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Abstract 

Carbohydrate Response Element Binding Protein (ChREBP) is a transcription factor 

known to regulate glucose metabolism and other metabolic processes in various 

tissues, but its role in lung adenocarcinoma (LUAD) remains poorly understood. 

In this study, we investigated ChREBP expression and its role in regulating gene 

expression in LUAD cell lines. Using RT-qPCR, we assessed the expression of 

ChREBP-α and ChREBP-β isoforms in NCI-H1975, NCI-H1650, and NCI-H2228 

LUAD cell lines. The NCI-H1975 cells exhibited the highest levels of both ChREBP 

isoforms, with a particularly pronounced expression of ChREBP-β. To explore the 

regulatory role of ChREBP, we generated NCI-H1975 cells with inducible expression 

of a dominant-negative mutant of human ChREBP (dnChREBP). Overexpression 

of dnChREBP led to a significant reduction in colony formation and impaired cell 

migration. Transcriptome analysis revealed 57 upregulated genes and 593 downreg-

ulated genes in dnChREBP-expressing cells compared to control cells. Functional 

annotation and gene set enrichment analysis revealed that the enriched genes were 

associated with cancer-related processes, including cell proliferation and epithelial-to- 

mesenchymal transition (EMT). Gene network analysis highlighted 17 downregulated 

hub genes, with 8 of these genes being associated with EMT. Interestingly, ChREBP 

and its transcriptionally regulated genes, including 4 top downregulated genes, 5 top 

upregulated genes, and 5 hub genes identified in NCI-H1975 cells overexpressing 

dnChREBP, showed significant prognostic value, as their expression levels correlated 

with overall survival in LUAD patients. Our findings suggest that ChREBP regulates 

distinct transcriptional programs in LUAD cells and ChREBP and its regulatory net-

work may play a potential role in LUAD progression and patient outcomes.
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Introduction

Carbohydrate response element binding protein (ChREBP), also known as MLXIPL, 
is a multidomain transcription factor that plays a central role in regulating the 
transcription of genes involved in glucose and lipid metabolism [1,2]. ChREBP is 
expressed across various tissues, with the highest levels observed in the liver [3]. 
The ChREBP-α is the full-length isoform of ChREBP which is transcriptionally inactive 
under low glucose condition. High glucose levels relieve this inhibition, leading to the 
translocation of ChREBP-α into the nucleus, where it becomes active. [4–6]. On the 
other hand, ChREBP-β, a shorter isoform lacking most of the N-terminal low glucose 
inhibitory domain, is constitutively active, independent of glucose levels [7].

ChREBP forms a heterodimer with Max-like protein X (MLX) and binds to carbohy-
drate response elements (ChoRE) in the promoters of target genes [8,9]. Through this 
mechanism, ChREBP regulates key metabolic pathways by controlling the expression 
of genes such as fatty acid synthase (FASN), MID1 Interacting Protein 1 (MID1IP1), 
acetyl-CoA carboxylase alpha (ACACA), ELOVL fatty acid elongase 6 (ELOVL6), 
stearoyl CoA desaturase 1 (SCD1), glycerol-3-phosphate dehydrogenase 1 (GPD1), 
diacylglycerol O-acyltransferase 2 (DGAT2), fructokinase (KHK), peroxisome prolifer-
ator activated receptor alpha (PPARA), Krüppel-like factor-10 (KLF10), solute carrier 
family 6 (neurotransmitter transporter, glycine), member 9 (SLC6A9), pyruvate dehy-
drogenase kinase isozyme 2 (PDK2), and tribbles pseudokinase 3 (TRIB3) [10–12].

Metabolic pathways are highly active in human cancers [13–16]. Metabolic repro-
gramming has emerged as a key driver of carcinogenesis and cancer progression, 
as cancer cells exploit these pathways to facilitate proliferation, survival, migration, 
and invasion [17,18]. Cancers exhibit a pronounced activation of glycolytic pathways, 
fulfilling the high-energy and biosynthetic demands of rapidly dividing cells.

Several evidences suggested that ChREBP plays significant roles not only in 
human health, but also in various diseases, including metabolic syndrome and 
cancers [19–21]. High ChREBP expression has been observed in several types of 
solid cancers, such as liver, colorectal, breast, and prostate cancers, and it has been 
linked to the progression of these malignancies [22–26].

Information regarding ChREBP expression in lung adenocarcinoma (LUAD), one 
of the most prevalent cancers globally, remains limited [27]. One study has reported 
that Snail1, a transcription factor mediating TGFβ1-induced EMT in the A549 LUAD 
cell line, suppresses both FASN and ChREBP. Much remains to be uncovered about 
ChREBP expression and function in LUAD [27]. Therefore, the objective of this study 
is to evaluate ChREBP expression across different LUAD cell lines and to explore 
ChREBP-regulated genes and pathways, aiming to provide insights into the potential 
roles of ChREBP in LUAD cells.

Materials and methods

Cell culture

The NCI-H1975 (ATCC CRL-5908), NCI-H1650 (ATCC CRL-5883), NCI-H2228 
(ATCC CRL-5935), and HepG2 (HB-8065) cell lines were obtained from the American 
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Type Culture Collection (ATCC, USA). No human participants or animals were involved; therefore, ethical approval was 
not required. LUAD cell lines were cultured in Roswell Park Memorial Institute Medium 1640 (RPMI 1640) (ATCC, USA) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). The HepG2 cell line was maintained in Eagle’s Minimal 
Essential Medium (ATCC, USA) with 10% FBS (Gibco, USA). Human embryonic kidney 293T (HEK293T) cells were cul-
tured in Dulbecco#39;s Modified Eagle Medium (ATCC, USA) supplemented with 10% FBS (Gibco, USA). All cell cultures 
were incubated at 37°C in a humidified atmosphere containing 5% CO2.

Lentiviral vector construction

We utilized pTRIPZ self-inactivating lentiviral vector (Open Biosystems, USA) for Tet-on inducible expression of the 
transgene. The lentiviral vector construct for the inducible nuclear form of enhanced yellow fluorescent protein (eYFP) 
was previously described [11]. N-terminal Myc-tagged dnChREBP was generated by amplifying a fragment of the human 
MLXIPL gene from HepG2 cDNA and inserting it into the AgeI and MluI sites of the pTRIPZ vector. The primer sequences 
used were as follows: Myc-dnChREBP forward primer: 5′-AATTaccggtGCCACCATGGAGCAGAAACTCATCTCTGA 
AGAGGATCTGGCCCCTTCCAGGCCCCT-3′ and Myc-dnChREBP reverse primer: 5′-AATTacgcgtCTATAAAGGTTTG 
CCAAGGGT-3′. All constructs were verified by Sanger sequencing.

Generation of inducible cell lines

We transfected inducible lentiviral vector construct, along with psPAX2 and pMD2.G plasmids into HEK293T cells using 
calcium phosphate method. The resulting lentiviral vectors were transduced into NCI-H1975 cells in the presence of 8 
μg/mL polybrene (Sigma, USA). Successfully transduced cells were selected using 2 μg/mL puromycin (Calbiochem, 
Germany).

Inducible cells were seeded at a density of 500,000 cells per 35-mm culture dish. At 12 hours, we incubated the cells 
with cultured medium containing 5.5 mM D-glucose (Gibco, USA) and 2 μg/mL doxycycline (Bio Basic Inc, Canada). 
Following a 24-hour incubation, the medium was changed to one containing 25 mM D-glucose and 2 μg/mL doxycycline. 
Cells were harvested after 48 hours for further analysis.

RNA extraction

Total RNA was extracted from cell lines using the Total RNA Mini Kit for Blood/Culture cells (Geneaid, Taiwan) following 
the manufacturer#39;s protocol. RNA concentration and quality were assessed using a FLUOstar Omega instrument with 
an LVis Plate (BMG Labtech, Germany).

Reverse Transcription and Quantitative PCR (RT-qPCR)

Reverse transcription was performed to synthesize cDNA from the extracted RNA using Omniscript RT kit (Qiagen, Ger-
many). Quantitative PCR assays were conducted to measure the expression levels of genes. The expression stability of 
candidate HKGs was evaluated using the geNorm [28]. The three most stable HKGs were selected for normalization of 
gene expression levels. The sequences of the primers used in this study are provided in S1 Table.

Transcriptome sequencing and bioinformatic analysis

RNA sequencing was performed by Macrogen using the Illumina NextSeq500 platform following standard protocols rec-
ommended by Illumina. All bioinformatics analyses were conducted on the Galaxy platform [29]. Raw sequencing reads 
were quality-filtered and trimmed using Trimmomatic [30], followed by quality assessment with FASTQC. Cleaned reads 
were aligned to the Homo sapiens genome (hg38) using HISAT2 with default settings [31]. Transcript quantification was 
performed with FeatureCounts [32], and differential expression analysis was carried out using DESeq2 [33]. Differentially 
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expressed genes (DEGs) were identified based on a threshold of |log2 FC| ≥ 2 and an adjusted p-value < 0.05 (Benjamini- 
Hochberg correction). Gene Ontology (GO) enrichment and MSigDB hallmark analyses [34] were performed using Enrichr 
[35–37]. Protein-protein association networks were constructed using STRING [38]. The ggplot2 package was used to 
generate volcano plot.

Colony formation assay

Cells were seeded at 2,000 cells/well in 24-well plates and cultured in complete growth medium for 7 days. Colonies were 
fixed with 4% paraformaldehyde in PBS and stained with 0.5% crystal violet (Sigma-aldrich, Germany) for visualization. 
Stained colonies were counted using ImageJ [39].

Cell migration analysis

Cells were seeded into 24-well transwell insert plates at a density of 20,000 cells per well. After 12 hours, the cells were 
incubated with culture medium containing 5.5 mM D-glucose (Gibco, USA) and 2 μg/mL doxycycline (Bio Basic Inc, Can-
ada). Following a 24-hour incubation period, the medium was replaced with fresh medium containing 25 mM D-glucose 
and 2 μg/mL doxycycline for an additional 48 hours. Cell migration was assessed at 72 hours after seeding (12 hours 
post-attachment). The inserts were fixed with methanol for 15 minutes and stained with 0.5% crystal violet for 30 minutes. 
Migrated cells were then counted under a microscope.

Statistical analysis

Statistical comparisons between two groups were made using the Student#39;s t-test. Data are presented as mean ± stan-
dard deviation (SD), with significance determined at a p-value or adjusted p-value < 0.05.

Survival analysis

Survival analysis was performed using the KMplot database [40]. Patients were divided into high and low expression 
groups using the auto-select best cutoff option, which computes all possible cutoff values between the lower and upper 
quartiles and selects the threshold that provides the most significant separation between the two groups.

Results

Both ChREBP-α and ChREBP-β transcripts are expressed in human LUAD cells

ChREBP is prominently expressed in human hepatocytes and its expression has been demonstrated in liver cancer 
cells, including the HepG2 hepatocellular carcinoma cell line [12,23,41]. In the context of human LUAD cells, ChREBP 
expression has only been studied in the A549 cell line [42]. Notably, the PCR primers used in that study targeted only 
the ChREBP-α isoform, leaving the expression of ChREBP-β unexamined. To date, no data has been published on the 
expression of the ChREBP-β isoform in human LUAD cells.

In our study, we initially assessed ChREBP expression across various cell lines using RNA-seq data retrieved from the 
Expression Atlas database (http://www.ebi.ac.uk/gxa) [43]. Our analysis identified varying levels of ChREBP expression 
among 66 human LUAD cell lines (Fig 1A). Ten cell lines exhibited ChREBP expression below the designated cut-off 
(transcripts per million, TPM < 0.5). These cells are HCC-78, HCC461, Hs 618.T, NCI-H838, RERF-LC-Ad2, Calu-3, 
HOP-62, SK-LU-1, HCC827, and NCI-H1755. The majority of LUAD cell lines expressed low levels of ChREBP transcripts 
(0.5 ≤ TPM < 10), including A549, NCI-H1975, and NCI-H2228. Seven cell lines showed moderate ChREBP expression 
(11 ≤ TPM < 1000). These cells are MOR/CPR, NCI-H1573, DV-90, NCI-H2073, HCC2935, NCI-H1437, and NCI-H1944. 
Isoform-specific ChREBP expression data were not available in the EMBL-EBI Expression Atlas.

http://www.ebi.ac.uk/gxa
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To gain more insight into ChREBP expression in human LUAD cell lines, we performed RT-qPCR to investigate expres-
sion of total ChREBP, ChREBP-α, and ChREBP-β expression in NCI-H1975, NCI-H1650, and NCI-H2228 cells, compar-
ing the results to those from the HepG2 cell line. Since the selection of appropriate housekeeping genes (HKGs) is crucial 
for accurate gene expression comparison across different cell types, we therefore evaluated the expression of seven 
commonly used HKGs to identify the most stable HKGs. Our analysis revealed RNA18S (average CT values ranging from 
14.36 to 16.05) as the highest expressed gene and QARS (average CT values ranging from 24.37 to 27.50) as the lowest 
expressed gene (Fig 1B). geNorm analysis identified RPS13 (CT values ranging from 18.78 to 22.18), QARS (CT val-
ues ranging from 24.37 to 27.50), and RNA18S (CT values ranging from 14.36 to 16.05) as the three most stable HKGs, 
whereas RPL13A (CT values ranging from 19.33 to 23.57) was the least stable (Fig 1B and 1C). Interestingly, ACTB, a 
commonly used HKG, was not identified as an ideal HKG in our analysis.

Normalization using the three most stable HKGs revealed that total ChREBP expression was highest in NCI-H1975 
cells among the LUAD cell lines tested (Fig 1D). The NCI-H2228 cells exhibited the lowest total ChREBP expression. 

Fig 1.  ChREBP expression in human LUAD cell lines. (A) Expression levels of ChREBP (MLXIPL) in 66 human LUAD cell lines, derived from RNA-
seq datasets available in the EMBL-EBI Expression Atlas, are presented in transcripts per million (TPM). (B-F) Expression of ChREBP in NCI-H1975, 
NCI-H1650, NCI-H2228 and HepG2 cells assessed using RT-qPCR assays. (B) Expression level of seven candidate HKGs. Cycle threshold (Ct) values 
are displayed. (C) Average expression stability values of seven HKGs determined by geNorm are shown. Expression levels of total ChREBP (D), 
ChREBP-α (E), and ChREBP-β (F) were normalized against the three most stable HKGs, RPS13, QARS, and RNA18S. Data represents the results of 
three independent experiments. Asterisks (*) indicate a significance level of p < 0.05 compared to the expression levels in the HepG2 cell line.

https://doi.org/10.1371/journal.pone.0347907.g001
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Levels of total ChREBP expression in NCI-H1975, NCI-H1650, and NCI-H2228 cells were 2.7-fold, 17.2-fold, and 23.9-
fold lower than in HepG2 cells, respectively. Isoform-specific RT-qPCR analysis indicated that ChREBP-α expression 
mirrored the total ChREBP expression pattern in these LUAD cells (Fig 1E). ChREBP-α expression levels in NCI-H1975, 
NCI-H1650, and NCI-H2228 cells were 3.5-fold, 18.0-fold, and 30.2-fold lower than in HepG2 cells, respectively. Interest-
ingly, ChREBP-β expression followed a distinct pattern. NCI-H1975 cells exhibited the highest ChREBP-β expression, with 
levels 10.1-fold higher than in HepG2 cells (Fig 1F). In NCI-H1650 cells, ChREBP-β expression was 1.9-fold higher than 
in HepG2, whereas NCI-H2228 cells exhibited a 3.7-fold lower expression level compared to HepG2 cells.

In summary, the majority of human LUAD cell lines express ChREBP transcripts, although the levels of expression 
vary between lines. Not only ChREBP-α, but also ChREBP-β isoform, were detected in the LUAD cell lines NCI-H1975, 
NCI-H1650, and NCI-H2228. Notably, NCI-H1975 cells demonstrated the most pronounced expression of ChREBP-β 
among the cell lines examined in this study. Since ChREBP is a transcription factor capable of regulating the expression 
of numerous genes across various cell types, we hypothesized that it may also play an important regulatory role in the 
molecular pathways of LUAD cells.

Overexpression of dnChREBP reduces colony formation in LUAD cells

To better understand the role of ChREBP in LUAD, we developed NCI-H1975 cell lines with inducible expression of either 
a dominant-negative form of ChREBP (dnChREBP) or a control (eYFP) using self-inactivating lentiviral vectors (Fig 2A 
and C). The dnChREBP is a human ChREBP variant lacking the transactivation domain in comparison to the full-length 
ChREBP (Fig 2B), leading to the functional inactivation of ChREBP.

We observed slower growth in dnChREBP-overexpressing cells compared to control cells. To further investigate this 
phenomenon, we conducted a colony formation assay and found that dnChREBP overexpression significantly reduced 
colony formation in NCI-H1975 LUAD cells, with the intensity of colony formation decreasing to 48.8% compared control 
cells (Fig 2D and E). This impairment in proliferative capacity occurred despite no significant differences in short-term cell 
viability (MTS assay) or in the activation states of key growth signaling pathways (pERK and pAKT levels) at 72 hours (S1 
Fig). We noted that the dnCHREBP-overexpressing cells generally maintained normal cellular morphology comparable to 
that of control cells.

Transcriptome sequencing reveals ChREBP-regulated genes in LUAD cells

We performed RNA sequencing (RNA-seq) to assess the impact of dnChREBP expression in regulating gene expression 
in NCI-H1975 cells (Fig 3A). The RNA-seq data derived from three biological replicates each of dnChREBP cells and 
control cells revealed a clear distinction in gene expression profiles between the two groups (Fig 3B). Our analysis iden-
tified 57 upregulated genes and 593 downregulated genes that were differentially expressed (|log2 FC| ≥ 2 and adjusted 
p-value < 0.05) (Fig 3C and S2 Table). The chromosomal locations of these differentially expressed genes are distributed 
across all chromosomes except the Y chromosome (Fig 3D), which is consistent with the female origin of the NCI-H1975 
cell line used in this study. The top 10 downregulated genes included quinolinate phosphoribosyltransferase (QPRT), 
collagen type VIII alpha 1 chain (COL8A1), collagen type I alpha 2 chain (COL1A2), kelch like family member 4 (KLHL4), 
regulator of G protein signalling 4 (RGS4), shroom family member 4 (SHROOM4), transmembrane protein 47 (TMEM47), 
la ribonucleoprotein 6, translational regulator (LARP6), nicotinamide N-methyltransferase (NNMT), and armadillo repeat 
containing x-linked 2 (ARMCX2); while the top 10 upregulated genes included TCF3 fusion partner (TFPT), pellino E3 
ubiquitin protein ligase family member 2 (PELI2), family with sequence similarity 149 member A (FAM149A), microRNA 
1255A (MIR1255A), dickkopf wnt signaling pathway inhibitor 4 (DKK4), OCA2 melanosomal transmembrane protein 
(OCA2), neurofascin (NFASC), CD99 molecule pseudogene 1 (CD99P1), long intergenic non-protein coding RNA 2724 
(LINC02724), and microRNA 6826 (MIR6826).
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Fig 2.  Impact of dominant negative ChREBP (dnChREBP) overexpression on colony formation ability and migration in NCI-H1975 LUAD cells. 
(A) Schematic representation of doxycycline-inducible vectors used for overexpression of dnChREBP. LTR, long terminal repeat; TRE, tetracycline- 
responsive promoter element; UBC, human ubiquitin C promoter; rtTA3, reverse tetracycline-transactivator 3; IRES, internal ribosomal entry site; PuroR, 
puromycin resistance gene; WPRE, Woodchuck hepatitis posttranscriptional regulatory element; SIN LTR, self-inactivating long terminal repeat. (B) 
Amino acid alignment of human ChREBP-α and ChREBP-β. bHLH, basic Helix-Loop-Helix-Leucine; ZIP, leucine zipper. (C) Outline of the process used 
to generate dnChREBP-overexpressing NCI-H1975 cells. (D-E) Colony formation assay. Macroscopic visualization of the crystal violet-stained colo-
nies is shown (D). Violin plot showing the intensity distribution of stained colonies formed in dnChREBP-overexpressing NCI-H1975 cells compared to 
control cells (E). A significant difference (p-value < 0.01) is indicated. (F-G) Transwell migration assay. Representative images of migrated control and 
dnChREBP cells at 20x magnification is shown (F). The bar graph shows the percentage of migrated cells, with data representing the mean ± SD from 
three independent experiments (G).

https://doi.org/10.1371/journal.pone.0347907.g002
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Functional annotation and network analysis uncover potential ChREBP-regulated pathways and genes in LUAD 
cells

To explore the functional significance of DEGs associated with dnChREBP in NCI-H1975 LUAD cells, we conducted a 
comprehensive functional annotation. Gene Ontology (GO) analysis highlighted various significantly enriched pathways 
(adjusted p-value <0.05) relevant to cancer, including transcription coregulator binding, regulation of small GTPase medi-
ated signal transduction, regulation of ERK1 and ERK2 cascade, protein tyrosine kinase activity, protein autophosphoryla-
tion, positive regulation of NF-κB transcription factor activity, positive regulation of cell population proliferation,  
peptidyl-tyrosine phosphorylation FGF binding and extracellular space (Fig 4A and S3 Table). Among these, the 

Fig 3.  Transcriptome analysis of NCI-H1975 LUAD cells overexpressing dnChREBP. (A) Brief diagram outlining the key steps of RNA sequencing 
analysis. (B) Heatmap displaying sample-to-sample distances calculated from the variance-stabilizing transformation of count data for overall gene 
expression. (C) Volcano plot illustrating differentially expressed genes (DEGs); red dots represent upregulated genes, blue dots indicate downregulated 
genes, and grey dots denote unchanged genes (adjusted p-value < 0.05). (D) Chromosomal localization of DEGs. The DEGs are plotted at their chromo-
somal positions.

https://doi.org/10.1371/journal.pone.0347907.g003
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extracellular space GO term contained the highest number of enriched genes (40 genes) (Fig 4D and 5A). Additionally, 
hallmark gene set enrichment analysis indicated involvement in epithelial-to-mesenchymal transition (EMT), interferon 
gamma response, coagulation, complement, angiogenesis, interferon alpha response, TNF-alpha signalling via NF-kB 
and inflammatory response (Fig 4B and S3 Table). Among these, the EMT gene set exhibited the highest number of 
enriched genes (24 genes) (Fig 4D and 5B). To provide experimental support for the EMT-related gene expression 

Fig 4.  Enrichment analysis of DEGs associated with dnChREBP overexpression in NCI-H1975 cells. (A) Gene ontology (GO) analysis displaying 
the enriched biological processes related to DEGs, indicating fold enrichment and significance levels (−log10 adjusted p-value). (B) Hallmark gene sets 
highlighting significant pathways associated with the expression changes. The gene ratio and adjusted p-values are shown. (C) Interaction network of 
hub genes, illustrating their interconnections and potential regulatory relationships. (D) Venn diagram illustrating the overlap of genes associated with the 
EMT Hallmark, the extracellular space GO term, and the identified hub genes.

https://doi.org/10.1371/journal.pone.0347907.g004
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changes, we performed transwell migration assays, which revealed significantly impaired migratory capacity (36% reduc-
tion) in dnChREBP-overexpressing cells compared to controls (Fig 2F-G).

We also constructed an interaction network to identify potential hub genes influenced by dnChREBP expression. This 
analysis revealed 17 key genes, all of which were downregulated in dnChREBP-overexpressing cells (Fig 4C-D and 5C). 
These included angiotensinogen (AGT), brain derived neurotrophic Factor (BDNF), C-C motif chemokine ligand 2 (CCL2), 
cellular communication network factor 2 (CCN2), COL1A2, collagen type VI alpha 3 chain (COL6A3), C-X-C motif chemo-
kine ligand 1 (CXCL1), filaggrin (FLG), fos proto-oncogene, AP-1 transcription factor subunit (FOS), intercellular adhesion 
molecule 1 (ICAM1), interleukin 1 alpha (IL1A), interleukin 1 beta (IL1B), lysyl oxidase (LOX), platelet derived growth 
factor receptor beta (PDGFRB), platelet and endothelial cell adhesion molecule 1 (PECAM1), secreted phosphoprotein 
(SPP1), and toll like receptor 4 (TLR4). The top three most downregulated hub genes are COL1A2, TLR4, and CCL2, with 
log2 FC of −10.75, −7.31 and −5.80, respectively.

Thirty-two genes in the EMT hallmark gene set exhibited differential expression in dnChREBP-overexpressing cells 
(Fig 4D and 5B). Among these, only cell adhesion molecule 1 (CADM1) was upregulated. The downregulated EMT-related 

Fig 5.  Alteration of expression levels of selected genes in dnChREBP-overexpressing NCI-H1975 cells. (A-D) RNA-seq results. Bar graphs depict 
the Log2 FC in genes enriched in the extracellular space GO term (A), genes enriched in the Hallmark EMT gene set (B), hub genes (C), and ChREBP 
target genes (D). (E) Gene expression analysis using RT-qPCR was conducted on selected genes to validate the RNA-seq findings. Gene expression 
levels were normalized against the three most stable HKGs, RPL13a, ACTB, and B2M. Asterisks (*) denote statistically significant differences (p < 0.05) 
compared to the expression levels in control cells.

https://doi.org/10.1371/journal.pone.0347907.g005
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genes included ADAM metallopeptidase domain 12, cadherin 11, collagen type XII alpha 1 chain, collagen type XVI 
alpha 1 chain, collagen type V alpha 1 chain (COL5A1), extracellular matrix protein 2, fibulin 2 (FBLN2), follistatin like 1 
(FSTL1), interleukin 32 (IL32), integrin subunit beta 3 (ITGB3), matrix Gla protein, matrix metallopeptidase 1 (MMP1), 
nidogen 2, NNMT, pentraxin 3 (PTX3), RGS4, secretogranin II, transgelin (TAGLN), tissue factor pathway inhibitor 2, 
transglutaminase 2, thrombospondin 2, TNF receptor superfamily member 11b, and vimentin (VIM).

We additionally investigated the expression of known human ChREBP target genes [8,12,44] in dnChREBP- 
overexpressing cells (Fig 5D). Notably, thioredoxin interacting protein (TXNIP) was the only target gene analyzed that 
displayed a significant decrease with a |log2 FC| ≥ 2. Several ChREBP target genes, including ELOVL6, SLC6A9, PDK2, 
KLF10, MID1IP1, PPARA, exhibited significant downregulation (adjusted p-value <0.05), although with |log2 FC| values 
below 2. Similarly, tribbles pseudokinase 3 (TRIB3), FASN, and ketohexokinase (KHK), exhibited significant upregulation 
(adjusted p-value <0.05), though their |log2 FC| values were also below 2. The expression of pyruvate kinase L/R (PKLR), 
INHBE, ACACA, GPD1, and DGAT2 is not significantly different.

Survival analysis of ChREBP and Associated Genes in LUAD Patients

We utilized the Kaplan–Meier plotter to demonstrated the median overall survival (OS) of LUAD patients, stratified into 
low-expression and high-expression cohorts based on the expression levels of each gene [40]. Our analysis revealed 
significant associations between overall survival and expression levels of ChREBP (MLXIPL) (Fig 6A). Patients with low 
ChREBP expression had a median OS of 99 months, while those with high ChREBP expression had a significantly shorter 
median OS of 62 months.

In addition, we analyzed the median OS of LUAD patients based on the expression levels of genes from the top 
10 downregulated genes, top 10 upregulated genes, and 17 hub genes identified in NCI-H1975 cells overexpressing 
dnChREBP. Significant differences in median OS were observed for: KLHL4, SHROOM4, TMEM47, and ARMCX2 (top 10 
downregulated genes) (Fig 6B-E); IRX2, CD99P1, PELI2, NFASC, and TFPT (top 10 upregulated genes) (Fig 6F-J); and 
SPP1, PECAM1, FLG, CCN2, and IL1A (17 hub genes) (Fig 6K-O). To assess the statistical robustness of these findings, 
we applied Benjamini–Hochberg false discovery rate (FDR) correction across all 37 tested genes (S4 Table). All 14 identi-
fied genes remained statistically significant after correction (FDR-adjusted p < 0.05).

These findings suggest that the expression levels of ChREBP and its associated genes are strongly correlated with 
survival outcomes in LUAD patients, underscoring their potential as prognostic markers in LUAD.

Discussion

Accumulating evidence supports the crucial role of ChREBP in cancer development, growth, and progression [26,45,46]. 
Existing studies predominantly focus on total ChREBP expression, lacking detailed insights into individual ChREBP 
isoform expression. Progression of breast and colon cancers is associated with an increase in total ChREBP mRNA and 
protein levels in clinical samples [24,26]. Similarly, upregulation of total ChREBP transcripts is detected in human meta-
static prostate cancer tissue [47].

Current evidence on the role of ChREBP in lung cancer is extremely limited. To date, ChREBP-α expression in LUAD 
cells other than the A549 cell line, ChREBP-β expression, and the functional role of ChREBP remain unexplored. Our 
analysis of publicly available RNA-seq datasets demonstrates that ChREBP is expressed in the majority of LUAD cell 
lines. While all three LUAD lines in our study exhibited lower total ChREBP levels compared to HepG2 cells, NCI-H1975 
and NCI-H1650 displayed significantly higher expression of the ChREBP-β isoform. Considering the constitutive activity of 
this isoform, it suggests a potentially significant role for ChREBP in LUAD.

Functional inactivation of endogenous ChREBP through overexpression of human dnChREBP in the NCI-H1975 
LUAD cell line, which exhibited the highest ChREBP expression among the three LUAD lines examined in our study, 
led to a significant reduction in colony formation and significant alterations in the expression of 650 genes. The number 
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Fig 6.  Prognostic significance of ChREBP and its associated genes in LUAD. Kaplan–Meier plot demonstrates the median overall survival (OS) 
of LUAD patients. Only genes with statistical significance (p < 0.05) and a false discovery rate (FDR) of 1% are shown. (A) ChREBP-α (MLXIPL). (B-E) 
Top 10 downregulated genes by dnChREBP in NCI-H1975 cells: KLHL4 (B), SHROOM4 (C), TMEM47 D) and ARMCX2B (E). (F-J) Top 10 upregulated 
genes by dnChREBP in NCI-H1975 cells: IRX2 (F), CD99P1 (G), PELI2 (H), NFASC (I), and TFPT (J). (K-O) Hub genes: SPP1 (K), PECAM1 (L), FLG 
(M), CCN2 (N), IL1A (O).

https://doi.org/10.1371/journal.pone.0347907.g006
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of downregulated genes was approximately 10 times greater than the number of upregulated genes, suggesting that 
ChREBP primarily functions as a transcriptional activator in these cells. Currently, there is a notable lack of pub-
lished studies employing loss-of-function approaches to investigate the role of ChREBP in human cancer cells using 
high-throughput methods (e.g., expression microarrays or RNA sequencing). For comparative analysis, only one study 
in high glucose-treated HepG2 cells has provided a comprehensive list of ChREBP target genes [12]. That study iden-
tified 783 ChREBP target genes using ChIP-seq, with a subset of 129 genes showing greater than two-fold expression 
increases under high glucose conditions, as revealed by expression microarray analysis. Among these, only 3 genes 
(TXNIP, AGT, and SLC6A12) overlapped with our findings, all of which were downregulated in dnChREBP- 
overexpressing NCI-H1975 cells. Furthermore, within the list of 783 ChREBP target genes identified by ChIP-seq 
in HepG2 cells, 13 genes (SYN3, TGM2, DPP4, SLC47A1, NINJ2, TRPM2, PECAM1, PTPRN2, SDK1, CPS1, 
RORC, PPP1R3C, and RFTN2) were downregulated, and 2 genes (PDGFRL and CYFIP2) were upregulated in our 
dnChREBP-overexpressing NCI-H1975 cells. However, the expression levels of these 15 genes in high glucose-treated 
HepG2 cells were not reported, limiting direct comparisons. Notably, most of established target genes of ChREBP in 
human cells did not exhibit substantial fold changes in expression in our study. These findings suggest that ChREBP 
may regulate unique gene networks specific to LUAD cells.

TXNIP is a well-documented ChREBP target gene reported in various human cells and tissues, including human pan-
creatic islets [48], the HepG2 hepatocellular carcinoma cell line [12], and human aortic endothelial cells [49]. Not surpris-
ingly, TXNIP is among significantly downregulated DEGs in our experimental findings. TXNIP plays pivotal role in redox 
homeostasis, glucose and lipid metabolism, cell cycle and inflammation. However, the involvement of TXNIP in cancer 
is intricate and may have diverse implications depending upon the cancer type and disease stage [50]. Expression of 
TXNIP mRNA and protein is lower in human lung cancer tissues compared to non-tumor samples [51]. Moreover, TXNIP 
expression has been implicated in cell viability, proliferation, migration, and invasion in the A549 human LUAD cell model. 
Notably, lung cancer patients exhibiting elevated TXNIP levels demonstrate diminished progression-free survival rates in 
contrast to their counterparts with lower TXNIP levels [52]. Our findings regarding ChREBP-mediated regulation of TXNIP 
expression in LUAD cells identify the ChREBP-TXNIP axis as a potential pathway linking metabolic regulation to tumor 
growth and progression.

FASN is a key lipogenic gene required for proliferation of cancer cells [53]. Previous study have demonstrated that 
FASN silencing induces EMT, promotes metastatic capacity in vitro, and enhances A549 NSCLC cell lung colonization and 
lethality in vivo [42]. It has been reported that ChREBP and FASN are coordinately downregulated in response to TGFβ1 
in A549 NSCLC cells. However, in our study, dnChREBP overexpression in NCI-H1975 cells resulted in a significant 
increase in FASN expression, although with log2 FC < 2. This modest increase in FASN expression in dnChREBP- 
overexpressing LUAD cells likely represents an adaptive response to maintain essential lipogenic flux. This finding sug-
gests the activation of compensatory regulatory mechanisms possibly involving SREBP-1, which plays a critical role in 
regulating FASN expression and lipogenesis in human LUAD cells [54,55].

Our differential expressed gene network analysis highlights the enrichment in mechanisms related to gene expres-
sion and regulation (transcription coregulator binding and negative regulation of transcription by RNA polymerase II 
GO pathways), signal transduction (regulation of small GTPase mediated signal transduction, regulation of ERK2 and 
ERK2 cascade, protein tyrosine kinase activity, protein autophosphorylation, peptidyl-tyrosine phosphorylation, and 
FGF binding GO pathways), proliferative and survival capabilities of cancer cells (positive regulation of NF-κB tran-
scription factor activity and positive regulation of cell population proliferation GO pathways; TNF-alpha signalling via 
NF-κB and inflammatory response hallmark pathways), and cell migration, invasion and extracellular interactions (EMT 
hallmark pathway and extracellular space GO pathway). These results support the reduced colony-forming capabil-
ity in dnChREBP-overexpressing NCI-H1975 cells, as the altered pathways are closely linked to cell proliferation, 
survival, and migration-key processes underlying colony formation. This is consistent with a previous study showing 
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that ChREBP suppression by siRNA transfection resulted in diminished proliferative and tumorigenic potential in the 
HCT116 colorectal cancer cell line [45].

EMT is a process that contributes to cell migration, invasion, tumor progression, metastasis, and drug resistance in 
cancers, including NSCLC [56]. Our study in dnChREBP-overexpressing NCI-H1975 cells reveals the significant role 
of ChREBP in regulating the expression of EMT-related genes, providing new detailed insights into its potential involve-
ment in LUAD progression. We observed the downregulation of FBLN2, IL32, ITGB3, LOX, MMP1, NNMT, PTX3, RGS4, 
SPP1, TAGLN, and VIM, all of which have been previously reported to be upregulated in LUAD cell lines or tissues from 
LUAD patients [57–74]. Interestingly, among the 17 hub genes identified in our analysis, 8 are directly associated with 
EMT, including BDNF, CCN2, CXCL1, COL1A2, COL6A3, PDGFRB, LOX, and SPP1. In contrast, CADM1 was the only 
EMT-related gene found to be upregulated in our experiment. Previous studies have shown that CADM1 expression is 
reduced in A549 cells, and restoration of CADM1 to normal or higher levels suppresses tumor formation by these cells in 
nude mice [75]. These preliminary DEGs results suggest that ChREBP may act as a pivotal regulator of the EMT pro-
cess and underscore the complex interplay of EMT-related genes in LUAD. Consistent with these transcriptomic findings, 
our transwell migration assay demonstrated a marked reduction in the migratory capacity of dnChREBP-overexpressing 
NCI-H1975 cells compared with control cells (Fig 2F and G). This observation aligns with a previous report in hepatocel-
lular carcinoma cells, where siRNA-mediated ChREBP knockdown similarly inhibited migration in Hep3B and Huh7 cells 
[76]. These findings collectively provide functional evidence supporting ChREBP#39;s role in regulating cellular migration 
capacity, consistent with its potential involvement in metastatic progression across different cancer types.

Our survival analysis using the Kaplan-Meier plotter revealed significant associations between ChREBP expression 
levels and OS in LUAD patients. Patients with high ChREBP expression exhibited a shorter median OS, which aligns with 
our experimental findings that dnChREBP overexpression reduces proliferative capacity in NCI-H1975 cells. Furthermore, 
significant associations with OS were also observed for 4 of the top 10 downregulated genes, 5 of the top 10 upregulated 
genes, and 5 of the 17 hub genes identified in NCI-H1975 cells overexpressing dnChREBP. Importantly, these genes 
were not randomly selected but represent the most significantly altered targets and key network regulators of ChREBP 
identified in our study, thereby strengthening the biological relevance of their prognostic value. It is noteworthy that the 
direction of correlation between gene expression and patient survival does not always align with the gene#39;s response 
to dnChREBP in our cell model. This apparent discrepancy likely reflects the complex nature of tumor biology in patients, 
where gene function can be context-dependent and influenced by the tumor microenvironment, compensatory mecha-
nisms, and post-transcriptional regulation that are not captured in cell line models. These findings suggest that ChREBP 
may serve as a prognostic marker in LUAD and that ChREBP and its associated genes may collectively contribute to 
LUAD progression.

While our findings provide valuable insights into the gene regulatory networks influenced by ChREBP, it is important 
to acknowledge the limitations of our study. First, dnChREBP overexpression was conducted exclusively in the NCI-
H1975 cell line, which may not fully capture the diverse mechanisms present in other LUAD cells with different genetic 
backgrounds. While the preliminary results of dnChREBP overexpression in NCI-H460 cells showed consistent down-
regulation of 4 of the top 5 target genes (QPRT, COL1A2, KLHL4, RGS4; S2 Fig), further validation in additional LUAD 
cells may reveal important context-dependent regulatory roles of ChREBP. Second, our dnChREBP retains the bHLH/
ZIP dimerization motif but lacks a functional transactivation domain, allowing it to heterodimerize with MLX and form 
transcriptionally inactive complexes that compete with both endogenous ChREBP isoforms. Consequently, dnChREBP 
interferes with the binding of both the α and β isoforms of endogenous ChREBP to target gene promoters, preventing 
us from distinguishing their individual roles in gene regulation. dnChREBP interferes with the binding of both the α and 
β isoforms of endogenous ChREBP to target gene promoters, preventing us from differentiating their individual roles 
in gene regulation. Third, significant genes with |log2 FC| < 2, which may play important roles in ChREBP#39;s regu-
latory networks, could have been excluded from our analysis. Fourth, we employed a dominant-negative approach, 
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which inhibits ChREBP activity. This mechanism differs from genetic depletion, which may reveal additional or distinct 
ChREBP functions. Complementary studies using ChREBP knockdown would therefore help validate the findings from 
our dnChREBP model.

In summary, our study demonstrates the presence of both ChREBP isoforms in LUAD cells and highlights the potential 
importance of ChREBP in regulating genes and pathways that may influence tumor growth, metastasis and its potential 
role as a therapeutic target in LUAD. Future ChIP assays will help verify whether ChREBP directly binds to the promot-
ers of the identified target genes. Additionally, exploring how ChREBP activity influences responses to targeted therapies 
could enhance the clinical relevance of our findings. Further research, including functional validation and detailed mecha-
nistic studies across a broader range of LUAD cells, is necessary to fully elucidate the extent and significance of ChREBP 
on biological processes such as EMT and its broader implications in LUAD progression.
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significance level of p < 0.05 compared to the expression levels in the control cells.
(JPG)

Acknowledgments

The authors would like to express their gratitude to the lab members of the Siriraj Clinical Molecular Pathology Laboratory 
for their generous support in providing molecular laboratory expertise, including technical assistance, experimental guid-
ance, and invaluable insights.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0347907.s006


PLOS One | https://doi.org/10.1371/journal.pone.0347907  April 30, 2026 16 / 19

Author contributions

Conceptualization: Athisake Ruangpracha, Pranisa Jamjuntra, Chanitra Thuwajit, Naravat Poungvarin.

Data curation: Athisake Ruangpracha, Chanachai Sae-Lee, Harald Grove, Naravat Poungvarin.

Formal analysis: Athisake Ruangpracha, Pitaksin Chitta, Chanachai Sae-Lee, Harald Grove, Pranisa Jamjuntra, Warisa 
Amornrit, Chanitra Thuwajit.

Investigation: Athisake Ruangpracha, Chanachai Sae-Lee, Pranisa Jamjuntra, Chanitra Thuwajit, Naravat Poungvarin.

Methodology: Pranisa Jamjuntra, Chanitra Thuwajit, Naravat Poungvarin.

Project administration: Warisa Amornrit.

Resources: Prapat Suriyaphol, Naravat Poungvarin.

Software: Chanachai Sae-Lee, Harald Grove.

Supervision: Prapat Suriyaphol, Naravat Poungvarin.

Validation: Athisake Ruangpracha, Pitaksin Chitta, Chanachai Sae-Lee, Naravat Poungvarin.

Visualization: Chanachai Sae-Lee, Pranisa Jamjuntra, Chanitra Thuwajit.

Writing – original draft: Athisake Ruangpracha, Pitaksin Chitta, Chanachai Sae-Lee, Harald Grove, Pranisa Jamjuntra, 
Warisa Amornrit, Prapat Suriyaphol, Chanitra Thuwajit, Naravat Poungvarin.

Writing – review & editing: Athisake Ruangpracha, Pitaksin Chitta, Chanachai Sae-Lee, Harald Grove, Pranisa 
Jamjuntra, Warisa Amornrit, Prapat Suriyaphol, Chanitra Thuwajit, Naravat Poungvarin.

References
	 1.	 Yamashita H, Takenoshita M, Sakurai M, Bruick RK, Henzel WJ, Shillinglaw W, et al. A glucose-responsive transcription factor that regulates carbo-

hydrate metabolism in the liver. Proc Natl Acad Sci U S A. 2001;98(16):9116–21. https://doi.org/10.1073/pnas.161284298 PMID: 11470916

	 2.	 Ma L, Robinson LN, Towle HC. ChREBP*Mlx is the principal mediator of glucose-induced gene expression in the liver. J Biol Chem. 
2006;281(39):28721–30. https://doi.org/10.1074/jbc.M601576200 PMID: 16885160

	 3.	 Iizuka K, Bruick RK, Liang G, Horton JD, Uyeda K. Deficiency of carbohydrate response element-binding protein (ChREBP) reduces lipogenesis as 
well as glycolysis. Proc Natl Acad Sci U S A. 2004;101(19):7281–6. https://doi.org/10.1073/pnas.0401516101 PMID: 15118080

	 4.	 Davies MN, O’Callaghan BL, Towle HC. Glucose activates ChREBP by increasing its rate of nuclear entry and relieving repression of its transcrip-
tional activity. J Biol Chem. 2008;283(35):24029–38. https://doi.org/10.1074/jbc.M801539200 PMID: 18591247

	 5.	 Li MV, Chang B, Imamura M, Poungvarin N, Chan L. Glucose-dependent transcriptional regulation by an evolutionarily conserved glucose-sensing 
module. Diabetes. 2006;55(5):1179–89. https://doi.org/10.2337/db05-0822 PMID: 16644671

	 6.	 Sakiyama H, Wynn RM, Lee W-R, Fukasawa M, Mizuguchi H, Gardner KH, et al. Regulation of nuclear import/export of carbohydrate response 
element-binding protein (ChREBP): interaction of an alpha-helix of ChREBP with the 14-3-3 proteins and regulation by phosphorylation. J Biol 
Chem. 2008;283(36):24899–908. https://doi.org/10.1074/jbc.M804308200 PMID: 18606808

	 7.	 Herman MA, Peroni OD, Villoria J, Schön MR, Abumrad NA, Blüher M, et al. A novel ChREBP isoform in adipose tissue regulates systemic glucose 
metabolism. Nature. 2012;484(7394):333–8. https://doi.org/10.1038/nature10986 PMID: 22466288

	 8.	 Stoeckman AK, Ma L, Towle HC. Mlx is the functional heteromeric partner of the carbohydrate response element-binding protein in glucose regula-
tion of lipogenic enzyme genes. J Biol Chem. 2004;279(15):15662–9. https://doi.org/10.1074/jbc.M311301200 PMID: 14742444

	 9.	 Poungvarin N, Chang B, Imamura M, Chen J, Moolsuwan K, Sae-Lee C, et al. Genome-Wide Analysis of ChREBP Binding Sites on Male Mouse 
Liver and White Adipose Chromatin. Endocrinology. 2015;156(6):1982–94. https://doi.org/10.1210/en.2014-1666 PMID: 25751637

	10.	 Iizuka K, Wu W, Horikawa Y, Saito M, Takeda J. Feedback looping between ChREBP and PPARα in the regulation of lipid metabolism in brown 
adipose tissues. Endocr J. 2013;60(10):1145–53. https://doi.org/10.1507/endocrj.ej13-0079 PMID: 23831548

	11.	 Sae-Lee C, Moolsuwan K, Chan L, Poungvarin N. ChREBP Regulates Itself and Metabolic Genes Implicated in Lipid Accumulation in β-Cell Line. 
PLoS One. 2016;11(1):e0147411. https://doi.org/10.1371/journal.pone.0147411 PMID: 26808438

	12.	 Jeong Y-S, Kim D, Lee YS, Kim H-J, Han J-Y, Im S-S, et al. Integrated expression profiling and genome-wide analysis of ChREBP targets reveals 
the dual role for ChREBP in glucose-regulated gene expression. PLoS One. 2011;6(7):e22544. https://doi.org/10.1371/journal.pone.0022544 
PMID: 21811631

	13.	 Kim J, Dang CV. Cancer’s molecular sweet tooth and the Warburg effect. Cancer Res. 2006;66(18):8927–30. https://doi.org/10.1158/0008-5472.
CAN-06-1501 PMID: 16982728

https://doi.org/10.1073/pnas.161284298
http://www.ncbi.nlm.nih.gov/pubmed/11470916
https://doi.org/10.1074/jbc.M601576200
http://www.ncbi.nlm.nih.gov/pubmed/16885160
https://doi.org/10.1073/pnas.0401516101
http://www.ncbi.nlm.nih.gov/pubmed/15118080
https://doi.org/10.1074/jbc.M801539200
http://www.ncbi.nlm.nih.gov/pubmed/18591247
https://doi.org/10.2337/db05-0822
http://www.ncbi.nlm.nih.gov/pubmed/16644671
https://doi.org/10.1074/jbc.M804308200
http://www.ncbi.nlm.nih.gov/pubmed/18606808
https://doi.org/10.1038/nature10986
http://www.ncbi.nlm.nih.gov/pubmed/22466288
https://doi.org/10.1074/jbc.M311301200
http://www.ncbi.nlm.nih.gov/pubmed/14742444
https://doi.org/10.1210/en.2014-1666
http://www.ncbi.nlm.nih.gov/pubmed/25751637
https://doi.org/10.1507/endocrj.ej13-0079
http://www.ncbi.nlm.nih.gov/pubmed/23831548
https://doi.org/10.1371/journal.pone.0147411
http://www.ncbi.nlm.nih.gov/pubmed/26808438
https://doi.org/10.1371/journal.pone.0022544
http://www.ncbi.nlm.nih.gov/pubmed/21811631
https://doi.org/10.1158/0008-5472.CAN-06-1501
https://doi.org/10.1158/0008-5472.CAN-06-1501
http://www.ncbi.nlm.nih.gov/pubmed/16982728


PLOS One | https://doi.org/10.1371/journal.pone.0347907  April 30, 2026 17 / 19

	14.	 Swinnen JV, Brusselmans K, Verhoeven G. Increased lipogenesis in cancer cells: new players, novel targets. Curr Opin Clin Nutr Metab Care. 
2006;9(4):358–65. https://doi.org/10.1097/01.mco.0000232894.28674.30 PMID: 16778563

	15.	 Zhang Z, Sun J, Jin C, Zhang L, Wu L, Tian G. Identification and validation of a fatty acid metabolism gene signature for the promotion of metasta-
sis in liver cancer. Oncol Lett. 2023;26(4):457. https://doi.org/10.3892/ol.2023.14044 PMID: 37736554

	16.	 Ganapathy-Kanniappan S, Geschwind J-FH. Tumor glycolysis as a target for cancer therapy: progress and prospects. Mol Cancer. 2013;12:152. 
https://doi.org/10.1186/1476-4598-12-152 PMID: 24298908

	17.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646–74. https://doi.org/10.1016/j.cell.2011.02.013 PMID: 
21376230

	18.	 Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016;23(1):27–47. https://doi.org/10.1016/j.
cmet.2015.12.006 PMID: 26771115

	19.	 Poungvarin N, Lee JK, Yechoor VK, Li MV, Assavapokee T, Suksaranjit P, et al. Carbohydrate response element-binding protein (ChREBP) plays a 
pivotal role in beta cell glucotoxicity. Diabetologia. 2012;55(6):1783–96. https://doi.org/10.1007/s00125-012-2506-4 PMID: 22382520

	20.	 Iizuka K. The transcription factor carbohydrate-response element-binding protein (ChREBP): A possible link between metabolic disease and can-
cer. Biochim Biophys Acta Mol Basis Dis. 2017;1863(2):474–85. https://doi.org/10.1016/j.bbadis.2016.11.029 PMID: 27919710

	21.	 Abdul-Wahed A, Guilmeau S, Postic C. Sweet Sixteenth for ChREBP: Established Roles and Future Goals. Cell Metab. 2017;26(2):324–41. https://
doi.org/10.1016/j.cmet.2017.07.004 PMID: 28768172

	22.	 Wang H, Dolezal JM, Kulkarni S, Lu J, Mandel J, Jackson LE, et al. Myc and ChREBP transcription factors cooperatively regulate normal and 
neoplastic hepatocyte proliferation in mice. J Biol Chem. 2018;293(38):14740–57. https://doi.org/10.1074/jbc.RA118.004099 PMID: 30087120

	23.	 Lei Y, Hu Q, Gu J. Expressions of carbohydrate response element binding protein and glucose transporters in liver cancer and clinical significance. 
Pathol Oncol Res. 2020;26(2):1331–40.

	24.	 Airley RE, McHugh P, Evans AR, Harris B, Winchester L, Buffa FM, et al. Role of carbohydrate response element-binding protein (ChREBP) in gen-
erating an aerobic metabolic phenotype and in breast cancer progression. Br J Cancer. 2014;110(3):715–23. https://doi.org/10.1038/bjc.2013.765 
PMID: 24366300

	25.	 Kaushik AK, Shojaie A, Panzitt K, Sonavane R, Venghatakrishnan H, Manikkam M, et al. Inhibition of the hexosamine biosynthetic pathway pro-
motes castration-resistant prostate cancer. Nat Commun. 2016;7:11612. https://doi.org/10.1038/ncomms11612 PMID: 27194471

	26.	 Lei Y, Zhou S, Hu Q, Chen X, Gu J. Carbohydrate response element binding protein (ChREBP) correlates with colon cancer progression and con-
tributes to cell proliferation. Sci Rep. 2020;10(1):4233. https://doi.org/10.1038/s41598-020-60903-9 PMID: 32144313

	27.	 Jiang L, Xiao L, Sugiura H, Huang X, Ali A, Kuro-o M, et al. Metabolic reprogramming during TGFβ1-induced epithelial-to-mesenchymal transition. 
Oncogene. 2015;34(30):3908–16. https://doi.org/10.1038/onc.2014.321 PMID: 25284588

	28.	 Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normalization of real-time quantitative RT-PCR data 
by geometric averaging of multiple internal control genes. Genome Biol. 2002;3(7):RESEARCH0034. https://doi.org/10.1186/gb-2002-3-7-re-
search0034 PMID: 12184808

	29.	 Galaxy Community. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2022 update. Nucleic Acids Res. 
2022;50(W1):W345–51. https://doi.org/10.1093/nar/gkac247 PMID: 35446428

	30.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics. 2014;30(15):2114–20. https://doi.
org/10.1093/bioinformatics/btu170 PMID: 24695404

	31.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat Methods. 2015;12(4):357–60. https://doi.
org/10.1038/nmeth.3317 PMID: 25751142

	32.	 Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics. 
2014;30(7):923–30. https://doi.org/10.1093/bioinformatics/btt656 PMID: 24227677

	33.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550. 
https://doi.org/10.1186/s13059-014-0550-8 PMID: 25516281

	34.	 Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set collec-
tion. Cell Syst. 2015;1(6):417–25. https://doi.org/10.1016/j.cels.2015.12.004 PMID: 26771021

	35.	 Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. 
BMC Bioinformatics. 2013;14:128. https://doi.org/10.1186/1471-2105-14-128 PMID: 23586463

	36.	 Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a comprehensive gene set enrichment analysis web server 
2016 update. Nucleic Acids Res. 2016;44(W1):W90-7. https://doi.org/10.1093/nar/gkw377 PMID: 27141961

	37.	 Xie Z, Bailey A, Kuleshov MV, Clarke DJB, Evangelista JE, Jenkins SL, et al. Gene Set Knowledge Discovery with Enrichr. Curr Protoc. 
2021;1(3):e90. https://doi.org/10.1002/cpz1.90 PMID: 33780170

	38.	 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein-protein association networks with increased cov-
erage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019;47(D1):D607–13. https://doi.org/10.1093/
nar/gky1131 PMID: 30476243

	39.	 Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Methods. 2012;9(7):671–5. https://doi.
org/10.1038/nmeth.2089 PMID: 22930834

https://doi.org/10.1097/01.mco.0000232894.28674.30
http://www.ncbi.nlm.nih.gov/pubmed/16778563
https://doi.org/10.3892/ol.2023.14044
http://www.ncbi.nlm.nih.gov/pubmed/37736554
https://doi.org/10.1186/1476-4598-12-152
http://www.ncbi.nlm.nih.gov/pubmed/24298908
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
https://doi.org/10.1007/s00125-012-2506-4
http://www.ncbi.nlm.nih.gov/pubmed/22382520
https://doi.org/10.1016/j.bbadis.2016.11.029
http://www.ncbi.nlm.nih.gov/pubmed/27919710
https://doi.org/10.1016/j.cmet.2017.07.004
https://doi.org/10.1016/j.cmet.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28768172
https://doi.org/10.1074/jbc.RA118.004099
http://www.ncbi.nlm.nih.gov/pubmed/30087120
https://doi.org/10.1038/bjc.2013.765
http://www.ncbi.nlm.nih.gov/pubmed/24366300
https://doi.org/10.1038/ncomms11612
http://www.ncbi.nlm.nih.gov/pubmed/27194471
https://doi.org/10.1038/s41598-020-60903-9
http://www.ncbi.nlm.nih.gov/pubmed/32144313
https://doi.org/10.1038/onc.2014.321
http://www.ncbi.nlm.nih.gov/pubmed/25284588
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.1093/nar/gkac247
http://www.ncbi.nlm.nih.gov/pubmed/35446428
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1016/j.cels.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26771021
https://doi.org/10.1186/1471-2105-14-128
http://www.ncbi.nlm.nih.gov/pubmed/23586463
https://doi.org/10.1093/nar/gkw377
http://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.1002/cpz1.90
http://www.ncbi.nlm.nih.gov/pubmed/33780170
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834


PLOS One | https://doi.org/10.1371/journal.pone.0347907  April 30, 2026 18 / 19

	40.	 Győrffy B. Transcriptome-level discovery of survival-associated biomarkers and therapy targets in non-small-cell lung cancer. Br J Pharmacol. 
2024;181(3):362–74. https://doi.org/10.1111/bph.16257 PMID: 37783508

	41.	 Stamatikos AD, da Silva RP, Lewis JT, Douglas DN, Kneteman NM, Jacobs RL, et al. Tissue Specific Effects of Dietary Carbohydrates and Obesity 
on ChREBPα and ChREBPβ Expression. Lipids. 2016;51(1):95–104. https://doi.org/10.1007/s11745-015-4090-0 PMID: 26526060

	42.	 Jiang L, Xiao L, Sugiura H, Huang X, Ali A, Kuro-o M, et al. Metabolic reprogramming during TGFβ1-induced epithelial-to-mesenchymal transition. 
Oncogene. 2015;34(30):3908–16. https://doi.org/10.1038/onc.2014.321 PMID: 25284588

	43.	 Papatheodorou I, Fonseca NA, Keays M, Tang YA, Barrera E, Bazant W, et al. Expression Atlas: gene and protein expression across multiple 
studies and organisms. Nucleic Acids Res. 2018;46(D1):D246–51. https://doi.org/10.1093/nar/gkx1158 PMID: 29165655

	44.	 Bae J-S, Oh A-R, Lee H-J, Ahn Y-H, Cha J-Y. Hepatic Elovl6 gene expression is regulated by the synergistic action of ChREBP and SREBP-1c. 
Biochem Biophys Res Commun. 2016;478(3):1060–6. https://doi.org/10.1016/j.bbrc.2016.08.061 PMID: 27524233

	45.	 Tong X, Zhao F, Mancuso A, Gruber JJ, Thompson CB. The glucose-responsive transcription factor ChREBP contributes to glucose-dependent 
anabolic synthesis and cell proliferation. Proc Natl Acad Sci U S A. 2009;106(51):21660–5. https://doi.org/10.1073/pnas.0911316106 PMID: 
19995986

	46.	 Benichou E, Seffou B, Topçu S, Renoult O, Lenoir V, Planchais J, et al. The transcription factor ChREBP Orchestrates liver carcinogenesis by 
coordinating the PI3K/AKT signaling and cancer metabolism. Nat Commun. 2024;15(1):1879. https://doi.org/10.1038/s41467-024-45548-w PMID: 
38424041

	47.	 Wang X-L, Wen X-F, Li R-B, Liu B, Qiu G-M, Wen J-L, et al. Chrebp regulates the transcriptional activity of androgen receptor in prostate cancer. 
Tumour Biol. 2014;35(8):8143–8. https://doi.org/10.1007/s13277-014-2085-8 PMID: 24845031

	48.	 Cha-Molstad H, Saxena G, Chen J, Shalev A. Glucose-stimulated expression of Txnip is mediated by carbohydrate response element-binding 
protein, p300, and histone H4 acetylation in pancreatic beta cells. J Biol Chem. 2009;284(25):16898–905. https://doi.org/10.1074/jbc.M109.010504 
PMID: 19411249

	49.	 Li X, Kover KL, Heruth DP, Watkins DJ, Moore WV, Jackson K, et al. New Insight Into Metformin Action: Regulation of ChREBP and FOXO1 Activi-
ties in Endothelial Cells. Mol Endocrinol. 2015;29(8):1184–94. https://doi.org/10.1210/ME.2015-1090 PMID: 26147751

	50.	 Deng J, Pan T, Liu Z, McCarthy C, Vicencio JM, Cao L, et al. The role of TXNIP in cancer: a fine balance between redox, metabolic, and immuno-
logical tumor control. Br J Cancer. 2023;129(12):1877–92. https://doi.org/10.1038/s41416-023-02442-4 PMID: 37794178

	51.	 Zhao Y, Wan Y, He T. Circ_SAR1A regulates the malignant behavior of lung cancer cells via the miR-21-5p/TXNIP axis. J Clin Lab Anal. 
2022;36(5):e24366. https://doi.org/10.1002/jcla.24366 PMID: 35334496

	52.	 Li Y, Miao L-Y, Xiao Y-L, Huang M, Yu M, Meng K, et al. Hypoxia induced high expression of thioredoxin interacting protein (TXNIP) in non-small 
cell lung cancer and its prognostic effect. Asian Pac J Cancer Prev. 2015;16(7):2953–8. https://doi.org/10.7314/apjcp.2015.16.7.2953 PMID: 
25854388

	53.	 De Schrijver E, Brusselmans K, Heyns W, Verhoeven G, Swinnen JV. RNA interference-mediated silencing of the fatty acid synthase gene atten-
uates growth and induces morphological changes and apoptosis of LNCaP prostate cancer cells. Cancer Res. 2003;63(13):3799–804. PMID: 
12839976

	54.	 Tiong T-Y, Weng P-W, Wang C-H, Setiawan SA, Yadav VK, Pikatan NW, et al. Targeting the SREBP-1/Hsa-Mir-497/SCAP/FASN Oncometabolic 
Axis Inhibits the Cancer Stem-like and Chemoresistant Phenotype of Non-Small Cell Lung Carcinoma Cells. Int J Mol Sci. 2022;23(13):7283. 
https://doi.org/10.3390/ijms23137283 PMID: 35806291

	55.	 Xu C, Zhang L, Wang D, Jiang S, Cao D, Zhao Z, et al. Lipidomics reveals that sustained SREBP-1-dependent lipogenesis is a key mediator of 
gefitinib-acquired resistance in EGFR-mutant lung cancer. Cell Death Discov. 2021;7(1):353. https://doi.org/10.1038/s41420-021-00744-1 PMID: 
34775471

	56.	 Legras A, Pécuchet N, Imbeaud S, Pallier K, Didelot A, Roussel H, et al. Epithelial-to-Mesenchymal Transition and MicroRNAs in Lung Cancer. 
Cancers (Basel). 2017;9(8):101. https://doi.org/10.3390/cancers9080101 PMID: 28771186

	57.	 Zhang S-Y, Hui L-P, Li C-Y, Gao J, Cui Z-S, Qiu X-S. More expression of BDNF associates with lung squamous cell carcinoma and is critical to the 
proliferation and invasion of lung cancer cells. BMC Cancer. 2016;16:171. https://doi.org/10.1186/s12885-016-2218-0 PMID: 26926340

	58.	 Huang Y, Feng G. MiR-423-5p aggravates lung adenocarcinoma via targeting CADM1. Thorac Cancer. 2021;12(2):210–7. https://doi.
org/10.1111/1759-7714.13745 PMID: 33205911

	59.	 Fang S, Dai Y, Mei Y, Yang M, Hu L, Yang H, et al. Clinical significance and biological role of cancer-derived Type I collagen in lung and esopha-
geal cancers. Thorac Cancer. 2019;10(2):277–88. https://doi.org/10.1111/1759-7714.12947 PMID: 30604926

	60.	 Dong L, Fu L, Zhu T, Wu Y, Li Z, Ding J, et al. A five-collagen-based risk model in lung adenocarcinoma: prognostic significance and immune land-
scape. Front Oncol. 2023;13:1180723. https://doi.org/10.3389/fonc.2023.1180723 PMID: 37476379

	61.	 Yu S, Yi M, Xu L, Qin S, Li A, Wu K. CXCL1 as an Unfavorable Prognosis Factor Negatively Regulated by DACH1 in Non-small Cell Lung Cancer. 
Front Oncol. 2020;9:1515. https://doi.org/10.3389/fonc.2019.01515 PMID: 31998654

	62.	 Baird BN, Schliekelman MJ, Ahn Y-H, Chen Y, Roybal JD, Gill BJ, et al. Fibulin-2 is a driver of malignant progression in lung adenocarcinoma. 
PLoS One. 2013;8(6):e67054. https://doi.org/10.1371/journal.pone.0067054 PMID: 23785517

	63.	 Sorrentino C, Di Carlo E. Expression of IL-32 in human lung cancer is related to the histotype and metastatic phenotype. Am J Respir Crit Care 
Med. 2009;180(8):769–79. https://doi.org/10.1164/rccm.200903-0400OC PMID: 19628777

https://doi.org/10.1111/bph.16257
http://www.ncbi.nlm.nih.gov/pubmed/37783508
https://doi.org/10.1007/s11745-015-4090-0
http://www.ncbi.nlm.nih.gov/pubmed/26526060
https://doi.org/10.1038/onc.2014.321
http://www.ncbi.nlm.nih.gov/pubmed/25284588
https://doi.org/10.1093/nar/gkx1158
http://www.ncbi.nlm.nih.gov/pubmed/29165655
https://doi.org/10.1016/j.bbrc.2016.08.061
http://www.ncbi.nlm.nih.gov/pubmed/27524233
https://doi.org/10.1073/pnas.0911316106
http://www.ncbi.nlm.nih.gov/pubmed/19995986
https://doi.org/10.1038/s41467-024-45548-w
http://www.ncbi.nlm.nih.gov/pubmed/38424041
https://doi.org/10.1007/s13277-014-2085-8
http://www.ncbi.nlm.nih.gov/pubmed/24845031
https://doi.org/10.1074/jbc.M109.010504
http://www.ncbi.nlm.nih.gov/pubmed/19411249
https://doi.org/10.1210/ME.2015-1090
http://www.ncbi.nlm.nih.gov/pubmed/26147751
https://doi.org/10.1038/s41416-023-02442-4
http://www.ncbi.nlm.nih.gov/pubmed/37794178
https://doi.org/10.1002/jcla.24366
http://www.ncbi.nlm.nih.gov/pubmed/35334496
https://doi.org/10.7314/apjcp.2015.16.7.2953
http://www.ncbi.nlm.nih.gov/pubmed/25854388
http://www.ncbi.nlm.nih.gov/pubmed/12839976
https://doi.org/10.3390/ijms23137283
http://www.ncbi.nlm.nih.gov/pubmed/35806291
https://doi.org/10.1038/s41420-021-00744-1
http://www.ncbi.nlm.nih.gov/pubmed/34775471
https://doi.org/10.3390/cancers9080101
http://www.ncbi.nlm.nih.gov/pubmed/28771186
https://doi.org/10.1186/s12885-016-2218-0
http://www.ncbi.nlm.nih.gov/pubmed/26926340
https://doi.org/10.1111/1759-7714.13745
https://doi.org/10.1111/1759-7714.13745
http://www.ncbi.nlm.nih.gov/pubmed/33205911
https://doi.org/10.1111/1759-7714.12947
http://www.ncbi.nlm.nih.gov/pubmed/30604926
https://doi.org/10.3389/fonc.2023.1180723
http://www.ncbi.nlm.nih.gov/pubmed/37476379
https://doi.org/10.3389/fonc.2019.01515
http://www.ncbi.nlm.nih.gov/pubmed/31998654
https://doi.org/10.1371/journal.pone.0067054
http://www.ncbi.nlm.nih.gov/pubmed/23785517
https://doi.org/10.1164/rccm.200903-0400OC
http://www.ncbi.nlm.nih.gov/pubmed/19628777


PLOS One | https://doi.org/10.1371/journal.pone.0347907  April 30, 2026 19 / 19

	64.	 Xia Z-J, Hu W, Wang Y-B, Zhou K, Sun G-J. Expression heterogeneity research of ITGB3 and BCL-2 in lung adenocarcinoma tissue and adenocar-
cinoma cell line. Asian Pac J Trop Med. 2014;7(6):473–7. https://doi.org/10.1016/S1995-7645(14)60077-8 PMID: 25066397

	65.	 Wilgus M-L, Borczuk AC, Stoopler M, Ginsburg M, Gorenstein L, Sonett JR, et al. Lysyl oxidase: a lung adenocarcinoma biomarker of invasion and 
survival. Cancer. 2011;117(10):2186–91. https://doi.org/10.1002/cncr.25768 PMID: 21523732

	66.	 Liu CH, Di YP. Matrix metallopeptidase-gene signature predicts stage I lung adenocarcinoma survival outcomes. Int J Mol Sci. 2023;24(3).

	67.	 Sartini D, Seta R, Pozzi V, Morganti S, Rubini C, Zizzi A, et al. Role of nicotinamide N-methyltransferase in non-small cell lung cancer: in vitro effect 
of shRNA-mediated gene silencing on tumourigenicity. Biol Chem. 2015;396(3):225–34. https://doi.org/10.1515/hsz-2014-0231 PMID: 25204218

	68.	 Li Y, Song X, Niu J, Ren M, Tang G, Sun Z, et al. Pentraxin 3 acts as a functional effector of Akt/NF-κB signaling to modulate the progression and 
cisplatin-resistance in non-small cell lung cancer. Arch Biochem Biophys. 2021;701:108818. https://doi.org/10.1016/j.abb.2021.108818 PMID: 
33617838

	69.	 He Z, Yu L, Luo S, Li Q, Huang S, An Y. RGS4 regulates proliferation and apoptosis of NSCLC cells via microRNA-16 and brain-derived neuro-
trophic factor. Onco Targets Ther. 2019;12:8701–14.

	70.	 Yi X, Luo L, Zhu Y, Deng H, Liao H, Shen Y, et al. SPP1 facilitates cell migration and invasion by targeting COL11A1 in lung adenocarcinoma. 
Cancer Cell Int. 2022;22(1):324. https://doi.org/10.1186/s12935-022-02749-x PMID: 36266702

	71.	 Fu J, Wang X, Yue Q. Functional loss of TAGLN inhibits tumor growth and increases chemosensitivity of non-small cell lung cancer. Biochem Bio-
phys Res Commun. 2020;529(4):1086–93. https://doi.org/10.1016/j.bbrc.2020.06.066 PMID: 32819569

	72.	 Dauphin M, Barbe C, Lemaire S, Nawrocki-Raby B, Lagonotte E, Delepine G, et al. Vimentin expression predicts the occurrence of metastases in 
non small cell lung carcinomas. Lung Cancer. 2013;81(1):117–22. https://doi.org/10.1016/j.lungcan.2013.03.011 PMID: 23562674

	73.	 Chien W, Yin D, Gui D, Mori A, Frank JM, Said J, et al. Suppression of cell proliferation and signaling transduction by connective tissue growth 
factor in non-small cell lung cancer cells. Mol Cancer Res. 2006;4(8):591–8. https://doi.org/10.1158/1541-7786.MCR-06-0029 PMID: 16877704

	74.	 Chiou J, Su C-Y, Jan Y-H, Yang C-J, Huang M-S, Yu Y-L, et al. Decrease of FSTL1-BMP4-Smad signaling predicts poor prognosis in lung adeno-
carcinoma but not in squamous cell carcinoma. Sci Rep. 2017;7(1):9830. https://doi.org/10.1038/s41598-017-10366-2 PMID: 28852126

	75.	 Kuramochi M, Fukuhara H, Nobukuni T, Kanbe T, Maruyama T, Ghosh HP, et al. TSLC1 is a tumor-suppressor gene in human non-small-cell lung 
cancer. Nat Genet. 2001;27(4):427–30. https://doi.org/10.1038/86934 PMID: 11279526

	76.	 Chang X, Tian C, Jia Y, Cai Y, Yan P. MLXIPL promotes the migration, invasion, and glycolysis of hepatocellular carcinoma cells by phosphorylation 
of mTOR. BMC Cancer. 2023;23(1):176. https://doi.org/10.1186/s12885-023-10652-5 PMID: 36809979

https://doi.org/10.1016/S1995-7645(14)60077-8
http://www.ncbi.nlm.nih.gov/pubmed/25066397
https://doi.org/10.1002/cncr.25768
http://www.ncbi.nlm.nih.gov/pubmed/21523732
https://doi.org/10.1515/hsz-2014-0231
http://www.ncbi.nlm.nih.gov/pubmed/25204218
https://doi.org/10.1016/j.abb.2021.108818
http://www.ncbi.nlm.nih.gov/pubmed/33617838
https://doi.org/10.1186/s12935-022-02749-x
http://www.ncbi.nlm.nih.gov/pubmed/36266702
https://doi.org/10.1016/j.bbrc.2020.06.066
http://www.ncbi.nlm.nih.gov/pubmed/32819569
https://doi.org/10.1016/j.lungcan.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23562674
https://doi.org/10.1158/1541-7786.MCR-06-0029
http://www.ncbi.nlm.nih.gov/pubmed/16877704
https://doi.org/10.1038/s41598-017-10366-2
http://www.ncbi.nlm.nih.gov/pubmed/28852126
https://doi.org/10.1038/86934
http://www.ncbi.nlm.nih.gov/pubmed/11279526
https://doi.org/10.1186/s12885-023-10652-5
http://www.ncbi.nlm.nih.gov/pubmed/36809979

