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Abstract
Background: To explore the molecular mechanisms of the anti-cancer effect of
curcumin in human lung squamous cell carcinoma (LSQCC) SK-MES-1 cells.
Methods: Cell viability was determined using MTT assay. Ribonucleic acid
sequencing was performed to measure expression levels of transcripts in LSQCC
cells treated with 15 μmol/L curcumin (treatment groups) or an equal amount of
dimethylsulfoxide (control). Cuffdiff software was used to identify differentially
expressed genes (DEGs) in treatment groups, followed by enrichment analysis of
DEGs using the Database for Annotation, Visualization and Integration Discovery.
The protein-protein interaction (PPI) networks for up and downregulated DEGs
were constructed by Cytoscape software using Search Tool for the Retrieval of Inter-
acting Genes data to identify hub nodes.
Results: Curcumin significantly reduced cell viability in LSQCC cells. In total, 380
DEGs including 154 upregulated and 126 downregulated genes were found in the
treatment groups. The upregulated genes were enriched in base excision repair
(BER, such as PCNA, POLL, and MUTYH) and Janus kinase-signal transducer and
activator of transcription (JAT-STAT) signaling pathways (such as AKT1 and
STAT5A), while the downregulated genes were enriched in nine pathways, including
the vascular endothelial growth factor (VEGF) signaling pathway (such as PTK2,
VEGFA, MAPK1, and MAPK14) and mitogen-activated protein kinase (MAPK) sig-
naling pathway (ARRB2, MAPK1, MAPK14, and NFKB1). PCNA and AKT1 were the
hub nodes in the PPI network of upregulated genes while MAPK1, MAPK14,
VEGFA, and NFKB1 were the hub nodes in the PPI network of downregulated genes.
Conclusions: Curcumin might exert anti-cancer effects on LSQCC via regulating
BER, JAT-STAT, VEGF, and MAPK signaling pathways.

Introduction

Lung squamous cell carcinoma (LSQCC) is a common type
of non-small cell lung cancer (NSCLC), accounting for 85%
of all lung cancers and causing approximately 400 000 deaths
per year globally.1,2 Similar to other cancers, LSQCC is charac-
terized by genetic mutations on a molecular level, which
probably lead to the dysregulation of various signaling path-
ways.3 The combined effect of gene mutations in the base
excision repair (BER) pathway may cause a defect in the
repair of DNA damage and, thus, contribute to lung carcino-
genesis.4 The aberration of Janus kinase-signal transducer
and activator of transcription (JAK-STAT) regulating cell
growth, differentiation, and metabolism pathways also leads

to carcinogenic potential in NSCLC cells.5 The abnormal
alterations reveal the changes in cell proliferation and
apoptotic signals, as well as the potential of uncontrolled
replication in lung cancer progression, which help develop
methods for cancer therapy.Although great progress has been
made in developing chemotherapy and radiation therapy
methods, there is still an urgent need for therapeutic methods
with fewer side effects.

Curcumin, a natural polyphenol extracted from turmeric
(Curcuma longa), has been safely demonstrated to function
as an antitumor, antioxidant, and anti-inflammatory sub-
stance.6 Among its various functional properties, such as cell
cycle interference, apoptosis induction, and the inhibition of
infiltrative potential in cancer cells, the anti-carcinogenic
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property, in particular, attracts a great deal of interest.7,8 The
JAK-STAT signaling pathway is one of the molecular mecha-
nisms by which curcumin suppresses invasion and migration
in small cell lung cancer (SCLC) cells.7 Curcumin could also
suppress cell proliferation by inducing the expression of
forkhead box protein O1 in lung cancer.9 Herein, curcumin
was speculated to exert an anti-cancer effect in LSQCC cells,
the potential molecular mechanisms of which are clarified in
this study.

Ribonucleic acid sequencing (RNA-seq), a recently
developed method for transcriptome profiling by deep-
sequencing technology, provides more precise measurement
of expression levels of transcripts than other methods.10 In
the present study, RNA-seq was performed to identify differ-
entially expressed genes (DEGs) in SK-MES-1 cells (human
LSQCC cell line) with curcumin treatment compared with
cells without curcumin treatment. The involved biological
pathways and protein-protein interaction (PPI) of DEGs
were further investigated in an attempt to interpret the
molecular mechanisms by which curcumin may exert an
anti-cancer effect in SK-MES-1 cells.

Materials and methods

Cell culture

Human LSQCC cell lines SK-MES-1 were originally obtained
from the Chinese Academy of Science. The cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, GBICO
Co. Ltd, Grand Island, NY, USA), supplemented with 10%
fetal bovine serum (FBS, GBICO) and 1% penicillin-
streptomycin solution (GBICO). The cells were incubated in
a 37°C incubator with humidified atmosphere of 5% CO2

(Thermo Fisher Scientific Inc., Rockford, IL, USA). Immedi-
ately after recovery, the cells were replanted in fresh medium,
cultured to form colonies, and harvested in a solution of
trypsin at the logarithmic growth phase for the following
experiments.

Cell viability assay

Cell proliferation was determined using the conversion of
MTT to formazan via mitochondrial oxidation using MTT
assay kits (Shanghai Sangon Biological Engineering Tech-
nology and Service Corporation Ltd, Shanghai, China).
SK-MES-1 cells were seeded in 96-well plates with an average
of 5 × 106 cells/plate. Cells were incubated overnight and then
treated in sextuple with 0, 5, 15, and 30 μmol/L curcumin
(Sigma-Aldrich, St. Louis, Missouri, USA) for 48 hours. After
treatment with curcumin for 48 hours, the medium was
added with 10 μL MTT and incubated for four hours. The
MTT solution was then removed from the wells and
formazan crystals were dissolved in 100 μL dimethylsulfoxide

(DMSO, Sigma-Aldrich). The optical density was detected by
a microplate reader (Thermo Fisher Scientific Inc.) at a wave-
length of 570 nm.

Cell treatment and ribonucleic acid
sequencing (RNA-seq)

SK-MES-1 cells at the logarithmic growth phase were treated
with 15 μmol/L curcumin dissolved in 1% DMSO in treat-
ment groups, while in control groups cells were treated with
an equal amount of DMSO for 48 hours at 37°C. After the
treatment period, attached cells were harvested for RNA
extraction following the manufacturer’s protocol using an
RNeasy kit (Invitrogen, Carlsbad, CA, USA). RNA was prop-
erly tested for quality on 2% agarose gel electrophoresis and
spectrophotometer before RNA-seq was conducted using
an Illumina HiSeq 2000 Genome Analyzer (San Diego, CA,
USA).

RNA libraries were prepared according to the manufac-
turer’s recommended protocol for the NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB E7530). Total RNA (5 μg)
for the two biological replicates from the control and treat-
ment cell populations were sheared into fragments (200 nt)
and transcribed to cDNA. The cDNA were then blunt-ended
and phosphorylated, and a single 3′ adenosine moiety and
Illumina adapters were added to the repaired ends. The cDNA
were then amplified by 12 cycles of polymerase chain reaction
with New England BioLabs (NEB) Phusion polymerase
(Ipswich, MA, USA) and purified to obtain RNA libraries.
RNA-seq was performed using paired-end, 100 base pair
reads by Hiseq 2500 v4 100PE (Illumina).

RNA-seq data pro-processing

The reads containing either N over 3% or low quality
bases (<18) over 50% of the full length in any end were
filtered in data processing. TopHat2 (version 2.0.8: http://
tophat.cbcb.umd.edu/) was used to align the RNA-seq reads
against the reference genome hg19 with default parameters,
allowing for variable-length indels with respect to the refer-
ence genome.11 Two sets of matched RNA-seq data of
SK-MES-1 cells with and without curcumin treatment were
included in this study.

Differentially expressed gene (DEG)
screening based on RNA-seq data

The expression level of each gene was quantified by fragments
per kilobase of exon model per million fragments mapped
(FPKM) by employing Cuffdiff software (version 2.1.0:
http://cole-trapnell-lab.github.io/cufflinks/), followed by
DEG screening with the criteria of |log2 fold change (FC)| >1
and P-value <0.05.12,13
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Function and pathway enrichment analysis
of DEGs

To further understand the underlying functions and path-
ways of DEGs, enrichment analysis was performed using the
Database for Annotation, Visualization and Integration Dis-
covery (DAVID).14 In this study, both the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway15 and Gene Ontol-
ogy (GO) function enrichment16 analysis were performed by
DAVID with a P value of less than 0.05, including at least two
DEGs in each enriched term.

Protein-protein interaction (PPI)
network construction

Highly complex cellular biological processes are the results of
tightly regulated interactions of genes with similar functions.
Therefore, PPI pairs with the combined score of >0.4 DEGs
were screened according to the Search Tool for the Retrieval
of Interacting Genes.17 The PPI network was constructed
using Cytoscape software to identify hub nodes that regulate
or influence other genes and represent vital biological essen-
tiality in metabolic networks.18

Statistical analysis

SPSS 13.0 software (SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. Data were expressed as mean ± standard
deviation. Student’s t tests were used to determine the signifi-
cance between groups. A P-value of <0.05 was considered to
indicate a statistically significant difference.

Results

Curcumin induced apoptosis of
SK-MES-1 cells

To establish the optimal conditions for curcumin-induced
apoptosis of SK-MES-1 cells in vitro, SK-MES-1 cells were
incubated with 0, 5, 15, and 30 μmol/L curcumin. After 48
hours of incubation, the SK-MES-1 cells treated with 5, 15,
and 30 μmol/L curcumin exhibited significantly reduced
levels of cell viability (P < 0.05), compared with the control
groups (Fig 1). These data indicated that curcumin treatment
induced cell growth inhibition in a concentration-dependent
manner in the human SK-MES-1 cell line. The 15 μmol/L
curcumin treatment induced the most significantly reduced
cell viability of SK-MES-1 cells.

Curcumin altered gene expression signature
in SK-MES-1 cells

To identify the underlying molecular mechanisms of
curcumin in SK-MES-1 cells, we applied transcriptome

sequencing for SK-MES-1 cells with and without curcumin
treatment. Accordingly, a total of 380 DEGs including
154 upregulated genes and 126 downregulated genes were
identified in the treatment groups compared with the
control groups. The DEGs are shown in the scatterplot
(Fig 2).

Kyoto Encyclopedia of Genes and Genomes
and Gene Ontology enrichment analysis

KEGG enrichment analysis revealed the upregulated genes
were enriched in the BER (P value = 3.48E-03; such as poly-
merase [POLL] and poly ADP-ribose [PARP3] polymerase

Figure 1 Effect of curcumin on cell viability. SK-MES-1 cells were treated
with different concentrations of curcumin for 48 hours. Proliferation
rates were calculated as [(ODtreated/ODcontrol) × 100%]. Experiments were
performed six times. Values represent mean (± standard deviation) cell
viability as a percentage of untreated control samples. Con, control.

Figure 2 The scatterplot of gene expression levels in human squamous
cell lung carcinoma SK-MES-1 cells with and without curcumin treatment.
The red represents upregulated genes in SK-MES-1 cells with curcumin
treatment compared with the cells without curcumin treatment; green
represents downregulated genes in the treatment groups; blue represents
the genes that were not significantly differentially expressed. The X-axis
represents the control groups and the Y-axis represents the treatment
groups.
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family) and JAT-STAT signaling pathways (P value = 4.70E-
02; such as v-akt murine thymoma viral oncogene homolog 1
[AKT1] and signal transducer and activator of transcription
5A [STAT5A]). Meanwhile the downregulated genes were
enriched in nine KEGG pathways, including the vascular
endothelial growth factor (VEGF) (P value = 8.95E-04; such
as protein tyrosine kinase 2 [PTK2], mitogen-activated
protein kinase 1 [MAPK1], MAPK14, and VEGFA), and
MAPK signaling pathways (P value = 1.86E-02; such as
β-arrestin2 [ARRB2], MAPK1, MAPK14, and nuclear factor
of kappa light polypeptide gene enhancer in B-cells 1
[NFKB1]) (Table 1).

GO enrichment analysis showed the upregulated genes
were associated with biological processes, such as cellular
response to hormone stimulus (P value = 7.49E-04; such as
AKT1 and STAT5A) (Table 2). On the other hand, the
downregulated genes were related to biological processes
including positive regulation of macromolecule metabolic
process (P value = 1.64E-03; such as NFKB1, MAPK1,
MAPK14, and VEGFA), and positive regulation of transcrip-
tion from RNA polymerase II promoter (P value = 1.67E-03;
such as NFKB1, MAPK14 and VEGFA) (Table 3).

PPI network analysis

PPI analysis of upregulated and downregulated genes was
performed and then visualized constructing a PPI network.

Proliferating cell nuclear antigen (PCNA, degree = 12) corre-
lated with POLL, AKT1 and mutY homolog (MUTYH) and
AKT1 correlated with PCNA and STAT5A (degree = 10) were
hub nodes in the PPI network of upregulated genes (Fig 3).
Sp1 transcription factor (SP1, degree = 9), MAPK1 (degree =
8), MAPK14 (degree = 7), VEGFA (degree = 7), and NFKB1
(degree = 6) were correlated with each other and possessed
high connectivity in the PPI network of downregulated genes
(Fig 3). Additionally, MAPK1, MAPK14, and NFKB1 were
correlated with ARRB2, while MAPK1 and SP1 may influence
PTK2 according to Figure 4.

Discussions

LSQCC, the second most prevalent type of lung cancer, is
related to the accumulation of gene mutations.19 Curcumin
could play a role in suppressing the cellular proliferation,
invasion, and metastasis of lung cancer by regulating target
gene expression.20,21 In accordance with previous studies, our
study also revealed that curcumin reduced cell apoptosis and
caused cell apoptosis of SK-MES-1 cells in a dose-dependent
manner. Furthermore, the genome-wide transcriptional
networks of SK-MES-1 (LSQCC) cells treated with and
without curcumin were explored by RNA-seq to identify
DEGs. The key findings of this study provided evidence
that curcumin was able to upregulate the expression levels
of PCNA, POLL, MUTYH, STAT5A, and AKT1, and

Table 1 The significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways of differentially expressed genes in the treatment groups com-
pared with the control groups

Term Count P-value Genes

Upregulated genes
hsa03410:Base excision repair 4 3.48E-03 POLL, MUTYH, PCNA, PARP3
hsa04630:Jak-STAT signaling pathway 5 4.70E-02 AKT1, CLCF1, STAT5A, IL15RA, STAT2

Downregulated genes
hsa04150:mTOR signaling pathway 5 2.19E-04 MAPK1, HIF1A, VEGFA, PRKAA1, MLST8
hsa04370:VEGF signaling pathway 5 8.95E-04 MAPK1, PTK2, MAPK14, VEGFA, PPP3CC
hsa05412:Arrhythmogenic right ventricular cardiomyopathy (ARVC) 4 9.75E-03 DMD, CACNG6, DAG1, TCF7L2
hsa05410:Hypertrophic cardiomyopathy (HCM) 4 1.32E-02 DMD, CACNG6, DAG1, PRKAA1
hsa04010:MAPK signaling pathway 6 1.86E-02 MAPK1, ARRB2, MAPK14, CACNG6, PPP3CC, NFKB1
hsa04660:T cell receptor signaling pathway 4 2.50E-02 MAPK1, MAPK14, PPP3CC, NFKB1
hsa04722:Neurotrophin signaling pathway 4 3.56E-02 MAPK1, MAPK14, NFKB1, SH2B1
hsa05200:Pathways in cancer 6 4.07E-02 MAPK1, PTK2, HIF1A, VEGFA, NFKB1, TCF7L2
hsa05221:Acute myeloid leukemia 3 4.54E-02 MAPK1, NFKB1, TCF7L2

Count, the number of genes enriched on the term. AKT1, v-akt murine thymoma viral oncogene homolog 1 (ID: 207); ARRB2, arrestin, beta 2 (ID: 409);
CACNG6, calcium channel, voltage-dependent, gamma subunit 6 (ID: 59285); CLCF1, cardiotrophin-like cytokine factor 1 (ID: 23529); DAG1,
dystroglycan 1 (ID: 1605); DMD, dystrophin, muscular dystrophy (ID: 1756); HIF1A, hypoxia inducible factor 1, alpha subunit (ID: 3091); IL15RA,
interleukin 15 receptor, alpha chain (ID: 3601); MAPK1, mitogen-activated protein kinase 1 (ID: 5594); MAPK14, mitogen-activated protein kinase 14
(ID: 1432); MLST8, MTOR associated protein, LST8 homolog (ID: 64223); MUTYH, mutY homolog (ID: 4595); NFKB1, nuclear factor of kappa light poly-
peptide gene enhancer in B-cells 1 (ID: 4790); PARP3, poly (ADP-ribose) polymerase family, member 3 (ID: 10039); PCNA, proliferating cell nuclear
antigen (ID: 5111); POLL, polymerase (DNA directed), lambda (ID: 27343); PRKAA1, protein kinase, AMP-activated, alpha 1 catalytic subunit (ID: 5562);
PTK2, protein tyrosine kinase 2 (ID: 5747); PPP3CC, protein phosphatase 3, catalytic subunit, gamma isozyme (ID: 5533); STAT2, signal transducer and
activator of transcription 2, 113 kDa (ID: 6773); STAT5A, signal transducer and activator of transcription 5A (ID: 6776); SH2B1, SH2B adaptor protein 1
(ID: 25970); TCF7L2, transcription factor 7-like 2 (ID: 6934); VEGFA, vascular endothelial growth factor A (ID: 7422).
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Table 2 The top 10 significantly enriched biological processes of Gene Ontology of upregulated genes in the treatment groups compared with the
control groups

Term Count P-value Genes

GO:0032870∼cellular response to hormone
stimulus

7 7.49E-04 HDAC5, AKT1, THRA, NUP62, STAT5A, ITGA2, GNAS

GO:0002520∼immune system development 9 1.85E-03 POLL, HDAC5, DHRS2, ASH2L, CLCF1, STAT5A, CASP8, ERCC1, SOD2
GO:0043066∼negative regulation of apoptosis 10 2.37E-03 AKT1, DHRS2, CDH13, NUP62, CLCF1, STAT5A, PRNP, ERCC1, SOD2, BARD1
GO:0030334∼regulation of cell migration 7 2.55E-03 HDAC5, AKT1, CDH13, LAMA4, SERPINE2, NF2, ITGA2
GO:0043069∼negative regulation of

programmed cell death
10 2.60E-03 AKT1, DHRS2, CDH13, NUP62, CLCF1, STAT5A, PRNP, ERCC1, SOD2, BARD1

GO:0060548∼negative regulation of cell death 10 2.65E-03 AKT1, DHRS2, CDH13, NUP62, CLCF1, STAT5A, PRNP, ERCC1, SOD2, BARD1
GO:0030097∼hemopoiesis 8 3.13E-03 HDAC5, DHRS2, ASH2L, CLCF1, STAT5A, CASP8, ERCC1, SOD2
GO:0040012∼regulation of locomotion 7 4.78E-03 HDAC5, AKT1, CDH13, LAMA4, SERPINE2, NF2, ITGA2
GO:0051270∼regulation of cell motion 7 4.90E-03 HDAC5, AKT1, CDH13, LAMA4, SERPINE2, NF2, ITGA2
GO:0048534∼hemopoietic or lymphoid organ

development
8 5.30E-03 HDAC5, DHRS2, ASH2L, CLCF1, STAT5A, CASP8, ERCC1, SOD2

Count, the number of genes enriched in the term. AKT1, v-akt murine thymoma viral oncogene homolog 1 (ID: 207); ASH2L, ash2 (absent, small, or
homeotic)-like (Drosophila) (ID: 9070); BARD1, BRCA1 associated RING domain 1 (ID: 580); CASP8, caspase 8, apoptosis-related cysteine peptidase
(ID:841); CDH13, cadherin 13 (ID: 1012); CLCF1, cardiotrophin-like cytokine factor 1 (ID: 23529); DHRS2, dehydrogenase/reductase (SDR family)
member 2 (ID: 10202); ERCC1, excision repair cross-complementation group 1 (ID: 2067); GNAS, GNAS complex locus (ID: 2778); GO, gene ontology;
HDAC5, histone deacetylase 5 (ID: 10014); ITGA2, integrin, alpha 2 (ID: 3673); LAMA4, laminin, alpha 4 (ID: 3910); NF2, neurofibromin 2 (ID: 4771);
NUP62, nucleoporin 62 kDa (ID: 23636); POLL, polymerase (DNA directed), lambda (ID: 27343); PRNP, prion protein (ID: 5621); SERPINE2, serpin pepti-
dase inhibitor, clade E, member 2 (ID: 5270); SOD2, superoxide dismutase 2 (ID: 6648); STAT5A, signal transducer and activator of transcription 5A (ID:
6776); THRA, thyroid hormone receptor alpha (ID: 7067).

Table 3 The top 10 significantly enriched biological processes of Gene Ontology of downregulated genes in the treatment groups compared with the
control groups

Term Count P-value Genes

GO:0010604∼positive regulation of macromolecule
metabolic process

14 1.64E-03 CDK1, MORF4L2, TEAD2, NFKB1, TCF7L2, STAT6, MAPK1,
HIF1A, SP1, MAPK14, VEGFA, MLST8, SMURF1, ETV4

GO:0045944∼positive regulation of transcription from RNA
polymerase II promoter

9 1.67E-03 STAT6, HIF1A, SP1, MAPK14, VEGFA, MORF4L2, NFKB1,
TEAD2, TCF7L2

GO:0045941∼positive regulation of transcription 11 1.92E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,
NFKB1, TEAD2, TCF7L2, ETV4

GO:0030218∼erythrocyte differentiation 4 2.15E-03 MAEA, SP1, VEGFA, ADD1
GO:0010628∼positive regulation of gene expression 11 2.38E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,

NFKB1, TEAD2, TCF7L2, ETV4
GO:0009891∼positive regulation of biosynthetic process 12 2.77E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,

NFKB1, PRKAA1, TEAD2, TCF7L2, ETV4
GO:0034101∼erythrocyte homeostasis 4 3.12E-03 MAEA, SP1, VEGFA, ADD1
GO:0045935∼positive regulation of nucleobase, nucleoside,

nucleotide and nucleic acid metabolic process
11 3.97E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,

NFKB1, TEAD2, TCF7L2, ETV4
GO:0051173∼positive regulation of nitrogen compound

metabolic process
11 4.96E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,

NFKB1, TEAD2, TCF7L2, ETV4
GO:0010557∼positive regulation of macromolecule

biosynthetic process
11 5.52E-03 STAT6, MAPK1, HIF1A, SP1, MAPK14, VEGFA, MORF4L2,

NFKB1, TEAD2, TCF7L2, ETV4

Count, the number of genes enriched in the term. ADD1, adducin 1 (alpha) (ID: 118); CDK1, cyclin-dependent kinase 1 (ID: 983); ETV4, ets variant 4 (ID:
2118); GO, gene ontology; HIF1A, hypoxia inducible factor 1, alpha subunit (ID: 3091); MAEA, macrophage erythroblast attacher (ID: 10296); MAPK1,
mitogen-activated protein kinase 1 (ID: 5594); MAPK14, mitogen-activated protein kinase 14 (ID: 1432); MLST8, MTOR associated protein, LST8
homolog (ID: 64223); MORF4L2, mortality factor 4 like 2 (ID: 9643); NFKB1, nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (ID:
4790); PRKAA1, protein kinase, AMP-activated, alpha 1 catalytic subunit (ID: 5562); SP1, Sp1 transcription factor (ID: 6667); SMURF1, SMAD specific E3
ubiquitin protein ligase 1 (ID: 57154); STAT6, signal transducer and activator of transcription 6, interleukin-4 induced (ID: 6778); TCF7L2, transcription
factor 7-like 2 (ID: 6934); TEAD2, TEA domain family member 2 (ID: 8463); VEGFA, vascular endothelial growth factor A (ID: 7422).
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downregulate the expressions of MAPK1, ARRB2, PTK2,
MAPK14, VEGFA, and NFKB1 in SK-MES-1 cells. These
DEGs were further identified to be involved in various KEGG
pathways, such as BER, JAK-STAT, VEGF, and MAPK path-
ways, which could help elucidate the potential mechanisms of
the anti-cancer effect of curcumin in LSQCC cells.

PCNA, POLL, and MUTYH were found to be upregulated
by curcumin treatment and enriched in the BER pathway in
this study. A previous study reported that damaged DNA
could lead to cell aberrant apoptosis and cancer progression if
not repaired in time.22 The BER pathway is one of the primary
categories of excision repair and responsible for short patch
(1–14 bp) restoration in the DNA repair system.23 The
involved mutant genes in the BER pathway may be associated
with an increasing susceptibility to develop lung cancer.24 The
PCNA-dependent pathway is involved in base repair, in which
PCNA functions as a molecular adaptor for recruiting other

factors for the site of DNA repair.25 POLL is a substitute for
Polβ as the main polymerase in the BER pathway, and
MUTYH functions as bifunctional DNA glycosylases that
could excise the damaged base.26 Curcumin intervention
could prevent arsenic-induced defects of DNA repair in carci-
nogenesis.27 Herein, the upregulation of PCNA, POLL, and
MUTYH in treatment groups compared with the control
groups suggested that curcumin could improve the repair of
DNA damage that exists in LSQCC cells.

Upregulated AKT1 and STAT5A were correlated with each
other and enriched in the JAK-STAT pathway. An aberrantly
activated JAK-STAT3 signaling pathway is involved in the
oncogenesis of NSCLC.5 Curcumin could suppress SCLC cell
invasion and migration via the JAK-STAT signaling pathway.7

This study identified that STAT5A, another member of
the STAT family, was upregulated by curcumin treatment.
The activated STAT5A may prevent STAT3 reactivation by

Figure 3 The protein-protein interaction network of upregulated genes in the treatment groups compared with the control groups.
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inducing the overexpression of suppressors of cytokine sig-
naling 2.28 AKT1, the key node in the PPI network, is an essen-
tial mediator for the biological function of STAT5 that binds
to some consensus sequences within the AKT1 locus and
enhances its transcription.29 Thus, the upregulation of AKT1
and STAT5A induced by curcumin treatment may jointly
suggest a regulatory effect of curcumin on the JAK-STAT
pathway in LSQCC cells.

On the other hand, MAPK1, MAPK14, PTK2, and VEGFA
were downregulated by curcumin treatment and enriched in
the VEGF pathway. VEGF could promote tumor angiogenesis
in response to the increased need for the delivery of oxygen
and nutrients in malignancies, including NSCLC.30 The pro-
totype member of this family, VEGFA is regarded as a prom-
ising therapeutic target of cancer.31,32 In terms of lung cancer,
VEGFA plays an important role in modulating migration
and invasion of this cancer through the phosphoinositide
3 kinase/protein kinase B pathway.33 PTK2 is involved in
VEGF-induced vascular permeability.34 In human intestinal
microvascular endothelial cells, curcumin inhibits VEGF-
induced angiogenesis via MAPKs in order to prevent cancer
pathogenesis.35 Similarly, in this study, curcumin could
reduce the expression of VEGFA, MAPK1, MAPK14, and
PTK2 in LSQCC cells, probably suggesting an inhibition
effect on the VEGF pathway in this cancer.

Meanwhile, downregulated NFKB1, ARRB2, MAPK1, and
MAPK14 were involved in the MAPK pathway. NFKB1 plays
an important role in controlling cell proliferation, suppress-
ing apoptosis, and regulating tumor invasiveness and angio-
genesis via various signaling pathways.36 The activated
NFKB1 is involved in lung cancer pathogenesis, including
LSQCC.37,38 MAPKs, known as serine-threonine kinases, are
associated with cancer progression via mediating intracellu-
lar signaling.39,40 The MAPK pathway is usually activated and
plays a role in the cell cycle, apoptosis, migration, and inva-
sion of lung cancer cells.41–43 The suppression of ARRB2
could block CXCR4-induced activation of the p38 MAPK
pathway.44 Dietary administration of curcumin significantly
decreases the incidence of breast cancer metastasis to the
lung, possibly through the suppression of NFKB1.45 Previous
studies have demonstrated that there is a cross-talk between
MAPK and NFKB pathways via their overlapping genes.46–48

Curcumin could also decrease the expression of MAPKs
down-stream of NFKB1 in order to inhibit paclitaxel-
induced upregulation of survival signaling events in HeLa
cells.49 Herein, the downregulation of MAPK1, MAPK14,
ARRB2, and NFKB1 induced by curcumin treatment may
contribute to an inactivated MAPK pathway, suggesting the
anti-cancer effect of curcumin via regulating the MAPK
pathway in LSQCC cells.

Figure 4 The protein-protein interaction network of downregulated genes in the treatment groups compared with the control groups.
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Conclusion

Our study has revealed that curcumin, a functional polyphe-
nol derived from the spice turmeric, could increase the
expression levels of PCNA, POLL, MUTYH, STAT5A, and
AKT1, and decrease the expression levels of PTK2, ARRB2,
MAPK1, MAPK14, VEGFA, and NFKB1 in LSQCC cells. Fur-
thermore, these genes were identified to be involved in the
biological pathways of BER, JAK-STAT,VEGF, and MAPK, by
which curcumin may induce cancer cell apoptosis and exert
an anti-cancer effect. This study represents preliminary
research for future work in exploring the anti-cancer effect of
curcumin.A series of studies, both mechanical and epidemio-
logical, are needed to validate the role of curcumin in regulat-
ing these genes and the involved pathways in LSQCC cells,
with regard to its clinical application of being a novel chemo-
therapeutic regimen.
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