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Abstract: Diarylpentanoid (DAP), an analog that was structurally modified from a naturally oc-
curring curcumin, has shown to enhance anticancer efficacy compared to its parent compound in
various cancers. This study aims to determine the cytotoxicity, antiproliferative, and apoptotic
activity of diarylpentanoid MS13 on two subtypes of non-small cell lung cancer (NSCLC) cells:
squamous cell carcinoma (NCI-H520) and adenocarcinoma (NCI-H23). Gene expression analysis
was performed using Nanostring PanCancer Pathways Panel to determine significant signaling path-
ways and targeted genes in these treated cells. Cytotoxicity screening revealed that MS13 exhibited
greater inhibitory effect in NCI-H520 and NCI-H23 cells compared to curcumin. MS13 induced
anti-proliferative activity in both cells in a dose- and time-dependent manner. Morphological analysis
revealed that a significant number of MS13-treated cells exhibited apoptosis. A significant increase in
caspase-3 activity and decrease in Bcl-2 protein concentration was noted in both MS13-treated cells in
a time- and dose-dependent manner. A total of 77 and 47 differential expressed genes (DEGs) were
regulated in MS13 treated-NCI-H520 and NCI-H23 cells, respectively. Among the DEGs, 22 were
mutually expressed in both NCI-H520 and NCI-H23 cells in response to MS13 treatment. The top
DEGs modulated by MS13 in NCI-H520—DUSP4, CDKN1A, GADD45G, NGFR, and EPHA2—and
NCI-H23 cells—HGF, MET, COL5A2, MCM7, and GNG4—were highly associated with PI3K, cell
cycle-apoptosis, and MAPK signaling pathways. In conclusion, MS13 may induce antiproliferation
and apoptosis activity in squamous cell carcinoma and adenocarcinoma of NSCLC cells by modu-
lating DEGs associated with PI3K-AKT, cell cycle-apoptosis, and MAPK pathways. Therefore, our
present findings could provide an insight into the anticancer activity of MS13 and merits further
investigation as a potential anticancer agent for NSCLC cancer therapy.

Keywords: lung cancer; curcumin analogue; diarylpentanoid; cytotoxicity; anti-proliferation; apop-
tosis; gene expression

1. Introduction

Lung cancer is the most commonly diagnosed cancer worldwide with a high mortality
rate [1]. Lung cancer is grouped into two main types: non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC). NSCLC is the most common type of lung cancer,
representing approximately 80% of all lung cancer cases compared to SCLC (20%). NSCLC
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is further classified into three subtypes: squamous cell carcinoma (40%), adenocarcinoma
(30%) and large cell carcinoma (10%) [2]. The main risk factor of both NSCLC and SCLC is
tobacco smoking, with 80–90% of lung cancer patients have smoking history [3]. To date,
the standard treatments for both NSCLC and SCLC patients are surgery, chemotherapy,
radiation therapy, or a combination of these treatments [4]. Despite various advanced
diagnostic and therapeutic approaches of lung cancer, the overall 5-year survival rate
remains poor: 10% to 20% for all stages combined [1]. Additionally, several side effects
and toxicities of chemotherapy and radiation therapy have been reported in lung cancer
patients [4,5]. Thus, there is a need to identify more effective and non-toxic therapeutic
drugs for the treatment of lung cancer patients.

Phytocompounds represent one of the promising therapeutic agents that has been
studied extensively in preventing and treating various human diseases with reduced side
effects [6]. Curcumin, the main component extracted from Curcuma longa, has been well
documented to possess numerous therapeutic properties including anti-inflammatory [7],
antioxidative [8], antimicrobial [9], and anticancer [10]. Previous in vitro and in vivo
studies revealed that curcumin acts as a potential candidate of chemopreventive agent
and a novel adjuvant for multiple cancer types including lung cancer [11]. Curcumin
has been indicated to exhibit its anticancer effect in lung cancer cells through various
mechanisms including inhibition of cell proliferation, metastasis and invasion, induction
of apoptosis, and regulation of microRNAs expression. These mechanisms were governed
by multiple molecular targets and signaling pathways such as STAT3, EGFR, FOXO3a,
TGF-β, eIF2α, COX-2, Bcl-2, PI3KAkt/mTOR, ROS, Fas/FasL, Cdc42, E-cadherin, MMPs,
and adiponectin [12]. However, despite its broad therapeutic properties as an anticancer
agent, pharmacokinetic profile studies have highlighted the bioavailability limitation of
curcumin as it has poor absorption and rapid metabolism [13]. Therefore, numerous
chemically modified compounds of curcumin have been synthesized to overcome the
curcumin limitations while retaining its efficacy as well as safety profile.

Diarylpentanoids (DAPs) are curcumin analogs with a 5-carbon chain between their
aryl rings that have been demonstrated to have more significant anti-tumorigenic effect
compared to curcumin. Multiple experimental studies showed that DAPs exhibited anti-
cancer therapeutic properties through the growth inhibition and induction of apoptosis
in human cancer cells. Among the DAPs, GO-Y030, FLLL-11, FLLL-12, HO-3867, EF24,
and EF31 demonstrated greater growth inhibitory effect in various human cancer cells
compared to its parent compound, curcumin [14]. These compounds have been shown
to exert its growth inhibitory effect by mediating a wide range of signaling pathways
and molecular targets including NF-κB, PI3K/PTEN/Akt/mTOR, MAPK/ERK pathway,
VEGF signaling, cell cycle arrest, and apoptotic pathways [15–17].

MS13, also known as 1,5-bis(4-hydroxy-3-methoxyphenyl)1,4-pentadiene-3-one, is a
mono-ketone derivative that holds α- and β-unsaturated ketone moiety [18]. This com-
pound has been indicated to exhibit greater cytotoxic effect with lower EC50 values towards
prostate [19], cervical [20], colon [21], glioblastoma, and neuroblastoma [22] cancer cells.
Additionally, MS13 demonstrated its anticancer activity through induction of apopto-
sis in colon [21], glioblastoma, and neuroblastoma [22] cancer cells. To the best of our
knowledge, this is the first study to evaluate anticancer properties of 1,5-bis(4-hydroxy-3-
methoxyphenyl)1,4-pentadiene-3-one against NSCLC cells and its underlying molecular
mechanisms. Therefore, in the present study, we investigated the cytotoxicity, antiprolifera-
tive, and apoptotic activity of MS13 in NSCLC squamous cell carcinoma (NCI-H520) and
adenocarcinoma (NCI-H23). Furthermore, we investigated the underlying molecular mech-
anisms in MS13-treated human NSCLC cells by identifying differentially expressed genes
(DEGs) and associated signaling pathways using the Nanostring PanCancer Pathways
Panel. In this study, we highlighted the signaling pathways that were highly associated
with NSCLC including PI3K-AKT, cell cycle-apoptosis, and MAPK pathways.
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2. Results
2.1. Cytotoxic Effects of MS13 on NCI-H520 and NCI-H23 Cell Lines

The dose-dependent cytotoxic effect of MS13 and curcumin on human lung cancer
cell lines NCI-H520 and NCI-H23 was determined by evaluating the cell viability using
MTT assay at 72 h as depicted in Figure 1. MS13 showed a significant inhibition of growth
on NCI-H520 with a significant decrease in cell viability to 79% at 3.1 µM and gradually
to 23% at 6.3 µM and less than 5% at 12.5 µM onwards. Similarly, MS13 demonstrated a
significant cell inhibitory effect on NCI-H23 at 3.1 µM by decreasing the cell viability to 60%
followed by less than 10% at 6.3 µM onwards compared to the control. On the other hand,
curcumin demonstrated significant decrease in cell viability on NCI-H520 and NCI-H23
cells at 25 µM (50%) and 12.5 µM (85%), respectively.
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cell viability and comparison between data sets were statistically analyzed using ANOVA. Asterisks indicate statistically 
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< 0.0001). 

Table 1 showed the EC50 values of MS13 and curcumin on NCI-H520 and NCI-H23 
cells obtained from cytotoxicity data. MS13 demonstrated lower EC50 value in NCI-H23 
cells (3.7 ± 0.4 µM) compared to NCI-H520 cells (4.7 ± 0.1 µM). These results indicate that 

Figure 1. The cytotoxic effects of MS13 and curcumin at different concentrations on (A) NCI-H520,
(B) NCI-H23, and (C) MRC9 cell lines compared to untreated sample (Ctrl) at 72 h of incubation. The
experiments were performed in triplicates, and results were compared between three independent
experiments. The data are presented as means of percentage of cell viability and comparison
between data sets were statistically analyzed using ANOVA. Asterisks indicate statistically significant
differences between the means of the values obtained with treated versus untreated cells (** p < 0.01,
and **** p < 0.0001).
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Table 1 showed the EC50 values of MS13 and curcumin on NCI-H520 and NCI-H23
cells obtained from cytotoxicity data. MS13 demonstrated lower EC50 value in NCI-H23
cells (3.7 ± 0.4 µM) compared to NCI-H520 cells (4.7 ± 0.1 µM). These results indicate that
MS13 possess greater inhibitory effect against NCI-H23 in comparison with NCI-H520.
Curcumin showed higher EC50 value in both NCI-H520 (25.2 ± 1.7 µM) and NCI-H23
(18.5 ± 0.7 µM) compared to MS13. The cytotoxic effects of MS13 as well as curcumin
were further evaluated on the non-cancerous lung fibroblast cell line MRC9 (Figure 2).
The results demonstrated that the EC50 values of both compounds were higher in MRC9
compared to cancer cell lines, indicating higher dose of MS13 and curcumin was required to
decrease MRC9 cell viability by 50%. MS13 and curcumin showed SX values above 100 in
NCI-H520 and NCI-H23 cells indicating that the cytotoxic effect of both the compounds is
greater towards cancer cells compared to normal cells (Table 1). MS13 exhibited comparably
higher SX values in both NCI-H520 and NCI-H23 cells compared to curcumin.

Table 1. EC50 values of curcumin and MS13 on NCI-H520, NCI-H23, and MRC9 cells and their
selective indices.

Compounds
EC50 Values (µM) Selective Index (SX)

NCI-H520 NCI-H23 MRC9 NCI-H520 NCI-H23

MS13 4.7 ± 0.1 3.7 ± 0.4 8.6 ± 0.6 181.4 232.4
Curcumin 25.19 ± 1.7 18.5 ± 0.7 27.4 ± 1.7 108.8 148.2

Results are shown as mean ± standard deviation (S.D) from three independent experiments.
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Figure 2. The antiproliferative effects of (A) MS13 and (B) curcumin on NCI-H520 cell line at 24, 48, and 72 h. The
experiments were performed in triplicate and results were compared between three independent experiments. Results
are presented as means of percentage of cell viability and comparison between data sets were statistically analyzed using
ANOVA. Vehicle-treated controls of DMSO (C) were included to assess cell growth in untreated NCI-H520 cells over time.
Asterisks indicate statistically significant differences between the means of the values obtained with treated versus untreated
cells (** p < 0.01, *** p < 0.001 and **** p < 0.0001).
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2.2. Antiproliferative Effect of MS13 on NCI-H520 and NCI-H23 Cell Lines

The antiproliferative effect of MS13 and curcumin against NCI-H520 and NCI-H23
cells was assessed by measuring the viability of treated cells at 24, 48, and 72 h. In addition,
the cell viability of vehicle-treated (DMSO only) cells was measured to assess the cell
proliferation in the absence of MS13 treatment. A significant increase of cell viability was
observed from 24 to 72 h in vehicle-treated cells, suggesting that the cell proliferation
increases as a function of time (Figures 2C and 3C). However, the proliferation rate of the
treated cells was significantly reduced in a dose- and time-dependent manner.
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Figure 3. The antiproliferative effects of (A) MS13 and (B) curcumin on NCI-H23 cell line at 24, 48, and 72 h. The experiments
were performed in triplicate and results were compared between three independent experiments. Results are presented
as means of percentage of cell viability and comparison between data sets were statistically analyzed using ANOVA.
Vehicle-treated controls of DMSO (C) were included to assess cell growth in untreated NCI-H520 cells over time. Asterisks
indicate statistically significant differences between the means of the values obtained with treated versus untreated cells
(* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

As depicted in Figure 2A, the MS13 treatment against NCI-H520 cells showed a
significant decline in cell viability to 61% at 6.3 µM upon 24 h incubation. At a dosage of
3.1 µM, a significant decrease in cell viability to 86% and 78% at 48 h and 72 h, respectively,
was noted. Cell viability of less than 50% was observed upon MS13 treatment at 6.3 µM for
48 and 72 h as well as 12.5 µM for 24 h. The cell viability showed a significant decrease
at 6.3 µM following incubation for 48 h (40%) and 72 h (30%). Cell viability of less than
15% was observed following 12.5 µM of MS13 treatment at all time points. Meanwhile,
NCI-H520 cell treated with curcumin at 25 µM demonstrated a significant reduction in cell
viability to 74%, 69%, and 51% at 24, 48, and 72 h, respectively (Figure 2B). At a dosage of
50 µM, curcumin significantly decreased the cell viability of NCI-H520 cells to less than
50% at all time points.
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As for NCI-H23 cells, the MS13 treatment at 3.1 µM significantly reduced cell viability
to 75%, 52%, and 60% at 24 h, 48 h, and 72 h, respectively (Figure 3A). Upon MS13
treatment at 6.3 µM, cell viability less than 50% was observed at all time points. At a
dosage of 12.5 µM onwards, MS13 treatment significantly reduced the cell viability to less
than 20% at 24 h and 3–5 % at 48 h and 72 h. On the other hand, curcumin treatment at
25 µM onwards against NCI-H23 cells exhibited a significant decline to 55% after 24 h of
incubation (Figure 3B). At a dosage of 12.5 µM of curcumin treatment, cell viability was
significantly reduced to 70% and 84% at 48 h and 72 h, respectively. Cell viability less
than 50% was observed at 25 µM (48 h and 72 h) and 50 µM (24 h) of MS13 treatment. In
addition, MS13 and curcumin significantly showed greater inhibitory effect at 48 h and
72 h compared to 24 h at all concentrations. Overall, the results indicated that treatment
with the MS13 demonstrated greater antiproliferative activity on NCI-H520 and NCI-H23
cells compared to curcumin in time- and dose-dependent manner.

2.3. Morphological Observation of Apoptotic Cells by Acridine Orange
2.3.1. Propidium Iodide (AO-PI) Double Staining

The apoptotic activity of MS13 on NCI-H520 and NCI-H23 cells was assessed through
morphological observation by acridine orange (AO) and propidium iodide (PI) double
staining method using fluorescent microscope.

AO is an intercalating dye that can permeate viable and apoptotic cells, staining
nuclear DNA in an intact cell membrane to generate green fluorescence. On the other hand,
propidium iodide only penetrates dead cells with poor membrane integrity, staining all
dead nucleated cells to generate red fluorescence. Therefore, every viable and apoptotic
cell would exhibit different colors and characteristics upon AO/PI double staining [23,24].
Viable cells with intact membrane would exhibit uniform green nuclei, whereas early
apoptotic cells would generate bright green nuclei with the additional characteristic of
condensed or fragmented chromatin and membrane blebbing. Late apoptotic cells would
exhibit yellow-orange to bright red fluorescence due to increased permeability of PI and
condensed chromatin feature. As for necrotic cells, they would exhibit orange or red
uniform nuclei since the cells would be fully permeable to AO and PI.

The morphological features of MS13-treated NCI-H520 and NCI-H23 cells morpholog-
ical features are shown in Figure 4. Both treated cell lines showed a significant decrease
in the appearance of viable cells and a notable increase in apoptotic cells as the treatment
doses and time increase. In comparison with untreated cells (control), the morphological
observation in the cell nuclei of treated cells showed various morphological alterations. In
NCI-H520 cells (Figure 4A), treatment with 5 and 10 µM of MS13 showed an increased
number of early apoptotic cells, which was indicated by bright green in appearance (red
arrow). At 48 h, the treated cells for both doses demonstrated an increased number of early
(red arrow) as well as late apoptotic cells (yellow arrow) compared to the treated cells at
24 h. However, at 72 h, the cells treated with 5 and 10 µM displayed a mixed population
of late apoptotic and necrotic cells and an increased in number of yellow-orange to bright
red stained cells compared to 48 h of treatment. Regarding NCI-H23 cells (Figure 4B),
MS13 treatment at 4 and 8 µM of MS13 for 24 h displayed higher intensity of bright green
fluorescent cells (red arrow) compared to the control, indicating a great number of early
apoptotic cells present. However, at 48 h for both doses, a mixed population of cells bright
green to yellow and small number of yellow-orange stained cells, indicating the presence
of early and late apoptotic cells (red and yellow arrow) was observed. Upon 72 h of MS13
treatment at 8 µM, NCI-H23 cells displayed an increase of cells stained yellow–orange
with condensed chromatin feature indicating the presence of late apoptotic cells as well as
orange to red uniform nuclei indicating necrotic cells.
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Figure 4. Detection by fluorescent microscope of acridine orange/propidium iodide double stained (A) NCI-H520 and
(B) NCI-H23 cells treated with MS13 for 24, 48, and 72 h. Untreated viable cells are uniformly pale-green (white arrow).
Early apoptotic cells showed characteristic loss of membrane integrity, membrane blebbing, and chromatin condensation,
stained bright-green (red arrow). Late apoptotic cells stained yellow-orange to bright red, with a condensed or fragmented
chromatin (yellow arrow). Necrotic cells showed orange or red uniform nuclei (blue arrow). Magnification is at 100×.
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2.3.2. Quantification of Apoptotic and Necrotic Cells

The percentages of apoptotic and necrotic cells were also determined. For the purpose
of analysis, early and late apoptosis were combined to indicate apoptotic activity. As
observed in Figure 5, the percentage of viable cells decreased upon exposure to longer
incubation times in both cell lines. Between the time points, there was an increase of
apoptosis in all concentrations compared to the untreated samples (control). The results
showed a comparatively increase percentage of cells undergoing apoptosis at 24, 48, as
well as 72 h as treatment doses increased in both cell lines.
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As shown in Figure 5A, viable cells of untreated NCI-H520 cells with approximately
more than 60% were noted at all time points (24, 48, and 72 h) compared to MS13-treated
cells (5 and 10 µM). A significant decrease of viable cells in MS13-treated cells compared to
untreated cells was noted at all time points by approximately 20–30% in a dose-dependent
manner. The NCI-H520 cells treated with MS13 demonstrated a significant increase in
apoptotic cells at 24, 48, and 72 h to approximately 50–60%, 60–65%, and 65–75%, respec-
tively, in a dose-dependent manner. Higher apoptosis activity of NCI-H520 cells treated
with MS13 was observed at incubation time of 48 and 72 h compared to 24 h. Although
the apoptosis activity was relatively high at 48 and 72 h, the necrotic cells appeared to be
low with less than 10% in the treated cells at these two points. Interestingly, no significant
difference of necrotic cells was observed in NCI-H520 treated cells compared to untreated
cells at both doses and time points.

As for NCI-H23 cells, more than approximately 70% of viable cells of untreated cells
were noted at all time points (Figure 5B). The MS13 treatment with doses of 4 µM and 8 µM
in NCI-H23 significantly reduced the viable cells to approximately 60–70% compared to
untreated cells (80%) at 24 h in a dose-dependent manner. The percentage of MS13-treated
viable cells at both doses further declined to approximately 45–55% and 35–50% at 48 and
72 h, respectively. A significant increase in apoptotic cells was noted in NCI-H23 cells
following MS13 treatment at 24 h (25–35%), 48 and 72 h (45–55%). Higher apoptosis activity
in NCI-H23 cells following MS13 treatment (4 µM and 8 µM) was observed at 48 and 72 h
compared to 24 h; however, a significant increase in necrotic cells ranging from 8 to 15% was
also noted at these time points for 8 µM MS13 treatment, whereas the percentage of necrotic
cells at a dose of 4 µM remained low, with approximately less than 5% at all time points.

2.3.3. Quantification of Relative Caspase-3 Activity

The relative caspase-3 apoptotic activity was measured based on caspase-3 activity
from the treated cells against the untreated cells (control). As depicted in Figure 6A, NCI-
H520 cells only showed a significant increase in caspase-3 activity at 10 µM following 48 h of
MS13 treatment. Meanwhile, there were no significant differences observed for the treated
cells with 5 µM at all time points. As for NCI-H23 cells (Figure 6B), MS13 treatment at both
doses following 24 and 48 h treatment demonstrated a significant increase in caspase-3
activity compared to control, whereas after 72 h of MS13 treatment, only treated cells at
10 µM showed a notable increase in caspase-3 activity. Taken together, these results indicate
that MS13 induces apoptosis by caspase-3 activity in both cell lines in which NCI-H520
demonstrated an increase in caspase-3 activity at 10 µM following 48 h of treatment while
NCI-H23 cells displayed a significant increase in caspase-3 activity at 24 and 48 h in a dose
and time-dependent manner.
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2.3.4. Quantification of Bcl-2 Protein Concentration

The apoptotic activity of MS13 in NCI-H520 and NCI-H23 cells was further evaluated
by assessing the Bcl-2 protein concentration. The treatment of NCI-H520 (Figure 7A) and
NCI-H23 (Figure 7B) cells with MS13 (NCI-H520: 5 and 10 µM; NCI-H23: 4 and 8 µM)
demonstrated a significant and progressive decrease of Bcl-2 concentration when treated
for 24 to 72 h.
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2.4. Analysis of Differentially Expressed Genes (DEGs) in MS13-Treated Lung Cancer Cells
Associated with PI3K-AKT, Cell Cycle-Apoptosis, and MAPK Pathways

We further evaluated the gene expression profile of selected signaling pathways
in MS13-treated NCI-H520 and NCI-H23 lung cancer cells using nCounter PanCancer
Pathways panel. Based on the dosages previously established to induce apoptosis, NCI-
H520 was treated with 10 µM of MS13 for 24 h, while NCI-H23 was treated with 4 µM
of MS13 for 48 h. Only significant entities that demonstrated p < 0.05 and differentially
expressed compared to the control by a fold change greater than or equal to 1.3 (FC ≥ 1.3)
and fold change lower than or equal to −1.3 (FC ≤ −1.3) were considered for analysis.
The gene expression data showed a total of 22 significant DEGs that mutually expressed
in both NCI-H50 and NCI-H23 cells treated with MS13. However, a total of 77 and 47
significant (p < 0.05) DEGs were exclusively expressed in NCI-H520 and NCI-H23 cells
treated with MS13, respectively. The total significant DEGs were further grouped to their
respective signaling pathways as described by the nCounter PanCancer Pathways Code
set. The 13 cancer-related pathways were NOTCH, APC/Wnt, Hedgehog, chromatin
modification, transcriptional regulation, DNA damage control, TGF-Beta, MAPK, JAK-
STAT, PI3K-AKT, driver genes, cell cycle-apoptosis, and Ras signaling pathways. Our
results showed that the DEGs expressed in NCI-H520 and NCI-H23 cells treated with
MS13 were highly associated with PI3K-AKT, cell cycle-apoptosis, and MAPK pathways.
As shown in Tables 2 and 3, these genes were associated with either a single pathway or
multiple pathways. The findings showed that 12 DEGs were mutually expressed in both
the cell lines, while 36 DEGs were exclusively expressed in NCI-H520 and 22 DEGs in
NCI-H23 cells.
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Table 2. Upregulated DEGs in NCI-H520 and NCI-H23 cells in response to MS13 treatment.

Genes/Cell Line Gene Description Accession No. Single/Multiple
Pathways FC p-Value

NCI-H520
PTEN Phosphatase and Tensin Homolog NM_000314.3:1675 PI3K 1.3 0.0233
DDIT4 DNA Damage Inducible Transcript 4 NM_019058.2:85 PI3K 1.4 0.0223

ENDOG Endonuclease G NM_004435.2:694 Cell-cycle Apoptosis 1.5 0.00367
CASP8 Caspase 8 NM_001228.4:301 Cell-cycle Apoptosis 1.4 0.0341
DDIT3 DNA Damage Inducible Transcript 3 NM_004083.4:40 MAPK 1.3 0.00325

CDKN1A Cyclin Dependent Kinase Inhibitor
1A NM_000389.2:1975 Cell-cycle Apoptosis and

PI3K 2.1 0.0006

* CCND3 Cyclin D3 NM_001760.2:1215 Cell-cycle Apoptosis and
PI3K 1.4 0.015

GADD45G Growth Arrest and DNA Damage
Inducible Gamma NM_006705.3:250 Cell-cycle Apoptosis and

MAPK 2.1 0.000258

NCI-H23
ITGA2 Integrin Subunit Alpha 2 NM_002203.2:475 PI3K 1.4 0.00405

THEM4 Thioesterase Superfamily Member 4 NM_053055.4:764 PI3K 1.3 0.00716

TNFRSF10A TNF Receptor Superfamily Member
10a NM_003840.3:2380 Cell-cycle Apoptosis 1.4 0.00918

IRAK2 Interleukin 1 Receptor Associated
Kinase 2 NM_001570.3:1285 Cell-cycle Apoptosis 1.4 0.00186

DUSP2 Dual Specificity Phosphatase 2 NM_004418.3:1235 MAPK 1.3 0.0344

* CCND3 Cyclin D3 NM_001760.2:1215 Cell-cycle Apoptosis and
PI3K 1.3 0.00733

* Indicates mutually expressed DEGs in both NCI-H520 and NCI-H23 cells treated with MS13.

Table 3. Downregulated DEGs in NCI-H520 and NCI-H23 cells in response to MS13 treatment.

Genes/Cell Line Gene Description Accession No. Single/Multiple
Pathways FC p-Value

NCI-H520
EPHA2 EPH Receptor A2 NM_004431.2:1525 PI3K −2.0 0.00397
NGFR Nerve Growth Factor Receptor NM_002507.1:2705 PI3K −2.0 0.00691

MYB MYB Proto-Oncogene, Transcription
Factor NM_005375.2:3145 PI3K −1.9 0.00042

ITGB4 Integrin Subunit Beta 4 NM_001005731.1:4151 PI3K −1.7 0.00064
COL4A5 Collagen Type IV Alpha 5 Chain NM_033381.1:5360 PI3K −1.7 0.00275
* THBS1 Thrombospondin 1 NM_003246.2:3465 PI3K −1.7 0.00044

KIT KIT Proto-Oncogene, Receptor
Tyrosine Kinase NM_000222.1:5 PI3K −1.6 0.0418

KITLG KIT Ligand NM_003994.4:1155 PI3K −1.5 0.00058
PDGFD Platelet Derived Growth Factor D NM_025208.4:1120 PI3K −1.4 0.0496

FN1 Fibronectin 1 NM_212482.1:1776 PI3K −1.3 0.00927
ITGA2 Integrin Subunit Alpha 2 NM_002203.2:475 PI3K −1.3 0.0199

* MCM-7 Minichromosome Maintenance
Complex Component 7 NM_182776.1:1325 Cell-cycle

Apoptosis −4.3 1.62 × 10−5

E2F1 E2F Transcription Factor 1 NM_005225.1:935 Cell-cycle
Apoptosis −1.5 0.00051

MAP2K1 Mitogen-Activated Protein Kinase
Kinase 1 NM_002755.2:970 Cell-cycle

Apoptosis −1.4 0.00012

CDKN2D Cyclin-Dependent Kinase Inhibitor
2D NM_001800.3:870 Cell-cycle

Apoptosis −1.4 0.0333

CASP7 Caspase 7 NM_001227.3:915 Cell-cycle
Apoptosis −1.3 0.0198

PKMYT1
Protein Kinase,

Membrane-Associated
Tyrosine/Threonine 1

NM_004203.3:780 Cell-cycle
Apoptosis −1.3 0.00813
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Table 3. Cont.

Genes/Cell Line Gene Description Accession No. Single/Multiple
Pathways FC p-Value

HDAC10 Histone Deacetylase 1 NM_032019.5:932 Cell-cycle
Apoptosis −1.3 0.00159

MYD88 Innate Immune Signal Transduction
Adaptor NM_002468.3:2145 Cell-cycle

Apoptosis −1.3 0.00872

* SKP2 S-Phase Kinase-Associated Protein 2 NM_005983.2:615 Cell-cycle
Apoptosis −1.3 0.00401

CACNA2D2 Calcium Voltage-Gated Channel
Auxiliary Subunit Alpha2delta 2 NM_001005505.1:2045 MAPK −2.1 0.0113

CACNA1E Calcium Voltage-Gated Channel
Subunit Alpha1 E NM_000721.2:9325 MAPK −2.1 0.00435

DUSP4 Dual Specificity Phosphatase 4 NM_057158.2:3115 MAPK −1.6 0.0319

MAP2K6 Mitogen-Activated Protein Kinase
Kinase 6 NM_002758.3:555 MAPK −1.5 0.00795

* MAPT Microtubule Associated Protein Tau NM_016834.3:1205 MAPK −1.5 0.0469
THSBP1 Heat Shock Factor Binding Protein 1 NM_003246.2:3465 MAPK −1.5 0.0123
DUSP6 Dual Specificity Phosphatase 6 NM_001946.2:1535 MAPK −3.3 6.93 × 10−5

RASGRP1 RAS Guanyl Releasing Protein 1 NM_005739.3:365 MAPK −1.7 0.0297

PIK3R2 Phosphoinositide-3-Kinase
Regulatory Subunit 2 NM_005027.2:3100

Cell
cycle-apoptosis

and PI3K
−1.5 0.00943

BAD BCL2 Associated Agonist of Cell
Death NM_004322.3:652

Cell
cycle-apoptosis

and PI3K
−1.4 0.00012

CDK6 Cyclin-Dependent Kinase 6 NM_001259.5:15
Cell

cycle-apoptosis
and PI3K

−1.4 0.00398

PIK3R3 Phosphoinositide-3-Kinase
Regulatory Subunit 3 NM_003629.3:1800

Cell
cycle-apoptosis

and PI3K
−1.3 0.00023

* PIK3CB
Phosphatidylinositol-4,5-

Bisphosphate 3-Kinase Catalytic
Subunit Beta

NM_006219.1:2945
Cell

cycle-apoptosis
and PI3K

−1.3 0.00023

FGF9 Fibroblast Growth Factor 9 NM_002010.2:1565 PI3K and MAPK −1.8 0.00742
PRKCA Protein Kinase C Alpha NM_002737.2:5560 PI3K and MAPK −1.6 0.0235

MAP2K1 Mitogen-Activated Protein Kinase
Kinase 1 NM_002755.2:970 PI3K and MAPK −1.4 0.000117

MAP2K2 Mitogen-Activated Protein Kinase
Kinase 2 NM_030662.2:1325 PI3K and MAPK −1.4 0.00258

* MAPK3 Mitogen-Activated Protein Kinase 3 NM_001040056.1:580 PI3K and MAPK −1.3 0.016

* TGFB2 Transforming Growth Factor Beta 2 NM_003238.2:1125
Cell

cycle-apoptosis
and MAPK

−1.5 0.00123

PRKACA Protein Kinase CAMP-Activated
Catalytic Subunit Alpha NM_002730.3:400

Cell
cycle-apoptosis,
PI3K and MAPK

−1.3 4.50 × 10−5

AKT1 AKT Serine/Threonine Kinase 1 NM_005163.2:1772
Cell

cycle-apoptosis,
PI3K and MAPK

−1.3 0.0007

NCI-H23
HGF Hepatocyte Growth Factor NM_000601.4:550 PI3K −1.8 0.0285

COL5A2 Collagen Type V Alpha 2 Chain NM_000393.3:4075 PI3K −1.7 0.00464
GNG4 G Protein Subunit Gamma 4 NM_004485.2:215 PI3K −1.6 0.028

MET MET Proto-Oncogene, Receptor
Tyrosine Kinase NM_000245.2:405 PI3K −1.5 0.00293

ITGA3 Integrin Subunit Alpha 3 NM_005501.2:1138 PI3K −1.5 0.0131
* THBS1 Thrombospondin 1 NM_003246.2:3465 PI3K −1.4 0.00578

IRS1 Insulin Receptor Substrate 1 NM_005544.2:6224 PI3K −1.4 0.00412
EFNA3 Ephrin A3 NM_004952.4:1672 PI3K −1.4 0.0205
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Table 3. Cont.

Genes/Cell Line Gene Description Accession No. Single/Multiple
Pathways FC p-Value

EIF4EBP1 Eukaryotic Translation Initiation
Factor 4E Binding Protein 1 NM_001429.2:715 PI3K −1.3 0.0184

* MCM-7 Minichromosome Maintenance
Complex Component 7 NM_182776.1:1325 Cell-cycle

Apoptosis −1.7 0.00101

CCNA1 Cyclin A1 NM_003914.3:1605 Cell-cycle
Apoptosis −1.4 0.0264

SMAD2 SMAD Family Member 2 NM_001003652.1:4500 Cell-cycle
Apoptosis −1.4 0.0199

CHEK2 Checkpoint Kinase 2 NM_007194.3:140 Cell-cycle
Apoptosis −1.3 0.0398

MAD2L2 Mitotic Arrest Deficient 2 Like 2 NM_001127325.1:290 Cell-cycle
Apoptosis −1.3 0.0128

* SKP2 S-Phase Kinase Associated Protein 2 NM_005983.2:615 Cell-cycle
Apoptosis −1.3 0.00026

CDC7 Cell Division Cycle 7 NM_003503.2:805 Cell-cycle
Apoptosis −1.3 0.0302

RAD21 RAD21 Cohesin Complex
Component NM_006265.2:1080 Cell-cycle

Apoptosis −1.3 0.0289

* MAPT Microtubule Associated Protein Tau NM_016834.3:1205 MAPK −1.5 0.0469
RAC3 Rac Family Small GTPase 3 NM_005052.2:702 MAPK −1.4 0.0439
FLNA Filamin A NM_001456.3:7335 MAPK −1.3 0.00262

* PIK3CB
Phosphatidylinositol-4,5-

Bisphosphate 3-Kinase Catalytic
Subunit Beta

NM_006219.1:2945
Cell

cycle-apoptosis
and PI3K

−1.3 0.0272

FAS Fas Cell Surface Death Receptor NM_152876.1:1740
Cell

cycle-apoptosis
and MAPK

−1.4 0.00328

PPP3CA Protein Phosphatase 3 Catalytic
Subunit Alpha NM_000944.4:3920

Cell
cycle-apoptosis

and MAPK
−1.3 0.0223

* TGFB2 Transforming Growth Factor Beta 2 NM_003238.2:1125
Cell

cycle-apoptosis
and MAPK

−1.6 0.0104

FGFR2 Fibroblast Growth Factor Receptor 2 NM_000141.4:647 PI3K and MAPK −1.6 0.0265
FGF2 Fibroblast Growth Factor 2 NM_002006.4:620 PI3K and MAPK −1.4 0.00307

FGFR4 Fibroblast Growth Factor Receptor 4 NM_002011.3:1585 PI3K and MAPK −1.3 0.027
* MAPK3 Mitogen-Activated Protein Kinase 3 NM_001040056.1:580 PI3K and MAPK −1.4 0.0425

TP53 Tumor Protein P53 NM_000546.2:1330
Cell

cycle-apoptosis,
PI3K and MAPK

−1.3 0.00783

* Indicates mutually expressed DEGs in both NCI-H520 and NCI-H23 cells treated with MS13.

For the purpose of discussion, we selected the DEGs that demonstrated a fold
change greater than or equal to 1.5 (FC ≥ 1.5) and fold change lower than or equal to
−1.5 (FC ≤ −1.5). Among the mutually expressed DEGs, MCM7 associated with cell cycle-
apoptosis, THBS1 with PI3K, MAPT with MAPK, and TGFB2 with cell cycle-apoptosis
and MAPK were downregulated in both NCI-H520- and NCI-H23-treated cells. The
DEG exclusively upregulated in NCI-H520 treated cells was ENDOG associated with cell
cycle-apoptosis pathway. Meanwhile, exclusively downregulated DEGs included EPHA2,
NGFR, MYB, ITGB4, COL4A5, KIT, and KITLG were associated with PI3K-AKT pathway,
CACNA2D2, CACNA1E, DUSP4, MAP2K6, HSBP1, DUSP6, and RASGRP1 with MAPK
pathway, and E2F1 with cell cycle-apoptosis pathway. Several exclusive DEGs expressed
in MS13 treated-NCI-H520 cells were also associated with multiple pathways such as
CDKN1A and PIK3R2 (cell cycle-apoptosis and PI3K-AKT pathways); GADD45G (cell
cycle-apoptosis and MAPK pathways) and FGF9 and PRKCA (PI3K-AKT and MAPK
pathways). In NCI-H23 cells treated with MS13, the exclusively downregulated DEGs were
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HGF, COL5A2, GNG4, MET, and ITGA3 associated with the PI3K-AKT pathway. Addition-
ally, FGFR2, which is associated with multiple pathways (PI3K-AKT and MAPK pathways),
was also exclusively downregulated in NCI-H23 cells following MS13 treatment.

3. Discussion

Our study showed that MS13 exhibited greater cytotoxicity and growth inhibitory
effect in a dose-dependent manner at lower concentrations compared to the parent com-
pound, curcumin, in both NCI-H520 and NCI-H23 cells. For cytotoxicity assay, the incuba-
tion time for MS13 treatment in NCI-H520 and NCI-H23 cells was selected as 72 h. Based
on the doubling time of NCI-H520 and NCI-H23 cells, 72 h was the optimum time required
for a maximal cytotoxic activity to occur compared to 24 and 48 h. MS13 was observed
to have an increased inhibitory effect on NCI-H520 and NCI-H23 cells by approximately
5 times compared to curcumin based on the EC50 values. Previously, studies conducted
by Citalingam et al. (2015), Paulraj et al. (2015), and Ismail et al. (2020), treating human
prostate, cervical, and colon cancer cells with MS13, demonstrated greater inhibition effect
with lower EC50 values compared to curcumin [19–21]. Similarly, previous studies also
observed that colon, pancreatic, and gastric cancer cells treated with FLLL-11 [15,25] and
GO-Y022 [26], which has identical structure as MS13 showed lower IC50 values compared
to curcumin by several fold. In addition, other DAPs such as HO-3867 [16,27], EF24 [17,28],
and GO-Y030 [29,30] demonstrated reduction in cell viability of human lung cancer cells
compared to curcumin. It was also observed that NCI-H23 cells exhibited lower EC50
values compared to NCI-H520 cells following MS13 treatment. This finding suggests that
NCI-H520 and NCI-H23 demonstrated differing sensitivities to MS13. This could be the
result of being derived from different sources, as NCI-H520 is a squamous cell carcinoma
while NCI-H23 is an adenocarcinoma. We believe that the different derivation of NCI-H520
and NCI-H23 may result in different biological, behavioral, and cell morphological char-
acteristics which could contribute to the EC50 values noted upon MS13 treatment. Our
results showed that SX values of MS13 treatment on NCI-H520 and NCI-H23 were above
100 indicating that MS13 is more selective towards lung cancer cells over the normal cells.

Antiproliferative assay was also performed over three time points (24, 48, and 72 h)
to observe the dose and time-dependent effect of MS13 on NCI-H23 and NCI-H520 cells.
The results revealed that MS13 caused a notable decline in cell viability of both cell lines
as the time exposure and treatment dosage increased indicating inhibition of cell prolif-
eration rate in a dose- and time-dependent manner. Vehicle-treated (DMSO) control cells
demonstrated increased cell proliferation over time, while treatment with MS13 appears
to have a significant inhibitory effect especially at later time points. The NCI-H520 cells
displayed a substantial decrease of cell viability at 3.1 µM onwards for 48 and 72 h and
at 6.3 µM onwards for 24 h. On the other hand, NCI-H23 cells showed a significant de-
crease of cell viability at 3.1 µM onwards for all time points. Thus, it can be suggested
that MS13 treatment on NCI-H23 showed greater antiproliferative effect than NCI-H520
cells indicating different characteristics of cells respond differently to a treatment. Besides,
curcumin was observed to exert an antiproliferative effect at a higher dosage of 25 µM
onwards on both NCI-H520 and NCI-H23 lung cancer cells at all time points compared
to MS13. Furthermore, it was observed that in all cases, MS13 treatment demonstrated
greater growth inhibition compared to curcumin at 24, 48, and 72 h.

The enhanced cytotoxic and antiproliferative effects of MS13 against NCI-H520 and
NCI-H23 cells compared to curcumin was believed due to the modification of the middle
structure of curcumin which is the removal of β-diketone and substituents of 3′methoxy-
4′-hydroxy on the phenyl rings [18,31]. It has been reported that the instability as well
as decomposition of curcumin affected by alkaline pH and light exposure were caused
by the active methylene moiety while the biological effects of curcumin were due to the
role of hydroxy moiety at the aromatic rings [32]. Therefore, MS13 with mono-ketone
derivative carrying α- and β-unsaturated ketone moiety is more stable and cause improved
cytotoxicity and antiproliferative effects compared to curcumin.
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Dysregulation in apoptotic pathways has been demonstrated to result in tumor cell
formation as it creates a permissive environment for genetic pathway instability and
accumulation of mutations [33]. Therefore, molecular pathway of apoptosis is regarded
as the most potent strategy to counter the cancerous growth [34]. In the present study,
morphological analysis and biochemical assays such as caspase 3 and bcl-2 were performed
to determine the effect of MS13 on induction of apoptosis in NCI-H520 and NCI-H23
lung cancer cells. For apoptotic assays, MS13 at a dose of EC50 and 2× EC50 were treated
on both cell lines at various time points (24, 48, and 72 h). Morphological analysis on
apoptotic activity of MS13-treated NCI-H520 and NCI-H23 cells was performed using
acridine orange (AO) and propidium iodide (PI) double staining method. Higher apoptotic
activity of NCI-H520 and NCI-H23 cells treated with MS13 was observed at 48 and 72 h
compared to 24 h for both dosages. Fluorescence microscopy analysis at 24 h revealed that
NCI-H520 and NCI-H23 cells were stained bright green-yellow following treatment with
both the doses, indicating induction of early apoptosis. Upon 48 h of MS13 treatment on
both cells, there was a mixed population of cells with a larger proportion of early apoptotic
cells compared to late suggesting that both early and late apoptotic events took place in
both treated cells. Increase in late apoptotic cells and appearance of necrotic cells at 72 h of
treatment resulted in higher percentage of cells stained bright orange-red. Nonetheless, the
percentage of necrotic cells in both cells treated with MS13 at all doses remained low with
less than 15% of total cell population. Taken together, these findings suggest that MS13
treatment at both doses induced apoptosis in NCI-H520 and NCI-H23 cells in dose and
time-dependent manner with low percentage of necrotic cells.

Induction of apoptosis on lung cancer cells by MS13 treatment was further determined
by caspase-3 activity and Bcl-2 protein concentration level. Caspase-3 is a cysteine protease
that is activated early in a sequence of events associated with programmed cell death or
apoptosis [35]. Activation of caspase-3 leads to cleavage of key substrate within the cell that
is responsible to induce apoptosis eventually results in DNA degradation as well as mor-
phological changes including cell blebbing, cell shrinkage, and chromatin condensation [36].
The present data showed that the increase in caspase-3 activity is dose-dependent with a
significant increase being noted in NCI-H520 cells following MS13 treatment at a higher dose
of 10 µM for 48 h. However, in NCI-H23 treated cells a significant increase was noted from
24 to 48 h but peaked at 48 h for both doses. Previous studies reported that MS13 induced
apoptosis by caspase-3 activation in human cervical, prostate, and colon cancer cells [19–21].
Similarly, diarylpentanoids FLLL11 [15] and B19 [37] were shown to induce apoptosis in
human colorectal cancer and ovarian cancer cells by increasing caspase-3 activity, respec-
tively. Bcl-2 is a key protein in apoptosis induction by regulating mitochondrial membrane
permeability and integrity, in addition to suppress cytochrome c release [38]. It has been
reported that a decrease in bcl-2 levels leads to cell death by apoptosis while overexpression
of bcl-2 protects cells from death [38,39]. NCI-H520 and NCI-H23 cells treated with MS13 for
both doses at 24, 48, and 72 h exhibited a significant decrease in bcl-2 protein concentration
compared to the untreated in dose and time-dependent manner. Previous studies reported
similar findings that DAPs GO-Y030 [30] and DM1 [40] decreased bcl-2 protein concentration
in colon cancer and melanoma cells, respectively. Therefore, our findings suggest that MS13
mediates the apoptotic activity in NCI-H520 and NCI-H23 lung cancer cells through the
activation of caspase-3 and reduction of bcl-2 protein.

Gene expression analysis data showed that MS13 induced apoptosis in NCI-H520
and NCI-H23 cells by modulating genes associated with PI3K-AKT, cell cycle-apoptosis,
and MAPK pathways. These signaling pathways play an essential role in the regulation
of fundamental cellular functions such as transcription, translation, proliferation, growth,
and survival. Accumulating evidences have shown that deregulation of these pathways
is highly associated with various tumor development, including lung cancer. Previous
studies demonstrated that the PI3K-Akt pathway is deregulated in lung cancer and has
been associated with high-grade tumors, advanced disease, and poor prognosis [41].
Alteration of PI3K/Akt/mTOR pathway was found in 50–70% of NSCLC cases [42–44] and
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approximately 36% of SCLC cases [45]. Besides, the MAPK pathway also includes several
proto-oncogenes and is deregulated in ~35% of lung cancer cases [46].

Our findings showed MCM7 (cell-cycle apoptosis), THBS1 (PI3K-AKT), MAPT (MAPK),
and TGFB2 (cell-cycle apoptosis and MAPK) were mutually downregulated in NCI-H520
and NCI-H23 cells treated with MS13. The small number of mutual DEGs could be
attributed to different biological and behavioral characteristic of NCI-H520 (squamous
cell carcinoma) and NCI-H23 (adenocarcinoma) cells. MCM7 encodes minichromosome
maintenance complex component 7 that is essential for the initiation and elongation of
DNA replication [47]. MCM7 was associated with tumor development and progression
in many cancers, including lung cancer [48–51]. Previous study reported that curcumin
decreased the cell viability and altered the cell cycle of retinoblastoma cells by down-
regulating MCM7 [52]. MAPT codifies a microtubule-associated protein that promotes
tubulin assembly and microtubule stabilization [53]. Overexpression of MAPT in colorec-
tal [54], breast [55], and gastric [56] cancers was associated with tumor progression and
poor prognosis. Previous study reported that higher expression of MAPT was detected in
metastatic compared to primary prostate cancer patients [57]. TGFB2 encodes transforming
growth factor-beta 2 protein that plays an important role in regulating cell proliferation,
differentiation, motility, apoptosis, and immune regulation [58–60]. In renal cell carcinoma,
knockdown of TGFB2 inhibited cell proliferation, migration, and invasion [61]. THBS1
encodes thrombospondin 1 (TSP1) protein which was shown to regulate cell growth and
proliferation, cell motility, and cytoskeletal organization [62]. Previous studies have re-
ported that TSP1 promoted angiogenesis, cell migration, and invasion in breast cancer
cells [63,64]. The findings suggest that downregulation of MCM7, MAPT, TGFB2, and
THBS1 by MS13 may inhibit cell proliferation and growth as well as metastasis and invasion
in squamous cell carcinoma and adenocarcinoma NSCLC cells.

Our data demonstrated that ENDOG (cell cycle-apoptosis), CDKN1A (cell cycle-
apoptosis and PI3K–AKT) and GADD45G (cell cycle-apoptosis and MAPK) genes were
exclusively upregulated in MS13 treated NCI-H520 cells. The ENDOG gene encodes an
apoptotic mitochondrial endonuclease G that translocates to the nucleus during apopto-
sis [65]. The ENDOG expression has been correlated with cancer cells sensitivity towards
chemotherapeutic agents. ENDOG-positive breast cancer cells were more sensitive to
chemotherapeutic agents compared to ENDOG-negative breast cancer cells [66]. Silencing
ENDOG in ENDOG-positive prostate cancer cells decreased its sensitivity to chemother-
apeutic agents [67]. This suggest that upregulation of ENDOG may increase sensitivity
of NCI-H520 in response to MS13 treatment. Cyclin-Dependent Kinase Inhibitor 1A
(CDKN1A), also known as p21 or WAF1, plays an important role in cell differentiation,
proliferation, and apoptosis via regulating cell cycle [68,69]. Decreased expression of
CDKN1A facilitates cell cycle progression from the G1 to S phase, thus promoting tumor
cell proliferation [70,71]. Downregulation of CDKN1A was noted in several cancers in-
cluding lung cancer [72–74] but upregulation of CDKN1A by various anticancer agents
was reported to inhibit cell proliferation [75,76]. Curcumin inhibited cell proliferation in
hepatocellular carcinoma cells through upregulation of CDKN1A [77]. Thus, we suggest
that MS13 may inhibit cell proliferation in NCI-H520 cells through the upregulation of
CDKN1A. GADD45G is a part of the growth arrest DNA damage-inducible gene (Gadd45g)
family involved in DNA damage response and cell growth arrest [78]. Downregulation of
GADD45G by aberrant promoter methylation has been noted in esophageal, colorectal, pan-
creatic, cervical, and lung cancer [79,80]. Decreased expression of GADD45G in esophageal
cell carcinoma was correlated with tumor progression, metastasis and poor prognosis [81].
The study reported that GADD45G might act as a tumor suppressor gene and upregulation
inhibits cell proliferation [81]. Therefore, MS13 may inhibit cell proliferation and metastasis
in NCI-H520 cells through the upregulation of GADD45G.

Our results also showed that MS13 exclusively down-regulated EPHA2, ITGB4,
COL4A5, KIT, KITLG, NGFR, and MYB, associated with PI3K-AKT pathway in NCI-H520
cells. The EPHA2, ITGB4, and COL4A5 genes have been associated with tumor progression
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by exhibiting cell invasion and metastasis. The EPHA2 gene encoding erythropoietin-
producing hepatocellular A2 (EphA2) plays a significant role in cancer progression through
neovascularization [82] while silencing of EPHA2 in human gastric cancer cells in vitro and
in vivo decreased cell invasion, thus inhibiting cancer cell progression [83]. Curcumin was
shown to inhibit tumor growth and angiogenesis in melanoma cells by downregulating
EPHA2 [84]. ITGB4 encodes integrin α6β4 that regulates cell growth, motility, migration,
invasion, and survival [85,86]. Aberrant expression of ITGB4 in lung [87], breast [88],
and colorectal [89] cancers was associated with poor prognosis. Integrin α6β4 has been
reported to stimulate cell invasion and metastasis in cancer cells through angiogenesis [90].
The COL4A5 gene encodes one of the Type IV collagen components that also plays a crucial
role in angiogenesis, tissue remodeling, and cancer progression [91,92]. Col IV α5 defi-
ciency delayed tumor progression in α5(IV)-deficient mouse model with lung tumor [93].
Therefore, the downregulation of EPHA2, ITGB4, and COL4A5 by MS13 in NCI-H520
may inhibit cell progression, metastasis, invasion, and angiogenesis. KIT encodes the tyro-
sine kinase receptor for kit ligand, also known as stem cell factor encoded by the KITLG
gene. The interaction between KIT and KITLG plays an important role in normal cellular
functions such as cell proliferation, differentiation, migration, and apoptosis as well as in
tumorigenesis [94,95]. Krasagakis et al. noted that overexpression of both c-KIT and KITLG
in Merkel cell carcinoma increased cell proliferation and decreased apoptosis [96]. This
suggests that MS13 may inhibit cell proliferation and induce apoptosis by downregulating
KIT and KITLG in NCI-H520 cells. NGFR codifies neurotrophin receptor that belongs to
the tumor necrosis factor receptor superfamily [97]. It functions as either a promoter or
suppressor of tumorigenesis. High expression of NGFR in melanoma [98,99], thyroid [100],
and lung cancers [101] promoted cell proliferation and metastasis while reduced expression
in liver [102], prostate [103], gastric [104], and bladder [105] cancers induced apoptosis.
MYB encodes a transcription factor that regulates cell proliferation and cell differentia-
tion [106]. Increased expression of MYB in colon cancer [107,108], breast cancer [109,110],
and leukemias [111,112] was associated with cell proliferation, metastasis, and invasion.
Therefore, MS13 may induce apoptosis while inhibit cell proliferation, metastasis and
invasion in NCI-H520 cells by downregulating NGFR and MYB, respectively.

Our results showed that MAP2K6, HSBP1, RASGRP1, CACNA2D2, CACNA1E,
DUSP4, and DUSP6 associated with MAPK pathway were downregulated in MS13 treated–
NCI-H520 cells. The MAP2K6 gene encodes Mitogen-Activated Protein Kinase Kinase 6
(MAPKK6 also known as MKK6) acts as an upstream regulator of p38 MAPK signaling path-
way [113,114]. Activation of p38 MAPK pathway has been shown to exert protumorigenic
effect in prostate, esophageal, stomach, and colon cancers [115,116]. Overexpression of
MKK6 was detected in 28% esophageal carcinoma biopsies and silencing the gene inhibited
esophageal cancer cell proliferation [117]. Therefore, MS13 may inhibit cell proliferation in
NCI-H520 cells by downregulating MAP2K6. HSBP1 encodes heat shock binding protein
(HSBP1) which interacts with the heat shock factor (HSF1) and represses its transcriptional
activity [118,119]. Shen et al. (2014) found that HSBP1 was overexpressed in oral squamous
cell carcinoma (OSCC) tissue compared with its adjacent normal tissue. In this study,
HSBP1-overexpressing cells showed resistance to radiotherapy, while HSBP1-repressed
cells showed increased sensitivity to radiotherapy both in vivo and in vitro, suggesting that
HSBP1 is critical for radioresistance of OSCC cells [120]. Therefore, the downregulation of
HSBP1 by MS13 may contribute by increasing its sensitivity towards radiotherapy treat-
ment. CACNA2D2 and CACNA1E encode calcium voltage-gated channel subunit alpha
2 delta 2 (α2δ2) and alpha 1e (α1e), respectively. The calcium ion channels play a crucial
role in cell proliferation, differentiation, metastasis, and apoptosis [121]. Previous findings
showed that CACNA2D2 promote tumorigenesis by stimulating cell proliferation and
angiogenesis in prostate [122] and breast cancer [123] while CACNA1E was upregulated in
lung squamous cell carcinoma [124] and wilms tumor [125]. Therefore, downregulation of
CACNA2D2 and CACNA1E by MS13 may inhibit cell proliferation and metastasis and
induce apoptosis in NCI-H520 cells. DUSP4 and DUSP6 genes encode Dual Specificity
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Protein Phosphatase and are members of the mitogen-activated protein kinase phosphatase
(MKP) family that regulates the MAPK pathway [126]. Both DUSP4 and DUSP6 have been
shown to induce cell proliferation, differentiation, and apoptosis [126–128]. The downregu-
lation of DUSP4 in gastric cancer activated p53 signaling pathway, thus inducing apoptosis
and cell cycle arrest at G2/M phase [129]. Additionally, overexpression of DUSP6 increased
anchorage independent growth and invasion ability in immortal mouse melanocyte cell
lines [130]. Our findings suggest that downregulation of both DUSP4 and DUSP6 by MS13
in NCI-H520 cells may induce apoptosis and inhibit cell growth and proliferation.

In our finding, the E2F1 gene associated with cell cycle-apoptosis pathway was down-
regulated by MS13 in NCI-H520 cells. E2F1 encodes one of the E2F protein family members
that acts as a transcription factor and regulates G1/S phase transition [131]. Previous in vitro
studies demonstrated that E2F1 has a tumor-promoting effect in lung [132,133], breast [134],
and thyroid cancers [135]. Huang et al. (2007) revealed that E2F1 was positively correlated
with thymidylate synthase (TS) and Survivin gene expressions in NSCLC. TS has been associ-
ated with tumor cell proliferation, chemotherapy resistance and poor prognosis but survivin
gene with inhibition of apoptosis in NSCLC patients [136]. Therefore, the downregulation of
E2F1 by MS13 may promote apoptosis and inhibit cell proliferation in NCI-H520 cells. Our
findings also showed that PIK3R2 (cell cycle-apoptosis and PI3K pathways) and PRKCA
(PI3K and MAPK pathways) associated with multiple pathways were downregulated in
NCI-H520 cells treated with MS13. PIK3R2, a gene encoding p58β regulatory subunits
that participated in most of the cancer-related and biological activity signaling pathways
including PI3K, mTOR and cell cycle-apoptosis [137,138]. Elevated expression of p58β was
noted in colon and breast cancers and positively associated with cell transformation, cell
invasion, and tumor progression [139]. Hence, MS13 may inhibit cell transformation and in-
vasion by downregulating PIK3R2 in NCI-H520 cells. PRKCA, a member of PKC family that
plays a key role in regulating cell proliferation, survival and metastasis in cancers [140,141].
It has been indicated that PRKCA was highly elevated in NSCLC cells and associated with
cell migration. Knockdown of PRKCA was shown to reduce the migration of NSCLC cells
A549 compared to control cells [142]. Additionally, PRKCA expression was elevated in lung
adenocarcinoma and positively associated with T classification, N classification, lymph node
metastasis [143]. Thus, this finding suggests that the downregulation of PRKCA gene may
inhibit cell metastasis and invasion in NCI-H520 cells.

Our results showed that MS13 downregulated HGF, MET, COL5A2, GNG4, and
ITGA3 associated with PI3K-AKT pathway but FGFR2 was associated with multiple path-
ways (PI3K-AKT and MAPK) in NCI-H23 cells. HGF encodes a potent angiogenic cytokine
that plays a vital role in angiogenesis by cooperating with vascular endothelial growth
factor [144,145]. It has been indicated that HGF facilitates activation of MET signaling
pathway [145] and our finding showed that MET was also downregulated in MS13-treated
NCI-H23 cells. MET encodes c-Met, a tyrosine kinase receptor for HGF. Overexpres-
sion of c-Met was associated with cell proliferation, reduced apoptosis, angiogenesis,
altered cytoskeletal function, and metastasis in some tumors including NSCLC [146–148].
Similarly, overexpression of HGF and/or its receptor c-Met have been reported in lung can-
cer cell lines and patients [149,150]. Curcumin was shown to inhibit epithelial–mesenchymal
transition (EMT) and angiogenesis in HGF-induced lung cancer cells by regulating c-Met-
dependent PI3K/Akt/mTOR signaling pathways [151]. Thus, it can be suggested that the
downregulation of MET and HGF by MS13 may inhibit EMT and angiogenesis in NCI-H23
cells. COL5A2, a gene encoding a collagen type V α-2 chain has been associated with ex-
tracellular matrix organization, vascularization, EMTs process, invasion and metastasis in
colorectal [152], breast [153], and bladder [154] cancers, and osteosarcoma [155]. Addition-
ally, upregulation of COL5A2 was observed in lung adenocarcinoma compared to normal
lung cells [156]. This suggests MS13 may inhibit cell invasion and metastasis of NCI-H23
cells through the downregulation of COL5A2. ITGA3 gene encodes an integrin alpha-3
subunit protein that serves as a cell surface adhesion molecule [157]. Increased expression
of ITGA3 was noted in bladder, colorectal, pancreatic, prostate, nasopharyngeal carcinoma,
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and NSCLC cancers. Its elevated expression correlated with cancer metastasis through
its interaction with extracellular matrix proteins [87,158–162]. Curcumin was reported to
downregulate ITGA3 in lung cancer cells and cause inhibition of cell proliferation and
invasion and induction of apoptosis [163]. Therefore, downregulation of ITGA3 by MS13
may inhibit cell proliferation and invasion and induce apoptosis in NCI-H23 cells. GNG4
encodes a member protein of the G protein family that involved in cancer development
and growth [164–166]. Upregulation of GNG4 in lung [124], colon [167], and gastric [166]
cancers was positively correlated with cell metastasis and poor prognosis. FGFR2 encodes
two isoforms FGFR2b and FGFR2c and its activation is associated with angiogenesis and
metastasis [168]. Li et al. (2018) demonstrated that FGFR2 expression was upregulated in
cancer tissues compared to the adjacent normal tissues. The elevated expression of FGFR2
was correlated with lymph node metastasis and TNM stage, indicating its association with
tumor invasion and metastasis [169]. This indicates that downregulation of GNG4 and
FGFR2 by MS13 may inhibit cell invasion and metastasis in NCI-H23 cells.

4. Materials and Methods
4.1. Cell Culture and Maintenance

Two human lung cancer cell lines NCI-H520 (squamous cell carcinoma) and NCI-H23
(adenocarcinoma) as well as normal cell line MRC-9 (human lung fibroblast cells) were
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Both
NCI-H520 and NCI-H23 cell lines were grown in RPMI 1640 media while the MRC-9 cell
line was grown in Eagle’s Minimum Essential Medium (EMEM, Gibco, Grand Island, NY,
USA). All of the cell lines were maintained in respective media supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin (100 U/mL)/streptomycin (100 µg/mL)
(Gibco) in a humidified atmosphere with 5% CO2 at 37 ◦C. For sustaining the growth
of the cells, the medium in the flask was changed at every two–three-day interval until
80–90% of growth confluency was achieved. Upon achieving 90% confluency, the cells were
subcultured using accutase (Gibco) as the cell detachment solution. All of the cell culture
procedures were performed in a biosafety cabinet and appropriate aseptic techniques were
adhered strictly to prevent contamination.

4.2. Preparation of Curcumin Analogue (MS13) and Curcumin

Curcumin analog 1,5-bis(4-hydroxy-3-methoxyphenyl)-1,4-pentadien-3-one (MS13)
was synthesized by coupling aromatic aldehyde with acetone and cyclohexone via base-
catalyzed aldol condensation, in a 1:2 ratio of ketone to aldehyde [170]. Commercially
available curcumin (Sigma-Aldrich, St. Louis, MA, USA) was used as a control against
lung cancer as well as normal cell lines. Both MS13 and curcumin stock solution (50 mM)
were prepared in dimethyl sulfoxide (DMSO, Sigma Aldrich, St. Louis, MA, USA).

4.3. Cell Viability and Antiproliferative Assays

Briefly, the cells were seeded in a flat-bottomed microtiter 96-well plates at concen-
tration of 80,000 cells/mL with appropriate culture media in triplicates. Then, the cells
were incubated in a 5% CO2 incubator at 37 ◦C overnight to allow the cells to adhere
to the bottom of the wells. After 24 h, the media was aspirated off and replaced with
fresh media containing curcumin and MS13 at different concentrations ranging from
1.56 to 100 µM. Meanwhile, control wells contained untreated cells in appropriate media
added with DMSO (0.2%). Both treated and untreated cells were incubated for 72 h for
dose-dependent cytotoxicity assays and 24, 48, and 72 h for antiproliferative assay for
both dose- and time-dependent. Upon completion, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide] assay was performed to determine the cell viability and
antiproliferative activity. The media was aspirated and 100 µL media with 0.5 mg/mL
MTT solution was added to each wells. The cells then were incubated for 4 h at 37 ◦C in a
humidified 5% CO2 incubator. Following incubation, the excess MTT was discarded and
100 µL DMSO was added to each well to dissolve the formazan crystals. The absorbance



Int. J. Mol. Sci. 2021, 22, 7424 20 of 29

of the blue formazan was read at 570/650 nm wavelength using a microplate spectropho-
tometer (BioTek™ EON™ Microplate Spectrophotometers, Fisher Scientific, Suwanee, GA,
USA). The percentage of the cell viability was calculated as follows:

Cell Viability % =
Average absorbance of treated cell

Average absorbance of untreatedcells
× 100

Based on the cell viability percentage, EC50 values were generated using the Graphpad
prism version 7 software (Graphpad Software, La Jolla, CA, USA) with nonlinear regression
curve fits of the data. The EC50 value indicates the concentration of MS13 required to
reduce cell viability by 50% of the cell population. (R) The overall EC50 of each compound
was determined based on the average EC50 values from three independent experiments.
Selectivity index (SX) was determined based on the EC50 values obtained from cytotoxicity
assays of MS13 against both normal and lung cancer cells. SX values was calculated based
on the following equation as previously described (R):

Selectivity Index =
EC50(Normal cell line)

EC50(Lung cancer cell lines)
× 100

SX represents the reference to determine whether a selected compound possesses
greater selectivity for achieving therapeutic effects in cancerous cells with minimal toxicity
on normal cells (R.F). Selectivity index value above 100 indicates the tested compound
possesses a high cytotoxic selectivity towards compared to normal cells [20].

4.4. Induction of Apoptosis by MS13

Apoptosis activity of MS13 against lung cancer cells NCI-H520 and NCI-H23 was
assessed using morphological evaluation of apoptotic cells, caspase-3 activity, and bcl-2
cellular protein concentration. The NCI-H520 and NCI-H23 cells were treated with MS13
at approximate concentrations of its respective EC50 [NCI-H520, 5 µM; NCI-H23, 4 µM]
and 2x EC50 [NCI-H520, 10 µM; NCI-H23, 8 µM] at 24, 48, and 72 h.

4.4.1. Morphological Evaluation of Apoptotic Cells by Acridine Orange–Propidium Iodide
(AO-PI) Double Staining

We used the double staining method using AO-PI to distinguish the morphology of
viable, apoptotic, and necrotic cells. Briefly, both of NCI-H520 and NCI-H23 cells were
seeded in T25 flasks (Nunc) and grown for 24 h. The test compound (MS13) of various
concentrations (EC50 and 2× EC50) was added to each flask and incubated at 24, 48, and
72 h time intervals. Untreated cells containing DMSO alone were used as a negative control.
Upon incubation, the cells were pelleted, washed twice in 1× PBS and resuspended in
150 µL 1× PBS. Prior to microscopic examination, each sample was mixed with 5 µL of
acridine orange (50 µg/mL) and 5 µL of propidium iodide (50 µg/mL). The cell suspension
and dye staining solution mixture was incubated at room temperature in the dark for 5 min.
Twenty microliters of the cell suspension and dye mixture was placed on a glass microscopic
slide covered with a cover slip. The stained cells were observed and photographed with
a fluorescence microscope (BX41, Olympus, Melville, NY, USA) using dual filter set for
FITC (green) and rhodomine (red). The experiment was conducted in triplicates. Upon
completion, a minimum of 200 cells were counted per sample and the percentage of each
cells (viable, apoptotic, and necrotic cells) from each population was calculated based on
the following equation [24]:

Percentage of Cells =
No of viable/apoptotic/necrotic cells

Total targeted cells
× 100

To assess the morphological criteria of viable, apoptotic, and necrotic cells, classifica-
tion as follows was used [24]:

1. viable cells exhibit uniform green nuclei with intact structure
2. early apoptotic cells exhibit bright-green to yellow nuclei. In addition, characteristics

of membrane integrity loss and chromatin condensation
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3. late apoptotic cells exhibit yellow-orange to bright red nuclei as well as condensed or
fragmented chromatin,

4. necrotic cells exhibit bright orange or red uniform nuclei.

4.4.2. Caspase-3 Activity

Caspase-3 activity of MS13 on NCI-H520 cells was evaluated using the Caspase-
3 Colorimetric Assay Kit (Raybiotech Inc., Peachtree Corners, GA, USA), following the
protocol described by the manufacturer. The assay is based on spectrophotometric detection
of p-nitroaniline (pNA), a colored molecule, after its cleavage from the labeled substrate
DEVD-pNA by the activity of caspase-3 enzyme. Briefly, both cells were seeded and grown
in T75 flasks (Nunc) until the growth reached 70–75% confluency. The cells were exposed
to MS13 treatment at concentrations of EC50 and 2X EC50 for 24, 48, and 72 h. Following
treatment, cells were washed with PBS and resuspended in 50 µL of chilled cell lysis
buffer. The mixture of the cells and cell lysis buffer was incubated for 10 min on ice. After
incubation, the cells were spun for 1 min at 10,000 g. Protein lysate concentrations were
measured using bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, USA)
based on the manufacturer’s protocol. Upon protein quantification, 200 µg of protein
lysate was diluted to 50 µL of cell lysis buffer for each sample. Next, 50 µL of 2× reaction
buffer (containing 10 mM DTT) was added and followed by an additional of 5 µL of the
4 mM DEVD-pNA substrate to each assay. The mixture of each assay then was incubated
at 37 ◦C for 2 h. The intensity of the color was measured at 405 nm in a microplate
spectrophotometer (BioTek™ EON™ Microplate Spectrophotometers, Fisher Scientific,
USA). Caspase-3 activity was expressed in fold change of absorbance from treated cells
against absorbance from untreated cells as shown in following equation:

Fold− change =
Absorbance reading (405 nm) of treated cells

Absorbance reading (405 nm) of untreated cells

4.4.3. Bcl-2 Cellular Protein Concentration

Quantification of Bcl-2 cellular protein concentration was performed using the Human
Bcl-2 ELISA kit (Invitrogen, Vienna, Austria) following the manufacturing instruction.
Prior to the assay, NCI-H520 and NCI-H23 cells were cultured and treated with MS13 (EC50
and 2× EC50) for 24, 48, and 72 h. Then, the total protein was extracted from the treated
cells and subjected to the Bcl-2 assay with each well of the supplied microtiter plate has
been pre-coated with anti-human Bcl-2 antibody. Briefly, standards as well as samples were
added to the wells and followed by Biotin conjugate. The plate then was incubated for 2 h
at room temperature on microplate shaker. After incubation, the wells were washed to
remove unbound material. Next, streptavidin-HRP was added to each well and incubated
for an hour at room temperature. The wells were washed to remove unbound material
and TMB substrate was added which reacted with the HRP enzyme resulting in color
development. Last, stop solution was added to terminate color development reaction
and the color intensity was measured at a wavelength of 450 nm by using a microplate
spectrophotometer (BioTek™ EON™ Microplate Spectrophotometers, Fisher Scientific,
USA). The data were presented in a fold-change of absorbance from treated cells against
absorbance from untreated cells as shown in following equation:

Fold− change =
Absorbance reading (450 nm) of treated cells

Absorbance reading (450 nm) of untreated cells

4.5. Gene Expression Analysis
4.5.1. Total mRNA Extraction

Following treatment, the media was removed and washed with 1X PBS for three
times. The cells were detached and washed with 1X PBS twice. Next, the cells were resus-
pended in 1 mL of 1X PBS and total mRNA was extracted from the harvested cells using
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
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Concentration and purity of the extracted RNA was measured using the NanoDrop N60
spectrophotometer (Implen, Westlake Village, CA, USA). High-quality RNA samples with
A260/280 ratios ranging from 1.7 to 2.3 and A260/230 ratios ranging from 1.8 to 2.3 were
selected for gene expression analysis. The total mRNA content used for gene expression
analysis were 75 ng. The samples were diluted to the concentration of 15 ng/ µL as 5 µL of
sample was required for gene expression analysis.

4.5.2. Nanostring nCounter Gene Expression Analysis

NanoString gene expression profiling was performed on RNA extracted from human
lung cancer cells NCI-H520 and NCI-H2 using the nCounter PanCancer Pathways panel
(NanoString Technologies, Seattle, WA, USA). The human PanCancer Pathways panel
allows the evaluation of 770 genes (730 cancer related human genes, being 124 driver
genes and 606 genes from 13 cancer-associated canonical pathways, and 40 as internal
reference loci). This panel also contained 6 positive controls with concentrations ranging
between 0.125–128 fM and 8 synthetic negative control sequences. Briefly, 75 ng of total
RNA isolated from NCI-H520 and NCI-H23 cells were hybridized to specific capture and
barcoded panel according to the manufacturer’s protocol. The hybridization reaction was
incubated at 65 ◦C overnight before being immobilized on a cartridge.

4.5.3. Sample Loading Protocol for nCounter SPRINTTM Profiler

Briefly, the NanoString PanCancer cartridge from was equilibrated to room tempera-
ture for 15 min. Then, the hybridized samples were removed from the thermocycler and
spun down. The RNAse-free water or hybridization buffer was added to sample for final
volume of 30 µL, and 30 µL of each sample was loaded into the cartridge. A transparent
cover sheet was then sealed over the sample loading ports and the protective green seal was
removed from the reagent ports. Finally, the cartridge was placed into the cartridge drawer.
Before running the instrument, cartridge was ensured to align in the proper orientation
and fully seated in the cartridge tray.

4.5.4. Data Collection and Data Analysis

A nCounter Digital Analyzer was used to count the fluorescent barcoded probes to
quantify each target RNA molecule. The barcoded images captured by the automated
fluorescent microscope were preprocessed for quality control metrics based on field of view
(FOV) registration and binding density. Processing and normalization of raw NanoString gene
expression data were conducted using the nSolver Advanced Analysis Software (NanoString
TechnologiesTM). Significant entities that demonstrated a p < 0.05 and differentially expressed
genes (DEGs) with fold change greater than or equal to 1.3 (FC ≥ 1.3) and lower than or
equal to −1.3 (FC ≤ −1.3) were considered as significant DEGs. Comparisons between the
control and the treatment groups for both NCI-H520 and NCI-H23 cells were performed.

5. Conclusions

In summary, MS13 demonstrated greater dose-dependent cytotoxicity and dose- and
time-dependent antiproliferative activity compared to curcumin in NCI-H520 and NCI-H23
cells. The morphological observation, increase in caspase-3 activity, as well as progressive
decrease in Bcl-2 expression indicated induction of apoptosis by MS13. The gene expression
analysis revealed that the DEGs modulated by MS13 in NCI-H520 and NCI-H23 cells
were highly associated with PI3K, cell cycle-apoptosis, and MAPK signaling pathways.
The findings suggest that MS13 may induce antiproliferation and apoptosis activity in
squamous cell carcinoma and adenocarcinoma of NSCLC cells by modulating DEGs
associated with PI3K-AKT, cell cycle-apoptosis, and MAPK pathways. Therefore, the
present study could provide an insight into the anticancer activity of MS13 and merits
further investigation as a potential anticancer agent for NSCLC cancer therapy.
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