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Objective: Non-Small Cell Lung Cancer (NSCLC) is extremely lethal upon metastasis
and requires safe and effective systemic therapies to improve a patient’s prognosis.
Prodigiosin (PG) appears to selectively and effectively target cancer but not healthy cells.
However, PG’s cancer-specific activity has remained elusive until recently.

Methods: PG’s cancer-specific performance was compared to Docetaxel (DTX),
Paclitaxel (PTX), and Doxorubicin (DOX) against human lung adenocarcinoma (A549)
and human small airway epithelial cells (HSAEC). Combination of PG with DTX, PTX,
or DOX in a 1:1 ED50 ratio was also evaluated. MTT assay was used to determine the
post-treatment cell viability. RNA-sequencing was used for comparative transcriptomics
analysis between A549 and HSAEC treated with 1.0 WM PG for 24 h.

Results: PG reduced A549 cell viability by four-folds greater than HSAEC. In comparison
to DTX, PTX and DOX, PG was ~1.7 times more toxic toward A549, and 2.5 times more
protective toward HSAEC. Combination of PG in a 1:1 ED50 ratio with DTX, PTX, or
DOX failed to exhibit synergistic toxicity toward A549 or protection toward HSAEC. In
A549, genes associated in DNA replication were downregulated, while genes directly
or indirectly associated in lipid and cholesterol biogenesis were upregulated. In HSAEC,
co-upregulation of oncogenic and tumor-suppressive genes was observed.

Conclusion: An overactive lipid and cholesterol biogenesis could have caused A549’s
autophagy, while a balancing-act between genes of oncogenic and tumor-suppressive
nature could have conferred HSAEC heightened survival. Overall, PG appears to be a
smart chemotherapeutic agent that may be both safe and effective for NSCLC patients.

Keywords: prodigiosin, small molecule, chemotherapy, lung cancer, selective, RNA-sequencing

INTRODUCTION

Cancer represents a major disease burden to mankind (1-4), and it accounts for almost one out of
six deaths worldwide (5). Out of the 8.8 million cancer deaths in 2015, 1.69 million was due to lung
cancer (5). The high mortality in patients with lung cancer is often associated with an advanced
metastatic disease state (6, 7). In such cases, effective systemic therapies are vital to improve a
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patient’s prognosis. Targeted therapy, immunotherapy and
chemotherapy are all systemic therapies, each with their own
strengths and weaknesses.

Targeted therapies can mitigate most side-effects commonly
seen in chemotherapy by working on specific mutations unique
to cancer cells (8), but their highly specific nature excludes
patients whom do not harbor these mutations (9). Almost 80%
of all lung cancers are Non-Small Cell Lung Cancer (NSCLC).
The most studied target for NSCLC is the Epidermal Growth
Factor Receptor (EGFR). There exist three classes of activating
EGFR mutations that sensitizes NSCLCs to EGFR Tyrosine
Kinase Inhibitors (TKIs). These activating EGFR mutations have
been well summarized in the literature (10). Gefitinib, Erlotinib,
Afatinib, Osimertinib, and Dacomitinib are a few prominent and
promising EGFR TKIs used in NSCLC patients harboring specific
activating EGFR mutations. Gefitinib and Erlotinib are inhibitors
of a few specific EGFR mutations found in some NSCLC patients
and have demonstrated enduring progression free survival for
responders (11-13). Although effective, Gefitinib, Erlotinib, and
the other EGFR TKIs are beneficial to only a small population of
patients as only about 15% of Caucasian and 50% of Asian lung
adenocarcinoma patients harbor EGFR mutations (14, 15).

Immunotherapy exploits the patients own immune system
against cancers (16), but its success depends on the cancer’s ability
to display its unique neoantigens on its outer cell membrane (17—
19) to be identified and destroyed by immune cells (20). Cancers
can evade immune destruction by expressing Programmed Death
(PD) Ligand 1 (PD-L1), which binds to PD-1 receptors on CD8+
T-cells, inhibiting cytotoxic elimination (21). Nivolumab and
Pembrolizumab are antibodies against PD-1. Their prevention of
interaction with PD-1 allows CD8+ T-cells to eliminate cancer
cells such as NSCLCs (22, 23). Anti-PD-1 effectiveness against
NSCLC has been reported to positively correlate with the cancer
cell’s mutation burden, as a high mutation load generates unique
neoantigens for T-cell recognition (24). However, response rates
of anti-PD-1 in NSCLC patients appears to be low at ~19%
(22, 23, 25).

In contrast to targeted and immunotherapy, chemotherapy
offers broader patient coverage and is still the mainstream
cancer therapy available for the majority of cancer patients (26).
Platinum-based doublet chemotherapies have been indicated as
the first-line against NSCLC with response rates ranging from
25 to 35% (27, 28). However, despite better response rates, their
inability to distinguish rapidly diving cancer cells from healthy
cells could lead to debilitating side-effects such as anemia, nausea,
and neurotoxicity (29).

NSCLC urgently require therapies that are effective, have wide
coverage, and harbor fewer side effects. Many studies are ongoing
to improve systemic therapies for metastatic NSCLC. In terms of
chemotherapies, the search for newer and safer treatments, alone
or in combination, persists (30-33).

Nature provides a rich source of anti-cancer agents suitable
for chemotherapy. Docetaxel (DTX), Paclitaxel (PTX), and
Doxorubicin (DOX) are natural compounds that have been used
against NSCLC (34, 35). Recently, Prodigiosin (PG), a secondary
metabolite from Serratia marcescens, was observed to inhibit
NSCLC proliferation (36). Interestingly, PG has been reported

to exhibit high cancer-specificity (37-39). This means that PG
could potentially mitigate common side-effects associated with
chemotherapies, making it a smart chemotherapy candidate.

The current understanding of PG’s anti-cancer mechanisms
of action encompasses cytoplasmic acidification through
modulation of H'/CI™ symporters, DNA  damage
through copper-mediated oxidative cleavage, inhibition
of topoisomerases, and ATP synthesis reduction through
disruption of the mitochondrial proton gradient (40). At the
molecular level, PG has been described to initiate autophagy
through mTOR deactivation (39) and apoptosis through the
disruption of BCL-2 family pro-survival members (39, 41) or
downregulation of pro-survival Survivin (40, 42), a member of
the inhibitor of apoptosis. In addition, common to many cancers
is the dysregulation of p53, a protein that dictates cell survival or
cell death upon cell stress. In most cancers, p53 activity is lost
and cells attain a permanent survival status. In some reports, PG
was able to induce cancer cell apoptosis in a p53-independent
manner (43, 44). This reveals that PG could trigger alternative
apoptosis pathways.

Altogether, PG appears to be a promising chemotherapeutic
agent which warrants further research into its mechanisms of
action. At present, there exists limited data on PG’s mechanisms
of action to draw meaningful links between studies. Here, we
add value to the current knowledge by unveiling PG’s potential
cancer-specific activity through comparative transcriptomics
analysis between Human Lung Adenocarcinoma (A549) and
Human Small Airway Epithelial Cells (HSAEC), with Human
Colorectal Carcinoma Cells (HCT116) as a cancer control. In
addition, we also report on PG’s in vitro effectiveness and
safety, based on the degree of cancer cytotoxicity and selectivity,
respectively, in comparison to DTX, PTX and DOX.

MATERIALS AND METHODS

Materials

Docetaxel purum (DTX), doxorubicin  hydrochloride
(DOX), paclitaxel from Taxus brevifolia (PTX), prodigiosin
hydrochloride from Serratia marcescens (PG), and dimethyl
sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO,
USA).  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Bio Basic (Amherst, NY,
USA). Proteinase K, RNase-Free DNase I and the RNAprotect
Cell Reagent were purchased from Qiagen (Hilden, Germany).
TURBO™ DNase, Qubit™ dsDNA HS, and RNA HS Assay
Kits were purchased from Invitrogen (Waltham, MA, USA).
Angencourt RNAClean XP Kit was purchased from Beckman
Coulter (Bera, CA, USA). RNA ScreenTape was purchased from
Agilent (Santa Clara, CA, USA).

Cell Culture

Primary Small Airway Epithelial Cells; Normal, Human
(HSAEC) (ATCC® PCS301-010™), A549 (ATCC® CCL-
185™), HCT116 (ATCC® CCL-247™), and the Airway
Epithelial Cell Basal Medium (AECBM) with associated growth
factors were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). Phosphate Buffered
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Saline (PBS) without calcium and magnesium, high glucose
Dulbecco’s Modified Eagles Media (DMEM) with added L-
glutamine, sodium pyruvate, and phenol red, were purchased
from GE Healthcare Life Sciences (Logan, UT, USA). Heat-
inactivated Fetal Bovine Serum (FBS) of South American origin
and Trypsin-EDTA (0.25%) with phenol red were purchased
from Gibco (Waltham, MA, USA). HSAEC cells were cultured
with 8 mL AECBM while both A549 and HCT116 cells were
cultured with 8 mL DMEM supplemented with 10% FBS, which
henceforth will be referred to as complete media, in a 75 cm?
culture flask. All culture flasks were incubated in a humidified
atmosphere at 37°C with 5% CO,. All incubations mentioned
henceforth will be referring to these conditions. No Mycoplasma
testing was performed.

Cell Viability Assay

DTX, PTX, DOX, and PG were reconstituted with DMSO to
a stock concentration of 50, 50, 80, and 2mM, respectively.
Drugs were diluted in pre-warmed AECBM or complete
media of 37°C. For each drug concentration tested, an
equivalent DMSO concentration was created as control
(Supplementary Figure S1).

At ~90% cell confluency, cells were split into 96-well flat-
bottomed plates at a seed density and final volume of 7,000
cells and 100 pL per well. Cultures were incubated overnight
for 24h. At ~80% confluency, the spent media was replaced
with either the treatment or control media to a final volume of
100 pL per well. The culture plates were incubated for another
48 h.

The MTT shipped in the powdered state was reconstituted
with PBS to a final concentration of 5 mg/mL and sterile
filtered with a 0.2pum Acrodisk Syringe Filter (PALL, Port
Washington, NY, USA). This was mixed at a 1:1 ratio with
serum-free DMEM or AECBM to create the MTT mix. After
the 48 h of treatment, the spent drug media was replaced with
100 pL of the MTT mix. The cultures were incubated for
an additional 3h before being homogenized with 150 pL of
DMSO. Cell viability was measured with the Infinite® M200 Pro
(Tecan, Minnedorf, Ziirich, Switzerland) microplate reader at
590 nm.

Drug Cytotoxicity Screening

HSAEC and A549 cells, both at passage P6, were split into three
25 ¢cm? culture flasks. These cultures were propagated further
for two more passages, and at P8, each cell line was considered
to have three biological replicates of n = 3 (45). The cells were
thereafter cultured in 96-well plates as technical duplicates per
biological replicate.

DTX, PTX, DOX, and PG’s ED50 were pre-determined with
A549 cells (Supplementary Figure S2). The ED50 for DTX, PTX,
DOX, and PG were 0.1, 0.1, 1, and 0.3 pM, respectively. For
the combination therapies with PG, drugs were mixed in a 1:1
ED50 ratio. All treatments were first created as eight-fold stock
concentrations and were serially diluted by two-folds (i.e., 8:8 to
4:4 till 0.25:0.25). All other steps conducted have been described
under the “Cell Viability Assay” section.

RNA Extraction and Quality Controls

HSAEC, A549, and HCT116 at passage number P8 were cultured
as technical triplicates in 25 cm? culture flasks, and after two
more passages, each cell line was considered to have biological
triplicates of n = 3 (45). At 90% confluency, HSAEC and A549
cells were split at a seed density of 3.0 x 10* cells/cm)2 while
HCT116 cells were split at 6.0 x 10* cells/cm? into 6-well plates.
After 24 h of incubation in 3 mL of AECBM or complete media,
the spent media was replaced with 3 mL of either 1.0 uM PG
(treatment) or 0.05% DMSO (control). Cells were incubated for
another 24 h and thereafter, the media was replaced with 1 mL of
RNAprotect Cell Reagent.

Cells were gently agitated on an orbital shaker at 80
revolutions per minute for 10 min. A lysis cocktail comprised
of 10 pL 1% B-mercaptoethanol, 20 L proteinase K, and 800
wL RLT buffer, which was a component from the RNeasy Mini
Kit (Qiagen), was homogenized with cells in each well. The RNA
extraction was conducted according to instructions found in the
RNeasy Mini Kit.

A 30min on-column DNase I treatment was performed.
DNA contamination was further minimized with TURBO™
DNase treatment. Once RNA was purified with the Angencourt
RNAClean XP Kit, RNA integrity was verified using the RNA
ScreenTape with analysis on the Agilent 2200 TapeStation
(Agilent). Using the Qubit™ dsDNA HS and RNA HS Assay
Kits, total RNA was quantified fluorometrically via the Qubit™
Fluorometer 2.0 (Invitrogen).

RNA Sequencing and Data Processing

RNA library preparation and sequencing were conducted by
an in-house facility at Singapore Centre for Environmental
Life Science Engineering (SCELSE). Briefly, library preparation
was executed with the lllumina® TruSeq® Stranded messenger
RNA Sample Prep Kit (Illumina, San Diego, CA, USA). The
output which was cDNA fragments were paired-end sequenced
at read lengths of 100 nucleotides via the Illumina® HiSeq 2500
(Illumina) platform.

All samples had a sequencing depth of more than 24 million
reads. These reads were processed using the CLC Genomics
Workbench Version 11.0.1 (CLC Bio, Aarhus, Denmark). The
default settings were used unless otherwise stated. All reads
were trimmed with a quality score of 0.05. Using the “RNA-
Seq Analysis” function, the trimmed reads were mapped onto
the human genome GRCh38 downloaded from the Ensemble
database. The maximum number of hits for a read was set to
1. Gene hits were annotated with GRCh38.92 acquired from
the Ensemble database. Gene expression was measured as total
counts, where each paired-read was considered as 1. A negative
binomial test was performed using the workbench’s “Differential
Expression for RNA-Seq” tool to establish the differentially
expressed genes (DEGs). All raw and processed sequence files
may be acquired from Gene Expression Omnibus (Accession
number: GSE118448).

Functional Analysis
DEG datasets were exported from CLC into the Ingenuity®
Pathway Analysis (IPA; Qiagen) Version 44691306 software. A
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Log2 Fold-change (Log2FC) of £1 with a false discovery rate
(FDR) adjusted p-value of < 0.05 was applied to the datasets.
With these cut-off values, HSAEC had 2,222, A549 had 2,004, and
HCT116 had 2,199 DEGs out of 37,258 successfully annotated
gene identifiers.

Statistical Analysis

The Welch two-tailed f-test available in GraphPad Prism 8
was applied onto the drug cytotoxicity screening assay datasets.
This statistical test considers the data to have been sampled
from a Gaussian population but does not presume that the two
populations under scrutiny have the same standard deviation.
The null hypothesis is defined as the two populations tested
having equal means. When p > 0.05, the null hypothesis is
not rejected, and the interpretation would be that the evidence
is not convincing enough to claim that the means of the two
populations tested are different.

RESULTS

PG Demonstrated Selective Toxicity
Toward A549 but not HSAEC

PG has been known to induce cancer cell death while preserving
healthy cell’s viability (37-39). Here, we evaluated PG’s cancer-
specific toxicity with cancer cell line A549 and immortalized
human lung small airway epithelial cells (HSAEC; Figure 1). At
PG’s ED50 of 0.3 uM, cell viability of A549 was reduced by 67.7
=+ 5.3%, while HSAEC was reduced by 15.6 £ 2.8%. As A549 is
a cancer cell line while HSAEC is an immortalized healthy cell
line, with both dividing rapidly, the greater reduction in A549 cell
viability demonstrates PG’s selective toxicity. PG concentrations
>0.3 WM exhibited neither enhanced cancer toxicity nor healthy
cell protection.

PG Outperformed DTX, PTX, and DOX in

Terms of Cancer-Specificity

Here, we define performance as the agent’s ability to protect
normal cells while being toxic to cancer cells. In other words, the
degree of cancer-specificity. Evaluation of DTX, PTX, DOX, and
PG’s ED50 of 0.1, 0.1, 1.0, and 0.3 wM, respectively, against A549
and HSAEC, revealed PG’s superior performance as a cancer-
specific agent. At these concentrations, PG preserved HSAEC
viability by 2.8, 2.4, and 2.5 times more than DTX, PTX, and
DOX, respectively (Figure 1). Moreover, PG reduced A549 cell
viability at an average of 1.7 times greater than the other agents.

PG Exhibited Poor Performance in

Combination With DTX, PTX, or DOX

DTX, PTX, or DOX in a 1:1 ED50 ratio with PG failed to
exhibit anti-cancer synergism and were almost equally toxic, if
not worst, toward HSAEC as compared to A549. 0.3 M PG
with 0.1 wM DTX reduced HSAEC viability by 63.0 £ 2.6% and
A549 by 67.2 £ 3.7% (Figure 1A). 0.3 uM PG with 0.1 uM PTX
reduced HSAEC viability by 66.4 &+ 7.5% and A549 by 63.9 +
4.3% (Figure 1B). 0.3 wM PG with 1.0 uM DOX reduced HSAEC
viability by 71.4 & 2.7% and A549 by 40.4 & 10.4% (Figure 1C).
PG in combination with DTX, PTX, or DOX, at 4:4, 2:2, 1:1,
0.5:0.5 or 0.25:0.25 ED50 ratio, failed to exhibit improved toxicity

toward A549 with enhanced protection to HSAEC in comparison
to 0.3 wM PG alone.

PG Altered Both A549 and HCT116 Cancer
Cells’ Morphology

To determine if PG’s anti-cancer activity can be observed
beyond lung adenocarcinoma cells, in addition to A549 cells,
we treated HCT116 cells, another cancer type which could
serve as a cancer control, with 1.0uM PG for 24h prior
microscopic visualization. A549 cells were found in low numbers,
elongated, shriveled, with a deformed nucleus and non-
homogenous cytoplasm (Figure 1Da). HCT116 cells appeared
rounded-up, detached from culture surfaces, but still adhered
to neighboring cells (Figure 1Db). Overall, PG demonstrated
substantial morphological alterations in both A549 and HCT116
cancer cell lines.

PG’s Toxicity Possibly Mitigated Through a

“Balancing Act” in HSAEC

To understand how PG protects healthy cells yet kills cancer cells,
we conducted an RNA-sequencing experiment with HSAEC,
A549 and HCT116 cells treated with 1.0 uM PG for 24 h. Using
the top 50 up- and down-regulated genes per cell line, we
were able to identify 84 DEGs specifically perturbed in HSAEC.
These DEGs had an FDR p-value < 4.0 x 10~!° (Figure 2). For
comparison validity, these 84 HSAEC-specific DEGs were filtered
under two conditions. Firstly, the corresponding DEGs in A549
and HCT116 were required to have an FDR p-value < 0.05, and
secondly, the difference in expression in terms of Log2FC with
HSAEC had to be > = 1.5. Under these conditions, 21 DEGs
were identified as fit for comparison (Table 1).

The 21 DEGs revealed a “balancing act” in HSAEC between
genes of oncogenic and tumor-suppressive nature. Oncogenic
genes such as PDK4, RRAGD, HEY1, TSPAN15, and SERPINB9
were found overexpressed. At the same time, tumor-suppressive
genes such as MTIG, MTIM, CDKNIC, and DCN were
overexpressed. On the other hand, genes of oncogenic nature
such as SHCBP1, CPA4, KRT19, KRT15, and DSG3 were found
downregulated. DEGs such as BMP6, GULPI, ACI06865.1,
CNTN3, GDAPI, Clorfl16, and SDSL were uncategorizable due
to their lack of information.

PG Possibly Induced DNA Replication
Inhibition and Metabolic Rewiring in A549
and HCT116

To identify other possible anti-cancer mechanisms associated
with PG, we performed a comparative transcriptomics analysis
between A549, HCT116 and HSAEC cells treated with 1.0 uM PG
for 24 h. A total of 18 DEGs were considered fit for comparison
(Table 2) based on two conditions. Firstly, the DEGs commonly
perturbed between A549 and HCT116 had to be upregulated by at
least >2 Log2FC and downregulated by <-1.5 Log2FC. Secondly,
the difference between A549 and HSAEC gene expression had to
be > + 1.5 (Figure 2).

All commonly downregulated genes between A549 and
HCT116 were found associated with DNA replication. These
were MCM10, H2AFX, DSCCI, MCM4, and RFC5 (Table 2).
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Cell viability (%)
Cell viability (%)
Cell viability (%)

Two-fold serial dilution of 1:1 ED50 ratio Two-fold serial dilution of 1:1 ED50 ratio Two-fold serial dilution of 1:1 ED50 ratio
HSAEC A549 HSAEC A549 HSAEC A549
B PG I PG m PG I PG m PG I PG
B DTX Z DTX B PTX Z PTX B DOX Z DoX
[T PG+DTX T PG+DTX [ PG+PTX T PG+PTX T PG+DOX T PG+DOX

HCT116

FIGURE 1 | Cell viability of HSAEC and A549 cell measured by the MTT assay after 48-h of PG treatment (A-C). Effects of 1.0 uM PG on A549 and HCT116 cell
morphology after 24 h treatment (Da-Dd). (A) PG, DTX, and PG+DTX. (B) PG, PTX, and PG+PTX. (C) PG, DOX, and PG+DOX. Bar graphs represent mean cell
viability from biological triplicates (n = 3) while the black vertical lines on the bar tops represent standard deviation (SD). A Welch t-test was applied to the datasets;
black horizontal lines compare drug effects between HSAEC and A549, blue lines compare within HSAEC, and red lines compare within A549 (o < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, and “ns” is not significant). (Da) A549 and (Db) HCT116 were treated with 1.0 wM PG. (Dc) A549 and (Dd) HCT116 were treated with
0.05% DMSO as a negative control. Phase-contrast images were acquired at 20X magnification with the EVOS FL Auto 2 microscope. Images have not been
enhanced. Scale bars represent 125 um.
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FIGURE 2 | Differentially expressed genes from CLC Workbench for HSAEC, A549 and HCT116 after 24 h treatment with 1.0 wuM PG. Blue circles represents HSAEC,
purple as A549 and yellow as HCT116. Twenty one genes for Table 1 were derived from filtering 84 HSAEC-specific genes on the condition that corresponding genes
in A549 and HCT116 had an FDR p-value < 0.05, and secondly, the difference of A549 and HCT116 gene expression in terms of Log2FC with HSAEC had to be > +
1.5. Eighteen genes for Table 2 were derived from filtering 80 genes common to A549 and HCT116 on the condition that corresponding genes in A549 with HSAEC

had an FDR p-value < 0.05, and secondly, the difference of A549 and HSAEC gene expression in terms of Log2FC with HSAEC had to be > + 1.5.

Surprisingly, MCMI10 and DSCCI expression were severely
repressed in HSAEC than in A549 and HCT116. On the
other hand, multiple genes associated with lipid and cholesterol
metabolism, either directly or indirectly, were found commonly
overexpressed between A549 and HCT116. These were ALDOC,
NDRGI, WIPI1, PCSK9, LIPG, MSMOI1, MVD, IDII, and
ANGPTL4 (Table 2). The other genes that were overexpressed
yet did not closely associate with the two main categories
described here were MIR2I0HG, CCNG2, P4HA1, and PPM1K
(Table 2). Confirmatory repeat experimental data for RNA
sequencing result of A549 and HCT116 can be found in
Tables S1,S2. Further pathway analysis also revealed different
upstream regulator activities in PG-treated HSAEC, A549, and
HCT116 cells (Tables S3-S5).

Based on pathway analysis, and in relation to DNA replication,
the “Role of BRCA1 in DNA Damage Response” and the “Mitotic
Roles of Polo-Like Kinase” pathways were seen perturbed in all
three cell lines but were predicted to be inactivated (Table 3).
In terms of DNA damage, the “Cell Cycle: G2/M DNA Damage
Checkpoint Regulation” pathway was predicted to be activated
(Table 3). In relation to metabolic rewiring, the “Superpathway
of Cholesterol Biosynthesis,” the “Cholesterol Biosynthesis

III (via Desmosterol),” the “Cholesterol Biosynthesis II (via
24,25-dihydrolanosterol),” and the “Cholesterol Biosynthesis I”
pathways were significantly perturbed and predicted to be highly
activated (Table 3). Furthermore, these cholesterol pathways
were not perturbed in HSAEC following PG treatment.

With experimental data, the IPA’s Molecule Activity Prediction
(MAP) algorithm managed to predict PG-induced mechanistic
differences between HSAEC and A549 cells in terms of “Cell
Cycle Progression,” “Apoptosis,” “Cell Survival,” “Mitochondrial
Respiration,” “Glycolysis,” “Autophagy,” and “Senescence”
(Figure 3). The overall prediction landscape seems to suggest
PG-induced pro-survival in HSAEC but pro-death in A549.
Interestingly, “DNA Repair” mechanism was predicted to be
inhibited in both cell lines (Figure 3).

DISCUSSION

Metastatic lung cancers are extremely lethal and requires effective
systemic therapies to improve clinical outcomes for patients
(46). PG has demonstrated immense potential as a smart
chemotherapeutic candidate. Its most promising feature is its
ability to selectively eliminate cancer cells yet protect healthy
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TABLE 1 | HSAEC-specific DEGs in comparison with A549 and HCT116 cells after 24 h treatment with 1.0 uM PG.

Log2FC
Gene name Gene symbol ENSEMBL ID HSAEC A549 HCT116
ONCOGENIC NATURED GENES
Pyruvate Dehydrogenase Kinase 4 PDK4 ENSG00000004799
Ras Related GTP Binding D RRAGD ENSG00000025039
Hes Related Family BHLH Transcription Factor with YRPW Motif 1 HEY1 ENSG00000164683
Tetraspanin 15 TSPAN15 ENSG00000099282
Serpin Family B Member 9 SERPINB9 ENSG00000170542
SHC Binding and Spindle Associated 1 SHCBP1 ENSGO00000171241
Carboxypeptidase A4 CPA4 ENSG00000128510
Keratin 19 KRT19 ENSG00000171345
Keratin 15 KRT15 ENSG00000171346
Desmoglein 3 DSG3 ENSG00000134757
TUMOR-SUPPRESSIVE NATURED GENES
Metallothionein 1G MT1G ENSG00000125144
Metallothionein 1M MT1M ENSG00000205364
Cyclin Dependent Kinase Inhibitor 1C CDKN1C ENSG00000129757
Decorin DCN ENSG00000011465
UNCATEGORIZABLE GENES
Bone Morphogenetic Protein 6 BMP6 ENSG00000153162
GULP, Engulfment Adaptor PTB Domain Containing 1 GULP1 ENSGO00000144366
- AC106865.1 ENSG00000250771
Contactin 3 CNTN3 ENSG00000113805
Ganglioside Induced Differentiation Associated Protein 1 GDAP1 ENSG00000104381
Chromosome 1 Open Reading Frame 116 Clorf116 ENSG00000182795
Serine Dehydratase Like SDSL ENSG00000139410

Upregulated genes are represented in red, downregulated in blue, and those with no detectable changes with the symbol “-". All genes curated had an FDR p-value < 4.0 x 1015
except the following; A549’s CDKN1C (0.01) and HEY1 (0.04), HCT116’s BMP6 (0.05). Experiments were conducted in biological triplicates of n = 3. Confirmatory repeat experimental

data can be found in Supplementary Table S1.

cells (37-39). Here, we were able to demonstrate PG’s selective
elimination of NSCLC by four-folds (Figures 1A-C). Beyond
lung adenocarcinoma cells, we also showed that PG could cause
substantial morphological alterations to colorectal carcinoma
cells (Figure 1D). When compared to other naturally derived
anti-cancer agents such as DTX, PTX, or DOX, PG exhibited
heightened protection toward HSAEC while being more toxic to
A549. Indeed, PG established itself as a promising cancer-specific
agent. However, the random combination with other anti-cancer
agents could ameliorate PG’s cancer-specific activity and yield an
undesirable outcome to healthy cells (Figures 1A-C). A rational
drug combination approach could increase synergism, hence,
greater success in combinatorial chemotherapies. To permit
a rational combination of PG with other anti-cancer agents,
we require a deeper understanding of the agent’s molecular
functions.

Previously, a microarray analysis for 1,176 genes was
performed on human breast cancer cells treated with PG (44).
Out of the 37 significantly perturbed genes (44), there were
no similarities found with our study (Table2). The lack of
similarities was not unexpected as this could be due to the
inherent limitation of the microarray technology (47), or simply

because a different cell line was used. Nevertheless, using
RNA-sequencing, a genome-wide transcriptomics approach, we
were able to identify at least 2,000 significantly perturbed
genes per cell line. With broader coverage, we were confident
that employing such a technology would permit a more
comprehensive analysis.

The comparative transcriptomics analysis between A549 and
HCT116 revealed 18 genes that were significantly perturbed
by PG (Table 2). These genes revealed the possibility of DNA
replication inhibition and metabolic rewiring toward enhanced
lipid and cholesterol biogenesis. In the study with breast
cancer cells, PG was reported to perturb genes related to
transcriptional regulation, cell adhesion, cell cycle, and apoptosis
(44). Although we have not found perturbations in genes
associated with transcriptional regulation or cell adhesion, based
on experimental data, we have predicted cell cycle inhibition
(Table 3 and Figure 3) and reduced survival fitness in line with
apoptosis (Figure 3) in A549 cells.

The gene products of MCM10, MCM4, H2AFX, DSCCI,
and RFCS5 are necessary for DNA replication. However, they
were found downregulated in both A549 and HCT116 after PG
treatment (Table 2). MCM10 plays a crucial role in allowing
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TABLE 2 | Common DEGs in both A549 and HCT116 cells after 24 h treatment with 1.0 uM PG.

Log2FC
Gene name Gene symbol ENSEMBL ID HSAEC A549 HCT116
DNA-REPLICATION ASSOCIATED GENES
Minichromosome Maintenance 10 Replication Initiation Factor MCM10 ENSG00000065328
H2A Histone Family Member X H2AFX ENSG00000188486
DNA Replication and Sister Chromatid Cohesion 1 DSCC1 ENSG00000136982
Minichromosome Maintenance Complex Component 4 MCM4 ENSGO00000104738
Replication Factor C Subunit 5 RFC5 ENSG00000111445
LIPID AND CHOLESTEROL METABOLISM ASSOCIATED GENES
Aldolase, Fructose-Bisphosphate C ALDOC ENSG00000109107
N-Myc Downstream Regulated 1 NDRG1 ENSG00000104419
WD Repeat Domain, Phosphoinositide Interacting 1 WIPH ENSG00000070540
Proprotein Convertase Subtilisin/Kexin Type 9 PCSK9 ENSG00000169174
Lipase G, Endothelial Type LIPG ENSG00000101670
Methylsterol Monooxygenase 1 MSMO1 ENSG00000052802
Mevalonate Diphosphate Decarboxylase MVD ENSGO00000167508
Isopentenyl-Diphosphate Delta Isomerase 1 DI ENSGO00000067064
Angiopoietin Like 4 ANGPTL4 ENSG00000167772
OTHER PATHWAYS ASSOCIATED GENES
MIR210 (MicroRNA 210) Host Gene MIR210HG ENSG00000247095
Cyclin G2 CCNG2 ENSG00000138764
Prolyl 4-Hydroxylase Subunit Alpha 1 P4HA1 ENSG00000122884
Protein Phosphatase, Mg2+/Mn2+ Dependent 1K PPM1K ENSG00000163644

Upregulated genes are represented in red and downregulated in blue. All genes curated had an FDR p-value < 4.0 x 10~'° except the following; HSAEC’s MIR210HG (4.09 x 10~19),
LIPG (7.17 x 1078), MSMO1 (2.15 x 10~'2), MVD (5.92 x 1019), P4HAT (4.41 x 10~%), IDI1 (3.13 x 10~19), PPM1K (8.86 x 1073), MCM10 (3.26 x 10~"), H2AFX (4.09 x 10~15),
DSCC1 (8.96 x 107%), MCM4 (2.54 x 1073), and RCF5 (0.02). Experiments were conducted as biological triplicates of n = 3. Confirmatory repeat experimental data can be found in

Supplementary Table S2.

CDC45:MCM2-7:GINS helicase to unwind DNA double-strand
for replication initiation (48). After DNA has been unwounded,
DNA replication requires DSCC1 and RFC5 complexed with
other proteins to load Proliferating Cell Nuclear Antigen (PCNA)
onto the DNA (49). PCNA is required to clamp DNA polymerase
epsilon onto the DNA for replication (50). After DNA synthesis,
to maintain genomic integrity, H2AFX serves as a sensor for
DNA damage and recruits DNA repair complexes to the area
of lesion (51). PG has been reported to cause genotoxicity
directly through copper-mediated oxidative cleavage (52), or
indirectly through inhibition of topoisomerases (53). One
potential mechanism stemming from the downregulation of
H2AFX is the loss of genomic integrity, induction of cell
cycle arrest [CCNG2 overexpression (Table2) and predicted
G2/M DNA damage checkpoint arrest activation (Table 3)] and
therefore, DNA replication stand-still (54, 55). By throwing the
DNA repair mechanisms off-balance [predicted BRCA pathway
shutdown (Table 3)], genotoxic agents such as PG might increase
sensitivity and effectiveness against cancer cells (56, 57).
Metabolic rewiring has been described as an emerging
hallmark of cancer (58, 59), and there have been reports of
lipid and cholesterol metabolism being drivers of tumorigenesis
and progression (60-62). In fact, it has been mentioned that
“highly proliferative cancer cells show a strong lipid and
cholesterol avidity, which they satisfy by either increasing the
uptake of exogenous (or dietary) lipids and lipoproteins or

overactivating their endogenous synthesis (that is, lipogenesis
and cholesterol synthesis, respectively)” (60). Interestingly, these
overactivations were observed only after PG treatment (Table 2).
ALDOC, MVD, and IDI1 are metabolic enzymes that support
lipid and cholesterol biosynthesis. Their gene overexpression
could potentially hint at an overactive endogenous lipid and
cholesterol biogenesis. ANGPTL4, a lipoprotein lipase inhibitor,
had a Log2FC difference of 3.53 between healthy HSAEC and
cancerous A549 cells. ANGPTL4 upregulation in A549 cells
may have been in response to the overexpression of other
lipogenic genes (63). On the flip side, upregulation of PCKS9
hints at a potential supply cut-oft of low-density lipoproteins
(LDL) from exogenous sources by reducing LDL receptors (64,
65). As a compensatory mechanism to reduced LDL uptake,
NDRG! and LIPG may have been upregulated to acquire
LDL and fatty acids, respectively, from the cell’s surroundings
(66, 67). CXCL8, otherwise known as interleukin-8, has been
implicated as a cancer growth factor (68, 69), as well as a
molecule that promotes cholesterol accumulation (70). MSMO1
is also believed to be involved in cholesterol metabolism and
cancer (71, 72). Altogether, there may be a possibility that
the blockade of exogenous LDL import, compounded with
the rampant endogenous demand for lipid and cholesterol
biogenesis to support rapidly dividing cancer cells, induced a
suicidal metabolic rewiring that eventually led to autophagy
(73).
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TABLE 3 | Top 10 canonical pathways in A549 and HCT116 cells after 24 h of 1.0 uM PG treatment.

Top 10 Canonical pathways

-log(p-value)

Activation z-score

HSAEC

A549 HCT116 HSAEC A549 HCT116

0

o

ey
w
ey
|
@
[—}
e
'S

Superpathway of Cholesterol Biosynthesis

-

Cell Cycle Control of Chromosomal Replication

Not predictable

Cholesterol Biosynthesis Il (via Desmosterol)

Cholesterol Biosynthesis Il (via 24,25-dihydrolanosterol)

Cholesterol Biosynthesis |

Role of BRCA1 in DNA Damage Response

Mitotic Roles of Polo-Like Kinase

LI

Hereditary Breast Cancer Signaling

Not predictable

Mismatch Repair in Eukaryotes

TEECTTELT

Not predictable

Cell Cycle: G2/M DNA Damage Checkpoint Regulation

Pathways were ranked in descending order of decreasing -log(p-value) of the Fisher's exact test. Dark purple heat-map blocks represent high -log(p-value). Activation z-scores were
calculated based on the IPA’s pathway activity prediction algorithm. Dark orange heat-map blocks represent the possibility of a highly active pathway, whereas dark blue blocks represent

inhibition.

Autophagy is a form of cellular self-cannibalization of
cytoplasmic content via lysosomal compartments to recycle cell
materials and provide substrates for cellular homeostasis under
metabolic stress (74). However, autophagy can be a double-
edged sword when it comes to cancers. It could either be pro-
tumorigenic or anti-tumorigenic (75, 76). PG is known to bind
and inhibit mTORC1 and mTORC2, initiating autophagy in
cancer cells (39, 77, 78). We found WIPII, a marker and an
important player in autophagy (79, 80), markedly upregulated

(Table 2). It is unclear if the lipid and cholesterol biosynthesis
genes were upregulated to support the de novo biogenesis of
autophagosomes.

How PG protects healthy cells yet eliminates cancer cells
has been a mystery thus far. For the first time, we attempted
to unravel PG’s cancer-specific mechanisms of action through
comparative transcriptomics analysis. Firstly, unlike in A549
and HCT116, there were little to no upregulation in lipid
and cholesterol biosynthetic genes and pathways in HSAEC
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Legend Predicted Activation Predicted Relationships

More NS Less  Leads to Activation

Experimental Log,FC Predicted Inhibition Leads to Inhibition =
a5to I 4113 More I ess D@ Contradiction

Not Predicted ——

FIGURE 3 | MAP of “p53 Signaling” pathway in (A) HSAEC and (B) A549 cells treated with 1 M PG over 24 h. Predictions were calculated based upon DEGs from
the experimental dataset overlaid onto the Ingenuity Knowledge Base in IPA. Orange, blue, yellow, and gray lines corresponds to predicted activation, inhibition,
contradiction, and the inability to predict an outcome, respectively. Red or green color intensities within shapes reflect the level of upregulation or downregulation,
respectively, based upon the experimental Log2FC values. Orange or blue color intensities within shapes reflect the level of predicted activation or inhibition,
respectively, based on upon IPA’'s predictions.
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(Tables 2, 3). In fact, the downregulation of ANGPTL4 suggests
an active catabolism of lipoproteins. Secondly, although WIPII
was upregulated, it was much lesser than A549, possibly reflecting
a weaker autophagic status in HSAEC. Thirdly, the near-normal
expression of H2AFX suggests that HSAEC may be able to
overcome PG’s genotoxic stress. However, how this could be
possible despite BRCA1 downregulation (Figure 3) and potential
BRCAI1 pathway inactivation (Table 3) is unclear. Fourth, a deep
analysis of HSAEC-specific genes perturbed by PG revealed a
“balancing act” expression of pro-cancer and anti-cancer genes
(Table 1). This could potentially assist in HSAECs viability under
PG treatment. Lastly, and surprisingly, MCM10 and DSCC1 were
found severely downregulated in HSAEC. As PG could inhibit
topoisomerases (53), another potential means of PG genotoxicity
could be mitigated here as the loss of MCM10 does not permit
DNA to unwind for replication (48). Altogether, we suspect that
HSAEC may have been conferred protection to PG through
DNA replication inhibition, BRCAl-independent DNA repair
availability and autophagic resistance.

PG’s upregulation of cholesterol pathways in cancer cells and
its ability to potentially inhibit DNA replication brings about two
immediate concerns that should be addressed in future studies.
Firstly, the degree of which PG could inhibit DNA replication
in HSAEC should be monitored with cell growth rate compared
to A549 and other rapidly dividing cells. This would elucidate
the potential clinical benefits PG has over other conventional
chemotherapeutics that falls short in protecting rapidly dividing
healthy cells. Secondly, the impact of PG treatment with regards
to hypercholesterolemia should be assessed in vivo. On the
other hand, further studies on MIR2I0HG, the second most
differentially expressed gene in both A549 and HCT116 (Table 2)
could potentially highlight novel insights with regards to PG’s
cancer-specific mechanisms of action. To further improve PG’s
cancer specificity, chemical modifications may be explored to
acquire novel PG analogs or develop targeted drug delivery
strategies which studies have already begun (81, 82).

CONCLUSION

Numerous decades of cancer research, drug discovery, and
development have led to major improvements in patients’
quality of life. Research into systemic therapies for metastatic
cancers continues at two major fronts, namely, safety and

REFERENCES

1. MaX, Yu H. Global burden of cancer. Yale J Biol Med. (2006) 79:85-94.

2. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM,
Matrisian LM. Projecting cancer incidence and deaths to 2030: the
unexpected burden of thyroid, liver, and pancreas cancers in the
United States. Cancer Res (2014) 74:2913-21. doi: 10.1158/0008-5472.Can-
14-0155

3. Fidler MM, Bray F Soerjomataram I. The global cancer burden and
human development: a review. Scand ] Public Health (2018) 46:27-36.
doi: 10.1177/1403494817715400

4. Global Burden of Disease Cancer Collaboration. Global, regional, and
national cancer incidence, mortality, years of life lost, years lived with
disability, and disability-adjusted life-years for 32 cancer groups, 1990 to 2015:

efficacy. PG appears to be a promising smart chemotherapeutic
agent against NSCLC. PG not only demonstrated heightened
anti-cancer activity against A549, but this activity was also
cancer-specific. Understanding how such an agent differentiates
cancerous from healthy cells has been unclear until recently. With
RNA-sequencing, a next-generation tool for transcriptomics, we
managed to unravel PG’s potential cancer-specific mechanisms
of action. Through an exogenous cholesterol supply cut-
off and an internal overactivation of cholesterol synthesis,
PG might have induced cancer cell autophagy to a point
whereby self-cannibalization led to cell death. At the same
time, through balancing the overexpression of oncogenic
and tumor-suppressive genes, healthy cells might have been
conferred a heightened survival status by PG. By exposing A549
transcriptome landscape perturbed by PG, we can now conduct
further experiments with single or multiplexed knock-outs and
knock-downs using CRISPR to yield definitive targets which
could aid the development of precision medicine against NSCLC.

AUTHOR CONTRIBUTIONS

BD performed the cell cultures, cytotoxicity assays, RNA
extraction, RNA purification, RNA-sequencing data processing
in CLC Workbench, and the data analysis in IPA. JN repeated the
RNA extraction throughout data analysis in IPA and reproduced
the data. LL, QX, and LY conceptualized the study idea and
provided material and technical support. BD and LL wrote the
manuscript. BD, JN, QX, LL, and LY revised the manuscript.

FUNDING

This work was supported by the National Research Foundation
and Ministry of Education Singapore under its Research Centre
of Excellence Program (SCELSE), AcRF Tier 2 (MOE2016-T2-1-
010) from the Ministry of Education, Singapore and The Marine
Science Research and Development Programme (MSRDP-P34)
from National Research Foundation, Singapore.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2018.00573/full#supplementary-material

a systematic analysis for the global burden of disease study. JAMA Oncol.
(2017) 3:524-48. doi: 10.1001/jamaoncol.2016.5688

5. World Health Organization. Cancer key facts [Online]. (2018). Available
online at: http://www.who.int/news-room/fact- sheets/detail/cancer
(Accessed 24 May 2018).

6. Herbst RS, Heymach JV, Lippman SM. Lung cancer. N Engl ] Med. (2008)
359:1367-80. doi: 10.1056/NEJMra0802714

7. Morgensztern D, Ng SH, Gao F, Govindan R. Trends in stage distribution
for patients with non-small cell lung cancer: a national cancer database
survey. J Thoracic Oncol. (2010) 5:29-33. doi: 10.1097/JTO.0b013e3181c
5920c

8. Baudino TA. Targeted therapy:
cancer treatment. Curr Drug Discov
doi: 10.2174/1570163812666150602144310

the next
Technol

cancer generation  of

(2015)  12:3-20.

Frontiers in Oncology | www.frontiersin.org

11

December 2018 | Volume 8 | Article 573


https://www.frontiersin.org/articles/10.3389/fonc.2018.00573/full#supplementary-material
https://doi.org/10.1158/0008-5472.Can-14-0155
https://doi.org/10.1177/1403494817715400
https://doi.org/10.1001/jamaoncol.2016.5688
http://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.1056/NEJMra0802714
https://doi.org/10.1097/JTO.0b013e3181c5920c
https://doi.org/10.2174/1570163812666150602144310
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Davient et al.

HSAEC's Balancing-Act and A549’s Self-Cannibalization

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Huang M, Shen A, Ding ], Geng M. Molecularly targeted cancer therapy:

some lessons from the past decade. Trends Pharmacol Sci. (2014) 35:41-50.
doi: 10.1016/j.tips.2013.11.004

Kumar A, Petri ET, Halmos B, Boggon TJ. Structure and clinical relevance of
the epidermal growth factor receptor in human cancer. J Clin Oncol. (2008)
26:1742-51. doi: 10.1200/JC0O.2007.12.1178

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan
BW, et al. Activating mutations in the epidermal growth factor receptor
underlying responsiveness of non-small-cell lung cancer to gefitinib. N Engl
J Med. (2004) 350:2129-39. doi: 10.1056/NEJM0a040938

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H,
et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated
EGFR. N Engl ] Med. (2010) 362:2380-8. doi: 10.1056/NEJM0a0909530
Morgillo E, Della Corte CM, Fasano M, Ciardiello F. Mechanisms of resistance
to EGFR-targeted drugs: lung cancer. ESMO Open (2016) 1:e000060.
doi: 10.1136/esmoopen-2016-000060

Rosell R, Moran T, Queralt C, Porta R, Cardenal F, Camps C, et al. Screening
for epidermal growth factor receptor mutations in lung cancer. N Engl ] Med.
(2009) 361:958-67. doi: 10.1056/NEJM0a0904554

Shi Y, Au JS-K, Thongprasert S, Srinivasan S, Tsai C-M, Khoa
MT, et al. A prospective, molecular epidemiology study of EGFR
mutations in asian patients with advanced non-small-cell lung cancer of
adenocarcinoma histology (PIONEER). J Thoracic Oncol. (2014) 9:154-62.
doi: 10.1097/JT0.0000000000000033

Farkona S, Diamandis EP, Blasutig IM. Cancer immunotherapy: the beginning
of the end of cancer? BMC Med. (2016) 14:73. doi: 10.1186/s12916-016-0623-5
Restifo NP, Marincola FM, Kawakami Y, Taubenberger J, Yannelli JR,
Rosenberg SA. Loss of functional beta 2-microglobulin in metastatic
melanomas from five patients receiving immunotherapy. J Natl Cancer Inst.
(1996) 88:100-8.

Shukla SA, Rooney MS, Rajasagi M, Tiao G, Dixon PM, Lawrence MS, et al.
Comprehensive analysis of cancer-associated somatic mutations in class I
HLA genes. Nat Biotechnol. (2015) 33:1152-8. doi: 10.1038/nbt.3344
Anagnostou V, Smith KN, Forde PM, Niknafs N, Bhattacharya R, White
J, et al. Evolution of neoantigen landscape during immune checkpoint
blockade in non-small cell lung cancer. Cancer Discov. (2017) 7:264-76.
doi: 10.1158/2159-8290.Cd-16-0828

Finn, O. J. (2012). Immuno-oncology: understanding the function and
dysfunction of the immune system in cancer. Ann Oncol. 23(suppl_8):viii6-9.
doi: 10.1093/annonc/mds256

Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN,
et al. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic
tumors and inhibits CD8 T cell cytotoxicity. ] Exp Med. (2017) 214:895-904.
doi: 10.1084/jem.20160801

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al.
Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung
cancer. N Engl ] Med. (2015) 373:1627-39. doi: 10.1056/NEJMoal507643
Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.
Pembrolizumab for the treatment of non—small-cell lung cancer. N Engl ] Med.
(2015) 372:2018-28. doi: 10.1056/NEJMoal501824

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel J], et al.
Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Science (2015) 348:124-8. doi: 10.1126/science.aaal348
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N Engl ] Med. (2012) 366:2443-54. doi: 10.1056/NEJMoal200690

American Cancer Society. “Cancer Treatment ¢ Survivorship Facts &
Figures 2016-2017". Atlanta, GA: American Cancer Society (2016). Available
online at: https://www.cancer.org/research/cancer-facts-statistics/survivor-
facts- figures.html

Socinski MA, Bondarenko I, Karaseva NA, Makhson AM, Vynnychenko I,
Okamoto I, et al. Weekly nab-paclitaxel in combination with carboplatin
versus solvent-based paclitaxel plus carboplatin as first-line therapy in patients
with advanced non-small-cell lung cancer: final results of a phase III trial. |
Clin Oncol. (2012) 30:2055-62. doi: 10.1200/JC0O.2011.39.5848

Patel JD, Socinski MA, Garon EB, Reynolds CH, Spigel DR, Olsen MR, et al.
PointBreak: a randomized phase III study of pemetrexed plus carboplatin
and bevacizumab followed by maintenance pemetrexed and bevacizumab

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

versus paclitaxel plus carboplatin and bevacizumab followed by maintenance
bevacizumab in patients with stage ITIB or IV nonsquamous non-small-cell
lung cancer. J Clin Oncol. (2013) 31:4349-57. doi: 10.1200/JCO.2012.47.9626

Rajeswaran A, Trojan A, Burnand B, Giannelli M. Efficacy and side effects
of cisplatin- and carboplatin-based doublet chemotherapeutic regimens
versus non-platinum-based doublet chemotherapeutic regimens as first
line treatment of metastatic non-small cell lung carcinoma: a systematic
review of randomized controlled trials. Lung Cancer (2008) 59:1-11.
doi: 10.1016/j.lungcan.2007.07.012

Feng L-X, Li M, Liu Y-J, Yang S-M, Zhang N. Synergistic enhancement of
cancer therapy using a combination of ceramide and docetaxel. Int J Mol Sci.
(2014) 15:4201-20. doi: 10.3390/ijms15034201

Garon EB, Neidhart JD, Gabrail NY, de Oliveira MR, Balkissoon ], Kabbinavar
F. A randomized Phase II trial of the tumor vascular disrupting agent CA4P
(fosbretabulin tromethamine) with carboplatin, paclitaxel, and bevacizumab
in advanced nonsquamous non-small-cell lung cancer. OncoTargets Ther.
(2016) 9:7275-83. doi: 10.2147/0OTT.S109186

Yan X, Ge H, Huang T, Hindra, Yang, D., Teng, Q., et al. (2016). Strain
prioritization and genome mining for enediyne natural products. MBio 7:6.
doi: 10.1128/mBi0.02104-16

Wang S, Gao A, Liu J, Sun Y. First-line therapy for advanced non-small
cell lung cancer with activating EGFR mutation: is combined EGFR-TKIs
and chemotherapy a better choice? Cancer Chemother Pharmacol. (2018)
81:443-53. doi: 10.1007/500280-017-3516-1

Schiller JH. Current standards of care in small-cell and non-small-cell lung
cancer. Oncology (2001) 61(Suppl 1):3-13. doi: 10.1159/000055386

Huang CY, Ju DT, Chang CE Muralidhar Reddy P, Velmurugan BK.
A review on the effects of current chemotherapy drugs and natural
agents in treating non-small cell lung cancer. Biomedicine (2017) 7:23.
doi: 10.1051/bmdcn/2017070423

Hsieh H-Y, Shieh J-J, Chen C-J, Pan M-Y, Yang S-Y, Lin S-C, et al. Prodigiosin
down-regulates SKP2 to induce p27(KIP1) stabilization and antiproliferation
in human lung adenocarcinoma cells. Br | Pharmacol. (2012) 166:2095-108.
doi: 10.1111/j.1476-5381.2012.01921.x

Montaner B, Pérez-Tomis R. Prodigiosin-induced apoptosis in human colon
cancer cells. Life Sci. (2001) 68:2025-36. doi: 10.1016/50024-3205(01)01002-5
Hassankhani R, Sam MR, Esmaeilou M, Ahangar P. Prodigiosin isolated from
cell wall of Serratia marcescens alters expression of apoptosis-related genes
and increases apoptosis in colorectal cancer cells. Med Oncol. (2015) 32:366.
doi: 10.1007/512032-014-0366-0

Cheng MEF, Lin CS, Chen YH, Sung PJ, Lin SR, Tong YW, et al. Inhibitory
growth of oral squamous cell carcinoma cancer via bacterial prodigiosin. Mar
Drugs (2017) 15:7. doi: 10.3390/md 15070224

Yenkejeh RA, Sam MR, Esmaeillou M. Targeting survivin with prodigiosin
isolated from cell wall of Serratia marcescens induces apoptosis in
hepatocellular carcinoma cells. Hum Exp Toxicol. (2017) 36:402-11.
doi: 10.1177/0960327116651122

Soto-Cerrato V, Llagostera E, Montaner B, Scheffer GL, Perez-Tomas
R. Mitochondria-mediated apoptosis operating irrespective of multidrug
resistance in breast cancer cells by the anticancer agent prodigiosin. Biochem
Pharmacol. (2004) 68:1345-52. doi: 10.1016/j.bcp.2004.05.056

Sam MR, Pourpak RS. Regulation of p53 and survivin by prodigiosin
compound derived from Serratia marcescens contribute to caspase-
3-dependent apoptosis in acute lymphoblastic leukemia cells. Hum
Exp Toxicol. (2017) 2017:960327117718052. doi: 10.1177/09603271177
18052

Montaner B, Navarro S, Pique M, Vilaseca M, Martinell M, Giralt E, et al.
Prodigiosin from the supernatant of Serratia marcescens induces apoptosis
in haematopoietic cancer cell lines. Br J Pharmacol. (2000) 131:585-93.
doi: 10.1038/sj.bjp.0703614

Soto-Cerrato V, Vinals F, Lambert JR, Kelly JA, Perez-Tomas R. Prodigiosin
induces the proapoptotic gene NAG-1 via glycogen synthase kinase-3beta
activity in human breast cancer cells. Mol Cancer Ther. (2007) 6:362-9.
doi: 10.1158/1535-7163.Mct-06-0266

Cumming G, Fidler E, Vaux DL. Error bars in experimental biology. J Cell Biol.
(2007) 177:7. doi: 10.1083/jcb.200611141

Herbst RS, Morgensztern D, Boshoff C. The biology and management of
non-small cell lung cancer. Nature (2018) 553:446. doi: 10.1038/nature25183

Frontiers in Oncology | www.frontiersin.org

December 2018 | Volume 8 | Article 573


https://doi.org/10.1016/j.tips.2013.11.004
https://doi.org/10.1200/JCO.2007.12.1178
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1136/esmoopen-2016-000060
https://doi.org/10.1056/NEJMoa0904554
https://doi.org/10.1097/JTO.0000000000000033
https://doi.org/10.1186/s12916-016-0623-5
https://doi.org/10.1038/nbt.3344
https://doi.org/10.1158/2159-8290.Cd-16-0828
https://doi.org/10.1093/annonc/mds256
https://doi.org/10.1084/jem.20160801
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1056/NEJMoa1200690
https://www.cancer.org/research/cancer-facts-statistics/survivor-facts-figures.html
https://www.cancer.org/research/cancer-facts-statistics/survivor-facts-figures.html
https://doi.org/10.1200/JCO.2011.39.5848
https://doi.org/10.1200/JCO.2012.47.9626
https://doi.org/10.1016/j.lungcan.2007.07.012
https://doi.org/10.3390/ijms15034201
https://doi.org/10.2147/OTT.S109186
https://doi.org/10.1128/mBio.02104-16
https://doi.org/10.1007/s00280-017-3516-1
https://doi.org/10.1159/000055386
https://doi.org/10.1051/bmdcn/2017070423
https://doi.org/10.1111/j.1476-5381.2012.01921.x
https://doi.org/10.1016/S0024-3205(01)01002-5
https://doi.org/10.1007/s12032-014-0366-0
https://doi.org/10.3390/md15070224
https://doi.org/10.1177/0960327116651122
https://doi.org/10.1016/j.bcp.2004.05.056
https://doi.org/10.1177/0960327117718052
https://doi.org/10.1038/sj.bjp.0703614
https://doi.org/10.1158/1535-7163.Mct-06-0266
https://doi.org/10.1083/jcb.200611141
https://doi.org/10.1038/nature25183
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Davient et al.

HSAEC's Balancing-Act and A549’s Self-Cannibalization

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zhao S, Fung-Leung W-P, Bittner A, Ngo K, Liu X. Comparison of RNA-
Seq and microarray in transcriptome profiling of activated T cells. PLoS ONE
(2014) 9:€78644. doi: 10.1371/journal.pone.0078644

Thu YM, Bielinsky A-K. MCMIO0: all—integrity,
maintenance and damage control. Semin Cell Dev Biol. (2014) 30:121-30.
doi: 10.1016/j.semcdb.2014.03.017

Bermudez VP, Maniwa Y, Tappin I, Ozato K, Yokomori K, Hurwitz J. The
alternative Ctf18-Dccl-Ctf8-replication factor C complex required for sister
chromatid cohesion loads proliferating cell nuclear antigen onto DNA. Proc
Natl Acad Sci. (2003) 100:10237-42. doi: 10.1073/pnas.1434308100

Bowman GD, O’Donnell M, Kuriyan J. Structural analysis of a eukaryotic
sliding DNA clamp-clamp loader complex. Nature (2004) 429:724.
doi: 10.1038/nature02585

Srivastava N, Gochhait S, de Boer P, Bamezai RNK. Role of H2AX in DNA
damage response and human cancers. Mutat Res Rev. (2009) 681:180-8.
doi: 10.1016/j.mrrev.2008.08.003

Melvin MS, Tomlinson JT, Saluta GR, Kucera GL, Lindquist N, Manderville
RA. Double-strand DNA cleavage by copper-prodigiosin. ] Am Chem Soc.
(2000) 122:6333-4. doi: 10.1021/ja0000798

Montaner B, Castillo-Avila W, Martinell M, Ollinger R, Aymami J, Giralt
E, et al. DNA interaction and dual topoisomerase I and II inhibition
properties of the anti-tumor drug prodigiosin. Toxicol Sci. (2005) 85:870-9.
doi: 10.1093/toxsci/kfil49

Hakem R. DNA-damage repair; the good, the bad, and the ugly. Embo J. (2008)
27:589-605. doi: 10.1038/emboj.2008.15

Lal A, Pan Y, Navarro E Dykxhoorn DM, Moreau L, Meire E, et al.
miR-24-mediated down-regulation of H2AX suppresses DNA repair in
terminally differentiated blood cells. Nat Struct Mol Biol. (2009) 16:492-8.
doi: 10.1038/nsmb.1589

Atsumi Y, Inase A, Osawa T, Sugihara E, Sakasai R, Fujimori H, et al. The
Arf/p53 protein module, which induces apoptosis, down-regulates histone
H2AX to allow normal cells to survive in the presence of anti-cancer drugs.
J Biol Chem. (2013) 288:13269-77. doi: 10.1074/jbc.M112.402560

Jongen JMJ, van der Waals LM, Trumpi K, Laoukili ], Peters NA, Schenning-
van Schelven §J, et al. Downregulation of DNA repair proteins and increased
DNA damage in hypoxic colon cancer cells is a therapeutically exploitable
vulnerability. Oncotarget (2017) 8:86296-311. doi: 10.18632/oncotarget.21145
Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark
even warburg did not anticipate. Cancer Cell (2012) 21:297-308.
doi: 10.1016/j.ccr.2012.02.014

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism.
Cell Metab. (2016) 23:27-47. doi: 10.1016/j.cmet.2015.12.006
Beloribi-Djefaflia S, Vasseur S, Guillaumond F. Lipid metabolic
reprogramming in  cancer cells.  Oncogenesis  (2016)  5:189.
doi: 10.1038/oncsis.2015.49

Liu Q, Luo Q, Halim A, Song G. Targeting lipid metabolism of cancer cells:
a promising therapeutic strategy for cancer. Cancer Lett. (2017) 401:39-45.
doi: 10.1016/j.canlet.2017.05.002

Luo X, Cheng C, Tan Z, Li N, Tang M, Yang L, et al. Emerging roles
of lipid metabolism in cancer metastasis. Molecular Cancer (2017) 16:76.
doi: 10.1186/s12943-017-0646-3

Lim H, Lim Y-M, Kim KH, Jeon YE, Park K, Kim J, et al. A novel autophagy
enhancer as a therapeutic agent against metabolic syndrome and diabetes. Nat
Commun. (2018) 9:1438. doi: 10.1038/s41467-018-03939-w

Nassoury N, Blasiole DA, Tebon Oler A, Benjannet S, Hamelin J, Poupon
V, et al. The cellular trafficking of the secretory proprotein convertase
PCSK9 and its dependence on the LDLR. Traffic (2007) 8:718-32.
doi: 10.1111/j.1600-0854.2007.00562.x

Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, et al.
Binding of proprotein convertase subtilisin/kexin type 9 to epidermal growth
factor-like repeat A of low density lipoprotein receptor decreases receptor
recycling and increases degradation. J Biol Chem. (2007) 282:18602-12.
doi: 10.1074/jbc.M702027200

Pietiainen V, Vassilev B, Blom T, Wang W, Nelson J, Bittman R, et al. NDRG1
functions in LDL receptor trafficking by regulating endosomal recycling
and degradation. J Cell Sci. (2013) 126(Pt 17):3961-71. doi: 10.1242/jcs.
128132

one tool for

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Olivecrona G. Role of lipoprotein lipase in lipid metabolism. Curr Opin
Lipidol. (2016) 27:233-41. doi: 10.1097/mol.0000000000000297

Zhu YM, Webster SJ, Flower D, Woll PJ. Interleukin-8/CXCL8 is a
growth factor for human lung cancer cells. Br J Cancer (2004) 91:1970.
doi: 10.1038/sj.bjc.6602227

Liu Q Li A, Tian Y, Wu JD, Liu Y, Li T, et al. The CXCL8-
CXCR1/2 pathways in cancer. Cytokine Growth Factor Rev. (2016) 31:61-71.
doi: 10.1016/j.cytogfr.2016.08.002

He M, Zhang W, Dong Y, Wang L, Fang T, Tang W, et al. Pro-inflammation
NF-kB signaling triggers a positive feedback via enhancing cholesterol
accumulation in liver cancer cells. ] Exp Clin Cancer Res. (2017) 36:15.
doi: 10.1186/513046-017-0490-8

Yang Y-E Jan Y-H, Liu Y-P, Yang C-J, Su C-Y, Chang Y-C, et al. Squalene
synthase induces tumor necrosis factor receptor 1 enrichment in lipid rafts
to promote lung cancer metastasis. Am ] Resp Critic Care Med. (2014)
190:675-87. doi: 10.1164/rccm.201404-07140C

Simigdala N, Gao Q, Pancholi S, Roberg-Larsen H, Zvelebil M, Ribas R,
et al. Cholesterol biosynthesis pathway as a novel mechanism of resistance
to estrogen deprivation in estrogen receptor-positive breast cancer. Breast
Cancer Res. (2016) 18:58. doi: 10.1186/s13058-016-0713-5

Selwan EM, Finicle BT, Kim SM, Edinger AL. Attacking the supply
wagons to starve cancer cells to death. FEBS Lett. (2016) 590:885-907.
doi: 10.1002/1873-3468.12121

Mathew R, Karantza-Wadsworth V, White E. Role of autophagy in cancer. Nat
Rev Cancer (2007) 7:961. doi: 10.1038/nrc2254

Proikas-Cezanne T, Waddell S, Gaugel A, Frickey T, Lupas A, Nordheim
A. WIPI-1lalpha (WIPI49), a member of the novel 7-bladed WIPI protein
family, is aberrantly expressed in human cancer and is linked to starvation-
induced autophagy. Oncogene (2004) 23:9314-25. doi: 10.1038/sj.onc.12
08331

Choi KS. Autophagy and cancer. Exp Mol Med.
doi: 10.3858/emm.2012.44.2.033

Espona-Fiedler M, Soto-Cerrato V, Hosseini A, Lizcano JM, Guallar V,
Quesada R, et al. Identification of dual mTORCI1 and mTORC2 inhibitors
in melanoma cells: prodigiosin vs. obatoclax. Biochem Pharmacol. (2012)
83:489-96. doi: 10.1016/j.bcp.2011.11.027

Cheng S-Y, Chen N-E Kuo H-M, Yang S-N, Sung C-S, Sung P-],
et al. Prodigiosin stimulates endoplasmic reticulum stress and induces
autophagic cell death in glioblastoma cells. Apoptosis (2018) 23:314-28.
doi: 10.1007/s10495-018-1456-9

Tsuyuki S, Takabayashi M, Kawazu M, Kudo K, Watanabe A, Nagata Y, et al.
Detection of WIPI1 mRNA as an indicator of autophagosome formation.
Autophagy (2014) 10:497-513. doi: 10.4161/auto.27419

Proikas-Cezanne T, Takacs Z, Donnes P, Kohlbacher O. WIPI proteins:
essential PtdIns3P effectors at the nascent autophagosome. J Cell Sci. (2015)
128:207-17. doi: 10.1242/jcs.146258

Dozie-Nwachukwu SO, Danyuo Y, Obayemi JD, Odusanya OS, Malatesta
K, Soboyejo WO. Extraction and encapsulation of prodigiosin in chitosan
microspheres for targeted drug delivery. Mater Sci Eng C Mater Biol Appl.
(2017) 71:268-78. doi: 10.1016/j.msec.2016.09.078

Dozie-Nwachukwu SO, Obayemi JD, Danyuo Y, Anuku N, Odusanya OS,
Malatesta K, et al. A comparative study of the adhesion of biosynthesized
gold and conjugated gold/prodigiosin nanoparticles to triple negative breast
cancer cells. ] Mater Sci Mater Med. (2017) 28:143. doi: 10.1007/s10856-017-
5943-2

(2012) 44:109.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Davient, Ng, Xiao, Li and Yang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

13

December 2018 | Volume 8 | Article 573


https://doi.org/10.1371/journal.pone.0078644
https://doi.org/10.1016/j.semcdb.2014.03.017
https://doi.org/10.1073/pnas.1434308100
https://doi.org/10.1038/nature02585
https://doi.org/10.1016/j.mrrev.2008.08.003
https://doi.org/10.1021/ja0000798
https://doi.org/10.1093/toxsci/kfi149
https://doi.org/10.1038/emboj.2008.15
https://doi.org/10.1038/nsmb.1589
https://doi.org/10.1074/jbc.M112.402560
https://doi.org/10.18632/oncotarget.21145
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1038/oncsis.2015.49
https://doi.org/10.1016/j.canlet.2017.05.002
https://doi.org/10.1186/s12943-017-0646-3
https://doi.org/10.1038/s41467-018-03939-w
https://doi.org/10.1111/j.1600-0854.2007.00562.x
https://doi.org/10.1074/jbc.M702027200
https://doi.org/10.1242/jcs.128132
https://doi.org/10.1097/mol.0000000000000297
https://doi.org/10.1038/sj.bjc.6602227
https://doi.org/10.1016/j.cytogfr.2016.08.002
https://doi.org/10.1186/s13046-017-0490-8
https://doi.org/10.1164/rccm.201404-0714OC
https://doi.org/10.1186/s13058-016-0713-5
https://doi.org/10.1002/1873-3468.12121
https://doi.org/10.1038/nrc2254
https://doi.org/10.1038/sj.onc.1208331
https://doi.org/10.3858/emm.2012.44.2.033
https://doi.org/10.1016/j.bcp.2011.11.027
https://doi.org/10.1007/s10495-018-1456-9
https://doi.org/10.4161/auto.27419
https://doi.org/10.1242/jcs.146258
https://doi.org/10.1016/j.msec.2016.09.078
https://doi.org/10.1007/s10856-017-5943-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Comparative Transcriptomics Unravels Prodigiosin's Potential Cancer-Specific Activity Between Human Small Airway Epithelial Cells and Lung Adenocarcinoma Cells
	Introduction
	Materials and Methods
	Materials
	Cell Culture
	Cell Viability Assay
	Drug Cytotoxicity Screening
	RNA Extraction and Quality Controls
	RNA Sequencing and Data Processing
	Functional Analysis
	Statistical Analysis

	Results
	PG Demonstrated Selective Toxicity Toward A549 but not HSAEC
	PG Outperformed DTX, PTX, and DOX in Terms of Cancer-Specificity
	PG Exhibited Poor Performance in Combination With DTX, PTX, or DOX
	PG Altered Both A549 and HCT116 Cancer Cells' Morphology
	PG's Toxicity Possibly Mitigated Through a ``Balancing Act'' in HSAEC
	PG Possibly Induced DNA Replication Inhibition and Metabolic Rewiring in A549 and HCT116

	Discussion
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


