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Editorial on the Research Topic
Impact of Cancer Plasticity on Drug Resistance and Treatment in Solid Tumors

The Research Topic “Impact of Cancer Plasticity on Drug Resistance and Treatment in Solid
Tumors” consists of 32 articles contributed by more than 270 authors in the field of oncology,
pharmacology, and translational research. Our aim was to provide a collaborative discussion on
molecular and cellular regulators of cancer cell plasticity contributing to tumor progression and
drug resistance for the future direction of biomarker discovery and therapeutic strategies.

Cancer stem cells, tumor microenvironment, stroma/cancer cells interactions, changes in
metabolism and epithelial-mesenchymal transition offer explanation for tumor plasticity. The
current state of art in this era was elegantly reviewed by Fanelli et al, Yang et al,, and Lin
X. et al,, who discussed the clinical relevance of cancer cell plasticity, the novel approaches
for monitoring tumor plasticity and the current advances for therapeutic targeting. Yu et al.
found that the FAP-atGOLPH31 immunophenotype, combining the expression of both the
fibroblast activation protein-alpha and the oncogenic Golgi phosphoprotein 3 protein predict the
recurrence and progression of ductal carcinoma in-situ (DCIS) into invasive breast cancer. Yao
et al. demonstrated in mouse experiments that the levels of MTA3 and SOX2 decreased and
increased, respectively, during the progression of tongue squamous cell cancer (TSCC), and that
MTA3!°%/SOX2Mgh can serve as an independent prognostic factor for TSCC patients. Chen et al.
confirmed that overexpression of PD-L1 occurred predominantly in highly aggressive glioma cells,
and Akt binding/activation prevented autophagic cytoskeleton collapse, thus facilitating glioma
cell invasion upon starvation stress. Sun et al. showed that SIRT5, a mitochondrial class III
NAD-dependent deacetylase, contributes to cisplatin resistance in ovarian cancer by suppressing
cisplatin-induced DNA damage in a reactive oxygen species (ROS)-dependent manner, via the
regulation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-
1) pathway. The study from Tang et al. suggested that the Pigment epithelium-derived factor
(PEDF) participates the carcinogenesis of human esophageal squamous cell carcinoma and might
be a candidate therapeutic target. Finally, analyses conducted by Zhang J. et al. on single-cell
sequencing datasets of several human cancers indicated a tumor suppression function of the
ZNF671 transcription factor. Fahs et al. demonstrated that the PAX3-FOXOI fusion protein
modulates exosome cargo to confer a protective effect on recipient cells against oxidative stress
and to promote plasticity and survival, potentially contributing to the known aggressive phenotype
of the fusion gene-positive subtype of Rhabdomyosarcoma. Guo T. et al. reported a clinical case
showing change of pathological type to metaplastic squamous cell carcinoma of the breast during
disease recurrence.
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Cohen et al.

Editorial: Cancer Plasticity of Solid Tumors

Epigenetic reprogramming favors cancer plasticity. The
discovery of non-coding RNA such as microRNA (miR), Long
non-coding RNA (LncRNA) and circular RNA (circ-RNA) is
propelling the future advancement of biomarker development
and offers opportunities to understand their role in the
hallmarks of cancer, including signaling pathways involved in
cell proliferation, cell invasion, metabolic plasticity and drug
resistance. Wan et al. deciphered the functional domains of
the channel-kinase transient receptor potential ion channel
subfamily M, member 7 (TRPM7) involved in glioma cell
growth or migration/invasion. TRPM7 was found to regulate
miR-28-5p expression, which suppresses cell proliferation and
invasion in glioma cells by targeting the Raplb signaling. Guo
J. et al. demonstrated that miR-204-3p, whose down-regulation
was significantly associated with poor prognosis in bladder
cancer patients, negatively modulated the proliferation of bladder
cancer cells via targeting the lactate dehydrogenase (LDHA)-
mediated glycolysis. Huang et al. elegantly provided evidence
that LncRNA AFAP1-S1 up-regulates the RRM2 protein levels
by sponging miR-139-5, then activating an RRM2/EGFR/Akt
axis that promotes chemoresistance in non-small cell lung
cancer. Supportive in vivo experiments further demonstrated
that knockdown of AFAP1-ASI significantly suppressed tumor
growth and chemoresistance. Li W. et al. proved that miR-199a,
by directly regulating K-RAS and thus the downstream AKT and
ERK signaling, inhibits glioma cell proliferation in vitro, tumor
growth in vivo and increases sensitivity to telozomide, a drug
used in first line treatment of glioma. Lin X.-J. et al. highlighted
the role of miR-936 in sensitizing laryngeal squamous cancer cells
to doxorubicin and cisplatin. Liu C. et al. experiments suggested
that miR-34a-5p, by directly targeting thymidine kinase 1 (TKI),
may be part of the mechanisms negatively regulating TKI-driven
thyroid carcinoma cell aggressiveness. Growing body of evidence
indicate that circRNAs play a role in disease progression, partly
by sponging miRNA, and may be used as biomarkers. Gao et al.
identified a candidate circRNA associated with poor prognosis
in multiple myeloma. Finally, the review by Guo Q. et al
elegantly depicted and discussed the role of exosomal miRNA as
a regulators and biomarkers in cancer drug resistance.

It is of utmost importance to decipher how chronic exposure
to environmental carcinogens contribute to cell plasticity
and tumor progression. The identification of such molecular
mechanisms may help in the discovery of human biomarkers
of environmental carcinogen exposure and the development
of candidate preventive strategies. Using an in vitro model
for malignant transformation of normal lung cells upon long-
term exposure to cigarette smoke, Wang et al. deciphered
complex miRNA-mRNA networks associated with cancer-
related signaling pathways, in particular those governing the
metastasis-associated epithelial-mesenchymal transition and the
PI3K/Akt/mTOR survival pathway. Donini et al. demonstrated
a functional interplay between the aryl hydrocarbon receptor
(AhR) and the G protein-coupled receptor 30 (GPR30) by which
chronic and low-dose exposure of the genotoxic Benzo[a]pyrene
and/or the endocrine disruptor Bisphenol A fosters the

progression of early-transformed human mammary cells into a
more aggressive stage. Zhang F. et al. proved that the chronic
exposure of endometrial carcinoma cells to the polybrominated
diphenyl ether endocrine disruptor BDE-47 triggers phenotypic
plasticity, promotes progression and chemoresistance to cisplatin
or paclitaxel, at least in part, via ERae/GPR30 and EGFR/ERK
signaling pathways.

Antineoplastic drugs can induce cancer cells resistant
to treatment that makes the therapeutic effect reduced.
Circumventing drug resistance or delineating novel biomarkers
of drug efficacy thus represent a great challenge, in particular in
the era of precision medicine. To overcome multidrug resistance
(MDR) mediated by overexpression of ATP binding cassette
(ABC), Wang et al. provided a promising strategy, by nicely
highlighting that NVP-TAE684, a novel ALK inhibitor, could
reduce the chemo-resistance of MDR cells via the reversion of
ABCG2-mediated efflux activity. Zhou et al. found that Erastin
inhibits the drug efflux activity of ABCB1 and reverses ABCB1-
mediated docetaxel resistance in ovarian cancer. Altogether,
these two studies reveal that combination of NVP-TAE684
or Erastin with classical chemotherapy may offer potential
effective combinations for the treatment of MDR cancers.
Fan et al. explored novel methods to circumvent MDR in
B cell lymphoma and demonstrated that an engineered anti-
CD19(Fab)-lidamycin cytotoxic fusion protein could effectively
inhibit, both in vitro and in vivo, the growth of adriamycin-
resistant B cell lymphoma cells. Finally, to clarify the correlation
between drug efficacy and mutations in circulating tumor DNA
(ctDNA), Cao et al. monitored the mutational changes and
therapeutic response of late-stage colorectal cancers following
chemotherapy combined with bevacizumab and/or cetuximab,
and confirmed that dynamic changes in drug resistance can be
sensitively monitored by gene variation status in ctDNA.

Elucidating the mechanisms of cancer plasticity offers new
opportunities for the development of therapeutic targeting.
Among future candidate targets is the microbiota, demonstrated
to be involved in both tumor initiation and progression. Zhang
H. et al. found that Canmei formula, a classical traditional
Chinese herbal formulation, reduced in vivo colitis-associated
colorectal carcinogenesis by modulating inflammation and the
composition of the gut microbiota. Huang et al. explored
in vitro the anticancerous activity the Methyl-cantharidimide
drug, originally discovered in insects, and proved that it
inhibits growth of human hepatocellular carcinoma cells by
inducing cell cycle arrest and promoting apoptosis. Nan
et al. proposed that ROS-mediated proteasome-dependent
pathway can be exploited to overcome apoptosis resistance
triggered by aberrant expression of the anti-apoptotic survivin
protein in cancers, by demonstrating that the alkaloid/amide
Piperlongumine extracted from peppers efficiently induced the
proteasome-dependent degradation of the survivin in vitro,
downregulated survivin in vivo and inhibition of ovarian
cancer cells xenograft tumor growth. Finally, an elegant study
from Liu K. et al. identified, by proteomics investigation of
breast cancer specimen, increased protein levels of Hsp90
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proteins associated with poor prognosis. BJ-B11, an Hsp90
inhibitor, was shown to hamper in vitro the cancerous properties
of triple negative breast cancer cells and to inhibit tumor
growth in xenograft model. Wen et al. explored the antitumor
effects of 7-methoxy-1-tetralone in hepatocellular carcinoma
and found that this compound induces apoptosis, suppresses
cell proliferation and migration via regulating c-Met, p-AKT,
NF-kB, MMP2, and MMP9 expression. Finally, Yan and
Wang nicely reviewed brain cancer-associated alterations of
proteoglycans making these latter as putative biomarkers or
therapeutic targets.

In conclusion, the “Impact of Cancer Plasticity on Drug
Resistance and Treatment in Solid Tumors® Research
Topic highlights the complex phenomenon of cancer cell
plasticity. The recent insights into the role of plasticity in
cancer progression implies the need to continue improving
our understanding into the fundamental mechanisms
governing tumor progression and drug resistance, with the
aim to identify relevant new biomarkers and to develop
innovative therapies.
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SIRT5 Promotes Cisplatin Resistance
in Ovarian Cancer by Suppressing
DNA Damage in a ROS-Dependent
Manner via Regulation of the
Nrf2/HO-1 Pathway
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Jinming Zhao', Chen Zhao?, Lin Fu* and Qingchang Li"*

" Department of Pathology, College of Basic Medical Sciences, China Medical University, Shenyang, China, ? Department of
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China Medical University, Shenyang, China

Sirtuin 5 (SIRT5), a mitochondrial class Il NAD-dependent deacetylase, plays
controversial roles in tumorigenesis and chemoresistance. Accordingly, its role in ovarian
cancer development and drug resistance is not fully understood. Here, we demonstrate
that SIRT5S is increased in ovarian cancer tissues compared to its expression in normal
tissues and this predicts a poor response to chemotherapy. SIRTS levels were also
found to be higher in cisplatin-resistant SKOV-3 and CAOV-3 ovarian cancer cells than in
cisplatin-sensitive A2780 cells. Furthermore, this protein was revealed to facilitate ovarian
cancer cell growth and cisplatin-resistance in vitro. Mechanistically, we show that SIRT5
contributes to cisplatin resistance in ovarian cancer by suppressing cisplatin-induced
DNA damage in a reactive oxygen species (ROS)-dependent manner via regulation of
the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway.

Keywords: ovarian cancer, SIRT5, Nrf2/HO-1, reactive oxygen species, drug resistance

INTRODUCTION

SIRT5 is a unique member of the Sirtuin family (Sirt1-7), which possesses multiple enzymatic
activities including NAD-dependent histone deacetylase (1), potent lysine demalonylase, lysine
desuccinylase (2), and lysine glutarylase (3) activities. These specific enzymatic activities indicate
that SIRT5 plays a crucial role in regulating multiple cellular metabolic processes such as glycolysis,
the tricarboxylic acid cycle, fatty acid oxidation, nitrogen metabolism, and the pentose phosphate
pathway (4, 5). In addition, certain aspects of cancer biology, such as stress responses (6, 7),
apoptosis (8, 9), and autophagy (10, 11), can be regulated by SIRT5. Moreover, altered cellular
metabolism has been recently identified as a hallmark of malignancy and emerging literature
suggests that SIRT5 is involved in oncogenesis. For example, either the mRNA or protein expression
of SIRT5 was found to be increased in non-small cell lung cancer (NSCLC) (12, 13), hepatocellular
carcinoma (HCC) (14), colorectal cancer (CRC) (15), Waldenstrom macroglobulinemia (16), and
breast cancer (9, 17), compared to the levels in matched normal tissues. Janus-faced roles of
SIRT5 in cancer have also been described. Specifically, the downregulation of SIRT5 was observed
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in head and neck squamous cell carcinoma (18), liver cancer
(19), and endometrial carcinoma (20), which highlight the
tumor-suppressive role of SIRT5. Furthermore, controversial
roles for SIRT5 in drug resistance have been reported. SIRT5
facilitates NSCLC resistance to cisplatin, 5-fluorouracil (5-
FU), and bleomycin (13). Moreover, SIRT5-positive cells in
wild-type Kras CRCs were found to be resistant to either
chemotherapeutic agents or cetuximab (21). However, a positive
association between SIRT5 expression and complete response
to neoadjuvant chemotherapy in triple-negative breast cancer
patients was previously shown by analyzing data from the
Gene Expression Omnibus (GEO) DataSet. In addition, by
analyzing the ONCOMINE online database, SIRT5 expression
levels were found to be higher in chemotherapy-responders than
in non-responders (17). Considering these discrepant findings,
further studies are needed to explore the functions of SIRT5 in
tumorigenesis and chemoresistance.

Globally, ovarian cancer ranked eighth in incidence and
seventh in mortality among all cancers in females in 2018
(WHO, http://gco.iarc.fr/today/home). Standard treatment for
this disease involves surgery combined with chemotherapy.
However, chemoresistance has become a major reason for
poor outcomes in ovarian cancer. Although emerging targeted
therapies have improved the survival of chemoresistant ovarian
cancer patients, their quality of life and overall survival are still
limited due to the side effects associated with such drugs, and
the 5-year survival rate for advanced-stage ovarian cancer is
only 28.9% (22). Therefore, better curative outcomes for ovarian
cancer therapeutics are required. Considering the diverse roles
of SIRT5 in cancer biology, we speculated that SIRT5 is a
therapeutic target for ovarian cancer. To date, the role of this
protein in ovarian cancer has not been elucidated. Therefore,
in this context, we investigated the expression pattern of SIRT5
in both human ovarian cancer tissues and ovarian cancer cells.
Furthermore, we reveal a potential role for SIRT5 in ovarian
cancer cell growth and chemoresistance.

MATERIALS AND METHODS

Antibodies and Reagents

The following antibodies were purchased: primary antibodies
to SIRT5 (Cell Signaling Technology, Danvers, MA), H2A
histone family member X phosphorylated on S139 (y-H2AX,
Cell Signaling Technology), nuclear factor erythroid-2-
related factor 2 (Nrf2; Proteintech, Wuhan, China), heme
oxygenase 1 (HO-1; Proteintech), manganese-dependent
superoxide dismutase (MnSOD)/SOD2 (Proteintech), breast
cancer gene 1 (BRCAI, Cell Signaling Technology), histone
H3 (Cell Signaling Technology), and B-actin (Cell Signaling
Technology); and secondary antibodies, specifically goat anti-
rabbit IgG (Proteintech), goat anti-mouse IgG (Proteintech),
and tetramethylrhodamine (TRITC)-conjugated secondary
antibody (Proteintech).

Cisplatin and ML385 (an Nrf2-specific inhibitor) were
purchased from MCE, China. N-acetyl-L-cysteine (NAC), a
reactive oxygen species (ROS) scavenger, was purchased from
Selleck, China.

Immunohistochemical Staining

SIRT5 staining was performed on an ovarian cancer and normal
tissue microarray (Biomax, USA), which contained 90 tumor
tissues and 10 normal ovarian tissues. Immunostaining was
performed based on the ABC immunostaining protocol (MaiXin,
Fuzhou, China). Two independent investigators scored the
microarray by evaluating the staining intensity and percentage
of stained cells blindly and randomly. The staining intensity was
scored from 0 to 3 as follows: 0 (negative), 1 (weak), 2 (moderate),
and 3 (strong). The percentage of positively stained cells was
scored from 0 to 4 as follows: 0 (0%), 1 (1-25%), 2 (26-50%),
3 (51-75%), and 4 (76-100%). The final multiplied scores ranged
from 0 to 12 and SIRT5 expression was regarded as positive if the
final score was > 6.

Cell Culture and Transfection

A2780, SKOV-3, and CAOV-3 human ovarian cancer cell lines
were used in this study. A2780 and CAOV-3 cells were cultured
in DMEM supplemented with 10% fetal bovine serum. SKOV-
3 cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum. These cells were grown at 37°C in a
humidified atmosphere with 5% CO,.

Transient transfection was carried out using Lipofectamine
3000 reagent (Invitrogen) according to the manufacturer’s
instructions. A SIRT5 expression plasmid (OriGene, Rockville,
MD, USA) and the corresponding empty plasmid (OriGene)
were used for SIRT5 overexpression and as a negative control,
respectively. Cells were transfected with SIRT5-siRNA and
negative control siRNA (GenePharma, Shanghai, China) for
SIRT5 knockdown experiments.

The cells were pretreated with 5mM NAC for 2h to inhibit
ROS generation. ML385 was added to cells at a concentration
of 5uM for 48h in the presence of cisplatin to block the
Nrf2 pathway.

Cell Proliferation and Cell Viability Assays
Cell Counting Kit-8 (CCK-8) assays were performed to assess cell
proliferation and cell viability in vitro. For cell proliferation, the
cells were seeded in 96-well plates at a density of 3,000 cells/well
and incubated for 5 days. For cell viability, the cells were seeded in
96-well plates at a density of 5,000 cells/well and treated with the
indicated concentration of cisplatin for 48 h or 5 days, changing
the cisplatin-containing medium every 2 days. Next, 10 pl of
CCK-8 reagent (Beyotime, Shanghai, China) was added to each
well, and the cells were incubated for 2 h. The absorbance value
(OD) of each well was measured at 450 nm and the cell viability
was calculated as follows: cell viability (%) = experimental group
OD value / control group OD value x 100%. ICsy values (50%
inhibition of surviving fraction) were calculated using GraphPad
Prism 7.0 software.

Colony Formation Assays

Cells were plated in six-well culture plates at 500 cells/well. After
incubation for 14 days at 37°C in a humidified atmosphere at
5% CO3, the cells were washed three times with PBS and stained
with Giemsa solution. The number of colonies containing > 50
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the cells were washed three times with cold PBS to remove
excess fluorescent probe. The cells were then resuspended in
300 pl of PBS and assessed for fluorescence intensity using a

ROS Detection and Measurement of flow cytometer (LSRFortessa, BD Biosciences). The data were

Intracellular Glutathione (GSH) analyzed using FlowJo X 10.0.7 Software.
The ROS levels induced by cisplatin in ovarian cancer cells Intracellular GSH levels were measured using a Total

were detected using the probe 2',7'-dichlorodihydrofluorescein ~ Glutathione Assay Kit (Beyotime) according to the
diacetate (DCFH-DA, Beyotime), which can be oxidized by ~ manufacturers instructions. Briefly, the ovarian cancer cells
intracellular oxygen to dichlorofluorescein, a highly fluorescent ~ were harvested and lysed in the protein removal solution S
compound. After exposure to the indicated concentration of  provided in the kit. After incubation for 5min at 4°C, the
cisplatin for 2, 6, 24, or 48h, the cells were incubated with a ~ samples were centrifuged at 10,000g for 10min at 4°C. The

final concentration of 10 WM DCFH-DA in the dark for 20 min  Supernatant was treated with assay solution for 5min at 25°C
at 37°C in a humidified atmosphere at 5% CO,, after which ~ and the absorbance at 412 nm was measured using a microplate

cells was then counted under a microscope. Colony formation
efficiency was calculated as colony numbers / 500 x 100%.
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TABLE 1 | Association of SIRT5 expression with clinicopathological characteristics of ovarian cancer tissue microarrays.

Clinicopathological characteristics Total number SIRT5 negative or weak expression SIRT5 positive expression P value

Age 0.0786
<60 73 47 (64.38%) 7 (35.62%)
>60 17 7 (41.18%) 10 (58.82%)

Histology 0.085
Serous carcinoma 72 40 (565.56%) 32 (44.44%)
Mucinous adenocarcinoma+-others 18 14 (77.78%) 4 (22.22%)

Differentiation 0.0179
High grade 65 34 (52.31%) 31 (47.69%)
Low grade 25 20 (80.00%) 5 (20.00%)

Figo stage <0.0001
I 47 44 (93.62%) 3 (6.38%)
II-IvV 43 10 (23.26%) 33 (76.74%)

Lymph node metastasis 0.0019
Negative 68 47 (69.12%) 21 (30.88%)
Positive 22 7 (31.82%) 15 (68.18%)

The bold fonts represent the significant values.

reader (SpectraMax i3x, Molecular Devices, Sunnyvale, CA).
Intracellular GSH levels were quantified by interpolation on
standard curves and relative GSH levels were calculated by
normalization to the values obtained from A2780 cells.

Immunofluorescence Staining

Cells were plated in 20-mm culture plates, pretreated with
the indicated concentrations of cisplatin for 24h to observe
y-H2AX foci formation, washed with PBS three times, fixed
with 4% paraformaldehyde for 15min, and permeabilized in
0.1% Triton X-100 for 5min. After blocking with 5% bovine
serum albumin for 1h at room temperature, the cells were
incubated with primary antibodies against y-H2AX (dilution
1:200), SIRT5 (dilution 1:200), or Nrf2 (dilution 1:200) overnight
at 4°C. Then, TRITC-conjugated secondary antibody (dilution
1:1,000) was incubated with the cells for 2 h in the dark at room
temperature, and the cells were stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 5min to visualize their nuclei. Images
were captured using a fluorescence microscope or an Olympus
FV1000 confocal laser-scanning microscope (Olympus, Tokyo,
Japan). For quantification of y-H2AX foci, 5 random fields of
cells from each slide were quantified by Image] software and foci
containing >5 cells were considered positive.

Western Blotting and Isolation of Cytosolic
and Nuclear Cell Fractions

Total protein was isolated from SIRT5 overexpressing or
knockdown ovarian cancer cells and their corresponding
controls, with or without cisplatin treatment. The cells were
washed with ice-cold PBS three times and lysed in lysis
buffer supplemented with a cocktail of proteinase inhibitors
(MCE). Equal amounts of protein (60 pg) from cell extracts
were separated by 10% SDS-PAGE and transferred to 0.45-
or 0.22-pm (the latter for y-H2AX) polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Following

blocking with 5% fat-free milk for 2h at room temperature,
the membranes were incubated with primary antibodies (anti-
SIRTS5, anti-actin, anti-Nrf2, anti-HO-1, anti-MnSOD/SOD?2,
anti-BRCA1, anti-histone H3, or anti-y-H2AX; dilution, 1:1,000)
in blocking buffer overnight at 4°C. Then, the membranes were
washed three times in Tris-buffered saline with Tween 20 and
incubated with secondary antibodies at a dilution of 1:2,500 for
2h at 37°C. Immunoreactivity was detected using ECL (Thermo
Fisher Scientific, Waltham, MA, USA) with a Biolmaging System
(UVP Inc., Upland, CA, USA). Image] software was used to
evaluate the gray value of each band.

For cytosolic and nuclear isolation, a Nuclear and Cytoplasmic
Protein Extraction kit (Beyotime) was used, following the
manufacturer’s instructions. Briefly, the collected cells were
suspended in ice-cold hypotonic buffer and incubated on ice for
20 min. The extracts were then centrifuged at 12,000 g for 5 min,
and the supernatants were collected as cytosolic fractions. The
pellets were washed with ice-cold PBS and resuspended in lysis
buffer, followed by vortexing at the highest speed. These extracts
were centrifuged at 12,000 g for 10 min, and the supernatants
were collected as nuclear fractions.

Gene Expression Profiling Interactive
Analysis (GEPIA) Database and Statistical

Analysis

The GEPIA database (http://gepia.cancer-pku.cn/), a newly
developed web-based tool, provides tumor vs. normal differential
expression analysis, correlation analysis based on the Cancer
Genome Atlas, and genotype-tissue expression data. It was
used to analyze the expression of SIRT5, Nrf2, and HO-1 in
ovarian cancer and normal tissues and the correlation between
SIRT5 and Nrf2, MnSOD, and BRCA1. All experiments were
repeated at least three times and the data were expressed as the
means =+ standard deviations. Statistical analysis was performed

Frontiers in Oncology | www.frontiersin.org

12

August 2019 | Volume 9 | Article 754


http://gepia.cancer-pku.cn/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Sun et al.

SIRT5 Promotes Cisplatin Resistance

FIGURE 2 | SIRT5 expression is involved in cisplatin-resistant of ovarian cancer cells. (A) SIRT5 expression in three ovarian cancer cell lines analyzed by
immunofluorescence staining using TRITC-labeled antibodies; nuclei were stained with DAPI. (B) Differences in cisplatin sensitivity of three ovarian cancer cell lines
assessed by CCK-8 assay. (C) Calculated IC50 values after cells were exposed to the indicated dose of cisplatin for 48 h. (D) SIRT5 protein levels in three ovarian
cancer cell lines assessed by western blot and (E) relative protein expression was quantified by relative gray value of bands with Imaged software. (F,G) SIRT5 protein
levels were upregulated during exposed to indicated dose of cisplatin in three ovarian cancer cell lines for 48 h. DDP, cisplatin. Data are presented as the mean + SD
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FIGURE 3 | treated with indicated dose of cisplatin, the relative cell numbers were evaluated with CCK-8 assay at the indicated time points. (D) A significant increase
in colony number was observed in A2780 cells with SIRT5 overexpression and an opposite trend was observed in SKOV-3 and CAOV-3 cells with knockdown of
SIRTS. (E) Colony numbers were counted under microscope and the colony formation efficiency was calculated. (F) IC50 of cisplatin was increased in A2780 cells
with SIRT5 overexpression and decreased in SKOV-3 and CAOV-3 cells with knockdown of SIRT5. (G) The transfected cells were treated with IC50 dose of cisplatin
for consecutive 5 days respectively. Cell viability was assessed by CCK-8 assay. Data are presented as the mean + SD of three independent experiments. EV, empty
vector. NC, negative control. DDP, cisplatin. “P < 0.05, **P < 0.01, compared with the EV or NC cells.

with GraphPad Prism 7.0 software. Statistical significance was
determined based on a Student’s ¢-test or one-way ANOVA. The
¥? test was used to determine the correlation between SIRT5
expression and clinicopathologic characteristics. P < 0.05 was
considered to denote a statistically significant difference.

RESULTS

SIRT5 Expression Is Increased in Ovarian
Cancer Tissues and High SIRT5 Levels

Predict Poor Chemotherapy Response

First, the GEPIA database was used to compare the mRNA
expression of seven Sirtuin members between ovarian cancer
and normal tissues. Only the mRNA level of SIRT5 was higher,
while that of other isoforms was lower, in tumors than it was
in normal tissues (Figure1A). Then, immunohistochemistry
was performed to verify this result. SIRT5 was more highly
expressed in ovarian cancer tissues than in normal tissues
and was mainly localized to the cytoplasm (Figures 1B,C).
In addition, as shown in Table 1, higher SIRT5 levels were
positively correlated with advanced International Federation
of Gynecology and Obstetrics (FIGO) stage (P < 0.0001)
and lymph node metastasis (P = 0.0019), but negatively
correlated with a low grade of differentiation (P = 0.0179).
The prognostic value of SIRT5 was then determined by
Kaplan-Meier analysis using the KM plotter online software
(http://kmplot.com/analysis/) based on 614 ovarian cancer
patients who received chemotherapy. To investigate whether
SIRT5 is relevant to chemoresistance, progression-free
survival (PFS) was chosen as the primary endpoint, and
patients with high SIRT5 expression exhibited significantly
shorter PFS than those with low expression (P 0.0018;
Figure 1D). In summary, SIRT5 expression is increased in
ovarian cancer tissues and high SIRT5 levels predict poor
chemotherapy response.

SIRT5 Expression Is Increased in
Cisplatin-Resistant Ovarian Cancer Cells
and Cisplatin Upregulates SIRT5 Levels

Based on the aforementioned results, the expression
pattern of SIRTS in ovarian cancer cells was assessed. First,
immunofluorescence staining indicated that this marker
was localized mainly to the cytoplasm of A2780, SKOV-
3, and CAOV-3 cells (Figure2A), in agreement with the
immunohistochemistry staining of tissues. Western blotting of
cytosolic and nuclear fractions verified this result (Figure S1A).
Then, the sensitivities to cisplatin among the three ovarian
cancer cell lines were compared. The cells were treated

with different concentrations of cisplatin (0-80 pg/ml)
for 24h and different degrees of sensitivity to cisplatin
were noted. SKOV-3 (ICsg 39.743 £ 4.756 pg/ml) and
CAOV-3 (ICsg 80.813 =+ 7.058 wg/ml) cell lines were
less sensitive to cisplatin than A2780 cells (ICs 9.362
+ 0.489 pg/ml; Figures 2B,C). These results are consistent
with previous descriptions of these three ovarian cancer cell
lines (23-25).

SIRT5 expression was higher in SKOV-3 and CAOV-3
cisplatin-resistant cells than in A2780 cisplatin-sensitive cells
(Figures 2D,E). Then, whether cisplatin could affect the protein
levels of SIRT5 was investigated. The three ovarian cancer cell
lines were incubated without cisplatin, with 50% of the IC5( dose,
and with the ICsy dose of cisplatin for 24 h. SIRT5 expression
was significantly upregulated in the cisplatin-treated cells in
a concentration-dependent manner compared to control cells
(Figures 2F,G). Taken together, these results reveal a causal
relationship between SIRT5 expression and cisplatin resistance in
ovarian cancer cells.

SIRT5 Promotes Cell Proliferation and
Cisplatin Resistance in Ovarian Cancer
Cells

As SIRT5 was hypothesized to play a role in ovarian cancer
development and chemoresistance, its effect on the biological
behaviors of the three cell lines was investigated. Based on its
basal protein levels, SIRT5 was either overexpressed or silenced.
A2780 cells were transfected with a SIRT5 overexpression
plasmid or empty vector, while knockdown of SIRT5 in SKOV-3
and CAOV-3 cells was achieved by transfecting them with SIRT5-
siRNA or negative control siRNA (Figures 3A,B). The results
indicated that SIRT5 overexpression could significantly promote
A2780 cell proliferation and colony formation, while the opposite
effect was observed in SKOV-3 and CAOV-3 cells upon SIRT5
knockdown (Figures 3C-E).

Next, cell viability assays were performed to investigate
the relationship between SIRT5 and cisplatin resistance. The
transfected cell lines were treated with increasing concentrations
of cisplatin for 24h to observe the effect on cisplatin ICsg
values. Moreover, these transfected cells were treated with their
respective ICsy dose of cisplatin for 5 consecutive days. The
results showed that the ICsg values and cell viability were elevated
after overexpression of SIRT5 in A2780 cells, whereas both
values were decreased upon SIRT5 downregulation in SKOV-3
and CAOV-3 cells (Figures 3EG). These findings suggest that
SIRT5 promotes proliferation and cisplatin resistance in ovarian
cancer cells.
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FIGURE 4 | observed by immunofluorescence staining. The mock cells were untreated and the transfected cells were treated with IC50 dose of cisplatin for 24 h
respectively. (F) The quantification results of y-H2AX foci in three ovarian cancer cells. Data are presented as the mean + SD of three independent experiments. EV,
empty vector. NC, negative control. DDP, cisplatin. Scale bar = 10 um, *P < 0.05, **P < 0.01.

SIRT5 Suppresses Cisplatin-Induced DNA

Damage

As mentioned above, SIRT5 was found to promote resistance
to cisplatin in ovarian cancer cells, raising the question of how
SIRT5 participates in the induction of chemoresistance. First,
we confirmed that cisplatin can lead to the accumulation of
y-H2AX protein, which is a marker of DNA double-strand
breaks, in a concentration-dependent manner (Figures 4A,B).
Moreover, cisplatin-induced DNA damage could be suppressed
by the overexpression of SIRT5 in A2780 cells, whereas y-
H2AX protein levels were increased upon SIRT5 downregulation
in SKOV-3 and CAOV-3 cells (Figures4C,D). In addition,
immunofluorescence validated that SIRT5 overexpression could
inhibit the formation of y-H2AX foci, whereas this suppressive
effect was abrogated upon SIRT5 knockdown (Figures 4E,F).
Therefore, SIRT5 was shown to promote cisplatin resistance in
ovarian cancer cells by inhibiting DNA damage.

SIRT5 Eliminates Cisplatin-Induced ROS to

Reduce DNA Damage

Next, the mechanism by which SIRT5 suppresses cisplatin-
induced DNA damage was investigated. As SIRT5 has been
reported to regulate ROS (26) and excessive ROS induced by
cisplatin can lead to DNA damage (27-29), we hypothesized that
SIRTS suppresses cisplatin-induced DNA damage by eliminating
ROS. First, we confirmed that the levels of intracellular ROS
induced by cisplatin were increased in both a concentration-
and time-dependent manner. The levels of ROS peaked after
24h of exposure to cisplatin and decreased by 48h in all three
ovarian cancer cell lines (Figures 5A,B). Therefore, we observed
ROS levels in these cell lines at 24 h after cisplatin treatment for
the subsequent experiments. Cisplatin-induced ROS levels were
significantly inhibited upon overexpression of SIRT5 in A2780
cells, whereas the levels were increased after SIRT5 was silenced
in SKOV-3 and CAOV-3 cells (Figures 5C,D). As expected,
the inhibition of cisplatin-induced DNA damage by SIRT5
was reversed by the administration of NAC, a ROS scavenger
(Figures 5E-G). These results indicate that SIRT5 suppresses
cisplatin-induced DNA damage in a ROS-dependent manner in
ovarian cancer cells.

In addition, using the GEPIA database, SIRT5 expression was
found to have a positive relationship with BRCAI expression,
which is a well-known DNA damage repair gene (P = 6.6e-7,
Figure S1B). In the present study, the levels of y-H2AX were
suppressed when BRCA1 was upregulated upon overexpression
of SIRT5, and they were increased after downregulation
of BRCA1 upon knockdown of SIRT5 (Figure 5H). These
results suggest that SIRT5 also suppresses y-H2AX expression
by positively regulating BRCA1 expression, but the specific
mechanism needs to be further explored.

SIRT5 Inhibits ROS by Positively
Regulating the Nrf2/HO-1 Pathway

As SIRTS is closely related to the mitochondria, the expression
of MnSOD/SOD2, which is a well-known antioxidant enzyme,
was measured initially. However, the level of this enzyme was
not significantly changed after upregulation or downregulation
of SIRTS5 and the expression of SOD2 mRNA had no significant
relationship with SIRT5 mRNA expression in ovarian cancer
based on the GEPIA database (Figures S1C,D). Next, whether
SIRT5 could inhibit ROS by regulating the Nrf2/HO-1 pathway,
which is also known to eliminate ROS (30), was investigated. The
mRNA expression levels of Nrf2 and HO-1 were lower in ovarian
cancer than in normal tissues based on the GEPIA database
(Figure 6A). Interestingly, the protein levels of Nrf2 and HO-
1 were higher in SKOV-3 and CAOV-3 cells than in A2780
cells (Figure 6B). Moreover, a significant, positive correlation
was identified between N7f2 and SIRT5 mRNA expression in
ovarian cancer based on the GEPIA database (P = 1.5e-10,
R = 0.3) (Figure 6C). Further, Nrf2 and HO-1 proteins were
upregulated upon SIRT5 overexpression in A2780 cells and were
downregulated upon SIRT5 silencing in SKOV-3 and CAOV-3
cells (Figure 6D). In addition, overexpression of SIRT5 facilitated
the nuclear translocation of Nrf2 by immunofluorescence
staining, which was corroborated by western blotting of cytosolic
and nuclear fractions (Figures 6E,F). These observations suggest
that SIRT5 can enhance the expression of Nrf2 and its target gene
HO-1 in ovarian cancer.

To provide further support, ML385, a specific inhibitor of
Nrf2, was utilized to treat A2780 cells for 24 or 48 h. As shown
in Figure 6G, Nrf2 was significantly suppressed at 48h. ROS
levels in A2780 cells overexpressing SIRT5 were then measured
after pretreating the cells with or without ML385 for 48 h and
cisplatin for 24h. The results show that the inhibition of ROS
by SIRT5 was reversed upon ML385 treatment (Figures 6H,I).
Taken together, SIRT5 can inhibit ROS by positively regulating
the Nrf2/HO-1 pathway.

DISCUSSION

In this study, among the Sirtuin family, SIRT5 was highly
expressed in ovarian cancer compared to its expression in
normal tissues, based on the GEPIA database and this result
was verified by immunohistochemistry. In addition, high levels
of SIRT5 predicted shorter PFS and were positively associated
with clinicopathologic characteristics of ovarian cancer, such
as advanced FIGO stage and lymph node metastasis, but
were negatively correlated with differentiation. These results
reveal a potential prognostic role for SIRTS5 in ovarian cancer
patients. Consistent with our results, SIRT5 was shown to be
overexpressed in human NSCLC (13), triple-negative breast
cancer, breast cancer with BRCA1 mutation subtypes (17), CRC
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FIGURE 5 | SIRT5 eliminates cisplatin induced ROS to reduce DNA damage. (A) Cisplatin induced ROS generation in concentration and (B) time dependent manner
in three ovarian cancer cells. The cells were treated with indicated dose of cisplatin and collected at indicated time points. The ROS levels were measured by flow
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FIGURE 5 | cytometry and O h served as a control group. (C) Overexpression of SIRT5 inhibited ROS production and knockdown of SIRT5 attenuated the inhibition
effect. (D) Representative flow cytometry results analyzed by FlowdJo software. (E,F) NAC, a ROS scavenger, reversed the inhibition of cisplatin induced DNA damage
in A2780 cells with overexpression SIRT5 by assessing y-H2AX foci formation and (G) y-H2AX protein levels. Cells were pretreated with 5mM NAC for 2 h to inhibit
ROS generation and then exposure to cisplatin for 24 h. (H) The levels of y-H2AX was suppressed when BRCA1 was upregulated upon overexpression of SIRT5, and
increased after downregulated of BRCA1 upon knockdown of SIRT5. Data are presented as the mean + SD of three independent experiments. EV, empty vector; NC,
negative control; DDP, cisplatin; NS, not significant. Scale bar = 10 um, *P < 0.05, **P <0.01, **P <0.001.

(15), and HCC (14). Further statistical analysis showed that
higher SIRT5 was significantly associated with malignant tumor
characteristics such as larger tumor size, lymph node metastasis,
advanced TNM stage, and poor survival. Besides, a shorter
time to post-therapeutic recurrence in wild-type Kras CRC
patients was found to correlate with high expression of SIRT5
(21). However, upregulated SIRT5 in liver cancer tissues was
found to be associated with favorable prognosis (19). Regarding
mRNA or protein levels of SIRT5, Janus-faced expression has
been identified. For example, SIRT5 was overexpressed in the
aforementioned tumors and B cell malignancies (16), but was
decreased in endometrial carcinoma (20) and head and neck
squamous cell carcinoma (18).To summarize, SIRT5 might
act as either a tumor promoter or suppressor, in a context-
specific manner.

Although SIRT5 is predominantly a mitochondrial matrix
protein, possessing a well-defined mitochondrial localization
sequence (31), it was localized to both the cytoplasm and nucleus
in three ovarian cancer cell lines, but the majority of SIRT5
was found in the cytoplasm in our study, which is consistent
with other reports (32-34). Interestingly, nuclear and cytosolic
SIRT5 in cerebellar granule neurons exerted a protective effect
for cells, whereas mitochondrial SIRT5 promoted neuronal death
(34). However, the mechanism by which SIRT5 localization
contributes to these effects remains unknown.

Additionally, we revealed that SIRT5 expression was higher
in SKOV-3 and CAOV-3 cells, which were shown to be resistant
to cisplatin in our study, than in A2780 cells, which were
confirmed to be sensitive to cisplatin (23-25). Moreover, SIRT5
expression was upregulated by cisplatin in a concentration-
dependent manner. Similarly, the significant enrichment of
endogenous SIRT5 protein after exposure to chemotherapeutic
agents or cetuximab was confirmed previously in two wild-
type Kras CRC cell lines (21). Consequently, we speculated
that SIRT5 is involved in the progression and chemoresistance
of ovarian cancer. As expected, the overexpression of SIRT5
significantly promoted cell proliferation and cisplatin resistance
in vitro, while an inhibitory effect was observed upon SIRT5
downregulation. In agreement with our results, SIRT5 was found
to drive HEK293 cancer cell proliferation via desuccinylation
and activation of the serine hydroxymethyltransferase SHMT2
(35) and promote cell proliferation in HCC by targeting E2F
transcription factor 1 (14). In contrast, SIRT5 was found to
inhibit gastric cancer cell proliferation and tumor formation
by inhibiting aerobic glycolysis (36). Interestingly, SIRT5 is
not necessary for BrafV600E-mediated cutaneous melanoma
initiation and growth in vivo (37). With respect to its function
in chemoresistance, SIRT5 knockdown sensitizes NSCLC A549
cells to multiple chemotherapeutics including cisplatin (13).

Moreover, SIRT5 was determined to have a partial inhibitory
effect on the tumor suppressor SUN2, which was found to
increase the sensitivity of lung cancer to cisplatin by inducing
apoptosis (12). In wild-type Kras CRCs, SIRT5-positive cells were
also shown to be resistant to either chemotherapeutic agents,
such as 5-FU and oxaliplatin, or cetuximab (21). In contrast,
an analysis of data from the GEO DataSet revealed high levels
of SIRT5 in triple-negative breast cancer patients who showed
complete response to neoadjuvant chemotherapy. Analysis of
the ONCOMINE database also suggested that SIRT5 expression
levels were higher in chemotherapy responders than in non-
responders (17). In conclusion, further study is needed to explore
the role of SIRT5 in tumorigenesis and chemoresistance.
Cisplatin, one of the most widely applied chemotherapeutic
agents for multiple solid tumors including ovarian cancer,
was initially described as a DNA intrastrand cross-linker that
interacts with DNA to form DNA adducts, resulting in the
activation of several signal transduction pathways including
those involved in DNA damage repair and apoptosis (38).
Recent reports have suggested that a novel cytotoxic effect
for most genotoxic drugs including cisplatin is to promote
ROS-dependent apoptosis (39, 40) or DNA damage (27-29).
Therefore, the activation of a ROS-scavenging mechanism in
cancer cells confers resistance to chemotherapy (21). In this
study, we found that SIRT5 potently inhibits cisplatin-induced
DNA damage, as indicated by y-H2AX protein levels in western
blotting and foci formation in immunofluorescence staining.
Similarly, after SIRT5 knockdown, the levels of y-H2AX were
previously shown to be significantly upregulated in both CRCs
and HCC (15, 19). Then, we confirmed that cisplatin can
induce ROS production in a concentration- and time-dependent
manner, and that ROS levels peaked after exposure to an ICs
treatment of cisplatin for 24 h. ROS levels induced by cisplatin
were significantly reduced upon SIRT5 overexpression but were
increased after SIRT5 knockdown. Furthermore, the inhibitory
effect of SIRT5 on DNA damage was attenuated when NAC, a
ROS scavenger, was applied. These results verified our hypothesis
that SIRT5 promotes cisplatin resistance in ovarian cancer by
suppressing cisplatin-induced DNA damage in a ROS-dependent
manner. In agreement with our results, SIRT5 was found to
demalonylate and inactivate succinate dehydrogenase complex
subunit A (SDHA) in CRCs, resulting in activation of the
ROS-scavenging enzyme, thioredoxin reductase 2 (TrxR2) and
finally leading to chemotherapy resistance (21). Likewise, other
mechanisms underlying SIRT5-mediated ROS detoxification
have been reported. For instance, SIRT5 was identified as
a safeguard against oxidative stress-induced apoptosis in
cardiomyocytes and neuroblastoma cells (6, 7). In NSCLC,
SIRT5 was found to desuccinylate and activate Cu/Zn superoxide
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FIGURE 6 | SIRT5 inhibits ROS via positively regulating Nrf2/HO-1 pathway. (A) The mRNA expression of Nrf2 and HO-1 in ovarian cancer and normal tissues
(GEPIA). (B) Nrf2 and HO-1 protein levels were higher in SKOV-3 and CAOV-3 than A2780 cells assessed by western blot and the relative gray values were shown in
histogram. (C) The correlation between Nrf2 and SIRT5 in ovarian cancer based on GEPIA database by Pearson correlation coefficient. (D) Overexpression of SIRTS
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FIGURE 6 | upregulated Nrf2 and HO-1 protein levels and knockdown of SIRT5 reduced their expression assessed by western blot and the relative gray values were
shown in histogram. (E,F) Overexpression of SIRT5 facilitated the nuclear translocation of Nrf2 by immunofluorescence staining and western blot after nuclear and
cytoplasm isolation. (G) ML385, a specific inhibitor of Nrf2, was added into A2780 cells with terminal concentration of 5 WM for 24 or 48 h and the inhibition efficiency
was measured by western blot. (H) The inhibition effect of ROS by overexpression SIRT5 in A2780 cells was reversed when ML385 was applied. (I) Representative
flow cytometry results analyzed by FlowJo software. Data are presented as the mean + SD of three independent experiments. EV, empty vector; NC, negative control;
DDP, cisplatin; TPM, transcripts per million. Scale bar = 20 um, *P < 0.05, **P<0.01, **P<0.001, compared with A2780, the EV or NC cells.
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dismutase (SODI1) to eliminate ROS when the proteins were
co-expressed (41). Moreover, the desuccinylation of isocitrate
dehydrogenase 2 (IDH2) or pyruvate kinase M2 (PKM2) and the
deglutarylation of glucose-6-phosphate dehydrogenase (G6PD)
by SIRT5 leads to the production of sufficient NADPH, a
major intracellular reductant, to attenuate cellular ROS levels
(42, 43). Interestingly, the expression of MnSOD/SOD2, a
known antioxidant enzyme, was not significantly changed
after upregulation or downregulation of SIRT5 in our study.
Collectively, these studies highlight the fact that SIRT5 promotes
ROS detoxification via the post-translational modification of
multiple, vital antioxidant enzymes.

Another mechanism of cisplatin resistance is the
enhancement of DNA damage repair. BRCAI, which is a
key gene in the DNA damage repair pathway, was identified as
having a positive correlation with SIRT5 expression in ovarian
cancer, based on the GEPIA database. Further, the levels of

y-H2AX were suppressed when BRCA1 was upregulated upon
overexpression of SIRT5, and they were increased when BRCA1
was downregulated upon knockdown of SIRT5. These results
suggested that SIRT5 also contributes to cisplatin resistance
by positively regulating BRCA1 expression, but the exact
mechanism needs to be explored further.

In addition to the abovementioned enzymes, transcription
factors that promote the expression of antioxidant defense genes,
such as forkhead box O3 (FOXO3), could be deacetylated
at critical lysine residues by SIRTS5, promoting their nuclear
localization and leading to decreased ROS levels (44). In our
study, another transcription factor, Nrf2, which promotes the
expression of antioxidant and detoxifying genes, and HO-1,
a key target gene of Nrf2, were overexpressed in cisplatin-
resistant SKOV-3 and CAOV-3 cells, in agreement with reports
of high levels of Nrf2 and HO-1 in drug-resistant tumor
cells (45-47). Interestingly, the mRNA expressions of Nrf2 and
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HO-1 were lower in ovarian cancer than in normal tissues
based on the GEPIA database, in contrast to reports of their
upregulated protein levels in tumors such as ovarian cancer
(48, 49). Moreover, in our study, the Nrf2/HO-1 pathway was
found to be positively regulated by SIRT5 and overexpression
of SIRTS5 facilitated Nrf2 nuclear translocation, consistent with
a report that the mRNA levels of N2 and its downstream target
genes are reduced upon SIRT5 knockdown in NSCLC (13). In
addition, in the present study, the downregulation of ROS by
SIRT5 was reversed when a specific Nrf2 inhibitor, ML385, was
utilized. These results provide evidence that SIRT5 inhibits ROS
production via positive regulation of the Nrf2/HO-1 pathway.
GSH, a known ROS scavenger, was identified previously as
mediating resistance to cisplatin (50-53). It was reported that
Nrf2 is involved in the regulation of GSH abundance and that
Nrf2 activation can result in high GSH dependency of the affected
cells (54). Consistent with these reports, in our study, higher
levels of GSH were found in SKOV-3 and CAOV-3 cisplatin-
resistant cell lines relative to the levels in A2780 sensitive cells
(Figure S1E). To summarize, SIRT5 may also function as a ROS
inhibitor by activating Nrf2, leading to increased GSH levels, but
this hypothesis should be confirmed by future experiments.

The limitation of our study is that the exact mechanism by
which SIRT5 functions as a mitochondrial enzyme to regulate the
Nrf2/HO-1 pathway was not clarified. However, one possibility
is that SIRT5 inhibits autophagic flux via the deacetylation of
lactate dehydrogenase B (LDHB) (10), leading to an increase in
p62, which competes with Nrf2 for Kelch-like ECH-associated
protein 1 (KEAP1) binding (55). This results in Nrf2 dissociation
from KEAP1 and prolonged activation of Nrf2 (56, 57). Another
possibility is that SIRT5 competes with SIRT2 to interact with
Nrf2, which blocks the deacetylation of Nrf2 by SIRT2, leading
to an increase in nuclear Nrf2 levels (58, 59). In addition, it was
also reported that BRCA1 could interact with Nrf2 and promote
its stability and activation (60-62), we hypothesize that SIRT5
actives Nrf2 pathway by positively regulating BRCA1. However,
these hypotheses need to be tested further.

In conclusion, our study implies that SIRT5 expression is
increased in ovarian cancer tissues and its high level predicts a
poor chemotherapy response. We also reveal a potential function
for SIRT5 in ovarian cancer proliferation and chemoresistance.
Specifically, SIRTS5 contributes to cisplatin resistance by
suppressing cisplatin-induced DNA damage in a ROS-dependent
manner via the regulation of Nrf2/HO-1 signaling (Figure 7).
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Cancer cell plasticity plays critical roles in both tumorigenesis and tumor progression.
Metastasis-associated protein 3 (MTA3), a component of the nucleosome remodeling
and histone deacetylase (NURD) complex and multi-effect coregulator, can serve as a
tumor suppressor in many cancer types. However, the role of MTA3 in tongue squamous
cell cancer (TSCC) remains unclear although it is the most prevalent head and neck
cancer and often with poor prognosis. By analyzing both published datasets and clinical
specimens, we found that the level of MTA3 was lower in TSCC compared to normal
tongue tissues. Data from gene set enrichment analysis (GSEA) also indicated that MTA3
was inversely correlated with cancer stemness. In addition, the levels of MTA3 in both
samples from TSCC patients and TSCC cell lines were negatively correlated with SOX2,
a key regulator of the plasticity of cancer stem cells (CSCs). We also found that SOX2
played an indispensable role in MTA3-mediated CSC repression. Using the mouse model
mimicking human TSCC we demonstrated that the levels of MTA3 and SOX2 decreased
and increased, respectively, during the process of tumorigenesis and progression. Finally,
we showed that the patients in the MTA3°%/SOX2"9" group had the worst prognosis
suggesting that MTA3'°%/SOX2N9h can serve as an independent prognostic factor for
TSCC patients. Altogether, our data suggest that MTA3 is capable of repressing TSCC
CSC properties and tumor growth through downregulating SOX2 and MTA3'9W/SOx2high
might be a potential prognostic factor for TSCC patients.

Keywords: tongue squamous cell carcinoma, MTA3, SOX2, cancer stem cell, prognosis, proliferation, progression

INTRODUCTION

More than 500,000 new cases of oral and pharyngeal cancers are diagnosed yearly worldwide
(World Cancer report 2014, https://www.who.int/cancer/publications/WRC_2014/en/). Oral
cancer is malignant neoplasia which arises on the lip or oral cavity. Although progress has been
made in cancer treatments, the oral cancer survival rate has not been improved significantly
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for decades (1, 2). Since ~90% of these cancers are histologically
shown to be originated from squamous cells (3), this subtype of
cancers is traditionally defined as oral squamous cell carcinoma
(OSCC). OSCC may show different levels of differentiation and
has a propensity to coincide with lymph node metastasis (4).
Among OSCC, tongue squamous cell cancer (TSCC) has the
highest incidence and is usually associated with a poor survival
rate. Therefore, TSCC is one of the most lethal types of cancers
in the head and neck region (5). Thus, a better understanding of
the underlying mechanisms in TSCC development will provide
not only a more reliable biomarkers for diagnosis and prognosis
but also potential therapeutic targets for the treatment of
this cancer.

Cellular plasticity plays critical roles in tumor initiation,
progression, and metastasis. It is now well-established that
stem cell-like cancer cells or cancer stem cells (CSCs) are
responsible for both cell plasticity and treatment (6-10). CSCs
are a small subset of cancer cells and multiple lines of evidence
indicate that CSCs are responsible for tumor initiation, indefinite,
and progression (7, 11, 12). Accumulating data also indicate
that plasticity of CSCs closely correlates with recurrences and
metastasis (13-16) with poor prognosis in a wide variety of
cancers, including tongue cancer (17-20).

Metastasis-associated protein 3 (MTA3) is a multi-effect
coregulatory factor and plays indispensable roles in cell
proliferation, tumorigenesis, and metastasis (21-26). Compelling
evidence suggests that MTA3 is a tumor suppressor in many
cancer types (26-28) by serving as an integral subunit of
the nucleosome remodeling and histone deacetylase (NuRD)
complex (21, 25, 27). As a transcriptional corepressor (29),
MTA3 either directly or indirectly regulates the expression
and activity of EMT-associated genes such as Snail and E-
cadherin (25, 27). Dysregulation of MTA3 has been observed
in many different human tumors (26-28). Reduced levels of
MTA3 lead to the upregulation of Snail and subsequently
enhance the process of epithelial-mesenchymal transition
(EMT) (25, 27, 30). Consistently, the dysfunctional MTA3
reduces cell-cell adhesion and promotes cancer invasion
and metastasis (23, 26). Moreover, reduced expression of
MTA3 in tumor specimens has been associated with poor
survival and therefore the expression of MTA3 has been
suggested as an independent predictor of patient prognosis
in uterine non-endometrioid carcinomas, gastroesophageal
junction adenocarcinoma, glioma, and colorectal cancer
(27, 28, 31, 32). However, the role of MTA3 and the
underlying mechanism of MTA3’s function in TSCC remain
largely unknown.

In this study, we found that reduced levels of MTA3
in the patient specimens correlated with poorer clinical
outcomes with concurrently increased cancer stemness. We
also showed that MTA3 was capable of repressing cancer
cell proliferation through inhibiting SOX2 expression. Using
a chemical-induced mouse model of TSCC, we demonstrated
that MTA3 and SOX2 decreased and increased, respectively,
during the process of carcinogenesis and progression. Finally,
our findings suggested that MTA3°¥/SOX2hig" could potentially
serve as an independent prognostic factor for TSCC patients.

MATERIALS AND METHODS

Patient Tissue Samples

A total of 119 patients with TSCC were recruited at the Affiliated
Tumor Hospital of Shantou University Medical College from
2009 to 2011 and their TSCC were clinically diagnosed and
histologically confirmed. The primary TSCC specimens and
their matched non-cancerous tissues were paraffin-embedded.
Samples from patients who underwent preoperative radiotherapy
or chemotherapy for TSCC were excluded. Clinical research
protocols of this study were reviewed and approved by the Ethics
Committee of Shantou University Medical College.

Immunohistochemistry (IHC)

Tissue sections (4pum) from the formalin-fixed paraffin-
embedded clinical specimens or 4NQO-induced tongue tumor
tissues were processed and immune-stained with antibodies
against MTA3 (Catalog No. A300-160A, Bethyl, 1: 600), SOX2
(Catalog No. 23064, Cell Signaling, 1: 200), each with at least
two cores of the primary tumor as well as two cores of normal
tongue tissue. Sections immune-labeled with rabbit IgG or
mouse IgG as the primary antibody were used as negative
controls, known MTA3 and SOX2 positive slides were used as a
positive control.

IHC Evaluation

The percentage of positively stained cells were scored using the
following scales: 0, no staining in any field; 1, < 10; 2, 11-50;
3, 51-75; 4, > 75%. The intensity of staining was scored using
the following scales: 14, weak staining; 24, moderate staining;
3+, strong staining. Percentage (P) and intensity (I) of nuclear,
cytoplasm or membrane expression were multiplied to generate
a numerical score (S=P e I).

The tissue sections were scored by two pathologists blind to
the clinical outcomes. Receiver operating characteristic (ROC)
curves were employed to define an optical cut-off score, which
was closest to the point with maximum sensitivity and specificity.
The cases with scores lower than or equal to the cut-off value were
designated as low expression group and those with higher scores
were categorized as high expression group.

Histological Analysis

For histological analysis, tissues were fixed in 4% neutral buffer
formalin, embedded in paraffin, sectioned (4 um) and stained
with hematoxylin and eosin.

Gene Set Enrichment Analyses

Microarray data (accession no. GSE78060) were obtained from
the Gene Expression Omnibus of NCBI (http://www.ncbinlm.
nih.gov/geo/) and subjected to Gene set enrichment analysis
(GSEA) using GSEA software (version 2.0.13) (http://www.
broadinstitute.org/gsea/index.jsp).

Immunofluorescence Staining

FFPE tissue sections were deparaffinized and dehydrated in
xylene and graded ethanol solutions in preparation for MTA3
and SOX2 double immunofluorescence (IF) staining. All slides
were subjected to heat-induced epitope retrieval in Citrate
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Buffer [pH = 6.0]. Endogenous tissue peroxidases were blocked
by incubating the slides in 3% hydrogen peroxide solution
and blocking buffer before incubation with MTA3 (Catalog
A300-160A, Bethyl, 1: 600), SOX2 (Catalog No. #23064, Cell
Signaling, 1: 200) as primary antibodies. And HRP-conjugated
streptavidin as the secondary antibody. The signal in IF labeled
slides were visualized with AlexaFluor 488 and AlexaFluor
594 Tyramide Super Boost kits (Invitrogen, Carlsbad, CA),
and nuclei were visualized with Prolong Diamond Antifade
Reagent with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen,
Carlsbad, CA). Primary and secondary antibodies were stripped
using Citrate Buffer [pH = 6.0] in the microwave. Known
MTA3 and SOX2 positive slides were used as a positive
control. Immunofluorescence staining was analyzed using the
PerkinElmer Vectra analysis platform to estimate the cell
numbers. The percentage of positive cells was estimated by
two pathologists.

Cell Culture

Human TSCC cell lines (SCC-25 and SCC-4) were obtained from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in Dulbecco’s Modified Eagle
Media (DMEM, Gibco/Invitrogen) supplemented with 10%
FBS (Gibco/Invitrogen) at 37°C in a humidified atmosphere
containing 5% CO,.

Virus Production and Transduction

The full-length ¢cDNA of MTA3 was PCR amplified from
SCC-25 cells and cloned into the pCDNA3.1-flag plasmid.
The shRNA targeting human MTA3 (target sequence:
GAGGATACCTTCTTCTACTCA) was cloned into pBabe/U6
plasmid. The SOX2 overexpression plasmid and SOX2 short
hairpin RNA (shSOX2) plasmid (shSOX2 target sequence:
GGTTGACACCGTTGGTAATTT) were obtained from
GeneCopoeia. Transfection of plasmid was performed using
Lipofectamine 3000 (Thermo Fisher Scientific, catalog no.
L3000015) according to the manufacturer’s instructions. Stable
cells were selected by culturing the cells in the medial with
puromycin for 2 weeks.

RNA Isolation and Quantitative Real-Time
PCR

Total RNA was extracted from cells using TRIzol (Invitrogen)
according to the manufacturer’s instruction and 2 pg RNA
was reversely transcribed using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA).
The cDNA was amplified and quantified in ABI-7500 system
(Applied Biosystems) using SYBR Green Master (Roche). The
cDNA was subjected to quantitative real-time PCR (qPCR)
with the following primers: MTA3 forward: 5-AAGCCTGGT
GCTGTGAAT-3" and reverse: 5'-AGGGTCCTCTGTAGTTGG-
3’; SOX2 forward: 5'-CATCACCCACAGCAAATGACA-3" and
reverse: 5'-GCTCCTACCGTACCACTAGAACTT-3'; GADPH
forward: 5-TCCTCCTGTTTCATCCAAGC-3' and reverse: 5'-
TAGTAGCCGGGCCCTACTTT-3'.

Western Blot Analysis

Whole-cell lysates were prepared by lysing the cells in lysis buffer.
Cell lysates with an equal amount of proteins were separated
on 10% SDS-PAGE and transferred to PVDF membranes.
The membranes were incubated with primary antibodies
(MTA3, Catalog No. A300-160A, Bethyl, 1: 2,000; SOX2,
Catalog No.23064, Cell Signaling, 1: 1,000; GAPDH, Catalog
No. ab8245, Abcam, 1:3,000) followed by HRP-conjugated
secondary antibodies as previously described (33). Blotted
proteins were visualized by incubating in SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) followed
by exposure to X-ray film (Eastman Kodak, Rochester, NY,
USA) (33).

ALDEFLUOR Assay

ALDEFLUOR assay kit (Stem Cell Technologies™, Vancouver,
BC, Canada) was used to determine ALDH1 activity according
to the manufacturer’s protocol. Cells were suspended in
ALDEFLUOR assay buffer containing 1 wM per 1 x 10° cells of
the ALDH substrate, boron-dipyrromethene-aminoacetaldehyde
(BAAA), and incubated for 50min at 37°C. Each sample
was treated with 50mM of an ALDH-specific inhibitor,
and diethylaminobenzaldehyde (DEAB) as a negative control.
Stained cells were analyzed by BD FACSAria™ II (BD
Biosciences, San Jose, CA, USA). To evaluate cell viability the
cells were stained with 1 mg/ml of propidium iodide prior
to analysis.

Proliferation and Survival Assays

Real-time cell analysis (RTCA) was performed to estimate
cell proliferation using the xCELLigence DP device (ACEA
Biosciences) as described in the supplier’s instructions. In brief,
3,000 cells were seeded in E-plates, and the plates were locked
into the RTCA DP device supplied with humidified air with
5% CO, at 37°C. The proliferative ability was monitored
by the xCELLigence RTCA Analyzer (Roche Applied Science,
Mannheim, Germany) (34, 35).

Animals and Carcinogen Treatment

Male and female wild-type C57BL/six mice were supplied by
Beijing Vital Laboratory Animal Technology (Beijing, China).
To induce tumorigenesis in the tongue, 4NQO (Sigma-Aldrich,
St. Louise, MO) was added to the drinking water (100 mg/mL)
for the 6-week-old young adult mice for 16 weeks. The mice
were sacrificed when the bodyweight loss >1/3, otherwise
they were sacrificed at the indicated time. After sacrifice, the
tongue surface was photographed. The tissues were resected
for histopathological examination and immunohistochemistry
(IHC) analyses. Animals were housed in pathogen-free
conditions at the Animal Center of Shantou University Medical
College in compliance with Institutional Animal Care and Use
Committee (IACUC) regulations (SUMC2014-148). All animal
experiments were performed according to protocols approved
by the Animal Care and Use Committee of the Medical College
of Shantou University.
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Gaussia Luciferase Assay

The pEZX-PG04 plasmid carrying double-expression cassette
for Gaussia luciferase under the control of the SOX2 promoter
(4270 to —1038), and secreted Alkaline Phosphatase (SeAP)
under the control of the CMV promoter was obtained from
GeneCopoeia (Catalog No. HPRM15202). Cells were seeded in
24-well plates, and transiently transfected with the above plasmid
using Lipofectamine 3000 (Thermo Fisher Scientific, catalog no.
L3000015) according to the manufacturer’s instructions. After
72 h of transfection, the culture medium was collected for analysis
of Gaussia luciferase and secreted Alkaline Phosphatase (SeAP)
activities using a Secrete-PairTM Dual Luminescence Assay Kit
(GeneCopoeia, SPDA-D010) according to the manufacturer’s
instructions. Gaussia luciferase activity was normalized on the
basis of seAP activity.

Statistical Analyses

All statistical analyses except for microarray data were carried
out using the statistical software package SPSS 17.0 (SPSS,
Inc., Chicago, IL, USA). The comparisons between two groups
were performed with Student’s ¢-test. The correlation between
MTA3 expression and clinicopathological data of patients was
analyzed with Pearson x2 test. Survival curves were plotted
with the Kaplan-Meier method and compared by log-rank test.
Survival data were evaluated by univariate and multivariate

Cox regression analyses. The correlations of the histoscore
between MTA3 and SOX2 was determined by Spearman’s rank
test. Two-way ANOVA followed by a Tukey-Kramer post hoc
test was performed to compare the difference of proliferation
affected by MTA3 and SOX2 among four groups. All data were
presented as the mean £ SEM. The P < 0.05 was considered
statistically significant.

RESULTS
MTAS Is Reduced in Human TSCC

To estimate the expression MTA3, we first assessed the mRNA
levels of MTA3 in OSCC from GEO database (https://www.
ncbi.nlm.nih.gov/geo/) GSE30784 (36) and GSE25099 (37). We
found that the MTA3 mRNA levels were significantly lower in
OSCC when compared with the normal controls (P < 0.001 and
0.01, respectively; Figure 1A and Supplementary Figure 1A).
Since TSCC is the highest incidence of all oral squamous
cell cancers (5), we focused on the role of MTA3 in TSCC.
Data from both datasets GSE78060 (38) and GSE34105 (39)
revealed higher MTA3 mRNA levels in normal tongue tissues
than in TSCC tissues (P 0.014 and 0.003, respectively;
Figure 1B and Supplementary Figure 1B). Next, we examined
the MTA3 expression at protein levels in TSCC of 119 patient
specimens using immunohistochemistry (IHC). Representative

***P < 0.001 using student’s t-test.
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photomicrographs for MTA3 ITHC scores of level 0, 4, 6, 9, and 12
are shown in Figure 1C (left panel). TSCC showed significantly
(P < 0.001, n = 119) lower levels of MTA3 protein in the
primary tumors compared to the corresponding normal tissue
(Figure 1C, Right panel). These findings demonstrate that MTA3
is downregulated in TSCC tissues compared to normal controls.

Downregulation of MTA3 Correlates With

Clinical Outcomes in TSCC Patients

We next assessed the prognostic impact of MTA3 on the
outcome of TSCC patients. An optimal cutoff value was
identified using Receiver operator characteristic (ROC) analysis
which categorized 51.3% (61/119) of the patient cohort into
a high MTA3 group and the remainder into a low MTA3
group (Figure 2A). Then Kaplan-Meier survival analyses were
performed and showed that patients with low MTA3 were
associated with shorter overall survival than those with high
MTAS3 (P = 0.002, Figure 2B).

Univariate analyses found that MTA3 expression, pTNM
stage, pN status, and tumor depth were significantly related to
TSCC patient outcome (Table 1). However, after multivariate
Cox regression analysis only MTA3 expression (HR 0.420; 95%
CI 0.218-0.810; P = 0.010) and pTNM stage (HR 3.029; 95%
CI 1.075-8.538; P = 0.036) were independently significant with
overall survival (Table 1). These results reveal that reduced
expression of MTA3 may be an independent prognostic factor for
the overall survival of patients with TSCC.

MTAS Inhibits Key TSCC Plasticity
Regulator SOX2

The plasticity of CSC plays an important role in oncogenesis
and progression (7, 11, 12, 40). Therefore, we next explored
the relationship between MTA3 level and cancer cell stemness
using gene set enrichment analysis (GSEA) of published human
TSCC expression profiles (GSE78060) and found that a cancer
stemness related gene signature (BOQUEST_STEM_CELL_UP)

was significantly enriched in TSCC with low MTA3 expression
(P < 0.001, Figure 3A). Interestingly, SOX2, a key regulator in
the plasticity of cancer stemness, was also closely associated with
poor prognosis in TSCC patients (20). To study the relation
between MTA3 and SOX2, we measured the (co-)expression

TABLE 1 | Univariate and multivariate Cox proportional hazards analyses of
survival in TSCC patients.

Variables Univariate P-value Multivariate P-value
analysis analysis
HR (95% CI) HR (95% CI)
Age (years)
> 60 vs. <60 1.106 0.734 1.171 0.616
(0.620-1.973) (0.633-2.167)
Gender
Male vs. 1.620 0.102 1.630 0.119
Female (0.909-2.886) (0.882-3.010)
Differentiation
Poor vs. 1.418 0.348 1.159 0.709
Well/Moderate  (0.684-2.936) (0.533-2.518)
pPTNM stage
-V vs. I 4.428 0.000 3.029 0.036
(2.284-8.583) (1.075-8.538)
MTA3 expression
High vs. Low 0.401 0.003 0.420 0.010
(0.221-0.727) (0.218-0.810)
pN status
N1-N3 vs. NO 2.991 0.000 1.340 0.484
(1.672-5.349) (0.590-3.047)
Tumor depth
T1/T2 vs. 2.472 0.003 1.064 0.865
T3/T4 (1.373-4.449) (0.518-2.187)

HR, hazard ratio; Cl, confidence interval.
High in this analysis is based on an MTAS3 level > 5.5;
classified as low.
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of MTA3 and SOX2 in adjacent non-tumor tissues (ANT) transfected with pcMTA3 (P < 0.001), while it was significantly
and TSCC tissues from the 119 patients. Indeed, a highly  decreased in cells transfected with shMTA3 (P < 0.001)
significant inverse correlation between the MTA3 and SOX2  (Figures 3E,F). Knockdown MTA3 dramatically increased,
levels (r2 = 0.534, P < 0.001 and r*> = 0.624, P < 0.001,  whereas overexpression of MTA3 decreased, the expression levels
respectively; Figures 3B,C) was observed. Moreover, a low  of SOX2 (Figures 3E,F), suggesting that the MTA3 inhibits SOX2
level of SOX2 was accompanied by high expression of MTA3,  expression in TSCC cells.

and vice versa, as indicated by double immunofluorescent

staining (Figure 3D). In addition, two TSCC cell lines, SSC- MTAS Suppresses TSCC Cell Stemness

25 and SSC-4, were transfected with shMTA3 or the plasmid  and Proliferation Via SOX2

overexpressing MTA3, respectively. The mRNA and protein  To determine whether SOX2 plays a key role in MTA3-
levels of MTA3 were then assessed by qRT-PCR and western  mediated plasticity of CSC and cell growth, we first established
blot analysis, respectively. When compared to the controls, TSCC cells with knockdown of MTA3 or SOX2 alone or
the expression level of MTA3 was obviously enhanced in cells  in combination using specific shRNA (Figure 4A) or stably
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FIGURE 4 | MTAS reduces CSC properties and cell proliferation via SOX2 in TSCC cells. (A,B) Western blot and gRT-PCR in TSCC cells transfected with a
combination of shMTA3 and shSOX2 (A) or MTA3 and SOX2 expressing plasmid (B). (C,D) Flow cytometry analysis of the ALDH1*+ population. Histograms showing
the proportion of ALDH1T cells. (E,F) Cells were monitored by RTCA for 24 h. Data were shown as the means of three independent experiments or representative
data. Error bars indicate SEM. n.s., not statistically significant; *P < 0.01, ***P < 0.001 by two-way ANOVA followed by a Tukey-Kramer post hoc test.

overexpressing MTA3 or SOX2 alone or in combination  crucial role in MTA3-repressed CSC properties (Figure 4C).
(Figure 4B). As expected, knockdown MTA3 significantly  Next, the effects of overexpressed MTA3 individually or in
promoted the percentage of cells expressing ALDHI1, a major ~ combination with SOX2 were examined. Figure4D showed
CSC marker (Figure 4C). MTA3-depletion-mediated increase  that overexpression of MTA3 and SOX2 reduced and increased
of the number of ALDHI-positive cells were significantly  the number of ALDHI-positive cells, respectively. However,
reduced when SOX2 is removed suggesting SOX2 plays a  overexpressed SOX2 counteracted MTA3-repressed the number

Frontiers in Oncology | www.frontiersin.org 31 August 2019 | Volume 9 | Article 816


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Yao et al.

MTA3-SOX2 Module in Cancer

of ALDHI-positive cells (Figure 4D). In addition, real-time
proliferation assays were conducted to assess changes in cell
dynamics. Silencing SOX2 inhibited MTA3-depletion-induced
cell proliferation (Figure 4E) and forced SOX2 expression was
capable of counteracting MTA3-repressed cell proliferation
(Figure 4F). These data altogether demonstrate that in TSCC
cells MTA3 represses CSC property and proliferation by
targeting SOX2.

Dysregulated MTA3/SOX2 Axis Is

Associated With Tumor Progression
The results above indicate a role of MTA3/SOX2 in TSCC
progression. Therefore, we next investigated the role of

MTA3/SOX2 in a mouse model of tongue tumorigenesis induced
by 4 nitroquinoline 1-oxide (4NQO). Exposure to 4NQO caused
a temporal progression from hyperplasia to invasive carcinoma
in the murine tongue, resembling human tongue carcinogenesis
and development (41, 42). Mice were exposed to 4NQO in
daily drinking water for 16 weeks followed by 4NQO-free
drinking water for 12 additional weeks (Figure5A), which
resulted in tongue carcinogenesis and progression (Figure 5B)
similar to what has been published previously (41, 42). Next,
we studied the expression of MTA3/SOX2 in normal tongue
tissue samples, hyperplasia, carcinoma in situ, early invasive
carcinoma and invasive carcinoma by immunohistochemistry.
As shown in Figure 5C, the expression of MTA3 gradually

A 4NQO in drinking water
‘ ' Normal water
P OWeek P 6Week ——)
T T T >
Week 0 Week 16 Week 28
B Week 0 Week 6 Week 13 Week 26

FIGURE 5 | MTA3-SOX2 axis changes dynamically in a mouse model mimicking human TSCC. (A) Schematic representation of 4NQO tumorigenesis protocol in

Early invasive

carcinoma Invasive carcinoma

wild-type C57BL/6 mice. (B) Representative macroscopic view of the normal tongue and tumor development. The red arrow indicates invasive carcinoma, the blue
arrow indicates papilloma. (C) Representative H&E and IHC stain for mice tongue preneoplastic and neoplastic tissues. (D) Representative double immunofluorescent
staining image against MTA3 and SOX2 of mice tongue neoplastic tissues. DAPI = blue, MTA3 = green, SOX2 = red.
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decreased during the process of carcinogenesis and progression,
in contrast to SOX2. This is indicative of an inverse relation
between MTA3 and SOX2 associated with cancer occurrence
and development, which was confirmed in mouse TSCC by
double immunofluorescent staining (Figure 5D). Thus, the levels
of MTA3 and SOX2 may change dynamically during tongue
carcinogenesis and progression.

Dysregulated MTA3/SOX2 Axis Associated
Strongly With Poor Prognosis

To validate our findings in a clinical setting, we assessed
the levels of MTA3 and SOX2 in 119 TSCC samples and
related this to the overall survival rate. Receiver operator
characteristic (ROC) analysis identified an optimal cutoff
value and categorized 39.5% (47/119) of the patients into a
high SOX2 group and the remainder into a low SOX2 group
(Figure 6A). Indeed, patients with low levels of MTA3 but
high levels of SOX2 (MTA3°"/SOX2M8") had significantly
shorter overall survival rate (P < 0.001; Figure 6B) than
those with high levels of MTA3. Moreover, low levels
of SOX2 (MTA3Migh/SOX2!o"), were associated with an
even shorter overall survival compared to TSCC patients
with any other expression pattern (MTA3Ms8h/SOX2bigh,
MTA3'¥/SOX2high, ~ MTA3PW/SOX2l") (P < 0.001;
Figure 6C). These data altogether suggest that combined
MTA3"-SOX2Mgh  expression had stronger correlation
with worst patient prognosis than that of the individual
components. Indeed, univariate and multivariate Cox
regression analysis (P < 0.001 and P < 0.001, HR =
4.044, 95 %CI = 1.925-8.495, respectively) indicated that
combined MTA3'"/SOX2"8" expression is an independent
prognostic factor of TSCC as it was significantly associated
with prognosis (Table2). Overall, these data indicate that
dysregulated MTA3/SOX2 axis may contribute to patient
outcomes and could be of value as a predictive biomarker for
TSCC prognosis.

DISCUSSION

Here we demonstrated that MTA3 was a potential independent
prognosis factor for TSCC patients. Moreover, we established the
negative regulation of SOX2, a key regulator in the plasticity of

TABLE 2 | Univariate and multivariate Cox proportional hazards model predicting
survival in TSCC patients.

Variables Univariate P-value Multivariate P-value
analysis analysis
HR (95% CI) HR (95% CI)
Age (years)
> 60 vs. < 60 1.106 0.734 1.310 0.383
(0.620-1.973) (0.714-2.404)
Gender
Male vs. 1.620 0.102 1.623 0.123
Female (0.909-2.886) (0.878-3.000)
Differentiation
Poor vs. 1.418 0.348 1.211 0.610
Well/Moderate ~ (0.684-2.936) (0.581-2.525)
PTNM stage
-V vs. -l 4.428 0.000 1.642 0.359
(2.284-8.583) (0.569-4.735)
Combination of MTA3 and SOX2
MTA3 5.209 0.000 4.044 0.000
Low/SOX2 (2.891-9.386) (1.925-8.495)
High vs. Other
groups
pN status
N1-N3 vs. NO 2.991 0.000 1.495 0.323
(1.672-5.349) (0.673-3.318)
Tumor depth
T1/T2 vs. 2.472 0.003 1.069 0.852
T3/T4 (1.373-4.449) (0.533-2.142)

HR, hazard ratio; Cl, confidence interval.
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FIGURE 6 | Dysregulated MTA3-SOX2 axis is associated with poor prognosis. (A) Receiver operating characteristic (ROC) curve analysis was performed to determine
the cut-off score for the low expression of SOX2. (B,C) The overall survival of TSCC patients with tumors expressing low levels of MTA3 and high levels of SOX2 and
those with high levels of MTA3 and low levels of SOX2 (B), as well as all other subjects (C).
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cancer stemness, by MTA3 repressed the number of ALDH1-
positive cells and cell proliferation in TSCC cells. We identified
the expression of MTA3 and SOX2 as important markers in a
4NQO-induced TSCC mouse model, human TSCC progression
and clinical outcomes.

The biological and clinical significance of the MTA family
members in malignancies has been well-established. The levels
of these factors have even been proposed as potential diagnostic
parameters and targeting each one of the family members
could be potential treatments for different cancers (26, 43-45).
However, unlike MTA1 and MTA2 which were mainly involved
in cancer progression and metastasis, MTA3 possesses both
tumor-suppressing and tumor-promoting properties depending
on specific cancer types (21, 43). We found that MTA3 was
negatively associated with overall survival and could act as an
independent prognosis factor in TSCC. To the best of our
knowledge, this is the first study to show the expression of MTA3
in TSCC.

The plasticity of CSCs is key mechanisms in oncogenesis
and progression of cancers (7, 11, 12, 16) and a predictive
factor of poor prognosis in a wide variety of cancers, including
tongue cancer (17-20). Accumulating evidence suggests that
transcription factor SOX2 is a key regulator in the plasticity of
cancer stemness (46-48). Moreover, overexpression of SOX2 is
often associated with increased cancer aggressiveness, resistance
to chemoradiation therapy and decreased survival rate, which
has been reported in various cancer types (49, 50), including
TSCC (51). Previous studies revealed that SOX2 is vital in
the regulation of TSCC motility, invasion, tumorigenicity, and
upregulated SOX2 is significantly associated with the progression
of TSCC (51). SOX2 is detectable in oral pre-invasive lesions,
suggesting that SOX2 upregulation may be an early event in
TSCC carcinogenesis. We found that MTA3 can inhibit CSC
properties and cell proliferation via downregulating SOX2 in
TSCC cells. In addition, luciferase reporter assays showed that
knockdown or overexpression MTA3 had no significant effect
on the luciferase activity (Supplementary Figure 2), suggesting
that MTA3 does not regulate the expression of SOX2 by
interacting with its proximal promoter. However, these results
do not necessarily rule out the possibility that MTA3 is directly
involved in the regulation of SOX2 expression by interacting
with its enhancer region or the sequence other than the
proximal promoter. Further studies will better the understanding
about the mechanisms in MTA3-regulated SOX2 expression in
tongue cancer.

Given the fact that alterations of MTA3 and SOX2
highly correlate with clinical outcomes and the predictability
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The 5-year survival rate of patients with B cell lymphoma is about 50% after initial
diagnosis, mainly because of resistance to chemotherapy. Hence, it is necessary to
understand the mechanism of chemo-resistance and to explore novel methods to
circumvent multidrug resistance. Previously, we showed that an engineered cytotoxic
fusion protein anti-CD19(Fab)-LDM (lidamycin), can induce apoptosis of B-lymphoma
cells. Herein, we successfully established an adriamycin (ADR)-resistant B cell ymphoma
cell line BUAB/ADR. The mRNA and protein level of ATP-binding cassette subfamily
B member 1 (ABCB1) were significantly overexpressed in BJAB/ADR cells. Increased
efflux function of ABCB1 was observed by analyzing intracellular accumulation and efflux
of Rhodamine 123. The efflux of Rhodamine 123 could be significantly ameliorated
by verapamil. Treatment with anti-CD19(Fab)-LDM at different concentrations induced
cytotoxic response of BUAB/ADR cells similar to that of the sensitive cells. In vivo studies
showed that anti-CD19(Fab)-LDM had better antitumor effect in BJAB and BJAB/ADR
cell ymphoma xenografts compared with ADR or LDM treatment alone. Taken together,
anti-CD19(Fab)-LDM can effectively inhibit the growth of BJAB/ADR cells both in vitro
and in vivo. Anti-CD19(Fab)-LDM could be a promising molecule for the treatment of
drug resistant cancers.

Keywords: adriamycin, BJAB cell line, BJAB/ADR cell line, engineered fusion protein, anti-CD19(Fab)-LDM

INTRODUCTION

Lymphomas are a common heterogeneic group of hematologic diseases, among which B
cell origin lymphoma represents the largest proportion (1, 2). At present, chemotherapy or
chemoimmunotherapy remains the most effective therapeutic modality in the multifaceted
treatment of lymphomas (3). Most patients who experience remission for more than 5 years have
benefitted from the overall improvements in the treatment of B cell lymphomas. However, a
significant portion of patients still show unfavorable response toward drug treatment. Currently,
the clinical approaches to relapsed B lymphomas mainly involve in administering high-dose
chemotherapeutic agents, using inhibitors to reverse drug resistance toward chemotherapy (4), or
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finding novel therapeutic strategies such as targeting CD20 or
using Chimeric Antigen Receptor T-Cell Immunotherapy (CAR-
T) (5-8). Multidrug resistance (MDR) or acquired chemo-drug
resistance is a major contributor to the failure of chemotherapy as
well as one of the major reasons for tumor relapse and metastasis
(9-11). To investigate the mechanisms involved in the acquisition
of chemotherapy resistance and subsequent poor prognosis, it is
necessary to establish a proper resistant cell model derived from
a drug-sensitive human lymphoma cell line. Adriamycin (ADR;
generic name: doxorubicin, DOX) is a chemotherapeutic drug
frequently used in multiple clinical protocols of chemotherapy
and is also a critical drug in the treatment of lymphoma (12).
Unfortunately, some lymphomas have shown ADR resistance
with continued treatment (13, 14). Therefore, establishing an
ADR-resistant lymphoma cell model is useful for studying the
mechanism of resistance in B cell lymphoma and for searching
solutions regarding ADR resistance.

Lidamycin (LDM), originally named C-1027, is a member
of the enediyne antibiotic family with strong cytotoxic effect
toward human cancer cells and its mechanism of action is related
to DNA damage. Importantly, LDM molecule is composed
of a highly active group enediyne chromophore (AE) and a
protective group apoprotein (LDP) (15, 16). The non-covalent
bond between AE and LDP can be dissociated and re-associated,
leading to rebuilting a molecule that exhibits similar activity
as that of natural LDM. Taking advantage of the LDP genetic
reassortment and the specific targeting capability of antibody
fragments, different types of engineered fusion proteins were
created (17-20). In short, lidamycin can be linked with another
component, such as antibodies, due to its unique structure.
As a result, lidamycin can target a specific site with its
cytotoxicity. CD19 is a biomarker that is expressed on virtually
all neoplastic cells of the B-cell lineage (21, 22). Previous
studies demonstrated that the engineered fusion protein anti-
CD19(Fab)-LDM, which comprises the chemo-drug lidamycin
and anti-CD19(Fab) antibody, showed targeted cytotoxicity
against lymphoma cells both in vitro and in vivo (23).

In this article, to verify the anticancer activity of the
engineered fusion protein anti-CD19(Fab)-LDM on multidrug-
resistant cells, we established an ADR resistant lymphoma cell
line BJAB/ADR. Furthermore, we showed that anti-CD19(Fab)-
LDM engineered fusion proteins could target the cell surface
marker CD19 and exert the same cytotoxicity effect on ADR-
resistant BJAB cells as on BJAB-sensitive cells. Our study
indicates that anti-CD19(Fab)-LDM has anticancer effects on
ADR-resistant B cell lymphoma. This result sheds light on the
therapeutic effect of this fusion protein and provides a promising
solution for MDR, especially ADR-resistant B cell lymphoma.

MATERIALS AND METHODS

Chemicals and Reagents

Adriamycin (ADR), propidium iodide (PI), verapamil and RNase
A were obtained from Sigma-Aldrich Trading Co, Ltd (St.
Louis, MO, USA). The phospho-glycoprotein (P-gp, MDR1)
mouse monoclonal antibody conjugated with Alexa Fluor 594
(sc-390883), ABCG2 mouse monoclonal antibody conjugated

with Alexa Fluor 488 (sc-18841) and MRP1 mouse monoclonal
antibody conjugated with Alexa Fluor 488 (sc-53130) were
obtained from Santa Cruz Biotechnology, Inc (Dallas, TX, USA).
LDM was provided by the Institute of Medicinal Biotechnology
of the Chinese Academy of Medical Sciences (Beijing, China).
Antitumor agents were prepared fresh in PBS (phosphate-
buffered saline) immediately prior to use.

Cells and Cell Culture

Cell culture supplies, including Dulbeccos modified
Eagles Medium (DMEM), fetal bovine serum (FBS),
penicillin/streptomycin and 0.25% trypsin, were purchased
from Corning Incorporated (Corning, NY, USA). The BJAB
cell line was obtained from Cell Resource Center, Institute of
Hematology and Hospital of Blood Diseases, Peking Union
Medical College (PUMC) (Beijing, China). The cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin, and they
are maintained in an incubator containing 37°C humidified air
with 5% CO,.

Establishment of an ADR-Resistant BUAB
Cell Line

The ADR-resistant cell line was created from the BJAB parental
cell line via intermittent exposure to increasing concentrations
of ADR for 6 months. Briefly, BJAB/ADR cells were treated with
ADR with the concentrations ranging from 37 nM to 294nM in a
stepwise increasing manner. At first, the majority of the cells died
after being treated with low concentrations of ADR for 24 h. We
used 0.01 mol/L PBS to wash the surviving cells and continued
to culture them in ADR-free growth medium. When cells were
in the logarithmic growth phase, they were exposed to a higher
ADR concentration for 24 h. After this process was repeated in
a stepwise manner, a single-cell-derived ADR-resistant subclone,
designated as BJAB/ADR, was established. For the maintenance
of MDR, BJAB/ADR cells were cultured with 147 nM ADR. Two
weeks before the experiment, BIAB/ADR cells were maintained
in drug-free culture medium and passaged at least 3 times.

Cell Growth Assay

To investigate cell growth in both BJAB and BJAB/ADR cells, a
cell proliferation assay was performed. Briefly, we seeded cells
into 24-well culture plates at a density of 5 x 10 cells per well
and cultured in complete RPMI 1640 culture medium for 8 days.
Trypan blue exclusion-based methods were used to determine
cell counts, and cells from triplicate wells were counted every
24h for 8 days. All experiments were independently performed
three times.

Analysis of Cell Cycle Distribution

After BJAB and BJAB/ADR cells were treated with ADR, they
were harvested, washed twice with ice-cold PBS (pH 7.2),
centrifuged and resuspended in 500 pL ice-cold PBS, and
adjusted to a density of 1 x 10° cells/mL. Then, the cells were
fixed with 70% ethanol at —20°C overnight. For the next step,
the cells were incubated with 100 wL RNase (100 pg/mL, Sigma)
for half an hour and stained with 200 pL PI (50 pg/mL) for 1h.
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Data from 100,000 events/sample were collected via FACScan
flow cytometer (Becton Dickinson, San Diego, CA) and analyzed
using FlowJo software.

Cell Viability Analysis (MTT Assay)

The MTT colorimetric assay was used to determine cell
viability. Briefly, BJAB or BJAB/ADR cells (approximately 6,000
cells/well) were seeded into 96-well plates one day before
drug treatment. After 72h of drug treatment, 20 pL MTT
solution (5 mg/mL thiazolyl blue powder in PBS) was added
into each well and further incubated for 4h at 37°C in a
humidified atmosphere with 5% CO,. At the end of the
incubation period, the supernatant, including the medium and
MTT solution, was removed from each well, and the forming
formazan crystals were dissolved by adding 100 pwL dimethyl
sulphoxide (DMSO) solution and agitating the plate for 15 min.
The spectrophotometric absorbance was measured at 570 nm.
The percentage of viable cells was calculated compared with
the untreated control group (assumed 100% viability). After
treatment with ADR at different concentrations, the resistance
fold was reflected by MTT colorimetric analysis. In a separate
experiment, 10 WL verapamil (2.5 mg/mL) was used to treat
BJAB/ADR cells to observe whether verapamil can reverse ADR-
induced MDR. The cytotoxicity of anti-CD19(Fab)-LDM on cells
was evaluated in the same way. All experiments were repeated
three times independently.

Primer Design

Primers were designed according to published sequences using
web-based software. We used the “BLAST” program (http://
www.ncbi.nlm.nih.gov/blast) to determine the specificity of
the primers. The primers used in this study were as follows:
GAPDH-F: GAAGGTGAAGGTCGGAGTC, GAPDH-R:
GAAGATGGTGATGGGATTTC; and MDRI-F: CCCATC
ATTGCAATAGCAGG, MDRI-R: GTTCAAACTTCTGCTC
CTGA.

RNA Extraction

Total RNA was extracted from cells using a RNeasy Mini
Kit (Qiagen) following the instructions of manufacturer. Then,
cDNA was synthesized with an M-MLV Reverse Transcriptase
Kit (Invitrogen™) following the manufacturer’s instructions.

Quantitative Real-Time PCR (qRT-PCR)

Quantitative Real-time PCR (RT-PCR) was used to quantitatively
detect mRNA of ABCBI1, ABCCI, and ABCG2 in BJAB and
BJAB/ADR cells. RT-PCR was performed using a SYBR® Green
PCR Master Mix kit (Applied Biosystems®) on the Applied
Biosystems 7500 system. The thermal profile comprised 40
cycles as follows: 95°C for 30s, 55°C for 60s, and 72°C for
30s. The expression of each gene was normalized using the
mean expression of the housekeeping gene. Linearized relative
expression was obtained according to the 2 AACT method (24).

Detection of MDR Protein Expression Level
by Flow Cytometry

Control and ADR-resistant BJAB cells were harvested, washed
twice with ice-cold PBS (pH 7.2) and placed on ice immediately
after collection. Samples (50 L) were stained at 4°C for 20 min
using predetermined saturating concentrations of phycoerythrin
(PE)-labeled anti-P-gp monoclonal antibody, fluorescein (FITC)-
labeled anti-ABCG2 monoclonal antibody, or FITC-labeled anti-
MRP1 monoclonal antibody, respectively. Cells were analyzed
on a FACScan flow cytometer (Becton Dickinson, San Diego,
CA). Positive and negative cell populations were determined by
using unreactive isotype-matched mAbs (Coulter) as controls
for background staining. Background levels of staining were
delineated using gates established to include 98% of the
control cells.

Assessment of the Efflux Function of ABC
Transporter in BJAB/ADR Cells

Because Rhodamine 123 (Rho 123) is a reference fluorescent
substrate of ABCB1, we detected the fluorescence intensity
to obtain efflux function of ABCB1 (25). Briefly, BJAB and
BJAB/ADR cells were suspended at a density of 5 x 10° cells/mL
in serum-free RPMI 1640 medium, and 200 pL of the cell
suspension was put into 1.5 mL microcentrifuge tubes. BJAB cells
were divided into two groups: negative control group (PBS) and
positive control group (Rho 123). BJAB/ADR cells were divided
into three groups: negative control group (PBS), positive control
group (Rho 123) and experimental group (verapamil plus Rho
123). In the experimental group, 50 pmol/L verapamil was added
to the tubes and incubated for 30 min at 37°C. After incubation,
Rho 123 (200 nmol/L) was added to each tube. The cells were
incubated for 1h and then washed twice with ice-cold PBS
after the incubation period. Finally, the fluorescence intensity
was determined by flow cytometry to measure intracellular
accumulation and efflux of Rho 123. Data was obtained from
FACScan flow cytometer (Becton Dickinson, San Diego, CA). All
experiments were independently conducted three times.

In vivo Antitumor Activity in Subcutaneous

Xenograft Tumor Models

All experiments on mice received humane care in compliance
with the Public Health Service Policy on Humane Care and Use
of Laboratory Animals. The study protocol was approved by the
Institutional Animal Care and Use Committee of the State Key
Laboratory of Experimental Hematology (SKLEH).

BJAB and BJAB/ADR cells were harvested, suspended in
PBS, and then subcutaneously injected into 5-week-old female
BALB/c nude mice (1 x 107 cells/0.2 mL/mouse) to establish
the BJAB and BJAB/ADR xenograft tumor models. When
tumor volumes reached 60-80 mm?®, mice were randomized
into eight treatment groups (five mice per group). Group I:
animals received PBS; group 2: animals received 6 nmol/kg
ADR; group 3-5: animals received 2 nmol/kg, 4 nmol/kg, and
6 nmol/kg LDM, respectively; and group 6-8: animals received
2 nmol/kg, 4 nmol/kg, and 6 nmol/kg anti-CD19(Fab)-LDM,
respectively. Drugs were intravenously injected once. The body
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weights of the mice and the two perpendicular diameters of
the tumors were recorded every third day, and tumor volumes
were calculated by the following formula: tumor volume=1/2 x
length x width?. Animals were sacrificed, and xenograft tumors
were surgically dissected, weighed and measured 28 days after
treatment initiation.

Statistical Analysis

All the data was shown as the mean + SD obtaining
from three independent experiments performed in triplicate.
The results were analyzed with one-way analysis of variance
(ANOVA). Comparisons are made between control groups and
corresponding treatment groups and they were carried out
via SPSS 10.0 software. A value of P < 0.05 was considered
statistically significant.

RESULTS

Successful Establishment of the ADR

Resistant BJAB/ADR Cell Line

The BJAB/ADR cell line was established after intermittent
treatment with ADR at concentrations ranging from 37 to
294 nM in a stepwise increasing manner. Over 6 months, a clone
of BJAB cells that resistant to ADR was successfully screened and
named BJAB/ADR. BJAB/ADR cells could grow sufficiently even
if cultured in RPMI 1640 medium with 294 nM ADR, and cells
also maintained resistance to ADR after removal of the drug for at
least 2 weeks. Normally, the ADR-resistant cells were maintained
in complete culture medium with 147 nM ADR, which is the
approximate ICsg value (concentration that reduces viability to
50%) of BJAB/ADR cells to ADR. Moreover, BJAB/ADR cells can
stably grow in drug-free RPMI 1640 medium for more than 2
weeks. These results suggest that an ADR-resistant cell line was
successfully established.

In addition, the morphological characteristics of the
established ADR-resistant BJAB/ADR cells were distinct from
those of its parental cells under optical microscope. Although
both types of cells exhibited suspension growth and had

relatively consistent size and shape, the BJAB parental cells grew
as a monolayer (Figure 1A), while the BJAB/ADR resistant cells
tended to grow in clusters (Figure 1B).

BJAB/ADR Cells Had a Slower Growth
Rate Than the Parental Cells and Were

Arrested in GO/G1 Phase

The growth curves of BJAB and BJAB/ADR cells are shown
in Figure 2A. The proliferation rate of both cell lines was not
significantly different when the cells were cultured at low density.
However, the growth rate of BJAB cells increased much more
quickly as the density increased (P < 0.05). Specifically, the cell
population doubling times for BJAB and BJAB/ADR cells were
31.66 £ 1.2h and 35.19 =+ 2.1 h, respectively (P < 0.05).

To investigate the effect of ADR on cell growth, a cell cycle
assay was performed via flow cytometry. The results showed
that the proportion of BJAB/ADR cells in the GO/G1 phase
increased (P < 0.05, Table1) and was accompanied by a
decreased proportion in the S phase and G2/M phase. These
results indicated that ADR could induce GO/G1 phase arrest in
BJAB/ADR cells compared with the phase distribution of BJAB
cells. However, the difference of phase distribution between BJAB
and BJAB/ADR was not obvious, even they were repeatable and
statistically significant. Hence, BJAB/ADR cell line may involve
in other mechanisms of action resulting in ADR-resistant, which
is needed to be addressed further.

BJAB/ADR Cells Exhibited a 43-fold
Greater ADR Resistance Level Than the
Parental Cells and Showed
Cross-Resistance to Other Anticancer
Drugs

After cells were treated with ADR, we performed the MTT assay
to determine the drug resistance factor (RF). The ICs values of
ADR for BJAB and BJAB/ADR cells were 57.156 =+ 2.30 nM and
2,434 £ 111.476 nM (Figure 2B), respectively. As shown in the
results, the ADR resistance level of BIJAB/ADR cells was 43-fold

FIGURE 1 | Morphological characteristics of BJAB and BJAB/ADR cells. BJAB cells (A) and BJAB/ADR cells (B) were observed under an optical microscope
(original magnification x 200). Compared with BJAB cells, BJAB/ADR cells tended to grow in clusters.
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FIGURE 2 | Cell growth curve of BJAB and BJAB/ADR cells. (A) Growth curves of BJAB and BJAB/ADR cells. BJAB/ADR cells grew slower than BJAB cells (P <
0.05). (B) Cytotoxicity of adriamycin against BJAB and BJAB/ADR cells. Each data point was obtained from three independent experiments in triplicate. BJAB/ADR

B 1207 .

100+ ‘4

BJAB/ADR
BJAB

80

60

% Survival

407

20+

T T T 1
102 10°® 10* 10°

Adrimycin (nM)

T
10’

TABLE 1 | Cell cycle distribution of BJAB and BJAB/ADR cells.

TABLE 2 | Cross-resistance profile of BJAB/ADR cells to other anticancer drugs.

Cell line Cell cycle phase Treatment IC5p(mean + SD)? RFP
GO/G1 (%) S (%) G2/M (%) BJAB (nM) BJAB/ADR (nM)

BJAB 30.28 + 0.36 5.98 + 0.422 63.73 £ 0.537 Adriamycin 57.16 + 2.30 2,43412 £ 111.48 43

BJAB/ADR 34.03 £+ 0.068*@ 416 +£ 0.18* 61.81 £ 0.12 Etoposide 680.53 + 21.11 21,200.22 + 0.47 31
) Cisplatin 6,772.20 £+ 375.38 7,068.27 + 435.44 1

@*P < 0.05, the values are shown as the mean + SD obtained from three »

independent assays. Daunorubicin 277.09 + 39.02 11,100.05 + 0.14 40

b The increased proportion of resistant BJAB/ADR cells in GO/G1 phase was accompanied Homoharringtonine 73.34 + 20.11 568.23 + 22.67 8

by a decreased proportion of cells in S and G2/M phases. Mitoxantrone 75.36 + 6.93 2.900.59 + 410.21 38

greater than that of the parental cells. This result verified that the
BJAB/ADR cell line acquired ADR resistance.

Additionally, BJAB/ADR cells showed resistance to various
structurally unrelated anticancer drugs other than ADR. The
cross-resistance profile of BJAB/ADR was summarized in
Table 2. BJAB/ADR cells showed strong cross-resistance to
etoposide, daunorubicin, homoharringtonine, and mitoxantrone
but not cisplatin. Interestingly, the ADR-resistant subclone was
40 times more resistant to daunorubicin than the parental cell
line. Hence, the established BJAB/ADR cell line can also be used
for MDR study of its substrate drugs.

The Expression of Both ABCB1 Gene and

P-gp Protein Increased in BJAB/ADR Cells
Since it is reported that ADR is transported by ATP-binding
cassette (ABC) transporters, especially ABCB1 and ABCG2
(4, 11), we hypothesized that the resistance mechanism
of BJAB/ADR cells was associated with overexpression of
ABC transporters. The ABCBI gene is a member of the
ABC transporter superfamily that encodes a 170-kDa plasma
membrane ABCB1 (P-glycoprotein, P-gp). ABC transporter
functions as a drug efflux pump, thus resulting in decreased
intracellular concentrations of broad drugs, such as paclitaxel,
doxorubicin and others (26).

To determine the underlying resistance mechanism of
BJAB/ADR cells, qRT-PCR was performed to detect the
expression of the ABCBI, ABCCI, and ABCG2 genes. We found

4ICsp values are shown as the mean + SD calculated from the results of at least three
independent MTT assays.

bRF refers to the resistance factor, which was calculated by dividing the ICsp values of the
resistance cell line by the ICs values of the respective parental cell line.

that the ABCBI gene was upregulated in BJAB/ADR cells (P
< 0.05) (Figure 3A). Moreover, the expression of P-gp protein
was evaluated by flow cytometry analysis. Compared with the
BJAB-sensitive cells, BIAB/ADR cells showed higher protein
expression level of P-gp (P < 0.05) (Figure 3B). The results
were consistent with those results from the qRT-PCR assay.
We also examined the mRNA level of ABCCI and ABCG2,
plus protein expression level of MRP1 (multidrug resistance-
associated protein 1) and BCRP (breast cancer resistance
protein), as shown in Figures 3C-F. Both transporters showed
increased mRNA and protein expression, but not increased as
much as ABCBI and P-gp expression. These results implicated
that these two transporters were probably related to cross-
resistance or MDR, suggesting that the mechanism of drug
resistance of BJAB/ADR cells might be due to the overexpression
of ABCBI.

Overexpression of ABCB1 in BJAB/ADR
Cells Increased Drug Efflux, and Verapamil
Reversed the Chemoresistance of the

Cells to Adriamycin
As shown above, ABCB1 was overexpressed in the ADR-
resistant cell line. To further understand the effects of
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FIGURE 3 | Expression of the ABCB1, ABCC1, ABCG2 genes and P-gp, MRP1, BCRP proteins in BJAB/ADR cells. (A) The expression of the ABCB1 gene in the
ADR-resistant BJAB/ADR cells. The mRNA level of MDR1 analyzed by gRT-PCR and normalized to the mRNA level of the housekeeping gene GAPDH. Compared
with the sensitive cells BJAB, BJAB/ADR drug-resistant cells showed increased expression of ABCBT mRNA. *P < 0.05, compared with control group. (B) The
protein expression of P-gp on BJAB/ADR cells. The expression of P-gp was evaluated via flow cytometry analysis. BJAB/ADR cells showed higher expression of the
membrane protein P-gp compared with the BJAB sensitive cells. (C,E) The gRT-PCR on the gene expression of ABCC1 and ABCG2, respectively. These results
showed higher expression levels of both genes, but the increased expression was not as high as that of ABCB17. *P < 0.05, compared with control group. (D,F) The
protein expression level of MRP1 and BCRP, separately. The results were obtained from flow cytometry analysis. These results indicated that higher expression levels
of both protein, but the increased expression was not as high as that of P-gp.
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ABCBI1 overexpression on drug resistance, we performed an
accumulation and efflux assay using Rho 123, a reference
fluorescence substrate of ABCBI, via flow cytometry (27).
As Figure 4Aa,b shown, the mean values of the fluorescence
intensity in BJAB and BJAB/ADR cells were 11,900 £ 312.05
and 165.67 & 24.74, respectively, with statistical significance (P
< 0.05). This result suggested that overexpression of ABCB1
in BJAB/ADR cells could decrease intracellular chemo-drug
accumulation by increasing its efflux function.

Verapamil is a known reversal agent against drug resistance
that can reverse MDR by blocking the efflux function of ABCB1
without changing its expression level (4, 11). After confirming
the efflux function of ABCBI1, we further treated BJAB/ADR
cells with verapamil to observe the cells sensitivity to ADR.
When BJAB/ADR cells were pretreated with verapamil, the peak
fluorescence intensity significantly shifted to the right, and the
mean values of the fluorescence intensity increased to 4,890 £
43.52 (Figure 4Ac). As shown in Figure 4B, verapamil could
sensitize the chemoresistance of BJAB/ADR cells to ADR and
make BJAB/ADR cells more sensitive to ADR. These results
suggested that the resistance mechanism of BJAB/ADR cells
might be due to the increased efflux function of ABCBI1, and
verapamil could mitigate the efflux activity of ABCBI.

Anti-CD19(Fab)-LDM Had Similar
Antitumor Activity in Both Resistant and

Parental Cells

Previous experiments in our laboratory showed that the
engineered fusion protein anti-CD19(Fab)-LDM exerted
significant cytotoxic effects on BJAB cells (23). We performed
the MTT assay to ascertain the cytotoxic effect of anti-
CD19(Fab)-LDM toward BJAB/ADR cells. As shown in
Figure 5A, the growth inhibition curves showed that two
types of cells had similar drug sensitivity to anti-CD19(Fab)-
LDM (P > 0.05). Additionally, the engineered fusion protein
anti-CD19(Fab)-LDM showed a much stronger inhibitory
effect than ADR in ADR-resistant cells (P < 0.01). More

effect than LDM alone (Figure 5B). These results suggested
that anti-CD19(Fab)-LDM  exerted cytotoxic effects on
BJAB and BJAB/ADR cells and had a much stronger
inhibitory function than either ADR or LDM alone in
BJAB/ADR cells.

Anti-CD19(Fab)-LDM Inhibited Tumor
Growth in Both BUAB and BJAB/ADR

Xenograft Tumors in BALB/c Nude Mice

We previously demonstrated that anti-CD19(Fab)-LDM
suppresses tumor growth in a human B-cell lymphoma
xenograft model (23). To assess whether the observed anti-
CD19(Fab)-LDM-mediated inhibition of cell growth of MDR
cells in vitro would extend to animal models, we established
BJAB and BJAB/ADR xenograft tumor mouse models to
investigate the MDR phenomenon in vivo to investigate the
therapeutic effect of anti-CD19(Fab)-LDM on the BJAB/ADR
xenograft model.

We induced tumors by subcutaneously injecting BJAB or
BJAB/ADR cells into the nude mice. When the tumor volume
reached 60-80 mm?, we treated the mice with PBS (as a control),
ADR (6 nmol/kg), LDM (2, 4, or 6 nmol/kg), or anti-CD19(Fab)-
LDM (2, 4, or 6 nmol/kg). Tumor volume was measured every
3 days following inoculation. Compared with the LDM- and
ADR-treated mice, mice treated with anti-CD19(Fab)-LDM at
doses of 2, 4, and 6 nmol/kg showed a significant inhibition of
tumor growth in a dose-dependent manner in both the BJAB and
BJAB/ADR xenograft models (P < 0.05) as shown in Figure 6A.
Specifically, the ratio of tumor volume of the anti-CD19(Fab)-
LDM group (6 nmol/kg) compared to the PBS control group
was 92.79% on day 30, while the inhibitory effect of ADR
was 53.45%.

After treatment for 28 days, the tumor tissues were excised
and weighed. In the ADR-resistant xenograft model, the
antitumor activity of anti-CD19(Fab)-LDM was stronger than
that of LDM or ADR alone in a concentration-dependent
manner (P < 0.05) (Figure6B). More importantly, anti-
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FIGURE 4 | Intercellular accumulation and efflux of Rho 123. (A) Flow cytometry measured intracellular accumulation and efflux of Rho 123. (a) Treatment of BJAB
cells with Rho 123 resulted in Rho 123 accumulation in parental cells. (b) Decreased fluorescence intensity of Rho 123 in BJAB/ADR cells compared with that in the
BJAB cells. (c) The chemo-drug accumulation significantly increased after BJAB/ADR cells treated with verapamil, an inhibitor of ABCB1 transporter, for 1h (1
represents negative cells, 2 represents positive cells and 3 represents BJAB/ADR positive cells treated with verapamil). (B) Verapamil reversed the chemoresistance of
BJAB/ADR cells to adriamycin, thus increasing the sensitivity of the drug-resistant cells to adriamycin.
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FIGURE 6 | Inhibitory effect of anti-CD19(Fab)-LDM on the growth of xenograft tumors. (A) Changes in tumor volume over time in BJAB and BJAB/ADR xenograft
models (n = 5). Tumor volume was measured once every 3 days. Mice in the anti-CD19(Fab)-LDM groups showed significant inhibition of tumor growth compared
with the adriamycin-treated mice in the BJAB and BJAB/ADR xenograft models (*P < 0.05 compared to the control). (B) Tumor weights of excised BJAB and
BJAB/ADR tumor tissues from different mice measured on the 28th day after implantation. The anti-CD19(Fab)-LDM had a significant antitumor effect on both the
BJAB and BJAB/ADR xenograft models compared to the effects of adriamycin treatment alone in vivo, especially in the high dose group (*P < 0.05 compared to the
control). (C) Body weight of mice with BJAB or BJAB/ADR cell xenografts after treatment. Weight was measured once every 3 days. There was no significant

BJAB/ADR xenograft models, as indicated by the absence
of significant differences in body weight compared with
that in the vehicle-treated animals (P > 0.05) (Figure 6C).
These results suggested that anti-CD19(Fab)-LDM was able to

inhibit the growth of ADR-resistant BJAB cells and was well-
tolerated. Therefore, anti-CD19(Fab)-LDM could be exploited
as a potential drug used in the treatment of multidrug-
resistant tumors.
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DISCUSSION

B cell lymphoma is a hematopoietic malignant tumor, and its
poor prognosis and short survival are mainly associated with
multidrug resistance (MDR). Overcoming MDR and enhance
the therapeutic effect of regimens for the treatment of B cell
lymphoma is a major concern in clinical oncology (28-30).
Thus, there is an immediate need to identify novel targets
for the treatment of B cell leukemias and lymphomas. It was
known that the poor response of lymphoma to chemotherapeutic
drugs is mainly due to acquired MDR rather than innate
resistance (31-33). Therefore, an appropriate experimental
model is urgently needed for the study of MDR in B cell
lymphoma. Since Bielder and Riehm first reported the MDR
phenomenon of tumor cells in 1970, a series of multidrug-
resistant cell lines have been constructed. However, there is
few report on the stable MDR cell line of B cell lymphoma
(34). In this article, our laboratory successfully established a B
lymphoma MDR cell line, named BJAB/ADR, with the first-line
chemotherapeutic drug adriamycin (ADR). The resistance factor
(RF) between the parental and resistant cell lines was 43-fold.
In fact, the resistance fold is highly variable between cell lines.
For example, Wattanawongdon established two gemcitabine-
resistant human cholangiocarcinoma cell lines with resistance
indices of approximately 25- and 62-fold, respectively (35).
In contrast, Iwasaki developed a cisplatin-resistant human
neuroblastoma cell line with a resistance variant of approximately
1.1 (36). Generally, medium resistance is the most common
type encountered in clinical practice. It is worth mentioning
that BJAB/ADR cells could stably grow in drug-free medium
for several weeks, and the morphological characteristics are
consistent with those of parental cells, indicating a resistance-
mediated improvement in survival. However, BJAB/ADR cells
prefer to grow in clusters and have a slower growth rate
than its parental cells (Figures 1, 2). More importantly, these
cells exhibited cross-resistance to a variety of structurally
and functionally unrelated antineoplastic agents, such as
etoposide, daunorubicin, homoharringtonine and mitoxantrone
(Table 2). This result provides important information for further
clinical evaluation.

We firstly examined the cell cycle of BJAB and BJAB/ADR.
The results showed that ADR could induce GO0/G1 phase
arrest in BJAB/ADR cells compared with that in BJAB cells
(Table 1). Combined the results of growth rate in Figure 2,
we postulated that ADR could induce longer proliferation
time and poorer proliferation ability. However, the difference
of phase distribution between BJAB and BJAB/ADR was not
obvious. Hence, it is needed more further studies to figure out
the exact resistance mechanism of ADR on BJAB/ADR cell
line. Also, we hypothesized that ADR resistance is probably
associated with the overexpression of ABC transporters.
This hypothesis is supported by the cross-resistance to
other structurally unrelated chemotherapeutic drugs, most
of which are substrates of ABC transporters, in resistant
cells. ABCB1 (P-gp), ABCG2 (BCRP), and ABCC1 (MRP1)
are three ABC transporters that are broadly expressed in
multidrug-resistant cell lines (37). Thus, we examined the

expression of these three ABC transporters and found that
the ABCBI gene and P-gp protein expression was significantly
upregulated in the BJAB/ADR cells. In contrast, the ABCCI and
ABCG2 mRNA and protein levels were only slightly increased
compared to ABCB1 (Figure3). This result is consistent
with the previous reports that upregulated ABCBI gene is
the main response for MDR in B-cell lymphoma (38, 39).
Moreover, the Rhodamine 123 (Rho 123) exclusion assay
verified that overexpression of ABCBI participated in MDR,
and verapamil, a known ABCBI inhibitor, could reverse this
drug resistance, thus increasing the sensitivity of BJAB/ADR
cells to ADR (Figure 4). According to the present results, we
could conclude that ABCBI-overexpressing is responsible for
chemoresistance in BJAB/ADR cell line and poor efficacy of
chemotherapeutic agents.

About 80-90% of cases of non-Hodgkin lymphoma (NHL)
are of B-cell origin (40). The current therapeutic approach
for B cell lymphoma involves chemotherapy, radiotherapy
and the incorporation of the anti-CD20 monoclonal antibody
rituximab (41, 42). Chemotherapy is the most common treatment
strategy, but the outcomes of patients are often very poor,
because of the development of resistance to conventional
chemotherapeutic strategies. To overcome this issue, chemo-
immunotherapies using rituximab in combination with CHOP
(refers to cyclophosphamide, doxorubicin, vincristine, and
prednisone) (R-CHOP) have markedly improved the outcome
of patients with B cell lymphoma in recent decades. Currently,
there are some novel treatment regimes, such as bendamustine
or valproate, in combination with R-CHOP for patients with
different phases of lymphoma (43-45). Unfortunately, about
10-15% of patients fail to respond to R-CHOP treatment,
and 20-25% of patients develop relapse (46, 47). Therefore,
novel strategies are needed to improve patients’ response rate.
Lidamycin is a novel antibiotic with antitumor activity emerged
in recent years. Its mechanism of antineoplastic action is
to inhibit DNA synthesis and break down cellular DNA in
carcinoma cells (16). Due to its unique structure, lidamycin
is often reconstituted with antibodies to establish engineered
fusion proteins to maintain both the target property of antibodies
and the cytotoxic effect. This type of biopharmaceutical drug
is called antibody-drug conjugate (ADC) (48). Specifically,
anti-C19(Fab)-LDM is an engineered fusion protein previously
established in our laboratory and has been reported to have
high antineoplastic activity toward B cell lymphoma (23). The
fusion protein anti-CD19(Fab)-LDM was developed as a targeted
therapy for lymphoma and induces significant tumor-specific
cytotoxicity. Thus, anti-CD19(Fab)-LDM can overcome the
deficiencies of traditional chemotherapy agents and significantly
decrease adverse effects in patients. Additionally, this study shed
light on the solution of drug resistance in tumor treatment. With
all of these advantages, the use of engineered fusion proteins can
circumvent the clinical issue of chemotherapy in the treatment
of lymphoma. More importantly, due to the strong cytotoxic
effects of LDM, the antibody-drug conjugate anti-CD19(Fab)-
LDM can be administered at a lower dose to achieve therapeutic
effects. Thus, it is a novel strategy worth exploring to find out its
promising potential in preclinical and clinical trials.
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Considering the strong antitumor activity of LDM and the
B cell-targeted property of the anti-C19(Fab) antibody, we
postulated that the anti-C19(Fab)-LDM could exert cytotoxic
effect on the resistant cells of B cell lymphoma. As expected,
anti-C19(Fab)-LDM showed similar cytotoxic effects toward
BJAB/ADR and BJAB cells and showed a greater effect than
either LDM or ADR alone (Figure 5). From the in vivo results,
anti-C19(Fab)-LDM exhibited more potent antitumor activities
than LDM and ADR in the BJAB/ADR xenograft mouse model
(Figure 6). The in vivo results were in consistent with the in
vitro results. Importantly, the therapeutic effect of anti-C19(Fab)-
LDM was better than that of LDM both in vitro and in vivo.
Therefore, our current results indicated that anti-C19(Fab)-LDM
could be a promising targeted therapy for patients with ADR-
resistant B cell lymphoma. Considering our in vitro results above,
it is reasonable to postulate that anti-C19(Fab)-LDM may have
inhibitory effect to pumped function of ABCB1, in turn probably
increase the intracellular concentration of antineoplastic drugs.
However, the exactly underlying re-sensitive mechanism of anti-
C19(Fab)-LDM is needed to be addressed in the future.

In summary, we established an MDR B cell lymphoma cell
line named BJAB/ADR, which could represent a drug-resistant
cell model for lymphoma research. Additionally, our previously
developed engineered fusion protein anti-C19(Fab)-LDM can be
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Tumor plasticity refers to tumor cell’s inherent property of transforming one type of
cell to different types of cells. Tumor plasticity is the main cause of tumor relapse,
metastasis and drug resistance. Cancer stem cell (CSC) model embodies the trait of
tumor plasticity. During carcinoma progression, epithelial-mesenchymal transition (EMT)
plays crucial role in the formation of CSCs and vasculogenic mimicry (VM) based on
epithelial-mesenchymal plasticity. And the unique tumor microenvironment (TME) not
only provides suitable niche for CSCs but promotes the building of CSCs and VM that
nourishes tumor tissue together with neoplasm metabolism by affecting tumor plasticity.
Therapeutic strategies targeting tumor plasticity are promising ways to treat malignant
tumor. In this article, we discuss the recent developments of potential drug targets related
to CSCs, EMT, TME, VM, and metabolic pathways and summarize drugs that target these
areas in clinical trials.

Keywords: tumor plasticity, cancer stem cells, vasculogenic mimicry, extracellular matrix, tumor
microenvironment, targeting

INTRODUCTION

The universal methods for cancer treatment include surgery, radiotherapy, and chemotherapy.
Chemotherapy is the principle modality for the treatment of malignant tumor, especially tumors in
the late stages. Despite significant improvement of cancer chemotherapy in clinical practice, there
are still many obstacles that chemotherapeutic drugs must overcome: (1) lack of effective treatments
for metastatic tumors; (2) ineffectiveness in killing drug-resistant tumor cells; and (3) lack of new
targets based on the characteristics of neoplasm, such as tumor plasticity.

Tumor plasticity prompts tumor cells to differentiate into a variety of cell types to adapt to
different environment (1). Emerging evidence suggested that tumor plasticity played critical roles
in the emergence of drug resistance and the promotion of tumor growth, invasion and metastasis.
Therefore, there is an urgent need to develop new therapeutic agents to target tumor plasticity.

The cancer stem cells (CSCs) model offers one explanation for tumor plasticity. The CSCs
model revealed that only a minority of tumorigenic cells contribute to tumor growth and
progression. However, there are many other aspects closely related to tumor plasticity. For
example: (1) epithelial-mesenchymal transition (EMT), which contributes to the phenotypic
plasticity and promotes cancer metastasis; (2) tumor microenvironment (TME), which contains
extracellular matrix (ECM) and cells such as fibroblasts, endothelial and immune cells that are
the primary source of signals to and from the tumors; (3) vasculogenic mimicry (VM), which is a
microcirculation that is independent of angiogenesis in aggressive primary and metastatic tumors
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and comprised of non-endothelial cell generated by tumor cells
and ECM; and (4) neoplastic metabolic pathways, that mainly
include glycolysis and oxidative phosphorylation (OXPHOS).
Changes of metabolic pathways between glycolysis and OXPHOS
in cancer cells is prevalent during tumorigenesis and metastasis.
Hence, targeting glycolysis and OXPHOS is essential to wipe out
metabolic plasticity in cancer cells. Here, the potential targets
related to tumor plasticity was summarized in Figure 1. In this
mini review, we summarize the recent advances in anticancer
compounds targeting CSCs, ETM, TEM, VM formation, and
metabolic pathways, which is associated with tumor plasticity.

THERAPEUTIC TARGETING OF CSCS

The concept of CSCs was proposed several decades ago. The
existence of CSCs has been confirmed by lineage tracing and cell
ablation experiments in tumors (2-6). Similar to normal stem
cells, a small subset of CSCs could proliferate and differentiate
into a wide variety of cell types to sustain and promote tumor
growth. The characteristic of tumor plasticity in CSCs is that
CSCs could differentiate in different directions. The CSCs model
provides a new explanation for the metastasis and recurrence
of malignant tumors. CSCs have also been recognized as a
major driver of tumor growth, metastasis and chemotherapeutic
resistance. Therefore, CSCs has become crucial targets for cancer
treatment. The ways to eliminate CSCs mainly consist of two
aspects (7): (1) inhibition of key CSCs signaling pathways,

including Wnt pathway, porcupine (PORCN) pathway and
Hedgehog (Hh) pathway (8, 9); and (2) ablate CSCs by targeting
CSC surface markers, such as CD133, CD44, (leucine-rich repeat
containing G protein-coupled receptor 5) LGRS5, (aldehyde
dehydrogenasel) ALDHI, and breast cancer-resistant protein
(BCRP; ABCG2). Table 1 summarizes drugs that target CSCs in
recent clinical trials.

Therapeutic agents targeting Wnt signaling pathway in
clinical trials include porcupine (PORCN) inhibitors, f-catenin
inhibitors and antibodies against Wnt signaling molecules (24).
Among these, PORCN inhibitors gradually became research
focus of antitumor drugs. WNT-974, an orally first-in-class
PORCN inhibitor, is a pyridinyl acetamide derivative that target
Wnt signaling to inhibit the expression of Wnt related genes
and Wnt-dependent LRP6 phosphorylation. WNT-974 showed
significant growth inhibitory effect on Wnt-driven neoplasms,
such as pancreatic cancer and head and neck squamous cell
carcinoma. The pharmacokinetics (PK) and pharmacodynamics
(PD) of WNT974 were tested in patients with advanced cancers
in phase I clinical trial, and the results showed rapid absorption
(median T,y 1-3h) and appropriate elimination half-life of 5-
8h. These clinical data demonstrated that WNT-974 possesses
favorable safety profile and potential antineoplastic activity in
selected populations (25). Currently, WNT-974 is being tested
in a phase I study for the treatment of solid tumors including
colorectal cancer and melanoma (10). In addition, PORCN
inhibitor ETC-159 is in phase I clinical trial for advanced solid

CSCs

Potential tumor plasticity targets
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FIGURE 1 | Potential drug targets related to tumor plasticity. CSCs, cancer stem cells; EMT, epithelial-mesenchymal transition; TME, tumor microenvironment; TME,
tumor microenvironment; PORCN, porcupine; Smo, smoothened; LGRS, leucine-rich repeat containing G protein-coupled receptor 5; ALDH1, aldehyde
dehydrogenase1; ABCG2, breast cancer-resistant protein; NF-kB, nuclear factor-kappa B; JAK/STAT3, the Janus kinase/signal transducer and activator of tran-ions
3; HIF1a, hypoxia-inducible factor 1a; TNF-a, tumor necrosis factor alpha; TGF-8, transforming growth factor-g; EGFR, epidermal growth factor receptor; PDGFRa,
platelet derived growth factor receptor alpha; ROCK1, Rho kinase1; LKB1, liver kinase B1; mTOR, mammalian target of rapamycin; PKB/Akt, protein kinase B; IL-6,
interleukin-6; PD-1, programmed cell death receptor-1; PD-L1, programmed cell death-ligand 1; HDAC, histone deacetylases inhibitor; PI3K, phosphatidylinositide
3-kinases; MMPs, matrix metalloproteinases; Eck/EphA2, epithelial cell kinase; LKB1, liver kinase B1; PKM2, pyruvate kinase M2; AMPK, AMP-activated
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TABLE 1 | Potential drugs targeting CSCs in clinical trials.

TABLE 2 | Potential drugs targeting CSC surface marker in clinical trials.

Drug Mechanism of Condition or Phase References Drug Mechanism of Condition or Phase References
action disease action disease
WNT-974 PORCN inhibitors Colorectal cancer (10) P5 Anti-CD49e/CD29 Non-small cell lung Ml (32)
and melanoma (integrin a5p1) cancer (NSCLC)
ETC-159 PORCN inhibitors Advanced solid (11, 12) ALM-201 Microtubule inhibitors - Advanced ovarian (33)
tumors (binds CD44) cancer and other
CGX-1321  PORCN inhibitors Refractory solid (13) solid tumors
tumors and RO- Anti-CD44 Acute myeloid (34)
advanced 5429083 leukemia
gastrointestinal RG-7356  Anti-CD44 Acute myeloid (35)
cancers leukemia
RXC-004 PORCN inhibitors Solid tumors I/l (14) AMC-303 CD44 Antigen Exon 6 Advanced or 1 (36)
BC-2059 B-catenin inhibitors Desmoid tumors | (15) (CD44v6) inhibitors metastatic malignant
E-7386 CREB-binding Solid tumors [ (16) solid tumors of
protein epithelial origin
(CBP)/B-catenin CX-2009 Tubulin Solid tumors /1 37)
interaction inhibitors polymerization
AL-101 y-secretase inhibitors - Adenoid cystic Il (17 inhibitors
carcinoma Anti-ALCAM (CD166)
Vismodegib  p-glycoprotein Basal cell Launched (18) Chrysin ABCG2 inhibitors Chroni(? lymphocytic Il (38)
inhibitors carcinoma, other in 2012 leukemia (CLL)
Breast cancers
cancer-resistant
protein inhibitors
zggptor antagonists effect (roughly 35-60% response rates of patients) in patients
Sonideaib S . Basal col Launched (19 with locally advanced, unresectable and metastatic BCC, with
onidegi mo receptor asal ce aunche: . . ..
phosphate  antagonists carcinoma, other in 2015 high d1se:.15e control rates and chmcz.ﬂ befleﬁt. (1.9,' 27). 'Recent
cancers advances in the development of Hh signaling inhibitors include
Patidegib  Smo receptor Sarcoma, M 0, 21) Vismodegib (18), which is launched in 2012 for the treatment
antagonists basal cell of patients with advanced BCC; Patidegib, which is in phase
carcinoma II clinical trial for reducing the incidence of BCC (20, 21) and
Taladegib  Smo receptor Adenocarcinoma, i (22, 23) Taladegib, which is in phase I/II clinical trial) for the treatment
antagonists solid tumors

tumors, CGX-1321 is in phase I clinical trials for advanced
gastrointestinal cancers and RXC-004 is in phase I/II clinical
trials for the treatment of solid tumors (11-14). Through the
inhibition of B-catenin, Tegavivint (BC-2059), an anthraquinone
derivative and E-7386 are both being evaluated in phase I clinical
trials to treat symptomatic or progressive unresectable desmoid
tumors and solid tumors (15, 16).

The small-molecule inhibitors and macromolecule
monoclonal antibodies (mAbs) including y-secretase inhibitors
and mAbs to NOTCH receptors have been tested in clinical
trials. A small-molecule inhibitor of y-secretase, which is a key
enzyme in NOTCH signaling pathway, AL-101 with favorable
in vitro potency and oxidative metabolic stability, is in phase
II clinical development for the treatment of adenoid cystic
carcinoma bearing NOTCH activated mutations (17). On the
other hand, among the therapeutic molecules targeting Hh
pathway, smoothened (Smo) receptor antagonists are the most
promising molecules (26). A novel small-molecule inhibitor
or antagonist of Smo, Sonidegib phosphate was launched
in 2015 for the treatment of advanced basal cell carcinoma
(BCC). Sonidegib phosphate exhibited excellent therapeutic

of patients with recurrent, advanced solid tumors (22, 23).

Because of the highly plasticity of CSCs in tumors, the
identification and eradication of CSCs are difficult. Generally,
their identification depends on cell surface markers. CD34,
CD44, and CD133 are common examples of CSC-specific surface
markers (28). CSC surface markers can mediate adhesion of
the cells. A cell surface membrane protein CD133, which was
first discovered in hematopoietic stem and progenitor cells,
is considered to be one of the common surface markers in
multiple stem cells (29). Others like ALDHI and ABCG2 also
play significant roles in the regulation of CSCs (30, 31). Because
CSCs drive cancer development, a number of agents targeting the
biomarkers of CSCs have been developed (Table 2).

A novel mAb P5, which targets CD49¢/CD29, is currently
being tested in phase III clinical trials to evaluate its anti-
tumor effect, but there are only a few reports about its progress
of new clinical trials (32). As a FK506 binding protein like
(FKBPL) peptide derivative, ALM-201 can bind to CD44 and
inhibit cancer related pathways, such as DLL4/NOTCH signal
pathway as well as inhibit cell migration, tubule formation and
angiogenesis. ALM-201 showed an excellent safety profile and
acceptable PK in patients with advanced solid tumors in a phase I
dose-escalation study (39). This candidate is currently in phase I
clinical trials for the treatment of patients with advanced ovarian
cancer and other solid tumors (33). RO-5429083 and RG-7356
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are both humanized monoclonal antibodies against extracellular
domain of CD44 which had been used in phase I clinical studies
for the treatment of acute myeloid leukemia and solid tumors
(34, 35). In addition, AMC-303, a high specific inhibitor of
CD44v6, was evaluated as monotherapy to treat patients with
advanced epithelial tumors. AMC-303 was proved to be well-
tolerated with a favorable PK profile (t1/, of 4-7h, CL of 40-
60 mL/h/kg) (40). At present, AMC-303 is in phase I/II clinical
trials to treat patients with advanced or metastatic malignant
solid tumors of epithelial origin (36). A probody drug conjugate
CX-2009 against CD166 is in phase I/II clinical development
for the treatment of adult patients with metastatic or locally
advanced unresectable solid tumors (37). Furthermore, a recent
research reported that chrysin, which is an ABCG2 inhibitor,
could enhance sorafenib mediated inhibition of cell viability by
sustained phosphorylation of ERK1/2 (41). And chrysin is being
used in phase II clinical trials to treat CLL (38).

THERAPEUTIC TARGETING OF EMT

The conversion of cells from epithelial phenotype into
mesenchymal phenotype is a critical transformation for
embryonic development and during cancer progression.
Through EMT process, tumor cells can acquire the ability to
disarm anti-tumor defenses in the body, resist apoptosis and
antineoplastic drugs, spread through the body and expand the
population of tumor cells (42). At the same time, EMT may play
an important role in generating CSCs (43). Hence, EMT is an
important target for inhibiting tumor metastasis and reducing
drug resistance. Various approaches can be used to target the
EMT process: (1) targeting the inducing signals in EMT process;
(2) reversing EMT to reduce tumor cell aggressiveness; and (3)
killing the cells in EMT-like state (44). As one of the key factors
of tumor invasion, metastasis and drug resistance, EMT is a
promising target for oncotherapy. The following summarized
the progress of potential drugs targeting EMT-related signals
(Table 3).

Modulators of transcription factors, such as nuclear factor-
kappa B (NF-kB) and signaling transducer and activator of
transcription 3 (STAT3) have made progress in clinical trials (59,
60). Denosumab, which is a macromolecule of humanized mAbs
to receptor activator of NF-kB ligand (RANKL), was originally
approved to treat and prevent postmenopausal osteoporosis in
2010 (45). Denosumab prevents RANKL binding to RANK, and
blocks the development of osteoclasts, leading to restraining
the resorption of bone. So far, phase III clinical studies have
been ongoing for evaluating its therapeutic effect on metastatic
non-small cell lung cancer (NSCLC) together with other
chemotherapeutics. TK-006 is another anti-RANKL antibody in
early clinical development for the treatment of patients with
bone metastases caused by breast cancer through hypodermic
injection (46). In addition, WO-1066 is a JAK/STAT3 (the
Janus kinase/signal transducer and activator of tran-ions 3)
signaling pathway and programmed cell death-ligand 1 (PD-L1)
inhibitor, which is derived from the JAK2 inhibitor AG490. In
2019, the compound was granted an orphan drug designation

TABLE 3 | Potential drugs targeting EMT-related modulators in clinical trials.

Drug Mechanism of Condition or Phase References
action disease
Denosumab Receptor activator ~ Tenosynovial giant  Launched (45)
of NF-kB ligands cell tumor in 2013
(RANKL)
TK-006 Anti-TNFSF11 Breast (46)
(RANKL) cancer-related
bone metastases
WO-1066  STATS inhibitors, Melanoma, brain (47, 48)
anti-PD-L1, Janus cancer
kinase (JAK)
inhibitors
DSP-0337  STAT3 inhibitor Solid tumors | (49)
Danvatirsen  STAT3 expression Solid tumors Il (50, 51)
inhibitors
OPB- STATS ligands Solid tumors Il (52)
111077
Napabucasin STAT3 inhibitors Colorectal Il (583, 54)
carcinoma,
pancreatic cancer
PEGPH20  HIF1« inhibitors Metastatic breast 1711 (55, 56)
cancer
CRLX-101  HIF1a inhibitors, peritoneum cancer Il (57, 58)
DNA Topoisomerase
| inhibitors

in the U.S. for treating glioblastoma. Currently, the candidate
is in phase I clinical trials for patients with melanoma or
glioblastoma multiforme with brain metastases (47, 48). DSP-
0337, Danvatirsen and OPB-111077, all inhibit STAT3 and are
in phase I or II clinical trials to assess their therapeutic efficacy in
solid tumors (49-52).

Hypoxia-inducible factor lo (HIFla) and B-catenin also
regulate the expression of other transcription factors related
to EMT (61, 62). PEGPH20 (PEGylated recombinant human
hyaluronidase PH20), which enzymatically degrades hyaluronic
acid (HA), is currently being evaluated in phase IT and III trials. It
shows promising efficacy in preclinical and early clinical studies
in the treatment of metastatic pancreatic carcinoma and other
malignant tumors (55, 56). CRLX-101 was proved to be a potent
topoisomerase 1 and HIFla inhibitor, which is a nanoparticle
composed of CPT conjugated to a biocompatible copolymer of
cyclodextrin and polyethylene glycol (PEG). Currently, CRLX101
is being evaluated in phase II clinical trials for several tumor

types (58).

THERAPEUTIC TARGETING OF TME

Studies have shown that epigenetic changes of tumor cells
caused by TME play a prominent role in tumor progression
and invasion (1, 63). Tumor cells usually adapt to the changing
external environment through changing the plasticity of tumor
cells to meet the demand of tumor development. The research
of relationship between TME and tumor plasticity is making
progress in recent years (64). TME is composed of a complex
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mixture of ECM and various cells including cancer associated
fibroblasts (CAFs) (65), cancer associated macrophages (CAMs)
(66) and endothelial progenitor cells (EPCs) (67). Many
components in ECM contribute to tumor growth. TME has
become one of the key targets in tumor treatment due to its
special pathophysiological characteristics and physicochemical
properties (Table 4).

Tumor necrosis factor alpha (TNF-a) could promote tumor
growth via a PKCa- and AP-1-dependent pathway (90).

TABLE 4 | Potential drugs targeting TME in clinical trials.

Drug Mechanism of Condition or Phase References
action disease
Avadomide  TNF-a production Solid tumors 1/l (68)
hydrochloride inhibitor and
cereblon inhibitors
NIS-793 Anti-TGF-8 Solid tumors | (69)
AVID-200  TGF-B inhibitors Solid tumors I (70)
SAR- Anti-TGF-B Solid tumors | (71)
439459
Fresolimumab Anti-TGF-B Lung cancer 1/l (72)
Simotinib EGFR inhibitors Lung cancer | (73)
hydrochloride
Amcasertib  PDGFRa inhibitors Hepatocellular Il (74)
carcinoma,
cholangiocarcinoma
Olaratumab  Anti-CD140a Soft tissue sarcoma  Launched  (75)
(PDGFRa) in
2016
Cerdulatinib  JAK and Syk kinase  Hematologic Il (76)
inhibitors cancers
AZD-8055 mTORC1/2 Solid tumors (77)
inhibitors
BI-860585 mTORC1/2 Solid tumors (78)
inhibitors
DCBCI- mTORC1/2 Solid tumors (79)
0901 inhibitors
Phosphatidylinositol
3-Kinase alpha
(PI3Ka) inhibitors
LXI-15029 mTORC1/2 Solid tumors (80)
inhibitors
ABI-009 mTOR inhibitors Metastatic cancer Il 81)
Sapanisertib  mMTORC1/2 Endometrial cancer Il (82)
inhibitors
GSK- Akt kinases 1 Lymphoma, solid (83)
690693 inhibitors tumors
ARQ-751 pan-Akt inhibitors Solid tumors | (84)
TAS-117 PKB/Akt inhibitors Solid tumors I (85)
Ipatasertib  PKB/Akt inhibitors Prostate cancer I (86)
Siltuximab  Anti-IL6 Multiple myeloma Il 87)
Sintilimab Anti-PD-1 Lymphoma, Launched  (88)
Hodgkin’s in
2019
Avelumab Anti-PD-L1 Bladder and kidney Launched  (89)
cancer in
2017

Avadomide (CC-122) is a small molecule drug that inhibits
both TNF-a and cereblon E3 ligase. The first-in-human phase I
study, which evaluated the safety and clinical therapeutic effect
of avadomide in patients with advanced solid tumors and others,
showed acceptable safety and favorable pharmacokinetics (68).
Avadomide is currently being evaluated in advanced melanoma
in combination with Nivolumab. Transforming growth factor-
B (TGF-B) signaling pathway is related to EMT in cancer cells
(91). Therapeutic agents modulating the expression of TGF-$
that are monoclonal antibodies include: NIS-793 (a humanized
anti-TGF-B monoclonal antibody), AVID-200 (a recombinant
inhibitor of TGF-p1 and TGF-p3), SAR-439459 (targeting
transforming TGF-B) and fresolimumab (a pan-specific human
anti-TGF-B monoclonal antibody). Among these therapeutic
agents, fresolimumab is able to neutralize all human isoforms
of transforming TGF-B and being evaluated in phase I/II trials
(72, 92).

Epidermal growth factor receptor (EGFR) regulates ECM
and promotes cancer invasion (93). A small EGFR inhibitor
Simotinib is used in phase I study to treat NSCLC (73).
Platelet derived growth factor receptor alpha (PDGFRa), which
contributes to fibroblast reprograming toward CAFs, plays a
significant role in colorectal carcinogenesis (94). Amcasertib,
a PDGFRa inhibitor and cancer stemness kinase inhibitor, is
used to treat hepatocellular carcinoma and cholangiocarcinoma
in phase II trials (74). Different from Amcasertib, Lartruvo(R)
(olaratumab) is a fully humanized monoclonal antibody to
neutralize PDGFRa. It was first launched in the U.S. for front-line
treatment with doxorubicin in adults with soft tissue sarcoma in
2016 (75).

Some signaling pathways are also critical in cancer
development. Janus kinase 1 (JAK1)/Rho kinasel (ROCKI1)
signaling could promote fibroblast-dependent carcinoma cell
invasion (95). Cerdulatinib is a small-molecule anti-cancer drug
targeting JAK and syk kinase for the treatment of hematologic
cancers (76). Liver kinase Bl (LKB1)/mammalian target of
rapamycin (mTOR) signaling axis regulates ECM stiffness
and participates in lung adenocarcinoma progression (96).
Potential drugs such as AZD-8055, BI-860585, DCBCI-
0901, LXI-15029, and ABI-009 are in early clinical stage
for various cancers (77-81). Sapanisertib is an orally and
highly selective ATP-competitive inhibitor of mTORC1/2 and
demonstrates satisfactory anticancer activity. The phase II study
of sapanisertib in metastatic castration resistant prostate cancer
was not entirely satisfactory likely because of dose reductions
secondary to toxicity (82). In addition, abnormal expression
of protein kinase B (PKB/Akt) is related to many cancers (97).
GSK-690693 (83), ARQ-751 (84), and TAS-117 (85) that can
effectively treat solid tumors through inhibiting PKB/Akt are
being evaluated in phase I and II clinical studies. Ipatasertib
has been combined with other antitumor drugs to treat prostate
cancer and breast cancer and is undergoing an investigation in a
phase III clinical trial (86).

With the exception of targets above, interleukin-6 (IL-6)
showed high expression in prostate cancer (98). Siltuximab,
a chimeric monoclonal antibody, was first launched in 2014
to treat HIV-negative and Human Herpes Virus-8 negative
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multicentric Castleman’s disease. Its tight binding to IL-6 inhibits
IL-6 bioactivity and thus causes apoptosis of tumor cell. Recently,
a phase II clinical trial of siltuximab was conducted for the
treatment of multiple myeloma (87). Others like immunity-
related programmed cell death receptor-1 (PD-1) and PD-L1
inhibitors show satisfied antitumor effects by restoring antitumor
immunity. Sintilimab is a fully human IgG4 mAb, which blocks
the interaction of PD-1 with PD-L1 and PL-L2 (88). It was
firstly approved in China to treat classical Hodgkin’s lymphoma.
Avelumab, an anti-PD-L1 antibody, was approved by the FDA
in 2019 for first-line treatment of advanced renal cell carcinoma
together with axitinib (89).

VM RELATED TARGETS AND
THERAPEUTIC AGENTS

VM refers to a tumor microcirculation pattern that tumor cells
aggregate, migrate and remodel to form a vascular-like structure
based on the adhesion of ECM. VM differs from traditional
endothelial tumor angiogenesis and plays a crucial role in tumor
invasion and spreading. It is worth noting that there is an
obvious increase of EMT-related regulators and transcription
factors in VM, which indicates the crucial rule of EMT in VM
formation (99). VM has been observed in a broad range of tumor
types such as prostate cancer, malignant glioma, and melanoma
(100). Currently, certain mechanism of VM formation remains
matters of frenetic investigation and the mechanism of VM
formation mainly include TME, EMT, tumor plasticity, RNA,
and other regulators (100). Because VM is important for tumor
progression, targeted therapies related to VM could also be a
promising antitumor strategy to reducing tumor plasticity.

The major signaling molecules participating in VM formation
and promising drugs are summarized in Table5. Histone
deacetylases inhibitor (HDACI) inhibits key molecule MMP-2 in
PI3K-MMPs-Ln-5y2 signaling pathway to block VM formation
(112). Panobinostat lactate, which is lunched in 2015, is a first-
line HDAC inhibitor applied in combination with bortezomib
and dexamethasone to the treatment of multiple myeloma
(113). Panobinostat lactate is not only a HDAC inhibitor
but also a pan-deacetylase inhibitor. The pharmacokinetics of
panobinostat lactate is affected by some factors such as hepatic
impairment. HDAC inhibitor romidepsin, which is launched in
2010, could cause cell cycle arrest, differentiation and apoptosis
in various cancer cells and is used for the treatment of cutaneous
T-cell lymphoma (103). OKI-179 and remetinostat are HDAC
inhibitors in early clinical development (101, 102).

Phosphatidylinositide 3-kinases (PI3K) participate in VM
formation by activating matrix metalloproteinases (MMPs)
(114). The PI3Ko/8 inhibitor copanlisib hydrochloride was
launched in 2017 as a treatment for relapsed follicular lymphoma
in patients receiving two or more prior therapy regimens (110).
Copanlisib characterizes low risk of PK-related pharmacological
interaction due to reduced oxidation metabolism and unchanged
excretion of copanlisib. Other PI3K inhibitors in clinical trials
include MEN-1611 (phase I for breast cancer), HMPL-689
(phase I for B-cell lymphoma), Gedatolisib (phase II for acute
myeloid leukemia and solid tumors), GDC-0980 (phase II for

prostate cancer) and Buparlisib (phase III in patients with head
and neck squamous cell carcinoma, HNSCC) (105-109).

VE-cadherin mediates the activities of epithelial cell
kinase (Eck/EphA2) to affect the formation of VM (115).
EphA2 interacts with cell membrane surface ligands by
phosphorylation and regulates the extracellular expression
of protein kinases ERK and focal adhesion kinase FAK to
activate PI3K (116, 117). SiRNA-EphA2-DOPC is a small
interfering RNA targeting EphA2 loaded in neutral 1,2-
dioleoyl-sn-glycero-3-phosphocholin (DOPC) liposomes (111).
SiRNA-EphA2-DOPC reaches to tumor site by interacting with
endothelial cells of tumor vasculature. As an EphA2 inhibitor,
siRNA-EphA2-DOPC is in early clinical investigations to treat
recurrent and advanced solid tumors.

THERAPEUTIC TARGETING OF
NEOPLASM METABOLIC PATHWAYS

Cancer cells reprogram metabolic pathways by oncogenic
mutations, result in enhanced demand of nutrient uptake to
supply anabolic metabolism. Not only must energy production
and consumption processes in cancer cells be balanced to

TABLE 5 | Potential drugs targeting VM in clinical trials.

Drug Mechanism of Condition or Phase References
action disease
OKI-179 HDAC inhibitors Solid tumor | (101)
Remetinostat HDAC inhibitors Cutaneous T-cell Il (102)
lymphoma
Romidepsin HDAC inhibitors Cutaneous T-cell  Launched  (103)
lymphoma, in 2010
peripheral T-cell
lymphoma
Panobinostat  HDAC inhibitors Multiple myeloma  Launched  (104)
lactate in 2015
MEN-1611 PI3K inhibitors Breast cancer | (105)
HMPL-689 PI3KS inhibitors B-cell ymphoma | (106)
Gedatolisib PIBK/mTOR Acute myeloid Il (107)
inhibitors leukemia, solid
tumors
GDC-0980 PIBK/mTOR Prostate cancer Il (108)
inhibitors
Buparlisib PI3K inhibitors HNSCC Il (109)
Copanlisib PI3K inhibitors Lymphoma Launched  (110)
hydrochloride in 2017
siRNA- EphA2 inhibitors Solid tumors | (111)
EphA2-DOPC

TABLE 6 | Potential drugs targeting neoplasm metabolic pathways in clinical trials.

Drug Mechanism of Condition or Phase References
action disease

Dimethylamino- PKM2 activators  Solid tumors (121)

micheliolide

Acadesine AMPK activators ~ Multiple myeloma /1l (122)

therapy
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sustain tumor growth, but also cancer cells have to adapt to the
changes in nutrition and oxygen supply caused by their rapid
growth. Hence, malignant cells exhibit metabolic flexibility for
them to exist and develop. Different from normal cells, cancer
cells are more dependent on anaerobic glycolysis even in a
sufficient oxygen supply environment, called Warburg effect
(118). HIF-1a is crucial for anaerobic glycolysis under oxygen
free conditions. Tumor suppressor liver kinase Bl (LKBI)
regulates HIF-la-dependent metabolic reprogramming (119).
Recent studies have shown that Pyruvate kinase M2 (PKM2)
plays a crucial part in the plasticity of cancer metabolism,
and up regulation of PKM2 leads to oxidative metabolism
(120). Dimethylaminomicheliolide (DMAMCL), a PKM2
activator, is a prodrug of micheliolide (MCL) that suppresses
tumor growth and targets CSCs in the form of guaianolide
sesquiterpene lactone. Dimethylaminomicheliolide could
inhibit inflammation and tumor growth by releasing MCL into
plasma. Early clinical trial using Dimethylaminomicheliolide
for patients with solid tumors is being conducted (Table 6) (121).

In addition to this, oxidative phosphorylation plays an
important role in cancer metabolism. Oxidative phosphorylation
is mainly regulated by AMP-activated protein kinase (AMPK)
(123). As an AMPK activator, acadesine increases the availability
of adenosine in tissues under ischemic conditions and shows
antitumor activity. Acadesine causes B cells apoptosis selectively
in chronic lymphocytic leukemia (CLL) and phase I/II studies are
being tested for sieving out the best methods for the treatment of

resistant/refractory B-cell chronic lymphocytic leukemia (122).
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CONCLUSIONS

Tumor plasticity provides new explanation for the mechanisms
of drug resistance, metastasis and recurrence of neoplasm.
Interfering tumor plasticity is becoming strategies to
treat malignant tumors. The drugs in clinical trials that
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Tao Chen and Jian-xiang Li*

Department of Toxicology, School of Public Health, Medical College of Soochow University, Suzhou, China

This study analyzes the correlation and interaction of miRNAs and mRNAs and their
biological function in the malignant transformation of BEAS-2B cells induced by cigarette
smoke (CS). Normal human bronchial epithelial cells (BEAS-2B) were continuously
exposed to CS for 30 passages (S30) to establish an in vitro cell model of malignant
transformation. The transformed cells were validated by scratch wound healing assay,
transwell migration assay, colony formation and tumorigenicity assay. The miRNA and
mRNA sequencing analysis were performed to identify differentially expressed miRNAs
(DEMs) and differentially expressed genes (DEGs) between normal BEAS-2B and S30
cells. The miRNA-seq data of lung cancer with corresponding clinical data obtained
from TCGA was used to further identify lung cancer-related DEMs and their correlations
with smoking history. The target genes of these DEMs were predicted using the miRDB
database, and their functions were analyzed using the online tool “Metascape.” It
was found that the migration ability, colony formation rate and tumorigenicity of S30
cells enhanced. A total of 42 miRNAs and 753 mRNAs were dysregulated in S30
cells. The change of expression of top five DEGs and DEMs were consistent with our
sequencing results. Among these DEMs, eight miRNAs were found dysregulated in lung
cancer tissues based on TCGA data. In these eight miRNAs, six of them including
miR-96-5p, MiR-93-5p, MiR-106-5p, MiR-190a-5p, MiR-195-5p, and miR-1-3p, were
found to be associated with smoking history. Several DEGs, including THBS7, FNT,
PIK3R1, CSF1, CORO2B, and PREX1, were involved in many biological processes
by enrichment analysis of miRNA and mRNA interaction. We identified the negatively
regulated miRNA-mMRNA pairs in the CS-induced lung cancer, which were implicated in
several cancer-related (especially EMT-related) biological process and KEGG pathways
in the malignant transformation progress of lung cells induced by CS. Our result
demonstrated the dysregulation of mMIRNA-mMRNA profiles in cigarette smoke-induced
malignant transformed cells, suggesting that these miRNAs might contribute to cigarette
smoke-induced lung cancer. These genes may serve as biomarkers for predicting lung
cancer pathogenesis and progression. They can also be targets of novel anticancer
drug development.
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INTRODUCTION

Lung cancer is one of the most common carcinomas in men
and women around the world. It is the first and second leading
cause of cancer-related deaths in men and women, respectively
(1, 2). There were 2.09 million new lung cancer cases and 1.76
million lung cancer deaths, which accounts for about 18.4% of
all cancer deaths around the world in 2018 (3). The incidence
of lung cancer is closely associated with cigarette smoking (2, 4).
The risk of developing lung cancer in smokers is nearly ten times
higher than that in non-smokers (5, 6). However, it is still not
clear how normal lung epithelial cells become cancerous change
in cigarette smokers.

It is well-known that the initiation and development of lung
cancer are associated with abnormal expression of oncogenes
and tumor suppressor genes. Numerous evidence suggested that
the change in gene expression, which affects the occurrence
and progression of tumors is closely related to epigenetic
modification (7). Epigenetic modification could be DNA
methylation, microRNAs (miRNAs), histone modifications, and
nucleosome remodeling. These modifications are independent
but could interact with each other to regulate gene expression
(8). Epigenetic disruptions could promote the acquisition of a
cancerous phenotype and aggressive behavior in lung cancer cells
as well as primary or acquired resistance to treatment (9).

MiRNAs are highly conserved non-coding RNAs and consist
of 18-24 nucleotides (nt) that are involved in the post-
transcriptional regulation of gene (10). An individual miRNA
is able to regulate many different transcripts. It is also believed
that miRNAs can regulate more than one in three coding
RNAs in the genome (11). MiRNAs participate in many vital
biological processes through pairing with target mRNAs and
regulating their expression (12, 13). The imbalance of miRNAs
is usually associated with the progression and suppression of
cancer, suggesting that miRNAs may play important roles as
oncogenes or tumor suppressors (14).

The rapid development of high-throughput next-generation
sequencing technology made it possible to identify changes in
single bases in coding sequences of specific genes during lung
tumorigenesis. A meticulous and thorough analysis of these data
identified various vital genes and signaling pathways related to
the tumor resulting in a better understanding of the mechanism
of occurrence, development, and prognosis of lung cancer.
Using novel technology and bioinformatics analysis, The Cancer
Genome Atlas (TCGA, http://cancergenome.nih.gov/) project
has previously identified panels of genetic mutations contributed
to or were associated with the cause of a variety of cancers (15).
Recently, the TCGA had shown studies on lung adenocarcinoma
(LUAD) and squamous cell carcinomas (LUSC) at the molecular
level (16, 17).

The aim of this study is to analyze the correlation and
regulating mechanism of the regulatory network of miRNAs
and mRNAs during carcinogenesis. An in vitro cell model of
malignant transformation was established by exposing normal
lung epithelial cells BEAS-2B to cigarette smoke (CS). Using
high-throughput sequencing analysis, we analyzed the miRNA
and mRNA expression profile in BEAS-2B cells with or without

CS exposure. The differential expression miRNAs (DEMs) and
differentially expressed genes (DEGs) were selected, and the
integrative miRNA-mRNA network was analyzed. We identified
some critical genes involved in carcinogenesis. This study will
provide potential target candidates for novel drug development.

METHODS

Preparation of Malignantly Transformed
Cells

The CS-exposed malignant transformed cell model was
established as described previously. Briefly, exponentially
growing BEAS-2B cells were plated onto transwell membrane
(Corning, USA) with 1 x 10° in a single well (18). CS was
produced using an automatic smoking machine, and the CS was
pumped into an inhalation exposure chamber. Cells were directly
exposed to CS for 10 min every day at a smoke concentration of
20%. This procedure was continued until the cells reached 30
passages and named S30 cells (18).

Scratch Wound Healing Assay

The normal BEAS-2B cells and S30 cells (2 x 10°) were seeded
into 6 well plates and cultured at 37 °C. Cells were allowed to
grow up to 100% confluence and a scratch was made in the
plate using a P10 pipette. The cells were cultured in fresh serum-
free DMEM medium. Images were collected at 0 and 24 h under
an inverted microscope (Olympus, Germany) and quantitatively
analyzed with NIH Image] software.

Transwell Migration Assay

The normal BEAS-2B cells and S30 cells (2 x 10°) were seeded in
the upper chambers (pore size, 8 um) of the 6 well plate (Corning,
USA) in 1ml serum-free medium. The lower chambers were
filled with 2 ml complete medium with 10% FBS, and the plate
was incubated under standard conditions for 24 h. At the end of
incubation, after removing the cells in the upper surface of the
membrane with a cotton swab, cells in the lower chamber were
fixed with methanol and stained with 0.5% crystal violet solution.
The images were taken with an inverted microscope (Olympus,
Germany) and analyzed using NIH Image] software.

Colony Formation Assay

1 x 10° normal BEAS-2B cells and S30 cells were plated in
0.35% agarose on top of a 0.7% agarose base supplemented with
complete medium. The medium was renewed every 2-3 days.
The colonies were stained with 0.5% crystal violet (Sigma, USA)
for 20 min at room temperature. The colony formation rate was
calculated by the following equation: colony formation rate = the
number of colonies/number of seeded cells x 100%.

Tumorigenicity Assay

Five-week-old male BALB/c-nude mice of SPF grade were
purchased from Beijing Vital River Laboratory Animal
Technology Company Limited (Beijing, China). All nude
mice were housed in the Laboratory Animal Center Soochow
University. The animal experiment protocol was approved
by the Laboratory Animal Ethics Committee of Experiment
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Animal Center of the Soochow University (Suzhou, China).
Approximately 5 x 10° normal BEAS-2B cells or S30 cells
were injected subcutaneously into the right flank of male
BALB/c-nude mice (5 mice were used for BEAS-2B cells
injection and 10 mice for S30 cells injection). Animals were
euthanized 45 days after injection, and tumors were collected
and photographed.

RNA Extraction and Sequencing

Total cellular RNA was extracted from S30 and normal BEAS-
2B cells using TRIzol reagent (Invitrogen, USA) according
to the manufacturer’s protocol. Small RNA sequencing was
performed on the Ilumina Hiseq 2500 platform (Illumina,
San Diego, CA). NEBNext® Multiplex Small RNA Library
Prep Set for Illumina® (NEB, USA.) was used to prepare
the small RNA sequencing library. To determine the known
and novel miRNAs, unique clustered reads were aligned with
the reference genome and database obtained from miRBase
20.0 (http://www.mirbase.org/). The miRDeep2 algorithm was
used to predict novel miRNA precursors. The expression levels
were estimated by transcript per million (TPM) and mRNA
sequencing was performed on the Illumina HiSeq 4000 platform.
The Illumina TruSeq RNA kit was used for preparing the mRNA
sequencing library. The mRNAs with expression profiles that
differed between the samples were normalized as fragments per
kilobase of transcript per million mapped reads (FKPM). The
DEGSeq package was used to analyze the differential expressed
miRNAs (DEMs) or mRNAs (DEGs). P-value < 0.05 and |log2
(foldchange)| > 1 were regarded as the threshold of significantly
differential expression.

Data Source and Processing
The NSCLC (LUAD and LUSC) miRNA-Seq datasets and
related clinicopathology information were obtained from the

TABLE 1 | Primers used in this study.

Symbol Sequence
miR-106b-5p Forward 5-TAAAGTGCTGACAGTGCAGAT-'3
miR-589-5p Forward 5-TGAGAACCACGTCTGCTCTGAG-'3
miR-96-5p Forward 5-TTTGGCACTAGCACATTTTTGCT-'3
miR-181a-5p Forward 5'-AACATTCAACGCTGTCGGTGAGT-'3
miR-361-3p Forward 5-TCCCCCAGGTGTGATTCTGATTT-'3
IGFBP3 Forward 5'-AGAGCACAGATACCCAGAACT-'3
Reverse 5-GGTGATTCAGTGTGTCTTCCATT-'3
KRT17 Forward 5-GCCGCATCCTCAACGAGAT-'3
Reverse 5'-CGCGGTTCAGTTCCTCTGTC-'3
FAM129A Forward 5-GCCTGGAAGGAACGATCCG-'3
Reverse 5'-GGCCACCATCGCTTTGATCTT-'3
FLNC Forward 5-GCTCGTGTCCATAGACAGCAA-'3
Reverse 5-CTGGGGCACCTTGTTCTGG-'3
TIE1 Forward 5’-ACGACCATGACGGCGAATG-'3

Reverse primers of miRNAs and U6 primers are provided by Mir-X T™ miRNA First-Strand
Synthesis Kit.

Xena (https://xena.ucsc.edu). The LUAD miRNA expression data
included a total of 493 samples consisting of 448 LUAD samples
and 45 normal adjacent samples. The LUSC miRNA expression
data included a total of 380 samples comprising 336 LUSC
samples and 44 normal adjacent samples. The limma package
was used to identify the differential expressed miRNAs in LUAD
and LUSC when compared with corresponding normal adjacent
samples. The differentially expressed miRNAs were defined by a
threshold of p-value < 0.05 and |log2 (foldchange)| > 1.

Real-Time Quantitative PCR

A total of 1.5 pg RNA isolated from each sample was reversely
transcribed into complementary DNA (cDNA) using Revert Aid
First Strand Complementary DNA Synthesis Kit (for mRNA
detecting, Thermo, USA) or Mir-X™ miRNA First-Strand
Synthesis Kit (for miRNA detecting, Clontech Laboratories,
USA) according to the manufacturer’s instructions. Quantitative
PCR (qPCR) was performed using NovoScript® SYBR Two-
Step qRT-PCR Kit (novoprotein, China) with a QuantStudioTM
6 Flex qRT-PCR system (USA). The internal control for the
quantitive analysis of miRNA and mRNA were U6 and GAPDH,
respectively. The primer used for qPCR were listed in Table 1.

Analysis of Gene Expression and Smoking
History

To validate the correlation between expression of miRNAs and
patients’ smoking history, all valid LUAD samples in the TCGA
database were divided into four groups according to smoking
history, including (1) lifelong non-smoker (n = 66); (2) current
smokers (n = 104); (3) Current reformed smoker for >15 years
(n =116); (4) current reformed smoker for <15 years (n = 144).
The expression of miRNAs in lung adenocarcinoma tissues of
each group was compared.

miRNA-mRNA Integrative Network

For identification of the candidate miRNA-mRNA network in
smoking-induced malignant transformed cells, two separate steps
were carried out. First, the target mRNAs of interest miRNAs
were predicted through the miRDB database (http://mirdb.org/
miRDB/). Second, the intersection of differently expressed genes
and target genes was taken to screen the potential target genes
of miRNAs in smoking-induced malignant transformed cells.
These different expression target genes and miRNAs were used
to construct the miRNA-mRNA regulation network through the
Cytoscape software (V3.7.1, https://cytoscape.org).

Enrichment Analyses

Metascape (http://metascape.org/gp/index.html) is an effective
and efficient tool for experimental biologists to comprehensively
analyze and interpret OMICs-based studies in the big data era
(19). The database was used to perform the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis, which is used to predict the
potential biological functions of the overlapping genes of the
DEGs and target genes.
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FIGURE 1 | CS-induced malignant transformation in BEAS-2B cells in vitro and in vivo. (A) Representative photographs of the colony formation assay of the normal
BEAS-2B cells and S30 cells. (B) Graph of soft agar colony forming rate of normal BEAS-2B cells and S30 cells. *p < 0.01 vs. BEAS-2B. (C) Photographs of tumors

excised 45 days after injection of normal BEAS-2B cells and S30 cells into nude mice. (D) Representative HE staining histopathologic image of tumor tissues excised
45 days after injection of S30 cells into nude mice.
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FIGURE 2 | CS promoted the migratory ability of BEAS-2B cells. (A) Representative images of scratch wound healing assay of normal BEAS-2B cells and
CS-induced malignant transformed cells (S30). (B) Graph of wound closure rate in scratch wound healing assay of normal BEAS-2B cells and S30 cells. **p < 0.01

vs. BEAS-2B. (C) Representative images of transwell assay of normal BEAS-2B cells and S30 cells. (D) Graph of migrated cells in transwell assay of normal BEAS-2B
cells and S30 cells. **p < 0.01 vs. BEAS-2B.
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Statistical Analysis

SPSS 22.0 was used for statistical analysis. Values were presented
as mean =+ standard deviation (SD). Difference analysis between
two groups was performed by using student f-test. A p <
0.05 was considered statistically significant. Correlation between
differentially expressed miRNAs and predicted target mRNAs
were calculated by Pearson’s correlation. A p < 0.05 was regarded
as statistically significant.

RESULTS

CS-Induced Malignant Transformation in
BEAS-2B Cells

To validate the malignant change of S30 cells, the normal BEAS-
2B cells and S30 cells were seeded in soft agar. As shown in
Figure 1A, cells formed significantly more and bigger colonies in
S$30 cells compared to the normal BEAS-2B cells. Besides, colony
formation rate in S30 cells was remarkably higher than in the
normal BEAS-2B cells (Figure 1B). Moreover, the normal BEAS-
2B cells and S30 cells were used to generate xenograft tumors
in nude mice. Among the ten mice injected with S30 cells, 3
developed tumor tissue (Figures 1C,D). While no tumor was
found in the five mice injected with normal BEAS-2B cells.

CS Promoted the Migratory Ability of
BEAS-2B Cells

To investigate the effect of CS in cell migration, we performed
scratch wound healing and transwell cell migration assays.
Scratch wound healing assay indicated that the migratory ability
was significantly increased in S30 cells compared to the normal
BEAS-2B cells (Figures 2A,B). As shown in Figures 2C,D,
further transwell migratory assay demonstrated that the migrated
cells were significantly increased in S30 cells compared to
the normal BEAS-2B cells. These results suggested that long-
term exposure to CS could promote the migratory ability of
BEAS-2B cells.

Differentially Expressed miRNAs Between

S30 Cells and Normal BEAS-2B Cells

To test whether CS affects the miRNA-mRNA regulatory
network in BEAS-2B cells, the miRNAs in normal BEAS-2B
cells and S30 cells were quantitatively analyzed using small
RNA sequencing. Compared with the normal BEAS-2B cells,
the S30 cells showed dysregulation of 42 miRNAs that had
significantly different expression levels with 2-fold change as
a cut off (Figures 3A,B, Supplementary Table 1). Of these 42
miRNAs, 28 were upregulated (67%), and 14 were downregulated

C3 E1 E2 E3

of miRNAs upregulated or downregulated in S30 cells.
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FIGURE 3 | Graphical representation of the 42 miRNAs differentially expressed between S30 cells and normal BEAS-2B cells. (A) Heatmap of the 42 differentially
expressed miRNAs (DEMs) between the CS-induced malignant transformed cells (S30) and normal BEAS-2B cells. The colors in the heatmap represent the
normalized expression values, with low expression values being colored in shades of green and high expression values in shades of red. (B) Volcano plots were
generated to visualize the distribution of DEMs between normal BEAS-2B and S30 cells. The top five most significantly dysregulated miRNAs are marked. (C) Counts
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(33%) in the S30 cells (Figure 3C). The top five most significantly
aberrant expression miRNAs are marked in the scatter plot; miR-
106b-5p, miR-589-5p, and miR-96-5p were upregulated, and
miR-181a-5p and miR-361-3p were downregulated (Figure 3B).
The qPCR results of the top five miRNAs showed the increased
miR-106b-5p, miR-589-5p, and miR-96-5p and decreased miR-
181a-5p and miR-361-3p expression in S30 cells compared to
normal BEAS-2B cells (Figure 4).

Differentially Expressed mRNAs Between
S30 Cells and Normal BEAS-2B Cells

Next, we investigated the expression patterns of mRNAs using
transcriptome resequencing. Compared with the normal BEAS-
2B cells, the S30 cells showed dysregulation of 753 mRNAs
that had significantly different expression levels with 2-fold
change as a cut off (Figures 5A,B). Of these 753 mRNAs, 273
were upregulated (36%), and 480 were downregulated (64%)
in the S30 cells (Figure 5C). The top five most significantly
dysregulated mRNAs are marked in the scatter plot; IGFBP3
and KRT17 were upregulated, and FAMI129A, FLNC, and TIEI
were downregulated (Figure 5B). The qPCR results of the top

five mRNAs validated the increased IGFBP3 and KRT17 and
decreased FAM129A, FLNC, and TIEI expression in S30 cells
compared to normal BEAS-2B cells (Figure 6).

Integrated Analysis of the DEMs in S30

Cells and Lung Cancer Samples

To explore whether the DEMs’ expression is altered in lung
cancer tissues, we analyzed the miRNAs sequencing data of lung
cancer, including lung adenocarcinomas (LUAD) and squamous
cell lung carcinomas (LUSC), in the TCGA database. A total
of 8 miRNAs were found dysregulation in S30 cells, LUAD
and LUSC samples with a similar tendency of change. Among
these 8 miRNAs, 5 were upregulated (miR-96-5p, miR-93-
5p, miR-589-5p, miR-4661-5p, and miR-106b-5p) and 3 were
downregulated (miR-190a-5p, miR-195-5p, and miR-1-3p) in the
three datasets (Figure 7).

Association of miRNA Expression With

Smoking History
Among the five up-regulated miRNAs, three miRNAs, including
miR-96-5p, miR-93-5p, and miR-106-5p, showed a higher
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expression values, with low expression values being colored in green and high expression values in red. (B) Volcano plots were generated to visualize the distribution
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expression in current smoking LUAD patients when compared
with the lifelong non-smokers (Table 2). Three of the screened
down-regulated miRNAs, including miR-190a-5p, miR-
195-5p, and miR-1-3p, showed lower expression in current
smoking LUAD patients when compared with the lifelong
non-smokers (Table 2). Moreover, miR-96-5p and miR-106b-5p
are overexpressed in the current reformed smoker for >15
years, while miR-190a-5p has lower expression in the current
reformed smoker for >15 years when compared with the
lifelong non-smoker (Table 2).

Integrative Analysis of Correlation of
miRNA and mRNA in S30 Cells

To understand the potential functions of the smoking-related
differentially expressed miRNAs, and to explore miRNA-mRNA
interaction in S30 cells, we predicted the target genes of
miRNAs and performed an intersection analysis with the gene
expression data to identify genes that were inversely co-expressed
with miRNAs. A total of 2,477 target genes of low-expressed
miRNAs and 2,295 target genes of high-expressed miRNAs were
screened by searching miRDB database. Consequently, 25 up-
regulated genes and 70 down-regulated genes were found to
have at least one negatively regulated miRNA-mRNA pair for
smoking-related differentially expressed miRNAs (Figure 8A,
Supplementary Table 2). The miRNAs-DEGs network was
generated by Cytoscape software, as showed in Figure 8B.

Enrichment Analysis of Correlation of
miRNA and mRNA in S30 Cells

To further explore the function of the negatively correlated
miRNA-mRNA pairs, 95 up-regulated or down-regulated target

genes in S30 cells were selected for mapping into the
Metascape database and subjected to functional enrichment
analysis. As shown in Figure 9A, GO analysis demonstrated
that these target genes are associated with several cancer-
related, especially tumor migration related GO terms, including
“positive regulation of cell motility,” “regulation of cell adhesion,”
“mononuclear cell migration,” “cell junction organization,”
“extracellular structure organization” and so on. Among these
enriched DEGs, several DEGs, including THBSI, FN1, PIK3R1,
CSF1, CORO2B, and PREX1, were involved in many biologic
processes which derived from enrichment analysis of negative
miRNA-mRNA correlations (Figure 9B). Moreover, the KEGG
pathway enrichment analysis suggested that these target genes
were significantly correlated with “INF signaling pathway,”
“Small cell lung cancer,” “Rapl signaling pathway,” “PI3K-Akt
signaling pathway,” “mTOR signaling pathway,” “FoxO signaling
pathway,” “Focal adhesion,” “ECM-receptor interaction,” and
some other cancer-related pathways (Figure 10A). In particular,
“Focal adhesion” and “ECM-receptor interaction” are closely
related to cell migration. In addition, THBSI, FN1, PIK3RI,
and IRSI, were involved in many KEGG pathways which
derived from enrichment analysis of negative miRNA-mRNA
correlations (Figure 10B).

DISCUSSION

There are nearly 1.3 billion cigarette smokers in the world, which
leads to 5 million cancer related deaths every year (20). Cigarette-
smoking is a notable risk factor for multiple pathologies (21-23),
among them lung cancer takes the lead with smokers having a
much higher risk than non-smokers. Our previous studies have
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TABLE 2 | The expression of miRNAs in the LUAD patients with different smoking history.

miRNAs Significant 1 (n = 66) 2 (n =104) 3(n=116) 4 (n = 144)
miR-96-5p up 425 +0.74 458 +1.07* 439 +1.12 4.55 + 1.04*
miR-93-5p up 11.70 +£ 0.87 12.09 + 0.87** 11.65 £ 0.86 11.79 +£ 0.97
miR-589-5p up 6.66 + 0.65 6.72 £ 0.79 6.26 + 0.71* 6.49 + 0.77
miR-4661-5p up 2.08 £ 0.71 214 +£1.05 1.94 £0.84 210 £ 1.02
miR-106b-5p up 7.72 £ 0.65 8.21 £ 0.72* 7.75 £ 0.68 8.08 £ 0.72**
miR-190a-5p DOWN 1.87 £0.77 1.52 £ 0.74* 1.74 £ 0.65 1.57 £ 0.56**
miR-195-5p DOWN 5.156 + 0.98 4.73 £ 0.84* 511 £ 0.82 5.02 + 0.87
miR-1-3p DOWN 3.37 £ 1.41 2.44 +1.25" 341 £1.34 3.04 +1.28

Lifelong non-smoker (<100 cigarettes smoked in Lifetime) = 1; Current smoker (includes daily smokers and non-daily smokers or occasional smokers) = 2; Current reformed smoker
for > 15 years (> 15 years) = 3; Current reformed smoker for <15 years (<15 years) = 4 ("p < 0.05 vs. non-smoker; **p < 0.01 vs. non-smoker).

suggested that chronic exposure to CS could induce malignant
transformation of the human bronchial epithelial cell line (BEAS-
2B) and tumorigenesis (18, 24). In recent years, studies have
indicated that miRNAs play an essential role in tumor initiation,
development, and metastasis as well as the cellular response to
stress by modulating the expression of their target genes (25-27).
In this study, we investigate the effect of chronic exposure to CS
on the expression of miRNA and mRNA in BEAS-2B cells and
further examined the interaction of miRNA and mRNAs.

Based on our high throughput sequencing data and the
TCGA database analysis, we found significant dysregulation
of 6 smoking-related miRNAs in S30 cells compared with
normal BEAS-2B cells. Among these miRNAs, miR-190a is
found downregulated in aggressive neuroblastoma (NBL).
Overexpression of miR-190a contributed to the inhibition of
tumor growth and prolonged the dormancy period of fast-
growing tumors (28). A recent study showed that miR-190a could
inhibit the metastasis of breast tumor by involving in estrogen
receptor (ERa) signaling (29). miR-195 usually serves as a tumor
suppressor in several cancer types, such as gastric cancer (30),
renal cancer (31), cervical cancer (32), liver cancer (33), and
osteosarcoma (34), and its downregulation was related to lymph
node metastasis and advanced clinical stage (32). Similarly, miR-
1 can regulate multiple behavior of the tumor cells, such as
proliferation (35, 36), migration (37), apoptosis (38, 39), and
metabolism (40). In addition, miR-106b and miR-93 are both
the members of miR-106b~25 cluster, which have regarded as
significant oncogenic drivers as well as potential biomarkers and
therapeutic targets in various tumors (41-44). Moreover, Several
studies have demonstrated that miR-96 could act as an oncogene
(45-47) or tumor suppressor (48, 49) depending on the different
types of cancer. Although these miRNAs have extensively been
reported to be associated with many other kinds of cancer, their
roles in lung cancer has yet been demonstrated.

Numerous studies have established the regulatory
relationships between miRNA and mRNA expression (50, 51).
CS-induced DEMs can bind to 3'UTR regions of several genes
and down-regulate their expression, indicating that these
miRNAs may contribute to the pathogenesis of smoking-related
diseases. It has been reported that negatively regulated miRNA-
mRNA pairs are significantly contributed to the initialization

and development of different kinds of cancer (52-54). In order
to further comprehend the roles of the miRNA-mRNA pairs
in CS-induced lung cancer, we selected 95 dysregulated target
mRNAs of the 6 CS-related miRNAs and found that they are
involved in several cancer-related signaling pathways including
TNF signaling pathway, Rapl signaling pathway, PI3K-Akt
signaling pathway, mTOR signaling pathway, FoxO signaling
pathway, ECM-receptor interaction, and so on. Meanwhile,
the GO enrichment analysis results indicated that these target
genes were participated in a series of cell adhesion and migration
biological processes, suggesting these miRNA-mRNA pairs
related to the process of epithelial-mesenchymal transformation
(EMT). EMT is considered to be an important regulator of
metastasis by promoting the invasion and spread of tumor
cells to distant organs (55). Among these enriched DEGs, IRSI,
PIK3R1, THBSI, and FNI are related to more than 4 KEGG
pathways. As an adaptor of the insulin growth factor-1 receptor,
IRSI plays an essential role in cell growth and proliferation,
primarily via the Akt pathway, and it was reported to be
regulated by several miRNAs through direct or indirect action
(56-59). Moreover, studies have demonstrated that PIK3RI
was directly targeted by miR-127 (60), miR-21 (61), miR-155
(62), and some other miRNAs in different kinds of cancers. It’s
reported that the activity of phosphoinositide 3- kinase (PI3K)
is activated by many oncogenes and the PI3K family members
are involved in a serious of biological processes and the genesis
and progression of various tumors (63). Thrombospondin 1
(THBS]I) is a secreted protein with multiple biological functions
(64), including a potent anti-angiogenic activity and activation of
latent transforming growth factor beta (TGF-) (65, 66). A recent
study suggested that the expression of THBSI was modulated by
multiple miRNAs (67). Moreover, its reported that fibronectin
1 (FNI) is crucial to many cellular processes, including cell
proliferation, adhesion, migration and differentiation (68, 69),
and the expression of FNI1 was regulated by miR-1271 (70),
miR-9 (71), and miR-206 (72). Similar to previous studies,
we identified the negatively regulated miRNA-mRNA pairs in
the CS-induced lung cancer, which were implicated in several
cancer-related (especially EMT-related) biological process and
KEGG pathways in the malignant transformation progress of
lung cells induced by CS. Further study will be needed to explore
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the targeting relationships of these miRNAs and their target
mRNAs and their possible roles on cancer-related molecular
mechanisms for the development of novel targeted therapy for
CS-induced lung cancer.

In conclusion, our study demonstrated that the expression
profiles of miRNA and mRNA were significantly dysregulated in
BEAS-2B cells with long-term exposure to CS. Smoking induced
miRNAs are associated with EMT and carcinogenesis.
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Glioma is the most malignant brain tumors in the world, the function and molecular
mechanism of microRNA-199a (miR-199a) in glioma is not fully understood. Our research
aims to investigate miR-199a/K-RAS axis in regulation of glioma tumor growth and
chemoresistance. The function of miR-199a in glioma was investigated through in vitro
and in vivo assays. We found that miR-199a in tumor tissues of glioma patients was
significantly downregulated in this study. Kinase suppressor of ras 1 (K-RAS), was
indicated as a direct target of miR-199a, as well as expression levels of K-RAS were
inversely correlated with expression levels of miR-199a in human glioma specimens.
Forced expression of miR-199a suppressed AKT and ERK activation, decreased HIF-1a
and VEGF expression, inhibited cell proliferation and cell migration, forced expression of
K-RAS restored the inhibitory effect of miR-199a on cell proliferation and cell migration.
Moreover, miR-199a renders tumor cells more sensitive to temozolomide (TMZ) via
targeting K-RAS. In vivo experiment validated that miR-199a functioned as a tumor
suppressor, inhibited tumor growth by targeting K-RAS and suppressed activation
of AKT, ERK and HIF-1a expression. Taken together, these findings indicated that
miR-199a inhibits tumor growth and chemoresistance by regulating K-RAS, and the
miR-199a/K-RAS axis is a potential therapeutic target for clinical intervention in glioma.

Keywords: miR-199a, glioma, K-RAS, chemoresistance, tumorigenesis

INTRODUCTION

Malignant gliomas, as most common brain tumors around the world (1, 2), are classified
according to their degree of malignancy as Grades I to IV (3, 4). Glioma clinical treatment
includes surgery, chemotherapy and radiotherapy (5, 6). The most malignant grade IV glioma,
glioblastomamultiforme (GBM), has an average life expectancy of only 15 months (7). Investigation
of glioma carcinogenesis mechanisms would improve clinical diagnosis, drug therapy and
prevention of glioma.

MicroRNAs (miRNAs) are a class of endogenous 18-22 nucleotides RNA molecules (8, 9),
which always bind to the 3'-untranslated region (UTR) of specific target mRNAs, and then regulate
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expression of several genes at the post-transcriptional level
(10-14). Accumulated evidence has clearly demonstrated that
aberrant miRNA expression profiles (15) and dysregulations of
specific miRNAs and their target genes, are closely associated
with tumor initiation and promotion in glioma (16, 17). In
particular, the miR-199a has demonstrated to suppress tumor
growth in a variety of cancers including esophageal, liver, and
colorectal cancers. So far, the reported miR-199a downstream
target genes include oncogenes PHLPP1, E2F3, FZD6/7, HK2,
and MAP3K11 (18-23), which are functioned in pathogenesis of
various cancers.

K-RAS, which is reported as a family member of Ras
oncogene, has involved in regulation of some cellular signal
transductions (24). K-RAS is implicated in the pathogenesis of
various tumors, such as GBM and pilocytic astrocytoma (25, 26).
Activation of K-RAS could promote the activations of several
downstream molecules, such as MAPK and ERK to regulate
biological processes (27, 28).

In this study for the first time in glioma, we demonstrated the
loss of miR-199a, and that K-RAS is an important direct target
gene of miR-199a. Results from in vitro studies in human glioma
U87 and U251 cells indicated that forced expression of miR-
199a downregulated K-RAS signaling and suppressed cancer
development and Temozolomide (TMZ) chemoresistance. The
forced miR-199a overexpression also inhibited AKT and ERK1/2
pathways, through K-RAS signaling. The in vivo studies further
demonstrated that over-express of miR-199a exhibited reduced
tumor growth with down-regulated K-RAS/AKT/ERK/HIF-
la signalings. These results suggested that the loss of miR-
199a/K-RAS signaling in glioma plays a pivotal role in glioma
progression, and it is a potential novel targets for future
clinical treatment.

MATERIALS AND METHODS

Specimen Collection

Human glioma specimens (n = 24) and normal brain tissues
(n = 9) were collected from patients in Nanjing University
Medical School, China. Samples were obtained from patients

with informed consents and were histologically classified by
clinical pathologist.

Cell Culture and Reagents

Human glioma cells (U87, U251) were cultured in
DMEM  medium.  Antibodies  against anti-GAPDH
and  anti-HIF-la  were purchased from Bioworld
Technology (Atlanta, USA). Antibodies against anti-
p-AKT  (Ser473), anti-AKT, anti-p-ERK1/2 and anti-
ERK1/2 were purchased from Cell Signaling Technology

(Danvers, USA), and antibody against K-RAS was
purchased from Santa Cruz (Santa Cruz, USA).
TMZ (Sigma-Aldrich, USA) was wused for in vitro

chemosensitivity assay.

Real-Time PCR

RNAs were isolated from human specimens and cells using Trizol
(Invitrogen, USA). To measure expression levels of miR-199a
(U6 as internal control) and mRNA levels of K-RAS(GAPDH
as internal control), the cDNAs were amplified by Real-time
PCR with SYBR Green reagents (Vazyme, China) on a 7900HT
system(Applied Biosystems), and fold changes were analyzed by
relative quantification (2—2ACH,

Primers for K-RAS and GAPDH as below:

K-RAS: Forward Primer: ACAGAGAGTGGAGGATGCTTT,
Reverse Primer: TTTCACACAGCCAGGAGTCTT;
GAPDH: Forward Primer: ACAACTTTGGTATCGTGGAAGG,
Reverse Primer: GCCATCACGCCACAGTTTC.

Immunoblotting

According to the manufacturer’s instruction, cell lysates in this
study were prepared using RIPA buffer and indicated protease
inhibitors. Aliquots of protein lysates from treated cells were
fractionated by SDS-PAGE, after electrophoresis, transferred to
a PVDF membrane (Roche, Switzerland), and then subjected to
immunoblotting analysis.

Cell Proliferation Assay
Indicated miR-NC and miR-199a stable cell lines were plated
for 2 x 103 cells per well. To evaluate the proliferation activity

Relative
miR-199a expression
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FIGURE 1 | Loss of MiR-199a in human glioma specimens. (A) Relative miR-199a expression levels were analyzed by Real-time RT-PCR in glioma specimens (n =
24) and adjacent normal tissues (n = 9). U6 RNA levels were used as an internal control; (B) Relative expression levels of miR-199a in cancer tissues at Grades |, Il
and lll-IV (for each grade, n = 8). Data represent mean + SD. from three replicates. **Indicates significant difference at p < 0.01 when compared Grade | or Grade Il
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of miR-199a in glioma cells, according to the manufacturer’s
instruction, cell proliferation rate was analyzed with CCK-8 kit
(Dojindo Laboratories, Japan).

Migration Assay

Migration assay was conducted with migration chambers (BD
Biosciences, UK). 5 x 10* cells were plated per well in the upper
chamber without serum, and the lower chamber was filled with
DMEM medium with 10% FBS. 18-20h later, the bottom cells
were fixed and stained, while non-invading cells were removed.
Finally, cells were extracted by 33% acetic acid and quantitatively
detected (OD at 570 nm).

Luciferase Reporter Assay

3’-UTR region of K-RAS containing software predicted miR-
199a-matching seed sites (WT) and corresponding mutant
sites (mut) were amplified by High fidelity PCR, and inserted

into pMIR-REPORTER vector (Ambion, USA). Dual-luciferase
activities were analyzed in U87 cells by the Reporter Assay
(Promega, USA).

Apoptosis Assay

Apoptosis assay (BD Pharmingen) in indicated cells were
conducted according to the manufacturer’s instruction with
AnnexinV staining. Then samples were analyzed by flow
cytometry (FACS Canto II, BD Biosciences). These data were
analyzed by FlowJo software.

In vivo Tumor Growth Assay

Nude mice (4-weeks-old) were purchased from Animal Center
(Shanghai, China), and then bred in special pathogen-free
condition. Cells (5 x 10°) were then injected subcutaneously
into the posterior flanks of each nude mouse. Tumor sizes were
measured by vernier caliper using the formula, that is volume
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= 0.5 x (Length x Width?). Twenty-four days later, mice were
sacrificed as well as tumors were dissected. All mice used in this
study were sacrificed according to the institutional guidelines
and regulations.

Statistical Analysis

All cellular experiments were performed three times. Data were
analyzed with GraphPad Prism 5 software. The correlations
between miR-199a and K-RAS in human glioma tissues were

analyzed by Pearson’s test. The differences were considered as
statistically significant at P < 0.05 by ¢-test.

RESULTS

Loss of MiR-199a in Human Glioma

Specimens
Since mechanism of miR-199a is not fully understood in glioma,
qRT-PCR analysis was then performed to determine indicated
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expression levels of miR-199a in human glioma specimens. The
results clarified that miR-199a expression in tumor (n = 24)
tissues were significantly lower, as compared to normal (n =
9) tissues (Figure 1A). Furthermore, in tumor tissues of glioma
patients, we showed that miR-199a expression were correlated
with the clinical stages, which indicated that miR-199a in high
grade tumors (n = 8, WHO Grades III-IV) were significantly
lower when compared to those in low grade tumors (n = 8, WHO
Grade I and n =8, WHO Grade II) (Figure 1B). Thus, our results
indicated that miR-199a may be a potential novel biomarker for
glioma staging.

Forced Overexpression of miR-199a
Inhibited Cell Proliferation and Migration
Activity in Human Glioma U87 and U251
Cells

To overexpress miR-199a, human glioma cells U87 and
U251 were infected with lentivirus expressing miR-199a,
and lentivirus expressing miR-NC was used as control.
Stable cell lines which termed as U87/miR-NC, U87/miR-
199a, U251/miR-NC, and U251/miR-199a were established
after puromycin selection, and higher miR-199a expression
in U87/miR-199a and U251/miR-199a were demonstrated

by qRT-PCR (Figure 2A). Overexpression of miR-199a
markedly attenuated cell proliferation activity in U87/miR-
199a (Figure2B) and U251/miR-199a cells (Figure 2C).
In addition, forced expression of miR-199a markedly
reduced cell migration activity (Figure2D). These results
are consistent with the tumor suppressor activities of miR-199a
in glioma cells.

K-RAS Is a Direct Target of miR-199a
TargetScan software was used to predict the direct targets of miR-
199a, and K-RAS was found to be a potential target (Figure 3A).
We constructed luciferase reporter plasmids with either the
putative K-RAS wild-type binding sites (WT) or seed sequence
mutant sites (mut). Luciferase assay were used to investigate
whether the K-RAS is a candidate target of miR-199a. Our results
clarified that overexpressing miR-199a in U87 cells reduced
the luciferase activity of WT K-RAS reporter by 65%, whereas
it did not change the mutant luciferase activities (Figure 3B).
Furthermore, forced overexpression of miR-199a significantly
attenuated protein expression of K-RAS in U87 and U251 cells
(Figure 3C), suggesting that in human glioma cells, miR-199a
targets K-RAS directly by binding with its 3'-UTR.
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Inverse Correlations of Lower miRNA-199a
and Higher K-RAS Levels in Human Glioma

Patient Tissues

To further support the notion that K-RAS oncogene is a
direct target, we tested expression levels of K-RAS in human
glioma specimens. Our results clarified that K-RAS expression
levels were significantly higher in tumor tissues compared with
normal tissues (Figure 3D). Furthermore, we determined the
correlation between miR-199a and K-RAS oncogene levels in
human glioma specimens using Pearson’s correlation analysis.
Inverse correlation in Figure 3E was found between K-RAS and
miR-199a in the human glioma specimens (Pearson’s correlation,
r=—0.6622).

Forced Expression of miR-199a Reduced
Activation of K-RAS Downstream
Molecules AKT and ERK1/2 as Well as
HIF-1o¢ and VEGF Expression Levels in U87
Cells

The downstream molecules of RAS signaling are AKT and
ERK1/2, which are linked to effectors, such as hypoxia-
inducible factor la (HIF-1a) as well as vascular endothelial

growth factor (VEGF). We found that overexpression of
miR-199a in U87 cells dramatically suppressed AKT and
ERK1/2 activation as indicated by significantly reduced
phosphorylated AKT and ERK1/2 levels and a reduction
of HIF-la protein level without change of total protein
levels (Figure 4A).

Accumulated research have shown the importance role
of HIF-1a/VEGF in the regulation of glioma angiogenesis
(29, 30). Our previous study has reported that HIF-la
promotes VEGF gene expression through binding to the
hypoxia response element (HRE) in the promoter region of
VEGF. In addition to decreased HIF-la, we also detected
a significant reduction of VEGF mRNA levels in miR-
199a-expressing U87 cells (Figure4B). To test whether
miR-199a inhibited VEGF expression through HIF-1a,
we analyzed and compared effects of miR-199a on (1) a
VEGF promoter reporter plasmid (pMAP11WT) containing
the HIF-la binding site, and (2) a mutant (pMAP11 mut)
plasmid with mutation, overexpression of miR-199a inhibited
the luciferase activities of the VEGF promoter reporter
plasmid as shown in Figure 4C. Thus, our results indicated
that miR-199a suppressed the gene expression of VEGF
through HIF-1a.
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Restoration of K-RAS Reversed miR-199a
Mediated Suppression on Cell Proliferation

and Migration

To further demonstrate the role of K-RAS in miR-199a mediated
effects on cell proliferation and migration, U87/miR-NC
cells or U87/miR-199a cells were co-transfected with control
vector (Vector) or K-RAS without 3’-UTR. miR-199a reduced
K-RAS expression significantly, and forced expression of
K-RAS restored K-RAS expression as shown in Figure 5A.
We also determined the effect on cell proliferation activity.
As shown in Figure 5B, U87/miR-199a cells has significantly
reduced cell proliferation rate, while overexpressing K-RAS
in U87/miR-199a cells (U87/miR-199a/K-RAS), restored the
cell proliferation rate. The cell migration was determined and
quantified by a microplate reader using migration chambers (OD
at 570 nm). As we expected, overexpression of K-RAS (U87/miR-
199a/K-RAS) restored miR-199a-inhibited cell migration
activity (Figure 5C). To sum up, these results suggested
that miR-199a suppresses human glioma cell proliferation
and migration, and forced expression of K-RAS reversed
miR-199a effects.

Overexpression of miR-199a Rendered
Cells More Sensitive to TMZ Through
Targeting K-RAS

TMZ chemoresistance is the major obstacle in process of glioma
chemotherapy. In this study, U87/miR-NC cells or U87/miR-
199a were treated with TMZ at different concentrations for
2 days, as shown in Figure 6A, U87/miR-199a cells were
significantly more sensitive to TMZ treatment. Furthermore,
overexpressing K-RAS in U87/miR-199a cells (U87/miR-199a/K-
RAS) nearly completely reversed the chemosensitivity to TMZ
treatment (Figure 6B). We further investigated the role of miR-
199a/K-RAS axis in TMZ mediated apoptosis by apoptosis
analysis and caspase-3 activity assay. As shown in Figure 6C,
TMZ treatment produced significantly higher apoptotic cell
population in U87/miR-199a cells as compare to the control
U87/miR-NC cells. Forced expression of K-RAS in U87/miR-
199a cells (U87/miR-199a/K-RAS) nearly completely reversed
the effect. Moreover, activities of caspase-3 were determined. As
shown in Figure 6D, compared to the negative control (Bar 1,
U87/miR-NC), overexpression of miR-199a (Bar 2, U87/miR-
199a) significantly increased caspase 3 activity. TMZ treatmentof
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control U87/miR-NC cells increased caspase3 activity (Bar 3,
U87/miR-NC + TMZ), and TMZ treatment of U87/miR-199a
cells strongly and significantly increased caspase3 activity (Bar
4, U87/miR-199a + TMZ). In addition, overexpression of K-
RAS in U87/miR-199a cells attenuated the activation of caspase-3
(Bar 5, U87/miR-199a/K-RAS + TMZ). To sum up, our results
showed that miR-199a rendered glioma cells more sensitive to
TMZ through targeting K-RAS.

MiR-199a Suppressed Tumor Growth

in vivo

To determine whether over-expression of miR-199a inhibited
tumor growth in vivo, U87/miR-NC cells and U87/miR-199a
cells were injected into immunodeficient nude mice. After cell
injection, tumor sizes were measured. Compared to control mice
injected with U87/miR-NC cells, mice injected with U87/miR-
199a cells developed significantly smaller tumors from Day
14 (Figure 7A). Twenty-four days later, Mice were sacrificed
after implantation, tumors were harvested, photographed, and
weighed. A pair of representative tumors trimmed out from
U87/miR-199a and U87/miR-NC groups, and the average tumor

weight were shown in Figure 7B. Forced expression of miR-
199a produced tumors with significantly lower tumor weight.
We also determined the protein levels of K-RAS, p-AKT, p-
ERK1/2 and HIF-la in tumor tissues, and found that these
proteins from U87/miR-199a group were significantly lower
than that of U87/miR-NC group, which is consistent with in
vitro data (Figure 7C). Our results suggested that miR-199a
inhibited tumor growth by inhibiting K-RAS expression and its
downstream molecules.

DISCUSSION

MicroRNAs (miRNAs) in diverse human cancers have been
frequently indicated to be dysregulated (31, 32). The miR-199a
have reported to be downregulated in multiple malignancies (33-
35). We first demonstrated that expression levels of miR-199a
was downregulated in clinical glioma samples, and function as
a tumor suppressor to increase sensitivity to treatment.

The reported miR-199a targets include GRP78, GSK-38,
Discoidin domain receptor 1 (DDRI), mTOR, CD44, and
IkB kinase-beta. It works through targeting GRP78, a major
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endoplasmic reticulum chaperone, in prostate cancer cells to
induce apoptosis and increase sensitivity to trichostatin A, the
histone deacetylase inhibitor (36); through GSK-3p in renal
cell cancer cells to decreases cell proliferation (37); through a
receptor tyrosine kinase DDRI, to suppress invasiveness and
migratory ability of colorectal cancer cells (38); through the
mTOR and CD44 to increase sensitivity to cisplatin treatment
and to reduce the number of ovarian cancer stem cells (39, 40).
Finally, it works through targeting IkB kinase-beta to increase
TNF-a-induced ovarian cancer cell apoptosis (41). Here, we first
identified K-RAS as a novel target of miR-199a. We also confirm
the inverse correlation between miR-199a and K-RAS levels in
glioma specimens.

Temozolomide (TMZ) is a first-line drug for glioma
treatment. A recent study has shown that miR-29¢ contributed
to sensitize cells to temozolomide treatment by targeting O°-
methylguanine-DNA methyltransferases in glioma (42). On
the other hand, miR-423-5p was reported to function as a
oncogene and promoted chemoresistance to temozolomide in
glioblastomas (43). Here we found that overexpression of miR-
199a rendered cells more sensitive to TMZ through its target
K-RAS. Thus, miR-199a/K-RAS signaling may be a potential new
target to overcome chemoresistance to TMZ in glioma.

CONCLUSIONS

To sum up, we have clarified that K-RAS is a novel direct
target of miR-199a. MiR-199a inhibit activity of cell proliferation,
cell migration, drug chemoresistance and tumor growth by
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miR-139-5p and Promotes Cell
Proliferation and Chemotherapy
Resistance of Non-small Cell Lung
Cancer by Competitively
Upregulating RRM2

Na Huang ", Wei Guo?', Ke Ren?', Wancheng Li'', Yi Jiang', Jian Sun’, Wenjing Dai’ and
Wei Zhao "**

" Department of Respiratory Medicine, The First Affiliated Hospital of Chengdu Medical College, Chengdu, China, ? School of
Laboratory Medicine/Sichuan Provincial Engineering Laboratory for Prevention and Control Technology of Veterinary Drug
Residue in Animal-origin Food, Chengdu Medical College, Chengdu, China

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related death
worldwide. This study aims to understand the underlying mechanism of IncCRNA,
actin filament-associated protein 1 antisense RNA 1(AFAP1-AS1) in mediating
chemotherapeutic resistance in NSCLC. The levels of AFAP1-AS1 in NSCLC tissues
and cells were determined using RT-PCR. The protein levels of RRM2, EGFR, and
p-AKT were analyzed using Western blotting. Binding between AFAP1-AS1 and
miR-139-5p was confirmed using dual luciferase reporter and RNA immunoprecipitation
(RIP) assays, and binding between miR-139-5p and RRM2 was confirmed by
a dual luciferase reporter assay. NSCLC cell proliferation, apoptosis, and colony
formation were examined using MTT, flow cytometry, and colony formation assays,
respectively. It was found that AFAP1-AS1 expression was upregulated in NSCLC
tissues and cells. In addition, AFAP1-AS1 bound to and downregulated the expression
of miR-139-5p, which was reduced in NSCLC tissues. Knockdown of AFAP1-AS1
and overexpression of miR-139-5p inhibited NSCLC cell proliferation, colony formation
and chemotherapy resistance and increased cell apoptosis. Additionally, AFAP1-AS1
upregulates RRM2 expression via sponging miR-139-5p. Furthermore, AFAP1-AST
enhanced NSCLC cell proliferation and chemotherapy resistance through upregulation
of RRM2 by inhibiting miR-139-5p expression. Moreover, RRM2 promoted cellular
chemotherapy resistance by activating EGFR/AKT. Finally, knockdown of AFAP1-AS1
significantly suppressed tumor growth and chemoresistance in nude mice. In conclusion,
AFAP1-AS1 promoted chemotherapy resistance by supressing miR-139-5p expression
and promoting RRM2/EGFR/AKT signaling pathway in NSCLC cells.
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AFAP1-AS1 Promotes NSCLC Progression via miR-139-5p/RRM2

INTRODUCTION

Lung cancer is the leading cause of cancer-related death
worldwide (1-3). Non-small cell lung cancer (NSCLC) accounts
for approximately 80% of all lung cancer cases and comprises
two histological subtypes, adenocarcinoma (AD) and squamous
cell cancer (SCC) (4, 5). The current overall 5-year survival rate
for NSCLC is <15% due to both limited therapeutic options
and recurrence (4). The prognosis of NSCLC is affected by
chemotherapy resistance (6, 7). Thus, a better understanding
of carcinogenesis and chemotherapy resistance is critical for
developing novel therapies to treat NSCLC patients.

Long non-coding RNAs (IncRNAs) are a family of non-coding
RNAs with lengths of >200 nucleotides. Accumulating evidence
suggests that IncRNAs contribute to cancer initiation and
progression and chemotherapy resistance (8-11). For example,
the highly conserved IncRNA MALAT1 is a predictive biomarker
for metastasis of lung cancer (12). Elevated LINC00473
expression often correlates with poor prognosis and is a
robust biomarker for LKB1-inactivated NSCLC (13). HOTAIR
is involved in the invasion and motility of lung cancer cells
(14). However, MEG3 serves as a tumor suppressor in NSCLC,
inhibiting cell proliferation and inducing p53-mediated cancer
cell apoptosis (15).

TABLE 1 | Association between INcRNA AFAP1-AS1 expression to clinical factors
in the NSCLC tissues.

Factor AFAP1-AS1 AFAP1-AS1  P-value (High vs.
level (High) level (Low) low)

Sex 0.409
Male 15 13
Female 9 7

Age 0.556
<60 13 16
>60 8 7

Smoker?
Yes 17 15 0.622
No 16 16

Histology 0.437
SSC 17 16
AC 5 6
Others 0 0

Tissue differentiation 0.024
Middle and high 18
Low 14 5

TNM stage 0.017
/1 18 10
v 11 5

Lymph node metastasis 0.041
Present 15
Absent 13

SCC, lung squamous cell carcinoma; AC, lung adenocarcinoma; P value < 0.05 was
statistically significant.

LncRNA actin filament-associated protein 1 antisense RNA
1 (AFAP1-AS1) is a 6.8-kb IncRNA located on chromosome
4p16.1. AFAP1-AS1 participates in the development of various
cancers, including pancreatic ductal adenocarcinoma (16),
esophageal adenocarcinoma (17), hepatocellular carcinoma (18),
nasopharyngeal carcinoma (19), gallbladder cancer (20), and
colorectal cancer (21). In addition, AFAPI-AS1 plays roles
in NSCLC tumourigenesis by epigenetically repressing p21
expression (22, 23). However, the molecular mechanisms and
global gene regulation mediated by AFAP1-ASI1 and the role of
AFAPI-ASI1 in chemotherapy resistance in human NSCLC has
not been explored.

Ribonucleoside-diphosphate reductase subunit M2 (RRM2) is
the catalytic subunit of ribonucleotide reductase and modulates
the enzymatic activity, which is essential for DNA replication
and repair (24). RRM2 has been reported to be involved in
the progression of various cancers, including gliomas (25),
colorectal cancer (26), bladder cancer (27) and NSCLC (28-31).
In addition, RRM2 is a prognostic biomarker for NSCLC (28—
31). Interestingly, AKT-induced tamoxifen resistance is reversed
by RRM2 inhibition in breast cancer (32), suggesting that RRM2
may participate in the chemotherapy resistance of cancer cells.
The abnormal overexpression or activation of AKT has been
observed in cancers including lung, ovarian and pancreatic
cancers (33), and AKT could be activated by epidermal growth
factor receptor (EGFR) (34), implying that targeting EGFR or
AKT could offer important approaches for cancer prevention and
therapy. Subsequently, we investigated the effect of RRM2 on
EGFR/AKT signaling.

In this study, we investigate the role of AFAP1-AS1 in
NSCLC cell proliferation and chemotherapy resistance to DDP
(Cisplatin) and 5-FU (fluorouracil), which are commonly used
for countering progression of cancers in clinic. We also explore
the function of RRM2 in the chemotherapy resistance of NSCLC
cells. Our data indicate that AFAP1-AS1 expression was elevated
in patients with NSCLC and that AFAP1-AS1 acts as a competing
endogenous RNA for miR-139-5p, which is an important
suppressor in several tumors (35-39). Knockdown of AFAP1-
ASI or overexpression of miR-139-5p inhibited the proliferation,
increased the apoptosis, and attenuated the chemotherapy
resistance of lung cancer cells by upregulating RRM2. In addition,
knockdown of AFAP1-AS1 reduced tumor volume and weight
in vivo. Taken together, AFAP1-AS1 supresses miR-139-5p and
promotes cell proliferation and chemotherapy resistance of
NSCLC cells by competitively upregulating RRM2 expression.

MATERIALS AND METHODS

Tissue Collection

This study was approved by the ethics committee of first
affiliated hospital of Chengdu Medical College. From Feb. 2018
to Apr. 2019, a total of 44 NSCLC patients were recruited
from Department of Respiratory Medicine, the First Affiliated
Hospital of Chengdu Medical College Chengdu. All participants
signed an informed consent form. NSCLC tissues and adjacent
normal lung tissues were collected and stored at —80 °C
until used. The drugs cisplatin (DDP), 5-fluorouracil (5-FU),
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FIGURE 1 | AFAP1-AS1 expression in NSCLC tissues and cells. (A) H&E staining of lung clinic tissues. (B) RT-PCR on the expression of AFAP1-AS1 in the 44 NSCLC
tissues and in 20 adjacent normal tissues. (C) RT-PCR on the expression of AFAP1-AS1 in NSCLC tissues of patients in chemotherapy response group (n = 20) and
the chemotherapy non-response group (n = 24). (D) AFAP1-AS1 expression in lung cancer cells analyzed by RT- PCR. The results shown as means +
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adriamycin, and paclitaxel were used for NSCLC treatment
in all patients. In accordance with the Response Evaluation
Criteria in Solid Tumors, we grouped the patients with a
complete or partial response as responders and defined those
with stable or progressive disease as non-responders. The
clinicopathological characteristics of the patients with NSCLC are
summarized in Table 1.

Cell Culture

The NSCLC cell lines H1975, PC-9, A549, and SPCA-1, and a
human normal lung epithelial cell line BEAS-2B were purchased
from the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China). The H1975
and SPCA-1 cells were maintained in RPMI 1640 basic medium
(GIBCO, Carlsbad, CA), and the PC-9 and A549 cells were
cultured in DMEM (GIBCO) in a humidified incubator at
37°C with 5% CO;. All media were supplemented with heat-
inactivated 10% fetal bovine serum (FBS) and antibiotics (100
U/mL penicillin and 100 mg/mL streptomycin) (GIBCO).

Cell Transfection

The cells were plated in dishes or plates and grown to 70%
confluence for the transfection of small interfering RNA
(siRNA) or plasmids using Lipofectamine 2000 (Thermo

Fisher Scientific, Shanghai, China). The siAFAP1-AS1#1 and
siAFAP1-AS1#2 sequences, the miR-139-5p mimic or inhibitor,
the pcDNA-RRM2 plasmid, and the Lv-AFAP1-AS1 knockdown
(KD) (Lv-siAFAP1-AS1#1) construct and their paired controls
were synthesized by GenePharma (Shanghai, China). The
pcDNA-RRM2 plasmid contained the full-length RRM2 coding
mRNA sequence (NM_001165931.1), the pcDNA-AFAPI-
AS1 plasmid contained the full-length AFAPI-AS1 sequence
(ENST00000608442.1), and the Lv-AFAP1-AS1 KD lentivirus
expressed siRNA targeting AFAP1-AS1. The siRNA sequences
targeting AFAP1-AS1 were designed as follows: siAFAP1-AS1,
5'-GCA TTA TTT TGC TAA TTC AAC-3’ and the scrambled
negative control siRNA was the sequence: 5-CCT AAC CAC
AAA CTC TAC GGC-3’ (abbreviated as scramble). The inhibitor
sequences targeting miR-139-5p were designed as follows: 5'-
CUG GAG ACU GCG ACU GUA GAC UGG AGA CUG CGA
CUG UAG ACU GGA GAC UGC GAC UGU AGA CUG GAG
ACU GCG ACU GUA GAC UGG AGA CUG CGA CUG UAG
A-3’, and the miR-139-5p mimic sequences were designed as
follows: 5'-UCU ACA GUG CAC GUG UCU CCA G-3/, and
the negative control sequences were 5-UCU CCG AAC GUG
UCA CGU-3' (abbreviated as pre-NC, or NC). Then, both the
full length and mutant of AFAP1-AS1 (or RRM2 3’'UTR) were
constructed into pmirGLO plasmid for luciferase assay.
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FIGURE 2 | luciferase reporter assay on cells transfected with AFAP1-AS1 WT, AFAP1-AS1 Mut1, and AFAP1-AS1 Mut2. Data shown as means + S.D. #P < 0.05
compared with the pre-NC-transfected samples. (C) RT-PCR on the miR-139-5p expression in chemoresistant tissues. Data shown as means + S.D. #P < 0.05
compared with chemoresponsive tissues. (D) RT-PCR on the miR-139-5p expression in cancer cells. Data shown as means + S.D. ¥P < 0.05 compared with
BEAS-2B cells. (E-H) RT-PCR on the effect of AFAP1-AS1 knockdown on miR-139-5p mRNA expression. Data shown as means + S.D. #P < 0.05 compared with
the scramble-transfected group. (l,J) The effect of AFAP1-AS1 overexpression on miR-139-5p mRNA expression analyzed by RT- PCR. Data shown as means + S.D.
#P < 0.05 compared with the pcDNA-transfected group. (K) Cell lysate incubated with an anti-Ago2 antibody for RIP, and the AFAP1-AS1 content detected by RT-
PCR. Data shown as means + S.D. #P < 0.05 compared with the IgG control group. (L) Cell lysate incubated with Bio-AFAP1-AS1 for RIP, and the enrichment of
miR-139-5p detected by RT- PCR. Data shown as means + S.D. #P < 0.05 compared with Bio-control group. (M) The expression of AFAP1-AS1 and miR-139-5p
negatively correlated in NSCLC tissues. r = —0.7686 and p < 0.0001.

RNA Extraction and Real-Time Polymerase Colony Formation Assay

Chain Reaction (PCR) Analyses NSCLC cells were seeded in fresh six-well plates in a 5% CO;
Total RNA was extracted from NSCLC tissues or cells with TRIzol ~ incubator at 37°C and were then transfected with the indicated
reagent (Thermo Fisher Scientific) following the manufacturer’s ~ SiRNAs. Following incubation for 2 weeks, NSCLC cells would
instructions. The expression of AFAP1-AS1, miR-139-5p, and ~ 8roW into colonies, and they were fixed with methanol and
RRM2 was analyzed with SYBR Green Master Mix (Takara, stained with 0.1% crystal violet. Visible colonies were manually
Beijing, China). Complementary DNA (cDNA) was synthesized ~ counted and recorded.
using a PrimeScript RT Reagent Kit and gDNA Eraser (Takara). .
Real-time PCR was carried out on an ABI 7500 Real-Time PCR Apoptosis Analyses ] )
System (Applied Biosystems, Foster City, CA, USA). The primers Treated cells were collected, c'entrlfuged at 2,000 rpm for 5min
used were as follows: AFAP1-AS1, 5'-TCG CTC AAT GGA GTG and washed with PBS three times. The cells were resuspended
ACG GCA-3' (forward) and 5'-CGG CTG AGA CCG CTG AGA in 100 pL of PBS, and annexin V/FITC (5 pL) and propidium
ACT-3' (reverse); miR-139-5p, 5-TCT ACA GTG CAC GTG iodide (PI) (1 pL) were added to each sample. After 15min
TCT CCA G-3' (forward) and 5'-GTG CAG GGT CCG AGG T- incubation at room temperature in the dark, the apoptosis of the
3 (reverse); U6, 5-TGC GGG TGC TCG CTT CGG CAG C-3  cancer cells was analyzed on an S3e flow cytometer (Bio-Rad,
(forward) and 5'-GTG CAG GGT CCG AGG T-3 (reverse); and Shanghai, China). Cells stained with either annexin V or PI were
GAPDH, 5'-CAC CCA CTC CTC CAC CTT TG-3' (forward) ~ counted asapoptotic cells.
and 5-CCA CCA CCC TGT TGC TGT AG-3 (reverse); RRM2, Caspase-3 activity was also checked in cancer cells by Caspase-
5-GGC GCG GGA GAT TTA AAG GC-3' (forward) and 5'- 3 Activity Assay Kit (Beyotime, Shanghai, China) followed
CGG AGG GAG AGC ATA GTG GA-3 (reverse). The relative ~ the instruction.
expression levels of AFAP1-AS1, miR-139-5p, and RRM2 were T
calculated using the 2~A2€t method with U6 or GAPDH as the R,NA Immunoprempltatlon. (RIP) Assays
internal control Rip experiments were performed using a Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Millipore, USA)
according to the manufacturer’s instructions. Antibodies against
EZH2 and AGO-2 were obtained from Sigma. The AGO2
expression level was determined by immunoprecipitation and
Western blotting, and the AFAPI1-AS1 expression level was
determined by real-time PCR.

Luciferase Reporter Assay

The luciferase reporter vector pGLO-basic (Promega, Beijing,
China) containing the wild-type (WT) or mutant AFAP1-AS1
sequences 1/2 (Mut 1/2) were transfected into A549 cells. The

pGLO plasmids containing the full-length RRM2 3’ UTR or its ~ Chemical Treatment in Cells
corresponding mutant were co-transfected with an miR-139-5p 1 ¢hjg study, transfected NSCLC cells were incubated with DDP
mimic or inhibitor into A549 cells. After 48 h of incubation, the (solute in PBS) at concentrations of 0, 1, 2, 4, 8, and 12 WM or
cells were harvested and luciferase activity was determined using it 5-FU (solute in PBS) at concentrations of 0, 1, 4, 8, 16, and
a dual luciferase assay kit (Promega). 32 uM for 36 h. DDP and 5-FU were purchased from Sigma.
A549 and SPCA-1 cells were treated with AST1306 (Selleck,
Shanghai, China) at 1 M for 24 h.
MTT Assay and CCK-8 Assay
Cell proliferation was measured by a 3-(4,5-dimethylthiazol-2- ~ Generation of Drug-Resistant Cell Lines
yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. Lung cancer =~ The DDP- or 5-FU-resistant cell lines were generated by
cells were plated in a 96-well plate (2 x 10° cells/well). After cells  incubating NSCLC cells with increasing concentration of the
were incubated with MTT (Sigma, Shanghai, China), the optical ~ indicated drugs. NSCLC cells were plated into plates and
density (OD) value was determined at 450 nm. Additionally, we ~ maintained in medium containing 0.2uM DDP. After 48h
used a Cell Counting Kit-8 (CCK-8, Sigma) to analyse NSCLC  incubation, the 0.2 uM DDP-containing medium was discarded,
cell viability. In the MTT and CCK-8 assays, the inhibition rate  and medium containing gradually increasing concentrations of
(%) = 100% x (1-OD value of the treated sample/OD value of =~ DDP was added. Finally, cells resistant to 10 WM DDP were
the control sample). obtained and named A549/DDP or SPCA-1/DDP cells.
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FIGURE 3 | Suppression of AFAP1-AS1 or overexpression of miR-139-5p inhibits the proliferation and increases cell apoptosis of NSCLC cells. (A,B) MTT assay on
the proliferation of A549 and SPCA-1 cells with AFAP1-AS1 knockdown. Data shown as means + S.D. #P < 0.05 compared with the scramble-transfected cells.
(C) MiR-139-5p overexpressed in A549 and SPCA-1 cells. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected group. (D,E) MTT assay
on the proliferation of A549 and SPCA-1 cells with miR-139-5p overexpression. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected
group. (F) A colony formation assay on the effect of miR-139-5p overexpression on cell proliferation. (G,H) Annexin V/PI staining to assess the effect of AFAP1-AS1
knockdown on the apoptosis of A549 and SPCA-1 cells. The cell apoptosis data shown as means + S.D. #P < 0.05 compared with the scramble-transfected cells.
(I,J) Annexin V/PI staining to assess the effect of miR-139-5p overexpression on the apoptosis of A549 and SPCA-1 cells. (K,L) Caspase-3 activity was identified in
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FIGURE 4 | Knockdown of AFAP1-AS1 decreases the chemotherapy resistance of NSCLC cells. (A,B) CCK-8 assay on A549 or SPCA-1 cells transfected with
scramble or siAFAP1-AS1 and incubated with DDP for 36 h at the indicated concentrations. Data shown as means + S.D. #P < 0.05 compared with the
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FIGURE 4 | scramble-transfected cells. (C,D) CCK-8 assay on A549 or SPCA-1 cells transfected with scramble or siAFAP1-AS1 and incubated with 5-FU for 36 h at
the indicated concentrations. Data shown as means + S.D. #P < 0.05 compared with the scramble-transfected cells. (E) AFAP1-AS1 levels determined by RT-PCR
in A549 and drug-resistant A549/DDP cells as well as in SPCA-1 and SPCA-1/DDP cells. Data shown as means + S.D. #P < 0.05 compared with parental A549
cells. (F,G) Knockdown of AFAP1-AS1 increased the DDP-induced apoptosis of drug-resistant NSCLC cells. Data presented as means + S.D. #P < 0.05 compared
with the scramble-transfected DDP-resistant cancer cells. (H) AFAP1-AS1 levels determined by RT-PCR in A549 and drug-resistant A549/5-FU cells as well as in
SPCA-1 and SPCA-1/5-FU cells. Data shown as means + S.D. #P < 0.05 compared with parental A549 cells. (I) Knockdown of AFAP1-AS1 increased the
5-FU-induced apoptosis of drug-resistant NSCLC cells. Data presented as means + S.D. #P < 0.05 compared with the scramble-transfected 5-FU-resistant cancer
cells. (J,K) Caspase-3 activity was identified in A549 and SPCA-1 cells, which were treated as indicated. #P < 0.05 compared with the scramble+PBS group.

Western Blot Analysis

Tissues and cancer cells were lysed using RIPA lysis buffer
(Beyotime, Haimen, China) containing protease inhibitor
cocktail (Roche). Approximately 20 pg of extracted protein
was separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to 0.22mm
polyvinylidene difluoride (PVDF) membranes (Millipore,
Shanghai, China). We blocked the PVDF membranes in 2%
bovine serum albumin (BSA) and incubated them with primary
antibodies against RRM2 (catalog No. #65939), EGFR (catalog
No. #2085), p-AKT (catalog No. #4060), AKT (catalog No.
#9272), and GAPDH (catalog No. #5174) (Cell Signaling
Technology, Shanghai, China). Then, these immunoblots were
incubated with horseradish peroxidase-conjugated secondary
antibodies for 60 min at room temperature. GAPDH was used as
the internal control.

Pull Down Assay With Biotinylated

AFAP1-AS1 DNA Probe

The biotin-labeled ABHD11-AS1 DNA probe was designed
(Thermo), dissolved in binding and washing buffer and mixed
with M-280 streptavidin magnetic beads (Thermo) to generate
probe-coated beads according to the manufacturer’s instruction.
The A549 cell lysates were incubated with the probe-coated
beads. Then, we used real-time PCR analysis to determine
the beads-binding RNAs. The AFAP1-AS1 pull-down probe
sequence was 5'-Bio-AGT AAA CAC GCA GTT GCA CAT GGC
TGG GGA GGC CTC AGA ATC ATG GCG GGA GGC GAA
AGA CACTTCTTA CGT GGC AGC AGC-3'; and random pull-
down probe sequence used as negative control was 5’-Bio-TGC
ATC CAA GCC GAT TGC GGT AAC GTG CAT CCA AGC
CGA TTG CGG TAA CG-3.

Xenograft Tumor Assay

Male athymic nude BALB/c mice were purchased from the
Model Animal Research Center of Nanjing University (Nanjing,
China). At 5 weeks of age, the mice were randomly divided
into four groups. The animal procedure was approved by the
Ethics Committee of Animal Experiments of Chengdu Medical
College (Chengdu, China). A549 cells were transfected with Lv-
scramble or Lv-AFAP1-AS1 KD. 2 x 10° cells were inoculated
subcutaneously into the mice. After 10 days, the mice were
administered 3 mg/kg (body weight) DDP or PBS every 4 days
for 28 days. During this period, the tumor lengths and widths
were measured, and tumor volumes were calculated as follows:
tumor volume = (length x width?)/2. Finally, the tumors were
harvested and weighed.

Bioinformatic Analyses

In this study, LNCipedia version 5.2, IncBase version 2, and
starBase were used to predict the potential binding sites between
AFAP1-AS1 and miR-139-5p. miRBase and miRDB were applied
to analyse the binding sites between miR-139-5p and the RRM2
3’ UTR. In addition, we predicted the RNA-binding activity by
examining previous studies (40).

Statistical Analysis

Statistical analyses were performed using SPSS software (version
19.0). The data are expressed as means + standard deviations
(S.D.). A two-tailed Student’s t-test was used to analyse difference
between two groups. For multi-group comparisons, we used
one-way analysis of variance (ANOVA) with a post-hoc Tukey’s
honestly significant difference (HSD) test. P-value of < 0.05 were
considered statistically significant.

RESULTS

AFAP1-AS1 Is Overexpressed in NSCLC

Tissues and Cells

Firstly, NSCLC tissues and adjacent tissues were collected from
hospital. The tissues were analyzed by H&E staining, and
the results showed that abnormal cell over-growth appeared
in tumors (Figure 1A). RT-PCR was performed to determine
the expression of AFAP1-AS1 in NSCLC tissues and cells. It
was found that the expression of AFAP1-AS1 was significantly
higher in NSCLC tissues than in normal tissues (Figure 1B).
In addition, AFAP1-AS1 was overexpressed in NSCLC tissues
of patients in the chemotherapy non-response group compared
to the chemotherapy response group (Figure 1C). Moreover,
Additionally, the expression of AFAP1-AS1 was higher in NSCLC
cells than in BEAS-2B cells and was highest in SPCA-1 cells and
lowest in H1975 cells (Figure 1D).

AFAP1-AS1 Inhibits miR-139-5p Expression
The potential binding sites between AFAP1-AS1 and miR-139-
5p were predicted based on bioinformatic analysis (Figure 2A).
The dual luciferase reporter assay demonstrated that the miR-
139-5p mimic significantly reduced the luciferase activity of
cells transfected with AFAP1-AS1 WT as well as that of cells
transfected with the AFAP1-AS1 mutated type AFAP1-AS1 Mut2
(Figure 2B). However, the miR-139-5p mimic failed to suppress
the luciferase activity of cells transfected with the other AFAP1-
AS1 mutated type Mutl, suggesting that miR-139-5p may bind
to more than one site on the AFAP1-AS1 Mutl construct
(Figure 2B). We found that the level of miR-139-5p was lower
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FIGURE 5 | Overexpression of miR-139-5p decreases the chemotherapy resistance of NSCLC cells. (A,B) CCK-8 assay on A549 or SPCA-1 cells transfected with
pre-NC or miR-139-5p mimic and incubated with DDP for 36 h at the indicated concentrations. Data shown as means + S.D. #P < 0.05 compared with the
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FIGURE 5 | pre-NC-transfected cells. (C,D) CCK-8 assay on A549 or SPCA-1 cells transfected with pre-NC or the miR-139-5p mimic and incubated with 5-FU for
36 h at the indicated concentrations. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected cells. (E) RT-PCR on the expression of
miR-139-5p in A549 and drug-resistant A549/DDP cells, as well as in SPCA-1 and SPCA-1/DDP cells. Data presented as means + S.D. #P < 0.05 compared with
parental A549 cells. (F,G) Overexpression of miR-139-5p increased DDP-induced apoptosis in drug-resistant NSCLC cells. Data shown as means + S.D. #P < 0.05
compared with the pre-NC-transfected DDP-resistant cancer cells. (H) RT-PCR on the expression of miR-139-5p in A549 and drug-resistant A549/5-FU cells, as well
as in SPCA-1 and SPCA-1/5-FU cells. Data presented as means + S.D. #P < 0.05 compared with parental A549 cells. (I) Overexpression of miR-139-5p increased
5-FU-induced apoptosis in drug-resistant NSCLC cells. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected 5-FU-resistant cancer cells.
(J,K) Caspase-3 activity was identified in A549 and SPCA-1 cells, which were treated as indicated. #P < 0.05 compared with the scramble+PBS group.

in patients in the chemotherapy non-response group than in the
chemotherapy response group (Figure 2C), and miR-139-5p was
decreased in lung cancer cell lines compared with BEAS-2B cells
(Figure 2D). Furthermore, transfection with siRNA targeting
AFAPI1-ASI reduced AFAP1-AS1 expression (Figures 2E,F) and
upregulated miR-139-5p expression (Figures 2G,H) in A549
and SPCA-1 cells. In contrast, pcDNA-AFAP1-AS1-mediated
overexpression of AFAP1-ASI1 reduced the miR-139-5p level in
H1975 and PC-9 cells (Figures 2L,J). AFAP1-AS]1 expression
was significantly elevated in anti-Ago2 (Protein argonaute-2)-
incubated A549 cells (Figure 2K), and AFAP1-AS1 could directly
bind to miR-139-5p (Figure 2L). There was a negative correlation
between AFAP1-AS1 and miR-139-5p expression in NSCLC cells
(Figure 2M). These findings indicated that AFAP-AS1 was a
sponge of miR-139-5p.

Suppression of AFAP1-AS1 or
Overexpression of miR-139-5p Inhibits the
Proliferation and Increases Cell Apoptosis

of NSCLC Cells

To investigate the effect of AFAP1-AS1 and miR-139-5p on the
proliferation and apoptosis of NSCLC cells, A549 and SPCA-1
cells were transfected with scramble, siAFAP1-AS1, pre-NC, or
the miR-139-5p mimic. Knockdown of AFAP1-AS1 suppressed
cancer cell proliferation, as evidenced by the MTT assay
results (Figures 3A,B). Similarly, overexpression of miR-139-5p
decreased cell proliferation (Figures 3C-E) and inhibited colony
formation (Figure 3F). As expected, suppression of AFAPI-
AS1 or overexpression of miR-139-5p significantly increased the
apoptosis of A549 and SPCA-1 cells (Figures 3G-L).

Knockdown of AFAP1-AS1 or
Overexpression of miR-139-5p Decreases
the Chemotherapy Resistance of NSCLC

Cells

To analyse the effect of AFAPI-ASI and miR-139-5p on
the chemoresistance of NSCLC cells, scramble- or siAFAPI-
AS1-transfected A549 and SPCA-1 cells were incubated with
DDP or 5-FU. It was found that the drug-induced growth
inhibition increased in a dose-dependent manner, and AFAP1-
AS1 knockdown increased the inhibitory activity of DDP and
5-FU in NSCLC cells (Figures 4A-D), implying that suppression
of AFAP1-AS1 alleviated the chemotherapy resistance of
NSCLC cells. In addition, we also observed that AFAP1-
AS1 was significantly overexpressed in DDP-resistant A549

and SPCA-1 cells compared with canonical A549 and SPCA-
1 cells (Figure 4E). Furthermore, interfering with AFAP1-AS1
expression significantly increased the DDP-induced apoptosis in
the drug-resistant cancer cells (Figures 4F,G). Similarly, AFAP1-
AS1 was obviously increased in 5-FU-resistant A549 and SPCA-
1 cells, and knockdown of AFAP1-AS1 also promoted 5-FU-
triggered cell apoptosis (Figures 4H-K).

Meanwhile, miR-139-5p mimic enhanced the inhibitory
activity of DDP and 5-FU on these cancer cells (Figures 5A-D),
indicating that overexpression of miR-139-5p decreased the
chemotherapy resistance of NSCLC cells to DDP and 5-FU.
Although miR-139-5p expression was reduced in DDP- or 5-FU-
resistant NSCLC cells (Figures 5E-H), overexpression of miR-
139-5p significantly enhanced the apoptosis of DDP- or 5-FU-
resistant cancer cells (Figures 5F-K).

Cooperation of miR-139-5p and
AFAP1-AS1 Regulates RRM2 Expression
by Targeting Its 3’ UTR

To investigate the interaction between miR-139-5p and RRM2,
a luciferase reporter gene assay was performed. The binding
sites between miR-139-5p and the RRM2 3’ UTR were predicted
by bioinformatics (Figure 6A). The RRM2 3’ UTR sequences
were sub-cloned into the pGLO plasmid, and A549 and
SPCA-1 cells were co-transfected with the RRM2 3" UTR
plasmid and the miR-139-5p mimic or inhibitor. The results
showed that the miR-139-5p mimic or inhibitor significantly
decreased or increased, respectively, the luciferase activity
driven by RRM2 WT; however, the miR-139-5p mimic or
inhibitor did not affect the luciferase activity driven by the
mutated RRM2 3’ UTR (termed RRM2 MUT) (Figures 6B,C).
The miR-139-5p mimic or inhibitor noticeably decreased or
increased RRM2 mRNA expression (Figure 6D) and protein
expression (Figures 6E,F), respectively. Interestingly, the miR-
139-5p mimic or inhibitor also modulated the protein levels
of EGFR and p-AKT (Figures 6E,F). RRM2 was found to
be overexpressed in NSCLC tissues (Figure 6F) and multi-
drug resistant NSCLC cells (Figures 6G,H). RRM2 was also
found has higher mRNA level in NSCLC cells than normal.
To determine the cooperation of miR-139-5p and AFAP1-
AS1 on regulation of RRM2 expression, the data showed
that AFAP1-ASI1 significantly increased luciferase activity of
RRM2 3'UTR, and elevated RRM2 protein level (Figures 6]-M).
However, AFAP1-ASI-induced elevation of RRM2 could be
reversed by overexpression of miR-139-5p in A549 and SPCA-1
cells (Figures 6]-M).
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FIGURE 6 | AFAP1-AS1 upregulates RRM2 expression by sponging miR-139-5p. (A) The potential binding sites between RRM2 and miR-139-5p predicted by
bioinformatics. All binding sites in the RRM2 3" UTR were mutated and named “RRM2 MUT”. (B,C) A dual luciferase reporter assay on A549 cells and SPCA-1 cells
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FIGURE 6 | with WT RRM2 3’ UTR or mutated 3’ UTR. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected or NC-transfected cancer
cells. (D) RT-PCR on the cDNA from A549 cells to determine the effect of miR-139-5p on RRM2 mRNA expression. Data shown as means + S.D. #P < 0.05
compared with the pre-NC-transfected or NC-transfected A549 cells. (E,F) Western blot on the effect of miR-139-5p on protein expression of RRM2, EGFR, AKT, and
p-AKT in A549 and SPCA-1 cells. (G) RT-PCR on the expression of RRM2 mRNA in NSCLC tissues (n = 44) and in adjacent normal tissues (n = 20). Data shown as
means + S.D. #P < 0.05 compared with the normal tissues. (H) The mRNA level of RRM2 in chemotherapy response (n = 4) and resistance (1 = 7) NSCLC tumors
by RT-PCR. The results shown as means + S.D. #P < 0.05 compared with the response group. (I) RRM2 mRNA expression in lung cancer cells analyzed by RT-
PCR. The results shown as means + S.D. #P < 0.05 compared with BEAS-2B cells. (J,K) A dual luciferase reporter assay on A549 cells and SPCA-1 cells with WT
RRM2 3’ UTR or mutated 3’ UTR. Data shown as means + S.D. #P < 0.05 compared with the pre-NC-transfected or NC-transfected cancer cells. (L,M) Western
blot on the effect of miR-139-5p and AFAP1-AS1 on protein expression of RRM2in A549 and SPCA-1 cells.

Knockdown of AFAP1-AS1 Inhibits Cell
Proliferation and Alleviates Chemotherapy

Resistance Via the miR-139-5p/RRM2 Axis
To determine the role of the miR-139-5p/RRM2 axis in
AFAPI1-ASI-mediated cell proliferation and chemotherapy
resistance, NSCLC cells were transfected with scramble,
siAFAP1-AS1, siAFAP1-ASI+NC, and siAFAP1-AS14-miR-
139-5p inhibitor. The miR-139-5p inhibitor reversed the
suppressive effect of siAFAP1-AS1 on cell proliferation
(Figures 7A,B) and colony formation (Figures7C,D) and
reversed the increased cancer cell apoptosis (Figures 7E,F). In
addition, the miR-139-5p inhibitor reversed the suppressive
effect of siAFAP1-AS1 on DDP resistance (Figures7G,H)
and 5-FU resistance (Figures 7L)J). Additionally, AFAPI-
AS1 knockdown downregulated the protein expression of
RRM2 and decreased the protein levels of EGFR and p-
AKT. However, the miR-139-5p inhibitor reversed these
effects (Figures 7K,L).

EGFR/AKT Signaling Is Involved in
RRM2-Mediated Chemotherapy

Resistance
To investigate the role of EGFR/AKT in RRM2-mediated
chemotherapy resistance, A549 and SPCA-1 cells were
transfected with the pcDNA vector, pcDNA-RRM2, pcDNA-
RRM2+DMSO, and pcDNA-RRM2+AST1306 (inhibitor of
EGFR). AST1306 reversed the RRM2-mediated promotion
of chemotherapy resistance (Figures 8A-D). Additionally,
AST1306 reversed the RRM2-induced upregulation of EGFR
expression and p-AKT levels in A549 and SPCA-1 cells
(Figures 8E,F). These results indicated that RRM2 enhanced
the chemotherapy resistance of NSCLC cells via EGFR/AKT
signaling pathway.

Moreover, the in vivo experiments show that knockdown of
AFAP1-ASI suppresses tumorigenicity and chemo-resistance of
NSCLC cells in the nude mice (Figures 9A-D). These results

indicated that AFAP1-AS1/miR-139-5p/RRM2/EGFR/AKT
signaling pathway was involved in the progression of
NSCLC (Figure 9D).
DISCUSSION

LncRNAs are involved in many aspects of cancer development
and chemotherapy resistance (8-11). To investigate whether
there is an abnormal expression of IncRNA AFAPI-ASI in

NSCLC tissues and cancer cells, real-time PCR was performed.
We assessed the effect of AFAP1-AS1 on the proliferation,
apoptosis and chemotherapy resistance of lung cancer cells.
AFAP1-AS1 could perform as a sponge of miR-139-5p in cancer
progression. Suppression of AFAP1-AS1 or overexpression of
miR-139-5p significantly repressed the proliferation, increased
the apoptosis, and ameliorated the chemotherapy resistance
of NSCLC cells by downregulating RRM2. Furthermore,
downregulation of AFAP1-AS1 decreased xenograft tumor
volume and weight. These findings suggested that AFAP1-

AS1 could be an oncogene and induce chemotherapy
resistance by modulating miR-139-5p/RRM2  signaling
in NSCLC.

Accumulating evidence demonstrated that dysregulated
IncRNAs are major contributors to tumourigenesis and cancer
development. For example, HOTAIR plays an important
role in cellular proliferation, invasion, and clinical relapse
in small cell lung cancer (41). HOTAIR also mediates
chemoresistance in NSCLC by regulating HOXA1 methylation
and could be a potential target for new adjuvant therapy
against chemoresistance (42). In addition, the p53-regulated
IncRNA TUG!1 affects NSCLC cell proliferation in part by
epigenetically controlling HOXB7 expression (43). MEG3 acts
as a tumor suppressor in NSCLC cell proliferation and
induces p53-mediated cancer cell apoptosis (15). Moreover,
downregulation of AFAP1-ASI results in growth inhibition and
apoptosis promotion in lung adenocarcinoma cells, indicating
that this IncRNA participates in tumourigenesis (44). In
NSCLC, AFAP1-AS1 increases tumourigenesis by epigenetically
repressing p2l expression. AFAP1-AS1 recruits EZH2 to
the p21 promoter region, resulting in downregulation of
p21, which is a tumor suppressor (22, 23). Consistent
with these previous findings, we found that AFAP1-AS1
was upregulated in NSCLC tissues and cells, and it was
overexpressed in chemotherapy-resistant tissues, indicating that
AFAP1-ASlI is a positive regulator of NSCLC development and
chemoresistance. Previous studies have shown that IncRNAs
can act as competing endogenous RNAs of miRNAs (45).
Thus, in the present study, we predicted binding sites between
AFAPI-AS1 and miR-139-5p, which is a tumor suppressor in
colorectal cancer and endometrial cancer (38, 46). However,
the role of miR-139-5p in NSCLC has not been explored.
Luciferase reporter assays, RIP assays, and real-time PCR were
performed, and the data showed that AFAP1-AS1, as a sponge,
directly bound to miR-139-5p, leading to downregulation of
miR-139-5p expression, and that miR-139-5p expression was
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FIGURE 7 | AFAP1-AS1 promotes cell proliferation and chemotherapy resistance through the miR-139-5p/RRM2 axis. A549 or SPCA-1 cells were transfected with
scramble, SIAFAP1-AS1, siAFAP1-AS1+NC, and siAFAP1-AS1+miR-139-5p inhibitor. (A,B) MTT assay showed miR-139-5p inhibitor reversed the inhibitory effect of
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FIGURE 7 | AFAP1-AS1 knockdown on lung cancer cell proliferation. (C) and (D) The miR-139-5p inhibitor reversed the inhibitory effect of AFAP1-AS1 knockdown
on colony formation. (E,F) The miR-139-5p inhibitor reversed the inhibitory effect of AFAP1-AS1 knockdown on apoptosis of NSCLC cells. (G,H) In A549 and SPCA-1
cells incubated with DDP for 36 h, the miR-139-5p inhibitor reversed the inhibitory effect of siAFAP1-AS1 on chemotherapy resistance (DDP). (I,J) the miR-139-5p
inhibitor reversed the inhibitory effect of siAFAP1-AS1 on chemotherapy resistance in cells incubated with 5-FU. (K,L)Knockdown of AFAP1-AS1 downregulated
RRM2 protein expression and reduced the protein levels of EGFR and p-AKT, while miR-139-5p reversed these effects in A549, and SPCA-1 cells. All data shown as
means + S.D. #P < 0.05 indicates a significant difference between the two indicated groups.
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FIGURE 8 | RRM2 increases the chemotherapy resistance of NSCLC cells via EGFR/AKT signaling pathway. Cancer cells were transfected with empty vector, RRM2,
RRM2+DMSO and RRM2+AST 13086, and then incubated with the EGFR inhibitor AST1306 at 1 uwM for 24 h. (A,B) In NSCLC cells incubated with DDP for 36 h,
overexpression of RRM2 enhanced chemotherapy resistance, and AST1306 reversed this effect. (C,D) In NSCLC cells incubated with 5-FU for 36 h, overexpression
of RRM2 enhanced chemotherapy resistance and AST1306 reversed this effect. (E,F) In A549 and SPCA-1 cells, overexpression of RRM2 elevated the protein
expression of EGFR and the level of p-AKT, and AST1306 reversed this effect. All data shown as means + S.D. #P < 0.05 indicates a significant difference between
the two indicated groups.

decreased in chemotherapy-resistant tissues. We also found  overexpression or activation of AKT has been observed in
that the miR-139-5p inhibitor reversed AFAP1-ASl-induced  many cancers, including lung, ovarian, and pancreatic cancers,

biological effects, indicating that the interaction of AFAPI-  and is associated with increased cancer cell proliferation and
AS1 and miR-139-5p is involved in NSCLC progression and  survival (33). AKT could be activated by epidermal growth
chemotherapy resistance. factor receptor (EGFR) (34). Consequently, targeting EGFR or

In addition, we found that AFAP1-AS1 participated in = AKT could offer important approaches for cancer prevention
positively modulating luciferase activity of RRM2 3" UTR and  and therapy. More importantly, overexpression of RRM2 in
RRM2 level by acting as a sponge of miR-139-5p in cancer  gastric cancer cells promotes their invasiveness by regulating
cells, suggesting that RRM2, as AFAP1-AS1, is a oncogenic  the AKT/NF-«B signaling pathway (47), and RRM2 increases
regulator. This finding is in consistent with previous reports  tumor angiogenesis and growth by modulating the expression
that RRM2 is an oncogene in certain cancers (25-32). It  of thrombospondin-1 (TSP-1) and vascular endothelial growth
was reported that silencing RRM2 suppresses glioblastoma  factor (VEGF) (48). Subsequently, we investigated the effect of
cell invasion and migration by reducing the expression of = AFAP1-AS1/miR-139-5p/RRM2 signaling on EGFR expression
metalloproteinase-2 (MMP-2) and MMP-9 (25). The abnormal  and phosphorylation of AKT. Expectedly, our data showed
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FIGURE 9 | Knockdown of AFAP1-AS1 decreases the tumourigenicity and chemoresistance of NSCLC cells in nude mice. Male BALB/c nude mice injected with
A549 cells and treated for 4 weeks as follows: Lv-Scramble+PBS, Lv-AFAP1-AS1 KD+PBS, Lv-Scramble+DDP, and Lv-AFAP1-AS1 KD+DDP. (A-C) Tumor
volumes, sizes and weights of 2 independent repeats. Data shown as means + S.D. n = 5. #P < 0.05 indicates a significant difference between the two indicated
groups. (D) Schema of the signaling pathways involved in AFAP1-AS1/miR-139-5p/RRM2-mediated chemotherapy resistance in NSCLC cells.
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that overexpression of RRM2 promoted the proliferation,
inhibited the apoptosis, and increased the chemotherapy
resistance of NSCLC cells through upregulating EGFR expression
and AKT phosphorylation. The EGFR inhibitor AST1306
reversed the RRM2-induced effects on cancer cells, indicating
that the function of RRM2 is associated with EGFR/AKT
signaling pathway. These findings suggested that miR-139-
5p inhibited the proliferation and promoted the apoptosis
of NSCLC cells by upregulating RRM2/EGFR/AKT signaling
pathway. The mutation of EGFR was thought main driver in
NSCLC (49, 50), our data shown the mutation of EGFR in
H1975 (L858R+T790M) and PC-9 (del19) has little affect on
AFAP1-ASI. The underlying mechanism needs more research
to lighten.

Taken together, our study demonstrates that AFAPI-
AS1 expression is upregulated and miR-139-5p expression
downregulated in NSCLC tissues and cells. AFAP1-ASI
promotes NSCLC development and increased chemotherapy
resistance by modulating miR-139-5p/RRM2/EGFR/AKT
pathway. Suppression of AFAP1-AS1 expression reduced

tumor growth and attenuated chemotherapy resistance in vivo.
Therefore, AFAP1-AS1 could be a promising and therapeutic
target of NSCLC.
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Environmental exposure to certain compounds contribute to cell plasticity, tumor
progression and even chemoresistance. 2,2’,4,4’-tetrabromo diphenyl ether (BDE-47),
one of the most frequently detected polybrominated diphenyl ethers (PBDEs) in
environmental and biological samples, is a known estrogen disruptor closely associated
with the development of hormone-dependent cancers. However, the effect of BDE-47 on
endometrial carcinoma (EC), an estrogen-dependent cancer, remains to be elucidated.
Mechanisms of estrogen receptor a (ERa) and G-protein-coupled receptor-30 (GPR30)
involved in BDE-47 carcinogenesis are yet to be identified. This study aims to investigate
the effect of BDE-47 on the invasive phenotype of estrogen-dependent EC cells.
BDE-47-treated cells, such as Ishikawa-BDE-47 and HEC-1B-BDE-47 cells, exhibited
increased cell viability and enhanced metastatic ability. /n vivo studies showed larger
tumor volumes and more metastasis in mice injected with Ishikawa-BDE-47 cells
compared with parental Ishikawa cells. MTT assay showed that BDE-47 exposure
could attenuate sensitivity of EC cells to cisplatin or paclitaxel treatment in vitro.
Western blotting revealed overexpression of ERa, GPR30, pEGFR (phosphorylated
epidermal growth factor receptor), and pERK (phosphorylated extracellular-regulated
protein kinase) in Ishikawa-BDE-47 and HEC-1B-BDE-47 cells. Knockdown of ERa or
GPR30 by small interfering RNA reversed the stimulating effect of BDE-47 on cell growth,
migration and invasion of EC cells. Additionally, treatment with pEGFR or pERK inhibitor
impaired cell viability, migration and invasion in Ishikawa-BDE-47 and HEC-1B-BDE-47
cells. Overall, our results indicate that chronic BDE-47 exposure triggers phenotypic
plasticity, promotes progression and even chemoresistance in EC cells, at least in part,
via ERa/GPR30 and EGFR/ERK signaling pathways.

Keywords: 2,2',4,4’'-tetrabromo diphenyl ether, endometrial carcinoma, estrogen receptor o, G-protein-coupled
receptor-30, cisplatin, paclitaxel, phosphorylated epidermal growth factor receptor, phosphorylated extracellular-
regulated protein kinase
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Effect of BDE-47 on EC

INTRODUCTION

Endometrial carcinoma (EC) is a major malignant tumor of
the female reproductive system (1). The incidence of EC has
been increasing in recent decades because of lifestyle change and
environmental contamination (2). In China, EC was diagnosed
in 63,400 patients and accounted for more than 21,800 deaths
in 2016 (3). EC has been proposed to be classified into two
pathogenetic groups, of which type I mostly occurs in pre- and
peri-menopausal women with a history of unopposed estrogen
exposure (4). However, studies found no difference in the
positivity of estrogen receptor (ER) or progesterone receptor
(PR) as well as the level of sex hormones between these two types
of EC. Thus, type II is not completely estrogen-independent (5).
Previous studies supported the role of ERa in the development of
EC (4, 6). Additionally, G-protein-coupled receptor-30 (GPR30),
which encodes a multi-pass membrane protein mediating the
estrogen action of intracellular estrogen receptor (7, 8), has been
suggested to be an indicator of EC progression (9). However, the
etiology and pathogenesis of EC remain poorly defined.

Environmental exposure to certain compounds contributes
to cell plasticity and tumor progression (10, 11); an example of
these compounds is a group of flame retardants. These synthetic
chemical additives are found in consumer products such as
building materials, electronics and electrical goods, textiles,
and furnishings. Polybrominated diphenyl ethers (PBDEs) are
a class of flame retardants most commonly used in a variety
of polymers and plastics, as well as in a broad range of
consumer products. PBDEs have been produced in notable
quantities (12), and consequently, their adverse health effects,
environmental persistence and toxicity have raised concerns.
Certain kinds of PBDEs (penta-, octa-, and deca-BDE) have been
listed as prevalent organic pollutants, and have been banned
or voluntarily phased out by manufacturers (13). However,
consumer products containing large amounts of PBDEs are
still in use and continue to release toxic chemicals into the
environment (14). 2,2/,4,4’-tetrabromodiphenyl ether (BDE-47),
one of the most predominant PBDE congeners, is characterized
by its lipophilic, bio-accumulative, degradation-resistant, and
toxic properties. BDE-47 may enter the environment through
volatilization and is ultimately found in dust, air, and seafood.
It was reported that many products contain BDE-47 and landfill
waste containing BDE-47 will persist for many years (15). BDE-
47 enters the human body through oral ingestion and inhalation,
and can become detectable in various types of human samples
including blood, adipose tissue, and human milk (16).

Previous studies about the impact of BDE-47 mostly focused
on neurological development, endocrine disruption and tumor
initiation. Several studies have revealed that BDE-47 could impair
neuronal differentiation (17). BDE-47 could cause DNA damage
mediated by oxidative stress, and increase the in vitro migration
and invasion of human neuroblastoma cells (18-21). Because of
the association between PBDEs and hormone levels in humans
(22), the impact of PBDEs on hormone-dependent cancers has
become a topic of interest. BDE-47 was thought to be an
estrogen disruptor with adverse effects on sexual behavior and
reproductive function in zebra fish (23). Furthermore, BDE-47

could induce oxidative stress in MCF-7 cells by inhibiting the
pentose phosphate pathway (16). An epidemiological survey
reported that the serum concentration of BDE-47 in breast
cancer women was significantly higher than that of controls (24).
However, this pattern was not consistent across all cancers, for
instance, BDE-47 could stimulate cell proliferation in human
ovarian carcinoma cells OVCAR-3 but not in MCF-7 breast
cancer cells (25), reflecting the complicated and inconsistent
mechanisms underlying the effect of BDE-47 on different types
of cancers.

Chemotherapy is commonly used to treat disseminated or
recurrent EC, often after the failure of hormonal therapy.
Although the management of EC has undergone a dramatic
shift in recent years, and that early-stage EC has a favorable
prognosis, the advanced or recurrent EC still has a poor prognosis
partially because of chemoresistance. The underlying causes of
drug resistance in EC are multi-factorial. Resistance to anti-
microtubule agents such as paclitaxel and cisplatin (DDP) is
particularly challenging given the importance of these agents
in first-line treatment of EC (26). A recent study revealed
that cadmium prevented the 5-fluorouracil cytotoxic effect by
modifying cell cycle and apoptotic profiles in MCF-7 cells (27).
Nonetheless, the potential antagonist effect of BDE-47 against
chemotherapy sensitivity of EC has not been well-clarified.

Since EC is an estrogen-dependent cancer and BDE-47 could
cause endocrine disruption, we hypothesized that BDE-47 might
affect the progression and drug resistance of EC. In this study,
the impact of BDE-47 on two human EC cell lines, Ishikawa
and HEC-1B cells, was investigated. It has been found that
chronic BDE-47 exposure could trigger phenotypic plasticity,
promote progression, and even chemoresistance in EC cells,
at least in part, via ERa/GPR30 and EGFR (epidermal growth
factor receptor)/ERK (extracellular-regulated protein kinase)
signaling pathways.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Two endometrial cancer cell lines, Ishikawa (ERa-
positive/EGFR-positive), and HEC-1B (ERa-negative/EGFR-
positive), were generously provided by Dr. Xiaolong Wei
(Cancer Hospital of Shantou University Medical College,
Shantou, China) and Dr. Bo Qiu (Southern Medical University,
Guangzhou, China). Both these two cell lines have been
authenticated. These cells were maintained in complete RPMI
1640 medium (Gibco, ThermoFisher Scientific Inc., California,
US), supplemented with 10% fetal bovine serum (FBS, Biological
Industry, Kibbutz BeitHaemek, Israel) at 37°C in a 5% CO;
incubator. To develop a chronically poisoned cell model, both
Ishikawa and HEC-1B cells were exposed to 10 uM BDE-47
(Lot No. 3798900, Chemservice Inc., Worms, Germany) for
up to 45 days before the experiments, and were designated as
Ishikawa-BDE-47 and HEC-1B-BDE-47, respectively.

Cell Treatment
To investigate the effect of BDE-47 on paclitaxel- and DDP-
induced cytotoxicity in EC cells, Ishikawa-BDE-47 (10 wM),
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HEC-1B-BDE-47 (10 wM), and their parental cells (1 x 10%) were
treated with 0, 0.1, 1, 1.25, 5uM of paclitaxel (Bristol-Myers
Squibb Company, New York, USA) and 0, 1.25, 2.5, 5, 10, 20,
50, 100 LM of DDP (Hansoh pharma co. LTD, Jiangsu, China)
for 48 h, respectively. After that cell viability was evaluated by
MTT assays.

To further identify the cross-talk between ERa/GPR30
and EGFR/ERK signal pathway, 10 wM erlotinib (No. #5083,
Cell Signaling Technology Inc., Danvers, Massachusetts, US)
and 20 M PD98059 (No. #9900, Cell Signaling Technology
Inc., Danvers, Massachusetts, US) were used to inhibit EGFR
autophosphorylation and ERK kinases for 48 h before MTT and
Western blotting assay.

Transfection With siRNA

Twenty-four hours prior to transfection, approximately 8 x 104
cells (Ishikawa-BDE-47 or HEC-1B-BDE-47) were seeded into 6-
well plates and grew to 70-80% confluence. These EC cells were
then separately transfected with siERa (sc-29305, Santa Cruz
Biotechnology, Inc., Dallas, Texas, US) to silence ERa expression,
or with siGPR30 (sc-60743, Santa Cruz Biotechnology, Inc.,
Dallas, Texas, US) to silence GPR30 expression. Control siRNAs
(sc-44230, Santa Cruz Biotechnology, Inc., Dallas, Texas, US) was
used as the negative control for the parallel experiments. The EC
cells were transfected with siRNA oligonucleotides (20 M) using
lipofectamine 3000 (ThermoFisher Scientific Inc., California, US)
following manufacturer’s protocols, and then collected after 72 h
for MTT and Western blotting assay.

MTT Assay

Cells were separately seeded into 96-well plates at a concentration
of 4,000 cells/well, and then subjected to MTT assay. Briefly,
MTT assay was performed as follows: cells were first incubated
with 5 mg/ml of the sterile filtered MTT solution (Santa
Cruz Biotechnology, Inc., Dallas, Texas, US) in phosphate-
buffered saline (PBS) and incubated for 4h in a moist
chamber at 37°C, followed by washing with PBS and incubation
with DMSO for 10min with shaking. Solubilized formazan
product was detected at OD 490 nm using a microplate reader
(Multiskan MK3, ThermoFisher Scientific Inc., California, US).
The relative cell viability was calculated using the formula:
(ODtreatment — ODplank)/(ODcontrol = ODplank), and the  cell
inhibition rate was assessed through the formula: 1 — the
relative cell viability. Results were summarized by four technical
replicates, and each experiment was repeated for triple times.

Cell Migration and Invasion Assay

The transwell chamber (Lot #5011036, Falcon® Cell Culture
Inserts, Krackeler Scientific Inc. Albany, New York, US) was
used to detect cell migration and invasion. The bottom of the
transwell chamber was made of a polycarbonate membrane
with 8 um membrane pores. For invasion assays, an additional
matrigel (50 wl: 50 mg/l, BD biosciences, Franklin Lakes, New
Jersey, US) was used to cover the surface of the polycarbonate
membrane. Each group of cells (1 x 10° cells suspended in 200
pl serum-free RPMI-1640 medium with 1% BSA) was seeded
into the upper chamber, and 600 pl 10% FBS-supplemented

RPMI-1640 medium was added to the lower chamber. After 24 h
(migration assay) or 48h (invasion assay), the upper chamber
and cells on the upper surface of the membrane were removed.
Cells transferred to the lower surface of the membrane were
stained with 0.1% crystal violet, and the number of cells was
counted under a Leica microscope (Model: DM3000, Wetzlar,
Germany). Five fields from each sample were randomly selected
for calculating stained cells (28). Results were summarized by
three technical replicates, and each experiment was repeated for
three times.

EC Xenografts

Twenty nude mice were purchased from Vital River Laboratory
Animal Technology Co. Ltd (Beijing, China). The animal
protocol was reviewed and approved by the Medical Animal Care
and Welfare Committee at Shantou University Medical College.
The body weights of the mice ranged from 20 to 25g. The mice
were randomly allocated into two groups. The right axilla of
ten mice was subcutaneously injected with 4 x 10° Ishikawa or
Ishikawa-BDE-47 (10 wM) cells. The growth of xenograft tumors
was measured every 3 days using a digital caliper, and tumor
volume was calculated using the formula: Length x Width? x
0.5. After 31 days, mice were euthanized, and the xenograft
tumors were dissected. Additionally, other ten mice were used to
detect effect of BDE-47 on the migration ability of EC cells. In that
case, 5 x 10° Ishikawa or Ishikawa-BDE-47 (10 uM) cells were
given intravenously through the tail. After 14 days, mice were
euthanized, and potential metastasis were found and counted in
the cervical, axillary, and abdominal lymph nodes, lung and liver.
Lymph nodes were fixed and embedded in paraffin for histology
and immunohistochemistry (IHC) staining analyses.

Hematoxylin-Eosin Staining and

Immunohistochemistry

Lymph nodes of mice were collected, fixed in 10% phosphate-
buffered formalin for 24h, and embedded in paraffin wax.
Sections of tumors (4pm in thickness) were stained with
hematoxylin-eosin and pictured under a light microscope (DX45,
Olympus Microsystems Ltd., Japan). IHC for Pan Cytokeratin
(Kit-0009, MXB Biotechnologies, Fuzhou, China) was carried
out on sections using a standard EnVision complex method.
After deparaffinization and rehydration, endogenous peroxidase
activity was blocked with 0.3% hydrogen peroxide for 30 min.
Then tissue sections were autoclaved at 121°C in citrate buffer
(pH 6.0) for 10 min, and incubated with mouse anti-Cytokeratin
monoclonal antibody. IHC staining was carried out with the anti-
Mouse/Rabbit (Kit-5030, MXB Biotechnologies, Fuzhou, China)
and 3,3'-diaminobenzidine as the chromogen substrate. Negative
control was obtained by replacing the primary antibody with
normal rabbit IgG.

Western Blotting (WB)

For WB analysis, cells were first lysed with a cell lysis buffer
containing PMSF (Phenylmethanesulfonyl fluoride, both from
Beyotime, Shanghai, China) on ice for 30 min and centrifuged
at 12,000 rpm for 15 min at 4°C to remove cell debris. Proteins
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(50 pg) of each cell lysate were then separated by SDS-
PAGE and transferred onto a PVDF membrane followed by
blocking with Tris-buffered saline containing 0.05% Tween 20
(TBST) and 5% non-fat milk for 1h at room temperature,
washed 3 times for 5min each in TBST, and incubated at 4°C
overnight with either mouse anti-GAPDH monoclonal antibody
(1:3,000, ZSGB-BIO, Beijing, China), rabbit anti-phospho-EGF
receptor (Tyr1148) polyclonal antibody (EGFR antibody, 1:1,000,
#4404, Cell Signaling Technology Inc., Danvers, Massachusetts,
US), rabbit anti-GPR30 polyclonal antibody (1:1,000, sc-48525-
R, Santa Cruz Biotechnology Inc., Dallas, Texas, US), rabbit
ERa monoclonal antibody (1:1,000, #2294327, Millipore Inc.,
Darmstadt, Germany), rabbit P-EGFR antibody (Y1148) (pEGFR
antibody, 1:1,000, #4404S, Cell Signaling Technology Inc.,
Danvers, Massachusetts, US), rabbit P-p44/42 MAPK antibody
(T202/Y204) (pERK antibody, 1:1,000, #4370S, Cell Signaling
Technology Inc., Danvers, Massachusetts, US), or rabbit p44/42
MAPK antibody (ERK antibody, 1:1,000, #4695S, Cell Signaling
Technology Inc., Danvers, Massachusetts, US) in blocking buffer.
Following washes with TBST (3 times for 5min each), the
blots were incubated with horseradish peroxidase-labeled anti-
rabbit (1:5,000, Novus Biologicals, Littleton, Massachusetts, US)
or anti-mouse (1:3,000, Santa Cruz Biotechnology Inc., Dallas,
Texas, US) IgG at room temperature for 2 h, washed with TBST,
and observed through chemiluminescence (ChemiDoc™ XRS+,
Bio-Rad Laboratories, Inc., Hercules, California, US).

Statistical Analysis

Statistical analyses were performed using the SPSS 13.0 software
package (SPSS Inc., Chicago, IL). The comparisons of cell
viability, cell numbers representing the capacity of cell migration
and invasion, and xenograft tumor size between different
treatment groups were conducted using t-tests. For all tests, a
P-value of <0.05 was considered significant.

RESULTS

BDE-47 Boosted Viability and Metastatic

Capacity of EC Cells

Ishikawa and HEC-1B cells were incubated with different
concentrations (0.1, 1, 2.5, 5, 10, 20, 40, and 80 wM) of BDE-
47. The positive effect of BDE-47 on cell viability was observed
at concentrations of 10 uM (relative cell viability at 48 and 72h
after BDE-47 treatment: 1.246, P = 0.005; 1.416, P < 0.001) and
20 M (1.218, P = 0.014; 1.319, P < 0.001) in Ishikawa cells, as
well as in HEC-1B cells at concentrations of 10 uM (1.282, P <
0.001; 1.416, P < 0.001) and 20 uM (1.179, P < 0.001; 1.265, P
= 0.001) in contrast to that in their parental cells (Figure 1A).
Based on these data, 10 WM was selected as the chronic BDE-
47 treatment concentration in Ishikawa and HEC-1B cells. MTT
assays showed that the cell viability of Ishikawa-BDE-47 cells was
slightly increased in contrast to Ishikawa cells after 24h (OD
values: 0.42 vs. 0.35, P =0.045) and 48 h (0.63 vs. 0.55, P =0.031),
and the increase was more obvious after 72 h (1.23 vs. 0.90, P =
0.008) and 96h (1.55 vs. 1.23, P = 0.001). A similar trend was
observed in HEC-1B-BDE-47 cells and their parental cell line, of
which OD values were 0.36 and 0.27 at 24 h (P = 0.010), 0.51 and

0.36 at 48h (P = 0.001), 1.16 and 0.84 at 72h (P = 0.019), and
1.32and 0.93 at 96 h (P = 0.013; Figure 1B).

To examine whether BDE-47 could promote metastasis in
EC cells, transwell chamber assays were performed. As shown
in Figure 1C, the average number of Ishikawa-BDE-47 cells
migrating across the membrane was significantly higher than
that of the parental cells (89.6 & 8.0 vs. 44.0 &+ 8.1, P < 0.001).
Similarly, the average number of migrated HEC-1B-BDE-47 cells
was evidently higher than that of HEC-1B cells (75.0 &+ 13.7
vs. 18.4 &+ 5.8, P < 0.001). Moreover, both Ishikawa-BDE-47
(number of invaded cells: 49.8 + 8.8 vs. 11.2 & 0.45, P < 0.001)
and HEC-1B-BDE-47 (19.6 £ 2.5vs. 6.0 &= 1.3, P < 0.001) showed
more invasive ability as compared to their parental cells. These
results indicated that Ishikawa-BDE-47 and HEC-1B-BDE-47
cells have increased the cell viability and metastatic capacity.

BDE-47 Enhanced the Growth and

Metastasis of EC in vivo

In order to understand the effect of BDE-47 on EC cell growth
in vivo, Ishikawa cells were subcutaneously injected into mice.
As shown in Figure 1D, tumor volumes of Ishikawa xenografts
on days 10, 22, and 31 reached 11.08 mm? (44.38), 167.11 mm?
(£37.46), and 296.78 (£65.71) mm?>, respectively, while larger
tumor sizes were observed in Ishikawa-BDE-47 xenografts: 39.85
mm?® (£14.83, P = 0.010), 261.76 mm> (+61.91, P = 0.040),
and 408.95 mm? (£54.83, P = 0.040). Additionally, potential
metastasis were found and quantified. In the mice inoculated
with Ishikawa-BDE-47 cells, there were 22, 10, and 4 metastatic
tumors confirmed by cytokeratin IHC staining (Figures 1E,F,
Table 1) in the lymph nodes of the neck, axilla and enterocoele
of these mice, respectively. However, only one metastasis in the
lymph nodes of the neck was found in the mice with Ishikawa
xenografts (Figures 1E,F, Table 1). The cellular morphology of
metastasis was assessed by HE staining (Figure 1F).

BDE-47 Lessened the Paclitaxel and DDP
Cytotoxic Effects on EC Cells

We next explored whether BDE-47 exposure could attenuate
sensitivity of EC cells to DDP or paclitaxel. As shown in
Figures 2A,B, both of Ishikawa-BDE-47 and HEC-1B-BDE-47
cells consistently exhibited lower DDP sensitivity compared to
their parental non-treated cells at different concentrations. The
cell inhibition rates of Ishikawa-BDE-47 at the concentration
of 2.5 and 5 pg/l were 0.275 and 0.436, while these numbers
of Ishikawa cells were 0.555 and 0.711 (P = 0.007; P <
0.001). Similarly, the cell inhibition rates in HEC-1B at the
concentrations of 2.5, 5, and 10 g/l were 0.517, 0.609, and
0.679, but separately reduced to 0.234, 0.337, and 0.573 in HEC-
1B-BDEA47 cells (P = 0.002; P = 0.003; P = 0.014). Regarding
paclitaxel, BDE-47 treatment also reduced its cytotoxicity to
Ishikawa and HEC-1B cells. As seen in Figure 2C, Ishikawa-
BDE-47 had significantly lower cell inhibition rates than that
in Ishikawa cells, when exposed to paclitaxel (at 0.1 pg/l:
0.088 vs. 0.341, P = 0.029; 1 pg/l: 0.158 vs. 0.339, P <
0.001; 2.5 pg/l: 0.332 vs. 0.688, P < 0.001; 5 pg/l: 0.689 vs.
1.018, P < 0.001). Likewise, HEC-1B-BDE-47 displayed an

Frontiers in Oncology | www.frontiersin.org

October 2019 | Volume 9 | Article 1079


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Zhang et al.

Effect of BDE-47 on EC

A D
200 [ ——48h 200 —48h
3 —7h o —72h
2150 $1s0
g g
3 3
> i 100
3 100 2
ke kel
% 50 £ 50 f
g g
0 i i 1 i 1 1 1 J 0 s L i i 4 A 1 J 500
001 125 5 10 20 40 80 0 01 1 25 5 10 20 40 80 - ~+Con
BDE-47 (uM) BDE-47 (uM) E 400 —#-BDE-47 ],,
B s
2 r —e-Ishikawa 2 [ ——HEC-1B 5 300
-#-Ishikawa-BDE-47 ~#-HEC-1B-BDE-47 2 200
e
L 15
15 * 5 -
3 o o =
= =
El' £t 0;10131‘61;2;2‘52;3.1
S . 2 Day
[ 0.5 o« E BDE-47
treatment
0
24 48 72 96 hours Enterocoelia
Neck
120 ¢ uCon
s ZBDE-47
5z %’
273 80
23 .
%5 40
§%
4
HE =5 0
(Mig; Ishikawa
- 80 mCon
Ishikawa - ; Py SEhEs
(Invasion) ¢ . R, E ? ko
A | 340
@
S
s g £ sk
HEC-1B |* * % z
(Invasion), - 0
(o7 /A Ishikawa HEC-1B
FIGURE 1 | Effect of BDE-47 on the viability and metastasis of EC cells. (A) MTT assay on Ishikawa (Left panel) and HEC-1B (Right panel) cells treated with BDE-47
at the concentrations of 0.1, 1, 2.5, 5, 10, 20, 40, and 80 uM for 48 and 72 h. (B) OD values reflecting the viability capacity of Ishikawa (Left panel) and HEC-1B cells
(Right panel) recorded at 24, 48, 72, and 96 h after cells were exposed to BDE-47 at 10 uM for 45 days. (C) Cell migration (C1-C4) and invasion (C5-C8) assay on
Ishikawa/Ishikawa-BDE-47 and HEC-1B/HEC-1B-BDE-47 cells. Representative images (400x) of cell migration (C1-C4) and invasion (C5-C8) are shown on the left
side. (D) Primary xenograft tumors of Ishikawa cells and tumor volumes. (E) Lymph nodes containing potential metastasis from mice were found and shown. (F)
Upper panel: HE staining assessed cellular morphology of lymph nodes with or without metastatic tumors. F1: 100x, F2: 400, F3: 100x, F4: 400x). Lower panel:
IHC staining of cytokeratin negative in F5 (100x) and F6 (400x), and positive in F7 (100x) and F8 (400x). CK, Cytokeratin; Con, Ishikawa cells without BDE-47
treatment. *P < 0.05; **P < 0.01; **P < 0.001.

inferior cell inhibition rate with the treatment of paclitaxel
at the concentration of 5 g/l compared to its parental cells
(0.809 vs. 0.993, P = 0.002, Figure 2D).

BDE-47 Increased Viability and Metastatic
Capacity of EC Cells Through the
ER«/GPR30 and ERFR/ERK Signaling
Pathways

Estrogens are steroid hormones that regulate a plethora
of physiological processes in mammals. Activation of ERa
by estrogens is a well-known mechanism underlying EC
development. Expression of GPR30 has been suggested to be a
novel indicator of EC progression (9). As shown in Figure 3A,

levels of both ERa and GPR30 proteins were elevated in
ERa-positive Ishikawa-BDE-47 cells when compared to that in
their parental cell line. In ERa-negative HEC-1B cells, BDE-
47 treatment significantly up-regulated GPR30 expression. Since
activation of EGFR/ERK signaling pathway through ERa/GPR30
was present in other cancer cells (29), we detected proteins of
EGFR, pEGFR, ERK, and pERK by Western blotting. Significant
up-regulation of pEGFR and pERK, but not total EGFR and ERK
expression, was seen in Ishikawa-BDE-47 cells compared to that
in Ishikawa cells. A similar phenomenon was observed in HEC-
1B-BDE-47 and its parental cells. These results indicated a cross
talk between ERa/GPR30 and ERFR/ERK signaling pathways
potentially underlying the increased proliferative and metastatic
effect of BDE-47.
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TABLE 1 | Summary of the numbers of lymph nodes with or without metastatic
tumors by Cytokeratin IHC staining.

Characteristics Control BDE-47
Number of mice 5 5
Total lymph nodes?® 8 37
Without met® 7 1
With met® 1 36
Proportion (%)4 12.5 97.3
NECK

Total lymph nodes® 4 22
Without met' 3 0
With met9 1 22
Proportion (%)" 25 100
AXILLA

Total lymph nodes® 4 10
Without metf 4 0
With met? 0 10
Proportion (%)" 0 100
ENTEROCOELE

Total lymph nodes® 0 5
Without met' 0 1
With met? 0 4
Proportion (%)" 0 80

aTotal number of extracted lymph nodes.

b1 ymph nodes without metastasis.

¢Lymph nodes with metastasis.

9The proportion of lymph nodes with metastasis to all extracted lymph nodes.

€Total number of extracted lymph nodes from neck, axilla, or enterocoele.

"Lymph nodes without metastasis from neck, axilla, or enterocoele.

9Lymph nodes with metastasis from neck, axilla, or enterocoele.

hThe proportion of lymph nodes with metastasis to all extracted lymph nodes from neck,
axilla, or enterocoele.

Down-Regulation of ER«/GPR30
Attenuated Viability and Metastatic

Capacity of EC Cells Induced by BDE-47

To investigate the role of ERa/GPR30 in BDE-47 induced EC cell
viability, Ishikawa-BDE-47 (ERa+/GPR30+) cells were treated
with siERa and siGPR30. Because of its ER-negativity, HEC-
1B-BDE-47 cells were only treated with siGPR30. As shown in
Figure 3B, significant reductions in ERa and GPR30 expression
were observed in Ishikawa-BDE-47-siER and Ishikawa-BDE-
47-siGPR30 cells in contrast to that in Ishikawa-BDE-47 cells.
Similarly, GPR30 expression was reduced in HEC-1B-BDE-47-
siGPR30 compared to that in HEC-1B-BDE-47 cells. MTT assay
also revealed significant inhibition of cell viability in Ishikawa-
BDE-47-siER cells (OD values at 24, 48, 72 h: 0.42 vs. 0.40, P
= 0.500; 0.63 vs. 0.48, P = 0.005; 1.17 vs. 0.66, P < 0.001)
and Ishikawa-BDE-47-siGPR30 cells (OD values at 24, 48, 72
h: 0.46 vs. 0.39, P = 0.296; 0.65 vs. 0.46, P = 0.008; 1.17 vs.
0.67, P < 0.001) when compared to their parental cells. Similarly,
a significant reduction in cell viability was seen in HEC-1B-
BDE-47-siGPR30 in contrast to HEC-1B-BDE-47 (OD values
at 24, 48, 72 h: 0.44 vs. 0.39, P = 0.367; 0.63 vs. 0.48, P =
0.012; 1.11 vs. 0.62, P < 0.001). Figure 4A illustrates the MTT

results of siRNA at 72 h. Additionally, the transwell assay revealed
an impaired capacity of metastasis in Ishikawa-BDE-47-siER
(number of migrated cells: 44.0 vs. 81.4, P < 0.001; number
of invaded cells: 37.0 vs. 48.2, P = 0.003, Figures 4B-D) and
Ishikawa-BDE-47-siGPR30 (number of migrated cells: 47.8 vs.
76.4, P < 0.001; number of invaded cells: 39.8 vs. 57.6, P = 0.003,
Figures 4B-D) compared to the corresponding parental cells.
A similar trend was seen in HEC-1B-BDE-47-siGPR30 and its
parental cells (number of migrated cells: 51.6 vs. 64.4, P = 0.010;
number of invaded cells: 17.6 vs. 26.2, P = 0.009, Figures 4B-D).

Inhibition of pEGFR or pERK Weakened
Viability and Metastatic Capacity in

BDE-47-Treated EC Cells

As shown in Figure 3B, gene knock-down using siGPR30 or siER
down-regulated the expression of pERK and pEGFR but not total
ERK and EGFR. To further demonstrate the role of EGFR/ERK
signaling pathway in EC cell viability induced by BDE-47, a
PEGEFR inhibitor or a pERK inhibitor was applied to Ishikawa-
BDE-47 and HEC-1B-BDE-47 cells (Figure 3C). As shown in
Figure 4A, the pEGFR inhibitor significantly down-regulated the
extent of cell viability and metastasis stimulated by BDE-47 in
both Ishikawa-BDE-47 and HEC-1B-BDE-47 cells. OD values at
48h of Ishikawa-BDE-47 treated with and without the pEGFR
inhibitor at 10 uM were 0.36 and 0.68 (P < 0.001), indicating
significant inhibition. Similarly, notable suppression was seen
in HEC-1B-BDE-47 cells treated with the pEGFR inhibitor at
a concentration of 10 uM (OD values at 48 h: 0.34 vs. 0.64,
P < 0.001). The EGFR/ERK signaling pathway is the classical
MAPK pathway. The pERK inhibitor seemed to block the effect of
BDE-47 on Ishikawa and HEC-1B cells. As shown in Figure 4A,
OD values at 48 h of Ishikawa-BDE-47 was 0.68, but this was
reduced to 0.38 (P < 0.001) after the pERK inhibitor treatment
at a concentration of 20 uM. Similarly, OD value of HEC-1B
was reduced from 0.64 to 0.34 (P < 0.001) after the pERK
inhibitor treatment. These results suggested that the EGFR/ERK
signaling pathway might be at the downstream of ER/GPR30 and
be involved in BDE-47-induced EC cell viability.

The transwell assay was used to examine the metastatic
capacity of Ishikawa-BDE-47 and HEC-1B-BDE-47 cells treated
with a pEGFR inhibitor at 10 wM or a pERK inhibitor at 20 pM
for 48 h. After the addition of a pEGFR inhibitor, the number of
migrated and invaded cells was reduced from 78.0 & 8.8 to 38.8
4+ 13.7 (P < 0.001), and from 63.0 £ 2.7 to 38.8 = 5.2 (P < 0.001,
Figures 4B-D), respectively. The same trend of cell invasion
and migration was also seen in HEC-1B-BDE47 cells after the
pEGEFR inhibitor treatment. The number of migrated cells was
reduced from 49.8 & 6.5 to 19.2 & 2.2 (P < 0.001), and the
number of invaded cells was reduced from 25.0 & 3.6 to 19.2 +
2.2 (P = 0.015). Likewise, as shown in Figures 4B-D, treatment
with a pERK inhibitor for 48 h impaired the metastatic ability of
Ishikawa-BDE-47 and HEC-1B-BDE-47 cells, accompanied with
reductions in the numbers of migrated and invaded cells from
77.0 £ 5.43 to 24.2 £ 3.77 (P < 0.001, Figure 4D left panel for
Ishikawa-BDE-47), from 48.2 & 4.92 to 20.4 &+ 5.86 (P < 0.001,
Figure 4D right panel for Ishikawa-BDE-47), from 75.0 £ 13.69
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FIGURE 2 | Relative cell viability of Ishikawa-BDE-47, HEC-1B-BDE-47 and their parental cells before and after treatment with DDP or paclitaxel. MTT assays were
performed before and after retreatment with different concentrations of DDP for 48 h in Ishikawa-BDE-47 (A), or in HEC-1B-BDE-47 cells (B), as well as their parental
cells. Different concentrations of paclitaxel were also used to treat Ishikawa and Ishikawa-BDE-47 (C), as well as HEC-1B and HEC-1B-BDE-47 (D), and then after
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t025.2 +3.49 (P < 0.001, Figure 4D left panel for HEC-1B-BDE-
47), and from 19.6 & 2.88 to 12.2 &+ 2.05 (P = 0.001, Figure 4D
right panel for HEC-1B-BDE-47).

DISCUSSION

PBDEs are considered as endocrine-disrupting chemicals with
thyroxine- and estrogen-like effects (30). One publication by
Li et al. revealed that PBDE-209 increased the viability and
proliferation of cells in several types of cancer, including breast
cancer, cervical cancer, and ovarian cancer. Interestingly, PBDE-
209-up-regulated phosphorylation of ERK was also observed
(31). In colon cancer HCT-116 cells, BDE-99 was found to
increase the cell migration and invasion as well as to trigger
EMT (epithelial-mesenchymal transition), most likely via the
PI3K/AKT/Snail signaling pathway (11).

Interestingly, BDE-47 could exert a differential effect on
different types of cancer cells. In human neuroblastoma SH-SY5Y
cells, BDE-47 had limited cytotoxicity but significantly increased
the in vitro cell migration and invasion by up-regulating MMP-
9 through the GPR30/PI3K/Akt signaling pathway (21). In
OVCAR-3cells, BDE-47 was found to stimulate cell proliferation
by activating CDK1, CDK7, E2F1, and E2F2; however, this
effect was not observed in MCF-7 cells. Notably, BDE-47 had
no effect on ERa protein expression in OVCAR-3 cells, while

decreased ERa protein expression in MCF-7 cells. Additionally,
BDE-47 had no effect on ERK phosphorylation in the two
cell lines (25). In contrast, Kanaya et al. recently reported
that BDE-47 stimulated proliferation of an estrogen-dependent
breast cancer cell line MCF-7aroERE and induced ER-regulated
genes expression, which suggested that BDE-47 acted as a weak
agonist of both ERa and estrogen-related receptor a (ERRa)
(32). One previous case-control study from our laboratory
demonstrated that BDE-47 level was positively with breast-
cancer risk regardless of ER stratification (33). Similarly in this
study, BDE-47 treatment enhanced the cell growth, invasion and
migration in both Ishikawa and HEC-1B cells.

The differences between the above studies may attribute to
cell specificity, exposure time, and moreover, a different effect for
the parent compound and its metabolites. We noticed that the
exposure model in Karpeta’s research was short-term treatment
for 72 h, while that in Kanaya’s paper and the present study were
longer for 5 days and up to 45 days, respectively. Furthermore,
hydroxylated metabolites of PBDE were found to be more potent
agonists of estrogen receptors than the parent compounds (34).
For instance, BDE-47 had no effect on ERa and ERP protein
expression in OVCAR-3 cells, whereas 5-OHBDE-47 upregulated
ERa only and 6-OH-BDE-47 increased both ERa and ERP
protein expression (25). Previous studies have indicated that
CYP2B6, a predominant cytochrome P450s, was involved in the

Frontiers in Oncology | www.frontiersin.org

106

October 2019 | Volume 9 | Article 1079


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Zhang et al.

Effect of BDE-47 on EC

A Ishikawa HEC-1B
BDE47 - + S
E(;FRI —_— - | I S — l
pEGER| — = | | wmem |
cmsol -—l | — — |

"=
o[ | [
pERKI

-] ==
cmm[..l [..]

Ishikawa-BDE-47

Ishikawa-BDE-47 HEC-1B-BDE-47

(o] Ishikawa-BDE-47 HEC-1B-BDE-47
Erlotinih e - § 5 -
EGFR | "———— [R———
PEGFR | -— -
ERK | 8 = o
pERK -_— -—
GAPDH | e e S

Ishikawa-BDE-47 HEC-1B-BDE-47
DP98059 N

e [Gman | [wwaw |

peos [ | [0

GAPDHI—I |—‘

SERe 4+ SIGPR30 .+ o i
ERa IZ' GPR30 | "= —
EGFR E] EGFR | e ’.— ‘

PEGFR IZ] PEGFR | e e S
e | emem | oo | em e | | oo
pERK IZ] PERK | S s -

GAPDH E‘ GAPDH | s pr———

FIGURE 3 | Western blotting on protein expressions of ERa, GPR30, EGFR, pEGFR, ERK, and pERK. (A) Protein expression in Ishikawa and HEC-1B cells with or
without exposure to 10 WM BDE-47. (B) Protein expression in Ishikawa-BDE-47 and HEC-1B-BDE-47 cells treated with or without siERa, and siGPR30. (C)
Expression of pEGFR and EGFR in Ishikawa-BDE-47 and HEC-1B-BDE-47 after pEGFR inhibitor (erlotinib) treatment (left). Expression of pERK and total ERK in
Ishikawa-BDE-47 and HEC-1B-BDE-47 after pERK inhibitor (DP98059) treatment (right).

formation of hydroxylated PBDEs (OH-PBDEs) (35). Although
no evidence has been established for the expression of this
enzyme in EC cells, detecting hydroxylated BDE-47 in the culture
medium of Ishikawa-BDE-47 and HEC-1B-BDE-47 cells will
help to exclude the potential effect of hydroxylated metabolites
of BDE-47 on EC cell biology in the present study.

ERa, a ligand-activated transcription factor localizing in the
nucleus, is expressed in approximately 80-90% of endometrioid
tumors. The estrogen-ERa signaling pathway is implicated in
increased uterine growth (36). The newly discovered membrane
estrogen receptor GPR30, expressed in ~80% of endometrioid
tumors (5), is a specific receptor for 17B-estradiol involved in
the non-genomic effect of estrogen. GPR30 was also addressed
to mediate the proliferative and invasive effects of estrogen
and tumorigenesis in EC cell line (37) and suggested to be
an indicator of clinical outcomes of EC (9). It is well-known
that the classical mechanism of estrogen action involves binding
to the ERa and ERP, which regulates transcription through
direct binding at estrogen-responsive elements in the promoter
region of target genes or through tethering to other well-known
transcription factors such as AP1, SP1, and nuclear factor kB
(38). Emerging evidence has indicated that GPR30 mediated
invasion and carcinogenesis induced by 17-f estradiol in an
EC cell line (37). To highlight a possible estrogen receptors
involvement in the effect of BDE-47 on EC cells, we detected
the status of ERa and GPR30 in these two cell lines. The
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