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Objective: To elucidate the oncogenic role of human telomerase reverse transcriptase
(hTERT) in esophageal squamous cancer and unravel the therapeutic role and molecular
mechanism of dihydroartemisinin (DHA) by targeting hTERT.

Methods: The expression of hTERT in esophageal squamous cancer and the patients
prognosis were analyzed by bioinformatic analysis from TCGA database, and further
validated with esophageal squamous cancer tissues in our cohort. The Cell Counting Kit-8
(CCK8) and colony formation assay were used to evaluate the proliferation of esophageal
squamous cancer cell lines (Eca109, KYSE150, and TE1) after hTERT overexpression or
treated with indicated concentrations of DHA. Transwell migration assay and scratch
assay were employed to determine the migration abilities of cancer cells. Fluorescence
microscopy and flow cytometry were conducted to measure the intracellular reactive
oxygen species (ROS) levels in cancer cells after treated with DHA. Moreover, RT-PCR and
Western blot were performed to test the alteration of associated genes on mRNA and
protein level in DHA treated esophageal squamous cancer cell lines, respectively.
Furthermore, tumor-bearing nude mice were employed to evaluate the anticancer
effect of DHA in vivo.

Results: We found that hTERT was significantly upregulated in esophageal squamous
cancer both from TCGA database and our cohort also. Overexpression of hTERT evidently
promoted the proliferation and migration of esophageal squamous cancer cells in vitro.
Moreover, DHA could significantly inhibit the proliferation and migration of esophageal
cancer cell lines Eca109, KYSE150, and TE1 in vitro, and significantly down-regulate the
expression of hTERT on both mRNA and protein level in a time- and dose-dependent
manner as well. Further studies showed that DHA could induce intracellular ROS
production in esophageal cancer cells and down-regulate SP1 expression, a
transcription factor that bound to the promoter region of hTERT gene. Moreover,
overexpression of SP1 evidently promoted the proliferation and migration of Eca109
and TE1 cells. Intriguingly, rescue experiments showed that inhibiting ROS by NAC

Edited by:
Jill Kolesar,

University of Kentucky, United States

Reviewed by:
Hongmei Cui,

Lanzhou University, China
Runbi Ji,

Jiangsu University Affiliated People’s
Hospital, China

*Correspondence:
Xiaowu Zhong

zxw_strive@163.com
Xiaolan Guo

alan5200@hotmail.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal

Frontiers in Pharmacology

Received: 02 September 2021
Accepted: 07 October 2021
Published: 22 October 2021

Citation:
Li Q, Ma Q, Xu L, Gao C, Yao L, Wen J,

Yang M, Cheng J, Zhou X, Zou J,
Zhong X and Guo X (2021) Human

Telomerase Reverse Transcriptase as
a Therapeutic Target of

Dihydroartemisinin for Esophageal
Squamous Cancer.

Front. Pharmacol. 12:769787.
doi: 10.3389/fphar.2021.769787

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7697871

ORIGINAL RESEARCH
published: 22 October 2021

doi: 10.3389/fphar.2021.769787

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.769787&domain=pdf&date_stamp=2021-10-22
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full
http://creativecommons.org/licenses/by/4.0/
mailto:zxw_strive@163.com
mailto:alan5200@hotmail.com
https://doi.org/10.3389/fphar.2021.769787
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.769787


alleviated the downregulation of SP1 and hTERT in cells treated with DHA. Furthermore,
overexpression of SP1 or hTERT could attenuate the inhibition effect of DHA on the
proliferation and migration of Eca109 cells. In tumor-bearing nude mice model, DHA
significantly inhibited the growth of esophageal squamous cancer xenografts, and
downregulated the expression of SP1 and hTERT protein, while no side effects were
observed from heart, kidney, liver, and lung tissues by HE stain.

Conclusion: hTERT plays an oncogenic role in esophageal squamous cancer and might
be a therapeutic target of DHA through regulating ROS/SP1 pathway.

Keywords: dihydroartemisinin, esophageal squamous cancer, reactive oxygen species, telomerase reverse
transcriptase, specificity protein 1

INTRODUCTION

Esophageal cancer is a highly aggressive and lethal malignancy,
which ranks the eighth in incidence and the sixth in mortality in
the world according to world health statistics in 2018 (Bray et al.,
2018). Esophageal squamous cell carcinoma (ESCC) and
esophageal adenocarcinoma (EAC) are the most common
histological subtypes of esophageal cancer. In China,
esophageal squamous cell carcinoma accounting for about 90%
of the esophageal cancers each year (Abnet et al., 2018). Risk
factors of esophageal squamous cell carcinoma including tobacco,
betel quid, alcohol beverages, pickled vegetables, hot foods, X-and
γ-radiation, achalasia, and Fanconi anemia (Abnet et al., 2018).
At present, the therapeutic strategies of esophageal cancer are
including surgery, radiotherapy, chemotherapy, biological-
targeted drug therapy, and combination therapy (Zhao et al.,
2019). However, the prognosis of patients with esophageal cancer
remains poor, with a 5-year survival rate of approximately
30–40% (Ferlay et al., 2015). The most important reasons were
the complex pathogenesis of esophageal cancer (Napier et al.,
2014).

Telomeres are “cap” structures located at the end of
chromosomes and consist of repetitive “5′-TTAGGG-3′” DNA
sequences, which maintain the integrity of chromosomes and the
stability of genome. Telomeric DNA repeats are synthesized by a
reverse transcriptase named telomerase. Telomerase consists of
two subunits—the RNA subunit “human telomerase RNA” (hTR)
and the protein subunit “human telomerase reverse transcriptase”
(hTERT) (Blackburn, 2000). The hTERT mRNA expression is
strictly controlled and closely associated with telomerase activity,
which indicates that hTERT is the primary determinant of
enzyme activity (Leao et al., 2018). Telomerase activity is
usually barely detected in most normal somatic tissues except
in germ cells and some stem cells (Ramlee et al., 2016). However,
telomerase activity is highly elevated in cancer cells, due to the
fact that most cancer cells achieve proliferation immortality by
activating or up-regulating normally silenced hTERT (Shay,
2016). In recent years, hTERT promoter mutations and
epigenetic alterations have been the focus of research. Reports
have shown that hTERT promoter mutations are present in
thyroid cancer and glioblastoma, and are associated with the
expression of hTERT and elevation of telomerase activity

(Vinagre et al., 2013). For patients with meningioma, in
addition to high Ki-67, the presence of hTERT mutations may
promote the tumor more aggressive and recurrent (Sahin et al.,
2021). Moreover, hTERT genetic and epigenetic alterations are
associated with hTERT upregulation (Seynnaeve et al., 2017),
while only few scientists focus the effect of hTERT dysregulation
on tumors.

Dihydroartemisinin (DHA), which is a semi-synthetic
derivative of artemisinin, has been widely used as a first-line
antimalarial treatment. In recent years, studies have shown that
DHA can exert anti-tumor effects mainly by inducing cell cycle
arrest (Lin et al., 2016), inducing ferroptosis (Yuan et al., 2020),
inducing apoptosis (Liu et al., 2018), inhibiting tumor
angiogenesis (Dong et al., 2014), inhibiting invasion and
migration (Guo et al., 2021), etc., which showed that DHA has
strong anticancer activities with different mechanisms. DHA
inhibited the proliferation of ESCC in vitro and in vivo
through the AKT1-mTOR-p70S6K signaling axis (Zhu et al.,
2020). Our previous study also showed that DHA could inhibit
the proliferation of esophageal cancer cells by inducing
autophagy (Ma et al., 2020). DHA can also act as a sensitizer,
inducing the activation of NF-κB by inactivating PDT, which
enhanced PDT induced growth inhibition and apoptosis in
esophageal cancer cells (Li et al., 2014). In addition, DHA was
found to enhance the sensitivity of ESCC cells to cisplatin by
attenuating the activation of Shh pathway (Cui et al., 2020).
However, no study has yet reported the effect of DHA on hTERT
expression in esophageal cancer.

Here, we aimed to explore the expression of hTERT in
esophageal cancer and its oncogenic role on esophageal cancer
cells, as well as the regulatory effect of DHA on the expression of
hTERT in esophageal cancer cells and reveal the underlying
mechanisms, providing a new theoretical basis for DHA as an
anti-esophageal cancer drug in the future.

MATERIALS AND METHODS

Reagents and Antibodies
DMEM and FBS were purchased from Gibco (Grand Island,
United States). Dihydroartemisinin (DHA) was obtained from
Must Biotechnology (Chengdu, China). Actinomycin D was
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purchased from Selleck Biotechnology (Houston, United States).
NAC reagent, and ROS or CCK8 detection kits were purchased
from Beyotime Biotechnology (Shanghai, China).
pcDNA3.1–3×HA-TERT and pCMV-myc-SP1 plasmid were
purchased from Hedgehobio (Shanghai, China). Lipofectamine
2000 reagent was provided by Invitrogen (Carlsbad,
United States). The antibodies against SP1, Ki-67, and
GAPDH were purchased from Cell Signaling Technology
(Beverly, United States). The antibody against hTERT was
purchased from Abcam (Cambridge, United Kingdom). Goat
anti-Rabbit IgG was purchased from BOSTER (Wuhan, China).

Cell Culture
Human esophageal squamous cancer cell lines Eca109, KYSE150,
and TE1 were obtained from the Translational Medicine
Research Center of North Sichuan Medical College and were
cultured in DMEMmedium containing 10% fetal bovine serum at
37°C in an atmosphere containing 5% CO2.

Cell Viability Measurement
Human esophageal cancer cell lines Eca109, KYSE150, and TE1
were seeded into a 96-well plate at 8×103 cells per well in DMEM
containing 10% FBS. After 12 h, the cells were treated with DMSO
or different concentrations of DHA for 48 h, or DHA at 100 μM
for different time points, respectively. After DHA treatment, 10 μl
of CCK8 reagent was added to each well and incubated for 2 h at
37°C in an atmosphere containing 5% CO2. The absorbance (A)
was measured at 450 nm by a microplate reader (Sunrise™
microplate reader, TECAN, NC). All determinations were
carried out in triplicate.

Plate Colony Formation Assay
Esophageal cancer cells Eca109, KYSE150, and TE1 were seeded
into 6-well plates at a density of 2×103 cells per well, respectively.
After 5 days, the medium was replaced with 2 ml of 10% FBS
contained DMEM with DMSO or 100 μMDHA. The culture was
terminated when clones were visible by naked eyes. Then cells
were fixed with methanol for 10 min and stained with crystal
violet staining solution for 10 min. Images were obtained using a
GT-S650 scanner (Epson).

Transwell Assay
Esophageal squamous cancer cells in logarithmic growth phase
were seeded into 6-well plates at a density of 5 × 105 per well and
treated with DMSO or 100 μM DHA after 24 h. Forty-8 h later,
cells were resuspended in serum-free medium by digestion with
0.25% trypsin and adjusted to a cell density of 5 × 105/ml. A total
of 200 μl cell suspension was added to upper chambers and 500 μl
DMEM supplemented with 10% FBS was added to the lower
chamber. After incubating for 24 h, the upper chamber was
removed, fixed with methanol and stained with crystal violet
solution, subsequently photographed under a microscope.

Scratch Assay
Esophageal cancer cell lines were seeded into 6-well plates at a
density of 5 × 105 per well. The cell layer was scratched with a
10 μl pipette tip when the cell confluence was about 90%. Cells

was washed with PBS twice and cultured with DMEM containing
1% FBS with or without DHA for 24 h. Scratched wound was
monitored, and pictures were taken at the indicated time points.

Intracellular ROS Measurement
Esophageal cancer cell lines were seeded into a 6-well plate at a
density of 5 × 105 per well and treated with or without DHA or
NAC for 24 h. Subsequently, DCFH-DA was diluted by 1: 1,000
with DMEM without FBS and incubated with the cells for 30 min
at 37°C. After an hour, fluorescence signals in cells were observed
by fluorescence microscopy, and the fluorescence intensity was
measured by flow cytometry.

RNA Extraction and Real-Time PCR
Total RNA was extracted using TRIzol reagent according to the
manufacturer’s instructions. Then 1 μg of RNA was reversed
transcribed into cDNA by reverse transcription system kit. Gene-
specific amplification was performed in Roche Lightcycler 96 real-
time PCR system (LightCycler® 96 System, Roche, United States).
The reaction system consisted of 5 μl 2 × TBGreen Premix Ex Taq II
(Takara), 0.2 μl forward primer (10 nM, Sangon, China), 0.2 μl
reverse primer (10 nM, Sangon, China), 0.5 μl cDNA and 4.1 μl
ddH2O. All measurements were performed in triplicate, the thermal
cycling for indicated genes was 95°C for 30 s and followed by 35 cycles
of 95°C for 5 s, 58°C for 30 s and 72°C for 20 s. The 2−ΔΔCT method
was used to calculate the relative expression of hTERT. Primers were
used as following: hTERT forward primer: 5′-CCTTCCTCAGCT
ATGCCCGGACCT-3′, hTERT reverse primer: 5′-ACACTTCAG
CCGCAAGACCCCAA-3′; β-actin forward primer: 5′-CATGTA
CGTTGCTATCCAGGC-3′, β-actin reverse primer: 5′-
CTCCTTAATGTCAC GCACGAT-3′.

Western Blotting
Cells were lysed using RIPA lysis buffer containing protease
inhibitors. A total of 40 µg of protein sample was used for
each lane of an SDS-PAGE gel and transferred to a
polyvinyldifluoride (PVDF) membrane. Afterward, the PVDF
membranes were blocked with 5% skim milk for 1 h at room
temperature and then probed with primary antibodies overnight
at 4°C. Subsequently, PVDF membranes were incubated with
secondary antibodies for 1 h at room temperature. The bands
were detected by an enhanced chemiluminescence system (vilber
fusion FX7, France).

Plasmid Transfection
Esophageal cancer cell lines were seeded into 6-well plates at a
density of 3 × 105 per well and transfected with
pcDNA3.1–3×HA-TERT or pCMV-Myc-SP1 plasmids using
Lipofectamine 2000 reagent in OPTI-MEM medium after 24 h.
Six hours later, medium was replaced with DMEM containing
10% FBS for 48 h.

Tumor-Bearing Nude Mice Model
Construction and Treatment
Male 4-week-old BALB/c nude mice weight around 18–20 g were
purchased from Beijing Laboratory Animal Research Center
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(Beijing, China). Animal care and experiments protocol were
approved by the Animal Ethics Committee of North Sichuan
Medical College. All animals were kept in a standard
environmental condition at the experimental animal center of
North Sichuan Medical College (Temperature 25°C; Humidity
55%; Light/Dark cycle, 12 h light and 12 h dark). A total of 1× 106
Eca109 cells were implanted subcutaneously on the back of the
nude mice (100 µl suspension). When the tumor volume of
Eca109 xenografts reached about 100 mm3, the nude mice
were randomly divided into two groups. The mice were
injected intraperitoneally with DMSO or DHA every 2 days.
Tumor length and width were measured with a vernier caliper,
and tumor volume was calculated by the formula: Volume (mm3)
� Length ×Width2/2. On day 19th, the mice were sacrificed, and
lung, liver, kidney, heart, and tumor tissues were collected.
Tissues were fixed in 4% paraformaldehyde and embedded in
paraffin for immunohistochemistry or HE stain.

Immumohistochemical Staining
Tissue sections from paraffin-embedded esophageal cancer
xenograft tissues were immunostained. Briefly, after
deparaffinization and hydration of xenograft tissue sections,
endogenous peroxidase was blocked by incubation with 0.3%
hydrogen peroxide at 37°C for 30 min. Subsequently, sections
were incubated with citrate buffer to repair antigen, and blocked
with 5% BSA for 30 min at 37°C. Primary antibody was incubated
at 4°C overnight and the secondary antibody was incubated at
37°C for 30 min. Finally, DAB was used as the chromogenic
reagent, and counterstaining was carried out using hematoxylin.
Tissue sections were dehydrated and sealed and observed with a
microscope and photographed.

HE Staining of Tissue Specimens
After deparaffinization and hydration of paraffin-embedded
xenograft tissue sections, sections were stained with
hematoxylin for 5 min. Then, the sections were differentiated
with 1% hydrochloric acid alcohol solution, stained with eosin for
3 min. Finally, sections were dehydrated with an ethanol and
xylene gradient, and were observed under microscope after being
sealed with a neutral resin.

Statistical Analysis
All in vitro experiments were performed three times, and data
were presented as the mean ± SD. Statistical differences were
evaluated by Student’s t-test or one-way analysis of variance
(ANOVA) using SPSS 22.0 software. Differences with p < 0.05
were considered statistically significant.

RESULTS

hTERT Is Highly Expressed in Esophageal
Squamous Cancer and Promote Cell
Proliferation and Metastasis
Previous studies revealed that mutations in the promoter region
of hTERT contributed to tumorigenesis, whether dysregulation of

hTERT contribute to esophageal cancer is limited. We
investigated the expression of hTERT mRNA in esophageal
cancer from TCGA database and found that hTERT
expression was higher in esophageal cancer than that in
adjacent tissues (Figure 1A). In our cohort (n � 32), we found
that the expression of hTERT in esophageal cancer tissues was
evidently promoted, which was consistent with TCGA database
(Figure 1B). Moreover, the expression of hTERT was positively
correlated with worse prognosis in esophageal squamous cancer
patients from TCGA database (Figure 1C). Futhermore, we
attempted to uncover the association of hTERT with
clinicopathological characteristics including gender, age, tumor
size, tumor location, stage and lymph node metastasis, but non of
these abovementioned characteristics was associated with hTERT
(p > 0.05) (Supplementary Table S1). In order to elucidate the
role of hTERT dysregulation in esophageal squamous cancer,
hTERT was overexpressed in esophageal cancer cell lines Eca109
and TE1 (Figure 1D), and found that force expression of hTERT
could significantly promote esophageal cancer cell proliferation
and migration in vitro (Figures 1E–H, Supplementary Figures
S1A,B). Altogether, these results demonstrated that hTERT plays
an oncogenic role in esophageal squamous cancer.

DHA Inhibites the Proliferation and
Metastasis of Esophageal Squamous
Cancer Cells and Downregulated the
Expression of hTERT
Our previous study showed that DHA induced cell cycle arrest in
Eca109 cells in vitro and in vivo (Ma et al., 2020). Whether the
inhibition effect is universal or if other mechanisms involve in
DHA treated esophageal cancer cell lines is unknown. Hence, we
investigated the effect of DHA on the proliferation and metastasis
of esophageal cancer cells Eca109, KYSE150, and TE1. As shown
in Figure 2A, DHA significantly inhibited the viability of
esophageal cancer cell lines (Eca109, KYSE150, and TE1) in a
dose- and time-dependent manner. Plate colony formation assay
showed that 100 μMDHA evidently inhibited the proliferation of
esophageal cancer cells (Figure 2B). Moreover, transwell assay
and scratch experiment revealed that DHA significantly inhibited
esophageal cancer cells migration compared with cells treated
with DMSO (Figures 2C,D, Supplementary Figures S1C,D).
Taken together, the abovementioned results showed that DHA
significantly inhibit the proliferation and migration of esophageal
cancer cells.

Cause hTERT plays an oncogenic role in esophageal
squamous cancer, we wonder whether DHA regulates the
expression of hTERT in esophageal cancer cell lines. We
measured the expression of telomerase reverse transcriptase
(hTERT) on mRNA and protein levels in Eca109, KYSE150,
and TE1 cells treated with indicated concentrations of DHA. The
results showed that DHA markedly downregulated the
expression of hTERT on mRNA and protein levels in
esophageal cancer cells in a dose-dependent manner
(Figure 3A). Moreover, 100 μM DHA also inhibited the
expression of hTERT in a time-dependent manner
(Figure 3B). Furthermore, we elucidated whether
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overexpression of hTERT could attenuate the anticancer activity
of DHA. We found that overexpression of hTERT in esophageal
cancer cells could alleviate the inhibition of DHA on the
proliferation and migration of Eca109 cells (Figures 3C–F,
Supplementary Figure S1E). These results demonstrated that
hTERT was an oncogene in esophageal squamous cancer and
could be used as a therapeutic target of DHA.

DHA Downregulates the Expression of
hTERT in Esophageal Cancer Through
Inhibiting Transcriptional Factor SP1
We further explored the molecular mechanism by which DHA
downregulates hTERT expression in esophageal cancer cells. It is
well-known that regulation of gene expression is mainly at the
transcriptional and post-transcriptional levels. However, it is
unclear whether DHA regulates hTERT expression at the
transcriptional or post-transcriptional level. We firstly
measured the mRNA stability of hTERT in DHA treated
esophageal cancer cells by using actinomycin D experiments,

and found that the stability of hTERT mRNA was not
significantly difference between cells treated with DHA and
vehicle (Figure 4A). Therefore, we speculated that
downregulation of hTERT by DHA might trough the post-
transcriptional level. It has been reported that the core
promoter region (−181 bp) of hTERT contains two c-Myc and
SP1 binding sites, and c-Myc and SP1 have been verified to
upregulate telomerase activity through promoting the
transcription of hTERT (Kyo et al., 2000). Since c-Myc and
SP1 are directly involved in the expression of hTERT, we
further determined whether DHA regulates c-Myc and SP1
protein expression in esophageal cancer cells. As shown in
Figure 4B, DHA could downregulate the expression of SP1,
but not c-Myc (data not shown), in Eca109, KYSE150, and
TE1 cells. Moreover, overexpression of SP1 in esophageal
cancer cells significantly upregulated the expression of hTERT
(Figure 4C). In addition, we found that overexpression of SP1
enhanced the proliferation (Figures 4D,E) and migration
(Figures 4F,G, Supplementary Figures S1F,G) ability of
Eca109 and TE1 cells. Meanwhile, overexpression SP1 could

FIGURE 1 | High expression of hTERT promotes the proliferation and metastasis of esophageal cancer. (A) The expression of hTERT mRNA in esophageal cancer
from TCGA database. (B) The expression of hTERT mRNA in ESCC tissues and adjacent tissues (32 paired). (C) The correlation of hTERT with prognosis of ESCC
patients from TCGA database. (D) The overexpression efficiency of pcDNA3.1–3×HA-TERT plasmids in Eca109 and TE1 cells. (E) CCK-8 assay and (F) plate colony
formation assay were employed to determine overexpression of hTERT on the proliferation of esophageal cancer. (G) Scratch assay and (H) transwell assay were
employed to determine overexpression of hTERT on the migration of esophageal cancer. (* indicate p< 0.05 compared with control).
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attenuate the inhibition effect of DHA on the proliferation and
migration ability in Eca109 cells (Figures 4H–K, Supplementary
Figures S1H,I). Altogether, these data indicated that DHA
downregulated hTERT expression through inhibiting
transcriptional factor SP1 in esophageal cancer cells,
subsequently inhibiting the esophageal cancer cells
proliferation and migration.

ROS Plays a Vital Role in DHA Induced
hTERT Downregulation in Esophageal
Cancer
Some studies have reported that DHA exerted antitumor effects
mainly through the induction of ROS production (Xu et al.,

2016). Camptothecin (CPT) can promote hTERT expression and
telomerase activity by inducing ROS production, leading to SP1
activation (Dilshara et al., 2019). In RD and Rh30
rhabdomyosarcoma (RMS) cells, Methyl 2-trifluoromethyl-
3,11-dioxo-18β-olean-1,12-dien-3-oate (CF3DODA-Me)can
downregulate the expression of SP1 by inducing ROS
(Kasiappan et al., 2019). Our previous study also revealed that
DHA induced ROS production in Eca109 cells (Ma et al., 2020),
whether DHA can induce ROS in other esophageal cancer cells is
unknown. Therefore, we determined ROS level in DHA treated
esophageal cancer cell lines Eca109, KYSE150, and TE1 by
fluorescence microscopy and flow cytometry. As shown in
Figures 5A,B, DHA significantly induced intracellular ROS
production in esophageal cancer cells, and the antioxidant

FIGURE 2 | DHA inhibits the proliferation and migration of esophageal cancer. (A) Cell viability of Eca109, KYSE150, and TE1 was detected by CCK8 assay after
treated with indicated concentrations of DHA (0,25, 50, 100,125 μM). (B) Represent images of plate colony formation assay from esophageal cancer cell lines Eca109,
KYSE150, and TE1 treated with DHA (100 μM) or DMSO. (C) Represent images of scratch assay and (D) transwell assay from esophageal cancer cell lines Eca109,
KYSE150, and TE1 treated with DHA (100 μM) or DMSO.
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NAC (N-acetyl-L-cysteine) could alleviate DHA induced ROS
production. In addition, Western Blot results indicated that NAC
could attenuate the downregulation of SP1 and hTERT protein
expression caused by DHA (Figure 5C). These results verified
that DHA inhibits hTERT transcription by inducing ROS
production and down-regulating transcriptional factor SP1.

DHA Inhibits Tumor Growth in Esophageal
Cancer Xenograft Mouse Models
To investigate the anti-esophageal cancer effect of DHA in vivo, we
established Eca109 tumor-bearing nudemouse models. As shown in
Figure 6A,B, the tumor sizes were significantly decreased in the
DHA-treated group compared to the DMSO-treated group.
Moreover, the tumor weight was lower (Figure 6C) in DHA
treated Eca109 xenograft mouse models. Furthermore, DHA
evidently downregulated the expression of SP1 and hTERT on
mRNA and protein level in tumor tissues (Figures 6D,E). The
IHC results also elucidated that the expression of hTERT and SP1
significantly downregulated in DHA treated xenograft esophageal
cancer tissues, as well as the proliferation marker Ki-67 (Figure 6F).
Intriguingly, side effect of DHA on heart, liver, lung, and kidney
tissues of xenograftmousemodels was evaluated byHE staining, and

the results revealed that DHA exhibit no significant toxicity on these
key organs of the mouse model (Figure 6G). Taken together, these
data suggested that DHA can inhibit the growth of esophageal
cancer in vivo without significant toxicity.

DISCUSSION

In this study, we investigated the expression of hTERT in
esophageal cancer by TCGA database, and subsequently
investigated the anticancer effect of DHA on esophageal
cancer cells by in vitro and in vivo experiments. We for the
first time demonstrated that DHA inhibited the proliferation and
metastasis of esophageal cells through ROS-SP1-hTERT axis
(Figure 7). Moreover, overexpression of SP1 or hTERT
enhanced the proliferation and migration of esophageal cancer
cells, and attenuated the inhibitory effect of DHA on the
proliferation and migration of esophageal cancer cells. These
findings revealed the anticancer effects of DHA and its positive
feedback regulatory pathway in esophageal cancer cells.

Human telomerase reverse transcriptase (hTERT) is a catalytic
subunit of telomerase that has been shown to regulate telomerase
activity andplay a key role in tumorigenesis andproliferation of cancer

FIGURE 3 | DHA inhibits the proliferation and migration of esophageal cancer through downregulating the expression of hTERT. (A) The expression of hTERT on
mRNA (upper) and protein (lower) levels in Eca09, KYSE150, and TE1 cells after treated with indicated concentration of DHA for 48 h. (B) The expression of hTERT on
mRNA (upper) and protein (lower) levels in Eca09, KYSE150, and TE1 cells after treated with DHA (100 μM) at indicated time points. (C,D) The effect of overexpression of
hTERT on the proliferation of Eca109 cells treated with DHA and evaluated by the CCK8 assay (C) and colony formation assay (D). (E,F) Scratch assay (E) and
transwell assay (F) showing in vitro migration of Eca109 cells overexpressing hTERT and treated with DHA. (* indicate p< 0.05 and ** indicate p< 0.01 compared with
control).
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cells (Pal et al., 2013). It has been reported that over 85–90% of cancer
cells are found to upregulate telomerase expression, conferring them
the potential for unlimited proliferation (Ramlee et al., 2016). Studies
have shown that hTERT promotermutation and epigenetic activation
are the main factors of abnormal telomerase activity (Barthel et al.,
2017). At present, most of the studies focus on the mutations of
hTERTpromoter region. Recurrent hTERTpromotermutations were
first reported in a family of patients with melanoma, and these
mutations increase the transcriptional activity of the hTERT
promoter (Horn et al., 2013; Huang et al., 2013). Subsequently,
researchers found that hTERT promoter mutations were also
present in liposarcoma, hepatocellular carcinoma, urothelial
carcinoma, tongue scale cell carcinoma, medulloblastoma, and
glioma, and were associated with telomerase activity (Killela et al.,
2013). In our study, using TCGA database, we found that hTERT
mRNA was highly expressed in esophageal cancer and positively
correlated with worse prognosis. In our cohort, the expression of
hTERT mRNA in esophageal cancer tissues (n � 32) was evidently

upregulated, which was consistent with the results from the TCGA
database. However, we failed to find the correlation between hTERT
mRNA expression and clinicopathological characteristics, which
might be due to the limited sample size. Therapeutics targeting
telomerase and hTERT currently have been developed (Sprouse
et al., 2012). The most common therapeutic methods targeting
hTERT including oligonucleotide inhibitors, small-molecule
telomerase inhibitors, immunotherapeutic approaches, telomerase-
directed gene therapy, and phytochemicals (Jager and Walter,
2016). The oligonucleotide imetelstat (GRN163L) is the only anti-
telomerase compound widely evaluated in clinical trials, which targets
the RNA template of hTERT by binding to the catalytic site of
telomerase (Harley, 2008). Telomerase-based cancer
immunotherapy has two strategies, including the hTERT vaccine
approach and the dendritic cell approach. Clinical trials of three
hTERT vaccines such as GV1001, Vx001, and GRNVAC1 have
shown that they can stimulate CD4+ and CD8+ T cells responses
in telomerase-positive tumors with minimal effect on normal cells

FIGURE 4 | DHA downregulates the expression of hTERT in esophageal cancer through inhibiting transcriptional factor SP1. (A) The effect of DHA on hTERT
mRNA stability in Eca109, KYSE150, and TE1 cells evaluated by actinomycin D assays. (B) DHA downregulates the expression of transcription factor SP1 in Eca109,
KYSE150, and TE1 cells. (C) Overexpression of SP1 enhances the expression of hTERT. (D,E) Overexpression of SP1 promoted the proliferation of Eca109 and TE1
cells determined by the CCK8 (D) and plate colony formation assays (E). (F,G)Overexpression of SP1 promoted the migration of Eca109 and TE1 cells determined
by the scratch (F) and transwell assays (G). (H,I) The proliferation of SP1-overexpressing Eca109 cells after treated with DHA andmeasured by the CCK8 (H) and colony
formation assays (I). (J,K) The migration of SP1-overexpressing Eca109 cells after treatment with DHA and evaluated by scratch assay (J) and transwell assay (K). (*
indicate p< 0.05 compared with control).
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(Jafri et al., 2016). The small molecule telomerase inhibitor BIBR1532
inhibits telomerase catalytic subunit (hTERT) binding (Arndt &
MacKenzie, 2016). In addition, a variety of naturally occurring
compounds or phytochemicals in plants are also proved to inhibit
telomerase activity in various cancers, such as boldine and
gambogicacid (Chen and Zhang, 2016).

Artemisinin is also a kind of phytochemical with effective
antimalarial effect, which extracted from Traditional Chinese
Medicine artemisia annua. DHA is an active metabolite of
artemisinin compounds and has stronger antimalarial activity than
artemisinin. Compared with artemisinin, DHA is also considered to
have the advantages of high efficiency and low toxicity (Efferth et al.,
2001; Karunajeewa et al., 2007). In the present study, no apparent
pathological changes were found in heart, liver, lung, and kidney of
the xenograft model between the DHA-treated group and the control
group. These results indicated that DHA was a safe potential
antitumor reagent with low toxicity. Besides the antimalaria
activity, DHA has been reported to exhibit significant anticancer
activity in a variety of tumors (Dai et al., 2021), including lung cancer
(Jiang et al., 2016), ovarian cancer (Li et al., 2018), MM (Wu et al.,
2020), and hepatocellular carcinoma (Zou et al., 2019). Previous study
demonstrated that inhibition of telomerase activity could reduce the
proliferation andmigration of esophageal cancer cells (Li et al., 2020).
Our data showed that DHA could evidently downregulate the

expression of hTERT both on mRNA and protein level. We then
used actinomycinD experiments to evaluate the stability of hTERT in
esophageal cancer cells after treated with DHA, and found that DHA
did not affect hTERT mRNA stability, which suggested that DHA
down-regulating hTERT expression might be at the post-
transcriptional level. Studies have reported that the activity of
TERT promoter is usually regulated by a variety of transcription
factors, such as c-Myc, NF-κB, SP1, and STAT3 (Ramlee et al., 2016).
We evaluated the expression of the abovementioned transcriptional
factors in DHA treated Eca109, KYSE150, and TE1 cells, and found
that only SP1 was downregulated by DHA. Meanwhile,
overexpression of SP1 in Eca109 and TE1 cells obviously
promoted hTERT protein expression and enhanced esophageal
cells proliferation and migration. This result suggested that SP1
was a transcriptional activator of hTERT in esophageal cancer
cells. This was similar to Kuhlmann’s reported that in adult T-cell
leukemia (ATL) patients, the human T-cell leukemia virus type 1
protein HTLV-1bZIP factor (HBZ) leaded to target gene activation
by forming a heterodimer with Jund and interacting with SP1 in the
hTERT promoter region (Kuhlmann et al., 2007). Another study
reported that MBD1 containing chromatin-associated factor 1
(MCAF1) in HeLa cells interacted with SP1 and general
transcriptional machinery to promote hTERT expression (Liu
et al., 2009). Moreover, we constructed a xenograft model and

FIGURE 5 | DHA induces intracellular ROS generation in Eca109, KYSE150, and TE1 cells after treated with DHA. (A) Themean fluorescence intensity (MFI) of cells treated
with or without DHA or NAC and the statistical charts. (B) Images from a fluorescence microscope after cells treated with or without DHA or NAC followed by DCFH-DA co-
incubation. (C) The expression of SP1 and hTERT protein in cells treated with or without DHA or NAC. (* indicate p< 0.05 and ** indicate p< 0.01 compared with control).
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FIGURE 6 | DHA suppresses tumor growth of ESCC in vivo. (A) After mice were sacrificed on day 19th, the tumors were stripped and photographed. (B,C) The
proliferation curve (B) and tumor weight (C) of tumors in xenograft mouse model treated with DHA or vehicle. (D,E) The expression of SP1 and hTERT in tumor tissues
detected by PCR andWestern blot. (F) Immunohistochemical staining for SP1, hTERT, and Ki-67 of tumor tissues from xenograft mousemodel. (G)HE staining of heart,
liver, lung, and kidney in xenograft mouse model. (* indicate p< 0.05 and ** indicate p< 0.01 compared with control).

FIGURE 7 | Schematic diagram of the mechanism of DHA against esophageal cancer through ROS/SP1/hTERT axis.
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found that SP1 and hTERT mRNA and protein levels were
significantly downregulated in the DHA treatment group
compared with the DMSO group. Furthermore, overexpression of
SP1 or hTERT could attenuate the inhibition of DHA on the
proliferation and migration of esophageal cancer. This
phenomenon indicates that both SP1 and hTERT genes are
essential in esophageal cancer and are involved in the proliferation
and metastasis of esophageal cancer cells.

The anti-tumor and antimalarial mechanism of DHA depended
on the presence of ferrous ions, which breaks the peroxide bridge in
DHA and leads to the production of cytotoxic reactive oxygen species
(ROS) (Efferth, 2017). In our study, we found that DHA significantly
induced intracellular ROS production in Eca109, KYSE150, and TE1
cells, and the antioxidant NAC attenuated the ROS production in
Eca109, KYSE150, and TE1 cells induced byDHA. It has been shown
that in JEG-3 cells, ROS up-regulated the expression level of miR-
335–5p in a p53-dependent manner, resulting in downregulation of
SP1 expression (Lu et al., 2020). In the present study, we found that
inhibition of ROS by NAC significantly reverse DHA induced
downregulation of SP1 and hTERT. These results demonstrated
that SP1 and hTERT downregulation in DHA treated esophageal
cancer cells was ROS-dependent.

In the current study, we demonstrated that DHA inhibited the
proliferation and metastasis of esophageal cells through ROS-SP1-
hTERT axis. However, we failed to reveal the effect of DHA induced
ROS on the proliferation and migration ability of esophageal cancer
cells. In summary, we provide evidence of a novel anticancer
mechanism of DHA in esophageal cancer and provide useful
evidence for the potential clinical application of DHA.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of North Sichuan Medical College.

AUTHOR CONTRIBUTIONS

QM and QL designed the study. QL and QM, contributed to the
literature search. QL, QM, LX, XZ, CG, LY, JW, MY, JC, XZ, and
JZ performed this study. QL and QMwrote the initial draft of the
manuscript. XG reviewed and edited the manuscript. All authors
read and approved the manuscript.

FUNDING

The authors acknowledge the financial support from
the Science and Technology Support Program of
Nanchong (Grant No. 18SXHZ0579), Applied basic projects
of Sichuan Provincial Department of Science and Technology
(Grant No. 2021YJ0202), and Sichuan Medical Association
Key Project of Scientific Research (Grant No. S20048).

ACKNOWLEDGMENTS

The authors thank Nanchong Key Laboratory of Molecular
Diagnosis and Theraputics of Tumor, for providing the
research platform of the current study.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/
full#supplementary-material

Supplementary Figure S1 | The quantitative results of scratch assay and transwell
assay. (A,B) The quantitative results of scratch assay from Figure 1G (A) and
quantitative results of transwell assay from Figure 1H (B). (C,D) The quantitative
results of scratch assay from Figure 2C (C) and quantitative results of transwell assay
from Figure 2D (D). (E) The quantitative results of scratch assay and transwell assay
from Figures 3E,F. (F,G) The quantitative results of scratch assay from Figure 4F (F)
and quantitative results of transwell assay from Figure 4G (G). (H,I) The quantitative
results of scratch assay from Figure 4J (H) and quantitative results of transwell assay
from Figure 4K (I). (* indicate p< 0.05, ** indicate p< 0.01, and ***indicate p< 0.001
compared with control.)

Supplementary Table S1 | Clinical parameters of 32 ESCC patients association
with hTERT expression levels.

REFERENCES

Abnet, C. C., Arnold, M., and Wei, W. Q. (2018). Epidemiology of Esophageal
Squamous Cell Carcinoma. Gastroenterology 154 (2), 360–373. doi:10.1053/
j.gastro.2017.08.023

Arndt, G. M., and MacKenzie, K. L. (2016). New Prospects for Targeting
Telomerase beyond the Telomere. Nat. Rev. Cancer 16 (8), 508–524.
doi:10.1038/nrc.2016.55

Barthel, F. P., Wei, W., Tang, M., Martinez-Ledesma, E., Hu, X., Amin, S. B., et al.
(2017). Systematic Analysis of Telomere Length and Somatic Alterations in 31
Cancer Types. Nat. Genet. 49 (3), 349–357. doi:10.1038/ng.3781

Blackburn, E. H. (2000). Telomere States and Cell Fates. Nature 408 (6808), 53–56.
doi:10.1038/35040500

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
MortalityWorldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 68 (6),
394–424. doi:10.3322/caac.21492

Chen, Y., and Zhang, Y. (2016). Functional and Mechanistic Analysis of
Telomerase: An Antitumor Drug Target. Pharmacol. Ther. 163, 24–47.
doi:10.1016/j.pharmthera.2016.03.017

Cui, W., Fang, T., Duan, Z., Xiang, D., Wang, Y., Zhang, M., et al. (2020).
Dihydroartemisinin Sensitizes Esophageal Squamous Cell Carcinoma to
Cisplatin by Inhibiting Sonic Hedgehog Signaling. Front Cel Dev Biol 8,
596788. doi:10.3389/fcell.2020.596788

Dai, X., Zhang, X., Chen, W., Chen, Y., Zhang, Q., Mo, S., et al. (2021).
Dihydroartemisinin: A Potential Natural Anticancer Drug. Int. J. Biol. Sci.
17 (2), 603–622. doi:10.7150/ijbs.50364

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76978711

Li et al. Dihydroartemisinin Downregulates hTERT in ESCC

https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.769787/full#supplementary-material
https://doi.org/10.1053/j.gastro.2017.08.023
https://doi.org/10.1053/j.gastro.2017.08.023
https://doi.org/10.1038/nrc.2016.55
https://doi.org/10.1038/ng.3781
https://doi.org/10.1038/35040500
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.pharmthera.2016.03.017
https://doi.org/10.3389/fcell.2020.596788
https://doi.org/10.7150/ijbs.50364
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dilshara, M. G., Jayasooriya, R. G. P. T., Choi, Y. H., and Kim, G. Y. (2019).
Camptothecin Induces C-Myc- and Sp1-Mediated hTERT Expression in
LNCaP Cells: Involvement of Reactive Oxygen Species and PI3K/Akt. Food
Chem. Toxicol. 127, 53–60. doi:10.1016/j.fct.2019.03.001

Dong, F., Zhou, X., Li, C., Yan, S., Deng, X., Cao, Z., et al. (2014).
Dihydroartemisinin Targets VEGFR2 via the NF-Κb Pathway in Endothelial
Cells to Inhibit Angiogenesis. Cancer Biol. Ther. 15 (11), 1479–1488.
doi:10.4161/15384047.2014.955728

Efferth, T., Dunstan, H., Sauerbrey, A., Miyachi, H., and Chitambar, C. R. (2001).
The Anti-malarial Artesunate Is Also Active against Cancer. Int. J. Oncol. 18 (4),
767–773. doi:10.3892/ijo.18.4.767

Efferth, T. (2017). From Ancient Herb to Modern Drug: Artemisia Annua and
Artemisinin for Cancer Therapy. Semin. Cancer Biol. 46, 65–83. doi:10.1016/
j.semcancer.2017.02.009

Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., et al.
(2015). Cancer Incidence and Mortality Worldwide: Sources, Methods and
Major Patterns in GLOBOCAN 2012. Int. J. Cancer 136 (5), E359–E386.
doi:10.1002/ijc.29210

Guo, L., Wen, X., Hou, Y., Sun, R., Zhang, L., Liu, F., et al. (2021).
Dihydroartemisinin Inhibits Endothelial Cell Migration via the TGF-B1/
alk5/smad2 Signaling Pathway. Exp. Ther. Med. 22 (1), 709. doi:10.3892/
etm.2021.10141

Harley, C. B. (2008). Telomerase and Cancer Therapeutics. Nat. Rev. Cancer 8 (3),
167–179. doi:10.1038/nrc2275

Horn, S., Figl, A., Rachakonda, P. S., Fischer, C., Sucker, A., Gast, A., et al. (2013).
TERT Promoter Mutations in Familial and Sporadic Melanoma. Science 339
(6122), 959–961. doi:10.1126/science.1230062

Huang, F. W., Hodis, E., Xu, M. J., Kryukov, G. V., Chin, L., and Garraway, L. A.
(2013). Highly Recurrent TERT Promoter Mutations in Human Melanoma.
Science 339 (6122), 957–959. doi:10.1126/science.1229259

Jafri, M. A., Ansari, S. A., Alqahtani, M. H., and Shay, J. W. (2016). Roles of
Telomeres and Telomerase in Cancer, and Advances in Telomerase-Targeted
Therapies. Genome Med. 8 (1), 69. doi:10.1186/s13073-016-0324-x

Jäger, K., and Walter, M. (2016). Therapeutic Targeting of Telomerase. Genes
(Basel) 7, E39. doi:10.3390/genes7070039

Jiang, J., Geng, G., Yu, X., Liu, H., Gao, J., An, H., et al. (2016). Repurposing the
Anti-malarial Drug Dihydroartemisinin Suppresses Metastasis of Non-small-
cell Lung Cancer via Inhibiting NF-Κb/glut1 axis. Oncotarget 7 (52),
87271–87283. doi:10.18632/oncotarget.13536

Karunajeewa, H. A., Manning, L., Mueller, I., Ilett, K. F., and Davis, T. M. (2007).
Rectal Administration of Artemisinin Derivatives for the Treatment of Malaria.
Jama 297 (21), 2381–2390. doi:10.1001/jama.297.21.2381

Kasiappan, R., Jutooru, I., Mohankumar, K., Karki, K., Lacey, A., and Safe, S.
(2019). Reactive Oxygen Species (ROS)-Inducing Triterpenoid Inhibits
Rhabdomyosarcoma Cell and Tumor Growth through Targeting Sp
Transcription Factors. Mol. Cancer Res. 17 (3), 794–805. doi:10.1158/1541-
7786.MCR-18-1071

Killela, P. J., Reitman, Z. J., Jiao, Y., Bettegowda, C., Agrawal, N., Diaz, L. A.,
Jr., et al. (2013). TERT Promoter Mutations Occur Frequently in Gliomas
and a Subset of Tumors Derived from Cells with Low Rates of Self-Renewal.
Proc. Natl. Acad. Sci. U S A. 110 (15), 6021–6026. doi:10.1073/
pnas.1303607110

Kuhlmann, A. S., Villaudy, J., Gazzolo, L., Castellazzi, M., Mesnard, J. M., and Duc
Dodon, M. (2007). HTLV-1 HBZ Cooperates with JunD to Enhance
Transcription of the Human Telomerase Reverse Transcriptase Gene
(hTERT). Retrovirology 4, 92. doi:10.1186/1742-4690-4-92

Kyo, S., Takakura, M., Taira, T., Kanaya, T., Itoh, H., Yutsudo, M., et al. (2000). Sp1
Cooperates with C-Myc to Activate Transcription of the Human Telomerase
Reverse Transcriptase Gene (hTERT). Nucleic Acids Res. 28 (3), 669–677.
doi:10.1093/nar/28.3.669

Leão, R., Apolónio, J. D., Lee, D., Figueiredo, A., Tabori, U., and Castelo-Branco, P.
(2018). Mechanisms of Human Telomerase Reverse Transcriptase (hTERT)
Regulation: Clinical Impacts in Cancer. J. Biomed. Sci. 25 (1), 22. doi:10.1186/
s12929-018-0422-8

Li, B., Bu, S., Sun, J., Guo, Y., and Lai, D. (2018). Artemisinin Derivatives Inhibit
Epithelial Ovarian Cancer Cells via Autophagy-Mediated Cell Cycle Arrest. Acta
Biochim. Biophys. Sin (Shanghai) 50 (12), 1227–1235. doi:10.1093/abbs/gmy125

Li, J., Dong, G., Song, J., Tan, G., and Wu, X. (2020). Telomerase Inhibition
Decreases Esophageal Squamous Carcinoma Cell Migration and Invasion.
Oncol. Lett. 20 (3), 2870–2880. doi:10.3892/ol.2020.11810

Li, Y. J., Zhou, J. H., Du, X. X., Jia, de. X., Wu, C. L., Huang, P., et al. (2014).
Dihydroartemisinin Accentuates the Anti-tumor Effects of Photodynamic
Therapy via Inactivation of NF-Κb in Eca109 and Ec9706 Esophageal
Cancer Cells. Cell Physiol Biochem 33 (5), 1527–1536. doi:10.1159/
000358716

Lin, R., Zhang, Z., Chen, L., Zhou, Y., Zou, P., Feng, C., et al. (2016).
Dihydroartemisinin (DHA) Induces Ferroptosis and Causes Cell Cycle
Arrest in Head and Neck Carcinoma Cells. Cancer Lett. 381 (1), 165–175.
doi:10.1016/j.canlet.2016.07.033

Liu, L., Ishihara, K., Ichimura, T., Fujita, N., Hino, S., Tomita, S., et al. (2009).
MCAF1/AM Is Involved in Sp1-Mediated Maintenance of Cancer-Associated
Telomerase Activity. J. Biol. Chem. 284 (8), 5165–5174. doi:10.1074/
jbc.M807098200

Liu, Y., Gao, S., Zhu, J., Zheng, Y., Zhang, H., and Sun, H. (2018).
Dihydroartemisinin Induces Apoptosis and Inhibits Proliferation,
Migration, and Invasion in Epithelial Ovarian Cancer via Inhibition of the
Hedgehog Signaling Pathway. Cancer Med. 7 (11), 5704–5715. doi:10.1002/
cam4.1827

Lu,W., Ma, Y. Y., Shao, Q. Q., Liang, J., Qi, T. T., Huang, Y., et al. (2020). ROS/p53/
miR-335-5p/Sp1 axis M-odulates the M-igration and E-pithelial to
M-esenchymal T-ransition of JEG-3 C-ells. Mol. Med. Rep. 21 (3),
1208–1216. doi:10.3892/mmr.2019.10901

Ma, Q., Liao, H., Xu, L., Li, Q., Zou, J., Sun, R., et al. (2020). Autophagy-dependent
Cell Cycle Arrest in Esophageal Cancer Cells Exposed to Dihydroartemisinin.
Chin. Med. 15, 37. doi:10.1186/s13020-020-00318-w

Napier, K. J., Scheerer, M., and Misra, S. (2014). Esophageal Cancer: A Review
of Epidemiology, Pathogenesis, Staging Workup and Treatment
Modalities. World J. Gastrointest. Oncol. 6 (5), 112–120. doi:10.4251/
wjgo.v6.i5.112

Pal, J., Gold, J. S., Munshi, N. C., and Shammas, M. A. (2013). Biology of Telomeres:
Importance in Etiology of Esophageal Cancer and as Therapeutic Target. Transl
Res. 162 (6), 364–370. doi:10.1016/j.trsl.2013.09.003

Ramlee, M. K., Wang, J., Toh, W. X., and Li, S. (2016). Transcription Regulation of
the Human Telomerase Reverse Transcriptase (hTERT) Gene. Genes (Basel) 7
(8). doi:10.3390/genes7080050

Sahin, B., Katar, S., Şahin, S. A., Çevik, S., Evran, S., Baran, O., et al. (2021).
Influence of Human Telomerase Reverse Transcriptase Mutation on the
Aggressiveness and Recurrence in Meningiomas. Cureus 13 (5), e15342.
doi:10.7759/cureus.15342

Seynnaeve, B., Lee, S., Borah, S., Park, Y., Pappo, A., Kirkwood, J. M., et al. (2017).
Genetic and Epigenetic Alterations of TERT Are Associated with Inferior
Outcome in Adolescent and Young Adult Patients with Melanoma. Sci. Rep. 7,
45704. doi:10.1038/srep45704

Shay, J. W. (2016). Role of Telomeres and Telomerase in Aging and Cancer. Cancer
Discov. 6 (6), 584–593. doi:10.1158/2159-8290.CD-16-0062

Sprouse, A. A., Steding, C. E., and Herbert, B. S. (2012). Pharmaceutical Regulation
of Telomerase and its Clinical Potential. J. Cel Mol Med 16 (1), 1–7. doi:10.1111/
j.1582-4934.2011.01460.x

Vinagre, J., Almeida, A., Pópulo, H., Batista, R., Lyra, J., Pinto, V., et al. (2013).
Frequency of TERT Promoter Mutations in Human Cancers. Nat. Commun. 4,
2185. doi:10.1038/ncomms3185

Wu, X., Liu, Y., Zhang, E., Chen, J., Huang, X., Yan, H., et al. (2020).
Dihydroartemisinin Modulates Apoptosis and Autophagy in Multiple
Myeloma through the P38/MAPK and Wnt/β-Catenin Signaling Pathways.
Oxid Med. Cel Longev 2020, 6096391. doi:10.1155/2020/6096391

Xu, C. C., Deng, T., Fan, M. L., Lv, W. B., Liu, J. H., and Yu, B. Y. (2016). Synthesis
and In Vitro Antitumor Evaluation of Dihydroartemisinin-Cinnamic Acid
Ester Derivatives. Eur. J. Med. Chem. 107, 192–203. doi:10.1016/
j.ejmech.2015.11.003

Yuan, B., Liao, F., Shi, Z. Z., Ren, Y., Deng, X. L., Yang, T. T., et al. (2020).
Dihydroartemisinin Inhibits the Proliferation, Colony Formation and
Induces Ferroptosis of Lung Cancer Cells by Inhibiting PRIM2/
SLC7A11 Axis. Onco Targets Ther. 13, 10829–10840. doi:10.2147/
OTT.S248492

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76978712

Li et al. Dihydroartemisinin Downregulates hTERT in ESCC

https://doi.org/10.1016/j.fct.2019.03.001
https://doi.org/10.4161/15384047.2014.955728
https://doi.org/10.3892/ijo.18.4.767
https://doi.org/10.1016/j.semcancer.2017.02.009
https://doi.org/10.1016/j.semcancer.2017.02.009
https://doi.org/10.1002/ijc.29210
https://doi.org/10.3892/etm.2021.10141
https://doi.org/10.3892/etm.2021.10141
https://doi.org/10.1038/nrc2275
https://doi.org/10.1126/science.1230062
https://doi.org/10.1126/science.1229259
https://doi.org/10.1186/s13073-016-0324-x
https://doi.org/10.3390/genes7070039
https://doi.org/10.18632/oncotarget.13536
https://doi.org/10.1001/jama.297.21.2381
https://doi.org/10.1158/1541-7786.MCR-18-1071
https://doi.org/10.1158/1541-7786.MCR-18-1071
https://doi.org/10.1073/pnas.1303607110
https://doi.org/10.1073/pnas.1303607110
https://doi.org/10.1186/1742-4690-4-92
https://doi.org/10.1093/nar/28.3.669
https://doi.org/10.1186/s12929-018-0422-8
https://doi.org/10.1186/s12929-018-0422-8
https://doi.org/10.1093/abbs/gmy125
https://doi.org/10.3892/ol.2020.11810
https://doi.org/10.1159/000358716
https://doi.org/10.1159/000358716
https://doi.org/10.1016/j.canlet.2016.07.033
https://doi.org/10.1074/jbc.M807098200
https://doi.org/10.1074/jbc.M807098200
https://doi.org/10.1002/cam4.1827
https://doi.org/10.1002/cam4.1827
https://doi.org/10.3892/mmr.2019.10901
https://doi.org/10.1186/s13020-020-00318-w
https://doi.org/10.4251/wjgo.v6.i5.112
https://doi.org/10.4251/wjgo.v6.i5.112
https://doi.org/10.1016/j.trsl.2013.09.003
https://doi.org/10.3390/genes7080050
https://doi.org/10.7759/cureus.15342
https://doi.org/10.1038/srep45704
https://doi.org/10.1158/2159-8290.CD-16-0062
https://doi.org/10.1111/j.1582-4934.2011.01460.x
https://doi.org/10.1111/j.1582-4934.2011.01460.x
https://doi.org/10.1038/ncomms3185
https://doi.org/10.1155/2020/6096391
https://doi.org/10.1016/j.ejmech.2015.11.003
https://doi.org/10.1016/j.ejmech.2015.11.003
https://doi.org/10.2147/OTT.S248492
https://doi.org/10.2147/OTT.S248492
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zhao, Q., Yu, J., and Meng, X. (2019). A Good Start of Immunotherapy in
Esophageal Cancer. Cancer Med. 8 (10), 4519–4526. doi:10.1002/cam4.2336

Zhu, L., Chen, X., Zhu, Y., Qin, J., Niu, T., Ding, Y., et al. (2020).
Dihydroartemisinin Inhibits the Proliferation of Esophageal Squamous Cell
Carcinoma Partially by Targeting AKT1 and p70S6K. Front. Pharmacol. 11,
587470. doi:10.3389/fphar.2020.587470

Zou, J., Ma, Q., Sun, R., Cai, J., Liao, H., Xu, L., et al. (2019). Dihydroartemisinin
Inhibits HepG2.2.15 Proliferation by Inducing Cellular Senescence and
Autophagy. BMB Rep. 52 (8), 520–524. doi:10.5483/BMBRep.2019.52.8.058

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Ma, Xu, Gao, Yao, Wen, Yang, Cheng, Zhou, Zou, Zhong and
Guo. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76978713

Li et al. Dihydroartemisinin Downregulates hTERT in ESCC

https://doi.org/10.1002/cam4.2336
https://doi.org/10.3389/fphar.2020.587470
https://doi.org/10.5483/BMBRep.2019.52.8.058
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Human Telomerase Reverse Transcriptase as a Therapeutic Target of Dihydroartemisinin for Esophageal Squamous Cancer
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Culture
	Cell Viability Measurement
	Plate Colony Formation Assay
	Transwell Assay
	Scratch Assay
	Intracellular ROS Measurement
	RNA Extraction and Real-Time PCR
	Western Blotting
	Plasmid Transfection
	Tumor-Bearing Nude Mice Model Construction and Treatment
	Immumohistochemical Staining
	HE Staining of Tissue Specimens
	Statistical Analysis

	Results
	hTERT Is Highly Expressed in Esophageal Squamous Cancer and Promote Cell Proliferation and Metastasis
	DHA Inhibites the Proliferation and Metastasis of Esophageal Squamous Cancer Cells and Downregulated the Expression of hTERT
	DHA Downregulates the Expression of hTERT in Esophageal Cancer Through Inhibiting Transcriptional Factor SP1
	ROS Plays a Vital Role in DHA Induced hTERT Downregulation in Esophageal Cancer
	DHA Inhibits Tumor Growth in Esophageal Cancer Xenograft Mouse Models

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


