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Esophageal squamous cell carcinoma (ESCC) has still been considered to be the most common malignant tumors in China.
Emerging evidence indicates that cysteinyl-tRNA synthetase 1 (CARS1) has been considered as a ferroptosis-related gene in
ESCC. However, the roles and molecular mechanisms of CARS1 in ferroptosis-induced cell death of ESCC are still largely
unknown. In our study, we investigated an aberrantly upregulated gene in ESCC tumor tissues CARS1 significantly inhibited cell
proliferation, and the ability of migration and invasion promoted the relative level of MDA and ROS and decreased GPX4
expression level in two ESCC cell lines. Mechanistically, both the ferroptosis inhibitor ferrostatin-1 and its inducer erastin were
further used and indicated that CARS] participated in the ferroptosis-induced cell death. Together, these results revealed that
CARSI has a critical function in the progression of ESCC by promoting ferroptosis-induced cell death.

1. Introduction

Despite the development and progress in diagnosis and
therapy, esophageal cancer is still considered as a common
malignant tumor worldwide. Esophageal cancer is a di-
gestive system tumor and could mainly be classified as two
pathological types. One is esophageal adenocarcinoma
(EAC) which is the most common in the developed
countries, and the other one is esophageal squamous cell
carcinoma (ESCC) which is the main pathological tumor
with a high mortality and poor prognosis and has become
the main threat to human health in China [1, 2]. Therapy for
the early diagnosis of ESCC is still limited, and thus, most
people lose the opportunity of surgical therapy. Due to the
difficulties in the early diagnosis of ESCC and poor prog-
nosis for ESCC patients, it is important to identify the critical
gene in the development of ESCC and reveal its regulatory
mechanism. The novel targets would be useful for the
therapy of ESCC treatment.

Recently, a novel identified biological process of cell
death has been investigated, which is called ferroptosis and
caused by iron-dependent lipid peroxide accumulation [3].

Recent evidence has suggested that ferroptosis is involved
in various pathological processes, for example ischemia-
reperfusion injury, cancer cell death, and neurotoxicity
[3, 4, 5]. Ferroptosis activation would lead to nonapoptotic
destruction in several cancers, and the suppression of one
of the processes may protect organisms from neuro-
degeneration. The regulation of ferroptosis is a complex
regulatory process, mainly regulating genes such as free
iron ions and lipid peroxidation metabolism. Its main
feature is the accumulation of iron ions in cells, which
requires lipid peroxidation. Ferroptosis is mainly man-
ifested in the increase of ROS accumulation and gluta-
thione and a diminished activity and content of glutathione
peroxidase 4 (GPX4) [6, 7]. It would induce the cells to
exhibit a smaller mitochondrial volume, a reduced number
of ridges, and an increased density of membrane. Impor-
tantly, GPX4 has an important effect on ferroptosis in-
hibition and could convert lipid peroxides into inert lipid
alcohols. Therefore, the inducer of ferroptosis would have
a strong effect on the inhibition of tumor growth and may
become a new attention for novel therapy in tumor
treatment in recent years.
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Cysteinyl-tRNA synthetase 1 (CARS1) belongs to a class
1 aminoacyl-tRNA synthetase and contains one of several
posited around the imprinted gene domain, which is known
as a critical gene region, and inhibited tumor growth. Recent
research has indicated that CARSI is close to ferroptosis and
has been predicted as a prognostic factor [8, 9]. Therefore, to
explore the biological role of CARS1 in ESCC and further
clarify the molecular biological mechanism of ESCC and
provide a new biomarker for ESCC therapy is essential.

2. Materials and Methods

2.1. Clinical Samples. In the study, 60 patients were collected
who had been diagnosed with ESCC and had received
a surgical resection. These tissue samples have been further
confirmed pathologically after resection.

2.2. Cell Culture and Transfection. In the current study,
KYSE-30 and KYSE-410, two human ESCC cell lines, were
acquired from the cell bank of the Chinese Academy of
Sciences. The 1640 medium (Gibco of Thermo Fisher
Scientific, Grand Island, NY) has been applied for cell
culture with the addition of 10% FBS in a 37°C container
with 5% CO,. The Lipofectamine 3000 reagent has been
applied for transfection. The CARSI gene was synthesized
and cloned into plasmid pCDH-CMV-MCS-EF1-copGFP-
Puro. GFP was used to check the transfection efficiency.
Seed plate: the day before the transfection operation, cells
with appropriate density were inoculated into the six-well
plate. Fluid change: before the transfection operation,
discard the old medium in the six-well plate and replace it
with 2 ml of fresh medium with serum but no antibiotics.
Transfection: prepare at least twice the amount of sterile
1.5ml EP tubes in advance according to the number of
holes in the six-well plate. For each well of cells, add 125y L
fresh DMEM culture medium (without adding antibiotics
and serum) to tube A and tube B, respectively; the amount
of substance added in tube A is 2.5 4 G of plasmid DNA and
5 ul of auxiliary transfection reagent p3000 Gently blow and
suck them with a pipette to mix them. Then, add 5 4 L to
tube B of lipo6000 transfection reagent. DMEM and
lipo6000 were also blown and mixed and incubated at room
temperature for five minutes. Then, the solution in tube A
added with plasmid DNA was sucked into the mixed so-
lution containing transfection reagent in tube B, the two
tubes of solution were blown and mixed with a pipette, and
the mixed solution was added to the six-well plate after
standing at room temperature for 20 minutes. Place the six-
well plate in the incubator for 24-48 h and change the fresh
medium every 8-12h after transfection. After 24-48 hours
of transfection, the overexpression efficiency was verified
and other subsequent experiments were carried out. Fol-
lowing the design and synthesis of shRNA-CARSI, the
transfection was carried out.

2.3. RT-qPCR Assay. Total RNA has been prepared from
tissues or cell transfection and then synthesized into cDNA.
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The internal reference was the GADPH, and the CARSI level
has been further examined by the 27**“T method.

2.4. Cell Proliferation Assay. For the colony formation assay,
a density of 1 x 10> transfected ESCC cells has been cultured
into a six-well plate. After two weeks of culture, the clones
have been further stained with 0.1% crystal violet. For CCK-
8 assay, a density of 2x10° transfected cells have been
cultured in a 96-well plate. Later, the old medium was ex-
changed with a fresh medium containing 10% CCK-8 re-
agent. A wavelength of 450nm was used for the
measurement.

2.5. Flow Cytometry Detection. The treated cells were
resuspended with the binding buffer. The final density was
1 x10° cells per milliliter. Dilute DCFH-DA with serum-
free medium at a ratio of 1:1000 to make the final con-
centration of 10 4 mol/L. After collection, the cells were
suspended in diluted DCFH-DA with a cell concentration
of 1 million to 20 million cells/ml and incubated in a 37°C
cell incubator for 20 minutes. Mix it upside down every
3-5 minutes to make the probe fully contact the cell. The
cells are washed with serum-free cell culture solution
three times to fully remove DCFH-DA that does not enter
the cells. After a thorough mixing, the suspension was
immediately detected by the FACScan flow cytometer
system.

2.6. Cell Invasion Assay. The Corning Biocoat Matrigel
Invasion Chambers were performed to measure the ability
of cell invasion. The density of 1 x 10° treated cells per well
was suspended in the serum-free medium under the upper
chambers. The lower chamber was injected with the
normal medium as a chemoattractant. After a certain
time, the top transwell containing the noninvaded cells
was discarded, while the bottom transwell containing the
invaded cells was fixed and then stained for another
15 min.

2.7. Cell Migration Assay. The ability of migration was used as
described for the invasion assay except that Matrigel was not
injected and treated cells were cultured for an additional 16 h.

2.8. MDA Assay. The lipid peroxidation assay kit
(ab118970, Abcam, MA) has been used to examine the
concentration of relative malondialdehyde (MDA) fol-
lowing the manufacturer’s protocol. In brief, thiobarbituric
acid (TBA) was injected into the sample, was made to react
to the MDA-TBA adduct, and then was measured
colorimetrically.

2.9. Western Blot. Total protein has been prepared and then
loaded on the SDS-PAGE gel electrophoresis. Subsequently,
protein from the gel was transferred to the membrane and
then incubated with 5% skimmed milk for blocking. The
prepared-membrane was then incubated with the primary
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FiGure 1: Identification of CARS1 level in ESCC. (a) Data from the TCGA database and collected ESCC patients (b) revealed the that lower
CARSI expression is correlated with poor overall survival in ESCC patients. (c) The relative expression of CARSI in ESCC (n=60) and
normal tissues (n = 60) from GEPIA database. (d) The relative expression of CARS1 in ESCC tissues and adjacent normal tissues collected.

*P<0.05 and **P<0.01.

antibody. In another day, these membranes have been
treated with the secondary antibody. Finally, the membrane
was detected by the chemiluminescent HRP substrate.

2.10. Statistics. The SPSS 20.0 has been applied with the
Student’s t-test and one-way ANOVA have been utilized to
examine the difference. A p value lower than 0.05 has been
considered significant statistically.

3. Results

3.1. The Relative Level of CARSI in ESCCs. Based on the
ESCC data from the TCGA cancer transcriptome database,
CARS1 was remarkably associated with the prognosis
(P=0.027). The higher expression of CARS1 could increase
the survival ratio of ESCC patients (Figure 1(a) and 1(b)).
The GEPIA database indicated that the relative level of
CARSI in ESCC patients exhibited an increase to the normal
tissue (Figure 1(c)). Subsequently, we collected 60 ESCC
patients and analyzed the clinical data and the postoperative
pathological reports. It suggested that the CARS]I mRNA
level exhibited an increase in ESCC tissues than in normal
esophageal mucosa tissue (Figure 1(d)).

3.2. The Role of CARSI in ESCCs. To explore the role of
CARS in ESCCs, we first upregulated and downregulated
CARSI in KYSE-30 and KYSE-410 (Figure S1). The results
showed that upregulated CARS1 decreased the colony
formation count as compared with the control group in
ESCC cell lines. However, downregulated CARS1 in-
creased the colony formation count as compared to the
control group (Figure 2(a)). Next, we measured cell
proliferation by the CCK-8 assay. It indicated that
upregulated CARS1 inhibited the viability more than the
control group at 72 hrs in KYSE-30 and KYSE-410, and
downregulated CARS1 promoted the ability of pro-
liferation at 72 hrs as compared with the control group
(Figure 2(b)). The colony formation assay and the CCK-8
assay suggested that upregulated CARS1 would inhibit the
proliferation of ESCCs and downregulated CARS1 would
promote the proliferation. Further, we analyzed the mi-
gratory and invasive abilities of two cell lines. Based on
Figures 2(c) and 2(d), upregulated CARSI inhibited cell
migratory ability and downregulated CARSI promoted
invasive ability. Taken together, these results suggest that
CARSI has an inhibitory function on proliferation, mi-
gration, and invasion in ESCCs.
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FiGgure 2: Continued.
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FiGure 2: Effect of CARSI on ESCC cell proliferation and the ability of migration and invasion. The colony formation assays (a) and CCK-8
assays (b) were measured after transfection, respectively. The migration (c) and invasion (d) abilities in KYSE-30/410 cells after transfecting
have been examined by transwell assay, respectively. *, **, *** indicate P <0.05, 0.01, and 0.001 respectively.

3.3. The Effects of CARSI on Redox Reaction in ESCCs.
The MDA concentration ESCCs were further examined with
the lipid peroxidation assay. It indicated that upregulated
CARSI increased the relative level of MDA as compared
with the control group and downregulated CARS1 decreased
the relative concentration of MDA in KYSE-30 and
KYSE-410 (Figure 3(a)). Subsequently, the flow cytometry
assay indicated that upregulated CARS1 promoted the
content of ROS compared with the control group and
downregulated CARS1 inhibited it (Figure 3(b)). Addi-
tionally, Western blot indicated that GPX4 expression level
significantly reduced in KYSE-30 and KYSE-410 transfected
with CARSI, and downregulated CARS1 had an opposite
effect (Figure 3(c)). Accordingly, it suggested that CARS1
activated the redox response in ESCCs and had an inhibitory
effect on the expression of GPX4.

3.3.1. The Effects of Upregulated CARSI and Ferrostatin-1 on
Cell Proliferation and the Ability of Migration and Invasion
in ESCCs. To explore the function of CARSI in the process
of ferroptosis of ESCCs, the specific inhibitor ferrostatin-1
of ferroptosis was used in the study. The colony formation
assay indicated that the combination group of upregulated
CARSI and ferrostatin-1 promoted the colony count in

KYSE-30 and KYSE-410 as compared with the upregu-
lated CARS1 group. Subsequently, the CCK-8 assay in-
dicated a similar effect that the combination of
upregulated CARS1 and ferrostatin-1 significantly in-
creased proliferation at 24, 48, and 72 hours in ECSS cell
lines as compared to the control group (Figure 4(a)).
Therefore, it suggested that CARS1 was involved in the
ferroptosis-induced cell death in ESCCs. Additionally, the
ability of cell migration and invasion has been examined.
It indicated that the combination group of upregulated
CARS1 and ferrostatin-1 promoted both cell migration
and invasion as compared to the upregulated CARS1
group (Figures 4(b) and 4(c)). It suggested that CARS1
participated in the migration and invasion of ESCCs
caused by ferroptosis.

3.4. The Effects of Upregulated CARS1 and Ferrostatin-1 on
Redox Reactions in ESCCs. To further investigate the
combination of upregulated CARSI and ferrostatin-1 on
redox reactions in ESCCs, the relative level of MDA was
first examined. It indicated that the combination of
upregulated CARSI and ferrostatin-1 decreased the con-
tent of MDA in KYSE-30 and KYSE-410 when compared to
the upregulated CARS1 (Figure 5(a)). Subsequently, the



Journal of Oncology

KYSE-410

KYSE-30

- Is1e)-ys

*o%

- ON-US

- [SIe)-20

%

F DON-20

(101 dSwy/[owry) yQ

*%

- 1s1eD-ys

- ON-US

I 1s1eD-20

%

- ON-00

r
(=3
N

T T T
g} f=} n
— —

(301 d3wy/jowu) VA

()

- 1s1eD-ys
_. - IsTeD-Ys _. Is1eD-Y!
* o
*
=
£ L 3 _. - DON-US
D _. ON-Ys M
% &
z >
4 M
_| I 1s18)-20 _| I 1s1eD)-20
*
X *
*
_. - ON-°0 _| F DN-20
r T T T T f T T T T
o =) o = o o S =3 =3 = =4 o
2 5 5 £ ¢ T g 2 g g
N =] N S re} N m n S vy
N — —
SOY JO dduddsaIoN[ | SOY Jo 2duadsatony
" . .
=] (=) =
= = 5
< - ~
=] I=) =
2 S )
z z z
2 | ]
z BE|3 TR 7 TE |3
< =] El =
F_u 5 ﬂ_u . _,{_u - ﬁ_u
2 %3
° ° “ ° S . 3
=] f= =
2 5] E)
’ i y ' LARAR A S . _ RS SAAE SAAD S~ B S s <
(=3 =3 (=3 =3 o =3 =3 =3 =]
& 2 =" & ] 2 = " § 8§ = & g & &
unoD) uno) uno) unoD
» w w
=] (=) =
2 Sl )
< - _
=] I=) Py
2 = )
= = =
- 3 o = - =
®) == &) S = O Efio o
W_u e N_ o W_» S N_
g ) = ) g ) =
(=) (=} =
S 5] E)
S 0. A N, _ L S R 2 s
5B &8 ° T § z g ® 5 5 8 s £ s
unoy uno) JunoD Junon

10t 10°

10° -10° 10°

10*

10°

-10°

FL1-H

FLI-H

(b)

Figure 3: Continued.
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flow cytometry experiment further examined that the
combination of upregulated CARS1 and ferrostatin-1
significantly alleviated the cellular ROS content in
KYSE-30 and KYSE-410 when compared to the control
group (Figure 5(b)). Additionally, Western blot further
exhibited that the combination of upregulated CARS1 and
ferrostatin-1 significantly promoted GPX4 expression
levels in KYSE-30 and KYSE-410 when compared to the
upregulated CARsl group (Figure 5(c)). Together, they
suggested that CARS1 mainly alleviated the cellular redox
reaction induced by ferroptosis in ESCCs.

3.5. The Effects of Downregulated CARSI and Erastin on
Proliferation, Migration, and Invasion in ESCCs. As an effi-
cient ferroptosis inducer, Erastin could mediate ferroptosis-
induced cell death via a series of small molecules, such as
voltage-dependent anion channels. The colony formation assay
indicated that the combination group of downregulated CARS1
and Erastin significantly decreased the colony count in KYSE-30
and KYSE-410 as compared with the downregulated CARS1
group. Subsequently, the CCK-8 assay indicated a similar effect
that the combination of downregulated CARS1 and Erastin
significantly increased the proliferation at 24 hrs, 48 hrs, and
72 hrs in KYSE-30 and KYSE-410 as compared to the control
group (Figure 6(a)). Additionally, the transwell cell migration
and invasion assay has been further examined. These results
indicate that the combination group of downregulated CARS1
and Erastin decreased the ability of migration and invasion when
compared to the downregulated CARS1 group (Figures 6(b) and
6(c)). The above results indicated that downregulated CARS1

suppressed cell proliferation and the ability of migration and
invasion caused by ferroptosis in ESCCs.

3.6. The Effects of Downregulated CARS1 and Erastin on Redox
Reaction in ESCCs. To explore the combination of down-
regulated CARS1 and Erastin on redox reactions in ESCCs,
we measured the relative level of MDA. The results showed
that the combination of downregulated CARS1 and Erastin
promoted the content of MDA in KYSE-30 and KYSE-410
when compared to the downregulated CARSI (Figure 7(a)).
Next, flow cytometry examined whether the combination of
downregulated CARS1 and Erastin remarkably increased the
cellular ROS content in KYSE-30 and KYSE-410 when
compared to the control group (Figure 7(b)). Further,
Western blot indicated that the combination of down-
regulated CARSI and Erastin remarkably suppressed the
relative protein level of GPX4 in KYSE-30 and KYSE-410
when compared with the downregulated CARS1 group
(Figure 5(c)). When taken together, they suggest that the
downregulation of CARS1 enhanced the sensitivity of
Erastin-induced ferroptosis in ESCCs.

4. Discussion

ESCC is the most common malignancy of the digestive
system in the world, and its mortality has always been in the
forefront of malignant tumors. With the continuous im-
provement in diagnosis and treatment technology, the
prognosis of ESCC patients has improved; however, the
overall treatment effect is still not satisfactory. Early lymph
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FiGure 4: Effect of upregulated CARS1 and ferrostatin-1 on ESCC cell proliferation and the ability of migration and invasion. The colony
formation assays (a) and the CCK-8 assays (b) were measured after being transfected with the CARS1 plasmid and treated with ferrostatin-1,
respectively. The migration (c) and invasion (d) abilities in KYSE-30/410 cells after treatment have been examined by the transwell assay,

respectively. *, **, *** indicate P <0.05, 0.01, and 0.001, respectively.

node metastasis and postoperative local recurrence are
important factors for ESCC patients’ poor prognosis [10].
Therefore, it is very important to explore the new target of
tumor metastasis mechanism for the therapy of ESCC
treatment.

CARSI contains a class 1 aminoacyl-tRNA synthetase,
which is an essential enzyme catalyzing amino acids’ ligation
to their cognate tRNAs [11, 12]. Recent research indicated
that CARSI has prognostic values in predicting the overall
survival of patients and targets ferroptosis as an alternative
for therapy in several cancers [9, 13]. In the study, the
experimental data indicated that CARS1 was remarkably
upregulated in the ESCC tissues when compared to the
normal esophageal mucosal tissue, suggesting that CARSI is
closely associated with patients’ overall survival. Sub-
sequently, we confirmed that the upregulation of CARS1
inhibited cell proliferation and the ability of migration and
invasion. It implied that the upregulated CARS1 played
a critical function in the progression of ESCC, which is
consistent with the previous study [8].

Recent research has found that CARSl is a new
ferroptosis-related gene, predicting signature clinical
prognosis in esophageal adenocarcinoma [8]. Our results
showed that CARSI participated in cell redox reaction could
regulate the expression of GPX4, which is a key antioxidant

enzyme that regulates iron death and protects cells from
oxidative damage [14]. This process organizes the formation
of iron-dependent toxic lipid reactive oxygen species and
enables cells to resist iron death [15]. It suggested that
CARSI might have an antitumor function by promoting the
process of ferroptosis.

Ferroptosis is a regulatory mode to cell death and lipid
oxidation has a critical effect during the regulation process
[16]. Previous studies have shown that GPX4 is a peroxidase
of GSH and could inhibit ferroptosis-induced cell death. On
the contrary, inhibiting GPX4 would enhance lipid perox-
idation and trigger ferroptosis-induced cell death in the
development and progression of tumor [17, 18]. Impor-
tantly, promoting the degradation of GPX4 could also
promote this process [19, 20]. When ferroptosis occurs in
cells, glutathione biosynthesis is inhibited [21]. To in-
vestigate whether CARS1 is associated with the ferroptosis-
induced cell death, we conducted further experiments. After
treatment with ferrostatin-1, a ferroptosis specific inhibitor,
upregulated CARS1 remarkably enhanced the proliferation,
migration and invasion in ESCC, diminished the MDA
relative level and ROS content, and further enhanced GPX4
expression level. However, after treating cells with the fer-
roptosis inducer Erastin, downregulated CARS1 remarkably
suppressed the proliferation, migration and invasion in
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Figure 6: Effect of downregulated CARSI and Erastin on ESCC cell. The colony formation assays (a) and the CCK-8 assays (b) were
measured after being transfected with shCARSI and Erastin with ferrostatin-1, respectively. The migration (c) and invasion (d) abilities in
KYSE-30 and KYSE-410 cells after treatment have been detected by the transwell assay, respectively. *, **, and *** indicate P < 0.05, 0.01, and
0.001, respectively.
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FiGure 7: Effect of downregulation of CARS1 and Erastin on ESCC cell redox reaction. (a) The relative level of MDA is measured in KYSE-
30/410 cells after being transfected with shCARS1 and treated with Erastin. (b) The flow cytometry is conducted to examine the content of
ROS in KYSE-30/410 cells after treatment. (c) Western blot assay of KYSE-30/410 cells after treatment are detected. *, **, and *** indicate

P <0.05, 0.01, and 0.001, respectively.

ESCC, promoted MDA and ROS levels, and inhibited GPX4
expression level. When taken together, these results in the
study suggest that CARS1 would promote the ferroptosis-
induced cell death of ESCC.

This study confirmed the significant correlation be-
tween the relative level of CARSI and the ESCC patients’
survival rate. In this study, we further found a correlation
between CARS1 and ferroptosis-induced cell death. The
upregulation of CARS1 would promote ferroptosis-
induced cell death, which suggests that CARS1 may be-
come a new biomarker and potential therapeutic target for
ESCC therapy.
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Figure S1 The effect of CARSI expression after transfection
in ESCC. (A) The relative level of CARSI is measured using
RT-PCR and Western blot after being transfected with the
plasmid of CARSI in KYSE-30/410. (B) The expression of
CARS1 was measured using qRT-PCR and Western blot
after being transfected with shCARSI in KYSE-30 and
KYSE-410. (**P<0.01 and ***P<0.001). (Supplementary
Materials)
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