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CHACI1 promotes cell ferroptosis and enhances radiation sensitivity in thyroid
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ChaC glutathione-specific y-glutamylcyclotransferase 1 (CHACI) is involved in intracellular glutathione depletion,
ferroptosis, and tumorigenesis. The functional role of CHAC1 expression in thyroid carcinoma has not yet been established.
The present study aimed to investigate the impact and mechanisms of CHACI on ferroptosis and radiation sensitivity in
thyroid carcinoma. CHACI expression was examined in tumor tissue specimens and microarrays and thyroid carcinoma
cell lines. CHAC1 was silenced or overexpressed by lentivirus transfection in thyroid carcinoma cells. Cell viability and lipid
ROS levels were evaluated by Cell Counting Kit-8 and flow cytometry, respectively. The effect of CHAC1 on tumor growth in
vivo was also measured. Ferroptosis-related proteins were measured by western blotting. CHAC1 expression was decreased
in patients with thyroid carcinoma, and overexpression of CHACI suppressed cell viability of BCPAP cells and tumor
growth in xenografted nude mice. Exposure to Ferrostatin-1, a ferroptosis inhibitor, significantly attenuated the inhibi-
tory effects of CHAC1 overexpression on cell viability. In CHAC1-overexpressing BCPAP cells, ferroptosis was induced as
indicated by increased lipid ROS production and PTGS2 expression. Knocking down of CHACI in K1 cells significantly
induced cell viability, reduced lipid ROS production and PTGS2 expression, and enhanced GPX4 expression. Such effects
were attenuated by RSL3, a ferroptosis inducer. Furthermore, we showed that CHACI overexpression enhanced radiation
sensitivity in BCPAP cells as indicated by decreased cell viability, while CHACI knockdown had reversed effects in K1 cells
as indicated by increased cell viability. Taken together, CHACI1 overexpression promoted ferroptosis and enhanced radia-
tion sensitivity in thyroid carcinoma.
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Thyroid carcinoma is the most prevalent cancer in the
endocrine system, accounting for approximately 95% of all
endocrine tumors [1]. The incidence of thyroid carcinoma
has been steadily rising in the world over the past 30 years
[2, 3]. Thyroid carcinoma can be categorized into papillary,
follicular, medullary, and anaplastic subtypes based on histo-
logical characteristics [1]. Papillary thyroid carcinoma and
follicular thyroid carcinoma are the two most comment types
of thyroid carcinoma [4]. Patients with thyroid carcinoma
have a relatively favorable prognosis after surgical resection
and radiotherapy as compared to other types of cancer [5].
However, tumor recurrence is the main reason for patients
with advanced thyroid carcinoma. Therefore, it is urgently

®

Copyright © 2023 The Authors.

needed to explore the molecular mechanisms of thyroid
carcinoma development.

Ferroptosis, a newly discovered form of regulated cell death
in recent years, has been investigated in cancer and cancer
treatment [6]. Iron dependence is a distinguishing feature of
ferroptosis [7, 8]. During ferroptosis, decreased cellular gluta-
thione levels lead to the accumulation of lipid reactive oxygen
species (ROS) and ultimately cause cell death [9]. Ferroptosis
is characterized by increased lipid ROS, smaller mitochondria,
increased mitochondrial membrane density, and decreased
mitochondrial crest [10]. Several intracellular signaling
molecules and signaling pathways, such as glutathione peroxi-
dase 4 (GPX4), cystine-glutamate antiporter (System Xc-), and

This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution,
and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source and provide a link to
the Creative Commons licence. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



778

Xinlin YANG, et al.

p62-Keapl-NRF2 pathway, have been suggested to mediate
this process through regulating glutathione levels [9].

ChaC glutathione-specific ~ y-glutamylcyclotransferase
1 (CHACl) is a member of the ChaC family of
y-glutamylcyclotransferases (y-GCTs) [11]. CHAC1 has
a structure (BtrG/y-GCT fold) and an active site similar to
vy-GCT and mediates the degradation of cellular glutathione
[12]. Knockout of the CHACI1 gene resulted in embryonic
lethality, suggesting that CHACI is an important intracellular
functional regulator [13]. Overexpression of CHACI led to
intracellular glutathione depletion and increased ROS levels,
and decreased GPX4 protein levels [14]. Growing evidence
linked CHACI to tumorigenesis. The expression of CHAC1
was closely related to the prognosis of breast and ovarian
cancer [15, 16]. Chen et al. reported that CHAC1 overexpres-
sion in human triple-negative breast cancer cells may result
in high levels of oxidative stress and ferroptosis by increasing
GSH degradation [17]. CHAC1 expression was reduced in
glioma cells, and the CHAC1-Notch3 pathway was involved in
the antitumor drug temozolomide-induced glioma cytotox-
icity [18]. CHAC1 suppressed cell proliferation and promoted
cell apoptosis in head and neck squamous cell carcinoma cells
treated with nisin [19]. However, its expression and potential
roles in thyroid carcinoma have not been explored.

In the current study, we elucidated the anti-tumor role of
CHACI overexpression in thyroid carcinoma cells in vitro
and in vivo and found that CHACI overexpression induced
ferroptosis and enhanced the radiotherapy sensitivity.
Additionally, protein expression of CHAC1 was negatively
correlated with GPX4 in thyroid carcinoma tissues.

Patients and methods

Data source and bioinformatics analysis. The expres-
sion levels of CHAC1, GPX4, and PTGS2 in thyroid carci-
noma tissues were analyzed using the University of Alabama
at Birmingham Cancer (UALCAN; ualcan.path.uab.edu/).
The prognostic value of CHACI1, GPX4, and PTGS2 and the
correlation between CHAC1 and GPX4 or PTGS?2 in thyroid
carcinoma samples were evaluated using analysis tools of
Gene Expression Profiling Interactive Analysis (GEPIA).
Moreover, 60 thyroid carcinoma and 10 normal thyroid
tissue microarrays were purchased from Outdo BioTech.

Immunohistochemistry (IHC) analysis. Thyroid carci-
noma tissue microarrays were subjected to IHC analysis.
After deparaffinization and blocking of endogenous peroxi-
dases, 0.01 M citrate sodium buffer solution (pH6.0) was
applied to the sections at 100°C for 10 min to perform the
antigen retrieval. Subsequently, endogenous peroxidase
was quenched with 0.3% H,O,, and non-specific binding
was eliminated by 10% bovine serum albumin (BSA).
Then, the sections were incubated with primary antibodies
against CHACI (diluted in 1:100; Abcam; ab279365) at 4°C
overnight. The sections were incubated with HRP-conju-
gated rabbit secondary antibody at room temperature for

1 h, developed with DAB substrate, and counterstained
with hematoxylin. Immunoreactivity was scored using the
H-score system as previously described [20]. Patients were
separated into the high- or the low-expression group (cutoft
point of H-score = 6).

Cell culture and treatment. Thyroid carcinoma cell lines,
K1, BCPAP, and TPC1 cells, and a normal human thyroid
follicular epithelial cell line, Nthy-ori3-1 (Cell Bank of
Shanghai Biology Institute, Chinese Academy of Science,
Shanghai, China) were cultured in RPMI-1640 medium
(Biosharp) supplemented with 10% fetal bovine serum (Invit-
rogen) at 37 °C with 5% CO,. Cells were treated with Ferro-
statin-1 (Fer-1; SML0583; Sigma), RSL3 (IR1120; Solarbio),
3-methyladenine (3-MA; IM0190; Solarbio), Z-VAD-FMK
(IZ0050; Solarbio), or vehicle (DMSO) for 48 h. Irradiation
was applied with 6 MV energy and at a 2 Gy/min. The radia-
tion was performed via a Varian linear accelerator (Varian
Medical Systems, Palo Alto, CA, USA) with different doses
(2,4, 6,and 8 Gy) for 48 h.

Lentivirus preparation. Short hairpin RNA (shRNA)
oligos targeting CHAC1 (shCHACI-1, 5-CCAAGAT-
GCTCCTGACCAA-3; shCHACI1-2, 5-CCAAGGAGGT-
CACCTTCTA-3’; shCHACI1-3, 5-GACGCTCCTTGAA-
GATCAT-3’) and control shRNA (shNC, 5-GGACGAGCT-
GTACAAGTAA-3’) were annealed and cloned into the
pLKO.1 construct (Addgene, Cambridge, MA, USA). The
constructs, along with packaging plasmids, psPAX2 and
pMD2.G, were transfected into 293T cells with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol.
After 48 h, a virus-containing medium was collected. K1 cells
were transduced with a construct expressing CHAC1 shRNA
or control shNC vector by using Lipofectamine 2000 Reagent
following the instructions of the manufacturer.

CHAC1 overexpression. To overexpress CHACI, the
full-length human CHACI was cloned into the pcDNA3.1
construct (Life Technology). BCPAP cells were transfected
with a construct expressing CHACI or blank vector by using
Lipofectamine 2000 reagent following the instructions of the
manufacturer.

Quantitative real-time PCR (RT-qPCR). The TRIzol
method was used to extract RNA from thyroid carci-
noma cell lines and cDNA was reversed by a cDNA
reverse transcription reagent kit (Takara, Japan; RR047A).
We performed RT-qPCR on an ABI 7500 fast machine
(Applied Biosystems, USA) using the SYBR Premix EX
Taq kit. The primer sequences were listed as follows:
CHACI1-F: 5-TACAGCCGCCGTTTCTGG-3, CHACI-R:
5-GGCAATGGCCTCTTCAGG-3’; B-actin-F: 5-TGTGAC-
GTGGACATCCGCAAAG-3, P-actin-R: 5-TGGAAGGT-
GGACAGCGAGGC-3’. Normalized gene expression was
determined by using the 27T method.

Western blot analysis. Cells or tissues were lysed in
radioimmunoprecipitation buffer containing proteinase
inhibitor (Beyotime) in accordance with the manufactur-
er’s instructions. Equal amounts of protein were separated
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by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes (Milli-
pore). After blocking with 5% skim milk, the membranes
were incubated with primary antibodies at 4°C overnight
following the manufacturer’s instruction. After incubation
with HRP-conjugated secondary antibody (Beyotime) at
room temperature for 1 h, the signal was detected with an
enhanced chemiluminescence system (ECL) (Millipore).
The primary antibodies were as follows: antibodies against
CHACI (ab217808), GPX4 (ab125066), PTGS2 (ab283574),
and b-actin (ab8226) were obtained from Abcam.

Cell viability assay. Cell viability was analyzed using a Cell
Counting Kit-8 (CCK-8) Assay Kit (SAB). The cells cultured
in 96-well plates (100 pl/well) were treated as indicated, and
then 10 ul CCK-8 reagent was applied to each well. After 3 h
of incubation at 37°C with 5% CO,in darkness, the optical
density at 450 nm (OD450) was measured using a microplate
reader.

Lipid peroxidation assay with flow cytometry. The
BODIPY 581/591 C11 kit (D3861, ThermoFisher Scien-
tific) was used to measure lipid peroxidation levels. After
treatment, cells were washed three times with PBS, stained
with BODIPY™ 581/591 C11 fluorescent probe (10 mM final
concentration), and stored at 37°C in the dark for 10 min.
Fluorescence intensity was measured at a fixed of different
wavelengths between excitation/emission of 488/510 nm
and excitation/emission of 488/510 nm by CytoFLEX flow
cytometry (Beckman). The ratio of the emission fluorescence
intensities at 590 nm to 510 nm gives the read-out for lipid
peroxidation in cells.

Xenograft mouse model. The scheme of animal experi-
ments was approved by the Animal Care Committee of The
Seventh People’s Hospital (approval number 2023-AR-011).
Six-week-old nude mice (weighed 20-25 g) were obtained
from Ziyuan Laboratory Animal Co. Ltd (Hangzhou,
China). The nude mice were randomly divided into two
groups (n=6/group), and then BCPAP cells transfected with
CHACI1 expressing vector or blank vector were subcutane-
ously injected into nude mice at 5x10° cells/mouse. Tumor
volume was measured every three days for 35 days with
the following formula: volume = 1/2 x (largest diameter) x
(smallest diameter). At day 35, the mice were sacrificed and
the weight of each xenograft was examined. The xenografts
were collected, and processed for immunofluorescence
staining with anti-Ki-67 (ab243878, Abcam) and western
blotting assays.

Statistical analysis. Data from the three independent
experiments are expressed as the mean * standard devia-
tion, unless otherwise described. GraphPad Prism software
(version 8.4.2) was used for statistical analysis. Unpaired
Student’s t-test and one-way ANOVA followed by Dunnett’s
multiple comparisons test were used to assess the statistical
significance of differences between two groups and among
multiple groups, respectively. A p-value less than 0.05 was
considered significant.

Results

CHACI1 expression was decreased in thyroid carcinoma
tissues and cell lines. CHACI was significantly decreased
in thyroid carcinoma tissues compared with normal thyroid
tissues in UALCAN database (Supplementary Figure S1A),
and GEPIA showed that the CHAC1 mRNA expression was
not significantly correlated with the prognosis of patients
with thyroid carcinoma (Supplementary Figure S1B). IHC
staining for CHAC1 was performed in thyroid carcinoma
tissue microarrays. As shown in Figures 1A and 1B, CHAC1
protein expression was decreased in thyroid carcinoma
tissues in thyroid carcinoma tissues compared with normal
thyroid tissues. In thyroid carcinoma tissue microarray, the
high protein expression of CHAC1 was associated with a
favorable prognosis (Figure 1C). Furthermore, the protein
expression of CHAC1 was notably correlated with two of
the clinicopathologic characteristics, tumor size, and TNM
stage in the patients with thyroid carcinoma (Table 1). To
study the biological effects of CHACI in thyroid carcinoma,
we measured CHAC1 mRNA and protein expression levels
in three thyroid carcinoma cell lines. CHAC1 mRNA and
protein expression were reduced in all thyroid carcinoma cell
lines compared to normal human thyroid follicular epithelial
cell line (Nthy-ori3-1) (Figures 1D, 1E).

Overexpression of CHAC1 inhibited cell viability and
promoted ferroptosis in thyroid carcinoma. We then
overexpressed CHAC1 in BCPAP cells which had low
CHACI mRNA and protein expression (Figures 2A, 2B).
CCK-8 assay showed that CHACI overexpression signifi-

Table 1. Relationship between CHAC1 expression and patients’ features
in human thyroid carcinoma.

CHACI expression

Parameters Tow (n=37) _ High (n=23) p-value

Age (years) 0.193
<55 23 18
=55 14 5

Gender 0.394
Male 17 8
Female 20 15

TNM stage 0.015
T1-T2 19 19
T3-T4 18 4

Tumor size 0.020
<3cm 16 17
>3 cm 21 6

Lymph node metastasis 0.753
No 21 14
Yes 16 9

GPX4 expression 0.009
Low 10 14
High 27 9

Note: differences between groups were done by the Chi-square test
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Figure 1. CHACI is decreased in thyroid carcinoma and cell lines. A) Box plots of CHACI expression in normal tissue and thyroid carcinoma tissues
in the UALCAN database. B) IHC staining for CHACI in thyroid carcinoma tissue microarray. Scale bar, 100 mm. C) Survival analysis of patients with
high and low CHACI1 expression. D) mRNA and E) protein expression of CHACI in thyroid carcinoma cell lines, K1, BCPAP, and TPC1 cells, and a
normal human thyroid follicular epithelial cell line, Nthy-ori3-1. **p<0.01, ***p<0.001 vs. normal or Nthy-ori3-1

cantly suppressed cell viability in BCPAP cells (Figure 2C).
We then explored how CHACI overexpression exerted the
inhibition effects on thyroid carcinoma cells. BCPAP cells
overexpressing CHAC1 were exposed to ferroptosis inhib-
itor Fer-1 [21], apoptosis inhibitor Z-VAD-FMK [22], or
autophagy inhibitor 3-MA [23] for 48 h. As shown in Figure
2D, CHAC1 overexpression significantly inhibited cell

viability, which was abolished by Fer-1, but not by Z-VAD-
FMK or 3-MA. These data indicated that ferroptosis may be
involved in the viability inhibition effects of CHACI overex-
pression in thyroid carcinoma cells.

We then detected lipid ROS production and expression
of two ferroptosis markers GPX4 and PTGS2 [24, 25] in
BCPAP cells overexpressing CHACI. In CHACI-overex-
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pressing BCPAP cells, lipid ROS production was increased
as compared to Vector cells (Figure 2E). GPX4 protein
expression was decreased, while PTGS2 protein expres-
sion was increased in CHACI-overexpressing BCPAP
cells (Figure 2F). These data suggest that overexpression of
CHACI inhibited cell viability and promoted ferroptosis in
thyroid carcinoma.

Overexpression of CHACI inhibited tumor growth in
thyroid carcinoma in vivo. Next, we wondered whether the
effects of CHACI overexpression exist in vivo, so xenograft
experiments were performed. Nude mice were subcutane-
ously injected with BCPAP cells transfected with CHACI
expressing vector or blank vector, and tumor volumes were
measured every three days till day 35. A slower growth rate was
observed in tumors formed from the CHAC1-overexpressing
cells as compared with that in the control group (Figure 3A).
Tumor size and weight were also significantly reduced in the
CHACI overexpression group on day 35 (Figures 3B, 3C).
To explore whether the slower tumor growth was ascribed
to decreased proliferation, we performed an immunofluo-
rescence staining with anti-Ki-67. Our results showed that

Ki-67-positive cells were reduced in the CHAC1 overexpres-
sion group compared to the control group (Figures 3D, 3E).
Moreover, GPX4 protein expression was decreased, while
CHACI and PTGS2 protein expressions were increased
in xenografts injected with CHACI-overexpressing cells
(Figure 3F).

CHACI1 knockdown promoted cell viability in thyroid
carcinoma via inhibiting ferroptosis. To further investigate
the involvement of ferroptosis in the functions of CHACI,
CHACI was knocked down in K1 cells, and then treated
with or without RSL3, a ferroptosis inducer. As shown in
Figures 4A and 4B, three shRNA targeting CHACI1 notably
suppressed its mRNA and protein expression in K1 cells.
Knocking down of CHACI significantly promoted cell
viability, which was attenuated by RSL3 treatment (Figure
4C). K1 cells with CHAC1 knockdown showed reduced lipid
ROS production (Figure 4D) and PTGS2 protein expres-
sion, and enhanced GPX4 protein expression (Figure 4E),
which were also abolished by RSL3 exposure. These findings
indicated ferroptosis mediated the inhibiting role of CHACI
in thyroid carcinoma cell viability.
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Figure 2. Overexpression of CHACI inhibited the cell viability and promoted ferroptosis in thyroid carcinoma. A) mRNA and B) protein expression of
CHACI1 in BCPAP cells transfected with CHAC1 expression vector or blank vector. C) Cell Counting Kit-8 (CCK-8) assays were performed to evaluate
BCPAP cell viability. D) BCPAP cells overexpressing CHACI1 were treated with 5 mM Fer-1, 10 mM Z-VAD-FMK, 5 mM 3-MA or vehicle (DMSO),
and cell viability was detected by CCK-8 assays at 48 h. E) Lipid ROS was detected by flow cytometry. F) GPX4 and PTGS2 expression was detected by
western blotting. *p<0.05, ***p<0.001 vs. vector or vector+vehicle; ##p<0.01 vs. CHAC1+vehicle
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CHACI1 affected radiation sensitivity in thyroid carci- was dose-dependently decreased by radiation. The viability
noma cells. We then examined whether CHACI affected of BCPAP and K1 cells was > 70% in the presence of 4 Gy
radiation sensitivity in thyroid carcinoma cells. As shown of radiation, thus 4 Gy was chosen for the following experi-
in Figure 5A, the cell viability of BCPAP cells and K1 cells  ments. The viability of BCPAP cells induced by 4 Gy of
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Figure 3. Overexpression of CHACI inhibited tumor growth in vivo. Nude mice were subcutaneously injected with BCPAP cells transfected with
CHACI1 expression vector or blank vector. A) Tumor volume was recorded every three days. After 35 days, B) the xenografts were photographed, and
C) the tumor weights were examined, and then processed by D) immunofluorescence staining with anti-Ki67 and E) quantitated. Scale bar, 100 mm. F)
GPX4 and PTGS2 expression was detected by western blotting. *p<0.05, ***p<0.001 vs. vector
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radiation was further decreased by CHACI1 overexpression
(Figure 5B). On the contrary, the viability of K1 cells induced
by 4 Gy of radiation was increased by CHAC1 knocking
down (Figure 5C). Moreover, the viability of BCPAP cells
induced by 4 Gy of radiation and CHAC1 overexpression
was increased by Fer-1 (Figure 5D). These data suggested
that CHAC1 overexpression enhanced radiation sensitivity
in thyroid carcinoma cells, while CHAC1 knockdown had
reversed effects.

Discussion

Although studies have reported that CHAC1 expression
was closely related to various types of cancers [15, 16, 18],
few studies have investigated the effects of CHACI expres-
sion on patients with thyroid carcinoma. In the current study,
we first revealed the lower expression of CHACI in both
thyroid carcinoma tissues and cell lines, and that low CHAC1
expression was negatively correlated with TNM stage and
tumor size. We also provided evidence for the role of CHAC1
in regulating the viability and radiation sensitivity of thyroid
carcinoma cells and proposed that CHACI-induced ferrop-
tosis may mediate its role in cell viability inhibition.
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Ferroptosis has attracted much attention in cancer and
cancer treatment since Dixon et al. reported that erastin
induced ferroptosis in RAS mutant tumor cell lines [10].
Multiple ferroptosis regulators, such as p53, HO-1, and
p62-Keapl-NRF2, are found to be associated with cancer
progression [6, 26]. For example, ferroptosis was found to
mediate the tumor suppressive function of p53. p53 sensi-
tizes cells to ferroptosis by transcriptional suppression of
cystine transporter SLC7A11, thus rendering cancer cells
more resistant to ferroptosis [27]. Furthermore, accumu-
lated evidence has proposed the potential of ferroptosis as
an anti-cancer therapy. Some drugs or compounds have been
found to induce ferroptosis of tumor cells. Several ferroptosis
inducers could efficiently suppress tumor growth in various
experimental cancer models [28]. It has been reported that
CHAC1 overexpression led to intracellular glutathione
depletion and increased ROS levels [7, 8], taking part in
the process of ferroptosis. In the current study, we found
that the viability of thyroid carcinoma cells overexpressing
CHACI was increased by a ferroptosis inhibitor, but not an
apoptosis inhibitor or an autophagy inhibitor, indicating
the involvement of ferroptosis. Following experiments with
CHACI1-knockdown cells exposed to a ferroptosis inducer
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Figure 4. CHAC1 knockdown promoted BCPAP cell viability by inhibiting ferroptosis. A) mRNA and B) protein expression of CHACI in K1 cells
transduced with CHAC1 shRNA vector or control shRNA (shNC) vector. K1 cells with CHAC1 knockdown were treated with 1 mg/mL RSL3 and C)
cell viability, D) lipid ROS, E) GPX4 and PTGS2 expression were detected by CCK-8, flow cytometry, and western blotting, respectively. **p<0.001 vs.

shNC or shNC+vehicle; ##p<0.01, ###p<0.001 vs. shCHAC1+vehicle



784

Xinlin YANG, et al.

120+

90

60

Cell viability (%)

-o- BCPAP
K1

T T T T T
0Gy 2Gy 4Gy 6Gy 8Gy

120 =

s

90

kk

60—

Cell viability (%)

30

120-
~ 90+ **
s — b
2 #
3 60 i
=
o
© 30
0- 1 1
S & O o
& xb‘o S XVO
\é © O\
AQ)Q OQR‘
D
120
. 90
s =+ M
>
= #t
3 60 T
s
o]
© 304
0- T T T
& A A N
& 0T 0T &
L N
® O o
KU
O'\
0@?

Figure 5. CHACI affected thyroid carcinoma cells’ response to radiation. A) BCPAP and K1 cells were exposed to radiation (0, 2, 4, 6, and 8Gy), and cell
viability was detected by CCK-8 assay at 48 h. B) BCPAP cells overexpressing CHACI1 were exposed to radiation (4 Gy), and cell viability was detected
by CCK-8 assay at 48 h. C) K1 cells with CHAC1 knockdown were exposed to radiation (4 Gy), and cell viability was detected by CCK-8 assay at 48 h. D)
BCPAP cells overexpressing CHAC1 were exposed to radiation (4 Gy) with or without 5 mM Fer-1 treatment, and cell viability was detected by CCK-8
assay at 48 h. **p<0.01, ***p<0.001 vs. 0 Gy, vector or shNC; #p<0.05, ##p<0.01 vs. vector+4 Gy or shNC+4 Gy; AAp<0.01 vs. CHAC1+4 Gy

further confirmed that ferroptosis may mediate the viability
inhibition effect of CHACI in thyroid carcinoma cells. In a
word, CHAC1 overexpression could induce ferroptosis, thus
playing a suppressive function in thyroid carcinoma cells.
GPX4 can protect cells against lipid peroxidation by its
antioxidant activity. Knockout of the GPX4 gene in mice
resulted in embryonic lethality and lipid peroxides accumu-
lation [29]. Further analysis suggested that ferroptosis but not
apoptosis was the leading cause of the lethality [30]. Elevated
expression of GPX4 has been found in a variety of cancers,
such as gastric cancer [31], esophageal carcinoma [32], and
thyroid carcinoma [33]. Bioinformatics analysis showed
that high mRNA expression of GPX4 was found in thyroid
carcinoma tissues and associated with a favorable prognosis
(Supplementary Figures S1C, S1D). Additionally, we found
that CHAC1 protein expression was negatively correlated
with GPX4 protein expression in thyroid carcinoma tissues
and cells, which was consistent with the previous study [14].

Moreover, correlation analysis showed that CHAC1 mRNA
expression was negatively correlated with GPX4 mRNA
expression in thyroid carcinoma tissues in the GEPIA
database (Supplementary Figure S1G). Furthermore, ferrop-
tosis inducer RSL3, an inhibitor of GPX4 [34], also inhib-
ited CHAC1 knockdown-mediated cell viability and ferrop-
tosis, suggesting that CHACI may exert functions through
regulating GPX4.

High PTGS2 protein expression in papillary thyroid carci-
noma is associated with adverse survival outcomes [35].
However, our bioinformatics analysis showed that the mRNA
expression of PTGS2 in normal and tumor tissues was
similar, and PTGS2 mRNA expression was not prognostic in
thyroid carcinoma (Supplementary Figures S1E, S1F). These
data suggested that the prognostic value of PTGS2 in thyroid
carcinoma may be dependent on different transcriptional
and translational regulations of PTGS2 and tumor histolo-
gies. Additionally, we found that CHAC1 protein expression
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was positively correlated with PTGS2 protein expression in
thyroid carcinoma cells. However, CHAC1 mRNA expres-
sion was negatively correlated with PTGS2 mRNA expres-
sion in thyroid carcinoma tissues in the GEPIA database
(Supplementary Figure S1H). Therefore, further experiments
are required to validate the regulatory mechanism of PTGS2
expression by CHACI in thyroid carcinoma.

Radiotherapy is one of the main methods of thyroid carci-
noma treatment [5]. In the current study, the data suggested
that CHACI1 overexpression was able to enhance the radia-
tion sensitivity of thyroid carcinoma cells and vice versa.
Further experiments using animal models or clinical samples
are required to validate the effects of CHAC1 on radiotherapy
sensitivity.

In conclusion, CHAC1 suppressed thyroid carcinoma cells
in vitro and in vivo, and enhanced cell sensitivity to radiation.
CHACI-induced ferroptosis may mediate its role in thyroid
carcinoma cells. This study might provide a theoretical basis
for the prevention and treatment of thyroid carcinoma.

Supplementary information is available in the online version
of the paper.
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Supplementary Figure S1. A) Comparison of CHACI ex-
pression in thyroid carcinoma tissues with normal thyroid
tissues in UALCAN database; B) Correlation of CHAC1
mRNA expression with prognosis of patients with thyroid
carcinoma showed by GEPIA; C, D) Bioinformatics analysis
of mRNA expression of GPX4 in thyroid carcinoma tissues;
G) GEPIA database correlation analyses of CHAC1 mRNA
expression and GPX4 mRNA expression in thyroid carci-
noma tissues; E, F) Bioinformatics analysis of mRNA ex-
pression of PTGS2 in normal and tumor tissues; H) GEPIA
database correlation of Chacl mRNA expression and PTGS2
mRNA expression in thyroid carcinoma tissues


https://doi.org/10.4149/neo_2023_230103N4

