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Endometrial cancer (EC) is the most prevalent gynecological
epithelial malignancy. DNA methylation is a promising cancer
biomarker but limited use for detecting EC. We previously
found that the level of cysteine dioxygenase 1 (CDO1) pro-
moter methylation was elevated in EC patients through
methylomics, but the role and mechanism of CDO1 in EC
remained unclear. Here, the methylation level of CDO1 pro-
moter was detected by bisulfite-sequencing PCR and
methylation-specific PCR (bisulfite conversion-based PCR
methods, which remain the most commonly used techniques
for methylation detection). Cells were incubated with erastin
(the ferroptosis activator). Cell vitality was measured using the
cell counting kit-8 assay. FAM83H-AS1 cellular distribution
was analyzed by the fluorescence in situ hybridization assay.
Lipid reactive oxygen species level was examined by BODIPY-
C11 staining. The interactions between FAM83H-AS1, CDO1,
and DNA methyltransferase1 (DNMT1) were analyzed by
RNA-binding protein immunoprecipitation or chromatin
immunoprecipitation assay. The xenograft mouse model was
utilized to test CDO1 and FAM83H-AS1’s influence on tumor
development in vivo. Results showed that CDO1 was hyper-
methylated and downregulated in EC. CDO1 knockdown
reduced erastin-induced ferroptosis in EC cells. Mechanisti-
cally, DNMT1 is a DNA methyltransferase, which can transfer
methyl groups to cytosine nucleotides in genomic DNA. Long
noncoding RNA FAM83H-AS1 increased CDO1 promoter
methylation level and inhibited its expression in EC cells by
recruiting DNMT1. CDO1 knockdown or FAM83H-AS1 over-
expression promoted EC tumor growth in vivo. Long non-
coding RNA FAM83H-AS1 inhibited ferroptosis in EC by
recruiting DNMT1 to increase CDO1 promoter methylation
level and inhibit its expression.

Endometrial cancer (EC) is a common gynecological ma-
lignancy with high morbidity and mortality rates (1). With a
dismal 5-years survival rate of only 17.8%, the outlook for EC
patients is still dire (2). The survival rate for EC patients has
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not improved considerably in recent years (3). Ferroptosis is a
novel kind of Fe2+-dependent programmed cell death, char-
acterized by glutathione (GSH) consumption and lipid
peroxide and reactive oxygen species (ROS) buildup, and its
activation can significantly inhibit EC metastasis and recur-
rence and improve prognosis (4). Therefore, understanding the
regulatory mechanisms of ferroptosis during EC progression
may contribute to the development of novel EC treatment
strategies.

Cysteine dioxygenase 1 (CDO1), a nonheme ferroenzyme
involved in cysteine-to-cysteine sulfonic acid conversion, can
induce ferroptosis in cancer cells by inhibiting GSH produc-
tion and increasing ROS production (5). CDO1 has been
identified as a ferroptosis-related gene for clinically predicting
recurrence after hepatectomy of hepatocellular carcinoma
patients (6). In addition, Hao et al. demonstrated that CDO1
inhibited gastric cancer development by mediating erastin-
induced ferroptosis (5). Notably, a previous study revealed
that CDO1 was a hypermethylated gene in EC patients (7).
Our previous study also revealed that the methylation level of
CDO1 promoter was significantly elevated in cervical scrap-
ings from EC patients through methylomics (8). In the current
study, it was predicted that CDO1 was downexpressed in EC
using the GEPIA database, but its significance in EC remained
unknown. DNA methylation is one of the most common
epigenetic regulatory mechanisms in mammalian cells, and its
dysregulation leads to abnormal expression of tumor-related
genes in various human tumors (9). DNA methylation is
controlled by DNA methyltransferases (DNMTs), which
include DNMT1, DNMT3A, and DNMT3B (10). DNMT1 is
overexpressed in EC (11). Additionally, DNMT3A and
DNMT3B overexpression may be associated with poor survival
in EC patients (12). Herein, by using the methylation predic-
tion tool (MethPrimer), it was predicted that there were CpG
islands in the promoter region of CDO1. Nevertheless, the
regulation mechanism of CDO1 promoter methylation in EC
remains unclear, which deserves further research.

The upstream regulation mechanism of CDO1 in EC was
subsequently explored. As reported, long noncoding RNAs
(lncRNAs) play an important role in cancer by recruiting
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The role of lncRNA FAM83H-AS1 in EC
DNMTs to regulate the methylation of downstream genes (13).
For instance, lncRNA KCNQ1OT1 facilitated ovarian cancer
metastasis by increasing the methylation of EIF2B5 promoter
through recruiting DNMT1, DNMT3A, and DNMT3B (14). In
addition, lncRNA RAMP2-AS1 suppressed CXCL11 expres-
sion to inhibit the development of breast cancer by recruiting
DNMT1 and DNMT3B (15). Therefore, it is speculated that
lncRNA may regulate CDO1 expression in EC through
DNMTs. LncRNAs are noncoding RNAs that are longer than
200 nucleotides (16). LncRNAs are key players in EC pro-
gression. For instance, lncRNA FOXCUT was markedly
upregulated in EC cells, and its upregulation facilitated EC cell
malignant behaviors (17). LncRNA FAM83H-AS1 functions as
an oncogene in various human malignant tumors. As proof,
lncRNA FAM83H-AS1 was highly expressed in cervical cancer,
and its knockdown remarkably inhibited cervical cancer cell
malignant behaviors (18). Additionally, FAM83H-AS1 upre-
gulation facilitated radio-resistance and metastasis in ovarian
cancer (19). Nonetheless, the function of FAM83H-AS1 in EC
remains uncertain. In the present work, it was predicted that
FAM83H-AS1 was strongly expressed in EC using the GEPIA
database, and its expression was opposite to CDO1 expression.
Herein, it was observed that FAM83H-AS1 interacted with
DNMT1 protein by using RPISeq prediction. It is suggested
that FAM83H-AS1 may reduce CDO1 expression in EC by
interacting with DNMT1.

Collectively, it is hypothesized that lncRNA FAM83H-AS1
suppresses ferroptosis in EC by recruiting DNMT1 to
mediate hypermethylation of the CDO1 promoter. Our study
provides a theoretical foundation for the development of novel
EC treatment techniques.
Results

The methylation level of CDO1 promoter was increased and its
expression was reduced in EC

Our previous study found that the methylation level of
CDO1 promoter was significantly elevated in cervical scrap-
ings from EC patients through methylomics (8). In the current
research, methylation-specific PCR (MSP) and bisulfite-
sequencing PCR (BSP) results showed that the methylation
level of CDO1 promoter was significantly elevated in EC pa-
tients (Figs. 1A and S1A). By using the GEPIA database, it was
found that CDO1 was markedly downregulated in uterine
corpus endometrial carcinoma, uterine carcinosarcomas, cer-
vical squamous cell carcinoma and endocervical adenocarci-
noma, and breast invasive carcinoma (Figs. 1B and S1B).
Meanwhile, CDO1 expression was lower in EC tissues than
para-carcinoma tissues (Fig. 1, C and D). Meanwhile, immu-
nohistochemistry (IHC) results revealed that CDO1 protein
level was lower in EC tissues than in para-carcinoma tissues
(Fig. 1E). EC patients were assigned into CDO1 low expression
group and CDO1 high expression group according to CDO1
median level in EC patients, presented in Fig. 1C. Those above
the median were high expression, while those below the me-
dian were low expression. EC patients with a high expression
of CDO1 have higher survival rates (Fig. 1F). Table 1 showed
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the correlation between CDO1 expression and the clinical
parameters of EC patients (age, histological grade, Federation
of Gynecology and Obstetrics stage, Limph node metastasis,
pathological type, and invasive depth). The results revealed
that CDO1 expression was significantly correlated with
Federation of Gynecology and Obstetrics stage, but there was
no significant relationship between its expression and other
characteristics. Collectively, hypermethylated CDO1 promoter
might act as an important role in EC progression.

CDO1 knockdown inhibited ferroptosis in EC cells

The role of CDO1 in EC was subsequently investigated. As
shown in Fig. 2A, the mRNA level of CDO1 in EC cells (Ish-
ikawa, HEC-1A, and HEC-1B) was significantly lower than in
human endometrial cells, and there was no significant differ-
ence in other cells. Moreover, the protein level of CDO1 in EC
cells (Ishikawa and HEC-1A) was lower than in human
endometrial cells (Fig. S1C). Therefore, Ishikawa and HEC-1A
cells were selected for subsequent experiments. CDO1 can
promote ferroptosis by competitively restricting cysteine pro-
duction in GSH (5) and is a tumor suppressor gene in various
cancer cells (20). Herein, CDO1 knockdown was induced in
EC cells combined with erastin (ferroptosis inducer) treatment
to investigate the role of CDO1 in regulating ferroptosis during
EC progression. EC cells were transfected sh-NC, sh-CDO1-1,
sh-CDO1-2, or sh-COD1-3, and it was observed that sh-
CDO1-1 transfection could significantly reduce CDO1
expression level in EC cells (Fig. S1, D and E). Therefore, sh-
CDO1-1 was selected for the follow-up experiments. It was
observed that sh-CDO1 transfection significantly decreased
CDO1 expression in Ishikawa and HEC-1A cells (Fig. 2, B and
C), indicating that the transfection was successful. EC cell
viability was increased after CDO1 knockdown, while it was
reduced by erastin treatment alone, and CDO1 knockdown
weakened erastin’s inhibition on EC cell viability (Fig. 2D). In
addition, CDO1 knockdown decreased lipid ROS, malondial-
dehyde (MDA), and Fe2+ levels and increased GSH level in EC
cells, while erastin treatment alone presented the opposite
effects, and erastin-mediated regulation effect on these mole-
cules was weakened by CDO1 silencing (Fig. 2, E and F).
Furthermore, CDO1 knockdown increased glutathione
peroxidase 4 (GPX4) and solute carrier family seven member
11 (SLC7A11) protein levels and reduced acyl-CoA synthetase
long-chain family member 4 (ACSL4) and p-p38 levels in EC
cells, while erastin treatment alone showed the opposite ef-
fects, and the regulation effect of erastin on the expressions of
these ferroptosis-related proteins was partially reversed by
CDO1 knockdown (Fig. 2G). All these results suggested that
CDO1 silencing suppressed ferroptosis in EC cells.

LncRNA FAM83H-AS1 inhibited CDO1 expression in EC cells by
increasing CDO1 methylation level

The regulation mechanism of CDO1 in regulating ferrop-
tosis during EC progression was further investigated. LncRNA
FAM83H-AS1 is an oncogene in various tumors and is linked
with poor prognosis (21). Using the GEPIA database, it was



Figure 1. The methylation level of CDO1 promoter was increased while its expression was reduced in EC. A total of 35 EC tumor tissues and paired
adjacent normal tissues were collected postoperatively from EC patients. A, the methylation level of CDO1 promoter in EC tissues and paracarcinoma tissues
was examined by MSP (M: Methylation, U: Unmethylation). B, CDO1 expression in UCEC was predicted by GEPIA database (T: Tumor, N: Normal). C and D,
CDO1 expression levels in EC tissues and para-carcinoma tissues were detected by qRT-PCR and Western blot, Student’s t tests were used to examine the
differences between the two groups. E, IHC was adopted to determine CDO1 protein level in tissues, 100 mm. F, Kaplan–Meier plotter was utilized to
evaluate the prognostic values of CDO1 in EC. n = 35. The measurement data were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. CDO1,
cysteine dioxygenase 1; EC, endometrial cancer; IHC, immunohistochemistry; MSP, methylation-specific PCR; qRT-PCR, quantitative real-time polymerase
chain reaction; UCEC, uterine corpus endometrial carcinoma.

The role of lncRNA FAM83H-AS1 in EC
predicted that FAM83H-AS1 was markedly elevated in uterine
corpus endometrial carcinoma, uterine carcinosarcomas, cer-
vical squamous cell carcinoma and endocervical adenocarci-
noma, and breast invasive carcinoma (Figs. 3A and S1F).
Subsequently, quantitative real-time polymerase chain reaction
(qRT-PCR) confirmed that FAM83H-AS1 was highly expressed
EC tissues (Fig. 3B). Notably, FAM83H-AS1 expression in EC
was negatively correlated with CDO1 expression (Fig. 3C). It
was predicted that FAM83H-AS1 was distributed in both
cytoplasm and nucleus using the lncATLAS database (https://
lncatlas.crg.eu/) (Fig. 3D), which was further confirmed by
fluorescence in situ hybridization (Fig. 3E). It has been widely
illustrated that lncRNA-mediated DNA methylation is a key
player in cancer development (13). MethPrimer predicted the
presence of CpG islands in the promoter region of CDO1
(Fig. 3F). The methylation sites of CDO1 were shown in
Fig. S2A. It was observed that the methylation sites of CDO1
mainly concentrated on CpG islands, and the CpG islands of
CDO1 were located on the promoter of CDO1 (Fig. S2A). EC
cells were transfected sh-NC, sh-FAM83H-AS1, sh-FAM83H-
AS1-2, or sh-FAM83H-AS1-3, and it was observed that sh-
FAM83H-AS1-2 transfection could significantly reduce
FAM83H-AS1 expression level in EC cells (Fig. S2B). Therefore,
sh-FAM83H-AS1-2 was selected for the follow-up experiments.
MSP and BSP results subsequently displayed that FAM83H-
AS1 knockdown reduced CDO1 promoter methylation level
in EC cells (Figs. 3G and S2C). Moreover, FAM83H-AS1
silencing enhanced CDO1 expression in EC cells (Fig. 3, H
and I). Taken together, LncRNA FAM83H-AS1 reduced CDO1
expression in EC cells by increasing CDO1 methylation level.

LncRNA FAM83H-AS1 increased the methylation level of
CDO1 promoter in EC cells by recruiting DNMT1

DNA methylation is regulated by DNMTs, which include
DNMT1, DNMT3A, and DNMT3B (10). Herein, it was
observed that DNMT1 expression was higher in EC tissues
J. Biol. Chem. (2024) 300(9) 107680 3

https://lncatlas.crg.eu/
https://lncatlas.crg.eu/


Table 1
Association between CDO1 expression and clinicopathological
characteristics of endometrial cancer patients

Clinical characteristics

CDO1

PN = 35
High

(N = 18)
Low

(N = 17)

Age (years) 0.7332
<55 23 12 10
≥55 12 6 7

Histological grade 0.1756
G1+G2 15 10 5
G3 20 8 12

FIGO stage 0.0354*
I+II 23 15 8
III+IV 12 3 9

Lymph node metastasis 0.6581
Negative 29 14 15
Positive 6 4 2

Pathologic type 0.4887
Endometrioid 31 13 10
Nonendometrioid 4 5 7

Invasive depth 0.1811
<1/2 17 11 6
≥1/2 18 7 11

FIGO, Federation of Gynecology and Obstetrics, *p < 0.05.

The role of lncRNA FAM83H-AS1 in EC
than in para-carcinoma tissues (Fig. 4A). In addition, DNMT1
expression was positively correlated with FAM83H-AS1
expression but negatively correlated with CDO1 expression
(Fig. 4B). RNA-binding protein immunoprecipitation (RIP)
assay subsequently demonstrated that DNMT1 antibody could
significantly enrich FAM83H-AS1, and its enrichment effect
was stronger than DNMT3A and DNMT3B antibodies
(Fig. 4C), suggesting that DNMT1 interacted with FAM83H-
AS1. Subsequently, chromatin immunoprecipitation assay
revealed that DNMT1 interacted with CDO1, while this
interaction was weakened by FAM83H-AS1 knockdown
(Fig. 4D). Meanwhile, it was observed that DNMT1 antibody
could significantly enrich CDO1 in Ishikawa and HEC-1A cells
compared with IgG antibody, while this effect was weakened
by sh-DNMT1 transfection (Fig. S2D). Ishikawa and HEC-1A
cells were transfected with sh-DNMT1 or Oe-DNMT1, and it
was observed that sh-DNMT1 transfection significantly
reduced DNMT1 mRNA and protein levels in cells, while Oe-
DNMT1 transfection markedly elevated DNMT1 mRNA and
protein levels in cells (Fig. S2, E and F). CDO1 promoter
methylation level was reduced by DNMT1 knockdown or
FAM83H-AS1 knockdown, which was consistent with the re-
sults of 5-Aza-dc (methyltransferase inhibitor) treatment, and
DNMT1 upregulation abolished FAM83H-AS1 knockdown’s
inhibition on CDO1 promoter methylation level (Figs. 4E and
S2G). Finally, DNMT1 knockdown or FAM83H-AS1 knock-
down alone increased CDO1 expression level in EC cells, but
DNMT1 overexpression eliminated this effect of FAM83H-
AS1 knockdown (Fig. 4, F and G). Collectively, FAM83H-AS1
increased CDO1 methylation level and reduced CDO1
expression in EC cells by DNMT1.

LncRNA FAM83H-AS1 regulated ferroptosis in EC cells by
CDO1

To investigate the function of FAM83H-AS1/CDO1 in
controlling ferroptosis during EC development, FAM83H-
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AS1 and CDO1 silencing were induced in DMSO/erastin-
treated EC cells. It was firstly observed that CDO1 expres-
sion in EC cells was significantly increased by FAM83H-AS1
knockdown, but CDO1 silencing weakened this change
(Fig. 5, A and B). FAM83H-AS1 knockdown reduced EC cell
viability, but CDO1 silencing partially reversed this effect
(Fig. 5C). It was also observed that FAM83H-AS1 knock-
down decreased EC cell viability under the condition of
erastin existence, while CDO1 silencing increased EC cell
viability and weakened the effect of sh-FAM83H-AS1
(Fig. 5C). In addition, FAM83H-AS1 downregulation
increased lipid ROS, MDA, and Fe2+ levels and reduced
GSH level in EC cells, while these sh-FAM83H-AS1-induced
effects were all eliminated by CDO1 knockdown (Fig. 5, D
and E). Meanwhile, sh-FAM83H-AS1 transfection elevated
lipid ROS, MDA, and Fe2+ levels while reducing GSH level
in EC cells under erastin treatment, and CDO1 silencing
weakened the effects of FAM83H-AS1 silencing (Fig. 5, D
and E). Moreover, FAM83H-AS1 knockdown reduced GPX4
and SLC7A11 protein levels and increased ACSL4 and p-p38
levels in EC cells, which were partially reversed by CDO1
knockdown (Fig. 5F). It also turned out that FAM83H-AS1
silencing reduced GPX4 and SLC7A11 protein levels while
elevating ACSL4 and p-p38 levels in EC cells under the
condition of erastin existence, and CDO1 knockdown
partially eliminated these effects of FAM83H-AS1 silencing
(Fig. 5F). In summary, lncRNA FAM83H-AS1 upregulation
inhibited ferroptosis in EC cells by reducing CDO1
expression.
CDO1 knockdown or FAM83H-AS1 overexpression promoted
EC tumor growth in vivo by inhibiting ferroptosis

The tumor implantations experiment was used to verify the
effect of CDO1 and FAM83H-AS1 on tumor growth in mice.
As shown in Fig. 6, A–C, erastin treatment markedly inhibited
tumor growth, while the antitumor effect of erastin was
partially reversed by CDO1 knockdown or FAM83H-AS1
overexpression. Meanwhile, IHC showed that the level of
ki67 (cell proliferating marker) in tumor tissues was markedly
reduced by erastin treatment, while this effect was weakened
after CDO1 knockdown or FAM83H-AS1 overexpression
(Fig. 6D). As shown in Fig. 6, E and F, erastin treatment
increased CDO1 expression in tumor tissues but did not
change FAM83H-AS1 expression significantly. CDO1 knock-
down also reduced CDO1 expression but did not change
FAM83H-AS1 expression in tumor tissues, and FAM83H-AS1
overexpression elevated FAM83H-AS1 expression and
decreased CDO1 expression in tumor tissues (Fig. 6, E and F).
In addition, erastin treatment significantly elevated ROS,
MDA, and Fe2+ levels while reducing GSH level in tumor
tissues, while these effects of erastin were partially reversed by
CDO1 silencing or FAM83H-AS1 upregulation (Fig. 6G).
Finally, erastin treatment reduced GPX4 and SLC7A11 pro-
tein levels and increased ACSL4 and p-p38 levels in tumor
tissues, but CDO1 silencing or FAM83H-AS1 upregulation
weakened these alterations (Fig. 6H). Collectively, CDO1



Figure 2. CDO1 knockdown inhibited ferroptosis in EC cells. A, qRT-PCR was employed to examine CDO1 mRNA level in EC cells (Ishikawa, HEC-1A, HEC-
1B, HHUA, RL-952, and HEC-251) and human endometrial cells. EC cells were transfected with sh-NC or sh-CDO1 combined with erastin (ferroptosis inducer)
treatment. B and C, CDO1 expression levels in Ishikawa and HEC-1A cells were measured by qRT-PCR and Western blot. D, EC cell viability was assessed by
CCK-8 assay. E, lipid ROS level in EC cells was examined by BODIPY-C11 staining. F, MDA, GSH, and Fe2+ levels in cells were measured by the corresponding
kits. G, Western blot was utilized to detect GPX4, SLC7A11, ACSL4, p38, and p-p38 protein levels in cells. The measurement data were presented as
mean ± SD. All data were obtained from at least three independent biological replicates. The differences among multiple groups in above data were
analyzed by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. ACSL4, acyl-CoA synthetase long-chain family member
4; CCK-8, cell counting kit-8; CDO1, cysteine dioxygenase 1; EC, endometrial cancer; GPX4, glutathione peroxidase 4; GSH, glutathione; MDA, malondial-
dehyde; qRT-PCR, quantitative real-time polymerase chain reaction; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11.

The role of lncRNA FAM83H-AS1 in EC
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Figure 3. LncRNA FAM83H-AS1 inhibited CDO1 expression in EC cells by increasing the methylation level of CDO1 promoter. A, lncRNA FAM83H-AS1
expression in UCEC was predicted by GEPIA database. B, FAM83H-AS1 expression in EC tissues and paracarcinoma tissues was detected by qRT-PCR (n = 35),
Student’s t tests were used to examine the differences between the two groups. C, Pearson correlation analysis (n = 35) was used to examine the rela-
tionship between FAM83H-AS1 expression and CDO1 expression (n = 35). D, cellular distribution of FAM83H-AS1 was predicted using the lncATLAS database
(https://lncatlas.crg.eu/). E, FISH assay was adopted to analyzed cellular distribution of FAM83H-AS1, 100 mm and 25 mm. F, the existence of CpG islands in
CDO1 promoter was predicted using MethPrimer. G, the methylation level of CDO1 promoter in EC cells following FAM83H-AS1 silencing was examined by
MSP. H and I, CDO1 expression levels in EC cells after FAM83H-AS1 knockdown were measured by qRT-PCR and Western blot and the differences among
multiple groups were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. The measurement data were presented as mean ± SD. All data were
obtained from at least three independent biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001. CDO1, cysteine dioxygenase 1; EC, endometrial cancer;
FISH, fluorescence in situ hybridization; MSP, methylation-specific PCR; qRT-PCR, quantitative real-time polymerase chain reaction; UCEC, uterine corpus
endometrial carcinoma.

The role of lncRNA FAM83H-AS1 in EC
knockdown or FAM83H-AS1 overexpression could promote
EC tumor growth in vivo by inhibiting ferroptosis.
Discussion

EC is the most common gynecologic cancer with high
mortality and recurrence rates (22). EC has a high risk of
recurrence or metastasis, and the prognosis of these EC pa-
tients is not optimistic (2). Therefore, it is crucial to develop
novel therapy approaches for EC. Ferroptosis is a key player in
6 J. Biol. Chem. (2024) 300(9) 107680
EC progression (23). Activating ferroptosis in EC cells is a
potential treatment strategy for EC. Our findings show that
lncRNA FAM83H-AS1 inhibits ferroptosis in EC by recruiting
DNMT1 to mediate hypermethylation of the CDO1
promoter.

The nonheme iron enzyme CDO1, which turns cysteine into
cysteine sulfinic acid, is a tumor suppressor in multiple cancer
cells (20). DNA methylation is a stable modification and is
considered a promising marker of in research on cancer (24).
Notably, our previous research demonstrated that CDO1

https://lncatlas.crg.eu/


Figure 4. LncRNA FAM83H-AS1 increased the methylation level of CDO1 promoter in EC cells by recruiting DNMT1. A, DNMT1 mRNA level in EC
tissues and paracarcinoma tissues was examined using qRT-PCR (n = 35), Student’s t tests were used to examine the differences between the two groups. B,
Pearson correlation analysis was used to examine the relationships between DNMT1 expression, FAM83H-AS1 expression, and CDO1 expression (n = 35). C,
the interactions between FAM83H-AS1 and DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b) were analyzed by RIP assay. D, the interaction be-
tween DNMT1 and CDO1 was analyzed by ChIP assay. E, the methylation level of CDO1 promoter in EC cells was examined by MSP. F and G, CDO1
expression levels in EC cells were measured by qRT-PCR and Western blot. The measurement data were presented as mean ± SD. All data were obtained
from at least three independent biological replicates. The differences among multiple groups were analyzed by one-way ANOVA, followed by Tukey’s post
hoc test (C–G). *p < 0.05, **p < 0.01, ***p < 0.001. CDO1, cysteine dioxygenase 1; ChIP, chromatin immunoprecipitation; DNMT1, DNA methyltransferase 1;
EC, endometrial cancer; MSP, methylation-specific PCR; qRT-PCR, quantitative real-time polymerase chain reaction; RIP, RNA-binding protein
immunoprecipitation.

The role of lncRNA FAM83H-AS1 in EC
promoter was hypermethylated in cervical scrapings from EC
patients through methylomics (8). Consistently, it was found
that the methylation level of CDO1 promoter was significantly
increased in EC, while its expression was reduced. As reported,
CDO1 can activate ferroptosis, and its knockdown inhibited
ferroptosis in gastric cancer cells (20). However, the role of
CDO1 in regulating ferroptosis during EC development re-
mains unclear. Our experimental data showed that CDO1
knockdown inhibited erastin-induced ferroptosis in EC cells
and increased EC cell viability. Meanwhile, CDO1 knockdown
promoted EC tumor growth in vivo by inhibiting ferroptosis.
This study mainly explored the mechanism of CDO1 in EC
and ferroptosis, so EC cells were treated with ferroptosis
inducer (Erastin). Considering that the methylation level of
CDO1 promoter in EC was increased while the gene expres-
sion was decreased, it was speculated that CDO1 may act as a
tumor suppressor gene in EC, and the relationship with fer-
roptosis in EC may be positive. In order to better explore the
relationship between CDO1 and ferroptosis during EC pro-
gression, we chose to knock down CDO1 expression in EC
cells combined with Erastin treatment. The p38 mitogen-
activated protein kinase pathway activation induces
ferroptosis in EC cells (25). Our results displayed that CDO1
knockdown ameliorated erastin-induced increase in p-p38
J. Biol. Chem. (2024) 300(9) 107680 7



Figure 5. LncRNA FAM83H-AS1 reduced ferroptosis in EC cells by acting on CDO1. A and B, both FAM83H-AS1 knockdown and CDO1 knockdown were
induced in EC cells, and CDO1 expression levels in cells were examined by qRT-PCR and Western blot. Both FAM83H-AS1 knockdown and CDO1 knockdown
were induced in DMSO/erastin-treated EC cells. C, CCK-8 assay was performed to detect EC cell viability. D, lipid ROS level in EC cells was examined by
BODIPY-C11 staining. E, MDA, GSH, and Fe2+ levels in cells were measured by the corresponding kits. F, Western blot was utilized to detect GPX4, SLC7A11,
ACSL4, p38, and p-p38 levels in cells. The measurement data were presented as mean ± SD. All data were obtained from at least three independent
biological replicates. The differences among multiple groups in above data were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. *p < 0.05,

The role of lncRNA FAM83H-AS1 in EC
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level in EC cells. Collectively, CDO1 was hypermethylated and
lowly expressed in EC, and its knockdown inhibited erastin-
induced ferroptosis in EC cells by inactivating the p38
mitogen-activated protein kinase pathway.

The upstream regulation mechanism of CDO1 in EC was
further investigated. As widely illustrated, lncRNAs achieve
their roles in diseases by regulating the methylation level of
downstream target through interacting with DNMTs. For
example, lncRNA NEAT1 promoted lung cancer cell malig-
nant phenotypes by inhibiting p53 expression through inter-
acting DNMT1 (26). Therefore, it was speculated that lncRNA
could regulate the methylation level of CDO1 promoter by
recruiting DNMT1. LncRNAs have important roles in carci-
nogenesis. For instance, lncRNA THOR upregulation
increased EC cell proliferation, migration, and invasion (27). In
several human malignant tumors, lncRNA FAM83H-AS1 has a
carcinogenic function (28, 29). However, the expression and
significance of FAM83H-AS1 in EC are unknown, which de-
serves further study. Our findings showed FAM83H-AS1 was
overexpressed in EC tissues, and its overexpression promoted
EC tumor growth in mice by inhibiting ferroptosis. Our results
further showed that lncRNA FAM83H-AS1 inhibited CDO1
expression in EC cells by increasing the methylation level of
CDO1 promoter. The mechanism of FAM83H-AS1 regulating
CDO1 promoter methylation level was investigated. DNMT1
is a key enzyme for genome-wide DNA methylation mainte-
nance and gene silencing (30). DNMT1 is highly expressed in
multiple malignancies, and DNMT1 inhibitors have a strong
potential for use in cancer therapy (31, 32). DNMT1 was
shown to be substantially expressed in EC, according to our
findings. DNA methylation generally occurs at the CpG island,
which is rich in cytosine, phosphate, and guanine (33). After
being catalyzed by DNMT, cytosine in the CpG island is
converted to 5-methylcytosine, thereby inhibiting gene
expression (34). It can be inferred that the interaction sites
between DNMT1 and CDO1 are mainly located in the CpG
island of the CDO1 promoter. Through complementary pair-
ing, we found that the CCGCAGGGTC site in the CpG island
of the CDO1 promoter is complementary to the CDS of
DNMT1. Therefore, we preliminarily speculated that
CCGCAGGGTC may be one of the interaction sites between
DNMT1 and CDO1, but the specific content still needs further
verification in the future. More importantly, FAM83H-AS1
increased CDO1 methylation level in EC cells by interacting
with DNMT1. There have been reports that multiple lncRNAs
can recruit DNMTs and regulate target gene expression,
thereby playing important roles in various cancers and diseases
(13). It is worth noting that the possible mechanism of lncRNA
recruitment for DNMT is as follows: (a) LncRNA directly re-
cruits DNMT/TET; (b) lncRNA indirectly recruits DNMT
through EZH2/PHB2; (c) lncRNA indirectly recruits TET
through GADD45A. (d) lncRNA isolates DNMT; and (e)
lncRNAs control SAM/SAH levels by interacting with MAT or
**p < 0.01, ***p < 0.001. ACSL4, acyl-CoA synthetase long-chain family membe
cancer; GPX4, glutathione peroxidase 4; GSH, glutathione; MDA, malondialdehy
oxygen species; SLC7A11, solute carrier family 7 member 11.
SAHH, thereby affecting DNMT activity. In summary, the
mechanisms by which lncRNA recruits DNMTs are diverse.
The specific relationship between FAM83H-AS1 and DNMT1
has not been deeply explored in this paper, but we will further
explore it if future conditions permit. Moreover, FAM83H-AS1
also recurs DNMT1 to other azacytidine sensitive genetic loci.
A previous study showed that lncRNA HOTAIR affected the
development of colorectal cancer by regulating Bcl-2 methyl-
ation through recruiting DNMT1 (35). It was also reported
that lncRNA HOTAIR affected the development of chronic
myeloid leukemia by regulating PTEN methylation through
recruiting DNMT1 (36). Moreover, lncRNA HOTAIR affected
drug resistance in small cell lung cancer cells by regulating
HOXA1 methylation through recruiting DNMT1 and
DNMT3b (37). It can be inferred that lncRNA HOTAIR can
affect the methylation of multiple target genes by recruiting
DNMT1. It is speculated that FAM83H-AS1 can also recruit
DNMT1 to influence other gene methylation. It is worth
noting that our research group obtained CDO1 through
methylation sequencing screening in the early stage, so the
focus of this article is on CDO1. If future conditions permit,
we will further investigate the recruitment of DNMT1 by
FAM83H-AS1 and its impact on the methylation of other
genes.

Taken together, our experimental data suggested that
lncRNA FAM83H-AS1 inhibited ferroptosis in EC cells by
interaction with DNMT1 to increase the methylation level of
CDO1 promoter (Graphical abstract). Our research provides a
theoretical foundation for creating novel EC diagnostic and
treatment options.

Experimental procedures

Clinical sample collection

A total of 35 EC tumor specimens and matched surrounding
normal tissues were obtained from EC patients postoperatively
at West China Second University Hospital. The EC patients
were diagnosed by pathology and were not treated. All samples
were stored at −80 �C. Based on the median expression value,
all cases of EC were divided into two groups: those with low
CDO1 expression (n = 18) and those with high CDO1
expression (n = 17). The basic information was shown in
Table 1. Kaplan–Meier plotter was used to assess the prog-
nostic significance of CDO1 in EC. This study was approved by
the review of Ethics Committee of West China Second Uni-
versity Hospital, and all participants signed informed consent.
Human studies abided by the Declaration of Helsinki
principles.

Immunohistochemistry

The tumor sections were heated at 60 �C and deparaffinized
in xylene and gradient alcohol solutions. Then, the sections
were placed in a repair box filled with citric acid antigen repair
r 4; CCK-8, cell counting kit-8; CDO1, cysteine dioxygenase 1; EC, endometrial
de; qRT-PCR, quantitative real-time polymerase chain reaction; ROS, reactive
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Figure 6. CDO1 knockdown or FAM83H-AS1 overexpression inhibited EC tumor growth in vivo by inhibiting ferroptosis. Nude mice were injected
with stable sh-CDO1 or Oe-FAM83H-AS1 EC cells and treated with erastin meanwhile. A–C, tumor tissues were collected, and tumor volume and weight were
measured. D, IHC was adopted to detect ki67 level in tumor tissues, 100 mm. E, FAM83H-AS1 and CDO1 expressions in tumor tissues were determined by
qRT-PCR. F, Western blot was utilized to analyze CDO1 level in tumor tissues. G, ROS, MDA, GSH, and Fe2+ levels in tumor tissues were measured by the
corresponding kits. H, Western blot was used to detect GPX4, SLC7A11, ACSL4, p38, and p-p38 levels in tumor tissues. The measurement data were
presented as mean ± SD. n = 6. The differences among multiple groups in above data were analyzed by one-way ANOVA, followed by Tukey’s post hoc test.
*p < 0.05, **p < 0.01, ***p < 0.001. ACSL4, acyl-CoA synthetase long-chain family member 4; CDO1, cysteine dioxygenase 1; EC, endometrial cancer; GPX4,
glutathione peroxidase 4; GSH, glutathione; IHC, immunohistochemistry; MDA, malondialdehyde; qRT-PCR, quantitative real-time polymerase chain reac-
tion; ROS, reactive oxygen species; SLC7A11, solute carrier family 7 member 11.
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solution (pH 6.0) for antigen retrieval and incubated in a 3%
hydrogen peroxide solution at room temperature in the dark
for 25 min. The tumor sections were then blocked with 3%
BSA for 30 min and incubated overnight with antibody against
CDO1 (Abcam, 1:200, ab232699). The next day, the sections
were incubated with a corresponding secondary antibody
(Abcam, 1:500, ab150077) for 1 h. The slices were stained with
diaminobenzidine, dried, and mounted after being counter-
stained with hematoxylin. The photographs were obtained
with a Nikon microscope.

Cell culture and treatment

Human endometrial cells and EC cells (Ishikawa, HEC-1A,
HEC-1B, HHUA, RL-952, and HEC-251) were obtained from
ATCC. All cells were identified by short tandem repeats and
Mycoplasma fluorescence quantitative PCR. Cell lines were
free from mycoplasma contamination for all experiments. All
cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco) containing 10% FBS (Gibco) with 5% CO2 at 37 �C. To
induce ferroptosis, cells were treated with erastin (10 mM,
Medchemexpress) for 24 h according to the previous report
(38). All cells were authenticated by STR analysis.

Cell transfection

The short-hairpin RNAs (sh-CDO1-1-3, sh-FAM83H-AS1,
and sh-DNMT1), the overexpression plasmid of DNMT1
(Oe-DNMT1), Oe-FAM83H-AS1, and negative controls were
purchased from GenePharma. Cells were transfected the
shRNAs and vectors using Lipofectamine 3000 (Invitrogen).

sh-CDO1-1: GCAGCAGTATTCATGATCATA;
sh-CDO1-2: CGAGTAGAGAACATCAGCCAT;
sh-CDO1-3: GCCATGCCTTTGATCAAAGAA;
sh-FAM83H-AS1: GCTGTACCGTGCAGCCTTTGG;
sh-DNMT1: GAATCTCTTGCACGAATTTCT.

Cell counting kit-8 assay

Cells were cultured in 24-well plates (2 × 104 cells/well) for
24 h and incubated with 10 ml of Cell counting kit-8 solution at
37 �C for 3 h. The absorbance at 450 nm was measured.

Measurement of lipid ROS

Cells were seeded at a density of 4 × 104 cells/well in 24-well
plates and subjected to corresponding treatments. Cells were
washed and stained with 5 mM BODIPY C-11 (Thermo Fisher
Scientific) in Dulbecco’s modified Eagle’s medium for 15 min
at 37 �C. Cells were subsequently collected, washed, and
resuspended in PBS. The samples were immediately analyzed
by flow cytometry (BD). The populations were analyzed with
FlowJo software (BD).

Measurement of Fe2+, GSH, and MDA levels

Fe2+, GSH, and MDA levels were examined using the Fe2+

assay kit (MAK025, Sigma-Aldrich), GSH assay kit (A006-2-1,
Nanjing Jiancheng), and MDA assay kit (A003-1-2, Nanjing
Jiancheng). All operations were strictly carried out in accor-
dance with the manufacturer’s instructions.

Fluorescence in situ hybridization

Cells were fixed, permeabilized, and blocked. Cells were
then prehybridized at 37 �C for 30 min. Cells were hybridized
with the lncRNA FISH Probe Mix (Ribio) overnight. Cells were
washed, and the nucleus was stained using DAPI (Sangon).
The images were captured using the confocal laser scanning
microscopy (Carl Zeiss Microimaging).

MSP and BSP

The genomic DNAs were isolated using a Tiangen DNA
extraction kit and then bisulfite-modified. The primers for
methylation and unmethylation of CDO1 were synthesized.
For PCR, the MSP reaction system (Takara) was utilized,
which included a template, primer, PCR buffer, dNTP, and
DNA polymerase. MSP products were analyzed by gel elec-
trophoresis. The primers for methylation and unmethylation
of CDO1 were listed as follows:

Left M primer TTTGGGACGTCGGAGATAAC,
Right M primer CCAAAAAAAATAACGAAAACGAA,
Left U primer GATTTTTGGGATGTTGGAGATAAT,
Right U primer ACCCAAAAAAAATAACAAAAAA

CAAA.
To perform BSP, the modified DNAs were amplified, puri-

fied, subcloned into pMD19-T vector (Takara), and trans-
formed into E. coli (Biowit). E. coli was grown in LB medium
(Thermo Fisher Scientific) with 50 mg/ml ampicillin at 37 �C
with 0.04% CO2. Finally, five isolated colonies were picked and
sequenced for BSP detection using an ABI 3730 DNA
Sequencer (Thermo Fisher Scientific). The methylation level of
the CDO1 promoter is quantitatively calculated by the
following formula: black solid dots/(black solid dots + white
hollow dots).

RIP assay

RIP assay was performed using the MagnaRIP RIP Kit
(Millipore) according to the manufacturer’s instruction. The
total mRNA was isolated from cells and incubated with
DNMT1 antibody (Abcam, 1:20, ab92314), DNMT3a antibody
(Abcam, 1:30, ab307503), DNMT3b antibody (Abcam, 1:100,
ab227883) or IgG antibody (Abcam, 1:100, ab109489), and
protein A/G magnetic beads for 1 h. RNA was isolated and
analyzed using qRT-PCR.

Chromatin immunoprecipitation assay

Cells were fixed and quenched. DNA was fragmented by
sonication. The cell lysates were then incubated with anti-
DNMT1 (Abcam, 1:100, ab92314) or anti-IgG (Abcam,
1:100, ab172730) overnight at 4 �C. Protein A/G PLUS
Agarose (Santa Cruz) was used to isolate chromatin–antibody
complexes. DNA was purified and analyzed using qPCR. The
primer used was listed as follows:

F-CGACCCTTTTTGTCTACGTCCCA and
R-GCTTGGAGTCACTAGGAATG.
J. Biol. Chem. (2024) 300(9) 107680 11



Table 2
The primer sequences of qRT-PCR in study (50-30)

Gene Forward Reverse

CDO1 CGAGTAGAGAACATCAGCCATACG CCGAAGTTGCATTTGGAGTTCT
FAM83HAS1 CGAGGACAGCTACGGGAACAC CGAAAGCGCCCTTGCTGTT
GAPDH CTGACTTCAACAGCGACACC GTGGTCCAGGGGTCTTACTC

The role of lncRNA FAM83H-AS1 in EC
Xenograft mouse model

BALB/c nude mice (8-week-old) were purchased from SJA
LABORATORY Animal Co, Ltd. After acclimation for
1 week, mice were randomly classified into six groups: con-
trol, Erastin, Erastin + sh-NC, Erastin + sh-CDO1,
Erastin + Oe-NC, and Erastin + Oe-FAM83H-AS1, with six
animals in each group. BALB/C nude mice were subcutane-
ously injected with 0.2 ml PBS containing 2 × 104 Ishikawa
cells which were stable transfected with Oe-NC, Oe-
FAM83H-AS1, sh-NC, or sh-CDO1. The tumor volume was
calculated using the following formula: V = lw2/2 (l: the
length of the tumor, w: the width of the tumor). After 1 week,
mice were intraperitoneally injected with erastin (MedChe-
mExpress, 20 mg/kg dissolved in 20 ml DMSO + 130 ml corn
oil) or DMSO and corn oil mixture (20 ml DMSO + 130 ml
corn oil) every 2 days for 20 days. The mice were then
euthanized, and the tumor tissues were collected. IHC was
used to analyze Ki67 level in tumor tissues with ki67 antibody
(Abcam, 1:200, ab15580). All animal experiments were
operated in accordance with the "Laboratory Animal Man-
agement Treaty" and were approved by West China Second
University Hospital.

Quantitative real-time polymerase chain reaction

The total RNA was extracted with TRIzol (Beyotime).
The extracted RNA was reversely transcribed using the
reverse transcriptase kit (Toyobo). qRT-PCR was per-
formed using SYBR (Thermo Fisher Scientific). GAPDH
was used as the internal reference. The data were analyzed
by the 2−DDCT method. The primers used in the study are
shown in Table 2.

Western blot

The proteins were isolated using RIPA (Beyotime) and
quantified by a BCA kit (Beyotime). The total protein (20 mg)
was separated using 10% SDS-PAGE and transferred to a
Millipore PVDF membrane. The membranes were then
blocked and incubated with antibodies against GPX4 (Abcam,
1:1000, ab125066), SLC7A11 (Abcam, 1:1000, ab307601),
ACSL4 (Abcam, 1:1000, ab205199), CDO1 (Abcam, 1:1000,
ab232699), p38 (Abcam, 1:1000, ab170099), p-p38 (Abcam,
1:1000, ab195049), DNMT1 (Abcam, 1:1000, ab188453), and
GAPDH (Abcam, 1:5000, ab8245) overnight. The membranes
were subsequently incubated with the secondary antibody
(Abcam, 1:5000, ab7090) for 60 min. All antibodies were
purchased from Abcam and diluted with the appropriate
dilution. The blots were visualized by the GEL imaging system
(Bio-Rad). The quantitative analysis of gray values was per-
formed using Image J software (NIH).
12 J. Biol. Chem. (2024) 300(9) 107680
Statistical analysis

All data were obtained from at least three independent
biological replicates. SPSS 19.0 (IBM) was used to examine the
statistical data. All data were presented as mean ± SD. The
Shapiro–Wilk test was then utilized to assess the normality of
the experimental data. All data did not deviate significantly
from normality considering the 5% significance level. Unpaired
Student’s t tests were used to examine the differences between
the two groups. The differences among multiple groups were
analyzed by one-way ANOVA, followed by Tukey’s post hoc
test. EC patients were assigned into CDO1 low-expression
group and CDO1 high-expression group according to CDO1
median level in EC patients. Those above the median were
high expression, while those below the median were low
expression. Kaplan–Meier method was used to analyze the
effect of CDO1 on the prognosis of EC patients. The p values
less than 0.05 were regarded as significant.

Ethics approval and consent to participate

This study was passed the review of Ethics Committee of
West China Second University Hospital, and all participants
signed informed consent. The animal studies were approved
by West China Second University Hospital.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.
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