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Background: Gastric cancer (GC) is an aggressive gastrointestinal tumor. MiRNAs participate in the tumorigenesis 
of GC. Nevertheless, the function of miR-221–3p in GC remains largely unknown. 
Methods: RNA levels were assessed by RT-qPCR. Western blot was performed to test the protein levels. The 
relation between miR-221–3p and ATF3 was investigated by dual-luciferase reporter assay. ChIP and dual- 
luciferase reporter assay were applied to assess the interaction between ATF3 and HRD1 or GPX4. Meanwhile, 
cell proliferation was investigated by CCK8 and colony formation assay. The content of erastin-induced Fe2+ was 
investigated by iron assay kit. Erastin-induced lipid ROS level was assessed by C11-BODIPY 581/591. Co- 
immunoprecipitation was used to detect the interaction between HRD1 and ACSL4. In addition, xenograft 
mice model was established to detect the effect of miR-221–3p in GC. 
Results: Depletion of miR-221–3p greatly attenuated GC cell proliferation through promoting ferroptosis. 
Meanwhile, ATF3 was downregulated in GC, and it was identified to be the downstream mRNA of miR-221–3p. 
MiR-221–3p downregulation could promoted the ferroptosis in GC cells through upregulation of ATF3. HRD1 
mediates ubiquitination and degradation of ACSL4 to inhibit ferroptosis. ATF3 upregulation could reduce GC cell 
proliferation via downregulating the transcription of GPX4 and HRD1. Furthermore, downregulation of miR- 
221–3p markedly attenuated the growth of GC in mice. 
Conclusion: HRD1 mediates ubiquitination and degradation of ACSL4 to inhibit ferroptosis. MiR-221–3p deple-
tion upregulates the ferroptosis in GC cells via upregulation of ATF3 to mediate the transcription inhibition of 
GPX4 and HRD1. Our study might provide a novel target for GC treatment.   

Introduction 

Gastric cancer (GC) is a prevalent cancer in the digestive system [1]. 
Its incidence stood up to 8% of malignant tumor [2]. The prognosis is 
largely poor because of the distant metastasis, and it stands up to over 
80% of tumor-caused deaths [3]. Surgical resection is the main treat-
ment against primary tumor, while the therapeutic effect is still not ideal 
[4]. Hence, it is essential to discover the pathogenesis of GC. Ferroptosis 
is an iron-dependent mechanism of cell death [5]. It is a programmed 

cell death process which is not the same as necrosis, autophagy, and 
apoptosis [6,7]. Accumulating evidence indicate that ferroptosis is a key 
tumor suppression mechanism by silencing genes involved in the initi-
ation and execution of necroptosis in cancers [8]. Guan Z et al. showed 
that Tanshinone IIA could inhibit the tumorigenesis of GC via promoting 
the ferroptosis [9]; Hao S et al. indicated that cysteine dioxygenase 1 
could modulate erastin-induced ferroptosis in GC [10]. Thus, ferroptosis 
could play a vital role in GC treatment. 

MicroRNAs (miRNAs) are confirmed to modulate the mRNA 
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expression by regulation mRNA decay [11]. Additionally, it was 
revealed that miRNAs can act as key modulators in various diseases, 
such as inflammatory diseases and cancers [12,13]. Meanwhile, previ-
ous studies showed that miRNAs participate in the progression of GC. CH 
et al. revealed that miR-27b-3p could suppress the migration, invasion 
and EMT process in GC through targeting RUNX1 [14]. miR-221–3p was 
known to be an oncogene as it could promote the tumorigenesis of GC. 
For example, miR-221–3p played a critical role in GC by suppressing 
PTEN or LIFR expression [15,16]. It has been reported that serum 
miR-221–3p was involved in the development of GC and had important 
clinical values in gastric cancer diagnosis and prognosis [17]. Whether 
miR-221–3p regulates ferroptosis in GC progression is still unknown. 

Activating transcription factor 3 (ATF3), as a member of the ATF/ 
cyclic AMP response element-binding (ATF/CREB) family of transcrip-
tion factors, is a stress-induced transcription factor that plays crucial 
roles in regulating metabolism, immune response, and oncogenesis [18]. 
It has been reported that GC patients with low expression of ATF3 had 
poorer survival and prognosis [19]. In this study, ATF3 might be the 
downstream of miR-221–3p in the prediction of starbase dataset. 
Nevertheless, the correlation between miR-221–3p and ATF3 in GC cells 
needs to be further investigated. 

Glutathione peroxidase 4 (GPX4) is involved in the activation of 
ferroptosis as it plays a key role in iron-catalyzed lipid oxidative injury 
[20,21]. In addition, it has been reported that GPX4 is an inhibitor of 
ferroptosis [22,23]. Moreover, a previous report suggested ATF3 could 
negatively regulate GPX4 [24]. However, the function and the interac-
tion between ATF3 and GPX4 in GC remains unknown. 

3-Hydroxy-3-methylglutaryl reductase degradation (HRD1, also 
known as SYVN1), an E3 ubiquitin ligase, is involved in endoplasmic 
reticulum (ER)-associated degradation (ERAD) [25]. It was reported 
that HRD1 was upregulated in a variety of tumor tissues, such as lung 
cancer, hepatocellular carcinoma and GC [26,27]. Accumulated evi-
dence demonstrated that HRD1 mediated various proteins ubiquitina-
tion for promoting cancer progression. For example, HRD1 targeted 
PTEN for ubiquitination and degradation to promote hepatocellular 
carcinoma progression [26]. HRD1 promoted lung cancer by interacting 
with SIRT2 and mediating its ubiquitination and degradation [27]. 
However, the role of HRD1 in GC remains mysterious. 

Acyl-coenzyme A synthetase long chain member 4 (ACSL4) is a key 
regulator in fatty acid catabolism. ACSL4 is known to be the important 
mediator in ferroptosis as ACSL4 upregulation could induce the fer-
roptosis [23,28]. A previous report indicated that ACSL4 was down-
regulated in GC [29]. UbiBrowser database predicts that ACSL4 is a 
substrate of E3 ligase HRD1. However, the detailed function of ACSL4 in 
GC remains to be further explored. 

In this study, we found that HRD1 mediated ubiquitination and 
degradation of ACSL4 to inhibit ferroptosis and miR-221–3p knockdown 
promoted the ferroptosis in GC cells via targeting ATF3 to mediate the 
transcription inhibition of GPX4 and HRD1. Our study might supply 
novel insights on discovering the methods against GC. 

Material and methods 

Patients sample 

Thirty-two pairs of GC adjacent normal tissues were provided by The 
First Affiliated Hospital of Soochow University from April 2019 to July 
2020. All cases were independently diagnosed histologically by two 
experienced pathologists. No patient was given radiotherapy or 
chemotherapy before surgery. All tissue samples were immediately 
frozen in liquid nitrogen after resection from GC patients and then were 
stored at − 80◦C. All the patients (n = 32) signed the informed consent 
before the experiments. The Ethics Committee of The First Affiliated 
Hospital of Soochow University approved this research. 

Cell culture 

GC cells (MKN45, AGS, MGC803 and MKN-7), GES-1 and 293T cells 
were purchased from ATCC and maintained in DMEM containing FBS 
(10%), streptomycin and penicillin (1%, Thermo Fisher Scientific) at 
37◦C and 5% CO2. For assessing the function of ferroptosis in GC, GC 
cells were exposed to 10 μg/mL erastin (Selleck Chemicals, #S7242) 
[10], or ferroptosis inhibitor ferrostain-1 (Fer-1, 2 mM; Abcam) [30] for 
48 h. 

Cell transfection 

MiR-221–3p mimics/inhibitor, sh-ATF3, sh-HRD1, pcDNA3.1-ATF3 
(oe-ATF3), and corresponding negative vector (mimic/inhibitor NC, 
sh-NC, oe-NC) originated from GenePharma. The cells in the exponential 
phase of growth were seeded in 6-well plates at a density of 1 × 105 cells 
per well and grown for 24 h. And then the cells were transfected with 
above plasmid by Lipofectamine 3000 (Invitrogen) and maintained in 
OPTI-MEM. Finally, the cells were harvested for detection after 48 h post 
transfection. 

RT-qPCR assay 

TRIzol reagent was applied to isolate RNA from tissues or cells. 
PrimeScript RT reagent Kit (Takara) was applied to synthesize cDNA. 
SYBR Green methods was applied in RT-qPCR using ABI7500 system. 
2− △△CT method was applied in quantification. β-actin and U6 were 
applied as internal control. The primers originated from GenePharma. 
ATF3: forward, 5-CTCCTGGGTCACTGGTGTTT-3′ and reverse 5′- 
GCTACCTCGGCTTTTGTGAT-3′. miR-221–3p: forward, 5′- CGGCTA-
CATTGTCTGCCTG-3′ and reverse 5′-CAGTGCGTGTCGTGGAGT-3′. 
β-actin: forward, 5′-CCCTGGAGAAGAGCTACGAG-3′ and reverse 5‘- 
CGTACAGGTCTTTGCGGATG-3′. GPX4: forward, 5‘-GTAAC-
CAGTTCGGGAAGCAG-3′ and reverse 5‘-TGTCGATGAGGAACTGTGGA- 
3′. HRD1: forward, 5‘- CCAACATCTCCTGGCTCTTTCAC-3′ and reverse 
5‘- GTCAGGATGCTGTGATAGGCGT-3′. U6: forward, 5′- 
CTCGCTTCGGCAGCACA-3′ and reverse 5′-AACGCTTCAC-
GAATTTGCGT-3′. 

Western blotting 

RIPA (Beyotime) was applied to isolate total protein from cells. BCA 
protein kit (Thermo Fisher Scientific) was applied to assess the protein 
concentration. SDS-PAGE gel (10%) was applied to separate the proteins 
and then proteins were transferred onto PVDF (Beyotime) membranes. 
The primary antibodies were applied to incubate the membranes over-
night after blocking for 1 h. Then, the corresponding secondary antibody 
(1:5000, ab7090, Abcam) was applied to incubate the membranes for 1 
h. ECL kit (Invitrogen) was applied to visualize the protein bands. The 
primary antibodies were purchased from Abcam as follows: anti-GPX4 
(1:1000, ab125066), anti-HRD1 (1:1000, ab170901), anti-ACSL4 
(1:1000, ab155282), anti-ATF3 (1:1000, ab207434) and anti-GAPDH 
(1:10000, ab181602). GAPDH was regarded as an internal control. 

Dual luciferase reporter assay 

To investigate the relationship between miR-221–3p and ATF3, wild- 
type or mutant type ATF3 3′UTR (WT/MUT) including the binding sites 
of miR-221–3p, originated from Beyotime, then were cloned into the 
psiCHECK2 (Promega, Madison, WI, USA). The ATF3 3′UTR (WT/MUT) 
psiCHECK2 were added into 293T cells with miR-221–3p/NC mimics by 
using Lipofectamine 3000. Cells were harvested after 48 h post trans-
fection and detected by the Dual-Glo Luciferase Assay System 
(Promega). 

To verify the transcriptional regulation of GPX4 and HRD1 by ATF3, 
GPX4 or HRD1 promoter were cloned into the psiCHECK2. The 293T 
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cells were co-transfected with GPX4 or HRD1 promoter vectors and oe- 
NC or oe-ATF3 by Lipofectamine 3000. The relative luciferase activities 
were tested by the Dual-Glo Luciferase Assay System (Promega). 

ChIP assay 

To detect the binding between ATF3 and HRD1/GPX4 promoter, 
ChIP Assay Kit (Millipore) was applied in ChIP detection. Briefly, the 
cells were treated with a lysis buffer on ice for 10 min. Subsequently, the 
cell lysates were then sonicated for seven five-second pulses on ice using 

Fig. 1. MiR-221–3p downregulation attenuates GC cell proliferation via inducing the ferroptosis. (A) MiR-221–3p level in GC or normal tissues was investigated by 
RT-qPCR. (B) MiR-221–3p level was investigated by RT-qPCR. (C) AGS or MKN45 cells were treated with inhibitor NC or miR-221–3p inhibitor. MiR-221–3p level in 
GC cells was investigated by RT-qPCR. (D) GC cell viability was assessed by CCK8 assay. (E) Colony formation assay was applied to assess the cell proliferation. (F) 
CCK8 assay was applied to assess the viability. (G) The content of Fe2+ in GC cells was investigated by iron analysis kit. (H) The ROS level in GC cells was evaluated 
by flow cytometry. *p<0.05, **p<0.01, ***p<0.001. 
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a microsonicator tip (Qsonica). This sonication procedure resulted in 
200–1000 bp DNA fragments. Subsequently, cell lysates were treated 
with ChIP buffer, ProteinA Agarose and protease inhibitor cocktail on 
ice for 30 min. Mixture was then incubated with antibodies against ATF3 
(ab207434, Abcam), or mouse IgG (ab37355, Abcam) at 4 ◦C for 12 h. 

Next, the mixture was washed with eluate buffer. The cross-linking was 
reversed by 5 M NaCl followed by incubation at 65 ◦C overnight. Finally, 
the samples were treated with RNaseA and then used for PCR. 

Co-immunoprecipitation (IP) assay 

Co-IP experiment was performed as described [31]. The cells were 
lysed in lysis buffer (0.5% Triton-X-100, 150 mM NaCl, 12.5 mM 
β-glycerolphosphate, 1.5 mM MgCl2, 2 mM EGTA, 10 mM NaF, 1 mM 
Na3VO4, 2 mM DTT) containing protease inhibitors. The lysates were 
centrifuged at 12,000 × g for 10 min at 4 ◦C. For each immunoprecip-
itation, the supernatant was incubated with 35 μL of 50% slurry of 
Protein A/G Sepharose (Amersham) and 0.5 μg anti-ACSL4 for at least 
12 h. After washing the beads with PBS three times, immunoprecipitates 
were analyzed by Western blot analysis. 

Cell viability assay 

The viability of GC cells was assessed in each group using the CCK-8 
assay (Beyotime Institute of Biotechnology) as described [32]. In brief, 
GC cells were plated (5 × 103 cells/well) into 96-well plates and treated 
for 0, 24, 48 or 72 h. Afterwards, CCK-8 (10 μL) was added to the cells for 
2 h at 37 ◦C. The absorbance (450 nm) was assessed by a microplate 
reader (Tecan). 

Colony formation assay 

The treated cells were seeded (500 cells/well) into 6-well plate and 
cultured in a 37 ◦C incubator for two weeks. Subsequently, the colonies 
were fixed by 4% PFA for 10 min. After that, crystal violet (1%) was 
applied to stain the colonies for 5 min. Finally, the result was calculated 
by a light microscope (Leica). 

Table 1 
miR-221–3p expression and clinical features of patients with gastric cancer.  

Clinical features miR-221–3p P value 
High Low 

No. 15 17  
Gender    
Male 8 8 0.7232 
Female 7 9 
Age    
<60 years 9 8 0.4641 
≥60 years 6 9 
Tumor size    
<5cm 5 12 0.0351* 
≥5cm 10 5 
Tumor differentiation    
Well+moderate 6 13 0.0361* 
Poor+undifferentiated 9 4 
T stage    
T1+T2 7 10 0.4916 
T3+T4 8 7 
N stage    
N0+N1 6 12 0.0818 
N2+N3 9 5 
M stage    
M0 4 10 0.0141* 
M1 13 5 
TNM stage    
I+II 4 14 0.0015* 
III+IV 11 3  

* p<0.05. 

Fig. 2. MiR-221–3p directly targets ATF3 in GC cells. (A) ATF3 level in GC or normal tissues was investigated by RT-qPCR. (B) The correlation among miR-221–3p 
and ATF3 in GC was analyzed. (C) The downstream of miR-221–3p was predicted by TargetScan. (D) Dual luciferase assay was applied to assess the targeted 
relationship between miR-221–3p and ATF3. (E) ATF3 level in GC cells was tested by RT-qPCR. (F) ATF3 level in GC cells was examined by western blot. GAPDH was 
applied for normalization. *p<0.05, **p<0.01, ***p<0.001. 
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Iron assay 

Iron assay kit (Abcam) was used to detect iron concentration as 
described [33]. According to the manufacturer’s instructions, the GC 
cells were collected and homogenized in 5 × volume of iron assay buffer 
on ice, and then the cells were centrifuged at 13,000 × g for 10 min at 
4 ◦C, to obtain the supernatant. After that, the iron assay buffer (50 μL) 
was applied to incubate the supernatant in a microplate (96-well) for 30 
min. Then, reagent mix was applied to incubate the buffer (50 μL) for 30 
min without light. The microplate reader (Tecan) was applied to assess 

the absorbance at 593 nm. 

Lipid reactive oxygen species (ROS) detection 

C11-BODIPY 581/591 (Thermo Fisher) was applied to assess the 
lipid ROS level as described [34]. Briefly, cells were trypsinized and then 
resuspended in 400 µL of serum-free medium with BODIPYTM 581/591 
C11 (2 µM). And then cells were incubated at 37 ◦C for 30 min in a cell 
culture incubator. Fluorescence emission peaks were analyzed by a flow 
cytometer (BD). The peak from 510 to 590 nm is proportional to lipid 

Fig. 3. MiR-221–3p regulates the proliferation of GC cells through targeting ATF3. (A, B) ATF3 level was investigated by RT-qPCR and western blot. (C, D) ATF3 
level in GC cells was assessed by RT-qPCR and western blot. GAPDH was applied for normalization. (E) GC cell viability was assessed by CCK8 assay. (F) The content 
of Fe2+ in GC cells was assessed by iron analysis kit. (G) Flow cytometry was applied to assess the ROS level. *p<0.05, **p<0.01, ***p<0.001. 
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ROS generation. 

Animal model 

Animal experiments were performed as described [35]. BALB/c nude 
mice (n = 5, 6–8 weeks old) originated from Vital River (Beijing, China). 
Mice were placed in condition of dedicated SPF. MiR-221–3p down-
regulated MKN45 cells (5 × 106 cells per mouse), which were infected 
with lentivirus containing anti-miR-221–3p, were transplanted subcu-
taneously in each mouse. The tumor volume was assessed every week. 
After 4 weeks, mice were sacrificed for tumor collection. All in vivo ex-
periments were performed in line with NIH guide, and Ethics Commit-
tees of The First Affiliated Hospital of Soochow University approved this 
study. 

Statistical analysis 

Data are presented as the mean ± SD. At least three independent 
experiments were applied in each group. Student’s t-test was applied to 
compare the difference between 2 groups. One-way ANOVA followed by 
Tukey’s post hoc test (GraphPad Prism; version 7) was applied to 
analyze the difference among multiple groups. p < 0.05 was considered 

as statistically significant. 

Results 

Downregulation of miR-221–3p inhibits GC cell proliferation via 
promoting the ferroptosis 

In Fig. 1A, miR-221–3p level in GC tissues was greatly higher than 
that in normal tissues. Additionally, miR-221–3p level was notably 
upregulated in tumor cells than that in GES-1 cells (Fig. 1B). Since AGS 
and MKN45 cells were more sensitive to miR-221–3p level, these two 
cells were selected in subsequent analysis. MiR-221–3p level in GC cells 
was greatly downregulated by miR-221–3p inhibitor (Fig. 1C). MiR- 
221–3p downregulation significantly attenuated GC cell proliferation 
and viability (Fig. 1D and 1E). Meanwhile, miR-221–3p inhibitor- 
induced cell viability reduction was notably restored by Fer-1 
(Fig. 1F). Consistently, the content of erastin-induced Fe2+ in GC cells 
was markedly promoted by miR-221–3p inhibitor, which was reversed 
by Fer-1 (Fig. 1G). Furthermore, miR-221–3p inhibitor-caused upregu-
lation of erastin-induced ROS was partially abolished by Fer-1 (Fig. 1H). 
Besides, miR-221–3p level was related with the size of tumor, differ-
entiation and TNM stage in GC patients (Table 1). Taken together, miR- 

Fig. 4. ATF3 inhibits the transcription of GPX4. (A) The level of GPX4 in GC and normal tissues was investigated by RT-qPCR. (B) The correlation among GPX4 and 
ATF3 in GC was analyzed. (C) The potential binding sites between ATF3 and GPX4 were predicted by JASPAR. (D) The luciferase activity was tested by dual 
luciferase report assay. (E) GPX4 promoter enrichment was tested by ChIP. (F, G) GPX4 level in GC cells was tested by RT-qPCR and western blot. *p<0.05, 
**p<0.01, ***p<0.001. 
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221–3p downregulation inhibited GC cell proliferation via facilitating 
the ferroptosis. 

MiR-221–3p directly targets ATF3 

As indicated in Fig. 2A, the level of ATF3 in GC tissues were much 
lower than that in normal tissues. Additionally, miR-221–3p level in GC 
tissues was negatively associated with ATF3 (Fig. 2B). MiR-221–3p had 
binding sites with ATF3 mRNA (Fig. 2C), and the relative luciferase 

activity of ATF3-WT was notably decreased by miR-221–3p over-
expression (Fig. 2D). Furthermore, ATF3 level in GC cells was negatively 
modulated by miR-221–3p (Fig. 2E and 2F). Taken together, miR- 
221–3p directly targeted ATF3 in GC cells. 

MiR-221–3p regulates the ferroptosis of GC cells by targeting ATF3 

The results demonstrated that ATF3 level in GC cells was much 
lower, compared with that in GES-1 cells (Fig. 3A and 3B). Meanwhile, 

Fig. 5. HRD1 mediates ubiquitination and degradation of ACSL4. (A) ACSL4 is a substrate of E3 ligases by UbiBrowser database. (B) The ubiquitination level of 
ACSL4 in GC cells and GES-1 cells. (C) HRD1 interacted with ACSL4 by immunoprecipitation experiment. (D) Effect of knockdown of HRD1 on expression level of 
ACSL4. (E) Effect of knockdown of HRD1 on ubiquitination level of ACSL4. (F) GC cell viability was assessed by CCK8 assay. (G) The content of Fe2+ in GC cells was 
assessed by iron analysis kit. (H) The ROS level in GC cells was evaluated by flow cytometry. *p<0.05, **p<0.01, ***p<0.001. 
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miR-221–3p inhibitor-induced upregulation of ATF3 was reversed by 
ATF3 knockdown (Fig. 3C and 3D). Additionally, ATF3 silencing 
reversed miR-221–3p inhibitor-induced suppression of cell viability 
(Fig. 3E). Furthermore, the content of erastin-induced Fe2+ in miR- 
221–3p inhibitor-treated GC cells was markedly decreased by ATF3 
knockdown (Fig. 3F). Consistently, the erastin-induced ROS level in 
miR-221–3p inhibitor-treated cells was significantly downregulated by 
ATF3 knockdown (Fig. 3G). Collectively, miR-221–3p regulated the 
ferroptosis of GC cells through targeting ATF3. 

ATF3 inhibits the transcription of GPX4 

As indicated in Fig. 4A, the level of GPX4 in GC tissues was much 
higher, compared with that in normal tissues, and GPX4 level in GC 
tissues was negatively with ATF3 (Fig. 4B). On the other hand, GPX4 had 
potential binding site (E1) with ATF3, and overexpression of ATF3 
significantly decreased the luciferase activity in GPX4 promoter region 
(Fig. 4C and 4D). In addition, the enrichment of GPX4 promoter was 
significantly increased by ani-ATF3 (Fig. 4E). Meanwhile, GPX4 level in 
GC cells was negatively regulated by ATF3 (Fig. 4F and 4G). Taken 
together, ATF3 inhibited the transcription of GPX4. 

HRD1 mediates ubiquitination and degradation of ACSL4 

The UbiBrowser database predicts that ACSL4 is a substrate of E3 
ligases (Fig. 5A). Next, we detected ubiquitination level of ACSL4 in GC 
cells and GES-1 cells. The result showed that ubiquitination level of 

ACSL4 in gastric cancer cells was obviously increased compared to GES- 
1 (Fig. 5B). Immunoprecipitation experiments showed that HRD1 
interacted with ACSL4 (Fig. 5C). Knockdown of HRD1 enhanced the 
level of ACSL4 (Fig. 5D). Knockdown of HRD1 inhibited ubiquitination 
level of ACSL4 (Fig. 5E). In addition, knockdown of HRD1 suppressed 
GC cell viability (Fig. 5F). The level of erastin-induced Fe2+ and ROS in 
GC cells was markedly increased by HRD1 knockdown (Fig. 5G and 5H). 
Collectively, these data suggested that HRD1 mediates ACSL4 for 
ubiquitination and degradation to inhibit ferroptosis. 

ATF3 inhibits the transcription of HRD1 

As indicated in Fig. 6A, the level of HRD1 in GC tissues was much 
higher than normal tissues, and HRD1 level in GC tissues was negatively 
with ATF3 (Fig. 6B). Using JASPAR analysis, we estimated that there 
was a binding site between HRD1 promoter and ATF3 (Fig. 6C). Lucif-
erase reporter assay revealed that ATF3 significantly decreased the 
luciferase activity of HRD1 promoter reporter vector group (Fig. 6D). 
Furthermore, HRD1 promoter was enriched by ani-ATF3 (Fig. 6E). 
Meanwhile, HRD1 level in GC cells was negatively regulated by ATF3 
(Fig. 6F and 6G). Taken together, ATF3 inhibited the transcription of 
HRD1. 

Inhibition of miR-221–3p inhibits the tumor growth of GC in mice 

Next, we investigated the role of miR-221–3p in GC progression in 
vivo. In Fig. 7A and 7B, miR-221–3p inhibition markedly attenuated the 

Fig. 6. ATF3 inhibits the transcription of HRD1. (A) The level of HRD1 in GC and normal tissues was investigated by RT-qPCR. (B) The correlation among HRD1 and 
ATF3 in GC was analyzed. (C) The potential binding sites between ATF3 and HRD1 were predicted by JASPAR. (D) Dual luciferase assay was applied to assess the 
targeted relationship between HRD1 and ATF3. (E) HRD1 promoter enrichment was tested by ChIP. (F, G) HRD1 level in GC cells was tested by RT-qPCR and western 
blot. *p<0.05, **p<0.01, ***p<0.001. 
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tumor sizes of mice. Similarly, the tumor weight of mice was notably 
reduced by miR-221–3p inhibition (Fig. 7C). Meanwhile, the levels of 
miR-221–3p in tumors were markedly reduced by miR-221–3p inhibi-
tion (Fig. 7D). MiR-221–3p inhibition elevated ATF3 and ACSL4 levels 
but reduced HRD1 and GPX4 levels in tissues of mice (Fig. 7E). In 
summary, miR-221–3p inhibition suppresses the tumor growth of GC in 
vivo. 

Discussion 

GC ranks fifth among the prevalent malignancies all over the world 
[36]. Despite great efforts have been done to study the pathogenesis of 
GC, the prognosis is still not ideal due to the fact that many patients are 
diagnosed at an advanced stage [37,38]. Reducing pain and prolonging 
life are the major treatments in that situation [39,40]. Thus, further 
studying the molecular mechanisms underlying GC progression can help 
explore the potential therapeutic targets. This work showed that 
miR-221–3p depletion could attenuate the tumorigenesis of GC through 
promoting the ferroptosis. Additionally, miR-221–3p could mediate the 
transcription of HRD1 and GPX4 via targeting ATF3. HRD1 catalyzed 
ACSL4 for ubiquitination and degradation to inhibit ferroptosis. Thus, 
our research confirmed the specific function of miR-221–3p in GC, 
showing that miR-221–3p could act as an oncogene in GC. 

It was reported that ferroptosis could lead to the death in GC cells. 
Wang J et al. showed that CPEB1 could induce the death in GC cells 
through promoting the ferroptosis [41]; Mao SH et al. revealed that 
levobupivacaine could induce the ferroptosis to inhibit the cell growth 
in GC [42]. Consistently, our study showed that activation of ferroptosis 
could inhibit the growth of GC cells. On the other hand, miRNAs often 
participate in the tumorigenesis of GC through regulation of ferroptosis. 
For example, Ni H et al. found miR-375 could decrease the stemness of 
GC cells through triggering ferroptosis [43]; Zhang H et al. showed that 
miR-522 could inhibit ferroptosis in GC [44]. miR-221–3p plays an 

oncogenic role in GC by inhibiting PTEN or LIFR expression [15,16]. In 
this research, we found miR-221–3p downregulation could elevate the 
ferroptosis in GC cells. Inhibition of miR-221–3p suppressed the tumor 
growth of GC in vivo. Thus, we firstly assessed the relation between 
miR-221–3p and ferroptosis, revealing that miR-221–3p could play a 
vital role in ferroptosis of GC cells. miRNAs typically inhibit the trans-
lation and stability of downstream mRNAs [45]. This work firstly found 
that ATF3 was the direct target of miR-221–3p. Accumulating evidence 
showed that ATF3 act as transcriptional repressor [46,47]. In addition, 
ATF3 also participated in the progression of cancer. It was reported that 
decreased ATF3 promoted GC progression via increased β-catenin and 
CEMIP [19]; Di Marcantonio D et al. found that ATF3 could drive the cell 
cycle distribution in acute myeloid leukemia progression [48]. 
Furthermore, ATF3 contributes to the ferroptosis [24,49,50]. Consis-
tently, our data showed that ATF3 could inhibit the tumorigenesis of GC. 
Moreover, our finding also demonstrated that ATF3 could promote the 
ferroptosis in GC cells. Thus, our research was in line with the above 
backgrounds. It can be concluded that miR-221–3p downregulation 
could elevate the ferroptosis in GC cells by targeting ATF3. 

HRD1 was upregulated in a variety of tumor tissues [26,27]. 
Consistently, we also found that HRD1 was obviously increased in GC. 
Knockdown of HRD1 suppressed GC cell viability. It has been demon-
strated that HRD1 mediated various proteins ubiquitination for pro-
moting cancer progression [26,27]. In this study, we found that ATF3 
inhibited the transcription of HRD1 in GC. In addition, we found that 
HRD1 interacted with ACSL4, which is known to be the promoter in 
ferroptosis. Furthermore, knockdown of HRD1 inhibited ubiquitination 
and degradation of ACSL4. In addition, knockdown of HRD1 signifi-
cantly increased the level of erastin-induced Fe2+ and ROS in GC cells. 
These results revealed that HRD1 mediated ACSL4 for ubiquitination 
and degradation to inhibit ferroptosis. 

GPX4 was reported to be the inhibitor during the ferroptosis [23,28, 
51]. GPX4 downregulation could promote ferroptosis in lung cancer 

Fig. 7. Inhibition of miR-221–3p inhibits the growth of GC in vivo. (A) The tumors of mice were collected and pictured. (B) The volume of tumor in mice was assessed 
every four days. (C) The weight of tumor was tested. (D) The expression of miR-221–3p in tumor tissues were assessed by RT-qPCR. (E) ATF3, HRD1, ACSL4 and 
GPX4 levels in tumor tissues were assessed by western blot. *p<0.05, **p<0.01, ***p<0.001. 
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[52]. GPX4 is a crucial negative regulator of GC cells ferroptosis [53]. 
Consistent to these results, we found that ATF3 inhibited the tran-
scription of GPX4 in GC. 

In conclusion, our research provided a new strategy against GC. 
However, there is some weakness in this work. Much more targets of 
miR-221–3p in GC cells need to be explored. To sum up, downregulation 
of miR-221–3p promotes the ferroptosis in GC cells via upregulation of 
ATF3 to regulate the transcription of HRD1 and GPX4. 
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