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A B S T R A C T   

Peritoneal metastasis (PM) is the main site of gastric cancer (GC) distant metastasis and indicates an extremely 
poor prognosis and survival. Hypoxia is a common feature of peritoneal metastases and up-regulation of hypoxia 
inducible factor 1 alpha (HIF-1α) may be a potential driver in the occurrence of PM. Ferroptosis is a recently 
discovered form of regulated cell death and closely related to the occurrence and development of tumors. 
However, the underlying mechanism link HIF-1α to ferroptosis in PM of GC remains unknown. Here, lncRNA- 
microarrays and RNA library construction/lncRNA-seq results shown that lncRNA-PMAN was highly expressed 
in PM and significantly modulated by HIF-1α. Upregulation of PMAN is associated with poor prognosis and PM in 
patients with GC. PMAN was up-regulated by HIF-1α and improved the stability of SLC7A11 mRNA by promoting 
the cytoplasmic distribution of ELAVL1, which was identified in RNA-pulldown/mass spectrometry results. 
Accumulation of SLC7A11 increases the level of L-Glutathione (GSH) and inhibits the accumulation of reactive 
oxygen species (ROS) and irons in the GC cells. Finally protect GC cells against ferroptosis induced by Erastin and 
RSL3. Our findings have elucidated the effect of HIF-1α/PMAN/ELAVL1 in GC cells ferroptosis and provides 
theoretical support for the potential diagnostic biomarkers and therapeutic targets for PM in GC.   

1. Introduction 

Gastric cancer (GC) is one of the most common malignant tumors 
worldwide. Peritoneal metastasis (PM) occurs in 53–66% of patients 
with distant metastatic GC and frequently indicates an extremely poor 
prognosis [1,2]. However, the underlying molecular mechanism of PM 

remains poorly understood. Therefore, specific diagnostic biomarkers 
and therapeutic targets for PM have a great exploratory value. 

Hypoxia is a major characteristic of the malignant tumor microen
vironment and is directly related to tumorigenesis [3]. In the process of 
PM formation, due to the low oxygen partial pressure of ascites (around 
50% less soluble oxygen than the blood [4]) and irregular tumor blood 
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vessels [5], the microenvironment of the PM is indeed hypoxic [6]. 
Intratumoral hypoxia leads to the upregulation of hypoxia-inducible 
factor 1 alpha (HIF-1α). Accumulating evidence indicates that HIF-1α 
may be a potential driver of PM in GC [7,8]. However, the relationship 
between HIF-1α and PM formation remains unclear. 

Studies have suggested that suppression of ferroptosis promotes 
tumor invasion and metastasis [9,10]. Notably, HIF-1α regulates iron 
metabolism-related gene expression through hypoxia response elements 
(HRE) [11] and promotes tumorigenesis by inhibiting ferroptosis [12, 
13]. Therefore, we reasoned that HIF-1α might promote the formation of 
PM by increasing the ferroptosis resistance of peritoneal disseminated 
tumors. Ferroptosis, a unique non-apoptotic form of cell death, is mainly 
caused by intracellular iron catalytic activity and lipid peroxidation and 
is characterized by the accumulation of reactive oxygen species (ROS) 
[14,15]. Erastin and RSL3 have been identified as ferroptosis stimulators 
by suppressing lipid hydroperoxidase glutathione peroxidase 4 (GPX4) 
or the cystine-glutamate exchanger system xc− (cystine/glutamate 
antiporter SLC7A11) [16,17]. SLC7A11 is a membrane channel trans
porter that alleviates ROS and iron accumulation induced by ferroptosis 
by increasing glutathione (GSH) synthesis in cells. It has been widely 
regarded as a protective factor for tumor cells to resist ferroptosis [18, 
19]. However, the molecular mechanisms by which HIF-1α affects fer
roptosis remain unclear. We believe that exploring the mechanisms 
underlying HIF-1α/ferroptosis during hypoxia is of great significance for 
further understanding PM in GC. 

Recent research showed that long non-coding RNA (lncRNA) plays 
an important role in ferroptosis [20,21]. By comparing the results of 
lncRNA-microarrays and RNA library construction/lncRNA-seq, we 
identified the key lncRNA-PMAN that regulates ferroptosis by enhancing 
the stability of SLC7A11 mRNA during hypoxia in GC cells and promotes 
the formation of peritoneal disseminated tumors in vitro. Our study 
elucidated that HIF-1α/lncRNA-PMAN inhibits the occurrence of fer
roptosis and is expected to provide theoretical support for potential 
biomarkers and therapeutic targets for PM in GC. 

2. Materials and methods 

Detailed materials and methods are provided in supplemental 
experimental procedures (Supplementary file). 

2.1. Patients and tissue samples 

We collected 30 paired of GC and ANT samples, 3 paired of ANT, 
primary GC and PM from GC samples. All included patients underwent 
curative resection at ZhongNan Hospital of Wuhan University, and were 
identified as gastric adenocarcinoma by histopathology. In addition, all 
patients did not receive neoadjuvant chemotherapy or radiotherapy 
before surgical resection. Inform in writing that the consent of all par
ticipants has been obtained. This study was approved by the Research 
Ethics Committee of Wuhan University. 

2.2. LncRNA microarrays and lncRNA library construction/lncRNA-seq 

The lncRNA expression characteristics of 3 pairs GC/PM tissues were 
investigated by Arraystar Human LncRNA microarray V2.0, which 
contains 30,215 coding genes and 33,045 lncRNAs collected from 
several databases such as UCSC, Ensembl, RefSeq and the lncRNAs re
ported from literatures were also included. The microarray and data 
collection were conducted by KangChen Bio-tech (Shanghai, China). In 
addition, we investigated the lncRNA expression characteristics of 3 
pairs of siHIF-1α transfected gastric cancer cells. The library construc
tion and lncRNA-seq and data collection were conducted by HuaDa Gene 
Bio-tech (Shenzhen, China). 

2.3. Animal experiments 

We collected MGC-803 cell lines (1 × 10 [7] cells) that were infected 
by lentivirus with or without PMAN-OE. Then, suspended in 100 μl 
serum-free medium and subcutaneously/intraperitoneal injected into 
each flank of 4-week-old BALB/c nude female mice (six mice per group). 
We measured tumor volume and body weight each week, then mice 
were sacrificed after four weeks, and the maximum (L) and minimum 
(W) length and weight of the tumors were measured. Hematoxylin and 
eosin (H&E) staining was performed for tissue morphology evaluation. 

For animal models of gastric subserosal injection, we collected MGC- 
803 cell lines (5 × 10 [6] cells) that were infected by lentivirus with or 
without PMAN-OE, and suspended in 40 μl serum-free medium (50% 
Matrigel). After that, nude mice (six mice per group) were anesthetized 
by intraperitoneal injection of 100 μl of pentobarbital (1%). After 
disinfection, the abdominal cavity was opened to expose the greater 
curvature of the stomach. The tumor suspension (40 μl) was implanted 
under the serosa of the greater curvature of the stomach of the nude 
mice through an insulin needle. Then, suturing the peritoneum and skin 
(absorbable surgical suture， Jinhuan Medical Co., ltd, China.), the 
incision was sterilized again and waited for recovery. The abdominal 
cavity was opened again after 35 days, and the incidence of abdominal 
tumor formation was observed. The animal experiments were approved 
by the Animal Experiment Center of Wuhan University. 

2.4. Statistics analysis 

All statistical analyses were performed with SPSS statistical software 
(version 22.0, USA) and GraphPad Prism software (version 9.0, USA). 
Two-tailed Student’s tests were used to compare the means quantitative 
data between groups, or when more than two groups were compared by 
one-way analysis of variance. The associations between PMAN level in 
tumor tissues and clinicopathologic parameters were determined using 
the Chi-squared tests or Fisher’s exact test. Kaplan–Meier method was 
used for survival analysis and drawing the survival curves, and differ
ence among patients’ subgroups (All GC patients were divided into a 
high- and low-expression group according to the median of the PMAN 
level) was calculated by log-rank test. The correlation between HIF-1α 
mRNA and PMAN or SLC7A11 mRNA was analyzed by Pearson’s cor
relation coefficient analysis. Univariate and multivariate Cox-regression 
analyses were applied to identify the independent factors of prognosis. 
The results were expressed as the Mean ± SD from at least three inde
pendent experiments. In all cases, ns = nonsignificant (p > 0.05), *p <
0.05, **p < 0.01. 

3. Results 

3.1. HIF-1α promoted the aberrant high expression of PMAN in GC with 
PM 

Previous studies [7,22] have shown that HIF-1α is a critical driver of 
PM malignancy. To further confirm the expression of HIF-1α in tumor 
tissues. We analyzed HIF-1α mRNA in GC and paired adjacent normal 
tissues (ANT) (n = 30) (Fig. 1.a) and samples of ANT, primary GC, and 
PM from GC (n = 3) (Fig. 1.b) by RT-qPCR. In addition, HIF-1α was 
detected in samples of GC and paired ANT (n = 6), samples of ANT, 
primary GC, and PM from GC (n = 3) by western blotting (WB) (Fig. 1.c) 
and immunohistochemistry (IHC) (Fig. 1.d, SupplementaryFig1.i). The 
results showed that HIF-1α mRNA and protein were significantly upre
gulated in PM compared to that in GC and ANT. Similarly, the results 
showed that the expression of HIF-1α was remarkably upregulated in GC 
compared to that in ANT. A multitude of studies [23,24] have reported 
that HIF-1α can participate in the occurrence and development of tu
mors by regulating aberrant lncRNA expression. To explore the 
PM-promoting lncRNAs and their activation by HIF-1α, lncRNA micro
arrays were performed in PM and matched primary GC (n = 3) (Fig. 1.e) 
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[25] and lncRNA library construction/lncRNA-seq was performed in 
siHIF-1α AGS cells (n = 3) (Fig. 1.f). We combined the results from 
lncRNA microarray analyses and lncRNA library 
construction/lncRNA-seq, and found that LncRNA-AK058030 

(SupplementaryTab.1) was highly expressed in PM and significantly 
modulated by HIF-1α (Fig. 1.g, SupplementaryFig1.c). We next verified 
the expressions of LncRNA-AK058030 in tumor tissues, and RT-qPCR 
results corresponded to lncRNA-seq analyses (Fig. 1.j-k). In addition, 

Fig. 1. PMAN is highly expressed in gastric cancer peritoneal metastasis and is highly correlated with the patient’s prognosis.a HIF-1α mRNA expressions in 
30 pairs GC samples. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. b HIF-1α mRNA expressions in 3 pairs GC peritoneal metastasis 
samples. Mean ± SD is shown. Statistical analysis was conducted using one-way ANOVA. c HIF-1α expression levels in 6 pairs GC samples and 3 pairs GC peritoneal 
metastasis samples. d Immunohistochemistry was used to analyze up-regulated HIF-1α expressions in paired GC peritoneal metastasis samples. Scale bar, 20 μm e 
Analysis of the expression of lncRNAs in GC peritoneal metastasis by lncRNA-microarrays. f Analysis of the expression of lncRNAs in HIF-1α knockdown AGS cells by 
lncRNA-seq. g AK-058030 is highly expressed in GC peritoneal metastasis samples and its expression decreases with knockdown of HIF-1α. h Kaplan-Meier curves for 
overall survival rates correlated with PMAN expression (high/low expression) in GC. Error bars, SD. i In the postoperative follow-up data, the relationship between 
the occurrence of PM and the expression of PMAN (high/low expression) in GC patients j PMAN expressions in 30 pairs GC samples. Mean ± SD is shown. Statistical 
analysis was conducted using Student’s t-test. k PMAN expressions in 3 pairs GC peritoneal metastasis samples. Mean ± SD is shown. Statistical analysis was 
conducted using one-way ANOVA. l Correlations between HIF-1α mRNA levels and PMAN levels in GC. R-values and P-values were used via Pearson’s correlation 
analysis. Mean ± SD are shown. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. 
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66.7% of the high-expression LncRNA-AK058030 group had PM after 
surgery, and only 20% had PM after surgery in the low-expression 
LncRNA-AK058030 group (Fig. 1.i) (SupplementaryTab.2-3). 
LncRNA-AK058030 is not only highly expressed in PM from GC but also 
positively correlated with PM occurrence in patients with GC; therefore, 
we named LncRNA-AK058030 peritoneal metastasis associated long 
noncoding RNA (PMAN). In addition, we detected the endogenous 
expression levels of PMAN in various GC cells using RT-qPCR. These 
results were also in agreement with our previous study, wherein 
expression of PMAN, AGS, and MGC-803 cells were selected to complete 
the follow-up experiments (SupplementaryFig1.f). Notably, the corre
lation between PMAN and HIF-1α mRNA was determined by calculating 
the Pearson correlation coefficient, which indicated a positive correla
tion in tumors (R = 0.6439) (Fig. 1.l). Moreover, fluorescence in situ 

hybridization (FISH) and in situ hybridization (ISH) results demon
strated that PMAN was increased in PM from GC (SupplementaryFig1.h, 
j). Finally, we assessed patients who had relatively higher levels of 
PMAN associated with poor overall survival in GC through Kaplan-Meier 
analysis (Fig. 1.h), which indicated that PMAN might be a potential 
biomarker for PM. 

3.2. PMAN is upregulated by HIF-1α during hypoxia 

To elucidate the mechanism of PMAN activated by HIF-1α. A hypoxia 
model in vitro (1%O2, 5%CO2, 37 ◦C) was constructed, and we found 
that PMAN was upregulated in a time-dependent and concentration- 
dependent manner under hypoxia (Fig. 2.a-c). The FISH results also 
showed that compared with normoxia, a hypoxic environment can 

Fig. 2. HIF-1α transcriptionally activates PMAN expression under hypoxia.a-b AGS cells (a) and MGC-803 cells (b) were cultured in hypoxia, RT-qPCR analyzes the 
expression level of PMAN at indicated timepoints. Mean ± SD is shown. c RT-qPCR analysis of PMAN expression of AGS cells and MGC-803 cells under different 
oxygen concentrations. Mean ± SD is shown. d RT-qPCR detects the expression level of PMAN in siHIF-1α-transfected AGS cells. Mean ± SD is shown. Statistical 
analysis was conducted using Student’s t-test. e FISH detection of PMAN (red) in hypoxic or normoxic environment. The nucleus was stained with DAPI. Scale bar, 20 
μm f FISH detection of PMAN (red) in HIF-1α knockdown AGS cells during hypoxia. The nucleus was stained with DAPI. Scale bar, 20 μm g The recognition sequences 
of HIF-1α (HRE) from the JASPAR database. h A potential HIF-1α binding site (HRE: GCAGGTGCCT) was found in the promoter sequence (0-2000 nt) of PMAN. i AGS 
cells were transfected with luciferase reporter plasmids containing PMAN promoter (wild/mute type) and further transfected with siHIF-1α and siNC in hypoxic or 
normoxic environment. The luciferase activity was measured and normalized. j ChIP assays with anti–HIF–1α were used to assess the specific binding between HIF-1α 
recognition sequence (HRE) of the PMAN promoter and HIF-1α during hypoxic or normoxic AGS cells transfected with siHIF-1α or siNC. Mean ± SD is shown. 
Statistical analysis was conducted using one-way ANOVA. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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stimulate the expression of PMAN (Fig. 2.e). Next, siHIF-1α was trans
fected into GC cells under hypoxia in vitro, wherein siHIF-1α#1 was 
selected to complete the follow-up experiments according to RT-qPCR 
and WB results (SupplementaryFig1.a-b,d). Both the RT-qPCR and 
FISH results suggested that siHIF-1α markedly decreased PMAN during 
hypoxia (Fig. 2.d,f). By analyzing the JASPAR database, we predicted 
the HRE sequences in the promoter regions of PMAN (Fig. 2.g). Two 
luciferase reporter plasmids containing the PMAN promoter (wild type, 
GCAGGTGCCT; mutant type, TATTTATGAA) were constructed and then 
transfected into AGS cells (Fig. 2.h). As expected, luciferase activity was 
significantly increased by hypoxia, whereas the HRE mutant exhibited 
markedly reduced luciferase activity. Moreover, siHIF-1α reversed the 
hypoxia-mediated promotion of WT-PMAN luciferase activity (Fig. 2.i). 
To further substantiate the direct binding of HIF-1α to the endogenous 
HRE site in the PMAN promoter, a chromatin immunoprecipitation 
(ChIP) assay was performed and showed the same results (Fig. 2.j). 
These results confirmed that HIF-1α could induce PMAN at the tran
scriptional level during hypoxia. 

3.3. PMAN could inhibited ferroptosis in GC cells 

Recent studies [26] identified that HIF-1α might promote the pro
gression of tumor growth by anti-ferroptosis. Thus, HIF-1α may play a 
protective role against ferroptosis. Therefore, we speculate that PMAN, 
which is activated by HIF-1α, is involved in ferroptosis. We first treated 
AGS cells with Erastin (10 μM) or RSL3 (2 μM) (12 h), stimulating drugs 
of ferroptosis, and then observed the cell morphology using an inverted 
microscope (Fig. 3.a). The cells lost their normal shape and became 
shrunken after treatment with Erastin or RSL3. Additionally, trans
mission electron microscopy (TEM) was performed to evaluate the 
changes in the mitochondria in AGS and MGC-803 cells after Erastin or 
RSL3 treatment (Fig. 3.b). These results showed that ferroptosis in the 
cell model was consistent with our expectations. Next, we constructed 
stable PMAN-OE (overexpression) MGC-803 cells using a lentivirus 
vector containing LV-PMAN (overexpression efficiency was confirmed 
by RT-qPCR) (Fig. 3.c). PMAN-OE increased the viability of MGC-803 
cells in CCK-8 (Fig. 3.d) and reduced the proportion of MGC-803 cells 
damaged by Erastin or RSL3-induced ferroptosis stress (Supplementar
yFig2.a). Furthermore, we found that PMAN-OE decreased the intra
cellular concentrations of total iron (FE), ferrous iron (FE2+), lipid ROS, 
glutathione disulfide (GSSG) to GSH ratio, and MDA in MGC-803 cells 
after treatment with Erastin or RSL3 (Fig. 3.e-i). TEM analysis revealed 
that the altered mitochondrial ultrastructure in MGC-803 cells was 
recovered after PMAN-OE (Fig. 3.j). These results indicated that 
PMAN-OE promoted resistance to ferroptosis in MGC-803 cells. 

To further validate the effect of PMAN on the ferroptosis of GC cells, 
AGS cells were transfected with lentiviral shRNA, wherein the knock
down efficiency of PMAN-SH was estimated, and sh-PMAN#2 was 
selected to complete the follow-up experiment according to RT-qPCR 
results (Fig. 3.k, SupplementaryFig1.g). The CCK-8 assay showed that 
PMAN-SH markedly decreased the proliferation of AGS cells (Fig. 3.l), 
and as we expected, knockdown of PMAN significantly increased the 
proportion of AGS cells damage under Erastin or RSL3-induced ferrop
tosis stress (SupplementaryFig2.b). We found that PMAN-SH increased 
the intracellular concentrations of FE, FE2+, lipid ROS, GSSG to GSH 
ratio, and MDA in AGS cells after treatment with Erastin or RSL3 (Fig. 3. 
m-q). TEM showed severely shriveled mitochondria in the PMAN-SH 
AGS cells (Fig. 3.r). Taken together, these results demonstrated that 
PMAN-SH increased the sensitivity of AGS cells to ferroptosis. 

3.4. PMAN promoted mRNA stability of SLC7A11 

Next, we sought to explore the mechanism by which PMAN regulates 
ferroptosis in GC cells. First, we filtered the protein and mRNA levels of 
ferroptosis-related genes (Fig. 4.a, SupplementaryFig2.c-d) in PMAN-SH 
AGS and PMAN-OE MGC-803 cells. The results showed that the 

expression of SLC7A11 mRNA and protein were significantly different 
between the two cell lines, while other ferroptosis-related genes such as 
GPX4, ACSL4, and FTH1 were significantly altered by PMAN-SH/OE at 
the mRNA level, but not at the protein level. IHC, WB, and RT-qPCR 
were conducted to detect SLC7A11 in samples of paired GC and ANT, 
and samples of ANT, primary GC, and PM from GC (n = 3) (Fig. 4.b-e). 
The results indicated that SLC7A11 was upregulated more in PM than in 
GC and ANT. Using the Pearson correlation coefficient, PMAN was found 
to be positively correlated with SLC7A11 mRNA levels in tumors (R =
0.5601) (Fig. 4.f). Based on this, we believe that PMAN and SLC7A11 
mRNA/protein levels are positively correlated in GC tissues and GC 
cells. Next, we investigated the mechanisms underlying PMAN regula
tion of SLC7A11. FISH and nuclear/cytoplasmic RNA separation 
demonstrated that PMAN was mainly localized in the nucleus (Fig. 4.g- 
h, SupplementaryFig2.e-f). To determine whether PMAN altered the 
promoter activity of SLC7A11, a luciferase reporter plasmid containing 
the SLC7A11 promoter was constructed and transfected into AGS and 
MGC-803 cells. The results showed that neither PMAN-SH nor PMAN-OE 
affected luciferase activity of the SLC7A11 promoter (Supplementar
yFig2.g-h). In addition, MGC-803 cells were cultured with cyclohexi
mide (CHX) (10 μM) for the indicated time, and PMAN-OE did not 
change the half-life of SLC7A11 (Fig. 4i). PMAN-SH AGS and PMAN-OE 
MGC-803 cells were exposed to actinomycin D (AD) (5 μg/ml) at the 
indicated time points and analyzed by RT-qPCR. Interestingly, the half- 
life of SLC7A11 mRNA was increased in PMAN-OE MGC-803 cells and 
reduced in PMAN-SH AGS cells (Fig. 4.j-k). We hypothesized that PMAN 
regulates SLC7A11 expression by influencing SLC7A11 mRNA stability. 

3.5. PMAN promoted ELAVL1 cytoplasmic translocation by direct bound 
to ELAVL1 

Next, we investigated how PMAN in the nucleus regulates the mRNA 
stability of SLC7A11 in the cytoplasm. Studies [21,27] prompted us that 
lncRNAs usually exert their regulatory function by binding to proteins 
(RBPs); therefore, we reasoned that there was a major protein between 
PMAN and SLC7A11 mRNA. To probe the potential RBPs, RNA 
pull-down/silver staining was performed, and we found that the protein 
band present in PMAN was located at approximately 37 kD (Fig. 5.a). 
Subsequently, mass spectrometry was performed, and ELAVL1 caught 
our attention because numerous ELAVL1 binding sites (AREs 
GUUU/AUUU) were found in the PMAN (RBPDB http://rbpdb.ccbr.uto 
ronto.ca/) (SupplementaryTab.4), which was confirmed by WB (Fig. 5. 
b-c). To further strengthen the above results, we performed RNA 
immunoprecipitation (RIP) and found significant PMAN enrichment in 
the anti-ELAVL1 IP compared with the anti-IgG IP (>50-fold) (Fig. 5.d). 
Next, we constructed three different PMAN deletion fragments based on 
the distribution of ELAVL1 binding sites (Fig. 5.e, SupplementaryTab.5), 
and RNA pull-down assay was performed. The results demonstrated that 
ELAVL1 interacted with fragment #1 of PMAN rather than with other 
fragments (Fig. 5.f). We then measured the expression of ELAVL1 by WB 
and found that neither PMAN-SH nor PMAN-OE altered ELAVL1 
expression (SupplementaryFig2.i). Notably, ELAVL1 is an important 
RNA-binding protein that regulates mRNA stability by cytoplasmic 
translocation [28,29]; therefore, we reasoned that ELAVL1 cytoplasmic 
translocation was associated with PMAN. First, we extracted the nuclear 
and cytoplasmic proteins from PMAN-OE MGC-803 and PMAN-SH AGS 
cells. As expected, PMAN-OE showed that the enrichment of ELAVL1 
increased in the cytoplasm, and PMAN-SH showed the opposite result 
(Fig. 5.g-h). The immunofluorescence (IF) results also supported the 
above conclusion (Fig. 5.i-j). Furthermore, we isolated the nuclear and 
cytoplasmic contents of the MGC-803 cells. Under hypoxic and nor
moxic conditions, the results of the RIP experiment showed that the 
direct binding of PMAN and ELAVL1 was mostly located in the nucleus. 
Moreover, compared with IgG, the enrichment level of PMAN in the 
nucleus was reduced under hypoxia (~55-fold) compared with nor
moxia (>80-fold), which we speculate is related to the promotion of 
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Fig. 3. The overexpression of PMAN inhibits ferroptosis and knockdown of PMAN promotes ferroptosis in GC cells.a Cell morphology of AGS cells under an inverted 
microscope after treated with Erastin (10 μM) or RSL3 (2 μM) at indicated timepoints. b Transmission electron microscopy (TEM) was performed to evaluate the 
change in ultrastructural features such as mitochondria of AGS cells under Erastin or RSL3 treatment after 12 h. Scale bar, 5000 nm c RT-qPCR analysis was used to 
detect the expression of PMAN in MGC-803. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. d CCK-8 assay to analyze the effect of 
overexpression-PMAN on cell proliferation in MGC-803. e Level of total iron f level of ferrous iron g level of lipid ROS h the ratio of GSSG/GSH i level of MDA were 
detected in MGC-803 cells stably overexpressing PMAN under Erastin (10 μM) or RSL3 (2 μM) treatment after 12 h. Mean ± SD is shown. Statistical analysis was 
conducted using Student’s t-test. j Transmission electron microscopy was performed to evaluate the change of mitochondrial ultrastructure in MGC-803 cells stably 
overexpressing PMAN after treated with Erastin (10 μM) or RSL3 (2 μM). Scale bar, 5000 nm k RT-qPCR analysis was used to detect the expression of PMAN in AGS 
cells. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. l CCK-8 assay to analyze the effect of knockdown-PMAN on cell proliferation in 
AGS cells. m Level of total iron n level of ferrous iron o level of lipid ROS p the ratio of GSSG/GSH q level of MDA were detected in AGS cells stably knockdown 
PMAN under Erastin (10 μM) or RSL3 (2 μM) treatment after 12 h. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. r Transmission 
electron microscopy was performed to evaluate the change of mitochondrial ultrastructure in AGS cells stably knockdown PMAN after treated with Erastin (10 μM) or 
RSL3 (2 μM). Scale bar, 5000 nm. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. 
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ELAVL1 cytoplasmic translocation by hypoxia (Fig. 5.k). Based on this, 
we confirmed that PMAN could induce ELAVL1 cytoplasmic trans
location by direct binding. 

3.6. ELAVL1 was the key RBP in the regulation of SLC7A11 mRNA 
stability by PMAN 

We verified that the increased cytoplasmic translocation of ELAVL1 
was the key intermediate protein for PMAN-regulating SLC7A11 mRNA. 

Fig. 4. PMAN affected mRNA stability of SLC7A11 to enhance the expression of SLC7A11.a The expression level of ferroptosis-related proteins in the PMAN 
knockdown AGS cells and the PMAN overexpression MGC-803 cells. b Immunohistochemistry was used to analyze SLC7A11 expressions in 3 pairs GC peritoneal 
metastasis samples. Scale bar, 20 μm c SLC7A11 mRNA expressions in 30 pairs GC samples. Mean ± SD is shown. Statistical analysis was conducted using Student’s t- 
test. d SLC7A11 mRNA expressions in 3 pairs GC peritoneal metastasis samples. Mean ± SD is shown. Statistical analysis was conducted using one-way ANOVA. e 
SLC7A11 expression levels in 6 pairs GC samples and 3 pairs GC peritoneal metastasis samples. f Correlations between SLC7A11 mRNA levels and PMAN levels in GC. 
R-values and P-values were used via Pearson’s correlation analysis. g The location of PMAN (red) was detected by FISH assay in AGS cells. The nucleus was stained 
with DAPI. Scale bar, 20 μm h RNA nuclear-cytoplasmic fractionation assay showed the expression level of PMAN in the subcellular fractions of AGS cells by RT- 
qPCR. U6 was treated as a nuclear control while β-actin was a cytoplasmic control. Mean ± SD is shown. i SLC7A11 was detected by western blotting in PMAN- 
overexpression MGC-803 cells after treated with CHX (10 μM). j-k SLC7A11 mRNA decay line chart of PMAN-overexpression MGC-803 cells (j) and PMAN 
knockdown AGS cells (k) after treated with actinomycin D (5 μg/ml). Mean ± SD is shown. Statistical analysis was conducted using one-way ANOVA. Ns =
nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 5. PMAN promotes ELAVL1 cytoplasmic translocation by direct bound to ELAVL1a RNA pull-down proteins were precipitated in AGS cells and MGC-803 cells 
were detected by silver staining. b Proteins identification by LC-MS/MS in pulldowns of biotinylated PMAN from two independent experiences, two technical 
replicates. c Western blotting analysis of PMAN-binding protein ELAVL1 in AGS cells and MGC-803 cells. LacZ was treated as a negative control d RIP assay was 
performed with anti-ELAVL1 antibodies and control antibodies (IgG) in AGS cells and MGC-803 cells. Mean ± SD is shown. Statistical analysis was conducted using 
Student’s t-test. e Three different PMAN deletion fragments were constructed based on the distribution of ELAVL1 specific binding sequence (GUUU). f The RNA 
binding protein ELAVL1 in three different PMAN deletion fragments were detected by western blotting in AGS cells and MGC-803 cells. g-h Protein nuclear- 
cytoplasmic fractionation assay showed the expression level of ELAVL1 in the subcellular fractions of PMAN-overexpression MGC-803 cells (g) and PMAN knock
down AGS cells (h) by western blotting and protein quantification on ImageJ. Histone H3 was treated as a nuclear control while β-tubulin was a cytoplasmic control. 
Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. i-j IF showed ELAVL1 cytoplasmic fluorescence intensity (green) in PMAN- 
overexpression MGC-803 cells (i) and PMAN knockdown AGS cells (j). Scale bar, 20 μm k RIP assay was performed with anti-ELAVL1 antibodies and control an
tibodies (IgG) in cytoplasmic and nuclear components of MGC-803 cells during hypoxia and normoxia. Mean ± SD is shown. Statistical analysis was conducted using 
one-way ANOVA. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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RIP was performed and results showed a remarkable SLC7A11 mRNA 
enrichment in the anti-ELAVL1 IP compared with anti-IgG IP (>5-fold) 
(Fig. 6.a), in addition, by extracting the cytoplasmic components of 
MGC-803 cells treated with hypoxia or normoxia, we found that hypoxia 
increased the enrichment level of SLC7A11 mRNA in the cytoplasm 
ELAVL1 IP compared to normoxia by RIP results (Fig. 6.b). ELAVL1 is 
known to regulate mRNA stability of target genes by directly binding to 
AREs in the 3′-UTR [30]. Therefore, we speculated that ELAVL1 in
creases SLC7A11 mRNA stability by directly binding to AREs. As ex
pected, a wide distribution of AREs was found in the SLC7A11 mRNA 
3′-UTR (SupplementaryTab.6). To verify the results from RBPDB 
(http://rbpdb.ccbr.utoronto.ca/), proteins pulled down by SLC7A11 
mRNA 5′-UTR/CDS/3′-UTR/LacZ specific probes were analyzed by WB. 
The results confirmed that SLC7A11 mRNA 3′-UTR was significantly 
enriched in ELAVL1 (Fig. 6.c). Then, we transfected the luciferase re
porter plasmid containing the SLC7A11 mRNA 3′-UTR (Fig. 6.d) (Sup
plementaryTab.7) into cells and found that PMAN-OE increased 
luciferase activity, while PMAN-SH repressed luciferase activity (Fig. 6. 
e-f). In addition, siELAVL1 suppressed the luciferase activity induced by 
PMAN-OE, and ELAVL1-OE showed significantly improved luciferase 
activity, which was inhibited by PMAN-SH (Fig. 6.g-h); siELAVL1 or 
ELAVL1-OE efficiency was estimated by RT-qPCR and WB, wherein 
siELAVL1#1 was selected to complete the follow-up experiments (Sup
plementaryFig3.a-d). Next, an AD assay was performed and the results 
revealed that siELAVL1 in PMAN-OE MGC-803 cells shortened the 
half-life of SLC7A11 mRNA. Similarly, ELAVL1-OE in PMAN-SH AGS 
cells increased the half-life of SLC7A11 mRNA (Fig. 6.i-j). In addition, 
WB results indicated that ELAVL1 markedly affected SLC7A11 (Fig. 6.k). 
siELAVL1 in PMAN-OE MGC-803 cells significantly increased FE, FE2+, 
lipid ROS, and MDA levels, while the intracellular GSH level was also 
reduced, and mitochondria were shrunken in TEM (Fig. 6.l-q). We 
demonstrated that ELAVL1 could directly bind to the AREs of SLC7A11 
mRNA 3′-UTR, thereby improving the mRNA stability and expression of 
SLC7A11. 

3.7. PMAN was the key lncRNA for HIF-1α to regulate ELAVL1 
cytoplasmic translocation and expression of SLC7A11 in hypoxia 

MGC-803 and AGS cells were cultured under hypoxic conditions in 
vitro at various time points. RT-qPCR and WB results indicated that HIF- 
1α increased SLC7A11 expression (Fig. 7.a-b, SupplementaryFig3.e). In 
addition, siHIF-1α markedly decreased SLC7A11 mRNA levels in GC 
cells (Fig. 7.c, SupplementaryFig3.f). Additionally, the correlation be
tween SLC7A11 mRNA and HIF-1α mRNA was calculated and indicated 
a positive correlation in the tumors (R = 0.6379) (Fig. 7.d). To further 
validate that HIF-1α regulates SLC7A11 expression by activating PMAN 
during hypoxia, WB showed that PMAN restored SLC7A11 expression, 
which was decreased by siHIF-1α. Meanwhile, siELAVL1 significantly 
suppressed SLC7A11 expression, which was restored by PMAN (Fig. 7.e 
SupplementaryFig3.g). When cells were exposed to AD in hypoxia and 
normoxia, the results showed that hypoxia increased SLC7A11 mRNA 
stability, siHIF-1α under hypoxia accelerated the decay rate of SLC7A11 
mRNA, and PMAN-OE alleviated the decay rate (Fig. 7.f-g Supple
mentaryFig3.i). Thus, we showed that the regulation of SLC7A11 mRNA 
by HIF-1α was dependent on PMAN/ELAVL1. Next, to explore the reg
ulatory mechanism of HIF-1α in ELAVL1 cytoplasmic translocation, we 
confirmed that PMAN-OE/SH under hypoxia did not change the 
expression of ELAVL1 (SupplementaryFig3.h). Notably, WB results 
confirmed that hypoxia increased the cytoplasmic level of ELAVL1, 
which was dependent on HIF-1α, and PMAN-OE inverted levels of 
ELAVL1 in the cytoplasm after siHIF-1α (Fig. 7.h). As expected, the IF 
results verified the above conclusion (Fig. 7.i). Finally, we found that 
siHIF-1α reduced GSH levels and increased the concentrations of MDA, 
FE, FE2+, and lipid ROS in MGC-803 cells under hypoxia. However, 
PMAN-OE treatment reversed these results. Moreover, mitochondrial 
alterations supported the conclusions of our study (SupplementaryFig4. 

a-f). In summary, we demonstrated that HIF-1α/PMAN enhances fer
roptosis resistance in gastric cancer cells by promoting cytoplasmic 
translocation of ELAVL1 and expression of SLC7A11 under hypoxia. 

3.8. PMAN promoted the occurrence and development of tumors in vivo 

To validate the role of PMAN in tumor progression and PM promo
tion in vivo, we constructed stable PMAN-OE/NC in MGC-803 cells (1 ×
10 [7]cells), subcutaneously or intraperitoneally injected into each flank 
of 4-week-old BALB/c nude female mice (n = 6). The volume of the 
subcutaneous tumor and the body weight were recorded (Supple
mentaryFig5.d-e). After four weeks, we found that the size and volume 
of subcutaneous xenograft tumors and abdominal disseminated tumors 
in the PMAN-OE group increased significantly compared to those in the 
NC group (Fig. 8.a-d,h). The results of RT-qPCR, WB, and IHC suggested 
that PMAN-OE markedly increased SLC7A11 levels in vivo (Fig. 8.i-n, 
SupplementaryFig5.g-j). To further demonstrate that PMAN can pro
mote gastric cancer peritoneal metastasis, we collected and suspended 
MGC-803 cells (5 × 10 [6]cells) with stable PMAN-OE/NC in 40 μl of 
serum-free medium (50% Matrigel), subserosal injection at the greater 
curvature of the stomach (Fig. 8.e, SupplementaryFig5.c), and recorded 
the body weight changes in nude mice every week (SupplementaryFig5. 
f). After 35 days, the mice were sacrificed (n = 6), and we found that the 
PMAN-OE group not only had a higher incidence of intraperitoneal 
metastases, but also a wider range of dissemination (Fig. 8.f-g). Finally, 
hematoxylin and eosin (H&E) staining was performed to evaluate mouse 
tumor tissue morphology evaluation (SupplementaryFig5.a-b). Taken 
together, we demonstrated that PMAN promotes the occurrence and 
development of tumors in vivo. 

4. Discussion 

Hypoxia is a key feature of the tumor microenvironment, and tumor 
cells must activate the HIF-signaling pathway for adaption to hypoxia 
[31,32]. In this study, we determined that high HIF-1α expression in PM 
tissues may be caused by low partial pressure of oxygen (pO2 of 40–50 
mmHg) in the abdominal cavity [33]. HIF-1α, a master transcriptional 
regulator of hypoxia, participates in tumorigenesis and angiogenesis by 
regulating the activation of hypoxia-related genes [34,35]. Regrettably, 
owing to technical limitations, our study lacked ferroptosis detection in 
PM, which is one of the shortcomings of our study. This is also a di
rection worthy of further exploration. The identification of specific 
markers of ferroptosis in clinical specimens, such as apoptosis, will help 
us to further apply ferroptosis in tumor treatment and efficacy evalua
tion. Here, PMAN was confirmed to be activated by HIF-1α and highly 
expressed in the PM. HIF-1α/PMAN improves the survival of tumor cells 
during ferroptosis. 

Ferroptosis is a novel form of regulated cell death. Accumulation of 
lipid peroxidation and intracellular FE/FE2+ are key determinants of 
ferroptosis [36]. Our findings support that PMAN has the ability to 
alleviate ferroptosis in tumor cells, and HIF-1α is shown to be a key 
protective factor for tumor cells to resist ferroptosis under hypoxia. 
Furthermore, we found that the potential molecular mechanism of 
PMAN ferroptosis in GC cells is mediated by SLC7A11. The xCT system, 
which are heterodimers comprising the heavy subunit SLC3A2 and light 
subunit SLC7A11, imports cystine for GSH biosynthesis in GC cells and 
defends against damage caused by oxidative stress [37,38]. Owing to its 
unique function SLC7A11 has been widely confirmed as an important 
target for inducing ferroptosis [39]. Here, we demonstrated that 
HIF-1α/PMAN increases the expression of SLC7A11 at the 
post-transcriptional level by promoting the stability of SLC7A11 mRNA, 
thereby inhibiting ferroptosis. 

RBPs are critical regulators of gene expression that affect the local
ization, translation, and stability of target genes [40,41]. We identified 
ELAVL1/HuR as the key RBP in the regulation of SLC7A11 expression by 
PMAN. Abnormal ELAVL1 directly binds to AREs in the mRNA 3′-UTR, 
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Fig. 6. PMAN improves SLC7A11 mRNA stability through ELAVL1.a RIP assay was performed with anti-ELAVL1 antibodies and control antibodies (IgG) in AGS cells 
and MGC-803 cells. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. b RIP assay was performed with anti-ELAVL1 antibodies and 
control antibodies (IgG) in cytoplasmic components of MGC-803 cells during normoxia and hypoxia. Mean ± SD is shown. Statistical analysis was conducted using 
one-way ANOVA. c RNA pulldown assay was performed with biotinylated SLC7A11 mRNA 5′-UTR CDS 3′-UTR in AGS cells and MGC-803 cells. LacZ was treated as a 
negative control. d Sequence of human SLC7A11 mRNA 3′UTR from UCSC database. e-f Relative luciferase activity of reporter plasmids containing SLC7A11 mRNA 
3′UTR in stably PMAN knockdown AGS cells (e) and PMAN-overexpression MGC-803 cells (f) The luciferase activity was measured and normalized. Mean ± SD is 
shown. Statistical analysis was conducted using one-way ANOVA. g-h Relative luciferase activity of reporter plasmids containing SLC7A11 mRNA 3′UTR in stably 
PMAN knockdown AGS cells co-transfected with ELAVL1-over expression or negative control (NC) (g) and PMAN-overexpression MGC-803 cells co-transfected with 
siELAVL1 or negative control (siNC) (h).The luciferase activity was measured and normalized. Mean ± SD is shown. Statistical analysis was conducted using one-way 
ANOVA. i-j SLC7A11 mRNA decay line chart of PMAN-overexpression MGC-803 cells co-transfected with siELAVL1 or negative control (siNC) (i) and PMAN 
knockdown AGS cells co-transfected with ELAVL1-over expression or negative control (NC) (j) after treated with actinomycin D (5 μg/ml). Mean ± SD is shown. 
Statistical analysis was conducted using one-way ANOVA. k SLC7A11 expression in PMAN-overexpression MGC-803 cells co-transfected with siELAVL1 or negative 
control (siNC) and PMAN knockdown AGS cells co-transfected with ELAVL1-over expression or negative control (NC). l Level of total iron m level of ferrous iron n 
level of MDA o level of GSH p level of lipid ROS were detected in PMAN-overexpression MGC-803 cells co-transfected with siELAVL1 or negative control (siNC) under 
Erastin (10 μM) or RSL3 (2 μM) treatment after 12 h. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. q Transmission electron mi
croscopy was performed to evaluate the change of mitochondrial ultrastructure in PMAN-overexpression MGC-803 cells co-transfected with siELAVL1 or negative 
control (siNC) under Erastin (10 μM) or RSL3 (2 μM) treatment after 12 h. Scale bar, 5000 nm. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. 
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Fig. 7. HIF-1α to regulate ELAVL1 cytoplasmic translocation and the mRNA stability of SLC7A11 in hypoxic environment by PMAN.a MGC-803 cells were cultured in 
hypoxia, RT-qPCR analyzes the expression level of SLC7A11 mRNA at indicated timepoints. Mean ± SD is shown. b MGC-803 cells were cultured in hypoxia, western 
blotting analyzes the expression level of SLC7A11 at indicated timepoints. c RT-qPCR detects the expression level of SLC7A11 mRNA in siHIF-1α-transfected MGC- 
803 cells. Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. d Correlations between HIF-1α mRNA levels and SLC7A11 mRNA levels in 
GC. R-values and P-values were used via Pearson’s correlation analysis. e The expression of SLC7A11 in siHIF-1⍺ or siNC transfected MGC-803 cells, PMAN- 
overexpression MGC-803 cells co-transfected with siHIF-1⍺ or siNC and transfected siHIF-1⍺ or siNC in PMAN-overexpression MGC-803 cells co-transfected with 
siELAVL1 or siNC after 24 h under hypoxia. f SLC7A11 mRNA decay line chart in MGC-803 cells transfected with siHIF-1⍺ or siNC during hypoxia. Mean ± SD is 
shown. Statistical analysis was conducted using one-way ANOVA. g SLC7A11 mRNA decay line chart of PMAN-overexpression MGC-803 cells co-transfected with 
siHIF-1⍺ or siNC during hypoxia. Mean ± SD is shown. Statistical analysis was conducted using one-way ANOVA. h Protein nuclear-cytoplasmic fractionation assay 
showed the expression level of ELAVL1 in the subcellular fractions of PMAN-NC MGC-803 cells under hypoxia or normoxia and PMAN-NC MGC-803 cells transfected 
with siHIF-1⍺ or siNC under hypoxia by western blotting. Similarly, the expression level of ELAVL1 in the subcellular fractions of PMAN-overexpression MGC-803 
cells under hypoxia or normoxia and PMAN-overexpression MGC-803 cells transfected with siHIF-1⍺ or siNC under hypoxia. Protein quantification on ImageJ and 
Histone H3 was treated as a nuclear control while β-tubulin was a cytoplasmic control. Mean ± SD is shown. Statistical analysis was conducted using one-way 
ANOVA. i IF showed ELAVL1 cytoplasmic fluorescence intensity (green) in transfected siHIF-1⍺ or siNC MGC-803 cells and PMAN-overexpression or PMAN-NC 
MGC-803 cells transfected with siHIF-1⍺. The nucleus was stained with DAPI. Scale bar, 20 μm. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. PMAN promotes tumor occurrence and development in vivo.a-d Subcutaneous tumors of nude mice injected with (1 × 10 [7] cells) PMAN-overexpression or 
PMAN-NC MGC-803 cells after 4 weeks. Tumor image (a) was monitored, volumes (b), weights (c) and weekly volume (d) were recorded (n = 6). Mean ± SD is 
shown. Statistical analysis was conducted using Student’s t-test. e After subserosal injection in nude mice, the stomach of day 0 and day 35 was monitored f 5 weeks 
after subserosal injection of the greater curvature of the stomach of nude mice (n = 6), the abdominal cavity was opened to observe intraperitoneal metastases g The 
proportion of peritoneal metastases in the PMAN-OE group and PMAN-NC group after 5 weeks of subserosal injection in the greater curvature of the stomach in nude 
mice (n = 6). h Intraperitoneal injection of tumor of nude mice injected with (1 × 10 [7] cells) PMAN-overexpression or PMAN-NC MGC-803 cells after four weeks. 
Intraperitoneal tumor image (h) was monitored. (n = 6). i-k The expression of SLC7A11 in subcutaneous tumors from PMAN-overexpression group and PMAN-NC 
group. SLC7A11 level (i), PMAN and SLC7A11 mRNA level (j), immunohistochemistry (k). Scale bar, 20 μm. l-n The expression of SLC7A11 in intraperitoneal tumors 
from PMAN-overexpression group and PMAN-NC group. SLC7A11 level (l), PMAN and SLC7A11 mRNA level (m) and immunohistochemistry (n). Scale bar, 20 μm. 
Mean ± SD is shown. Statistical analysis was conducted using Student’s t-test. Ns = nonsignificant (p > 0.05), *p < 0.05, **p < 0.01. 

Z. Lin et al.                                                                                                                                                                                                                                       



Redox Biology 52 (2022) 102312

13

which improves the mRNA translation of target genes. Involvement of 
ELAVL1 in various malignancies has been widely shown [42]. Our re
sults demonstrate that ELAVL1 improves the stability of SLC7A11 
mRNA, thereby enhancing its protein expression. In general, the func
tional activity of ELAVL1 is regulated by dynamic subcellular localiza
tion [28]. Under normal physiological conditions, ELAVL1 is mainly 
located in the nucleus, but when subjected to internal and/or external 
stimuli, ELAVL1 can be transferred to the cytoplasm, where it stabilizes 
and increases the translation of target mRNA. Changes in ELAVL1 
expression or subcellular localization may affect its function [43]. Our 
results showed that PMAN directly binds to ELAVL1 and causes an 
obvious increase in cytoplasmic ELAVL1 expression. Unfortunately, the 
molecular mechanisms by which PMAN affects ELAVL1 subcellular 
localization are not fully understood. The reason is that we tried to 
synthesize wild/mut-type lncRNA probes for PMAN-AREs, however, 
AREs have a considerable amount of distribution on PMAN and 
SLC7A11 mRNA and if the mutated AREs are greater than 50% it may 
lead to changes in the structure of PMAN and lose their meaning. On the 
contrary, if a small number of AREs are mutated, the experimental re
sults show that there is no significant difference compared with wild 
type. We speculate that PMAN may act as a scaffold during cytoplasmic 
distribution of ELAVL1 or PMAN may regulate ELAVL1 subcellular 
localization by posttranslational modification of crystal structures such 
as RRM1, RRM2, and HNS [44,45]. 

To date, there is still no effective treatment for PM in GC, and the 5- 
year survival rate of patients with PM in GC remains low [46]. Inducing 
ferroptosis in tumor cells by inhibiting SLC7A11 or GPX4 is an emerging 
concept in tumor therapy [15,47]. Our data showed that HIF-1α/PMAN 
makes gastric cancer cells more resistant to ferroptosis induced by 
Erastin or RSL3 and may be closely related to the ratio of ELAVL1 nu
clear and cytoplasmic distribution. This suggests that targeting 
HIF-1α/PMAN/ELAVL1 may be the Achilles heel of cancer cells and 
might provide theoretical support for the development of drugs related 
to tumor ferroptosis. 

5. Conclusion 

In summary, our current findings reveal that under hypoxia, HIF-1α 
could act as a protective factor against ferroptosis in GC cells. HIF-1α 
activates PMAN at the transcriptional level, which greatly improves the 
output of ELAVL1 in the cytoplasm. ELAVL1 directly combines with the 
AREs of SLC7A11 mRNA 3′-UTR and improves the stability of SLC7A11 
mRNA, thereby increasing the expression of SLC7A11 and reducing the 
accumulation of ROS and iron in ferroptosis, ultimately promoting the 
proliferation and development of tumor cells (Fig. 9). 
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Fig. 9. Schematic diagrams of mechanism diagram and animal experiments.a 
We collected MGC-803 cells (1 × 10 [7] cells) that were infected by lentivirus 
with or without PMAN overexpression (six mice per group).Then, suspended in 
100 μl serum-free medium and subcutaneously injected and intraperitoneal 
injected into each flank of 4-week-old BALB/c nude female mice. For the 
construction of intraperitoneal metastatic orthotopic tumors, we collected 
MGC-803 cells (5 × 10 [6] cells) that were infected by lentivirus with or 
without PMAN overexpression (six mice per group).Then, suspended in 40 μl 
serum-free medium (50% Matrigel) and gastric subserosal injection into each 
flank of 4-week-old BALB/c nude female mice.b Schematic diagram of PMAN 
regulating ferroptosis through SLC7A11 during hypoxia. The expression of 
HIF-1⍺ is up-regulated under hypoxia and as a transcription factor to activates 
the expression of PMAN by combining with the promoter sequence HRE of 
PMAN. PMAN directly binds to ELAVL1 and improves the cytoplasmic trans
location of ELAVL1. ELAVL1 directly binds to the (GUUU) site of the mRNA of 
SLC7A11 to improve the stability of mRNA and enhance the expression of 
SLC7A11. Tumor cells can transport Cys (cystine) into the cell and reduce it to 
cysteine through the overexpression of SLC7A11, and participate in the syn
thesis of glutathione (GSH). Reducing the accumulation of ROS and iron in 
tumor cells and the destruction of mitochondria. Thereby inhibit the occurrence 
of ferroptosis and promote the growth of tumor cells. 
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