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Deinococcus radiodurans (D. radiodurans) is an extremophile that can tolerate ionizing radiation, ultraviolet radiation, and
oxidation. How D. radiodurans responds to and survives high levels of ionizing radiation is still not clear. In this study, we
performed label-free proteomics to explore the proteome dynamics during postirradiation recovery (PIR). Surprisingly,
proteins involved in translation were repressed during the initial hours of PIR. D. radiodurans also showed enhanced DNA
repair and antioxidative response after 6kGy of gamma irradiation. Moreover, proteins involved in sulfur metabolism and
phenylalanine metabolism were enriched at 1h and 12h, respectively, indicating different energy and material needs during
PIR. Furthermore, based on these findings, we proposed a novel model to elucidate the possible molecular mechanisms of
robust radioresistance in D. radiodurans, which may serve as a reference for future radiation repair.

1. Introduction

Deinococcus radiodurans (D. radiodurans) is one of the most
radiation-resistant organisms found on Earth [1-3]. The
molecular basis of postirradiation recovery (PIR) after a high
dose of radiation has become the focus of intense research
on the radiation tolerance mechanism of D. radiodurans. Pre-
vious studies have found that D. radiodurans has superb DNA
repair ability and a remarkable antioxidative system [4, 5].

At present, most of the evidence regarding the DNA repair
mechanism and oxidative stress resistance comes from the
transcriptome, knockout mutagenesis, the DNA repair kinet-
ics of mutants, and the activities of DNA repair-related candi-
date proteins and antioxidant enzymes [6-11]. A few details of
the protein changes involved in the D. radiodurans radiation-
resistant mechanism have also been reported by quantitative
proteomics [12-16].

Although these results have shown that several key pro-
teins played an important role in the radiation tolerance

mechanism of D. radiodurans, they lack deep protein cover-
age, global protein analysis, and elucidation of the dynamic
changes during PIR, which limits further understanding of
the biological processes involved in the response to ionizing
radiation.

To the best of our knowledge, a comprehensive analysis of
the specific radiation tolerance mechanism of D. radiodurans
has not yet been performed. As the label-free quantitative
proteomics method is effective in screening and identifying
protein profiles [17, 18], it was applied to conduct a systematic
and comprehensive proteomic analysis on D. radiodurans at
different time points during PIR after 6 kGy y-irradiation. A
total of 413 differentially abundant proteins (DAPs, s, = 2.0,
FDR < 0.05) were reported. The observed profile showed that
proteins involved in DNA repair, antioxidative response, sul-
fur metabolism, and phenylalanine metabolism were signifi-
cantly enriched. The dataset also resolves the timing of
protein induction and repression, indicating the potential
primary molecular functions at specific times during PIR.
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FiGurk 1: Experimental workflow for differentially abundant proteins in D. radiodurans during postirradiation recovery. After radiation, the
bacteria in the control and irradiation groups were collected at the required time intervals (O h, 1h, 3h, 6 h, and 12 h) during PIR. Proteins
were extracted, digested, and then, subjected to LC-MS/MS analysis. Finally, differentially abundant proteins were evaluated by label-free

quantitation.

The proteomic changes incorporated in this study preliminar-
ily elucidate the possible mechanism underlying the radiation
resistance of D. radiodurans.

2. Materials and Methods

2.1. Strains and Culture Conditions. D. radiodurans cells were
purchased from the China Common Microorganism Collec-
tion Management Center (No. 1.633, CGMCC, Beijing, China).
The strains were cultured in TGY liquid medium (1% tryptone,
0.5% glucose, and 0.1% yeast extract) at 30°C with shaking at
150 rpm.

2.2. Irradiation Conditions and Postirradiation Recovery. The
bacteria were cultured to the early stationary phase (at an
ODyy, of 1.5, 30°C, 150 rpm) and subjected to 6kGy of *°Co
y-rays at a dose rate of 30 Gy/min (Peking University, Beijing,
China). Another aliquot without irradiation served as the con-
trol group. Subsequently, irradiated and control suspensions
were centrifuged (10000 x g, 5min, 4°C) and transferred to
fresh TGY at an initial ODy, of 0.1 to allow recovery (30°C,
150 rpm). Cell turbidities were collected every 2 hours during
PIR. At the required time intervals (Oh, 1h, 3h, 6 h, and 12h),
the cells were washed twice with PBS buffer and harvested
after centrifugation (10000 x g, 10min, 4°C). These experi-
ments included three independent biological repeats.

2.3. Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) Analysis. After irradiation, elec-
tron microscopy was performed to analyze cytological mor-
phology [19, 20]. All experimental bacterial strains were
collected and fixed with 2.5% glutaraldehyde. The fixed cells
were dehydrated by a graded series of ethanol for 15min
each step. For SEM analysis, cells were transferred to isoa-
myl acetate and dried in a Hitachi Model HCP-2 critical
point dryer (Hitachi, Japan) with liquid CO,. Pellets for
SEM examination were coated with gold and viewed with a
Hitachi SU8010SEM instrument (Hitachi, Japan). For TEM
analysis, specimens were processed as described previously
[20]. Ultrathin sections (70-90 nm) were stained with lead
citrate and uranyl acetate and observed using a Hitachi H-
7650 TEM instrument (Hitachi, Japan).

2.4. Protein Extraction and Digestion. The collected bacteria
were dissolved in lysis buffer (8 M urea, 2mM EDTA, 1 mM
PMSF) and extracted by ultrasonication in an ice bath
(SONICS VCX800, power: 800 W, frequency: 20 kHz, treat-
ment time 4 min, vibration 2 s, interval 2 s). The total protein
supernatant was centrifuged at 15000 x g for 45 min at 4°C.
The protein concentration was optimized using a bicincho-
ninic acid (BCA) assay kit (Pierce, MA, USA).

For digestion, 50 pg of protein from each sample was used.
The protein was reduced by incubating at 56°C for 30 min with
10mM dithiothreitol (DTT, Sigma). Finally, 50 mM iodoace-
tamide (IAA, Sigma) was added for alkylation for 30 min.
After dilution with 50 mM NH,HCO, to decrease the urea
concentration to below 2 M, the protein was first digested with
trypsin at 37°C overnight at a mass ratio of 50:1 (m/m, pro-
tein: trypsin) and subsequently at a ratio of 100:1 (m/m, pro-
tein: trypsin) at 37°C for 4 h.

Finally, digestion was ended by 1% formic acid (v/v).
Peptides were desalted by a Monospin C18 column (Shi-
madzu, 5010-21700). The desalted eluates were dried, and
pellets were stored at -80°C until further analysis.

2.5. NanoLC-MS/MS Analysis. Peptides from each sample
were dissolved in loading buffer (0.1% FA, v/v) and centri-
fuged at 12,000 x g for 10 min. The supernatant was analyzed
on a U-3000 nanoLC system (dp92br2) coupled to a Q-
Exactive HFX mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Peptides were separated using a 15cm
house-made C18 reversed-phase column (100 ym inner diam-
eter, 1.9 ym resin) and a 90 min elution gradient. Mobile phase
A consisted of 0.1% FA and H,O, and mobile phase B con-
sisted of 20% H,O and 80% ACN. A 90 min gradient (mobile
phase B: 5% at 0 min, 10% at 16 min, 22% at 60 min, 35% at
78 min, 99% at 83 min, 99% at 85min, 5% at 86 min, and 0%
at 90 min) was used at a flow rate of 300 nl/min. The data were
acquired in a data-dependent mode. For mass spectrometry
parameters, the m/z range was set to 350-1500 for the MS
scan, and the accumulation time was 0.25s. The top 20 most
intense ions in MS1 were selected for MS/MS analysis, and
the dynamic exclusion time was 20s.

2.6. Protein Identification and Quantification. The MS/MS
data were searched against the D. radiodurans database from
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FIGURE 2: Principal component analysis (PCA) and cluster analysis of proteome data. (a) PCA score biplot of protein percentage data of
samples during PIR. The cumulative data variance on the first two PCs was 52.3%. (b) Cluster analysis demonstrating the grouping of
the replicate samples and 2 clusters with significantly enriched GO terms. (c) Expression levels are shown in the two clusters
(Supplementary Table S8), in which cluster 1 includes translation (GOBP) and structural constituent of ribosome (GOMF) (119 proteins,
p="7.5E - 3), and cluster 2 includes DNA damage and DNA repair (GOBP) (31 proteins, p = 1.8E —4). Proteins belonging to the cluster
are shown in green to red based on the distance from the mean of all proteins in the cluster.
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TaBLE 1: Numbers of DAPs during postirradiation recovery.

Postirradiation recovery/h Upregulated proteins

Downregulated proteins

Differentially abundant proteins (DAPs)

0 6

1 10
3 57
6 60
12 124

6 12
8 18
65 122
57 117
148 272

UniProtKB (https://www.uniprot.org/, uniprot-proteome_
UP000002524, last modified on 12/1/2019, 3085 proteins)
with MaxQuant software (v 1.6.4.0). The search parameters
were as follows: the specific enzyme was trypsin KR_C, which
allows up to 4 missing cleavages; carbamidomethyl[C] was set
as the fixed modification; oxidation [M] and acetyl [ProteinN-
term] were the variable modifications; and the precursor and
fragment tolerances were both set to 20 ppm. All protein iden-
tification was based on the criteria of a false discovery rate
(FDR) less than 1%. The option of matching between runs
was enabled with a matching time window of 0.7 min and
alignment window of 20 min. The other parameters in Max-
Quant were set to the default values. The built-in label-free
quantification algorithm (LFQ) in MaxQuant was applied
for quantification. The missing values in proteomic datasets
were imputed using NAguideR [21].

2.7. Bioinformatics Analysis. Statistical analysis was performed
by Perseus (v.1.6.2.3). The differential proteins were identified
at a 5% FDR threshold (sO = 2.0). Furthermore, the functional
annotations of differential proteins were analyzed by DAVID
6.8 bioinformatics tools (https://david.ncifcrf.gov/) [22]. Gene
Ontology (GO) biological process (GOBP), GO cellular com-
ponents (GOCC), and GO molecular function (GOMF) terms
were identified with FDR <0.05. STRING (https://www
string-db.org/), Cytoscape (version 3.6.1), plugin ClueGO
(version 2.5.4), and Cluepedia (version 1.5.4) were used to
show protein—protein interactions (PPIs) of related proteins.
A two-sided hypergeometric test with a Benjamini-Hochberg
correction was performed to assess enrichment significance.
Only results with p value < 0.05 are presented. The kappa
score of PPI was set to 0.7. KEGG (Kyoto Encyclopedia of
Genes and Genomes) was also applied for pathway analysis,
and p value < 0.05 was considered to be significant using a
two-sided hypergeometric test with a Fisher correction.

3. Results and Discussion

The overall experimental workflow is shown in Figure 1. The
growth curve during PIR is shown in Figure S1, and
quantitative information was obtained for 1942 proteins and
11095 peptides across all samples (Supplementary Table S1-
2). The overall reproducibility of these MS-MS data was
assessed by performing multivariate statistical analysis. As
shown in Figure 2, the first principal component (PC1)
captures 31.6% of the variance, followed by PC2 with a
20.7% variance. Visual inspection of the data showed a clear
separation of the samples between control and irradiation-
treated cells.

The numbers of differentially abundant proteins (DAPs) are
shown in Table 1 and Figure 3 (Supplementary Table S3-7). As
it took time to recover from irradiation, there were few DAPs at
0h of PIR. The DAPs at 1, 3, 6, and 12h were subjected to
further detailed analysis. We used the DAVID bioinformatics
tool to understand the GO clusters of the DAPs at the systems
level (Figures 2(b) and 2(c)). According to cluster analysis,
upregulated proteins involved in DNA repair (GOBP, cluster
2) at the time intervals of 1, 3, and 6 h; proteins in translation
(GOBP, cluster 1) were downregulated at time intervals of 1
and 3 h and while upregulated at 12h. These dynamic changes
indicated that cells slowed down translation and engaged in
DNA repair to recover in the early stages of PIR and resumed
active growth at later times.

3.1. DNA Damage Response. The unusual radioresistance of
D. radiodurans primarily originates from its efficient DNA
repair ability. Proteomic analysis revealed that functional
categories of DNA repair were overrepresented in D. radio-
durans exposed to irradiation compared with the control
cells (Figures 2(b) and 2(c)).

Additionally, Figure 4(a) shows that there were seven
DAPs overlapping all the stages of PIR: DNA repair protein
PprA, CinA-like protein, protein RecA (recombinase A),
DNA damage response protein D (DdrD), single-stranded
DNA-binding protein (Ssb), DNA gyrase subunit A (GyrA),
and DNA topoisomerase (ATP-hydrolyzing). These proteins
were all upregulated and participated in DNA repair.

Single-stranded DNA-binding protein (Ssb) is vital for cell
survival in replication and DNA damage repair [23]. Altered
Ssb expression significantly affects ionizing radiation tolerance
at both the transcript and protein levels [12, 24]. RecA plays a
unique role in the repair of DNA damage. It is a recombinase
mediating homologous recombination [25]. Comparative pro-
teomics revealed RecA recruitment to the nucleoid of Deino-
coccus after irradiation-induced DNA damage [26]. PprA is
a species-specific radiation-induced protein that ameliorates
DNA damage. It plays a critical role in the radiation-induced
nonhomologous end-joining repair mechanism [27]. In vivo,
PprA interacted with GyrA and DNA topoisomerase to pre-
serve the integrity of the D. radiodurans genome after DNA
damage [28]. Similar to other Ddr proteins, ddrD gene expres-
sion is controlled by the IrrE/DdrO protein pair, and DdrD
likely contributes to cell recovery after extensive genotoxic
stress [29].

Investigations with TEM and SEM confirmed this observa-
tion. The typical D. radiodurans morphology of tetracocci is
shown in Figure 5. The ultrastructure of the cell envelope of
the radiation group showed that DNA could spread between
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FIGURE 3: Volcano plots illustrate differentially abundant proteins. Protein abundance (log, fold change) obtained by MS/MS analysis of
cells in the control and irradiation groups was plotted against its statistical p value. The curve was derived at false discovery rate (FDR) =

0.05 and s0 = 2.0. Upregulated proteins are colored red, while downregulated proteins are colored blue.

the two compartments through a membranous orifice
(Figure 5(d)). These structural features were conducive to
DNA repair in D. radiodurans [30].

Notably, the protein CinA, whose function remains
unknown, was upregulated after irradiation. It has been
reported that a DNA damage/competence-inducible protein
encoded by the cinA ortholog from Streptococcus pneumonia

could interact physically with RecA [31, 32]. Combined with
the PPIs of DAPs (Figure 6(a)), the observed upregulation of
CinA may indicate a potential role in the DNA repair sys-
tem, which needs further study. Altogether, the proteins of
D. radiodurans that were upregulated in all the stages of
PIR indicated extraordinary resistance to the lethal and
mutagenic effects of ionizing radiation (Figure 7).
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F1GURE 5: Morphology in D. radiodurans after irradiation. (a) SEM images of control cells; (b) SEM images of irradiated cells; (c) TEM
images of control cells; (d) TEM images of irradiated cells. DNA spreading between the two compartments through a membranous

orifice were marked in dashed red circle.

3.2. Antioxidative Response. Reactive oxygen species (ROS)
generated by ionizing radiation (IR) are deleterious for all
organisms, and D. radiodurans has evolved robust antioxi-
dant systems to overcome ROS-mediated damage. Our com-
parative proteomic analysis revealed several differentially
abundant proteins related to oxidative stress defense after
gamma irradiation (Figure 7).

Proteins involved in the general stress response function to
protect and repair damage to cellular structures, such as DNA,
the cell envelope, and proteins, and to provide microorgan-
isms the ability to recuperate from the stress they experience
(Figure 4(b)). Oxidoreductase, which belongs to the short-
chain dehydrogenase/reductase (SDR) family (DR_1938),
was upregulated during PIR. Another oxidoreductase (DR_
A0237), catalase (KatA), and peptide methionine sulfoxide
reductase (MsrB) were differentially upregulated at both 6h
and 12h. Ferredoxin-nitrite reductase (DR_A0013), thiosul-
fate sulfurtransferase (DR_0217), sulfate adenylyltransferase
(Sat), and adenylyl-sulfate kinase (CysC) were differentially
upregulated at 1 h. KatA is an important catalase in the dispro-
portionation of H,O, to water and oxygen. D. radiodurans
with mutagenesis of KatA showed more sensitivity to irradia-
tion [6]. KatA is a well-studied protein that protects D. radio-
durans from oxidative stress [14]. Because of its sulfur-
containing structure, methionine is relatively easily oxidized
to yield methionine sulfoxide, leading to conformational
changes or inactivation of a protein. Subsequently, methionine
sulfoxide can be catalyzed by methionine sulfoxide reductases

(Msr proteins) [33, 34]. Therefore, Msr proteins are critical
antioxidant enzymes that alleviate the damage caused by oxi-
dative stress [35]. Recent results found that MsrA/B were able
to rescue oxidized RecA activities [36]. Moreover, the proteo-
metabolomic response revealed that KatA and MsrA were
upregulated under UVC and vacuum conditions [15]. As
MsrA and MsrB have complementary stereospecificities in
the repair of MetSO in oxidized proteins, we speculated that
the upregulation of MsrB contributed to defense against oxi-
dative stresses by reducing methionine sulfoxide residues.

Considering their temporal dynamics during PIR, these
proteins upregulated at different time interval during PIR,
which indicated multiple strategies were applied in response
to oxidative stress. At early stage, enzymes participating in
ferredoxin regulation played a role in homeostasis of intra-
cellular metal to resist to ROS-mediated damage, while pro-
teins in deletion of H,O, and reversing oxidative forms of
sulfur containing amino acids contributed to protection of
the bacteria from oxidative stress at late stage.

3.3. Sulfur Metabolism and Phenylalanine Metabolism. In
addition, KEGG pathway analysis revealed that proteins
participating in sulfur metabolism and phenylalanine
metabolism were enriched at time intervals of 1h and 12h,
respectively. Both metabolisms play important roles in pro-
tein synthesis, as cysteine and methionine are two essential
amino acids that contain sulfur, and phenylalanine is an
essential aromatic amino acid.
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Cysteine biosynthesis by the sulfate assimilation pathway
proceeds by intaking inorganic sulfate into the cell [37], and
methionine synthesis is linked to cysteine synthesis [38]. Pro-
teins involved in sulfur metabolism were highly overexpressed
at 1 h. They reduce sulfate into sulfide to obtain energy, and
sulfide is transferred to a serine moiety to produce cysteine.
Meanwhile, methionine and cysteine, as sulfur-containing
amino acids, greatly contribute to the antioxidant defense sys-
tem and are key constituents in the regulation of cell metabo-
lism. Sulfur metabolism plays significant roles in plant and
bacterial oxidative stress tolerance [39-41], and we speculate
that the overexpressed proteins also contribute to the antioxi-
dative response. Further research is required to elucidate the
relevance of these upregulated proteins (Figure 6).

Proteomic analysis also revealed that functional categories
of phenylalanine metabolism were overrepresented in D.
radiodurans during PIR at 12 h (Figure 6). These proteins par-
ticipate in fatty acid metabolism and the phenylacetate degra-
dation pathway, which are parts of phenylalanine metabolism.
The decreased levels indicate the lower degradation of amino
acids, which may be beneficial for protein synthesis and help-
ful for bacterial reproduction.

As shown in Figure 7, our findings showed multiple func-
tional categories of differentially abundant proteins of D. radio-
durans during PIR. Extensive research has found that the
structure of DNA can be damaged directly by high-dose radia-
tion directly or indirectly via consequent ROS accumulation
[42, 43]. Thus, increased expression of proteins in the oxidative
stress response and DNA repair system was observed. We
hypothesized that the elevated level of sulfur metabolism might
reduce ROS production and contribute to the antioxidant
defense system, as differentially expressed proteins involved in
the pathway also functioned in oxidative stress tolerance. Mean-
while, protein temporal dynamics also indicated different
protein targets and protein regulation, as well as biological pro-
cess to be protected at different time interval during PIR.

4. Conclusion

D. radiodurans is a robust bacterium with high resistance to
irradiation. In this study, a comprehensive mapping of pro-
tein abundance dynamics during PIR was conducted to
investigate its potential resistance capacity. The comparison
between irradiation-treated cells and control cells showed a
total of 413 DAPs. These proteins involved in DNA repair,
antioxidative stress, sulfur metabolism, and phenylalanine
metabolism. Several DAPs participated in DNA damage
response during all the time intervals, and all the upregu-
lated proteins were related to DNA repair, indicating its effi-
cient DNA repair capacity after irradiation. In addition,
proteins with antioxidative response showed upregulated at
1h, 6h, and 12h of PIR. Moreover, proteins participate in
sulfur metabolism were overexpressed at 1h, while proteins
related with phenylalanine metabolism were downregulated
at 12h of PIR. The expression level of proteins indicated that
energy and material metabolism contribute to the response
of D. radiodurans to gamma irradiation, and future experi-
ments will be required to elucidate the molecular events.

Overall, these data revealed vivid temporal protein dynam-
ics in D. radiodurans during PIR and provided insights to deci-
pher molecular key components in dealing with increased
ROS, which are helpful for understanding protein regulation
in resistance to irradiation and may serve as a reference for
radiation protection.
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Supplementary 1. Figure S1: growth curve of D. radiodurans
after 6kGy y-irradiation. After irradiation, suspensions of
the control and experimental groups were centrifuged
(10000 x g, 5min, 4°C) and transferred to fresh TGY at an
initial OD600 of 0.1 to allow recovery. Cell turbidities were
collected every 2 hours during PIR.
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across all samples.
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Ionizing radiation-derived oxidative stress and ferroptosis are one of the most important biological effects on destroying the liver
tumor, whereas radioresistance of liver tumor remains a leading cause of radiotherapy (RT) failure mainly because of the
protective antiferroptosis, in which oxidative stress and subsequent lipid peroxidation are the key initiators. Thus, it is of great
importance to overcome ferroptosis resistance to improve the therapeutic efficacy of RT in liver tumor patients. Irradiation-
resistant HepG2 cells (HepG2-IRR) were established by long-term exposure to X-ray (2 to 8 Gy), and targeted metabolomics
analysis revealed an obvious increase in intracellular amino acids in HepG2-IRR cells upon ferroptosis stress. Among these
amino acids with obvious changes, N-acetylglutamine, a derivative of glutamine, is essential for the redox homeostasis and
progression of tumor cells. Interestingly, the treatment of glutamine starvation could promote the ferroptosis effect
significantly, whereas glutamine supplementation reversed the ferroptosis effect completely. Consistent with the changes in
amino acids pattern, the glutamine transporter SLC1A5 was verified in liver tumor samples from TCGA training and
validation cohorts as an independent prognostic amino acid-ferroptosis gene (AFG). A risk score for screening prognosis based
on the SLC1A5, SLC7A11, ASNS, and TXNRD1 demonstrated that a high-risk score was correlated with poor survival. In vitro
studies had shown that the knockdown of SLCIA5 resulted in a significant decrease in cell viability and promoted lipid
peroxidation and oxidative damage introduced by irradiation (10 Gy). Collectively, our findings indicated that SLC1A5 may act
as a suppressor gene against ferroptosis and can be a potential target for ionizing radiation mediated effects.

1. Introduction

Oxidative stress is one of the most important mechanisms of
ionization-induced cell damage, and ferroptosis, which is
triggered by oxidative stress, has been identified as a crucial
mechanism involved in tumor progression and radiosensi-
tivity [1-3]. Recently, it has been found that ferroptosis
can improve radiosensitivity in vivo and in vitro [4-8]. Spe-
cifically, the type of amino acid transporters expressed in
tumor cells has been widely explored in regulating

ferroptosis-related radiosensitivity [4-6, 9, 10]. The Xc-
transport system that carries cysteine to synthesize glutathi-
one (GSH) for controlling intracellular redox homeostasis
and defending against ferroptosis [11] has been considered
an important molecular mechanism of radioresistance. The
regulation of glutamine decomposition may have an impact
on the susceptibility of cells to ferroptosis. The most
favorable evidence is that glutamine synthase 2 (GLS2)
boosts ferroptosis by facilitating the conversion of glutamate
to a-ketoglutarate [12]. In addition, reductive glutamine
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metabolism is stimulated by the mTOR/PGC-1/SIRT3 path-
way, one of the key signals in carcinogenesis, to decrease the
oxidative stress [13]. Aberrant glutamine metabolism can act
as a biological target for the radiosensitization of tumors
[14]. Thus, the mechanisms of intracellular oxidative stress
management upon ferroptosis activation tend to be impor-
tant issues affecting radiosensitivity. The effects of amino
acid metabolism implicated in redox and ferroptosis on
radiosensitization require to be paid more attention.

In liver tumor, metabolic reprogramming results in
tumor aggressiveness, rapid progression, and radioresis-
tance. Amino acid metabolism and redox homeostasis,
which support the requirements of exponential growth and
proliferation, are critical for metabolic reprogramming
[15]. According to recent studies, amino acid-derived
metabolites were oncogenic in the liver. Glutamine is the
predominant ingredient for nucleotide synthesis and protein
synthesis, both of which are necessary for tumor cell prolif-
eration and energy supply. Moreover, it is reported that glu-
tamine can facilitate tumor cells to defend against oxidative
stress and ferroptosis [16]. Using pharmacological
approaches targeting glutamine uptake or utilization could
trigger ferroptotic cell death and suppress cancer cell growth
[17, 18]. However, it is still not clear which targets or path-
ways of amino acid metabolism are involved in ferroptosis
and thereby impact irradiation response in liver tumor.

In this study, we first proved the presence of ferroptosis
resistance and increased amino acid metabolism in innate or
acquired radioresistant liver tumor cells. Secondly, ferropto-
sis was considerably promoted in liver tumor cells by gluta-
mine starvation, whereas this effect was rescued by
supplementing with glutamine. SLC1A5, as the glutamine
transporter, was screened out to regulate ferroptosis
response in liver tumor cell lines. Finally, through a variety
of in vitro experiments, we identified the tumorigenic func-
tions of SLC1A5 as well as its suppressive impact on oxida-
tive stress-induced ferroptosis and RT. The clinical
prognosis of liver tumor patients could be predicted using
a risk signature based on SLCIA5-related genes. Overall,
SLC1A5 may serve as a novel predictive biomarker and a
possible therapeutic target for liver tumor patients who are
treated with radiotherapy. Our research opens a new avenue
for the treatment of radiotherapy-resistant liver tumor in
patients with differential SLC1A5 expression in the future.

2. Methods and Materials

2.1. Reagents. The DMEM high-glucose culture medium was
purchased from HyClone (Cat# SH30023.01), and fetal
bovine serum was purchased from Gibco (Cat# 10099141).
Trypsin was purchased from Invitrogen (Cat# 25200072).
Erastin was obtained from Millipore (Cat# 329600). RSL3
(Cat# S8155), liproxstatin-1 (Cat# S7699), and ferrostatin-1
(Cat# S7243) were obtained from Selleck.

2.2. Cell Culture. Cells, including HepG2, SMMC-7721,
Huh7, Huh6, and HT1080, were cultured in DMEM
medium supplemented with 10% FBS, 100IU penicillin,
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and 100 pug/ml streptomycin and incubated at 37°C in a 5%
CO, humidified incubator.

2.3. Establishment of Radioresistant Liver Tumor Cell Line.
Exponentially growing HepG2 cells were irradiated with 2,
4, 6, and 8 Gray (Gy) at a dose rate of 6 Gy/min. The radia-
tion field was 10 * 10 cm. The surviving sublines (HepG2-
IRR) were then passaged at 37°C.

2.4. Targeted Metabolomics Analysis. Radioresistant HepG2
cells were exposed to oxidative stress by adding Erastin
(50 uM) for 6 hours. Cells (1.2 * 10”) were collected. Tar-
geted metabolomics analysis was performed using the
Q300 Kit (Metabo-Profile, Shanghai, China) as described
previously [19]. Briefly, ultraperformance liquid chromatog-
raphy coupled to a tandem mass spectrometry (UPLC-MS/
MS) system (ACQUITY UPLC-Xevo TQ-S, Waters Corp.,
Milford, MA, USA) was used to quantitate all targeted
metabolites in this study. The details of the untargeted meta-
bolomics analysis are listed in Supplementary file 1.

2.5. Lipid Peroxidation Assay. Cells (2.5 x 10°/well) were
seeded in triplicate in 6-well plates 24 hours before treat-
ment, pretreated with or without erastin for 24 h, and then
irradiated with 10 Gy at a dose rate of 6 Gy/min. Fresh media
containing 0.1X BODIPY 581/591 C11 dye (Abcam, Cat#
ab243377) was added to each well after the cells had been
treated for 24 hours. The cells were rinsed with PBS and
trypsinized to obtain a cell suspension after incubation for
20 minutes in a humidified incubator (at 37°C, 5% CO,).
Lipid peroxidation levels were analyzed by flow cytometry
using a Beckman Coulter CytoFLEX™ (CytoFLEX) and ana-
lyzed with FlowJo software.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was extracted according to the man-
ufacturer’s instructions using TRIzol® reagent (Invitrogen,
Cat# 15596018). The HiScript IIT 1st Strand cDNA Synthesis
Kit (Vazyme, Cat# R312-01) was used to reverse transcribe
lg total RNA into single-strand complementary DNA
(cDNA). Following the manufacturer’s procedures, RT-
qPCR was done in triplicate using SYBR Green PCR Master
Mix. GAPDH was used as a reference to standardize the rel-
ative expression levels of SLC1A5. The 24" method was
used to calculate gene expression. The sequences of the
primers used for RT-qPCR were listed as follows:

(1) SLCI1AS5 forward: GTGTCCTCACTCTGGCCATC
(2) SLCI1AS5 reverse: CCCAGAGCGTCACCTTCTAC

2.7. CCK8 Assay. Cells (1 * 10*/well) were seeded into 96-
well plates. To determine the effect of treatment on cell via-
bility, a 10% volume of CCK8 (Dojindo Laboratories, Cat#
CKO04) was added directly into the medium and incubated
for 3 hours. Absorbance at wavelengths of 450 nm was mea-
sured. Results were normalized to untreated controls and
shown as relative cell viability (%).

2.8. Data and Resources. The RNA-Seq data and clinical
information for the liver hepatocellular carcinoma (LIHC)



Oxidative Medicine and Cellular Longevity

TaBLE 1: The clinical characteristics of liver tumor patients from TCGA dataset.

Characteristics Training (n = 168) Validation (n = 166) Total (n=334) p value
Age
Mean + SD 59.45+12.98 58.98 +13.69 59.21+13.32
Gender 1.00
FEMALE 53 (15.87%) 52 (15.57%) 105 (31.44%)
MALE 115 (34.43%) 114 (34.13%) 229 (68.56%)
Grade 0.94
G1 27 (8.08%) 25 (7.49%) 52 (15.57%)
G2 80 (23.95%) 76 (22.75%) 156 (46.71%)
G3 53 (15.87%) 56 (16.77%) 109 (32.63%)
G4 5 (1.50%) 7 (2.10%) 12 (3.59%)
Unknown 3 (0.90%) 2 (0.60%) 5 (1.50%)
Stage 0.46
Stage I 80 (23.95%) 78 (23.35%) 158 (47.31%)
Stage IT 31 (9.28%) 43 (12.87%) 74 (22.16%)
Stage III 3 (0.90%) 0 (0.0e+0%) 3 (0.90%)
Stage ITTA 31 (9.28%) 28 (8.38%) 59 (17.66%)
Stage I1IB 3 (0.90%) 4 (1.20%) 7 (2.10%)
Stage I1IC 6 (1.80%) 3 (0.90%) 9 (2.69%)
Stage IV 1 (0.30%) 0 (0.0e+0%) 1 (0.30%)
Stage IVB 1 (0.30%) 1 (0.30%) 2 (0.60%)
Unknown 12 (3.59%) 9 (2.69%) 21 (6.29%)
T 0.28
T1 86 (25.75%) 79 (23.65%) 165 (49.40%)
T2 32 (9.58%) 47 (14.07%) 79 (23.65%)
T2a 1 (0.30%) 0 (0.0e+0%) 1 (0.30%)
T2b 0 (0.0e+0%) 1 (0.30%) 1 (0.30%)
T3 23 (6.89%) 20 (5.99%) 43 (12.87%)
T3a 16 (4.79%) 8 (2.40%) 24 (7.19%)
T3b 1 (0.30%) 4 (1.20%) 5 (1.50%)
T4 7 (2.10%) 6 (1.80%) 13 (3.89%)
X 1 (0.30%) 0 (0.0e+0%) 1 (0.30%)
Unknown 1 (0.30%) 1 (0.30%) 2 (0.60%)
M 0.83
MO 120 (35.93%) 121 (36.23%) 241 (72.16%)
M1 2 (0.60%) 1 (0.30%) 3 (0.90%)
MX 46 (13.77%) 44 (13.17%) 90 (26.95%)
N 0.24
NO 115 (34.43%) 119 (35.63%) 234 (70.06%)
N1 3 (0.90%) 0 (0) 3 (0.90%)
NX 50 (14.97%) 46 (13.77%) 96 (28.74%)
Unknown 0 (0) 1 (0.30%) 1 (0.30%)

project were derived from TCGA (https://portal.gdc.cancer
.gov/, updated time of datasets: 20200814). We downloaded
RNA-Seq data expressed as fragments per kilobase of exon
per million reads mapped (FPKM) from TCGA database.
Ensembl IDs were transformed into gene symbols. The
median value was used as the gene symbol’s expression pro-
file when more than one ensemble ID matched the same
gene symbol. The mRNA data of TCGA dataset contains

374 tumor samples and 50 normal samples. Tumor samples
with missing clinical data or follow-up periods < 6 months
were censored, and the remaining tumor sample in TCGA
dataset was 334. Table 1 displays the clinical features of the
liver tumor patients in TCGA. For gene expression analysis,
All TCGA liver tumor patients were randomly divided into
training cohort (number of patients: 168) and validation
cohort (number of patients: 166). The patients in the
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FIGURE 1: A combination of RT and ferroptosis inducer promotes ferroptotic cell death in the liver tumor cell lines. (a, b) Flow cytometry
revealed a significant increase in normalized MFI of lipid peroxidation in SMMC-7721 cells treated with RT (8 Gy) after pretreatment with
erastin (25uM). (c, d) In HepG2-IRR cells, RT (8 Gy) in combination with Erastin (25uM) enhances the normalized MFI of lipid
peroxidation as determined by flow cytometry. (e) After Erastin (25uM) stimulation, the hierarchical clustering of targeted metabolic
comparing HepG2-IRR cells and wild-type HepG2 cells indicates a noticeable increase in amino acid content. (f) Glutamine is essential
for SMMC-7721 cell survival, and glutamine starvation induces ferroptosis in SMMC-7721 cells which can be reversed by ferr-1. Erastin:
25 uM; Ferr-1: 1 uM. Magnification: 20X; scale bar: 50 uM. (g, h) The sensitized ferroptosis effect of glutamine deprivation is reversed by
glutamine supplementation. Huh7, Huh6, HepG2, and HT1080 cell lines are more susceptible to ferroptotic cell death after being treated
with RSL3 (2.5uM) and glutamine deprivation for 24 hours, and glutamine supplementation can entirely reverse this effect.
Abbreviations: RT: radiotherapy; IRR: irradiation-resistant; MFI: mean fluorescence intensity; AFGs: amino acid-ferroptosis genes. *p <

0.05; **p<0.01; ***p<0.001; ****p <0.0001.

training and validation cohort were further divided into the
high- and low-risk groups based on the median value of the
risk score. The RNA-Seq data of GSE94550 and GSE123062
were derived from GEO datasets (https://www.ncbi.nlm.nih
.gov/geo/) and analyzed with GEO2R (https://www.ncbi
.nlm.nih.gov/geo/geo2r/, adjust p value less than 0.05 were
considered differentially expressed).

2.9. Cox Regression Analysis. Cox regression analysis was
performed with the “survival” package in R using TCGA
datasets. The AFGs that differed in expression between
tumor tissue and its surrounding normal tissues and had p
values less than 0.05 were classified as prognostic related-
amino acid-ferroptosis genes (AFGs).

2.10. Statistical Analysis. Statistical analysis was performed
using R (version 3.6.3, http://www.r-project.org/) and
GraphPad Prism 8.0 (GraphPad Prism Software Inc., San
Diego, CA, USA). Unpaired Student’s t-tests or one-way
analyses of variance with a Bonferroni post hoc test for mul-
tiple group comparisons were used to identify significant dif-
ferences between the groups. p<0.05 was a statistically
significant difference. For mRNA seq data from TCGA,
genes with [logFC|>1 and FDR<0.05 (FC means fold
change; FDR means false discovery rate) were considered
significantly differentially expressed.

3. Results

3.1. The Content of Amino Acids Is Increased in
Radioresistant Liver Tumor Cells upon Oxidative Stress. Since
irradiation can give rise to ferroptosis to eliminate tumor cells,
we first sought to detect if the innate or acquired resistance of
liver tumor cells to irradiation could attenuate ferroptosis
stress. HepG2 and SMMC-7721 cell lines are commonly uti-
lized liver tumor cell lines in radiobiological and ferroptosis
studies [20, 21]. As shown in Figures 1(a)-1(d), RT or Erastin
(one of the commonly used ferroptosis inducers) alone
increased the mean fluorescence intensity (MFI) of lipid per-
oxidation (LPO) slightly, a standard marker of ferroptosis acti-
vation detected by BODIPY581/591 probe [22], whereas the
combination of RT and Erastin increased MFI significantly
in SMMC-7721 cells and radioresistant HepG2 cells
(HepG2-IRR) which we had reported previously [23]. These
findings suggested that liver tumor cells, whether they have
intrinsic or acquired radioresistance, display limited sensitivity
to ferroptosis stress; however, liver tumor cells’ response to
ferroptosis can be improved by amplifying ferroptosis stress,
such as utilizing a combination method. Therefore, to
improve the clinical outcome of liver tumor patients receiv-
ing RT, it is essential to explore the critical factor(s) that
have an impact on ferroptosis response.

The transportation and in vivo utilization of amino acids
play a significant role in ferroptosis and RT response as
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FiGUuRE 2: The expression of thirty-four intersecting genes in the tumor and surrounding normal tissues of the liver. (a) Venn diagram
indicates 54 intersecting genes (AFGs) involved in both ferroptosis and amino acid metabolism. (b) Hierarchical clustering of the 54
intersecting genes in liver tumor tissue and normal tissue from TCGA database. (c) The expression difference of the 54 intersecting
genes between liver tumor tissue and normal tissues is depicted by a volcano heat map. A total of 20 intersecting genes shows a
significant difference. The intersecting genes with increasing levels in tumor tissues are shown in the right panel (red), whereas the
intersecting genes with lower levels in tumor tissues are shown in the left panel (green). (d) The expression of the 20 AFGs in tumor and
normal tissues of the liver. (e) The findings of the univariate Cox regression analysis between 20 AFG expressions and OS is shown in
forest plots. Nine genes correlated with OS are detected. There are 3 downregulated DEGs (NNMT, GLS2, and ACADSB) and 17
upregulated DEGs (SLC1AS5, SLC1A4, SLC7ALlL, etc.). (f) Multivariate Cox analysis shows eight AFGs negatively correlated with OS in

liver tumor. AFGs: amino acid-ferroptosis genes.

known. To verify whether amino acid metabolism alter-
ations have an impact on ferroptosis and RT response in
liver tumor cells, we performed targeted metabolomics to
evaluate significantly altered metabolites. Upon treatment
of Erastin, targeted metabolomics revealed that the content
of amino acids (AA) differed significantly in HepG2-IRR
cells (FDR-corrected p < 0.05; FC > 1.5) compared to wild-
type HepG2 cells (Supplementary Figure S1), especially N-
acetylglutamine, glycine, leucine, methionine, threonine,
tryptophan, and valine (Figure 1(e)). N-acetylglutamine is

a derivative of glutamine, and glutamine is essential for the
proliferation and development of tumor cells. Consistent
with this, SMMC-7721 cells survived in the absence of
glutamine either in the ferroptosis condition or the basal
condition (Figure 1(f)), and this effect was significantly

reversed by a ferroptosis-specific inhibitor (Ferr-1).
Additionally, compared to another commonly used
ferroptosis ~ inducer—RSL3,  glutamine  deprivation

combined with RSL3 significantly promoted ferroptotic cell
death, and glutamine supplementation significantly
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FIGURE 3: liver tumor patients with a high-risk score suggest a lower RT response and a higher survival risk, compared with liver tumor
patients with a low-risk score. (a, b) According to the results of cox regression, 4 AFGs are screened to establish a prognostic model. The
4 AFGs are all highly expressed in liver tumor tissues. (¢, d) Kaplan-Meier survival curves comparing liver tumor patients’ OS based on
the expression of the five AFGs indicate that the five AFGs are negatively associated with OS in liver tumor. The Kaplan-Meier graphs
demonstrate the difference in OS between the high-risk and low-risk groups in the training cohort (a) and validation cohort (b). Patients
in the high-risk group show poor survival compared with low-risk group patients. AUC of time-dependent ROC curves verifies the
prognostic performance of the risk score in the training cohort (e) and validation cohort (f). The distribution and median value of the
risk scores in the training cohort (g) and validation cohort (h). The distributions of OS status, OS, and risk score in the training cohort

(i) and validation cohort (j). AFGs: amino acid-ferroptosis genes.

reversed ferroptotic cell death triggered by the combination
of glutamine deprivation and RSL3 (Figures 1(g) and 1(h)).
These findings strongly indicated that glutamine is
required for tumor cell proliferation and that glutamine
deficiency can lead to ferroptotic cell death [24].

3.2.  Glutamine Membrane Transporter SLCIA5 Is
Upregulated in Liver Tumor and Indicates a Poor
Prognosis. To validate the effect of glutamine on ferroptosis
and explore the intrinsic origins, we next downloaded the
transcriptome data of liver tumor and the corresponding
clinical data from TCGA database to detect the potential
regulated gene for amino acid metabolism-mediated ferrop-
tosis response.

Firstly, to obtain the list of the genes involved in both
amino acid metabolism and ferroptosis, we merged the fer-
roptosis genes (Supplementary file 2) from FerrDb databases
and amino acid metabolism-related genes (Supplementary
file 3) from the GSEA datasets. The Venn diagram suggested
54 genes associated with amino acid metabolism related-
ferroptosis genes (AFGs) (Figure 2(a)). The expression of
the 54 genes between liver tumor tissues and surrounding
normal tissues in TCGA dataset is shown in Figure 2(b).
According to the threshold of logFC (]logFC| > 1) and FDR
(FDR < 0.05), 20 AGFs were expressed differentially (DEGs,
Figures 2(c) and 2(d) and Supplementary file 4): there were 3
downregulated DEGs (NNMT, GLS2, and ACADSB) and 17
upregulated DEGs (SLC1A5, SLC1A4, SLC7AL11, etc.).
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F1GURE 4: SLC1A5 is associated with glutamine starvation and ferroptosis response in the liver tumor. (a, b) SLC1A5 reactively increases
when liver tumor cells suffer glutamine starvation (GSE123062). The volcano map displays the differently expressed genes between liver
tumor cells treated with glutamine and those treated without glutamine (a). SLC1A5 is upregulated during glutamine starvation (b). (c,
d) Huh?7 cells with response to ferroptosis inducer sorafenib have lower expression level of SLC1A5, compared to those without response

to ferroptosis.

Next, we evaluated the correlation between AFGs and
overall survival (OS) data from TCGA dataset. COX regres-
sion analysis showed 9 AFGs with p < 0.05 (Figure 2(e)) as
the potential prognostic AFGs. Moreover, multivariate Cox
regression analysis was performed to explore the indepen-

dent prognostic genes (Figure 2(f), TXNRDI1, ASNS,
SLC7A11, and SLC1A5) and construct a four-gene risk sig-
nature model (Figures 3(a)-3(j), and Supplementary file 5).

Among the four independent prognostic genes, SLC1A5
is the critical transporter for glutamine uptake and a
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FiGURE 5: Glutamine transporter SLC1A5 affected ferroptosis response in liver tumor cell lines. (a) The knockdown efficiency of SLC1A5 in
Huh?7 cells was determined by qPCR. (b) In shSLC1A5 cells, the results of CCK8 demonstrated a significant reduction in tumor cell
proliferation. (c) After RSL3 stimulation (2.5 uM for 6 hours), the level of cell viability in shSLC1A5 Huh?7 cells was much lower than it
was in shControl cells. (d) In shSLC1AS5 cells, the MFI of LPO increased substantially, and the elevated MFI of LPO was reversed by a
ferroptosis inhibitor. (e) After Erastin stimulation (25uM for 24 hours), the level of cell viability in shSLC1A5 Huh7 cells was much
lower than it was in shControl cells. Lirpoxstatin-1 could reverse the enhanced ferroptosis effect induced by knock-down of SLC1A5. (f)
shSLC1A5 dramatically improved the liver tumor cells’ sensitivity to irradiation-induced LPO accumulation. RT: 8 Gy. AFGs: amino
acid-ferroptosis genes; ferr-1: ferrostatin-1. *p < 0.05; **p <0.01; ***p <0.001; ****p <0.0001.

suppressor gene in ferroptosis. In liver tumor tissue, the
expression of SLC1A5 was significantly higher than in nor-
mal liver tissues (Figures 2(b) and 2(c)). As shown in
Figures 4(a) and 4(b), SLC1AS5 reactively increased when
liver tumor cells suffered glutamine starvation. Moreover,
Huh7 cells with response to ferroptosis inducer sorafenib
had lower expression level of SLC1A5, compared to those
without response to ferroptosis (p = 0.01081323, Figures 4(c)
and 4(d)). Collectively, these findings suggested that SLC1A5

is upregulated in liver tumors, and the expression level of
SLC1AS5 is correlated with liver tumor patients’ prognosis.

Gene risk signature reveals that high expression of
SLC1AS5 is tightly related to a high risk of death.

To further evaluate the predictive power of SLC1A5 in
prognostics of liver tumor patients, all TCGA liver tumor
patients were randomly divided into training cohort
(n=168) and validation cohort (n=166). The patients in
the training and validation cohort were further divided into
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the high- and low-risk groups based on the median value of
the risk score. In the training cohort, there were 84 patients
in each of the high- and low-risk groups. In the validation
cohort, 73 patients were in the high-risk group and 93
patients were in the low-risk group. The risk scores of all
liver tumor patients were calculated as follows: TXNRDI

0.011594283 + ASNS * 0.11892719 + SLC1A5 * 0.014906744
+ SLC7AL11 % 0.122043117. The expression of the four AFGs
in training and validation cohorts is shown in Figures 3(a) and
3(b). The Kaplan-Meier (KM) survival curves demonstrated
that the prognosis of liver tumor patients in the low-risk group
was significantly higher than that in the high-risk group in
both the train and validation cohorts (Figures 3(c) and 3(d)).
In the training and validation cohorts, the areas under the
curves (AUCs) of the time-dependent receiver operating char-
acteristic (ROC) curves of the predicted 1-year risk OS were
0.797 and 0.684, respectively (Figures 3(e) and 3(f)). Between
the two groups, there were significant differences in the sur-
vival curve and status (Figures 3(g) and 3(h)). The death cases
in the high-risk group are significantly higher than those in the
low-risk group.

3.3. Loss of SLC1A5 Is Involved in Radiosensitization. To fur-
ther confirm the function of SLC1A5 at a cellular level, we
utilized lentivirus transduction to knock down SLC1A5
using an shRNA vector that specifically targets SLC1A5
(shSLC1A5) in Huh7 cells. As shown in Figure 5(a),
shSLC1A5 resulted in a 70% reduction of SLCIA5 mRNA
when compared to a control shRNA vector in Huh7 cells.
In shSLC1A5 cells, the results of CCK8 demonstrated a sig-
nificant reduction in tumor cell proliferation (Figure 5(b)).
The results showed that SLC1A5 deletion abolished Huh7
cell growth in vitro.

Next, we explored the effect of SLC1A5 on ferroptosis
and radiosensitivity. After ferroptosis stimulation, the level
of cell viability in SLC1A5 null Huh7 cells was much lower
than it was in shRNA control cells (Figures 5(c) and 5(e)).
In SLC1A5 null cells, the MFI of LPO increased substan-
tially, and the elevated MFI of LPO was reversed by a ferrop-
tosis inhibitor (Figure 5(d)). Moreover, the absence of
SLC1A5 dramatically improved the liver tumor cells’ sensitiv-
ity to irradiation-induced LPO accumulation (Figure 5(f)).
Collectively, these results indicated that SLC1A5 was a ferrop-
tosis suppressor gene in liver tumor cells, and deletion of
SLC1A5 may boost RT response by enhancing the ferroptosis
effect.

4. Discussion

Recently, the effects of ferroptosis in radiotherapy have
attracted much interest. Previous investigations highlighted
the fatal consequences of lipid peroxides introduced by
ferroptosis and irradiation, as well as the synergistic effect of
ferroptosis on radiotherapy [4, 6, 25]. According to some
research, amino acids may influence tumor response to irradi-
ation via modulating ferroptosis signals [6, 26, 27]. However,
ferroptosis-dependent radiosensitivity is a complicated issue,
and the mechanism governing amino acid metabolism in fer-
roptosis remains obscure. We verified that amino acids played
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a significant role in ferroptosis-regulated radiosensitivity and
identified 4 independently prognostic AFGs (SLCLA5,
SLC7A11, ASNS, and TXNRDI) as prospective candidates
for predicting ferroptosis and irradiation response. Amino
acid transportation and metabolism regulate ferroptosis and
provide new opportunities for developing radiation-resistant
targeted therapies for liver tumor.

In the current study, we discovered that liver tumor cells
resisted irradiation by increasing their amino acid content to
defend against ferroptosis. These findings were consistent
with previous investigations. Patients with nonalcoholic ste-
atohepatitis (NASH), one of the precancerous diseases of
liver tumor, showed a high concentration of glutamate in
circulation [28]. Increased glutamine was primarily used to
generate GSH to overcome oxidative stress, particularly in
liver tumor patients with a history of NASH. Since both
RT and ferroptosis have a fatal effect on tumor cells by
increasing oxidative stress, a high number of intracellular
antioxidants can prevent ferroptotic cell death and promote
liver tumor progression. Our findings not only investigated
the metabolic characteristics of radioresistance liver tumor
cells upon ferroptosis stress but also demonstrated that glu-
tamine was required for liver tumor cells’ survival. Gluta-
mine deprivation induced ferroptosis in liver tumor cells,
which would be reversed by ferroptosis inhibitors, indicating
that targeting glutamine uptake could be a therapeutic strat-
egy for liver tumor treatment. These findings could pave the
way for a new approach to adjuvant therapy that targets or
alters amino acid metabolism to improve radiation response
in liver tumor. Focusing on the impact of glutamine starva-
tion on ferroptosis, however, should take into account the
number and kind of deficient amino acids, time window,
and heterogeneity of tumors or tumor cell lines. Based on
the presence of transferrin and the stress of multiple amino
acid deprivation, Gao et al’s work showed that glutamine
was required for inducing ferroptosis in MEF cells [29]. It
should be noted that Gao et al.’s study uses a design of mul-
tiple amino acid deprivation rather than a single amino acid
deprivation and that the time window is 12 hours, indicating
an early response to nutrient stress. In contrast, we just
deplete glutamine and assess the tumor cells’ response 24
hours later, which may reflect an intermediate or advanced
response to nutrient stress. Therefore, distinct phenotypes
in tumor cells may be induced depending on the type of defi-
cient amino acids and the time window. Additionally, the
heterogeneity of various tumors or diverse tumor cell lines
may also play a significant role in how cancers respond to
amino acid deprivation. For example, the sensitivity of a
panel of lung cancer cell lines to glutamine deprivation var-
ied significantly, with some cells exhibiting almost total
independence [30]. Additionally, basal-type cells tend to be
glutamine-dependent, whereas luminal-type cells tend to
be glutamine-independent in breast cancer cells, demon-
strating systematic distinctions in glutamine dependence
[31]. However, in the current study, the HT1080 cell line
and diverse liver tumor cell lines (HepG2, Huh7, and
SMMC-7721) show vulnerability to ferroptosis caused by
glutamine starvation. Similar results were also reported in
Wappler et al’s [32] investigation: chemoresistance was
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entirely reversed in glutamine-depleted cholangiocarcinoma.
Qing et al. [33] also demonstrated that glutamine depriva-
tion induces cell death in neuroblastoma. Therefore, more
research is needed to better determine how glutamine depri-
vation affects ferroptosis in various tumor types. SLC1A5 is a
critical glutamine transporter involved in ferroptosis. In the
current study, we found that knockdown of SLC1A5
increased liver tumor cells’ response to irradiation-induced
oxidative damage at a dose of 10Gy. SLC1A5 has been
regarded as an oncogene by the mTORCI signaling path-
ways or KRAS mutation in certain tumors [34, 35], and loss
of SLC1A5 may inhibit tumor growth. Furthermore, target-
ing SLC1A5 has been shown to sensitize ferroptosis in mel-
anoma [18]. In liver tumor, some studies demonstrated the
role of SLC1AS5 as a risk factor [36-38], which were consis-
tent with our findings. These findings indicate that targeting
SLCIAS5 tends to be an effective approach to improve liver
tumor patients’ prognosis. However, it is worth noting that
SLC1A5 is not the only glutamine transporter. Indeed,
SLC38A1 has been identified as a rescue transporter for
compensating glutamine uptake [39, 40]. SLC1A5 and
SLC38A1 cotransport polarized Na* and glutamine, and
SLC1A5 has been identified as amino acid harmonizer,
whereas SLC38A1 has been recognized as an amino acid loa-
der in cancer cells [40]. However, the roles of SLC1A5 and
SLC38A1 in different tumor types are still under debate.
However, in some tumor cell lines, such as 143B osteosar-
coma cells, loss of SLC1A5 did not suppress tumor growth,
but instead elicit an amino acid starvation response and
up-regulation of SLC38A1, indicating that SLC38A1 may
act as a rescue transporter when SLC1A5 is blocked [40].
Therefore, the functional complementarity between SLC1A5
and SLC38A1 is intertwined, and targeting both SLCIA5
and SLC38A1 could be further evaluated for their tumor
suppression capability. Besides, when evaluating the impact
of SLC1A5 and SLC38A1 on ferroptosis, different tumor
types and heterogeneity should also be carefully considered.

We also found a SLC1A5-based risk signature for pre-
dicting prognosis. In ferroptosis, SLC7A11 is one of the most
important suppressor genes [6, 41, 42]. SLC7All and
SLC3A2 compose the cystine antiporter system Xc-. Cystine
is utilized for GSH synthesis [43]. Irradiation has been
shown to suppress SLC7A11 protein expression by activat-
ing TP53 and inducing ferroptosis cell death [26]. Moreover,
ferroptosis inducers inhibited SLC7A11 in a synergistic
effect with RT [6]. In addition, tumors with a high level of
SLC7A11 showed endogenous resistance to ferroptosis and
RT. Within our four-factor risk-predicting model, TXNRD1
is a selenocysteine-containing flavoenzyme, and the enzyme
activity is mainly affected by intracellular ROS [44]. Though
TXNRD1 was increased in response to cysteine starvation
[45], whether TXNRD1 would affect amino acid transporta-
tion or synthesis remains unclear. The research about the
role of TXNRD1 in amino acid transportation or synthesis
is worthy of further studies.

There are some limitations to this study. First, prospec-
tive studies should be conducted to confirm these findings,
especially the predictive capability of the proposed model.
Secondly, the suppressive effect of SLC1A5 on ferroptosis
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should be explored in further studies, particularly consider-
ing the interaction of SLC1A5 and SLC38Al. Besides that,
whether the tumor microenvironment responded similarly
or differently to SLCI1A5 inhibition should be validated
in vivo and in vitro. Next, the role of SLC1A5 on the biolog-
ical effect of high-dose and low-dose irradiation should be
elucidated in further studies.

5. Conclusion

Taken together, changes in amino acid metabolism hints
that amino acid transportation may be crucial indicators.
Given the importance of glutamine for liver tumor cells,
efforts toward the qualification of biomarkers for liver tumor
in clinical practice are urgent. Moreover, pharmaceutical
techniques to induce ferroptosis and boost radiation
response could be developed by targeting amino acid metab-
olism, such as transportation mediated by SLC1A5.
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Supplementary Materials

Figure S1: the pie graph of targeted metabolomics. HepG2
cell line and HepG2-IRR cells were treated with Erastin
(50 uM) for 6 hours, and cells were collected for targeted
metabolomics. The content of amino acids (AA) accounting
for 25% was the most abundant metabolites in HepG2-IRR
cells (FDR-corrected p < 0.05; FC > 1.5), compared to wild-
type HepG2 cells. Fatty acids account for 21% in HepG2-
IRR cells after Erastin stimulation. Supplementary 1. The
materials and protocol of targeted metabolomics. In brief,
HepG2 cell line and HepG2-IRR cells were treated with Era-
stin (50 uM) for 6 hours, and cells were collected for targeted
metabolomics. An ultraperformance liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS/MS)
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system was used to quantitate metabolites. Supplementary 2.
The list of amino acid metabolism genes. Supplementary 3.
The list of ferroptosis-related genes. Supplementary 4.
Twenty amino acid-ferroptosis genes were identified as
prognostic factors for predicting the prognosis of liver tumor
patients. Supplementary 5. SLC1A5, SLC7A11, TXNRDI,
and ASNS are the independent prognostic factors for liver
tumor patients. (Supplementary Materials)
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Objective. Local radiotherapy may cause distant tumor regression via inducing immunogenic cell death (ICD). Here, we
investigated the effect of curcumin on ionizing radiation-induced immunogenic cell death in normoxic or hypoxic glioma
cells and its mechanism in vitro and vivo. Methods. Hypoxic or normoxic glioma cell apoptosis and the cell surface
exposure of calreticulin (CRT) were detected by flow cytometry. Extracellular ATP and HSP70 were measured by
chemiluminescence assay and ELISA, respectively. Endoplasmic reticulum (ER) stress protein levels were detected by
western blot. Moreover, the induction of bona fide ICD was detected by vaccination assays in mice bearing glioma model.
Spleen lymphocytes and tumor-infiltrating lymphocyte subsets were analyzed by flow cytometry and
immunohistochemistry. Results. Curcumin incubation before X-ray irradiation significantly increased radiation-induced
apoptosis rate in normoxic or hypoxic glioma cells. Curcumin enhanced radiation-induced CRT exposure, release of
HSP70 and ATP, and ER stress signaling activity. After treatment with ER stress pathway inhibitors, cell apoptosis and
CRT exposure induced by the combination treatment of curcumin and X-ray were reduced. In vaccination experiments,
glioma cells irradiated by X-ray produced a strong immunogenic response rejecting tumor formation in 70% mice. In
comparison, cells treated by curcumin and X-ray produced a stronger immune response rejecting tumor formation in 90%
mice. The combination treatment increased the percentage of tumor-infiltrating CD4+, CD8+ T lymphocytes, and CD11c+
dendritic cells compared to X-ray irradiation alone. Conclusion. Ionizing radiation-induced normoxic or hypoxic glioma
immunogenic cell death could be further enhanced by curcumin through activating the ER stress PERK-elF2« and IREla-
XBP1 signaling pathways.

can significantly reduce cancer cell death induced by radio-
therapy [3, 4].

Glioma is the deadliest subtype of primary brain tumor,
whose overall survival is about 15 months [1, 2]. Even
though glioma is treated with the combination of conven-
tional therapies, the efficacy is still limited. Hypoxia exists
in almost all solid tumors, including glioma. DNA damage
resistance and oxidative stress resistance caused by hypoxia

Immunogenic cell death (ICD) is different from general
apoptosis. Some physical factors, including ionizing radia-
tion (IR), and chemical factors induce endoplasmic reticu-
lum (ER) stress via reactive oxygen species (ROS), leading
to the cell surface exposure or release of damage-associated
molecular patterns (DAMPs) and triggering antitumor
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immune response [5, 6]. DAMPs are endogenous molecules;
however, when they are exposed to the surface of dying cells
or released, they can perform immunoregulatory functions.
There are some DAMPs closely related to ICD. ER chaper-
one calreticulin (CRT) exposed on cell surface, an “eat me”
signal, can be recognized by phagocytic cell surface CD91
receptor, thereby promoting the phagocytosis of dying cells
[7]. Other cytoplasmic or ER chaperone molecules, such as
heat shock protein (HSP) 70/90, can also act as an “eat
me” signal through cell membrane exposure [8]. ATP acts
as a strong “find-me” signal via binding to P2Y2 purine
receptor to attract monocytes or acts as a proinflammatory
molecule to bind to P2X7 receptor on innate immune cells
[9]. On the contrary, CD47, a “don’t eat me” signal, is a
transmembrane protein that can bind to a variety of ligands
and regulate tumor development [10].

Curcumin, an active phenolic substance, is a multifunc-
tional molecule with antioxidant, antibacterial, anti-inflam-
matory, and immunomodulatory effects. Curcumin can
regulate cell apoptosis via various pathways and affect the
metastasis and proliferation of tumors [11]. Curcumin can
suppress HIF-1 activity in a variety of tumor cells and
improve tumor hypoxia [12, 13].

In this study, to investigate the effect of curcumin on the
IR-induced immunogenic cell death in glioma cells and its
mechanism, we detected the apoptosis of human glioma
U251 cells and mouse glioma GL261 cells, the release of
ICD-related DAMPs, and the activation of ER stress path-
ways after the combination treatment of curcumin and
X-ray irradiation under normoxic and hypoxic condition.
Furthermore, animal models using C57BL/6] mice implanted
with GL261 cells were conducted to verify whether curcumin
could enhance IR-induced ICD in vivo through ER stress
pathways.

2. Materials and Methods

2.1. Cell Culture. Mouse glioma GL261 and human glioma
U251 cell lines were purchased from the Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences, and
were cultured in DMEM with 10% FBS. Hypoxia cells were
treated with 1% O,, 5% CO,, and 94% N, in a hypoxia
workstation (Invivo2 1000, Ruskinn).

2.2. X-Ray Irradiation. Cells were exposed to 10 Gy (normo-
xia)/25 Gy (hypoxia) X-ray (160kV, 1.16 Gy/min) by a linear
accelerator (RadSource, RS2000) at room temperature.

2.3. Flow Cytometry. Cells were digested and collected after
curcumin and IR treatment. The spleen and tumor were
cut into tissue pieces, and cell suspension was made with
trypsin. Cells were stained using PE-Annexin V/7-AAD
apoptotic Kit (BioLegend) according to the manufacturer’s
instructions. Cells were incubated with antibodies for
30min at room temperature. The primary antibodies
include PE-conjugated anti-CRT rabbit antibody (1:50, Cell
Signaling), anti-CD47 antibody (1:100, Biorbyt), FITC-
conjugated anti-CD45 mouse antibody (1:100, eBioscience),
APC-conjugated anti-CD3 mouse antibody (1:100,
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eBioscience), and V450-conjugated anti-CD8 mouse anti-
body (1:100, eBioscience). Labeled cells were analyzed
by a flow cytometric Becton Dickinson FACScan (BD
Biosciences).

2.4. Calreticulin Exposure. Cells were stained with
Calreticulin-PhycoErythrin antibody (1:50, Cell Signaling)
and then washed and resuspended in FACS buffer for
assessing with flow cytometry. For confocal microscopy
(Olympus FV1200), 3 x 10°/ml cells were seeded on sterile
coverslips and incubated with CRT antibody (1:1000, Cell
Signaling) for 12 h, then incubated with Alexa Fluor 555 sec-
ondary antibodies and Hoechst 33342 (Beyotime) for 1h,
and assessed by confocal microscopy. The wavelengths
of excite light and emit light are 488nm and 575nm,
respectively.

2.5. Western Blot. Cell lysates were prepared in RIPA lysis
buffer containing phenylmethylsulfonyl fluoride (PMSF).
The protein samples were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and then were
transferred onto the polyvinylidene fluoride (PVDF) mem-
brane. The membrane was then blocked with 5% nonfat
dry milk for 1h. Primary rabbit antibodies include anti-3-
actin (1:1000, Cell Signaling), anti-CHOP (1:1000, Cell
Signaling), anti-PERK (1:1000, Cell Signaling), phospho-
PERK (1:1000, Invitrogen), IRE1-a (1:1000, Cell Signal-
ing), p-IREl-a (1:1000; Invitrogen), and splicing XBP1
(1:1000, Cell Signaling). HRP-conjugated anti-rabbit sec-
ondary antibodies were used, and the chemiluminescent
signal was detected by using electrochemiluminescence
(ECL) reagents.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). After
irradiation, glioma cells were cultured in normoxia or
hypoxia for 24 h, and then, the cell culture supernatants were
centrifuged at 500g for 5min at room temperature and
stored at -80°C. The extracellular HSP70 protein contents
were detected using a HSP70 ELISA kit (Shanghai sig Bio-
technology Co., Ltd.) according to the corresponding manu-
facturer’s instructions.

2.7. ATP Assays. Supernatants of irradiated glioma cells were
used to assess extracellular ATP with a luciferase assay kit
(Beyotime, Shanghai) following the manufacturer’s instruc-
tions. In brief, ATP detection working solutions were pre-
pared and seeded (100 ul/well) into 96-well plates. Then,
50 yl of standard or sample was added into each well. The
plates were put into the microplate reader, and the detector
is 1mm away from the liquid level to detect the lumines-
cence value.

2.8. DC Generation and Maturation. Peripheral blood was
collected from healthy donors and PBMCs were isolated by
gradient centrifugation at 400-500g for 20-25min at 18-
20°C. PBMCs were resuspended and seeded (2 x 10° cells/
ml/well) into 6-well plates. After incubation in 37°C for
2h, nonadherent cells were removed, and complete medium
(10% FBS, 800 U/ml GM-CSF, 500 U/ml IL-4 growth factor)
was provided. The medium was replaced every 2-3 days. On



Oxidative Medicine and Cellular Longevity

GL261 U251
120 120 ~
S S
~ 100 - - ~ 100 A
B . P (R
% 80 sk % 80 *
2 s £ .
= 60 A Z 60
3 E;
o 40 o 40
2 2
~ -
£ 201 = 20
~ ~
0- 0 -
0 DMSO 10 20 30 40 50 0 DMSO 10 20 30 40 50
Curcumin concentration (M) Curcumin concentration (M)
()
Cur (uM)
Control 10 30 GL261—N0rmox1a###
[ S| - — 1
GL261 .5 ol e = 20 # ok
= sk
o ol W X
% 15 1 sokok
0Gy - i v i = wr
4 — 2 B 10 K
D ETR S g 2
N Y T Y dwan T aw & 57
68 w11s T4 W00 1% <
o £ O -
—_— - - >
Gy | : -f £33 ¢ § %
Dt TS v T oo T S 2 : 2
v - v e e - e e ™ v e 3 3
U251 =) =
L2 U Q2 LR Q2 UL Q_UR @ u QR — o
0482 0.95 '70.88 1.44 050 355
A o 1 ) U251-Normoxia
- 1
0 Gy 0 ) \ 15 s
#
) - ~ s —
iy Ii W, : W PREN 9 .
e %“‘.:M ?,’z’:“«??’.lel ' &2 104
w0 W w0 W W e w0 W e = sk
D @ QUL QI_IIR‘d‘ Q2w QLWdQZ UL Q2_UR -
an 468 9167 4 3.07 596 » T
< b EE
fE @ W . % 5
19
10Gy *~ A - ¥, 19, s %
W > 2 ‘!‘ T = W - o .
8 Tt e B T T & 5 & o= =
w e w » L w o w w0 w w0 o W 0 " w0 -
> 2 2 2 3 t %
g = = = 5 A
PE ] X S QO ]
o (=3 = =
- i 3
o o
— o

()

FiGgure 1: Continued.



Oxidative Medicine and Cellular Longevity

GL261 0 Gy 10 Gy 25 Gy
Q g Q. Q2. U
R Sn by hon GL261-Hypoxia
15 T Kk
< 1
Control - = s
| % 10 4 o EE)
J. R W -
'm" ar’e m QLiR® QIAm. Qe i) T
W7 5000 : : N !’w o Q‘v &A - 5‘1-5 "Kv hj . _":‘7 8
don bt Bt ar a5
2.
. y <<
Cur 0
W f - T T T
| — — > = > =
b= 4 T 58 5 &8
Cl_m Qe ar m QIR D!” QR g S ; m ;
29070 } 18 ,,:v l: soatd 4 a8 0s ) 3.9 o] & &
U251 =) I}
QI QR Qi QR QL Q_u — N
5 20 Ve wod by
a 15 U251-Hypoxia
a Control [ #
J W —_
| [ —
il > 2 # e
o gl o { 210 4 )
w ¥ 2 .
Ql,”‘ Quir’ QL " QIR g1 M ! QL s *k ¥
4548 e 7 S [ s = T
. S v " afw BR T o'we Bk ¥ & ol ‘D
000 28 20 360 0.0 0w o)
q £l |
< ‘ g >
fE Cur <
J ;
. TR | e 0- T T T
¢ | " | —_ [ > — > (=
" ; S E} =
- o oo D v qn g 483 9 353 9 3
75388 | I NS M e 10.57 g 2 ¥ m F
; e e 1 [
© O &}
> o L
— (o)}
PE

FiGurg 1: Curcumin enhanced apoptosis induced by IR in normoxic and hypoxic glioma cells. (a) The survival rates of GL261 and U251
cells after treatment with various concentrations of curcumin for 24h. (b) Under normoxic conditions, GL261 and U251 cells were
treated with 10 and 30 uM curcumin and incubated for 24 h after 10 Gy IR. Cell apoptosis was detected by flow cytometry after 7AAD/
PE staining. (c) Under hypoxic conditions, GL261 and U251 cells were treated with/without 30 uM curcumin and incubated for 24 h
after 10 Gy/25Gy IR. Cell apoptosis was assessed by flow cytometry after 7AAD/PE staining. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.

control; *P < 0.05 and ***P < 0.001 vs. IR.

the 6th day, 10 ng/ml TNF-a was added to the medium, and
then, mature DCs were harvested 2 days later.

2.9. DC Chemotaxis Assay. U251 cells were seeded (1 x 10°
cells/500 ul) in the lower chamber after 10Gy or 25Gy
X-ray irradiation. Mature DCs (3 x 10> cells/200 ul) were
added into the upper chamber (8.0pum, LABSELECT,
China). After incubation for 12h and 24 h, DCs attached
to the bottom of the upper chamber were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet.

2.10. DC Phagocytosis Assay. U251 cells incubated with or
without 15 uM curcumin were marked red by CellTrace kit
(Invitrogen) according to the instruction manual. Mature
DCs were stained green using the same kit. U251 cells
(2% 10* cells/500 pl) and mature DCs (4 x 10* cells/500 pl)
were mixed together and incubated in 35 mm dishes for 8 h.

2.11. Prophylactic Vaccinations. The 6-8-week-old male
C57BL/6] mice with the body weight of 18-20 g (Experimen-
tal Animals Center of Shanghai Institute of Life Science)
were fed and housed in SPF condition. The mice were ran-
domly divided into control group, curcumin group, X-ray
treatment group, and curcumin combined with X-ray treat-

ment group. GL261 cells were treated with PBS, curcumin
(30 uM), X-ray (10Gy), and X-ray (10Gy) and curcumin
for 24h, respectively. Then, 1x10° GL261 cells were
injected into the left hind limb of the mice subcutaneously.
One week later, 3 x 10° live GL261 cells were injected into
the right hind limb subcutaneously. The tumor volumes at
the right were measured with calipers every three days and
calculated as (length® x width)/2, and the tumor formation
rates were also calculated.

2.12. Hypoxic Transplanted Tumor Model. For in vivo
implantation, GL261 cells were injected subcutaneously at
3x10° cells in 0.1 ml PBS in the right hind limb of male
C57BL/6] mice. Cobalt chloride was used to simulate
hypoxia in xenograft tumors in vivo. After tumorigenization
of mice, CoCl, aqueous solution with a concentration of
260 mg/l was prepared as drinking water for mice. When
the diameter of tumor reached about 6-8 mm, the hypoxic
transplanted tumors were subjected to 25 Gy X-ray irradia-
tion (6 MV, 100 cGy/min) by a PRIMUS accelerator (SIE-
MENS Medical Solutions, Erlangen, Germany) at room
temperature, while the normoxic transplanted tumors were
subjected to 10 Gy X-ray irradiation. The mice in combined
therapy group were intraperitoneally injected with 200 ul
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curcumin (50 uM) 24 hours before irradiation. All animal
experimental protocols were approved by the institutional
animal care and use committee and complied with the code
of ethics for animal experimentation.

2.13. Immunohistochemical (IHC) Staining. The mice were
sacrificed 48 hours after irradiation. Tumor tissues and
spleen tissues were fixed in paraffin, imbedded, and cut for
4 mm sections. Tumor sections were incubated with primary
antibodies, including anti-mouse CD4 (1:100, Cell Signal-
ing), CD8 (1:100, Cell Signaling), CD11c (1:100, Cell
Signaling), FoxP3 (1:100, Cell Signaling), CHOP (1:100,
Cell Signaling), phospho-PERK (1:100, Invitrogen), p-
IRE1-« (1:100; Invitrogen), and splicing XBP1 (1:100, Cell
Signaling) antibodies, at 4°C overnight, and biotin-labeled
secondary antibody for 30min at 37°C. The final signal
was developed using the 3,3'-diaminobenzidine (DAB) sub-
strate, and the sections were observed under optical micro-
scope. The percentage of positive cells was calculated as
number of positive (brown) cells/total number of cells x 100
in 9 randomly selected fields (400x).

2.14. Statistical Analysis. GraphPad Prism 8 software was
used for statistical analyses. The unpaired two-tailed t
-test was used for comparison of data between two groups.
For comparisons among more than two groups, one-way
analysis of variance (ANOVA) followed by the Bonferroni
posttest was performed. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Curcumin Enhanced Apoptosis Induced by IR in
Normoxic and Hypoxic Glioma Cells. GL261 and U251 cells
were treated with various concentrations of curcumin for
24h. The viability of glioma cells decreased (Figure 1(a)),
while the apoptosis rate of glioma cells increased
(Figures 1(b) and 1(c)) with the increase of curcumin con-
centration. 10 Gy IR alone could induce apoptosis of normo-
xic glioma cells but could not significantly induce apoptosis
of hypoxic glioma cells. Compared with 10Gy IR alone,
treatment with 30 yM curcumin for 24 h before irradiation
significantly increased the apoptosis of normoxic or hypoxic
glioma cells. For hypoxic glioma cells, the apoptosis rate
induced by 10 Gy IR+30 4uM curcumin was similar to that
induced by 25 Gy IR alone.

3.2. Curcumin Enhanced IR-Induced ICD-Related DAMP
Exposure or Release. We detected CRT exposure on glioma
cell surface using flow cytometry and immunofluorescence
assay, respectively. The data showed CRT exposure on the
surface of the cell membrane can be induced by IR. It
occurred as early as 4h after IR and was more significant
at 24h after IR (Figure 2(a)). Curcumin alone did not
induce CRT cell surface exposure, whereas in normoxic
and hypoxic glioma cells treated with curcumin prior to
IR, CRT exposure was enhanced compared to IR alone
(Figure 2(b)). Further, we assessed the release of ATP
and HSP70 at 24h after IR by chemiluminescent assay
and ELISA, respectively. Compared with IR, both the
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extracellular ATP and HSP70 were increased in the curcu-
min+IR group under normoxic or hypoxic condition
(Figures 2(c) and 2(d)). These data indicated that the
combination treatment of curcumin and IR promoted
ATP and HSP70 release from the dying cells. In addition,
CDA47 on cell membrane was declined after combination
treatment in normoxic and hypoxic glioma compared to
IR alone (Figure 2(e)).

3.3. Curcumin Enhanced IR-Induced ICD by Activating ER
Stress. ICD is related to ER stress, which is controlled by
three unfolded protein response (UPR) sensors, protein
kinase RNA-like ER kinase (PERK), inositol-requiring pro-
tein 1-a (IREl-«), and activating transcription factor 6
(ATF6) [8]. To investigate the role of ER stress in IR-
induced ICD, we used GSK2606414, a specific pharmaco-
logical inhibitor of PERK phosphorylation, and 4u8c, a
specific inhibitor of IREl-«, to block UPR. As shown in
Figure 3(a) and Supplementary Figure 1, treatment with
curcumin for 24 hours prior to IR significantly increased
PERK and IREla phosphorylation, as well as CHOP and
XBP1 protein expression compared to IR alone. Hypoxia
induced mild ER stress in glioma cells. These results
indicated that PERK and IREl« signaling pathways were
activated by IR, which could be enhanced by curcumin.
Furthermore, the addition of ER stress inhibitors reduced
apoptosis and calreticulin exposure on the cell surface
(Figures 3(b) and 3(c)). These results suggested that
curcumin enhance IR-induced ICD via ER stress PERK
and IREl« signaling pathways.

3.4. Curcumin Augmented Chemotaxis and Phagocytosis of
DCs to Irradiated Glioma Cells. U251 cells treated jointly
by curcumin and IR attracted more DCs than the cells
treated by IR alone (Figure 4(a)). The enhancement effect
of curcumin on chemotaxis of DCs to irradiated glioma cells
was observed at 12 h after irradiation and was more obvious
at 24 h after irradiation under hypoxic condition. Next, DCs
were labeled green and irradiated U251 cells were labeled
red, and then, they were intermixed directly into complete
medium to imitate the real intercellular response. As
observed in Figure 4(b), DCs began to attached to U251 cells
treated with IR alone; meanwhile, cells in the curcumin+IR
group could be detected swallowed by DCs after coculture
in normoxic or hypoxic condition for 8h. These results
suggested that curcumin accelerate the recognition and
phagocytosis of irradiated glioma cells by DCs.

3.5. Curcumin Enhanced IR-Induced Glioma ICD In Vivo. In
order to determine whether IR combined with curcumin can
induce ICD in glioma, vaccination experiments in mouse
models are required, which is the gold standard method
for ICD [14]. Glioma cells treated with curcumin and/or
X-rays were injected into the left hind limb of immunocom-
petent syngeneic mice subcutaneously. One week later, gli-
oma cells were injected into the opposite hind limb, and
mice were monitored for the rate of tumor formation and
tumor size. As shown in Figure 5(b), it was found that all
(5/5) mice in the control group developed tumors 12 days
after inoculation with live tumor cells, with a tumor forma-
tion rate of 100%. Compared with the control group, X-ray-
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FiGure 5: Curcumin enhanced IR-induced glioma ICD in vivo. (a) The schematic diagram and schedules of vaccination experiment.
Tumors formed subcutaneously in mice 30 days after inoculation were shown in red circles. (b) Mice were subcutaneously injected with
and glioma cells treated with 30 uM curcumin, 10 Gy X-ray, and both, respectively, and the control group was injected with PBS. One
week later, tumor cells were injected into the contralateral side, and the tumor size was measured every 3 days. Each line represents a
tumor-forming mouse. (c) Kaplan-Meier curves for the percentage of tumor free mice after inoculation with live tumor cells. All
treatments significantly delayed or rejected tumor growth compared to control. *P <0.05, **P <0.01, and ***P <0.001 vs. control;
*P<0.05, and P < 0.01 vs. IR. (d) Tumor photos 30 days after inoculation.

irradiated glioma cells induced antitumor immunity in 70%
(7/10) of the mice, rejecting tumor formation. Compared
with IR alone, 90% (9/10) of the mice treated with the com-
bination of IR and curcumin did not form tumors, and the
tumors that did form appeared later and were smaller than
those in the control group (Figures 5(c) and 5(d)). These
data indicated that the combination treatment of IR and
curcumin induced stronger tumor immune rejection in mice
than IR alone, suggesting that curcumin enhance IR-induced
glioma ICD in vivo.

3.6. Curcumin Enhanced IR-Mediated Immune Cell
Infiltration in Tumor Tissue. As shown in Figure 6(a), curcu-
min treatment before local irradiation of the tumor site
induced the production of more CD8+ T cells in the
spleen, and the number of tumor-infiltrating CD8+ T lym-
phocytes was also significantly increased. However, tumor-
infiltrating CD8+ T cells did not increase in the hypoxic
tumor model, probably due to the killing effect of high-
dose radiation on T lymphocytes. Next, we detected the
CD4+ and CD8+ T cell subsets, as well as the dendritic
cell marker CDI11c and regulatory T cell (Treg) marker
FoxP3 expression in spleen tissues and tumor tissues by
immunohistochemistry. As shown in Figure 6(b), curcumin
further increased IR-induced infiltration of CD4+ T cells,
CD8+ T cells, and CD11c+ dendritic cells in the spleen tis-
sues and decreased immunosuppressive FoxP3+ regulatory
T cells. In normoxic tumor tissues (Figure 6(c)), the infiltra-
tion of CD4+ T cells, CD8+ T cells, and CD11c+ dendritic
cells was more significant in the combined treatment group
than the IR alone group, while the infiltration of FoxP3+ reg-
ulatory T cells showed no significant changes. In the hypoxic
xenograft tissues, CD4+ T cells and CD11c+ dendritic cells
were increased in the combined treatment group than the

IR alone group, but CD8+ T cells and FoxP3+ regulatory T
cells showed no significant changes between them. As shown
in Figure 6(d), curcumin further increased IR-induced ER
stress marker p-PERK, CHOP, p-IREl«, and XBP1 expres-
sion in both normoxic tumor tissues and hypoxic tumor tis-
sues. This in vivo result verified the role of ER stress signaling
in curcumin’s enhancing effect on IR-induced ICD in glioma.

4. Discussion

Glioma is a common primary intracranial tumor with a 5-
year relative survival rate of about 5% [15]. Although sur-
gery, chemotherapy, radiotherapy, and other treatments
can be used, glioma is still one of the poorest prognosis
malignant tumors due to its high invasiveness and recur-
rence [16]. Curcumin is a kind of natural flavonoid, which
can not only reduce the toxicity of radiotherapy to normal
tissues but also increase the radiotherapy-induced death of
cancer cells [17, 18]. Curcumin can make glioma and other
tumors sensitive to radiotherapy and chemotherapy drugs
[19]. This study proved that curcumin could increase the
radiation-induced apoptosis in normoxic or hypoxic glioma
cells.

ICD is a special regulated apoptotic cell death [20, 21].
Different from the general case in which apoptosis is
immune silences, this type of apoptosis induces ROS pro-
duction and ER stress by some chemical and physical factors
and releases certain molecules to activate the immune sys-
tem [22, 23]. ICD is accompanied by exposure or release of
DAMPs including CRT, ATP, and HSP70/90 [22, 24-27].
These molecules can recruit antigen presenting cells (APC)
to deliver antigens to the host immune system and initiate
antitumor immunity [6, 28]. Our experimental results
showed that curcumin significantly enhanced IR-induced
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FIGURE 6: Curcumin enhanced IR-mediated immune cell infiltration in tumor tissue. (a) Mice with normoxic or hypoxic tumor grafts were
treated with curcumin and X-ray, and then, tumor and spleen cells were collected. CD3+ and CD8+ T cells were detected by flow cytometry.
The number of CD8+ T cells per 10,000 cells was counted. (b) For immunohistochemical staining, immune subsets were shown using anti-
CD4, CD8, CDl11c, and FoxP3 antibodies in the spleen. (c) For immunohistochemical staining, immune subsets were shown using anti-
CD4, CD8, CDllc, and FoxP3 antibodies in tumor tissues. (d) ER stress marker p-PERK, CHOP, p-IREla, and XBP1 expression were
detected by immunohistochemical staining in tumor tissues. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control; “P < 0.05, P < 0.01, and

P <0.001 vs. IR.

calreticulin exposure, which was a powerful “eat me” signal
that interacted with phagocytes to assist in phagocytosis of
cancer cells [24]. We also found that IR could induce ATP
and HSP70 release from glioma cells and curcumin signifi-
cantly promoted the IR-induced release. Our results showed
that hypoxia induced more CD47 production. It was worth
noting that curcumin could reduce CD47 expression on
the irradiated glioma cell surface, alleviate the “don’t eat
me” signal, and help to activate a stronger immune response.
Although curcumin was not an immunogenic cell death

inducer in itself, it could significantly enhance the
irradiation-induced DAMP exposure or release.

The occurrence of ICD requires ER stress. ER function
can be disturbed by a variety of pathological stimuli, such
as hypoxia, irradiation, oxidative stress, nutrient or glucose
deficiency, and viral infection [29]. These disturbances can
alter or break endoplasmic reticulum homeostasis, resulting
in ER stress and the production of misfolded proteins. In the
absence of ER stress, the BiP protein, also known as glucose
regulatory protein GRP78, binds to three sensors, PERK,
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IRE1, and ATF6, keeps these proteins in an inactive state,
and prevents them from activating [30]. However, in the
break of endoplasmic reticulum homeostasis or Ca2+ imbal-
ance, BiP isolates from these sensors and these three trans-
membrane proteins are activated through dimerization and
autophosphorylation, leading to the activation of down-
stream UPR signaling pathway [31]. When cells fail to
respond to ER stress, apoptosis is activated. The C/EBP
homologous protein (CHOP) plays a vital role by regulating
antiapoptotic and proapoptotic proteins to induce apoptosis
[32, 33]. We found that irradiation induced the activation of
PERK and IRE1 signaling pathways and upregulated the
downstream proapoptotic transcription factor CHOP and
the transcription activator XBP1s. These could be further
enhanced by curcumin. GSK2606414, a PERK specific inhib-
itor, is effective in preventing PERK autophosphorylation
[34]. 4u8C can bind to the IRE1 active site and selectively
inactivate XBP1 splicing and IRE1-mediated mRNA degra-
dation [35]. We found that cell apoptosis and CRT exposure
induced by the combination treatment of curcumin and
X-ray reduced after PERK or IRE1 inhibition with corre-
sponding inhibitor. The results indicated that the combina-
tion treatment of curcumin and IR induced immunogenic
cell death of glioma cells through ER stress PERK-elF2«
and IRE1a-XBP1 signaling pathways.

Vaccination trials can verify the occurrence of ICD
in vivo [14]. This experiment required immune-complete
homologous host mice. Tumor cells were treated with a
potential ICD inducer in vitro and used as a vaccine and
then inoculated with tumor cells 1-2 weeks later to monitor
tumor formation rate and tumor size. If there is no tumor, it
indicates that antitumor immune rejection has occurred
in vivo. The ability of mice to reject tumors represents the
degree of ICD [7, 36, 37]. Because the traditional in vitro
hypoxia method (1% O,, 5% CO,, and 94% N,) was not suit-
able for hypoxic tumor bearing mouse model, we used cobalt
chloride (CoCl,) chemical simulation to induce hypoxia
in vivo. CoCl, can stabilize HIF-1a and produce a reaction
similar to hypoxia [38]. Therefore, as a drug to simulate
hypoxia, CoCl, is often used to induce hypoxia in vitro
and in vivo [39]. We confirmed the occurrence of
irradiation-induced ICD in glioma cells through in vivo vac-
cination experiments, and curcumin could further enhance
irradiation-induced ICD via ER stress pathways and produce
immune response. Compared to irradiation alone, the com-
bination treatment of curcumin and radiation promoted the
infiltration of CD4+ T cells, CD8+ T cells, and CD11c+ den-
dritic cells in the spleen and tumor tissues of mice and effec-
tively enhanced the antitumor immunity.

5. Conclusions

In conclusion, IR combined with curcumin induced
normoxic or hypoxic glioma cells ICD in vitro and in vivo,
providing a new avenue for enhancing DC activation and
antitumor immunity. These data provide a rationale for cur-
cumin combined with radiotherapy and/or immunotherapy
for glioma patients who failed conventional radiotherapy
and chemotherapy.
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Enhancer of zeste homolog 2 (EZH2) is a histone methyltransferase involved in cell proliferation, invasion, angiogenesis, and
metastasis in various cancers, including hepatocellular carcinoma (HCC). However, the role and molecular mechanisms of
EZH2 in HCC radiosensitivity remain unclear. Here, we show that EZH2 is upregulated in HCC cells and the aberrantly
overexpressed EZH2 is associated with the poor prognosis of HCC patients. Using miRNA databases, we identified miR-138-
5p as a regulator of EZH2. We also found that miR-138-5p was suppressed by EZH2-induced H3K27me3 in HCC cell lines.
MiR-138-5p overexpression and EZH2 knockdown enhanced cellular radiosensitivity while inhibiting cell migration, invasion,
and epithelial-mesenchymal transition (EMT). Analysis of RNA-seq datasets revealed that the hypoxia-inducible factor-1 (HIF-
1) signaling pathway was the main enrichment pathway for differential genes after miR-138-5p overexpression or EZH2
knockdown. Expression level of HIF-1a was significantly suppressed after miR-138-5p overexpression or silencing of EZH2.
HIF-1« silencing mitigated resistance of HCC cells and inhibited EMT. This study establishes the EZH2/miR-138-5p/HIF-1a
as a potential therapeutic target for sensitizing HCC to radiotherapy.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the malignant
tumors with high mortality in the world [1]. Surgical resec-
tion is the first-line treatment for patients with early-stage
HCC [2], but those with advanced-stage disease are unsuit-
able for surgery [3]. In recent years, advanced radiation
therapy, such as stereotactic body radiation therapy (SBRT),
has shown high efficiency in suppressing locoregional HCC.
Such treatment necessitates the development of radiation
sensitizers to enhance the therapeutic ratio and clinical
outcomes.

Enhancer of zeste homolog 2 (EZH2), the catalytic sub-
unit of polycomb repressor complex 2 (PRC2), specifically
trimethylates histone 3 at lysine 27 (H3K27me3) and func-

tions as a transcriptional repressor via chromatin modifica-
tion [4]. Several studies have reported the utility of EZH2
as a potential therapeutic target for HCC owing to its
marked upregulation in HCC and correlation with poor
prognosis of HCC [5-7]. The HCC-promoting role of
EZH2 stems from its regulation on epigenetic silencing of
signal transducer and activator of transcription 3 (STAT3),
TGF-beta, and Wnt pathway via inhibitors, such as axis
inhibition protein 2 (AXIN2) and prickle planar cell polarity
protein 1 (PRICKLE1) [8-10]. Although the lysine methyl-
transferase activity of EZH2 is considered majorly related
to its cancer regulatory role, EZH2 may also regulate HCC
through other mechanisms [11, 12]. Silencing EZH2 has
been found to effectively inhibit malignant behaviors of
tumor cells, which has hence spurred tremendous efforts to
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find novel and efficient EZH2 inhibitors [13, 14]. One of
such inhibitors is miR-138-5p, which is a noncoding RNA
that can suppress the progressive behavior of HCC cells
[15, 16].

Hypoxia is a common tumor biomarker, and hypoxic
tumor cells activate stress response pathways to adapt to
the low oxygen level. Tumor cells under hypoxia adapt via
altering their gene expression to facilitate their survival and
even proliferation. These processes contribute to the cancer
cells’ aggressive phenotype and resistance to therapy [17].
Reduced sensitivity of hypoxic tumor cells to radiotherapy
is one of the factors contributing to poor clinical outcomes
[18]. Chen et al. found that hypoxia increases the expression
of HIF-2« via the PI3K-AKT-mTOR pathway, which con-
tributes to HCC progression [19].

The hypoxia-inducible factor (HIF) is a heterodimer com-
posed of three different oxygen-sensitive HIF« subunits (HIF-
la, HIF-2a, and HIF-3«) and a constitutively expressed f3-
subunit. HIF-1a and HIF-2a heterodimers function as tran-
scriptional activators of oxygen-regulated target genes [20].
Transcriptional regulation of different genes by HIF-1a in
hypoxic cells may contribute differentially to the malignant
phenotype in cancer cells. Studies have shown that inhibition
of HIF-1 leads to metabolic changes that enhance radiation
therapy efficacy [21]. Yang et al. reported that HIF-1 downreg-
ulation by siRNA enhanced the radiosensitivity of hypoxic
HCC cells [22], suggesting that the combined treatment using
HIF-1 inhibitors and radiotherapy enhances the anticancer
effect on HCC.

Therefore, the present study strived to investigate the
role of the EZH2/miR-138-5p axis on the radiosensitivity
of HCC. Our study provided evidence that EZH2 expression
is regulated by miR-138-5p, which in turn is epigenetically
downregulated by EZH2 through a double-negative feedback
loop in HCC cells. Moreover, EZH2/miR-138-5p negative
correlation is significantly associated with radiosensitivity
in HCC patients through inhibiting HIF-1a.

2. Materials and Methods

2.1. Cell Culture and Transfection. Human liver cancer cell
lines HepG2 and Hep3B, as well as HEK-293 T cells, were
purchased from Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China), cultured in DMEM/MEM medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin, and placed at 37°C in a humidified
incubator containing 5% CO,.

Mimic of miR-138-5p, S: AGCUGGUGUUGUGAAU
CAGGCCG, AS: GCCUGAUUCAC AACACCAGCUUU,
the mimic negative control (NC), S: UUCUCCGAACGU
GUCACGUTT, AS: ACGUGACACGUUCGGAGAATT,
and siRNA of HIF-1a (ACCCUAACUAG CCGAGGAAG
AATT) were acquired from GenePharma Co., Ltd. (Gene-
Pharma, Shanghai, China). Their sequences are shown in
Table 1. Lentivirus vector and EZH2-shRNA/vector plasmid
were used to build HepG2-shEZH2/HepG2-vector model.

Cells were sowed into 6-well plates (about 2 x 10° cells/
well) and transfected with aforementioned nucleotides or
plasmids when confluence reached 60-70% using Sage Lipo-
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TaBLE 1: Sequences of the primers used for RT-qPCR and ChIP-
qPCR.

Gene Sequences (5'-3"
miR-138-5p-F TGACCGAGCTGGTGTTGTG
miR-138-5p-R CAGAGCAGGGTCCGAGGTA
U6 snRNA-F CGCTTCGGCAGCACATATAC
U6 snRNA-R TTCACGAATTTGCGTGTCATC
EZH2-F TGGTCTCCCCTACAGCAGAA
EZH2-R TCATCTCCCATATAAGGAATGTTATG
GAPDH-F GTGAAGGTCGGAGTCAACG
GAPDH-R TGAGGTCAATGAAGGGGTC
HIF-1a-F TAAGTTCTGAACGTCGAAAAGA
HIF-1a-R CAGCATCCAGAAGTTTCCTC
ChIP-qPCR primer

miR-138-5p-1-F CCATTGTTTCTCTGCACCCC
miR-138-5p-1-R GTGGCTCCTCCGGTTTTGAG
miR-138-5p-2-F CACCTGGCTGGGAGTTCTT
miR-138-5p-2-R CTATTGCAGTCCTGGTCCTC

plusTM (Sagecreation, Beijing, China) referring to manufac-
turer’s recommendations.

2.2. Real-Time Quantitative PCR. Total RNA was extracted
using the Trizol (Thermo Fisher Scientific, Waltham, MA,
USA). For mRNA quantification, cDNA was synthesized
using the PrimeScript RT Reagent Kit (TaKaRa, Shiga,
Japan) and detected using the SYBR Green PCR Mastermix
(Solarbio, Beijing, China) following the manufacturer’s pro-
tocols. For miRNA quantification, cDNA was synthesized
and measured using the Hairpin-it microRNA and U6
snRNA Normalization RT-qPCR Quantitation Kit (Gene-
Pharma, Shanghai, China). The primers used for hsa-miR-
138-5p and U6 were obtained from GenePharma. Primer
sequences are listed in Table 1.

2.3. Bioinformatics Analysis. We performed expression anal-
yses of genes using TCGA data through the ULCAN portal
(http://ualcan.path.uab.edu/index.html) [23]. And the sur-
vival graphs were downloaded and processed from the
Kaplan-Meier plotter portal (http://kmplot.com/analysis)
[24]. We searched for targets of has-miR-138-5p using sev-
eral target prediction algorithms databases, including Pic-
Tar, miRanda, miRTarBase, and TargetScan.

2.4. Dual-Luciferase Reporter Gene Assay. HEK-293 T cells
(1% 10* cells per well) were seeded in 96-well culture plates
and co-transfected with 200ng EZH2-3'UTR or EZH2-3'
UTR-Mut vectors and miRNA mimic or NC (10 pM) using
LipoPlus™ Reagent (Sagecreation, Beijing, China). Forty-
eight hours later, HEK-293 T cells were collected, and the
luciferase activity changes of miR-138-5p on EZH2-3'UTR
were measured using a dual-luciferase assay kit (Promega,
Madison, WI, USA) by a luminometer fluorescence detector
(BioTek, Biotek Winooski, Vermont, USA).
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2.5. Western Blot. Total protein of cells was extracted by
using RIPA buffer containing protease inhibitors (Solarbio,
Beijing, China). Protein concentration was quantified using
Enhanced BCA Protein Assay Kit (Beyotime Biotechnology,
Shanghai, China). The total proteins (30 ug for each) were
separated using 10% SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes. Following blocking with 5%
skimmed milk at room temperature for 1h, the membrane
was incubated primary antibodies at 4°C overnight. After
incubation with primary antibodies, membranes were
washed with TBST followed by HRP-conjugated secondary
antibodies for 1hour at room temperature. These bands
were detected using ECL solution (Solarbio, Beijing, China).

2.6. Clonogenic Assay. Seed a predetermined number of cells
in a 6-well culture plate. After 24 hours, cells were treated
with a series of radiation doses (0, 2, 4, 6, and 8 Gy) (Model
X-RAD320iX; Precision X-Ray, Inc., North Branford, CT,
USA). After incubating these cells at 37°C for 7-10 days,
they were washed twice with PBS, fixed with formaldehyde
and finally stained with crystal violet solution. Count the
number of colonies containing >50 cells, colony formation
efficiency = (number of colonies/number of inoculated cells)
% 100%. Survival fraction (SF) was calculated by normaliz-
ing the clonogenic efficiency of the control group. We fit cell
survival curves according to standard linear quadratic (LQ)
models using GraphPad Prism 5 (GraphPad Software,
LaJolla, CA, USA).

2.7. Wound Healing Assay. Wound healing assay is used to
detect cell migration ability. The cells are spread on 6-well
plates and transfected when the cells reach at 80% conflu-
ence. After 48h of transfection, scrape the cells with a
200 pl pipette tip. Use DMEM or MEM supplemented for
cell culture to reduce the potential impact of cell prolifera-
tion on the final result. Fixed point image acquisition was
performed at Oh, 24 h, and 48 h, respectively.

2.8. Transwell Invasion Assay. Transwell invasion assay
detects cell invasion ability. After 48h of transfection, cells
were resuspended in serum-free DMEM or MEM and
transferred to the transwell chamber. The total volume of
liquid in the chamber was 200 ul, and 550 ul of complete
medium was injected out of the chamber. After 24h incu-
bation, the culture medium was discarded, washed twice
with PBS, fixed with 4% paraformaldehyde for 20 min,
and washed twice with PBS. Finally, stain with 0.1% crystal
violet for 30 min, wash twice with PBS, and observe the
cells under a microscope.

2.9. Flow Cytometry. After 48 hours of transfection, the log-
arithmic growth phase cells were centrifuged at 1500 rpm for
5 minutes, and the supernatant was discarded. After adding
PBS, centrifuge at 1500 rpm for 5 minutes. Repeat the oper-
ation. After that, cells should be fixed in ice-cold 70% etha-
nol for at least 1h. Using PI Solution (Meilunbio Biotech,
Dalian, China), prepare a cell suspension with a cell concen-
tration of 1 x 10° cells/ml using the prepared 1 x PI Solution.
After 30 minutes of incubation in the dark, it was detected
within 1hour. For the test of apoptosis, annexin V-FITC

(Meilunbio, Biotech, Dalian, China) binding solution was
added before PI solution, and it was detected within 1 hour.
2'7'-dichlorofluorescein diacetate (DCFH-DA, Solarbio,
Beijing, China) was used for detection of intracellular ROS.

2.10. Chromatin Immunoprecipitation (ChIP) Assay. ChIP
was performed using a ChIP-IT® Express Enzymatic Shear-
ing Kit (Active Motif, Carlsbad, CA, USA) on cells. Briefly,
protein-DNA complexes were cross-linked by incubating
cells in 1% formaldehyde-containing medium for 10 min.
Cell pellets were resuspended in lysis buffer with protease
inhibitors. Cells were digested by restriction endonuclease,
in order to shear DNA to fragments about 200 bps. Samples
were taken at this point as positive controls in the RT-qPCR
reaction (input chromatin). Next, cells were incubated with
monoclonal antibody against H3K27me3 (Abcam, Cam-
bridge, MA, USA) overnight at 4°C. Human purified IgG
was used as control antibody (Immunoway, Newark, Dela-
ware, USA). DNA-protein complexes were collected using
Protein A/G Magnetic beads (MedChem Express, Monmouth
Junction, NJ, USA), followed by washing, elution, and reverse
cross-linking. DNAs were purified with Chromatin IP DNA
Purification Kit (Active Motif, Carlsbad, CA, USA). Recovered
DNAs were resuspended in TE buffer and were later analyzed
by RT-qPCR (Primers are shown in Table 1).

2.11. RNA-Seq Analysis. For RNA-seq, we divided HepG2
cells into four groups, transfected with shEZH2/vector plas-
mid or miR-138-5p mimic/NC. RNA isolation, library con-
struction, and sequencing were performed on a BGISEQ-
500 (Beijing Genomic Institution, BGI). The sequencing
data analysis, including heat map clustering, Venn diagram
creation, gene ontology (GO) analysis, and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis, was per-
formed using BGI Dr. Tom 2.0.

2.12. Statistical Analysis. SPSS 24.0 and GraphPad Prism 5
was applied. All measurement data are expressed as mean
+ standard deviation (SD) or standard error of the mean
(SEM), with at least three independent replications. The
comparison between two groups was conducted by
independent-samples ¢ test. Kaplan-Meier (K-M) curve was
used to analyze the relationship between the expression of
miR-138-5p, EZH2, and the 5-year survival rate of HCC
patients, and the log rank test was used for variance analysis.
p value less than 0.05 was considered to indicate statistical
significance: #p < 0.05 and *#p < 0.01.

3. Results

3.1. Expression Levels of EZH2 and miR-138-5p Are
Associated with HCC Prognosis. In order to explore the role
of miR-138-5p and EZH2 in HCC, we compared their
expression in HCC specimens and adjacent nontumor liver
tissue in The Cancer Genome Atlas (TCGA) dataset. Our
results showed that the expression of EZH2 mRNA in
HCC primary tumor tissue (n = 371) was significantly higher
than that in liver tissue adjacent to the tumor (n=>50)
(Figure 1(a)). Expression of EZH2 was found to be signifi-
cantly higher in tumors of higher grades compared to
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FIGURE 1: Expression of EZH2, miR-138-5p in subgroups of liver cancer patients with different prognoses and validation in vitro. (a) The
plot shows EZH2 mRNA expression level between HCC specimens and liver tissue. (b) The plot shows EZH2 mRNA expression level in
grades 1-4 HCC patients. (c) EZH2 expression was correlated with poorer OS in the HCC cohort of the Kaplan Meier plotter database.
(d) The plot shows miR-138-5p expression level between HCC specimens and liver tissue. (e) The plot shows miR-138-5p expression
levels in grades 1-4 HCC patients. (f) The level of miR-138-5p expression was correlated with poorer OS in the HCC cohort of the
Kaplan Meier plotter database. (g) EZH2 mRNA expression was measured in five HCC cells (HepG2, Hep3B, Huh-7, PLC/PRF/5, and
SMMC-7721) and immortalized human liver cell line L-02. (h) EZH2 protein expression was measured in five HCC cells (HepG2,
Hep3B, Huh-7, PLC/PRF/5, and SMMC-7721) and immortalized human liver L-02 cell line. (i) Level of miR-138-5p expression was
tested in five HCC cells (HepG2, Hep3B, Huh-7, PLC/PRF/5, and SMMC-7721) and immortalized human liver cell line L-02. *p < 0.05,
**p <0.01 (compared to L-02).
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FiGURE 2: EZH2 is a direct target of miR-138-5p. (a) Venn diagram indicating the intersection of the number of target genes among the
above four databases. (b) HEK293T cells were co-transfected with EZH2 3'UTR-wt or EZH2 3'UTR-mut with miR-138-5p mimics or
NC. Following 48 h of transfection, luciferase activity was measured. (c) HepG2 and Hep3B were transfected with miR-138-5p mimic or
NC for 24 h. The expression of miR-138-5p was determined by RT-qPCR analysis. The expression of U6 was used as an internal control.
(d-e) HepG2 and Hep3B were transfected with miR-138-5p mimic or NC for 48 h. The expression of EZH2 was determined by Western
blotting and RT-qPCR analysis. GAPDH was used as a loading control. *p <0.05; **p <0.01 (compared to NC group or vector group);

ns, no significance.

normal tissues, suggesting that EZH2 may be related to the
progression of HCC (Figure 1(b)). Then, the Kaplan Meier
(KM) plotter online tool was used to establish the relation-
ship between EZH2 expression and the survival outcomes
of HCC [25], which revealed that HCC patients with a
higher level of EZH2 had a poorer prognosis (OS: HR =
2.23,95%CI =1.56 to 3.19, p < 0.001) (Figure 1(c)).

To explore whether miR-138-5p is associated with EZH2
overexpression in HCC patients, we analyzed the level of
has-miR-138-1, one member of the pre-miR-138-5p family,
in the TCGA database. Interestingly, has-miR-138-1 was sig-
nificantly downregulated in HCC specimens compared to
normal tissues (Figure 1(d)). Has-miR-138-1 was pro-
nouncedly lower expressed in patients with the grade 1 and
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FIGURE 3: miR-138-5p is epigenetically regulated by EZH2. (a) Binding sites of primers used for the analysis of chromatin
immunoprecipitation (ChIP) are indicated relative to the transcription start site. (b) Expression of EZH2 in HepG2-shEZH2 and
HepG2-NC groups. (¢) The HepG2-NC and HepG2-shEZH2 were cultured and subjected to ChIP using H3K27me3 antibodies, or as
control, normal human IgG. The precipitated chromatin was analyzed by RT-qPCR for the abundance of region PP1&PP2 upstream of
the miR-138-5p gene. Values were normalized to chromatin levels in 1% input samples. (d) Total RNA of HepG2-shEZH2 was isolated
from cells and the miR-138 level was quantified by RT-qPCR (E) Hep3B was treated with EZH2 overexpression plasmid and total RNA
was isolated from cells. The miR-138-5p level was quantified by RT-qPCR. *p < 0.05; **p < 0.01 (compared to NC group or vector group).
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FIGURE 4: Overexpression of miR-138-5p by mimic or knockdown of EZH2 enhances radiosensitivity of HCC cells. (a—c) Experiments
results of three groups of cells’ clone formation experiments. (d-f) The SF of three groups of cells. (g-i) HepG2 and Hep3B cells were
transfected with miR-138-5p mimic/NC or shEZH2/vector plasmid before exposure to 8 Gy radiation. After 24 h, cells were harvested for
cell-cycle analysis. (j-m) HepG2 and Hep3B cells were transfected with miR-138-5p mimic/NC or shEZH2/vector plasmid before
exposure to 8 Gy radiation. After 24 h, cells were harvested for apoptosis analysis. *p < 0.05; **p < 0.01 (compared to NC or vector group
in HepG2); #p < 0.05; ##p < 0.01 (compared to NC group after exposed to 8Gy).

grade 4 HCC, but not grade 2 and grade 3 HCC  (OS: HR =0.53, 95%CI=0.33 to 0.86, p <0.01) (Figure 1(f
(Figure 1(e)). Similarly, survival analysis showed that lower )). To explore further the biological function of miR-138-
level of miR-138-5p is associated with a poorer prognosis  5p and EZH2 in HCC cells, we examined their expression
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TaBLE 2: Cell survival curve fitting results.
Cell Group D, (Gy) n Dq (Gy) SE, R
HepG2 miR-138-5p mimic 1.570 1.053 0.081 0.292 0.9998
NC 2.259 1.001 0.002 0.403 0.9969
Hep3B miR-138-5p mimic 1.416 1.233 0.297 0.291 0.9993
NC 1.773 1.614 0.849 0.466 0.9985
miR-138-5p mimic 1.591 2.957 1.725 0.626 0.9997
HepG2
NC 1.644 4471 2.463 0.785 0.9991

pattern in HCC cell lines, using the human liver cell line as a
control. Consistent with the bioinformatics analysis, the
expression levels of EZH2 protein and mRNA in five HCC
cell lines, including HepG2 and Hep3B, were significantly
higher than that in the immortalized human liver L-02 cell
line (Figures 1(g) and 1(h)). Conversely, the level of miR-
138-5p is lower in HCC cells than that in L-02 cells
(Figure 1(i)).

3.2. In HCC Cells, EZH2 Is a Direct Target of miR-138-5p,
which Is Epigenetically Regulated by EZH2 in H3K27me3-
Dependent Way through a Negative Feedback Loop. To
explore whether miR-138-5p are associated with EZH2 aber-
rant overexpression in HCC cells, we searched for the targets
of miR-138-5p using a variety of target prediction algorithm
databases, including PicTar, miRanda, TargetScan, and
DIANA. After taking the overlapping target molecules, 35
genes, including EZH2, are found to be the common target
genes of miR-138-5p (Figure 2(a)). Comprehensive bioinfor-
matics analysis was carried out, which showed that miR-
138-5p had a negative correlation with EZH2 expression
level. The luciferase reporter assay also confirmed that
EZH2 is a direct target of miR-138-5p (Figure 2(b)).
HEK-293T cells were also transfected with the mutant or
wild-type EZH2-3'UTR luciferase reporter vectors together
with miR-138-5p mimic or negative control, which showed
that miR-138-5p overexpression significantly reduced wild-
type EZH2-3'UTR reporter luciferase activity, but not that
of the mutant-3'UTR reporter. This data indicated that
miR-138 could directly target the EZH2 3'UTR. To further
evaluate the inhibitory effect of miR-138-5p on EZH2,
HepG2 and Hep3B cells were transfected with miR-138-
5p mimic and mimic NC, and the overexpression of miR-
138-5p was verified by RT-qPCR (Figure 2(c)). In HepG2
and Hep3B cells, the mRNA and protein expression of
EZH2 were significantly inhibited by miR-138-5p overex-
pression (Figures 2(d) and 2(e)).

Next, we explored the molecular mechanism underlying
miR-138-5p downregulation in HCC cells. We designed two
primer pairs to amplify the two promoter regions of the
miR-138 gene, ie., promoter region 1(PR1, from —35 to
—250bp) and promoter region 2 (PR2, from —660 to
—807bp) upstream. Chromatin immunoprecipitation
(ChIP) was performed to assess the repressive histone
marker H3K27me3 (Figure 3(a)). To further study the regu-
latory role of EZH2 on miR-138-5p, the EZH2 gene was
silenced with shRNA in HepG2 (Figure 3(b)). Furthermore,

ChIP assays with H3K27me3 antibody showed that it was
less occupied in the upstream regions of PR2 in HepG2-
shEZH2 (Figure 3(c)). Thus, H3K27me3 upregulation
induced by EZH2 may contribute to miR-138-5p suppres-
sion. These data confirmed that miR-138-5p was upregu-
lated in HepG2-shEZH2 (Figure 3(d)). Conversely, cells
overexpressing EZH2 showed a reduced level of miR-138-
5p (Figure 3(e)). Taken together, these results indicate that
miR-138-5p and EZH2 can form a negative feedback loop
that regulates the phenotypes of HCC.

3.3. Overexpression of miR-138-5p or Knockdown of EZH2
Enhances Radiosensitivity of HCC Cells. To explore miR-
138-5p’s impact on HCC cells’ radiosensitivity, clonogenic
assays were performed after exposure to X-ray of different
doses (0, 2, 4, 6 or 8 Gy). HepG2 and Hep3B cells in the log-
arithmic growth phase were divided into the miR-138-5p
mimic group and NC group, each group with three repeated
culture holes. Radiotherapy reduced the survival of the cells,
as measured by survival fractions (SF), in both cell lines in a
dose-dependent manner. However, cancer cells transfected
with miR-138-5p mimic demonstrated a more significant
decrease in SF compared to the NC group in all ranges of
absorbed dose, and the cell survival curves decreased mark-
edly (Figures 4(a)-4(d)). In the miR-138-5p mimic group,
the radiation dose required to reduce the fraction of surviv-
ing cells to 37% of its previous value (DO in radiation biol-
ogy). The DO dose for HepG2 cells decreased from 2.26 to
1.57 Gy and decreased from 1.77 to 1.42 Gy in Hep3B cells.
Knocking down the EZH2 gene also achieved similar effects,
i.e., the DO dose for HepG2-shEZH2 decreased from 1.64 to
1.59 Gy (Table 2). These data suggest that the overexpres-
sion of miR-138-5p may significantly enhance the radio-
sensitivity of HCC cells. Various anticancer drugs are
known to inhibit tumor cell division and induce cell death
through cell cycle arrest, which prompted us to investigate
whether the role of EZH2/miR-138-5p axis in enhancing
radiosensitivity is facilitated by induced cell cycle arrest.
After treating HCC cells with miR-138-5p mimic for
48h, both HepG2 and Hep3B cells showed cell cycle arrest
at the GO/G1 stage (Figures 4(g) and 4(h)). Compared to
the NC group, the population of cells at the GO/G1 stage
increased by 10.79% +1.07% in HepG2 cells and 4.17%
+1.15% in Hep3B cells, respectively. In particular, the
GO0/G1 cycle arrest further increased in HepG2 after radia-
tion treatment. Similarly, the HepG2-shEZH2 group also
showed significantly increased GO/G1 arrest after radiation
treatment (Figure 4(i)).
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FIGURE 5: Overexpression of miR-138-5p or knockdown of EZH2 inhibits radiation-induced migration and invasion via EMT. (a-c) Wound
healing assays of Hep3B and HepG2 cells infected with miR-138-5p mimic/NC or shEZH2/vector plasmid after radiation. (d-e) Transwell
assays of Hep3B and HepG2 cells infected with miR-138-5p mimic/NC or shEZH2/vector plasmid after radiation. (f) The effect of miR-138-
5p mimic or knockdown of EZH2 on the expression of EMT-related molecules by Western blotting. *p < 0.05 (compared to NC group or the

vector group).

Radiation-induced apoptosis is one of the major mecha-
nisms of cell death. Hence, we also analyzed how dysregula-
tion of EZH2/miR-138-5p axis contributed to the apoptosis
of HCC cells (Figure 4(j)). Compared to the NC group, treat-
ment with miR-138-5p mimic significantly increased the
number of AnnexinV-FITC positive cells in HepG2 and
Hep3B cells after radiation (Figures 4(k) and 4(1)). Consis-
tently, the apoptosis rate of the HepG2-shEZH2 group was
higher than that of the HepG2-vector group after radiation
(Figure 4(m)).

3.4. Overexpression of miR-138-5p or Knockdown of EZH2
Inhibits Radiation-Induced Cell Migration and Invasion via
Suppressing EMT. Given that radiation paradoxically pro-
motes tumor cell migration and invasion while exerting
cytotoxic effects, we explored whether the EZH2/miR-138-
5p axis plays an important part in inhibiting cell migration
and invasion while augmenting cellular radiosensitivity. In
the mimic group, the relative wound healing rate was signif-
icantly reduced compared with the NC groups (Figures 5(a)
and 5(b)). The high expression of miR-138-5p was also

shown to inhibit the migration ability after being exposed to
8Gy radiation. The migratory ability of the HepG2-shEZH2
group was similar to that of the mimic group (Figure 5(c)).
Knockdown of EZH2 also inhibited the migratory ability of
HepG2 after radiation. As shown in Figures 5(d) and 5(e),
overexpression of miR-138-5p or inhibition of EZH2 expres-
sion significantly decreased the migration and the invasion
rate in HCC cells after radiation.

Since EMT is a putative molecular mechanism that
drives tumor migration and invasion, we explored whether
the EZH2/miR-138-5p axis is involved in EMT by analyzing
levels of EMT markers including E-cadherin, N-cadherin,
vimentin, and Snail. Our results indeed showed that the pro-
tein level of E-cadherin was significantly increased, which
means adherens junction between cells was decreased. The
protein levels of N-cadherin and vimentin were pro-
nouncedly reduced in HepG2 and Hep3B cells after mimic
or shEZH?2 treatment, even after radiation, suggesting atten-
uated EMT (Figure 5(f)). Snail, a transcription factor that
activates EMT, is also decreased after overexpressing miR-
138-5p or inhibiting EZH2. Taken together, these results



16 Oxidative Medicine and Cellular Longevity

9
7
5
4
2
[] Vector-vs-shEZH2 0
[] mimic NC-vs-miR-138-5p mimic E E
= =
) Y
o0 o0
5 5
z z
Q g
Z =)
o g
= =
£ H
& &
=
=
=
() (®)
Term Candidate GeneNum
0 2 4 6 8 10

Viral protein interaction with cytokine...
IL-17 signaling pathway

Insulin signaling pathway

Notch signaling pathway

Kaposi sarcoma-associated herpesvirus in..
[HIF-1 signaling pathway]

C-type lectin receptor signaling pathway
11 Prostate cancer
Melanoma

Proteoglycans in cancer

8 Prolactin signaling pathway
Osteoclast differentiation

Cell cycle

6 Jak-STAT signaling pathway
p53 signaling pathway

Human papillomavirus infection

3 Measles
Epstein-Barr virus infection

Influenza A

0 Hepatitis C

0 1 2 3 4
-log10 (Q value)

B -logl0 (Q value)

14

Vector average TPM

=
~
[_1
o
)
&
o}
=
N
T
N
m
=
W

() (d)

FiGgure 6: Continued.



Oxidative Medicine and Cellular Longevity

Term Candidate Gene Num
0 5 10 15
1

NOD-like receptor signaling pathway
Oocyte meiosis

Metabolism of xenobiotics by cytochrome...
Ovarian steroidogenesis

Antifolate resistance

Progesterone-mediated oocyte maturation
Apoptosis

Small cell lung cancer
[ HIF-1 signaling pathway]

Neomycin, kanamycin and gentamicin biosy..
Glycolysis/Gluconeogenesis

Fluid shear stress and atherosclerosis
Measles

Fructose and mannose metabolism
IL-17 signaling pathway

Hepatitis C
RIG-I-like receptor signaling pathway
Epstein-Barr virus infection
p53 signaling pathway
Influenza A

0 02 04 06 08 1 1.2 14
-log10 (Q value)

M -logl0 (Q value)
(e)

— log2 (shEZH2/NC) - i
mRNA & 40 PP

-5 1 7 0 1,000
@OLFML2B
ISLR
Fi SRGN
PDGFB
L5 HIF-1a
ARNT2
IF1A &
oz . =
CDH1 g 0.5
@ETS2 2
PTPRF 0o | |
@cCps2 HepG2 Hep3B
FRFIAG @ IGSF8 B miR-138-5p mimic
.ANXA8 O NC
(f) (g)

17

FIGURE 6: RNA-seq and verification. (a) Venn diagram showing the overlap of differentially expressed genes in two pair-wise comparisons
(miR-138-5p mimic VS NC and HepG2-shEZH2 VS vector). (b-c) Heat maps of representative up and downregulated genes from HepG2
RNA-seq results. (d—e) The significant pathways enriched from the critical differential genes in KEGG analysis. (f) Network interaction
diagram of representative and downregulated genes, EZH2, EMT, and HIF-la-related genes from RNA-seq results. (g) In HepG2 and

Hep3B cells, the expression detection of HIF-1a mRNA after transfection of miR-138-5p mimic by RT-qPCR.
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FiGURre 7: Dysregulation of EZH2/miR-138-5p axis affects EMT via HIF-la. (a-c) In HepG2 and Hep3B cells, HIF-1a levels after
transfection of miR-138-5p mimic were analyzed by Western Blot after radiation. (d) The effect of HIF-1a knockdown on the expression
of EMT-related molecules by Western blotting (compared to NC group or vector group). (e) The level of ROS in HepG2 and Hep3B
cells after transfection of siRNA of HIF-1a. (f) Proposed model for EZH2/miR-138 regulatory axis involved in EMT of HCC cells. *p <

0.05; **p < 0.01 compared to NC group.

implicated that dysregulation of EZH2/miR-138-5p axis can
suppress EMT in HepG2 and Hep3B cells.

3.5. Dysregulation of EZH2/miR-138-5p Axis Affects the
Expression of HIF-1a. HepG2 cells were treated with miR-
138-5p mimic/NC or shEZH2/vector plasmid and then ana-
lyzed by RNA-Seq. The Venn diagram and heat map revealed
576 differential genes between HepG2-shEZH2/HepG2-vec-
tor groups (281 downregulated genes and 295 upregulated
genes) and 108 differential genes between miR-138-5p
mimic/NC groups (33 downregulated genes and 75 upregu-
lated genes) (Figures 6(a)-6(c)). As determined by KEGG
analysis, differential genes in both groups were enriched in
the HIF-1 signaling pathway (Figures 6(d)-6(e)). Then, we
plotted a network interaction diagram with EZH2 and HIF-
la as the main candidate genes, showing a potential regulatory
relationship between EZH2 and HIF-1a (Figure 6(f)). We
confirmed the expression of HIF-1a via RT-qPCR analyses.
The HIF-1a expression in HepG2 and Hep3B cells was down-
regulated upon miR-138-5p mimic treatment (Figure 6(g)).

3.6. Dysregulation of EZH2/miR-138-5p Axis Affects EMT via
HIF-1a. Hypoxia is an environmental feature at the aggres-
sive front of tumors, where EMT program takes place.
Hypoxia-activated HIF-1a induces cancer EMT through
multiple molecules and pathways, including epigenetic regu-

lators and transcription factors/repressors [26]. To identify
whether HIF-1 is involved in the regulation of EMT by
this axis, we further analyzed the expression of HIF-la
in each group. Our results showed that protein level of
HIF-1a was decreased after overexpressing miR-138-5p
or inhibiting EZH2 after cells were exposed to 8 Gy radiation
(Figures 7(a)-7(c)). The expression of HIF-la was then
reduced using siRNA in HepG2 and Hep3B cells. We found
that the epithelial marker E-cadherin was upregulated,
whereas the mesenchymal markers N-cadherin and Vimen-
tin were downregulated (Figure 7(d)). Flow cytometry analy-
sis also detected the change of intracellular ROS content after
inhibiting HIF-1a expression. These data suggest that inhibi-
tion of HIF-1la expression can suppress the level of ROS
(Figure 7(e)).

4. Discussion

This study investigated the role of the EZH2/miR-138-5p
regulatory feedback loop in the post-radiation response of
HCC. Multiple studies have shown a correlation between
high EZH2 expression and poor prognosis in different can-
cers, including HCC [5, 27]. It has also been reported that
EZH2 can protect glioma stem cells from radiation-
induced cell death [28]. The high expression of EZH2 may
be one of the mechanisms of bladder cancer cells in
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acquiring radiation resistance [29]. However, the role of
EZH?2 in the response of HCC cells to radiation is unclear.
Here, we show that inhibition of EZH2 expression can
restore the radiosensitivity of HCC cells. It is worth noting
that several studies have reported upregulation of EZH2
expression in HCC, of which the underlying mechanism
remains unknown. Also, since changes in miRNA expres-
sion appear to be a common feature of cancers, including
HCQC, inhibition of miRNAs targeting EZH2 may be associ-
ated with aberrant overexpression of EZH2. We here pro-
vided clear evidence that miR-138-5p negatively regulates
EZH2 expression in HCC. Compared with tumor adjacent
tissue, miR-138 was downregulated in HCC patient samples
and negatively correlated with HCC survival. The negative
correlation between miR-138 and EZH2 expression levels
in HCC patients could be explained by the fact that
EZH?2 is a direct target of miR-138, as revealed by the lucif-
erase assay. Similar to our findings, miRNA-associated
EZH2 overexpression has also been reported in other
tumors [30, 31].

Growing evidence suggests that EZH2 can also nega-
tively regulate miRNAs through a feedback loop in tumors
[32, 33]. In HCC, it has been reported that histone methyla-
tion can silence some tumor suppressor miRNAs and, in
turn, lead to the upregulation of some oncogenes [34, 35].
Our data supported such a notion as miR-138 was shown
to be epigenetically regulated by transcriptional suppression
of its promoter region in HCC cells. Inhibition of EZH2
reduced H3K27me3 marker enrichment in the promoter
region of miR-138-5p. These findings suggest a regulatory
loop between the epigenetic silencing mechanism of miR-
138-5p and EZH2 in HCC cells.

To verify the clinical relevance of EZH2 and the progno-
sis of HCC patients, we analyzed the TCGA database and
found that patients with high EZH2 expression had signifi-
cantly poorer survival. With increasing HCC grade, the
expression of EZH2 was significantly increased. These data
suggest that EZH2 upregulation is a predictor of poor prog-
nosis. Therefore, anti-EZH2 therapy may serve as a promis-
ing strategy for the treatment of HCC. In view of the
expression levels of EZH2 and miR-138-5p in liver cancer
patients, we verified the changes in the radiosensitivity of
HCC cells after changing the expression levels.

In addition, one of the most important findings of this
paper is that overexpression of miR-138-5p in HCC cells
can effectively enhance the radiosensitivity and reduce the
ability of proliferation and apoptosis of HCC cells after radi-
ation, and silencing of the EZH2 gene can achieve similar
effects. These data suggest that low expression of miR-138-
5p has an impact on HCC cell radiosensitivity by forming
a negative feedback loop with EZH2, which is a direct and
functionally relevant target of miR-138-5p. Similar to miR-
138-5p overexpression, EZH2 inhibition by EZH2 shRNA
induced apoptosis and cell cycle arrest at the GO/G1 stage.

This observation may suggest that a high level of EZH2
in HCC cells leads to an imbalance of cellular feedback loops
leading to dysregulation of miR-138-5p, which affects cellu-
lar radiosensitivity. This feedback loop in the cell has been in
a certain steady state, and its dynamic behavior may be
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influenced by external stimuli. After receiving an external
stimulus, the feedback system can switch from one stable
state to another in order to adapt to the external stimulus.
Our results also suggest that overexpression of miR-138-5p
or inhibition of EZH2 inhibits the migratory and invasive
ability of HCC cells after radiation, at least in part through
inhibition of the EMT pathway.

Our RNA-seq study found that the expression of HIF-1«
was downregulated in miR-138-5p mimic group compared
to the NC group, which is also downregulated in HepG2-
shEZH2 in comparison to HepG2-vector. We also con-
firmed that HIF-la was significantly downregulated in
HepG2, in which miR-138-5p is overexpressed or EZH2 is
silenced. Notably, in some cells, miR-138-5p can directly tar-
get HIF-1a and inhibit its expression [36, 37]. Studies have
also reported that EZH2 can affect the expression of HIF-
la by downregulated miR-146a-5p [38]. These results sug-
gest that dysregulation of EZH2/miR-138-5p axis could
downregulate HIF-la in direct or indirect pathway.
Although the molecular mechanism mentioned above needs
to be further elucidated, the above studies including our
results further confirmed that HIF-1« is an important down-
stream target gene of EZH2/miR-138-5p axis. In a normal
oxygen environment, HIF-1«a is at a completely inactive
level. Conversely, when cells are hypoxic, elevated HIF
enters the nucleus and then upregulates many genes
involved in cancer progression. High level of HIF-1a pro-
motes cancer progression through multiple mechanisms,
including angiogenesis, cell proliferation and survival, inva-
sion and metastasis, and therapy resistance. It was also
reported that HIF-1a could promote metastasis and EMT
through increasing ROS expression level in cancer cells
[39]. It has also been reported that, in HCC cells, hypoxia
leads to increase on ROS and HIF-1« levels, which promotes
the progression of EMT through the Hedgehog pathway
[40]. We further confirmed the above studies, and we found
that ROS level were reduced and EMT progression was
inhibited after using siRNA to knockdown HIF-1a.

5. Conclusions

In conclusion, we determined EZH2 and miR-138-5p recip-
rocally regulate each other in HCC cells via a negative feed-
back loop, which contributes to the change of HIF-1l«
expression (Figure 7(f)). Our findings provide new insights
into the mechanism of miR-138-5p/EZH2/HIF-1a pathway
in the radiosensitivity of HCC. This study establishes
EZH2/miR-138-5p axis as a potential predictor of poor
prognosis and therapeutic target for HCC patients.
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Background. Radiation resistance of lung cancer cells is a vital factor affecting the curative effect of lung cancer. Transcription
factor GATA3 is involved in cell proliferation, invasion, and migration and is significantly expressed in a variety of
malignancies. However, the molecular mechanism governing GATA3 regulation in lung cancer cells’ radiation resistance is
unknown. Methods. Radiation-resistant cell models (A549-RR and HI1299-RR) were made using fractionated high-dose
irradiation. Use clone formation, CCK-8, F-actin staining, cell cycle detection, and other experiments to verify whether the
model is successfully constructed. Cells were transiently transfected with knockdown or overexpression plasmid. To explore the
relationship between GATA3/H3K4me3 and target genes, we used ChIP-qPCR, ChIP-seq, and dual luciferase reporter gene
experiments. Xenograft tumor models were used to evaluate the effect of GATA3 depletion on the tumorigenic behavior of
lung cancer cells. Results. We report that transcription factors GATA3 and H3K4me3 coactivate NRP1 gene transcription
when A549 cells develop radiation resistance. However, the mechanism of radiation resistance in H1299 cells is that GATA3
acts as a transcription inhibitor. The decrease of GATA3 will promote the increase of NRP1 transcription, in which H3K4me3
does not play a leading role. Conclusions. GATA3, an upstream transcriptional regulator of NRP1 gene, regulates the
radioresistance of A549 and H1299 cells by opposite mechanisms, which provides a new target for radiotherapy of lung cancer.

1. Introduction

Radiotherapy is one of the most effective cancer therapy
approaches that involves complex biological processes to induce
cancer cell death [1-3]. The factors that cause cancer patients to
produce radiotherapy resistance during treatment are diverse.
Molecular mechanisms of radioresistance remain unclear.
GATA binding protein-3 (GATA3) is a transcription
factor consisting of 443 or 444 amino acids with two activa-
tion domains and two zinc finger structures [4, 5]. GATA3
affects target gene expression and triggers the proliferation
and differentiation of specific immune cells [6, 7]. GATA3
is expressed in various tissues and cell types, especially

breast, central nervous system, kidney, hair follicle skin,
helper T cells (Th2), lymphocytes, and so on [8]. High
GATA3 expression in lung adenocarcinoma has also been
considered an evaluation factor of poor prognosis [4,
9-11]. However, its function remains elusive.

Neuropilin-1 (NRP1) is a transmembrane protein overex-
pressed in advanced human tumors, typically exhibiting
growth-promoting functions in cancer cells [12, 13]. As a cor-
eceptor for vascular endothelial growth factors (VEGFs),
NRP1 has been shown to interact with the cell surface epider-
mal growth factor receptor (EGFR) to promote intracellular
signaling. The mechanisms modulating NRPI expression in
cancer cells are controversial. For example, growth factors
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and stimulation of the RAS-MAPK signaling pathway may
stimulate NRP1 transcription [14, 15]. On the other hand,
NRPI transcripts are proposed targets for miRNA-338 [16]
and other miRNAs. At present, research on NRP1 is involved
in many fields such as angiogenesis, the hematopoietic system,
immune system, and tumor occurrence and development [17,
18]. Previous studies have supported the notion that elevated
NRPI expression in tumors correlates with poor outcomes.
On the other hand, NRP1 is associated with radiation
resistance [19]. However, the molecular mechanism through
which NRP1 plays a crucial role in the formation of radiation
resistance in lung cancer cells is unknown; in particular, more
research into transcription factor regulatory mechanisms
is needed.

KMT2B (Lysine Methyltransferase 2B), also known as
MLL2 (Mixed Lineage Leukemia 2), belongs to the family of
mammalian histone H3 lysine 4 (H3K4) methyltransferases
and forms a protein complex with WRAD (WDRS5, RbBP5,
ASH2L, and DPY30), Host Cell Factors 1/2 (HCF 1/2), and
Menin. The MLL2 complex is responsible for H3K4 trimethy-
lation (H3K4me3) on specific gene promoters and nearby cis-
regulatory sites, regulating bivalent developmental genes as
well as stem cell and germinal cell differentiation gene sets [20].

The research results of this project suggest that the pres-
ent ChIP-seq and RNA-seq analyses reveal that NRPI is a
key gene directly regulated by GATA3 and H3K4me3 that
is involved in the formation of tumor cell radiation resis-
tance. Moreover, radiation resistance mechanisms of the
two lung cancer cell types are different. In A549-RR cells,
GATA3 and H3K4me3 coregulate NRPI expression posi-
tively, while GATA3 represses NRP1 expression in H1299-
RR cells.

2. Methods and Materials

2.1. Cell Culture and Transfection. Human lung cancer cell
lines A549 and H1299 were purchased from Cell Bank Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). A549 cells were maintained in DMEM/
high glucose (Gibco, USA). H1299 cells were maintained
in RPMI-1640 medium (Gibco, USA). 10% Fetal Bovine
Serum (HyClone, USA), 100 U/ml penicillin, and 100 pg/
ml streptomycin were added to the medium. Cell growth
environment was in a humidified CO, incubator at 37°C
and 5% CO,. Cell lines were regularly confirmed to be free
from mycoplasma contamination using MycoAlert Detec-
tion Kit (Lonza). GATA3 small interfering RNA (siRNA,
GenePharma, China) with the corresponding control RNA
(siNC), recombinant plasmid overexpressing GATA3 with
the empty pcDNA3.1(+) vector (PLL, Nanjing, China), the
lentiviral shRNA against human GATA3 and NRP1 (PLL,
China) with corresponding control RNA (shNC), or
recombinant plasmid overexpressing NRP1 with the empty
PLNCX2 vector (Sigma, USA) were transfected into cells.
The transfection was carried out according to the manufac-
turer’s instructions using the Lipofectamine 2000 transfec-
tion reagent (Invitrogen, USA). Table S1 shows the
sequences of the shRNA and siRNA oligonucleotides.
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2.2. Dose-Gradient Irradiation. A549 and H1299 cells were
performed at a rate of 1.02Gy/min for A549 cells and
0.75 Gy/min for H1299 cells [21] at room temperature using
an X-ray generator (Model X-RAD320iX, USA). They were
exposed to 6 Gy every time, 5 times, 30 Gy in total. Cells
were passaged 4 times or more for subsequent experiments.
For the mouse radiosensitivity experiment, a radiation dose
of 20 Gy was administered when the xenografts reached an
average volume of 200 mm? [22]. Finally, mice were eutha-
nized at prespecified times.

2.3. Mouse Irradiation Study. Six-week-old BALB/c nude
mice were purchased from Beijing Huafukang Biotechnol-
ogy Company (China). Using lentiviral plasmids (PLL Com-
pany, Nanjing, China). We constructed stable knockdown
GATA3 cell models in A549 and H1299 cells. Table S1
shows the sequences of the shNC and shGATA3. A total of
1x10% cells were resuspended in 100ul of PBS and
injected subcutaneously into the right hind legs of mice.
All animals were kept in laboratory animal centers, in
accordance with the regulations of the Medical Ethics
Committee. Every two days, body weight and tumor volume
measures were taken. All animals were sacrificed 14 days
after irradiation and their excised tumors were weighed.
Tumor volume (mm?) = a* x b/2 (a: length (mm), b: width
(mm)). The BALB/c nude mice used in this experiment had
passed the quality test, and the license number of Beijing
Huafukang Company is SCXK (Jing) 2019-0008.

2.4. Colony Formation Assay. 1000 cells were seeded into 6-
well plates. The next day, cells were irradiated with X-rays of
0, 2, 4, 6, 8 Gy. After 2 weeks, cell colonies were washed 3
times with PBS for 3 min each, fixed with 4% paraformalde-
hyde for 30min, and stained with crystal violet (Solarbio,
Beijing, China) for 30 min.

2.5. Cell Cycle Analysis. The cells were made into one cell
suspension, cleaned twice with cold PBS, added with 300 ul
of PBS cell suspension, added with 150 ul of 75% ethanol,
fixed at 4°C for 2 hours, washed twice with PBS, added with
an appropriate amount of PI, placed in the dark for 15 min,
and subjected to flow cytometry analysis. The machine type
of the flow analyzer is a FACSCalibur flow cytometer, and
the company is BD Biosciences (USA).

2.6. Quantitative Real-Time PCR. RNA was remoted with
TRIzol (Invitrogen, USA) and reverse transcribed to pro-
duce ¢cDNA (TaKaRa Reverse Transcription Kit, Dalian,
China) according to the manufacturer’s protocol. With
GAPDH as the internal control, qRT PCR was performed
by the TB-Green assay (Fluorescence Quantitation Kit,
TaKaRa). Relative quantification of gene expression was
computed using the method of 2°4““". The sequences of
the qQRT-PCR primers are listed in Table 1.

2.7. Immunofluorescence. The cells were cleaned with PBS
three times. Then, we conducted a more in-depth explora-
tion. After washing, the cells were subjected to 30 min of
membrane permeation with 0.5% Triton X-100, washed with
PBS, and then sealed with 10% BSA for 1h. Take out the
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TaBLE 1: The sequences of the qRT-PCR primers.

qRT-PCR primers Sequence 5' to 3’

Forward CCCCAAACCACTGATAACTCG

NRP1

Reverse AGACACCATACCCAACATTCC
GATA3 Forward AAGGCAGGGAGTGTGTGAAC
Reverse  CGGTTCTGTCCGTTCATTTT
KMT2B Forward TCCATCTTCACTGACCCACC
Reverse GTGACGACTGAGGTAGGAGG
GAPDH Forward ACGGATTTGGTCGTATTGGG
Reverse TGATTTTGGAGGGATCTCGC

blocking solution, put it directly into the wet box, drip the
diluted primary antibody, and incubate overnight at 4°C.
The next day, after rewarming the wet box at room temper-
ature for 30 min, drip the diluted fluorescent secondary anti-
body, incubate at room temperature in the dark for 1h, wash
with PBS, drop the sealing agent containing DAP], store it in
a dry cassette at 4°C, and take photos with a fluorescence
microscope.

2.8. Western Blotting. The total protein sample was prepared
using the NP-40 (Beyotime, Shanghai, China). For western
blot analysis, identical amounts of protein were resolved by
SDS-PAGE, moved to PVDF membranes, immunoblotted
with primary (NRP1 1:1000; Flag 1:1000; GATA3 1:1000)
and secondary antibodies (Rabbit antibody 1:10000; Mouse
antibody 1:50000), and detected using chemiluminescence
(Pierce ECL kit, Thermo Fisher Scientific). The information
about primary and secondary antibodies used in this article
is listed in Table 2.

2.9. Immunohistochemistry (IHC). The experiment was car-
ried out according to the immunohistochemical kit (pur-
chased from Maixin, Fujian, China). After staining the
tissue sections, mount them and take pictures after drying.

2.10. Chromatin Immunoprecipitation-Quantitative PCR
(ChIP-gPCR). The sequences of NRP1 gene promoter region
were queried by bioinformatics and matched with the
GATA3 protein. There were 11 sequences with a matching
score of more than 90%, and the optimal binding sequence
was selected to design primers. The experimental steps of
ChIP-qPCR were carried out in strict accordance with the
kit instructions (purchased from ACTIVE-MOTIF, USA).
The unique primer sequences are listed in Table 3.

2.11. Chromatin Immunoprecipitation Sequencing (ChIP-
seq). For ChIP-Seq, the Shenzhen ACE Gene Company
was responsible for sample preparation and sequencing
analysis. Raw reads were aligned to the human refence
genome (assembly hgl9) using Bowtie 2 [23] with default
parameters. Peaks were called with MACS2 [24] with default
parameters. The colocalization of GATA3 and H3K4me3
peaks was performed using the bed tool [25] intersect utility.
Gene set enrichment analysis of overlapping regions for
GATA3 and H3K4me3 was performed with the web app
GREAT [26] with default settings.

2.12. Plasmid Transfection and Luciferase Reporter Assays.
For luciferase assays to test the interaction between GATA3
and the NRP1 promoter, A549 cells were transiently
cotransfected with 100 ng of pGL3-Basic or NRP1 promoter
plasmid and 50 ng of pRL-TK, or its negative control using
Lipofectamine 3000 (Invitrogen, USA) in 24-well plates.
Then, 48h after transfection, the luciferase activities were
tested using a Dual-Luciferase Reporter Assay according to
the E1910 Kit (Promega, USA).

2.13. Statistical Analysis. The experimental data in this
experiment were statistically analyzed by SPSS 24.0 software,
and the obtained data were expressed by means + standard
deviation. The statistical analyses of the experiment data
were performed by using a two-tailed Student’s paired
t-test and one-way ANOVA. Statistical significance was
assessed at least three independent experiments. P < 0.05 con-
sidered the difference to be statistically significant.

3. Results

3.1. Establishment of Radiation-Resistant Cell Model. The
radioresistant cell lines A549-RR and H1299-RR were cre-
ated by irradiating the parental A549 and H1299 cell lines
with a dose gradient at a high dose of 30 Gy (Figures 1(a)
and 1(b)). As the radiation dose increased, we discovered
that the survival fraction in A549-RR and H1299-RR cells
was substantially higher than in A549 and H1299 cells
(Figures 1(c) and 1(d)). Furthermore, A549-RR and
H1299-RR cells were larger and had longer pseudopodia
compared to parental cells (Figures 1(e) and 1(g)). Next,
compared to the parental cells, A549-RR and H1299-RR
cells demonstrated a significantly increased survival rate
(Figures 1(f) and 1(h)). According to the point-and-click
multitarget model, the higher the Dq value, the stronger
the ability to repair the sublethal damage of cells. Therefore,
the clone formation experiment results confirmed that
A549-RR and H1299-RR have stronger damage repair abil-
ity (Table S2). The development of radiation resistance
resulted in a diffuse cytoplasmic distribution of F-actin
(Figures 1(i) and 1(k)). Radiation can cause a different cell
cycle arrest [27]. We found that A549-RR cells had G2/M
phase arrest and HI1299-RR cells had S phase arrest
compared with their parents (Figures 1(j) and 1(1)). These
results indicate that both A549-RR and H1299-RR cells are
resistant to radiation.

3.2. GATA3 and NRPI Are Involved in the Formation of
Radioresistance in Lung Cancer Cells. To study the mecha-
nism of radiation resistance, we performed RNA-
sequencing. According to the results of RNA-sequence, there
were 15,126 genes coexpressed by A549 and A549-RR cells
(Figure 2(a)). Heatmap analysis showed that NRPI, GATA3,
and KMT2B were the upregulated genes (Figure 2(b)).
KMT2B is a member of the H3K4 histone methyltransferase
(HMT) family, which can catalyze the trimethylation of his-
tones. Kyoto Encyclopedia of Genes and Genomes pathways
were studied for each module which was performed to inves-
tigate the signaling mechanisms. The cancer pathways,
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TaBLE 2: Antibodies used in western blotting.
Antibodies Catalog number Company Dilutions
Anti-GAPDH TA802519 OriGene 1:1000
Antineuropilin 1 antibody ab81321 Abcam 1:1000
Anti-GATA3 antibody ab199428 Abcam 1:1000
Antihistone H3 (tri methyl K4) ab213224 Abcam 1:1000
Antihistone H3 ab1791 Abcam 1:1000
Flag-tag (1A8) mAb AP0007M Bioworld 1:1000
Goat antimouse IgG (H+L) HRP BS12478 Bioworld 1:50000
Goat antirabbit IgG (H+L) HRP BS13278 Bioworld 1:10000
Cy3 goat antibody AS007 ABclonal 1:250
Recombinant rabbit IgG ab172730 Abcam 1:100
TaBLE 3: The sequences of the ChIP-qPCR primers.

ChIP-qPCR primers Sequence 5' to 3'

. Forward CACACTCAGCAGGGAAAGG
NRP1-promoter-primer 1

Reverse GAGCGCCCGTTTGGATAG

. Forward GAGCAGTTACCATCCAGTCTAC

NRP1-promoter-primer 2
Reverse TAGGAGGTGCTGCAGAAATAAG

PI3K-AKT pathway [28], and MAPK pathway were found to
be overrepresented in the dysregulated genes (Figure 2(c)).
Indeed, differential genes were enriched in the GO biological
processes related with the plasma membrane (Figure 2(d)),
according to Gene Ontology (GO) analysis. Next, we
checked the RNA-seq results and discovered that gene
expression in A549 and A549-RR cells matched the sequenc-
ing results (Figure 2(e)). In H1299 and H1299-RR cells,
however, the mRNA expression of NRP1 and GATA3 rose
whereas the mRNA expression of KMT2B decreased
(Figure 2(f)). Immunofluorescence results showed that
GATA3 nucleation was observed in both radiation-
resistant models (Figure 2(h)).

3.3. GATAS3 Positively Regulates NRP1 Expression in A549-
RR Cells but Represses NRP1 Expression in H1299-RR Cells.
To begin to understand the role of GATA3-mediated tran-
scriptional regulation, we first designed siRNAs to specifi-
cally knock down the expression of GATA3 (Figure S1).
GATA3 and NRP1 were knocked down and overexpressed
using transient transfection of siGATA3, pcDNA3.1(+)-
Flag-GATA3, pSIREN-RetroQ-shNRP1, and pLNCX2-
NRP1 plasmids. The qRT-PCR results showed that in A549
and A549-RR cells, the mRNA expression of NRP1
decreased after GATA3 knockdown and increased after
GATA3 overexpression (Figure S2). Knockdown of GATA3
downregulated the expression of the NRPI protein;
overexpression of GATA3 upregulated the NRP1 protein
(Figure 3(a)). On the other hand, knockdown or
overexpression of NRP1 showed no obvious change in the
GATAS3 protein (Figure 3(b)), indicating that NRP1 does not
directly affect the expression of GATA3. Thus, GATA3 can
positively regulate NRP1 in A549 and A549-RR cells.

Conversely, the phenomenon in H1299 and H1299-RR
cells was the opposite compared to that in A549 cells. The
mRNA expression of NRP1 increased after GATA3 knock-
down and decreased after GATA3 overexpression in H1299
cells and H1299-RR cells (Figure 3(c)). However, there was
no significant change in the expression of GATA3 after knock-
down or overexpression of NRP1 in other cells (Figure 3(d)).
Taken together, these results indicated that GATA3 negatively
regulates NRP1 in H1299 and H1299-RR cells. At the same
time, we also detected the mRNA expression levels of GATA3
or NRP1 after knockdown or overexpression and found no
obvious trend (Figure S3). Therefore, the regulation of
GATA3 on NRP1 mainly reflects its protein expression.

3.4. GATA3 Is Located Upstream of the NRPI Gene to
Regulate Transcription. In order to explore whether GATA3
regulates the transcription of the NRPI gene, we constructed
a recombinant plasmid of the promoter region of the NRPI
gene with the pGL3 basic vector. Dual-luciferase reporter
assays confirmed that GATA3 promotes activation of the
NRPI promoter in A549-RR cells, while the ability of
GATA3 to activate the NRPI promoter was weakened in
H1299-RR cells (Figure 4(a)). We analyzed the whole
genome distribution of GATA3 target genes in two radiation
resistant cells and found that the target genes were widely
distributed, including exons, promoters, and so on
(Figure 4(b)). In the ChIP-seq analysis, a binding event
between GATA3 proteins was observed upstream of the
NRPI locus (Figure 4(c)). Next, ChIP-qPCR analysis was
performed using A549, A549-RR, H1299, and H1299-RR
cells and specific antibodies against GATA3 and IgG for
selected NRPI genes. The results showed a strong enrich-
ment of GATA3 on the gene promoters, validating the
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FI1GURE 1: A549-RR and H1299-RR cells are resistant to radiation. (a, b) The strategy of A549 and H1299 radiation resistance cells. (c, d) Cell
Counting Kit-8 assay was performed to detect the viability and proliferation of the cells. The survival rate was normalized to 0 Gy. (e, g) Cell
morphology was observed by light microscope. (f, h) Colony formation assay was performed to detect the viability of the cells. The survival
rate was normalized to the 0 Gy group. (i, k) Double staining of cells for F-actin (red) and for cell nuclei with DAPI (blue). (j, 1) Cell cycle
distribution of each group. Results were presented as mean + SD of three independent experiments (1 =3; *P < 0.05, **P < 0.01 vs. A549;

*P <0.05, P < 0.01 vs. H1299; two-tailed ¢-test).

ChIP-seq results (Figure 4(d)). These results indicated that
NRPI is a high-confidence target gene downstream of
GATAS3 in lung cancer cells.

3.5. H3K4me3 and GATA3 Jointly Regulate the Transcription
of NRPI Gene. In RNA-seq results, we found that H3K4me3
methyltransferase KITM2D was upregulated in A549-RR
cells, so we speculated that H3K4me3 was likely to partici-
pate in the formation of radiation resistance. In support of
this finding, we examined the expression of H3K4me3 in
two radiation resistance models; western blot analysis
showed that A549-RR cell lines had a high expression level
of H3K4me3. However, H1299-RR cell lines displayed a
low H3K4me3 expression level (Figure 5(a)).

Then, how does H3K4me3 affect radiation resistance? In
ChIP-sequence analysis, we found that there were 10631 and
8232 target genes jointly regulated by GATA3 and
H3K4me3, respectively, in the two radiation resistance
models. Surprisingly, NRP1 was the common target gene,
E2FA, NR2F2, and so on were included (Figure 5(b)). We
next analyzed the chromatin status at the NRP1 target locus
in lung cancer cells and found that NRPI-enriched regions
were frequently associated with an active histone mark
(H3K4me3). Furthermore, the enrichment of H3K4me3 in
the promoter region of the NRP1 gene in the two radiation
resistant models was different. In A549-RR cells, this enrich-
ment increased, whereas in HI1299-RR cells, it reduced
(Figure 5(c)). Finally, we verified the enrichment of
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FIGURE 2: GATA3 and NRP1 are overexpressed in A549-RR and H1299-RR cells. (a) Venn diagram shows the overlap of genes between
A549-RR (green) and A549 (yellow). (b) Hierarchical clustering of genes altered by A549 and A549-RR cells. (c) Pathway analysis of
differential genes arranged into functional groups. (d) Genes differentially expressed were selected for gene ontology analysis. (e, f)
Verification of RNA-seq results through qRT-PCR analysis of the indicated genes in A549, A549-RR, H1299, and H1299-RR cells (n = 3;
*P<0.05, **P<0.01 vs. A549; "P < 0.05, P <0.01 vs. H1299; two-tailed ¢-test). (g) Expressions of NRP1, GATA3, and KMT2B were
measured using western blotting (n =3). (h) Immunofluorescence staining of cells for GATA3 (red) or NRP1 (red) and for cell nuclei
with DAPI (blue) (n=3).
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FIGURE 3: GATAS3 positively regulates NRP1 expression in A549-RR cells but represses NRP1 expression in H1299-RR cells. (a) The protein
expression of GATA3 and NRP1 involved in A549 and A549-RR cells transfected with negative control siNC, siGATA3, vector, or
pcDNA3.1(+)-GATA3. (b) The protein expression of GATA3 and NRP1 involved in A549 and A549-RR cells transfected with negative
control shNC or shNRP1 and vector or pLNCX2-NRP1. (¢, d) The GATA3 and NRP1 protein level were downregulated or upregulated

in H1299 and H1299-RR cells. Cells were transfected for 48 hours and harvested for analysis.

H3K4me3 according to the ChIP-seq site (-2354~-2451).
The results showed that H3K4me3 was indeed enriched
here, which also confirmed the results of ChIP-seq
(Figure 5(d)).

3.6. GATA3 Knockdown Can Enhance A549-RR Cell
Radiosensitivity. To directly test whether GATA3 knock-
down increases radiosensitivity by regulating NRP1 in vivo,
nude mice-bearing xenografts from A549-shNC and A549-
shGATA3 were treated with or without 20 Gy IR. The xeno-
grafted tumors originated from A549 cells with stable low
expression of GATA3 genes constructed by subcutaneous
injection (Figure S$4). Strikingly, GATA3 knockdown
combined with IR significantly suppressed A549 tumor
growth (Figures 6(a) and 6(b)). However, H1299 cell
knockdown GATA3 combined with 20 Gy irradiation did
not reduce the tumor (Figure 6(c) and 6(d)). The body
weight of nude mice remained essentially unchanged

within 14 days after irradiation (Figure S5). IHC results
showed that the staining of GATA3 and NRP1 decreased
gradually in the four groups (A549-shNC, A549-shNC
+20Gy, A549-shGATA3, and A549-shGATA3+20Gy)
(Figures 6(e) and 6(f)). This indicates that the growth
inhibitory effect of tumors is related to the reduction of
GATA3 and NRP1. Knockdown of GATA3 combined with
high-dose irradiation can inhibit the expression of NRPI.
Next, the mRNA (Figure 6(g)) and protein expression
levels (Figure 6(h)) of GATA3 and NRP1 in tumor tissues
also confirmed our conjecture.

4. Discussion

In recent years, more and more studies have shown that
GATA3 is closely related to the prognosis of various cancers.
GATA3 is one of the most frequently mutated genes in
breast cancer, and its mutation affects breast cancer
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FIGURE 4: GATAS3 regulates the expression of NRP1 target gene. (a) Luciferase values in A549, A549-RR, H1299, and H1299-RR cells
cotransfected with pcDNA3.1(+), pcDNA3.1(+)-GATA3, or NRPI promoter sequence and pRL-TK measured by a dual-luciferase
reporter assay. (b) Genomic distribution of GATA3 targets, based on ChIP-seq analysis. (c) ChIP-seq gene tracks show the binding
locations of transcription factor GATA3 at the NRPI gene locus in A549, A549-RR, H1299, and H1299-RR cells. Red box indicates the
region associated with GATA3 signals in four kinds of cells. (d) ChIP-qPCR with IgG and GATA3 antibody in A549, A549-RR, H1299, and
H1299-RR cells, followed by qRT-PCR with primers of the NRPI promoter-1 region (-252~-127) specific to the GATA3. Data were shown as
means + SD from three independent experiments (1 = 3; *P < 0.05, **P < 0.01 vs. A549; “P < 0.05, P < 0.01 vs. H1299; two-tailed ¢-test).

progression [28]. GATA3 can promote breast cancer inva-
sion and metastasis through epithelial-mesenchymal transi-
tion (EMT) [29, 30]. In addition, GATA3 is a major
transcription factor for T cell differentiation into Th2-type
cells [32], which is involved in the immune microenviron-
ment of lung tumors and maintains chemoresistance [31].
However, the mechanism of action of GATA3 in nonsmall
cell lung cancer is still unclear, and whether GATA3 is
related to radiation resistance has not been reported. There-
fore, the present study explored the mechanism of GATA3
in two radiation-resistant cell models of nonsmall cell lung
cancer (A549-RR and H1299-RR).

Firstly, according to the different sensitivity of the two
lung adenocarcinoma cells to radiation, we used different
dose rates to construct the radiation resistance models. After
successful construction, it was found that the two cells had
different cell cycle arrest. This phenomenon may be caused
by different cellular genetic backgrounds. A549 cells are
p53 wild-type and HI1299 cells are p53 deletion-type
[32-34]. It is well known that p53 is a tumor suppressor
and can also regulate the metabolic pathways of cancer cells.
RBL2/DREAM-mediated Aurora kinase A/B pathway inhi-
bition in p53 WT NSCLC can increase the radiosensitivity
of NSCLC [35]. On the other hand, p53 is an important
checkpoint in the G1/S phase. The radioresistance of p53null
H1299 cells results in cell cycle checkpoint disturbance and a

higher tetraploid ratio compared to that of p53wt A549 cells.
It has been demonstrated in the literature that two types of
lung adenocarcinoma cells (A549 and H1299) have different
sensitivities to radiation, and after conventionally fractionated
irradiation regimens, the two types of cells exhibit different
apoptosis, metabolic activity, and EMT transformation [36].
This fully demonstrates that nonsmall cell lung cancer
(NSCLC) treatments should become more personalized
according to the status of key protein molecules in tumor tis-
sue [34]. This also coincides with our research. Our study also
found that the mechanisms by which the two types of lung
cancer cells develop radioresistance are different, and in-
depth exploration has been carried out.

After that, we analyzed the difference of gene expression
between A549 and A549-RR cells. The results showed that
GATA3 and NRPI, a key gene closely related to the high
invasion and metastasis of lung cancer [37-39], were highly
expressed. A large number of studies have confirmed that
the transcription factors GATA3 and NRP1 are involved in
the process of EMT. So, what is the relationship between
them? Our study found that NRP1 is a direct downstream
target gene of GATA3. GATA3 positively promoted NRP1
expression in A549 and A549-RR cells but inhibited NRP1
expression in H1299 and H1299-RR cells (Figure 3). As we
all know, the complexity of transcription factor regulation
depends in part on its transcription cofactor. GATA3, as a
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Ficure 5: H3K4me3 obviously bind to the NRP1 promoter region. (a) The levels of H3K4me3 modifications in histone extracts were
determined via western blotting. (b) Venn diagram showing overlapping genes bound by GATA3 and H3K4me3 in A549, A549-RR, H1299,
and H1299-RR cells. (c) ChIP-seq gene tracks show the binding locations of H3K4me3at the NRPI gene locus in A549, A549-RR, H1299,
and H1299-RR cells. Red box indicates the region associated with H3K4me3 signals in four kinds of cells. (d) ChIP-qPCR with IgG and
H3K4me3 antibody in A549, A549-RR, H1299, and H1299-RR cells, followed by qRT-PCR with primers of the NRPI promoter-2 region
(-2354~-2451) specific to the H3K4me3. Data are shown as means + SD from three separated experiments (1 = 3; *P < 0.05, **P < 0.01 vs.

A549; *P < 0.05, P < 0.01 vs. H1299; two-tailed ¢-test).

biological regulator of tumor cells, can form complexes with
a variety of proteins to jointly regulate the transcription of
target genes.

As research progresses, it has become increasingly recog-
nized that both genetic and epigenetic events can contribute
to cancer development [40]. Since epigenetic changes are
reversible and epigenetic regulators are often proteins with
enzymatic activities, which can regulate the expression of
many target genes, and depending on different cell environ-

ments, they can play different roles as tumor suppressors or
oncoproteins [41]. Therefore, we speculate whether there is a
histone modification involved in the regulation of NRP1 by
GATA3. We analyzed competitive H3K4me3 and GATA3
binding in the NRP1 promoter region by ChIP and ChIP-
seq (Figure 5(c)). H3K4me3 modification is a marker of gene
activation [42, 43], which can jointly promote the transcrip-
tion of NRP1 in A549-RR cells. However, the modification
of H3K4me3 in HI1299-RR cells was less than that in
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FI1GURE 6: Knockdown of GATA3 can enhance the radiosensitivity of A549-RR cells. (a, ¢) Cells were injected subcutaneously into nude
mice. Mice were exposed to 20 Gy of radiation when the tumor volume reached approximately 200 mm?> The tumor was removed 14 days
after irradiation. (b, d) The average volumes of the tumors were measured every 2 days (n =4, *P <0.05 vs. A549-shNC or H1299-shNC,
P <0.05 vs. A549-shNC+20 Gy). () THC staining for GATA3 and NRP1 proteins in tumors of the four groups at 14 days. Scale bars,
50 ym. (f) Quantification of GATA3 and NRP1 staining in (e). Dots in (f) depict individual samples. (g) The mRNA expression of GATA3
and NRP1 genes was measured by qRT-PCR in (e). Dots in (g) depict individual samples (n=4, *P <0.05 vs. A549-shNC). (h) Western
blotting was used to detect GATA3 and NRP1 proteins in tumors of the four groups.
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cells (A549 and H1299).

H1299 cells, indicating that the role of H3K4me3 in H1299-
RR cells was weakened and GATA3 played a leading role.
Finally, we verified the regulatory effect of GATA3 on
NRP1 in vivo. GATA3 knockdown in A549 cells increased
radiosensitivity of A549 cells and reduced tumor volume
(Figure 6(a)).

5. Conclusions

In summary, during the formation of radiation resistance in
A549 cells, the transcription factor GATA3 will be recruited
to the NRP1 gene promoter region. Additionally, the
H3K4me3 alteration in the NRP1 gene promoter region will
increase, increasing NRP1 gene transcription and resulting
in radiation resistance in A549 cells. The process of radiation
resistance in H1299 cells, on the other hand, is fundamen-
tally different from that in A549 cells. In H1299 cells, the
transcription factor GATAS3 acts as a transcription inhibitor
to inhibit the transcription of NRP1. Moreover, the enrich-
ment of GATA3 and H3K4me3 in the promoter region of
NRP1 gene decreased. Therefore, we speculate that the main
factor of radiation resistance in H1299 cells is the increase of
NRP1 transcription caused by the decrease of GATA3
enrichment (Figure 7). Overall, our results clarify that
GATA3 has different regulatory effects on NRP1 in two lung
adenocarcinoma cells, and H3K4me3 is also involved.
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