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ARTICLE INFO ABSTRACT

Keywords: Radioresistance is the major reason for the failure of radiotherapy in esophageal squamous cell carcinoma
STC2 (ESCQ). Previous evidence indicated that stanniocalcin 2 (STC2) participates in various biological processes of
PRMT5

malignant tumors. However, researches on its effect on radioresistance in cancers are limited. In this study, STC2
was screened out by RNA-sequencing and bioinformatics analyses as a potential prognosis predictor of ESCC
radiosensitivity and then was determined to facilitate radioresistance. We found that STC2 expression is
increased in ESCC tissues compared to adjacent normal tissues, and a higher level of STC2 is associated with poor

Radioresistance
Esophageal squamous cell carcinoma
DNA damage Repair

ferroptosts prognosis. Also, STC2 mRNA and protein expression levels were higher in radioresistant cells than in their
parental cells. Further investigation revealed that STC2 could interact with protein methyltransferase 5 (PRMT5)
and activate PRMTS5, thus leading to the increased expression of symmetric dimethylation of histone H4 on Arg 3
(H4R3me2s). Mechanistically, STC2 can promote DDR through the homologous recombination and non-
homologous end joining pathways by activating PRMT5. Meanwhile, STC2 can participate in SLC7A11-
mediated ferroptosis in a PRMT5-dependent manner. Finally, these results were validated through in vivo ex-
periments. These findings uncovered that STC2 might be an attractive therapeutic target to overcome ESCC

radioresistance.
1. Introduction constituting the majority of cases [2,3]. Despite tremendous efforts to
develop new therapeutic approaches, the outcome of ESCC patients re-
Esophageal cancer (EC) is one of the most frequently occurring ma- mains dismal. Unfortunately, early diagnosis of ESCC is hard to achieve,
lignancies and ranks as the seventh leading cause of cancer-related resulting in that most ESCC patients being diagnosed at advanced stages.
deaths globally [1]. It is estimated that half of all EC cases are diag- For patients with advanced ESCC, the standard treatment is neoadjuvant
nosed in China, with esophageal squamous cell carcinoma (ESCC) chemotherapy or chemoradiotherapy followed by radical surgery [4].
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However, the intrinsic radioresistance of ESCC cells limits the clinical
efficacy of radiotherapy, leading to tumor recurrence and distant
metastasis [5]. Hence, elucidating the molecular mechanisms and
discovering potential targets to overcome the radioresistance in ESCC
are urgently needed.

Resistance to Ionizing radiation (IR) is polymodal and associated
with various biological mechanisms. DNA double-strand breaks (DSBs)
are primary factors and the most lethal lesions in response to IR,
inducing the subsequent DNA damage repair (DDR) [6]. Homologous
recombination (HR) and non-homologous end joining (NHEJ) are the
most prevalent pathways involved in IR-induced DDR [7]. In recent
years, targeting involved proteins in HR and NHEJ pathways has been
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considered a promising strategy to enhance sensitivity to IR, and some
remarkable progress has been made. For instance, inhibition of
DNA-PKcs has been proposed as an effective method to overcome
radioresistance in cancers [8,9]. Some specific and potent PARP-1 in-
hibitors have been developed to sensitize cancers, including ESCC
[10-13]. Overall, the enhancement of sensitization to radiotherapy
through DDR pathways has been a focus for the past few decades. Be-
sides its direct effects on DSBs, IR can also exert its indirect effects via
eliciting radiolysis of cellular water, which then subsequently targets
nucleic, lipids, etc. These direct and indirect effects would trigger
distinct forms of regulated cell death (RCD). Ferroptosis, a novel form of
RCD, was first described in 2012 [14]. Recent studies revealed that IR
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Fig. 1. STC2 was identified as a potential prognosis predictor of ESCC radiosensitivity.

a Volcano plot of differentially expressed genes (DEGs) between radioresistant cells and their normal parental cells. b Venn diagram of the co-upregulated DEGs
among 2 RNA-sequencing datasets (TEIR/TE1, KYSE150R/KYSE150) and 3 datasets from the GEO database (GSE100942, GSE149609, GSE164158). ¢ STC2 mRNA
expression level in adjacent normal tissues and ESCC from the database. d Immunohistochemistry of STC2 expression in 24 ESCC tissues and their adjacent non-
tumor tissues. Scale bar: 20 pm e Kaplan-Meier curves of ESCC survival based on the expression level of STC2 according to the TCGA database. f-g qRT-PCR and
western blotting were performed to detect STC2 expression in radioresistant cancer cells compared with their normal cancer cells. ***p < 0.001; ****p < 0.0001.
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induces potent ferroptosis, and ferroptosis can also modulate radiosen-
sitivity in cancers [15-17]. Many preclinical trials presented that fer-
roptosis inducers (FINs) can enhance radiosensitivity when combined
with IR. Class I FINs targeting solute carrier family 7 member 11
(SLC7A11), class II FINs targeting glutathione peroxidase 4 (GPX4), and
class III FINs depleting CoQ and GPX4, were all confirmed to sensitize
cancer cells to IR in vitro and vivo [16]. Thus, targeting traditional DDR
or novel ferroptosis might be an effective therapeutic strategy to over-
come radioresistance.

The stanniocalcin (STC) family consists of stanniocalcin 1 (STC1) and
stanniocalcin 2 (STC2), which are glycoproteins functioning as hor-
mones to regulate calcium and phosphate secretion [18]. STC2 is an
ortholog of fish STCs and is widely expressed in various organs and
tissues [19]. Previous studies suggested that STC2 is broadly
up-regulated in multiple malignant tumors, including colon cancer [20,
21], cervical cancer [22], nasopharyngeal cancer [23,24], liver cancer
[25,26] etc. Accumulating evidence has indicated that STC2 participates
in a wide variety of biological processes, such as cell proliferation,
migration, invasion, immune response, and drug resistance. Regarding
ESCC, STC2 was up-regulated in ESCC tissues compared with corre-
sponding normal tissues and can facilitate cell proliferation, invasion,
and metastasis [27]. However, no investigation has been conducted to
elucidate the relationship between STC2 and radiosensitivity in ESCC.

In this study, we confirmed the expression of STC2 and its regulation
on proliferation and metastasis in ESCC. Our research focuses on
determining the critical role of STC2 on radioresistance and investi-
gating the underlying mechanism involved in ESCC. We demonstrated
that STC2 could interact with protein methyltransferase 5 (PRMT5) and
activate PRMT5, thus inducing radioresistance through DDR and fer-
roptosis pathways. The evidence in our study indicated that targeting
STC2 might be a promising therapeutic strategy for ESCC treatment.

2. Results
2.1. STC2 negatively correlates with the radiosensitivity of ESCC

In our previous study, two radioresistant ESCC cell lines KYSE150R
and TE1R were constructed from their parental cell lines KYSE150 and
TEL, respectively [28]. To investigate the potential genes involved in the
radioresistance of ESCC, we used RNA-seq to explore the differentially
expressed genes (DEGs) between these two radioresistant ESCC cells and
their parental cells (Fig. 1A). Moreover, we extracted and analyzed 3
datasets (GSE100942, GSE149609, GSE164158) containing gene
expression profiles of ESCC as well as normal esophageal tissues from
GEO database to determine DEGs. We then combined up-regulated
genes of each database into a Venn diagram analysis, which revealed
that only 4 genes (STC2, COL5A2, IGFBP3, CD38) were up-regulated
simultaneously (Fig. 1B). Particularly, Kaplan-Meier survival analysis
indicated that high expression of STC2 referred to poor prognosis of
ESCC patients (Fig. 1E). In comparison, there is no statistically signifi-
cant relationship between expression of the other 3 genes and prognosis
(Figs. S1A-C). Herein, we focused on STC2 in the present study based on
the above results and analyses.

Consistent with the analysis of paired samples from the GEO data-
base, the STC2 mRNA expression was up-regulated in ESCC tissue
compared to that in normal tissue from The Cancer Genome Atlas
(TCGA) and GTEx datasets (Fig. 1C). To further validate the expression
of STC2 in ESCC patients, immunohistochemistry (IHC) was performed
in ESCC tissues and their paired adjacent non-tumor tissues. It was
revealed that the protein level of STC2 was overexpressed in ESCC tis-
sues (Fig. 1D). We also detected the differential expression of STC2 in
radioresistant cells and parental cells by real-time quantitative PCR (RT-
gqPCR) and western blot (WB) (Fig. 1F-G), which was consistent with
RNA-seq results. Taken together, these results strongly suggested that
STC2 play a crucial role in tumor progression and radioresistance in
ESCC.
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2.2. STC2 facilitates ESCC progression

We first examined the expression levels of STC2 in various ESCC
cells. The expression levels of STC2 are variable in different cancer cell
lines (Fig. 2A). Based on the expression level, STC2 was knocked down
in KYSE410 and KYSE510 cells as well as overexpressed in KYSE150 and
TE1 cells for the following assays (Fig. 2B). Colony formation and cell
counting kit-8 (CCK8) assays indicated that inhibition of STC2 remark-
ably suppressed cell proliferation. In contrast, elevated expression of
STC2 enhanced proliferation (Figs. SID-E). We also found that the
expression of STC2 was related to cell migration of ESCC (Figs. S1F-G).
The above results implied that STC2 acted as an oncogene and facilitated
ESCC progression.

2.3. STC2 induces radioresistance and promotes DDR through the NHEJ
and HR pathways

Referring to the effect of STC2 expression on radiosensitivity in
ESCC, we first performed colony formation assays in ESCC cells, which
were exposed to a series of single radiation doses. Overexpression of
STC2 improved the colony formation after IR while the surviving frac-
tions of ESCC cells with STC2 knockdown were diminished conversely in
response to IR, suggesting STC2 conferred radioresistance in ESCC cells
(Fig. 2C-D, Figs. S2A-B).

y-H2AX is identified as a marker of DSBs and correlates with radio-
sensitivity, and we evaluated the level of y-H2AX in ESCC cells after IR.
Overall, the number of y-H2AX-positive nuclei significantly increased
following IR and gradually reduced. As shown in Fig. 2E, KYSE410-
shSTC2 cells exhibited elevated levels of y-H2AX foci compared to
control cells. On the contrary, there were fewer y-H2AX foci in TE1-
STC2 cells after IR. We also acquired similar results in KYSE510-
shSTC2 cells and KYSE150-STC2 cells (Fig. S2C). Moreover, a comet
assay was also conducted to measure the DSBs after 4Gy IR. Consistent
with the immunofluorescence (IF) of y-H2AX foci, we revealed that the
olive tail moment is higher in STC2 deficient cells than in control cells,
while STC2-overexpressed cells exhibited shorter comet tails (Fig. 2F,
Fig. S2D).

It has been reported that HR and NHEJ are two critical pathways
involved in DDR. Therefore, we analyzed expression levels of essential
proteins involved in HR and NHEJ in ESCC cells. Notably, we observed
lower expression of HR-related proteins, including NBS1, Mrell, and
RADS51 in KYSE410-shSTC2 cells, whereas STC2 overexpressing resulted
in higher expression of those proteins in TE1-STC2 cells. Moreover,
STC2 altered the expression levels of 53BP1, Ku70, and Ku80, indicating
that STC2 can also regulate NHEJ (Fig. 3A-B). Collectively, these data
demonstrated that STC2 could simultaneously promote DDR through
NHEJ and HR pathways, thus inducing radioresistance in ESCC cells.

2.4. STC2 interacts with and activates PRMT5

To further explore the mechanism of how STC2 regulated DDR, we
performed immunoprecipitation (IP)-mass spectrometry (MS) in TE1-
STC2 cells and KYSE150-STC2 cells. We first conducted IP with anti-
STC2 antibody and stained the co-immunoprecipitation (co-IP) sam-
ples with Coomassie Brilliant Blue after electrophoresis (Fig. 3D). Then,
MS analysis identified the DEGs between the anti-STC2 group and anti-
IgG group. The potential targets of STC2 were proteins just exported in
the anti-STC2 group or which met the criteria with a log fold change>3
(Fig. 3C). According to their fold change, we ranked and subjected to the
top 20 proteins (Fig. 3E), which were imported into Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database (https://cn.
string-db.org/). Referring to the protein-protein network of these DEGs,
we found that PRMT5 was the core of the network (Fig. 3F). Since
previous studies have identified that PRMT5 cooperated with CLNS1A or
WDR?77 as a master epigenetic activator of DDR through HR and NHEJ
[29], we hypothesized that STC2 might bind to PRMTS5 in ESCC cells. To
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Fig. 2. STC2 facilitates radioresistance and promotes DNA damage repair (DDR) of ESCC after IR exposure. a Examination of STC2 protein levels in different ESCC
cell lines. b The protein level of STC2 was detected in STC2-KD and -overexpressing cells transfected with the related lentivirus. ¢ Colony formation assays and
survival fraction of cells after irradiation with 0, 2, 4, and 8 Gy d The values of DO, Dg, N in each group. e Representative images of YH2AX-positive nuclei in STC2-KD
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validate this hypothesis, we performed co-IP assays with an anti-STC2
antibody to pull down PRMT5 and then with an anti-PRMT5 antibody
to pull down STC2 reciprocally. The interaction between STC2 and
PRMT5 was validated in TE1-STC2 cells and KYSE150-STC2 cells
(Fig. 3G). Indeed, we also found that STC2 can interact with CLNS1A

and WDR77 (Fig. S3A). Unexpectedly, the manipulation of STC2 did not
change the protein level of PRMT5, CLNS1A, and WDR77. However, we
discovered that symmetrical dimethylarginine arginine (SDMA) and
symmetric dimethylation of histone H4 on Arg 3 (H4R3me2s), which
were mediated by PRMT5 and indicated the activity of PRMT5, altered
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with the change of STC2 (Fig. 3H). To sum up, these findings implied
that STC2 not only interacted with PRMTS5 but also activated PRMTS5.

2.5. STC2 enhances DDR of ESCC by activating PRMT5

GSK3326595(GSK) has been widely reported to specifically inhibit
PRMT5 enzymatic activity [30,31]. Inhibition of PRMT5 with GSK
decreased expression levels of HR and NEHJ-related proteins in a con-
centration- and time-dependent manner (Fig. S3B). Based on these re-
sults, we treated ESCC cells with GSK (20 pM) for 48 h to carry out the
following experiments. As we can see from Fig. 4A-D, the addition of
GSK inhibited DDR and sensitized cells to IR, resulting in increased
y-H2AX foci and tail moment compared with control cells. More
importantly, GSK specifically inhibited the methyltransferase activity of
PRMT5 and partially abolished the alleviation of the STC2
overexpression-mediated y-H2AX and olive tail effects. In addition, the
survival curves under IR also indicated that PRMT5 inhibitor could
recover radiosensitivity in STC2-overexpressed cells (Fig. 4E). The exact
values of DO, Dq, and N in each group were presented in Fig. S3C.
Similar results were observed by WB that pharmacological inhibition of
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PRMTS5 decreased the expression of STC2-induced proteins involved in
HR and NHEJ (Fig. 4F).

2.6. Depletion of STC2 promotes ferroptosis in ESCC with or without IR

We also employed RNA-seq screening in STC2-depleted cells to
further identify the molecular pathways. The DEGs were evaluated in
ESCC cells without IR using standard criteria, including |logFC| > 1 and
p-value <0.05 (Fig. S4A). Taking the intersection of these DEGs, we
screened out a total of 211 DEGs (Fig. 5A). These DEGs were mapped to
KEGG analysis and the top 15 significantly enriched pathways were
shown (Fig. 5B). We also presented a heatmap of ferroptosis-related
gene enriched in KEGG (Fig. 5C). It is obvious that ferroptosis
signaling pathway was altered, indicating STC2 may affect the process of
ferroptosis.

Ferroptosis has recently been revealed to play an essential role in IR-
induced cell death. Also, many studies suggested that combining FINs
and IR is a promising strategy for radiosensitization in cancers [16,17].
Therefore, we hypothesized that the effect of STC2 in radioresistance
might partly result from ferroptosis. We conducted the following assays
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to clarify the relationship between STC2 and ferroptosis. First, trans-
mission electron microscopy was carried out to identify the typical
morphological characteristics of ferroptosis in STC2-depleted ESCC cells
without IR. As expected, the depletion of STC2 led to decreased mito-
chondrial volume and increased membrane density (Fig. 5D). Then, the
intracellular level of Fe?™ was evaluated with the specific fluorescent
probe FerroOrange under confocal microscopy. The fluorescence in-
tensity was increased in STC2-depleted cells and decreased in
STC2-overexpressed cells (Fig. 5E). We then measured the effect of STC2
on malonic dialdehyde (MDA) and glutathione (GSH), which reflects the
occurrence of ferroptosis. Indeed, inhibition of STC2 resulted in
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up-regulated MDA and depleted GSH with or without IR, while STC2
overexpression occurred with contrary results (Fig. 5F, Fig. S4B). Flow
cytometry was also performed to detect intracellular reactive oxygen
species (ROS) and lipid peroxidation, whether treated with IR or not.
Knock-down of STC2 caused increased levels of ROS and lipid peroxi-
dation, while STC2-overexpression resulted in a decreased level of
peroxidation (Fig. 5G-H). Besides, as previous studies reported, we also
observed that IR could induce ferroptosis with elevated ROS, lipid per-
oxidation, MDA, and GSH depletion. Our results indicated that STC2
might also modulate ferroptosis and induce radioresistance in ESCC
cells.
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2.7. STC2 induces ferroptosis by targeting SLC7A11

Coinciding with ferroptosis-related genes enriched in the heatmap of
our research, SLC7A11 was recognized as a strongly associated gene
with STC2 in esophageal cancer when resorting to the online bioinfor-
matics websites UALCAN (http://ualcan.path.uab.edu/) and GEPIA
(http://gepia.cancer-pku.cn/) (Figure S5A and Fig. 6A). We also
examined the potential relationship between STC2 and SLC7A11 mRNA
expression in ESCC using data from TCGA database (Fig. 6B). Evidence
can be acquired that SLC7A11 is strongly related to STC2 with high R
ratio and significant p value. As we all know, solute carrier family 3
member 2 (SLC3A2) is a chaperone protein of SLC7A11 and, together
with it to encode the cystine/glutamate antiporter system XC-. Notably,
SLC3A2 was also involved in related genes and confirmed by further
analysis in ESCC (Fig. 6C-D).

To investigate whether STC2 regulates ferroptosis through SLC7A11,
we examined the related protein expression in ESCC cells. As a result of
STC2 knockdown, SLC7A11, SLC3A2, and GPX4 expression were
markedly reduced. In contrast, overexpression of STC2 resulted in
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increased protein levels (Fig. 6E). Subsequently, MDA assays and flow
cytometry were performed with several FINs in TE1-STC2 cells. I FINs
(Erastin and sulfasalazine), which can inhibit SLC7A11 activity, and II
FIN (RSL3), which decreases GPX4 activity, can elevate lipid peroxida-
tion in ESCC cells in a dose-dependent manner. However, when these
three FINs were used in TE1-STC2 cells, only I FINs could rescue the
STC2-mediated inhibition of ferroptosis with significance. At the same
time, the level of lipid peroxidation in STC2-TE1 cells treated with RSL3
presented no statistical significance (Fig. 6F-K). In summary, the above
characteristic phenotypes of ferroptosis confirmed that STC2 regulates
SLC7A11-dependent ferroptosis.

2.8. STC2 participates in ferroptosis in a PRMT5-dependent manner

As mentioned above, STC2 can interact with PRMTS5 and activate the
activity of PRMT5. Resorting to previous research, we found that
inhibiting the activity of PRMT5 can reduce expression levels of ATF4,
SLC7A11 and SLC3A2 [30]. Therefore, we explored whether the role of
STC2 in ferroptosis was related to PRMT5 activity.

TE1 KYSE150

GSK(uM) 0

gL [ TTE
SLC7A11 |1 e
Ee— wwww

H4R3me2s | e - | | -_— |
B-Tubulin | 'S w— — — | |---- |
D KYSE150 (4Gy)
axs
Mock A g
\ 3
\ >
Y 2
Mock+GSK i [ 3
- . 3
-3
SsTC2 a
-
STC2+GSK
Ty T T
10% 10? 10* 10
Lipid ROS (C11BODIPY)

SLC7AM | - —— —|

=
ATF4 | - - ; - | | - 4 = |
H4R3me2s | - — | | -— - |
B-Tubulin | we— S — -| | CEy gy e S |
Mock + + - o + + = =
§TC2 - - + + . +
GSK - * + P s
IR + + + + + + + +

a-b PRMTS5 inhibitor GSK332659 decreased the protein level of ATF4, SL7A11 and SLC3A2 in a concentration-dependent and time-dependent manner. c-d Lipid ROS
of STC2-overexpressing cells treated with GSK332659(20 pM) when exposed to IR (4Gy). e The relative MDA level of cells treated with GSK332659(20 uM) and
subjected to IR (4Gy). f The protein expression of ATF4, SLC7A11 and SLC3A2 were measured in cells treated with GSK332659(20 pM) and exposed to IR. *p < 0.05;

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


http://ualcan.path.uab.edu/
http://gepia.cancer-pku.cn/

K. Jiang et al.

We determined whether inhibition of PRMT5 by GSK can lead to
altered expressions of activating transcription factor 4 (ATF4), SLC7A11
and SLC3A2. The results revealed that GSK inhibited the protein level of
ATF4, SL7A11 and SLC3A2 in a time-dependent and concentration-
dependent manner (Fig. 7A-B). Then, we also investigated that
PRMTS5 activity can induce alteration of SLC3A2 and SLC7A11 through
ATF4 in ESCC cells (Fig. S5B). Furthermore, the ferroptosis-related an-
alyses were carried out to confirm the vital role of PRMT5. Cells treated
with GSK and combined with IR would acquire higher lipid peroxidation
and MDA than those control cells only exposed to IR. More importantly,
the inhibition of ferroptosis in ESCC cells induced by overexpressing
STC2 could be reversed when introducing the PRMT5 inhibitor GSK
after IR (Fig. 7C-E). Lipid peroxidation was also measured and pre-
sented similar results without IR (Fig. S5B). Similar effects in protein
level can be observed from WB, as expected. The protein levels of ATF4,
SLC7A11 and SLC3A2 were increased when STC2 was overexpressed. In

A
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contrast, it was decreased when GSK was applied (Fig. 7F). These results
showed that STC2 can modulate the activity of PRMTS5 to suppress fer-
roptosis, resulting in radioresistance.

2.9. STC2 modulates radioresistance by activating PRMT5 activity in vivo

To further investigate whether STC2 facilitates radioresistance of
ESCC in vivo, we constructed a subcutaneous xenograft tumor model,
therapeutic modalities shown in Fig. 8A. Compared with the control
group, overexpression of STC2 can significantly increase the volume and
weight of xenograft tumors with or without IR. In addition, the IR group
tumors exhibited lower tumor volumes and weights than those in the
non-IR groups. More importantly, the combination therapy showed
better therapeutic efficacy, overcoming the radioresistance induced by
STC2 (Fig. 8B-D). The protein levels of STC2 and H4R3me2s in each
group after IR were presented in Fig. 8E, which is in line with the
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tendency illustrated above. Altogether, STC2 can activate PRMT5 to
facilitate radioresistance in vivo.

3. Discussion

In the current study, we first combined the RNA-seq data of our
radioresistant ESCC cells and bioinformatic analysis to identify the
critical genes. Then, STC2, our study’s target, was discovered to induce
radioresistance in ESCC. Mechanistically, STC2 can interact with PRMTS
and activate PRMT5, thus promoting DDR and inhibiting SLC7A11-
dependent ferroptosis (Fig. 9).

Accumulating evidence indicated that STC2 played an indispensable
role in the occurrence and development of tumors. For instance, STC2
was found to promote cell EMT and glycolysis via activating ITGB2/
FAK/SOX6 signaling pathway in nasopharyngeal carcinoma [23]. In
non-small cell lung cancer, STC2 overexpression was correlated with
acquired resistance to epidermal growth factor receptor tyrosine kinase
inhibitors [31]. STC2 was also identified as an interacting partner of the
plasma-protein histidine-rich glycoprotein, regulating glioma growth
through the modulation of antitumor immunity [32]. Regarding ESCC,
some bioinformatic studies strongly suggested that STC2 was a potential
prognostic biomarker without further validation [33-35]. One study
explored and validated that STC2 showed higher expression in ESCC
tissues than in corresponding normal tissues. They also found that STC2
transfected cells had a significantly higher proliferation rate and were
more invasive than control cells, but they did not elaborate on the
specific molecular mechanism. Consistent with previous studies, our
results revealed that STC2 was overexpressed in tumor tissues compared

Redox Biology 60 (2023) 102626

with normal tissues, combining public data and tumor samples in our
center. We further validated the effects of STC2 in promoting ESCC
proliferation and migration. There has been no study concerning the
specific mechanisms for STC2-mediated radioresistance and exploring
the role of STC2 in the radiosensitivity of ESCC. Therefore, in the present
study, the radioresistance effects of STC2 in ESCC were examined, and
the underlying mechanisms were investigated.

IR formed various biochemical changes and induced a variety of
RCDs. DNA damage is crucial in response to IR, and DDR determines the
fate of cells. Accurate and efficient repair of DNA is conducive to
maintaining genome stability and keeping cells alive. DDR relies on HR
and NHEJ, previous studies have proved hyperactivated HR and NHEJ
markers indicate poor IR efficacy in ESCC [36-38]. IR increases lipid
peroxidation levels and induced ferroptosis. Targeting ferroptosis can
also facilitate radiosensitivity in turn [16,39]. It is indicated that
SLC7Al11-induced ferroptosis can be identified as a future therapeutic
target against radioresistance in ESCC [40]. We demonstrated that STC2
indeed held an essential place in the radioresistance of ESCC. In
particular, STC2 can mediate HR and NHEJ concurrently to promote
DDR, which had never been reported before. Cells with overexpressed
STC2 presented enhanced DNA repair capacity, and altered expression
levels of proteins, including NBS1, MRE11, and RAD51 involved in HR
and NHEJ-related proteins Ku70, Ku80, and 53BP1 proved the notions.
We also determined the role of STC2 in ferroptosis through a series of
functional experiments. STC2 can influence ferroptosis with or without
IR. Our study found the relationship between STC2 and SLC7A11 based
on RNA-seq and bioinformatic analysis. And then, we focused on that
STC2 inhibited the SLC7All-induced ferroptosis. Thus, STC2
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transferred ESCC cells acquired radioresistance via the dual effects of
enhanced DDR and decreased ferroptosis.

To determine the specific mechanism of STC2-induced radio-
resistance, we conducted IP combined with MS and then identified
PRMTS5 as a pivotal target of STC2. PRMTS5 is a type II protein arginine
methyltransferase that methylates histone or non-histone proteins.
Usually, PRMT5 forms a complex with its partner protein, such as
WDR77 and CLIS1A, for catalytic activity and specifically mediate
SDMA of arginine residues in histones H4R3 (H4R3me2s), H3R2
(H3R2me2s), H3R8 (H3R8me2s), and H2AR3 (H2AR3me2s) [41-44]. In
this study, we observed that changes in the expression level of STC2
could affect the PRMTS5 activity by regulating H4R3me2s. Many studies
emphasized that PRMT5 was up-regulated in multiple cancer types,
including ESCC, and was associated with poor prognosis [45-48]. Also,
emerging evidence suggests that PRMTS5 is a critical regulator of cellular
proliferation, apoptosis, migration, cell cycle progression, cell meta-
bolism, DNA damage response, and cell death [49-54].

PRMTS5 was found to be an essential protein involved in DDR and
identified as a master epigenetic activator of DSB repair through HR and
NHEJ [29,51,55,56]. Additionally, it was previously found that PRMT5
regulated DNA repair by controlling the alternative splicing of
histone-modifying enzymes [57], and SDMA of histone H4 (producing
H4R3me2s) serves as a bridge between DNA damage and subsequent
repair upon oxidative stress [58]. H4R3me2s can be recognized as a
reader protein that senses DNA damage and a writer protein that pro-
motes DNA repair. We revealed that ESCC cells with a decreased level of
H4R3me2s induced by inhibiting STC2 were more susceptible to IR.
Meanwhile, inhibition of PRMTS5 can increase the intracellular ROS and
decrease mRNA expression levels of SLC7A11 and SLC3A2 [30]. PRMT5
has been reported as a regulator of ATF4, and ATF4 can promote fer-
roptosis by mediating SLC7A11 [30,59,60]. We confirmed that PRMT5
activity can regulate SLC7A11 and SLC3A2 through ATF4, determining
the role of PRMT5-ATF4-SLC3A2/SLC7A11 axis in ferroptosis of ESCC.
Combining the above results that STC2 can interact with PRMT5, we
speculated if PRMTS5 participates in STC2-mediated ferroptosis. We also
found that regulated PRMTS5 inhibited the expression of SLC7A11 in
STC2-overexpressed cells, resulting in the accumulation of lipid perox-
idation and ferroptosis. The documented evidence and our results [47,
63] indicate that inhibition of PRMT5-ATF4-SLC3A2/SLC7A11 axis
regulated by STC2 leads to radiosensitization in ESCC.

Several PRMTS5 inhibitors have been used as potential novel thera-
peutic approaches in clinical trials [61-63]. GSK3326595, a typical
PRMTS5 inhibitor, was first applied in ESCC cells. We observed that
introducing the GSK3326595 can promote DDR, inhibit ferroptosis,
sensitize ESCC cells to radiation, and even reverse the radioresistance of
STC2-overexpressed cells. The efficacy and safety of GSK3326595 were
also verified through in vivo assays. Our results revealed that due to the
lack of a specially targeted molecule to STC2, inhibition of PRMT5 might
be a potential therapeutic method in STC2-overexpressed ESCC patients.

In conclusion, STC2 activates PRMT5 to induce radioresistance in
ESCC via promoting DDR and inhibiting ferroptosis. Our research sug-
gests that STC2 might be an attractive therapeutic target to overcome
ESCC radioresistance.

4. Materials and methods
4.1. Cell lines and clinical specimens

The ESCC cell lines (KYSE150, KYSE410, KYSE70, KYSE510,
KYSE450, EC1, TE7) were obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany).
TE1 cells were purchased from the Cell Bank of the Chinese Academy
(Shanghai, China). All ESCC cells were cultured in RPMI-1640 supple-
mented with 10% FBS and 100IU/ml Penicillin-Streptomycin solution at
37 °C in 5% CO2. TE1R and KYSE150R were previously established in
our laboratory [28].
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Twenty-four pairs of ESCC tumor samples and adjacent nontumor
tissues were collected from patients who had undergone surgery and
were histologically diagnosed at the First Affiliated Hospital of the
Zhejiang University of China.

4.2. Cell and tumor irradiation

Cells were irradiated with a Precision X-RAD 225 machine operating
at 225 kV and 13.3 mA with a 2-mm Al filter (source-to-skin distance: 36
cm; dose rate: 1.3 Gy/min). For in vivo, mice were irradiated with a total
dose of 20 Gy (10 Gy*2) using an X- RAD225 small animal irradiator
with a 0.95 Gy/min dose rate.

4.3. Xenograft tumor model

Four-to six-week-old BALB/c female nude mice were allocated into
our study and injected with 5*10° stable cells (Mock, OE-STC2). All
these mice were randomly distributed into three groups: ctrl, IR, and IR
combined with inhibitor. Following treatments were performed when
the tumors reached an average volume of 80 mm?. GSK3326595(50 mg/
kg) was administered to nude mice every two days by oral gavage, and
10Gy IR was delivered on the second and the 8th day after medication.
The tumor volume was measured every three days using a standard
formula: length x width?/2. All animal experiments were approved by
the Tab of Animal Experimental Ethical Inspection of the First Affiliated
Hospital, Zhejiang University School of Medicine.

4.4. RNA sequencing analysis and RT-qPCR

Total RNA was extracted from cells using TRIzol reagent (Invi-
trogen). RNA sequencing was performed by Lc-bio Technologies
(Hangzhou, China), including RNA quantification, library preparation,
clustering, and sequencing. Differentially expressed genes between
groups were analyzed by R package edgeR according to the criteria with
corrected P-values of 0.05 and absolute fold-changes of 2. According to
the manufacturer’s protocol, reverse transcription of total RNA to cDNA
was carried out using qPCR RT Master Mix (Takara, Japan). The relative
expression levels of mRNA were determined by the ACt method using
the SYBR Green qPCR Kit (Takara, Japan). The primers for STC2 were:
forward, 5-GGGAATGCTACCTCAAGCAC-3' and reverse, 5'-
GGTCCACGTAGGGTTCGT-3'.

4.5. WB analysis

Cells were lysed in denaturing lysis buffer (RIPA buffer) and then
measured protein concentrations using Bicinchoninic Acid protein as-
says kit (Thermo, USA). Proteins were boiled in 1X SDS loading buffer.
Total protein was loaded and separated by SDS-PAGE gel and then
transferred on polyvinylidene fluoride membranes (Millipore, USA).
After blocking with 5% skim milk diluted by 0.05% Tris-buffered saline/
Tween, membranes were incubated overnight at 4 °C with primary an-
tibodies. Following incubation with HRP-conjugated secondary anti-
bodies, the membranes were detected by the ChemiScopeTouch series
fluorescence and chemiluminescence imaging system (CLINX, Shanghai,
China). The detailed information on relevant antibodies is listed in
Supplementary Table S1.

4.6. Establishment of stable cell lines

Lentivirus-containing STC2 and ATF4 or shRNA targeting STC2 were
purchased from GeneChem Company (Shanghai, China). Lentiviruses
were transfected into cells according to the manufacturer’s protocol.
Stable cells were selected based on antibiotic resistance with 2 pg/ml
puromycin (Solarbio, Beijing, China), and verified by WB. The following
shRNAs against STC2 were used:

shSTC2 #1: 5'-GUGGAGAUGAUCCAUUUCATT-3
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shSTC2 #2: 5'-GACGAACAGTCTGAGTATTCT-3'
4.7. Colony formation assay

Cells (500-10000/well) were seeded into 6-well plates and exposed
to different doses of IR (0, 2, 4, and 8 Gy) the next day. After being
cultured for about 10-14 days, plates were fixed with methanol for 10
min and stained with crystal violet for 30 min. Then the number of
colonies was calculated and analyzed by image J software. The deter-
mined value and surviving fraction were obtained by Prism 9 software
according to the single-hit multi-target model (Y = 1-(1-exp(—n*X))"m).

4.8. Cell viability assay

The cells (2500/well) were seeded in 96-well plates and cultured for
24 h, 48 h, and 72 h, respectively. 10 pL. CCK8 reagent (NCM Biotech,
Suzhou, China) was added to each well and incubated for 1 h to measure
cell viability. We measured the absorbance values at 450 nm with a
microplate reader (SpectraMax i3x, USA).

4.9. MS and co-IP assay

Cells were washed with phosphate buffered saline (PBS) and lysed
with IP lysis buffer (Epizyme Biotech, Shanghai, China). For the IP assay,
Protein G Magnetic Beads (Bio-rad, USA) were washed with IP buffer
and crosslinked to the antibodies with rotation for 1 h at room tem-
perature. Then, a portion of the lysate was used as input, while the other
part was incubated with bead-antibody complex overnight at 4 °C. The
next day, immunocomplexes were separated from the beads using a
magnetic rack and then boiled for 10 min. Finally, purified protein
complexes were separated by SDS-PAGE and stained by colloidal Coo-
massie Blue (Epizyme Biotech, Shanghai, China). The stained gel slices
were excised for the subsequent MS analysis in Nanjing jiangbei new
area biopharmaceutical public service platform (Nanjing, China). IgG
(Cell Signaling Technology, Danvers, MA) was used as a negative con-
trol. The proteins of interest in the Co-IP were detected by WB assay.

4.10. Comet assay

Comet assay was performed using reagents from the Trevigen Comet
Assay kit (Bio-Techne, USA) according to the manufacturer’s in-
structions. In brief, cells mixed with comet low melting agarose gel at
the proper proportion and spread onto comet slides. Then the slides were
subjected to electrophoresis at 21 V for 25 min after immersing into a
series of the buffer. We finally stained the slides with SYBR Green, and
images were captured with Olympus BX53 inverted microscope (Tokyo,
Japan). The quantitation of tail moments was analyzed by CASP Soft-
ware, and at least 20 cells were measured in each group.

4.11. IF

Cells were plated on glass slides that were put in 24-well plates. After
treatment, cells were washed three times with PBS and fixed with 4%
paraformaldehyde for 20 min. Then cells were permeabilized with 0.5%
Triton-X-100 in PBS for 20 min and blocked with 5% BSA in PBS for 1h.
Further, we use an antibody against yH2AX to incubate cells overnight at
4 °C, followed by a fluorescence secondary antibody and an anti-
fluorescence quenching agent with DAPI (Solarbio, Beijing, China). At
last, the images were captured by Olympus FV3000 -confocal
microscope.

4.12. Flow cytometry
The level of Lipid ROS and intracellular total ROS were detected by

C11-BODIPY 581/591 (Thermo Fisher Scientific) and 2',7’-Dichloro-
fluorescin diacetate (DCFH-DA) (Beyotime, China) fluorescent probe
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respectively. Add BODIPY-C11 to the culture medium at a final con-
centration of 5 pM, and the final concentration of DCFH-DA is 10 pM.
These cells were incubated for 30 min inside the incubator at 37 °C. Cells
were washed twice before detection by flow cytometry.

4.13. Measurement of intracellular Fe?* content

The level of intracellular Fe>" ions was measured with a Ferro-
orange kit (Dojingo, Japan) according to the manufacturer’s in-
structions. Cells were plated on laser confocal dishes and exposed to the
indicated treatments. After treatment, FerroOrange (1:1000) was added
to the cells, and the cells were incubated at 37 °C for 30 min. All images
were acquired using a fluorescence confocal microscope.

4.14. Transwell migration assay

After transfection, cells were selected for transwell assay. The upper
chamber was supplemented with 200 pL serum-free medium containing
1 x 10° cells, and the lower chamber was supplemented with 600 pL
medium containing 10% FBS. After 24 h of incubation at 37 °C, cham-
bers were washed with PBS and fixed with 4% paraformaldehyde for 20
min, then stained with 0.4% crystal violet. Images were captured in a
microscope (Olympus, Japan) with 200 x magnification. Each experi-
ment was conducted three times.

4.15. Wound healing assay

Cells were cultured in a 6-well plate after growing to 100% density. A
10-pL pipette tip was used to scratch the plate, then washed the plate
with PBS. Cells cultured in serum-free medium, after O h, 24 h, and 48 h,
plates were captured images with a microscope (Olympus, Japan) with
200 x magnification. Each experiment was conducted three times.

4.16. GSH and MDA assays

Cells were treated with radiation for 24 h, then collected cell for
quantitative detection of GSH and MDA. The glutathione assay kit
(Nanjing Jiancheng, China) and MDA assay kit (Dojindo, Japan) were
used according to the manufacturer’s instructions.

4.17. Transmission electron microscope

Cells treated with radiation were collected and fixed by 2.5%
glutaraldehyde for 24 h at 4 °C. Then, the samples were washed three
times with PBS, and 1% osmium tetroxide was used to fix them for 2 h.
Samples were dehydrated in a graded series of ethanol and acetone,
followed by embedding in Spurr resin. Ultrathin sections were obtained
and stained with uranyl acetate and lead citrate. Images were captured
by Tecnai G2 (120 kV) transmission electron microscope (FEL, USA).

4.18. IHC

Tissues were formalin-fixed and paraffin-embedded, and tissues were
sliced into 4 pm thick sections. After dewaxing and dehydration, slides
were treated with antigen retrieval solution. Then the slides were
incubated with H202 and goat serum. Slides were incubated with pri-
mary antibody at 4 °C overnight. After incubation with a secondary
biotinylated antibody and DAB stain, the slides were scanned by a Motic
EasyScan (Motic, USA).

4.19. Statistical analysis

All statistical analyses were conducted using SPSS 23.0 (SPSS Inc.,
Chicago, USA) and GraphPad Prism 9.0 (GraphPad Software Inc, USA).
Data are presented as the means + standard deviation. P values < 0.05
indicate statistical significance. Each experiment was replicated thrice.
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