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Abstract

Objective Evidence suggests that calcium release from the endoplasmic reticulum (ER) can be induced to cause calcium
overload, which in turn can trigger mitochondrial-dependent apoptosis. Dysregulation of systemic calcium homeostasis and
changing levels of calcium-binding proteins have been shown to be associated with the malignant behavior of tumors. How-
ever, the precise molecular mechanism underlying Nasopharyngeal carcinoma (NPC) remains uncertain.

Methods Reticulocalbin (RCN2) expression in NPC was assessed using GEO database, western blot analysis and qRT-
PCR. Apoptosis was assessed using flow cytometric analysis and the expression levels of apoptosis-related proteins were
determined using western blot analysis. Intracellular calcium ion concentrations were measured using fluorescence imaging.
The findings from these analyses were validated in vitro using nude mice models. Luciferase and ChIP assays were used to
measure transcriptional regulation. Clinical significance was evaluated using tissue microarray analysis (n=150).

Results Our results showed that RCN2 promotes malignancy by causing Ca2+ flow imbalance, which leads to the initiation
of the stress-mediated mitochondrial apoptosis pathway. We demonstrate that calreticulin (CALR) resides primarily in the
endoplasmic reticulum and interacts with RCN2. Moreover, the transcription factors YY1 and homeobox protein goosecoid
(GSC) both contribute to the initiation of RCN2 transcription by directly binding to the predicted promoter region of RCN2.
Finally, high expression of RCN2 combined with high expression of GSC and YY1 may serve as an important clinical bio-
marker of poor prognosis in patients with NPC.

Conclusion YY1 and GSC are upstream regulators of RCN2, involved in mitochondrial calcium overload and stress-induced
mitochondrial apoptosis. Thus, they can play significant role in the malignant development of NPCs.
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1 Introduction

Nasopharyngeal carcinoma (NPC) is a particular malig-
nant tumor of the head and neck, which originates from the
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treatment, as well as distant metastasis and local recurrence
after treatment [2]. Hence, an increased understanding of
the molecular mechanisms is crucial [3—6].

The ER is the primary intracellular Ca’* reservoir and
plays a significant role in reversible Ca>* homeostasis and
dynamics [7, 8]. The sarcoplasmic/ER calcium ATPase
pump (SERCA), which pumps calcium from the cytosol into
the ER, is the main origin of ER calcium, and these calcium
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release functions are maintained by inositol 1,4,5-trispho-
sphate receptors (IP3Rs) and ryanodine receptor 2 (RyR2)
[9-11]. The close intersection between the ER and mito-
chondria is called the mitochondria-associated membrane
(MAM) and is composed of several molecular bridges,
including IP3R, which mediates the release of Ca** from the
ER to mitochondria [12]. The evidence demonstrates that
abnormal intracellular calcium homeostasis via the activa-
tion or expression of SERCA pumps and IP3Rs occurs in
cancer [13-15].

The ER contains many different types of proteins, such as
the CREC family, which has been reported to be localized
primarily in the secretory pathway of cells. Human CREC
proteins are a set of multiple EF-hand Ca**-bound proteins
encoded by five genes: RCNI (encodes reticulocalbin),
RCN?2 (encodes ERC-55), RCN3 (encodes reticulocalbin-3),
SDF4 (encodes Cab45 and the splice variant Cab45-C), and
CALU (encodes calumenin-1 and calumenin-2) [16, 17]. All
members play a significant role in the Ca** regulatory pro-
cess via the EF-hand [18]. In previous studies, it has been
shown that reticulocalbin is involved in breast cancer infil-
tration owing to its involvement in the RCN1-dependent
calcium ion influx [19]. Unfortunately, although RCN2 has
an EF hand, it has not been previously reported whether
RCN2 regulates Ca** flow. Some studies suggest that a
crucial feature of the CREC family is that it assists in the
transport of calcium ions in the ER, rather than the storage
of calcium ions in the ER [20-22]. To date, little attention
has been paid to calcium-related molecular mechanisms in
the pathogenesis of the CREC family. This study attempts to
thoroughly investigate whether RCN2 can mediate calcium
secretion and homeostasis in NPC, as well as mitochondrial
apoptosis events related to calcium flow.

Apoptosis is a programmed form of cell death, and the
mitochondrial apoptosis pathway is a major mechanism
involved in this process [23]. The key feature of mitochon-
drial apoptosis is the alteration in mitochondrial membrane
permeability, which results in a disruption of mitochondrial
membrane potential and the subsequent release of pro-
apoptotic molecules [24]. Liu hypothesized that increased
calcium transfer in the endoplasmic reticulum may lead to
mitochondrial calcium overload, thereby triggering mito-
chondrial apoptosis [25]. Also, it is worthwhile to consider
the potential involvement of RCN2, a protein that encodes
multiple EF-hand Ca2+-binding proteins and has been
involved in mitochondrial apoptosis [26, 27].

In the present study, first, we aimed to verify the rela-
tionship between RCN2 and the malignant behavior of
NPC cells at the cellular level. Additionally, we aimed to
explore whether RCN2 can regulate calcium-related pheno-
types, such as mitochondrial apoptosis, and the phenomena
associated with calcium. Next, we aimed to investigate the
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mechanism by which calcium flow is regulated by RCN2.
Finally, the upregulation of RCN2 in NPC will be studied,
and its effects on progression, metastasis, and prognosis will
be determined.

2 Materials and methods
2.1 Cell lines and cell culture

The NPC cell lines (CNE1, CNE2, 5-8 F, 6-10B, C666-1,
and TWO3) and the eternalized nasopharyngeal epithelial
cell line (NP69) were gifted by Sun Yat-Sen University and
Xiang-Ya School of Medicine [28]. All cells were preserved
as recommended when cultured in the Affiliated Hospital of
Nantong University. Cancer cells were grown in RPMI 1640
medium (cat. no. 6187-010; Gibco) containing 10% fetal
bovine serum (cat. no. 16,000,044; Gibco), while NP69 was
cultured in keratinocyte/serum-free medium (Invitrogen,
Waltham, Massachusetts, USA) supplemented with suit-
able growth factors. The cells were cultured in a humidified
chamber at 37 °C with 5% ambient CO, [29].

2.2 Human NPC specimens

Tissue samples were obtained from patients with patho-
logically confirmed NPC at the Affiliated Hospital of Nan-
tong University with the approval of the hospital’s ethics
committee (IRB number: 2020-L160). All patients pro-
vided informed consent and had not undergone any cancer
treatments prior to the biopsy [30]. NPC specimens were
utilized to generate a tissue microarray for in situ hybridiza-
tion (ISH). Patients were followed up retrospectively for an
average duration of 5.1 years.

2.3 Western blot analysis

Cells were collected and lysed on ice using whole-cell
lysate and protein concentrations were evaluated. Identical
concentrations of protein were boiled, separated by SDS-
PAGE, transferred to polyvinylidene fluoride membranes,
and then blocked using 5% skim milk for 2 h at room tem-
perature. The membrane was incubated overnight at 4 °C in
a block with the indicated primary antibody. The antibodies
used are listed in Table 1. After incubation with the corre-
sponding secondary antibodies for approximately 1 h, the
protein bands on the membranes were visualized.

2.4 qRT-PCR

Total cellular RNA was isolated from the cells using TRIzol
reagent (#15,596,026; Thermo Fisher Scientific). qRT-PCR
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Table 1 Antibodies used for western blot, immunohistochemistry, ISH and immunofluorescence

Antibodies Manufacturer Catalog numbers Dilution (WESTERN) Dilution (IHC) Dilution (IF)
RCN2 proteintech 10193-2-AP 1:500 1:200

TFAR19 proteintech 21710-1-AP 1:300
Cleaved Caspase3 CellSignaling Technology 9664 1:1000 1:500

Cleaved Caspasel2 Abcam ab62484 1:1000 1:500

Grp78 proteintech 11587-1-AP 1:1000 1:300 1:100
LAMPI proteintech 55273-1-AP 1:300
MIKI67 proteintech 27309-1-AP 1:100

Cyto-C Abcam ab133504 1:250

Apaf-1 proteintech 21710-1-AP 1:200

Caspase-9 proteintech 10380-1-AP 1:200

Caspase-3 proteintech 19677-1-AP 1:200

Caspase-7 proteintech 27155-1-AP 1:200

YY1 proteintech 22156-1-AP 1:500

GSC Abcam ab109024 1:1000

Table 2 The primers used for qRT-PCR experiments

Table 3 Sequences of cas9 and siRNA.

Names Sequences (5°-3”) Names Sequences (57-3”)
RCN2 Forward: 5'- CCGGACTTGTTTCTCACC -3’ RCN2 cas9 Sense: CTTTGATGAGAACACTGCTC
Reverse: 5'- TGGAGCTGTCTGCCATAA — 3’ Antisense: GAGCAGTGTTCTCATCAAAG
YY1 Forward: 5'-GACTGGATGGCTGGCTAGGT-3’ YY1 siRNAOI Sense: CGACGACTACATTGAACAA
Reverse: 5'-GCCTGACGTGACTTGTCTGAA-3’ Antisense: TTGTTCAATGTAGTCGTCG
GSC Forward: 5'- GCACCGCACCATCTTCACTGAC —3' YY1 siRNAO2 Sense: CCTGAAATCTCACATCTTA
Reverse: 5'- CTTAAACCAGACCTC- Antisense: TAAGATGTGAGATTTCAGG
CACTTTCTCCTC -3’ YY1 siRNAO3 Sense: GATGGTTGTAATAAGAAGT
TCF3 Forward: 5'- AGCACGAGCGTATGGGCTA-3' Antisense: ACTTCTTATTACAACCATC
Reverse: 5'- GGGCTGAGGAGAAGGAGGAT-3' GSC_siRNAO1 Sense: GCGGAGAAGTGGAACAAGA
ETSI Forward: 5'- GAAGGATGGGCAAATCTGGTC-3' Antisense: TCTTGTTCCACTTCTCCGC
Reverse: GSC_siRNA02 Sense: GCACCATCTTCACTGACGA
5'- GAATGGAGAAGGGAACAAAAGTGA-3' Antisense: TCGTCAGTGAAGATGGTGC
USF1 Forward: 5'- CTTGTCCTGTGCTTGCTTAGAGT-3’ GSC_siRNAO3 Sense: GGCTACAACAACTACTTCT

Reverse: 5'- CCAGGGAAAGGAAGAACCAATG-3'

was performed using MultiScribe Reverse Transcriptase
(#4,311,235; Thermo Fisher Scientific) and SYBR Green
PCR Master Mix reagents (#1,176,202 K; Thermo Fisher
Scientific), following the manufacturer’s protocol. The
primer sequences used in this study are listed in Table 2.

2.5 Transfection and transduction with siRNA,
plasmids, and lentivirus

Transfection experiments were performed as previously
described [29]. For the RCN2 CRISPR knockout, puromy-
cin was designed and obtained from Genechem (Shanghai,
China). Cells stably expressing Cas9 were infected with a
retrovirus expressing RCN2. The corresponding sequences
are listed in Table 3.

TCF3_siRNAOI
TCF3_ siRNA02
TCF3_ siRNA03
ETS1_siRNAOI
ETS1_siRNA02
ETS1_siRNA03
USF1_siRNAOI
USF1_siRNA02

USF1_siRNA03

Antisense: AGAAGTAGTTGTTGTAGCC
Sense: CCGGATCACTCAAGCAATA
Antisense: TATTGCTTGAGTGATCCGG
Sense: GAACCTGAATCCCAAAGCA
Antisense: TGCTTTGGGATTCAGGTTC
Sense: AGCCTCTCTTCATCCACAT
Antisense: ATGTGGATGAAGAGAGGCT
Sense: GAGCTACGATAGTTGTGAT
Antisense: ATCACAACTATCGTAGCTC
Sense: GGAATTACTCACTGATAAA
Antisense: TTTATCAGTGAGTAATTCC
Sense: AGGGCACCTTCAAGGACTA
Antisense: TAGTCCTTGAAGGTGCCCT
Sense: GCTGGACAATGACGTGCTT
Antisense: AAGCACGTCATTGTCCAGC
Sense: GACGACTCGGGATGAGAAA
Antisense: TTTCTCATCCCGAGTCGTC
Sense: CGCCGAGACAAGATCAACA
Antisense: TGTTGATCTTGTCTCGGCG

2.6 Isolation of cytoplasmic and mitochondrial

proteins

Mitochondria were isolated using a mitochondria isolation
kit (C3601; Beyotime Biotechnology). After infection, cells
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were homogenized and centrifuged for 10 min at 4 °C at
600 g for nuclei removal. For the preparation of crude mito-
chondria pellets, the supernatants were centrifuged again at
11,000 g for 10 min at 4 °C. Supernatants were centrifuged
at 12,000 g for another 10 min to obtain cytosolic proteins.
After measuring the concentration of the proteins with a
BCA protein assay kit (23,225; Thermo Fisher Scientific),
the proteins were used for western blotting.

2.7 BALB/c nude mice animal models

All animal experiments were performed under a protocol
for approval and acquisition from the Animal Center Labo-
ratory of Nantong University. For tumorigenesis analysis,
five-week-old male BALB/C nude mice were subcutane-
ously implanted with 2x 10% NPC cells with or without
knockout of RCN2 to establish a xenograft tumor model.
Tumor size was measured using calipers and recorded as
tumor volume. After the mice were sacrificed, tumors were
removed and counted using calipers and an electronic
weighing machine, formalin-fixed, embedded in paraffin,
and cut into sections for further study.

To investigate the effects of RCN2 metastasis in vivo,
a lateral tail vein injection model was established in six-
week-old male BALB/c nude mice. Briefly, 2 x 10° lucifer-
ase labeled NPC cells stably transfected with knockout of
RCN2 or without were injected into veins of tail (n=6 per
group) and lung metastasis were measured continually using
in vivo imaging system (IVIS Spectrum III; Perkin Elmer)
for seven weeks. The lungs were dissected and sliced from
the mice, the sections were subjected to HE staining, and
the number of lung tumor nodules was counted for further
study.

2.8 Immunohistochemistry (IHC) and in situ
hybridization (ISH)

The sections were deparaffinized, rehydrated, recovered
with sodium citrate, blocked with endogenous peroxidase,
and incubated with primary antibody at 4 °C overnight. The
primary antibodies used are listed in Table 1. The sections
were subsequently washed and developed with DAB fast
(3,3-diaminobenzidine) as a chromogen and counter-stained
with hematoxylin. Five high-magnification microscopes at
400x magnification were selected randomly, and the stain-
ing index was divided into four scores: 0 (no staining), 1
(light brown), 2 (brown), and 3 (dark brown). The IHC
staining score was calculated according to the percentage
and intensity.

The ISH final scoring was obtained by the product
of staining intensity and abundance, with scores of 0-9
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regarded as negative expression and 10—16 regarded as high
expression.

2.9 Flow cytometry analysis

Cell apoptosis/necrosis assays were performed using an
Annexin V-FITC Apoptosis Detection Kit (Beyotime,
C1063). After culture, the cells were re-suspended in 100 pL
of annexin binding buffer per well incubated with 5 pL of
Pl and 5 pL of Annexin V=FITC for 15 min in the dark. The
cells were then analyzed using flow cytometry (Invitrogen).

2.10 Calcium measurement

Mitochondrial and cytoplasmic Ca®* measurements were
performed using Rhod-2 AM [31] (ab142780; Abcam) and
Fluo-4 AM [32] (S1060; Beyotime). Cells were incubated
with 5 uM dihydro Rhod-2 AM or 5 uM Fluo-4 on glass-
bottomed dishes. The cells were then washed with HBSS
and images were recorded using a Leica SP8 confocal
microscope at excitation 549 nm/emission 578 nm or exci-
tation 488 nm/emission 520 nm for green and red fluores-
cence, respectively. Subsequently, the cells were challenged
with EBSS cultured in medium containing 10% FBS. Scans
were collected every 15 s for 10 min under identical condi-
tions. The fluorescence intensity at all the time points was
processed using Imagel software, and the region of interest
(ROI) was selected.

2.11 Luciferase reporter assay

For the luciferase assay, the Dual-Luciferase Reporter
Assay Kit (RG088M; Beyotime, Haimen, Jiangsu, China)
was used for promoter activation assays after transfection
for 24 h. Briefly, the vector was transfected into NPC cells
with RCN2 cas 9/control/OE. One day post-transfection,
100 pL of Bright-Glo " Luciferase Assay System was added
to the incubated sample, and the bioluminescence of each
sample was measured for 8 s using a luminometer (Envi-
sion) after 2 min. The sequences of primers were:

RCN2 WT-3'UTR:

5> TTTCTCTATCGATAGGTACCTCTTTGGATTCT-
CATAACAC 3°(forward),

57 GTGTTATGAGAATCCAAAGAGGTACCTATC-
GATAGAGAAA 3’(reverse);

RCN2 mut-3'UTR:

5’CTTAGATCGCAGATCTCGAGCTGCGATGCTCC-
GCGGGCGGCTAC 3’(forward),

5’GTAGCCGCCCGCGGAGCATCGCAGCTCGAGA-
TCTGCGATCTAAG 3’(reverse);
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2.12 ChiP

The ChIP assay was performed to determine the interaction
between YY1 or GSC and the RCN2 promoter using a ChIP
assay kit (#27,177; Thermo Fisher Scientific), as previously
described [33]. Cells were treated with 1% formaldehyde
and sonicated to produce 200-1,000 bps DNA fragments.
The pre-clarified supernatant was then incubated with anti-
bodies against YY1 (5 pg) (22156-1-AP; Proteintech), GSC
(5 pg) (ab109024; Abcam), or isotype control IgG (1 pg)
(345,701; Millipore). PCR was performed using the follow-
ing primers for RCN2 promoter-binding sites:

YYL1.

forward 5'-TGATTGCACAGAAGGAATAGCTTAG-3',

reverse 5'-CAGGTTGAGGTGGAGAAATTACATA-3".

GSC.

forward 5'-AGAGCTCCAGGAGCCATGCT-3',

reverse 5'-AGAAACCTCCAGCCTCTCTCATT-3').

2.13 Co-immunoprecipitation (Co-IP)

The Co-IP experiments were performed to determine the
interaction between RCN2 and CALR using a Co-IP assay
kit (#26,146; Thermo Fisher Scientific). CNE2 and 5-8 F
cells were lysed in 500 pL solubilization Co-IP buffer. We
use 10-50 pg of protein for positive control. Then, 30 pL of
RCN2 (10193-2-AP; Proteintech, Illinois, USA) or 26 uL
of CALR (PA3-900; Invitrogen) were added to the rest of
the supernatant for batch binding. After the beads were col-
lected and washed 5 times, we eluted the beads with 200 pL.
of spent regenerant.

2.14 Statistical analysis

Data analysis was performed using SPSS software and
GraphPad Prism (San Diego, California, USA). All quanti-
tative data were analyzed using Student’s #-test and one-way
ANOVA and are presented as the mean + standard deviation
(SD). Spearman’s rank correlation coefficient was used to
assess the correlation between genes, and Kaplan—-Meier
survival curves were compared using log-rank tests. Dif-
ferences between experimental conditions were considered
statistically significant at P<0.05.

3 Results

3.1 Elevated expression of RCN2 correlates with
poor prognosis in NPC

Aberrant gene expression is repeatedly observed in NPC,
which correlates with cancer progression, chemotherapy

failure, and poor clinical outcomes [33, 34]. Therefore,
based on the analysis of NPC microarray datasets from the
Gene Expression Omnibus (GEO) databases (GSE12452,
GSE13597, and GSE53819) and the survival-related data-
set (GSE102349 COX), 29 significantly upregulated
genes were identified. Among these, RCN2 drew our atten-
tion because of its involvement in calcium homeostasis
(P<0.05) (Fig. 1A, B). Analysis of TCGA Database reveals
elevation of RCN2 (Supplementary Fig. 1B) and the expres-
sion of RCN2 protein in HNSC was second only to thyroid
cancer among the 20 different types of tumors (Supplemen-
tary Fig. 1A). All six NPC cell lines demonstrated signifi-
cantly high levels of RCN2 protein and mRNA by Western
blotting and qRT-PCR (Fig. 1C, D). Then we confirmed the
clinical role of RCN2 using the in-situ hybridization (ISH)
data with NPC tissue. RCN2 is highly expressed in NPC
tissues and high RCN2 expression were positively corre-
lated with terminal stage disease (Fig. 1E, F). As expected
from ISH results, patients with higher RCN2 expression dis-
played worse overall survival and progression-free survival
(Fig. 1G, H). Additionally, RCN2 play a similar function in
cancer progression and present similar prognostic features
for NPC from GEO (GSE102349) database (Fig. 1I), and
head and neck cancer (HNSC) from The Cancer Genome
Atlas (TCGA) database (Supplementary Fig. 1C). Collec-
tively, these data suggest that the overexpression of RCN2
in NPC may have significant clinical relevance.

3.2 RCN2 regulates the NPC malignant phenotype

As the upregulation of RCN2 was significantly associ-
ated with worse survival, we investigated the direct effect
of RCN2 in NPC cells. The relatively high-expression
cell lines (CNE2, 5-8 F) were chosen for further study. To
investigate the endogenous function of RCN2, we estab-
lished RCN2 overexpression and knockout cell lines. We
utilized CRISPR-Cas 9 gene editing and a lentiviral-medi-
ated overexpression approach to develop stable RCN2
knockout and overexpression cell lines by pre-selecting
single cells and transfection, respectively [35, 36]. We veri-
fied the efficiency of the RCN2 knockout via western blot.
Cas 9—5, cas 9—6, and cas 9—7 showed high efficiency
of the constructs (Supplementary Fig. 1D). The knockout
efficiency of cas 9 and overexpression of CNE2 and 5-8 F
were validated by qRT-PCR (Supplementary Fig. 1E). After
selection, a stable knockout of the cas 9 — 7 clone was estab-
lished. Knockout and overexpression efficiencies of CNE2
and 5-8 F were confirmed using Western blotting (Fig. 1J).
It was observed that the negative control of cas 9 and the
negative control of RCN2 had a similar effect. In addition,
our findings showed that the expression of a selected group
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Fig. 1 Expression and clini-

cal significance of RCN2. (A)
Venn diagram of upregulated
genes among GEO databases
(GSE12452, GSE13597,
GSE53819, and GSE102349
COX). (B) Expression of RCN2
in three GEO databases. (C)
RCN2 protein levels were
assessed in cell lines by western
blotting (WB). (D) qRT-PCR of
RCN2 mRNA levels in NP69 and
NPC cell lines analyzed using
one-way ANOVA. (E) Repre-
sentative RCN2 ISH staining
(scale bar: 100 pm) and RCN2
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of cancer-related genes such as P53 was not significantly
affected by CRISPR-cas 9. (Fig. 1K).

Next, we investigated the effects of RCN2 on the malig-
nant biological behavior of tumor cells. CCK8, EDU, and
colony formation assays were utilized to assess the cell
proliferation potential, showing that the knockout of RCN2
inhibited the proliferative capacity, while cells with high
RCN2 levels had a higher proliferative capacity in CNE2
and 5-8 F cells (Fig. 2A-E; Supplementary Fig. 1F). A
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three-dimensional sphere culture system has been shown to
provide a more suitable tumor microenvironment in vivo
than 2D monolayer cell culture models. Using this culture
system, higher RCN2 expression was found to enhance the
mammosphere-forming capacity (Fig. 2F, G). In addition,
a similar tendency was observed in mobility and invasive
capacity through Transwell (Fig. 2H-J) and wound-healing
assays (Supplementary Fig. 1G, H). Overall, these findings
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Fig.2 RCN2 regulates NPC
malignant biological proper-

ties in NPC cells. EDU assay
(scale bar: 100 pm) (A-C), and
colony formation assay (scale
bar: 5 mm) (D, E) in CNE2 and
5-8 F were performed to measure
cell proliferation and quantifica-
tions. (F, G) Cell mammosphere-
forming capacity was analyzed
by performing three-dimensional
spheroid formation assay (scale
bar: 400 pm). (H-J) Transwell
assays (scale bar: 200 um)

were performed to analyze cell
mobility and invasive capacity.
Data show the mean +SD of at
least three independent experi-
ments: *P<0.05, **P<0.01,
***%P<0.001, ****P<0.0001

suggest that RCN2 regulates the proliferation, diffusion, and
spheroid formation of NPC cells in vitro.

3.3 RCN2 regulates mitochondrial-related
apoptosis driven by cellular stress in vitro

Given that RCN2 is an EF-hand Ca**-binding protein [37,
38], we suspected that the differential expression of RCN2
would disrupt calcium homeostasis and affect the apoptosis
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of NPC cells. Flow cytometry was performed to assess the
extent of apoptosis. None of these differences between cells

expressing different levels of RCN2 was statistically sig-

nificant (Fig. 3A, B). Oxidative stress of the tumor micro-
environment plays an important role in apoptotic signaling

cascades. Therefore, we hypothesized that RCN2 regulates

apoptosis under intracellular stress. To further validate this
assumption, the above experiment was repeated in the pres-
ence of starvation-induced oxidative stress. RCN2 knockout
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Fig. 3 Pro-apoptotic activity

>

[ RCN2 | control

driven by RCN2 under cellular

| cas 9 [ Rcn2+EBSS |  contro+EBSS | cas 9+EBSS

qQ1:034 Q1:0.55

stress. (A, B) Flow cytometry
analysis of CNE2 and 5-8 F

Q2:1.90

Q2:318| -qQ1:057 Q2284 | 4Q1:0.32 Q2:1.84| Q1:0.56 1Q1:0.39

Q2544 Q2:12.2

cells after transfection to induce
different levels of RCN2 expres-
sion under starvation or not to

PI Fluorescence

Q3:2.03

Q3:2.65 Q3:2.65 6.2 Q3:1.63 | ]Q4:89.7 Q3:4.31
T 1 T T T

102 10 1 102

o T L T T - T
10 102 1040° 102 10%10° 102 101 100 10¢

measure the apoptosis rate and

RCN2 control

cas 9 RCN2+EBSS | contro+EBSS |  cas 9+EBSS

quantify cell apoptosis. (C) The

Q1:0.60 . a2384| Taross

ROS levels were quantified
under conditions of glucose-free,

Q2:3.91

Q1:0.56 Q1.1

Q1:0.39

Q1:0.74 Q2:3.23 Q2:3.89 Q2:15.1

hypoxia, or oxygen-glucose
deprivation or not. (D, E) Apop-

PI Fluorescence

Q3:2.30 Q4:94.1

Q4:80.3 Q4 897

Q3:1.61

04953

Q3:0.74 Q3:5.70 Q3:5.39 04803 Q3:9.13

tosis in CNE2 cells as defined

: 100 100 10 10° | 100 | 10410° | 10° | 10M0° | 10° | 1040°  10° | 1010° | 10° | 10¢
by TFAR19 immunofluorescent Annexin V-FITC
staining (scale bar: 40 um). (F,
g( pm). (F, B = orcn2 C o
G) Western blot analysis of CI- 3 ., 10 @ RCN2
Cas 3, GRP78, and Cl-Cas 12 in n control £~ = control
CNE2 cells under starvation or Z Acas9 8= =
not in CNE2 and 5-8 F cells. (H) 3 524 35 . . Acas9
WB analysis to assess activa- & = §5° s~
tion of mitochondrial apoptotic S gs A n ﬂ
5 0 T T T T
pathway markers Apaf-1, cyto S Normal EBSS Normal EBSS Nommal  Glucose-free Hypoxia Oxygen-glucose
C, and Cl-Cas 9 under starva- CNE2 5-8F deprivation
tion or not in CNE2 and 5-8 F D RCN2KO || _RCNZNC ] _RCN2 OF E cas 9+EBSS || contro#EBSS || RCN2+EBSS
cells based on the separation of 1 ]
the cytoplasm and mitochondria.
Data show the mean +SD of at
least three independent experi- g g
ments: *P<0.05, **P<0.01, o o
**4P <0.001, ****P<0.0001
o o 5-8F
F G 9 & o oé%go“%??fo 4
d R & & & B QSJ (‘3’ Q&
cleaved caspase-3 — cleaved caspase-3
(Cicas ) | —|| S |17 D G et m— | — - 17O
Gp78 [ —— — - | 78D Gp78 | wemm—— — s——— 75 kD

cleaved caspase-1

el L ek

GAPDH | Pp—— || Jp—— |-36 kD

cleaved caspase-12
(Cl cas 12)

| -—-.-” PR |-15kD

GAPDH [ T | 56 k0

H

cell lysates cytoplasm mitochondria
CNE2 5-8F CNE2 5-8F CNE2 5-8F
45299 oo 0. 45R9.9:.9 DR 9.5
e”’@\& 990 Lo o oo ST ERST05 FEREER2R SRR
BEFET EEES Qapey JeRSES PEEGT QPR

Apaf-1 E 130kD Apaf-1 [ Wemmmm—— || == == == |130kD Apaf-1 | .....H - = &S W |130kD

cyto C| - || JRE—— |~14kD cyto C | -—— || B & |»14kD cyto C !|>14KD
Cl-cas9) P | = s | 280 Cicase = Jssko Cl-casgﬂlml»%kD

GAPDH| wmam e %o e |-36kD  Actin |—_.-|| == == | 43kD VDACT| i | S e e | 311D

cells comprised a significant proportion of apoptotic cells,
indicating that programmed cell death was induced (Fig. 3A,
B), whereas very little apoptosis developed in RCN2 over-
expressed cells. Given that ROS generation is involved
in stress-induced apoptosis [39, 40], we cultured cells in
glucose-free, hypoxic, and oxygen-glucose deprivation
medium to mediate stress. As a result, we observed that the
knockout of RCN2 resulted in lower ROS levels (Fig. 3C;
Supplementary Fig. 2A). In contrast, the overexpression of
RCN2 significantly elevated cellular ROS levels. However,
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ROS did not exhibit this trend in the absence of oxidative
stress (Fig. 3C; Supplementary Fig. 2A). ROS can trigger
cell death via the mitochondrial apoptosis pathway [41].
Additionally, nuclear translocation of programmed cell
death protein 5 (TFARI19) is an early event of apoptosis,
meanwhile, caspase-3, in particular cleaved caspase-3 (the
active form), is considered an apoptotic marker. Notably,
the level of apoptosis in stressed cells was upregulated with
the concomitant downregulation of RCN2, as detected by
nuclear translocation (Fig. 3D, E) and WB (Fig. 3F, G),
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while RCN2 overexpressed cells showed less apoptosis.
Taken together, these results indicate that RCN2 is involved
in the regulation of cancer cell apoptosis under intracellular
stress.

Cell death pathways are highly regulated by multiple
mechanisms, including mitochondria-mediated, ER-medi-
ated, and autophagy-dependent cell death. RCN2 was
described to localize predominantly to the ER. We then
examined whether RCN2 regulates cell death through
endoplasmic reticulum autophagy (ER-phagy). The ER
and lysosome marker molecules were stained to quantify
co-localization. Unfortunately, no evidence was obtained
that RCN2 influences the fusion of the ER and lysosomes
under starvation conditions or not (Supplementary Fig. 2B,
C). These results indicate that RCN2 does not mediate cell
death via ER-phagy. The GRP78 and caspase-12 activi-
ties were evaluated to determine the level of ER stress and
ER pathway apoptosis. Increased ER stress occurred in the
lower RCN2 level group under starvation, whereas no dif-
ference was observed without stress (Fig. 3F, G). No sig-
nificant differences were observed in cleaved caspase-12
expression of the ER-apoptotic factor (Fig. 3F, G). In sum-
mary, while our results point to a significant activation of
ER stress responses under stress when RCN2 is knocked
out, the absence of RCN2 does not appear to cause increases
in ER pathway apoptosis.

Thus, we detected the activation of mitochondria-related
intrinsic apoptotic death. Moreover, based on the separa-
tion of the cytoplasm and mitochondria, the relative content
of cytochrome ¢ (cyto C), Apaf-1, and cleaved caspase-9
protein in the cytoplasm or mitochondria was detected.
The study involved the isolation and purification of mito-
chondria from CNE2 and 5-8 F cancer cells while retain-
ing the cytoplasm. Protein extraction was then performed
separately. The results of the study demonstrated that cyto
C, Apaf-1, and cleaved caspase-9 protein was significantly
increased in the cell lysates, especially in mitochondria.
There was no apparent difference in the cytoplasm under
stress conditions (Fig. 3H). We concluded that cell death
induced by the deletion of RCN2 arose specifically from
the mitochondrial apoptosis pathway rather than other cell
death pathways under stress.

Taken together, our findings suggest that the deletion of
RCN2 induces apoptosis in stressed cells through the acti-
vation of intrinsic mitochondrial-dependent and Apaf-1-as-
sociated pathways. High levels of RCN2 expression in a
subset of cancer cells may facilitate cell survival in adverse
environments.

3.4 Confirmation of mitochondrial-related
apoptosis in vivo

Based on the results obtained for RCN2 in the in vitro
experiments, different expression levels of RCN2 CNE2
cells were subcutaneously inoculated into nude mice, and
a subcutaneous xenograft BALB/c mouse model was estab-
lished to assess cell proliferation ability in vivo (Fig. 4A).
After three weeks, we resected the subcutaneous tumors
and measured their weights and volumes. The subcutane-
ous tumors in the knockout RCN2 group had a smaller vol-
ume and weighed less than those in the control group, while
RCN2 overexpression was associated with a significant
increase in tumor size and weight (Fig. 4A-D). IHC test-
ing demonstrated that xenografts with lower RCN2 expres-
sion had higher levels of mitochondrial apoptosis pathway
markers, such as Apaf-1, cyto-C, caspase 9, caspase 3, and
caspase 7, while there was no significant difference in ER
apoptosis pathway markers, such as caspase 12 (Fig. 4E).

Next, a lung metastasis model was established via tail
vein injection of mice with control, RCN2 knockout, or
overexpressed CNE2 and 5-8 F cells. Tumor growth and
metastasis were monitored by evaluating the resulting biolu-
minescence values, which along with examination of lungs
revealed that the RCN2 knockout group formed fewer pul-
monary metastatic foci than the control group, with many
more lung metastatic foci of overexpressed RCN2 cells than
those of the negative control (Fig. 4F-H). Lung slices from
each group were stained with hematoxylin and eosin, con-
sistent with the in vivo imaging results (Fig. 41, J).

In summary, these findings provide evidence that RCN2
accelerates growth and metastasis in vivo and confirm that
RCN2 decreases stress-mediated apoptosis, mainly by
inhibiting the mitochondrial apoptosis pathway.

3.5 RCN2 regulates mitochondrial dysfunction and
Ca?* overload

In addition to confirming the influence of the mitochondrial
apoptotic pathway, we investigated how RCN2 regulates
mitochondria-mediated apoptosis. First, JC1 staining was
used to evaluate the mitochondrial membrane potential. The
knockout of RCN2 cells retained monomer-emitting green
fluorescence and showed mitochondrial dysfunction under
cellular stress due to a reduction in mitochondrial mem-
brane potential, while overexpressed RCN2 cells exhibited
normal mitochondrial function (Fig. 5A, B; Supplemen-
tary Fig. 3A, B). Mitochondrial permeability transition
pores (MPTP) also play a role in the development of mito-
chondrial dysfunction. Oxidative stress conditions stimu-
late MPTP to open, whereby part of calcein is discharged
into the cytoplasm and combines with cobalt ions to lose
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Fig. 4 Confirmation of mito-
chondrial-related apoptosis in
vivo. (A) Representative NPC
xenografts in the indicated group
of mice (n=5 per group). (B)
Tumor volume was recorded at
the time points indicated. (C)
The volume of tumors on day 21.
(D) Tumor weight was measured
after the tumors were surgically
dissected. (E) Tumors were ana-
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fluorescence [42]. In our study, RCN2 knockout enhanced
the opening of MPTP under oxidative stress with weaker
green fluorescence, whereas RCN2 overexpression resulted
in stronger green fluorescence (Fig. SC-E). Mitochondrial
calcium overload can elevate mitochondrial apoptosis by
inducing permeability transitions and MPTP openings [43].
To detect cells that exhibited spontaneous calcium tran-
sients, Fluo-4 and Rhod-2 were used to measure cytosolic
and mitochondrial calcium levels, respectively. As shown
in the results, the knockout of RCN2 revealed increased
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Rhod-2 fluorescence and no difference in Fluo-4 fluores-
cence, which reflected an augmentation of calcium levels
in the mitochondria, while calcium was gradually released
from the mitochondria in the overexpressed RCN2 group
under stress (Fig. SF-I). Overall, under cellular stress dam-
age, RCN2 deficiency stimulates MPTP opening, calcium
overload in the mitochondria, mitochondrial dysfunc-
tion, cytochrome c release, and ultimately the induction of
apoptosis.
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Fig. 5 RCN2 regulates mito- A
chondrial dysfunction and Ca®* —
overload. (A) Confocal micros-

copy of mitochondrial membrane
potential was evaluated by JC1

staining. Red puncta-maintained
mitochondria; green puncta,
depolarized mitochondria (scale

bar: 30 um). (B) Quantifica-

tion of red/green represent JC1
aggregates/monomers. (C) MPTP
openings were evaluated using

the calcein cobalt method (scale C
bar: 80 um) in CNE2 and 5-8 F

cells. (D, E) MPTP openings RCN2 +EBSS |[ control +EBSS |[ cas 9 +EBSS |[ control +EBSS [ control +EBSS
were evaluated using the calcein
cobalt metho, and the normal-
ized relative fluorescence units
(NRFU) of calcein in the experi-
mental groups. (F) Mitochondrial
calcium visualized by Rhod-2
under confocal microscopy (scale
bar: 80 um). (G) Quantitation of b3
peak Rhod-2 fluorescence. (H)
Cytoplasmic calcium visual- L
ized by Fluo-4 under confocal F
microscopy (scale bar: 80 um).

(I) Quantitation of peak Fluo-4
fluorescence. (J) RCN2 protein
interaction network was gener-

ated using the STRING database.

(K) CALR expression was

detected following different

expression of RCN2 by western

blot in CNE2 and 5-8 F cells.

(L) ColP of endogenous RCN2
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RCN2 is highly connected with CALR (Calreticulin) by =~ promoting calcium storage in the ER, decreasing the poten-
putative protein-protein interactions in the STRING data-  tial for strong signaling to mitochondria and inhibiting
base (Fig. 5J). CALR functions in calcium homeostasis and  apoptosis.
we found CALR expression was significantly decreased
following knockout of RCN2 and increased by the overex- 3.6 YY1 and GSC are upstream regulators of RCN2
pression of RCN2 in CNE2 and 5-8 F cell lines (Fig. 5K).  and correlate with poor prognosis in HNSCC
In addition, co-immunoprecipitation (ColP) assay was per-
formed to confirm their binding (Fig. 5L). These observa-  To further elucidate the molecular mechanisms involved in
tions demonstrate that CALR interacts with RCN2, thereby  the upregulation of RCN2 in NPC cells, the transcription
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factor binding profiles were collected from JASPER (https://
jaspar.genereg.net/) [44], and the top five were selected for
further analysis (YY1, GSC, ETS1, TCF3, and USFI).
Silencing of YY1 or GSC was found to downregulate the
expression of RCN2 (Fig. 6A, B; Supplementary Fig. 3C,
D), whereas the knockdown of the other three predicted
transcription factors had no influence on the expression of
RCN2 (Supplementary Fig. 3E-J). We performed luciferase
reporter and chromatin immunoprecipitation (ChIP) analy-
ses to determine the promoter sites and demonstrated that

RCN2 is directly transcriptionally regulated by YY1 and
GSC (Fig. 6C, D). In particular, both YY1 and GSC were
upregulated in NPC cell lines compared to NP69 cells by
PCR and western blotting (WB) (Fig. 6E, F). In addition,
YY1 or GSC expression was positively correlated with
RCN2 expression in the TCGA database (Fig. 6G, H). We
then verified the regulatory effects of YY1 and GSC on
RCN2 expression. We observed that silencing YY1 or GSC
inhibited the expression of RCN2, whereas RCN2 overex-
pression reversed the silencing effect of YY1 or GSC on
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B) qRT-PCR analysis of RCN2 T YY1sit T g GSCsi 1
expression induced by YY1 or > . ¥$1 sz 2 S GSCsi2
. . . si3 g vV GSCsi3
GSC interference transfection S o6 4 S os
in CNE2 and 5-8 F cells. (C) . ; &
Binding of YY1 or GSC to the 2 T 2 ala
RCN2 promoter was determined 2 ﬁ.l ) K FI‘I e
by dual-luciferase reporter assays 0.0 ! ,&ﬂ 0.0 ' ==
in NPC cells. (D) ChIP assays in CNE2 5-8F CNE2 5-8F
NPC cells were used to define the C D CNE2 5.8F
binding of both YY1 and GSC to ok - =
. £ 5 T < 5 T <
. ok [0}
the RCN2 promqter region. (E) 100 = — . s 2 2 zZz =28z
qRT-PCR analysis of YY1 and e
. . . > 1 Q
GSC expression in cell lines. (F) £ 80 = ok k3 %
Western blot (WB) analysis of § 22
. - ©
YY1 and GSC in NP69 and NPC gl © £5
cells. (G, H) Analysis of the cor- g O 404 ht E
relation between RCN2 expres- 5 ”
sion level and YY1 or GSC levels 2 20 1 = = - =
. . 20 < O 2 o < 8
in TCGA database using Spear- o Lo 550 g | Ll s2%28 s2%28
man’s rank correlation analysis. Promoter-NC oo o 2,
(I, J) Rescue experiments were RCN2-promoter - + o+ o+ - % §,
performed to verify the combina- _l?FCNﬁ—Cpromoter—mut - - s -+ 5
tion with WB of RCN2 levels. TFz:YW + N + . + ; S g
Data show the mean + SD of at TFs-GSC o - - 4 }=
least three independent experi-
ments: *P<0.05, **P<0.01, E F
P <0.001, ****P<0.0001 12 - e ONET NS PN
ChIP: chromatin wx - o ONE2 Oé‘/ oéo (OS-f‘ %Q@ &S o@bb @Qﬂa
immunoprecipitation c = = A5-8F
2 84 2 —**_ v 6.10B YY1 |- - ey - e e —}~ 68KDa
% * 9 C666-1
a I ©® TW03 EBV GSC 'P- e — -l— 34KDa
L 44 o » HENP69
= ! . W
§ H H GAPDH [ A - . 30102
o M A
T T
YY1 Gsc
CNE2 5-8F
G H | s e le oo
FEEEG S é%’e
http://gepia.cancer-pku.cn/ http://gepia.cancer-pku.cn/
wi[= = | [emeame|okoa
7 [ RoNz [ == ==] [55 &= == |- 55Da
E ®] E 6 GAPDHl o eI D == | | —— ——_ }-36KDa
5 5 &5
g g J CNE2 5-8F
2 4 a4 NS oy > O g Sa
S | . S : CENFT L FoE
3. P=0 3 P=4.6e-10 PSR A SE SIS
= - R=0.35 |~ R=0.27
21 I. T T T T T T 21 | I 1 I I I I Gse !_'~-- | | - .- |—34KD3
123 4567 12 3 456 7 renz [Fm == [ e | s5koa
log2(YY1 TPM) log2(GSC TPM)

@ Springer

GAPDH| wmmememmens | | Sinasmammans |- 36102



https://jaspar.genereg.net/
https://jaspar.genereg.net/

RCN2 promotes Nasopharyngeal carcinoma progression by curbing Calcium flow and Mitochondrial apoptosis 1043

RCN2 expression (Fig. 61-J; Supplementary Fig. 3K, L).
Hence, YY1 and GSC are the upstream transcription factors
of RCN2. Moreover, patients with higher expression of YY1
and GSC had a poorer prognosis and reduced survival time,
according to TCGA database (Supplementary Fig. 3M, N).

3.7 YY1 and GSC synergistically regulate calcium
flow-mediated mitochondrial apoptosis

The specific mechanism of YY1 and GSC transcriptional
regulation of RCN2 is not yet fully understood. Thus, we
first studied RCN2 expression after different transfections
and found that the simultaneous knockdown of both YY1
and GSC resulted in a stronger downregulation of RCN2
than knockdown alone, concomitantly with a trend towards
increase in cleaved caspase 3 levels, while RCN2 overex-
pression was unable to reverse the silencing role of YY1 and
GSC simultaneously on RCN2 expression and cleaved cas-
pase 3 levels (Fig. 7A-B; Supplementary Fig. 4A-D). These
results illustrate that YY1 and GSC coordinately regulate
the expression of RCN2 and apoptosis levels. Through a
series of experiments, we verified that the knockdown of
YY1 and/or GSC induced calcium overload in the mito-
chondria under stress without evident change in cytosolic
calcium levels (Fig. 7C, D; Supplementary Fig. 4E, F),
promoted apoptosis (Fig. 7E; Supplementary Fig. 5A), and
dissipated the mitochondrial membrane potential (Fig. 7F;
Supplementary Fig. 5B). Overexpressing RCN2 in the YY1
and/or GSC knockdown background reversed the mitochon-
drial dysfunction, and apoptosis (Fig. 7E, F; Supplementary
Fig. 5A, B). Taken together, we can conclude that upstream
transcription factors YY1 and GSC co-regulate mitochon-
drial calcium overload and mitochondrial apoptosis under
stress.

We then examined whether YY1 and GSCs had co-effects
on the malignant phenotype. Silencing YY1 and/or GSC
decreased malignant features via decreased cell prolifera-
tion (Fig. 7G, H; Supplementary Fig. 5C, D), migration, and
invasiveness (Fig. 71, J; Supplementary Fig. SE, F). Based
on the knockdown of YY1 and/or GSC, the overexpression
of RCN2 reversed the malignant phenotype.

Then, the CNE2 and 5-8 F AR (Anoikis resistance)
cell was induced, screened, and obtained, and we sought
to determine whether AR cells were induced successfully.
RCN2, YY1 and GSC expression were compared between
bulk cells and CNE2 and 5-8 F AR. Finally, we found that
their expression was increased in AR cells with high meta-
static potential (Fig. 7K). Then, we confirmed successful
CNE?2 and 5-8 F AR induction by flow cytometry (Fig. 7L,
M).

Collectively, these data suggest that YY1, in synergy
with GSC, is an upstream regulator of RCN2 and plays a

significant role in the development of the malignant biology
of NPC.

3.8 RCN2, YY1 and GSC upregulation are associated
with progression to more severe stages of NPC

We confirmed the clinical role of RCN2, GSC and YY1
using the ISH data with NPC tissue. High GSC, and YY1
expression were positively correlated with terminal stage
disease (Fig. 8A-D). The expression of GSC correlated sig-
nificantly with tumor node metastasis stages and the results
showed that patients with high GSC expression had short
overall or progression-free survival times (Fig. 8E-G). In
addition, YY1 exhibited the same tendency (Fig. 8H-J).
The results also revealed that RCN2, GSC, and YY1 were
significantly correlated with NPC recurrence and distant
metastasis (Fig. 8K-M). Of note, GSC or YY1 were both
found to have positive protein levels correlation with RCN2
by analysis of three parallel tissue microarrays (Fig. 8N, O).
We further evaluated the prognostic value and found that
combined use of the three biomarkers were significantly
associated with OS (Fig. 8P), and these findings suggest that
high expression of RCN2 in combination with high expres-
sion of GSC and YY1 may serve as an important clinical
biomarker of poor prognosis in patients with NPC.

Finally, we concluded that overexpression of RCN2,
GSC, and YY1 correlate with malignancy in NPC progres-
sion and potentially constitute as prognostic biomarkers.

4 Discussion

We aimed to investigate the relationship between RCN2 and
the malignant behavior of NPC cells at the cellular level.
Our study revealed the following findings: (i) RCN2 regu-
lates proliferation, diffusion, and spheroid formation of NPC
cells in vitro; (ii) deletion of RCN2 induces apoptosis in
stressed cells; (iii) RCN2 accelerates growth and metastasis
in vivo and decreases stress-mediated apoptosis; (iv) CALR
interacts with RCN2, thereby promoting calcium storage
in the ER; (v) silencing YY1 or GSC inhibited the expres-
sion of RCN2, whereas RCN2 overexpression reversed the
silencing effect of YY1 or GSC on RCN2 expression; (vi)
YY1 with GSC, is an upstream regulator of RCN2 and plays
a significant role in the development of the malignant biol-
ogy of NPC; (vii) Overexpression of RCN2, GSC, and YY1
correlate with malignancy in NPC progression and poten-
tially constitute as prognostic biomarkers.

According to recent reports, no correlational studies are
available on the molecular mechanisms of cellular apop-
totic death in NPC under severe stress conditions. In the
present study, we found that the deletion of RCN2 induces
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mitochondria-dependent apoptosis in stressed NPC cells,
which is distinct from the existing mechanisms. More
importantly, this is the first report of a molecular mecha-
nism associated with mitochondrial-dependent apoptotic
pathways activated by stress in NPC.

Importantly, Ca®* signals have been shown to affect
important checkpoints of the cell death process [45—47]. In
their review, Giorgi reported that the pro-apoptotic transi-
tion of the mitochondria plays a key role in the regulation

@ Springer

of cell death [48, 49]. However, the molecular nature of
MPTP opening remains unresolved; there has been no com-
prehensive evaluation to explain the mechanism by which
Ca** overload causes mitochondrial apoptosis in NPC. Our
in-depth research found that CALR interacts with RCN2,
thereby promotes calcium storage in the ER, inhibiting
MPTP opening, calcium overload in mitochondria, mito-
chondrial dysfunction, cytochrome c release, and the forma-
tion of an apoptosome complex. Thus, Ca** overload causes
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mitochondrial apoptosis and may participate in the regula-
tion of malignant biological behaviors in NPC.

RCN2, an EF-hand Ca®*-binding protein, is one of the
best-characterized Ca’* sensors and is mainly located in the
ER [16, 17]. It is well recognized that stress signals quickly
alter calcium levels, and calcium signaling is sensed and
transmitted via calcium-binding proteins [50]. The mecha-
nisms by which RCN2 induces calcium-related mitochon-
drial apoptosis have been intensively investigated, and we
found that RCN2 combined with CALR, inhibited MPTP

. 5
RCN2 staining score Overall survival (months)

high YY1 (n=5)

opening and prevented the accumulation of calcium in mito-
chondria, thereby impeding mitochondrial-dependent apop-
tosis. Furthermore, our results demonstrated that RCN2
protects NPC cells against mitochondrial apoptosis induced
by various stimuli and promotes survival and prolifera-
tion. Radiotherapy and chemotherapy also induce oxidative
stress, and RCN2 may help NPC survive chemoradiation-
induced oxidative stress, thus contributing to CRT resis-
tance. In a recent study, MAM (Mitochondria-associated
endoplasmic reticulum membrane) is paid great attention
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gradually, which is endoplasmic reticulum membrane sub-
domain that interacts physically with mitochondria [51]. It
plays an important role in the regulation of mitochondrial
dynamics, calcium signaling, lipid processing and transpor-
tation, mitochondrial autophagy, and endoplasmic reticu-
lum stress. However, we have not made a corresponding
study on whether RCN2 affects ER calcium channels by
regulating MAM. This is worthy of our thinking and further
research. Nevertheless, this finding is significant because it
emphasizes that organelles do not exist independently, and
that there are molecular interactions between them. The dis-
covery of the link between RCN2 and mitochondrial apop-
tosis is an important contribution to our understanding of
the mechanisms of the interaction between organelles.

Yin Yang-1 (YY1) is a multifunctional transcription
factor that plays a considerable regulatory role in multiple
biological processes, consequently influencing the patho-
logical processes of cancers by binding to numerous pro-
teins and DNA [52]. Anterior studies have shown that YY1
can enhance the process of carcinoma, such as lung cancer,
and repress mammary formation [52—54]. Goosecoid (GSC)
is a homeobox-containing gene expressed in the spine orga-
nizer [55]. Recent studies have suggested a role for GSCs in
accelerating the metastasis of human mammary tumors by
triggering EMT [55, 56]. The present study reports for the
first time on the high expression and oncogenic role of YY1
and GSCs in NPC. ISH demonstrated that high expression
of RCN2, when combined with high expression of GSC and
YY1, can significantly increase the risk of future metasta-
ses and recurrence in patients. The study utilized clinical
data from 150 patients with NPC to establish the relation-
ship between the expression levels of these three genes and
patient outcomes. This study is the first to report that YY1
and GSC can co-bind to the RCN2 promoter directly and
regulate its transcription in NPC cells. This regulatory mode
of the two transcription factors provides a new idea for the
study of molecular mechanisms in the future.

Overall, our study revealed that RCN2 is overexpressed
in NPC and that RCN2 overexpression in cancerous tissues
closely correlates with poor prognosis. High levels of RCN2
tightly coupled to CALR, caused MPTP to become closed,
promoted calcium storage in the ER, inhibited mitochon-
drial-dependent apoptosis, and promoted the proliferation,
migration, and invasion of NPC. Moreover, both YY1 and
GSC co-regulated RCN2 transcription by directly binding
to the predicted connection site of the RCN2 promoter and
suppressed apoptosis mainly at the level of the mitochon-
dria. Finally, high expression of RCN2 in combination with
high expression of GSC and YY | may serve as an important
clinical biomarker of poor prognosis in patients with NPC.

@ Springer

In conclusion, these findings facilitate the discovery of
novel mechanisms for disease treatment and provide novel
insights into individualized treatment of NPC.
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