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Abstract

Radiotherapy sensitivity is associated with the prognosis of patients with tongue squamous cell carcinoma (TSCC). In
the present study, we proposed to explore the specific mechanism of interventional radiology (IR) therapy for TSCC
in vitro and in vivo. TSCC cells were treated with 6 Gy IR and tumor bearing mice were treated with 20 Gy x 1 IR. DIA
quantitative proteomics along with bioinformatics analysis were conducted in TSCC cells to investigate differential
proteins related to IR and relation of which involved in TMEM147 and SPHK1 was confirmed by immunoprecipita-
tion. Cell proliferation, apoptosis, autophagy& autophagy flux along with calcium signaling pathway detection were

sensitivity in TSCC.

performed in vitro and in vivo. Our results showed that IR induced increasing calcium levels accompanied by up-
regulated TMEM147 and down-regulated SPHK1 along with enhancing autophagy together with apoptosis. The
effect of calcium overloading induced by IR on autophagy and apoptosis was dependent on increasing TMEM147
and decreasing SPHK1. However, IR-induced autophagy and apoptosis tended to be independent of only increasing
calcium levels when down-regulating TMEM147 or up-regulating SPHK1 expression in vitro and in vivo. Our study
suggested that calcium-mediated TMEM147/SPHK1 may promote autophagy and apoptosis to improve radiotherapy
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Introduction

Tongue squamous cell carcinoma (TSCC) is one of the
most common cancers occurring in oral cavity cancer [1,
2]. The incidence of TSCC is reported to be increasing
among people <45 years in some countries according to

*Correspondence:

Songling Hu

18111140002@fudan.edu.cn

Xiaofei Li

Jing Zhu

zhujing1101@163.com

! Department of Preventive Dentistry, Shanghai Stomatological Hospital
& School of Stomatology, Fudan University, 1258 Fuxing Middle Road,
Shanghai 200001, China

2 Shanghai Key Laboratory of Craniomaxillofacial Development

and Diseases, Fudan University, Shanghai 200001, China

3 Institute of Radiation Medicine, Shanghai Medical College, Fudan
University, Shanghai 200032, China

B BMC

the data derived from patients age > 20 years diagnosed
with tongue cancer between April 2008 and January 2019
extracted from Diagnosis Procedure Combination data-
base [2, 3]. As noted in a previous study involving 346
patients with TSCC based on Hospital Cancer Registry
System Data and Mortality Information from 2007 to
2009, 71.1% were advanced staging at the time of diag-
nosis and presented a high mortality rate (72.5%) [4].
TSCC is not obvious and easy to miss the opportunity
for early diagnosis when in the advanced stage presently
[5]. Surgery accompanied by another treatment modal-
ity, such as chemotherapy and interventional radiology
(IR), remains the common treatment approach for TSCC
which affects 5year specific survival of TSCC patients at
present. Therefore, it is necessary to explore the molecu-
lar mechanisms affecting the efficacy of TSCC to improve
the prognosis of patients presently.
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IR employs image-guided techniques to perform mini-
mally invasive procedures for diagnosis and treatment
which has evolved tremendously since the early 20th
century and is now a distinct clinical discipline [6]. IR
approaches are being used in oncology for local diagno-
sis and treatment with minimally invasive therapeutic
and palliative options. Tumor sensitivity to IR associated
with prognosis of many patients with cancers includ-
ing TSCC [7, 8]. Radiation therapy as well as targeted
delivery of chemotherapy are being developed as alter-
natives when surgery is not feasible for cancer patients
[9]. However, radiotherapy resistance is not conducive
to the prognosis of cancer patients. Resistance to radio-
therapy remains one of major clinical challenges which
highlights the need to identify predictive markers for
improving radiotherapy resistance. It was reported in
recently studies that green nanomaterials such as green-
synthesized silver nanoparticles from biological sources
may be potential strategies to sensitize cancer cells to
radiotherapy due to their low toxicity [10] besides their
activities of antioxidant, antipathogenic, anticholinester-
ase [11] as well as antimicrobial and cytotoxic activities
[12]. However, the stability and applicability in radio-
therapy sensitivity to TSCC of nanomaterials remains to
be further explored at present. Moreover, programmed
cell death, such as autophagy and apoptosis correlate
with IR therapy for cancer. The effect of Iodine-125 seed
radiation on esophageal squamous cell carcinoma was
enhanced by inhibition of endoplasmic reticulum stress-
mediated autophagy [13]. Promoting apoptosis is helpful
to sensitize oral tongue squamous cell carcinoma cells to
radiation [14]. In general, regulating autophagy and apop-
tosis of cancer cells would be conducive to improving the
prognosis of patients with TSCC which is involved in our
study.

In the present study, we proposed to explore the spe-
cific mechanism of IR therapy for TSCC in vitro and
in vivo. Based on IR treatment for TSCC cells and tumor
bearing mice, DIA quantitative proteomics along with
bioinformatics analysis, calcium detection, immunopre-
cipitation and autophagy flux, etc., Relation of differential
proteins such as TMEM147 and SPHKI, calcium signal-
ing pathway, autophagy and apoptosis with IR sensitivity
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was investigated in our study, result of which would be
beneficial to elucidate mechanism of IR therapy for
TSCC to improve the prognosis of patients.

Materials and methods

Materials

Thapsigargin (T9033) was purchased from Sigma-
Aldrich (USA). Antibodies of TMEM147(ab97624,
Abcam), SPHK1(ab302714, Abcam), P62(ab109012,
Abcam), mTOR(2983T), p-mTOR(5536T), AMPK(2532),
pAMPK(2535T), LC3II/I(12741T), Caspase 3(14220T)
and Cleaved Caspase 3(9664T) were supplied by Cell
Signaling Technology.

Vectors of down-expression TMEM147(shTM147)
and SPHKI1(sh SPHK1) as well as over-expression
TMEM147(TM147-OE), SPHK1(SPHK1-OE) and nega-
tive control (shNC and OE-NC) were obtained from
Genechem, Shanghai, China .

Cells and cell culture

Cell lines of CAL27, HSC3 and SAS were supplied by
Guangzhou Cellcook Biotech Co.Ltd. CAL27 and HSC3
were cultured in DMEM medium (11095080, Gibco) sup-
plemented with 10% FBS (10091148, Gibco) and SAS
cells were cultured in DMEM/F12 (10566016, Gibco)
supplemented with 10% FBS. All the cells were incubated
in an incubator with 5% CO, at 37 ‘C.

Methods

CCK8 assay

The 10%cells/well were planted in a 96-well plate. After
interventional radiology (IR) treatment with 0-8 Gy
according to previous studies [15, 16], 10 uL/well CCK8
was added to the cells and then incubated at 37 °C for 2 h.
Absorbance value at 450 nm was obtained from a micro-
plate reader. Cell survival may be calculated from the
value.

Apoptosis was detected on a flow cytometry

The cells of CAL27, HSC3 and SAS transfected with/
without si(OE)NC or siTM147/SPHK1-OE along with/
without IR were incubated with PI/APC according to the
instructions of Annexin V-APC apoptosis detection kit

Fig. 1 Genes associated with IR sensitivity of cells in tongue squamous cell carcinoma screening. A The viability of CAL27, HSC3 and SAS cells
treated with 0-8 Gy was assayed by CCK8. n =3. ns means the difference is not significant. B Apoptosis of CAL27, HSC3 and SAS cells treated

with 6 Gy was detected by flow cytometry. C Apoptosis rate was analyzed. n =3, ***P < 0.001. D Venn diagram of differential proteins in IR treated
CAL27,HSC3 and SAS cells compared with control. E Five distinct proteins in IR treated CAL27, HSC3 and SAS cells compared with control. F Heat
map of TMEM147/SPHKT1 in IR treated SAS cells compared with control. G Bubble diagram of differential proteins of IR treated CAL27, HSC3 and SAS
cells compared with control enrichment in Kegg pathway. H Histogram of differential proteins of IR treated CAL27, HSC3 and SAS cells compared

with control enrichment in Kegg pathway



Hu et al. Journal of Translational Medicine (2024) 22:1082

Page 3 of 16

B * oz W SR — | S—
A - P 220 I 2 -n - .8
14
>.‘ w' 10 10
n o
o e 3
=4
o 10 ;
£ o4 A i Sy
- \ 1 J 020%
i 1
= & CAL27 W e e S R R v
= ns -
e -e- HSC3 =
% CAL27-IR SAS-IR HSC3-IR
o :
-A- SAS w W o B | ot [ore AR
i
0.01 T T T | o
0 2 4 6 8 5*
0
Dose(Gy) o _@
10 G
o ave a1a are
S Toom ot [ Pirs
P T R Y T R R
»
C 30 wm Ctl mx IR Annexin V-APC
.. E
—— e o
— — log2FC
4 TMEM147
— 15
@w 20—
8 - 09
SPHKI1
[ 03
g 03
= 104 F168B 0.9
& -15
-
PWP2A
Y iy TLR3
CAL27 SAS HSC3
H3R24/H3ctrl  C27R24/C27ctrl  SR24/Sctrl
- Heatmap
439 i
0.05
o
A 2N
-01
Term Candidate Protein Num
o 7 2 3 i L 4 &
regulation of locomotion
kng_pa‘hway Pvalue negative stranded viral RNA replication
G . 0 interleukin-7-mediated signaling pathway
Calcium signaling pathway - gene conversion
CGMP-PKG signaling pathway soulation of kidney size
Regutation of ipolysis in adipocytes - & 0.05 ‘ reguiaton of waney size
o aaciatin | ™ positive regulation of type Il interfer.
Serotonergic synapse - 01 positive regulation of toll-like recepto
vary secretion - : positive regulation of protein ubiquitin.
Pancreatic secretion - ® 4 nitric oxide transport
Longevity regulating pathway - multiple speci. @ 0.15 calclum-mediated signaling
Vascul wooth muscle contraction -{ =] aerobic electron transport chain |
Pentose and glucy 3 0.2 I §
Conowity réal P nucleosome positioning
S A ° regulation of blood pressure
Ascorbate and aldarate mef ° Protein Number inflammatory response
Glycosaminoglycan degradation - © ®1 prostanoid metabolic process
Ether lipid metabolism - regulation of type 2 immune response
Arachidonic acid metabolism -{ . L regulation of dendritic cell cytokine pr
Sphingolipid metabolism - @ ®: regulation of cytokine production involv.
""V"&Y;"X :::‘“m -y : regulation of anglotensin levels in bloo
ymerase -
PRIRE 5.5+ 5 ssricasel | [P regulation of CAMKK-AMPK signaling casca.
- .
P 0 1 2 3
O of% oA A% 02 2%
Rich Ratio -log10 (Pvalue)

Fig. 1 (See legend on previous page.)

(Share-bio, SB-Y6026, 647-Annexin V/PI). After preproc-
essing based on the operation manual of the kit, apopto-
sis of cells was analyzed on a flow cytometry.

DIA quantitative proteomics analysis

were

Total proteins of CAL27, SAS and HSC-3 cells
extracted and their concentrations were detected with
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BCA assay (Beyotime Biotechnology, P0012). The identi-
fication of proteins by DIA depends on a data dependent
acquisition (DDA) library. MaxQuant was then used to
complete library search identification to obtain all detect-
able non-redundant high-quality MS/MS spectra infor-
mation, which is used as a subsequent data independent
acquisition (DIA) quantitative spectra library. Then IBT
quantitative analysis was conducted to screen out signifi-
cantly differential proteins that we were more concerned
about from the quantitative results. Finally, GO, Pathway,
KOG and other functional annotations and GO, KOG
and Pathway enrichment analysis of differential proteins
were further conducted.

Experiments of tumor-bearing animals

All the animal experiments were performed according
to the ethics committee on animal experiments of Fudan
University. 6—8 weeks old male BALB/c nude mice, weight
20+2 g, were purchased from Shanghai Shengchang Bio-
Tech Pty Ltd (SCxK(Shanghai)2021-0002) in our study.
After one week of adaptive feeding, 10° cells/mouse in
100pL PBS were subcutaneously inoculated into the arm-
pit of the right forelimb of nude mice. The tumor bearing
mice were treated with 20 Gy X 1 IR on day 9 after tumor
cells inoculation according to previous studies [17, 18].
Tumor volume was recorded every two days. The tumor
growth curves were plotted based on the tumor volume.

Calcium levels assay

0.5x10* cells/well were planted in a 12-well plate, after
treated with/without IR and/or Thapsigargin as well
as transfected with shTM147, shSPHK1, TM147-OE,
SPHK1-OE, shNC and OE-NC, Calcium ion fluorescent
probe Fluo-4 Calcium Assay Kit (Beyotime Biotechnol-
ogy, Shanghai, S1061S) was added to the cells, images of
cells with green fluorescence were obtained to indicate
calcium in an hour.

Western blotting

The total protein of cells and tissue was obtained using
PMSEF (100mM) at first followed by protein concentra-
tion detection using a BCA kit (Beyotime Biotechnology

(See figure on next page.)
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Co., Shanghai, China, P0010) according to the instruc-
tion. The proteins were isolated by SDS-PAGE, and then
transferred to PVDF membrane (0.2 pm, Merk Millipore
Ltd, USA, 03010040001) and incubated with the pri-
mary antibodies of TMEM147 (1:500), SPHK1 (1:500),
mTOR (1:500), p-mTOR (1:200), AMPK (1:500), pAMPK
(1:200), P62 (1:500), LC3II/I(1:500), Caspase 3 (1:500)
and Cleaved Caspase 3 (1:200) followed by incubation
with the corresponding secondary antibody. After being
immunoblot stained by ECL staining system, images of
blots were acquired under a chemiluminescence imager.
Grayscale values of blots were analyzed using Image]
software.

Autophagy was observed by transmission electron
microscopy

The cells were collected and fixed in 1% osmium acid pre-
pared with 0.1 M phosphate buffer PB (PH7.4) at room
temperature in the dark for 2 h. Then the cells were
sequentially added 30% —50% —70% —80% —95% —100%
—100% alcohol for 20 min each time, and 100% acetone
twice for 15 min each time. Penetration embedding was
performed as follows: acetone and 812 embedding agents
with the rate 1:1 at 37 °C for 2 h followed by 1:2 overnight
penetration, pure 812 embedding agent at 37 “C for 5 h.
Pour pure 812 embedding agent into the embedding
plate, insert the sample into the embedding plate, and
bake overnight at 37 C. 60—80 nm ultra-thin sections
were made and 150 mesh film copper mesh is used for
fishing. Copper mesh was dyed in a 2% uranyl acetate
saturated alcohol solution in the dark for 8 min and 2.6%
lead citrate solution was utilized to avoid carbon dioxide
staining for 8 min. After washing, the slices of the cop-
per mesh were placed in a copper mesh box to dry over-
night at room temperature. The autophagosomes were
observed under a transmission electron microscope, and
images were acquired and analyzed by HITACHI HT
7800 instrument (Japan).

Autophagy flux assay
Autophagy was examined by analyzing the formation
of fluorescent puncta of autophagosomes in the cells

Fig. 2 Calcium-mediated mTOR/AMPK signaling involved in IR sensitivity of cells in tongue squamous cell carcinoma. A Tumor growth

in mice inoculated subcutaneously with CAL27 and SAS treated with/without IR and Thapsigargin. B Tumor growth curve of mice inoculated
subcutaneously with CAL27 was plotted. n =5, *P < 0.05 CTumor growth curve of mice inoculated subcutaneously with SAS was plotted. n =5, *P
< 0.05 D Calcium levels image of CAL27 and SAS cells treated with/without IR and Thapsigargin. E Calcium levels of CAL27 and SAS cells treated
with/without IR and Thapsigargin was analyzed. n =3, *P < 0.05, ** P < 0.01. F The protein expression of (p) mTOR, (p) AMPK, TMEM147 and SPHK1
in CAL27 cells treated with/without IR and Thapsigargin was detected using western blotting. G Histogram of protein expression of (p) mTOR, (p)
AMPK, TMEM147 and SPHK1 in CAL27 cells treated with/without IR and Thapsigargin. H The protein expression of (p) mTOR, (p) AMPK, TMEM147
and SPHKT in SAS cells treated with/without IR and Thapsigargin was detected using western blotting. | Histogram of protein expression of (p)
mTOR, (p) AMPK, TMEM147 and SPHK1 in SAS cells treated with/without IR and Thapsigargin. n =3, *P < 0.05, **P < 0.01
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transfected with mRFP-GFP-LC3-tagged adenovirus
(Hanbio Biotechnology Co., Shanghai, China). Briefly,
cells were plated at a density of 2x 10° per well in 24-well
plate and cultured overnight. After 2 h of transfection
with the adenovirus (diluted in serum-free medium), the
cells were cultured in fresh medium for 48 h then washed
with pre-cooled PBS twice, fixed and stained with DAPL
The intracellular autophagy was observed with the high-
content imaging system. When the fusion of autophagy
and lysosome occurs, LC3-GFP fluorescence is quenched
and only red fluorescence can be observed. After merg-
ing the red and green fluorescence images, yellow spots
in the cell images symbolize the puncta of autophago-
somes. For quantitative analyses, the numbers of yellow
(autophagosomes) and red only puncta (autolysosomes)
and ratio of autolysosomes to autophagosomes were
quantified per OSCC cell from random fields in three
independent experiments (totally =50 cells).

Clone formation

10* cells /well was planted in a 6-well plate pre-covered
with agar gel. The cells treated with/without IR and/or
Thapsigargin as well as transfected with shTM147, sh
SPHK1, TM147-OE, SPHK1-OE, shNC and OE-NC were
allowed to grow for 2 weeks. Then 1 ml crystal violet
solution was added to the cells. After washing using PBS
three times, images of cells were taken and the number of
clones was analyzed.

Tunnel staining

The slices of tumor tissue were deparaffinizes and dehy-
drated in xylene and in gradient ethanol of 95%, 90%,
80%, and 70%, respectively. After washing, antigen
retrieval was performed with proteinase K in PBS (pH
7.4). Permeability solution (0.1% Triton) was added to the
sections for permeabilization. Equilibrium at room tem-
perature was performed, then reaction solution including
TDT enzyme and dUTP was added to the sections and
incubated at 37°C for 2 h. DAPI was used to counterstain
nucleus. The sections were observed under a fluores-
cence microscope and images were collected by Panno-
ramic MIDI instrument (3DHISTECH, Ltd. Hungary).
DAPI ultraviolet excitation wavelength was 330-380 nm,

(See figure on next page.)
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emission wavelength was 420 nm. CY3 excitation wave-
length was 510-561 nm, emission wavelength was 590.
The nuclei stained by DAPI are blue under the excitation
of ultraviolet light, the Tunnel kit is labeled with CY3 flu-
orescein, and the positive apoptosis nuclei are red.

Immunofluorescence detection

The paraffin sections of tumor tissues were sequentially
dewaxed to water in xylene, 85% alcohol and 75% alco-
hol first. After washing, antigen repair was performed
in EDTA (PH9.0) antigen repair solution. The sections
were incubated with BSA for blocking for 30 min. The
first type of primary antibody of TMEM147 (1:200) was
added to the sections and incubated overnight at 4°C in
a wet box followed by incubation with the corresponding
secondary antibody. After washing, antigen repair, and
blocking similarly to the aforementioned methods, the
secondary antibody of SPHK1 (1:100) was added to the
sections followed by the corresponding secondary anti-
body (Cell Signaling technology, 4412 S) and incubated
similarly. yH2AX (1:200) immunofluorescence detec-
tion was similar to TMEM147. DAPI was used to stain
nucleus (Beyotime Biotechnology Co., Shanghai, China,
P0131). After sealing, slices were observed and images
were collected under a fluorescence microscope. The
nuclei stained by DAPI was blue, and positive expression
is indicated by corresponding fluorescent labeled red or
green light.

Statistical analysis of data

All measurement data are represented by mean + SD. The
difference between two groups was analyzed using non
paired t-test. The difference among three or more groups
were analyzed using one-way ANOVA corrected with
Bonferroni post hoc tests. The difference was considered
significant when the P value was less to 0.05.

Results

TMEM147/SPHK1 associated with IR sensitivity of cells

in tongue squamous cell carcinoma

To explore IR sensitivity markers in tongue squamous
cell carcinoma, viability of tongue squamous cell car-
cinoma cell lines such as CAL27, HSC3 and SAS after

Fig. 3 Relation of Calcium, autophagy and apoptosis with IR sensitivity of cells in tongue squamous cell carcinoma. A Autophagosomes were
observed in SAS cells treated with/without IR and Thapsigargin using transmission electron microscope. B Autophagosomes were observed

in CAL27 cells treated with/without IR and Thapsigargin using transmission electron microscope. The red arrows indicate the autophagosomes

with bilayer structure. The blue arrows indicate the decreasing autophagy. C The protein expression of P62, LC3Il/l and (Cleaved) Caspase 3

in CAL27 cells treated with/without IR and Thapsigargin was detected using western blotting. D The protein expression of P62, L3I/l and (Cleaved)
Caspase 3 in SAS cells treated with/without IR and Thapsigargin was detected using western blotting. n =3, *P < 0.05, **P < 0.01. E, F Autophagy
flux was observed in CAL27 and SAS cells treated with/without IR and Thapsigargin and transfected with GFAP/RFP fluorescent label LC3 expression

vector
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treatment with IR at the dose of 0 to 8 Gy was detected
firstly. Results showed in Fig. 1A that cell survival was
decreased dose-dependently and the median inhibition
rate dosed was about 6 Gy, which was therefore cho-
sen for subsequent experiments. The apoptosis rate of
CAL27, HSC3 and SAS treated with 6 Gy was signifi-
cantly decreased compared with control cells (Fig. 1B,
C). The differential proteins were then investigated in the
three cell lines treated with 6 Gy and the corresponding
control cells by DIA quantitative proteomics analysis.
As indicated in Fig. 1D, five differential proteins includ-
ing SPHK1, TMEM147, F158B, PWP2A and TLR3 were
obtained in three cell lines (Fig. 1D, E). Further analysis
results showed that TMEM147 expression was up-regu-
lated while SPHK1 was down-regulated in both CAL27
and SAS cells, especially in SAS treated with IR com-
pared with control cells (Fig. 1F). Results of enrichment
pathways analysis of differential proteins demonstrated
that calcium signaling pathway or calcium-mediated
signaling and regulation of CAMKK-AMPK signaling
cascade were involved (Fig. 1G, H).

Calcium-mediated AMPK/mTOR signaling involved in IR
sensitivity of cells in tongue squamous cell carcinoma

The correlation of calcium-mediated AMPK signal-
ing with IR sensitivity in tongue squamous cell carci-
noma was explored in our study. The role of calcium in
IR sensitivity in tumor-bearing mice was investigated,
results of which were shown in Fig. 2A—C that IR sup-
pressed tumor growth in mice subcutaneously inoculated
with tumor cells of CAL27 and SAS significantly. Thap-
sigargin, a microsomal Ca2+- ATPase inhibitor, par-
tially reversed the effect of IR on tumor growth. Results
of calcium level detection showed that IR significantly
induced calcium levels increasing in tongue squamous
cell carcinoma cells which was attenuated by Thapsigar-
gin (Fig. 1D, E). AMPK and mTOR signaling was next
explored. It was showed in Fig. 2 D, E that IR induced the
expression of p-mTOR, p-AMPK increased accompanied
with TMEM147 along with decreased SPHK1 expres-
sion. It was noting that Thapsigargin partially reversed

(See figure on next page.)
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the effect of IR on the expression of p-mTOR, p-AMPK,
TMEM147, SPHK1 complied with calcium levels.

Calcium-mediated autophagy and apoptosis associated
with IR sensitivity of cells in tongue squamous cell
carcinoma

AMPK and mTOR signaling is concerned in apoptosis
and autophagy of tumor cells [19, 20]. Therefore, the role
of calcium in the regulation of apoptosis and autophagy
in relation to IR sensitivity of cells in tongue squamous
cell carcinoma was in the following study. IR induced
obvious autophagy of CAL27 and SAS compares with
control cells. And there was no significant difference
between Thapsigargin treated cells without IR and con-
trol cells (Fig. 3A, B). However, evident less autophagy
was observed in IR and Thapsigargin treated cells com-
pared with only IR treated cells. Autophagy and apopto-
sis related proteins such as P62, LC3II/I and (Cleaved)
Caspase 3 were measured in cells of each group. It was
confirmed that IR induce apparent autophagy and apop-
tosis of tumor cells by increasing LC3II/I and (Cleaved)
Caspase 3 expression but decreasing P62 expression
(Fig. 3C, D). Thapsigargin attenuated the effect of IR
on apoptosis and autophagy mediated by P62, LC3II/I
and (Cleaved) Caspase 3 expression. Further autophagy
flow detection results displayed that IR induced increas-
ing autophagy which was partially reversed by Calcium
inhibitor (Fig. 3E, F).

Calcium-mediated TMEM147/SPHK1 regulates autophagy
in tongue squamous cell carcinoma cells

The relation of calcium, TMEM147/SPHK1 and
autophagy was explored to clarify the molecular mecha-
nism of IR in our study. Results indicated that the expres-
sion of SPHK1 negatively correlated with TMEM147
from the protein expression detection in CAL27 and SAS
cells transfection with TMEM147 over-expression plas-
mids (TMEM147-OE) (Fig. 4A, B). However, the effect
of SPHK1 expression on TMEM147 expression was not
as significant as that of TMEM147 expression on SPHK1
expression. It was suggested that TMEMI147 may be
upstream of SPHK1 (Fig. 4C, D). Immunoprecipitation

Fig. 4 Calcium associates with TMEM147/SPHK1 to regulate autophagy in tongue squamous cell carcinoma cells. A The protein expression

of TMEM147 and SPHK1 was assayed using western blotting in SAS and CAL27 cells transfected with TMEM147 overexpression (TM147-OE) vectors.
B Relative protein expression of TMEM147 and SPHK1 was analyzed. n =3, **P < 0.01. C The protein expression of TMEM147 and SPHK1 was assayed
using western blotting in SAS and CAL27 cells transfected with SPHKT down expression (siSPHK1) vectors. D Relative protein expression

of TMEM147 and SPHK1 was analyzed. n =3, **P < 0.01. E The protein interaction of TMEM147 and SPHK1 detected by immunocoprecipitation.

F Protein interaction of TMEM147 and SPHK1 was forecast from biocinformatics analysis. G Calcium levels image of CAL27 and SAS cells transfected
with TM147-OE or siSPHK1 compared with negative control. H Autophagosomes were observed in CAL27 and SAS cells transfected with TM147-OE
or siSPHK1 compared with negative control using transmission electron microscope. The red arrows indicate the autophagosomes with bilayer

structure. The blue arrows indicate the decreasing autophagy
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and bioinformatics analysis results indicated that there
was an interaction relationship between TMEMI147
and SPHK1 (Fig. 4E, F). Result of calcium levels meas-
urement showed that up-regulated TMEM147 expres-
sion (TMEM147-OE) as well as down-regulated SPHK1
expression (siSPHK1) has mild effect on calcium lev-
els in CAL27 and SAS cells (Fig. 4G). Nevertheless,
both TMEM147-OFE and siSPHK1 induced significant
autophagy in CAL27 and SAS cells (Fig. 4H). Our results
suggested that calcium may mediate TMEM147/SPHK1
to regulate autophagy in tongue squamous cell carci-
noma cells.

Calcium-mediated TMEM147/SPHK1 regulates autophagy
to promote IR sensitivity in tongue squamous cell
carcinoma in vitro

IR induced increasing calcium levels in both CAL27
and SAS cells with down-expression of TMEM147
(ShTMEM147) and over-expression of SPHK1(SPHK1-
OE) (Fig. 5A, Fig. S1). Moreover, the calcium levels in
CAL27 and SAS cells induced by IR were independent
of TMEM147 and SPHK1 expression which may fur-
ther suggest that calcium is upstream of TMEM147/
SPHK1. However, shTMEM147 along with SPHK1-OE
attenuated the inducing effect of IR on autophagy and it
was suggested that TMEM147/SPHK1 could regulated
autophagy in IR-treated tongue squamous cell carci-
noma cells (Fig. 5B). Cell proliferation and apoptosis in
CAL27 and SAS cells treated with IR was detected to
explore the role of TMEM147/SPHK1 in tumor devel-
opment. Results showed that shTMEM147 and SPHK1-
OE partially reversed the effect of IR on cell proliferation
inhibition (Fig. 5C, Fig. S2) and promoting apoptosis
(Fig. 5D, Fig. S3, Fig. 5E, Fig. S4)in CAL27 and SAS cells
which comparable to that of autophagy. The results of
TMEM147/SPHK1 accompanied with (p)AMPK, (p)
mTOR, P62, LC3II/I and (Cleaved) Caspase 3 expres-
sion in CAL27 (Fig. 5F, G) and SAS (Fig. 5H, I) cells
demonstrated that the expression of TMEM147 as well
as p-mTOR, p-AMPK, LC3II/I and (Cleaved) Caspase
3 was significantly increased while the expression of
SPHK1 along with P62 was decreased in IR treated cells

(See figure on next page.)
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transfected with negative control of ScTMEM147 (shNC)
and SPHK1-OE (OE-NC) compared with control cells
without IR (Ctr) and shTMEM147 as well as SPHK1-OE
transfection attenuated the effect of IR on the above pro-
teins expression.

Calcium-mediated TMEM147/SPHK1 regulates autophagy

to promote IR senisitivity in tongue squamous cell carcinoma
in vivo

The role of TMEM147/SPHK1 in tumor growth was
confirmed investigation. It was showed in Fig. 6A, B that
tumor volume in shTMEM147 and SPHK1-OE, espe-
cially SPHK1-OE treated mice appeared to be increased
significantly compared with those in shNC and OE-NC
treated group. Cell apoptosis was detected in tumor tis-
sue of mice. Results were showed in Fig. 6C, Fig. S5
that cell apoptosis was obviously increased in IR treated
CAL27 and SAS cells compared with vehicle control
group. Cell apoptosis rate in IR combined with Thapsi-
gargin treated CAL27 and SAS cells exhibited less com-
pared with only IR treated cells which confirmed that
calcium play an important role in IR sensitivity in tongue
squamous cell carcinoma. Compared with NC (sh or OE)
group, both shTMEM147 and SPHK1-OE accompanied
with IR-treated cells showed decreasing apoptosis rate
which suggested that TMEM147/SPHK1 correlated with
tumor IR sensitivity. The co-expression and location of
TMEM147 and SPHK1 was then measured in tumor tis-
sue of CAL27 and SAS cells. It was demonstrated that
IR induced TMEMI147 increasing accompanied with
decreasing SPHK1 expression which was independ-
ent of Thapsigargin in tongue squamous cell carcinoma
in mice (Fig. 6D). The expression of TMEM147/SPHK1
accompanied with (p)AMPK, (p)mTOR, P62, LC3II/I and
(Cleaved) Caspase 3 in tumor tissue of mice was detected
for further confirm TMEM147/SPHK1 related autophagy
and apoptosis in tongue squamous cell carcinoma. The
results in vivo were consistent with those in vitro that
TMEM147, p-mTOR, p-AMPK, LC3II/I and (Cleaved)
Caspase 3 was significantly increased while the expres-
sion of SPHK1 and P62 was decreased in tumor tissue

Fig. 5 Calcium, TMEM147/SPHK1 and autophagy associate with IR sensitivity in tongue squamous cell carcinoma in vitro. CAL27 and SAS cells
were infected with down expression TMEM147 (shTM147) or over expression SPHK1 (SPHK1-OE) lentivirus compared with negative control.

A Calcium levels image of CAL27 and SAS cells in each group. B Autophagosomes were observed using transmission electron microscope. The red
arrows indicate the autophagosomes with bilayer structure. The blue arrows indicate the decreasing autophagy. C Cell proliferation was accessed
by clone formation. D Apoptosis was detected using flow cytometer. E DNA damage detection was mediated by yH2AX assay. F Protein expression
of (p) MTOR, (p) AMPK, TMEM147, SPHK1 P62, LC3II/l and (Cleaved) Caspase 3 in CAL27 cells was assayed by western blotting. G Relative protein
expression was analyzed from blots of CAL27 cells. H Protein expression of (p) mTOR, (p) AMPK, TMEM147, SPHK1 P62, LC3II/I and (Cleaved) Caspase
3in SAS cells was assayed by western blotting. I Relative protein expression was analyzed from blots of SAS cells.n =3, * P < 0.05, **P < 0.01
compared with control(Ctr). ## P < 0.01 compared with siNC&IR. && P < 0.01 compared with OE-NC&IR
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of IR treated mice which was alleviated by Thapsigar-
gin, sShcTMEM147 and SPHK1-OE combined treatment
(Fig. 6E—H).

Discussion
Radiotherapy sensitivity correlates with prognosis of
patients with TSCC. Five differential proteins includ-
ing TMEM147 and SPHKI1 in IR treated TSCC cells
compared with control ones were acquired according
to the DIA quantitative proteomics and bioinformat-
ics analysis in the present study. Previous study showed
that TMEM147 expression was significantly increased in
colon cancer compared with the control and associated
with RNA polymerase and the purine metabolic path-
ways [21]. TMEM147 was also reported as a marker for
overall survival prediction in osteosarcoma [22] and as a
potential Sorafenib target to expedite cell cycle process
and confer adverse prognosis in hepatocellular carci-
noma [23]. As a novel biomarker for diagnosis and prog-
nosis, TMEM147 correlates with immune infiltration and
aggravates the progression by modulating cholesterol
homeostasis, suppressing ferroptosis, and promoting the
M2 polarization of tumor-associated macrophages in
hepatocellular carcinoma [24-26]. However, the role of
TMEM147 in TSCC remains unclear. SPHK1 is a pivotal
prognostic gene in regulating tumor cell viability, migra-
tion, apoptosis, and anoikis along with over-expression
in lung adenocarcinoma [27]. SPHK1 elevation facili-
tated cancer cell chemotherapy resistance [28]. Target-
ing SPHK1 may serve as a promising therapy for cancer
resistance [29]. SPHK1 expression was up-regulated sig-
nificantly in 70% oral squamous cell carcinoma tumors
[30]. SPHK1 mediates head and neck squamous cell car-
cinoma invasion through sphingosine 1-phosphate recep-
tor 1 [31]. A 15-gene signature including SPHK1 was
independently associated with overall survival in non-
distant metastatic TSCC [32]. TMEM147 and SPHK1 are
then selected for further investigation in our study.
Results of the differential proteins involved TMEM147
and SPHK1 signal pathway enrichment analysis show
that calcium signaling pathway is most significant.
Calcium maybe involved in arterial IR [33]. Calcium-
sensing receptor mediated balance of calcium has been

(See figure on next page.)
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mentioned to associate with the development of various
tumors, such as colorectal and breast tumors [34]. There-
fore, the relation of calcium levels with IR treatment in
TSCC was explored. Our results demonstrated that sen-
sitivity of TSCC to IR was calcium dependent. The levels
of calcium were increased when undergoing IR treat-
ment which is consistent with the previous study that
radiotherapy induced increasing intracellular calcium in
esophageal squamous cell carcinoma cell lines [13].

Calcium participates in many cells processes involved
cell signaling such as cell cycle, migration, invasion,
apoptosis, autophagy, division, metabolism, differentia-
tion, transcription, and others [35]. Autophagy and apop-
tosis as well as calcium level changes were investigated in
our further study. It was demonstrated that IR treatment
induced calcium intracellular accumulation positively
correlated with increasing autophagy. Autophagy plays
a dual role in resistance to chemotherapy and radiother-
apy, metastasis and progression of tumors. Autophagy
activation promotes malignant behavior of laryngeal
carcinoma cells [36]. Autophagy showed carcinogenic
function in breast tumor to cause drug resistance and
radio-resistance so as to serve as an impediment towards
effective therapy of patients [37]. Radio-resistance was
mentioned to be promoted by triggering autophagy for-
mation in oral squamous cell carcinoma [38]. The sensi-
tivity of Tca8113 cells of TSCC to cisplatin and radiation
could be improved by inhibiting autophagy using multi-
ple pathways [39].

In another way, enhancing autophagy companies with
promoting apoptosis in breast cancer cells [40] along with
autophagy induction associated with anti-bladder cancer
effects [41], results of which are consistent with our study
that increasing autophagy, confirmed by autophagy and
apoptosis-related markers such as P62, LC3 and mTOR/
AMPK, accompanied with apoptosis positively in TSCC
treated with IR. It was noting that IR induced increasing
calcium levels correlated with autophagy and apopto-
sis of TSCC. This is probably due to IR-induced a large
amount of calcium inflow and overload to contribute
to mitochondrial damage and promote autophagy and
apoptosis of tumors [42, 43].

Fig. 6 Calcium, TMEM147/SPHK1 and autophagy associate with IR sensitivity in tongue squamous cell carcinoma in vivo. The mice were inoculated
subcutaneously with CAL27 and SAS cells infected with (shTM147) or over expression SPHK1 (SPHK1-OE) lentivirus compared with negative control
companied with IR and/or Thapsigargin treatment. A Images of tumors of mice were showed. B Tumor growth curves were plotted. n =5, *P <
0.05. (C Apoptosis was detected by Tunnel staining. D Co-expression and location of TMEM147 and SPHK1 was measured by immunofluorescence.
(E) Protein expression of (p) mTOR, (p) AMPK, TMEM147, SPHK1 P62, LC3II/I and (Cleaved) Caspase 3 in tumors of mice inoculated subcutaneously
with CAL27 cells was assayed by western blotting. F Relative protein expression was analyzed from blots of CAL27 cells. G Protein expression of (p)
mTOR, (p) AMPK, TMEM147, SPHK1 P62, LC3II/I and (Cleaved) Caspase 3 in tumors of mice inoculated subcutaneously with SAS cells was assayed

by western blotting. H Relative protein expression was analyzed from blots of SAS cells. n =3, *P < 0.05, **P < 0.01
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Fig. 7 The role of TMEM147/SPHK1 in IR induced TSCC. Calcium mediated TMEM147/SPHK1 regulates autophagy to improve radiotherapy

sensitivity in TSCC

Considering calcium signaling was involved in
TMEM147 and SPHK1 which was related to autophagy,
the regulatory relationship among calcium, TMEM147/
SPHK1 and autophagy was further explored. Our
results indicated that the increased levels of calcium
induced by IR were independent of TMEMI147 and
SPHK1 expression. Otherwise, IR induced increas-
ing calcium correlated with up-regulated TMEM147
along with down-regulated SPHK1 expression in TSCC
to promote apoptosis and suppress tumor growth. It
was suggested that calcium maybe the upstream regu-
latory factors of TMEM147/SPHKI. Analogously, the
increase in autophagosomes was dependent of calcium
levels as well as TMEM147 and SPHK1 expression but
independent of calcium levels when down-expression
of TMEM147 or over-expression of SPHK1. Results of
the experimental and bioinformatics analysis of protein
interactions show that TMEM147 could interact with
SPHK1. Inhibition of SPHK1 activity alleviated mito-
chondrial oxidative damage in the renal tubular epithelial
cells [44]. Calcium-mediated TMEM147/SPHK1 might
be associated with radiotherapy sensitivity in head and

neck squamous cell carcinoma including TSCC. It was
therefore proposed that IR-induced calcium overload-
ing in TSCC promoted autophagy and apoptosis through
TMEM147 suppressing SPHK1 activity. Our study will
provide potential targets for improving radiotherapy sen-
sitivity to improve prognosis of patients with TSCC .

Conclusion

IR elevates calcium levels, up-regulates TMEM147, and
down-regulates SPHK1 expression to promote autophagy
and apoptosis in TSCC (Fig. 7).
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