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Abstract

The epidermal growth factor receptor (EGFR) is one of the main tumor drivers and is an important therapeutic target for many
cancers. Calcium is important in EGFR signaling pathways. Sorcin is one of the most important calcium sensor proteins,
overexpressed in many tumors, that promotes cell proliferation, migration, invasion, epithelial-to-mesenchymal transition,
malignant progression and resistance to chemotherapeutic drugs. The present work elucidates a functional mechanism that
links calcium homeostasis to EGFR signaling in cancer. Sorcin and EGFR expression are significantly correlated and asso-
ciated with reduced overall survival in cancer patients. Mechanistically, Sorcin directly binds EGFR protein in a calcium-
dependent fashion and regulates calcium (dys)homeostasis linked to EGF-dependent EGFR signaling. Moreover, Sorcin
controls EGFR proteostasis and signaling and increases its phosphorylation, leading to increased EGF-dependent migration
and invasion. Of note, silencing of Sorcin cooperates with EGFR inhibitors in the regulation of migration, highlighting
calcium signaling pathway as an exploitable target to enhance the effectiveness of EGFR-targeting therapies.

Keywords EGF - EGFR - Sorcin - Cancer - Calcium - Signaling - Migration - Invasion - Epithelial-to-mesenchymal
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Abbreviations CME Clathrin-mediated endocytosis

EGFR Epidermal growth factor receptor NCE Non-clathrin-mediated endocytosis
EGF Epidermal growth factor ESCRT Endosomal sorting complex required for
EMT Epithelial-mesenchymal transition transport
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PI3K Phosphoinositide 3-kinase

TKIs Small molecule tyrosine kinase inhibitors

VGCCs Regulating voltage-gated calcium channels

PMCA Plasma membrane Ca>"-ATPase

NMDARs N-Methyl-p-aspartate receptors

NCX Na*- Ca** exchanger

GRB2 Growth factor receptor-bound protein 2

NSCLC Non-small cell lung cancer

SRI Sorcin (SOluble Resistance-related Calcium
binding proteIN)

MDR Multidrug resistant

ER Endoplasmic reticulum

RyRs Ryanodine receptors

SERCA Sarco(endo)plasmic Reticulum Ca>"-ATPase

UPR Unfolded protein response

DsiRNAs  Dicer-substrate short interfering RNAs

GBM Glioblastoma multiforme

CRC Colorectal cancer

LUAD Lung adenocarcinoma

OVCA High-grade serous ovarian cancer

TCGA Cancer genome atlas

NC Negative control

GM130 Golgi matrix protein GM130

CHD2 N-Cadherin

TG Thapsigargin

EGTA Egtazic acid

CHX Cycloheximide

Introduction

The epidermal growth factor (EGF) receptor (EGFR, ErbB-
1, HER1) is expressed in many tissues and has many func-
tions during development, in healthy people and in several
pathological conditions, including cancer [1, 2]. EGF bind-
ing to EGFR leads to receptor dimerization and autophos-
phorylation of many tyrosine residues in its C-terminal
domain, allowing direct or indirect recruitment of proteins as
growth factor receptor-bound protein 2 (Grb2), Gabl, the E3
ubiquitin ligase CBL, the phosphoinositide 3-kinase (PI3K)
complex and Src kinase. Moreover, EGF binding to EGFR
increased EGFR kinase activity and the activation of several
signaling pathways, leading to control of cell survival and
metabolism [3-6].

Activated EGFR may have different outcomes. At low
(<20 ng/mL) doses of EGF, ligand-bound EGFR is incor-
porated into clathrin-coated pits and is rapidly internalized
to endosomes in a complex process named clathrin-mediated
endocytosis (CME). This process leads to signal propaga-
tion, until EGFR is recycled back to the plasma membrane,
or targeted to mitochondria, Golgi and/or nuclei [4, 6], or
the signal is extinguished by lysosomal EGFR degradation,
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a process requiring receptor ubiquitination and its recogni-
tion by the endosomal sorting complex required for transport
(ESCRT) machinery that drives EGFR sorting into intra-
luminal vesicles at multivesicular endosomes [1, 7, 8]; at
higher EGF concentrations, another EGFR internalization
pathway, i.e., non-clathrin-mediated endocytosis (NCE), can
be activated [1, 2].

Although EGFR-dependent signaling is a normal fea-
ture of cells, allowing transduction of information from the
microenvironment, EGFR is considered one of the main
cancer drivers, with the PI3K-AKT axis and RAS-RAF-
MEK-ERK axis representing the main EGFR signaling path-
ways for cancer cell proliferation, progression, migration
and angiogenesis. Aberrant EGFR activation is frequently
reported in many human tumors, and dysregulation of EGFR
is associated with poor clinical outcomes such as reduced
survival rate, metastasization and resistance to chemother-
apy [3-5, 9, 10]. EGFR is an important therapeutic target
for many cancers. Small molecule tyrosine kinase inhibitors
(TKIs), as erlotinib, gefitinib and lapatinib, and EGFR-spe-
cific antibodies, as cetuximab and panitumumab, efficiently
suppress ligand-stimulated EGFR kinase activity in clini-
cal studies [11-13]. However, these drugs have little or no
effect in most solid tumors, with the exception of non-small
cell lung cancers (NSCLC) carrying activating mutations
in EGFR, which initially respond to the TKIs but eventually
develop resistance.

Calcium is important in EGFR internalization and in
EGFR signaling pathways: EGF stimulation increases cyto-
solic calcium concentration, and Ca®* perturbation impairs
both EGFR CME and NCE [1, 14], with mechanisms linked
with PLCy1 and IP3. Further, calmodulin binds EGFR,
increasing EGF-dependent EGFR activation [15-17]. Cal-
cium is involved in EGFR proteostasis, since its removal
is responsible for EGFR degradation and signaling down-
regulation [18]. However, the relationship between calcium
homeostasis and EGFR signaling pathways is still poorly
understood.

Sorcin (SOluble Resistance-related Calcium binding pro-
teIN) is one of the most expressed calcium-binding proteins
in many tissues and is overexpressed in many human can-
cers, including leukemias, lymphomas, breast, lung, gastric,
ovarian, nasopharyngeal tumors, glioblastoma, astrocytoma,
oligodendroglioma, adenocarcinoma and multidrug (MD)-
resistant tumors, with respect to normal tissues [19, 20].
Sorcin promotes cell proliferation, migration, invasion,
epithelial-to-mesenchymal transition (EMT), malignant pro-
gression and resistance to chemotherapeutic drugs, while its
silencing increases cellular sensitivity to cisplatin and adria-
mycin and decreases cell proliferation, cell cycle blockage
and apoptosis [19, 21, 22].

Sorcin is a key player in the regulation of several cellu-
lar functions: it is important in the ER calcium-dependent
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cascades, regulates size and Ca** content of the ER and ER
vesicles, inhibiting RyR and activating SERCA [22-26].
Upon calcium binding, Sorcin undergoes large conforma-
tional changes, involving exposure of hydrophobic surfaces,
that allow it to interact with calcium channels and exchang-
ers like Ryanodine receptors (RyRs) and Sarco(endo)plasmic
reticulum Ca?*-ATPase (SERCA). Sorcin decreases ER cal-
cium release by inhibiting RyR and increases calcium entry
by activating SERCA, thus increasing Ca’* accumulation in
the ER (and mitochondria), preventing ER stress and the UPR.
Further, Sorcin regulates Ca®* homeostasis also by regulating
voltage-gated calcium channels (VGCCs), the plasma mem-
brane Ca’*-ATPase (PMCA) and the Na*- Ca’* exchanger
(NCX) and colocalizes with N-methyl-D-aspartate receptors
(NMDARS) and the IP3 receptor [26-32]. Sorcin regulates
many proteins associated with tumorigenesis including NF-kB,
STAT3, AKT, ERK1/2, IP3R, VEGF, MMPs and caspases and
regulates apoptosis, as its silencing results in increased levels
of proapoptotic genes, results in major mitosis and cytokinesis
defects, blocks cell cycle progression in mitosis, increases the
formation of rounded, polynuclear cells, induces apoptosis and
cell death [33—40]. Indeed, the overexpression of Sorcin has
been associated with several cancer cell types, especially in
those resistant to chemotherapeutic treatments [41-51]. Sor-
cin can be considered an oncogene and a marker of multidrug
resistance (MDR), since its overexpression confers MDR in
cancer cell line models, while its silencing increases sensitiv-
ity to chemotherapeutic drugs [33, 38, 43, 45-47, 49, 52-54].

In the present study, we focused on the role of Sorcin
in EGFR physiological and pathological processes, using
the Sorcin knockout mouse model vs. the wild-type animal
[55], and H1299 NSCLC cells expressing wt EGFR and high
levels of Sorcin [56] as a model.

We first studied whether Sorcin interacts with EGFR and
the molecular basis of such interaction. The role of Sorcin
in the EGFR pathway upon treatment with low concentra-
tion EGF was also assessed by studying the effect of Sorcin
silencing on EGFR signaling.

We therefore explored the role of Sorcin in migration,
EMT and invasion, upon EGF stimulus, and the effect of
Sorcin silencing in EGFR calcium signaling and regulation.
Overall, we discovered important relationships between
calcium homeostasis and EGFR signaling pathways and
identified Sorcin as a key player of EGFR physiological and
pathological roles, linked to Ca>* dysregulation.

Materials and methods
Analysis of the TCGA PanCancer study

Sorcin (SRI) and EGFR genetic alterations and expression
have been evaluated on the TCGA PanCancer study by

interrogating the cBioPortal repository (https://www.cbiop
ortal.org/). We have selected on the cBioPortal the Pan-can-
cer analysis of whole genomes [57] including 2,583 patients.
Accession was done in January 2023.

Specifically, genetic alterations were visualized by ana-
lyzing the Oncoprint and the Co-occurrence functions.
Expression of SRI in relation to SRI/EGFR copy numbers
was evaluated using the Plots function. Evaluation of Pear-
son's correlations at transcript level was carried out con-
sidering the RNAseq datasets. Evaluation of Pearson's cor-
relations at protein/phosphoprotein level was carried out
on the TCGA datasets of glioblastoma multiforme (GBM),
colorectal cancer (CRC), lung adenocarcinoma (LUAD)
and high-grade serous ovarian cancer (OVCA), by selecting
the Firehose Legacy TCGA study, for each pathology, and
interrogating the proteomic RPPA dataset vs. SRI mRNA
(RNAseq).

Survival analysis

Analysis of the impact of SRI, EGFR and combined SRI/
EGFR expressions on overall survival in various cancer
types has been performed using the Kaplan—Meier plotter
(https://kmplot.com) PanCancer function, by setting "auto
select best cut-off" and considering all the available patients
for each pathology. Mean expression of SRI and EGFR has
been considered to evaluate these as a signature.

Analysis of the cProSite study

Correlation of Sorcin and EGFR protein expression and
phosphorylation was carried out using the Cancer Proteog-
enomic Data Analysis Site (cProSite), a web-based interac-
tive platform that provides visualization of proteomic and
phosphoproteomic analysis of the datasets of the National
Cancer Institute’s Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC) and National Cancer Institute’s Inter-
national Cancer Proteogenome Consortium (ICPC). Cor-
relation of the expression levels of Sorcin and EGFR was
calculated for 10 different types of tumors present in the
database (1152 total patients; calculation of correlation in
tumors, adjacent normal tissues, total correlation) and in all
tumors overall. The average increase in the phosphorylation
of Sorcin and EGFR in tumors vs. adjacent normal tissue
was also calculated for the 7 tumors where such data were
available. Accession was obtained in May 2023.

Cell culture, transfection and treatment
Human non-small lung cancer cell line H1299 (ATCC,
Manassas, VA, USA) and Calu-1 (ATCC, Manassas, VA,

USA), and HeLa cervical cancer cell line (ATCC, Manas-
sas, VA, USA) were cultured in DMEM (Gibco® Thermo
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Fisher Scientific, Waltham, MA, USA) supplemented with
50 U/mL penicillin, 50 pg/ml streptomycin and 10% heat-
inactivated FBS at 37 °C in incubator with humidified 5%
CO, atmosphere.

For Sorcin silencing, H1299, HeLa and Calu-1 cells
were transiently transfected with Dicer-substrate short
interfering RNAs (DsiRNAs) for Sorcin (IDT, Bel-
gium) and negative control (NC) (#51-01-14-04, IDT,
Belgium) at 500 pM for 48 h, using Lipofectamine
RNAIMAX (Gibco® Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s
instructions. H1299 cells were also transfected with
Dicer-substrate short interfering RNAs (DsiRNAs) for
EGFR (IDT, Belgium).

For gene silencing, siRNAs sequences were: siSRI:
5-GGCAUUGCUGGAGGAUACAAACCTT-3", 5"-GAC
CGUAACGACCUCCUAUGUUUGGAA-3"; siEGFR:
5"-CCAUAAAUGCUACGAAUAU-3", 5°"-AUAUUC
GUAGCAUUUAUGG-3". After the transfection, cells
were starved for 2 h in serum-free medium (SF) to exam-
ine the effect of EGF independently of other growth fac-
tors present in fetal bovine serum and to eliminate other
variables which could interfere with EGF treatment. Then,
cells were treated with: epidermal growth factor, EGF
(Merck Millipore, Italy) at final concentration of 1 ng/mL
and 5 ng/mL for the indicated time; erlotinib (#5083 Cell
Signaling, Danvers, MA, USA), at final concentration of
5 pM for 24 h; thapsigargin (#T9033 Sigma-Aldrich, St.
Louis, MO, USA), non-competitive inhibitor of the sarco/
endoplasmic reticulum Ca’* ATPase (SERCA), at final
concentration of 100 nM for 6 h; insulin-like growth fac-
tor, IGF (Proteintech, USA) at final concentration of 1 ng/
mL. For protein stability assays, cells were treated with
10 pg/ml cycloheximide (Sigma-Aldrich, St. Louis, MO,
USA) for 6 h.

Animal models

Sri”~ knock-out (KO Sorcin) mice were provided by Héctor
H. Valdivia and Carmen R. Valdivia (Department of Inter-
nal Medicine, Division of Cardiovascular Medicine, Uni-
versity of Michigan, Ann Arbor, MI 48109, USA). These
mice were generated as described in the work of Chen et al.
[56]. C57BL/6 wild-type mice were purchased from Jack-
son laboratory (Bar Harbor, ME, USA) and were housed in
the Histology Department-accredited animal facility. All
the procedures were approved by the Italian Ministry for
Health and were conducted according to the US National
Institutes of Health (NIH) guidelines (approval number
105/2017 PR).
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Lysate preparation and immunoblotting analysis

Cells were lysed in 2% SDS buffer (25 mM Tris—HCI pH
7.5, 100 mM NaCl, 3 mM EDTA, 7% glycerol) and fresh
protease inhibitors. Lysates were sonicated for 15 s, cen-
trifuged at 12,000 X rpm for 10 min to remove cell debris
and then quantified in protein content with Bradford col-
orimetric assay (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. West-
ern blotting was performed loading 30 pg of lysates and
using the following primary antibodies: rabbit monoclo-
nal EGFR (1:1000 in 5%BSA-T-TBS solution) (D38B1,
#4267, Cell Signaling), rabbit monoclonal Phospho-EGF
Receptor (1:1000 in 5%BSA-T-TBS solution) (Tyr1068,
#3777 Cell Signaling, Danvers, MA, USA), rabbit mono-
clonal p44/42 MAPK (Erk1/2) (1:1000 in 5%BSA-T-TBS
solution) (137F5, #4695 Cell Signaling, Danvers, MA,
USA), rabbit monoclonal Phospho-ERK1/ERK2 (P44/
P42 MAPK) (1:1000 in 5%BSA-T-TBS solution) (T202/
Y204 # MAB-94112 Immunological Science, Italy), rab-
bit polyclonal CHD2 (1:1000 in 5%BSA-T-TBS solution)
(#ab182013, Abcam), mouse monoclonal SLUG (A-7)
(1:200 in 5%BSA-T-TBS solution) (#sc-166476 Santa
Cruz Biotechnology, Heidelberg, Germany), mouse
monoclonal SNAI1 (G-7) (1:200 in 5%BSA-T-TBS solu-
tion) (#sc-271977 Santa Cruz Biotechnology, Heidelberg,
Germany), mouse monoclonal Sorcin (39-M) (1:200 in
5%BSA-T-TBS solution) (#sc-100859 Santa Cruz Bio-
technology, Heidelberg, Germany), mouse monoclonal
GAPDH (1:2000 in 5%BSA-T-TBS solution) (#TA802519,
OriGene Technologies, Rockville, USA), mouse monoclo-
nal a-Tubulin B-5-1-2 (1:3000 in 5%BSA-T-TBS solution)
(#T5168, Sigma-Aldrich, Milan, Italy). As secondary anti-
bodies were used goat anti-mouse (1:10,000 in 5% milk-T-
TBS solution) and anti-rabbit (1:5000 in 5% milk-T-TBS
solution or 5%BSA-T-TBS solution for phosphorylated
protein) conjugated to horseradish peroxidase (Bethyl
Laboratories, Montgomery, TX, USA). Protein signals
were developed by ECL detection using a ChemiDoc-It
Imaging System (UVP, Upland, CA) instrument.

Total RNA extraction from cells, cDNA reverse
transcriptase and RT-qPCR

Total RNA was extracted using the TRIzol RNA Isolation
System (Invitrogen) according to manufacturer instruc-
tions. Reverse transcription to cDNA was performed with
the High-Capacity RNA-to-cDNA Kit (Applied Biosys-
tems), and cDNA was amplified using the SYBR™ Green
PCR Master Mix (Thermo Fisher Scientific, Waltham, MA
USA) on QuantStudio™ 7 Flex Real-Time PCR System,
384 well (Applied Biosystems). Quantification level of



Sorcin promotes migration in cancer and regulates the EGF-dependent EGFR signaling pathways

Page50f20 202

Sorcin was determined with the comparative 2 — AACt
method, using H3 as control. All reactions were performed
in duplicate. The following oligo sequences were used: H3
FW: 5-GTGAAGAAACCTCATCGTTACAGGCCTGGT
-37; H3 RW: 5-CTGCAAAGCACCAATAGCTGCACT
CTGGAA-3"; SRI FW: 5-GGCCACTCTGCAAGAAGG
CA-37; SRIRW: 5"TCCGGGAGCCCCTCCATACT-3".

Cell invasion assay

Cell invasion assay was performed using a 24-well plate
with a non-coated 8-mm pore size filter in the insert cham-
ber (BD Falcon, Franklin Lakes, NJ, USA) according to the
manufacturer’s instructions. Each permeable support was
covered with a diluted Matrigel matrix coating solution and
was incubated at 37 °C for 2 h. After 48 h of transfection
and 2 h of starvation in serum-free medium, 2.0 x 10° H1299
cells were plated in the upper of each 24-well invasion cham-
ber and then treated with EGF 1 ng/mL. To induce cellular
invasion, in each bottom chamber was added 0.7 mL DMEM
supplemented with 20% of FBS, used as chemoattractant.

At the end of the incubation, non-migrated cells present
on the upper surface of the chamber were gently removed
with a cotton swab. Then, migrated cells in the lower sur-
face of the chamber were washed with PBS and nuclei
were stained with Diff-Quik stain (Corning, Life Sciences
Tewksbury, MA USA). For the quantification of cell inva-
sion, stained cells were dissolved in an extraction buffer,
and solutions were transferred to a 96-well culture plate for
colorimetric reading of OD at 560 nm. The OD value repre-
sents the invasive ability.

Wound-Healing assay

To perform wound-healing assay, cells 3.5 x 10° cells/well
were seeded into 6-well dishes and transfected with siRNA
for Sorcin (siSRI) and Negative control (siNC). After 48 h,
confluent cells were starved for 2 h in serum-free medium
(SF) and a wound has been performed in the middle of the
cell monolayer. Each well was photographed at 2.5 X magni-
fication at time O and after 24 h of EGF 1 ng/mL, IGF 1 ng/
mL and erlotinib 5 pM treatment, with a Nikon DS-Fil cam-
era (Nikon Corporation, Tokyo, Japan), coupled with a Zeiss
Axiovert optical microscope (Zeiss, Oberkochen, Germany).
Quantification of wound-healing assay was calculated as
percentage of wound closure: ((4,) — A,,)/A,5) X 100) where
A, is the initial wound area and A, is the wound area n hours
after the initial scratch.

FACS analysis

3.5% 107 cells/well were seeded into 6-well dishes and
transfected with siRNA for Sorcin (siSRI) and Negative

control (siNC). After 48 h, cells were starved for 2 h in
serum-free medium (SF) and treated with EGF and erlo-
tinib for 24 h. Cells were washed with ice-cold PBS, trypsi-
nized and fixed for 10 min in ice-cold 4% paraformalde-
hyde. Then, cells were permeabilized with 0.01% Triton
X-100 in PBS containing 1% BSA for 10 min and incubated
with primary antibody rabbit monoclonal EGFR (1:200 in
1%BSA-PBS solution) (D38B1, #4267, Cell Signaling,
Danvers, MA, USA) and rabbit monoclonal Phospho-
EGF Receptor (1:200 in 1%BSA-PBS solution) (Tyr1068,
#3777 Cell Signaling, Danvers, MA, USA), followed by
incubation with Alexa fluor 488 (rabbit)-conjugated second-
ary antibodies (1:500 in 1%BSA-PBS solution) (Thermo
Fisher Scientific, Waltham, MA, USA). Then, expression
of proteins was quantified by acquired fluorescence on flow
cytometry.

Immunofluorescence analysis

3.5% 103 cells/well were seeded into 6-well dishes and
transfected with siRNA for Sorcin (siSRI) and Negative
control (siNC). After 48 h, cells were starved for 2 h in
serum-free medium (SF) and treated with EGF for 24 h.
Cells were fixed with 4% formaldehyde in PBS for 10 min
at room temperature (RT) and permeabilized with 0.01%
Triton X-100 in PBS for 5 min. Then, cells were incu-
bated with rhodamine phalloidin (Thermo Fisher Sci-
entific, Waltham, MA USA) diluted in PBS for 30 min,
with primary antibody rabbit polyclonal K167 (Abcam,
Ab15580) followed by incubation with Alexa fluor 488
(rabbit)-conjugated secondary antibodies (Thermo Fisher
Scientific, Waltham, MA USA). Then, nuclei were coun-
terstained with Hoechst 33,342 (Life Technologies). Cells
were mounted with Vectashield (DBA, Italy) and visual-
ized under fluorescence confocal microscopy (Zeiss, Wet-
zlar, Germany).

For immunofluorescence in mice, lung organs were taken
from four C57/BL6 mice and four KO Sorcin mice, covered
in OCT mounting medium and frozen in liquid nitrogen-
precooled isopentane. Ten-micrometer cryosections were
fixed in 4% paraformaldehyde for 5°, washed in PSB and
permeabilized in 0.01% Triton X-100 in PBS. Then, sec-
tions were blocked in 5% BSA-PBS solution for 1 h and
incubated overnight at 4 °C with primary antibodies EGFR
(1:50 in 1%BSA-PBS solution) (D38B1, #4267, Cell Signal-
ing, Danvers, MA, USA) followed by incubation with Alexa
fluor 488 (rabbit)-conjugated secondary antibodies (1:500 in
1%BSA-PBS solution) (Thermo Fisher Scientific, Waltham,
MA, USA). Then, sections were counterstained with Hoe-
chst 33,342 (Life Technologies), mounted with Vectashield
(DBA, Italy) and visualized under fluorescence confocal
microscopy (Zeiss, Wetzlar, Germany).
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Cell death and cell proliferation analysis

3.5x10° cells/well were seeded into 6-well dishes and trans-
fected with siRNA for Sorcin (siSRI) and Negative control
(siNC). After 48 h, cells were starved for 2 h in serum-free
medium (SF) and treated with EGF for 24 h. Cell death was
evaluated by the propidium iodide exclusion assay and was
analyzed by flow cytometry (CyAN ADP DAKO, Beckman
Coulter, Brea, CA, USA). Cell proliferation was evaluated
by Trypan blue exclusion assay and using a Dye eFluor 670
(Life Technologies), a red fluorescent dye that can be used to
monitor individual cell division. Cells were resuspended at
the 2 X final concentration in PBS, and Dye eFluor 670 was
added at the 5SuM final concentration. Cells were incubated
10 min at 37 °C in the dark and washed with 0.5 ml of com-
plete medium for 3 times. 10° cells were seeded in 12-well
dish and transfected for 48 h with siRNA for Sorcin (siSRI)
and Negative control (siNC). Then, cells were starved for
2 h in serum-free medium (SF), treated with EGF for 24 h
and were analyzed by flow cytometry (CyAN ADP DAKO,
Beckman Coulter, Brea, CA, USA).

Surface plasmon resonance (SPR) experiments.

SPR experiments were carried out using a SensiQ Pioneer
system (ICx Nomadics), essentially as in Genovese et al.,
2020 [38]. The sensor chip (Ni-NTA) was activated chemi-
cally by a 35-pl injection of 0.1 M NiSO, at a flow rate
of 5 pl/min. Ligand, i.e., human EGFR C-terminal domain,
was directionally immobilized on activated sensor chips
via its N-terminal His-tag. The immobilization level of
EGFR was 200 RU. Wt Sorcin and Sorcin W105G analytes
were dissolved in buffer 20 mM Hepes pH 7.4, 150 mM
NaCl +0.005% surfactant P20 (HBS-P buffer) (+ 100 pM
CaCl,) to a concentration of 10 pM, automatically fur-
ther diluted in HBS-P and injected on the sensor chip, at
the following concentrations: 312 nM, 625 nM, 1.25 pM,
2.5 uM, 5 pM and 10 pM at a constant flow (nominal flow
rate =30 pl/min), in the presence of CaCl, at 0 or 100 pM
concentration. The increase in RU relative to baseline indi-
cates complex formation; the plateau region represents the
steady-state phase of the interaction (RUeq), whereas the
decrease in RU after injection represents dissociation of
Sorcin from immobilized EGFR after injection of buffer.
Control experiments were performed in sensor chips treated
as described above, in the absence of immobilized ligand.
Regeneration procedures are based on two long (2000s and
500 s) injections of buffer, separated by a brief (5 s) injec-
tion of 5 mM NaOH. Kinetic evaluation of the sensorgrams
was obtained using the SensiQ Qdat program and full fitting
with 1, 2 and 3 sites.

@ Springer

Calcium measurements

Ca’* measurements were taken by co-transfecting H1299 or
HeLa cells in a six-well plate with 1 pg cytosolic (cytAEQ)
aequorin along with 5 nM of either scramble siRNA or
siRNA against Sorcin, using Lipofectamine 3000. Twenty-
four hours post-transfection, cells were re-plated into a
96-well plate (PerkinElmer). Forty-eight hours post-transfec-
tion, CytAEQ was reconstituted by incubating cells for 1.5 h
with 5 uM coelenterazine wt (Santa Cruz Biotech) in modi-
fied Krebs Ringer Buffer (KRB: 125 mM NaCl, 5 mM KClI,
400 mM KH,PO,, 1 mM MgSO,, 20 mM Hepes, pH 7.4)
supplemented with 0.1% glucose at 37 °C. Luminescence
measurements were taken using a PerkinElmer EnVision
plate reader equipped with two injector units. After reconsti-
tution, cells were washed with KRB (either with 1 mM Ca**
or 0.5 mM Ca", depending on the experiment) and lumines-
cence from each well was measured for 1/1.5 min. Accord-
ing to the experiment, 100 pM Histamine (Sigma) or (Car-
bachol 500 pM +His 100 pM + ATP 100 pM + Bradykinin
100 nM) or (100 ng/mL EGF + CPA 20 pM +EGTA 2 mM)
(final concentrations in the wells) was injected to generate
Ca”* transients, and then a hypotonic, Ca**-rich, digitonin-
containing solution was added to discharge the remaining
aequorin pool. Output data were analyzed and calibrated
with a custom-made macro-enabled Excel workbook.

Results

Sorcin and EGFR genetic alterations, expression
and phosphorylation are correlated in the TCGA
PanCancer study and in the cProSite study

Analysis of genetic alterations occurring at Sorcin (SRI)
and EGFR loci in the TCGA PanCancer study (cBioPortal)
evidenced that these genes are altered in 8% and 10% of
cases, respectively, and genetic alterations tend to co-occur
(Fig. 1A). On this basis, we sought to explore whether SRI
and EGFR copy number alteration were also correlated with
their expression level. We first verified that Sorcin copy
number alteration corresponded to an alteration of its mRNA
expression (Fig. 1B). Specifically, this analysis evidenced
that Sorcin expression paralleled SRI copy number content
of tumors, such that tumors with Sorcin gain or amplifica-
tion showed higher Sorcin expression level compared with
tumors with diploid status or shallow deletion of the gene
(Fig. 1B). We next explored the distribution of EGFR copy
number in the groups characterized by different Sorcin copy
number and expression. As shown in Fig. 1C, EGFR gains or
amplifications are mainly localized in the groups with high
Sorcin expression, e.g., those with gains or amplifications.
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Fig. 1 Sorcin and EGFR copy number alterations and expression are
correlated in the TCGA PanCancer study. A Oncoprint visualiza-
tion of Sorcin (SRI) and EGFR genetic alterations in the PanCancer
TCGA study [57] considering 2583 patients. Evaluation of co-occur-
rence is shown in the bottom table. B SRI mRNA expression in the
groups of tumors characterized by different SRI copy number status,
as indicated from the color code in right legend. C Same plot as in
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Time (months)
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(B), but showing as described by the color code the distribution of
EGFR copy number. D Pearson's correlation analysis of EGFR and
SRI mRNA expression in the PanCancer TCGA study. E Kaplan—
Meier analysis of the impact of EGFR/SRI signature expression
(RNAseq) on overall survival in the indicated tumor types: high level
of expression of SRI and EGFR, considered as a signature (red), com-
pared to low expression (black)
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Table 1 Prote.ins/ GBM CRC LUAD OVCA

phosphoproteins correlated

to SRI mRNA in TCGA- Protein R p-Value R p-Value R p-Value R p-Value

RPPA Datasets from the

indicated cancer types (source: EGFR 0.445 3.25e-8 0.139 0.013 0.143 0.006 n.s

cBioPortal) EGFR_PY1068 0439  4.86e-8 0.202  0.0003 0.151 0.004 0.154 0.002
EGFR_PY1173 0.367 757e-7 n.s n.s n.s
ERBB2_PY1248  0.344  288e-6 0.122  0.031 n.s 0.145 0.003

GBM Glioblastoma Multiforme; CRC Colorectal Cancer; LUAD Lung Adenocarcinoma OVCA High-grade

Serous Ovarian Cancer

A Pearson's correlation analysis of Sorcin and EGFR expres-
sion further confirmed a significant correlation between
these two genes (Fig. 1D). Pearson's correlation analysis
was also carried out to evaluate whether Sorcin expression
also correlated with EGFR protein activation. As shown in
Table 1, evaluation of proteomic data (RPPA) from TCGA
profiling evidenced a significant correlation between Sor-
cin mRNA expression and EGFR pY 1068 in various cancer
types.

We next evaluated whether the high expression of both
Sorcin and EGFR is associated with survival. To this end
we interrogated the Kaplan—Meier plotter database evalu-
ating the PanCancer dataset. This analysis evidenced that
high levels of expression of both Sorcin and EGFR, con-
sidered as a signature, is associated with reduced overall
survival in various cancer types, compared to low expres-
sion (Fig. 1E). Sorcin and EGFR showed association with
survival in the majority of the considered cancer types
even when evaluated individually (Supplementary Fig. 1).

We also evaluated correlation of Sorcin and EGFR
protein expression and phosphorylation, using the Can-
cer Proteogenomic Data Analysis Site (cProSite), a web-
based interactive platform that provides visualization of
proteomic and phosphoproteomic analysis of the data-
sets of the National Cancer Institute’s Clinical Proteomic
Tumor Analysis Consortium (CPTAC) and National
Cancer Institute’s International Cancer Proteogenome
Consortium (ICPC). Expression of Sorcin and EGFR
at protein level showed positive correlation in tumors,
both overall (R= +0.12, by pooling all tumor data in the
cProSite database) and in the majority of the considered
cancer types when evaluated individually (positive cor-
relation in 6 out of 7 tumors with at least 30 patients with
data on abundance in tumors and adjacent normal tissue;
Supplementary Fig. 2). In addition, we analyzed EGFR
and Sorcin phosphorylation: the average increase of phos-
phorylation in tumors (phosphorylation in each tumor/
phosphorylation in normal surrounding tissue ratio) was
obtained for each type of tumor for EGFR and SRI. The
correlation between the increase of phosphorylation in
EGFR vs. SRI is very high, although limited by a low
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number of data for Sorcin (overall correlation > + 0.9;
Supplementary Fig. 2B).

Such positive correlations between genetic altera-
tions, mRNA and protein expression, and phosphoryla-
tion in Sorcin and EGFR prompted us to study in vivo and
in vitro whether Sorcin is involved in EGFR signaling.

Sorcin knockout reduces EGFR in the bronchiolar
region of mice lungs.

Confocal microscopy analysis of lung tissues of adult
(6 weeks old) C57/BL6 WT and SRI”~ knockout (KO
Sorcin) mice was carried out to evaluate the expression of
EGFR protein (Fig. 2 and Supplementary Fig. 3). Quan-
tification analysis of protein fluorescence intensity was
performed by the ImagelJ software plugin in the bron-
chiolar region, in 10 lung sections per 4 mice per group
(C57/BL6 WT versus KO Sorcin mice). The experiment
showed that the expression of EGFR in Sorcin KO mice
is strongly reduced with respect to WT mice, in the bron-
chiolar regions, which are mostly epithelial (p <0.01).

Sorcin regulates the EGF-dependent signaling

EGFR signaling is known to occur with a calcium-dependent
mechanism [1, 14]. H1299 NSCLC cells were treated with
low doses (5 ng/mL) of EGF to understand whether Sorcin,
which regulates calcium homeostasis in the cells and in par-
ticular ion concentration in endoplasmic reticulum, modu-
lates EGFR signaling. Since Sorcin is upregulated in H1299
cells, we transfected them with a specific siRNA against Sor-
cin (siSRI) and with the respective negative control (siNC).
H1299 cells silenced for Sorcin protein (siSRI cells) for 48 h
and then starved for 2 h in serum-free medium (SF) and were
treated with low doses of EGF (5 ng/mL) for the indicated
time points (Fig. 3A). We observed that EGFR phospho-
rylation is increased upon EGF treatment and that Sorcin
silencing causes a significant decrease of both phosphoryl-
ated EGFR and total EGFR proteins (Fig. 3A). Moreover, we
detected a significant decrease of ERK1/2 phosphorylation
level at 60 min (P =0.0026) and at 90 min (P =0.0424) of
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WT 45d

Hoechst

KO 45d

Hoechst

Mean fluorescence of EGFR
in bronchiolar region

N

Fig.2 Sorcin knock-out reduces EGFR in the bronchiolar region of
mice lungs. Confocal microscopy staining in lung tissues of adult
(6 weeks old) C57/BL6 WT and KO Sorcin mice to evaluate the
expression of EGFR protein (green). Scale bars, 50 pm. Quantifica-
tion analysis of protein fluorescence intensity by Imagel] software

EGF stimulation in Sorcin-silenced cells, suggesting that
Sorcin impacts EGFR signaling (Fig. 3A).

Calcium mishandling mimics the effect of Sorcin
on EGF-dependent signaling in NSCLC cells

As described previously, Sorcin is a calcium-binding pro-
tein which regulates ER calcium concentration, activating
SERCA and inhibiting RyR; Sorcin silencing determines
inactivation of SERCA and increased RyR activity and

O

plugin in the bronchiolar region. Error bars indicate means+ SEM.
**p<0.01 as determined by Student’s ¢ test [analysis was performed
in 10 lung’s section per 4 mice per group (C57/BL6 WT versus KO
Sorcin mice)]

consequently a reduction of ER calcium concentration
[25-27]. We therefore investigated whether thapsigargin,
an inhibitor of SERCA able to reduce ER calcium content,
impacted on EGFR signaling, similarly to Sorcin. H1299
NSCLC control cells (siNC) or silenced for Sorcin protein
(siSRI) for 48 h, were treated with thapsigargin (TG) for 6 h
and then with EGF for 1 h, after starvation in serum-free
medium (SF). We investigated the effect of TG treatment
on EGFR downstream signaling. We evidenced that treat-
ment with TG leads to a reduction of pERK 1/2 upon EGF
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Fig.3 Role of Sorcin protein in the EGFR signaling pathway upon
EGF stimulation. A H1299 cells were silenced for SRI protein (siSRI)
for 48 h, starved for 2 h in serum-free medium (SF) and then treated
or not with low doses of EGF (5 ng/mL) at the indicated time points.
Western blot analysis showed Sorcin downregulation and total EGFR,
EGFR and ERK 1/2 phosphorylation levels upon Sorcin silenc-
ing (siSRI) and EGF stimulation. Densitometry analysis is shown
in the right graphs. Error bars indicate means+SEM. *p<0.05,

treatment, and that silencing of Sorcin in the presence of TG
treatment further reduces pERK 1/2 level (Fig. 3B).

Sorcin regulates EGF-dependent cell migration
and invasion

We therefore investigated the impact of Sorcin on EGF-

dependent cell motility in H1299 and Calu-1 NSCLC and
in HeLa cervical cancer cells. The EGFR protein, once
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**p<0.01, ***p <0.001, ****p <(0.0001 as determined by Student’s
t test (n=4). B H1299 cells were silenced for Sorcin (siSRI) for 48 h,
then treated with thapsigargin (TG) [an inhibitor of sarco/endoplas-
mic reticulum Ca®* ATPase (SERCA)] for 6 h and then with EGF for
1 h, after 2 h of starvation in serum-free medium (SF). Western blot
analysis of p-ERK1/2 and ERK1/2 expression. Densitometry analy-
sis is shown in the lower graph. Error bars indicate means+ SEM.
*p <0.05, ***¥%p <0.0001 as determined by Student’s ¢ test (n=3)

activated by ligand binding, promotes the activation of a
protein cascade that plays an important role in the mecha-
nism of tumorigenesis, regulating cell proliferation, migra-
tion, differentiation and apoptosis [1-5]. Since Sorcin is
overexpressed in different types of tumors and is involved
in the calcium-linked regulation of pathways triggered by
EGEFR [35, 37], we investigated the role of Sorcin in EGF-
dependent invasion of cancer cells. Specifically, we compared
the cells in starved condition (SF) (serum-free medium that



Sorcin promotes migration in cancer and regulates the EGF-dependent EGFR signaling pathways

Page 110f20 202

limits invasion, according to Inamura et al. [58]) without
or with EGF stimulation. By invasion assay, we observed
that silencing of Sorcin led to decreased invasive ability in
H1299 cells, being this reduction statistically significant only
in the presence of EGF stimulation (Fig. 4A). To support
the cell motility, we also tested by Western blot analysis the
levels of genes that are involved in the EMT process (such as
N-cadherin, Snail and Slug) even though tumors can exhibit
a partial EMT due to different expression of EMT markers
that does not always correlate with the migratory potential
and metastasization process [59, 60]. N-cadherin is a trans-
membrane, homophilic glycoprotein belonging to the cal-
cium-dependent cell adhesion molecule family, that mediates
homophilic interactions between adjacent cells; Snail and
Slug are two well-characterized transcription factors which
play an important role in the cellular invasion and metastasis.
Increased expression of N-cadherin is a hallmark of EMT and
endows tumor cells with enhanced migratory and invasive
capacity [61]. Western blot analysis showed a statistically
significant decrease of N-cadherin (- 45%, P=0.0099), Snail
(- 50%, P=0.0139) and Slug (- 58%, P=0.0318) proteins
in Sorcin-silenced H1299 cells compared to respective nega-
tive control cells, only upon 24-h EGF stimulation (Fig. 4B).
Similar trends were obtained also in HeLa cells (Fig. 4C)
and in Calu-1 cells (Fig. 4D). Quantification of Sorcin tran-
script expression upon siRNA transfection in H1299, HeLa
and Calu-1 cells (P <0.001) is included in Supplementary
Fig. 4A. Altogether, these results support the involvement
of Sorcin protein in the regulation of invasion and EMT pro-
gram through EGFR signaling activation.

Cancer cells migration and invasion of the surrounding
environment is favored by the reorganization of the actin
cytoskeleton and a polarized morphology with membrane
cytoskeletal protein actin projection. Therefore, we per-
formed a phalloidin immunofluorescence experiment to
observe the structure and possible changes of actin cytoskel-
eton. Confocal analysis showed that H1299 NSCLC cells
silenced for Sorcin, after 2 h of starvation in serum-free
medium (SF) and 24 h of EGF treatment, are character-
ized by lower actin polymerization and a reduction of stress
fiber formation compared to control siNC cells, in line with
reduced cell invasion and migration ability following Sor-
cin silencing (Supplementary Fig. 4D). Moreover, quan-
tification of fluorescence intensity of phalloidin showed a
significant difference between negative control cells and
Sorcin-depleted cells, after EGF stimulation (Supplemen-
tary Fig. 4C).

A wound-healing assay was therefore carried out in
H1299 and Calu-1 NSCLC cells and in HeLa cells cultured
in serum-free medium (SF) or in the presence of EGF, upon
silencing of Sorcin and in control cells, to test the role of
Sorcin in migration. Images were acquired at 0 h and 24 h of
EGF treatment (1 ng/mL) alone and combined to treatment

with erlotinib, an EGFR kinase activity inhibitor used in
therapy of NSCLC and pancreatic cancer, to test the effect
of Sorcin silencing in EGFR-dependent migration on H1299
cells. In this assay, we captured the images at the beginning
(0 h), when we performed the scratch and then, after 24 h of
treatments, to measure migration rate of the cells; quantifi-
cation of wound-healing assay was calculated as percentage
of wound closure.

In H1299 cells, in serum-free medium condition (SF),
Sorcin-silenced cells (siSRI) migrated at a slower rate
(- 56%, P=0.0006) compared to control cells (siNC)
(Fig. 5A, B). Twenty-four hours after EGF treatment,
which increases migration with respect to control (+32%,
P=0.0389), siSRI cells showed an even more reduced
migration ability (- 75%, P= <0.0001) compared to nega-
tive control cells (Fig. SA, B) and compared to siSRI cells
cultured in serum-free medium (SF) (- 30%, P=0.051).
Similar results were obtained in HeLa and in Calu-1 cells
(Fig. 5D, E). As we expected, erlotinib treatment reduced
cell migration in siNC cells compared to negative control
cells in serum-free medium (SF) and EGF stimulation
(respectively, — 35%, P=0.0220 and — 50%, P =0.0002),
indicating an effect on EGFR pathway activation. Of note,
combination of erlotinib treatment and silencing of Sorcin
further reduced the migration ability compared to the single
experimental conditions of erlotinib and siSRI, in the pres-
ence of EGF (Fig. 5A, B).

To test erlotinib activity on EGFR protein expression,
we quantified total and phosphorylated EGFR expression by
flow cytometry. Quantification analysis showed that erlotinib
led to a decrease of phosphorylated EGFR in negative con-
trol cells compared to serum free (SF) (Fig. 5C). Of note,
combination of erlotinib treatment and silencing of Sorcin
further reduced the phosphorylation of EGFR compared to
the single experimental conditions of erlotinib and siSRI,
in the presence of EGF (Fig. 5C). No significant effects of
Sorcin silencing on cell proliferation and cell death, in the
presence and absence of EGF, were observed (Supplemen-
tary Fig. 4B). According to these data, confocal and quan-
tification analysis for KI67-cellular marker of proliferation
(Supplementary Fig. 5A, B), and eFluor assay (Supplemen-
tary Fig. 5C) showed no changes in terms of proliferation
between samples.

Sorcin regulates EGFR levels and specifically acts
on EGFR pathway

Sorcin and EGFR levels are co-regulated. In control H1299
cells, upon EGF stimulation, the levels of Sorcin are
increased; conversely, in EGFR-silenced cells, levels of Sor-
cin are strongly decreased upon EGF stimulation. Levels of
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«Fig.4 Involvement of Sorcin in the regulation of invasion and EMT
program in H1299, HeLa and Calu-1 upon EGF stimulation. A Inva-
sion was evaluated through Matrigel-coated transwell assay in H1299
cells cultured in serum-free medium (SF) (left panels) or in the pres-
ence of EGF (right panels) in control experiments (siNC, top panels)
and upon silencing of Sorcin (siSRI, bottom panels). Crystal violet
staining was measured at 590-nm absorbance. Error bars indicate
means + SEM. *p <0.05 and **p <0.01 as determined by Student’s ¢
test (n=3). B-D Western blot analysis of EMT proteins N-cadherin,
Snail and Slug, upon 48 h of Sorcin silencing (siSRI), 2 h of star-
vation in serum-free medium (SF) and 24 h of EGF stimulation in
H1299 (B), HeLa (C) and Calu-1 (D) cells. Densitometry analysis is
shown in lower graphs. Error bars indicate means+SEM. *p <0.05,
**p<0.01 and ****p<0.0001 as determined by Student’s ? test
(n=3)

EGEFR are also decreased upon EGF stimulation, in Sorcin-
silenced cells (Supplementary Fig. 6A).

Wound-healing assays show that Sorcin silencing
decreases migration in serum-free conditions, upon EGF
stimulation and upon IGF stimulation (Fig. 6). Migration is
decreased by about 40% in serum-free conditions and upon
IGF stimulation, and by about 70% by EGF stimulation.
Part of the effect is possibly due to the alteration of calcium
homeostasis dependent on Sorcin silencing (see below);
however, the marked reduction of migration observed upon
EGF stimulation in the absence of Sorcin further supports
that Sorcin impacts the EGF-dependent EGFR pathway.

Sorcin binds EGFR in a calcium-dependent fashion

We also tested the effect of cycloheximide (CHX), the most
common protein synthesis inhibitor, on EGFR in control and
Sorcin-silenced H1299 cells. Oksvold et al. showed that the
effect of CHX on EGFR is complex, since they observed
CHX-dependent EGFR internalization in endosomes and
EGFR signal inhibition, but not EGFR degradation [62].
We silenced Sorcin (siSRI) for 48 h, treated with CHX for
6 h, and then with EGF for 1 h, after 2 h of starvation in
serum-free medium. Western blot analysis showed a reduc-
tion of total EGFR in siSRI cells compared to control cells
upon cycloheximide treatment (— 49%, P =0.0178), indicat-
ing that Sorcin silencing could decrease EGFR proteostasis
(Fig. 7A).

We finally tested whether Sorcin binds EGFR. We car-
ried out surface plasmon resonance experiments, to meas-
ure the physicochemical parameters of EGFR binding.
We immobilized the C-terminal intracellular domain of
EGFR and tested its interaction with wt Sorcin vs. Sorcin
W105G, the latter being a Sorcin mutant bearing a single-
residue mutation in the EF3 hand, that lowers its affinity
for calcium and impairs Sorcin activation, the exposure of
the EF3 hydrophobic pocket and targets binding [24, 25,

63]. In the presence of 100 pM calcium, EGFR binds wt
Sorcin directly and with high affinity (K, =2.9 pM), while
the Sorcin W105G mutant affinity for EGFR is an order of
magnitude lower (Kp =24 pM) (Fig. 7B), showing that the
EF3 hand is important in EGFR recognition and binding.
The same experiment, carried out in the absence of calcium,
shows that wt Sorcin binds EGFR with decreased affinity
(Kp>20 pM, Supplementary Fig. 6B).

Sorcin alters EGFR calcium signaling

In order to evaluate the effect of Sorcin on EGFR calcium
signaling and regulation, luminescence-based measurements
of cytosolic calcium were taken. We performed Ca>" meas-
urements using an organelle-targeted aequorin probe specific
for the cytoplasm (cytAEQ). Cytosolic Ca>* transients of
H1299 cells transfected with either a non-specific control
siRNA or a specific siRNA against Sorcin were measured
after their exposure to 100 ng/mL EGF; however, no dif-
ferences were observed as reported in Fig. 7C. Since the
cytosolic Ca** concentrations reached after the stimulation
with EGF were particularly low (<0.8 pM), we decided to
perform the same experiment using Histamine 100 pM as
stimulus, in order to rule out the possibility that the admin-
istration of EGF alone was not sufficient to elicit a proper
mobilization of Ca** in H1299 cells. As shown in Fig. 7D,
the administration of Histamine resulted in comparable cyto-
solic Ca®* transients, that remained unaltered upon Sorcin
silencing, suggesting that the low Ca*" levels observed
after EGF administration were not dependent on the spe-
cific stimulation. To better characterize H1299 cells, we
decided to perform the experiment using a mix of different
stimuli, and even in this condition the Ca®* transients were
rather low (about 1 pM) (Fig. 7E), suggesting that H1299
cells can mobilize a restricted pool of Ca®* in response to
stimulation. Finally, to specifically focus on Sorcin roles on
ER Ca’* maintenance, we performed the experiment stimu-
lating with EGF in the presence of both 2 mM EGTA, to
prevent the influx of extracellular calcium, and 20 pM CPA,
to inhibit SERCA pumps and the reuptake of calcium in the
ER. With this experimental setting, we specifically measure
ER Ca”" release in response to EGF stimulation. Due to the
very low Ca®* peaks reached in H1299 cells (see above),
we performed this experiment on HeLa cells: in this cell
type, ER Ca’* release after EGF stimulation was signifi-
cantly decreased upon Sorcin silencing by about 17% with
respect to the control, as shown in Fig. 7F. Therefore, Sorcin
is involved in EGFR calcium signaling and regulation, with
its silencing decreasing ER Ca** release in response to EGF;
these data support Sorcin role in EGFR phosphorylation,
signaling and proteostasis.
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«Fig.5 Role of Sorcin in cell migration after EGF and/or Erlotinib
treatment. A Wound-healing assay in H1299 cells cultured in serum-
free medium (SF) or in the presence of EGF and erlotinib, in con-
trol experiments (siNC) and upon silencing of Sorcin (siSRI). Images
were acquired at O h and 24 h after each single and combined treat-
ment. B Quantification of wound-healing assay calculated as per-
centage of wound closure: ((A — A,)/ A,y) X 100), where At is the
initial wound area and A, is the wound area n hours after the ini-
tial scratch. Error bars indicate means +SEM. *p <0.05, **p <0.01,
*#%p<(0.001 and ****¥p<(0.0001 as determined by Student’s ¢ test
(n=3). Scale bars, 200 um. C Flow cytometric analysis showed
expression of total and phosphorylated EGFR upon Sorcin silenc-
ing and 24 h of EGF and/or erlotinib treatment. Error bars indicate
means + SEM. *p<0.05, **p <0.01, and ***p <0.001 as determined
by Student’s ¢ test (n=3). D-E Wound-healing assay in HeLa (D) and
Calu-1 (E) cells cultured in serum-free medium (SF) or in the pres-
ence of EGF, upon silencing of Sorcin (siSRI). Images were acquired
at 0 h and 24 h after EGF treatment (1 ng/mL). Quantification of
wound-healing assay calculated as percentage of wound closure:
(A — A, D/IA) % 100), where A, is the initial wound area and A, is
the wound area n hours after the initial scratch. Error bars indicate
means + SEM. *p <0.05, ***p <0.001 and ****p<0.0001 as deter-
mined by Student’s 7 test (n=3). Scale bars, 200 um

Fig.6 Role of Sorcin in cell

Discussion

Calcium is long since considered important in EGFR inter-
nalization, EGFR signaling and EGFR proteostasis [14, 18,
64, 65]. However, the mechanisms that link calcium homeo-
stasis to EGFR signaling in physiological and pathological
conditions are not well-defined.

The present work was prompted by the correlation
observed between the overexpression of Sorcin, an impor-
tant calcium sensor oncoprotein, and cell migration, inva-
sion, EMT and metastatic dissemination linked to of the
PI3K/Akt/mTOR pathway [33, 66, 67]. Bioinformatic
analysis carried out on the TCGA PanCancer study (cBio-
Portal) and using the Cancer Proteogenomic Data Analysis
Site (cProSite), highlighted that Sorcin and EGFR overex-
pression are significantly correlated in cancer patients and
associated with reduced overall survival in various cancer
types, suggesting that these proteins could be functionally
linked in cancer.
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«Fig. 7 Sorcin binds EGFR and alters EGFR-dependent calcium sign-
aling. A Western blot analysis of H1299 cells silenced for Sorcin
(siSRI) for 48 h, treated with cycloheximide (CHX) for 6 h to inhibit
EGFR synthesis and then treated with EGF for 1 h, after 2 h of star-
vation in serum-free medium (SF). Densitometry analysis is shown
in the right graph. Error bars indicate means+SEM. *p<0.05 as
determined by Student’s ¢ test (n=3). B SPR experiments showing
the binding of wt Sorcin (left) and Sorcin W105G (right) to immobi-
lized C-terminal intracellular domain of EGFR. Sorcin was injected
at the following concentrations: 312 nM, 625 nM, 1.25 pM, 2.5 pM,
5 pM and 10 pM, at a constant flow (nominal flow rate =30 pl/min),
in the presence of CaCl, at 100 uM concentration; kinetic evaluation
of the sensorgrams was obtained using the SensiQ Qdat program and
full fitting with 1 site (Langmuir interaction). EGFR binds wt Sor-
cin directly and with high affinity (Kp=2.9 pM), while the affinity
of EGFR for Sorcin W105G mutant is an order of magnitude lower
(Kp=21 pM). C-F Luminescence-based Ca’* measurement using
an organelle-targeted aequorin probe specific for the cytoplasm
(cytAEQ) showing cytosolic Ca®* transients of H1299 or HeLa
cells transfected with either a non-specific control siRNA or a spe-
cific siRNA against Sorcin measured after their exposure to stimuli.
Time-dependent luminescence measurements (top) and cytosolic
Ca®* measurements (bottom) were obtained. Error bars indicate
means+ SEM. *p<0.05; **p<0.01; ****p<0.0001, as determined
by Student’s ¢ test. C Measure of cytosolic Ca>* transients of H1299
cells transfected with either a non-specific control siRNA (SCR) or
a specific siRNA against Sorcin measured after their exposure to
100 ng/mL EGF. D Measure of cytosolic Ca?* transients of H1299
cells transfected with either a non-specific control siRNA or a specific
siRNA against Sorcin measured after their exposure to 100 uM His-
tamine. E Measure of cytosolic Ca?* transients of H1299 cells trans-
fected with either a non-specific control siRNA or a specific siRNA
against Sorcin measured after their exposure to EGF in the presence
of 2 mM EGTA, to prevent the influx of extracellular calcium, and
20 pM CPA, to inhibit SERCA pumps and the reuptake of calcium in
the ER. F Measure of cytosolic Ca®* transients of HeLa cells trans-
fected with either a non-specific control siRNA or a specific siRNA
against Sorcin, measured after their exposure to 100 ng/mL EGF

We then analyzed whether Sorcin knock-out affects
EGFR expression, showing that in the bronchiolar region
of the lungs EGFR expression is strongly reduced in Sorcin
KO mice with respect to WT mice. We therefore studied
the role of Sorcin in EGFR signaling processes, and in pro-
moting cell proliferation, migration and invasion in cancer,
and demonstrated that Sorcin acts at different levels on such
processes, with a complex resulting effect. In physiologi-
cal EGFR signaling (short time, low concentration EGF
treatments), Sorcin silencing increases EGFR phosphoryla-
tion and decreases its signaling, acting on one of the main
EGFR-dependent pathways, i.e., the RAS-RAF-MEK-ERK
axis [68]. These pathways have already been associated
with Sorcin in calcium-mediated angiogenesis, since Sor-
cin silencing in endometrial epithelial cells alters calcium
homeostasis and reduces the expression of VEGF, PI3K and
AKT, AKT phosphorylation and activation of NOS [37].
In colorectal cancer, Sorcin promotes metastasis and EMT
via activation of PI3K/AKT signaling [63], while Sorcin
silencing increases PTEN levels and decreases the expres-
sion of ABCB1, Bcl-2, Survivin, phosphorylated AKT and

NF-kB, downstream to PI3K/AKT in nasopharyngeal car-
cinoma [33], in myeloma [69] and in human lung cancer
A549/DDP cells [46]. On the other side, Sorcin silencing
increases phosphorylation of ERK1/2 protein in HEI-OC1
cells and in leukemia cells [70].

Here, we show that Sorcin controls EGFR signaling and
proteostasis and activates the RAS/ERK signaling cascade,
participating in the regulation of migration and invasion.

The effect of Sorcin on the EGFR pathways is both
direct and indirect. Sorcin interacts with EGFR in a cal-
cium-dependent fashion, possibly via its EF3 hand, which
is responsible for Sorcin activation, since binding of Ca*+
ion induces a large conformational change leading to the
exposure of hydrophobic pockets that can engage its binding
partners [24-26, 63]. Such interaction, as for the interaction
with calmodulin, may favor EGFR internalization, tyrosine
kinase activation and EGFR signaling [17]. In addition,
since Sorcin can interact with IP3R [38] and modulates cal-
cium fluxes through plasma membrane and ER [25, 28-31,
71-73], Sorcin regulates ion storage in ER and mitochon-
dria, thereby acting on ER stress [22, 74-76].

Overall, Sorcin promotes cell proliferation, migration and
invasion in cancer, while increasing resistance to chemo-
therapeutic agents. NSCLC represents about 80% of all lung
cancers and is the leading cause of cancer deaths worldwide
[77]. Erlotinib-based EGFR-targeted therapy is among the
most important treatments available against NSCLC, both
as a monotherapy and in combination with gemcitabine.
However, the anticancer activity of erlotinib is limited by
the development of resistance, which represents a challenge
to clinicians and patients: increasing the effect of EGFR-
targeted therapies is therefore a major goal [78—80]. Here
we show that decreased Sorcin activity leads to reduced
cell migration, invasion and EMT, via reduced RAS/ERK
signaling, synergistically with erlotinib: strategies aimed at
lowering Sorcin activity may prove important to formulate
novel combination therapies with erlotinib and other EGFR-
targeted therapies.

Conclusions

The present work elucidates an important mechanism that
links calcium homeostasis to EGFR signaling in physi-
ological and pathological conditions. Sorcin regulates dif-
ferent features of EGFR-dependent signaling: Sorcin binds
EGFR in a calcium-dependent fashion, regulates ER Ca*
release after EGF stimulation, controls EGFR signaling and
activates the RAS/ERK signaling cascade, participating in
the regulation of migration and invasion. Sorcin silencing
decreases cell migration, invasion and EMT, synergistically
with EGFR inhibitors.

@ Springer



202 Page 180f20

C.Tito et al.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04850-4.

Author contributions CT, IG, FG, AB, AI, SM, LB, LC, SB, LDA and
SM performed the experiments and contributed to data analysis. CT,
GC, TC and FF contributed to the experiment designs and wrote the
manuscript. CT, GC, TC, FF, SAN, GF and VP conceived or designed
the experiments. LT, ML and Al participated in data analysis. HHV
and CRYV provided animal model. All authors read and approved the
final manuscript.

Funding Open access funding provided by Universita degli Studi di
Roma La Sapienza within the CRUI-CARE Agreement. The research
leading to these results received funding from: PRIN 2017—Prot.
2017TATYMP_003, AIRC IG 2018—ID. 21406 project, “Ricerca
di Ateneo” Sapienza University of Rome, “NextGenerationEU” DD.
3175/2021 E DD. 3138/2021 CN_3: National Center for Gene Therapy
and Drugs based on RNA Technology Codice Progetto CN 0000004 1
to FF; from CNCCS s.c.a.r.l. (National Collection of Chemical Com-
pounds and Screening Center, www.cnccs.it) grant to GC and Al
GC acknowledges co-funding from Next Generation EU [DM 1557
11.10.2022], in the context of the National Recovery and Resilience
Plan, Investment PE8 — Project Age-It: “Ageing Well in an Ageing
Society” and Project DBA.AD005.225 -NUTRAGE- FOE2021 CNR.

Availability of data and material The data that support the findings of
this study are available from the corresponding author upon reason-
able request.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Ethics approval and consent to participate All the procedures were
approved by the Italian Ministry for Health and were conducted accord-
ing to the US National Institutes of Health (NIH) guidelines (approval
number 105/2017 PR).

Consent for publication I, the undersigned, give my consent for the
publication.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Caldieri G, Barbieri E, Nappo G, Raimondi A, Bonora M, Conte
A et al (2017) Reticulon 3-dependent ER-PM contact sites control
EGFR nonclathrin endocytosis. Science 356(6338):617-624

2. da Santos ES, Nogueira KAB, Fernandes LCC, Martins JRP, Reis
AVF, de Neto JBV et al (2021) EGFR targeting for cancer therapy:

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

pharmacology and immunoconjugates with drugs and nanoparti-
cles. Int J Pharma 592:120082

Avraham R, Yarden Y (2011) Feedback regulation of EGFR sig-
nalling: decision making by early and delayed loops. Nat Rev Mol
Cell Biol 12(2):104-117

Tomas A, Futter CE, Eden ER (2014) EGF receptor traffick-
ing: consequences for signaling and cancer. Trends Cell Biol
24(1):26-34

Lindsey S, Langhans SA (2015) Epidermal growth factor signal-
ing in transformed cells. Int Rev Cell Mol Biol 314:1-41
Pinilla-Macua I, Grassart A, Duvvuri U, Watkins SC, Sorkin A
(2017) EGEF receptor signaling, phosphorylation, ubiquitylation
and endocytosis in tumors in vivo. Elife 6:€31993

Sigismund S, Argenzio E, Tosoni D, Cavallaro E, Polo S, Di Fiore
PP (2008) Clathrin-Mediated Internalization Is Essential for Sus-
tained EGFR Signaling but Dispensable for Degradation. Dev Cell
15(2):209-219

Goh LK, Sorkin A (2013) Endocytosis of receptor tyrosine
kinases. Cold Spring Harb Perspect Biol 5(5):a017459

Thomas R, Weihua Z (2019) Rethink of EGFR in cancer with its
kinase independent function on board. Front Oncol 9:800

Uribe ML, Marrocco I, Yarden Y (2021) Egfr in cancer: signaling
mechanisms, drugs and acquired resistance. Cancers 13(11):2748
Dokala A, Thakur SS (2017) Extracellular region of epidermal
growth factor receptor: a potential target for anti-EGFR drug dis-
covery. Oncogene 36(17):2337-2344

Yamaoka T, Ohba M, Ohmori T (2017) Molecular-targeted thera-
pies for epidermal growth factor receptor and its resistance mecha-
nisms. Int J Mol Sci 18(11):2420

Arteaga CL, Engelman JA (2014) ERBB receptors: From onco-
gene discovery to basic science to mechanism-based cancer thera-
peutics. Cancer Cell 25(3):282-303

Santos RCD, Bautista S, Lucarelli S, Bone LN, Dayam RM, Abou-
sawan J et al (2017) Selective regulation of clathrin-mediated
epidermal growth factor receptor signaling and endocytosis by
phospholipase C and calcium. Mol Biol Cell 28(21):2802-2818
Martin-Nieto J, Villalobo A (1998) The human epidermal growth
factor receptor contains a juxtamembrane calmodulin-binding site.
Biochemistry 37(1):227-236

Li H, Panina S, Kaur A, Ruano MJ, Sanchez-Gonzalez P, La Cour
JM et al (2012) Regulation of the ligand-dependent activation of
the epidermal growth factor receptor by calmodulin. J Biol Chem
287(5):3273-3281

Abdelli F, Jellali K, Anguita E, Gonzalez-Mufioz M, Villalobo E,
Madronal I et al (2021) The role of the calmodulin-binding and
calmodulin-like domains of the epidermal growth factor receptor
in tyrosine kinase activation. J Cell Physiol 236(7):4997-5011
Modica TME, Dituri F, Mancarella S, Pisano C, Fabregat I, Gian-
nelli G (2019) Calcium regulates HCC proliferation as well as
EGEFR recycling/degradation and could be a new therapeutic target
in HCC. Cancers (Basel) 11(10):1588

Battista T, Fiorillo A, Chiarini V, Genovese I, Ilari A, Colotti G
(2020) Roles of sorcin in drug resistance in cancer: One protein,
many mechanisms, for a novel potential anticancer drug target.
Cancers (Basel). 12(4):887

Genovese I, Ilari A, Assaraf YG, Fazi F, Colotti G (2017) Not only
P-glycoprotein: amplification of the ABCB1-containing chromo-
some region 7q21 confers multidrug resistance upon cancer cells
by coordinated overexpression of an assortment of resistance-
related proteins. Drug Resist Update 32:46

Zhang J, Guan W, Xu X, Wang F, Li X, Xu G (2021) A novel
homeostatic loop of sorcin drives paclitaxel-resistance and malig-
nant progression via Smad4/ZEB 1/miR-142-5p in human ovarian
cancer. Oncogene 40(30):4906-4918


https://doi.org/10.1007/s00018-023-04850-4
http://www.cnccs.it
http://creativecommons.org/licenses/by/4.0/

Sorcin promotes migration in cancer and regulates the EGF-dependent EGFR signaling pathways

Page 190f20 202

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lalioti VS, Ilari A, O’Connell DJ, Poser E, Sandoval 1V, Colotti
G (2014) Sorcin links calcium signaling to vesicle trafficking,
regulates polo-like kinase 1 and is necessary for mitosis. PLoS
ONE 9(1):e85438

Zamparelli C, Ilari A, Verzili D, Giangiacomo L, Colotti G, Pas-
carella S et al (2000) Structure-function relationships in sorcin, a
member of the penta EF- hand family. Interaction of sorcin frag-
ments with the ryanodine receptor and an Escherichia coli model
system. Biochemistry 39(4):658-666

Mella M, Colotti G, Zamparelli C, Verzili D, Ilari A, Chian-
cone E (2003) Information transfer in the penta-EF-hand pro-
tein sorcin does not operate via the canonical structural/func-
tional pairing: A study with site-specific mutants. J Biol Chem
278(27):24921-24928

Franceschini S, Ilari A, Verzili D, Zamparelli C, Antaramian A,
Rueda A et al (2008) Molecular basis for the impaired function of
the natural F112L sorcin mutant: X-ray crystal structure, calcium
affinity, and interaction with annexin VII and the ryanodine recep-
tor. FASEB J 22(1):295-306

Genovese I, Giamogante F, Barazzuol L, Battista T, Fiorillo A,
Vicario M et al (2020) Sorcin is an early marker of neurodegener-
ation, Ca2+ dysregulation and endoplasmic reticulum stress asso-
ciated to neurodegenerative diseases. Cell Death Dis 11(10):861

Colotti G, Zamparelli C, Verzili D, Mella M, Loughrey CM, Smith
GL et al (2006) The W105G and W99G sorcin mutants demon-
strate the role of the D helix in the Ca?*-dependent interaction
with annexin VII and the cardiac ryanodine receptor. Biochemis-
try 45(41):12519-12529

Matsumoto T, Hisamatsu Y, Ohkusa T, Inoue N, Sato T, Suzuki S
et al (2005) Sorcin interacts with sarcoplasmic reticulum Ca2+-
ATPase and modulates excitation-contraction coupling in the
heart. Basic Res Cardiol 100(3):250-262

Fowler MR, Colotti G, Chiancone E, Smith GL, Fearon IM
(2008) Sorcin modulates cardiac L-type Ca2+ current by func-
tional interaction with the alphalC subunit in rabbits. Exp Physiol
93(12):1233-1238

Fowler MR, Colotti G, Chiancone E, Higuchi Y, Seidler T, Smith
GL (2009) Complex modulation of L-type Ca>* current inactiva-
tion by sorcin in isolated rabbit cardiomyocytes. Pflugers Arch
Eur J Physiol 457(5):1049-1060

Zamparelli C, Macquaide N, Colotti G, Verzili D, Seidler T, Smith
GL et al (2010) Activation of the cardiac Na*-Ca** exchanger by
sorcin via the interaction of the respective Ca’*-binding domains.
J Mol Cell Cardiol 49(1):132-141

Berrocal M, Saez L, Mata AM (2021) Sorcin activates the brain
PMCA and blocks the inhibitory effects of molecular mark-
ers of Alzheimer’s disease on the pump activity. Int J Mol Sci
22(11):6055

Liu X, Chen L, Feng B, Liu G (2014) Reversing effect of sorcin
in the drug resistance of human nasopharyngeal carcinoma. Anat
Rec 297(2):215-221

Vineeth Daniel P, Dogra S, Rawat P, Choubey A, Khan AS, Rajak
S et al (2021) NF-kB p65 regulates hepatic lipogenesis by promot-
ing nuclear entry of ChREBP in response to a high carbohydrate
diet. J Biol Chem 296:100714

Tuo H, Shu F, She S, Yang M, Zou XQ, Huang J et al (2017) Sor-
cin induces gastric cancer cell migration and invasion contributing
to STAT3 activation. Oncotarget 8(61):104258-104271

Li X, Liu Y, Wang Y, Liu J, Li X, Cao H et al (2017) Negative reg-
ulation of hepatic inflammation by the soluble resistance-related
calcium-binding protein via signal transducer and activator of
transcription 3. Front Immunol 8:709

Gupta K, Sirohi VK, Kumari S, Shukla V, Manohar M, Popli P
et al (2018) Sorcin is involved during embryo implantation via
activating VEGF/PI3K/Akt pathway in mice. J] Mol Endocrinol
60(2):119-132

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

He Q, Zhang G, Hou D, Leng A, Xu M, Peng J et al (2011) Over-
expression of sorcin results in multidrug resistance in gastric can-
cer cells with up-regulation of P-gp. Oncol Rep 25(1):237-243
Gong Z, Sun P, Chu H, Zhu H, Sun D, Chen J (2014) Overexpres-
sion of sorcin in multidrug-resistant human breast cancer. Oncol
Lett 8(6):2393-2398

Suarez J, McDonough PM, Scott BT, Suarez-Ramirez A, Wang H,
Fricovsky ES et al (2013) Sorcin modulates mitochondrial Ca2+
handling and reduces apoptosis in neonatal rat cardiac myocytes.
Am J Physiol Cell Physiol 304(3):C248-C256

Van der Bliek AM, Baas F, Van der Velde-Koerts T, Biedler JL,
Meyers MB, Ozols RF et al (1988) Genes amplified and over-
expressed in human multidrug-resistant cell lines. Cancer Res
48(21):5927-5932

Padar S, Van Breemen C, Thomas DW, Uchizono JA, Livesey JC,
Rahimian R (2004) Differential regulation of calcium homeostasis
in adenocarcinoma cell line A549 and its Taxol-resistant subclone.
Br J Pharmacol 142(2):305-316

Qi J, Liu N, Zhou Y, Tan Y, Cheng Y, Yang C et al (2006) Over-
expression of sorcin in multidrug resistant human leukemia cells
and its role in regulating cell apoptosis. Biochem Biophys Res
Commun 349(1):303-309

DengL, SuT, Leng A, Zhang X, Xu M, Yan L et al (2010) Upreg-
ulation of soluble resistance-related calcium-binding protein (sor-
cin) in gastric cancer. Med Oncol 27(4):1102-1108

Maddalena F, Laudiero G, Piscazzi A, Secondo A, Scorziello A,
Lombardi V et al (2011) Sorcin induces a drug-resistant pheno-
type in human colorectal cancer by modulating Ca 2+ homeosta-
sis. Cancer Res 71(24):7659-7669

Gao Y, Li W, Liu X, Gao F, Zhao X (2015) Reversing effect and
mechanism of soluble resistance-related calcium-binding protein
on multidrug resistance in human lung cancer A549/DDP cells.
Mol Med Rep 11(3):2118-2124

QuY, Yang Y, Liu B, Xiao W (2010) Comparative proteomic pro-
filing identified sorcin being associated with gemcitabine resist-
ance in non-small cell lung cancer. Med Oncol 27(4):1303-1308
Tan'Y, Li G, Zhao C, Wang J, Zhao H, Xue Y et al (2003) Expres-
sion of sorcin predicts poor outcome in acute myeloid leukemia.
Leuk Res 27(2):125-131

Zhou Y, Xu Y, Tan Y, Qi J, Xiao Y, Yang C et al (2006) Sorcin,
an important gene associated with multidrug-resistance in human
leukemia cells. Leuk Res 30(4):469-476

Pomeroy SL, Tamayo P, Gaasenbeek M, Sturla LM, Angelo M,
McLaughlin ME et al (2002) Prediction of central nervous sys-
tem embryonal tumour outcome based on gene expression. Nature
415(6870):436-442

Yokota T, Kouno J, Adachi K, Takahashi H, Teramoto A, Mat-
sumoto K et al (2006) Identification of histological markers for
malignant glioma by genome-wide expression analysis: dynein,
o-PIX and sorcin. Acta Neuropathol 111(1):29-38

Dabaghi M, Rahgozar S, Moshtaghian J, Moafi A, Abedi M, Pour-
abutaleb E (2016) Overexpression of SORCIN is a prognostic
biomarker for multidrug-resistant pediatric acute lymphoblastic
leukemia and correlates with upregulated MDR 1/P-gp. Genet Test
Mol Biomarkers 20(9):516-521

Hu Y, Li S, Yang M, Yan C, Fan D, Zhou Y et al (2014) Sorcin
silencing inhibits epithelial-to-mesenchymal transition and sup-
presses breast cancer metastasis in vivo. Breast Cancer Res Treat
143(2):287-299

Parekh HK, Deng HB, Choudhary K, Houser SR, Simpkins H
(2002) Overexpression of sorcin, a calcium-binding protein,
induces a low level of paclitaxel resistance in human ovarian and
breast cancer cells. Biochem Pharmacol 63(6):1149-1158

Chen X, Weber C, Farrell ET, Alvarado FJ, Zhao YT, Gomez
AM, Valdivia HH (2018) Sorcin ablation plus p-adrenergic

@ Springer



202 Page 200f20

C.Tito et al.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

stimulation generate an arrhythmogenic substrate in mouse
ventricular myocytes. J Mol Cell Cardiol 114:199-210
Genovese I, Fiorillo A, Ilari A, Masciarelli S, Fazi F, Colotti
G (2017) Binding of doxorubicin to Sorcin impairs cell death
and increases drug resistance in cancer cells. Cell Death Dis
8(7):€2950

The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes
Consortium (2020) Pan-cancer analysis of whole genomes.
Nature 578:82-93

Imamura F, Horai T, Mukai M, Shinkai K, Akedo H (1991)
Serum requirement for in vitro invasion by tumor cells. Jpn J
Cancer Res 82(5):493-496

Chao Y, Wu Q, Acquafondata M et al (2012) Partial mesen-
chymal to epithelial reverting transition in breast and prostate
cancer metastases. Cancer Microenviron 5:19-28

Saxena K, Jolly MK, Balamurugan K (2020) Hypoxia, partial
EMT and collective migration: emerging culprits in metastasis.
Transl Oncol 13(11):100845

Hazan RB, Qiao R, Keren R, Badano I, Suyama K (2004)
Cadherin switch in tumor progression. Ann N Y Acad Sci
1014:155-163

Oksvold MP, Pedersen NM, Forfang L, Smeland EB (2012)
Effect of cycloheximide on epidermal growth factor receptor
trafficking and signaling. FEBS Lett 586(20):3575-3581

Ilari A, Fiorillo A, Poser E, Lalioti VS, Sundell GN, Ivarsson
Y et al (2015) Structural basis of Sorcin-mediated calcium-
dependent signal transduction. Sci Rep 5:16828

Chang CP, Kao JPY, Lazar CS, Walsh BJ, Wells A, Wiley HS
et al (1991) Ligand-induced internalization and increased cell
calcium are mediated via distinct structural elements in the car-
boxyl terminus of the epidermal growth factor receptor. J Biol
Chem 266(34):23467-23470

Sharma A, Elble RC (2020) From orai to E-Cadherin: sub-
version of calcium trafficking in cancer to drive proliferation,
anoikis-resistance, and metastasis. Biomedicines 8(6):169
Tong W, Sun D, Wang Q, Suo J (2015) Sorcin enhances metas-
tasis and promotes epithelial-to-mesenchymal transition of colo-
rectal cancer. Cell Biochem Biophys 72(2):453-459

Ling F, Zhang H, Sun Y, Meng J, Sanches JGP, Huang H et al
(2021) AnnexinA7 promotes epithelial-mesenchymal transition
by interacting with Sorcin and contributes to aggressiveness in
hepatocellular carcinoma. Cell Death Dis 12(11):1018

Shah C, Royle B (2019) The NAE pathway: autobahn to the
nucleus for cell surface receptors. Cells 8(8):915

Xu P, Jiang YF, Wang JH (2015) shRNA-mediated silencing of
sorcin increases drug chemosensitivity in myeloma KM3/DDP
and U266/ADM cell lines. Int J Clin Exp Pathol 8(3):2300-2310
Sun Y, Liu W, Wang C, Meng Q, Liu Z, Huo X et al (2019)
Combination of dihydromyricetin and ondansetron strengthens

@ Springer

1.

72.

73.

74.

75.

76.

7.

78.

79.

80.

antiproliferative efficiency of adriamycin in K562/ADR through
downregulation of SORCIN: a new strategy of inhibiting P-gly-
coprotein. J Cell Physiol 234(4):3685-3696

Meyers MB, Pickel VM, Sheu SS, Sharma VK, Scotto KW,
Fishman GI (1995) Association of sorcin with the cardiac ryan-
odine receptor. J Biol Chem 270:26411-26418

Farrell EF, Antaramian A, Rueda A, Gémez AM, Valdivia
HH (2003) Sorcin inhibits calcium release and modulates
excitation-contraction coupling in the heart. J Biol Chem
278(36):34660-34666

Lokuta AJ, Meyers MB, Sander PR, Fishman GI, Valdivia HH
(1997) Modulation of cardiac ryanodine receptors by Sorcin. J
Biol Chem 272(40):25333-25338

Landriscina M, Laudiero G, Maddalena F, Amoroso MR, Pisca-
zzi A, Cozzolino F et al (2010) Mitochondrial chaperone Trapl
and the calcium binding protein sorcin interact and protect cells
against apoptosis induced by antiblastic agents. Cancer Res
70(16):6577-6586

Marmugi A, Parnis J, Chen X, Carmichael L, Hardy J, Mannan N
et al (2016) Sorcin links pancreatic p-cell lipotoxicity to ER Ca2+
stores. Diabetes 65(4):1009-1021

Wang D, Shi S, Hsieh YL, Wang J, Wang H, Wang W (2021)
Knockdown of sorcin increases HEI-OC1 cell damage induced
by cisplatin in vitro. Arch Biochem Biophys 701:108752

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I,
Jemal A et al (2021) Global Cancer Statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J Clin 71(3):209-249

Tang J, Salama R, Gadgeel SM, Sarkar FH, Ahmad A (2013)
Erlotinib resistance in lung cancer: current progress and future
perspectives. Front Pharmacol 4:15

Faber AC, Li D, Song YC, Liang MC, Yeap BY, Bronson RT et al
(2009) Differential induction of apoptosis in HER2 and EGFR
addicted cancers following PI3K inhibition. Proc Natl Acad Sci
USA 106(46):19503-19508

Jdanne PA, Cohen RB, Laird AD, Macé S, Engelman JA, Ruiz-Soto
R, Rockich K, Xu J, Shapiro GI, Martinez P, Felip E (2014) Phase
I safety and pharmacokinetic study of the PI3K/mTOR inhibitor
SAR245409 (XL765) in combination with erlotinib in patients
with advanced solid tumors. J Thorac Oncol 9(3):316-323

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Sorcin promotes migration in cancer and regulates the EGF-dependent EGFR signaling pathways
	Abstract
	Introduction
	Materials and methods
	Analysis of the TCGA PanCancer study
	Survival analysis
	Analysis of the cProSite study
	Cell culture, transfection and treatment
	Animal models
	Lysate preparation and immunoblotting analysis
	Total RNA extraction from cells, cDNA reverse transcriptase and RT-qPCR
	Cell invasion assay
	Wound-Healing assay
	FACS analysis
	Immunofluorescence analysis
	Cell death and cell proliferation analysis
	Surface plasmon resonance (SPR) experiments.
	Calcium measurements

	Results
	Sorcin and EGFR genetic alterations, expression and phosphorylation are correlated in the TCGA PanCancer study and in the cProSite study
	Sorcin knockout reduces EGFR in the bronchiolar region of mice lungs.
	Sorcin regulates the EGF-dependent signaling
	Calcium mishandling mimics the effect of Sorcin on EGF-dependent signaling in NSCLC cells
	Sorcin regulates EGF-dependent cell migration and invasion
	Sorcin regulates EGFR levels and specifically acts on EGFR pathway
	Sorcin binds EGFR in a calcium-dependent fashion
	Sorcin alters EGFR calcium signaling

	Discussion
	Conclusions
	Anchor 30
	References




