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Calcium is a ubiquitous messenger that regulates a wide range of cellular
functions, but its involvement in the pathophysiology of acute myeloid leu-
kemia (AML) is not widely investigated. Here, we identified, from an anal-
ysis of The Cancer Genome Atlas and genotype-tissue expression
databases, stromal interaction molecule 2 (STIM2) as being highly
expressed in AML with monocytic differentiation and negatively correlated
with overall survival. This was confirmed on a validation cohort of 407
AML patients. We then investigated the role of STIM2 in cell prolifera-
tion, differentiation, and survival in two leukemic cell lines with monocytic
potential and in normal hematopoietic stem cells. STIM2 expression
increased at the RNA and protein levels upon monocyte differentiation.
Phenotypically, STIM?2 knockdown drastically inhibited cell proliferation
and induced genomic stress with DNA double-strand breaks, as shown by
increased levels of phosphorylate histone H2AXy (p-H2AXY), followed by
activation of the cellular tumor antigen p53 pathway, decreased expression
of cell cycle regulators such as cyclin-dependent kinase 1 (CDK1)-cyclin
Bl and M-phase inducer phosphatase 3 (CDC25¢c), and a decreased apo-
ptosis threshold with a low antiapoptotic/proapoptotic protein ratio. Our
study reports STIM2 as a new actor regulating genomic stability and p53
response in terms of cell cycle and apoptosis of human normal and malig-
nant monocytic cells.
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STIM2 role in normal and leukemic monocytic cells

1. Introduction

Acute myeloid leukemia (AML) are hematological
neoplasms characterized by overproduction of oligo-
clonal progenitor cells, maturation arrest, and subse-
quent accumulation of blast cells at various stages of
incomplete differentiation in bone marrow [1]. AML
present in genetic, epigenetic, and subclonal heteroge-
neity, which leads to significant phenotypic variability
causing reduced therapeutic efficacy [2,3]. The progno-
sis of AML remains poor with a standardized net sur-
vival estimated at 50% at 1 year and 27% at 5 years;
this prognosis worsens with the age of the patients [4].
Novel targeted therapies are emerging, some being
now part of the standard of care of patients, but they
still have limits of effectiveness. It is therefore required
to better understand the mechanisms of leukemogene-
sis and identify new pathophysiological processes that
could be targeted in the future.

Calcium ions (Ca®") are second messengers in numer-
ous cell signaling pathways, contributing to physiologi-
cal responses such as proliferation, differentiation, and
apoptosis [5-8]. At steady state, the intracellular Ca>"
concentration in the cytosol is as low as 10 nm, but
increases due to an influx from the extracellular com-
partment through channels expressed at the plasma
membrane that respond to various stimuli such as depo-
larization, stretch, noxious stimuli, and extracellular
agonists [9]. Increased cytosolic Ca®" concentration can
also rise from intracellular stores, such as the endoplas-
mic reticulum (ER) and mitochondria [10]. One of the
most important triggers of Ca®" influx is the store-
operated calcium entry (SOCE), a ubiquitous pathway
controlled by the intracellular ER Ca®" store [11,12].
Indeed, its depletion activates 2 proteins located at the
ER membrane, STIM1 and STIM?2 [13,14], which form
oligomers and translocate to the plasma membrane.
This activates proteins such as ORAI to form a func-
tional channel that allows Ca®" entry from the extracel-
lular medium [15,16]. Many reports have highlighted the
role of Ca" actors in general and SOCE in particular in
solid tumors. As an example, a high ORAII expression
is observed in breast [17], ovary carcinoma [18], esopha-
gus [19], kidney [20], and many other malignant tumors
[21,22], while an increased ORAI3 expression is associ-
ated with a worsened prognosis in breast [23,24] and
prostate cancer [25].

Surprisingly, the abundant literature concerning
the involvement of Ca®>" modulators in carcinogenesis
contrasts with the lack of data in hematological malig-
nancies. However, Ca>" regulates normal hematopoiesis
at different levels. In hematopoietic stem cells (HSC), it
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controls the balance between quiescence and prolifera-
tion, and is involved in cell interaction within the bone
marrow niche [26]. At later stage, it is involved in cell
commitment and proliferation through activation of
Ca”'-related  signaling pathways such as the
calcium/calmodulin-dependent  (CaM)/CaM  kinase
kinase/CaM kinase axis, NFAT, phospholipase C and
protein kinase C [27]. At the progenitor level, IL3 or
GM-CSF as well as the P2 receptor, increase Ca>" con-
centration, and thereby control the proliferation/differ-
entiation balance depending on the amplitude of Ca®"
entry [27]. Considering the growing evidence on Ca*"
function in the control of normal hematopoiesis, it is
reasonable to think that its deregulation would be
involved in leukemogenesis. The Ca®"/CaM complex
regulates cell cycle progression and phosphorylation of
Rb protein in the leukemic cells HL60 [28]. Activation
of CAMKIIy inhibits their differentiation, which occurs
after exposure to KN62, a CAMKII inhibitor. A high
level of CAMKIIy phosphorylation in primary AML
blasts and AML cell lines favors cell proliferation at the
expense of differentiation [29]. Abnormal expression of
Ca’" channels has also been described in AML. TRPM2
is highly expressed in AML and its knockdown in U937
cells decreases proliferation and increases sensitivity to
doxorubicin [30]. Expression of ITPR2, which regulates
mobilization of Ca®" from its storage, is high in AML
and correlates with a worsened prognosis [31]. Focusing
on SOCE actors, ORAI2 expression is high in HL60
cells, and its knockdown decreases cell proliferation
[32]. In parallel, a recent report showed chemoresistance
for AML cells treated with cytarabine with elevated
ORAII expression that confirms the involvement of
SOCE in AML cell lines and primary AML blasts, con-
trolling both cell cycle and proliferation in KGla and
U937 cell lines [33].

In order to identify Ca®" actors that may be
involved in malignant myelopoiesis, we performed a
systematic analysis of overall survival (OS) according
to the expression of selected candidate proteins in
AML patients from the Cancer Genome Atlas
(TCGA) and genotype-tissue expression (GTEx) data-
bases and in a cohort of 407 AML patients included
in the ALFA 0702 protocol. We identified STIM2 as
heterogeneously expressed in AML, with a negative
prognostic value when highly expressed in terms of
OS. STIM2 is an ER-resident protein that regulates
Ca’" concentration via SOCE. It has been proposed to
be an important player in age-related pathologies, Alz-
heimer’s [34] and Huntington’s disease [35], autoim-
mune diseases, and cancers [36]. In addition, STIM2
has been shown to be significantly involved in mice
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[37], particularly in the nervous [38] and the immune
system in cooperation with STIMI1 [39]. Despite the
growing evidence of STIM2 function, very little is
known on its involvement in myeloid malignancies and
during normal hematopoiesis. Using shRNA-based
STIM2 knockdown in two myeloid leukemic cell lines,
THP1 and OCI-AML3, and in primary CD34" cells
driven into in vitro myeloid differentiation, we describe
here the role of STIM2 in proliferation, cell cycle con-
trol, and survival of monocytic cells.

2. Materials and methods

2.1. Cell lines culture and reagents

The human AML cell line OCI-AML3 (RRID:
CVCL_1844, AML FAB M4) was ordered from DMSZ
and cultured in alpha-MEM (Sigma-Aldrich, Burling-
ton, MA, USA) supplemented with 2 mm L-glutamine
(Eurobio, Les Ulis, France), containing 10% FBS
(PAN Biotech, Aidenbach, Germany), 100 U-mL™'
penicillin  (Eurobio) and 100 pg-mL™' streptomycin
(Eurobio). THPI1 cells (RRID: CVCL_0006, AML
FAB MS5) were ordered from ATCC (ATCC, Manas-
sas, VA, USA) and cultured in RPMI-1640 (Biosera,
Cholet, France) medium supplemented with 10% FBS,
100 U-mL~" penicillin, and 100 pg-mL~" streptomycin.
These cell lines were authenticated in the past 3 years
using flow cytometry according to the product sheet.
Absence of Mycoplasma was assessed every other week
using a Dbioluminescence-based assay (Mycoplasma
Detection Kit-QuickTest; Biotool, Houston, TX, USA).

For differentiation into monocyte-like cells, THP1
and OCI-AML3 cells were treated with 1 pm 1,25
(OH),D; (Calbiochem, Millipore, Burlington, MA,
USA) for 72 h. To suppress the function of p53 pro-
tein, o-pifithrin (PFT-a) (TargetMol, Wellesley Hills,
MA, USA) was used at 10 pMm in the medium.

2.2. In vitro culture of human CD34" progenitors

CD34" progenitor cells were sorted by magnetic
microbead separation on MACS columns (AutoMACS;
Miltenyi Biotec, Bergisch Gladbach, Germany) from cyta-
pheresis samples from healthy donors. In vitro monocytic
differentiation was driven in IMDM-based (Biochrom,
Merck-Millipore, Burlington, MA, USA) containing 15%
FBS (PAN Biotech), 100 U-mL™" penicillin (Eurobio),
100 pgmL~"  streptomycin  (Eurobio), recombinant
human interleukin-3 (rhIL-3 10 ng-mL~'; Miltenyi, Ber-
gisch Gladbach, Germany), macrophage colony-
stimulating factor (M-CSF 50 ngmL™'; Miltenyi),
thrombopoietin (TPO 20 ng-mL~'; Miltenyi), and human
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FMS-like tyrosine kinase 3 ligand (FLT3-L 50 ng-mL™";
Miltenyi) from Days 0 to 21. Monocytic differentiation
was monitored using flow cytometry every 2-3 days.

2.3. Clonogenic potential

Transduced CD34" cells were sorted according to the
GFP expression and then plated in triplicate at a den-
sity of 300 cells in 1 mL of semisolid MethoCult
H4435-enriched medium (Stem Cell Technologies,
Vancouver, BC, Canada) and incubated for 14 days at
37 °C in a humidified atmosphere with 5% CO,. The
granulocyte—macrophage colony-forming units (CFU-
GM) were identified in situ with an inverted micro-
scope (Nikon Eclipse TS100, Nikon, Tokyo, Japan).

2.4. Flow cytometry

Cells (5 x 10% were stained with panels of conjugated
antibodies in 200 pL of 1x phosphate-buffered saline
(PBS) listed in Table S1 4/,6-diamidino-2-phenylindole
(DAPI) staining was used to gate live cells. For cell
cycle analysis, 10° cells were centrifuged at 300 g for
5 min, and resuspended and incubated in 100 pL 4%
paraformaldehyde (Thermo Fisher Scientific, Waltham,
MA, USA) for 20 min at 4 °C. After one wash, cells
were resuspended in 100 pL 1x permwash (BD,
Franklin Lakes, NJ, USA) and Hoechst (1/10 000e)
(Thermo Fisher) for 1 h in the dark at room tempera-
ture. Cells were then washed in 1x PBS and resus-
pended in 200 uL 1x PBS. Acquisitions were
performed on MACSQuant flow cytometer, and data
analysis was performed using Flowjo (v10; TreeStar
Inc., San Carlos, CA, USA).

2.5. Lentiviral particle production and cell
transduction

Two shRNAs against ST/M?2 and one control scramble
shRNA cloned in pLKO.1-CMV-tGFP vector were
selected using the Mission shRNA tool and purchased
from Sigma-Aldrich (detailed sequences are provided in
Table S2). Human STIM2 c¢cDNA cloned in pLV[Exp]-
EGFP:T2A:Puro-EF1A lentiviral vector was purchased
from VectorBuilder (Chicago, IL, USA) (detailed
sequences are provided in Table S3). Viral production
was ensured in the HEK293T cell line (RRID:
CVCL_0063), after transfection using Lipofectamine
LTX with plus reagent (Thermo Fisher Scientific, Wal-
tham, MA, USA) in antibiotic-free high-glucose Dulbecco
Modified Eagle Medium (Dominique Dutscher, Bernol-
sheim, France). Lentiviral supernatant was harvested
from Days 2 to 4 and filtered through a 0.45 pum
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polyvinylidene fluoride membrane (Millex-HV 0.45 pum
33 mm; Merck-Millipore), before ultracentrifugation
100 000 g for 90 min at 4 °C (Optima Beckman-Coulter,
Brea, CA, USA). Infection was performed overnight with
8 mgmL~" polybrene (Sigma-Aldrich). In THPI and
OCI-AMLS3 cells, we used an MOI 10 to infect 5 x 10°,
both with ssSCRAMBLE and shSTIM2.

2.6. Small interferent RNA (siRNA)

Cells were transfected using Lipofectamine LTX and
Plus reagent (Thermo Fisher) in OptiMEM medium
(Dominique Dutsher) according to the manufacturer’s
protocol and the study by Carralot et al. [40]. Between
100 000 and 200 000 cells are transfected with two dif-
ferent siRNAs targeting STIM2 (Table S4) and a con-
trol siRNA (siCONTROL) (Eurogentec, Seraing,
Belgium).

2.7. Calcium signaling

Calcium imaging allows calcium concentration to be
determined in real time. It was performed on the THP1
cell line. Changes in intracellular calcium concentration
were measured using the fluorescent probe Fura-2
charged with an AM (acetoxymethylester) group,
enabling it to cross the cell plasma membrane. Upon
entry, the AM group is hydrolyzed by esterases, produc-
ing a fluorescent signal in the cell cytoplasm. Fura-2 is
excited simultaneously at two wavelengths (340 and
380 nm), with emission at 510 nm. The binding of cal-
cium to the probe results in a variation in fluorescence.
Thus, fluorescence measured at 340 nm increases,
whereas fluorescence at 380 nm decreases. 200 000 THP1
cells were transfected by lipofection for 24 h and 35 mm
coverslip were pretreated with poly-L-lysine (8 mg-mL™")
for 24 h. The transfected cells were then seeded on the
treated coverslip for the next 24 h in their culture
medium. Forty-eight hours after transfection, the Fura-
2AM probe was loaded at a final concentration of 3.3 pm
for 45 min. A camera captured variations in Fura-2 emis-
sion fluorescence. Throughout the experiment, a
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perfusion/aspiration system was used to control the extra-
cellular environment. For quantification of SOC entry,
THP1 cells were first perfused with an extracellular
medium containing 2 mMm calcium for 2 min. This
medium was then replaced by a calcium-free extracellular
medium and supplemented with 1 pm Thapsigargin for
11 min. The cells were then perfused again with an extra-
cellular medium containing 2 mMm calcium for 5 min.
Finally, cells were perfused in a calcium-free solution for
the last 5 min. To quantify SOC entry, we decided to use
the classical quantification: AF/F, expressed in percent-
age: ((peak of fluorescence — basal fluorescence)/(basal
fluorescence)) x 100.

2.8. Quantitative reverse transcriptase-
polymerase chain reaction (RT-qPCR)

RNA isolation was performed with a mini or micro-
RNA (Qiagen© kit; Qiagen, Hilden, Germany). RNA
quantity was determined with the NanodDrop ND-
100 Spectrophotometer (Thermo Fisher Scientific). For
each sample, 500 ng of RNA was used for reverse
transcription reaction (Reverse Transcription Kit;
Thermo Fisher). Gene expression was assessed by RT-
qPCR, using SYBR® Green on QuantStudio7 device
(Applied Biosystem, Waltham, MA, USA). The com-
parative Ct method was used for quantification of
gene expression, and relative expression levels were cal-
culated with a normalization to GAPDH or HPRT
expression. Primer sequences are listed in Table S5.

2.9. Western blot analysis

A minimum of 200 000 cells were washed in 1x PBS
and lysed on ice in RIPA buffer (Sigma-Aldrich), con-
taining protease and phosphatase inhibitors (Thermo
Fisher). Before centrifugation (25 min, 13 000 g at
4 °C), the lysates were gently sonicated and the protein
concentration was quantified using Bradford assay
(Interchim, San Diego, CA, USA). After transfer and
block in 5% of no-fat milk, membranes were incubated
overnight at 4 °C with the primary antibody solution

Fig. 1. STIM2 expression pattern and prognosis value in acute myeloid leukemia samples. (A, B) Survival heatmaps were generated using
GEPIA2 with the Cancer Genome Atlas data for Kaplan—-Meier curves for (A) overall survival and for (B) whisker boxplots of the relative
mMRNA expression of STIM2 datasets. Survival is expressed as hazard ratio (HR). (C, D) Analysis of STIM2 expression depending on French-
American—British (FAB) subtypes. The 50% of patients in the upper quartile (C) and the 50% of patients in the lower quartile (D). (E) STIM2
expression across European LeukemiaNet 2017 (ELN 2017) risk groups (n = 407), significant differences were assessed using the Mann-
Whitney U-test. (F) Lower odds of reaching complete remission of higher STIM2 expression expressed as a continuous variable (n = 407).
Vertical dashed line indicates an odds ratio of 1. Error bars represent 95% confidence intervals. Multivariable analyses were done with logis-
tic regressions. AML, acute myeloid leukemia; Clara, clofarabine—cytarabine; MO0, undifferentiated acute myeloblastic leukemia; M1, acute
myeloblastic leukemia with minimal maturation; M2, acute myeloblastic leukemia with maturation; M3, acute promyelocytic leukemia; M4,
acute myelomonocytic leukemia; M5, acute monocytic leukemia; M6, acute erythroid leukemia.
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1/1000 diluted (detailed antibodies in Table S6). Bound
primary antibodies were detected using anti-mouse
(Sigma-Aldrich) or anti-rabbit (Thermo Fisher) horse-
radish peroxidase-conjugated secondary antibodies after
a 1 hincubation at room temperature. Membranes were
then exposed to the chemoluminescent substrate
(Thermo Fisher), and the signal was detected using Che-
midoc Device (Bio-Rad, Hercules, CA, USA).

2.10. Nanostring nCounter assay

RNAs extracted from THP1 with or without STIM?2
knockdown were assessed using the Nanostring PanCan-
cer pathway panel according to the manufacturer’s proto-
col. The protocol was performed over 48 h and the
‘processing’ lasts approximately 6 h. Data are analyzed
on the NsoLVER™ Software v 4.0 (Nanostring Technolo-
gies, Seattle, WA, USA). The Plexset study was per-
formed on samples obtained from the ALFA 0702
protocol (n = 407) in collaboration with the genomics
platform and the pathology biology center with the agree-
ment of the ALFA group’s scientific advisory board.
ELN 2017 risk stratification [41] was done as published
[42]. Median follow-up was 4.1 years (95% Cl 3.9—
4.3 years). STIM2 expression and white blood cell
(WBC) count were analyzed as Logo-transformed con-
tinuous variables. STIM2 expression was dichotomized at
median expression value. Univariable analyses were per-
formed with Mann—Whitney or Kruskal-Wallis tests for
dichotomic and other categorical variables, respectively.
Multivariable analyses were done with logistic regres-
sions. Censored data were estimated according to the
Kaplan—Meier method [43]. Complete remission (CR) or
CR with incomplete platelet recovery (CRp) OS and
disease-free survival (DFS) were defined according to
ELN recommendations [41]. Univariable and multivari-
able analyses were done using log-rank tests and Cox pro-
portional hazard (PH) models, respectively [44]. In the
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latter, the PH assumption was estimated by graphical
inspection of Schoenfeld residuals. Cumulative incidence
of relapse (CIR) and No-relapse mortality (NRM) were
analyzed as competing risk with Fine & Grey models [45].
All multivariable analyses accounted for the ALFA0702
randomization arm (clofarabine—cytarabine [CLARA]
versus cytarabine alone). All analyses were conducted in
R 4.2.3 (RStudio, Boston, MA, USA).

2.11. Gene expression analysis database

The analysis of gene expression of the main gene of
this study STIM2 was performed using the GEPIA2
site and tool (http://gepia2.cancer-pku.cn/#index) [46].
This site allows a study of the expression of the gene
of interest by compiling the data of the LAML cohort
from the TCGA and GTEx. The use of this tool
allows to study the expression profile of tumor versus
nontumor samples and compare them.

2.12. Statistical analysis

For quantitative variables, we used Student’s z-test or
one-way analysis of variance and Tukey’s post hoc anal-
ysis for multiparametric analysis. All numeric values are
presented as the mean values + standard error of the
mean (SEM). All statistical tests were two-tailed and
the significance level was set to 0.05. Statistical analysis
was performed with GRAPHPAD PRISM 8 software (Graph-
Pad Prism Software Inc., San Diego, CA, USA).

3. Results
3.1. STIM2 expression pattern and prognosis
value in AML samples

To identify Ca*" actors with prognosis value in AML,
we performed a comparative analysis of OS according

Fig. 2. STIM2 knockdown alters store-operated calcium entry (SOCE) and decreases cell proliferation in THP1 and OCI-AML3. All data were
obtained (western blot, calcium imaging, isoform, RT-gPCR, and cell count) at 48 h postinfection for siRNA and 72 h for shRNA. (A) In THP1
protein expression of STIM2 cells (si#1: 0.407 + 0.219; si#2: 0.410 £+ 0.123) as determined by western blot relative to GAPDH (n = 3). (B,
C) The STIM2.2/STIM2.1 ratio was performed by quantitative PCR in THP1 (si#1: 4.54 + 3.259; si#2: 6.120 + 0.9966) (B) (n = 4) and in
OCI-AML3 (sh#1: 6.98 + 3.84; sh#2: 5.60 + 2.65) (C) (n=5). (D) Representative trace of SOCE measured with the ratio F340/F380 in
THP1 cells after STIM2 silencing (n = 4) (siCONTROL n = 57; si#1 n=72; si#2 n=90). Cells were exposed to 1 pum Thapsigargin in the
absence of Ca?* which depletes the intracellular calcium (Ca®"). Extracellular Ca%* concentration was then brought to 2 mm to induce SOCE.
(E-G) Quantification of SOCE (siCONTROL: 53.63 + 49.61; si#1: 93.33 £ 51.78; si#2: 134.2 + 53.02) (n = 6) (siCONTROL n = 87, si#1
n=175; si#2 n = 112) (E), Thapsgiargin (TG)-response (siCONTROL: 744 + 142; si#1: 816 + 229; si#2: 740 + 257) (n = 4) (F) and basal cal-
cium (siCONTROL: 0.808 £ 0.108; si#1: 0.890 + 0.169; si#2: 0.811 + 0.123) (n = 4) (G). (H) STIM2 protein expression in THP-1 cells (sh#1:
0.08 + 0.02; sh#2: 0.03 £ 0.01) was determined by western blot relative to GAPDH (n = 3). (I) STIM2 protein expression in OCI-AML3 cells
(sh#1: 0.220 + 0.0693; sh#2: 0.130 + 0.03) was determined by western blot relative to GAPDH (n = 3). (J, K) In THP1 cells, proliferation
was assessed by trypan blue cell count and then reported to the numbers (Nb) of GFP cells at each cytometry point (Days 1 -3 -5 (D1 -3
—5)) (n=3) (J) and in OCI-AML3 (n = 3) (K). All numeric values are presented as the mean values + standard error of the mean. P-values
are calculated using one-way ANOVA, ***P < (0.001; **P < 0.01; *P < 0.05; NS, not significant.
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to the expression of several candidates in AML patients
from the TCGA and GTEx databases, using GEPIA?2 site
and tool. Among them, we selected STIM2 for further
studies, since its expression, although heterogeneous in
AML, was statistically correlated with a worsened OS
(Fig. 1A,B). We performed a second analysis on TCGA
database that included 200 AML patients for whom FAB
classification was available. We observed that AML with
the highest STIM2 expression presented frequent mono-
cytic or myelomonocytic differentiation (Fig. 1C), whereas
this pattern of differentiation was absent in AML with the
lowest STIM?2 expression (Fig. 1D). We then investigated
STIM?2 expression using the nCounter® PlexSet™ technol-
ogy in a cohort of 407 patients included in the ALFA
0702 protocol with evaluable ELN17 risk [47]. As a con-
tinuous variable, STIM2 expression differed across ELN
2017 risk groups (Kruskal, P = 0.0007). Specifically, com-
pared with Fav risk AML, both intermediate (Mann—
Whitney, P = 0.00057) and adv (P = 0.0029) AMLs had
higher STIM2 expression (Fig. 1E). In univariable analy-
sis, there was a nonsignificant trend for lower STIM2
expression in patients achieving CR/CRp (n = 346) com-
pared with those failing (Fig. S1A). In a multivariable
logistic regression, the lower odds of reaching CR of
higher STIM?2 expression were significant both as a con-
tinuous variable (OR = 0.24, 95% CI 0.08-0.69, P = 0.01
for a 10-fold increase in expression) (Fig. 1F) or as a
dichotomic variable (OR = 0.50, 95% CI 0.25-0.97,
P =0.04) (Fig. SI1B) independent of ELN risk, WBC
count and ALFAO0702 randomization arm. Though
STIM?2 expression either as a continuous or dichotomic
variable, had no impact on relapse incidence or nonrelapse
death after CR (data not shown), there was a nonsignifi-
cant trend for shorter OS in patients with higher STIM2
expression as a continuous variable (HR = 1.59, 95% CI
0.93-2.73, P=0.09) when accounting for ELN risk,
WBC count and randomization arm (data not shown).

3.2. STIM2 knockdown alters SOCE and
decreases cell proliferation in THP1 and OCI-
AML3 cells

We assessed STIM2 expression in two models of leu-
kemic cell lines, THP1 and OCI-AML3, that can be
driven in vitro toward monocytic differentiation by
vitamin D (Fig. S2). In both cell lines, STIM2 expres-
sion increased significantly at the RNA and protein
levels after vitamin D exposure (Fig. S3). Moreover,
STIM2 overexpression increased the expression of
CD14 in THP1 cells treated with a small concentration
of vitamin D (Fig. S4). In order to study the role of
STIM2 in malignant myeloid cells, we used a knock-
down (KD) strategy based on siRNA, directed against

S. Djordjevic et al.

2 different STIM2 sequences. siRNA was transduced
using lipofection. Knockdown efficiency, assessed at
protein level by western blot, was more than 60%
(Fig. 2A). Using RT-qPCR, we quantified the expres-
sion of the two STIM2 isoforms, STIM2.2 and
STIM2.1, differing only by Exon 9. Although none of
the targeted sequences was in that exon, we observed
an increased STIM2.2/STIM2.1 ratio after siRNA
transfection, showing that the efficacy on KD was pre-
dominant on STIM2.1, known to regulate negatively
SOCE (Fig. 2B,C). In agreement with that, we per-
formed Fura2 Ca”' imaging assays in THP1 cells after
siRNNA transfection and observed on a large number
of independent measurements, a trend toward
increased SOC entry, peak, and plateau in comparison
with the control, while the basal Ca’" level and the
response to Thapsigargin (that induces a Ca’" release
from ER storage) were similar (Fig. 2D-G). We then
evaluated the effects of STIM2 KD on THPI and
OCI-AML3 proliferation. Additionally, we used two
shRNAi with a KD efficacy more than 90% at the
protein level (Fig. 2H,I). In both cell lines, STIM2 KD
drastically decreased the GFP" cell number in compar-
ison with cells transduced with the control vector
(shSCRAMBLE) (Fig. 2J,K).

3.3. Transcriptomic deregulation in after
STIM2KD in THP1 cells

To decipher pathophysiological pathways involved in
this decreased proliferation, we performed a transcrip-
tomic study using the nCounter® PanCancer Pathways
Panel after STIM2 KD in THPI1 cells. Out of the 395
genes from 770 target signals in this panel, 235 genes
were differentially expressed with adj. P-value < 0.1,
including 197 genes with a significantly decreased
expression (adj. P-value < 0.05) in STIM2 KD condi-
tion. As shown in Fig. 3A,B, heatmap and volcano
plots identified a distinctive gene expression signature
after STIM2 KD. This signature was characterized by
an upregulation of genes associated with apoptosis,
cell cycle and chromatin modification and downregula-
tion of expression of genes associated with DNA dam-
age repair, and several crucial cell pathways such as
hedgehog, JAK-STAT, MAPK, notch, PI3K, ras,
TGF-B, and wnt (see Fig. 3C and Table S7 for the list
of differentially expressed genes).

3.4. STIM2 KD induced apoptosis in THP1 and
OCI-AMLS3 cells

Considering the decreased cell proliferation together
with the transcriptomic results obtained after STIM2
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KD, we then assessed the consequences of this KD on
cell viability and apoptosis in THP1 and OCI-AML3
cells. In both cell lines, we observed a drastic increase
at Day 5 (D5) of the Annexin V+/DAPI- and
Annexin V/DAPI+ fractions in cells transduced with
shSTIM?2 lentiviruses (Fig. 4A,B). In THP1, STIM2
KD induced a drastic imbalance in the ratio between
antiapoptotic and  proapoptotic  proteins  with
decreased expression of MCL-1, BCL2, and Bcl-XL
(Fig. 4C) whereas the expression of BAX and BAD
were significantly increased in comparison with
shSCRAMBLE (Fig. 4D). This was associated
with cleavage of caspase-9, caspase-3, and PARP,
whereas caspase-8 was not cleaved, arguing for
STIM2-induced activation of the mitochondrial intrin-
sic pathway of apoptosis (Fig. 4E,F). The same results
were obtained in OCI-AMLS3 cells (Fig. S95).

3.5. Blockage of cell cycle induced by STIM2 KD
in THP1 and OCI-AML3 cells

Transcriptomic data on THPI1 cells revealed that
STIM2 KD strongly downregulated cell cycle-
associated genes (Fig. 3A,B). Assessing cell cycle pro-
gression by flow cytometry, we observed that STIM?2
KD induced a significant accumulation of TPHI cells
in G2/M phase (Fig. 5A,B). By western blot, we
observed a decrease in the expression of the Cyclin
B1/CDKI1 complex (Fig. 5C,D). This complex is regu-
lated by the CDC25¢c phosphatase, which activates cell
cycle regulatory kinases (CDKs) and thus controls the
initiation of mitosis and proliferation [48]. Nanostring
data identified the cell cycle as one of the most deregu-
lated pathways in THP1 cells after STIM2 KD
(Fig. 3B). Using western blot, we confirmed that
CDC25¢ level decreased after STIM2 KD (Fig. 5E,F).

S. Djordjevic et al.

Taken together, these data show that the decreased cell
number observed in THP1 and OCI-AMLS3 cells after
STIM2 KD was related both to the activation of mito-
chondrial apoptosis and to an impairment of the
G2/M transition associated with a low level of
CDC25¢ and decreased expression of the Cyclin
B1/CDKI1 complex.

3.6. Apoptosis and cell cycle blockage are
related to DNA double-strand breaks and p53
induction

P53 is associated with apoptosis and cell cycle block-
age by multiple pathways, including CDC25¢ regula-
tion [49]. We then investigated whether the phenotype
observed in THPI1 cells after STIM2 KD was p53-
dependent. By western blot, we observed a strong
induction of p53 at the protein level in shSTIM2-
transduced cells in comparison with controls together
with increased expression of one of its transcriptional
targets p21 (Fig. 6A.B). We exposed THPI cells to
Pifithrin-o0 (PFT-a1), a transcriptional negative regula-
tor of p53. PFT-a, as expected, decreased p53 protein
level and could partially revert the cell phenotype
observed after STIM2 KD. Indeed, (a) it decreased the
apoptotic rate (Fig. 6C), (b) it decreased the blockage
in the G2/M phase of the cell cycle (Fig. 6D) and (c) it
allowed the recovery of CDC25C expression (Fig. 6E).
We assessed whether p53 induction was related to gen-
otoxic stress. We quantified the double-stranded DNA
breakages (DSB) by western blotusing a p-H2AXy
antibody. We observed a significant increase in the
expression of p-H2AXy in THP1 and OCI-AML3 cells
after STIM2 KD (Fig. 6F,G). We then performed the
same experiments in HL60, a myeloid cell line carrying
a bi-allelic deletion of p53, STIM2 KD-induced DSB,

Fig. 4. STIM2 knockdown induced apoptosis in THP1 and OCI-AML3 cells. (A, B) Cell viability study was assessed in flow cytometry by

annexin V/DAPI labeling and compared with shSCRAMBLE cells (Day 1—shSCRAMBLE: 4.14 4+ 0.420; sh#1:

10.9 + 10.5; sh#2:

13.3 £ 2.16) (Day 3—shSCRAMBLE: 5.43 + 0.48; sh#1: 46.1 £ 18.6; sh#2: 25.5 + 18.5) (Day 5—shSCRAMBLE: 9.68 + 0.365; sh#1:
65.4 + 16.1; sh#2: 67.6 &+ 10.4) in THP1 (n=3) (A) and in OCI-AML3 (Day 1—shSCRAMBLE: 5.09 + 0.175; sh#1: 4.49 + 0.924; sh#2:
2.72 + 0.655) (Day 3—shSCRAMBLE: 3.27 + 0.667; sh#1: 26.7 + 7.47; sh#2: 2.3 + 0.524) (Day 5—shSCRAMBLE: 5.13 + 0.242; sh#1:

87.2 + 1.15; sh#2: 22.3 + 2.52) (n=3) (B). (C) In THP1 cell line, quantification of antiapoptotic proteins was performed by western blot
(Bcl-2—sh#1:  0.553 + 0.0208; sh#2: 0.330 &+ 0.0361) (Bcl-XL—sh#1: 0.497 + 0.0971; sh#2: 0.403 £+ 0.150) (MCL-1—sh#1:
0.642 + 0.0351; sh#2: 0.590 + 0.123) relative to GAPDH and compared with shSCRAMBLE (n = 3). (D) Quantification of proapoptotic pro-
teins was performed by western blot (BAX—sh#1: 2.43 4+ 0.252; sh#2: 2.6 + 0.5) (BAD—sh#1: 2.63 + 1.01; sh#2: 3.03 4+ 0.718) relative to
GAPDH and compared with shSCRAMBLE (n = 3). (E) Membrane and mitochondrial proteins were quantified by western blot (caspase-8—
sh#1: 1.42 + 0.393; sh#2: 1.52 + 0.407) (caspase-9—sh#1: 0.103 £ 0.0351; sh#2: 0.0633 + 0.0208) (cleaved (Cl) caspase-9—sh#1:
2.11 + 0.431; sh#2: 2.07 4 0.347) relative to GAPDH and compared with shSCRAMBLE (n = 3). (F) Apoptosis effector proteins were quan-
tified by western blot (caspase-3—sh#1: 0.553 + 0.185; sh#2: 0.457 + 0.0874) (cleaved caspase-3—sh#1: 2.71 + 0.499; sh#2:
1.57 £ 0.248) (PARP—sh#1: 0.717 £ 0.136; sh#2: 0.593 + 0.204) (cleaved PARP—sh#1: 2.16 + 0.320; sh#2: 1.84 £+ 0.140) relative to
GAPDH and compared with shSCRAMBLE (n = 3). All numeric values are presented as the mean values + standard error of the mean. P-
values are calculated using one-way ANOVA, ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 5. Blockage of cell cycle induced by STIM2 knockdown in THP1 and OCI-AML3 cells. In THP1, the cell cycle was studied by flow cyto-
metry (FCM) and western blot. (A, B) The FCM revealed an increase in the number of cells blocked in G2/M phase (shSCRAMBLE—
19.77 4+ 4.398; sh#1: 35.33 + 6.047; sh#2: 32.80 + 5.274) (n=3). (C, D) In THP1, quantification of the key proteins of G2/M transition
were performed by western blot (CDK1—sh#1: 0.507 + 0.0231; sh#2: 0.617 + 0.0493) (cyclin B1—sh#1: 0.467 4+ 0.0611; sh#2:
0.460 £ 0.0721) relative to GAPDH (n = 3) (C) and in OCI-AML3 (CDK1—sh#1: 0.527 &+ 0.0451; sh#2: 0.393 + 0.0643) (cyclin B1—sh#1:
0.370 + 0.145; sh#2: 0.400 + 0.0265) (n = 3) (D). (E, F) CDC25c was quantified by western blot in THP1 (CDC25¢c—sh#1: 0.350 + 0.201;
sh#2: 0.353 £ 0.216) (n = 3) (E) and in OCI-AML3 (CDC25c—sh#1: 0.400 & 0.0854; sh#2: 0.450 4 0.0800) relative to GAPDH (n = 3) (F).
All numeric values are presented as the mean values + standard error of the mean. P-values are calculated using one-way ANOVA,

#4P < 0.001; **P < 0.01; *P < 0.05.

but neither altered cell proliferation nor increased the
apoptosis (Fig. S6). The same results were observed in
K562 cells, in which p53 is also deleted (data not
shown) and in THP-1 treated with PFT-a (Fig. 6H).
Taken together, these data confirmed that the cell
cycle blockage and apoptosis induced by a decreased
level of STIM2 were related to p53 induction.

3.7. STIM2 involvement in normal monocytic
differentiation

To determine whether the role of STIM2 was
restricted to malignant cells, we assessed whether these
data obtained in leukemic cell lines were still relevant
during normal myelopoiesis. We first quantified
STIM?2 expression at the RNA level during in vitro
monocyte differentiation of sorted-CD34" cells
obtained from apheresis from healthy donors
(Fig. 7A). STIM2 mRNA increased from D14 to D21,
in parallel with the appearance of monocytic markers
at the cell surface (Fig. 7B). Moreover, transfection
with a stable lentiviral STIM2 overexpression acceler-
ated monocytic differentiation, as shown by an
increased percentage of CDI14" cells (Fig. 7C).
Lentiviral-mediated STIM2 KD in CD34" cells
(Fig. S7) drastically reduced the CFU-GM clonogenic
potential in methylcellulose culture (Fig. 8A). More-
over, we observed the same phenotype induced by
STIM2KD in the primary cells as in the malignant cell
lines THP1 and OCI-AML3. Indeed, we observed (a)
decreased primary cell proliferation (Fig. 8B), (b)
induction of p53 (Fig. 8C), (c¢) decreased cdc25¢
expression (Fig. 8D), increased p-H2AXy (Fig. 8E),
and subsequent blockage in G2/M (Fig. 8F).

4. Discussion

Analysis of the TCGA and GTEx databases using the
GEPIA2 tool revealed differential OS depending on
the level of STIM2 expression. Indeed, patients who
express the most STIM2 have reduced survival and a
predominantly monoblastic and monocytic cytological
subtype. This high STIM2 expression as a negative

marker was also observed in glioblastoma [50], but this
contrasts with data obtained in other tumor types,
such as colorectal cancers where high STIM2 expres-
sion led to suppression of growth [51] and cholangio-
carcinoma where low of STIM2 expression was
associated with a poor prognosis [52]. These discrepant
effects of STIM2 depending on the cancer type reflect
its heterogeneous pattern of expression and function in
different cell systems. In this study, using a shRNA-
mediated knockdown approach, we show that STIM?2
is involved in genome integrity, cell cycle, and apopto-
sis control of primary cells and leukemic monocytic
cell lines. Intracellular Ca®" is known to play a key
role in the regulation of proliferation and the cell cycle
in both normal and malignant cells [53]. SOCEs have
been widely described as being linked to increased pro-
liferation [54]. Studies have mainly focused on STIMI,
ORAII, and TRPCI1, showing that a reduction in
SOCE influx was correlated with a parallel decrease in
cell proliferation [55-57]. A few studies on STIM2
have been carried out, with conflicting results on
SOCE measurement and cell responses. In HUVECs
and pulmonary artery smooth muscle cells, a decreased
STIM2 expression led to a loss of proliferative capac-
ity [58,59]. We observed here a similar effect in both
primary hematopoietic cells and leukemic cells. First,
STIM2 KD induced apoptosis by the mitochondrial
intrinsic pathway, with an increased ratio between
proapoptotic and antiapoptotic proteins. Second, it let
to dysregulation of the cell cycle, characterized by
G2/M-phase arrest, with a decrease in cell cycle regula-
tors controlling the G2/M transition. Indeed, in order
to enter into mitosis from G2, cells must activate
CDKI1, which binds to cyclin B [60]. This activation
depends on the phosphatase CDC25¢c, which removes
a phosphate group from CDKI1 [61]. The expression of
CDK1, cyclin Bl, and CDC25¢ were all drastically
decreased following STIM2 KD.

We show here that both cell cycle blockage and the
apoptotic response to STIM2 KD occurred through
genomic stress (assessed by quantification of DSB) and
p53 activation. The link between DNA breakage,
H2AXy phosphorylation, and blockage in G2/M has
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Fig. 6. Apoptosis and cell blockage induced by STIM2 KD are related to DNA double-strand breaks and p53 induction. (A, B) Expression of
p53 and p21 in THP1 leukemic line with STIM2 KD was performed by western blot (p53—sh#1: 2.35 + 0.560; sh#2: 2.756 + 0.542) (p21—
sh#1: 1.64 + 0.214; sh#2: 2.12 + 0.639) (n=3) (A) and in OCIA-AML3 (p53—sh#1: 2.69 + 0.745; sh#2: 2.79 + 0.735) (p21—sh#1:
3.52 + 0.671; sh#2: 3.27 4+ 0.439) relative to GAPDH (n = 3) (B), P-values are calculated using one-way ANOVA. (C) Cell viability was per-
formed by Annexin/DAPI (Ann/DAPI) labeling in THP1 cells after STIM2 knockdown (KD), treated or not with pifithrin alpha (PFT-o)
(shSCRAMBLE —PFT-o: 91.43 4+ 1.582 — shSCRAMBLE +PFT-o: 89.8 + 1.9; sh#1 —PFT-a: 47.27 + 8.223 — sh#1 +PFT-o 65.67 + 4.839;
sh#2 —PFT-o: 42.17 &+ 6.772 — sh#2 +PFT-a: 67.57 + 9.097) (n = 3), P-values are calculated using two-way ANOVA. (D) Cell cycle analysis
in THP1 cells after STIM2 KD, treated or not with PFT-a was performed by flow cytometry (FCM) and compared with cells transduced with
shSCRAMBLE (shSCRAMBLE —PFT-o: 16.8 4= 3.64 — shSCRAMBLE +PFT-o: 19.8 4 1.69; sh#1 —PFT-o: 47.2 & 5.15 — sh#1 +PFT-a:
34.7 £ 2.89; sh#2 —PFT-o: 47.1 + 2.95 — sh#2 +PFT-a: 35.6 + 3.69) (n = 5); P-values are calculated using two-way ANOVA. (E) Quantifica-
tion of p53 and CDC25c at protein level was performed by western blot in THP1 cells after STIM2 KD treated or not with PFT-o (p53—sh#1
—PFT-or: 2.84 £ 0.9958 — sh#1 +PFT-o: 1.237 4 0.05508; sh#2 —PFT-o: 2.737 £ 1.051 — sh#2 +PFT-oz 1.297 £ 0.2196) (CDC25c—sh#1
—PFT-o: 0.5033 + 0.08083 — sh#1 +PFT-a: 1.013 + 0.1692; sh#2 -PFT-a: 0.4833 + 0.1850 — sh#2 +PFT-a: 0.9533 + 0.1069) (n=3), P-
values are calculated using two-way ANOVA. (F, G) p-H2AXy quantification was performed in THP1 by western blot (sh#1: 5.63 + 1.38;
sh#2: 3.45 + 0.546) (n = 3) (F) and in OCI-AMLS3 (sh#1: 2.8 & 0.725; sh#2: 3.08 + 1.04) relative to GAPDH (n = 3) (G), P-values are calcu-
lated using one-way ANOVA. (H) In THP-1 cell line treated or not with PFT-a, p-H2AXy quantification was performed by western blot (sh#1
—PFT-ot: 4.13 £ 0.176 — sh#1 +PFT-o: 3.8 + 1.55; sh#2 —PFT-o: 4.14 &+ 1.14 — sh#2 +PFT-o: 3.6 + 1.31) relative to GAPDH (n = 3), P-
values are calculated using two-way ANOVA. All numeric values are presented as the mean values + standard error of the mean.

**4P < 0.001; **P < 0.01; *P < 0.05.

been reported in other cell types, after low-dose irradi-
ation or exposure to toxins such as Benzo (a) pyrene
[62]. p-H2AXy allows recruitment at DNA double-
strand breakpoints of proteins involved in DNA
repair, activates directly the p53 pathway [63], which
induces p21 [63], inhibits the CDK1-cyclin Bl complex
[48.,49], and represses CDC25¢ phosphatase [49], lead-
ing to cell blockage in G2/M to prevent defective mito-
sis. Of note, p53 is mutated in THP1 cells but is still
expressed and functional, in agreement with other
reports [64—66]. The central role of p53 in response to
DNA stress mediated by STIM2 KD is highlighted by
(a) the reversal of apoptosis and cell cycle blockage
after cell exposure to the p53 inhibitor PFT-a and (b)
the absence of a phenotype in two cell lines defective
for p53, HL60, and K562. Of note, it could be claimed
that p-H2AXy is a consequence and not a cause of
p53 stabilization and of the subsequent activation
of the apoptotic cascade since DNA ladder formation
during apoptosis requires JNK-dependent
phosphorylation of H2AXy in cooperation with the
caspase-3/CAD pathway [67]. However, in leukemic
and normal hematopoietic cells, PFT-a reversed cell
cycle blockage and apoptosis but not p-H2AXYy induc-
tion, showing that genomic stress occurred upstream
of p53 induction in STIM2 KD conditions. The cell
response to p53 induction is either a reversible cell
cycle blockage or apoptosis, depending on the balance
between pro- and antiapoptotic proteins that deter-
mines a ‘threshold’ beyond which cells will die [68—70].
In OCI-AML3 and THP1 cells after STIM2 KD, this
threshold is low as a consequence of decreased expres-
sion of MCL-1, a p53 target, as well as BCL2 and Bcl-

XL, and increased expression of BAX and BAD. One
can assume that this low ‘trigger’ drives the massive
apoptosis that we observed in response to the cell cycle
blockage induced by p53 activation. Notably, the
simultaneous decrease in BCL2 and MCL-1 Ilevels
induced by STIM2 KD is particularly interesting and
relevant in therapeutics considering that high expres-
sion of MCL-1 is involved in the resistance of AML
cells to targeted therapy, such as BCL2 Inhibitors [71].

To build a functional link between STIM2, Ca®*
response, and DNA stress, we measured Ca®" entry
through SOCE after Thapsigargin exposure. One could
assume that STIM2 KD would decrease the intracellu-
lar Ca" level in response to ER depletion. In contrast
to another report [72], we observed increased Ca®"
entry in response to Thapsigargin after STIM2 KD.
We first ruled out any compensatory mechanism by
increased STIM1 expression since its level was stable
after STIM2 KD (not shown). However, since STIM1
and STIM?2 interact and since STIM1 activates ORAI
more efficiently, we cannot rule out that STIM2 KD
promotes the formation of STIM1 homomeric com-
plexes capable of recruiting and stimulating SOC entry
more efficiently [73]. Moreover, the effect of STIM?2
modulation on SOCE is conflicting in the literature
[13,74,75]. This may be due to the coexistence of dif-
ferent STIM?2 isoforms, STIM2.1 and STIM2.2, which
differ in their expression pattern and function on
SOCE. Indeed, the largely expressed STIM2.2 isoform
enhances SOCE whereas STIM2.1, which contains a
new sequence within the CAD domain [76,77],
represses SOCE through abrogation of its interaction
with ORAI. Despite the fact that all the sSaIRNAs that
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Fig. 7. STIM2 expression during normal monocytic differentiation. /n vitro monocyte primary cell differentiation from healthy donors. After
magnetic sorting, CD34" cells were cultured for 21 days in medium containing sequential cytokines. (A) Flow cytometry (FCM) dot plots
assessing monocyte differentiation at early Day 1 (D1) and late Day 21 (D21) of CD64/CD14 and CD16/CD14. Dot plots are shown from 1
representative experiment (n = 3). (B) STIM2 mRNA expression determined by RT-gPCR relative to HPRT expression, during monocyte dif-
ferentiation. Statistical analysis was performed compared with D1. No significant change was seen on Days 4, 7, 9, 11, and 16 (n = 3), P-
values are calculated using one-way ANOVA. (C) Study of monocyte differentiation in hematopoietic stem cells (HSCs) transfected with a
lentiviral STIM2 cDNA expression vector. Differentiation was studied using FCM with specific markers (CD64-CD14-CD16) compared with
control cells (RCONTROL) (CD64: hCONTROL: 58.4 + 10.5; hSTIM2: 74.6 + 10.2 — CD14: hCONTROL: 68.2 & 1.6; hSTIM2: 87.4 + 2.46 —
CD64: hCONTROL: 43.2 + 5.02; hSTIM2: 54 + 14.5) (n = 3), P-values are calculated using one-way ANOVA. All numeric values are pre-
sented as the mean values + standard error of the mean. ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 8. STIM2 knockdown during normal monocytic differentiation. STIM2 knockdown in primary cells induced monocyte differentiation. (A)
Clonogenicity by methylcellulose was carried out over 14 days in 6-well plates in triplicate. Colony-forming unit granulo-macrophagic (CFU-
GM) colonies were counted under an inverted microscope (sShSCRAMBLE: 62.9 + 29.3; sh#1: 7.87 4+ 4.23; sh#2: 6.99 + 3.06) (D) (n = 3),
P-values are calculated using one-way ANOVA. (B) Cell viability was studied in FCM by annexin V/DAPI (Ann/DAPI) labeling (shSCRAMBLE:
83.6 & 6.02; sh#1: 63.7 £ 10.2; sh#2: 62.5 + 10.1) (n = 3), P-values are calculated using two-way ANOVA. (C) Quantification of p53 in pri-
mary monocytic cells after STIM2 knockdown (KD), assessed by western blot (sh#1: 3.13 + 1.065; sh#2: 2.907 + 0.8451) relative to HPRT
(n=3), P-values are calculated using one-way ANOVA. (D) Quantification of CDC25c, a key regulator of G2/M transition, in primary mono-
cytic cells after STIM2 KD, as assessed by western blot (sh#1: 0.5167 + 0.1380; sh#2: 0.4333 + 0.08737) (n = 3), P-values are calculated
using one-way ANOVA. (E) Quantification of p-H2AXy by western blot in primary monocytic cells after STIM KD (sh#1: 2.72 + 0.506; sh#2:
3.21 + 1.07) relative to HPRT (n = 3), P-values are calculated using one-way ANOVA. (F) Cell cycle analysis in primary monocytic cells after
STIM2 KD assessed by FCM, showing an increase in cells at G2/M phase (shSCRAMBLE: 19.77 4+ 4.398; sh#1: 35.33 + 6.047; sh#2:
32.80 + 5.274) (n = 3), P-values are calculated using two-way ANOVA. All numeric values are presented as the mean values + standard
error of the mean. ***P < 0.001; **P < 0.01; *P < 0.05.

we used targeted sequences outside the 8 residues spe- Ca®" chelator, was able to decrease STIM2 KD-
cific to STIM2.1, the 2.2/2.1 STIM2 ratio was mediated apoptosis in THP1 cells (Fig. S8), arguing
increased after shSTIM2 transduction, explaining the for a link between STIM2 KD, deregulated Ca*" sig-
positive effect on SOCE. BAPTA, an intracellular naling and cell death. Furthermore, the AUC results
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for Thapsigargin response showed that transfections
do not induce a reticular calcium stress and therefore
cannot explain any apoptotic effects. Of note, the level
of SOCE observed in the siCONTROL condition was
low. This was not due, in contrast with other cell types
harboring a weak SOC entry, to a low expression of
ORAI channels. Our hypothesis is that, under basal
conditions, SOCE activity in THP1 is tightly regulated,
allowing cells to proliferate and survive. Removing this
control by increasing the STIM2.2/STIM2.1 ratio
increases drastically the cytosolic Ca”" level, mediates
the DNA stress, and subsequently apoptosis and cell
cycle blockage. However, the exact nature of the func-
tional link between the altered SOCE response in
monocytic cells and DNA stress is lacking.

In addition to these effects on the cell cycle and
apoptosis, we pointed out a potential role of STIM?2
in monocytic differentiation, as already described in
naive CD8" T-cell maturation into cytotoxic terminal
effector cells [78,79]. STIM proteins are expressed in
monocyte/macrophage function, as shown by KO
mouse models. Sogkas et al. found that STIM1 was
involved in phagocytosis, whereas STIM2 was involved
in cell migration and apoptosis, particularly in the pro-
duction of pro-inflammatory cytokines [80], although
these results were not confirmed by other teams [81].
In our study, we observed trends toward monocytic
differentiation in AML expressing higher STIM2 levels
and increased STIM2 expression during in vitro mono-
cytic differentiation of CD34" and leukemic cell lines.
Moreover, STIM2 KD impaired CDI4 expression
whereas  STIM2  overexpression increased  its
expression in THPI1 cells exposed to low level of vita-
min D. Once again, the functional link between SOCE
deregulation after STIM2 KD and monocytic differen-
tiation is lacking. However, such mechanism remains
plausible considering the data in the literature [82,83].
For example, differentiation of the myelomonocytic
cell line U937 toward macrophage by dibutyryl-cAMP
was associated with upregulation of Calcium release-
activated  calcium  channel (CRAC) activity.
Thapsigargin-induced Ca”" release from ER calcium
was higher in differentiated U937 than their undiffer-
entiated counterpart [82]. Macrophages and monocytes
express ORAI 1, 2, and 3 as shown in transcriptomic
studies, and CRAC is involved during macrophage
activation and ROS production. ORAIl may be the
most abundant, while ORAI3 may induce negative
feedback in order to prevent cells from oxidative dam-
ages. In THPI cells, exposure to oxidized LDL
increased ORAI-dependent Ca®" intake, whereas Ca®"
chelation or ORAII inhibition decreased cell forma-
tion. Chemical inhibition of ORAII in apoE—/— mice

S. Djordjevic et al.

drastically decreased atherosclerosis formation induced
by a high-cholesterol diet [84]. Taken together, these
data, including ours, suggest a particular role of SOCE
and Ca”' signaling in monocytic/macrophage differen-
tiation and function.

5. Conclusion

In conclusion, we describe here STIM2, the ‘forgotten’
member of SOCE, as a new actor in the proliferation,
survival, and differentiation of human normal and
malignant monocytic cells. Considering (a) the associa-
tion of high STIM2 expression with an adverse prog-
nosis in AML and (b) the association of STIM2 with
AML harboring monocytic/myelomonocytic differenti-
ation, STIM2 may represent an interesting protein to
target in these types of leukemia in the future.

Acknowledgements

The authors are grateful to ‘La Ligue contre le Cancer
Comité Septentrion’ and ‘Cent pour Sang la Vie
Journée contre la Leucémie’ for their financial support,
and to Prof. Halima Ouadid-Ahidouch for her con-
structive remarks. SD received a PhD grant from the
University Picardie Jules Verne. The authors are grate-
ful to Martin Figeac, from the Plate-forme de
Génomique, Centre de Biologie Pathologie—CHU
de Lille for the Plexset study and to the Conseil Scien-
tifique du groupe ALFA.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

SD, LC, GJ, FH, JH, JL, DL, and HO-H performed
the experiments. RI performed figure and statistical
analysis for ALFA0702 cohort. J-PM, EP, FH, TB,
and LG designed the experiments. SD, TB, and LG
wrote the manuscript.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1878-0261.13584.

Data accessibility

The TCGA dataset used and analyzed during the cur-
rent study was available from the corresponding

1588 Molecular Oncology 18 (2024) 1571-1592 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13584
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13584

S. Djordjevic et al.

author on reasonable request. Nanostring datasets
generated and analyzed during the current study are
included in the published article (Table S7).

References

1

10

12

13

14

15

Molecular Oncology 18 (2024) 1571-1592 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Acute myeloid leukemia treatment — NCI. 2023 [cited
2023 Jul 17]. Available from: https://www.cancer.
gov/types/leukemia/patient/adult-aml-treatment-pdq
Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC,
Welch JS, et al. Clonal evolution in relapsed acute
myeloid leukaemia revealed by whole-genome
sequencing. Nature. 2012;481(7382):506-10.

Li S, Mason C, Melnick A. Genetic and epigenetic
heterogeneity in acute myeloid leukemia. Curr Opin
Genet Dev. 2016;36:100—6.

Kantarjian HM, Kadia TM, DiNardo CD, Welch MA,
Ravandi F. Acute myeloid leukemia: treatment and
research outlook for 2021 and the MD Anderson
approach. Cancer. 2021;127(8):1186-207.

Humeau J, Bravo-San Pedro JM, Vitale I, Nunez L,
Villalobos C, Kroemer G, et al. Calcium signaling and
cell cycle: progression or death. Cell Calcium.
2018;70:3-15.

Giorgio V, Guo L, Bassot C, Petronilli V, Bernardi P.
Calcium and regulation of the mitochondrial
permeability transition. Cell Calcium. 2018;70:56—63.
Pitts MW, Hoffmann PR. Endoplasmic reticulum-
resident selenoproteins as regulators of calcium
signaling and homeostasis. Cell Calcium. 2018;70:76-86.
Hennings H, Michael D, Cheng C, Steinert P,
Holbrook K, Yuspa SH. Calcium regulation of growth
and differentiation of mouse epidermal cells in culture.
Cell. 1980;19(1):245-54.

Berridge MJ, Bootman MD, Roderick HL. Calcium
signalling: dynamics, homeostasis and remodelling. Nat
Rev Mol Cell Biol. 2003;4(7):517-29.

Bagur R, Hajnéczky G. Intracellular Ca2+ sensing: role
in calcium homeostasis and signaling. Mol Cell. 2017;66
(6):780-8.

Prakriya M, Lewis RS. Store-operated calcium
channels. Physiol Rev. 2015;95(4):1383-436.

Shen W-W, Frieden M, Demaurex N. Remodelling of
the endoplasmic reticulum during store-operated
calcium entry. Biol Cell. 2011;103(8):365-80.

Liou J, Kim ML, Heo WD, Jones JT, Myers JW,
Ferrell JE, et al. STIM is a Ca2+ sensor essential for
Ca2+—store-depletion-triggered Ca2+ influx. Curr Biol.
2005;15(13):1235-41.

Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K,
Lioudyno M, Zhang S, et al. STIMI, an essential and
conserved component of store-operated Ca2+ channel
function. J Cell Biol. 2005;169(3):435-45.

Cahalan MD. STIMulating store-operated Ca(2+)
entry. Nat Cell Biol. 2009;11(6):669-77.

Federation of European Biochemical Societies.

20

21

22

23

24

25

26

27

STIM2 role in normal and leukemic monocytic cells

Derler I, Jardin I, Romanin C. Molecular mechanisms
of STIM/Orai communication. 4m J Physiol Cell
Physiol. 2016;310(8):C643-62.

Yang S, Zhang JJ, Huang X-Y. Orail and STIM1 are
critical for breast tumor cell migration and metastasis.
Cancer Cell. 2009;15(2):124-34.

Schmidt S, Liu G, Liu G, Yang W, Honisch S,
Pantelakos S, et al. Enhanced Orail and STIM1
expression as well as store operated Ca2+ entry in
therapy resistant ovary carcinoma cells. Oncotarget.
2014;5(13):4799-810.

Zhu H, Zhang H, Jin F, Fang M, Huang M, Yang CS,
et al. Elevated Orail expression mediates
tumor-promoting intracellular Ca2+ oscillations in
human esophageal squamous cell carcinoma.
Oncotarget. 2014;5(11):3455-71.

Kim J-H, Lkhagvadorj S, Lee M-R, Hwang K-H,
Chung HC, Jung JH, et al. Orail and STIMI are
critical for cell migration and proliferation of clear cell
renal cell carcinoma. Biochem Biophys Res Commun.
2014;448(1):76-82.

Liu H, Jia X, Luo Z, Guan H, Jiang H, Li X, et al.
Inhibition of store-operated Ca(2+) channels prevent
ethanol-induced intracellular Ca(2+) increase and cell
injury in a human hepatoma cell line. Toxicol Lett.
2012;208(3):254-61.

Zhang J, Wei J, Kanada M, Yan L, Zhang Z,
Watanabe H, et al. Inhibition of store-operated Ca2+
entry suppresses EGF-induced migration and eliminates
extravasation from vasculature in nasopharyngeal
carcinoma cell. Cancer Lett. 2013;336(2):390-7.

Faouzi M, Kischel P, Hague F, Ahidouch A,
Benzerdjeb N, Sevestre H, et al. ORAI3 silencing alters
cell proliferation and cell cycle progression via c-myc
pathway in breast cancer cells. Biochim Biophys Acta.
2013;1833(3):752-60.

Faouzi M, Hague F, Potier M, Ahidouch A, Sevestre
H, Ouadid-Ahidouch H. Down-regulation of Orai3
arrests cell-cycle progression and induces apoptosis in
breast cancer cells but not in normal breast epithelial
cells. J Cell Physiol. 2011;226(2):542-51.

Dubois C, Vanden Abeele F, Lehen’kyi V, Gkika D,
Guarmit B, Lepage G, et al. Remodeling of channel-
forming ORAI proteins determines an oncogenic
switch in prostate cancer. Cancer Cell. 2014;26(1):19—
32.

Guitart AV, Finch AJ, Kranc KR. Ca2+tapulting HSCs
into action. J Exp Med. 2018;215(8):1971-3.
Paredes-Gamero EJ, Leon CMMP, Borojevic R, Oshiro
MEM, Ferreira AT. Changes in intracellular Ca2+
levels induced by cytokines and P2 agonists
differentially modulate proliferation or commitment
with macrophage differentiation in murine
hematopoietic cells. J Biol Chem. 2008;283(46):31909—
19.

1589


https://www.cancer.gov/types/leukemia/patient/adult-aml-treatment-pdq
https://www.cancer.gov/types/leukemia/patient/adult-aml-treatment-pdq

STIM2 role in normal and leukemic monocytic cells

28

29

30

31

32

33

34

35

36

37

38

1590

Yen A, Freeman L, Powers V, Van Sant R, Fishbaugh
J. Cell cycle dependence of calmodulin levels during
HL-60 proliferation and myeloid differentiation. No
changes during pre-commitment. Exp Cell Res.
1986;165(1):139-51.

Schuler AD, Si J, Mueller L, Simon JA, Collins SJ.
KN-62 analogues as potent differentiating agents of
HL-60 cells. Leuk Res. 2007;31(5):683-9.

Chen S, Bao L, Keefer K, Shanmughapriya S, Chen
L, Lee J, et al. Transient receptor potential ion
channel TRPM2 promotes AML proliferation and
survival through modulation of mitochondrial
function, ROS, and autophagy. Cell Death Dis.
2020;11(4):247.

Shi J, Fu L, Wang W. High expression of inositol 1,4,5-
trisphosphate receptor, type 2 (ITPR2) as a novel
biomarker for worse prognosis in cytogenetically
normal acute myeloid leukemia. Oncotarget. 2015;6
(7):5299-309.

Diez-Bello R, Jardin I, Salido GM, Rosado JA. Orail
and Orai2 mediate store-operated calcium entry that
regulates HL60 cell migration and FAK
phosphorylation. Biochim Biophys Acta Mol Cell Res.
2017;1864(6):1064—70.

Lewuillon C, Guillemette A, Titah S, Shaik FA, Jouy
N, Labiad O, et al. Involvement of ORAI1/SOCE in
human AML cell lines and primary cells according to
ABCBI activity, LSC compartment and potential
resistance to Ara-C exposure. Int J Mol Sci. 2022;23
(10):5555.

Deng M, Zhang Q, Wu Z, Ma T, He A, Zhang T,

et al. Mossy cell synaptic dysfunction causes memory
imprecision via miR-128 inhibition of STIM2 in
Alzheimer’s disease mouse model. Aging Cell. 2020;19
(5):el3144.

Vigont VA, Grekhnev DA, Lebedeva OS, Gusev KO,
Volovikov EA, Skopin AY, et al. STIM2 mediates
excessive store-operated calcium entry in patient-specific
iPSC-derived neurons modeling a juvenile form of
Huntington’s disease. Front Cell Dev Biol.
2021;9:625231.

Saint Fleur-Lominy S, Maus M, Vaeth M, Lange I, Zee
I, Suh D, et al. STIM1 and STIM2 mediate cancer-
induced inflammation in T cell acute lymphoblastic
leukemia. Cell Rep. 2018;24(11):3045-3060.¢5.
Berna-Erro A, Braun A, Kraft R, Kleinschnitz C,
Schuhmann MK, Stegner D, et al. STIM2 regulates
capacitive Ca2+ entry in neurons and plays a key role
in hypoxic neuronal cell death. Sci Signal. 2009;2(93):
ra67.

Chanaday NL, Nosyreva E, Shin O-H, Zhang H,
Aklan I, Atasoy D, et al. Presynaptic store-operated
Ca2+ entry drives excitatory spontaneous
neurotransmission and augments endoplasmic reticulum
stress. Neuron. 2021;109(8):1314—-1332.e5.

39

40

41

4

43

44

45

46

47

48

49

50

51

S. Djordjevic et al.

Clemens RA, Chong J, Grimes D, Hu Y, Lowell CA.
STIM1 and STIM2 cooperatively regulate mouse
neutrophil store-operated calcium entry and cytokine
production. Blood. 2017;130(13):1565-77.

Carralot J-P, Kim T-K, Lenseigne B, Boese AS,
Sommer P, Genovesio A, et al. Automated high-
throughput siRNA transfection in raw 264.7
macrophages: a case study for optimization procedure.
SLAS Discov. 2009;14(2):151-60.

Dohner H, Estey E, Grimwade D, Amadori S,
Appelbaum FR, Biichner T, et al. Diagnosis and
management of AML in adults: 2017 ELN
recommendations from an international expert panel.
Blood. 2017;129(4):424-47.

Fenwarth L, Thomas X, de Botton S, Duployez N,
Bourhis J-H, Lesieur A, et al. A personalized approach
to guide allogeneic stem cell transplantation in younger
adults with acute myeloid leukemia. Blood. 2021;137
(4):524-32.

Kaplan EL, Meier P. Nonparametric estimation from
incomplete observations. J Am Stat Assoc. 1958;53
(282):457-81.

Grambsch PM, Therneau TM. Proportional hazards
tests and diagnostics based on weighted residuals.
Biometrika. 1994;81(3):515-26.

Fine JP, Gray RJ. A proportional hazards model for
the subdistribution of a competing risk. J Am Stat
Assoc. 1999;94(446):496-509.

Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an
enhanced web server for large-scale expression profiling
and interactive analysis. Nucleic Acids Res. 2019;47
(W1):W556-60.

Thomas X, de Botton S, Chevret S, Caillot D, Raffoux
E, Lemasle E, et al. Randomized phase II study of
clofarabine-based consolidation for younger adults with
acute myeloid leukemia in first remission. J Clin Oncol.
2017;35(11):1223-30.

Liu K, Zheng M, Lu R, Du J, Zhao Q, Li Z, et al. The
role of CDC25C in cell cycle regulation and clinical
cancer therapy: a systematic review. Cancer Cell Int.
2020;20(1):213.

St Clair S, Giono L, Varmeh-Ziaie S, Resnick-
Silverman L, Liu W-J, Padi A, et al. DNA damage-
induced downregulation of Cdc25C is mediated by p53
via two independent mechanisms: one involves direct
binding to the cdc25C promoter. Mol Cell. 2004;16
(5):725-36.

Ruano Y, Mollejo M, Ribalta T, Fiano C, Camacho
FI, Gomez E, et al. Identification of novel candidate
target genes in amplicons of glioblastoma multiforme
tumors detected by expression and CGH microarray
profiling. Mol Cancer. 2006;5:39.

Aytes A, Mollevi DG, Martinez-Iniesta M, Nadal M,
Vidal A, Morales A, et al. Stromal interaction molecule
2 (STIM2) is frequently overexpressed in colorectal

Molecular Oncology 18 (2024) 1571-1592 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



S. Djordjevic et al.

52

53

54

55

56

57

58

59

60

61

62

63

64

Molecular Oncology 18 (2024) 1571-1592 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

tumors and confers a tumor cell growth suppressor
phenotype. Mol Carcinog. 2012;51(9):746-53.

Chen F-Q, Zheng H, Gu T, Hu Y-H, Yang L, Huang
Z-P, et al. Modification of STIM2 by m 6 A RNA
methylation inhibits metastasis of cholangiocarcinoma.
Ann Transl Med. 2022;10(2):40.

Déliot N, Constantin B. Plasma membrane calcium
channels in cancer: alterations and consequences for cell
proliferation and migration. Biochim Biophys Acta.
2015;1848(10 Pt B):2512-22.

Xie J, Pan H, Yao J, Zhou Y, Han W. SOCE and
cancer: recent progress and new perspectives. Int J
Cancer. 2016;138(9):2067-77.

Li G, Zhang Z, Wang R, Ma W, Yang Y, Wei J, et al.
Suppression of STIM1 inhibits human glioblastoma cell
proliferation and induces G0/G1 phase arrest. J Exp
Clin Cancer Res. 2013;32(1):20.

Zhan Z-Y, Zhong L-X, Feng M, Wang J-F, Liu D-B,
Xiong J-P. Over-expression of Orail mediates cell
proliferation and associates with poor prognosis in
human non-small cell lung carcinoma. Int J Clin Exp
Pathol. 2015;8(5):5080-8.

Sun Y, Ye C, Tian W, Ye W, Gao Y-Y, Feng Y-D,

et al. TRPCI1 promotes the genesis and progression of
colorectal cancer via activating CaM-mediated
PI3K/AKT signaling axis. Oncogenesis. 2021;10(10):1—
13.

Song MY, Makino A, Yuan JX-J. STIM2 contributes
to enhanced store-operated Ca2+ entry in pulmonary
artery smooth muscle cells from patients with idiopathic
pulmonary arterial hypertension. Pulm Circ. 2011;1
(1):84-94.

Abdullaev IF, Bisaillon JM, Potier M, Gonzalez JC,
Motiani RK, Trebak M. Stiml and Orail mediate
CRAC currents and store-operated calcium entry
important for endothelial cell proliferation. Circ Res.
2008;103(11):1289-99.

Fisher D, Krasinska L, Coudreuse D, Novak B.
Phosphorylation network dynamics in the control of cell
cycle transitions. J Cell Sci. 2012;125(Pt 20):4703-11.
Sur S, Agrawal DK. Phosphatases and kinases
regulating CDC25 activity in the cell cycle: clinical
implications of CDC25 overexpression and potential
treatment strategies. Mol Cell Biochem. 2016;416(1—
2):33-46.

Jeffy BD, Chen EJ, Gudas JM, Romagnolo DF.
Disruption of cell cycle kinetics by benzo[a]pyrene:
inverse expression patterns of BRCA-1 and p53 in
MCEF-7 cells arrested in S and G2. Neoplasia. 2000;2
(5):460-70.

Fragkos M, Jurvansuu J, Beard P. H2AX is required
for cell cycle arrest via the p53/p21 pathway. Mol Cell
Biol. 2009;29(10):2828-40.

Hsu J-W, Huang H-C, Chen S-T, Wong C-H, Juan H-
F. Ganoderma lucidum polysaccharides induce

Federation of European Biochemical Societies.

65

66

67

68

69

70

71

72

73

74

75

76

STIM2 role in normal and leukemic monocytic cells

macrophage-like differentiation in human leukemia
THP-1 cells via caspase and p53 activation. Evid Based
Complement Alternat Med. 2011;2011:358717.

Feng Z, Chen Q, Ren M, Tian Z, Gong Y. CD40L
inhibits cell growth of THP-1 cells by suppressing
the PI3K/Akt pathway. Onco Targets Ther.
2019;12:3011-7.

Maugeri A, Russo C, Musumeci L, Lombardo GE, De
Sarro G, Barreca D, et al. The anticancer effect of a
flavonoid-rich extract of bergamot juice in THP-1 cells
engages the SIRT2/AKT/p53 pathway. Pharmaceutics.
2022;14(10):2168.

Lu C, Zhu F, Cho Y-Y, Tang F, Zykova T, Ma W,
et al. Cell apoptosis: requirement of H2AX in DNA
ladder formation but not for the activation of Caspase-
3. Mol Cell. 2006;23(1):121-32.

Kracikova M, Akiri G, George A, Sachidanandam R,
Aaronson SA. A threshold mechanism mediates p53
cell fate decision between growth arrest and apoptosis.
Cell Death Differ. 2013;20(4):576-88.

Kruiswijk F, Labuschagne CF, Vousden KH. p53 in
survival, death and metabolic health: a lifeguard with a
licence to kill. Nat Rev Mol Cell Biol. 2015;16(7):393—
405.

Chen X, Ko LJ, Jayaraman L, Prives C. p53 levels,
functional domains, and DNA damage determine the
extent of the apoptotic response of tumor cells. Genes
Dev. 1996;10(19):2438-51.

Pan R, Ruvolo VR, Wei J, Konopleva M, Reed JC,
Pellecchia M, et al. Inhibition of Mcl-1 with the pan-
Bcl-2 family inhibitor (—)BI97D6 overcomes ABT-737
resistance in acute myeloid leukemia. Blood. 2015;126
(3):363-72.

Lopez JJ, Albarran L, Gémez LJ, Smani T, Salido
GM, Rosado JA. Molecular modulators of store-
operated calcium entry. Biochim Biophys Acta.
2016;1863(8):2037-43.

Shalygin A, Skopin A, Kalinina V, Zimina O,
Glushankova L, Mozhayeva GN, et al. STIM1 and
STIM2 proteins differently regulate endogenous store-
operated channels in HEK293 cells. J Biol Chem.
2015;290(8):4717-217.

Darbellay B, Arnaudeau S, Ceroni D, Bader CR,
Konig S, Bernheim L. Human muscle economy
myoblast differentiation and excitation-contraction
coupling use the same molecular partners, STIM1 and
STIM2. J Biol Chem. 2010;285(29):22437-47.

Soboloff J, Spassova MA, Tang XD, Hewavitharana T,
Xu W, Gill DL. Orail and STIM reconstitute store-
operated calcium channel function. J Biol Chem.
2006;281(30):20661-5.

Miederer A-M, Alansary D, Schwar G, Lee P-H, Jung
M, Helms V, et al. A STIM?2 splice variant negatively
regulates store-operated calcium entry. Nat Commun.
2015;6:6899.

1591



STIM2 role in normal and leukemic monocytic cells

77 Rana A, Yen M, Sadaghiani AM, Malmersjo S, Park
CY, Dolmetsch RE, et al. Alternative splicing converts
STIM2 from an activator to an inhibitor of store-
operated calcium channels. J Cell Biol. 2015;209(5):653—
69.

78 Weidinger C, Shaw PJ, Feske S. STIM1 and STIM2-
mediated Ca2+ influx regulates antitumour immunity
by CD8+ T cells. EMBO Mol Med. 2013;5(9):1311—
21.

79 Shaw PJ, Weidinger C, Vaeth M, Luethy K, Kaech
SM, Feske S. CD4+ and CD8+ T cell-dependent
antiviral immunity requires STIM1 and STIM2. J Clin
Invest. 2014;124(10):4549-63.

80 Sogkas G, Stegner D, Syed SN, Vogtle T, Rau E,
Gewecke B, et al. Cooperative and alternate functions
for STIM1 and STIM2 in macrophage activation and
in the context of inflammation. Immun Inflamm Dis.
2015;3(3):154-70.

81 Vaeth M, Zee I, Concepcion AR, Maus M, Shaw P,
Portal-Celhay C, et al. Ca2+ signaling but not store-
operated Ca2+ entry is required for the function of
macrophages and dendritic cells. J Immunol. 2015;195
(3):1202-17.

82 Floto RA, Mahaut-Smith MP, Allen JM,
Somasundaram B. Differentiation of the human
monocytic cell line U937 results in an upregulation of
the calcium release-activated current, ICRAC.

J Physiol. 1996;495(Pt 2):331-8.

83 Saul S, Gibhardt CS, Schmidt B, Lis A, Pasieka B,
Conrad D, et al. A calcium-redox feedback loop
controls human monocyte immune responses: the role
of ORAI Ca2+ channels. Sci Signal. 2016;9(418):ra26.

84 Liang S-J, Zeng D-Y, Mai X-Y, Shang J-Y, Wu Q-Q,
Yuan J-N, et al. Inhibition of Orail store-operated
calcium channel prevents foam cell formation and

S. Djordjevic et al.

atherosclerosis. Arterioscler Thromb Vasc Biol. 2016;36
(4):618-28.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. STIM?2 expression in ALFA0702 cohort.

Fig. S2. Vitamin D induces differentiation on THP-1
and OCI-AML3 cell line.

Fig. S3. STIM?2 expression in the monocytic lineage.
Fig. S4. STIM2 overexpression induces differentiation
in lineage and normal cell line.

Fig. S5. Mitochondrial apoptosis in OCI-AML3
cell line.

Fig. S6. Effect of STIM2 knockdown in HL60
cell line.

Fig. S7. STIM2 knockdown in normal hematopoietic
stem cell.

Fig. S8. BAPTA decreases STIM2 KD-mediated apo-
ptosis in THP-1 cells.

Table S1. Characteristics and references of antibodies
used for flow cytometry.

Table S2. Location and targeted sequences of the 2
shRNA anti-STIM?2.

Table S3. hRNA design vector.

Table S4. Location and targeted sequences of the 2
siRNA anti-STIM?2.

Table S5. List of primers used for RT-qPCR.

Table S6. Characteristics and reference antibodies used
for western blot.

Table S7. Transcriptomic deregulation genes.

1592 Molecular Oncology 18 (2024) 1571-1592 © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



	Outline placeholder
	mol213584-aff-0001
	mol213584-aff-0002
	mol213584-aff-0003
	mol213584-aff-0004
	mol213584-aff-0005
	mol213584-aff-0006
	mol213584-aff-0007
	mol213584-fig-0001
	mol213584-fig-0002
	mol213584-fig-0003
	mol213584-fig-0004
	mol213584-fig-0005
	mol213584-fig-0006
	mol213584-fig-0007
	mol213584-fig-0008
	mol213584-bib-0001
	mol213584-bib-0002
	mol213584-bib-0003
	mol213584-bib-0004
	mol213584-bib-0005
	mol213584-bib-0006
	mol213584-bib-0007
	mol213584-bib-0008
	mol213584-bib-0009
	mol213584-bib-0010
	mol213584-bib-0011
	mol213584-bib-0012
	mol213584-bib-0013
	mol213584-bib-0014
	mol213584-bib-0015
	mol213584-bib-0016
	mol213584-bib-0017
	mol213584-bib-0018
	mol213584-bib-0019
	mol213584-bib-0020
	mol213584-bib-0021
	mol213584-bib-0022
	mol213584-bib-0023
	mol213584-bib-0024
	mol213584-bib-0025
	mol213584-bib-0026
	mol213584-bib-0027
	mol213584-bib-0028
	mol213584-bib-0029
	mol213584-bib-0030
	mol213584-bib-0031
	mol213584-bib-0032
	mol213584-bib-0033
	mol213584-bib-0034
	mol213584-bib-0035
	mol213584-bib-0036
	mol213584-bib-0037
	mol213584-bib-0038
	mol213584-bib-0039
	mol213584-bib-0040
	mol213584-bib-0041
	mol213584-bib-0042
	mol213584-bib-0043
	mol213584-bib-0044
	mol213584-bib-0045
	mol213584-bib-0046
	mol213584-bib-0047
	mol213584-bib-0048
	mol213584-bib-0049
	mol213584-bib-0050
	mol213584-bib-0051
	mol213584-bib-0052
	mol213584-bib-0053
	mol213584-bib-0054
	mol213584-bib-0055
	mol213584-bib-0056
	mol213584-bib-0057
	mol213584-bib-0058
	mol213584-bib-0059
	mol213584-bib-0060
	mol213584-bib-0061
	mol213584-bib-0062
	mol213584-bib-0063
	mol213584-bib-0064
	mol213584-bib-0065
	mol213584-bib-0066
	mol213584-bib-0067
	mol213584-bib-0068
	mol213584-bib-0069
	mol213584-bib-0070
	mol213584-bib-0071
	mol213584-bib-0072
	mol213584-bib-0073
	mol213584-bib-0074
	mol213584-bib-0075
	mol213584-bib-0076
	mol213584-bib-0077
	mol213584-bib-0078
	mol213584-bib-0079
	mol213584-bib-0080
	mol213584-bib-0081
	mol213584-bib-0082
	mol213584-bib-0083
	mol213584-bib-0084

	mol213584-supitem

