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ABSTRACT

The calcium–sensing receptor is a G protein-coupled receptor that exerts cell-type 
specific functions in numerous tissues and some cancers. We have previously reported 
that this receptor exhibits tumor suppressor properties in neuroblastoma. We have 
now assessed cinacalcet, an allosteric activator of the CaSR approved for clinical use, 
as targeted therapy for this developmental tumor using neuroblastoma cell lines and 
patient-derived xenografts (PDX) with different MYCN and TP53 status. In vitro, acute 
exposure to cinacalcet induced endoplasmic reticulum stress coupled to apoptosis 
via ATF4-CHOP-TRB3 in CaSR-positive, MYCN-amplified cells. Both phenotypes were 
partially abrogated by phospholipase C inhibitor U73122. Prolonged in vitro treatment 
also promoted dose- and time-dependent apoptosis in CaSR-positive, MYCN-amplified 
cells and, irrespective of MYCN status, differentiation in surviving cells. Cinacalcet 
significantly inhibited tumor growth in MYCN-amplified xenografts and reduced that of 
MYCN-non amplified PDX. Morphology assessment showed fibrosis in MYCN-amplified 
xenografts exposed to the drug. Microarrays analyses revealed up-regulation of 
cancer-testis antigens (CTAs) in cinacalcet-treated MYCN-amplified tumors. These 
were predominantly CTAs encoded by genes mapping on chromosome X, which are 
the most immunogenic. Other modulated genes upon prolonged exposure to cinacalcet 
were involved in differentiation, cell cycle exit, microenvironment remodeling and 
calcium signaling pathways. CTAs were up-regulated in PDX and in vitro models as 
well. Moreover, progressive increase of CaSR expression upon cinacalcet treatment 
was seen both in vitro and in vivo. In summary, cinacalcet reduces neuroblastoma 
tumor growth and up-regulates CTAs. This effect represents a therapeutic opportunity 
and provides surrogate circulating markers of neuroblastoma response to this 
treatment.

INTRODUCTION

Neuroblastic tumors encompass a heterogeneous 
group of developmental malignancies of the sympa­
thetic nervous system that include the neuroblas­

tomas, ganglioneuroblastomas and ganglioneuromas 
[1]. Disseminated neuroblastomas in infants and local­
regional, well­differentiated tumors are usually benign. 
However, high­risk tumors, i.e. metastatic neuroblastomas 
in patients older than 18 months and some local­regional 
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cases display a notable capacity to recur and/or become 
refractory and, unfortunately, there is no therapy known 
to be curative for them [2].

Several genetic and epigenetic abnormalities have 
been associated with this variety of clinical presentations, 
including alterations of ploidy, chromosomal aberrations, 
MYCN amplification and mutations of ALK [3­
5]. However, few of them are actionable [5]. Long 
before many of them were described, differentiated 
neuroblastic tumors were reported to be associated 
with favorable outcome [6]. Cytodifferentiation can be 
pharmacologically induced in neuroblastoma models [7­
10] and, owing to its differentiating properties, retinoic 
acid has become part of the standard of care of high­risk 
neuroblastomas [11].

Our group described a gene potentially involved in 
the differentiation pathways of neuroblastic tumors, the 
calcium-sensing receptor (CaSR). CaSR was first reported 
as a family C G­protein coupled receptor (GPCR) that 
senses plasmatic fluctuations of Ca2+ and regulates the 
secretion of parathyroid hormone accordingly [12]. This 
GPCR is also expressed in many organs not involved in 
calcium homeostasis and in some neoplasias in which it 
plays cell-type specific functions [13]. Our initial work 
showed that CaSR is expressed in benign, differentiated 
neuroblastic tumors and up­regulated upon differentiation 
induction [14]. Next, we reported that the CaSR gene 
is silenced by genetic and epigenetic mechanisms in 
MYCN-amplified, unfavorable neuroblastomas [15]. 
Accordingly, ectopic overexpression of the CaSR 
significantly reduced the proliferative and tumorigenic 
capacities of neuroblastoma cells. Moreover, CaSR­
positive cells underwent apoptosis upon acute reactivation 
of the receptor with calcium, its main orthosteric ligand 
[15]. In keeping with these findings, a tri-locus haplotype 
containing a moderately inactivating variant of the CaSR 
was associated with undifferentiated histology, metastatic 
disease and poor outcome [16].

Altogether, our published data were consistent with 
the hypothesis that the CaSR exerts tumor­suppressor 
functions in neuroblastoma. Thus, we next sought to 
evaluate whether cinacalcet, an allosteric activator 
of the CaSR approved for clinical use [17], might 
reduce neuroblastoma tumor cell growth. Based on our 
previous work, we hypothesized that it could promote 
cytodifferentiation and/or cell death.

RESULTS

Acute exposure to cinacalcet triggers apoptosis 
in neuroblastoma cells

Among available neuroblastoma cell lines, only 
LA­N­1 cells exhibited detectable endogenous CaSR 
mRNA expression [15]. Low levels of CaSR protein 
were present in these cells as well (Supplementary Figure 

S1A). Two MYCN-amplified cell lines were previously 
transfected with pCMV­CaSR­GFP or pCMV­GFP [15]. 
CaSR protein expression was also present in the 
neuroblastoma metastasis from which a PDX model was 
generated (Supplementary Figure S1A). However, this 
model did not grow in vitro and therefore was only used 
for in vivo studies. A second MYCN-non amplified model 
was generated for in vitro analyses by stable transfection 
of SH­SY5Y cells (Supplementary Figure S1B and S1C).

We have previously reported that acute exposure 
to high extracellular calcium (Ca2+

o) concentrations 
following serum deprivation [18] induces apoptotic cell 
death in CaSR­overexpressing neuroblastoma cells [15]. 
To assess whether cinacalcet is able to increase this effect, 
SK­N­LP cells were exposed to DMSO or cinacalcet in 
serum deprivation media. As shown in Figure 1, cinacalcet 
(doses ranging between 0.1 and 1 μM) increased cleavage 
of PARP and caspases­4, ­3 , ­7 and ­9 produced by either 
0.5 (Figure 1A) or 3 mM CaCl2 (Figure 1B) in CaSR­
overexpressing cells in a time­ (not shown) and dose­
dependent manner, even if 3 mM CaCl2 was already a 
potent apoptotic stimulus.

In LA­N­1 cells, cinacalcet also induced apoptosis 
in a time- and dose-dependent manner. Analyses by flow 
cytometry of annexin V­propidium iodide stained cells 
showed a not statistically significant increase of apoptotic 
cells upon exposure to cinacalcet (Figure 1C). This effect 
was only seen at high doses, in accordance with the 
reduced levels of CaSR expression present in this cell line.

These doses of cinacalcet also prompted increased 
cleavage of caspases­4 and ­7 in LA­N­1 cells, an 
additional evidence of ER stress mediated apoptosis 
(Figure 1D). In these experiments, tunicamycin (TN) was 
used as a positive control of ER­stress induced activation 
of caspase­4, an effect promoted by its capacity to induce 
Ca2+ exit from the ER [19].

Cinacalcet-induced apoptosis in MYCN-
amplified neuroblastoma cells is prompted 
by ER stress and both are dependent on 
activation of phospholipase C

We hypothesized that apoptosis following acute 
exposure to cinacalcet might be prompted by activation 
of phospholipase C (PLC), IP3­mediated calcium leak 
from the endoplasmic reticulum (ER), and consequent ER 
stress. Consistent with this mechanism, increased levels of 
GRP78, ATF4 and P-eIF2α (Figure 2A), as well as a not 
statistically significant up-regulation of CHOP and TRB3 
mRNA (Figure 2B), were detected in neuroblastoma cells 
following cinacalcet exposure in a time­, dose­, calcium­ 
and CaSR­dependent manner (Supplementary Figure S2A 
and S2B).

Moreover, PLC inhibitor U73122 abrogated 
phosphorylation of eIF2α in LA-N-1 cells at all 
doses of cinacalcet examined (Figure 2C). U73122 
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Figure 1: Acute exposure to cinacalcet induces apoptosis in neuroblastoma cells. A. SK­N­LP cells stably transfected with 
pCMV­GFP or pCMV­CaSR­GFP were grown in serum deprivation media for 16 hours. They were then exposed to cinacalcet for 24 hours 
at indicated doses in the same media containing 0.5 mM CaCl2. Total proteins were isolated from floating and adherent cells to conduct 
immunoblots. B. The same experiment was performed in the presence of 3 mM CaCl2. C. LA­N­1 cells were exposed to cinacalcet for 
8 or 24 hours following serum deprivation, in the presence of 0.5 or 3 mM CaCl2. Cells were collected and stained with Annexin V­FITC 
and propidium iodide. Apoptosis was quantified by flow cytometry. Data presented are an average of two independent experiments. Error 
bars represent standard error of mean (SEM). Increase of apoptotic cells upon cinacalcet exposure was not statistically significant (two-
tailed Student’s t­test). D. LA­N­1 cells were exposed to cinacalcet for 8 hours as in panel C. Cells were collected and immunoblots were 
performed. As a positive control of ER stress induced caspase-4 activation, LA-N-1 cells were exposed to 5 μg/mL tunicamycin (TN). 
Panels A, B and D show representative results of at least three independent experiments.
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also significantly attenuated up-regulation of CHOP 
and TRB3 in CaSR­overexpressing cells exposed to 
cinacalcet (Figure 2D). More importantly, cleavage 
of caspase­3 (Figure 2E) and decreased cell viability 
(Figure 2F) induced by cinacalcet in CaSR­positive 

neuroblastoma cells were significantly reduced by 
U73122.

As expected [20], ER stress and consequent 
apoptosis were not induced in MYCN-non amplified SH-
SY5Y cells (Supplementary Figure S2C and S2D).

Figure 2: Apoptosis upon cinacalcet exposure is triggered by phospholipase C activation and ER stress. A. SK­N­LP 
cells stably transfected with pCMV-CaSR-GFP were exposed to 6 μM cinacalcet following serum deprivation in 0.5 mM CaCl2 for 
indicated periods of time and lysed for Western blot analyses. B. CaSR­positive and –negative SK­N­LP cells were exposed to indicated 
concentrations of cinacalcet for 24 hours following serum deprivation, as described in A. Total RNA was isolated to analyze CHOP and 
TRB3 mRNA expression by RT­qPCR. Data are presented as an average of two independent experiments. Error bars represents SEM. 
Increase of transcripts levels is not statistically significant, two-tailed Student’s t­test. C. LA­N­1 cells were treated with cinacalcet at 
indicated doses for 2 hours, in the presence or absence of 10 μM U73122 or DMSO, and lysed for Western blot analysis. D. SK­N­LP 
cells stably transfected with pCMV­GFP or pCMV­CaSR­GFP were exposed to cinacalcet for 24 hours following serum deprivation, in 
the presence or absence of 100 nM U73122. Relative mRNA expression levels of CHOP and TRB3 were analyzed by RT­qPCR. Data are 
presented as an average of three independent experiments. Error bars represents SEM. *P < 0.05, *** P < 0.0001, two­tailed Student’s 
t­test. E. CaSR­positive and ­negative SK­N­LP cells were exposed to 3 mM CaCl2 and 1 μM cinacalcet in the presence or absence of 
0.1 or 1 μM U73122 for 24 hours before collecting cells for immunoblot analyses. Bands intensity was quantified relative to that of 
α-tubulin (right). (Continued )
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Chronic exposure to cinacalcet induces 
apoptosis and differentiation in surviving 
neuroblastoma cells

A concentration­dependent decrease of cell 
viability was observed in neuroblastoma cell lines 
exposed to cinacalcet or another calcimimetic, NPS 
R­568. Half maximal inhibitory concentration (IC50) 
values of cinacalcet were significantly lower than those 
of NPS R­568 in most cases. However, similar IC50 values 
were obtained in human fibroblasts and HEK-293 cells 
(Supplementary Figure S3A).

When the same neuroblastoma cell lines were 
allowed to proliferate in the presence of concentrations 
lower than IC50 for 5 days, a moderate dose­ and time­
dependent decrease of cell viability was detected in CaSR­
positive cells (Supplementary Figure S3B). This was only 
seen in CaSR­negative cells at higher concentrations 
(Supplementary Figure S3C). This phenotype was rescued 
by pan­caspase inhibitor Z­VAD­FMK (Supplementary 
Figure S3D and S3E), but differences between CaSR­
positive and –negative cells were modest.

Next, LA­N­1 cells and SK­N­LP and SH­SY5Y 
transfected models were cultured in the presence of 
0.5-1 μM cinacalcet or DMSO for 14 days. Increased 
cleavage of PARP was seen in cinacalcet­treated cells and 
this output was dependent on CaSR expression, time of 
exposure (Figure 3A) and dose (Figure 3B). In surviving 
cells, morphological features of neuronal differentiation 
such as extensive neurite outgrowth were already apparent 
at day 3 and reached maximal expression between days 
7 and 14 (Figure 3C). Several transcripts associated with 
cytodifferentiation (Figure 3D), cell cycle exit, ER stress 
(Figure 3E) and epithelial­to­mesenchymal transition 
(EMT) (Figure 3F) were concomitantly up­regulated, as 

evaluated by RT­qPCR (Table 1). Increased expression 
of transcripts associated with ER stress was mostly 
seen in MYCN-amplified cells (Table 1). Also, higher 
induction of differentiation markers was detected in SK­
N­LP cells, which exhibit a less differentiated phenotype 
than LA­N­1 and SH­SY5Y cell lines (Table 1) [21]. In 
keeping with differentiation induction, MYCN mRNA 
levels decreased in MYCN-amplified cells, together with 
down­regulation of inhibitor of differentiation 2 (ID2) 
and reverse transcription telomerase (TERT) in the three 
models. Interestingly, up­regulation of CaSR mRNA was 
seen in the three cell lines exposed to cinacalcet (Table 1).

Cinacalcet inhibits neuroblastoma tumor growth 
in vivo and upregulates cancer-testis antigens

Immunocompromised mice carrying xenografts with 
different MYCN and TP53 status received either vehicle 
or cinacalcet until tumors reached 2 cm3. Mild, non­
symptomatic, hypocalcemia was documented (Figure 4A). 
No signs of toxicity were observed (not shown).

In the first experiment conducted with MYCN-
amplified, TP53-null xenografts, significant tumor growth 
inhibition was observed (Figure 4B). This experiment 
was replicated and pooled data showed higher statistical 
significance (Figure 4C). Inhibition of PDX growth showed 
a similar tendency (Figure 4D).

Fibrin clots and heavy collagen deposition around 
tumor vessels were identified in LA-N-1 xenografts 
following cinacalcet treatment (Figure 4E). Both findings 
were significantly less frequent in cinacalcet-treated PDX 
(not shown). Occasionally, fibrosis invaded vast areas of 
LA-N-1 specimens, but no evidence of fibrosis was found 
in normal organs (not shown). Immunohistochemistry 
revealed that most cells involved in microenvironment 

Figure 2: (Continued ) Apoptosis upon cinacalcet exposure is triggered by phospholipase C activation and ER stress. 
F. SK­N­LP cells stably transfected with pCMV­GFP or pCMV­CaSR­GFP were exposed to indicated doses of cinacalcet in either 0.5 or 
3 mM CaCl2 following serum deprivation, in the presence or absence of 100 nM U73122. Cell viability was measured 48 hours later by 
MTS assays. Data are presented as an average of two independent experiments. Error bars represents SEM. *P < 0.01, two­tailed Student’s 
t­test. Panels A, C and E show representative results of three independent experiments.
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Figure 3: Prolonged in vitro exposure to cinacalcet induces apoptosis and cytodifferentiation in surviving neuroblastoma 
cells. A. CaSR-positive and -negative SK-N-LP cells were grown in the presence of 1 μM cinacalcet or DMSO. Cells were lysed at 
indicated times to perform immunoblots. Bands intensity was quantified relative to that of α-tubulin. Blots shown are representative of 
three independent experiments. B. LA­N­1 cells were grown in the presence of indicated doses of cinacalcet or DMSO. Cells were lysed 
at indicated times to perform immunoblots. Data shown are representative of three independent experiments. C. Microphotography of 
LA-N-1 cells grown in the presence of 1 μM cinacalcet or DMSO for 3 and 7 days. D. Total RNA was isolated from LA­N­1 cells exposed 
to 1 μM cinacalcet or DMSO at indicated days. Gene expression analyses were carried out by RT-qPCR. Transcript levels were quantified 
relative to those detected in cells exposed to DMSO for the same number of days, and compared to time 0 (cells collected 16 hours 
after plating). Graph shows markers involved in neuroblastoma differentiation. E. Graph showing relative expression levels of transcripts 
involved in ER stress in cells processed as in panel D. F. Plot of transcripts involved in EMT analyzed as in panel D. See also Table 1 to 
compare gene expression patterns in three cell lines exposed to 1 μM cinacalcet or DMSO for 14 days. Data showed in panels C, D, E and 
F are representative of at least two independent experiments for each cell line.
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Table 1: Gene expression analyses of neuroblastoma cell lines following in vitro exposure to cinacalcet conducted by 
RT-qPCR

Phenotype Gene MYCN-A MYCN-NA

LA-N-1 SK-N-LP SH-SY5Y

CaSR 2.5 45.7 4

Proliferation MYCN 3.3 8.9 2.4

ID2 2.9 1.6 3

TERT 6.8 9.1 1.5

Differentiation NFL 1.8 7.2 ns

TUBB3 2.5 2.8 ns

S100-β 6.9 72.3 1.7

EPHA2 3.7 1.8 12.1

NTRK1 3.1 3.6 1.3

NTRK3 2.4 2.6 1.4

p75/NTR 1.4 3.5 3.6

ER stress, apoptosis GRP78 4.4 6.4 1.8

CHOP 14.1 21.9 5.2

TRB3 71.8 19.6 2.6

BAX 1.8 6.7 1.5

EMT Snail1 2 10.9 7.5

Slug 15.6 1.6 30.1

TGF-β 2.1 2.7 1.4

TGF-β2 4.4 11.4 1.5

α-SMA 4.5 41.1 4.9

CTGF 23.2 3.4 35.4

COL1A1 4.5 1.8 2.1

COL3 20.8 2.5 31.7

VIM 3.9 5.3 2.3

VCAN 14.2 6.6 2.9

FN 1.9 1.6 2.8

CTAs CTCFL no expression no expression no expression

SSX4/4B 3.8 69 5.3

GAGE12-P1 2.7 4.1 3.2

GAGE12-P2 7.6 5.7 5.6

GAGE12-P3 5.1 6.3 1.6

MAGE-A2 2.9 36.6 1.4

MAGE-A3 1.4 155.4 1.5

NY-ESO-1 4.2 10.8 3.1

(Continued )
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remodeling, including tumor vessels and fibroblasts, were 
of murine origin (Figure 4F). Thus, microarrays analyses 
and RT­qPCR were conducted to analyze human and 
murine transcripts.

First, a genome­wide expression analysis was 
performed to compare human gene expression profiles 
in vehicle­ and cinacalcet­treated LA­N­1 xenografts. 
Low stringency analyses (P-value≤0.01) identified 61 up-
regulated and 32 down­regulated transcripts (Figure 5A 
and Supplementary Table S2, first sheet). This gene set 
included only 14 probes with a log fold change value 
>1  in cinacalcet­treated tumors. Interestingly, 10 (71%) 
of them hybridized with cancer­testis antigens (CTAs) 
genes. However, these differences were not statistically 
significant after P­value adjustment. Nonetheless, in this 
first heat map it was apparent that a group of genes was 
specifically modulated in the three tumors exposed to the 
longest period of treatment.

This was confirmed by a second analysis that 
examined differentially expressed genes in these three 
specimens exposed to prolonged cinacalcet treatment (C9­
C11) compared to the eight control tumors. In this analysis, 
adjusted P­value (false discovery rate, FDR) <0.05 and 
absolute log fold change >1 were considered significant. 
This approach identified a gene profile encompassing 
34 probes corresponding to 32 up­regulated and 2 down­
regulated transcripts (Figure 5B), Supplementary Table S2, 
second sheet). Among the first group, 11 (32.3 %) probes 
hybridized with CTAs. These were X­CTAs, i.e. CTAs 
encoded by genes mapping on chromosome X (GAGE 
family and SSX4/4B). The GAGE family was up­regulated 
in the first analysis and in vitro models as well (Table 1). 
Interestingly, other up­regulated genes in this second heat 
map included protein kinase C, alpha (PRKCA), ryanodine 
receptor 2 (RYR2) and gamma­aminobutyric­A receptor, 
alpha­3 (GABRA3).

Validation of microarrays data and analysis of 
relevant candidate genes was conducted by RT­qPCR 
(Table 2, Figure 5C and Supplementary Figure S4A). 

These analyses included two genes with a level of 
significance right below the cut-off value in the second 
heat map given their biological relevance, a non­X 
CTA, CCCTC-binding factor (zinc finger protein)-like 
(CTCFL), and neurotrophic tyrosine kinase receptor, 
type 3 (NTRK3). Up­regulation of CTAs of the GAGE 
family was further confirmed by immunohistochemistry 
(Figure 5C).

As shown in Table 2  and Supplementary Figure 
S4A, besides SSX4/4B and the GAGE family, other 
X­CTAs (MAGE-A2, MAGE-A3 and NY-ESO-1) and 
CTCFL, were up­regulated in MYCN-amplified specimens 
exposed to prolonged cinacalcet treatment. In PDX, only 
CTAs of the GAGE family were up­regulated. Increased 
expression of genes involved in differentiation, ER 
stress and EMT was also found in both models, but more 
robustly in MYCN-amplified xenografts.

To identify relevant biological processes promoted 
by cinacalcet in neuroblastoma, Gene Ontology (GO) 
enrichment analysis was conducted (Supplementary Table 
S3, first sheet). Overrepresented processes among up-
regulated genes were calcium­signaling pathways and ion 
transport (adenylyl cyclase type 8 ­ADCY8-, RYR2 and 
PRKCA), cell adhesion, differentiation (GABRA3, NTRK3) 
and also CTAs. Among down­regulated genes, which were 
less abundant, transcription factors were overrepresented, 
notably inhibitor of differentiation 2 ­ID2­ and v­myb 
avian myeloblastosis viral oncogene homolog ­MYB­.

Next, a search for molecular pathways in which 
those genes might participate was conducted with 
Ingenuity Pathways Analysis (IPA). The most significant 
network included up­regulation of RYR2 and NTRK3, 
together with down­regulation of ID2 and fibronectin 
-FN1- (Figure 5D and Supplementary Table S3, second 
sheet). Other top networks were involved in gene 
regulation, cell death and survival.

Genome­wide expression analyses of murine 
genes did not find statistically significant differences 
between vehicle­ and cinacalcet­treated xenografts 

Phenotype Gene MYCN-A MYCN-NA

LA-N-1 SK-N-LP SH-SY5Y

Calcium signaling PRKCA 3 2.7 9.1

RYR2 4.7 10 3.3

ADCY8 7 81.9 3.7

Fold change >5 1.3­5 1 1.3­5 >5

Down Up

Bold: Fold change > 10
MYCN­A: MYCN-amplified; MYCN­NA: MYCN-non amplified.
EMT: Epithelial­to­mesenchymal transition.
CTAs: Cancer­testis antigens.
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Figure 4: Cinacalcet inhibits neuroblastoma tumor growth. LA­N­1 cells (107) or patient­derived xenografts fragments were 
subcutaneously inoculated in four to six­week­old female athymic Nude­Foxn1 nu/nu mice. Tumors were allowed to grow until dimensions 
reached 7x7 mm. Mice were then randomized to receive either vehicle or cinacalcet (10 mg/kg/day) by oral gavage 6 days per week until 
tumor volume reached 2 cm3. A. Blood samples (100 μL) were collected from facial veins and plasma ionic Ca2+ concentrations (mmol/L) 
measured once a week ** P < 0.01; *** P < 0.001; **** P < 0.0001, two­tailed Student’s t­test. B. Event­free survival (EFS) rates of mice 
bearing LA­N­1 xenografts that received either cinacalcet or vehicle. The log­rank statistic was used to compare EFS probabilities between 
groups. C. Pooled data of two independent experiments performed as in B. D. Immunocompromised mice bearing MYCN-non amplified, 
patient­derived xenografts received vehicle or cinacalcet as above. EFS probabilities were compared as in panel B. E. Haematoxylin­eosin 
(left, upper panel) and Masson’s trichrome (left, lower panel) of formalin fixed, paraffin-embedded sections of LA-N-1 tumors treated with 
cinacalcet. Right: Number of fibrin clots and fibrotic vessels in 20 high power fields were counted on H&E (clots) or trichrome (fibrotic 
vessels) stained sections of LA­N­1 xenografts exposed to cinacalcet or vehicle as in panel C. Means were compared by two­tailed Student’s 
t­test. F. Immunohistochemistry performed with anti­human nuclei antibody in sections of LA­N­1 xenografts exposed to cinacalcet.
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Figure 5: Genome-wide expression analyses of cinacalcet- and vehicle-treated neuroblastoma xenografts reveals up-
regulation of cancer-testis antigens. A. Heat map comparing gene expression patterns in LA­N­1 xenografts exposed to vehicle or 
cinacalcet in the first survival experiment. These were the last tumors excised in each group. B. Heat map comparing gene expression 
patterns in the 8 control LA­N­1 xenografts and the three xenografts exposed to the longest treatment with cinacalcet. C. Upper panel: 
Relative expression of GAGE mRNA in control and cinacalcet-treated LA-N-1 tumors. Statistical significance was calculated using two-
tailed Mann­Whitney U test to compare all cinacalcet (n=11) and control (n=12) LA-N-1 xenografts used in the first survival experiment, 
and unpaired Student t­test to compare the three xenografts exposed to the longest period of cinacalcet treatment (n=3) to all controls 
(n=12). Lower panels: Immunohistochemical analysis of GAGE expression conducted on formalin fixed, paraffin-embedded sections of 
LA­N­1 xenografts exposed to vehicle (VEH) or cinacalcet (CIN). D. Network generated with Ingenuity Pathways Analysis to represent 
pathways modulated in LA­N­1 xenografts upon prolonged treatment with cinacalcet.
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Table 2: Gene expression analyses of neuroblastoma xenografts following cinacalcet treatment conducted by 
RT-qPCR

Phenotype Gene MYCN - A MYCN - NA

Cinacalcet 
(n=11) vs 
vehicle 

(n=12), P

Fold 
change

Cinacalcet C9-C11 
(n=3) vs vehicle 

(n= 12), P

Cinacalcet (n=14) 
vs vehicle (n= 

13), P

Fold 
change

Cinacalcet 
C13-C14 
(n=3) vs 
vehicle 

(n=13), P

CaSR ns ­ < 0.0001 ns ­ ns

Proliferation MYCN ns ­ ns 0.012 1.5 0.02

ID2 ns ­ ns ns ­ ns

TERT 0.045 1.15 ns ns ns

Differentiation NFL ns ­ ns 0.0004 1.65 0.007

TUBB3 ns ­ ns ns ­ ns

S100β ns ­ ns ns ­ ns

EPHA2 ns ­ ns ns ­ ns

NTRK1 ns ­ ns ns ­ 0.012

NTRK3 ns ­ ns ns ­ ns

p75/NTR ns ­ ns ns ­ ns

ERBB3 0.048 1.5 0.046 ns ­ 0.009

ER stress, apoptosis GRP78 ns ­ 0.012 ns ­ ns

ATF4 0.007 1.39 0.023 ns ­ ns

CHOP ns ­ ns ns ­ ns

TRB3 0.003 2.02 < 0.0001 ns ­ ns

CALR 0.007 1.45 0.002 ns ­ ns

PUMA ns ­ ns ns ­ ns

NOXA ns ­ ns ns ­ ns

EMT/EndoMT/
MET CDH1 ns ­ 0.025 ns ­ ns

CDH12 ns ­ ns ns ­ 0.036

Snail1 ns ­ ns ns ­ ns

Slug 0.006 1.88 ns ns ­ ns

TWIST1 0.025 1.85 ns ns ­ 0.015

TGFβ ns ­ 0.0005 ns (0.051) ­ ns

TGFβ2 ns ­ 0.037 ns ­ 0.011

TGFβ3 ns ­ ns ns ­ ns

COL1A1 0.038 2.07 0.037 ns ­ ns

COL3 ns ­ ns ns ­ ns

VIM ns ­ 0.006 ns ­ ns

CTGF ns ­ ­ ns ­ ns

FN ns ­ ns ns ­ ns

KRT19 ns ­ 0.005 ns ­ 0.0001

(Continued )
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Phenotype Gene MYCN - A MYCN - NA

Cinacalcet 
(n=11) vs 
vehicle 

(n=12), P

Fold 
change

Cinacalcet C9-C11 
(n=3) vs vehicle 

(n= 12), P

Cinacalcet (n=14) 
vs vehicle (n= 

13), P

Fold 
change

Cinacalcet 
C13-C14 
(n=3) vs 
vehicle 

(n=13), P

MMP2 0.0004 4.34 0.011 ns ­ ns
CDH5 0.022 4.97 0.014 ns ­ ns

CTAs CTCFL 0.038 3.65 0.004 ns ­ ns

SSX4/4B 0.007 1.13 0.0006 ns ­ ns

GAGE-P1 ns ­ 0.035 ns ­ ns (0.06)

GAGE-P2 0.025 6.56 0.0005 ns ­ 0.0001

GAGE-P3 0.034 9.04 0.012 ns ­ ns

MAGE-A2 0.0003 3.32 < 0.0001 ns (0.051) ­ ns

MAGE-A3 0.002 4.7 0.0007 ns ­ ns

NY-ESO-1 0.049 7.1 0.002 ns ­ ns

Calcium signaling PRKCA ns ­ 0.012 ns ­ ns

RYR2 0.018 1.94 0.009 ns ­ 0.005

ADCY8 0.021 2.5 0.0004 0.009 2.02 0.0002

Host 
microenvironment Angpt1 ns - ns

Angpt2 0.013 2.19 ns ns ­ 0.044

Tie1 0.015 2.69 0.002 ns ­ ns

Kdr 0.013 1.72 ns ns ­ ns

Cdh5 0.001 2.17 ns

αSma 0.018 1.69 ns ns ­ 0.022

Pdgfra 0.015 4.97 ns ns ­ 0.016

Cd68 0.007 1.99 0.003 ns ­ ns

Mmp9 0.003 4.19 ns

Tgfb 0.006 2.48 ns ns ­ ns

MYCN­A: MYCN amplified 
MYCN­NA: MYCN non-amplified 
EMT/EndoMT: Epithelial/endothelial­to­mesenchymal transition. 
MET: Mesenchymal­to­epithelial transition. 
ns: not significant 
CTAs: Cancer­testis antigens

Upregulation

ns upregulation

Downregulation

ns downregulation

Gene expression analyses were performed by RT­qPCR. Two­tailed Mann­Whitney U test was used to compare all cinacalcet and control 
specimens in each experiment. Unpaired Student t­test was performed to compare the three xenografts exposed to the longest period of 
cinacalcet treatment (n=3) to all controls (n=12).
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(Supplementary Table S2, third sheet, and Supplementary 
Figure S5A). However, Gene Ontology (Supplementary 
Table S3, third sheet) and IPA (Supplementary Figure 
S5B and Supplementary Table S3, fourth sheet) analyses 
showed gene expression changes consistent with 
microenvironment remodeling and angiogenesis, most 
notably jagged-1, semaphorin-5B and neuropilin-2.

Consequently, a number of candidate genes 
were analyzed by RT­qPCR taking into account that 
both human and murine cells seemed to participate in 
microenvironment remodeling. Down­regulation of 
human vascular specific cadherin CDH5 and up­regulation 
of mesenchymal markers (COL1A1, VIM) was detected 
following cinacalcet treatment. More prominent changes 
of murine gene expression consistent with angiogenesis 
and fibrosis were seen in cinacalcet-treated MYCN­
amplified xenografts (Table 2).

Finally, RT­qPCR detected a moderate up­regulation 
of CaSR mRNA upon prolonged treatment with cinacalcet in 
MYCN-amplified xenografts (Table 2, Supplementary Figure 
S4B). This was confirmed at the protein level by Western 
blot (Supplementary Figure S4C). In PDX, only a modest 
up­regulation was noted at the mRNA level (Table 2).

Altogether, in vivo data were consistent with those 
produced in vitro and supported that prolonged exposure 
to cinacalcet induces ER stress, differentiation and fibrosis 
in neuroblastoma together with upregulation of CTAs.

DISCUSSION

Refractory neuroblastomas remain a remarkable 
clinical challenge and novel therapeutic strategies are 
needed to change the uniformly fatal outcome of these 
patients. Our present data show a targeted therapy that 
reduces neuroblastoma tumor growth and induces up­
regulation of CTAs, thus paving the way for novel 
immunotherapeutic approaches and combination 
treatments.

Our first analyses were based on our previous 
findings and showed that acute exposure to cinacalcet 
triggers ER stress and apoptosis in CaSR­positive, 
MYCN-amplified neuroblastoma cells, dependent on 
phospholipase C activation. Massive calcium release from 
the ER is a potent inducer of ER stress, and cancer cells are 
especially susceptible to this injury [22]. We focused on 
GRP78-ATF4-PeIF2α as this pathway has been reported 
to mediate ER stress­induced cell death in neuroblastoma 
[20]. Induction of these molecules was followed by up­
regulation of CHOP and TRB3, an indication of ER stress 
coupled to cell death [23]. Also, according to an ER­
centered mechanism of apoptosis, cinacalcet activated 
caspase­4, together with other caspases of the intrinsic 
apoptotic pathway [19]. In keeping with literature, MYCN­
non amplified cells were less sensitive to ER stress [20].

Microarrays analyses provided in vivo evidence that 
cinacalcet triggers ER stress in neuroblastoma, including 

up­regulation of RYR2. Intracellular Ca2+ leak via RYR2 
and consequent depleted ER stores have been associated 
with ER stress in pancreatic β cells [24]. Up-regulation 
of ADCY8 represented another in vivo indication of Ca2+ 
leak from the ER. In non­excitable cells, ADCY8 is 
predominantly stimulated by Ca2+ ions entering the cells 
via capacitative calcium entry, a mechanism triggered 
by depletion of intracellular Ca2+ stores [25]. Moreover, 
CNBD1 (cyclic nucleotide­binding domain­containing 
protein 1) was also up­regulated in the second heat map 
[26]. Further studies will be necessary to establish whether 
increased expression of this domain is an indication of 
cAMP production by ADCY8 or whether CaSR might 
couple to Gs in this cellular context.

We next evaluated the effects of sustained in vitro 
exposure to cinacalcet. Apoptosis was also detected in 
MYCN-amplified cells. Other mechanisms of cell death, 
including necroptosis, might concur. Moreover, surviving 
CaSR­positive cells, irrespective of MYCN status, 
displayed morphological signs and expression patterns 
consistent with differentiation induction and cell cycle 
exit. These effects were more pronounced in cells with 
a less differentiated phenotype [21]. Microarrays data 
also showed up­regulation of two genes associated with 
benign neuroblastomas, GABRA3 [27] and NTRK3 [28], 
following prolonged exposure to cinacalcet. Concurrently, 
ID2, MYB and FN1 were down­regulated. ID2 is a helix­
loop­helix transcription factor that acts under the control 
of MYC proteins, blocks differentiation and stimulates 
cell proliferation [29]. MYB is a transcription factor that 
cooperates with MYCN in cell cycle regulation of MYCN­
amplified neuroblastomas [30]. By RT-qPCR, we also found 
a moderate down­regulation of MYCN in PDX and in vitro 
models. Down­regulation of MYCN, ID2, TERT and FN1 
has been also reported in neuroblastoma cells undergoing 
differentiation upon exposure to retinoids [7­10]. Induction 
of TERT in LA­N­1 xenografts might be associated with 
fibrosis [31]. Interestingly, up-regulation of synaptopodin-2 
(SYNPO) could be an additional indication of MYCN 
down­regulation, as its main upstream regulator, DKK3, is 
negatively modulated by MYCN [32, 33].

Prolonged in vitro exposure to cinacalcet 
reproduced quite notably other effects induced by this 
drug in vivo, namely up­regulation of CTAs. This good 
correlation between our in vitro and in vivo findings 
makes less likely that hypocalcemia and associated 
hormonal changes account for the phenotypes observed 
in vivo. CTAs encompass a large family of antigens that 
are considered ideal targets for immunotherapy given 
their almost tumor-specific pattern of expression and 
strong immunoreactivity [34]. However, the efficacy 
of CTA­based immunotherapies is hampered by the 
remarkable inter­ and intra­tumoral heterogeneity 
expression of these antigens. Attempts to increase 
their expression have relied on epigenetic modifiers, 
taking into account the primary mechanism regulating 
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CTAs transcription [35]. To our surprise, cinacalcet 
induced a robust up­regulation of several CTAs in all 
neuroblastoma models examined. Up­regulated CTAs 
were mainly encoded by genes mapping on chromosome 
X (GAGE, MAGE, SSX4 families and NY-ESO-1), which 
are the most immunogenic, and less significantly a non-X 
CTA, CTCFL. It has been reported that p53 strongly 
represses CTCFL expression [36]. Accordingly, CTCFL 
was only up­regulated in the TP53­null model. Given 
that CTCFL regulates other CTAs, mainly the MAGE 
family [37], it is also likely that lack of MAGEs up­
regulation in cinacalcet­treated PDX is partially due to 
the normal activity of p53 in these tumors.

Expression of GAGE antigens has been reported in 
neuroblastoma [38]. However, the roles of CTAs in cancer 
remain ill-defined, and some evidences indicate that they 
support cancer cell survival, invasion or migration [39], 
but expression of CTAs has been associated with better 
outcome in glioblastoma patients [40]. Our results show 
up­regulation of CTAs in xenografts displaying slower 
growth rates and in three in vitro models undergoing 
differentiation upon cinacalcet exposure. Thus, while 
further studies are warranted to establish the function of 
these molecules in cancer, up­regulation of CTAs in our 
models is not associated with increased neuroblastoma 
aggressiveness. Moreover, this effect might promote 
higher effectiveness of CTA­based immunotherapies and 
provide surrogate circulating markers of neuroblastoma 
response to cinacalcet.

CaSR activation has been described to promote 
cardiac fibrosis [41]. In contrast, cinacalcet seems to 
reduce collagen deposition in models of kidney failure 
[42] and down­regulation of mesenchymal markers is also 
associated with CaSR activation in colon cancer cell lines 
[43]. In MYCN-amplified xenografts, cinacalcet treatment 
was associated with induction of fibrosis while normal 
organs were not affected. Indeed, fibrosis of refractory 
tumors would be clinically beneficial. Apoptosis and 
ER stress could be among initiating events. Although 
apoptosis was originally described to eliminate cells 
without disturbing surrounding tissues, more recent 
evidences support that it might promote fibrosis [44]. 
Chronic ER stress is also a potent pro-fibrotic stimulus 
[45]. Although host cells were noticeably cooperating in 
microenvironment remodeling, a number of transcripts 
associated with EMT or mesenchymal­to­epithelial 
transition were modulated in vitro as well. The complex 
gene expression patterns observed most likely reflect 
overlapping phases of fibrosis taking place simultaneously 
given the persistent, but intermittent, nature of the 
triggering injury. Nevertheless, the final output indicates 
that cinacalcet is mostly a pro-fibrotic stimulus in 
MYCN-amplified neuroblastomas. A factor potentially 
contributing to the lesser extent of fibrosis in PDX, besides 
being less susceptible to ER stress, is normal p53 function 
[46].

Last but not least, cinacalcet also promoted CaSR 
up-regulation. This finding is in accordance with literature 
[47] and would be clinically relevant should cinacalcet 
be used as a treatment for this tumor. Most unfavorable 
neuroblastomas exhibit low levels of CaSR expression, 
and enforced expression of the receptor notably reduces 
neuroblastoma cell proliferation and tumorigenicity 
[15]. Thus, increase of CaSR expression upon cinacalcet 
treatment would reduce neuroblastoma aggressiveness 
by itself, and additionally promote a more pronounced 
response to the drug over time.

In summary, we show that cinacalcet inhibits 
neuroblastoma tumor growth by promoting differentiation, 
ER stress, apoptosis and/or fibrosis depending on time of 
exposure and cellular context. Cinacalcet also up­regulates 
CTAs in neuroblastoma thus providing novel opportunities 
for CTA­based immunotherapies and circulating surrogate 
markers of neuroblastoma response to this treatment.

MATERIALS AND METHODS

Cell lines

Seven neuroblastoma cell lines (LA­N­1, LA1­55n, 
SH­SY5Y, SK­N­JD, SK­N­LP, LA1­5s and SK­N­AS) 
exhibiting different degrees of differentiation [21], HEK­
293 cells and human fibroblasts were obtained from the 
repository at Institut de Recerca Pediàtrica ­ Hospital 
Sant Joan de Déu (Barcelona, Spain). Unless otherwise 
specified, they were grown in Roswell Park Memorial 
Institute (RPMI)­1640 medium supplemented with 10% 
fetal bovine serum (Invitrogen, Carlsbad, CA), 2 mM 
L­glutamine, penicillin (100 U/mL) and streptomycin (100 
μg/mL), at 37ºC and 5% CO2.. Mycoplasma polymerase 
chain reaction (PCR) tests were routinely performed. 
Characterization of cell lines included analysis of MYCN 
amplification [14], TP53 sequence and authentication by 
STR profiles.

RNA isolation, cDNA synthesis, PCR and qPCR

Total RNA was isolated using TriReagent (Sigma, 
St Louis, MO). Retrotranscription, PCR and qPCR were 
carried out as described [14, 15]. Real­time PCR runs 
were performed in a 7500 SDS system using gene­
specific Assays on Demand and Taqman Universal PCR 
Master Mix, or specific primers (Supplementary Table 
S1) and SYBRGreen (Applied Biosystems, Forster 
City, CA). Relative expression levels were calculated 
according to the 2-ΔΔCt method using TATA-box binding 
protein (TBP) as normalizing gene. Only samples with 
a TBP Ct lower than 30 were used to ensure RNA 
and cDNA quality. Quantitative PCR runs conducted 
according to these procedures were shown to produce 
highly consistent data (coefficient of variation < 5%, not 
shown).
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Cell viability and proliferation assays

Cells were plated into 96­well plates in RPMI­
1640 10% FBS. Six replicate wells were seeded for each 
cell line and condition. Next day, they were treated with 
cinacalcet (Selleckchem, Houston, TX), NPS R­568 
(Tocris, Minneapolis, MN) or DMSO. Viability was 
measured with CellTiter96 Aqueous Cell Proliferation 
Assay (Promega, Madison, WI) 72 hours later. IC50 
(i.e. drug concentrations achieving 50% decrease in 
cell viability) were determined with GraphPad Prism 
software. The same experiments were performed in the 
presence or absence of 20 μM Z-VAD-FMK (Promega). 
Proliferation rates were assessed as reported [15].

To examine the combined effects of cinacalcet and 
U73122 (Sigma) on cell viability, cells were plated in 24­
well plates in RPMI­1640 10% FBS. Four replicate wells 
were seeded for each cell line and condition. Next day, 
media were replaced by calcium-free Dulbecco’s modified 
Eagle’s medium (DMEM) (Invitrogen) supplemented with 
bovine serum albumin (0.2% w/v), 4 mM L­glutamine 
and 0.5 mM CaCl2 (these conditions will be mentioned 
as serum deprivation media) for 16 hours. Cultures were 
then exposed to cinacalcet in the same media containing 
0.5 mM or 3 mM CaCl2 and/or U73122. Cell viability was 
determined as above.

Apoptosis assays

Cells were seeded in RPMI­1640 10% FBS. Next 
day, they were grown in serum deprivation media for 16 
hours. Cultures were then exposed to cinacalcet for 8 or 24 
hours in the same media containing 0.5 mM or 3 mM CaCl2. 
Floating and adherent cells were collected and stained 
with Annexin V­FITC Detection Kit (Life Technologies, 
Carslbad, CA) as per manufacturer’s instructions. Cells 
were analyzed by flow cytometry on a FACSCalibur System 
and results were processed with CellQuest software (Becton 
Dickinson, Mountain View, CA).

Immunoblots

Cells were exposed to cinacalcet or DMSO, collected 
in ice­cold PBS and lysed in 10 mM Tris­HCl pH=6.8, 1 
mM EDTA, 150 mM NaCl, 1% SDS. Thirty to fifty μg 
proteins were electrophoresed in 8­14% SDS­PAGE and 
transferred onto nitrocellulose membranes. Incubation 
with primary antibodies (caspase­3, caspase­4, caspase­7, 
caspase-9, cleaved PARP, eIF2α, P-eIF2α, GRP78 (Cell 
Signaling Technologies, Danvers, MA), CaSR (Abcam, 
Cambridge, UK), ATF4 (Santa Cruz Biotechnology, Dallas, 
TX), α-tubulin (Sigma)) was followed by horseradish 
peroxidase­conjugated secondary antibodies (Promega). 
Immunoreactive bands were detected with enhanced 
chemiluminiscence reagents (Amersham Pharmacia, 
Piscataway, NJ). Alternatively, secondary antibody 

IRDye680RD goat­anti­mouse IgG (Li­COR #926­68070) 
or IRDye800CW goat­anti­rabbit IgG (Li­COR #926­
32211) were used and blots were visualized with Li­COR 
Odyssey system (Li­COR Biosciences, Lincoln, NE).

Mouse xenograft models

Procedures were approved by the Institutional 
Animal Research Ethics Committee. Two in vivo models 
were generated in four to six­week­old female athymic 
Nude­Foxn1 nu/nu mice (Charles River, Wilmington, 
MA). LA­N­1 cells generated a CaSR­positive model 
bearing MYCN amplification and mutation of TP53. A 
tumor fragment was obtained from the liver metastasis of a 
stage 4 neuroblastoma without these two genetic alterations. 
Written informed consent was obtained and procedures 
were approved by the Institutional Review Board. The 
tumor was subcutaneously inoculated and allowed to grow 
up to 2 cm3 to generate a patient­derived xenograft (PDX).

LA­N­1 cells (107) resuspended in Matrigel:PBS 
(Becton Dickinson) or PDX fragments were 
subcutaneously inoculated. Tumors were allowed to 
grow until dimensions reached 7x7 mm. Mice were 
then randomized to receive either vehicle or cinacalcet 
(10 mg/kg/day) by oral gavage 6 days per week until 
tumor volume reached 2 cm3. Cinacalcet was prepared 
with Mimpara® tablets. Following homogenization in a 
mortar, the resulting powder was reconstituted with 0.5% 
Tween 20 (20%, v/v) and carboxymethylcellulose (0.25%, 
w/v) to a final concentration of 20 mg/mL. Each dose 
contained 5 μL of this mixture per gram of mouse weight. 
Dimensions of tumors were measured thrice a week using 
a digital caliper. Tumor volume was calculated as L x W2/2 
in which “L” indicates length in mm and “W” indicates 
width in mm. At the end of the experiment, tumors were 
excised and half of each specimen was frozen in liquid 
nitrogen and the other was fixed in 10% formalin.

Ionized calcium concentrations in blood

Blood samples (100 μL) were collected from facial 
veins of control and cinacalcet­treated mice once a week 
during the first six weeks of treatment. Extractions were 
performed before drug/vehicle administration. Ionized 
calcium concentrations were measured using an EPOC 
Reader (Alere Healthcare, Waltham, MA).

Immunohistochemistry

Sections (4 μm) of formalin fixed, paraffin-
embedded tumors were stained with haematoxylin­
eosin (H&E), Masson’s trichrome or processed for 
immunohistochemistry to analyze CaSR expression as 
described [14]. A similar protocol was carried out with 
anti­GAGE7 (Life Technologies) and anti­human nuclei, 
clone ­3E1.3 (Merck­Millipore, Darmstadt, Germany).



Oncotarget16127www.impactjournals.com/oncotarget

Microarray processing and analysis

Total RNA was isolated from 8 xenografts exposed 
to cinacalcet and 8 receiving vehicle in the first survival 
experiment. These were the last 8 tumors excised in each 
group. Genome­wide expression analyses were performed 
using Affymetrix Human Gene Array 2.1 ST and Mouse 
Gene Array 2.1 ST (Affymetrix, Santa Clara, CA) as per 
manufacturer’s protocol. Microarrays data were analyzed 
at the Statistics and Bioinformatics Unit of Vall d’Hebron 
Research Institute (Barcelona, Spain). After standard 
quality controls, a cinacalcet­treated sample (C6) was 
considered an outlier under the criteria of distance between 
arrays and intensity distribution [48] and excluded from 
further analyses. Robust Multi­array Average (RMA) 
algorithm was used for pre­processing microarray. In 
order to minimize the effect of P­value adjustment that 
multiple testing implies, normalized data were subjected 
to non-specific filtering to remove low (50%) signal and 
low (50%) variability genes. Selection of differentially 
expressed genes was based on a linear model analysis with 
empirical Bayes modification for the variance estimates. 
To account for multiple testing, P­values were adjusted 
to obtain stronger control over the false discovery rate 
(FDR). Differentially expressed genes (P-value ≤0.01) 
obtained from comparing the three xenografts exposed 
to the longest treatment with cinacalcet (C9­C11) to all 
control tumors were used as input for a gene enrichment 
analysis against the Gene Ontology [49] using DAVID 
tool, which performs Fisher Exact tests to compare the 
proportion of significant genes found on each GO category 
[50]. A more restrictive gene set (adjusted P-value ≤0.25 
and absolute log fold change >0.5) was analyzed using 
QIAGEN’s Ingenuity® Pathway Analysis. Microarray 
data have been deposited in the Gene Expression Omnibus 
database (Accession number GSE73509).

Statistical analysis

Other statistical analyses were performed with SPSS 
v20 and GraphPad Prism 5 softwares. Comparison of 
means was performed by Student t or Mann­Whitney U 
tests. For event­free survival (EFS) analysis, an event was 
defined as tumor size that exceeded 2 cm3. The log­rank 
statistic was used to compare EFS probabilities between 
groups. P<0.05 was considered significant.

ACKNOWLEDGMENTS

We thank our patients and their families for constant 
support, Edward F. Nemeth and Arthur D. Conigrave 
for insightful discussions, Noelia Salvador and Patricia 
Galván for expert technical assistance and Gaël Roué for 
sharing anti­GRP78. We are also indebted to “Biobanc de 
l’Hospital Infantil Sant Joan de Déu per a la Investigació” 

and “Xarxa de Tumors de Catalunya” for sample 
procurement. This study was supported by grants from 
Fundació Privada Cellex and Spanish Ministry of Health 
(FIS PI14/00040) to CdT.

CONFLICTS OF INTEREST

CdT holds a patent, WO 2013144397 (A1), US­
2015­0342907­A1, and a patent submission (PCT/
ES2015/070561) on cinacalcet.

REFERENCES

1. Cheung NK, Dyer MA. Neuroblastoma: developmental 
biology, cancer genomics and immunotherapy. Nat Rev 
Cancer. 2013; 13:397-411.

2. Maris JM. Recent advances in neuroblastoma. N Engl J 
Med. 2010; 362:2202-2211.

3. Brodeur GM, Seeger RC, Schwab M, Varmus HE, 
Bishop JM. Amplification of N-myc in untreated human 
neuroblastomas correlates with advanced disease stage. 
Science. 1984; 224:1121-1124.

4. Pugh TJ, Morozova O, Attiyeh EF, Asgharzadeh S, Wei JS, 
Auclair D, Carter SL, Cibulskis K, Hanna M, Kiezun A, Kim 
J, Lawrence MS, Lichenstein L, et al. The genetic landscape 
of high-risk neuroblastoma. Nat Genet. 2013; 45:279-284.

5. George RE, Sanda T, Hanna M, Fröhling S, Luther W 2nd, 
Zhang J, Ahn Y, Zhou W, London WB, McGrady P, Xue L, 
Zozulya S, Gregor VE, et al. Activating mutations in ALK 
provide a therapeutic target in neuroblastoma. Nature. 2008; 
455:97597­97598.

6. Shimada H, Umehara S, Monobe Y, Hachitanda Y, 
Nakagawa A, Goto S, Gerbing RB, Stram DO, Lukens 
JN, Matthay KK. International neuroblastoma pathology 
classification for prognostic evaluation of patients with 
peripheral neuroblastic tumors: a report from the Children’s 
Cancer Group. Cancer. 2001; 92:2451-2461.

7. Thiele CJ, Reynolds CP, Israel MA. Decreased expression 
of N­myc precedes retinoic acid­induced morphological 
differentiation of human neuroblastoma. Nature. 1985; 
313:404­406.

8. Janardhanan R, Banik NL, Ray SK. N­Myc down regulation 
induced differentiation, early cell cycle exit, and apoptosis 
in human malignant neuroblastoma cells having wild type 
or mutant p53. Biochem Pharmacol. 2009; 78:1105-1114.

9. Påhlman S, Ruusala AI, Abrahamsson L, Mattsson ME, 
Esscher T. Retinoic acid­induced differentiation of cultured 
human neuroblastoma cells. Cell Differ. 1984; 14:135-144.

10. Hölzel M, Huang S, Koster J, Ora I, Lakeman A, Caron 
H, Nijkamp W, Xie J, Callens T, Asgharzadeh S, Seeger 
RC, Messiaen L, Versteeg R, Bernards R. NF1 is a tumor 
suppressor in neuroblastoma that determines retinoic acid 
response and disease outcome. Cell. 2010; 142:218-229.



Oncotarget16128www.impactjournals.com/oncotarget

11. Matthay KK, Reynolds CP, Seeger RC, Shimada H, 
Adkins ES, Haas­Kogan D, Gerbing RB, London WB, 
Villablanca JG. Long­term results for children with 
high­risk neuroblastoma treated on a randomized trial of 
myeloablative therapy followed by 13­cis­retinoic acid. J 
Clin Oncol. 2009; 27:1007-1013.

12. Brown EM, Gamba G, Riccardi D, Lombardi M, Butters 
R, Kifor O, Sun A, Hediger MA, Lytton J, Hebert SC. 
Cloning and characterization of an extracellular Ca(2+)­
sensing receptor from bovine parathyroid. Nature. 1993; 
366:575­580.

13. Brennan SC, Thiem U, Roth S, Aggarwal A, Fetahu ISh, 
Tennakoon S, Gomes AR, Brandi ML, Bruggeman F, 
Mentaverri R, Riccardi D, Kallay E. Calcium sensing 
receptor signalling in physiology and cancer. Biochim 
Biophys Acta. 2013; 1833:1732-1744.

14. de Torres C, Beleta H, Díaz R, Toran N, Rodríguez E, 
Lavarino C, García I, Acosta S, Suñol M, Mora J. The 
calcium­sensing receptor and parathyroid hormone­
related protein are expressed in differentiated, favorable 
neuroblastic tumors. Cancer. 2009; 115:2792-2803.

15. Casalà C, Gil­Guiñón E, Ordóñez JL, Miguel­Queralt S, 
Rodríguez E, Galván P, Lavarino C, Munell F, de Alava 
E, Mora J, de Torres C. The calcium­sensing receptor 
is silenced by genetic and epigenetic mechanisms in 
unfavorable neuroblastomas and its reactivation induces 
ERK1/2-dependent apoptosis. Carcinogenesis. 2013; 
34:268­276.

16. Masvidal L, Iniesta I, Casalà C, Galván P, Rodríguez 
E, Rodríguez E, Lavarino C, Mora J, de Torres C. 
Polymorphisms in the calcium-sensing receptor gene are 
associated with clinical outcome of neuroblastoma. PLoS 
One. 2013; 8:e59762.

17. Nemeth EF, Steffey ME, Hammerland LG, Hung BC, Van 
Wagenen BC, DelMar G, Balandrin MF. Calcimimetics 
with potent and selective activity on the parathyroid calcium 
receptor. Proc Natl Acad Sci U S A. 1998; 95:4040-4045.

18. Hjälm G, MacLeod RJ, Kifor O, Chattopadhyay N, Brown 
EM. Filamin­A binds to the carboxyl­terminal tail of the 
calcium­sensing receptor, an interaction that participates 
in CaR­mediated activation of mitogen­activated protein 
kinase. J Biol Chem. 2001; 276:34880-34887.

19. Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, 
Koyama Y, Manabe T, Yamagishi S, Bando Y, Imaizumi 
K, Tsujimoto Y, Tohyama M. Involvement of caspase­4 
in endoplasmic reticulum stress­induced apoptosis and 
Aβ-induced cell death. J Cell Biol. 2004; 165:347-356.

20. Qing G, Li B, Vu A, Skuli N, Walton ZE, Liu X, Mayes 
PA, Wise DR, Thompson CB, Maris JM, Hogarty MD, 
Simon MC. ATF4 regulates MYC­mediated neuroblastoma 
cell death upon glutamine deprivation. Cancer Cell. 2012; 
22:631­644.

21. Ciccarone V, Spengler BA, Meyers MB, Biedler JL, Ross 
RA. Phenotypic diversification in human neuroblastoma 

cells: expression of distinct neural crest lineages. Cancer 
Res. 1989; 49:219-225.

22. Luo B, Lee AS. The critical roles of endoplasmic reticulum 
chaperones and unfolded protein response in tumorigenesis 
and anticancer therapies. Oncogene. 2013; 32:805-818.

23. Ohoka N, Yoshii S, Hattori T, Onozaki K, Hayashi H. 
TRB3, a novel ER stress­inducible gene, is induced via 
ATF4­CHOP pathway and is involved in cell death. EMBO 
J. 2005; 24:1243-1255.

24. Santulli G, Pagano G, Sardu C, Xie W, Reiken S, D’Ascia 
SL, Cannone M, Marziliano N, Trimarco B, Guise TA, 
Lacampagne A, Marks AR. Calcium release channel RyR2 
regulates insulin release and glucose homeostasis. J Clin 
Invest. 2015; 125:1968-1978.

25. Martin AC, Willoughby D, Ciruela A, Ayling LJ, Pagano 
M, Wachten S, Tengholm A, Cooper DM. Capacitative 
Ca2+ entry via Orai1 and stromal interacting molecule 1 
(STIM1) regulates adenylyl cyclase type 8. Mol Pharmacol. 
2009; 75:830-842.

26. Parnell E, Smith BO, Yarwood SJ. The cAMP sensors, 
EPAC1 and EPAC2, display distinct subcellular 
distributions despite sharing a common nuclear pore 
localisation signal. Cell Signal. 2015; 27:989-996.

27. Roberts SS, Mori M, Pattee P, Lapidus J, Mathews R, 
O’Malley JP, Hsieh YC, Turner MA, Wang Z, Tian Q, 
Rodland MJ, Reynolds CP, Seeger RC, Nagalla SR. 
GABAergic system gene expression predicts clinical 
outcome in patients with neuroblastoma. J Clin Oncol. 
2004; 22:4127-4134.

28. Nakagawara A, Arima­Nakagawara M, Scavarda NJ, 
Azar CG, Cantor AB, Brodeur GM. Association between 
high levels of expression of the TRK gene and favorable 
outcome in human neuroblastoma. N Engl J Med. 1993; 
328:847­854.

29. Lasorella A, Noseda M, Beyna M, Yokota Y, Iavarone A. Id2 
is a retinoblastoma protein target and mediates signalling by 
Myc oncoproteins. Nature. 2000; 407:592-598.

30. Gualdrini F, Corvetta D, Cantilena S, Chayka O, Tanno 
B, Raschellà G, Sala A. Addiction of MYCN amplified 
tumours to B­MYB underscores a reciprocal regulatory loop. 
Oncotarget. 2010; 1:278-288. doi: 10.18632/oncotarget.138.

31. Liu T, Chung MJ, Ullenbruch M, Yu H, Jin H, Hu B, Choi 
YY, Ishikawa F, Phan SH. Telomerase activity is required 
for bleomycin-induced pulmonary fibrosis in mice. J Clin 
Invest. 2007; 117:3800-3809.

32. Koppen A, Ait­Aissa R, Hopman S, Koster J, Haneveld F, 
Versteeg R, Valentijn LJ. Dickkopf­1 is down­regulated 
by MYCN and inhibits neuroblastoma cell proliferation. 
Cancer Lett. 2007; 256:218-228.

33. Chen L, Tweddle DA. p53, SKP2, and DKK3 as MYCN 
Target Genes and Their Potential Therapeutic Significance. 
Front Oncol. 2012; 2:173.

34. Fratta E, Coral S, Covre A, Parisi G, Colizzi F, Danielli R, 
Nicolay HJ, Sigalotti L, Maio M. The biology of cancer 



Oncotarget16129www.impactjournals.com/oncotarget

testis antigens: putative function, regulation and therapeutic 
potential. Mol Oncol. 2011; 5:164-182.

35. Rao M, Chinnasamy N, Hong JA, Zhang Y, Zhang M, 
Xi S, Liu F, Marquez VE, Morgan RA, Schrump DS. 
Inhibition of histone lysine methylation enhances cancer­
testis antigen expression in lung cancer cells: implications 
for adoptive immunotherapy of cancer. Cancer Res. 2011; 
71:4192­4204.

36. Renaud S, Pugacheva EM, Delgado MD, Braunschweig 
R, Abdullaev Z, Loukinov D, Benhattar J, Lobanenkov 
V. Expression of the CTCF­paralogous cancer­testis gene, 
brother of the regulator of imprinted sites (BORIS), is 
regulated by three alternative promoters modulated by CpG 
methylation and by CTCF and p53 transcription factors. 
Nucleic Acids Res. 2007; 35:7372-7388.

37. Vatolin S, Abdullaev Z, Pack SD, Flanagan PT, Custer M, 
Loukinov DI, Pugacheva E, Hong JA, Morse H 3rd, Schrump 
DS, Risinger JI, Barrett JC, Lobanenkov VV. Conditional 
expression of the CTCF­paralogous transcriptional factor 
BORIS in normal cells results in demethylation and 
derepression of MAGE­A1 and reactivation of other cancer­
testis genes. Cancer Res. 2005; 65:7751-7762.

38. Cheung IY, Cheung NK. Molecular detection of GAGE 
expression in peripheral blood and bone marrow: utility as 
a tumor marker for neuroblastoma. Clin Cancer Res. 1997; 
3:821­826.

39. Caballero OL, Cohen T, Gurung S, Chua R, Lee P, Chen 
YT, Jat P, Simpson AJ. Effects of CT­Xp gene knock down 
in melanoma cell lines. Oncotarget. 2013; 4:531-541. doi: 
10.18632/oncotarget.921.

40. Freitas M, Malheiros S, Stávale JN, Biassi TP, Zamunér FT, 
de Souza Begnami M, Soares FA, Vettore AL. Expression 
of cancer/testis antigens is correlated with improved 
survival in glioblastoma. Oncotarget. 2013; 4:636-646. doi: 
10.18632/oncotarget.950.

41. Zhang X, Zhang T, Wu J, Yu X, Zheng D, Yang F, Li T, 
Wang L, Zhao Y, Dong S, Zhong X, Fu S, Xu CQ, Lu F, 
Zhang WH. Calcium sensing receptor promotes cardiac 

fibroblast proliferation and extracellular matrix secretion. 
Cell Physiol Biochem. 2014; 33:557-568.

42. Wu M, Tang R, Liu H, Xu M, Pan M, Liu B. Cinacalcet 
attenuates the renal endothelial­to­mesenchymal transition 
in rats with adenine­induced renal failure. Am J Physiol 
Renal Physiol. 2014; 306:F138-146.

43. Aggarwal A, Prinz­Wohlgenannt M, Gröschel C, 
Tennakoon S, Meshcheryakova A, Chang W, Brown 
EM, Mechtcheriakova D, Kállay E. The calcium­sensing 
receptor suppresses epithelial­to­mesenchymal transition 
and stem cell­ like phenotype in the colon. Mol Cancer. 
2015; 14:61.

44. Johnson A, DiPietro LA. Apoptosis and angiogenesis: 
an evolving mechanism for fibrosis. FASEB J. 2013; 
27:3893­3901.

45. Tanjore H, Lawson WE, Blackwell TS. Endoplasmic 
reticulum stress as a pro-fibrotic stimulus. Biochim Biophys 
Acta. 2013; 1832:940-947.

46. Ghosh AK, Bhattacharyya S, Varga J. The tumor suppressor 
p53 abrogates Smad­dependent collagen gene induction in 
mesenchymal cells. J Biol Chem. 2004; 279:47455-47463.

47. Brennan SC, Mun HC, Leach K, Kuchel PW, Christopoulos 
A, Conigrave AD. Receptor expression modulates calcium­
sensing receptor mediated intracellular Ca2+ mobilization. 
Endocrinology. 2015; 156:1330-1342.

48. Irizarry RA, Hobbs B, Collin F, Beazer­Barclay YD, 
Antonellis KJ, Scherf U, Speed TP. Exploration, 
normalization, and summaries of high density oligonucleotide 
array probe level data. Biostatistics. 2003; 4:249-264.

49. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, 
Cherry JM, Davis AP, Dolinski K, Dwight SS, Eppig JT, 
Harris MA, Hill DP, Issel­Tarver L, et al. Gene ontology: tool 
for the unification of biology. The Gene Ontology Consortium. 
Nat Genet. 2000; 25:25-29.

50. Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, 
Lane HC, Lempicki RA. DAVID: Database for Annotation, 
Visualization, and Integrated Discovery. Genome Biol. 
2003; 4:P3.


