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Abstract: High-risk neuroblastoma (HR-NB) still remains the most dangerous tumor in early child-
hood. For this reason, the identification of new therapeutic approaches is of fundamental importance.
Recently, we combined the conventional pharmacological approach to NB, represented by cisplatin,
with fendiline hydrochloride, an inhibitor of several transporters involved in multidrug resistance
of cancer cells, which demonstrated an enhancement of the ability of cisplatin to induce apopto-
sis. In this work, we co-administrated acetazolamide, a carbonic anhydrase isoform IX (CAIX)
inhibitor which was reported to increase chemotherapy efficacy in various cancer types, to the
cisplatin/fendiline approach in SKNBE2 xenografts in NOD-SCID mice with the aim of identifying a
novel and more effective treatment. We observed that the combination of the three drugs increases
more than twelvefold the differences in the cytotoxic activity of cisplatin alone, leading to a remark-
able decrease of the expression of malignancy markers. Our conclusion is that this approach, based
on three FDA-approved drugs, may constitute an appropriate improvement of the pharmacological
approach to HR-NB.

Keywords: neuroblastoma; fendiline hydrochloride; acetazolamide; drug repositioning; CAIX; non-
coding RNAs

1. Introduction

Neuroblastoma (NB) is a solid early childhood tumor that originates from neural
crest tissue [1]. It is one of the most common pediatric solid tumors characterized by
heterogeneous clinical traits ranging from disease dissemination to spontaneous healing [2].
More than 90% of patients develop the curable, low risk form of disease, but for patients
with high-risk neuroblastoma (HR-NB), less than 50% have a positive outcome [3]. In this
scenario new, more effective therapies for NB treatment are urgently needed. Repurposing
drugs already used for other pathologies as anticancer agents is a suitable approach to
developing new therapeutic strategies in a relatively short time, as molecular targeted drugs
already approved for pediatric use could be repurposed thus avoiding phase 1 trials [4–8].

Recently, we proposed a possible alternative pharmacological treatment for HR-NB
based on the co-administration of the cytotoxic drug cisplatin and the antianginal agent
fendiline hydrochloride, whose synergism increases the effectiveness of anticancer treat-
ment, slowing down tumor growth in a NOD-SCID mouse model of the disease [7]. We
found that the beneficial effect of fendiline co-administration is due to its ability to induce
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the expression of NDM29, an RNA polymerase (pol) III-transcribed non-coding (nc) RNA
whose expression induces NB cells to differentiate into a nonmalignant neuron-like pheno-
type [9]. We demonstrated that NDM29 expression leads to the downregulation of several
ABC transporters and an increase of cisplatin retention inside tumor cells and cytotoxicity.
Meanwhile in a subsequent work, we also reported a set of nine genes whose inhibition
could represent a therapeutic opportunity for HR-NB [10]. Among them, we focused on
carbonic anhydrase IX (CAIX) as a possible target for anticancer treatment. Carbonic anhy-
drases are an ample family of zinc metalloenzymes that catalyze the reversible hydration
of carbon dioxide and are strongly induced by hypoxia [11]. CAIX plays a crucial role
in the survival strategies adopted by many solid tumors in hypoxic conditions [12]. The
expression of CAIX is upregulated in the peri-necrotic areas of poorly vascularized tumors
by activating hypoxia inducible factor 1 (HIF1). Often, CAIX expression is detectable
only in the tumor cells and not in the surrounding normal tissue, thus representing a
marker of cancer development. The activity of CAIX, together with lactate production,
renders acidification of the tumor microenvironment, fostering cell detachment from the
extracellular matrix and migration to metastatic sites. Another important consequence
of tumor microenvironment acidification is the reduced activity of cytotoxic drugs, such
as doxorubicin and paclitaxel, since their ionized cell fraction, which is unable to enter
the cells, is increased at a low pH [13–15]. CAIX overexpression fosters cancer relapse,
invasiveness and predicts poor prognosis of malignancies [12,16–18].

Compared with normal tissues, CAIX overexpression has been described in a wide
spectrum of tumors [19], such as metastatic bladder cancer [20], colon cancer [21], breast
cancer [22], and bronchial carcinoid [23]. In relation to our research, the presence of CAIX
has also been detected in neuroblastoma and its level of expression is associated with a
high proliferation rate, chromosomal deletion 1p, and amplification of oncogene MYCN, as
well as predicting a poorer prognosis of HR-NB [18,24]. Interestingly, in addition to its use
for heart failure, angioedema and glaucoma, acetazolamide, a pharmacological inhibitor
of CAIX activity, is currently being evaluated in clinical trials as an adjuvant treatment
together with temozolomide in patients with malignant astrocytoma (NIH Clinical Trial.gov
https://clinicaltrials.gov/ct2/show/NCT03011671, accessed on 20 January 2019) and in
combination with platinum and etoposide in patients with localized small cell lung cancer
(https://clinicaltrials.gov/ct2/show/NCT03467360, accessed on 20 December 2020).

Using an in vivo xenograft model, we previously demonstrated that the combined
treatment of cisplatin and fendiline reduces NB nodule growth more efficiently than
cisplatin alone, thus increasing the overall survival of treated mice [7].

In this report, we evaluate the possible synergism generated by a tri-therapy, adding
the CAIX inhibitor acetazolamide to the cisplatin and fendiline hydrochloride combination
(Cis/Fen). Indeed, although the effects of carbonic anhydrase inhibition on tumor growth
are known, we are particularly interested in verifying whether acetazolamide can further
enhance the effects of the combined chemotherapy of HR-NB with Cis/Fen.

2. Results
2.1. The Co-Administration of Acetazolamide with Cis/Fen Therapy Increased the Mice’s Survival
and Inhibits Tumor Nodule Growth

In order to investigate whether acetazolamide enhances the therapeutic efficacy of
cisplatin and/or cisplatin/fendiline, we assessed the combined activity of these drugs on tu-
mor growth in vivo, treating NOD-SCID mice which had been subcutaneously xenografted
with SKNBE2 NB cells, and evaluated tumor growth rate and animal survival.

The mice were divided into different experimental groups treated with: DMSO 1%
in NaCl saline solution 0.9%, as vehicle control; cisplatin (5 mg/kg, Cis); acetazolamide
(20 mg/Kg, AZ); fendiline hydrochloride (3 mg/kg, Fen); cisplatin in co-administration
with acetazolamide (Cis/AZ); cisplatin in co-administration with fendiline hydrochlo-
ride (3 mg/kg, Cis/Fen); cisplatin in co-administration with fendiline hydrochloride and
acetazolamide (Cis/Fen/Az).

https://clinicaltrials.gov/ct2/show/NCT03011671
https://clinicaltrials.gov/ct2/show/NCT03467360
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Figure 1 reports the growth rate of tumor nodules and mice survival in the different
experimental groups. Single treatments with acetazolamide or fendiline per se do not
reduce tumor nodule growth, as shown by the daily recordings of nodule volume, which
did not differ from DMSO-treated controls; cisplatin alone, at the dose used, had a mod-
erate effect, but, in line with our previous results [7], the combined cisplatin/fendiline
treatment reduced tumor growth much more effectively than low-dose cisplatin-based
chemotherapy; conversely, no enhancing effects were observed in the co-treatment with cis-
platin and acetazolamide, which induced an antitumor effect comparable to cisplatin alone.
Interestingly, in the mice treated with the combination therapy which included all three
molecules (Cis/Fen/Az), there was a reduced nodule growth rate equal to approximately
one tenth of that observed in the vehicle-treated control mice, and if compared with the
Cis/Fen treatment, the growth rate halved (Figure 1A,B). Moreover, it was observed that
the disease was stable in these mice for up to 35 days, suggesting a sustained activity of
the triple-drug combination. Other groups were sacrificed upon reaching the established
2.2 mm3 mass volume threshold of the nodule.
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Figure 1. Tumor nodule growth and mice survival. Once SKNBE2 mass reached 5 mm in diameter, mice were treated
with DMSO, Cisplatin 5 mg/kg (Cis); acetazolamide 20 mg/Kg (AZ); fendiline hydrochloride 3 mg/kg (Fen); cisplatin
5 mg/kg in co-administration with acetazolamide 20 mg/Kg (CisAZ); cisplatin 5 mg/kg in co-administration with fendiline
hydrochloride 3 mg/kg (CisFen); cisplatin 5 mg/kg in co-administration with fendiline hydrochloride 3 mg/kg and
acetazolamide 20 mg/Kg (CisFenAZ). The graphs depict linear trend lines of nodule tumor volume (A) and average growth
of the nodule per day (B) in each experimental group. In (C), the Kaplan–Meier plot indicates the percentages of mice
survival at increasing days after the beginning of treatments. A highly statistically significant decrease of mass growth is
induced by CisFen and CisFenAZ treatments (** p < 0.001). The histograms in (D) represent the average lifetime of mice
for each treatment group. A highly statistically significant increase of survival is induced by CisFenAZ (** p < 0.001). To
compare differences between experimental groups, statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey post hoc test.

In addition, the survival of Cis/Fen/Az-treated mice was prolonged compared to all
the other experimental groups. Kaplan–Meier survival curves were analyzed using the
Logrank test. Cis/Fen/Az-treated mice showed a highly significant difference in survival
when compared to all other groups, on average they survived 27.44 days (p < 0.001),
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whereas Cis/Fen- and Cis/Az-treated mice registered an average survival of 16.3 and
17.25 days respectively, thus only slightly longer and with no statistical significance when
compared to treatment with cisplatin alone (14.7 days) (Figure 1C,D). Altogether, these
results demonstrate that acetazolamide might ameliorate the chemotherapeutic approach
for HR-NB, enhancing the antiblastic effects of low-dose cisplatin and constituting a
possible novel anticancer agent to be administered in combination with cisplatin and
fendiline hydrochloride.

In addition, in order to clarify whether the action of acetazolamide was restricted to
the type of neuroblastoma cell line we used, we verified the same additive effect in vitro
on two different lines (IMR32 and SH-SY5Y) and obtained the same effects (see Figure S1).

2.2. Acetazolamide in Combination with Cisplatin and Fendiline Hydrochloride Reduces the
Expression of Malignancy Markers of NB Xenografts In Vivo

To better characterize the mechanisms of the additive activity of acetazolamide on
cisplatin/fendiline treatment, we analyzed the expression of specific markers of cell degen-
eration and malignancy in the SKNBE2 NB-generated subcutaneous nodules derived from
all the above-described treatment groups.

As shown by hematoxylin staining in Figure 2A, tumors from mice treated with
Cis/Fen/Az showed several shrunken cells, with pyknotic nuclei and a less compact
framework; nodule excision and manipulation were difficult as they were inconsistent,
torn, disrupted, and prone to release a large quantity of dead cells. No viable cell culture
was obtained from the disaggregation of the nodules.

The toxicity of the treatments on tumor cells was initially highlighted (Figure 2B, right
panels), and quantified (Figure 2B, left plot) by TUNEL assay, to detect apoptosis.

Results showed that: (1) treating the tumor with cisplatin increases the number of
apoptotic cells in the nodules by 2.23-fold compared to the DMSO vehicle; (2) treatments
with Cis/Az and Cis/Fen increase apoptosis by about 4.27 and 6.09-fold vis-à-vis controls,
respectively; (3) the apoptotic rate in the nodules treated with Cis/Fen/Az increases by
up to 25-fold. These data show that the addition of Az increases the cytotoxic activity of
the cisplatin/fendiline combination by more than 4-fold, indicating an enhancement of the
apoptosis rate induced by acetazolamide on the effect of Cis/Fen treatment.

The improved cisplatin/fendiline inhibition of nodule growth caused by acetazo-
lamide (Figure 1B) also suggests that a strong inhibition of cell proliferation may occur.
Thus using immunohistochemistry we analyzed the relative percentage of cells of the ex-
cised nodules that expressed Ki67 and mini-chromosome maintenance protein 2 (MCM2),
a protein involved in the initiation of genome replication now considered a sensitive
proliferation marker in several types of human malignancy (Figure 2C,D) [25]. Cisplatin
inhibited Ki67-expressing cells to 36% of the vehicle-treated control tumors, the addition
of fendiline to cisplatin produced a further reduction to 15.17%, whereas the combination
of Cis/Fen/Az leads to the almost complete suppression of expression with a further
reduction of Ki67 positive cells (5.23% of DMSO controls) (Figure 2C). Remarkably, the
number of MCM2-positive cells was reduced with a similar pattern among treatments than
observed for Ki67 (Figure 2D), indicating that the combination of the three drugs is the
most effective combination to counteract the proliferation of NB cells in the nodules, with a
better outcome than cisplatin and Cis/Fen.
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of pycnotic nuclei and mass disaggregation is strongly increased by CisFenAZ treatment. Quantification of apoptotic
cells by TUNEL assay in SKNBE2 nodules after treatments (B). Values refer to the amount of TUNEL-positive cells
per field (left plot). Panels on the right show representative images of cisplatin-(Cis), cisplatin/fendiline-(CisFen) and
cisplatin/fendiline/acetazolamide-(CisFenAZ) treated mice. The number of apoptotic cells in cisplatin-treated tumors was
increased by the addition of either acetazolamide (4.27 vs. 2.23) or fendiline (6.09 vs. 2.23); remarkably, the contemporary
administration of acetazolamide and fendiline with cisplatin produced a strong increase of apoptotic cells (25.14 vs. 2.23).
Analysis of Ki-67 (C), MCM2 (D), GD2 (E), and CAIX (F) expression in SKNBE2 nodules. Plots on the left quantify the
amount of positive cells per field. Panels on the right show representative images of cisplatin-(Cis), cisplatin/fendiline-
(Cis/Fen) and cisplatin/fendiline/acetazolamide-(CisFenAZ) treated mice. Cisplatin produced a significant reduction of
Ki-67, MCM2, and GD2. The expression of Ki-67 was strongly reduced by acetazolamide alone and almost abolished when
acetazolamide was added along with fendiline and cisplatin (C). MCM2 reduction by cisplatin was strengthened by fendiline
and strengthened further by fendiline/acetazolamide (D). The effect of cisplatin on reducing GD2 was strengthened by
fendiline only (E). All treatments except DMSO produced a significant increase in CAIX expression; the addition of
acetazolamide induced a further highly significant CAIX increase, compared with CisFen (* p < 0.05, ** p < 0.001). Space
bar—50 µM.

Next, we assessed whether the addition of acetazolamide to previous treatments
induced the specific/preferential targeting of the most malignant cells. GD2 is a disialogan-
glioside antigen whose expression is associated with neuroectodermal origin tumor cells,
and is considered a marker of NB malignant cells [26]. We show that GD2-positive cells
in sections from both Cis/Fen- and Cis/Fen/Az-treated mice were reduced to a similar
level but the presence of these cells was significantly lower (p < 0.01) than in nodules from
cisplatin-treated mice, and from DMSO-treated control animals (Figure 2E).

Last, we analyzed the possible variation of the number of cells expressing CAIX
in response to the inhibition of its activity by acetazolamide. We demonstrate that the
synthesis of CAIX in the nodule cells increases along with the efficacy of the therapy,
suggesting a likely response to the induction of hypoxia within the nodules caused by
cytotoxic treatments. Additionally, in this case the treatment with Cis/Fen was more
effective than that with Cis alone (2.53-fold vs. 1.29-fold increase), but the treatment
with Cis/Fen/Az led to a 3.76-fold increase, emphasizing once again the effectiveness of
acetazolamide as a component of the therapy (Figure 2F) (the statistical analysis of data is
reported in Table S1).

3. Discussion

HR-NB causes about 15% of deaths from childhood cancers due to frequent relapses,
metastasis, and resistance to chemotherapy [27], which is likely to be dependent on stem-
like cell populations [28]. In particular, since HR-NB is poorly responsive to the currently
available chemo- and radiotherapy protocols [2], innovative treatment approaches are
urgently needed. The conventional pharmacological approach to NB is based on cisplatin,
either alone or in combination with other chemotherapeutics and radiotherapy [29–32].
Nevertheless, a high level of resistance occurs through the stable hyperactivation of onco-
genes, as mycN induces the expression of multidrug resistance genes [33,34].

Increased knowledge of the molecular events leading to tumor growth, self-renewal,
invasiveness, and drug resistance, has revealed a number of unexpected pathogens which
can be targeted by new and old drugs, in repurposing approaches [4,35]. Remarkably,
several of these drugs have already been approved for human therapy, although not for
anticancer purposes, and are well tolerated [36]. As a consequence, their repositioning
for anticancer therapies is a real opportunity to improve the efficacy of classical cytotoxic
drugs. In this context, many studies have also shown the usefulness of drugs that are not
directly cytotoxic but are able to counteract the self-defensive machinery of cancer cells,
increasing the efficacy of classic chemotherapeutic agents [14].

CAIX inhibition, by acetazolamide, a mild diuretic drug used for heart failure and
glaucoma, or related compounds, was reported to inhibit neuroblastoma cell proliferation
in conditions of hypoxia, and to increase the efficacy of chemotherapy [24,37]. The addi-
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tive activity of acetazolamide in combination with histone deacetylase inhibitor MS-275,
reduced neuroblastoma cell growth and tumorigenicity, indicating that blocking CAIX
activity can improve the outcome when used in combination with both classical and
unconventional anticancer drugs [38,39].

It was also reported that fendiline, an L-type calcium blocker, causes cell death and
reduction of proliferation and sensitization to cytotoxic drug activity of different tumor cell
lines, through different mechanisms [40–43]. Among those, we recently identified a ncRNA
named NDM29 whose stable overexpression is sufficient to induce neuronal differentiation
of SKNBE2 NB cells preventing their tumorigenicity in vivo [6,7,9]. NDM29 acts mainly by
downregulating the activity of ABC transporters thus increasing the susceptibility of NB
cells to the effects of cisplatin. We reported that fendiline induced the expression of NDM29
in SKNBE2 cells to enhance cisplatin toxicity [7]. Given the role of CAIX in protecting tumor
mass from hypoxia, we tested the possibility that, similarly to fendiline, acetazolamide
might enhance cisplatin efficacy against HR-NB. We show that the antitumor efficacy of
cisplatin combined with fendiline on SKNBE2 growth in NOD/SCID mice significantly
increased in the presence of acetazolamide, using mass growth and percent of apoptosis
and mice survival as parameters of pharmacological treatment efficacy.

The analysis of tumor masses was important to support our previous data about the
activity of fendiline [7], since its addition to cisplatin significantly reduced the expression
of Ki-67, MCM2, and GD2. Interestingly, acetazolamide, which was ineffective when
administered alone and only slightly additive to cisplatin effects, significantly increased
Cis/Fen activity as far as all the malignancy parameters analyzed were concerned. In
particular, we observed a high induction of apoptosis within tumoral nodules (Figure 2B),
which was maximally evident when both acetazolamide and fendiline were added to
cisplatin: individually these drugs increased cisplatin proapoptotic activity by two and
three-fold, respectively, whereas their use in combination produced a 12.5-fold increase.
This evidence argues in favor of the existence of two separate pathways underlying the
additive activity of fendiline and fendiline + acetazolamide to cisplatin.

Understanding the mechanisms by which acetazolamide may strengthen the activity
of cisplatin is complex since acetazolamide impairs the viability of several tumor cell types
acting on distinct pathways independent from the inhibition of CAIX. For example, direct
antiproliferative and proapoptotic activity has been observed on laryngeal carcinoma cells
through the downregulation of aquaporin1, suggesting that tumor-specific molecules can
be acetazolamide-sensitive targets [44]. However, in our experimental model acetazolamide
alone did not affect SKNBE2 tumor growth in vivo. The analysis of CAIX expression in
SKNBE2 masses showed that the combination of cisplatin and fendiline is stimulated
and further increased by the addition of acetazolamide. Our data coincide with previous
reports that correlate the expression of CAIX with HR-NB cell survival under hypoxic con-
ditions and the acquisition of multidrug resistance, resulting in worse prognoses [18,24,45].
However, the exposure of neuroblastoma cells to hypoxic conditions in vitro also signif-
icantly increases sensitivity to the proapoptotic effects of CAIX inhibitors [24]. In our
experimental conditions, SKNBE2 tumor treatment with cisplatin/fendiline produces a
hypoxic environment within tumor masses in which cells may survive in the presence of
active (or hyperactive) CAIX. The addition of acetazolamide blocks this therapy escape
mechanism resulting in an increased antitumor activity. Although promising, the experi-
ments reported here revealed animals suffering after treatment, as the exact relationships
between drugs and the different reciprocal dosages still requires a further preclinical phase
of development.

In conclusion, the present pilot study provides important proof of principle about
the potential synergism of a combination therapy in which acetazolamide is added to
fendiline and cisplatin, to increase chemotherapy cytotoxicity. Thus, the repurposing of
this commonly used drug may increase the activity of anticancer drugs when conventional
treatments are insufficient. However, although acetazolamide is generally well tolerated
when administrated in different pathologies, possible side effects of its administration in
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this combination will need to be investigated in depth in studies analyzing higher number
of mice and in more expanded preclinical studies.

4. Materials and Methods
4.1. Animals

Homozygous male and female NOD-SCID mice were purchased from the Animal
Facility of the National Institute for Cancer Research (IST, Genova, Italy). Mice aged about
eight weeks were used in the experiments. Animal housing was carried out by the animal
facility of the IRCCS Policlinico San Martino (Genoa, Italy). Mice were housed in standard
laboratory conditions: 22–24 ◦C with 12 h light/dark alternation. Water and standard food
for mice were available ad libitum. During the experimental procedure, efforts were made
to minimize animal stress or discomfort and experiments were carried out in accordance
with EU Directive 2010/63/EU. The experimental procedures involving animals were
carried out in accordance with the guidelines of the European Community for the use and
care of live animals, approved by the Italian Ministry of Health (D.lgs.vo 116/92) and by
the Ethics Committee of the Animal Facility of IRCCS Policlinico San Martino (protocol
DGSAF 0001448-A).

4.2. Cell Cultures

SKNBE2 and SHSY5Y neuroblastoma cells were provided by the cell bank of the Na-
tional Institute of Cancer Research (IST) Genoa, Italy and obtained from ECACC. SKNBE2
(KCB Cat# KCB 201199YJ, RRID:CVCL_0528) were cultured in RPMI 1640 medium (EURO-
CLONE S.p.A. Pero, Milan, Italy), supplemented with 10% FBS (EUROCLONE S.p.A. Pero,
Milan, Italy), L-glutamine (2 mM; EUROCLONE S.p.A. Pero, Milan, Italy), and penicillin-
streptomycin (100 U/mL/100 ug/mL; EUROCLONE S.p.A. Pero, Milan, Italy). SHSY5Y
(KCB Cat# KCB 2006107YJ, RRID:CVCL_0019) cells were cultured in Dulbecco’s modified
Eagles medium (DMEM) (EUROCLONE S.p.A. Pero, Milan, Italy), 10% FBS (EUROCLONE
S.p.A. Pero, Milan, Italy), 2 mM L-glutamine (EUROCLONE S.p.A. Pero, Milan, Italy), and
100 U/mL penicillin-streptomycin (EUROCLONE S.p.A. Pero, Milan, Italy). Cultures were
maintained at 37 ◦C in a humidified 5% CO2 atmosphere.

4.3. In Vivo Tumor Formation

A total of 3 × 106 SKNBE2 cells were harvested in a serum-free RPMI medium and
subcutaneously injected into the flank of NOD/SCID mice. Mice were observed daily to
monitor the appearance of tumors at the injection sites. Subsequently, mice were selected
randomly to form seven groups and were treated as follows: dimethyl sulfoxide 1% in 0.9%
NaCl saline solution (control group, 4 mice); cisplatin 5 mg/kg/dose (10 mice); acetazo-
lamide 20 mg/Kg/dose (4 mice); fendiline hydrochloride 3 mg/kg/dose (8 mice); cisplatin
5 mg/kg/dose in co-administration with acetazolamide 20 mg/Kg/dose (4 mice); cisplatin
5 mg/kg/dose in co-administration with fendiline hydrochloride 3mg/kg/dose (10 mice);
cisplatin 5 mg/kg/dose in co-administration with fendiline hydrochloride 3 mg/kg/dose
and acetazolamide 20 mg/Kg/dose (10 mice). The groups received dimethyl sulfoxide
(DMSO), acetazolamide and fendiline twice a day: once intraperitoneally and once intra-
gastrically. Only cisplatin was injected intraperitoneally once a week. Treatments began
when the subcutaneous tumor mass reached a threshold diameter of 5 mm. Tumor size was
measured every two days using digital calipers and tumor volume was calculated using
the following formula: length2 × width × π/6. When the smallest tumor volume reached
2.2 cm3, the mice were euthanized by means of CO2 narcosis. The mass growth rate was
calculated with the following formula: tumor volume at sacrifice (2.2 cm3 or more) minus
initial volume (when the tumor mass reached the threshold diameter of 5 mm)/number of
days to reach the threshold.
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4.4. Immunohistochemistry

After the mice were euthanized with CO2, the tumor mass was surgically removed,
weighed, and measured. The mass was divided into sections and a section was fixed in 4%
neutral-buffered formalin, dehydrated, and embedded in paraffin using standard histologic
techniques, while a second section was instantly frozen with liquid nitrogen and stored
at −80 ◦C. Immunohistochemistry was performed on 5 µm thick slices. Antigen retrieval
was carried out in a citrate buffer (pH 6) for 9 min in a microwave oven. Slices were
treated with 3.6% hydrogen peroxide for 10 min to eliminate the endogenous peroxidase
activity. Slices were incubated with the following antibodies: anti-Carbonic anhydrase IX
mouse antibody (Novus biological, Cambridge, UK, Cat# NBP1-51691, RRID:AB_11011250)
diluted 1:400; anti-MCM2 mouse antibody (Thermo scientific, Rockford, IL, USA, Cat#MA5-
15895, RRID:AB_11155194) 1:500; anti-Ki-67 rabbit antibody (Novus biological, Abingdon,
UK, Cat# NB600-1252, RRID:AB_2142376) 1:200. The reactivity to GD2 was assessed by
using a section of frozen tissue embedded in OCT (Killik, Bio-Optica, Milano, Italy), cooled
by liquid nitrogen and cut into 5 µm sections by a cryostat at −20 ◦C. The slices were
allowed to dry for 24 h and briefly fixed in paraformaldehyde vapor for 5 min. The sections
were then stained using mouse anti-human disialoganglioside GD2 monoclonal antibody
(Millipore, Temecula, CA, USA, Cat# MAB2052, RRID:AB_11212189) at a dilution of 1:200.
For negative controls, the primary antibody was omitted. The immunoreactions were
visualized using 3,3′-diaminobenzidine (DAB) chromogen (Dako—Glostrup, Denmark).
The slices were counterstained with Harris hematoxylin (Applichem Panreac, Darmstadt,
Germany). The TUNEL assay was performed using the in situ cell death detection kit, AP
(Roche Diagnostic GmbH, Mannheim, Germany) following the manufacturer’s instructions.
After the Tunel reaction, the chromogen used was Fast-Red Substrate System (Thermo
Scientific, Fremont, CA, USA) following the manufacturer’s instructions. Tissue slides
were observed and scanned using Aperio AT2—Scanner (Leica Microsystems Srl, Milano,
Italy) at ×20 magnification. After capturing eight random fields of each image per each
mouse, the positive area in slices was quantified using ImageJ software downloaded from
the NIH website (http://rsb.info.nih.gov/ij, RRID:SCR_003070, accessed on 20 December
2019) [46]. Only Ki-67 quantification was performed using ImmunoRatio (http://153.1.
200.58:8080/immunoratio/, accessed on 20 December 2019) [47]. The value assigned to
each tumor was obtained from the average of the values of single fields. The value of each
group represents the mean of the values obtained from the mice treated in the same way.

4.5. Statistical Analysis

The mean and standard deviations were calculated for each group, and a one-way
ANOVA (analysis of variance) with post hoc Tukey HSD (honestly significant difference)
test was used to determine significance between the groups analyzed (p values < 0.05) with a
95% confidence interval (http://astatsa.com/OneWay_Anova_with_TukeyHSD/, accessed
on 10 January 2020). The data are presented as mean± SD. In graphs, statistical significance
is displayed as * p < 0.05, and ** p < 0.01. The difference in mice survival between groups
was calculated with a Logrank test performed using an online calculator (https://www.
evanmiller.org/ab-testing/survival-curves.html, accessed on 10 January 2020).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22136753/s1.

Author Contributions: Formal analysis, P.G.; investigation, P.G.; resources, A.P.; data curation, P.G.,
R.B., M.C., F.B., M.N., P.M, and T.F.; writing—original draft preparation, A.P.; writing—review and
editing, P.M. and T.F.; supervision, A.P.; project administration, A.P..; funding acquisition, A.P. All
authors have read and agreed to the published version of the manuscript.

Funding: The Associazione Italiana per la Lotta al Neuroblastoma/Fondazione Neuroblastoma
(Genoa, Italy) is gratefully acknowledged for their support.

http://rsb.info.nih.gov/ij
http://153.1.200.58:8080/immunoratio/
http://153.1.200.58:8080/immunoratio/
http://astatsa.com/OneWay_Anova_with_TukeyHSD/
https://www.evanmiller.org/ab-testing/survival-curves.html
https://www.evanmiller.org/ab-testing/survival-curves.html
https://www.mdpi.com/article/10.3390/ijms22136753/s1
https://www.mdpi.com/article/10.3390/ijms22136753/s1


Int. J. Mol. Sci. 2021, 22, 6753 10 of 11

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Italian Ministry of Health (D.lgs.vo 116/92) and by
the Ethics Committee of the Animal Facility of IRCCS AOU San Martino-IST (protocol code DGSAF
0001448-A).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maris, J.M. Recent Advances in Neuroblastoma. N. Engl. J. Med. 2010, 362, 2202–2211. [CrossRef]
2. Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [CrossRef]
3. Whittle, S.B.; Smith, V.; Doherty, E.; Zhao, S.; McCarty, S.; Zage, P.E. Overview and recent advances in the treatment of

neuroblastoma. Expert Rev. Anticancer Ther. 2017, 17, 369–386. [CrossRef] [PubMed]
4. Würth, R.; Thellung, S.; Bajetto, A.; Mazzanti, M.; Florio, T.; Barbieri, F. Drug-repositioning opportunities for cancer therapy:

Novel molecular targets for known compounds. Drug Discov. Today 2016, 21, 190–199. [CrossRef] [PubMed]
5. Sidarovich, V.; De Mariano, M.; Aveic, S.; Pancher, M.; Adami, V.; Gatto, P.; Pizzini, S.; Pasini, L.; Croce, M.; Parodi, F.; et al. A

high-content screening of anticancer compounds suggests the multiple tyrosine kinase inhibitor ponatinib for repurposing in
neuroblastoma therapy. Mol. Cancer Ther. 2018, 17, 1405–1415. [CrossRef]

6. Vella, S.; Penna, I.; Longo, L.; Pioggia, G.; Garbati, P.; Florio, T.; Rossi, F.; Pagano, A. Perhexiline maleate enhances antitumor
efficacy of cisplatin in neuroblastoma by inducing over-expression of NDM29 ncRNA. Sci. Rep. 2015, 5, 18144. [CrossRef]

7. Brizzolara, A.; Garbati, P.; Vella, S.; Calderoni, M.; Quattrone, A.; Tonini, G.P.; Capasso, M.; Longo, L.; Barbieri, R.; Florio, T.; et al.
Co-Administration of Fendiline Hydrochloride Enhances Chemotherapeutic Efficacy of Cisplatin in Neuroblastoma Treatment.
Molecules 2020, 25, 5234. [CrossRef] [PubMed]

8. Gavazzo, P.; Vella, S.; Marchetti, C.; Nizzari, M.; Cancedda, R.; Pagano, A. Acquisition of neuron-like electrophysiological
properties in neuroblastoma cells by controlled expression of NDM29 ncRNA. J. Neurochem. 2011, 119, 989–1001. [CrossRef]
[PubMed]

9. Castelnuovo, M.; Massone, S.; Tasso, R.; Fiorino, G.; Gatti, M.; Robello, M.; Gatta, E.; Berger, A.; Strub, K.; Florio, T.; et al. An
Alu-like RNA promotes cell differentiation and reduces malignancy of human neuroblastoma cells. FASEB J. 2010, 24, 4033–4046.
[CrossRef]

10. Garbati, P.; Barbieri, R.; Cangelosi, D.; Zanon, C.; Costa, D.; Eva, A.; Thellung, S.; Calderoni, M.; Baldini, F.; Tonini, G.P.; et al.
MCM2 and Carbonic Anhydrase 9 Are Novel Potential Targets for Neuroblastoma Pharmacological Treatment. Biomedicines 2020,
8, 471. [CrossRef]

11. Robertson, N.; Potter, C.; Harris, A.L. Role of carbonic anhydrase IX in human tumor cell growth, survival, and invasion. Cancer
Res. 2004, 64, 6160–6165. [CrossRef] [PubMed]

12. Thiry, A.; Dogné, J.M.; Masereel, B.; Supuran, C.T. Targeting tumor-associated carbonic anhydrase IX in cancer therapy. Trends
Pharmacol. Sci. 2006, 27, 566–573. [CrossRef] [PubMed]

13. Vukovic, V.; Tannock, I.F. Influence of low pH on cytotoxicity of paclitaxel, mitoxantrone and topotecan. Br. J. Cancer 1997, 75,
1167–1172. [CrossRef]

14. Raghunand, N.; He, X.; Van Sluis, R.; Mahoney, B.; Baggett, B.; Taylor, C.W.; Paine-Murrieta, G.; Roe, D.; Bhujwalla, Z.M.; Gillies,
R.J. Enhancement of chemotherapy by manipulation of tumour pH. Br. J. Cancer 1999, 80, 1005–1011. [CrossRef] [PubMed]

15. Stubbs, M.; McSheehy, P.M.J.; Griffiths, J.R.; Bashford, C.L. Causes and consequences of tumour acidity and implications for
treatment. Mol. Med. Today 2000, 6, 15–19. [CrossRef]

16. Wykoff, C.C.; Beasley, N.J.P.; Watson, P.H.; Turner, K.J.; Pastorek, J.; Sibtain, A.; Wilson, G.D.; Turley, H.; Talks, K.L.; Maxwell,
P.H.; et al. Hypoxia-inducible expression of tumor-associated carbonic anhydrases. Cancer Res. 2000, 60, 7075–7083.

17. Giatromanolaki, A.; Harris, A.L. Tumour hypoxia, hypoxia signaling pathways and hypoxia inducible factor expression in human
cancer. Anticancer Res. 2001, 21, 4317–4324.

18. Dungwa, J.V.; Hunt, L.P.; Ramani, P. Carbonic anhydrase IX up-regulation is associated with adverse clinicopathologic and
biologic factors in neuroblastomas. Hum. Pathol. 2012, 43, 1651–1660. [CrossRef]

19. Benej, M.; Pastorekova, S.; Pastorek, J. Carbonic anhydrase IX: Regulation and role in cancer. Subcell. Biochem. 2014, 75, 199–219.
20. Islam, S.S.; Mokhtari, R.B.; Akbari, P.; Hatina, J.; Yeger, H.; Farhat, W.A. Simultaneous Targeting of Bladder Tumor Growth, Sur-

vival, and Epithelial-to-Mesenchymal Transition with a Novel Therapeutic Combination of Acetazolamide (AZ) and Sulforaphane
(SFN). Target. Oncol. 2016, 11, 209–227. [CrossRef]

21. Kong, B.; Zhao, S.P. Acetazolamide inhibits aquaporin-1 expression and colon cancer xenograft tumor growth. Hepatogastroen-
terology 2011, 58, 1502–1506.

22. Bagheri, F.; Safarian, S.; Eslaminejad, M.B.; Sheibani, N. Stable overexpression of DNA fragmentation factor in T-47D cells:
Sensitization of breast cancer cells to apoptosis in response to acetazolamide and sulfabenzamide. Mol. Biol. Rep. 2014, 41,
7387–7394. [CrossRef]

http://doi.org/10.1056/NEJMra0804577
http://doi.org/10.1016/S0140-6736(07)60983-0
http://doi.org/10.1080/14737140.2017.1285230
http://www.ncbi.nlm.nih.gov/pubmed/28142287
http://doi.org/10.1016/j.drudis.2015.09.017
http://www.ncbi.nlm.nih.gov/pubmed/26456577
http://doi.org/10.1158/1535-7163.MCT-17-0841
http://doi.org/10.1038/srep18144
http://doi.org/10.3390/molecules25225234
http://www.ncbi.nlm.nih.gov/pubmed/33182713
http://doi.org/10.1111/j.1471-4159.2011.07492.x
http://www.ncbi.nlm.nih.gov/pubmed/21933186
http://doi.org/10.1096/fj.10-157032
http://doi.org/10.3390/biomedicines8110471
http://doi.org/10.1158/0008-5472.CAN-03-2224
http://www.ncbi.nlm.nih.gov/pubmed/15342400
http://doi.org/10.1016/j.tips.2006.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16996620
http://doi.org/10.1038/bjc.1997.201
http://doi.org/10.1038/sj.bjc.6690455
http://www.ncbi.nlm.nih.gov/pubmed/10362108
http://doi.org/10.1016/S1357-4310(99)01615-9
http://doi.org/10.1016/j.humpath.2011.12.006
http://doi.org/10.1007/s11523-015-0386-5
http://doi.org/10.1007/s11033-014-3626-3


Int. J. Mol. Sci. 2021, 22, 6753 11 of 11

23. Mokhtari, R.B.; Kumar, S.; Islam, S.S.; Yazdanpanah, M.; Adeli, K.; Cutz, E.; Yeger, H. Combination of carbonic anhydrase
inhibitor, acetazolamide, and sulforaphane, reduces the viability and growth of bronchial carcinoid cell lines. BMC Cancer 2013,
13, 378. [CrossRef]

24. Ameis, H.M.; Drenckhan, A.; Freytag, M.; Izbicki, J.R.; Supuran, C.T.; Reinshagen, K.; Holland-Cunz, S.; Gros, S.J. Carbonic
anhydrase IX correlates with survival and is a potential therapeutic target for neuroblastoma. J. Enzyme Inhib. Med. Chem. 2016,
31, 404–409. [CrossRef]

25. Giaginis, C.; Vgenopoulou, S.; Vielh, P.; Theocharis, S. MCM proteins as diagnostic and prognostic tumor markers in the clinical
setting. Histol. Histopathol. 2010, 25, 351–370. [PubMed]

26. Mujoo, K.; Cheresh, D.A.; Yang, H.M.; Reisfeld, R.A. Disialoganglioside GD2 on Human Neuroblastoma Cells: Target Antigen for
Monoclonal Antibody-mediated Cytolysis and Suppression of Tumor Growth. Cancer Res. 1987, 47, 1098–1104.

27. McFarland, B.C.; Benveniste, E.N. Reactive astrocytes foster brain metastases via STAT3 signaling. Ann. Transl. Med. 2019, 7, S83.
[CrossRef]

28. Kamijo, T. Role of stemness-related molecules in neuroblastoma. Pediatr. Res. 2012, 71, 511–515. [CrossRef] [PubMed]
29. Cheung, N.K.V.; Heller, G. Chemotherapy dose intensity correlates strongly with response, median survival, and median

progression-free survival in metastatic neuroblastoma. J. Clin. Oncol. 1991, 9, 1050–1058. [CrossRef] [PubMed]
30. Troncone, L.; Rufini, V.; Luzi, S.; Mastrangelo, R.; Riccardi, R. The treatment of neuroblastoma with [131I]MIBG at diagnosis. Q. J.

Nucl. Med. 1995, 39, 65–68. [PubMed]
31. Mastrangelo, S.; Tornesello, A.; Diociaiuti, L.; Pession, A.; Prete, A.; Rufini, V.; Troncone, L.; Mastrangelo, R. Treatment of

advanced neuroblastoma: Feasibility and therapeutic potential of a novel approach combining 131-I-MIBG and multiple drug
chemotherapy. Br. J. Cancer 2001, 84, 460–464. [CrossRef]

32. Kim, D.W.; Jo, Y.H.; Jee, H.K.; Wu, H.G.; Chae, S.R.; Chol, H.L.; Kim, T.Y.; Dae, S.H.; Bang, Y.J.; Noe, K.K. Neoadjuvant etoposide,
ifosfamide, and cisplatin for the treatment of olfactory neuroblastoma. Cancer 2004, 101, 2257–2260. [CrossRef]

33. Norris, M.D.; Bordow, S.B.; Haber, P.S.; Marshall, G.M.; Kavallaris, M.; Madafiglio, J.; Cohn, S.L.; Salwen, H.; Schmidt, M.L.;
Hipfner, D.R.; et al. Evidence that the MYCN oncogene regulates MRP gene expression in neuroblastoma. Eur. J. Cancer 1997, 33,
1911–1916. [CrossRef]

34. Casinelli, G.; LaRosa, J.; Sharma, M.; Cherok, E.; Banerjee, S.; Branca, M.; Edmunds, L.; Wang, Y.; Sims-Lucas, S.; Churley, L.; et al.
N-Myc overexpression increases cisplatin resistance in neuroblastoma via deregulation of mitochondrial dynamics. Cell Death
Discov. 2016, 2, 16082. [CrossRef] [PubMed]

35. Vella, S.; Conaldi, P.G.; Florio, T.; Pagano, A. PPAR Gamma in Neuroblastoma: The Translational Perspectives of Hypoglycemic
Drugs. PPAR Res. 2016, 2016, 3038164. [CrossRef] [PubMed]

36. Costa, D.; Gigoni, A.; Würth, R.; Cancedda, R.; Florio, T.; Pagano, A. Metformin inhibition of neuroblastoma cell proliferation is
differently modulated by cell differentiation induced by retinoic acid or overexpression of NDM29 non-coding RNA. Cancer Cell
Int. 2014, 14, 59. [CrossRef]

37. Supuran, C.T.; Briganti, F.; Tilli, S.; Chegwidden, W.R.; Scozzafava, A. Carbonic anhydrase inhibitors: Sulfonamides as antitumor
agents? Bioorganic Med. Chem. 2001, 9, 703–714. [CrossRef]

38. Bolden, J.E.; Peart, M.J.; Johnstone, R.W. Anticancer activities of histone deacetylase inhibitors. Nat. Rev. Drug Discov. 2006, 5,
769–784. [CrossRef] [PubMed]

39. Bayat Mokhtari, R.; Baluch, N.; Ka Hon Tsui, M.; Kumar, S.; Homayouni, S.T.; Aitken, K.; Das, B.; Baruchel, S.; Yeger, H.
Acetazolamide potentiates the anti-tumor potential of HDACi, MS-275, in neuroblastoma. BMC Cancer 2017, 17, 156. [CrossRef]

40. Jan, C.R.; Lee, K.C.; Chou, K.J.; Cheng, J.S.; Wang, J.L.; Lo, Y.K.; Chang, H.T.; Tang, K.Y.; Yu, C.C.; Huang, J.K. Fendiline, an
anti-anginal drug, increases intracellular Ca2+ in PC3 human prostate cancer cells. Cancer Chemother. Pharmacol. 2001, 48, 37–41.

41. Huang, C.C.; Huang, C.J.; Cheng, J.S.; Liu, S.I.; Chen, I.S.; Tsai, J.Y.; Chou, C.T.; Tseng, P.L.; Jan, C.R. Fendiline-evoked [Ca2+]i
rises and non-Ca2+-triggered cell death in human oral cancer cells. Hum. Exp. Toxicol. 2009, 28, 41–48. [CrossRef] [PubMed]

42. van der Hoeven, D.; Cho, K.-J.; Ma, X.; Chigurupati, S.; Parton, R.G.; Hancock, J.F. Fendiline Inhibits K-Ras Plasma Membrane
Localization and Blocks K-Ras Signal Transmission. Mol. Cell. Biol. 2013, 33, 237–251. [CrossRef] [PubMed]

43. Woods, N.; Trevino, J.; Coppola, D.; Chellappan, S.; Yang, S.; Padmanabhan, J. Fendiline inhibits proliferation and invasion
of pancreatic cancer cells by interfering with ADAM10 activation and β-catenin signaling. Oncotarget 2015, 6, 35931–35948.
[CrossRef]

44. Gao, H.; Dong, H.; Li, G.; Jin, H. Combined treatment with acetazolamide and cisplatin enhances chemosensitivity in laryngeal
carcinoma Hep-2 cells. Oncol. Lett. 2018, 15, 9299–9306. [CrossRef] [PubMed]

45. Hussein, D.; Estlin, E.J.; Dive, C.; Makin, G.W.J. Chronic hypoxia promotes hypoxia-inducible factor-1-α-dependent resistance to
etoposide and vincristine in neuroblastoma cells. Mol. Cancer Ther. 2006, 5, 2241–2250. [CrossRef] [PubMed]

46. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

47. Tuominen, V.J.; Ruotoistenmäki, S.; Viitanen, A.; Jumppanen, M.; Isola, J. ImmunoRatio: A publicly available web application for
quantitative image analysis of estrogen receptor (ER), progesterone receptor (PR), and Ki-67. Breast Cancer Res. 2010, 12, R56.
[CrossRef]

http://doi.org/10.1186/1471-2407-13-378
http://doi.org/10.3109/14756366.2015.1029471
http://www.ncbi.nlm.nih.gov/pubmed/20054807
http://doi.org/10.21037/atm.2019.04.17
http://doi.org/10.1038/pr.2011.54
http://www.ncbi.nlm.nih.gov/pubmed/22430387
http://doi.org/10.1200/JCO.1991.9.6.1050
http://www.ncbi.nlm.nih.gov/pubmed/2033419
http://www.ncbi.nlm.nih.gov/pubmed/9002753
http://doi.org/10.1054/bjoc.2000.1645
http://doi.org/10.1002/cncr.20648
http://doi.org/10.1016/S0959-8049(97)00284-0
http://doi.org/10.1038/cddiscovery.2016.82
http://www.ncbi.nlm.nih.gov/pubmed/28028439
http://doi.org/10.1155/2016/3038164
http://www.ncbi.nlm.nih.gov/pubmed/27799938
http://doi.org/10.1186/1475-2867-14-59
http://doi.org/10.1016/S0968-0896(00)00288-1
http://doi.org/10.1038/nrd2133
http://www.ncbi.nlm.nih.gov/pubmed/16955068
http://doi.org/10.1186/s12885-017-3126-7
http://doi.org/10.1177/0960327108097436
http://www.ncbi.nlm.nih.gov/pubmed/19411560
http://doi.org/10.1128/MCB.00884-12
http://www.ncbi.nlm.nih.gov/pubmed/23129805
http://doi.org/10.18632/oncotarget.5933
http://doi.org/10.3892/ol.2018.8529
http://www.ncbi.nlm.nih.gov/pubmed/29928333
http://doi.org/10.1158/1535-7163.MCT-06-0145
http://www.ncbi.nlm.nih.gov/pubmed/16985058
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1186/bcr2615

	Introduction 
	Results 
	The Co-Administration of Acetazolamide with Cis/Fen Therapy Increased the Mice’s Survival and Inhibits Tumor Nodule Growth 
	Acetazolamide in Combination with Cisplatin and Fendiline Hydrochloride Reduces the Expression of Malignancy Markers of NB Xenografts In Vivo 

	Discussion 
	Materials and Methods 
	Animals 
	Cell Cultures 
	In Vivo Tumor Formation 
	Immunohistochemistry 
	Statistical Analysis 

	References

