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Abstract

CDGSH iron sulfur domain 2 (CISD2) is reported to be highly expressed in several cancers, but the role of it in neuroblastoma
has not been identified yet. Here, for the first time, we show that CISD2 is involved in neuroblastoma tumorigenesis and regulates
neuroblastoma cell proliferation and differentiation. We found that high CISD2 expression correlated significantly with poor
outcome of neuroblastoma patients, as well as advanced neuroblastoma tumor stages. Knockdown of CISD2 greatly repressed
neuroblastoma cell proliferation and tumorigenesis both in vitro and in vivo. Further investigation showed that CISD2 deficiency
resulted in cell cycle arrest in G1 phase and induced cell differentiation of neuroblastoma. Several Cyclins and Cyclin-Dependent
Kinases (CDKs) were down-regulated by CISD2 knockdown, indicating that CISD2 probably regulates cell cycle through those
genes. Together, we provide evidence that CISD2 is an indicator for neuroblastoma patients prognosis and is indispensable for
neuroblastoma cell proliferation and tumorigenesis; CISD2 deficiency can induce neuroblastoma cell cycle arrest and differen-
tiation. These findings suggest that CISD2 could work as a novel and potential therapeutic target for neuroblastoma treatment.
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Abbreviations feature of neuroblastoma are quite different, they depend on
BrdU 5-Bromo-2-deoxyuridine age, location and tissue differentiation extent. Some neuro-
CDK Cyclin-Dependent Kinase blastomas may metastasize in the early stage, but some may
CISD2  CDGSH iron sulfur domain 2 not and turn to spontaneous regression or transform into be-
DMEM Dulbecco’s modified Eagle’s medium nign tumors [4]. The detailed mechanism of neuroblastoma
FBS fetal bovine serum spontaneous regression is still unclear, but previous researches
shRNA  short hairpin RNA have provided evidence that cell differentiation may involve

in this process [5]. Patients with high differentiated neuroblas-
toma show a better overall survival than patients with low
. differentiated neuroblastoma [6, 7].

Introduction CDGSH iron sulfur domain 2 (CISD2) is a zinc finger
protein that mainly locates at the endoplasmic reticulum or
mitochondrial membranes. It forms a homo-dimer which har-
bors two redox-active 2Fe-2S clusters [8, 9]. Deficiency of
CISD2 can lead to mitochondrial function dysregulation and
subsequently induce neurological genetic disorder Wolfram
Syndrome [10, 11]. Recently, CISD2 up-regulation has been
found in several cancers, such as breast cancer, hepatocellular

Neuroblastoma is a malignant sympathetic nervous system
tumor that usually occurs in kids and 90% of the patients are
under 5 years old [1, 2]. It originates from the neural crest cells
and is most likely to happen in the adrenal medulla and sym-
pathetic chain [3]. The biological characteristics and clinical
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cell proliferation and tumorigenesis. Further mechanism stud-
ies showed that CISD2 silence could induce neuroblastoma
cell cycle arrest and differentiation. These findings propose
CISD2 as a potential therapeutic target for neuroblastoma
treatment.

Results

CISD?2 is universally expressed in neuroblastoma cell lines
and is a prognostic indicator for neuroblastoma patients. It
has been reported that CISD2 expression is elevated in some
cancers, but the role of CISD2 in neuroblastoma remains
unclear yet. First, we detected CISD2 expression in several
neuroblastoma cell lines: BE(2)-C, SK-N-AS, SK-N-DZ,
SHEP1 and SH-SY5Y. By western blot and qRT-PCR assays
we found that CISD2 is commonly expressed in those cell
lines both at protein level and mRNA level (Fig. la and b).
We also performed database analyses to investigate whether
CISD2 is indicative for neuroblastoma progress, using the
R2: genomics analysis and visualization platform (https:/
hgserverl.amc.nl/cgi-bin/r2/main.cgi). The results showed
that CISD2 could be a meaningful prognostic indicator for
neuroblastoma patients. We analyzed three neuroblastoma
databases and drew the progression-free survival Kaplan-
Meier curves. From the curves we found that high level of
CISD2 showed a strong correlation with poor patient out-
come, whereas low level of CISD2 was correlated with good
patient overall survival (Fig. 1c). Furthermore, CISD2 ex-
pression showed a significant and gradient increase along
with the tumor stage advancing from Stage 1 to Stage 4,
and is much higher in Stage 4 than in Stage 4S (Fig. 1d).
Neuroblastoma tumor in Stage 4S has a relative low malig-
nance, which is more localized with limited dissemination
ability and can usually regress spontaneously [16]. The re-
sults of Fig. 1d indicate that CISD2 expression is positively
correlated with tumor malignance. Retrospective studies
have revealed a high survival rate of the under-18-month
old age group [17], and consistently we found that CISD2
showed a significant higher expression in children elder than
18 months (Fig. le). Furthermore, specimens from dead pa-
tients hold remarkable higher CISD2 expression than those
specimens from alive patients (Fig. 1f). MYCN is well
known as an oncogene in neuroblastoma and is closely as-
sociated with the malignance and high risk of neuroblastoma
[18]. We checked the relationship between the expression of
CISD2 and MYCN, and found that CISD2 expression is
positively correlated with that of MYCN (Fig. 1g).

Together these results suggest that CISD2 could be a neu-
roblastoma prognostic marker and might play an oncogenic
role in neuroblastoma development.

CISD?2 deficiency inhibits neuroblastoma cell prolifera-
tion and tumorigenesis. We then knocked down CISD2 in
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three neuroblastoma cell lines: BE(2)-C, SK-N-AS and
SHEPI, by transducing two shRNA sequences, shCISD2#1
and #2, independently. shGFP was used as the knocking
down control. Western blot and gRT-PCR assays were used
to confirm the knockdown efficiency. The results showed
that the shCISD2#2 knocked down CISD2 expression more
successfully, while the shCISD2#1 exhibited a relatively
lower efficiency, in BE(2)-C, SK-N-AS and SHEP1 cell
lines (Fig. 2a and b). We then studied the cell viability after
CISD2 knockdown in the three cell lines using the two
shRNA interferences, respectively. Compared with the
shGFP groups, shCISD2 groups exhibited significant de-
crease in cell growth. The shCISD2#2 group showed greater
growth inhibition than the shCISD2#1 group, which indicat-
ed a dose-dependent influence in cell growth by CISD2 de-
fect (Fig. 2¢). For the following experiments, the more effec-
tive shCISD2#2 interference was used as a representative
CISD2-knockdown method. We also conducted BrdU assays
to confirm the effect of CISD2 deficiency in neuroblastoma
cells, and got consistent results that the BrdU-positive rates
in shCISD2#2 groups were much lower than the correspond-
ing shGFP control groups (Fig. 2d). These indicated that
CISD?2 is indispensable for neuroblastoma cell growth and
cell proliferation.

Furthermore, we examined the in vitro clonogenicity abil-
ities of the BE(2)-C and SK-N-AS cell lines after CISD2
knockdown using soft agar assays. (SHEPI1 cells have no
clonogenicity and tumorigenesis ability.) The results showed
much smaller and less colonies in the shCISD2 groups than
in the control groups (Fig. 2e). To provide more relevant
in vivo evidence, we performed subcutaneous xenograft as-
says using NOD/SCID mice. The results showed that knock-
down of CISD2 in BE(2)-C cells resulted in much smaller
tumors than the control cells. Both the tumor volume and
weight were less in the shCISD2 group than the shGFP
group (Fig. 2f and g). These results suggested that CISD2
is essential for neuroblastoma tumorigenesis and tumor
growth.

CISD? deficiency induces neuroblastoma cell cycle arrest
at G1 phase. To investigate how CISD2 influenced neuroblas-
toma cell proliferation, we examined the effect of CISD2 on
the cell cycle course of neuroblastoma cells. By flow cytom-
etry analysis we found that CISD2 knockdown in BE(2)-C
and SK-N-AS cells resulted in G1 phase arrest, as well as
remarkable cell population reduce in S phase (Fig. 3a and
b). These results indicated that CISD2 is indispensable for
neuroblastoma cell cycle progression.

To obtain more insight into how cell cycle progression was
affected by CISD2, we further investigated several cell cycle
related genes expression which are collectively required for
the cell cycle progression from the interphase into the mitotic
phase. We carried out qRT-PCR and western blot assays in
both BE(2)-C and SK-N-AS cells, and found that CISD2
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Fig. 1 CISD2 is universally expressed in neuroblastoma cell lines and is a
prognostic indicator for neuroblastoma patients a Western blot analysis
and b qRT-PCR analysis of CISD2 expression in five neuroblastoma cell
lines. GAPDH was used as loading control. ¢ Kaplan-Meier of
progression-free survival analysis of three neuroblastoma datasets. d
Box plot of CISD2 expression levels in Stage (St) 1-4S neuroblastomas.

deficiency caused significant decrease in mRNA level of
CDK2, CDK4, CCNB, CCND and CCNE (Fig. 3c), as well
as notable down-regulation in protein level of CDK2, CDK4,
Cyclin B1, CyclinD1 and CyclinE2 (Fig. 3d).

Together, these results provide evidence that CISD2 mod-
ulates neuroblastoma cell cycle by regulating the Cyclins and
CDKs.

CISD?2 deficiency induces neuroblastoma cell
differentiation. When culturing the CISD2 silenced cells, we
found that in contrast with the control cells, the growth of
CISD?2 silenced cells was significantly decreased whereas lit-
tle cells were dead as floating cells. We therefore investigated
whether the cell number decrease induced by CISD2 knock-
down was related with apoptosis or not. Interestingly, our flow
cytometry analysis did not detect cells undergoing apoptosis

o

e Box plot of CISD2 expression levels in tumors from neuroblastoma
patients under or over 18 months. f Box plot of CISD2 expression levels
in tumors from alive or dead groups. g Box plot of CISD2 expression
levels in tumors with or without MYCN amplification. The log-rank test
P values were obtained from the R2 database. 5-95 percentile were
shown in the plot in Fig. d, e, f& g

(Fig. 4a). We further confirmed our results by western blot to
examine the apoptosis-associated proteins. We found that nei-
ther caspase-3 nor caspase-9 was activated, and the anti-
apoptosis protein Bel-2 did not decrease (Fig. 4b). These re-
sults suggested that the cell number decrease was not caused
by apoptosis.

Interestingly, after CISD2 was knocked down, BE(2)-C
and SK-N-DZ cells displayed observable morphologic fea-
tures of neuronal differentiation, such as small and rounded
cell bodies and extensive outgrowth like neurites and axons
(Fig. 4c). The differentiation was further validated by detect-
ing three neuronal differentiation markers: Neurofilament-
M, a receptor for glial cell-derived neurotrophic factor,
which is critical for radial axon growth and determines axon
caliber [19, 20]; Peripherin, which functions in neurite
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Fig. 2 CISD2 deficiency inhibits neuroblastoma cell proliferation and
tumorigenesis a Western blot analysis and b qRT-PCR analysis of
CISD2 expression in BE(2)-C, SK-N-AS and SHEP1 cells expressing
shGFP, shCISD2#1 or shCISD2#2. ¢ Growth curves of BE(2)-C, SK-
N-AS and SHEPI cells expressing shGFP, shCISD2#1 or shCISD2#2.
d Representative fluorescence images of BrdU assays and quantification
of the indicated BrdU-positive cells. Scale bar =20 pm. e Representative

elongation and axonal guidance during development [21]
and axonal regeneration [22]; and MASH]1, which promotes
neuronal differentiation and plays a role in the generation of
olfactory, autonomic and retinal neurons [23]. Western blot
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shG'FP shCiSD2s2

images together with quantification of colony formation of BE(2)-C and
SK-N-AS cells with or without CISD2 knockdown. Colony image in the
lower panel is a zoom-in from the upper panel. Scale bar =200 pm. f
Growth curves together with photographs and g weights of the indicated
xenograft tumors. GAPDH was applied as loading control. Data were
analyzed using two-tailed Student’s t-tests. Mean = SD, n =3 (for Fig. f
& g, n=4), ** P<0.01, *** P<0.001

analysis results showed remarkable increases of these three
neuronal differentiation markers, indicating that neuroblas-
toma cells trended to differentiate after CISD2 was knocked
down.
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Fig. 3 CISD2 deficiency induces neuroblastoma cell cycle arrest at G1
phase (a & b) Flow cytometry assays analyzing cell cycle status of a
BE(2)-C and b SK-N-AS cells with or without CISD2 knockdown. Cell
population in each phase is quantified and presented. ¢ mRNA and d

Discussion

CISD2 is reported as associated with carcinogenesis in many
types of human malignant cancers, such as breast cancer,

protein expression of the indicated genes in BE(2)-C and SK-N-AS cells
with or without CISD2 knockdown. Tubulin was used as loading control.
Data were analyzed using two-tailed Student’s t-tests. Mean + SD, n=3,
* P<0.05, #* P<0.01, *** P <0.001

hepatocellular carcinoma, laryngeal squamous cell carcinoma
and cervical cancer [12—15]. However, there is no report about
the role of CISD2 in neuroblastoma at present. In our study,
we for the first time demonstrated that CISD2 is up-regulated
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Fig. 4 CISD2 deficiency induces neuroblastoma cell differentiation a
Flow cytometry assays analyzing apoptosis rate of BE(2)-C and SK-N-
AS cells with or without CISD2 knockdown. b Western blot analysis of of
the indicated proteins expression in BE(2)-C and SK-N-AS cells with or
without CISD2 knockdown. ¢ Microscopy of the morphology of the

in neuroblastoma and is an indicator of poor prognosis. After
some functional evaluation we found that knockdown of
CISD2 could suppress neuroblastoma cell growth and prolif-
eration, as well as the in vitro colony formation and in vivo
tumorigenesis. These suggest that CISD2 is essential for the
maintenance of neuroblastoma cell proliferation and tumori-
genesis, and consistently in other types of cancers, CISD2
may also play an oncogenic role in neuroblastoma.

CISD2 is reported to regulate various biological processes
including cell proliferation, metastasis, autophagy and tu-
morigenesis [12, 24]. Our study provides evidence for the
first time that CISD2 is correlated with neuroblastoma cell
proliferation and differentiation. Cyclin E/CDK2 and Cyclin
D/CDK4 complexes are required for the cell cycle
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BE(2)-C and SK-N-DZ cells with or without CISD2 knockdown. d
Western blot analysis of of the indicated proteins expression in BE(2)-C
and SK-N-DZ cells with or without CISD2 knockdown. Tubulin was
applied as loading control. n=3

progression from G1 into S phase [25], and Cyclin B is
essential for cell cycle to progress into mitosis phase [26].
Knockdown of CISD2 could reduce these proteins expres-
sion and lead to cell cycle arrest, indicating that CISD2 af-
fects cell cycle progression probably through regulating the
expression of these Cyclins and CDKs. It is generally known
that neuroblastoma in 4S stage has high spontaneous regres-
sion rate which indicates favorable prognosis [27, 28], which
is likely to correlated with the cell differentiation [5]. Our
findings show that the relatively benign Stage 4S neuroblas-
toma expresses much lower CISD2 than the malignant neu-
roblastoma in Stage 3—4. Besides, CISD2 is positively cor-
related with MYCN which is vital for neuroblastoma prolif-
eration and stemness maintenance [29]. Our data show that
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down-regulation of CISD2 could induce neuroblastoma cell
to transform to a differentiated phenotype and up-regulate
the expression of neuronal differentiation markers. These
finding suggest that CISD2 may play an important role in
neuroblastoma spontaneous differentiation and regression.
Together with the cell cycle arrest, we speculate that
CISD2 deficiency may block the neuroblastoma cell to pro-
liferate and turn to differentiate.

In conclusion, our findings reveal that CISD2 is essential
for sustaining neuroblastoma cell proliferation and tumorigen-
esis. Down-regulation of CISD2 induces neuroblastoma cell
cycle arrest as well as cell differentiation. This study provides
supports for CISD2 to serve as a novel and potential molecular
target for neuroblastoma therapy.

Materials and Methods

Reagents and Antibodies CISD2 antibody (PAB20855) was
from Abnova (USA, CA). Polybrene (sc-134,220) was from
Santa Cruz Biotechnology (USA, TX). MASHI1 antibody
(ab74065), Peripherin antibody (ab4666) and 5'-bromo-2-
deoxyuridine (BrdU) antibody (ab6326) were from Abcam
(Cambridge, UK). 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide (MTT) (M 5655), BrdU, and
dimethyl sulfoxide (DMSO) (D5879) were from Sigma-
Aldrich (St Louis, MO, USA). GAPDH antibody and 4', 6-
diamidino-2-phenylindole (DAPI) were from Beyotime
(Haimen, China). The cell cycle antibody sampler kit
(#9932), Neuroflament-M antibody (#2838) and cyclin anti-
body sampler kit (9869) were from Cell Signaling
Technologies (Danvers, MA, USA). HRP goat anti-mouse
and goat anti-rabbit antibodies were from KPL (Milford,
MA, UK). Alexa Fluor 555 Goat Anti-mouse IgG (H+L),
Lipofectamine 2000TM, and puromycin (A1113803) were
from Life Technologies (IL, USA).

Cell Culture Reagents and medium for cell culture were
bought from Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). All cell lines used were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
Neuroblastoma cell line BE(2)-C was cultured in DMEM/
F12 (a 1:1 mixture of Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s nutrient mixture F12) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin and
streptomycin (P/S). Neuroblastoma cell lines SK-N-AS, SK-
N-DZ, SHEP1 and SH-SYS5Y, and human embryonic renal
cell line 293FT were grown in DMEM supplemented with
10% FBS and 1% P/S. 293FT growth medium was supple-
mented with extra | mM sodium pyruvate, 0.1 mM nonessen-
tial amino acids, 4 mM L-glutamine and 0.5 mg/ml G418. For
transfection experiments P/S and G418 were not supplement-
ed in the 293FT growth medium. All cells were cultured at

37 °C in a 5% CO2 humidified incubator with the duration
varying along with different experiments and the medium was
replaced every two days.

Western blot and Reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). Western blot analyses and
RT-qPCR assays were performed as previously described
[25].

Patient Data Analysis Patient data analyses were performed
using the online R2: genomics analysis and visualization plat-
form (http://hgserverl.amc.nl/cgi-bin/r2/main.cgi). Kaplan-
Meier survival curves were drawn based on the high vs. low
CISD2 expression cutoff determined using the R2 algorithm.
P values (log-rank test) were obtained from the website.
Analysis of patient data was carried out in accordance with
the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Informed consent was obtained
from all individual participants included in the study by the
database.

Transfection and Infection Lentiviral constructs expressing
CISD2 short hairpin (sh) RNA (#1, TRCN0000262370; #2,
TRCNO0000167018) were purchased from Sigma-Aldrich (St
Louis, MO, USA). The pLKO.1-shGFP plasmid as negative
control was purchased from Addgene (MA, USA).
Lentiviruses were generated as previously described [30].

MTT and BrdU Staining Assays MTT and BrdU staining assays
were performed as previously described [30].

Colony Formation Assay Colony formation assays were car-
ried out as previously described [31]. Briefly, 0.6% agarose
gel for the lower layer, and 0.3% agarose gel for the upper
layer was prepared in a 6-well plate. 1 x 10° cells were mixed
with and seeded in the upper gel and were cultured for 3 weeks
at 37 °C in a 5% CO2 humidified incubator. 6 fields of the
colonies for each group were counted using a microscope.

In Vivo Tumorigenic Assay 4 female non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID) mice
(5 weeks old; 18~22 g) were applied for the in vivo tumor
formation study. Mice raising and experimental procedures
and animal welfare were carried out strictly as previously de-
scribed [31]. Briefly, each mouse was implanted with 5 x 10°
shGFP BE(2)-C cells in its left back and 5 x 10° shCISD2
BE(2)-C cells in its right back. Tumor volume was measured
to monitor tumor growth (volume = (71/6) x length x width2).
The mice were euthanized and the tumors were harvested and
weighed after 2 weeks.

Flow Cytometry Analysis Totally 1 x 10° cells were centri-

fuged at 1000xg at 4 °C for 5 min, and then were washed
twice with ice-cold PBS for collection. For cell cycle analysis,
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cells were then fixed with 70% ethanol and stained with
20 pg/ml propidium iodide (PI; Thermo Fisher Scientific,
Inc.); For apoptosis analysis, cells were then re-suspended in
binding buffer containing fluorescein isothiocyanate (FITC)-
labeled Annexin V and PI. Following a 25 min incubation at
room temperature, the cells were analyzed with a BD
FACSVerse flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). BD Cell Quest Pro software version 5.1
was applied for data analysis (BD Biosciences) [32].

Statistical Analysis At least three independent experiments
were conducted for biological repeats. Quantitative data were
demonstrated as the mean =+ standard deviation. Two-tailed
and unpaired Student’s #-tests were performed by GraphPad
Prism (version 6.0; GraphPad Software, Inc., La Jolla, CA,
USA). P <0.05 indicated a significant difference statistically.
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