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Abstract

Neuroblastoma is the most common extracranial solid tumour in childhood, originated from cells of the neural crest dur-
ing the development of the Sympathetic Nervous System. Retinoids are vitamin-A derived differentiating agents utilised to
avoid disease resurgence in high-risk neuroblastoma treatment. Several studies indicate that hypoxia—a common feature
of the tumoural environment—is a key player in cell differentiation and proliferation. Hypoxia leads to the accumulation of
the hypoxia-inducible factor-1a (HIF-1a). This work aims to investigate the effects of the selective inhibition of HIF-1a on
the differentiation induced by retinoic acid in human neuroblastoma cells from the SH-SYS5Y lineage to clarify its role in
cell differentiation. Our results indicate that HIF-1a inhibition impairs RA-induced differentiation by reducing neuron-like
phenotype and diminished immunolabeling and expression of differentiation markers.

Graphic Abstract

HIF1A is involved in Retinoic Acid (RA) induced differentiation in SH-SY5Y neuroblastoma cells. siRNA HIF1A gene
silencing leads to a weaker response to RA, demonstrated by changes in the neuro-like phenotype and diminished expression
of differentiation markers.
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Introduction

Neuroblastoma (NB) is a heterogeneous paediatric solid
tumour with various forms, which range from highly
aggressive metastatic cancer—with cure rates as low
as < 50%—to low-risk disease—with chances of a good
prognostic greater than 90% [1]. NB arises from the Neu-
ral crest (NC) during the formation of the Sympathetic
nervous system (SNS) [2]. Despite its low incidence, NB
is responsible for 10% of childhood cancer deaths [3] and
is the most common extracranial solid tumour in childhood
[1]. High-risk NB treatment includes high dose myeloabla-
tive chemotherapy followed by stem cell rescue, radiation,
surgery, and retinoid treatment to avoid cancer resurgence
[4, 5].

Hypoxia and hypoxia-inducible factors (HIFs) elevated
expression are common features of the tumoural environ-
ment [6, 7]. The hypoxia-inducible factor-1 (HIF-1) is
a cell-sensor to oxygen concentrations, targeting gene
expression related to cell fate. HIF-1 is a heterodimer
composed of its o and f subunits. The o subunit’s stabil-
ity, cellular location, and expression are directly related
to oxygen levels. In contrast, the § subunit, also known as
Aryl hydrocarbon receptor nuclear translocator (ARNT),
is constitutively expressed and is not oxygen-sensible [8].
Once the P subunit dimerises with HIF-1a, HIF-1 binds
to Hypoxia-responsive elements (HRE) and promotes
gene expression related to angiogenesis, erythropoiesis,
metabolism, and cell proliferation and survival. In nor-
moxic conditions, the o subunit is degraded in the von-
Hippel-Lindau protein (pVHL) mediated ubiquitin—pro-
teasome pathway, which is inhibited by hypoxia [9]. The
interaction between HIF-1la and pVHL is triggered by
the post-translational hydroxylation of HIF-1a by Prolyl
hydroxylase (PHD) [10]. HIF-PHD hydroxylases HIF-1a
in Oxygen-dependent degradation domains (ODD). These
post-translational modifications to HIF-1a allow for pVHL
binding—an E3 ubiquitin ligase—leading to ubiquitination
and further proteasomal degradation [11].

Besides its fine oxygen-dependent regulation, few
other factors seem to stabilise HIF-1a. Proinflammatory
stimuli may lead to a PI3K/Akt/mTOR-mediated increase
in HIFIA expression [12]. Moreover, hypoxia-mimetic
agents such as deferoxamine (DFO) [13] and CoCl, [14]
are capable of stabilising HIF-1a through the inhibition of
PHD. Additionally, HIF-1a activity is sensitive to changes
within cell energetic metabolism. Citric acid cycle dys-
function and accumulation of its intermediaries leads to
inhibition of HIF-1a hydroxylases and therefore results
in HIF-1a stabilisation bypassing the oxygen-dependent
regulation [15-17]. Interestingly, studies have shown that
retinoic acid administration in different cell types leads
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to HIF-1a accumulation [14, 18] and that RA signalling
might depend on HIF-1a [14, 18, 19]. RA treatment in
SH-SYSY leads to changes in cell energetic metabolism,
leading to increased oxidative stress [20-22]. Further-
more, elevated levels of oxygen-reactive species activate
mitochondrial HIF-1a [23], which may explain the rise in
HIF-1a levels after retinoic acid treatment.

Neuroblastoma cells can be induced to differentiate in
a neuron-like phenotype. SH-SY5Y neuroblastoma cells
express proliferative markers such as the immature neu-
ronal marker nestin and the Proliferating cell nuclear antigen
(PCNA). When treated with Retinoic acid (RA), these cells
exhibit a neuron-like phenotype with extensive projections,
cell-cycle arrest, and the expression of differentiation mark-
ers such as enolase 2 (ENO2), synaptophysin (SYP) and the
microtubule-associated protein tau (MAPT/TAU) [24]. In
addition, SH-SYSY is known for a catecholaminergic phe-
notype upon differentiation, expressing dopaminergic mark-
ers such as tyrosine hydroxylase (TH), dopamine transporter
(DAT) and moderate levels of dopamine-f-hydroxylase
(DBH) activity [10, 25]. SH-SY5Y neuroblastoma cells
exposed to the hypoxia mimetic agent deferoxamine (DFO)
exhibit a neuron-like tyrosine hydroxylase (TH) expressing
phenotype [13]. In contrast, NB1691 neuroblastoma cells
exposed to intermittent hypoxia expressed increased NC
markers and decreased SNS markers, even though there was
an increase in TH. Additionally, under RA treatment and
hypoxia exposure, NB1691 cells demonstrated diminished
responsiveness to differentiation induced by RA [26]. In the
same study, the authors demonstrated that HIF-1a inhibition
under intermittent hypoxia conditions increases a neuron-
like phenotype in NB1691 cells. These findings contrast
to the work of Cimmino et al. [19], which demonstrated a
diminished neuron-like phenotype in HIF-1a silenced neu-
roblastoma cells - SH-SYS5Y, SKNBE2c, SKANS - exposed
to RA under normoxic conditions in high serum concentra-
tions (10% FBS).

The purpose of our study was to determine HIF-1a’s role
in retinoic acid-induced differentiation in SH-SYS5Y cell
cultures under normoxic conditions and low serum concen-
tration (1% FBS)—reduced concentrations of FBS inhibit S
phase entry, leading cells to remain in Gy, thus facilitating
cell differentiation. For such, we silenced HIF-1a expres-
sion through small interference RNA (siRNA) and exposed
the cell cultures to a 7-day RA-induced differentiation pro-
tocol. Our results indicate that HIF-1a inhibition impairs
RA-induced differentiation by reducing neuron-like pheno-
type and diminished immunoreactivity and expression of
differentiation markers.
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Methods
Cell Culture and Differentiation

Human neuroblastoma cells of the lineage SH-SYSY (pas-
sage 21) were obtained from the European Collection of Cell
Culture (ECACC) and were grown in DMEM/F12 (Sigma-
Aldrich - D8900) containing 10% fetal bovine serum (FBS)
at 37 °C in 5% CO, and 95% air in a humidified atmosphere.
Differentiation cells were plated at 10* cells/cm? conflu-
ency and treated with retinoic acid at 10 uM concentration
in DMEM/F12 1% FBS for 7 days with retinoic acid pulses
on days 1,4 and 7.

siRNA Knockdown

HIF-1o small interference RNA Silencer ® Select at 5 nM
(Ambion - 4392420, ID: n336610) and siRNA scramble

(Ambion - AM4635) as control at 30 nM (siRNA concen-
trations differ as the efficiency of RNA Silencer® Select
is higher) were transfected using the reverse transfection
protocol with siPORT™ NeoFX™ Transfection Agent
(Ambion®, Applied Biosystems Inc.) and Opti-MEM fol-
lowing manufacturer’s instructions. Cells were transfected
in DMEM/F12 medium with 10% FBS without antibiotics.
Knockdown efficiency was evaluated through RT-qPCR and
Western Blot. Cells were transfected 24 h before retinoic
acid treatment (day 0).

Treatment Timeline

Experiments were performed on a 9-day timespan begin-
ning on day O through day 9 (Fig. 1A). On day 0, cells were
trypsinised and transfected with siRNA (siRNA scramble
or siRNA HIFla) at a confluence of 10° cells/cm?. After
24 h (day 1), () transfection cells were either collected for
RT-qPCR or western blot to validate transfection efficiency
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or (ii) RA treatment was initiated. Retinoic acid pulses were
administered within 72 h intervals (days 1, 4 and 7). Cells
were either collected for RT-qPCR or fixed for immunofluo-
rescence microscopy 24 h after the last pulse (day 8).

Western Blot

For western blot analysis, cells were lysed in 4X Laemmli
buffer (250 mM Tris, 8% SDS, 40% glycerol and 0.002%
bromophenol blue, pH 6.7) then vigorously vortexed and
boiled for ten minutes at 100 °C. Samples were loaded and
separated in 10% polyacrylamide gel and then electroblot-
ted to nitrocellulose membranes. Protein loading and elec-
troblotting efficiency were verified through Ponceau S
staining. Membranes were washed in Tris-buffered saline
Tween-20 (Tris 100 mM, pH 7.5, 0.9% NaCl and 0.1%
Tween-20) and blocked in TBS-T with 5% BSA. Membranes
were washed three times post-blocked and then incubated
overnight at 4 °C with primary antibodies (all primary
antibodies were used at 1:1000 dilution) for HIF-1a (Cell
Signaling - 141795) and B-actin (Sigma-Aldrich - A1978).
Subsequently, membranes were incubated with the corre-
sponding species-specific secondary antibody (all second-
ary antibodies were used at 1:2000 dilution) coupled to
peroxidase (Sigma-Aldrich - AP132P; AP124P) following
chemiluminescence detection utilising Westar Nova’s 2.0 kit
(Cyanagen - XL.S071,0250) and GE®’s ImageQuant LAS
4000 CCD camera to obtain images. Western blot analysis
was conducted in two experimental sets with a sample size
of three biological replicates per group (n==6). Band densi-
tometry analysis was performed with ImagelJ software.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 min at
room temperature, followed by 10-min permeabilisation
utilising ice-cold 0.1% Triton-PBS. To block nonspecific
binding, cells were incubated with 1% albumin, 22.52 mg/
mL glycine in T-PBS (PBS + Tween 20 0.1%) for 1 h at
room temperature. Cells were then incubated overnight
with primary antibodies for Glial fibrillary protein (GFAP)
(Sigma-Aldrich - G6171), Neurofilament-L. (NEFL) (Cell
Signalling - 2837), Ki67 (Invitrogen - PA5-19462) and
BrdU (Invitrogen - B35128) (all primary antibodies were
used at 1:500 dilution), followed by a 1-h incubation with
its species-specific corresponding secondary antibody cou-
pled with Alexa Fluor® staining (488 nm or 555 nm) from
Cell Signalling Technology® at room temperature (all sec-
ondary antibodies were used at 1:500 dilution). Cells were
then incubated for 5 min with DAPI for nucleic acid stain-
ing (1:1000; D9542 - Sigma-Aldrich®). Following each
step, cells were washed three times for 5 min each time in
ice-cold PBS. Images were obtained through a Microscopy
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EVOS® FL Auto Imaging System (AMAFD1000 - Thermo
Fisher Scientific®). Immunolabeling was measured as the
Corrected Total Cell Fluorescence (CTCF) — Queensland
Brain Institute at The University of Queensland. We used
Imagel to select cells of interest and calculate cell area
and integrated density. CTCF was defined as the difference
between Integrated Density (ID) and cell area (A) times
mean background fluorescence (B) - CTCF=ID - (A*B).
The pictures used for analysis were each taken at the same
light exposition with a 40X objective (400X magnification).
Colour information was disregarded for CTCF analysis, and
Grayscale images were used. Around 50 cells per group were
analysed (Undiff. =51, sSSCR + RA =46, sHIF + RA =48).
Overlapping cells were not considered for analysis to avoid
interference.

Neurite Total Count and Length

The total number of neurites per cell and the average length
of neurites were assessed on NEFL stained cells (40X objec-
tive, 400X magnification) using the ImageJ tool, Neuron].
The total number of neurites per cell was calculated as the
(a) sum of all elongated neurite-like NEFL positive stained
structures in each replicate divided by (b) the total number
of cells. The total number of cells was in turn assessed as
the number of DAPI positive structures in the image. The
average length of neurites was calculated as (a) the sum of
the length (px) of the neurite-like structures divided by (b)
the total number of cells in each replicate. Around 150 cells
per group were analysed (Undiff. =143, sSSCR+RA =156,
sHIF + 159).

BrdU Incorporation Assay

Cells were treated with 10 pM BrdU (Sigma-Aldrich -
B5002) in cell medium overnight. Afterwards, cells were
fixed with 4% PFA and permeabilised using ice-cold 0.1%
Triton-PBS. Later, cells were submitted to DNA hydrolysis
with a 10 min treatment using 1 N HCl at 4 °C followed by
10 min 2 N HCI at room temperature. Labelling was con-
ducted using BrdU primary antibody (Invitrogen - B35128).
In addition, cells were co-stained with Ki67 (Invitrogen -
PAS5-19462) for proliferation analysis. Pictures were taken
with a 20X objective (200X magnification), and cells were
BrdU (Alexa Fluor® 555, red) co-stained with DAPI (blue)
were considered as BrdU +. In addition, cells that were
Ki67 (Alexa Fluor® 488, green) co-stained with DAPI
were considered Ki67 + cells. Experiments were conducted
in three biological replicates, and around 500 cells were
quantified for each group (Undiff. =506, sSCR + RA =488,
sHIF+RA =510).



Neurochemical Research (2022) 47:409-421

413

Real Time-qPCR

Cells were collected utilising the TRIzol reagent (Thermo
Fisher Scientific), and RNA extractions were conducted
following the manufacturer's instructions. cDNA syn-
thesis was performed using the High-Capacity cDNA
Reverse Transcription kit from Applied Biosystems. Real-
time polymerase chain reaction was carried employing
SYBR™ Green PCR Master Mix kit, 100 ng of cDNA
and 100 uM of each primer: ENO2, SYP, TAU, HIF1A and
the reference genes GNB2L and B2M (Table 1) — Primers
were designed across exon-exon borders. Results were
normalised in relation to the reference genes (ACt), and
for each case, the most stable reference gene was applied.
Differentiation treatment altered B2M levels slightly;
therefore, GNB2L was used for normalisation after RA
treatment. For each group, four biological replicates were
analysed, with three technical replicates for each experi-
ment. Results were expressed using the 2724¢T method.

Cohort Selection and Gene Expression Analysis

The TARGET RNA-seq dataset and clinical data from
Neuroblastoma patients were downloaded from the UCSC
Xena browser (https://xenabrowser.net/). High-risk neu-
roblastoma was defined according to the International
Neuroblastoma Risk Group classification as children
diagnosed with 18 months old or older and Stage IV dis-
ease. Patients with earlier diagnosis and disease stages
were included in the Low-risk group. MYCN was not
evaluated. The gene expression values were added and
then log2-transformed before analysis. The most rel-
evant genes for this study were selected according to
their respective Ensembl ID. Only samples clinically
classified as stage IV and diagnosis after 18 months old
or older were selected for further correlation analysis.
Pearson's correlation coefficient was assessed between
differentiation-related genes (NEFL, SYP, MAPT, ENO2)
and HIFIA.

Table 1 Sequences of the primers employed in RT-qPCR experiments

Statistical Analysis

Statistical analysis was performed with the GraphPad Prism
software version 7.0 (GraphPad Software Inc., San Diego,
USA). When suitable, data was evaluated by one-way
ANOVA followed by Tukey’s Multiple Comparison post-hoc
test or unpaired Student’s t-test. Differences were considered
significant when p <0.05. For RNA-seq data analysis, gene
expression was log2-transformed, and Pearson’s correlation
coefficient was calculated.

Results

siRNA Transfection Effectively Inhibits HIF1a
Expression and Diminishes Its Inmunocontent

After 24 h from transfection (day 1), cells were collected
for Western Blot or RT-qPCR to assess transfection effi-
ciency. mRNA levels (Fig. 1E) and HIF-1a immunocontent
(Fig. 1F) decreased when cells were transfected with 5 nM
HIF-1a siRNA select (sHIF) in comparison to 30 nM scram-
ble siRNA transfected cells (sSSCR) without any morphologi-
cal alterations (Fig. 1B-D) that could indicate changes in
cell viability. In addition, the incubation time used for all
experiments was 24 h since it showed greater effectiveness
of inhibition when compared to other incubation times (data
not shown).

HIF-1a Silencing Impairs Cell Differentiation
Leading to Changes in Cell Morphology

Transfected cells were treated with 10 uM retinoic acid
for 7 days. RA pulses were administered on days 1, 4 and
7 (Fig. 1A). Undifferentiated (undiff.) cells demonstrated
a triangle-shaped morphology (Fig. 2A) with a low total
neurites/cell ratio (Fig. 3F) and low average neurite length
(Fig. 3G). sSCR cells treated with retinoic acid (sSSCR +RA)
demonstrated extensive neurites (Fig. 2B) with a greater
neurite length average and total neurite/cell (Fig. 3F-G).
HIF-1a silencing (sHIF +RA) was capable of reducing the
neuron-like phenotype induced by retinoic acid (Fig. 2C),

Gene Target Forward Reverse

ENO2 CTGACAAAGTCCTGGTAGAGTG GATCGTTATTGGCATGGATGTTG
SYP AGACAGGGAACACATGCAAG TCTCCTTAAACACGAACCACAG
TAU GACAGAGTCCAGTCGAAGATTG AGGAGACATTGCTGAGATGC
HIFTA TGATGCTTTAACTTTGCTGGC TTTCAGCGGTGGGTAATGG
GNB2L GAGTGTGGCCTTCTCCTCTG GCTTGCAGTTAGCCAGGTTC
B2M TGCTGTCTCCATGTTTGAT TCTCCGCTCCCCACCTCTA
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Fig.2 HIF-lo inhibition affects cell differentiation. Black arrows
indicate triangular-shaped cells; white arrows indicate flat bipo-
lar cells; thick black arrows indicate elongated unipolar cells; rec-
tangles mark groups of proliferative cells. A Phase microscopy of
undifferentiated cells demonstrating a triangular-shaped phenotype.
B sSCR +RA demonstrate extensive projections. C sHIF+RA dem-
onstrate shorter projections. Cells were collected for RNA extraction

demonstrating significantly shorter neurites (Fig. 3G) but
was not capable of diminishing the total amount count per
cell (Fig. 3F). These results suggest that HIF1-1a silencing
attenuates neurite elongation rather than neurite outgrowth.

Downregulation of TAU, ENO2 and SYP in Response
to HIF-1a Inhibition

To assess whether HIF-1a inhibition could alter the expres-
sion of differentiation markers related to the retinoic acid
treatment, we performed RT-qPCR for TAU, ENO?2 and SYP.
As we observe in Fig. 2D-F, the expression of differentia-
tion markers was reduced in sHIF+RA cells compared to
sSCR +RA cells (TAU: p=0.0148; ENO2: p=0.0390; SYP:
p=0.0295). However, this change was not as marked as that
between the undifferentiated proliferative cells (Undiff.) and
SSCR +RA cells (TAU: p=0.0001; ENO2: p=0.0096; SYP:
p=0.0049). These results indicate that HIF-1a inhibition
reduces the expression of several neuronal markers.
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cells and sHIF+RA cells. HIF-1a silencing was able to reduce dif-
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way ANOVA followed by Tukey’s Multiple Comparison post-hoc test
*p<0.05, #p <0.01 ***p <0.001)

Inhibition of HIF-1a Leads to Diminished NEFL
Immunoreactivity without Changes in GFAP Levels

Cells were prepared for immunofluorescence staining to ana-
lyse NEFL immunoreactivity as a neuro-differentiation marker.
In addition, cells were co-stained for the glial marker GFAP,
as previous findings [5] reported glial trans-differentiation
induced by retinoic acid in HIF-1a inhibited neuroblastoma
cells. As we can observe in Fig. 3A—C, there were morpho-
logical changes between undiff., sSSCR + RA and sHIF+RA
cells. The undiff. group showed a high proliferative phenotype
with a strong GFAP signal, no projections, and a larger cell
body area (Fig. 3A). sSCR +RA cells demonstrated a highly
differentiated phenotype with extensive projections and strong
reactivity to NEFL antibody (Fig. 3B). sHIF+RA showed
reduced NEFL immunoreactivity and shorter projections (3C).
sSCR +RA cells demonstrated greater NEFL immunoreactiv-
ity when compared to both undiff. and sHIF+RA (Fig. 3D).
GFAP signal was elevated in undiff. cells, when compared to
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resents the Corrected total cell fluorescence (CTCF) of a single cell.
Error bars represent mean+SD. F and G show the total amount of
neurites/cells and the average neurite length, respectively. Undiff.
cells demonstrated a lower amount of neurites than sSCR+RA. Fur-
thermore, sSSCR +RA cells displayed a higher neurite average length.
Although, sHIF+RA cells had an average neurite length higher
than undiff. cells. Columns represent mean+SD (one-way ANOVA
followed by Tukey’s Multiple Comparison post-hoc test *p<0.05,
**p<0.005, **#*p <0.0003, ****p <0.0001)
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both sSSCR +RA and sHIF+RA (Fig. 3E). These results indi-
cate that HIF-1a inhibition weakens the signal of NEFL immu-
nolabeling. Nonetheless, HIF-1a inhibition was not capable of
increasing GFAP labelling as previous reports [19].

HIF-1a Inhibition Affects the Proliferative Status
of RA Treated Cells

SH-SYS5Y cells were co-stained with BrdU and Ki67 to
assess the proliferative status. Undiff. cells displayed a
higher amount of BrdU +cells (n=5, 71,3% +9,5 BrdU +).
sSCR +RA group had a less proliferative status (29,5% + 3,9
BrdU +) whilst sHIF +RA cells partially rescued the pro-
liferative status of Undiff. cells (50,6% + 8,6 BrdU +)
(Fig. 4A-D). A similar pattern was observed for Ki67 stain-
ing, as undiff. cells displayed a higher amount of Ki67 4+ cells
(72,9% + 5,8), whereas sSCR + RA had a dramatic reduc-
tion in Ki67 + cells (29,4% +10,5). sHIF + RA partially
recovered the Ki67 + pattern of undiff. cells (52,1% +5,1)
(Fig. 4F-1).

NEFL and SYP Expression is Related to HIF1A
Expression in Neuroblastoma Patients

Hypoxia and the overexpression of hypoxia-inducible fac-
tors are common features of aggressive tumours. To analyse
the relation between HIFIA expression and differentiation-
related genes in high-risk neuroblastoma patients, we looked
into gene expression data from the TARGET database.
Patients were first classified as High-risk or low-risk neuro-
blastoma (see Cohort Selection and Gene Expression Analy-
sis Methods). Then, both deceased and alive patients were
taken into consideration for analysis (Fig. 5A). According to
the International Neuroblastoma Risk Group classification,
time of diagnosis is a crucial feature for categorising high-
risk neuroblastoma. Therefore, we analysed whether later
neuroblastoma diagnosis correlated with increased HIF1 A
expression. No correlation was observed (Fig. 5B). Further-
more, HIF1 A mean expression was not altered either among
deceased and alive patients (Fig. 5C) or High-risk and Low-
risk neuroblastoma patients (Fig. 5D).

We further analysed the expression of differentiation-
related genes (SYP, NEFL, ENO2, MAPT) in high-risk
neuroblastoma patients and correlated them to HIF1A
expression. However, no correlation was found for the four
differentiation-related genes analysed (Fig. SE-H).

Discussion
HIF-1a role in neuroblastoma cells differentiation treatment

is ambiguous. Whereas in hypoxic conditions, HIF-1a may
be responsible for RA resistance [26], it might be required
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for differentiation towards a neuron-like phenotype under
normoxic conditions, as seen in previous findings by Cim-
mino et al. [19]. In this study, we evaluated the role of
HIF-1a in RA-induced differentiation in neuroblastoma
cells of the lineage SH-SYS5Y under normoxic conditions.
Our results demonstrate that HIF-1a inhibition could impair
the differentiation properties of RA, leading to a reduced
expression of differentiation markers and altered morpho-
logical features.

By RT-qPCR, we demonstrated that differentiation mark-
ers such as SYP, TAU and ENO2 were downregulated in
sHIF 4+ RA cells, even though differentiation marker pres-
ence was still higher than in undifferentiated cells. Inter-
estingly, SYP and TAU mean expression was elevated in
HIF1A High Expression neuroblastoma patients. Our results
complement Cimmino et al. [19], who have shown that the
inhibition of HIF-1a leads to a reduced expression of differ-
entiation markers 7UJ-1 and NEFL in retinoic acid-treated
SH-SYS5Y cells with lower neurite outgrowth and average
neurite length. Even though we could not see a significant
difference in total neurite/cell between sSCR + RA and
sHIF + RA cells, we can observe an upward tendency in the
number of neurites/cells in the sSSCR +RA group. Previous
studies have linked hypoxia and neuronal differentiation [19,
20]. HIF-1a and PHD regulate the Rho-associated protein
kinase (ROCK), as inhibition of ROCK is linked to neur-
ite outgrowth and elongation [27, 28]. HIF-1a activation
through CoCl, administration in mesenchymal stem cells
leads to inhibition of ROCK concomitant with morphologi-
cal changes and increased neuronal markers [27]. This rela-
tionship between HIF-1a and Rho/ROCK might explain the
diminished neurite length on HIF-1a silenced cells.

By immunofluorescence microscopy, we were able to
show that HIF-1a’s inhibition partially impairs retinoic acid-
induced differentiation, showing morphological alterations
such as a reduced average length of neurites combined with a
lower NEFL signal. However, we could not observe a signifi-
cant difference in GFAP levels in sHIF +RA cells. Cimmino
et al. [19] proposed that HIF-1a inhibition leads to enhanced
glial trans-differentiation in SH-SY5Y due to an enhanced
GFAP immunocontent in a 25-day treatment in high-serum
concentration. In a shorter treatment (7 days) and lower
serum concentrations, we did not observe the same altera-
tions in GFAP levels. As previous flow cytometry experi-
ments reported [29], RA treatment decreases neuroblastoma
cell proliferation. Investigating cell proliferation using BrdU
incorporation and Ki67 proliferation marker, we observed
that HIF-1a inhibition affects these changes in the prolifera-
tive status induced by RA. Therefore, HIF-1a expression
is relevant for the initiation of differentiation, whereas its
inhibition enhances proliferation.

The role of RA in cell proliferation and differentiation
is linked to HIF-1a with different responses in different
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Fig.4 RA-induced reduction of proliferation is less dramatic in
sHIF +RA cells. SH-SYS5Y cells were co-stained for the proliferative
markers BrdU and Ki67. The amount of BrdU + cells in the undiff. A
The group was higher than both sSSCR+RA (B) and sHIF+RA (C)
cells. However, inhibition of HIF-1a in sHIF+RA cells leads to a

cell types and conditions. Zhang et al. [14] have dem-
onstrated an increase in HIF-1a protein in response to
retinoic acid treatment in myeloid leukemic cells. HIF-1a
conditional induction significantly increased cell dif-
ferentiation, whereas HIF-1a inhibition with short hair-
pin RNA significantly decreased cell differentiation. In
contrast, in neural stem and progenitor cells of the adult
hippocampus, retinoic acid has a role in maintaining cell
proliferation through the regulation of S-phase re-entry
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Ki67
DAPI
Ki67
DAPI
*
1001 I *kkk I
 — [ Undiff.

w801 —_ *k Bl sSCR +RA

g L : ' B sHIF + RA

O 604

+

N~

© 404

X

X 204

0 T

partial recovery of the proliferative status with an increased amount
of BrdU positive cells than sSSCR+RA (D). Amount of Ki67+cells
in the groups Undiff. (E), sSSCR+RA (F) and sHIF+RA (G) fol-
lowed the same pattern (H) as for BrdU +

[18]. Moreover, retinoic acid is known for its differentiat-
ing effect on neuroblastoma cells [10, 24, 25, 30]. Oxy-
gen levels may regulate retinoic acid-HIF-1a’s influence
in neuroblastoma cells differentiation. Bhaskara et al. [26]
have shown that in an intermittent hypoxia (IH) model,
retinoic acid reduces the differentiation towards a neuron-
like phenotype. Furthermore, the authors demonstrated
that HIF- 1« inhibition in IH is capable of inducing neuron-
like characteristics.
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Fig.5 HIFIA expression was analysed in a cohort of 75 High-Risk
(A) and 10 Low-Risk Neuroblastoma patients. Age of diagnosis (from
18 months) did not correlate with HIFIA expression (B). HIFIA
mean expression remained unaltered among deceased and alive
patients (C) and low-risk and high-risk patients. We evaluated the

Contrasting to Bhaskara et al. [26], the current study
demonstrates that HIF-1a inhibition in normoxic conditions
attenuates the retinoic acid differentiation in neuroblastoma
cells, reducing average neurite length, NEFL immunoreac-
tivity, and SYP, TAU and ENO?2 expression. Cimmino et al.
[19] corroborate our results, showing a reduction in cell
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normalised gene expression of differentiation markers NEFL (E), SYP
(F), MAPT (G) and ENO2 (H) and correlated to HIF1A normalised
gene expression. There was no correlation between differentiation-
related gene expression and HIFIA expression

differentiation towards a neuron-like phenotype. However,
Cimmino and collaborators [19] assert that morphological
alterations such as the appearance of flat cells forming gan-
glion-like structures concurrent with an enhanced GFAP sig-
nal indicate that HIF-1« inhibition followed by RA treatment
leads to enhanced glial trans-differentiation. It is essential to
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add that SH-SYSY cell clones display different phenotypes
depending on passage number, cell culture medium, serum
concentration, and handling. Cimmino et al. [19] employed
a longer-duration protocol with higher serum concentrations
(10% FBS); these methodological singularities might justify
GFAP signal elevation and the emergence of ganglion-like
structures.

Several authors commonly use markers such as NEFL,
TAU, SYP and ENO2 to determine neuroblastoma cell
differentiation in vitro [19, 20, 29]. While these markers
in vitro may suggest success in retinoic acid treatment, they
may have different relevance for neuroblastoma patients.
Immunohistochemistry of neuroblastoma tumours demon-
strates that (i) synaptophysin is constitutively expressed by
neuroblastoma tumoural cells, (ii) NEFL gene mutation is
common yet inefficient in neuroblastoma tumours, and (iii)
neuron-specific enolase (ENO?2) is a non-favourable marker.
Analysing a cohort of 75 high-risk neuroblastoma, we could
not observe any correlation between differentiation-related
genes and HIFIA expression (Fig. SE-F). Further studies
are needed to explain HIF-1a’s role in retinoid therapies and
neuroblastoma treatment.

Conclusion

In conclusion, we show that HIF-1a inhibition partially
inhibits retinoic acid-induced differentiation in SH-SYS5Y
cells. HIF-1a silencing was able to significantly change
the morphology of retinoic acid-treated neuroblastoma
cells and reduce the expression of differentiation markers.
In addition, HIF-1a proved itself vital for the RA-induced
reduction of proliferation in SH-SY5Y treated cells. These
findings suggest that HIF-1a is involved in retinoic acid-
induced differentiation regulation and may provide grounds
for further studies about this transcription factor role in cell
differentiation.

The tumoural microenvironment presents fluctuations in
oxygen levels within the tumour; hence, HIF-1a has a vital
role as an oxygen sensor in cancer cells. Understanding how
HIF-1a influences cell proliferation and differentiation may
provide the basis for better comprehension of its influence in
retinoid therapies for the treatment of neuroblastoma.
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