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ABSTRACT

Neuroblastomas are pediatric tumors arising from undifferentiated cells of neural crest origin with stem cell-like
characteristics. Dysregulation of Wnt/p-catenin signaling has been shown to be linked to the development of
various tumors. Activated Wnt signaling results in p-catenin accumulation in the nucleus to support pro-
neoplastic traits. DKK1, a secreted glycoprotein, is an inhibitor of Wnt signaling, and the addition of DKKI to
the culture medium has been used to suppress the Wnt pathway. This study aimed to analyze the role of Dickopff-
1 as a potential differentiating agent for the neuroblastoma cell line SH-SY5Y and neurospheres derived from it.
The treatment of SH-5Y5Y derived neurospheres by DKK1 resulted in their disintegration and reduced prolif-
eration markers like Ki67, PCNA. DKK1 treatment to the neurospheres also resulted in the loss of cancer stem cell
markers like CD133, KIT and pluripotency markers like SOX2, OCT4, NANOG. DKK1 treatment caused reduction
in mRNA expression of p-catenin and TCF genes like TCF4, TCF12. When the SH-SY5Y cancer cells were grown
under differentiating conditions, DKKI caused neuronal differentiation by itself, and in synergy with retinoic
acid. This was verified by the expression of markers like MAPT, DCX, GAP43, ENO2 and also with changes in
neurite length. We concluded that Wnt inhibition, as exemplified by DKK1 treatment, is therefore a possible
differentiating condition and also suppresses the proliferative and cancer stemness related properties of SH-SY5Y
neuroblastoma cells.

1. Introduction

especially by mTOR/AKT inhibitors (Berardi et al., 2011; Wang et al.,
2011). Limited efficacy and the development of resistance, is, however,

Neuroblastoma is the most common solid childhood cancer origi-
nating outside the brain from the primitive sympathetic nervous system,
with 90 % of cases occurring in children less than 5 years and is
responsible for 15 % of pediatric cancer death (Brodeur, 2003; Spix
et al., 2006; Smith et al., 2010). Genetic abnormalities in neural crest
cells derived sympathoadrenal cells lead to their rapid proliferation,
reduced differentiation, and apoptosis of cells (Otte et al., 2021).
Possible molecules that can be used for neuroblastoma therapy along
with chemotherapy include those that promote apoptosis, especially by
targeting the p53 and MDM pathway (Barbieri et al., 2006), Bcl2 in-
hibitors (Delbridge and Strasser, 2015) electron transport chain in-
hibitors (Hirsch et al., 2009; Moreira et al., 2006), autophagy activators

a feature of these approaches, indicating the need to develop better
methods.

Different neuroblastoma-derived cell lines have been used for
studying neuroblastoma. Of these, one very commonly used cell line is
SH-SY5Y. It is a subline of the parental line SK-N-SH. SK-N-SH were
subcloned to SH-SY, then to SH-SY5, and finally to SH-SY5Y (Kovalevich
et al., 2021). The adherent, undifferentiated SH-SY5Y cells tend to grow
in clusters and may form clumps, lying one over the other (Kovalevich
etal., 2021). They show the expression of proliferative gene markers like
PCNA and Ki67. The SH-SY5Y cell line can be differentiated in vitro into
mature neuronal-like cells by several methods which include treatment
with phorbol esters and retinoic acids (Pahlman et al., 1995). One can
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also lower the SH-SY5Y aggregation and increase neurite outgrowth of
SH-SY5Y cells using dibutyryl cyclic AMP (Sanchez et al., 2004). Reti-
noic acid has been shown previously used for differentiation therapy in
neuroblastoma, but has limited efficacy (Matthay et al., 2009). The
MYCN proto-oncogene is an important genetic marker of neuroblastoma
tumor aggressiveness. N Myc amplification is seen in aggressive Neu-
roblastoma (Brodeur et al., 1984). Duffy et al. (2017) show that retinoic
acid and TGF p signaling work together to overcome retinoid resistance,
which is related to MYCN. Bayeva et al. (2021) describe how synergistic
interactions of retinoic acid derivatives like fenretinide and retinoic acid
with molecules like IFN or DHEA have differing effects on neuroblas-
toma cells.

Wnt signaling has been involved in various functions of cell prolif-
eration, stemness, and differentiation. Dysregulation of the Wnt
pathway has been linked to the development of various tumors. Wnt-
mediated B-catenin activation has both pro and anti-tumor effects in
different malignancies There are also differences in the canonical and
non-canonical Wnt pathways (Zhan et al., 2017). Zhang et al. (2014)
show that the Wnt inhibitory factor (WIF-1) functions as a tumor sup-
pressor in SK-N-SH cells by inhibiting the Wnt/f catenin pathway.
Szemes et al. (2018) have shown that Wnt signaling can drive the pro-
liferation of SK-N-AS cells, but also the differentiation of SK-N-BE (2)-C
and SH-SY5Y cells. Active MYCN plays a role Wnt mediated proliferation
(Szemes et al., 2018). The context-dependent differences due to Wnt
activation are well known. Becker and Wilting sum up by saying that the
canonical and non-canonical roles of Wnt signaling often interact in a
mutually inhibitory manner (Becker and Wilting, 2018). As reviewed by
Becker and Wilting, human neuroblastoma reports show both activation
and inhibition of the Wnt pathway with contradictory results (Becker
and Wilting, 2019). There are reports suggesting inhibition of the Wnt
pathway reduces neuroblastoma cell differentiation (Suebsoonthron
et al., 2017). Other reports contradict this and suggest that activation of
the Wnt pathway is responsible for cancer stemness, leading to chemo-
resistance linked proliferation (Tang et al., 2020; Cho et al., 2020; Chen
et al., 2019; Flahaut et al., 2009). Cancer stem cells are present in pri-
mary neuroblastomas, and, as for other tumors, monolayer cultures of
neuroblastoma derived cell lines contain a cancer stem cell like popu-
lation, which is enriched when these are grown as neurospheres under
appropriate culture conditions. Aravindan et al. (2019) have reviewed
the properties of cancer derived stem cells and their role in therapeutic
resistance in neuroblastomas.

DKK1, a secreted glycoprotein, is an inhibitor of Wnt signaling. DKK1
is downregulated by MYCN oncogene. Neuroblastomas show amplifi-
cation of MYCN oncogene (Koppen et al., 2007). In this study we have
used DKK1 to study its effect on stemness, proliferation, and differen-
tiation in the SH-SY5Y cell line. To the best of our knowledge, no study
shows an in- vitro assessment of the Wnt pathway inhibitors on
stemness-related pathways in neuroblastoma cells. Neurospheres
formed from SH-SY5Y cells were treated with DKK 1. This treatment
disintegrated the neurosphere, along with a reduction in the expression
of stem cell and pluripotency markers. DKK1 also promoted the neuronal
differentiation of SH-SY5Y adherent culture, as evident from longer
neurites and an increase in neuronal differentiation markers. This effect
also synergized with retinoic acid in increasing neuronal differentiation
and reducing proliferation.

2. Methods
2.1. Differentiation of SH-SY5Y cells using retinoic acid

DMEM media (Gibco, USA) with 10 % FBS (Thermo fisher scientific,
USA) was used to culture the undifferentiated SH-SY5Y cells. 100 mM
stock concentration of retinoic acid (Sigma-Aldrich, St. Louis, MO) was
prepared in DMSO. Repeated freeze thaw and direct contact with sun-
light of RA was avoided. For differentiation experiments, the final
concentration of 10 uM of retinoic acid was used in complete DMEM

74

IBRO Neuroscience Reports 17 (2024) 73-82

media.
2.2. SH-SY5Y neurosphere formation

Ultra-low attachment flasks (Corning, USA) were used for neuro-
sphere formation. Neurospheres were formed in neurobasal media
(Gibco, USA) containing 20 ng/ml EGF (R&D Systems, Minnesota,
United States), 25 ng/ml FGF (R&D systems, Minnesota, United States)
supplemented with NSF1 (Lonza, Charles City, [A), 4 mM glutamine
(Sigma-Aldrich, St. Louis, MO), 0.8 % N2 supplement (Gibco, USA), 2 %
penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO), 0.05 mg/ml
gentamycin (Gibco, USA) and 0.8 % BSA.

2.3. DKKI1 treatment for SH-SY5Y

DKK-1 (Sigma-Aldrich, St. Louis, MO) lyophilized powder was
reconstituted in 1X PBS containing 0.1 % BSA. Cells were grown under
appropriate conditions till distinct neurospheres had formed. They were
then treated to a final concentration of 0.5 pg per ml of recombinant
DKK1. In adherent SH-SY5Y culture, cells were seeded, and after
24 hours, cells were treated with DKK1. After every 24 hours, half of the
media was changed with fresh media containing DKK1 in both neuro-
spheres and adherent SH-SY5Y cells. 1X PBS containing 0.1 % BSA was
used in place of DKK1 in control flasks.

2.4. RNA isolation and cDNA synthesis

The cells were washed with 1 X PBS. 500 pL of trizol reagent (Sigma-
Aldrich, St. Louis, MO) was added in to a T25 flask and then cells were
scrapped using a scraper. RNA isolation was done according to the lab
established protocol using chloroform - isopropanol method. Chloro-
form and isopropanol were added sequentially. Briefly, 100 ul of chlo-
roform was added and then it was mixed vigorously. Then it was
centrifuged and aqueous phase was transferred in to another tube. 250 pl
of isopropanol was added. It was then kept on ice for 15 minutes. The
tube was then Centrifuged for 30 minutes at 12000 rpm and then su-
pernatant from tube was discarded. The pellet thus formed was washed
with ethanol. RNase-free water was then added and heated on the
heating block.

1000 ng of RNA were used for cDNA synthesis. cDNA was prepared
using a cDNA reverse transcription kit from Applied Biosystems ac-
cording to their protocol. The cDNA synthesis was done at 25 °C for
10 minutes, 37 °C for 2 hours, and 85 °C for 5 minutes. The sample was
then held at 4 °C.

2.5. Immunocytochemistry

The cells were washed with 1X PBS. The cells were fixed in 4 %
paraformaldehyde in 1 X PBS. The cells were washed with 1X PBS three
times for five minutes. We incubated the cells in 4 % BSA and 0.3 %
triton X 100 in 1X PBS for one hour at room temperature. We incubated
the cells in primary antibody i.e. Anti-Nestin antibody (Millipore,
MAB5326) at 1:500 concentration in a 0.1 % BSA solution at 4 °C
overnight. Cells were washed with 1 X PBS five times for five minutes
each. Cells were incubated with anti-mouse secondary antibody (Invi-
trogen, A-11032) at 1:1000 concentration containing 0.1 % BSA for
1 hour at room temperature. Cells were washed with 1 X PBS five times
for five minutes each. Cells were once rinsed with milli-Q water. Then
the slide was air-dried for 5 minutes. Finally, the slide was mounted with
an anti-fade reagent containing DAPI. The chamber slide was left at
room temperature overnight. The next day, imaging was taken on an
apotome.

2.6. Bright-field Imaging

The cells were imaged on a Nikon bright field microscope at 10X.
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2.7. Quantitative Real-Time PCR

For quantitative real-time PCR, 6 pl of SYBR green (Applied Bio-
systems, USA), 3 ul of water and 1 ul of cDNA were mixed together to
form a master mix for a single gene experiment. Experiment was per-
formed in triplicate for a single gene. Then 1 pl of 10 uM primer and 10 pl
of master mix were subjected to real time PCR. It was run on Rotor-Gene
Q (Qiagen, Germany). The conditions for amplification were followed:
denaturation at 95 °C for 5 minutes, annealing at 62 °C for 30 seconds,
and amplification at 72 °C for 1 minute. Amplification was done for
40-45 cycles. Primer sequences used in qPCR are given in Table 1.
GAPDH was used as a normalizer, and fold changes in expression of each
target mRNA was calculated based on the 2-AACt relative expression
formula.

2.8. Statistical analysis

Three independent experiments were performed and each experi-
mental value assessed in triplicates. The figures depict a representative
experiment. A student t-test was used to check for a significant differ-
ence between the groups. The p-values for significant changes were
represented as follows: * p<0.05; ** p<0.005; *** p<0.0005.

3. Results

3.1. DKKI1 treatment fragments the neurospheres and reduces the markers
of neuroblastoma stem cell proliferation

SH-SY5Y cell line exists in an undifferentiated state (Fig. 1A). To
study the stemness and pluripotency of SH-SY5Y cells, these were grown
in a stem cell medium, which resulted in neurosphere formation
(Fig. 1B). Expression of the stem cell marker nestin was studied in
formed neurospheres on PDL-coated slides (Fig. 1C), which confirmed
the stem cell nature of the neurospheres. DKK1 treatment of the neu-
rospheres for 48-72 hours resulted in their fragmentation, with smaller
clusters and also some individual cells (Fig. 1D-E). Quantitative real
time PCR was used to see differences in gene expression between DKK1
treated and DKK1 control neurospheres. In our study, DKK-1 treatment
resulted in a significantly lower expression of proliferation markers
(Ki67 and PCNA) in SH-SY5Y neurospheres as compared to DKK1 con-
trol SH-SY5Y neurospheres (Fig. 1F-G, *** p<0.0005).

3.2. DKKI1 treatment reduces the expression of markers of neuroblastoma
stemness and pluripotency

When we treated SH-SY5Y neurospheres to DKK1, we observed a
decrease in the expression of stem cell markers as compared to control.
Quantitative real time PCR was used to measure the expression of cancer
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stem cell markers. We have found downregulation of cancer stem cell
surface markers CD133 and KIT mRNA expression (Fig. 2A-B, * p<0.05,
4% p<0.0005).

SOX2, OCT4, and NANOG are markers of pluripotency; their
downregulation results in the perturbation of self-renewable of stem
cells. DKK-1 treatment of SH-SY5Y neurospheres resulted in significant
downregulation of these three pluripotency markers (Fig. 2C-E, ***
p<0.0005).

3.3. DKK1 affects p-catenin and TCF mRNA expression

We studied the effect of DKK1 on p-catenin and TCF gene expression.
Quantitative real time PCR analysis showed significant difference in
mRNA expression of -catenin and TCF genes among DKK1 treated and
control. We found significantly lower mRNA expression of B-catenin,
TCF4 and TCF12 after DKK1 treatment as compared to cells without
DKK1 treatment (Fig. 3A-C, *p < 0.05, ***p < 0.0005).

3.4. DKK1 treatment of adherent SH-SY5Y cells induces neuronal
differentiation

We studied the effect of DKK1 on SH-SY5Y neuronal differentiation.
We treated the SH-SY5Y adherent cells cultured in complete DMEM
media with DKK1 re-constituted in 1X PBS containing 0.1 percent BSA
for five days and the control cells were also cultured in complete DMEM
media and they were treated with 0.1 percent BSA dissolved in 1X PBS.
Morphological differentiation images of SH-SY5Y cells without DKK1
treatment and with DKK1 treatment were captured (Fig. 4A-B). The
neurite length was longer, more prominent in DKK1 treated samples as
compared to control samples. And, DKK1 treated cells were making
neurite to neurite connections more prominently. Equal number of
neurites were measured from both DKK1 treated and control samples
and average neurite length was calculated from each sample. The neu-
rite lengths of three independent samples without DKK1 treatment and
of three independent samples with DKK1 treatment were measured
(Fig. 4C, **p < 0.005). We found significantly higher expression of
MAPT (Fig. 4D, * p < 0.05), DCX, GAP43, and ENO2 (Fig. 4E * p < 0.05)
differentiation markers in DKK1 treated cells as compared to control
cells.

3.5. DKK1 synergizes with retinoic acid-induced differentiation of SH-
SY5Y

In this experiment, we differentiated the adherent SH-SY5Y cells
using retinoic acid with 0.1 percent BSA (dissolved in 1X PBS) for five
days as a control (Fig. 5A) and compared this with cells differentiated in
media containing retinoic acid and DKK1 (re-constituted in 1X PBS
containing 0.1 percent BSA) for five days (Fig. 5B). The number and

Table 1

Primer Sequences.
Gene name Forward primer sequence Reverse primer sequence
CD133 TTTGAAACAGAGGAAGCAGAGA GCATTTAGACATCTTCCTAGGGGT
KIT CACCGAAGGAGGCACTTACA CAAACACGAGCCACAACTTT
SOX2 ACACCAATCCCATCCACACT GCAAACTTCCTGCAAAGCTC
OCT4 GTAGGGTAAAGGAGGGAAGGAGA ATCTACCTAGCCACCAGACCA
NANOG TAGCAATGGTGTGACGCAGG TGTCTGTGACTGGAGTTGTGT
Ki67 GCCTGCTCGACCCTACAGA GCTTGTCAACTGCGGTTGC
PCNA GCGTGAACCTCACCAGTATGT TCTTCGGCCCTTAGTGTAATGAT
p-catenin TGCAGTTCGCCTTCACTATGGACT GATTTGCGGGACAAAGGGCAAGAT
TCF4 TGCAAAGCCGAATTGAAGATCG AGAAGGTCCAATGATTCCATGC
TCF12 CCAGTAGTTATGGCAACCTTCAT GACTCGTGTTTATGTCTGTTGGT
MAPT CCAAGTGTGGCTCATTAGGCA CCAATCTTCGACTGGACTCTGT
DCX AATCACCAAGCGAGTCCGAG AAAGCAGACATTCCAGAGCTCAA
GAP43 GGCCGCAACCAAAATTCAGG CGGCAGTAGTGGTGCCTTC
ENO2 AGGTGCAGAGGTCTACCATAC AGCTCCAAGGCTTCACTGTTC
GAPDH ACATCAAGAAGGTGGTGAAGCAGG TGTCGCTGTTGAAGTCAGAGGAGA
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Fig. 1. DKKI1 treatment reduces the markers of neuroblastoma stem cells proliferation. A) Bright-field image of undifferentiated adherent SH-SY5Y cells; B) Bright-
field image of SH-SY5Y neurosphere. C) Inmunocytochemistry images of SH-SY5Y neurosphere showing stem cell marker nestin expression. Scale Bar: A and B)
100 pm, Scale Bar C) 50 um D) Neurospheres without DKK1 treatment; E) Neurospheres with DKK1 treatment. F-G) Relative mRNA expression of proliferating gene
markers Ki67 and PCNA (*** p<0.0005). The experiments were done in triplicate and were repeated three times independently with similar results. A representative
experiment is depicted in the figure. A student t-test was used to check for a significant difference between the groups.
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Fig. 2. DKKI treatment reduces the expression of markers of neuroblastoma stemness and pluripotency (A-B) Relative mRNA expression of cancer stem cell markers
CD133 and KIT (*p < 0.05, ***p < 0.0005). (C-E) Relative mRNA expression of pluripotency markers SOX2, OCT4, and NANOG (*** p<0.0005). The experiments
were done in triplicate and were repeated three times independently with similar results. A representative experiment is depicted in the figure. A student t-test was
used to check for a significant difference between the groups.
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Fig. 3. DKK1 affects p-catenin and TCF mRNA expression. DKK1 treatment affects f-catenin and TCF mRNA expression (A-C) Relative mRNA expression of -catenin,
TCF4, and TCF12 (*p < 0.05, ***p < 0.0005). The experiments were done in triplicate and were repeated three times independently with similar results. A
representative experiment is depicted in the figure. A student t-test was used to check for a significant difference between the groups.
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Fig. 4. DKK1 treatment of adherent SH-SY5Y cells induces neuronal differentiation. DKK1 treatment of adherent SH-SY5Y cells induces their neuronal differentiation
A-B) Figure showing bright field images of cells without DKK1 treatment and with DKK1 treatment respectively. Scale Bar: A and B) 100 um. Some of the neurites are
shown with red arrow. Red box shows the length of some of the neurites. C) Relative neurite length measured of control sample and DKK1 treated cells using Image J
software (**p < 0.005). We obtain the data as mean + S.E.M from three samples. A student t-test was used to check for a significant difference between the groups. D)
Relative mRNA expression of MAPT E) Relative mRNA expression of DCX F) Relative mRNA expression of GAP43, and G) Relative mRNA expression of ENO2 (*p <
0.05). The experiments were done in triplicate and were repeated three times independently with similar results. A representative experiment is depicted in the
figure. A student t-test was used to check for a significant difference between the groups.
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Fig. 5. DKK1 synergizes with retinoic acid-induced differentiation of SH-SY5Y. DKK1 synergizes with retinoic acid-induced differentiation of SH-SY5Y A) Bright field
image of adherent SH-SY5Y treated with retinoic acid only and; B) Bright field image of adherent SH-SY5Y treated with retinoic acid and DKK1. Scale Bar: A and B)
100 um. Red arrow shows the neurites length and their prominence in each of the group. Red box shows some of the area of inter-connectedness among neurites. C)
Relative neurite length measured of retinoic acid treated cells and cells treated with combined retinoic acid and DKK1 using Image J software (**p < 0.005). We
obtain the data as mean + S.E.M from three samples. A student t-test was used to check for a significant difference between the groups. D-G) Relative mRNA
expression of neuronal differentiation markers GAP43, ENO2, DCX, and MAPT (*p < 0.05, **p < 0.005). The experiments were done in triplicate and were repeated
three times independently with similar results. A representative experiment is depicted in the figure. A student t-test was used to check for a significant difference
between the groups.
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length of neurites per unit area is greater in cells treated with both
retinoic acid and DKK1. Cells are more inter-connected in cells treated
with both retinoic acid and DKK1. In short, we can say we have found
longer neurites, more neurites connected with each other and more
differentiated morphology when DKK1 was used with retinoic acid. The
relative neurite lengths in samples treated with only retinoic acid and in
samples treated with a combination of DKK1 and retinoic acid were
measured (Fig. 5C, **p < 0.005). Equal number of neurites were
measured from samples treated with only retinoic acid and samples
treated with a combination of DKK1 and retinoic acid and average
neurite length was calculated from each sample. The neurite lengths of
three independent samples treated with only retinoic acid and of three
independent samples treated with a combination of DKK1 and retinoic
acid were measured We have then checked neuronal differentiation
markers like GAP43, ENO2, DCX, and MAPT in similar conditions. We
have found significantly higher expression of all these differentiation
markers in adherent SH-SY5Y cells grown in complete DMEM media
containing both retinoic acid and DKK1 as compared to cells grown in
complete DMEM media containing only retinoic acid (Fig. 5D-G, ** p <
0.005, * < 0.05).

4. Discussion

Neuroblastoma is a childhood cancer that is developmental in origin,
arising from neural progenitor cells outside the nervous system, often
from the adrenal region. It is the third-most common cause of child
mortality among pediatric cancers. Early onset and detection in a child
of up to 0-1-year results in partial or complete cure, but the outlook is
less favorable (Schmidt et al., 2005; Zhang et al., 2023). Different
pathways of cellular machinery have been targeted for therapy, but side
effects and the development of resistance result in treatment failure. Alk
and N-Myc amplification are associated with a poor prognosis (Zhu
etal., 2012). The role of the Wnt pathway and Wnt signaling inhibitors is
often context-dependent. This is evident at the level of primary tumors
as well as in cell lines.

Several neuroblastoma cell lines have been extensively studied. We
worked with SH-SY5Y cell line. These lines are grown as adherent cul-
tures, but on the one hand, they can be differentiated into neurons, and
on the other, they can form neurospheres with stem cell-like properties
under appropriate culture conditions. Cancer stem cell surface markers,
such as CD133, KIT, and CD44, have been found in many tumors (Shi-
mokawa et al., 2017; Shibata and Hoque, 2019). CD133, KIT, GPRC5C,
NOTCH]1, PIGF2, TRKB, and LNGFR are the genes that are elevated in
neuroblastoma cells as compared to normal stem cells (Ross et al.,
2015). CD133 and KIT are stem cell markers involved in the prolifera-
tion of cells (Singh et al., 2004). Overexpression of CD133 is associated
with poor clinical outcomes in neuroblastoma and is associated with
increased chemoresistance (Tong et al., 2008). And also, expression of
target genes SOX2, OCT4, NANOG is more frequently observed in cancer
stem cells than in normal stem cells (Basati et al., 2020; Wang et al.,
2013). B-catenin is a final effector of the canonical Wnt signaling
pathway when affects cell proliferation and differentiation (Becker and
Wilting, 2018; Becker and Wilting, 2019). TCF genes, along with
f-catenin act as major transcriptional mediators of Wnt signaling path-
ways (Pai et al., 2017). They determine which genes to be regulated by
Wnt signaling. They are responsible for context-dependent interactions
of Wnt signaling genes (Pai et al., 2017).

There have been some contradictory reports on the influence of Wnt
inhibition or Wnt activation on neuroblastoma cell differentiation,
including SH-SY5Y cells. However, on closer look, this appears to be a
result of different experimental protocols and the specific actions of
different molecules used in the studies. Szemes et al. (2018) have shown
that Wnt signaling can drive the differentiation of SH-SY5Y cells. In this
case they have treated neuroblastoma cells with Wnt3a/Rspo2. Sueb-
soonthron et al. (2017) studied the effects of Wnt signaling inhibition by
a specific tankyrase inhibitor, XAV939 which leads to the reduction in
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beta catenin had no effect on cell morphology, survival, and prolifera-
tion, though it did enhance chemosensitivity to anti-cancer drugs. It also
leads to the reduced ability of the cells to differentiate. These above
studies differ from our current protocol, in that only marker expression
was studied and the long-term differentiation of SH-SY5Y cells was not
carried out respectively. Perhaps, more important in the context of
differentiation is the role of the AKT pathway. Lopez-Carballo et al.
(2002) states that AKT activation by retinoic acid is required for
neuronal differentiation of SH-SY5Y cells. Tankyrase inhibitors act by
protein degradation. Kim (2018) states that tankyrase inhibitors stabi-
lize PTEN, which inhibits AKT phosphorylation. Wnt3a/Rspo2 treat-
ments decrease signaling pathways such as Akt and ERK signaling
(Vieira et al., 2015). On the other hand, DKK1 inhibits Wnt signaling by
binding to LRP5/6 in the membrane (Ahn et al., 2011). Unlike tankyrase
inhibitors, it does not inhibit AKT. On the contray, it has been shown to
have a role in activating AKT1, though in a different context of mesen-
chymal stem cells (Chen et al., 2024).

The role of DKK1 has been alluded to in a study by Shakya et al.
(2023) who have used a model of impaired differentiation of SH-SY5Y
cells when exposed to conditioned medium from an activated micro-
glial cell line, and how this can be reversed by 17 BEstradiol. Condi-
tioned medium from an activated microglial cell line decreased B
catenin. 17 pEstradiol activates PI3K-Akt signaling pathway (Guo et al.,
2006). There is 17 pEstradiol mediated recovery of WNT1 for SH-SY5Y
cell differentiation. This reversal was impaired by DKK1, but this does
not decrease the B catenin expression. It showed 17 BEstradiol mediated
recovery of WNT1 for SH-SY5Y cell differentiation does not involve
catenin. So, the actual function of Wnt molecule in a particular micro-
environment depends on many factors like its interaction with p catenin
and other signaling pathways like PI3K-Akt. However, as Wnt signaling
is important for both cancer cell proliferation and for neural differen-
tiation, and also, a reduction in cancer cell proliferation accompanies
differentiation, the final effects on SH-SY5Y cells would be determined
by the experimental protocol. Our model is more likely to reflect the
effect of the Wnt inhibitor in neuroblastomas. Our studies therefore
indicate that the exact action of the Wnt inhibitor DKK1 is important for
its differentiation and its synergism with retinoic acid. Considering the
role of Wnt signaling in neuroblastoma, we have studied the effects of a
Wnt pathway inhibitor, DKK1, on these cells in terms of their
stemness-related properties as well as proliferation and differentiation,
either by itself or in combination with retinoic acid. DKK1 levels in
neuroblastoma are downregulated by MYCN (Koppen et al., 2007),
which further supports the logic of supplementing DKK1 levels.

DKK1 acts as a tumor suppressor in cancers where its expression has
found to be very poorly expressed (Zhu et al., 2021). It binds to the Wnt
co-receptor LRP5/6. As a result, LRP5/6 is unavailable for interaction
with Wnt ligands (Ahn et al,, 2011). DKK1 transfected cell lines
decreased cell migration and increased cell to cell adhesion in melanoma
cell lines. In breast cancers there was inhibition of tumorigenicity with
increased expression of DKK1 (Niu et al., 2019). In short, upregulation of
DKK1 in melanoma and breast cancer cell lines retards tumor growth.
DKK1 upregulation results in increase in apoptosis and decrease in
tumor growth in renal cell carcinoma cell lines (Hirata et al., 2011).

DKK1 can convincingly cause the disintegration of preformed neu-
rospheres of SH-SY5Y cells. It is able to lower the expression levels of
cancer stem cell markers like CD133 and KIT and pluripotency markers
like SOX2, OCT4, and NANOG in SH-SY5Y neurospheres. In addition,
proliferation markers like Ki67 and PCNA are lowered. This is a novel
finding that indicates that a Wnt inhibitor could have a major role in
countering the stem-like properties of neuroblastomas. Retinoic acid
derivatives are also in clinical use during the maintenance phase of
neuroblastoma therapy to prevent relapse after treatment. They have
been shown to promote the neuronal differentiation of neuroblastoma-
like cells. However, there are limitations to the use of retinoic acid
and its derivatives. Considering the abrogation of stem cell-like prop-
erties by DKK1, it was then considered if DKK1 could synergize with
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retinoic acid for inducing cell differentiation. Our results, based on
morphological studies including neurite formation and the expression of
markers, show that DKK1, by itself, is sufficient for neuronal differen-
tiation in SH-SY5Y culture. DKK1 differentiation ability might be due to
the activation of AKT pathway. SH-SY5Y cells differentiation using
retinoic acid is also through activation of AKT pathway. DKK1 in-
teractions with AKT pathways has not been studied in neuroblastoma
and can be studied to better understand the disease. Overall, this study
indicates that DKK1 may be considered a candidate molecule by itself or
as a prototype molecule for its particular role in the inhibition of Wnt
signaling. The combination of stemness reduction and synergism with
retinoic acid for neuronal differentiation makes this molecule or
pathway a promising candidate for neuroblastoma management.
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