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BACKGROUND
In this study, we applied combination therapy of RA and Tac to NB cells with different molecular properties and aimed to evaluate
its effects on proliferation, differentiation, and apoptotic pathways in NB.

METHODS

Four cell lines of different characteristics; (KELLY, LAN-5, CHP-134, and SHSY5Y) were cultured and treated with various doses of
RA and Tac. The IC50 values were determined by through WST analysis. The IC50 of the RA+Tac combination was applied to the
cells. To determine the apoptosis/necrosis rate, the cells were dyed with Annexin V/PI. To examine the protein levels of certain
pathways, Western Blot and IHC were performed.

RESULTS

The RA and RA+Tac treatments demonstrated beneficial effects in all the NB cell lines. The combination of RA+Tac treatments is
relatively more efficient than RA in promoting apoptosis, inhibiting proliferation, and decreasing the expression levels of signal
pathway proteins (p < 0.05). Only the Tac treatment did not have a significant effect on the NB cells. In low doses and in combination
with RA, Tac was found to be effective on cells.

CONCLUSION

In summary, the NB cells differentiated with the RA treatment were more responsive when RA+Tac was administered. Tac exhibited
a synergistic effect combined with RA and affected the crucial signal pathway proteins. Our studies lead to a more comprehensive
study of the combination of RA and Tac.
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AMAC

Bu calismada, farkli molekiiler ozelliklere sahip Noroblastom (NB) hiicrelerinde Retinoik Asit (RA) ve Tacrolimus (Tac)
kombinasyon tedavisi uygulandi ve NB'deki proliferasyon, diferansiyasyon ve apoptoz yollar1 tiizerindeki etkilerin
degerlendirilmesi amaglandi.

YONTEM

Farkl1 ozelliklere sahip dort hiicre hatti; KELLY, LAN-5, CHP-134 ve SHSY5Y kiiltiirlendi ve gesitli dozlarda RA ve Tac ile tedavi
edildi. IC50 degerleri WST analizi ile belirlendi. RA+Tac kombinasyonunun IC50 degeri hiicrelere uygulandi. Apoptoz/nekroz
oranini belirlemek igin hiicreler Annexin V/PIile boyandi. Belirli sinyal yolaklarinin protein seviyelerini incelemek igin Western Blot
ve IHC uygulandi.

SONUC

RA ve RA+Tac tedavisi, tim NB hiicre hatlarinda yolak baskilayici etkiler gosterdi. RA+Tac tedavisinin kombinasyonu, apoptozu
tesvik etme, proliferasyonu inhibe etme ve sinyal yolak proteinlerinin ekspresyon seviyelerini azaltma konusunda RA'dan nispeten
daha etkilidir (p < 0,05). Sadece Tac tedavisinin NB hiicreleri {izerinde anlamli bir etkisi olmadi. Diisiik dozlarda ve RA ile
kombinasyon halinde, Tac hiicreler iizerinde etkili bulundu. RA tedavisi ile farklilasan NB hiicreleri, RA+Tac uygulandiginda
tedaviye daha duyarli hale geldi. Tac, RA ile kombine edildiginde sinerjik bir etki gosterdi ve sinyal yolak proteinlerini etkiledi.
Calismalarimiz, RA ve Tac kombinasyonunun daha kapsamli bir incelemesine yol act.

ANAHTAR KELIMELER
Noroblastom, ndroblastom tedavisi, retinoik asit, sinyal yolaklar:
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euroblastoma (NB) is the most common extracranial

solid malignancy of childhood (1). NB is responsible

for approximately 15% of deaths related to cancer in
children. While individuals with low- and intermediate-risk
NB have a survival rate close to 100%, those with high-risk NB
have a 5-year survival rate of less than 50% (2). The MYCN
gene, located in the 2p24 region of the short arm of the second
chromosome, plays an important role in the prognosis of NB.
MYCN amplification NB is generally associated with the high-
risk group, and survival in this group is not good despite
intensive multimodal treatment. New chemotherapy regimes
and molecular therapies are needed for effective treatment of
advanced patients (3). Retinoic acid (RA) is a biologically
active compound derived from vitamin A, an essential nutrient
required for the proper functioning of the body. Especially
during the embryonic period, RA helps cells grow and
develop. Retinoids promote cellular differentiation and inhibit
proliferation. Thus, it is regarded as a promising candidate for
inhibiting the the progression of tumors (4).

Cell fate determination and differentiation is an
important process for cells to function in specific tissues. As
known, the differentiation process is impaired in NB cells (5).
NB cells are derived from neural crest cells, and the
differentiation ability of neural crest cells is impaired, so the
cells are unable to become a mature cells. Neural crest cells give
rise to stromal Schwann cells and neuroblastic cells, and these
types of cells have varying degrees of differentiation in NB (6).
As is well known, the degree of differentiation and tumor
grade of Schwann cells is a predictive biomarker for NB. The
PI3K/Akt/mTOR signal pathway plays an important role in the
proliferation of NB. Pre-clinical and clinical studies have
demonstrated that mTOR inhibitors, such as rapamycin and its
variants, show long-term objective tumor response.
Tacrolimus (Tac), a derivative of rapamycin, is being
investigated as a drug that can modulate the PI3K/Akt/mTOR
pathway, which is crucial for cellular proliferation (7). Tac has
a negative effect on tumor growth by inhibiting the mTOR
pathway (8). Simultaneously, Ras/MAPK pathway, involved
in cellular death, differentiation, survival, and proliferation, is
also a significant signaling pathway in pediatric solid tumors
(9). It is necessary to interrogate new agents which may be
effective against NB. There are no studies in the literature
where RA and Tac are combined and applied to NB cells. In
our research, we aimed to assess the effects of RA in
combination with Tac on different types of NB cells. Apart
from their use after organ transplantation, rapamycin and
mTOR inhibitors are being commonly for treatment of cancer.

Materials and Methods

The following were used in our research: RPMI 1640
Media (Cegrogen), MTT (AppliChem), S-100 antibody (Santa
Cruz, sc-53438), p44 antibody (Cell Signaling Technology,
9102), Akt antibody (Cell Signaling Technology, 9272), Ras
antibody (Cell Signaling Technology, 3965), GAPDH antibody
(Cell Signaling Technology, 97166), Ki67 antibody (Santa Cruz,
5c-101861), Bel-2 antibody (Santa Cruz, sc-65392), Caspase 3
antibody (Santa Cruz, sc-7272), BCA protein assay kit (Thermo
Scientific), Annexin V/PI kit (BD Bioscience), Retinoic Acid
(Sigma, R2625), Tacrolimus (MedChemExpress, HY-13756),
and Cisplatin (MedChemExpress, HY-17394).

Cell culture and treatment

Different types of NB cell lines (KELLY, SHYS-5Y,
LAN-5 and CHP-134) were cultured in RPMI 1640 medium
containing 10% fetal bovine serum and 1% L-Glutamin+
antibiotic solution and maintained in a 5% CO2 incubator. The
cells at 80% confluency were treated with increasing
concentrations of RA (0.1 uM, 0.2 uM, 0.5 uM, 1 uM, 2 uM, 5
uM, and 10 pM), Tac (10 nm, 20 nm, 50 nm, 100 nm, 500 nm,
1000 nm, and 2000 nm), and combination doses of RA + Tac for
24,48, and 72 hours.

Apoptosis assay

2 x 105 cells/well were seeded in six-well plates and
treated with RA, Tac, RA+Tac, and Cisplatin (CDDP) for 48
hours. Then, cells were mechanically detached using cell
scraper and harvested. The cell pellet dissociated with Binding
Buffer (1X) and stained with 5 yL. Annexin V and 10 uL PI dye
for 15 minutes. Analyses were performed by using flow
cytometry.

Immunocytochemistry

IHC was performed after the cells were treated with
IC50 doses of drugs. Briefly, the cell pellet was obtained and
dissociated with cell culture medium. 10 pL of cell suspension
was dropped to the slide, and methanol was used to fixed the
cells into the slide’s surface. Then, cells were fix by incubating
in 4% (v/v) paraformaldehyde in PBS for 20 minutes at room
temperature. Slides were treated with the Antigen Retrieval
Buffer at 95°C for 15 minutes. Cells were rinsed in PBS three
times. 0.1% Triton X-100 in PBS was used to permeabilize the
cells for 10 minutes at room temperature. Cells were rinsed in
PBS three times. Then, blocking was performed by using 10%
fetal bovine serum in PBS for 1 hour at room temperature. Cells
were treated with the primary antibodies (S-100, Ki-67, Bcl-2,
and Caspase-3) at a dilution of 1:200 overnight. Cells were
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rinsed in 1% goat serum in PBS 3 times for 10 minutes. Then,
the secondary antibody was dropped to the slide’s surface,
covered with a coverslip and treated with the cells for an hour.
Cells were rinsed in PBS three times. 1 drop of DAB chromogen
solution and 1 drop of DAB enhancer were mixed and applied
to the slide's surface and incubated for 15 minutes. Cells were
rinsed in wash buffer three times. Slides were treated with
hematoxylene for 5 minutes. Cells were rinsed in wash buffer
three times. Slides were then treated for 5 minutes in increasing
alcohol series (20%, 40, 60, 80%, and 100%). Then, slides were
kept in xylol for an hour. Finally, slides were covered with a
coverslip of an appropriate size. Slides were visualized under
a light microscope.

Protein isolation from cells

NB cell lines were collected by centrifugation and
washed with ice-cold PBS with 2 times. 1 mL of ice-cold RIPA
lysis buffer for 1x107 cells was added to the cells and
centrifugated at 13,000 x g for 20 minutes at 4°C. Then, the
pellet was discarded, and the supernatant containing the
protein was carefully collected in a new tube and kept on the
ice for further analysis. BCA assay was performed to determine
the protein concentration. Briefly, BSA standarts included in an
assay was dissolved and prepared a series of standart solutions
with known concentrations ranging from 0 to 2 mg/mL. 10 uL
of each BSA standard solution and protein sample was added
into separate wells of a 96-well microplate. 200 pL of the BCA
working reagent was added to each well. Then, plate was
incubated at 37°C for 30 minutes. After incubation, the
absorbance was measured at 562 nm in a microplate reader.

Western blot

25 ug of isolated proteins were separated by 12% SDS-
PAGE and transferred onto PVDF membranes. In the
subsequent step, the membranes were blocked with 5% fat-free
dry milk for 1 h at room temperature. The blots were incubated
with Akt (1:1000), Ras (1:1000), p44 (1:1000) and GAPDH
(1:1000) antibodies overnight at 4 °C. At room temperature, the
membranes were incubated for 1 h with goat antirabbit IgG
secondary antibodies conjugated to horseradish peroxidase
(CST, 1:3000). The relative expression of each target protein
was measured using GAPDH as an endogenous reference. The
images were analyzed using the Image] 1.54 g program.

Statistical analysis

The data will be presented as mean + standard
deviation. Statistical analyses were performed using the SPSS
29.0 (IBM) software package at a significance level of p < 0.05.
The conformity of the data to a normal distribution was
assessed using the Kolmogorov-Smirnov test. The intergroup

data were analyzed using the Kruskal-Wallis test, followed by
the Mann-Whitney U test.

Results

Cell viability assay

Various doses of RA and Tac were administered to the
cells. The viability assays of chemotherapeutics on KELLY,
LAN-5, CHP-134, and SHSY5Y cells were evaluated using the
MTT method at 24, 48, and 72-hour time points. RA showed a
reduction effect on cell viability at a dose of 0.5 um on all cells.
At low doses, Tac does not affect viability. The Tac at a dose of
500 nm provided the IC50 value for all cell lines. RA treatment
showed 38.7% +1.8% cell viability after 48 hours (Figure 1a).
Tac treatment demonstrated an average value of 33.7% +1.2%
cell viability during a period of 48 hours (Figure 1b). The levels
of Tac and RA dosages were assessed using various
combinations. The combination of RA and Tac (0.5 pm+500
nm) resulted in an IC50 value of 25.9% + 1.7 after 48 hours of
measurement (Figure 1c).

Apoptosis assay

During the early stages of apoptosis, the
phosphatidylserine molecules on the cell surface are
translocated to the outer surface of the membrane by a "flip-
flop" movement in the membrane of an apoptotic cell. Annexin
V is a protein that binds to phosphatidylserine molecules that
are translocated outside the cell. Necrotic cells are marked with
PI. Based on the results of the MTT results of drugs, the cells
were treated for 48 hours with the IC50 concentration of RA,
Tac and RA+Tac combination. Subsequently, cells were stained
with Annexin V and PI to assess the percentages of apoptotic
and necrotic cells. The BD Accuri C6 software was used to
calculate and analyze all flow cytometry data. According to our
findings, the rates of early+late apoptosis had similar rates
among the cell lines treated with RA and RA+Tac. RA
treatment was induced cell apoptosis on all cell lines. The rate
of necrosis was low. The percentage of live cells in Tac
treatment was higher than to other drug treatments. The
synergistic effect of RA+Tac induced significant apoptosis. As
a represented Figure 2a, apoptosis rate was relatively higher as
a result of RA treatment, rather than RA+Tac combination on
CHP-134 and SHSY-5Y cells. On the other hand, RA+Tac
combination showed a slightly necrotic effect on cells. As
shown in Figure 2b, RA+Tac combination had a comparatively
higher apoptotic effect on LAN-5 and KELLY cells compared
to RA treatment alone. (Figure 2).
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Figure 1. The cell viability of all chemotherapeutics: RA, Tac, and the combination of both agents. A various doses of all
agent have administrated to all cell lines. As a result, a significant reduction in the number of viable cells after the treatment with
RA, Tac, and their combination doses was found after 48 hours.

LANS Tac

Figure 2. The apoptotic and necrotic effects of RA, Tac and combination. 2a. The CHP-134 and SHSY-5Y cell lines showed similar
exposure to therapeutic agents in terms of apoptotic and necrotic cell death. 2b. The apoptotic effects of RA, Tac, and RA+Tac on
KELLY and LAN-5 cell lines. RA exhibited an induction of proliferation on both cell lines. The apoptosis rate was relatively higher
on LAN-5 with the treatment of both RA alone and RA+Tac combination compared to KELLY cell.
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Protein expressions
The expression of Ras, Akt, and p44 proteins was
detected by Western Blot. RAS protein is widely involved in

various physiological processes, such as proliferation,
apoptosis, and cell survival. As known, RA prevents
downregulation of RAS (10). In our study, after the drug
treatment, the expression of the RAS protein in all the cell lines
was analyzed. Compared to the control group, the expression
of RAS protein in all cell lines was significantly reduced in both
the RA and RA+Tac treatment groups, in all cell lines. The Tac
treatment did not affect to lower the RAS levels. Compared to
the control, RA+ Tac significantly decreased the Ras levels in
all cell lines (p < 0.001) (Figure 3).

P44 is associated with MAPK pathway and is

involved in many different physiological processes, such as
inflammatory response, oxidative stress, and apoptosis (11). In
our study, blotting analysis showed that RA treatment reduced
the p44 levels . On SHSY-5Y and LAN-5 cells, RA decreased the
p44levels (p <0.05). RA+Tac treatment is found relatively more
effective on both cell lines (p<0.01). On KELLY and CHP-134
cells, RA inhibited the expression significantly (p < 0.01).
RA+Tac treatment was relatively less effective than RA alone
to reduce the expression (p < 0.05) (Figure 4a).
One more crucial protein investigated in the study was Akt.
The activity of the protein p-Akt exhibited a notable reduction
in all cell lines treated with RA and RA+Tac, compared to the
control group. The resulting decrease was statistically
significant (p <0.01). A relative decrease was observed between
the treatment groups of RA alone and RA+Tac (p <0.05) (Figure
4b).
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Immunocytochemistry

IC50 values of RA, Tac and RA+Tac were
administered to NB cells. After the cells were collected,
samples were fixated into the slide’s surface. As shown in
Figure 5a, S-100 differentiation marker exhibited a weak
positivity in control group. The differentiating agents, RA and
RA+Tac, showed more than 50% positive effect on cells. Ki67,
a proliferation marker, was evaluated in NB cells (Figure 5b).

As aresult of RA treatment, the proliferation rate was
lower than the control group. The group treated with RA and
RA+Tac had a significant reduction compared to the control (p
<0.01). There was no significant difference between the RA and
RA+Tac groups (p > 0.05). The cellular expression of Caspase-
3, a well-established indicator of programmed cell death, was
evaluated (Figure 5c).
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Figure 3. Ras protein levels determined by Western Blot. On all NB cell lines, RA and RA+Tac treatment significantly

decreased the Ras levels.
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Figure 4. Determining the p44 levels by Western Blot. As shown, Tac was insufficient to suppress the protein expression.
RA and RA+Tac treatment suppressed the p44.
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Figure 5. p-Akt levels explained by blotting. RA and RA+Tac treatment suppressed the protein expression.

The expression of Caspase-3 was significantly —death, is a biomarker that inhibits apoptosis.
elevated in the groups that treated RA alone and RA+Tac. The =~ Immunocytochemical staining with Bcl-2 was performed
two groups exhibited a statistically significant difference, (Figure 6d). As a result, the control group exhibited a high level
compared to each other (p < 0.05). Tac alone did not induce  of Bcl-2 expression. The expression level in Tac treatment
apoptosis in NB cells. Bcl-2, a further mark of programmed cell ~ group did not exhibit a significant decrease compared to the
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control group (p > 0.05). Bcl-2 showed very low positivity in
RA treatment group. In RA+Tac group, Bcl-2 showed weak
positivity.

5-100 as differentiation marker KiG7 as proliferation marker

RA+Tac

Caspase-3 as apoptosis marker Blc-2 as apoptosis marker

Control

RA+Tac

Figure 6. Differentiation, proliferation, and apoptosis biomarkers evaluated by immunocytochemistry. a) Weak
positivity in control and Tac treatment. RA and RA+Tac treatment showed intense positivity in more than 50%. b) Ki67, a
proliferation marker showed weak positivity resulting decreased expression levels in RA and RA+Tac treatment group. c)
Caspase-3 exhibited strong positivity in RA and RA+Tac treatment, compared to control and Tac group. d) Bcl-2 is described as
the anti-apoptotic protein. RA and RA+Tac showed weak positivity with Bcl-2. Tac showed a moderate positivity, compared to
control. Immunocytochemical stainings, original magnification 100X.
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Discussion

As known, NB is a unique type of cancer
characterized by newborns who may initially have either
localized or metastatic disease (12). Interestingly, in some
cases, NB might regress without any medical intervention.

However, older children can succumb to the disease
after months to years of arduous therapy (13). Several
biological factors contribute to the understanding of the clinical
behavior in NB, such as histologic abnormalities, cytogenetic
features, and molecular changes, specifically the amplification
of the MYCN oncogene (14). Studies showed that treating the
cells with retinoids can trigger the cells to differantiate,
reprogram the enhancer landscape, and resulting in down-
regulation of MYCN expression (15). Furthermore, some
studies explain that the combination of MYCN inhibitors with
RA suppresses the mTOR pathway and triggers apoptosis (16).
In our study, we aimed to investigate the differentiation and
apoptotic effect of RA on NB cells. To evaluate this, we used
MYCN amplified cell lines; CHP-134, LAN-5, and KELLY and
non-amplified cell; SHSY-5Y. Studies showed that treating
MYCN amplified cell lines with RA induces differentiation in
human NB cell lines (17,18). Similarly, we found a higher rate
of Caspase-3 and S-100 expression after RA treatment,
compared to the control group. In addition, the levels of Bcl-2,
an anti-apoptotic biomarker, were reduced in the RA and
RA+Tac treatments.

Tac is the best known mTOR inhibitor of rapamycin
and a calcineurin inhibitor, it modulates mTOR in the absence
of rapamycin with antiproliferative efficacy shown for many
cancers (19). Tacrolimus with low doses has been found to
trigger apoptosis and necrosis combined with mTOR inhibitors
(20). In addition, Tac is currently used as the first-line
immunosuppressant by organ transplant recipients in the
clinical setting (21). A study demonstrated that Min6 cells
treated to low concentrations of Tac exhibited an increased rate
of apoptosis (22). Our findings showed that Tac treatment in
NB cell lines had a significant impact on apoptotic indicators.
However, by combining Tac with RA, the apoptotic effect was
further enhanced. Therefore, we suggest that Tac and RA
exhibit a synergistic impact on each other, depending on the
dosage.

Ras/ERK and PI3K/Akt/mTOR signaling pathways
are the main mechanisms of the cell to control cellular survival,
differentiation, proliferation, metabolism, and motility. The
PI3K/Akt/mTOR pathway is responsible to cell division,
metabolism, and survival. Akt protein is an important
molecule in cellular phenomena, many different intra-cellular
processes including survival and proliferation in NB (23). We
also performed Western blot to evaluate the p-Akt, Ras, and

p44 levels. We found that the level of Akt expression in Tac
treatment was lower compared to the control group. However,
the combination of Tac and RA exhibited the most significant
effect. A significant decrease was noted in the cells that
administered only- RA in comparison to the control. Our
findings indicated that Tac had a moderate level of success in
reducing p-Akt levels. Tac has a similar effect on p-Akt levels,
according to a study in the literature (22). Our investigation
correlates with the current research in this field.

Presently, several genetic characteristics, such as RAS
mutations, are being utilized as focusing points for the
discovery of novel treatments for NB patients (9). Mutations
affecting the RAS-MAPK pathway frequently occur in
relapsed NB tumors, which suggests that activation of this
pathway is associated with a more aggressive phenotype (24).
p44/42 mitogen-activated protein kinase (MAPK), also named
extracellular signal-regulated protein kinases (ERK1/2) is over
expressed in various cancers including NB. p44 is associated
with Ras protein in a downstream signal cascade (25). Studies
have shown that the expression of RAS protein decreases in
cells induced by RA (26). Similarly, our data demonstrated a
significant decrease in expression of Ras in RA and RA+Tac. A
similar study noted that RA affects the PI3K, ERK1/2, and
p44/42 proteins (27). Tac had no effect in establishing an impact
on the Ras mechanism. However, the combination group
exhibited notable effect on Ras levels. Although Tac treatment
exhibited high levels of p44, an important decreasing was
found in RA and RA+Tac groups. It is evident that Tac is
unable to independently affect the Ras-MAPK-ERK pathway.

Conclusion

To sum wup, RA treatment regulates the
differentiation, proliferation, and programmed cell death of
NB cells. Tac is a calcineurin inhibitor that has relatively little
effect on the signal pathways in cancer cells, as reported in the
literature. This study demonstrated that Tac by itself was not
effective in treating NB. However, combined with RA, Tac had
a synergistic impact and altered crucial signal pathways in NB.
Additional investigation is needed to be conducted to explore
the pharmacology and impact of Tac in cancer. Since this study
is done in vitro, additional analysis is necessary.

Author contributions
0.G, S.A, Z.A, and N.O designed the research. O.G and A.E

0O.G, and AE
performed the Western Blot experiments. O.G performed the
0.G AE
immunocytochemistry staining. O.G and S.A performed the

161

performed the cell culture experiments.

flow  cytometry. and performed  the



///7

Developments and [IEREEEERELEE Oo
E . ts i Volume: 39 RESEARCH ARTICLE
Xperlmen S 1n Issue: 3 Pages:153-163

Health and Medicine

//7/

IZMIR-1982

/////

statistics. All the authors have equal contributions to the paper.

Acid, Its Derivatives, and Synergistic Interactions.
Journal of personalized medicine. 2021 Mar;11(3).

All the authors contributed to the data interpretation and 6. Pugh TJ, Morozova O, Attiyeh EF, Asgharzadeh S,
writing. Wei ]S, Auclair D, et al. The genetic landscape of high-
Funding risk  neuroblastoma. Nature genetics. 2013
This project has been funded by Turkish Pediatric Oncology Mar;45(3):279-84.
Group (TPOG). 7. Oyouni AAA, Saggu S, Tousson E, Rehman H.
Data availability Immunosuppressant drug tacrolimus induced
The data sets generated during and/or analysed during the mitochondrial nephrotoxicity, modified PCNA and
current study are available from the corresponding author Bcl-2 expression attenuated by Ocimum basilicum L.
upon reasonable request. in CD1 mice. Toxicology Reports [Internet].
Declarations 2018;5:687-94. Available from:
Competing interests https://www.sciencedirect.com/science/article/pii/S2
The authors have no relevant financial or non- financial 214750018301069
interests to disclose. 8. Siamakpour-Reihani S, Caster ], Bandhu Nepal D,
Ethical standarts Courtwright A, Hilliard E, Usary J, et al. The Role of
The study was approved by the Ethics Committee of the Calcineurin/NFAT in SFRP2 Induced Angiogenesis—
Dokuz Eyliil University, Tiirkiye with the license number A Rationale for Breast Cancer Treatment with the
2018/04-14. All aspects of this study, were performed in Calcineurin  Inhibitor =~ Tacrolimus. PLOS ONE
accordance with the principles of the Declaration of Helsinki [Internet]. 2011 Jun 3;6(6):e20412. Available from:
(64th, 2013). https://doi.org/10.1371/journal.pone.0020412
Informed consent 9. Lin L, Miao L, Lin H, Cheng J, Li M, Zhuo Z, et al.
All participants gave their informed consent prior to their Targeting RAS in neuroblastoma: Is it possible?
inclusion in the study. Pharmacology & Therapeutics [Internet].
2022;236:108054. Available from:
https://www .sciencedirect.com/science/article/pii/SO
References 163725821002564
10. Lavudi K, Nuguri SM, Olverson Z, Dhanabalan AK,

1. Smiles W], Catalano L, Stefan VE, Weber DD, Kofler Patnaik S, Kokkanti RR. Targeting the retinoic acid
B.  Metabolic protein kinase signalling in signaling pathway as a modern precision therapy
neuroblastoma. ~ Molecular ~ metabolism. 2023 against cancers. Frontiers in Cell and Developmental
Sep;75:101771. Biology. 2023;11(August):1-18.

2. Zafar A, Wang W, Liu G, Wang X, Xian W, McKeon 11. Kim EK, Choi E-J. Pathological roles of MAPK

F, et al. Molecular targeting therapies for signaling pathways in human diseases. Biochimica et
neuroblastoma: Progress and challenges. Medicinal biophysica acta. 2010 Apr;1802(4):396-405.
Research Reviews [Internet]. 2021;41(2):961-1021. 12. Tolbert VP, Matthay KK. Neuroblastoma: clinical and
Available from: biological approach to risk stratification and
https://onlinelibrary.wiley.com/doi/abs/10.1002/med. treatment. Cell and tissue research. 2018
21750 May;372(2):195-209.

3. Huang M, Weiss WA. Neuroblastoma and MYCN. 13. Irwin MS, Park JR. Neuroblastoma: paradigm for
Cold Spring Harbor perspectives in medicine. 2013 precision medicine. Pediatric clinics of North
Oct;3(10):a014415. America. 2015 Feb;62(1):225-56.

4. Connolly RM, Nguyen NK, Sukumar S. Molecular 14. Matthay KK, Maris JM, Schleiermacher G,
pathways: current role and future directions of the Nakagawara A, Mackall CL, Diller L, et al
retinoic acid pathway in cancer prevention and Neuroblastoma. Nature reviews Disease primers.
treatment. Clinical cancer research: an official journal 2016 Nov;2:16078.
of the American Association for Cancer Research. 15. Zimmerman MW, Durbin AD, He S, Oppel F, Shi H,

2013 Apr;19(7):1651-9.
5. Bayeva N, Coll E, Piskareva O. Differentiating
Neuroblastoma: A Systematic Review of the Retinoic

Tao T, et al. Retinoic acid rewires the adrenergic core
regulatory circuitry of childhood neuroblastoma.
Science advances. 2021 Oct;7(43):eabe0834.

162



Developments and
Experiments in
Health and Medicine

16.

17.

18.

19.

20.

21.

22,

23.

24.

///7

Year: 2025
Volume: 39
Issue: 3

//7/

Lampis S, Raieli S, Montemurro L, Bartolucci D,
Amadesi C, Bortolotti S, et al. The MYCN inhibitor
BGAO002 restores the retinoic acid response leading to
differentiation or apoptosis by the mTOR block in
MYCN-amplified = neuroblastoma. Journal of
Experimental & Clinical Cancer Research [Internet].
2022;41(1):160. Available from:
https://doi.org/10.1186/s13046-022-02367-5

Guglielmi L, Cinnella C, Nardella M, Maresca G,
Valentini A, Mercanti D, et al. MYCN gene expression
is required for the onset of the differentiation
programme in neuroblastoma cells. Cell Death and
Disease. 2014;5(2).

Ando K, Ohira M, Takada I, Cazares-Ordonez V,
Suenaga Y, Nagase H, et al. FGFR2 loss sensitizes
MYCN-amplified neuroblastoma CHP134 cells to
CHKT1 inhibitor-induced apoptosis. Cancer science.
2022 Feb;113(2):587-96.

Aktas S, Ercetin AP, Kolatan E. Effect of Tacrolimus
in Triple Negative Breast Cancer Animal Model.
International Journal of Clinical and Experimental
Medicine Research. 2021;5(3):269-77.

Lancia P, Jacqz-Aigrain E, Zhao W. Choosing the right
dose of tacrolimus. Archives of disease in childhood.
2015 Apr;100(4):406-13.

van Hooff JP, Christiaans MHL, van Duijnhoven EM.
Tacrolimus and posttransplant diabetes mellitus in
renal  transplantation.  Transplantation. 2005
Jun;79(11):1465-9.

Tong L, Li W, Zhang Y, Zhou F, Zhao Y, Zhao L, et al.
Tacrolimus inhibits insulin release and promotes
apoptosis of Min6 cells through the inhibition of the
PI3K/Akt/mTOR  pathway. Molecular Medicine
Reports. 2021;24(3).

Nicholson KM, Anderson NG. The protein kinase
B/Akt signalling pathway in human malignancy.
Cellular  Signalling [Internet]. 2002;14(5):381-95.
Available from:
https://www .sciencedirect.com/science/article/pii/SO

898656801002716

Eleveld TF, Schild L, Koster J, Zwijnenburg DA, Alles
LK, Ebus ME, et al. RAS-MAPK Pathway-Driven
Tumor Progression Is Associated with Loss of CIC
and Other Genomic Aberrations in Neuroblastoma.
Cancer Research [Internet]. 2018 Nov 1;78(21):6297-

25.

26.

27.

Pages:153-163

307. Available from: https://doi.org/10.1158/0008-
5472.CAN-18-1045

Flamigni F, Facchini A, Capanni C, Stefanelli C,
Tantini B, Caldarera CM. ornithine decarboxylase in
leukaemia L1210 cells. 1999;369:363-9.

Antonyak MA, McNeill CJ, Wakshlag JJ, Boehm JE,
Cerione RA. Activation of the Ras-ERK pathway
inhibits retinoic acid-induced stimulation of tissue
transglutaminase expression in NIH3T3 cells. Journal
of Biological Chemistry [Internet].
2003;278(18):15859—-66. Available from:
http://dx.doi.org/10.1074/jbc.M300037200

Qiao J, Paul P, Lee S, Qiao L, Josifi E, Tiao JR, et al.
PI3K/AKT and ERK regulate retinoic acid-induced
neuroblastoma cellular differentiation. Biochemical
and biophysical research communications. 2012
Aug;424(3):421-6.

163

RESEARCH ARTICLE




