xperimental
Exp Oncol 2022 Expe enta

44, 4, 266-271 NCOLOGY

EXPRESSION OF GENES INVOLVED IN P53 PATHWAY REGULATION
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REVIEW

The search for new prognostic and stratification genetic and epigenetic markers in neuroblastoma is an urgent problem in pediatric
oncology. The review summarizes recent progress in studying the expression of genes involved in p53 pathway regulation in neuro-
blastoma. Several markers associated with recurrence risk and poor outcome are considered. Among them are MYCN amplification,
high MDM?2 and GSTP1 expression and homozygous mutant allele variant of GSTP1 gene A313G polymorphism. Prognostic criteria
for neuroblastoma based on the analysis of miR-34a, miR-137, miR-380-5p, and miR-885-5p expression involved in regulating
p53-mediated pathway are also considered. The authors’ research data on the role of the above markers in regulation of this pathway
in neuroblastoma are presented. The study of alterations in expression of microRNAs and genes involved in p53 pathway regulation
will not only expand our understanding of the mechanisms of neuroblastoma pathogenesis but could substantiate new approaches
for delineating risk groups and risk stratification of neuroblastoma patients as well as treatment optimization based on the genetic

characteristics of the tumor.
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Neuroblastoma (NB)is amalignanttumor of the sym-
pathetic nervous system. Characteristic features
of NB areits clinical heterogeneity from localized tumors
to spread forms and the ability to early hematogenous
metastasis, spontaneous differentiation and regression.
Such high clinical heterogeneity reflects the complexity
of genomic abnormalities inherentin NB cells [1].

NBs with an aggressive course are characterized
by multiple chromosomal aberrations and amplifica-
tions of individual genes, in particular, MYCN. Amplifi-
cation of MYCN gene (MNA) is clearly associated with
rapid progression of tumors of all stages and an unfa-
vorable prognosis in patients of allages. However, MNA
is found in only 25% of NB cases and is often absent
in chemotherapy-resistant tumors [2—-4]. The search
for new prognostic and stratification genetic markers
in NB is an urgent problem and should cover both
genome rearrangements and epigenetic disorders
associated with the pathogenesis of NB. Of greatest
interest are the genes involved in signaling pathways,
apoptosis, cell cycle regulation, differentiation, inva-
sion, and metastasis.

Loss of p53 functional activity causes proliferation
of cells with various genetic abnormalities [5]. There
are no changes in TP53 gene characteristic for NB;
the frequency of TP53 mutations does not exceed
1-2% in primary tumors and is up to 15% in recurrent
and/or progressive NBs [6]. In about half of human
tumors, TP53 gene remains unaltered, but function
of wild-type p53 is often inhibited by hyperactivity and
overexpression of MDM2[7]. MYCN is among the reg-
ulators of p53 signaling pathway [8]. The ability of wild-
type p53 to activate transcriptionally GSTP1 gene [9]
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determines new mechanisms of genome protection
and tumor resistance to drugs.

In recent years, new mechanisms for regulating
the activity of both TP53 gene and p53-mediated
pathway including those involving microRNAs have
been discovered. MicroRNAs are a class of noncoding
RNAs that play an important role in regulating mRNA
translation and degradation by completely or partially
inhibiting gene activity [9-11]. It has been shown that
miRNA-34a is involved in p53-mediated apopto-
sis. The downregulation of miRNA-34a expression
in the course of NB treatment could be considered
as a significant negative prognostic factor [12, 13].
MicroRNA-380 is involved in the regulation of the ac-
tivity of TP53 gene in NB by binding to TP53 mRNA
and thus blocking the synthesis of the protein [14].
MicroRNA-885-5p also exerts tumor suppressive ef-
fect through interaction with CDK2. Itis involved in p53-
dependent and independent regulatory pathways,
influencing cell cycle progression and NB cell surviv-
al[15]. MicroRNA-137 functions as atumor suppressor
in NB by inhibiting histone demethylase KDM1A, which
inhibits p53/TP53-mediated transcription activation.
Excessive expression of miRNA-137 in NB cell lines
reduces cell viability and proliferation, promoting
neuronal differentiation [16]. The Figure provides
a generalized representation of the key links in regula-
tion of the p53 pathway.

The study of expression changes of microRNAs and
genes involved in p53 pathway regulation in NB will not
only broaden the understanding of the mechanisms
of p53 pathway regulation, but also justify new approach-
esto predicting disease and risk stratification of patients.

MYCN AMPLIFICATION IS A GENETIC
MARKER OF HIGH RISKIN NB

Currently, amplification of MYCN gene remains
the main genetic indicator of high-risk disease
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Figure. p53 pathway regulation.

in NB. Amplification of the MYCN geneis found in ~25%
of cases and correlates with poor prognosis [2]. De-
spite the overall positive outlook in infants, a small
group of such patients with MNA NB has poor survival
rates [17]. In 1999, the International Society of Pae-
diatric Oncology European Neuroblastoma Study
Group launched the first multicenter study in Europe
for infants designed to recommend treatment based
on stage and MYCN status, and to collect data pro-
spectively in an attempt to identify the most appro-
priate therapy [4, 18]. Our own study demonstrated
that MNA at > 9 copies is clinically significant indicat-
ing an unfavorable disease course and delineating
the high-risk group [19].

ALTERATIONS IN TP53/MDM2 CO-
EXPRESSION MAY PLAY A CRITICAL ROLE
IN NB OUTCOME

The p53 protein is usually expressed at low
to medium levels in various tissue types. The highest
expression levels of TP53 mRNA are observed in skin
tissues, female reproductive organs, gastrointesti-
nal tract, and organs of the immune system, while
the lowest expression levels are found in muscle and
endocrine cells. There are data on both increased
and decreased expression of TP53 in various can-
cer types [20]. Thus, in most cases of colorectal,
pancreatic, gastric and bladder cancers increased
expression of both TP53 mRNA and p53 protein was
observed. At the same time, the decrease and ab-
sence of TP53 expression is observed in lymphomas,
prostate, renal, and thyroid cancers [20-22]. It was
also established that both a decrease and an increase
in the expression of wild-type TP53 mRNA were ob-

.

served in various NB cell lines [23]. In general, muta-
tions of the TP53 gene are not often observed in ma-
lignant tumors of the central and peripheral nervous
system in children. A possible mechanism of p53 ac-
tivity reduction in NB may be the loss of chromosomal
region 17p, where the TP53 gene is located [5, 6,
24-26]. In our own studies, the loss of 17 chromosome
region was not detected [19].

The expression of MDM2 oncogene is being stud-
ied by researchers all over the world and the amount
of the published data is growing exponentially. Most
data strongly suggest that increased MDM2 expres-
sion is associated with high probability of distant
metastases, as well as a worsening of the response
to chemotherapy. MDM2 is overexpressed in recurrent
tumors of various histogenesis [27-32]. MDM2 may
also be associated with resistance to chemotherapy.
However, scarce studies have been conducted
on changes in the expression of MDM2, a direct
p53 antagonist, in the NB tissue.

We have found that increased MDM2 expression
in NB was associated with adverse disease character-
istics such as recurrence and metastasis (p = 0.001),
stage IV disease (p = 0.0002), and MNA (p = 0.03).
Also, high levels of MDMZ2 gene expression were as-
sociated with a decrease in event-free survival [19].
Since the MYCN oncogene transactivates MDM2 [33,
34] in NB tumors with MNA, increased expres-
sion of MDM2 can significantly reduce the activity
of p53 that prevents cell cycle arrest and/or apoptosis.

In fact, earlier we have shown that the clinical
outcome (relapse-free survival) was by 64% higher
in the group with a low level of MDM2 expression com-
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pared to the group with a high level of MDM2 expres-
sion [19]. Low MDM2 mRNA expression in NB tumors
without MNA determines recurrence-free survival.
These data suggest that the study of MDM2 expression
may be useful in predicting the course of NB.

As p58 inactivation is more common in recurrent
tumors [35, 36], the study of changes in TP53 gene
expression in primary tumors may be the way for un-
derstanding the changes that occur during disease de-
velopment. Our unpublished studies showed a signifi-
cantdecrease in the TP53 expression in metastatic and
recurrent tumors (p = 0.001) that was not associated
with clinical features of NB. However, in samples with
a high level of MDMZ2 expression, significant increase
in TP53 expression was found (p =0.007). In the analy-
sis of 3-year event-free survival dependent on TP53/
MDMZ2 co-expression, in patients with low expression
of MDMZ2 and high expression of TP53 (ROC analysis:
OC < 0.09a.u., p = 0.006; AUC: 0.84) survival rate
was 100%, while in all other groups it was significantly
lower (F-Cox criterion: p < 0.05 compared to all other
groups).

A313G POLYMORPHIC VARIANT AND

THE LEVEL OF GSTP1 EXPRESSION

IN NB TISSUE CAN AFFECT THE OUTCOME

The mechanisms underlying the increase
of GSTP1 expression in many human tumors are cur-
rently not well understood. GSTP1 is positively regu-
lated at the early stage of oncogenesis and is over-
expressed in many cancers [37]. In addition, high
levels of GSTP1 expression are directly related to drug
resistance of the tumor and low patient’s survival. This
association may be explained by different rates of me-
tabolism of anticancer drugs associated with gene
polymorphisms or the role of GSTP1 in the modulation
of apoptosis mechanisms [37-40]. In fact, several
anticancer drugs used in the chemotherapy protocol
for high-risk NB are potential GSTP1 substrates (eto-
poside, adriamycin, and carboplatin). GSTP1 gene has
been shown to be a transcriptional target for p53 [41-
43]. It was found that high levels of GSTP1 expression
were associated with a decrease in event-free survival
in NB patients [44].

There is evidence that polymorphic variations
in glutathione S-transferases are associated with sus-
ceptibility to certain cancer types [43, 45, 46]. A poly-
morphism in codon 105 of GSTP1 gene (A to G sub-
stitution at position 313 of the exon 5 sequence) leads
to the substitution of isoleucine to valine, which causes
a change in the enzymatic activity of the protein, and
is considered as a high-risk genotype in various can-
cers [45, 46].

Analysis of a frequency of GSTP1 polymorphic
variants in our studies [47] showed no significant dif-
ferences between the group of patients and the group
of practically healthy people (p = 0.4) indicating
no association between GSTP1 gene polymorphism
and NB risk. Among heterozygous carriers of mutant
allele, the majority of patients with stage IV (32%) were

found, but this group was characterized by the highest
sensitivity to treatment.

We found that the overall survival in patients ho-
mozygous by mutant allele was significantly lower
compared to other polymorphic variants (p < 0.04).
To assess the overall prognostic value of GSTP1 gene,
overall survival was also analyzed, taking into account
data on its expression and A313G polymorphism.
In patients with high GSTP1 expression, A313G poly-
morphism did not affect overall survival (p > 0.05).
However, in patients with low GSTP1 expression,
the presence of the mutant allele determined a favor-
able prognosis (p < 0.05) [47].

CHANGES IN miIcRORNA EXPRESSION

IN NB REFLECT THE DEVELOPMENT

OF THE DISEASE

Inrecent years, microRNAs have been found to play
animportantrole in regulating p53-mediated pathway.
The p53-mediated induction of miRNAs may contrib-
ute to the decrease in protein abundance observed
after p53 activation [48, 49].

MicroRNAs play the central role in oncogenesis
and tumor progression [50-52]. MicroRNA-34a has
been identified as a tumor suppressor in several
types of cancer, in particular, prostate carcinoma and
primary melanoma as well as in several cancer cell
lines [53]; a decrease in its expression has been as-
sociated with tumor chemoresistance [54]. It is known
that miRNA-34a is involved in the processes of p53-
mediated apoptosis (Figure). In our study, a decreased
expression of miRNA-34a was associated with ad-
verse clinical and biological features of the disease,
such as recurrence and metastasis (p < 0.05), late
age of onset (p = 0.03), stage IV (p < 0.05), MNA
(p < 0.05) and overexpression of MDM2 (p < 0.05),
and decreased overall survival [55].

MicroRNA-137, which is highly expressed by brain
cells, plays animportant role in the regulation of neuro-
nal maturation [56]. Overexpression of miRNA-137 in-
hibits dendrite morphogenesis, phenotypic maturation
and development of the spinal cord and brain [57].
On the other hand, reduction of miRNA-137 expres-
sion has opposite effects [56]. Taking into account
the association of mMiRNA-137 expression with the main
determinants of tumor biology and the clinical course
of NB, it can be supposed that this miRNA has a po-
tentially greatimportance in the biology of NB. The re-
sults of the study [16] evidenced that a high level
of miRNA-137 expression correlated with a favorable
prognosis in patients with NB. It is suggested that
miRNA-137 may regulate p53 indirectly mainly due
to the degradation of KDM1A [58-60]. MicroRNA-137
functions as atumor suppressor in NB through indirect
activation of p53/TP53 (Figure). In our study [60],
a decreased expression of miRNA-137 was associ-
ated with adverse clinical features of NB — older age
of NB onset, MNA, stage IV, MDM2 overexpression,
and significantly lower survival rates.
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MicroRNA-380-5p is expressed at a high level
in most primary NBs. Interestingly, miRNA-380-5p has
binding sites in the conserved region of the TP53 gene
in the 3’-UTR. It was found that miRNA-380-5p inhib-
its p53 function and apoptosis in stem cells without
affecting the expression of key elements of the p53-
mediated signaling pathway such as p19ARF, MDM2,
and Chek?2 [14, 49]. The expression of mMiRNA-380-5p
may cause a transient suppression of p53 in stem cells,
thus supporting rapid cell proliferation and cell self-
renewal without the risk associated with irreversible
loss of p53 function, which is often found in cancer
cells[14]. Thus, the expression level of mMiRNA-380-5p
can affect the functioning of the p53 pathway, influenc-
ing the course of the NB.

In our study, a decreased miRNA-380-5p expres-
sion in NB cells was associated with the later stages
of the disease, MNA and high level of MDM2 expres-
sion [61]. These data may support the hypothesis
that miRNA-380-5p is involved in the suppression
of p53 at the initial stages of NB development [14].
In patients with MNA, increased expression of miRNA-
380-5p correlated with an unfavorable prognosis,
which is consistent with the data obtained in ex-
perimental model systems and NB cell cultures that
showed a link between MYC amplification and inhibition
of the p53 pathway in oncogenesis [62].

In NB, several frequently deleted genetic regions
were identified. Deletion of the 3p25.3 region is found
in ~14% of NB, and this region contains the gene coding
for miRNA-885-5p [15]. Afanasyeva et al. [15] showed
that miRNA-885-5p is a candidate for the role of tumor
suppressor in NB. Experimentally increased expression
of miRNA-885-5p in NB cell cultures leads to inhibition
of growth, aging and apoptosis. MicroRNA-885-5p in-
hibits proliferation and survival and positively regulates
the p53 pathway. This miRNA exerts a tumor suppressor
effect on the NB cell cycle through targeting CDK2.
It participates in p53-dependent and independent regu-
latory pathways, influencing the progression of the cell
cycle and the survival of NB cells [63].

We have detected the lowest level of microRNA-
885-5p expression in recurrent tumors and metastatic
foci of patients with stage IV NB and in tumor cells with
high MDMZ2 expression. Low levels of miRNA-885-5p
expression were associated with a significantly de-
creased event-free survival [64].

Despite the achievements of the last three decades,
NB remains a challenge for clinicians and scientists.
20 years ago, it was discovered that MNA occurs
in NB. Since then, most research has focused on find-
ing other genetic markers. As it turned out, NB cells,
like cells of many other cancer types, often contain
considerable, non-accidental damage to many genetic
loci. Our results and the works of other researchers
revealed the main changes in p53 pathway regula-
tion network that occur during the development and
progression of NB, and identified new factors in pre-
dicting the course of the disease, namely, expression
levels of MDMZ2 gene, polymorphism of GSTP1 gene,

altered expression of particular miRNAs (miRNA-34b,
-c, miRNA-380-5p, and miRNA-885-5p).

Finding out the exact molecular profile of NB will
allow researchers to analyze how specific markers
in combination with clinical characteristics can help
stratify the high—-risk groups of patients and will al-
low developing new approaches for the prognosis
of the disease course.
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EKCIMPECIS TEHIB, 3AJTYYEHUX A0 PErYNauii
LLIAXY P53, MPU HEUPOBJIACTOMI:
cCTUCNUn ornqapg

M. Inomicmosa, I. Kaumnwok, H. Xpanoscvka, C. Ilagaux,
0. Illaiioa, O. Iop6au, O. Cxauxosa, /]. Illumon

Hauyionanvruii incmumym paxy, Kuis, Ykpaina

Mowyk HOBMX MPOrHOCTUYHMX FEHETUYHUX Ta enireHeTUYHUX
MapkepiB Ta Mapkepis ctpatudikauii y XBOPUX Ha HEWpo-
6n1acToMy € HarasbHOK MpPo6aemMoto nediaTpPUYHOI OHKOJOFII.
B ornsapgj y3aranbHeEHO O0CArHYTUIA HA CbOroAHI MPOrpec y Bu-
BYEHHI eKcnpecii reHis, 3agigHux y perynauii wnsaxy nepepadi
curHany 3a yvacTio p53 B kniTuHax Heipobnactomu. Po3rnsHy-
TO Aekifibka Mapkepis, acoLinoBaHNX 3 PU3MKOM peuuanBy Ta
HecnpuaTaMeBUM nporHo3om. Cepen, Hux amnnidikauis MYCN,
BMCOKMIA piBeHb ekcnpecii MDM2T1a GSTP1, roMO3UroTHIiCTb
3a MyTaHTHUM BapiaHToM reHa GSTP1 (A313G-nonimopdiam).
Po3rnsHyTo TakoxX NpOorHOCTUYHI KpUTepii HerpobnacTomMu, Wo
GasyloTbCca Ha aHanisi ekcnpecii miR-34a, miR-137, miR-380-
5p, Ta MiR-885-5p, sKi 3anyyeHi 4o perynsuii wnsxie, onoce-
penkoBaHux p53. MNpeacTasneHo BnacHi aHi aBTopis LLoA0 pPoii
BCiX 3a3Ha4YeHVX MapKepIB y perynauii wnaxy nepenadi curHany
3a y4JacTio p53 B KNiTUHaxX HeMpobnacToMn. BUBYEHHS 3MiH ekc-
npecii MikpoPHKTa reHis, 3any4eHux o perynsuii wnsxis, ono-
cepenkoBaHux P53, He TifbKM NOrMGIE PO3YMIHHS MEXaHi3-
MiB naTtoreHesy HelipobnacTomMu, a i MoXe 0BrpyHTyBaTK HOBI
nigxoam Ans BU3HAYEHHS rpyn puauky Ta ctpatmudikauii 3a pu-
31KOM XBOPUX Ha HelpobnacTomy, Lo 6yae cnpusaT onTuMisa-
Lii NikyBaHHS, BUXOAS4M 3 FEHETUYHUX XapaKTePUCTUK NMYyXSTUHU.
KnoyoBi cnoea: Helpobnactoma, CUrHanbHUIA Wnax p53,
ekcnpecisa reHis, MmikpoPHK.



