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Abstract

Medulloblastoma is the most common malignant brain tumor of childhood accounting for about 60% of all pediatric embryo-
nal tumors. Despite improvements in the overall survival rate, this tumor still lacks an efficient, reliable, and less toxic
therapeutic approach. Characterization of the molecular mechanisms involved in medulloblastoma initiation and progression
is a crucial step for the development of effective therapies. Signal transducer and activator of transcription 3 is a conver-
gence point for several signaling cascades that are implicated in medulloblastoma tumorigenesis. Accumulated evidence
has revealed the pivotal role of signal transducer and activator of transcription 3 in medulloblastoma pathogenesis such as
proliferation, survival, angiogenesis, and immunosuppression as well as maintenance, drug resistance, and recurrence. In
this review, we focus on the role of signal transducer and activator of transcription 3 in medulloblastoma tumorigenesis and
discuss the recent advances of signal transducer and activator of transcription 3 inhibition as a promising developed strategy
for medulloblastoma therapy.
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Introduction

Medulloblastoma (MB) is the most common malignant
brain tumor of childhood affecting mainly the cerebellum
and accounting for about 20% of all pediatric central nerv-
ous system (CNS) neoplasms [1]. It mainly arises from
the primitive neuroectoderm in the cerebellar vermis of
the brain affecting mostly infants and children in their first
years of life [2]. Males are more frequently diagnosed with
MB than females with a male to female ratio of 1.7: 1 [3].
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The incidence rate for children younger than 4 years is 0.55
per 100,000 population and 0.16 per 100,000 population for
adolescents aged between 15-19 years [3].

MB can be either classified based on histological cri-
teria or molecular features. Based on histological and
cellular characteristics, MB 1is divided into four sub-
types: classic MB, desmoplastic-nodular MB, MB with
extensive nodularity, and large cell-anaplastic MB [4].
Recently, MB classification was updated according to
different molecular phenotypes: wingless-activated MB
(MBWNT-activatedy g pic hedgehog-activated and TP53-
wildtype MB (MBSHH—activated, TPSS—Wildtype)’ SHH-activated
and TP53-mutant MB (MBSHH—activaled, TPSS—mutanl)’ and
non-WNT/non-SHH MB (MB"o"~WNT/non=SHH) “The [ater
includes two subtypes: MBron-WNT/non=SHH, Group 3 5,4
MBron-WNT/non=SHH, Group 4 151 "They exhibit highly distinct
cytogenetic profiles, transcriptional signatures, mutational
spectra, and most importantly, clinical phenotypes such as
prognostic outcomes [6].

Currently, the standard regimens used for MB patients
include surgical resection followed by adjuvant chemo-
therapy [7]. Multimodal treatments have improved overall
survival (OS) to a 5 year of approximately 80% and 10 year
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of about 70% of MB patients [8]. However, recurrence,
metastasis, and severe long-term side effects related to treat-
ment toxicity remain the major clinical limitations [7]. In
this regard, different treatment approaches have been used
in MB such as immunotherapy, gene-targeted therapy, and
drug repurposing [8, 9]. Nevertheless, a better understanding
of the molecular mechanisms in the normal brain and also
in MB that drive the tumor’s phenotype will allow identify-
ing a novel therapeutic target and development of safer and
more effective treatment to interrupt such aberrant signaling.
In this review, we focus our discussion on the role of Sig-
nal transducer and activator of transcription (STAT3) acti-
vation and signaling in MB pathogenesis highlighting the
importance of STAT3 inhibitors as a promising therapeutic
approach for targeting MB.

Overview of STAT3 pathway
STAT family

STAT family is a group of cytoplasmic transcription fac-
tors that were initially recognized as interferon mediators
of several biological processes. In mammals, STAT family
comprises seven members, STATI, -2, -3, -4, -5a/b, and -6
[10]. STATS: are activated by extracellular signaling proteins
(cytokines, growth factors, and hormones) mainly via bind-
ing to specific cell surface receptor-associated Janus kinases
(JAK) promoting a wide range of physiological events such
as differentiation, proliferation, angiogenesis, apoptosis, and
cellular immunity [11]. All STAT proteins share a common
N-terminal domain (ND), a coiled-coil domain (CCD), DNA
binding domain (DBD), linker domain (LD), Src-homol-
ogy-2 domain (SH2), and the C-terminal transactivation
domain (CTD) which contains two phosphorylation sites,
Tyr705 and Ser727 involved in gene transcriptional activity
[12].

STAT3 activation and signaling

Among all the STATs, STAT3 is the most clinically rele-
vant one due to its pivotal roles in a variety of biological
events such as hematopoiesis, neurogenesis, embryogenesis,
immune responses, and oncogenesis [12]. STAT3 gene is
almost expressed in all body cell types and can be proteo-
lytically cleaved into two isoforms, STAT3a and STAT3p
[13]. STATS3 is induced by numerous cytokines and growth
factors activating a transduction cascade which results in the
amplification of target gene(s) [14]. Biological responses
of STAT3 occur at two molecular levels: canonical STAT3
pathway and non-canonical STAT3 pathway.

The most prevalent canonical STAT3 pathway is the
IL-6/STAT3 signaling pathway. Upon binding of IL-6 to
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glycoprotein 130 (GP130) receptor [15], JAK (JAK1, JAK2,
JAK3, and tyrosine kinase 2 (TYK2)) is phosphorylated
[16] inducing STAT3 phosphorylation at tyr705 residue
in the STAT3 CTD. STAT?3 can be also phosphorylated at
another crucial residue Ser727 which is located at the CTD
[17]. Phosphorylated STAT3 recruits another phosphoryl-
ated STAT3 to form a dimer, and translocate to the nucleus
[11], where they bind to specific interferon-gamma (IFN-
y)-activated sequence (GAS) sites [18] inducing the expres-
sion of target genes including pro-invasive factors such as
metallopeptidases and heat shock proteins [19] as well as
angiogenic factors such as vascular endothelial growth factor
(VEGF) [20]. On the other hand, the non-canonical STAT3
signaling pathway has been implicated in STAT3 activity
independently of tyr705 phosphorylation [21]. Evidence of
this pathway indicated that an un-phosphorylated STAT3
monomer or dimer can translocate to the nucleus and regu-
late gene expression via binding to GAS [22].

STAT3 regulation

Although phosphorylation plays a major role in STAT3 acti-
vation, post-translational modifications including acetyla-
tion, methylation, ubiquitination, and dephosphorylation are
also essential for STAT3 signaling regulation [23, 24]. Acet-
ylation is required for STAT3 dimerization and activation.
This reversible mechanism is carried out by acetyltransferase
p300 at Lys-685 residue of STAT3 [24]. STAT3 acetyla-
tion by CREB binding protein (CBP)-histone acetyltrans-
ferase enhances its translocation to the mitochondria where
acetylated STAT3 participates in pyruvate metabolism by
association with pyruvate dehydrogenase complex E1 (PDC-
El) resulting in ATP production. However, STAT3 role in
pyruvate metabolism is terminated upon its deacetylation by
sirtuin 5 (SIRTS) [25].

Methylation is another fundamental post-translational
modification essential for STAT3 regulation. STAT3 can be
di-methylated on Lys140 residue by histone methyltrans-
ferase (SET9) and demethylated by lysine-specific demethyl-
ase (LSD1). This process negatively regulates the expression
of STAT?3 target genes, knowing that methylation precedes
STAT3 Tyr705 and Ser727 phosphorylation [26]. On the
other hand, di-methylation of STAT3 on Lys49 by enhancer
of zeste homolog 2 (EZH2) activates the transcription of
IL-6-dependent genes [27].

STATS3 activity is also regulated by ubiquitin proteasomal
degradation. In neonatal hippocampal neurons, calcineurin
stimulation results in the degradation of STAT3 via ubiquitin
proteasomal pathway through TATA element modulatory
factor/androgen receptor coactivator 160 (TMF/ARA 160)
[28]. Furthermore, tumor necrosis factor receptor-associated
factor (TRAF®6) is implicated in STAT3 negative regulation
by mediating its ubiquitination and degradation [29].
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An important mechanism for regulating the activity
of STAT?3 is achieved by a wide variety of phosphatases.
Protein tyrosine phosphatase receptor T (PTPRT) dephos-
phorylates phosphorylated STAT3 at Tyr705 residue
directly after STAT3 activation by JAK, while phospho-
rylated STAT3 is migrating to the nucleus, or after its
translocation to the nucleus [23]. In addition, non-recep-
tor tyrosine phosphatases Meg2 and SHP2 dephospho-
rylate STAT3 [30] in cytoplasm and nucleus [30, 31].
STAT3 activity is also influenced by serine/threonine
phosphatases by which protein phosphatase 2A (PP2A) is
involved in STAT3 dephosphorylation at Ser727 residue
interrupting its normal function in transducing signals to
the nucleus [32].

Furthermore, other molecules involved in STAT3 regu-
lation are the suppressor of cytokine signaling-3 (SOCS3)
and the protein inhibitor of activated STAT3 (PIAS3).
SOCS3 acts as a negative feedback loop by binding to
the GP130 receptor thus inhibiting JAK from activating
STAT3 [33], whereas PIAS3 binds directly to STAT3
hindering its interaction with DNA and preventing the
expression of target genes [34].

Role of STAT3 in normal brain physiology
STAT3 in neurodevelopment

STAT3 is expressed in the cerebral cortex, striatum, and
hippocampus during early embryonic life, and continued
to be detected till 3 months prenatally [35, 36]. Later, the
activation of STAT?3 in the brain is limited where it can be
found in the subventricular zone of the forebrain and the
subgranular zone in the hippocampus which comprises
cells that constantly undergo division [37]. Takeda et al.
have indicated that STAT3-deficient mice died between
E6.5 and E7.5, preceding gastrulation [38]. Furthermore,
the production of neural precursor cells (NPCs) and the
neural stem cell markers decline significantly in STAT3
dominant-negative cells indicating the critical role of
STAT3 in early neural development [39]. Newly formed
neurons secrete gliogenic cytokines that activate the JAK/
STAT pathway in the undifferentiated neuronal stem cells
(NSCs) destined to become astrocytes where Notch sign-
aling triggers the demethylation of astrocytic genes which
are then activated when STAT3 and the co-activator p300/
CBP bind to their promoters [40]. STAT3 downregula-
tion enhanced hippocampal neuronal maturation through
the crosstalk with MAPK signaling. However, STAT3
overexpression induced hippocampal neurospheres char-
acterized by stem cell properties and further attenuated
the terminal differentiation of hippocampal neurons [41]
(Fig. 1A and B).

STAT3 in synaptic plasticity

JAK/STAT3 signaling is critical in inducing N-methyl-D-
aspartate receptor (NMDAR) dependent-long term depres-
sion (NMDAR-LTD) in the hippocampus [42]. NMDAR-
LTD has been implicated in spatial reversal learning by
eliminating previous memory traces to permit new traces
to form when needed [43]. Interestingly, STAT3 anchored
to the postsynaptic site was translocated to the nucleus in
response to certain synaptic stimuli altering gene expression
[44]. During the neonatal period, the activity of STAT3 was
blocked by cytokine leptin resulting in the enhancement of
glutamatergic synapses through the formation and matura-
tion of dendritic spines in the hippocampal neurons [45].
Thus, STAT?3 is implicated in synaptic plasticity and cogni-
tion [46] (Fig. 1C).

STAT3 in neuroprotection

STATS3 is characterized by neuroprotection properties in
response to various brain stress conditions including cerebral
ischemia [47]. Several molecules such as estradiol, secreto-
neurin, GF-1, and IL-6 activated STAT3 which is, in turn,
translocated to the nucleus and induced the transcription of
neuroprotective genes such as Bcl-2 [48]. Murase et al. dem-
onstrated that activation of STAT3 regulated the transcrip-
tion of p53, resulting in the activation of a survival signaling
pathway in neurons upon the elevation of neuronal activity
[49]. On the other hand, STAT3 pathway has been reported
to be implicated in several brain pathophysiologies such as
aging, Alzheimer’s disease, Parkinson's disease, and brain
tumors including glioma, neuroblastoma, and MB [50, 51].

STAT3 and MB tumorigenesis
STAT3 in MB growth and survival

STATS3 is a key cell survival protein involved in growth and
anti-apoptotic mechanisms of several tumors including MB
[52]. Phosphorylated STAT3 has been found in rapidly pro-
liferated MB cells and implicated in MB cell growth and
migration [53], and also attenuated apoptosis [54]. Notably,
the constitutive activation of STAT3 via IL-6 and leuke-
mia inhibitory factor (LIF) has induced the expression of a
subset of genes such as c-Myc, survivin, Bcl-2, Bcl-xI, and
cyclin DI mediating MB cell viability and proliferation [55,
56]. Furthermore, STAT3 besides other anti-apoptotic mol-
ecules such as epidermal growth factor receptor (EGFR) and
matrix metalloproteinase-9 (MMP-9) was shown to protect
MB cells against apoptosis [57] (Fig. 2). Interestingly, White
et al. have indicated the sex-specific role of STAT3 in the
initiation and development of SHH MB, by which targeting
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Fig.1 Role of STAT3 in neurodevelopment. A STAT3 fluctua-
tions during the perinatal period in the brain of rodents. Prenatally,
STAT3 was detected at embryonic day (E14), whereas postnatally, it
was identified at postnatal day (P3) and continued to increase till P21
where the amounts of STAT3 declined. B STAT3 role in astrogenesis
during neurodevelopment. Newly formed neurons release gliogenic

STAT3 in SHH MB mouse model would protect the male
mice from MB initiation with no effect on female mice [58].

STAT3 in MB Angiogenesis

Angiogenesis—which is an essential process for MB in
order to maintain its pathogenesis and survival -was shown
to be dependent on STAT3 signaling [59]. STAT3 has been
reported to induce neovascularization via binding to VEGF
promoter inducing its expression and upregulation in many
cell lines including MB [60]. Craveiro et al. revealed that
constitutive activation of STAT3 enhanced the phosphoryla-
tion of VEGF2/3, the key receptors in angiogenesis [61]
(Fig. 2).

STAT3 in MB immunosuppression

Although several studies have revealed the role of innate
and adaptive immune components as extrinsic tumor sup-
pressors, tumor cells including MB usually develop several
mechanisms to evade the immune responses [2]. STAT3,
one of the most common factors in tumors, acts as a nega-
tive regulator of inflammatory responses in immune cells
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[62, 63]. Interestingly, activated STAT3 was shown to drive
myeloid-derived suppressor cells (MDSCs) expansion that is
involved in the immunosuppressive process [64]. Abad et al.
have demonstrated the involvement of STAT3 in MDSCs to
sustain this population in MB [63]. The constitutive acti-
vation of STAT3 in MDSCs promoted their survival and
inhibited apoptosis in the MB mice model [63]. In addi-
tion, STAT3-intact MDSCs were able to regulate other cell
types including dendritic cells (DCs) and regulatory T-cells
(Tregs) within MB microenvironment to reinforce immu-
nosuppression and promote MB growth [63]. Moreover,
overexpression of B7-H3, an immunosuppressive immune
checkpoint, was associated with increased activity of STAT3
which may indicate a more malignant and aggressive pheno-
type of MB [65] (Fig. 2).

STAT3 in MB maintenance and resistance

The cancer stem cell (CSC) hypothesis suggests that CSCs
originate from normal stem cells after multiple mutations,
and are engaged in tumor formation, growth, and relapse
[66, 67]. In MB, it was reported that tumor-associated
astrocytes secreted chemokine C—C ligand 2 (CCL2) on
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Fig.2 STATS3 signaling pathway in MB. The constitutive hyper-acti-
vation of STAT3 due to elevated IL-6 level resulted in STAT3 dimeri-
zation and translocation to the nucleus inducing the expression of its
target genes such as cyclin DI, survivin, c-Myc, VEGF, CD133, and
Bcl-2 that mediate MB proliferation and survival, angiogenesis, in

MB stem cells (MBSCs) maintaining their stem-like prop-
erties by activating the Notch pathway via JAK2/STAT3
signaling [68]. Stemness and maintenance of MB cells
showed dependency on STAT3 by which STAT3 was asso-
ciated with the expression of stemness markers such as
c-Myc and CD133, increased proliferation, and decreased
cell death [69]. STAT3 was also activated in CD133%
MBCs promoting metastasis, tumorigenesis, and recur-
rence by the regulation of c-MYC expression [70]. More-
over, it was demonstrated that the self-renewal CD1337
MBSCs are triggered by STAT3 pathway supporting tumor
survival [71] (Fig. 2).

Furthermore, it was reported that increased STAT3 activ-
ity has been associated with MB radio- and chemotherapy
drug resistance [71, 72]. Sreenivasan et al. showed an ele-
vated level of activated STAT3 in MB cell lines. Chemore-
sistant group 3 MB cell lines displayed an increased IL-6/
STAT3 activity which is in turn involved in developing drug
resistance. However, drug sensitivity was restored in MB
cells lacking STAT3 or IL-6 receptors [72]. Therefore, due
to the aberrant role of STAT3 signaling in MB tumorigen-
esis, STAT3 has been shown to be a potential therapeutic
target for developing anti-tumor drugs.

MB immunosuppression
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addition to maintenance and resistance. Moreover, STAT3 aberrant
activation resulted in MB immunosuppression via driving myeloid
derived suppressor cell (MDSC) which in turn regulated dendritic
cells and regulatory T-cells (Treg)

STAT3 inhibitors

Recently, STAT3 has been suggested as a promising molecu-
lar target for tumor therapy including MB. Various STAT3
inhibitors have been developed and well-characterized for
their efficacy in targeting in vitro and in vivo MB models.
In the following section, targeting STAT3 for the prevention
and treatment of MB will be discussed.

Multi-kinase inhibitors
Pazopanib

Multi-kinase inhibitors (MKi) target tumor angiogenesis by
blocking VEGF receptor (VEGFR) signaling [73]. Pazo-
panib, one of the MKi members, has the ability to pene-
trate the blood—brain barrier (BBB) and inhibit oncogenic
kinases in neoplastic cells [73]. In MB cell lines, Pazopanib
inhibited proliferation, arrested cell growth, promoted
apoptosis, and reduced MB cell migration through block-
ing the phosphorylation of STAT3 by targeting upstream
kinases and suppressing STAT3 synthesis after long-term
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exposure. Furthermore, Pazopanib hindered tumor growth
and increased the survival of the MB mice model [73]
(Table 1; Part 1).

Sorafenib

Sorafenib, an oral MKi, has the ability to inhibit angiogen-
esis and promote apoptosis in tumors via targeting the Raf-
MEK-MAPK pathway [74]. Similar to Pazopanib, Sorafenib
reduced cell viability, cell growth, proliferation, and angio-
genesis, and induced apoptosis in MB cell lines by reduc-
ing STAT3 phosphorylation. Moreover, Sorafenib reduced
tumor growth and improve survival in vivo [73, 75] (Table 1;
Part 1).

Vandetanib

Vandetanib is characterized by its antiangiogenic capability
by regulating angiogenesis genes which further impact the
survival of tumor cells. It also reduced tumor growth by
inhibiting target receptors VEGFR 1/2, EGFR, and c-RET
[76]. Vandetanib showed antitumor activity against MB
where it reduced cell viability and proliferation, enhanced
apoptosis, and inhibited cell migration in MB cell lines by
decreasing STAT3 phosphorylation and expression [61]
(Table 1; Part 1).

Axitinib

Axitinib, an FDA-approved drug for advanced renal cell
carcinoma, is an angiogenic inhibitor that targets VEGFR
172, platelet-derived growth factor receptor (PDGFR o/p),
and c-kit. In MB, Axitinib displays an antitumor activity by
decreasing the phosphorylation of protein kinase B (AKT
or PKB) and STAT?3 [77]. When combined with GDC-0941
(PI3K inhibitor), Axitinib displays augmented cytotoxicity
and anti-neoplastic efficacy in MB cell lines. Compared to
other MKi, Axitinib possesses a higher affinity to STAT3
and AKT, thus it is suggested as a promising therapeutic
drug to facilitate MB treatment [77] (Table 1; Part 1).

Receptor tyrosine kinase inhibitor: sunitinib

Sunitinib, a receptor tyrosine kinase (RTK) inhibitor, sup-
presses tumor growth directly by targeting STAT3 and
RTKs or indirectly by inhibiting angiogenesis, representing
a promising treatment option for MB patients [52, 78]. Suni-
tinib exhibits anti-cancerous activity in MB via arresting cell
cycle and inducing apoptosis which were associated with the
inhibition of STAT3 phosphorylation [52]. Unfortunately,
Sunitinib cannot cross the BBB, thereby it can be delivered
locally to the cerebrospinal fluid by convection-enhanced
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delivery in order to contribute to a more effective antitumor
effect [52] (Table 1; Part 2).

Peptide inhibitors: S3-NTDi

S3-NTDi is a penetrating-tagged cell-permeable peptide
inhibitor that selectively inhibits the N-terminal domain of
STAT3 [79]. Treating MB cell lines with S3-NTDi inhibited
phosphorylated STAT3 as well as the expression of its tar-
get genes including Bcl-2, c-Myc, and cyclin D1. Notably,
S3-NTDi reduced the efficiency of STAT3 to bind to its tar-
get gene promoters. Moreover, it was shown that S3-NTDi
attenuated STAT?3 signaling pathway via increasing the
expression of protein inhibitor of activated STAT3 (PIAS3)
mediated by the downregulation of miRNA-21 [79]. Fur-
thermore, MB cells treated with S3-NTDi were subjected to
apoptosis and cell cycle arrest, in addition to suppressed cell
migration. Interestingly, S3-NTDi enhanced the apoptotic
effect of the chemotherapeutic drug cisplatin in MB cells.
Thus, S3-NTDi and cisplatin worked in a synergistic way to
sensitize MB cells to chemotherapy [79] (Table 1; Part 3).

Small molecule inhibitors/non-peptide inhibitors
LLL12 and LLL12B

Non-peptide inhibitors selectively inhibit the function of
STAT3 SH2 domain regardless of the STAT3 phosphoryla-
tion state. They also inhibit STAT3 activation, dimeriza-
tion, and nuclear translocation as well as the induction of
apoptosis in STAT3-dependent cancer cells [80]. LLL12 is
a non-peptide small molecule that inhibits STAT3 phospho-
rylation. It inhibited proliferation and induced apoptosis in
MB cell lines [55]. LLL12 inhibits the phosphorylation of
STAT3 but not ERK1/2, AKT, and STATI, indicating that
it is specific for STAT3. It also blocks the ability of STAT3
to bind to DNA and suppresses the transcription of STAT3
target genes such as cyclin DI, survivin, Bcl-2, and Bcl-
I. Due to its efficacy and ability to cross the BBB, LLL12
should be further investigated as a treatment option in MB
[55] (Table 1; Part 4).

LLL12B is a variant of LLL12 that displays greater bio-
availability than its original compound. Chen et al. have
demonstrated that LLL12B blocked IL-6-mediated STAT3
phosphorylation inducing growth arrest and apoptosis [81].
LLL12B possessed a better anti-neoplastic effect when com-
bined with cisplatin compared to monotherapy in vitro and
in vivo [81]. When combined with irradiation therapy, it
decreased the expression of STAT3 downstream targets and
exhibited enhanced tumorsphere suppression, cell migration,
and invasion [54]. Thus, LLL12B offers a novel treatment
option that can be used in combination with cisplatin chemo-
therapy or radiotherapy (Table 1; Part 4).



10641

Molecular Biology Reports (2022) 49:10635-10652

sisoydode paonpuy

uone[Aloydsoyd [V

UONEISTU [[00 PAAqIYU] pue ¢1V.LS Jo uoniqiyuy YIDFA
uonerdpjord 10-0 pue YIDAd CIEDOA 9N JO 2Im
[zs]  pue qmoIs [120 payqryuy VIN “JADHA Jo uoniqmyup AR V/N -9 [[92 Arewrtig ‘Aoe(y quuniung
J10)IQIYUT 9seury auIsoIA) 101deday :7 1ed
Kyanoe
onoldode-oid pasearoug voneAroydsoyd ¢ VLS IV
IMOIS [[99 Paseardndq Jo uonen3arumoq -0
-0 pue ¢/0 YIDAd SV8-PIN
[LL] Ayiqera o0 paonpay 1760-DAD  T/TYIDIA Jo uoniqiyuy UTIADHA V/IN -gdIN ‘PO €8¢ ‘Aoeq qunIXy
K)10TX010)K0 pasuequ uonejkoydsoyd
UONEISTUI [[90 PAIQIYU] €LV.LS JO uononpay €LVILS
stsojdode paonpuy MIDd
uonerdpord pue Y404 I¥ed ‘PN £82d
[19] Aiiqera [[oo paonpay [¥60-DAD PUB J4DHA JO uoniqryug €/C ddDdA VIN ‘V8-PON-GHIN ‘Aoe( qIUeIopueBA
[BAIAINS PISBAINA( femyyed
[IMOIS Jowm) payqryuy [-I9IA pue g uIpoko ‘¢ SIdVINSIHIN-IRY
/2/1Q UTakd Jo uots [-IoIN pue g
sisojdode paonpuy -sa1dxa a2y} Jo uonIqIUuy  UIPAd ‘cq/zA/1d UIRAD ZIEOA 9N
uone[Kioydsoyd (oorwr apny)) JO 2Imnd ][99 Arewtig
[cL] uonexdyrord payqryuy VIN €LV.LS Jo uoniqryuy €LVLS ot Jyersoudx Koe( ‘Koe( ‘PON €8¢
[eATAINS
[opou [ewiue pasoxduy
yIMmoI3 Jown) pAIqIYu]
UOTIRISIW [[3 paonpay uonejAroydsoyd (OSN
sisoydode paonpuy €LVLS Jo uoniqryuy €LVLS 10 o MITTL AIDS
Kemipred /AON) o1 jyeISoudX  pajN I+¢d ‘PO €82
(eLl uonexaprord payqryuy V/N YIDOHA Jo uoniqryuy WADHA  91dojoyio y8-pIN-gHIN ‘V8-POIN-GHIN “Aoe qruojelog
[eATAIDS
[opow [ewrtue paroiduy
[)MoI3 Jown) pAIqIYU]
UONEISTUI [[99 Paonpay uonejAroydsoyd (OSN
sisoydode paonpuy €LVLS Jo uoniqryuy €LVLS 10 o AT AIDS
Kemipred /AON) oot jjerSoudX  pojN IH€d ‘PO €82
(gLl uonesdjrjoxd payqryuy VIN YIDHA Jo uoniqryuy AADFA  d1doroyiio y8-paN-gHIN ‘V8-PIN-GHIN ‘Aoe( quuedozeq
SIONQIYUT oseurynnIA -] 3ed
pasn [opowr sour|
Q0UAIRJIY 30919 Teo1Sojo1g uoneuIqUIO) Uonoe JO IPOA joS1e], [eWITUE :SOIPNIS OATA U] [[90 A :SOIPNIS ONIA UJ Sniq

S[opows gIA OAIA Ul pue oniA ur SureudIs ¢ VLS Sunodre) ur pasn saIfIwe) SnIp JUIIYIP AY) SMOYSs d[qe) Arewwung | d|qel

pringer

A's



Molecular Biology Reports (2022) 49:10635-10652

10642

sisoydode pasearouy

UOTBWLIOY
areydsIown) pajuaAdIg

UOISEAUT pUB UON)

souag 1931e) ¢IV.IS
Jo uonen3arumo(q

-eI31ur (90 passarddng uonejAioydsoyd 9ZTrMN
[+¢] Apiqera [[o0 panqryuy uonerpeL] €LVLS jo uoniqiyuy €LVLS VIN ‘88TMNSTYA ‘€8Td LIATI
(1x-10g pue
urazaans [ uijoo)
souag3 1031e) ¢IVIS
KTIQEIA [[99 paonpay Jo uonen3arumoq
uoneISIW [[99 PAIUAdIJ
SISQUITOISUR PIONpay UoneIpeLIL uoneKioydsoyd AOVd
[z8] sisoldode pesearou] Ke1-x pue unefdsi) €LVLS jo uoniqiyuy €LVLS VIN ‘188TMN ‘9TrMN SAT
sisojdode pasearoug souad 10518) ¢ LVLS
UOISeAUI [0 passaxddng Jo uone[n3arumoq
uon
-e131u [[90 passarddng uonejkoydsoyd oTrMA
[¥¢] Aiiqera 100 payqryuy uonhelpel] €LV.LS Jo uonIiqryuy €LVLS V/IN ‘88TMN ‘STPA ‘€8T
souag 10318 ¢IVIS
[IMmoI3 Jown) pAIqIyu] Jo uone[n3arumo(g
stsojdode paonpug uone[K1oydsoyd Qo1 opnu eI 88TMN ‘9ZFMN
[18] Aiiqera [1e0 panqryuy unerdsi) €LV.LS jo uoniqryup urewop ¢HS ¢LV.LS -Ousx ¢y Pue £8¢d 57va “Koeq ‘€8 qeITTl
souad 1031e) ¢IVIS
sisojdode paonpuy Jo uonen3arumoq
Aiiqera pue uone[Kroydsoyd €87d ‘1ved
[ss] uonexdprord payiqryuy VIN €LV.LS Jo uoniqryuy onprsar G0LIAL ELVIS V/N ‘188TMN ‘9TyMN ‘Aoeq CITT1
SI0JIQIYUT S[NOJ[OW [[BWS :f }Ied
Kderoyowrayd
01 S[[99 I PazZDISUdg €SVId jo uonensaidn €SVId
sisejsejowr passarddng
IZ-VNyoou
sisojdode peonpuy Jo uonensorumo( 12-VNJoIoTI
souag ja81e) S)
pue ¢ VIS paekroyd urewop
[6L]  1saxre 9[oKd [[99 paonpuf unefdsiy  -soyd jo uonensarumoq [euruIo} THN €LV.LS VIN 17€Q “Koeq IALN-€S
JTonqryur opndod :¢ 1red
pasn [opowr sour|
ERlicl TN | 30919 Teo1Sojorg uoneuIqUIO) uonoe JO IPOA joS1e], [eWITUR :SOIPNJS OATA U] [[90 A :SOIPNIS ONIA UJ Sniq

(ponunuoo) | sjqey

pringer

Qs



10643

Molecular Biology Reports (2022) 49:10635-10652

Kdeioyorper 0}
KIADISUSS Ay} pIsueyuy

SSAUUIA)S Y] paseardd d

renuajod orua3
-town) g passaxddng

Kemyped
Sureusis ¢LVLS

S[[90 Aoe(q woIf
PaYe[oST (SNA-GIN)
S[[99 9ATIEZ2U-9[qNOp
unsaN/ee1dp paaliop
-4 ‘Sdd-9IAD SI19°
aAanrsod-a[qnop unsaN

[se6] s1sojdode paonpuy Kdeoyjorper Surzruog Jo uonern3arumo( €IVLS oorw ordojoylio Jq-gIN JEE€1AD PAALIP-gIN QIX099[2D)
3nip AIojewwRPUI-)UR PIOIS)S-UON] :9 JIed
9[04 [[90 poIsaITy
S[[90 I[-WAIS JO
uone[ndod ay) paonpay skemued Sur ADI
sisoydode paonpug -[eusis HHS Pue 01 SHH
[06] PMOIS A peonpay V/N ‘€LVLS jo uoniqryuy €LVLS V/IN PINESTA "A0VA ununoIn’y
£SD00S
Jo uonenSorumo(g £€SD0S
€SVId Jo uonesaidn €SVId
A €-87CMN
l1e]  yaois gy passarddng VIN  -ADOR ELVLS Pasea1odq €LVLS VIN ‘z-8czmn foea
(7@-uno€o pue o6p-2
Z-X00D) ‘UIA1ALNS)
souag 10318 ¢IVIS
Jo uone[n3arumo(
€LV.LS jo uon
S[[90 gIA JO UOTIBTIUDISJ -e[Aroydsoyd pue uors
[98]  -Jip [euomau pajowold VIN -s21dxa 3y} paYenuANY ¢LVLS VIN €-8TCMN T-8TTMN [0NBISASIY
spunodwod osrjouayd£jo{ :¢ 1red
uone[Aroydsoyd
SISA[0OA]S parreduug €LV.LS Jo uoniquyuy €LVLS
uon
-BULIOJ AUO[OD PaseaIdd
dwoo 0g1dD
ATIqeIA pjENUQ)) Xel
HAmA P v /49-11/9-"11 jJo uon xorduwoo
[96] uonerojrjord payqryuy V/N  -Bulloj 3]} JO 9pedo[gq 0€1dD/g9-11/9- 11 VIN 88TMN Kok  oudjrxopazeq
pasn [opowr sour|
ERlicl TN | 30919 Teo1Sojorg uoneuIqUIO) uonoe JO IPOA joS1e], [eWITUR :SOIPNJS OATA U] [[90 A :SOIPNIS ONIA UJ Sniq

(ponunuoo) | sjqey

pringer

a's



Molecular Biology Reports (2022) 49:10635-10652

10644

Kyoruaguown) payqryuy €LVLS
UOIRNUAIQHIP PIonpu[
sanedoid sHSD pue uonejAroydsoyd ¢1vVIS (urens o/qgIvVe)
[1L]  uonerwjrjoid pessarddng  uonerper pue une[dsy /TAVI JO uoniqryuy OIv[  *dmuepnu  ceTdD-9N 88TMN Aoeq
Adeloyjowrayd ADHAA PUe [(q-1]2£0
01 K)1ANISUSS padueyuyg Jo uonenSarumo(g
stsojdode paonpug unerdst) uone[Kroydsoyd €LVLS
[sot] [IMOIS [0 pedqryu] pue 9pIuIojozowa], €LVLS Jo uoniqryug (%448 V/IN ‘§TTMN T UORIQINOND
stsojdode paonpuy CIVIS
uoneIdu
[[95 pue UOIIBULIOJ
Auo1oo passarddng uoneAroydsoyd
[eoT1] ANIQeIA ][99 poonpay V/N ELVLS/AIVI Paonpay eAVI V/N  Aoe( ‘88TMN ‘9TrMN quunIoejo],
stsojdode paonpuy ¢LVIS
uoneIdu
[[99 pUE UOTJEULIO]
Auojoo passarddng uoneA1oydsoyd
[eoT1] ANIqeIA 99 paonpay VIN ELVLS/AIVI Paonpay [249: 44\ V/N  Aoe( ‘88TMN ‘9TrMN quunipoxny
oA -5 pue
Z-X0D) ‘[(@-u1]o£2 ‘uraa
moI3 g pessarddng -1ns Jo uonen3aIumo(g
N Uur seSueyd oy Kemyyed Sureudrs
[98]  -uonenuaioyip paonpuy VIN €LVLS jo uoniqiyuy ¢LVLS VIN €-87CMN 06¥OV
SIONqQIUuI ¢LVILS/MVT -8 Med
[-IPIN
pue ‘z-1og “OKN-O :SI9
sisojdode paje -yprew onoydodeord-nue
-1paw-A3eydoine paonpuy Jo uorssardxa paqryuy
uon
- K
PO} AUOIOS PARAMU Kemyped Surreusis
[86]  uonerjrjoid pessaiddng VIN €LVLS Jo uoniquyuy €LVLS VIN Koeq aprzowld
3nip onoyoAsdnuy :/ jred
pasn [opowr sour|
ERlicl TN | 30919 Teo1Sojorg uoneuIqUIO) uonoe JO IPOA joS1e], [eWITUR :SOIPNJS OATA U] [[90 A :SOIPNIS ONIA UJ Sniq

(ponunuoo) | sjqey

pringer

Qs



10645

Molecular Biology Reports (2022) 49:10635-10652

[BATAINS PISBIOU]

Y1moI3 Jowmny
pue SIsejsejow paqIyuy

ot
uoyeojjoxd paonpay uonelfioyd (puaeS QS AON) PIN-10-VTHD
[69] yieap 1120 ponpup - 0D 1onquyut KSeydomy - -soyd ¢LVILS paNQIyu] €LVLS DSN ONT-PIN-£82d ‘PAN-£87a Koeq 990TdM
uon
-exap1101d [[90 paonpay UONEZLIOWIP PON-10-VTHD
[69] [IESp [[90 p2onpN OO Jonqryut ASeydoiny £LV.LS jJo uoniqryug €LVLS V/N ‘PIN-£82A “Aoe 6587L DSN
uone[Kioydsoyd
[0L] 9ZIs Iowmn) padnpay VIN €LVLS Ul uononpay ELVILS 921 dIDS-dON 8svd 8S¥d ‘STvd V8PN 010-€S-Dd
uoneAroydsoyd
[0L] 9ZIs Iowmn) padnpay VIN E€LVLS Ul uononpay €LVLS 9 dIdDS-dON 8svd 8S¥d ‘STrd ‘VSPIN 600-£€S-Dd
A
-0TX0)0INAU Emo@Em% uone[Kioydsoyd
B pomoys SSON pojeal], €LVLS Ul uononpoy Qo1 IDS-AON
uoneZLIOWIp ur payoafur s[ed gA
[oL] 9ZIs Iowmn) padnpay V/N €LV.LS jo uonIiqryup €LVLS pejean-sioqIyul ¢1V.IS 8S¥d ‘STrd ‘VSPIN 200-€S-Dd
s3nip oY1 0] Med
LN pare[n3oy e
sisojdode paonpuy
uoneIdu
[[99 pUE UOTJEULIO]
Kuojoo passarddng voneA1oydsoyd
[coT1] ANIqeIA 90 paonpay une[dsty  ¢IVIS/AIS Jo uoniqyuy ¢LVLS V/N  Aoe( ‘88TMN ‘9TrMN quuieseq
LINA pare[ndoy 218
s1sojdode paonpuy
uoneIdu
[[95 pue UOIIBULIOJ
Kuojoo passarddng
uonejAroydsoyd
[eoT1] AN[IQe1A [[90 paonpay V/N  €LVLS/5IS Jo uoniqryug ¢LVLS V/N  Aoe( ‘88TmN ‘9TrMN 16€-TX
SI0JIQIYUI OIS @6 Med
pasn [opowt sour|
ERlicl TN | 30919 Teo1Sojorg uoneuIqUIO) uonoe JO IPOA joS1e], [eWITUR :SOIPNJS OATA U] [[90 A :SOIPNIS ONIA UJ Sniq

(ponunuoo) | sjqey

pringer

a's



Molecular Biology Reports (2022) 49:10635-10652

10646
o
Q
=
2
3
~
2}
2
ot
=
[
—
<
Q
2
&
S
=
S
2
M
=
S
=
<
=
g
o
=
S
O
=
S
=
Q
<
[T
S
Q
b~
=
-
&
8
(<l
—
<
g
g
=
<
@z
2
S
23
2 2
o
23
ZS
P E
=
o
9]
s
@z
2
S
=
=
w
g
=8
=o|5E
o o p—
=
g
g=|
=
o
)
2
-
@ | o
o) =
-
= 1Aa
@ Springer

[112]

Induced apoptosis sup-

Cisplatin

Inhibition of PP2A

STAT3

Daoy Immunocompro-

Daoy, D283, D341

LB100

pressed tumor growth

mised (IcrTac: ICR-

Prkdc™%) mice

Decreased cell migration

Downregulation of

PP2A

phosphorylated STAT3

at Tyr-705

Inhibited proliferation

Inhibition of STAT3

target genes expres-

sion (cyclin D, c-Myc,
survivin, and SNAIL)

AKT Protein kinase B; Bcl-2 B-cell lymphoma 2; Bel-xL B-cell lymphoma-extra-large; CSCs Cancer stem cells COX-2 Cyclooxygenase-2; EGFR Epidermal growth factor receptor; EMT Epi-
thelial-mesenchymal transition; HHg Hedgehog molecule, IGF insulin like growth factor; JAK Janus kinase; MB Medulloblastoma; Mcl-1 Myeloid cell leukemia-1; N/A Not applicable; NSCs

Neuronal stem cells; NFkB Nuclear factor Kappa-B; PDGFR Platelet-derived growth factor receptor; PIAS3 Protein inhibitor of activated STAT3; PP2A Protein phosphatase 2A; Raf/MEK/

MAPK Rapidly accelerated fibrosarcoma/MAPK-ERK kinase/Mitogen-activated protein kinase; RTK Receptor tyrosine kinase; SOCS3 Suppressor of cytokine signaling 3; Src Proto-oncogene

tyrosine-protein kinase; STAT3 Signal transducer and activator of transcription 3; Tyr Tyrosine; VEGFR Vascular endothelial growth factor receptor

LY5 and LLY17

LYS5, another small molecule inhibitor, suppressed the con-
stitutive activation of STAT?3, inhibited its nuclear translo-
cation, and downregulated the expression of downstream
targets such as survivin, cyclin D1, Bcl-x1, and micro-
RNA-21. LYS treatment in combination with cisplatin and
radiotherapy showed a potent effect in the reduction of cell
viability [82]. Similarly, LLY17, another small-molecule
inhibitor of STAT3, blocked IL-6-induced phosphorylation
of STAT3 and enhanced the anti-tumor effect of irradiation
[54]. Therefore, the inhibition of STAT3 by LY5 and LLY17
represents a possible strategy for MB treatment (Table 1;
Part 4).

Bazedoxifene

Bazedoxifene is an FDA-approved drug for postmenopausal
osteoporosis prevention that is re-purposed for anti-cancer
treatment. It suppresses tumor growth and promotes apopto-
sis via targeting IL-6/IL-6R/GP130 complex [56]. Further-
more, a recent study has shown that bazedoxifene inhibited
GP130 signaling in order to overcome the chemoresistance
in Group3 MB [83]. Bazedoxifene was also shown to inhibit
STAT3 phosphorylation and decrease IL-6-mediated gly-
colysis and colony formation in MB in vitro models. It also
resulted in reduced cell viability and proliferation due to the
inhibition of the IL-6/GP130/STAT3 axis [56], thus repre-
senting a possible therapeutic drug (Table 1; Part 4).

Polyphenolic compounds
Resveratrol

Resveratrol is a natural polyphenolic compound used for tar-
geting tumors due to its anti-neoplastic properties [84] and
biochemical characteristics such as high permeability across
BBB and low toxic effect [85]. In MB cell lines, resveratrol
has inhibited the activation of STAT3 signaling, suppressed
the expression of STAT3-related genes, and also induced
neuron-oriented differentiation [31, 86] through Fas-inde-
pendent pathway [87]. This may further drive MB to growth
arrest and apoptosis as well as enhance radiosensitivity in
resveratrol-treated MB [88] (Table 1; Part 5).

Curcumin

Curcumin, a natural compound product, is served as an
effective agent for pediatric brain tumors due to high BBB
permeability [89]. It attenuates many signaling pathways
in MB such as Wnat/p-catenin, NF-xkB, SHH, and STAT3
which are crucial for MB pathogenesis [90-92]. Curcumin
reduced the level of phosphorylated STAT3, induced a
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dose-dependent decrease in the growth of MB cells, reduced
the population of stem-like cells, arrested cell cycle, and
induced apoptosis [90] (Table 1; Part 5).

Non-steroid anti-inflammatory drug (NSAID):
celecoxib

Celecoxib is a cyclooxygenase-2 (COX-2) inhibitor and non-
steroid anti-inflammatory drug that shows an anti-tumor
effect in various human cancers [93, 94]. Celecoxib medi-
ates its anti-tumor effects either directly through suppressing
COX-2 activity or in a COX-2 independent manner [94]. In
MB, celecoxib inhibited STAT3 activation and suppressed
MB stem cell-like properties. It also enhanced the sensitivity
to ionizing radiotherapy, thus improving the survival of the
animal model [95] (Table 1; Part 6).

Antipsychotic drug: pimozide

Pimozide is an FDA-approved antipsychotic drug used clini-
cally in treating psychological disorders and targeting human
cancers through the inhibition of cell proliferation, angio-
genesis, and metastatic activity [96]. Pimozide is considered
a potential STAT3 inhibitor in targeting the tumor [97]. It
was shown that pimozide targeted MB cells by inhibiting
STAT3 pathway and its downstream pro-apoptotic markers
such c-Myc, Mcl-1, and Bcl-2 thus inducing autophagy-
mediated apoptosis in the MB cell line [98] (Table 1; part 7).

JAK inhibitors
AG490

STAT?3 can be inhibited indirectly by selective inhibition of
the upstream JAK, consequently preventing STAT3 phos-
phorylation which has been implicated in tumor growth [99].
It was revealed that selective inhibition of STAT3 phospho-
rylation by AG490 was accompanied by suppression of MB
growth, downregulation of survivin, cyclin-D1, Cox-2, and
c-Myc, and enhancement of differentiation-like changes in
MB cells [86] suggesting the importance of STAT3 signaling
in MB survival and maintenance (Table 1; Part 8).

Ruxolitinib and tofacitinib

Ruxolitinib and Tofacitinib are selective inhibitors targeting
JAK1/2 [100] and JAK3 exerting a potent anti-tumor effect
in several human malignancies [101]. Noteworthy, ruxoli-
tinib and tofacitinib have a safety profile and can be effec-
tively delivered across the BBB [102]. In MB, they reduced
JAK/STAT?3 phosphorylation a well reduced MB tumori-
genesis by decreasing cell viability, colony formation, and

migration, and also enhanced apoptosis [103]. They could be
an attractive drug for targeting MB (Table 1; Part 8).

Cucurbitacin |

Cucurbitacin I (JSI-124) is also a JAK2/STAT3 inhibitor
with an effective anti-neoplastic activity [104]. Suppression
of STAT3 phosphorylation by cucurbitacin I has downregu-
lated STAT3 target genes leading to inhibition of cell growth
and significant cell death [105]. Moreover, the inhibition
of STAT?3 signaling pathway notably suppressed CSC-like
characteristics and stemness gene expression and induced
cell differentiation in MB-derived CD133 & cells [71].
Interestingly, the inhibition of JAK2/STAT3 sensitized MB
cells to chemotherapy and irradiation resulting in synergistic
cell death [71, 105] (Table 1; Part 8).

Src inhibitors
KX2-391

STAT3 signaling can be also activated by non-receptor
tyrosine kinases (Src kinases) consequently mediating can-
cer tumorigenesis and drug resistance [106]. Activated Src
were significantly detected in SHH-MB cell lines compared
to normal brain cells making them a potential target for
SHH-MB [103]. KX2-391 is a non-ATP-competitive inhibi-
tor of Src kinase and tubulin polymerization. It blocked MB
cell colony formation and migration through the inhibition
of Src/STAT3 [103] (Table 1; Part 9).

Dasatinib

Dasatinib, another FDA-approved Src inhibitor, is used clini-
cally in myeloid leukemia patients and some solid malignan-
cies including MB [103]. It is worthy to note that this drug
can be administered orally and easily crosses BBB, hence
confirming its potent efficacy in treating pediatric brain
tumors [103]. Dasatinib showed a synergistic effect when
combined with cisplatin which could significantly inhibit
STATS3 phosphorylation and reduce colony formation and
migration ability [103]. These results suggest that Src inhibi-
tors could be a novel candidate for MB treatment (Table 1;
Part 9).

Other drugs
PG-5$3-002, PG-S3-009 and PG-53-010
PG-S3-002 is a STAT3 inhibitor targeting the SH2 domain

preventing its dimerization. It has a selective activity toward
CD133* MBSCs. Garg et al. have shown a decreased level

@ Springer
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of phosphorylated STAT3 protein and reduced tumor
size in group 3 MB xenograft model after treatment with
PG-S3-002. However, treating normal neuronal stem cells
with PG-S3-002 led to significant neurotoxicity [70]. Other
inhibitors of STAT3, PG-S3-009, and PG-S3-010, are
highly selective for recurrent MB. They have been shown to
decrease tumor burden in vivo demonstrating effectiveness
in targeting recurrent MB. Nevertheless, PG-S3-009-treated
mice showed no survival benefits with a neurotoxicity side
effect [70] (Table 1; Part 10).

NSC74859 and WP1066

NSC 74,859, also known as S31-201, is a chemical probe
STAT3 inhibitor. It prevents STAT3 dimerization and
STAT3-DNA interaction thus suppressing its transcrip-
tional activities [107]. WP1066, an AG490 analog, inhib-
its JAK2 and STAT3 phosphorylation and participates in
JAK?2 degradation, thereby, affecting STAT3 signaling
pathway [108]. Nazio et al. have revealed through that NSC
74,859 and WP1066 decreased STAT3 phosphorylated
level and the expression of its target genes including c-Myc
and cyclin-D2. Interestingly, the combination of these two
drugs with an autophagy inhibitor induced MB cell death
and reduced cellular proliferation. WP1066 in combination
with an autophagy inhibitor showed an antitumor activity
via attenuating MB cell growth and inhibiting metastasis
[69] (Table 1; Part 10). Furthermore, a phase I clinical trial
is currently evaluating the safety, feasibility and tolerability
of WP1066 in brain tumors including MB (ClinicalTrials.
gov; NCT4334863). It is worth mentioning that a phase I
clinical trial has also investigated the therapeutic effect of
WP1066 in patients with recurrent malignant glioma (Clini-
calTrials.gov; NCT01904123) where WP1066 showed sys-
temic immune suppression of p-STAT3 with the absence of
significant toxicity [109].

LB100

Inhibition of STAT3 activity by increasing Ser727 phos-
phorylation and decreasing Tyr705 phosphorylation was
previously observed upon deactivation of serine/threonine
phosphatase 2A (PP2A) [110]. LB100 is a PP2A inhibitor
that was tested in preclinical experiments and showed safety
and efficacy in targeting solid tumors. Moreover, it exhibited
anti-neoplastic properties and was evaluated in a phase I
clinical trial (ClinicalTrials.gov; NCT01837667) [111]. Ho
et al. reported that LB100 inhibited STAT3 phosphorylation
and its downstream targets as well as reduced MB tumori-
genicity such as attenuating cell growth and migration and
overcoming drug resistance in MB cells [112] (Table 1; Part
10). These results provide strong evidence for evaluating

@ Springer

LB100 as an adjunct to chemotherapeutic drugs in MB clini-
cal trials.

Other ways for targeting STAT3 in MB
RNA Interference

RNA interference (RNAI) is a biological process of targeting
the silencing of gene expression [113]. It is one of the used
approaches for cancer treatment, brain disorders, and viral
infection [114]. Kotipatruni et al. showed that downregula-
tion of tumor invasion molecules including urokinase plas-
minogen activator receptor (uPAR) and MMP-9 via small
hairpin RNAs (shRNA) disrupted EGFR-mediated activa-
tion of STAT3, thus preventing the recruitment of STAT3
at the promoter of Bcl-2 and survivin genes consequently
inhibiting gene expression and further inducing apoptosis
in MB cell lines [57].

Fusion Protein GMME1

Fusion protein technology represents one of the used thera-
peutic approaches in protein-drug development in order to
increase drugs' stability, activity, and bioavailability for
targeting diseases [115]. It comprises different domains
encoded by distinct genes [116]. GMMEI is a fusion protein
that consists of granulocyte—-macrophage colony-stimulating
factor (GMCSF) and truncated C—C motif chemokine ligand
2 (CCL2). It specifically blocked C—C motif chemokine
receptor 2 (CCR2)-associated STAT3 phosphorylation and
upregulated BCL2-associated X protein (BAX) leading to
cell death indicating its potential therapeutic utility [117].

SPARC overexpression

Secreted Protein Acidic and Rich in Cysteine (SPARC), a
calcium-binding glycoprotein, is a multifunctional compo-
nent of extracellular matrix (ECM) that modulates various
processes such as angiogenesis, counter adhesion, ECM
remodeling, cellular migration, and proliferation [53, 118].
The infection of MB cells with SPARC full-length cDNA
adenovirus (Ad-DsRed-SP) resulted in a decline in Notchl
expression as well as a reduction in STAT3 phosphorylation
in MB tumor specimens. This enhanced neuron-like mor-
phology and expression of neuronal markers in MB cell lines
[53]. Another study demonstrated that SPARC expression
suppressed MB cell proliferation and arrested cell cycle at
G2/M phase and also decreased STAT3 phosphorylation at
Tyr705 residue [119]. These findings indicate that targeting
STATS3 signaling via SPARC could be valuable for rational
cancer therapy.
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Conclusion and future perspectives

The aggressive heterogeneous nature of MB requires more
understanding of the underlying abnormal signaling path-
ways in order to prevent further development of MB, avoid
long-term toxicity of the current treatment regimens and pro-
long patients’ OS. Considering that STAT3 is a well-known
oncogene factor in different cancers, and its involvement
in the tumorigenesis MB, several studies have attempted to
decipher the molecular mechanisms for constitutive activa-
tion of STAT3 that are implicated in the malignancy and
growth of MB, thereby facilitating the development of more
comprehensive and efficient therapeutic strategies. Targeting
STAT3 is a promising approach in MB treatment that has
shown to have anti-neoplastic effects in preclinical studies.
Indeed, several drugs directed toward STAT3 pathway are
considered a major part of MB therapies making STAT3
a focal topic in cancer research. Future research and clini-
cal interventions are indeed needed for better delineating
the detailed aberrant molecular mechanisms of STAT3 and
support further exploration of STAT3 inhibitors in MB
therapies.
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