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PC3/Tis21/BTG2 and BTG1 genes:
regulators of the cell cycle and
neurogenesis, as well as tumor
suppressors in malignant brain
tumors

Manuela Ceccarelli'*, Laura Micheli?, Giorgio D'Andrea? and
Felice Tirone?*

'Onco-Hematology, Cell Therapy, Gene Therapies and Hemopoietic Transplant, Bambino Gesu
Children’s Hospital, IRCCS, Rome, Italy, 2Institute of Biochemistry and Cell Biology, National Research
Council, Monterotondo Scalo, Rome, Italy

PC3/Tis21/BTG2 and BTGI1, prototype members of the BTG/Tob family, are
antiproliferative transcriptional cofactors discovered 35 years ago as genes
induced by nerve growth factor and phorbol 12-myristate 13-acetate or
associated with lymphocytic leukemia. They are today known to serve as
developmental regulators in several tissues, including neural cells. Biological
functions such as cell division, transcriptional control, DNA repair, and mRNA
stability, have been linked to their protein products. We will focus in this review on
the effects of PC3/Tis21/BTG2 and BTGI1 on brain tumorigenesis and neural
development, and on cell cycle and apoptosis. In fact, these genes act as
tumor suppressors, and their abilty to control tumorigenesis in
medulloblastoma and glioma is intrinsically linked to their ability to control the
differentiation and proliferation of neural stem and progenitor cells during
neurogenesis. Chief function of PC3/Tis21/BTG2 during pre/postnatal and
adult neurogenesis is its requirement for the differentiation and migration of
neural progenitor cells, in adult hippocampus and subventricular zone—which are
the main neurogenic niches where adult neurogenesis occurs—as well as in
postnatal cerebellum. Moreover, PC3/Tis21/BTG2 inhibits medulloblastoma
onset by promoting the migration and differentiation of cerebellar precursor
cells outside the external granular layer, i.e., the proliferative epithelium of the
cerebellum, thus diminishing their susceptibility to oncogenic transformation
under the influence of Sonic Hedgehog. BTGI, by contrast, primarily functions
in neurogenesis to inhibit the proliferation of neural stem and progenitor cells,
thereby ensuring the preservation of the cell pool and maintaining the quiescence
of medulloblastoma cancer stem cells—known for their persistence against
treatments and involvement in tumor relapses—thus preventing their entry in
cycle. Furthermore, in glioma, PC3/Tis21/BTG2 enhances apoptosis rates while
simultaneously decreasing the migration and invasion of cancerous cells, and
lowering the levels of cyclin D1. Similarly, BTG1 contributes to the growth arrest of
glioma cells through the regulation of cyclin D1 and p21 expression. PC3/Tis21/
BTG2 and BTG1 bind and regulate multiple genes, including /d3, cyclin D1, PRMT1
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and the chemokine Cxcl3. These interactions underscore the potential of these
cofactors in controlling neurogenesis and tumorigenesis through multiple

molecular pathways.
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1 Introduction

PC3/Tis21/BTG2 and BTGI are transcriptional cofactors
negative regulators of cell cycle, and are involved in several
biological differentiation and

processes including neural

maintenance of neural stem cells, apoptosis, myoblast
proliferation, vertebral patterning, development of hematopoietic
progenitor cells and response to genotoxic stress. Moreover, PC3/
Tis21/BTG2 and BTGI play an important role as tumor suppressors.
After an introduction on their isolation, structure and the signaling
pathways they activate, we will focus on their functional effects on
brain tumorigenesis and neural development, cell cycle and
apoptosis, which are related to the tumor suppressor activity of

PC3/Tis21/BTG2 and BTGI in the brain.

2 Isolation, structure and
transcriptional regulation by
PC3/Tis21/BTG2 and BTG1

The murine orthologue of BTG2, PC3, was first identified in the
rat pheochromocytoma PC12 cells, a neural crest-derived cell line,
during the early stages of sympathetic neuron differentiation
activated by nerve growth factor (NGF; Bradbury et al, 1991).
Meanwhile, NIH3T3 mice fibroblasts were found to express the
mouse orthologue Tis2I as a phorbol ester-induced gene (Fletcher
et al,, 1991); the human orthologue of PC3, i.e., BTG2, was later
identified as a p53-inducible gene (Rouault et al., 1996). The same
year of the discovery of the PC3/Tis21 gene was identified BTGI as a
translocation partner of the c-Myc gene in a case of B-cell chronic
lymphocytic leukemia (Rimokh et al., 1991).

BTGI and BTG?2 are the first genes isolated of a family of six
related genes with antiproliferative activity, BTG1, BTG2/PC3/Tis21,
BTG3/ANA, BTG4/PC3B, Tobl/Tob, and Tob2 (Tirone, 2001;
Winkler, 2010). These proteins share two conserved regions, Box
A or GR and Box B. The removal of Box GR/Box A in PC3 abolishes
its ability to inhibit cell proliferation and suppress cyclin DI
expression (Guardavaccaro et al., 2000; see below). A third box,
Box C, is present only in BTGI and BTG2, which are the genes
sharing the greater homology within the family. All these conserved
domains are involved in the control of proliferation. For analysis of
homologies and phylogenetic relationships between protein
sequences of the BTG/Tob family see Tirone (2001) and
Winkler (2010).

PC3/Tis21/BTG2 (as we also refer to BTG2) is a transcriptional
regulator that controls transcription by binding to the promoters of
multiple genes, such as cyclin DI (Farioli-Vecchioli et al., 2007),
RARp (Passeri et al., 2006), Id3 (Farioli-Vecchioli et al., 2009), and
Cxcl3 (Farioli-Vecchioli et al., 2012a).

PC3/Tis21/BTG2 exerts its function as part of protein complexes
that incorporate various transcriptional elements like Caf1/CNOT8
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(Rouault et al., 1998; Prévot et al., 2001), the transcription factor
HoxB9 (Prévot et al., 2000), which is positively modulated by
BTG2 and BTGI and is responsible for pattern formation during
development. In addition, PC3/Tis21/BTG2 interacts with histone
modifying factors, such as the methyltransferase PRMT1 (Lin et al.,
1996; Passeri et al., 2006) and the histone deacetylases HDAC4 or
HDACI (Passeri et al., 2006; Farioli-Vecchioli et al., 2007; Micheli
et al, 2017b). Moreover, two LXXLL motifs present in both
BTG2 and BTG1 proteins modulate the interaction with several
nuclear receptors, e.g., the all-trans retinoic acid (RA) receptor, the
triiodothyronine (T3) receptor, the estrogen receptor a (ERa) and
the androgen receptor (Busson et al., 2005; Prevot et al., 2001; Hu
et al, 2011). PRMT1 catalyzes arginine methylation of proteins,
including histones, and binds the box C of BTG2 and BTG1 (Lin
et al, 1996). A primary role of PRMTI1-mediated arginine
methylation is to facilitate transcription, and BTG2 increases
PRMTI participation in the RA protein complex on the RARfS
promoter, with the result that PRMT1 enhances RA transcription
and RA-induced differentiation of myeloid leukemia cells (Passeri
et al,, 2006). Similarly, it has been shown that PRMT1 binds BTGl
(Lin et al.,, 1996) and that BTGI-PRMT1 complexes activate
glucocorticoid receptor signaling in leukemic cells (van Galen
et al., 2010). Moreover, BTG1 improved insulin sensitivity by
promoting c-Jun expression through stimulation of c-Jun and
RA receptor activities (Xiao et al., 2016). Interestingly, PC3/
Tis21/BTG2 binds the promoter of the anti-differentiative gene
Id3, and inhibits its transcription (Farioli-Vecchioli et al.,
2009). Since 1d3 lacks a DNA-binding domain but possesses
a helix-loop-helix (HLH) dimerization domain, it sequesters E
proteins and prevents them from attaching to proneural basic
HLH which
transcription of those proteins to be inactivated, including

transcription factors, in turn causes the
NeuroDI1, required for the maturation of hippocampal
granule progenitor cells in differentiated neurons. As a
PC3/Tis21/BTG2 promotes
through negative modulation of Id3 transcription (Farioli-
Vecchioli et al., 2009). Moreover, PC3/Tis21/BTG2 inhibits
cyclin D1 expression and cell cycle by binding to cyclin DI
promoter and to HDAC1 and HDAC4; deletion of HDACI and
HDAC4 impairs the ability of PC3/Tis21/BTG2 to inhibit cyclin
D1 expression (Farioli-Vecchioli et al., 2007; Micheli et al.,
2017b). This indicates that PC3/Tis21/BTG2 inhibits cell
proliferation in a way dependent on the presence of HDACs,
in neural cells and in fibroblasts. Furthermore, PC3/Tis21/
BTG2 binds to the promoter of the chemokine Cxcl3,
stimulating its transcription (Farioli-Vecchioli et al., 2012a);

result, neural differentiation

in turn, Cxcl3 promotes the migration of cerebellar precursors
outside the proliferative epithelium (external granular layer) to
the internal cerebellar layers, where cerebellar precursors
differentiate, withdrawing from the neoplastic program
(Ceccarelli et al., 2016; 2025; see section on medulloblastoma).
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3 Pathways controlling the expression
of PC3/Tis21/BTG2 and BTG1

PC3/Tis21/BTG2 transcription is inducible by a variety of
growth factors. These include NGF, fibroblast growth factor
(FGF), epidermal growth factor (EGF) and interleukin 6 (IL-6)
(Bradbury et al, 1991), which is an important mediator of
inflammation. The induction of PC3/Tis21/BTG2 by growth
factors was confirmed by other studies (Altin et al., 1991). PC3/
Tis21/BTG2 transcription is activated also by cell depolarization in
neural cells and in the brain; it can also be triggered by cyclic AMP, a
messenger responsible for the activation of several proteins, such as
protein kinase A, which regulates by phosphorylation several cell
functions (Bradbury et al., 1991). Moreover, BTG2 is induced by
DNA damage through genotoxic agents (ionizing radiation, UV,
adriamycin) in consequence of p53 induction (Rouault et al., 1996).
BTG2 expression is also activated by the tumor promoter
tetradecanoylphorbol acetate (TPA), which activates protein
kinase C (Fletcher et al, 1991). Conversely, in breast cancer,
estrogen suppresses BTG2 expression, an effect mediated by
estrogen’s interaction with the estrogen receptor, particularly ERa
(Karmakar et al., 2009). Moreover, breast cancer proliferation is
arrested by retinoic acid through its ability to induce several genes,
chiefly BTG2 (Donato et al., 2007).

As for BTG, its expression is induced by DNA damage but in a
p53-independent way (Cortes et al., 2000). It is induced also by
glucorticoids (van Galen et al., 2010), by transforming growth factor
B (TGEF-B) and angiogenic growth factors (Iwai et al., 2004), as well
as by T3 and cyclic AMP (Marchal et al., 1995).

Thus, PC3/Tis21/BTG2 and BTGI are regulated by several
growth factors and hormone receptors pathways.

4 Posttranscriptional regulation

It has been demonstrated that BTG2 promotes mRNA poly(A)
tail shortening by binding the CAF1 deadenylase (part of the
CCR4-NOT complex, which bears the main catalytic activity for
Through  this
significantly accelerates poly(A) tail removal across

cytoplasmic interaction
BTG2
transcripts and promotes mRNA decay in mammalian cells
(Mauxion et al, 2008). This deadenylation effect by BTG2 is

non-specific, as it occurs indiscriminately on all mRNAs (e.g., B-

deadenylation).

globin or cyclin D1).

A first work indicated that BTG2’s antiproliferative activity
depends on CAFla/CAF1b interaction (Doidge et al., 2012).
Further studies have shown that BTG2 bridges the first RRM
domain of the poly(A)-binding protein PABPC1 and CAFI1.
Through this interaction, BTG2 stimulates the deadenylase
activity of CAF1 in vitro. The formation of this tripartite
complex is essential for the ability of BTG2 to suppress cell
proliferation (Stupfler et al., 2016). This finding suggests that
the antiproliferative property of BTG2 observed in U20S cells
depends on mRNA deadenylation. However, it remains
whether this
antiproliferative activity is specific or merely reflects the
global mRNA deadenylation activity exerted by BTG2
(Stupfler et al., 2016).

unclear deadenylation-dependent
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5 Regulation of biological processes by
PC3/Tis21/BTG2 and BTG1

5.1 Negative regulation of cell cycle by
PC3/Tis21/BTG2

The first evidence that PC3/Tis21/BTG2 inhibits the cell cycle
came from experiments of overexpression of PC3 in neural cells
(PC12 cells) and cell cycle synchronization. The authors showed that
PC3/Tis21/BTG2 impairs the transition from GI to S phase, with
decrease of proliferation and colony formation, as well as
hypophosphorylation of pRb, indicative of cell cycle arrest
(Montagnoli et al., 1996). Further studies indicated that PC3
impairs the GI-S transition by inhibiting pRb function in
consequence of a downregulation of cyclin DI levels
2000) fibroblasts. The
suppression of cyclin DI levels was shown to depend on the
interaction of PC3/Tis21/BTG2 with the histone deacetylases
HDACI, HDAC4 and HDACY. This study provided mechanistic
detail by identifying specific HDAC partners, although it was
conducted mainly in biochemical and overexpression systems
(Micheli et al,, 2017b). Notably, the role of cyclin DI in the
inhibition of proliferation by PC3/Tis21/BTG2 is selective, as this
is the only cyclin able to significantly rescue the G1 arrest exerted by
PC3/Tis21/BTG2 (Guardavaccaro et al., 2000). Examples of
inhibition of the G1-S phase by PC3/Tis21/BTG2 in non-neural
cells are in mouse embryo fibroblasts and embryonic stem cells
(Rouault et al., 1996; Boiko et al., 2006), in breast (Kawakubo et al.,
2004) and prostate cancer cells (Ficazzola et al., 2001) or in granulosa

(Guardavaccaro et al., in mouse

cell of the ovary (Li et al.,, 2009). These studies collectively show
broad reproducibility across tissues, although most use single cell
lines and rely on overexpression or knockdown approaches.

This G1-S phase arrest is exerted by inhibition of the expression
of cyclin DI and of the activity of Cdk4/cyclin D1 complexes on pRb
(Guardavaccaro et al., 2000; Boiko et al., 2006). In differentiating
myoblasts, the cell cycle inhibitor diacylglycerol kinase zeta (DGK-
zeta) arrests cell cycle by inhibiting cyclin DI expression and
increasing PC3/Tis21/BTG2 expression (Evangelisti et al., 2009).
On the other hand, in B cells PRMT1 complexed with
BTG2 methylates cyclin-dependent kinase 4 (CDK4), inhibiting
the formation of a CDK4-Cyclin D3 complex and G1 cell cycle
progression (Dolezal et al., 2017).

Of note, cyclin D1 suppression appears to be the preferential but
Tis21/BTG2-mediated
GI1 arrest, since this occurs also by reducing cyclin E and CDK4

not the exclusive mechanism for the

levels in 293 cells, which are devoid of functional Rb, p53 and cyclin
D1 proteins (Lim et al., 1998). However, in this important
demonstration of cyclin-D-independent mechanisms results may
not fully generalize, as 293 cells are highly transformed.
Interestingly, it appears that BTG2 (and Tobl, but not other
BTG/Tob proteins) is able in MCEF-7 cells to inhibit proliferation,
i.e., the progression to the S-phase, also through interaction with the
Cafla and Caflb deadenylase enzymes (Doidge et al., 2012), as part
of CCR4-NOT complexes (Morel et al., 2003). In these studies
revealing an alternative posttranscriptional regulatory mechanism,
the functional in vivo relevance remains to be fully established.
Furthermore, PC3/Tis21/BTG2 has also been implicated in the
inhibition of the G2/M phase of the cell cycle, primarily in monocyte
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FIGURE 1

Schematic representation of the PC3/Tis21/BTG2 mechanism of action. Upper section: Upstream regulators of PC3/Tis21/BTG2 expression. Growth
factors, signaling molecules, and DNA damage (via p53) activate PC3/Tis21/BTG2 transcription, whereas estrogen represses it. Lower section: Main
molecular targets, interactors, and biological functions of PC3/Tis21/BTG2. - Neuronal differentiation: Inhibits /d3, relieving repression of bHLH factors
and promoting neuronal differentiation in neurogenic niches. - mRNA stability: Interacts with Cafl deadenylase and PABPC1 to promote
posttranscriptional MRNA deadenylation. - GCP migration: Upregulates Cxcl3, supporting GCP migration from the EGL to the IGL and limiting MB onset. -
Transcriptional activation: Modulates transcription through interaction with Hoxb9. - Cell cycle inhibition: Blocks cyclin B1/CDK1in G2/M; represses cyclin
D1 transcription via HDAC1/4 and reduced pRb activity at G1/S; decreases cyclin E/CDK2 activity. These effects contribute to its tumor-suppressor
function. - Nuclear receptor interactions: Binds several nuclear receptors (T3, RAR, ERa, androgen receptor). Abbreviations: EGL, external granular layer;
ERa, estrogen receptor a; GCP, granule cell precursor; IGL, internal granular layer; NSC, neural stem cell; NGF, nerve growth factor; RA, all-trans retinoic
acid; T3, triiodothyronine. Created in BioRender: https://BioRender.com/j48k0wS5.

cells (Kim et al,, 2014), in DNA-damaged mouse embryonic stem
cells (Rouault et al., 1996) and in tumor cells. Accordingly, PC3/
Tis21/BTG2 upregulation with G2/M arrest in
U937 monocytic tumor cells by blocking cyclin B1-Cdc2 binding
p53-independently (Ryu et al., 2004); in a similar manner, PC3/

correlates

Tis21/BTG2 prevents transformed hepatocytes from proliferating by
interfering with cyclin B1-cdk1 activity (Park et al., 2008). Moreover,
during senescence BTG2 expression increases, and BTG2 is able to
arrest cell cycle by inducing replicative senescence p53-
independently in human fibroblasts through its ability to bind
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and sequester the cell cycle regulator peptidyl-prolyl isomerase
Pin-1 (Wheaton et al., 2010).

As a whole, this indicates that PC3/Tis21/BTG2 can exert cell
cycle arrest through different pathways, depending on the cellular
context, and it behaves as a tumor suppressor, being able to inhibit
cell cycle even after pRb inactivation, a common feature of
tumorigenesis. Nonetheless, many mechanistic insights derive
from overexpression or single-line studies, and the relative
dominance of each pathway in physiological conditions remains
partially unresolved. See Figure 1.
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Moreover, the cell cycle length is a flexible parameter modifiable
by physiological or applied stimuli, as examples linked to PC3/Tis21/
BTG2 and BTGI show. According to Calegari et al. (2005),
telencephalic progenitors undergoing neuron-generating division,
labeled by Tis21-GFP expressing, show a longer cell cycle (Calegari
etal,, 2005). On the other hand, when a neurogenic stimulus (such as
voluntary running) is applied, capable of counteracting the deficit of
neurogenesis occurring in BTGI knockout mice, dentate gyrus
progenitors and stem cells show an increase of proliferation and
a shorter cell cycle S-phase (Farioli-Vecchioli et al., 2014b).

Finally, there are multiple examples of antiproliferative activity
of BTG2 in different tumors and different cell types, namely,
neuroblastoma (Satoh et al., 2025), medulloblastoma (Farioli-
Vecchioli et al., 2007), lung adenocarcinoma (He Y et al., 2024),
cardiomyocyte (Velayutham et al., 2023), renal cell carcinoma (Qi
etal,, 2022), colorectal cancer (Li et al., 2021), ovarian cancer (Wang
etal., 2021), esophageal squamous cell carcinoma (Guo et al., 2021),
oral squamous cell carcinoma (Lee J et al., 2015), breast cancer cells
(Devanand et al., 2019; Zhang et al., 2013), hepatocellular carcinoma
(Jiang et al., 2018; Huang et al., 2017; Zhang et al., 2011), pre-B cells
(Dolezal et al., 2017), thyroid cancer cells (Zhao and Pang, 2017),
skin cancer cells (Gao et al., 2016), human renal carcinoma cells
(Sima et al., 2016), monocytes (Kim et al., 2014), prostate carcinoma
cells (Chiang et al., 2014; Chung et al., 2012), gastric cancer cells
(Zhang et al., 2010), murine B lymphoma cells (Hata et al., 2007; also
BTGI arrested cell cycle), human leukemia cells U937 (Kwon et al.,
2005). All these observations of antiproliferative activity of BTG2 in
different tumors stand for its broad tumor suppressor activity,
though many analyze only one cancer cell line at a time and rely
on short-term proliferation assays.

Similarly, there are examples of deregulated cell cycle and BTG2:
in human laryngeal carcinoma (Liu et al, 2009), breast cancer
(Mollerstrom et al., 2010; increased survival in cancers with
upregulated BTG2), human prostatic carcinoma cells (Tsui
et al., 2008).

5.2 Apoptosis and PC3/Tis21/BTG2

Concerning apoptosis, it has been shown that PC3/Tis21/BTG2
is in general antiapoptotic either in neural cells (Corrente et al., 2002;
Micheli et al., 2015; el-Ghissassi et al., 2002) and in tumors, where
BTG2 can prevent apoptosis, such as in breast cancer cells (Zhang
et al,, 2013) and in the human hepatocellular carcinoma cell line
Huh-7 by blocking the damage signal from p-ATM(S1981) via
activation of PRMT1 (Choi et al., 2012). The latter is a well-
elucidated molecular mechanism, albeit shown in a single model.
Conversely, several studies report that BTG2 promotes apoptosis,
such as in gastric cancer cells (Zhang et al., 2010) or after myocardial
infarction and in breast cancer, where BTG2 inhibited the
antiapoptotic effects of miR-7-5p or miR-27a-3p, respectively, by
inactivation of the PI3K/AKT signaling pathway (Hu et al., 2020;
Zhu et al., 2020). Similarly, there is clear evidence that Tis21/BTG2
knockout leads to activation of the PI3K/AKT pathway, leading to
reduced apoptosis and increased proliferation in the
medulloblastoma mouse model Ptchl™~/Tis21%° (Ceccarelli et al.,
2021). This effect of Tis21/BTG2 deletion is observed in background
PtchI*'~, suggesting that multiple interactions of Tis21/BTG2 with
intermediate targets may account for differences in Tis21/BTG2-
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dependent regulation of apoptosis. BTG2 also mediates the
proapoptotic effect of C-reactive protein in monocytes (Kim
et al,, 2014), and Tis21/BTG2 induces apoptosis in U937 human
lymphoma cancer cells after EGF-induced phosphorylation and
consequent activation of the mitotic regulator Pin-1 (Hong et al,,
2005). Finally, BTG2 favors retinal apoptosis by inducing the
proapoptotic factor Bax in a guinea pig myopic model and is
counteracted by miR-92b-3p intravitreal injection, which reduces
BTG2 expression, thereby ameliorating also DNA damage (Liu
et al., 2024).

Thus, it appears that the dual pro-survival and pro-apoptotic
roles of BTG2 arise from its ability to engage distinct signaling
modules with opposing functional outputs. When BTG2 interacts
with PRMT1 and modulates the ATM damage-response pathway, it
stabilizes cells against apoptosis, as observed in neural cells and
hepatocellular carcinoma. Conversely, in contexts where BTG2
PI3K/AKT through
microRNAs-or activates

suppresses  pro-survival signaling-often

antagonism of specific where it
apoptosis-effectors such as Pin-1 or Bax, BTG2 becomes a
promoter of cell death. Moreover, its apoptotic role is strongly
conditioned by the genetic background, as illustrated by the Ptch1*/~
medulloblastoma model, where BTG2 deletion paradoxically
enhances cell survival. Therefore, the survival outcome reflects
the dominance of the particular BTG2-dependent pathway
engaged within the specific cellular and signaling milieu.

5.3 Negative regulation of cell cycle by BTG1

The initial evidence that BTGI had antiproliferative activity
came from experiments of overexpression in NTH3T3 cells (Rouault
et al., 1992). Moreover, BTGI expression is maximal in the GO/
G1 phases of the cell cycle and is downregulated when cells progress
to GI (Rouault et al., 1992), similarly to what occurs for PC3/Tis21/
BTG2 after NGF or serum stimulation (Montagnoli et al., 1996).
Furthermore, we demonstrated that BTGI negatively regulates the
proliferation of cerebellar granule neuron precursor cells by
inhibiting the expression of cyclin DI (Ceccarelli et al., 2015).
See Figure 2.

Further evidence that overexpression of BTGI negatively
regulates cell proliferation in several cell types was in
macrophages (Suk et al., 2015), erythroid colonies (Bakker et al.,
2004), microglia (Lee et al., 2003), quail myoblasts (Marchal et al.,
1995; Rodier et al., 1999), endothelial cells (Iwai et al., 2004), ovary
cells (Li et al., 2009), brain cells (Farioli-Vecchioli et al., 2012b;
Ceccarelli et al., 2015), cardiomyocytes (Velayutham et al., 2023).
Yet, most of the several non-neural tissues, use single-model systems
and would need in vivo validation.

A growth arrest by BTG1 may be also associated with induction
of terminal differentiation, as in myoblasts (Rodier et al., 1999) and
erythroid progenitors (Bakker et al., 2004), and with heightened
apoptotic frequency, as observed in NIH3T3 cells (Corjay et al.,
1998), in brain glioma cells (Qian et al., 2019), and in microglia (Lee
et al., 2003), or in esophageal squamous carcinoma cells (Sun
et al., 2014c).

Furthermore, the in vivo ablation of BTGI causes an increase of
proliferation of stem and progenitor cells in the early postnatal (day
7) dentate gyrus and subventricular zone (SVZ), while at older stages
stem and progenitor cells of both regions show reduced
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Schematic representation of the BTG1 mechanism of action. Upper section: molecules and pathways regulating the expression of BTG1. BTG1 is

activated by glucocorticoids, TGFB, T3, angiogenic growth factors, cAMP, a

nd DNA damage. Lower section: BTGI molecular targets and interactors, as

well as role of BTG1 in controlling distinct biological outputs. - Insulin sensitivity improvement: by promoting c-Jun expression through stimulation of
c-Jun and RA receptor activities. - Glucocorticoid receptors: Activates the signaling by interacting with PRMT1. - Transcriptional regulation:
Modulates transcription via interaction with Hoxb9. - Nuclear receptor interactions: Binds several nuclear receptors (T3, RAR, ERa, androgen receptor). -

Neural stem/progenitor cell quiescence: Maintains the undifferentiated po

ol of stem/progenitor cells. - Cell cycle inhibition: Inhibits cyclin D1

transcription and represses cyclin D1/CDK4 activity. - Cell survival and apoptosis: Balances proliferative and death signals, interacting with PRMT1. Control
of cell cycle and apoptosis contributes to its tumor-suppressor function. Abbreviations: RA, all-trans retinoic acid receptor; T3, triiodothyronine receptor;
Era, estrogen receptor a. Created in BioRender: https://BioRender.com/ldvmlvk.

proliferation, which can be rescued by neurogenic stimuli
(Farioli-Vecchioli 2012b; Micheli 2018;
Mastrorilli et al., 2017). This also indicates that neural stem
cells retain plasticity in cell cycle and self-renewal control also
in old age.

et al, et al,

Interestingly, in the adult neurogenesis of
hippocampal dentate gyrus, the ablation of BTGI causes also
massive apoptosis of stem cells, evidently the consequence of
an uncontrolled proliferation, as described in Section 6.2 “Role
of BTGI in adult neurogenesis” (Farioli-Vecchioli et al.,
2012b). Altogether, this suggests that a BTGI-dependent
disinhibition or, conversely, a strong inhibition of cell cycle
may lead to apoptosis, due to a conflict between growth signals
(Pucci et al., 2000).

5.4 Apoptosis and BTG1

BTGI expression has been shown to be deregulated and/or be
responsible for cell cycle arrest and altered apoptosis in different
types of cancer: in hepatocellular carcinoma (Li X et al.,, 2023),
medulloblastoma (Ceccarelli et al., 2020a), endometrial carcinoma
(Li et al,, 2020), glioblastoma (Wang et al., 2019), cervical cancer
(Zhu and Han, 2019), colon cancer (Su et al., 2019), colorectal cancer
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(Su et al., 2019; Zhao et al., 2017), glioma cancer (Qian et al., 2019),
bladder cancer (Nan et al., 2016), kidney cancer (Sun et al., 2015),
gastric cancer (Zheng et al., 2015), renal cell carcinoma (Liu et al.,
2015), thyroid carcinoma (Lu et al., 2014), non-small cell lung cancer
(Sun et al., 2014a), hepatocellular carcinoma (Sun et al., 2014b),
nasopharyngeal carcinoma (Sun et al., 2014d), esophageal squamous
cell carcinoma (Sun et al., 2014c), ovarian cancer (Zhao et al., 2013),
breast cancer (where BTGI inhibits cell cycle and also metastasis;
Zhu et al., 2013; Li W et al., 2014; Sheng et al., 2014). Across cancers,
BTGI consistently appears as a relevant regulator, though many
studies rely on endpoint assays and lack long-term
tumorigenesis models.

In summary, PC3/Tis21/BTG2 and BTGI play a key role as
negative regulators of cell cycle mainly through GI inhibition of
cyclin D1, but also through G2/M pathways. Both genes have an
impact on cell survival.

BTG2 and BTGI display opposite pro- or anti-survival effects
because both function as context-dependent modulators of cell cycle
restraint and differentiation, whose impact varies with the molecular
environment of each cell type or tumor. Their shared core
activity — inhibiting G1 progression through cyclin-D-dependent
mechanisms — can either stabilize cells by reducing replication
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stress or trigger apoptosis when this arrest conflicts with strong
mitogenic or oncogenic signals.

For BTG2, survival outcomes depend on which downstream
pathway predominates. The apoptotic balance is further shaped by
its integration with differentiation cues, by microRNA networks and
by genetic context, as shown by genotype-specific effects in
medulloblastoma.

BTGI1 follows similar principles: depending on a tumor’s
reliance on continuous cycling, its differentiation state, and
cycle BTGI-mediated
G1 inhibition can have protective or cytotoxic consequences.
Thus, the pro- or anti-survival nature of BTG2 and BTGI
emerges from how their cell cycle and differentiation functions

sensitivity  to  cell interruption,

intersect with the specific genetic and signaling landscape of each
cellular context.

6 Regulation of neurogenesis and
neural differentiation by PC3/Tis21/
BTGZ2 and BTG1

BTGI and BTG2, due to their roles in regulation of cell cycle
and apoptosis, are crucial for both embryonal and adult
neurogenesis — the process by which new neurons are generated
from neural stem and progenitor cells.

Focusing on adult neurogenesis, this persists throughout life
from stem cells present in two primary niches: the subgranular zone
(SGZ) of hippocampal dentate gyrus and the SVZ adjacent to the
lateral ventricles (Kempermann et al., 2015; Lim and Alvarez-Buylla,
2016). In both the neurogenic niches, radial glia-like neural stem
cells (RGLs) progress through sequential stages of maturation,
ultimately differentiating into fully integrated neurons within
their respective circuits, contributing to functions such as
learning, memory, and olfactory processing. In the hippocampus,
this process is critical particularly for pattern separation-the ability
to distinguish similar memory representations-supported by the
integration of newly generated neurons into existing dentate gyrus
circuits (Aimone et al., 2011; Sahay et al., 2011; Farioli-Vecchioli
et al., 2008).

Within the dentate gyrus, RGL stem cells reside in the SGZ
and express GFAP, Nestin, and Sox2 (Seri et al., 2001; Komitova
and Eriksson, 2004; Steiner et al., 2006). These neural stem cells
generate proliferative neural progenitor cells (expressing
Nestin, Sox2, DCX), and then neuroblasts (DCX"; Filippov
et al.,, 2003; Fukuda et al., 2003; Kronenberg et al., 2003;
Steiner et al., 2006). These mature into postmitotic granule
neurons co-expressing DCX and NeuN and ultimately
differentiate into fully mature neurons expressing calbindin
and NeuN (Brandt et al., 2003; Steiner et al., 2004). Similarly,
SVZ, the other adult neurogenic brain region (Alvarez-Buylla
and Lim, 2004), contains type B stem astrocytic-like cells, type
C transit amplifying cells and type A migrating neuroblasts
(Lagace et al., 2007; Zhao et al., 2008). These developmental
stages, identified by distinct molecular markers, have been
primarily characterized in murine models.

Many studies have investigated the mechanisms that regulate the
balance between quiescence and activation of neural stem cells,
raising questions about whether the neural stem cell pool is
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progressively depleted with aging or can be reactivated by
neurogenic stimuli, and if adult neurogenesis occurs also in human.

Two major hypotheses have been proposed to explain neural
stem cell self-renewal in the SGZ of the adult dentate gyrus. The
recurrent self-renewal model suggests that NSCs alternate between
quiescence and activation, undergoing multiple asymmetric
divisions, giving rise to neurons or astrocytes, or symmetric
divisions before returning to a dormant state; this model
preserves the stem cell pool and sustains neurogenesis
throughout life (Bonaguidi et al, 2011; Urbdn et al, 2016;
Obernier et al., 2018; Pilz et al., 2018; Ceccarelli et al., 2020b).
Conversely, the disposable stem cell model suggests that once
activated, NSCs divide asymmetrically several times and then
terminally differentiate into neurons or astrocytes, ultimately
depleting the stem cell reservoir (Encinas et al., 2011). Recent
evidence indicates that these models may represent age-
dependent strategies: rapid proliferation consistent with the
disposable model predominates early postnatally, whereas
adulthood and aging favor neural stem cell pool maintenance
and quiescence (Harris et al., 2021; Ibrayeva et al., 2021; Martin-
2021). Neural stem cell also exhibit

heterogeneity: Nestin-positive cells have longer lifespans and

Sudrez and Encinas,

lower division rates, while AsclI-expressing cells are more
activation-prone (Ibrayeva et al, 2021). These findings support
the existence of distinct neural stem cell subpopulations with
dynamic activation and self-renewal behaviors shifting over time.

Other single-cell RNA-seq studies indicate continuous low-
frequency generation from stem/progenitor cells of new neurons
with prolonged maturation, leading to accumulation of immature
granule neurons (Zhou et al., 2022; review Micheli et al., 2025).
Recently, as the latest step of a debate about whether adult
neurogenesis occurs in humans, RNA-seq data indicated that
adult neurogenesis also occurs in the human dentate gyrus from
stem/progenitor cells (Dumitru et al., 2025). This has profound
implications for translational research, since strategies to modulate
neurogenesis could become treatments for neurodegenerative
diseases and age-related cognitive decline.

6.1 Role of PC3/Tis21/BTG2 in embryonic
and adult neurogenesis

Numerous in vivo investigations have demonstrated that BTG2
is expressed in neural progenitor cells undergoing a neurogenic
asymmetric (neuron generating) division (Iacopetti et al., 1994;
1999; Malatesta et al, 2000; Haubensack et al, 2004; Calegari
et al,, 2005; Attardo et al., 2010). Using a Tis2I-GFP reporter
mouse model, early-born neurons were shown to express Tis2I-
GFP, thereby marking sites of endogenous Tis2I expression in the
neural tube, ventricular zone and cortex (Kowalczyk et al., 2009;
Attardo et al, 2010). A strength of these early studies is their
consistent use of embryonic tissue and lineage markers; however,
several rely on static imaging of fixed tissue, limiting temporal
resolution of asymmetric divisions. See Table 1 and Figure 1.
Remarkably, as revealed by direct overexpression in vivo, BTG2
causes brain progenitor cells to differentiate (Canzoniere et al., 2004;
Farioli-Vecchioli et al., 2008). In vivo, as shown by a transgenic
mouse expressing PC3/Tis21/BTG2 driven by the neural progenitor
marker Nestin (Tg Nestin-rtTA-TRE-PC3), BTG2 induces the full
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TABLE 1 Localization of PC3/Tis21 expression in early and postnatal neurogenesis.

Brain ventricular zone at E10-E14 and adult neurogenic niches

Model used

Wild-type rat

Developmental stage/
Region and cell type
observed

Neuroepithelial (NE) cells of the
ventricular zone of brain embryo
(E10-14)

Morphology/phenotype

PC3 is expressed in embryonic brain
vesicles along a caudo-rostral gradient,
corresponding spatially and temporally to
the gradient of neurogenesis

10.3389/fcell.2026.1775035

Cellular correlations

- PC3 expression in all CNS regions is
restricted to the ventricular zone of the
NE

- neuronal precursors cease to express
PC3 when they migrate to the mantle zone

Reference

Tacopetti et al.
(1994)

Wild-type mouse

Dissociated telencephalic
vesicles from E15 wild-
type rat embryos

NE cells of the ventricular zone of
brain embryo (E10-E14)

Primary culture cells of
telencephalic vesicles and
NIH3T3 cell line

Tis21 mRNA is transiently expressed in the
NE cells during the G1 phase of the cell
cycle

BrdU expression becomes diluted during
subsequent divisions

Tis21 is expressed in NE cells that will
generate postmitotic neurons at their next
division, but not in proliferating NE cells

- Cortical precursor clones transduced
with PC3 show an asymmetric pattern of
BrdU dilution

- PC3 overexpression reduces the
proliferation rate in both NIH3T3 cells
and cortical precursor cells

Tacopetti et al.
(1999)

Malatesta et al.
(2000)

Tis21-GFP expressing
(constitutive) knockin
mouse

NE cells of the E9-E12 brain embryo

Tis21 is expressed in forebrain
(telencephalon), midbrain and hindbrain
neuroepithelium

Tis21 marks apical, asymmetric divisions
of NE cells generating another NE cell and
aneuron, and also symmetric divisions of
basal progenitors generating two neurons

Haubensak et al.
(2004)

Tis21-GFP expressing
(constitutive) knockin
mouse

Telencephalic progenitor cells
(E10.5 and E14.5)

Tis21 is expressed in telencephalic
progenitors undergoing neuron-generating
division

Telencephalic progenitors undergoing
neuron-generating division, identified by
labeling with Tis21-GFP cumulative BrdU
labeling, show a longer cell cycle

Calegari et al.
(2005)

Tis21-GFP expressing
(constitutive) knockin
mouse

Intermediate neural progenitors of
cerebral cortex

Tis21 is expressed in intermediate neural
progenitors (INPs) of cerebral cortex

Neurogenic divisions of INPs of cerebral
cortex were labeled by Tis21-GFP mature
into neurons for preplate, deep, and
superficial layers

Kowalczyc et al.
(2009)

Tis21-GFP expressing

Adult hippocampus stem/

Tis21 is expressed in progenitor cells and in
immature and mature neurons

Tis21 expression, detected by GFP, is
bimodal

Attardo et al.

(constitutive) knockin
mouse

progenitor cells and neurons

(2010)
- in progenitor cells

- in immature new neurons and in
terminally differentiated neurons
— Suggestion for a role of Tis2I in
terminal differentiation

BrdU: bromodeoxyuridine; E: embryonic day; GFP: green fluorescent protein; INP: intermediate neural progenitor; NE: neuroepithelium.

differentiation of neural progenitor cells, including neuroblasts in
the neural tube at P12 and the cerebellum granule precursors during
early postnatal development, as well as in adult progenitor cells of
the dentate gyrus and of the SVZ (Canzoniere et al., 2004; Farioli-
Vecchioli et al.,, 2008). In vitro, BTG2 synergizes with NGF to
promote differentiation in the neuronal PC12 cell line (Corrente
et al., 2002; el-Ghissassi et al., 2002). See Table 2.

Further findings indicate that BTG2 is necessary for the
differentiation of new neurons, as demonstrated in a BTG2
knockout mouse model where there is impaired terminal
differentiation of new neurons in the dentate gyrus and in the
SVZ (Farioli-Vecchioli et al., 2009; 2014a). Thus, BTG2 is a pan-
neural gene essential for the development of new neurons produced
during adulthood in the main neurogenic regions of the adult brain,
the hippocampus and the SVZ (Farioli-Vecchioli et al., 2009; 2014a).
BTG2 expression is also required for the differentiation of spiral
ganglion cells in the cochlea (Yamada et al., 2015).

It has been demonstrated that spatial and contextual memory
are significantly impaired when the overexpression or deletion of
BTG2 accelerates or delays, respectively, the development of new
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neurons in the hippocampus, which is crucial for learning and
memory (Farioli-Vecchioli et al., 2008; 2009). This implies that
BTG2 controls the timing of the new neuron’s recruitment into
memory circuits and that the amount of time the newborn neurons
spend in various stages of neuronal differentiation is crucial for their
eventual participation in learning and memory (Farioli-Vecchioli
et al,, 2008; 2009). Similarly, deletion of PC3/Tis21/BTG2 impairs
differentiation of olfactory bulb neurons of the SVZ, in association
with a loss of olfactory discrimination (Farioli-Vecchioli et al.,
2014a). All this suggests as a general paradigm that the timing of
differentiation of a neuron is critical for its function.

This need for BTG2 in neuron maturation is in line with the fact
that BTG2 is expressed in the proliferating neuroblasts of the neural
tube ventricular zone and, to a lesser degree, in the mantle zone
differentiating neuroblasts, during brain development. Postnatally,
BTG2 is expressed in cerebellar precursors primarily in the external
granular layer (i.e., the proliferating region of the neuroepithelium)
and in the hippocampus in proliferating and differentiating
progenitor cells (Iacopetti et al., 1994; Canzoniere et al., 2004;
Farioli-Vecchioli et al., 2008; Attardo et al, 2010). BTG2’s
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TABLE 2 Effect of PC3/Tis21/BTG2 overexpression or knockout on neural differentiation and neurogenesis.

Overexpression or

silencing

Cell type genetically
modified

Modified morphology/

phenotype

Cellular and molecular
changes

References

PC3/Tis21/BTG2 - In vitro models: NIH3T3 and PC12 cells

PC3/Tis21 overexpression

NIH3T3 cells and PC12 cells
transduced with retrovirus
(pBABE Neo vector)

Increased production of new
neurons in the neural tube at
El12.5

In NIH3T3 and in PC12 cells the
overexpression of PC3/Tis21/BTG2

- impairs the transition from G1 to S phase,
reducing proliferation, as detected by BrdU
incorporation time-course, colony formation
assay, and flow-cytometry analysis of cell cycle
phases

- impairs the pRb phosphorylation, indicating
cell cycle arrest

Montagnoli et al.
(1996)

PC3/Tis21 overexpression

NIH3T3, Rb™" NIH3TS3 cells, and
cyclin DI~ mouse embryo
fibroblasts

Induction of pRb
dephosphorylation by PC3 and
reversal by cyclins

PC3/BTG2 impairs the G1-S transition by
inhibiting pRb function in consequence of a
downregulation of cyclin DI levels: this action
requires the GR/A box

Guardavaccaro et
al. (2000)

PC3/Tis21 overexpression or
silencing

PC12 cells (plasmid-transfected)

Increased expression of tyrosine
hydroxylase and Neurofilament
160 kDa

PC3/BTG2 synergizes with NGF

- to promote differentiation in the neuronal
PC12 cell line (significant increase of tyrosine
hydroxylase and Neurofilament 160 kDa)

- to protect against apoptosis induced by NGF
deprivation

Antisense PC3/BTG2 triggers apoptosis

Corrente et al.
(2002)

BTG2 overexpression or
silencing

BTG2-inducible PC12 cell clones

Increased number of neurites

- BTG2 overexpression in PC12 cells enhanced
the NGF-induced differentiation

- Apoptosis of NGF-differentiated cells was
triggered by a BTG2 antisense nucleotide

el-Ghissassi et al.
(2002)

PC3/Tis21 - Neural tube at E12.5 (cervical level)

PC3/Tis21 overexpression

Transgenic mouse: nestin-driven
PC3/Tis21I expression in neural tube
cells since conception

neural tube at E12.5

Increase of new neurons produced in the

PC3/Tis21 transgenic mouse show

- in the neural tube, enhanced neural
differentiation: increased number of
new neurons (Tis21"/BII tubulin®
and MAP-2" cells)

- in the VZ of the neural tube,
inhibition of new neurons cell cycle
(reduced BrdU incorporation)

Canzoniere et al.
(2004)

PC3/Tis21 - Adult dentate gyrus (DG) stem and progenitor cells (P60)

PC3/Tis21 overexpression

Transgenic mouse: nestin-driven
Tis21 expression in stem/progenitor
cells (transgene activated in the
period P30-P95)

and spine density)

- Accelerated differentiation of new
neurons (with reduced dendritic length

- No significant morphological change
in hippocampus or DG volume

Tis21-overexpressing mice show

- accelerated differentiation of
immature and mature new neurons
(1-5- and 28-day-old)

- inhibition of cell cycle in stem and
progenitor cells without difference in
total BrdU incorporation

- reduced LTP of DG neurons

- reduced spatial and associative
memory

— The timing of differentiation
influences the function of new
neurons

Farioli-Vecchioli
et al. (2008)
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TABLE 2 Continued

Overexpression or

knockout

Cell type genetically
modified

Modified morphology/
phenotype

10.3389/fcell.2026.1775035

Cellular and molecular
changes

References

Tis21 knockout (constitutive)

Stem/progenitor cells/neurons

- No significant morphological change
in hippocampus or DG volume

- Specific impairment of the terminal
differentiation of DG neurons

Tis21-null mice show impaired
terminal differentiation

- increased number of immature
neurons and decrease of mature
neurons

- increased expression of the inhibitor
of neural genes Id3, due to the lack of
Tis21 inhibitory binding to the
promoter of Id3

- acceleration of cell cycle (increased
number of DG progenitor cells
entering in S-phase in Tis21-null
mice; reduced length of G1 phase
progenitor cells)

- reduced associative memory

Farioli-Vecchioli
et al. (2009)

Tis21 knockout (constitutive)

Stem/progenitor cells/neurons

- Neurogenic stimuli (running or
fluoxetine) increase the generation of
new neurons in Tis2I° DG but do not
restore the reduced differentiation rate
- Overexpression of NeuroD2 or
silencing of Id3 rescues impaired
differentiation in the DG

- Defective differentiation rate of
Tis21%° neurons is not rescued by
neurogenic stimuli (running or
fluoxetine), despite their ability to
increase the generation of new
neurons in DG

- Overexpression of NeuroD2 or
silencing Id3 rescues the defective rate
of differentiation

— Id3 and NeuroD2 control the
terminal differentiation pathway with
Tis21, and they are target of Tis21; Id3
is also transcriptionally regulated by
Tis21 (Farioli-Vecchioli et al., 2009)
- Treatment with fluoxetine
significantly reduces the length of the
S phase in Tis21 knockout 2-month-
old DG progenitor cells

Micheli et al.
(2017a)

PC3/Tis21 - Adult subventricular zone stem cells and neurons (P60)

Tis21 knockout (constitutive)

B Stem cells/C transient amplifying
cells/A neuroblasts

Reduced number of differentiated SVZ-
derived neurons in olfactory bulb

- Tis21-null SVZ A neuroblasts show
impaired terminal differentiation

- BMP4 or Id3 silencing restores the
differentiation defect, suggesting that
increased Id3 levels and decreased
BMP4 levels are at the origin of this
defect

- Reduced number of terminally
differentiated neurons in SVZ results
in a decrease of the neurons migrated
in the olfactory bulb and is
accompanied by increased olfactory
threshold

- Tis21 maintains stem cells in
quiescence, since Tis21-null
proliferating B stem cells increase in
number

Farioli-Vecchioli
et al. (2014a)

PC3/Tis21 - Cerebellum: granule cell precursors (GCPs)

PC3/Tis21 overexpression
(nestin-driven)

Expressed in GCPs since conception
until P5 (nestin-driven)

Decrease of cerebellar size (in mice with
B-actin-driven PC3 transgene)

- Increased differentiation (induction
of Neurofilament 160 kDa and Mathl
expression)

- Inhibition of cell cycle (reduced
BrdU incorporation, decreased
expression of cyclin DI)

Canzoniere et al.
(2004)

PC3/Tis21I overexpression (B-

Expressed in GCPs since conception

Large decrease of cerebellar size (55%

- Increased differentiation (induction

Canzoniere et al.
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actin-driven) until adulthood (B-actin-driven) decrease in 6%-8% of mice) more of Neurofilament 160 kDa and Mathl (2004)
pronounced than in the whole brain expression)
- Inhibition of cell cycle (reduced
BrdU incorporation, decreased
expression of cyclin DI)
(Continued)
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TABLE 2 Continued

Overexpression or

Cell type genetically

knockout modified

Modified morphology/
phenotype

10.3389/fcell.2026.1775035

Cellular and molecular References

changes

PC3/Tis21 overexpression (f-
actin-driven)

Expressed in GCPs since the
perinatal stage (B-actin driven)

N.D. Farioli-Vecchioli

et al. (2007)

- Increased differentiation (NeuroD1*
neurons)

- Inhibition of cell cycle (reduced
BrdU incorporation, decreased
expression of cyclin DI; no change in
cyclin D2 or cyclin Bl expression)

Tis21 knockout (constitutive) GCPs, from embryogenesis

N.D. Farioli-Vecchioli

et al. (2012a)

- Small but significant reduction of
differentiation of cerebellar
precursors

- No effect on cell cycle (unchanged
BrdU incorporation in cerebellar
precursors)

- Strong decrease of migration of
cerebellar precursors out of the
surface of cerebellum to the internal
layers (accompanied by inhibition of
Cxcl3 expression)

PC3/Tis21 - Neocortex

PC3/Tis21 overexpression Expressed in neural stem cells since

conception (B-actin-driven)

Decrease of cortex size (30% decrease)

Canzoniere et al.
(2004)

About 6% of mice with PC3 transgene
active since conception presented
small size and brain

Tis21 overexpression Expressed by electroporation in
dorsolateral telencephalon of E13.5

embryo

PC3/Tis21 - Cochlea

Selective decrease of cortex size

- No evident change of total BrdU
incorporation in neocortex
progenitor cells

- Decrease of neurogenesis specific for
cortex neurons; increase of symmetric
neurogenic divisions

Fei et al. (2014)

Tis21-GFP expressing
(constitutive)

Expressed in spiral ganglion cells of
the cochlea since E13.5
mice

The development of Rosenthal’s canals
was inhibited in Tis2I-GFP expressing

Yamada et al.
(2015)

Tis21-GFP expressing mice presented
a decrease in spiral ganglion cell
counts. One possible explanation is a
defective cochlear ganglion neurons’
transition from proliferation to
differentiation and maturity

BrdU: bromodeoxyuridine; DG: dentate gyrus; E: embryonic day; GCP: granule cell precursor; GFP: green fluorescent protein; N.D.: not determined; P: postnatal day; VZ: ventricular zone.

prodifferentiative effect seems to result from both a BTG2-
dependent activation of proneural genes in brain progenitor
cells and a suppression of cell cycle progression by inhibition of
cyclin D1 expression (Canzoniere et al., 2004; Farioli-Vecchioli
etal., 2009). Remarkably, all in vivo models of PC3/Tis21/BTG2
show a complete convergence of findings. This is true both for
the reporter model (Tis21-GFP), which reveals the localization
of Tis21/BTG2, and for the transgenic overexpression models
in neural stem/progenitor cells and the constitutive knockout
model, which respectively accelerate or delay neural
differentiation. Indeed, BTG2 activates proneural genes by
binding to the promoter of Id3, a crucial inhibitor of
proneural gene activity, and by adversely controlling its
function (Farioli-Vecchioli et al., 2009). In fact, BTG2 acts
as a transcriptional cofactor, as it interacts with and controls
the promoters not only of Id3 but also of cyclin D1, RAR-f3 and
PRMT]I as part of transcriptional complexes (Farioli-Vecchioli
et al., 2007; Passeri et al., 2006; Lin et al., 1996). The defective
differentiation of Tis21-null SVZ neurospheres is rescued by
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the silencing of the anti-differentiative gene Id3, or by the
with the prodifferentiative BMP4,
suggesting that PC3/Tis21/BTG2 is an upstream controller of
Id3 and BMP4 (Farioli-Vecchioli et al.,, 2014a). Similarly,
overexpression of NeuroD2 or the silencing of Id3 in the

treatment molecule

dentate gyrus of Tis21 knockout mice rescues the defective
differentiation of hippocampal neurons (Micheli et al., 2017a).

Additionally, neurogenic stimuli such as running or the
antidepressant fluoxetine increase the generation of new neurons
in Tis21*° dentate gyrus but do not change the reduced
differentiation rate (Micheli et al., 2017a).

In summary, BTG2 primarily regulates the terminal
differentiation of brain progenitor cells in the dentate gyrus
and SVZ during adult neurogenesis (see Micheli et al., 2015,
for areview). In cerebellum, BTG2 is chiefly needed to regulate
the migration and differentiation of the precursor cells of
cerebellar granule neurons
of  the

during the early postnatal

development cerebellum  (Farioli-Vecchioli

et al., 2012a).
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TABLE 3 Effect of BTG1 knockout on neurogenesis.

10.3389/fcell.2026.1775035

BTGI - Adult DG stem and progenitor cells (P60)

BTGI knockout
(constitutive)

Stem/progenitor cells/
neurons

Deletion of BTGI causes hyperproliferation of
DG cells at an early developmental stage (P7),
followed by reduced proliferation and apoptosis
at a later stage (P60); this occurs also in SVZ

Ablation of BTG, after an hyperproliferative
burst at early post-natal stages, reduces the pool
of dividing adult stem and progenitor cells in
the DG and SVZ by decreasing their
proliferative capacity

— BTGl is required for maintaining adult stem
and progenitor cells quiescence and self-
renewal

Farioli-Vecchioli
et al. (2012b)

BTGI knockout
(constitutive)

Stem/progenitor cells/
neurons

Neurogenic stimulus of running rescues the
reduced proliferation of BTGI-null DG stem/
progenitor cells

- Physical exercise fully rescues the defective
reduced proliferation of adult DG stem and
progenitor cells, by shortening the S-phase
length and the overall cell cycle duration of
both neural stem (GFAP-positive and Sox2-
positive) and progenitor (NeuroD1-positive)
cells

- This neurogenic stimulus reactivates the
hyperproliferation observed in BTGI-null
early-postnatal mice and expands the pool of
adult neural stem/progenitor cells

— The plasticity of neural stem cells devoid of
cell cycle inhibitory control can be reactivated
by a neurogenic stimulus

Farioli-Vecchioli
et al. (2014b)

BTGI knockout
(constitutive)

Stem/progenitor cells/
neurons

Adult DG stem cells with reduced proliferation
in the BTGI knockout mice are restarted by
fluoxetine, or by overexpression in the DG of
Sox2

- The reduced self-renewal and proliferative
capability of adult DG stem cells in the BTGI
knockout mice are reactivated by fluoxetine,
which forces quiescent stem cells to enter the
cycle; fluoxetine reactivates proliferation-
defective stem cells also in aged BTGI knockout
mice

- Overexpression of Sox2 in BTGI knockout
DG cells significantly increases the number of
neuroblasts, indicating that Sox2 is able to
promote the self-renewal of proliferation-
defective stem cells

Micheli et al. (2018)

BTG1 - Adult subventricular zone stem cells and neurons (P60)

BTGI knockout
(constitutive)

B Stem cells/C transient
amplifying cells/A
neuroblasts

Proliferation of adult BTGI-null SVZ stem and
neuroblast cells is reduced

In adult BTGI-null SVZ stem and neuroblast
cells the proliferation is reduced with a longer
cell cycle and a more frequent entry into
quiescence

Running restores in BTGI-null the normal
values of proliferation and cell cycle length and
quiescence, without affecting wild-type cells
— This suggests that SVZ stem cells are
endowed with an additional supply of self-
renewal capacity, coupled to cell cycle
acceleration

Mastrorilli et al.
(2017)

BTG1 - Cerebellum:

: granule cell precursors (GCPs)

BTGI knockout
(constitutive)

Postnatal cerebellar granule
cell precursors (GCPs)

Proliferation of adult BTGI-null precursor cells
increases and the adult cerebellar size is greater

BTGI-null cerebellar precursor cells continue
to proliferate also after P14, when the
proliferative zone of the neuroepithelium
(EGL) is normally reduced to few layers

— BTG is required to restrict the proliferation
of cerebellar precursor cells by selectively
impairing cyclin D1 expression

Ceccarelli et al.
(2015)

DG: dentate gyrus; EGL: external granular layer; GCP: granule cell precursor; P: postnatal day; SVZ: subventricular zone.
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6.2 Role of BTG1 in adult neurogenesis

Conversely, the chief action of BTGI in neurogenesis is to
maintain the stem cell pool in quiescence and to prevent its
depletion by inhibiting the proliferation of adult stem cells in the
dentate gyrus and SVZ, as shown by in vivo knockout models as well
as by neurosphere cultures (Farioli-Vecchioli et al., 2012b; Tirone
et al,, 2013). See Table 3 and Figure 2. Interestingly, the deletion of
BTGI1 in vivo causes initially, at an early postnatal stage,
hyperproliferation of stem/progenitor cells, followed by slow
proliferation and apoptosis at later stages (Farioli-Vecchioli et al.,
2012b). It turns out that a neurogenic stimulus such as running fully
rescues this defective neurogenesis in both the dentate gyrus and the
SVZ, by shortening the S-phase length and the total cell cycle
duration of both neural stem (GFAP/Sox2-positive) and
progenitor (NeuroD1-positive) cells (Farioli-Vecchioli et al,
2014b; Mastrorilli et al., 2017). Overall, these findings suggest
that stem and progenitor cell self-renewal is a plastic process,
capable of being reactivated even after periods of quiescence.
of BTGI, a
transcriptomic analysis of the dentate gyrus of BTGI knockout

Concerning the molecular mechanism
mice identified 42 genes downregulated by BTGI knockout and
counter-regulated by physical exercise; among them the most
differentially regulated were alpha-synuclein (Snca), Fos, Arc and
Npas4, genes controlling neural proliferation, apoptosis, plasticity
and memory (Micheli et al., 2021). In particular, the authors showed
that if in BTGI knockout mice the low expression of Snca is restored,
then the defect of neurogenesis is rescued, establishing Snca as a
target of BTGI that regulates neurogenesis.

Notably, BTGI is also required to restrict the proliferation of
cerebellar precursor cells by selectively impairing cyclin DI
expression, as the silencing of BTGI does not affect the levels of
the other cyclins; moreover, without BTGI the adult cerebellum is
greater, and less able to coordinate motor activity (Ceccarelli et al.,
2015). In absence of BTGI, cerebellar precursor cells remain
hyperplastic also after postnatal day 14, when the proliferative
zone of the neuroepithelium (external granular layer) is normally
reduced to a few layers of precursor cells; this opens a window for
cell transformation and tumor (Ceccarelli et al., 2015).

As a whole, the main neural action of PC3/Tis21/BTG2 in vivo
and in vitro is to promote and be required for the differentiation of
new neurons, also in adult brain (dentate gyrus and SVZ) and in
cerebellum. This action is mediated by regulating Id3 and also cyclin
DI, RAR-f and PRMT1 as part of transcriptional complexes. In the
PC3/Tis21/BTG2 promotes the
differentiation of cerebellar precursor cells by inducing the
chemokine Cxcl3 (see below). As for BTGI, its main neural

cerebellum, migration and

action is to maintain the stem/progenitor cell pool in quiescence,
in the adult brain and in the cerebellum, possibly by regulating cyclin
DI as well as cohorts of neural genes, including Suca.

7 Brain tumors involving PC3/Tis21/
BTG2 and BTG1

Despite remarkable advances in cancer research (Bernards et al.,
2020; Thakkar et al., 2021), central nervous system (CNS) tumors
remain among the most challenging human cancers in terms of
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resistance to conventional and novel therapeutic approaches, tissue
access, morbidity and mortality, with survival rates that have not
improved significantly over the past 30 years (Levin et al., 2015;
Quader et al., 2022). Brain tumors are usually classified as primary
infiltrative (arising from CNS-intrinsic cells) or secondary
metastatic tumors, the latter being ten-fold more common and
originating from extracranial cancers (mainly lung, breast, skin, or
kidney) that spread hematogenously to the brain (Sacks and
Rahman, 2020). Metastatic tumors are always malignant, whereas
primary brain tumors can be benign or malignant and are classified
from 1 to 4 based on the extent of malignancy, according to WHO
guidelines (Louis et al., 2021). In adults, primary malignant brain
tumors account for only 1%-2% of all tumors, with diffuse
gliomas — particularly glioblastoma — being the most common
and higly aggessive (Quader et al., 2022; Pouyan et al,, 2025). In
children and adolescents, CNS tumors are second only to leukemias,
with cerebellar medulloblastoma being the most prevalent
malignant solid tumor (Ostrom et al., 2018; Huang et al., 2024).
surgery,
radiotherapy, and chemotherapy, have intrinsic limitations and

Current treatments for brain tumors, based on
often produce unsatisfactory results; therefore, it is essential to
elucidate the mechanisms of tumor progression and therapeutic
resistance. In this context, studying the actions of PC3/Tis21/BTG2
and BTG on the cell biology of brain tumors could be promising. As
previously mentioned, PC3/Tis21/BTG2 and BTGI are expressed in
the CNS during development and adulthood, where they regulate
key cellular processes, such as cell cycle progression, apoptosis,
migration and differentiation. Furthermore, both genes possess
tumor suppressor properties. Consistent with this and its close
association with other known tumor suppressor genes, such as
Rb and p53, PC3/Tis21/BTG2 has been extensively studied in
malignant brain tumors. By contrast, BTGI has been less
investigated, despite being recognized, like PC3/Tis21/BTG2, as a
potential biomarker for the prognosis of cancer patients with various

types of solid and hematological tumors.
7.1 Glioma

Gliomas are the most common primary tumors of the CNS,
accounting for 81% of all malignancies (Ostrom et al., 2014; 2018;
Xu et al,, 2020). Although they are usually sporadic, a minority of
cases are linked to hereditary cancer syndromes, such as
neurofibromatosis type 1, Li-Fraumeni syndrome, and Lynch
syndrome (Goodenberger and Jenkins, 2012; Ostrom et al,
2014). Gliomas arise predominantly in supratentorial regions,
including the frontal, temporal, parietal, and occipital lobes, with
few cases occurring elsewhere in the CNS (Larjavaara et al., 2007;
Ostrom et al., 2018; Li G et al., 2023). Despite their aggressive and
infiltrative nature, extracranial metastases are extremely rare (0.5%
of cases), typically involving the spine, vertebrae, lungs, liver, spleen,
peritoneum, skin, and lymph nodes (Sun et al., 2017; Kannan et al.,
2022). Common clinical symptoms of gliomas include seizures,
headaches, and (IJzerman-Korevaar
et al., 2018).

Glioma represents a heterogeneous group of highly aggressive

neurological  deficits

tumors derived from glial cells, the non-neuronal cells responsible
for neuronal support and protection. Glioma classification is based
on glial lineage and includes astrocytomas, oligodendrogliomas,
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ependymomas, oligoastrocytomas (or mixed gliomas), and some
rare or not otherwise specified (NOS) histologies (Ostrom et al.,
2018; Lapointe et al, 2018). Recent molecular advances have
identified key genetic alterations, such as IDH mutations, 1p/19q-
codeletion, and H3 Lys27Met, that have been integrated with
histopathology to refine glioma classification (Chen et al.,, 2017;
Lapointe et al., 2018; Louis et al., 2021). Adult-type gliomas differ
from pediatric gliomas in molecular pathogenesis, prognosis, and
therapeutic approaches. Current WHO guidelines classify adult-
type  diffuse astrocytoma  IDH-mutant,
oligodendroglioma IDH-mutant and 1p/19g-codeleted,
glioblastoma (GBM) IDH-wildtype (Louis et al.,, 2021).
GBM accounts for approximately 15% of all primary CNS

gliomas as:

and

tumors and 49% of all primary malignant brain tumors; its
incidence increases after age 40, peaking between 75 and 84 years
(Ostrom et al.,, 2021; Schaff and Mellinghoff, 2023; Pouyan et al.,
2025). It is characterized by rapid cell proliferation, resistance to
apoptosis, tendency to necrosis, high invasiveness, angiogenesis, and
genomic instability (Furnari et al.,, 2007). Clinically, GBM can be
classified as primary or secondary. The vast majority (~90%) are
primary GBMs, arising de novo as grade 4 neoplasms in elderly
patients (average age 55), and are genetically characterized by loss of
10q heterozygosity, EGFR overexpression or mutation, MDM?2
overexpression, pI6INK4a deletion, and mutations in the TERT
promoter and PTEN gene. Secondary GBMs, which arise from a pre-
existing low-grade diffuse astrocytoma (grade 2) or anaplastic
astrocytoma (grade 3), represent approximately 10% of cases,
occur in younger adults (<45 years), and have genetic alterations
such as PDGF/PDGFRA overexpression, loss of 19q heterozygosity,
and mutations in the p53, Rb, and ATRX genes (DeAngelis, 2001;
Ohgaki and Kleihues, 2007; Hanif et al., 2017; Quader et al., 2022;
Pouyan et al., 2025). Thus, several genes and signaling pathways are
involved in gliomagenesis, influencing prognosis and therapeutic
responses (Cancer Genome Atlas Research Network, 2008; Brennan
et al., 2013; Ostrom et al., 2014; Grochans et al., 2022; Pouyan et al.,
2025). Among them, methylation of the Oﬁ—methylguanine—DNA
methyltransferase (MGMT) promoter is a key prognostic biomarker
in GBM. Indeed, methylation of the MGMT promoter silences this
DNA repair enzyme, preventing removal of alkyl adducts induced
by alkylating chemotherapy from the O° position of guanines and
hindering its cytotoxic effects (Hegi et al., 2005; Chen et al., 2017;
Grochans et al., 2022).

Standard GBM treatment consists of maximal safe surgical
resection, followed by radiotherapy and concomitant or adjuvant
chemotherapy with temozolomide (TMZ) (Stupp et al, 2005;
Karachi et al, 2018; Tan et al., 2020). Despite this optimized
treatment regimen, median overall survival remains 15 months
(Omuro and DeAngelis, 2013; Hanif et al., 2017; Grochans et al.,
2022; Pouyan et al., 2025), although it may reach approximately
23 months in patients with methylated MGMT promoter (Berger
et al., 2022). Additional chemotherapeutic strategies tested include
alkylating agents like carmustine and lomustine, anti-angiogenic
agents like anti-VEGF monoclonal antibodies (Bevacizumab),
carboplatin, vincristine, anti-FGF antibodies, tyrosine kinase
inhibitors, and monoclonal antibodies targeting EGFR (Erlotinib
and Gefitinib) (Hanif et al., 2017; Marenco-Hillembrand et al., 2020;
Quader et al., 2022). Several immunotherapies are also under clinical
investigation worldwide (Yan et al., 2020; Mahmoud et al., 2022;
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Yasinjan et al., 2023). Despite these treatment options, GBM
remains a fatal disease with an extremely poor prognosis. For
this reason, experimental research continues to investigate
potential molecular targets involved in GBM development and
treatment response, with the goal of developing new therapeutic
strategies that improve patient survival and quality of life.

In this regard, particular attention has been paid to cell cycle
regulatory genes, responsible for cell proliferation and senescence:
among these, Rb and p53 are frequently mutated in GBM (Furnari
et al., 2007; Yin et al,, 2009). As mentioned above, BTG2 is a p53-
inducible gene activated by DNA damage from genotoxic agents
(Rouault et al., 1996). Under hypoxia, a pathophysiological feature
of low/insufficient oxygen common in solid tumors, p53 also
induces BTG2 expression, promoting apoptosis (Leszczynska
et al., 2015). In the tumor context, BTG2 can act as a
proapoptotic gene, since phosphorylation of its Ser'* residue by
p-Erk1/2 induces the binding to Pin-1, a protein that interacts with
the NIMA (Never in mitosis gene A) serine/threonine kinases,
resulting in mitochondrial depolarization and increased cell death
(Hong et al., 2005). BTG2 also strongly inhibits cancer cell migration
and invasion. In addition to its nuclear and cytoplasmic localization
(Varnum et al., 1994), BTG2 localizes in mitochondria, in their inner
membrane or matrix, where it negatively regulates ROS generation.
In this way, BTG2 inhibits the formation of disulfide bonds in Src,
maintaining its cystines in a reduced state and inhibiting its kinase
activity, independently of the phosphorylation of its residues Tyr**

416

and Tyr*'°. As a consequence, activation of FAK (focal adhesion
kinase), which regulates migration and invasion in many tumor cells
of
metalloproteinase-mediated degradation, induced by Src kinase
via phosphorylation of the Tyr*’® residue, is inhibited (Lim et al.,
2012). All these findings strongly suggest that BTG2 is a tumor

suppressor and plays a role in cell apoptosis, migration, and invasion

through  remodeling actin  structure and  matrix

during cancer development. It is therefore not surprising that BTG2
is also involved in gliomagenesis. See Table 4 and Figure 1.

In 2008, Calzolari and colleagues observed in a murine glioma
model they generated by overexpressing platelet-derived growth
factor B (PDGF-B) that BTG2 downregulation was involved in the
acquisition of tumorigenic potential by PDGF-B-induced gliomas,
i.e., in the progression of low- to high-grade gliomas capable of
to tumors intracranial

giving  rise secondary

transplantation in adult mice (Calzolari et al., 2008). Indeed, they

following

observed that BTG2 was strongly downregulated in high-grade
tumors compared to low-grade ones, which was in agreement
with previous observations that BTG2 deregulation cooperates
with PDGF-B in promoting glioma formation (Johansson et al.,
2004; Johansson Swartling, 2008). Confirmation of the role of BTG2
in glioma progression came from a subsequent study by the same
(2012) demonstrated that BTG2
downregulation by itself is not sufficient to allow tumor
but
characteristics to PDGF-B-induced glioma cells. Interestingly, this

group. Appolloni et al

progression, is required to confer fully malignant
role of BTG2 downregulation as a promoter, rather than an initiator,
in tumor development was also observed in a mouse model of
spontaneous medulloblastoma (see below). The authors observed
that in the PDGF-B-induced glioma cells BTG2 overexpression
caused a ten-fold reduction in cyclin DI mRNA levels compared

to untransduced cells, consistent with the known effect of BTG2 on
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TABLE 4 BTG2 and BTG1 in malignant brain tumors.

Model system

Genes/Pathways

involved

10.3389/fcell.2026.1775035

Results

Reference

BTG2 in malignant brain tumors

Glioma PDGEF-B-induced glioma mouse PDGF-B Downregulation of BTG2 is involved in | Calzolari et al. (2008)
(oligodendroglioma) model the acquisition of tumorigenic potential
by PDGF-B-induced gliomas, i.e., in the
progression of low- to high-grade
gliomas
Glioma PDGEF-B-induced glioma mouse PDGF-B; Cyclin D1 In PDGF-B-induced glioma cells, Appolloni et al. (2012)
(oligodendroglioma) model overexpression of BTG2 causes a ten-fold

reduction in cyclin DI mRNA levels,
without modifying the fraction of
proliferating or apoptotic cells

Glioma (GBM)

e U87 and U251 cells
o GBM mouse model with U87 cells

miR-27a

miR-27a negatively regulates
endogenous BTG2 expression by
targeting its 3'-UTR, resulting in
increased proliferation and migration of
U87 and U251 cells in vitro, as well as
tumor growth in the U87 mouse model

Li et al. (2015)

Glioma

U251, U87, and A172 cells

miR-134-5p; Circ-ZNF609

In glioma cells, miR-134-5p negatively
regulates BTG2 expression and inhibits
cell proliferation and migration, while
Circ-ZNF609 positively regulates BTG2
expression through competitive binding
to miR-134-5p and induces cell
proliferation and migration

Tong et al. (2020)

Glioma (GBM)

o Glioma stem cells (GSCs)
* GBM orthotopic xenografts derived
from GSCs

Piwill; c-Myc; Olig2; Nestin

In GSCs, Piwill silencing significantly
increases BTG2 expression, leading to
reduced c-Myc, Olig2, and Nestin
expression, and thus cell cycle arrest and
apoptosis; in vivo, this results in
suppressed tumor growth and increased
mouse survival

Huang et al. (2021)

Medulloblastoma

Ptch1""/TgPC3 mice

Cyclin D1; Mathl; NeuroD1; NeuN

Overexpression of PC3/BTG2 in GCPs
causes a reduction in cell proliferation,
due to the inhibition of cyclin DI gene
transcription, and an increase in cell
differentiation, due to the increased
expression of Mathl, NeuroD1 and NeuN
genes, resulting in a 40% reduction in MB
incidence

Farioli-Vecchioli et al.
(2007)

Medulloblastoma

Medulloblastoma

PtchI™/Tis21*° mice

PtchI*~/Tis21%° mice
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In Ptchl*"~ mice, Tis21/BTG2 deficiency
causes a significant increase in the
incidence of MB, due to the impaired
migration of GCPs from the cerebellar
surface to the inner layers during
development: this phenotype is caused by
the downregulation of the chemokine
Cxcl3, whose transcription is directly
controlled by Tis21/BTG2

In 1-month-old Ptch1*/Tis21*° mice,
chronic administration (for 4 weeks) of
the chemokine Cxcl3 by intracerebellar
implantation of Alzet osmotic
minipumps completely suppresses the
development of MB lesions, forcing
pGCPs to leave the lesions and
differentiate

Farioli-Vecchioli et al.
(2012a)

Ceccarelli et al. (2016)

(Continued)
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TABLE 4 Continued

Model system

Genes/Pathways
involved

10.3389/fcell.2026.1775035

Results

Reference

Medulloblastoma

Medulloblastoma

Athymic nude mice subcutaneously
grafted with PtchI”~ MB cells

¢ GCPs, DAOY, MED341
e Shh-MB Neurod2-SmoA1l
transgenic mice

NeuroD1; NeuN; Cyclin D1; Cyclin E;
cdc6

Gli2; FoxD1; Nkx2-2as

Gene therapy with an adeno-associated
virus carrying the Tis21/BTG2 gene is
able to slow the growth of MB allografts,
significantly reducing their volume,
through the inhibition of cell
proliferation (downregulation of cyclin
D1, cyclin E and cdc6 genes) and the
improvement of neural differentiation
(upregulation of NeuroDI1 and NeuN
genes)

In GCPs, the long noncoding RNA
Nkx2-2as sequesters miR-103 and miR-
107, derepressing their target BTG2 and
preventing cell division and migration; in
the context of Shh-MB, Shh signaling
impairs Nkx2-2as expression by
upregulating the transcriptional
repressor FoxDI via Gli2, resulting in
repression of the MB suppressor BTG2

Presutti et al. (2018)

Zhang et al. (2018)

Medulloblastoma

e Ptchl™/Tis21*° mice

o Athymic nude mice subcutaneously
grafted with Ptch1*~/Tis21*° MB
cells

PI3K/AKT/mTOR pathway

o activators: Pdgfd, Deptor, Dgkq,
Rraga

o inhibitors: Smgl

o components: AKT, S6, 4EBP1

In PichI*/Tis21*° mice, activation of
the PI3K/AKT/mTOR pathway in
neoplastic GCPs causes a significant
increase in proliferation and a significant
decrease in apoptosis, paralleled by
hyperphosphorylation of AKT and the
mTOR target S6. This phenotype is
reversed in nodules obtained by
engrafting primary Ptch1*"/Tis21*° MBs
into immunosuppressed mice by
treatment with the PI3K inhibitor
MENI1611, resulting in a significant
reduction in tumor growth

Ceccarelli et al. (2021)

Medulloblastoma

e Ptchl™/Tis21*° mice
o MB orthotopic xenografts derived
from DAOY

Cxcl3

In 3-month-old Ptch 1"~/ Tis21*° mice, 4-
week administration of the chemokine
Cxcl3 is not sufficient to completely
eradicate the tumor mass, but causes a
seven-fold reduction in tumor volume by
inducing the migration and
differentiation of pGCPs from the lesions
to the inner cerebellar layers.
Furthermore, in immunosuppressed
mice xenografted with the metastatic MB
cell line DAOY, exogenous Cxcl3
administration does not significantly
affect the frequency of metastases

Ceccarelli et al. (2025)

BTGT in malignant brain tumors

Glioma

U87 and T98G cells

Cyclin DI; p21; VEGF; cleaved
caspase-3; Wntl; B-catenin

BTGI expression negatively correlates
with cell viability, inducing cell cycle
arrest and apoptosis, as well as with
migration, invasion, and angiogenesis, by
modulating the expression of cyclin DI,
p21, VEGF, and cleaved caspase-3 genes;
furthermore, BTGI significantly
regulates the expression of Wntl and 8-
catenin genes, likely by controlling the
activation of the Wnt/B-catenin pathway

Qian et al. (2019)

Glioma (GBM)

U87 and U251 cells

PUM2

PUM2 positively regulates GBM cell
proliferation, reduces apoptosis, and
promotes cell migration and invasion by
reducing BTGI expression by targeting
its 3'-UTR

Wang et al. (2019)
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TABLE 4 Continued

Model system

Genes/Pathways

10.3389/fcell.2026.1775035

Results Reference

involved

Medulloblastoma Ptch1*"/BTGI*® mice

PRMTI; CD15

Cyclin DI; cleaved caspase-3;

Ceccarelli et al.
(2020a)

In Ptch1*”~ mice, genetic ablation of
BTG1 does not increase the frequency of
MB, nor the proliferation of neoplastic
GCPs, but significantly increases their
apoptosis (cleaved caspase-3* cells),
probably as a consequence of the
increased expression of PRMTI;
furthermore, genetic ablation of BTGI
causes a significant increase in CD15"
cancer stem cells

GBM: glioblastoma; GCP: granule cell precursor; GSC: glioma stem cell; MB: medulloblastoma; pGCP: preneoplastic GCP.

cyclin DI expression (Guardavaccaro et al., 2000; Farioli-Vecchioli
etal,, 2007), without however modifying the fraction of proliferating
(Ki67") or apoptotic cells, suggesting that in glioma cells BTG2
overexpression causes an increase in cell cycle length rather than cell
cycle exit. The authors therefore concluded that the loss of BTG2
expression was compatible with the survival of PDGF-B
overexpressing their progression to full-blown
malignancy (Appolloni et al., 2012). Most importantly, Appolloni

cells and
and colleagues conducted a meta-analysis of public datasets of
human gliomas and demonstrated that patients with a BTG2
expression level twice lower than the average had a significantly
worse prognosis than those with a high level of BTG2 expression
(Appolloni et al., 2012). Overall, these findings suggested that the
role of BTG2 in glioma progression is not limited to PDGF-B-
induced glioma but also extends to human tumors, and encouraged
further analyses aimed at identifying the mechanisms underlying
BTG2 actions in glioma development.

Several groups have shown that in glioma cells BTG2 is a target
gene for some miRNAs. Li and colleagues demonstrated that miR-
27a negatively regulated endogenous BTG2 expression by targeting
its 3’-UTR, resulting in increased Gl-to-S transition and
proliferation of GBM cells. Thus, miR-27a was able to modulate
the clonogenic growth and migration of human U87 and U251 cells
in vitro, as well as the growth of mouse xenografts bearing U87 cells,
by directly targeting the BTG2 gene (Li et al., 2015). Conflicting
results were obtained by Tong et al. (2020). The authors found that
miR-134-5p, which was downregulated in several GBM cell lines
(U251, U87, and A172), acted as a tumor suppressor by inhibiting
the proliferation and cell migration of glioma cells, as previously
demonstrated (Zhong and Li, 2015; Zhao et al., 2016; Wang Z et al.,
2018), and negatively regulated the expression of BTG2. In glioma
cells, the authors observed that the circular RNA Circ-
ZNF609 positively regulated the expression of BTG2 through
competitive binding to miR-134-5p, and acted as an oncogene
by inducing the proliferation and migration of glioma cells (Tong
et al,, 2020). These findings, indicating that BTG2 expression is
oppositely regulated by miR-134-5p and CircZNF609 and
positively correlates with tumor development, contradict
previous findings and therefore deserve further investigation.
Given the known antiproliferative and tumor suppressive
nature of BTG2, we speculate that other players are likely
involved in the CircZNF609/miR-134-5p/BTG2 pathway that
controls glioma proliferation and migration.
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Despite aggressive therapy, GBM inevitably recurs, and patients
succumb to the disease due to the rapid development of radio- and
chemoresistance to anticancer drugs (Van Meir et al., 2010). Glioma
stem cells (GSCs) are thought to be responsible for therapy
al.  (2021) the
involvement of the BTG2 gene in their biology (Huang et al.,
2021). More specifically, the authors observed that Piwi-like
protein 1 (Piwill), an Argonaute protein that binds small RNAs,
was preferentially expressed in perivascular GSCs and required for

resistance, and Huang et demonstrated

their survival and self-renewal, but not for migration and invasion.
Notably, Piwill silencing markedly increased BTG2 expression at
both mRNA and protein levels, which in turn reduced the
expression of ¢-Myc and the stem cell factors Olig2 and Nestin.
These global changes in GSC gene expression led to cell cycle
arrest and apoptosis both in vitro and in vivo, where Piwill
silencing — and subsequent BTG2 overexpression — suppressed
tumor growth and promoted survival in mice (Huang et al., 2021).
Therefore, BTG2 may represent a novel biomarker for GSCs and
could potentially be manipulated to develop novel therapies
for glioma.

As previously mentioned, BTGI was initially identified as a
translocation partner of the ¢-Myc gene in B-cell lymphoblastic
(Rimokh et al, 1991),
demonstrated its involvement in numerous solid tumors, as well

leukemia and recent research has
as hematological malignancies (see above in this review; Yuniati
et al., 2019; Ceccarelli et al., 2020a; Kim et al., 2022). In particular,
low or absent levels of BTGI have been associated with uncontrolled
tumor proliferation, high invasiveness, angiogenesis and metastasis,
thus worse patient outcome, indicating BTG as a tumor suppressor
and diagnostic marker in various types of cancer (Zheng et al., 2022).
See Table 4 and Figure 2.

In 2019, Qian and colleagues demonstrated that BTGI acts as a
tumor suppressor also in glioma, preventing tumor development
through repression of the Wnt/B-catenin pathway (Qian et al,
2019). First, the authors studied BTGl mRNA and protein levels
in different GBM cell lines, finding that they were significantly lower
than those in the normal glial HEB cell line. Next, the authors chose
the U87 and T98G cell lines for their experiments, as the former had
the lowest BTGI levels, while the latter had the highest BTGI
expression levels. Therefore, using in vitro gene silencing or
they demonstrated that BTGI
expression was negatively correlated with glioma cell viability,
inducing cell cycle arrest in the GO/G1 phase transition and

overexpression experiments,
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apoptosis, glioma cell migration and invasion, and the angiogenic
capacity of human umbilical vein endothelial cells. These effects
were the result of differences in the expression levels of the cell cycle-
related proteins cyclin DI and p21, VEGF, a promoter of blood vessel
formation, and cleaved caspase-3, which plays a key role in apoptosis.
Furthermore, in glioma cells, BTG1 significantly regulated the
expression of the Wntl and f-catenin genes, likely controlling
the activation of the Wnt/B-catenin pathway, as suggested by
in vitro experiments conducted with a Wnt/p-catenin pathway
agonist (LiCl) and inhibitor (FH535) (Qian et al.,, 2019). These
findings are consistent with the transcriptional co-regulatory activity
of BTG1, which interacts with and recruits PRMT1
transcription factor complexes (Lin et al, 1996; Berthet et al,

into

2002), modulating downstream gene expression: for example, the
BTG1/PRMT1/ATF4 complex has been shown to control the
survival/apoptosis balance in cells subjected to stress conditions,
such as hypoxia and nutrient limitation, frequently observed in solid
tumors (Yuniati et al., 2016). Furthermore, inhibition of cyclin D1
expression by BTGI has been observed in other brain cells such as
cerebellar precursors (Ceccarelli et al., 2015).

In another 2019 paper, Wang and colleagues demonstrated that
BTGI downregulation in GBM development may be a consequence
of the action of the RNA-binding protein PUM2 (Wang et al., 2019).
In the CNS, PUM2 is known to modulate neurogenesis by
promoting neural stem cell proliferation through transcriptional
repression of cell cycle genes (Zhang et al., 2017). The authors
observed that PUM2 mRNA and protein levels were higher in GBM
tissues, as well as in several GBM cell lines, including U-87MG,
U-T98G, U-251MG, and Al72, compared to normal tissues.
Through PUM2 gene silencing experiments in U-251MG and U-
87MG cells, Wang and colleagues demonstrated that
PUM2 positively regulated GBM cell proliferation, reduced
apoptosis, and promoted cell migration and invasion. These
effects on GBM development were due to downregulation of
BTGI expression: in fact, PUM?2 directly bound to the 3'-UTR of
BTGI1, blocking mRNA translation and likely promoting its
degradation, as previously demonstrated for other genes
(Bermudez et al., 2011). Furthermore, BTGI knockdown was able
to reverse the effect of PUM2 knockdown on GBM cell proliferation,
migration, and invasion (Wang et al., 2019). All these results, as well
as those presented by Qian and colleagues (2019), were obtained
only in vitro on GBM cell lines, which show low BTGI expression, as
the authors did not conduct analyses of BTGI expression and
mechanisms of action in patient samples.

Of note, the downregulation of BTG expression in glioma could
also be due to the negative regulatory action of eukaryotic initiation
factor 3 (eIF3) subunits (Lee A et al., 2015), which have been
strongly associated with glioma development (Chai et al., 2019;
Krassnig et al., 2021). Alternatively, it could depend on the action of
different miRNAs, which, initially identified in different tumor
contexts (Li Y et al.,, 2014; Alanazi et al., 2015), are now known
to be involved in the cellular processes underlying glioma
development (Wang B et al, 2018; Wang H et al, 2018; Wei
et al., 2019; Schnabel et al., 2021; Zhang et al., 2022).

Overall, these findings strongly support the hypothesis that
BTGI acts as a tumor suppressor in glioma and may represent a
promising therapeutic target for its treatment. However, it should be
noted that two recent bioinformatics studies revealed that BTGI
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expression was higher in GBM tissue than in normal tissue (Bai
etal.,, 2017; Zhang et al., 2023): therefore, the regulation of BTGI in
brain tumors remains to be fully explored.

In summary, in the context of glioma, BTG2 primarily controls
cell cycle length, and therefore proliferation and survival, of tumor
cells, including cancer stem cells, enabling tumor progression of
low- to high-grade gliomas. Downregulation of BTG2 in these
tumors is due to translational inhibition by specific proteins,
such as Piwill, or miRNAs, such as miR-27a or miR-134-5p
(Tables 4, 5), although the results obtained with the latter
miRNA are unclear and contradict previous studies, thus
requiring further investigation. Similar to BTG2, BTGI controls
the cell cycle, and thus the proliferation and apoptosis, of glioma
tumor cells, and its expression is negatively correlated with tumor
cell migration and invasion. BTGI’s tumor suppressor function is
exerted through the transcriptional control of cell cycle-related
proteins and components of the Wnt/p-catenin pathway. In
glioma cell lines, BTGI expression is negatively regulated by
translational inhibitors such as miRNAs or the RNA-binding
protein PUM2 (Tables 4, 5), unlike the high BTGI expression
found in patient tumors: this highlights the need for further
analysis to clarify the actual role of BTGI in human gliomas.

7.2 Medulloblastoma

Medulloblastoma (MB) is a malignant, highly invasive primitive
neuroectodermal tumor that typically arises in the cerebellum, in the
posterior fossa of the skull. The disease is often associated with
increased intracranial pressure; the predominant symptoms are
headache, chronic nausea, vomiting, and ataxia (Crawford et al.,
2007; Northcott et al., 2019). MB cells disseminate early within the
CNS: approximately one-third of patients have metastases in the
cerebrospinal fluid and meninges at diagnosis. More rarely, MB
spreads to extraneural sites such as bone, bone marrow, lymph
nodes, liver, and lungs (MacDonald et al., 2003; Van Ommeren et al.,
2020). Most cases are sporadic, though hereditary syndromes
(Gorlin, Li-Fraumeni, Turcot) may predispose to MB (Foulkes
et al., 2017; Waszak et al., 2018; Kolodziejczak et al., 2023).

Although MB can occur at any age, it is predominantly pediatric
and represent the most common childhood malignant brain tumor,
accounting for approximately 20% of primary CNS tumor in
patients under 19 years of age (Crawford et al, 2007; Ostrom
et al, 2018). In adults, MB accounts for 0.4%-1% of brain
tumors (Smoll and Drummond, 2012; Franceschi et al., 2022).

Historically, MB patients were stratified into two groups,
standard risk and high risk, based on the patient’s age, the
presence of metastases at diagnosis, and the size of residual
tumor after surgery. Standard risk patients are older than 3 years,
have no metastases, and have a residual tumor mass of <1.5 cm? after
surgery (Martin et al., 2014). Current multimodal therapy for MB
includes maximal safe resection, high-dose chemotherapy, and, in
non-infant patients, craniospinal irradiation, and allows 5-year
disease-free survival rates of 80% for patients with standard-risk
MB and approximately 60% for high-risk disease (Martin et al.,
2014; Ramaswamy et al., 2016; Bailey et al., 2022; He D et al., 2024).
However, approximately 30% of patients relapse, and survival after
relapse is less than 5% (Hill et al., 2021). Furthermore, long-term
survivors suffer severe adverse effects, such as physical and
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TABLE 5 Comparison of BTG2 and BTG1 in malignant brain tumors.

10.3389/fcell.2026.1775035

Tumor Gene Expression status Main functional effects Clinical/prognostic relevance
Glioma BTG2 | The expression level of BTG2 in human gliomas | Overexpression of BTG2 o Downregulation of BTG2 promotes glioma
is variable and correlates with the prognosis of | e In tumor cells, it causes an increase in progression, thus BTG2 may be considered a
patients cell cycle length promising prognostic marker to predict
o In GSCs, it leads to cell cycle arrest and disease progression
apoptosis e BTG2 could represent a novel biomarker for
Downregulation of BTG2 GSCs and potentially be manipulated to
o Increases tumor cell proliferation develop new therapies for glioma
* Promotes cell migration
o Induces the progression of low- to
high-grade gliomas
BTGI Bioinformatics studies indicate that BTG1 Overexpression of BTG o BTGI acts as a tumor suppressor in glioma and
expression is higher in glioma tissue than in o Reduces tumor cell proliferation may represent a promising prognostic and
normal tissue (unlike glioma cell lines) ¢ Increases tumor cell apoptosis therapeutic marker
e Inhibits cell migration and invasion o Translational repressors acting upstream of
Downregulation of BTGI BTGI, such as miRNAs or PUM2, or
e Increases tumor cell proliferation downstream targets of BTG1, such as the Wnt/
e Reduces tumor cell apoptosis B-catenin pathway, could be used to develop
e Promotes cell migration and invasion novel therapies for glioma
Medulloblastoma | BTG2 | A broad deregulation of BTG2 expression is Overexpression of PC3/BTG2 e BTG2 is a MB suppressor gene and a
observed in human MBs compared to control | e Reduces the frequency of MB potentially relevant target for gene therapy
cerebellar samples e Reduces cell proliferation » Downstream targets of BTG2, such as Cxcl3,
o Increases cell differentiation could be successfully used alone or in
Genetic ablation of Tis21/BTG2 combination with other targeted therapies
e Increases the incidence of MB (e.g., PI3K/AKT/mTOR pathway inhibitors)
e Impairs GCP migration by as therapeutic agents in human MB therapy
downregulating Cxcl3 expression
« Synergizes with the PI3K/AKT/mTOR
pathway, with pro-proliferative and
anti-apoptotic effects
BTGI Some human MBs show extensive deregulation | Genetic ablation of BTGI o BTGI regulates the balance between tumor cell
of BTGI expression, otherwise unchanged « Does not increase the frequency of MB proliferation and survival
compared to control cerebellar samples « Does not affect tumor cell proliferation | e BTGI may be implicated in MB recurrence as it
o Increases tumor cell apoptosis influences CSC biology
e Causes a significant increase in CSCs

CSC: cancer stem cell; GCP: granule cell progenitor; GSC: glioma stem cell.

neurocognitive deficits (Edelstein et al., 2011; Fay-McClymont et al.,
2017) and secondary malignancies (Packer et al., 2013; Nantavithya
et al, 2020). New and more effective therapeutic strategies are
therefore urgently needed to reduce treatment-related toxicities,
significantly improving the quality of life of young patients.

Over the past 2 decades, molecular profiling has transformed the
prognosis, risk stratification, and management of childhood MB,
opening the possibility of precision medicine approaches. Based on
the molecular profiling, MBs can be classified into four main
subgroups of clinical relevance (Wnt, Sonic hedgehog (Shh),
group 3 and group 4), with further subclassification possible
within each subgroup (Ramaswamy et al., 2016; Juraschka and
Taylor, 2019; Sidaway, 2021; Sursal et al., 2022).

The Wnt subgroup accounts for approximately 10% of
MBs, which harbor activating mutations in
components of the Wnt signaling pathway (Juraschka and
Taylor, 2019; Northcott et al., 2019). This subgroup has the
best prognosis, probably due to alterations in the patients’
blood-brain barrier, which is therefore more permeable to

human

systemic chemotherapy (Phoenix et al., 2016). Furthermore,
Wnt tumors rarely metastasize or recur (Juraschka and Taylor,
2019): therefore, Wnt patients are considered low risk
(Ramaswamy et al., 2016). It has been suggested that the
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cellular origin of this subgroup is located within the lower
rhombic lip and dorsal brainstem (Gibson et al., 2010;
Grammel et al., 2012).

Group 3 and group 4 MBs show the worst survival outcomes, are
often metastatic at diagnosis, and lack targeted therapies, as their
molecular pathogenesis is not yet well understood. Group
3 represents approximately 25% of all MBs and is proposed to
originate from neural stem cells. Group 4 represents 35%-40% of all
MB diagnoses, and the putative cells of origin for these tumors may
reside in the upper rhombic lip compartment (Juraschka and Taylor,
2019; Vladoiu et al., 2019; Lin et al., 2016).

The Shh subgroup comprises approximately one-third of all
human MBs, with a variable outcome based on the clinical and
molecular characteristics of the tumors (Juraschka and Taylor, 2019;
Sidaway, 2021). Interestingly, to this group belongs the large
majority of published MB animal models (Wu et al, 2011;
Goodrich et al., 1997; Lee et al., 2007; Hatton et al., 2008;
Grigore et al.,, 2023). Shh-dependent MBs arise from cerebellar
granule precursor (GCPs), which harbor
mutations or copy number alterations in components of the Shh

cells activating

signaling pathway, which controls their proliferation during the

physiological cerebellar development (Juraschka and Taylor, 2019;
Northcott et al., 2019). In humans, cerebellar development begins in
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the first trimester of gestation and persists for several months after
birth; in mice, this process begins during early embryonic stages and
continues up to 3 weeks after birth. During cerebellar development,
GCPs migrate from the upper rhombic lip to the surface of the
embryonic cerebellar anlage, where they form the external granular
layer (EGL). Postnatally, within this layer, GCPs undergo extensive
proliferation and expansion in response to the mitogen Shh, secreted
by underlying Purkinje neurons. Subsequently, GCPs exit the cell
cycle and migrate inward — past the molecular (ML) and Purkinje
(PL) layers — toward the internal granular layer (IGL), where they
ultimately differentiate into mature granule neurons (Dahmane and
Ruiz i Altaba, 1999; Wechsler-Reya and Scott, 1999; Wallace, 1999;
Wang and Zoghbi, 2001). Proper cerebellar patterning depends on
tightly regulated programs of proliferation, differentiation,
migration, and survival of glial and neuronal cells; perturbations
underlie developmental disorders and cancer (Ceccarelli, 2023).

It is known that several genes important for cell cycle control can
act, if their expression is altered, as Shh-MB drivers (Skowron et al.,
2021). Deregulation of BTG2 expression has been observed in
human MB tumors (Farioli-Vecchioli et al., 2007; Ceccarelli
et al, 2021), as well as some MB samples showed a large
deregulation (up to 40%) of BTGI
et al., 2020a).

As previously mentioned, PC3/Tis21/BTG2 is expressed, albeit
with different spread and intensity, in the layers (EGL, ML, PL, IGL)
of the cerebellar cortex, where it inhibits cell proliferation and

expression (Ceccarelli

induces neuronal maturation during the embryonic and early
postnatal period. In mice, PC3/BTG2 overexpression has been
observed to cause a marked decrease in cell proliferation in
GCPs within the EGL, following the inhibition of cyclin DI
expression, and an increase in the expression of Mathl, a
transcription factor required for GCP maturation. Furthermore,
PC3/BTG2 overexpression has been shown to cause increased
cellular differentiation throughout the cerebellum, with a
significant increase in ML and IGL thickness and the number of
NeuroD1-positive cells in the EGL. Overall, in mice, PC3/BTG2
overexpression has been shown to increase the production of
postmitotic neurons, resulting in reduced cerebellar development,
abnormal posture, and ataxic gait (Canzoniere et al., 2004).

The antiproliferative and prodifferentiative effects of PC3/BTG2
in GCPs suggested a possible role of this gene as a tumor suppressor
of Shh-induced MBs. See Table 4 and Figure 1. This hypothesis was
tested by Farioli-Vecchioli and colleagues in a mouse model
obtained by crossing transgenic mice conditionally expressing the
PC3/BTG2 gene (TgPC3) in the cerebellar GCPs with Patchedl
heterozygous mice (Ptch1*"~) (Farioli-Vecchioli et al., 2007). Ptch1*"~
mice are spontaneously predisposed to develop MB due to the
constitutive activation of the Shh pathway, caused by the lack of
the Ptchl receptor that inhibits the pathway (Goodrich et al., 1997;
Hahn et al., 1998). Additionally, more than 50% of Ptchl*~ mice
present preneoplastic nodular formations containing highly
proliferating preneoplastic GCPs (pGCPs) on the surface of the
cerebellum and in the interlobular fissures within 2-6 months of
birth, representing the initial stages of MB development (Goodrich
et al., 1997; Oliver et al., 2005; Kessler et al., 2009).

In Ptch1*~/TgPC3 mice, PC3/BTG2 overexpression caused an
approximately 40% decrease in the MB incidence, as well as a
marked reduction in the number of preneoplastic lesions. In the
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cerebellum of these mice, the authors observed a reduction in cell
proliferation, due to the negative control of PC3/BTG2 on the
transcription of the cyclin DI gene, and an increase in cell
increased expression levels of the
NeuroD1 and  Mathl,
accompanied by expression of the mature neuron marker NeuN
(Farioli-Vecchioli et al., 2007).

Similar results were observed when MB allografts, obtained by
subcutaneous engraftment of PtchI*~ MB cells in athymic nude

differentiation, due to

neurogenic  transcription  factors

mice, were injected with an adeno-associated virus carrying the
Tis21/BTG2 gene. Presutti et al. (2018) demonstrated that treatment
with this adenovirus significantly reduced the volume of tumor
nodules compared to treatment with an empty adenovirus used as a
control. Gene therapy with Tis21/BTG2 was able to slow the growth
of MB tumors through significant inhibition of cell proliferation and
enhancement of neural differentiation (Presutti et al., 2018). These
results validated BTG2 as a relevant target for MB therapy.
Consistently, Tis21/BTG2 deletion has been shown to increase
the MB incidence in Ptchl heterozygous mice crossed with Tis21
knockout mice (Farioli-Vecchioli et al, 2012a). Ptchl*~ mice
develop spontaneous MBs within the first year of life with a low
incidence depending on the background (Wetmore et al., 2000;
Pazzaglia et al., 2002). The incomplete penetrance of tumor
formation in these mice suggests that additional signaling
pathways cooperate with Shh signaling to promote MB
development (Rao et al., 2004). In Ptchl*~/Tis21*° mice, Tis21/
BTG2 deficiency resulted in a significant increase of MB incidence
compared to the incidence of spontaneous tumors in Ptch1™~ mice
(80% vs. 25.3%), with a higher frequency and persistence of
preneoplastic lesions. Surprisingly, this phenotype was not due to
increased GCP proliferation, suggesting that other genes belonging
to the same family, such as BTG, could substitute for the known
antiproliferative action of Tis21/BTG2 in the cerebellum (see below).
Rather, the Ptch1*~/Tis21*° phenotype was due to impaired GCP
migration from the cerebellar surface to the inner layers during
cerebellar development, accompanied by a defect in cell
2012a). Indeed, the
permanence of GCPs in the proliferative niche of the EGL under

differentiation (Farioli-Vecchioli et al.,
the control of Shh exponentially increases the possibility of
neoplastic transformation, demonstrating the crucial role of
cerebellar GCP migration in MB tumorigenesis (Farioli-Vecchioli
etal,, 2012a; 2013; Haag et al., 2012). Of note, the migration defect of
GCPs, specifically dependent on Tis21/BTG2 deficiency, causes cell
persistence in the EGL, which, however, alone is not sufficient for
tumorigenesis. Only in Ptchl*~ mice, which are spontaneously
predisposed to the development of MB, can the migration defect
trap GCPs in an environment that facilitates their continued growth
and survival. Therefore, similar to what has been described in the
context of glioma, BTG2 downregulation acts as a tumor promoter,
rather than an initiator, in the development of MB. By genome-wide
that
downregulation of the chemokine Cxcl3 was responsible for the

analysis,  Farioli-Vecchioli ~and  colleagues  found
defective migration of normal and preneoplastic GCPs in Ptchl*
"/ Tis21%° mice. The authors observed that Cxcl3 gene transcription
was directly controlled by Tis21/BTG2, as is also known for cyclin
DI, 1d3, and RAR-f3 (Passeri et al., 2006; Farioli-Vecchioli et al., 2007;
2009), and that Cxcl3 was able to regulate GCP migration in a cell-

autonomous manner without affecting either their proliferation or
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differentiation (Farioli-Vecchioli et al., 2012a). These results
suggested that the chemokine Cxcl3, which plays a key role in
GCP migration and MB onset, may represent a novel therapeutic
target for MB.

Since pGCPs within preneoplastic lesions can still undergo
migration and differentiation like normal GCPs, although they
are capable of generating tumors when transplanted (Yang et al.,
2008; Kessler et al., 2009), Ceccarelli and colleagues tested whether
the migration-promoting action of Cxcl3 could induce pGCPs to
migrate out of MB lesions and differentiate, thereby reducing tumor
formation. To this end, the authors subjected Ptchl =/ Tis21%° mice
to chronic administration of the chemokine Cxcl3 by intracerebellar
implantation of Alzet osmotic minipumps. First, the authors started
Cxcl3 treatment in Ptch1*'~/Tis21¥° mice 1 month after birth, a time
when lesions have already started to develop and pGCPs exhibit the
greatest intrinsic plasticity (Kessler et al, 2009): the authors
demonstrated that intracerebellar infusion of exogenous Cxcl3 for
4 weeks completely suppresses the development of MB lesions,
forcing pGCPs to leave the lesions and differentiate (Ceccarelli
et al, 2016). Subsequently, the same group extended their
previous analyses by subjecting 3-month-old Ptchl*~/Tis21*°
mice — bearing irreversibly tumor-committed MB lesion — to
intracerebellar infusion of Cxcl3, to test whether the chemokine has
a migration-promoting action on pGCPs even in the advanced
stages of MB tumorigenesis. The authors demonstrated that a 4-
week treatment with Cxcl3 was not sufficient to completely eradicate
the tumor mass, but caused a seven-fold reduction in tumor
volumes, inducing pGCP migration and differentiation from the
lesions to the inner cerebellar layers (Ceccarelli et al., 2025).
Furthermore, the authors tested whether the pro-migratory
action of Cxcl3 could increase the risk of metastatic spread. Since
the PtchI*~ model develops localized MBs, which do not
disseminate into the cerebrospinal fluid and do not generate
leptomeningeal and spinal cord metastases (Wu et al, 2012),
Ceccarelli and colleagues generated an orthotopic MB model by
xenotransplanting a metastatic MB cell line into the cerebellum of
immunosuppressed mice. In this model, the authors observed that
the administration of exogenous Cxcl3 did not significantly
influence the frequency of metastases: this result, and the fact
that Cxcr2 - the Cxcl3 receptor — was variably expressed in all
MB subgroups (Ceccarelli et al., 2025), suggested that Cxcl3 could be
successfully used for human MB therapy. Further studies will be
needed to verify whether the antitumor effect of Cxcl3 observed in
preclinical models also occurs in patients. Orthotopic xenograft
models are likely not ideal for studying the response to
Cxcl3 treatment, as in them, exogenously transplanted human
tumor cells come into contact with surrounding healthy tissue, in
the absence of a tumor microenvironment (TME). Indeed, the TME
is a dynamic niche composed of blood vessels, functional proteins,
and non-tumor cells, such as fibroblasts, immune cells, and
endothelial cells, which interacts with tumor cells to promote
immune evasion, survival, and recurrence (Zhou et al., 2026).

In addition to Cxcl3, whole-genome analysis of Ptch1*'~/Tis21%°
has the identification of 187 other gene
sequences — 163 of which have a functional product - whose

mice allowed

expression significantly differs with respect to PtchI*~ mice

(Farioli-Vecchioli et al., 2012a; Gentile et al., 2016). Among these
genes, several components of the PI3K/AKT/mTOR pathway were
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found. In Ptch1*/7/Tis21%° mice, Tis21/BTG2 deletion was found to
act synergistically with the PtchI*~ genotype to activate the PI3K/
AKT/mTOR pathway, as the expression levels of some pathway
inhibitors (e.g., Smgl) were downregulated and several pathway
activators (e.g., Pdgfd, Deptor, Dgkq, Rraga) were upregulated
(Ceccarelli et al., 2021). Ceccarelli and colleagues demonstrated
that in Ptchl*'~/Tis21%° mice, activation of the PI3K/AKT/mTOR
pathway caused a significant increase in proliferation and a
significant decrease in apoptosis of neoplastic GCPs, paralleled by
hyperphosphorylation of AKT and the mTOR target S6. This
phenotype was reversed in nodules obtained by engrafting
primary Ptchl*"/Tis21*° MBs into immunosuppressed mice by
treatment with MENI1611, a PI3K inhibitor, resulting in a
significant reduction in tumor growth. Overall, these data
confirmed that PI3K/AKT/mTOR pathway activation contributes,
together with the Cxcl3-dependent migration defect, to induce GCP
transformation and, therefore, high-frequency tumorigenesis in
Ptch1*'~ mice lacking the Tis21/BTG2 gene (Ceccarelli et al., 2021).

The role of BTG2 as a MB suppressor and the existence of a
cross-talk between BTG2 and the Shh pathway in the pathogenesis of
Shh-type MB were further validated by the work of Zhang and
colleagues in 2018. The authors demonstrated, both in vitro and in
spontaneous Shh-MB Neurod2-SmoAl transgenic mice, a mouse
model with a higher incidence of tumors than the Ptch1™~ model
(Wu et al,, 2011), the existence of a Gli2/FoxD1/Nkx2-2as/BTG2
axis, which is critically involved in the development of Shh-induced
MB. The authors observed that in cerebellar cells, the long
noncoding RNA Nkx2-2as functioned as a competitive
endogenous RNA (ceRNA) to sequester miR-103 and miR-107,
thereby derepressing their target BTG2 and preventing cell division
and migration. In the context of Shh-MB, Shh signaling impaired
Nkx2-2as expression by upregulating the transcriptional repressor
FoxD1 via Gli2, resulting in repression of the MB suppressor BTG2
(Zhang et al., 2018). Thus, the authors provided new insights into
the mechanisms underlying Shh-induced MB pathogenesis and
confirmed BTG2 as a candidate target for clinical MB treatment.

Similar to BTG2, BTGI is also highly expressed in cerebellar
precursors and mature granule neurons during development and
adulthood, respectively (Farioli-Vecchioli et al., 2012b; 2014b). BTG1
plays a key role in cerebellar maturation and function, primarily
regulating GCP proliferation through inhibition of cyclin DI
(Ceccarelli et al., 2015). See Table 4 and Figure 2. Ceccarelli and
colleagues observed that during cerebellar development, BTGI
deletion caused a significant increase in GCP proliferation in the
EGL, with mild but significant secondary deficits in differentiation
and migration — the latter process being essentially controlled by
Tis21/BTG2. Thus, in the cerebella of BTGI*® mice, a significant
increase in EGL thickness was observed. The gradual disappearance
of this layer during cerebellar maturation occurred due to the
significant increase in apoptosis of BTGI-null GCPs, but on a
longer time scale than in wild-type cerebella. Consequently, in
BTGI®® mice, a permanent increase in adult cerebellar volume
and an impairment of cerebellar-dependent motor coordination
were observed (Ceccarelli et al., 2015).

The hyperproliferation of GCPs and increased EGL thickness
observed in BTGI*® mice suggested that BTGI may be involved in
the pathogenesis of Shh-MB by acting as a tumor suppressor. This
hypothesis was tested by Ceccarelli et al. (2020a) in a MB mouse

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

model (Ptch1*"/BTGI*®) obtained by crossing PtchI*~ mice with
mice lacking BTGI gene. In Ptch1™"/BTGI*® mice, genetic ablation
of BTGI did not increase the frequency of MB, either in preneoplastic
stages or in established tumors. Surprisingly, it did not affect the
proliferation of neoplastic GCPs, but significantly increased their
apoptosis, likely as a consequence of increased expression of BTGI’s
partner PRMT1, which targets apoptotic genes (Ceccarelli et al.,
2020a). These results indicated that BTGI plays a role in MB
pathogenesis by regulating the balance between tumor cell
proliferation and survival; at the same time, they did not rule out
its possible role as a MB suppressor, given that the pronounced
increase in apoptosis following BTGI ablation could hide any
increase in proliferation and tumorigenesis. Interestingly, in
Ptch1*"/BTGI®® MBs the authors observed a significant increase
in tumor cells expressing the carbohydrate antigen CD15 (Ceccarelli
et al., 2020a), a surface marker of MB cancer stem cells (CSCs) (Read
et al,, 2009; Ward et al., 2009). This finding was in line with the fact
that in adult neurogenic niches, BTGI is required for the
physiological maintenance of stem/progenitor cell quiescence and
self-renewal (see above). CSCs are a subpopulation of tumor cells
within MBs that, by resisting chemotherapeutic agents and
radiotherapy, are responsible for cancer recurrence and metastatic
dissemination. Indeed, CSCs are resistant to common therapeutic
approaches because they have a high capacity to repair DNA damage
and export chemotherapeutic drugs out (Atashzar et al., 2020). Most
importantly, CSCs are slow-proliferating/quiescent cells, which enter
the cell cycle only occasionally, thus escaping antiproliferative
therapeutic strategies (Aguirre-Ghiso, 2007). Thus, the BTGI gene
was found to be involved in CSC proliferation and survival and may
be implicated in MB recurrence and long-term treatment resistance.

In summary, during postnatal cerebellar development, BTGI and
BTG2 play different key roles in GCP biology: the former specifically
controls their proliferation through the inhibition of cyclin DI, while
the latter is essentially required for their migration through the
transcriptional control of the chemokine Cxcl3. This translates into
different roles in cerebellar tumorigenesis. In the context of Shh-
induced MBs, BTG2 acts as a tumor suppressor, as its overexpression
reduces MB frequency by inhibiting cell proliferation and inducing cell
differentiation, while its deletion increases tumor frequency due to
impaired GCP migration (Tables 4, 5). In contrast, BTGI does not
appear to be a canonical tumor suppressor, as its deletion does not
affect tumor cell proliferation and does not increase MB frequency.
However, its role in MB pathogenesis cannot be ruled out, given its
involvement in CSC proliferation and survival (Tables 4, 5). Future
studies are therefore needed to evaluate whether the BTGI gene is
implicated in MB recurrence.

7.3 Therapeutic implications

As mentioned above, PC3/Tis21/BTG2 and BTGI are expressed
in the developing and adult CNS, where they control the biology of
neural and glial cells. Furthermore, they are known tumor
suppressors in various types of solid and hematological tumors.
Therefore, as described, several groups have studied the action of
PC3/Tis21/BTG2 and BTGI1 on malignant brain tumors to identify
novel molecular targets for use as diagnostic and prognostic markers
in cancer patients and to develop alternative therapeutic approaches
to conventional treatment regimens.
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In gliomas, BTG2 has been shown to control tumor progression,
as its downregulation confers fully malignant characteristics to low-
grade gliomas (Appolloni et al, 2012) (Table 4). Furthermore,
downregulation of this gene correlates with the survival and self-
renewal of cancer stem cells (Huang et al, 2021) (Table 4).
Therefore, BTG2 is a promising prognostic marker for predicting
disease progression, and its expression level, which varies from
patient to patient, correlates with prognosis (Table 5). In contrast,
BTGI expression is not predictive, as it appears higher in glioma
tissue than in normal tissue (Bai et al., 2017; Zhang et al., 2023).
Since this gene acts as a tumor suppressor in vitro in glioma cells
(Table 4), BTGI and its upstream/downstream targets might be
better suited as direct targets, rather than biomarkers, for the
development of novel glioma therapies (Table 5).

In the context of Shh-MB, Tis21/BTG2 has proven to be a
potentially relevant therapeutic target, as its overexpression via gene
therapy has been shown to be therapeutically effective in preclinical
models (Presutti et al, 2018) (Table 4). Similarly, exogenous
administration of its transcriptional target, the chemokine Cxcl3,
which mimics BTG2-controlled morphogenetic migration of GCPs,
in a preclinical model of Tis21/BTG2-deficient MB has been shown to
be effective in counteracting tumor development in both early and
advanced stages, without risk of toxicity or metastasis (Ceccarelli et al.,
2016; 2025) (Table 4). Therefore, BTG2 and its downstream effector
Cxcl3 emerge as compelling therapeutic candidates for MB, either as
stand-alone interventions or in combination with other targeted
approaches, such as inhibitors of the PI3K/AKT/mTOR or Shh
pathways or CAR-T cells (Table 5). As a diagnostic and prognostic
marker, BTG2 is not very reliable, as its expression is widely
dysregulated in human MB (Table 5): an exception is represented
by a small portion of patients with simultaneous BTG2 downregulation
and PI3K/AKT/mTOR pathway activation, who are classified as high-
risk Shh-type MB with a very poor prognosis (Ceccarelli et al., 2021).
BTGI expression is also widely dysregulated — often due to
mutations — in human MB (Ceccarelli et al.,, 2020a), making this
gene unsuitable as a biomarker for patient stratification. More
interesting is its use as a therapeutic target, as manipulating BTGI
expression could alter the balance between proliferation and apoptosis
in MB tumor formation, with antitumor effects (Table 4, 5). However,
in a preclinical mouse model, downregulation of BTGI has been
shown to cause a marked increase in cancer stem cells (Ceccarelli
et al., 2020a), known to be responsible for tumor recurrence over time
and resistance to therapies. Further studies will therefore be needed to
evaluate the risk/benefit ratio of manipulating the BTG pathway in
MB, as well as the BTG2 pathway in glioma, given the role of these
genes in cancer stem cell biology.

8 Conclusion

PC3/Tis21/BTG2 and BTGI emerge as pivotal regulators of
neural development and brain tumorigenesis, acting primarily
through their ability to modulate cell cycle progression,
differentiation, and apoptosis. In particular, PC3/Tis21/BTG2 is
essential for the differentiation of progenitor cells in adult
neurogenic niches such as the hippocampus and SVZ, whereas
BTGI plays a key role in maintaining stem cell quiescence and
preserving the neural stem cell pool.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Their tumor-suppressive functions are tightly linked to the
control of neural stem and progenitor cell dynamics, which,
when disrupted, contribute to the onset and progression of
aggressive brain tumors such as glioma and MB.

By promoting neuronal differentiation and migration, PC3/Tis21/
BTG2 reduces the susceptibility of cerebellar precursors to oncogenic
BTGI
including that of cancer stem cells implicated in tumor relapse.

To outline the key areas where evidence is lacking and suggest

transformation, while limits uncontrolled proliferation,

specific directions for future research, we should mention: i) the gene
domain-specific causality in vivo; ii) the deadenylation specificity; iii)
the apoptosis decision map, i.e., the rules underlying the anti-apoptotic
and the pro-apoptotic activity of BTG2 and BTGI; iv) the BTGI’s role
in MB, in particular concerning cancer stem cells. Moreover, the
Cxcl3 proof-of-concept is strong, but possible future directions at
preclinical level are its testing in combination with CAR-T models or in
combination with PI3K and Shh inhibitors.

The ability of these genes to regulate key molecular pathways
underscores their potential as therapeutic targets and offers a
promising avenue for personalized treatments. Future research
should focus on strategies that modulate these cofactors — or their
downstream effectors — to generate new therapeutic approaches that
leverage their dual role in neurogenesis and tumor suppression.

Author contributions

MC: Conceptualization, Data curation, Investigation, Supervision,
Writing - original draft, Writing - review and editing, Funding
acquisition. LM: Writing - review and editing. GD: Visualization,
Writing — review and editing. FT: Conceptualization, Data curation,
Investigation, Supervision, Writing — original draft, Writing — review
and editing, Funding acquisition.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported from the
Fondazione Adriano Buzzati-Traverso grant 2020-2025 (CNR
project DSB.AD004.317) to FT and from the Associazione per le
Neuroscienze Giuseppe Moruzzi grant 2024-2028 (CNR project
DSB.AD004.514) to FT. This work was supported also by the
Italian Ministry of Health with “Current Research funds”. LM
was supported by the European Union-Next-Generation EU
under the National Recovery and Resilience Plan (PNRR),
Mission 4, Component 2, Investment 1.1, and by the Italian
Ministry of University and Research (MUR), Project Title:

References

Aguirre-Ghiso, J. A. (2007). Models, mechanisms and clinical evidence for cancer
dormancy. Nat. Rev. Cancer 7, 834-846. doi:10.1038/nrc2256

Aimone, J. B., Deng, W., and Gage, F. H. (2011). Resolving new memories: a critical look
at the dentate gyrus, adult neurogenesis, and pattern separation. Neuron 70, 589-596.
doi:10.1016/j.neuron.2011.05.010

Alanazi, I, Hoffmann, P., and Adelson, D. L. (2015). MicroRNAs are part of the
regulatory network that controls EGF induced apoptosis, including elements of the JAK/

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

PRIN2022-20224PMKEH-CUP B53D23018360006. GD’A  was
recipient of a fellowship from the project PRIN 2022 4PMKEH.

Acknowledgements

We thank the members of our laboratories who contributed
to the investigations described in this review. The Figures 1, 2
were created using BioRender.com.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

A patent was filed by the National Research Council on the
possible use of the chemokine Cxcl3 in medulloblastoma therapy.

The author MC declared that she was an editorial board member
of Frontiers at the time of submission. This had no impact on the
peer review process and the final decision.

Correction note

This article has been corrected with minor changes. These
changes do not impact the scientific content of the article.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

STAT pathway, in A431 cells. PLoS One 10, €0120337. doi:10.1371/journal.pone.
0120337

Altin, J. G., Kujubu, D. A, Raffioni, S., Eveleth, D. D., Herschman, H. R, and Bradshaw, R. A.
(1991). Differential induction of primary-response (TIS) genes in PC12 pheochromocytoma
cells and the unresponsive variant PC12nnr5. J. Biol. Chem. 266, 5401-5406.

Alvarez-Buylla, A., and Lim, D. A. (2004). For the long run: maintaining germinal niches
in the adult brain. Neuron 41, 683-686. doi:10.1016/s0896-6273(04)00111-4

frontiersin.org


http://BioRender.com
https://doi.org/10.1038/nrc2256
https://doi.org/10.1016/j.neuron.2011.05.010
https://doi.org/10.1371/journal.pone.0120337
https://doi.org/10.1371/journal.pone.0120337
https://doi.org/10.1016/s0896-6273(04)00111-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Appolloni, I, Curreli, S., Caviglia, S., Barilari, M., Gambini, E., Pagano, A,, et al. (2012).
Role of BTG2 in the progression of a PDGF-induced oligodendroglioma model. Int.
J. Mol. Sci. 13, 14667-14678. d0i:10.3390/ijms131114667

Atashzar, M. R, Baharlou, R., Karami, J., Abdollahi, H., Rezaei, R., Pourramezan, F.,
et al. (2020). Cancer stem cells: a review from origin to therapeutic implications. J. Cell
Physiol. 235, 790-803. doi:10.1002/jcp.29044

Attardo, A., Fabel, K., Krebs, J., Haubensak, W., Huttner, W. B., and Kempermann, G.
(2010). Tis21 expression marks not only populations of neurogenic precursor cells but
also new postmitotic neurons in adult hippocampal neurogenesis. Cereb. Cortex 20,
304-314. doi:10.1093/cercor/bhp100

Bai, Y., Qiao, L., Xie, N,, Shi, Y., Liu, N, and Wang, J. (2017). Expression and prognosis
analyses of the Tob/BTG antiproliferative (APRO) protein family in human cancers.
PLoS One 12, €0184902. doi:10.1371/journal.pone.0184902

Bailey, S., André, N., Gandola, L., Massimino, M., Wheatley, K., Gates, S., et al. (2022).
Clinical trials in high-risk medulloblastoma: evolution of the SIOP-Europe HR-MB trial.
Cancers (Basel) 14, 374. doi:10.3390/cancers14020374

Bakker, W. J., Blazquez-Domingo, M., Kolbus, A., Besooyen, J., Steinlein, P., Beug, H.,
et al. (2004). FoxO3a regulates erythroid differentiation and induces BTG1, an activator
of protein arginine methyltransferase 1. J. Cell Biol. 164, 175-184. doi:10.1083/jcb.
200307056

Berger, T. R,, Wen, P. Y., Lang-Orsini, M., and Chukwueke, U. N. (2022). World health
Organization 2021 classification of central nervous System tumors and implications for
therapy for adult-type gliomas: a review. JAMA Oncol. 8, 1493-1501. doi:10.1001/
jamaoncol.2022.2844

Bermudez, O., Jouandin, P., Rottier, J., Bourcier, C., Pages, G., and Gimond, C. (2011).
Post-transcriptional regulation of the DUSP6/MKP-3 phosphatase by MEK/ERK
signaling and hypoxia. J. Cell Physiol. 226, 276-284. doi:10.1002/jcp.22339

Bernards, R, Jaffee, E., Joyce, J. A., Lowe, S. W., Mardis, E. R,, Morrison, S. J., et al.
(2020). A roadmap for the next decade in cancer research. Nat. Cancer 1, 12-17. doi:10.
1038/s43018-019-0015-9

Berthet, C., Guéhenneux, F., Revol, V., Samarut, C., Lukaszewicz, A., Dehay, C,, et al.
(2002). Interaction of PRMT1 with BTG/TOB proteins in cell signalling: molecular
analysis and functional aspects. Genes cells. 7, 29-39. doi:10.1046/j.1356-9597.2001.
00497.x

Boiko, A. D., Porteous, S., Razorenova, O. V., Krivokrysenko, V. I, Williams, B. R., and
Gudkov, A. V. (2006). A systematic search for downstream mediators of tumor
suppressor function of p53 reveals a major role of BTG2 in suppression of Ras-
induced transformation. Genes Dev. 20, 236-252. doi:10.1101/gad.1372606

Bonaguidi, M. A., Wheeler, M. A., Shapiro, J. S., Stadel, R. P., Sun, G. J., Ming, G. L., et al.
(2011). In vivo clonal analysis reveals self-renewing and multipotent adult neural stem
cell characteristics. Cell 145, 1142-1155. doi:10.1016/j.cell.2011.05.024

Bradbury, A., Possenti, R., Shooter, E. M., and Tirone, F. (1991). Molecular cloning of
PC3, a putatively secreted protein whose mRNA is induced by nerve growth factor and
depolarization. Proc. Natl. Acad. Sci. U. S. A. 88, 3353-3357. doi:10.1073/pnas.88.8.3353

Brandt, M. D., Jessberger, S., Steiner, B., Kronenberg, G., Reuter, K., Bick-Sander, A.,
et al. (2003). Transient calretinin expression defines early postmitotic step of neuronal
differentiation in adult hippocampal neurogenesis of mice. Mol. Cell Neurosci. 24,
603-613. doi:10.1016/5s1044-7431(03)00207-0

Brennan, C. W., Verhaak, R. G., McKenna, A., Campos, B., Noushmehr, H., Salama, S.
R, et al. (2013). The somatic genomic landscape of glioblastoma. Cell 155, 462-477.
doi:10.1016/j.cell.2013.09.034

Busson, M., Carazo, A., Seyer, P., Grandemange, S., Casas, F., Pessemesse, L., et al.
(2005). Coactivation of nuclear receptors and myogenic factors induces the major
BTG1 influence on muscle differentiation. Oncogene 24, 1698-1710. doi:10.1038/sj.onc.
1208373

Calegari, F., Haubensak, W., Haffner, C., and Huttner, W. B. (2005). Selective
lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor
cells during mouse brain development. J. Neurosci. 25, 6533-6538. doi:10.1523/
JNEUROSCI.0778-05.2005

Calzolari, F., Appolloni, I., Tutucci, E., Caviglia, S., Terrile, M., Corte, G., et al. (2008).
Tumor progression and oncogene addiction in a PDGF-B-induced model of
gliomagenesis. Neoplasia 10, 1373-1382. doi:10.1593/neo.08814

Cancer Genome Atlas Research Network (2008). Comprehensive genomic
characterization defines human glioblastoma genes and core pathways. Nature 455,
1061-1068. doi:10.1038/nature07385

Canzoniere, D., Farioli-Vecchioli, S., Conti, F., Ciotti, M. T., Tata, A. M.,
Augusti-Tocco, G., et al. (2004). Dual control of neurogenesis by PC3 through
cell cycle inhibition and induction of Mathl. J. Neurosci. 24, 3355-3369.
d0i:10.1523/JNEUROSCI.3860-03.2004

Ceccarelli, M. (2023). Editorial: cerebellar development and medulloblastoma: new
players and therapeutic options. Front. Cell Dev. Biol. 11, 1214635. doi:10.3389/fcell.
2023.1214635

Ceccarelli, M., Micheli, L., D’Andrea, G., De Bardi, M., Scheijen, B., Ciotti, M., et al.
(2015). Altered cerebellum development and impaired motor coordination in mice
lacking the BTG1 gene: involvement of cyclin D1. Dev. Biol. 408, 109-125. doi:10.1016/j.
ydbio.2015.10.007

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

Ceccarelli, M., Micheli, L., and Tirone, F. (2016). Suppression of medulloblastoma
lesions by forced migration of preneoplastic precursor cells with intracerebellar
administration of the chemokine Cxcl3. Front. Pharmacol. 7, 484. doi:10.3389/fphar.
2016.00484

Ceccarelli, M., D’Andrea, G., Micheli, L., and Tirone, F. (2020a). Deletion of
BTG1 induces Prmtl-Dependent apoptosis and increased stemness in shh-type
medulloblastoma cells without affecting tumor frequency. Front. Oncol. 10, 226.
doi:10.3389/fonc.2020.00226

Ceccarelli, M., D’Andrea, G., Micheli, L., and Tirone, F. (2020b). Interaction between
neurogenic stimuli and the gene network controlling the activation of stem cells of the
adult neurogenic niches, in physiological and pathological conditions. Front. Cell Dev.
Biol. 8, 211. doi:10.3389/fcell.2020.00211

Ceccarelli, M., D’Andrea, G., Micheli, L., Gentile, G., Cavallaro, S., Merlino, G., et al.
(2021). Tumor growth in the high Frequency Medulloblastoma Mouse model Ptch1*~/Tis21°
has a specific activation signature of the PI3K/AKT/mTOR pathway and is
counteracted by the PI3K inhibitor MEN1611. Front. Oncol. 11, 692053. doi:10.
3389/fonc.2021.692053

Ceccarelli, M., Rossi, S., Bonaventura, F., Massari, R., D’Elia, A., Soluri, A., et al. (2025).
Intracerebellar administration of the chemokine Cxcl3 reduces the volume of
medulloblastoma lesions at an advanced stage by promoting the migration and
differentiation of preneoplastic precursor cells. Brain Pathol. 35, e13283. doi:10.1111/
bpa.13283

Chai, R. C., Wang, N.,, Chang, Y. Z., Zhang, K. N, Li, J. J., Niu, J. J., et al. (2019).
Systematically profiling the expression of eIF3 subunits in glioma reveals the expression
of eIF3i has prognostic value in IDH-mutant lower grade glioma. Cancer Cell Int. 19,
155. doi:10.1186/s12935-019-0867-1

Chen, R., Smith-Cohn, M., Cohen, A. L., and Colman, H. (2017). Glioma
subclassifications and their clinical significance. Neurotherapeutics 14, 284-297.
do0i:10.1007/s13311-017-0519-x

Chiang, K. C,, Tsui, K. H., Chung, L. C,, Yeh, C. N,, Feng, T. H., Chen, W. T, et al.
(2014). Cisplatin modulates B-cell translocation gene 2 to attenuate cell proliferation of
prostate carcinoma cells in both p53-dependent and p53-independent pathways. Sci.
Rep. 4, 5511. doi:10.1038/srep05511

Choi, K. S., Kim, J. Y., Lim, S. K., Choi, Y. W,, Kim, Y. H,, Kang, S. Y., et al. (2012).
TIS21(/BTG2/PC3) accelerates the repair of DNA double strand breaks by enhancing
Mrell methylation and blocking damage signal transfer to the Chk2(T68)-p53(S20)
pathway. DNA Repair (Amst). 11, 965-975. doi:10.1016/j.dnarep.2012.09.009

Chung, L. C,, Tsui, K. H,, Feng, T. H,, Lee, S. L., Chang, P. L., and Juang, H. H. (2012).
L-Mimosine blocks cell proliferation via upregulation of B-cell translocation gene 2 and
N-myc downstream regulated gene 1 in prostate carcinoma cells. Am. J. Physiol. Cell
Physiol. 302, C676-C685. doi:10.1152/ajpcell.00180.2011

Corjay, M. H., Kearney, M. A, Munzer, D. A,, Diamond, S. M., and Stoltenborg, J. K.
(1998). Antiproliferative gene BTGI is highly expressed in apoptotic cells in
macrophage-rich areas of advanced lesions in Watanabe heritable hyperlipidemic
rabbit and human. Lab. Invest 78, 847-858.

Corrente, G., Guardavaccaro, D., and Tirone, F. (2002). PC3 potentiates NGF-induced
differentiation and protects neurons from apoptosis. Neuroreport 13, 417-422. doi:10.
1097/00001756-200203250-00011

Cortes, U., Moyret-Lalle, C., Falette, N., Duriez, C., Ghissassi, F. E., Barnas, C., et al.
(2000). BTG gene expression in the p53-dependent and -independent cellular response
to DNA damage. Mol. Carcinog. 27, 57-64. doi:10.1002/(SICI)1098-2744(200002)27:
2<57:AID-MC1>3.0.CO;2-1

Crawford, J. R,, MacDonald, T. J., and Packer, R. J. (2007). Medulloblastoma in
childhood: new biological advances. Lancet Neurol. 6, 1073-1085. doi:10.1016/S1474-
4422(07)70289-2

Dahmane, N., and Ruiz i Altaba, A. (1999). Sonic hedgehog regulates the growth and
patterning of the cerebellum. Development 126, 3089-3100. doi:10.1242/dev.126.14.3089

DeAngelis, L. M. (2001). Brain tumors. N. Engl. J. Med. 344, 114-123. doi:10.1056/
NEJM200101113440207

Devanand, P., Sundaramoorthy, S., Ryu, M. S., Jayabalan, A. K., Ohn, T., and Lim, I. K.
(2019). Translational downregulation of Twistl expression by antiproliferative gene,
B-cell translocation gene 2, in the triple negative breast cancer cells. Cell Death Dis. 10,
410. doi:10.1038/s41419-019-1640-z

Doidge, R., Mittal, S., Aslam, A., and Winkler, G. S. (2012). The anti-proliferative activity
of BTG/TOB proteins is mediated via the Cafla (CNOT7) and Caflb (CNOTS)
deadenylase subunits of the Ccr4-not complex. PLoS One 7, e51331. doi:10.1371/
journal.pone.0051331

Dolezal, E., Infantino, S., Drepper, F., Borsig, T., Singh, A., Wossning, T., et al. (2017).
The BTG2-PRMT1 module limits pre-B cell expansion by regulating the CDK4-Cyclin-
D3 complex. Nat. Immunol. 18, 911-920. doi:10.1038/ni.3774

Donato, L. J., Suh, J. H,, and Noy, N. (2007). Suppression of mammary carcinoma cell
growth by retinoic acid: the cell cycle control gene BTG2 is a direct target for retinoic
acid receptor signaling. Cancer Res. 67, 609-615. doi:10.1158/0008-5472.CAN-06-0989

Dumitru, I, Paterlini, M., Zamboni, M., Ziegenhain, C., Giatrellis, S., Saghaleyni, R.,
et al. (2025). Identification of proliferating neural progenitors in the adult human
hippocampus. Science 389, 58-63. doi:10.1126/science.adu9575

frontiersin.org


https://doi.org/10.3390/ijms131114667
https://doi.org/10.1002/jcp.29044
https://doi.org/10.1093/cercor/bhp100
https://doi.org/10.1371/journal.pone.0184902
https://doi.org/10.3390/cancers14020374
https://doi.org/10.1083/jcb.200307056
https://doi.org/10.1083/jcb.200307056
https://doi.org/10.1001/jamaoncol.2022.2844
https://doi.org/10.1001/jamaoncol.2022.2844
https://doi.org/10.1002/jcp.22339
https://doi.org/10.1038/s43018-019-0015-9
https://doi.org/10.1038/s43018-019-0015-9
https://doi.org/10.1046/j.1356-9597.2001.00497.x
https://doi.org/10.1046/j.1356-9597.2001.00497.x
https://doi.org/10.1101/gad.1372606
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1073/pnas.88.8.3353
https://doi.org/10.1016/s1044-7431(03)00207-0
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1038/sj.onc.1208373
https://doi.org/10.1038/sj.onc.1208373
https://doi.org/10.1523/JNEUROSCI.0778-05.2005
https://doi.org/10.1523/JNEUROSCI.0778-05.2005
https://doi.org/10.1593/neo.08814
https://doi.org/10.1038/nature07385
https://doi.org/10.1523/JNEUROSCI.3860-03.2004
https://doi.org/10.3389/fcell.2023.1214635
https://doi.org/10.3389/fcell.2023.1214635
https://doi.org/10.1016/j.ydbio.2015.10.007
https://doi.org/10.1016/j.ydbio.2015.10.007
https://doi.org/10.3389/fphar.2016.00484
https://doi.org/10.3389/fphar.2016.00484
https://doi.org/10.3389/fonc.2020.00226
https://doi.org/10.3389/fcell.2020.00211
https://doi.org/10.3389/fonc.2021.692053
https://doi.org/10.3389/fonc.2021.692053
https://doi.org/10.1111/bpa.13283
https://doi.org/10.1111/bpa.13283
https://doi.org/10.1186/s12935-019-0867-1
https://doi.org/10.1007/s13311-017-0519-x
https://doi.org/10.1038/srep05511
https://doi.org/10.1016/j.dnarep.2012.09.009
https://doi.org/10.1152/ajpcell.00180.2011
https://doi.org/10.1097/00001756-200203250-00011
https://doi.org/10.1097/00001756-200203250-00011
https://doi.org/10.1002/(SICI)1098-2744(200002)27:2%3c57::AID-MC1%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1098-2744(200002)27:2%3c57::AID-MC1%3e3.0.CO;2-I
https://doi.org/10.1016/S1474-4422(07)70289-2
https://doi.org/10.1016/S1474-4422(07)70289-2
https://doi.org/10.1242/dev.126.14.3089
https://doi.org/10.1056/NEJM200101113440207
https://doi.org/10.1056/NEJM200101113440207
https://doi.org/10.1038/s41419-019-1640-z
https://doi.org/10.1371/journal.pone.0051331
https://doi.org/10.1371/journal.pone.0051331
https://doi.org/10.1038/ni.3774
https://doi.org/10.1158/0008-5472.CAN-06-0989
https://doi.org/10.1126/science.adu9575
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Edelstein, K., Spiegler, B. J., Fung, S., Panzarella, T., Mabbott, D. J., Jewitt, N., et al.
(2011). Early aging in adult survivors of childhood medulloblastoma: long-term
neurocognitive, functional, and physical outcomes. Neuro Oncol. 13, 536-545.
doi:10.1093/neuonc/nor015

el-Ghissassi, F., Valsesia-Wittmann, S., Falette, N., Duriez, C., Walden, P. D., and
Puisieux, A. (2002). BTG2(TIS21/PC3) induces neuronal differentiation and prevents
apoptosis of terminally differentiated PC12 cells. Oncogene 21, 6772-6778. doi:10.1038/
sj.onc.1205888

Encinas, J. M., Michurina, T. V., Peunova, N., Park, J. H., Tordo, J., Peterson, D. A, et al.
(2011). Division-coupled astrocytic differentiation and age-related depletion of neural
stem cells in the adult hippocampus. Cell Stem Cell 8, 566-579. doi:10.1016/j.stem.2011.
03.010

Evangelisti, C., Astolfi, A., Gaboardi, G. C., Tazzari, P., Pession, A., Goto, K., et al. (2009).
TIS21/BTG2/PC3 and cyclin D1 are key determinants of nuclear diacylglycerol kinase-
zeta-dependent cell cycle arrest. Cell Signal 21, 801-809. doi:10.1016/j.cellsig.2009.
01.027

Farioli-Vecchioli, S., Tanori, M., Micheli, L., Mancuso, M., Leonardi, L., Saran, A., et al.
(2007). Inhibition of medulloblastoma tumorigenesis by the antiproliferative and pro-
differentiative gene PC3. FASEB J. 21, 2215-2225. doi:10.1096/1j.06-7548com

Farioli-Vecchioli, S., Saraulli, D., Costanzi, M., Pacioni, S., Cina, L., Aceti, M., et al.
(2008). The timing of differentiation of adult hippocampal neurons is crucial for spatial
memory. PLoS Biol. 6, €246. doi:10.1371/journal.pbio.0060246

Farioli-Vecchioli, S., Saraulli, D., Costanzi, M., Leonardi, L., Cina, L., Micheli, L., et al.
(2009). Impaired terminal differentiation of hippocampal granule neurons and defective
contextual memory in PC3/Tis21 knockout mice. PLoS One 4, €8339. doi:10.1371/
journal.pone.0008339

Farioli-Vecchioli, S., Cina, L., Ceccarelli, M., Micheli, L., Leonardi, L., Ciotti, M. T., et al.
(2012a). Tis21 knock-out enhances the frequency of medulloblastoma in
Patchedl heterozygous mice by inhibiting the Cxcl3-dependent migration of
cerebellar neurons. J. Neurosci. 32, 15547-15564. doi:10.1523/]NEUROSCI.0412-12.
2012

Farioli-Vecchioli, S., Micheli, L., Saraulli, D., Ceccarelli, M., Cannas, S., Scardigli, R.,
etal. (2012b). BTG1 is required to maintain the pool of stem and progenitor cells of the
dentate gyrus and Subventricular Zone. Front. Neurosci. 6, 124. doi:10.3389/fnins.2012.
00124

Farioli-Vecchioli, S., Micheli, L., Leonardi, L., Ceccarelli, M., Cavallaro, S., and Tirone, F.
(2013). Medulloblastoma or not? Crucial role in tumorigenesis of the timing of
migration of cerebellar granule precursor cells, regulated by Nos2 and Tis21. Front.
Neurosci. 6, 198. doi:10.3389/fnins.2012.00198

Farioli-Vecchioli, S., Ceccarelli, M., Saraulli, D., Micheli, L., Cannas, S., D’Alessandro, F.,
etal. (2014a). Tis21 is required for adult neurogenesis in the subventricular zone and for
olfactory behavior regulating cyclins, BMP4, Hes1/5 and Ids. Front. Cell Neurosci. 8, 98.
doi:10.3389/fncel.2014.00098

Farioli-Vecchioli, S., Mattera, A., Micheli, L., Ceccarelli, M., Leonardi, L., Saraulli, D.,
et al. (2014b). Running rescues defective adult neurogenesis by shortening the length of
the cell cycle of neural stem and progenitor cells. Stem Cells 32, 1968-1982. doi:10.1002/
stem.1679

Fay-McClymont, T. B., Ploetz, D. M., Mabbott, D., Walsh, K., Smith, A., Chi, S. N., et al.
(2017). Long-term neuropsychological follow-up of young children with
medulloblastoma treated with sequential high-dose chemotherapy and irradiation
sparing approach. J. Neurooncol 133, 119-128. doi:10.1007/s11060-017-2409-9

Fei, J. F., Haffner, C., and Huttner, W. B. (2014). 3’ UTR-dependent, miR-92-mediated
restriction of Tis21 expression maintains asymmetric neural stem cell division to ensure
proper neocortex size. Cell Rep. 7, 398-411. doi:10.1016/j.celrep.2014.03.033

Ficazzola, M. A., Fraiman, M., Gitlin, J., Woo, K., Melamed, J., Rubin, M. A, et al. (2001).
Antiproliferative B cell translocation gene 2 protein is down-regulated post-
transcriptionally as an early event in prostate carcinogenesis. Carcinogenesis 22,
1271-1279. doi:10.1093/carcin/22.8.1271

Filippov, V., Kronenberg, G., Pivneva, T., Reuter, K, Steiner, B., Wang, L. P,, et al.
(2003). Subpopulation of nestin-expressing progenitor cells in the adult murine
hippocampus shows electrophysiological and morphological characteristics of
astrocytes. Mol. Cell Neurosci. 23, 373-382. doi:10.1016/s1044-7431(03)00060-5

Fletcher, B. S., Lim, R. W., Varnum, B. C., Kujubu, D. A., Koski, R. A., and Herschman,
H. R. (1991). Structure and expression of TIS21, a primary response gene induced by
growth factors and tumor promoters. J. Biol. Chem. 266, 14511-14518. doi:10.1016/
S0021-9258(18)98716-8

Foulkes, W. D., Kamihara, J., Evans, D. G. R,, Brugiéres, L., Bourdeaut, F., Molenaar, J. J.,
et al. (2017). Cancer surveillance in Gorlin Syndrome and rhabdoid tumor
predisposition Syndrome. Clin. Cancer Res. 23, e62-67. doi:10.1158/1078-0432.
CCR-17-0595

Franceschi, E., Giannini, C., Furtner, J., Pajtler, K. W., Asioli, S., Guzman, R., et al.
(2022). Adult medulloblastoma: updates on Current management and future
perspectives. Cancers (Basel) 14, 3708. doi:10.3390/cancers14153708

Fukuda, S., Kato, F., Tozuka, Y., Yamaguchi, M., Miyamoto, Y., and Hisatsune, T.
(2003). Two distinct subpopulations of nestin-positive cells in adult mouse dentate
gyrus. J. Neurosci. 23, 9357-9366. doi:10.1523/JNEUROSCI.23-28-09357.2003

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

Furnari, F. B., Fenton, T., Bachoo, R. M., Mukasa, A., Stommel, J. M., Stegh, A,, et al.
(2007). Malignant astrocytic glioma: genetics, biology, and paths to treatment. Genes
Deyv. 21, 2683-2710. doi:10.1101/gad.1596707

Gao, S. S, Yang, X. H., and Wang, M. (2016). Inhibitory effects of B-cell translocation
gene 2 on skin cancer cells via the Wnt/B-catenin signaling pathway. Mol. Med. Rep. 14,
3464-3468. doi:10.3892/mmr.2016.5596

Gentile, G., Ceccarelli, M., Micheli, L., Tirone, F., and Cavallaro, S. (2016). Functional
genomics identifies Tis21-Dependent mechanisms and putative cancer drug targets
underlying medulloblastoma Shh-Type development. Front. Pharmacol. 7, 449. doi:10.
3389/fphar.2016.00449

Gibson, P., Tong, Y., Robinson, G., Thompson, M. C., Currle, D. S., Eden, C,, et al.
(2010). Subtypes of medulloblastoma have distinct developmental origins. Nature 468,
1095-1099. doi:10.1038/nature09587

Goodenberger, M. L., and Jenkins, R. B. (2012). Genetics of adult glioma. Cancer Genet.
205, 613-621. doi:10.1016/j.cancergen.2012.10.009

Goodrich, L. V., Milenkovi¢, L., Higgins, K. M., and Scott, M. P. (1997). Altered neural
cell fates and medulloblastoma in mouse patched mutants. Science. 277, 1109-1113.
doi:10.1126/science.277.5329.1109

Grammel, D., Warmuth-Metz, M., von Bueren, A. O., Kool, M., Pietsch, T.,
Kretzschmar, H. A, et al. (2012). Sonic hedgehog-associated medulloblastoma
arising from the cochlear nuclei of the brainstem. Acta Neuropathol. 123, 601-614.
doi:10.1007/s00401-012-0961-0

Grigore, F. N,, Yang, S. J., Chen, C. C,, and Koga, T. (2023). Pioneering models of
pediatric brain tumors. Neoplasia 36, 100859. doi:10.1016/j.ne0.2022.100859

Grochans, S., Cybulska, A. M., Siminska, D., Korbecki, J., Kojder, K., Chlubek, D., et al.
(2022). Epidemiology of glioblastoma Multiforme-Literature review. Cancers (Basel) 14,
2412. doi:10.3390/cancers14102412

Guardavaccaro, D., Corrente, G., Covone, F., Micheli, L., D’Agnano, I, Starace, G., et al.
(2000). Arrest of G(1)-S progression by the p53-inducible gene PC3 is Rb dependent and
relies on the inhibition of cyclin D1 transcription. Mol. Cell Biol. 20, 1797-1815. doi:10.
1128/MCB.20.5.1797-1815.2000

Guo, D, Jin, J,, Liu, J., Dong, X., Li, D., and He, Y. (2021). MicroRNA-29b regulates the
radiosensitivity of esophageal squamous cell carcinoma by regulating the BTG2-
mediated cell cycle. Strahlenther Onkol. 197, 829-835. doi:10.1007/s00066-021-
01790-5

Haag, D., Zipper, P., Westrich, V., Karra, D., Pfleger, K., Toedt, G., et al. (2012).
Nos2 inactivation promotes the development of medulloblastoma in Ptch1(+/-) mice by
deregulation of Gap43-dependent granule cell precursor migration. PLoS Genet. 8,
€1002572. doi:10.1371/journal.pgen.1002572

Hahn, H., Wojnowski, L., Zimmer, A. M., Hall, J., Miller, G., and Zimmer, A. (1998).
Rhabdomyosarcomas and radiation hypersensitivity in a mouse model of Gorlin
syndrome. Nat. Med. 4, 619-622. doi:10.1038/nm0598-619

Hanif, F., Muzaffar, K., Perveen, K., Malhi, S. M., and Simjee, S. U. (2017). Glioblastoma
multiforme: a review of its epidemiology and pathogenesis through clinical presentation
and treatment. Asian Pac ]. Cancer Prev. 18, 3-9. doi:10.22034/APJCP.2017.18.1.3

Harris, L., Rigo, P., Stiehl, T., Gaber, Z. B., Austin, S. H. L., Masdeu, M. D. M,, et al.
(2021). Coordinated changes in cellular behavior ensure the lifelong maintenance of the
hippocampal stem cell population. Cell Stem Cell 28, 863-876.¢6. doi:10.1016/j.stem.
2021.01.003

Hata, K., Nishijima, K., and Mizuguchi, J. (2007). Role for BTG1 and BTG2 in growth
arrest of WEHI-231 cells through arginine methylation following membrane
immunoglobulin engagement. Exp. Cell Res. 313, 2356-2366. doi:10.1016/j.yexcr.
2007.03.021

Hatton, B. A., Villavicencio, E. H., Tsuchiya, K. D., Pritchard, J. I, Ditzler, S., Pullar, B.,
et al. (2008). The Smo/Smo model: hedgehog-induced medulloblastoma with 90%
incidence and leptomeningeal spread. Cancer Res. 68, 1768-1776. doi:10.1158/0008-
5472.CAN-07-5092

Haubensak, W., Attardo, A., Denk, W., and Huttner, W. B. (2004). Neurons arise in the
basal neuroepithelium of the early mammalian telencephalon: a major site of
neurogenesis. Proc. Natl. Acad. Sci. U. S. A. 101, 3196-3201. doi:10.1073/pnas.
0308600100

He, D, Yang, Y., Wu, P,, Zhu, S., Chang, H., Zhang, C,, et al. (2024). Epidemiological
trends and factors associated with survival in patients with medulloblastoma: a 45-year
population-based retrospective study. J. Clin. Neurosci. 126, 154-161. doi:10.1016/j.jocn.
2024.06.011

He, Y., Wang, Y., Luo, Z., Zhang, X., Bai, H., and Wang, J. (2024). SMC2 knockdown
inhibits malignant progression of lung adenocarcinoma by upregulating
BTG2 expression. Cell Signal 120, 111216. doi:10.1016/j.cellsig.2024.111216

Hegi, M. E., Diserens, A. C., Gorlia, T., Hamou, M. F., de Tribolet, N., Weller, M., et al.
(2005). MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl.
J. Med. 352, 997-1003. doi:10.1056/NEJMo0a043331

Hill, R. M., Plasschaert, S. L. A., Timmermann, B., Dufour, C., Aquilina, K.,
Avula, S., et al. (2021). Relapsed medulloblastoma in pre-irradiated patients:
current practice for diagnostics and treatment. Cancers (Basel) 14, 126. doi:10.
3390/cancers14010126

frontiersin.org


https://doi.org/10.1093/neuonc/nor015
https://doi.org/10.1038/sj.onc.1205888
https://doi.org/10.1038/sj.onc.1205888
https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1016/j.stem.2011.03.010
https://doi.org/10.1016/j.cellsig.2009.01.027
https://doi.org/10.1016/j.cellsig.2009.01.027
https://doi.org/10.1096/fj.06-7548com
https://doi.org/10.1371/journal.pbio.0060246
https://doi.org/10.1371/journal.pone.0008339
https://doi.org/10.1371/journal.pone.0008339
https://doi.org/10.1523/JNEUROSCI.0412-12.2012
https://doi.org/10.1523/JNEUROSCI.0412-12.2012
https://doi.org/10.3389/fnins.2012.00124
https://doi.org/10.3389/fnins.2012.00124
https://doi.org/10.3389/fnins.2012.00198
https://doi.org/10.3389/fncel.2014.00098
https://doi.org/10.1002/stem.1679
https://doi.org/10.1002/stem.1679
https://doi.org/10.1007/s11060-017-2409-9
https://doi.org/10.1016/j.celrep.2014.03.033
https://doi.org/10.1093/carcin/22.8.1271
https://doi.org/10.1016/s1044-7431(03)00060-5
https://doi.org/10.1016/S0021-9258(18)98716-8
https://doi.org/10.1016/S0021-9258(18)98716-8
https://doi.org/10.1158/1078-0432.CCR-17-0595
https://doi.org/10.1158/1078-0432.CCR-17-0595
https://doi.org/10.3390/cancers14153708
https://doi.org/10.1523/JNEUROSCI.23-28-09357.2003
https://doi.org/10.1101/gad.1596707
https://doi.org/10.3892/mmr.2016.5596
https://doi.org/10.3389/fphar.2016.00449
https://doi.org/10.3389/fphar.2016.00449
https://doi.org/10.1038/nature09587
https://doi.org/10.1016/j.cancergen.2012.10.009
https://doi.org/10.1126/science.277.5329.1109
https://doi.org/10.1007/s00401-012-0961-0
https://doi.org/10.1016/j.neo.2022.100859
https://doi.org/10.3390/cancers14102412
https://doi.org/10.1128/MCB.20.5.1797-1815.2000
https://doi.org/10.1128/MCB.20.5.1797-1815.2000
https://doi.org/10.1007/s00066-021-01790-5
https://doi.org/10.1007/s00066-021-01790-5
https://doi.org/10.1371/journal.pgen.1002572
https://doi.org/10.1038/nm0598-619
https://doi.org/10.22034/APJCP.2017.18.1.3
https://doi.org/10.1016/j.stem.2021.01.003
https://doi.org/10.1016/j.stem.2021.01.003
https://doi.org/10.1016/j.yexcr.2007.03.021
https://doi.org/10.1016/j.yexcr.2007.03.021
https://doi.org/10.1158/0008-5472.CAN-07-5092
https://doi.org/10.1158/0008-5472.CAN-07-5092
https://doi.org/10.1073/pnas.0308600100
https://doi.org/10.1073/pnas.0308600100
https://doi.org/10.1016/j.jocn.2024.06.011
https://doi.org/10.1016/j.jocn.2024.06.011
https://doi.org/10.1016/j.cellsig.2024.111216
https://doi.org/10.1056/NEJMoa043331
https://doi.org/10.3390/cancers14010126
https://doi.org/10.3390/cancers14010126
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Hong, J. W., Ryu, M. S, and Lim, I. K. (2005). Phosphorylation of serine 147 of tis21/
BTG2/PC3 by p-Erk1/2 induces Pin-1 binding in cytoplasm and cell death. J. Biol. Chem.
280, 21256-21263. doi:10.1074/jbc.M500318200

Hu, X. D., Meng, Q. H,, Xu, J. Y, Jiao, Y., Ge, C. M, Jacob, A,, et al. (2011). BTG2 is an
LXXLL-dependent co-repressor for androgen receptor transcriptional activity. Biochem.
Biophys. Res. Commun. 404, 903-909. doi:10.1016/j.bbrc.2010.12.064

Hu, D, Gu, Y., Wu, D, Zhang, J., Li, Q.,, Luo, J., et al. (2020). Icariside II protects
cardiomyocytes from hypoxia-induced injury by upregulating the miR-7-5p/BTG2 axis
and activating the PI3K/Akt signaling pathway. Int. J. Mol. Med. 46, 1453-1465. doi:10.
3892/ijmm.2020.4677

Huang, C. S., Zhai, J. M., Zhu, X. X,, Cai, J. P., Chen, W, Li, J. H,, et al. (2017). BTG2 is
down-regulated and inhibits cancer stem cell-like features of side population cells in
hepatocellular carcinoma. Dig. Dis. Sci. 62, 3501-3510. doi:10.1007/s10620-017-4829-y

Huang, H., Yu, X,, Han, X, Hao, J., Zhao, J., Bebek, G., et al. (2021). Piwill regulates
glioma stem cell maintenance and glioblastoma progression. Cell Rep. 34, 108522.
doi:10.1016/j.celrep.2020.108522

Huang, R, Lu, X,, Sun, X,, and Wu, H. (2024). Metabolomic profiling of childhood
medulloblastoma: contributions and relevance to diagnosis and molecular subtyping.
J. Cancer Res. Clin. Oncol. 150, 471. doi:10.1007/s00432-024-05990-1

Tacopetti, P., Barsacchi, G., Tirone, F., Maffei, L., and Cremisi, F. (1994). Developmental
expression of PC3 gene is correlated with neuronal cell birthday. Mech. Dev. 47,
127-137. doi:10.1016/0925-4773(94)90085-x

Tacopetti, P., Michelini, M., Stuckmann, I., Oback, B., Aaku-Saraste, E., and Huttner, W.
B. (1999). Expression of the antiproliferative gene TIS21 at the onset of neurogenesis
identifies single neuroepithelial cells that switch from proliferative to neuron-generating
division. Proc. Natl. Acad. Sci. U. S. A. 96, 4639-4644. d0i:10.1073/pnas.96.8.4639

Ibrayeva, A., Bay, M., Pu, E,, Jorg, D. J., Peng, L., Jun, H., et al. (2021). Early stem cell
aging in the mature brain. Cell Stem Cell 28, 955-966.€7. d0i:10.1016/j.stem.2021.03.018

Tjzerman-Korevaar, M., Snijders, T. J., de Graeff, A., Teunissen, SCCM, and de Vos, F. Y.
F. (2018). Prevalence of symptoms in glioma patients throughout the disease trajectory: a
systematic review. J. Neurooncol 140, 485-496. doi:10.1007/s11060-018-03015-9

Iwai, K., Hirata, K., Ishida, T., Takeuchi, S., Hirase, T., Rikitake, Y., et al. (2004). An anti-
proliferative gene BTGI regulates angiogenesis in vitro. Biochem. Biophys. Res.
Commun. 316, 628-635. doi:10.1016/j.bbrc.2004.02.095

Jiang, H., Zhu, Y., Zhou, Z., Xu, ., Jin, S., Xu, K,, et al. (2018). PRMT5 promotes cell
proliferation by inhibiting BTG2 expression via the ERK signaling pathway in
hepatocellular carcinoma. Cancer Med. 7, 869-882. doi:10.1002/cam4.1360

Johansson, S. F. (2008). Identifying candidate genes involved in brain tumor formation.
Ups. J. Med. Sci. 113, 1-38. doi:10.3109/2000-1967-215

Johansson, F. K., Brodd, J., EKI6f, C., Ferletta, M., Hesselager, G., Tiger, C. F., et al.
(2004). Identification of candidate cancer-causing genes in mouse brain tumors by
retroviral tagging. Proc. Natl. Acad. Sci. U. S. A. 101, 11334-11337. doi:10.1073/pnas.
0402716101

Juraschka, K., and Taylor, M. D. (2019). Medulloblastoma in the age of molecular
subgroups: a review. J. Neurosurg. Pediatr. 24, 353-363. d0i:10.3171/2019.5.PEDS18381

Kannan, S., Murugan, A. K., Balasubramanian, S., Munirajan, A. K., and Alzahrani, A. S.
(2022). Gliomas: genetic alterations, mechanisms of metastasis, recurrence, drug
resistance, and recent trends in molecular therapeutic options. Biochem. Pharmacol.
201, 115090. doi:10.1016/j.bcp.2022.115090

Karachi, A., Dastmalchi, F., Mitchell, D. A., and Rahman, M. (2018). Temozolomide for
immunomodulation in the treatment of glioblastoma. Neuro Oncol. 20, 1566-1572.
doi:10.1093/neuonc/noy072

Karmakar, S., Foster, E. A., and Smith, C. L. (2009). Estradiol downregulation of the
tumor suppressor gene BTG2 requires estrogen receptor-alpha and the REA
corepressor. Int. J. Cancer 124, 1841-1851. doi:10.1002/ijc.24133

Kawakubo, H., Carey, J. L., Brachtel, E., Gupta, V., Green, J. E., Walden, P. D, et al.
(2004). Expression of the NF-kappaB-responsive gene BTG2 is aberrantly regulated in
breast cancer. Oncogene 23, 8310-8319. doi:10.1038/sj.0nc.1208008

Kempermann, G., Song, H., and Gage, F. H. (2015). Neurogenesis in the adult
Hippocampus. Cold Spring Harb. Perspect. Biol. 7, a018812. doi:10.1101/cshperspect.
2018812

Kessler, J. D., Hasegawa, H., Brun, S. N., Emmenegger, B. A,, Yang, Z. ], Dutton, J. W,
et al. (2009). N-myc alters the fate of preneoplastic cells in a mouse model of
medulloblastoma. Genes Dev. 23, 157-170. doi:10.1101/gad.1759909

Kim, Y., Ryu, J., Ryu, M. S,, Lim, S., Han, K. O., Lim, . K,, et al. (2014). C-reactive protein
induces G2/M phase cell cycle arrest and apoptosis in monocytes through the
upregulation of B-cell translocation gene 2 expression. FEBS Lett. 588, 625-631.
doi:10.1016/j.febslet.2014.01.008

Kim, S. H., Jung, I. R., and Hwang, S. S. (2022). Emerging role of anti-proliferative
protein BTG1 and BTG2. BMB Rep. 55, 380-388. doi:10.5483/BMBRep.2022.55.
8.092

Kolodziejczak, A. S., Guerrini-Rousseau, L., Planchon, J. M., Ecker, J., Selt, F., Mynarek,
M., et al. (2023). Clinical outcome of pediatric medulloblastoma patients with Li-
Fraumeni syndrome. Neuro Oncol. 25, 2273-2286. doi:10.1093/neuonc/noad114

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

Komitova, M., and Eriksson, P. S. (2004). Sox-2 is expressed by neural progenitors and
astroglia in the adult rat brain. Neurosci. Lett. 369, 24-27. doi:10.1016/j.neulet.2004.
07.035

Kowalczyk, T., Pontious, A., Englund, C., Daza, R. A., Bedogni, F., Hodge, R., et al.
(2009). Intermediate neuronal progenitors (basal progenitors) produce pyramidal-
projection neurons for all layers of cerebral cortex. Cereb. Cortex 19, 2439-2450.
doi:10.1093/cercor/bhn260

Krassnig, S., Wohlrab, C., Golob-Schwarzl, N., Raicht, A., Schatz, C., Birkl-Toeglhofer,
A. M, et al. (2021). A profound basic characterization of elFs in gliomas: identifying
elF3I and 4H as potential novel target candidates in Glioma therapy. Cancers (Basel) 13,
1482. doi:10.3390/cancers13061482

Kronenberg, G., Reuter, K., Steiner, B., Brandt, M. D, Jessberger, S., Yamaguchi, M.,
et al. (2003). Subpopulations of proliferating cells of the adult hippocampus respond
differently to physiologic neurogenic stimuli. J. Comp. Neurol. 467, 455-463. doi:10.
1002/cne.10945

Kwon, Y. K., Jun, J. M., Shin, S. W., Cho, J. W., and Suh, S. I. (2005). Curcumin decreases
cell proliferation rates through BTG2-mediated cyclin D1 down-regulation in
U937 cells. Int. J. Oncol. 26, 1597-1603. doi:10.3892/ij0.26.6.1597

Lagace, D. C., Whitman, M. C,, Noonan, M. A., Ables, J. L., DeCarolis, N. A., Arguello,
A. A, et al. (2007). Dynamic contribution of nestin-expressing stem cells to adult
neurogenesis. J. Neurosci. 27, 12623-12629. doi:10.1523/JTNEUROSCI.3812-07.2007

Lapointe, S., Perry, A., and Butowski, N. A. (2018). Primary brain tumours in adults.
Lancet 392, 432-446. doi:10.1016/S0140-6736(18)30990-5

Larjavaara, S., Mantyld, R., Salminen, T., Haapasalo, H., Raitanen, J., Jadskeldinen, J.,
etal. (2007). Incidence of gliomas by anatomic location. Neuro Oncol. 9, 319-325. doi:10.
1215/15228517-2007-016

Lee, H., Cha, S., Lee, M. S., Cho, G. J., Choi, W. S., and Suk, K. (2003). Role of
antiproliferative B cell translocation gene-1 as an apoptotic sensitizer in activation-
induced cell death of brain microglia. J. Immunol. 171, 5802-5811. doi:10.4049/
jimmunol.171.11.5802

Lee, Y., Kawagoe, R,, Sasai, K., Li, Y., Russell, H. R., Curran, T., et al. (2007). Loss of
suppressor-of-fused function promotes tumorigenesis. Oncogene 26, 6442-6447. doi:10.
1038/sj.onc.1210467

Lee, A. S, Kranzusch, P. J,, and Cate, J. H. (2015). eIF3 targets cell-proliferation
messenger RNAs for translational activation or repression. Nature 522, 111-114. doi:10.
1038/nature14267

Lee, J. C,, Chung, L. C,, Chen, Y. ], Feng, T. H., Chen, W. T, and Juang, H. H. (2015).
Upregulation of B-cell translocation gene 2 by epigallocatechin-3-gallate via p38 and
ERK signaling blocks cell proliferation in human oral squamous cell carcinoma cells.
Cancer Lett. 360, 310-318. doi:10.1016/j.canlet.2015.02.034

Leszczynska, K. B, Foskolou, I. P., Abraham, A. G., Anbalagan, S., Tellier, C., Haider, S.,
et al. (2015). Hypoxia-induced p53 modulates both apoptosis and radiosensitivity via
AKT. J. Clin. Invest 125, 2385-2398. doi:10.1172/JCI80402

Levin, V. A,, Tonge, P. J., Gallo, J. M., Birtwistle, M. R,, Dar, A. C,, Iavarone, A, et al.
(2015). CNS anticancer drug discovery and development Conference White paper.
Neuro Oncol. 17 (Suppl. 6), vil-26. doi:10.1093/neuonc/nov169

Li, F, Liu, J., Park, E. S,, Jo, M., and Curry, T. E., Jr (2009). The B cell translocation gene
(BTG) family in the rat ovary: hormonal induction, regulation, and impact on cell cycle
kinetics. Endocrinology 150, 3894-3902. doi:10.1210/en.2008-1650

Li, W., Zou, S. T., Zhu, R., Wan, J. M., Xu, Y., and Wu, H. R. (2014). B-cell translocation
1 gene inhibits cellular metastasis-associated behavior in breast cancer. Mol. Med. Rep. 9,
2374-2380. doi:10.3892/mmr.2014.2118

Li, Y., Choi, P. 8., Casey, S. C., Dill, D. L., and Felsher, D. W. (2014). MYC through
miR-17-92 suppresses specific target genes to maintain survival, autonomous
proliferation, and a neoplastic state. Cancer Cell 26, 262-272. doi:10.1016/j.ccr.
2014.06.014

Li, W. Q, Yu, H. Y,, Zhong, N. Z,, Hou, L. J,, Li, Y. M,, He, ], et al. (2015). miR-27a
suppresses the clonogenic growth and migration of human glioblastoma multiforme
cells by targeting BTG2. Int. J. Oncol. 46, 1601-1608. doi:10.3892/ij0.2015.2843

Li, Y., Huo, J.,, He, J., Zhang, Y., and Ma, X. (2020). BTGI inhibits malignancy as a novel
prognosis signature in endometrial carcinoma. Cancer Cell Int. 20, 490. doi:10.1186/
512935-020-01591-3

Li, B., Liu, X., Wu, G,, Liu, ], Cai, S., Wang, F., et al. (2021). MicroRNA-934 facilitates
cell proliferation, migration, invasion and angiogenesis in colorectal cancer by targeting
B-cell translocation gene 2. Bioengineered 12, 9507-9519. doi:10.1080/21655979.2021.
1996505

Li, G, Yin, C,, Zhang, C., Xue, B, Yang, Z., Li, Z., et al. (2023). Spatial distribution of
supratentorial diffuse gliomas: a retrospective study of 990 cases. Front. Oncol. 13,
1098328. doi:10.3389/fonc.2023.1098328

Li, X,, Yin, X,, Bao, H,, and Liu, C. (2023). Targeting a novel circITTCH/miR-421/
BTG axis is effective to suppress the malignant phenotypes in hepatocellular carcinoma
(HCC) cells. Cytotechnology 75, 255-267. doi:10.1007/s10616-023-00576-0

Lim, D. A,, and Alvarez-Buylla, A. (2016). The adult ventricular-subventricular Zone
(V-SVZ) and Olfactory Bulb (OB) neurogenesis. Cold Spring Harb. Perspect. Biol. 8,
a018820. doi:10.1101/cshperspect.a018820

frontiersin.org


https://doi.org/10.1074/jbc.M500318200
https://doi.org/10.1016/j.bbrc.2010.12.064
https://doi.org/10.3892/ijmm.2020.4677
https://doi.org/10.3892/ijmm.2020.4677
https://doi.org/10.1007/s10620-017-4829-y
https://doi.org/10.1016/j.celrep.2020.108522
https://doi.org/10.1007/s00432-024-05990-1
https://doi.org/10.1016/0925-4773(94)90085-x
https://doi.org/10.1073/pnas.96.8.4639
https://doi.org/10.1016/j.stem.2021.03.018
https://doi.org/10.1007/s11060-018-03015-9
https://doi.org/10.1016/j.bbrc.2004.02.095
https://doi.org/10.1002/cam4.1360
https://doi.org/10.3109/2000-1967-215
https://doi.org/10.1073/pnas.0402716101
https://doi.org/10.1073/pnas.0402716101
https://doi.org/10.3171/2019.5.PEDS18381
https://doi.org/10.1016/j.bcp.2022.115090
https://doi.org/10.1093/neuonc/noy072
https://doi.org/10.1002/ijc.24133
https://doi.org/10.1038/sj.onc.1208008
https://doi.org/10.1101/cshperspect.a018812
https://doi.org/10.1101/cshperspect.a018812
https://doi.org/10.1101/gad.1759909
https://doi.org/10.1016/j.febslet.2014.01.008
https://doi.org/10.5483/BMBRep.2022.55.8.092
https://doi.org/10.5483/BMBRep.2022.55.8.092
https://doi.org/10.1093/neuonc/noad114
https://doi.org/10.1016/j.neulet.2004.07.035
https://doi.org/10.1016/j.neulet.2004.07.035
https://doi.org/10.1093/cercor/bhn260
https://doi.org/10.3390/cancers13061482
https://doi.org/10.1002/cne.10945
https://doi.org/10.1002/cne.10945
https://doi.org/10.3892/ijo.26.6.1597
https://doi.org/10.1523/JNEUROSCI.3812-07.2007
https://doi.org/10.1016/S0140-6736(18)30990-5
https://doi.org/10.1215/15228517-2007-016
https://doi.org/10.1215/15228517-2007-016
https://doi.org/10.4049/jimmunol.171.11.5802
https://doi.org/10.4049/jimmunol.171.11.5802
https://doi.org/10.1038/sj.onc.1210467
https://doi.org/10.1038/sj.onc.1210467
https://doi.org/10.1038/nature14267
https://doi.org/10.1038/nature14267
https://doi.org/10.1016/j.canlet.2015.02.034
https://doi.org/10.1172/JCI80402
https://doi.org/10.1093/neuonc/nov169
https://doi.org/10.1210/en.2008-1650
https://doi.org/10.3892/mmr.2014.2118
https://doi.org/10.1016/j.ccr.2014.06.014
https://doi.org/10.1016/j.ccr.2014.06.014
https://doi.org/10.3892/ijo.2015.2843
https://doi.org/10.1186/s12935-020-01591-3
https://doi.org/10.1186/s12935-020-01591-3
https://doi.org/10.1080/21655979.2021.1996505
https://doi.org/10.1080/21655979.2021.1996505
https://doi.org/10.3389/fonc.2023.1098328
https://doi.org/10.1007/s10616-023-00576-0
https://doi.org/10.1101/cshperspect.a018820
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Lim, I. K, Lee, M. S., Ryu, M. S., Park, T. J., Fujiki, H., Eguchi, H., et al. (1998). Induction
of growth inhibition of 293 cells by downregulation of the cyclin E and cyclin-dependent
kinase 4 proteins due to overexpression of TIS21. Mol. Carcinog. 23, 25-35. d0i:10.1002/
(sici)1098-2744(199809)23:1<25::aid-mc4>3.0.c0;2-g

Lim, S. K., Choi, Y. W., Lim, L. K,, and Park, T. J. (2012). BTG2 suppresses cancer cell
migration through inhibition of Src-FAK signaling by downregulation of reactive
oxygen species generation in mitochondria. Clin. Exp. Metastasis 29, 901-913.
doi:10.1007/s10585-012-9479-z

Lin, W. J., Gary, J. D., Yang, M. C,, Clarke, S., and Herschman, H. R. (1996). The
mammalian immediate-early TIS21 protein and the leukemia-associated BTG1 protein
interact with a protein-arginine N-methyltransferase. J. Biol. Chem. 271, 15034-15044.
doi:10.1074/jbc.271.25.15034

Lin, C. Y., Erkek, S., Tong, Y., Yin, L., Federation, A. J., Zapatka, M., et al. (2016). Active
medulloblastoma enhancers reveal subgroup-specific cellular origins. Nature 530,
57-62. doi:10.1038/nature16546

Liu, M., Wu, H,, Liu, T,, Li, Y., Wang, F., Wan, H., et al. (2009). Regulation of the cell
cycle gene, BTG2, by miR-21 in human laryngeal carcinoma. Cell Res. 19, 828-837.
doi:10.1038/cr.2009.72

Liu, C, Tao, T, Xu, B,, Lu, K., Zhang, L., Jiang, L., et al. (2015). BTGI potentiates
apoptosis and suppresses proliferation in renal cell carcinoma by interacting with
PRMT1. Oncol. Lett. 10, 619-624. doi:10.3892/01.2015.3293

Liu, J., Bao, B, Li, T., Yang, Z,, Du, Y., Zhang, R,, et al. (2024). miR-92b-3p protects
retinal tissues against DNA damage and apoptosis by targeting BTG2 in experimental
myopia. J. Transl. Med. 22, 511. doi:10.1186/s12967-024-05288-3

Louis, D. N,, Perry, A., Wesseling, P., Brat, D. J., Cree, I. A, Figarella-Branger, D., et al.
(2021). The 2021 WHO cdlassification of Tumors of the Central Nervous System: a
summary. Neuro Oncol. 23, 1231-1251. doi:10.1093/neuonc/noab106

Lu, Y. F, Sun, G. G, Liu, Q,, Yang, C. R,, and Cheng, Y. J. (2014). BTG1 expression in
thyroid carcinoma: diagnostic indicator and prognostic marker. Int. J. Oncol. 45,
1574-1582. doi:10.3892/ij0.2014.2543

MacDonald, T.J., Rood, B. R,, Santi, M. R, Vezina, G., Bingaman, K., Cogen, P. H., et al.
(2003). Advances in the diagnosis, molecular genetics, and treatment of pediatric
embryonal CNS tumors. Oncologist 8, 174-186. doi:10.1634/theoncologist.8-2-174

Mahmoud, A. B., Ajina, R,, Aref, S., Darwish, M., Alsayb, M., Taher, M., et al. (2022).
Advances in immunotherapy for glioblastoma multiforme. Front. Immunol. 13, 944452.
doi:10.3389/fimmu.2022.944452

Malatesta, P., Gotz, M., Barsacchi, G., Price, J., Zoncu, R., and Cremisi, F. (2000).
PC3 overexpression affects the pattern of cell division of rat cortical precursors. Mech.
Dev. 90, 17-28. d0i:10.1016/s0925-4773(99)00224-5

Marchal, S., Cassar-Malek, I, Magaud, J. P., Rouault, J. P., Wrutniak, C., and Cabello, G.
(1995). Stimulation of avian myoblast differentiation by triiodothyronine: possible
involvement of the cAMP pathway. Exp. Cell Res. 220, 1-10. doi:10.1006/excr.1995.1285

Marenco-Hillembrand, L., Wijesekera, O., Suarez-Meade, P., Mampre, D., Jackson, C.,
Peterson, J., et al. (2020). Trends in glioblastoma: outcomes over time and type of
intervention: a systematic evidence based analysis. J. Neurooncol 147, 297-307. doi:10.
1007/511060-020-03451-6

Martin, A. M., Raabe, E., Eberhart, C., and Cohen, K. J. (2014). Management of pediatric
and adult patients with medulloblastoma. Curr. Treat. Options Oncol. 15, 581-594.
doi:10.1007/s11864-014-0306-4

Martin-Sudrez, S., and Encinas, J. M. (2021). The future belongs to those who prepare for
it today. Cell Stem Cell 28, 783-785. doi:10.1016/j.stem.2021.04.014

Mastrorilli, V., Scopa, C., Saraulli, D., Costanzi, M., Scardigli, R., Rouault, J. P., et al.
(2017). Physical exercise rescues defective neural stem cells and neurogenesis in the adult
subventricular zone of BTG1 knockout mice. Brain Struct. Funct. 222, 2855-2876.
do0i:10.1007/s00429-017-1376-4

Mauxion, F., Faux, C., and Séraphin, B. (2008). The BTG2 protein is a general activator
of mRNA deadenylation. EMBO J. 27, 1039-1048. doi:10.1038/emboj.2008.43

Micheli, L., Ceccarelli, M., Farioli-Vecchioli, S., and Tirone, F. (2015). Control of the
normal and pathological development of neural stem and progenitor cells by the PC3/
Tis21/BTG2 and BTG1 genes. J. Cell Physiol. 230, 2881-2890. doi:10.1002/jcp.25038

Micheli, L., Ceccarelli, M., Gioia, R., D’Andrea, G., Farioli-Vecchioli, S., Costanzi, M.,
et al. (2017a). Terminal differentiation of adult hippocampal progenitor cells is a step
functionally dissociable from proliferation and is controlled by Tis21, Id3 and NeuroD2.
Front. Cell Neurosci. 11, 186. doi:10.3389/fncel.2017.00186

Micheli, L., D’Andrea, G., Leonardi, L., and Tirone, F. (2017b). HDAC1, HDAC4, and
HDACY bind to PC3/Tis21/BTG2 and are required for its inhibition of cell cycle
progression and cyclin D1 expression. J. Cell Physiol. 232, 1696-1707. doi:10.1002/jcp.
25467

Micheli, L., Ceccarelli, M., D’Andrea, G., Costanzi, M., Giacovazzo, G., Coccurello, R.,
et al. (2018). Fluoxetine or Sox2 reactivate proliferation-defective stem and progenitor
cells of the adult and aged dentate gyrus. Neuropharmacology 141, 316-330. doi:10.1016/
j.neuropharm.2018.08.023

Micheli, L., Creanza, T. M., Ceccarelli, M., D’Andrea, G., Giacovazzo, G., Ancona, N.,
et al. (2021). Transcriptome analysis in a mouse model of premature aging of dentate
gyrus: rescue of Alpha-Synuclein deficit by virus-driven expression or by running

Frontiers in Cell and Developmental Biology

27

10.3389/fcell.2026.1775035

restores the defective neurogenesis. Front. Cell Dev. Biol. 9, 696684. doi:10.3389/fcell.
2021.696684

Micheli, L., Caruso, M., D’Andrea, G., Volpe, D., Ceccarelli, M., and Tirone, F. (2025).
Survey of transcriptome analyses of hippocampal neurogenesis with focus on adult
dentate gyrus stem cells. Front. Cell Dev. Biol. 13, 1605116. doi:10.3389/fcell.2025.
1605116

Mollerstrom, E., Kovécs, A., Lovgren, K., Nemes, S., Delle, U., Danielsson, A., et al.
(2010). Up-regulation of cell cycle arrest protein BTG2 correlates with increased overall
survival in breast cancer, as detected by immunohistochemistry using tissue microarray.
BMC Cancer 10, 296. doi:10.1186/1471-2407-10-296

Montagnoli, A., Guardavaccaro, D., Starace, G., and Tirone, F. (1996). Overexpression of
the nerve growth factor-inducible PC3 immediate early gene is associated with growth
inhibition. Cell Growth Differ. 7, 1327-1336.

Morel, A. P., Sentis, S., Bianchin, C., Le Romancer, M., Jonard, L., Rostan, M. C., et al.
(2003). BTG2 antiproliferative protein interacts with the human CCR4 complex existing
in vivo in three cell-cycle-regulated forms. J. Cell Sci. 116, 2929-2936. doi:10.1242/jcs.
00480

Nan, Y. H,, Wang, J., Wang, Y., Sun, P. H,, Han, Y. P,, Fan, L, et al. (2016). MiR-
4295 promotes cell growth in bladder cancer by targeting BTG1. Am. J. Transl. Res. 8,
4892-4901.

Nantavithya, C., Paulino, A. C,, Liao, K., McGovern, S. L., Grosshans, D. R, McAleer, M.
F, et al. (2020). Development of second primary tumors and outcomes in
medulloblastoma by treatment modality: a Surveillance, Epidemiology, and end
results analysis. Pediatr. Blood Cancer 67, €28373. doi:10.1002/pbc.28373

Northcott, P. A., Robinson, G. W., Kratz, C. P., Mabbott, D. J., Pomeroy, S. L., Clifford, S.
C., et al. (2019). Medulloblastoma. Nat. Rev. Dis. Prim. 5, 11. doi:10.1038/s41572-019-
0063-6

Obernier, K., Cebrian-Silla, A., Thomson, M., Parraguez, J. I., Anderson, R.,
Guinto, C., et al. (2018). Adult neurogenesis is sustained by symmetric self-
renewal and differentiation. Cell Stem Cell 22, 221-234.e8. d0i:10.1016/j.stem.
2018.01.003

Ohgaki, H., and Kleihues, P. (2007). Genetic pathways to primary and secondary
glioblastoma. Am. J. Pathol. 170, 1445-1453. doi:10.2353/ajpath.2007.070011

Oliver, T. G., Read, T. A,, Kessler, J. D., Mehmeti, A., Wells, J. F., Huynh, T. T, et al.
(2005). Loss of patched and disruption of granule cell development in a pre-neoplastic
stage of medulloblastoma. Development 132, 2425-2439. doi:10.1242/dev.01793

Omuro, A., and DeAngelis, L. M. (2013). Glioblastoma and other malignant gliomas: a
clinical review. JAMA 310, 1842-1850. doi:lO.lOOl/jama.ZOl3.280319

Ostrom, Q. T., Bauchet, L., Davis, F. G., Deltour, L, Fisher, J. L., Langer, C. E,, et al.
(2014). The epidemiology of glioma in adults: a state of the science review. Neuro Oncol.
16, 896-913. doi:10.1093/neuonc/nou087

Ostrom, Q. T., Gittleman, H., Truitt, G., Boscia, A., Kruchko, C., and Barnholtz-Sloan,
J. S. (2018). CBTRUS statistical report: primary brain and other central nervous System
tumors diagnosed in the United States in 2011-2015. Neuro Oncol. 20, ivl-iv86. doi:10.
1093/neuonc/noy131

Ostrom, Q. T., Cioffi, G., Waite, K., Kruchko, C., and Barnholtz-Sloan, J. S. (2021).
CBTRUS statistical report: primary brain and other central nervous System tumors
diagnosed in the United States in 2014-2018. Neuro Oncol. 23, iiil-iiil05. doi:10.1093/
neuonc/noab200

Packer, R. J., Zhou, T., Holmes, E., Vezina, G., and Gajjar, A. (2013). Survival and
secondary tumors in children with medulloblastoma receiving radiotherapy and
adjuvant chemotherapy: results of Children’s Oncology Group trial A9961. Neuro
Oncol. 15, 97-103. doi:10.1093/neuonc/nos267

Park, T. J,, Kim, J. Y., Oh, S. P,, Kang, S. Y., Kim, B. W., Wang, H. ], et al. (2008).

TIS21 negatively regulates hepatocarcinogenesis by disruption of cyclin B1-Forkhead
box M1 regulation loop. Hepatology 47, 1533-1543. doi:10.1002/hep.22212

Passeri, D., Marcucci, A., Rizzo, G., Billi, M., Panigada, M., Leonardi, L., et al. (2006).
BTG2 enhances retinoic acid-induced differentiation by modulating histone
H4 methylation and acetylation. Mol. Cell Biol. 26, 5023-5032. doi:10.1128/MCB.
01360-05

Pazzaglia, S., Mancuso, M., Atkinson, M. J., Tanori, M., Rebessi, S., Majo, V. D., et al.
(2002). High incidence of medulloblastoma following X-ray-irradiation of newborn
Ptcl heterozygous mice. Oncogene 21, 7580-7584. doi:10.1038/sj.0nc.1205973
Phoenix, T. N., Patmore, D. M., Boop, S., Boulos, N., Jacus, M. O., Patel, Y. T., et al.
(2016). Medulloblastoma genotype dictates blood brain barrier phenotype. Cancer Cell
29, 508-522. doi:10.1016/j.ccell.2016.03.002

Pilz, G. A, Bottes, S., Betizeau, M., Jorg, D. J., Carta, S., April, S,, et al. (2018). Live
imaging of neurogenesis in the adult mouse hippocampus. Science 359, 658-662. doi:10.
1126/science.aa05056

Pouyan, A., Ghorbanlo, M., Eslami, M., Jahanshahi, M., Ziaei, E., Salami, A., et al. (2025).
Glioblastoma multiforme: insights into pathogenesis, key signaling pathways, and
therapeutic strategies. Mol. Cancer 24, 58. doi:10.1186/s12943-025-02267-0

Presutti, D., Ceccarelli, M., Micheli, L., Papoff, G., Santini, S., Samperna, S., et al. (2018).
Tis21-gene therapy inhibits medulloblastoma growth in a murine allograft model. PLoS
One 13, €0194206. doi:10.1371/journal.pone.0194206

frontiersin.org


https://doi.org/10.1002/(sici)1098-2744(199809)23:1%3c25::aid-mc4%3e3.0.co;2-g
https://doi.org/10.1002/(sici)1098-2744(199809)23:1%3c25::aid-mc4%3e3.0.co;2-g
https://doi.org/10.1007/s10585-012-9479-z
https://doi.org/10.1074/jbc.271.25.15034
https://doi.org/10.1038/nature16546
https://doi.org/10.1038/cr.2009.72
https://doi.org/10.3892/ol.2015.3293
https://doi.org/10.1186/s12967-024-05288-3
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.3892/ijo.2014.2543
https://doi.org/10.1634/theoncologist.8-2-174
https://doi.org/10.3389/fimmu.2022.944452
https://doi.org/10.1016/s0925-4773(99)00224-5
https://doi.org/10.1006/excr.1995.1285
https://doi.org/10.1007/s11060-020-03451-6
https://doi.org/10.1007/s11060-020-03451-6
https://doi.org/10.1007/s11864-014-0306-4
https://doi.org/10.1016/j.stem.2021.04.014
https://doi.org/10.1007/s00429-017-1376-4
https://doi.org/10.1038/emboj.2008.43
https://doi.org/10.1002/jcp.25038
https://doi.org/10.3389/fncel.2017.00186
https://doi.org/10.1002/jcp.25467
https://doi.org/10.1002/jcp.25467
https://doi.org/10.1016/j.neuropharm.2018.08.023
https://doi.org/10.1016/j.neuropharm.2018.08.023
https://doi.org/10.3389/fcell.2021.696684
https://doi.org/10.3389/fcell.2021.696684
https://doi.org/10.3389/fcell.2025.1605116
https://doi.org/10.3389/fcell.2025.1605116
https://doi.org/10.1186/1471-2407-10-296
https://doi.org/10.1242/jcs.00480
https://doi.org/10.1242/jcs.00480
https://doi.org/10.1002/pbc.28373
https://doi.org/10.1038/s41572-019-0063-6
https://doi.org/10.1038/s41572-019-0063-6
https://doi.org/10.1016/j.stem.2018.01.003
https://doi.org/10.1016/j.stem.2018.01.003
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.1242/dev.01793
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1093/neuonc/nou087
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1093/neuonc/noab200
https://doi.org/10.1093/neuonc/noab200
https://doi.org/10.1093/neuonc/nos267
https://doi.org/10.1002/hep.22212
https://doi.org/10.1128/MCB.01360-05
https://doi.org/10.1128/MCB.01360-05
https://doi.org/10.1038/sj.onc.1205973
https://doi.org/10.1016/j.ccell.2016.03.002
https://doi.org/10.1126/science.aao5056
https://doi.org/10.1126/science.aao5056
https://doi.org/10.1186/s12943-025-02267-0
https://doi.org/10.1371/journal.pone.0194206
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Prévot, D., Voeltzel, T., Birot, A. M., Morel, A. P., Rostan, M. C.,, Magaud, J. P., et al.
(2000). The leukemia-associated protein BTGl and the p53-regulated protein
BTG2 interact with the homeoprotein Hoxb9 and enhance its transcriptional
activation. J. Biol. Chem. 275, 147-153. doi:10.1074/jbc.275.1.147

Prévét, D., Morel, A. P., Voeltzel, T., Rostan, M. C., Rimokh, R., Magaud, J. P., et al.
(2001). Relationships of the antiproliferative proteins BTG1 and BTG2 with CAF1, the
human homolog of a component of the yeast CCR4 transcriptional complex:
involvement in estrogen receptor alpha signaling pathway. J. Biol. Chem. 276,
9640-9648. doi:10.1074/jbc.M008201200

Pucci, B., Kasten, M., and Giordano, A. (2000). Cell cycle and apoptosis. Neoplasia 2,
291-299. doi:10.1038/sj.ne0.7900101

Qi, F,, Liu, W,, Tan, B,, Zhang, ]., Ma, Y., Cao, C,, et al. (2022). BTG2 suppresses renal
cell carcinoma progression through N6-methyladenosine. Front. Oncol. 12, 1049928.
doi:10.3389/fonc.2022.1049928

Qian, Y., Lu, X,, Li, Q., Zhao, S., and Fang, D. (2019). The treatment effects and the
underlying mechanism of B cell translocation gene 1 on the oncogenesis of brain glioma.
J. Cell Biochem. 120, 13310-13320. doi:10.1002/jcb.28605

Quader, S., Kataoka, K., and Cabral, H. (2022). Nanomedicine for brain cancer. Adv.
Drug Deliv. Rev. 182, 114115. doi:10.1016/j.addr.2022.114115

Ramaswamy, V., Remke, M., Bouffet, E., Bailey, S., Clifford, S. C., Doz, F., et al.
(2016). Risk stratification of childhood medulloblastoma in the molecular era:
the current consensus. Acta Neuropathol. 131, 821-831. doi:10.1007/s00401-
016-1569-6

Rao, G., Pedone, C. A, Del Valle, L., Reiss, K., Holland, E. C., and Fults, D. W. (2004).
Sonic hedgehog and insulin-like growth factor signaling synergize to induce
medulloblastoma formation from nestin-expressing neural progenitors in mice.
Oncogene 23, 6156-6162. doi:10.1038/sj.0nc.1207818

Read, T. A, Fogarty, M. P., Markant, S. L., McLendon, R. E., Wei, Z,, Ellison, D. W., et al. (2009).
Identification of CD15 as a marker for tumor-propagating cells in a mouse model of
medulloblastoma. Cancer Cell 15, 135-147. doi:10.1016/j.ccr.2008.12.016

Rimokh, R., Rouault, J. P., Wahbi, K., Gadoux, M., Lafage, M., Archimbaud, E., et al.
(1991). A chromosome 12 coding region is juxtaposed to the MYC protooncogene locus
in a t(8;12)(q24;q22) translocation in a case of B-cell chronic lymphocytic leukemia.
Genes Chromosom. Cancer 3, 24-36. doi:10.1002/gcc.2870030106

Rodier, A., Marchal-Victorion, S., Rochard, P., Casas, F., Cassar-Malek, 1., Rouault, J. P.,
etal. (1999). BTGI: a triiodothyronine target involved in the myogenic influence of the
hormone. Exp. Cell Res. 249, 337-348. doi:10.1006/excr.1999.4486

Rouault, J. P., Rimokh, R., Tessa, C., Paranhos, G., Ffrench, M., Duret, L., et al. (1992).
BTG1, a member of a new family of antiproliferative genes. EMBO J. 11, 1663-1670.
doi:10.1002/j.1460-2075.1992.tb05213.x

Rouault, J. P., Falette, N., Guéhenneux, F., Guillot, C., Rimokh, R., Wang, Q,, et al. (1996).
Identification of BTG2, an antiproliferative p53-dependent component of the DNA damage
cellular response pathway. Nat. Genet. 14, 482-486. doi:10.1038/ng1296-482

Rouault, J. P., Prévét, D., Berthet, C., Birot, A. M, Billaud, M., Magaud, J. P., et al. (1998).
Interaction of BTG1 and p53-regulated BTG2 gene products with mCafl, the murine
homolog of a component of the yeast CCR4 transcriptional regulatory complex. J. Biol.
Chem. 273, 22563-22569. doi:10.1074/jbc.273.35.22563

Ryu, M. S, Lee, M. S., Hong, . W., Hahn, T. R., Moon, E., and Lim, I. K. (2004). TIS21/
BTG2/PC3 is expressed through PKC-delta pathway and inhibits binding of cyclin B1-
Cdc2 and its activity, independent of p53 expression. Exp. Cell Res. 299, 159-170. doi:10.
1016/j.yexcr.2004.05.014

Sacks, P., and Rahman, M. (2020). Epidemiology of brain metastases. Neurosurg. Clin. N.
Am. 31, 481-488. doi:10.1016/j.nec.2020.06.001

Sahay, A., Wilson, D. A., and Hen, R. (2011). Pattern separation: a common function for
new neurons in hippocampus and olfactory bulb. Neuron 70, 582-588. doi:10.1016/j.
neuron.2011.05.012

Satoh, S., Hasegawa, M., Okada, R., Haruta, M., Takenobu, H., Ohira, M., et al. (2025).
Noncanonical PRC1.1 targets BTG2 to retain cyclin gene expression and cell growth in
neuroblastoma. Oncogenesis 14, 18. doi:10.1038/s41389-025-00561-6

Schaff, L. R., and Mellinghoff, I. K. (2023). Glioblastoma and other primary brain
malignancies in adults: a review. JAMA 329, 574-587. doi:10.1001/jama.2023.0023

Schnabel, E., Knoll, M., Schwager, C., Warta, R., Mock, A., Campos, B,, et al. (2021). Prognostic

value of microRNA-221/2 and 17-92 families in primary glioblastoma patients treated with
postoperative radiotherapy. Int. J. Mol. Sci. 22, 2960. doi:10.3390/ijms22062960

Seri, B., Garcia-Verdugo, . M., McEwen, B. S., and Alvarez-Buylla, A. (2001). Astrocytes
give rise to new neurons in the adult mammalian hippocampus. J. Neurosci. 21,
7153-7160. doi:10.1523/]NEUROSCI.21-18-07153.2001

Sheng, S. H., Zhao, C. M., and Sun, G. G. (2014). BTGI expression correlates with the
pathogenesis and progression of breast carcinomas. Tumour Biol. 35, 3317-3326. doi:10.
1007/s13277-013-1437-0

Sidaway, P. (2021). Medulloblastoma: prognostic subtypes revealed. Nat. Rev. Clin.
Oncol. 18, 131. doi:10.1038/s41571-021-00478-0

Sima, J., Zhang, B, Sima, X. Y, and Mao, Y. X. (2016). Overexpression of

BTG2 suppresses growth, migration, and invasion of human renal carcinoma cells
in vitro. Neoplasma 63, 385-393. doi:10.4149/307_150822N455

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

Skowron, P., Faroog, H., Cavalli, F. M. G., Morrissy, A. S., Ly, M., Hendrikse, L. D., et al.
(2021). The transcriptional landscape of Shh medulloblastoma. Nat. Commun. 12, 1749.
doi:10.1038/s41467-021-21883-0

Smoll, N. R, and Drummond, K. J. (2012). The incidence of medulloblastomas and
primitive neurectodermal tumours in adults and children. J. Clin. Neurosci. 19,
1541-1544. doi:10.1016/j.jocn.2012.04.009

Steiner, B., Kronenberg, G., Jessberger, S., Brandt, M. D., Reuter, K., and Kempermann,
G. (2004). Differential regulation of gliogenesis in the context of adult hippocampal
neurogenesis in mice. Glia 46, 41-52. doi:10.1002/glia.10337

Steiner, B., Klempin, F., Wang, L., Kott, M., Kettenmann, H., and Kempermann, G.
(2006). Type-2 cells as link between glial and neuronal lineage in adult hippocampal
neurogenesis. Glia 54, 805-814. doi:10.1002/glia.20407

Stupfler, B., Birck, C., Séraphin, B., and Mauxion, F. (2016). BTG2 bridges
PABPC1 RNA-binding domains and CAF1 deadenylase to control cell proliferation.
Nat. Commun. 7, 10811. doi:10.1038/ncomms10811

Stupp, R., Mason, W. P, van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. ], et al.
(2005). Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N.
Engl. ]. Med. 352, 987-996. doi:10.1056/NEJMo0a043330

Su, C., Huang, D. P,, Liu, J. W., Liu, W. Y., and Cao, Y. O. (2019). miR-27a-3p regulates
proliferation and apoptosis of colon cancer cells by potentially targeting BTG1. Oncol.
Lett. 18, 2825-2834. doi:10.3892/01.2019.10629

Suk, K., Sipes, D. G., and Erickson, K. L. (2015). Enhancement of B-cell
translocation gene-1 expression by prostaglandin E2 in macrophages and the
relationship to proliferation. Immunology 91, 121-129. doi:10.1046/j.1365-
2567.1997.00235.x

Sun, G. G, Lu, Y. F,, Cheng, Y. J., and Hu, W. N. (2014a). The expression of BTGI is
downregulated in NSCLC and possibly associated with tumor metastasis. Tumour Biol.
35, 2949-2957. doi:10.1007/s13277-013-1379-6

Sun, G. G, Lu, Y. F, Cheng, Y. ], Yang, C. R, Liu, Q, Jing, S. W., et al. (2014b). Expression of
BTG in hepatocellular carcinoma and its correlation with cell cycles, cell apoptosis, and cell
metastasis. Tumour Biol. 35, 11771-11779. doi:10.1007/s13277-014-2298-x

Sun, G. G., Wang, Y. D., Cheng, Y. J., and Hu, W. N. (2014c). BTG1 underexpression is
an independent prognostic marker in esophageal squamous cell carcinoma. Tumour
Biol. 35, 9707-9716. doi:10.1007/s13277-014-2245-x

Sun, G. G, Wang, Y. D,, Cheng, Y. ., and Hu, W. N. (2014d). The expression of BTG1 is
downregulated in nasopharyngeal carcinoma and possibly associated with tumour
metastasis. Mol. Biol. Rep. 41, 5979-5988. d0i:10.1007/s11033-014-3475-0

Sun, G, Liu, Q,, Cheng, Y., and Hu, W. (2015). B cell translocation gene 1 reduces the
biological outcome of kidney cancer through induction of cell proliferation, cell cycle
arrest, cell apoptosis and cell metastasis. Int. J. Mol. Med. 35, 777-783. doi:10.3892/ijmm.
2014.2058

Sun, Q, Xu, R, Xu, H,, Wang, G,, Shen, X., and Jiang, H. (2017). Extracranial metastases
of high-grade glioma: the clinical characteristics and mechanism. World J. Surg. Oncol.
15, 181. doi:10.1186/s12957-017-1249-6

Sursal, T., Ronecker, J. S., Dicpinigaitis, A. J., Mohan, A. L., Tobias, M. E., Gandhi, C. D.,
et al. (2022). Molecular stratification of medulloblastoma: clinical outcomes and
therapeutic interventions. Anticancer Res. 42,2225-2239. doi:10.21873/anticanres.15703

Tan, A. C,, Ashley, D. M,, Lépez, G. Y., Malinzak, M., Friedman, H. S., and Khasraw, M.
(2020). Management of glioblastoma: state of the art and future directions. CA Cancer
J. Clin. 70, 299-312. doi:10.3322/caac.21613

Thakkar, J. P., Prabhu, V. C., Peters, K. B., and Lukas, R. V. (2021). What is new in
Neuro-oncology? Neurol. Clin. 39, 163-179. doi:10.1016/j.ncl.2020.09.009

Tirone, F. (2001). The gene PC3(TIS21/BTG2), prototype member of the PC3/BTG/
TOB family: regulator in control of cell growth, differentiation, and DNA repair? J. Cell
Physiol. 187, 155-165. doi:10.1002/jcp.1062

Tirone, F., Farioli-Vecchioli, S., Micheli, L., Ceccarelli, M., and Leonardi, L. (2013). Genetic
control of adult neurogenesis: interplay of differentiation, proliferation and survival modulates
new neurons function, and memory circuits. Front. Cell Neurosci. 7, 59. doi:10.3389/fncel.2013.
00059

Tong, H., Zhao, K., Wang, J., Xu, H., and Xiao, J. (2020). CircZNF609/miR-134-5p/
BTG-2 axis regulates proliferation and migration of glioma cell. J. Pharm. Pharmacol. 72,
68-75. doi:10.1111/jphp.13188

Tsui, K. H,, Hsieh, W. C,, Lin, M. H,, Chang, P. L., and Juang, H. H. (2008). Triiodothyronine
modulates cell proliferation of human prostatic carcinoma cells by downregulation of the B-cell
translocation gene 2. Prostate 68, 610-619. doi:10.1002/pros.20725

Urban, N, van den Berg, D. L., Forget, A., Andersen, J., Demmers, J. A., Hunt,
C., et al. (2016). Return to quiescence of mouse neural stem cells by
degradation of a proactivation protein. Science 353, 292-295. d0i:10.1126/
science.aaf4802

van Galen, J. C., Kuiper, R. P., van Emst, L., Levers, M., Tijchon, E., Scheijen, B., et al.
(2010). BTGI regulates glucocorticoid receptor autoinduction in acute lymphoblastic
leukemia. Blood 115, 4810-4819. doi:10.1182/blood-2009-05-223081

Van Meir, E. G., Hadjipanayis, C. G., Norden, A. D., Shu, H. K., Wen, P. Y., and Olson,
J.J. (2010). Exciting new advances in neuro-oncology: the avenue to a cure for malignant
glioma. CA Cancer J. Clin. 60, 166-193. doi:10.3322/caac.20069

frontiersin.org


https://doi.org/10.1074/jbc.275.1.147
https://doi.org/10.1074/jbc.M008201200
https://doi.org/10.1038/sj.neo.7900101
https://doi.org/10.3389/fonc.2022.1049928
https://doi.org/10.1002/jcb.28605
https://doi.org/10.1016/j.addr.2022.114115
https://doi.org/10.1007/s00401-016-1569-6
https://doi.org/10.1007/s00401-016-1569-6
https://doi.org/10.1038/sj.onc.1207818
https://doi.org/10.1016/j.ccr.2008.12.016
https://doi.org/10.1002/gcc.2870030106
https://doi.org/10.1006/excr.1999.4486
https://doi.org/10.1002/j.1460-2075.1992.tb05213.x
https://doi.org/10.1038/ng1296-482
https://doi.org/10.1074/jbc.273.35.22563
https://doi.org/10.1016/j.yexcr.2004.05.014
https://doi.org/10.1016/j.yexcr.2004.05.014
https://doi.org/10.1016/j.nec.2020.06.001
https://doi.org/10.1016/j.neuron.2011.05.012
https://doi.org/10.1016/j.neuron.2011.05.012
https://doi.org/10.1038/s41389-025-00561-6
https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.3390/ijms22062960
https://doi.org/10.1523/JNEUROSCI.21-18-07153.2001
https://doi.org/10.1007/s13277-013-1437-0
https://doi.org/10.1007/s13277-013-1437-0
https://doi.org/10.1038/s41571-021-00478-0
https://doi.org/10.4149/307_150822N455
https://doi.org/10.1038/s41467-021-21883-0
https://doi.org/10.1016/j.jocn.2012.04.009
https://doi.org/10.1002/glia.10337
https://doi.org/10.1002/glia.20407
https://doi.org/10.1038/ncomms10811
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.3892/ol.2019.10629
https://doi.org/10.1046/j.1365-2567.1997.00235.x
https://doi.org/10.1046/j.1365-2567.1997.00235.x
https://doi.org/10.1007/s13277-013-1379-6
https://doi.org/10.1007/s13277-014-2298-x
https://doi.org/10.1007/s13277-014-2245-x
https://doi.org/10.1007/s11033-014-3475-0
https://doi.org/10.3892/ijmm.2014.2058
https://doi.org/10.3892/ijmm.2014.2058
https://doi.org/10.1186/s12957-017-1249-6
https://doi.org/10.21873/anticanres.15703
https://doi.org/10.3322/caac.21613
https://doi.org/10.1016/j.ncl.2020.09.009
https://doi.org/10.1002/jcp.1062
https://doi.org/10.3389/fncel.2013.00059
https://doi.org/10.3389/fncel.2013.00059
https://doi.org/10.1111/jphp.13188
https://doi.org/10.1002/pros.20725
https://doi.org/10.1126/science.aaf4802
https://doi.org/10.1126/science.aaf4802
https://doi.org/10.1182/blood-2009-05-223081
https://doi.org/10.3322/caac.20069
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

Ceccarelli et al.

Van Ommeren, R., Garzia, L., Holgado, B. L., Ramaswamy, V., and Taylor, M. D. (2020).
The molecular biology of medulloblastoma metastasis. Brain Pathol. 30, 691-702.
doi:10.1111/bpa.12811

Varnum, B. C, Reddy, S. T, Koski, R. A., and Herschman, H. R. (1994). Synthesis, degradation,
and subcellular localization of proteins encoded by the primary response genes TIS7/PC4 and
TIS21/PC3. J. Cell Physiol. 158, 205-213. doi:10.1002/jcp.1041580125

Velayutham, N., Calderon, M. U,, Alfieri, C. M., Padula, S. L., van Leeuwen, F. N,,
Scheijen, B., et al. (2023). BTG1 and BTG2 regulate neonatal cardiomyocyte cell cycle
arrest. J. Mol. Cell Cardiol. 179, 30-41. doi:10.1016/j.yjmcc.2023.03.016

Vladoiu, M. C., El-Hamamy, I., Donovan, L. K., Farooq, H., Holgado, B. L.,
Sundaravadanam, Y., et al. (2019). Childhood cerebellar tumours mirror
conserved fetal transcriptional programs. Nature 572, 67-73. doi:10.1038/
s41586-019-1158-7

Wallace, V. A. (1999). Purkinje-cell-derived Sonic hedgehog regulates granule neuron
precursor cell proliferation in the developing mouse cerebellum. Curr. Biol. 9, 445-448.
doi:10.1016/s0960-9822(99)80195-x

Wang, V. Y., and Zoghbi, H. Y. (2001). Genetic regulation of cerebellar development.
Nat. Rev. Neurosci. 2, 484-491. doi:10.1038/35081558

Wang B, B. Q., Yang, B, Yang, H. C, Wang, J. Y., Hu, S,, Gao, Y. S,, et al. (2018).
MicroRNA-499a decelerates glioma cell proliferation while accelerating apoptosis
through the suppression of Notchl and the MAPK signaling pathway. Brain Res.
Bull. 142, 96-106. doi:10.1016/j.brainresbull.2018.06.005

Wang H, H., Wu, J., Luo, W. ], and Hu, J. L. (2018). Low expression of miR-1231 in
patients with glioma and its prognostic significance. Eur. Rev. Med. Pharmacol. Sci. 22,
8399-8405. doi:10.26355/eurrev_201812_16538

Wang Z, Z. L., Zhang, C. B, Wang, Z., Meng, X. Q,, Liu, X. ]., Han, B,, et al. (2018). MiR-
134, epigenetically silenced in gliomas, could mitigate the malignant phenotype by
targeting KRAS. Carcinogenesis 39, 389-396. doi:10.1093/carcin/bgy022

Wang, Y., Sun, W,, Yang, J., Yang, L., Li, C, Liu, H,, et al. (2019). PUM2 promotes
glioblastoma cell proliferation and migration via repressing BTG1 expression. Cell
Struct. Funct. 44, 29-39. doi:10.1247/csf.18030

Wang, J., Li, H,, Wang, L., Zhang, J., Li, M., Qiao, L., et al. (2021). Transcriptomic
analyses reveal B-Cell translocation gene 2 as a potential therapeutic target in ovarian
cancer. Front. Oncol. 11, 681250. doi:10.3389/fonc.2021.681250

Ward, R. ], Lee, L., Graham, K., Satkunendran, T., Yoshikawa, K., Ling, E., et al. (2009).
Multipotent CD15+ cancer stem cells in patched-1-deficient mouse medulloblastoma.
Cancer Res. 69, 4682-4690. doi:10.1158/0008-5472.CAN-09-0342

Waszak, S. M., Northcott, P. A., Buchhalter, I, Robinson, G. W, Sutter, C., Groebner, S.,
et al. (2018). Spectrum and prevalence of genetic predisposition in medulloblastoma: a
retrospective genetic study and prospective validation in a clinical trial cohort. Lancet
Oncol. 19, 785-798. doi:10.1016/S1470-2045(18)30242-0

Wechsler-Reya, R. J., and Scott, M. P. (1999). Control of neuronal precursor
proliferation in the cerebellum by Sonic Hedgehog. Neuron 22, 103-114. doi:10.
1016/50896-6273(00)80682-0

Wei, M., Cao, Y., Jia, D., Zhao, H., and Zhang, L. (2019). CREPT promotes glioma cell
proliferation and invasion by activating Wnt/B-catenin pathway and is a novel target of
microRNA-596. Biochimie 162, 116-124. doi:10.1016/j.biochi.2019.04.014

Wetmore, C., Eberhart, D. E., and Curran, T. (2000). The normal patched allele is
expressed in medulloblastomas from mice with heterozygous germ-line mutation of
patched. Cancer Res. 60, 2239-2246.

Wheaton, K., Muir, J., Ma, W., and Benchimol, S. (2010). BTG2 antagonizes Pinl in
response to mitogens and telomere disruption during replicative senescence. Aging Cell
9, 747-760. doi:10.1111/§.1474-9726.2010.00601.x

Winkler, G. S. (2010). The mammalian anti-proliferative BTG/Tob protein family. J. Cell
Physiol. 222, 66-72. doi:10.1002/jcp.21919

Wu, X,, Northeott, P. A, Croul, S., and Taylor, M. D. (2011). Mouse models of
medulloblastoma. Chin. J. Cancer 30, 442-449. doi:10.5732/cjc.011.10040

Wu, X, Northeott, P. A., Dubuc, A., Dupuy, A. J., Shih, D. J., Witt, H,, et al. (2012).

Clonal selection drives genetic divergence of metastatic medulloblastoma. Nature 482,
529-533. doi:10.1038/nature10825

Xiao, F., Deng, J., Yu, ., Guo, Y., Chen, S., and Guo, F. (2016). A novel function of B-cell
translocation gene 1 (BTG1) in the regulation of hepatic insulin sensitivity in mice via
c-Jun. FASEB J. 30, 348-359. doi:10.1096/fj.15-278689

Xu, S, Tang, L, Li, X, Fan, F, and Liu, Z. (2020). Immunotherapy for glioma: current
management and future application. Cancer Lett. 476, 1-12. doi:10.1016/j.canlet.2020.02.002
Yamada, T., Minoda, R., Miwa, T., Ise, M., Takeda, H., and Yumoto, E. (2015).
Neurogenesis of the spiral ganglion cells in the cochlea requires the transcriptional
cofactor TIS21. Neurosci. Lett. 584, 265-269. doi:10.1016/j.neulet.2014.10.001

Yan, Y, Zeng, S, Gong, Z., and Xu, Z. (2020). Clinical implication of cellular vaccine in glioma:
current advances and future prospects. J. Exp. Clin. Cancer Res. 39, 257. doi:10.1186/s13046-020-
01778-6

Yang, Z. J., Ellis, T., Markant, S. L., Read, T. A., Kessler, J. D., Bourboulas, M., et al.
(2008). Medulloblastoma can be initiated by deletion of Patched in lineage-restricted
progenitors or stem cells. Cancer Cell 14, 135-145. doi:10.1016/j.ccr.2008.07.003

Frontiers in Cell and Developmental Biology

10.3389/fcell.2026.1775035

Yasinjan, F,, Xing, Y., Geng, H., Guo, R,, Yang, L., Liu, Z., et al. (2023). Immunotherapy:
a promising approach for glioma treatment. Front. Immunol. 14, 1255611. doi:10.3389/
fimmu.2023.1255611

Yin, D., Ogawa, S., Kawamata, N., Tunici, P., Finocchiaro, G., Eoli, M., et al. (2009).
High-resolution genomic copy number profiling of glioblastoma multiforme by single
nucleotide polymorphism DNA microarray. Mol. Cancer Res. 7, 665-677. doi:10.1158/
1541-7786.MCR-08-0270

Yuniati, L., van der Meer, L. T., Tijchon, E., van Ingen Schenau, D., van Emst, L., Levers,
M, et al. (2016). Tumor suppressor BTG1 promotes PRMT1-mediated ATF4 function
in response to cellular stress. Oncotarget 7, 3128-3143. doi:10.18632/oncotarget.6519

Yuniati, L, Scheijen, B., van der Meer, L. T., and van Leeuwen, F. N. (2019). Tumor suppressors
BTG1 and BTG2: beyond growth control. J. Cell Physiol. 234, 5379-5389. doi:10.1002/jcp.27407

Zhang, L., Huang, H., Wu, K., Wang, M., and W, B. (2010). Impact of BTG2 expression
on proliferation and invasion of gastric cancer cells in vitro. Mol. Biol. Rep. 37,
2579-2586. doi:10.1007/s11033-009-9777-y

Zhang, Z., Chen, C., Wang, G., Yang, Z., San, J., Zheng, J., et al. (2011). Aberrant
expression of the p53-inducible antiproliferative gene BTG2 in hepatocellular carcinoma
is associated with overexpression of the cell cycle-related proteins. Cell Biochem. Biophys.
61, 83-91. doi:10.1007/s12013-011-9164-x

Zhang, Y.]., Wei, L., Liu, M., Li, J., Zheng, Y. Q., Gao, Y., et al. (2013). BTG2 inhibits the
proliferation, invasion, and apoptosis of MDA-MB-231 triple-negative breast cancer
cells. Tumour Biol. 34, 1605-1613. doi:10.1007/s13277-013-0691-5

Zhang, M., Chen, D, Xia, J., Han, W., Cui, X., Neuenkirchen, N., et al. (2017). Post-
transcriptional regulation of mouse neurogenesis by Pumilio proteins. Genes Dev. 31,
1354-1369. doi:10.1101/gad.298752.117

Zhang, Y., Wang, T., Wang, S., Xiong, Y., Zhang, R., Zhang, X., et al. (2018). Nkx2-2as
suppression contributes to the pathogenesis of sonic Hedgehog medulloblastoma.
Cancer Res. 78, 962-973. doi:10.1158/0008-5472.CAN-17-1631

Zhang, Q., Cheng, Z., Shi, L., and Mao, G. (2022). miR-145-5p inhibits the proliferation
of glioma stem cells by targeting translationally controlled tumor protein. J. Cancer 13,
1490-1500. doi:10.7150/jca.65543

Zhang, S., Gu, J,, Shi, L. L., Qian, B., Diao, X,, Jiang, X,, et al. (2023). A pan-cancer
analysis of anti-proliferative protein family genes for therapeutic targets in cancer. Sci.
Rep. 13, 21607. doi:10.1038/s41598-023-48961-1

Zhao, L. M., and Pang, A. X. (2017). Iodine-131 treatment of thyroid cancer cells leads to
suppression of cell proliferation followed by induction of cell apoptosis and cell cycle
arrest by regulation of B-cell translocation gene 2-mediated JNK/NF-kB pathways. Braz
J. Med. Biol. Res. 50, €5933. doi:10.1590/1414-431X20165933

Zhao, C., Deng, W., and Gage, F. H. (2008). Mechanisms and functional implications of
adult neurogenesis. Cell 132, 645-660. doi:10.1016/j.cell.2008.01.033

Zhao, Y., Gou, W. F., Chen, S., Takano, Y., Xiu, Y. L., and Zheng, H. C. (2013).
BTG1 expression correlates with the pathogenesis and progression of ovarian
carcinomas. Int. J. Mol. Sci. 14, 19670-19680. doi:10.3390/ijmsl41019670

Zhao, Y., Pang, D., Wang, C., Zhong, S.,and Wang, S. (2016). MicroRNA-134 modulates
glioma cell U251 proliferation and invasion by targeting KRAS and suppressing the ERK
pathway. Tumour Biol. 37, 11485-11493. doi:10.1007/s13277-016-5027-9

Zhao, S., Chen, S. R, Yang, X. F,, Shen, D. F.,, Takano, Y., Su, R. ], et al. (2017).
BTG1 might be employed as a biomarker for carcinogenesis and a target for gene
therapy in colorectal cancers. Oncotarget 8, 7502-7520. doi:10.18632/oncotarget.10649

Zheng, H. C,, Li, J., Shen, D. F,, Yang, X. F,, Zhao, S., Wu, Y. Z,, et al. (2015).
BTG1 expression correlates with pathogenesis, aggressive behaviors and prognosis of
gastric cancer: a potential target for gene therapy. Oncotarget 6, 19685-19705. doi:10.
18632/oncotarget.4081

Zheng, H. C., Xue, H., Zhang, C. Y., Shi, K. H., and Zhang, R. (2022). The roles of BTG1
mRNA expression in cancers: a bioinformatics analysis. Front. Genet. 13, 1006636.
doi:10.3389/fgene.2022.1006636

Zhong, J., and Li, B. (2015). Reduced expression of microRNA-134 correlates with malignancy
and poor prognosis in human glioma. J. Clin. Neurosci. 22, 583-587. doi:10.1016/jjocn.2014.
09.013

Zhou, Y., Su, Y., Li, S., Kennedy, B. C., Zhang, D. Y., Bond, A. M., et al. (2022). Molecular
landscapes of human hippocampal immature neurons across lifespan. Nature 607,
527-533. doi:10.1038/541586-022-04912-w

Zhou, H., Gai, Q. J,, Yan, Q,, Zhu, Y. X, Zhang, S, Liu, Z. D, et al. (2026). Single-cell
deconstruction of medulloblastoma microenvironment elucidates subtype-specific
immune architectures and prognostic molecular signatures. Cancer Lett. 636,
218126. doi:10.1016/j.canlet.2025.218126

Zhu, J., and Han, S. (2019). Lidocaine inhibits cervical cancer cell proliferation and
induces cell apoptosis by modulating the IncRNA-MEG3/miR-421/BTG1 pathway. Am.
J. Transl. Res. 11, 5404-5416.

Zhu, R., Zou, S. T., Wan, J. M., Li, W., Li, X. L., and Zhu, W. (2013). BTG1 inhibits breast

cancer cell growth through induction of cell cycle arrest and apoptosis. Oncol. Rep. 30,
2137-2144. doi:10.3892/0r.2013.2697

Zhu, B, Chen, W,, Fu, Y., Cui, X,, Jin, L., Chao, J,, et al. (2020). MicroRNA-27a-3p
reverses Adriamycin resistance by targeting BTG2 and activating PI3K/Akt pathway in
breast cancer cells. Onco Targets Ther. 13, 6873-6884. doi:10.2147/OTT.S256153

frontiersin.org


https://doi.org/10.1111/bpa.12811
https://doi.org/10.1002/jcp.1041580125
https://doi.org/10.1016/j.yjmcc.2023.03.016
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1016/s0960-9822(99)80195-x
https://doi.org/10.1038/35081558
https://doi.org/10.1016/j.brainresbull.2018.06.005
https://doi.org/10.26355/eurrev_201812_16538
https://doi.org/10.1093/carcin/bgy022
https://doi.org/10.1247/csf.18030
https://doi.org/10.3389/fonc.2021.681250
https://doi.org/10.1158/0008-5472.CAN-09-0342
https://doi.org/10.1016/S1470-2045(18)30242-0
https://doi.org/10.1016/s0896-6273(00)80682-0
https://doi.org/10.1016/s0896-6273(00)80682-0
https://doi.org/10.1016/j.biochi.2019.04.014
https://doi.org/10.1111/j.1474-9726.2010.00601.x
https://doi.org/10.1002/jcp.21919
https://doi.org/10.5732/cjc.011.10040
https://doi.org/10.1038/nature10825
https://doi.org/10.1096/fj.15-278689
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.1016/j.neulet.2014.10.001
https://doi.org/10.1186/s13046-020-01778-6
https://doi.org/10.1186/s13046-020-01778-6
https://doi.org/10.1016/j.ccr.2008.07.003
https://doi.org/10.3389/fimmu.2023.1255611
https://doi.org/10.3389/fimmu.2023.1255611
https://doi.org/10.1158/1541-7786.MCR-08-0270
https://doi.org/10.1158/1541-7786.MCR-08-0270
https://doi.org/10.18632/oncotarget.6519
https://doi.org/10.1002/jcp.27407
https://doi.org/10.1007/s11033-009-9777-y
https://doi.org/10.1007/s12013-011-9164-x
https://doi.org/10.1007/s13277-013-0691-5
https://doi.org/10.1101/gad.298752.117
https://doi.org/10.1158/0008-5472.CAN-17-1631
https://doi.org/10.7150/jca.65543
https://doi.org/10.1038/s41598-023-48961-1
https://doi.org/10.1590/1414-431X20165933
https://doi.org/10.1016/j.cell.2008.01.033
https://doi.org/10.3390/ijms141019670
https://doi.org/10.1007/s13277-016-5027-9
https://doi.org/10.18632/oncotarget.10649
https://doi.org/10.18632/oncotarget.4081
https://doi.org/10.18632/oncotarget.4081
https://doi.org/10.3389/fgene.2022.1006636
https://doi.org/10.1016/j.jocn.2014.09.013
https://doi.org/10.1016/j.jocn.2014.09.013
https://doi.org/10.1038/s41586-022-04912-w
https://doi.org/10.1016/j.canlet.2025.218126
https://doi.org/10.3892/or.2013.2697
https://doi.org/10.2147/OTT.S256153
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1775035

	PC3/Tis21/BTG2 and BTG1 genes: regulators of the cell cycle and neurogenesis, as well as tumor suppressors in malignant bra ...
	1 Introduction
	2 Isolation, structure and transcriptional regulation by PC3/Tis21/BTG2 and BTG1
	3 Pathways controlling the expression of PC3/Tis21/BTG2 and BTG1
	4 Posttranscriptional regulation
	5 Regulation of biological processes by PC3/Tis21/BTG2 and BTG1
	5.1 Negative regulation of cell cycle by PC3/Tis21/BTG2
	5.2 Apoptosis and PC3/Tis21/BTG2
	5.3 Negative regulation of cell cycle by BTG1
	5.4 Apoptosis and BTG1

	6 Regulation of neurogenesis and neural differentiation by PC3/Tis21/BTG2 and BTG1
	6.1 Role of PC3/Tis21/BTG2 in embryonic and adult neurogenesis
	6.2 Role of BTG1 in adult neurogenesis

	7 Brain tumors involving PC3/Tis21/BTG2 and BTG1
	7.1 Glioma
	7.2 Medulloblastoma
	7.3 Therapeutic implications

	8 Conclusion
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Correction note
	Generative AI statement
	Publisher’s note
	References


