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Abstract: Medulloblastomas are the most common solid tumors in children, accounting for 8–30%
of pediatric brain cancers. It is a high-grade tumor with aggressive behavior and a typically b
poor prognosis. Its treatment includes surgery, chemotherapy, and radiotherapy, and presents high
morbidity. Significant clinical, genetic, and prognostic differences exist between its four molecular
subgroups: WNT, SHH, Group 3, and Group 4. Many studies seek to develop new chemotherapeutic
agents for medulloblastomas through the identification of genes whose expressions are new molecular
targets for drugs, such as membrane receptors associated with cell replication. This study aimed
to assess the association of CD114 expression with mortality in patients with medulloblastoma.
Databases from the Medulloblastoma Advanced Genomics International Consortium (MAGIC) were
analyzed, focusing on the expression of the CD114 membrane receptor in different molecular types
and its possible association with mortality. Our findings showed different CD114 expressions between
Group 3 and other molecular groups, as well as between the molecular subtypes SHH γ and Group
3 α and Group 3 β. There was no statistically significant difference between the other groups and
subtypes. Regarding mortality, this study did not find statistical significance in the association
between low and high CD114 expressions and mortality. Medulloblastoma is a heterogeneous disease
with many subtype variations of its genetic and intracellular signaling pathways. Similarly to this
study, which could not demonstrate different CD114 membrane receptor expression patterns between
groups, others who sought to associate CD114 expression with mortality in other types of cancer
failed to establish a direct association. Since many indications point to the relation of this gene
with cancer stem cells (CSCs), it may be part of a more extensive cellular signaling pathway with
an eventual association with tumor recurrence. This study found no direct relationship between
CD114 expression and mortality in patients with medulloblastoma. Further studies are needed on
the intracellular signaling pathways associated with this receptor and its gene (the CSF3R).

Keywords: neurosurgery; surgical oncology; molecular targeted therapy; medulloblastoma

1. Introduction

Medulloblastomas are the most common solid tumors in children, accounting for
8–30% of pediatric brain cancers [1,2]. According to the World Health Organization’s
(WHO) classification, it is a type of high-grade tumor, which implies aggressive behavior
and typically poor prognosis. Its treatment also presents high morbidity.

Previously known as cerebral spongioblastoma, Harvey Cushing and Percival Bailey
first named it medulloblastoma in 1925 [3]. The former denomination was abolished to
dispel the idea of a glial origin. Medulloblastomas are tumors that are derived from the
primitive neural tube that commonly arise in the posterior fossa and tend to send metastasis
foci via cerebrospinal fluid dissemination, which may cause hydrocephalus.
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Medulloblastomas occur predominantly in the first decade of life. However, there is
no definition in the medical literature about the peak incidence, which varies between 3
and 9 years old, just as there is no well-established predisposing factor. Nonetheless, it may
be associated with rare familial syndromes such as Turcot, Gorlin, and Li-Fraumeni [3].

The treatment of medulloblastomas involves surgery, radiotherapy, and chemotherapy.
Despite significant advances and increased survival after diagnosis, such a combined inva-
sive approach may be associated with higher morbidity and severe neurological sequelae.
Regarding prognosis, patients can be grouped into “low risk” and “high risk” depending
on three factors: age, metastatic spread at the time of diagnosis, and incomplete surgical
resection. Despite good prognosis in so-called “low-risk” tumors, other factors can be
associated with these patients’ prognoses, such as molecular analysis [2].

The research for improvements in medulloblastoma treatment aims for new chemother-
apeutics that are directed to specific molecular targets, such as membrane receptors associ-
ated with cell replication. The search for genes that are related to medulloblastomas can
identify prognostic markers, which can help clarify why patients with similar stratifications
occasionally evolve in different ways.

One of the molecular targets under study is the granulocyte colony-stimulating factor
receptor (G-CSF-R), also known as CD114 (cluster of differentiation 114), encoded by the
CSF3R gene. Its expression has already been implicated in the pathogenesis of several
tumor types, including ovarian carcinomas, bladder cancer, and skin cancer [4–6]. CD114+
cancer cells have displayed the ability to self-renew, generate differentiated progeny, and
recapitulate a subpopulation of heterogeneous tumor cells. In medulloblastoma cells,
it has been observed that a subpopulation of CD114+ cells presented altered growth,
chemoresistance, and responsiveness to the granulocyte colony-stimulating factor (G-CSF):
a drug sometimes used in cancer treatments, including medulloblastomas [7].

If its role in the pathogenesis of medulloblastomas is confirmed, CD114 could be used
as a therapeutic target to develop new drugs or even as a diagnosis and prognosis marker
of the disease.

Objectives

Primary: Evaluate the association of CD114 expression with mortality in patients with
medulloblastoma.

Secondary: Assess the difference in CD114 expression among molecular subtypes of
medulloblastomas.

2. Results

In this study, we included data from 763 patients. Samples of primary tumors from
patients diagnosed with medulloblastoma were analyzed. Table 1 presents the descriptive
data regarding the age, gender, and survival of these patients that was distributed for each
molecular tumor type.

Table 1. Study population.

Variable WNT SHH Group 3 Group 4 Total
Sample

Age (years) 10.8
(8.0–16.0)

8.8
(2.1–21.5)

5.1
(3.1–8.0)

8.0
(5.8–11.0)

8.0
(4.8–12.0)

Gender
Male 29 128 99 216 472

Female 35 82 38 92 247

Gender ratio 0.8 1.6 2.6 2.3 1.9

Survival (years) 4.2
(2.7–8.3)

3.9
(2.1–7.0)

3.0
(1.4–6.7)

4.2
(2.3–6.8)

4.0
(2.1–6.9)
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Classically, medulloblastomas have been classified into histological subtypes. How-
ever, this classification has been losing relevance since the change proposed by the World
Health Organization (WHO) in the 2016 Classification of Central Nervous System (CNS)
Tumors. Recently, molecular classification has been used for these tumors, and several
studies have deepened our knowledge about the genomics of this disease. Table 2 shows
the relationship between the histological (rows) and molecular (columns) classification of
medulloblastomas. This table demonstrates how a single histological subtype can present a
broad spectrum of biological behavior, from benign to very aggressive. The classical sub-
type, for instance, was represented by a slight majority in the Group 4 molecular subtype.
However, the remainder was divided relatively evenly among the three other molecular
subtypes. Likewise, the histological large cell/anaplastic (LCA) subtype showed a very
similar molecular classification among the three different groups: SHH, Group 3, and
Group 4.

Table 2. Histological X molecular diagnosis of medulloblastomas.

Variable WNT SHH Group 3 Group 4 Total Sample

Classical 40 (10.3%) 78 (20.2%) 68 (17.6%) 201 (51.9%) 387 (100%)

Desmoplastic 5 (4.6%) 73 (67%) 8 (7.3%) 23 (21.1%) 109 (100%)

MBEN 0 (0%) 10 (55.6%) 2 (11.1%) 6 (33.3%) 18 (100%)

LCA 5 (7%) 20 (28%) 25 (35%) 22 (30%) 72 (100%)

To define whether the CSF3R gene expression followed a normal distribution, we
performed the Kolmogorov–Smirnov test, which confirmed the null hypothesis that it did
not. This analysis can be seen in Figure 1 in a Q–Q plot.
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Figure 1. CSF3R expression distribution pattern. The straight line represents the reference for
normal distribution, while the orange marks represent the gene expression data. Source: the authors.
Compiled using MedCalc® version 20.115 (MedCalc Software Ltd., Ostend, Belgium).

After defining that the gene expression did not follow a normal distribution, we
performed the Kruskal–Wallis test to determine whether the different patterns of the CSF3R
gene expression among the groups were statistically significant, which was confirmed
(p < 0.001). Subsequently, we applied a post hoc Dunn’s test to assess between which groups
this difference was relevant. The test showed that the tumors in Group 3 had a CSF3R
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gene expression pattern which differed from the other groups (WNT, SHH, and Group 4).
Figure 2 shows the relationship between the patterns of the CSF3R gene expression among
the four main molecular types of medulloblastomas, highlighting the difference between
the tumors in Group 3 and the others.
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An analysis of CSF3R gene expression among the molecular groups of medulloblas-
tomas was once again performed (Kruskal–Wallis test, followed by Dunn’s post hoc test),
but this time, the molecular subgroups proposed by Cavalli et al. were used [8]. The results
show that the SHH gamma subgroup presented a different expression pattern compared
to Group 3 alpha, Group 3 Beta, and SHH alpha subgroups (p < 0.001). Figure 3 shows
the relationship of CSF3R gene expression patterns among the 12 molecular subgroups
of medulloblastomas.

In addition, we analyzed the impact of CSF3R gene expression on patient survival. The
expression was characterized as “low” and “high” using the median value as a criterion,
and the time interval was measured in years. Figure 4 shows the results in Kaplan–Meier
curves, displaying each subgroup separately alongside the total sample. None of the
analyses reached statistical significance (p < 0.05).

Similarly, we analyzed the impact of CSF3R gene expression on mortality using
different values as the parameters for “low” and “high” expressions. In Figure 5, the
25th percentile was used as a criterion. The values below it were considered low gene
expressions, while those above were high expressions. On the other hand, Figure 6 shows
the analysis that considered the 75th percentile as the cut-off point. The time interval
was also measured in years, and the results are expressed in Kaplan–Meier curves. Both
analyses also did not reach statistical significance (p < 0.05).
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3. Discussion

Medulloblastomas are a heterogeneous disease. Although their various subtypes are
generally identified as a single disease, it is currently known that each subgroup presents
oncogenesis, genetic alterations, and distinct biological behavior [8,9]. Nowadays, genomic
analyses are the gold standard for categorizing tumor subtypes, and, despite still showing
some overlap between groups, this happens less than in classical histology. Since the 2016
WHO CNS tumors classification, medulloblastomas have been divided into four subgroups:
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WNT, SHH, Group 3, and Group 4 [10]. However, precisely how heterogeneous these
groups may be has yet to be discovered. Subclassifications have been proposed for each of
the four molecular types, with remarkably distinct clinical or cellular characteristics [11,12].
We could see the genetic variation within the types and subtypes of these tumors when the
CSF3R gene expression was analyzed. Although Group 3 showed a different expression
pattern from the other molecular types, there was no statistical significance when the
other groups were compared with one another. Likewise, among the subgroups proposed
by Taylor et al. [12], SHH γ showed a different expression pattern from Group 3 α and
Group 3 β with statistical significance. These data are compatible with the literature and
reinforce the heterogeneity of the disease and its molecular types, indicating how far the
understanding of this disease still has to progress.

The granulocyte colony-stimulating factor (G-CSF) was first identified in bone marrow
cells and derivatives. It is a glycoprotein that stimulates, through its ligand on the cell
membrane (CD114), the growth, differentiation, and activation of defense cells (chemotaxis,
degranulation, and phagocytosis) [5]. It is produced mainly by monocytes and macrophages
but also by fibroblasts, endothelial cells, and bone marrow stroma. Its production is
significantly increased in the presence of inflammatory activity [13,14]. However, cancer
cells of various origins exhibit a stimulatory response to the presence of G-CSF, such as
malignant tumors of the bladder, liver, oral cavity, skin, neuroblastomas, and leukemia, as
has been shown [4,5,14].

Cancer cells, such as defense cells, have an autocrine loop of G-CSF production. The
transfection (i.e., the introduction of genetic material into a cell) of the CSF3R gene into
human osteosarcoma cell lines makes these cells self-stimulatory and able to survive and
proliferate independently of the extracellular matrix, which is a significant evolutionary
gain for carcinogenesis and cancer perpetuation [5]. Although this pathway is not yet as
well established as in hematopoietic cells, both the growth, proliferation, and differentiation
response, as well as the production of the stimulating factor, have already been proven for
some tumor types [4]. Chakraborty and Guha [4] demonstrated that, in bladder cancer,
the increased expression of the G-CSF receptor is associated with the overexpression of
the surface protein Integrin beta-1, which has the function of cell adhesion. In this type of
cancer, such an association is related to the greater local invasiveness of the tumor.

Moreover, the overexpression of CD114 is associated with a higher rate of tumor
growth and migration, in addition to decreased apoptosis [4]. Kumar et al. [15] found
similar results studying CD114 expression and ovarian cancer. Besides its expression being
associated with greater disease aggressiveness, the exogenous use of G-CSF resulted in
more extensive migration and a lower apoptosis/tumor cell death rate, in addition to the
activation of tumor perpetuation pathways [15]. Understanding CSF3R gene expression is,
therefore, crucial to understanding each tumor type’s oncogenesis and, eventually, seeking
ways to block it.

Hirai et al. demonstrated that in squamous carcinomas of the oral cavity, actinic
keratosis, and Bowen’s disease (a variant of squamous cell carcinoma), the well-known
high expression of CSF3R was not related to increased mortality [5]. In their study, Hirai
et al. compared CSF3R gene expression with the Ki-67 nuclear antigen marker: a relevant
prognostic factor in oncology. They showed that CSF3R gene expression, either increased or
decreased, had no impact on the Ki-67 value for any of the three diseases [5]. The findings
are compatible with the results of this study regarding medulloblastomas.

Hirai et al. [5] also hypothesized an association with local cancerous invasiveness
in skin tumors, similar to bladder cancer. Elevated CD114 activation is associated with
increased activity of the matrix metalloproteinases (MMPs), which are responsible for the
degradation of the basal lamina of the skin; this could facilitate local tumor dissemination.
Other genes are involved in MMP production and activity, such as the one that encodes,
in the cell membrane, the epidermal growth factor receptor (EGFR), which is named by
the same acronym (EGFR). The activation of the EGFR gene has also been associated with
skin basement membrane degradation through MMP activity. However, the relationship
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between these two genes, CSF3R and EGFR, is not yet well established. As the mechanisms
of action of the CSF3R gene in cancer cells are still not well defined, it may be only part of a
pathway in which multiple mechanisms interact with an unfavorable prognosis as the final
result. Even so, the CSF3R gene, alone, could not provide a direct association [5].

In this study, the Kaplan–Meier curve for survival analysis showed no statistical
difference between the groups with high or low CSF3R expression. These data are consistent
with the few studies on this gene regarding survival in cancer patients. However, this
is the only study to date in which this analysis has been performed for patients with
medulloblastoma. In an attempt to establish reference values for the division of the groups
to be analyzed (one with high and the other with low values), we applied the median,
25%, and 75% percentiles. None of the analyses showed statistical significance regarding
mortality. It may be due to a sampling error since some analyses, especially of subgroups,
had a p-value close to 0.05, established in this study as the required value to rule out the
null hypothesis (that is, that the results found were due to chance). Another difficulty
in data analysis was measuring the gene expression, which was calculated from primary
tumor samples. Their numerical expressions presented considerable variations, and the
graphic representation was unfeasible. Therefore, we transformed these measurements
into binary logarithms, which allowed for analysis. Thus, it was possible to affirm that the
different groups had different CSF3R gene expression patterns, but it could not be said that
one group had a necessarily higher expression than another. The ideal approach for such
gene expression measurement would be through the cell lines of tumor cells in a controlled
environment, in which it would be possible to define what would be increased and to
establish the cut-off point for the analysis of the groups: a reference that the database does
not allow.

A crucial aspect of identifying CSF3R gene activity in medulloblastomas is understand-
ing the effects of oncologic treatment on the disease. Patients undergoing chemotherapy
and radiotherapy, two of the mainstays of medulloblastoma treatment, are at high risk
of developing bone marrow aplasia. Among children, who are not always eligible for
radiotherapy treatment, protocols sometimes use higher doses of chemotherapy [16]. In
such cases, in situations of severe neutropenia and its complications, the use of G-CSF is in-
dicated to stimulate the production of defense cells [9,14,17]. However, studies on skin and
bladder malignancies have demonstrated, in vitro, the increased replication, differentiation,
and migration of tumor cell lines after stimulation with exogenous G-CSF. In addition,
blocking CD114 through neutralizing antibodies has an inhibitory effect on the proliferation
and migration of these cancer cells [4,5,13]. Staar et al. [18] described how the loco-regional
control of head and neck tumors in patients who received prophylactic treatment with
G-CSF was worse than in those who did not. Russell and Shohet [19] concluded that there
was insufficient evidence for the use of high doses of G-CSF to promote bone marrow re-
covery after myeloablative chemotherapy. Still, the use of G-CSF is customary in oncology.
All these findings suggest that, even if there is not a direct effect of the CSF3R gene on the
mortality of patients with medulloblastoma, other factors, such as treatment, may influence
this outcome [4,5,13]. There is already enough evidence on the stimulatory effect of G-CSF
in several types of cancers for its use in chemotherapy routines to be re-evaluated [14].

Cancer stem cells (CSCs) are multipotent neoplastic cells with the ability to self-renew,
differentiate into various tumor cell types, and eventually reconstitute an entire tumor cell
population. This cell type has already been identified in some types of cancer, including
medulloblastomas [20,21]. When present, the tumors tend to have a worse prognosis,
stronger resistance to chemotherapy treatment, and a higher rate of relapses [22,23]. Several
cell surface markers for CSCs have already been proposed in the literature, including
CD133, ALDH, CD44, EpCAM, and CD271 [14]. However, due to the vast heterogeneity
of these cells within an already quite heterogeneous group of cancer cells, their exact
identification and the mechanisms through which these cells’ signaling pathways function
are still unclear. There is even the possibility that the same marker acts differently in distinct
types of cancer [9,21].
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Paul et al. described CD114 as a possible CSC marker in medulloblastomas in 2020 [9].
Studies have already described the CD114 receptor as a CSC marker in neuroblastomas,
Ewing’s sarcomas, and melanomas, demonstrating a connection to recurrence [14]. In
medulloblastomas, CD114+ cells exhibit all the characteristics expected in CSC: their
presence in a small and undifferentiated number of cells; stronger resistance and higher
percentage growth after chemotherapy treatment; and the potential for differentiation such
as pluripotent embryogenic cells, in addition to the responsiveness of G-CSF granted by
the receptor. In these cells, the gene and signaling pathways that are common to several
medulloblastoma lineages have been identified, such as NRP1 [24], MSI1 [25], TWIST1 [26],
MYCN [27], and OX2 [28].

New therapies targeting CSCs may positively impact cancer treatment, including
medulloblastomas. CD114 is a molecular target that is under study, but there are still no
drugs in trial for CSCs. The study of CSCs presents substantial difficulties and limitations.
The CSC population in tumor samples is small, and the culture media and conditions
of the in vitro analysis of these cells impact their phenotypes, making it challenging to
analyze and extrapolate laboratory results to patients [29]. Regarding medulloblastomas,
the heterogeneity of their different molecular groups and subgroups and their various
cells of origin are an additional complication factor in understanding CSCs and proposing
new treatments. Diverse gene expressions in each subgroup make it necessary to know
each molecular subgroup extensively to search for a possible common signaling pathway,
which may not even exist [9]. Only through complete knowledge of the intracellular CD114
pathway will we be able to understand its actual impact on mortality and relapses and then
propose treatments that are personalized to its molecular signature. Understanding CSC
and relapse in medulloblastomas represents the next revolution in treating the disease.

4. Materials and Methods

This study was carried out through the analysis of a public database that was elab-
orated by the worldwide consortium for the study of medulloblastomas, known as the
Medulloblastoma Advanced Genomics International Consortium (MAGIC). The consor-
tium has samples from more than 2000 medulloblastomas from centers of excellence in
treating brain tumors, mainly from North America (Canada and the United States of Amer-
ica) but also from Europe, Asia, and South America (including Brazil). The MAGIC database
is available for download at: https://ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85217
(accessed on 15 June 2019).

4.1. Sample Selection and Data Collection

The database that was used in this study was created using information from patients
whose tumor samples were analyzed for CSF3R gene expression. In total, 763 samples
were included in the database. We selected data on the study population (epidemiological
data) and gene expression. The analyzed data related to gender, age, survival and mortality,
histological and molecular classifications of the tumors, and the expression of the CSF3R
gene.

4.2. Measurement of Gene Expression

To measure CSF3R gene expression, an in silico analysis of products transcribed by
the tumor cell (messenger RNAs, ribosomal transporters, and microRNAs), also known as
transcriptome, was performed.

4.3. Statistical Analysis

The response variable evaluated in this study was the CSF3R gene expression. Due
to discrepant values resulting from the gene expression in the database, the variable was
transformed into a binary logarithm (log2) to make the data homoscedastic (of constant
variation). To verify the normality of data distribution, we applied the Kolmogorov-
Smirnov test and the graphical visualization through a Q-Q plot. As it did not meet the

https://ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85217
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assumptions of normality, the effect of molecular subgroups of medulloblastoma on gene
expression was verified using the Kruskal–Wallis non-parametric test, followed by Dunn’s
post hoc test to compare the distributions among each molecular subgroup.

In addition, we performed a Kaplan–Meier (KM) analysis to estimate median survival
times and their respective confidence intervals. The KM method is a non-parametric
statistic that is used to estimate the probability of survival from observed survival times.
The survival curves on the KM plot provide an association between time (in years) and
the probability of survival, which can be used to estimate a patient’s median survival
time. We also performed the Log-rank test to determine whether a factor assessed in the
medical record could be statistically associated with differences in the survival curves. This
non-parametric test assumed a null hypothesis that there was no difference in survival
between the two tested groups, with no prior assumptions about survival distributions.
Essentially, the Log-rank test compares the observed number of events in each group to
what would be expected if the null hypothesis were true (that is if the survival curves were
identical): a statistic similar to the chi-square test.

5. Conclusions

This study found no direct association between CD114 membrane receptor expression
and mortality in patients with medulloblastoma. However, further studies on the intracel-
lular signaling pathways associated with this receptor and its gene (CSF3R) are needed.
Additionally, future research is required to investigate its interaction with other genes that
are associated with the pathogenesis of these tumors. Current knowledge about the CSF3R
gene is limited, and many other questions remain unanswered regarding its role in tumor
recurrence and patient survival.

Although we could find statistically significant differences between some molecular
groups and subgroups of medulloblastoma in most analyses, the difference was not rele-
vant. Therefore, it remains difficult to characterize these tumors’ gene expression patterns.
Further studies on the genomics of medulloblastomas need to be undertaken to understand
them better and individualize their treatment.

Author Contributions: Conceptualization, J.M.M., J.M.R.F. and G.R.I.; methodology, J.M.M., I.T.e.S.
and R.L.B.-T.; software, J.M.M.; formal analysis, G.R.I.; writing—original draft preparation, J.M.M.
and J.I.R.R.; writing—review and editing, J.I.R.R., I.T.e.S. and G.R.I.; supervision, G.R.I.; project
administration, G.R.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Archer, T.C.; Mahoney, E.L.; Pomeroy, S.L. Medulloblastoma: Molecular classification-based personal therapeutics. Neurotherapeu-

tics 2017, 14, 265–273. [CrossRef] [PubMed]
2. Quinlan, A.; Rizzolo, D. Understanding medulloblastoma. J. Am. Acad. PAs 2017, 30, 30–36. [CrossRef] [PubMed]
3. Millard, N.E.; De Braganca, K.C. Medulloblastoma. J. Child Neurol. 2016, 31, 1341–1353. [CrossRef]
4. Chakraborty, A.; Guha, S. Granulocyte colony-stimulating factor/granulocyte colony-stimulating factor receptor biological axis

promotes survival and growth of bladder cancer cells. Urology 2007, 69, 1210–1215. [CrossRef]
5. Hirai, K.; Kumakiri, M.; Fujieda, S.; Sunaga, H.; Lao, L.-M.; Imamura, Y.; Ueda, K.; Fukuda, M. Expression of granulocyte

colony-stimulating factor and its receptor in epithelial skin tumors. J. Dermatol. Sci. 2001, 25, 179–188. [CrossRef] [PubMed]
6. Savarese, T.M.; Mitchell, K.; McQuain, C.; Campbell, C.L.; Guardiani, R.; Wuu, J.; Ollari, C.; Reale, F.; Nelson, B.E.; Chen, A.; et al.

Coexpression of granulocyte colony stimulating factor and its receptor in primary ovarian carcinomas. Cancer Lett. 2001, 162,
105–115. [CrossRef]

http://doi.org/10.1007/s13311-017-0526-y
http://www.ncbi.nlm.nih.gov/pubmed/28386677
http://doi.org/10.1097/01.JAA.0000524717.71084.50
http://www.ncbi.nlm.nih.gov/pubmed/28953021
http://doi.org/10.1177/0883073815600866
http://doi.org/10.1016/j.urology.2007.02.035
http://doi.org/10.1016/S0923-1811(00)00131-6
http://www.ncbi.nlm.nih.gov/pubmed/11240265
http://doi.org/10.1016/S0304-3835(00)00623-6


Int. J. Mol. Sci. 2023, 24, 5331 11 of 12

7. Hsu, D.M.; Agarwal, S.; Benham, A.; Coarfa, C.; Trahan, D.N.; Chen, Z.; Stowers, P.N.; Courtney, A.N.; Lakoma, A.; Barbieri, E.;
et al. G-CSF Receptor Positive Neuroblastoma Subpopulations Are Enriched in Chemotherapy-Resistant or Relapsed Tumors and
Are Highly Tumorigenic Defining Tumorigenic Cells in Neuroblastoma. Cancer Res. 2013, 73, 4134–4146. [CrossRef]

8. Cavalli, F.M.G.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.; Morrissy, A.S.; et al.
Intertumoral heterogeneity within medulloblastoma subgroups. Cancer Cell 2017, 31, 737–754. [CrossRef]

9. Paul, M.R.; Huo, Y.; Liu, A.; Lesperance, J.; Garancher, A.; Wechsler-Reya, R.J.; Zage, P.E. Characterization of G-CSF receptor
expression in medulloblastoma. Neuro Oncol. Adv. 2020, 2, vdaa062. [CrossRef]

10. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization classification of tumors of the central nervous system: A summary.
Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

11. Cho, Y.; Tsherniak, A.; Tamayo, P.; Santagata, S.; Ligon, A.; Greulich, H.; Berhoukim, R.; Amani, V.; Goumnerova, L.; Eberhart,
C.G.; et al. Integrative genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome. J.
Clin. Oncol. 2011, 29, 1424. [CrossRef] [PubMed]

12. Taylor, M.D.; Northcott, P.A.; Korshunov, A.; Remke, M.; Cho, Y.-J.; Clifford, S.C.; Eberhart, C.G.; Parsons, D.W.; Rutkowski,
S.; Gajjar, A.; et al. Molecular subgroups of medulloblastoma: The current consensus. Acta Neuropathol. 2012, 123, 465–472.
[CrossRef] [PubMed]

13. Katakura, F.; Nishiya, K.; Wentzel, A.S.; Hino, E.; Miyamae, J.; Okano, M.; Wiegertjes, G.F.; Moritomo, T. Paralogs of common
carp granulocyte colony-stimulating factor (G-CSF) have different functions regarding development, trafficking and activation of
neutrophils. Front. Immunol. 2019, 10, 255. [CrossRef] [PubMed]

14. Zage, P.E.; Whittle, S.B.; Shohet, J.M. CD114: A new member of the neural Crest-Derived cancer stem cell marker family. J. Cell.
Biochem. 2017, 118, 221–231. [CrossRef]

15. Kumar, J.; Fraser, F.W.; Riley, C.; Ahmed, N.; McCulloch, D.R.; Ward, A.C. Granulocyte colony-stimulating factor receptor
signalling via Janus kinase 2/signal transducer and activator of transcription 3 in ovarian cancer. Br. J. Cancer 2014, 110, 133–145.
[CrossRef]

16. Gnanaraj, J.; Parnes, A.; Francis, C.W.; Go, R.S.; Takemoto, C.M.; Hashmi, S.K. Approach to pancytopenia: Diagnostic algorithm
for clinical hematologists. Blood Rev. 2018, 32, 361–367. [CrossRef]

17. Smith, T.J.; Bohlke, K.; Lyman, G.H.; Carson, K.R.; Crawford, J.; Cross, S.J.; Goldberg, J.M.; Khatcheressian, J.L.; Leighl, N.B.;
Perkins, C.L.; et al. Recommendations for the use of WBC growth factors: American Society of Clinical Oncology clinical practice
guideline update. J. Clin. Oncol. 2015, 33, 3199–3212. [CrossRef]

18. Staar, S.; Rudat, V.; Stuetzer, H.; Dietz, A.; Volling, P.; Schroeder, M.; Flentje, M.; Eckel, H.E.; Mueller, R.-P. Intensified hyper-
fractionated accelerated radiotherapy limits the additional benefit of simultaneous chemotherapy—Results of a multicentric
randomized German trial in advanced head-and-neck cancer. Int. J. Radiat. Oncol. Biol. Phys. 2001, 50, 1161–1171. [CrossRef]

19. Russell, H.; Shohet, J.M. G-CSF counteracts chemotherapy toxicity in neuroblastoma. Nature Reviews. Clin. Oncol. 2011, 8, 6–8.
[CrossRef]

20. Nazio, F.; Po, A.; Abballe, L.; Ballabio, C.; Camassei, F.D.; Bordi, M.; Camera, A.; Caruso, S.; Caruana, I.; Pezzullo, M.; et al.
Targeting cancer stem cells in medulloblastoma by inhibiting AMBRA1 dual function in autophagy and STAT3 signalling. Acta
Neuropathol. 2021, 142, 537–564. [CrossRef]

21. Paul, M.R.; Zage, P.E. Overview and recent advances in the targeting of medulloblastoma cancer stem cells. Expert Rev. Anticancer
Ther. 2021, 21, 957–974. [CrossRef] [PubMed]

22. Civenni, G.; Walter, A.; Kobert, N.; Mihic-Probst, D.; Zipser, M.; Belloni, B.; Seifert, B.; Moch, H.; Dummer, R.; Broek, M.V.D.; et al.
Human CD271-Positive melanoma stem cells associated with metastasis establish tumor heterogeneity and long-term growth
human melanoma contains CD271-positive melanoma stem cells. Cancer Res. 2011, 71, 3098–3109. [CrossRef] [PubMed]

23. Schatton, T.; Murphy, G.F.; Frank, N.Y.; Yamaura, K.; Waaga-Gasser, A.M.; Gasser, M.; Zhan, Q.; Jordan, S.; Duncan, L.M.;
Weishaupt, C.; et al. Identification of cells initiating human melanomas. Nature 2008, 451, 345–349. [CrossRef] [PubMed]

24. Gong, C.; Valduga, J.; Chateau, A.; Richard, M.; Pellegrini-Moïse, N.; Barberi-Heyob, M.; Chastagner, P.; Boura, C. Stimulation of
medulloblastoma stem cells differentiation by a peptidomimetic targeting neuropilin-1. Oncotarget 2018, 9, 15312. [CrossRef]
[PubMed]

25. Vo, D.T.; Subramaniam, D.; Remke, M.; Burton, T.L.; Uren, P.J.; Gelfond, J.A.; Abreu, R.D.S.; Burns, S.C.; Qiao, M.; Suresh, U.; et al.
The RNA-binding protein Musashi1 affects medulloblastoma growth via a network of cancer-related genes and is an indicator of
poor prognosis. Am. J. Pathol. 2012, 181, 1762–1772. [CrossRef]

26. Kahn, S.A.; Wang, X.; Nitta, R.T.; Gholamin, S.; Theruvath, J.; Hutter, G.; Azad, T.D.; Wadi, L.; Bolin, S.; Ramaswamy, V.; et al.
Notch1 regulates the initiation of metastasis and self-renewal of Group 3 medulloblastoma. Nat. Commun. 2018, 9, 4121.
[CrossRef]

27. Roussel, M.F.; Robinson, G.W. Role of MYC in medulloblastoma. Cold Spring Harb. Perspect. Med. 2013, 3, a014308. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-12-4056
http://doi.org/10.1016/j.ccell.2017.05.005
http://doi.org/10.1093/noajnl/vdaa062
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1200/JCO.2010.28.5148
http://www.ncbi.nlm.nih.gov/pubmed/21098324
http://doi.org/10.1007/s00401-011-0922-z
http://www.ncbi.nlm.nih.gov/pubmed/22134537
http://doi.org/10.3389/fimmu.2019.00255
http://www.ncbi.nlm.nih.gov/pubmed/30837998
http://doi.org/10.1002/jcb.25656
http://doi.org/10.1038/bjc.2013.673
http://doi.org/10.1016/j.blre.2018.03.001
http://doi.org/10.1200/JCO.2015.62.3488
http://doi.org/10.1016/S0360-3016(01)01544-9
http://doi.org/10.1038/nrclinonc.2010.195
http://doi.org/10.1007/s00401-021-02347-7
http://doi.org/10.1080/14737140.2021.1932472
http://www.ncbi.nlm.nih.gov/pubmed/34047251
http://doi.org/10.1158/0008-5472.CAN-10-3997
http://www.ncbi.nlm.nih.gov/pubmed/21393506
http://doi.org/10.1038/nature06489
http://www.ncbi.nlm.nih.gov/pubmed/18202660
http://doi.org/10.18632/oncotarget.24521
http://www.ncbi.nlm.nih.gov/pubmed/29632646
http://doi.org/10.1016/j.ajpath.2012.07.031
http://doi.org/10.1038/s41467-018-06564-9
http://doi.org/10.1101/cshperspect.a014308


Int. J. Mol. Sci. 2023, 24, 5331 12 of 12

28. Skoda, J.; Nunukova, A.; Loja, T.; Zambo, I.; Neradil, J.; Mudry, P.; Zitterbart, K.; Hermanova, M.; Hampl, A.; Sterba, J.; et al.
Cancer stem cell markers in pediatric sarcomas: Sox2 is associated with tumorigenicity in immunodeficient mice. Tumor Biol.
2016, 37, 9535–9548. [CrossRef]

29. Manoranjan, B.; Venugopal, C.; McFarlane, N.; Doble, B.; Dunn, S.E.; Scheinemann, K.; Singh, S.K. Medulloblastoma stem cells:
Modeling tumor heterogeneity. Cancer Lett. 2013, 338, 23–31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s13277-016-4837-0
http://doi.org/10.1016/j.canlet.2012.07.010

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Sample Selection and Data Collection 
	Measurement of Gene Expression 
	Statistical Analysis 

	Conclusions 
	References

