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ABSTRACT
Medulloblastoma is a highly aggressive pediatric brain tumor, in which sporadic 

expression of the pluripotency factor OCT4 has been recently correlated with poor 
patient survival. However the contribution of specific OCT4 isoforms to tumor 
aggressiveness is still poorly understood. Here, we report that medulloblastoma 
cells stably overexpressing the OCT4A isoform displayed enhanced clonogenic, 
tumorsphere generation, and invasion capabilities. Moreover, in an orthotopic 
metastatic model of medulloblastoma, OCT4A overexpressing cells generated more 
developed, aggressive and infiltrative tumors, with tumor-bearing mice attaining 
advanced metastatic disease and shorter survival rates. Pro-oncogenic OCT4A 
effects were expression-level dependent and accompanied by distinct chromosomal 
aberrations. OCT4A overexpression in medulloblastoma cells also induced a marked 
differential expression of non-coding RNAs, including poorly characterized long 
non-coding RNAs and small nucleolar RNAs. Altogether, our findings support the 
relevance of pluripotency-related factors in the aggravation of medulloblastoma 
traits classically associated with poor clinical outcome, and underscore the 
prognostic and therapeutic value of OCT4A in this challenging type of pediatric 
brain cancer.

INTRODUCTION

Primary malignant tumors of the central nervous 
system (CNS), although rare, are challenging to treat, 
often associated with severe patient morbidity and high 
mortality rates. This is the case of some embryonal CNS 
tumors occurring mostly in pediatric patients [1, 2]. In 
young children, medulloblastoma is the predominant 
form of embryonal tumor, which is comprised of densely 
packed cells with high mitotic activity and ability to spread 
throughout the CNS [1]. About 40% of medulloblastoma 
patients already present metastasis at initial diagnosis [3], 

which further complicates treatment, consisting basically 
of surgical resection followed by craniospinal radiotherapy 
and chemotherapy [2].

To minimize the risk of secondary tumors, as well 
as considerable neurological, vascular, and endocrinal 
sequels of radiation therapies, children over three years of 
age with minimum residual disease (average risk group) 
receive adjuvant radiotherapy at lower doses than children 
with partial tumor resection and/or metastatic disease 
(high risk group) [2]. Following adjuvant chemotherapy, 
up to 60% of high risk patients still experience disease 
progression or succumb to the disease within 5 years [4].  
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As recently discussed in the CNS drug discovery and 
development conference [5], this significant rate of poor 
treatment response is partly due to the lack of effective 
drugs capable of reaching infiltrating tumor cells at 
primary and metastatic sites, and of destroying cells 
despite tumor heterogeneity. Another complicating factor 
relates to the high degree of intertumor heterogeneity 
observed in medulloblastoma, which is currently classified 
in four distinct molecular subtypes, WNT, SHH, Group 3 
and Group 4 [6]. 

Pursuing novel therapeutic targets is also encouraged 
for medulloblastoma. For this particular purpose, a 
better knowledge of the basic biology of this important 
embryonal CNS tumor is crucial. Previous independent 
studies have shown an intriguing abnormal expression of 
the pluripotency-related genes POU5F1/OCT4 [7], LIN28B 
[8], SOX2 [9] and L1TD1 [10], in medulloblastoma. In 
all cases, an aberrant overexpression of either gene was 
significantly correlated with poor survival. Intriguingly, 
genome-wide studies in medulloblastoma so far have not 
described driver mutations in such genes. A recent whole-
genome methylation profiling analysis, however, did find 
a hypomethylation in an alternative promoter of LIN28B 
that was correlated with increased LIN28B expression 
particularly in Group 3 and Group 4 medulloblastomas 
[8]. These studies support a possible contribution 
of pluripotency-related genes in medulloblastoma 
physiopathology, although further functional evidence is 
needed. 

In embryonic stem cells (ESC), LIN28 promotes 
OCT4 expression indirectly, by binding its inhibitory 
microRNA let-7, and through direct binding of OCT4 
transcripts, thereby enhancing their translation [11]. 
Abnormal expression of OCT4 has been detected 
in different types of aggressive cancers [12–14]. In 
medulloblastoma specimens, in particular, increased 
OCT4 expression was shown capable of discriminating 
average risk patients with poorer survival typical of high 
risk patients [7]. Despite this prognostic value, direct 
evidence of OCT4 contribution to more aggressive traits 
in medulloblastoma is missing. 

The OCT4 transcription factor is encoded by the 
POU5F1 gene located in chromosome 6. Alternative splicing 
of the POU5F1 primary transcript generates five transcript 
variants, encoding the isoforms OCT4A, OCT4B-190, 
OCT4B-265, OCT4B-164 and OCT4B1 [15–17].  
OCT4A is the most studied and described isoform, 
originally reported as a regulator of ESC pluripotency and 
self-renewal [18], while OCT4B and OCT4B1 functions are 
still uncertain. There are reports of OCT4B and OCT4B1 
involvement with genotoxic stress and anti-apoptotic 
properties [16,19], but no clear association with stemness 
[20]. The identity of the OCT4 isoform predominantly 
involved in cancer is still elusive since no distinction 
has been made in most studies reporting aberrant OCT4 
expression in tumors [13, 21, 22]. 

In light of these recent observations, when 
evaluating expression of OCT4 transcript variants 
in medulloblastoma, we found a specific correlation 
between OCT4A and poor survival, as well as a potent 
oncogenic activity for OCT4A. These findings highlight 
the involvement of OCT4A in a mechanism driving 
aggressiveness of medulloblastoma, which could be 
further explored not only as a prognostic indicator, but also 
as a therapeutic target for a precision medicine approach 
in neuro-oncology.

RESULTS

Increased OCT4A levels enhance proliferation, 
tumorsphere generation capacity and invasion of 
medulloblastoma cells

Expression of LIN28A and POU5F1 has been 
correlated in medulloblastoma [7]. Here, a more detailed 
analysis revealed that, from all alternative POU5F1 
transcripts investigated, only OCT4A transcript levels 
significantly correlated with LIN28A expression in clinical 
medulloblastoma specimens (Supplementary Figure 1).  
Given a previous correlation of OCT4A expression with 
poor patient survival [7], we next evaluated whether 
OCT4A would directly affect aggressive traits of 
medulloblastoma cells. Stable OCT4A-overpressing 
medulloblastoma cell lines were generated and 
characterized to confirm specific enhancement of OCT4A  
[23]. Western blot assays indicated that the OCT4A 
overexpression in tumor cells yielded OCT4 protein levels 
that were lower than the levels found in normal human 
ESC, thus, within physiological levels (Supplementary 
Figure 2). Population doubling level (PDL) assays carried 
out for at least 30 generations revealed a significant 
decrease in population doubling time of Daoy and 
D283Med cells upon OCT4A overexpression (Figure 
1A). Accordingly, a significant shift in cell cycle towards 
increased proportion of cells in S and G2/M phases and 
decreased proportion of cells in G1 was observed for all 
medulloblastoma cell lines stably overexpressing OCT4A 
(Figure 1B). These results indicate that OCT4A increase 
proliferation of medulloblastoma cells.

Similar pro-oncogenic effects of OCT4A were 
observed when cells were cultured as tumor spheroids in 
3D assay platforms. OCT4A overexpression significantly 
enhanced anchorage-independent cell growth (Figure 1C).  
Not only was the amount of tumor cell colonies 
significantly increased but also the overall size of these 
colonies (Figure 1D). Generation of tumorspheres 
enriched in stem-like cells was also significantly 
enhanced by OCT4A overexpression (Figure 1E–1F). 
Eventual increment in tumorsphere size was found to be 
a consequence of sphere expansion and events of sphere 
fusion, the latter enhanced by the frequency of such 
tumorspheres in culture (Supplementary Video 1). Finally, 
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OCT4A overexpression significantly affected adhesion 
(Figure 2A) and 3D invasion capacity of medulloblastoma 
cells (Figure 2B–2C).

Noteworthy, further assays with clonal cell lines 
expressing increasing stable levels of OCT4A (basal, 
moderate and high) revealed that these pro-oncogenic 
effects are expression-level dependent (Supplementary 
Figure 3). These results are in agreement with previous 
clinical evidence, given that, not only frequency, but also 

increased OCT4 expression, have been correlated with 
poor survival of medulloblastoma patients [7].

OCT4A contributes to the development of 
aggressive tumors in vivo 

OCT4A overexpression significantly aggravated 
tumor formation and progression, as indicated by both 
ectopic and orthotopic models of medulloblastoma. 

Figure 1: OCT4A overexpression increases medulloblastoma cell proliferation and tumorsphere generation in vitro. 
(A) Comparative population doubling levels of parental and OCT4A-overexpressing cells after at least 30 generations. (B) Cell cycle 
analysis by flow cytometry displaying a lower proportion of cells in G1 phase and increased proportion of cells in S and/or G2/M in 
medulloblastoma OCT4A-overexpressing cells. The bars represent mean ± SEM of three independent experiments done in triplicate.  
(C) OCT4A overexpression and enhanced medulloblastoma cell clonogenicity. Bar graph indicates the total amount of cell colonies 
generated under anchorage-independent growth conditions. Only colonies larger than 50 µm were counted. The bars represent mean ± SEM 
of two independent experiments done in triplicate. (D) General aspect of Daoy, D283Med and USP-13-Med colonies. Colonies of OCT4A-
overexpressing cells were increased in size. (E) Medulloblastoma OCT4A-overexpressing cells also displayed significantly enhanced 
tumorsphere generation capability. The bars represent mean ± SEM of three independent experiments done in triplicate. (F) Representative 
images of medulloblastoma tumorspheres. *p < 0.05, **p < 0.01, ***p < 0.001.
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When subcutaneously inoculated in Balb/C Nude mice, 
medulloblastoma cells overexpressing OCT4A generated 
tumors faster than respective control cells (Figure 3A–3B). 
While Daoy control cell-derived tumors displayed a more 
homogenous histological phenotype, tumors generated 
from Daoy OCT4A-overexpressing cells were larger and 
presented histologic features typical of aggressive tumors, 
including cells with high nucleus-to-cytoplasm ratio, 
presence of necrotic areas and inflammatory infiltration 
(Figure 3C). More striking tumorigenic effects of OCT4A 
were observed in experiments with the USP-13-Med 
cell line. USP-13-Med cells overexpressing OCT4A, but 

not respective control cells, were capable of generating 
subcutaneous tumors characterized by being highly 
vascularized and necrotic (Figure 3A–3B). Histological 
analysis of these USP-13-Med-derived tumors confirmed 
presence of intratumoral hemorrhagic areas with extensive 
inflammatory infiltration (Figure 3C). Under the same 
experimental conditions, experiments with D283Med cells 
were not conclusive since only one out of five animals 
injected with cells developed subcutaneous tumors in both 
experimental groups.

Pro-tumorigenic effects of OCT4A were also evident 
in an orthotopic metastatic model of medulloblastoma, in 

Figure 2: OCT4A significantly potentiates medulloblastoma cell motility. (A) Tumor cells overexpressing OCT4A exhibited 
significantly reduced adhesion properties. The bars represent mean ± SEM of three independent experiments done in triplicate. (B) 3D 
cell invasion assay with OCT4A-overexpressing cells displaying a significantly enhanced invasive behavior. Data are displayed as area of 
invading protrusions emerging from the initial tumor spheroid area. Blue: Control (parental cells); Red: OCT4A-overexpressing cells. The 
curves represent mean ± SEM of three independent experiments done in quadruplicate. (C) Representative images of tumor spheroid cells 
invading the hydrogel matrix at days 1, 3, 5 and 7. Bar size: 400 µm. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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which OCT4A overexpression was found to significantly 
increase aggressiveness of tumors derived from all cell 
lines tested. Clinical symptoms were more frequent 
or developed earlier in animals injected with OCT4A-
overexpressing cells. Similarly, except for Daoy-derived 
tumors, an increased metastatic spread was observed for 
OCT4A-overexpressing cells in histological analysis of 
brain sections (Table 1). Furthermore, tumors derived 
from OCT4A-overexpressing cells tended to be more 
developed, more enriched in necrotic areas, and with 
increased intraparenchymal invasion capability, when 
compared with tumors generated from control cells 
(Figure 3D and Supplementary Figure 4A). In the case of 
D283Med cells, tumor spreading to the spinal cord was 
found in all animals injected with OCT4A-overexpressing 
cells, but only in 50% of animals injected with control 
cells (Table 1 and Supplementary Figure 4B). These results 
were confirmed by longitudinal in vivo imaging studies of 
medulloblastoma-bearing mice, which showed a bimodal 
pattern of metastatic tumor foci in the brain and/or distant 
metastatic foci in the spinal cord occurring predominantly 
in animals injected with OCT4A-overexpressing cells 
(Figure 3E). Mice injected with OCT4A-overexpressing 
cells also displayed shorter survival (Figure 3F). Again, 
as observed for clonogenic activity and neurosphere 
generation capability, the positive effects of OCT4A on 
tumor development were expression-level dependent 
(Supplementary Figure 5).

Chromosomal aberrations and non-coding RNA 
expression changes associated with OCT4A 
overexpression

Since chromosomal aberrations are frequently 
detected in pluripotent stem cells [24], aCGH analyzes 
comparing tumor cells with or without OCT4A 
overexpression  were then performed to verify whether 
enforced OCT4A expression would enhance genomic 
instability in cancer cells. Among the cell lines studied, 
the highest and lowest levels of OCT4A were detected 
in Daoy and D283Med cells, respectively. Interestingly, 
the highest amount of extra chromosomal aberrations 
associated with OCT4A overexpression was also 
detected in Daoy cells (39 losses and 23 gains detected). 
Comparatively, only few additional chromosomal 
aberrations due to OCT4A overexpression was detected 
in USP-13-Med (6 gains), while no extra aberrations 
were observed in D283Med cells. These copy number 
aberrations are presented in Figure 4A and detailed in 
Supplementary Data 1. Two chromosome regions were 
commonly found altered in Daoy and USP-13-Med cell 
lines after OCT4A overexpression, mapped at 1p32.3 and 
9p21.3 (Figure 4B). From these, only 9p21.3 displayed the 
same type of aberration (amplification) in both cell lines, 
while a large segment in 1p was deleted in Daoy and a 
focal high level amplifications comprising only 2 genes 

(FAF1, CDKN2C) were observed in USP-13-Med after 
OCT4A overexpression. The genes located in the affected 
regions are listed in Supplementary Table 1.

Large scale changes in gene expression also 
occurred in medulloblastoma cells as a result of OCT4A 
overexpression. Considering the gene expression 
profiles of three independent clones of each parental and 
respective OCT4A-overexpressing cells, a total of 141 
genes were found differentially expressed, common to all 
cell lines evaluated (Supplementary Table 2). Interestingly, 
only 43 of them encode proteins, including POU5F1B, a 
transcribed pseudogene of POU5F1 that has been reported 
to encode a functional protein with transcription factor 
activity similar to OCT4 [25]. The remaining 98 genes 
(69.5%) were related to non-coding RNAs. Two other 
transcribed pseudogenes of POU5F1, POU5F1P3 and 
POU5F1P4, for which proteins have not been described, 
were also differentially expressed (Figure 4C). Functional 
annotation analysis revealed enrichment of genes involved 
in cellular movement, cell death and survival, cellular 
development and cell cycle, which are all important 
mechanisms in tumor initiation and progression. The 
chromosomal location of these genes and pseudogenes 
affected by OCT4A overexpression is depicted in Figure 
4D. Further analysis integrating chromosomal aberrations 
and global gene expression profiling data indicated that 
only a minor portion of differentially expressed genes/
pseudogenes were located in regions with chromosomal 
copy number changes associated with OCT4A 
overexpression (Supplementary Tables 3–4). Interestingly, 
expression of Nanog and Sox2, as well as SSEA-4, another 
typical pluripotency marker, was not significantly changed 
by OCT4A overexpression in tumor cells (Supplementary 
Figure 6).

DISCUSSION

In ESC, fine-tune regulation of OCT4 levels is 
required for pluripotency maintenance or induction of cell 
differentiation [26]. OCT4 translation is favored by the 
RNA-binding protein LIN28, which interacts with RNA 
helicase A and OCT4 transcripts forming more efficient 
translation complexes [11]. Such translational regulation 
mechanism was found preserved in medulloblastoma 
cells. Both OCT4 and LIN28 have been implicated 
in malignancies [7, 27, 28], but only in a few cases 
concomitant expression of OCT4 and LIN28 have been 
simultaneously analyzed and correlated with prognosis 
[29, 30]. In our study, a significant positive correlation 
between expression of LIN28A and OCT4A was found in 
medulloblastoma samples. Interestingly, no such correlation 
with LIN28A was found with the other alternative 
transcripts encoding either OCT4B or OCT4B1 isoforms. 

Although high OCT4 expression has been associated 
with poor prognosis in different cancers [12–14], little is 
known about its function in tumorigenesis, particularly 
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in brain tumors. In gliomas, few studies have found a 
correlation of OCT4 expression with higher tumor grade 
[31], although association with patient survival was 
not found [32]. Studies about OCT4 isoforms in tumor 
development and cancer prognosis are even scarcer. 
Different functions have been proposed for each of these 
isoforms, including involvement in genotoxic stress [17], 
apoptosis [19, 20], and self-renewal/pluripotency [15]. 
Lack of isoform discrimination in most studies concerning 
OCT4 expression in cancer pathogenesis [21] requires 
a more careful interpretation and may explain some 
discrepancies in the literature [33, 34]. For instance, some 
studies reporting OCT4 as a transcription factor involved 
in stem cell fate determination and cancer stemness 
display a predominant cytoplasmic OCT4 immunostaining 
[13, 22]. Cytoplasmic localization has been proposed for 
the OCT4B isoform, which is implicated in genotoxic 
stress response, whereas the OCT4A isoform involved in 
pluripotency is nuclear.

In a previous study, we postulated OCT4 expression 
as a predictor of poor clinical outcome of medulloblastoma 
patients, since it could discriminate patients that, despite 
being clinically stratified as average-risk, displayed a poor 
overall survival typical of high-risk patients [7]. Here, 
further functional studies highlight the specific contribution 
of the OCT4A isoform to medulloblastoma cell traits 
classically associated with poor prognosis, namely cell 
proliferation, 3D invasion behavior, clonogenicity in soft-
agar, tumorsphere generation capability, and tumorigenicity. 
Interestingly, most of these effects were found positively 
correlated with the level of OCT4A expression. These 
findings are in agreement with the previous correlation 
found between increased OCT4 expression and poorer 
survival of medulloblastoma patients [7]. Ex vivo 
tumorsphere generation capability, in particular, is a stem 
cell-like property of tumor cells that has been associated 
with high tumorigenicity [35] and poor clinical outcome of 
patients with embryonal brain tumors [36], as well as other 
malignant tumors of the CNS  [37, 38].

From the clinical point of view, of particular 
importance was the fact that OCT4A overexpression 
significantly enhanced medulloblastoma cell mobility 

properties in vitro, as well as metastatic spread in the 
neuroaxis, including capacity of tumor colonization in the 
spinal cord. Presence of metastasis at diagnosis is a classic 
indicator of poor prognosis in medulloblastoma patients. 
Tumor spread is mostly detected within the neuroaxis, 
where initial presence of tumor cells in the liquor 
progressively form nodular metastasis in supratentorial 
regions and/or in the spinal cord, the latter site 
representing the highest stage of tumor spreading (M3). 
Extraneuroaxial metastases (M4) are rare and associated 
with more advanced disease without proper treatment [4]. 

Notably, some non-coding RNAs differentially 
expressed as a consequence of OCT4A overexpression 
in medulloblastoma cells have been associated with poor 
prognosis. Elevated levels of SNORD14C have been 
suggested as prognostic marker of high risk squamous 
cell carcinomas of the larynx [39], while snoRA42 has 
been implicated in self-renewal and tumorigenesis of 
lung tumor initiating cells [40]. Interestingly, increased 
expression levels of GNL3 (also known as NS, encoding 
the protein Nucleostemin) were also observed after 
OCT4A overexpression. Nucleostemin is a nucleolar 
protein implicated in self-renewal of ESC [41, 42] 
and neural stem cells [43]. Ectopic overexpression 
of NS induces dedifferentiation of somatic cells and 
reprogramming to a pluripotent stem cell state [41]. In 
cancer, increased Nucleostemin levels were correlated 
with high grade gliomas [44] and with cancer cells 
displaying enhanced tumor initiating capability [45–47]. 
Moreover, alterations in cell proliferation, invasion and 
metastasis have been observed after manipulation of NS 
expression in different cancer cells  [44–46, 48, 49].

In medulloblastoma cells, OCT4A overexpression 
also induced chromosomal copy number aberrations, 
which varied in frequency and type according to the 
cell line. Two common mutated regions, 1p32.3 and 
9p23.1, were detected in Daoy and USP-13-Med cells 
overexpressing OCT4A. Interestingly, trisomies of 
chromosomes 1 and 9 have been reported in human 
somatic cells after reprogramming to a pluripotent state 
[50]. These findings are in agreement with the notion that 
aberrant expression of typical pluripotency genes have 

Table 1: Clinical and pathological parameters of BALB/c nude mice bearing orthotopically 
implanted human medulloblastoma cells

Daoy D283Med USP-13-Med
Control OCT4A Control OCT4A Control OCT4A

No of animals with 
clinical symptons 3/5 5/5 4/4 3/3 7/8 8/10
Days to the onset of 
clinical symptoms 40.67 ± 2.31 24.40 ± 9.90* 73.8 ± 6.46 37.60 ± 5.32* 49.43 ± 9.38 50.00 ± 9.15
No of animals with M2 2/3 2/3 2/4 0/3 1/4 3/5
No of animals with M3 0/5 4/5 2/4 3/3 1/4 1/5

*M2 and M3 correspond to progressive stages of medulloblastoma metastasis according to Chang’s staging system.
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Figure 3: OCT4A overexpression significantly enhances tumorigenicity of medulloblastoma cells. (A) Kinetics of tumor 
growth after subcutaneous inoculation of medulloblastoma cells in BALB/c nude mice. OCT4A-overexpressing cells generated more 
developed tumors at a faster pace than corresponding control cells. *p < 0.05, **p < 0.01. (B) Representative images of subcutaneous 
tumors resected after 90 or 120 days post-injection of Daoy or USP-13-Med cells, respectively. Control USP-13-Med cells and D283Med 
cells did not generate palpable subcutaneous tumors under the experimental conditions tested. (C) Histological analysis showing typical 
aggressive features, including extensive necrotic and hemorrhagic areas, in subcutaneous tumors from OCT4A-overexpressing cells.  
(D) Representative images of histological brain sections from BALB/c nude mice bearing orthotopically implanted medulloblastoma cells. 
Local tumor cell invasion was typically observed in brain tumors generated from OCT4A-overexpressing cells. (E) Bioluminescence-
based detection of medulloblastoma cells orthotopically injected in BALB/c nude mice. Images were taken three or four weeks after the 
intracerebroventricular injection of Daoy or USP-13-Med cells, respectively.  Multiple small tumor foci, including spreading to the spinal 
cord were more frequent in mice injected with OCT4A-overexpressing cells. (F) Kaplan-Meier curves showing shorter overall survival 
rates for BALB/c nude mice bearing orthotopically implanted OCT4A-overexpressing cells.
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Figure 4: Molecular alterations induced by OCT4A overexpression in medulloblastoma cells. (A) Differences in copy 
number profiles of the OCT4A overexpressed cells compared to their parental tumor cells. All chromosomes from 1p (left) to 22q, X and Y 
are represented. The blue bars above and below the middle lines (zero or no difference) represent more and less copy numbers, respectively. 
(B) Differences in copy number profiles of chromosomes 1 and 9 for OCT4A overexpressed medulloblastoma cell lines.  Daoy, differences 
are highlighted in Green and USP-13-Med in Orange. (C) Cluster analysis of commonly differentiated expressed genes due to OCT4A 
overexpression. D: Daoy Control; DM: D283Med Control; U: USP-13-Med Control; D Oct: Daoy overexpressing OCT4A; DM Oct: 
D283Med overexpressing OCT4A; U Oct: USP-13-Med overexpressing OCT4A. Data are presented as average normalized signal in Log2. 
Genes were functionally classified according to Ensembl definition. (D) Chromosomal location of commonly differentiated expressed 
genes after OCT4A overexpression in Daoy, D283Med and USP-13-Med cells.
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oncogenic effects and may contribute to an increasing 
acquisition of heterogeneous chromosomal aberrations 
stemming from stem-like cancer cells  [51]. However, 
the vast majority of differentially expressed genes 
detected in highly aggressive OCT4A overexpressing 
medulloblastoma cells were not located in chromosomal 
regions further disturbed in those cells. Altogether, these 
results indicate that increased OCT4A levels significantly 
enhance medulloblastoma cell aggressiveness through 
independent underlying mechanisms involving differential 
expression of non-coding RNAs and heterogeneous 
genomic aberrations. Our findings support the relevance 
of pluripotency-related factors in the aggravation of 
medulloblastoma development, as well as the prognostic 
and therapeutic value of OCT4A in this challenging type 
of pediatric brain cancer.

MATERIALS AND METHODS

Cell culture and patient sample

Medulloblastoma cell lines Daoy and D283Med 
were purchased directly from ATCC (Manassas, VA, USA) 
and cultured as previously described [23]. USP-13-Med 
is a patient-derived cell line established in our group and 
its cultivation method and characterization were described 
previously [52]. The H9 cell line of human ESC (hESC) 
was kindly provided by Laboratório Nacional de Células-
tronco Embrionárias (LANCE, Rio de Janeiro, RJ, Brazil) 
and cultured under standard conditions, as previously 
described [62]. Cultures were maintained in a humidified 
5% CO2 atmosphere at 37ºC and subcultured when 80% of 
confluence was reached.

Quantitative real time PCR

RNA was extracted from samples using RNeasy® 
Mini Kit (Qiagen) and genomic DNA was removed 
by treating with DNAse I following manufacturer 
recommendations. RNA samples were reverse transcribed 
into cDNA using SuperScript® II Reverse Transcriptase 
System (Life technologies) according to manufacturer’s 
instructions. Primers were designed to specifically 
amplify OCT4A, OCT4B, and OCT4B1. Their specificity 
was determined by melting curve analysis, amplicons 
electrophoresis and sequencing (Supplementary Figure 
7). Reactions were done in triplicate using Power SYBR 
Green Master Mix (Life technologies) on Applied 
Biosystem 7500 Real-Time PCR System. Quantitative 
analyses were performed using relative quantification 
curve in which human embryonic stem cell (H9) was 
used as positive control. Primers sequences are listed in 
Supplementary Table 5. Primer sequences for Nanog and 
Sox2 are described in [53].

Western blot

The protein extracts were submitted to western 
blotting standard protocol. Proteins were transferred to 
poly(vinylidene) difluoride (PVDF) membranes (GE 
Healthcare). The antibodies used were mouse anti-OCT4A 
antibody (Santa Cruz Biotechnologies, Dallas, TX, USA), 
anti-mouse IgG, HRP-linked antibody (Cell Signaling, 
Danvers, MA, USA) and anti-beta Actin HRP-linked 
antibody (Abcam). The immunoblots were developed 
using the ImmobilonTM Western Chemiluminescent HRP 
Substrate (Millipore, Billerica, MA, USA).

OCT4A overexpression 

All medulloblastoma cell lines underwent stable 
OCT4A overexpression by retroviral transduction 
(Addgene, Cambridge, MA). Briefly, HEK 293-T cells were 
transfected with 10% Polyethylenimine (PEI), 700 ng/mL  
CMV-GP plasmid, 350 ng/mL VSVG plasmid and 1 µg/mL  
OCT4A plasmid. Viral supernatant was collected after 
48 hours, concentrated by ultracentrifugation (60.000 × g 
for 2 hours) and suspended in residual media overnight. 
Medulloblastoma cells were exposed to retroviral 
particles for 24 hours and expanded in culture for further 
analysis. OCT4A overexpression was confirmed at the 
transcriptional and protein levels by quantitative real time 
PCR and western blot, respectively.

Population doubling level

To evaluate the proliferative profile of 
medulloblastoma cells after OCT4A overexpression, a 
cumulative population doubling level (PDL) was performed 
as previously described [52]. The PDL of parental Daoy 
and USP13-Med cells, under the same experimental 
conditions, are known [52].

Cell cycle analysis

The cell cycle was analyzed using Cell Cycle 
Reagent Kit (Millipore) following manufacturer’s 
procedure. The cell cycle was previously synchronized by 
serum starvation. Analyses were performed using Guava 
EasyCyte 5HT™ Flow Cytometer and GuavaSoft 2.1 
software (Millipore).

Soft agar colony formation assay

Single cells at low densitiy (52.63 cells per cm2) 
were seeded over a coating of 0.6% agarose solution 
containing supplemented media at normal conditions. 
The cells were allowed to set up for 10 minutes at room 
temperature and then covered by a 0.3% agarose solution. 
Plates were incubated at 37ºC with 5% CO2 humidified 
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atmosphere and media were replaced every 3-4 days. After 
15 days, colonies over 50 µm were counted.

Tumorsphere formation assay

Cells were seeded into a 96-well ultra-low 
attachment plate (Corning, Corning, NY, USA) in DMEM/
F12 supplemented with B-27, N-2, 20 ng/mL of EGF and 
20 ng/mL of bFGF. The tumorspheres were counted after 
7 days of incubation at 37ºC with 5% CO2 humidified 
atmosphere. Time-lapse of tumorsphere formation was 
conducted every 30 minutes for 4 days.

Adhesion assay

Cells at a density of 8x103/mL were allowed to 
attach into a 24 well-plate. D283Med were plated in 96 
well-plate previously coated with Poly-L-ornithine 0.01% 
(Sigma-Aldrich, Saint-Louis, MO, USA). Non-attached 
cells were discarded after 45 minutes and residual cells 
were incubated with MTT solution (166.67 µg/mL; Sigma-
Aldrich) for 4 hours at 37ºC. As control of total adhesion, 
cells were not discarded after 45 minutes. The supernatant 
was discarded and formazan crystals were dissolved with 
DMSO. The optical density was measured at 560 nm.

3D spheroid invasion assay

Spheroid invasion capacity was evaluated using 
Cultrex® 3D Spheroid Cell Invasion Assay (Trevigen, 
Gaithersburg, MD, USA) following the manufacturer’s 
recommendation. Invasion area of the spheroids was 
measured as recommended by the manufacturer on days 0, 
1, 3, 5 and 7 after invasion matrix addition. The D283Med 
cell line was not included in this assay since these cells fail 
to form spheroids under such experimental condition [23].

Subcutaneously tumor xenograft assay

Female Balb/C Nude mice were inoculated 
subcutaneously in the right flank with 2x106 cells (n = 
5 per experimental group). Tumor growth were observed 
and measured weekly. Paraffin sections were subjected 
to standard H.E. procedures and analyzed under a light 
microscope.

In vivo metastasis assay

The model used was adapted from Studebaker et al.  
[54]. Briefly, cells (1x106) contained in 4-6 µL were 
stereotaxically injected in the right lateral ventricle of 
female Balb/C Nude mice in a ratio of 1 µL/min (n = 10 
per experimental group for DAOY and USP-13-Med; n = 5  
per experimental group for D283Med). The coordinates 
used were 1 mm to the right and 0.5 mm posterior of the 
bregma and 2.2 mm of depth. Animals were euthanized 

after 50 days of inoculation or after the development of 
neurological deficits and/or excessive body weight loss. 
The study was approved by the ethics committee for animal 
research of the University of São Paulo (CEUA protocol 
no. 132/2011). The brain and medulla were collected 
to standard H.E. procedure. A total of 10 sections were 
obtained randomly from each brain and medulla to analyze 
the presence of metastasis. Metastasis classification was 
based on M-Stage proposed by Chang [4].

Tumor development was also assessed by in vivo 
imaging using a bioluminescence-based method with the 
IVIS Imaging System (PerkinElmer, Waltham, MA, USA). 
Medulloblastoma cells were engineered to constitutively 
express firefly luciferase using pLV/Luc lentiviral vector, 
described by Rocha et al.  [55] and orthotopically injected 
in Balb/C Nude mice as described above. Bioluminescence 
images were taken every week after intraperitoneal 
injection of 1.5 mg D-luciferin (Promega, Madison, WI, 
USA) in PBS. Tumor burden was calculated by the Living 
Image 3.1.0 software (PerkinElmer).

Array-CGH 

DNA was extracted using standard cholorophorm/
phenol protocol. Array-based Comparative Genomic 
Hibridization (aCGH) was performed for detecting copy 
number alterations using 60K whole-genome platform 
(Agilent Technologies, Santa Clara, CA, USA). All 
procedures were carried out following the manufacturer’s 
recommendation. Microarray scanned images were 
processed using the Feature Extraction Software and 
copy number aberrations (CNAs) were called using the 
statistical algorithm ADM-2 (sensitivity threshold: 6.7) in 
Genomic Workbench 6.9 6 Software (both from Agilent 
Technologies). Chromosome deletions and duplications 
were considered when log2 ratio of Cy3/Cy5 intensities 
were detected < –0.3 and > 0.3, respectively. Hybridizations 
were carried out using the OCT4A overexpressing cell lines 
as test samples and their corresponding tumor parental cells 
as reference sample.

Global gene expression analysis 

Total RNA of 2-3 clones of each cell line (Control 
and OCT4A overexpression) was extracted with the 
RNeasy kit (Qiagen), following the manufacturer’s 
protocol. Gene expression profiling were carried 
out independently for each sample using Affymetrix 
GeneChip® Human Gene 2.0 ST whole-transcript 
arrays (Affymetrix, Santa Clara, CA, USA). The quality 
control and normalization of data were processed by 
Affymetrix® Expression Console Software (Affymetrix). 
Differentially expressed genes were identified with the 
One-Way ANOVA, with a p-value cutoff of 0.05, using 
Transcriptome Analysis Console v3.0 (Affymetrix). 
Functional Annotation was conducted on Ingenuity 
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Pathway Analysis (Qiagen). Raw data is available at GEO 
with accession number: GSE77947.

Statistical analysis

Unpaired Student’s t test and Spearman’s rank 
correlation coefficient were performed with Graph Pad 
Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). 
Statistical significance was established at p < 0.05 level in 
all analyzes. Experiments were conducted in triplicate and 
three independent experiments were carried out. Data are 
presented as the mean ± SEM. 

ACKNOWLEDGMENTS

The authors are indebted to Silvia Souza da Costa 
and Karina Griesi-Oliveira, for their technical assistance, 
and Prof.Carlos F. Menck for his helpful comments. The 
authors also thank the Core Facility for Scientific Research 
– University of São Paulo (CEFAP-USP/FLUIR) for the 
IVIS Spectrum support analysis.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of 
interest.

FINANCIAL SUPPORT

Fundação de Amparo à Pesquisa do Estado de São 
Paulo (FAPESP) Grants: FAPESP-CEPID (2013/08028-
1), FAPESP (2010/52686-5). FAPESP Fellowships: 
2011/05534-8, 2013/17566-7, 2011/51588-2, 2011/10001-
9, 2013/02983-1; Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq) Grants: CNPq 
(309206/2011-1; 444722/2014-9), INCT-CETGEN 
(573633/2008-8);  Financiadora de Estudos e Projetos 
(FINEP), Grant FINEP-CTC (0108057900)

REFERENCES

1.  Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, 
Burger PC, Jouvet A, Scheithauer BW, Kleihues P. The 
2007 WHO classification of tumours of the central nervous 
system. Acta Neuropathol. 2007; 114:97–109. doi: 10.1007/
s00401-007-0243-4.

2.  Gerber NU, Mynarek M, von Hoff K, Friedrich C, Resch A, 
Rutkowski S. Recent developments and current concepts in 
medulloblastoma. Cancer Treat Rev. 2014; 40:356–65. doi: 
10.1016/j.ctrv.2013.11.010.

3.  Wu X, Northcott PA, Dubuc A, Dupuy AJ, Shih DJH, 
Witt H, Croul S, Bouffet E, Fults DW, Eberhart CG, 
Garzia L, Van Meter T, Zagzag D, et al. Clonal selection 
drives genetic divergence of metastatic medulloblastoma. 
Nature. 2012; 482:529–33. doi: 10.1038/nature10825.

 4.  Zeltzer PM, Boyett JM, Finlay JL, Albright AL, Rorke LB, 
Milstein JM, Allen JC, Stevens KR, Stanley P, Li H, 
Wisoff JH, Geyer JR, McGuire-Cullen P, et al. Metastasis 
Stage, Adjuvant Treatment, and Residual Tumor Are 
Prognostic Factors for Medulloblastoma in Children: 
Conclusions From the Children’s Cancer Group 921 
Randomized Phase III Study. J Clin Oncol. 1999; 17: 832–. 

 5.  Levin VA, Tonge PJ, Gallo JM, Birtwistle MR, Dar AC, 
Iavarone A, Paddison PJ, Heffron TP, Elmquist WF, 
Lachowicz JE, Johnson TW, White FM, Sul J, et al. CNS 
Anticancer Drug Discovery and Development Conference 
White Paper. Neuro Oncol. 2015; 17 Suppl 6: vi1-26. doi: 
10.1093/neuonc/nov169.

 6.  Taylor MD, Northcott PA, Korshunov A, Remke M, Cho YJ, 
Clifford SC, Eberhart CG, Parsons DW, Rutkowski S,  
Gajjar A, Ellison DW, Lichter P, Gilbertson RJ, et al. 
Molecular subgroups of medulloblastoma: the current 
consensus. Acta Neuropathol. 2012; 123:465–72. doi: 
10.1007/s00401-011-0922-z.

 7.  Rodini CO, Suzuki DE, Saba-Silva N, Cappellano A, de 
Souza JES, Cavalheiro S, Toledo SRC, Okamoto OK. 
Expression analysis of stem cell-related genes reveal OCT4 
as a predictor of poor clinical outcome in medulloblastoma. 
J Neurooncol. 2012; 106:71–9. doi: 10.1007/s11060-011-
0647-9.

 8.  Hovestadt V, Jones DTW, Picelli S, Wang W, Kool M, 
Northcott PA, Sultan M, Stachurski K, Ryzhova M, 
Warnatz H-J, Ralser M, Brun S, Bunt J, et al. Decoding 
the regulatory landscape of medulloblastoma using DNA 
methylation sequencing. Nature. 2014; 510:537–41. doi: 
10.1038/nature13268.

 9.  Vanner RJ, Remke M, Gallo M, Selvadurai HJ, Coutinho F, 
Lee L, Kushida M, Head R, Morrissy S, Zhu X, Aviv T, 
Voisin V, Clarke ID, et al. Quiescent Sox2(+) Cells Drive 
Hierarchical Growth and Relapse in Sonic Hedgehog 
Subgroup Medulloblastoma. Cancer Cell. Elsevier; 2014; 
26:33–47. doi: 10.1016/j.ccr.2014.05.005.

10.  Santos MCT, Silva PBG, Rodini CO, Furukawa G, Marco 
Antonio DS, Zanotto-Filho A, Moreira JCF, Okamoto OK. 
Embryonic Stem Cell-Related Protein L1TD1 Is 
Required for Cell Viability, Neurosphere Formation, and 
Chemoresistance in Medulloblastoma. Stem Cells Dev. 
2015; 24:2700–8. doi: 10.1089/scd.2015.0052.

11.  Qiu C, Ma Y, Wang J, Peng S, Huang Y. Lin28-mediated 
post-transcriptional regulation of Oct4 expression in human 
embryonic stem cells. Nucleic Acids Res. 2010; 38:1240–8. 
doi: 10.1093/nar/gkp1071.

12.  Yin X, Li YW, Jin JJ, Zhou Y, Ren ZG, Qiu SJ, Zhang BH. 
The clinical and prognostic implications of pluripotent stem 
cell gene expression in hepatocellular carcinoma. Oncol 
Lett. 2013; 5:1155–62. doi: 10.3892/ol.2013.1151.

13.  Saigusa S, Tanaka K, Toiyama Y, Yokoe T, Okugawa Y, 
Ioue Y, Miki C, Kusunoki M. Correlation of CD133, OCT4, 
and SOX2 in rectal cancer and their association with distant 



Oncotarget19203www.impactjournals.com/oncotarget

recurrence after chemoradiotherapy. Ann Surg Oncol. 2009; 
16:3488–98. doi: 10.1245/s10434-009-0617-z.

14.  Lu Y, Zhu H, Shan H, Lu J, Chang X, Li X, Lu J, Fan X,  
Zhu S, Wang Y, Guo Q, Wang L, Huang Y, et al. Knockdown 
of Oct4 and Nanog expression inhibits the stemness of 
pancreatic cancer cells. Cancer Lett. 2013; 340:113–23. doi: 
10.1016/j.canlet.2013.07.009.

15.  Atlasi Y, Mowla SJ, Ziaee SAM, Gokhale PJ, Andrews PW. 
OCT4 spliced variants are differentially expressed in human 
pluripotent and nonpluripotent cells. Stem Cells. 2008; 
26:3068–74. doi: 10.1634/stemcells.2008-0530.

16.  Gao Y, Wang X, Han J, Xiao Z, Chen B, Su G, Dai J. The 
novel OCT4 spliced variant OCT4B1 can generate three 
protein isoforms by alternative splicing into OCT4B. J 
Genet Genomics. 2010; 37:461–5. doi: 10.1016/S1673-
8527(09)60065-5.

17.  Farashahi Yazd E, Rafiee MR, Soleimani M, Tavallaei M,  
Salmani MK, Mowla SJ. OCT4B1, a novel spliced 
variant of OCT4, generates a stable truncated protein 
with a potential role in stress response. Cancer Lett. 2011; 
309:170–5. doi: 10.1016/j.canlet.2011.05.027.

18.  Tsai SC, Chang DF, Hong C-M, Xia P, Senadheera D, 
Trump L, Mishra S, Lutzko C. Induced overexpression of 
OCT4A in human embryonic stem cells increases cloning 
efficiency. Am J Physiol Cell Physiol. 2014; 306: C1108-18. 
doi: 10.1152/ajpcell.00205.2013.

19.  Asadzadeh J, Asadi MH, Shakhssalim N, Rafiee M-R, 
Kalhor HR, Tavallaei M, Mowla SJ. A plausible anti-
apoptotic role of up-regulated OCT4B1 in bladder tumors. 
Urol J. 2012; 9:574–80. 

20.  Li S-W, Wu X-L, Dong C-L, Xie X-Y, Wu J-F, Zhang X. 
The differential expression of OCT4 isoforms in cervical 
carcinoma. PLoS One. 2015; 10: e0118033. doi: 10.1371/
journal.pone.0118033.

21.  Wang X, Dai J. Concise review: isoforms of OCT4 
contribute to the confusing diversity in stem cell biology. 
Stem Cells. 2010; 28:885–93. doi: 10.1002/stem.419

22.  Hatefi N, Nouraee N, Parvin M, Ziaee S-AM, Mowla SJ. 
Evaluating the expression of oct4 as a prognostic tumor 
marker in bladder cancer. Iran J Basic Med Sci. 2012; 
15:1154–61. 

23.  Kaid C, Silva PBG, Cortez BA, Rodini CO, Semedo-Kuriki P,  
Okamoto OK. miR-367 promotes proliferation and stem-
like traits in medulloblastoma cells. Cancer Sci. 2015; 
106:1188–95. doi: 10.1111/cas.12733.

24.  Ben-David U. Genomic instability, driver genes and cell 
selection: Projections from cancer to stem cells. Biochim 
Biophys Acta. 2015; 1849:427–35. doi: 10.1016/j.
bbagrm.2014.08.005.

25.  Panagopoulos I, Möller E, Collin A, Mertens F. The 
POU5F1P1 pseudogene encodes a putative protein similar 
to POU5F1 isoform 1. Oncol Rep. 2008; 20:1029–33. 

26.  Niwa H, Miyazaki J, Smith AG. Quantitative expression 
of Oct-3/4 defines differentiation, dedifferentiation or 
self-renewal of ES cells. Nat Genet. 2000; 24:372–6. doi: 
10.1038/74199.

27.  Sawant S, Gokulan R, Dongre H, Vaidya M, Chaukar D, 
Prabhash K, Ingle A, Joshi S, Dange P, Joshi S, Singh AK, 
Makani V, Sharma S, et al. Prognostic role of Oct4, CD44 
and c-Myc in radio-chemo-resistant oral cancer patients and 
their tumourigenic potential in immunodeficient mice. Clin 
Oral Investig. 2015; . doi: 10.1007/s00784-015-1476-6.

28.  Jakobiec FA, Kool M, Stagner AM, Pfister SM, Eagle RC, 
Proia AD, Korshunov A. Intraocular Medulloepitheliomas 
and Embryonal Tumors With Multilayered Rosettes of the 
Brain: Comparative Roles of LIN28A and C19MC. Am 
J Ophthalmol. 2015; 159:1065–1074.e1. doi: 10.1016/j.
ajo.2015.03.002.

29.  Peng S, Maihle NJ, Huang Y. Pluripotency factors Lin28 
and Oct4 identify a sub-population of stem cell-like cells in 
ovarian cancer. Oncogene. 2010; 29:2153–9. doi: 10.1038/
onc.2009.500.

30.  Ma W, Ma J, Xu J, Qiao C, Branscum A, Cardenas A,  
Baron AT, Schwartz P, Maihle NJ, Huang Y. Lin28 regulates 
BMP4 and functions with Oct4 to affect ovarian tumor 
microenvironment. Cell Cycle. 2013; 12:88–97. doi: 
10.4161/cc.23028.

31.  Holmberg J, He X, Peredo I, Orrego A, Hesselager G, 
Ericsson C, Hovatta O, Oba-Shinjo SM, Marie SKN, 
Nistér M, Muhr J. Activation of neural and pluripotent stem 
cell signatures correlates with increased malignancy in 
human glioma. PLoS One. 2011; 6:e18454. doi: 10.1371/
journal.pone.0018454.

32.  Elsir T, Edqvist P-H, Carlson J, Ribom D, Bergqvist M, 
Ekman S, Popova SN, Alafuzoff I, Ponten F, Nistér M, 
Smits A. A study of embryonic stem cell-related proteins in 
human astrocytomas: Identification of Nanog as a predictor 
of survival. Int J Cancer. 2014; 134:1123–31. doi: 10.1002/
ijc.28441.

33.  Yang S, Zheng J, Ma Y, Zhu H, Xu T, Dong K, Xiao X. Oct4 
and Sox2 are overexpressed in human neuroblastoma and 
inhibited by chemotherapy. Oncol Rep. 2012; 28:186–92. 
 doi: 10.3892/or.2012.1765.

34.  Kaneko Y, Suenaga Y, Islam SMR, Matsumoto D, 
Nakamura Y, Ohira M, Yokoi S, Nakagawara A. Functional 
interplay between MYCN, NCYM, and OCT4 promotes 
aggressiveness of human neuroblastomas. Cancer Sci. 2015; 
106:840–7. doi: 10.1111/cas.12677.

35.  Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T,  
Henkelman RM, Cusimano MD, Dirks PB. Identification of 
human brain tumour initiating cells. Nature. 2004; 432:396–
401. doi: 10.1038/nature03128.

36.  Panosyan EH, Laks DR, Masterman-Smith M, Mottahedeh J,  
Yong WH, Cloughesy TF, Lazareff JA, Mischel PS, 
Moore TB, Kornblum HI. Clinical outcome in pediatric 
glial and embryonal brain tumors correlates with in vitro 
multi-passageable neurosphere formation. Pediatr Blood 
Cancer. 2010; 55:644–51. doi: 10.1002/pbc.22627.

37.  Jackson M, Hassiotou F, Nowak A. Glioblastoma stem-
like cells: at the root of tumor recurrence and a therapeutic 
target. Carcinogenesis. 2015; 36:177–85. doi: 10.1093/
carcin/bgu243.



Oncotarget19204www.impactjournals.com/oncotarget

38.  Seymour T, Nowak A, Kakulas F. Targeting Aggressive 
Cancer Stem Cells in Glioblastoma. Front Oncol. 2015; 
5:159. doi: 10.3389/fonc.2015.00159.

39.  Mirisola V, Mora R, Esposito AI, Guastini L, Tabacchiera F, 
Paleari L, Amaro A, Angelini G, Dellepiane M, Pfeffer U, 
Salami A. A prognostic multigene classifier for squamous 
cell carcinomas of the larynx. Cancer Lett. 2011; 307:37–46.  
doi: 10.1016/j.canlet.2011.03.013.

40.  Mannoor K, Shen J, Liao J, Liu Z, Jiang F. Small nucleolar 
RNA signatures of lung tumor-initiating cells. Mol Cancer. 
2014; 13:104. doi: 10.1186/1476-4598-13-104.

41.  Qu J, Bishop JM. Nucleostemin maintains self-renewal 
of embryonic stem cells and promotes reprogramming of 
somatic cells to pluripotency. J Cell Biol. 2012; 197:731–45.  
doi: 10.1083/jcb.201103071.

42.  Nomura J, Maruyama M, Katano M, Kato H, Zhang J, 
Masui S, Mizuno Y, Okazaki Y, Nishimoto M, Okuda A. 
Differential requirement for nucleostemin in embryonic 
stem cell and neural stem cell viability. Stem Cells. 2009; 
27:1066–76. doi: 10.1002/stem.44.

43.  Meng L, Lin T, Peng G, Hsu JK, Lee S, Lin S-Y, Tsai RYL. 
Nucleostemin deletion reveals an essential mechanism that 
maintains the genomic stability of stem and progenitor 
cells. Proc Natl Acad Sci USA. 2013; 110:11415–20. doi: 
10.1073/pnas.1301672110.

44.  Bao Z, Wang Y, Yang L, Wang L, Zhu L, Ban N, Fan S, 
Chen W, Sun J, Shen C, Cui G. Nucleostemin promotes the 
proliferation of human glioma via Wnt/β-Catenin pathway. 
Neuropathology. 2015; . doi: 10.1111/neup.12265.

45.  Lin T, Meng L, Li Y, Tsai RYL. Tumor-initiating function of 
nucleostemin-enriched mammary tumor cells. Cancer Res. 
2010; 70:9444–52. doi: 10.1158/0008-5472.CAN-10-2159.

46.  Okamoto N, Yasukawa M, Nguyen C, Kasim V, Maida Y, 
Possemato R, Shibata T, Ligon KL, Fukami K, Hahn WC, 
Masutomi K. Maintenance of tumor initiating cells of 
defined genetic composition by nucleostemin. Proc Natl 
Acad Sci USA. 2011; 108:20388–93. doi: 10.1073/
pnas.1015171108.

47.  Tamase A, Muraguchi T, Naka K, Tanaka S, Kinoshita M, 
Hoshii T, Ohmura M, Shugo H, Ooshio T, Nakada M, 
Sawamoto K, Onodera M, Matsumoto K, et al. Identification 

of tumor-initiating cells in a highly aggressive brain tumor 
using promoter activity of nucleostemin. Proc Natl Acad Sci 
USA. 2009; 106:17163–8. doi: 10.1073/pnas.0905016106.

48.  Yoshida R, Fujimoto T, Kudoh S, Nagata M, Nakayama H, 
Shinohara M, Ito T. Nucleostemin affects the proliferation 
but not differentiation of oral squamous cell carcinoma 
cells. Cancer Sci. 2011; 102:1418–23. doi: 10.1111/j.1349-
7006.2011.01935.x.

49.  Wu H, Wang W, Tong S, Wu C. Nucleostemin regulates 
proliferation and migration of gastric cancer and correlates 
with its malignancy. Int J Clin Exp Med. 2015; 8:17634–43. 

50.  Mayshar Y, Ben-David U, Lavon N, Biancotti J-C, Yakir B, 
Clark AT, Plath K, Lowry WE, Benvenisty N. Identification 
and classification of chromosomal aberrations in human 
induced pluripotent stem cells. Cell Stem Cell. 2010; 
7:521–31. doi: 10.1016/j.stem.2010.07.017.

51.  Seymour T, Twigger A-J, Kakulas F. Pluripotency Genes 
and Their Functions in the Normal and Aberrant Breast and 
Brain. Int J Mol Sci. 2015; 16:27288–301. doi: 10.3390/
ijms161126024.

52.  Silva PBG da, Rodini CO, Kaid C, Nakahata AM, 
Pereira MCL, Matushita H, Costa SS da, Okamoto OK. 
Establishment of a novel human medulloblastoma cell 
line characterized by highly aggressive stem-like cells. 
Cytotechnology. 2015; . doi: 10.1007/s10616-015-9914-5.

53.  Suzuki DE, Nakahata AM, Okamoto OK. Knockdown of 
E2F2 Inhibits Tumorigenicity, but Preserves Stemness of 
Human Embryonic Stem Cells. Stem Cells Dev. 2014; :1–31.  
doi: 10.1089/scd.2013.0592.

54.  Studebaker AW, Hutzen B, Pierson CR, Russell SJ, Galanis E,  
Raffel C. Oncolytic measles virus prolongs survival in 
a murine model of cerebral spinal fluid-disseminated 
medulloblastoma. Neuro Oncol. 2012; 14:459–70. doi: 
10.1093/neuonc/nor231.

55.  Rocha CRR, Garcia CCM, Vieira DB, Quinet A, de 
Andrade-Lima LC, Munford V, Belizário JE, Menck 
CFM. Glutathione depletion sensitizes cisplatin- and 
temozolomide-resistant glioma cells in vitro and 
in vivo. Cell Death Dis. 2014; 5:e1505. doi: 10.1038/
cddis.2014.465.


