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ABSTRACT

CNS Primitive Neuroectodermal tumors (CNS-PNETs) are members of the
embryonal family of malignant childhood brain tumors, which remain refractory to
current therapeutic treatments. Current paradigm of brain tumorigenesis implicates
brain tumor-initiating cells (BTIC) in the onset of tumorigenesis and tumor
maintenance. However, despite their significance, there is currently no comprehensive
characterization of CNS-PNETs BTICs. Recently, we described an animal model of
CNS-PNET generated by orthotopic transplantation of human Radial Glial (RG) cells
- the progenitor cells for adult neural stem cells (NSC) - into NOD-SCID mice brain
and proposed that BTICs may play a role in the maintenance of these tumors. Here
we report the characterization of BTIC lines derived from this CNS-PNET animal
model. BTIC’s orthotopic transplantation generated highly aggressive tumors
also characterized as CNS-PNETs. The BTICs have the hallmarks of NSCs as they
demonstrate self-renewing capacity and have the ability to differentiate into astrocytes
and early migrating neurons. Moreover, the cells demonstrate aberrant accumulation
of wild type tumor-suppressor protein p53, indicating its functional inactivation, highly
up-regulated levels of onco-protein cMYC and the BTIC marker OCT3/4, along with
metabolic switch to glycolysis - suggesting that these changes occurred in the early
stages of tumorigenesis. Furthermore, based on RNA- and DNA-seq data, the BTICs
did not acquire any transcriptome-changing genomic alterations indicating that the
onset of tumorigenesis may be epigenetically driven. The study of these BTIC self-
renewing cells in our model may enable uncovering the molecular alterations that are
responsible for the onset and maintenance of the malignant PNET phenotype.
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INTRODUCTION

CNS Primitive Neuroectodermal tumors (CNS-
PNETs) are members of the embryonal family of
malignant childhood brain tumors, which remain
refractory to current therapeutic treatments [1].

There is a paradigm of brain tumorigenesis that
implicates a limited number of genomic and/or epigenomic
alterations in the transformation of neural stem cells
(NSC) into brain tumor-initiating cells (BTIC) [2-5].
In particular, Radial Glial (RG) cells - the progenitor
cells for the adult NSCs - are considered as BTICs of
ependymoma, a brain tumor of glial origin [2, 3]. In a
recent study, it was shown that CNS-PNET BTICs derived
from a clinical specimen were able to maintain neuronal
and glial differentiation and demonstrated a self-renewal
potential - the hallmarks of NSCs [6]. However, despite
their role in tumor maintenance, there is no comprehensive
characterization of CNS-PNETs BTICs to date.

Recently, we described an animal model of CNS-
PNET that was generated by orthotopic transplantation of
human Radial Glial (RG) cells - the progenitor cells for
adult NSCs - into NOD-SCID mice sub-ventricular zone
of the brain [7], and proposed that BTICs may play a role
in the maintenance of these tumors [8]. We documented
expression of RG-BTIC markers such as SOX2, Vimentin
and Nestin, BTIC marker OCT3/4, up-regulation of
onco-protein cMyc, along with an aberrant accumulation
of stabilized tumor-suppressor protein p53 in the model
tumors [8].

Here we report the characterization of BTICs
derived from CNS-PNETs in our animal model. The
main objectives of this study were to investigate whether
genomic alterations are involved in the process of RG
transformation into BTICs and to uncover differences
in gene expression level of known cancer related genes
between the RG and the correspondent BTICs, thus
contributing to a better understanding of the key function
of these cells in tumor maintenance.

RESULTS

BTIC derivation

As it is imperative from a clinical perspective to
investigate BTIC’s fundamental function in brain tumor
maintenance, we sought to isolate cells with stem cell
characteristics from the tumor mass to get some insight
into the biology of cells that are presumably responsible
for tumor maintenance. The premise was based on
the finding that a NSC specific cell culture condition
predominantly facilitates the growth of NSCs as in the
case of the RG cells [9], and by using these conditions we
should be able to select and expand BTICs from our PNET
model tumors. Using this approach, we derived tumor cell

lines (TCLs) that morphologically resembled the RG cells
(Figure 1B1, 1B2) and demonstrated the expected BTIC
features: capacities to self-renew, to differentiate into
astrocytes and neurons [10, 11] (Figure 1A1-1A4), and to
generate highly invasive tumors once injected in different
sites of NOD-SCID mouse brains (Figure 1B3, 1B4, 1Cl1,
1C2, 1C4, 1D1-1D4, Supplementary Figure 1).

The TCL’s transcriptome exhibited higher similarity
to the RG transcriptome than to the transcriptome of the
tumors from which they were derived (Supplementary
Figure 2). In comparison to the RG self-renewing
cells, the corresponding TCLs showed similar or
increased expression of the RG marker BLBP, primitive
neuroectodermal marker OTX2, RG-BTIC markers
SOX2, Vimentin and Nestin, along with the BTIC marker
OCT3/4 (Figure 2). Furthermore, similarly to the tumors
generated by the RG cells [8], the TCL generated tumors
also demonstrated high expression levels of these markers
(Figure 1C1, 1C2, 1C4, 1D1-1D4). Moreover, as was the
case for the TCL self-renewing cells, the TCL derived
tumors exhibited high expression of onco-protein — cMyc
(Figure 2, Figure 3A1, 3A2). Remarkably, the tumors
generated by the RG cells [8], the TCLs and the TCL
derived tumors exhibited aberrant accumulation of tumor-
suppressor p53 (Figure 3B1-3B4, 3C1-3C4). Similarly, as
the tumors generated by the RG cells [8], the TCL derived
tumors displayed elevated level of p53 inhibitor - MDM2
(Figure 3D1-3D4), which might indicate p53 aberrant
modification, rendering resistance to MDM2 mediated
degradation [8].

We documented previously that RG cells were
unable to generate tumors when injected into the motor
cortex or the cerebellum of NOD-SCID mice in contrast to
the SVZ of the 3" ventricle, which resulted in tumors that
extensively invaded the brain and the ventricular system
[7]. We now report invading tumor cells in different parts
of the mouse brain after TCLs injection into the motor
cortex or the cerebellum (Supplementary Figure 1).

Altogether, our findings are consistent with the
hypothesis that TCLs represent the BTICs in our CNS-
PNET model.

BTIC genomic alterations

Since the least differentiated progenitor cells
may require less genetic alterations during the onset
of tumorigenesis [12], we hypothesized that in order
to become BTICs, the RG cells should acquire minor
alterations. Indeed, the analysis of RNA/DNA- seq data
from the RG cell lines and the corresponding TCLs
revealed that even though some copy number variations
(CNV) could be observed in the whole exome sequence
data, obtained from the TLCs, as compared to the
original RGs, the was no difference in the expression
level of the genes residing in the areas affected by CNVs
(Supplementary Tables 2-4).
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In addition, we found no mutations in the
TCLs, except for a few single nucleotide substitutions
(Supplementary Tables 5-7). In particular, the comparative
sequence analysis of RNA-seq data derived from TP53
in the parental RG and TCLs did not reveal any single
nucleotide variants or indels.

BTIC gene signature

Our analysis of the RNA-seq data derived from
the CNS-PNET BTICs revealed numerous genes
with consistent differential expression relative to the
corresponding RG cells and TCLs; it is conceivable that

some of these genes play a role in the function of BTICs
[13]. Expression of specific genes was verified by IHC
on RG generated tumors (Figure 1C3, Figure 3A3, 3A4,
Figure 4) and TCL generated tumors (Figure 1C1, 1C2,
1C4, 1D1-1D4, Figure 3A1, 3A2, 3B1-3B4), and/or by
RT-PCR (Table 1, Supplementary Table 1) using RG
and TCLs second-generation neurospheres [10], which
supposedly represent the self-renewing cells of the RG
and TCLs. Since genes may be associated with many
different functions, we assigned some of the identified
genes to more than one of several broad categories: BTIC
maintenance, proliferation, migration-invasion, tumor
suppressors, anti-apoptosis and metabolism.

Figure 1: Analysis of RG, TCL and the TCL derived tumors. (A1, A2) LCAS-R 2nd nsphrs/LCAS-RTL(138) 2nd nsphr, (A3)
Tubb3 40x LCAS-RTL(138) 2nd nsphr, (A4) GFAP 40x LCAS-RTL(138) 2nd nsphr; (B1, B2) HE 40x LCAS-R/LCAS-RTL(138) - images
show undifferentiated small round blue cells with scarce cytoplasm, (B3) HE 40x (LCAS-RTL(138) SVZ 15 weeks post-injection) -
extensive proliferation of undifferentiated embryonal tumor cells infiltrating the adjacent brain parenchyma, (B4) Ki67 40x (LCAS-
RTL(138) SVZ 15 weeks post-injection) - high proliferative activity of tumor cells is reflected by over 75% of cells expressing Ki-67, (C1)
OCT3/4 40x (LC26-RTL(170) SVZ 12 weeks post-injection) - extensive proliferation of tumor cells invading adjacent brain parenchyma
show high expression of OCT3/4 (over 80% of cells), (C2) Sox2 40x (LC26-RTL(170) SVZ 12 weeks post-injection) - extensively
expressed in the tumor cells, (C3) PRAME 40x (LCAS-R 12 weeks post-injection) - extensively expressed in the tumor cells, (C4) Nestin
40x (LCAS-RTL(138) 15 weeks post-injection) - extensively expressed in the tumor cells, (D1) Vimentin 40x (LCAS-RTL(138) 15 weeks
post-injection) - extensively expressed in the tumor cells within the main tumor mass and in the invading areas, (D2) BLBP 40x (LC26-
RTL(170) 16 weeks post-injection) - extensively expressed in the tumor cells, (D3, D4) OTX2 20x, 40x (LC26-RTL(170) 16 weeks post-
injection) - extensive expression (over 80% of cells) in tumor cells. TU-tumor; P-parenchyma; PI- perivascular invasion.
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BTIC cell energy phenotype

As the metabolic switch from oxidative
phosphorylation to glycolysis, also known as the Warburg
effect, has been documented to occur in different types
of cancer stem cells [63], we analyzed the oxygen
consumption rate (OCR) and extracellular acidification
rate (ECAR) [64] in the RGs and TCLs. We found that the
TCLs exhibited higher ECAR and lower OCR compared
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to the correspondent RGs (Figure 5), which indicate that
the TCLs derive their energy from glycolysis rather than
oxidative phosphorylation.

DISCUSSION

There is a paradigm of brain tumorigenesis that
implicates a limited number of genomic and/or epigenomic
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Figure 2: RT-PCR analysis. Expression level of OTX2, cMYC, OCT3/4, Nestin, Vimentin, Sox2 and BLBP in the RG and TCL self-

renewing cells.
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alterations in the transformation of neural stem cells
(NSC) into brain tumor-initiating cells (BTIC) [2-5].
Yet, the molecular characteristics of BTICs, particularly
those of CNS-PNET BTIC, are still largely unknown. As
it is imperative from the clinical perspective to investigate
PNET BTIC’s function in brain tumor maintenance, we
proceeded to isolate cells with NSC characteristics from
the tumors originated in our model in order to get insight
to the biology of the cells that are presumably responsible
for tumor maintenance.

Our results point to the fact that the isolated TCLs
may indeed represent the CNS-PNET BTICs, for the
following reasons: (1) morphologically the cells resemble

along the neuronal and glial lineages; and (4) they give
rise to tumors once injected in different parts of NOD-
SCID mouse brain. The absence of substantial genomic
alternations in the TCLs, similar transcriptome profiles
of the RGs and TCLs, along with the morphological
similarity of the tumors generated by RGs and TCLs
suggest that only a limited number of genomic alterations
may be required for the tumorigenic transformation of RG
cells.

Along with well-established BTIC markers such
as Nestin, Vimentin, Sox2 and OCT3/4 [10, 13, 14], we
found OTX2 — a medulloblastoma oncogene [17], which
we documented previously as an early marker of primitive

the RG cells; (2) they self-renew; (3) they differentiate neuroectoderm and BLBP - an established marker of RG
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Figure 3: IHC analysis of RG, TCL, the RG and the TCL derived tumors. (A1) ps62cMYC 10x (LC26-RTL(170) 12 weeks
post-injection) - expression is observed in over 25% of tumor cells, (A2) cMYC 40x (LCAS-RTL(138) 9 weeks post-injection) - expression
is observed in over 25% of tumor cells, (A3) EPHA3 5x (LC25-R 8 weeks post-injection) - extensive expression is observed in tumor cells,
(A4) EPHA3 63x (LCAS-R 12 weeks post-injection) - perivascular invading tumor cells show overexpression of EPHA3, (B1, B2) p53
40x (LCAS-R/LCAS-RTL(138)) - B1: show low expression of p53 (<10%) while B2 show over 75% of p53 expressing cells, (B3, B4)
p53 40x (LC26-R/LC26-RTL(170)) - B3: show low expression of p53 (<20%) while B4 show over 60% of pS3 expressing cells, (C1, C2)
p53 20x, 40x (LCAS-RTL(138) 15 weeks post-injection) - approximately 45% of tumor cells show expression of p53, (C3, C4) p53 20x,
40x (LC26-RTL(170) 12 weeks post-injection) - approximately 45% of tumor cells show expression of p53. (D1, D2) MDM2 20x, 40x
(LCAS-RTL(138) 15 weeks post-injection) - approximately 50% of tumor cells show expression of p53, (D3, D4) MDM2 20x, 40x (LC26-
RTL(170) 12 weeks post-injection) - approximately 50% of tumor cells show expression of p53. TU-tumor; P-parenchyma; V-ventricle;
PI- perivascular invasion.

www.impactjournals.com/oncotarget 13737 Oncotarget



cells, to be highly expressed in the TCL self-renewing
cells [9]. Moreover, CD44 - glioblastoma multiforme stem
cell marker [15] — is also highly expressed in the TCL self-
renewing cells.

We found MY CC onco-gene to be highly expressed
in the TCL self-renewing cells, indicating that such
overexpression may have taken place in the early stages
of the RG tumorigenic transformation along with the
overexpression of additional genes (Table 1). Even though
abnormal levels of the MYCC onco-gene are detected in
the majority of human tumors, the triggering mechanisms
for such expression alterations, as well as that of its target
genes, are still largely unknown [65], particularly in
BTICs. Direct comparison of the RG cells with the TCLs
could facilitate decoding of the mechanisms of MYCC
altered expression in the RG cells during tumorigenic
transformation, in addition to facilitating identification of
the corresponding cMYC target genes. Such wide-ranging
identification would highlight the pathways underlying
cMYC-driven tumorigenesis, thus possibly expediting
development of new therapeutic strategies for cMYC-
driven tumors. Moreover, our CNS-PNET tumor model
could be a powerful tool for screening experimental cMYC
- specific drugs, which would facilitate the development of
combined therapy regimens [66, 67].

We also identified a plethora of additional
transcriptomic changes (Table 1), which could facilitate
the BTIC function of tumor maintenance - including self-
renewal, cell proliferation, motility and invasiveness,
anti-apoptosis or metabolic changes. It is conceivable
that some of the up regulated genes could serve as new

BTIC markers of CNS-PNET; however, it remains to
be determined if these genes are also overexpressed in
clinical tumor specimens.

Absence of genomic alterations in the TP53 gene
suggests that the accumulation of tumor-suppressor p53
in the TCLs may be due to an aberrant post-transcriptional
event instead of CNV or mutation in the gene. In this
regard, we found TP53 gene to be significantly down-
regulated in the TCL self-renewing cells (Table 1).
The absence of genomic alterations in the rest of the
genes from the proposed BTIC gene signature (Table 1,
Supplementary Table 2-4) indicates also that epigenetic
changes may be responsible for the onset and maintenance
of CNS- PNET BTICs. Incidentally, we found PRAME,
expression of which is normally restricted to testis [19],
as being highly expressed in the model tumors and TCL
self-renewing cells (Figure 1C3, Table 1). Disruption of
the epigenetically controlled tissue specific expression
of PRAME may indicate significant perturbations in
the epigenetic landscape of RG, potentially taking place
during the first steps of the tumorigenic transformation,
which could make PRAME a useful BTIC biomarker.

Remarkably, we found epigenetic regulators
KDM4c, KDM5b, KDM5c¢ and HDACY9 as being
up-regulated in the TCL self-renewing cells. These
regulators may play a significant role in the BTIC
maintenance [25-34]. It is conceivable that the up-
regulation of these epigenetic regulators may be caused
by the hypoxic microenvironment that is characteristic
of the SVZ of the 3" ventricle, as we hypothesized in
our previous study [8]. Such up-regulation might trigger

Figure 4: IHC analysis of the RG derived tumors. (A1, A2) Trim22 5x, 63x (LCAS-R 12 weeks post-injection) - intense expression
is observed in all tumor cells, (A3, A4) ENOI 10x, 63x (LCAS-R 12 weeks post-injection) - intense expression is observed in all tumor
cells, within the main tumor mass and in perivascular invading areas, (B1, B2) MALT1 5x, 63x (LC25-R 8 weeks post-injection, LCAS-R
12 weeks post-injection) - intense expression in over 75% of tumor cells within the main tumor mass and in 100% of the perivascular
invading cells, (B3) Caveolin 1 40x (LCAS-R 12 weeks post-injection) - extensively expressed in tumor cells, (B4) Cathepsin C 20x
(LC26-R 12 weeks post-injection)- extensively expressed in tumor cells. TU-tumor; P-parenchyma; V-ventricle; PI- perivascular invasion.
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Table 1: BTIC gene signature verified by RT-PCR on RG and TCLs second-generation neurospheres

Gene Function Ref.
BTIC maintenance
BLBP (RG marker) [9]
Vimentin (similar) BTIC maintenance (BTIC marker) [13]
Sox2 (similar) BTIC maintenance (BTIC marker) [10, 14]
Nestin (similar) BTIC maintenance (BTIC marker) [10]
OCT3/4 BTIC maintenance (BTIC marker) [14]
CD44 BTIC maintenance (Glioblastoma multiforme Stem cell marker) [15]
MYCC BTIC maintenance [16]
OTX2 BTIC maintenance [9, 17]
NR2F1 (down) Control of tumor cell dormancy [18]
PRAME Generation of cancer stem-like cells [19]
HEY1 NSC maintenance [20]
Elongin C Cellular plasticity of pluripotent stem cells [21]
ANXA1 BTIC maintenance [22]
EPHA3 BTIC maintenance [23]
NRP1 BTIC maintenance [24]
Epigenetic regulators
KDM4c BTIC maintenance [25,26]
KDMS5b BTIC maintenance [27-32]
KDM5¢ BTIC maintenance [33]
HDAC9 BTIC maintenance [34]
Proliferation
MYCC The key onco-gene, cell proliferation, invasiveness [35]
MAX c-Myc co-activator, cell proliferation, invasiveness [36]
MINAS3 c-Myec target gene, cell proliferation [37]
EMPI cell proliferation [38]
EMP3 cell proliferation, motility and invasiveness [39]
TGFBI cell proliferation, motility and invasiveness [40]
ANXA2 regulation of cellular growth [41]
GTF2H1 transcription elongation from RNA polymerase II promoter [42]
Migration-Invasion
ENOI cell invasion, metastatic dissemination [43]
CTSC cell invasion [44, 45]
LOX cell invasion [46]
CDh44 cell invasion [47]
MALTI1 cell invasion [48]
(Continued)
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Gene Function Ref.

TRX1 cell invasion [49]
Tumor suppressors

TP53 (down) the key tumor-suppressor [50]

TRIM22 cell cycle arrest, DNA repair [51]

DKK3 tumor suppressor gene, antagonizes canonical Wnt signaling [52]

Anti-apoptosis

PEAL1S Anti-apoptosis, regulates glucose transport [53]
Humanin Anti-Apoptosis [54, 55]
Metabolism
CAV1 glycolysis, mitochondrial bioenergetics, fatty acid metabolism [56]
ACADI11 mitochondrial beta-oxidation of fatty acids [57]
ACSL3 mitochondrial beta-oxidation of long chain fatty acids [58]
PPAT de novo purine biosynthesis [59]
GART de novo purine biosynthesis [60]
ALDOA a key role in glycolysis and gluconeogenesis [61]
GLS a key role in generating energy for metabolism [62]
TRX1 purine metabolism and glucose/energy metabolism [49]

((LCAS-R-2" nsphr/LCAS-RTL(138) -2 nsphr) and (LC26-R-2" nsphr/ LC26-RTL(170)-2" nsphr)).
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Figure 5: Bioenergetic profiles of the RG and TCL. Cell lines LC26-R, LC26-RTL(170), LCAS-R and LCAS-RTL(138) were
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from Seahorse Bio. (A) LC26-R was compared to LC26-RTL, (B) LCAS-R was compared to LCAS-RTL.
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the majority of the identified transcriptomic changes
(Table 1), while enabling tumor formation in the motor
cortex and cerebellum (Supplementary Figure 1) - two
locations where the injected RG cells did not show any
sign of tumorigenic transformation [7]. Further study
will be conducted to investigate whether alterations in
these epigenetic regulators are also observed in PNET
clinical specimens. Such validation may warrant wide-
ranging subsequent studies to assess the therapeutic
value of epigenetic drugs for the treatment of PNETs
[68, 69].

The metabolic switch documented in the TCLs
may also play a role in the maintenance of the BTICs
supporting the self-renewal and undifferentiated status
of the cells [63]. The fact that our model enables direct
comparison of RG cells and BTICs makes it invaluable
to uncover the molecular mechanisms underlying
transformation and the microenvironmental factors
contributing to the onset of tumorigenesis and tumor
cell invasion. Subsequent studies of the BTICs might
also lead to advances in diagnostics and treatment of
embryonal brain tumors.

MATERIALS AND METHODS

Orthotopic transplantation of RG cells to the
Sub-Ventricular Zone (SVZ) of the 3rd ventricle
in NOD-SCID mice brain

Transplantations of the LC25-R, LC26-R, and
LCAS-R RG cells to the SVZ of 3rd ventricle of the brain
of NOD-SCID mice (in average ten mice per each RG
cell line) were performed as previously described [7].
Derivation of these RG lines was described previously [7].
Briefly, transplantations of RG cells to target SVZ of 3rd
ventricle were performed as follows: a 1.0mm burr hole
was made approximately 0.3mm dorsal caudal from the
bregma. A 26-gauge needle attached to a 25 pl Hamilton
syringe was inserted into the depth of 4.0mm from the
skull surface using stereotactic guidance. Five microliters
containing ~200,000 of the RG cells were inoculated into
the brain over a period of 10 minutes. The respiratory rate
and the anesthetic depth of all animals were monitored
every 5 minutes after the surgery by laboratory personnel
until the animals had fully recovered from the anesthesia.
No adverse events were encountered during the post-
operative care. All mice were kept in standard animal
husbandry with regular diet in barrier facilities and
monitored 2-3 times per week, including recording of their
body weight. The mice were sacrificed at 4-16 weeks’
post-inoculation by an i.p. injection of Nembutal Sodium
40-70 mg/kg followed by cervical dislocation, at which
time brains were harvested and tumors were resected.
The tumor tissues were named LC25-RT, LC26-RT, and
LCAS-RT, respectively.

TCL (Tumor Cell Line) derivation

The tumor tissues LC25-RT, LC26-RT, and
LCAS-RT were thoroughly minced, plated and grown in
ENStem-A neural expansion medium with FGF2 at 20
ng/ml (Millipore), L-glutamine 2 mM and PenStrep 1x
(Gibco) on laminin-coated tissue culture plates at 37°C,
5% CO2 in a humidified atmosphere. Acutase (Millipore)
cell detachment was applied before each cell passage.
The tumor cell lines were named LC25-RTL(293), LC26-
RTL(170), and LCAS-RTL(138), respectively.

Orthotopic transplantation of TCL cells to brain
regions of NOD-SCID mice

Transplantations of the LC26-RTL(170), and
LCAS-RTL(138) cells to the SVZ of 3rd ventricle, motor
cortex and cerebellum of the brain of NOD-SCID mice
(in average ten mice per each TCL) were performed as
previously described [7]. Briefly, transplantations of TCL
cells to target SVZ of 4th ventricle in cerebellum, motor
cortex or SVZ of 3rd ventricle were performed as follows:
a 1.0mm burr hole was made approximately -7.0mm dorsal
caudal from the bregma, 2.0mm dorsal caudal, 0.8mm
right or left lateral from the bregma, and 0.3mm dorsal
caudal from the bregma. A 26-gauge needle attached to
a 25 pl Hamilton syringe was inserted into the depth of
3.0mm, 2.0mm, and 4.0mm correspondingly from the
skull surface using stereotactic guidance. Five microliters
containing ~200,000 of the TCL cells were inoculated into
the brain over a period of 10 minutes. The respiratory rate
and the anesthetic depth of all animals were monitored
every 5 minutes after the surgery by laboratory personnel
until the animals had fully recovered from the anesthesia.
No adverse events were encountered during the post-
operative care. All mice were kept in standard animal
husbandry with regular diet in barrier facilities and
monitored 2-3 times per week, including recording
of their body weight. The mice were sacrificed at 4-16
weeks post-inoculation by an i.p. injection of Nembutal
Sodium 40-70 mg/kg followed by cervical dislocation, at
which time brains were harvested and perfused with 4%
paraformaldehyde as previously described [9].

Neurosphere culture

The RG and TCL cells were plated at a density of
300 cells per ml on 24 well plates in ENStem-A neural
expansion medium with FGF2 at 20 ng/ml (Millipore),
L-glutamine 2 mM and PenStrep 1x (Gibco) and grown
for 14 days at 37°C, 5% CO2 in a humidified atmosphere.
The neurospheres were collected and plated in the same
media on laminin-coated tissue culture plates for 24-48
hours (in order to convert the neurospheres into the cell
monolayer) at 37°C, 5% CO2 in a humidified atmosphere.
Acutase (Millipore) cell detachment was applied and the
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neurosphere formation process repeated again to produce
self-renewal cell culture. The self-renewing cells were
named LC26-R-2" nsphr and LC26-RTL(170)-2" nsphr,
LCAS-R-2" nsphr and LCAS-RTL(138)-2" nsphr,
respectively.

Total RNA isolation

Total RNA isolation was performed with the
PureZOL RNA isolation reagent (Bio-Rad, Hercules,
CA), followed by DNAse treatment (Ambion, Austin,
TX), according to the manufacturer’s instructions. Purity
and integrity of the isolated RNA was assessed on the
ND-1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).

Total DNA isolation

Total DNA isolation was performed with the
Puregene DNA purification kit (Qiagen, Germantown,
MD), according to the manufacturer’s instructions. Purity
and integrity of the isolated DNA was assessed on the
ND-1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).

RNA-seq and data analysis

RNA-seq library construction was performed
according to the manufacturer’s instructions for RiboZero
selection. The resulting libraries were sequenced using
[lumina HiSeq2500. The FastQC software (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) was
applied on raw fastq files to examine the sequence quality.
Tophat [70] was used for tag alignment and counts for
each gene were computed by means of HTSeq Python
package [71], using the annotation of the Ensembl
genes and only reads that mapped to exons. Differential
expression analysis on the count data was performed
using DESeq?2 [72], which is based on a negative binomial
distribution and uses shrinkage estimation for the variance
of the distribution. As an alternative way of quantifying
normalized gene and transcript expression, Fragments Per
Kilobase of transcript per Million mapped reads (FPKM)
values were also derived using Cufflinks [73] and were
furthered normalized by upper quartile normalization
(GEO record GSE82102).

Single nucleotide variant (SNV) and small Indel
calling were conducted for both RG and TCLs. Alignment
files generated by Tophat2 were used for SNV detection
using SAMtools [74] and Varscan [75] with the following
parameters: map quality>15, PHRED quality score>10,
coverage>8 reads, P value threshold for calling variant =
0.01 and minimum supporting reads at a position to call
variant = 2. We used ANNOVAR [76] for annotation of the
called variants and SAMtools view was used to visualize
the aligned reads in the region of TP53.

RNA-seq PCA: The raw reads count data was
normalized by variance stabilizing transformation
(VST) method proposed in DESeq2. This method fitted
a dispersion-mean relation and then transforms the
count data (normalized by division by the size factors
or normalization factors. We selected the top 1000
most varied genes using coefficient of variations. The
principle component analysis was conducted on the
selected genes and ggplot2 package [77] was used to
generate the plot.

RNA-seq somatic mutation calling: We applied a
method called GLMVC [78] to detect somatic mutations
from paired RNA-seq data. This method is based on a
bias reduced generalized linear model and showed better
performance than MuTect and Varscan on RNA-data.

Whole exome sequencing data analysis

DNA-seq libraries were sequenced using [llumina
HiSeq2500. Paired-end sequencing data from the
exome capture libraries were mapped to the reference
human genome (build hg19) with BWA aligner [79]. All
sequenced and aligned libraries (uniquely mapped reads)
were further processed with both the Picard suite (http://
sourceforge.net/projects/picard/) and the GATK tools
[80], which includes duplicated reads removing, local
realignment around indels, base quality recalibration.
All these procedures were performed prior to mutation
detection. We made use of the EXCAVATOR algorithm
[81] to do the CNV detection. EXCAVATOR was run with
the default settings. SG-ADVISER [82] was applied to
derive functional effects from predicted CNVs.

Real-time PCR

Total RNA isolation was performed as mentioned
above. cDNA synthesis and real-time quantitative reverse
transcription-polymerase chain reactions (qRT-PCR)
were performed as previously described [8]. QuantStudio
7 instrument (Applied Biosystems, USA) along with
PowerUP SYBR Green Master Mix (A25742, Thermo
Fisher Scientific, USA) were used according to the
manufacturer’s instructions. The PCR conditions were as
follows: one cycle at 50°C for 2 min, one cycle at 95°C
for 10 min, 40 cycles at 95°C for 15 s, 60°C for 1 min,
followed by a melting curve from 60°C to 95°C. Primers
were designed using the Primer Express program version
1.5 (Applied Biosystems, CA, USA), and obtained from
Integrated DNA Technologies (Coralville, TA, USA)
(Supplementary Table 1). 100 nM primers for GUSB
RNA (RealTimePrimers.com) were used as an endogenous
control for each of the cDNA samples. Comparative Ct
method was used to analyze the qRT-PCR (>2X difference
in the gene expression level was considered as significant).
In the comparative Ct method the QuantStudio 7 software
measures amplification of the gene of interest (target)
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and of GUSB in each cDNA sample. Measurements are
normalized using the endogenous control.

Immunohistochemistry

Formalin-fixed paraffin embedded (FFPE)
tumor tissue and RG cell pellets generated in our
previous study [8] were used for histological and
immunohistochemical analyses. At least two slides
(4um thick) from each FFPE tumor sample were used
for the analysis of each antibody presented in this study
using standard immunohistochemical methods. The
immunohistochemical panel comprised the following
antibodies: Anti-Ki-67 (RM-9106, Rabbit monoclonal,
1:200, Thermo scientific), OCT3/4 (H-134) (sc-9081,
Rabbit polyclonal, 1:50, Santa Cruz), Anti-Nestin
(ab105389, Rabbit monoclonal, 1:30, abcam), Anti-
Sox2 (ab97959, Rabbit polyclonal, 1:450, abcam), Anti-
Vimentin (NBP1-97671, Mouse monoclonal, 1:500, Novus
Biologicals), c-MYC (ab32072, Rabbit monoclonal[Y69],
1:500, abcam), Anti-c-MY C-(Phospho S62) (ab185656,
Rabbit monoclonal, 1:500, abcam), p53 (FL-393) (sc-
6243, Rabbit polyclonal, 1:200, Santa Cruz), Anti-BLBP
(ABN14, Rabbit polyclonal, 1:400, Millipore), Anti-OTX2
(AB9566, Rabbit polyclonal, 1:750, Millipore), Anti-
Trim22 (ab140966, Mouse monoclonal, 1:100, abcam),
Caveolin (N-20) (sc-894, Rabbit polyclonal, 1:50, Santa
Cruz), Cathepsin C/DPPI (AF1034, Goat polyclonal, 1:50,
R&D), ENO1 (LS-B10960, Rabbit polyclonal, 1:500,
LSBio), Anti-MALT1 (ab93661, Rabbit polyclonal, 1:200,
abcam), EPHA3 (LS-C312723, Rabbit polyclonal, 1:200,
LSBio), Anti-PRAME (ab135600, Rabbit polyclonal,
1:150, abcam), Anti-MDM2 (LS-C199239, Rabbit
polyclonal, 1:100, LS Bio).

Cell energy phenotype test

The cell energy phenotype assay in the RG and
TCL were performed using a Seahorse XFp Cell Energy
Phenotype Test Kit (Agilent#103275-100) according
to the instruction from the manufacturers. LC26-R,
LC26-RTL(170), LCAS-R and LCAS-RTL(138) cells
were seeded at 20,000 cells per well in 8-well seahorse
cell culture plate and incubated overnight at 37°C in an
atmosphere of 5% CO2. Results are represented for two
independent experiments. Before analysis, cells were
washed twice with sodium bicarbonate- and glucose-
free ENStem-A neural expansion medium with FGF2 at
20 ng/ml (Millipore), supplemented with glutamine and
penicillin/streptomycin, pH 7.4) and incubated for 1 h
at 37°C without CO2. We used FCCP and Oligomycin
diluted to 10 uM for determining the cell energy phenotype
by recording extracellular acidification rates (ECAR,
milli pH/min/20000 cells) and oxygen consumption rates
(OCR, pmol/min/20000 cells) on a Seahorse Bioscience
Extracellular Flux Analyzer.

Author contributions

Conceptualization: SM.

Data curation: SM YB.

Formal analysis: SM YB.

Funding acquisition: MBS.

Investigation: SM JB STS YB NVM YK MRG KW.
Methodology: SM.

Project administration: SM.

Resources: SM MBS.

Software: YB RVD.

Supervision: SM.

Validation: SM STS YB.

Visualization: SM STS YB MRG KV JB.

Writing + original draft: SM STS.

Writing + review & editing: SM STS TT MJCH MBS.

ACKNOWLEDGMENTS

We thank Dr. David Pinson, Angela Daniels and
Stephanie Sampson for providing support with the animal
study, Christina Constantinidou and Allyson Finger for
editorial assistance.

CONFLICTS OF INTEREST

The authors have declared that no competing
interests exist.

FUNDING

This work was supported by a gift from Mr Glen
Barton, whose generosity and vision to contribute to
the development of a Cancer Research Center at the
University of Illinois College of Medicine at Peoria
(UICOMP) has been transformative to this medical school.

REFERENCES

1. Sturm D, Orr BA, Toprak UH, Hovestadt V, Jones DT,
Capper D, Sill M, Buchhalter I, Northcott PA, Leis I,
Ryzhova M, Koelsche C, Pfaff E, et al. New Brain Tumor
Entities Emerge from Molecular Classification of CNS-
PNETs. Cell. 2016; 164:1060-72. https://doi.org/10.1016/j.
cell.2016.01.015.

2. Castillo M. Stem cells, radial glial cells, and a unified origin
of brain tumors. AJNR Am J Neuroradiol. 2010; 31:389-90.
https://doi.org/10.3174/ajnr.A1674.

3. Taylor MD, Poppleton H, Fuller C, Su X, Liu Y, Jensen P,
Magdaleno S, Dalton J, Calabrese C, Board J, Macdonald T,
Rutka J, Guha A, et al. Radial glia cells are candidate stem
cells of ependymoma. Cancer Cell. 2005; 8:323-35. https:/
doi.org/10.1016/j.ccr.2005.09.001.

4. Gilbertson RJ. Brain tumors provide new clues to the source
of cancer stem cells: does oncology recapitulate ontogeny?

www.impactjournals.com/oncotarget

13743

Oncotarget



11.

12.

14.

15.

Cell Cycle. 2006; 5:135-37. https://doi.org/10.4161/
cc.5.2.2319.

Manoranjan B, Garg N, Bakhshinyan D, Singh SK. The
role of stem cells in pediatric central nervous system
malignancies. Adv Exp Med Biol. 2015; 853:49-68. https://
doi.org/10.1007/978-3-319-16537-0_4.

Liu Z, Zhao X, Wang Y, Mao H, Huang Y, Kogiso M, Qi
L, Baxter PA, Man TK, Adesina A, Su JM, Picard D, Ching
Ho K, et al. A patient tumor-derived orthotopic xenograft
mouse model replicating the group 3 supratentorial
primitive neuroectodermal tumor in children. Neuro-oncol.
2014; 16:787-99. https://doi.org/10.1093/neuonc/not244.
Malchenko S, Sredni ST, Hashimoto H, Kasai A, Nagayasu
K, Xie J, Margaryan NV, Seiriki K, Lulla RR, Seftor RE,
Pachman LM, Meltzer HY, Hendrix MJ, Soares MB. A
mouse model of human primitive neuroectodermal tumors
resulting from microenvironmentally-driven malignant
transformation of orthotopically transplanted radial
glial cells. PLoS One. 2015; 10:¢0121707. https://doi.
org/10.1371/journal.pone.0121707.

Malchenko S, Sredni ST, Bi Y, Margaryan NV, Boyineni
J, Mohanam I, Tomita T, Davuluri RV, Soares MB.
Stabilization of HIF-la and HIF-20, up-regulation of
MYCC and accumulation of stabilized p53 constitute
hallmarks of CNS-PNET animal model. PLoS One. 2017;
12:¢0173106. https://doi.org/10.1371/journal.pone.0173106.

Malchenko S, Xie J, de Fatima Bonaldo M, Vanin EF,
Bhattacharyya BJ, Belmadani A, Xi G, Galat V, Goossens
W, Seftor RE, Tomita T, Crispino J, Miller RJ, et al. Onset of
rosette formation during spontaneous neural differentiation
of hESC and hiPSC colonies. Gene. 2014; 534:400-07.
https://doi.org/10.1016/j.gene.2013.07.101.

Hemmati HD, Nakano I, Lazareff JA, Masterman-Smith
M, Geschwind DH, Bronner-Fraser M, Kornblum HI.
Cancerous stem cells can arise from pediatric brain tumors.
Proc Natl Acad Sci USA. 2003; 100:15178-83. https://doi.
org/10.1073/pnas.2036535100.

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. https://doi.org/10.1038/nature03128.

Shih AH, Holland EC. Developmental neurobiology and
the origin of brain tumors. J Neurooncol. 2004; 70:125-36.
https://doi.org/10.1007/s11060-004-2746-3.

Khan Z, Shervington A, Munje C, Shervington L. The
complexity of identifying cancer stem cell biomarkers.
Cancer Invest. 2013; 31:404—11. https://doi.org/10.3109/0
7357907.2013.802800.

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

Safa AR, Saadatzadeh MR, Cohen-Gadol AA, Pollok
KE, Bijangi-Vishehsaraei K. Glioblastoma stem cells
(GSCs) epigenetic plasticity and interconversion between

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

differentiated non-GSCs and GSCs. Genes Dis. 2015;
2:152-63. https://doi.org/10.1016/j.gendis.2015.02.001.

Murphy MJ, Wilson A, Trumpp A. More than just
proliferation: myc function in stem cells. Trends Cell Biol.
2005; 15:128-37. https://doi.org/10.1016/j.tcb.2005.01.008.

Bai RY, Staedtke V, Lidov HG, Eberhart CG, Riggins GJ.
OTX2 represses myogenic and neuronal differentiation in
medulloblastoma cells. Cancer Res. 2012; 72:5988-6001.
https://doi.org/10.1158/0008-5472.CAN-12-0614.

Sosa MS, Parikh F, Maia AG, Estrada Y, Bosch A, Bragado
P, Ekpin E, George A, Zheng Y, Lam HM, Morrissey C,
Chung CY, Farias EF, et al. NR2F1 controls tumour cell
dormancy via SOX9- and RARp-driven quiescence
programmes. Nat Commun. 2015; 6:6170. https://doi.
org/10.1038/ncomms7170.

Salmaninejad A, Zamani MR, Pourvahedi M, Golchehre Z,
Hosseini Bereshneh A, Rezaei N. Cancer/Testis Antigens:
Expression, Regulation, Tumor Invasion, and Use in
Immunotherapy of Cancers. Immunol Invest. 2016; 45:619—
40. https://doi.org/10.1080/08820139.2016.1197241.

Hulleman E, Quarto M, Vernell R, Masserdotti G, Colli E,
Kros JM, Levi D, Gaetani P, Tunici P, Finocchiaro G, Baena
RR, Capra M, Helin K. A role for the transcription factor
HEY1 in glioblastoma. J Cell Mol Med. 2009; 13:136-46.
https://doi.org/10.1111/j.1582-4934.2008.00307.x.
Beringer M, Pisano P, Di Carlo V, Blanco E, Chammas
P, Vizan P, Gutiérrez A, Aranda S, Payer B, Wierer M, Di
Croce L. EPOP Functionally Links Elongin and Polycomb
in Pluripotent Stem Cells. Mol Cell. 2016; 64:645-58.
https://doi.org/10.1016/j.molcel.2016.10.018.

Bizzarro V, Belvedere R, Milone MR, Pucci B, Lombardi
R, Bruzzese F, Popolo A, Parente L, Budillon A, Petrella A.
Annexin Al is involved in the acquisition and maintenance
of a stem cell-like/aggressive phenotype in prostate
cancer cells with acquired resistance to zoledronic acid.
Oncotarget. 2015; 6:25076-92. https://doi.org/10.18632/
oncotarget.4725.

Janes PW, Slape CI, Farnsworth RH, Atapattu L, Scott AM,
Vail ME. EphA3 biology and cancer. Growth Factors. 2014;
32:176-89. https://doi.org/10.3109/08977194.2014.982276.

Hamerlik P, Lathia JD, Rasmussen R, Wu Q, Bartkova J,
Lee M, Moudry P, Bartek J Jr, Fischer W, Lukas J, Rich JN,
Bartek J. Autocrine VEGF-VEGFR2-Neuropilin-1 signaling
promotes glioma stem-like cell viability and tumor growth.
J Exp Med. 2012; 209:507-20. https://doi.org/10.1084/
jem.20111424.

Pedersen MT, Kooistra SM, Radzisheuskaya A, Laugesen
A, Johansen JV, Hayward DG, Nilsson J, Agger K, Helin
K. Continual removal of H3K9 promoter methylation by
Jmjd2 demethylases is vital for ESC self-renewal and early
development. EMBO J. 2016; 35:1550-64. https://doi.
org/10.15252/emb;j.201593317.

Liao TT, Hsu WH, Ho CH, Hwang WL, Lan HY, Lo T,
Chang CC, Tai SK, Yang MH. let-7 Modulates Chromatin

WWw

.impactjournals.com/oncotarget

13744

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Configuration and Target Gene Repression through
Regulation of the ARID3B Complex. Cell Reports. 2016;
14:520-33. https://doi.org/10.1016/j.celrep.2015.12.064.

Lin CS, Lin YC, Adebayo BO, Wu A, Chen JH, Peng
YJ, Cheng MF, Lee WH, Hsiao M, Chao TY, Yeh CT.
Silencing JARID1B suppresses oncogenicity, stemness and
increases radiation sensitivity in human oral carcinoma.
Cancer Lett. 2015; 368:36—45. https://doi.org/10.1016/].
canlet.2015.07.003.

Stewart MH, Albert M, Sroczynska P, Cruickshank VA, Guo
Y, Rossi DJ, Helin K, Enver T. The histone demethylase
Jarid1b is required for hematopoietic stem cell self-renewal
in mice. Blood. 2015; 125:2075-78. https://doi.org/10.1182/
blood-2014-08-596734.

Xie L, Pelz C, Wang W, Bashar A, Varlamova O, Shadle
S, Impey S. KDMS5B regulates embryonic stem cell self-
renewal and represses cryptic intragenic transcription.
EMBO J. 2011; 30:1473-84. https://doi.org/10.1038/
emboj.2011.91.

Dey BK, Stalker L, Schnerch A, Bhatia M, Taylor-
Papidimitriou J, Wynder C. The histone demethylase
KDMS5b/JARID1b plays a role in cell fate decisions by
blocking terminal differentiation. Mol Cell Biol. 2008;
28:5312-27. https://doi.org/10.1128/MCB.00128-08.
Katoh H, Qin ZS, Liu R, Wang L, Li W, Li X, Wu L, Du Z,
Lyons R, Liu CG, Liu X, Dou Y, Zheng P, Liu Y. FOXP3
orchestrates H4K 16 acetylation and H3K4 trimethylation
for activation of multiple genes by recruiting MOF and
causing displacement of PLU-1. Mol Cell. 2011; 44:770—
84. https://doi.org/10.1016/j.molcel.2011.10.012.

Wong PP, Miranda F, Chan KV, Berlato C, Hurst HC,
Scibetta AG. Histone demethylase KDMSB collaborates
with TFAP2C and Myc to repress the cell cycle inhibitor
p21(cip) (CDKNI1A). Mol Cell Biol. 2012; 32:1633-44.
https://doi.org/10.1128/MCB.06373-11.

Xu L, Wu W, Cheng G, Qian M, Hu K, Yin G, Wang S.
Enhancement of Proliferation and Invasion of Gastric
Cancer Cell by KDMS5C Via Decrease in p53 Expression.
Technol Cancer Res Treat. 2017; 16:141-49. https://doi.
org/10.1177/1533034616629261.

Zhang Y, Wu D, Xia F, Xian H, Zhu X, Cui H, Huang Z.
Downregulation of HDACY inhibits cell proliferation
and tumor formation by inducing cell cycle arrest in
retinoblastoma. Biochem Biophys Res Commun. 2016;
473:600-06. https://doi.org/10.1016/j.bbrc.2016.03.129.
Dang CV, Kim JW, Gao P, Yustein J. The interplay between
MYC and HIF in cancer. Nat Rev Cancer. 2008; 8:51-56.
https://doi.org/10.1038/nrc2274.

Adhikary S, Eilers M. Transcriptional regulation and
transformation by Myc proteins. Nat Rev Mol Cell Biol.
2005; 6:635-45. https://doi.org/10.1038/nrm1703.

Teye K, Tsuneoka M, Arima N, Koda Y, Nakamura Y,
Ueta Y, Shirouzu K, Kimura H. Increased expression of

38.

39.

40.

41.

42.

43.

44,

45.

46.

a Myc target gene Mina53 in human colon cancer. Am
J Pathol. 2004; 164:205-16. https://doi.org/10.1016/
S0002-9440(10)63111-2.

Bredel M, Bredel C, Juric D, Harsh GR, Vogel H, Recht
LD, Sikic BI. Functional network analysis reveals
extended gliomagenesis pathway maps and three novel
MY C-interacting genes in human gliomas. Cancer Res.
2005; 65:8679-89. https://doi.org/10.1158/0008-5472.
CAN-05-1204.

Hsieh YH, Hsiech SC, Lee CH, Yang SF, Cheng CW,
Tang MJ, Lin CL, Lin CL, Chou RH. Targeting EMP3
suppresses proliferation and invasion of hepatocellular
carcinoma cells through inactivation of PI3K/Akt pathway.
Oncotarget. 2015; 6:34859—74. https://doi.org/10.18632/
oncotarget.5414.

Li Q, Cheng Q, Chen Z, Peng R, Chen R, Ma Z, Wan X,
Liu J, Meng M, Peng Z, Jiang B. MicroRNA-663 inhibits
the proliferation, migration and invasion of glioblastoma
cells via targeting TGF-B1. Oncol Rep. 2016; 35:1125-34.
https://doi.org/10.3892/0r.2015.4432.

Kling T, Ferrarese R, O hAilin D, Johansson P, Heiland
DH, Dai F, Vasilikos I, Weyerbrock A, Jornsten R, Carro
MS, Nelander S. Integrative Modeling Reveals Annexin
A2-mediated Epigenetic Control of Mesenchymal
Glioblastoma. EBioMedicine. 2016; 12:72—85. https://doi.
org/10.1016/j.ebiom.2016.08.050.

Di Lello P, Jenkins LM, Jones TN, Nguyen BD, Hara
T, Yamaguchi H, Dikeakos JD, Appella E, Legault P,
Omichinski JG. Structure of the Tfb1/p53 complex: insights
into the interaction between the p62/Tfbl subunit of TFIIH
and the activation domain of p53. Mol Cell. 2006; 22:731—
40. https://doi.org/10.1016/j.molcel.2006.05.007.

Principe M, Borgoni S, Cascione M, Chattaragada MS,
Ferri-Borgogno S, Capello M, Bulfamante S, Chapelle J,
Di Modugno F, Defilippi P, Nistico P, Cappello P, Riganti C,
et al. Alpha-enolase (ENO1) controls alpha v/beta 3 integrin
expression and regulates pancreatic cancer adhesion,
invasion, and metastasis. J Hematol Oncol. 2017; 10:16.
https://doi.org/10.1186/s13045-016-0385-8.

Joyce JA, Baruch A, Chehade K, Meyer-Morse N, Giraudo
E, Tsai FY, Greenbaum DC, Hager JH, Bogyo M, Hanahan
D. Cathepsin cysteine proteases are effectors of invasive
growth and angiogenesis during multistage tumorigenesis.
Cancer Cell. 2004; 5:443-53. https://doi.org/10.1016/
S1535-6108(04)00111-4.

Ruffell B, Affara NI, Cottone L, Junankar S, Johansson M,
DeNardo DG, Korets L, Reinheckel T, Sloane BF, Bogyo
M, Coussens LM. Cathepsin C is a tissue-specific regulator
of squamous carcinogenesis. Genes Dev. 2013; 27:2086-98.
https://doi.org/10.1101/gad.224899.113.

Wang TH, Hsia SM, Shieh TM. Lysyl Oxidase and the
Tumor Microenvironment. Int J Mol Sci. 2016; 18:E62.
https://doi.org/10.3390/ijms18010062.

WWw

.impactjournals.com/oncotarget

13745

Oncotarget



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Mooney KL, Choy W, Sidhu S, Pelargos P, Bui TT, Voth
B, Barnette N, Yang 1. The role of CD44 in glioblastoma
multiforme. J Clin Neurosci. 2016; 34:1-5. https://doi.
org/10.1016/j.jocn.2016.05.012.

Pan D, Jiang C, Ma Z, Blonska M, You MJ, Lin X.
MALT1 is required for EGFR-induced NF-kB activation
and contributes to EGFR-driven lung cancer progression.
Oncogene. 2016; 35:919-28. https://doi.org/10.1038/
onc.2015.146.

Bhatia M, McGrath KL, Di Trapani G, Charoentong P, Shah
F, King MM, Clarke FM, Tonissen KF. The thioredoxin
system in breast cancer cell invasion and migration.
Redox Biol. 2016; 8:68-78. https://doi.org/10.1016/j.
redox.2015.12.004.

Graeber TG, Osmanian C, Jacks T, Housman DE, Koch
CJ, Lowe SW, Giaccia AJ. Hypoxia-mediated selection of
cells with diminished apoptotic potential in solid tumours.
Nature. 1996; 379:88-91. https://doi.org/10.1038/379088a0.
Hatakeyama S. TRIM proteins and cancer. Nat Rev Cancer.
2011; 11:792-804. https://doi.org/10.1038/nrc3139.

Veeck J, Dahl E. Targeting the Wnt pathway in cancer: the
emerging role of Dickkopf-3. Biochim Biophys Acta. 2012;
1825:18-28.

Eckert A, Bock BC, Tagscherer KE, Haas TL, Grund K,
Sykora J, Herold-Mende C, Ehemann V, Hollstein M,
Chneiweiss H, Wiestler OD, Walczak H, Roth W. The
PEA-15/PED protein protects glioblastoma cells from
glucose deprivation-induced apoptosis via the ERK/MAP
kinase pathway. Oncogene. 2008; 27:1155-66. https://doi.
org/10.1038/sj.onc.1210732.

Men J, Zhang X, Yang Y, Gao D. An AD-related
neuroprotector rescues transformed rat retinal ganglion
cells from CoCl, -induced apoptosis. J Mol Neurosci. 2012;
47:144-9. https://doi.org/10.1007/s12031-011-9701-5.

Guo B, Zhai D, Cabezas E, Welsh K, Nouraini S,
Satterthwait AC, Reed JC. Humanin peptide suppresses
apoptosis by interfering with Bax activation. Nature. 2003;
423:456-61. https://doi.org/10.1038/nature01627.

Nwosu ZC, Ebert MP, Dooley S, Meyer C. Caveolin-1 in
the regulation of cell metabolism: a cancer perspective.
Mol Cancer. 2016; 15:71. https://doi.org/10.1186/
$12943-016-0558-7.

Jiang D, LaGory EL, Kenzelmann Broz D, Bieging KT,
Brady CA, Link N, Abrams JM, Giaccia AJ, Attardi LD.
Analysis of p53 transactivation domain mutants reveals
Acadll as a metabolic target important for p53 pro-survival
function. Cell Reports. 2015; 10:1096—-109. https://doi.
org/10.1016/j.celrep.2015.01.043.

Padanad MS, Konstantinidou G, Venkateswaran N,
Melegari M, Rindhe S, Mitsche M, Yang C, Batten K,
Huffman KE, Liu J, Tang X, Rodriguez-Canales J, Kalhor
N, et al. Fatty Acid Oxidation Mediated by Acyl-CoA
Synthetase Long Chain 3 Is Required for Mutant KRAS

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lung Tumorigenesis. Cell Reports. 2016; 16:1614-28.
https://doi.org/10.1016/j.celrep.2016.07.009.

Goswami MT, Chen G, Chakravarthi BV, Pathi SS,
Anand SK, Carskadon SL, Giordano TJ, Chinnaiyan AM,
Thomas DG, Palanisamy N, Beer DG, Varambally S. Role
and regulation of coordinately expressed de novo purine
biosynthetic enzymes PPAT and PAICS in lung cancer.
Oncotarget. 2015; 6:23445-61. https://doi.org/10.18632/
oncotarget.4352.

Liu X, Ding Z, Liu Y, Zhang J, Liu F, Wang X, He X, Cui G,
Wang D. Glycinamide ribonucleotide formyl transferase is
frequently overexpressed in glioma and critically regulates
the proliferation of glioma cells. Pathol Res Pract. 2014;
210:256-63. https://doi.org/10.1016/j.prp.2013.10.009.
Grandjean G, De Jong P, James B, Koh MY, Lemos R,
Kingston J, Aleshin A, Bankston LA, Miller CP, Cho EJ,
Edupuganti R, Devkota A, Stancu G, et al. Definition of
a Novel Feed-Forward Mechanism for Glycolysis-HIF1a
Signaling in Hypoxic Tumors Highlights Aldolase A as a
Therapeutic Target. Cancer Res. 2016; 76:4259—-69. https://
doi.org/10.1158/0008-5472.CAN-16-0401.

Szeliga M, Albrecht J. Opposing roles of glutaminase
isoforms in determining glioblastoma cell phenotype.
Neurochem Int. 2015; 88:6-9. https://doi.org/10.1016/j.
neuint.2014.11.004.

Yuen CA, Asuthkar S, Guda MR, Tsung AJ, Velpula KK.
Cancer stem cell molecular reprogramming of the Warburg
effect in glioblastomas: a new target gleaned from an
old concept. CNS Oncol. 2016; 5:101-08. https://doi.
org/10.2217/cns-2015-0006.

Velpula KK, Guda MR, Sahu K, Tuszynski J, Asuthkar
S, Bach SE, Lathia JD, Tsung AJ. Metabolic targeting
of EGFRVIII/PDK1 axis in temozolomide resistant
glioblastoma. Oncotarget. 2017; 8:35639-55. https://doi.
org/10.18632/oncotarget.16767.

Nilsson JA, Cleveland JL. Myc pathways provoking cell
suicide and cancer. Oncogene. 2003; 22:9007-21. https://
doi.org/10.1038/sj.onc.1207261.

Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ,
Sodir NM, Karnezis AN, Swigart LB, Nasi S, Evan GI.
Modelling Myc inhibition as a cancer therapy. Nature.
2008; 455:679-83. https://doi.org/10.1038/nature07260.
Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J,
Jacobs HM, Kastritis E, Gilpatrick T, Paranal RM, Qi
J, Chesi M, Schinzel AC, McKeown MR, et al. BET
bromodomain inhibition as a therapeutic strategy to target
c-Myec. Cell. 2011; 146:904—17. https://doi.org/10.1016/].
cell.2011.08.017.

Baylin SB, Esteller M, Rountree MR, Bachman KE,
Schuebel K, Herman JG. Aberrant patterns of DNA
methylation, chromatin formation and gene expression
in cancer. Hum Mol Genet. 2001; 10:687-92. https://doi.
org/10.1093/hmg/10.7.687.

WWw

.impactjournals.com/oncotarget

13746

Oncotarget



69.

70.

71.

72.

73.

74.

75.

Hummel TR, Wagner L, Ahern C, Fouladi M, Reid JM,
McGovern RM, Ames MM, Gilbertson RJ, Horton T,
Ingle AM, Weigel B, Blaney SM. A pediatric phase 1 trial
of vorinostat and temozolomide in relapsed or refractory
primary brain or spinal cord tumors: a Children’s Oncology
Group phase 1 consortium study. Pediatr Blood Cancer.
2013; 60:1452-57. https://doi.org/10.1002/pbc.24541.
Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR,
Pimentel H, Salzberg SL, Rinn JL, Pachter L. Differential
gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks. Nat Protoc. 2012;
7:562-78. https://doi.org/10.1038/nprot.2012.016.

Anders S, Pyl PT, Huber W. HTSeq--a Python framework
to work with high-throughput sequencing data.
Bioinformatics. 2015; 31:166-69. https://doi.org/10.1093/
bioinformatics/btu638.

Anders S, Huber W. Differential expression analysis for
sequence count data. Genome Biol. 2010; 11:R106. https://
doi.org/10.1186/gb-2010-11-10-r106.

Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn
JL, Pachter L. Differential analysis of gene regulation at
transcript resolution with RNA-seq. Nat Biotechnol. 2013;
31:46-53. https://doi.org/10.1038/nbt.2450.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
Marth G, Abecasis G, Durbin R, and 1000 Genome Project
Data Processing Subgroup. The Sequence Alignment/Map
format and SAMtools. Bioinformatics. 2009; 25:2078-79.
https://doi.org/10.1093/bioinformatics/btp352.

Koboldt DC, Chen K, Wylie T, Larson DE, McLellan
MD, Mardis ER, Weinstock GM, Wilson RK, Ding L.
VarScan: variant detection in massively parallel sequencing

76.

77.

78.

79.

80.

81.

82.

of individual and pooled samples. Bioinformatics. 2009;
25:2283-85. https://doi.org/10.1093/bioinformatics/btp373.
Wang K, Li M, Hakonarson H. ANNOVAR: functional
annotation of genetic variants from high-throughput
sequencing data. Nucleic Acids Res. 2010; 38:e164. https://
doi.org/10.1093/nar/gkq603.

Wickham H. ggplot2: Elegant Graphics for Data Analysis.
2009; 41-62.

Sheng Q, Zhao S, Li CI, Shyr Y, Guo Y. Practicability
of detecting somatic point mutation from RNA high
throughput sequencing data. Genomics. 2016; 107:163-69.
https://doi.org/10.1016/j.ygeno.2016.03.006.

Li H, Durbin R. Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics. 2010; 26:589—
95. https://doi.org/10.1093/bioinformatics/btp698.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis
K, Kernytsky A, Garimella K, Altshuler D, Gabriel S,
Daly M, DePristo MA. The Genome Analysis Toolkit: a
MapReduce framework for analyzing next-generation DNA
sequencing data. Genome Res. 2010; 20:1297-303. https://
doi.org/10.1101/gr.107524.110.

Magi A, Tattini L, Cifola I, D’Aurizio R, Benelli M,
Mangano E, Battaglia C, Bonora E, Kurg A, Seri M, Magini
P, Giusti B, Romeo G, et al. EXCAVATOR: detecting copy
number variants from whole-exome sequencing data.
Genome Biol. 2013; 14:R120. https://doi.org/10.1186/
gb-2013-14-10-r120.

Erikson GA, Deshpande N, Kesavan BG, Torkamani A.
SG-ADVISER CNV: copy-number variant annotation and
interpretation. Genet Med. 2015; 17:714-8. https://doi.
org/10.1038/gim.2014.180.

www.impactjournals.com/oncotarget

13747

Oncotarget



