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Abstract

Malignant glioma is one of the deadliest types of cancer. Understanding how the cell of origin
progressively evolves toward malignancy in greater detail could provide mechanistic insights and
lead to novel concepts for tumor prevention and therapy. Previously we have identified
oligodendrocyte precursor cell (OPC) as the cell of origin for glioma following the concurrent
deletion of p53and NFI using amouse genetic mosaic system that can reveal mutant cells prior to
malignancy. In the current study, we set out to deconstruct the gliomagenic process in two aspects.
First, we determined how the individual loss of p53 or NIFI contributes to aberrant behaviors of
OPCs. Second, we determined how signaling aberrations in OPCs progressively change from pre-
malignant to transformed stages. We found that while the deletion of AV/FZ leads to mutant OPC
expansion through increased proliferation and decreased differentiation, the deletion of p53
impairs OPC senescence. Signaling analysis showed that, while P/3K and MEK pathways go
through stepwise over-activation, m7OR signaling remains at the basal level in pre-transforming
mutant OPCs but is abruptly up-regulated in tumor OPCs. Finally, inhibiting m7TOR via
pharmacological or genetic methods, led to a significant blockade of gliomagenesis but had little
impact on pre-transforming mutant OPCs, suggesting that m7OR is necessary for final
transformation but not early progression. In summary, our findings show that deconstructing the
tumorigenic process reveals specific aberrations caused by individual gene mutations and altered
signaling events at precise timing during tumor progression, which may shed light on tumor-
prevention strategies.
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Introduction

Glioma is the most deadly type of brain cancer (1-3). Grade 1V gliomas, also known as
glioblastoma (GBM), are the most commonly diagnosed form of glioma. Primary GBM
appears without evidence of progression from lower grades, while secondary GBM
invariably progresses from lower grade tumors. GBM is incurable and gives patients a
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median survival time of only 15-month (4, 5). Sequencing of more than 600 GBM patient
samples by The Cancer Genome Atlas (TCGA) project has revealed mutations in three
critical pathways: p53, receptor tyrosine kinases (R7Ks), and RB G1 checkpoint (6, 7).
However, how these pathways transform which normal brain progenitor cells into malignant
tumor cells remains unclear. To deconvolute this complex problem, it would be critical to
first identify the cell of origin for glioma, then to study the impact of each mutated pathway
on tumor initiation, progression, and transformation.

Unequivocal identification of the cell of origin is almost impossible with patient tumor
samples due to significant alterations of cellular morphologies and marker gene expression
in malignant tumor cells. Therefore, access to the pre-malignant stage holds the key to this
problem. Since this is nearly impossible with human patients, mouse genetic models have
been widely used to help pinpoint the glioma cell of origin in the brain. While conventional
mouse models cannot reveal pre-malignant mutant cells, we have used a mouse genetic
system termed MADM (Mosaic Analysis with Double Markers) to circumvent the problem
(8). Through inter-chromosomal mitotic recombination, MADM generates mutant cells
labeled with GFP and its sibling WT cells labeled with RFP from a heterozygous, colorless
mother cell (Fig. 1A). The sparseness of mutant cells resulted from the low frequency of
inter-chromosomal recombination not only closely mimics the clonal nature of human
cancer, but also allows one to visualize mutant cells at previously inaccessible tumor
initiation and early progression stages (illustrated in Fig. 1B). Most importantly, the
definitive correlation between color and genotype greatly facilitates the revelation of tumor
initiation based on the increased ratio of green-to-red cell numbers (G/R ratio). In our
previous studies, we found that, after introducing p53 NVF1 mutations into neural stem cells
with MADM, cell lineage-specific analysis revealed a dramatic increase of G/R ratio at pre-
malignant stage only in oligodendrocyte precursor cells (OPCs) but not in any other brain
cell types (Fig. 1B, middle panel, and Fig. 1C for representative images of MADM-based
analysis) (9). Along with other evidences, we pinpointed OPC as the cell-of-origin in this
model, a finding supported by other studies and verified with human glioma samples (10—
14).

While our previous data showed that increased proliferation and decreased differentiation of
p53null, NFI-null OPCs precedes gliomagenesis, it remains unclear which mutation leads
to which phenotypic aberrations. Therefore, in the current study, we set out to deconstruct
the contribution of individual tumor suppressor gene (TSG) mutation toward glioma
initiation and progression, using the MADM system (Fig. 2A). We hypothesized that p53
mutation and AV/FZ mutation might play distinct roles to promote gliomagenesis: the deletion
of one could promote proliferation while the deletion of the other could cripple
differentiation, thereby cooperatively leading to tumor formation (Fig. 1D). The
identification of OPCs as the glioma cell of origin also provides a unique opportunity to
investigate signaling aberrations at distinct stages of tumor progression, since we can use the
OPC-specific surface marker PDGFRa to purify both pre-transforming mutant OPCs (PreT-
OPCs) and malignant tumor cells for signaling analysis (15-18). Since A1 is known as a
RasGAP (19-22), we focused our analysis on the downstream effectors of the Ras pathway
to examine the route of progressive activation of these molecules from pre-malignant to
malignant stages (Fig. 1E). Based on our findings, we hope to develop therapeutic strategies
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that are tailored to target malignant tumor cells and pre-transforming mutant cells in a
precise fashion to achieve the best efficacy.

MATERIALS & METHODS

Mouse lines and genotyping

All animal procedures were based on animal care guidelines approved by the Institutional
Animal Care and Use Committee. The following mouse strains were used to obtain
experimental and control mice: TGML (stock no. 022977, JAX), GTML (stock no. 022976,
JAX), hGFAP-Cre (stock no. 004600, JAX), NG2-Cre (stock no. 008533; JAX), NG2-
CreER (stock no. 008538, JAX), p530 (stock no. 002101; JAX), Rosa-tdTomato (stock no.
007908:; JAX), neurofibromin 1 (NFI)F1°% (strain no. 01XM4; NCI) and p531°% (strain no.
01XC2; NCI), mTORF!%% (stock no. 011009, JAX). Mice used for single NFZ and p53
studies were TGML11-NFIFI9%/GTML11; NG2-Cre and TGML11-p55XC/GTML11; NG2-
Cre, respectively. Mice used for glioma generation and purification of OPC-like tumor cells
were TGML11-p530, NFIFIOX/GTML11; hGFAP-Cre. Mice used for purification of p53-
null, NFI-null OPCs were p53K0, NF 1Mo/ p53M0x  NF1fIoX: h\GFAP-Cre; Rosa-tdT. Wild
type OPCs were generated from mice carrying no p53or NF1 allele and no Cre. Mice used
for mTOR studies were p5310X, NF1TI0X/ p5510X  NFLAOX: Rosa-tdT; mTORMX (homozygous
and heterozygous); NG2-CreER. All genotyping was performed as previously described (9,
13).

BrdU injection for assessing proliferative rate of OPCs in vivo

BrdU was given by i.p. injection at 50 mg/kg. Mice were given one injection then brains
were harvested after 3 hours (MADM P10), one injection per day for 4 consecutive days
then brains were harvested 1-day after the last injection (MADM P60 and P240), or one
injection per day for 7 consecutive days then brains were harvested 1-day after the last
injection (CKO).

Tissue collection

To dissect brains, mice were transcardially perfused first with PBS supplemented with
procaine and heparin (Sigma) to flush out the blood, followed by 4% (wt/vol)
paraformaldehyde. Brains were then dissected out and post-fixed in 4% (wt/vol)
paraformaldehyde overnight at 4°C. After post-fixing, brains were washed in PBS 3x at
room temperature (RT), soaked in 30% (wt/vol) sucrose overnight at 4°C for cryoprotection,
then embedded in OCT and stored at —80°C.

Immunostaining

Brains were cut as 25 um-thick sections on glass slides. Brain sections were allowed to dry
at RT for 1hr prior to staining. Slides with brain sections were washed 3 times with PBS for
10 minutes each, then incubated in blocking/permeabilization buffer (5% normal donkey
serum/NDS in PBS with 0.3% triton X-100) for 20 minutes at RT. Primary antibody
incubation was performed at 4°C overnight in the same blocking/permeabilization buffer.
Secondary antibody incubation was performed for 2 to 4 hours at RT or 4°C overnight in
blocking/permeabilization buffer. If necessary, slides were incubated in DAPI solution for 20
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minutes as the last step before coverslipping. Secondary antibodies were conjugated to the
Alexa Fluor® family dyes, purchased from Invitrogen. Primary antibodies are listed below:

Antigen Species  Dilution Source Catalog no.
APC-CC1 Mouse 1:100 Millipore OP80

BrduU Rat 1:250 AbD Serotec OBT0030G
GFP Chicken  1:500 Aves Lab GFP-1020
c-myc Goat 1:200 Novus NB600-338
MBP Mouse 1:500 (TC) Covance SMI-99P
PDGFRa  Goat 1:200 (1:400 TC) R&D Systems  AF1062
tdTomato  Rabbit 1:100 Clontech 632496

For BrdU immunostaining, slides with brain sections were washed 3 times with PBS, post-
fixed at RT with 4% PFA for 20 minutes, then treated with freshly prepared 2 N HCI
prepared in PBS at 37° C for 30 minutes. After acid treatment, slides were washed 4 times
with PBS for 7 minutes each and then general immunostaining procedures as described
above were followed.

When Edu (5-ethynyl-2”-deoxyuridine, Invitrogen, cat. #10044) was used to assess the
number of cells in the S phase, it was added to culture media for 3 hours. After EdU
treatment, cells were fixed with 4% PFA for 20min at RT, permeabilized with 0.1% PBT,
and stained with azide conjugated with Alexa Fluor® 647 (Invitrogen, cat. #A10277)
through the Click-iT reaction.

For in vitrowork, cells were grown on 12 mm glass coverslips coated with poly-D-lysine
(Sigma). Cultured cells were fixed by 4% paraformaldehyde (PFA) for 30 minutes at room
temperature, followed by 3 washes with PBS. Coverslips were allowed to air dry for at least
30 minutes to allow cells attach tightly for further staining. After incubating in blocking/
permeabilization buffer (10% NDS in PBS with 0.1% triton X-100) for 30 minutes at RT,
coverslips were incubated in primary antibody diluted in the blocking/permeabilization
buffer for 1hr at RT, then appropriate secondary antibodies for 30 minutes at RT. If
necessary, coverslips were incubated in 1 ug/ml DAPI solution (Sigma, cat. # 32670-25MG-
F) for 20 minutes as the last step before mounting with anti-fade gel mounting media (EMS,
cat. # 17985-10).

Wild type OPCs and p53-null, NF1-null PreT-OPCs were purified from P8 mice, and OPC-
like tumor cells were purified from fresh glioma tissues through PDGFRA-immunopanning
as previously described (9). All cells were genotyped for p53 and NF1 status using
appropriate primer sets to confirm their purity and correct genotype. Cells were maintained
in Neurobasal (NB) media (Gibco 21103-049) supplemented with B27 (50X, Gibco
17504-044), GlutaMAX (100X, Gibco 35050-061), Penicilin/Streptomycin (100X, Gibco
15140122), plus 10 ng/mL PDGF-AA (Peprotech 100-13A) for tumor OPC experiments.
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For all experiments in this paper, Tumor OPC cell lines used were between passages 2 to 10.
All cells were kept in a 5% CO, incubator at 37°C.

Lentivirus production and cell infection

The viral packaging line HEK 293T was maintained in DMEM media with High Glucose
(Gibco, 11995-065) supplemented with 10% fetal bovine serum (FBS - GIBCO,
16000-044). Lentivirus production was performed through calcium phosphate transfection of
HEK 293T cell line with a 3" generation packaging system (3 packaging plasmids + vector
plasmid). 6-12 hours after transfection, HEK 293T cells were switched to NB media
supplemented with B27, GlutaMAX and Penicilin/Streptomycin (without serum or growth
factors). Media containing lentivirus were collected daily for 3—4 days, filtered through a
0.22 um pore syringe filter membrane, and supplemented with the appropriate growth
factors for OPC culture before being added to the target cells. Two rounds of infection were
performed to achieve the maximal viral transduction rate, with 24 hours for each round of
infection. All cells were kept in a 5% CO» incubator at 37°C.

Flow analysis of cell death and cell-cycle profile

Cells were trypsinized to detach from flasks. For cell death analysis, cells were washed 1
time with 5 mL of 1x PBS then treated with Img/mL propidium iodide (PI). Because live
cells with intact plasma membrane will not take up PI, any Pl positive cells were considered
“dead” cells. To avoid including potential cell debris, we only considered the population
within the top portion of the flow plot as dead cells (Fig. S3). For cell-cycle analysis, cells
were washed 1 time with 1x PBS and centrifuged down at 300 g for 5 minutes. Cells were
then suspended in 0.5 mL PBS and fixed in 70% ethanol for 2 hours. Following fixation,
cells were centrifuged down at 300 g for 5 minutes and then washed 1 time with PBS. Cells
were centrifuged down again, suspended in 1 mL PBS containing 1 mg/mL PI for 15 min at
RT, and used for flow analysis.

Quantitative RT-PCR

Total RNA was extracted by TRI Reagent® (Sigma, cat. # T9494-200ML), then treated with
DNAse | (New England Biolabs Inc., cat. # M0303). cDNA was synthesized using iScript
Reverse Transcription Supermix (Bio-Rad, 170-8841). gPCR was performed with KAPA
SYBR FAST ABI Prism Kit (KAPA Biosystems, KK4605) in an Applied Biosystems
StepOnePlus™ Real-Time PCR System for 40 cycles (denaturation: 95°C, 3 seconds;
annealing: 60°C, 30 seconds), followed by a default Melting Curve program. Beta-actin
gene expression was used as an internal control for every sample. Ct values were measured
within the geometric amplification phase, and triplicates were used to get the average value.

Western blotting

Cells were lysed in ice-cold lysis buffer 17 (R&D, 895943), supplemented with protease
inhibitor cocktail tablets (Roche, 11836153001 — 1 tablet for 10 mL of Lysis buffer) and
Halt Phosphatase Inhibitor (100X, Thermo Scientific, 1862495). Sample loading was
adjusted according to the measurement of protein concentration by Pierce® BCA Protein
Assay Kit (Thermo Scientific, cat. # 23227), and beta-actin antibody (Sigma, cat. # A5441)
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was used as an internal control for normalization. Samples were run in Mini-PROTEAN®
TGX™ Gels (Bio-Rad, cat. # 456-9033), and transfer was performed with Nitrocellulose
membranes (Amersham, cat. # RPN 2020 D). Membranes were blocked in 5% BSA solution
for 1 hour at RT, then incubated with primary antibody (see list below) overnight at 4°C.
After washing with TBST, membranes were incubated with secondary antibody for 1 hour at
RT. Secondary antibodies used were all purchased from Li-Cor® or Jackson Immunology
Laboratories. Detection was performed in an Odyssey Infrared Imaging System or Gel Doc.

Antigen Species  Dilution  Source Catalog no.
Total 4EBP1  Rabbit  1:1000 Cell Signaling 9452
p-4EBP1 Rabbit  1:500 Cell Signaling 2855

Total AKT Mouse 1:1000 Cell Signaling 2920
p-AKT Rabbit  1:500 Cell Signaling 9275

Total ERK Mouse  1:1000 Cell Signaling 9107
p-ERK Rabbit 1:500 Cell Signaling 4370

Total 70S6K  Rabbit ~ 1:1000 PMID # 17967879

p-70S6K Mouse  1:500 Cell Signaling 9206

MTT solution (Invitrogen, M-6494) 5 mg/mL was added to cell media in a 1:10 dilution, and
incubated in the dark at 37°C, 5% CO, for 3 hours. Media was then aspirated and formazan
crystals were dissolved in DMSO. Absorbance was read on a plate reader at 570 nm
wavelength.

PreT-OPC and Tumor OPC cells were plated in 96-well plates at the same density, and then
treated with pre-determined concentrations of Temsirolimus (Selleckchem, cat. # S1044),
BEZ235 (Selleckchem, cat. # S1105), or PD0325901 (Selleckchem cat. # S1036) 72 hours
after treatment, cell viability was accessed by MTT assay.

Quantifications

Statistics

For all /n vivo quantifications, images were systematically taken throughout the entire brain
along rostrocaudal, dorsoventral and mediolateral axes. All quantifications are representative
of >200 cells positive for each marker analyzed. For p53-null and WT brains, quantifications
are representative of at least 50 cells/marker/mouse since labeling efficiency using MADM
is significantly lower. For /n vitro quantifications, >300 cells/marker were counted per data
point.

Data are shown as an average of 3 (/n vitro) or >5 (/n vivo) independent experiments +
standard deviation (SD) or standard error of the mean (SEM). Significance of multiple
comparison in Fig. 3A, 4B-E, 5B,E,F, and S2B was determined by a 1-way ANOVA with
Dunnett tests, while significance of pair wise comparison in Fig. 6B, 7B, and S1A,C was
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determined by student #test. Significance in Fig. 3B—C was determined by 2-way fixed

effects ANOVA with replication, because we made the comparison between single-gene
knockout and double-knockout to assess synergy or antagonism between the two single
genotypes (p53 and/or NF1) in the double knockout.

Establishment of MADM-based models for dissecting the individual roles of p53 and NF1
loss in glioma initiation and progression

To investigate the individual roles of p53and NFI in gliomagenesis, we first established two
MADM-based models in which sporadic GFP+ OPCs are either p53-null (MADM-p53) or
NF1-null (MADM-NFI), respectively (Fig. 2A). Along with the original MADM tumor
model in which GFP+ OPCs are null for both p53and NF1 (MADM-p53, NFI) and MADM
mice with no mutations (MADM-WT) as controls, we examined four parameters of OPC
biology in all these mice: 1) the overall expansion of mutant cells based on the ratio between
GFP+ mutant cells and RFP+ WT cells (G/R ratio); 2) the proliferative rate; 3) the
differentiating capability; 4) the capacity for malignant transformation of GFP+ mutant
OPCs. Since MADM-labeled mutant OPCs are detectable within hours of their generation, it
enabled us to perform phenotypic analysis from pre-malignant to malignant stages,
specifically postnatal day 10 (P10) when normal OPCs proliferate rapidly; P60 when both
WT and mutant OPCs are mostly quiescent, and P240 when tumors start forming in the
MADM-p53,NF1 model as previously shown (9).

To analyze these parameters in a systematic fashion, we sectioned each brain sagitally at 20
um thickness, performed immuno-fluorescent staining on 7 brain sections that are 200 pm
apart medialaterally (Fig. 2B left), and quantified cell numbers on 7 distinct areas per section
(Fig. 2Bright). To assess the effect of gene deletion on mutant OPC expansion based on G/R
ratio, the total number of GFP+ OPCs were divided by the total number of RFP+ OPCs (Fig.
2C). Next, to assess the effect of gene deletion on OPC proliferation, the number of dividing
mutant OPCs (BrdU+ GFP+ PDGFRa+) were divided by the total number of mutant OPCs
(GFP+ PDGFRa+) (Fig. 2D). Proliferative rate of WT OPCs was calculated with a similar
method by focusing the analysis on RFP+ PDGFRa+ cells (Fig. 2D). Last, to quantify the
effect of gene deletion on the differentiation potential of mutant and WT cells, MADM
brains were stained with markers for both OPCs (PDGFRa) and oligodendrocytes (CC1),
and then the composition of each population among total mutant (GFP+) or WT (RFP+)
cells was calculated (Fig. 2E) (23). In summary, we expect that, using RFP+ WT sibling
cells produced along with GFP+ mutant cells in the MADM model as an internal control, we
should be able to detect even the subtlest phenotypes in mutant cells.

Individual deletion of p53 or NF1 led to distinct phenotypes in OPCs but was insufficient
for malignant transformation

To assess how single gene deletion contributes to the previously reported pre-malignant
expansion of OPCs in the MADM-p53 NFI model (24), we systematically quantified the
G/R ratio throughout the brains of MADM-p53 and MADM-/ANFI models at the
aforementioned time points (Fig. 2C, see Materials and Methods for detailed procedures).
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While we expected that deletion of p53or NFZ alone would each partially contribute to OPC
expansion, we were surprised to find that the single deletion of A/FI resulted in a G/R ratio
that phenocopied the concurrent deletion of p53and NFI at all time points that we examined
(Fig. 3A), and that the single deletion of p53had a G/R ratio of approximately 1,
comparable to MADM-WT mice (Fig. 3A). This indicates that AV/FZ deletion is solely
responsible for the pre-malignant expansion of mutant OPCs.

Next, to determine the effect of single NVFZ or p53deletion on OPC proliferation, we
quantitatively measured the proliferative rate of OPCs via BrdU labeling at P10, P60, and
P240 (Fig. 2D). First, we noticed that the proliferative rate of normal OPCs dramatically
decreases after early development, from ~25% within a 3 hr time window at P10, to ~0.4%
at P60, then to ~0.1% at P240 (Fig. 3B), which matches well with previous independent
studies (25, 26). When gliomas form in our model, the proliferative rate of tumor OPCs
returns to the level of neonatal stage, especially at the tumor edge (Fig. 3B, right most
panel). Furthermore, while p53-null OPCs showed no significant difference in proliferative
rate when compared to WT OPCs, NFI-null OPCs proliferated at significantly higher rate
than WT counterparts in the MADM-/NFI model, comparable to p53-null, NFI-null OPCs
(Fig. 3B). Interestingly, in both MADM-ANFI and MADM-p53 NFI models, the proliferative
rate of WT cells appeared to be suppressed to a level lower than those in MADM-WT or
MADM-p53brains, which eventually became undetectable at P240 (Fig. 3B, red asterisk).
This suggests a possible non-cell autonomous suppression from NFI-null or p53-null, NF1-
null OPCs toward their WT counterparts in the same brain. These findings demonstrated that
NF1 deletion but not p53 deletion led to enhanced proliferation of mutant OPCs.

To evaluate the differentiating potential of OPCs in aforementioned four mouse models, we
immunostained brain sections with specific markers for un-differentiated OPCs (PDGFRa)
and differentiated oligodendrocytes (CC1), and quantified the percentage of each cell types
within either the mutant (p53null, NFI-null, or p53-null, NFI-null) or WT populations (Fig.
2E). While p53deletion had little effect, the deletion of A/FI led to a nearly 1.5-fold increase
(p<0.001) in OPC composition and a 50% reduction in oligodendrocyte composition
(p<0.001) (Fig. 3C), replicating the observations in the MADM-p53,NF1 model. These data
suggest that AM/FZ deletion but not p53 deletion led to a decrease in differentiation of OPCs. It
is worth noting that, while the change of relative composition between OPC and
oligodendrocyte could be alternatively explained by a shift in apoptotic rate in one or both
cell types, decreased differentiation due to NFZ loss should be the more likely interpretation
because data below showed that restoring NF1 activity enhanced differentiation capacity of
transformed OPCs (Fig. 5D,F).

Our data so far have shown that, while AVFZ-null OPCs recapitulated p53-null, NFI-null
OPCs in every aspect including cell number expansion, increased proliferation and
compromised differentiation capacity, p53 deletion seemed to have no clear effect on OPCs.
However, when we dissected mice of MADM-p53and MADM-NFI models at the tumor
latency age of the MADM-p53 NFI model, we found no tumors in both MADM-p53and
MADM-NFI models. This was surprising since all 18 MADM-NFI mice had massive
expansion of mutant OPCs in the brain (Fig. 3D). This finding suggests that the over-

Glia. Author manuscript; available in PMC 2021 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez et al.

Page 9

expansion of mutant OPCs caused by A/FI deletion is not sufficient for malignant
transformation, and that p53 plays a critical gate-keeping role to prevent tumor formation.

One unanswered question however, was what effect p53 deletion had on mutant OPCs, since
our in vivo analysis revealed no detectable difference in OPC numbers, proliferation, and
differentiation. Based on known p53functions, we hypothesized that p53 could exert tumor-
suppressing activity through promoting apoptosis and/or senescence in AV/FZ-null OPCs. To
test this hypothesis, we first compared the expression level of known p53-target genes
involved in apoptosis and senescence between NVFI-null and p53-null, NFI-null OPCs. We
found that MFZ-null OPCs exhibited significantly higher expression level of p21, Bax, or
PUMA than p53-null, NFI-null OPCs did (Fig. S1A). Second, we used p-Gal to assess
cellular senescence (27, 28) in cultured cells and found increased senescence in AFZ-null
OPCs in comparison to p53-null, NFI-null OPCs (Fig. S1B,C). This finding concurs with
previous work showing that over-active Ras signaling in OPCs leads to p53-dependent
senescence (29). All these data suggest that deletion of p53 most likely promotes
gliomagenesis by allowing OPCs to escape apoptosis and senescence triggered by oncogenic
stresses induced by mutations such as A/FZ deletion.

Restoration of p53 in tumor OPCs caused massive cell-death and cell-cycle arrest

Having shown that deletion of p53is vital for OPC transformation, we next wanted to
determine if the restoration of p53in p53-null, NFI-null tumor OPCs could have anti-tumor
effects. While tumor OPCs infected with adenovirus encoding GFP control or p53-
expressing viruses had similar rates of infection initially (Fig. S2A), after 48 hours the
number of tumor OPCs transduced with p53-expressing virus were 3-fold lower when
compared to those infected with the control virus (Fig. 4A,B), suggesting that the expression
of p53 led to cell cycle arrest or cell death in tumor OPCs. To determine if p53 activity is
required for the reduction of cell number, tumor OPCs were also infected with the mutant
form of p53R175H that is commonly found in gliomas. While initial infection rates between
GFP-virus and p53R175H-virus were similar (Fig. S2A), the percentage of p53R175H-
expressing virus infected cells remain indistinguishable from control virus-infected cells
after 48 hours (Fig. 4A,B). However, the treatment of the compound PRIMA-1 previously
reported to restore DNA binding activity of p53R175H (30) led to a significant decrease of
cell numbers in p53R175H-expressing cells, suggesting that restoring p53 activity in tumor
OPC:s has significant anti-tumor effects.

To confirm the restoration of p53function, we analyzed expression levels of known
transcriptional targets of p53. 18 hours post-infection Bax, PUMA, and p21 transcript levels
significantly increased in cells over-expressing WT p53 (p<0.05) or p53R175H+PRIMA-1
(p<0.05) but not those over-expressing GFP or p53R175H (Fig. 4C). To test whether the loss
of tumor OPCs infected with WT p53was due to cell cycle arrest or cell death, we used
FACS to analyze the cell cycle profiles based on DNA content and to quantify cell death
based on propidium lodide incorporation. 48 hours post-infection, both WT p53and
P53R175H+PRIMA-1 infected OPCs showed not only G1 arrest (Fig. 4D) but also increased
cell death (Fig. 4E & S3A) in comparison to GFP- or p53R175H-expressing cells,
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suggesting that p53 deterred tumor OPCs through both cell cycle arrest and augmented cell
death.

Finally, to confirm the human relevance of our findings, we repeated the experiments in p53-
null human glioma cell line, LNZ-308. Cells were infected with GFP, WT p53, p53R175H,
and p53R175H+PRIMA-1 and assayed for cell survival 48 hours after infection. Similar to
mouse tumor OPCs, LNZ-308 cells exhibited a 3-fold increase in cell death in both WT p53
and p53R175H+PRIMA-1 infected cells when compared to either GFP control or
p53R175H infected cells (Fig. S2B). These results demonstrated that restoring p53 activity
could be a promising therapeutic strategy for glioma treatment.

Restoration of NF1 activity inhibits tumor OPC proliferation while promoting differentiation

MAMD-based analysis showed that the deletion of A/FZin OPCs led to increased
proliferation and decreased differentiation long before malignant transformation, it would be
interesting to determine whether the restoration of A/FZ activity in tumor cells could reverse
these effects. Because full-length A/FZ cannot be readily packaged into viral vectors, we
focused on its GAP (GTPase activating protein) domain since previous studies have shown
that turning off Ras through its GAP activity is NF1 protein’s main function. Considering
possible strong tumor-inhibiting activity of MFZ-GAP, we constructed lentiviral vectors with
a dual-promoter system to allow the verification of infection rate via GFP expression prior to
inducible expression of NF1-GAP (Fig. S4A).

First we confirmed that the infection rate was equivalent between the control and NF1-GAP
infected tumor OPCs (Fig. S4B). 48 hours after infection, doxycycline (Dox) was added to
induce the expression of NFI-GAP (Fig. 5A, time 0) and then incubated for 2 days to assess
proliferation and for 5 days to assess differentiation (Fig. 5A). It became readily evident that
the number of NFI-GAP-infected tumor OPCs gradually decreased after 2- and 5-days of
Dox treatment, while the number of mock-infected cells remained steady (Fig. 5B). Using
EdU labeling as the S phase marker, we found that WT NFI-GAP expressing tumor OPCs
had a much lower proliferative rate in comparison to mock-infected cells 2-days post-Dox
treatment (Fig. 5C & E). Additionally, 5-days post-Dox treatment, while mock-infected
Tumor OPCs had little morphological changes, NFI-GAP infected OPCs showed greatly
increased ramifications, indicative of oligodendrocyte differentiation. To confirm this
finding, we stained these cells with oligodendrocyte marker AMBPand found a significant
increase of MBP+ cells when NFI-GAP was over-expressed in tumor OPCs (Fig. 5D & F),
suggesting NF1 restoration in glioma cells could promote their differentiation into
oligodendrocytes. To firmly establish that the GAP activity is responsible for our
observations, we also infected tumor OPCs with a mutant form of AFZ-GAP in which the
Arginine critical for enhancing the GTPase activity of Ras has been replaced with Proline,
resulting in a loss of GAP activity. Contrary to the findings with WT NF1-GAP, the
abundance of mutant NFZ-GAP-infected tumor OPCs after 2- and 5-days of Dox induction
remained the same as mock-infected cells (Fig. 5B). Additionally, mutant NFZ-GAP-
infected tumor OPCs showed no significant difference in proliferative or differentiating
capacity compared to mock-infected cells (Fig. 5C—F). Taken together, the restoration of WT
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NFI-GAP is sufficient to inhibit proliferation as well as to promote differentiation of tumor
OPCs, most likely through shutting down Ras activity.

Signaling analysis in pre-transforming and tumor OPCs revealed progressive activation of
ERK and AKT but abrupt activation of mMTOR from pre-malignant to malignant stages

Our findings above showed that, even though pre-transforming mutant OPCs (PreT-OPCs)
had increased proliferative capacity when compared to WT OPCs, tumor OPCs proliferate at
an exceedingly faster rate. Since NVFI deletion and the subsequent Ras activation appears to
be responsible for the heightened proliferative rate, we decided to examine whether a few
signaling transducers in the Ras pathway (Fig. 6A) are activated to a different level from pre-
transformation to malignant stages of gliomagenesis. First, we purified WT, PreT-OPCs that
are p53-null, NF1-null, and tumor OPCs with the immunopanning method. Then we
analyzed the levels of phosphorylated (p) ERK, AKT, S6K, and 4EBP1 by western blot (Fig.
6B). Interestingly, while the activation of ERK and AKT followed a progressive fashion, i.e.
moderately increased in PreT-OPCs then further increased in tumor OPCs (model 2 in Fig.
1E), mTOR activation revealed by pS6K and p4EBP1 was rather abrupt. i.e. minimal
activation in PreT-OPCs followed by sudden increase in tumor OPCs (model 3 in Fig. 1E).
Therefore, over-active ERK and AKT are most likely responsible for the pre-malignant
expansion of PreT-OPCs, while elevated mTOR activity could be specifically involved in
final transformation.

It should be noted that, because WT OPCs used in this assay were purified from neonatal
brains thus may have higher mTOR activity than adult OPCs, mTOR activity in PreT-OPCs
could be slightly elevated and still play a role in progression toward malignancy.
Nevertheless, we predicted that the responsiveness of PreT-OPCs and tumor OPCs toward
mTOR inhibitor would be quite different. To test this hypothesis, we treated PreT-OPCS and
tumor OPCs with mTORCL inhibitor Temsirolimus, and also MEK and AKT inhibitors as
controls. Data from MTT assays showed that, while the survival curve of PreT-OPCs and
tumor OPCs mostly overlapped when treated with MEK and AKT inhibitors, tumor OPCs
were much more sensitive to Temsirolimus than PreT-OPCs were, exactly as we predicted
(Fig. 6C). This further demonstrated that elevated m7OR activity is critical in tumor OPCs
and could be a driver event for malignant transformation, but is less critical during the pre-
malignant stage.

MTOR is critical for the transformation of reactivated Pre-Transforming OPCs

Our data above showed that the deletion of A/~ leads to gradual activation of both ERK and
AKT from pre-malignant to tumor stages yet m7TOR signaling seems to be specifically
activated at the tumor stage. Since previous studies have shown that pathways altered at the
late stage of tumorigenesis increase malignancy (31-33) and that both AK7and ERK
pathways converge on m7OR (34), we genetically inactivated mTOR to assess its impact on
gliomagenesis.

Our previous studies demonstrated that the inactivation of p53 and NF1 through OPC-
specific NG2-CreER in quiescent adult OPCs led to cell cycle re-entry (reactivation) at 12-
day post injection (12 dpi) of Tamoxifen and subsequently transform into glioma at 180 dpi
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(13). In the current study, we introduced floxed alleles of m7OR into the previous model to
determine the necessity of m7OR in OPC reactivation and transformation (Fig. 7A).
Following the daily Tamoxifen administration at P45 for 5 consecutive days, mice were
injected with BrdU for 7 days to label proliferating cells. In WT animals, the deletion of
mTOR had no significant impact on OPC proliferation compared to control brains,
suggesting that m7OR is not critical for baseline level proliferation of adult OPCs (Fig. 7B,
columns on the left side). In the glioma model, the augmented proliferative rate of PreT-
OPCs in comparison to WT OPCs was indistinguishable between mTOR WT and mTOR
deletion mice (Fig. 7B, columns on the right side), indicating that m7OR activity is not
needed for the reactivation of PreT-OPCs. To determine the effect of m7OR deletion on
OPC transformation, mice were examined at 180 dpi for both tumor penetrance and sizes.
Compared to control mice that normally form large tumors by 180 dpi, mTOR™~ mice
rarely had tumors (2/10) and two tumors that formed were very small in size (Fig. 7C,D).
Furthermore, after we purified tumor OPCs using immunopanning from those two small
tumors in mTOR™'~ mice, genotyping result showed that one of the floxed mTOR alleles
was still intact, suggesting that they are “escaper cells” due to the inefficiency of NG2-
CreER (Fig. 7E). Taken together, these data clearly demonstrated the absolute requirement
of mTOR activity for malignant transformation. Therefore, while mTOR is not necessary for
initial reactivation of PreT-OPCs, it is critical for their final transformation, making it an
excellent target for glioma treatment.

Discussion

Gliomagenesis involves multiple pathway mutations (6, 7, 35) and goes through a long
latency. Until this study, it remained unknown when and how mutations in both p53and Ras
pathways contribute to glioma formation, due to the inaccessibility to the pre-malignant
stage with human samples or conventional mouse models. Such hurdle is readily
circumvented using the MADM model, owing to its unequivocal fluorescent protein labeling
of mutant and sibling WT cells. In the current study, we first used MADM to clearly
distinguish tumor-promoting functions of p53 and NF1 at the pre-malignant stages /n vivo.
Then we demonstrated that the restoration of p53 or NF1 activity in fully-transformed p53
null, VFI-null glioma cells could still revert the biological aberrations caused by their loss.
Next we examined the temporal sequence of downstream signaling protein activation upon
NF1 loss by comparing their activities in Pre-T and tumor OPCs, and observed two distinct
patterns: progressive and abrupt activation. Finally, targeting mTOR that is abruptly
activated at the malignant stage successfully blocked glioma formation. Overall, our study
demonstrated how fine dissection of tumorigenic process could shed light on rationally
designed therapeutic strategies to prevent and treat glioma effectively.

Because others and we previously identified OPCs as a cell of origin for glioma, in our
current study we focused on the roles of A/FZand p53in OPCs but not other cell types that
respond minimally to these mutations. During normal embryonic development, OPCs
originate from neural stem cells, migrate tangentially throughout the brain, continue to
proliferate after birth, and differentiate into oligodendrocytes by the weaning age (36). Adult
OPCs remain in a quiescent state and only re-enter cell cycle at a low frequency to replenish
the OPC population (26, 37, 38). Based on the progenitor nature of OPCs, it is conceivable
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that either increased proliferation or decreased differentiation of OPCs, or both, could lead
to tumor initiation. We found that, while the loss of A/FI leads to mutant OPC expansion due
to increased proliferation and compromised differentiation, loss of p53 contributes to
gliomagenesis specifically by alleviating NF1-loss induced senescence/apoptosis thus
allowing further progression toward final transformation, as seen in other tumor types (39—
41). Of course, it remains possible that p53 exert other tumor-suppressing functions since
recent reports have shown that p53 could block tumor formation independent of cell-cycle
arrest, senescence, and apoptosis (42, 43). Regardless of how p53 exerts its tumor suppressor
function, it is clear that p53 deletion is needed for the progression of A/FZ-null OPCs to
tumor OPCs.

While some oncogenic mutations are only required for the initial transformation, other gene
mutations are critical for sustaining tumor cells even after the malignant transformation,
known as oncogene addiction (44, 45). To test whether p53 and NF1 pathways are critical
for sustaining glioma cells, we restored their expression in tumor OPCs to determine if it
could be therapeutically efficacious. The restoration of p53in both muse tumor OPCs and
human glioma cells led to senescence and cell death, suggesting that the restoration of p53
activity in glioma may prove effective in the clinics once it is pharmacologically feasible, a
notion in line with recent work demonstrating that p53 restoration is efficacious in treating
astrocytomas (46). Similarly, we also found that the restoration of NF1’s GAP activity (47,
48) could greatly inhibit proliferation and promote differentiation of tumor OPCs,
demonstrating the promise to therapeutically target the Ras signaling axis to treat glioma
patients. It should be noted that cellular differentiation cannot be measured with
conventional survival assays such as MTT. Therefore, it would be wise to broaden assay
formats to assess therapeutic efficacy beyond proliferation or cell death. Of course,
pinpointing the cell of origin and identifying its differentiation markers would be the
prerequisites for developing robust differentiation assays.

Since tumor OPCs proliferate much faster than Pre-T OPCs and NF1-loss/Ras activation is
solely responsible for OPC proliferation, we reasoned that the difference could be caused by
varied activities of Ras pathway effectors at pre-malignant versus malignant stages.
Interestingly, we found that, while both ERK and AKT undergo partial activation at pre-
malignant then full activation at malignant stages, mTOR remains at the basal level in Pre-T
OPCs and only becomes highly activated in tumor OPCs. This suggests that, while partially
activated ERK and AKT are likely involved in the pre-malignant progression, fully activated
ERK, AKT, and mTOR are critical for malignant transformation. Considering the unique
status of mTOR, we chose to target it genetically to see whether this signaling node is
critical for OPC transformation. As expected, following m7OR deletion, PreT-OPC
reactivation is unaffected but malignant transformation is completely blocked. This finding,
while exciting, poses an apparent contradiction with our previous work showing that mTOR
inhibitor temsirolimus could inhibit Pre-T OPC reactivation (13). One conceivable
explanation is that, since m7OR KO is restricted to OPCs while the drug works on all cell
types, the inhibition of OPC reactivation by the drug could go through non-cell autonomous
mechanisms. Another plausible explanation is that temsirolimus can only inhibit mMTORC1
while mTOR KO inactivates both mTORC1 and mTORC2. Nevertheless, combined results
from both studies clearly pointed to the potential benefit of treating glioma patients with
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mTOR inhibitors. Clinically, while past trials with mTOR inhibitors for glioma patients
showed limited efficacy, further studies demonstrated that most of these failures were caused
by the inability of the drugs to effectively penetrate the blood-brain barrier (BBB) or to
adequately inhibit their targets (49, 50). Encouragingly, very recently a new class of mTOR
inhibitor that can effectively penetrate BBB and inhibit mTOR kinase activity was found to
have significant anti-tumor effects on glioma cells (51). Our data echo well with these
findings and the existing knowledge of mTOR’s critical role in OPC development (52), thus
provide strong rationales for further testing of mTOR inhibitors in glioma patients.

In summary, our current study demonstrated the importance of dissecting tumorigenic
process in multiple aspects. First, identifying the cell of origin allows the examination of
specific functions of oncogenic mutations in a particular cell type that has its unique
signaling context. Second, studying the contribution of individual mutations from pre-
malignant to malignant stages with the MADM system sheds light on novel therapeutic
strategies that target specific biological processes such as OPC differentiation in this case.
Third, restoration of individual TSGs in tumor cells can pinpoint which biological
aberrations are critical for sustaining tumor cells, which should be ideal therapeutic targets.
Fourth, comparing signaling aberrations between pre-malignant and malignant stages could
help one identify transformation-specific events that may carry exceptional therapeutic
efficacy. Finally, our work clearly demonstrated great values in using genetic tools to test
therapeutic effects of a particular candidate gene, which completely avoid problems
commonly associated with pharmacological compounds such as chemical instability,
incomplete target inhibition, general toxicity, off-target effects, which would cloud the
conclusion. Once a target is validated with genetic method, drug development efforts then
could move forward confidently. Such a two-step drug discovery process could prove
ethically, medically, and financially advantageous over direct compound screening in the
long-term.
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Main Points

NF1and p53play distinct roles during the pre-transforming stages of gliomagenesis that
can be targeted for therapies. Furthermore, there is differential activation of downstream
effectors of Ras signaling in pre-malignant mutant cells that are critical for
transformation.
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Fig. 1. Hypothetical framework of the current study
(A) Schematic illustration of how MADM generates GFP+ mutant and sibling RFP+ WT

cells from a heterozygous, colorless cell via Cre-Mediated inter-chromosomal mitotic

recombination.

(B) In our previous study, upon the concurrent deletion of p53and NF1, GFP+ mutant OPCs
progressively outnumber RFP+ WT OPCs (as reflected by G/R ratio) while mutant neurons,
astrocytes, and oligodendrocytes showed minimal expansion. By P150, glioma formed at

full penetrance from GFP+ mutant OPCs in the MADM model, indicating that OPC is a cell

of origin for glioma.

(C) Co-staining of cell type-specific markers with MADM labeling allows for cell-type
specific analysis. When a neural stem cell Cre line is used, all neuroglial cells including
neurons (NeuN), astrocytes (GFAP), OPCs (PDGFRa ), and oligodendrocytes (CC1) can be
readily identified to be labeled by MADM. Images were taken from a P60 brain.
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(D) Schematic illustration of our first working hypothesis that two tumor suppressor genes
(TSGs), p53and NF1, may exert their tumor suppressing activities by inhibiting OPC
proliferation or by promoting OPC differentiation, respectively.

(E) Schematic illustration of our second working hypothesis on progressive alterations of
signaling pathways during gliomagenesis. Model 1: full activation in both PreT-OPCs and
tumor OPCs. Model 2: gradual activation from PreT-OPCs to tumor OPCs. Model 3,
minimal activation in Pre-T OPCs followed by abrupt activation in tumor OPCs.
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Fig. 2. MADM models used in this study and systematic sampling schemes and quantification
methods for determining the effects of NF1 or p53 deletion in vivo

(A) Simplified schematic to show MADM-p53 NF1 tumor model, MADM-p53and
MADM-NF1 models. GFP+ cells are null for specified genes while RFP+ cells are WT.
(B) To ensure systematic sampling, brains were cut mediolaterally and sections were
collected every 200 pm. Seven sections were collected for each sample. Within each brain
section, 7 distinct regions (dorsal and ventral olfactory bulb; anterior, middle, and posterior
cortex; ventral striatum; hypothalamus) were imaged for quantifications to avoid biases due
to potential regional heterogeneity of OPCs.

(C) To evaluate the extent of mutant OPC expansion (G/R ratio in Figure 2A), the total
number of mutant OPCs (GFP+ PDGFRa+) and WT OPCs (RFP+ PDGFRa+) were
counted and the sum of all 49 areas (7 sections per brain, 7 regions per section) was used to
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calculate the G/R ratio in each brain. Arrows point to mutant OPCs, and arrowheads point to
WT OPCs.

(D) To assess the proliferative rate of OPCs, the total number of proliferating mutant OPCs
(BrdU+, GFP+, PDGFRa+) was divided by the total number of mutant OPCs (GFP+
PDGFRa+); and an equivalent scheme was used for WT OPCs. The sum of all 49 areas was
used to calculate the final percentage of proliferating OPCs in each populations. Arrows
point to mutant OPCs, and arrowheads point to WT OPCs. Blue: non-proliferating OPCs;
white: proliferating OPCs.

(E) To assess the differentiation potential of OPCs (the proportion of OPCs versus
oligodendrocytes), brains were stained for either PDGFRa. or CC-1. The total number of
GFP+ PDGFRa+ cells was counted and divided by the total GFP+ cells to determine the
relative proportion of OPCs within the mutant population; and an equivalent scheme was
used to quantify the WT population. CC1 was used to determine the proportion of
oligodendrocytes within both the WT and mutant populations with the same scheme. The
sum of all 49 areas was used to calculate the final numbers. Arrows point to mutant OPCs,
and arrowheads point to WT OPCs. Blue: OPCs; white: oligodendrocytes.
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Fig. 3. Loss of NF1 but not p53 is sufficient for over-expansion, increased proliferation and
hindered differentiation of mutant OPCs

(A) Following the individual loss of either NFI or p53, MADM labeled cells were quantified
for the mutant to WT ratio (G/R ratio) at early (P10), pre-transforming (P60) and tumor
stages (P240). The loss of AV/FI led to massive over-expansion of mutant OPCs comparable
to p53-null, NFI-null OPCs at all ages examined, but the loss of p53had no effects. (n=10)
1-way ANOVA with Dunnett tests; Error Bar = SEM (*** £< 0.001).

(B) Following the individual loss of either NVF1 or p53, the proliferative rate of MADM
labeled cells was assessed at P10, P60 and P240. The loss of NFI led to increased
proliferation of mutant OPCs comparable to p53-null, NFI-null OPCs but the loss of p53
had no effects. At P240 WT OPC numbers were too low in MADM-NFI and MADM-
p53,NF1models for the accurate quantification of proliferative rate (marked as red
asterisks). Right panel: tumor cells at the edge of tumor mass showed comparable
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proliferative rate as perinatal OPCs. 2-way fixed effects ANOVA with replication; Error Bar
+ SEM (*** P<0.001, ** P <0.01)

(C) Following the individual loss of either NF1 or p53, the relatively proportion of OPCs
and oligodendrocytes among MADM-labeled cells were quantified at P10, P60 and P240.
The loss of NVF1 but not p53was sufficient for the hindrance in OPC differentiation at all
ages examined. 2-way fixed effects ANOVA with replication; Error Bar + SEM (*** P<
0.001, ** P <0.01)

(D) Individual loss of either p53 or NFI alone was not sufficient for gliomagenesis even
though N/F1 loss led to massive expansion of cell number, increased proliferative rate, and
hindered differentiation of OPCs. Insets show higher magnification images of boxed brain
region. The red inset in the bottom right panel shows the tumor region in the MADM-
P53 NF1model.

Scale bar 2mm; Inset 50pum
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Fig. 4. Restoration of WT p53 function in tumor OPCsled to cell cyclearrest and cell death
(A-B) 48 hours after the initial infection, the percent of GFP+ tumor OPCs infected with

WT p53decreased significantly in comparison to GFP control and mutant p53R175H-
infected cells. With the functional restoration of p53R175H by PRIMA-1, the percentage of
GFP+ tumor OPCs also significantly decreased. Scale bar 150um. N=3

(C) 48 hours after infection or treatment with PRIMA-1, the transcriptional activity of
known p53targets were analyzed. Following the infection of WT p53 or the functional
restoration of p53R175H with PRIMA-1, there was significant up regulation of Bax, PUMA,
and p21 transcripts compared to GFP control. The infection of tumor OPCs with p53R175H
alone had no significant effect on transcript levels of all three genes.

(D) 48 hours after infection, flow analysis of cell cycle profiling was performed on tumor
OPCs. WT p53and p53R175H-nfected cells treated with PRIMA-1 had a significant
increase in the percentage of cells in G1 compared to GFP control and p53R175H-nfected
cells without PRIMA-1.

(E) 48 hours after infection, flow analysis of cell death was performed on tumor OPCs. WT
p53and p53R175H-infected cells treated with PRIMA-1 had a significant increase in the
percent of dead cells compared to GFP control and p53R175H-nfected cells without
PRIMA-1. N=3

Statistics in B-E: 1-way ANOVA with Dunnett tests; Error Bar £ SD (* £< 0.05, ** P<
0.005)

Glia. Author manuscript; available in PMC 2021 January 14.



1duosnuen Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez et al.

Page 26

A B i
Il 0Days
Dox FdU o Bl 2Days
¢ % o n.s. 3 5Days
o
Time 0 <20, 2 Days 5 Days g2
&
®q
Measure Measure
Proliferation Differentiation
& ? o

N A
w“‘ﬁ «\“«

RFP/GFP RFP/GFP

Mock-GFP

WT NF1-GAP

mt NF1-GAP

40-

20+

% edU+ GFP+ Cells
% MBP+ GFP+ Cells

10+

Fig. 5. Restoration of NF1-GAP function is sufficient to reduce proliferation and promote
differentiation of tumor OPCs
(A) Timeline schematic for determining the effect of NFZ-GAP restoration in tumor OPCs.

Cells were treated with Doxycycline to induce expression of GAP domain at Time 0. 2 days
after the initial Doxycycline treatment, tumor OPCs were treated with EdU for 3 hours to
measure the proliferative rate. 5 days after the initial Doxycycline treatment, tumor OPC
differentiation was determined by immuno-staining cells for MBP, a marker for
differentiated oligodendrocytes.

(B) 2 and 5 days after infection of tumor OPCs with WT ANFI-GAP, the percent of GFP+
tumor OPCs significantly decreased at both time points compared to mock-GFP control and
mutant NVFZ-GAP infected tumor OPCs. (n=3) Student ¢ Test; Error Bar £ SD (* £< .05, **
P<0.005)
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(C) Following 2 days of NFI-GAP expression, tumor OPCs were pulsed with EdU for 3
hours to determine the proliferative rate. While mutant NFZ-GAP infected tumor OPCs
showed no significant change compared to mock-GFP control, WT A/F1-GAP infected
tumor OPCs had a significant reduction in the amount of EdU+ tumor OPCs.

(D) 5 days after restoration of WT AVFI-GAP but not mock-GFP or mutant AVFZ-GAP, tumor
OPCs developed highly elaborated oligodendrocyte-like morphology and started expressing
oligodendrocyte marker MBP. Inset shows the morphological differences between WT and
mutant NVFI-GAP expressing cells (note the ramified processes and web-like appearance of
MBP+ cell in the middle panel).

(E) Quantification of the percentage of EdU+, GFP+ tumor OPCs in mock-GFP, WT NF1-
GAP, and mutant NF1-GAP infected cells.

(F) Quantification of the percentage of MBP+, GFP+ tumor OPCs in mock-GFP, WT NF1-
GAP, and mutant NFI-GAP infected cells.

Statistics in B,E,F: 1-way ANOVA with Dunnett tests; Error Bar £ SD (** £< 0.005)

Scale bar, 100 pM; inset, 25 uM
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Fig. 6. Deletion of NF1 leadsto differential activation of downstream Ras effectorsin Pre-T and
tumor OPCs

(A) Schematic illustration of the Ras signaling pathways, with a focus on PI13K and MEK/
ERK. Phosphorylation sites for activation through specific pathways are shown. Also
included are known inhibitors for some of the signaling proteins.

(B) Western blots shows that while the deletion of AV/FZ leads to increased levels of
phosphorylated (p) ERK, pAKT, pS6K, and p4EBP1 in tumor OPCs. In Pre-T OPCs, only
pERK and pAKT are elevated in comparison to WT OPCs, but pS6K and p4EBP1 show no
significant changes. Bottom graph shows the quantification of the level of pERK, pAKT,
pS6K and p4EBP1 in WT OPCs, PreT-OPCs, and tumor OPCs. Student ¢test; Error Bar +
SD

(C) PreT-OPCs and tumor OPCs were treated with a MEK inhibitor (GSK1120212), PI3K
inhibitor (LY294002), or mTOR inhibitor (Temsirolimus) and assayed 48 hours later for
survival with MTT. Dashed line represents ICsq value. (n=3)

Glia. Author manuscript; available in PMC 2021 January 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gonzalez et al.

Page 29

A Reactivation B p=0.21
! 60 =0..

Tamoxifen (5D) BrdU (7D) 8 B mTORY*
W WL g = B mor*
| | . + 7 40+

p45 12dpi = 5
B8 304
*0o
z +
. Tumor Formation Tumor O 5
Tamoxifen (5D) Penetrance B
l o 104
X
| 0-
p45

180dpi

mIOR+/+

mIOR+/-

D
(o]
=
£

D E
c L
i ®mwean mIR - | S| | C N
o5 Small Flox- s - oW
% E 3 No Tumor
H KO- ™ - .
QN - [0)¢
E® WT‘ ‘ . _KO
2 . & @ -

mTOR** mTOR* mTOR™

Fig. 7. mTOR deletion blocked gliomagenesis
(A) Top schematic shows the experimental design for testing the effect of m7OR deletion on

PreT-OPC reactivation. Mice were treated for 5 days with Tamoxifen to induce cre-mediated
recombination and then treated for 7 days with BrdU to label dividing OPCs. Bottom
schematic shows the experimental design for testing the effect of mTOR deletion on
gliomagenesis. Following 5 days of Tamoxifen treatment, mice were kept for 180 days to
determine the tumor penetrance.

(B) Following 7 days of BrdU injections, mice were examined for the percent of dividing
OPCs. In both WT and glioma model mice, m7TOR-KO led to no significant differences of
OPC reactivation. (n=4 WT, n=5 CKO) Student ¢ Test; Error Bar = SD

(C) Glioma model mice (p53-null, NF1-null) with either mTOR-WT, mTOR-het, and
mTOR-null status were dissected at P240 to determine the tumor penetrance. While m7OR-
WT CKO mice always had large tumors, m7OR-null CKO mice had either none or
occasionally very small tumors. The images are representative of the average tumor size in
mTOR-WT, mTOR-het, and m7TOR-null glioma mice. More than 10 mice were examined in
each group.

(D) Semi-quantitative representation of tumor penetrance and sizes in glioma model mice
(p53-null, NF1-null) with either mTOR-WT, mTOR-het, and mTOR-null status.
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(E) Genotyping of tumor OPCs purified from m7OR-null brains. For each genotype
(indicated at top), the left bands represent m7OR PCR and the right band represents NF1
PCR. While Cre-mediated recombination of the MFZ-flox alleles was complete (only KO
band was detected) in all tumor cells, the recombination of mTOR-flox alleles was
incomplete in both mTOR-null tumors (evidenced by the presence of the mTOR-flox band).
We are confident that the mTOR-flox allele in tumor cells came from “escaper cells” rather
than contaminated non-tumor cells because of the absence of mTOR-flox band in the +/-
lane and our confirmation of cell purity based on PDGFRa staining after immunopanning of
tumor OPCs.
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