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Activated KRAS reprograms neural progenitor
cells to glioma stem cell-like phenotype
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Abstract. Glioma is the most common primary brain tumor.
Glioma stem cells (GSCs) are the origin of gliomagenesis and
may develop from normal neural progenitor cells (NPCs).
However, how neoplastic transformation occurs in normal NPCs
and the role of the Ras/Raf/MAPK pathway in NPC transforma-
tion is unclear. The present study generated NPCs from human
embryonic stem cells (ESCs) carrying gene alterations in the
Ras/Raf/MAPK pathway. The CCK-8 proliferation, single-cell
clonal expansion, cell migration, RT-qPCR, immunofluorescence
staining, western blotting, transcriptome and Seahorse analyses,
and intracranial implantation assay were performed to identify
the characterization of transformed NPCs in vitro and in vivo.
Brain organoids were used to verify the phenotypes transforming
inNPCs. KRAS-activated NPCs exhibited increased proliferation
and migration in vitro. KRAS-activated NPCs showed atypical
morphology and formed aggressive tumors in immunodeficient
mice. At the molecular level, KRAS-activated NPCs displayed
neoplasm-associated metabolic and gene expression profiles.
Moreover, activation of KRAS led to substantial cell proliferation
and abnormal structure in ESC-derived brain organoids. The
present study showed that activated KRAS transformed normal
NPCs to GSC-like cells and established a simple cellular model
to investigate gliomagenesis.

Introduction

Glioma, the most common primary tumor of the human central
nervous system, is characterized by rapid proliferation and
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invasion of surrounding tissues and has a poor prognosis (1,2).
In 2020, there were 19.3 million novel cases of tumors world-
wide, of which 1.6% were brain and other central nervous
system tumors (3). More than two-thirds of adults diagnosed
with glioblastoma, the most aggressive type of glioma, will
die within 2 years of diagnosis (4). Intratumoral heterogeneity
is considered the primary reason for treatment failure in
glioma (5). Increasing evidence suggests that glioma stem cells
(GSCs) are responsible for tumor initiation, drug resistance,
and relapse in glioma (6-8). Regarding the cellular origin of
GSCs, some studies have reported that GSCs may originate
from dedifferentiation of mature non-stem cells (9-12).
However, much published work suggests that they may arise
from the transformation of normal neural progenitor cells
(NPCs) (13-15). As GSCs share typical features with NPCs,
such as expression of stem cell markers, self-renewal and the
ability to differentiate into multiple lineages, it is hypoth-
esized that GSCs are transformed from normal NPCs (16-19).
Moreover, mouse tumor models have shown that glioma is
derived from neural stem/progenitor cells (16-18). However,
the underlying mechanisms of neoplastic transformation in
normal NPCs are unknown.

Glioma is caused by multiple genetic and epigenetic
alterations that affect intracellular signal transduction path-
ways, leading to cell transformation (16-20). Comprehensive
whole-genome landscape analyses have shown that dysregu-
lation of the Ras/Raf/MAPK pathway is the most common
cluster of genomic lesions associated with glioma (21,22).
Whether the key genes altered in the Ras/Raf/MAPK signaling
pathway promote neoplastic transformation of NPCs needs to
be investigated.

The use of human stem cells (SCs) and the development
of gene editing technology have opened novel avenues for
disease research (23-25). Human embryonic SCs (ESCs) are
pluripotent SCs with the ability to differentiate into many
types of cells in the body, including NPCs. NPCs self-renew
and give rise to the three main cell types of the central system,
neurons, astrocytes and oligodendrocytes (26,27). Although
many genetic disease models have been developed using ESCs
or induced pluripotent SCs (iPSCs), to the best of our knowl-
edge, there are few SC-based human cancer models (28,29).
The use of iPSCs and their derivatives, in which defined



2 QIN et al: ACTIVATED KRAS INDUCES NEOPLASTIC TRANSFORMATION OF NPC

genetic alterations related to cancer are introduced, maybe a
suitable strategy to investigate the cell neoplastic transforma-
tion for mechanistic studies and drug testing (16,25). Reports
have highlighted the potential of reprogramming intracellular
signaling, such as by decreasing PTEN and p53, increasing
receptor tyrosine kinases (RTK) signaling to induce transfor-
mation of NPCs into GSCs or glioma tumor-initiating cell-like
phenotypes (30-32). Similarly, Bian et al (33) created a model
to study gliomagenesis by introducing the classical oncogenic
mutations found in glioblastoma into cerebral organoids
derived from iPSCs. These approaches help create more suit-
able models for studying GSCs initiation from normal NPCs
in humans than those based on the induction of differentiated
glioma cells to a GSC-like phenotype.

The present study introduced mutations in the
Ras/Raf/MAPK pathway of ESCs by targeted gene editing to
determine the possible mechanism of the neoplastic transfor-
mation of NPCs and aimed to establish a simple cellular model
to study gliomagenesis.

Materials and methods

Antibodies. The following commercial primary antibodies were
used: Anti-Nanog (R&D Systems, Inc.; cat. no. AF1997; 1:200),
anti-CD133 (Abcam; cat. no. ab216323; 1:100), anti-KRAS
(Sigma-Aldrich; Merck KGaA; cat.no. WHO0003845M1; 1:1,000),
anti-Sox2 (R&D Systems, Inc.; cat. no. MAB2018; 1:200),
anti-paired box 6 (PAX6; Developmental Studies Hybridoma
Bank, Inc.; 1:200), anti-Nestin (Millipore Sigma; cat. no. ABD69;
1:400), anti-Ki67 (BD Pharmingen; cat. no. 556003; 1:200),
anti-Tuj (Sigma-Aldrich; Merck KGaA; cat. no. T8578; 1:200),
anti-glial fibrillary acidic protein (GFAP; Sigma-Aldrich; Merck
KGaA;cat.no.SAB4501162; 1:200), anti-human nuclei (Millipore
Sigma; cat. no. MAB1281; 1:200), anti-microtubule associated
protein 2 (MAP2; Millipore Sigma; cat. no. MAB3418; 1:200),
anti-GAPDH (Proteintech; cat. no. 60004-1-Ig; 1:5,000) and
anti-DAPI (Beyotime Biotechnology; cat. no. C1006). The
following commercial secondary antibodies were used: Alex
Fluor 488 (A21202) and Alexa Fluor 568 (both Thermo Fisher
Scientific, Inc.; cat. no. A10042; both 1:500).

Cell culture. Human ESCs (H1 cells) were purchased from
WiCell Research Institute (cat. no. WAO1) and cultured
as previously described (34,35). ESCs and ESCs carrying
oncogenic gene alterations were cultured at 37°C under 5%
CO, in mTeSR1 medium (StemCell Technologies, Inc.) on
Matrigel-coated (BD Biosciences) 6-well plates (Matrigel
diluted 100-fold with DMEM/F12 and plates were coated
for overnight at 37°C). Human glioma cell lines U251 and
U118MG were obtained from the Cell Bank Type Culture
Collection, Chinese Academy of Sciences (Shanghai, China).
STR analysis of Ul18MG cell line is shown in Table SI.
The glioma cell lines were cultured at 37°C under 5% CO,
in DMEM supplemented with 10% fetal bovine serum (both
Gibco; Thermo Fisher Scientific, Inc.).

Generation of stable KRAS-, BRAF- or EGFR-overexpressing
and PTEN knockdown ESCs. ESCs were routinely cultured
on Matrigel-coated plates in mTeSR1 medium, as afore-
mentioned. For lentiviral vectors expressing KRAS, BRAF

or EGFR, the corresponding cDNA was cloned into the
pSIN-EF2-Pur-FLAG-ENNSPC vector (gift from Dr Guangjin
Pan, Guangzhou Institutes of Biomedicine and Health,
Chinese Academy of Sciences, Guangzhou, China; Table SII).
The lentiviral plasmids included the packaging plasmids
psPAX?2 (Addgene; cat. no. 12260) and pMD2.G (Addgene;
cat. no. 12259). This method uses a second-generation system.
Plasmids were extracted at a concentration of ~500 ng/ul and
the ratio of lentivirus, packaging and envelope plasmids was
4:3:1. Lentiviruses were collected after transfection of 293T
cells (American TCC) by calcium phosphate transfection
kit (C0508, Beyotime, China) at 1% Penicillin/Streptomycin
Solution and 37°C for 72 h. Infection was performed within
24 h of virus collection at a multiplicity of infection (MOI)
of 50. Overexpression cell lines were screened with puro-
mycin (5 pg/ml) for 48 h. The coding sequence for the mutant
oncogene, KRASCP | was obtained using the QuikChange
Site-Directed Mutagenesis kit, according to the manufacturer's
instructions (Agilent Technologies, Inc.; cat. no. 200518).

For generation of lentiviral vectors encoding short hairpin
(sh) RNA targeting PTEN, the corresponding shRNA oligos
(shRNA#1,TRCN0000002745; shRNA#2, TRCN0000002747
and shRNA#3, TRCN0000002749; sigmainformatics.
com/Informatics_tools/batch-search.php#shRNA; Table SIII)
were cloned into the pLKO.1-TRC vector (Sigma-Aldrich;
Merck KGaA).

Generation of NPCs from ESCs. The induction of NPCs was
based on a previous report (34). Briefly, 3x10° wild-type and
genetically modified ESCs were seeded onto Matrigel-coated
12-well plates in mTeSR 1 medium. For inducing differentiation
of ESCs to NPCs, these cells were cultured at 37°C under 5%
CO, in N2B27 medium [50% DMEM/F12, 50% Neurobasal,
0.5X N2, 0.5X B27, 1% Glutamax, 1% NEAA non-essential
Amino acids) and 5 pg/ml insulin (all Gibco; Thermo Fisher
Scientific, Inc.)], 1 ug/ml heparin (Sigma-Aldrich; Merck
KGaA) and 5 uM SB431542 and dorsomorphin (both Selleck
Chemicals). Medium was changed every 2 days. After 16 days,
canonical neural rosettes appeared and were selected. Then,
these neural rosettes were dissociated to single cells using
Accutase (Sigma-Aldrich; Merck KGaA and termed NPCs.
These NPCs (with 10%/ml cell density) were cultured at 37°C
under 5% CO, in NPC medium (N2B27 medium and 20 ng/ml
basic Fibroblast Growth Factor (bFGF) and EGF) and medium
was changed every 2 days. NPCs were dissociated to single
cells using Accutase (Sigma-Aldrich; Merck KGaA), and cells
were cultured in 6-well plates at a ratio of 1:2 to obtain P1
generation cells.

Cell Counting Kit (CCK)-8 proliferation assay. NPCs (normal
and transformed) were seeded in 96-well plates at a density of
1x10* cells. One plate was tested daily. A total of 10 pl/well
CCK-8 (Dojindo Laboratories, Inc.) was added and absor-
bance was detected directly by a microplate reader (Bio-Tek,
Synergy H1, Inc.) at a wavelength of 450 nm following 1 h
incubation. The mean value was calculated from five replicates
and a growth curve was constructed. The experiment was
repeated three times. The optical density, determined by rela-
tive absorbance of CCK-8, was evaluated by probit regression
analysis in SPSS 13.0 (SPSS).
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Reverse transcription-quantitative (RT-q) PCR analysis.
Total RNA from cells was extracted with RNAiso Plus (#9109,
Takara Bio, Inc.) and reverse-transcribed with oligo dT (37°C,
15 min for reverse transcription, 85°C for 5 sec for heat inac-
tivation of reverse transcriptase, 4°C end) (Takara Bio, Inc.).
qPCR was performed according to the TB Green Premix Ex
kit (cat. no. RR420A, Takara Bio, Inc.). Thermocycling condi-
tions (95°C for 10 sec, 58°C for 20 sec, 72°C for 15 sec and
32 cycles). 244% quantification was performed as previously
described (36). The expression levels of KRAS, BRAF, EGFR,
PTEN, SOX2, OCT4, SOX1, PAX6 and NANOG genes were
normalized to GAPDH and are shown as fold-change relative
to the control sample. All data were measured in triplicate. All
primer sequences are listed in Table SIV.

Single-cell clonal expansion assay. To determine the clonal
expansion efficiency of NPCs (normal and transformed),
2,000 cells per well were seeded in a Matrigel-coated 6-well
plate (Matrigel was diluted 100-fold with DMEM/F12 and
coated plates overnight at 37°C) and cultured at 37°C under 5%
CO, until clear cell colonies (>50 cells and clones of diameter
longer than 0.3 mm, confirmed by ImagelJ software version
1.48, imagej.nih.gov/ij/) formed (~3 weeks). Colonies were
fixed in 4% paraformaldehyde, washed three times with PBS,
then stained with 2% crystalline violet for 30 min to determine
relative colony numbers and finally counted manually under a
20x magnification bright-field microscope.

Cell migration assay. Migration of NPCs (normal and trans-
formed) through Matrigel in vitro was performed as previously
described (18). Briefly, the upper chamber of a Transwell
chamber (24-well insert; pore size, 8 mm; Corning Costar, Inc.)
precoated with diluted Matrigel (Matrige:DMEM/F12=1:10;
37°C) was seeded with 5x10° cells in 100 1 basal medium
(50% DMEM/F12, 50% Neurobasal). Complete culture
medium (600 pl; 50% DMEM/F12, 50% Neurobasal, 1x N2,
1x B27,20 ng/ml bFGF, 20 ng/ml EGF) was added to the lower
chamber. After 24 h at 37°C, the cells on the back of the upper
chamber were fixed with 4% methanol for 20 min at 37°C and
stained with 2% crystal violet for 30 min at 37°C. Cells that
migrated through the Transwell were counted using ImageJ1
(National Institutes of Health, Inc.) under a light microscope
(magnification of 100x).

Cell sorting by flow cytometry. U118MG and U251 cells were
labelled with CD133/2 FITC antibody kit (cat. no. 130-113-746,
Miltenyi Biotec GmbH) and CD133* cells were directly sorted
and analyzed by flow cytometry. The sorted CD133* cells were
cultured in DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.)
containing 20 ng/ml each EGF and bFGF. All samples were
run on a BD Accuri C6 (BD Biosciences) and were analyzed
with FlowJo software (v.10; Tree Star, Inc.).

Western blotting. Total cell protein lysate was obtained
using RIPA buffer (Beyotime Institute of Biotechnology)
with proteinase and phosphatase inhibitor cocktails. Protein
concentrations were determined by BCA. Gels (8%) were
loaded with 10 ug protein per lane resolved by SDS-PAGE
and transferred onto an Immobilon-PSQ Transfer Membrane
(Merck KGaA). Blots were blocked with 5% skimmed milk

powder for 1 h at 37°C and incubated with antibodies against
GAPDH, KRAS, Nestin and CD133 overnight at 4°C. The
secondary antibodies were then incubated at room tempera-
ture for 2 h. Wash three times using TBST containing Tween
20 (0.05%). Development was carried out with the ECL kit
(Beyotime; POO18FM). Densitometry was performed using
ImagelJ software (version 1.48). All immunoblots were
performed at least three times.

Cell metabolism measurement. Cellular oxidative phos-
phorylation and glycolysis were measured by real-time oxygen
consumption rate (OCR) and extracellular acidification rate
(ECAR) with the Seahorse Bioscience extracellular flux
analyzer (XF96, Agilent Technologies Inc.) by measuring
the OCR in real-time as described previously (37). Briefly,
15,000 NPC-control and NPC-KRASC!?P cells were treated
with PD098059 (MAPK inhibitor; 5 uM) 48 h at 37°C. Then
cells were seeded in specific 96-well plates designed for XF96
in 80 ul of the NPC medium (N2B27 medium and 20 ng/ml
bFGF and EGF) and incubated at 37°C overnight. Before
measurements, cells were washed with unbuffered medium
(XF base medium minimal DMEM (Agilent Technologies
Inc.; cat. no. 13417002), 1% glutamine (Gibco; Thermo Fisher
Scientific, Inc.), glucose (Agilent Technologies Inc.; 4.5 g/1),
pH=7.4) once, immersed in 200 ml of unbuffered medium,
and incubated in the absence of CO, at 37°C for 1 h. The
OCR and ECAR were measured in a typical 8-min cycle of
the mix (2-4 min), dwell (2 min), and measure (2-4 min) as
recommended by Seahorse Bioscience (Agilent Technologies
Inc.). Add each of the following drugs at different time
points: oligomycin, FCCP (Trifluoromethoxy carbonyl
cyanide phenylhydrazone), antimycin, rotenone, and 2-DG
(2-Deoxy-D-glucose; all Agilent Technologies Inc.; 1 yM).
All samples were analyzed with GraphPad Prism 8 (GraphPad
Software Inc.)

Reactive oxygen species (ROS) measurement. For reactive
oxygen species (ROS) measurements, ROS production was
measured with DCFH-DA reagent (Beyotime Biotechnology
China Co., Ltd.; cat. no. S0033S). 10° cells were stained with
DCFH-DA reagent (1:1,000, 10 M) by adding the probe to the
NPC medium (N2B27 medium and 20 ng/ml bFGF and EGF)
and incubating the cells at 37°C for 30 min before analysis. All
samples were run in a CytoFLEX flow cytometer (Beckman
Coulter, Inc.) and were analyzed with FlowJo software (v.10;
Tree Star, BD Biosciences Inc.).

In vivo tumor formation. A total of ten 4-week-old female
BALB/c-nu/nu mice (12-14 g, Gempharmatech Co., Ltd)
were housed (temperature at 18-22°C, relative humidity of
50-60%; 12/12 h light/dark cycle; ad libitum access to sterile
food and water) in a pathogen-free animal facility. For each
group (n=5), NPC-Ctrl or NPC-KRAS®"P cells (2x10° cells in
3 ul F12 medium (Gibco; Thermo Fisher Scientific, Inc.) with
Matrigel were injected into the brain of mice. Intraperitoneal
injection of 1% sodium pentobarbital (50 mg/kg) before cell
transplantation. There are several previous studies in which
induced GSC cells were transplanted into similar sites of the
mouse brain (8,16,18,37) to evaluate the tumorigenic ability
and biological behaviour of the transplanted cells in vivo. The
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cell injection site (2 mm lateral and 0.5 mm anterior to the
bregma and 2.5 mm under the skull) was selected according
to a previous report (37), in which glioma cells or GSCs were
transplanted into the brain of mice at the same site.

Mice were monitored daily for the first 48 h to ensure that
the wound was not exposed, then daily to observe changes
in behaviour and body weight. Humane endpoints were as
follows: Not eating or drinking for 24-48 h, resulting in wasting
or dehydration; sustained or rapid weight loss of 20-25%
or cachexia; persistent hypothermia and central nervous
depression, tremors or paralysis, based on euthanasia criteria
(China Laboratory animal Guidelines for euthanasia GB/T
39760-2021) (38). No significant weight loss due to cachexia
was observed. Some mice injected with NPC-KRAS®"P cells
showed a slight delay in movement after 6 weeks. However,
the behavioral changes were not sufficient to meet the humane
endpoints.

At 8 weeks post-injection, the mice were euthanized by
cervical dislocation. Death was confirmed by lack response
to pain and pressure on the toes by hand or forceps and cessa-
tion of heartbeat and breathing. Mouse brains were dissected
and fixed using 4% paraformaldehyde at 37°C for 12-14 h.
Hematoxylin and eosin (H&E) and immunofluorescence
staining were carried out on 5 ym sections. For H&E staining,
tissue sections were processed at room temperature by dipping
the slides in a series of baths as follow: distilled water (30 sec),
hematoxylin (5 min); distilled water (1 min); 0.5% eosin Y
(2 min); 95% Ethanol (30 sec; twice); 100% ethanol (30sx2);
and xylene (30sx2). Neutral balsam mounting medium and
glass cover slips were used to mount the slides. Slides were
analyzed by using an upright light microscope (Olympus) at
10x and 20x magnification.

The present study was performed in accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (39).
In addition, the protocol was approved by the Committee
on the Ethics of Animal Experiments and Human Subject
Research of Jinan University (Guangzhou, China; approval no.
TACUC-20201027-08).

Transcriptome data processing and analysis. A total of
1x10° cells (NPC-Ctrl, NPC-KRAS"*P, U118MG-GSC,
U251-GSC) were used for RNA isolation using Direct-zol
RNA Mini Prep kit (Zymo Research Corp.). The resulting
RNA was qualified by Fragment Analyzer (Advanced
Analytical Systems, Inc.) and Prep kit (Illumina, Inc.)
according to the manufacturer's protocol. Samples were run
on a MiSeq and NextSeq 500 system with a MiSeq Reagent
kit v2 (Illumina, Inc.; 50 cycles) and NextSeq 500/550 High
Output v2 (150 cycles; Illumina, Inc.). For data analysis, the
expression was measured in transcripts per million (TPM),
which is independent of the mean expressed transcript length
and is comparable across samples. Expression correla-
tion was characterized by Pearson's correlation coefficient
between TPM of all transcripts. Differentially expressed
genes (DEGs) were identified using Cufflinks-Cuffdiff
pipelines (cole-trapnell-lab.github.io/cufflinks/). Only
genes with adjusted P-value <0.05 were considered as
DEGs and used for further analysis. Clustering of genes
was performed using the software program Cluster version

2.0.7 (https://cran.r-project.org/web/packages/cluster/index.
html). The functional annotation tool DAVID version 6.5
(https://david.ncifcrf.gov/) was used for Gene Ontology (GO)
(geneontology.org/) enrichment.

Generation of human brain organoids. Cerebral organoids
were generated as described in a previous report (40) with
minor modifications. Briefly, ESCs were seeded at 9,000
cells/well in an ultra-low attachment 96-well plate (Corning,
Inc.; cat. no. 7007) and cultured at 37°C with 150 ul/well
mTeSR1 medium mixed with Rho-associated kinase inhibitor
Y-27632 (10 uM).On day 6,embryoid body-like aggregates were
transferred to ultra-low attachment 24-well plates (Corning,
Inc.; cat. no. 3473) containing neural induction medium
(50% DMEM/F12, 50% Neurobasal, 1x N2, 1% Glutamax,
1% NEAA and 1 ug/ml heparin). On day 11, each organoid
was embedded in Matrigel for 30 min at 37°C, collected in
6-cm dishes (10 organoids/dish) and cultured in COR media
[50% DMEM/F12, 50% neurobasal, 1X N2, 1X B27 (without
vitamin A; switched to B27 with vitamin A (Gibco; Thermo
Fisher Scientific, Inc.) on day 15), 1% Glutamax, 1% NEAA
and 0.025% insulin]. Organoids were cultured at 37°C on an
orbital shaker until day 30. Organoids were fixed in 4% para-
formaldehyde at 25°C overnight and treated in 20% sucrose
overnight at 4°C. Organoids were embedded in optimal cutting
temperature compound at 4°C overnight (Sakura Finetek USA,
Inc.,4583) and cryosectioned (15 ym thickness) with a cryostat
(Leica GmbH) for immunofluorescence staining.

Immunofluorescence staining. For cell immunostaining, cells
were fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature. After fixation, cells were permeabilized
with 0.4% Triton X-100 in PBS for 5 min at room temperature.
Following incubation with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) or 10% BSA (Sigma-Aldrich; Merck KGaA;
cat. no. V900933) in PBS for 30 min at room temperature,
cells were incubated with primary antibody overnight at 4°C
then were incubated with Alex Fluor 488/568-conjugated
secondary antibodies at RT for 1 h. Following washing three
times with PBS for 10 min each time, cells were counter-
stained with DAPI (Beyotime Biotechnology China Co.,
Ltd.) for 15 min at RT. Fluorescence images were captured
by Zeiss LSM800 confocal microscope (Zeiss GmbH).
The quantification of Tuj-, GFAP-, Nestin-, PAX6-and
SOX2-positive cells were analyzed using Welch's t-test. To
quantify the percentage of Tuj- and GFAP-positive cells, a
semi-automated Cell Counter (ImageJ1, National Institutes
of Health, Inc.) was utilized to count the number of nuclei
and positive cells. Quantitation of cell immunofluorescent
staining was performed using five randomly selected fields
of view at 20x magnification.

For organoid immunostaining, sections were permea-
bilized for 10 min at room temperature in 0.5% Triton
X-100-PBS and blocked for 45 min at room temperature
with 5% donkey serum (Sigma-Aldrich; Merck KGaA;
cat. no. D9663) in 0.01% Triton X-100-PBS. Sections
were incubated overnight at 4°C with primary antibodies
diluted in 2% donkey serum and 0.01% Triton X-100-PBS.
Primary antibodies were as follows: Anti-SOX2 (1:200),
anti-PAX6 (1:200), anti-Nestin (1:300), anti-Ki67 (1:100),
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Figure 1. Generation and characterization of KRAS-activated NPCs. (A) Morphology of ESC-Ctrl and ESC-KRAS"P cells. Scale bar, 50 ym. (B) Western
blotting verified overexpression of KRAS protein in ESC-KRASC"P (transfected with pSIN-EF2-Pur-FLAG-ENNSPC-KRAS) cells. GAPDH was used as
the loading control. (C) Immunofluorescence analysis of ESC-Ctrl and ESC-KRASC"P cells using anti-Nanog antibody. Nuclei were stained with DAPI.
Scale bar, 100 ym. (D) Expression of NANOG, OCT4, SOX2 was detected by qPCR in ESC-Ctrl and ESC-KRAS®"P cells. (E) Schematic diagram of NPC
induction following ESCs and KRAS®"" transduction. (F) Expression of NANOG, OCT4, PAX6, SOXI and SOX2 was detected by quantitative PCR in
ESC-KRAS®"P and NPC-KRASP cells. (G) Expression of KRAS was confirmed by gPCR in NPC-Ctrl and NPC-KRAS®"P cells (n=3). (H) Morphology
of NPC-Ctrl and NPC-KRAS®P cells and immunostaining of neural progenitor-specific markers. Scale bar, 100 ym. (I) Immunostaining of neuron-(Tuj*)
and astrocyte-(GFAP*) specific markers in NPC-Ctrl and NPC-KRAS®P cells. Scale bar, 50 ym. Percentage of Tuj* and GFAP* cells was determined
(n=5). "P<0.05, ““P<0.001. NS, not significant; NPC, neural progenitor cell; ESC, embryonic stem cell; Ctrl, control; q, quantitative; OCT4, octamer-binding
transcription factor; PAX6, paired box 6; GFAP, glial fibrillary acidic protein; PSIN, pSIN-EF2-Pur-FLAG-ENNSPC.

mouse IgGl Isotype Control (eBioscience; Thermo Fisher
Scientific, Inc.; cat. no. 14-4714-82; 1:200), and Rat IgG2a
Isotype Control (eBioscience, Thermo Fisher Scientific,
Inc.; cat. no. 14-4321-82; 1:200). Fluorescence-conjugated
secondary antibodies (1:500) were added for 1 h at room
temperature. For nuclear staining, sections were incubated
with DAPI for 10 min at room temperature. Images were
acquired with a confocal microscope SP5 (magnification,
200x; Leica GmbH). To quantify the mean fluorescence
intensity of Nestin-, PAX6-, SOX2- and Ki67-positive cells,
Image] was used; quantification of organoid immunostaining
was performed using =4 organoids in ten randomly selected
fields of view.

Statistical analysis. Data are presented as the mean + SD. Each
experiment was performed three times. Data from two groups
were compared using the unpaired Student's t-test (two-tailed,
unequal variance); comparisons of >2 groups were performed
using one- or two-way ANOVA with Bonferroni's post hoc
test. Statistical comparisons were performed in GraphPad
Prism 8 (GraphPad Software Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Generation and characterization of NPCs derived from
KRAS-activated ESCs. To investigate the role of the
Ras/Raf/MAPK pathway in transformation of NPCs into
GSCs, lentiviral plasmids, including overexpression of mutant
KRAS (G13D mutation), BRAF and EGFR and PTEN silencing
(shPTEN) were transferred individually or in combination into
ESCs (Fig. S1A) to generate ESCs as follows: ESC-KRAS®"P,
ESC-BRAF-shPTEN, ESC-KRAS®"P-shPTEN and
ESC-BRAF-EGFR-shPTEN (Figs. 1A and S1B). The genetic
alterations in PTEN, KARS, EGFR, and BRAF loci were
successful, as shown by RT-qPCR (Fig. S1C) and overexpres-
sion of the KRAS protein in ESC-KRAS®"P was confirmed
by western blotting (Fig. 1B). These genetic alterations did
not alter cell morphology or expression of pluripotency
markers (Nanog, OCT4, and SOX2) in ESCs (Figs. 1A, C
and D and S1D).

NPCs were derived from normal ESCs (ESC-Ctrl) and
ESCs carrying oncogenic gene alterations (Figs. 1E and S1E).
Immunofluorescence analysis showed that NPCs carrying
oncogenic gene alterations expressed neural progenitor
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MAP2. Cells were counterstained with DAPI. The dotted line represents the boundary of the transplanted NPC-KR ASC"P cells. Arrows represent dissociated
cell clusters. Scale bar, 100 gm. NPC, neural progenitor cell; GSC, glioma stem cell; Ctrl, control; MAP2, microtubule-associated protein 2.

markers PAX6, SOX2 and Nestin (Figs. 1F and H and S1F).
However, these NPCs also exhibited accelerated growth.
Notably, NPC-KRAS®"P exhibited the highest proliferative
capacity among these cells (Fig. S2A). Activation of KRAS,
decreased expression of pluripotent genes NANOG and OCT4,
and increased expression of the neural SC genes PAX6,
SOX1I and SOX2 were confirmed in NPC-KRAS®"P cells
(Figs. 1F and G and S3).

It was investigated whether KRAS-activated NPCs acquired
neoplastic potential. NPC-KRAS®"P, like NPC-Ctrl, had
the ability to differentiate into neuronal and glial lineages
but had a lower differentiation ability into neuronal lineages
than NPC-Ctrl cells (Fig. 1I). NPCs carrying oncogenic gene
alterations exhibited increased cell migration and clonal expan-
sion. Among the NPCs carrying oncogenic gene alterations,

NPC-KRAS®"P exhibited the most significant increase in
cell migration and clonal expansion compared with NPC-Ctrl
(Fig. S2B-E). Overall, these in vitro experiments demonstrated
that the KRAS mutation conferred neoplastic potential to NPCs.

KRAS-activated NPCs demonstrate neoplastic potential
in vivo. To investigate whether activated KRAS promotes
neoplastic transformation of NPCs in vivo, NPC-Ctrl and
NPC-KRAS®"P were injected into the brain of immune
compromised BALB/c-nu/nu mice. A local tumor-like
growth was observed in the mouse brain transplanted with
NPC-KRASC"P cells, whereas no expansive growth was
observed in the control group (transplanted with NPC-Ctrl
cells; Fig. 2A and B). Hematoxylin and eosin staining of
brain sections showed that transplanted NPC-KRASS!3P
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cells grew in clusters with disorganized cell arrangement and
exhibited marked cell atypia with large cell size, enlarged
nuclei, irregular nuclear morphology and pathological mitosis.
Transplanted cells invaded the adjacent normal brain tissue
and formed multiple foci (Fig. 2B). The observed histo-
logical characteristics and biological behavior were similar
to those of intracranial tumors derived from the transplanted
human GSCs. Immunofluorescence analysis showed that

tumor-like cell clusters expressed Nestin, a marker for
NPCs and GSCs (18), and that a few cells differentiated into
MAP2-positive neuron-like cells (Fig. 2C).

KRAS-activated NPCs show GSC-like gene expression
profiles. To identify neoplastic features of NPC-KRASC!3P
and investigate the effect of KRAS activation on the global
transcriptomic landscape of NPCs, global gene expression
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Figure 4. KRAS activation induces metabolic reprogramming in NPC-KRAS®"" cells. (A) Reactive oxygen species levels of NPC-KRASC"?P cells were
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presence or absence of MAPK inhibitor PD98059 using a Seahorse 96XF extracellular flux analyzer (n=13). Data are presented as the mean + SD. “P<0.01,

ok

FCCP, Trifluoromethoxy carbonyl cyanide phenylhydrazone.

patterns of normal NPCs (NPC-Ctrl), NPC-KRAS®"P and
GSCs isolated from glioma cell lines were profiled. According
to previous reports (5,8,41,42), CD133 is considered a surface
marker of GSC. Therefore, CD133* cells were isolated from
human glioma cell lines Ul18MG and U251 using flow
cytometry (Fig. S4A). U118MG-GSC and U251-GSCs were
characterized by increased expression of SC markers (CD133
and Nestin) compared with the U118MG and U251 glioma cell
lines (Fig. S4B-D).

Cluster analysis was performed to compare gene expres-
sion profiles of NPC-Ctrl, NPC-KRAS®"P and GSC cells
(including U251-GSC and U118MG-GSC). The expression of
DEGs was grouped into 10 clusters. Gene expression profile
of NPC-KRASC®"*P showed more overlap with GSCs than with
NPC-Ctrl (Fig. 3A). Based on the significant differences in
gene expression patterns between GSCs and NPCs, the genes
in clusters 1, 2 and 6 were selected. GO enrichment of clusters
1 and 2 showed lower gene expression levels in NPC-KR AS¢!3P
compared with NPC-Ctrl, while cluster 6 showed higher
gene expression levels (Fig. 3B). Gene expression profiles of

P<0.001. NPC, neural progenitor cell; OCR, oxygen consumption rate; Ctrl,

control; ECAR, extracellular acidification rate; 2-DG, 2-deoxy-D-glucose;

NPC-KRAS®"P and GSCs showed similar expression of genes
associated with ‘stem cell proliferation, regulation of neural
precursor cell proliferation, glycosaminoglycan metabolic
process and glial cell differentiation’ (Fig. 3C). In summary,
gene profiles of NPC-KRAS®"*P were more similar to GSCs
than those of NPC-Ctrl.

KRAS activation induces metabolic reprogramming in
transformed NPCs. As tumor cells undergo metabolic repro-
gramming (37,43), the present study investigated the metabolic
changes induced by KRAS activation in NPCs. Reactive
oxygen species (ROS) levels were detected by DCFH-DA.
ROS levels in NPC-KRASC"P cells were significantly higher
than in NPC-Ctrl cells (Fig. 4A). Seahorse analysis showed
increased oxidative metabolic and glycolytic capacity in
NPC-KRAS®"P including ATP productivity, maximum
and residual respiratory capacity and maximum glycolytic
capacity compared with NPC-Ctrl, which were decreased
following inhibition of MAPK pathway with PD098059
(Fig. 4B and C). These results suggest that activated KRAS
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Figure 5. Generation and characterization of KRAS-activated brain organoids from ESCs. (A) Schematic diagram of cerebral organoid generation.
(B) Representative bright field images of organoids. Size of brain organoids was analyzed at day 31 (n=10). Scale bar, 500 ym. (C) Representative expression
of Nestin, PAX6, SOX2 and Ki67 in organoids from ESC-Ctrl and ESC-KRAS®"*P cells at day 31. Cells were counterstained with DAPI. Relative fluorescence
intensity of Nestin, PAX6, SOX2 and Ki67 was calculated (n=4). Scale bar, 100 zm. Data are presented as the mean + SD. “P<0.01, ““P<0.001. ESC, embryonic
stem cell; PAX6, paired box 6; Ctrl, control.

induced metabolic activation by activating the MAPK recently emerged as a promising 3D model in numerous
pathway in transformed NPCs. aspects of the human brain research, such as modelling

neurodevelopmental brain disorder, pathogens infection
KRAS activation results in elevated cell growth and unor-  affecting brain development and modelling tumor invasion in
ganized structures in brain organoids. Brain organoids have  the brain, etc. (44-47). To determine phenotypical changes in
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NPC-KRAS®"P the role of KRAS activation in brain organ-
oids was investigated. Cerebral organoids were generated from
ESC-Ctrl and ESC-KRAS®"P as described by Lancaster and
Knoblich (40) (Fig. 5A). Shape and size of brain organoids was
assessed at days 6,11,21 and 31; organoids from ESC-KRAS®"P
exhibited irregular morphology and rapid growth compared
with those from ESC-Ctrl (Fig. 5B). The size of brain organ-
oids generated from ESC-KRAS®"P was significantly larger
than those generated from ESC-Ctrl at day 31 (Fig. 5B).

Structures and expression of neural SC markers (Nestin,
SOX?2 and PAX6) and proliferation protein Ki67 in organoids
was assessed by immunofluorescence staining at day 31.
There was pseudostratified epithelium with marked expres-
sion of neural SC markers in control organoids after 30 days.
However, there were fewer pseudostratified structures with
irregular morphology in KRAS-activated organoids, as well as
significantly lower expression of neural SC markers (Fig. 5C).
These data suggested that KRAS overexpression impaired the
multilineage differentiation of ESCs. Moreover, relative fluo-
rescence intensity of Ki67 was higher in KRAS"*P organoids
than in control organoids (Fig. 5C). These results demon-
strated that KRAS®"*P organoids grew faster than control
organoids and irregular structure was due to the activation of
KRAS, which highlights its role in regulating normal human
neurogenesis.

Discussion

Tumorigenesis has a complex molecular basis that primarily
involves oncogenes, metabolic reprogramming and epigenetic
regulatory alterations. Alterations in tumor driver genes serve
a key role in tumor cell formation, and a small population of
cells that undergo mutation continue to expand and form tumor
masses (1,2,5,19). Studies have shown that tumor SCs (TSCs)
are associated with tumorigenesis (5-7). TSCs are a subpopula-
tion of cells within the tumor that self-renew and give rise to
various differentiated cell types that form the tumor (5,8,18).
Therefore, the study of the formation and transformation of
GSCs is of value for the clinical treatment of glioma.

GSCs have a notable similarity to NPCs in terms of
genotype and phenotype and are usually considered to have
transformed from normal NPCs (16,18.,48). However, complex
genetic mutations, including the primary, secondary or evolved
ones in tumor suppressors and oncogenes in glioma, as well
as their interactions make it challenging to investigate how
genetic mutations may contribute to the neoplastic transforma-
tion of NPCs and development of gliomas.

The identification of driver mutations may allow elucida-
tion and targeting of early events underlying tumor formation.
Pluripotent SCs are commonly used to model genetic disorders
to create disease models (16,23-25,34,49,50). Several previous
studies have modeled cancer in humans (18,30-32). These
include reprogramming differentiated glioma cells to generate
GSC-like cells (32) and deriving TSC-like cells by knocking
down PTEN in ESCs (18). Similar strategies involving modu-
lation of RTK and P53 to create GSC-like cells have also been
reported (30,31).

Glioma is associated with genetic alterations and the
Ras/Raf/MAPK pathway plays a key role in glioma develop-
ment (19,51,52). The present study established ESCs carrying

oncogenic alterations associated with the Ras/Raf/MAPK
pathway and generated ESC-derived NPCs to study GSC
transformation. NPCs with different oncogenic gene altera-
tions exhibited differences in cell proliferation and migration
ability. In NPCs carrying different oncogenic alterations,
NPC-KRASC"P cells exhibited particularly high proliferative
and migration ability.

KRAS is activated by the upstream EGFR pathway and
serves a pivotal role in disease initiation, progression and
drug resistance. Wild-type KRAS protein is rapidly inacti-
vated after passing the signal to the downstream pathway.
By contrast, KRAS mutations contribute to tumorigenesis
since they lead to sustained activation of downstream path-
ways independent of EGFR regulation (53,54). Patients with
KRAS mutations are clinically resistant to EGFR tyrosine
kinase inhibitor treatment (55,56). Here, KRASS'*P showed
stronger effects than BRAF and EGFR on NPC migration
and proliferation, suggesting that G13D mutation-induced
activation of KRAS serves a critical role in triggering NPC
transformation.

PTEN deficiency is associated with gliomagenesis (18).
Here, NPC-KRAS®"*P-shPTEN did not show increased migra-
tion and proliferation ability compared with NPC-KRAS®"P,
It was hypothesized that this may be due to the inconsistent
efficiency of viral infection when manipulating multiple
genetic plasmids and the possibility that the two genetic
modifications interfered with each other to decrease their
effect. Further experiments are required to confirm these find-
ings. In addition, the role of KRAS activation in neoplastic
transformation needs to be investigated by directly overex-
pressing the activated form of KRAS in NPCs. Although the
characteristics of NPCs carrying multiple genetic alterations
require further investigation, the present results suggested
that activated KRAS triggered the transformation of NPCs.
This is consistent with reports that KRAS mutations can cause
glioblastoma development by inducing abnormal signaling
pathways (51,57).

The present study also investigated the tumor-initiating
ability of KRAS-transformed NPCs in vivo and found
that NPC-KRAS®"*P showed an aggressive growth pheno-
type via intracranial implantation assay. However, 2x10°
NPC-KRASC"P cells had to be transplanted to form an
aggressive tumor; 1x10° transplanted NPC-KR ASY"P cells did
not form tumor, suggesting that the tumor-forming ability of
KRAS-activated NPCs was moderate and resembled low-grade
or early stage of glioma formation. Given the complex and
diverse clinical and histological characteristics of brain
tumors (58), which type of brain tumor this model mimics
needs to be investigated in further experiments.

To analyze the gene expression profile of KRAS-activated
NPCs and identify the underlying mechanism of NPCs transfor-
mation, RNA sequencing was performed on NPC-KRAS®"P,
normal NPCs and GSCs isolated from tumor cell lines. The
gene expression profile of NPC-KRAS®"*P was similar to that
of GSCs. Functional cluster analysis showed NPC-KRAS®"*P
to be significantly different from normal NPCs with regard to
the regulatory genes involved in neural cell morphology and
differentiation. However, NPC-KRAS®"P exhibited a signifi-
cantly increased expression of regulatory genes involved in
cell proliferation, invasion and glucose metabolism, similar
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to that of GSCs, thus demonstrating its tumorigenic potential.
Seahorse analysis showed that KRAS activation-induced
increase in aerobic metabolism was reversed by adding a
MAPK pathway inhibitor. This indicated that KRAS activa-
tion induced metabolism reprogramming, which is one of the
hallmarks of cancer (59,60).

To understand the role of KRAS in driving NPC trans-
formation, a human brain organoid model was used. KRAS
mutation interfered with normal neural structure formation
and induced notable cell proliferation, which contributed to
glioma formation. Studies in mice and humans have demon-
strated that glioma arises from NPCs with driver mutation in
the subventricular zone (17,61,62). Here, NPCs harboring the
KRAS mutation induced gliomagenesis in this study.

In conclusion, the present study demonstrated a critical role
of KRAS activation in promoting neoplastic transformation of
NPCs and established a simple cellular model to investigate
gliomagenesis.
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