
J Toxicol Pathol 2021; 34: 359–365

Short Communication

Genome editing of Nf1, Pten, and Trp53 in neonatal mice induces 
glioblastomas positive for oligodendrocyte lineage transcription 
factor 2
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Abstract: To generate a mouse glioblastoma model by genome editing, we introduced Cas9 protein and guide RNAs specific for Nf1, 
Pten, and Trp53 into the neonatal mouse forebrain by electroporation. We found a high incidence (approximately 90%) of glial tumor 
development, including glioblastomas, 15 weeks later. The histological features of the tumors were similar to those of diffuse gliomas 
and, in some cases, similar to human glioblastomas, with microvascular proliferation (glomeruloid structure). In addition, unlike 
glial fibrillary acidic protein (GFAP)-positive glioblastomas generated using a similar method in a previous model, the majority of 
tumor cells were positive for oligodendrocyte lineage transcription factor 2, but negative for GFAP and neurofilaments. One base pair 
insertions identical to those seen in a previous model were found around the target sequences in Nf1, Pten, and Trp53, and additional 
deletions were found only in Pten. Considering that the histological characteristics were different from those seen in the previous 
model, our new model provides an additional research tool to investigate the early stages of glioblastoma development. (DOI: 10.1293/
tox.2021-0029; J Toxicol Pathol 2021; 34: 359–365)
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Human glioblastoma is the most malignant primary 
brain tumor, and its highly infiltrative nature makes it dif-
ficult to completely resect by surgery1, 2. The 2016 World 
Health Organization (WHO) classification divided human 
glioblastomas into three types: (i) glioblastoma, IDH wild-
type (~90% of cases), which corresponds most frequently 
with the clinically defined primary or de novo glioblas-
toma in the previous WHO classification (WHO 2007)3; 
(ii) glioblastoma, IDH mutant (~10% of cases), which cor-
responds closely to the so called secondary glioblastoma; 
and (iii) glioblastoma, not otherwise specified4. NF1, PTEN, 
and TP53 are the most commonly mutated tumor suppres-
sor genes in human primary glioblastoma5, 6. Various mouse 
glioblastoma models, such as genetically engineered mod-
els, intracranial xenograft and allograft models, patient-
derived xenograft models, and chemically induced models 
have been reported, with each model having advantages and 

disadvantages7, 8. Zuckermann et al. established a CRISPR/
Cas9-mediated glioblastoma model in mice by simultane-
ously disrupting Nf1, Pten, and Trp53 by injection and elec-
troporation (EP) of plasmid vectors into the forebrain of 
embryos in utero. However, the group did not fully eluci-
date the histopathological characterization of the resulting 
tumors9. In the present study, we successfully reproduced 
this mouse glioblastoma model not by using a plasmid vec-
tor but by directly injecting a ribonucleoprotein (RNP) com-
plex consisting of the Cas9 protein and gRNAs specific for 
Nf1, Pten, and Trp53. Furthermore, we performed detailed 
histopathological and immunohistochemical (IHC) analyses 
of the tumors. For in vivo genome editing, we synthesized 
the following Alt-R™ CRISPR-Cas9 crRNAs (Integrated 
DNA Technologies, Inc., Coralville, IA, USA) to target the 
following sequences (Fig. 1A):
Nf1: 5′-AGTCAGCACCGAGCACAACAAGG-3′
Pten: 5′-AAAGACTTGAAGGTGTATACAGG-3′
Trp53: 5′-ACAGCCATCACCTCACTGCATGG-3′

To prepare the RNP complex, each crRNA was an-
nealed with tracrRNA (Integrated DNA Technologies, Inc.) 
and then mixed with Alt-R™ S.p. Cas9 Nuclease V3 (In-
tegrated DNA Technologies, Inc.) in phosphate-buffered 
saline. The final concentration was 2.5 μg/μL for each an-
nealed gRNA and 1.8 μg/μL for Cas9 nuclease. ICR mice 
were purchased from Charles River Laboratories Japan (Yo-
kohama, Japan), and the RNP complex was introduced into 
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the right side of the forebrains of neonatal (P0) mice by EP, 
as previously reported10 (Fig. 1B). Before EP, the injection 
position was confirmed using trypan blue dye instead of the 
RNP complex (Fig. 1C). The EP parameters are presented in 
Table 1. All mice were maintained under standard housing 
conditions with a 12-h light/dark cycle (light phase, 8:00 am 
to 8:00 pm; dark phase, 8:00 pm to 8:00 am) and were fed 
ad libitum with a regular chow diet (CE-2; CLEA, Tokyo, 
Japan) until necropsy. All animal procedures were approved 
by the Taiho Institutional Animal Care and Use Commit-
tee. For histopathological and IHC analyses, the whole head 
without the mandible was fixed in 10% neutral-buffered 
formalin (FUJIFILM Wako Pure Chemical Corporation, 
Osaka, Japan), decalcified in 10% formic acid (FUJIFILM 
Wako Pure Chemical Corporation), trimmed cross-section-
ally, and then fixed again in 10% neutral-buffered formalin. 
The fixed heads were embedded in paraffin, cut into 2-μm 
thick sections, and stained with hematoxylin-eosin. For IHC 
analyses, heat-induced antigen retrieval was performed in 
citrate buffer at pH 6 (LSI Medience Corporation, Tokyo, 
Japan). The following primary antibodies were used: anti-
oligodendrocyte lineage transcription factor 2 (anti-Olig2; 
EPR2673, 1:250; Abcam, Cambridge, UK), anti-GFAP 
(EPR1034Y, 1:200, Abcam), anti-ionized calcium binding 
adapter protein (anti-Iba-1; 019-19741, 1:500, FUJIFILM 
Wako Pure Chemical Corporation)11, anti-neurofilament 
(anti-NF; ab8135, 1:1,000, Abcam), and anti-Ki67 (SP6, 
1:100, Abcam). The sections were visualized using the poly-
meric method (Nichirei-Histofine Simple Stain MAX PO®; 
Nichirei Biosciences, Tokyo, Japan). The extracranial mass 
was incubated at 55 °C overnight in lysis buffer (50 mM 
Tris-HCl [pH 8.0], 10 mM EDTA, 100 mM NaCl, 1% SDS, 
1% proteinase K), and genomic DNA was then purified by 
phenol/chloroform extraction. Fragments of Nf1, Pten, and 
Trp53 were amplified by PCR using 35 cycles of 94 °C for 30 
s, 60 °C for 30 s, and 72 °C for 1 min. The following primers 
were used:
Nf1-Fw: 5′-TCTTACTTTGTAGCTAGAGGGACATAG-3′
Nf1-Rv: 5′-AATTAATAAGAGAAGCTTCAACGGG-3′
Pten-Fw: 5′-ACTGTGGGCAGTAGGAACTTATAGA-3′
Pten-Rv: 5′-CCTTGTACTGTAATACAAGCCAGAG-3′
Trp53-Fw: 5′-AGAAGTTTGAGGTCATCATTGACTAC-3′
Trp53-Rv: 5′-GTTCAGGGCAAAACTAAACTCTGA-3′

The PCR products were sequenced after cloning to a 
plasmid vector using a TOPO-TA cloning kit (Thermo Fish-
er Scientific K.K., Tokyo, Japan).

Eight out of nine mice were sacrificed at 15 weeks after 
EP (15 weeks of age) to monitor tumor development, and 
one mouse was necropsied on day 39 after EP (5 weeks of 

age) because of a firm protruding mass on the right side of 
the forehead. Upon histopathological evaluation, seven of 
the eight mice sacrificed at 15 weeks after EP had developed 
diffusely infiltrating tumors, and the remaining mouse had 
developed hyperplasia. The tumors were mainly located in 
the right brain where the RNP complex had been injected 
(Fig. 2A); however, in some cases, the tumors had spread 
through the corpus callosum, striatum, or ventricle to the 
opposite side (Fig. 2H). Proliferating tumor cells had poly-
morphic features, including variably shaped nuclei (main-
ly round to elongated, but sometimes irregularly shaped 
and multinucleated) and indistinct cytoplasmic borders 
(Fig. 2B, I). Most tumors had malignant histological fea-
tures, such as hemorrhage, neuronal satellitosis, and Homer 
Wright rosettes, and most showed invasion into the perivas-
cular and ventricular spaces, meninges, and bone marrow 
(Fig. 3B–F). However, only three tumors had microvascular 
proliferations (glomeruloid structures; Fig. 3A). For further 
characterization of the tumors, tissue sections were stained 
for GFAP, as a marker of astrocytes; Olig2, as a marker of 
oligodendrocytes and glial progenitors12; NF, as a marker 
of neurons; Iba-1, as a marker of microglia13; and Ki67, as 
a marker of proliferating cells. In the seven tumors in the 
brain parenchyma, the main population of neoplastic cells 
was positive for Olig2 (Fig. 2C, J) and Ki67 (Fig. 2D, K) 
but negative for NF (Fig. 2E, L). Although GFAP-positive 
stellate cells with prominent processes were distributed 
within or along the edge of the tumors (Fig. 2F, M), the mor-
phological features and distribution of these cells indicated 
that they were reactive astrocytes14. Similarly, Iba-1-posi-
tive cells with increased cellularity, either in or scattered 
around the tumor area (Fig. 2G, N), appeared to be reactive 
microglia15, 16. Based on these histological and IHC results, 
we diagnosed the tumors as gliomas (n=4), including glio-
blastomas (n=3; Tables 2 and 3).

In the mouse necropsied at 5 weeks of age, approxi-
mately half of the mass on the forehead was excised for 
genetic analyses, and the rest of the head was subjected to 
histological evaluation. The latter confirmed an extracra-
nial tumor that was separated from the brain parenchyma 
(Fig. 4A) and included two types of cells: (i) interlacing 
bundles of spindle cells with atypical round to oval nuclei, 
some of which were undergoing mitosis (Fig. 4B), and (ii) 
stellate cells with abundant eosinophilic cytoplasm harbor-
ing round to oval-shaped, and sometimes multiple, nuclei 
(Fig. 4C). The spindle cells consisted of admixed Olig2-pos-
itive cells and Iba-1-positive cells, and atypical nuclei were 
positive for Olig2 (Fig. 4D, E). Stellate cells were positive 
for GFAP (Fig. 4F). Combined with the morphological find-

Table 1.	 Electroporation Parameters
Poring pulse Transfer pulse Resistance 

(Ω)Voltage 
(V)

Width 
(ms)

Interval 
(ms)

Decay 
Rate (%)

No. of 
pulses

Voltage 
(V)

Width 
(ms)

Interval 
(ms)

Decay 
Rate (%)

No. of 
pulses

40 or 60 30 50 10 +3 8 30 50 40 ±3 0.7–1.1
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Fig. 1.	 In vivo genome editing. (A) Sequences targeting Nf1, Pten, and Trp53. The underlined bases represent the PAM sequence. (B) A 
mixture of ribonucleoprotein complexes was injected into the forebrains of neonatal mice (P0), and electroporation was performed. 
(C) The injection position was confirmed by injecting trypan blue dye (arrowhead).

Fig. 2.	 Immunohistochemical analysis of glioblastomas in two mice. (A, H) Low magnification of hematoxylin-eosin (HE) staining of the glio-
blastoma. Diffuse infiltrative growth was seen. (B, I) Higher magnification of HE staining of the glioblastoma. Variably shaped nuclei 
(round to elongated, sometimes irregularly shaped) and indistinct cell borders were seen in neoplastic cells. The arrowhead indicates a 
multinucleated giant cell. (C, J) Oligodendrocyte lineage transcription factor 2 (Olig2) staining. (D, K) Ki67 staining. (E, L) Neurofila-
ment (NF) staining. Neoplastic cells were positive for Oligo2 (including multinucleated giant cell shown in the inset of J) and Ki67, but 
negative for NF. (F, M) Glial fibrillary acidic protein (GFAP) staining. GFAP-positive hypertrophic stellate cells were considered to be 
reactive astrocytes. (G, N) Ionized calcium binding adapter protein (Iba-1) staining. Ramified, bushy, hypertrophic, and ameboid Iba-
1-positive cells were considered to be reactive microglia. (A, H) bar = 1 mm; (B to G) and (I to N), bar = 50 μm. Figure parts B to G and 
I to N correspond to the areas indicated by the squares in (A) and (H), respectively.
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ings (Fig. 4C), some GFAP-positive cells appeared to have 
multiple nuclei. Some other GFAP-positive cells showed an 
astrocyte-like appearance (data not shown). Both spindle 
and stellate cells were negative for NF (Fig. 4G). These re-
sults suggested that this tumor may be an Olig2-positive, 
GFAP-positive glioma derived from the brain parenchyma, 
although the admixed Iba-1 positive cells seemed to be mac-
rophages. No morphological changes were detected in the 
cerebrum of this animal (data not shown). The decalcifica-

Fig. 3.	 Histology of the glioblastomas in three mice. (A) Glomeruloid microvascular proliferation (hematoxylin-eosin [HE] staining). The 
inset shows that neoplastic cells were positive for oligodendrocyte lineage transcription factor 2 (Olig2), but endothelial cells were not. 
(B) Hemorrhage and dilated microvessels (HE staining). (C) Satellitosis at the periphery (arrowheads; HE staining). (D) Homer Wright 
rosettes (HE staining). The inset shows that rosettes were negative for Olig2. (E) Invasion into perivascular spaces (HE staining). (F) 
Invasion into meninges (asterisk) and bone marrow (star; HE staining). (A, C, E), bar = 50 μm; (B, D), bar = 100 μm; (F), bar = 200 μm.

Table 2.	 Incidence of Tumors and Hyperplasia
Age (w) Location Diagnosis No. of 

mice
5 Extracranial Glioma 1
15 Brain parenchyma Glioblastoma 3  

Glioma 4
Hyperplasia 1

Total 9
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Fig. 4.	 Histology of the extracranial tumor. (A) Extracranial tumor found in the forebrain, 39 d after electroporation (hematoxylin-eosin [HE] 
staining). (B) Interlacing bundle of spindle cells. Nuclei of the neoplastic cells were an atypical round to oval shape; mitosis was present 
(HE staining). (C) Stellate cells with abundant eosinophilic cytoplasm. Round-to-oval-shaped nuclei; multiple nuclei were occasionally 
seen (HE staining). (D) Oligodendrocyte lineage transcription factor 2 (Olig2) staining. Atypical, twisted nuclei were positive for Olig2. 
(E) Ionized calcium binding adapter protein (Iba-1) staining. Iba-1-positive cells were diffusely scattered throughout the tumor. (F) Glial 
fibrillary acidic protein (GFAP) staining. Stellate cells were positive for GFAP. (G) Neurofilament (NF) staining. Neoplastic cells were 
negative for NF. (H) Sequence analysis of the extracranial tumor. Wild-type and mutated sequences of Nf1, Pten, and Trp53 are shown 
on the left and the respective frequencies are shown on the right. The insertion and deletion are indicated by a red circle and a hyphen, 
respectively. The arrow, underlined bases, and arrowhead indicate the guide RNA sequence, PAM sequence, and expected cleavage site 
for each gene, respectively. (A), bar = 2 mm; (B to G), bar = 50 μm

Table 3.	 Histopathological Findings in Brain Parenchymal Glial Tumors
             Animal No.  1 2 3 a 4 b 5 6 c 7

             Diagnosis Glioma Glioma Glioblastoma Glioblastoma Glioma Glioblastoma Glioma
Diffuse Infiltration Yes Yes Yes Yes Yes Yes Yes
Atypical Glial Cell Yes Yes Yes Yes Yes Yes Yes
Multinucleated Giant Cell Yes No Yes Yes No Yes Yes
Glomeruloid Microvascular Proliferation No No Yes Yes No Yes No
Pseudopalisading Necrosis No No No No No No No
Satellitosis Yes No Yes No Yes Yes Yes
Hemorrhage Yes Yes Yes Yes Yes No No
Homer Wright Rosette No No No Yes No No No
Invasion, Perivascular Space No Yes Yes Yes Yes Yes Yes
Invasion, Ventricle Yes No Yes Yes Yes Yes No
Invasion,  
Meningeal and Bone Marrow No No Yes No No No No

a Fig. 3F; b Fig. 2A–G, Fig. 3B and D; c Fig. 2H–N, Fig. 3A, C and E.
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tion step with 10% formic acid was not required for the ex-
tracranial tumor, which enabled us to purify genomic DNA 
from the tumor and determine whether indel mutations were 
present. One base pair insertions were found around the 
CRISPR/Cas9 target sequences in Nf1, Pten, and Trp53 and 
these insertions were identical to those previously reported 
in another model9. Additional deletions (Δ4, Δ14, and Δ10 
bp) were also found, but only in Pten (Fig. 4H). These data 
suggested that the frameshift mutations caused by genome 
editing resulted in a loss of protein expression, which led to 
gliomagenesis.

In this study, we simultaneously edited three tumor 
suppressor genes (Nf1, Pten, and Trp53) in the forebrains 
of neonatal (P0) mice and succeeded in producing glial tu-
mors that were positive for Olig2 and negative for GFAP, 
Iba-1, and NF. Some tumors (5/9) were diagnosed as glio-
mas based on histological features (nuclear atypia, mitotic 
activity, satellitosis, invasion into the perivascular space, 
appearance of multinucleated giant cells, and microglial 
infiltration). These Olig2-positive tumors may have been 
oligodendrogliomas, although this diagnosis seems unlikely 
because they did not show the typical “honeycomb” pattern 
of oligodendrogliomas. In addition to the above-mentioned 
histological features, some tumors (3/9) were diagnosed as 
glioblastomas based on glomeruloid microvascular prolif-
eration, which is a histological hallmark that distinguishes 
glioblastomas from lower-grade gliomas in humans2, 17. No-
tably, microglial infiltration was prominent, as reported in 
human glioblastomas (up to 30% of the entire tumor mass)18. 
In one of the glioblastomas, Homer Wright rosettes were 
found focally in the Olig2-positive tumor area, but the ro-
settes were negative for Olig2 and GFAP. These findings are 
similar to the pattern so called “human glioblastoma with 
primitive neuronal component”, which typically display the 
loss of glial marker expression4. These results strongly in-
dicated that our model mimicked the histopathological fea-
tures of human gliomas and glioblastomas.

The extracranial tumor that developed in one mouse 
consisted of Olig2-positive neoplastic cells, GFAP-positive 
cells, and Iba1-positive cells. Unlike intracranial tumors, it 
seems unlikely that normal astrocytes and normal microglia 
were present in the extracranial tumors. Therefore, we con-
cluded that some of the GFAP-positive cells were neoplastic 
cells, and the Iba-1 positive cells were macrophages. Be-
cause mutations in the targeted genes were found in the ex-
tracranial tumor, it was likely that genome editing occurred 
in the brain parenchymal cells. These cells may have exuded 
out of the skull and proliferated in the extracranial region, 
which was then infiltrated by macrophages. Based on these 
histological and molecular features, we diagnosed the extra-
cranial tumor as a glioma, although we did not observe any 
contact between the tumor and the brain parenchyma.

Zuckerman et al. reported that simultaneous mutations 
in Nf1, Pten, and Trp53 genes in the mouse forebrain results 
in highly aggressive tumors resembling human glioblasto-
mas 6 to 14 weeks after in utero EP. The histological fea-
tures of their glioblastoma model, such as highly prolifera-

tive pleomorphic neoplastic cells, multinucleated cells, and 
microvascular proliferation, were almost the same as those 
found in our model; however, they also observed focal ne-
crosis, which was barely found in our model. In addition, the 
incidence of glioblastoma was higher in their model (8/8) 
than in our model (3/9). Furthermore, in their model, the 
neoplastic cells were GFAP-positive, but in our model they 
were Olig2-positive (except for the extracranial tumors). 
These discrepancies may be partly explained by differences 
in the timing of genome editing; that is, at the neurogenesis 
stage (E14.5) in their model and the gliogenesis stage (P0) 
in our model. Neural stem cells distributed in the ventricular 
and subventricular zones of the lateral ventricles continu-
ously differentiate into neuronal cells from E10 to E17.5, and 
then to glial cells from E17.5 to P1019. Thus, the develop-
mental stage of genome-edited cells may affect the genesis 
of glioblastoma. In addition, neither model analyzed time-
dependent changes in glioblastoma incidence. Furthermore, 
pseudopalisading necrosis can be caused by hypoxia due to 
compromised vascular function and obstruction of tumor 
blood vessels2, so the glioblastoma in our model may have 
led to a hypoxic condition if we had observed the mice for 
a longer period. Therefore, we sought to determine whether 
the glioblastoma incidence increased and pseudopalisad-
ing necrosis was observed after a longer period than the 15 
weeks used in our model.

Non-homologous end joining-mediated repair should 
randomly induce various mutations20. Our finding of identi-
cal mutations (1 bp insertions) to those seen in the previous 
model in the CRISPR/Cas9 target sequences of Nf1, Pten, 
and Trp53 in the extracranial tumor, despite using a differ-
ent CRISPR/Cas9 delivery system (RNP complexes) than 
the previous model (plasmid vector)9, was noteworthy. Al-
though we were unable to analyze the mutations in the in-
tracranial glial tumors because of DNA degradation caused 
by decalcification with formic acid, the same mutations may 
have also occurred in these tumors. We are currently per-
forming a study to investigate this possibility and monitor 
tumor progression for longer than 15 weeks after EP.

In conclusion, we successfully developed a mouse glio-
ma/glioblastoma model using in vivo EP of RNP complexes 
targeting Nf1, Pten, and Trp53 into the forebrains of neona-
tal mice. The histological features of the tumors mimicked 
those commonly found in diffuse gliomas and glioblasto-
mas in humans. Because our model used a different method 
and timing of genome editing than the previously reported 
model and resulted in unique histological characteristics, 
it represents an additional research tool to investigate the 
early stage of gliomagenesis.

Disclosure of Potential Conflicts of Interest: All authors 
are employees of Taiho Pharmaceutical Co., Ltd., Tsukuba, 
Ibaraki, Japan.
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