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Diffuse midline gliomas (DMGs) are a deadly class of pediatric 
high-grade brain cancers. Approximately 80% of pontine 
DMGs feature a dominant, somatic, heterozygous point muta
tion in the non-canonical histone H3.3-coding gene H3-3A. 
This dominant-negative mutation replaces lysine 27 with 
methionine (K27M) and prevents global K27 di- and tri- 
methylation of all wild-type histone H3 proteins. We aimed 
to target the H3.3K27M oncohistone pre-mRNA with splice- 
switching antisense oligonucleotides (ASOs) designed to pro
mote skipping of H3-3A exon 2, as this constitutive exon com
prises both the K27M mutation and the natural in-frame start 
codon of the gene. The lead ASO identified in a systematic 
screen specifically induced H3-3A exon 2 skipping, did not 
affect expression or splicing of the paralog gene H3-3B—which 
also encodes histone H3.3—and restored global H3K27me3 
marks in patient-derived DMG cells grown as neurospheres. 
Furthermore, the lead ASO reduced proliferation and 
extended survival in a patient-derived orthotopic xenograft 
tumor mouse model. Our results show the potential of exon- 
skipping ASOs targeting H3-3A exon 2 as a therapeutic option 
for H3.3K27M-altered DMG. More generally, they exemplify 
the strategy of using ASOs to induce skipping of a constitutive 
exon to effectively achieve gene downregulation.

INTRODUCTION

Pediatric high-grade gliomas (pHGGs) are a deadly class of pediatric 
brain cancers that account for 10%–15% of all pediatric brain tu
mors.1–3 pHGGs can be divided into four classes, each with its 
own unique localization, mutations, and outcomes.4 One such class, 
driven by a lysine27-to-methionine (K27M) mutation in histone H3 
(H3), is termed H3K27M-altered diffuse midline glioma (DMG) and 
occurs in midline structures such as the pons. These tumors are espe
cially deadly, with a median survival after diagnosis of 10 months 
that can be attributed to these tumors’ midline location and diffuse 
nature. Radiation therapy is the mainstay palliative treatment option 
to provide symptom relief and delay disease progression.5

H3K27M mutations are observed in either of two genes, H3C1 and 
H3-3A, encoding the non-canonical histone variants H3.1 and 

H3.3, respectively.6 A heterozygous somatic A>T point mutation 
in the gene H3-3A is found in 70%–80% of pontine DMGs and is 
the more common of the two K27M mutations.7–9 This lysine-to- 
methionine substitution causes a global reduction in the levels of 
H3K27me3 in all histone H3 variants, including wild-type (WT) 
H3.1, H3.2, and H3.3 histones.10,11 H3.3K27M binds and interferes 
with the enhancer of zeste homolog 2 (EZH2) methyltransferase sub
unit of Polycomb repressive complex 2 (PRC2), explaining the global 
reduction of di- and tri-methylation on all histone H3 proteins.12

The emergence of H3K27M and consequent global loss of 
H3K27me3 are thought to be driving events in tumorigenesis. Two 
studies showed that knockdown via short hairpin RNA (shRNA) 
or knockout via CRISPR of H3.3K27M reduces tumor burden, ex
tends latency, and restores differentiation programs.13,14 In both 
studies, patient-derived glioma cell lines were treated in culture prior 
to establishment of patient-derived xenografts (PDXs) in mice.

We sought to use a potentially therapeutic method to downregulate 
H3.3K27M following xenograft establishment. Antisense oligonucle
otides (ASOs) are synthetic nucleotide polymers that can be designed 
to bind any RNA target via Watson-Crick base pairing and typically 
include chemical modifications that prevent nuclease degradation, 
improve cellular uptake and target binding, and block innate im
mune activation.15 At present, 14 ASOs for conditions such as 
Duchenne muscular dystrophy and familial hypercholesterolemia 
have been approved by the US Food and Drug Administration 
(FDA) or European Medicines Agency (EMA), and several others 
are in clinical trials for oncological disorders.16–19 We previously 
showed that the RNase H-active modality of ASOs is effective at 
downregulating H3.3K27M oncohistone expression, extending sur
vival in two murine models of H3.3K27M-altered DMG.20
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Although the genes coding for canonical histones are intronless, the 
H3-3A and H3-3B genes coding for the non-canonical histone H3.3 
do contain introns, and thus, their pre-mRNAs undergo splicing.21

Here, we aimed to exploit this feature to develop a gene-specific 
splice-switching ASO targeting H3-3A to induce skipping of exon 2, 
which contains the natural start codon and eponymous K27M muta
tion. Following ASO treatment, the skipped mRNA lacks a start codon, 
preventing translation of the H3.3K27M histone. While this approach 
targets WT H3-3A, this is not expected to be detrimental because H3- 
3A’s paralog, H3-3B, codes for the identical histone H3.3 and is ubiq
uitously expressed. Furthermore, the H3f3a and H3f3b orthologs in 
mice are genetically redundant.22,23 We thus report the development 
and validation of a splice-switching ASO that induces H3-3A exon 2 
skipping and downregulates mutant H3.3K27M in vitro and in vivo 
in a murine mouse model of H3.3K27M-altered DMG.

RESULTS

Designing ASOs to induce skipping of H3-3A exon 2

To induce H3-3A exon 2 skipping, we designed ASOs to target one of 
the essential elements for pre-mRNA splicing, the 5′ splice site. Steri
cally blocking this site should prevent binding of the U1 snRNP (small 
nuclear ribonucleoprotein) and subsequent spliceosome assembly and 
splicing of this constitutive exon.24 Our goal was to target H3-3A in a 
gene-specific manner, sparing the paralog gene H3-3B. These two 
genes differ in overall size and exon-intron structure (Figure S1A), 
and although they both have an intron at the same position and in 
the same +1 phase of their first partially coding exon, there is substan
tial sequence divergence between them in and around these 5′ splice 
sites (Figure S1B). Thus, we performed a “micro-walk” with 17 ASOs 
positioned along the H3-3A exon 2 5′ splice site, with their target sites 
shifted in one-nucleotide “steps” (Figure 1A). The full list of ASOs 

(ASO58–74) tested is in Table S1. All ASOs screened were 20 nt long 
and modified with 2′-O-methoxyethyl (2′-MOE) groups, a phosphor
othioate (PS) backbone, and methylated cytosines (5meCs) 
(Figure 1B).

We performed the ASO micro-walk by co-transfection with our pre
viously described H3-3A minigene into HeLa cells.20 The minigene 
comprises H3-3A exons 1, 2, and 3 with intact introns in a 
pcDNA3.1(+) plasmid vector. The vector also has a T7 promoter, 
such that we can amplify exogenous H3-3A by placing the forward 
primer in the T7 promoter and the reverse primer in exon 3, allowing 
us to capture RT-PCR amplicons with exon 2 included or skipped. 
All 17 ASOs screened induced H3-3A exon 2 skipping, compared 
to a non-treatment control of exogenous H3-3AK27M, with percent 
spliced in (PSI) ranging from 1% (ASO59) to 38% (ASO63) at 
100 nM ASO (Figure 1C). We confirmed the sequence of the skipped 
cDNA product by Sanger sequencing (Figure S2). Additional prod
ucts with slower electrophoretic migration represent potential 
intron-retention and other mis-splicing events.

Next, we performed the micro-walk in a patient-derived glioma cell 
line, SU-DIPG-XIII, grown in neurosphere culture. This cell line 
was originally established from autopsy material from a patient diag
nosed with H3.3K27M-altered DMG, formerly termed diffuse 
intrinsic pontine glioma.25 We introduced the ASOs at 4 μM by free 
uptake (gymnosis) and again observed that all 17 ASOs induced H3- 
3A exon 2 skipping (Figure S3). We measured endogenous H3-3A 
mRNA with primers located in exons 1 and 3 to capture the full-length 
and exon-2-skipped isoforms. Based on the results of both micro-walk 
screens, we selected ASO59 (5′-TTCCTGTTTTTTAATACCTG-3′) as 
the lead splice-switching ASO.
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Figure 1. Micro-walk screen of ASOs along the 5′

splice site of H3-3A exon 2 

(A) Seventeen ASOs were designed to target the 5′ splice 

site of H3-3A exon 2. All ASOs were 20-mers, uniformly 

modified with 2′O-methoxyethyl (2′-MOE) groups, 

phosphorothioate (PS) linkages, and 5-methyl 

cytosines. The H3.3K27M mutation site is denoted in 

red. The 5′ splice site is bolded. Uppercase letters 

represent exonic sequences; lowercase letters 

represent intronic sequences. (B) Comparison of 

phosphodiester (PDE) bases with 2′-MOE-PS bases. 

Differences between PDE and 2′-MOE-PS bonds are 

denoted in blue. Created with BioRender.com. (C) ASO 

screen via co-transfection of 100 nM ASO and 200 ng 

mutant H3-3AK27M minigene plasmid in HeLa cells for 

48 h. RT-PCR amplicons are derived from exogenous 

H3-3A mRNA through use of a forward primer specific 

to the minigene plasmid backbone. Percent spliced in 

(PSI) with reference to H3-3A exon 2 is labeled below 

each sample.
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ASO59 induced dose-dependent H3-3A exon 2 skipping in the 

minigene model

Following nomination of ASO59 as our lead splice-switching ASO, 
we performed a dose-response experiment to measure its potency 
in inducing H3-3A exon 2 skipping. We performed this with both 
WT H3-3AWT and mutant H3-3AK27M minigenes, as ASO59 targets 
the 5′ splice site region, which does not overlap the mutation site. 
ASO59 induced H3-3A exon 2 skipping in both minigenes in a 
dose-dependent manner, with an EC50 of 9 nM for the WT minigene 
and 6 nM for the mutant H3-3AK27M minigene (Figure 2). A 
scramble-sequence control ASO (ASO C1) of the same length and 
chemical modifications as ASO59 failed to induce exon 2 skipping, 
with the PSI remaining at 100%. We also tested an on-target, 
splicing-neutral control ASO (ASO C2) that binds to H3-3A exon 
2 upstream of the H3.3K27M mutation, and it likewise failed to pro
mote exon 2 skipping (Figure S4A). Furthermore, neither our con
trol ASOs nor ASO59 induced detectable exon skipping or changed 
the levels of the H3-3B transcript. Sequences for ASOs C1 and C2 are 
listed in Table S1.

Our minigene was designed to express protein, as the H3-3A insert 
comprises the natural upstream Kozak sequence and start codon 
in H3-3A exon 2, plus an added in-frame stop codon at the end of 
H3-3A exon 3. The mutant minigene expressed H3.3K27M histone 
detectable by immunoblotting (Figure S4B). As expected, the protein 
expressed from the WT minigene did not react with the H3.3K27M- 
specific antibody. The product observed in the immunoblot is 
smaller than the endogenous 17-kDa histone H3.3 because the mini
gene lacks H3-3A exon 4, which codes for the C-terminal portion of 
the protein. Co-transfection of the mutant H3-3A minigene and 
ASO59 led to reduced mutant H3.3K27M protein expression, rela
tive to a mutant H3-3AK27M minigene-only control (Figure S4C).

Validation of the lead ASO in additional patient-derived cell lines

Next, we tested ASO59’s effectiveness at inducing H3-3A exon 2 
skipping in two additional patient-derived neurosphere lines kindly 
provided by Dr. Michelle Monje (Stanford University). In addition 
to SU-DIPG-XIII described above, we used a WT H3.3 glioma cell 
line, WT-H3.3, and another H3.3K27M-altered DMG cell line, SU- 
DIPG-XXIX.26 We administered ASOs via free uptake at 1 and 
4 μM doses for 48 h and observed endogenous H3-3A exon 2 skip

ping in a dose-dependent manner with ASO59 administration but 
not with ASO C1 administration (Figure 3A). Again, we verified 
that neither ASO C1 nor ASO59 induced exon skipping in H3-3B. 
ASO59 induced H3-3A exon 2 skipping in all three cell lines, as ex
pected, because ASO59 is gene specific but not allele specific.

We next harvested protein lysates from WT-H3.3, SU-DIPG-XIII, and 
SU-DIPG-XXIX cells treated with the ASO C1 or ASO59 via free up
take. We confirmed that the WT-H3.3 cell line did not express 
H3.3K27M and did not exhibit any changes in global H3K27me3, 
H3K27ac, or total H3.3 expression following ASO treatment 
(Figure 3B). In contrast, H3.3K27M was reduced, and global 
H3K27me3 was restored following ASO59 treatment in mutant 
H3.3K27M-altered cell lines. H3.3K27M expression was unchanged 
after ASO C1 treatment. In addition to measuring H3.3K27M and 
H3K27me3, we also stained for H3K27ac, as this histone modification 
has previously been reported to be increased in mutant H3.3K27M- 
altered gliomas and is mutually exclusive with H3K27me3 marks.27

ASO59 resulted in decreases in both H3.3K27M and global 
H3K27ac, with concomitant restoration of global H3K27me3 in 
ASO59-treated SU-DIPG-XIII and SU-DIPG-XXIX neurospheres.

Following delivery of ASOs via free uptake, the free-floating neuro
sphere morphology was unchanged in the WT H3.3 cell line; this 
result was expected, as the causative tumor-driving mechanism for 
this cell line is independent of H3.3K27M (Figure 3C). We also 
observed no differences in morphology or average neurosphere size 
in H3.3K27M-altered cell lines, whether untreated or treated with 
the ASO C1. In contrast, both SU-DIPG-XIII and SU-DIPG-XXIX ex
hibited neurite-like projections and significantly reduced neurosphere 
size following ASO59 treatment at 4 μM for 5 days (Figure 3D). In 
general, neurospheres in cell culture are generated by self-renewal of 
neural progenitor cells and aggregation; under conditions that pro
mote differentiation, neurospheres undergo morphological changes, 
including surface adhesion, neurite outgrowth, and decreased 
size.28–30 Thus, the mutant H3.3K27M-altered neurospheres treated 
with ASO59 appear to undergo differentiation.

ASO59 inhibited cell proliferation and cell-cycle progression

To characterize the cellular phenotypes following ASO59 adminis
tration in SU-DIPG-XIII and SU-DIPG-XXIX, we performed a 
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time-course proliferation assay using flow cytometry and observed 
that ASO59 at both 1 and 4 μM doses significantly reduced prolifer
ation, compared to the non-treated and ASO C1-treated controls 
(Figure 4A). The proportion of viable cells remained similar between 
treatment groups at each time point, consistent with ASO59 
reducing proliferation rather than increasing apoptosis (Figure 4B).

The decrease in SU-DIPG-XIII cell proliferation following ASO59 
treatment, without a concomitant decrease in the percentage of 
viable cells related to the treatment, suggests inhibition of cell-cycle 
progression. It was previously reported that H3.3K27M inhibits the 
promoter of P16/CDKN2A, a tumor-suppressor gene that slows cell 
division by acting as a checkpoint inhibitor at the G1-to-S phase of 

the cell cycle.31 Thus, a larger proportion of H3.3K27M-altered cells 
are in S phase, compared to WT-H3.3 cells. Here, we observed a 
similar effect in SU-DIPG-XIII cells: untreated and ASO C1-treated 
cells exhibited a higher proportion of cells in S and G2 phases than 
ASO59-treated cells (Figure 4C). Following ASO59 treatment, the 
proportion of cells in G0/G1 phase increased to a statistically signif
icant degree, compared to non-treated and ASO C1-treated samples. 
Furthermore, the proportion of cells in S and G2/M phases decreased 
significantly following ASO59 treatment. We conclude that ASO59 
treatment in SU-DIPG-XIII neurospheres limited proliferation by 
blocking cell-cycle progression rather than by inducing extensive 
programmed cell death, as evidenced by the limited decrease in 
cell viability over time.

Figure 3. ASO59 causes H3-3A exon 2 skipping, restores H3K27me3, and reduces neurosphere size in patient-derived neurosphere cell lines 

(A) RT-PCR gel of mRNA from the indicated patient-derived glioma cells grown as neurospheres and treated with ASO C1 (Scr) or ASO59 via free uptake for 5 days. Mean and 

standard deviation (SD) for each treatment are shown below (n = 3). (B) Immunoblot of protein extracted from WT-H3.3, SU-DIPG-XIII, and SU-DIPG-XXIX neurospheres 

following free uptake of ASO C1 (Scr) or ASO59 for 5 days. Fold change (FC) and SD are labeled below each sample (n = 3). (C) Morphology of WT-H3.3, SU-DIPG-XIII, and 

SU-DIPG-XXIX patient-derived glioma cell lines following treatment with ASO C1 or ASO59 via free uptake for 5 days. Black arrowheads represent neurite-like outgrowth. Size 

bars represent 200 μm. (D) Quantification of average neurosphere area following no treatment (NT), free uptake of ASO C1 (4 μM), or free uptake of ASO59 (4 μM) for 5 days (n 

= 3). Data are represented as mean (SD). Neurosphere size differences between treatment groups were analyzed by ANOVA followed by pairwise comparisons using two- 

sample t tests (*p = 0.0169, **p = 0.0016, and ****p < 0.0001).
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PDX model of H3.3K27M-altered DMG

To study the effect of ASO59 in a preclinical mouse model of 
H3.3K27M-altered DMG, we established PDXs of SU-DIPG-XIII 
in NOD-scid IL2rγnull (NSG) mice. The method for establishing 
PDXs from patient-derived glioma neurospheres was previously 
described and also employed in our lab.20,32 We injected 50,000 lucif
erase-expressing SU-DIPG-XIII cells directly into the fourth 
ventricle/pons of postnatal day (P)1–P2 mouse pups and tracked tu

mor location and growth via bioluminescence imaging on P21 
(Figure 5A). We performed hematoxylin and eosin (H&E) staining 
and observed that the vehicle- and ASO C1-treated tumors were 
highly proliferative and aggressive, with characteristic features 
including angiogenesis and pseudo-palisades surrounding areas of 
central necrosis (Figure 5B). We confirmed that our PDX of 
H3.3K27M-altered DMG recapitulated previously characterized fea
tures of DMGs, including expression of H3.3K27M that co-localizes 
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(A) Proliferation time course of SU-DIPG-XIII (top) and SU-DIPG-XXIX (bottom) cells following ASO C1 or ASO59 free uptake (n = 3). Viable cells on day 7 were analyzed by 

one-way ANOVA (XIII: p = 0.0063; XXIX: p = 0.0004) with Tukey’s multiple comparisons test for SU-DIPG-XIII (NT vs. ASO59 [1 μM]: *p = 0.0475; NT vs. ASO59 [4 μM]: *p = 

0.0309; ASO C1 [1 μM] vs. ASO59 [1 μM]: *p = 0.0438; ASO C1 [1 μM] vs. ASO59 [4 μM]: *p = 0.0285) and SU-DIPG-XXIX (NT vs. ASO59 [1 μM]: **p = 0.0011; NT vs. ASO59 
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(factors: time, treatment). Data represented as mean (SD). ns, not significant. (C) Cell-cycle analysis of SU-DIPG-XIII cells following treatment with ASO C1 or ASO59 via free 

uptake on day 7 post-treatment (n = 3). Data are represented as mean (SD). Proportion of cells in each cell-cycle phase analyzed by ANOVA followed by pairwise com

parisons using two-sample t tests (not significant [ns], *p = 0.0353, ***p < 0.001, and ****p < 0.0001).
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with the human-specific marker hNCAM (Figure 5C), as well as high 
expression of the proliferative marker Ki67 and the oligodendrocyte 
precursor marker Olig2 (Figure 5D).

To visualize ASO biodistribution in mouse brain tissue after delivery 
via intracerebroventricular (ICV) injection, we used an antibody, 
PS03, designed to detect the PS backbone.33 We validated this anti
body in HeLa cells (Figure S5A) and SU-DIPG-XIII cells 
(Figure S5B), into which we delivered ASOs via transfection or 
free uptake for 24 h. Following indirect immunofluorescence (IF) 
detection with co-staining for cytoplasmic tubulin and nuclear 
DAPI, we observed that both delivery methods resulted in all cells ex
hibiting cytoplasmic localization of the ASO, detectable with the 
PS03 antibody. We next performed IF staining in mouse brain tissues 
with established SU-DIPG-XIII xenografts, comparing samples that 
did or did not receive 200 μg ASO via ICV injection. We observed no 
signal for PS03 in the cortex and pons of the vehicle-treated sample 
but observed a signal in both the cortex and pons of the ASO59- 
treated sample (Figure S6). Therefore, we conclude that ICV admin
istration not only leads to ASO uptake in the target region of the pons 
and tumors but also in the CNS as a whole in our PDX model.

ICV injection of ASO59 induced H3-3A exon 2 skipping and 

restored global H3K27me3 in the PDX mouse model

Following validation of tumor establishment on P21 by biolumines
cence, we performed blinded 2 μL injections of vehicle control (sa
line), ASO C1 (200 μg), or ASO59 (200 μg). After 7 days, we observed 
significantly reduced bioluminescence signals in the ASO59-treated 
tumors, relative to both the vehicle and ASO C1 controls (Figure 6A). 
Analysis of RNA extracted from the tumors revealed H3-3A exon 2 
skipping in ASO59-treated tumors compared to no skipping in ASO 
C1-treated tumors (Figure 6B). We also confirmed that H3-3B 
showed no differences in splicing or expression following control 
ASO C1 or ASO59 treatment. Furthermore, we observed that 
H3.3K27M protein expression decreased and global H3K27me3 
increased following ASO59 treatment (Figure 6C). Survival was 
significantly extended following ASO59 treatment, with the median 
survival extending from 26 days in vehicle- and ASO C1-treated mice 
to 43 days in ASO59-treated mice (Figure 6D). Tumor samples were 
then analyzed in a blinded fashion and assigned severity scores of 1 
(least severe) to 4 (most severe) for infiltration, where less infiltration 
suggests slower growth and expansion. ASO59 treatment prevented 
tumors from reaching a severity score of 4, with a mean severity score 

Figure 5. Patient-derived xenograft model of 

H3.3K27M-altered DMG 

(A) Schematic of patient-derived xenograft tumor estab

lishment using luciferized SU-DIPG-XIII cells in NSG mice. 

(B) Representative H&E stain of one vehicle-treated and 

one ASO C1-treated tumor, with black arrowheads 

indicating representative pseudo-palisades surrounding 

areas of central necrosis and green arrowheads 

indicating increased vascular proliferation. Images were 

taken at 10× magnification, and the scale bar 

represents 50 μM. (C) Representative IF images of 

DAPI, human-specific marker hNCAM, and H3K27M 

from a vehicle-treated tumor. Dashed lines indicate 

the tumor and normal-adjacent tissue border. 

Representative co-labeling of NCAM and H3K27M is 

indicated with white arrowheads. Images were taken at 

40× magnification, and scale bars represent 50 μM. (D) 

Representative IF images of DAPI, proliferative marker 

Ki67, and glioma marker Olig2 in a vehicle-treated 

tumor. Dashed lines indicate the tumor and normal- 

adjacent tissue border. Representative co-labeling of 

Ki67 and Olig2 is indicated with white arrowheads. 

Images were taken at 20× magnification, and scale 

bars represent 100 μm.

Molecular Therapy: Nucleic Acids

6 Molecular Therapy: Nucleic Acids Vol. 37 September 2026 



of 2.0, compared to vehicle and ASO C1 treatment, which resulted in 
a higher proportion of tumors with the greatest severity and a mean 
score of 2.57 (Figure 6E).

ASO59 reduced proliferation and induced differentiation in the 

PDX mouse model

We next assessed the effect of ASO59 on proliferation and differen
tiation in our H3.3K27M-altered DMG PDX model. We performed 
IF on normal mouse tissue, ASO C1-treated tumors, and ASO59- 

treated tumors, and we observed that Ki67 was absent in normal 
adjacent tissues, highly expressed in ASO C1-treated tumors, and 
downregulated in ASO59-treated tumors, relative to total cell num
ber (Figure S7). We also performed H&E staining for all samples, 
again observing the classic histological features of high-grade gli
omas, including high vascularization and pseudo-palisades sur
rounding areas of central necrosis in the vehicle control and ASO 
C1-treated samples (Figure 7A). We performed blinded histological 
feature analysis for each tumor, based on the degree and extent of 
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Figure 6. ASO59 reduces tumor size, induces H3-3A exon 2 skipping, restores H3K27me3, and extends survival in an H3.3K27M-altered DMG patient- 

derived xenograft model 

(A) Comparison of bioluminescence (measured in radians) of vehicle-treated, ASO C1-treated, and ASO59-treated mice (n = 7) at postnatal day 28. Each point represents one 

sample, with mean luminescence shown by a horizontal line. Measurements of bioluminescence were analyzed by ANOVA, followed by pairwise comparisons (***p < 0.001). 

(B) Representative RT-PCR gel and quantification of H3-3A, H3-3B, and GAPDH obtained from tumor samples treated with ASO C1 or ASO59. Percent spliced in (PSI) values 

are shown below each lane, and overall quantification of PSI mean (SD) is shown in the bar graph. PSI was compared using a Student’s t test (n = 3, ***p < 0.001). (C) 

Immunoblot of H3K27M, H3K27me3, H3K27ac, total histone H3, and loading-control tubulin from tumor tissues of ASO C1-treated or ASO59-treated mice. Relative 

expression mean (SD) of H3K27M (***p < 0.001) and H3K27me3 (**p = 0.0067) between ASO59-treated and ASO C1-treated samples (n = 3) is graphed on the right and 

compared using a Student’s t test. (D) Kaplan-Meier curve of mouse cohorts following vehicle, ASO C1, or ASO59 ICV injection (n = 7 for each treatment group). Median 

survival for vehicle-treated (26 days), ASO C1-treated (26 days), and ASO59-treated (43 days) groups is depicted with vertical dashed lines. Log rank (Mantel-Cox) analysis 

was performed (p < 0.001). (E) Proportion of tumor severity scores for tumors treated with vehicle control, ASO C1, and ASO59 (n = 7 mice per treatment group), with 1 as 

least severe and 4 as most severe.

www.moleculartherapy.org 

Molecular Therapy: Nucleic Acids Vol. 37 September 2026 7 



evidence of neural and glial cell differentiation, with a score of 1 be
ing the least differentiated and a score of 4 the most differentiated. 
We observed that, although all tumors were of histological grade 
IV, characteristic of most H3K27M-altered DMG tumors, the 
ASO59-treated tumors exhibited greater glial, neuronal, and overall 
differentiation than the vehicle control and ASO C1-treated tumors 
(Figure 7B). Thus, from a histological perspective, ASO59 reduced 
proliferation and induced differentiation, as evidenced by the down
regulation of Ki67+-expressing cells and the histological grading, 
respectively.

DISCUSSION

Here, we report the development of a splice-switching ASO designed 
to induce skipping of a constitutive exon and thus downregulate the 
oncohistone gene with the causative mutation in H3.3K27M-altered 
DMG. Our lead ASO, ASO59, targets the 5′ splice site of H3-3A exon 
2, which contains both the eponymous H3.3K27M mutation and the 
natural start codon for the gene. We observed ASO59-induced H3- 
3A exon 2 skipping consistently across our H3-3A minigene model, 
in multiple patient-derived DIPG cell lines, and in an orthotopic 
PDX mouse model.

The histone variant H3.3 is encoded by two paralogs, H3-3A and H3- 
3B. Although the proteins encoded by each gene are identical, the 
H3-3A and H3-3B nucleotide sequences are divergent, including at 
their respective exon 2 5′ splice sites, as well as in their overall size 
and exon-intron structure (Figure S1). As a result, ASO59 specifically 
targets H3-3A without inducing exon 2 skipping in H3-3B, thereby 
preserving WT histone H3.3 expression. Thus, the treatment should 
affect the tumor cells, which are dependent on H3.3K27M, but not 

Figure 7. ASO59 induces differentiation of glial and 

neuronal cells in an H3.3K27M-altered DMG PDX 

model 

(A) Representative H&E staining of sagittal sections ob

tained from healthy control (top left), vehicle-treated (top 

right), ASO C1-treated (bottom left), and ASOS59-treated 

(bottom right) mice. Representative regions within the 

pontine tumors are magnified to the right of each 

sagittal section, indicating pseudo-palisades 

surrounding central necrosis (black arrowhead) and 

vascular proliferation (green arrowhead). (B) Histological 

scoring of vehicle-treated, ASO C1-treated, and 

ASO59-treated tumors (n = 7 mice per treatment group) 

for glial differentiation (left), neuronal differentiation 

(middle), and total differentiation (right) on a scale of 1– 

4, with 1 as absent to low and 4 as abundant.

normal tissues, which do not express the 
mutant oncohistone and continue to express 
the WT histone from the H3-3B paralog. Our 
approach underscores a broader therapeutic 
strategy of exon skipping to suppress transla
tion of pathogenic alleles, especially in the 
case of dominant-negative mutations in genes 

that are either non-essential or functionally compensated by 
paralogs.

Targeting the exon containing the major start codon of a gene for 
skipping can effectively reduce translation and is applicable in the 
context of H3K27M-altered DMG. Whereas ASO59 induced near- 
total H3-3A exon 2 skipping in our minigene model, we observed 
a more modest exon skipping effect in both the patient-derived 
cell lines and PDXs. We attribute this in part to the delivery method, 
i.e., Lipofectamine transfection vs. free uptake (gymnosis), respec
tively. Other potential explanations include the incomplete uptake 
of ASO59 by all cell types that compose the neurosphere or by cell 
nuclei or the contamination of the tumor samples with surrounding 
normal tissue and the microenvironment, considering that the RT- 
PCR assay does not distinguish between the human and murine or
thologs. For these reasons, the reduction in the mutant H3.3K27M 
protein, which is expressed only in the tumors and is detected by 
western blotting with a mutant-specific antibody, is the most reliable 
and relevant measure of ASO-mediated knockdown.

The H3.3K27M mutation is a dominant-negative alteration that dis
rupts global K27 tri-methylation across all the WT H3 histones. Prior 
studies demonstrated that knockdown or knockout of H3.3K27M 
globally restores the H3K27me3 marks.13,14 In line with this, our 
lead ASO, ASO59, inhibited translation of the mutant H3.3K27M 
oncohistone and restored global H3K27me3 marks in patient- 
derived cell lines and a PDX model. Restoration of global 
H3K27me3 by ASO59 in turn reduced proliferation and prevented 
S -phase cell-cycle entry, shifting cells from S phase and G2/M phase 
to G1 phase. This result corroborates published work highlighting 
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the role of mutant H3K27M as an inhibitor of an important cell-cycle 
checkpoint inhibitor, p16.31 Finally, we observed reduced prolifera
tion, increased differentiation, and prolonged survival following 
ASO59 treatment of a PDX model.

ASO59 significantly prolonged survival, though it did not eliminate 
tumor burden. This outcome mirrors previous findings with our lead 
“gapmer” ASO, which likewise prolonged survival but did not 
achieve full tumor eradication.20 Several factors may contribute to 
this limitation, including failure to target all tumor cells, potential 
resistance mechanisms, or an ASO dosing regimen that is insufficient 
to overcome the aggressive growth kinetics or tumor burden of the 
particular H3K27M-altered DMG xenograft model. Nevertheless, 
our study demonstrates that a single dose of splice-switching ASO 
can effectively limit tumor growth and extend survival. Clinically, 
ASOs may offer a valuable resource in the toolkit to treat these 
aggressive tumors by helping reduce tumor growth to prevent a tu
mor-mass effect and keep treatment options such as radiation avail
able. ASOs may extend the therapeutic window when combined with 
other treatment modalities, such as GD2-targeting CAR-T cells 
currently in clinical trials or Modeyso (dordaviprone), a dopamine 
D2 receptor antagonist that was recently granted accelerated 
approval for treatment of adult and pediatric patients with recurrent 
H3K27M-altered DMG.34–37 Furthermore, previous studies have 
shown that radiosensitization of H3K27M-altered DMGs can be 
achieved through various mechanisms, including the use of DNA- 
damage-repair inhibitors or modulation of mitochondrial meta
bolism.38–40 It will be interesting to investigate the use of our lead 
ASOs, of either modality, in combination with focal radiation to 
see if they can enhance radiosensitivity, limit tumor recurrence, or 
mitigate tumor-mass effects, such as hydrocephalus.

Our lab has now developed two lead ASOs—one splice switching and 
one RNase H active—to target H3-3A in H3.3K27M-altered DMG. 
Among the 14 clinically approved ASOs, both modalities are well 
represented. Importantly, both modalities have been approved for 
use by intrathecal injection, exemplified by nusinersen for spinal 
muscular atrophy (SMA) and tofersen for SOD1-related amyotro
phic lateral sclerosis (ALS). The splice-switching ASO targeting 
H3-3A described here induces skipping of the exon harboring the 
start codon to prevent translation. This is a distinct mechanism 
from that of RNase H-active ASOs, which mediate transcript degra
dation by recruiting RNase H to the RNA-DNA duplex formed by 
the DNA-containing ASO and the target RNA. Because splice- 
switching ASOs are uniformly modified, they are expected to have 
longer half-lives than gapmers, and in theory, their risk of off-target 
effects is lower because they do not directly trigger transcript degra
dation. Therefore, a splice-switching ASO with demonstrated effi
cacy for its intended splicing event may represent a safer therapeutic 
option.

We used ICV injections to deliver ASOs to the in vivo PDX model. 
This route delivers the ASO directly into the CSF, allowing for 
ASO distribution to all CNS tissues via bulk flow, followed by cell 

internalization, which we detected with a PS backbone-specific anti
body.41 Our results primarily show ASO-antibody staining in the 
cytoplasm, which is reflective of ASO accumulation in endosomes. 
Improvements in methods to increase endosome release and nuclear 
import should result in greater ASO potency. For example, it was re
ported that thiomorpholino oligonucleotides increase nuclear up
take in H2K mdx myotubes compared to a phosphorodiamidate 
morpholino oligomer (PMO) of the same sequence and length.42

ICV injection in mice, a stand-in for intrathecal injections in pa
tients, provides a reliable solution to the inability of ASOs to cross 
the blood-brain barrier. Although some ASOs can result in 
sequence- and dose-dependent neurotoxicity, such effects can be 
mitigated by formulation with divalent cations.43,44

We describe the use of one patient-derived glioma neurosphere line, 
SU-DIPG-XIII, to generate PDXs. In the future, additional PDXs 
should be tested to confirm the generality of our observations and 
to compare ASO efficacy in different tumor contexts with different 
oncogene mutations, growth characteristics, and ASO-uptake proper
ties. In this study, we employed a single 200 μg ICV-administered ASO 
dose, which was the maximum tolerated dose for this chemistry in 
immunodeficient NSG adult mice. The CNS half-life of uniformly 
modified MOE ASOs is around 4–6 months, which is longer than 
the mean 6 week survival we observed following ASO59 treatment 
in our PDX mouse model.45,46 However, in contrast to the terminally 
differentiated motor neurons targeted in SMA mice, some of the tu
mor cells in the DMG mouse model continue to proliferate, either 
because they failed to take up ASO or because the internalized ASO 
is diluted as the cells proliferate. Therefore, repeated ASO administra
tion may enhance the anti-tumor effect, a possibility that should be 
tested in future studies, including dosing schedule optimization.

In summary, we identified a lead splice-switching ASO that effectively 
induces H3-3A exon 2 skipping to reduce H3K27M mutant histone 
expression, restore global H3K27me3, and ameliorate tumorigenic 
phenotypes. This effect, observed in both patient-derived cell lines 
grown in cell culture and PDXs in NSG mice, resulted in reduced pro
liferation and extended survival. We conclude that antisense-mediated 
H3-3A exon 2 skipping is sufficient to reduce translation of mutant 
H3.3K27M and rescue tumorigenic phenotypes induced by the 
mutant oncohistone. These findings support the continued develop
ment of splice-switching ASOs as a therapeutic strategy for 
H3K27M-altered DMGs and more broadly for CNS disorders charac
terized by pathogenic gene expression. Our work also establishes an 
approach for gene downregulation via enforced skipping of a consti
tutive exon, expanding the therapeutic utility of splice-switching 
ASOs beyond their already-established applications in splicing correc
tion, reading-frame restoration, and upregulation by redirecting 
splicing of non-productive mRNA isoforms.16,47

MATERIALS AND METHODS

ASOs

ASOs were purchased from Integrated DNA Technologies (Coral
ville, IA, USA). For use in transfection or free-uptake experiments 
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in cell culture, ASOs were resuspended in nuclease-free water to a 
concentration of 100 μM. For in vivo mouse injections, ASOs were 
resuspended in sterile saline. ASO concentration was confirmed by 
spectrophotometry, and the ASO stock was stored at − 20◦C for 
short-term use and at − 80◦C for long-term storage.

Minigene

The WT H3-3AWT and mutant H3-3AK27M minigenes used here were 
previously described.20 In brief, they comprise H3-3A exons 1, 2, and 
3 with intact introns in a pcDNA3.1(+) vector. Minigene plasmids 
were amplified by transformation of One Shot Stbl3 Chemically 
Competent E. coli (Thermo Fisher Scientific, Waltham, MA, USA) 
and cultured in Luria broth (LB) with ampicillin. Plasmids were pu
rified with QIAGEN Plasmid Maxi Kits (QIAGEN, Germantown, 
MD, USA), resuspended in nuclease-free water, and stored at 
− 20◦C for short-term use and at − 80◦C for long-term storage.

Cell cultures

HeLa cells were obtained from the Cold Spring Harbor Laboratory 
Cell Culture Core. Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
Cells were passaged when they reached 90% confluency by treatment 
with 1× trypsin.

De-identified patient-derived cells were a generous gift from Dr. Mi
chelle Monje (Stanford University, Stanford, CA, USA). Cell lines 
were cultured as neurospheres as previously described.25 In brief, a 
tumor stem medium (TSM) base containing Neurobasal-A (Gibco), 
DMEM Nutrient Mixture F12 (DMEM/F12; Gibco), penicillin- 
streptomycin, GlutaMAX, HEPES buffer, sodium pyruvate, and 
MEM non-essential amino acids was prepared and filtered through 
a 0.2 μm filter. Prior to use, the TSM was supplemented with human 
PDGF-AB (20 ng/mL; PeproTech, Cranbury, NJ, USA), human EGF 
(20 ng/mL; PeproTech), human FGF (20 ng/mL; PeproTech), and 
50× B-27 Supplement Minus Vitamin A (1:50; Thermo Fisher Scien
tific) growth factors. Cell lines were luciferized by transduction 
(pLenti PGK V5-LUC Neo [w623-2]; Addgene, plasmid #21471) 
and selected with G418 (gentamicin, 1 μg/mL) for 1 week.

All cells were incubated in 5% CO2 at 37◦C. All cell lines were frozen 
and stored in BAMBANKER freezing medium (Fujifilm Biosciences, 
Santa Ana, CA, USA) at − 80◦C.

ASO transfection and free uptake

For HeLa cell transfection, cells were seeded at 50% confluency. After 
24 h, ASO and/or plasmid constructs were transfected using Lipo
fectamine 2000 (Thermo Fisher Scientific) per the manufacturer’s 
recommended protocol. Cells were harvested for RNA and protein 
after 48 h. For patient cells, tissue-culture plates and wells were pre
pared with Matrigel (Corning, Corning, NY, USA) and seeded for 24 
h. ASOs and/or plasmid constructs were transfected with either Lip
ofectamine 3000 (Thermo Fisher Scientific) or Lipofectamine 
RNAiMAX (Thermo Fisher Scientific) for 48 to 72 h using the man

ufacturer’s recommended protocol. For free-uptake experiments, 
cells were seeded as free-floating neurosphere cultures, and ASOs 
were added after 1 h. ASOs and media were replenished on day 3, 
and cells were harvested on day 5.

RNA extraction and RT-PCR

Cell culture and tissue samples were harvested using TRIzol Reagent 
(Thermo Fisher Scientific) per the manufacturer’s recommendation. 
RNA samples were reverse transcribed using ImProm-II Reverse 
Transcriptase (Promega, Madison, WI, USA) per the manufacturer’s 
recommended protocol. RNA and cDNA were stored at − 20◦C for 
short-term use and at − 80◦C for long-term storage. cDNA samples 
were prepared for PCR using Q5 High-Fidelity Polymerase (New En
gland Biolabs, Ipswich, MA, USA) or Ampli-Taq Polymerase 
(Thermo Fisher Scientific). Non-radioactive PCRs were run on 
1.5% agarose gels in 1× TBE buffer. Radioactive PCRs were conduct
ed with the incorporation of radioactive ɑ-32P-dCTP (PerkinElmer, 
Shelton, CT, USA). All primers used are listed in Table S2. PSI was 
calculated as the ratio of the intensity of the included band and the 
sum of the included and skipped bands. Band intensities were ob
tained using ImageJ, and those obtained with radioactive PCR 
were adjusted to GC content.

Sanger sequencing

PCRs using the T7 promoter forward primer and H3-3A exon 3 
reverse primer of cDNA samples obtained from HeLa cells co-trans
fected with the WT H3-3A minigene and ASO59 were run on a 1% 
agarose gel in 1× TBE buffer. The full isoform band, containing 
H3-3A exons 1, 2, and 3, and the skipped isoform band, containing 
H3-3A exons 1 and 3, were extracted using the QIAquick Gel Extrac
tion Kit (QIAGEN). The extracted DNA was sent to Eurofins Geno
mics (Louisville, KY, USA) for Sanger sequencing with the T7 forward 
primer following their recommended sample-preparation guidelines.

Immunoblotting

Cell culture and tissue samples were harvested in RIPA lysis buffer 
(10 mM Tris [pH 8.0], 140 mM NaCl, 1% Triton X-100, 0.1% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM EDTA, and 
0.5 mM EGTA). Protein concentrations were determined using 
Bradford reagent (Bio-Rad, Hercules, CA, USA). Protein samples 
were mixed with 4× SDS loading dye (20% 1 M Tris HCl [pH 
6.8], 0.08% sodium dodecyl sulfate, 40% glycerol, 4% beta-mercap
toethanol, and 0.01% bromophenol blue), run on 8%–16% SDS- 
polyacrylamide gels, transferred onto nitrocellulose membranes, 
and then blocked with 5% bovine serum albumin (BSA) in 0.01% 
Tween 20 in TBS. Primary antibodies were added and incubated 
overnight at 4◦C. Secondary antibodies were incubated for 1 h at 
room temperature and included the following: IRDye 680RD Goat 
Anti-Rabbit IgG Secondary Antibody (1:10,000; LI-COR, Lincoln, 
NE, USA; Cat#: 926–68071) and IRDye 800RD Goat Anti-Mouse 
IgG Secondary Antibody (1:10,000; LI-COR, Cat#: 926-68070). 
Membranes were imaged with an LI-COR Odyssey, and images 
were analyzed with ImageJ. Membranes were stripped with 
Stripping Buffer (LI-COR) as needed. Primary antibodies included 
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anti-H3K27M (1:1,000; rabbit; Millipore Sigma, Burlington, IL, USA; 
Cat#: ABE419), anti-H3K27me3 (1:1,000; rabbit; Cell Signaling, 
Danvers, MA, USA; Cat#: C36B11), anti-H3K27ac (1:1,000; rabbit; 
Abcam, Cambridge, UK; Cat#: ab4729), anti-histone H3 (1:1,000; 
rabbit; Abcam; Cat#: ab1791), and anti-vinculin antibody (1:1,000; 
mouse; Santa Cruz Biotechnology, Santa Cruz, CA, USA; Cat#: sc- 
73614).

Neurosphere microscopy

Bright-field images of neurospheres were acquired with a Revolve 
microscope (ECHO, San Diego, CA, USA). All images were at 10×
magnification, and size bars represent 200 μm. Neurosphere area 
was measured using ImageJ.

Proliferation assay

Cells were cultured in growth-factor-free TSM for 24 h. Cells were 
then seeded as free-floating cell cultures, and ASOs were added to 
the medium after 1 h. Media and ASOs were replenished on day 3. 
For each day of proliferation measurements, cells were resuspended 
into a single-cell suspension with Accutase (Thermo Fisher Scienti
fic), and Guava ViaCount (Cytek Biosciences, Fremont, CA, USA) 
was added. Cell viability and proliferation were measured with a Cy
tek Guava easyCyte flow cytometer. Data were analyzed with FlowJo.

Cell cycle

Cells were cultured in growth-factor-free TSM for 24 h. Cells were 
then seeded as free-floating cell cultures, and ASOs were added 1 h 
post-seeding. Media and ASOs were replenished on day 3. On day 
5, cells were resuspended in a single-cell suspension. Equal amounts 
of each treatment group were then incubated in 70% ethanol over
night. Cells were then resuspended in Guava Cell Cycle Reagent (Cy
tek Biosciences) for 1 h. Cell-cycle analysis was performed with a Cy
tek Guava easyCyte flow cytometer. Data were analyzed with FlowJo.

Generation of PDX mouse model of H3K27M-altered DMGs

NSG mice were obtained from The Jackson Laboratory (Bar Harbor, 
ME, USA; strain #005557). Mice were housed in accordance with 
CSHL IACUC guidelines. Newborn pups at P1–P2 were injected 
with 50,000 patient-derived cells using a Hamilton syringe and 
30G needle directly into the pons (3 mm posterior to the lambda su
ture, 3 mm deep). At P21, pups were weaned, and tumor develop
ment was confirmed with a Xenogen IVIS Imager. Mice were in
jected with D-luciferin (GoldBio, St. Louis, MO, USA; Cat#: 
LUCK-100) intraperitoneally, per the manufacturer’s recommenda
tion. Mice with similarly sized tumors were then randomly sorted 
into treatment groups, maintaining equal numbers of male and fe
male mice.

ASO injection in mice

Surgeries and post-surgical care were performed according to CSHL 
IACUC guidelines. Treatment administration was blinded with 
respect to lead ASO and control ASO. On P22, following confirma
tion of tumor presence via bioluminescence imaging, mice were 
anesthetized with a ketamine and dexmedetomidine cocktail. Pro

phylactic buprenorphine analgesic was injected subcutaneously. 
Mice were loaded into the stereotaxic apparatus, and a maximum 
of 3 μL of ASO was injected as a single dose into the fourth ventricle 
(coordinates: 1 mm behind lambda suture, 2 mm deep). Mice were 
then administered Antisedan (atipamezole) and allowed to recover 
fully. Mice were checked daily following surgery for post-surgical 
analgesia and wound care.

Dissection and preparation of mouse brains

Mice were observed daily and euthanized at their humane endpoints, 
which, per IACUC guidelines, included but were not limited to 
cachexia (weight loss of 20% or more), hunched posture, neurolog
ical symptoms such as ataxia, or failure to thrive. Mice were eutha
nized per IACUC guidelines, and brain tissues were dissected. Tis
sues used for RNA or protein extraction were transferred to 1×
phosphate-buffered saline (PBS) on ice prior to processing with TRI
zol reagent or RIPA lysis buffer, respectively. Tissues used for IHC 
and IF experiments were fixed in 4% paraformaldehyde overnight. 
Brains were then transferred to 1× PBS, sliced into sagittal sections, 
and paraffin embedded.

IF in cell culture

Cells were processed for IF staining 24 h after transfection or gym
nosis. All washes were performed with 1× PBS. Cells were fixed 
with 4% paraformaldehyde, then permeabilized with 0.1% Triton 
X-100 in PBS. Cells were then blocked in 1% BSA in PBS. Primary 
antibodies were incubated overnight at 4◦C and included anti- 
alpha-tubulin (1:200; rabbit; Cell Signaling, 2125) and ModDetect 
PS03 (1:1,000; mouse; Rockland Immunochemicals, Pottstown, 
PA, USA). Secondary antibodies were incubated for 1 h at room tem
perature and included the following: Goat anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (1:10,000; 
Thermo Fisher Scientific, A32727), and Goat anti-Rabbit IgG 
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 
(1:10,000; Thermo Scientific, A32731). Cells were cross-stained 
with DAPI and then mounted onto slides with ProLong Gold Anti
fade Mountant (Invitrogen).

Immunohistochemistry and IF of mouse tissues

Tissue sections were deparaffinized with successive xylene and 
alcohol washes. H&E staining was performed by the CSHL Histology 
Core and stained sections scanned with an Olympus VS200 micro
scope (Evident Scientific, Tokyo, Japan). All H&E sections were eval
uated by a histopathologist (J.E.W.) blinded to treatment and scored 
for features from a scale of 1 (lowest) to 4 (highest), relative to other 
tumors in the set (Table S3).

For IF, antigen retrieval was performed with a heat-induced citrate 
buffer method. Tissue sections were blocked with Background Buster 
(Innovex Biosciences, Richmond, CA, USA). Primary antibody was 
incubated overnight at 4◦C. Primary antibodies included anti- 
H3K27M (1:1,000; rabbit; MilliporeSigma; Cat#: ABE419), anti-Ki67 
(1:50; mouse; BD, Franklin Lakes, NJ, USA; Cat#: 550609), anti- 
NCAM (1:200; mouse; Santa Cruz Biotechnology; Cat#: sc-106), and 
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anti-Olig2 (1:500; rabbit; MilliporeSigma; Cat#: AB9610). Secondary 
antibodies (described above) were incubated for 1 h at room temper
ature. Following washes, the slides were counterstained with DAPI 
and mounted with coverslips. Confocal microscopy images were taken 
with a ZEISS LSM 780 confocal microscope (ZEISS, Oberkochen, Ger
many) at 10×, 40×, and 63× magnification. Images were processed 
and analyzed with ZEISS ZEN software and ImageJ.

Statistical analysis

All data are presented as the mean (SD). All statistical analyses were 
performed with GraphPad Prism 10. Comparisons of continuous 
variables between treatment groups were analyzed using a Student’s 
t test. Cell proliferation and viability were analyzed with two-way 
ANOVA with Geisser-Greenhouse correction and Tukey’s post 
hoc tests. Neurosphere area was analyzed with ANOVA followed 
by pairwise comparisons using a Student’s t test. Mouse survival 
data were analyzed using the Kaplan-Meier method and the log 
rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests (Tables S4
and S5). p < 0.05 were considered statistically significant, with values 
denoted as follows in the figures: *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001.
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