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Introduction
Glioblastomas (GBMs; World Health Organization grade IV gli-
omas) are the most prevalent and aggressive primary malignant 
intrinsic brain tumors in adults (1). GBMs remain universally fatal 
despite maximal surgical resection followed by chemoradiotherapy 
and adjuvant chemotherapy (2–4). GBMs display remarkable cellu-
lar heterogeneity, containing stem-like GBM stem cells (GSCs; also 
known as brain tumor–initiating cells) that contribute to therapeutic 
resistance and rapid recurrence (5–8). In contrast to non-stem or 
differentiated GBM cells (DGCs), GSCs express stem cell markers, 
generate spheres in serum-free conditions, and rapidly form tumors 
in vivo (9, 10). Somatic mutations contribute to initiation and pro-
gression of GBM, but precision medicine has so far met with limited 
success in its treatment (11, 12). Epigenetic alterations may also pro-
mote gliomagenesis, thus offering therapeutic targets (13–15). One 
recent advance in tumor biology is the attribution of altered A-to-I 
RNA editing to diverse tumorigenic pathways (16, 17).

In mammals, RNA editing alters transcript sequences of 
expressed RNA without affecting DNA sequences (18–20). A-to-I 
RNA editing, catalyzed by ADARs (adenosine deaminases acting 
on RNA), is the most common RNA editing event in mammals, 
with more than 85% of RNAs likely to be edited in coding and/or 
noncoding regions (19, 21). Three enzymes perform A-to-I RNA 

editing: ADAR1, ADARB1 (ADAR2), and ADARB2 (ADAR3) (22, 
23). ADAR1 and ADARB1 have editing enzyme activities, whereas 
ADARB2 serves a regulatory role. ADARB1 acts on coding regions, 
while ADAR1 editing occurs mostly within double-stranded RNA 
(dsRNA) loops formed by inverted Alu repetitive elements (23, 24). 
Inosine is recognized as guanine, thereby affecting codon usage 
(25), alternative splicing (26), RNA stability, and function of var-
ious regulatory RNAs, including microRNAs (27–29). Thus, RNA 
editing enriches transcriptomic and phenotypic diversity (21, 30).

Dysregulation of RNA editing enzymes and editing frequen-
cy is commonly observed in cancers. In different tumor contexts, 
such dysregulation promotes tumor development, as in esopha-
geal cancer (31) and gastric cancer (32), or causes tumor suppres-
sion, as in metastatic melanomas and astrocytoma (33, 34). One of 
the challenges in understanding oncogenic or tumor-suppressive 
functions of dysregulated RNA editing is to identify a specific edit-
ing event(s) and its connection to a critical biological pathway(s). 
In prostate cancer, A-to-I RNA editing alters the interaction of 
androgen receptor with androgens or anti-androgenic ligands (35). 
In liver cancer, editing of the antizyme inhibitor AZIN1 induces its 
cytoplasmic-to-nuclear translocation to increase tumor aggres-
siveness (36). In colorectal cancer, A-to-I RNA editing impacts 
Ras homolog family member Q (RHOQ) to promote invasion (37).

In GBM, ADARB1-editing activity has been suggested to 
have a role in tumor suppression (38), but dysregulation of differ-
ent ADARs in GSCs remains largely unknown, and the effects of 
specific altered editing event(s) that may functionally contribute 
to brain tumor development have not been identified. We herein 
report that ADAR1 is the major RNA editing enzyme dysregulat-
ed in GSCs. ADAR1 upregulation confers GSC self-renewal and 
stemness, and one of its key substrates is GM2A, a critical acti-
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correlated with patient survival in selected genes (Supplemental 
Figure 1, F–J). Selected editing sites that we identified were dis-
tinct from previous reports (17), suggesting that differences may 
be derived from distinct sequencing depth, intertumoral hetero-
geneity, or other factors, but also reflect the remarkable cellular 
heterogeneity of GSCs and their RNA diversity.

ADAR1 promotes GSC proliferation and self-renewal. To deter-
mine which ADAR(s) is/are functionally relevant to GBM, we cor-
related the mRNA levels of individual ADAR genes with levels in 
normal brain and survival in GBM using 3 large patient databas-
es: TCGA, the Chinese Glioma Genome Atlas (CGGA), and the 
Repository of Molecular Brain Neoplasia Data (REMBRANDT). 
ADAR1 mRNA was overexpressed in GBM relative to normal brain 
(Figure 2A). Both ADAR1 and ADARB1 were elevated at the pro-
tein level in GSCs compared with NSCs and nonmalignant cells 
derived from epilepsy surgical resection specimens (Supplemental 
Figure 2, A and B), but only ADAR1 was negatively associated with 
patient survival in all three GBM databases (Supplemental Figure 
2, C and D). ADAR1 protein levels were higher in cultured GSCs 
compared with matched depleting GBM cells (DGCs) (Figure 2B), 
and ADAR1 was selectively expressed in cultured GSCs, but not 
NSCs, by immunofluorescence staining (Supplemental Figure 2E). 
Consistently, ADAR1 was detected in GBM surgical specimens 
marked by SOX2, a GSC marker (Figure 2, C and D). Furthermore, 
the expression of each of the stem cell markers SOX2, SOX4, and 
BMI1 in TCGA GBM data sets was positively correlated to ADAR1 
mRNA levels, but negatively correlated with the expression of 
both ADARB1 and ADARB2 (Supplemental Figure 2F). Together, 
these data strongly suggest a key contribution of ADAR1 to GSCs.

Given the connections between ADAR1 and GSCs, we next 
determined the functional contributions of ADAR1 to GSC main-
tenance. Using 2 independent, non-overlapping shRNAs against 
ADAR1, both shADAR1s, but not nontargeting control shRNA, 
reduced ADAR1 mRNA (Figure 2E and Supplemental Figure 3A) 
and protein (Figure 2F and Supplemental Figure 3B) in patient- 
derived GSCs and DGCs. ADAR1 depletion induced apoptosis 
and loss of GSC proliferation (Figure 2, F and G), but had mini-
mal to modest effects on matched DGCs (Supplemental Figure 3, 
A–C). To identify the antitumor mechanisms triggered by ADAR1 
depletion, we performed RNA-Seq in GSCs upon ADAR1 knock-
down, showing that ADAR1 downregulation impaired expres-
sion of genes involved in cancer proliferation, particularly those 
involved in cell cycle control and DNA replication (Supplemental 
Figure 3, D and E). As a consequence, the mitotic index measured 
by Ki67 was dramatically reduced (Figure 2H) and was associat-
ed with reduced GSC sphere formation, as assessed by in vitro 
limiting dilution assay, a surrogate of self-renewal (Figure 2I). 
To confirm that ADAR1 enzymatic activity was responsible for 
changes in GSC growth and self-renewal, we transduced 2 patient- 
derived GSCs with an empty vector control, a FLAG-tagged wild-
type ADAR1 (ADAR1 wt), or a FLAG-tagged, enzymatically dead 
mutant ADAR1 that contains a point mutation in its catalytic site 
(ADAR1 E912A). GSCs transduced with ADAR1 wt displayed 
increased proliferation and self-renewal relative to vector control 
(Figure 2, J–L, and Table 1). In contrast, catalytically dead ADAR1 
reduced proliferation, induced apoptosis, and reduced sphere for-
mation relative to both ADAR1 wt and vector control, suggesting 

vator involved in activating ganglioside catabolism. We further 
exploit this vulnerability in brain cancer and show that specific 
small-molecule inhibitors against key components in this pathway 
efficiently block GSC self-renewal and stemness, thus suggesting 
a potential therapeutic strategy against GBM.

Results
Global landscapes of A-to-I RNA editing in GSCs. To elucidate 
A-to-I RNA editing in GSCs, we interrogated the RNA editomes 
of 31 patient-derived GSCs and 5 neural stem cells (NSCs) by 
RNA-Seq (39), using a previously described computational pipe-
line (refs. 17, 40, 41; and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI143397DS1). To eliminate false positives resulting from poten-
tial DNA contamination, we matched the existing whole exome 
sequencing data from this cohort of GSCs. We examined the dis-
tribution of 12 well-known types of RNA variants, revealing that 
A-to-G variants were 30–70 times higher than other variants in 
both GSCs and NSCs (Figure 1A), which is consistent with previ-
ous reports showing that A-to-I RNA editing is the most prevalent 
type of RNA editing events in human cells (42–44).

Next, we detected and prioritized candidate editing sites based 
on prevalence in at least 10 samples that showed high sequenc-
ing coverage for subsequent analyses. In total, we detected 6514 
high-confidence editing sites. Further analysis of the distribution 
of RNA editing events across our samples revealed higher edit-
ing levels in GSCs compared with NSCs (Figure 1B), especially 
in the proneural transcriptional subtype (Figure 1C), suggesting a 
potential oncogenic role of elevated RNA editing in GBM. Gene 
ontology of genes with higher editing levels in GSCs compared 
with NSCs included regulation of stem cell differentiation, DNA 
replication, and RNA metabolism (Supplemental Figure 1, B and 
C). Gene set enrichment analysis showed that genes with highly 
enriched A-to-I RNA editing had a GSC signature, suggesting a 
role in stemness of the high editing in GSCs (Figure 1D). As expect-
ed from prior localization of A-to-I landscapes in human cells (45, 
46), A-to-I–edited sites were preferentially localized to Alu repet-
itive elements, especially in the AluS subfamily (Figure 1E). GSC- 
enriched editing events were twice as likely to be enriched in 
3′-UTR regions compared with intronic or intergenic regions (Fig-
ure 1F), whereas the converse trend was apparent with NSC-specif-
ic edits, suggesting that A-to-I RNA editing may be more important 
in the fate of these specific genes in GSCs relative to NSCs (Figure 
1G), including the regulation of gene splicing and expression.

The majority of GSC-enriched editing events displayed highly 
conserved genomic localization in primates (Supplemental Figure 
1D); however, comparison of these sites with those in other cancer 
types revealed less than 1% overlap (Supplemental Figure 1E), sug-
gesting a potential unique contribution of GSC-enriched A-to-I 
editing events to GBM etiology and/or progression. Eighty-six 
genes were specifically edited in GSCs (Figure 1H), a fraction of 
which showed dominant editing events in comparison with NSCs. 
The genes with the highest fraction of sites edited and dysregulat-
ed in cancer biology are depicted in Figure 1I, including PTPRZ1, 
which is a marker of radial glia and GSCs (47). Analysis of The 
Cancer Genome Atlas (TCGA; ref. 17) revealed that editing levels 
positively correlated with GBM grade (Figure 1J) and negatively 
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using these criteria (Figure 3, A and B), among which we further 
prioritized targets by comparing the editing levels of each gene 
with the expression of both ADAR1 and the corresponding gene. 
GM2A showed the highest expression in GSCs, the greatest reduc-
tion in mRNA upon ADAR1 knockdown, and the best correlation 
between expression and A-to-I editing levels (Figure 3, A and C, 
and Supplemental Figure 4, A and B).

GM2A is a small glycolipid transport protein, known as a 
GM2 ganglioside activator, that presents GM2 gangliosides to 
hexosaminidase (HEX) family members to promote ganglio-
side catabolism, which takes place predominantly in the central 

function as a dominant negative (Figure 2, J–L, and Table 1). Tak-
en together, our data support an essential role for ADAR1 in GSC 
viability, proliferation, and self-renewal, likely mediated by the 
editing activity of ADAR1.

ADAR1-induced A-to-I RNA editing regulates GM2A expres-
sion. To identify critical ADAR1 targets in GSCs, we performed 
RNA-Seq in ADAR1-knockdown GSCs and intersected the results 
with GSC-specific A-to-I editing events. We prioritized target 
genes that were (a) downregulated upon ADAR1 knockdown, (b) 
reduced in editing levels, and (c) negatively associated with GBM 
patient survival in the TCGA database. We identified 10 genes 

Figure 1. Global landscapes of A-to-I RNA editing in GSCs. See also Supplemental Figure 1. (A) Distribution of 12 types of RNA editing events in GBM stem 
cells (GSCs) and neural stem cells (NSCs). Data represent the mean number of inferred RNA editing events detected in GSCs and NSCs. (B) The compara-
tive distribution of A-to-I RNA editing levels in GSCs relative to NSCs. P value was determined by Wilcoxon’s signed-rank test. (C) The distribution of A-to-I 
RNA editing levels in normal NSCs and different subtypes of GSCs. Statistical significance was determined by Wilcoxon’s signed-rank test and adjusted 
using the Bonferroni method. ***P < 0.001. (D) Gene set enrichment analysis of GSC stemness gene feature with different A-to-I RNA editing patterns. 
(E) The distribution of A-to-I RNA editing events in different types of Alu subfamilies. (F) The distribution and percentage of A-to-I RNA editing events 
in different regions of RNA transcripts in GSCs. (G) The distribution and percentage of A-to-I RNA editing events in different regions on RNA transcripts 
in NSCs. (H) The distribution of editing percentage of genes ranked by editing level. Eighty-six genes were defined as having GSC-specific editing, and 30 
genes were defined as having NSC-specific editing. (I) The 10 genes, among those defined in H as having GSC-specific editing, with the highest levels of 
editing and dysregulation in cancer biology are depicted. (J) Relative frequency of A-to-I RNA editing events in low-grade and high-grade gliomas in TCGA 
(17). Statistical significance was determined by Wilcoxon’s signed-rank test. ***P < 0.001.
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Figure 2. ADAR1 promotes GSC proliferation and self-renewal. See also Table 1 and Supplemental Figures 2 and 3. (A) ADAR1 expression levels in GBM 
(TCGA) and normal brain in the Genotype-Tissue Expression (GTEx) database. *P < 0.05. TPM, transcripts per million. (B) Immunoblotting of ADAR1 in 
paired GSCs and DGCs. GFAP and SOX2 serve as markers of differentiated and stem/progenitor cells. β-Actin served as loading control. (C) Immunofluores-
cence analysis of ADAR1 and SOX2. Scale bar: 50 μm. (D) Percentage of ADAR1+ cells among SOX2+ versus SOX2– cells performed in C. Data were compared 
by Student’s t test and shown as mean ± SD. ****P < 0.0001. (E) ADAR1 expression of GSCs transduced with shCONT or shADAR1. n = 4. Data was deter-
mined by ANOVA and shown as mean ± SD. **P < 0.01, ***P < 0.001. (F) Immunoblotting for ADAR1, PARP, and cleaved caspase-3 in GSCs transduced with 
shCONT or shADAR1. β-Actin served as loading control. Arrowheads indicate cleaved PARP. (G) Proliferation of GSCs transduced with shCONT or shADAR1. 
Data was determined by 2-way ANOVA with Dunnett’s multiple-comparison testand shown as mean ± SD. n = 5. ****P < 0.0001. (H) Immunofluorescence 
analysis of Ki67 of GSCs transduced with shCONT or shADAR1. Scale bars: 20 μm. (I) Extreme limiting dilution analysis (ELDA) for sphere formation of GSCs 
transduced with shCONT or shADAR1. Data was determined by pairwise tests. n = 24. ***P < 0.001. (J) Proliferation of GSCs transduced with vector, ADAR1 
wt, or ADAR1 E912A. Data was determined as in G. n = 5. ****P < 0.0001. (K) Immunoblotting for ADAR1 and cleaved caspase-3 in GSCs transduced as in J. 
β-Actin served as loading control. (L) ELDA for sphere formation of GSCs transduced as in J. n = 24. *P < 0.05, **P < 0.01, ***P < 0.001.
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in 3 patient-derived GSCs induced apop-
tosis, as indicated by strongly increased 
cleaved caspase-3 (without induction of 
cleaved PARPγ) (Figure 4F), retarded GSC 
growth (Figure 4G), and abolished sphere 
formation in limiting dilution assays com-
pared with a nontargeting control shRNA 
(Figure 4H and Table 2). Together, these 
data demonstrate that GM2A is required 
to maintain the tumorigenic potential of 
GSCs, although other genes likely contrib-
ute to this process.

GM2 ganglioside catabolism is critical to 
maintain GSC stemness. GM2A is a sphin-

golipid protein that presents GM2 gangliosides to the lysosomal 
β-hexosaminidase enzymes (HEXA and HEXB) for catabolism in 
lysosomes (48, 52). Like GM2A, these GM2 ganglioside catabo-
lism pathway genes were upregulated in GBM relative to normal 
brain, and both HEXA and HEXB were negatively associated with 
GBM patient prognosis (Figure 5A). GM2A expression correlated 
with HEXA and HEXB expression in GBM (Figure 5B), which is 
consistent with their coordinated function. However, as expected, 
GM2A did not directly regulate the expression of either HEXA or 
HEXB, as targeting GM2A expression did not significantly alter the 
RNA levels of either HEXA or HEXB (Figure 5C). To determine the 
roles of HEXA and HEXB in GSCs, we targeted HEXA and HEXB 
separately, each with 2 independent shRNAs (Figure 5D). Similarly 
to GM2A depletion, loss of either HEXA or HEXB decreased GSC 
growth (Figure 5, E and F) and abolished tumor sphere formation 
(Figure 5, G and H). These results suggest that elevated GM2 gan-
glioside catabolism is critical to maintain GSC stemness.

Given the functional contributions of GM2A, HEXA, and 
HEXB to lysosomal degradation of GM2 gangliosides, we next 
investigated lysosomal localization of GM2 gangliosides in GSCs 
in comparison with nonmalignant neural cultures from epilepsy 
patient surgical specimens. In GSCs, GM2 gangliosides strongly 
colocalized with lysosomes, as indicated by coimmune staining 
between the lysosomal marker Lamp2 and GM2 gangliosides 
(Figure 6A). In contrast, in nonmalignant cultures, GM2 ganglio-
sides were located proximal to, but not in, lysosomes (Figure 6A). 
Upon shRNA targeting of GM2A, lysosomes appeared morpholog-
ically intact and remained near nuclei, while GM2 gangliosides 
became dispersed into the cytoplasm with only partial lysosomal 
localization in GSCs (Figure 6, B–E). Likewise, shRNA-mediated 
depletion of HEXA in GSCs induced a similar phenotype as GM2A 
depletion with a disrupted localization GM2 ganglioside to the 
lysosome (Figure 6, F and G). Finally, targeting ADAR1 in GSCs 
through shRNA transduction induced a similar loss of lysosomal 
localization of GM2 gangliosides (Figure 6, H–K). Collectively, 
these results support similar roles of ADAR1, GM2A, and HEXA 
in GM2 ganglioside targeting to lysosomes and GSC maintenance.

Pharmacologic inhibition of GSC self-renewal by exploiting of 
the ADAR1/GM2 axis. Having established the importance of the 
ADAR1/GM2 axis in maintaining GSC self-renewal and stem-
ness, we next exploited strategies to intervene with this pathway. 
As ADAR1 is regulated by interferon through the JAK/STAT path-
way (53, 54), we performed gene set enrichment analysis based on 

nervous system (48–50). Targeting ADAR1 expression in GSCs 
reduced protein and mRNA levels of both ADAR1 and GM2A (Fig-
ure 3D and Supplemental Figure 4C), supporting ADAR1 as an 
upstream regulator of GM2A. Next, we characterized the editing 
events in GM2A and identified 2 prevalent GSC-specific A-to-I 
edits in its 3′-UTR (Figure 3E). By cloning the reverse transcriptase 
PCR products followed by Sanger sequencing, we found that these 
RNA editing events were diminished in GSCs upon transduction 
with shADAR1, but not nontargeting control shRNA (shCONT) 
or shADARB1 (Figure 3E). Based on published ADAR1 CLIP-Seq 
data generated in U87MG glioma cells (51), ADAR1 bound in the 
3′-UTR of GM2A (Supplemental Figure 4D). We confirmed such 
binding in GSCs by performing ADAR1 RNA immunoprecipita-
tion–PCR (RIP-PCR) (Figure 3, F and G). These data demonstrate 
that ADAR1 directly acts on GM2A transcripts in GSCs.

To further demonstrate that ADAR1-mediated RNA editing 
is responsible for enhanced GM2A expression, we performed res-
cue experiments with either shRNA-resistant wild-type ADAR1 
(ADAR1 wt) or a mutant ADAR1 that contains a point mutation 
in its catalytic site (ADAR1 E912A). While both ADAR1 wt and 
ADAR1 E912A were expressed at equivalent levels, only ADAR1 wt 
rescued GM2A expression and editing levels in shADAR1-trans-
duced GSCs (Figure 3, H–J). Collectively, these data show that 
ADAR1-mediated RNA editing regulates GM2A expression in 
GSCs. We note that a smaller change in GM2A editing in 3691 
GSCs gave more drastic effects on GM2A expression in compar-
ison with 3565 GSCs, which likely reflects certain unknown varia-
tions among patient-derived GSCs that render some GSC isolates 
more sensitive to editing change than other isolates.

GM2A contributes to GSC survival, proliferation, and self-renew-
al. GM2A was upregulated in GBM relative to normal brain and 
negatively associated with GBM patient survival in the TCGA 
GBM data set (Figure 4, A and B). GM2A expression was elevated 
at both the mRNA and protein levels in cultured GSCs compared 
with NSCs (Figure 4C). To determine GM2A expression within 
the GBM hierarchy, we compared GSCs with matched DGCs dif-
ferentiated by serum exposure, revealing a consistent decrease 
in ADAR1 and GM2A expression in DGCs, which was coincident 
with diminished SOX2 expression (Figure 4D).

To determine whether loss of function of GM2A phenocopied 
the loss of ADAR1, we used 2 independent shRNAs to knock down 
GM2A and assessed the impact of GM2A depletion on GSCs 
(Figure 4E). Similarly to ADAR1 knockdown, silencing of GM2A 

Table 1. Stem cell frequencies in GSCs (3565 and 3691) transduced with control vector, 
ADAR1 wt, or ADAR1 E912A

Cell line 3565 GSCs 3691 GSCs
Treatment Vector ADAR1 wt ADAR1 E912A Vector ADAR1 wt ADAR1 E912A
Lower 193.4 81.7 421.2 85.3 47.9 421.2
Estimate 126.0 59.1 239.0 61.5 36.0 239.0
Upper 82.2 42.8 135.7 44.3 27.1 135.7

See also Figure 2. Values were estimated as ratio 1/X with the upper and 95% confidence intervals with 
the lower, where 1 = stem cell and X = all cells.
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Figure 3. ADAR1-induced A-to-I RNA editing of GM2A regulates GM2A expression. See also Supplemental Figure 4. (A) Volcano plot of relative gene 
expression in GSCs transduced with shCONT or shADAR1. Purple and blue points designate upregulated and downregulated target genes, respectively, 
upon genetic targeting of ADAR1. Red points denote genes with editing sites. (B) Venn diagram of the overlapping genes.Blue circle: downregulated genes 
with ADAR1 depletion, purple circle: genes with negative prognostic significance in GBM in TCGA, orange circles: genes with alterations in editing levels. 
The rectangle shows 10 overlapping genes. (C) Top: Correlation between expression levels of ADAR1 and overall editing level of GM2A in GSCs. Bottom: 
Correlation between expression levels and overall editing levels of GM2A in GSCs. (D) Immunoblotting of ADAR1 and GM2A in GSCs transduced with 
shCONT or shADAR1. β-Actin served as loading control. (E) Sequence chromatograms of GM2A transcripts in 3691 GSCs transduced with shCONT, shADAR1, 
or shADARB1. Arrowheads indicate edited positions. Percentages indicate the calculated frequency of editing at selected positions. (F) Immunoblotting 
of ADAR1 IP in indicated GSCs. β-Actin served as a nonspecific control. (G) ADAR1 RNA immunoprecipitation (RIP) to pull down GM2A mRNA in indicat-
ed GSCs. ACTB served as nonspecific control. +RT and –RT: with and without RTase in reverse transcription. (H) ADAR1 and GM2A mRNA expression in 
indicated GSCs transduced with shCONT or shADAR1 with simultaneous transduction with vector control, wild-type ADAR1, or editing-dead E912A ADAR1 
mutant. n = 4. Quantitative data from 4 independent experiments are shown as mean ± SD. Statistical significance was determined by ANOVA. *P < 0.05, 
***P < 0.001, ****P < 0.0001. (I) Immunoblotting of ADAR1 and GM2A in indicated GSCs performed in H. β-Actin served as loading control. (J) Sequence 
chromatograms of the GM2A transcript performed in I. Arrowheads indicate edited positions.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in 
the GBM TCGA data set, revealing that the JAK/STAT signaling 
pathway was indeed one of the most differentially expressed gene 
sets in GBMs (Figure 7A). Several genes in the JAK/STAT pathway 
correlated with ADAR1 expression in GBM (Supplemental Figure 
5A). Although the molecular link between ADAR1 expression and 
the JAK pathways remains to be fully elucidated in future studies, 
we elected to first explore the therapeutic potential of such con-

nection by treating GSCs with selective inhibitors against 4 JAK 
family members: JAK1, JAK2, JAK3, and TYK2. We found that 
while inhibitors of JAK1, JAK2, and JAK3 showed minimal impact 
on ADAR1 expression (Supplemental Figure 5, B–D), a specific 
TYK2 inhibitor greatly diminished ADAR1 mRNA (Figure 7, B and 
C) and protein (Figure 7D) levels in GSCs. In line with ADAR1 as 
an upstream regulator, GM2A expression progressively dimin-
ished in a concentration-dependent manner (Figure 7D).

Figure 4. GM2A maintains GSC survival, proliferation, and self-renewal. See also Table 2. (A) Gene expression levels of GM2A in normal brain or gliomas 
in the TCGA database. Statistical significance was determined by Wilcoxon’s signed-rank test. **P < 0.01. (B) Kaplan-Meier survival curves of glioma 
patients with high or low GM2A expression in TCGA. P value was determined by log-rank test. (C) Left: Comparative GM2A mRNA expression in NSCs 
(NSC11 and WT83) and GSCs (1517, 3565, and 3691) by reverse transcriptase PCR. n = 4. Statistical significance was determined by ANOVA. ***P < 0.001. 
Right: Western blotting for GM2A in NSCs (NSC11 and WT83) and GSCs (1517, 3565, and 3691). β-Actin served as loading control. (D) Western blotting for 
ADAR1 and GM2A in matched GSCs and DGCs. GFAP and SOX2 served as markers of differentiated or stem/progenitor cells. β-Actin served as loading 
control. (E) GM2A mRNA expression in GSCs (1517, 3565, and 3691) transduced with shCONT or shGM2A. na, not available. n = 4. Quantitative data from 4 
independent experiments are shown as mean ± SD (error bars). Statistical significance was determined by ANOVA. **P < 0.01, ***P < 0.001. (F) Western 
blotting for GM2A, PARP, and cleaved caspase-3 in GSCs (1517, 3565, and 3691) transduced with shCONT or shGM2A. β-Actin served as loading control. 
Arrowhead indicates cleaved PARP. (G) Proliferation of GSCs (1517, 3565, and 3691) transduced with shCONT or shGM2A as determined by CellTiter-Glo. 
Quantitative data from 5 technical experiments are shown as mean ± SD (error bars). n = 5. Statistical significance was determined by 2-way ANOVA with 
Dunnett’s multiple-comparison test. ****P < 0.0001. (H) ELDA for in vitro sphere formation of GSCs (1517, 3565, and 3691) transduced with shCONT or 
shGM2A. n = 24. Pairwise tests for differences in stem cell frequencies. ***P < 0.001.
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GSCs included genes functionally associated with GSC mainte-
nance, such as PTPRZ1 (65, 66), WWTR1 (67), and CPT1A (68).

Despite the fact that GBM was among the first cancer types 
studied by TCGA and other large omics efforts, precision medi-
cine has shown limited benefit in managing GBM. In our current 
study, we characterized the landscapes of A-to-I RNA editing in 
GSCs and established vital contribution of elevated ADAR1 to 
GBM stemness. As altered A-to-I RNA editing events have been 
found in multiple cancers, RNA editing may contribute to tum-
origenesis by globally modulating the dsRNA sensing system or 
via specific target transcripts, as suggested by recent literature 
(36, 69). Our data suggest that most RNA editing events are can-
cer specific, implying that altered RNA editing may use different 
mechanisms to enhance tumorigenesis in different tumor con-
texts. In the case of GBM, specific RNA editing events negatively 
correlated with GBM patient survival, which enabled us to priori-
tize key ADAR1-regulated editing events in GBM. As ADAR1 (and 
ADARB1) are enzymes, future therapeutics may be developed 
based on modulation of these activities. One challenge to this 
effort is that, like many molecular modifications, the effects of the 
ADARs on A-to-I editing are context specific with reported onco-
genic and tumor-suppressive effects. For example, the reported 
tumor-suppressive effects of ADAR2 (ADARB1) on glioma (27, 
38) may contrast with our findings as a result of the differential 
binding of ADAR1 and ADARB1 on specific RNAs and modifica-
tion sites on RNAs or effects on the larger tumor compartment. 
Deletions of the non-enzymatic ADAR, ADAR3, have also been 
reported in gliomas (70), suggesting that the ADARs and specific 
RNA editing events may play context-specific roles. While GSCs 
represent a small fraction of tumor cells in GBM, targeting of these 
populations has repeatedly shown sustained antitumor effects on 
bulk tumors. Collectively, the role of A-to-I RNA editing and activ-
ities of specific ADARs bear sustained study as these pathways 
become potentially modified by pharmacologic agents.

One opportunity to address the molecular targeting of ADAR1 
function is to identify potential upstream and downstream regu-
lators. Through a sequential prioritization process, we discovered 
GM2A as an RNA editing target, as ADAR1 directly binds in the 
3′-UTR of GM2A that carries an Alu sequence and catalyzes A-to-I 
RNA editing within the inverted repeat. Such ADAR1-mediated 
editing is linked to enhanced GM2A expression at both RNA and 
protein levels, which may be related to a gain of function in the 
transcript, as elucidated for other transcripts earlier (36, 71). While 
detailed regulatory mechanisms remain to be understood, the 
ADAR1/GM2 axis that links GSC self-renewal to GM2 ganglioside 
catabolism may inform future therapeutic paradigms.

We next utilized the TYK2 inhibitor to determine its poten-
cy in selective inhibition of GSC proliferation relative to either 
nonmalignant cells or matched DGCs under the same concen-
trations (Figure 7E). TYK2 inhibitor treatment also reduced GSC 
self-renewal (Figure 7F). Given our finding of a link between 
ADAR1-mediated RNA editing and GM2 ganglioside catabolism, 
we explored the translational potential of targeting GM2. Certain 
cationic amphiphilic drugs, including desipramine and chloro-
quine, induce phospholipidosis and inhibit GM2 hydrolysis (55). 
Treatment with either desipramine or chloroquine reduced GSC 
proliferation (Figure 7, G and H, top panels) and sphere formation 
(Figure 7I, top panel). In contrast and aligned with GSC-specif-
ic effects, desipramine or chloroquine minimally affected the of 
DGC proliferation (Figure 7, G and H, bottom panels) and sphere 
formation (Figure 7I, bottom panel).

ADAR1 and GM2A promote in vivo tumorigenesis. As in vivo 
tumor formation is an essential feature of GSCs, we interrogat-
ed ADAR1 and GM2A dependencies in proof-of-principle tumor 
xenograft experiments. GSCs transduced with 1 of 2 independent 
shADAR1s or a control shRNA encoding a nontargeting sequence 
were transplanted into the brains of immunocompromised mice. 
Mice bearing intracranial GSCs transduced with shADAR1 demon-
strated eradication of tumor formation relative to mice bearing 
GSCs expressing the shRNA control (Figure 8, A and B). We further 
extended the analysis by examining the GM2A dependency. Con-
sistent with a critical role of GM2A in GSC maintenance, mice with 
transplanted GSCs expressing shGM2A displayed longer survival 
and reduced tumor volume compared with those transduced with 
the control shRNA (Figure 8, C and D). Collectively, these results 
strongly suggest that therapeutic targeting of the TYK2/ADAR1/
GM2A axis may serve as a new clinical strategy for GBM treatment.

Discussion
A-to-I RNA editing is an important post-transcriptional mechanism 
to regulate RNA metabolism. The biological role of RNA editing has 
been explored in development and autoimmune diseases, but more 
recent studies point to vital contributions to cancer. The advent of 
RNA-Seq has greatly accelerated the recognition of the function 
of RNA editing in both physiological and disease contexts (42, 43, 
56, 57), including cancer development and progression (16, 57, 58). 
Complicating the connection between RNA editing and cancer, 
A-to-I RNA editing enzymes can serve as either tumor suppressors 
or oncogenes. ADAR1 has been suggested to maintain both nor-
mal and cancer stem cells through multiple mechanisms (59–64). 
Shared A-to-I RNA editing sites specific to a large panel of GSCs 
were relatively restricted, but the genes most specifically edited in 

Table 2. Stem cell frequencies in GSCs (1517, 3565, and 3691) transduced with shCONT or shGM2A

Cell line 1517 GSCs 3565 GSCs 3691 GSCs
Treatment shCONT shGM2A.1195 shGM2A.422 shCONT shGM2A.1195 shGM2A.422 shCONT shGM2A.1195 shGM2A.422
Lower 8.71 6094.89 6161.8 8.53 2020.47 3149.33 6.7 298.8 6095.4
Estimate 5.96 1529.8 1539.9 5.82 3099.96 1016.46 8.6 181.16 1530.3
Upper 4.08 383.98 384.78 3.97 1016.46 328.07 6.18 109.9 384.5

See also Figure 4. Values were estimated as ratio 1/X with the upper and 95% confidence intervals with the lower, where 1 = stem cell and X = all cells. 
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Figure 5. The GM2 ganglioside catabolic pathway maintains GSCs. (A) Left: Gene expression levels of HEXA and HEXB in normal brain and gliomas in TCGA. 
Statistical significance was determined by Wilcoxon’s signed-rank test. ***P < 0.01. Right: Kaplan-Meier survival curves of glioma patients with high or low 
HEXA or HEXB expression in TCGA. P value was determined by log-rank test. (B) Pairwise correlation analysis between GM2A, HEXA, and HEXB gene expres-
sion data from TCGA GBM data sets. Correlation coefficient (R) values are shown. (C) mRNA expression of HEXA and HEXB in GSCs (3565 and 3691) transduced 
with shCONT or shGM2A. Quantitative data from 3 independent experiments are shown as mean ± SD (error bars). n = 3. Statistical significance was deter-
mined by ANOVA. *P < 0.05, ****P < 0.0001. (D) HEXA (top) and HEXB (bottom) mRNA expression in GSCs (1517, 3565, and 3691) transduced with shCONT, 
shHEXA, or shHEXB. n = 4. Quantitative data from 4 independent experiments are shown as mean ± SD (error bars). Statistical significance was determined 
by ANOVA. **P < 0.01, ***P < 0.001. (E) Proliferation of GSCs (1517, 3565, and 3691) transduced with shCONT or shHEXA determined by CellTiter-Glo. n = 5. 
Quantitative data from 5 technical experiments are shown as mean ± SD (error bars). Statistical significance was determined by 2-way ANOVA with Dunnett’s 
multiple-comparison test. ****P < 0.0001. (F) Proliferation of GSCs (1517, 3565, and 3691) transduced with shCONT or shHEXB determined by CellTiter-Glo.  
n = 5. Quantitative data from 5 technical experiments are shown as mean ± SD (error bars). Statistical significance was determined by 2-way ANOVA with Dun-
nett’s multiple-comparison test. ****P < 0.0001. (G) ELDA for in vitro sphere formation of GSCs (1517, 3565, and 3691) transduced with shCONT or shHEXA.  
n = 24. Pairwise tests for differences in stem cell frequencies. ***P < 0.001. (H) Analyses identical to those in G were performed for HEXB.
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Figure 6. Disruption of GM2 ganglioside catabolism relocates GM2 gangliosides. (A) Immunofluorescence analysis of nonmalignant cells derived from 
epilepsy surgical specimens (NM176 and NM263) and GSCs (1517, 3565, and 3691) with lysosome marker Lamp2 and GM2 ganglioside. DAPI indicates nuclei. 
Scale bar: 10 μm. (B) Immunofluorescence analysis of 3565 GSCs transduced with shCONT or shGM2A with lysosome marker Lamp2 and GM2 ganglioside. 
n = 2 biological replicates. DAPI indicates nuclei. Scale bar: 10 μm. (C) Statistical values for experiments performed in B. Data are shown as mean ± SD. 
Statistical significance was compared by Student’s t test. *P < 0.05, **P < 0.01. (D) Immunofluorescence analysis of 3691 GSCs transduced with shCONT 
or shGM2A with lysosome marker Lamp2 and GM2 ganglioside. n = 2 biological replicates. DAPI indicates nuclei. Scale bar: 10 μm. (E) Statistical values for 
experiments performed in D. Data are shown as mean ± SD. Statistical significance was compared by Student’s t test. *P < 0.05. (F) Immunofluorescence 
analysis of 3565 GSCs transduced with shCONT or shHEXA with lysosome marker Lamp2 and GM2 ganglioside. n = 2 biological replicates. DAPI indicates 
nuclei. Scale bar: 10 μm. (G) Statistical values for experiments performed in F. Data are shown as mean ± SD. Statistical significance was compared by Stu-
dent’s t test. **P < 0.01, ***P < 0.001. (H) Immunofluorescence analysis of 3565 GSCs transduced with shCONT or shADAR1 with lysosome marker Lamp2 
and GM2 ganglioside. n = 2 biological replicates. DAPI indicates nuclei. Scale bar: 10 μm. (I) Statistical values for experiments performed in H. Data are 
shown as mean ± SD. Statistical significance was compared by Student’s t test. ****P < 0.0001. (J) Immunofluorescence analysis of 3691 GSCs transduced 
with shCONT or shADAR1 with lysosome marker Lamp2 and GM2 ganglioside. n = 2 biological replicates. DAPI indicates nuclei. Scale bar: 10 μm. (K) Statis-
tical values for experiments performed in J. Data are shown as mean ± SD. Statistical significance was compared by Student’s t test. ****P < 0.0001.
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Methods
Tumor dissociation, derivation, and culture of glioma stem cells, nonma-
lignant brain cultures, and neural stem cells. All GBM cells were derived 
from the primary patient tumors or xenografted tumors. The dissoci-
ation procedure was performed as previously described (5) according 
to the manufacturer’s instructions. All patient studies were conduct-
ed in accordance with the Declaration of Helsinki. 1517, 3565, 3691, 
and 1919 GSCs were derived by our laboratory and transferred via 
materials transfer agreement from Duke University. Nonmalignant 
brain cultures (NM176 and NM263) were derived from human epi-
lepsy resection specimens. The human NSC lines NSC11 and WT83 
(ALSTEM) were derived from human induced pluripotent stem 
cells. All GSCs and NSCs were cultured in vitro in neurobasal medi-
um supplemented with B27 (Invitrogen), l-glutamine, sodium pyru-
vate, 1% penicillin/streptomycin, 20 ng/mL basic fibroblast growth 
factor, and 20 ng/mL epidermal growth factor for at least 6 hours to 
recover expression of surface antigens. Both GSCs and differentiated 
GBM cells (DGCs) were collected using prospective sorting followed 
by assays to confirm stem cell marker expression, sphere formation, 
and secondary tumor initiation. Matched GSC and DGC experiments 
were performed. DGCs were maintained in DMEM supplemented 
with 10% FBS (Gibco) to maintain differentiation. Each tumor mod-
el was sent to short tandem repeat analyses before use. Mycoplasma 
testing was performed by quantitative PCR cellular supernatants at 
least every 6 months. All cells were thawed within 1 month of these 
experimental procedures.

Proliferation and sphere formation assays. Cell proliferation exper-
iments were conducted by plating of cells of interest at a density of 
1500 cells per well in a 96-well plate with 5 replicates. CellTiter-Glo 
(Promega) was used to measure cell proliferation. All data were nor-
malized to day 0 and presented as mean ± SD. Sphere formation was 
measured by in vitro limiting dilution, as previously reported (85). 
Briefly, decreasing numbers of cells per well (60, 40, 20, and 10) were 
plated into 96-well plates. The presence and number of spheres in 
each well were recorded 10 days after plating. Extreme limiting dilu-
tion analysis was performed using software available at http://bioinf.
wehi.edu.au/software/elda, as previously described (85). All tumor 
sphere and proliferation experiments were performed 3 times.

Western blotting. Cells were collected and lysed in RIPA buffer (50 
mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, and 50 mM NaF 
with protease inhibitors), then incubated on ice for 15 minutes. Lysates 
were centrifuged at 4°C for 10 minutes at 12,000 rpm, and superna-
tants were collected. The Bradford assay (Bio-Rad Laboratories) was 
used for determination of protein concentrations. Equal amounts of 
protein samples were mixed with 2× SDS Laemmli loading buffer, 
boiled for 10 minutes, and electrophoresed using SDS-PAGE, then 
transferred onto PVDF membranes. TBST supplemented with 5% 
nonfat dry milk was used for blocking for 1 hour followed by blotting 
with primary antibodies at 4°C overnight. Blots were washed 4 times 
for 5 minutes with TBST and then incubated with appropriate second-
ary antibodies for 1 hour. The blots were developed by SuperSignal 
West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scien-
tific) and Autoradiography Film (Denville Scientific Inc). All the anti-
bodies are listed in Supplemental Table 1. See complete unedited blots 
in the supplemental material.

Immunofluorescence. Tumor samples from GBM patients were 
fixed in 4% paraformaldehyde overnight at 4°C, followed by overnight 

GM2 gangliosides are glycans. Several functions of glycans 
have been implicated in cancers (72, 73), and GM2 promotes 
tumor cell invasion and migration (74–76). GM2 accumulates 
in lysosomes as a functional consequence of specific mutations 
in GM2A or its partners in GM2 degradation, HEXA and HEXB 
(77, 78). Mutations in these GM2 molecular regulators lead to 
inborn-error diseases, such as AB variant and Tay-Sachs disease 
(77). We now demonstrate that GM2A depletion inhibits GSC 
growth and self-renewal, with associated changes in both GM2 
levels and distribution in the cytoplasm. Direct GM2A inhibitors 
have not been developed, but several cationic amphiphilic drugs, 
including desipramine and chloroquine, induce phospholipidosis 
and inhibit GM2 hydrolysis (55), suggesting that these drugs may 
be repurposed for GBM therapy.

In orthogonal studies, we sought regulatory mechanisms 
upstream of ADAR1 and identified a TYK2 inhibitor as a potential 
therapeutic agent. TYK2 is a nonreceptor tyrosine protein kinase 
that associates with the cytoplasmic domains of type I and type II 
cytokine receptors to transduce cytokine signaling by phosphory-
lating receptor subunits (79). As a member of the JAK family and a 
component of the type I and type III IFN signaling pathways, inhi-
bition of TYK2 modulates ADAR1 expression to block GSC prolif-
eration and self-renewal, which may indicate that ADAR1 is one 
of the targets in GSCs, thus supporting its potential clinical utility.

The JAK/STAT family member STAT3 maintains GSCs (80, 
81) and itself undergoes intronic A-to-I RNA editing to regulate 
its expression by alternative splicing in the MCF7 breast cancer 
cell line (82). In addition, GM2 marks stem-like pancreatic cancer 
cells and may be regulated by STAT3 (83). We did not prioritize 
STAT3 for further investigation in our studies, as TYK2 appeared 
most promising, but we note that in the TCGA data set ADAR1 
expression correlated with STAT3 (R = 0.32; Supplemental Fig-
ure 5A), less significantly than with TYK2 (R = 0.66). Further, 
STAT3 transcripts, even in the previously mentioned intron, did 
not undergo editing in our GSCs (data not shown). Thus, STAT3 
regulation of GSCs appears less likely to be connected to ADAR1 
function or A-to-I editing.

Notably, each node in the TYK2/ADAR1/GM2A axis has 
been associated with immune regulation. For example, in mel-
anoma cells, loss of ADAR1 increases sensing of IFN-induced 
dsRNA to overcome the resistance to the immune checkpoint 
blockade (69, 84). In fact, we find that multiple IFN pathway 
genes are highly edited, suggesting that elevated RNA edit-
ing may impact both the dsRNA sensing system and specific 
tumor-promoting genes. This might contribute to the well-
known property of GBM as an immuno logically cold tumor and 
the fact that most immune therapies show modest, if any, ther-
apeutic benefit. In future studies, we expect to leverage these 
findings to target the TYK2/ADAR1/GM2A axis to enhance 
immuno therapy in GBM treatment.

In conclusion, we present a global map of A-to-I editing events 
that occur in GSCs from which we identify specific events that 
contribute to GSC self-renewal. By pursuing one of the prevalent 
edited genes, GM2A, we uncover an unprecedented link of reg-
ulated catabolism to GSC stemness, and we provide a series of 
proof-of-concept experiments for exploiting the TYK2/ADAR1/
GM2A axis as a potential strategy for GBM treatment.
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Figure 7. Pharmacologic targeting of GSC self-renewal through the ADAR1/GM2 axis. See also Supplemental Figure 5. (A) Gene set enrichment analysis 
based on KEGG pathway annotation of JAK/STAT signaling pathway genes in GBM informed by TCGA data. (B) ADAR1 and GM2A mRNA expression in 
3565 GSCs treated with vehicle control (DMSO) or different concentrations of a TYK2 inhibitor. n = 4. Quantitative data from 4 independent experiments 
are shown as mean ± SD (error bars). Statistical significance was determined by ANOVA. **P < 0.01. (C) ADAR1 and GM2A mRNA expression in 3691 GSCs 
treated with vehicle control (DMSO) or several concentrations of a TYK2 inhibitor. n = 4. Quantitative data from 4 independent experiments are shown as 
mean ± SD (error bars). Statistical significance was determined by ANOVA. **P < 0.01, ***P < 0.001. (D) Western blotting for ADAR1, SOX2, and GM2A in 
GSCs (1517, 3565, and 3691) treated with vehicle control (DMSO) or TYK2 inhibitor. (E) Comparative concentration response curves for GSCs (1517, 3565, and 
3691), matched DGCs (1517, 3565, and 3691), and nonmalignant cells derived from epilepsy surgical specimens (NM176 and NM263) treated with increasing 
concentrations of a TYK2 inhibitor for 2 days. (F) ELDA for in vitro sphere formation of GSCs (1517, 3565, and 3691) treated with vehicle control (DMSO) or a 
TYK2 inhibitor. n = 24. Pairwise tests for differences in stem cell frequencies. ***P < 0.001. (G) Cell viability of GSCs (1517, 3565, and 3691; top) and matched 
DGCs (1517, 3565, and 3691; bottom) with increasing concentrations of desipramine. (H) Cell viability of GSCs (1517, 3565, and 3691; top) and matched DGCs 
(1517, 3565, and 3691; bottom) with increasing concentrations of chloroquine. (I) Sphere formation of GSCs (1517, 3565, and 3691; top) and matched DGCs 
(1517, 3565, and 3691; bottom) with DMSO, desipramine, or chloroquine. Scale bars: 50 μm.
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erslips were incubated with a primary antibody at 4°C overnight. Cells 
were washed 4 times for 5 minutes and then incubated with appropriate 
Alexa Fluor–conjugated secondary antibodies for 1 hour at 4°C followed 
by washing 3 times and counterstained with DAPI. All microscopy imag-
es were obtained using a Leica SPE confocal microscope and processed 
in Adobe Photoshop CS6. Antibodies are listed in Supplemental Table 1.

RNA isolation and quantitative reverse transcriptase PCR. Trizol 
reagent (Sigma-Aldrich) was used to isolate total cellular RNA from 
cell pellets. The qScript cDNA Synthesis Kit (Quanta BioSciences) 

cryoprotection with 20% sucrose in PBS at 4°C. Samples were then sec-
tioned at a thickness of 7 μm. Sections were blocked with 1% BSA for 1 
hour and then stained with anti-ADAR1 or anti-SOX2 antibodies at 4°C 
overnight. Sections were washed 4 times for 5 minutes and incubated 
with appropriate Alexa Fluor–conjugated secondary antibodies for 1 
hour at 4°C followed by washing 3 times and counterstained with DAPI.

Cells were plated onto coverslips and grown to 50%–80% conflu-
ence in an incubator. Fixed cells were treated with 0.3% Triton X-100 
for 10 minutes and then incubated with 1% BSA for 1 hour. Then the cov-

Figure 8. Targeting ADAR1 or GM2A attenuates in vivo tumor growth. (A) Survival analysis of NSG mice bearing intracranially implanted patient-derived 
3691 GSCs transduced with shCONT or 1 of 2 non-overlapping shADAR1s (left panel). Statistical significance was determined by log-rank (Mantel-Cox) test. 
GSCs were implanted intracranially into NSG mice, and tumor formation was determined by H&E staining (right panel). Scale bar: 2 mm. n = 5 per group, 
2 biological replicates. (B) Survival analysis of NSG mice bearing intracranially implanted patient-derived 3565 GSCs transduced with shCONT or 1 of 2 
non-overlapping shADAR1s (left panel). Statistical significance was determined by log-rank (Mantel-Cox) test. GSCs were implanted intracranially into NSG 
mice, and tumor formation was determined by H&E staining (right panel). Scale bar: 2 mm. n = 5 per group, 2 biological replicates. (C) Survival analysis of 
NSG mice bearing intracranially implanted patient-derived 3691 GSCs transduced with shCONT or 1 of 2 non-overlapping shGM2As (left panel). Statistical 
significance was determined by log-rank (Mantel-Cox) test. GSCs were implanted intracranially into NSG mice, and tumor formation was determined by 
H&E staining (right panel). Scale bar: 2 mm. n = 5 per group. (D) Survival analysis of NSG mice bearing intracranially implanted patient-derived 3565 GSCs 
transduced with shCONT or 1 of 2 non-overlapping shGM2As (left panel). Statistical significance was determined by log-rank (Mantel-Cox) test. GSCs were 
implanted intracranially into NSG mice, and tumor formation was determined by H&E staining (right panel). Scale bar: 2 mm. n = 5 per group. **P < 0.01.
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For a specific editing site, the editing level in a given sample was 
calculated as the number of edited reads divided by the total number 
of reads covering the site. We determined the overall gene editing lev-
el as the total number of reads at all known editing positions as com-
pared with all reads covering the position (i.e., containing A and G 
nucleotides at the editing position). The sample overall editing levels 
were similar to the gene overall editing levels, which used the reads 
supporting all editing sites in each sample divided by the whole reads 
mapped to the editing sites. GSC-enriched editing sites were defined 
as editing sites for which the mean editing levels were higher in GSC 
samples compared with NSC samples. Eighty-six genes were defined 
stringently as GSC-specifically edited if (GSC mean editing level)/
(GSC mean editing level + NSC mean editing level) was ≥0.75.

RNA-Seq analysis. All original RNA-Seq data on ADAR1 knock-
down from GSC samples were deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO) database (GEO GSE153270). Quality control 
was performed using Trimmomatic with parameters MINLEN: 38 
and SLIDINGWINDOW: 2:20. Filtered reads were mapped to the 
reference human genome (hg38) using STAR (92) with the following 
parameters: --outFilterScoreMinOverLread 0.1, --outFilterMatchN-
minOverLread 0.1, --alignIntronMax 1, and --alignEndsType End-
ToEnd. After we obtained the mapping files, duplicate reads were 
removed using Picard (http://broadinstitute.github.io/picard/) with 
parameters MarkDuplicates and REMOVE_DUPLICATES = true. We 
calculated gene read counts using FeatureCounts (93) and converted 
the read counts to reads per kilobase of transcript per million mapped 
reads (RPKM) using the edgeR (94) package in the R language. DESeq2 
(95) was used to obtain the differentially expressed genes between 
ADAR1 knockdown and negative control data sets. Only genes with 
fold change greater than 2 and adjusted P value below 0.05 were 
retained for further analysis. The WIG files of each RNA-Seq data set 
from sense strand and antisense strand were obtained through bam-
Coverage from deepTools (96) with the parameters “ignore dupli-
cates” and “normalize using CPM.”

Patient database bioinformatics. For TCGA editing sites surviv-
al analysis, we downloaded the editing level of each editing site in 
GBM from Synapse (17); then Cox proportional hazard models and 
log-rank tests were used to determine the functional editing sites that 
were associated with patient survival (P < 0.05). For the gene surviv-
al analysis, we obtained the gene expression and patient information 
of GBM from the REMBRANDT data set, CGGA data set, and TCGA 
data set through the GlioVis web portal (http://gliovis.bioinfo.cnio.es) 
(97), and then performed survival analysis using the Cox proportional 
hazards model and log-rank tests for selected genes. The gene expres-
sion correlation analysis and differential expression analysis were also 
based on the previous data sets.

Statistics. All the statistical analyses are described in the figure 
legends. For survival analyses, the significance was calculated by 
log-rank (Mantel-Cox) test. For cell proliferation, 2-way ANOVA was 
used for analysis with Dunnett’s multiple-comparison test. For in vitro 
sphere formation analyses, pairwise tests were used for differences 
in stem cell frequencies. For the other analyses, Student’s t test was 
performed to assess the statistical significance between 2 groups. For 
comparison of more than 2 groups, 1-way ANOVA was used. Statistical 
analysis was performed with GraphPad Prism software.

Study approval. All procedures related to GBM tissues obtained 
from surgical resection performed with written informed consent at 

was used for reverse transcription into cDNA. Quantitative real-time 
PCR was performed with an Applied Biosystems 7900HT cycler using 
SYBRGreen PCR Master Mix (Thermo Fisher Scientific). All the prim-
ers are listed in Supplemental Table 2.

RNA immunoprecipitation–quantitative PCR. For ADAR1 immu-
noprecipitation, 2 μg of antibody was coupled to Dynabeads at 4°C 
for 2 hours in 200 μL lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM 
NaCl, 2 mM EDTA, 1% NP-40, and proteinase inhibitor cocktail), and 
after washing with lysis buffer, cell extracts were added. The mix was 
incubated while being rotated at 4°C for 2 hours. After incubation, 
the beads were washed 4 times and separated into 2 parts. One part 
was for RNA extraction and reverse transcription into cDNA using the 
qScript cDNA Synthesis Kit (Quanta BioSciences); the other part was 
eluted with lysis buffer and analyzed by SDS-PAGE.

Plasmids and lentiviral transduction. All shRNAs used were pur-
chased from Sigma-Aldrich and are listed in Supplemental Table 2. 
293FT cells were used to generate lentiviral particles through cotrans-
fection of the packaging vectors pCMV-dR8.2 and VSVG. Twelve 
hours after transfection, media were changed to neurobasal complete 
medium. Media containing lentiviral particles were collected by filter-
ing with a 0.45 μm filter and concentrated with a Lenti-X concentrator 
(Takara), aliquoted to small vials, and stored at –80°C.

In vivo tumorigenesis. Healthy 4- to 6-week-old NSG mice (NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ, The Jackson Laboratory) were ran-
domly selected and used in this study for intracranial implantation. 
Intracranial xenografts were generated by implantation of human- 
derived GSCs into the right cerebral cortex of mice at a depth of 
3.5 mm. Animals were monitored until neurological signs (such 
as hunched posture, gait changes, lethargy, and weight loss) were 
observed, and then they were sacrificed. Brains were harvested and 
fixed in 4% formaldehyde for at least 48 hours, stored in 70% ethanol 
at 4°C, and then cryosectioned. H&E staining was performed on sec-
tions for histological analysis. In parallel survival experiments, mice 
were observed until the development of neurological signs.

Characterization of RNA variants and A-to-I RNA editing profiles. 
After obtaining raw RNA-Seq sequencing reads for 31 GSC and 5 NSC 
samples, we first filtered the low-quality reads and cut adapters using 
Trimmomatic (86) with parameters SLIDINGWINDOW:2:20 MIN-
LEN:38. RNA variations were called following the Best Practices rec-
ommendations for calling variants on the RNA-Seq data pipeline from 
the Genome Analysis Toolkit (GATK) (87). We required variants to be 
supported by at least 1 mismatched read with a base quality score ≥25, 
a mapping quality score ≥20, and coverage of each site ≥10. To remove 
DNA variations, we identified SNPs based on the corresponding whole 
exome sequencing (WES) libraries using GATK. All variations found 
by the exome sequencing data were filtered. We also removed all 
known DNA variations in the 1000 Genomes Project, dbSNP (data-
base version 150; http://www.ncbi.nlm.nih.gov/SNP/), the University 
of Washington Exome Sequencing Project (http://evs.gs.washington.
edu/EVS/), the Catalogue of Somatic Mutations in Cancer (COSMIC) 
database (88), and the ClinVar database (89). ANNOVAR (90) was 
used to re-annotate the remaining variations. To further remove false 
positive results, only variations curated in the RADAR database (91) 
were considered as editing sites. To ensure adequate statistical power, 
we identified the informative RNA editing sites among the detected 
RNA editing sites by requiring at least 10 samples, including normal 
samples. Finally, we obtained 6541 high-confidence RNA editing sites.

https://www.jci.org
https://doi.org/10.1172/JCI143397
http://broadinstitute.github.io/picard/
http://gliovis.bioinfo.cnio.es
https://www.jci.org/articles/view/143397#sd
https://www.jci.org/articles/view/143397#sd
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http://evs.gs.washington.edu/EVS/


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2022;132(6):e143397  https://doi.org/10.1172/JCI143397

Acknowledgments
We appreciate the helpful discussions with the members of the 
Rich laboratory. We appreciate the Histology Core at UCSD for 
their work on histologic experiments and analysis. Finally, we 
thank our funding sources, the National Institutes of Health: 
CA217066 to BCP; CA217065 to RCG; GM049369, GM052872, 
and HG004659 to XDF; and P30 CA047904, CA238662, 
CA197718, and NS103434 to JNR.

Address correspondence to: Jeremy N. Rich, UPMC Cancer 
Pavilion, Room 549, 5150 Centre Avenue, Pittsburgh, Pennsyl-
vania 15232, USA. Phone: 412.623.3364; Email: drjeremyrich@
gmail.com. Or to: Xiang-Dong Fu, Department of Cellular and 
Molecular Medicine, University of California, San Diego, 9500 
Gilman Drive #0651, La Jolla, California 92093, USA. Phone: 
858.534.4937; Email: xdfu@ucsd.edu.

Duke University were in accordance with protocol 090401, which 
was approved by Institutional Review Board (Duke University, 
Durham, NC, USA). All murine experiments were performed under 
a protocol (s17096) approved by the UCSD Institutional Animal Care 
and Use Committee.

Author contributions
LJ initiated and designed the study, acquired and analyzed the 
data, and wrote and revised the manuscript. YH designed the 
study, analyzed the RNA-Seq data, and revised the manuscript. 
CS performed experiments. QW provided experimental assis-
tance for intracranial injections. RCG and BCP analyzed the data 
and revised the manuscript. GS, LJYK, GZ, ZQ, and ZZ revised the 
manuscript. XDF and JNR designed the study, analyzed the data, 
wrote and revised the manuscript, and provided study supervision 
and material support.

 1. Ostrom QT, et al. American Brain Tumor Associ-
ation adolescent and young adult primary brain 
and central nervous system tumors diagnosed 
in the United States in 2008-2012. Neuro Oncol. 
2016;18(suppl 1):i1–i50.

 2. Chen J, et al. Malignant glioma: lessons from 
genomics, mouse models, and stem cells. Cell. 
2012;149(1):36–47.

 3. Stupp R, et al. Radiotherapy plus concomitant 
and adjuvant temozolomide for glioblastoma.  
N Engl J Med. 2005;352(10):987–996.

 4. Stupp R, et al. Effects of radiotherapy with con-
comitant and adjuvant temozolomide versus 
radiotherapy alone on survival in glioblastoma 
in a randomised phase III study: 5-year anal-
ysis of the EORTC-NCIC trial. Lancet Oncol. 
2009;10(5):459–466.

 5. Bao S, et al. Glioma stem cells promote radioresis-
tance by preferential activation of the DNA dam-
age response. Nature. 2006;444(7120):756–760.

 6. Chen J, et al. A restricted cell population propa-
gates glioblastoma growth after chemotherapy. 
Nature. 2012;488(7412):522–526.

 7. Singh SK, et al. Identification of human 
brain tumour initiating cells. Nature. 
2004;432(7015):396–401.

 8. Suva ML, et al. Reconstructing and reprogram-
ming the tumor-propagating potential of glioblas-
toma stem-like cells. Cell. 2014;157(3):580–594.

 9. Lee J, et al. Tumor stem cells derived from glio-
blastomas cultured in bFGF and EGF more close-
ly mirror the phenotype and genotype of primary 
tumors than do serum-cultured cell lines. Cancer 
Cell. 2006;9(5):391–403.

 10. Piccirillo SG, et al. Bone morphogenetic pro-
teins inhibit the tumorigenic potential of 
human brain tumour-initiating cells. Nature. 
2006;444(7120):761–765.

 11. Frattini V, et al. The integrated landscape of 
driver genomic alterations in glioblastoma. Nat 
Genet. 2013;45(10):1141–1149.

 12. Brennan CW, et al. The somatic genomic land-
scape of glioblastoma. Cell. 2013;155(2):462–477.

 13. Liu Q, et al. Genetic, epigenetic, and molecular 
landscapes of multifocal and multicentric glio-
blastoma. Acta Neuropathol. 2015;130(4):587–597.

 14. Maleszewska M, Kaminska B. Is glioblastoma 

an epigenetic malignancy? Cancers (Basel). 
2013;5(3):1120–1139.

 15. Pangeni RP, et al. Genome-wide methylomic and 
transcriptomic analyses identify subtype-specific 
epigenetic signatures commonly dysregulated in 
glioma stem cells and glioblastoma. Epigenetics. 
2018;13(4):432–448.

 16. Barbieri I, Kouzarides T. Role of RNA 
modifications in cancer. Nat Rev Cancer. 
2020;20(6):303–322.

 17. Han L, et al. The genomic landscape and clinical 
relevance of A-to-I RNA editing in human can-
cers. Cancer Cell. 2015;28(4):515–528.

 18. Keegan LP, et al. The many roles of an RNA edi-
tor. Nat Rev Genet. 2001;2(11):869–878.

 19. Nishikura K. A-to-I editing of coding and 
non-coding RNAs by ADARs. Nat Rev Mol Cell 
Biol. 2016;17(2):83–96.

 20. Bass BL. RNA editing by adenosine deam-
inases that act on RNA. Annu Rev Biochem. 
2002;71:817–846.

 21. Batzer MA, Deininger PL. Alu repeats and 
human genomic diversity. Nat Rev Genet. 
2002;3(5):370–379.

 22. Savva YA, et al. The ADAR protein family. 
Genome Biol. 2012;13(12):252.

 23. Tan MH, et al. Dynamic landscape and reg-
ulation of RNA editing in mammals. Nature. 
2017;550(7675):249–254.

 24. Jiang Q, et al. RNA editing-dependent epitran-
scriptome diversity in cancer stem cells. Nat Rev 
Cancer. 2017;17(6):381–392.

 25. Maas S, Rich A. Changing genetic infor-
mation through RNA editing. Bioessays. 
2000;22(9):790–802.

 26. Rueter SM, et al. Regulation of alternative splicing 
by RNA editing. Nature. 1999;399(6731):75–80.

 27. Tomaselli S, et al. Modulation of microRNA edit-
ing, expression and processing by ADAR2 deami-
nase in glioblastoma. Genome Biol. 2015;16:5.

 28. Kawahara Y, et al. Redirection of silencing targets 
by adenosine-to-inosine editing of miRNAs. Sci-
ence. 2007;315(5815):1137–1140.

 29. Choudhury Y, et al. Attenuated adenosine-to- 
inosine editing of microRNA-376a* promotes 
invasiveness of glioblastoma cells. J Clin Invest. 
2012;122(11):4059–4076.

 30. Bazak L, et al. A-to-I RNA editing occurs at 
over a hundred million genomic sites, located 
in a majority of human genes. Genome Res. 
2014;24(3):365–376.

 31. Fu L, et al. RNA editing of SLC22A3 drives 
early tumor invasion and metastasis in familial 
esophageal cancer. Proc Natl Acad Sci U S A. 
2017;114(23):E4631–E4640.

 32. Chan TH, et al. ADAR-mediated RNA editing 
predicts progression and prognosis of gastric can-
cer. Gastroenterology. 2016;151(4):637–650.

 33. Maas S, et al. Underediting of glutamate receptor 
GluR-B mRNA in malignant gliomas. Proc Natl 
Acad Sci U S A. 2001;98(25):14687–14692.

 34. Cenci C, et al. Down-regulation of RNA editing in 
pediatric astrocytomas: ADAR2 editing activity 
inhibits cell migration and proliferation. J Biol 
Chem. 2008;283(11):7251–7260.

 35. Martinez HD, et al. RNA editing of androgen 
receptor gene transcripts in prostate cancer cells. 
J Biol Chem. 2008;283(44):29938–29949.

 36. Chen L, et al. Recoding RNA editing of AZIN1 
predisposes to hepatocellular carcinoma. Nat 
Med. 2013;19(2):209–216.

 37. Han SW, et al. RNA editing in RHOQ promotes 
invasion potential in colorectal cancer. J Exp Med. 
2014;211(4):613–621.

 38. Galeano F, et al. ADAR2-editing activity inhibits 
glioblastoma growth through the modulation 
of the CDC14B/Skp2/p21/p27 axis. Oncogene. 
2013;32(8):998–1009.

 39. Mack SC, et al. Chromatin landscapes reveal 
developmentally encoded transcriptional states 
that define human glioblastoma. J Exp Med. 
2019;216(5):1071–1090.

 40. Ramaswami G, et al. Identifying RNA editing 
sites using RNA sequencing data alone. Nat 
Methods. 2013;10(2):128–132.

 41. Bahn JH, et al. Accurate identification of A-to-I 
RNA editing in human by transcriptome 
sequencing. Genome Res. 2012;22(1):142–150.

 42. Peng Z, et al. Comprehensive analysis of 
RNA-Seq data reveals extensive RNA editing 
in a human transcriptome. Nat Biotechnol. 
2012;30(3):253–260.

 43. Li JB, et al. Genome-wide identification of human 
RNA editing sites by parallel DNA capturing and 

https://www.jci.org
https://doi.org/10.1172/JCI143397
mailto://drjeremyrich@gmail.com
mailto://drjeremyrich@gmail.com
mailto://xdfu@ucsd.edu
https://doi.org/10.1093/neuonc/nov297
https://doi.org/10.1093/neuonc/nov297
https://doi.org/10.1093/neuonc/nov297
https://doi.org/10.1093/neuonc/nov297
https://doi.org/10.1093/neuonc/nov297
https://doi.org/10.1016/j.cell.2012.03.009
https://doi.org/10.1016/j.cell.2012.03.009
https://doi.org/10.1016/j.cell.2012.03.009
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature05236
https://doi.org/10.1038/nature11287
https://doi.org/10.1038/nature11287
https://doi.org/10.1038/nature11287
https://doi.org/10.1038/nature03128
https://doi.org/10.1038/nature03128
https://doi.org/10.1038/nature03128
https://doi.org/10.1016/j.cell.2014.02.030
https://doi.org/10.1016/j.cell.2014.02.030
https://doi.org/10.1016/j.cell.2014.02.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1038/nature05349
https://doi.org/10.1038/nature05349
https://doi.org/10.1038/nature05349
https://doi.org/10.1038/nature05349
https://doi.org/10.1038/ng.2734
https://doi.org/10.1038/ng.2734
https://doi.org/10.1038/ng.2734
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1007/s00401-015-1470-8
https://doi.org/10.1007/s00401-015-1470-8
https://doi.org/10.1007/s00401-015-1470-8
https://doi.org/10.1080/15592294.2018.1469892
https://doi.org/10.1080/15592294.2018.1469892
https://doi.org/10.1080/15592294.2018.1469892
https://doi.org/10.1080/15592294.2018.1469892
https://doi.org/10.1080/15592294.2018.1469892
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1016/j.ccell.2015.08.013
https://doi.org/10.1016/j.ccell.2015.08.013
https://doi.org/10.1016/j.ccell.2015.08.013
https://doi.org/10.1038/35098584
https://doi.org/10.1038/35098584
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1146/annurev.biochem.71.110601.135501
https://doi.org/10.1146/annurev.biochem.71.110601.135501
https://doi.org/10.1146/annurev.biochem.71.110601.135501
https://doi.org/10.1038/nrg798
https://doi.org/10.1038/nrg798
https://doi.org/10.1038/nrg798
https://doi.org/10.1186/gb-2012-13-12-252
https://doi.org/10.1186/gb-2012-13-12-252
https://doi.org/10.1038/nature24041
https://doi.org/10.1038/nature24041
https://doi.org/10.1038/nature24041
https://doi.org/10.1038/nrc.2017.23
https://doi.org/10.1038/nrc.2017.23
https://doi.org/10.1038/nrc.2017.23
https://doi.org/10.1002/1521-1878(200009)22:9<790::AID-BIES4>3.0.CO;2-0
https://doi.org/10.1002/1521-1878(200009)22:9<790::AID-BIES4>3.0.CO;2-0
https://doi.org/10.1002/1521-1878(200009)22:9<790::AID-BIES4>3.0.CO;2-0
https://doi.org/10.1038/19992
https://doi.org/10.1038/19992
https://doi.org/10.1186/s13059-014-0575-z
https://doi.org/10.1186/s13059-014-0575-z
https://doi.org/10.1186/s13059-014-0575-z
https://doi.org/10.1126/science.1138050
https://doi.org/10.1126/science.1138050
https://doi.org/10.1126/science.1138050
https://doi.org/10.1172/JCI62925
https://doi.org/10.1172/JCI62925
https://doi.org/10.1172/JCI62925
https://doi.org/10.1172/JCI62925
https://doi.org/10.1101/gr.164749.113
https://doi.org/10.1101/gr.164749.113
https://doi.org/10.1101/gr.164749.113
https://doi.org/10.1101/gr.164749.113
https://doi.org/10.1053/j.gastro.2016.06.043
https://doi.org/10.1053/j.gastro.2016.06.043
https://doi.org/10.1053/j.gastro.2016.06.043
https://doi.org/10.1073/pnas.251531398
https://doi.org/10.1073/pnas.251531398
https://doi.org/10.1073/pnas.251531398
https://doi.org/10.1074/jbc.M708316200
https://doi.org/10.1074/jbc.M708316200
https://doi.org/10.1074/jbc.M708316200
https://doi.org/10.1074/jbc.M708316200
https://doi.org/10.1074/jbc.M800534200
https://doi.org/10.1074/jbc.M800534200
https://doi.org/10.1074/jbc.M800534200
https://doi.org/10.1038/nm.3043
https://doi.org/10.1038/nm.3043
https://doi.org/10.1038/nm.3043
https://doi.org/10.1084/jem.20132209
https://doi.org/10.1084/jem.20132209
https://doi.org/10.1084/jem.20132209
https://doi.org/10.1038/onc.2012.125
https://doi.org/10.1038/onc.2012.125
https://doi.org/10.1038/onc.2012.125
https://doi.org/10.1038/onc.2012.125
https://doi.org/10.1084/jem.20190196
https://doi.org/10.1084/jem.20190196
https://doi.org/10.1084/jem.20190196
https://doi.org/10.1084/jem.20190196
https://doi.org/10.1038/nmeth.2330
https://doi.org/10.1038/nmeth.2330
https://doi.org/10.1038/nmeth.2330
https://doi.org/10.1101/gr.124107.111
https://doi.org/10.1101/gr.124107.111
https://doi.org/10.1101/gr.124107.111
https://doi.org/10.1038/nbt.2122
https://doi.org/10.1038/nbt.2122
https://doi.org/10.1038/nbt.2122
https://doi.org/10.1038/nbt.2122
https://doi.org/10.1126/science.1170995
https://doi.org/10.1126/science.1170995


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2022;132(6):e143397  https://doi.org/10.1172/JCI1433971 6

sequencing. Science. 2009;324(5931):1210–1213.
 44. Athanasiadis A, et al. Widespread A-to-I RNA 

editing of Alu-containing mRNAs in the human 
transcriptome. PLoS Biol. 2004;2(12):e391.

 45. Jurka J, Milosavljevic A. Reconstruction and 
analysis of human Alu genes. J Mol Evol. 
1991;32(2):105–121.

 46. Larsen PA, et al. Warning SINEs: Alu elements, 
evolution of the human brain, and the spec-
trum of neurological disease. Chromosome Res. 
2018;26(1-2):93–111.

 47. Bhaduri A, et al. Outer radial glia-like cancer 
stem cells contribute to heterogeneity of glioblas-
toma. Cell Stem Cell. 2020;26(1):48–63.

 48. Yadao F, et al. Formation of a ternary complex 
between GM2 activator protein, GM2 ganglioside 
and hexosaminidase A. Biochim Biophys Acta. 
1997;1340(1):45–52.

 49. Werth N, et al. Degradation of membrane-bound 
ganglioside GM2 by β-hexosaminidase A. Stim-
ulation by GM2 activator protein and lysosomal 
lipids. J Biol Chem. 2001;276(16):12685–12690.

 50. Conzelmann E, et al. Complexing of glyco-
lipids and their transfer between membranes 
by the activator protein for degradation of 
lysosomal ganglioside GM2. Eur J Biochem. 
1982;123(2):455–464.

 51. Bahn JH, et al. Genomic analysis of ADAR1 bind-
ing and its involvement in multiple RNA process-
ing pathways. Nat Commun. 2015;6:6355.

 52. Zarghooni M, et al. An alpha-subunit loop struc-
ture is required for GM2 activator protein binding 
by beta-hexosaminidase A. Biochem Biophys Res 
Commun. 2004;324(3):1048–1052.

 53. George CX, Samuel CE. STAT2-dependent 
induction of RNA adenosine deaminase ADAR1 
by type I interferon differs between mouse and 
human cells in the requirement for STAT1. Virol-
ogy. 2015;485:363–370.

 54. George CX, et al. Organization of the mouse 
RNA-specific adenosine deaminase Adar1 gene 
5’-region and demonstration of STAT1-indepen-
dent, STAT2-dependent transcriptional activation 
by interferon. Virology. 2008;380(2):338–343.

 55. Anheuser S, et al. Ganglioside GM2 catabolism 
is inhibited by storage compounds of mucopoly-
saccharidoses and by cationic amphiphilic drugs. 
Mol Genet Metab. 2019;128(1-2):75–83.

 56. Tran SS, et al. Widespread RNA editing dysreg-
ulation in brains from autistic individuals. Nat 
Neurosci. 2019;22(1):25–36.

 57. Xu LD, Ohman M. ADAR1 editing and its role in 
cancer. Genes (Basel). 2018;10(1):E12.

 58. Paz N, et al. Altered adenosine-to-inosine 
RNA editing in human cancer. Genome Res. 
2007;17(11):1586–1595.

 59. Osenberg S, et al. Alu sequences in undiffer-
entiated human embryonic stem cells display 
high levels of A-to-I RNA editing. PLoS One. 
2010;5(6):e11173.

 60. Germanguz I, et al. ADAR1 is involved in the 
regulation of reprogramming human fibroblasts 
to induced pluripotent stem cells. Stem Cells Dev. 
2014;23(5):443–456.

 61. Katayama S, et al. Loss of ADAR1 in human iPS 
cells promotes caspase3-mediated apoptotic cell 

death. Genes Cells. 2015;20(8):675–680.
 62. Witman NM, et al. ADAR-related activation of 

adenosine-to-inosine RNA editing during regen-
eration. Stem Cells Dev. 2013;22(16):2254–2267.

 63. Zipeto MA, et al. ADAR1 activation drives leu-
kemia stem cell self-renewal by impairing let-7 
biogenesis. Cell Stem Cell. 2016;19(2):177–191.

 64. Liu X, et al. ADAR1 promotes the epithelial- 
to-mesenchymal transition and stem-like cell 
phenotype of oral cancer by facilitating oncogen-
ic microRNA maturation. J Exp Clin Cancer Res. 
2019;38(1):315.

 65. Fujikawa A, et al. Targeting PTPRZ inhibits stem 
cell-like properties and tumorigenicity in glio-
blastoma cells. Sci Rep. 2017;7(1):5609.

 66. Shi Y, et al. Tumour-associated macrophages 
secrete pleiotrophin to promote PTPRZ1 sig-
nalling in glioblastoma stem cells for tumour 
growth. Nat Commun. 2017;8:15080.

 67. Castellan M, et al. Single-cell analyses reveal YAP/
TAZ as regulators of stemness and cell plasticity in 
Glioblastoma. Nat Cancer. 2021;2(2):174–188.

 68. Yi M, et al. Emerging role of lipid metabolism 
alterations in cancer stem cells. J Exp Clin Cancer 
Res. 2018;37(1):118.

 69. Ishizuka JJ, et al. Loss of ADAR1 in tumours over-
comes resistance to immune checkpoint block-
ade. Nature. 2019;565(7737):43–48.

 70. Silvestris DA, et al. Dynamic inosinome profiles 
reveal novel patient stratification and gen-
der-specific differences in glioblastoma. Genome 
Biol. 2019;20(1):33.

 71. Stellos K, et al. Adenosine-to-inosine RNA 
editing controls cathepsin S expression in 
atherosclerosis by enabling HuR-mediated 
post-transcriptional regulation. Nat Med. 
2016;22(10):1140–1150.

 72. Kailemia MJ, et al. Glycans and glycoproteins 
as specific biomarkers for cancer. Anal Bioanal 
Chem. 2017;409(2):395–410.

 73. Zhao YY, et al. Functional roles of N-glycans in 
cell signaling and cell adhesion in cancer. Cancer 
Sci. 2008;99(7):1304–1310.

 74. Todeschini AR, et al. Ganglioside GM2-tetrasp-
anin CD82 complex inhibits met and its cross-
talk with integrins, providing a basis for control 
of cell motility through glycosynapse. J Biol 
Chem. 2007;282(11):8123–8133.

 75. Kundu M, et al. Ganglioside GM2 mediates 
migration of tumor cells by interacting with 
integrin and modulating the downstream 
signaling pathway. Biochim Biophys Acta. 
2016;1863(7 pt a):1472–1489.

 76. Ishihara S, et al. Glycosphingolipid GM2 induces 
invasiveness in irradiation-tolerant lung cancer 
cells. Cell Struct Funct. 2018;43(2):177–185.

 77. Conzelmann E, Sandhoff K. AB variant of infan-
tile GM2 gangliosidosis: deficiency of a factor 
necessary for stimulation of hexosaminidase 
A-catalyzed degradation of ganglioside GM2 
and glycolipid GA2. Proc Natl Acad Sci U S A. 
1978;75(8):3979–3983.

 78. Kolter T, Sandhoff K. Sphingolipid metab-
olism diseases. Biochim Biophys Acta. 
2006;1758(12):2057–2079.

 79. Firmbach-Kraft I, et al. tyk2, prototype of a novel 

class of non-receptor tyrosine kinase genes. 
Oncogene. 1990;5(9):1329–1336.

 80. Wang Q, et al. A combination of BRD4 and 
HDAC3 inhibitors synergistically suppresses 
glioma stem cell growth by blocking GLI1/
IL6/STAT3 signaling axis. Mol Cancer Ther. 
2020;19(12):2542–2553.

 81. Fan Y, et al. Honokiol eliminates glioma/glioblas-
toma stem cell-like cells via JAK-STAT3 signaling 
and inhibits tumor progression by targeting epi-
dermal growth factor receptor. Cancers (Basel). 
2018;11(1):E22.

 82. Goldberg L, et al. Alternative splicing of STAT3 
is affected by RNA editing. DNA Cell Biol. 
2017;36(5):367–376.

 83. Sasaki N, et al. Ganglioside GM2, highly 
expressed in the MIA PaCa-2 pancreatic ductal 
adenocarcinoma cell line, is correlated with 
growth, invasion, and advanced stage. Sci Rep. 
2019;9(1):19369.

 84. Gao J, et al. Loss of IFN-γ pathway genes in tumor 
cells as a mechanism of resistance to anti- 
CTLA-4 therapy. Cell. 2016;167(2):397–404.

 85. Flavahan WA, et al. Brain tumor initiating 
cells adapt to restricted nutrition through 
preferential glucose uptake. Nat Neurosci. 
2013;16(10):1373–1382.

 86. Bolger AM, et al. Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics. 
2014;30(15):2114–2120.

 87. McKenna A, et al. The Genome Analysis Toolkit: 
a MapReduce framework for analyzing next-gen-
eration DNA sequencing data. Genome Res. 
2010;20(9):1297–1303.

 88. Tate JG, et al. COSMIC: the catalogue of 
somatic mutations in cancer. Nucleic Acids Res. 
2019;47(d1):941–947.

 89. Landrum MJ, et al. ClinVar: improving access to 
variant interpretations and supporting evidence. 
Nucleic Acids Res. 2018;46(d1):D1062–D1067.

 90. Wang K, et al. ANNOVAR: functional anno-
tation of genetic variants from high-through-
put sequencing data. Nucleic Acids Res. 
2010;38(16):e164.

 91. Ramaswami G, Li JB. RADAR: a rigorously anno-
tated database of A-to-I RNA editing. Nucleic 
Acids Res. 2014;42(database issue):D109–D113.

 92. Dobin A, et al. STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics. 2013;29(1):15–21.

 93. Liao Y, et al. featureCounts: an efficient gen-
eral purpose program for assigning sequence 
reads to genomic features. Bioinformatics. 
2014;30(7):923–930.

 94. Robinson MD, et al. edgeR: a Bioconductor 
package for differential expression analysis of 
digital gene expression data. Bioinformatics. 
2010;26(1):139–140.

 95. Love MI, et al. Moderated estimation of fold 
change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014;15(12):550.

 96. Ramirez F, et al. deepTools2: a next generation 
web server for deep-sequencing data analysis. 
Nucleic Acids Res. 2016;44(w1):W160–W165.

 97. Bowman RL, et al. GlioVis data portal for visu-
alization and analysis of brain tumor expression 
datasets. Neuro Oncol. 2017;19(1):139–141.

https://www.jci.org
https://doi.org/10.1172/JCI143397
https://doi.org/10.1126/science.1170995
https://doi.org/10.1371/journal.pbio.0020391
https://doi.org/10.1371/journal.pbio.0020391
https://doi.org/10.1371/journal.pbio.0020391
https://doi.org/10.1007/BF02515383
https://doi.org/10.1007/BF02515383
https://doi.org/10.1007/BF02515383
https://doi.org/10.1007/s10577-018-9573-4
https://doi.org/10.1007/s10577-018-9573-4
https://doi.org/10.1007/s10577-018-9573-4
https://doi.org/10.1007/s10577-018-9573-4
https://doi.org/10.1016/j.stem.2019.11.015
https://doi.org/10.1016/j.stem.2019.11.015
https://doi.org/10.1016/j.stem.2019.11.015
https://doi.org/10.1016/S0167-4838(97)00027-7
https://doi.org/10.1016/S0167-4838(97)00027-7
https://doi.org/10.1016/S0167-4838(97)00027-7
https://doi.org/10.1016/S0167-4838(97)00027-7
https://doi.org/10.1074/jbc.M007970200
https://doi.org/10.1074/jbc.M007970200
https://doi.org/10.1074/jbc.M007970200
https://doi.org/10.1074/jbc.M007970200
https://doi.org/10.1111/j.1432-1033.1982.tb19789.x
https://doi.org/10.1111/j.1432-1033.1982.tb19789.x
https://doi.org/10.1111/j.1432-1033.1982.tb19789.x
https://doi.org/10.1111/j.1432-1033.1982.tb19789.x
https://doi.org/10.1111/j.1432-1033.1982.tb19789.x
https://doi.org/10.1038/ncomms7355
https://doi.org/10.1038/ncomms7355
https://doi.org/10.1038/ncomms7355
https://doi.org/10.1016/j.bbrc.2004.09.159
https://doi.org/10.1016/j.bbrc.2004.09.159
https://doi.org/10.1016/j.bbrc.2004.09.159
https://doi.org/10.1016/j.bbrc.2004.09.159
https://doi.org/10.1016/j.virol.2015.08.001
https://doi.org/10.1016/j.virol.2015.08.001
https://doi.org/10.1016/j.virol.2015.08.001
https://doi.org/10.1016/j.virol.2015.08.001
https://doi.org/10.1016/j.virol.2015.08.001
https://doi.org/10.1016/j.virol.2008.07.029
https://doi.org/10.1016/j.virol.2008.07.029
https://doi.org/10.1016/j.virol.2008.07.029
https://doi.org/10.1016/j.virol.2008.07.029
https://doi.org/10.1016/j.virol.2008.07.029
https://doi.org/10.1016/j.ymgme.2019.04.007
https://doi.org/10.1016/j.ymgme.2019.04.007
https://doi.org/10.1016/j.ymgme.2019.04.007
https://doi.org/10.1016/j.ymgme.2019.04.007
https://doi.org/10.1038/s41593-018-0287-x
https://doi.org/10.1038/s41593-018-0287-x
https://doi.org/10.1038/s41593-018-0287-x
https://doi.org/10.1101/gr.6493107
https://doi.org/10.1101/gr.6493107
https://doi.org/10.1101/gr.6493107
https://doi.org/10.1371/journal.pone.0011173
https://doi.org/10.1371/journal.pone.0011173
https://doi.org/10.1371/journal.pone.0011173
https://doi.org/10.1371/journal.pone.0011173
https://doi.org/10.1089/scd.2013.0206
https://doi.org/10.1089/scd.2013.0206
https://doi.org/10.1089/scd.2013.0206
https://doi.org/10.1089/scd.2013.0206
https://doi.org/10.1111/gtc.12261
https://doi.org/10.1111/gtc.12261
https://doi.org/10.1111/gtc.12261
https://doi.org/10.1089/scd.2013.0104
https://doi.org/10.1089/scd.2013.0104
https://doi.org/10.1089/scd.2013.0104
https://doi.org/10.1016/j.stem.2016.05.004
https://doi.org/10.1016/j.stem.2016.05.004
https://doi.org/10.1016/j.stem.2016.05.004
https://doi.org/10.1186/s13046-019-1300-2
https://doi.org/10.1186/s13046-019-1300-2
https://doi.org/10.1186/s13046-019-1300-2
https://doi.org/10.1186/s13046-019-1300-2
https://doi.org/10.1186/s13046-019-1300-2
https://doi.org/10.1038/s41598-017-05931-8
https://doi.org/10.1038/s41598-017-05931-8
https://doi.org/10.1038/s41598-017-05931-8
https://doi.org/10.1038/ncomms15080
https://doi.org/10.1038/ncomms15080
https://doi.org/10.1038/ncomms15080
https://doi.org/10.1038/ncomms15080
https://doi.org/10.1038/s43018-020-00150-z
https://doi.org/10.1038/s43018-020-00150-z
https://doi.org/10.1038/s43018-020-00150-z
https://doi.org/10.1186/s13046-018-0784-5
https://doi.org/10.1186/s13046-018-0784-5
https://doi.org/10.1186/s13046-018-0784-5
https://doi.org/10.1038/s41586-018-0768-9
https://doi.org/10.1038/s41586-018-0768-9
https://doi.org/10.1038/s41586-018-0768-9
https://doi.org/10.1186/s13059-019-1647-x
https://doi.org/10.1186/s13059-019-1647-x
https://doi.org/10.1186/s13059-019-1647-x
https://doi.org/10.1186/s13059-019-1647-x
https://doi.org/10.1038/nm.4172
https://doi.org/10.1038/nm.4172
https://doi.org/10.1038/nm.4172
https://doi.org/10.1038/nm.4172
https://doi.org/10.1038/nm.4172
https://doi.org/10.1007/s00216-016-9880-6
https://doi.org/10.1007/s00216-016-9880-6
https://doi.org/10.1007/s00216-016-9880-6
https://doi.org/10.1111/j.1349-7006.2008.00839.x
https://doi.org/10.1111/j.1349-7006.2008.00839.x
https://doi.org/10.1111/j.1349-7006.2008.00839.x
https://doi.org/10.1074/jbc.M611407200
https://doi.org/10.1074/jbc.M611407200
https://doi.org/10.1074/jbc.M611407200
https://doi.org/10.1074/jbc.M611407200
https://doi.org/10.1074/jbc.M611407200
https://doi.org/10.1247/csf.18026
https://doi.org/10.1247/csf.18026
https://doi.org/10.1247/csf.18026
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1073/pnas.75.8.3979
https://doi.org/10.1158/1535-7163.MCT-20-0037
https://doi.org/10.1158/1535-7163.MCT-20-0037
https://doi.org/10.1158/1535-7163.MCT-20-0037
https://doi.org/10.1158/1535-7163.MCT-20-0037
https://doi.org/10.1158/1535-7163.MCT-20-0037
https://doi.org/10.1089/dna.2016.3575
https://doi.org/10.1089/dna.2016.3575
https://doi.org/10.1089/dna.2016.3575
https://doi.org/10.1038/s41598-019-55867-4
https://doi.org/10.1038/s41598-019-55867-4
https://doi.org/10.1038/s41598-019-55867-4
https://doi.org/10.1038/s41598-019-55867-4
https://doi.org/10.1038/s41598-019-55867-4
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1016/j.cell.2016.08.069
https://doi.org/10.1038/nn.3510
https://doi.org/10.1038/nn.3510
https://doi.org/10.1038/nn.3510
https://doi.org/10.1038/nn.3510
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/neuonc/now247
https://doi.org/10.1093/neuonc/now247
https://doi.org/10.1093/neuonc/now247

	Graphical abstract

