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Significance

Glioblastoma multiforme (GBM) 
is one of humankind’s deadliest 
cancers with an average life 
expectancy of just over 1 y. This 
grim prognosis comes despite 
decades of research, which has 
established the value of 
intervention (surgery, radiation, 
and chemotherapy) over natural 
history (where diagnosis to death 
was measured in months) but 
has yet to take advantage of 
modern molecular knowledge 
and technologies. NOVA1,  
a neuronal RNA-binding protein 
(RBP) was found here to be 
critical for GBM cell fitness, 
oncogenic NOVA1-RNA 
interactions, and regulation  
of key target transcripts.  
These findings contribute to 
understanding the molecular 
basis of GBM and to the 
discovery of new drug targets.
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NOVA1 is a neuronal RNA-binding protein identified as the target antigen of a rare 
autoimmune disorder associated with cancer and neurological symptoms, termed parane-
oplastic opsoclonus-myoclonus ataxia. Despite the strong association between NOVA1 
and cancer, it has been unclear how NOVA1 function might contribute to cancer biology. 
In this study, we find that NOVA1 acts as an oncogenic factor in a GBM (glioblastoma 
multiforme) cell line established from a patient. Interestingly, NOVA1 and Argonaute 
(AGO) CLIP identified common 3′ untranslated region (UTR) targets, which were 
down-regulated in NOVA1 knockdown GBM cells, indicating a transcriptome-wide 
intersection of NOVA1 and AGO–microRNA (miRNA) targets regulation. NOVA1 
binding to 3′UTR targets stabilized transcripts including those encoding cholesterol 
homeostasis related proteins. Selective inhibition of NOVA1–RNA interactions with 
antisense oligonucleotides disrupted GBM cancer cell fitness. The precision of our GBM 
CLIP studies point to both mechanism and precise RNA sequence sites to selectively 
inhibit oncogenic NOVA1–RNA interactions. Taken together, we find that NOVA1 is 
commonly overexpressed in GBM, where it can antagonize AGO2–miRNA actions and 
consequently up-regulates cholesterol synthesis, promoting cell viability.

Nova1 | RNA-binding protein | glioblastoma | CLIP | cholesterol

NOVA1 was originally identified as an autoantigen of paraneoplastic neurologic diseases 
(PNDs), a rare group of diseases at the intersection of neurobiology, immunology, and 
oncology (1–3). Patients with PNDs harbor systemic tumors (e.g., breast, lung, bladder 
cancer, and neuroblastoma) and develop immune responses against onconeural antigens 
that are expressed both by their tumors and by normal neural cells (3, 4).

The prevailing model for the pathogenesis of PNDs (3, 5) sets the stage for considering 
the role of these proteins in cancer cells. This model postulates that PNDs are initiated 
by de novo expression of genes that are normally transcribed behind the blood–brain 
barrier, primarily and in some cases exclusively in neurons. The genes encoding the 
NOVA1 and NOVA2 PND autoantigens were cloned using patients antisera, revealing 
that these proteins and their transcripts are expressed exclusively in central nervous system 
neurons (1, 6). Although there may be exceptions to this “rule” [expression of Nova1 in 
pancreatic cells in vitro; (7, 8)], they appear to relate to expression in small groups of cells, 
some of which are of neural crest lineage (pancreatic beta cells) and hence may have 
unappreciated features of immune privilege.

This model further postulates that the inciting event in PND is the aberrant expression 
of onconeural antigens in cancer cells [typically in adult tumors; (3)]. This triggers an 
appropriate, and in some (or perhaps many) cases, naturally occurring effective 
anti-tumor immune responses (9). A paradox then arises. If tumor cells ectopically 
express a gene that puts them at risk for being seen as nonself by the immune system 
(4, 10, 11), why do they do so? The most straightforward hypothesis has been that such 
expression is selected because the protein product of those genes confers some pro-tumor 
advantage.

Here, we explore the biology of the PND antigen NOVA1 in the context of cancer cells. 
The NOVA antigens are associated with ectopic expression in breast or ovarian tumors and 
the paraneoplastic opsoclonus myoclonus ataxia syndrome (3, 12). We assessed the expres-
sion of NOVA1 mRNA in The Cancer Genome Atlas (TCGA) tumors, finding high levels 
of expression in breast cancer (BRCA), and unexpectedly, in glioblastoma. This prompted 
us to further explore whether NOVA1 might act on specific transcripts in human 
GBM-derived cell lines and whether such actions could contribute to the biology of the 
tumor cells in vitro and in animal models. Our findings reveal that NOVA1 is highly 
up-regulated in GBM cancer stem cells and a GBM cell line derived from a patient. In 
these cells, NOVA1 is able to antagonize AGO–miR interactions in target transcript 3′UTRs 
and thereby regulate their expression. Notably, this includes RNAs encoding proteins 
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involved in cholesterol synthesis, with consequences for GBM cell 
growth suggesting new avenues for therapeutic development.

Results

NOVA1 as an Oncogenic RNA-Binding Protein (RBP) in GBM. 
In the course of screening for potentially oncogenic RBPs, we 
unexpectedly found that NOVA1 has the highest level of over-
expression (OE) in GBM cancer stem-like cells compared to 
differentiated glioma cells (SI Appendix, Fig. S1A: re-analysis of 
data in ref. 13). To investigate more generally what type of cancers 
express NOVA1, we explored TCGA RNAseq (RNAsequencing) 
data. A limited set of cancers overexpress NOVA1, notably BRCA, 
low-grade glioma, and glioblastoma multiforme (GBM) (Fig. 1A).

In mice, NOVA1 functions in the normal brain have been well 
studied (14–20). However, its roles in human cancer cells includ-
ing GBM are unexplored. In order to investigate this, we con-
ducted a viability assay on a GBM cell line, MSK-19, derived from 
a patient with GBM (Fig. 1B). The viability of GBM cells 
over-expressing NOVA1 and shRNAs targeting NOVA1 were very 
significantly increased and decreased, respectively, when compared 
with control MSK-19 cells expressing nontargeting shRNA 
(Fig. 1B and SI Appendix, Fig. S1B). To test whether NOVA1 
plays a role in tumorigenicity, MSK-19 cells were labeled with 
luciferase and transplanted intracranially into Immunodeficient 
mice (Fig. 1C). All animals in the control group reached endpoint 
clinical criteria by 80 d (Fig. 1D). In contrast, survival of animals 
transplanted with MSK-19 cells in which NOVA1 had been 
knocked down (KD) was significantly increased (Fig. 1D). Taken 
together, these results demonstrate a critical role played by NOVA1 
in the fitness and tumorigenesis of GBM cells.

Identification of NOVA1 Target Transcripts in GBM and Selective 
Inhibition of NOVA1-Target Interactions. To explore NOVA1 
targets in GBM cells, we took advantage of CLIP technology 
(21–23), which precisely identifies transcriptome-wide targets of 
RBPs by UV-induced crosslinking proteins to RNA followed by 
high-throughput sequencing (Fig. 2A). NOVA1 CLIP assays in 
MSK-19 yielded a single autoradiographic band at the expected 
size of NOVA1 (55 kDa) in high RNase A-treated and UV cross-
linked cell extracts (Fig. 2A, second lane). This signal was absent 
in controls that were not UV-crosslinked (Fig. 2A, first lane). The 
expected extended range of signals was detected in UV cross-linked 
GBM cell extracts treated with low doses of RNase A (Fig. 2A, 
third and fourth lanes).

We performed four CLIP replicates to generate a total of 
18,787,637 unique NOVA1 CLIP tags (SI Appendix, Fig. S2A). 
This analysis yielded 87,610 significant peaks with filters for  
P < 0.05, peak height (PH) ≥ 10, and biological complexity/
replicates = 4. Motif analysis in cross-linking-induced mutation 
sites (24) identified enrichment of UCAU motifs in NOVA1-bound 
peaks, as previously reported (SI Appendix, Fig. S2B). In addition, 
81.7% of NOVA1 CLIP peaks were located within the intron of 
transcripts, and 13.1% were within 3′UTR (Fig. 2B).

To investigate the effect of NOVA1 loss-of-function on target 
transcripts in MSK-19 cells, the extracted RNAs from a control 
and two NOVA1-KD (NOVA1-KD1 and -KD2) independent 
MSK-19 cell lines generated with different shRNAs were subjected 
to RNAseq analysis. This identified 428 and 164 genes which were 
commonly down- or up-regulated, respectively, in all biological 
replicates of both NOVA1-KD1 and -KD2 MSK-19 cells when 
compared with control MSK-19 cells (FDR < 0.05 and log2 fold 

Fig. 1. Expression and functions of an RBP NOVA1 in tumors. (A) NOVA1 mRNA expression in a series of TCGA tumors. Y-axis indicates FPKM value of NOVA1. 
(B) Cell viability of GBM cells derived from a patient in the condition of NOVA1 OE (Left) and NOVA1 knockdown (KD, Right). n = 3 (Left) and n = 4 (Right) biologic 
replicates. **P < 0.01, ***P < 0.001, t test). (C and D) In vivo growth of NOVA1-KD GBM cells visualized with bioluminescence imaging (C) and survival analysis 
(Kaplan–Meier curve) of mice (NOD-SCID) bearing the human GBM tumors (n ≥ 3, *P < 0.05, Gehan–Breslow–Wilcoxon test).
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change (FC) > 0 or < 0; P values < 10−100 by hypergeometric tests). 
Alternative splicing analysis identified 147 alternative splicing 
events altered in NOVA1-KD MSK-19 cells. The number and 
degree of splicing changes in NOVA1-KD MSK-19 cells was slight 
and similar to changes in Nova1-KO mouse brain data (16, 25). 
Integration of both NOVA1 CLIP and NOVA1-KD RNAseq data 
identified 149 direct NOVA1 targets whose expression levels were 
down- (117 targets) or up- (32 targets) regulated in NOVA1-KD 
MSK-19 cells. NOVA1 directly bound to the 3′UTRs of tran-
scripts of 65 of 117 down-regulated genes (e.g., TNC, VGF, 
MSMO1, HMGCS1 in Fig. 2C) and the 3´UTRs of transcripts 
of 4 of 32 up-regulated genes (SI Appendix, Fig. S2 C and D), 
consistent with prior observations of NOVA proteins acting on 
3′UTRs in brain transcripts (25–27).

Cumulative distribution function plots of RNAseq log2 FC 
(NOVA1-KD/control) showed a significant global reduction in 
NOVA1 3′UTR targets; this correlates with NOVA1 CLIP PH 
(Fig. 2D) and peak number (SI Appendix, Fig. S2E). To investi-
gate whether the targeted inhibition of NOVA1–RNA interaction 
has effects on GBM cell fitness, we designed three antisense oli-
gonucleotides (ASOs a-c) of 20 nucleotide length with 2′-O- 
Methyl and phosphorothioate modifications for HMGCS1, which 
encodes a key enzyme in the cholesterol synthesis pathway 

(Fig. 2E). Cell viability was significantly reduced in cells treated 
with ASO-b, -c, or a combination of two ASOs (Fig. 2E). These 
results support our hypothesis that direct NOVA1 binding to 
transcript 3′UTRs could regulate the stability of targets as well 
as cell viability.

Intersection of NOVA1 and AGO–miRNA (microRNA) in Human 
GBM Cell. We reported that Nova1 antagonizes the actions of 
miRNAs (e.g. miR-124, miR-139) on 3′UTR of Impact in the 
mouse neurons (20). However, transcriptome-wide intersections of 
NOVA1 with miRNAs have not been systematically investigated. 
To explore this, we performed four AGO CLIP assays by utilizing 
post-NOVA1 CLIP cell lysates used in Fig. 2A and SI Appendix, 
Fig.  S3A. A total of 6,523,201 unique AGO CLIP tags were 
obtained and 236,984 unique tags were mapped onto transcripts 
including mRNA and miRNA (SI  Appendix, Fig.  S3B). This 
analysis yielded 24,425 significant peaks (P < 0.05, PH ≥ 10, 
and biological complexity/replicates = 4). Then, 50.7% of AGO 
CLIP peaks were located within the 3′UTR of mRNA transcripts, 
and 31.9% and 15.0% were within intron and CDS, respectively 
(Fig. 3A), consistent with AGO CLIP maps found in mouse brain 
(28). Following that, 173 AGO CLIP peaks were mapped onto 
miRNA. The top five miRNA ranked by unique AGO CLIP 

Fig. 2. Identification of NOVA1 targets with CLIP in human GBM cells derived from a patient and the inhibition of NOVA1-RNA interactions. (A) Autoradiograph 
images of NOVA1 CLIP samples labeled with T4 polynucleotide kinase and γ-32P adenosine triphosphate (ATP). (B) Distribution of NOVA1 CLIP peak locations 
across genic regions. (C) Genome browser view of examples for NOVA1 3′UTR targets. (D) Cumulative density function (CDF) plots of NOVA1-KD RNAseq. Curves 
represent collective changes among NOVA1 3′UTR targets binned by peak height (PH); n indicates number of targets. Mann–Whitney’ test. (E) GBM cell survival 
assay treated with ASOs that occupy NOVA1 binding sites. Then, 0.5 pmol ASOs were treated for 5 d by free uptake. n = 3, *P < 0.05, **P < 0.01, t test.
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tag number were MIR374A, MIR374B, MIR21, MIR26B, and 
MIR19A.

A total of 2,786 genes had both AGO and NOVA1 CLIP peaks 
in their 3′UTR of transcripts (Fig. 3B). Fifty-nine of 65 
down-regulated genes in NOVA1-KD GBM cells (SI Appendix, 
Fig. S2C, including the top ranked targets TNC, VGF, HMGCS1, 
MSMO1) were 3′UTR targets of both AGO and NOVA1 RBPs 
(Fig. 3C). As an example, MSMO1, encoding a protein also 
involved in cholesterol synthesis (29, 30), was down-regulated in 
NOVA1-KD GBM cells. MSMO1 transcripts harbor overlapping 
NOVA1 and AGO CLIP 3′UTR peaks (peak separation of less 
than 100 nt; Fig. 3D). Moreover, a Mir19A-3p seed predicted with 

TargetScan was located in the AGO CLIP peak on MSMO1 
3′UTR and unique AGO CLIP tags were detected in Mir19A 
locus (Fig. 3E). Taken together, these results suggest that NOVA1 
may antagonize the effect of AGO–Mir19A on MSMO1 in normal 
cells or when overexpressed in GBM cells, leading to an upregu-
lation of cholesterol synthesis.

Transcriptome-wide analysis revealed both NOVA1 and 
AGO-dependent down-regulation of target genes in NOVA1-KD 
GBM cells (Fig. 3F). The abundance of NOVA1 or AGO 3′UTR 
targets was moderately reduced in GBM cells in which NOVA1 
had been knocked down (columns 2 to 7 in Fig. 3F). No signifi-
cant change was detected in genes harboring only NOVA1 3′UTR 

Fig. 3. Intersection of down-regulated NOVA1 3′UTR targets in NOVA1-KD GBM cells with AGO–miRNA targets. (A) Distribution of AGO CLIP peak locations 
across genic regions. Numbers indicate the percentage. (B) Venn diagram representing the number of AGO and NOVA1 3′UTR targets overlapping or differential 
between two RBPs. (C) Genome browser view of examples for both NOVA1 and AGO 3′UTR targets down-regulated in NOVA1-KD GBM. (D) Magnified genome 
browser view and sequences of MSMO1 and Mir19A-3p RNAs. NOVA1 binding motifs (YCAY) and miRNA seed sequence were highlighted with red and blue, 
respectively. (E) Genome browser view of AGO–CLIP on Mir19A. (F) RNAseq fold change delineated by NOVA1 and AGO 3′UTR targets and CLIP PH. + and ++ 
indicate CLIP PH ≥ 10 and ≥ 100, respectively.
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targets (column 8 in Fig. 3F) or AGO 3′UTR targets (column 10 
in Fig. 3F). Interestingly, genes of both NOVA1 and AGO 3′UTR 
targets (column 9 in Fig. 3F) were more severely affected in 
NOVA1-KD cells, supporting a model in which NOVA1 nor-
mally antagonizes the actions of the AGO–miRNA complex.

Dysregulation of Cholesterol Biosynthetic Process in NOVA1-KD 
GBM Cells. To explore the biological pathways regulated by NOVA1 
in GBM cells, we analyzed the targets encoded by significantly 
down- and up-regulated genes in NOVA1-KD GBM cells by GO 
analysis. This revealed significant enrichment of both cholesterol 
biosynthetic and glycolysis process terms in the NOVA1-KD 
down-regulated genes (Fig. 4A). Several lines of evidence revealed 
that brain cancers including GBM are remarkably dependent on 
cholesterol for survival and vulnerable to agents that act to agonize 
the Live X receptor (LXR). LXR is a transcription factor that 
acts to promote cholesterol efflux through upregulation of sterol 
transporters such as ABCA1, and suppress influx through IDOL/
MYLIP-mediated degradation of low-density lipoprotein receptor 
(31–34). qPCR analysis revealed significant changes in several 
transcripts known to be up-regulated upon LXR activation (e.g., 
E3 ligase MYLIP/IDOL, ABCG1 cholesterol efflux transporter, 
ABCA1 cholesterol efflux transporter) (Fig. 4B). These results in 
NOVA-KD GBM cells reveal a net action of NOVA1 to maintain 
cholesterol homeostasis in GBM cells.

To test whether disruption of cholesterol homeostasis is func-
tionally impacted by NOVA1-KD, we assessed cell death in cells 
cultured with or without exogeneous cholesterol. Provision of 
exogenous cholesterol partially rescued cell death evident in 
NOVA1-KD cells (Fig. 4C). Taken together, these data suggest 

that NOVA1 is able to act in GBM cells to increase cholesterol 
homeostasis that is essential for GBM cell survival and that dis-
ruption of NOVA1 action can kill GBM cells.

Discussion

NOVA1 was originally identified as targets in paraneoplastic ops-
oclonus–myoclonus-ataxia but its roles in cancers were unclear. 
In the present work, we have found that an RBP, NOVA1, acts as 
an oncogenic factor and regulates cholesterol homeostasis in a low 
passaged GBM cell line established from a patient. Our previous 
work identified the downregulation of metabolic pathways such 
as cholesterol in the brain of inhibitory neuron-specific Nova1-
cKO mice (20), indicating that NOVA1 regulates the cholesterol 
metabolic pathway in the mouse brain. Here, we extend these 
observations in the context of cancer.

Our unbiased screen for NOVA 1 targets in human GBM cells 
here again identifies a biologic role for NOVA1 in regulating tran-
scripts encoding key factors in cholesterol synthesis. As was the case 
in mouse inhibitory neurons, NOVA1 action in human GBM cells 
appears to regulate this pathway through binding to 3′UTRs. While 
NOVA1 was originally identified through its action on alternative 
splicing in mouse brain (16, 26), we have also identified functional 
binding in mouse the 3′UTR (26), and specifically the action of 
NOVA1 in inhibitory diencephalic neurons grown in vitro (20). 
Here, CLIP analysis reveals that the bulk of NOVA1 CLIP binding 
in human GBM transcripts was to 3′UTR elements. Moreover, 
consistent with the detailed study of NOVA1 action on the Impact 
3′UTR in mouse diencephalic neurons (20), our systematic search 
for NOVA1 binding in glioma cell 3′UTRs revealed that this 

Fig. 4. Dysregulation of cholesterol biosynthetic process genes in NOVA1-KD GBM cell. (A) GO terms enriched in the down-regulated genes (FDR < 0.05) in 
NOVA1-KD GBM cell. (B) Quantitative PCR assays for the LXR signaling transcripts in the NOVA1-KD GBM cells (n = 4, *P < 0.05, ***P < 0.001). LXR is a transcription 
factor that promotes cholesterol efflux when activated by cholesterol metabolites or synthetic compounds. (C) Comparison of NOVA1-KD GBM cell number 
treated with or without 10 μM cholesterol. (n = 4, *P < 0.05, ***P < 0.001).
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binding overlaid Ago2-miRNA CLIP targets. Together, these obser-
vations indicate that NOVA1 is able to have strong impacts on 
3′UTR miRNA regulation in glioma cells as well as neurons.

Overlapping CLIP binding of NOVA1 and AGO2 could indi-
cate agonistic or antagonistic interactions. The instance observed 
in mouse brain of NOVA1 overlapping Impact 3′UTR elements 
that were also miRNA binding sites led to the biochemical obser-
vation that NOVA1 binding interfered with miRNA binding and 
correlated with an action of NOVA1 to increase Impact mRNA 
and protein levels. In human GBM cells, the net result of NOVA1 
3′UTR binding was to increase target mRNA steady-state levels 
(Fig. 2D and SI Appendix, Fig. S2). Importantly, NOVA1 3′UTR 
binding in human GBM cells was found to be functional at both 
a mechanistic and biologic level. Generally, the action of NOVA1 
binding in 3′UTR to affect steady-state mRNA levels was strong-
est in transcripts where that binding overlapped AGO2-miRNA 
binding, suggesting that the general action of NOVA1 binding is 
likely to antagonize AGO2–miRNA mRNA expression (Fig. 3 C 
and F). Although our previous work revealed NOVA1 3′UTR 
binding participated in the selection of alternative polyadenylation 
(APA) sites in the mouse brain (22), no clear APA shift of the 
NOVA1 target transcripts shown in SI Appendix, Fig. S2 were 
found in NOVA1-KD GBM cells. This negative result could result 
from a variety of causes, ranging from a lack of depth of sequenc-
ing to biologic differences in how NOVA regulates APA in neurons 
and GBM.

At a biologic level, NOVA1 CLIP results reveal a biologically 
coherent action on transcripts involved in cholesterol metabolism 
in GBM cells (Fig. 4A). Such NOVA1 biologic coherence is rem-
iniscent of observations of coherent actions of NOVA in neurons 
[on synaptic functions; (19)]. In GBM, prior studies have linked 
cholesterol metabolism as important components of cancer cell 
growth, in which cholesterol levels depend on the net results of 
increased cholesterol uptake and decreased efflux. Paradoxically, 
GBM cells also down-regulate cholesterol synthesis, likely redi-
recting metabolism toward other key pathways such as DNA 
replication and protein production. Accordingly, there is evidence 
that GBM may rely on these two aspects of cholesterol metabolic 
pathways, a reduction in cholesterol efflux and an increase in cho-
lesterol uptake (29, 32–34) observations were independently sup-
ported through a machine learning approach assessing TCGA data 
and identifying markedly decreased survival in glioma (P < 0.013) 
in tumors with negative regulation of sterol transport (35). Our 
findings support the possibility that NOVA1-selective actions on 
these pathways may impact GBM cell fitness. NOVA1 is able to 
act in GBM cells to increase cholesterol homeostasis that is essen-
tial for GBM cell survival. Taken together, these results suggest 
the possibility that targeting NOVA1 oncogenic protein–RNA 
interactions, particularly those involved in the cholesterol biosyn-
thetic pathways, might be clinically relevant, although clearly 
further studies will be needed as our results were obtained with a 
patient-derived GBM cell line. One strategy that the precision of 
our NOVA1 binding sites suggest would be to use ASOs as 
anti-GBM targets, including interfering with NOVA1-regulated 
transcripts involved in cholesterol biosynthetic pathways.

Material & Methods

Cell Culture. For all assays, MSK-19 GBM cells were grown in media consisting 
of Dulbecco’s Modified Eagle Medium (DMEM)/F12 (Invitrogen), Neurobasal(−A) 
(Invitrogen), human-bFGF (20 ng/mL) (Shenandoah Biotech), and human-EGF 
(20 ng/mL) (Shenandoah). Dishes were coated with 15 µg/mL of Poly-L-ornithine 
(Millipore: P3655), 2 ug/mL Fibronectin (Corning: CB-40008A), and 4 µg/mL 
Laminin (R&D Systems: 3400-010-02).

Cell Viability and Proliferation Assay. Proliferation assays were performed 
in media as above, and cell viability at indicated days were determined using 
CellTiter-Glo® Luminescent Cell Viability Assay (Promega) or CellTiter-Blue 
Cell Viability Assay (Promega) according to the manufacturer’s guidelines. For 
cholesterol rescue experiments, water-soluble cholesterol (cholesterol-methyl-
β-cyclodextrin, Millipore-Sigma: C4951) was added to cells in culture at the 
initiation of assay. Then, 0.5 pmol ASOs were treated for 5 d by free uptake.

Xenograft Tumorigenicity Assay. All animal experiments were done in accord­
ance with protocols approved by our Institutional Animal Care and Use Committee 
and following NIH guidelines for animal welfare. MSK-19 cells were dissociated 
with Accutase (Innovative Cell Technologies) and the number of live cells was 
counted by Acridine Orange and Propidium Iodide staining (Nexcelom). MSK-19 
cells were resuspended in PBS and 1 × 105 cells were stereotactically transplanted 
into the brain of NOD/SCID mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; RRID: IMSR_
JAX:005557). Male mice were evenly assigned to each group. Coordinates of 
the injection site were 2 mm lateral and 2 mm posterior to bregma and 2 mm 
deep from the head skull. Mice were monitored for up to 5 mo. Survival of mice 
was evaluated by Kaplan–Meier analysis and P values were calculated using a 
log-rank test. For in vivo imaging, cells were lentivirally labeled with luciferase 
and luminescence was measured using IVIS Spectrum In Vivo Imaging System.

CLIP and Data Analysis. For each independent replicate of NOVA1 and AGO 
CLIP in MSK-19 GBM cells, 90 to 95% confluent two 10cm dishes were used. Cells 
were UV-crosslinked in ice-cold PBS with one time 150 mJ/cm2 using a Stralinker 
(model 2400). CLIP was performed as described previously (25, 36). First, we per­
formed NOVA1 CLIP, and then post NOVA1-CLIP supernatant was used for AGO CLIP. 
Individual CLIP libraries were multiplexed and sequenced by MiSeq (Illumina) to 
obtain 75-nt single-end reads. CLIP data analyses were done using the CLIP Tool Kit 
(37) as described previously. Trimmed CLIP reads were mapped on the hg19 build 
of the human genome by Burrows–Wheeler Aligner (38). Only unique CLIP tags got­
ten by collapsing PCR duplicates were used for subsequent analyses. We performed 
four CLIP replicates. All scripts used in the analysis including the peak finding 
algorithm and more information can be publicly obtained at (https://zhanglab.
c2b2.columbia.edu/index.php/Standard/BrdUCLIP_data_analysis_using_CTK). All 
identified CITS sites were subjected to NOVA1-binding motif search. De novo motif 
analysis was done using the MEME-ChIP version 5.4.1 (39) with default parameters 
for RNA motifs. GO term analysis was done using DAVID (40, 41).

RNAseq and RNAseq Data Analysis. mRNA-seq libraries were prepared from 
Trizol-extracted RNA following Illumina TruSeq protocols for poly-A selection, 
fragmentation, and adaptor ligation. Multiplexed libraries were sequenced 
as 100 nt paired-end runs on Novaseq platforms at the Rockefeller University 
Genomics Resource Center. Reads were aligned to the hg19 build using STAR 
(42) and analyzed by differential analysis of raw sequencing counts using 
DESeq2 (Bioconductor, https://www.bioconductor.org/packages/release/bioc/
html/DESeq2.html) (43).

ASOs and Primers. Twenty nucleotide length oligonucleotides (Integrated DNA  
Technologies) with 2’-O-Methyl and phosphorothioate modifications were used. 
ASO-a: TCAGTGAATGTTAAATGAAG, ASO-b: TAAATGAATGGAATGAGTGA, ASO-c: GTGAAAT­
GATAAATGAATGG, ASO-control: CTAAGGTTAAGTCGCCCTCG. Primer’s sequence used for 
qPCR are ABCA1_F: TCAGGTGCCTTGGCAGTGTC, ABCA1_R: GCTCTGGGAGAGGATGCTGA, 
ABCG1_F: CCACAGCTTCTCTGCCAGCT, ABCG1_R: CCGCGAACATGAGGAACAGC, 
MYLIP_F: GCTCTCCTCTGCCACCTTGA, MYLIP_R: AGCAGTTTCTGCCCTTCGCTATC, ACTB_F: 
ACATTAAGGAGAAGCTGTGCTACG, ACTB_R: GAAGGCTGGAAGAGTGCCTC, GAPDH_F: 
GTCCATGCCATCACTGCCAC, GAPDH_R: CTCAGGGATGACCTTGCCCA.

Plasmids. For the construction of shRNA-expressing vectors, annealed oligos were 
cloned into pLKO.1 puro vector digested with AgeI and EcoRI enzymes (Addgene 
#8453) (44). Target sequences are shNOVA1 #1: ATCAGATGGAGAGGACTTGG, 
shNOVA1 #2: GATCTGGATTAACGGTGGTCT, shControl: CGAGGGCGACTTAACCTTAGG. 
For the construction of human NOVA1 expression vector, human NOVA1 CDS was 
cloned into pCW57.1 (addgene #41393).

qPCR. Extracted RNA with Trizol was reverse transcribed using SuperScript III 
First-Strand synthesis System for quantitative PCR (Invitrogen; 18080-051). qRT-
PCR was performed with FastStart SYBR Green Master (Roche; 04 673 492 001) 
on BIO-RAD Touch Real-Time PCR Detection System. The following program was 
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carried to 40 cycles: 30 s 95 °C (denaturation); 30 s 58 °C (annealing); and 20 s 
72 °C (extension). Results were analyzed by ΔΔCt, using Actb mRNA for normal­
ization. Semiquantitative RT-PCR was performed as previously described (31).

Lentivirus Production. Lentiviral vectors were transfected in HEK293T cells with 
packaging vectors (pMD2.G and psPAX2), in the presence of Lipofectamine 3000 
(Invitrogen). MD2.G was a gift from Didier Trono (École Polytechnique Fédérale 
de Lausanne, Lausanne, Switzerland; Addgene plasmid #12259; http://n2t.net/
addgene:12259; RRID:Addgene_12259) and psPAX2 was a gift from Didier Trono 
(École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland; Addgene plas­
mid #12260; http://n2t.net/addgene:12260; RRID:Addgene_12260). Cultured  
medium were changed 24 h after transfection and viral supernatants were col­
lected 48 h after medium change and viral particles were concentrated by ultra­
centrifugation at 49,000 g for 1.5 h at 4 °C.

Antibodies. Primary antibodies used for CLIP were rabbit anti-NOVA1 (1:1,000; 
Abcam ab183024) and mouse anti-AGO (2A8: gift from Zissimos Mourelatos). 
Rabbit anti-mouse IgG (Jackson ImmunoResearch 315-005-008) was used 
as a bridging antibody for Ago CLIP. The following antibodies were used for 

immunoblots: rabbit anti-NOVA1 (1:1,000; Abcam ab183024), and mouse 
anti-β-Actin (1:20,000; Abcam ab6276).

Data, Materials, and Software Availability. The RNA sequence data discussed 
in this publication have been deposited in NCBI’s Gene Expression Omnibus (45) 
and are accessible through GEO Series accession number GSE242124 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE242124).
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