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SUMMARY
Recent studies suggest that long non-coding RNAs (lncRNAs) contribute to medulloblastoma 
(MB) formation and progression. We have identified an lncRNA, lnc-HLX-2-7, as a potential 
therapeutic target in group 3 (G3) MBs. lnc-HLX-2-7 RNA specifically accumulates in the 
promoter region of HLX, a sense-overlapping gene of lnc-HLX-2-7, which activates HLX 
expression by recruiting multiple factors, including enhancer elements. RNA sequencing and 
chromatin immunoprecipitation reveal that HLX binds to and activates the promoters of several 
oncogenes, including TBX2, LIN9, HOXM1, and MYC. Intravenous treatment with cerium-
oxide-nanoparticle-coated antisense oligonucleotides targeting lnc-HLX-2-7 (CNP-lnc-HLX-2-7) 
inhibits tumor growth by 40%–50% in an intracranial MB xenograft mouse model. Combining 
CNP-lnc-HLX-2-7 with standard-of-care cisplatin further inhibits tumor growth and significantly 
prolongs mouse survival compared with CNP-lnc-HLX-2-7 monotherapy. Thus, the lnc-HLX-2-7-
HLX-MYC axis is important for regulating G3 MB progression, providing a strong rationale for 
using lnc-HLX-2-7 as a therapeutic target for G3 MBs.
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Katsushima et al. report that lnc-HLX-2-7 RNA specifically accumulates in the HLX promoter 
region, where it activates HLX expression through recruitment of surrounding enhancers. This 
study provides a strong rationale for targeting lnc-HLX-2-7 as a specific and potent therapeutic in 
group 3 medulloblastoma.

INTRODUCTION
Medulloblastoma (MB) is the most common malignant pediatric brain tumor.1 MB is 
categorized into four main molecular subgroups: wingless pathway (WNT) activated, sonic 
hedgehog pathway (SHH)-activated, group 3 (G3), and G4.2,3 Although the driver pathways 
for G3 and G4 MBs are not entirely clear, most of these tumors are characterized by 
c-Myc and MYCN signatures, respectively.3,4 Of the four subgroups, G3 MBs are the most 
aggressive, with a 45%–60% 5-year survival rate5 compared to >90% for WNT,6 60%–80% 
for SHH,7 and 75%–80% for G4,5 respectively.

MBs are usually treated with surgical resection, radiotherapy, and chemotherapy.8 Although 
craniospinal irradiation after surgery improves long-term outcomes, it is associated with 
significant long-term side effects and concerns about radio resistance and consequent 
progression or relapse.9 Even with advanced molecular classification, the best subgroup-
specific therapeutic targets in high-risk groups have yet to be determined.10 There is 
an urgent need to identify specific molecular mechanisms in MB subgroups that can be 
exploited as targets for therapy.

MBs develop through a complex set of genetic, epigenetic, and non-coding RNA (ncRNA)-
related mechanisms.11 However, the roles played by ncRNAs, particularly long ncRNAs 
(lncRNAs), in MB development remain poorly defined. A few lncRNAs have been 
implicated in MB.12 G3 MBs often harbor fusion of the PVT1 oncogene, which encodes 
an lncRNA, with MYC and NDRG1,13 and the lncRNA TP73-AS1, an antisense transcript 
of p73 mRNA, is upregulated in SHH MB, acting as an oncogene by sponging miR-493–
3p.14,15

We previously reported upregulation of the lncRNA lnc-HLX-2-7 (LNCipedia transcript ID: 
lnc-HLX-2:7, NONCODE v.4 ID: NONHSAT009630) in G3 MBs, with its knockdown 
(KD) reducing tumor growth both in vitro and in vivo.16 Here, we elaborate on its 
mechanism of action and report that lnc-HLX-2-7 RNA specifically accumulates in the 
HLX promoter region to activate HLX expression by recruiting a set of surrounding 
enhancer elements, thereby contributing to G3 MB tumor growth both in vitro and 
in vivo. Transcription and pathway analyses reveal that HLX directly binds to the 
promoters of many tumor-promoting genes, including MYC, and activates their expression. 
Furthermore, intravenous treatment with cerium oxide nanoparticle (CNP)-coupled antisense 
oligonucleotides (ASOs) targeting lnc-HLX-2-7 (CNP-lnc-HLX-2-7) efficiently represses 
tumor growth in an intracranial MB xenograft mouse model. Finally, combination therapy 
with CNP-lnc-HLX-2-7 and cisplatin further inhibits tumor growth and significantly 
prolongs mouse survival compared to CNP-lnc-HLX-2-7 monotherapy. Our results highlight 
the importance of the lnc-HLX-2-7-HLX-MYC axis in regulating G3 MB, providing a 
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strong rationale for targeting lnc-HLX-2-7 as a specific and potent therapeutic in patients 
with G3 MBs.

RESULTS
lnc-HLX-2-7 functions as an enhancer RNA (eRNA) to control HLX expression

Our previous work showed that lnc-HLX-2-7 positively regulates the expression of the 
adjacent HLX gene and contributes to MB progression.16 Because the lnc-HLX-2-7 region 
is a G3-MB-specific enhancer region,17 we hypothesized that lnc-HLX-2-7 may function 
as an eRNA to control HLX. To gain mechanistic insights into how lnc-HLX-2-7 regulates 
HLX expression, we conducted a global search for an lnc-HLX-2-7-binding protein. In 
an RNA-pull-down experiment, we incubated in-vitro-synthesized lnc-HLX-2-7 labeled 
with bromouridine (BrU) with D425 Med cell extract and subjected the product to spectra-
mass spectrometry (Figure S1A). A specific interaction of BrU-labeled lnc-HLX-2-7 with 
the top-ranked interleukin enhancer-binding factor 3 (NF90, ILF3) was confirmed by 
ribonucleoprotein immunoprecipitation (Figure S1B). Cross-linking immunoprecipitation 
and qPCR analysis18 revealed that NF90 directly binds to lnc-HLX-2-7 (Figure S1C).

Next, we used the genome-wide chromatin isolation by RNA purification sequencing 
(ChIRP-seq) assay to map lnc-HLX-2-7-binding sites genome-wide in G3 MB cell lines. 
We designed biotinylated lnc-HLX-2-7 oligonucleotides spanning the entire length of lnc-
HLX-2-7 exons and prepared chromatin from MED211 and D425 Med MB cells. We 
confirmed significant recovery of lnc-HLX-2-7 RNA in lnc-HLX-2-7-pull-down samples 
and no recovery of LacZ (Figure 1A). Peak calling by model-based analysis for chromatin 
immunoprecipitation sequencing (ChIP-seq) revealed 528 putative lnc-HLX-2-7-binding 
sites genome-wide. Localization of lnc-HLX-2-7-binding sites revealed enrichment in 
intergenic and repetitive regions with an average length of 200–800 bp (Figure 1B; Table 
S1). DNA motif analysis of lnc-HLX-2-7-binding sites revealed four significantly enriched 
motifs with similar characteristics (Figure 1C). Interestingly, 14.7% of lnc-HLX-2-7-
binding sites overlapped with potential NF90-occupied genes19 (Figure S1D). Surprisingly, 
approximately 40% of all probes bound upstream of the HLX gene adjacent to lnc-HLX-2-7 
in both MED211 and D425 Med cells (Figures 1D and 1E), strongly suggesting that lnc-
HLX-2-7 RNA exclusively accumulates in the HLX region.

lnc-HLX-2-7 activates HLX expression by recruiting surrounding enhancer elements

To elucidate how lnc-HLX-2-7 regulates HLX expression, we first searched the HLX 
promoter and surrounding enhancer elements using the UCSC Genome Browser and 
GeneHancer20 and found four potential enhancers (Figure 2A). Then, we conducted 
chromosome conformation capture analysis with restriction enzyme HindIII to evaluate the 
chromatin configuration involving lnc-HLX-2-7 and these enhancer regions. Consequently, 
all possible combinations of re-ligated genomic fragments were formed between enhancer 
regions (E1 and E4) and the HLX locus (Figure 2B). To validate interaction of lnc-HLX-2-7 
with the HLX promoter and the enhancers (E1 and E4), we carried out simultaneous 
RNA-DNA fluorescence in situ hybridization using a set of primary and reporter probes for 
RNA and target DNA regions (Figure S2A). The DNA signal was intense but present in only 
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some cells, most likely because the highly compact nature of promoter and enhancer regions 
makes them inaccessible to the probes. Many of the sites that exhibited a DNA signal had a 
colocalizing signal for the lncRNA, providing single-molecule-resolution visual evidence of 
an interaction between lnc-HLX-2-7 and the HLX promoter and enhancers (Figure S2B).

Next, we cloned the E1 and E4 enhancer regions into HLX promoter-luciferase reporter 
constructs to test whether these elements enhanced HLX promoter activity. We cloned the 
elements in forward or reverse directions downstream of the promoter-luciferase cassette to 
mimic potential enhancer activity (Figure 2C, left). Including these elements in constructs 
harboring the HLX promoter robustly induced luciferase reporter activity compared to the 
inclusion of the HLX promoter alone. To confirm that lnc-HLX-2-7 is necessary for the 
increased promoter activity, we repeated the assay in MB cells in which lnc-HLX-2-7 was 
knocked down (D425 Med lnc-HLX-2-7-KD and MED211 lnc-HLX-2-7-KD) and observed 
significantly reduced luciferase reporter activity (Figure 2C, right). Finally, to verify that 
E1 and E4 mediate the effect of lnc-HLX-2-7 on HLX RNA, we targeted the E1 and E4 
sequences in MB cell genomic DNA using CRISPR-Cas9 gene editing (Figure 2A). D425 
Med and MED211 cells lacking the E1 and E4 sequences exhibited dramatic reductions in 
HLX mRNA levels (Figure 2D). Together, these data illustrate that lnc-HLX-2-7 activates 
HLX expression by recruiting surrounding enhancer elements (Figure 2E).

HLX promotes oncogenic MB activities

lnc-HLX-2-7 specifically accumulated in the HLX promoter region and activated HLX 
expression (Figures 1 and 2). To evaluate the effect of HLX on tumor growth in vivo, we 
first established short hairpin RNA (shRNA) HLX-KD D425 Med and MED211 MB cells 
(sh-HLX #1 and #2) and control cell lines containing negative control shRNA (Figures 
3A and 3B). Stable HLX KD significantly suppressed cell proliferation in D425 Med and 
MED211 cells (Figure 3C) but not in DAOY (SHH MB) or CHLA01 Med (G4 MB) cells 
(Figures S3D and S3E). Then, these cell lines were pre-infected with a lentivirus containing 
a luciferase reporter and were separately injected intracranially into the cerebellums of 
NOD-SCID mice (median survival time: 37 weeks).21 Weekly evaluation of tumor growth 
by bioluminescence imaging revealed significantly smaller tumors in mice transplanted 
with D425 Med and MED211 cells with HLX KD than in mice transplanted with control 
cells (n = 5, p < 0.05; Figures 3D and 3E). At day 28, Ki67 staining of tumor sections 
showed reduced cell proliferation in sh-HLX-expressing xenografts (p < 0.01; Figure 3F). 
Furthermore, HLX-KD tumors had a significantly higher percentage of TUNEL-positive 
cells than control xenografts (p < 0.01; Figure 3G). Kaplan-Meier plots showed that 
mice harboring HLX-KD xenografts had significantly prolonged survival than control mice 
(Figure 3H). Importantly, the same phenotype was observed in lnc-HLX-2-7-KD xenografts, 
as reported in our previous study.16

Next, gene expression was measured by RNA sequencing in D425 Med cells expressing 
sh-HLX. Among 2,352 differentially expressed genes (false discovery rate < 0.05), 1,215 
were upregulated and 1,137 were downregulated in cultured D425 Med HLX-KD cells 
(Figure S4A). Ingenuity Pathway Analysis (Qiagen) revealed that HLX KD preferentially 
affected genes associated with cell proliferation and G1/S phase transition, including TBX2, 
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LIN9, and FOXM1 signaling (Figures S4B and S4C), similar to our previous analysis of 
lnc-HLX-2-7-deficient cells.16 Furthermore, HLX directly bound to the promoters of TBX2, 
LIN9, and FOXM1 and activated their expression (Figures S4D and S4E). To investigate 
the importance of HLX regulation by lnc-HLX-2-7 in G3 MB tumor growth, we performed 
rescue experiments of HLX in lnc-HLX-2-7-KD cells (Figure 4A). Consistently, reactivation 
of HLX recovered approximately 80% of the suppressed cell proliferation caused by lnc-
HLX-2-7 KD in vitro and in vivo (Figures 4B–4D). For clinical correlation, we confirmed 
that (1) HLX is highly expressed in an independent cohort of human G3 MBs (Figure 
S5A), (2) HLX and lnc-HLX-2-7 expressions are highly correlated (Figure S5B), and (3) 
high HLX expression levels are associated with poor MB survival (Figure S5C). These 
results show that HLX downstream of lnc-HLX-2-7 regulates tumor growth in vivo and may 
function as an oncogene.

A positive feedback loop between lnc-HLX-2-7, HLX, and MYC strongly promotes G3 MB

Ingenuity Pathway Analysis of HLX-KD D425 Med cells suggested that HLX controls 
the expression of key transcription factors, including MYC. Our previous study showed 
that MYC positively regulates lnc-HLX-2-7 expression and contributes to MB tumor 
progression.16 Based on these findings, we hypothesized that lnc-HLX-2-7, HLX, and 
MYC are maintained in an interdependent manner. We therefore knocked down MYC 
and HLX by small interfering RNA in D425 Med and MED211 G3 MB cells, which 
decreased expression of both MYC and HLX when either was knocked down (Figures 
5A–5C), suggesting interdependent regulation of HLX and MYC. Binding of HLX to the 
MYC promoter was further confirmed in an independent clinical cohort from the St. Jude 
Cloud22 (Figure S6A) and G3 MB line cells (Figure S6B). To further support this finding, 
we generated a G3 MB cell line lacking an MYC-binding motif (E-box; -CACGTG-) 
upstream of lnc-HLX-2-7, which can critically regulate the expression of lnc-HLX-2-7 
in a doxycycline-dependent manner16 (Figures 5D and 5E). As expected, the addition of 
doxycycline significantly decreased HLX and MYC expression in addition to lnc-HLX-2-7 
(Figure 5E). Furthermore, E-box deficiency significantly reduced G3 MB proliferation 
in vitro and in vivo (Figures 5F–5H). Taken together, these results strongly suggest the 
presence of a functional positive feedback loop between lnc-HLX-2-7, HLX, and MYC 
(Figure S6C) in G3 MB.

CNP-lnc-HLX-2-7 represses tumor growth in an intracranial MB xenograft mouse model

Next, we investigated the therapeutic effect of an ASO targeting lnc-HLX-2-7 in an 
intracranial xenograft mouse model. D425 Med cells were injected into the brains of NOD-
SCID mice. After 14 days, CNP-lnc-HLX-2-7 was administered intravenously every 3 days 
for 24 days (Figure 6A). CNP-lnc-HLX-2-7 accumulated in brain tumors and was retained 
for at least 24 h (Figure S7). Treatment with CNP-lnc-HLX-2-7 markedly reduced tumor 
growth compared to control ASO coated with CNP (CNP-CTRL) and downregulated lnc-
HLX-2-7 expression (p < 0.01; Figures 6B–6D). Consistently, in CNP-lnc-HLX-2-7-treated 
xenografts, protein expression of MYC and HLX was significantly decreased (Figure 6E). 
CNP-lnc-HLX-2-7-treated mice had significantly longer survival than control mice (Figure 
6F). Taken together, these data provide a strong rationale for using lnc-HLX-2-7 as a 
specific and potent therapeutic target for G3 MBs.
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Combination therapy of CNP-lnc-HLX-2-7 and cisplatin inhibits tumor growth and prolongs 
mouse survival

Next, we analyzed whether there was a synergistic action between CNP-lnc-HLX-2-7 and 
cisplatin, often used as an adjuvant chemotherapeutic in children with MB. The IC50 for 
cisplatin in lnc-HLX-2-7-KD D425 Med cells was lower than that in controls (Figure S8), 
suggesting that combining cisplatin with CNP-lnc-HLX-2-7 might be more effective than 
administering CNP-lnc-HLX-2-7 alone. To test this hypothesis, we examined the effect of 
combination cisplatin and CNP-lnc-HLX-2-7 therapy in the intracranial xenograft mouse 
model in vivo. D425 Med cells were injected into the brains of NOD-SCID mice, and after 
14 days, mice were treated intravenously with CNP-lnc-HLX-2-7 (every 3 days for 24 days) 
and/or cisplatin (every 4 days for 24 days) (Figure 7A). CNP-lnc-HLX-2-7 significantly 
suppressed tumor growth compared to CNP-CTRL and cisplatin (Figures 7B and 7C). 
Combination therapy with cisplatin and CNP-lnc-HLX-2-7 further suppressed tumor growth, 
induced apoptosis, suppressed the expression of MYC target genes, and improved mouse 
survival compared to CNP-lnc-HLX-2-7 alone (Figure S9).

DISCUSSION
Here, we show that lnc-HLX-2-7 RNA specifically accumulates in the HLX promoter 
region, where it activates HLX expression through recruitment of surrounding enhancers. 
HLX subsequently directly binds to the promoters and activates many tumor-promoting 
genes, including MYC. Suppressing this mechanism through intravenous treatment with 
CNP-lnc-HLX-2-7 represses tumor growth in an intracranial MB xenograft mouse model, 
while combined therapy with CNP-lnc-HLX-2-7 and cisplatin enhances the tumor-growth-
inhibiting effect of CNP-lnc-HLX-2-7 and significantly prolongs mouse survival.

Despite the crucial role of MYC in G3 MB, development of an MYC-directed therapy has 
proven elusive because of its complex structure and nonenzymatic/pleiotropic properties.23 

However, targeting epigenetic regulators of MYC may offer a promising alternative. 
Bromodomain and extra-terminal (BET)-containing proteins promote transcription by 
recognizing side-chain-acetylated lysines on open chromatin and have been shown to be 
potential MYC transcription targets.24 Nevertheless, BET inhibitor resistance is common 
through several resistance mechanisms in different cancer types,25,26 including through an 
HLX-mediated mechanism in G3 MB.27 In this study, we discovered that lnc-HLX-2-7 
controls HLX expression and contributes to G3 MB growth and suppression of apoptosis. 
Thus, lnc-HLX-2-7 may also influence BET inhibitor resistance. We postulate that in 
addition to acting as a therapeutic in its own right, CNP-lnc-HLX-2-7 may also provide a 
solution to BET inhibitor resistance, a hypothesis that requires further investigation. Notably, 
our analysis showed that HLX directly binds to the promoters of TBX2, LIN9, and FOXM1, 
which are associated with cell proliferation and G1/S phase transition,28–32 activating their 
expression (Figures S3D and S3E) in addition to MYC. These cell-cycle-regulating activities 
are likely to be a major reason why lnc-HLX-2-7 and HLX inhibition strongly reduce G3 
MB proliferation in vitro and in vivo.

Our results propose a model for lnc-HLX-2-7-mediated chromatin loops that function as 
eRNAs in the transcriptional activation of HLX. Interestingly, many eRNAs have been 
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shown to be overexpressed in tumor samples compared to adjacent normal tissue.33,34 This 
phenomenon raises the possibility of therapeutically targeting eRNAs to overcome enhancer 
overactivation in cancer. ASOs targeting specific eRNAs have been shown to effectively 
inhibit gene targeting and tumor growth in many cancer types.34–36 Importantly, the high 
specificity of eRNAs makes them advantageous as drug targets because their inhibition, at 
least in theory, will not affect other inappropriate tissues.

The successful application of RNA-based therapeutics requires an interdisciplinary approach 
including technical advancements in molecular biology, immunology, pharmacology, 
chemistry, and nanotechnology. Several steps remain before clinical application of CNP-
lnc-HLX-2-7 is realized; for example, extensive testing for immunogenicity against CNP-
lnc-HLX-2-7, developing chemical ASO modifications to improve pharmacokinetics and 
pharmacodynamics, and determination of CNP-lnc-HLX-2-7 biodistribution. Investigation 
and consideration of any intracellular escape mechanisms of CNP-lnc-HLX-2-7 and 
examination of their optimal dosage are also necessary.

Nevertheless, our results highlight the importance of the lnc-HLX-2-7-HLX-MYC axis in 
G3 MB and provide a strong rationale for targeting lnc-HLX-2-7 as a specific and potent 
therapeutic approach in children with G3 MB.

Limitations of the study

Although we focused on regulation of HLX by lnc-HLX-2-7, ChIRP-seq analysis 
revealed approximately 550 putative lnc-HLX-2-7-binding sites genome-wide (Figure 1B). 
lnc-HLX-2-7 might therefore act not only in cis but also in trans to regulate gene 
expression. The functions and regulatory mechanisms of lnc-HLX-2-7 in trans require 
further investigation. Figure 3E depicts the tendency for tumor growth to increase 21 days 
after transplantation with HLX-KD D425 Med cells. This could be due to the inherent 
property changes of D425 Med cells under long-term in vivo environment, but further 
investigation is warranted. Also, intravenous treatment with CNP-lnc-HLX-2-7 efficiently 
repressed tumor growth in an intracranial MB xenograft mouse model, so our conclusions on 
efficacy are limited to a xenograft model using immunodeficient mice (NOD-SCID mice). 
Future pre-clinical investigations should analyze the anti-tumor effect of CNP-lnc-HLX-2-7 
in immunocompetent mouse models, such as the spontaneous G3 MB mouse model, with a 
view to future clinical translation.

STAR★METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 
directed to and will be fulfilled by the lead contact, Ranjan J. Perera (jperera2@jh.edu).

Materials availability—Materials generated in this study will be made available on 
request.
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Data and code availability

• RNA-seq data described in the manuscript are accessible at NCBI GEO 
accession number GSE188746. ChIRP-seq data for genomic maps of 
lnc-HLX-2-7 manuscript are accessible at NCBI GEO accession number 
GSE232749.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 
paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—Cell lines were authenticated by using single tandem repeat profiling. D425 
Med cells were cultured in DMEM/F12 with 10% FBS and 1% penicillin/streptomycin. 
MED211 cells were cultured in DMEM/F12 medium supplemented with B27 supplement 
(Thermo Fisher Scientific, Waltham, MA), 5 mg/mL heparin, 20 ng/mL EGF (R&D 
Systems, Minneapolis, MN), and 20 ng/mL bFGF (R&D Systems, Minneapolis, MN). 
DAOY cells were cultured in DMEM with 10% serum and 1% penicillin/streptomycin. 
CHLA01 Med cells were cultured in DMEM/F12 medium supplemented with B27 
supplement, 20 ng/mL EGF, and 20 ng/mL bFGF. All cells were grown in a humidified 
incubator at 37°C with 5% CO2.

MB xenografts (intracranial)—All mouse studies were approved by and performed in 
accordance with the policies and regulations of the Animal Care and Use Committee of 
Johns Hopkins University. Intracranial MB xenografts were established by injecting D425 
Med and MED211 cells into the cerebellums of 6–8 weeks old female NOD-SCID mice 
(Jackson Laboratory, Bar Harbor, ME). Cerebellar coordinates were −2 mm from lambda, 
+1 mm laterally, and 1.5 mm deep. Tumor growth was evaluated by weekly bioluminescence 
imaging with an in vivo spectral imaging system (IVIS Lumina II, Xenogen, Alameda, CA).

METHOD DETAILS

ChIRP oligonucleotide design—Biotinylated 20-mer antisense oligonucleotides were 
designed with Stellaris smFISH probe designer (http://biosearch.com/). Designed probes 
were compared with the human genome using the BLAST tool, and probes returning only 
target were selected.

ChIRP—Cells were cross-linked with 0.3% formaldehyde for 10 min, quenched with 0.125 
M glycine for 5 min, and washed with phosphate-buffered saline. Sheared chromatin was 
prepared by sonication in a Bioruptor 300 (Diagenode, Liege, Belgium) to produce DNA 
between 100 and 500 bp. Chromatin was diluted three times with hybridization buffer, 
and probes were added (15 pmol per chromatin from 1 million cells). The mixture was 
incubated overnight at 37°C with rotation. Streptavidin magnetic C1 beads (Thermo Fisher 
Scientific) were added and mixed for another 2 h at 37°C. After extensive washing, the 
beads were resuspended in a buffer containing proteinase K (Sigma-Aldrich, St Louis, 
MO) and incubated at 50°C for 45 min, followed by overnight incubation at 65°C for 
reverse cross-linking. Beads were resuspended in 3× original volume DNA elution buffer 

Katsushima et al. Page 9

Cell Rep. Author manuscript; available in PMC 2024 September 04.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript

http://biosearch.com/


(50 mM NaHCO3, 1% SDS, 200 mM NaCl), and DNA was eluted with a cocktail of 
100 μg/mL RNase A (Thermo Fisher Scientific) and 0.1 U/μL RNase H (Thermo Fisher 
Scientific). DNA was then purified using the ChIP DNA Clean and concentrator kit (Zymo 
Research, Irvine, CA). Purified DNA was processed for high-throughput sequencing library 
preparation.

Chromosome conformation capture—Cells were cross-linked with 2% formaldehyde 
and lysed with cell lysis buffer. An aliquot of nuclei (1×107) was digested with 1000 U 
HindIII (NEB) at 37°C overnight. Chromatin DNA was diluted with NEB ligation buffer and 
ligated with 4000 U of T4 DNA ligase. After reversing the cross-links, DNA was purified 
and used for PCR amplification with primers derived from different regions of the HLX 
locus. The 3C PCR products were cloned and sequenced to validate the intrachromosomal 
interaction by checking for the presence of the HindIII ligation site. The 3C interaction 
was quantified by qPCR and was standardized over the 3C ligation control locus. Primer 
sequences are listed in the Table S2.

ASO-lnc-HLX2–7—ASOs were designed with the Integrated DNA Technologies (IDT) 
Antisense Design Tool (IDT, Coralville, IA). ASO knockdowns were prepared with 50 nM 
(final concentration) locked nucleic acid (LNA) GapmeRs transfected with Lipofectamine 
3000 (Thermo Fisher Scientific). All ASOs were modified with phosphorothioate 
(PS) linkages. The following ASOs were used: ASO targeting lnc-HLX-2-7 (ASO-lnc-
HLX-2-7): +T*+G*+A*G*A*G*A*T*T*A*A*T*C*T*A*G*A*T*+T*+G*+C and control 
ASO (ASO-CTRL): +T*+C*+G*A*A*G* T*A*C*T*C*A*G*C*G*T*A*A*+G*+T*+T. 
The PS linkages are indicated with asterisks (*), and LNA-modified oligonucleotides are 
indicated with plus signs (+).

Quantitative real-time PCR—To obtain RNA from xenografts, we first pulverized the 
tumor tissues and then purified the total RNA with the Direct-zol RNA Miniprep kit (Zymo 
Research, Irvine, CA). Quantitative PCR was carried out with SYBR Green mRNA assays 
as previously described.38 Primer sequences are listed in the Table S2.

Luciferase reporter gene assays—The promoter and enhancer elements of HLX were 
cloned into pGL4.10 vector (Promega, Madison, WI) using an In-Fusion HD cloning kit 
(Takara Bio, Mountain View, CA). The recombinant pGL4.10 plasmids were transfected 
into cells using Lipofectamine 3000 (Thermo Fisher Scientific). At 48 h post-transfection, 
both firefly and Renilla luciferase activities were measured using the Dual-Glo Luciferase 
Assay (Promega) in a GloMax 20/20 luminometer (Promega). Firefly luciferase activity was 
normalized to Renilla luciferase activity.

Lentivirus packaging and stable cell line establishment—The HLX-knockdown 
or HLX-expressing lentivirus plasmids (GeneCopoeia, Rockville, MD) were packaged 
into 293T cells using Lenti-X Packaging Single Shots (Takara Bio) according to the 
manufacturer’s instructions. For lentivirus infection, cells were incubated with viral 
supernatant for 24 h, followed by 5 μg/mL blasticidin (InvivoGen, San Diego, CA) or 1 
μg/mL puromycin (InvivoGen) selection until drug-resistant colonies became visible.
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siRNA-mediated knockdown—siRNAs targeting HLX (catalog no. 4427037, ID: 
s6639) and MYC (catalog no. 4427037, ID: s9129) were purchased from Thermo Fisher 
Scientific. siRNAs were transfected at 20 nM for 48 h using Lipofectamine RNAiMAX 
(Thermo Fisher Scientific). The efficiency was determined by qRT-PCR.

Western blotting—Cell lysates were fractionated by SDS-polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride membranes. Membranes were 
blocked with 5% bovine serum albumin (Fisher Scientific, Hampton, NH) in TBST buffer 
(10 mM Tris, pH 8.0; 150 mM NaCl; 0.5% Tween 20) for 60 min and then incubated 
with antibodies targeting HLX (cat. HPA005968, 1:200, Sigma-Aldrich), MYC (cat. 5605, 
1:500, Cell Signaling Technology, Danvers, MA), cleaved Caspase-7 (Asp198) (cat. 8438, 
1:1000, Cell Signaling Technology), cleaved Caspase-3 (Asp175) (cat. 9661, 1:1000, Cell 
Signaling Technology), and GAPDH (cat. GTX100118, 1:5000, Genetex, Irvine, CA) at 4°C 
overnight. Membranes were washed and incubated with a 1:10,000 dilution of horseradish 
peroxidase–conjugated anti-mouse or anti-rabbit antibodies for 1 h. Blots were washed and 
developed with the ECL system (Thermo Fisher Scientific) according to the manufacturer’s 
protocols.

Immunohistochemistry—For the analysis of cell proliferation, tumor sections were 
incubated with anti-Ki67 (Alexa Fluor 488 conjugate) antibodies (cat. 11882, 1:200, Cell 
Signaling Technology, Danvers, MA) at 4°C overnight. Apoptosis in the tumor sections 
was analyzed with the DeadEnd Fluorometric TUNEL System (Promega) according to 
the manufacturer’s instructions. The stained sections were imaged with a confocal laser-
scanning microscope (Nikon C1 confocal system, Nikon Corp, Tokyo, Japan). The acquired 
images were processed with NIS (Nikon) and analyzed with ImageJ software (https://
imagej.nih.gov/ij/).

Chromatin immunoprecipitation (ChIP)—Cells (1 × 106) were treated with 1% 
formaldehyde for 8 min to crosslink histones to DNA. Cell pellets were resuspended in lysis 
buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl pH 8.1, and protease inhibitor) 
and sonicated using a Covaris S220 system (Covaris Inc., Woburn, MA). After diluting the 
cell lysate 1:10 with dilution buffer (1% Triton X-, 2 mmol/L EDTA, 150 mmol/L NaCl, 
20 mmol/L Tris-HCl pH 8.1), diluted cell lysates were incubated for 16 h at 4°C with 
Dynabeads Protein G (Thermo Fisher Scientific) precoated with 5 μL of anti-HLX antibody 
(cat. HPA005968, 1:200, Sigma-Aldrich). ChIP products were analyzed by SYBR Green 
ChIP-qPCR using the primers listed in Table S2.

Identification of lnc-HLX-2-7–binding proteins—lnc-HLX-2-7–binding proteins were 
purified with the RiboTrap kit (MBL International, Woburn, MA) according to the 
manufacturer’s protocol. Briefly, 1×107 cells were harvested and lysed in CE buffer with 
detergent solution. After the cytosolic fraction was removed, nuclei were resuspended in 
NE buffer. The nuclear lysate was used for immunoprecipitation. BrU-labeled lnc-HLX-2-7 
was prepared with the MEGAstrip T7 system (Thermo Fisher Scientific). BrU-labeled RNA 
was mixed with the nuclear extracts and captured by Protein G agarose conjugated with an 
anti-BrdU antibody. Proteins were digested with trypsin for analysis by mass spectrometry 
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performed by the Johns Hopkins University School of Medicine Proteomics Core (https://
www.hopkinsmedicine.org/research/labs/mass-spectrometry-core). Average peptide numbers 
between replicates were used for determining the specific binding partners. To measure the 
degree of variation between replicates, we calculated the coefficient of variation as the ratio 
of the standard deviation to the mean [(Standard deviation/mean)×100].

RIP analysis—RIP analysis was carried out with the RiboCluster Profiler RIP-Assay 
kit (MBL International, Woburn, MA) according to the manufacturer’s protocol. RNA-
protein complexes were immunoprecipitated with an anti-NF90 antibody (cat. 19887–1-
AP, Protein-tech); anti-IgG antibody was used as a negative control (MBL International). 
Immunoprecipitated RNA was then analyzed by qPCR with the primers listed in Table S2. 
Results were normalized by the percentage of non-immunoprecipitated input RNA in each 
sample.

Cross-linking immunoprecipitation and qPCR (CLIP-qPCR) analysis—The CLIP 
assay was performed as previously18 with the following modifications. Briefly, cells were 
cross-linked once at 150 mJ/cm2 using 254 nm UV light with a CX-2000 Ultraviolet 
Crosslinker (UVP) before being lysed. After lysis, cells lysates were treated with RNase T1 
(final concentration 500 U/mL, Thermo Fisher Scientific) for 6 min and then subjected 
to immunoprecipitation with an anti-NF90 or IgG antibody following a standard RIP 
protocol.18 After reverse transcription, the resulting cDNA was subjected to qPCR. The 
primers used for qPCR are listed in Table S2. The amount of immunoprecipitated RNAs in 
each sample is represented as signal relative to that from the negative (IgG) sample.

Simultaneous single-molecule RNA and DNA FISH—Non-adherent D425 Med cells 
were fixed, permeabilized, and washed to prepare for hybridization39 with the following 
modification. Reporter probes were used to target the “tails” added to unlabeled primary 
probes designed to bind the HLX promoter, enhancer 1 (E1), or enhancer 4 (E4) for DNA 
FISH, whereas, for RNA FISH, a primary probe set was designed to bind to the entire 
length of lnc-HLX-2-7. The reporter probes for DNA were labeled with Texas Red, and 
probes for RNA were labeled with Cy5. The probe sequences are provided in Table S3. 
Imaging involved four sequential steps: (1) cells were hybridized with RNA primary probes 
overnight, washed, and then hybridized with RNA reporter probes; (2) the cell pellet was 
washed, and immunofluorescence was performed with anti-Cy5 antibody (cat. sc-166896, 
Santa Cruz Biotechnology, Dallas, TX).40 Then, the cells were fixed with formaldehyde to 
cross-link the antibody signal reporting the location of RNA41; (3) the cell pellet was treated 
with formamide and high temperature, and DNA FISH was performed,42 and (4) the cells 
were suspended in DAPI-containing mounting medium, placed on a glass slide, covered 
with a coverslip, and sealed with clear nail polish. The cells were imaged with a 100× 
oil objective on a Nikon TiE inverted fluorescence microscope equipped with Pixis 1024b 
(Princeton Instruments, Inc., Trenton, NJ) and Metamorph imaging software (Molecular 
Devices, San Jose, CA). The images were analyzed by ImageJ software.

CNP-lnc-HLX-2-7 synthesis and characterization—The cerium oxide nanoparticles 
(CNPs) were synthesized using wet-chemical hydrolysis method at room temperature.43 
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Five mM of cerium nitrate hexahydrate with a purity of 99.999% was dissolved in 48 mL 
of deionized water followed by the addition of 2 mL of hydrogen peroxide to the cerium 
solution. The solution was continuously mixed for 5 min. After the addition of hydrogen 
peroxide, the solution turned yellow and gradually became white after eight weeks of 
aging at room temperature. The fully aged nanoparticles were used for conjugation. For 
ASO-lnc-HLX-2-7 conjugation with CNPs, initially, 270 μL of DMSO was taken in a 2 mL 
centrifuge tube,44 to which 30 μL of CNPs (5 mM) were then added.45 The OH group on 
the CNP surface was activated using 30 μL of CDI (500 mM) solution. After shaking the 
mixture for 1 h, 150 μL of ASO-lnc-HLX-2-7 (200 μM) was added to the activated CNP 
solution. The solution was mixed thoroughly by pipetting, and then 3790 μL of sodium 
borate buffer (10 mM, pH 8.5) was added. The solution was shaken at room temperature for 
3 h. Following shaking, the solution was transferred into a 50 mL dialysis tube and dialyzed 
against RNase-free water at 4°C for 20 h to remove the free miR-211 and DMSO solvent. 
The RNase-free water was replaced 2 h after starting dialysis. After dialysis, samples were 
collected and stored at −20°C until further use.

Therapeutic experiment with CNP-lnc-HLX-2-7—D425 Med cells were injected 
intracranially into 6-week-old NOD-SCID mice. Two weeks after the injection, CNP-CTRL 
(n = 10) or CNP-lnc-HLX-2-7 (n = 10; 1 mg/kg per day) was injected intravenously twice a 
week for 3 weeks. The accumulation of ASOs in tumor tissue was confirmed by an in vivo 
spectral imaging system (IVIS Lumina II, Xenogen Corp, Cranbury, NJ). Tumor growth was 
evaluated every 3 days by bioluminescence imaging with the IVIS Lumina II.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out with GraphPad Prism software (GraphPad Software, Ja 
Jolla, CA) and Limma R package. Data are presented as mean ± SD of three independent 
experiments. Differences between two groups were analyzed by the paired Student’s t test. 
Kruskal–Wallis analysis was used to evaluate differences between more than two groups.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• lnc-HLX-2-7 functions as an enhancer RNA to control HLX expression

• A positive feedback loop between lnc-HLX-2-7, HLX, and MYC promotes 
group 3 medulloblastoma

• ASOs targeting lnc-HLX-2-7 repress tumor growth, especially in combination 
with cisplatin
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Figure 1. lnc-HLX-2-7 RNA specifically accumulates in the HLX promoter region
(A) Biotinylated lnc-HLX-2-7 antisense DNA probes retrieved approximately 60% of total 
lnc-HLX-2-7 RNA. Biotinylated LacZ antisense DNA probes did not retrieve RNA. n = 5, 
**p < 0.01 by two-tailed Student’s t test. Data are expressed as mean ± SE. The probe set for 
the odd group is probe set 1, and the probe set for the even group is probe set 2. ACTB was 
used as a negative control RNA.
(B) Percentage of lnc-HLX-2-7-binding sites localized to different regions within the 
genome.
(C) Summary of the top-scoring motifs among lnc-HLX-2-7-binding sites.
(D) Total tag count of lnc-HLX-2-7 ChIRP-seq.
(E) ChIRP-seq tag density at the HLX gene promoter. Data are represented as lnc-HLX-2-7-
pull-down compared with input controls. Track heights were normalized to allow for 
comparison between groups. lnc-HLX-2-7 pull-down data were generated from overlapping 
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peak data from biological replicates of lnc-HLX-2-7-probeset1 pull-down and lnc-HLX-2-7-
probeset2 pull-down samples compared with input. Aligned reads were used for peak calling 
of the ChIRP regions using MACS v.1.4.0. Statistically significant ChIRP-enriched regions 
(peaks) were identified by comparison with input, using a p value threshold of 10−5. ChIRP, 
chromatin isolation by RNA purification; TSS, transcription start site; UTR, untranslated 
region.
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Figure 2. lnc-HLX-2-7 activates HLX expression by recruiting surrounding enhancer elements
(A) Schematic of the genomic context of the HLX promoter and surrounding enhancer 
elements (E1, E2, E3, and E4) according to the UCSC Genome Browser and GeneHancer.20 

The HLX-enhancer region predicted by GeneHancer is indicated by an orange bar. Positions 
of HindIII restriction target fragments are marked by green bars, and 3C primers (a, b, c, d, 
e, f, and anchor primers) were designed accordingly. Red arrows indicate the position of the 
single guide RNAs (sgRNAs) designed to target the E1 and E4 elements.
(B) 3C assay showing association between the HLX promoter and surrounding enhancer 
elements (E1, E2, E3, and E4) in control and lnc-HLX-2-7-KD MB cells.
(C) Schematic of HLX promoter-luciferase constructs. Right, luciferase reporter activity in 
control and lnc-HLX-2-7-KD MB cells. Inclusion of the E1 and E4 elements led to robust 
enhancement of promoter activity, which was significantly attenuated in lnc-HLX-2-7-KD 
cells. n = 3, **p < 0.01 and ***p < 0.001 by two-tailed Student’s t test.
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(D) qPCR analysis of HLX mRNA in control MB cells and three independent E1- and 
E4-targeted clones. Expression values were normalized to ACTB internal controls. Cell 
culture experiments were repeated at least three times. n = 3, **p < 0.01, Kruskal-Wallis 
analysis. Data are expressed as mean ± SE.
(E) A model of lnc-HLX-2-7-mediated chromatin looping on transcriptional activation 
of HLX. 3C, chromatin conformation capture; ACTB, β-actin; CTRL, control; KD, 
knockdown; luc, luciferase; MB, medulloblastoma; qPCR, quantitative polymerase chain 
reaction.
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Figure 3. HLX promotes tumorigenicity of G3 MB
(A) mRNA expression of HLX in D425 Med and MED211 cells with negative control 
shRNA (sh-NC) or sh-HLX for HLX KD. Relative expression level to sh-NC is indicated on 
the y axis. n = 4, *p < 0.01, Kruskal-Wallis analysis.
(B) Protein expression of HLX in D425 Med and MED211 cells with sh-NC or sh-HLX. 
Quantified band densities are presented below the images as relative values (HLX/GAPDH).
(C) Cell viability assays were performed with D425 Med and MED211 sh-NC (control) 
and sh-HLX cells. Points represent the mean and standard deviation of three biological 
replicates. n = 4, *p < 0.01, Kruskal-Wallis analysis.
(D and E) Luciferase-expressing D425 Med and MED211 cells with sh-NC (control) and 
sh-HLX were implanted into the cerebellums of NOD-SCID mice; tumor formation was 
assessed by bioluminescence imaging. Changes in bioluminescent signal were examined 
weekly after tumor implantation. (E) Quantification of total photon counts from mice 
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implanted with D425 Med and MED211 containing sh-NC or sh-HLX. n = 5, *p < 0.01, 
Kruskal-Wallis analysis.
(F and G) Ki67 (F) and TUNEL (G) staining of xenograft tumors. Nuclei are stained with 
DAPI. Scale bars, 50 μm. Quantification of Ki67- and TUNEL-positive cells is shown on the 
right. *p < 0.01, Kruskal-Wallis analysis.
(H) Overall survival was determined by Kaplan-Meier analysis; the log-rank test was applied 
to assess the differences between groups. *p < 0.05 by Mantel-Cox log-rank test. GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; MB, medulloblastoma; NC, negative control.
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Figure 4. HLX rescues G3 MB cell phenotypic changes caused by lnc-HLX-2-7 inhibition
(A) Western blot analysis for HLX expression in D425 Med cells containing CTRL-KD, lnc-
HLX-2-7-KD, lnc-HLX-2-7-KD + EX-NC, and lnc-HLX-2-7-KD + EX-HLX. Quantified 
band densities are presented below the images as relative values (HLX/GAPDH).
(B) Cell viability assays performed with D425 Med cells containing CTRL-KD, lnc-
HLX-2-7-KD, lnc-HLX-2-7-KD + EX-NC, and lnc-HLX-2-7-KD + EX-HLX. Points 
represent the mean and standard deviation of three biological replicates. n = 4, *p < 0.01 by 
Kruskal-Wallis analysis.
(C) Luciferase-expressing D425 Med cells containing CTRL-KD, lnc-HLX-2-7-KD, lnc-
HLX-2-7-KD + EX-NC, and lnc-HLX-2-7-KD + EX-HLX were implanted into the 
cerebellums of NOD-SCID mice; tumor formation was assessed by bioluminescence 
imaging. Changes in bioluminescent signal were examined weekly after tumor implantation.
(D) Quantification of total photon counts from mice implanted with D425 Med cells 
containing CTRL-KD, lnc-HLX-2-7-KD, lnc-HLX-2-7-KD + EX-NC, and lnc-HLX-2-7-
KD + EX-HLX. n = 5; results are presented as the mean ± SEM. *p < 0.05 by one-
way ANOVA with Bonferroni post hoc tests. CTRL, control; EX, expressing; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; KD, knockdown; MB, medulloblastoma; NC, 
negative control.

Katsushima et al. Page 24

Cell Rep. Author manuscript; available in PMC 2024 September 04.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 5. A lnc-HLX-2-7, HLX, and MYC positive feedback loop strongly promotes G3 MB
(A and B) mRNA expression of HLX (A) and MYC (B) in D425 Med and MED211 cells 
treated with small interfering RNAs (siRNAs) targeting the genes indicated in the x axis. 
Relative expression level to siRNA-NC (si-NC) is indicated on the y axis. n = 3, *p < 0.01 
by Kruskal-Wallis analysis.
(C) Protein expression of HLX and MYC in D425 Med and MED211 cells treated with 
si-NC, si-HLX, or si-MYC. Quantified band densities are presented below the images as 
relative values (HLX/GAPDH and MYC/GAPDH).
(D) Schematic showing E-box motifs around the transcription start site of lnc-HLX-2-7. 
Open circles indicate E-box motifs. Black arrows indicate the position of the sgRNAs 
designed to target the E-box. Green arrows show the location of primers used for PCR to 
determine E-box deletion. Agarose gel electrophoresis revealed E-box loss in D425 Med and 
MED211 cell lines after addition of doxycycline (Dox).
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(E) Expression of MYC, HLX, and lnc-HLX-2-7 in D425 Med and MED211 cells with 
(Dox (+)) and without Dox (Dox (−)). Values are indicated relative to abundance in Dox (−) 
cells. *p < 0.01 by Kruskal-Wallis analysis.
(F) Cell viability assays performed with D425 Med and MED211 cells with and without 
Dox. Points represent the mean and standard deviation of three biological replicates. *p < 
0.01 by Kruskal-Wallis analysis.
(G) Dox-dependent E-box-deletion D425 Med and MED211 cells expressing luciferase were 
implanted into the cerebellums of NOD-SCID mice, and tumor formation was assessed by 
bioluminescence imaging. Changes in bioluminescent signal were examined weekly after 
the addition of Dox.
(H) Quantification of total photon counts from mice implanted with D425 Med and 
MED211 cells with and without Dox. n = 5; results are presented as the mean ± SEM. 
*p < 0.05 by one-way ANOVA with Bonferroni post hoc tests. GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; MB, medulloblastoma.
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Figure 6. CNP-lnc-HLX-2-7 efficiently represses tumor growth in an intracranial MB xenograft 
mouse model
(A) Schematic showing the treatment paradigm in the MB xenograft mouse model. D425 
Med cells were injected into the brains of NOD-SCID mice. After 14 days, mice were 
treated with CNP-CTRL or CNP-lnc-HLX-2-7 every 3 days for 24 days.
(B) Tumor formation was assessed by bioluminescence imaging every 3 days after 
treatment.
(C) Quantification of total photon counts from mice treated with CNP-CTRL or CNP-lnc-
HLX-2-7. n = 10; results are presented as the mean ± SEM. *p < 0.05 and **p < 0.01 by 
one-way ANOVA with Bonferroni post hoc test.
(D and E) Quantitative PCR analysis for lnc-HLX-2-7 and HLX (D) and western blot 
analysis for HLX and MYC (E) expression in mouse xenografts; results are presented as 
mean ± SEM. n = 4, *p < 0.05 by one-way ANOVA with Bonferroni post hoc test.
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(F) Overall survival was determined by Kaplan-Meier analysis, and the log-rank test was 
applied to assess the differences between groups. *p < 0.05 by Mantel-Cox log-rank test. 
CNP, cerium oxide nanoparticle; CTRL, control; IVIS, in vivo spectral imaging system; MB, 
medulloblastoma.
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Figure 7. Combination therapy with CNP-lnc-HLX-2-7 and cisplatin inhibits tumor growth and 
prolongs mouse survival
(A) Schematic showing the treatment paradigm in the MB xenograft mouse model. D425 
Med cells were implanted into the brains of NOD-SCID mice. After 14 days, mice were 
treated with CNP-CTRL + DMSO, CNP-lnc-HLX-2-7 + DMSO, CNP-CTRL + cisplatin, or 
CNP-lnc-HLX-2-7 + cisplatin every 3 days (CNP-CTRL or CNP-lnc-HLX-2-7) or 4 days 
(DMSO or cisplatin) for 24 days.
(B) Tumor formation was assessed by bioluminescence imaging every 3 days after 
treatments.
(C) Quantification of total photon counts from mice treated with CNP-CTRL + DMSO, 
CNP-lnc-HLX-2-7 + DMSO, CNP-CTRL + cisplatin, or CNP-lnc-HLX-2-7 + cisplatin. n = 
10; results are presented as the mean ± SEM. *p < 0.05 and **p < 0.01 by two-way ANOVA 
with Bonferroni post hoc test.
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(D) Overall survival was determined by Kaplan-Meier analysis, and the log-rank test was 
applied to assess the differences between groups. *p < 0.05 and **p < 0.01 by Mantel-Cox 
log-rank test. CNP, cerium oxide nanoparticle; CTRL, control; DMSO, dimethyl sulfoxide; 
MB, medulloblastoma.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-HLX antibody Sigma-Aldrich Cat# HPA005968; RRID:AB_1079066

Anti-MYC antibody Cell Signaling Technology Cat# 5605; RRID:AB_1903938

Anti-cleaved Caspase-7 (Asp198) 
antibody

Cell Signaling Technology Cat# 8438; RRID:AB_11178377

Anti-cleaved Caspase-3 (Asp175) 
antibody

Cell Signaling Technology Cat# 9661; RRID:AB_437838

Anti-GAPDH antibody Genetex Cat# GTX100118; RRID:AB_1080976

Anti-Ki67 antibody (Alexa Fluor 488 
conjugate)

Cell Signaling Technology Cat# 11882; RRID:AB_2687824

Anti-NF90 antibody Proteintech Cat# 19887-1-AP; RRID:AB_10666431

Normal Rabbit IgG MBL International Cat# PM035; RRID:AB_10805234

anti-Cy5 antibody Santa Cruz Biotechnology Cat# sc-166896; RRID:AB_10607798

Chemicals, peptides, and recombinant proteins

DMEM/F12 Thermo Fisher Scientific Cat# 11320033

DMEM Thermo Fisher Scientific Cat# 12491015

Penicillin-streptomycin solution (100X) Thermo Fisher Scientific Cat# 15140122

B27 supplement Thermo Fisher Scientific Cat# 17504044

Fetal bovine serum Thermo Fisher Scientific Cat# 16140071

Heparin Fisher Scientific Cat# NC1357415

EGF R&D Systems Cat# 236-EG

bFGF R&D Systems Cat# 3718-FB-010

Streptavidin magnetic C1 beads Thermo Fisher Scientific Cat# 65001

Proteinase K Sigma-Aldrich Cat# 39450-01-6

RNase A Thermo Fisher Scientific Cat# 12091021

RNase H Thermo Fisher Scientific Cat# 18021071

HindIII NEB Cat# R0104

T4 DNA ligase NEB Cat# M0202

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000001

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat# 13778075

Blasticidin InvivoGen Cat# ant-bl-05

Puromycin InvivoGen Cat# ant-pr-1

Dynabeads Protein G Thermo Fisher Scientific Cat# 100-03D

RNase T1 Thermo Fisher Scientific Cat# EN0541

Critical commercial assays

ChIP DNA Clean and concentrator kit Zymo Research Cat# 11-379C

Direct-zol RNA Miniprep kit Zymo Research Cat# R2051

In-Fusion HD cloning kit Takara Bio Cat# 638947

Dual-Glo Luciferase Assay Promega Cat# E2920

Lenti-X™ Packaging Single Shots Takara Bio Cat# 631278

ECL system Thermo Fisher Scientific Cat# 34579
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REAGENT or RESOURCE SOURCE IDENTIFIER

DeadEnd™ Fluorometric TUNEL 
System

Promega Cat# G3250

RiboTrap kit MBL International Cat# RN1011

MEGAstrip T7 system Thermo Fisher Scientific Cat# AM1334

RiboCluster Profiler RIP-Assay kit MBL International Cat# RN1005

Deposited data

RNA-seq data NCBI GEO GSE188746

ChIRP-seq data NCBI GEO GSE232749

Experimental models: Cell lines

D425 Med Dr. Charles G. Eberhart lab RRID:CVCL_1275

MED211 Dr. Charles G. Eberhart lab N/A

DAOY ATCC Cat# HTB-186

CHLA01 Med ATCC Cat# CRL-3021

Experimental models: Organisms/strains

NOD-SCID mice Jackson Laboratory Strain # 001303

Oligonucleotides

qPCR primers (see Table S2) This study N/A

DNA-RNA-FISH probe sets (see Table 
S3)

This study N/A

ASO targeting lnc-HLX-2-7 (ASO-lnc-
HLX-2-7)

This study 5′ to 3’ +T*+G*+A*G*A*G*A*T*T*A* 
A*T*C*T*A*G*A*T*+T*+G*+C
The PS linkages are indicated with asterisks (*), and LNA-
modified oligonucleotides are indicated with plus signs (+).

Control ASO (ASO-CTRL) This study 5′ to 3’ +T*+C*+G*A*A*G*T*A*C*T* 
C*A*G*C*G*T*A*A*+G*+T*+T
The PS linkages are indicated with asterisks (*), and LNA-
modified oligonucleotides are indicated with plus signs (+).

siRNA targeting HLX Thermo Fisher Scientific Assay ID: s6639

siRNA targeting MYC Thermo Fisher Scientific Assay ID: s9129

Silencer™ Select Negative Control No. 1 
siRNA

Thermo Fisher Scientific Cat# 4390843

Recombinant DNA

HLX-knockdown lentivirus plasmids GeneCopoeia Cat# HSH100211-LVRU6GP

shRNA Scrambled Control lentivirus 
plasmids

GeneCopoeia Cat# CSHCTR001-LVRU6GP

HLX-expressing lentivirus plasmids GeneCopoeia Cat# EX-OL00749-LX304

Negative control lentivirus plasmids GeneCopoeia Cat# EX-NEG-LX304

pGL4.10 vector Promega Literature # 9PIE665

Software and algorithms

ImageJ Schneider et al.37 https://imagej.nih.gov/ij/

GraphPad Prism v9 http://www.graphpad.com/ RRID: SCR_002798

Stellaris smFISH probe designer http://biosearch.com/ N/A

BLAST National Library of Medicine https://blast.ncbi.nlm.nih.gov/Blast.cgi

NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/products/software/
nis-elements
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REAGENT or RESOURCE SOURCE IDENTIFIER

Metamorph imaging software Molecular Devices https://www.moleculardevices.com/products/cellular-imaging-
systems/acquisition-and-analysis-software/metamorph-microscopy

Ingenuity Pathway Analysis Qiagen https://digitalinsights.qiagen.com/products-overview/discovery-
insights-portfolio/analysis-and-visualization/qiagen-ipa/

Other

IVIS Lumina II Xenogen N/A

Bioruptor 300 Diagenode N/A

GloMax 20/20 luminometer Promega N/A

Nikon C1 confocal system Nikon N/A

Covaris S220 system Covaris N/A

CX-2000 Ultraviolet Crosslinker UVP N/A

Nikon TiE inverted fluorescence 
microscope

Nikon N/A
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