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Neuroblastoma (NB) is the most common extracranial solid tu-
mor in childhood. Long non-coding RNA LINC01296 has been
shown to predict the invasiveness and poor outcomes of pa-
tients with NB. Our study validated its prognostic value and
investigated the biological function and potential mechanism
of LINC01296 regulating NB. Results illuminated that
LINC01296 expression was significantly correlated with unfa-
vorable prognosis and malignant clinical features according
to the public NB database. We identified that silencing
LINC01296 repressed NB cell proliferation and migration
and promoted apoptosis. Moreover, LINC01296 knockdown
inhibited tumor growth in vivo. The opposite results were
observed through the dCas9 Synergistic Activation Mediator
System (dCas9/SAM) activating LINC01296. Mechanistically,
we revealed that LINC01296 could directly bind to nucleolin
(NCL), forming a complex that activated SRY-box transcrip-
tion factor 11 (SOX11) gene transcription and accelerated tu-
mor progression. In conclusion, our findings uncover a crucial
role of the LINC01296-NCL-SOX11 complex in NB tumorigen-
esis andmay serve as a prognostic biomarker and effective ther-
apeutic target for NB.

INTRODUCTION
Neuroblastoma (NB) is a type of embryonic malignant solid tumor
originating from neural crest cells, which is the most common
abdominal malignant tumor in children.1,2 Due to its rapid
progress and high malignancy, the prognosis of patients with
advanced NB is always unsatisfactory, with a 5-year overall
survival rate of 30%–40%.3,4 Therefore, it is necessary to under-
stand the molecular mechanism of NB and develop novel thera-
peutic targets for NB.

Long non-coding RNA (lncRNA) is longer than 200 nucleotides in
length with no protein-coding function.5 Recent studies have
shown that lncRNA plays a crucial role in the process of cell dif-
ferentiation, cell growth, cell migration, and tumorigenesis.6,7

lncRNA has been reported to regulate gene expression in cancers
through chromatin modification and remodeling, target gene tran-
scription, post-translational modification, and interacting with
RNA-binding proteins (RBPs).7,8 Nucleic acid drugs targeting
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lncRNAs, including antisense oligonucleotide (ASO), locked nu-
cleic acid (LNA), and nanoparticle-short interfering RNA
(Nano-siRNA),9 have been used in pre-clinical or clinical trials
for several cancers, such as breast cancer and NB.9–12 Similar to
several other tumors, lncRNA also has an essential effect on the
occurrence and development of NB, and can serve as a biomarker
for early diagnosis and predicting the prognosis.13 For example,
sense-antisense lncRNA pair cancer susceptibility 15 (CASC15)
and NB-associated transcript 1 (NBAT-1) determines the suscep-
tibility of NB through the USP36-CHD7-SOX9 regulatory axis,
and both CASC15 and NBAT-1 can be used as independent risk
factors for the prognosis of NB.14–16

Our previous study identified that lncRNA LINC01296 was signif-
icantly upregulated in advanced-stage tumors compared with
early-stage tumors and could predict the invasive clinical features
and poor outcomes of patients with NB.17 In this study, we found
that LINC01296 enhanced cell proliferation, cell migration, and
repressed cell apoptosis in NB. Mechanistically, RBP nucleolin
(NCL) bound with LINC01296 to form a complex that could
interact with the promoter of oncogene SOX11 and activate its
transcription. Our findings demonstrated that LINC01296 played
a vital role in the tumor progression of NB, and the LINC01296/
NCL/SOX11 complex could serve as a novel therapeutic target
for NB.
thors.
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RESULTS
LINC01296 serves as a potential prognostic biomarker in NB

Our previous study revealed that LINC01296 was associated with
malignant clinical characteristics in 28 primary NB tumor tissues
in our hospital. To further validate this association in a larger sample
size, we used R2: Genomic Analysis and Visualization Platform
(http://r2.amc.nl). In a dataset containing 88 patients with NB (Tu-
mor Neuroblastoma public - Versteeg - 88 - MAS5.0 - u133p2), the
expression levels of LINC01296 were positively correlated with the
International Neuroblastoma Staging System (INSS) stage (Fig-
ure 1A). Patients with MYCN proto-oncogene (MYCN) amplifica-
tion and patients diagnosed after 18 months of age usually have
higher LINC01296 expression levels (Figures 1B and 1C). Moreover,
high LINC01296 expression was significantly correlated with tumor
recurrence, progression, and death, but not gender (Figures 1D–1F).
As expected, patients with elevated LINC01296 expression had poor
overall survival probabilities and event-free survival probabilities
(Figures 1G and 1H). These clinical data indicated that the
LINC01296 serves as a crucial biomarker for outcomes in patients
with NB and that targeting LINC01296 may be an effective
therapeutic strategy.
LINC01296 promotes an invasive tumor phenotype in NB cells

To investigate the function of LINC01296 in cells, we used small
hairpin RNA (shRNA) to knock down LINC01296 and an RNA-
guided CRISPR activation system, the dCas9 Synergistic Activation
Mediator System (dCas9/SAM) to activate LINC01296 expression
in NB cells endogenously. The expression level of LINC01296 was
relatively higher in SK-N-BE(2)C and SK-N-SH and lowered in SK-
N-AS (Figure S1A). Thus, SK-N-BE(2)C and SK-N-SH were chosen
for developing knockdown cells, and SK-N-BE(2)C and SK-N-AS
were selected for constructing dCas9/SAM cells for subsequent study.
shLINC01296 remarkably suppressed LINC01296 in NB cells (Fig-
ures 2A and S1B). The reduction of LINC01296 resulted in decreased
proliferation according to the Cell Counting Kit-8 (CCK-8) growth
curve (Figure 2B). Consistently, LINC01296 knockdown (KD) led
to impaired clonogenic ability in the colony formation assay (Figures
2C and 2D) and significantly reduced the proportion of 5-ethynyl-20-
deoxyuridine-positive (EdU+) cells in the KD cells (Figures 2E and
2F). LINC01296 KD also significantly decreased the cell migration
(Figures 2G and 2H) but enhanced the apoptosis of NB cells (Figures
2I and 2J). Western blot of apoptosis markers, including poly-ADP
ribose polymerase (PARP), cleaved PARP, caspase-3, and cleaved cas-
pase-3, confirmed this result (Figure 2K).

For the overexpression of LINC01296, we used the dCas9/SAM tran-
scriptional activation system to activate LINC01296 expression. We
established three guide RNAs targeting the promoter region of
LINC01296 (single-guide [sg]LINC01296) and co-expressed with
dCas9-VP64 and MS2-P65-HSF1 plasmids into SK-N-BE(2)C and
SK-N-AS cells, which could assemble the SAM complex to the pro-
moter region of LINC01296 and transcriptionally activate its expres-
sion.18 The guide RNAs enhanced LINC01296 expression (Figures 3A
and S1C), and we chose the sgRNA with the highest efficacy for the
follow-up experiment (sg2). Consistent with the results mentioned
above, the CCK-8 assay (Figure 3B), the colony formation assay (Fig-
ures 3C and 3D), and the EdU assay (Figures 3E and 3F) showed
increased proliferation in sgLINC01296 cells. Similarly, the result of
the transwell assay revealed enhanced cell migration in sgLINC01296
groups (Figures 3G and 3H). Furthermore, the flow cytometry
showed decreased apoptosis cells compared to control cells (Figures
3I and 3J). In addition, western blot analysis provided us with evi-
dence that the overexpression of LINC01296 could reduce the expres-
sion level of PARP and caspase-3 but upregulate the expression level
of cleaved PARP and cleaved caspase-3 (Figure 3K).

In addition, we found decreased xenograft tumor growth with
LINC01296-KD SK-N-BE(2)C cells (Figures 4A–4C) and increased
tumor volume in xenografts with LINC01296 activation SK-N-AS
cells (Figures 4D–4F). Furthermore, the immunohistochemistry
(IHC) staining showed a lower expression of Ki-67 in LINC01296-
KD tumor tissues than the control group, and the contrary result
was observed in LINC01296 activation tumor tissues (Figures 4G
and 4H), which was consistent with our in vitro data. Collectively,
these results confirmed that LINC01296 is an oncogene in NB, and
it promoted tumor proliferation in vitro and in vivo.

LINC01296 directly binds to NCL

The function of lncRNAs is closely related to their subcellular
localization.19 Thus, we separated the cytoplasmic and nuclear
RNA components of SK-N-BE (2)C and SK-N-SH cells. qRT-PCR
(polymerase chain reaction) was carried out to measure the expres-
sion ratio of LINC01296 in the nucleus and cytoplasm. LINC01296
was mainly located in the nuclei of NB cells (Figure 5A). RNA
fluorescence in situ hybridization (FISH) also confirmed the localiza-
tion of LINC01296 in nuclei (Figures 5B and S1). One of the most
critical functions of lncRNAs located in the nucleus is that they
interact with specific proteins to regulate the expression of target
genes.20 Therefore, we used biotinylated LINC01296 probes to
perform chromatin isolation by RNA purification (ChIRP) assays
coupled with mass spectrometry (MS) in SK-N-BE(2)C cells to
explore proteins specifically binding with LINC01296. Nineteen pro-
teins were identified by MS (Figure 5C; Table S7). Among these 19
proteins, NCL was similarly enriched in the nuclei with a higher bind-
ing score. LIN01296 was predicted to interact with NCL with high
interaction probabilities using RPISeq (http://pridb.gdcb.iastate.
edu/RPISeq/references.php) (Table S8). Then, to confirm this interac-
tion relationship, we conducted the RNA immunoprecipitation (RIP)
assay in SK-N-BE(2)C and SK-N-SH cells. qRT-PCR analyses of
purified RNA from IP confirmed that LINC01296 was significantly
enriched in anti-NCL antibody compared to immunoglobulin G
(IgG) (Figures 5D and 5E). These results demonstrated that
LINC01296 specifically interacts with NCL in NB cells.

NCL acts as an oncogene to promote NB progression

Previous studies have reported thatNCL is involved in cell proliferation,
angiogenesis, apoptosis regulation, stress response, and microRNA
Molecular Therapy: Oncolytics Vol. 24 March 2022 835
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Figure 1. LINC01296 is a prognostic biomarker in neuroblastoma (NB)

(A) Relative expression of LINC01296 was correlated with the INSS stage. One-way ANOVA test was performed for all of the groups. (B) Relative expression of LINC01296

in MYCN-amplified tumor and non-amplified tumor. Amp, MYCN amplification; NA, MYCN non-amplification. (C) Relative expression of LINC01296 in different diagnostic

age groups. <18m, less than 18 months; >18m, more than 18 months. (D) Relative expression of LINC01296 in patients with or without disease recurrence or pro-

gression. ND, no disease. (E) Relative expression of LINC01296 in patients alive or dead. (F) Relative expression of LINC01296 in males and females. (G and H) Kaplan-

Meier curves of overall survival (OS) and event-free survival (EFS) of patients with high and low LINC01296 expression. The cutoff for high and low LINC01296 expression

was 5.73 (log2 of raw expression values), according to the median of the LINC01296 expression levels of 88 patients in the cohort. *p < 0.05; **p < 0.01; ***p < 0.001; ns,

not significant.
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processing in cancer.21,22We found that NCL is significantly correlated
with LINC01296 in public database R2: Genomics Analysis and Visual-
ization Platform (R = 0.2325, p = 0.0293, n = 88; Figure 5F). Moreover,
the database results showed that higher NCL expression levels were
associatedwith poorer survival rates (Figures 5G and 5H). Consistently,
836 Molecular Therapy: Oncolytics Vol. 24 March 2022
KD of NCL in SK-N-BE(2)C and SK-N-SH cells (Figure 6A) signifi-
cantly inhibited NB cell growth, colony formation ability (Figures 6B,
6C, and 6E), and cell migration ability (Figures 6D and 6F) and stimu-
lated cell apoptosis (Figures 6G and 6H). Thus,NCLmay function as an
oncogene to promote NB progression.



(legend on next page)
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LINC01296 regulates SOX11 through transcriptional activation

Since LINC01296 is predominantly located in the nuclei of NB cells,
we performed ChIRP-seq to identify the potential DNA binding loci
of LINC01296 in SK-N-BE(2)C cells. A total of 3,055 peaks of the
gene promoter regions that LINC01296 could bind were detected (Fig-
ures S2A and S2B). Gene Ontology (GO) analysis of identified genes
showed enrichment in items of cellular metabolic process, generation
of neurons, and neurogenesis (Figures 7A and S2D), and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis revealed
enrichment in epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitor resistance and the ErbB signaling pathway (Figure S2C),
which conforms to the role of LINC01296 in cell proliferation. ChIRP-
qPCR further validated 15 genes involved in these items, and 6 (BCL2,
MAP2K2, SOX11, BRD4, LMO3, SMARCA1) of these genes were
significantly enriched in the LINC01296 probe compared to controls
(Figure 7B). Most of these genes have been reported to regulate malig-
nancy tumorigenesis or progression.23–28 In addition, the mRNA
expression levels of these genes were confirmed by qRT-PCR. The
transcript levels of BCL2, SOX11, BRD4, LMO3, and SMARCA1
were significantly reduced with LINC01296-KD (Figure 7C). We
then referred to the database R2: Genomics Analysis and Visualization
Platform. We found positive correlations between LINC01296 and
SOX11 (r = 0.464, p < 0.001), BRD4 (r = 0.228, p < 0.001), and
LMO3 (r = 0.413, p < 0.001) in clinical NB tumor samples according
to the dataset Tumor Neuroblastoma public - Versteeg - 88 -MAS5.0 -
u133p2 (n = 88) (Figure 7D). Increased SOX11 expression was associ-
ated with decreased overall survival in the dataset Tumor Neuroblas-
toma public - Versteeg - 88 - MAS5.0 - u133p2 (n = 88) and Tumor
Neuroblastoma SEQC - 498 - custom (n = 496) (Figures S3A and
S3B). Consistent with the clinical association, SOX11 levels were
significantly decreased in the LINC01296-KD cells, determined by
qRT-PCR and immunoblotting, and the level of SOX11 protein was
markedly increased in the LINC01296 overexpression cells by the
dCas9/SAM system (Figures 7E and 7F). The downregulated SOX11
in the LINC01296-KD group and elevated SOX11 in the LINC01296
overexpression group of xenograft tumors were also detected by
immunoblotting (Figures S3C and S3D). The result of ChIRP-seq
showed that LINC01296 was bound to the SOX11 promoter
(chr2:5,833,818-5,834,778), with a length of 961 bp. We constructed
a luciferase reporter vector to validate this interaction by fusing the
binding region in SOX11 promoter sequences detected by ChIRP.
The overexpression of LINC01296 resulted in increased reporter lucif-
erase activity (Figure 7G).

A previous study has revealed that SOX11 plays a role in cell growth
and proliferation and controls chromatin accessibility in NB.29 Simi-
Figure 2. Knockdown of LINC01296 inhibits NB cell proliferation and migration

(A) qRT-PCR detected the efficiency of LINC01296 knockdown in SK-N-BE(2)C and

LINC01296 knockdown. Student’s t-test was performed on day 5 for 2 groups. (C and D

LINC01296 knockdown. (E and F) EdU assay showed a significantly reduced the prop

100 mm. (G and H) Transwell assay showed decreased cell migration ability in LINC01296

(I and J) Flow cytometry analysis detected enhanced apoptosis of shLINC01296 NB ce

cleaved caspase-3 protein expression in shCtrl (control) and shLINC01296 NB cells.
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larly, cell proliferation and migration ability were significantly
increased in SOX11 overexpressed SK-N-BE(2)C cells (Figures
S3C–S3F). Furthermore, the overexpression of SOX11 could rescue
the reduced cell proliferation, migration, and promoted cell apoptosis
due to LINC01296-KD (Figures 7H–7O and S4A–S4E). These find-
ings collectively demonstrated that LINC01296 bound to SOX11 pro-
moter and activated its expression.
LINC01296-NCL complex regulating NB progression through

SOX11

As NCL bound with LINC01296 to form an RNA-protein complex,
we wondered whether NCL could also regulate SOX11. Western
blot analysis showed an apparent reduction of SOX11 protein after
the ablation of NCL (Figure S4F). Then, we designed qPCR primers
targeting two DNA regions in the SOX11 promoter region detected
by ChIRP. The ChIP-qPCR assay that was conducted validated that
NCL interacted with the SOX11 promoter compared to IgG control
by both primers in SK-N-BE(2)C and SK-N-SH cells (Figure 7P).
Taken together, these results indicated that NCL and LINC01296
could collaboratively upregulate the expression of SOX11 in NB cells.
DISCUSSION
Through the lncRNA microarray of advanced-stage tumor samples
compared to early-stage tumor samples, we identified LINC01296 as
the most enriched lncRNA in advanced-stage cases with a fold change
of 13.96. It was noticed that LINC01296 expression levels were posi-
tively correlated with known risk factors for NB, including age at diag-
nosis, INSS stage, risk groups, MYCN status, serum lactate dehydroge-
nase (LDH), and serum neuron-specific enolase (NSE) in 28 cases.17

We also found that the high expression levels of LINC01296 in NB pa-
tients were positively correlated with advanced INSS stage, MYCN
amplification and patients diagnosed after 18 months, tumor recur-
rence or progression, and tumor death according to the NB public
database, which had a larger sample size of 88 patients. Furthermore,
elevated LINC01296 was significantly associated with poor overall sur-
vival probabilities and event-free survival probabilities. Therefore,
LINC01296 may serve as a prognostic biomarker for NB. Similarly,
LINC01296 could predict poor clinical prognosis of gastric cancer,30

breast cancer,31 colorectal cancer,32 and non-small cell lung cancer
(NSCLC),33 indicating the predictive value of LINC01296 as a prog-
nostic biomarker in tumors. To investigate the role of LINC01296 in
NB, we used shRNA to knock down its expression and used the
dCas9/SAM system to activate its transcription in NB cells endoge-
nously. Cell proliferation and migration ability were inhibited and
cell apoptosis was increased after knocking down LINC01296. The
and promotes apoptosis in vitro

SK-N-SH cells. (B) CCK-8 assay showed reduced cell viability of NB cells after

) Colony formation assay showed the decreased clonogenic ability of NB cells after

ortion of EdU+ cells in the LINC01296 knockdown SK-N-BE(2)C cells. Scale bar,

knockdown cells after incubation for 24 h. Scale bar, 50 mm. HPF, high-power field.

lls. (K) Western blot experiment detected the PARP, cleaved PARP, caspase-3, and
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xenograft tumor growth assay showed the same thing, which is in
keeping with studies of other tumors.30–33 For instance, LINC01296
(also known as LNMAT1) epigenetically activates C-C motif chemo-
kine ligand 2 (CCL2) expression by recruiting hnRNPL to the CCL2
promoter, promoting lymphatic metastasis of bladder cancer.34 In
NSCLC, LINC01296 (also known as DUXAP9-206) induces cell pro-
liferation and cell metastasis by interacting with Cbl-b, decreasing the
degradation of the EGFR and reinforcing EGFR signaling,35 indicating
an oncogene role of LINC01296 in several kinds of tumors.

Recent studies revealed that lncRNA could regulate gene expression
through multiple mechanisms, including by recruiting transcription
factors to DNA targets, by forming heterogeneous ribonucleoprotein
(hnRNP) complexes, and by acting as a decoy to bind RBP and micro-
RNA, or directly interacting with RNA and DNA through base pair-
ing.19 The regulating mechanism of lncRNA is closely related to its
subcellular localization.36 Since LINC01296 is mainly located at nu-
clear, we speculated that the function of LINC01296 may be to bind
with RBP and DNA. Thus, we performed ChIRP-liquid chromatog-
raphy (LC)/MS and ChIRP-seq and found that LINC01296 has inter-
acted with NCL protein and the SOX11 gene promoter. NCL is one of
the most abundant proteins in the nucleolus and is involved in various
biological aspects, including chromatin remodeling, pre-RNAmatura-
tion, rDNA transcription, ribosome assembly, tumor cell proliferation,
survival, and apoptosis.21 A previous study reported that NCL could
upregulate vascular endothelial growth factor (VEGF) expression by
binding to the G- and C-rich sequences of the VEGF gene promoter
and promote tumor angiogenesis.37 In colon cancer, NCL could
combine with lncRNA CYTOR to form a complex, activating the nu-
clear factor kB (NF-kB) pathway and the epithelial-mesenchymal
transition (EMT) process to enhance tumor cell proliferation, migra-
tion, and invasion.38 In the study of NB, in vitro data have confirmed
thatNCLmaintains the stemness of NB cancer stem cells by binding to
the CD34 gene promoter region to activate its transcription and can be
used as a functional target of a novel antitumor stem cell drug salino-
mycin.39 Here, we identified that LINC01296 could be precipitated by
the anti-NCL antibody through the RIP assay, confirming the binding
relationship between LINC01296 andNCL. The KD of NCL decreased
cell proliferation andmigration ability and enhanced the cell apoptosis
of NB cells. Identically, elevated levels of NCLwere associated with the
unfavorable prognosis of patients with NB, indicating its role as an
oncogene in NB. These findings revealed that LINC01296 promoted
NB progression via binding with NCL.

Since LINC01296 is localized predominantly in the nucleus, the mo-
lecular mechanism of LINC01296 could also serve as a scaffold for re-
Figure 3. Activation of LINC01296 through the dCas9/SAM system enhances N

(A) qRT-PCR measured the efficiency of endogenous activation of LINC01296 through

revealed cell viability of NB cells after LINC01296 overexpression. Student’s t test was p

clonogenic ability of NB cells with LINC01296 overexpression. (E and F) The EdU assay

cells. Scale bar, 100 mm. (G and H) Transwell assay revealed increased cell migration a

50 mm. HPF, high power field. (I and J) Flow cytometry analysis detected decreased a

measured the PARP, cleaved PARP, caspase-3, and cleaved caspase-3 protein expre
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cruiting diverse regulatory factors at a single locus. Therefore, we
carried out ChIRP-seq analysis to explore DNA loci bound by
LINC01296, and the results were confirmed by qPCR and qRT-
PCR. Numerous validated, enriched genes of ChIRP-seq, such as
BCL2, SOX11, BRD4, LMO3, and SMARCA1, have been reported
to play critical roles in carcinogenesis.23,25–27,40 The BCL2 family pro-
teins regulate the mitochondrial or intrinsic apoptotic response,
which is vital to suppress apoptosis in cancer cells.23 BRD4 binds to
the promoter and enhancer regions of oncogene MYCN and the pro-
moter region of PHOX2B to activate their transcription in NB.26 As a
neural transcription factor, SOX11 is involved in embryonic neuron
development, inflammation, and cancer pathology.25 Several studies
have demonstrated that SOX11 could exert oncogenic effects and
function as a tumor suppressor, depending on the different kinds of
tumors.41 It has been reported that SOX11 could promote cell survival
and tumor angiogenesis and inhibit B cell differentiation in mantle
cell lymphoma.42 In breast cancer, SOX11 is indispensable for
the cell growth of endoplasmic reticulum (ER)-negative breast cancer
cell lines and promotes EMT via Slug.43,44 However, as a tumor sup-
pressor, SOX11 represses cell growth, tumor invasion, and metastasis
in gastric cancer.45 In our study, we identified SOX11 as an oncogene
in NB cells, enhancing cell proliferation and migration and inhibiting
cell apoptosis, which is consistent with the results of Louwagie
et al.29,46 It has been reported that SOX11 KD showed decreased col-
ony formation ability and G1-S cell-cycle arrest in NB cells, and
SOX11 was co-expressed with MYCN.46 Moreover, SOX11 regulates
chromatin accessibility at active enhancers in adrenergic high-risk
NB.29 Furthermore, ectopic SOX11 expression could partially restore
cell proliferation and migration, reduced by LINC01296 KD. We
performed ChIP-qPCR and validated that NCL also bound the
SOX11 promoter. These results suggested that the LINC01296-NCL
complex could regulate SOX11 transcription, contributing to NB tu-
mor aggressiveness.

In summary, the lncRNA LINC01296 promotes the progression of
NB by transcriptional activating SOX11 by forming a complex with
NCL. The LINC01296/NCL/SOX11 complex could serve as a prog-
nostic biomarker. Considering the vital function of the LINC01296/
NCL/SOX11 complex, it may also have the potential to be a promising
therapeutic target for the treatment of NB.

MATERIALS AND METHODS
Cell lines

The SK-N-BE(2)C, CHLA20, HEK293T cell lines were obtained from
the American Type Culture Collection (ATCC) (Manassas, VA), and
the SK-N-AS, SK-N-SH, SK-N-BE(2), KP-N-NS, and IMR-32 cell
B cell proliferation, migration and represses apoptosis in vitro

the dCas9/SAM system in SK-N-BE(2)C and SK-N-AS cells. (B) The CCK-8 assay

erformed on day 5 for 2 groups. (C and D) The colony formation assay revealed the

revealed an increased proportion of EdU+ cells in the LINC01296 overexpressed NB

bility in the LINC01296 overexpressed NB cells after incubation for 24 h. Scale bar,

poptosis of NB cells with LINC01296 overexpression. (K) Western blot experiment

ssion in Scr and sgLINC01296 NB cells.



Figure 4. LINC01296 promotes tumor growth of NB in vivo

(A) Representative images of the xenograft tumors of SK-N-BE(2)C cells transfected with shCtrl, shLINC01296 at day 36 after injection. (B) Tumor volume was evaluated in

SK-N-BE(2)C cells transfectedwith shCtrl, shLINC01296 every two days. Student’s t-test was performed for two groups on day 36. (C) Tumor weight wasmeasured in SK-N-

BE(2)C cells transfected with shCtrl, shLINC01296 on day 36 after injection. (D) Representative images of the xenograft tumors of SK-N-AS cells transfected with Scr,

sgLINC01296 on day 28 after injection. (E) Tumor volume was evaluated in SK-N-AS cells transfected with Scr, sgLINC01296 every 2 days. Student’s t test was performed

for 2 groups on day 28. (F) Tumor weight was measured in SK-N-AS cells transfected with Scr, sgLINC01296 on day 28 after injection. (G and H) Immunohistochemistry

staining of Ki-67 in xenograft tumor samples (400�). Scale bar, 50 mm.

www.moleculartherapy.org
lines were purchased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). All of the cell lines were
tested routinely for mycoplasma contamination by PCR assay (Va-
zyme). SK-N-BE(2)C and SK-N-SH cell lines were cultured in F12/
DMEM 1:1 (Gibco, Life Technologies) containing 10% fetal bovine
serum (FBS) (Gibco, Life Technologies), 1% penicillin and strepto-
mycin (Gibco, Life Technologies), and HEK293T and SK-N-AS
were cultured in DMEM containing 10% FBS and 1% penicillin
and streptomycin. All of the cell lines were cultured at 37�C in a hu-
midified incubator with 5% CO2.

Establishment of LINC01296 overexpression and stable KD cells

The open reading frame (ORF) of the SOX11 gene was cloned from
the cDNA of the SH-SY5Y cell line and inserted into the pLVX-
IRES-Hygro plasmid. In addition, the shRNA oligos of LINC01296
and NCL were annealed and cloned into the pLKO.1-puro vector.
Molecular Therapy: Oncolytics Vol. 24 March 2022 841
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Figure 5. LINC01296 binds to NCL in NB cells

(A) Nuclear-cytoplasmic RNA extraction assay and qRT-PCR analysis for SK-N-BE(2)C and SK-N-SH cells showed LINC01296 was mainly located at the nucleus. GAPDH

was used as the cytoplasmic internal control, and metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was used as the nuclear internal control. (B) RNA

fluorescence in situ hybridization (RNA FISH) for SK-N-BE(2)C and SK-N-SH cells showed that LINC01296wasmainly located at the nucleus. The 18S probewas used as the

cytoplasmic internal control, and the U6 probe was used as the nuclear internal control. Scale bar, 10 mm. (C) Venn diagram of LC-MS of chromatin isolation by RNA

purification (ChIRP) showed 19 significant enriched proteins using LINC01296 probe compared to control probe. Lnc, LINC01296 probe; Ctrl, control probe. (D) Western blot

confirmed the efficiency of immunoprecipitation (IP) of NCL antibody in RNA-binding protein IP (RIP) assay, and IgGwas used as the negative control. (E) qRT-PCR analysis of

RIP assay of SK-N-BE(2)C and SK-N-SH cells. IgG was used as the negative control. (F) The correlation between NCL mRNA expression and LINC01296 expression

in clinical NB samples in the dataset containing 88 patients (Tumor Neuroblastoma public - Versteeg - 88, R2: Genomic Analysis and Visualization Platform). (G and H)

Kaplan-Meier overall survival analysis of NCL mRNA expression in NB patients (n = 88, Tumor Neuroblastoma public – Versteeg – 88; n = 476, Tumor Neuroblastoma –

SEQC – 498 – custom).
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For 1 well of 6-well plates, lentivirus was produced by co-transfecting
HEK293T cells with 2 mg lentivirus plasmids together with packaging
plasmids 1.5 mg psPAX2 and 0.6 mg pMD2.G using 7 mL Lipofect-
amine 2000 reagent (Invitrogen). The virus was harvested through
a 0.45-mm filter (Millipore) after 48 h of transfection. Collected lenti-
virus was used to directly infect cells with the addition of 8 mg/mL
polybrene (Sigma-Aldrich) or stored in �80�C. Infected cells were
842 Molecular Therapy: Oncolytics Vol. 24 March 2022
selected with puromycin (Sigma-Aldrich) for 3–4 days at 1 mg/mL
(SK-N-AS, SK-N-SH) or 3 mg/mL (SK-N-BE(2)C). LINC01296 acti-
vation in SK-N-BE(2)C and SK-N-AS cells was carried out through
the dCas9-SAM gene activation system.18 The SAM system involves
3 lentivirus plasmids, lenti_dCas9-VP64_Blast, lenti_MS2-p65-
HSF1_Hygro, and lenti_sgRNA(MS2)_Puro. The lentiviruses of the
3 plasmids were used to infect SK-N-BE(2)C and SK-N-AS cells,



Figure 6. NCL acts as an oncogene and promotes NB progression

(A) Western blot measured the knockdown efficiency of NCL shRNAs in SK-N-BE(2)C and SK-N-SH cells. (B) CCK-8 assay showed reduced cell growth of NB cells after NCL

knockdown. Student’s t-test was performed on day 5 for each shNCL group compared to the shCtrl group. (C and E) The colony formation assay revealed the clonogenic

ability of NB cells with NCL knockdown. (D and F) Transwell assay showed decreased cell migration ability in the LINC01296 knockdown cells after incubation for 24 h. Scale

bar, 50 mm. (G and H) Flow cytometry analysis detected promoted apoptosis of NB cells silencing NCL. (E, F, and H) Student’s t test was performed for each shNCL group

compared to the shCtrl group.
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Figure 7. LINC01296-NCL promotes NB progression through transcriptionally activating SOX11 expression

(A) Gene Ontology (GO) analysis of differentially expressed genes in ChIRP-seq of SK-N-BE(2)C cells. (B) ChIRP-qPCR analysis detected the enrichment fold change of

SOX11, LMO3, MAP2K2, BRD4, BCL2, and SMARCA1 genes in DNA pulled down by the LINC01296 probe compared to the control probe. (C) The qRT-PCR analysis

(legend continued on next page)
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and cells were selected by antibiotics separately. Infected cells were
selected with blasticidin (Sigma-Aldrich) for 1 week at 20 mg/mL
and hygromycin for 1 week at 100 mg/mL. The oligos of shRNAs
and sgRNAs used in this study are listed in Table S1.

RNA extraction and real-time qRT-PCR analysis

The total RNA of cells and tissues was extracted using TRIzol Reagent
(Life Technologies) according to the manufacturer’s protocol. RNA
concentration and purity were measured by NanoDrop (Thermo Sci-
entific), and each sample was adjusted to the same concentration at
reverse transcription. cDNA was synthesized with the PrimeScript
RT reagent Kit (TaKaRa) from 1,000 ng total RNA. The real-time
qPCR analyses were conducted using ChamQ SYBR qPCR Master
Mix (Vazyme) by the QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems). Relative RNA expression was calculated by
the DDCt method with normalization to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA. Primer sequences for qRT-PCR
are listed in Table S2.

Western blot analysis

Cells were counted and cultured in 6-well plates with a confluence of
80%. Cells were rinsed with phosphate-buffered saline (PBS) twice
and lysed with 120 mL/well M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific) containing protease and phosphatase in-
hibitor (Thermo Scientific). Cell lysates were scraped down and incu-
bated on ice for 30min, then centrifuged at 12,000� g for 10min, and
the supernatants were transferred to clear tubes. After measuring the
protein concentration using the bicinchoninic acid (BCA) protein
assay (Pierce, Thermo Scientific), we denatured the proteins in
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electropho-
resis) Sample Loading Buffer (Biosharp) at 95�C for 10 min. Protein
samples were separated by SDS-PAGE in polyacrylamide gels (Epi-
Zyme) and transferred to nitrocellulose filter membranes (GE). Mem-
branes were blocked in 5% non-fat milk/TBST (Tris-buffered saline
with Tween) for 1 h at room temperature and incubated with primary
antibody diluted in 5% non-fat milk/TBST overnight at 4�C. After
washing with TBST, membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:3,000, Cell
Signaling Technology, #7074 and #7076) and analyzed by the Fluo-
rChem FC3 chemiluminescence system (Protein Simple). The anti-
measured the mRNA expression levels of SOX11, LMO3, MAP2K2, BRD4, BCL2, and S

between SOX11mRNA expression and LINC01296 expression in clinical NB samples in

Genomic Analysis and Visualization Platform). (E) The qRT-PCR analysis showed the

compared to Scr cells. (F) Western blot showed the reduced SOX11 protein expres

sgLINC01296 SK-N-BE(2)C cells. (G) Luciferase reporter assay was detected 48 h after

in 293T cells. (H) SOX11 protein expression level in shCtrl and shLINC01296 SK-N-BE(

pLVX, cells transfected with PLKO.1-shCtrl and pLVX-hygro plasmids; shCtrl SOX11, c

transfected with PLKO.1-shLINC01296 and pLVX-hygro plasmids; shLINC pLVX and

plasmids. (I) CCK-8 assay showed the cell growth rate of shCtrl and shLINC01296 SK-N

on day 5 for shCtrl pLVX and shCtrl SOX11, shCtrl pLVX and shLINC SOX11, and sh

shLINC01296 SK-N-BE(2)C cells with or without SOX11 overexpression. (K and N) Tra

overexpression after incubation for 24 h. Scale bar, 50 mm. (L and O) Flow cytometry an

without SOX11 overexpression. (P) ChIP and qPCR assays showed NCL bound to SOX1

P2, Primer 2 (M–O). Student’s t test was performed for shCtrl pLVX and each of the ot
bodies used in immunoblot include SOX11 (1:2,000, Abcam,
ab170916), NCL (1:2,000, Abcam, ab22758), caspase-3 (1:1,000,
Cell Signaling Technology, #9662), cleaved caspase-3 (1:1,000, Cell
Signaling Technology, #9664), PARP (1:1,000, Cell Signaling Tech-
nology, #9532), cleaved PARP (1:1,000, Cell Signaling Technology,
#5625), and b-actin (1:10,000, Sigma-Aldrich, A3854).

Cell proliferation assay and cell migration assay

Cell proliferation was measured using the CCK-8 (Dojindo). Cells
(5,000/well) were seeded into 96-well plates and were monitored daily
for 5 consecutive days. The absorbance was read at 450 nm by a micro-
plate reader (Bio-Tek). For the colony formation assay, a total of 2,000
SK-N-BE(2)C and SK-N-SH cells for shRNA and 1,000 SK-N-BE(2)C
and SK-N-AS cells for the dCas9/SAM system were seeded into 6-well
plates. After 2 weeks of culture, cells were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet. According to the manufac-
turer’s protocol, the cell proliferation ability was also detected by the
EdU assay using the Cell-light EdU Apollo 567 in vitro kit (Ribobio).
Following the manufacturer’s instructions, the cell migration assay
was carried out using 8.0-mm 24-well transwell chambers (Corning).
A total of 5 � 104 SK-N-AS and SK-N-SH cells, 1.5 � 105 SK-N-
BE(2)C cells for shRNA and 1 � 105 SK-N-BE(2)C cells for the
dCas9/SAM system were resuspended in 100 mL FBS-free medium
and seeded in each transwell; medium with 10% FBS was added to
the wells of 24-well plates. After incubation for 24 h, cells in the bottom
surface of membranes were fixed with 4% paraformaldehyde, stained
with 0.1% crystal violet, and photographed in 3 independent fields
per well using a Leica microscope.

Cell apoptosis analysis

The cells were collected 48 h after plating in 6-well plates. Cells were
then washed and incubated with 5 mL annexin V-FITC (fluorescein
isothiocyanate) and 5 mL PI (BD Pharmingen, 556547) for 15 min
at room temperature and then resuspended in 400mL 1X binding
buffer. The stained cells were detected and analyzed by a BD Accuri
C6 flow cytometer.

RNA FISH

LINC01296 RNA FISHwas performed using the Ribobio FISHKit ac-
cording to the manufacturer’s protocol. U6 was used as the nuclear
MARCA1 genes in shCtrl and shLINC01296 SK-N-BE(2)C cells. (D) The correlation

the dataset containing 88 patients (Tumor Neuroblastoma public - Versteeg - 88, R2:

upregulated mRNA expression level of SOX11 in sgLINC01296 SK-N-BE(2)C cells

sion in shLINC01296 SK-N-SH cells and elevated SOX11 protein expression in

the co-transfection of pcDNA3.1-LINC01296 and SOX11 promoter reporter vectors

2)C cells with or without SOX11 overexpression assayed by immunoblotting. shCtrl

ells transfected with PLKO.1-shCtrl and pLVX-SOX11 plasmids; shLINC pLVX, cells

shLINC SOX11, cells transfected with PLKO.1-shLINC01296 and pLVX-SOX11

-BE(2)C cells with or without SOX11 overexpression. Student’s t test was performed

LINC pLVX and shLINC SOX11. (J and M) Colony formation assay of shCtrl and

nswell assay of shCtrl and shLINC01296 SK-N-BE(2)C cells with or without SOX11

alysis detected cell apoptosis of shCtrl and shLINC01296 SK-N-BE(2)C cells with or

1 promoter in SK-N-BE(2)C and SK-N-SH cells. IgG, negative control; P1, primer 1;

her groups, respectively.
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control, and 18S was used as the cytoplasm control. All of the probes
were labeled with Cy3, and the sequences of probes are listed in Table
S3. The images were collected with a Leica confocal microscope.

Subcellular fraction extraction

Nuclear and cytoplasmic RNA extraction was conducted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Life Tech-
nologies) according to the manufacturer’s protocol. After centri-
fuging, TRIzol was added to the pellet and supernatant for RNA
extraction.

ChIRP

Biotin probes of LINC01296 used in ChIRP were designed using the
online probe designer at singlemoleculefish.com. The cells were har-
vested, cross-linked, and conducted to the ChIRP experiment as
described by Chu et al.47 In addition, GO analysis and(KEGG analysis
were carried out by the DAVID Functional Annotation web-based
tool (http://david.ncifcrf.gov). The biotin probes used in ChIRP are
listed in Table S4, and the primer sequences for ChIRP-qPCR are
listed in Table S5.

RIP assay

RIP assays were conducted with the Magna RIP Kit (Millipore, #17–
700) according to the manufacturer’s instructions using 5 mg rabbit
anti-NCL antibody (Abcam, ab22758) or 5 mg rabbit IgG (Millipore)
for each immunoprecipitation. Protein isolated from the beads sus-
pension during the last wash was collected to detect IP efficiency by
western blotting. The immunoprecipitated RNAs were analyzed by
qRT-PCR.

Luciferase reporter assay

The SOX11 promoter region and control sequence were cloned into
the pGL4-basic vector. Full-length LINC01296 was cloned into the
pcDNA 3.1 vector; 1 � 105 293T cells were plated in each well of
24-well plates. The next day, 250 ng SOX11 reporter vector, 250 ng
LINC01296 ectopic expression vector, or the negative control vector
were co-transfected with Lipofectamine 3000 reagent (Invitrogen).
The Renilla plasmid (RL-SV40) was used as an internal control.
Luciferase activity was detected 48 h after transfection using the
Dual-Luciferase Reporter Assay System (Promega) with a luminom-
eter (Bio-Tek). Firefly luciferase activity was normalized to Renilla
luciferase activity. The data were represented as the percentage of
luciferase activity in negative control cells.

Chromatin immunoprecipitation (ChIP) assay

SK-N-BE(2)C and SK-N-SH cell lines (1 � 107 cells per assay) were
cross-linked with 1% formaldehyde (Sigma) at room temperature
for 10 min and quenched in 125 mM glycine (Sigma) for 5 min.
ChIP assays were carried out using the SimpleChIP Enzymatic Chro-
matin IP Kit (Cell Signaling Technology, #91820) according to the
manufacturer’s instructions. Chromatin fragments were immuno-
precipitated with antibodies against normal rabbit IgG (5 mg, Cell
Signaling Technology, #2729) and NCL (5mg, Abcam, ab22758).
846 Molecular Therapy: Oncolytics Vol. 24 March 2022
The qPCR primers used to amplify the promoter region are provided
in Table S6.

In vivo assays

The procedures for the care and use of animal studies were approved
by the ethics committee of Shanghai General Hospital. Six-week-old
male BALB/c nude mice were used for the experiments. To carry out
subcutaneous tumor growth assays in vivo, SK-N-BE(2)C and SK-N-
AS cells (4� 106 cells/mouse) were digested and injected in the left or
right flank of nude mice (n = 5 per group) in 100 mL PBS. The tumor
volumes and the animal weight were measured every 2 days. The tu-
mor volumes were calculated according to the formula volume
(mm3) = length (mm) � width (mm)2/2. The mice were killed by
pentobarbital (250 mg/kg, intraperitoneal injection). Tumor samples
were saved at �80�C or further embedded in paraffin for IHC.

IHC

The tissues embedded in paraffin were cut into 5-mm-thick sections.
After dewaxing, antigen unmask, endogenous peroxidases were
blocked with 3.5% H2O2 treatment for 15 min. Then, the nonspecific
reaction was blocked with serum for 1 h. Next, the sections were incu-
bated with Ki-67 (1:400, Cell Signaling Technology, #9027) antibodies
overnight in a humidified chamber at 4�C. After washing, the sections
were incubated with secondary antibody (Vector, biotinylated, 1:100)
for 1 h at room temperature and then with ABC reagent (Vectastain
ABC Kit) for 30 min at room temperature. Finally, DAB staining
(Vector, DAB kit) was visualized by incubation for 2 min on the Leica
microscope, and then counterstaining was performed. The percent-
ages of positive cells were measured by Image Pro Plus 6.0.

Statistical analysis

The data analysis and graphical depiction of data were generated by
GraphPad Prism 8 (GraphPad Software). Experimental data were
represented as means ± standard deviations (SDs). Comparisons be-
tween groups were analyzed using a two-sided Student’s t-test or one-
way ANOVA. The correlation of genes was analyzed by Pearson’s
correlation. Kaplan-Meier curves of NB patients were analyzed by
the log rank test. A p value of <0.05 was considered to be statistically
significant. All of the results were reproduced in at least three inde-
pendent experiments.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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