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Recent studies suggest that long noncoding RNAs (lncRNAs)
play essential roles in tumor progression. However, the func-
tional roles and underlying mechanisms of lncRNAs in neuro-
blastoma (NB), the most common malignant solid tumor in
pediatric population, still remain elusive. Herein, through inte-
grating analysis of a public RNA sequencing dataset, neuro-
blastoma highly expressed 1 (NHEG1) was identified as a
risk-associated lncRNA, contributing to an unfavorable
outcome of NB. Depletion ofNHEG1 led to facilitated differen-
tiation and decreased growth and aggressiveness of NB cells.
Mechanistically, NHEG1 bound to and stabilized DEAD-box
helicase 5 (DDX5) protein through repressing proteasome-
mediated degradation, resulting in b-catenin transactivation
that altered target gene expression associated with NB progres-
sion. We further determined a lymphoid enhancer binding fac-
tor 1 (LEF1)/transcription factor 7-like 2 (TCF7L2)/NHEG1/
DDX5/b-catenin axis with a positive feedback loop and demon-
strated that NHEG1 harbored oncogenic properties via its
interplay with DDX5. Administration of small interfering
RNAs against NHEG1 or DDX5 reduced tumor growth and
prolonged survival of nude mice bearing xenografts. High
NHEG1 or DDX5 expression was associated with poor survival
of NB patients. These results indicate that lncRNA NHEG1
exhibits oncogenic activity that affects NB progression via sta-
bilizing the DDX5 protein, which might serve as a potential
therapeutic target for NB.

INTRODUCTION
Neuroblastoma (NB), a malignancy arising from the primitive neural
crest, accounts for 15% of cancer-related mortality in childhood.1 Tu-
mor invasion and metastasis are main death causes of high-risk NB
patients.1 Recent evidence indicates that long noncoding RNAs
(lncRNAs) play essential roles in NB progression.2–6 For example,
high expression of cyclin-dependent kinase inhibitor 2A/alternate
reading frame (ARF) intron 2 lncRNA (CAI2)2 or noncoding RNA
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expressed in aggressive neuroblastoma (ncRNA)3 is associated with
poor survival of NB patients. A lncRNA transcribed from upstream
of MYCN (lncUSMycN) promotes MYCN expression and prolifera-
tion of NB cells.4 lncRNA MYCN opposite strand (MYCNOS) coop-
erates with the CCCTC-binding factor to facilitate NB progression
through increasing MYCN expression.5 Meanwhile, loss of
neuroblastoma-associated transcript-1 (NBAT-1) increases the prolif-
eration and reduces the differentiation of neuronal precursors via
activating the RE1 silencing transcription factor.6 However, compre-
hensive discovery of lncRNAs associated with high risk, progression,
and death of NB still remains to be determined.

In this study, through integrative analysis of a public RNA
sequencing (RNA-seq) dataset, we discover neuroblastoma highly
expressed 1 (NHEG1) as a lncRNA associated with poor prognosis
of NB patients. We demonstrate that as a lymphoid enhancer bind-
ing factor 1 (LEF1)/transcription factor 7-like 2 (TCF7L2)-regulated
lncRNA, NHEG1 is upregulated in NB. Knockdown of NHEG1 fa-
cilitates the differentiation and suppresses the tumorigenesis and
aggressiveness of NB cell lines. In addition, NHEG1 interacts with
and stabilizes protein partner DEAD-box helicase 5 (DDX5), result-
ing in transactivation of b-catenin, elevated NHEG1 levels, and
altered expression of downstream genes. Moreover, administration
of small interfering RNAs (siRNAs) against NHEG1 or DDX5 re-
duces the tumor growth and prolongs the survival of nude mice
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bearing xenografts, revealing the essential functions of NHEG1 and
DDX5 in NB progression.

RESULTS
Identification of NHEG1 as a lncRNA Essential for Tumor

Progression

Mining of the RNA-seq dataset (Gene Expression Omnibus [GEO]:
GSE62564)7 identified 51, 18, and 28 differentially expressed lncRNAs
(fold change > 2.0, p < 0.05) in 498NBspecimenswith different status of
risk, clinical progression, or death, respectively (Figure 1A). Compre-
hensive analysis (p<0.001) indicated that 10 lncRNAswere consistently
associated with high risk, progression, and death of NB (Figure 1B).
Among them, NHEG1, a conserved lncRNA among human and pri-
mate species (Figure S1A), was themost potential lncRNA(hazard ratio
[HR] = 1.938, p < 0.001), contributing to poor outcome of NB patients
(Figure 1B). Kaplan-Meier curve of these 498 NB patients (GEO:
GSE62564) revealed significant difference in overall (p = 1.9 � 10�7)
or event-free (p = 4.1 � 10�5) survival of cases with low or high
NHEG1 expression (Figure 1C), which was in line with our findings
in 42NB patients (Table S1; Figure S1B). Notably,NHEG1was of prog-
nostic value for NB cases with low or high international neuroblastoma
staging system(INSS) stages (Figure S1C).Gene set enrichment analysis
(GSEA) on 3,999NHEG1-correlated genes (p < 0.005; Table S2) in these
498 specimens revealed their association with cancer metastasis (Fig-
ure 1D). HigherNHEG1 transcript levels were validated in an indepen-
dent cohort of 42 primary NB cases (Table S1) when compared to
normal dorsal ganglia (p < 0.0001), especially in those with poor differ-
entiation (p = 0.0008), advanced INSS stages (p = 0.0073), or MYCN
amplification (p = 0.0002; Figure 1E). Consistently, in a public RNA-
seq dataset (GEO: GSE62564), NHEG1 was highly expressed in NB
specimens featured by advanced INSS stages (p = 0.0113), progression
(p < 0.0001), high risk (p = 0.005), or death (p < 0.0001; Figure S1D). In
public datasets, high NHEG1 expression was significantly associated
with poor survival of bladder cancer, breast cancer, colon cancer, endo-
metrioid carcinoma, Ewing sarcoma, gastric cancer, glioblastoma, liver
cancer, lung cancer, lymphoma, ovarian cancer, and renal clear cell car-
cinoma (Figure S2). In addition, soft agar and Matrigel invasion assays
indicated that stable ectopic expression of NHEG1 induced the
anchorage-independent growth and invasiveness of nontransformed
normal epithelial MCF 10A cells (Figures S3A–S3C). These results sug-
gested that NHEG1 was a lncRNA associated with tumor progression.

NHEG1 Is a LEF1/TCF7L2-Regulated Nuclear lncRNA in NB

The intergenic lncRNA NHEG1, consisting of three exons, is located
at chromosome 6q23.3. In BE(2)-C cells, the existence of the 1,360-bp
NHEG1 transcript (GenBank: KX069230) was validated by rapid
amplification of cDNA ends (RACE) and northern blot assays (Fig-
ures S3D and 2A), with nuclear localization and enrichment revealed
by subcellular fractionation and RNA fluorescence in situ hybridiza-
tion (RNA-FISH) assays (Figure 2B). The Coding-Potential Assess-
ment Tool8 indicated no coding probability of NHEG1 (value =
0.0107). High NHEG1 expression was observed in embryonic brain,
spleen, kidney, and muscle tissues (Figure S3E). Mining of public da-
tasets revealed low deletion or amplification frequency of the NHEG1
gene in most cancers (Figure S4A) and revealed no copy number
alteration of NHEG1 in 83 NB cases (Figure S4B). In The Cancer
Genome Atlas (TCGA) datasets, NHEG1 was upregulated in lung
cancer, cervical cancer, prostate cancer, and neuroblastic tumors (Fig-
ure S4C). Higher NHEG1 levels were detected in NB cell lines than
those of normal dorsal ganglia or MCF 10A cells (Figure 2C). The
chromatin immunoprecipitation (ChIP) sequencing (ChIP-seq) data-
sets derived from the University of California Santa Cruz (UCSC)
Genome Browser indicated the presence of the TCF7L2 peak in the
region adjacent to the transcription start site of NHEG1 (Figure 2D).
Notably, endogenous enrichment of TCF7L2 and LEF1 (another
TCF/LEF family member) on the proximal NHEG1 promoter was
observed in NB cells (Figures 2D and 2E). In addition, in SH-SY5Y
and SK-N-SH cells transfected with LEF1 or TCF7L2, there was an
increased NHEG1 promoter fragment enriched by LEF1 or TCF7L2
antibody, respectively (Figure 2F). Dual-luciferase array indicated
that NHEG1 transcription was predominantly controlled by a region
spanning �200 to +20 nucleotides relative to the transcription start
site, which contained a putative binding site for LEF1/TCF7L2 (Fig-
ure 2G). Meanwhile, transfection of LEF1 or TCF7L2 led to an in-
crease of b-catenin activity in SH-SY5Y and SK-N-SH cells, with
response tendency similar to that in colon cancer HCT116 cells (Fig-
ure 2H). The activity of theNHEG1 promoter reporter pGL3-NHEG1
(�1,000/+20) was significantly elevated in SH-SY5Y and SK-N-SH
cells transfected by LEF1 or TCF7L2, whereas mutation of the
LEF1/TCF7L2 binding site abolished this alteration (Figure 2I).
Accordingly, transfection of LEF1 or TCF7L2, but not of MYCN,
increased the NHEG1 transcript levels in these NB cells (Figures
S5A and S5B). These data indicated that NHEG1 was a LEF1/
TCF7L2-regulated nuclear lncRNA.

Knockdown of NHEG1 Suppresses the Progression of NB

Then, the effects of NHEG1 knockdown were explored in IMR32
and BE(2)-C cells, representing high expression levels. Transfection
of two independent short hairpin RNAs (shRNAs), sh-NHEG1-1
and sh-NHEG1-2, resulted in depletion of NHEG1 and a decrease
of viability in NB cells (Figure 3A). In addition, decreased invasive-
ness was observed in these viable NB cells with stable depletion of
NHEG1 (Figure 3B). Meanwhile, elevated levels of growth-associ-
ated protein 43 (GAP43) and neurofilament protein 200 (NF-
200), two established neuronal differentiation markers, were
observed in NB cells following stable NHEG1 knockdown (Fig-
ure 3C). Consistent with these findings, stable NHEG1 knockdown
into BE(2)-C cells resulted in decreased growth and weight of
formed subcutaneous xenograft tumors in nude mice (Figure 3D).
Moreover, fewer lung metastatic colonies and longer survival were
noted in nude mice that received tail-vein administration of
BE(2)-C cells stably transfected by sh-NHEG1-1 or sh-NHEG1-2
(Figure 3E). These results indicated that knockdown of NHEG1 in-
hibited NB progression.

NHEG1 Stabilizes DDX5 Protein through Physical Interaction

To investigate the protein partner of NHEG1, biotin-labeled RNA
pull-down was carried out, followed by a nonquantitative
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Figure 1. Identification of NHEG1 as a lncRNA Associated with NB Progression

(A) Cluster analysis and heatmap (fold change > 2.0, p < 0.05) of RNA-seq dataset (GEO: GSE62564) in 498 NB patients derived from the Gene Expression Omnibus (GEO)

depicting the differentially expressed lncRNAs in tumors with various statuses of risk, progression, and death. (B) Venn diagram (top panel) and table of log-rank test or

multivariate Cox regression analysis (bottom panel) indicating the comprehensive identification of lncRNAs with prognostic values for risk, progression, and death of NB. (C)

Kaplan-Meier curves indicating overall survival (OS) and event-free (EF) survival of 498 well-defined NB patients (GEO: GSE62564) with high or lowNHEG1 expression (cutoff

value = 1.082). (D) Gene set enrichment analysis ofNHEG1-correlated genes in 498 NB tissues (GEO: GSE62564). NES, normalized enrichment score; Nom, normalized. (E)

Quantitative real-time RT-PCR assay revealing the levels of the NHEG1 transcript (normalized to GAPDH) in normal dorsal ganglia (DG; n = 21) and NB tissues (n = 42) with

poor differentiation (PD) or well differentiation (WD), different INSS stages, orMYCN-amplification status. Fisher’s exact test for overlapping analysis in (B). Log-rank test for

survival comparison in (C). Student’s t test compared gene expression levels in (E). Bars are means and whiskers (minimum [min] to maximum [max]) in (E).
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Figure 2. NHEG1 Is a LEF1/TCF7L2-Regulated Nuclear lncRNA

(A) Northern blot assay with a 268-bp specific probe indicating the existence of 1.3 kbNHEG1 transcript in BE(2)-C cells. (B) RNA fluorescence in situ hybridization images (left

panel) showing the nuclear localization of NHEG1 in BE(2)-C cells using a 268-bp antisense probe (red), with nuclei staining with DAPI (blue). The sense probe and antisense

probe with RNase A (20 mg) treatment were used as negative controls. Scale bars, 10 mm. Quantitative real-time RT–PCR (right panel) showing the distribution ofNHEG1,U1,

andGAPDH in the nuclear and cytoplasmic fractions (n = 4). (C) Quantitative real-time RT-PCR assay indicating theNHEG1 transcript levels (normalized to GAPDH) in normal

DG (n = 21), MCF 10A cells, and NB cell lines. (D) UCSC Genome Browser view (top left panel) and ChIP and qPCR assays (middle and right panels) with tiled primer sets

(legend continued on next page)
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proteomic analysis of the RNA-associated protein complex. Mass
spectrometry revealed six and nine differential proteins pulled
by NHEG1, but not by NHEG1 antisense transcript, from BE(2)-
C and IMR32 cells, respectively, whereas DDX5 was the only pro-
tein (with 85 detectable peptides) consistently pulled down by
NHEG1 in both cell lines (Figure 4A; Table S3). Western blot
further validated that DDX5 was detected in the NHEG1 pull-
down complex but not in the control samples pulled down by
the NHEG1 antisense transcript or beads only (Figure 4A). RNA
immunoprecipitation (RIP) assay indicated endogenous interac-
tion of NHEG1 with both DDX5 and tyrosine 593-phosphorylated
DDX5 (p-DDX5 (Y593)) in SH-SY5Y and SK-N-SH cells, which
was increased by stable transfection of NHEG1 but not of empty
vector (Figure S6A). In addition, through establishing truncation
constructs, exon 3 (especially the 904–1,092 nt) of NHEG1 was
found to be crucial for its binding to DDX5 (Figure 4B), whereas
carboxyl-terminus (431–614 amino acids [aa]), but not amino-ter-
minus (1–134 aa) or helicase-core domain (135–430 aa), of gluta-
thione S-transferase (GST)- or hemagglutinin (HA)-tagged DDX5
was essential for the binding to NHEG1 (Figuress 4C, 4D, and
S6B). Notably, overexpression of NHEG1 decreased the degrada-
tion of DDX5 in cycloheximide-treated BE(2)-C cells and mark-
edly increased the half-life of DDX5 degradation from 17.5 h to
33.2 h (Figure S6C). Ectopic expression or depletion of NHEG1
facilitated and reduced the protein levels of DDX5 and p-DDX5
(Y593) in NB cells, without impact on transcript levels (Figures
4E and S6D). Endogenous ubiquitination of DDX5 (predominant
band at 100 kDa) was observed in NB cells, which was repressed
and facilitated by overexpression or depletion of NHEG1 (Fig-
ure 4F). Pretreatment of BE(2)-C and IMR32 cells with a protea-
some inhibitor (MG132) prevented the degradation of DDX5
protein induced by knockdown of NHEG1 (Figure 4G). These re-
sults suggested that NHEG1 interacted with and stabilized DDX5
protein in NB cells.

NHEG1 Regulates Target Gene Expression by a LEF1/TCF7L2/

NHEG1/DDX5/b-Catenin Positive Feedback Loop

To explore the target genes of NHEG1, microarray analysis was per-
formed in SH-SY5Y cells stably overexpressing NHEG1, which indi-
cated 499 upregulated (Table S4) and 370 downregulated (Table S5)
genes upon NHEG1 overexpression (fold change > 1.5, p < 0.05; Fig-
ure 5A). The GSEA on these genes revealed significant association
with b-catenin signaling (normalized enrichment score [NES] =
1.436, normalized p < 0.01; Figure 5B). Further overlapping analysis
(bottom left panel), indicating the endogenous binding of TCF7L2 and LEF1 to the NHEG

with primer set 5 showing the enrichment of LEF1 and TCF7L2 on theNHEG1 promoter

qPCR assays with primer set 5 (lower panel) and western blot (upper panel) revealing the

in NB cells transfected with empty vector (Mock), LEF1, or TCF7L2 (n = 5). (G) Dual-lucife

Basic) in NB cells (n = 6). (H) Dual-luciferase assay showing the relative activity of b-cate

TCF7L2 (n = 5). (I) Dual-luciferase assay indicating the relative activity of the NHEG1 pro

LEF1/TCF7L2 binding site in NB cells transfected with mock, LEF1, or TCF7L2 (n = 5), w

compared the difference in (C)–(I). *p < 0.01 versus DG, IgG, mock, or pGL3-Basic. Da

experiments in (B)–(I).
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(p < 0.001) with genes positively or negatively correlated withNHEG1
(p < 0.005, false discovery rate < 0.05; Table S2) in the RNA-seq data-
set (GEO: GSE62564) and b-catenin target genes in the ChIP-X data-
base9 indicated that thirty-two downstream genes were significantly
regulated by NHEG1 (Figure 5C). Among them, the expression of an-
kyrin 3 (ANK3), engulfment adaptor phosphotyrosine-binding (PTB)
domain containing 1 (GULP1), murine double minute 2 (MDM2),
polypyrimidine tract binding protein 2 (PTBP2), and relaxin 1
(RLN1) was significantly correlated with NHEG1 levels in a public
NB dataset (GEO: GSE62564; Figure S7A) and associated with
outcome of patients (Figure S7B). Stable overexpression or knock-
down of NHEG1 altered the transcript levels of these genes (Fig-
ure 5D) and increased or decreased the nuclear translocation and
transactivation of b-catenin in NB cells (Figures 5E and 5F),
respectively.

Since previous studies indicate the coactivator role of DDX5 in
regulating b-catenin activity,10 we further investigated their inter-
play in NB. Colocalization of DDX5 and b-catenin was observed in
NB cells (Figure S7C). Depletion of DDX5 prevented the increased
nuclear translocation of b-catenin in NB cells transfected with
b-catenin (Figures S8A and S8B). Conversely, transfection of
DDX5 into NB cells facilitated the nuclear translocation of b-cat-
enin, whereas knockdown of b-catenin abolished these effects (Fig-
ures S8C and S8D). The b-catenin activity was significantly
decreased and increased by stable knockdown or overexpression
of DDX5 in NB cells, which was rescued by overexpression or
depletion of b-catenin, respectively (Figure S8E). Consistently,
the expression of b-catenin downstream genes was significantly
changed in NB cells (Figure S8F). Notably, overexpression or
depletion of NHEG1 increased and reduced the levels of DDX5
and p-DDX5 (Y593) and their interaction with b-catenin in NB
cells (Figure 6A). In addition, ectopic expression or knockdown
of NHEG1 led to an increase and decrease in the cytoplasmic
and nuclear levels of DDX5 and p-DDX5 (Y593) and nuclear
translocation and transactivation of b-catenin, which was pre-
vented by depletion or overexpression of DDX5, respectively (Fig-
ures 6B–6D). Depletion of NHEG1 attenuated the LEF1- or
TCF7L2-facilitated b-catenin activity in NB cells (Figure 6D).
Importantly, the enrichment of b-catenin on the promoters of
NHEG1 and its downstream genes ANK3, GULP1, MDM2,
PTBP2, and RLN1 was significantly increased and decreased in
NB cells with stable transfection of NHEG1 or sh-NHEG1-2,
which was rescued by knockdown and ectopic expression of
1 promoter (normalized to input DNA) in NB cells (n = 6). (E) ChIP and qPCR assays

(normalized to input DNA) in normal DG (n = 10) and NB cell lines (n = 5). (F) ChIP and

enrichment of LEF1 and TCF7L2 on theNHEG1 promoter (normalized to input DNA)

rase assay indicating the activity ofNHEG1 promoter reporters (normalized to pGL3-

nin in colon cancer HCT116 cells and NB cell lines transfected with mock, LEF1, or

moter reporter pGL3-NHEG1 (�1,000/+20) with the wild-type (WT) or mutant (Mut)

ith normalization to activity of WT reporter in mock cells. ANOVA and Student’s t test

ta are shown as mean ± SEM (error bars) and representative of three independent



Figure 3. Knockdown of NHEG1 Leads to Suppression of NB Progression

(A) Quantitative real-time RT-PCR (left panel) and MTT colorimetric assay (middle and right panels) depicting the changes inNHEG1 expression (normalized to GAPDH levels)

and cell viability of NB cells stably transfected with two independent shRNAs againstNHEG1 (sh-NHEG1) compared with scramble shRNA (sh-Scb; n = 5). (B) Representative

images (left panel) and quantification (right panel) of Transwell Matrigel invasion assay indicating the invasion capability of NB cells stably transfected with sh-Scb or sh-

NHEG1 (n = 5). (C) Immunofluorescent confocal showing the neuronal differentiation of IMR32 and BE(2)-C cells stably transfected with sh-Scb or sh-NHEG1, using the

antibodies specific to neuronal markers GAP43 and NF-200. Scale bars, 10 mm. (D) Representative images (left panel), in vivo growth curve (middle panel), and weight at the

end points (right panel) of subcutaneous xenograft tumors formed by BE(2)-C cells stably transfected with sh-Scb or sh-NHEG1 in nude mice (n = 5 for each group). (E)

Representative images (top left panel), hematoxylin and eosin (H&E) staining (bottom left panel), quantification of lung metastatic colonization (middle panel), and Kaplan-

Meier curves (right panel) of nude mice treated with tail-vein injection of BE(2)-C cells stably transfected with sh-Scb or sh-NHEG1 (n = 5 for each group). ANOVA compared

the difference in (A), (B), (D), and (E). Log-rank test for survival comparison in (E). *p < 0.01 versus sh-Scb; NS, not significant. Data are shown as mean ± SEM (error bars) and

representative of three independent experiments in (A)–(C).
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Figure 4. NHEG1 Interacts with and Stabilizes DDX5

Protein in NB Cells

(A) Biotin-labeled RNA pull-down, Coomassie blue stain-

ing (top panel) and validating western blot (bottom) assays

revealing the interaction between NHEG1 and DDX5

protein in BE(2)-C cells. NHEG1 antisense (AS)- and

bead-bound protein served as negative controls. (B) RIP

assay using DDX5 antibody indicating the interaction be-

tween NHEG1 and DDX5 protein in SH-SY5Y cells

transfected with a series of NHEG1 truncations. The

immunoglobulin G (IgG)-bound RNA was taken as nega-

tive control. (C) In vitro binding assay depicting the

recovered NHEG1 levels by RIP (right lower panel) after

incubation with full-length (1–614 amino acids), DC (1–

430 amino acids), helicase-core (135–430 amino acids),

orDN (135–614 amino acids) of GST-tagged recombinant

DDX5 protein (left panel) validated by western blot (right

upper panel). (D) RNA EMSA assay determining the

interaction between recombinant DDX5 protein and

biotin-labeled RNA probe for NHEG1 (arrowheads), with

or without competition, using an excess of the unlabeled

homologous RNA probe. (E) Western blot assay showing

the total and phosphorylated (at tyrosine 593) DDX5 in NB

cells stably transfected with empty vector (Mock),NHEG1,

scramble shRNA (sh-Scb), or sh-NHEG1-2. (F) coIP and

western blot assays indicating the endogenous interaction

between DDX5 and ubiquitin (Ub) in SH-SY5Y and

BE(2)-C cells stably transfected with mock, NHEG1, sh-

Scb, or sh-NHEG1-2. (G) Western blot assay showing the

expression of DDX5 in NB cells stably transfected with sh-

Scb or sh-NHEG1-2 and those treated with proteasome

inhibitor MG132 for 48 hr. Data are representative of three

independent experiments in (A)–(G).
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DDX5, respectively (Figure 6E). Moreover, the expression of these
b-catenin target genes was correspondingly altered in these NB
cells (Figure 6F). Meanwhile, individual or combinatorial knock-
down of DDX5 and NHEG1 exerted similar effects on b-catenin
enrichment and expression of these target genes in SH-SY5Y cells
(Figures S9A and S9B) and repressed the viability of MYCN-non-
amplified (SH-SY5Y and SK-N-SH) and MYCN-amplified (BE(2)-
C and IMR32) NB cells to the similar extent (Figures S9C and
S9D). These results demonstrated that NHEG1 regulated the target
gene expression through a LEF1/TCF7L2/NHEG1/DDX5/b-cate-
nin positive feedback loop in NB cells.

NHEG1 Exerts Oncogenic Roles via Interacting with DDX5

To explore the functional interplay of NHEG1 and DDX5 during the
aggressiveness of NB cells, rescue studies were performed in SH-
SY5Y and SK-N-SH cells with moderate NHEG1 levels. Stable over-
952 Molecular Therapy Vol. 28 No 3 March 2020
expression of NHEG1 into these NB cells led to
an increase in DDX5 expression, which was
restored by transfection of sh-DDX5-1 (Fig-
ure 7A). The cell-cycle progression into S phase,
viability, and growth of NB cells was facilitated
by stable overexpression ofNHEG1 (Figures 7B,
7C, S9E, and S9F). In addition, ectopic expression ofNHEG1 reduced
the levels of neuronal differentiation markers GAP43 and NF-200
(Figure S9G). Stable overexpression of NHEG1 resulted in increased
invasiveness of viable NB cells (Figures 7D and S9H). Restoration of
DDX5 levels via transfection of sh-DDX5-1 rescued the changes in
cell-cycle progression, viability, growth, differentiation, and invasion
of NB cells following stable transfection of NHEG1 (Figures 7B–7D
and S9E–S9H). Moreover, stable transfection of NHEG1 in SH-
SY5Y cells led to an increase in the tumorigenesis, weight, and Ki-
67 proliferation index of subcutaneous xenograft tumors (Figures
7E–7G) and led to statistically more lung metastatic colonies and
lower survival probability in nude mice (Figures 7E, 7H, and 7I).
Meanwhile, depletion of DDX5 abolished the impacts of NHEG1
on in vivo tumorigenesis and aggressiveness of NB cells (Figures
7E–7I). These results suggested that NHEG1 exerted oncogenic roles
via interacting with DDX5.



Figure 5. NHEG1 Regulates the Expression of

b-Catenin Target Genes in NB Cells

(A) Microarray heatmap (left, fold change > 1.5, p < 0.05),

quantitative real-time RT-PCR (top right panel, n = 3), and

volcano plots (bottom right panel) revealing the alteration of

gene expression in SH-SY5Y cells stably transfected with

empty vector (Mock) or NHEG1. (B) Gene set enrichment

analysisofalteredgenes inSH-SY5Ycells stably transfected

with NHEG1, compared with mock-transfected control.

NES, normalized enrichment score; Nom, normalized. (C)

Venn diagram (left panel) and heatmap (right panel, fold

change > 1.5, p < 0.05) showing the NHEG1-altered

expression of b-catenin target genes that were intersected

with NHEG1-correlated transcripts in the RNA-seq dataset

(GEO: GSE62564) and ChIP-X database. (D) Quantitative

real-time RT-PCR assay indicating the transcript levels of

b-catenin target genesANK3,GULP1,MDM2,PTBP2, and

RLN1 (normalized to GAPDH) in NB cells stably transfected

with mock, NHEG1, scramble shRNA (sh-Scb), or sh-

NHEG1-2 (n = 5). (E) Western blot assay showing the

nuclear and cytoplasmic expression of b-catenin and H3

histone in NB cells stably transfected with mock, NHEG1,

sh-Scb,orsh-NHEG1-2. (F)Dual-luciferaseassay indicating

the relative activity ofb-catenin in colon cancerHCT116and

NB cells transfected with mock, NHEG1, sh-Scb, or sh-

NHEG1-2 (n = 5). Student’s t test analyzed the difference in

(A), (D), and (F). Fisher’s exact test for overlapping analysis in

(C). *p < 0.01 versus mock or sh-Scb. Data are shown as

mean ± SEM (error bars) and representative of three inde-

pendent experiments in (D)–(F).
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Therapeutic Efficiencies of siRNAs for NHEG1 and DDX5 In Vivo

We further explored the therapeutic efficiencies of NHEG1- and
DDX5-specific siRNAs, si-NHEG1 and si-DDX5, on the tumor
growth and survival of athymic nude mice bearing xenografts. Intra-
venous administration of si-NHEG1 or si-DDX5 significantly
reduced the volume and weight of xenograft tumors formed by hypo-
dermic injection of BE(2)-C cells when compared to those treated
with scramble siRNA (si-Scb; Figures S10A and S10B). Meanwhile,
the body weight of nude mice, an indicator of developing tumor
burden, was improved in si-NHEG1 or si-DDX5 treatment groups
than that of the si-Scb treatment group (Figure S10C). In addition,
Kaplan-Meier survival analysis revealed that intravenous administra-
tion of si-NHEG1 or si-DDX5 obviously prolonged the survival time
of nude mice (Figure S10D). Administration of si-NHEG1 or si-
DDX5 decreased the expression ofNHEG1 and DDX5 within tumors,
respectively, with corresponding changes in downstream gene expres-
sion levels (Figures S10E and S10F). These results indicated the ther-
apeutic efficiencies of si-NHEG1 and si-DDX5 in nude mice bearing
xenograft tumors.
Mo
High DDX5 Expression Is Associated with

an Unfavorable Outcome of NB

We further investigated the expression of DDX5
in NB, using fresh and paraffin-embedded spec-
imens from 42 primary cases. Immunohisto-
chemical staining indicated that DDX5 and
b-catenin were observed in the nuclei and cytoplasm of tumor cells
(Figure 8A). The DDX5 immunostaining was observed in 23/42
(54.8%) NB specimens and higher in those with poor differentiation
(p = 0.041), higher mitosis karyorrhexis index (MKI; p = 0.045),
advanced INSS stages (p = 0.007), or MYCN amplification (p =
0.027; Table S6). Elevated DDX5 levels were detected in NB tissues
and cell lines when compared to normal dorsal ganglia (Figures 8B
and 8C), especially in NB specimens featured by poor differentiation
(p < 0.0001), advanced INSS stages (p = 0.0071), orMYCN amplifica-
tion (p = 0.0437; Figure 8D). The NHEG1 expression was positively
correlated with that of DDX5 protein (R = 0.436, p = 0.004) in these
NB specimens (Figure 8E). The Kaplan-Meier survival curve of 42 NB
patients revealed that high DDX5 levels had lower survival probability
(p = 0.002) (Figure 8F). These results indicated that high DDX5
expression was associated with an unfavorable outcome of NB.

DISCUSSION
In our previous studies, we discover that Ets-1 promoter-associated
noncoding RNA (pancEts-1) binds to heterogeneous nuclear
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Figure 6. NHEG1 Regulates b-Catenin Target Gene Expression by a LEF1/NHEG1/ DDX5/b-Catenin Positive Feedback Loop in NB Cells

(A) Representative images (top panel) and quantification (bottom panel) of coIP and western blot assays revealing the interaction among DDX5, p-DDX5 (Y593), and b-catenin in

SH-SY5Y cells stably transfected with empty vector (Mock),NHEG1, scramble shRNA (sh-Scb), or sh-NHEG1-2, with normalization to input of mock or sh-Scb. (B) Western blot

assay indicating the nuclear and cytoplasmic expression of DDX5, p-DDX5 (Y593), b-catenin, and H3 histone in NB cells stably transfected with mock, NHEG1, sh-Scb, or sh-

NHEG1-2 and those cotransfectedwith sh-DDX5-1 orDDX5. (C) Fluorescence immunocytochemical staining showing the localization of b-catenin in SH-SY5Y and BE(2)-C cells

(legend continued on next page)
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ribonucleoprotein K (hnRNPK) to facilitate its physical interaction
with b-catenin, resulting in b-catenin stabilization and NB progres-
sion.11 However, whether other lncRNAs contribute to b-catenin
transactivation during NB progression still remains elusive. In this
study, we discover that NHEG1, a lncRNA locating at chromosome
6q23.3, is associated with progression and poor outcome of NB.
Recent studies indicate that loss of distal 6q (6q27) is associated
with poor survival of high-risk NB patients.12 However, the mining
of public dataset shows no copy number alteration of NHEG1 in
NB cases. Our evidence shows that NHEG1 does not affect the levels
of b-catenin in NB cells. Instead, we demonstrate the crucial roles of
LEF1/TCF7L2/b-catenin in controlling NHEG1 transcription and
that NHEG1 interacts with and stabilizes DDX5 protein to increase
the nuclear translocation of b-catenin (Figure 8G), which subse-
quently associates with LEF1 to regulate gene transcription,13 suggest-
ing the LEF1/TCF7L2/NHEG1/DDX5/b-catenin positive feedback
loop in NB. Our evidence from in vitro and in vivo studies clearly
demonstrates that NHEG1 exerts oncogenic properties via interplay
with DDX5. The discovery of such a regulatory loop indicates a prom-
ising step toward harnessing this lncRNA for therapeutic intervention
against NB.

Previous studies show upregulation of b-catenin in high-riskNB tissues
and cell lines without MYCN amplification, whereas the mechanisms
regulating activation of b-catenin remain elusive.14 Subsequent studies
indicate that activation of b-catenin signaling is associated with
increased luciferase activity of the TOP/FOP reporter in MYCN non-
amplified SK-N-SH cells.15 Transfection of sialidase NEU4 long
(NEU4L) leads to hyperactivation of b-catenin signaling and stem-
like growth in MYCN-amplified SK-N-BE cells.16 Gain- and loss-of-
function studies indicate that b-catenin enhances cell viability of NB
cells17 and confers resistance to crizotinib in MYCN-amplified and
nonamplified NB cells.18 In this study, we detected endogenous b-cat-
enin activity in NB cell lines. As b-catenin-interacting proteins, LEF1
serves as an activator of gene transcription, whereas TCF7L2 displays
active or repressive transcriptional effects in a cell-context-dependent
manner.19 Transfection of LEF1 or TCF7L2 led to increased b-catenin
activity inNB cells, with response tendency similar to that in colon can-
cer cells. In addition, we found high expression ofNHEG1 in NB tissues
and cell lines. As a lncRNAwas regulated by LEF1/TCF7L2, but not by
MYCN, NHEG1 facilitated the transactivation of b-catenin in both
MYCN-amplified and nonamplified NB cells, indicating the crucial
roles of NHEG1 in activating b-catenin signaling in NB.

As a nuclear prototypic member of the DEAD box family, DDX5 is
overexpressed in a variety of malignancies, including breast cancer,
stably transfected with mock, NHEG1, sh-Scb, or sh-NHEG1-2 and those cotransfected

relative activity of b-catenin in NB cells stably transfected withmock,NHEG1, sh-Scb, or sh

(E) ChIP and qPCR assays showing the enrichment of b-catenin on target gene promoters

NHEG1, sh-Scb, or sh-NHEG1-2 and those cotransfected with sh-DDX5-1 orDDX5 (n = 5

(normalized to GAPDH) in SH-SY5Y and BE(2)-C cells stably transfected with mock,NHEG

Student’s t test and ANOVA analyzed the difference in (A) and (D)–(F). *p < 0.01 versusmo

Data are shown as mean ± SEM (error bars) and representative of three independent exp
prostate cancer, and colorectal cancer, and is associated with higher
tumor grade and poor prognosis.20 DDX5 is essential for proliferation
of breast cancer cells via controlling the transcription of DNA repli-
cation genes.21 Through interacting with calcium/calmodulin, DDX5
facilitates the migration andmetastasis of tumor cells,22 indicating the
important roles of DDX5 in cancer progression. In the current study,
we demonstrated that high DDX5 levels were associated with an un-
favorable outcome of NB, and DDX5 exerted oncogenic functions in
NB progression. We found that DDX5 promoted the nuclear translo-
cation and transactivation of b-catenin via physical interaction, re-
sulting in altered expression of downstream target genes associated
with tumor progression, such as ANK3,23 GULP1,24 MDM2,25

PTBP2,26 and RLN1.27 Previous studies show conflicting findings in
the impact of c-Abl kinase-mediated Tyr593 phosphorylation on
the roles of DDX5 in stimulating b-catenin-dependent transcription
in colon cancer cells.28,29 Our data indicated that NHEG1 facilitated
the levels of wild-type and Tyr593-phosphorylated DDX5 protein, re-
sulting in b-catenin transactivation in NB cells. Since knockdown of
DDX5 rescued the NB cells from alteration in biological behaviors
upon NHEG1 overexpression, our evidence suggests that the onco-
genic roles of NHEG1 are exerted, at least in part, by stabilizing
DDX5 protein.

Recent evidence shows that DDX5 also forms an RNA-protein com-
plex with HOX transcript antisense RNA (HOTAIR) to regulate the
stability of suppressor of zeste 12 homolog and PRC2-mediated
gene repression in hepatocarcinogenesis.30 In the current study, we
identified NHEG1 as a lncRNA binding to the DDX5 protein. Mech-
anistically, NHEG1 stabilizes DDX5 protein to facilitate its binding to
b-catenin and enhances b-catenin-mediated transcriptional activa-
tion, suggesting a function of NHEG1 in recruiting critical factors
to assemble active LEF1/TCF7L2/b-catenin transcription complexes.
We demonstrate that NHEG1 physically binds to the carboxyl-termi-
nus of the DDX5 protein to prevent its degradation. The ubiquitylated
proteins are usually degraded via the 26S proteasome.31 However,
DDX5 is aberrantly modified by polyubiquitylation in colon ade-
nomas and carcinomas, and there is a possible defect in protea-
some-mediated degradation of DDX5 in these tumors.32 Our
evidence shows that endogenous ubiquitination of DDX5 is respon-
sive to the proteasome inhibitor, and NHEG1 represses the ubiquiti-
nation and proteasomal degradation of DDX5 in NB cells, whereas
the involved ubiquitination sites warrant further investigation.

In summary, we have demonstrated that NHEG1, a nuclear lncRNA,
is upregulated and associated with an unfavorable outcome of NB.
NHEG1 directly interacts with and stabilizes DDX5 protein to
with sh-DDX5-1 or DDX5. Scale bars, 10 mm. (D) Dual-luciferase assay indicating the

-NHEG1-2 and those cotransfected with sh-DDX5-1,DDX5, LEF1, or TCF7L2 (n = 5).

(normalized to input DNA) in SH-SY5Y and BE(2)-C cells stably transfectedwithmock,

). (F) Quantitative real-time RT-PCR assay revealing the transcript levels of target genes

1, sh-Scb, or sh-NHEG1-2 and those cotransfected with sh-DDX5-1 orDDX5 (n = 5).

ck, sh-Scb, or mock + sh-Scb.Dp < 0.01 versus sh-Scb + LEF1 or sh-Scb + TCF7L2.

eriments in (A)–(F).
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Figure 7. NHEG1 Exerts Oncogenic Roles via Interacting with DDX5

(A) Western blot assay showing the expression of DDX5 in SH-SY5Y and SK-N-SH cells stably transfected with empty vector (Mock) orNHEG1 and those cotransfected with

scramble shRNA (sh-Scb) or sh-DDX5-1. (B–D) Quantification of flow cytometric (B), soft agar (C), and Transwell Matrigel invasion (D) assays indicating the cell-cycle

progression, anchorage-independent growth, and invasion capability of NB cells stably transfected with mock orNHEG1 and those cotransfected with sh-Scb or sh-DDX5-1

(n = 6). (E–H) Representative images (E, top panel), in vivo growth curve (E, bottom panel), tumor weight (F), and Ki-67 positive rate (G) at the end points of xenograft tumors in

(legend continued on next page)
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Figure 8. High DDX5 Expression Is Associated with

Unfavorable Outcome of NB Patients

(A) Representative immunohistochemical staining

showing the nuclear and cytoplasmic expression

pattern of DDX5 and b-catenin in the tumor cells of NB

specimens (arrowheads, brown). Scale bars. 100 mm.

(B and C) Western blot (B) and quantitative real-time

RT-PCR (C) assays indicating the levels of DDX5

(normalized to GAPDH) in normal DG (n = 10 and 21,

respectively), NB tissues (n = 42), and cultured NB cell

lines. (D) Quantification of western blot assay revealing

the DDX5 levels (normalized to GAPDH) in NB tissues

with different differentiation, INSS stages, or MYCN-

amplification status. (E) Pearson’s coefficient correla-

tion analysis depicting the positive correlation between

NHEG1 transcript and DDX5 protein levels in NB tis-

sues (n = 42). (F) Kaplan-Meier survival curve of 42 NB

patients with high or low expression of DDX5 (cutoff

value = 5.0). (G) The mechanisms underlying NHEG1-

promoted NB progression: as a LEF1/TCF7L2-regu-

lated lncRNA, NHEG1 interacts with and stabilizes

DDX5 protein through repressing the ubiquitination and

proteasomal degradation, which in turn, leads to nu-

clear translocation and activation of b-catenin, elevated

NHEG1 levels, and altered transcription of downstream

genes associated with NB progression. ANOVA and

Student’s t test analyzed the difference in (C) and (D).

Pearson’s correlation coefficient analysis for gene

expression in (E). Log-rank test for survival comparison

in (F). *p < 0.01 versus DG. Bars are means and

whiskers (min to max) in (D). Data are shown as mean ±

SEM (error bars) and representative of three indepen-

dent experiments in (A)–(C).
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increase its expression and b-catenin activity. NHEG1 expression is
essential for promoting the tumorigenesis and aggressiveness of NB
cells. Treatment with siRNAs against NHEG1 or DDX5 reduces the
tumor growth and prolongs the survival time of nude mice bearing
xenografts. Due to a limited number of specimens, the association
ofNHEG1 or DDX5 levels withMYCN amplification warrants further
investigation with a larger cohort of NB cases. Mutagenic studies are
needed to reveal the exact roles of p-DDX5 (Y593) in NHEG1-facili-
tated transactivation of b-catenin. In addition, since potential inter-
play exists between the hemostatic system and malignancy,33 further
studies are warranted to explore the roles of NHEG1 in homeostasis
and oncogenesis using transgenic or knockout animal models. Due
to the limitation of the nonquantitative proteomic approach in iden-
athymic nude mice formed by hypodermic injection of SH-SY5Y cells stably transfected

images (E, top panel), H&E staining (E, arrowheads), and quantification (H) of lungmetast

SY5Y cells stably transfected withmock,NHEG1, sh-Scb, or sh-DDX5-1. Scale bars, 10

cells stably transfected with mock or NHEG1 and those cotransfected with sh-Scb or sh

test for survival comparison in (I). *p < 0.01 versus mock + sh-Scb. NS, not significant. D

experiments in (A)–(D).
tifying proteins of relatively low abundance,34 further quantitative
proteomics are needed to explore the potential protein partners of
NHEG1 and underlying mechanisms in progression of other cancers.
The current study extends our understanding about the genes
contributing to NB progression and indicates that NHEG1 and
DDX5 are potential targets for the therapeutics of NB.

MATERIALS AND METHODS
Cell Lines

Human nontransformed mammary epithelial MCF 10A (CRL-
10317) cells, NB cell lines SK-N-BE(2) (CRL-2271), IMR32
(CCL-127), BE(2)-C (CRL-2268), NB-1643, NB-1691, SH-SY5Y
(CRL-2266), SK-N-SH (HTB-11), and SK-N-AS (CRL-2137) and
with mock, NHEG1, sh-Scb, and sh-DDX5-1 (n = 5 for each group). Representative

atic colonies in athymic nudemice (n = 5 for each group) after tail-vein injection of SH-

0 mm. (I) Kaplan-Meier curves of nudemice treated with tail-vein injection of SH-SY5Y

-DDX5-1 (n = 5 for each group). ANOVA analyzed the difference in (B)–(H). Log-rank

ata are shown as mean ± SEM (error bars) and representative of three independent

Molecular Therapy Vol. 28 No 3 March 2020 957

http://www.moleculartherapy.org


Molecular Therapy
colon cancer HCT116 (CCL-247) cells were purchased from Amer-
ican Type Culture Collection (Rockville, MD, USA) and Type Culture
Collection of Chinese Academy of Sciences (Shanghai, China). Cells
were authenticated by short tandem repeat profiling and used within
6 months after resuscitation. Mycoplasma contamination was regu-
larly examined using the Lookout Mycoplasma PCR Detection Kit
(Sigma, St. Louis, MO, USA). Cells were grown in RPMI-1640 me-
dium, supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Waltham, MA, USA), and incubated with cycloheximide
(CHX) or MG132 (Sigma).

Northern Blotting

Northern blotting was performed, as previously described,35 using a
268-bp probe prepared by the PCR DIG Probe Synthesis Kit (Roche,
Indianapolis, IN, USA) and primer sets (Table S7). For northern blot,
20 mg of total RNA was separated on 3-(N-morpholino) propanesul-
fonic acid-buffered 2% (w/v) agarose gel containing 1.2% (v/v) form-
aldehyde under denaturing conditions for 4 h at 80 V and transferred
to Hybond-N+ membrane (Pall, Port Washington, NY, USA). Prehy-
bridization was carried out at 65�C for 30 min in DIG Easy Hyb so-
lution (Roche). Hybridization was performed at 65�C for 16–18 h.
Blots were washed stringently, detected by anti-digoxigenin (DIG)
antibody, and recorded on X-ray films with chemiluminescence sub-
strate CSPD (Roche).

Access and Analysis of Public Data

Public datasets of RNA-seq, microarray, and copy number alteration
were downloaded from GEO, TCGA, or cBioPortal for Cancer Geno-
mics (http://www.cbioportal.org/). Data processing and quantile
normalization were performed using R software (version 3.4.1). The
DESeq2 package was used to compare gene expression in different tu-
mor tissues characterized by clinical features using default parameters.
Statistical significance of differential gene expression was indicated by
log2 values of fold change (greater than 1 or less than�1) and p value
(<0.05). Then, overlapping analysis was performed to identify genes
consistently associated with clinical features of tumors, while their
expression correlation and survival significance were also assessed.

GSEA Assay

GSEA was undertaken, as described previously.36 The gene sets from
publication were applied as indicated. Datasets were prepared from
either the public RNA-seq (GEO: GSE62564) assay or NHEG1 over-
expression experiments.

RACE Assay

Total RNA was isolated from BE(2)-C cells to prepare RACE-ready
cDNA using the SMARTer RACE cDNA Amplification Kit (Clon-
tech, Palo Alto, CA, USA), which was further amplified by PCR
primers and nested PCR primers (Table S7).

RNA-FISH

Biotin-labeled NHEG1 probes were transcribed and purified by using
the T7 RNA polymerase, Biotin RNA Labeling Mix (Roche), and
RNeasy Mini Kit (QIAGEN, Redwood City, CA, USA). Cells were
958 Molecular Therapy Vol. 28 No 3 March 2020
seeded on coverslips and fixed with 4% paraformaldehyde. Hybridi-
zation was undertaken in a humidified chamber at 37�C for 16 h,
with or without RNase A (20 mg) treatment. Cells were treated by
streptavidin-conjugated Cy3, with nuclei staining by 40,6-diami-
dino-2-phenylindole (DAPI).

Gene Overexpression and Knockdown

Full-length and truncations of NHEG1 cDNA (1360 bp) were
obtained fromNB tissues (Table S8) and inserted into pcDNA3.1 (In-
vitrogen, Carlsbad, CA, USA). Human b-catenin and MYCN expres-
sion vectors were kind gifts from Dr. Ralf Janknecht29 and Dr. Arturo
Sala.37 Human LEF1 cDNA (1,200 bp) and TCF7L2 cDNA (1,809 bp;
Genechem, Shanghai, China) were inserted into pcDNA3.1 and
pCMV-3Tag-1A (Addgene, Cambridge, MA, USA), respectively (Ta-
ble S8). Oligonucleotides encoding shRNAs against NHEG1, DDX5,
or b-catenin (Table S8) were inserted into GV102 (Genechem). Stable
cells were established by treatment with puromycin or neomycin
(Invitrogen).

Microarray and Gene Ontology Assays

High-throughput mRNA microarray analysis was applied for deter-
mining gene expression, using Affymetrix Human Transcriptome
Array 2.0 (Shanghai Technology, Shanghai, China). Raw data were
deposited in the Gene Expression Omnibus database (GEO:
GSE80393).

Quantitative Real-Time RT-PCR

The RNA Subcellular Isolation Kit (Active Motif, Carlsbad, CA,
USA) or RNeasy Mini Kit (QIAGEN) was used to prepare nuclear,
cytoplasmic, or total RNA. The Transcriptor First Strand cDNA
Synthesis Kit (Roche), SYBR Green PCR Master Mix (Applied Bio-
systems, Foster City, CA, USA), and primers (Table S7) were
applied for reverse transcription reactions and quantitative real-
time RT-PCR. The transcript levels were normalized to those
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
analyzed by the 2�DDCt method.

Western Blotting

Cytoplasmic or nuclear fractions were isolated using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Sci-
entific). Protein was prepared using 1 times cell lysis buffer (Prom-
ega, Madison, WI, USA). Western blotting was carried our as
described previously,5,38–40 using specific antibodies for LEF1
(ab53293), TCF7L2 (ab76151), DDX5 (ab126730), p-DDX5
(Y593; ab62255), b-catenin (ab32572), HA (ab9110), and ubiquitin
(Ub; ab7254; Abcam) and GST (sc-53909), histone H3 (sc-24516),
and GAPDH (sc-365062; Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

CoIP Assay

Co-immunoprecipitation (coIP) was performed as described previ-
ously,41 using specific antibodies against DDX5 (ab126730) or b-cat-
enin (ab32572; Abcam). Bead-bound proteins were released and
analyzed by western blot analysis.

http://www.cbioportal.org/
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Fluorescence Immunocytochemical Staining

Cells were plated on coverslips, fixed with a solution of 95% ethanol
and 5% glacial acetic acid, permeabilized with 0.3% Triton X-100, and
blocked with 5% milk for 1 h. Cells were incubated at 4�C overnight
with antibodies specific for DDX5 (ab126730; 1:100 dilution), b-cat-
enin (ab32572; 1:200 dilution), and GAP43 (ab75810; Abcam; 1:100
dilution) or NF-200 (sc-32729; Santa Cruz Biotechnology; 1:100 dilu-
tion) and treated with goat anti-rabbit immunoglobulin G (IgG; 1:500
dilution), with nuclei staining with DAPI (300 nM).5

Luciferase Reporter Assay

Human NHEG1 promoter (�1,000/+20) and its truncations were
amplified by PCR using genomic DNA (Table S8) and inserted into
pGL3-Basic (Promega). The mutating binding site of LEF1/TCF7L2
was established using the GeneTailor Site-Directed Mutagenesis Sys-
tem (Invitrogen) and PCR primers (Table S8). The TOP-FLASH and
FOP-FLASH reporters were purchased from Millipore (Bedford,
MA). Dual-luciferase assay was performed according to the manufac-
turer’s instructions (Promega). Luciferase activity was measured with
a luminometer (Lumat LB9507; Berthold Technologies, BadWildbad,
Germany).5,41–45

Rescue of Gene Expression

The truncations of HA-tagged DDX5 were generated using its cDNA
template, provided by Dr. Ralf Janknecht,29 and PCR primers
(Table S8). To restore downregulation or upregulation of DDX5
induced by NHEG1 knockdown or overexpression, stable cells were
transfected by the DDX5 expression construct or shRNAs specific
for DDX5 (Table S8).

Biotin-Labeled RNAPull-Down andMass Spectrometry Analysis

Biotin-labeled NHEG1 was in vitro transcribed, as mentioned above.
Biotin-labeled RNA pull-down was performed as described previ-
ously.5 Briefly, nuclear protein was extracted using NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) and
incubated with biotin-labeled RNAs and streptavidin agarose beads
(Invitrogen). Retrieved protein was detected by western blot or
mass spectrometry analysis (Wuhan Institute of Biotechnology, Wu-
han, China).

Crosslinking RIP Assay

Cells were ultraviolet-light crosslinked at 254 nm (200 J/cm2) in phos-
phate buffer saline and collected by scraping. RIP assay was per-
formed according to the instructions of the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore), using antibodies
against DDX5 (ab126730 [Abcam] and sc-166167 [Santa Cruz
Biotechnology]). Co-precipitated RNA was measured by RT-PCR
with primer sets (Table S7). Total RNAs (input) and isotype antibody
(IgG) were applied as controls.

In Vitro Binding Assay

The GST-tagged DDX5 proteins were established by preparing trun-
cations of GST-tagged DDX5 using its cDNA template, provided by
Dr. Ralf Janknecht,29 and PCR primer sets (Table S8) and transform-
ing into E. coli,5 which were incubated with NHEG1 cRNA, prepared
by in vitro transcription using the TranscriptAid T7 High Yield Tran-
scription Kit (Thermo Fisher Scientific). DDX5-RNA complexes were
pulled down using GST beads (Sigma). The SDS-PAGE and western
blot were applied in detection of protein, and RT-PCR, using primer
sets (Table S7), was used to detect the levels of RNA.

RNA EMSA

The biotin-labeled NHEG1 probe was generated as mentioned above.
RNA electrophoretic mobility shift assay (EMSA) was undertaken us-
ing the LightShift Chemiluminescent RNAEMSAKit (Thermo Fisher
Scientific) and recombinant DDX5 protein.

ChIP Assay

ChIP and quantitative real-time PCR were carried out using the EZ-
ChIP kit (Upstate Biotechnology, Temecula, CA), SYBR Green PCR
Master Mix (Applied Biosystems), and primer sets (Table S7). The
amount of immunoprecipitated DNA was calculated in reference to
a standard curve and normalized to input DNA, while DNA immu-
noprecipitated with an unspecific antibody (isotype IgG) served as
a negative control.41,44,46,47

In Vitro Growth, Cell Cycle, and Invasion Assays

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma) colorimetric,41,43,48 soft agar,5,38,44,49,50 flow cyto-
metric,39 and Transwell Matrigel invasion5,38–40,46,51–53 assays were
applied for detecting the viability, growth, cell-cycle progression,
and invasiveness of tumor cells.

In Vivo Growth, Metastasis, and Therapeutic Assays

All animal studies were approved by the Animal Care Committee of
Tongji Medical College (approval number: Y20080290) and carried
out in accordance with NIH Guidelines for the Care and Use of
Laboratory Animals. For in vivo tumor growth studies, blindly ran-
domized 4-week-old female BALB/c nude mice (n = 5 per group)
were injected subcutaneously in the dorsal flanks with 1 � 106 tumor
cells. 1 Month later, mice were sacrificed and examined for tumor
weight and corresponding indicators. Experimental metastasis
studies were performed by tail-vein injection of tumor cells (0.4 �
106 per mouse, n = 5 per group) into blindly randomized 4-week-
old female BALB/c nude mice, as previously described.5,38,44,52 For
in vivo therapeutic studies, tumor cells (1� 106) were injected subcu-
taneously into the dorsal flanks of nudemice. 2Weeks after tumor cell
inoculation with confirmation of successful maturation of tumors,
mice were blindly randomized and treated by intravenous injection
of 21 nucleotide-synthesized siRNAs (Table S8; RiboBio) using Invi-
vofectamine 3.0 Reagent (Life Technologies) as indicated. The tumor
volume, body weight, and survival time of each mouse were moni-
tored and recorded.

Patient Tissue Samples

Human tissue study was approved by the Institutional Review Board
of Tongji Medical College (approval number: 2011-S085) and carried
out in accordance with the guidelines set forth by the Declaration of
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Helsinki. Written, informed consents were obtained from all legal
guardians of patients. All cases received no preoperative chemo-
therapy or other treatment. Human normal dorsal root ganglia or em-
bryonic tissues (at day 50 of gestation) were, respectively, collected
from interrupted pregnancies and therapeutic abortion. All fresh
specimens were frozen in liquid nitrogen, validated by pathological
diagnosis, and stored at �80�C until use.

Immunohistochemistry

Immunohistochemistry was undertaken, as described previ-
ously,5,38,44,52 using antibodies against Ki-67 (ab92742; Abcam;
1:100 dilution), DDX5 (ab126730; Abcam; 1:100 dilution), or b-cate-
nin (sc-59737; Santa Cruz Biotechnology; 1:200 dilution). The stain-
ing intensity was evaluated on a range from 0 to 3 (0, negative; 1,
weakly positive; 2, moderately positive; 3, strongly positive), whereas
percentage of positive cells was evaluated ranging from 0 to 4 (0, nega-
tive; 1, positive in 1%–25%; 2, positive in 26%–50%; 3, positive in
51%–75%; 4, positive in 76%–100%). Based on the products of stain-
ing intensity, multiplied by percentage of positive cells, the results of
immunohistochemistry were classified into negative (�, 0–1), mildly
(+, 2–3), moderately (++, 4–8), and strongly positive (+++, 9–12).
The moderate (++) or strong (+++) reactivity was defined as high
expression, whereas negative (�) or mild-positive (+) reactivity was
defined as low expression.

Data Availability

Microarray data supporting the results of this study have been depos-
ited in the GEO database (https://www.ncbi.nlm.nih.gov/geo/), under
GEO: GSE80393. The public datasets are available from the GEO
(GEO: GSE62564, GSE31684, GSE20685, GSE17536, GSE17679,
GSE7696, GSE31210, GSE10846, and GSE18520) or TCGA database.
All remaining data are presented within the article and Supplemental
information and available from the corresponding author upon
request.

Statistical Analysis

All results were presented as mean ± standard error of the mean
(SEM). Cutoff values were defined by average levels of gene expres-
sion. The significant difference of tumor tissues or cell lines was deter-
mined by analysis of variance (ANOVA), c2 analysis, and Student’s
t test. The significance of overlap analysis was evaluated by Fisher’s
exact test. Gene expression relationship was analyzed by Pearson’s
correlation coefficient method. Survival difference was assessed by
log-rank test and Cox regression models. All statistical tests were
two sided and considered statistically significant when p values
were less than 0.05.
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