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Abstract: Chemical carcinogen is one etiology of nasopharyngeal carcinoma (NPC) occurrence, N,N’-
Dinitrosopiperazine (DNP) has been verified to cause NPC cell metastasis and generate induced pluripotent stem 
cells (iPSCs). To investigate the oncogenic mechanism of DNP, NPC cells were exposed to DNP, and subjected to 
RNA-seq, GRO-seq, ChIP-seq, and data analysis. The results showed that the super-enhancer RNA (seRNA) par-
ticipates in DNP-mediated NPC metastasis through regulating N-myc downstream regulated gene 1 (NDRG1). 
Mechanistically, DNP exposure upregulates the levels of NPC metastatic seRNA (seRNA-NPCm), seRNA-NPCm in-
teracted with a special super-enhancer (SE) upstream of NDRG1 gene and bound to nucleophosmin (NPM1)/c-Myc 
complex at the NDRG1 promoter, resulting in an increase of NDRG1 transcription. Functional studies showed that 
DNP significantly increased the metastatic capability of NPC cells in vitro and in vivo. Knockdown of seRNA-NPCm 
in NPC cells impaired the capability of metastasis. Furthermore, stably overexpressing seRNA-NPCm significantly 
increased the metastatic ability of NPC cells, while restoration of NDRG1 levels in these cells restored their meta-
static capacity. Finally, the immunohistochemistry and in situ hybridization analyses revealed that the expression of 
seRNA-NPCm in NPC patients is positively correlated with NDRG1, and the NDRG1 level independently predicts poor 
prognosis of NPC patients. Collectively, DNP induces seRNA-NPCm, and seRNA-NPCm promotes NPC metastasis 
through NPM1/c-Myc/NDRG1 axis.
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Introduction

Nasopharyngeal carcinoma (NPC) is a common 
malignancy mainly occurring in South China 
and Southeast Asia [1]. Advanced-stage NPC 
patients have very poor prognoses mainly due 
to local recurrence and distant metastasis [2]. 
Chemical carcinogens exposure and certain 
dietary habits might be two key etiology factors 
in NPC oncogenesis and metastasis [3, 4]. High 
intakes of nitrosamines during childhood were 
associated with increased risk of NPC [5]. N,N’-
Dinitrosopiperazine (DNP) is a predominant 
volatile nitrosamine enriched in preserved 
foods [6], and has been shown to induce NPC 
carcinogenesis and metastasis in vivo and in 
vitro [7]. The previous reports revealed that 
DNP may promote NPC metastasis via regula-

tion of AGR2 [8], HSP70 [9], and Clusterin [10]. 
However, the exact mechanism of NPC metas-
tasis is not clear.

As a type of regulatory elements, enhancers are 
DNA fragments which often modulate target 
gene expression by forming chromatin loops 
with promoters [11]. Super-enhancers (SEs) are 
clusters of enhancers with high levels of his-
tone H3 lysine 27 acetylation (H3K27ac), tran-
scription factors (TFs), and co-factors [12]. 
Active SEs occupied by RNA polymerase II 
(RNAP II) can either bidirectionally or unidirec-
tionally transcribe into super-enhancer RNAs 
(seRNAs) [13]. eRNAs/seRNAs may not only 
bind protein partners, but also DNAs directly to 
modulate enhancer/SE function. The nascent 
RNA transcripts hybridize with DNAs to form 
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special three-stranded nucleic acid structure, 
named as R-loop, to involve in genomic instabil-
ity [14]. Increased seRNA led to R-loop forma-
tion and consequent genomic instability at SEs 
[15]. A few recent works showed that global 
enhancer was activated in most cancers [16], 
and dysregulated seRNAs have been causally 
linked to tumorigenesis [17].

N-myc downstream regulated gene 1 (NDRG1) 
is a stress response protein that is involved in 
the cell proliferation, differentiation, migration, 
and invasion [18, 19]. The overexpression of 
NDRG1 is induced by hypoxia in various can-
cers, such as liver cancer, lung cancer, and 
brain cancer [20]. NDRG1 downregulation in 
human hepatocellular carcinoma (HCC) result-
ed in cell apoptosis by increase of BAX and 
decrease in Bcl-2 and Bclx [21]. Upregulated 
NDRG1 promoted stemlike properties of NSCLC 
cells including induced pluripotent stem cell 
(iPSC) factors c-Myc through Skp2-mediated 
ubiquitination [22]. In bladder cancer, NDRG1 
overexpression facilitated disease progression 
by influencing the epithelial-to-mesenchymal 
transition (EMT) process [23]. NDRG1 also 
inhibited cell proliferation and invasion, playing 
an anti-oncogenic and anti-metastatic role in 
cancers [24-27]. The role of NDRG1 on NPC 
cells was rarely studied so far. A previous study 
showed that NDRG1 downregulation could pro-
mote NPC cells tumorigenesis and migration  
by facilitating Smad2-mediated EMT process 
[28]. Further studies are needed to elucidate 
the biological functions of NDRG1 in NPC 
pathogenesis.

In this study, we identified a special seRNA, 
named seRNA-NPCm, as an important tran-
scriptional regulator involved in DNP-mediated 
metastasis in NPC cells. Our results showed 
that DNP induced the expression of seRNA-
NPCm, accompanied by the elevation of 
NDRG1. seRNA-NPCm bound to nucleophos-
min (NPM1)/c-Myc at the promoter of NDRG1, 
and the hybridization with SE 41.8 Kb upstream 
of NDRG1 facilitated chromatin looping, lead-
ing to NDRG1 transcription. In addition, DNP 
promoted metastasis of NPC cells in vitro and 
in vivo. The expression of seRNA-NPCm in NPC 
patients is positively correlated with NDRG1, 
and NDRG1 is an independent prognostic fac-
tors for NPC patients. Taken together, the 
results in this study indicated that seRNA-
NPCm may serve as a novel target for NPC  

therapy and diagnosis, and we reported a  
new spatiotemporal conformational interaction 
between SE and promoters through seRNAs in 
DNP-mediated NPC.

Materials and methods

Cell culture and stable cell lines

Human NPC cell lines (S18, S26, 6-10B, 5-8F) 
were obtained from the Institute of Biochemistry 
and Cell Biology of the Chinese Academy of 
Sciences (Shanghai, China). All cells were cul-
tured in RPMI 1640 media (Thermo Fisher, MA) 
supplemented with 10% fetal bovine serum 
(FBS) and 100 U/ml Penicillin-Streptomycin 
(P/S). All cell lines were mycoplasma-free and 
detected by short tandem repeat (STR) analysis 
before the experiments. To generate stably 
expressing cells, the lentiviral particles pur-
chased from Genechem (Shanghai, China) were 
used to infect NPC cells for 12 h. After 48 h of 
puromycin (5 μg/mL) selection, the cells were 
harvested and the target mRNA expression was 
confirmed by quantitative PCR (q-PCR). shRNA 
sequences are included in Supplementary Data 
3.

Antibodies 

The following antibodies were used for Western 
blot or for ChIP analysis: rabbit anti-NDRG1 
monoclonal antibody (ab124689, Abcam), rab-
bit anti-c-Myc monoclonal antibody--ChIP 
Grade (ab32072, Abcam), mouse anti-c-Myc 
monoclonal antibody (SANTA Cruz Biotechno- 
logy, USA), mouse anti-NPM1 monoclonal anti-
body (32-5200, Thermo Fisher), rabbit anti-E-
Cadherin monoclonal antibody (3195, Cell 
Signaling Technology), rabbit anti-N-Cadherin 
monoclonal antibody (13116, Cell Signaling 
Technology), rabbit anti-snail monoclonal anti-
body (3879, Cell Signaling Technology), rabbit 
anti-vimentin monoclonal antibody (5741, Cell 
Signaling Technology), mouse anti-GAPDH anti-
body (60004-1-Ig, proteintech), HRP-conjugat- 
ed goat anti-rabbit IgG (SA00001-2, protein-
tech), HRP-conjugated goat anti-mouse IgG 
(SA00001-1, proteintech).

Quantitative PCR

Total RNA extraction was performed by the 
Total RNA Kit II reagent following the manufac-
turer’s instructions (Omega, USA). Nuclear and 
cytoplasmic RNA extractions were obtained 
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using the Cytoplasmic and Nuclear RNA purifi-
cation Kit according to the manufacturer’s 
instructions (Norgen Biotek Corp., CA, USA). 
Quantitative PCR was performed by Light- 
Cycler® 480 Instrument II System (Roche Life 
Science). The relative RNA expression levels 
were quantified by the 2-ΔΔCt method, with GAP- 
DH as the internal control. The primers used in 
these analyses are listed in Supplementary 
Data 3.

Mouse experiment

All animal studies were approved by the 
Institutional Animal Care and Use Committee of 
the Hunan Cancer Hospital. Female BALB/c 
nude mice (4-6 weeks) were purchased from 
Hunan SJA Laboratory Animal Co. (Changsha, 
China) and cultured in specific pathogen-free 
room, with free access to food and water and in 
a 12-hour light-dark cycle. The nude mice were 
randomly allocated into different groups. In 
assays to detect single NPC cell RNA levels, 
1×106 cells of S26 and S26-DNP were injected 
into tail veins of mice, where S26-DNP cells 
were S26 cells treated with 200 µM DNP for a 
week. Subcutaneous metastases were har-
vested for single-cell RNA sequencing 4 weeks 
later. In the measurement of lung metastasis 
formation, 1×106 cells of luciferase-labeled 
NPC cells were injected into tail veins of mice. 
The pulmonary metastases were monitored by 
ex vivo bioluminescence imaging (AniView100 
Imaging System, China). When the mice exhib-
ited the following humane-endpoint: significant 
body weight loss, prostration, rotational motion, 
difficulty breathing, and body temperature 
drop, they were humanely sacrificed by inhala-
tion of 30% vol/min CO2.

CRISPR interference

CRISPR interference was performed as previ-
ously reported [29]. Two pairs of guide RNAs 
(gRNAs) were designed to target 1816 bp 
region upstream of NDRG1. Lentiviral vectors 
expressing gRNAs and Cas9 mRNA were pur-
chased from Genechem (Shanghai, China). 
Primers for CRISPR interference are listed in 
Supplementary Data 3.

RACE assay

The RACE assay was performed as previously 
reported [30]. To analysis the 5’ and 3’ ends 

sequences of seRNA-NPCm, GeneRacerTM Kit 
(Invitrogen, L1500-01) was applied according 
to the manufacturer’s instructions. The primers 
for RACE analysis are listed in Supplementary 
Data 3.

RNA pull-down and MS assays

RNA pull-down assay was performed as previ-
ously reported [31]. Briefly, biotin-labeled RNAs 
were generated in vitro using RiboMAX™ Large 
Scale RNA Production System (Promega) and 
RNA 3’ End Desthiobiotinylation Kit (Thermo 
Fisher) according to the manufacturer’s instruc-
tions. The RNA-protein complexes were cap-
tured using Pierce™ Magnetic RNA-Protein Pull-
Down Kit according to the manual (Thermo 
Fisher). The products were detected by Q- 
Exactive LC-MS (Thermo Fisher).

RNA fluorescence in situ hybridization (RNA-
FISH) assay

RNA-FISH assay was performed as previously 
reported [32]. Biotin-TEG labeled seRNA-NPCm 
probes were purchased from Sangon Biotech 
Co. (Shanghai, China). The seRNA-NPCm was 
detected using RiboTM Fluorescent In Situ 
Hybridization Kit (RiboBio, China) and Cy3-
Streptavidin (K1079, APExBIO), according to 
the manual.

Transwell and wound healing assays

These assays were performed as previously 
reported [33]. In brief, cell migration and inva-
sion analysis were detected using Transwell 
chambers according to the manufacturer’s 
instructions (Corning Costar, 3422). For wound 
healing assay, we used a pipette tip to make  
a scratch wound. The cell numbers and per-
centage of healed area were measured by 
ImageJ software (NIH Image). For each of these 
assays, three independent experiments were 
performed.

RNA-seq and data analysis

RNA-seq assays were performed as previously 
reported [31]. In brief, total RNA was extracted 
from S26 cells and S26 cells treated with 120 
μM DNP for 2 days. Samples with three biologi-
cal replicates were sequenced at the Epibiotek 
Laboratory (Guangzhou Epibiotek Co., China) 
using the Illumina HiSeq2000 platform. Pair-
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end raw reads were mapped to the human  
reference genome (GRch38) using Hisat2. 
Different gene analysis was performed using 
the DESeq2 algorithm. The criteria for statisti-
cal significance were log2FC > 1 and FDR < 
0.05.

ChIP assay

ChIP assays were performed following previous 
protocol [29]. qPCR primers for target genomic 
locus are listed in Supplementary Data 3.  
The percentage of the input recovery was 
calculated.

ChIRP assay

ChIRP assays were performed following previ-
ous protocol [34]. The antisense oligos of seR-
NA-NPCm and qPCR primers are listed in 
Supplementary Data 3. The percentage of the 
input recovery was calculated.

GRO-seq

GRO-seq assays were performed as previously 
reported [29]. In brief, nuclear run-on buffer 
(NRO) and 5-bromouridine-5’-triphosphate 
(BrUTP) were used to generate BrU-tagged  
NRO RNAs, which were then reverse tran-
scribed into cDNAs. The final cDNA libraries 
were sequenced using the Illumina HiSeq2500 
platform.

DRIP assay

DRIP assays were performed as previously 
described [35]. qPCR primers for target genom-
ic locus are listed in Supplementary Data 3. 
The percentage of the input recovery was 
calculated.

Single cell RNA-seq assay

Single cell RNA-seq assays were performed as 
previously reported [35]. We used the Cell 
Ranger software (10× Genomics) to filter, align, 
and quantify the raw data, and finally obtain  
the gene expression matrix of each cell. Seurat 
was applied for data normalization, clustering, 
T-distributed stochastic neighbor embedding 
(tSNE), and marker genes analysis in different 
clusters.

IHC and ISH assay

IHC assay and ISH assay were performed as 
previously described [36]. NPC tissue microar-

rays were purchased from Super Biotech 
Corporation (Shanghai, China). The microarray 
contains 126 NPC tissue and 14 para-carcino-
ma tissue. For ISH assay, the seRNA-NPCm 
probes were designed and synthesized by the 
Boster Corporation (China).

Data visualization

The data of ChIP-seq, GRO-seq, ChIRP-seq and 
DRIP-seq were visualized using IGV software. 
The GRO-seq data were visualized using UCSC 
genome browser. All heat maps and read den-
sity plots were drew using NGSPlot and R 
packages.

Statistical analysis

The statistical analyses were performed using 
Student’s t test or ANOVA test. At least three 
biological replicates were performed for in vitro 
experiments, and a sample size of at least 
three to five mice was selected for in vivo exper-
iments. Pearson’s correlation coefficient assay 
was applied to analyze the relationship between 
seRNA-NPCm and NDRG1. The progression-
free survival was analyzed using the log-rank 
test and Cox regression models. The intensity 
of Western blot band was quantified using 
ImageJ software. The difference was statisti-
cally significant when the P-value was less than 
0.05.

Results

DNP induces the production of seRNA-NPCm 
in NPC cells

S26 and DNP-treated S26 (S26-DNP) cells 
were used to identify SEs through H3K27ac 
ChIP-seq. A total of 486 specific SEs were  
generated after DNP treatment (Figure 1A). 
Further global run-on sequencing (GRO-seq) 
analysis revealed that one of these special SE 
generated a novel seRNA named as seRNA-
NPCm (Figure 1B). Rapid amplification of com-
plementary DNA ends (RACE) analysis revealed 
seRNA-NPCm was a 3496 nt non-coding RNA 
(the sequence of seRNA-NPCm is listed in 
Supplementary Data 1). In S26 and S26-DNP 
cells, seRNA-NPCm was mainly localized in the 
nucleus (Figure 1D, 1E), and cellular fraction-
ation assay further verified it (Figure 1F). This 
suggests that seRNA-NPCm may function pri-
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Figure 1. DNP induces the production of seRNA-NPCm in NPC cells. A. Venn diagrams of SEs in S26-DNP (yellow) 
and S26 (green). B. ChIP-seq for H3K27ac and GRO-seq (S26-DNP) signals at seRNA-NPCm locus. S26-DNP cells 
served as S26 cells treated with 120 μM DNP for 2d. C. The expression of seRNA-NPCm and NDRG1 mRNA in S26 
cells treated with DMSO, DMSO+JQ1, DNP, and DNP+JQ1 (n = 3-5 independent experiments). Data are expressed 
as mean ± SEM; **P < 0.01. D, E. Confocal fluorescence in situ hybridization images showing the localization 
of seRNA-NPCm in S26 and S26-DNP cells respectively using an antisense probe (red), with nuclei staining with 
Hoechst33342 (blue). Sense probe was used as negative control. Scale bars: 5 μm. F. qPCR analysis of RNAs puri-
fied from nuclear and cytosolic fractions of S26 and S26-DNP cells (n = 3-5 independent experiments). XIST and 
GAPDH are nuclear or cytoplasmic control, respectively. G. The expression dynamics of seRNA-NPCm and NDRG1 in 
various concentrations of DNP (n = 3-5 independent experiments). Data are expressed as mean ± SEM; *P < 0.05, 
**P < 0.01, ***P < 0.001.

marily in the nucleus. We next examined the 
expression dynamics of seRNA-NPCm in vari-
ous concentrations of DNP. As shown in Figure 

1G, seRNA-NPCm expression was evidently 
increased when the S26 cells were treated with 
120 μM DNP for 2 days.
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BRD4 (bromodomain-containing protein 4) is 
an important coactivator that can assemble 
different transcriptional complexes on the SE 
and recruit RNAP II for transcription initiation 
[37]. JQ1 can inhibit seRNAs transcription 
through preventing BRD4 from connecting with 
H3K27ac at SEs [38]. NPC cells were treated 
with JQ1 or DNP+JQ1 for 48 h and the seRNA-
NPCm expression was tested by qRT-PCR. The 
results showed that JQ1 blocked the function  
of DNP in inducing seRNA-NPCm production 
(Figure 1C, P < 0.01). These results reveal that 
DNP has the capacity to induce the generation 
of seRNA-NPCm.

DNP-induced seRNA-NPCm promotes NDRG1 
transcription

eRNAs have been shown to activate the tran-
scription of target genes [29, 32]. DNP-induced 
seRNA-NPCm may involve in oncogene expres-
sion. RNA-seq analysis showed that DNP treat-
ment led to significant increases in the expres-
sion of several oncogenes, including NDRG1, 
JUN, FOSB, FGR, etc. (log2FC > 1, FDR < 0.05) 
(Figure 2A). qPCR detection showed NDRG1 
upregulation at mRNA when transfected with 
seRNA-NPCm (Figure 2B), and Western blot 
assay revealed that NDRG1 expression was 
upregulated by DNP (Figure 2C up panel), while 
NDRG1 expressions decreased in JQ1 plus  
DNP and JQ1 plus DMSO respectively com-
pared with DNP and DMSO controls (Figure 2C 
down panel). These results revealed that DNP-
induced seRNA-NPCm might upregulate target 
gene NDRG1.

To further explore the role of DNP in NPC metas-
tasis, DNP-induced metastases were examined 
using single-cell RNA sequencing. S26 and 
S26-DNP cells were injected into the tail vein  
of nude mice. After 30 days, subcutaneous 

metastases were collected for single-cell RNA 
sequencing. All these cells were divided into  
virous clusters by a clustering algorithm based 
on the shared nearest neighbor (SNN) (Figure 
2D). Further analysis revealed that one of the 
clusters with high NDRG1 expression was 
abundant in S26-DNP compared to S26 (Figure 
2E-G). In addition, the mRNA levels of c-Myc 
and NPM1 were elevated in this cluster of S26-
DNP metastasis (Figure 2G). Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses showed this cluster 
was mainly involved in cell-cell adhesion junc-
tion, focal adhesion and extracellular matrix 
(ECM)-receptor interaction (Figure 2I, 2J), sug-
gesting that it might be essential for the regula-
tion of cellular proliferation, adhesion, and 
migration. Then we used the reference data set 
provided by SingleR to identify this cluster. The 
results showed that part of this cluster cells 
presented iPSC-like characteristics (Figure 2H). 
All these results suggest that the ability of DNP 
to promote NPC metastasis may be related to 
regulation of NDRG1 expression.

seRNA-NPCm regulates NDRG1 through bind-
ing with NPM1/MYC

To investigate the molecular mechanism by 
which seRNA-NPCm regulates NDRG1 tran-
scription, we applied RNA pull-down assay to 
identify protein partners of seRNA-NPCm. Mass 
spectrometry (MS) analysis of coprecipitated 
products showed that NPM1 was one of the top 
7 seRNA-NPCm interacting TFs (Figure 3D), 
Public data reveal that c-Myc protein can bind 
to the promoter of NDRG1 (Figure 3A). This 
interaction was further confirmed by Western 
blot (Figure 3B). To further study the binding 
properties, truncated fragments of seRNA-
NPCm were used to specify the NPM1 interact-

Figure 2. DNP-induced seRNA-NPCm promotes NDRG1 transcription. A. The volcano plots of RNA-seq data (S26-
DNP vs. S26), FC represents fold change, FDR represents false discovery rate. B. qPCR analysis of the seRNA-NPCm 
and NDRG1 transcript levels in 6-10B cells transfected with vector or seRNA-NPCm (n = 3-5 independent experi-
ments). Data are expressed as mean ± SEM; **P < 0.01, ***P < 0.001. C. Top shows the expression dynamics 
of NDRG1 protein in various concentrations of DNP. Bottom shows the expression of NDRG1 protein in S26 cells 
treated with DNP, JQ1+DNP, JQ1, JQ1+DMSO, and DMSO. D. The tSNE diagram of the cluster of single-cell subsets. 
Different colors indicate different clusters. E. The proportion of each cluster cells in S26 and S26-DNP groups. F. 
Ridge plot of NDRG1 gene in different clusters. NDRG1 is highly expressed in cluster 3, 4, and 7. G. The expression 
levels of NDRG1, c-Myc, and NPM1 in cluster 7 of S26 and S26-DNP. H. The cell-types identified in cluster 7 and 
their percentages. I, J. Scatter plot of GO and KEGG enrichment of differentially expressed genes in cluster 7. Rich 
factor represents the number of differential genes located in the GO or KEGG/the total number of genes located in 
the GO or KEGG. ARVC: Arrhythmogenic right ventricular cardiomyopathy.
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Figure 3. seRNA-NPCm regulates NDRG1 through binding with NPM1/MYC. A. c-Myc ChIP-seq signals at promoter 
of NDRG1. The data was downloaded from UCSC. B. The indicated deletion fragments of seRNA-NPCm and its inter-
acting region with NPM1. AS stands for antisense. GAPDH was negative control. C. qPCR verified NPM1 and c-Myc 
enrichment at NDRG1 promoter. For c-Myc ChIP-qPCR, alpha-Satellite and NPM1 were negative and positive control, 
respectively. For NPM1 ChIP-qPCR, FBP1-NEG and FBP1-POS were negative and positive control, respectively; **P 
< 0.01. D. The top 7 interacting TFs of seRNA-NPCm from RNA pull down-MS results. E. The transcript levels in S26 
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ing regions. The results that showed a 1300  
nt region in the middle of seRNA-NPCm (961-
2260 nt) was essential for interaction with 
NPM1 (Figure 3B). NPM1 is a cofactor for c-Myc 
activity. It interacts with c-Myc and the NPM1/
c-Myc complex binds to the promoter of c-Myc 
target genes to regulate their transcription [39]. 
ChIP-qPCR analysis further verified that c-Myc 
enrichment level at promoter of NDRG1 in S26-
DNP cells was higher than that in S26 cells 
(Figure 3C). In addition, NPM1 enrichment was 
also higher at NDRG1 promoter in S26-DNP 
cells (Figure 3C). Knockdown of either NPM1 or 
c-Myc resulted in a significant decrease in 
NDRG1 (Figure 3E). Further rescue assays 
showed that overexpression of seRNA-NPCm 
restored NDRG1 expression that was reduced 
by knockdown of NPM1 or c-MYC (Figure 3F).

seRNA-NPCm promotes chromosome looping 
by forming R-loop at SE region

To confirm DNA binding sites of seRNA-NPCm, 
chromatin isolation by RNA purification and 
sequencing (ChIRP-seq) analysis was conduct-
ed to investigate DNP-mediated molecule 
mechanism. Overexpressed-seRNA-NPCm S26 
cells were used in ChIRP test because seRNA-
NPCm expression in NPC cells was very low. 
The results showed a strong specific signal in 
the SE region 41.8 Kb upstream of NDRG1 
(Figure 4A). Further qPCR test confirmed it 
(Figure 4B). The above results indicate that 
seRNA-NPCm can bind in this SE region. The 
deletion of this SE using CRISPR Cas9 (Figure 
4C) led to decreased expression of NDRG1 
(Figure 4D), indicating that this SE region plays 
an important role in NDRG1 expression. 
Analysis of public data from DNase-seq, ATAC-
seq, and CTCF ChIP-seq showed that the seR-
NA-NPCm binding region was near with CTCF 
and chromatin accessibility, suggesting that 
seRNA-NPCm may be involved in chromatin 
looping (Figure 4E).

MeDIP-seq data showed that the seRNA-NPCm 
binding region upstream of NDRG1 is hypo-
methylated in both K562 and GM12878 cells 
(Figure 4F). Considering that R-loops are often 

formed in hypomethylated regions [40, 41], it is 
possible that seRNA-NPCm binds to the SE 
region to form an R-loop structure. To this end, 
DNA-RNA immunoprecipitation (DRIP) assay 
was performed to recognize DNA-RNA hybrids 
(R-loop). The results showed that the SE region 
upstream of NDRG1 presented a distinct DRIP-
seq signal (Figure 4G). Further qPCR detection 
showed that overexpressed-seRNA-NPCm S26 
cells had an increased enrichment of the R- 
loop in this SE region compared to S26 cells 
(Figure 4H), suggesting that seRNA-NPCm 
might form an R-loop in this SE region. To clarify 
the properties of seRNA-NPCm forming the 
R-loop, we performed DRIP-qPCR assays using 
cells stably overexpressing the truncated seR-
NA-NPCm fragments. The results showed that 
the deletion of 1236 nt region at the 3’ end 
(2261-3496 nt) of seRNA-NPCm prevented the 
formation of R-loop in this SE region (Figure 
4H), suggesting that it might be the DNA bind-
ing domain of seRNA-NPCm. These results sug-
gest that the 3’ end (2261-3496 nt) of seRNA-
NPCm may hybridize to SE to form an R-loop. 
Meanwhile, the above results show that the 
middle region of seRNA-NPCm binds to the 
NPM1/c-Myc complex and anchors to the 
NDRG1 promoter. seRNA-NPCm may act as a 
lasso to facilitate chromatin looping and inter-
actions between SE and promoter, resulting in 
the upregulation of NDRG1 (Figure 4I).

DNP-induced seRNA-NPCm promotes NPC me-
tastasis in vitro

To explore the effect of DNP-induced seRNA-
NPCm on NPC metastasis in vitro, S26 and 
6-10B are NPC cell lines with low metastatic 
ability, S26 treated with DMSO, DMSO plus 
JQ1, DNP, or DNP+JQ1, and 6-10B cells treated 
with DMSO, DMSO plus JQ1, DNP, or DNP+JQ1 
were used for wound healing assay, Transwell 
assay (migration assay), matrigel Transwell 
assay (invasion assay), respectively. These 
assays showed that DNP treatment increased 
the migration and invasion capacities of S26 
and 6-10B cells, which were blocked by JQ1 
(Figure 5A-C, P < 0.001), indicating that DNP 
promoted NPC migration and invasion by pro-

cells stably transfected with shRNAs targeting NPM1, c-Myc or scrambled negative control. F. qPCR indicating the 
NDRG1 levels in NPC cells stably transfected with vector or seRNA, and those co-transfected with sh-cMYC-3# or 
sh-NPM1-1#. The expression of target genes was measured by qPCR (n = 3 independent experiments). Data are 
expressed as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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ducing seRNAs. S18 and 5-8F are high meta-
static cell lines, they were used to test the 
effect of sh-seRNA-NPCm on NPC cell metasta-
ses. Downregulation of seRNA-NPCm reduced 
the migration and invasion of S18 and 5-8F 
cells (Figure 5D, P < 0.001), suggesting that 
seRNA-NPCm might be an important macromo-
lecular in regulating the cell motility of NPC.

DNP-induced seRNA-NPCm promotes NPC me-
tastasis in vivo

We further evaluated the effect of DNP-induced 
seRNA-NPCm on NPC metastasis in vivo. 
Luciferase-labeled S26, S26-DNP, and highly 
metastatic NPC cell S18 were injected into the 
tail vein of nude mice. The nude mice were 
female BALB/c nude mice at 4-6 weeks, 6 
mice/group. Their abilities to form pulmonary 
metastasis were examined 30 days later. The 
results showed that nude mice injected with 
S26-DNP and S18 cells presented larger meta-
static lesions than those injected with S26  
cells (Figure 6A). Immunohistochemistry (IHC) 
was used to detect EMT markers including 
E-cad, N-cad, Vimentin, and Snail in the meta-
static tumor tissues, IHC staining were quanti-
fied and were statistically analyzed. IHC stain-
ing of pulmonary metastases and quantitative 
analysis showed that E-cadherin was decreas- 
ed, N-cadherin, Snail, and Vimentin were ele-
vated in S26-DNP and S18 group (Figure 6B,  
P < 0.01 or 0.001). Further analysis showed 
that nude mice given injections of overex-
pressed-seRNA-NPCm S26 cells had decreas- 
ed survival, loss of body weight (Figure 6C). 
Overexpressed-seRNA-NPCm S26 cells formed 
more metastases at 1 weeks after injection 
(Figure 6D, 6E). IHC staining of pulmonary 
metastases showed that E-cadherin was 
decreased, N-cadherin, Snail, and vimentin 

were elevated in seRNA-NPCm group (Figure 
6F, 6G). Altogether, these findings revealed  
that DNP-induced seRNA-NPCm promotes NPC 
metastasis. Continued bioluminescence imag-
ing (BLI) showed the recovery of NDRG1 in over-
expressed-seRNA-NPCm S26 cells restored  
the ability of S26 to form lung metastases 
(Figure 6D), indicating a role of NDRG1 in seR-
NA-NPCm--mediated metastasis formation of 
NPC cells. Further in vitro assays also revealed 
that knockdown of NDRG1 suppressed NPC 
cell motility (Figure 6H, P < 0.001).

NDRG1 is a poor prognostic indicator for NPC 
patients

The expression levels of seRNA-NPCm and 
NDRG1 in a tissue microarray containing 126 
NPC patients were detected by RNA in situ 
hybridization (ISH) and IHC staining. In compari-
son to para-carcinoma tissue, NPC tissues pre-
sented higher expression levels of NDRG1 and 
seRNA-NPCm, especially in advanced NPC 
samples (Figure 7A, 7B). NPC patients with 
highl seRNA-NPCm (P < 0.05) and NDRG1 
expressions (P < 0.05) presented shorter pro-
gression-free survival times (Figure 7C). Fur- 
thermore, there is a positive correlation be- 
tween seRNA-NPCm and NDRG1 expression in 
NPC tissues (R, 0.501, P < 0.05) (Figure 7D). 
Multivariate Cox regression analysis showed 
that the independent prognostic factors includ-
ed TNM stage (P < 0.05), and the expression of 
NDRG1 protein (P < 0.05) (Supplementary Data 
2). These findings indicate that NDRG1 is an 
indicator of poor prognosis for NPC patients.

Discussion

DNP has been shown to be closely related to 
the oncogenesis and development of NPC. 

Figure 4. seRNA-NPCm promotes chromosome looping by forming R-loop at SE region. A. SeRNA-NPCm ChIRP-seq 
signals at the SE 41.8 Kb upstream of NDRG1 promoter. B. qPCR verified seRNA-NPCm enrichment at the SE 41.8 
Kb upstream of NDRG1 promoter. C. The seRNA-NPCm binding region inside the SE upstream of NDRG1 promoter 
was deleted using CRISPR interference, the nested PCR was used to verify the knockout efficiency. D. NDRG1 mRNA 
and protein expression in ΔE S26 cells and control cells. ΔE, S26 cells with seRNA-NPCm binding SE deletion. (n = 
3-5 independent experiments). Data are expressed as mean ± SEM; **P < 0.01. E. ATAC-seq (HepG2, GSE170012), 
DNase-seq (Hela-S3, GSE90432), and CTCF ChIP-seq (HepG2, GSE170879) signals at seRNA-NPCm binding site. 
F. MeDIP-seq signals in seRNA-NPCm binding DNA site. MeDIP-seq data were downloaded from ENCODE database, 
K562 (GSM1368906) and GM12878 (GSM1368907). G. DRIP-seq detected the R-loop signals at the seRNA-NPCm 
binding site in S26, S18, and overexpressed-seRNA-NPCm S26 cells. H. The R-loop signals at the seRNA-NPCm 
binding site in S26 cells expressing different fragments of seRNA-NPCm. ΔseRNA-1 represents the deletion of 
1-960 nt of seRNA-NPCm, ΔseRNA-2 represents the deletion of 961-2260 nt of seRNA-NPCm, ΔseRNA-3 represents 
the deletion of 2261-3496 nt of seRNA-NPCm. Data are expressed as mean ± SEM; ***P < 0.001. I. The model of 
DNP-induced seRNA-NPCm facilitating NPC metastasis through regulation of NDRG1 expression.

http://www.ajcr.us/files/ajcr0151091suppldata.pdf
http://www.ajcr.us/files/ajcr0151091suppldata.pdf
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However, the mechanism of DNP carcinogene-
sis remains unclear. In this work, we demon-
strated that elevated seRNA-NPCm induced by 
DNP resulted in upregulation of NDRG1, as well 
as increased metastatic capacity and iPSC-like 
properties of NPC cells. Assays by restoring 
NDRG1 expression showed reversed metastat-
ic capacity. Further studies show that seRNA-
NPCm acts as a lasso to pull SE and promoter 
close to each other by binding to NPM1/c-Myc 
complex and forming an R-loop structure in SE 
region, resulting in NDRG1 transcription. Our 
study reveals that seRNA-NPCm-mediated 
NDRG1 upregulation plays an important role in 
DNP-induced NPC metastasis.

An increasing number of non-coding RNAs 
(ncRNAs) have been shown to participate in  
the oncogenesis and development of tumors. 
eRNAs are ncRNAs that partly function to pro-
mote enhancer-promoter looping and mRNA 
transcription [31, 42, 43]. For instance, hepa-
ranase (HPSE) eRNA interacts with hnRNPU/
p300/EGR1 to loop chromatin between SE  
and HPSE promoter, thereby activating HPSE 
expression to promote tumor progression in 
cancers [43]. Depletion of seRNA generated  
by SEs downstream of the MYC gene reduced 
MYC mRNA level in primary effusion lymphoma 
cells [29]. Besides binding to protein partners, 
eRNAs also interact with DNAs to modulate 
enhancer/SE function. Long noncoding RNA 
(lncRNA) auxin-regulated promoter loop (APO- 
LO) recognizes target promoters and modu-
lates transcription by the formation of R-loops 
[44], GATA3-AS1 lncRNA can form R-loops 
upstream of the GATA3 TSS to regulate the 
expression of GATA3 [45], suggesting R-loops 
play important roles in lncRNA-mediated tran-
scriptional regulation. Increased seRNA hybrid-
ized with DNAs to form R-loop structure and 
resulted in genomic instability at SEs [15]. 
PEARL (protocadherin eRNA associated with 
R-loop formation) forms R-loops within the 
HS5-1 enhancer region to facilitate long-dis-
tance chromatin interactions between distal 
enhancers and promoters, resulting in proto-
cadherin alpha gene expression [34]. In this 

paper, seRNA-NPCm was found to form R-loops 
in the SEs to promote chromatin interactions 
between SEs and promoters, resulting in target 
NDRG1 expression.

NPM1 is reported to participate in ribosome 
biogenesis, chromatin remodeling, cell prolifer-
ation, and tumorigenesis [46]. The structure of 
NPM1 protein mainly contains three regions: 
the conserved N-terminal domain that interac-
tions with molecular chaperones and mediates 
oligomerization, the central acidic region for 
histone binding, and the C-terminal RNA-
binding domain [47]. Previous study reveals 
that NPM1 co-localizes with c-Myc, c-Fos, P53 
and Rb proteins [48]. NPM1 regulates the tran-
scriptional activity of oncogenic c-Myc due to 
its ability to interact with c-Myc and be recruit-
ed to c-Myc target gene promoters [39]. NPM1 
expression is necessary for induction of c-Myc 
target genes, however, the effect of NPM1 on 
c-Myc is not mediated by a significant increase 
in total NPM1 levels [49]. In addition, NPM1 
might serve as a TF to regulate gene transcrip-
tion. A recent study showed that NPM1 bound 
to programmed cell death ligand-1 (PD-L1) pro-
moter in triple-negative breast cancer (TNBC) 
cells and facilitated PD-L1 transcription. Poly 
(ADP-ribose) polymerase 1 (PARP1) inhibited 
PD-L1 transcription through interaction with 
NPM1 [50]. NPM1 is also reported to bind to 
G-quadruplex forming regions, which are close-
ly related to oncogene promoters, such as 
c-Myc, k-ras, bcl2, and so on [51]. The promoter 
of NDRG1 is shown to form G-quadruplexes, 
suggesting that NPM1 might bind to NDRG1 
promoter to regulate its transcription. Our 
results further revealed that seRNA-NPCm 
bound to NPM1/c-Myc complex, which then 
anchored to the promoter of NDRG1, resulting 
in regulation of its transcription.

In this paper, we demonstrated that seRNA-
NPCm regulates chromatin looping through 
forming R-loops in the SE region of NDRG1 to 
drive the metastatic transcription in NPC cells. 
However, NPC is a disease with diverse genetic 
and epigenetic alterations. Further investiga-
tion of the role of seRNA-NPCm--mediated 

Figure 5. DNP-induced seRNA-NPCm promotes NPC metastasis in vitro. A, B. Migration of S26 and 6-10B cells 
treated with DMSO, DNP, DNP+JQ1, and JQ1 (n = 3 independent experiments). C. Migration and invasion of S26 and 
6-10B cells treated with DMSO, DNP, DNP+JQ1, and JQ1 (n = 3 independent experiments). Scale bars, 200 μm. D. 
Migration and invasion of S18 and 5-8F cells transfected with shseRNA-NPCm or shscramble (n = 3 independent 
experiments). Scale bars, 200 μm. Data are expressed as mean ± SEM; **P < 0.01, ***P < 0.001.
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R-loops in the modulation of gene expression 
could further elucidate the relevance of this 
mechanism to NPC metastasis. seRNA-NPCm 
interacts with the NPM1/c-Myc complex and 
NPM1 contains an RNA-binding domain, wheth-
er other seRNAs mediate chromatin remodel-
ing and gene transcription through NPM1/c-
Myc remains unknown and requires further 
investigation.
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