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A B S T R A C T   

Transcription-induced chimeric RNAs are an emerging area of research into molecular signatures for disease 
biomarker and therapeutic target development. Despite their importance, little is known for chimeric RNAs- 
relevant roles and the underlying mechanisms for cancer pathogenesis and progression. Here we describe a 
unique ASTN2-PAPPAantisense chimeric RNA (A-PaschiRNA) that could be the first reported chimeric RNA derived 
from the splicing of exons and intron antisense of two neighboring genes, respectively. Aberrant A-PaschiRNA 
level in ESCC tissues was associated with tumor progression and patients’ outcome. In vitro and in vivo studies 
demonstrated that A-PaschiRNA aggravated ESCC metastasis and enhanced stemness through modulating OCT4. 
Mechanistic studies demonstrated that ERK5-mediated non-canonical PAF1 activity was required for A- 
PaschiRNA-induced cancer malignancy. The study defined an undocumented function of chimeric RNAs in 
aggravating cancer stemness and metastasis.   

1. Introduction 

Chimeric RNAs are traditionally thought to be products of gene fu-
sions, and thus, are thought to be unique features of neoplasia [1,2]. 
With recent advances in next-generation RNA sequencing and bioin-
formatics, mechanisms driving the production of chimeric RNAs besides 
gene fusion have been discovered, such as transcriptional read-through 
and alternative RNA splicing [1,3,4]. It is hypothesized that chimeric 

RNAs may exert a novel layer of cellular complexity that contributes to 
cancer evolution and malignancy, and have potentials as molecular 
biomarkers and therapeutic targets [5,6]. Even though plenty of 
chimeric RNAs have been discovered and reported in cancers, their 
functions in the cancer pathogenesis and progression have largely 
unknown. 

Our previous studies indicated that chimeric RNAs were undetect-
able in normal esophagus while was highly expressed in human 
esophageal squamous cell carcinoma (ESCC), which is the third most 
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common cancer of the gastrointestinal tracts and the sixth leading cause 
of cancer-related deaths globally [7,8]. One of the chimeric RNAs, was 

related to the ASTN2 and PAPPA genes, and hence, was initially named 
ASTN2-PAPPA [7]. This chimeric RNA has been suggested to be 
generated by transcription read-through/splicing or trans-splicing, but 
not by mutational events that produce a fusion gene [9]. ASTN2, coding 
for the Astrotactin 2 protein, is highly expressed in the brain and func-
tions in neuronal migration [10]. Recently, the copy number variants 
(CNVs) of ASTN2, both deletions and duplications, were identified in 
patients with neurodevelopmental disorders, including autism spectrum 
disorder, schizophrenia, attention-deficit/hyperactivity disorder, bipo-
lar disease, intellectual disability, and global developmental delay [11, 
12]. PAPPA encodes a secreted metalloproteinase, Pappalysin 1, which 
cleaves insulin-like growth factor binding proteins (IGFBPs) [13]. 
PAPPA plays a role in bone formation, inflammation, wound healing and 
female fertility [14]. Enhanced expression of PAPPA is associated with 
diabetic nephropathy, and may promote invasion and growth of various 
human cancers [15,16]. 

The biological function of chimeric RNA involving ASTN2 has not 
been studied before. In this study, we analyzed the nucleotide sequence 
of the cDNA of the chimeric RNA involving ASTN2 and PAPPA to shed 
light on potential mechanisms of its generation and investigated the 
potential roles and relevant mechanism of this chimeric RNA in human 
ESCC, where cancer stemness is critical for its development, metastasis 
and recurrence [5,17–21]. 

2. Materials and methods 

2.1. Patient tissue samples 

A total of 78 specimens were histopathologically and clinically 
diagnosed as ESCC and obtained from the Affiliated Tumor Hospital of 
Shantou University Medical College from 2010 to 2012. Patients who 
had undergone preoperative radiotherapy or chemotherapy were 
excluded from this study. Clinical research protocols of this study were 
reviewed and approved by the Ethics Committee of Shantou University 
Medical College. 

2.2. Long-range PCR 

LA PCR kit (Takara) was used for long-range PCR analysis of patient 
genomic DNA as previously described [7]. To ensure that the PCR 
primers designed can amplify the intended DNA fragment, we used 
commercial human genomic DNA (Promega) as a control. Primers used 
are listed below.   

No. Forward Reverse  

1 CTGGGTTATCCATGTGCCCC GCATGGTGCAAGGGGAAAAG  
2 CTTTTCCCCTTGCACCATGC GGGAAGGTTCATGGGGACTG  
3 GATGGGGTTCCTCAGGGGA GGGGGTAGGGCTGAAGTCTA  
4 CTTTTCCCCTTGCACCATGC AGCAGAGAAGAAAGGCACCC  
5 ATTTGGGGCCGCTTTTTCAC GGGAAGGTTCATGGGGACTG  
6 TAGACTTCAGCCCTACCCCC TACTTCCCTCAGGGTCGGAG  

2.3. In situ hybridization 

Nonradioactive in situ hybridization was performed as described 
previously [7]. In brief, antisense RNA probes labeled with digoxigenin 
were transcribed from cDNA templates. Paraffin-fixed tissue sections 
from ESCC were deparaffinized, treated with proteinase K, 
pre-hybridized and then hybridized with probes. Following hybridiza-
tion, the slides were washed and treated with a blocking reagent and 
then incubated with anti-digoxigenin and detected as detailed. Anti-
sense probes were designed against the fusion junction or RNA segments 
specific to these chimeric RNAs, so as to distinguish chimeric RNAs from 
the parental mRNAs. We tested and confirmed the specificity of the 
antisense probes to distinguish chimeric RNAs from parental mRNA 
using dot blot assay. Antisense probe specific to chimeric RNA of interest 
but to neither the parental gene ASTN2 nor PAPPA: (gtaatacgactcacta-
tagg) CATCCTTTTTTGAAGATGAAAACACATGCCCTCAGATAGCA-
GAAGTTCTTCACTGTAACTTA-
CAGTGGGAATCAGCACTCTTGTGTTTAGCCCAGGA-
CACTGGCT*CGTGTTTCG. 

2.4. Cell proliferation assay 

Cell proliferation assay was performed in a real-time cell analyzer 
system (RTCA, Roche Applied Science, Mannheim, Germany) [18]. Cells 
were trypsinized and resuspended in culture medium. Background 
measurements were taken from the wells by adding 50 μL of the same 
medium to the E− 16 plates. Subsequently, cells were plated at a density 
of 2000/well in fresh medium to a final volume of 150 μL. Cells were 
incubated for 30 min at the clean bench before the software schedule 
was initiated. The impedance signals were recorded every 15 min until 
the end of the experiment. 

2.5. Migration and invasion 

Cell migration and invasion assays were conducted using the xCEL-
Ligence RTCA Analyzer. Briefly, 150 μL of RPMI-1640 supplemented 
with 10% FBS was added to the lower chamber in the CIM-16 plate (16- 
well, 8-μm pore filter) and 3 × 104 cells in 100 μL of serum-free RPMI- 
1640 were added to the upper chamber coated with or without Matrigel 
(BD Biosciences, USA). The impedance signals were recorded every 15 
min until the end of the experiment. 

2.6. Immunofluorescence 

Immunofluorescence was performed as described previously [18, 
22]. Briefly, cells were grown on glass cover slips, fixed in 4% PFA for 
20 min. The cells were stained with rabbit anti-CD44 antibody (Cat. No. 
3570, Cell Signaling Technology) overnight at 4 ◦C. Secondary anti-
bodies were incubated with Alexa-Fluor-488 (Green)-conjugated 
donkey anti-mouse antibodies (Cat. No. A-11055, Invitrogen). Cells 

Abbreviations 

ASTN2 Astrotactin-2 
PAPPA Pappalysin 1 
PAPPAas Antisense DNA Complementary to The DNA Sequence 

Coding for Pappalysin 1 
IGFBP Insulin-Like Growth Factor-Dependent IGF Binding 

Protein-4 Protease 
ESCC Esophageal Squamous Cell Carcinoma 
CSCs Cancer Stem Cells 
ESCs Embryonic Stem Cells 
OCT4 Octamer-Binding Protein 4 
ERK5 Extracellular-Signal-Regulated Kinase 5 
EGFR Epidermal Growth Factor Receptor 
PAF1 RNA Polymerase II-Associated Factor 1 Homolog 
SOX2 SRY-Box Transcription Factor 2 
KLF4 Kruppel Like Factor 4 
KLF5 Kruppel Like Factor 5 
GEO Gene Expression Omnibus 
GSEA Gene Set Enrichment Analyses 
FDR False Discovery Rate 
CNVs Copy Number Variants 
RTCA Real-Time Cell Analyzer System  
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were mounted in ProLong™ Gold Antifade Mountant with DAPI (Cat. 
No. P36935, Invitrogen). Samples were examined under a confocal 
fluorescence microscope (FV-1000; Olympus, Japan). 

3. Results 

3.1. Structure of chimeric RNA involving ASTN2 and PAPPA and possible 
mechanisms of its formation 

We previously demonstrated that one of ESCC-enriched chimeric 
RNAs involved the ASTN2 and PAPPA genes [7]. ASTN2, PAPPA, 
PAPPA-AS1 and PAPPA-AS2 are genes in close proximity on chromo-
some 9 (Fig. 1B). PAPPA is on the plus strand of chromosome 9, while 
ASTN2, PAPPA-AS1 and PAPPA-AS2 are on the minus strand. The 
nucleotide sequence of the cDNA of the chimeric RNA consists of the 
full-length coding sequence of the ASTN2 gene, the subsequent nucle-
otide sequence corresponds to the antisense strand of part of 18th intron 
of the PAPPA gene (i.e., 5′-AGCCAGTGTCCTGGGCTAAACACAA-
GAGTGCTGATTCCCACTGTAAGTTACAGTGAA-
GAACTTCTGCTATCTGAGGGCATGTGTTTTCATCTTCAAAAAAGGATG-
GACAGTCCCCATGAACCTTCCCTCTCCAACCACA-

CAGGCCTTGCTTCTGGACATGCAGTGA-
TAACTCTCTGTTTGCTGGATGAAGATCATGTTGGCTCTATGCACATTC-
AGATAACCTTCTACACCAGACACCCCTGG-3′ as determined 
experimentally by RT-PCR sequencing). This chimeric mRNA is pre-
dicted to be translated into a protein that has the N-terminal portion of 
the full-length ASTN2 protein, and the subsequent 81 new amino acids 
at the C-terminal portion are in a novel sequence that does not corre-
spond to any part of the PAPPA protein. Therefore, we refer to this 
chimeric RNA as ASTN2-PAPPAantisense chimeric RNA (A-PaschiRNA) 
hereafter. 

Since PAPPA is on the plus strand of DNA and ASTN2 is on the minus 
strand of chromosome 9 DNA in a head-to-head configuration, several 
possibilities for the mechanism of formation of A-PaschiRNA remain:  

a) Transcription read-through of ASTN2 with splicing of the RNA 
transcript to result in A-PaschiRNA.  

b) Transcription read-through of PAPPA-AS1 such that the transcript 
contains the antisense portion of 18th intron of PAPPA. Then, cis- 
SAGe or trans-splicing of ASTN2 transcript and the elongated 
PAPPA-AS1 can result in A-PaschiRNA. 

To clarify whether A-PaschiRNA is generated from a fusion chimeric 

Fig. 1. A-PaschiRNA is generated through 
transcription-induced mechanisms and cor-
relates with clinical outcomes. (a) Upper 
panel: diagram of the intergenic region be-
tween the RNA junction of ASTN2 and the 
antisense strand of PAPPA. Black boxes 
represent the chimeric RNA exons. Six 
primer pairs were used to scan the 56.8 kb 
intergenic region by long-range PCR. The 
expected product sizes were indicated below 
the diagram. Lower panel: results of long- 
range PCR. Results from two ESCC patients 
(145C and 142C), the matched benign 
esophageal tissues (145 N and 142 N), and 
normal human genomic DNA from Promega 
(ctrl) were shown. (b) Schematic diagram of 
the A-PaschiRNA (upper panel). Coding 
exons were represented by tall blocks; in-
trons, horizontal lines; and 5′- and 3′-UTR, 
short blocks. Arrows indicated the direction 
of transcription of parental genes. Tran-
scription read-through and splicing pro-
duced a chimeric mRNA with substitution of 
the 3′-UTR of ASTN2 with the antisense 
strand of part of 18th intron of the PAPPA 
gene. Splice junctions were shown in capital 
letters. Sequences in blue were from ASTN2; 
purple, from PAPPA. Black line and blue 
letters indicated the ASTN2 fragment and 
black line and red letters indicated PAPPA 
fragment (lower panel). (c) Hematoxylin & 
eosin (H&E) staining identified cancer mass 
with intense purple color in cancerous 
esophageal epithelium (ESCC), which was 
largely absent in non-neoplastic esophageal 
epithelium (Normal). Hybridization with 
antisense RNA probe revealed the location of 
A-PaschiRNA with dark maroon color in 
ESCC but not Normal. s: stromal; c: cancer. 
Scale bar = 100 μm. (d) Kaplan-Meier anal-
ysis showed that the OS was significantly 
better in patients without A-PaschiRNA than 
those with A-PaschiRNA (P < 0.001, log rank 
test). (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this article.)   
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gene or simply produced through RNA processing events, we performed 
long-range PCR on the genomic DNA isolated from patients’ tissues that 
expressed the corresponding chimeric RNA. The assay yielded indistin-
guishable product sizes between ESCC tissue, matched benign tissue, 
and normal human genomic DNA control, indicating that there were no 
apparent DNA rearrangements in ESCC tissues to a large degree that is 
detectable by long-range PCR (Fig. 1A). Intriguingly, the genomic 
nucleotide sequence immediately downstream of the ASTN2 sequence in 
the chimeric RNA and the genomic nucleotide sequence immediately 
upstream of the antisense portion of 18th intron of the PAPPA contains a 
discernable 5′ splice site and a 3’ splice site at the RNA junction, 
respectively (Fig. 1B). This evidence strongly suggests that A-PaschiRNA 
results from RNA splicing. 

Because the transcription of a chimeric RNA generated by read- 
through/splicing is controlled by the promoter of the 5′ parental gene, 
the higher level of chimera in cancer raised the question if this is because 
that the 5′ parental genes (ASTN2) is over-expressed in ESCC? To answer 
this question, we analyzed the available ESCC microarray gene expres-
sion database. By retrieving data from Oncomine, we found that the 5′

parental gene ASTN2 was over-expressed in cancer tissue vs. matched 
benign tissue (fold change = 3.4) while the expression of 3’ parental 
gene PAPPA remained unchanged (Supplementary Fig. 1A). Moreover, 
there was a positive correlation between the number of copies of A- 
PaschiRNA and the level of mRNA gene expression of ASTN2 (Pearson 
correlation: r = 0.6374, P = 0.0002), but not any significant correlation 
between A-PaschiRNA and PAPPA (r = 0.1713, P = 0.3655) (Supple-
mentary Fig. 1B). This positive correlation suggested that the generation 
of A-PaschiRNA might be related to the promoter activity for ASTN2 
transcription. 

Collectively, the observed splice site at RNA junctions, and the lack 
of evidence of large-scale DNA-level rearrangements, together with the 
fact that these paired genes are adjacent genes in the genome, suggests 
that the chimera is likely generated by transcription read-through fol-
lowed by splicing at the RNA level. 

3.2. A-PaschiRNA level correlates with tumor progression and predicts 
clinical outcomes of ESCC patients 

To determine the cellular origin localization of A-PaschiRNA within 
ESCC, we performed in situ hybridization using antisense probes against 
the chimeric junctions and segments specific to A-PaschiRNA, revealing 
that the expression of A-PaschiRNA is largely restricted to cancer cells in 
patient tumors and undetectable in non-neoplastic esophageal tissue 
(Fig. 1C). To explore the clinical importance of A-PaschiRNA in cancer, 
we performed RT-qPCR assay to validate the prevalence of A-PaschiRNA 
in 78 ESCC patients and correlated its expression with clinicopatho-
logical parameters. Aberrant A-PaschiRNA was associated with histo-
logic differentiation and lymph node metastasis (P < 0.001 and P =
0.014, respectively; Table 1) but without significant statistical correla-
tion with any other clinicopathological indicators. Importantly, Kaplan- 
Meier analysis showed patients with A-PaschiRNA-expressed ESCC were 
associated with poorer prognosis (P < 0.001, log rank test; Fig. 1D) and 
multivariate Cox regression analysis revealed that A-PaschiRNA was an 
independent prognostic factor for overall survival of patients (hazard 
ratio [HR] 4.08; 95% confidence interval [CI] 1.81 to 9.18; P = 0.001; 
Table 2). Together, these data demonstrated that A-PaschiRNA was of 
prognostic importance, suggesting that A-PaschiRNA might possess a 
promoting role in ESCC malignancy. 

3.3. A-PaschiRNA promotes ESCC cell metastasis and stemness through 
modulating OCT4 

In accordance with A-PaschiRNA expression in ESCC patients, RT- 
qPCR assay demonstrated that in 6 out of 14 ESCC cell lines the tran-
scription of A-PaschiRNA was restricted to ESCC cell lines and unde-
tectable in 4 immortalized normal esophageal epithelial cell lines 

(Fig. 2A). To gain insights into the potential role of A-PaschiRNA in ESCC 
progression, we constructed stable A-PaschiRNA overexpression (A-Pas) 
and A-PaschiRNA knockdown (shA-Pas) cells using HKESC-2 and HKESC- 
3 respectively. Cell proliferation monitored by RTCA showed that either 
depletion or overexpression of A-PaschiRNA did not obviously affect cell 
proliferation in both cells, compared with the control cells (Fig. 2B). 
Notably, A-PaschiRNA depletion drastically suppressed cell migration 
and invasion (P < 0.05 and P < 0.001, respectively; Fig. 2C), while A- 

Table 1 
Relationship between A-PaschiRNA mRNA expression and clinicopathologic 
variables in human ESCC.  

Variables n A-PaschiRNA P 

Present, No. 
(%) 

Absent, No. 
(%) 

Patients 78 24 (30.8) 54 (69.2)  
Gender 
Male 62 22 (35.5) 40 (64.5) 0.076 
Female 16 2 (12.5) 14 (87.5)  
Age (years) 78 57.58 ± 7.46 59.85 ± 8.36 0.132 
Esophageal location 
Upper/Middle 69 21 (25.0) 48 (75.0) 0.859 
Lower 9 3 (31.8) 6 (68.2)  
Largest tumor dimension 

(cm) 
78 6.05 ± 1.54 5.59 ± 1.25 0.215 

Histological differentiation 
Well 19 5 (26.3) 14 (73.7) <0.001 
Moderately 44 7 (15.9) 37 (84.1)  
Poorly 15 12 (80.0) 3 (20.0)  
Tumor depth 
T1/T2 14 4 (28.6) 10 (71.4) 0.844 
T3/T4 64 20 (31.2) 44 (68.8)  
Lymph node metastasis 
Negative 39 7 (17.9) 32 (82.1) 0.014 
Positive 39 17 (43.6) 22 (56.4)  
Stage 
I/II 26 6 (23.1) 20 (76.9) 0.298 
III 52 18 (34.6) 34 (65.4)  

P value by chi-square test. 

Table 2 
Univariate and multivariate Cox proportional hazards model predicting survival 
in ESCC.  

Variables Univariate 
analysis  

Multivariate analysis 

HR (95% CI) P HR (95% CI) P 

Age (years) 
>60 vs. ≤60 0.92 (0.48–1.75) 0.792 1.10 

(0.53–2.30) 
0.802 

Gender 
Male vs. Female 0.95 (0.39–2.31) 0.913 0.85 

(0.32–2.23) 
0.733 

Histological differentiation 
Poor vs. Well/ 

Moderate 
0.87 (0.44–1.69) 0.280 0.74 

(0.28–1.96) 
0.547 

Largest tumour dimension 
>5 cm vs. ≤ 5 cm 1.15 (0.59–2.24) 0.690 0.72 

(0.33–1.56) 
0.402 

Location of tumors 
Upper/Middle vs. 

Lower 
0.90 (0.35–2.34) 0.835 1.28 

(0.38–4.31) 
0.685 

Tumor depth 
T3/T4 vs. T1/T2 0.88 (0.37–2.12) 0.780 0.39 

(0.12–1.25) 
0.114 

Lymph node metastasis 
Positive vs. Negative 2.14 (1.05–4.35) 0.036 2.25 

(0.73–6.99) 
0.161 

Tissue A-PaschiRNA level 
Present vs. Absent 4.91 (2.47–9.73) <0.001 4.08 

(1.81–9.18) 
0.001 

HR, hazard ratio; CI, confidence interval. 
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PaschiRNA overexpression acted inversely, as monitored by RTCA (P <
0.05 and P < 0.001 respectively; Fig. 2D). These data collectively 
demonstrated that A-PaschiRNA possessed a promoting role for ESCC 
metastatic potency. Since our clinical analysis revealed the association 
of A-PaschiRNA with ESCC differentiation, we speculated that the role of 
A-PaschiRNA is involved by cancer stemness that is associated with 

differentiation/dedifferentiation and cell plasticity [23]. Stemness of 
cancer cells lead to enhanced plasticity and play important roles in 
cancer cell spreading and metastasis [23,24]. Therefore, we further 
investigated A-PaschiRNA’s effect on ESCC stemness. The aforemen-
tioned cells were subjected to spheroid formation assay, and the results 
showed that A-PaschiRNA depletion or A-PaschiRNA overexpression 

Fig. 2. A-PaschiRNA promotes ESCC cell metastatic potency and cancer stemness. (a) The mRNA levels of A-PaschiRNA in a panel of ESCC cell lines and four 
immortalized esophageal epithelial cell lines were measured by RT-qPCR. (b) Proliferation of A-PaschiRNA-knockdown HKESC-3 (HKESC-3-shA-Pas) cells (left panel) 
and A-PaschiRNA-overexpression HKESC-2 (HKESC-2-A-Pas) cells (right panel) were monitored by the xCELLigence RTCA dual-plate (DP) system for 90 h. (c) 
Migration (left panel) and invasion (right panel) of HKESC-3-shA-Pas cells were monitored by the xCELLigence RTCA DP system for 12 h and 30 h, respectively. (d) 
Migration (left panel) and invasion (right panel) of HKESC-2-A-Pas cells were monitored by the xCELLigence RTCA DP system for 12 h and 30 h, respectively. (e) 
Representative images of spheres formed by HKESC-3-shA-Pas cells (left panel) or HKESC-2-A-Pas cells (right panel). Scale bars: 100 μm. Histograms showing the fold 
change in the number of spheres formed by the indicated cells. (f) Flow cytometry analysis of the CD44+ population in HKESC-3-shA-Pas cells (left panel) and HKESC- 
2-A-Pas cells (right panel). (g) Immunofluorescent staining of CD44 in the above-mentioned cells. CD44 was labeled in green and nuclei were stained with DAPI 
(blue). Scale bars: 40 μm. Data are shown as the means of three independent experiments or representative data. Error bars indicate SD. N.S., not statistically 
significant. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

L. Wang et al.                                                                                                                                                                                                                                   



Cancer Letters 501 (2021) 1–11

6

inhibited or promotes sphere-forming ability, respectively (Fig. 2E). 
Furthermore, depletion of A-PaschiRNA decreased the proportion of cells 
labeled with CD44, an ESCC stemness marker [17], while over-
expression of A-PaschiRNA significantly increased the proportion of 
CD44+ cells (Fig. 2F). Consistently, the misexpression of CD44 regulated 
by A-PaschiRNA was confirmed by immunostaining (Fig. 2G). Together, 
these results suggested that A-PaschiRNA possessed property of pro-
moting metastatic potency and enhancing cancer stemness in human 
ESCC. 

To understand the mechanism for A-PaschiRNA-regulated ESCC 
cancer stemness, we conducted an ExProfile qPCR Array that contains 
87 known stemness-related genes. 42 genes were downregulated by A- 
PaschiRNA depletion (more than 2.0 folds) in HKESC-3-shA-Pas versus 
HKESC-3-shCtrl cells and the 15 genes were upregulated by A- 
PaschiRNA overexpression (more than 2.0 folds) in HKESC-2-A-Pas 
versus HKESC-2-vector cells (Fig. 3A). The overlapping region of Venn 
diagram represented A-PaschiRNA-regulated genes: OCT4, SOX2, KLF4, 
KLF5, and CD90 (Fig. 3B). RT-qPCR validated that only OCT4, not the 
other four, was significantly down- and up-regulated by A-PaschiRNA 
depletion and overexpression, respectively (P < 0.001; Fig. 3C). 
Immunoblotting further confirmed that A-PaschiRNA regulated OCT4 
expression in ESCC cells (Fig. 3D), suggesting that OCT4 was a crucial 
downstream stemness signature that mediated A-PaschiRNA-promoted 
ESCC phenotypic characteristics. 

3.4. A-PaschiRNA enhances stemness and lymph node metastasis in vivo 

To investigate A-PaschiRNA-OCT4 axis on cancer stemness and 
metastatic potency in vivo, we inoculated HKESC-2-A-Pas, HKESC-2-A- 
Pas-shOCT4, and HKESC-2-vector cells into flanks of nude mice. A- 
PaschiRNA-overexpressing tumors grew faster than the vector tumors 
did (Fig. 4A). The excised tumors with A-PaschiRNA overexpression 
were robustly heavier and bigger than the vector tumors when the mice 
were scarified at the end of the experiment (P < 0.001; Fig. 4B, left 
panel). OCT4 deletion remarkably reversed A-PaschiRNA-induced tumor 
growth (Fig. 4A and B). Immunostaining with anti-CD44 antibody sup-
ported that A-PaschiRNA overexpression enhanced the stemness of pri-
mary tumor and the effect of A-PaschiRNA was attenuated by depletion 
of OCT4 (Fig. 4C). 

To further investigate the effect of A-PaschiRNA on lymph node 
metastasis, aforementioned cells were labeled with luciferase and 

injected into the flanks of nude mice, which enabled us to monitor the 
inguinal lymph node metastasis. Mice subcutaneously injected with A- 
PaschiRNA overexpressing cells developed larger metastatic lesions in 
inguinal lymph node, than those with vector cells. OCT4 deletion 
repressed A-PaschiRNA-induced metastatic potency (Fig. 4D). Of note, 
immunostaining of inguinal lymph nodes isolated from mouse model 
showed that greater proportion of CD44+ cancer cells were enriched in 
metastatic lesions from mice subcutaneously injected with A-PaschiRNA 
overexpression cells, compared with those with vector cells. OCT4 
deletion repressed A-PaschiRNA-enhanced CD44+ cancer cells in meta-
static lesions (Fig. 4E). These results suggested that A-PaschiRNA was 
able to enhance ESCC cancer stemness and promoted metastasis through 
modulating OCT4. 

3.5. ERK5-mediated non-canonical PAF1 is required for A-PaschiRNA- 
promoted cancer stemness 

The Polymerase II–associated factor 1 (PAF1) complex (PAF1C), 
which consists of 5 subunits (PAF1, CDC73, CTR9, LEO1, and SKI8), 
plays vital roles in gene regulation, and is significantly associated with 
the development of human diseases [25,26]. PAF1C modulates the 
release of paused Pol II into productive nucleotide chain elongation [25, 
27,28]. PAF1 loss leads to aberrant, prematurely terminated transcripts 
and diminution of full-length transcripts [29]. Recently, increasing ev-
idence has demonstrated that PAF1, in a PAF1C independent manner, 
has distinct roles in the maintenance of embryonic stem cells (ESCs) and 
cancer stem cells (CSCs), and in lineage differentiation [30,31]. Elevated 
expression of PAF1 maintains cancer stemness population and induces 
tumorigenesis and metastasis in pancreatic and ovarian cancer [30,32, 
33]. Therefore, a non-canonical function of PAF1, which is 
complex-independent, is emerging to be linked to cancer stemness. 

The role of PAF1 independent on PAF1C in tumorigenesis and 
maintenance of CSCs-like properties has been emerged [30]. Enhanced 
PAF1 is accompanied by elevated expression of self-renewal markers (i. 
e., OCT4, SHH, CD44 and CTNNB1 (β-catenin)) [34]. Knockdown Paf1 
led to a decreased expression of Oct4 and other pluripotency markers, 
accompanied by a loss of mouse embryonic stem cells (ESCs) 
self-renewal and subsequent differentiation [31]. Gene Expression 
Omnibus (GEO) dataset (GSE33426) showed higher PAF1 mRNA levels 
in ESCC compared with their paired normal adjacent tissues (P < 0.01; 
Supplementary Fig. 2A). Furthermore, Pearson correlation analysis 

Fig. 3. A-PaschiRNA upregulates OCT4 expression. 
(a) Heat map showed fold change expression of 
stemness signatures in HKESC-3-shA-Pas cells (left 
panel) or HKESC-2-A-Pas cells (right panel) based on 
PCR array. (b) Venn diagram showed the overlap of 
42 stemness-related genes downregulated by A- 
PaschiRNA depletion (red), 15 stemness-related genes 
upregulated by A-PaschiRNA overexpression (blue). 
Numbers in the overlapping region of Venn diagram 
represent A-PaschiRNA-regulated genes: OCT4, 
SOX2, CD90, KLF4 and KLF5. (c) The mRNA levels of 
five genes (OCT4, SOX2, CD90, KLF4 and KLF5) in 
HKESC-3-shA-Pas cells (left panel) or HKESC-2-A-Pas 
cells (right panel) were determined by RT-qPCR. (d) 
The protein levels of OCT4 in HKESC-3-shA-Pas cells 
(left panel) or HKESC-2-A-Pas cells (right panel) were 
determined by immunoblotting. β-actin was used as 
an internal control. Data are shown as the means of 
three independent experiments or representative 
data. Error bars indicate SD. N.S., not statistically 
significant. *P < 0.05, **P < 0.01, ***P < 0.001 by 
Student’s t-test. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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revealed a significant positive correlation between PAF1 and OCT4 in 
the GSE33426 dataset (r = 0.4792 and P = 0.0001; Supplementary 
Fig. 2B). GSEA on dataset GSE29001 and GSE33426 indicated that PAF1 
was positively associated with stemness as well as metastasis signatures 
(P = 0.032, FDR = 0.415; P = 0.008, FDR = 0.512, respectively; Sup-
plementary Fig. 3A and B). We therefore hypothesized that A-PaschiRNA 
could upregulate PAF1 expression, while PAF1 functions in a 
PAF1C-independent way subsequently increases the expression of 
OCT4. Expression of PAF1 was remarkably down- or up-regulated by 
A-PaschiRNA depletion or overexpression, respectively, as revealed by 
RT-qPCR and immunoblotting analysis (P < 0.001 for all, Fig. 5A and B). 
Moreover, cells stably expressing the shRNA of PAF1 largely reversed 

the OCT4 upregulation induced by A-PaschiRNA (P < 0.01; Fig. 5C). In 
addition, spheroid formation assay showed that PAF1 depletion suc-
cessfully reversed the increase in sphere-forming ability induced by 
A-PaschiRNA overexpression (Fig. 5D). These data suggested that 
A-PaschiRNA upregulated OCT4 and subsequently promoted cancer 
stemness depending on non-canonical PAF1 activity. 

Next, we exploded the possible mechanism that bridges A-PaschiRNA 
to PAF1. Sanger sequencing confirmed that A-PaschiRNA is translated 
into a protein that has the N-terminal portion of the full-length ASTN2 
protein and the subsequent 81 new amino acids at the C-terminal 
portion are in a novel sequence that does not correspond to any part of 
the PAPPA protein (Fig. 1B). In addition, ribosomes were extracted from 

Fig. 4. A-PaschiRNA enhances stemness and 
lymph node metastasis in vivo. (a) Tumor 
growth curves showed the measure tumor 
volumes over time (n = 10). (b) Represen-
tative tumors (left panel) and the bar charts 
of the weights (right panel) of all tumors 
harvested at the end of the experiments were 
shown. (c) Immunofluorescent staining of 
CD44 in tumors derived from mice models 
were shown. Scale bars: 100 μm. (d) Biolu-
minescence imaging of the inguinal lymph 
nodes extracted from mice (n = 10) were 
shown. (e) H&E (left panel) and immuno-
fluorescence staining of CD44 (right panel) 
in lymph nodes isolated from mice were 
shown. Data are shown as the means of three 
independent experiments or representative 
data. Error bars indicate SD. ***P < 0.001 by 
Student’s t-test or one-way ANOVA with post 
hoc intergroup comparisons; in each group.   

Fig. 5. A-PaschiRNA enhances OCT4 expression via 
up-regulation PAF1. (a) The mRNA and protein levels 
of PAF1 in HKESC-3-shA-Pas cells were determined 
by RT-qPCR (left panel) and immunoblotting (right 
panel). (b) The mRNA and protein level of PAF1 in 
HKESC-2-A-Pas cells were determined by RT-qPCR 
(left panel) and immunoblotting (right panel). (c) 
The mRNA and protein level of OCT4 in HKSEC-2 
cells stably transfected with A-Pas-expressing plasmid 
or co-transfected with A-Pas and shPAF1 were deter-
mined by RT-qPCR (left panel) and immunoblotting 
(right panel). (d) Immunofluorescent staining of 
CD44 in HKSEC-2 cells stably transfected with A-Pas- 
expressing plasmid or co-transfected with A-Pas and 
shPAF1 was shown. Scale bars: 100 μm. Data are 
shown as the means of three independent experi-
ments or representative data. Error bars indicate SD. 
**P < 0.01, ***P < 0.001 by Student’s t-test.   
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HKESC-3 cells and HKESC-2 cells. PCR was further performed and the 
results showed A-PaschiRNA expression was detected in the ribosomes of 
HKESC-3 cells, suggesting that A-PaschiRNA can be translated into 
proteins (Supplementary Fig. 4A). Previous study has reported that the 
ASTN2 contains three EGF-like domains. Thus, we predicted that A- 
PaschiRNA translated into a fusion protein contained three EGF-like 
domains and had a near identical size to the ASTN2 parental protein 
(Supplementary Fig. 4B). We then speculated that A-PaschiRNA exerted 
EGF-like actions by modulating its downstream molecules to regulate 
cancer stemness. Among the known downstream molecules activated by 
EGF, ERK5 signaling has been reported to be important for promoting 
cancer stemness and regulating OCT4 [35,36]. Based on the proposed 
mechanism of the nucleocytoplasmic transport of ERK5 [36,37], phos-
phorylation of the N-terminal TEY sequence of ERK5 causes the acti-
vation of ERK5, resulting in autophosphorylation of its C-terminal 
region [38]. p-ERK5 in turn enters the nucleus to increase the tran-
scription activity of target molecules [37]. Moreover, analysis of a set of 
samples from the Oncomine database which includes 53 ESCC speci-
mens revealed that the mRNA levels of ERK5 were significantly elevated 
in ESCC compared to their paired adjacent normal tissues (P < 0.001; 
Supplementary Fig. 5). Furthermore, GSEA on dataset GSE20347 and 
GSE43519 indicated that ERK5 was positively associated with stemness 
and metastasis signatures, respectively (P < 0.0001, FDR = 0.645; P =
0.044, FDR = 0.929, respectively; Supplementary Fig. 6A and B). 
Immunoblotting analysis showed that A-PaschiRNA deletion in 
HKESC-3 cells effectively suppressed the expression of p-ERK5 as well as 
p-EGFR, PAF1 and OCT4 (Fig. 6A). Conversely, A-PaschiRNA over-
expression in HKESC-2 cells was accompanied by increased the 
expression of p-ERK5 as well as p-EGFR, PAF1 and OCT4 as compared 
with control (Fig. 6B). To test the hypothesis that EGF-like domain is 
required for A-PaschiRNA-activated ERK5, EGF-like domains were 
deleted in HKESC-2-A-Pas cells (A-Pas-△EGF). A-Pas-△EGF abolished 
A-Pas-regulated the expression of PAF1 as well as p-EGFR, p-ERK5 and 
OCT4 (Fig. 6B). These results were further validated by ERK5 deletion or 
ERK5 inhibitor in HKESC-2 cells with A-PaschiRNA overexpression. 
ERK5 knockdown or inhibition drastically rescued A-PaschiRNA-induced 
PAF1 and OCT4 upregulation (Fig. 6C–F). These data suggested that 
A-PaschiRNA activated ERK5 that upregulated PAF1, subsequently 
enhancing OCT4 expression and increasing cancer stemness. Together, 
these results suggested that ERK5-medicated non-canonical PAF1 ac-
tivity was required for A-PaschiRNA-promoted cancer stemness 
(Fig. 6G). 

4. Discussion 

In this study, we further characterized a chimeric RNA (A- 
PaschiRNA) that was enriched in human ESCC but not in matched 
adjacent non-malignant esophagus. The increased level of this chimeric 
RNA correlated with cancer progression and poor prognosis. Further-
more, A-PaschiRNA promoted the spread of ESCC cells to lymph nodes 
and enhanced stemness through modulating OCT4 both in vitro and in 
vivo. Mechanistically, ERK5-mediated non-canonical PAF1 activity was 
essential for A-PaschiRNA-induced cancer stemness. 

To clarify the generation of A-PaschiRNA, we performed the long- 
range PCR on the genomic DNA, and the absence of size differences 
between cancer and normal control indicated that there were no large- 
scale DNA rearrangements. However, a more definitive way to evaluate 
the possibility of genomic changes (deletion, inversion, and trans-
location) forming a chimeric gene to produce A-PaschiRNA is deep whole 
genome sequencing. Until we have the results of genome sequencing, 
this possibility remains. However, the positive correlation of A- 
PaschiRNA copy number with ASTN2 gene expression level suggested 
that A-PaschiRNA formation was under the influence of ASTN2 gene 
promoter activity. The presence of RNA splice sites on the genomic DNA 
at the chimeric RNA junction supported the involvement of RNA splicing 
in the process of forming A-PaschiRNA. Cis-splicing of adjacent genes 

(cis-SAGe) is a RNA processing event that occurs within a single pre- 
mRNA, where the transcription machinery reads through the inter-
genic regions of two neighboring genes and is further spliced at the 
exons to create the final fusion product [39,40]. Therefore, two likely 
possible mechanisms remain: 1) transcription read-through of ASTN2 all 
the way through PAPPA-AS1 to beyond the antisense portion of 18th 
intron of PAPPA with cis-splicing of the pre-RNA to result in 
A-PaschiRNA; 2) transcription read-through of PAPPA-AS1 such that the 
transcript contains the antisense portion of 18th intron of PAPPA with 
trans-splicing of ASTN2 pre-RNA and the elongated PAPPA-AS1 pre--
RNA to produce A-PaschiRNA. To the best of our knowledge, the 
currently reported A-PaschiRNA could be the first chimeric RNA derived 
from the splicing of exons and intron antisense of two neighboring 
genes, respectively. 

A-PaschiRNA is expected to be translated into a protein with the N- 
terminal portion of the full-length ASTN2 protein and a novel sequence 
of 81 amino acids at the C-terminus. The cDNA sequence fused into A- 
PaschiRNA that coded for these C-terminal amino acids is derived from 
the antisense strand of the 18th intron of PAPPA. In this project, we have 
examined the biological function of this novel protein in the context of 
cancer stemness in ESCC. 

OCT4, SOX2, KLF4, CMYC, and NANOG are the core transcription 
factors that regulate pluripotency and stemness, and their ectopic 
expression in human and murine fibroblasts induces pluripotent stem 
cell formation [41,42]. Among these transcription factors, OCT4 is well 
established as a master factor controlling the self-renewal and pluripo-
tency of cancer stem cells [43]. Previous studies have reported that 
elevated OCT4 expression not only promotes EMT, invasion, and 
migration of ESCC cells, but also acts as a predictor of poor prognosis in 
ESCC patients [44]. In this study, we revealed that A-PaschiRNA un-
regulated OCT4 expression to enhance ESCC cancer stemness, and 
promote metastatic potency in vitro and ESCC cells spreading to lymph 
in vivo. This is the first report that the abnormal expression of chimeric 
RNA is described to induce the characteristics of the cancer stem cells. 
Further investigation is required to clarify the role of fusion protein 
encoded by A-PaschiRNA to the molecular mechanisms underlying the 
connection between A-Pas fusion protein and the cancer stemness. 

Emerging evidence suggests that ERK5-mediated signaling promotes 
the cancer stemness and metastasis in a wide variety of cancers 
including breast, colon, lung and prostate cancers [36,45–47]. ERK5 is 
activated by several extracellular stimuli, such as stress and growth 
factors, and has an important role in several cellular responses [36]. 
Previously study reported that treatment with hormone elicits recruit-
ment of p-ERK5 and PAF1 to the TSS of 17β-estradiol-regulated genes 
and regulation of gene expression, especially of genes that control cell 
proliferation in breast cancer [48]. Our study found that the translation 
product of the A-PaschiRNA possessed EGF-like domains, which upre-
gulated PAF1 via ERK5 to promote cancer stemness characteristics. 
ERK5 activation serves as a bridge to link A-PaschiRNA and PAF1. PAF1 
is involved in many important cellular events, particularly those related 
to self-renewal and pluripotency, and its deregulation is associated with 
cancer stemness [30]. Previous studies reported that the importance of 
non-canonical PAF1 in maintenance of self-renewal of CSCs implicate 
PAF1 as an attractive target for combating CSC-mediated tumor pro-
gression and recurrence [33]. Thus far, no relationship has been estab-
lished between ESCC cancer stem-like phenotypes and non-canonical 
PAF1 activity. Here, we demonstrated that ERK5-medicated non-ca-
nonical PAF1 activity could contribute to the maintenance of a stem-like 
population in ESCC. A-PaschiRNA activates ERK5 that upregulates PAF1, 
subsequently enhancing OCT4 expression and increasing cancer stem-
ness. Future studies are necessary to evaluate the impact of A-PaschiR-
NA-promoted ESCC stemness using multi-level verification (i.e., 
patient-derived in vitro and in vivo models, genetically engineered 
mouse models). 

In summary, this study defined for the first time that the A- 
PaschiRNA aggravates cancer progression and cancer cell spreading. The 
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Fig. 6. ERK5-medicated non-canonical PAF1 activity is required for A-PaschiRNA-promoted cancer stemness. (a) Immunoblotting of p-EGFR, EGFR, p-ERK5, ERK5, 
PAF1, OCT4 in HKESC-3-shA-Pas cells incubated with or without EGF was shown. (b) Immunoblotting of p-EGFR, EGFR, p-ERK5, ERK5, PAF1, OCT4 in HKESC-2- 
vector, HKESC-2-A-Pas, HKESC-2-A-Pas-△EGF incubated with or without EGF was shown. (c) RT-qPCR of PAF1 (left panel) and OCT4 (right panel) in HKESC-2- 
vector, HKESC-2-A-Pas, HKESC-2 cells co-transfected with A-Pas and shERK5 was shown. (d) Immunoblotting of p-ERK5, ERK5, PAF1, OCT4 in HKSEC-2 cells sta-
bly transfected with A-Pas plasmid or co-transfected with A-Pas and shERK5 was shown. (e) RT-qPCR of PAF1 (left panel) and OCT4 (right panel) in HKESC-2-A-Pas 
cells incubated with or without ERK5 inhibitor. (f) Immunoblotting of p-ERK5, ERK5, PAF1, OCT4 in HKESC-2-A-Pas cells incubated with or without ERK5 inhibitor 
was shown. (g) Schematic summary of the role of ASTN2-PAPPAas in esophageal squamous cell carcinoma. Data are shown as the means of three independent 
experiments or representative data. Error bars indicate SD. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test. 
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currently reported A-PaschiRNA could be the first chimeric RNA derived 
from the splicing of exons and intron antisense of two neighboring 
genes, respectively. Our data also illustrate that A-PaschiRNA acts as a 
prognostic marker for poor survival in ESCC. 
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