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ABSTRACT

Long noncoding RNA (IncRNA) cancer susceptibility 9 (CASC9) has been found to be overexpressed and functions as an oncogene in many cancer
types. We investigated the molecular mechanism underlying CASC9 overexpression in esophageal squamous cell carcinoma (ESCC). Transcripts
containing exons 2 and 6 and exons 4 and 6 showed the highest CASC9 expression levels in ESCC, no transcripts were detected in the normal
esophageal epithelial Het1A cell line. The Long Interspersed Nuclear Element-1 (LINE1 or L1) element in the genome was found to participate in the
evolution of IncRNA CASC9, the antisense promoter (ASP) of L1 provides the cis-regulatory elements necessary for CASC9 activation, and the
antisense chain of L1 participates in the formation of exons of CASC9. The activation of the antisense promoter was due to the aberrant hypo-
methylation of L1 elements. An active enhancer element was identified in the downstream region of CASC9 gene by ChIP-seq and ChIP-qPCR. The
interaction between ASP and the enhancer elements was confirmed by chromosome conformation capture (3C). Thus, our results suggest that the L1
ASP activation due to aberrant hypomethylation and downstream enhancer interaction plays a key role in the overexpression of IncRNA CASC9 in
ESCC.

1. Introduction

Esophageal cancer is one of the most common cancers in the world and esophageal squamous cell carcinoma (ESCC) is the pre-
dominant type in China [1]. Despite the constant progress in ESCC treatment, only about 20 % of ESCC patients will survive for 5 years
after diagnosis. It is very important to explore the molecular mechanism of ESCC tumorigenesis.

Recently, important roles of IncRNAs in tumorigenesis and cancer development have been elucidated. Many tumor-related IncRNA
molecules have been identified including MALAT1, HOTAIR, H19, SOXOT, GAS5 and MEG3 [2-4]. They are abnormally expressed in
lung, liver, colon, and breast cancer, as well as nasopharyngeal carcinoma and other tumor tissues, and are involved in the growth,
apoptosis, proliferation and metastasis of many tumor cells [2,3,5]. Using a microarray assay, our group previously found that IncRNA
CASC9 is overexpressed in esophageal squamous cell carcinoma, and CASC9 could promote ESCC growth by negatively regulating
PDCD4 via EZH2 [6]. Overexpression of CASC9 correlates with the degree of malignancy and lymph node metastasis of ESCC and the
pooled prognosis of ESCC patients [7]. Other groups have also demonstrated that CASC9 is overexpressed in liver cancer, gastric
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cancer, nasopharyngeal carcinoma, lung adenocarcinoma, glioma, breast cancer and other tumors, and that CASC9 promotes tumor
growth and metastasis and reduce the sensitivity to antitumor drugs [8-10]. Thus, IncRNA CASC9 is an important noncoding oncogene
that is widely involved in the genesis and development of various tumors. Thus, CASC9 can be used as a potential tumor diagnostic and
prognostic marker, making it important to study the mechanisms underlying its overexpression in cancer.

According to the RepeatMasker annotation in the University of California Santa Cruz (UCSC) Genome Browser, cis-regulatory
elements for CASC9 transcription are located in two L1 elements [11]. In silico analyses revealed that L1 may participate in the
regulation of CASC9. L1 elements are transposable reverse transcription elements with non-long terminal repeats (non-LTR). And it is
the only active autonomous retrotransposable element in the human genome [12]. The full-length L1 element is approximately 6 Kb
long and consists of a 5 'untranslated region (UTR), two open reading frames (ORF1 and ORF2) and a 3’ untranslated region. A
full-length L1 element has two promoters: a sense promoter that transcripts its two ORFs, and an ASP that is transcript in the opposite
direction. The ASP can act as an alternative promoter for surrounding genes. Transposition of L1 rarely occurs under normal cir-
cumstances, but L1 may be activated in many tumors [13]. According to The Cancer Genome Atlas (TCGA) database, abnormal
activation of L1 elements occurs in digestive tract tumors, especially in colon and esophageal cancers [14,15].

Until recently, many researches have been conducted on L1 elements in the human genome that can give rise to illegitimate
transcripts. However, there are no reports on IncRNA transcription controlled by a promoter overlapping with the L1 ASP. In the
present study, we found that the L1 element in the CASC9 region provides an active promoter that is hypomethylated during CASC9
transcription in ESCC. The promoter interacts with an enhancer downstream of CASC9. To our knowledge, this is the first study that to
elucidate the relationship between the methylation status of L1 elements and the expression of alternative transcripts originating from
L1 ASP in ESCC. In particular, our results suggest that L1 ASP acts as an active promoter, producing IncRNA CASC9, which is over-
expressed in ESCC.

2. Materials and methods
2.1. Cell lines and tissue samples

Three esophageal squamous cancer cell lines (EC109, KYSE150, and KYSE450) were purchased from the Cell Bank of Chinese
Academy of Science. Normal human esophageal epithelial cell line (Het-1A) was purchased from ATCC (American Type Culture
Collection). The Short Tandem Repeat (STR) method was used to genotype all cells at the Laboratory of Birth Defects and Reproductive
Health in Chongging China.

EC109, KYSE150 and KYSE450 cells were cultured in RPMI-1640 medium (Hyclone, USA) supplemented with 10 % fetal bovine
serum, 100U/ml penicillin and 0.1 mg/ml streptomycin. Het-1A cell was cultured in BEGM medium (Lonza/Clonetics Corporation). In
order to investigate the methylation statue of L1 elements, the tissue samples were collected. Tumors and adjacent normal tissues were
collected from patients who underwent surgery at the Thoracic and Cardiac Surgery of Southwest Hospital. The tissue samples was
stored in a —80 °C refrigerator. This study was performed with the approval of the Ethics Committee of Army Medical University (Third
Military Medical University), Chongqing, China and with the 1964 Helsinki Declaration.

2.2. Luciferase assay

L1 ASP and serial truncations in the CASC9 region were constructed in the pGL3-basic vector. The primers used for vector con-
struction are listed in Supplementary Table S1. Approximately 1 x 10° cells were seed in 24-well plates. The next day, approximately
250 ng cloned reporter vector was transfected into cancer cells using Lipofectamine 3000 (Invitrogen). After 48 h, the cells were lysed
using passive lysis buffer. The activity of firefly luciferase and Renilla were detected using Dual-Luciferase Reporter Assay System and
the firefly luciferase activity was normalized to Renilla activity. The results are presented as fold-changes compared to the negative
control.

2.3. RNA extraction and RT-qPCR

Total RNA was extracted using RNAiso reagent (Takara, China) according to the manufacturer’ s instructions. Then RNA was
reverse transcribed into complementary DNA (cDNA) for quantification using PrimerScriptTM RT reagent Kit with gDNA Eraser
(Takara) according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed using the SYBR Premix (Takara,
China) on a Bio-Rad CFX96 system. The qPCR primers are listed in Supplementary Table S1. GAPDH was used as an internal control.
The analysis was performed in triplicate.

2.4. Western blotting

Cells were harvested and lysised in RIPA lysis buffer (Beyotime, China) with freshly added PMSF. Total Proteins were separated by
SDS-PAGE and electrotransferred to 0.22-pm PVDF membranes, after blocked with 5 % skimmed milk, membranes were incubated
with primary antibodies overnight at 4 °C and then incubated with a horseradish peroxidase-conjugated secondary antibody. The
antibodies used were anti-LINE-1 ORF1p (Abcam). The membrane was then incubated with ECL chromogenic substrate, and protein
bands were visualized using the ChemiDoc Touch Imaging System (Bio-Rad, USA). GAPDH antibody (KangChen, China) was used as a
control.
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2.5. ChIP PCR and ChIP-Seq

Chromatin immunoprecipitation (ChIP) was performed using the EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit (Mil-
lipore, USA) according to the manufacturers’ instructions. EC109, KYSE150 and Het1A cells were used for the ChIP analysis. Three
replications of samples have been taken to perform ChIP-Seq. Approximately 2 x 10 cells were cross-linked with formaldehyde and
then sonicated to obtain 200-500bp chromatin fragments. Fragmented chromatin was cleared and incubated with 2 mg of anti-
H3K4mel (Millipore, USA), anti-H3K4me3 (Millipore, USA) or anti-rabbit IgG (Millipore, USA) antibody at 4 °C overnight. The
crosslinking was reversed, and the DNA was treated with Proteinase K and RNase A purified using the Qiaquick PCR-purification kit
(Qiagen). Enrichment was tested using qPCR or sequencing. The qPCR primers are listed in Supplementary Table S1. For ChIP-Seq, the
precipitated DNA was repaired by the PNK enzyme, and then ligated to adapters. PCR amplified fragments were sequenced using a
Solexa 1G Genome Analyzer. First, we used FastQC to analyze the quality of the raw reads. Then the fastp software was used to
trimming the raw reads. BWA (Burrows Wheeler Aligner) was used to align the reads to the reference genome accurately [16]. The
ChIP-Seq and data analysis was performed by Novogene China. The data was then converted to UCSC Genome Browser Extensible Data
files.

2.6. Chromosome conformation capture (3C)

To perform 3C, we used the TagMan® 3C Chromosome Conformation Kits (Life technologies, USA) to analyze the three-
dimensional organization of chromosomes in vivo in EC109, KYSE150, and Het1A cells as previously described [17]. Samples were
crosslinked with 2 % formaldehyde for 10 min at room temperature. The reaction was quenched with glycine (0.125 M). Nuclei were
resuspended using the buffer containing 0.3 % SDS and incubated for 1 h at 37 °C, with shaking. The crosslinked DNA was digested
with the restriction enzyme Dpnll overnight. Dpnll was inactivated using 1.6 % SDS and incubating at 65 °C for 20 min. The DNA was
ligated using T4 ligase at 16 °C for 4.5 h. Proteinase K was added to reverse the crosslinked DNA at 65 °C overnight. The samples were
then incubated with RNaseA for 30 min at 37 °C, and the DNA was purified by phenol extraction. The PCR products spanning the
enzyme cut sites of interest were gel-purified, and the DNA concentration was tested using Nanodrop (Thermo, USA). Next, qPCR was
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Fig. 1. Schematic diagram of IncRNA CASC9 gene structure. (A) L1 annotation information is displayed at the top. The black turning arrow
represent the L1 promoter, and the red turning arrow represent the reverse promoter of L1 (ASP). The dashed box below is the six CASC9 transcripts
identified by our group. E1, E2, E3, E4, E5, and E6 represent the corresponding exons. (B) We used BLAST program to compare nucleotide sequences
which we identified in ESCC to sequence databases. The sequences of exon 1 and exon 3 are the same and the sequences of exon 2 and exon 4 are the
same. The exon 2 which we identified is 113bp, which is 17 more bases long at the 5’ end than exon 2 (96bp) contained in the database. The
annotated sequence in the database is marked by yellow. The sequences are identified by our group are marked by blue. Splice sites are in red. (C)
Exon 6 is conserved in primates. Exon 1 and 2 are conserved in human and chimpanzee, while exon 3 and 4 only exist in human genome. Exon 1 and
2 of CASC9 are located in L1PA5, exon 3 and 4 are located in L1PA4, while exon 6 is located in L1 fragments, and the slightly larger one is located in
L1ME. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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performed using the designed primers to quantify the frequency of crosslinking. All primers used for the 3C assay are listed in Sup-
plementary Table S1.

2.7. Bisulfite sequencing PCR

Primers for BSP (bisulfite sequencing PCR) were designed using Methyl Primer Express Software. Bisulfite treatment was performed
on 500 ng of genomic DNA. PCR products were purified by gel electrophoresis and inserted into PMD19-T vectors (Takara) by T-A
cloning. The cloned vector was extracted and sequenced by Sangon Biotech Company, China. The primers are listed in Supplementary
Table 1.

2.8. Pyrosequencing

To determine the methylation rate of the L1 ASP at each CpG site in the CASC9 gene region, a modified pyrosequencing procedure
was performed. The PCR and sequencing primers were designed by using the PyroMark Assay Design software (QIAGEN). The primer
sequences are listed in Supplementary Table S1. The L1 ASP in the CASC9 region was amplified, and the PCR products were bio-
tinylated for downstream pyrosequencing because one of the PCR primers was biotin-labeled. The PCR products were pyrosequenced
by the Sangon Biotech Company (China). Methylation levels at each CpG site were calculated.

2.9. Statistical analysis

All data were analyzed using the GraphPad software (version 7.0, GraphPad Software) and SPSS Statistics software (version 23.0,
IBM). Differences between experimental groups and control groups were assessed by two-tailed Student’ s t-test or one-way ANOVA as
appropriate. All data are shown as the mean + standard error of three independent experiments. A p-value <0.05 was considered to be
statistically significant.
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Fig. 2. The transcript forms of CASC9 in normal esophageal epithelium Het-1A and esophageal squamous cell carcinoma cells (EC109, KYSE450,
KYSE150). (A) The forward and reverse RT-PCR primers were located in exon 1 and exon 6 respectively. The entire image of the gel is shown in
Supplementary Figure S4 (B) The forward and reverse RT-PCR primers were located in exon 3 and exon 6 respectively. The entire image of the gel is
shown in Supplementary Figure S4 (C) The forward and reverse RT-PCR primers were located in exon 2 and exon 6 respectively. Arrow indicates
nonspecific amplification. The entire image of the gel is shown in Supplementary Figure S4 (D) The forward and reverse RT-PCR primers were
located in exon 4 and exon 6 respectively. The entire image of the gel is shown in Supplementary Figure S4 (E) Primer E1F and E6R could detected
the total amount of transcripts contain E1, E6 and E1, E2, E6. Primer E2F and E6R could detected the transcript contains E2, E6. Primer E3F and E6R
could detect the total amount of transcripts contain E3, E6 and E3, E4, E6. Primer E4F and E6R could detected the transcript contains E4, E6.
According to the dissolution curve, there is no any transcripts in Het1A. NTC: Non-Template Control.
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3. Results
3.1. The structure and alternative splicing of CASC9 in ESCC

According to the UCSC database, CASC9 is located in the gene desert of 8q21, and there are no known protein-coding genes within
100 kb upstream and downstream of this gene. There are many long interspersed nuclear elements in this area, including two almost
complete L1 elements with a length of approximately 6 kb. Exons 1 and 2 and exons 3 and 4 are respectively located in the 5-un-
translated region (5 UTR) of two L1 elements. The two ASPs are located upstream of exons 2 and 4 of CASC9 (Fig. 1A). Therefore, the
ASP of L1 may regulate the transcription of CASC9. We identified six CASC9 transcripts using RT-PCR and clone sequencing. Then we
used the Basic Local Alignment Search Tool (BLAST) program to compare the nucleotide sequences identified in ESCC with sequence
databases [18]. Transcripts containing exons 1, 2, and 6 and those containing exons 3, 4, and 6 were identified by our research group
for the first time and were not previously included in the databases. Very high similarity (85 %) was found between exons 2 and 4. The
exon 2 sequence we identified is 113 bp and is 17 bases longer at the 5' end than exon 2 (96bp) contained in the databases, and the rest
of the sequences are identical. Moreover, we identified exon-intron splicing sites located in the intron region, while non-classical splice
sites were identified in the introns for the 96 bp variant of exon 2. Therefore, we indicated that the 5’ end of exon 2 containing the 96 bp
sequence annotated in the database is not complete, and the 113 bp exon 2 and the 125 bp exon 4 sequences are the complete exons of
CASC9 (Fig. 1B).

According to evolutionary conservation analysis, we found that the exons of CASC9 are conserved to different degrees. Exon 6 is
conserved among primates, exons 1 and 2 are conserved in humans and chimpanzees, and exons 3 and 4 are conserved only in humans.
Exons 1 and 2 of CASC9 are located in L1PAS5, which is a subfamily of L1 elements, exons 3 and 4 are located in L1PA4, and exon 6 is
located in L1 fragments; the slightly longer exon 6 sequence is located in LIME. Therefore, CASC9 sequence conservation was
consistent with the evolution of the L1 elements over time according to location (Fig. 1C). Therefore, we believe that the L1 element in
the genome participated in the evolution of IncRNA CASC9, that the ASPs of L1 may provide the cis-regulatory elements necessary for
CASC9 transcription, and that the antisense chain of L1 participates in the formation of the exons of CASC9.
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Fig. 3. Identification basal promoter and enhancer elements of CASC9 (A) ChIP-qPCR assays were performed in ESCC and HetlA cells using
H3K4me3-specific or IgG antibody. Enrichment of L1 ASPs of CASC9 was measured by qPCR. Data shown are the mean fold increase +SD from two
independent experiments. ** means p < 0.01. (B-C) Luciferase reporter gene expression assays with the L1 ASP region of CASC9 and three trun-
cations. The full length of L1 ASP regions of CASC9 (pGL3-P12-1 or pGL3-P34-1) and truncations (pGL3-P12-2, pGL3-P12-3, pGL3-P12-4, pGL3-P34-
1, pGL3-P34-2, pGL3-P34-3, pGL3-P34-4) was cotransfected into EC109 (B) or KYSE150 (C) cell lines. (D) Distribution of H3K4me enriched peaks in
ESCC specific cells. (E) The genome browser view showed H3K4mel signals in EC109, KYSE150 and Het1A cell lines. The black boxes highlighted
the downstream of CASC9 gene. (F) ChIP assays were performed in ESCC and HetlA cells using H3K4me-specific or IgG antibody. Enrichment of
candidate enhancers of CASC9 was measured by qPCR. (G) Signaling pathways of ESCC cell lines specific enrichment reads analyzed by KEGG.
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3.2. Transcripts and expression of CASC9 isoforms in ESCC

We used RT-PCR and gel electrophoresis to detect the transcript forms of CASC9 in normal esophageal epithelium Het-1A cells and
esophageal squamous cell carcinoma cells (EC109, KYSE450, and KYSE150). EC109 cells had transcripts containing exons 1, 2, and 6,
whereas KYSE150 and KYSE450 had transcripts containing exons 1, 2, 3, 4, and 6. There were no transcripts in the normal esophageal
epithelium Het-1a cells (Fig. 2A-D). RT-qPCR was performed to determine the relative expression levels of CASC9 in ESCC. The results
indicated that two kinds of transcripts were highly expressed in the ESCC cell lines, one wasa transcript consisted of exons 2, 6 detected
by primer E2F and E6R, another was a transcript consisted of exons 4, and 6 detected by primer E4F and E6R Meanwhile, no transcripts
were detected in the Het1A cells (Fig. 2E). So, these results indicated that ESCC cell lines exhibited significantly higher CASC9 level
compared with normal cell line Het-1A.

3.3. Identification of basal promoter and enhancer elements in CASC9

H3K4me3 is a well-known epigenetic marker that occurs in the promoter regions of genes involved in transcriptional activation and
plays an important role in regulating gene expression [19]. Therefore, a chromatin immunoprecipitation assay was performed to detect
the enrichment of H3K4me3 in these cell lines. ChIP-qPCR results showed enrichment of H3K4me3 on the ASPs of L1PAS5 in the EC109,
KYSE150, and KYSE450 cell lines, whereas there was no significant enrichment thereof in the L1PA4 ASP region (Fig. 3A). Moreover,
there was no significant enrichment of H3K4Me3 in Het1A cells (Fig. 3A). These results indicated that the overexpression of CASC9 in
cancer cells is probably due to the increased activity of L1 ASP.

To further evaluate basal, proximal promoter activity of the L1 ASP, a series of 5' deletions inserted to the pGL3-basic luciferase
vector were constructed and transfected into EC109 and KYSE150 cells (Fig. S1). We found that luciferase activity significantly
increased in the presence of pGL3-P12, which contains L1PA5, suggesting that there are promoter activities in this L1 ASP. A series of
deletions resulted in a slight to moderate reduction in promoter activity; however, the activity remained greater than that observed
with pGL3-basic (Fig. 3B-C). These findings suggest that the L1 ASPs in L1PA5 may function as basal promoters critical for CASC9
expression.

Enhancers regulate cell-type-specific gene expression by facilitating the transcription of target genes. Active enhancers are usually
marked by H3K4mel in a cell type-specific manner in mammalian cells [20]. Therefore, we performed ChIP-seq in ESCC (EC109 and
KYSE150) and Het1A cells to determine the localization of candidate H3K4mel-binding sites. We compared the H3K4mel enriched
regions between ESCC and Het1A cell lines, and the coefficient of correlation is shown in Fig. S2. In addition, there were 21,233
H3K4mel islands that overlapped in the EC109 and KYSE150 cell types (Fig. S2B). In addition to these overlapping islands, we also
found that 7719 H3K4mel islands were ESCC cell type-specific, and approximately 22 % of these were associated with promoters
(Figs. S2B and 3D).

To map the candidate cis-regulatory elements on a genome-wide scale, we identified the genomic regions of H3K4me ChIP-seq
reads downstream of the CASC9 gene regions in EC109 and KYSE150 cells, but not in HetlA cells (Fig. 3E). Similar results were
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Fig. 4. Long-range interactions with endodermal enhancer at the Casc9 locus in ESCC and HetlA cell lines. A. Schematic representation of the
human CASC9 locus. The exons of CASC9 (black boxes) are displayed together with the downstream endodermal enhancer (black oval). The ASPs of
L1 elements are indicated by arrows, Dpnll restriction sites investigated in the 3C assays showed by white arrows (T1 to T4). The primers used as the
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were performed on the same biological samples. B. Relative crosslinking frequencies between fixed DpnlI fragment anchor I (ASP in L1PA5) and the
genomic sites (sites T1, T2, T3 and T4) in the enhancer region. C. Relative crosslinking frequencies between fixed DpnlI fragment Anchor II (ASP in
L1PA4) and the genomic sites (sites T1, T2, T3 and T4) in the enhancer region. Standard error of the mean is indicated.
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obtained for H3K4me1l occupation using ChIP-qPCR (Fig. 3F). Furthermore, using Encyclopedia of DNA Elements (ENCODE), we also
detected H3K27ac enrichment in this region, which has previously been shown to be associated with active promoters and enhancers
[21].

Pathway analysis demonstrated that specific genes were enriched in ESCC cell lines and were primarily associated with pro-
teoglycans, the PI3K—Akt signaling pathway, and the Rapl signaling pathway in cancer (Fig. 3G). We previously found that the
PI3K—Akt and Rapl signaling pathways involve many well-known genes that function in cell motility and cancer metastasis in ESCC.
CASC9 depletion could reduce the phosphorylation of FAK, PI3K, and Akt, which are downstream effectors of the integrin pathway
[22]. In addition, RAP1 could promote esophageal cancer cell migration and invasion through MMP2. These results suggest that
CASC9 overexpression in ESCC may be due to the H3K4mel enrichment of ESCC cell type-specific gene regions.

3.4. Spatial interaction and looping between the enhancer and the ASPs in ESCC

In many cases, active enhancers appear to engage in direct physical interactions with nearby promoters and play an important role
in the regulation of gene expression. Therefore, we performed 3C analysis on these cell lines to relate the spatial conformation of the
CASC9 locus to its transcriptional status. 3C-qPCR assays were performed on EC109, KYSE150, KYSE450, and Het1A cell lines, which
displayed differential CASC9 gene expression. Locus-wide crosslinking frequencies were determined between Dpnll-fixed fragments
(Anchor I or II) and other DpnllI sites of the endodermal enhancer (Fig. 4A).

Fixed fragment anchor I, a small fragment containing the ASP of L1PAS5, specifically interacted with four genomic sites (T1, T2, T3,
and T4) in the ESCC cell lines (Fig. 4B). Interestingly, these interactions were lost in Het1A cells (Fig. 4B). However, no significant
interaction peaks were observed between fragment anchor II and the DpnlI sites of the endodermal enhancer in any of the cell lines
(Fig. 4C). Hence, we concluded that CASC9 overexpression in ESCC could result from proximal promoters by forming an enhancer-
promoter interaction loop. In contrast, there were not any enhancer-promoter interaction loops in the normal esophageal epithelial
cell line, Het1A.

3.5. The CpG island methylation status of CASC9 in ESCC and Het1A cell lines

The status of L1 promoter methylation may play important roles in distinguishing between expressed and unexpressed L1 loci on a
broad scale. BSP and pyrosequencing were used to investigate the methylation status of the two L1 ASPs in the CASC9 gene region. The
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Fig. 5. Methylation levels of the CpG sites typed by BSP and pyrosequencing data. Representative direct sequencing of the BSP image and dot plots
of methylation status of CpG sites in ESCC and Het1A cell lines in L1IPA4 ASP region (A) or L1PA5 ASP region (C). White and black dots indicate
unmethylated and methylated CpGs, respectively. B. Methylation levels of L1PA4 in different cells detected by pyrosequencing assay. D. Methylation
Levels of L1PAS5 in different cells detected by pyrosequencing assay. E. Protein expression of LINE-1 ORF1 in ESCC and Het1A cell lines detected by
Western blotting. The entire image of western blots is shown in Supplementary Fig. S5.
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sequence details of the BSP regions in the L1PAS5 and L1PA4 ASPs are shown in Fig. S3.

The BSP results showed that the methylation ratios of L1PA4 ASP in EC109, KYSE150, KYSE450, and Het1A cells were 87.8 %, 90.4
%, 84.3 %, and 87.8 %, respectively (p > 0.05) (Fig. 5A). This was confirmed by pyrosequencing of the ESCC and Het1A cell lines (p >
0.05), and hypermethylation of the L1IPA4 ASP region was observed in the ESCC and Het1A cell lines (Fig. 5B). The BSP results showed
that the methylation ratio of LIPA5 ASP was 83.8 % in the normal esophageal epithelial cell line Het1A, which was higher than that in
EC109 (12.4 %), KYSE150 (1.9 %), and KYSE450 (0.95 %) cell lines (Fig. 5C). This was confirmed by the pyrosequencing of ESCC and
Het1A cell lines (Fig. 5D). Then BSP was used to detect the methylation ratios of LIPA5 ASP in 5 ESCC and paired normal specimens. As
expected, the methylation ratio of LIPA5 ASP was higher in 80 % (4/5) non-tumor tissues (data not shown). We then used western
blotting to detect LINE-1 retrotransposable element ORF1 protein expression in these cell lines. LINE1 ORF1 protein expression was
upregulated in KYSE150 and KYSE450 cells compared to that in HetlA cells (Fig. 5E). These results indicate that CpG island
methylation in L1PA5 may be involved in the activation of L1, resulting in the overexpression of CASC9 in ESCC.

4. Discussion

IncRNA CASC9 has been identified as a novel IncRNA in ESCC. In our previous study, we found that CASC9 was overexpressed in
ESCC and promoted the cell growth of ESCC. And we demonstrate that IncRNA CASC9 functions as an oncogene by negatively
regulating PDCD4 expression through recruiting EZH2 and subsequently altering H3K27me3 level in ESCC [6]. High CASC9 expression
was associated with lymph node metastasis and advanced TNM staging. We found that CASC9 upregulates LAMC2 via CBP-mediated
histone acetylation, and functions as a pro-metastatic gene through the FAK-PI3K/Akt signaling pathways [7]. Other studies have
shown that CASC9 is overexpressed in many cancer types and promotes cell growth, differentiation, invasion, and metastasis [23].
However, few studies have investigated the mechanisms by which CASC9 is overexpressed in tumors. Cai found that NF-kB could
active CASC9 and promote bladder cancer cell growth and metastasis [24]. In this study, we identified six CASC9 transcripts in ESCC.
The transcripts containing exons 2 and 6 showed the highest expression in ESCC. There were no transcripts in normal esophageal
epithelial Het1A cells. Interestingly, we found that the L1 element in the genome participated in the generation of the IncRNA CASC9.
The ASP of L1 provides the cis-regulatory elements necessary for CASCO transcription, and the antisense chain of L1 participates in the
formation of CASC9 exons.

L1 elements have attracted broad research attention in recent years, because some L1s are still active in the human genome [12]. A
full-length L1 element contains a 5 UTR with an internal promoter for transcription, an ORF1 that encodes a protein for RNA binding,
an ORF2 that encodes a protein for reverse transcription, a short 3' UTR, and a poly(A) tail. In the 5° UTR there is not only a sense strand
promoter for its own transcription but also an ASP. Speek was the first to demonstrate the activity of L1 ASP and discovered four
chimeric L1 ASP transcripts [25], suggesting that the human genome contains many active sites directed by L1 ASP. They also found
that active L1 ASP can drive transcription of chimeric transcripts in specific cell types in a few instances, including cancer [26].
Cruickshanks et al. found 18 new L1 ASP transcripts, some of which were only identified in breast and colon cancer tissues but not in
the corresponding normal tissues [27]. They also found that DNA methylation in normal tissues represses the activity of L1 ASP, and
5-aza-cytidine, a nucleoside analog of cytidine that specifically inhibits DNA methylation, upregulates the expression of L1 ASP
transcripts in tumor cell lines [28]. Thus, some human genes are transcribed from ASP of L1 in some instances [29]. In addition to
mRNA, L1 can also reveal long noncoding RNAs transcription in stem cells [30]. Takafumi found that the L1 ASP could provide
promoters for IncRNA transcription and contribute to the tissue-specific transcription of IncRNAs. This indicated that L1 can be reused
as a functional domain or cis-element for IncRNA transcription [31]. In this study, we performed a luciferase reporter and H3K4me3
ChIP assays and found that there were promoter activities in L1 ASPs upstream of the CASC9 gene in ESCC cell lines. Therefore, we
believe that the ASP of L1 provides the cis-regulatory elements necessary for CASC9 transcription and that the antisense chain of L1
participates in the formation of exons of CASC9.

Approximately 926,535 enhancers exist in the human genome, as estimated by the Encyclopedia of DNA Elements (ENCODE)
project [32], indicating that human genes are regulated by approximately 40-50 enhancers. In the present study, we identified an
enhancer downstream of CASC9. We used the 3C assay to demonstrate the direct interaction between L1 ASP and the enhancer
downstream of CASC9, which we identified earlier in this study. Hence, the overexpression of CASC9 in ESCC could result from the
proximal promoters by forming an enhancer-promoter interaction loop. However, there are no enhancer-promoter interaction loops in
the normal esophageal epithelial cell line, Het1A. Enhancers function as transcription factor-binding platforms that increase tran-
scription by directly stimulating target promoters. Using the ENCODE database, we identified many transcription factors, such as YY1,
SMAD4, and TCF4, in the enhancer regions in stem and cancer cells. These transcription factors are involved in the development and
progression of ESCC [33-35]. The interactions between the enhancers and these transcription factors need to be confirmed in further
studies.

L1 ASPs are usually inactivated because the CpG islands are heavily methylated in healthy individuals. Hypomethylation of the L1
promoter has been reported in many cancers including hepatocellular cancer [36], prostate cancer [37], breast cancer [38], esoph-
ageal adenocarcinoma [39], and colon cancer [40]. Baba et al. found that L1 hypomethylation might cause genomic instability and
result in genomic gains at various loci including CDK6 [41]. In this study, we found that the L1 ASP in the CASC9 gene region was
activated by hypomethylation, and that the activated ASP provided a promoter for IncRNA CASC9 overexpression in ESCC. These
results indicate that L1 hypomethylation may be a cause of high CASC9 expression in ESCC. Therefore, it has the potential to be used as
a diagnostic and prognostic biomarker in cancer [15,41,42]. The hypomethylation status of L1 in cell free DNA (cfDNA) can also be
used as a tumor surrogate marker [43,44].
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5. Conclusion

Our data strongly suggest that aberrant promoter hypomethylation in the L1 elements could active the antisense promoter of L1
locate in the CASC9 gene region. And the active ASP of L1 could interact with an enhancer which was identified in this study result in
the overexpression of CASC9 in ESCC. Furthermore, the hypomethylation status of L1 and the expression of CASC9 have the potential
to serve as novel biomarkers for the diagnosis and treatment of ESCC.
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