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Binding of LINE-1 RNA to PSF transcriptionally promotes
GAGE®6 and regulates cell proliferation and
tumor formation in vitro
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Abstract. Hepatocellular carcinoma (HCC) has one of the
highest mortality rates among numerous types of cancer. It
has been demonstrated that in hepatitis B (HBV)-associated
HCC, the expression of chimeric fusion transcript HBx-long
interspersed nuclear element-1 (LINE-1) initiated by HBV
integration is correlated with hepatocarcinogenesis and poor
patient survival rates. Furthermore, increased rates of LINE-1
hypomethylation have been detected in HCC tissues compared
with adjacent tissues. This suggests that individual LINE-1
RNA (L1 RNA) serves an important role in the processes of
hepatocarcinogenesis. The present study assessed the epigenic
interaction between L1 RNA and polypyrimidine tract-binding
protein-associated splicing factor (PSF) in the A549 human
alveolar epithelial and 16HBE human bronchial epithelial cell
lines. In addition, changes in the transcriptional regulatory
activity of PSF on its target gene, proto-oncogene G antigen 6
(GAGES®), were investigated following overexpression of L1
RNA, as well as its impact on cell-proliferative capacity, carried
out by plotting cell growth curves and 5-ethynyl-2'-deoxyuri-
dine assay. It was observed that L1 RNA specifically bound
to the RNA binding domain of PSF and released the GAGE6
promoter region from the DNA-binding domain of PSF. This
increased the transcription of GAGEG6 and led to the promotion
of cell proliferation as well as colony formation. Furthermore,
at least two binding sites specific for PSF were identified on
L1 RNA. In conclusion, the transcriptional regulatory activity
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of L1 RNA may partially result in cell transformation, and
endogenous L1 RNA may function as an important regulatory
factor in the process of tumorigenesis.

Introduction

Hepatocellular carcinoma (HCC), which is one of the most
common and fatal tumor types in the world, has a poor prog-
nosis and is responsible for numerous cases of cancer-associated
mortality (1). Hepatitis B virus (HBV) and HCV are generally
considered to be risk factors for HCC and jointly account
for its most common etiology (2). Furthermore, it has been
suggested that HCC arising from HBV or HCV infection has an
increased mortality rate, although the exact underlying mecha-
nisms of virus-mediated hepatocarcinogenesis have remained
elusive (3.4).

Polypyrimidine tract-binding protein-associated splicing
factor (PSF) is an abundant ubiquitous nuclear protein that
serves critical regulatory roles in vertebrates (5,6). One of its
primary roles is as a component of spliceosomes and it is medi-
ated by its RNA-binding domains (RBD) (7). In addition, PSF
has been identified as a transcriptional regulator of the gene
encoding for P450-linked side chain cleaving enzyme, which
initiates the steroidogenic pathway, and binds to its regulatory
region through its DNA-binding domain (DBD) (8,9). The RBD
and DBD function independently and their novel mechanisms
for reversible gene transcription mediated by PSF protein and
noncoding RNA have been investigated. It has been demon-
strated that their transcription is activated by the release of
PSF protein from the repressed proto-oncogene G antigen 6
(GAGEDb) by five PSF-binding noncoding RNA fragments (10).
This indicates that the regulatory activity of noncoding RNA
in tumorigenesis occurs through its binding to the RBD of PSF
and the consequent release of the transcriptionally repressed
proto-oncogene from its DBD.

Long interspersed nuclear element 1 (LINE-1; L1) is a
repetitive element, which constitutes 17-25% of the human
genome, and comprises a 5'-untranslated region (UTR), two
open-reading frames and a 3'-UTR (11). The genome contains
numerous copies of L1s, which have often been referred to as
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junk DNA sequences, as their function was unknown. However,
it has been revealed that L1s serve important transcriptional
regulatory functions, which is tuned by changes in their meth-
ylation status (12). Hypomethylation in the promoter region
of L1 leads to transcriptional activation of the L1 element,
causing transposition of the retro-element and chromosomal
alteration (13). This indicates that physiological processes are
regulated by the amount of L1 RNA expression; however, the
exact mechanism has remained elusive.

It has been demonstrated that hypomethylation of L1 is
associated with HBV infection, a larger tumor size and a more
advanced disease stage (14). Pyrosequencing analysis of the
methylation level of L1 revealed that increased hypomethyl-
ation of L1 is associated with an increased risk of developing
HCC (15). Therefore, the present study aimed to assess the
interaction between L1 RNA and PSF protein. Lau et al (16)
have previously indicated that transcripts of the genome inte-
gration sites of viral-human fusion genes which function as
hybrid RNAs with tumor-promoting properties. However, it
has remained elusive whether L1 RNA affects the processes
of tumorigenesis in HCC without HBV infection or of carcino-
genesis in general, including lung carcinogenesis.

The aim of the present study was to investigate whether,
apart from the chimeric HBx-LINE-1 transcript, interactions
between L1 RNA and PSF protein and the changes occurring
in the regulatory activities of PSF have a role in lung carcino-
genesis. The binding of L1 RNA to the RBD of PSF, the
release of the DNA promoter region of GAGEG6, and the effects
on the proliferation of the A549 lung cancer and the 16HBE
normal bronchial cell lines were assessed in order to identify
the potential role of L1 RNA in these processes.

Materials and methods

Cell lines. The A549 human non-small cell lung carcinoma
cell line, the 16HBE human bronchial epithelial cell line and
the 293 human embryonic kidney (HEK?293) cell line were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and all cells were obtained from Dr Xu Song (Department of
Center for Functional Genomics and Bioinformatics, College
of Life Science, Sichuan University, Chengdu, China). All cells
were supplemented with 10% (v/v) fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/strep-
tomycin in an atmosphere containing 5% CO, at 37°C.

Construction of plasmid encoding L1 RNA. The L1 comple-
mentary (c) DNA fragment was amplified by polymerase
chain reaction (PCR) using the genome of A549 cells as a
template and primers were designed to generate HindIII and
Xbal restriction sites at the 5' and 3' ends of the amplified
fragments, respectively. The primer sequences used were as
follows: L1 forward, 5'-CCCAAGCTTGTGTTGTTGAGG
ATGTGAAG-3' and reverse, 5S"TGCTCTAGATCCTGTGAT
TGATTTATTTTACTTA-3' [Beijing Genomics Institute
(BGI), Beijing, China]. The PCR mixture contained forward
and reverse primers (0.2 uM), DNA template (1 ng/ul), ANTP,
Taq polymerase and PCR buffer (primeSTAR; Takara Bio.,
Inc., Otsu, Japan). The PCR procedure consisted of 34 cycles
of denaturation at 95°C for 10 sec, annealing at 55°C for 10 sec,
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and extension at 72°C for 30 sec, with initial denaturation of
template DNA at 95°C for 5 min. The amplified L1 cDNA was
subsequently digested with HindIIl and Xbal (Takara Bio,
Inc.) and cloned into multiple cloning sites of pcDNA3.1 (+)
(Thermo Fisher Scientific, Inc.).

Stable transfection of cell lines. The A549-L1 and 16HBE-L1
cell lines were constructed by stably transfecting plasmid
pcDNA3.1-L1 encoding the 380-nt L1 RNA fragment into A549
or 16HBE cells. The A549-vector or 16HBE-vector cell lines
were constructed by transfecting the empty vector, pcDNA3.1,
into A549 or 16HBE cells. All transfections were performed
using the transfection reagent Lipofectamine® 2000 (Thermo
Fisher Scientific, Inc.) in accordance with the manufacturer's
instructions. After 2 days of incubation, stably transfected A549
or 16HBE cells were selected with 450 or 900 g/ml geneticin
(G418; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany),
respectively. Following selection, cells were maintained with
half-doses of G418. The expression levels of target genes
were analyzed using reverse transcription-quantitative PCR
(RT-gPCR).

RNA extraction and RT-gPCR. TRIzol reagent (Thermo Fisher
Scientific,Inc.) was used toisolate total RNA from cells according
to the manufacturer's instructions. A sample of 500 ng RNA
was reverse transcribed into cDNA in a 10-ul reaction volume
using M-MLYV reverse transcriptase reagent (Vazyme Biotech
Co., Ltd., Nanjing, China) and qPCR was performed using
0.25 pl cDNA and SsoFast EvaGreen™ Supermix (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) on a Bio-Rad CFX96
Real-Time PCR detection system (Bio-Rad Laboratories, Inc.).
Data were analyzed using Bio-Rad CFX 2.1 Manager software
(Bio-Rad Laboratories, Inc.) and GAPDH gene expression was
used as an internal reference. Data was normalized using the
22444 method (17). The forward and reverse primers used for
PCR were as follows: GAGEG6 forward, 5'-GCCTCCTGAAGT
GATTGGGCCTA-3' and reverse, 5-CAGGCGTTTTCACCT
CCTCTGGA-3" PSF forward, 5-ATGTCTCGGGATCGG
TTCCGGA-3' and reverse, 5-CCAACAAACAACCGACAT
CGCTG-3' L1 forward, 5“-TGAAGTAAAGAAAACCCTTGC
CT-3" and reverse, 5S-TCTTGGTCATTGTGAATAGTGCT-3";
and GAPDH forward, 5'-"ACCACAGTCCATGCCATCAC-3'
and reverse, 5"“TCCACCACCCTGTTGCTGTA-3". All primers
were supplied by BGI. The thermocycling conditions were
1 min at 95°C, followed by 40 cycles of 95°C for 10 sec, 60°C for
30 sec and 72°C for 20 sec.

Purification of His-tagged proteins. Construction of a prokary-
otic expression vector carrying the intact structural gene of
human PSF protein was amplified by PCR, inserted into the
plasmid pET-28a and expressed in Escherichia coli (E. coli)
BL21 cells (Vazyme Biotech Co., Ltd.). The DBD, RBD-1 and
RBD-2 of the PSF protein gene were inserted into the plasmid
pET-42a and expressed in E. coli BL21 cells (Vazyme Biotech
Co., Ltd.). Cells were cultured in LB medium at 37°C with
shaking at 200 rpm until the inoculum optical density at 600 nm
reached 0.6, and then shaken overnight at 25°C and 100 rpm in
the presence of 0.1 mM isopropyl -D-1-thiogalactopyranoside.
Proteins were purified using Ni-nitrilotriacetic acid agarose
(Qiagen, Inc., Valencia, CA, USA).



EXPERIMENTAL AND THERAPEUTIC MEDICINE 14: 1685-1691, 2017

Electrophoretic mobility shift assays (EMSA). The RNA probe
was transcribed in vitro using T7 RNA polymerase (Promega
Corp., Madison, WI, USA) from the PCR product containing
the T7 RNA polymerase promoter. The 61-bp DNA probe was
the PSF binding motif in the GAGE6 promoter (18) and was
synthesized with the following sequence: 5'-GCCTTCTGC
AAAGAAGTCTTGCGCATCTTTTGTGAAGTTTATTTC
TAGCTTTTTGATGCTG-3', and was synthesized by BGI.
The RNA or DNA probe was biotin-labeled using an RNA
3' End Biotinylation kit (Pierce; Thermo Fisher Scientific, Inc.)
or a Biotin 3' End DNA labeling kit (Pierce; Thermo Fisher
Scientific,Inc.), respectively. A total of 5 ng biotin-labeled RNA
or DNA fragments were mixed with 100-500 ng recombinant
PSF protein, DBD of PSF, RBD-1 of PSF, RBD-2 of PSF or
the total protein of E. coli lysates. EMSA was performed using
a LightShift Chemiluminescent EMSA kit (Thermo Fisher
Scientific, Inc.) following the manufacturer's instructions.

Cell proliferation assay. A total of 5x10° cells per well were
cultured in a 12-well plate at 37°C as attached monolayers in
DMEM with 10% FBS. Each day, the cell numbers in three
wells were counted with a hemocytometer following detach-
ment with trypsin. Each test had two replicates (n=3).

For the 5-ethynyl-2'-deoxyuridine (EdU) assay, ~4x10°
cells per well were grown in a 96-well dish and processed
with the EdU labeling kit from RiboBio Co., Ltd. (Guangzhou,
China).

Soft-agar colony assay. A total of 1x10° cells were suspended
in 1 ml 0.3% BD Difco™ Agar (BD Biosciences, Franklin
Lakes, NJ, USA) in DMEM with 10% FBS and seeded in each
well of 6-well plates containing 1 ml of a solidified layer of
0.6% agar in the same medium. Each test had two replicates
(n=3). Following 21 days of incubation, 100 xl 1.5 mM nitro
blue tetrazolium in phosphate-buffered saline (PBS) was
added to the dishes and after 4 h, the colonies were counted
and images were captured with an Epson 4990 scanner.

Chromatin immunoprecipitation (ChIP) and RNA immunopre-
cipitation (RIP) assays. ChIP assays were performed using a
ChIP assay kit (Upstate Biotechnology, Inc., Lake Placid, NY,
USA) according to the manufacturer's protocol. Cells were
cultured in 100-mm plates to 70-80% confluence, reversibly
cross-linked with formaldehyde and immunoprecipitated with
an anti-PSF antibody (P2860; Sigma-Aldrich; Merck Millipore).
The GAGEG6 promoter DNA fragments in PSF-DNA complexes
were analyzed by qPCR using the following primers: GAGE6
forward, 5'-GCCTTCTGCAAAGAAGTCTTGCGC-3' and
reverse, 5'“ATGCGAATTCGAGGCTGAGGCAGACAAT-3".
Dihydrofolate reductase (DHFR) 5' UTRDNA was used as a
negative control and the primers used were as follows: Forward,
5-CTGATGTCCAGGAGGAGAAAGG-3' and reverse,
5'-AGCCCGACAATGTCAAGGACTG-3'. All primers were
obtained from BGI. RIP assays were performed using an
RIP-Assay kit (MBL International Co., Woburn, MA, USA)
following the manufacturer's instructions. The pcDNA3.1-PSF
(encoding human PSF protein) and pcDNA3.1-L1 plasmids
mixed with Lipofectamine® 2000 (Thermo Fisher Scientific,
Inc.) were transiently transformed into HEK293 cells. After
4 h of transfection, the cells were washed once with PBS and
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fresh medium was added. The cells were cultured for 48 h
prior to testing. L1 RNA in PSF-RNA complexes was analyzed
by extracting the RNA with TRIzol reagent and assaying by
RT-qPCR (as described above). Rabbit IgG (provided in the
kit) was compared with anti-PSF antibody to determine the
fold enrichment of the target gene. DHFR 5' UTR DNA was
compared with GAGE6 DNA, and GAPDH mRNA with L1
RNA to assess the specific binding of PSF with GAGE6 DNA
or L1 RNA.

Statistical analysis. All results are presented as the mean + stan-
dard error of the mean. Student's t-test was used for comparisons
between two groups. P<0.05 was considered to indicate a statisti-
cally significant difference. Data were analyzed using GraphPad
Prism 5 software (GraphPad Software, Inc., San Diego, CA,
USA).

Results

Binding ability of L1 RNA and PSF protein in vitro. It has been
suggested that HBV may cause HCC by integrating into L1
retrotransposons and lead to L1 transcription (16). Therefore, it
was hypothesized that transcripts of retrotransposons L1 may
also influence lung carcinogenesis. The present study focused
on the role L1 RNA may serve in lung carcinogenesis without
HBYV infection, which is different from HBx-LINE-1 causing
hepatocarcinogenesis (16). It has previously been demon-
strated that LIPA16 RNA binds to PSF protein, which is part
of the LINE retrotransposons family (10). Therefore, L1 RNA,
although it shares no sequence similarity with LIPA16 RNA,
may bind to PSF. The results of in vitro testing by EMSA indi-
cated that L1 RNA binds to PSF protein, while RNA control
pcDNA3.1 RNA exhibits no detectable binding (Fig. 1A and B).
Addition of unlabeled L1 RNA probe reduced the binding
band of L1/PSF, indicating its binding capacity and specificity
to PSF (Fig. 1C). An in vitro RIP assay revealed that L1 RNA
and PSF have a strong binding interaction. Compared with
the enrichment fold of GAPDH mRNA (negative control), L1
RNA was significantly enriched by immunoprecipitation with
anti-PSF antibody (P<0.01; Fig. 1D). Therefore, the results
indicated that L1 RNA strongly and specifically binds to PSF
in vitro.

Identification of the interacting domain of PSF protein and
L1 RNA. To biochemically analyze the interaction between
PSF and L1 RNA, several independent RNA-protein interac-
tion assays were performed. First, to define a region within L1
RNA sufficient for PSF binding, biotin-labeled RNAs corre-
sponding to different regions of the L1 RNA were incubated
with purified PSF protein and the reactions were analyzed by
EMSA (Fig. 2A and B). Fragments 1 (L1 RNA'") and 3 (LI
RNA6-380) efficiently bound the intact PSF protein (Fig. 2C).
By contrast, no interacting bands between fragment 2 (L1
RNA36-265) and PSF were observed. Two RBDs, referred to
as RBD-1 and RBD-2, have been detected in PSF, which is
responsible for binding non-coding RNA (18). The release
of the target DNA fragment from the DBD of PSF by RNA
binding is controlled by RBD-1 but not RBD-2. This means
that it is critical to identify which RBD is bound by L1 RNA.
For this, biotin-labeled L1 RNA fragments were incubated
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Figure 1. Binding of L1 RNA to PSF protein in vitro. Binding of (A) biotin-labeled negative RNA probe or (B) biotin-labeled L1 RNA to PSF protein or E. coli
total protein measured by electrophoretic mobility shift assay. (C) Increasing amounts of competitive unlabeled L1 RNA or negative control RNA were added
followed by incubation for 20 min. (D) RIP assay was performed to test the binding of L1 RNA and PSF protein by transient transfection of L1 RNA and
PSF-coded plasmid for 48 h. The enrichment folds of immunoprecipitated L1 RNA were identified by comparing the products of the RIP assay using anti-PSF
antibodies with those using normal rabbit IgG. “P<0.01. PSF, polypyrimidine tract-binding protein-associated splicing factor; IgG, immunoglobulin G; L1,
long interspersed nuclear element 1; RIP, RNA immunoprecipitation; E. coli, Escherichia coli.
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Figure 2. Identification of interacting domain of PSF protein and L1 RNA. (A) Sub-fragments of L1 RNA. (B) PSF structural domains. (C) Binding of PSF protein
to three fragments of L1 RNA separately by EMSA. Total E. coli protein was used as the protein negative control. (D) Identification of the binding of the DBD,
RBD-1 and RBD-2 of PSF to L1 RNA"'* (upper panel) and L1 RNA*** (Jower panel) by EMSA. Total E. coli protein was used as the control protein. PSF,
polypyrimidine tract-binding protein-associated splicing factor; L1, long interspersed nuclear element 1; E. coli, Escherichia coli; EMSA, electrophoretic mobility
shift assay; DBD, DNA binding domain; RBD, RNA binding domain; NLS, nuclear localization signal.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 14: 1685-1691, 2017

1689

A B Hl GAGES promoter
» 304 O3 DHFR S5'UTR
o S \<25k g ek
o
‘Q}(\ ‘0\\% ,\Q‘ 0{\,&\0 e —
€ Mg N £
£o
S 3
c <
: @y
PSF/DNA _ 2 g: 104
complex o=
g8
Free DNA — ol
A549-vector A549-L1
C
[ A549-vector [ A549-vector [ A549-vector
. A549-L1 . A549-L1 W A549-L1
2.0 O 16HBE-vector 154 ] 16HBE-vector 154 [ 16HBE-vector
dedk
< (3 16HBE-L1 ‘Zt B3 16HBE-L1 ‘Zt i ) 16HBE-L1
02 157 wZ 10- wZ 10
© ¢ e S
3= 10 e 31 5 81 59
<3 e =2 M
é % 0.54 or < + r < :
EO 057 EO 057 £ O 0.0201
2 2 044 22 044 * 22 50154 L
573 03 % $ 034 T o
- T & T © 0.0104
r o 0.21 o E— 0.2+ [v4 g—
g 0.1 S 0.1- S 0.0054
° 00 0.0- 0.000-
PSF mRNA L1 RNA GAGEE mRNA

Figure 3. Effects of L1 RNA binding to PSF on GAGE®6. (A) Binding of L1 RNA releases GAGE6 promoter DNA from PSF. (B) Release of GAGE6 promoter
region from PSF by overexpression of L1 RNA demonstrated by chromatin immunoprecipitation. (C) Expression levels of PSF mRNA, L1 RNA and GAGE6
mRNA in A549 and 16HBE cells transfected with L1 RNA overexpression or empty vector measured using reverse-transcription quantitative polymerase chain
reaction. 'P<0.05, “P<0.01, ""P<0.001. GAGES6, G antigen 6; 5'UTR, 5' untranslated region; Ab, antibody; IgG, immunoglobulin G; E. coli, Escherichia coli; L1,
long interspersed nuclear element 1; PSF, polypyrimidine tract-binding protein-associated splicing factor; DHFR, dihydrofolate reductase.

with increasing amounts of the respective RBDs (amino acids
290-370 of RBD-1 and amino acids 370-455 of RBD-2) of PSF
for subsequent EMSAs. The results demonstrated that, with
increasing amounts of RBD-1 or RBD-2 truncate, stronger
bands of protein-RNA complex were observed, indicating the
effective interactions (Fig. 2D).

Binding of L1 RNA to PSF competitively inhibits PSF from
binding to the downstream target gene GAGEG6. It has been
suggested that PSF regulates mouse Rab23 expression by
binding to the Rab23 promoter and repressing its transcriptional
activity (19). However, certain types of non-coding RNA,
including VL30-1, may bind to the PSF protein and suppress
its ability to bind to the Rab23 response element (19). The effect
of L1 RNA on the expression of the Rab23 human homolog
GAGE®6 was assessed by competitive EMSA. The unlabeled L1
RNA probe reduced the binding band of biotin-DNA/PSF, while
it remained unaffected by the plasmid encoding control RNA
(Fig. 3A). This result indicated that L1 RNA inhibits the binding
of biotin-DNA with PSF protein in vitro. Subsequently, A549
cells were transfected with L1-encoding plasmid or with the
empty pcDNA3.1 plasmid as a control and subjected to a CHIP
assay. qPCR demonstrated that compared with the control, over-
expression of L1 RNA reduced the binding of the PSF/GAGE6
promoter (P<0.01; Fig. 3B). These results demonstrated that L1
RNA exerts its function, at least in part, by binding to PSF and
reversing PSF-mediated gene repression (Fig. 3C). Therefore,

overexpression of L1 RNA leads to a release of PSF from
the promoter region of GAGEG6 and causes an increase in the
expression of GAGE6 mRNA (P<0.05; Fig. 3C).

Effects of LI RNA overexpression on the proliferation and
colony formation of A549 and 16HBE cells. As a previous
study has indicated the regulatory activities of GAGES6 in cell
proliferation and tumor formation (18), the effects of L1 RNA
on cell proliferation and colony formation were investigated in
the present study. An EdU incorporation assay was employed
to detect whether overexpression of L1 RNA may affect the
number of proliferating cells. The results demonstrated that
the number of EdU-positive cells in the A549-L.1 RNA and
16HBE-L1 RNA groups were increased compared with the
A549-vector and 16HBE-vector groups, respectively (P<0.01;
Fig. 4A). Consistent with the EdU staining results, cell prolif-
eration and colony formation rates were significantly higher in
A549-L1 RNA and 16HBE-L1 RNA cells compared with the
control groups (P<0.05; Fig. 4B and C). Taken together, the
results demonstrated that overexpression of L1 RNA promoted
cell proliferation and colony formation.

Discussion
The results of the present study expand on a previous study

demonstrating that the chimeric HBx-LINE-1 functions as
a hybrid RNA and promotes tumorigenesis in HCC (16). A



1690

LV and ZHAO: LINE-1 RNA REGULATES CELL PROLIFERATION AND TUMOR FORMATION

A AS49 16HBE
Vector 151 Vector )
3 A549
Il 16HBE
EdU s atia v
=
£ -
CE” 404
DAPI ©
L
2 204
o
=
ko
4]
Merged o oA
& el & o
A‘bé A‘bc}
B 5 2.5
- A549-vector 1 = 16HBE-vector
T 44 —~ A549-L1 | o ~ 16HBE-L1
g 4 I 2 2.0
= &
o
0
o
(&]
&
4007 .,  A549
- — EB16HBE
2 300
C &
a
@ 200 *
=
o
© 100
O
O T L Ll
& A & N
\\Q’(} e \le'& b

Figure 4. Effect of L1 RNA on cell proliferation and tumorigenesis in A549 and 16HBE cell lines. (A) EdU assays measuring cell proliferation. Magnification,
x200. Red, EdU-stained nuclei of proliferating cells; blue, all nuclei counterstained with Hoechst. (B) Cell growth curves over 6-7 days. (C) Colony formation
rates in 0.3% soft agar. "P<0.05, “P<0.01. L1, long interspersed nuclear element 1; DAPI, 4',6-diamidino-2-phenylindole; EdU, 5-ethynyl-2'-deoxyuridine.

lower hypomethylation level of L1 and higher transcriptional
level of L1 RNA has been detected in HBV-transfected tumor
samples compared with adjacent tissues (20). The present study
described a mechanism of gene regulation involving formation
of a complex between L1 RNA and the regulatory protein PSF,
accounting for the effect of L1 RNA on cell proliferation.

L1 is biologically significant not only as a retrotransposon
that can function as a genetic modifier, but also as a transcript
which is associated with tumorigenesis (13). Furthermore, the
transcription of L1 is epigenetically controlled by hypometh-
ylation. L1 elements contain a 5'-C-phosphate-G-3' island in
their 5-UTR, which is usually heavily methylated in normal
somatic cells (21). The importance of hypomethylation in this
region has been highlighted in various types of human cancer,
including HCC, chronic myeloid leukemia, bladder cancer,
gastrointestinal stromal tumors, gastric cancer and ovarian
cancer (12). Transcription of L1 induced by hypomethyl-
ation significantly correlates with the degree of malignancy,
particularly in colorectal cancer (21-23). This suggests that L1
hypomethylation may serve a more important role in human
cancer than the hypomethylation-induced inhibition of tran-
scription of specific tumor suppressor genes.

PSF is a multifunctional protein, containing two RBD and
one DBD. Originally, PSF was identified as a component of
spliceosomes and observed to serve a transcriptional regula-
tory role on GAGEG, which functions as an oncogene (7,24).
Repression of GAGEG6 expression involves PSF binding to its
regulatory region. The complex formed with L1 RNA inhibits
and dissociates the binding of PSF to the GAGEG6 regulatory
region, allowing transcription to proceed (24). Complex forma-
tion with the RBDs on PSF and the resulting regulation of
gene transcription was mapped to two fragments in L1 RNA.
Binding of these two fragments to the RBDs of PSF may cause
allosteric modification, resulting in weaker affinity of the DBD
for the GAGE6 DNA motif. It was observed that increasing
the concentration of L1 RNA increased its inhibitory effect
on PSF/DNA binding affinity. L1 RNA is transcribed from
endogenous genomic retrotransposons and the level varies
depending on the cell type and the level of global hypometh-
ylation (25). Thus, the key parameters that determine whether
GAGES expression is repressed by PSF or induced by L1 RNA
are the type of cell and the global hypomethylation status. It
has been determined that human L1 retrotransposons are a
major source of endogenous mutagens (26). The present study
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demonstrated the individual oncogenic activity of L1 RNA,
which potentially specifies a functionally distinct class of long
non-coding RNA-like transcripts.

In conclusion, the present study described a mechanism
controlling cell proliferation and tumorigenesis in human cells,
which involves the activation of oncogene GAGESG transcription
by L1 RNA through binding to PSF protein and its simulta-
neous release from the GAGEG6 promoter region. In addition,
overexpression of L1 exerted strong regulatory effects on the
proliferation and colony formation of lung cancer and normal
lung cells without HBV infection. Therefore, endogenous L1
RNA may potentially serve an important regulatory role in
tumorigenesis.
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