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Abstract
Long noncoding RNAs (lncRNAs) regulating diverse cellular processes implicate in many diseases. However, the
function of lncRNAs in cellular senescence remains largely unknown. Here we identify a novel long intergenic
noncoding RNA Linc-ASEN expresses in prematurely senescent cells. We find that Linc-ASEN associates with UPF1
by RNA pulldown mass spectrometry analysis, and represses cellular senescence by reducing p21 production
transcriptionally and posttranscriptionally. Mechanistically, the Linc-ASEN-UPF1 complex suppressed p21 transcription
by recruiting Polycomb Repressive Complex 1 (PRC1) and PRC2 to the p21 locus, and thereby preventing binding of the
transcriptional activator p53 on the p21 promoter through histone modification. In addition, the Linc-ASEN-UPF1
complex repressed p21 expression posttranscriptionally by enhancing p21 mRNA decay in association with DCP1A.
Accordingly, Linc-ASEN levels were found to correlate inversely with p21 mRNA levels in tumors from patient-derived
mouse xenograft, in various human cancer tissues, and in aged mice tissues. Our results reveal that Linc-ASEN prevents
cellular senescence by reducing the transcription and stability of p21 mRNA in concert with UPF1, and suggest that
Linc-ASEN might be a potential therapeutic target in processes influenced by senescence, including cancer.

Introduction

Cellular senescence is defined as a state of indefinite
growth arrest that can be induced by a range of intrinsic
and extrinsic stresses including telomere shortening,
oncogene activation, DNA damage, mitochondrial dys-
function, and oxidative injury [1, 2]. Cellular senescence
is considered a fail-safe mechanism to prevent the pro-
pagation of severely damaged cells. Senescent cells
exhibit typical characteristics, such as an enlarged and
flattened morphology, genomic instability, increased
lysosomal content, epigenetic alterations, and apoptosis
resistance [1, 2]. Senescent cells remain metabolically
active and secrete a myriad of factors that affect the
neighboring cells through cell-to-cell communication [3].
Cellular senescence is triggered primarily by two com-
plementary p53-p21 and p16-pRb pathways [4]. In the
context of cancer, senescence has been proposed as a
tumor-suppressive mechanism, particularly in young
individuals [4–7]. Paradoxically, however, the burden of
senescent cells accumulating in tissues with advancing
age is believed to be protumorigenic; this influence has
been linked to the excessive production of cytokines,
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growth factors, and matrix metalloproteases that comprise
the senescence-associated secretory phenotype (SASP)
[8–10]. Recent studies have found that cellular senes-
cence is also involved in embryonic development, which
has a distinct molecular pathway from senescence in
nonembryonic tissues [11]. The increased interest has
resulted in significant progress in cellular senescence
over the last decade. Recent studies focused not only
on the pathological and physiological significance, but
also on the potential therapeutic application of cellular
senescence.

Long noncoding RNAs (lncRNAs) are a major class of
noncoding RNAs, which are defined as being longer than
200 nt transcribed by RNA polymerase II and commonly
originated from intergenic regions. LncRNAs are capped,
spliced, and polyadenylated. They influence the distinct
cellular function including the cell fate determination, cell
cycle progression, and apoptosis and involve in both
physiological and disease-related process [12–14]. Many
lncRNAs act directly or indirectly as oncogenes or tumor
suppressors [15]. The number of lncRNA genes has been
broadly estimated, ranging from <20,000 to >100,000 in
humans [16]. On the other hand, the biological function
and relevance of huge numbers of lncRNAs are still
unknown. Emerging studies have shown that lncRNAs
play important and divergent roles in the regulatory
programs of gene expression at the transcriptional or
posttranscriptional levels [17–19]. LncRNAs carry out
these functions by interacting with other RNAs,
with DNA, and with proteins in both the nucleus and
cytoplasm [19, 20]. Nuclear lncRNAs control chromo-
some architecture and recruit transcriptional regulatory
factors, including Polycomb Repressive Complex
(PRC), to different chromosomal loci [21–24]. PRC1 and
PRC2 place a repressive histone mark, histone 3 lysine
27 tri-methylation (H3K27me3), on the chromatin of
target genes to elicit silencing of gene transcription
[25, 26]. LncRNAs found in the cytoplasm enable the
function of cytoplasmic organelles, assemble cytoplasmic
complexes, and sequester various cytosolic regulatory
factors [19, 27–29].

Senescence-associated lncRNAs have been unraveled
in recent years [30, 31], but the identification and char-
acterization of novel lncRNAs having a critical role in
cellular senescence are still in demand. This study
describes the identification of a novel long intergenic
noncoding RNA associated with senescence (Linc-ASEN)
from whole RNA-sequencing (RNA-Seq). Our results
reveal that Linc-ASEN complexes with UPF1 (up-frame-
shift 1, also known as RENT1) and sequentially lowers
the production of senescence protein p21 by repressing
p21 mRNA transcription and triggering cytoplasmic p21
mRNA decay.

Results

Linc-ASEN depletion leads to cellular senescence

To identify novel lncRNAs related to cellular senescence,
we conducted whole RNA-Seq of prematurely senescent
human breast carcinoma MCF7 cells. Novel transcripts that
were commonly induced in both IR- and doxorubicin-
induced senescent MCF7 cells were assembled from reads
aligned to human hg19 reference genome (GRCh37/UCSC
hg19). Unannotated five novel lncRNAs were selected
based on transcript length and protein-coding potential
using the UCSC Genome Browser Database (Supplemen-
tary Table 1). To identify lncRNAs with functional roles in
cellular senescence, MCF7 cells were transfected with
siRNAs (Si) designed to silence each of the five selected
lncRNAs, whereupon we assessed cell numbers, positivity
of senescence-associated β-galactosidase (SA-β-Gal) stain-
ing (a marker of cellular senescence), and p21/p-pRb levels
were monitored (Supplementary Fig. 1). We found that
depletion of uncharacterized transcript #4 resulted in typical
senescent traits, such as decreased cell proliferation and
BrdU incorporation, flattened and enlarged cell morphol-
ogy, SA-β-Gal positivity, accumulation of p21 (CDKN1A),
and level changes of cell cycle regulatory proteins, which is
named Linc-ASEN (Supplementary Fig. 1 and Fig. 1a–c).
Furthermore, we observed that Linc-ASEN depletion-
induced SASP factors and senescence-associated hetero-
chromatin foci in MCF7 cells (Supplementary Fig. 2a, b).

Analysis by RACE (5′ and 3′ rapid amplification of cDNA
ends) revealed that Linc-ASEN was transcribed as a single
exon of 794 nucleotides containing a putative polyadenylation
signal (AAUAAA) located 25 nucleotides upstream of a poly
(A) tract (Supplementary Fig. 2c). The assessment of protein-
coding potential revealed that Linc-ASEN is lack of protein-
coding capability (Supplementary Fig. 2d). Depletion of Linc-
ASEN increased the levels of p21 pre-mRNA, p21 mRNA,
and p21 protein (Fig. 1c). Linc-ASEN localized mainly in the
nucleus, but it was also detected in the cytoplasm (Supple-
mentary Fig. 2e). The specificity of silencing Linc-ASEN on
the senescence phenotype was confirmed using an alternative
siRNA (Supplementary Fig. 2f–h). We included a UCSC
genome browser view of the Linc-ASEN locus, confirming
that Linc-ASEN depletion did not affect the expression of four
neighboring genes located upstream or downstream of the
Linc-ASEN locus (Supplementary Fig. 3). Utilizing BLAT as
an alignment tool [32], we identified a murine homolog Linc-
asen with a different size (Supplementary Fig. 4a, b). In
humans, the Linc-ASEN gene resides in chromosome 17; this
locus is syntenic and conserved in a noncoding region in
mouse chromosome 11. Moreover, Linc-asen silencing also
induced senescence and p21 accumulation in mouse NIH3T3
fibroblasts (Supplementary Fig. 4c). In sum, we have
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identified Linc-ASEN as an lncRNA that suppresses cellular
senescence in both human and mouse cells.

p53 and p21 are essential for Linc-ASEN depletion-
induced cellular senescence

To elucidate functional role of Linc-ASEN in cellular senes-
cence, we performed transcriptome analysis of Linc-ASEN-
silenced MCF7 cells by RNA-Seq analysis. The altered
abundance of several mRNAs in cells with silenced Linc-
ASEN (Supplementary Table 2 and Supplementary Fig. 5a)
was confirmed by RT-qPCR analysis (Supplementary
Fig. 5b, c). Interestingly, p21 mRNA was the most highly
induced transcript in Linc-ASEN-depleted MCF7 cells. We
next examined whether p21 and its transcription factor p53
were required for the senescent phenotype induced by Linc-
ASEN silencing. As shown, silencing p53 prevented p21
induction in cells rendered senescent by reduction of Linc-
ASEN levels, and the rise in SA-β-Gal activity was prevented
by silencing either p53 or p21 (Fig. 1d). Similarly, silencing
Linc-ASEN in human colon carcinoma HCT116 cells lacking
both alleles of p53 or p21 (p53−/−, p21−/−) failed to trigger
senescence (Supplementary Fig. 6a). Consistent with these
observations, ectopic expression of a p53 mutants (Muts; p53
R248W and p53 R273H) lacking DNA binding activity in
p53-depleted MCF7 cells inhibited p21 pre-mRNA and p21
protein accumulation despite Linc-ASEN silencing (Fig. 1e).
In addition, Linc-ASEN depletion-induced p21 accumulation
and cellular senescence in human breast epithelial MCF10A
cells expressing wild type (Wt) p53, while human breast
carcinoma MDA-MB-231 cells expressing a Mut p53
(R280K) did not display senescence after silencing Linc-
ASEN (Supplementary Fig. 6b, c). When we examined
expression level changes of other senescence markers, we
observed increased expressions of p16 and SASP factors,
such as IL-8, IL-6, IL-1α, PAI-1, and MMP3, in HCT116
parental and MCF10A Wt p53 cells. In contrast, expressions
of these genes were not increased in MDA-MB-231 Mut p53
cells (Supplementary Fig. 6a–c). Doxorubicin-induced
senescent cells were used as a positive control group. The
overexpression of Linc-ASEN strongly attenuated the tran-
scriptional increase in p21 level in p53-overexpressing
human lung carcinoma H1299 p53 deficient cells (Fig. 1f).
Together, these results indicate that both p53 and p21 are

required for the cellular senescence triggered by silencing
Linc-ASEN.

We performed chromatin immunoprecipitation (ChIP)
followed by qPCR analysis to determine whether Linc-
ASEN influences p53 binding at the promoters of p21 and
other p53 transcriptional target genes, NOXA, and
GADD45A. Whereas p53 was recruited to the p21 promoter,
p53 was not recruited to the NOXA or GADD45A promoters
in the absence of Linc-ASEN (Fig. 1g), suggesting that Linc-
ASEN specifically regulates p21 transcription by recruiting
p53 to p21 DNA regulatory region.

Linc-ASEN binds PRC1/2 to control p21 transcription

To elucidate the molecular mechanisms of Linc-ASEN action,
we attempted to identify the protein partners of Linc-ASEN by
adopting a modified chromatin isolation by RNA purification
(ChIRP) method [33]. Proteins bound to Linc-ASEN
were resolved on SDS-PAGE and subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
(Fig. 2a). Among the bound proteins, we found UPF1, a key
regulator of nonsense-mediated mRNA decay (NMD), and
CBX8, a core subunit of PRC1 (Fig. 2a). Using MS tethering
system [34], we observed that UPF1, CBX8, BMI1 (a
PRC1 subunit), and SUZ12 (a PRC2 subunit) were enriched
in Linc-ASEN (Fig. 2b). Interactions between UPF1 and
PRC1/2 subunits were not dependent on DNA or RNA
(Fig. 2c). We found that Linc-ASEN formed complexes with
UPF1 present in both nuclear and cytoplasmic fractions, but it
formed complexes with BMI1 and SUZ12 present only in
nuclear PD fractions using biotinylated Linc-ASEN probes
(Fig. 2d). When we performed ChIP assay using anti-UPF1
antibody in MCF7 cells in which Linc-ASEN was silenced,
UPF1 still associated with SUZ12 and BMI1, but not with the
p21 gene (Fig. 2e). Moreover, the UPF1 helicase activity was
dispensable for its interactions with SUZ12 or BMI1, since
the helicase mutant UPF1 R844C [35] was still found to
interact (Fig. 2f). In contrast, the UPF1 helicase activity was
essential for UPF1 binding to the Linc-ASEN and p21 gene
(Fig. 2f). UPF1 silencing alone was sufficient to induce cel-
lular senescence, elevate p21, and increase binding of p53 at
the p21 promoter, regardless of the presence of Linc-ASEN
(Supplementary Fig. 7a–c). In addition, we examined the
effect of Linc-ASEN or UPF1 on the enrichment of SUZ12

Fig. 1 Loss of Linc-ASEN induces cellular senescence. a Relative cell number, clonogenicity, BrdU incorporation, and PI positivity in Linc-
ASEN silenced MCF7 cells. b SA-β-Gal activity in Linc-ASEN silenced MCF7 cells. Percentages of SA-β-Gal positive cells are plotted.
c Immunoblotting and RT-qPCR analyses were performed in Linc-ASEN silenced cells. Actin was used as a loading control. d Linc-ASEN
depletion-mediated cellular senescence after silencing either p53 or p21. After transfection of either p53 siRNA (Si) or p21 Si in the combination of
Linc-ASEN Si, western blot, RT-qPCR, and SA-β-Gal analyses were conducted. e, f Western blot and RT-qPCR analyses were conducted after
transfection of either p53-wildtype (Wt) or -mutants (Muts) in the absence of Linc-ASEN in MCF7 cells (e) by or ectopically overexpressing either
p53 Wt or Linc-ASEN (f) in p53 null H1299 cells. g ChIP-qPCR showing p53 binding affinity changes in p21, NOXA, and GADD45A promoters
in Linc-ASEN-depleted cells. ChIP was performed with anti-p53 antibody in Linc-ASEN Si-transfected cells. In a–g, data are represented as
means ± SD. *P < 0.05, **P < 0.01, #P > 0.05 (Student’s t-test).
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and BMI1 at the p21 promoter. The absence of Linc-ASEN or
UPF1 significantly decreased SUZ12 and BMI1 enrichment
at the p21 promoter (Supplementary Fig. 8a–d). Linc-asen
also regulated p21 expression via the association with UPF1,

CBX8, and SUZ12 in mouse NIH3T3 cells, indicating that
the molecular mechanism whereby Linc-ASEN suppresses
cellular senescence is conserved between mice and humans
(Supplementary Fig. 10).
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We then examined if the recruitment of PRC1/2 to the p21
gene in association with Linc-ASEN was dependent on
UPF1; ChIRP analysis in UPF1-silenced cells revealed that
UPF1 is essential for the recruiting PRC1 and PRC2 to the
p21 gene (Fig. 3a). In addition, Linc-ASEN was primarily
found in the cytoplasm in UPF1-silenced cells (Fig. 3b),
suggesting that UPF1 might be needed for the nuclear loca-
lization of Linc-ASEN. Based on these findings, we hypo-
thesized that Linc-ASEN-UPF1-PRC1/2 complexes might
contribute to the epigenetic silencing of p21 gene. To test this
possibility, we performed the ChIP assay for tri-methylated
H3K27 (H3K27me3), a mark of transcription suppression in
either Linc-ASEN- or UPF1-depleted cells. The level of
H3K27me3 on the p21 promoter was substantially decreased
in cells in which either Linc-ASEN or UPF1 were silenced,
while it was unchanged for NOXA or GADD45A promoters
(Fig. 3c, d). On the other hands, active transcription markers,
H3K4me3, and acetylated histone H3 (H3ac) were higher in
the p21 promoter, but NOXA and GADD45A promoters, after
silencing Linc-ASEN or UPF1 (Fig. 3e, f and Supplementary
Fig. 9a, b). Taken together, these results suggest that Linc-
ASEN recruits PRC1/2 to the p21 gene to attenuate p21
transcription in a UPF1-dependent manner by altering the
epigenetic landscape.

ChIRP-Seq reveals specific Linc-ASEN occupancy of
the p21 gene locus

We conducted ChIRP-Seq using biotin-labeled probes of
Linc-ASEN and ChIP-Seq using anti-UPF1 antibody, and
identified overlaid peaks with wide genomic distribution.
While there was no overlaid peak in the NOXA or
GADD45A genes (Supplementary Fig. 11a), we observed an
overlaid peak at p21 and ABCA12 genes, indicating Linc-
ASEN-UPF1 occupancy (Fig. 4a and Supplementary
Fig. 11a). Changes in the levels of p21 and ABCA12
mRNAs by either UPF1 or Linc-ASEN were confirmed
using RT-qPCR analysis (Supplementary Figs. 7b and 11b).
ChIRP-Seq analysis predicted that a Linc-ASEN binding
motif was a purine-rich motif (e= 1.7e–023) (Fig. 4b). We
validated the presence of Linc-ASEN and UPF1 in the p21
gene locus by using PCR analysis (Fig. 4c).

To explore the molecular interaction between Linc-ASEN
and the p21 gene locus, we constructed a mutant plasmid that
expressed a truncated transcript, Linc-ASEN Δp21 DBS,
lacking the putative DNA binding sites (BS) of Linc-ASEN.
As shown in Fig. 4d, while p21 expression was decreased in
response to ectopic expression of Wt Linc-ASEN, Mut Linc-
ASEN Δp21 DBS was not able to suppress p21 transcription.
BothWt Linc-ASEN andMut Linc-ASEN Δp21 DBS bound to
UPF1-PRC1 and UPF1-PRC2 complexes, but only Wt Linc-
ASEN was capable of binding to the p21 gene locus (Fig. 4e).
Taken together, these results indicate that the association of
UPF1-PRC1/PRC2 complexes with Linc-ASEN is required
for p21 transcriptional silencing, and suggest that Linc-ASEN
leads UPF1-PRC1/PRC2 complexes selectively to the p21
gene via complementary base pairing.

Linc-ASEN cooperates with UPF1 and DCP1A to
regulate p21 mRNA stability

Interestingly, we found that the half-life of the p21 mRNA
was significantly longer when Linc-ASEN was silenced
(Fig. 5a), while p21 protein stability was not affected under
these conditions (Fig. 5b). We further confirmed that the
stability of p21 mRNA was controlled by Linc-ASEN using
p21 3′UTR reporter construct (Fig. 5c). A putative Linc-
ASEN BS on p21 mRNA was predicted by the intaRNA
software (http://rna.informatik.uni-freiburg.de/IntaRNA/
Input.jsp) (Fig. 5d, top). Physical interaction between
Linc-ASEN and p21 3′UTR was observed by RNA PD with
biotin-labeled Linc-ASEN probe followed by RT-qPCR
with p21 mRNA primers (Fig. 5d, bottom). The interaction
of Linc-ASEN with p21 3′UTR was further confirmed using
p21 3′UTR reporter construct (Fig. 5e). Next, we examined
if UPF1 was involved in the regulation of p21 mRNA
stability, since the half-life of p21 mRNA and the levels
of a p21 3′UTR reporter mRNA increased following
UPF1 silencing (Supplementary Fig. 12a, b). We found that
Linc-ASEN and UPF1 bound to the p21 mRNA 3′UTR using
RNA PD and immunoprecipitation (IP) assays, followed by
RT-qPCR analysis (Fig. 5e and Supplementary Fig. 12c).
UPF1 associates with multiple NMD factors, and requires
decapping enzymes, such as DCP1A and DCP2, to degrade

Fig. 2 Linc-ASEN associates with UPF1 and PRC1/2, and recruits UPF1-PRC1/2 complexes to the p21 gene locus. a Linc-ASEN pulldown
(PD) assay was performed and the associated proteins were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). UPF1
and PRC1/2 in Linc-ASEN RNA PD were analyzed by western blot with the indicated antibodies. b UPF1 and PRC1/2 in Linc-ASEN HA IP were
analyzed by western blot with the indicated antibodies. c UPF1 associates with PRCs in a DNA/RNA-independent manner. After IP using anti-
UPF1 antibody in the presence of RNase A and DNase I, the indicated proteins in precipitates were detected by western blot (upper). Actin mRNA
and p21 DNA were detected to assess the extent of digestion with RNase A and DNase I (lower). d Analysis of Linc-ASEN association with UPF1
and PRCs in the nucleus and cytoplasm fractions. Lamin B and Actin were used as loading control of the nucleus and cytoplasm, respectively.
e UPF1 chromatin immunoprecipitation (ChIP) was conducted in the presence or absence of Linc-ASEN. UPF1 ChIP was analyzed by western blot
and RT-qPCR analyses. Enrichment of DNA was quantified relative to the amount of input. Rabbit IgG (rIgG) was used as a negative control.
f ChIP analysis in the presence of UPF1 (Wt) and UPF1 R844C (Mut). After ectopic expression of UPF1 constructs in MCF7 cells, ChIP was
performed using Flag antibody. Western blot and RT-qPCR analysis were performed. Enrichment of DNA was quantified relative to the amount of
input. In d–f, data are represented as means ± SD. *P < 0.05, **P < 0.01 (Student’s t-test).
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mRNA [36]. Further analysis revealed that UPF1 and
DCP1A were recruited to the p21 3′UTR in a Linc-ASEN-
dependent manner (Fig. 5f). However, Linc-ASEN was

capable of binding to the p21 3′UTR reporter RNA
regardless of UPF1 abundance, while DCP1A associated
with p21 3′UTR in a UPF1-dependent manner

1850 H. C. Lee et al.



(Supplementary Fig. 12d). Taken together, these data indi-
cate that Linc-ASEN regulates p21 mRNA stability via the
recruitment of decay molecules, such as UPF1 and DCP1A.

Linc-ASEN binds to p21 3′UTR through
complementary sequences

To investigate the direct binding of Linc-ASEN to the p21 3′
UTR (Fig. 5d), we constructed a p21 3′UTR mutant (Mut p21
3′UTR ΔLinc-ASEN BS) in which the putative Linc-ASEN BS
on p21 3′UTR was deleted (Fig. 6a). The levels of p21 3′UTR
ΔLinc-ASEN BS reporter RNA were not affected by Linc-
ASEN depletion (Fig. 6a), supporting the notion that the Linc-
ASEN BS in the p21 3′UTR is essential for the regulation of
p21 mRNA stability by Linc-ASEN. To confirm the interac-
tion between Linc-ASEN and Linc-ASEN BS of p21 3′UTR,
we constructed plasmids that expressed p21 3′UTR and p21
3′UTR ΔLinc-ASEN BS bearing MS2 hairpins. The assess-
ment of MS2 IP materials revealed that decay-promoting
molecules UPF1 and DCP1A associated with p21 3′UTR but
not with p21 3′UTR ΔLinc-ASEN BS RNA (Fig. 6b). These
results support the notion that Linc-ASEN BS of p21 3′UTR is
essential for Linc-ASEN binding to regulate p21 mRNA sta-
bility through recruiting UPF1 and DCP1A.

To further examine the direct binding between Linc-ASEN
and p21 mRNA, we constructed Linc-ASEN mutant, which
disrupted the putative p21 mRNA BS of Linc-ASEN (Linc-
ASEN Δp21 RBS). Ectopic expression of Linc-ASEN Δp21
RBS did not affect p21 mRNA abundance as much as Wt
Linc-ASEN overexpression did (Fig. 6c). Tethering constructs
expression in transfected cells further supported the notion
that p21 mRNA interacted only with Wt Linc-ASEN and not
with Mut Linc-ASEN Δp21 RBS (Fig. 6d). However, UPF1
and DCP1A still associated with Linc-ASEN Δp21 RBS
(Fig. 6d). Taken together, these data demonstrated that Linc-
ASEN modulates p21 mRNA stability via direct interaction
between Linc-ASEN (5′-GGGGCAGGGG-3′) and p21
mRNA 3′UTR (5′-CCCCTGCCCC-3′).

Linc-ASEN levels correlate closely with tumor growth
and ageing

To investigate the biological significance of Linc-ASEN, we
examined the correlation between Linc-ASEN and p21
mRNA levels in cancer patient tissues. Linc-ASEN and p21

mRNA levels in tumor tissues from patients with colon
cancer (normal= 25, tumor= 23), lung cancer (normal= 7,
tumor= 13), and breast cancer (normal= 24, tumor= 22)
with normal tissues were measured by RT-qPCR analysis
(Fig. 7a). The correlation between Linc-ASEN and p21
mRNA levels in cancers with Wt p53 were assessed using
Pearson’s correlation coefficient. While a negative correla-
tion was observed between Linc-ASEN and p21 mRNA
expression in colon, breast, and lung cancer patients with
Wt p53 (colon cancer, R=−0.576; lung cancer, R=
−0.171; breast cancer, R=−0.035), no such correlation
was observed in patients with Mut p53. To further inves-
tigate the biological significance of Linc-ASEN, we gener-
ated the patient-derived xenograft (PDX) mice from human
colon cancer tissues with Wt p53. Significant retardation of
tumor growth and increased SA-β-Gal activity were
observed in a PDX mice treated with Linc-ASEN Si
(Fig. 7b) and RT-qPCR analysis revealed higher p21
mRNA levels in Linc-ASEN Si treatment goup (Fig. 7b).

To determine if Linc-ASEN and p21 mRNA levels are
correlated with aging, we investigated the relative levels of
Linc-ASEN and p21 mRNA in various organs from young
(3 months old) and old (24 months old) mice. With
advancing age, the levels of Linc-ASEN decreased sig-
nificantly, while the levels of p21 mRNA increased
(Fig. 7c). Similarly, in human diploid fibroblasts (HDFs)
rendered senescent by replicative exhaustion, Linc-ASEN
levels were lower and p21 mRNA levels were higher
(Fig. 7d) than in proliferating HDFs. We also observed the
typical senescent cell morphology (flattened and enlarged)
as well as positive SA-β-Gal activity in Linc-ASEN-silenced
HDFs (Fig. 7e). Taken together, these data support the view
that Linc-ASEN plays a critical role in tumor growth and its
abundance is inversely correlated with p21 levels in
untransformed senescent cells and aged tissues.

Discussion

Our studies demonstrate that Linc-ASEN functions through
association with UPF1, a well-known key factor in NMD
[37, 38]. UPF1 is a DNA and RNA helicase belonging to
helicase superfamily 1 [39] found in both the cytoplasm and
the nucleus [40]. In cytoplasm, UPF1 is critical for NMD, a
conserved mRNA surveillance pathway that degrades

Fig. 3 UPF1 is required for the association between Linc-ASEN and PRCs, and is involved in histone modification of the p21 gene locus.
a ChIRP was performed using Linc-ASEN specific biotin-probes. Enrichment of DNA was quantified relative to the amount of input. b Relative
Linc-ASEN levels in the nucleus and cytoplasm were assessed using nucleus and cytoplasm extraction assay after transfection of UPF1 Si.
c, d H3K27me3 ChIP was performed in MCF7 cells transfected with Linc-ASEN Si (c) or UPF1 Si (d). H3K27me3 enrichment at the p21, NOXA
and GADD45A promoters were determined by ChIP-qPCR analysis. Primer pairs were selected in the p53 responsive region. A rabbit IgG (rIgG)
was used as a negative control. e, f ChIP was performed by H3K4me3 (e) and H3ac (f) antibodies in Linc-ASEN silenced MCF7 cells. DNA in the
precipitates was measured using each specific primer and quantified relative to the amount of input. rIgG antibody was used as a negative control.
In a, c–f, data are represented as means ± SD. *P < 0.05, **P < 0.01, #P > 0.05 (Student’s t-test).
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Fig. 4 Linc-ASEN physically binds to p21 gene locus with com-
plementary base pairing. a Integrated Genome Viewer (IGV 2.3)
showing the expression pattern of p21 in Linc-ASEN-depleted MCF7
cells, and peaks of Linc-ASEN ChIRP-Seq and UPF1 ChIP-Seq on the
p21 gene locus. b Predicted motifs enriched in Linc-ASEN peaks using
MEME (http://meme-suite.org). c Schematic Linc-ASEN-binding site on
the p21 gene. The Linc-ASEN and UPF1 binding sites were analyzed by
ChIRP-qPCR and ChIP-qPCR, respectively. Locations of each primer
(primer 1~4) are shown in the schematic. d The rate of p21 transcription

in MCF7 cells transfected with pCMV-Linc-ASEN or pCMV-Linc-
ASEN Δp21 DBS construct was analyzed by RT-qPCR analysis.
eMCF7 cells were transfected with pCMV-Linc-ASEN-MS2BS (Wt) or
pCMV-Linc-ASEN Δp21 DBS-MS2BS reporter (Mut) plasmids in
combination with pMS2-HA. IP was performed using HA antibody, and
then precipitated DNA was quantified using specific primers. NC,
negative control. In c–e, data are represented as means ± SD. *P < 0.05,
**P < 0.01, #P > 0.05 (Student’s t-test).
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abnormal mRNA containing a premature translation termi-
nation codon [41, 42]. In addition to its relationship with
NMD, UPF1 plays roles of non-NMD, including STAU1-

mediated mRNA decay (SMD), telomere maintenance, cell
cycle progression, and DNA replication [28, 43, 44].
However, the function and biological significance of UPF1
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in transcriptional regulation has not been investigated.
Based on the results of this study, we propose that UPF1 is
involved in chromatin modification via association with
PRC1 and PRC2 in the nucleus. Linc-ASEN played a critical
role in guiding the UPF1-PRC1 and UPF1-PRC2 com-
plexes to the p21 gene locus through specific com-
plementary sequences, ultimately influencing p21 gene
transcription. We found that Linc-ASEN depletion led to the
dissociation of UPF1-PRC1 and UPF1-PRC2 complexes
from p21 gene locus, resulting in decreased H3K27me3
enrichment at a p53-responsive promoter element in the p21
gene. Accordingly, loss of Linc-ASEN contributed to dere-
pressing the p21 promoter. By employing ChIRP-Seq and
RNA IP analyses, we also reveal that loss of UPF1 caused
defects in the recruitment of PRC1 and PRC2 to the Linc-
ASEN binding element in the p21 gene locus.

The function of UPF in concert with lncRNA to regulate
mRNA stability outside of the NMD or SMD mechanisms
was not reported previously. We found that Linc-ASEN
regulated p21 mRNA stability in association with UPF1 and
DCP1A in the cytoplasm. The fact that Linc-ASEN contains
a region complementary to the p21 3′UTR leads us to
propose that Linc-ASEN could guide Linc-ASEN-UPF1-
DCP1A complex to p21 3′UTR. As evidenced by studying
p21 3′UTR and Linc-ASEN RNAs bearing internal muta-
tions in either DNA- or RNA-binding regions, target site
recognition by Linc-ASEN occurred through specific base
pairing.

The regulatory networks controlling cancer development
have been richly expanded through the regulation of
protein-coding gene expressions by lncRNAs [15, 45, 46].
Through their impact on protein expression patterns,
lncRNAs can act as oncogenes or tumor suppressors [47].
Given that cellular senescence, particularly in young indi-
viduals, is believed to represent a potent suppressor
mechanism, we assessed the consequences of reducing
Linc-ASEN levels on tumor growth in a PDX mouse model
of human colon cancer bearing Wt or Mut p53. Depletion of
Linc-ASEN reduced tumor size and triggered a strong
response of tumor cell senescence. In addition, we found a
negative correlation between Linc-ASEN levels and p21

mRNA levels in patient cancers containing Wt p53, and
discovered that Linc-ASEN levels decreased as p21 levels
increased in aged mouse tissues.

In summary, we report a novel transcript, Linc-ASEN,
with a dual function in fine-tuning p21 production at both
the transcriptional and posttranscriptional levels (Fig. 7f).
In the nucleus, Linc-ASEN guided UPF1-PRC1 and
UPF1-PRC2 to the p21 gene promote to suppress p21 gene
transcription. In the cytoplasm, Linc-ASEN led the UPF1-
DCP1A complex to the p21 3′UTR in a sequence-specific
manner to degrade p21 mRNA. Our data indicate that
the presence of Linc-ASEN robustly prevents cellular
senescence. Given the role of Linc-ASEN as a strong,
multileveled inhibitor of p21 expression, we propose that
interventions to reduce Linc-ASEN function could constitute
promising therapeutic venues in cancer.

Materials and methods

Cell culture

MCF7, HEK293T, and SW620 cells and HDFs were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(WelGENE, Daegu, Korea). HCT116 parental, p53−/−,
and p21−/− isogenic cell lines were cultured in McCoy’s
5A medium (WelGENE). MDA-MB-231 and H1299 cell
lines were cultured in RPMI 1640 (WelGENE). MCA10A
cells were cultured in DMEM/F12 (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 5% horse
serum (Sigma-Aldrich, St. Louis, MO, USA) and 1%
penicillin and streptomycin (WelGENE). The other cells
were supplemented with 10% fetal bovine serum (Tissue
Culture Biologics, Long Beach, CA, USA) and 1% peni-
cillin and streptomycin (WelGENE) at 37 °C in a 5% CO2

incubator.

siRNA, ASO, and plasmid transfection

Cells were transfected with in vitro-synthesized siRNAs
(Bioneer, Daejeon, Korea), ASOs (Bioneer), and plasmids

Fig. 5 Linc-ASEN promotes p21 mRNA decay by associating with UPF1 and DCP1A. a Linc-ASEN silenced MCF7 cells were incubated for
the indicated times with 5 mg/ml actinomycin (ActD). RNAs were purified, then subjected to RT-qPCR using p21 mRNA-specific primers. b Linc-
ASEN silenced cells were treated with cycloheximide (CHX), after which lysates were prepared at the indicated times for western blot (top). The
normalized band intensities were evaluated with ImageJ software (bottom). c Effect of Linc-ASEN depletion on p21 3′UTR reporter mRNA. MCF7
cells were transfected with Linc-ASEN Si prior to transfection with pFL-p21 3′UTR in combination with pRL-CMV as a reference plasmid, and
then RT-qPCR analysis was conducted. d Schematic illustration showing primer binding regions of p21 mRNA for ChIRP assay (top). Predicted
Linc-ASEN binding site (P5) on p21 mRNA are shown. RNA PD was performed with biotin-Linc-ASEN probes (bottom). p21 mRNA in
precipitates was measured by RT-qPCR analysis with 100 nt overlapping interval primers which covers the p21 full-length mRNA. e RNA PD was
performed with biotin-Linc-ASEN probes using the FLuc-p21 3′UTR reporter system. Reporter RNA in precipitates was quantified by RT-qPCR
analysis using FLuc specific primers. f UPF1 binding on p21 3′UTR is dependent on Linc-ASEN. HEK293T cells were transfected with Linc-ASEN
Si prior to transfection with pcFLuc-MS2BS-p21 3'UTR reporter plasmid in combination with pMS2-HA. IP was performed and immunopre-
cipitates were assessed by western blot and RT-qPCR analyses. In a, c–f, data are represented as means ± SD. *P < 0.05; **P < 0.01; #P > 0.05
(Student’s t-test).
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using Lipofectamine RNAi-MAX (Invitrogen, Carlsbad,
CA, USA) and Lipofectamine 2000 (Invitrogen). The siR-
NAs and ASOs used in this study are listed in Supple-
mentary Table 3.

Cell treatments

Doxorubicin was used to induce senescence or apoptosis
at concentrations of 50 ng/ml or 5 µg/ml, respectively. For
analyses of p21 mRNA stability and p21 protein half-life,
cells were incubated with 5 µg/ml actinomycin D (Sigma-
Aldrich) and 40 µg/ml cycloheximide (Sigma-Aldrich) for
various time periods (0, 2, 4, 8, and 12 h). Total RNA was
isolated and RT-qPCR analysis was used to measure RNA
levels; protein lysates were prepared for western blot ana-
lysis of specific proteins.

Assays of cell viability, colony formation, and BrdU
incorporation

Suspended cells were stained with 0.4% (w/v) trypan
blue (Thermo Fisher Scientific) at a 1:1 ratio to assess
cell viability, and then counted using a hemocytometer.
For colony formation assay, cells were seeded in 60-mm
dishes and cultured for 7 days. Colonies were then fixed
and stained with Diff-Quick (Sysmex Corp., Kobe,
Japan). For BrdU incorporation assay, cells were seeded
into 12-well plates and cultured for 2 days. A Cell Pro-
liferation ELISA, BrdU (colorimetric) kit (Roche, Darm-
stadt, Germany) was used according to the manufacturer’s
instructions.

Senescence-associated β-galactosidase (SA-β-Gal)
staining

Cells and tumors were stained for SA-β-Gal activity as
described previously [48]. Briefly, cells were washed with
phosphate-buffered saline (PBS) and fixed with 3.7%
formaldehyde for 3–5 min. And then cells and tissues were
incubated for 12–16 h in 1 ml staining solution containing
1 mg/ml 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-
Gal), 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide,
150 mM NaCl, and 2 mM MgCl2.

Immunofluorescence

Cells were washed with PBS and fixed with 4% paraf-
ormaldehyde (Sigma-Aldrich) in PBS for 10 min at room
temperature. And then cells were permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich) and were blocked for
20 min with 1% BSA in PBS. Cells were stained with
primary antibody in 1% BSA in PBS and were stained
with Alex Flour 594-conjugated secondary antibody
(Jackson Immunoresearch, West Grove, PA, USA). Nuclei
were stained with DAPI after the incubation of secondary
antibody. Next, slide glass was mounted using Fluorescent
Mounting Medium (Dako, Santa Clara, CA, USA).
Immunofluorescence was visualized using laser scanning
microscope (LSM 510; Carl Zeiss, Jena, Germany).
Antibody is listed in Supplementary Table 8.

Plasmid construction

Construction details for pMS2-HA were previously reported
[49]. To generate pcFLuc-EV plasmids, pcDNA3 (Invitro-
gen) was ligated with a HindIII/XbaI-digested PCR frag-
ment amplified from pGL2-basic (Promega). To construct
pcFLuc-p21 3′UTR reporter plasmid, pcFLuc-EV plasmid
was inserted with XbaI-digested PCR products amplified
from p21 3′UTR. To generate pcFLuc-MS2BS-p21 3′UTR,
NotI/XbaI restriction enzyme sites were inserted into
pcFLuc-p21 3′UTR using specific primers. NotI/XbaI
fragments of pcFLuc-MS2BS were then ligated with NotI/
NheI-digested pcFLuc-p21 3′UTR-NotI/XbaI plasmid.
pCMV-Linc-ASEN was generated from ligation of a BglII/
HindIII-digested PCR fragment amplified from CMV pro-
moter and a HindIII/XbaI-digested fragment amplified from
BAC clone (Macrogen, Seoul, Korea) into BglII/XbaI-
digested pcDNA3 plasmid. To construct pCMV-Linc-
ASEN-MS2BS, NotI and NheI restriction enzyme sites
were added into pCMV-Linc-ASEN using the primers, after
which a NotI/XbaI-digested fragment from pcFLuc-MS2BS
was inserted into NotI/NheI-digested pCMV-Linc-ASEN-
NotI/NheI. To generate pCMV-ORF 1-GFP, -ORF 2-GFP,
and -ORF 3-GFP, pCMV-Linc-ASEN was amplified using
the primer pair after adding the NheI/NotI restriction
enzyme site into ORF 1, ORF 2, and ORF 3 of Linc-
ASEN. Next, NheI/NotI-digested pEGFP-C1 (Clontech

Fig. 6 Linc-ASEN binding to p21 mRNA through complementary base pairing is critical for p21 mRNA degradation. a Schematic
representation of the pcFluc-p21 3′UTR (Wt) or pcFluc-p21 3′UTR ΔLinc-ASEN BS (Mut) (upper). MCF7 cells were transfected with pcFluc-p21
3′UTR Wt or Mut in combination with pRL-CMV as a reference plasmid, and then RT-qPCR analysis was performed (lower). b Diagrams of
pcFLuc-MS2BS-p21 3′UTR (Wt) or pcFLuc-MS2BS-p21 3′UTR ΔLinc-ASEN BS (Mut) (upper). Using the MS2 tethering system, IP was
performed, and precipitates were analyzed by western blot and RT-qPCR (lower). c Schematic representations of the pCMV-Linc-ASEN (Wt) or
pCMV-Linc-ASEN Δp21 RBS (Mut) (upper). Relative Linc-ASEN and p21 mRNA levels were analyzed by RT-qPCR (lower). d MCF7 cells
were transfected with pCMV-Linc-ASEN-MS2BS (Wt) or pCMV-Linc-ASEN Δp21 RBS-MS2BS (Mut) reporter plasmids in combination with
pMS2-HA. Cells were subjected to IP and western blot analyses. Precipitated RNA was subjected to RT-qPCR. In a–d, data are represented as
means ± SD. *P < 0.05; **P < 0.01; #P > 0.05 (Student’s t-test).
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Laboratories, Mountain View, CA, USA) was inserted into
pCMV-ORF 1, 2, or 3-NheI/NotI plasmids, respectively.
pCMV-Linc-ASEN Δp21 DBS, Δp21 RBS, Δp21

DBS-MS2BS or Δp21 RBS-MS2BS plasmids were
constructed by ligation of HindIII/XbaI-digested
PCR fragments amplified from pCMV-Linc-ASEN or
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pCMV-Linc-ASEN-MS2BS, respectively. To generate
pcFLuc-p21 3′UTR ΔLinc-ASEN BS or -MS2BS-p21 3′
UTR ΔLinc-ASEN BS, a HindIII/XhoI fragment of
pcFLuc-p21 3′UTR or -MS2BS-p21 3′UTR was ligated
with a HindIII/XhoI-digested PCR fragment amplified from
pcFLuc-p21 3′UTR. p3xFLAG-p21 was constructed by
ligation of HindIII/EcoRI-digested fragment using gBlock
(IDT Corp., Coralville, IA, USA) into p3xFLAG plasmid.

The pCMV-Neo-Bam-p53 Wt, R248W, or R273H
expressing plasmids were purchased from Addgene
(http://www.addgene.org/). pCI-neo-EV, -FLAG-UPF1 Wt,
and -FLAG-UPF1 R844C plasmids were kindly provided
by Dr Lynne E. Maquat at the University of Rochester,
Rochester, NY, USA [35]. The primers used for the gen-
eration of plasmid constructs are listed in Supplementary
Table 4.

Subcellular fractionation

Nuclear/cytoplasmic fractionation was conducted using NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific) according to the manufacturer’s
protocols. Cytoplasmic and nuclear fractions were split for
RNA extraction for RT-qPCR analysis or protein extraction
for western blot analysis. GAPDH, Actin, and HSP 90 were
used as cytoplasmic protein markers and Lamin B1 was
used as a nuclear protein marker in western blot analyses.

Rapid amplification of cDNA ends (RACE)

Total RNAs were extracted using TRIzol Reagent (Mole-
cular Research Center, Cincinnati, OH, USA) following the
manufacturer’s protocol, and then used for RACE. Speci-
fically, 5′ and 3′ RACE reactions were performed using 5′
and 3′ RACE Systems for RACE, version 2.0 (Thermo
Fisher Scientific), according to the manufacturer’s protocol.
The sequences of primers used for RACE are listed in
Supplementary Table 5.

Real-time quantitative PCR (RT-qPCR)

Total RNAs were extracted from cells or normal and cancer
tissues of human colon, lung, or breast using TRIzol

Reagent (Molecular Research Center), and then reverse-
transcribed using M-MLV reverse transcriptase (Thermo
Fisher Scientific) according to the manufacturer’s protocols;
qPCR analysis was then performed using iQTM SYBR®

Green Supermix (BioRad Laboratories, Hercules, CA,
USA) on a CFX ConnectTM RT-PCR Detection System
(BioRad Laboratories). The relative expression levels were
normalized to Actin mRNA. The primer sequences for RT-
qPCR are listed in Supplementary Table 6.

RNA-pulldown assay

Harvested cells were rinsed and sonicated in NET-2 buffer
(50 mM Tris-HCl, pH 7.4, 150–300 mM NaCl, 0.05% NP-
40, PMSF, Benzamidine). Cell lysates were incubated with
biotin-labeled probes synthesized from Bioneer, and then
pulled down with streptavidin beads (Sigma-Aldrich). Pre-
cipitated RNA and proteins were subsequently subjected to
RT-qPCR and western blot analyses, respectively. The
sequences of biotin-labeled probes for the Linc-ASEN
pulldown assay are listed in Supplementary Table 7.

RNA-Seq analysis

RNA-Seq was conducted to identify novel lncRNAs dif-
ferentially expressed in senescent cells and to analyze
genes that were differentially expressed in response to
Linc-ASEN depletion. For each experiment, MCF7 cells
were untreated or treated with DMSO, doxorubicin (50 ng/
ml), or IR (6 Gy) for 24 h, and then transfected with
Control or Linc-ASEN siRNAs for 2 days, respectively.
Total RNA was isolated using TRIzol Reagent (Molecular
Research Center) according to the manufacturer’s proto-
cols. The cDNA was then synthesized from total RNA as
previously described [50]. For high-throughput sequen-
cing, standard Illumina libraries were prepared according
to the manufacturer’s protocol and sequenced using Illu-
mina HiSeq2000 or NextSeq 500 of read length 101 or
75 bp, respectively. We obtained ~96 million mapped
reads per sample and aligned then to the human reference
genome hg19 of UCSC genome using STAR v2.5.0 [51].
Differentially expressed transcripts between the controls
and samples were investigated using Cufflinks v2.2.1 [52].

Fig. 7 Inverse correlation between Linc-ASEN and p21 mRNA levels in human cancer patient tissues, PDX tumor tissues, and aged mouse
tissues. a Analysis of Linc-ASEN and p21 mRNA levels in colon (normal= 25, tumor= 23), lung (normal= 7, tumor= 13) and breast (normal=
24, tumor= 22) patient samples using RT-qPCR. Expression levels were normalized to Actin mRNA. b Tumor growth curves of PDX mice (n=
3) that were generated from human colon cancer patient tumor tissues after injection of Linc-ASEN Si. Tumor volume in PDX mice was measured
at the indicated times. After mice were sacrificed, tumor tissues were obtained for SA-β-Gal staining and RT-qPCR analysis. c RT-qPCR analysis
of the levels of Linc-asen and p21 mRNA in young and old mouse tissues (n= 3). d The levels of Linc-ASEN and p21 mRNA were measured, and
SA-β-Gal positivity evaluated, in primary human diploid fibroblasts (HDFs) that were either proliferating (passage 15) or senescent (passage 30).
e Western blot and RT-qPCR analysis were performed 2 days after Linc-ASEN Si transfection in primary HDFs (passage 14). SA-β-Gal staining
was performed at 4 days post transfection. f Proposed working model of Linc-ASEN. Linc-ASEN plays dual roles in inhibiting p21 expression by
both suppressing transcription of the p21 gene in the nucleus and reducing p21 mRNA stability in the cytoplasm. In a–e, data are represented as
means ± SEM. *P < 0.05; **P < 0.01; #P > 0.05 (Student’s t-test).
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All expression values were calculated as FPKM (Frag-
ments Per Kilobase Million).

Immunoprecipitation (IP) and chromatin
immunoprecipitation (ChIP)

For IP and ChIP, cells were lysed in NET-2 buffer con-
taining 100 U of RNase Inhibitor (Invitrogen) and pre-
cleared with protein G-Resin (GenScript, Piscataway, NJ,
USA) or A-Sepharose beads (GE Healthcare Bio-Science
AB, Uppsala, Sweden). After precleaning, the lysates were
immunoprecipitated with specific antibodies or IgG along
with beads. The DNAs and RNAs pulled down with pro-
teins were purified by phenol-chloroform extraction and
precipitated in ethanol, after which they were resuspended
in DNase- and RNase-free water and measured by qPCR
analysis. The proteins were analyzed by western blot ana-
lysis. The antibodies used in IP and ChIP are listed in the
Supplementary Table 8.

Chromatin isolation by RNA purification (ChIRP)
assay and data analysis

ChIRP assays were performed as previously described [33].
Briefly, three 3′ biotinylated probes targeting the full-length
of the Linc-ASEN sequence were designed (see Supple-
mentary Table 7 for details). MCF7 cells were then soni-
cated in NET-2 buffer and precleared with streptavidin beads
(Sigma-Aldrich) at 4 °C for 1 h with end-over-end rotation.
After preclearing, 2 μl per 100 pmol of each probe were
added and incubated at 4 °C for 2 h. Beads:biotin-probes:
RNA:chromatin were captured with streptavidin beads
(Sigma-Aldrich) and resuspended in 100 μl of 2× Laemmli
sample buffer and boiled for 5 min, after which they were
subjected to trizol:chloroform extraction. The extracted
RNA was then processed using an Illumina TruSeq Stranded
mRNA kit (Illumina) according to the manufacturer’s pro-
tocol and sequenced on thane Illumina NextSeq 500 (Illu-
mina) system with a sequence length of 75 bp. Analysis of
raw data was conducted as described for the RNA-Seq data
above. Peaks of each sample were called using MACS
against its corresponding input with a p value < 0.01.
Sequences of peaks within genes that were upregulated by
Linc-ASEN were extracted and motifs analysis against these
peaks was performed by MEME as described [53]. The
motifs showing the highest significance were used for fur-
ther analysis.

Liquid chromatography-mass spectrometry
(LC-MS/MS)

MCF7 cell lysates were pulled down with streptavidin
beads (Sigma-Aldrich). Briefly, precipitated proteins were

stained and measured by MS via LC-MS/MS on a Q
Exactive Plus mass spectrometer (Thermo Scientific)
equipped with a Dionex Ultimate 3000 UPLC Orbitrap
ion source (Korea Basic Science Institute, Daejeon,
Korea). Spectral data were analyzed using the MASCOT
Ver2.4, a database containing the human International
Protein Index protein sequence database, (http://www.ebi.
ac.uk/IPI/) together with the reversed complement.

Western blot analysis and antibodies

Cells were lysed with RIPA buffer (50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS) containing protease
inhibitor (Roche). Lysates were mixed with 2× sample
buffer, boiled, and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). After
transferring proteins to a nitrocellulose membrane, western
blot analysis was conducted by blocking the membrane with
5% nonfat dried milk and incubating with specific anti-
bodies. The antibodies used in western blotting are listed in
Supplementary Table 8.

Patient-derived xenograft (PDX)

Tumor samples were obtained from patients following
surgical resection for colon cancer at Severance Hospital,
Yonsei University Health System, Seoul, Republic of
Korea. Samples were procured from surgical specimens
and processed for subsequent analyses within a few hours.
Pathological and genetic information were annotated
and managed in a prospective database. All patients
provided informed consent and the study was approved
by the Severance Hospital Institutional Review Board
(4-2013-0635).

For PDX model, 5-week-old BALB/c nude female mice
were cared for according to the institutional guidelines for
animal care and every animal experiment was approved by
the Institutional Animal Care and Use Committee (IACUC)
of the Yonsei University College of Medicine (2013-0262).
The transferred tumors were placed into sterile Petri dishes
containing PBS, and then sliced into fragments. Initially, a
single piece of tumor tissue was used for implantation.
Thereafter, when the tumor reached an average volume of
~200 mm3, 100 nM of Con Si or Linc-ASEN Si with Ate-
loGenes (KOKEN, Tokyo, Japan) was injected to wrap the
entire tumor mass. The size of the implanted tumor was
checked periodically for 24 days using a caliper. Average
tumor volume was calculated as (length × width2)/2. The
mice were sacrificed at 24 days after siRNA injection, after
which tumors obtained from mice were used for RT-qPCR
and western blot analysis. The randomization method was
not used and no blinding was done. The use of animals in
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this study was approved by IACUC of the Yonsei Uni-
versity College of Medicine (2013-0262).

Human tissues

Human breast normal and cancer tissues were provided by
the Biobank of Korea University Guro Hospital, a member
of the Korea Biobank Network. Human colorectal normal
and carcinoma tissues were provided by the Ajou Uni-
versity Human Bio-Resource Bank, a member of Korea
Biobank Network. The human tissues used in this study
were approved by the Institutional Review Board of Inha
University Hospital (2016-11-008).

Public data sets sources

Data for ChIP-seq of p53 at the p21 promoter were
derived from a publicly available dataset (GSE86222),
while those for PRC1 and PRC2 were obtained from
ENCODE (BMI1 ChIP-seq, GSE105933 and SUZ12
ChIP-seq, GSE105981).

Statistical analysis

All data represent the mean ± standard deviation and stan-
dard error of the mean for at least three independent
experiments. Sample numbers (n) indicates the number of
independent biological samples in each experiment. Statis-
tical analysis was carried out using Microsoft Excel soft-
ware and GraphPad Prism. Statistical significance was
analyzed using Student’s t test and expressed as a P value
(*P < 0.05; **P < 0.01; ***P < 0.001; #P > 0.05) as indi-
cated in the individual figure legends.

Accession numbers

Sequencing data from this paper have been submitted to the
NCBI Gene Expression Omnibus database (http://www.
ncbi.nlm.nih.gov/geo/) and assigned the accession number
GSE128398.
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