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KCNQ1OT1 promotes genome-wide 
transposon repression by guiding RNA–DNA 
triplexes and HP1 binding

Xiaoli Zhang1,7, Quanlong Jiang2,3,7, Jiyang Li    2,3,4,7, Shiqiang Zhang1,2,3,7, 
Yaqiang Cao    2,3, Xian Xia5, Donghong Cai2,3, Jiaqi Tan1, Jiekai Chen    6 and 
Jing-Dong J. Han    1 

Transposon (de)repression and heterochromatin reorganization are 
dynamically regulated during cell fate determination and are hallmarks 
of cellular senescence. However, whether they are sequence specifically 
regulated remains unknown. Here we uncover that the KCNQ1OT1 lncRNA, 
by sequence-specific Hoogsteen base pairing with double-stranded 
genomic DNA via its repeat-rich region and binding to the heterochromatin 
protein HP1α, guides, induces and maintains epigenetic silencing at specific 
repetitive DNA elements. Repressing KCNQ1OT1 or deleting its repeat-rich 
region reduces DNA methylation and H3K9me3 on KCNQ1OT1-targeted 
transposons. Engineering a fusion KCNQ1OT1 with an ectopically targeting 
guiding triplex sequence induces de novo DNA methylation at the target 
site. Phenotypically, repressing KCNQ1OT1 induces senescence-associated 
heterochromatin foci, transposon activation and retrotransposition as well 
as cellular senescence, demonstrating an essential role of KCNQ1OT1 to 
safeguard against genome instability and senescence.

Transposon activation and heterochromatin reorganization are critical 
events in cell fate determination and senescence1–4. A most prominent 
and common early event during cellular senescence is the formation of 
H3K9 trimethylation (H3K9me3) foci in the nucleus, which are called 
senescence-associated heterochromatin foci (SAHF). SAHF often con-
tain DNA sequence from both coding and noncoding regions, and are 
characterized by several heterochromatin marks, including H3K9me3 
and HP1 proteins4–6. Recent studies also revealed several long non-
coding RNAs (lncRNAs) involved in heterochromatin formation and 
stability7–10, while many other lncRNAs are related to senescent phe-
notypes11–14. For example, we recently found many lncRNAs to regulate 
NFkB signalling and hence regulate senescence-associated secretory 

phenotypes (SASPs)14, and another study demonstrates that the lncRNA 
GUARDIN is necessary for maintaining the stability of telomeres10. 
Transposon repression and activation are often sequence specific—for 
example, only the evolutionarily young AluY subfamily, but not older 
Alu subfamilies, are repressed in immune cells15. Why only a select 
set of transposons are activated or repressed during development 
and ageing, and what makes the broad domain epigenetic (de)repres-
sion sequence specific remain elusive. It is also unknown whether any 
lncRNAs regulate senescence through shaping transposon activity 
and heterochromatin landscape. KCNQ1OT1 is a paternally expressed 
lncRNA and correlates with transcriptional silencing of eight to ten 
protein-coding genes in cis16–18. The more than 91 kb-long KCNQ1OT1 
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elements, and knockdown (KD) of KCNQ1OT1 results in spontaneous 
cellular senescence. In addition, engineering a new guiding sequence 
is sufficient to ectopically target KCNQ1OT1 for DNA methylation.

Results
KCNQ1OT1 is associated with heterochromatin
Several studies showed that HP1 protein not only contains chromo-
domain that binds to H3K9me3 but also possess an RNA-binding 
domain26–28. Using HP1α eCLIP29 in NIH3T3 cells, we found two antisense 
lncRNAs, AIRN and KCNQ1OT1, were more than twofold enriched by 
HP1α (Fig. 1a). These two lncRNAs are known as imprinting genes, play-
ing a role in silencing the parental genes in cis and regulating histone 
H3 lysine 9 methylation through interaction with G9a during early 
development19,30. We confirmed the interactions of KCNQ1OT1 with 
heterochromatin through H3K9me3 RNA immunoprecipitation (RIP), 
followed by complementary DNA synthesis and quantitative real-time 
PCR (qPCR) in both NIH3T3 and HEK293T cells. The RIP results showed 
that KCNQ1OT1 was specifically enriched by antibodies to H3K9me3 
(Fig. 1b and Extended Data Fig. 1b). Given that KCNQ1OT1 is highly 
conserved in the genomic sequence, position and structure in mam-
mals, and more ubiquitously and highly expressed among different 
tissues compared with AIRN, which is consistent with our RNA-seq data 
(Extended Data Fig. 1a), we focused on KCNQ1OT1 lncRNA in this study.

To further validate the interaction between KCNQ1OT1 and 
HP1α, we performed chromatin oligonucleotide affinity precipita-
tion (ChOP)31 using biotinylated antisense DNA oligonucleotides 

contains several repeat motifs at the 5′ end and also harbours a large 
approximately 50-kb repeat-rich (predominately long interspersed 
nuclear element) region at the 3′ half of KCNQ1OT1 transcripts19,20. The 
repeats located at the 5′ end right after the transcription start site of 
KCNQ1OT1 are conserved in mammals21 and play an important role in 
silencing the flanking genes, whereas the function of the repeat-rich 
region in KCNQ1OT1 is unknown18,22,23. Furthermore, KCNQ1OT1 was 
previously assumed to only function in cis to repress nearby coding 
genes18,19,24. However, its cis-only action cannot explain the much higher 
expression levels of KCNQ1OT1 (fragments per kilobase of exon per 
million mapped fragments (FPKM) of 2.6 in HEK293T cells according 
to our RNA-sequencing (RNA-seq) data) than most lncRNAs (Extended 
Data Fig. 1a), such as HOTTIP (FPKM of 0.21), a well-known trans-acting 
lncRNA25. The difference between cis- and trans-acting is that sequence 
specificity is needed for trans targeting but not for cis targeting. Here we 
identified through HP1α enhanced crosslinking and immunoprecipita-
tion (eCLIP) with sequencing (eCLIP–seq), computational prediction 
and detailed molecular characterization that KCNQ1OT1 lncRNA guides 
DNA methylation, H3K9me3 and transposon repression in trans at 
specific repetitive DNA elements genome wide. We find that, guided 
by forming an RNA–double-stranded DNA (dsDNA) triplex between the 
repeat-rich region of KCNQ1OT1 and the target DNA as well as simultane-
ous binding to HP1α, KCNQ1OT1 is required for maintaining H3K9me3 
and DNA methylation on its targeting sequences to represses their 
transcription. Deletion of the repeat-rich region of KCNQ1OT1 alone 
leads to activation of KCNQ1OT1-targeted Alu, L1 and satellite repeat 
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Fig. 1 | The lncRNA KCNQ1OT1 binds HP1 and suppresses H3K9me3 foci. a, 
Representative normalized HP1α eCLIP–seq reads on the lncRNAs AIRN and 
KCNQ1OT1 in NIH3T3 cells. b, RIP using antibodies to control immunoglobulin 
G (IgG) or H3K9me3 in human HEK293T cells. Data are the mean ± s.e.m. relative 
to the input (n = 3 independent experiments). ACTB, U6 small nuclear RNA and 
NEAT1 were used as negative controls. c, Increase in H3K9me3 foci in KCNQ1OT1-
KD HEK293T cells as shown by immunofluorescence staining of H3K9me3 (left). 
Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Scale 
bar, 5 μm. Average number of H3K9me3 foci per cell (middle) and average size of 
H3K9me3 foci per cell (right; n = 183 (EV) and 159 KCNQ1OT1-KD (KD) cells pooled 
across three independent experiments). Box-and-whisker plots: the bound of a 
box shows the 25% (lower quartile) and 75% (upper quartile) of all values in the 

group; the line in the box shows the median value; and values outside the middle 
50% values (interquartile range, IQR) but within 1.5×IQR are shown as whiskers, 
otherwise as black dots. All values are shown as grey spots. d, RNA-seq tracks 
showing the expression of KCNQ1OT1 in proliferating, early senescence and deep 
senescence human lung fibroblast cells (left). Levels of KCNQ1OT1 expression in 
proliferating, early senescence and deep senescence human lung fibroblast cells 
(right). TPM, transcripts per kilobase million. e, Expression pattern of KCNQ1OT1 
in human brain tissue (top; National Omics Data Encyclopedia, OEP001041) and 
blood (bottom; GSE106670) derived from different ages. Pearson correlation 
coefficient (r) and P values are shown. b–d, Statistical significance was 
determined using a two-tailed Student’s t-test; *P < 0.05 and ***P < 0.001. Source 
numerical data are provided.

https://www.biosino.org/node/project/detail/OEP001041
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE106670
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(Supplementary Table 1) to capture proteins bound by KCNQ1OT1, 
followed by western blotting in NIH3T3 cells. The DNA probes were 
designed according to a method used for chromatin isolation by 
RNA purification with sequencing (ChIRP–seq)32. A similar set of lacZ 
probes served as a negative control, which has no specific targets in 
human cells. We found that KCNQ1OT1 probes enriched HP1α proteins 
more efficiently and specifically compared with the control probes 
(Extended Data Fig. 1c). Given these results and that previous studies 
showed that KCNQ1OT1 RNA locates at nucleolar periphery and nuclear 
periphery regions21,33, which are the well-known HP1 and heterochroma-
tin attachment sites34,35, we investigated whether KCNQ1OT1 regulates 
the stability of heterochromatin. To investigate this, we knocked down 
or silenced the expression of KCNQ1OT1 using clustered regularly 
interspaced palindromic repeats (CRISPR)–nuclease-inactive Cas9 
(dCas9) fused to the Krüppel-associated box (KRAB) repressor36, with 
single guide RNA (sgRNA) targeting the promoter region of KCNQ1OT1 
(Supplementary Table 2). As a result, KCNQ1OT1 KD in both HEK293T 
and NIH3T3 cells are highly effective, close to 100% in HEK293T and 80% 
in NIH3T3 (Extended Data Fig. 1d). In addition, we found that H3K9me3 
foci were clearly more visible in the KCNQ1OT1-KD cells compared with 
cells transfected with empty vector (EV; Fig. 1c and Extended Data Fig. 
1e (left)), and the number and size of the foci increased significantly 
following KCNQ1OT1 KD (Fig. 1c and Extended Data Fig. 1e (right)). To 
further verify the association of KCNQ1OT1 with cellular senescence, 
we reanalysed a published RNA-seq dataset derived from proliferating, 
early senescent and late senescent cells37. We found that KCNQ1OT1 
expression decreased in early senescent cells but then increased in late 
senescent cells (Fig. 1d). The KCNQ1OT1 expression changes were also 
observed during human blood and brain tissue ageing but with oppo-
site trends—that is, an age-related decrease in the brain and an increase 
in blood (Fig. 1e). Given that brain cells have a much longer lifespan 
than blood cells, this may imply that there are more brain cells in early 
senescence and more blood cells in late senescence, providing further 
support for KCNQ1OT1 being a dynamic senescence biomarker. These 
data show that KCNQ1OT1 regulates the stability of heterochromatin 
and is dynamically expressed during cellular senescence and ageing.

Repetitive elements are the main genomic targets of KCNQ1OT1
To reveal the DNA targets of KCNQ1OT1, we performed chromatin 
isolation by ChIRP–seq32,38 in HEK293T cells using the same antisense 
DNA oligonucleotides that were used for the ChOP described earlier. 
KCNQ1OT1 RNA can be specifically enriched by KCNQ1OT1 probes but 
cannot be enriched by lacZ probes (Fig. 2a). Two independent probe 
sets were designed and numbered together according to their posi-
tions along the KCNQ1OT1 RNA sequence, with an odd to even number 
offset. Only ChIRP–seq signals obtained by both even and odd probes 
were considered as true KCNQ1OT1 binding sites and used for further 
analysis (Methods). A total of 4,889 KCNQ1OT1 binding sites were 

identified by unique mapping of our ChIRP–seq. Among these, 77% of 
the DNA sequences (in total base pairs) targeted by KCNQ1OT1 lncRNA 
were repetitive elements and the most abundant repeats were Alu and 
L1 (P = 1 × 10−100 and 3.5 × 10−7 for Alu and L1, respectively; Fisher’s exact 
test against all repeat elements), which accounted for 36% and 18% 
of all KCNQ1OT1-targeted repetitive elements, respectively (Fig. 2b).  
The DNA sequences bound by KCNQ1OT1 were primarily smaller than 
4 kb (Extended Data Fig. 2a). Among the various Alu subfamilies, the 
evolutionarily youngest AluY elements were predominantly targeted, 
accounting for 36% of all targeted Alu elements (Supplementary Table 3),  
and ranked at the top among all transposable element subfamilies 
enriched by KCNQ1OT1 ChIRP–seq (Fig. 2c). Overall, across subfami-
lies of different evolutionary ages, the percentage of both L1 and Alu 
elements targeted by KCNQ1OT1 increased with a decrease in evolu-
tionary age and plateaued from L1PA4 to L1Hs for L1 (Fig. 2d; Spear-
man’s rank correlation coefficient to evolutionary age = −0.82 and 
−0.61, and P = 9.8 × 10−7 and 0.044 for L1 and Alu, respectively). L1HS 
(previously known as L1PA1) is the evolutionarily youngest and the 
only active L1 subfamily in the human genome that is responsible for 
L1 and Alu reposition in human cells. Consistent with this, L1HS is the 
second-most-targeted L1 subfamily by KCNQ1OT1, right after L1PA2 
(Fig. 2d), suggesting that KCNQ1OT1 might be required for suppress-
ing L1 and Alu reposition in human cells. In addition, the interactions 
between KCNQ1OT1 transcript and genomic DNA occur on all chro-
mosomes rather than being restricted to neighbouring regions of the 
KCNQ1OT1 gene (Extended Data Fig. 2b). Consistent with the patterns 
observed on total genomic sequences bound by KCNQ1OT1, over 84% 
of the KCNQ1OT1 ChIRP–seq peaks on each chromosome contain 
an overlap of at least 1 bp with a repetitive element (Extended Data  
Fig. 2b), making the total overlap of KCNQ1OT1 ChIRP–seq peak length 
to repeat elements 90.8%, which is significantly higher than random 
expectation (binomial distribution test, P < 2.2 × 10−16; empirical, 
P < 0.001; Extended Data Fig. 2c). Furthermore, the overlaps of KCN-
Q1OT1 chromatin immunoprecipitation with sequencing (ChIP–seq) 
peaks with evolutionarily young L1 and Alu subfamilies are especially 
enriched or highly significantly above background, whereas the over-
laps with old L1 and Alu subfamilies are depleted or below background 
expectation (Fig. 2e), further confirming the target specificity of KCN-
Q1OT1 for these young transposable elements. These data indicate that 
KCNQ1OT1 functions not solely through a cis-acting mechanism, as 
previous studies demonstrated18,19,24, but mainly trans-targets evolu-
tionarily young repeat elements in the genome. To validate the specific-
ity and reliability of the genomic sequences identified by ChIRP–seq, 
we performed ChIRP–qPCR using DNA isolated by lacZ or KCNQ1OT1 
probes as templates. Ten ChIRP peak regions distributed on ten chro-
mosomes were randomly selected and qPCR primers were designed 
within these regions. The result showed that DNA sequences derived 
from ChIRP–seq data were simultaneously enriched by KCNQ1OT1 

Fig. 2 | Genomic targets of KCNQ1OT1 lncRNA and overlap with 
heterochromatin marks in HEK293T cells. a, KCNQ1OT1 ssDNA probes 
specifically enrich KCNQ1OT1 RNA but no detectable GAPDH or U6 RNA. 
LacZ ssDNA probes do not enrich detectable KCNQ1OT1, GAPDH or U6 RNA. 
b, Percentage of non-repetitive and repetitive DNA elements targeted by 
KCNQ1OT1 by length (left), and the percentage of the most abundant repeats 
targeted by KCNQ1OT1 by count among the total 9,997 KCNQ1OT1-targeted 
repeats (with an overlap of at least 1 bp; right). c, Transposable element 
subfamilies enriched for KCNQ1OT1 binding regions among all transposable 
element subfamilies in the human genome. The bubble size indicates the 
Bonferroni-corrected hypergeometric test enrichment P value and the 
enrichment score are indicated by colour. d, Percentage of KCNQ1OT1-targeted 
L1 (left) and Alu (right) elements in each subfamily according to evolutionary 
age, from old to young. e, Heatmap of the percentage of KCNQ1OT1 ChIRP–seq 
peaks and background fragments that contain an overlap of at least 1 bp with 
L1 (top) and Alu (bottom) subfamilies. Background fragments were generated 

by 1,000 times random sampling of genomic fragments with the same length 
distribution as the ChIRP–seq peaks. Evolutionary age (million years) of each 
subfamily, log2-transformed fold change of KCNQ1OT1 percentage relative to 
the background and significance determined by binomial distribution test after 
Bonferroni correction (−log(q-value)) are shown on the left of the heatmaps.  
f, Validation of ten randomly selected KCNQ1OT1-targeted genomic regions 
on ten chromosomes by ChIRP–qPCR. Even and odd indicate two independent 
probe sets that are designed and numbered according to their positions along 
the KCNQ1OT1 or LacZ RNA sequence. g, Overlap of KCNQ1OT1 ChIRP–seq, 
H3K9me3 ChIP–seq and MeDIP–seq peaks (≥1 bp overlap). The Venn diagram 
was plotted using log2-transformed values of the peak numbers. h, H3K9me3 
ChIP–seq (top) and MeDIP–seq (bottom) signals on KCNQ1OT1 target regions, 
and L1 and Alu elements in EV and KCNQ1OT1-KD HEK293T cells. DNAme, DNA 
methylation. a,f, Data are the mean ± s.e.m. (n = 3 independent experiments). 
Two-tailed Student’s t-test; **P < 0.01 and ***P < 0.001. Source numerical data are 
provided. RPM, reads per million.
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odd and even probes but they were not enriched by lacZ odd or even 
probes (Fig. 2f).

Next, we examined whether the KCNQ1OT1 lncRNA binding 
sequences are characterized by heterochromatin marks H3K9me3 and 
DNA methylation. H3K9me3 ChIP–qPCR in HEK293T cells showed that 
at two of the three randomly selected ChIRP peak sites (Extended Data 
Fig. 2d), H3K9me3 was specifically enriched relative to the negative 

control sites (Extended Data Fig. 2e). To improve the resolution of 
H3K9me3 immunoprecipitation on KCNQ1OT1 target regions, we 
developed a sequential ChIRP–ChIP method based on widely used 
ChIRP and ChIP technologies (Extended Data Fig. 2f). This analysis 
revealed that H3K9me3 was specifically enriched at three randomly 
selected KCNQ1OT1 binding sites that were isolated by KCNQ1OT1 
probes but it was not enriched at negative control sites (Extended Data 
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Fig. 2g). Moreover, genome-wide ChIP–seq of H3K9me3 revealed that 
around 34% of the KCNQ1OT1 binding sites are marked by H3K9me3 
(Fisher’s exact test, P = 0.03 using the total uniquely mapped ChIRP–
seq, 5mC antibody DNA immunoprecipitation, followed by sequencing 
(MeDIP–seq) and H3K9me3 peaks as background; Fig. 2g). In addi-
tion, we performed MeDIP–seq in HEK293T cells and found that more 
than 50% of the ChIRP–seq peaks were marked by DNA methylation  
(Fig. 2g). All these data demonstrate that the genomic sequences tar-
geted by KCNQ1OT1 lncRNA possess canonical heterochromatin marks.

We then examined whether KCNQ1OT1 lncRNA mediates epigenetic 
modifications of its target sequences. H3K9me3 ChIP–seq showed 
KCNQ1OT1 KD decreased the average H3K9me3 levels on all KCN-
Q1OT1-targeted regions, and KCNQ1OT1-targeted L1 and Alu regions by 
an average of 43, 46 and 58%, respectively (Fig. 2h and Extended Data Fig. 
2h). Our MeDIP–seq data revealed decreased average DNA methylation 
levels on all KCNQ1OT1-targeted regions, and KCNQ1OT1-targeted L1 
and Alu regions by an average of 26, 41 and 39%, respectively (Fig. 2h and 
Extended Data Fig. 2h). These results suggest that KCNQ1OT1 lncRNA 
plays a critical role in maintaining the H3K9me3 modification and DNA 
methylation status of repetitive elements. To ensure correct targeting 
of the KD, we overexpressed KCNQ1OT1 through the activating CRISPRa 
approach39 (Extended Data Fig. 2i) and then performed KCNQ1OT1 KD 
using antisense oligonucleotides (ASOs). The results showed that the 
decrease in DNA methylation of L1 element (chr1:65797529–65797674) 
caused by KCNQ1OT1 KD can be largely prevented by close to twofold 
overexpression of KCNQ1OT1 (Extended Data Fig. 2j).

Repeat-rich region of KCNQ1OT1 represses repetitive 
elements
The 91 kb-long KCNQ1OT1 is characterized by a large fraction of repeti-
tive sequences (around 50 kb in length), primarily L1 subfamilies, clus-
tered in the 3′ half of the KCNQ1OT1 transcript (Fig. 3a). Unlike the 5′ 
half non-repeat-rich region, the 3′ half repeat-rich region of KCNQ1OT1 
shows much lower sequence conservation among different species, 
which indicates its species-specific functions (Fig. 3a). To investi-
gate the previously unexplored function of this repeat-rich region 
and compare with the non-repeat-rich region of KCNQ1OT1, we per-
formed large-fragment deletions through CRISPR–Cas9 using paired 
gRNAs that target these regions separately (Fig. 3a and Extended Data  
Fig. 3a). For better comparison, we deleted comparable lengths of the 
repeat-rich region (approximately 37 kb, between the transcription 
start site at +50 kb to about 87 kb, named K rep knockout (KO)) and 
non-repeat-rich region (approximately 32 kb, between the transcrip-
tion start site at +5 kb to about 37 kb, named K non-rep KO). Note that 
although KCNQ1OT1 is antisense to the coding gene KCNQ1, this gene 
is not expressed in HEK293T cells; furthermore, no change in KCNQ1 
expression was observed following KO of either region or KCNQ1OT1 
KD (Extended Data Fig. 3b) and the effect of KO is therefore unlikely 

to be due to KCNQ1. In addition, KCNQ1 overlaps with both the repeat 
and non-repeat regions; the distinct or differential consequences of 
the KO of the two regions cannot thus be attributed to the KCNQ1 gene. 
We first investigated whether heterochromatin organization was dif-
ferentially changed in the two KO cell lines through immunostaining 
of H3K9me3. We found that heterochromatin foci were induced by K 
non-rep KO as well as K rep KO, with significantly more and larger foci 
formed in K rep KO cells compared with K non-rep KO cells (Fig. 3b). 
We then examined whether the K non-rep and K rep sequences bind 
to different sets of proteins by performing ChOP-mass spectrometry 
(ChOP-MS) in wild-type (WT), K non-rep KO and K rep KO HEK293T cells 
using lacZ probes as controls. High correlations were observed between 
replicate experiments of each sample (Extended Data Fig. 3c). We found 
that when the binding and non-binding are determined in a binary 
manner using the SAINTexpress and MiST scoring algorithms40,41, the 
vast majority of WT bound proteins were absent in either KOs, with K 
rep KO losing more binding proteins than K non-rep KO (Fig. 3c). This 
led to the identification of 83 high-confidence interacting proteins for 
KCNQ1OT1, and 32 and 17 high-confidence interacting proteins for the 
repetitive region (sans the non-repeat region) in K non-rep KO cells and 
non-repetitive region of KCNQ1OT1 (sans the non-repeat region) in K 
rep KO cells, respectively (Fig. 3d and Supplementary Tables 4–6). Our 
analysis revealed that intact, repetitive and non-repetitive regions of 
KCNQ1OT1-associated proteins are enriched for different biological 
processes and distinct protein complex (Fig. 3d,e). Gene ontology 
(GO) enrichment analysis revealed that the proteins bound by the 
non-repetitive region alone are related to the organization of actin 
filament, proteins bound by the repetitive region alone are involved 
in histone modification and proteins bound by intact KCNQ1OT1 are 
involved in both nucleotide-excision repair and cytoskeleton organi-
zation (Fig. 3d). These data imply that the non-repeat-rich region is 
more likely to associate with the cytoskeleton/nucleoskeleton and 
thus attachment of heterochromatin to nucleoskeleton, whereas the 
repeat-rich region of KCNQ1TO1 is preferentially involved in histone 
modification and DNA-damage repair.

As repetitive elements are the major genomic sequences targeted 
by KCNQ1OT1, we compared the repression of repetitive element 
expression by the repetitive and non-repetitive regions of KCNQ1OT1. 
First, we randomly selected several Alu and L1 elements that are tar-
geted by KCNQ1OT1 to quantify by qPCR with reverse transcription 
(RT–qPCR) and found that two thirds of the tested Alu and L1 elements 
showed significant upregulation in K rep KO cells but not in K non-rep 
KO cells (Extended Data Fig. 3d,e). Confirming that the increased 
expression of L1 elements and DNA methylation decrease in K rep 
KO cells were not caused by stochastic clonal epigenetic variation42, 
we found similar derepression of L1 expression and DNA methyla-
tion in another K rep KO cell line (Extended Data Fig. 3f,g). Consistent 
with these data, using MeDIP–seq we found that the average DNA 

Fig. 3 | Repeat-rich and non-repeat-rich regions of KCNQ1OT1 have different 
protein interactomes. a, Physical map of KCNQ1OT1 RNA and KO regions 
targeted by paired gRNAs. The Alu and L1 tracks denote the locations of Alu and L1 
elements on KCNQ1OT1. The tracks of MULTIZ alignments show the conservation 
of KCNQ1OT1 across different species. b, Immunostaining of H3K9me3 in WT, K 
non-rep KO and K rep KO HEK293T cells (left). Nuclei were counterstained with 
DAPI. Scale bar, 5 μm. Average number of foci (middle) and average area of the foci 
in each cell (right) in the images on the left (exemplary foci are indicated with red 
arrows). Box-and-whisker plots: the bound of a box shows the 25% (lower quartile) 
and 75% (upper quartile) of all values in the group; the line in the box shows the 
median value; and values outside the middle 50% values (IQR) but within 1.5×IQR 
are shown as whiskers, otherwise as black dots. All values are shown as grey spots; 
n = 155 cells in each condition pooled across three independent experiments. c, 
The relative ΔNSAF of high-confidence binding proteins to full length, repeat 
region and non-repeat region of KCNQ1OT1 identified in WT, K non-rep KO and K 
rep KO cells (Methods). The preys of each sample are grouped into four clusters 

by hierarchical clustering. d, Venn diagram showing high-confidence KCNQ1OT1-
associated proteins detected by ChOP-MS in WT, K non-rep KO and K rep KO 
HEK293T cells (left). The size of the circles is proportional to the log2-transformed 
values of the corresponding protein numbers. GO biological processes enriched 
among the high-confidence binding proteins to full-length, repeat region and 
non-repeat region of KCNQ1OT1 identified in WT, K non-rep KO and K rep KO 
cells (right). The top five most significant terms for each KCNQ1OT1 variant are 
shown. e, High-confidence interactions between the bait KCNQ1OT1 variants (red 
diamonds) and prey proteins (circles). Yellow shades indicate protein complexes 
and biological process are shaded in blue. Thin black lines denote physical 
interactions among proteins. Blue edges link prey proteins to their baits. Dashed 
circles show the GO annotation. The edge colour is proportional to the MiST score 
and the edge thickness is proportional to the spectral counts (Methods); n = 3 
independent biological replicates. b,c, Statistical significance was determined 
using a two-tailed Student’s t-test; *P < 0.05, **P < 0.01 and ***P < 0.001. Source 
numerical data are provided.
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methylation levels on all KCNQ1OT1 target sites decreased in both K 
rep and non-rep KO cells, with a larger decrease in the K rep KO cells  
(Fig. 4a), which was similarly observed at L1 and Alu sequences targeted 

by KCNQ1OT1 (Fig. 4b–d). This phenomenon might be partially attrib-
uted to the preferential DNMT binding to K-rep sequences compared 
with K non-rep sequences (Extended Data Fig. 3h).
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Fig. 4 | Decreased DNA methylation and increased L1 transposition in K 
rep KO HEK293T cells. a, MeDIP–seq signal at KCNQ1OT1 ChIRP–seq target 
regions in WT, K non-rep KO and K rep KO HEK293T cells. b, MeDIP–seq signal at 
KCNQ1OT1 target L1 elements in WT, K non-rep KO and K rep KO HEK293T cells. 
c, MeDIP–seq signal at KCNQ1OT1 target Alu elements in WT, K non-rep KO and K 
rep KO HEK293T cells. d, Genome-browser tracks of MeDIP–seq and ChIRP–seq 
alignments at randomly selected L1 and Alu repeat regions. e, Schematic map of 
the retrotransposition reporter construct and the assay for retrotransposition. 
Puromycin-resistant cells containing the reporter constructs were analysed by 
flow cytometry for retrotransposition-activated GFP signal. PuroR, puromycin 
resistance; AmpR, ampicillin resistance. f, Flow cytometry counts of GFP-tagged 
retrotransposition reporter-positive cells normalized to untransfected HEK293T 
cells (left); 50,000 cells were sorted per sample. Percentage of GFP+ HEK293T 
cells in the WT, K non-rep KO and K rep KO groups (right). The three graphs are 
the density plot of flowcytometry count of cells with indicated GPF intensity  

(x axis) for WT, K non-rep KO and K-rep KO from left to right. g, Cells transfected 
with the GFP-tagged retrotransposition reporter construct viewed under a 
bright-field (top) and fluorescence (bottom) microscope. Scale bar, 100 μm. f,g, 
Cells were selected with puromycin for two weeks. Transfection was performed 
three times and similar results were obtained, as shown by the number and sizes 
of GFP foci per field in three biological replicates. h, Immunostaining of ssDNA in 
WT, K non-rep KO and K rep KO cells (left). Nuclei were counterstained with DAPI. 
Scale bar, 5 μm. Number of ssDNA puncta observed in the immunofluorescence 
images (right); n = 213 (WT), 289 (K non-rep KO) and 191 (K rep KO) cells pooled 
from three independent experiments. Box-and-whisker plots: the bound of a box 
shows the 25% (lower quartile) and 75% (upper quartile) of all values in the group; 
the line in the box shows the median value; and values outside the middle 50% 
values (IQR) but within 1.5×IQR are shown as whiskers, otherwise as black dots. 
All values are shown as grey spots. Statistical significance was determined using a 
two-tailed Student’s t-test; ***P < 0.001. Source numerical data are provided.
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The repeat-rich region of KCNQ1OT1 represses 
retrotransposon transposition
Previous studies reported that increased activity of Alu and L1 is associ-
ated with cellular senescence37,43 and the successful retrotransposition 
of Alu elements depends on the L1-provided open reading frame 2 
(ORF2) protein44. We thus examined whether transposon derepres-
sion in K rep and K rep KO cells induces transposition activity and 
genome instability using an L1 transposition reporter system where 
transposition events are marked as GFP foci (Fig. 4e). After selection 
with puromycin, the cells were subjected to flow cytometry analysis. 
The proportion of GFP+ K rep KO cells was around 10%, much higher 
than GFP+ WT cells (approximately 3%) but there were significantly 
fewer GFP+ K non-rep KO cells (approximately 0.5%; Fig. 4f), which 

is consistent with the microscopy observations (Fig. 4g). These sug-
gest that the low increase in L1 expression in the K non-rep KO cells 
is associated with L1 transposition suppression and high increase in 
L1 expression in the K rep KO cells is associated with L1 transposition 
enhancement. As L1 transposition is known to lead to ssDNA accumula-
tion in the cytoplasm37, we also stained cells with an antibody specifi-
cally targeting ssDNA, as described previously45, and found that only 
K rep KO cells (and not K non-rep KO cells) displayed a significantly 
higher level of ssDNA than WT cells (Fig. 4h). These data revealed that 
the repetitive region of KCNQ1OT1 is essential for repressing L1 trans-
position activity, which when activated is known to cause DNA damage, 
genome instability, chromatin-structure dysfunction and ultimately 
cellular senescence46.
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Fig. 5 | KCNQ1OT1 target genomic sequences are guided by RNA–dsDNA 
triplex. a, Distribution and repeat types of predicted triplex-forming sites on 
KCNQ1OT1 (top). Locations of predicted triplex-forming sites on KCNQ1OT1 
(red blocks; middle) and an example of a predicted triplex formed between 
L1MA5 RNA derived from KCNQ1OT1 and L1/Alu DNA via Hoogsteen base pairing 
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KCNQ1OT1 ChIRP–seq repeat and non-repeat targets in HEK293T cells. c, In vitro 
triplex pulldown performed by incubating biotinylated L1 RNA with control 
(Ctl) DNA and Alu DNA separately (left) or together (right). The RNA-associated 
DNA was analysed by qPCR and normalized to the input DNA. d, Genome 

browser views showing the H3K9me3 and DNA methylation status on the 
KCNQ1OT1-targeted L1 and Alu elements and the predicted KCNQ1OT1 triplex 
(indicated with a red line) within these elements. DNAme, DNA methylation. e, 
Schematic of the in vivo triplex pulldown by transfecting biotinylated L1 and 
Alu RNA into HEK293T cells at the sites indicated in d (left). The RNA-associated 
DNA was analysed by qPCR and normalized to the input DNA (right). The qPCR 
primers used amplify unique sequences within the repetitive elements. c,e, Data 
are the mean ± s.e.m. (n = 3 independent experiments). Statistical significance 
was determined using a two-tailed Student’s t-test; ***P < 0.001. Source numerical 
data are provided.



Nature Cell Biology

Article https://doi.org/10.1038/s41556-022-01008-5

KCNQ1OT1 targets genomic sequences by forming an RNA–
dsDNA triplex
These results led us to investigate whether the stronger effects of 
evolutionarily non-conserved repeat-rich region compared with the 
conserved non-repeat-rich region, in addition to its larger protein inter-
actome, could also be attributed to an upstream prerequisite function 
of the K rep region to guide KCNQ1OT1 to its target sites, whereas K 
non-rep is a downstream partial effector moiety. To explore how KCN-
Q1OT1 recognizes its target sites, we examined whether KCNQ1OT1 can 
form a triplex with target double-stranded genomic DNA via Hoogsteen 
base pairing47, which is a mechanism found in gene regulation mediated 
by a few lncRNAs48–50. We applied a computational method to predict 
RNA–dsDNA triplexes47 and identified 12 triplex-forming domains on 
KCNQ1OT1—nine were L1 sequences and seven of these were located 
at the repeat-rich region of KCNQ1OT1 (Fig. 5a)—and 1,628 KCNQ1OT1 
ChIRP–seq binding sites were predicted to form triplexes with KCN-
Q1OT1 (Fig. 5b). Notably, AluY and L1 are the top two repeat subfamilies 
possessing triplex-forming potential with KCNQ1OT1 (Fig. 5b). The 
direct RNA–DNA interactions mainly occur between A-rich sequences 
through Hoogsteen base pairing (Fig. 5a (bottom) for examples). Based 
on this analysis, we then validated the triplex-forming ability of KCN-
Q1OT1 with target sites using in vitro and in vivo triplex pulldown assays. 
We observed that the L1 RNA sequence derived from KCNQ1OT1 can 
specifically form a triplex with L1 or Alu DNA both in vitro and in vivo 
(Fig. 5c–e). The specific interaction between L1 RNA and L1 DNA formed 
between poly(A) and poly(dA) was abolished by replacing the poly(A) 
in L1 RNA with poly(G) in a mutant L1 RNA (Extended Data Fig. 4a and 
Supplementary Table 8). Consistent with KCNQ1OT1’s preferential 
targeting of the evolutionarily young L1 and Alu subfamilies (Fig. 2d), 
we found that L1 and Alu subfamilies that are evolutionary younger 
contained significantly more predicted triplexes, or triplex target sites, 
with KCNQ1OT1 than evolutionarily older subfamilies (Fig. 6a (top); 
Spearman’s rank correlation coefficient to evolutionary age = −0.81 
and −0.71, and P = 1.9 × 10−6 and 0.031 for L1 and Alu, respectively). 
With a decrease in evolutionary age, the primary distribution peak of 
predicted number of triplexes on either L1 or Alu gradually shifted from 
zero to one triplex; for L1, a secondary peak also gradually appeared 
at around five and shifted towards nine and ten triplexes. Consistent 
with the highly enhanced L1 retrotransposition we observed in K rep 
KO cells (Fig. 4e–h), L1HS elements—the only active L1 subfamily in 
human cells—had the highest number of KCNQ1OT1 triplexes, with 
the most prominent secondary distribution peak sharply centred at 
ten KCNQ1OT1 triplexes, providing the suggestion of the highest affin-
ity of KCNQ1OT1 to target this active L1 subfamily (Fig. 6a (bottom)). 
Furthermore, we found the number of triplexes predicted on L1 and Alu 
elements follows a cyclic pattern (Fig. 6b), perhaps due to the structural 
and sequencing constraints of Hoogsteen base pairing51. Also in line 
with the induction of L1 transposition by K rep KO but not K non-rep KO 
(Fig. 4e–h), the repeat-rich and non-repeat-rich regions preferentially 
formed triplexes with different repeat subfamilies (Extended Data 
Fig. 4b,c). In particular, among all of the L1 subfamilies, L1HS was the 
most preferentially targeted by triplexes in the K rep region; similarly, 
the youngest Alu subfamily was the most preferentially targeted by 
triplexes in the K rep region (Fig. 6c).

Next, we investigated whether the strength of the interactions 
between KCNQ1OT1 and its target, reflected by the predicted number 
of triplexes, has any effect on the ability of repetitive elements being 
targeted by KCNQ1OT1 and epigenetically silenced. To address this 
question, we first analysed how many of the L1 and Alu elements iden-
tified by ChIRP–seq are characterized by triplex-forming sequences, 
DNA methylation and H3K9me3. The result showed that without a 
triplex-forming sequence, H3K9me3 or DNA methylation, only 0.05% 
L1 and 0.04% Alu were bound by KCNQ1OT1; however, triplex formation 
remarkably increased the odds of KCNQ1OT1 binding when the L1 and 
Alu were concurrently marked by DNA methylation and H3K9me3—that 

is, 36% for L1 and 17% for Alu (Fig. 6d,e). KCNQ1OT1 binding seems to be 
more associated with DNA methylation than H3K9me3. Most impor-
tantly, KCNQ1OT1 binding progressively increased with the number 
of triplexes formed, peaking at four triplexes, with 100% L1 and 50% 
Alu elements bound by KCNQ1OT1. Interestingly, the triplex-forming 
region on Alu elements seem to evict or mobilize one nucleosome in 
the H3K9me3 profile (Extended Data Fig. 4d).

To further infer potential causal relationships among the two 
chromatin marks and triplex formation as well as downstream expres-
sion changes, we computed a Bayesian network among the four events 
based on binary yes or no signals of L1 and Alu separately using an 
approach we developed earlier52 (Methods). As KCNQ1OT1 ChIRP–seq 
peaks are far from saturation (Extended Data Fig. 4e), perhaps due to 
limited probes, we did not include them in this analysis. Consistent 
with forming an ‘AND’ gate requiring both triplex-guided targeting and 
H3K9me3 modification for tight repression of the transposons by DNA 
methylation, on both L1 and Alu, triplex formation and H3K9me3 are 
the most upstream events, together leading to DNA methylation, which 
in turn leads to transcription repression (Fig. 6f). However, due to the 
limitations of the acyclic structure of the Bayesian network, there could 
be feedback mutual stabilizing interactions missed in the network; 
thus, the conflicting causal directions between triplex formation and 
H3K9me3 on L1 and Alu could be due to a mutual feedback stabilization.

To investigate whether triplex formation is sufficient in guiding 
KCNQ1OT1 to a specific target site to enable subsequent DNA methyla-
tion, we designed an artificial RNA sequence that is predicted to form 
a triplex with a genomic sequence marked with H3K9me3 but without 
DNA methylation and a scrambled RNA sequence that is unable to 
form a triplex with any genomic sequence (Fig. 6g), and investigated 
whether this engineered guiding sequence can lead to de novo DNA 
methylation at the ectopic site. Using CRISPR knock-in, we inserted the 
DNA corresponding to the triplex-forming or scrambled RNA sequence 
into the non-repeat-rich region (to avoid disrupting the potential 
DNMT binding site in the repeat-rich region; Extended Data Fig. 3h) 
of KCNQ1OT1 (Fig. 6g). The MeDIP–qPCR data demonstrated that the 
DNA methylation levels at the region (qPCR region 2) recognized by 
our engineered RNA sequence and a nearby region (qPCR region 1) 
are increased in cells with the engineered triplex-forming sequence 
on KCNQ1OT1 but not in cells containing the scrambled sequence on 
KCNQ1OT1 (Fig. 6g,h). These data demonstrate that triplex-forming 
sequences contained in KCNQ1OT1 are sufficient to guide KCNQ1OT1 
and necessary for ensuring maximal DNA methylation, and also make 
the KCNQ1OT1 a mammalian endogenous Cas9-like epigenetic repres-
sion system amenable to new guiding RNA design.

KCNQ1OT1 deficiency results in spontaneous cellular senescence
To investigate the impact of KCNQ1OT1 deficiency on untransformed 
cells, we induced premature senescence in WI38 cells (a cell line com-
monly used for cellular senescence studies) with H2O2 and found that 
the expression of KCNQ1OT1 was dynamic with 48 h of H2O2 treat-
ment—it decreased at 24 h and then increased at 48 h (Fig. 7a,b). How-
ever, genes associated with cell-cycle arrest—CDKN2A (also known 
as P16) and CDKN1A (also known as P21)—SASP (IL6) and L1 elements 
were consistently upregulated (Fig. 7a,b). In addition, we performed 
KCNQ1OT1 KD in WI38 cells using ASOs. Gene expression analysis by 
RT–qPCR demonstrated that KCNQ1OT1 decreased by 60% at 24 h after 
transfection, genes including CDKN1A, SASP (IL6) and type-I inter-
feron response (IFNB1 and IFNK) were significantly increased, whereas 
CDKN2A expression remained unchanged and L1 elements were not 
consistently activated (Fig. 7c). This gene expression pattern changed 
at 48 h after transfection, with upregulation of KCNQ1OT1 and CDKN2A, 
decrease in CDKN1A, and more activated L1 elements (Fig. 7d). These 
expression changes observed in senescent WI38 cells resemble those 
observed in IMR90 cells undergoing natural early to late senescence37. 
In addition, we found that the activity of the late senescence marker 
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L1, and 0 to 8 for Alu (bottom). b, Distribution of the distance between predicted 
triplex target sites on L1 (top) and Alu (bottom) elements; zero marks the centre 
of a predicted triplex target site. Each triplex site is counted once as the centre, 
the count of all other triplex sites are shown. c, Probability density and histogram 
of the number of triplexes with the youngest and oldest L1 and Alu subfamilies in 
each 100-bp (density) and 1-kb (histogram) interval along the KCNQ1OT1 genes. 
d,e, Percentage of L1 (d) and Alu (e) that contain different numbers of predicted 
triplex-forming sequences with or without DNA methylation and/or H3K9me3 
detected as KCNQ1OT1 targets, determined through ChIRP–seq in HEK293T 
cells. f, Bayesian network inferred causal relationships among triplex, H3K9me3, 
DNA methylation and gene expression on L1 (top) and Alu (middle). Schematic 

model showing the AND gate formed between triplex formation and H3K9me3 
to consequent DNA methylation (bottom). g, Genome browser view showing 
the H3K9me3 modification and DNA methylation states of the region targeted 
by the inserted sequences in KCNQ1OT1 (top). The red box denotes the triplex 
target region; the two black boxes denote two regions detected by MeDIP–qPCR 
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the predicted KCNQ1OT1 triplex target sites in each L1 and Alu, and other source 
numerical data are provided.
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senescence-associated β-galactosidase (SA-β-gal) was also significantly 
increased in WI38 cells at 48 h after transfection with KCNQ1OT1 ASOs 
to half the level of H2O2-induced senescence (Fig. 7e). These data indi-
cate that a reduction in KCNQ1OT1 not only induced early senescence 
but also deep senescence and that the upregulation of KCNQ1OT1 in 
cells in late senescence is insufficient to reverse the course of cellular 
senescence. Together, our data suggest that a deficiency in KCNQ1OT1 
lncRNA induces spontaneous cellular senescence accompanied by 
disorganization of heterochromatin, inefficiency of histone modifi-
cation and DNA methylation, activation of repetitive elements and 
SASPs (Fig. 7f).

Discussion
Together, we uncovered (1) a causal and consequential link between 
the ‘weak’ heterochromatin mark H3K9me3 and the ‘strong’ hetero-
chromatin mark DNA methylation mediated by KCNQ1OT1 lncRNA, 
(2) a mammalian guiding RNA mechanism to achieve sequence speci-
ficity in transposon silencing and heterochromatin stabilization, (3) 
an AND gate between H3K9me3/HP1 mark and target DNA sequence 

specificity for deep silencing of transposons by DNA methylation and 
(4) a critical function of lncRNA guarding against genome instability, 
heterochromatin foci formation and cellular senescence.

In contrast to the previously established cis targeting nearby 
coding gene silencing function of KCNQ1OT1, in this study we found 
that the repeat-rich region of KCNQ1OT1 contains the guiding RNA 
sequence by forming RNA–dsDNA triplex base pairing to trans-target 
genomic sequences of transposons for deep repression. Deletion of 
the species-specific repeat-rich region of KCNQ1OT1 significantly 
enhanced L1 transposition events, whereas deletion of only the evolu-
tionarily conserved non-repeat-rich region of KCNQ1OT1 resulted in 
lower-than-WT L1 transposition events, suggesting a regulatory func-
tion of the non-repetitive region that can be modulated to fine-tune 
transposition frequency.

Interestingly, not only the guiding sequences are encoded in 
repeat elements within KCNQ1OT1, the target affinity seems to also 
be a function of the number of RNA–dsDNA triplex formed, with the 
four triplexes having the highest targeting affinity for both L1 and Alu 
elements. We further demonstrated the necessity and sufficiency 
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Fig. 7 | KCNQ1OT1 repression induces cellular senescence. a,b, Senescence-
related gene expression detected in WI38 cells treated with 400 μM H2O2 for 
24 (a) or 48 h (b). This expression pattern was consistently observed in three 
repeated experiments. c,d, Gene expression, determined by RT–qPCR, in WI38 
cells transfected with ASO at 24 (c) and 48 h (d) after transfection. e, SA-β-gal 
staining 48 h after WI38 cells transfected with or without ASOs to KCNQ1OT, 
or after induction with or without 400 μM H2O2 (top). Representative images 
from three replicates (Rep. 1–3) are shown. Number of cells staining positive 
for SA-β-gal (bottom). Box-and-whisker plots: the bound of a box shows 
the 25% (lower quartile) and 75% (upper quartile) of all values in the group; 
the line in the box shows the median value; and values outside the middle 

50% values (IQR) but within 1.5×IQR are shown as whiskers, otherwise as 
black dots. All values are shown as grey spots. f, Schematic model showing 
cellular senescence-associated events caused by KCNQ1OT deficiency, 
including heterochromatin decompaction and detachment from the nuclear 
membrane, loss of H3K9me3 and DNA methylation (DNAme), activation 
of retrotransposable elements and formation of SAHF and SASP. a–d, Data 
are the mean ± s.e.m. (n = 3 independent experiments) relative expression 
normalized to β-actin messenger RNA. a–d,e, Statistical significance was 
determined using a two-tailed Student’s t-test; *P < 0.05, **P < 0.01 and 
***P < 0.001. Ctl, control. Source numerical data are provided.
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of the RNA–dsDNA triplex in target guiding by ectopically targeting 
and DNA methylating an H3K9me3 region using an engineered tri-
plex sequence; this makes it the first dCas9-like RNA originated from 
a mammalian source, including human cells, and hence a valuable 
endogenous epigenome-modifying arsenal.

Intriguingly, our data and reanalysis of previously published data37 
reveal that the expression pattern of KCNQ1OT1 is dynamic during 
the process of cellular senescence, decreases at early senescence and 
increases at late senescence in both human and mouse cells, and that a 
decrease in or lack of KCNQ1OT1 alone is sufficient to induce early cellu-
lar senescence, making it a common senescence marker and an essential 
and evolutionarily conserved gatekeeper against genome instability, as 
evidenced by frequent L1 retrotransposition and cellular senescence 
across many cell types (Fig. 6h). Together, our study revealed a new par-
adigm and mechanism of lncRNA functions to guard against genome 
instability and senescence through epigenetic modification-sensitive 
and sequence-specific tight DNA methylation repression of transpo-
son elements. The epigenetic modification-sensitivity and sequence 
specificity are achieved through HP1 binding and RNA–dsDNA triplex 
pairing, respectively, forming a molecular logical AND gate on the 
RNA together with the effector moieties introducing DNA methylation 
forming an autonomous RNA-based regulation circuitry. The structure 
of KCNQ1OT1 represents a novel endogenous dCas9-like repression 
system in mammals, more permanent than dCas9, which induces more 
transient H3K9me3. In terms of technology, the modularized target 
specificity, which intrinsically formed by the guiding sequences in 
the clustered repetitive sequences in KCNQ1OT1, can be engineered 
for ectopic re-targeting, making it a useful epigenome-editing tool. In 
a biological context, the highly conserved and essential role of KCN-
Q1OT1 in maintaining genome stability and cell vitality manifested by 
the spontaneous senescence following its loss have foreseeable strong 
implications in ageing and senescence interventions and rejuvenation.
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Methods
Cell culture
NIH3T3 (SCSP-515), HEK293T (SCSP-502) and WI38 (GNHu42) cells were 
obtained from the Institute of Biochemistry and Cell Biology, Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences. The 
NIH3T3 and HEK293T cells were cultured in DMEM medium supple-
mented with 10% fetal bovine serum and 1% penicillin–streptomycin. 
The WI38 cells were cultured in MEM medium containing 10% fetal 
bovine serum and 1% penicillin–streptomycin. All cells were maintained 
at 37 °C with 5% CO2. For drug treatment, the cells were exposed to H2O2 
(400 µM) 24 h after plating. At the end of treatment, the cells were 
collected using TRIzol reagent (Invitrogen) and stored at −80 °C for 
subsequent RNA extraction and RT–qPCR analysis.

Lentiviral transduction
Plasmid expressing sgRNA and dCas9–KRAB for KCNQ1OT1 KD; plas-
mids encoding dCas9-VP64, MS2-P65-HSF1 activator helper complex 
and sgRNA (MS2) for KCNQ1OT1 activation; the second-generation 
packaging plasmid psPAX2 and the envelope plasmid pMD2.G are 
available from Addgene (plasmid nos 71236, 61425, 61426, 61427, 12260 
and 12259, respectively). The production of lentivirus and lentivi-
ral transduction were performed as previously described36. Briefly, 
HEK293T cells were seeded at a density of 5.0 × 103 cells cm−2 one day 
before being cotransfected with dCas9–KRAB lentiviral expression 
plasmid for KCNQ1OT1 KD or plasmids for KCNQ1OT1 activation (5 µg), 
psPAX2 (4 µg) and pMD2.G (1.5 µg) with Lipofectamine 3000 rea-
gent (Invitrogen). After 24 h, the medium containing lentivirus was 
collected and the cells were supplemented with fresh medium. The 
second batch of medium containing lentivirus was collected after 
a further 24 h and combined with the first-batch medium. Residual 
producer cells were removed by filtering the lentiviral supernatant 
through 0.45-µm filters. The filtered viral supernatant was aliquoted, 
snap-frozen in liquid nitrogen and stored at −80 °C for future use. For 
transduction, the viral supernatant was diluted 1:3 with DMEM medium. 
Cationic polymer polybrene was added to the viral medium at a final 
concentration of 4 µg ml−1. One day after transduction, the medium 
was exchanged for fresh medium. Four days after transduction, puro-
mycin, blasticidin, hygromycin and zeocin were added to the medium 
at a final concentration of 1, 20, 250 and 300 µg ml−1, respectively, to 
select transduced cells.

eCLIP
The eCLIP was performed according to a published protocol29. Briefly, 
the cells were crosslinked with ultraviolet light (254 nm; 400 mJ cm−2), 
followed by lysis in eCLIP lysis buffer (50 mM Tris–HCl, pH 7.4, 100 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate and freshly added 
protease inhibitor) and digestion with RNase I (Ambion). Immunopre-
cipitation was performed using anti-HP1α (Abcam, ab109028) and 
M-280 sheep anti-rabbit IgG beads (Invitrogen). After 3′ RNA adap-
tor ligation, the samples were run on protein gels and transferred to 
membranes (polyvinylidene fluoride membrane for western blotting 
and nitrocellulose membrane for library preparation). A region 75 kDa 
above the HP1α band on the nitrocellulose membrane was cut and 
treated with proteinase K to isolate RNA. The RNA was converted to 
cDNA, followed by 3′ DNA adaptor ligation. The sample was then PCR 
amplified and fragment size-selected by agarose gel electrophoresis 
and gel extraction.

Immunofluorescence staining
Cells were fixed in 4% paraformaldehyde for 15 min at room tempera-
ture, permeabilized with 0.5% Triton X-100 for 10 min, blocked with 2% 
BSA and incubated overnight at 4 °C with primary antibodies diluted 
in 0.5% BSA as follows: anti-H3K9me3 (1:500; Abcam, ab8898) and 
anti-DNA, single-stranded-specific (5 µg ml−1; Millipore, MAB3299). 
The next day the cells were incubated with secondary antibodies at 

4 °C for 1 h. The secondary antibodies, conjugated to Alexa Fluor 488 
(Abcam, ab150073) and 647 (Abcam, ab150115), were diluted 1:200 in 
0.5% BSA. Before mounting, the DNA was stained with DAPI. For ssDNA 
staining, the cells were treated according to a method described previ-
ously45. Briefly, the cells were fixed with 4% paraformaldehyde, followed 
by overnight incubation at −20 °C in methanol. Before blocking with 
3% BSA, the cells were treated with 200 µg ml−1 RNase at 37 °C for 4 h. 
The cells were stained according to the procedure described above. 
Heterochromatin foci and ssDNA puncta were quantified using the Fiji 
software. No statistical methods were used to pre-determine sample 
sizes but our sample sizes are similar to those reported in previous 
publications37,53.

RT–qPCR
Total RNA was isolated using TRIzol reagent, followed by treatment 
with TURBO DNase (Invitrogen) according to the manufacturer’s 
instructions. Purified total RNA (1 µg) was reverse-transcribed into 
single-stranded cDNA using SuperScript III reverse transcriptase (Invit-
rogen) in 20-µl reactions. The reverse transcription product (2 µl) was 
used for subsequent real-time qPCR reactions using the SYBR Green 
system (Takara); β-actin mRNA was used as the normalization control in 
all experiments. The results are expressed as fold changes, determined 
using the ∆∆Ct method. Primers for each gene and repetitive elements 
are provided in Supplementary Table 7.

MeDIP
Genomic DNA was isolated using a QIAamp DNA mini kit (Qiagen). For 
each MeDIP experiment, 2 µg DNA was fragmented into 100–500 bp 
by sonication. The DNA fragments were subjected to end repair and 
adaptor ligation using End repair/dA-tailing (NEB, E7442) and Liga-
tion (NEB, E7445) modules, respectively. Immunoprecipitation was 
performed with 2 µg anti-5mC (Abcam, ab214727) in IP buffer (100 mM 
sodium phosphate, pH 7.0, 1.4 M NaCl and 0.5% Triton X-100). After an 
overnight incubation at 4 °C, 20 µl pre-washed protein A/G magnetic 
beads (Thermo Scientific) were added to the IP buffer, followed by an 
additional incubation at 4 °C for 2 h. The beads were washed with IP 
buffer and DNA was purified with phenol:chlorophorm:isoamyl alcohol 
after proteinase K digestion. The isolated DNA was amplified by PCR 
and size-selected for deep sequencing.

ChOP
The ChOP assay was conducted according to a previous method31 with 
minor modifications. Briefly, 2 × 107 HEK293T cells were crosslinked 
with 1% formaldehyde for 10 min at room temperature and quenched 
with 125 mM glycine, followed by three washes with ice-cold PBS. The 
cell pellets were resuspended in 2 ml buffer A (3 mM MgCl2, 10 mM Tris–
HCl, pH 7.4, 10 mM NaCl, 0.5% NP-40, 0.5 mM PMSF and 100 units ml−1 
RNase inhibitor) and incubated on ice for 20 min. After centrifugation 
at 13,000g for 10 min at 4 °C, the nuclear pellets were resuspended 
in 1.2 ml buffer B (50 mM Tris–HCl, pH 7.4, 10 mM EDTA, 0.5% Triton 
X-100, 0.1% SDS, 0.5 mM PMSF and 100 units ml−1 RNase inhibitor), 
incubated on ice for 40 min. Next, an equal volume of buffer C (15 mM 
Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM 
PMSF and 100 units ml−1 RNase inhibitor) was added to the samples, 
followed by incubation on ice for 15 min. The samples were sonicated 
for 30 cycles using a Qsonica sonicator at 4 °C (30% amplitude; 30 s on 
and 30 s off). The cell debris were removed by centrifugation and the 
supernatant was transferred to new tubes. Biotinylated DNA probes, 
complimentary to KCNQ1OT1 RNA or non-specific probes, were added 
to the supernatant together with 100 µg ml−1 yeast transfer RNA and 
100 µg ml−1 salmon sperm DNA. After an overnight incubation at 4 °C, 
streptavidin beads were added to samples, followed by incubation at 
4 °C for an additional 3 h. The beads were washed and proteins were 
eluted from the beads. The eluted proteins were subjected to western 
blotting to detect interactions between KCNQ1OT1 RNA and specific 
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proteins. To identify all proteins associated with KCNQ1OT1 RNA, the 
eluted proteins were analysed using mass spectrometry.

Western blotting
Protein samples obtained from ChOP were mixed with 2×Laemmli 
buffer at a 1:1 ratio and boiled for 10 min at 100 °C. The proteins were 
separated through SDS–PAGE and transferred onto polyvinylidene 
fluoride membranes. Non-specific binding was blocked with 5% milk 
in PBS-T buffer by incubation at room temperature for 1 h. The mem-
branes were incubated overnight at 4 °C with primary antibodies 
(anti-HP1α (Abcam, ab109028) and anti-β-actin (Cell Signaling Tech-
nology, 4967)) diluted in blocking buffer. The membranes were then 
incubated with secondary antibodies diluted in blocking buffer at room 
temperature for 1 h. Protein bands were detected using West pico PLUS 
chemiluminescent substrate (Thermo Scientific) and autoradiography.

Sequential ChIRP–ChIP
The procedure of sequential ChIRP–ChIP was performed by carry-
ing out ChIRP, followed by ChIP. The ChIRP and ChIP procedures are 
described in the following sections. In the sequential experiment, the 
streptavidin C1 beads used in ChIRP were replaced with streptavidin 
agarose beads (Thermo Scientific). After the last wash with wash buffer 
in ChIRP, the chromatin–RNA complex attached to the agarose beads 
was subjected to subsequent incubation with antibody and protein 
A/G magnetic beads and the ChIP steps described later.

ChIRP
ChIRP was performed as previously described32. Briefly, cells were 
crosslinked with 3% formaldehyde for 30 min at room temperature and 
then quenched with glycine. After three washes with ice-cold PBS, the cells 
were snap-frozen in liquid nitrogen and stored at −80 °C. The cell pellets 
(2 × 107) were resuspended in cell lysis buffer (50 mM Tris–HCl, pH 7.0, 
10 mM EDTA, 1% SDS, freshly added 1 mM PMSF (Sigma-Aldrich), pro-
tease inhibitors (Roche) and RNase inhibitors (NEB)) and subsequently 
subjected to sonication to shear chromatin to ensure the bulk was smaller 
than 500 bp. The lysate was centrifuged to remove insoluble material and 
the supernatant was transferred to new tubes. Two inputs were saved for 
RNA-enrichment analysis by RT–qPCR and DNA samples. For hybridiza-
tion, a 2×volume of freshly prepared hybridization buffer (750 mM NaCl, 
1% SDS, 50 mM Tris–HCl, pH 7.0, 1 mM EDTA, 15% formamide, 1 mM PMSF, 
protease inhibitors and RNase inhibitors) was added along with probe 
at a concentration of 100 pM. Incubation was performed at 37 °C with 
end-to-end rotation for 16 h. Pre-washed streptavidin C1 beads (Invit-
rogen; 50 µl) were then added, followed by an additional incubation 
of 30 min. The beads were washed five times with wash buffer (2×SSC, 
0.5% SDS and 1 mM PMSF) at 37 °C for 5 min. RNA and DNA were isolated 
separately and subjected to qPCR analysis or deep sequencing.

ChIP
Cells were crosslinked with 1% formaldehyde for 10 min at room 
temperature, followed by quenching with 125 mM glycine and subse-
quent washing with ice-cold PBS. For each sample, 5 × 106 nuclei were 
resuspended in 300 µl ChIP lysis buffer (50 mM HEPES–KOH, pH 7.5, 
150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 0.1% SDS) and sonicated 
using a Qsonica sonicator at 4 °C to shear chromatin to fragments of 
200–500 bp. The samples were centrifuged for 15 min at 13,000g to 
remove the insoluble debris. The supernatants were transferred to 
new tubes and 1% supernatant was saved to be used as input. After 
incubating protein A/G magnetic beads (Thermo Scientific) with 5 µg 
of antibodies, anti-H3K9me3 (Abcam, ab8898), or non-specific con-
trol IgG (Cell Signaling Technology, 2729), the beads were washed 
twice with lysis buffer, resuspended with the sheared chromatin and 
incubated on a rotator overnight at 4 °C. The next morning the beads 
were washed three times with ice-cold lysis buffer, three times with 
ice-cold high-salt buffer (50 mM HEPES–KOH, pH 7.5, 350 mM NaCl, 

1 mM EDTA, 1% Triton X-100 and 0.1% SDS), three times with ice-cold 
LiCl buffer (0.25 M LiCl, 1% NP-40, 1 mM EDTA and 10 mM Tris–HCl, 
pH 8.0) and once with ice-cold TE buffer (10 mM Tris–HCl, pH 7.4 and 
1 mM EDTA) at 4 °C. Chromatin was eluted from the beads using elution 
buffer (50 mM Tris–HCl, pH 7.4, 10 mM EDTA and 1% SDS) with incuba-
tion at 65 °C for 1 h, followed by formaldehyde crosslinking reversal 
through overnight incubation at 65 °C. The DNA was purified using 
phenol:chloroform:isoamyl alcohol (Sigma-Aldrich).

RIP
The RIP experiment was performed according to a protocol from 
Abcam, with minor modifications. Briefly, 1 × 107 cells were resuspended 
in 10 ml nuclear isolation buffer (256 mM sucrose, 8 mM Tris–HCl, 
pH 7.5, 4 mM MgCl2, 0.8% Triton X-100 and 0.2×PBS) and incubated 
on ice for 20 min. After resuspending nuclei in RIP buffer (150 mM KCl, 
25 mM Tris, pH 7.4, 5 mM EDTA, 0.5 mM dithiothreitol, 0.5% NP-40, pro-
tease and RNase inhibitors), the chromatin was sheared using a dounce 
homogenizer. The insoluble debris were removed by centrifugation 
at 13,000g for 10 min. An aliquot of the lysate was saved as the input. 
Immunoprecipitation was conducted using 10 µg antibody and 40 µl 
protein A/G beads. RNA was extracted with TRIzol and treated with 
TURBO DNase. The purified RNA was used for reverse transcription 
and subsequent RT–qPCR analysis.

L1 retrotransposition assay
The L1 retrotransposition construct contains a full-length and 
retrotransposition-competent L1 tagged with a GFP retrotransposi-
tion indicator cassette and contains a puromycin-resistance marker. 
Plasmid transfection was performed using Lipofectamine 3000 reagent 
(Invitrogen) according to the manufacturer’s instructions. Two days 
after transfection, the medium was supplemented with puromycin 
at 1 µg ml−1 to select transfected cells. After two weeks of puromycin 
selection, the surviving cells were analysed by FACS to determine the 
percentage of GFP+ cells.

CRISPR–Cas9-mediated knockout and knock-in
GuideScan (www.guidescan.com) was used to design sgRNAs (Sup-
plementary Table 2), which were cloned into the px330-mCherry 
vector (Addgene, 98750). For fragment deletion, plasmids con-
taining up sgRNA and plasmids containing down sgRNA were 
co-transfected into cells using Lipofectamine 3000 reagent. For frag-
ment insertion, ssDNA donors, containing 60-bases-long upstream 
and downstream homology arms and 70-bases-long engineered 
triplex-forming sequence (5′-GGAAAGAAGATAGGTGGGTAGATGGGT 
AGGAGGA AGGAGTA AGA ATA A AGGGGT TATA A A A AGGGGGA 
GA-3′) or scrambled sequence (5′-GAGTATGGAAGAGTGTAAGAGAG 
GATGGAGGAGGGATAGAGGATAGTAAGAAGAATGGTAAGGAAGAG 
AG-3′), were prepared and co-transfected with px330 plasmid into 
cells according to a published method54. Single mCherry+ cells were 
sorted into 96-well plates by FACS 24 h after transfection. The desired 
single-cell clones were identified by PCR and Sanger sequencing.

Triplex pulldown assay
Both in vitro and in vivo triplex pulldown assays were performed 
according to a previous method49, with minor modifications. Briefly, 
Alu and L1 DNA were synthesized through PCR using genomic DNA 
as the template and biotinylated L1 RNA was generated by in vitro 
transcription using L1 DNA derived from the KCNQ1OT1 gene as the 
template (Supplementary Table 8). For in vitro pulldown, 100 fmol 
DNA was incubated with 1 pmol biotin-labelled RNA in triplex-forming 
buffer (10 mM Tris–HCl, pH 7.5, 20 mM KCl, 10 mM MgCl2, 0.05% Tween 
20 and 100 U RNase inhibitor (NEB)) for 20 min at room temperature. 
The RNA–DNA complexes were then isolated using streptavidin-coated 
Dynabeads (Invitrogen), followed by three washes with wash buffer 
1 (150 mM KCl, 10 mM Tris–HCl, pH 7.5, 5 mM MgCl2, 0.5% NP-40 and 
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100 U RNase inhibitor (NEB)) and once with wash buffer 2 (15 mM KCl, 
10 mM Tris–HCl, pH 7.5 and 5 mM MgCl2). The RNA-associated DNA 
was eluted from the beads by incubating in elution buffer (1% SDS, 
50 mM Tris–HCl, pH 8.0 and 10 mM EDTA) for 5 min at 65 °C. The DNA 
was purified with phenol:chloroform:isoamyl alcohol (Sigma-Aldrich) 
following digestion with RNase A (50 ng µl−1; 30 min at 37 °C) and pro-
teinase K (200 ng µl−1; 30 min at 55 °C). Recovered DNA was applied to 
qPCR analysis and normalized to the input DNA.

For in vivo pulldown, biotinylated RNA was transfected into 
HEK293T cells. The cells were collected 24 h after transfection and 
nuclei were isolated. The nuclei were then sonicated in triplex buffer 
(10 mM Tris–HCl, pH 7.5, 20 mM KCl, 10 mM MgCl2 and 100 U RNase 
inhibitor) containing 100 ng proteinase K. The RNA–DNA complexes 
were enriched with streptavidin-coated Dynabeads (Invitrogen). After 
washing with buffer 1 and buffer 2, the RNA-associated DNA was eluted 
and purified as per the treatment for in vitro pulldown. The recovered 
DNA was analysed by qPCR and normalized to the input DNA.

SA-β-gal cell staining
Cells were fixed and stained with a senescence-β-galactosidase staining 
kit (Cell Signaling Technology, 9860) according to the manufacturer’s 
protocol. Staining was performed overnight at 37 °C. The cells were 
observed under a microscope the following day and positive-staining 
cells were quantified.

Mass spectrometry data analysis
The SEQUEST HT engine55 in the Proteome Discoverer 2.2 software 
(Thermo Fisher Scientific) was used to search against the human pro-
teome (UniProt-reviewed sequences; accessed 10 March 2020)56. The 
peptides of the same protein were merged, controlling the protein 
false-discovery rate (FDR) confidence at 1%, and proteins with <2 unique 
peptides were removed to obtain the prey protein data for subsequent 
analysis. The normalized spectral abundance factor (NSAF)57 was used 
to calculate the relative abundance of prey proteins in each sample. 
The MiST (https://github.com/kroganlab/mist)41,58 and SAINTexpress 
(v3.6.3)40 software were then used with default parameters to identify 
high-confidence protein–lncRNA interactions. For SAINTexpress, anno-
tated protein interactions in the CORUM database (accessed 24 Decem-
ber 2020)59 were used. Only protein–lncRNA interactions with MiST 
score of ≥0.7, SAINTexpress Bayesian FDR ≤ 0.1 and average spectral 
count ≥ 2 were kept for further analyses. Cytoscape (v3.8.0)60 was used 
to visualize high-confidence protein–lncRNA interactions. In addition 
to the high-confidence protein–lncRNA interactions obtained by mass 
spectrometry, the physical interactions between prey proteins in the 
BIOGRID database (Release 4.1.190)61 were also included in the network. 
The ClusterProfiler package62 in the R software (v3.6.1) was used to 
annotate the enriched protein complexes and biological processes on 
the network and among high-confidence proteins of each sample. For 
each network module, if there were redundant enriched GO terms, a 
representative was manually selected as the annotation. For functional 
annotation, the top five most enriched results of each sample were 
retained for visualization and clustering. The threshold for enrichment 
is q-value ≤ 0.05 after Benjamini–Hochberg multiple testing correction. 
For any protein i in cell j, we calculated the relative ΔNSAF as follows:

Step 1: Calculate the ΔNSAF of protein i in cell j:

ΔNSAFij =
⎧⎪
⎨⎪
⎩

KCNQ1OT1 probes
∑
n=1

NSAFij −
lacZ probes

∑
n=1

NSAFij (ΔNSAFij > 0)

0 (ΔNSAFij ≤ 0)

Step 2: Calculate the relative ΔNSAF aij of protein i in cell j:

Where j cell types included WT, K non-rep KO and K rep KO 
HEK293T cells, and n, the number of replicates of KCNQ1OT1 and  
lacZ probes.

High-throughput sequencing data analysis
RNA-seq reads derived from NIH3T3 and HEK293T cells were mapped 
to GRCm38 and GRCh38, respectively, using STAR-2.6.0c63. Uniquely 
mapped mouse reads were quantified by featureCount and normal-
ized to FPKM. The reads per million value of repeats was quantified 
using iteres (version 0.3.2-r121) and log2-transformed. Mapped reads 
of human were quantified using STAR in strand-specific manner and 
normalized to the ERCC RNA spike-in (Invitrogen). Annotation of puta-
tive active L1 was obtained from L1Base 2. For eCLIP–seq data, reads 
were mapped using STAR-2.6.0c, and mapped reads were quantified 
and normalized using featureCount and FPKM, respectively. For the 
ChIRP, ChIP and MeDIP data, uniquely mapped reads were aligned using 
bowtie2 (ref. 64) and peaks were identified using MACS2 (ref. 65) with 
the default parameters. For ChIRP peaks, only those simultaneously 
obtained by both odd and even probes were considered as true signals. 
The mean profiles of the MeDIP peaks were generated using deep-
Tools66 by unique sequence mapping using the default parameters.

Transposable element subfamily enrichment analysis
The enrichment of a transposable element subfamily for KCNQ1OT1 
binding regions (overlap of at least 1 bp) was tested using a hypergeo-
metric test and the P value was corrected using Bonferroni’s method 
as done previously67. An FDR < 1 × 10−100 was assigned 1 × 10−100 and an 
enrichment score >10 was assigned 10. The enrichment score over the 
background was calculated as

Enrichment score = k
m / nN

where k is the number of specific transposable element subfamily in 
the input list, m is the number of transposable elements in the input 
list, n is the number of the specific subfamily in the genome and N is the 
total number of transposable elements in the genome.

Statistical analysis
General statistical analyses, such as mean and t-tests, were performed 
using Excel. The details of individual tests are reported in the respective 
figure legends. For heterochromatin foci and ssDNA quantification, 
the immunofluorescence images were randomly selected and scored.

Bayesian network inference
H3K9me3 and DNA methylation reads within ±1 kb of the Alu/L1 centre 
were counted in FPKM. DNA methylation, H3K9me3, Alu/L1 expression 
and predicted triplexes were discretized to one and zero according to 
the following standards: FPKM > 0.1 for MeDIP–seq, H3K9me3 and Alu/
L1 expression; and normalized counts > 4 for predicted triplex-forming 
sequences. The WinMine package (https://www.microsoft.com/en-us/
research/project/winmine-toolkit/) was used to calculate joint con-
ditional probability and build the preliminary potential Bayesian  
networks as described52.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Sequencing data that support the findings of this study have been 
deposited in the Gene Expression Omnibus (GEO) under the acces-
sion code GSE208017. The protein mass spectrometry data have been 
deposited to ProteomeXchange under the accession code PXD035996. 
Previously published data that were reanalysed here are available: 

aij =
ΔNSAFij

∑cell
j=1 ΔNSAFij

https://github.com/kroganlab/mist
https://www.microsoft.com/en-us/research/project/winmine-toolkit/
https://www.microsoft.com/en-us/research/project/winmine-toolkit/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE208017
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD035996
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KCNQ1OT1 expression in the human brain (National Omics Data Ency-
clopedia, OEP001041) and blood (GEO, GSE106670), H3K9me2 ChIP–
seq data in HEK293T cells (GEO, GSE67317), H3K27me3 ChIP–seq data 
in HEK293T cells (GEO, GSE97326), and RNA-seq data in proliferating, 
early senescent and deep senescent human lung fibroblast cells (GEO, 
GSE109700). Source data are provided with this paper. All other data 
supporting the findings of this study are available from the correspond-
ing author on reasonable request.

Code availability
The WinMine package was used for Bayesian network inference. Triplex 
Domain Finder characterizes the triplex-forming potential between 
RNA and DNA regions47. For high-confidence protein–lncRNA inter-
actions analyses, MiST (https://github.com/kroganlab/mist), SAINT-
express (v3.6.3), BioGRID database (release 4.1.190) and the CORUM 
database (accessed 24 December 2020) were used40,41,47,58,59.
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Extended Data Fig. 1 | LncRNA KCNQ1OT1 binds HP1 and suppresses 
H3K9me3 foci in mouse NIH3T3 cells. a, Expression rank of XIST, KCNQ1OT1, 
AIRN, and HOTTIP among all lncRNAs derived from HEK293T RNA-seq data. 
b, RIP performed using antibodies against control immunoglobulin G (IgG) or 
H3K9me3 in mouse NIH3T3 cells. c, In vitro RNA pull down with biotinylated 
DNA probes complementary to KCNQ1OT1 (K probe) or control probes (lacZ 
probe) followed by western blotting. This experiment was repeated three times 
with similar results. d, Expression of KCNQ1OT1 in control (transfected with 
empty vector, EV) and K KD cells (left, HEK293T; right, NIH3T3). e, Left, increase 
of H3K9me3 foci in KCNQ1OT1 KD 3T3 cells shown by immunofluoresence 
against H3K9me3. Nuclei were counterstained with DAPI. Scale bar, 5 μm. Right, 

quantification of heterochromatin foci. n = 94 (EV) and 110 (KD) cells pooled 
across three independent experiments. The bound of a box shows 25% (lower 
quartile) and 75% (upper quartile) of all values in the group. The centre of the box 
shows the median value. Values outside middle 50% value (Interquartile Range, 
or IQR) but within 1.5xIQR are shown as whiskers, otherwise as black dots. All 
values are shown as grey spots. Data in a and d are shown as mean ± s.e.m. (n = 3 
independent experiments), and as fold enrichment relative to input. ACTB, 
U6 snRNA, and NEAT1 are used as negative controls for RIP-qPCR. Statistical 
significance was determined by two-tailed Student’s t-test, *p < 0.05, ** p < 0.01, 
*** p < 0.001. Source numerical data and unprocessed blots are available in 
Source Data.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | KCNQ1OT1 lncRNA binding regions overlap 
heterochromatin marks in HEK293T cells. a, Length distribution of DNA 
sequences bound by KCNQ1OT1. b, Number of KCNQ1OT1 ChIRP–seq peaks ≥ 
1 bp overlapped with at least one repeat or no repeats on each chromosome. 
c, Compared to 1000 times random sampling of the same number of genomic 
fragments of the exact same length distribution as KCNQ1OT1 ChIRP–seq peaks 
(panel 2a), the total 90.8% overlap of KCNQ1OT1 ChIRP–seq peak length to repeat 
elements is significantly larger than those generated by random sampling with 
binomial distribution test p < 2.2e-16, empirical p < 0.001. d, Validation of 3 
randomly selected KCNQ1OT1 targeted L1 repeats by ChIRP–qPCR. e, ChIP-qPCR 
of H3K9me3 in HEK293T cells at the same 3 L1 repeats shown in d and at one 
negative control region. f, Flow-chart of sequential ChIRP–ChIP. g, Sequential 

ChIRP–ChIP-qPCR showing H3K9me3 at 3 randomly selected KCNQ1OT1 lncRNA 
associated L1 repeats regions and one negative control (NC) region. h, Genome-
browser tracks of H3K9me3 ChIP–seq, MeDIP-seq, and ChIRP–seq alignments 
at two representative repeats regions, including L1 and Alu. i, Expression of 
KCNQ1OT1 in control (transfected with empty vector, EV) and KCNQ1OT1 
activation (transfected with gRNA expression vector) cells. j, DNA methylation 
status on a representative KCNQ1OT1 binding L1 element (qPCR region: 
chr1:65,797,529-65,797,674) in EV, EV-ASO, and K activation-ASO cells detected 
by MeDIP-qPCR. Data in d, e, g, i, and j are mean ± s.e.m. (n = 3 independent 
experiments). Statistical significance was determined by two-tailed Student’s 
t-test, *p < 0.05, **p < 0.01, ***p < 0.001. Source numerical data are available in 
Source Data.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Binding proteins and repetitive elements expression 
changes in K non-rep KO and K rep KO versus WT HEK293T cells. a, Diagram 
showing regions of KCNQ1OT1 deleted in K non-rep KO and K rep KO cells. b, 
Strand-specific RNA-seq tracks show the expression of KCNQ1 and KCNQ1OT1 in 
WT, K non-rep KO, K rep KO, EV, and K KD HEK293T cells. c, Correlation analysis 
of the ChOP-MS dataset shows good correlation between biological replicates. 
Spearman’s rank correlation coefficient (rho) and p-value between two replicate 
samples are shown. KCNQ1OT1 denotes KCNQ1OT1 probe, LacZ denotes LacZ 
probe. d, Expression of randomly selected AluY elements that are targeted by 
KCNQ1OT1 assessed by RT-qPCR. e, Expression of randomly selected L1 elements 

that are targeted by KCNQ1OT1 assessed by RT-qPCR. f, Expression of L1HS in 
two different K rep KO clonal cell lines detected by RT-qPCR. g, DNA methylation 
status on a representative KCNQ1OT1 binding L1 element in WT, K rep KO clone-1, 
and K rep KO clone-2 cells detected by MeDIP-qPCR. The qPCR primers amplify 
unique sequence within the repetitive element (chr1:65,797,529-65,797,674). h, 
Significance of DNMT1, DNMT3A and HP1α in WT, K non-rep KO and K rep KO cells 
(use NSAF for one-tailed paired Student’s t-test). Data in d, e, f, and g are mean ± 
s.e.m. (n = 3 independent experiments). Statistical significance was determined 
by two-tailed Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001. Source numerical 
data are available in Source Data.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | KCNQ1OT1 binding at L1 and Alu elements that 
contain triplex-forming sequences. a, In vivo triplex pulldown by transfecting 
biotinylated normal L1 (containing poly(A)) or mutant L1 RNA (containing 
poly(G)) targeting the site indicated in Fig. 5d (left panel) into HEK293T cells. 
RNA-associated DNA was analysed by qPCR and normalized to input DNA. 
The qPCR primers amplify unique sequences within the repetitive elements 
(L1, chr11:93,426,919-93,427,079; Alu, chr7:105,405,644-105,405,823). b and 
c, Probability density of number of triplexes on KCNQ1OT1 with each L1 (b) 

and Alu (c) subfamilies in each 100 bp interval along the KCNQ1OT1 genes. d, 
Average input and H3K9me3 ChIP–seq signal at the triplexes predicted on L1 
and Alu elements. e, Saturation analysis for ChIRP–seq data. Peak numbers 
detected at the indicated percentage of reads randomly sampled. Data in a are 
shown as mean ± s.e.m. (n = 3 independent experiments). Statistical significance 
was determined by two-tailed Student’s t-test, ** p < 0.01, *** p < 0.001. Source 
numerical data are available in Source Data.
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