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Lnc956 regulates mouse embryonic stem cell
differentiation in response to DNA damage in a p53-
independent pathway
Huaixiao Ma1,2†*, Yuqi Ning1,2,3†, Lin Wang1,2†, Weidao Zhang1,2, Ping Zheng1,2,4*

Maintaining genomic stability is crucial for embryonic stem cells (ESCs). ESCs with unrepaired DNA damage are
eliminated through differentiation and apoptosis. To date, only tumor suppressor p53 is known to be implicated
in this quality control process. Here, we identified a p53-independent quality control factor lncRNA
NONMMUT028956 (Lnc956 for short) in mouse ESCs. Lnc956 is prevalently expressed in ESCs and regulates
the differentiation of ESCs after DNA damage. Mechanistically, Ataxia telangiectasia mutated (ATM) activation
drives m6A methylation of Lnc956, which promotes its interaction with Krüppel-like factor 4 (KLF4). Lnc956-KLF4
association sequestrates the KLF4 protein and prevents KLF4’s transcriptional regulation on pluripotency. This
posttranslational mechanism favors the rapid shutdown of the regulatory circuitry of pluripotency. Thus, ATM
signaling in ESCs can activate two pathways mediated by p53 and Lnc956, respectively, which act together to
ensure robust differentiation and apoptosis in response to unrepaired DNA damage.
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INTRODUCTION
Pluripotent stem cells (PSCs) including embryonic stem cells
(ESCs) or induced PSCs (iPSCs) are capable of unlimited prolifer-
ation and differentiation into all cell types in the body. PSCs have
wide applications in biomedical researches and in cell-based regen-
erative medicine. However, genomic instability and tumorigenicity
hamper their full application. Studying the underlying mechanisms
is critical to address this issue (1–4). Because of the fundamental
roles in organism development, PSCs have super competence to
maintain stable genome. For instance, mouse ESCs display 100-
fold lower mutation rates than their isogenic embryonic fibroblasts
(5). Although the underpinning mechanisms remain largely
unknown, previous studies including ours suggested that PSCs
use unique strategies to secure high level of genomic integrity. Com-
pared to differentiated somatic cells, PSCs are more efficient to
resolve DNA replication stress and prevent the replication-associat-
ed DNA damage (6, 7). The DNA damage response and repair pro-
cesses are also robust and accurate in PSCs (8–10). In addition,
telomere lengthening and protection strategies are distinct
between PSCs and somatic cells (11–13). In particular, PSCs can
undergo rapid apoptosis or differentiation to eliminate cells with
unrepaired DNA damage and prevent DNA damage from spreading
onto progenies. This genome quality control is regulated by tumor
suppressor protein TRP53 (also known as p53). However, themech-
anism by which p53 safeguards genomic stability in PSCs is distinct
to that in somatic cells. In response to DNA damage in PSCs, the
primary function of p53 is to induce stem cell differentiation (14–

16). A global examination of p53 targets in mouse ESCs revealed
that p53, which acts as a transcription factor, directly activated
and suppressed more than 3600 genes in response to DNA
damage. Among the p53-activated genes, many are associated
with stem cell differentiation. Meanwhile, most of the PSC core
transcription factors are suppressed by p53 (e.g., Pou5f1, Nanog,
Sox2, Zic3, Jmjd1c, Esrrb, Tcfcp2l1, Utf1, and n-Myc) (14). Thus,
through its dual functions to activate differentiation genes and sup-
press PSC core regulatory factors at transcriptional level, p53
switches off pluripotency on differentiation to control PSC quality
and safety.

In addition to p53, whether there is p53-independent genome
guardian in PSCs remains unexplored. Pluripotent state is regulated
not only at transcriptional level but also at posttranscriptional level
of the core pluripotency factors. For instance, the core pluripotency
transcription factor Krüppel-like factor 4 (KLF4) shows very high
protein stability. Complete depletion of Klf4 transcripts only
induces subtle decrease in protein level (17). Notably, protein and
transcript levels usually become decoupled at the early phase of
dynamic cell fate transition (18), suggesting a vital role of the post-
transcriptional regulation in initiating cell fate transition. On the
basis of the above knowledge, we speculated that there might be
p53-independent posttranscriptional mechanism to facilitate the
rapid pluripotency switching off in response to DNA damage. In
this study, we report a posttranslational mechanism which acts
downstream of Ataxia telangiectasia mutated (ATM) kinase but is
parallel to the p53-mediated transcriptional pathway. This post-
translational regulation is mediated by an ESC-specific lncRNA
NONMMUT028956 (Lnc956 for short). Upon DNA damage,
Lnc956 undergoes m6A methylation that drives Lnc956 to interact
with KLF4. Lnc956-KLF4 association sequestrates the KLF4 protein
and disrupts its transcriptional regulations on pluripotency, thereby
favoring the rapid shutdown of the regulatory circuitry of pluripo-
tency before the protein levels of the core pluripotent transcription
factors go decline.
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RESULTS
Lnc956 loss compromises ESC differentiation and apoptosis
after DNA damage
We identified an ESC-specific lncRNA Lnc956, which promoted the
stalled replication fork restart and ensured stem cell genomic stabil-
ity (bioRxiv doi: https://doi.org/10.1101/2022.03.13.484185).
Because of the DNA replication deficit, Lnc956 knockout (KO)
mouse ESCs, derived from Lnc956 KO mouse blastocysts (fig.
S1A), contained more endogenous DNA double-strand breaks
(DSBs) (fig. S1B) and proliferated slightly slower than wild-type
(WT) counterparts (fig. S1C). However, they showed normal
clonal morphology (fig. S1A) and pluripotency marker expressions
under unperturbed culture condition (fig. S1D). Considering that
DNA damage can induce ESC differentiation, we speculated that
Lnc956 KO might render ESCs tolerance to DNA damage. To test
this hypothesis, we treated the WT and Lnc956 KO ESCs with high
concentration of etoposide (19) and hydroxyurea (HU) to induce
severe DNA DSBs and DNA replication stress, respectively (fig.
S2, A and B). Under DNA damage condition, ESCs exit pluripo-
tency before initiating differentiation. We first examined the pluri-
potency markers expression after DNA damage treatment. The
mRNA expressions of pluripotency markers Nanog, Pou5f1, and
Sox2 decreased in slower kinetics in KO ESCs than in WT ESCs
under all treatment conditions (Fig. 1A). We reduced the concen-
trations of DNA damaging agents and observed the consistent cel-
lular response kinetics (fig. S3A). Similarly, the protein levels of
Nanog homeobox (NANOG), Pou domain class 5, transcription
factor 1 (POU5F1), and SRY (sex determining region Y)-box 2
(SOX2) decreased slower in Lnc956 KO ESCs under severe
(Fig. 1B) or mild treatment conditions (fig. S3B). Treatment with
other DNA damaging agents zeocin (20) and melphalan (21) ob-
tained similar results (fig. S3, C and D). We then examined the
ESC differentiation after DNA damage by assessing the expression
of three germ layer markers (Sox1 and Pax6 for ectoderm, Mesp1
and T for mesoderm, and Foxa2 and Sox17 for endoderm) (22).
Because high concentration of DNA damaging agents caused
acute cell death, which prevented the investigation on ESC differen-
tiation, we used mild DNA damage conditions by treating ESCs
with 50 nM etoposide for 5 days (Fig. 1C) or 40 μM HU for 6
days (Fig. 1D). Under both conditions, WT ESCs expressed signifi-
cantly higher level of three germ layermarker genes than Lnc956KO
ESCs. Together, these observations suggested that Lnc956 KO ESCs
were resistant to differentiation after genotoxic insults.

DNA damage induces ESC differentiation, and the differentiated
cells consequently undergo cell death. We then treated the ESCs
with high concentration of DNA damaging agents and examined
the apoptotic response of ESCs in a time course manner. The apo-
ptosis, monitored by caspase 3 (CASP3) activation and poly (ADP-
ribose) polymerase family, member 1 (PARP1) cleavage, occurred
with slower kinetics in KO ESCs than in WT ESCs (Fig. 1E and
fig. S3E), indicating that Lnc956 KO rendered ESCs resistant to
DNA damage–induced apoptosis. To verify this observation, we
further examined the mitochondrial membrane permeabilization,
which acts upstream to induce apoptosis. The mitochondrial mem-
brane potential was measured by sensitive JC-1 fluorescent probe
assay, in which the green fluorescence indicates the low membrane
potential, whereas the red fluorescence reflects high membrane po-
tential. Consistently, beginning at the 6 hours of etoposide

treatment, the ESCs with green fluorescence (green cells) were de-
tected in both groups, and the percentages were statistically higher
in WT than in KO group (Fig. 1F). Meanwhile, the ESCs with red
fluorescence (red cells) showed reverse pattern (Fig. 1F). Intriguing-
ly, neitherWT nor Lnc956 KO ESCs underwent cell senescence (fig.
S3F), suggesting that senescence may not be the major cell fate in
response to DNA damages in ESCs.

To evaluate the long-term effect of Lnc956 KO on cellular resis-
tance to DNA damage, we performed standard colony formation
assay in which ESCs were treated without or with 1 μM etoposide
for different times and cultured for up to 9 days to allow colony for-
mation from single cell. Under normal culture condition, the
numbers of colony positive for alkaline phosphatase–positive
(AP+) staining did not differ between WT and Lnc956 KO ESCs.
However, more AP+ colonies were formed in Lnc956 KO ESCs
than in WT ESCs under etoposide treatment conditions
(Fig. 1G). This result suggested that Lnc956 depletion rendered
ESCs resistant to DNA damage. We also carried out the clonal com-
petition assay in which green fluorescent protein (GFP)–labeled
WT ESCs were mixed with Lnc956 KO cells in the same numbers,
treated with 1 μM etoposide for 1 hour, and cocultured for 5 days as
described previously (8). Consistently, Lnc956 KO ESCs displayed
much higher survival rate than WT ESCs (Fig. 1H). Moreover,
Lnc956 KO cell colonies showed dome-shaped undifferentiated
status, whereasWT cell colonies exhibited flattenedmorphology in-
dicative of differentiation (Fig. 1H). To further validate the function
of Lnc956, we efficiently knocked down (KD) Lnc956 via two inde-
pendent doxycycline (Dox)–inducible short-hairpin RNAs (fig.
S4A). Lnc956 KD reproducibly delayed ESC differentiation (fig.
S4, B to D) and apoptosis (fig. S4E) and enhanced colony formation
(fig. S4F) after DNA damage treatment. These results together
support that loss of Lnc956 compromises the ESC differentiation
and apoptosis in response to DNA damage.

We also investigated whether Lnc956 depletion hampered the
physiological differentiation of ESCs. During the spontaneous dif-
ferentiation via embryoid body formation, the expression levels of
three germ layer markers were significantly higher inWT ESCs than
in KO ESCs (fig. S4G). Similar results were obtained when the ESC
differentiation was induced by retinoid acid (fig. S4H). Thus,
Lnc956 depletion also compromised the physiological differentia-
tion of ESCs.

Last, we performed RNA sequencing (RNA-seq) analysis to view
the global molecular changes associated with Lnc956 depletion. To
avoid the long-term effect of Lnc956 KO on gene expression, we
used Dox-inducible KD ESCs to transiently knock down (tKD)
Lnc956 for 2 days. Under normal culture condition, 228 genes
were down-regulated and 32 genes were up-regulated in Lnc956
tKD ESCs when compared to WT ESCs (Fig. 2A, fig. S5A, and
dataset S1). Gene ontology (GO) enrichment analysis revealed
that the down-regulated genes were enriched in the processes in-
cluding cell differentiation and positive regulation of apoptosis
(fig. S5, B to D). Under 3-hour etoposide treatment condition, we
identified 812 down-regulated genes and 195 up-regulated genes,
respectively, in Lnc956 tKD ESC compared to WT counterparts
(Fig. 2A, fig. S5A, and dataset S1). The processes of “regulation of
pluripotency,” “stem cell population maintenance,” “negative regu-
lation of apoptosis,” and “negative regulation of cell differentiation”
were enriched in the up-regulated genes in tKD ESCs after etopo-
side treatment. Meanwhile, the processes including “cell
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Fig. 1. Lnc956 depletion compromises ESC differentiation and apoptosis after DNA damage. (A) The mRNA expressions of Nanog, Pou5f1, and Sox2 decreased in
slower kinetics in Lnc956 KO ESCs compared to WT ESCs under etoposide (Etop) or HU treatment condition. (B) The protein expressions of NANOG, POU5F1, and SOX2
decreased faster in WT than in Lnc956 KO ESCs after Etop or HU treatment. (C and D) The mRNA expressions of three germ layer markers were statistically higher in WT
ESCs than in Lnc956 KO ESCs after Etop (C) or HU (D) treatment. (E) The CASP3 activation and PARP1 cleavageweremore robust in WT ESCs than in Lnc956 KO cells treated
with Etop or HU. (F) JC-1 staining revealed that moreWT ESCs showed green fluorescence indicative of apoptosis when compared to Lnc956 KO ESCs after Etop treatment.
Reversely, less WT ESCs showed red fluorescence. (G) In standard colony formation assay, WT and KO ESCs formed similar numbers of alkaline phosphatase–positive (AP+)
colonies under normal condition. After Etop treatment, more AP+ colonies were formed in KO ESCs than in WT counterparts. (H) In clonal competition assay, WT ESCs
formed fewer colonies than KO ESCs. Moreover, WT GFP+ colonies lost dome-like morphology indicative of ESC differentiation (white arrows). All experiments were
repeated three times with consistent results. In (B) and (E), the relative protein levels were normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data
were shown as mean ± SEM from three independent experiments. Two-tailed Student’s t test. Scale bars, 100 μm. *P < 0.05, **P < 0.01, and ***P < 0.001.
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differentiation” and “cell fate commitment”were enriched in down-
regulated genes in tKD ESCs (Fig. 2B). We further looked closely at
the differentially expressed genes (DEGs) involved in pluripotency
maintenance (Fig. 2C), cell differentiation (Fig. 2D), apoptosis
(Fig. 2E), cell cycle (Fig. 2F), and DNA damage responses
(Fig. 2G). Specifically, DEGs relevant to pluripotency maintenance
included Esrrb, Nanog, and Prdm14 (Fig. 2C). DEGs related to cell
differentiation included Neurod1, Nkx6-2, and Tex15 (Fig. 2D).
DEGs relevant to apoptosis regulation included Fas, Bcl2l10, and
Trp73 (Fig. 2E). It should be mentioned that in our experimental
setting, ESCs were subject to 3-hour etoposide treatment. Under
this circumstance, ESCs were at early stage of differentiation, and
the down-regulation of some key pluripotency genes was not

initiated due to the distinct expression kinetics during ESC differ-
entiation (23, 24). Together, these transcriptional changes were in
accordance with the above phenotypic observations.

p53 does not mediate the regulations of Lnc956 on ESC
differentiation and apoptosis
Upon DNA damage, cells initiate DNA damage response to arrest
cell cycle, to repair DNA damages, and to determine the cell fate.
We wondered whether the DNA damage response signaling was af-
fected in Lnc956 KO ESCs, which underlined the compromised cell
fate determination. Like WT ESCs, Lnc956 KO ESCs were able to
normally activate ATM-CHK2 (fig. S6A) and ATR-CHK1 signals
(fig. S6B). Similarly, the cell cycle distribution and G2/M

Fig. 2. DEGs in Lnc956 KD ESCs. (A) Heatmap of DEGs between Lnc956 transient knockdown (tKD) ESCs and shControl counterparts under normal culture and Etop
treatment conditions in two replicates (R). (B) GO analysis revealed the biological processes enriched in down-regulated and up-regulated genes, respectively, in tKD ESCs
under Etop treatment condition. (C to G) Heatmaps of DEGs relevant to pluripotency maintenance (C), cell differentiation (D), apoptosis (E), cell cycle (F), and DNA
damage responses (G).
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progression were not altered by Lnc956KO (fig. S6, C and D). p53, a
downstream target of ATM-CHK2 and ATR-CHK1 signaling, plays
crucial role in regulating cell fate determination after DNA damage
in ESCs (25, 26). In response to genotoxic stress, p53 is activated and
acts as a transcription factor to directly suppress Nanog expression
and induce ESC differentiation (16). p53 mRNA (Fig. 3A) and
protein expressions, as well as its phosphorylation at Ser18 (Ser15
in human) and Ser392, which monitors the p53 activation after
DNA damage (14), did not differ between WT and Lnc956 KO
ESCs after different damage treatments (Fig. 3B). Similar results

were obtained between WT and Lnc956 KD ESCs (fig. S6E).
Thus, the overall DNA damage response signaling was normally ac-
tivated in Lnc956-depleted ESCs after DNA damage.

Although p53 protein expression and activation were not affect-
ed in Lnc956 deficient ESCs, we wondered whether its transcrip-
tional activity was dysregulated. To comprehensively evaluate the
transcriptional regulation of p53 on its target genes, we performed
chromatin immunoprecipitation followed by sequencing (ChIP-
seq) to analyze the genome-wide chromatin binding of p53 in
WT and Lnc956 tKD (KD for 2 days) ESCs under normal and

Fig. 3. Lnc956 depletion does not affect the expression and transcriptional activity of p53. (A) The mRNA expression of p53 was not affected by Lnc956 KO. (B) p53
protein expression and phosphorylation activation were normal in Lnc956 KO ESCs under normal and DNA damage conditions. (C) Average p53 binding peak intensities
were comparable in shControl and Lnc956 transient KD (tKD) ESCs under normal and Etop treatment conditions. (D) Heatmap of p53 binding around transcription start
sites (TSS) ±2.5 kb in ESCs in two replications (R), RPKM, Reads Per Kilobase per Million mapped reads. (E) ChIP-seq genome views of p53 binding peaks atMdm2 and p21
loci. (F) Lnc956 tKD did not affect the overall mRNA expressions of p53-associated genes. As a control, p53 KD drastically changed their expressions. All experiments in (A)
and (B) were repeated three times with similar results. In (B), the relative protein levels were normalized by GAPDH. Datawere shown as mean ± SEM. Two-tailed Student’s
t test.
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etoposide treatment conditions. Globally, Lnc956 transient loss had
no substantial influence on p53 (Ser18P) chromatin binding under
either normal or treatment condition (Fig. 3, C and D, and dataset
S2). Specifically, we looked closely at the promoter binding of its
well-known target genes Mdm2 and p21. Binding of p53 to their
promoters did not differ between WT and Lnc956 tKD ESCs
under normal or etoposide treatment condition (Fig. 3E). There-
fore, the binding of p53 to its genome-wide target sites was not af-
fected by Lnc956 depletion. Concordantly, the majority of p53-
associated genes (dataset S3) located nearby the p53-binding
peaks displayed comparable expression levels in Lnc956 tKD and
shControl ESCs after etoposide treatment, whereas KD of p53 in
ESCs (fig. S6, F andG) affected their expressions (Fig. 3F). Together,
these data suggested that the transcriptional activity of p53 was not
affected by Lnc956 depletion, and p53 did not lay downstream of
Lnc956 to mediate Lnc956’s function.

Interaction with KLF4 mediates the regulation of Lnc956 on
ESC differentiation after DNA damage
To investigate the molecular mechanism underlying the regulation
of Lnc956 on cell fate determination of ESCs after DNA damage, we
performed Lnc956 in vitro pulldown assay combined with mass
spectrometry analysis. Intriguingly, the pluripotency transcription
factor KLF4 was in the list with relatively high count score (fig.
S7A). Binding of Lnc956 to KLF4 was validated by the immunoblot-
ting analysis of in vitro RNA pulldown sample (fig. S7B). Consid-
ering that in vitro pulldown assay may yield false-positive
interaction, we performed in vivo cross-linking followed by
nucleus-cytoplasm fractionation and RNA pulldown to verify
their spatial interaction. Immunoblotting of pulldown samples re-
vealed that Lnc956 and KLF4 barely interacted under normal
culture condition in nucleus or cytoplasm (Fig. 4A). Notably,
obvious association was detected in the nucleus after etoposide
treatment (Fig. 4A). We then performed time course analysis of
Lnc956-KLF4 association in nucleus. The interaction was weak at
the early stage of etoposide treatment but was gradually enhanced
at the later stage (Fig. 4B). Consistent result was obtained by RNA
immunoprecipitation (RIP) analysis using KLF4 antibody (Fig. 4C).
Further, we treated the ESCs with other types of DNA damaging
agents and examined Lnc956-KLF4 association by RIP. All treat-
ments evoked the Lnc956-KLF4 interaction (Fig. 4D), supporting
that Lnc956-KLF4 association is a general response to DNA
damages. Thus, we conclude that Lnc956 interacts with KLF4 in
the nucleus and Lnc956-KLF4 association is strengthened by
DNA damage accumulation.

Next, we moved on to map the KLF4-binding sites on Lnc956.
On the basis of the reported KLF4 nucleotide–binding motif, we
predicted seven putative binding sites and generated a series of
truncated Lnc956 mutants. These mutants included Δ1-684 [dele-
tion of 1 to 684 base pairs (bp) containing one putative binding
site], Δ684-862 (deletion of 684 to 862 bp), Δ862-1253 (deletion
of 862 to 1253 bp containing two putative binding sites), Δ1253-
1500 (deletion of 1253 to 1500 bp containing two putative
binding sites), and Δ1500-2122 (deletion of 1500 to 2122 bp con-
taining two putative sites) (Fig. 4E). In vitro RNA pulldown assay
revealed that Δ862-1253 truncate Lnc956 failed to pull down KLF4,
suggesting that 862-1253 fragment was essential to interact with
KLF4 (Fig. 4F). We further introduced full-length (FL) Lnc956
and Δ862-1253 truncate Lnc956 into Lnc956 KO ESCs and

established stable cell lines (fig. S7C). Concordantly, in vivo RNA
pulldown assay on nuclear fraction validated the inability of
Δ862-1253 truncate to interact with KLF4. As a control, re-expres-
sion of FL Lnc956 restored the Lnc956-KLF4 association after eto-
poside treatment (Fig. 4G). Consistent result was obtained by RIP
using KLF4 antibody (Fig. 4H).

KLF4 is one of the core pluripotency maintenance transcription
factors and functions in a highly integrated way with other tran-
scription factors to maintain pluripotency (27). It also regulates
the pluripotency-associated three-dimensional enhancer networks
(28). We speculated that binding to KLF4 might mediate the regu-
lation of Lnc956 on ESC differentiation and apoptosis in response to
DNA damage. To test this hypothesis, we performed rescue exper-
iments. Re-expression of FL Lnc956 in KO ESCs successfully re-
stored the cellular sensitivity to exit pluripotency (Fig. 5A),
initiate differentiation (Fig. 5B), and to undergo apoptosis (Fig. 5,
C and D) in response to DNA damage. The recovery of cellular sur-
vival in DNA damages was also validated by standard colony forma-
tion assay (Fig. 5E) and clonal competition assay (Fig. 5F). However,
Δ862-1253 truncate Lnc956, which failed to interact with KLF4, had
no rescue effect on ESC pluripotency exit (Fig. 5A), differentiation
(Fig. 5B), apoptosis (Fig. 5, C and D), or colony formation (Fig. 5, E
and F). These results suggested that Lnc956-KLF4 association was
essential to initiate ESC differentiation and apoptosis after
DNA damage.

Lnc956-KLF4 interaction sequestrates KLF4 and suppresses
KLF4’s transcriptional activity
LncRNA can serve as a “bait” to sequester proteins from binding
target genomic loci (29). We speculated that Lnc956-KLF4 interac-
tion might sequestrate KLF4 and prevent it from binding to the pro-
moters of its target genes, thereby promoting ESC differentiation
under DNA damage condition. The protein levels of KLF4 in
nucleus did not differ between WT and Lnc956 KO ESCs under
normal or 3-hour etoposide treatment condition (fig. S8A). We iso-
lated insoluble chromatin andmeasured the amounts of chromatin-
bound KLF4 before and after DNA damage. Intriguingly, DNA
damage evoked a decrease in chromatin-bound KLF4 level in WT
ESCs. However, the amount of chromatin-bound KLF4 remained
comparable before and after etoposide treatment in Lnc956 KO
ESCs (Fig. 6A). This observation implicated that Lnc956-KLF4 as-
sociation sequestrated KLF4 and prevented it from binding to
chromatin.

Further, we performed ChIP-seq analysis in different ESCs (WT,
Lnc956 KO, Δ862-1253 Lnc956 rescued, and FL Lnc956 rescued) to
examine in detail the influence of Lnc956-KLF4 association on pro-
moter binding of KLF4. Using a peak-finding algorithm (30), we
reproducibly identified 23,087, 20,749, 24,786, and 25,521 KLF4
binding sites, respectively, in WT, Lnc956 KO, FL Lnc956–
rescued, and Δ862-1253 Lnc956–rescued ESCs under normal
culture condition in two replicates. Following etoposide treatment
for 3 hours, the number of KLF4 consensus binding sites common
in two replicates dropped substantially inWT (from 23,087 to 5258,
~77.2% reduction) and FL Lnc956–rescued ESCs (from 24,786 to
12032, ~51.5% reduction). However, only slight reduction was ob-
served in Lnc956 KO (from 20,749 to 19,624, ~5.4% reduction) and
Δ862-1253 Lnc956–rescued ESCs (from 25,521 to 21,294, ~16.6%
reduction) (Fig. 6B). KLF4 predominantly bound at the promot-
er-proximal regions. The other binding sites included gene body
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regions or distal regions. This binding pattern was not substantially
altered by loss of Lnc956-KLF4 association in Lnc956 KO or Δ862-
1253 Lnc956–rescued ESCs (Fig. 6C). We also performed heatmap
analysis of KLF4 binding around the transcription start site (TSS).
Under etoposide treatment condition, ESCs with proficient Lnc956-
KLF4 association (WT and FL Lnc956–rescued cells) had weaker
KLF4 binding peaks than ESCs without Lnc956-KLF4 association
(Lnc956 KO and Δ862-1253 Lnc956–rescued cells) (Fig. 6D). GO
analysis on these differentially bound promoters between ESCs
with and without Lnc956-KLF4 association identified the

enrichment of biology processes, including apoptosis, stem cell dif-
ferentiation, and maintenance (Fig. 6E). Looking closely, we vali-
dated the binding of KLF4 to the promoters of several well-
known target genes. KLF4 binds to the promoters of core pluripo-
tency maintenance genes including Nanog, Pou5f1, and Zfp281
(31). ChIP-quantitative polymerase chain reaction (PCR) showed
that binding of KLF4 to these gene promoters did not differ
between ESCs with and without Lnc956-KLF4 association under
normal culture condition (fig. S8, B to D). After etoposide treat-
ment, KLF4 binding intensity was significantly lower in ESCs

Fig. 4. Lnc956 interacts with KLF4. (A) In vivo RNA pulldown analysis detected strong Lnc956-KLF4 association in nucleus after Etop treatment. NC, negative control. (B)
Time course in vivo RNA pulldown analysis revealed that Lnc956-KLF4 interaction increased at later stage of Etop treatment. (C) RIP confirmed that KLF4 pulled downmore
Lnc956 at later stage of Etop treatment. IgG, immunoglobulin. (D) KLF4 pulled down more Lnc956 at later stage of HU or melphalan (Mel) treatment. (E) Schematic
representation of FL and truncated Lnc956 mutants. (F) Δ862-1253 Lnc956 did not interact with KLF4 in vitro. (G) In vivo RNA pulldown assay did not detect the
KLF4-Lnc956 association in Δ862-1253 Lnc956–rescued ESCs. However, KLF4-Lnc956 interaction was fully restored in FL Lnc956–rescued ESCs. (H) RIP confirmed the
KLF4-Lnc956 association in WT and FL Lnc956–rescued ESCs but not in Δ862-1253 Lnc956–rescued ESCs. All experiments were repeated three times with similar
results. The relative protein levels in (B) and (G) were normalized by input KLF4, and the relative RNA levels in (C), (D), and (H) were normalized by input Lnc956. Data
in (B), (C), (D), (G), and (H) were shown as mean ± SEM. Two-tailed Student’s t test. ***P < 0.001.
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with Lnc956-KLF4 association (WT and FL Lnc956–rescued cells)
than in ESCs without Lnc956-KLF4 association (Lnc956 KO and
Δ862-1253 Lnc956–rescued cells) (Fig. 6, F to H). Together, these
results demonstrate that Lnc956-KLF4 interaction sequestrates
KLF4 and suppresses its transcriptional activity.

Lnc956-KLF4 axis and p53 function independently to
regulate cell fate determination of ESCs in response to
DNA damage
We have shown that Lnc956-KLF4 axis regulated cell fate determi-
nation of ESCs after DNA damage. Depletion of Lnc956 had no in-
fluence on the overall p53 expression and its transcriptional activity,

suggesting that the function of Lnc956-KLF4 axis did not rely on
p53 (Fig. 3). To further verify this conclusion, we examined
whether KLF4 could regulate p53. We did not find the unambigu-
ous binding of KLF4 to p53 promoter in mouse ESCs (fig. S8E).
Concordantly, KD of Klf4 by small interfering RNAs (siRNA)
(fig. S8F) had no influence on the transcription of p53 under
normal or DNA damage condition (Fig. 7A). This was in line
with the observation that Lnc956 KO did not affect the p53 expres-
sion (Fig. 3, A and B). RNA-seq analysis of siControl and siKlf4
ESCs also showed that Klf4 KD had marginal disturbance on the
global expression of p53-associated genes located nearby its

Fig. 5. Lnc956-KLF4 interaction is required for ESC differentiation after DNA damage. (A) After Etop treatment, the mRNA expressions of Nanog and Pou5f1 were
down-regulated in WT and FL Lnc956–rescued ESCs. However, the down-regulation was compromised in Lnc956 KO and Δ862-1253 Lnc956–rescued ESCs, in which
Lnc956-KLF4 interaction was lost. (B) After Etop treatment, the expression levels of three germ layer markers were significantly higher in WT and FL Lnc956–rescued
ESCs than in Lnc956 KO or Δ862-1253 Lnc956–rescued ESCs. (C and D) Immunoblotting (C) and JC-1 staining (D) showed that Etop-induced apoptosis was compromised
in Lnc956 KO and Δ862-1253 Lnc956–rescued ESCs. (E and F) Standard colony formation (E) and clonal competition assays (F) revealed that Lnc956 KO and Δ862-1253
Lnc956–rescued ESCs had higher potential to form colonies after Etop treatment. All experiments were repeated three times with similar results. The relative protein levels
in (C) were normalized by GAPDH. Data were shown as mean ± SEM. Two-tailed Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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binding peaks (Fig. 7B). Thus, these data collectively support that
Lnc956-KLF4 axis does not regulate p53 function.

Reversely, we investigated whether p53 could regulate the
Lnc956-KLF4 axis. To this end, we first examined whether p53 reg-
ulated the transcription of Lnc956 and Klf4. Manipulating p53 ac-
tivity by DNA damage treatment or p53 inhibitor pifithrin-α (PFT-
α) (32) had no influence on RNA expression of Lnc956 or Klf4. As a

control, manipulation of p53 activity drastically affected the expres-
sion of its target geneMdm2 (Fig. 7C). KD of p53 obtained similar
results (Fig. 7D). In addition, KLF4 protein expression and Lnc956-
KLF4 association was not altered by p53 KD, as indicated by in vivo
RNA pulldown (Fig. 7E) and RIP analyses (Fig. 7F). Further, we ex-
amined whether p53 KD affected the KLF4’s transcriptional activity
by ChIP-seq analysis of shControl and p53 KD ESCs under normal

Fig. 6. Lnc956-KLF4 interaction sequestrates KLF4 and suppresses KLF4’s transcriptional regulation on pluripotencyABCDEF H. (A) After Etop treatment, the level
of chromatin-bound KLF4 decreased in WT ESCs but remained constant in Lnc956 KO ESCs. The relative protein levels were normalized by histone H3. (B) Average KLF4
binding peak intensities were comparable among four ESC types under normal condition. After Etop treatment, the peak intensities in ESCs with Lnc956-KLF4 interaction
(WT and FL Lnc956 rescued) were lower than in ESCs without Lnc956-KLF4 interaction (Lnc956 KO and Δ862-1253 Lnc956 rescued). (C) The distribution of KLF4 binding
regions in the four ESC types. Genes that contain at least one KLF4 peak in each region were calculated. (D) Heatmap of KLF4 binding around TSS ± 2.5 kb in four types of
ESCs under normal and Etop treatment conditions. Data were from two independent replications (R). (E) GO enrichment of differential KLF4-targeting genes among the
four types of ESCs under Etop treatment condition. (F to H) ChIP-seq genome views of KLF4 binding peaks at loci of Nanog (F), Pou5f1 (G), and Zfp281 (H) in four types of
ESCs. Right panel showed the qPCR validation of ChIP samples. Data were shown as mean ± SEM from three independent replications. Two-tailed Student’s t test.
*P < 0.05, **P < 0.01, and ***P < 0.001.
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and etoposide treatment conditions. Notably, the KLF4 binding in-
tensity was comparable between shControl and p53 KD ESCs under
either normal or etoposide treatment condition (Fig. 7, G and H,
and dataset S4). Together, these data demonstrated that p53 did
not regulate the Lnc956-KLF4 axis.

Previous study on other cellular context reported that KLF4-p53
formed protein complex to regulate gene transcription (33). We ex-
amined whether KLF4 associated with p53 in mouse ESCs.

Coimmunoprecipitation did not detect the KLF4-p53 interaction.
As a control, KLF4 successfully pulled down its known interaction
protein POU5F1 (Fig. 7I).

The above lines of evidence suggested that Lnc956-KLF4 axis
and p53 function independently. To further verify the conclusion,
we knocked down p53 in Lnc956 KO ESCs (fig. S9A). Simultaneous
depletion of p53 and Lnc956 displayed additive effects on the plu-
ripotency genes expression (Fig. 8, A and B, and fig. S9, B and C),

Fig. 7. Lnc956-KLF4 axis and p53 function independently. (A) Klf4 KD by siRNA did not influence the mRNA expression of p53. (B) Klf4 KD had no impact on the overall
expression of p53-associated genes under DNA damage condition. (C) Modulation of p53 activity by etoposide treatment or its inhibitor PFT-α affectedMdm2 expression
but had no influence on the expression of Lnc956 or Klf4. (D) Similarly, p53 KD did not affect the expression of Lnc956 or Klf4. (E and F) p53 KD had no influence on the
Lnc956-KLF4 association as indicated by in vivo RNA pulldown (E) and RIP analysis (F). (G and H) The KLF4 binding to chromatin was not affected by p53 KD under normal
or Etop treatment condition. In (G), the average KLF4 binding peak intensities were comparable between shControl and p53 KD ESCs. The heatmap of KLF4 binding
around TSS ± 2.5 kb was shown in (H). (I) Co-immunoprecipitation (IP) did not detect the association of KLF4 with p53. As a control, POU5F1 was co-immunoprecipitated
with KLF4. Except in (B), (G), and (H), all experiments were repeated three times with similar results. The relative protein levels in (E) were normalized by input KLF4. The
relative RNA levels in (F) were normalized by input Lnc956. Data were shown as mean ± SEM. Two-tailed Student’s t test. *P < 0.05.
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the three germ layer markers induction (Fig. 8C and fig. S9D), the
apoptosis (Fig. 8, D and E, and fig. S9E), and the colony formation
rate in response to DNA damage (Fig. 8, F and G, and fig. S9F). We
also performed RNA-seq to analyze the global gene expressions in
WT, Lnc956 KO, p53 KD, and Lnc956 KO + p53 KD ESCs cultured
normally or treated with etoposide for different time. The majority
of DEGs (75%, 845 of 1119) showed additive change pattern in
Lnc956 KO + p53 KD ESCs when compared to Lnc956 KO or p53
KD ESCs. The DEGs in clusters 1 and 2 were up-regulated by etopo-
side treatment in WT ESCs. However, Lnc956 KO or p53 KD sup-
pressed the up-regulation, simultaneous depletion of p53, and
Lnc956 displayed additive influence. These genes were enriched in

the processes of cell differentiation and positive regulation of apo-
ptosis (Fig. 9). In contrast, DEGs in cluster 3 showed reverse change
pattern and were enriched in the processes of stem cell maintenance
and negative regulation of apoptosis (Fig. 9). Thus, these data to-
gether support that Lnc956 and p53 function independently to reg-
ulate cell fate determination of ESCs in response to DNA damage.

ATM-driven m6A modification of Lnc956 regulates Lnc956-
KLF4 association
Considering that Lnc956-KLF4 association was promoted under
DNA damage condition, we wondered whether DNA damage sig-
naling regulated the interaction. ATM and ATR kinases are central

Fig. 8. Simultaneous depletion of p53 and Lnc956 displays additive effects on cell differentiation and apoptosis. (A) Lnc956 or p53 depletion compromised the
down-regulation ofNanogmRNA expression after Etop treatment. Simultaneous depletion displayed additive effect. (B) Lnc956 or p53 depletion compromised the down-
regulation of NANOG and POU5F1 protein expressions after Etop treatment. Simultaneous depletion displayed additive effect. (C) Lnc956 or p53 depletion suppressed the
three germ layer markers expression during Etop-induced differentiation. Simultaneous depletion had additive effect. (D and E) Lnc956 or p53 depletion compromised
the Etop-induced apoptosis measured by immunoblotting (D) and JC-1 probe assay (E). Simultaneous depletion had additive effect. (F and G) Standard colony formation
(F) and clonal competition (G) assays showed that Lnc956 or p53 depletion enhanced the colony formation of ESCs after Etop treatment. Simultaneous depletion had
additive effect. All experiments were repeated three times with similar results. In (B) and (D), the relative protein levels were normalized by GAPDH. Data were shown as
mean ± SEM. Two-tailed Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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coordinators of DNA damage response and trigger a cascade of nu-
merous downstream effects (34). To examine whether ATM or ATR
signaling regulated the Lnc956-KLF4 association, we inhibited
ATM activity with a specific inhibitor KU55933 (35) and ATR ac-
tivity with VE-821 (36), respectively (fig. S10A). Intriguingly, in
vivo RNA pulldown showed that blockage of ATM activation com-
promised Lnc956-KLF4 association under etoposide treatment con-
dition, whereas inhibiting ATR activity had no effect (Fig. 10A).
Consistent result was obtained by RIP with KLF4 antibody
(Fig. 10B). To further verify the regulatory role of ATM on
Lnc956-KLF4 association, we efficiently knocked down ATM in
ESCs by two independent siRNAs (fig. S10B) and examined its in-
fluence on Lnc956-KLF4 interaction under distinct genotoxic treat-
ments. RIP analysis confirmed that ATM KD compromised the
Lnc956-KLF4 association under different damaging conditions
(Fig. 10C). Thus, ATM, but not ATR kinase, regulated the
Lnc956-KLF4 association after genotoxic insult.

We next asked how ATM regulated the Lnc956-KLF4 associa-
tion. Previous study reported that ATM could phosphorylate and
activate methyltransferase like 3 (METTL3), which methylates the
adenosine at the N6 position (m6A) of DNA damage–associated
RNAs (37). We thus wondered whether ATM stimulated m6Amod-
ification of Lnc956, which, in turn, modulated the Lnc956-KLF4

interaction. To this end, we first examined the potential m6A mod-
ification of Lnc956 and its regulation by ATM. Computational pre-
diction of m6A modification by m6A site predictor sequence-based
RNA adenosine methylation site predictor (38) suggested that
Lnc956 contained nine potential m6A methylation sites (fig.
S10C). RIP throughm6A antibody showed that Lnc956 could be im-
munoprecipitated in ESCs under normal culture condition, and the
pulldown efficiency was robustly enhanced by etoposide treatment
(Fig. 10D). The result implicated that Lnc956 was subject to m6A
methylation, and DNA damages potentiated this modification. In
line with this result, previous study using m6A immunoprecipita-
tion coupled with high-throughput sequencing in mESCs also de-
tected Lnc956 (39). Of note, blockage of ATM, but not ATR kinase
activity, drastically attenuated the m6A immunoprecipitation with
Lnc956 under etoposide treatment (Fig. 10D), suggesting that
ATM kinase signaling stimulated the m6A modification of
Lnc956. The regulation of ATM on m6A modification of Lnc956
in response to DNA damages was further confirmed in ATM KD
ESCs treated with different DNA damaging agents (Fig. 10E). In-
triguingly, Lnc956 also underwent m6A modification during phys-
iological ESC differentiation (fig. S10D), although the ATM or ATR
activation was not detected (fig. S10E). This observation suggested

Fig. 9. Simultaneous depletion of p53 and Lnc956 has additive effect on gene expression changes. RNA-seq analysis of the gene expressions in WT, Lnc956 KO, p53
KD, and Lnc956 KO + p53 KD ESCs showed that the majority of DEGs (75%) showed additive change pattern in Lnc956 KO + p53 KD ESCs when compared to Lnc956 KO or
p53 KD ESCs after DNA damage treatment.
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Fig. 10. ATM-driven m6A modification of Lnc956 is required for interaction with KLF4. (A) Inhibition of ATM activity with KU55933 compromised Etop-induced
Lnc956-KLF4 association detected by in vivo RNA pulldown. Inhibition of ATR activity with VE-821 had no influence (left). No Lnc956-KLF4 association was detected
under normal culture condition (right). (B) RIP confirmed that inhibition of ATM but not ATR activity attenuated Etop-induced Lnc956-KLF4 interaction. (C) ATM KD
by siRNA compromised Lnc956-KLF4 interaction induced by Etop or HU treatment. (D) m6A modification of Lnc956 was enhanced by Etop treatment. Inhibition of
ATM but not ATR activity suppressed the damage-induced m6A modification of Lnc956. (E) ATM KD by siRNAs suppressed the m6A modification of Lnc956 induced
by Etop or HU treatment. (F) Mettl3 KD abolished m6A modification of Lnc956 under normal and Etop treatment conditions. (G) Mettl3 KD compromised Etop-
induced Lnc956-KLF4 association. (H) Working model for quality control of ESCs. Downstream of ATM activation, p53 pathway, and Lnc956-KLF4 axis work independently
to ensure robust elimination of ESC population with unrepaired DNA damages. All experiments were repeated three times with similar results. The relative protein levels
in (A) and (G) were normalized by input KLF4. The relative RNA levels in (B) to (E) were normalized by input Lnc956. Datawere shown asmean ± SEM. Two-tailed Student’s t
test. ***P < 0.001.
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that Lnc956 was modified through different mechanisms in differ-
ent contexts.

Next, we examined whether m6Amethylation of Lnc956 regulat-
ed its association with KLF4. We knocked down METTL3, the core
RNA methyltransferase responsible for methyl group transfer
during m6A modification, in ESCs and examined its effects. Effi-
cient knockdown of Mettl3 in ESCs (fig. S10F) robustly decreased
the m6A modification of Lnc956 (Fig. 10F). As a result, Lnc956-
KLF4 association was significantly reduced (Fig. 10G and fig.
S10G). Thus, m6Amethylation of Lnc956 induced Lnc956-KLF4 in-
teraction. The m6A nuclear reader YTH domain containing 1
(YTHDC1) was reported to play a role in DNA damage response
(37). Wewondered whether YTHDC1 participated in the regulation
of Lnc956-KLF4 interaction. To this end, we knocked down
YTHDC1 via two independent siRNAs (fig. S10H) and examined
its effect. YTHDC1 KD affected neither the Lnc956-KLF4 interac-
tion (fig. S10I) nor the DNA damage-induced pluripotency exit (fig.
S10J). Thus, unlike the involvement of METTL3-m6A-YTHDC1
axis in DNA DSB repair (37), YTHDC1 did not mediate the regu-
lations of m6A modification on Lnc956-KLF4 association and cell
fate determination after DNA damage in ESCs. In summary, we
proposed a working model in which ATM-driven m6A modifica-
tion of Lnc956 promotes Lnc956-KLF4 interaction, which rapidly
sequestrates KLF4 and attenuates its transcriptional activity. This
pathway functions independent of p53 pathway to control ESC’s
quality and safety. By integrating regulations at the posttranslational
level (Lnc956 pathway) and the transcriptional level (p53 pathway),
ESCs can robustly eliminate populations with unrepaired DNA
damages (Fig. 10H).

DISCUSSION
Efficient elimination of cell populations with unrepaired DNA
damage is crucial to maintain genomic stability of stem cell pool.
p53 plays key roles in this process by inducing stem cell differenti-
ation and apoptosis. Except p53, whether there exist other indepen-
dent regulators remains unknown. In this study, we reported a stem
cell–specific player Lnc956, which functions independent of p53 to
regulate the cell fate determination of ESCs after DNA damage.
Lnc956 functions through binding and sequestrating the core pluri-
potency maintenance factor KLF4, thereby attenuating KLF4’s tran-
scriptional activity to induce ESC differentiation. Several lines of
evidence supported that Lnc956-KLF4 axis and p53 were indepen-
dent of regulating cell fate determination. First, depletion of Lnc956
or KLF4 did not affect the expression of p53 nor did it influence the
p53’s transcriptional activity as revealed by ChIP-seq and RNA-seq
analyses. Second, p53 KD or activity inhibition had no influence on
the expression of Lnc956 or KLF4. Moreover, p53 depletion did not
impair the Lnc956-KLF4 association and the chromatin binding
profile of KLF4. Third, p53 and KLF4 did not physically interact,
indicating that they do not work as a whole. Fourth, simultaneous
depletion of p53 and Lnc956 exhibited additive effects on ESC dif-
ferentiation, apoptosis, and cell survival in DNA damage treatment.
The gene expression changes also showed additive effect. Thus,
Lnc956-KLF4 axis added a regulatory layer. This posttranslational
regulation has an advantage over p53-mediated transcriptional reg-
ulation in evoking fast cell fate transition. Thus, unlike in somatic
cells, ATM signaling in ESCs can activate two independent path-
ways, which work together to ensure robust differentiation and

apoptosis to eliminate damaged cells and maintain genome stability
of the cell population.

Our present data suggested that Lnc956-KLF4 association was
regulated by m6A modification of Lnc956, which was controlled
by ATM signaling. On the one hand, RIP using m6A antibody
could pull down Lnc956. On the other hand, blockage of m6Amod-
ification by knocking down the catalytic enzyme METTL3 signifi-
cantly suppressed the m6A modification of Lnc956 and the Lnc956-
KLF4 interaction. However, it was unclear which sites in Lnc956 un-
derwentm6Amethylation and how them6Amodification facilitated
the interaction of Lnc956 with KLF4. Although our result showed
that the nuclear m6A reader YTHDC1 was not involved in the reg-
ulation process, it remained unclear whether other readers are in-
volved or no reader is required. In addition, the results and
conclusion were obtained by using murine ESCs in this study.
Whether the human ortholog of Lnc956 has conserved role and
the similar mechanism operates in genome quality surveillance of
human ESCs need to be confirmed in the future study.

MATERIALS AND METHODS
Derivation and culture of mouse ESCs
Mouse ESCs were derived as previously reported (40). Briefly, em-
bryonic day 3.5 blastocysts were recovered from Lnc956+/− females
mated with Lnc956−/− male mice. After removal of zona pellucida
with acid tyrode solution (100 ml; Sigma-Aldrich, T1788), blasto-
cysts were plated on mitomycin C–treated mouse embryonic fibro-
blasts (MEFs) and cultured for 5 days. The outgrowths were then
picked with a mouth pipette and transferred into 50-μl droplet of
0.05% TrypLE solution (Gibco, 12604021) for 3 min. Dissociated
cells were pipetted into 48-well culture plates with a MEF feeder
for further culture. After routine clonal expansion, genotype was
confirmed by PCR with specific primers (table S1).

Mouse ESCs were maintained in Dulbecco’s modified Eagle's
medium (DMEM)/F12 supplemented with 20% KO serum replace-
ment (Thermo Fisher Scientific, A3181502), recombinant mouse
leukemia inhibitory factor (104 U/ml; Millipore, ESG1107), 2
mM L-glutamine (Sigma-Aldrich, G8540-25g), penicillin (100 U/
ml)/streptomycin (100 μg/ml) (Gibco, 15140-122), 100 μM β-mer-
captoethanol (Sigma-Aldrich, M7522), and 1× MEM nonessential
amino acids solution (Gibco, 11140-035).

Neutral comet assay
The neutral comet assay was carried out as previously described (6).
Briefly, ESCs were resuspended with ice-cold phosphate-buffered
saline [PBS; (pH 7.4) Ca2+ and Mg2+ free] at a concentration of 2
× 105 cells/ml, and then an aliquot of 30 μl suspension was mixed
with 70 μl of 0.8% low-melting agarose kept at 37°C. The mixture
was immediately and evenly spread onto the comet slides. Then, the
slides were placed at 4°C for 10 min and transferred into lysis buffer
[2.5 M NaCl, 100 mM Na2EDTA, 10 mM tris, 1% N-lauroylsarco-
sine, and 1% Triton X-100 (pH 8.3)] at room temperature for 1 hour
away from light. The slides were washed twice and placed in cold
electrophoresis buffer [300 mM sodium acetate and 100 mM tris
(pH 8.3)]. Electrophoresis was performed at 1 V/cm, 300 mA for
25 min at 4°C away from light. After electrophoresis, The slides
were washed in deionized water twice and immersed in ice-cold
100% ethanol at room temperature for 5 min. After air dry, DNA
was stained with DAPI (4′,6-diamidino-2-phenylindole; 10 ng/ml;
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Thermo Fisher Scientific) and immediately analyzed with a fluores-
cence microscope. Two hundred cells per slides were captured for
analysis, and each experiment was independently repeated three
times. CASP comet assay software (Andor Technology) was used
to analyze comet.

Western blotting
Cells were lysed with radioimmunoprecipitation assay lysis buffer
supplemented with protease inhibitor cocktail (Roche,
4693132001) and phosphatase inhibitors (NaF and Na3VO4).
Protein samples were separated by SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto the polyvinylidene di-
fluoride membrane. After blocking with 5% bovine serum albumin,
the primary antibodies were added and incubated at 4°C overnight.
Then, the membrane was washed with PBS and incubated with sec-
ondary antibodies at room temperature for 1 hour. Images were
captured by the ProteinSimple FluorChem system. The antibody in-
formation was listed in table S2.

Quantitative RT-PCR
Total RNAwas isolated using TRIzol (Invitrogen) based on the pro-
tocols of manufacture. The concentration of RNAwas measured by
NanoDrop 2000 (Thermo Fisher Scientific). One microgram of
total RNA per sample was transcribed into complementary DNA
(cDNA) using the PrimeScript RT Reagent Kit (TaKaRa, catalog
no. RR037A). Quantitative PCR was carried out with a SYBR
Premix Ex Taq kit (DRR041S, TaKaRa) on the LightCycler 480 II
(Roche). Gapdh was used to normalize the gene expression. The
method of 2–ΔΔCt was used for data analysis. All primers for
reverse transcription PCR (RT-PCR) were listed in table S1.

Mitochondrialmembrane potential measurementwith JC-1
fluorescent probe
Mitochondrial membrane potential assay was carried out on the
basis of manufacturer’s instructions (Beyotime,C2003S). Briefly,
cell samples with or without DNA damage treatment were harvest-
ed and washed twice with ice-cold PBS, followed by incubation with
JC-1 probe for 20 min at 37°C. After incubation, cells were washed
and resuspended with ice-cold PBS and sorted using a fluorescence-
activated cell sorting LSRFortessa flow cytometer (Becton Dickin-
son). Data were analyzed with FlowJo software (version 7.6).

Standard colony formation assay
Cells were plated at a density of 350 cells per 3.8-cm2 petri dish (12-
well plate, Corning 3336). One day after inoculation, cells were
treated with dimethyl sulfoxide (DMSO) or 1 μM etoposide for 1,
3, and 6 hours, respectively, and washed three times with prewarm-
ing PBS. Cells were then cultured for 9 days followed by fixation and
staining for AP (Beyotime, C3206). The numbers of AP+ colonies in
each well were counted. Triplicate wells were calculated for each
condition.

Clonal competition assay
Clonal competition assay was performed as previously described
(8). Briefly, the same numbers of two types of ESCs, of which one
was labeled with GFP or red fluorescent protein, were mixed and
plated on the dish. After attachment, the mixed ESCs were treated
with 1 μM etoposide for 1 hour and cocultured till analysis. The

clonal growth and state were monitored daily and counted at each
time point for statistics.

Cell senescence assay
Cell senescence was evaluated using a senescence β-galactosidase
staining kit (Beyotime, C0602). Briefly, cells were plated at a
density of 104 cells per 9.5-cm2 petri dish (six-well plate, Corning
3335). One day after inoculation, cells were treated with DMSO
or 50 nM etoposide for 2 days. Following treatment, cells were cul-
tured for 2 days and then were subject to staining by following the
manufacturer’s instructions. Triplicate wells were performed for
each condition.

In vitro RNA pulldown and mass spectrometry analysis
Biotin-labeled RNAwas in vitro transcribed with the Pierce RNA 3′
End Desthiobiotinylation Kit (Thermo Fisher Scientific, 20163) ac-
cording to the manufacturer’s instructions. RNA secondary struc-
ture was recovered by heating to 95°C for 3 min in RNA structure
buffer [0.1 M KCl, 10 mM tris (pH 7.0), and 10 mM MgCl2], fol-
lowed by incubating samples on ice for 5min and returning to room
temperature. Folded RNAs were subject to in vitro RNA pulldown
using a Pierce Magnetic RNA-protein pull-down kit (Thermo
Fisher Scientific, 20164) according to the manufacturer’s instruc-
tions. The pulldown proteins were denatured and separated on
SDS-PAGE for mass spectrometry analysis as previously described
(8).

In vivo RNA pulldown assay
In vivo RNA pulldown assay was performed as previously described
(41). Briefly, biotin-labeled DNA probes for target LncRNA were
synthesized by RiboBio Co. Ltd. Cells (2 × 108) with or without
DNA damage treatment were washed twice with ice-cold PBS and
cross-linked at the energy of 400 mJ using 265-nm ultraviolet light.
Then, cross-linked samples were lysed with CSKT solution [10 mM
Pipes, 0.5% Triton X-100 (pH 6.8), 3 mM MgCl2, 100 mM NaCl,
and 0.3 M sucrose] containing proteinase inhibitors (Roche) and
SUPERaseIn (Thermol Fisher Scientific, AM2694) at 4°C for 10
min. After centrifuge at 1200g for 10 min at 4°C, the pellet was sus-
pended with 3 ml of deoxyribonuclease I (DNase I) buffer [50 mM
tris (pH 7.5), 0.1% sodium lauroyl sarcosine, SUPERaseIn, 0.5%
NP-40, 1 × protease inhibitors, 10 mM vanadyl ribonucleoside
complex, and 600 U of riboxynuclease (RNase)–free DNase I] and
incubated at 37°C with rotation. The supernatant was precleared by
adding 50 μl of M-280 streptavidin Dynabeads (Thermo Fisher Sci-
entific, 00781251) for 30 min at room temperature with rotation.
After discarding preclear beads, 100 pmol of DNA probes and
150 μl of beads were mixed and added into the supernatant and in-
cubated for 20 min at room temperature with rotation. Then, the
samples with beads were heated to 65°C for 15 min and cooled
down slowly to 37°C for 1 hour. Beads were then washed three
times with wash buffer I [50 mM tris (pH 7.5), 0.3 M LiCl, 1%
SDS, 0.5% NP-40, and 1 mM dithiothreitol (DTT)] containing pro-
tease inhibitors. Beads were incubated with 300 μl of DNase buffer
containing 20 U of DNase at 37°C for 10 min. Beads were washed
twice with wash buffer I containing protease inhibitors at 37°C and
once with wash buffer 2 (1% SDS, 1 mM DTT, 5 mM EDTA, and
150 mMNaCl) containing protease inhibitors. Proteins were eluted
with elution buffer [10 mM tris (pH 7.5) and 1 mM EDTA] at 70°C
for 15 min and boiled in protein loading buffer at 100°C for 15 min.
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RNA immunoprecipitation
RIP was performed as previously described (42, 43). Briefly, 1 × 107
cells were lysed in 1ml of polysome lysis buffer [100mMKCl, 5mM
MgCl2, 10 mM Hepes (pH 7.0), 0.5% NP-40, 1 mM DTT, and 400
μM Ribonucleoside vanadyl complex (VRC)] supplemented with
RNase inhibitors and protease inhibitors. After incubation on ice
for 5 min, 200 μl of preclear protein A/G beads was added into
lysis and incubated at 4°C for 30 min. Then, 2.5 to 5 μg of antibody
was added into lysis beads complex and incubated at 4°C overnight.
The antibody-coated beads were then washed with 1 ml of ice-cold
NT2 buffer [50mM tris-HCl (pH 7.4), 150mMNaCl, 1 mMMgCl2,
and 0.05% NP-40] containing RNase inhibitors and protease inhib-
itors for five times at 4°C. After washing, the beads were resuspend-
ed with 850 μl of ice-cold NT2 buffer supplemented with 1 μl of
DTT (1 M), 35 μl of EDTA (0.5 M, pH 8.0), RNase inhibitors,
and protease inhibitors and incubated at 4°C for 12 hours. The
beads were then washed four to five times (5 min for each time)
with ice-cold NT2 buffer. After washing, the beads were resuspend-
ed with ice-cold NT2 buffer containing proteinase K and 1% SDS
and incubated at 55°C for 30 min. The RNAs were then extracted
using TRIzol (Invitrogen) and dissolved in 10 to 20 μl of diethyl py-
rocarbonate–treated water.

ChIP-seq and data analysis
ChIP was performed as previously described (44). Briefly, 5 × 106
cells were cross-linked with 1.5% formaldehyde for 10 min at room
temperature. Cross-linking was then quenched by adding 0.125 M
glycine for 5 min. After washing twice with ice-cold PBS, cells were
lysed with 1 ml of cytoplasm lysis buffer [5 mM Pipes (pH 8.0), 85
mM KCl, and 0.5% NP-40 with protease inhibitors] and incubated
on ice for 5min. After centrifuge at 5000g for 5min at 4°C, the pellet
was resuspended with 0.5ml of nuclear lysis buffer [50mM tris-HCl
(pH 8.1), 10 mM EDTA, and 1% SDS with protease inhibitors].
Chromatin was subject to sonication to a size of 0.2 to 0.5 kb
using Bioruptor 200. The supernatant was diluted with nine
volumes of dilution buffer [0.01% SDS, 1.1% Trition X-100, 2
mM EDTA, 50 mM tris-HCl (pH 8.1), and 150 mMNaCl] contain-
ing protease inhibitors. Chromatin samples were incubated with
specific antibodies at 4°C overnight. Then, the chromatin-protein
supernatant and protein A/G beads were coincubated for
12 hours at 4°C. The beads were then washed with low salt buffer
[0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM tris-HCl (pH
8.1), and 150 mM NaCl], high-salt buffer [0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM tris-HCl (pH 8.1), and 500 mM
NaCl] and LiCl salt buffer [0.25 M LiCl, 1% IGEPAL-CA630
(NP-40), 1% deoxycholic acid (sodium salt), 1 mM EDTA, and 10
mM tris (pH 8.1)], respectively. After wash twice with Tris-EDTA
(TE) buffer, cross-link was reversed in TE buffer at 65°C for
12 hours. The samples were then digested by proteinase K and
RNase A. DNA was purified with phenol:chloroform:isoamyl
alcohol. The precipitated DNA samples were either performed for
DNA deep sequencing or analyzed by RT-PCR.

For ChIP-seq data analysis, clean reads were mapped to the
mouse genome (mm10) using Bowtie 2 (version 2.1.0). PCR dupli-
cates were removed using SAMtools (version 0.1.19). The binding
sites of KLF4 and p53 were called using theMACS2 (version 2.2.7.1)
as described (30). Differential binding analyses of ChIP-seq peak
data were performed using DiffBind package (version 3.2.6)
(Stark R, Brown GD. DiffBind: differential binding analysis of

ChIP-Seq peak data. Bioconductor. http://bioconductor.org/
packages/release/bioc/html/DiffBind.html). Enriched peaks were
annotated using ChIPseeker package (version 1.20.0) (45). The
genome-wide average of peak intensity for each sample was calcu-
lated using deepTools computeMatrix (version 3.5.0) and illustrated
using deepTools plotHeatmap (version 3.5.0) (46). The ChIP-seq
data have been deposited in the Gene Expression Omnibus
(GEO) database (accession number: GSE188431).

Nucleus and cytoplasm fragmentation
Nucleus and cytoplasm fragmentation was performed following the
standard protocol (47). Briefly, 2 × 107 cells were washed with PBS.
Cells were collected by centrifugation at 1000 rpm for 10 min and
resuspended with cytoplasm extract buffer [10 mM Hepes, 50 mM
KCl, 1 mM EDTA, 0.1% (v/v) NP-40, and 1 mM DTT supplement-
ed with Roche complete protease inhibitor (Roche Applied
System)]. Cells were incubated on ice for 5 min and centrifuged
at 3000 rpm for 5 min at 4°C. Supernatants were harvested for cy-
toplasm fraction. The pellet was washed three times with cytoplasm
extract buffer without NP-40. Then, the pellet was resuspended with
nucleus extract buffer [10 mMHepes (pH 7.9), 10 mMKCl, 0.1 mM
EDTA, and 0.3% NP-40 supplemented with Roche complete prote-
ase inhibitor (Roche Applied System)] and incubated on ice for 10
min. Centrifuge for 5 min at 12,000 rpm was done, and superna-
tants were harvested for nucleus fraction.

Lentivirus package and cell transfection
Human embryonic kidney 293T cells were grown in 15-cm2 culture
dishes and prepared for transfection at the time of 80% confluency.
Twelve micrograms of expression vector (pLKO.1 or pTRIPZ), 6 μg
of pSPAX, and 6 μg of pMD 2.0 plasmid were cotransfected with
opti-MEM containing polyethyleneimine (Sigma-Aldrich). At
18 hours after transfection, opti-MEM was replaced with DMEM
containing 5% fetal bovine serum. The viral supernatant was har-
vested at 48 and 72 hours after transfection. For Lnc956, p53, and
Mettl3 knockdown, ESCs were transducted with virus and poly-
brene (10 μg/ml).

RNA-seq and data analyses
Total RNA was isolated from cultured cells by TRIzol (Tiangen,
DP424). The cDNA libraries were constructed with the TruSeq
RNA Sample Preparation Kit (Illumina) and sequenced on the
HiSeq X Ten platform. After sequencing, the clean reads were
mapped to mouse reference genome (mm10) using TopHat2 soft-
ware (version 2.0.8). The values of gene expression and DEGs were
calculated by Cufflinks (version 2.1.1) and Cuffdiff (Version 2.1.1)
software, respectively. GO enrichment was carried out using
DAVID. The heatmaps were constructed by the “gplots” R packages
with default parameter. The RNA-seq data have been deposited in
the GEO database (accession number: GSE188431).

Statistical analyses
All statistical analyses were two-tailed test and carried out using
Prism (GraphPad). P < 0.05 was used to set a cutoff of statistical
analysis. An unpaired Student’s t test was applied for two-group
comparisons when variance between them was equal (determined
by the F test). For the normally distributed data with unequal var-
iance, unpaired t test with Welch’s correction was used. All the data
were presented as means ± SEM.
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