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In response to sustained damage to DNA resulting from normal 
metabolic activities and environmental insults, such as radiation 
and thermal disruption, cells constantly activate the DNA damage 

response (DDR), a multifaceted array of biological processes that 
identifies and repairs DNA damage to facilitate cell survival and 
proliferation1,2. However, after excessive DNA damage and/or when 
repair is compromised, cells enter an irreversible state of dormancy 
(senescence), commit suicide (apoptosis) or, alternatively, cumula-
tive genetic mutations can drive transformation3–5.

To maintain genomic integrity, the ends of chromosomes must 
also be protected from recognition as double-strand DNA breaks6. 
This occurs through shelterin, a six protein complex that caps 
telomeres and prevents chromosome end-to-end fusions through 
inhibiting homologous recombination (HR) and non-homologous 
end joining (NHEJ)7. Shelterin component proteins comprise telo-
meric repeat-binding factor 1 (TRF1) and TRF2 that bind to duplex 
telomeric DNA and recruit protection of telomere 1 (POT1), repres-
sor activator protein 1 (RAP1), TRF1- and TRF2-interacting nuclear 
protein 2 (TIN2) and tripeptidyl-peptidase 1 (TPP1) to telomeres 
through protein–protein interactions8. Defects in the shelterin com-
plex trigger activation of the DDR, which leads to cell cycle arrest 
and apoptosis9–11.

An important DDR component is the tumour suppressor p53, 
which facilitates DNA repair through cell cycle arrest and elimi-
nates cells with severe DNA damage via the induction of apopto-
sis12. The transcriptional targets of p53 comprise a broad repertoire 
of protein-coding genes, and recent studies have revealed that many 
non-coding RNAs, including long non-coding RNAs (lncRNAs), 
are involved in regulating p53-dependent responses to DNA dam-
age13–18. However, whether lncRNAs are involved in guarding the 
de novo structure of DNA in cells without exposure to exogenous 
genotoxic insults remains unexplored.

Here, we demonstrate that the p53-responsive lncRNA 
GUARDIN is not only important for maintaining genomic stabil-
ity in cells exposed to genotoxic stress but also under steady-state 
conditions. GUARDIN acts pleiotropically to maintain TRF2 
expression levels by sequestering microRNA-23a (miR-23a) and 
through sustaining breast cancer 1 (BRCA1) expression by acting 
as a scaffold that facilitates the heterodimerization of BRCA1 with 
BRCA1-associated RING domain protein 1 (BARD1). Moreover, 
we show that GUARDIN is essential for cell survival and prolifera-
tion, with practical implications of interference with GUARDIN in  
cancer treatment.

Results
Identification of GUARDIN as a p53-responsive lncRNA. We 
took advantage of TP53-null H1299 human lung adenocarcinoma 
cells carrying an inducible wild-type p53 expression system to 
interrogate lncRNAs that are responsive to p53 using array pro-
filing (ref. 13). Five identified lncRNAs that are triggered by p53 
were validated by quantitative PCR along with the previously 
reported p53-responsive lncRNAs lincRNA-p21 and DINO14,15, 
(Supplementary Table 1 and Supplementary Fig. 1a). Strikingly, 
knockdown of lncRNA#6 in wild-type p53-expressing HCT116 
cells, but not other lncRNAs, led to reduced cell viability and acti-
vation of caspase 3 (Supplementary Fig. 1b–d). Bioinformatics 
analysis revealed that lncRNA#6 corresponds to lncRNA RP3-
510D11.2 with three annotated isoforms (Vega Genome Browser). 
Nevertheless, the longest isoform RP3-510D11.2-1 appeared mark-
edly more abundant than the others (RP3-510D11.2-2 and RP3-
510D11.2-3) even when p53 was induced (Supplementary Fig. 1e). 
Thus, we focused on RP3-510D11.2-1 and, for simplicity, refer to 
this isoform as GUARDIN given its functional relationship with 
p53, the guardian of the genome.
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The list of long non-coding RNAs (lncRNAs) involved in the p53 pathway of the DNA damage response is rapidly expand-
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target for cancer treatment.
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We extended our analysis to multiple lines, confirming that 
overexpression of wild-type p53 in U2OS osteosarcoma, A549 lung 
adenocarcinoma and HCT116 cells increased GUARDIN levels, 
whereas knockdown of p53 decreased GUARDIN expression (Fig. 
1a,b). Moreover, activation of the DDR with doxorubicin or over-
expression of the oncogenic HRASV12 mutant led to GUARDIN 
upregulation in malignant cells and in untransformed adult fore-
skin fibroblasts (HAFFs)16 (Fig. 1c,d). Increased GUARDIN expres-
sion was prevented when p53 was silenced (Fig. 1e,f), indicating 
that GUARDIN induction during the DDR was p53 dependent. In 
support, damage to DNA caused by ionizing radiation or the p53 
activator nutlin 3a upregulated GUARDIN in MCF-7 breast cancer 
cells17. GUARDIN was not increased in H1299 cells transduced with 
p53 mutants (p53-R175H and p53-R273H)18–20 (Supplementary Fig. 
1e), further highlighting the importance of wild-type p53 activity in 
transcriptional regulation of GUARDIN. In accordance, pifithrin-α​ 
(PFTα​), a small-molecule inhibitor of p53 transcriptional activity21, 
reduced GUARDIN levels along with p21WAF1/Cip1 (Fig. 1g).

GUARDIN is located between the genes encoding miR-34a 
and hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase 
(H6PD) (Supplementary Fig. 2a). Intriguingly, this region is part 
of the FRA1A (aphidicolin type, common, Fra(1)(P36)) fragile site 
that is frequently lost in human cancers22,23, (Supplementary Fig. 2a). 
Moreover, GUARDIN and the miR-34a host gene MIR34AHG over-
lap and share the same promoter (Supplementary Fig. 2a). Indeed, 
GUARDIN expression positively correlates with the expression 
of miR-34a and MIR34AHG, and transcripts were concurrently 
reduced in a proportion of colon cancers with gene copy number 
loss (Supplementary Fig. 2b,c and Supplementary Table 2). Neither 
silencing nor overexpression of GUARDIN altered the expression 
of miR-34a, its target Snail as well as MIR34AHG24 (Supplementary 
Fig. 2d), indicating that GUARDIN has no role in regulating miR-
34a expression. Conversely, neither miR-34a nor MIR34AHG 
affected GUARDIN expression (Supplementary Fig. 2e).

The promoter of the GUARDIN and MIR34AHG genes contains 
a consensus p53-binding region (p53-BR) (Supplementary Fig. 2f),  
which co-precipitated with endogenous p53 (Fig. 1h). Indeed, 
this region was required for p53-mediated GUARDIN upregula-
tion, as the transcriptional activity of luciferase reporters contain-
ing intact p53-BR (−​305/−​329) was markedly stronger than those 
with the p53-BR deleted (Fig. 1i). Moreover, co-transfection of 
wild-type p53 selectively enhanced the transcriptional activity of 
reporters with intact p53-BR (Fig. 1i), whereas knockdown of p53 
diminished reporter activity (Fig. 1j). Collectively, these data sup-
port the transactivation of GUARDIN by p53, acting through the  
identified p53-BR.

In accordance with the relationship between GUARDIN expres-
sion and p53 identified in vitro (Fig. 1), in situ analysis of two 
independent cohorts demonstrated that colon cancers with wild-
type p53 expressed higher levels of GUARDIN than those carrying 
mutant p53 (Fig. 2a–c, Supplementary Fig. 2g and Supplementary 
Tables 2,3). Moreover, analysis of The Cancer Genome Atlas 
(TCGA) showed that GUARDIN (RP3-510D11.2) expression was 
broadly reduced in mutant TP53 tumours25. There were no signifi-
cant differences in GUARDIN expression between different colon 
cancer stages (Supplementary Table 3), although a subset displayed 
reduced GUARDIN levels compared with paired adjacent normal 
colonic epithelia, which was closely associated with copy num-
ber loss of GUARDIN and mutations in TP53 (Fig. 2d). Of note, 
GUARDIN expression in colon cancers without copy number loss, 
similar to the expression of CDKN1A (which encodes p21) mRNA, 
was lower in mutant TP53 cases than in paired pre-neoplastic epi-
thelia (hyperplastic polyps and adenomas). Conversely, there were 
no significant differences in GUARDIN and CDKN1A mRNA 
expression between pre-neoplastic and paired normal colon epithe-
lia (Supplementary Fig. 2h), together suggesting that GUARDIN, 

similar to p21, may represent an indicator of p53 activation26,27. In 
support, GUARDIN expression along with p21 was positively cor-
related with p53 expression in wild-type p53 colon cancers (Fig. 2e).

GUARDIN is essential for cell survival and proliferation. We 
next returned to evaluate the role of GUARDIN in the regulation 
of cell viability (Supplementary Fig. 1c,d). GUARDIN knockdown 
in HCT116, U2OS and A549 cells induced striking inhibition of 
proliferation that primarily resulted from loss of viability through 
induction of apoptosis28 (Fig. 3a and Supplementary Fig. 3a–c). In 
addition, depletion of GUARDIN triggered cellular senescence29,30, 
(Fig. 2b). These results support the notion that GUARDIN has an 
important role in survival and proliferation by antagonizing cel-
lular stress that is constitutively present in cells31. The effects of 
GUARDIN on cell viability were mirrored in the long-term survival 
of HCT116 cells in clonogenic assays and in their growth in nu/nu 
mice (Fig. 3c–e).

To clarify the functional relationship between GUARDIN and 
p53, we depleted GUARDIN in H1299 cells bearing inducible wild-
type p53 (Fig. 3f). Although GUARDIN knockdown in the absence 
of p53 did not significantly affect cell viability, cell death was 
enhanced following induction of p53 (Fig. 3f). Conversely, over-
expression of GUARDIN diminished the reduction in cell viability 
associated with p53 induction (Fig. 3g). Thus, although p53 con-
trols the function of GUARDIN through regulating its expression, 
GUARDIN modulates the cytotoxic effect of p53.

GUARDIN stabilizes TRF2 through sequestering miR-23a. 
GUARDIN primarily localizes to the cytoplasm (Fig. 4a), which sug-
gests a possible function as a competitive endogenous RNA, acting 
as a molecular sponge for miRNAs32,33. A search of the miRDB data-
base (http://www.mirdb.org/miRDB) showed that GUARDIN con-
tained eight regions complementary to the ‘seed’ region of miR-23a, 
one region matching seven bases, another two matching six bases 
and a further five matching five bases (Supplementary Fig. 3d).

To establish whether miR-23a binds to GUARDIN, lucifer-
ase reporters containing GUARDIN (GUARDIN-WT) or a con-
struct with the three most complementary miR-23a-BRs mutated 
were introduced into HCT116 cells (Supplementary Fig. 3e). 
Reporter activity was markedly suppressed in the presence of 
GUARDIN-WT, but not when the predicted miR-23a-BRs were 
mutated (Fig. 4b). Notably, introduction of miR-23a mimics or 
anti-miR-23a selectively reduced or alternatively increased reporter 
activity of GUARDIN-WT, respectively (Fig. 4b,c). Seeking further 
evidence for this interaction, we showed that in vitro-synthesized 
miR-23a mimics precipitated endogenous GUARDIN (Fig. 4d), and 
conversely, in vitro-synthesized GUARDIN associated with endog-
enous miR-23a but not a control (miR-202) (Fig. 4e). Moreover, 
miR-23a was co-precipitated by antisense probes directed to 
GUARDIN (Fig. 4f), collectively substantiating the selective inter-
action between GUARDIN and miR-23a. GUARDIN associated 
with in vitro-synthesized miR-23a from purified cytoplasmic, but 
not in nuclear, fractions (Fig. 4g), indicating that the endogenous 
GUARDIN–miR-23a interaction occurs largely in the cytoplasm. 
Absolute quantitation of GUARDIN and miR-23a by digital droplet 
PCR showed that there were ~70–150 GUARDIN molecules per cell 
versus ~180–400 molecules of miR-23a34 (Fig. 4h).

One of the targets of miR-23a is TRF2 (ref. 35), a critical compo-
nent of the shelterin complex36. Strikingly, GUARDIN knockdown 
downregulated, whereas its overexpression upregulated, TRF2 
along with another miR-23a target, interferon regulatory factor 1 
(IRF1)37 (Fig. 4i,j). Moreover, co-introduction of anti-miR-23a abol-
ished the inhibitory effect of GUARDIN knockdown on TRF2 and 
IRF1 expression (Fig. 4k). These results suggest that GUARDIN 
functions to regulate TRF2 and IRF1 through sequestering miR-
23a. The downregulation of TRF2 and IRF1 that accompanies 
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Fig. 1 | Identification of GUARDIN as a p53-inducible lncRNA. a, GUARDIN expression in U2OS, A549 and HCT116 cells transduced with empty vector (pCDH) 
or pCDH-p53. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. b, GUARDIN expression in U2OS, A549 and HCT116 
cells transduced with the control (sh-ctrl) or p53 (sh-p53) shRNA. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s 
t-test. c, Treatment with doxorubicin (Dox) upregulated GUARDIN along with p53 in U2OS, HCT116 and HAFF cells. Data are shown as mean ±​ s.e.m.; n =​ 3 
independent experiments, two-tailed Student’s t-test. d, Enforced expression of HRASV12 upregulated GUARDIN in U2OS and HAFF cells. Data are shown as 
mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. e, shRNA knockdown of p53 diminished GUARDIN upregulation caused by treatment 
with doxorubicin in HCT116 cells. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. f, shRNA knockdown of p53 
diminished GUARDIN upregulation caused by enforced expression of HRASV12 in U2OS cells. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, 
two-tailed Student’s t-test. g, Treatment with PFTα​ reduced GUARDIN expression and downregulated p21 without affecting the expression of p53 in HCT116 
cells. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. h, p53 bound to the −​537/−​117 fragment of the GUARDIN 
gene promoter. Data shown represent three independent experiments. IP, immunoprecipitation; WB, western blot. i,j, Overexpression of p53 in the p3XFLAG-
myc-CMV vector increased (i), whereas knockdown of p53 diminished (j), the transcriptional activity of reporter constructs with intact p53-BR but not reporters 
lacking the p53-BR. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. Blotting for GAPDH was used throughout as a 
loading control. Statistics source data for a–g,i and j are provided in Supplementary Table 7. Uncropped images of blots for a–j are shown in Supplementary Fig. 7.
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GUARDIN knockdown was not affected by the proteasome inhibi-
tor MG-132 (Fig. 4k), thereby excluding proteasomal involvement.

GUARDIN interacts with BRCA1 and BARD1 and is essential 
for the stabilization of BRCA1. Seeking to define the protein 
interactome of GUARDIN using mass spectrometry, we identified 
that BRCA1 precipitated with biotin-labelled GUARDIN (Fig. 5a). 
Western blotting confirmed that BRCA1 along with BARD1, a bind-
ing partner of BRCA1 that is necessary for BRCA1 stabilization38,39, 
occurred within GUARDIN precipitates (Fig. 5b). Consistently, 
these interactions were readily detected using electrophoretic 
mobility shift assays (Supplementary Fig. 4a). Moreover, GUARDIN 
along with BARD1 co-immunoprecipitated with BRCA1 (Fig. 5c), 
consistent with the notion of a ternary complex. To substantiate 
this, we introduced Myc-tagged BRCA1 into HCT116 cells and used 
two-step RNA immunoprecipitation (RIP) assays. As expected, 
antibodies against the Myc epitope tag precipitated BRCA1 along 
with BARD1 and GUARDIN from total protein extracts, whereas 
in second-phase immunoprecipitation, anti-BARD1 antibodies co-
precipitated BRCA1 and GUARDIN (Fig. 5d).

Strikingly, GUARDIN depletion resulted in marked reduction 
in BRCA1 expression, which recapitulated the effects of BARD1 
knockdown (Fig. 5e). This was attributable to proteasomal degrada-
tion as BRCA1 levels were stabilized by MG132 (Fig. 5f). Moreover, 
GUARDIN knockdown increased the polyubiquitination of BRCA1 
(Fig. 5g). Thus, GUARDIN is important for BRCA1 stabilization. 
Notably, GUARDIN knockdown diminished the relative amount 
of BRCA1 that associated with BARD1 (Fig. 5h,i), indicating that 
GUARDIN is required for their interaction. Indeed, GUARDIN 
promoted binding between purified BRCA1 and BARD1 in a  
cell-free system (Fig. 5j).

We carried out deletion-mapping experiments with GUARDIN 
mutants transcribed in vitro (Supplementary Fig. 4b). Although 
deletion of exon 3 diminished binding of GUARDIN to BARD1, 

deletion of either exon 1 or exon 2 prevented the association 
between GUARDIN with BRCA1 (Supplementary Fig. 4c,d). Thus, 
GUARDIN functions as an RNA scaffold for the association between 
BRCA1 and BARD1, with its fragments corresponding to exon 3, and 
exon 1 and exon 2 responsible for its association with BARD1 and 
BRCA1, respectively (Supplementary Fig. 4c,d). Deletion-mapping 
experiments with mutants of BRCA1 and BARD1 indicated that 
removing the BRCA1 amino terminus but not other regions abol-
ished its association with GUARDIN (Supplementary Fig. 5a–c). 
Similarly, deletion of the N terminus of BARD1 also diminished 
its interaction with GUARDIN (Supplementary Fig. 5d). Thus, the 
GUARDIN-binding segments of BRCA1 and BARD1 occur within 
their N termini and do not overlap with the RING domains of 
BRCA1 and BARD1, which mediate the BRCA1–BARD1 interac-
tion40,41 (Supplementary Fig. 5e,f).

GUARDIN protects genomic integrity through TRF2 and 
BRCA1. We evaluated the global effects of GUARDIN on DNA 
damage using comet assays in which knockdown of GUARDIN 
caused the appearance of tails, phenocopying DNA damage caused 
by doxorubicin (Fig. 6a). Furthermore, knockdown of GUARDIN 
resulted in telomere fusion (Fig. 6b), the formation of phosphory-
lated histone H2AX (γ​H2A.X) foci (Fig. 6c) and the accumulation 
of p53-binding protein 1 (53BP1) co-localized with TRF1 (Fig. 6d), 
representative of the recruitment of DDR components to telomere 
ends35. These results suggest that GUARDIN is required to maintain 
genomic integrity with tonic activation of GUARDIN protecting 
telomeres and modulating DNA repair in response to damage that 
occurs constantly in cells31.

We also assessed whether GUARDIN is involved in HR and 
NHEJ repair signalling41. The introduction of I-SceI expression 
constructs into U2OS-HR and U2OS-NHEJ cells provides a mea-
sure of the HR and NHEJ repair pathways, respectively, as measured 
by green fluorescent protein (GFP)-positive cells. Notably cells that 
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samples). Data are shown as mean ±​ s.e.m.; two-tailed Student’s t-test. d, GUARDIN expression was reduced in LCM colon cancer cells from freshly 
removed tumours with GUARDIN gene copy number loss and/or mutations in p53 (n =​ 19 biologically independent samples) compared with paired 
LCM adjacent normal epithelial cells; two-tailed Student’s t-test. e, GUARDIN expression (left), similar to the expression of p21 (right), was positively 
correlated with p53 expression in FFPE colon cancers carrying wild-type p53 (n =​ 61 biologically independent samples); linear regression analysis. IRS, 
immunoreactive score. Statistics source data for b–e are provided in Supplementary Table 7.
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Fig. 3 | GUARDIN is important for cell survival and proliferation. a, Silencing of GUARDIN inhibited cell number expansion in HCT116, U2OS and A549 cells. d, days. 
Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. b, Silencing of GUARDIN for 48 h induced senescence in A549 and 
HAFF cells. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. SA-β​-gal-positive, senescence-associated β​-galactosidase-
positive. c, Silencing of GUARDIN inhibited the clonogenic potential of HCT116 cells. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed 
Student’s t-test. d,e, Silencing of GUARDIN inhibited HCT116 xenograft growth in nu/nu mice. Arrows denote tumours in situ. Data are shown as mean ±​ s.e.m.; n =​ 6 
mice per group, two-tailed Student’s t-test. Data shown represent two independent experiments. f, Silencing of GUARDIN in H1299 cells carrying an inducible wild-
type p53 expression system did not affect cell viability in the absence of p53, but enhanced cell death resulting from p53 induction. Data are shown as mean ±​ s.e.m.; 
n =​ 3 independent experiments, two-tailed Student’s t-test. g, Overexpression of GUARDIN diminished the reduction in cell viability caused by p53 induction in 
H1299 cells carrying an inducible wild-type p53 expression system. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. 
Statistics source data for a–c and e–g are provided in Supplementary Table 7. Uncropped images of blots for f are shown in Supplementary Fig. 7.
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were depleted of GUARDIN displayed a marked reduction in the 
number of GFP-positive cells in both U2OS-HR and U2OS-NHEJ 
assays (Fig. 6e). This was associated with cell cycle arrest in the G0/
G1 phase (Supplementary Fig. 6a), but was not due to apoptosis or 
senescence, as reduction in HR and NHEJ was detectable at 24 h 
(Fig. 6e), which is well before apoptosis and senescence could be 
detected at 48 h after GUARDIN knockdown (Fig. 3a,b). In addi-
tion, inhibition of apoptosis by z-VAD-fmk did not affect the 
reduction in HR and NHEJ resulting from GUARDIN knockdown 
(Supplementary Fig. 6b). These results indicate that GUARDIN plays 
an important part in both HR and NHEJ. In support, GUARDIN 
knockdown markedly enhanced doxorubicin-induced apoptosis in 
HCT116 cells, but had only moderate effects on responses to other  
stimuli (Fig. 7a,b).

We further examined the role of TRF2 and BRCA1 in 
GUARDIN-mediated protection of DNA integrity. Neither over-

expression of TRF2, anti-miR-23a nor BRCA1 alone significantly 
affected the inhibition of DDR activation caused by GUARDIN 
knockdown (Supplementary Fig. 6c). However, co-overexpression 
of TRF2 and BRCA1 abolished the reduction in DDR activation 
following GUARDIN depletion, which was recapitulated by the co-
introduction of anti-miR-23a and BRCA1-expressing constructs 
(Supplementary Fig. 6c). Thus, both TRF2 and BRCA1 are nec-
essary for GUARDIN-mediated maintenance of DNA integrity. 
Consistently, the combination of TRF2 overexpression or anti-miR-
23a and BRCA1 overexpression was necessary to abolish the inhibi-
tion of apoptosis and colony formation caused by knockdown of 
GUARDIN (Fig. 7c,d and Supplementary Fig. 6d).

Discussion
The role of p53 in maintaining genomic integrity has largely been 
attributed to its ‘gatekeeper’ function, arresting cell cycle progres-
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sion and allowing sufficient time to repair DNA damage or, upon 
irreversible DNA damage, to eliminate cells through apoptosis33,34. 
In this study, we identified the lncRNA GUARDIN as a p53-induc-
ible effector that is critical for guarding the de novo structure of 
DNA. Although several p53-responsive lncRNAs that participate 
in the DDR are now documented17, GUARDIN is distinguished 
by its pleotropic role both in DNA repair and in preventing telo-
mere ends from being recognized as double-strand DNA breaks 
(Supplementary Fig. 6e). Thus, apart from facilitating DNA repair 
and eradicating severely damaged cells upon genotoxic insults, 
p53 has an active role in genome protection. Noticeably, although 
GUARDIN expression was primarily regulated by wild-type p53, it 
was detectable in TP53-null cells and in tumours with mutations 
in TP53, albeit at low levels (Fig. 2a–d and Supplementary Fig. 1a). 
Given that p53 inactivation through mutation or deletion occurs in 
>​50% of human cancers42, this proposes that unidentified mecha-
nisms may be involved in the regulation of GUARDIN, and conceiv-
ably, GUARDIN may function independently of p53, as described 
recently for p21 (refs 1,43,). Moreover, the location of GUARDIN at 
the FRA1A fragile site suggests that it is susceptible to repression 

by genomic instability and therefore may act a tumour suppressor 
similar to co-located genes, such as miR-34a44,45.

Silencing of GUARDIN triggered apoptosis and senescence 
commonly associated with DDR activation, typical manifestations 
of p53 responses to severe DNA damage46. However, inhibition of 
p53 did not have a similar effect on cell survival, even though it 
reduced the expression of GUARDIN. p53 is known to activate a 
broad transcriptional programme that results in the activation of 
genes necessary for DNA repair as well those required for the induc-
tion of apoptosis and senescence47. Thus, although GUARDIN inhi-
bition removes an important pro-survival mechanism of the p53 
pathway, it leaves anti-survival signalling intact. By contrast, p53 
inhibition concurrently removes anti-survival signalling48. Thus, 
the functional hierarchy between p53 and GUARDIN involves 
p53 controlling the function of GUARDIN through regulating its 
expression, whereas GUARDIN in turn protects cells from the cyto-
toxic effect of p53.

We identified TRF2 as the effector through which GUARDIN 
functions as a safeguard to prevent the activation of the DDR at 
telomere ends. As a member of the shelterin complex, TRF2 along 
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with TRF1 are directly responsible for double-stranded DNA bind-
ing11. TRF2 inhibition uncaps telomeres that in turn activates the 
DDR, leading to the accumulation of telomere dysfunction-induced 
foci49. Indeed, GUARDIN knockdown recapitulated the formation 
of telomere dysfunction-induced foci associated with the downreg-
ulation of TRF2 (ref. 49). This seemed to be due to relief of miR-23a 
sequestration by GUARDIN, allowing TRF2 mRNA to be tar-
geted35. Thus, GUARDIN, similar to other lncRNAs, functions as an 
intrinsic molecular sponge for miRNAs33, promoting TRF2 expres-
sion epigenetically through competing for binding with miR-23a. 
Intriguingly, the number of molecules of GUARDIN detected in 
cells was ~2–4-fold fewer than miR-23a in individual cells (~70–150 
GUARDIN versus ~180–400 miR-23a molecules), implying insuf-
ficient stoichiometric amounts of GUARDIN to sponge miR-23a. 
Nevertheless, the predicted multivalence of GUARDIN towards 
miR-23a indicates that GUARDIN can plausibly sponge and repress 
multiple miR-23a molecules.

The effector through which GUARDIN promoted the repair of 
damaged DNA seemed to be BRCA1, which has an important role 
in repairing double-strand DNA breaks50,51. Although BRCA1 is 
regulated by multiple genetic and epigenetic mechanisms52,53, het-
erodimerization with BARD1 is known to be essential for BRCA1 
stabilization38,39. Our results now demonstrate that GUARDIN is 
critically required for the association between BRCA1 and BARD1 
as shown by: (1), GUARDIN, BRCA1 and BARD1 formed a ternary 
structure; (2), silencing of GUARDIN diminished the association 
between BRCA1 and BARD1 and inhibited BRCA1 expression; and 

(3) GUARDIN binds to BRCA1 and BARD1 with distinct structural 
regions. Thus, GUARDIN acts as an RNA scaffold to facilitate the 
association between BRCA1 and BARD1. Interestingly, a previous 
quantitative proteomic study in U2OS cells showed that, although 
BRCA1 was present with ~40,000 molecules per cell, BARD1 was 
expressed at a lower abundance of <​500 molecules54. It is conceiv-
able that the stoichiometric amounts of GUARDIN (~70–150 mol-
ecules per cell) are adequate for scaffolding of the BRCA1–BARD1 
complex.

Consistent with sustained DNA damage in living cells, both 
HR and NHEJ DNA repair pathways were found to be constitu-
tively activated. This was closely associated with the expression of 
GUARDIN, as silencing of GUARDIN attenuated the activation of 
HR and NHEJ. However, these findings are intriguing given that 
the reduction in TRF2 expression caused by GUARDIN silencing 
would conceivably cause increased activation of HR and NHEJ 
pathways as reported7. Nevertheless, the decrease in BRCA1 expres-
sion simultaneously resulting from GUARDIN inhibition would 
attenuate the activation of HR and NHEJ55. Although BRCA1 
is primarily involved in HR in most studies56–58, its role in NHEJ 
has also been reported59,60. Regardless, our results clearly demon-
strate that GUARDIN deficiency causes damage to DNA through 
reduced TRF2 expression and by compromising DNA repair medi-
ated by BRCA1. Thus, both TRF2 and BRCA1 are necessary for 
the maintenance of DNA integrity mediated by GUARDIN and 
cooperatively function to regulate cell survival and proliferation  
(Supplementary Fig. 6e).
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Annexin V

Fig. 7 | GUARDIN protects cells from apoptosis induced by genotoxic insults through TRF2 and BRCA1. a, Silencing of GUARDIN enhanced apoptosis 
induced by treatment with doxorubicin, but had only moderate effects on apoptosis induced by taxol, serum starvation (no FBS), glucose deprivation  
(low Glu), amino acid starvation (EBSS) and hypoxia. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. 
 b, Silencing of GUARDIN enhanced the activation of caspase 3 and cleavage of poly(ADP-ribose) polymerase (PARP) caused by treatment with 
doxorubicin, but not by taxol, serum starvation, glucose deprivation, amino acid starvation and hypoxia. Data shown represent three independent 
experiments. c, Co-overexpression of TRF2 and BRCA1, but not overexpression TRF1 or BRCA1 alone, diminished the activation of caspase 3 caused 
by silencing of GUARDIN in HCT116 cells. Data shown represent three independent experiments. d, Silencing of GUARDIN inhibited the clonogenic 
potential of HCT116 cells, which was reversed by co-overexpression of TRF2 and BRCA1 or the co-introduction of anti-miR-23a and BRCA1-expressing 
constructs. Data are shown as mean ±​ s.e.m.; n =​ 3 independent experiments, two-tailed Student’s t-test. Statistics source data for a and d are provided in 
Supplementary Table 7. Uncropped images of blots for b and c are shown in Supplementary Fig. 7.
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A practical implication of this study is the potential application 
in cancer. Silencing of GUARDIN not only induced apoptosis but 
also rendered cancer cells more sensitive to genotoxic drugs. Of par-
ticular interest, molecularly targeted drugs that interfere with DNA 
repair mechanisms are emerging as a class of cancer therapeutics61. 
As a precedent, the poly(ADP-ribose) polymerase inhibitors are 
effective in the treatment of subsets of cancers that harbour mutant 
BRCA1 (refs 62,63). Identification of small molecules that block the 
interaction of GUARDIN with miR-23a and BRCA1 will be of great 
interest towards applications in the treatment of cancer.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41556-018-0066-7.
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Methods
Cell culture and human tissues. HCT116, U2OS, A549, H1299, 293T and HAFF 
cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS and 
1% penicillin/streptomycin. Cells were cultured in a humidified incubator at 37 °C 
and 5% CO2 and were tested using RT–PCR for mycoplasma contamination. 
Cell line authentication was performed using the AmpFISTR Identifiler PCR 
Amplification Kit from Applied Biosystems and GeneMarker V1.91 software 
(SoftGenetics LLC)64. Formalin-fixed paraffin-embedded (FFPE) colon cancer 
tissues were retrieved from the Department of Pathology at Henan Provincial 
People’s Hospital (Zhengzhou, China). Freshly removed colon cancer and paired 
adjacent non-cancerous colon tissues were obtained from patients undergoing 
surgical resection at the Department of General Surgery at Henan Provincial 
People’s Hospital. Studies using human tissues were approved by the Human 
Research Ethics Committees of the University of Science and Technology of China 
and Henan Provincial People’s Hospital in agreement with the guidelines set forth 
by the Declaration of Helsinki. The study is compliant with all relevant ethical 
regulations for human research participants, and all participants provided written 
informed consent.

Antibodies and reagents. Information on antibodies used in this study is provided 
in Supplementary Table 6. The specificity of antibodies against p53, BRCA1, 
BARD1 and TRF2 was validated by short hairpin RNA (shRNA) knockdown 
experiments integrated in the study. MG132 was purchased from Calbiochem; 
doxorubicin, PFTα​, z-VAD-fmk and doxycycline were obtained from Sigma-
Aldrich; miR-23a mimics and inhibitors were purchased from GenePharma. 
Primers used are listed in Supplementary Tables 4,5.

TP53 mutational status. Analysis of TP53 mutational status was carried out 
using a multiplex PCR kit for human TP53 exons according to the manufacturer’s 
instructions (Bio SB). This kit amplifies exons 2–4, exons 5–6, exons 7–9 and exons 
10–11 of TP53 from genomic DNA, comprising the complete coding region of 
TP53. The PCR primers have similar melting temperatures (Tm) and no obvious 
3′​-end overlap. The kit generates the 1,143-base pair (bp; exons 10–11), 777-bp 
(exons 7–9), 535-bp (exons 2–4) and 392-bp (exons 5–6) PCR products that were 
subjected to DNA sequencing.

In vitro transcription. The DNA template used for in vitro synthetization of 
biotinylated GUARDIN was generated by PCR amplification. The forward primer 
contained the T7 RNA polymerase promoter sequence to allow for subsequent in 
vitro transcription. PCR products were purified using the DNA Gel Extraction Kit 
(AxyPrep), and in vitro transcription was performed using the T7-Flash Biotin-
RNA Transcription Kit (Epicentre) according to the manufacturer’s instructions.

Biotin RNA pulldown assay. RNA pulldown assays were performed as previously 
described49. Briefly, cell lysates were prepared by ultrasonication in RIP buffer 
(150 mM KCl, 25 mM Tris (pH 7.4), 0.5 mM dithiothreitol, 0.5% NP-40, complete 
protease inhibitors cocktail and RNase inhibitors) and pre-cleared against 
streptavidin magnetic beads (Invitrogen). In vitro transcribed RNA adsorbed to 
streptavidin magnetic beads were then incubated with cell lysate at 4 °C for 4 h 
before washing five times in RIP buffer and elution in Laemmli sample buffer. 
Eluted proteins were separated by SDS–PAGE for mass spectrometry or  
western blotting.

Cytosolic/nuclear fractionation. Cells were incubated with hypotonic buffer 
(25 mM Tris–HCl (pH 7.4), 1 mM MgCl2 and 5 mM KCl) on ice for 5 min. An equal 
volume of hypotonic buffer containing 1% NP-40 was then added, and the sample 
was left on ice for another 5 min. After centrifugation at 5,000g for 5 min, the 
supernatant was collected as the cytosolic fraction. The pellets were resuspended in 
nuclear resuspension buffer (20 mM HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1 mM dithiothreitol and 1 mM phenylmethyl sulfonyl fluoride) and 
incubated at 4 °C for 30 min. The nuclear fraction was collected after removal of 
insoluble membrane debris by centrifugation at 12,000g for 10 min.

Biotin-miRNA pulldown assay. The miRNA pulldown assay was performed as 
previously described50. In brief, cells were transfected with biotin-miR-23a or 
biotin-scramble (GenePharma). After 24 h, cells were lysed in RIP buffer (150 mM 
KCl, 25 mM Tris (pH 7.4), 0.5 mM dithiothreitol, 0.5% NP-40, protease inhibitors 
cocktail and RNase inhibitors). Cell lysates were mixed with streptavidin magnetic 
beads in RIP buffer and incubated at 4 °C for 4 h. Beads were then washed five 
times with RIP buffer. RNA bound to the beads was isolated using TRIzol reagent 
(Invitrogen) and quantified by qRT–PCR.

Mammalian two-hybrid assays. Mammalian two-hybrid assays were performed 
using an assay kit according to the manufacturer’s instructions (Promega E2440). 
Briefly, BRCA1 and BARD1 complementary DNA were cloned into the pBIND 
and pACT vectors to generate fusion proteins with the DNA-binding domain 
of GAL4 and the activation domain of VP16, respectively. The pBIND vector, 
which constitutively expressed the Renilla reniformis luciferase via the SV40 
promoter, was used for normalization of transfection efficiency. The pG5luc vector 

contained five GAL4-binding sites upstream of the firefly luciferase gene, which 
was expressed when BRCA1-GAL4 bound to BRAD1-VP16. The pGAL4-BRCA1 
and pVP16-BARD1 constructs were transfected along with the pG5luc vector into 
cells. Two days later, firefly and Renilla luciferase activity was measured by the 
Dual-Luciferase Reporter Assay System (Promega), and Renila activity was used to 
normalize firefly luciferase activity.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay 
was performed according to the manufacturer’s protocol of the LightShift 
Chemiluminescent RNA EMSA Kit (Thermo Scientific). In brief, the biotin end-
labelled GUARDIN RNA with BARD1 or BRCA1 proteins were incubated in the 
binding reaction system. Reactions were subjected to gel electrophoresis on a 
native polyacrylamide gel and transferred to nylon membranes. The biotin end-
labelled RNA was detected using the streptavidin horseradish peroxidase conjugate 
and chemiluminescent substrate.

Chromatin immunoprecipitation assays. Chromatin immunoprecipitation assays 
were performed by using the Millipore ChIP kit (17-371RF) according to the 
manufacturer’s instructions. Bound DNA fragments were subjected to real-time 
PCR using specific primers (Supplementary Table 4).

Luciferase reporter assays. Luciferase reporter assays were performed according 
to the manufacturer’s instructions (Promega). Cells were transfected with the 
pGL3-based constructs containing the GUARDIN promoter together with Renilla 
luciferase plasmids. To evaluate the interaction between miR-23a and GUARDIN, 
cells were transfected with psiCHECK2-based constructs containing GUARDIN-
WT or GUARDIN-MUT plus miR-23a mimics or inhibitors. Twenty-four hours 
later, firefly and Renilla luciferase activity was examined by the Dual-Luciferase 
Reporter Assay System, and Renilla activity was used to normalize firefly activity.

Absolute quantitation of GUARDIN and miR-23a. Absolute RNA quantitation 
was performed using a Bio-Rad QX100 Digital Droplet PCR system65. cDNA 
preparation was carried out using the TaqMan MicroRNA Reverse Transcription 
Kit for miR-23a and qScript cDNA SuperMix for GUARDIN with 5 μ​l of DNase-
treated RNA (corresponding to RNA derived from 0.5 million cells) in a 20 μ​l 
reaction and subsequently diluted to 200 μ​l. Given the aforementioned dilutions, 
cDNA concentration was calculated to be at 2,500 cell equivalents of template per 
μ​l. The PCR solution was reconstituted to a final volume of 25 μ​l using 1–5 μ​l of 
template and Digital Droplet PCR Supermix (Bio-Rad). Droplet formation was 
carried out using a QX100 droplet generator, and the emulsion cycled to end point 
as per the manufacturer’s protocol. Samples were then read using a Bio-Rad QX100 
reader. Data from the droplet reader are given as copies per μ​l and were converted 
to copies per cell based on the known cell equivalents of input cDNA. Primers/
probes for the detection of GUARDIN and miR-23a were designed and synthesized 
by Applied Biosystems.

Immunofluorescence staining. Cells grown on coverslips were fixed in 4% 
paraformaldehyde, permeabilized in 0.2% Triton X-100 and incubated overnight 
at 4 °C with the following primary antibodies: γ​H2A.X (Cell Signaling), 53BP1 
(Novus) and TRF1 (Abcam). Secondary antibodies raised against rabbit were 
labelled with Alexa Fluor 488 or Alexa Fluor 568. Samples were observed under a 
fluorescence microscope (γ​H2A.X) (Zeiss) or a SR GSD 3D microscope (53BP1 
and TRF1) (Leica). For quantitation of γ​H2A.X foci, cells with ≥​10 γ​H2A.X foci 
were recorded as positive. The percentage of γ​H2A.X-positive cells were calculated 
from five random fields (×​10 objective). For quantitation of telomere dysfunction-
induced foci, cells with ≥​7 53BP1 foci co-localized with TRF1 foci were considered 
positive. The percentage of telomere dysfunction-induced foci-positive cells were 
calculated from 50 random cells.

Comet assays. The comet assays were performed according to the manufacturer’s 
instructions (Trevigen#4250-050-K). Briefly, 500 cells (1 ×​ 105 cells per ml) 
were mixed with low-melting-point agarose on the comet slides at 37 °C. After 
solidifying for 10 min at 4 °C, the slides were immersed in the lysis solution for 2 h 
and then in freshly prepared akaline unwinding solution to permit DNA unfolding 
for 1 h at 4 °C. Slides were then subjected to electrophoresis (21 V for 30 min). The 
slides were washed with ddH2O twice, immersed in 75% ethanol for 5 min, stained 
with propidium iodide and then observed under a fluorescence microscope. The 
percentage of tail DNA content of the comet was measured with Comet Assay IV 
software (Perceptive Instruments)66.

Cell viability. The CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) 
was used according to the manufacturer’s instructions. Briefly, cells were seeded at 
5 ×​ 103 per well in 96-well plates overnight before treatment as desired. CellTiter-
Glo Reagent (100 ml) was added and incubated for 10 min before recording 
luminescence on a Synergy 2 multidetection microplate reader (BioTek)67.

Apoptosis. Apoptotic cells were quantitated using the Annexin V Apoptosis 
Detection Kit (BD Biosciences). In brief, cells were washed twice with cold PBS 
and then resuspended in binding buffer at a concentration of 1 ×​ 106 cells per ml. 
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100 μ​l of the solution (1 ×​ 105 cells) were transferred to a 5-ml culture tube and 5 μ​
l of annexin V was added. After incubation at room temperature for 15 min in the 
dark, an additional 400 μ​l of binding buffer was added to each tube, and cells were 
analysed using a flow cytometer within 1 h (FACSCanto, BD Biosciences).

Cell cycle analysis. Cells were fixed by 70% ethanol on ice for 1 h and spun down 
at 4,000 r.p.m. Cell pellets were resuspended in PBS containing 0.25% Triton X-100 
and incubated on ice for 15 min. After discarding the supernatant, the cell pellet 
was resuspended in 0.5 ml PBS containing 10 μ​g per ml RNase A and 20 μ​g per ml 
propidium iodide stock solution and incubated at room temperature in the dark for 
30 min. Cells were then subjected to analysis using a flow cytometer (FACSCanto).

Senescence. Senescence was detected by staining senescence-associated β​
-galactosidase using a Senescence Detection Kit according to the manufacturer’s 
instructions (C0602, Beyotime). The percentages of senescence-associated β​
-galactosidase-positive cells were calculated from five random fields under a light 
microscope (×​10 objective).

Telomere fluorescence in situ hybridization analysis. Telomere fluorescence in situ 
hybridization (FISH) analysis was performed using the Telomere PNA FISH Kit/FITC 
(Agilent). In brief, sample DNA was denatured at 80 °C for 5 min under a coverslip 
in the presence of the fluorescein-conjugated peptide nucleic acid (PNA) probe. 
Hybridization was performed in the dark at room temperature for 30 min thereafter 
followed by a brief rinse with Rinse Solution, and a post-hybridization wash with 
Wash Solution at 65 °C for 5 min. Coverslips were mounted with 2 ×​ 10 μ​l antifade 
reagent containing 4,6-diamidino-2-phenylindole (DAPI) as counterstain. Images 
were digitally recorded using epifluorescence microscopy using a FITC filter set.

Immunohistochemistry. Immunostaining was carried out as previously 
described68. Serial FFPE tissue sections (5 μ​m thick) were de-waxed and 
rehydrated. Antigen retrieval was performed in a pressure cooker for 20 min 
in 10 mM Tris with 1 mM EDTA (pH 9). Endogenous peroxidase activity was 
inhibited with 1.5% H2O2 in methanol for 20 min followed by washing in PBS. 
Nonspecific binding was blocked using blocking buffer (PBS (pH 7.4), 3% serum, 
1% BSA and 0.1% Tween) for 60 min at room temperature. Sections were then 
incubated with primary antibodies (p53 and p21, Santa Cruz) that were diluted 
in blocking buffer overnight at 4 °C. After washing twice with 0.1% PBS–Tween, 
slides were incubated with a secondary antibody (Cell Signaling Technology). After 
washing, sections were incubated with with 3,3′​-diaminobenzidine (DAB) (Sigma-
Aldrich) followed by counterstaining with haematoxylin (Sigma-Aldrich). After 
dehydration, sections were mounted using Cytoseal 60 (Thermo Scientific). Slides 
were examined by two investigators. The percentage of positive cells was estimated 
from 0% to 100%. The intensity of staining (intensity score) was judged on an 
arbitrary scale of 0–4: no staining (0), weakly positive staining (1), moderately 
positive staining (2), strongly positive staining (3) and very strongly positive 
staining (4). An immunoreactive score was derived by multiplying the percentage 
of positive cells with staining intensity divided by 10.

In situ hybridization. FFPE tissue sections (5 μ​m thick) were deparaffinized 
followed by treatment with 10% hydrogen peroxide and pepsin (2 ug per ml, 
EXIQON) for 1 h at 37 °C. Sections were then incubated with hybridization solution 
with digoxigenin (DIG)-labelled probes at 42 °C for 24 h (10 ug per ml, synthesized 
by Shengong). After washing with 5×​ SSC (Gibco) for 10 min, 2×​ SSC for 10 min 
and 0.2×​ SSC at 55 °C for 10 min each wash, sections were incubated with blocking 
buffer (PBST with 10% normal goat serum and 5% BSA) at 37 °C for 1 h. This was 
followed by incubation with an anti-DIG antibody at 4 °C for 12 h. After washing, 
sections were incubated with horseradish peroxidase-coupled second antibody 
at room temperature for 1 h followed by incubation with DAB. Counterstaining 
was carried out using nuclear fast red solution before dehydration. The slides were 
examined by two investigators. The percentage of positive cells was estimated from 
0% to 100%. The intensity of staining was judged on an arbitrary scale of 0–4, as 
previously mentioned (see ‘Immunohistochemistry’ section). A reactive score 
was derived by multiplying the percentage of positive cells with staining intensity 
divided by 10. HCT116 cells with or without GUARDIN knocked down by shRNA 
grown on coverslips were included as positive or negative biological control.

Laser capture microdissection. Freshly removed colon cancer tissues and paired 
adjacent non-cancerous colon tissues were mounted in Tissue-Tek OCT compound 
(Sakura Finechemicals) and frozen. Each sample was then cut into 10–20 serial 
sections with a thickness of 10 μ​m. Sections were mounted on uncoated glass 
slides. After cancer cells were identified using haematoxylin–eosin staining, they 
were microdissected according to the standard laser capture procedure using a 
PixCell II LCM system (Arcturus Engineering/Olympus). Total RNA was extracted 
from laser-captured cell nests by using the PicoPure RNA Isolation Kit according 
to the manufacturer’s protocol, including on-column DNase treatment (Qiagen).

Two-step immunoprecipitation. All processes were performed under RNase-
free conditions. Immunoprecipitation was carried out as described previously51. 
Briefly, HCT116 cells with or without Myc-tagged BRCA1 transfection were 

lysed in buffer containing 20 mM HEPES (pH 7.8), 400 mM KCl, 5% glycerol, 
5 mM EDTA, 1% NP40, protease inhibitors cocktail and RNase inhibitor. Cell 
lysates were first immunoprecipitated with anti-Myc antibody. Ten per cent of the 
immunoprecipitates was analysed by western blotting and RT–PCR analysis. The 
remaining immunoprecipitates were then eluted with Myc peptides. The eluent 
was further incubated with control IgG or anti-BARD1 antibody for a second 
immunoprecipitation assay, followed by western blot and RT–PCR analysis.

Colony formation assay. HCT116 cells transduced with the control of GUARDIN 
shRNA were transfected with either miR-23a inhibitors, TRF2 or BRCA1 as 
indicated. Twenty-four hours later, 1 ×​ 103 cells were cultured in a 6-well plate. 
Two weeks later, cells were fixed, stained with crystal violet and photographed. The 
percentage and intensity of the area covered by crystal violet-stained cell colonies 
were quantified using the ImageJ-plugin ‘ColonyArea’69.

Protein purification. Haemagglutinin-tagged BARD1 or Myc-tagged BRCA1 was 
expressed in 293T cells. Proteins were purified using A/G-Sepharose bead-bound 
antibodies against haemagglutinin and Myc. The immunoprecipitates were then 
eluted with haemagglutinin and Myc peptides.

Xenograft mouse model. HCT116 cells expressing the control or GUARDIN 
shRNA were subcutaneously injected into the dorsal flanks of 4-week-old male 
BALB/c nu/nu mice (6 mice per group, Shanghai SLAC Laboratory Animal Co. 
Ltd.). Four weeks later, mice were killed, and tumours were excised and measured. 
Studies on animals were approved by the Animal Research Ethics Committee of the 
University of Science and Technology of China and were conducted in accordance 
with relevant guidelines and regulations.

RNA interference. Gene knockdown with shRNA was performed as previously 
described52. Briefly, HEK293T cells were transfected with shRNAs (cloned in 
PLKO.1), gag/pol, rev and VSVG plasmids with the ratio of 2/2/2/1. Twenty-four 
hours after transfection, cells were cultured in fresh medium for an additional 24 h. 
The culture medium containing lentiviral particles was centrifuged at 1,000g for 
5 min and the supernatant was used for infection. shRNA sequences are shown in 
Supplementary Table 5.

lncRNA microarray. The expression of lncRNAs was determined using Arraystar 
Human LncRNA Microarray v3.0 (KangChen Bio-tech). The sample preparation 
and microarray hybridization were performed based on the manufacturer’s standard 
protocols with minor modifications. Briefly, mRNA was purified from total RNA after 
the removal of rRNA (mRNA-ONLY Eukaryotic mRNA Isolation Kit, Epicentre). 
Each sample was amplified and transcribed into fluorescent cRNA along the entire 
length of the transcripts without 3′​ bias utilizing a random priming method. The 
labelled cRNAs were hybridized onto the Human LncRNA Array v3.0 (8 ×​ 60 K). After 
washing the slides, arrays were scanned using an Agilent G2505C Scanner.

Statistics and reproducibility. Each experiment was repeated independently with similar 
results at least three times, except for the experiments shown in Figs. 2b–e and 3d,e and 
Supplementary Fig. 2b,c,h, which were repeated twice. Statistical analysis was carried out 
using Microsoft Excel software and GraphPad Prism to assess the differences between 
experimental groups. Statistical significance was analysed by two-tailed Student’s t-test 
and expressed as a P value. P <​ 0.05 were considered to be statistical significance.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. lncRNA microarray data that support the findings of this study 
have been deposited in the Gene Expression Omnibus (GEO) under accession 
code GSE95186. Source data for Figs. 1a–g,i,j, 2b–e,h, 3a–c,e–g, 4a–h, 5i, 6a–e and 
7a,d and Supplementary Figs. 1a,c–f, 2b–e,h, 3a,c and 6a–d have been provided 
as Supplementary Table 7. All other data supporting the findings of this study are 
available from the corresponding author on reasonable request.
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Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life 
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list 
items might not apply to an individual manuscript, but all fields must be completed for clarity. 

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research 
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    Experimental design
1.   Sample size

Describe how sample size was determined. For human samples, no statistical method was used to predetermine sample size 
due to the availability.  For animal study, fig. 3d and 3e related experiment has n=6 
independent mice per group.  
Unless explicitly stated, 3 independent experiments were performed to achieve 
Student's t-test analysis. 

2.   Data exclusions

Describe any data exclusions. No data were excluded for this study.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

The shown experiments could successfully and reliably be replicated and 
reproduced.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

Human samples were not randomized. For animal study, all the animals were 
randomly grouped for experiments. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

For experiments using cell lines the investigators were not blinded during data 
acquisition and analysis. The application of treatments and processing procedures 
negated the possibility of blinding but there was no human bias given all data was 
collected independently using instrumentation. Similarly, in the animal 
experiments the investigators were not blinded to the group allocation. Two 
observers measured volumes/weights to alleviate human bias in these data. For 
experiments involving human tissues, sample IDs were coded and the investigator 
was not aware of the group allocation during data acquisition. Group allocations 
were decoded afterwards for the purpose of data analysis.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Microsoft Excel 2010; GraphPad Prism V6; BD CellQuest™ Pro Software; Image J; 
LAS-4000 Image Reader software; SDS V2.4; AxioVision Microscopy Software; 
Comet Assay IV software

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

Plasmids used in this study are available for reasonable request. All other materials 
used are commercially available.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

All antibodies are listed in Supplementary Table 6 with species, company/catalog#, 
clone and dilution used per application.  β-actin (YT0099) and BARD1 (YT0452) 
were purchased from Immunoway. PARP-1 (SC-8007), p53 (SC-126), GAPDH 
(sc-32233) and BARD1 (SC-74559; 2 μg/mg lysate for Immunoprecipitation) were 
purchased from Santa Cruz Biotechnology.  IRF1 (11335-1-AP; 1:500 dilution) and  
TRF2 (22020-1-AP; 1:500 dilution) were from Proteintech.  GAPDH (AT0002) was 
from CMCTAG.  53BP1 (NB100-304; 1:500 dilution) was from Novusbio.  p21 
(P1484; 1:2000 dilution), Flag (F-3165; 1:2000 dilution), HA (H-9658; 1:2000 
dilution) were from Sigma.  TRF1 (ab10579; 1:500 dilution), Digoxigenin (ab420), 
BRCA1 (ab16780; 2 μg/mg lysate for Immunoprecipitation) were from Abcam.  Ub 
(#3936), Phospho-Histone H2A.X (Ser139) (#9718; 1:200 dilution for 
Immunofluorescence), Caspase-3 (#9665; 1:500 dilution) and BRCA1 (#9010; 1:500 
dilution) were from Cell Signaling Technology.  p53 (21891-1-AP, 1:500 for 
Immunohistochemistry) and p21 (10355-1-AP, 1:500 for Immunohistochemistry) 
were from Proteintech.  Unless indicated, all the antibodies were used in 1:1000 
dilution.  The commercial antibodies were validated based on the information on 
the manufacturers' instructions.  Additional validation was done by the use of 
siRNA- treated samples as negative control.
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10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. HCT116, U2OS, A549, H1299, and 293T cell lines were purchased from ATCC. HAFF 

(human adult foreskin fibroblast) cells were isolated in the lab.

b.  Describe the method of cell line authentication used. Individual cell line authentication was confirmed using the AmpFISTR Identifiler 
PCR Amplification Kit from Applied Biosystems and GeneMarker V1.91 software 
(SoftGenetics LLC).

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

All of the cells used were regularly tested for mycoplasma contamination

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines were used.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

All animal studies were conducted in accordance with relevant guidelines and 
regulations and were approved by the Animal Research Ethics Committee of the 
University of Science and Technology of China. BALB/c nude mice, male, 4-week 
old were purchased from Shanghai SLAC Laboratory Animal Co. Ltd.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

A cohort of 100 colon cancer patients with stages I to IV colon cancer were 
collected at the Henan Provincial People’s Hospital.  This cohort were composed of 
56 males and 44 females from 35 to 75 years old (median: 58 years old).  
A cohort of 40 colon cancer patients with stages I and II colon cancer were 
collected at the Henan Provincial People’s Hospital.  This cohort were composed of 
24 males and 16 females from 36 to 72 years old (median: 58 years old). 
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Flow Cytometry Reporting Summary
 Form fields will expand as needed. Please do not leave fields blank.

    Data presentation
For all flow cytometry data, confirm that:

1.  The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

2.  The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of 
identical markers).

3.  All plots are contour plots with outliers or pseudocolor plots.

4.  A numerical value for number of cells or percentage (with statistics) is provided.

    Methodological details
5.   Describe the sample preparation. Apoptosis analysis: Apoptotic cells were quantitated using Annexin V 

staining according to the manufacturer's protocol of Annexin V Apoptosis 
Detection Kit (BD Biosciences). In brief, cells were washed twice with cold 
PBS and then re-suspended in binding buffer at a concentration of 1 × 106 
cells/ml. One hundred μl of the resulting solution (1 × 105 cells) were 
transferred to a 5-ml culture tube, and 5 μl of annexin V was added. After 
incubation at room temperature for 15 min in the dark, an additional 
400μl of binding buffer were added to each tube, and cells were analysed 
using a flow cytometer within 1 h (FACSCanto, BD Biosciences). 
Cell cycle analysis: Cells were fixed by 70% Ethanol on ice for 1 hour and 
spun down at 4000 rpm. Cell pellets were re-suspended in PBS containing 
0.25% Triton X-100 and incubate on ice for 15 min. Discard supernatant 
and re-suspend cell pellet in 0.5 ml PBS containing 10 μg/ml RNase A and 
20 μg/ml PI stock solution and incubate at room temperature (RT) in the 
dark for 30 min. Cells were then subjected to analysis using a flow 
cytometer (FACSCanto, BD Biosciences).

6.   Identify the instrument used for data collection. BD FACSCanto flow cytometer.

7.   Describe the software used to collect and analyze 
the flow cytometry data.

BD CellQuest™ Pro Software.

8.   Describe the abundance of the relevant cell 
populations within post-sort fractions.

No sorting was employed.

9.   Describe the gating strategy used. Cells were gated based on forward and side scatter plots, only avoiding 
debris and aggregates and no extensive gating strategy was used.

 Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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