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Transcription regulation of CDKN1A 
(p21/CIP1/WAF1) by TRF2 is 
epigenetically controlled through 
the REST repressor complex
Tabish Hussain1, Dhurjhoti Saha1,3, Gunjan Purohit1,3, Anirban Kar1, Anand Kishore 
Mukherjee1,3, Shalu Sharma1,3, Suman Sengupta1, Parashar Dhapola2,3, Basudeb Maji4,5, 
Sreekanth Vedagopuram6, Nobuko T. Horikoshi7, Nobuo Horikoshi7, Raj K. Pandita7, Santanu 
Bhattacharya4,5, Avinash Bajaj   6, Jean-François Riou   8, Tej K. Pandita   7 & Shantanu 
Chowdhury1,2,3

We observed extra-telomeric binding of the telomere repeat binding factor TRF2 within the promoter 
of the cyclin-dependent kinase CDKNIA (p21/CIP1/WAF1). This result in TRF2 induced transcription 
repression of p21. Interestingly, p21 repression was through engagement of the REST-coREST-LSD1-
repressor complex and altered histone marks at the p21 promoter in a TRF2-dependent fashion. 
Furthermore, mutational analysis shows p21 repression requires interaction of TRF2 with a p21 
promoter G-quadruplex. Physiologically, TRF2-mediated p21 repression attenuated drug-induced 
activation of cellular DNA damage response by evading G2/M arrest in cancer cells. Together these 
reveal for the first time role of TRF2 in REST- repressor complex mediated transcription repression.

Specialized ends of linear human chromosomes – called telomeres, comprising the repeated DNA motif 
TTAGGG - are involved in maintaining genome integrity by protecting the chromosomal ends from degradation 
and end to end fusion1–4. Telomeres are protected by the nucleo-protein shelterin complex, which prevents pre-
mature initiation of DNA damage response pathways5. Telomere repeat factor 2 (TRF2), a member of the shelterin 
complex, helps formation and maintenance of the ‘t-loop’ structure for telomere protection6. Also, importantly, 
TRF2 inhibits the ATM kinase pathway that otherwise detects telomeres as double strand breaks and triggers cell 
growth arrest and senescence7–11. Although much is known about TRF2 functions in chromosome-end protec-
tion, it was only recently that genome-wide TRF2 binding was detected outside the telomeres of which many sites 
were interstitial telomeric-repeat sequences (ITS)12, 13. Interestingly, at the extra-telomeric sites TRF2 was noted 
to have transcription regulatory functions14, 15.

Although up regulation of p21 (CDKN1A/CIP1/WAF1) by phosphorylated p53 following activation of ATM 
kinase resulting in senescence/apoptosis is well understood16, 17, p21 regulation by other p53-independent mecha-
nisms have also been reported18–20. Furthermore, Karlseder et. al. observed increased expression of TRF2 delayed 
senescence in pre-senescent primary cultures21. However, it was not clear whether TRF2 directly influenced p21 
expression. In light of the recent findings related to extra-telomeric occupancy12, 13 and functions of TRF214, 15 
we sought to investigate if TRF2 had any direct role in p21 regulation. Our findings show that TRF2 represses 
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p21 expression in multiple cell types. This was supported by occupancy of TRF2 at the p21 proximal promoter 
and reporter assays supporting direct transcriptional role of TRF2. Furthermore, results show that presence of 
the REST-coREST-LSD1 repressor complex at the p21 promoter is TRF2-dependent leading to down-regulation 
of p21 transcription. Together with other observations TRF2-mediated p21 regulation was found to influence 
how cancer cells manage DNA damage upon treatment with DNA-damaging drugs implicating its relevance in 
drug-resistant settings.

Results
TRF2 regulates p21 promoter activity through promoter occupancy.  Chromatin immunoprecip-
itation (ChIP) using anti-TRF2 antibody followed by qPCR in fibrosarcoma HT1080 and MDA-MB-231 breast 
carcinoma cells showed TRF2 occupancy at the p21 promoter (Fig. 1A). Specificity of the antibody (Methods), 
residual signal (Supplementary Figure S1E) and cross reactivity with TRF1 (Supplementary Figure S1F) were 
tested. In HT1080 and MDA-MB-231 cells, silencing or overexpression of TRF2 enhanced or repressed p21 pro-
moter activity, respectively (Fig. 1B,C, Supplementary Figure S1G and S1H). While full-length TRF2 suppressed 
p21 promoter activity, TRF2 mutants lacking basic and/or myb DNA binding domains (TRF2-delB, TRF2-delM 
and TRF2-delB-delM)22 did not show any repression in p21 promoter activity (Fig. 1C). Consistent with this 
TRF2 overexpression resulted in low p21 protein levels (Fig. 1D, Supplementary Figure S1J), while TRF2 silenc-
ing resulted in increase in p21 protein (Fig. 1E, Supplementary Figure S1K) and mRNA (Fig. 1F) expression in 
HT1080 cells. Moreover, reduced or increased p21 expression was also observed in MRC5 primary lung fibro-
blast cells in TRF2 over-expressed or silenced conditions respectively (Supplementary Figure S1I). These results 
demonstrate that TRF2 has extra-telomeric occupancy at p21 promoter and can regulate p21 expression.

Furthermore, we checked TRF2 occupancy in a region spanning 434 bp (from −863 to −1297 from tran-
scription start site (TSS)) within the p21 promoter including the site tested earlier for ChIP (Supplementary 
Figure S1A–1C). This clearly showed that the region around −1029 to −1178 was relatively enriched for TRF2 
occupancy compared to flanking regions. In addition, we checked two extra-telomeric TRF2 binding sites 
reported recently at the PDGFRβ15 and hTERT promoter23 as positive controls: in both cases TRF2 occupancy 
was observed by us as reported (Supplementary Figure S1D).

Repressive chromatin induced on p21 promoter in TRF2-dependent way.  To understand the 
repression induced by TRF2 we first checked occupancy of activation histone methylation marks H3K4Me2 
and H3K4Me at the p21 promoter. Significant loss in ChIP signal for both H3K4 methylation marks were 
observed in HT1080 cells stably expressing TRF2 relative to cells transduced with vector control (Fig. 2A). Since 
lysine-specific-demethylase-1 (LSD1) demethylates H3K4Me2 and H3K4Me24, 25, we next checked LSD1 occu-
pancy at the p21 promoter. Increase in LSD1 occupancy was observed in TRF2 over-expressing cells (Fig. 2B), 
which was further supported by interaction between TRF2 and LSD1 observed from co-immunoprecipitation 
(CoIP) (Fig. 2C) and reverse CoIP (Fig. 2D) in HT1080 cells. Interaction of TRF2 with RAP1, which was reported 
earlier26, 27, was tested as a positive control for CoIP (Supplementary Figure S2B).

Based on earlier reports suggesting LSD1 is a member of the REST-coREST-LSD1 repressor complex28, and 
interaction between TRF2 and REST noted in neuronal cells29, 30, we next tested effect of TRF2 alteration on occu-
pancy of the components of the REST repressor complex at the p21 promoter. siRNA-mediated silencing of TRF2 
(Supplementary Figure S2A) revealed markedly reduced occupancy of all the three components LSD1, REST and 
co-REST at the p21 promoter. Together these suggested that the REST-coREST-LSD1 complex associated with the 
p21 promoter in a TRF2-dependent fashion (Fig. 2E).

Interaction of TRF2 with the G-quadruplex motif (G4-motif) in regulation of p21 promoter 
activity.  Contiguous tracts of TTAGGG throughout the genome called interstitial telomeric-repeat sequences 
(ITS) were found associated with genomic TRF2-binding sites12, 13. Also, a truncated form of TRF2 was reported 
to interact with the DNA secondary structure G-quadruplex or G4-motif (formed by four contiguous ITS (or 
TTAGGG) repeats) in solution22. Together these suggested the possibility that TRF2 may associate with other 
G4-motifs inside cells. Therefore, on finding that the p21 promoter harbours potential G4 (PG4) forming 
sequence (Fig. 3A) we checked if TRF2 associates with the p21 promoter G4-motif.

We selected p21 promoter PG4 with three guanines in stem31 (includes the well-studied G4-stem with bulge, 
i.e., when a base is skipped to incorporate the next G within stem32). First, we tested if the p21 promoter-PG4 
sequence adopted G4-motif in solution, and whether recombinant TRF2 associated with the folded structure. 
Mixed G4-motifs were detected for p21 (CD peaks at 260/290 nm for parallel/antiparallel G4, respectively), 
which lost the folded structure when bases required for G4 formation were mutated (p21-G4mut1, p21-G4mut2 
and p21-G4mut3, Fig. 3B). Recombinant TRF2 had relatively higher affinity for p21 G4-motifs vis-à-vis the 
mutated-G4-motifs or corresponding double-stranded DNA (Fig. 3C). Next, three luciferase reporter constructs 
were made by introducing substitutions as in p21-G4mut1, p21-G4mut2 and p21-G4mut3 (Fig. 3B). Repression of 
p21 promoter activity by TRF2 in HT1080 and MDA-MB-231 cells was attenuated relative to the intact G4-motif 
in case of all three G4 mutant motifs – a more pronounced effect for p21-G4mut3 could be likely because the 
G4-motif disruption was more marked in this case (Fig. 3D).

To further test that the G4-motif in the p21 promoter was required for TRF2-mediated attenuation of p21 
activation we used the intracellular G4-binding ligand 360 A. The synthetic pyridine-based derivative 360A 
(2,6-N,N’-methyl-quinolinio-3-yl)-pyridine dicarboxamide) was shown to interact highly selectively in-vitro with 
G4-motifs and also had intracellular affinity for G4-motifs33. The intracellular TRF2 occupancy of the endoge-
nous p21 promoter was sensitive to G4-motif as 360A treatment of HT1080 cells reduced TRF2 occupancy in the 
G4-forming region within the p21 promoter (Fig. 3E).
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Figure 1.  TRF2 transcriptionally regulates p21 expression through promoter occupancy. (A) Quantitative ChIP 
using TRF2 antibody gives enriched binding of TRF2 on p21 promoter in HT1080 and MDA-MB-231 cells, 
IgG was used as isotypic antibody control; normalized with 10% input (data represented as mean ± SEM, for 
three replicates). (B,C) TRF2 represses p21 promoter activity. In luciferase assay, si-RNA-mediated silencing or 
TRF2 over expression resulted in increased (B, *p value < 0.05, Student’s t-test; data represented as mean ± SEM 
of three replicates) or reduction (C, *p value < 0.05, Student’s t-test; data represented as mean ± SEM of three 
replicates) in p21 promoter activity in HT1080 and MDA-MB-231 cells, respectively; over expression of TRF2 
devoid of DNA binding [deletion of basic (delB), myb (delM) and both basic/myb (delB-delM) domains] 
resulted in partial or complete rescue of p21 promoter activity in HT1080 and MDA-MB-231 cells (data 
represented as mean ± SEM, for three replicates) (C). (D,E) HT1080 cells over expressing TRF2 show reduced 
p21 protein expression, bar graph shows the densitometry analysis of three different immunoblot replicates (*p 
value < 0.05, Student’s t-test; data represented as mean ± SEM of three replicates). (E) (Full images are shown in 
Supplementary Figure S5); TRF2 silencing results in increase in p21 protein, bar graph shows the densitometry 
analysis of three different immunoblots (*p value < 0.05, Student’s t-test; data represented as mean ± SEM of 
three replicates) (F); and mRNA expression in HT1080 cells (*p value < 0.05, Student’s t-test; data represented 
as mean ± SEM of three replicates, GAPDH used as internal control for real-time PCR).
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Transcriptional regulation of p21 by TRF2 in p53-depleted conditions.  Activation of p21 following 
DNA damage was noted to be p53-dependent16, 17. Therefore, we next checked TRF2-mediated p21 regulation 
in presence/absence of p53. When TRF2 was silenced using RNAi in the presence (column 1–2) or under p53 
knock-down (column 3–4) conditions in human fibrosarcoma cells HT1080 we found substantial increase of p21 
protein (Fig. 4A) as well as mRNA expression (Fig. 4B) though reduced levels of p53 was clearly evident (column 
3–4). We also tested this in p53 null colon carcinoma cells where p53 is absent (HCT116 p53−/−). On TRF2 
silencing, p21 activation was clearly observed in absence of p53 at protein (Fig. 4C) and mRNA level (Fig. 4D).

TRF2 represses p21 activation upon cellular DNA damage.  p21 activation as a result of DNA dam-
age has been well studied34. Therefore, we next asked whether TRF2 directly impacts p21 transcription activa-
tion following DNA damage. Chemotherapeutic drugs like doxorubicin and topotecan act by inducing DNA 
damage resulting in activation of p21, which triggers senescence or apoptosis in cancer cells35, 36. Because TRF2 
repressed p21 we next checked the effect of TRF2 on drug-induced p21 activation. HT10180, MDA-MB-231 
and HCT 116 p53−/− cells, with or without TRF2 over-expression, were exposed to well-established DNA 
damaging chemotherapeutic agents doxorubicin and topotecan37. p21 activation was subdued in presence of 
doxorubicin or topotecan in cells over-expressing TRF2 (Figs 5A–C and S3A). Furthermore, reduced TRF2 
occupancy was also observed at p21 promoter in doxorubicin treated cells (Fig. 5D). This further suggested that 
TRF2 depletion could display more pronounced p21 activation during doxorubicin treatment. As expected, 
doxorubicin treatment induced p21 mRNA and protein levels which was further enhanced when TRF2 was 
depleted in HT1080 (Supplementary Figure S3B,C), HCT116 p53−/− (Supplementary Figure S3D,E) and MRC5 
(Supplementary Figure S3F). Notably, the TRF2 mutant delB-delM (which did not show suppression in p21 pro-
moter activity (Fig. 1C) in contrast to wild type TRF2) did not inhibit p21 activation upon doxorubicin treatment 
(Supplementary Figure S3G).

Figure 2.  Repressive chromatin induced on p21 promoter in TRF2 dependent way. (A–C) Loss of chromatin 
activation marks H3K4Me, H3K4Me2 in stable TRF2 expressed HT1080 cells (A); increase in LSD1 occupancy 
in TRF2 over-expressing HT1080 cells. (B) (Full images are shown in Supplementary Figures S6 and S7); 
Co-immunoprecipitation of TRF2 with LSD1 (immunoprecipitation with anti-TRF2 antibody followed by 
immunoblotting with anti-LSD1 or anti-TRF2 antibody) (C); (D) Reverse Co-immunoprecipitation of LSD1 
with TRF2 (immunoprecipitation with anti-LSD1 antibody followed by immunoblotting with anti-TRF2 
antibody); (E) and reduced occupancy of the repressor complex REST, Co-REST and LSD1 on silencing TRF2 
on p21 promoter.
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G4-binding ligand 360A rescues TRF2 mediated p21 suppression.  We next asked if the G4-motif 
in the p21 promoter affected TRF2-mediated attenuation of p21 activation following drug treatment. This was 
tested using the specific intracellular G4-binding ligand 360A. Indeed, in TRF2 over-expressing HT1080 and 
MDA-MB-231 cells, treatment with 360A with accompanying DNA damage by doxorubicin rescued p21 activa-
tion to ~50% or more of that noted in the vector control cells (Fig. 6A–C). A similar rescue in TRF2-mediated p21 
suppression upon 360A treatment was observed when HT1080 cells were exposed to topotecan (Supplementary 
Figure S4A). Activation of p21 on drug-induced DNA damage is known to result in growth arrest of cells at the 
G2/M phase35–37. Likewise, enhanced G2/M arrest was observed in vector-transformed control cells on doxoru-
bicin treatment. As expected from above results, we noted ~50% reduced G2/M arrest of TRF2-expressing rela-
tive to control cells after drug treatment (Fig. 6D,E). A combined treatment with doxorubicin and the G4 ligand 
360A increased the percentage of TRF2-expressing cells undergoing G2/M arrest, whereas the effect on similarly 
treated control cells was marginal (Fig. 6D,E).

We further tested the effect of treatment of G4-binding ligand 360A and doxorubicin together. Treatment with 
360A enhanced the sensitivity of HT1080 cells towards doxorubicin in a dose dependent manner (Fig. 6F). Based 
on the results obtained using 360A we screened additional 49 reported intracellular G4-binding ligands to test 
whether TRF2-induced loss of p21 activation could be similarly rescued. Thirty-eight out of 50 (including 360A) 
G4-binding ligands increased doxorubicin induced p21 activation by more than 1.5-fold relative to control cells 
(Supplementary Figure S4B,C and Table S1). We tested a few selected ligands and found high affinity towards the 

Figure 3.  TRF2 binding at p21 promoter and p21 promoter activity is G4-motif dependent. (A) p21 promoter 
showing position of G4-motif. (B) Circular dichroism showing oligonucleotide constituting potential G4-
motif adopts G4 structure in solution and on substitution of bases (in red font) required for G4 formation 
(p21-G4mut1, p21-G4mut2, p21-G4mut3) gives partial/complete disruption of the G4-motif under similar 
conditions; (C) interaction of recombinant TRF2 with G4-motif, mutated p21-G4mut3 or double stranded 
oligonucleotide of identical sequence was checked using ELISA. (D) Disruption of promoter G4-motif rescues 
TRF2-mediated repression of p21 promoter activity. Base substitutions that give partial/complete disruption of 
p21 G4-motif (p21-G4mut1, p21-G4mut2, p21-G4mut3) attenuate TRF2-dependent promoter repression (*p 
value < 0.05, Student’s t-test; data represented as mean ± SEM of three replicates). (E) TRF2 ChIP following 
treatment with G4-motif-specific ligand 360A gave reduced TRF2 occupancy at the endogenous p21 promoter 
relative to DMSO treatment as control (Full image is shown in Supplementary Figure S8).
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p21 G4-motif in solution (Table S2). Though further work will be required to test this in different types of cancer 
cells, together these results suggest potential for development of G4-binding molecules38 to augment sensitivity 
of cancer cells towards doxorubicin39, 40.

Discussion
Here we report that TRF2 transcriptionally regulates p21 expression. Our results show that this is through the 
engagement of the REST-CoREST-LSD1 repressor complex at the p21 promoter in a TRF2-dependent fashion. 
To the best or our knowledge this has not been reported before. Co-immunoprecipitation experiments show-
ing interaction of TRF2 with the histone modification factor lysine-specific demethylase LSD1 inside cells, and 
interaction of TRF2 with REST further supported role of TRF2 in occupancy of the repressor complex at the p21 
promoter. Together, these resulted in rendering a repressive chromatin state at the p21 promoter. In other words, 
this suggested depletion of TRF2 levels would augment p21 activation upon drug-induced DNA damage in cancer 
cells. Findings here demonstrate this as depletion of TRF2 results in enhanced p21 activation following treat-
ment with the DNA damage-inducing drug doxorubicin in cancer cells (Supplementary Figure S3B,E). Recently 
TRF2-mediated gene regulation was observed for HS3ST414 and PDGFRβ15, however it was not clear whether and 
how TRF2 impacted the epigenetic status of the promoters, and if any other co-regulatory factors were involved. 
Also, though in support of our results interaction of TRF2 with REST was noted earlier, TRF2-dependent pro-
moter occupancy of REST was not reported29, 30.

Mutational, expression and other experiments using specific small molecule ligands shown here suggest the 
DNA secondary structure G4-motif is important for TRF2 occupancy at the p21 promoter. Though role of TRF2 
in G4-mediated gene regulation has not been reported before several reports support role of G4-motifs in gene 
regulation41–44. Importantly, association of regulatory factors with promoter G4-motifs has been noted in several 
reports: these include, NM23-H2 binds to the c-MYC promoter via a G4 element45; interactions of hnRNP A1/

Figure 4.  Transcriptional regulation of p21 by TRF2 is active in p53-depleted conditions. (A–D) p21 activation 
on TRF2 suppression is significant in p53 knock down cells. TRF2 silencing results in p21 activation in 
HT1080 cells with endogenous p53 expression (column 1 and 2). On siRNA-meditated suppression of p53, 
p21 activation is TRF2 dependent–on TRF2 suppression p21 expression increases (column 4), relative to 
endogenous TRF2 levels (column 3) at protein (A) and mRNA level (error bars represent ± SEM, GAPDH used 
as internal control for real-time PCR; data represented as mean ± SEM, for three replicates) (B). TRF2 regulate 
p21 in HCT116 p53−/− cells. TRF2 silencing results in p21 activation in HCT116 p53−/− cells at protein 
(C) and mRNA level (B,D) data represented as mean ± SEM, for three replicates) (Full images are shown in 
Supplementary Figure S9).
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Up1 with the KRAS promoter G-quadruplex46; Myc-associated zinc-finger protein (MAZ)/poly(ADP-ribose) pol-
ymerase 1 (PARP-1) binding to the G-quadruplex element in the murine KRAS promoter47; and binding of nucle-
olin/hnRNP proteins to the G-quadruplex forming sequences of the VEGF promoter48. Furthermore, genome 
wide binding of TRF2 included many telomeric sites capable of forming G4-motifs12, 13. Though further work will 
be required to test this, in the light of our results herein, other intracellular TRF-G4 interactions may be possible.

Activation of p21 resulting in cell cycle arrest and apoptosis/senescence is key to how DNA damage inducing 
drugs kill cancer cells35–37. Therefore, as expected we noted that in cancer cells with relatively more TRF2, p21 
activation following drug treatment, was markedly reduced (Fig. 5A–C). Because TRF2 occupancy at the p21 pro-
moter was G4-motif-dependent we asked if G4 binding ligands would exclude TRF2, and rescue p21 activation. 
This would confer enhanced sensitivity of cancer cells towards the damage inducing drugs like doxorubicin or 
topetecan. Indeed, this was the case. Results demonstrate the intracellular G4 binding ligand 360A when admin-
istered with doxorubicin/topotecan produced increase in p21 activation and cell cycle arrest (Fig. 6A–E). This 
further underlines the relevance of TRF2-mediated direct p21 repression in particularly cancer cells, where high 
TRF2 levels have been reported40, 49.

Interaction of TRF2 with another shelterin component RAP1 at telomeres has been reported50, 51. Interestingly, 
RAP1 was also reported to mediate gene regulation through binding to extra-telomeric sites51, 52. Therefore, it is 
possible that TRF2/RAP1 may associate with DNA in a cooperative fashion at extra-telomeric sites. Our current 
results on TRF2 binding at the p21 promoter make this an interesting case to study for TRF2/RAP1 interaction 
in future.

TRF2 is required to inhibit DNA damage response (DDR) so that telomere ends evade detection as double 
strand breaks7, 53–55. This is through TRF2-mediated inhibition of ATM kinase phosphorylation, which prevents 
downstream p53 phosphorylation required for activation of p21 leading to cell cycle arrest and apoptosis or 
senescence18, 56–58. Indeed, depletion of TRF2 or expression of TRF2ΔBΔM, a dominant-negative allele of human 
TRF2, induced strong DNA-damage signals at telomeres and cellular senescence through the ATM-p53-p21 path-
way4, 8, 9, 59. In this context, results herein showing TRF2-mediated transcription repression of p21 are of interest. 
Though further work will be required to understand the underlying cellular contexts our preliminary findings 
indicate p21 transcription repression by TRF2 could be in addition to p53-mediated signaling. Overall, this line 
of investigation can eventually help to understand whether and how mechanisms of transcriptional repression of 
p21 through TRF2 are distinct from the p53-dependent ATM kinase signaling.

Figure 5.  TRF2 represses p21 activation upon cellular DNA damage. (A–C) Treatment with either Doxorubicin 
or Topotecan was done in HT1080 (A), *p value < 0.05, Student’s t-test; data represented as mean ± SEM 
of three replicates), MDA-MB-231 (B), data represented as mean ± SEM, for three replicates) and HCT116 
p53−/− (C), data represented as mean ± SEM, for three replicates) cells following over-expression of TRF2: loss 
in p21 activation relative to control vector transformed cells was observed in each case (GAPDH used as internal 
control for real-time PCR). (D) Quantitative ChIP result shows partial loss of TRF2 occupancy at p21 promoter 
after doxorubicin treatment in HT1080 cell line.
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Figure 6.  G4-binding ligand 360A rescues TRF2 mediated p21 suppression. (A,B) TRF2 mediated p21 
repression is rescued by G4-binding ligands. A combination treatment with Doxorubicin and intracellular 
G4-ligand 360A rescues p21 activation relative to Doxorubicin or 360A treatment alone in HT1080 (A), *p 
value < 0.05, Student’s t-test; data represented as mean ± SEM of three replicates) and MDA-MB-231 cells (B), 
data represented as mean ± SEM, for three replicates) (GAPDH used as internal control for real-time PCR). (C) 
Relative loss in activation of p21 expression in cells over-expressing TRF2 relative to vector control cells was also 
observed by immunofluorescence in HT1080 cells on treatment with DMSO, and doxorubicin (first two panels). 
Treatment with 360A along with doxorubicin increased p21 activation (rightmost panel) (scale bar = 5 μm). 
(D,E) Increase in cells in G2/M phase in Doxorubicin + 360A combination treatment relative to treatment with 
Doxorubicin or 360A alone was observed (*p value < 0.05, Student’s t-test; data represented as mean ± SEM 
of three replicates). (F) Enhanced cytotoxic effect on cancer cells was seen with a combined treatment of 
Doxorubicin + 360A relative to treatment with Doxorubicin or 360A alone.
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In summary, results described here show the telomere binding protein TRF2 to transcriptionally regulate p21. 
In addition, role of TRF2 in epigenetic modification of a promoter through the REST repressor complex has not 
been reported before. Together these help further rationalize the recently discovered extra-telomeric presence of 
TRF2, and implicate broader functions of TRF2 in epigenetic changes and gene expression.

Materials and Methods
Cell lines, media and culture conditions.  HT1080 fibrosarcoma cell line and HCT116 p53−/− cells 
were purchased from the NCCS, Pune (India). MDA-MB-231 cells were received as a gift from Mayo Clinic, 
Minnesota (USA). MRC5 primary lung fibroblast cell line was purchased from ATCC and maintained according 
to the ATCC guidelines. HT1080 were maintained in Modified Eagle’s medium (MEM) supplemented with 10% 
Fetal Bovine Serum (FBS). MDA-MB-231 and HCT116 p53−/− cells were maintained in Dulbecco’s Modified 
Eagle’s medium (DMEM) supplemented with 10% FBS. All cultures were grown in incubators maintained at 37 °C 
with 5% CO2.

Antibodies.  Primary antibodies: TRF2 (Novus NB110–57130), p21 (CST #2947), LSD1 antibody (CST 
#2139). REST (Origene#TA330562), co-REST (Abcam#32631), anti-Rap1 (sc-28197), anti-H3K4Me (Abcam 
106165), anti-H3K4Me2 (Abcam 32356). Secondary antibodies: anti-Rabbit-HRP (CST), anti-Mouse-HRP 
(SantaCruz), anti-Rabbit-AP (sigma), anti-mouse-AP (sigma), Alexa Fluor® 488, Alexa Fluor® 594 (Molecular 
Probes, Life Technologies).

Immunofluorescence microscopy.  Cells were fixed with 4% Paraformaldehyde by incubating for 10 min 
at RT. Cells were permeabilized with 0.5% Triton™ X-100 and treated with blocking solution (3% BSA in PBS) 
for 30 min at RT. After one PBS wash cells were treated with relevant antibodies as follows: anti-TRF2 antibody 
(1:100), anti-p21 antibody (1:100) and incubated overnight at 4 °C. Post-incubation, cells were washed alternately 
with PBS and PBST three times and probed with secondary Ab(Alexa Fluor® 488/Alexa Fluor® 594) for 2 hr 
at RT. Cells were washed again alternately with PBS and PBST three times and mounted with Prolong® Gold 
anti-fade reagent with DAPI. Images were taken as Maximum Intensity Projections on Leica TCS-SP8 confocal 
microscope.

ChIP (Chromatin Immunoprecipitation).  ChIP assays were performed as per protocol provided by 
Upstate Biotechnology with modifications as suggested in Fast ChIP protocol. ChIP assays were performed 
using anti-TRF2 antibody. Anti-Rabbit IgG was used for isotype control in all the cell lines. Briefly, cells were 
fixed with ~1% formaldehyde for 10 min and lysed. Chromatin was sheared to an average size of ~300–700 bp 
using Bioruptor (Diagenode). 10% of sonicated fraction was processed as input using phenol–chloroform and 
ethanol precipitation. ChIP was performed using 5 μg of the respective antibody incubated overnight at 4 °C. 
Immune complexes were collected using herring sperm DNA-saturated Magnetic Dyna beads and washed exten-
sively. Phenol-Chloroform- Isoamylalcohol was used to extract DNA from immunoprecipitated fraction. ChIP 
DNA was further validated by using either semi-quantitative PCR or qRT-PCR method.

Primer details:

p21 Fwd–GGTCAGGGGTGTGAGGTAGA; Rev–GGCTCTCTGCTTGTCATCCT;
Upstream_Fwd–TCCAAGCCTGGGTTCTGTTTTT; Rev–CTTCACCTTTGCCTCCTTTCTG;
Downstream _Fwd–GATGACAAGCAGAGAGCCCC; Rev–ACTCCCCACATAGCCCGTA;
PDGFRβ Fwd–CTGAGAATCAGAGAGCACTGC; Rev–CTCTGTGCCAATTCACCCCT;
hTERT Fwd–GAAACTCGCGCCGCGAG; Rev–CCTGCCCCTTCACCTTCC;

Circular dichroism.  The circular dichroism (CD) spectra were recorded on a Jasco-810 Spectropolarimeter 
equipped with a Peltier temperature controller. Experiments were carried out using a 1mm path-length cuvette 
over a wave length range of 200–320 nm. 5 µM oligos were diluted in KCl buffer (10mM HEPES and 100mM KCl, 
pH 7.4) and denatured by heating to 95 °C for 5 min and slowly cooled to 25 °C for overnight. The CD spectra 
reported in Fig. 2C are representations of three averaged scans taken at 25 °C and are baseline corrected for signal 
contributions due to the buffer.

ELISA.  Biotinylated oligonucleotides were prepared at 5 µM concentration in 10 mM sodium cacodylate and 
100 mM KCl buffer and denatured at 95 °C for 5 minutes, followed by slow cooling to room temperature to induce 
G-quadruplex formation. 96-well streptavidin coated pre-blocked plates from Thermo Scientific (Pierce) were 
used for ELISA assay. Biotinylated oligos were diluted to 5 pmol in 1X TBST buffer and loaded into each well. 
Oligos were incubated at 37 °C on shaker for 2 hours to allow streptavidin and biotin binding and then washed 
3 times with 1X TBST buffer. TRF2 protein was diluted in 1X PBST buffer and incubated with oligos for 2 hours 
on shaker at 4 °C and washed 3 times with 1X PBST buffer. Anti-TRF2 antibody (Novus) was used at 1:1000 dilu-
tion (60 µl per well) and incubated for 1 hr at room temperature on shaker. Wells were washed three times with 
1X PBST. Alkaline phosphatase conjugated Anti- IgG antibody (Sigma) was used at 1:1000 dilution (60 µl/well) 
and incubated for 45 minutes at room temperature on shaker and then wells were washed once with 1X PBST 
and twice with 1X PBS. 30 µl BCIP/NBT substrate was added into each well and absorbance was recorded at 610 
nm wavelength for 1hour with 10 min interval on TECAN multimode reader. GraphPad Prism5 was used for 
analysis.

TRF2 silencing.  HT1080 and MDA-MB-231 cells were transfected with TRF2 siRNA oligonucleo-
tides synthesized from Dharmacon using lipofectamine 2000 (Invitrogen) transfection reagent according to 
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manufacturer’s instructions. Silencing was checked after 48 hr of transfection. siGLO green was used as transfec-
tion indicator and control.

Details of TRF2 siRNA:

�Seq. 1: GGC-UGG-AGU-GCA-GAA-AUA-U; AUA-UUU-CUG-CAC-UCC-AGC–designed against junction 
between Exon2/3
�Seq. 2: CUG-GGC-UGC-CAU-UUC-UAA-A; UUU-AGA-AAU-GGC-AGC-CCA-G–Designed against 
3-UTR region.
�Seq. 3: GCU-GCU-GUC-AUU-AUU-UGU; UAC-AAA-UAA-UGA-CAG-CAG-C - Designed against 3-UTR 
region.

Luciferase assay.  Minimal promoter region of p21 harboring TRF2 binding peak were cloned 
into pGL3 vector between Kpn1 and HindIII restriction sites. Promoter region was amplified by using 
5′-GACTGGGCATGTCTGG-3′ as forward primer and 5′-CTCTCACCTCCTCTGAGTG-3′ as reverse primer 
from genomic DNA isolated from human blood. Firstly, this amplified region was ligated into TA vector and then 
subcloned into pGL3 vector by Kpn1 and HindIII restriction enzyme and sequence was verified. pCMV6- TRF2 
plasmid was purchased from Origene. DNA binding mutants of TRF2 (delM and delBdelM) were customized 
from Origene. Wild and mutant TRF2 plasmids were transfected with reporter construct in HT1080 cells by using 
lipofectamine 2000 (Invitrogen). Plasmid (pGL4.73) containing a CMV promoter driving Renilla luciferase was 
co-transfected as transfection control for normalization. After 48 h, cells were harvested and luciferase activities 
of cell lysate were recorded by using a dual-luciferase reporter assay kit (Promega).

Co-immunoprecipitation.  HT-1080 cells were collected and washed in cold 1X PBS and nuclear extract 
was isolated using nuclear extract kit (Cell Extract from Sigma) as per manufacturer protocol. For immunopre-
cipitation experiments 500 µg of nuclear extract was incubated for 4 hours at 4 °C with 5 µg of anti-TRF2 antibody 
(Novus Biological) immunoprecipitation was performed using Catch and Release co-immunoprecipitation kit 
(Millipore) as per manufacturer’s protocol using anti-LSD1 antibody (Cell Signalling Technology) and anti-RAP1 
antibody (Santacruz biotechnology). For reverse CoIP, 5 µg of LSD1 was used for immunoprecipitation.

Real time PCR.  Total RNA was isolated using TRIzol® Reagent (Invitrogen, Life Technologies) according to 
manufacturer’s instructions. RNA was quantified and used for cDNA preparation using Applied Biosciences kit. 
A relative transcript expression level for genes was measured by quantitative real-time PCR using a SYBR Green 
based method. Average fold change was calculated by difference in threshold cycles (Ct) between test and control 
samples. GAPDH gene was used as internal control for normalizing the cDNA concentration of each sample.

Cell cycle analysis.  Cells were collected by trypsinization and fixed with 70% ethanol. Before going to flow 
cytometry, cells were centrifuged at 1500 rpm for 5 min and permeabilized with PBS solution containing 0.1% tri-
ton X-100 with RNase (working concentration 40 μg/ml) for 45 min. Then, the cells were stained with Propidium 
iodide (working concentration 50 μg/ml) on ice for 30 min in dark. The PI fluorescence was measured through 
a FL-2 filter (58 nm) and 10000 events were acquired for each case. Flow cytometry data was analyzed using the 
ModFit LT 4.1 Software and presented with a histogram display of DNA content (X-axis, PI fluorescence) versus 
counts(Y axis).

Statistical analysis.  All statistical analysis was done using GraphPad PRISM® 5. The results in the graphs 
represent average ± standard error of mean (SEM) of three different biological replicates. Data was compared 
using Unpaired Student’s t-test or Single Sample Student’s t-test.

G4-FID (Fluorescence intercalation displacement) Assay.  This assay was done as described before60. 
Briefly, on the basis of the sequence of probable G-quadruplex forming region in the promoter of p21 gene its wild 
type sequence and mutant form were acquired. The oligonucleotides were dissolved in 100 mM KCL + 10 mM 
sodium cacodylate buffer. Thereafter the solution was heated up to 95 degrees for 5 minutes and allowed to cool 
very slowly down to room temperature. The quadruplex structure formation was confirmed by CD spectral anal-
ysis. DNA was added such that the final concentration was 0.25 µM along with 2 molar equivalents of Thiazole 
Orange (TO) and mixed well and fluorescence spectra were recorded at t = 0 and t = 5 min over a range of 490 to 
750 nm. Increasing concentrations of the ligand (0–10 molar equivalents) were added to displace DNA-bound 
TO by successive additions of small volumes of the ligand and fluorescence spectra were recorded after each addi-
tion. Percentage TO displacement was calculated using the following formula

TO 100 ((FAx FA1) 100)Dx = − − ×

where
FA1 - Fluorescence area of the spectrum recorded after the addition of TO
FAx– Fluorescence area of the spectrum recorded after the xth addition of the ligand.
And the percentage TO displacement (TODx) was plotted as a function of concentration of the ligand.

360A ligand and doxorubicin treatment.  For the immunofluorescence imaging cells were treated with 
360A at a concentration of 0.5 µM and 1 µM and treatment time was 48 hr. For TRF2 ChIP on p21 promoter cells 
were treated with 1 µM 360A for 48 hr. For p21 expression analysis by qRT-PCR and IF, cells were first treated 
with 1 µM 360A for 12 hr followed by treatment with 150 nM doxorubicin for additional 12 hr. For cell viability 



www.nature.com/scientificreports/

1 1Scientific Reports | 7: 11541  | DOI:10.1038/s41598-017-11177-1

assay, cells were first treated with respective 360A concentrations as indicated for 12 hr followed by respective 
doxorubicin treatment. Cells were allowed to grow till the time there was complete cell death in cells treated 
with highest 360A and highest doxorubicin concentration (20 µM 360A + 500 nM doxorubicin), i.e. 72 hr. For 
ligand screening experiment a standard concentration of 5 µM was used, based on the literature available on 
G-quadruplex ligands. Treatment time was 12 hr followed by treatment with 150 nM doxorubicin for additional 
12 hr.

Western blotting.  For western blot analysis, protein lysates were prepared by resuspending cell pellets in 
passive lysis buffer. Protein was separated using 12% SDS-PAGE and transferred to polyvinylidene difluoride 
membranes (Immobilon FL, Millipore). After blocking the membrane was incubated with primary antibodies- 
anti-TRF2 antibody (Novus Biological), anti-p21antibody (Cell Signaling Technology), anti-TRF1 (Novus 
Biological), anti-gapdh (Santacruz biotechnology) and anti-β-actin antibody (Sigma). Secondary antibodies, 
anti-mouse and anti-rabbit alkaline phosphatase conjugates were from Sigma. The blot was finally developed by 
using Thermo Scientific Pierce NBT/BCIP developing reagents.

References
	 1.	 Greider, C. W. Telomeres, telomerase and senescence. BioEssays News Rev. Mol. Cell. Dev. Biol. 12, 363–369 (1990).
	 2.	 Blackburn, E. H. Telomeres: no end in sight. Cell 77, 621–623 (1994).
	 3.	 Zakian, V. A. Telomeres: beginning to understand the end. Science 270, 1601–1607 (1995).
	 4.	 van Steensel, B., Smogorzewska, A. & de Lange, T. TRF2 protects human telomeres from end-to-end fusions. Cell 92, 401–413 

(1998).
	 5.	 de Lange, T. Shelterin: the protein complex that shapes and safeguards human telomeres. Genes Dev. 19, 2100–2110 (2005).
	 6.	 Stansel, R. M., de Lange, T. & Griffith, J. D. T-loop assembly in vitro involves binding of TRF2 near the 3′ telomeric overhang. EMBO 

J. 20, 5532–5540 (2001).
	 7.	 Karlseder, J. et al. The telomeric protein TRF2 binds the ATM kinase and can inhibit the ATM-dependent DNA damage response. 

PLoS Biol. 2, E240 (2004).
	 8.	 Herbig, U., Jobling, W. A., Chen, B. P. C., Chen, D. J. & Sedivy, J. M. Telomere shortening triggers senescence of human cells through 

a pathway involving ATM, p53, and p21(CIP1), but not p16(INK4a). Mol. Cell 14, 501–513 (2004).
	 9.	 Lechel, A. et al. The cellular level of telomere dysfunction determines induction of senescence or apoptosis in vivo. EMBO Rep. 6, 

275–281 (2005).
	10.	 Denchi, E. L. & de Lange, T. Protection of telomeres through independent control of ATM and ATR by TRF2 and POT1. Nature 448, 

1068–1071 (2007).
	11.	 Abbas, T. & Dutta, A. p21 in cancer: intricate networks and multiple activities. Nat. Rev. Cancer 9, 400–414 (2009).
	12.	 Simonet, T. et al. The human TTAGGG repeat factors 1 and 2 bind to a subset of interstitial telomeric sequences and satellite repeats. 

Cell Res. 21, 1028–1038 (2011).
	13.	 Yang, D. et al. Human telomeric proteins occupy selective interstitial sites. Cell Res. 21, 1013–1027 (2011).
	14.	 Biroccio, A. et al. TRF2 inhibits a cell-extrinsic pathway through which natural killer cells eliminate cancer cells. Nat. Cell Biol. 15, 

818–828 (2013).
	15.	 El Maï, M. et al. The Telomeric Protein TRF2 Regulates Angiogenesis by Binding and Activating the PDGFRβ Promoter. Cell Rep. 9, 

1047–1060 (2014).
	16.	 el-Deiry, W. S. et al. WAF1, a potential mediator of p53 tumor suppression. Cell 75, 817–825 (1993).
	17.	 Dulić, V. et al. p53-dependent inhibition of cyclin-dependent kinase activities in human fibroblasts during radiation-induced G1 

arrest. Cell 76, 1013–1023 (1994).
	18.	 Macleod, K. F. et al. p53-dependent and independent expression of p21 during cell growth, differentiation, and DNA damage. Genes 

Dev. 9, 935–944 (1995).
	19.	 Takano, S., Wadhwa, R., Mitsui, Y. & Kaul, S. C. p53-independent upregulation of p21WAF1 in NIH 3T3 cells malignantly 

transformed by mot-2. Cell Res. 11, 55–60 (2001).
	20.	 Phalke, S. et al. p53-Independent regulation of p21Waf1/Cip1 expression and senescence by PRMT6. Nucleic Acids Res. 40, 

9534–9542 (2012).
	21.	 Karlseder, J., Smogorzewska, A. & de Lange, T. Senescence induced by altered telomere state, not telomere loss. Science 295, 

2446–2449 (2002).
	22.	 Pedroso, I. M., Hayward, W. & Fletcher, T. M. The effect of the TRF2 N-terminal and TRFH regions on telomeric G-quadruplex 

structures. Nucleic Acids Res. 37, 1541–1554 (2009).
	23.	 Kim, W. et al. Regulation of the Human Telomerase Gene TERT by Telomere Position Effect-Over Long Distances (TPE-OLD): 

Implications for Aging and Cancer. PLoS Biol. 14, e2000016 (2016).
	24.	 Forneris, F., Binda, C., Vanoni, M. A., Battaglioli, E. & Mattevi, A. Human histone demethylase LSD1 reads the histone code. J. Biol. 

Chem. 280, 41360–41365 (2005).
	25.	 Wissmann, M. et al. Cooperative demethylation by JMJD2C and LSD1 promotes androgen receptor-dependent gene expression. 

Nat. Cell Biol. 9, 347–353 (2007).
	26.	 Janoušková, E. et al. Human Rap1 modulates TRF2 attraction to telomeric DNA. Nucleic Acids Res. 43, 2691–2700 (2015).
	27.	 Gaullier, G. et al. A higher-order entity formed by the flexible assembly of RAP1 with TRF2. Nucleic Acids Res. 44, 1962–1976 (2016).
	28.	 Roizman, B. The checkpoints of viral gene expression in productive and latent infection: the role of the HDAC/CoREST/LSD1/REST 

repressor complex. J. Virol. 85, 7474–7482 (2011).
	29.	 Zhang, P. et al. Nontelomeric TRF2-REST interaction modulates neuronal gene silencing and fate of tumor and stem cells. Curr. Biol. 

CB 18, 1489–1494 (2008).
	30.	 Ovando-Roche, P., Yu, J. S. L., Testori, S., Ho, C. & Cui, W. TRF2-mediated stabilization of hREST4 is critical for the differentiation 

and maintenance of neural progenitors. Stem Cells Dayt. Ohio 32, 2111–2122 (2014).
	31.	 Lech, C. J., Heddi, B. & Phan, A. T. Guanine base stacking in G-quadruplex nucleic acids. Nucleic Acids Res. 41, 2034–2046 (2013).
	32.	 Mukundan, V. T. & Phan, A. T. Bulges in G-quadruplexes: broadening the definition of G-quadruplex-forming sequences. J. Am. 

Chem. Soc. 135, 5017–5028 (2013).
	33.	 Granotier, C. et al. Preferential binding of a G-quadruplex ligand to human chromosome ends. Nucleic Acids Res. 33, 4182–4190 

(2005).
	34.	 Cazzalini, O., Scovassi, A. I., Savio, M., Stivala, L. A. & Prosperi, E. Multiple roles of the cell cycle inhibitor p21(CDKN1A) in the 

DNA damage response. Mutat. Res. 704, 12–20 (2010).
	35.	 Jonsson, E. et al. Cytotoxic activity of topotecan in human tumour cell lines and primary cultures of human tumour cells from 

patients. Br. J. Cancer 76, 211–219 (1997).



www.nature.com/scientificreports/

1 2Scientific Reports | 7: 11541  | DOI:10.1038/s41598-017-11177-1

	36.	 Lüpertz, R., Wätjen, W., Kahl, R. & Chovolou, Y. Dose- and time-dependent effects of doxorubicin on cytotoxicity, cell cycle and 
apoptotic cell death in human colon cancer cells. Toxicology 271, 115–121 (2010).

	37.	 Nitiss, J. L. DNA topoisomerases in cancer chemotherapy: using enzymes to generate selective DNA damage. Curr. Opin. Investig. 
Drugs Lond. Engl. 2000 3, 1512–1516 (2002).

	38.	 Pagano, B. & Giancola, C. Energetics of quadruplex-drug recognition in anticancer therapy. Curr. Cancer Drug Targets 7, 520–540 
(2007).

	39.	 Biroccio, A. et al. TRF2 inhibition triggers apoptosis and reduces tumourigenicity of human melanoma cells. Eur. J. Cancer Oxf. Engl. 
1990 42, 1881–1888 (2006).

	40.	 Blanco, R., Muñoz, P., Flores, J. M., Klatt, P. & Blasco, M. A. Telomerase abrogation dramatically accelerates TRF2-induced epithelial 
carcinogenesis. Genes Dev. 21, 206–220 (2007).

	41.	 Rawal, P. et al. Genome-wide prediction of G4 DNA as regulatory motifs: role in Escherichia coli global regulation. Genome Res. 16, 
644–655 (2006).

	42.	 Mani, P., Yadav, V. K., Das, S. K. & Chowdhury, S. Genome-wide analyses of recombination prone regions predict role of DNA 
structural motif in recombination. PloS One 4, e4399 (2009).

	43.	 Paeschke, K., Capra, J. A. & Zakian, V. A. DNA replication through G-quadruplex motifs is promoted by the Saccharomyces 
cerevisiae Pif1 DNA helicase. Cell 145, 678–691 (2011).

	44.	 Wang, Q. et al. G-quadruplex formation at the 3′ end of telomere DNA inhibits its extension by telomerase, polymerase and 
unwinding by helicase. Nucleic Acids Res. 39, 6229–6237 (2011).

	45.	 Thakur, R. K. et al. Metastases suppressor NM23-H2 interaction with G-quadruplex DNA within c-MYC promoter nuclease 
hypersensitive element induces c-MYC expression. Nucleic Acids Res. 37, 172–183 (2009).

	46.	 Paramasivam, M. et al. Protein hnRNP A1 and its derivative Up1 unfold quadruplex DNA in the human KRAS promoter: 
implications for transcription. Nucleic Acids Res. 37, 2841–2853 (2009).

	47.	 Cogoi, S., Paramasivam, M., Membrino, A., Yokoyama, K. K. & Xodo, L. E. The KRAS promoter responds to Myc-associated zinc 
finger and poly(ADP-ribose) polymerase 1 proteins, which recognize a critical quadruplex-forming GA-element. J. Biol. Chem. 285, 
22003–22016 (2010).

	48.	 Uribe, D. J., Guo, K., Shin, Y.-J. & Sun, D. Heterogeneous nuclear ribonucleoprotein K and nucleolin as transcriptional activators of 
the vascular endothelial growth factor promoter through interaction with secondary DNA structures. Biochemistry (Mosc.) 50, 
3796–3806 (2011).

	49.	 Muñoz, P., Blanco, R. & Blasco, M. A. Role of the TRF2 telomeric protein in cancer and ageing. Cell Cycle Georget. Tex 5, 718–721 
(2006).

	50.	 Li, B., Oestreich, S. & de Lange, T. Identification of human Rap1: implications for telomere evolution. Cell 101, 471–483 (2000).
	51.	 Rai, R., Chen, Y., Lei, M. & Chang, S. TRF2-RAP1 is required to protect telomeres from engaging in homologous recombination-

mediated deletions and fusions. Nat. Commun. 7, 10881 (2016).
	52.	 Kabir, S., Hockemeyer, D. & de Lange, T. TALEN gene knockouts reveal no requirement for the conserved human shelterin protein 

Rap1 in telomere protection and length regulation. Cell Rep. 9, 1273–1280 (2014).
	53.	 Cesare, A. J., Hayashi, M. T., Crabbe, L. & Karlseder, J. The telomere deprotection response is functionally distinct from the genomic 

DNA damage response. Mol. Cell 51, 141–155 (2013).
	54.	 Lajoie, V. et al. LMP1 mediates multinuclearity through downregulation of shelterin proteins and formation of telomeric aggregates. 

Blood 125, 2101–2110 (2015).
	55.	 Londoño-Vallejo, J. A. & Wellinger, R. J. Telomeres and telomerase dance to the rhythm of the cell cycle. Trends Biochem. Sci. 37, 

391–399 (2012).
	56.	 Herbig, U., Jobling, W. A., Chen, B. P. C., Chen, D. J. & Sedivy, J. M. Telomere shortening triggers senescence of human cells through 

a pathway involving ATM, p53, and p21(CIP1), but not p16(INK4a). Mol. Cell 14, 501–513 (2004).
	57.	 Karlseder, J., Broccoli, D., Dai, Y., Hardy, S. & de Lange, T. p53- and ATM-dependent apoptosis induced by telomeres lacking TRF2. 

Science 283, 1321–1325 (1999).
	58.	 Levkau, B. et al. Cleavage of p21Cip1/Waf1 and p27Kip1 mediates apoptosis in endothelial cells through activation of Cdk2: role of 

a caspase cascade. Mol. Cell 1, 553–563 (1998).
	59.	 Stagno D’Alcontres, M., Mendez-Bermudez, A., Foxon, J. L., Royle, N. J. & Salomoni, P. Lack of TRF2 in ALT cells causes PML-

dependent p53 activation and loss of telomeric DNA. J. Cell Biol. 179, 855–867 (2007).
	60.	 Monchaud, D. & Teulade-Fichou, M.-P. G4-FID: a fluorescent DNA probe displacement assay for rapid evaluation of quadruplex 

ligands. Methods Mol. Biol. Clifton NJ 608, 257–271 (2010).

Acknowledgements
This work was supported by Wellcome Trust/Department of Biotechnology (DBT) India Alliance Grant 
500127/Z/09/Z (to S. C.). Research fellowship support from  Wellcome Trust/DBT India Alliance (DS, SuS, AK, 
SaS), Council of Scientific and Industrial Research (TH, GP, PD) and research funding from CSIR (GENCODE) 
is acknowledged. NIH RO1: CA129537 and GM109768 grant to RKP and TKP are acknowledged. We thank Jean-
Francois Riou for providing the library of G4-specific ligands as a gift. We thank S. Neidle, S. Balasubramanian, 
the M. P. Teulade-Fichou laboratory, Nagasawa K and Patrick Mailliet for G4 ligands used in this study.

Author Contributions
T.H.-Designed the experiments, p21 expression experiments (RT), cytotoxicity experiments, microscopy, 
promoter activity assay, ligand screening, TRF2 antibody sensitivity, data compilation, images and manuscript 
writing, D.S.-Designed the experiments, ChIP experiments (methylation marks ChIP, REST repressor complex 
ChIP), p21 expression western blot, FANCJ experiments, TRF2 antibody sensitivity, microscopy, ligand screening, 
data compilation, images and manuscript writing, G.P.-Promoter activity experiments with WT/mutant TRF2 
and WT/mutant G4, ELISA, CD, A.K.-ChIP experiments (TRF2 ChIP, LSD1 ChIP), LSD1 Co-IP experiment, 
A.K.M.-p53 independent western blots, TRF2 silencing western blots, Sa.S.- FID, Su.S.-Cell cycle experiment, 
P.D.-Bioinformatics analysis, B.M.-Ligand synthesis, S.V.-Ligand synthesis, R.K.P.–Immunofluorescence, N.T.H.-
CRISPR experiment, N.H.-CRISPR experiment, S.B.-Ligand synthesis, A.B.-Ligand synthesis, J.F.R.-Ligand 
synthesis and critical inputs to manuscript writing, T.K.P.-CRISPR experiment and critical inputs to manuscript 
writing, S.C.-Conceived the idea, conceptualization of study, overall guidance, designed the experiments, 
manuscript writing, manuscript editing and correspondence.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-11177-1

http://dx.doi.org/10.1038/s41598-017-11177-1


www.nature.com/scientificreports/

13Scientific Reports | 7: 11541  | DOI:10.1038/s41598-017-11177-1

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Transcription regulation of CDKN1A (p21/CIP1/WAF1) by TRF2 is epigenetically controlled through the REST repressor complex

	Results

	TRF2 regulates p21 promoter activity through promoter occupancy. 
	Repressive chromatin induced on p21 promoter in TRF2-dependent way. 
	Interaction of TRF2 with the G-quadruplex motif (G4-motif) in regulation of p21 promoter activity. 
	Transcriptional regulation of p21 by TRF2 in p53-depleted conditions. 
	TRF2 represses p21 activation upon cellular DNA damage. 
	G4-binding ligand 360A rescues TRF2 mediated p21 suppression. 

	Discussion

	Materials and Methods

	Cell lines, media and culture conditions. 
	Antibodies. 
	Immunofluorescence microscopy. 
	ChIP (Chromatin Immunoprecipitation). 
	Circular dichroism. 
	ELISA. 
	TRF2 silencing. 
	Luciferase assay. 
	Co-immunoprecipitation. 
	Real time PCR. 
	Cell cycle analysis. 
	Statistical analysis. 
	G4-FID (Fluorescence intercalation displacement) Assay. 
	360A ligand and doxorubicin treatment. 
	Western blotting. 

	Acknowledgements

	Figure 1 TRF2 transcriptionally regulates p21 expression through promoter occupancy.
	Figure 2 Repressive chromatin induced on p21 promoter in TRF2 dependent way.
	Figure 3 TRF2 binding at p21 promoter and p21 promoter activity is G4-motif dependent.
	Figure 4 Transcriptional regulation of p21 by TRF2 is active in p53-depleted conditions.
	Figure 5 TRF2 represses p21 activation upon cellular DNA damage.
	Figure 6 G4-binding ligand 360A rescues TRF2 mediated p21 suppression.




