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Abstract

Telomere-binding proteins constituting the shelterin complex have been studied primarily

for telomeric functions. However, mounting evidence shows non-telomeric binding and

gene regulation by shelterin factors. This raises a key question—do telomeres impact bind-

ing of shelterin proteins at distal non-telomeric sites? Here we show that binding of the telo-

mere-repeat-binding-factor-2 (TRF2) at promoters ~60 Mb from telomeres depends on

telomere length in human cells. Promoter TRF2 occupancy was depleted in cells with elon-

gated telomeres resulting in altered TRF2-mediated transcription of distal genes. In addition,

histone modifications—activation (H3K4me1 and H3K4me3) as well as silencing marks

(H3K27me3)—at distal promoters were telomere length-dependent. These demonstrate

that transcription, and the epigenetic state, of telomere-distal promoters can be influenced

by telomere length. Molecular links between telomeres and the extra-telomeric genome,

emerging from findings here, might have important implications in telomere-related physiol-

ogy, particularly ageing and cancer.

Author summary

Telomeres (special DNA-protein assemblies that protect chromosome ends) affect ageing

and diseases such as cancer. Although this has been recognized for many years, biological

processes that connect telomeres to ageing, cancer and other cellular functions remain to

be fully understood. Certain proteins, believed to be only telomere-associated, engage
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DNA outside telomeres. This raises an interesting question. Does telomere length influ-

ence how telomere-binding proteins associate with DNA at regions distal from telomeres.

If so, how does this impact function? Motivated by these questions, in the present studies

we tested if extra-telomeric binding of the well-known telomere-repeat-binding-actor-2

(TRF2) depends on telomere length. Our results show that the level of DNA-bound TRF2

at telomere-distal sites changes as telomeres shorten or elongate. Consequently, TRF2-

mediated gene regulation affects many genes. Notably, histone modifications that dictate

chromatin compaction and access to regulatory factors, at sites distant from telomere

ends also depended on telomere length. Together, this links the state of telomeres to gene

regulation and epigenetics directly in ways not previously appreciated that might impact a

more complete understanding of molecular processes underlying ageing and cancer.

Introduction

The shelterin complex comprises a group of proteins that confer stability to telomeres[1–

6]. Components of shelterin and other telomeric proteins, for example, RAP1, TRF1 and

TRF2, and POT1 have been extensively studied in telomere homeostasis[7–10], DNA rep-

lication[11–15], repair and genomic stability[16–21]. Previous findings implicate shel-

terin members in non-telomeric functions related to their presence at distal regions

outside telomeres[22–29]. Telomere-independent RAP1 was reported to influence global

gene expression through associations with extra-telomeric DNA[23] and also by directly

associating with the IkappaB kinase complex thereby inducing NFKappaB-dependent

gene expression[24,30]. In addition to RAP1 engaging non-telomeric DNA, another shel-

terin component TRF2[31] was detected to bind DNA in about 200 sites genome wide

[25,26]. Furthermore, TRF2-mediated transcription regulation was reported for PDGFR-
beta[27] and recently promoter-binding of TRF2 was reported to repress the cyclin-

dependent kinase p21 (CDKN1A/CIP1/WAF1) through TRF2-dependent recruitment of

the REST-LSD1 repressor complex[28].

Together these implicate functions of shelterin proteins beyond telomeres. They also,

contextually, raise the question about whether and how shelterin components might link

telomeres to non-telomeric cellular functions. Herein we ask this question specifically

focusing on TRF2. We examined telomeric and non-telomeric TRF2 occupancy in human

cells with short vis-à-vis long telomeres. Proportional increase in TRF2 occupancy at telo-

meres was evident in cells with enhanced telomere length consistent with a previous

report[32]. Importantly, TRF2 occupancy was significantly depleted at many non-telo-

meric promoter sites across the genome in cells with elongated telomeres. The promoters

were located at varying distances from telomere ends ranging from ~3 to 60 Mb. In addi-

tion, reduced promoter TRF2 occupancy in cells with elongated versus short telomeres

resulted in altered gene expression. We noted that epigenetic histone modifications at the

promoters, though remote from telomeres, were dependent on telomere length; that is,

increase (or decrease) in activation marks H3K4me1/H3K4me3, (along with reduction

(or increase) in H3K27me3) in respective promoters consistent with activation/repression

of the gene was observed in all cases. Functionally, this shows TRF2-mediated transcrip-

tion dependent on TRF2 promoter occupancy in cells with elongated/short telomeres.

Taken together, these findings suggest that epigenetic changes and transcription at pro-

moters remote from telomeres are telomere-length dependent.

Telomere-dependent transcription at distal gene promoters
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Results

TRF2 binding at many promoters affects gene transcription

We sought to test TRF2 occupancy at sites distal to telomeres in cells with short vis-à-vis long

telomeres. For this 8 gene promoters with extra-telomeric TRF2 binding reported by us and

others were taken[26–28,33].In addition, another 15 gene promoters with putative TRF2 bind-

ing sites were randomly selected from TRF2 ChIP-seq in HT1080 cells such that the genes

were located at varying distances from telomeres (~2 to 60 Mb from nearest telomere) and had

TRF2 occupancy within 1.5 Kb of transcription start sites (TSS) (Fig 1A and S1 Table). Signifi-

cant TRF2 occupancy was first confirmed at all the 23 promoters by ChIP-qPCR in fibrosar-

coma HT1080 and normal human fibroblast MRC5 cells, with the exception of LINC01136
promoter, which was not enriched for TRF2 occupancy in MRC5 cells (Fig 1B and 1C). No

TRF2 occupancy was found within 7 negative control regions (CTCF, GAPDH, b-actin, Synap-
sin and STAT2 promoters and 3’UTRs of p21 and SAMD14) in HT1080 and MRC5 cells (Fig

1B and 1C and S1A Fig).

TRF2 silencing by siRNA resulted in significantly altered expression of most target

genes in both the cell types. Expression of all the 23 target genes changed in HT1080 cells

(Fig 1D and S1B Fig); 20 genes were up-regulated and two genes PDGFR β and WRNIP1
were down-regulated (OPN4 did not change significantly; PDGFR β decrease on TRF2

silencing in cancer cells was also noted earlier[27]). In MRC5 cells, out of 22 target genes

(due to lack of promoter TRF2 occupancy in MRC5 cells LINC01136 was excluded)

expression of 18 genes altered significantly (Fig 1E and S1B Fig; differential expression of

CHRM2, OPN4, PDGFR β and PSMA8 was not significant). WRNIP1 down-regulation

was consistent in both cells lines. Increase in p21 and RPA2 expression in both cell lines

on TRF2 silencing was consistent with previous reports[26,28] and OPN4 did not show

significant change in expression in either cell line. Expression of negative control genes

CTCF, b-actin, Synapsin and STAT2 did not change significantly upon TRF2 silencing in

both cell types (Fig 1D and 1E and S1C Fig).

TRF2 occupancy at promoters remote from telomeres is significantly

altered in cells with short versus long telomeres

We first checked whether cells with long telomeres have more telomere-bound TRF2. The iso-

genic line of HT1080 cells with enhanced telomeres reported earlier[32] was used (designated

as cells with long telomeres HT1080-LT cells in following text). We confirmed HT1080-LT

cells had elongated telomeres compared to HT1080 cells (from ~4.5 Kb in HT1080[32,34,35]

cells to average telomere length of ~8–9 Kb in LT cells; S2A and S2B Fig). Expression of both

hTERT and hTERC genes, and telomerase activity was enhanced in HT1080-LT cells reaffirm-

ing the reported telomere elongation phenotype (S2C Fig). HT1080-LT cells with elongated

telomeres had relatively more TRF2 occupancy at telomeres compared to HT1080 cells consis-

tent with the earlier finding[32] (Fig 1F and 1G, S2D Fig). Total cellular and chromatin-bound

TRF2 was roughly similar in HT1080-LT and HT1080 cells, and TRF2 in the nucleoplasm was

significantly low compared to chromatin-bound TRF2 for the same amount of protein lysate

suggesting nuclear TRF2 was mostly bound to chromatin (S2E Fig). TRF2 expression in whole

cell lysate was found to be similar in HT1080 and HT1080-LT cells (S2F Fig).

Binding of TRF2 at the 23 target promoter sites validated earlier (Fig 1B) was compared in

HT1080 cells with short versus long telomeres. TRF2 occupancy was significantly altered in

cells with long telomeres in 17 of the 23 promoters. Notably, in all the 17 cases promoter TRF2

occupancy was depleted in HT1080-LT vis-à-vis HT1080 cells (Fig 1H). TRF2 occupancy did
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not change detectably in case of KCNH2, LINC01136, PSMC2, PTPN11, RYR2 and SMAD7;

CTCF and GAPDH promoters with no TRF2 binding were used as negative controls.

To further test this we next used non-cancerous normal fibroblast MRC5 and correspond-

ing isogenic cells with longer telomeres (made using a different mode of telomere elongation

[36]). Repeated treatment of MRC5 cells with G-rich terminal oligonucleotides (GTR) over

multiple passages (S3A Fig) resulted in telomere elongation as reported earlier[36]. We found

~2-3-fold elongation of telomeres in cells sequentially fed with GTR for either 7 or 14 cycles

(oligo-fed OF7 or OF14 cells, respectively). Telomere elongation was from about 9 Kb in case

of MRC5 cells[37] to average telomere length of either 18 Kb (MRC-OF7) or 27 Kb

(MRC5-OF14) (Fig 2A and 2B and S3B Fig). Accordingly, increase in expression of hTERT
and hTERC and enhanced telomerase activity was observed (S3C and S3D Fig).

Increase in telomere-bound TRF2 was found in the cells with long telomeres (OF7, OF14)

relative to untreated MRC5 cells (Fig 2C and 2D, S3E Fig). Chromatin-bound TRF2 did not

show significant difference in MRC5, MRC5-OF7 and MRC5-OF14 cells. In addition, similar

to HT1080 cells, we noted that free TRF2 in the nucleoplasmic fraction in all the three lines

was low compared to chromatin-bound TRF2 for the same amount of protein lysate suggesting

nuclear TRF2 was largely bound to chromatin (S3F Fig). However, we noted ~15–20%

increase in nucleoplasmic and total TRF2 in telomere-elongated MRC5 cells (S3F and S3G

Fig).

Next, we asked whether non-telomeric TRF2 occupancy varied in cells with short versus

long telomeres in MRC5 cells. We tested the 22 target promoters with significant TRF2 occu-

pancy validated earlier in MRC5 cells (Fig 1C). In 19 of the 22 promoters TRF2 binding was

significantly depleted in cells with long telomeres compared to untreated MRC5 cells with

short telomeres (Fig 2E), similar to the observations in HT1080 cells. In case of OPN4, PSMC2
and PTPN11 altered TRF2 occupancy was not significant. Together, results obtained in

HT1080 and MRC5 cells suggest that TRF2 occupancy at sites distal to telomeres was influ-

enced by the length of telomeres.

Transcription of the cyclin-dependent kinase p21 (CDKN1A/CIP1/WAF1)

is telomere length dependent

We recently reported that p21 was transcriptionally repressed by TRF2[28]. Here we asked if

altered TRF2 binding in cells with elongated telomeres affected p21 expression. Because of

reduced occupancy of TRF2 at the p21 promoter in HT1080-LT cells (Fig 1H), we observed

that p21 promoter activity as well as mRNA and protein levels were enhanced in HT1080-LT

compared to HT1080 cells with shorter telomeres (Fig 3A). Transient over expression of

hTERT and hTERC in HT1080 cells did not affect TRF2 occupancy at the p21 promoter or p21

Fig 1. Significantly altered TRF2 occupancy at non-telomeric sites in cells with short versus long telomeres. A. Distance of selected promoters from nearest

telomere end. Gene promoters with TRF2 binding sites (within 1.5 kb of transcription start sites (TSS)) selected from replicate ChIP-seq studies (raw data publicly

available-SRA 304653) and published reports of extra-telomeric occupancy of TRF2. B-C. Promoter occupancy of TRF2. TRF2 occupancy at gene promoters was

checked by ChIP-qPCR in HT1080 (B) and MRC5 cells (C). CTCF and GAPDH promoters with no TRF2 binding within +/- 5 kb of TSS were used as negative

controls. Error bars indicate ± SD from three independent experiments; significance was tested by paired T-test -� <0.05; ��<0.01. D-E. TRF2 silencing

transcriptionally affects gene expression. Effect of TRF2 silencing on gene promoters was tested in HT1080 (D) and MRC5 cells (E). CTCF was used as a negative

control gene; normalized with respect to GAPDH expression. Error bars indicate ± SD from three independent experiments; significance was tested by paired T-test -�

<0.05; ��<0.01. F-G. HT1080-LT cells with long telomeres have more telomeric TRF2 occupancy in comparison to HT1080 cells. ChIP with TRF2 antibody (or

isotypic control) was followed by PCR using telomere-specific primer (TEL-PCR) in HT1080 and HT1080-LT cells (F). Input samples and TEL-PCR products were

blotted on membrane and hybridized with telomere-specific probes. Quantification of three independent dot blot assays (G). Error bars indicate ± SD from three

independent experiments; significance was tested by paired T-test -� <0.05; ��<0.01. H. Significantly reduced TRF2 occupancy at gene promoters in cells with long

telomeres. TRF2 occupancy at many promoters was lower in HT1080-LT cells compared to HT1080 cells. CTCF and GAPDH promoters with no TRF2 binding within

+/- 5 kb of TSS were used as negative controls. Error bars indicate ± SD from three independent experiments; significance was tested by paired T-test -� <0.05;
��<0.01.

https://doi.org/10.1371/journal.pgen.1007782.g001
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Fig 2. Altered promoter TRF2 occupancy in normal fibroblast cells with long or short telomeres. A-B. Telomere elongation. Telomere elongation in MRC5

cells was confirmed by flow-FISH using FITC-tagged telomere-specific probes following treatment with G-rich terminal repeat (GTR) oligonucleotides for

either 7 (MRC5-OF7), 14 (MRC5-OF14) cycles or without treatment (MRC5) (A); also see Supplementary S2A Fig. Relative telomere length was quantified by

three independent flow-FISH experiments (B). Error bars indicate ± SD from three independent experiments; significance was tested by paired T-test -� <0.05;
��<0.01. C-D. MRC5 cells with long telomeres have more telomeric TRF2. ChIP with TRF2 antibody (or isotypic control) was followed by PCR using

telomere-specific primers in MRC5 cells. Input samples and the TEL-PCR products were blotted on a membrane and hybridized with telomere-specific probes

—dot blot assay showing cells with long telomeres have enriched TRF2 occupancy at telomeres in MRC5-OF7 and MRC5-OF14 cells (C). Quantification of

three independent dot blot assays (D). Error bars indicate ± SD from three independent experiments; significance was tested by paired T-test -� <0.05; ��<0.01.

E. Significantly lower TRF2 occupancy at promoters in cells with long telomeres. TRF2 occupancy at multiple promoter sites was reduced in MRC5-OF7

and OF14 cells in comparison to untreated cells. CTCF and GAPDH promoters with no TRF2 binding within +/- 5 kb of TSS were used as negative controls.

Error bars indicate ± SD from three independent experiments. Significance was tested by paired T-test -� <0.05; ��<0.01.

https://doi.org/10.1371/journal.pgen.1007782.g002

Telomere-dependent transcription at distal gene promoters

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007782 November 15, 2018 6 / 24

https://doi.org/10.1371/journal.pgen.1007782.g002
https://doi.org/10.1371/journal.pgen.1007782


Fig 3. Transcription activity of p21 is altered in cells with short vis-à-vis long telomeres. A-B. p21 expression in HT1080-LT and

MRC5 cells. p21 promoter activity, mRNA and protein levels increased in HT1080-LT relative to HT1080 cells (A) and MRC5-OF7/14

compared to untreated MRC5 cells (B). Error bars indicate ± SD from three independent experiments; significance was tested by

paired T-test -� <0.05; ��<0.01. C. Altered transcription of p21 through loss of REST and LSD1 from the p21 gene promoter. Loss

of REST and LSD1 occupancy from p21 promoter in HT1080-LT as compared to HT1080 cells. Error bars indicate ± SD from three

independent experiments; significance was tested by paired T-test -� <0.05; ��<0.01. D. Histone modifications at the p21 promoter

in cells with short/long telomeres. HT1080-LT cells with elongated telomeres had enrichment of activating histone marks, H3K4me1

and H3K4me3, and reduction in the suppression histone mark H3K27me3. Error bars indicate ± SD from three independent

experiments; significance was tested by paired T-test -� <0.05; ��<0.01.

https://doi.org/10.1371/journal.pgen.1007782.g003
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expression (S4A–S4C Fig). Therefore, it is unlikely that change in p21 expression was due to

any indirect effect of hTERT and/or hTERC expression used for inducing telomere elongation

in HT1080 cells. Increase in p21 promoter activity, mRNA expression, and p21 protein levels

was also found in MRC5-OF7 and OF14 cells with long telomeres relative to untreated MRC5

cells (Fig 3B) consistent with reduced TRF2 occupancy at the p21 promoter in MRC5 cells

with long telomeres (Fig 2E), supporting similar observations in HT1080 cells.

Together these demonstrate that regulation of p21 by TRF2 is dependent on whether cells

have long or short telomeres showing expression of a gene remote from telomeres (~36 Mb)

can be affected by telomere length.

TRF2-dependent recruitment of the RE-1 silencing transcription factor (REST) and lysine-

specific demethylase 1 (LDS1) at the p21 promoter was observed by us earlier[28]. Along with

reduced TRF2 occupancy, REST and LSD1 binding at the p21 promoter was significantly

depleted in HT1080-LT when compared to HT1080 cells (Fig 3C and S5A and S5B Fig). On

the other hand, REST occupancy at the Synapsin promoter (S1A Fig) was not different in

HT1080/HT1080-LT cells (S5A Fig) indicating that TRF2-independent REST binding was not

affected by telomere length. The CTCF promoter with no reported REST occupancy was used

as a negative control (S5A Fig).

Because loss of REST and LSD1 was expected to affect the epigenetic state we analyzed the

presence of activating (H3K4me1 and H3K4me3) and silencing (H3K27me3) histone modifi-

cations at the p21 promoter. In HT1080-LT cells there was a significant increase in both activa-

tion marks H3K4me1 and H3K4me3; and reduction in suppressor mark H3K27me3 (Fig 3D).

Together these argue for TRF2-dependent epigenetic changes at the p21 promoter that are sen-

sitive to telomere length.

TRF2-mediated expression of many genes across the genome are influenced

by telomere length

We checked whether telomere length altered the expression of genes other than p21.

Expression of 13 out of 16 genes (excluding p21 described above), where promoter TRF2

occupancy was earlier observed to be depleted in HT1080-LT (Fig 1H), was significantly

up or down regulated in HT1080-LT versus HT1080 cells (Fig 4A). This was consistent

with the effect expected from TRF2 silencing in HT1080 cells (Fig 1D) and, therefore,

likely from reduced promoter TRF2 occupancy in cells with long telomeres. In five pro-

moters where TRF2 occupancy did not change in HT1080-LT/HT1080 cells expression of

corresponding genes also remained unaltered (KCNH2, LINC01136, PTPN11, RYR2 and

SMAD7). Altered PSMC2 expression was observed though TRF2 binding remained

unchanged in HT1080-LT/HT1080 cells whereas CHRM2 and PDE3A expression did not

change despite altered TRF2 binding in short/long telomere HT1080 cells (Fig 1H). In

contrast to the other target genes, PDGFRβ and WRNIP1 were down-regulated on TRF2

silencing (Fig 1D) suggesting TRF2-mediated activation. This was consistent with loss of

promoter TRF2 occupancy in HT1080-LT relative to HT1080 cells giving down-regula-

tion of PDGFRβ and WRNIP1 (Fig 4A).

To test whether the differential expression of 14 genes (including p21) in HT1080-LT cells

was sensitive to hTERT/hTERC we overexpressed hTERT and/or hTERC. Expression of none

of the 14 genes was altered by hTERC whereas two genes ANXA2 (~25% up-regulation) and

TBC1D2B (~20% down-regulation) were altered by hTERT (S6 Fig). In HT1080-LT cells

ANXA2 expression was up-regulated by ~3-fold (Fig 4A) suggesting a combined effect of both

increased hTERT and loss in TRF2 promoter occupancy. TBC1D2B expression, on the other

hand, was up-regulated >3-fold in HT1080-LT cells (Fig 4A).
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Next, we overexpressed TRF2 in HT1080-LT cells to see if the effect of reduced promoter

TRF2 occupancy could be reverted. Fourteen genes with both altered TRF2 occupancy and gene

expression in HT1080/HT1080-LT cells were tested. TRF2 overexpression resulted in suppression

of 11 of the 14 genes in HT1080-LT cells (S7A Fig). PDGFR-beta and WRNIP1 were up-regu-

lated–consistent with TRF2-mediated up-regulation noted for these genes. In case of THRA no

significant change in expression was observed. Furthermore, we compared levels of gene expres-

sion in both HT1080/HT1080-LT cells following TRF2 overexpression. In 10 out of the 14 genes

expression levels were similar (S7B Fig). Higher expression of ANXA2 in HT1080-LT cells was

likely due to increased hTERT (as noted independently on hTERT overexpression, S6 Fig).

Fig 4. Transcription of many genes altered in cells with short compared to long telomeres. A-B. Differential mRNA expression of genes

with altered promoter occupancy of TRF2 in cells with short/long telomeres. mRNA expression was checked by qPCR for genes in which

TRF2 promoter occupancy was reduced in HT1080-LT cells compared to HT1080 cells (A), and MRC5-OF7 or OF14 cells compared to

untreated MRC5 cells (B). CTCF was used as a negative control. Error bars indicate ± SD from three independent experiments; significance

was tested by paired T-test -� <0.05; ��<0.01.

https://doi.org/10.1371/journal.pgen.1007782.g004
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In case of MRC5 cells, out of 21 targets (excluding p21) 19 genes were differentially

expressed in MRC5-OF cells with elongated telomeres relative to untreated MRC5 cells (Fig

4B). Similar to HT1080 cells, for all except two (OPN4 and PMSC2) of the 19 genes, TRF2 pro-

moter occupancy was also significantly reduced in long telomeres (MRC5-OF) compared to

untreated MRC5 cells (Fig 2E). CHRM2 expression did not change though TRF2 binding was

altered in short/long MRC5 cells, as was noted in HT1080 cells. PTPN11 expression remained

unchanged as expected from unaltered TRF2 promoter occupancy in MRC5-OF versus MRC5

cells, which was consistent across both the telomere elongation models.

Epigenetic histone modifications at many promoters remote from

telomeres linked to telomere length

Based on the histone modifications observed at the p21 promoter (Fig 3D), we tested promoter

histone modifications for all the differentially expressed genes in HT1080 cells with long/short

telomeres. For all the 11 genes where telomere elongation resulted in activation (Fig 4A)

enrichment in activation histone modifications (either H3K4me1 or H3K4me3, or both) and/

or depletion in the levels of the repressor modification H3K27me3 was found in HT1080-LT

relative to HT1080 cells (Fig 5A–5C). On the other hand, in case of two genes down-regulated

on telomere elongation—PDGFRβ and WRNIP1—activation histone marks H3K4me1 and

H3K4me3 were either significantly depleted (WRNIP1) or the repressor mark H3K27me3 was

enriched (PDGFRβ) within promoters in HT1080-LT compared to HT1080 cells. Taken

together, in all the 13 genes differentially regulated on telomere elongation (Fig 4A), which

also had reduced promoter TRF2 occupancy in HT1080-LT cells (Fig 1H), we found altered

activation and/or repressor histone modifications within promoters to be consistent with

TRF2-mediated activation or repression of the gene.

TRF2 silencing in HT1080 cells resulted in modifications in H3K4me1, H3K4me3 and

H3K27me3 profiles on gene promoters (S8A–S8C Fig) that was largely consistent with pro-

moter modifications observed in HT1080-LT relative to HT1080 cells (Fig 5). The histone

modifications were also consistent with the differential gene expression on TRF2 silencing in

HT1080 cells (Fig 1C). We further checked occupancy of REST at the 13 promoters that were

sensitive to telomere length and TRF2 occupancy (in addition to p21). Eight out of the 13 pro-

moters had REST occupancy (S9A Fig) and in case of 6 (of the 8) promoters REST occupancy

was altered in HT1080-LT cells with elongated telomeres (S9B Fig).

Discussion

Here we show that transcription of genes remote from telomeres depends on whether telo-

meres are short or elongated. This is mediated through non-telomeric TRF2 binding. Our

results demonstrate that occupancy of TRF2 at telomere-distal gene promoters was relatively

depleted when telomeres were long–consequently, TRF2-mediated transcription was affected.

Notably, the epigenetic state of p21 and many other promoters was dependent on telomere

length, in a fashion consistent with TRF2-mediated up or down regulation of the gene.

Telomere-sequestration and partitioning of TRF2 between telomeric and

non-telomeric sites

TRF2 binding at non-telomeric sites, particularly the extent of occupancy being dependent on

state of telomeres (long/short) appears to be a key factor. As noted earlier, telomere-bound

TRF2 was enhanced in cells with long telomeres[32]. However, total chromatin-bound TRF2

remained largely unaltered in cells with short versus long telomeres (in both HT1080 and
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MRC5 cells–S2E Fig and S3F Fig). Therefore, we postulated, enhanced telomeric TRF2 bind-

ing in cells with long telomeres may deplete TRF2 from non-telomeric sites. In contrast, in

cells with short telomeres non-telomeric sites are likely to have more TRF2 occupancy relative

to long telomeres. This was the case in both HT1080 and MRC5 cells (Fig 1H and Fig 2E).

Fig 5. Promoter epigenetic modifications altered in cells with short versus long telomeres. A-C. Promoter occupancy H3K4me1 (A),

H3K4me3 (B) and H3K27me3 (C) in HT1080-LT relative to HT1080 cells. Error bars indicate ± SD from three independent experiments;

significance was tested by paired T-test -� <0.05; ��<0.01.

https://doi.org/10.1371/journal.pgen.1007782.g005

Telomere-dependent transcription at distal gene promoters

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007782 November 15, 2018 11 / 24

https://doi.org/10.1371/journal.pgen.1007782.g005
https://doi.org/10.1371/journal.pgen.1007782


These argue for a model where TRF2 occupancy is partitioned between telomeric and non-

telomeric sites. As a result, telomeric sequestration of TRF2 in cells with long telomeres

restricts TRF2 binding at non-telomeric sites (Fig 6).

The number of TRF2 molecules/cell was reported to be ~50000 to 140000 depending on the

cell type [38]. For HT1080 cells (mean telomere length of ~4.5 Kb[34,35]) ~69000 telomeric

TRF2 binding sites are expected (S1 Text), which appears to be in the range of estimated TRF2

molecules/cell. Upon telomere elongation (to ~10 Kb) about 2-fold more TRF2 molecules are

likely to be required for telomeric binding. However, TRF2 levels remained roughly similar in

HT1080/HT1080-LT cells (S2D Fig). The affinity of TRF2 for telomeric/non-telomeric sites

was also similar (S10 Fig). Despite this, we observed telomere-bound TRF2 increases in cells

with longer telomeres consistent with an earlier report[32]. A possible explanation could be

that TRF2 binds to telomeres as part of a larger complex with TRF1, RAP1, TIN2 and POT1

[9,18,38–41]. In addition, RAP1 and TIN2 enhance association of TRF2 to telomeres[41,42].

This, along with the increased number of telomeric TRF2 binding sites in cells with elongated

telomeres might help sequester more TRF2 to the telomeres.

Furthermore, TRF2 was primarily chromatin-bound in HT1080 and MRC5 cells (S2E Fig,

S3F Fig), as also noted earlier[23]. Nucleoplasmic TRF2, though several folds lower than chro-

matin-bound, remained largely invariant in HT1080/HT1080LT cells (S2E Fig). In MRC5

cells, however, TRF2 in the nucleoplasm increased by ~15%, a small but reproducible observa-

tion (S3F Fig). It is not known if this is biologically significant but interaction of TRF2 with

nucleoplasmic proteins such as lamin[29] and other nucleolar factors[43] has been reported.

Fig 6. Telomere sequestration-partition model–non-telomeric versus telomeric TRF2 binding in cells with long vis-à-vis short telomeres. In cells

with long telomeres increase in telomere-bound TRF2 restricts non-telomeric TRF2 occupancy. On the other hand, in cells with short telomeres, more

TRF2 is available for binding at non-telomeric promoter sites. Increased TRF2 binding at promoters in cells with short vis-à-vis elongated telomeres

result in altered chromatin histone modifications and influence transcription.

https://doi.org/10.1371/journal.pgen.1007782.g006
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Further, nuclear lamin A was noted to be positively correlated with telomere length[44,45].

Therefore, it is possible that the higher nucleoplasmic TRF2 in telomere elongated MRC5 OF

cells might be due to more lamin-bound TRF2.

Promoter epigenetic changes are related to telomere length

Decrease in non-telomeric promoter TRF2 occupancy when telomeres are long induces, in

most cases studied here, permissive chromatin (enriched H3K4me1/me3 and reduced

H3K27me3 modifications; Fig 5A–5C, Fig 6). TRF2-mediated recruitment of the histone mod-

ification factors REST/LSD1 resulting in repression of p21 was noted earlier[28]. Based on

this, loss of TRF2 binding in cells with elongated telomeres gave reduced REST/LSD1 occu-

pancy at the p21 promoter (Fig 3C). As a result, active histone modifications at the p21 pro-

moter increased (and repressor modifications decreased) in cells with long vis-à-vis short

telomeres (Fig 3D). In addition to p21, 8 of the 13 other promoters (sensitive to TRF2 occu-

pancy and telomere length) had REST occupancy. In 6 (of the 8) promoters binding of REST

decreased in HT1080-LT cells with elongated telomeres (S9A and S9B Fig) consistent with the

histone modifications (Fig 5A–5C). It is possible that at the other promoters studied here his-

tone changes result through chromatin modifications factors engaged in TRF2-dependent or

independent ways. Although further work will be required to fully decipher the underlying

mechanisms behind telomere-dependent distal promoter modifications and gene expression,

these results provide early mechanistic support for our observations.

Telomere length and genome-wide gene expression

Telomere-length dependent expression of several genes spread across the genome, and in two

distinct cell types, observed here suggested transcriptome-wide changes may be linked to telo-

meres. To test we analyzed two independent microarray datasets[33,46] from short or elon-

gated telomeres derived from isogenic cell lines. Isogenic background was necessary to limit

confounding results from cell type-specific variations. In human pancreatic cancer PC-3 cells

[46] (telomere elongation within tumors developed in mouse xenografts) analysis of microar-

ray data across four replicates showed 1149 (out of 1461, ~78%) significantly differentially

expressed genes (2-fold, p<0.05) were located beyond 10 Mb of telomeres (S11 Fig). Similarly,

analysis of telomere-elongated versus control myoblast cells33 revealed >80% of the differen-

tially regulated genes were distal to telomeres (2-fold, p<0.05; S11 Fig). These support our

results obtained from a selected number of genes suggesting telomere length-dependent

expression of genes are likely to be genome wide.

Looping of telomeres to interstitial sites, referred to as interstitial t-loops, mediated through

TRF2 and lamin associations has been reported[29,47]. More recently, looping of the chromo-

some 5p telomere to the telomerase (hTERT) promoter 1.1 Mb from the telomeric end[48]

was shown to result in presence of telomere-bound TRF2 at the hTERT promoter. Accord-

ingly, TRF2 occupancy at the hTERT promoter was enriched in cells with long telomeres and

reduced when telomeres were short and therefore less likely to have looping interactions. Both

looping models (t-loop and hTERT-telomere) suggest enhanced non-telomeric TRF2 binding

in case of long telomeres. In contrast, in the present study, we found loss in promoter TRF2

occupancy in cells with long telomeres. Conversely, for short telomeres, TRF2 occupancy at

promoters was enriched. Since almost all the promoters were distal (tens of Mb mostly) to telo-

meres, this suggests TRF2 binding at non-telomeric sites may be distinct from the telomere

looping mechanisms proposed earlier.

Telomere-dependent transcription of genes distal to telomeres shown here also appear dis-

tinct from the epigenetic phenomenon called telomere positioning effect (TPE) through which
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promoters close to the sub-telomeric regions remain silenced[49–51]. Extensively studied in

the budding yeast TPE was reported to be primarily due to deacetylation of sub-telomeric

nucleosomes by Rap1-mediated recruitment of SIR proteins[51]. DUX4, C1S, ISG15 and

SORBS2 expression, located up to 10 Mb from telomeres, were also shown to depend on TPE

but by a slightly different mechanism possibly involving telomeric looping to chromatin near

these genes called TPE-OLD (over long distances)[33,52–54]. Accordingly, we noted TRF2

binding was enriched at the ISG15 and C1S promoters in cells with relatively long telomeres

(HT1080-LT and MRC5-OF cells; S12A and S12B Fig). This, again, was in contrast to loss of

TRF2 occupancy found at the distal promoters in cells with elongated telomeres–and, there-

fore, unlikely to be due to telomere looping.

Role of other telomeric factors in non-telomeric TRF2 function

Binding of TRF1 was reported at non-telomeric sites and in several instances in association

with TRF2[25]. We checked for TRF1 binding within the 14 promoters where both change in

TRF2 promoter occupancy and altered gene expression was observed in HT1080-LT cells with

elongated telomeres. While TRF1 occupancy at the reported non-telomeric sites (HS3ST4 and

CLIC6)[25] was retained, no significant TRF1 binding was observed within the 14 promoters

in both HT1080 and HT1080-LT cells (S13 Fig).

Another shelterin factor RAP1 was also found to bind at non-telomeric sites[23,26].

Moreover, TRF2-RAP1 association has been reported[24,38,39,42,55]. Therefore, we

asked whether the non-telomeric function of TRF2 reported here was RAP1 dependent.

Expression of 14 genes that were sensitive to TRF2 was tested following RAP1 silencing.

In all the 14 genes RAP1 silencing did not significantly affect TRF2-mediated expression

(S14 Fig).

The consensus TRF2 binding site identified by the motif search algorithm MEME[56] in

the promoters studied here showed a G-rich motif (S15 Fig). Though constructed from rela-

tively few promoters, presence of the GGG trimer residues was consistent with the consensus

TTAGGG motif within interstitial TRF2 binding sites reporter earlier[25]. Association with

interstitial TTAGGG motifs was also reported for the shelterin protein RAP1 based on ChIP-

seq[23]. For both–TRF2 and RAP1 –extra-telomeric binding, including RAP1-mediated

genome wide transcription changes, was reported[23],[25]. However, whether extra-telomeric

binding (and expression changes) was influenced by telomere length was not tested.

With relative increase in p21 levels in cells with elongated telomeres, we did not notice

much difference in percentage of cells in different phases of cell cycle (S16 Fig). One explana-

tion for this is that in cells with elongated telomeres enhanced levels of hTERT, which is

known to induce cell proliferation[57], might counter the effect of p21 expression. Moreover,

although ageing primary cells with shortened telomeres have increased p21 expression (and

decreased proliferation/senescence) in case of cancer cells, p21 was observed to promote prolif-

eration and oncogenicity in several studies[58–62]. Therefore, further work will be required to

understand how telomere elongation/shortening impacts TRF2-mediated p21 expression and

resultant proliferation/senescence.

Following telomere replication during S phase, TRF2 is recruited to the newly formed telo-

meres to prevent telomeric DNA damage–consistent with the presence of TRF2 in S phase

[63–65]. Therefore, it is possible that during S phase redistribution of TRF2 binding takes

place as telomere length changes in the cells that were used in the present studies. However,

further experiments will be required to test this.

In summary, our results show evidence of the telomeric shelterin protein TRF2 regulating

expression of genes distal to telomeres in a telomere length-dependent way. While gene
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regulation by telomeric factors was reported, whether long or short telomeres had any impact

on gene transcription at distances remote from telomeres was not studied[23,28,33]. Although

based on a selected number of genes, our findings describe involvement of telomeres, in a

mechanistic way through telomere-binding proteins such as TRF2. In addition, we observed

epigenetics and transcriptional changes across the genome that had not been reported previ-

ously. A more complete understanding of this new regulatory mechanism of telomere binding

proteins, might lead to an improved understanding of the molecular processes of how telo-

meres impact cellular physiology, particularly in ageing and cancer.

Material and methods

Cell lines, media and culture conditions

HT1080 fibrosarcoma cell line was purchased from the NCCS, Pune. Immortalized MRC5

cells were received as a gift from NII, New Delhi. HT1080, MRC5 cells and corresponding telo-

mere elongated cells were maintained in Modified Eagle’s medium (MEM) supplemented with

10% Fetal Bovine Serum (FBS). All cultures were grown in incubators maintained at 37˚C with

5% CO2.

Flow-FISH

The Flow-FISH assay for telomere length detection was performed using DAKO Telomere

PNA Kit/FITC codeK5327. Manufacturer’s’ guidelines were followed for assays.

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 (Novus Biologicals NB110-57130), anti-REST (Millipore), ani-LSD1

(CST), anti-H3K4me1, anti-H3K4me3, anti-H3K27me3 (Abcam). anti- TRF1 (TRF 78

Santa-Cruz),Anti-Rabbit IgG/Anti-mouse IgG was used for isotype control in all cell

lines.

TRF2 and RAP1 silencing

HT1080 cells/ MRC5 cells were transfected with TRF2 siRNA oligonucleotides (synthesized

from Eurogenetics Pvt. Limited) /RAP1 pooled siRNA (Santacruz) using lipofectamine 2000

(Invitrogen) transfection reagent according to manufacturer’s instructions. Silencing was

checked after 48 hr of transfection. Pooled SCR siRNA was used as control.

Transfections

TRF2 WT (myc/DDK-tag), hTERT (Flag-tagged) and hTR cDNA cloned in mammalian

expression vector pCMV6 was transfected into HT1080 cells that were 60% confluent using

Lipofectamine 2000 transfection reagent (following the manufacturers’ protocol 2 μg of plas-

mid was used for transfection in a 35 mm well for each case. Expression was checked after 48

hr of transfection.

Luciferase assay

Plasmid (pGL4.73) containing a CMV promoter driving Renilla luciferase was co-transfected

as transfection control for normalization. After 48h, cells were harvested and luciferase activi-

ties of cell lysate were recorded by using a dual-luciferase reporter assay system (Promega).
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Real time PCR

Total RNA was isolated using TRIzol Reagent (Invitrogen, Life Technologies) according to

manufacturer’s instructions. Relative transcript expression level for genes was measured by

quantitative real-time PCR using SYBR Green form Takara.

Dot blot analysis

For dot blot analysis, Genomic/ ChIP DNA was denatured at 95˚C and dot blotted on N

+ hybond membrane (Amersham) in pre-wetted in 2X SSC buffer. Rapid-Hyb buffer (Amer-

sham) was used for blocking and hybridization as per manufacturer’s protocol.

Chromatin and nucleoplasm fractionation assay

Chromatin fractionation assay was carried out as described earlier[66].The nuclear proteins

are extracted by allowing cells to swell in hypotonic buffer and then disrupting the cells this is

followed by removal of cytoplasmic fraction and using various combinations of low and high

salt buffers nuclear proteins are released from nuclei.

Western blotting

For western blot analysis, protein lysates were prepared by suspending cell pellets in 1X cell

culture lysis buffer (Promega). Protein was separated using 12% SDS-PAGE and transferred to

polyvinylidene difluoride membranes (Immobilon FL, Millipore). Primary antibodies- anti-

TRF2 antibody (Novus Biological), anti-p21antibody (Cell signaling technology) and anti-β-

actin/anti-GAPDH antibody (Sigma), anti-H2A (abcam). Secondary antibodies, anti-mouse

and anti-rabbit alkaline phosphatase conjugates were from Sigma. The blot was finally devel-

oped by using Thermo Scientific Pierce NBT/BCIP developing reagents.

TRAP assay for Telomerase activity

The assays were performed using TELO TAGG kit from ROCHE with adherence to manufac-

turer’s protocol. TRAP assay was performed using TeloTTAGG PCR ELISA kit from ROCHE

catalog no.-11854666910. In this assay test cell lysate was used as the source for telomerase is

provided PCR conditions allowing telomerase activity on biotinylated TS template. This reac-

tion is followed by overall amplification. The amplified product is quantified by ELISA using

Anti-DIG POD antibody performed on Streptavidin coated plate provided within the kit.

Protein purification

Recombinant TRF2 was purified following expression in E. coli. Briefly, transformed cells were

inoculated into 5 ml culture with Ampicillin (100 μg/ml) at 37˚C overnight in a shaker incuba-

tor. 1 ml culture was inoculated with 500 ml fresh LB/Ampicillin and allowed to grow till OD

of 0.6–0.8 units (at 600 nm wavelength). Following induction with 0.1 mM final concentration

overnight at 18˚C the culture was pelleted and sonicated in lysis buffer. 200 ul his-pure nickel

NTA beads (Thermo Scientific) were added and incubated at 4˚C on a rotatory shaker. Beads

were washed consecutively with a 20 ml solution of 20–60 mM imidazole, and protein was

eluted with 4 ml of 250 mM imidazole solution. Protein was concentrated along with buffer

exchange to remove imidazole using Millipore 15 ml, 30 KDa concentrator columns. Purified

protein was quantified by the BCA method (Thermo scientific BCA kit).
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ELISA assay

384-well streptavidin coated pre-blocked plates from Thermo Scientific (Pierce) were used for

ELISA assay. Biotinylated oligonucleotides (IDT) were diluted to 5 picoM in 1X PBST buffer

and loaded into each well, incubated at 37˚C for 2 hours and washed 3 times with 1X PBST

buffer. Purified TRF2 diluted in 1X PBST buffer was incubated with oligonucleotides for 2

hours at 4˚C, washed 5 times with 1X PBST buffer, anti-TRF2 antibody (Novus NB110-57130)

was added 1:1000 dilution (30 ul per well) and incubated for 1 hr at room temperature. Wells

were washed five times with 1X PBST, 10 ul BCIP/NBT substrate was added to each well and

absorbance was recorded at 610 nm using TECAN multimode reader. Two controls were used

in ELISA assay to subtract background binding of antibody and protein. Protein negative con-

trol: except TRF2 protein all other reagents were added to determine the background binding

of antibodies. Oligonucleotide negative control: except oligonucleotide, all other reagents

along with increasing concentration of protein were added to determine background binding

of the protein. The absorbance obtained from control wells were used for normalization and

data analyzed using GraphPad Prism7.

BrdU Incorporation assay

Assay was performed using FITC BrdU Flow Kit from BD Pharmingen using manufacturer

provided protocol.

Supporting information

S1 Fig. A. TRF2 occupancy at sites with no reported TRF2 binding (negative control loci) in

HT1080 and MRC5 cells.

B. Western blots to confirm TRF2 silencing in HT1080 and MRC5 cells

C. Expression of negative control genes upon TRF2 silencing

Error bars represent ± SD from three independent experiments.

(TIF)

S2 Fig. A. Telomere elongation in HT1080-LT cells was confirmed by Flow-FISH using fluo-

rescently labeled telomere-specific probes. Relative telomere length was quantified by three

independent Flow-FISH experiments. Error bars indicate ± SD from three independent exper-

iments; significance was tested by paired T-test -� <0.05; ��<0.01.

B. HT1080-LT cells harbor increased telomeric DNA. Dot blot showing telomeric probe

intensity, quantification in the frame on right (normalized to Alu) for HT1080-LT and

HT1080 cells; error bars indicate ± SD from two independent experiments.

C. HT1080-LT cells have higher hTERT / hTERC expression and telomerase activity.

HT1080-LT cells with increased hTERT and hTERC levels (determined by qRT-PCR) and telo-

merase activity as determined by quantitative real-time TRAP (telomerase repeat amplifica-

tion). Error bars indicate ± SD from three independent experiments. Significance was tested

by paired T-test -� <0.05; ��<0.01

D. HT1080-LT cells have higher telomeric TRF2 occupancy. Dot blot showing telomeric

probe intensity in 1% Input, ChIP and Mock(IgG) samples in HT1080 and HT1080-LT cells.

E. TRF2 in nucleoplasm fraction and chromatin bound-TRF2 similar in HT1080 and HT1080-

LT cells. Nuclear TRF2 levels were comparable in chromatin as well as nucleoplasm fraction in

HT1080-LT and HT1080 cells. quantification in the frame on right (normalized to beta actin) for

HT1080-LT and HT1080 cells; error bars indicate ± SD from two independent experiments.

F. TRF2 in whole cell lysate was similar in HT1080 and HT1080-LT cells.

Quantification in the frame on right (normalized to beta actin) for HT1080-LT and HT1080 cells;
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error bars indicate ± SD from two independent experiments.

(TIF)

S3 Fig. A. Scheme showing steps followed in generating cells with artificially elongated

telomere. Cells were treated with G-rich terminal repeats (GTR) [(TTAGGG)4 100 mM] oli-

gonucleotides in serum free media. After the treatment, GTR containing media was removed

after 6 hrs, followed by media wash twice and cells were grown for 24 hrs before splitting.

Cycles were repeated to obtain cells with desired number of oligonucleotide feeding (OF).

B. MRC5 oligo-fed cells with increased telomeric DNA. Dot blot showing telomeric probe

signal (normalized to Alu; quantification in the right frame) in MRC5-untreated and oligo-fed

cells (OF7,OF14). Error bars indicate ± SD from two independent experiments.

C. MRC5 oligo-fed cells (OF7, OF14) show enhanced hTERT and hTERC (determined by

qRT-PCR). Error bars indicate ± SD from three independent experiments; significance was

tested by paired T-test -� <0.05; ��<0.01.

D. Relative telomerase activity of MRC5-untreated and OF7 or OF14 cells determined by

quantitative real time TRAP assay in three technical replicates.

E. MRC5 oligo-fed cells have higher telomeric TRF2 occupancy. Dot blot showing telomeric

probe intensity in 1% Input, ChIP and Mock(IgG) samples MRC5-untreated and oligo-fed

cells (OF7,OF14).

F-G. TRF2 in nucleoplasm fraction, chromatin bound-TRF2 (F) and whole cell lysate(G) in

MRC5-untreated and OF7 or OF14 cells. Quantification in the frame on right (normalized to

beta actin); error bars indicate ± SD from two independent experiments.

(TIF)

S4 Fig. Telomerase over expression does not change promoter TRF2 occupancy and p21

regulation. Upon transient overexpression of hTERT and hTERC in HT1080 cells, there was

no significant change in TRF2 occupancy at the p21 promoter and p21 expression.

A. Over expression of hTERT and hTERC was confirmed by qRT PCR in HT1080 cells.

B. TRF2 occupancy on p21 promoter was checked in cells over expressing hTERT and hTERC
C. p21 expression was checked in cells over expressing hTERT and hTERC
Error bars in all cases indicate ± SD from two independent experiments.

(TIF)

S5 Fig. A. REST ChIP samples in HT1080 and HT1080-LT cells tested for occupancy at

Synapsin promoter (positive control for REST ChIP); p21 promoter and CTCF promoter (neg-

ative control locus for REST ChIP).

B. LSD1 ChIP samples in HT1080 and HT1080-LT cells tested for occupancy at p21 promoter

and CTCF promoter (negative control locus for LSD 1 ChIP).

Error bars indicate ± SD from three independent experiments; significance was tested by

paired T-test -� <0.05; ��<0.01.

(TIF)

S6 Fig. A. Expression of TRF2 target genes in HT1080 cells with independent or combined

hTERT and hTERC over expression

B. Over expression of hTERT and hTERC was confirmed by qRT PCR in HT1080 cells.

Error bars in all cases indicate ± SD from three independent experiments.; significance was

tested by paired T-test -� <0.05; ��<0.01.

(TIF)

S7 Fig. A. Effect of TRF2 over expression on genes with telomere length-dependent TRF2

occupancy in HT1080-LT cells.
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B. Comparison of gene expression in HT1080 and HT1080-LT cells following TRF2 over

expression

C. Confirmation of TRF2 over-expression in HT1080 and HT1080-LT cells by qPCR.

Error bars indicate ± SD from three independent experiments; significance was tested by

paired T-test -� <0.05; ��<0.01.

(TIF)

S8 Fig. Comparison of histone marks H3K4me1 (A), H3K4me3(B) and H3K27me3(C) in

TRF2 silenced condition versus scrambled control in HT1080 cells. Error bars indicate ± SD

from two independent experiments.

(TIF)

S9 Fig. A. REST occupancy at gene promoters in HT1080 cells.

B. Comparison of REST occupancy at gene promoters in HT1080 and HT 080-LT cells.

Error bars indicate ± SD from two independent experiments.

(TIF)

S10 Fig. Binding of recombinant TRF2 affinity with extra-telomeric binding sites within

promoters of indicated genes and the telomeric sequence.

(TIF)

S11 Fig. Differential expression of genes in PC-3 tumors or myoblast cells with elongated

telomeres relative to respective control cells reanalyzed from publicly available microarray

data (Seimiya et al., 2013, Shay et al., 2014). Differential expression was analyzed using

GEO2R package provided by Gene Entry Omnibus for both the datasets. For GSE41559, cells

with long and short telomeres with basal TERT (four replicates each) was analyzed using two-

fold change cutoff at p<0.05. For GSE99552, myoblast cells with long and short telomeres

(three replicates each) was analyzed using two-fold change cutoff at p<0.05. Annotation of

gene location was done using publicly available tool DAVID 6.8 (Huang et al, 2009) using

Refseq genes mapped on to hg19 genome assembly.

(TIF)

S12 Fig. TRF2 occupancy at sub-telomeric sites sensitive to telomere looping interactions.

TRF2 occupancy at gene promoter sites reported for sub telomeric looping was checked

HT1080 cells and HT1080-LT cells (A) and MRC5 OF cells (B).

Error bars indicate ± SD from three independent experiments. significance was tested by

paired T-test -� <0.05; ��<0.01.

(TIF)

S13 Fig. TRF1 occupancy on gene promoters in HT1080 and HT1080-LT cells (top panel).

Internal telomeric repeats within HS3ST4 and CLIC6 genes reported to bind TRF1 were used

as positive control for TRF1 ChIP (bottom panel). Error bars indicate ± SD from three inde-

pendent experiments.

(TIF)

S14 Fig. A. Effect of RAP1 silencing on TRF2-mediated gene expression.

B. Confirmation of TRF2 over expression and RAP1 knockdown by qRT PCR

Error bars indicate ± SD from two independent experiments.

(TIF)

S15 Fig. Motif search in ChIP PCR validated regions on target promoters. A. Consensus G-

rich motif detected by MEME application for motif discovery within gene promoters validated

for TRF2 binding
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B Individual motif sequences, distance of motif from TSS and significance of motif detection

as obtained from MEME for gene promoters with differential promoter TRF2 occupancy in

cells with short vs long telomeres. (detected motif nearest to the TSS have been shown).

(TIF)

S16 Fig. Distribution of cells in G1, S and G2/M phases (as percentage of total cells) in

HT1080 and HT1080-LT cells as estimated by BrdU Incorporation assay.

(TIF)

S1 Table. TRF2 occupancy at interstitial gene promoters and their distance form telomere

ends. TRF2 binding sites within 1500 bp upstream of transcription start sites (TSS) were vali-

dated by ChIP-qRT PCR.

(TIF)

S1 Text. Expected number of telomeric TRF2 sites. Number of TRF2 molecules per cell was

noted to be around 50000 to 140000 depending on the cell type (Takai et al. 2010).

TRF2 associates with two units of telomeric TTAGGG repeats as a dimer (Yang et al. 2011;

Lim et al. 2017) suggesting a 6-mer binding motif per TRF2 molecule.

In case of HT1080 cells of mean telomere length of ~4.5 Kb (Chen et al. 2012; Pickett et al.

2009) this would result in ~69000 telomeric TRF2 binding sites.

4500 bp x46(chr) x2 (diploid) = 414000 bp

414000 bp / 6 (6-mer TRF2 binding site) = 69000 telomeric TRF2 binding sites.

(TIF)
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modulates TRF2 attraction to telomeric DNA. Nucleic Acids Res. Oxford University Press; 2015; 43:

2691–2700. https://doi.org/10.1093/nar/gkv097 PMID: 25675958

43. Yuan F, Xu C, Li G, Tong T. Nucleolar TRF2 attenuated nucleolus stress-induced HCC cell-cycle arrest

by altering rRNA synthesis. Cell Death Dis. Nature Publishing Group; 2018; 9: 518. https://doi.org/10.

1038/s41419-018-0572-3 PMID: 29725012

44. Burla R, La Torre M, Saggio I. Mammalian telomeres and their partnership with lamins. Nucleus. Taylor

& Francis; 2016; 7: 187–202. https://doi.org/10.1080/19491034.2016.1179409 PMID: 27116558

45. Gonzalez-Suarez I, Redwood AB, Gonzalo S. Loss of A-type lamins and genomic instability. Cell Cycle.

Taylor & Francis; 2009; 8: 3860–3865. https://doi.org/10.4161/cc.8.23.10092 PMID: 19901537

46. Hirashima K, Migita T, Sato S, Muramatsu Y, Ishikawa Y, Seimiya H. Telomere Length Influences Can-

cer Cell Differentiation In Vivo. Mol Cell Biol. 2013; 33: 2988–2995. https://doi.org/10.1128/MCB.00136-

13 PMID: 23716593

47. Wood AM, Laster K, Rice EL, Kosak ST. A beginning of the end: new insights into the functional organi-

zation of telomeres. Nucleus. Taylor & Francis; 2015; 6: 172–178. https://doi.org/10.1080/19491034.

2015.1048407 PMID: 25961132

48. Kim W, Ludlow AT, Min J, Robin JD, Stadler G, Mender I, 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. Public Library of Science; 2016; 14: e2000016. https://doi.org/10.1371/journal.pbio.

2000016 PMID: 27977688

49. Gottschling DE, Aparicio OM, Billington BL, Zakian VA. Position effect at S. cerevisiae telomeres:

Reversible repression of Pol II transcription. Cell. 1990; 63: 751–762. https://doi.org/10.1016/0092-

8674(90)90141-Z PMID: 2225075

50. Baur J a, Zou Y, Shay JW, Wright WE. Telomere position effect in human cells. Science. 2001; 292:

2075–2077. https://doi.org/10.1126/science.1062329 PMID: 11408657

51. Kueng S, Oppikofer M, Gasser SM. SIR Proteins and the Assembly of Silent Chromatin in Budding

Yeast. Annu Rev Genet. 2013; 47: 275–306. https://doi.org/10.1146/annurev-genet-021313-173730

PMID: 24016189

52. Lou Z, Wei J, Riethman H, Baur JA, Voglauer R, Shay JW, et al. Telomere length regulates ISG15

expression in human cells. Aging (Albany NY). Impact Journals LLC; 2009; 1: 608–621. Available:

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2806043/

53. Stadler G, Rahimov F, King OD, Chen JCJ, Robin JD, Wagner KR, et al. Telomere Position Effect

(TPE) Regulates DUX4 in Human Facioscapulohumeral Muscular Dystrophy (FSHD). Nat Struct Mol

Biol Author Manuscr. 2013; 20: 671–678. https://doi.org/10.1038/nsmb.2571.Telomere

54. Robin JD, Ludlow AT, Batten K, Gaillard M-C, Stadler G, Magdinier F, et al. SORBS2 transcription is

activated by telomere position effect-over long distance upon telomere shortening in muscle cells from

patients with facioscapulohumeral dystrophy. Genome Res. 2015; https://doi.org/10.1101/gr.190660.

115 PMID: 26359233

55. Rai R, Chen Y, Lei M, Chang S. TRF2-RAP1 is required to protect telomeres from engaging in homolo-

gous recombination-mediated deletions and fusions. Nat Commun. 2016; 7: 10881. https://doi.org/10.

1038/ncomms10881 PMID: 26941064

56. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME Suite: tools for motif discov-

ery and searching. Nucleic Acids Res. 2009; 37: W202–W208. Available: http://dx.doi.org/10.1093/nar/

gkp335 PMID: 19458158

57. Cao Y, Li H, Deb S, Liu J-P. TERT regulates cell survival independent of telomerase enzymatic activity.

Oncogene. 2002; 21: 3130–3138. https://doi.org/10.1038/sj.onc.1205419 PMID: 12082628

58. Martı́n-Caballero J, Flores JM, Garcı́a-Palencia P, Serrano M. Tumor Susceptibility of p21Waf1/Cip1-

deficient Mice. Cancer Res. American Association for Cancer Research; 2001; 61: 659–665. Available:

http://cancerres.aacrjournals.org/content/61/16/6234
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