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The Rb1 tumour suppressor gene 
modifies telomeric chromatin 
architecture by regulating TERRA 
expression
I. Gonzalez-Vasconcellos1, R. Schneider2, N. Anastasov3, S. Alonso-Rodriguez1,  
B. Sanli-Bonazzi3, J. L. Fernández1,4 & M. J. Atkinson3

The tumour suppressor gene (Rb1) is necessary for the maintenance of telomere integrity in osteoblastic 
cells. We now show that the compaction of telomeric chromatin and the appropriate histone 
modifications of telomeric DNA are both dependent upon Rb1-mediated transcription of the telomere-
derived long non-coding RNA TERRA. Expression of TERRA was reduced in Rb1 haploinsufficient 
cells, and further decreased by shRNA-mediated reduction of residual Rb1 expression. Restoration 
of Rb1 levels through lentiviral transduction was sufficient to reestablish both transcription of TERRA 
and condensation of telomeric chromatin. The human chromosome 15q TERRA promoter contains 
predicted retinoblastoma control elements, and was able to confer Rb1-dependent transcription 
upon a promoterless reporter gene. Chromatin immunoprecipitation revealed preferential binding of 
phosphorylated over non-phosphorylated Rb1 at the TERRA promoter. As Rb1-deficient cells show 
increased genomic instability we suggest that this novel non-canonical action of Rb1 may contribute to 
the tumour suppressive actions of Rb1.

Osteosarcoma are unusual amongst solid tumours in having a high rate of genomic instability and a propensity 
for developing at sites of prior radiation exposure1,2. Mutation of the Rb1 tumour suppressor gene contributes 
to both of these phenotypic features. Thus, germ-line mutation of RB1 increase the risk of radiation-induced 
osteosarcoma3,4, while inheritance of a haploinsufficient Rb1 allele or deletion of an Rb1 allele in the osteoblastic 
lineage is sufficient to predispose mice to radiation-induced osteosarcoma5. Rb1 dependent radiation-induced 
osteosarcoma show increased chromosome instability that is coupled with accelerated telomere shortening in 
dividing cells4.

A number of proteins co-localize with telomeric DNA to create the shelterin complex. The correct assembly of 
shelterin is essential for the organization and stability of telomeric heterochromatic chromatin and the maintain-
ance of telomere length6. These actions are essential to prevent chromosomal ends from being recognised as DNA 
double strand breaks and a resultant triggering of an inappropriate DNA damage response. In its heterochromatic 
form telomeric chromatin contains histone octamers that are enriched for the hypermethylated lysine residues 
H3K9me3 and H4K20me36,7.

The long non-coding RNA TERRA (Telomere-Repeat-Containing-RNA) is an RNA polymerase II transcript 
from a genomic locus that extends distally from the subtelomeric region into the telomere8–10. TERRA tran-
scripts contain long stretches of transcribed telomeric repeats although the extent of the full length transcripts 
remains unclear10. In common with other long-non-coding RNAs11,12 the TERRA RNA is able to co-localize 
with its transcription site causing it to accumulate at the telomeres10,13, where TERRA forms hybrid DNA:RNA 
structures (R-loops)14,15. The TERRA R-Loops may be instrumental in building the shelterin complex as TERRA 
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can form RNA:Protein complexes with both TRF1 and TRF214. Members of the hnRNP family are also bound 
by TERRA, suggesting that these may anchor TERRA to specific chromatin sites16. Intriguingly, TERRA has also 
been reported to physically interact with the histone methyltransferase SUV39H1 that promotes the telomere 
histone H3K9 methylation within telomere nucleosomes17.

The Rb1-dependent telomeric stability, the interaction between RB1 and SUV39H117, as well as our recent 
demonstration that the lncRNA PARTICLE forms promoter DNA:RNA hybrids that result in local regulates local 
epigenetic marks18, suggest that TERRA may be acting as an Rb1-dependent modulator of telomeric epigenetics. 
We now show that Rb1 indeed influences telomeric integrity through directly regulation of TERRA promoter 
Rb1-dependent modulation of TERRA transcript levels and that ultimately results in structuring of the telomere 
architecture.

Materials and Methods
Primary osteoblast culture.  Osteoblasts were grown from explants of long bone fragments from 2- to 
4-week-old FVB-COL1A1-Cre-Tg ×​ FVB Rb1+/loxP or FVB-COL1A1-Cre-Tg ×​ FVB Rb1+/+ mice as described 
previously19. All animals were housed and sacrificed using facilities approved by the animal welfare committee 
of the State of Bavaria. Breeding, sacrifice and organ removal from mice was conduced with the approved of the 
responsible state authority (Regierung von Oberbayern license number 55.2-1-54-2532-113-2). All experiments 
were performed in accordance with relevant guidelines and regulations. Cells were maintained in Dulbecco’s 
Modified Eagle Medium supplemented with 10% fetal calf serum. After 1 week, the emergent osteoblastic cells 
were passaged to give passage 1 (P1)4.

Chromatin and DNA extraction.  Chromatin was extracted from 1.5 ×​ 106 cells using the ChromaFlash 
Chromatin Extraction Kit (Epigenetek P2001-100). Protein-free “naked” DNA was isolated from 1.5 ×​ 106 cells treated 
for 1 hour at 56 °C in lysis buffer (1 M Tris, 0.5 M EDTA, 5 M NaCl, 1% SDS and dH2O, 50 μ​g/ml proteinase K).

Telomere chromatin condensation assay (TCCA).  Telomere chromatin compaction was evaluated by 
determinining the rates of Bal 31 exonuclease, digestion of native and protein-free genomic DNA following a 
previously described protocol20. In brief, 6 μ​l DNA (500 ng/μ​l) were mixed with 19 μ​l of dH2O, 25 μ​l Bal 31 buffer 
and 1.2 U of Bal 31 nuclease. Digestions were performed at 30 °C for the desired times, followed by inactivation at 
65 °C and lysis in 100 μ​l of lysis buffer containing 50 μ​g/ml of proteinase K. The length of the protected telomeric 
repeats was quantified by real-time qPCR using the Δ​Δ​Ct method20. The dynamics of telomere digestion were 
fitted to the linear-quadratic curve y2 =​ B0 +​ B1x +​ B2x 2 (R2 ≥​ 0.90). A chromatin protection factor (CPF) was 
calculated from the ratio of the Bal 31 digestion rates of chromatin and naked DNA.

TERRA expression.  Total RNA was extracted with the High Pure RNA Tissue kit (Roche diagnostics). 
RNA was treated with RNase-Free DNase (Qiagen) for 1 hour, cleaned and concentrated with RNA Clean & 
Concentrator™​ (Zymo Research) with an additional in-column DNase treatment made prior to elution. Specific 
reverse transcription of TERRA and the U6 control RNA were performed using 10 μ​M of the TERRA specific 
oligonucleotide (CCCTAA)5 or 1 μ​M of the U6 oligonucleotide GAACTCGAGTTTGCGTGTCATCCTTGCGC 
respectively13,21. A qPCR was performed with 3 μ​l of this newly synthesized cDNA using GoTaq qPCR Master 
Mix (Promega), in a final volume of 20 μ​l. The following primers were used for the amplification of two selected 
human subtelomeric regions from chromosome 15q (forward: CAGCGAGATTCTCCCAAGCTAAG, reverse: 
AACCCTAACCACATGAG CAACG) and chromosome 10q (forward: GAATCCTGCGCACCGAGAT, reverse 
CTGCAC TTGAACCCTGCAATAC). For the quantification of murine TERRA transcripts we used mouse chro-
mosome 18q (forward: AGTTGCAGCATCGGAACG, reverse: CCCTGACCCTAACCCTAACC) and mouse 
chromosome 10q (forward: GAATCCTGCGCACCGAGAT, reverse CTGCACTTGAACCCTGCAATAC). Data 
was analyzed with the Lightcycler 480 software release 1.5.0 SP3 software.

Telomeric RNA-FISH.  Telomeric RNA FISH was performed as previously described13 with a few modi-
fications. In brief, cells were grown on glass microscope slides and incubated for 7 minutes in ice-cold freshly 
made CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES pH 7, 0.5% Triton X-100) con-
taining 10 mM Vanadyl Ribonuclease Complex (NEB). Cells were rinsed with PBS, fixed in 4% formaldehyde 
in 1×​ PBS (pH 7) for 10 minutes and rinsed in 70% ice-cold ethanol. Cells were dehydrated though an ice-cold 
ethanol series (70%, 85%, 100% ethanol for 5 minutes each). Slides were air-dried and further dried at 37 °C for 
5 minutes. Hybridization with the PNA TelC-Cy3 probe (PANAGEN) was performed with the manufacturer’s 
hybridization mixture 10 mM NaHPO4, 10 mM NaCl, 20 mM Tris with 50% formamide and containing 10 mM 
Vanadyl Ribonuclease Complex for 18 h at 37 °C. Slides were washed 2 ×​ 5 minutes in 60% formamide in 2×​ SSc 
at 37ªC and 1 ×​ 5 min in 2×​ SSc at 37 °C and 1 ×​ 2 min in 2×​ SSc at room temperature. DNA was counterstained 
with 100 ng/ml DAPI in mounting media and covered with a glass cover. RNAse treatment was performed on 
a separate slide (without Vanadyl Ribonuclease Complex) to probe the RNA nature of the signal. Images were 
visualized with a Nikon Eclipse E800 epifluorescence microscope and acquired with a CCD camera (KX32ME, 
Apogee Instruments, Roseville, CA, USA).

Modulation of Rb1 gene expression.  The RB1 expressing lentivirus (LV-RB1) and knock-down (LV_
shRB1) have been previously described4,22. Stable lentiviral transduction was performed in primary mouse oste-
oblasts as previously reported4. For transient plasmid transfections Ef1-RB1 (overexpression vector) and shRb1 
(short hairpin-mediated knock-down vector) were transfected into U2OS cells for 72 hours using FUGENE 
(Roche) as a carrier. Positive transfections were validated using vector-driven GFP expression and by western 
blotting of retinoblastoma proteins.
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Functional analysis of the TERRA promoter.  The chromosomal region encompassing the TERRA pro-
moter was amplified from human DNA using PCR primers harboring flanking XhoI and HindIII sites (forward:
5′​ NNNNNCTCGAGCACCGTGACGTGAGTTTCTG 3′​, reverse: 5′​ NNNNNAAGCTTGGTGACCCCC 
AGGTCTGT 3′​). The Xho1/HindIII restricted PCR product was ligated into the promoterless pGL3 luciferase 
expression vector (Promega) created by XhoI and HindIII excision of the original SV40 promoter sequence. 
This resulted in a TERRA promoter-driven lucifierase reporter vector (vTERRA). A second construct, lacking 
the 3′​ end of the TERRA promoter (vTERRA*) was tested. This truncated version of the TERRA promoter was 
generated from a chance polymerase misread and is missing the 3′​ end of the original construct. This resulted in 
a truncated version missing the RCEs, located on the minus strand but retaining the three predicted RCEs in the 
positive strand. The truncated version did not maintain the predicted minimal promoter required for transcrip-
tion activation.

For the assay of promoter activity we measured luciferase reporter expression and compared this to a trans-
fected control β​–Galactosidase reporter. Briefly, 7.5 ×​ 105 U2OS cells were seeded in 6 well plates and transiently 
transfected 24 hours after plating with 500 ng of plasmid DNA using the X-tremeGENE 9 DNA Transfection 
Reagent (Roche). To determine the effects of Rb1 on the promoter the Rb1-expression modifying plasmid con-
structs (shRb1, Ef1-RB1), as well as a β​-Gal-expressing transfection control vector were transiently transfected 
along with the reporter construct in U2OS cells. Transfected cells were collected after 72 hours. Promoter activity 
was quantified using the firefly luciferase glow assay (Pierce Thermo Scientific) and the β-Galactosidase enzy-
matic assay (Promega), both performed following the manufacturer’s recommendations.

Chromatin Immunoprecipitation.  Assays were performed using the Simple ChIP Enzymatic Chromatin 
IP Kit (Cell Signaling). Chromatin was fragmented by ultrasound (18 cycles of 20 seconds at 35% amplitude, 
Bandelin Sonoplus), then incubated with the appropriate primary antibodies overnight at 4 °C. For the subse-
quent immunoprecipitation the samples were incubated for 2 hours at 4 °C with agarose-bound secondary anti-
bodies, before being washed and separated by centrifugation. Antibody-bound DNA was eluted in H2O and 
subjected to qPCR analysis using the telomeric primers previously described as well as primers flanking the 
candidate Retinoblastoma Control Element we identified at the 5′​ end of the human TERRA promoter region 
in chromosome 15q homologous to mouse chromosome 18q (Forward: 5′​CTGCAACACACGCCCCCC3′​ and 
reverse: 3′​TAGCATGTGTCTCTGCGCCT5′​). Thermal cycling was performed using 1 cycle at 95 °C for 10 min-
utes, followed by 50 cycles of 95 °C for 15 seconds, 60 °C for 30 seconds and 72 °C for 45 seconds with a final exten-
sion at 72 °C for 2 minutes. ChIP antibodies used for immunoprecipitation were anti-H3K9Ac (Active Motif, Ref. 
61251), anti-H4K16Ac (Active Motif, Ref. 39167), anti-H3K4ME3 (Active Motif, Ref. 39159), anti-H3K9ME3 
(Active Motif, Ref. 39161), anti-H3K79ME2 (Active Motif, Ref. 39143), anti-H4K20ME3 (Active Motif, Ref. 
39671) as well as anti-Rb1 (BD Pharmigen Catalog Number: 554136) and anti-pRb1 S807/811 (Cell Signaling 
Catalog Number: #8516).

Identification of the TERRA promoter.  The analysis of the transcriptional control sequences of the 
TERRA repeats was performed using the MatInspector and PromoterInspector and the library of general core 
promoter elements of the Genomatix Suite software (Genomatix Software GmbH, Munich, Germany)23,24 and the 
previously generated Rb1 binding site matrix RCE-Matrix25.

Results
Rb1 haploinsufficiency results in altered telomeric chromatin condensation.  The condensation 
of telomeric chromatin was assayed by Bal 31 nuclese digestion20. As expected, no differences were evident in 
the digestion rates of deproteinated DNA obtained from Rb1+/+, Rb1+/Δ19 and LV-RB1-recovered Rb1+/Δ19 oste-
oblastic cells (Fig. 1A). In contrast, the rate of Bal31 digestion of telomeric chromatin was significantly faster in 
haploinsufficient Rb1+/Δ19 cells compared to wild type Rb1+/+ cells (Fig. 1A). The increased rate of digestion of the 
telomeres in the absence Rb1 is consistent with formation of a more open chromatin structure. Over-expression 
of RB1 in LV-RB1-transduced Rb1+/Δ19-haploinsufficent cells reversed the loss of telomeric compaction over at 
least five passages following transduction (Fig. 1A) filled circles; slope of curve: −​0.03222; p =​ 0.0006).

Telomeric histone modification is selectively changed in Retinoblastoma haploinsufficiency.  
Whilst the level of H3K4me3 modification of telomeric histone was unaffected by retinoblastoma status 
(p =​ 0.5016), the representation of both H3K9me3 and H3K9ac in the telomeric chromatin was significantly 
increased in haploinsufficient (Rb1+/Δ19) cells (Fig. 1B). The increased abundance of these histones was accompa-
nied by significantly decreased levels of H3K79me2, H4K20me3 and H4K16ac in the Rb1+/Δ19 osteoblasts.

Rb1 modulates expression of the telomeric long non-coding RNA TERRA.  Steady state levels of 
lncRNA TERRA transcripts from the subtelomeric regions of both murine chromosomes 18q and chromosome 
10q were reduced by almost half in Rb1 haploinsufficient cells (Fig. 2A). TERRA RNA-FISH revealed a significant 
decrease of TERRA foci in Rb1+/Δ19 mouse osteoblasts when compared to their wild-type counterparts (Fig. 2B). 
For further confirmation, Rb1 levels were modulated in vitro to assess Rb1 influence on endogenous TERRA tran-
scription. A further reduction of the residual Rb1 expression in haploinsufficient cells, using lentivirally-driven 
shRNA expression (LV-shRB1), further reduced the endogenous TERRA levels. Conversely a lentiviral-mediated 
increase in Rb1 levels in the haploinsufficient cells resulted in an increase of the steady state levels of endogenous 
TERRA (Fig. 2C). To assess whether this modulation of TERRA expression also occurs in human cells, RB1 
proficient human U2OS cells were transiently transfected with the shRB1 knock-down vector (Supplementary 1)  
and a decrease in the levels of the endogenous TERRA originating from both of the investigated human chro-
mosomes (Chr15q, and Chr10q) was observed (Fig. 2D). The same effect was also seen on chromosomes XpYp 
(Supplementary 2). Furthermore, the overexpression of RB1 driven by the Ef1-RB1 vector (Supplementary 1) also 
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elicited a significant increase in TERRA transcripts in the U20S cells in the three chromosomes assayed (Fig. 2D 
and Supplementary 2).

The predicted human TERRA promoter sequence confers Rb1-dependent expression onto a 
luciferase reporter in vitro.  In silico analysis of the subtelomeric region of human chromosome 15q iden-
tified a putative promoter proximal to the transcriptional start site of TERRA gene.

This sequence includes a CpG island predicted by EMBOSS Cpgplot, and the Promoter Inspector and is 
located 434 bp upstream of the start of repetitive telomeric sequences, harbours a minimal promoter region of 
232 bp between base pairs 81 and 312 (Fig. 3A) MatInspector identified 4 matches with an RCE (Retinoblastoma 
Control Elements)-Matrix generated using previously published RCE sequences26. Three of the identified RCEs 
were located on the plus strand (97-103 cCCACca; 107-113 cCCACca; 138-144 gCCACgc), one on the minus 
strand (367-361 cCCACcc). All of the predicted RCEs located on the +​ strand fell within the minimal promoter 
region (marked in blue).

Two TERRA inserts were cloned into a luciferase reporter vector replacing its own promoter sv40. The 
full-length minimal TERRA promoter unit (434 bp) named vTERRA and a chance PCR polymerase misread 
truncated version (317 bp) named vTERRA* (Supplementary 3). When inserted into a luciferase reporter vector 
vTERRA, harbouring the predicted TERRA promoter was sufficient to drive luciferase expression upon transient 
transfection into U2OS cells (Fig. 3B). The truncated TERRA promoter vTERRA* was unable to drive luciferase 
expression (Fig. 3B).

Reduction of RB1 expression in U2OS cell using the shRB1 vector reduced transcription from the vTERRA 
luciferase reporter; conversely RB1 overexpression resulted in an increased reporter gene transcription (Fig. 4). 
These RB1 modulations had no impact on the activity of a control pGl3 promoter (Supplementary 4).

Rb1 modulates the transcriptional activity of the TERRA promoter by physical interaction.  
Chromatin immunoprecipitations of genomic DNA using an anti-Rb1 antibody were performed in order to quan-
tify the amount of endogenous TERRA promoter sequence recovered bound to the Rb1 protein. Enrichment for 
TERRA promoter sequences (Fig. 5A) was seen on the sequence identified on murine chromosome 18q after pull 
down with Rb1 antibody. Interestingly, the amount of promoter DNA recovered from haploinsufficient mouse 
Rb1+/Δ19 cells was almost half of that recovered from the wild-type counterparts. Transient overexpression of 
RB1 in U2OS cells further increased the amount of immunoprecipitable TERRA promoter sequences (Fig. 5B) 
on the sequence identified on chromosome 15q, whilst a reduction of RB1 by shRNA knock-down in U2OS cells 
reduced the recovery of the promoter sequence (Fig. 5B). Importantly, in U2OS cells that were transiently over-
expressing RB1 the TERRA promoter could be efficiently immunoprecipitated using an antibody directed against 
phosphorylated Rb1 (Ser 807/811) that fails to detect non-phosphorylated RB1.

Discussion
Effective telomere capping of chromosomal ends requires an adequate length of telomere repeats and a highly 
condensed heterochromatic state9,27,28. The loss of either feature impairs protection of the ends and increases the 
risk of carcinogenesis, presumably through erroneous recognition of chromosome ends as double strand breaks 
leading to inappropriate DNA double strand break repair29,30.

Figure 1.  Chromatin modifications in Rb1+/Δ19 osteoblasts. (A) Telomere Chromatin Condensation Assay 
(TCCA) in primary osteoblasts. qPCR based assay to measure the loss of telomeric repeats after enzymatic 
digestion with the nuclease Bal 31 in Rb1+/+ chromatin (filled squares), Rb1+/Δ19 chromatin (filled triangles), 
LV-RB1 chromatin (filled circles in grey), Rb1+/+ naked DNA (open squares), Rb1+/Δ19 naked DNA (open 
triangles) and LV-RB1 naked DNA (open circles). Error bars show standard deviation of 2 biological replicates 
with 3 technical replicates each at passage 6. (B) Chromatin immunoprecipitation analysis at the telomere level. 
The histone modification changes in Rb1+/Δ19 osteoblasts (checked bars) at the telomeres are shown compared 
to the Rb1+/+ (open bar). The outcome of the assay is shown for each antibody relative to the input and to 
the Rb1+/+ control. Error bars show the mean of 2 biological replicates in 3 consecutive experiments for each 
antibody. Significances were assessed using Student’s t-test.
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This would result in the illicit end-to-end joining of chromosomes and cycles of breakage and fusion. 
Pathological telomere shortening and decondensation may result from alterations in any of the components 
tasked with maintain telomere homeostasis, i.e. defects affecting the sheltering complex, the long non-coding 
RNA TERRA, or the epigenetic marks responsible for initiating and maintaining higher ordered chromatin 
organization at the telomeres10,17,31,32.

A haploinsufficient mutation of the tumour suppressor gene Rb1 has been shown to be sufficient to trigger 
telomere attrition, leading to genomic instability in primary mouse osteoblasts4. On such study a faster attrition 
of the telomere ends and an increase in acentric fragments, telomere fragments and anaphase bridges were dis-
covered in Rb1+/Δ19 when compared to their wild-type counterparts.

In mouse embryonic fibroblasts (MEFs) the removal of all three Retinoblastoma family members (a triple 
knockout of RB1, RBL1 and RBL2) also increased genomic instability, although paradoxically this was reported 
to be associated with telomeric elongation33 despite the loss of H4K20me3 at telomeric chromatin that would 
indicate relaxation of normally condensed telomeric DNA34.

The increase in telomere sensitivity to nuclease digestion that we now report in Rb1-haploinsufficien osteo-
blast cells occurs rapidly during passages, and can be equally rapidly restored by recovery of Rb1 expression. This 
could point to a system where improper telomeric chromatin architecture, drives the loss of telomere length. The 
telomeric decondensation observed in Rb1 deficiency is accompanied by a quantitative shift in the pattern of 

Figure 2.  TERRA steady levels study and endogenous modulation dependent upon Rb1 cellular levels. (A) 
Significant reduction of the mouse TERRA transcriptional levels on chromosomes 18q and 10q were found in 
Rb1+/Δ19 osteoblasts (squared) when compared to their wild-type counterparts (filled column). Error bars show 
the SD of 2 biological replicates with 2 technical replicates each. RNA-FISH of TERRA in murine osteoblast 
cells reveals different strengths of labeling of TERRA foci between wild-type and Rb1 haploinsufficient cells. 
The number of foci were counted in 250 cells of each genotype. Upper panels show a representative image of 
the cell nuclei with TERRA foci present in wild-type osteoblasts (left) and distribution histogram (right). Lower 
panels show a representative image of the TERRA foci present in Rb1 haploinsufficient osteoblasts (lower 
left) and the distribution histogram (lower right). Mean (bars) and SDs (error bars) were obtained from two 
technical replicates. Yellow is the TERRA signal stained with a strand specific telomeric probe labeled with Cy3 
and blue is the DAPI staining the cell nucleus. (C) Endogenous TERRA expression appears modulated by Rb1 
levels on murine chromosomes 18q and 10q. A reduction of the Rb1 protein with lentiviral infection expressing 
shRB1 led to a further decrease of TERRA levels in the Rb1+/Δ19 osteoblasts. A lentiviral construct (LV-RB1) 
overexpressing Rb1 rescued the haploinsufficient phenotype leading to an increase in endogenous TERRA 
expression. Error bars show the SD of 2 biological replicates with 2 technical replicates each (D) Endogenous 
TERRA expression in human U2OS cells was modulated by Rb1 expression levels on chromosomes 15q and 
10q. TERRA levels were reduced after transient transfection with a shRB1 vector. In the same manner transient 
overexpression of LV-RB1 led to a significant increase of TERRA levels in the human osteosarcoma cell line. 
Error bars show the SD of 3 technical replicates. Significance of all experiments assessed with one-way ANOVA.
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histone modifications at the telomeres (increased H3K9me3 and H3K9ac and reduced H3K79me2, H4K20me3 
and H4K16ac) that is consistent with the observed relaxation of the chromatin. Interestingly, this pattern of his-
tone alteration has been previously recognized as a landmark of malignant transformation. We now suggest that 
it is also an indicator of telomere-dependent genomic instability, which may well precede acquisition of malig-
nancy35. Previous reports suggest that the observed changes in H3K9me3 and H3K9ac are mutually exclusive36. 
We can only speculate that there are spatially segregated patterns of histone modifications along the telomeres.

Figure 3.  In silico promoter analysis of the 434 bp TERRA sequence from the subtelomere of human 
chromosome 15q. (A) The PromoterInspector (Genomatix) predicted core promoter is displayed in blue 
and underlined with a blue bar. Matches to the MatInspector (Genomatix) predicted Retinoblastoma control 
elements (RCEs) are marked in green. The strand orientations are indicated by the underlining green arrows. 
The 5′​ Xho II and the 3′​ HindIII restriction sites recognition sequences are shown in red. (B) Luciferase 
expression of all the constructs cloned into pGL3 used in this study. The pGL3 vector was used as a positive 
control (black bar). The promotorless vector (pGL3-SV40) was unable to drive luciferase expression and used as 
negative control. The full length TERRA promoter vector (vTERRA) drove luciferase expression (grey bar). The 
expression under this promoter was significantly stronger than the SV40 promoter present in the pGL3 control 
vector. The truncated version of the TERRA promoter (vTERRA*) was not able to drive luciferase expression. 
RLU stands for relative luciferase units (relative to β​-Galactosidase). Error bars show the SD of 3 technical 
replicates.

Figure 4.  In vitro TERRA promoter driven luciferase expression is modulated by Rb1 levels. U2OS 
transient co-transfections of the TERRA promoter vector (vTERRA) with the RB1 knocking down vector 
(shRb1) or the overexpressing RB1 vector (Ef1-RB1) led to in vitro modulated luciferase expression depending 
on the Rb1 levels. Error bars show the standard deviation of 3 technical replicates harvested 72 hours after 
transfection. RLU stands for relative luciferase units (relative to β​-Galactosidase). Error bars show the SD of 3 
technical replicates. Significances assessed using the Student’s t-test. RLU stand for relative light units calculated 
relative to β​-Galactosidase.
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Whilst the observed decrease in H4K20me3 and increase in Histone-3 acetylation are consistent with a 
reduced condensation of telomeric chromatin they do not explain the elongation of telomeres reported in MEFs 
deficient in all three Rb family members34. This could be explained if the histone architecture initiates a shift in the 
balance between TERRA dependent telomerase activity and the alternative lengthening of telomeres (ALT) path-
way. The absence of all Rb family proteins may trigger lengthening of telomeres by either the ALT pathway14,37,38 
or by reactivating telomerase39.

Overall, our results support the hypothesis that Rb1 regulates the condensed state of telomeres both geneti-
cally and epigenetically. This is brought about via Rb1-dependent transcription of the TERRA long non-coding 
RNA, thereby ensuring appropriate telomeric chromatin architecture. Activation of TERRA transcription has also 
been reported to be activated by local depletion of TRF2 40. It is not impossible that TRF2 deficiency increases Rb1 
access to the TERRA promoter via local shelterin-dependent chromatin relaxation. Down-regulation of mouse 
Chr18q-TERRA reportedly results in an increase in telomere damage10, which is consistent with the increased 
genomic instability we observed in Rb1 haploinsufficient cells4.

The 434 bp region studied on human chromosome 15q is located immediately adjacent to the telomeric tract 
and contains the 232 bp in silico predicted.minimal promoter. This chromosomal location is similar to that of 
other subtelomere promoter areas previously reported, such as for chromosomes XpYp where the TSSs was found 
250 bp upstream the telomeric tract8.

Nergadze et al.41 reported that several subtelomeres share a conserved repetitive region that comprises, in 
a centromere to telomere direction, a 61 bp repeat element, a 29 bp repeat element and a 37 bp repeat element, 
altogether referred to as 61-29-37 repeats. The 29 bp and the 37 bp repeats form a CpG island which they found 
essential for TERRA transcription41. Therefore, the promoter unit reported in our study could be part of a broader 
regulatory region.

We demonstrate that TERRA transcription is under the control of Rb1 but there is a formal possibility that 
this effect is restricted to the two chromosomes (Chr 10q, Chr 18q) studied. However the available evidence 
suggests a global TERRA reduction as the RNA-FISH experiments performed in this study showed an Rb1 
expression-dependent reduction in TERRA foci. Nevertheless, as TERRA transcripts from other chromosomes 
become available in mice it will be interesting to determine if there is differential regulation.

The co-precipitation of phospho-Rb1 and the TERRA promoter suggests that the cyclin-dependent kinase 
mediated phosphorylation of Rb1 may serve to cycle phospho-Rb1 from E2F complexes to the TERRA promoter. 
This would allow temporal coordination of the activation of E2F-dependent genes required for G1/S transit with 
the opening of the telomere chromatin for replication by TERRA. Intriguingly, human herpesviruses HSV1 have 
evolved the capacity to target both Rb1-E2F42 and TERRA transcription43 as part of their life cycle.

As shown for other long non-coding RNA molecules, TERRA is able to form local DNA:RNA hybrids7,18. 
At the telomeres this may serve as a scaffold for protein-protein and protein-DNA interactions. It is therefore 
possible that TERRA acts to initiate or sustain the shelterin complexes essential for proper functional chromatin 
formation9. Indeed, TERRA has been shown to facilitate binding of TRF1 and TRF244, the recruitment of the het-
erochromatic proteins origin recognition protein (ORC), heterochromatin protein 1 (HP1)44, the histone methyl-
transferase SUV39H1 and MORF4L2, a component of the Nua2 histone acetylase complex44. The observation that 
Rb1 may itself shuttle histone-modulating SUV proteins to the telomeres33,36 is consistent with our contention 
that loss of Rb1 alters histone modification.

Figure 5.  Chromatin immunoprecipitation evidence the spatial relationship between Rb1 and the TERRA 
promoter in mouse and human cells. (A) ChIP with anti-Rb1 in Rb1+/+ and Rb1+/Δ19 murine osteoblasts 
showed that Rb1 haploinsufficiency led to a significant reduction of the endogenous TERRA promoter sequence 
recovered from murine cells. Error bars show the SD of 3 biological replicates. Student’s t-test was used to assess 
the significance. (B) Transient transfections in U2OS show that RB1 levels influence the amount of endogenous 
TERRA promoter recovered after immunoprecipitation with anti-RB1 and anti-pRb1 (Ser 807/811). Error bars 
show the mean of 3 technical replicates for each antibody. Significance was assessed with the ANOVA test and 
Student t-test for comparison among the two different transfected cells.
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We suggest that the role of Rb1 as a tumour suppressor in osteosarcoma will be exerted by both canonical Rb1 
activity on cell cycle transit, and telomere homeostasis. This may be the mechanism by which germ line muta-
tions of Rb1 so effectively predispose to cancer45. Other sarcoma-type tumours may also inactivate TERRA, albeit 
through a different biological mechanism. Thus, the RGG-containing proteins overexpressed in Ewing’s sarcoma 
(EWS) and liposarcoma (TLS) are able to interact with the G-quadruplex sequences of TERRA46,47. It will be 
informative to determine if other RGG-containing proteins, such as MRE11 and P53 involved in the DNA dam-
age response and the miRNA processing exonuclease DROSHA, are also able to bind TERRA. A second sequalae 
of retinoblastoma deficiency involving TERRA may be infertility, with reduced spermatogenesis being associated 
with both Rb1 loss48 and decreased TERRA transcription36. Thus, telomere dysfunction through abnormal epige-
netic modifications could be a more general mechanism of cellular pathology.
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