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Studying telomere transcription and
Its role In senescence

TERRA quantification using Study the role of TERRA transcription
nanopore sequencing. in replicative senescence.

Telomere Shortening Cell division l
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TERRA quantification

using nanopore
sequencing.




Telomere

Time (cell divisions)
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Nucleoprotein structure at the
end of linear chromosomes.

Shorten with every cell division.

Transcribed into the telomeric
repeat-containing RNA TERRA.



TERRA

CG-rich region Unique

GGUy,
OhG .
5 S— g WAGGGUUAGEaLUUAGESY G3

———Subtelomere: ~500-1000bp

Transcribed by RNA pol I, from most telomeres.

Telomere: ~300bp- >9000bp—

Telomere elongation

Telomeric heterochromatin establishment

Replicative senescence

¢« DNA damage response

29 bp repeat CpG-rich promoters indentified in about half the

subtelometeres.

Transcribed at low levels.
= Transcription varies between different chromosome ends and cell types.

Levels increase in response to stress:

- DNA damage
= Telomere shortening
- DNA demethylation

TABLE 1. Average number of TERRA molecules per cell

Cell line 10q 20q
U20s 164 £41 411
HLF 0.8£0.1 =1
Hela 7= | 1£1
HCT116 WT 2+ g
HCT116 DKO 954 + 65 4+1

Feretzaki M, Renck Nunes P, Lingner J. RNA. 2019



TERRA gquantification
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Mappability
RT-gPCR Northern blot
« Only analyses one telomere at a time. * Analyses all telomeres simultaneously.

+ Difficult to get specific primers.

Amplification Plot

ARn




TERRA gquantification
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Mappability
lllumina sequencing Long read sequencing
« Difficult to unequivocally assign small * Analyses all telomeres
reads. simultaneously.
« Most likely to correctly assign reads.
o e s "L B
g J Sequencereads Sy e dsiesen l

Ex. Nanopore Ex. PacBio



Nanopore sequencing:
direct cDNA sequencing
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Full-length RNA

cDNAsyrihesis TERRA is mostly non-polyadenylated.

with TTTT(n)
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Nanopore sequencing



Nanopore sequencing:
direct cDNA sequencing
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Full-length RNA

¢DNAsyrifesis TERRA is mostly non-

with CCCTAA ¢

i oligonucleotides po Iyad e nylated .
TERRA meessssss——
cDNA . .
. Replace the oligo dT by and oligo
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Nanopore sequencing




Reads mapped to subtelomere/total reads (%)

Nanopore sequencing:
direct cDNA sequencing

Nuclear RNA
cDNA synthesis
with CCCTAA -
. . oligonucleotides
Fraction of reads mapping to the subtelomere = TERRA me——
62X o N
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Nanopore sequencing



Nanopore sequencing:
direct cDNA seqguencin

Fraction of reads mapping to the subtelomere

26X

Reads mapped to subtelomere/total reads (%)
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TERRA ONTseq

Read Length Histogram

Summary read length distribution

Estimated N50: Unavailable on sub-selection
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Read Lengths Read Counts Beset

Selected reads that had a minimum of 3XTTAGGG repeats at the 3°.
= Subtelomeric read lengths varied from 167 and 1394 bp with an average length of 842 bases.

Mapped those reads to the most telomere-proximal 1250 bp (T2T genome
assembly).



TERRA ONTseq

1ptel 1qtel 2ptel 2qtel 3ptel 3atel 4ptel 4qtel Sptel Satel Bptel Batel
: J J J J J
6004
3004
0 (ﬂ\ — e (NLFL[\ SN
7ptel Tatel 8ptel 8qtel ptel Oqtel 10ptel 10qtel 11ptel Tgtel 12ptel 12qtel
900 g 4 4 i i
600 g . 4 i 4
3004 4 4 i i 4
-% o_m_ _].\ A A _/\ /wL - ~
g TrrrTrmoaaTrrTrrTrrraarrrrrro o s e T e e e e
g 13qtel 14qtel 15qtel 16ptel 16qtel 17ptel 17qtel 18ptel 18qtel 19ptel 19qtel 20ptel
9004 4 4 4 4 4
600- - - - - - j J J 1
3004 . . i i 4
0-& . {— i _A - /JL .,-—""—L /PL
o R g BER B R ke BER 8B R EER°RERERRELER
20qtel 21qtel 22qtel Xptel Xqtel A A A A A A
9004 . 4 4 4
6004 . i i i
300.. | | | | Canonical promoter
0- _f’L _(L {— 4
< Telomere Centromere =

Distance from the telomeric tract (bp)



TERRA ONTseq Is quantitative
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TERRA ONTseq identifies =~ -———=—
TERRA TSS e

TERRA ONTseq allowed the mapping of TERRA e el e —
transcription start sites: : b Conston
- Within CpG islands. 3 P Cons?

- Mostly dowstream of tandem repeats of the 29bp-repeat promoters. s -

CCCCC

CCCCCCCCC




Introducing PCR

TERRA
subtelomere UUAGGG

For U20S, a total of 225 ugs of nuclear RNA was used for

2 sequencing runs; for HeLa, 727 pgs of nuclear RNA was cDNA synthesis

used for 6 sequencing runs (3 of which barcoded); for ___y UNP-TERRA
HEK293T 1 mg of nuclear RNA was used for 7 sequencing
runs (4 of which barcoded). Strand Switch

SSP

The subtelomeric sequences of TERRA have very Degradation of the A

comparable sizes.

Second Strand Synthesis

« Repair, PR2
« dAtailing,

« Ligation to barcodes, «——.
« Ligation to adaptors,

* Sequencing.

PCR __VNP-PCR

PR2



# of reads

PCR greatly increases read yield, while
maintaining quantitativeness
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PCR yields more reads from less material

Fraction of reads mapping to the subtelomere

25 6X

15

Reads mapped to subtelomere/total reads (%)

0.5
0 .
oligo-Dt Oligo-C Oligo-C PCR
Nuc RNA Nuc RNA Pur TERRA Pur TERRA
Nuclear RNA Total RNA

(125 ug) (Sug)



Coverage

Reads

DKO: 7q

Reads map across the entire subelomere
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Conclusions

TERRA ONTseq is a reliable method to qualitatively and quantitatively
analyse the telomeric transcriptome.

- Potential to become a tool for the rapid and precise analysis of TERRA in different
laboratorial and clinical settings.

TERRA ONTseq allowed the mapping of most TERRA TSS.

The most transcribed chromosome ends are consistent between cell lines,
suggesting the existence of conserved regulatory elements in different cell

types.

Introduction of PCR to the pipeline substantially decreased the amount
of starting material needed.
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Study of TERRA
transcription in replicative

senescence.




Telomere length and aging

In the absence of telomerase, telomeres get short with every cell division.

Flow-FISH in lymphocytes
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Replicative senescence

End-Replication Problem « Telomeric lesions can remain unrepaired for
AYZNY7 N7\ ZNY7 N\ 7N/ N7/ N7 N7 N7, N7 . .
MO long periods of time.

Cell Division

A P « Senescent cells “want” to stay senescent:

— EN,E‘M‘Q — ,g.;; ——> Senescence  Induced ROS production, leading to DNA lesions.
Stress-Induced Senescence
PODTUY 5 rormmmomomommomona Senescence markers:
Telomere > W b - Growth arrest
3 :owww*;’ pemanen - Senescence-associated beta-galactosidase
e Response = Senescence-associated heterochromatin foci (SAHF)
g me%a‘}ed _" $3 . conescancs] Senescence-associated secretory phenotype (SASP)
3 . o - Enlarged and often irregular-shape nuclei ’
2 ‘l" "'g:m:::ge N - High p16 and/or p21

Response » Increased ROS




TERRA Is expressed from shortened
telomeres In yeast
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TERRA accumulates in senescent cells
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Normalized coverage (total reads)

TERRA accumulates as telomeres
shorten
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TERRA and aging

=Telomere shortening leads to increased TERRA expression.

=Aged cells have increased TERRA levels.

Does TERRA play a central role in the induction and/or maintenance of
senescence?
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TERRA overexpression system
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TERRA overexpression system
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TERRA overexpressmn system
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TERRA Induces premature senescence In
primary cells
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TERRA Induces premature senescence In
primary cells
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TERRA Induces premature senescence In
primary cells
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TERRA OE leads to senescence

“Senescent cells are also frequently polyploid.”

TRF1-Vp64

Endoreduplications




TRF1-eGFP

TERRA OE |leads to senescence

TRF1-Vp-eGFP cells are more frequently polyploid.

P <0.0001
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6 days 14 days

2 days

TERRA displaces TRF2 from telomeres
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TERRA OE does not lead to telomere

shortening

TERRA-induced senescence is not directly
connected to decreased telomere length.
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Southern blot (TTAGGG)



RNAseq: TERRA overexpression

TRF1 vs TRF1-Vp64
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Conclusions

Telomere shortening leads to increased TERRA expression.

Increased TERRA transcription from telomeres induces senescence in
primary lung fibroblasts:

- Telomere damage does not seem to be significantly increased.

- Do increased TERRA levels activate an oncogene-like response mediated by Trim28 to
induce senescence?

Future

CRISPR-Cas9-knockout screen:

= Find the genes required for TERRA induced senescence. Inherent positive controls: p53, CDKN2A, RB1.
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