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Long interspersed element-1 ribonu-
cleoprotein particles protect telom-
eric ends in alternative lengthening of
telomeres dependent cells

Abstract

Malignant cells ensure telomere maintenance by the alternative lengthening of telomeres (ALT) in the absence of telomerase activity (TA).
The retrotransposons *‘long interspersed nuclear element-1" (LINE-1, L1) are expressed in malignant cells and are primarily known to
contribute to complex karyotypes. Here we demonstrate that LINE-1 ribonucleoprotein particles (L1-RNPs) expression is significantly
higher in ALT"- versus in TA"-human glioma. Analyzing a role of LI-RNP in ALT, we show that L1-RNPs bind to telomeric repeat
containing RNA (TERRA), which is critical for telomere stabilization and which is overexpressed in ALT" cells. In turn, L1-RNP knock-
down (KD) abrogated the nuclear retention of TERRA, resulted in increased telomeric DNA damage, decreased cell growth and reduced
expression of ALT characteristics such as c-circles and PML-bodies. LI-RNP KD also decreased the expression of Shelterin- and the ALT-
regulating protein Topoisomerase 11l (Topollle) indicating a more general role of L1-RNPs in supporting telomeric integrity in ALT.
Our findings suggest an impact of L1-RNP on telomere stability in ALT" dependent tumor cells. As L1-RNDPs are rarely expressed in

normal adult human tissue those elements might serve as a novel target for tumor ablative therapy.
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Introduction

Telomeres, heterochromatic nucleoprotein structures of repetitive
DNA sequences (5'-TTAGGG-3’) and associated Shelterin proteins pro-
tect the ends of chromosomes from degradation and regulate cell survival
[1-7]. Critical shortening of telomeres causes cell senescence and triggers
apoptosis. Correspondingly, cancer cells reactivate TMM to ensure pro-
longed survival [2,8]. Usually malignant cells up-regulate telomerase, a
reverse transcriptase that uses human telomerase-reverse transcriptase
(hTERT) and an RNA template to add DNA repeats to the chromosomal
ends [9-11]. In the absence of telomerase, tumor cells rely on the
recombination-based alternative lengthening of telomeres (ALT) mecha-
nism [12—14]. With respect to cancer development, ALT is predominantly
observed in sarcomas, gliomas and neuroendocrine tumors [15-17]. ALT
has been associated with mutations in the ATRX-gene coding for a chro-
matin remodeller. Depletion of ATRX or DAXX, both, which form a his-
tone chaperone complex, lead to telomere dysfunction, which can be
overcome by the recombination-based ALT mechanism [18,19]. Cells
depending on ALT are characterized by high telomere length (TL) hetero-
geneity, ALT-associated PML bodies (APB), the occurrence of c-circles,
and high levels of TERRA [12,16,20,21]. APBs seem to have an anchor
function for telomeric ends as they build a protein cap around telomeric
DNA. Those structures provide important supplements for telomere
maintenance as they consist of Shelterin proteins as well as proteins
involved in DNA damage repair (DDR) and homologous recombination
[22]. Thus, APB appear to provide the *‘recombinogenic microenviron-
ment", which is necessary to promote ALT TMM ([23]. C-circles are
extra-chromosomal telomeric DNAs in the form of single-stranded circular
DNA that are present in ALT" cells and therefore count as markers for
ALT [13]. To date their specific function remains speculative.

TERRA is thought to stabilize telomeres by delaying cellular senes-
cence and sustaining genomic instability [24-28], and may regulate telom-
ere maintenance [29]. Moreover, TERRA binds the telomeric c-strand to
form RNA-DNA hybrids. As the RNAseH1 regulates the level of those
hybrids, the appropriate amount of RNAseH1 ensures effective telomere
maintenance in ALT [20].

ALT also relies on the generation of novel telomere sequences induced
by double strand breaks due to replication fork collapse known as break
induced replication (BIR). These novel telomere sequences are subse-
quently incorporated by intra- and inter-telomeric recombination [30].
The process of DNA branch migration and telomere synthesis involves
POD3 and the BTR complex, the latter consists of BLM-Topolllo-
hRMI,,, both found in the ABP complex. The BTR complex is needed
to dissolve the recombination intermediates formed during strand invasion
allowing telomeric extension [30,31]. This process is counteracted by the
SLX4-SLX1-ERCC4 complex, which suppresses the branch migration and
telomere synthesis leading to aborted telomeres. As Topollla is part of the
BTR complex, the depletion of Topolllo in ALT™ cells result in a rapid
accumulation of unresolved, post-replicative, recombination intermedi-
ates. This leads to abnormal mitosis and growth arrest [32]. ALT associ-
ated replication stress is regulated downstream by ATR and ChKI and
further involves the DNA translocase FANCM and BRCA1 [33].
FANCM forms an interaction with the BTR complex. The inhibition
of the latter complex is toxic for ALT-dependent cells [34]. Thus, a better
understanding of TMM regulation in ALT has the potential for novel
therapeutic approaches in cancer therapy [35]. However, it is the mutual
understanding, that multiple mechanisms promote ALT [36]. In this line,
Zhang and colleagues recently found two distinct mechanisms of APB-
associated break-induced DNA replication (BIR) in ALT. One pathway,
RAD52 dependent does not lead to c-circles whereas the RAD52 indepen-
dent pathway results in c-circle formation [23]. This finding might have
therapeutic implication as deleting RAD52 and SLX4 have increased tox-
icity in ALT cells as either approach alone [37]. Thus, effective inhibition

of ALT might require the understanding and targeting of multiple path-
ways [38].

LINE-1 encodes well known self-propagating retrotransposons and
comprises 17% of the human genome [39]. A majority of LINE-1
sequences are inactive by containing non-functional open reading frames
(ORFs). Only a small fraction of 5-8 L1-RNP elements are highly active
[39]. A full length L1-RNP retrotransposon is ~6 kb long and contains
two open reading frames (ORFs) [39]. L1-ORF1 encodes a protein (L1-
ORF1p) with RNA binding and nucleic acid chaperone activity, while
L1-ORF2 encodes a protein (L1-ORF2p) with endonuclease and reverse
transcriptase activity [40-44]. Physiological expression of LINE-1 was
observed in embryogenesis, neuronal progenitor cells and germ line cells
[45]. Week expression was found in heart, skin and thyroid [46] Disease
associated reactivation has been reported in most of the cancer types
[45,47-49]. Due to their ability to perform retrotransposition, active
LINE-1 sequences are primarily thought to contribute to evolution influ-
encing the genotype by genomic rearrangement. During development of
cancer they promote complex cancer-associated karyotypes [50,51].

With respect to oncology we have found that LINE-1 reactivation
appears to be an essential factor for TMM in TA" cells [50,51]. This fur-
ther explains a reduced tumor cell growth upon LINE-1 inhibition in vitro
and iz vivo [51-53]. In this study, we show that a reduction of L1-RNPs is
associated with telomeric damage in ALT-dependent cells.

Material and Methods

Human glioblastoma (GBM) tumor samples and patient
characteristics

Nineteen GBM specimens (n = 19) were included in this study. All of
the GBMs were operated at the Department of Neurosurgery, Neuromed
Campus, Kepler University Hospital, Linz, Austria. For the current
research project, the Division of Neuropathology at the Neuromed Cam-
pus provided the paraffin sections. Clinical information was obtained with
written informed consent of all patients and the local ethics committee

approved the study.

Cell culture

Cell lines SW-480, SW-620, HCT-116, SaOS-2, U-20S (obtained
from ATCC, Wesel, Germany) and the cell lines MG-63, GM-847
SV40-immortalized  skin  fibroblasts, WI38-VA13/2RA  SV40-
immortalized WI38 normal lung fibroblasts, G-292 osteosarcoma and
the ITIICF/c (ras) cell line were provided by R. Reddel (Children Medical
Research Institute, Sydney, Australia). Cell lines were maintained in Dul-
beccos modified Eagles medium (DMEM, Gibco Fisher Scientific, Aus-
tria) or McCoy's 5a (McCoy's 5a MOD with stable Glutamine,
GIBCO, 26600-023, Fisher Scientific, Austria) supplemented with 10%
fetal bovine serum (FBS, Gibco, Fisher Scientific, Austria). Primary
human fibroblasts (HF + 400, provided by Christine Brostjan, Medical
University of Vienna, Austria), were maintained in DMEM supplemented
with L-Glutamin, sodium-pyrovate, gentamicin and amphotericin (Sigma-
Aldrich, Vienna, Austria). Applied-Genetics (Eurofins Medigenomix-
GmbH, Ebersberg, Germany) and Fragment-Analysis-Facility (John Hop-
kins University, Baltimore, MD) provided cell line quality control.

siRNA transfection

The L1-RNP-targeted siRNA oligonucleotides and the scrambled
siRNA were designed to target the active L1-RNP elements (pre-
designed and validated from Invitrogen). siRNA/lipid solutions were pre-
pared with Lipofectamine 2000 (Invitrogen, Fisher Scientific, Austria) and
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36 pmol of siRNAs. For siRNA transfection using the standard method
was prepared followed by manufactorys instruction (Invitrogen, Fisher Sci-
entific, Austria). The sequences of siRNA were: scrambled-siRNA 5'-GAA
GAAGGAGCGGAAGAAGUUAUUA-3'; L1-RNP-siRNA #1288 GAA
AUGAAGCGAGAAGGGAAGUUUA, L1-RNP-siRNA #1264 TCAG
CAATGGAA GATGAAATGAATG, L1-RNP-siRNA 1329 AAGAAAT
GAGCAAAGCCTCCAAGAA. To target the Topollloe cDNA sequence
(NM004618), we used the previously described siRNA sequence 5'-CCA
GAAAUCUUCCACAGAA-3' [32].

RNA isolation and real-time PCR (RT-gPCR)

RNA was isolated using Trizol (PeqGOLD TriFast, Peglab, VWR,
Vienna, Austria) followed by purification with the E.Z.N.A. Microelute
Total RNA Kit (Omega Bio-Tek, VWR, Vienna, Austria), including
the optional DNA digestion step (RNase-free DNase I Set, Omega Bio-
Tek, VWR, Vienna, Austria). After quantification equal amounts of total
RNA were reverse-transcribed using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen, Hilden, Germany). For RT-qPCR, ¢cDNA and gene
specific primers were used with the Maxima® SYBR Green/ROX RT-
qPCR MM (2X) (Fermentas Fisher Scientific, Austria) or the GoTaq
RT-qPCR Master Mix (Promega, Mannheim, Germany). Samples were
normalized to the geometric mean of two reference genes (gapdh, rplp0).
Oligonucleotide primer sequences were: L1-RNP-ORF1_fwd-AGGAAA
GCCCATCAGACTAACAG; LI1-RNP-ORF1_rev-GGCCTGGTGGT
GACAAAATCT; LI-RNP ORF2-s-GAAATGGATACATTCCTCGA
CACA; LI1-RNP-ORF2-as-CTGGTCCTGGACTCTTTTTGGT; GA
PDH_fTGCACCACCAACTGCTTAGC; GAPDH_r-GGCATGGAC
TG TGGTCATGAG; RPLPO_f-AGCCCAGAACACTGGTCTC; and
RPLPO_r-ACTCAGGATTTCAATGGTGCC; APOBEC3C_f-GCATA
TCTAAGAGGCTGAACATGAAT; APOBEC3C_r-TGGAAGTAGAA
TGTGCCTGGATAC;  APOBEC3H_f-CAGCTGACGCCGCAGAA
T; APOBEC3H_r-GACTTGATCTCGTTAATAAAGCAAATTTC; AP
OBEC3G_{-GTGGAGCGCATGCACAATG; APOBEC3G_r-GGCCT
TCAAGGAAACCGTGT; ACTB_f AGGCACCAGGGCGTGAT;
ACTB_r-TGTAGAAGGTGTGGTGCCAGATT; TOP3A_{-GCATC
GACTCTTTAACCACACGG; or TOP3A_r-CTCCACAGTGTTCC
AAGGCTTGA.

Telomeric length and TERRA measurements by RT-gPCR

The average telomere length ratio was measured from total genomic
DNA or ¢cDNA as previously described [54].

Telomere length measurement

For PFGE/Southern blot, agarose plugs containing 25,000 cells were
prepared, for protein digestions plugs were incubated with 0.5 mg/ml Pro-
teinase K (Roche, Sigma-Aldrich, Vienna, Austria) at 50 °C for 24 h.
Digested plugs were inserted into an 1% pulsed-field agarose gel and elec-
trophoresed for 20 h at 12 °C with logarithmic interval decay in a Chef
DR III apparatus (Bio-Rad, Vienna, Austria). Electrophoresis settings were
as follows, block 1: 3 h, interval 20-10s, 4 V/cm, angle 120°; block 2:
8 h, interval 10-5s, 5 V/cm, angle 120°; block 3: 5-2's, 4 V/cm, angle
110°. Electrophoretically separated DNA fragments were vacuum-
blotted onto a positively-charged nylon membrane (Roche, Sigma-
Aldrich, Vienna, Austria) with a VacuGene XL apparatus (GE Healthcare,
Vienna, Austria), applying a depurination (0.25N HCI for 30 min),
denaturation (0.5 M NaOH, 1.5M NaCl, 30 min), neutralization
(0.5 M Tris-HCI, 3 M NaCl, pH 7.5, 30 min) and blotting (3 M NaCl,
0.3 M Na-citrate, pH 7, 2 h) step. Detection of telomere fragments was
done with the Telo TAGGG Telomere length assay (Roche, Sigma-

Aldrich, Vienna, Austria) according to the manufacturer's instructions.
For telomere length measurements in GBM tumors, the telomere lengths
were measured by a qPCR approach as published in Litsch et al. [55].
DNA from the osteosarcoma cell line Sa-OS positive for the alternative
lengthening of telomere (ALT) mechanism was used as long telomere con-
trol. Telomere lengths of all samples analyzed were given in relation to
SaOS-2 set arbitrarily as 1.

Immunoblot

Cells were scraped from cell-culture plates, washed in ice-cold PBS and
lysed in M-PER™ Mammalian Protein Extraction Reagent containing 1x
Halt protease inhibitor cocktail (ThermoFisher Scientific, Vienna, Aus-
tria). Protein extracts were quantified with the BCA Protein Assay Kit
(Pierce, ThermoFisher Scientific, Vienna, Austria). 30 pug of protein was
denatured with Laemmli buffer, loaded into each well of an 8%
acrylamide-bisacrylamide (37.5:1) gel containing 0.1% SDS and elec-
trophoresed with 25 mA/gel for 150 Vh. Proteins were transferred to a
PVDF membrane using the Transblot Turbo and the RTA Ready-to-
assemble Transfer Kit (Bio-Rad, Vienna, Austria). After several hours of
blocking PVDF membranes were incubated with the primary antibodies
as indicated in 5% NFDM/TBS-T for 1h at room temperature. After
washing with TBS-T membranes were incubated with the secondary anti-
body anti-rabbit IgG HRP linked Antibody (Cell Signaling, Cat. 7074S,
1:5000, 1h, room temperature). Detection was done with ECL Ultra
Western Blotting HRP Substrate (Lumigen, Inc.) for LINE-1 or Clar-
ityTM Western ECL Substrate (Bio-Rad, Vienna, Austria) for B-
Tubulin. Protein band intensities were quantified with ImageQuant TL
7.0 (GE Healthcare, Vienna, Austria).

Immunofluorescence microscopy

For immunofluorescence staining cells were seeded on 13 mm cover-
slips and fixed with formaldehyde (prepared from paraformaldehyde) for
15 min at room temperature or with ice-cold methanol for 10 min at
—20°C in case of Line-1 staining. After permeabilization with 0.2%
TritonX-100 in TBS and blocking (10% goat serum, 1% BSA, 0.05%
Tween20, 0.3 M glycin in TBS), coverslips were incubated with the pri-
mary antibodies as indicated in 1% BSA in TBS over night at 4 °C. After
washing with TBS-T slides were incubated with 1:400 diluted secondary
antibodies in 1%BSA/TBS for 1hr at room temperature: Goat anti-Rabbit
IgG (H + L) Secondary Antibody, Alexa Fluor 546 or Goat anti-Mouse
IgG (H + L) Secondary Antibody, Alexa Fluor 488 (molecular probes,
ThermoFisher Scientific, Vienna, Austria). DNA were counterstained
with DAPI (ThermoFisher Scientific, Vienna, Austria). Microscopy pic-
tures were taken on a Confocal Laser Scanning Microscope 700 with a
63x/ 1.4 plan-apochromat, Oil, DIC objective (Zeiss, Vienna, Austria).
For spot counting and co-localization analysis images were analyzed with
the CellProfiler™ cell image analysis software [56]. For ABP measure-
ments in GBM specimens, indirect immunofluorescence was performed
using the anti-PML mouse monoclonal antibody conjugated to Alexa
Fluor 488. Telomere fluorescence in situ hybridization was done with
the Telomere PNA FISH kit/Cy3 according to manufacturer's instruc-
tions. (Dako, Denmark).

Antibodies

Primary antibodies were TRF-2 (SantaCruz H-300, sc-9143, rabbit poly-
clonal, 20 pg/ml), YH2AX (Abcam, Anti-gamma H2A.X (phospho S139
antibody [9F3], ab26350, mouse monoclonal, 10 pg/ml), PML (PG-M3,
SantaCruz, sc-966, mouse monoclonal, 2 pg/ml), and-TRF1 (Abcam,
TREF-78, ab10579), TIN2 (Abcam, ab197894), POT1 (Abcam, ab90552),
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RAP1 (Abcam, ab40144), ATRX (Abcam, ab97508), Topolllx (SantaCruz,
sc13060, rabbit polyclonal), DAXX (Abcam, ab32140), LINE-1 (SantaCruz
H110, sc67197, rabbit polyclonal), LINE-1 (chA1-L1-RNP, mouse mono-
clonal, 40 pg/ml) [46], or B-Tubulin (9F3) rabbit IgG mAb (Cell Signaling,
Cat. # 2128S, 1:10000, overnight, 4 °C), Anti-p21 antibody [EPR18021]
(Abcam, ab188224), hTERT-antibody (Abcam, ab183105), Anti-Caspase-
3 (Abcam, ab13847).

Anaphase-bridge formation

Tumor cell lines were treated, fixed and permeabilized as described
above. For the nuclear staining, DNA were mounted in Vectashield
mounting medium with 0.5 pg/ml DAPI (VectorLabs, Maravai LifeS-
ciences, CA, USA) and detected as described for immunofluorescence
microscopy.

Q-Fish

Q-Fish analyses were done as previously described’. Briefly, indicated cells
were fixed with 3.7% formaldehyde, treated with Pepsin (Sigma Aldrich,
Vienna, Austria), and dehydrated. Followed by hybridization with PNA-
FITC-(CCCTAA); probe dissolved in a hybridization buffer (70% for-
mamide, 2 pg/pl BSA, 10% dextran sulfate in 2xSSC) O/N. Next day, cells
were washed three times in 2xSSC, 70% formamide at 39 °C, and 3 times in
PBS. Slides were dehydrated and mounted in Vectashield mounting medium
with DAPI (VectorLabs, Maravai LifeSciences, CA, USA).

Telomeric RNA FISH

RNA Fish was performed as described [28], except that a PNA-FITC-
(CCCTAA)4 probe dissolved in a hybridization buffer (70% formamide,
2 ng/ul BSA, 10% dextran sulfate in 2xSSC) was used for visualization
of TERRA(UUAGGG)-repeats. 48 h after transfection cells were incu-
bated for 7 minutes in ice-cold freshly made CSK buffer (100 mM NaCl,
300 mM sucrose, 3 mM MgCl,, 10 mM PIPES pH 7, 0.5% Triton-
X100) containing 40U/ml SUPERase.In. Cells were then fixed with 4%
paraformaldehyde and rinsed with 70% EtOH, air-dried and hybridiza-
tion was performed overnight at 37 °C. Slides were then washed 3 times
in 2xSSC, 70% formamide at 39 °C, and 2 times in 2xSSC. Slides were
dehydrated and mounted in Vectashield mounting medium with DAPI
(VectorLabs, Maravai LifeSciences, CA, USA).

Cell cycle and cell death analyses

Cell cycle and annexin V-staining were done as previously described
[57]. Measurements and calculations were performed by flow cytometer
MultiCycle AV software, Version 6.0 (Phoenix Flow Systems Inc., San
Diego, CA).

Chromatin immunoprecipitation (ChiP), RNA-
Immunoprecipitation (RIP) and telomere-specific
dot blots

DNA-ChIP and RIP were prepared followed by manufacturer's
instruction (Abcam). Chromatin bound fractions were immunoprecipi-
tated with indicated antibody O/N at 4 °C, followed by incubation with
cleared Protein A/G-beads, reverse crosslinking and the DNA was eluted.
The immunoprecipitated DNA was quantified by using quantitative PCR
and run on 1.5% agarose gels. The sequences of the primers used in this
study were previously described [54]. For telomeric dot blots, eluates were
dot blotted onto Hybond N* membrane (GE Healthcare, Bucking-
hamshire, UK). For RIP, cells were lysed in 1XCHAPS buffer with the

addition of protease inhibitor cocktail and SUPERase.In (40U/ml), soni-
cated and clarified by centrifugation, pre-cleared with A/G beads (Santa
Cruz, Heidelberg, Germany) and immunoprecipitated with indicated
antibodies O/N at 4 °C. On the next day, agarose A/G beads were added
and rotated for 2 h at 4 °C. RNA and proteins were extracted using Trizol
reagents and dot blotted onto Hybond N* membrane. Telomeric DNA or
RNA was detected with the TeloTAGGG telomere length assay kit
(Roche LifeScience, Vienna, Austria) using C-rich strand (CCCTAA)¢
or G-rich strand (TTAGGG)4, and visualized by Typhoon Scanner
(MolecularDynamics, Harlow Scientific, MA).

C-circle assay

For the C-circle assay, DNA from cell lines was isolated by salting-out
and quantified using the QuantiFluor dsDNA System (Promega, Man-
nheim, Germany) on a Varioskan Flash plate reader (ThermoFisher Scien-
tific, Austria). The assay was performed using 20 ng DNA as described by
Henson et al. 2017. Briefly, the circular fraction from genomic DNA was
amplified by rolling circle amplification with ®29 DNA polymerase.
Amplification products were dot-blotted onto nylon membranes and
hybridized with a digoxigenin-labeled telomeric oligonucleotide probe
[AATCCC]y. Digoxigenin was detected with an alkaline-phosphatase cou-
pled anti-digoxigenin antibody [58].

RNA ligation and RNA/DNA electrophoretic mobility shift assay
(EMSA)

RNA was labeled with 3’End Biotinylation Kit (Pierce Chemical,
Rockford, IL). Gel shift analysis was performed as previously described
[59]. Briefly, proteins were incubated with 50 pM biotin-labeled RNA
probes (poly(A)"TERRA G-(UUAGGG)4-UU(A)g; poly(A)~
TERRAAGGG-(UUAGGG);) or DIG-labeled telomeric DNA probes
(C-strand: DIG-(CCCTAA)s and G-strand: DIG-(TTAGGG)g) in
EMSA buffer [50 mM KCI, 5% (vol/vol) glycerol, 0.1% (vol/vol) NP-
40, 1 mM MgCl2, 5 mM dithiothreitol, 10 mM Tris-HCI, pH 8.0], with
(for supershift) or without L1-RNP-antibody (LINE-1H-110, Santa
Cruz) pre-incubation for 10 minutes, followed by incubation for 20—
60 min at RT. The samples were run on a 10% native acrylamide gel
and transferred to positive-charge nylon membrane. The signals were
detected by LightShift chemiluminescent kit (Pierce Chemical, Rockford,
IL).

Plasmids and expression of purified LI1-RNP

Two plasmids, pLD24 and pLD48 expressing synthetic human L1-
RNP-ORF1 and L1-RNP-RT, respectively were kindly provided by Jeff
D. Bocke (Department of Molecular Biology and Genetics, Johns Hop-
kins University School of Medicine, Baltimore). Expression and purifica-
tion of the two plasmids were done as previously described [60].

In-vitro reverse-transcriptase assays

L1-RNP-specific telomeric RT-assay (t-RTA) was done as previously
described with minor changes [60,61]. For the RT-assay, cell lysates were
extracted with CHAPS lyses buffer and RT-assays were performed in a
20 pl reaction (2 pg protein). As negative control, lysates were treated with
RNaseA (100 pg/ml) for 20 min at 37 °C. t-RTA reaction buffer contain-
ing 50 mM Tris-Cl (pH 8.0), 5 mM MgCl2, 50 mM KCI, 10 mM DDT,
0.05% Triton-X100, 2 mg/ml BSA, 2.5 uM dNTDPs, and with indicated
primer (Oligo(T) [16,21,22] or sequence as described for insertion and
elongation assay) at 37 °C for 2 h min followed by RNaseA (100 pg/ml)
and proteinaseK (50 pg/ml) treatment, and heated up to 98 °C for
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10 min. RTA-reactions were spotted onto Hybond N* membrane. C-
strand or G-strand specificity was visualized by telomeric dot blotting
(as described above).

Statistical analysis

A one-tailed student's t-test (for comparison of cell line differential val-
ues) or Mann-Whitney tests were used for statistical comparisons where
appropriate. A two-sided p value below 0.05 was considered significant.
Statistical analysis was performed with GraphPad Prism software package
(Version 4; GraphPad Software, Inc., La Jolla, CA, USA) and SPSS (IBM
SPSS Statistics). Error bars represent s.e.m. or s.d., as indicated in the fig-
ure legends. All experiments were performed three or more times indepen-
dently under identical or similar conditions, except when indicated in the
figure legends.

Results
Association of L1-RNP-expression and ALT in human tumor

In order to investigate a potential correlation of L1-RNP expression
and ALT mechanism in human cancer, we compared L1-RNP expression
in ALT*/TA™ versus TA" in glioblastoma (GBM), WHO grade IV. This
tumor entity is characterized by the occurrence of ALT* and TA" tumors
allowing comparative studies. The ALT*/TA™ phenotype in our GBM
specimens was characterized by significantly longer telomeres, positive
staining for ABPs, the lack of hTERT mRNA expression, and negative
TRAP assay compared to the TA" phenotype (Fig. 1A—C and Supplemen-
tary Table). In accordance to the literature the ALT*/TA™ revealed a sig-
nificant reduction of ATRX protein levels as compared to TA" samples
(¢ = 0.03) (Supplementary Fig. 1). We only observe a tendency but not
a significant difference in DAXX protein levels in the two groups
(p = 0.006).

L1-RNP expression was significantly increased in tumor specimens of
the ALT/TA™ phenotype compared to tumor of the TA" phenotype
(Fig. 1, D and E). This clinical observation suggests a specific association
of higher L1-RNP-expression in human ALT" tumors compared to TA"

tumors.

L1-RNP knockdown in ALT" tumor cells lead to telomere-dysfunction

As we observed a high L1-RNP expression in ALT" glioma, we next
investigated whether L1-RNP expression had an influence on telomere sta-
bility in ALT" cell lines. RNAi-mediated reduction of functional L1-RNP
(L1-KD) was performed in the ALT" cell lines as previously described [51]

leading to a reduction of ORF1- and ORF2-mRNA expression as well as
reduced L1-RNP protein expression (Fig. 2A and Supplementary Fig. 2).
Correspondingly to recent findings [62] L1-RNP expression was also
time-dependent in our cell lines. Increased L1-RNP expression could
not be assigned to a certain type of TMM in vitro (Supplementary
Fig. 3). We first analyzed the influence of L1-KD on DNA strand breaks
located on telomeres known as TIF [63]. TIFs were detected by co-
localisation of DDR signals, by using an YH2AX-specific antibody and
TREF-1/2 signals. We observed a significant increase of TIFs in ALT"
tumor cells treated with L1-RNP-siRNA compared to scrambled-siRNA
treatment within 24-48 h post-transfection (Fig. 2, B and C). This effect
was restored after 72-96 h post-transfection (data not shown). Strand
breaks at telomeres can lead to chromosome fusion followed by formation
of anaphase bridges [63,64]. L1-KD with siRNA led to a significant
increase in the number of anaphase-bridges in ALT" tumor cells (Fig. 2,
D and E, Supplementary Fig. 4).

A consequence of DNA damage and chromosomal instability are
micronuclei formed during anaphase. Correspondingly, we detected an
increase in micronuclei in ALT" cell lines treated with L1-RNP-siRNA
as compared to scrambled-siRNA (Fig. 2, F and G). These observations
confirmed that a reduction of L1-RNP expression increased DNA damage
and chromosomal integtity on telomeres. Therefore, we analyzed a poten-
tial association of L1-RNP and telomere binding proteins (TBP), which
are essential for telomere stability. A decrease of L1-RNP was associated
with a reduced TRF-1 and TRF-2-protein and -mRNA expression in
ALT" cells (Fig. 2H and Supplementary Fig. 5).

We also determined the TL of ALT" tumor cells by the terminal
restriction fragment assay, 24, 48 and 72 h after L1-RNP-siRNA treat-
ment. A reduction of L1-RNP was associated with a non-significant short-
ening of TL (data not shown). Due to the very long telomeres in ALT*
cells a non-significant reduction in size might not rule out a contribution
of L1-RNP to telomere regulation within 3 days of siRNA treatment.

A decrease of L1-RNP shows cellular growth
impairment in ALT* tumor cells

In TA" cells, we observed a correlation of L1-KD-induced telomere
dysfunction and a cell cycle arrest followed by a reduced growth rate
[51]. Similarly, L1-KD in ALT" cell lines led to a pronounced cell cycle
arrest in G2/M phase, which was paralleled by a significant impairment
of cell growth (Fig. 3, A and B). L1-KD induced a significant increase
in apoptosis in ALT" tumor cells when compared to controls (Supplemen-
tary Fig. 6).

Corresponding to annexin V and cell cycle analysis, we found caspase 3
activation after L1-KD shown in ALT" cell lines measured by Western

>

Fig. 1. L1-RNP is overexpressed in human glioblastoma (GBM) (Who grade IV) with impact on telomere maintenance mechanism in these tumors. A,
The ALT" phenotype in GBM specimens was correlated with significantly longer telomeres measured by Southern blot. Mean TRF of telomeres is given
for TA+ (red) and ALT+ (blue) tumors. TMM were verified by hTERT mRNA expression and telomerase activity measurements. B, Telomerase activity
(TA) in GBM analyzed by the telomeric repeat amplification (TRAP) assay. Representative examples for TA pos. and TA neg. tumor samples from
patients 12, 14, 3 and 9 are depicted. M, 20 bp marker; NTC, no template control; IS, internal standard; TSR8, quantitation control template. For each
sample (500 ng protein extract), the TRAP assay was performed with (+) and without (—) heat treatment. C, Representative image of ALT-associated
PML bodies (APBs) analysis in GBM. Combined PML immunofluorescence and telomere fluorescence in situ hybridization in a GBM derived prim-cell
culture representative for ALT (Patient 3). Cytospin preparations were analyzed with a 100X objective. Overlap of the PML (green) and telomeric foci
(red) indicate the presence of APB (yellow). Scale bar, 100 pm. D, Association of high L1-RNP expression in ALT* GBM samples. ICC staining against
L1-RNP-ORF2 was done to reveal the L1-RNP protein status in GBM specimens. Two different L1-RNP antibodies (please find Material & Methods)
were used in separate staining experiments. Representative images of one series are given for TA" and ALT" tumors. Cell nuclei DNA were stained with
PI (red signal); L1-RNP (green signal). Enlargement of L1-signals in ALT" tumor group is shown. E, Diagram shows mean fluorescence intensity of L1-
RNP staining in GBM. Difference between both groups is statistically significant (p < 0.001). Data shown are representative of two independent ICC
staining.
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Blot (Fig. 3C). Caspase 3 is involved in the activation cascade of caspases
responsible for apoptosis execution [65]. We further analyzed p21 protein
in ALT" cells after L1-KD. Protein p21 binds to and inhibits cyclin-
dependent kinase activity, preventing phosphorylation of critical cyclin-
dependent kinase substrates and blocking cell cycle progression [65].
We observed a decrease of p21 protein in cells after L1-KD as compared
to n.i.-treated cells as determined by Western Blot analysis (Fig. 3D).
The APOBEC3 (A3) superfamily (including A3C, A3D and A3H)

proteins play important roles in antiviral immunity related to retroviruses,

retroviral elements and RNA editing enzymes that involve RT-activity reg-
ulation, but also in tumor cell growth and cell cycle control [66-69]. Con-
cerning retrotransposons, hypomethylation of L1-RNP genomic copies
was shown to be associated with increased APOBEC-mRNA expression.
Correspondingly, we found that L1-KD resulted in a decrease of mRNA
expression of A3-superfamily proteins A3C, A3D, and A3H in ALT"
tumor cells (Fig. 3E). Thus, L1-KD induced cell cycle arrest
correlated with a decrease of mRNA of the cell cycle promoting APOBEC
proteins.
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Fig. 2. L1-RNP knockdown leads to a decrease of telomere stability. A, Representative images showing the L1-RNP expression in ALT" cell line SaOS-2
treated with non-interfering siRNA (n.i.) and siRNA targeting L1-RNP (L1-KD) determined by RT-qPCR statistic. B, C, L1-KD is associated with
telomeric induced foci (TTFs). Statistical comparison of ALT cell lines is given (B). Cell lines used as indicated on the top. Gray bar: 1-3 TIFs; black bar:
>3 TIFs. n = 3. error bars are s.d. Representative image of telomeric induced foci (C). red, YH2AX; green, telomeres. Arrows indicate co-localization. D,
E, L1-KD is associated with an increase in anaphase bridges. The frequency of anaphase bridges in ALT cells was calculated as the ratio between cells
exhibiting anaphase bridges and the total number of anaphase cells (D). Cell lines and treatment as indicated. n =4 **) p < 0.01; error bars are s.d. A
representative image of telomeric DNA Q-FISH is shown (E). Green spots are indicating telomeric ends and arrows the telomere fusion of two
chromosome ends (blue, DNA staining). F, G, Increased number of micronuclei next to the nucleus were observed 5 days after L1-RNP-siRNA
transfection, compared to scrambled non-interfering (n.i.) siRNA. Diagram of cells positive for micronuclei are shown (F). Cell counts, micronuclei
positive (mn") nuclei, statistical significance and cell lines as indicated. n = 3. Representative image with positive micronuclei (MN) next to the nucleus
(N) is shown (G). H,I, Inhibition of L1-RNP reduced TRF-1 and TRF-2 proteins measured by Western blot in SaOS-2 cell line (representative image is
shown, (H) and ICC staining (I). cell lines, statistical significance and treatment as indicated. n = 3. All statistical data shown are representative of three
independent experiments; error bars are s.d. blue, DNA-staining.
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LI1-RNP expression supports molecular characteristics of ALT
phenotype

An important structural part of telomeres in ALT" cells is TERRA, a
telomeric RNA transcribed from sub-telomeric regions [24]. The vast
majority of TERRA sequences lack poly-adenylation (poly(A)) processing

and remain in the nucleus supporting their function in telomere regulation

and stabilization. About 8% of TERRA is polyadenylated [29,70]. How-
ever, most of the polyadenylated TERRA is still retained in the nucleus,
and only a negligible quantity of TERRA is usually detected in the cyto-
plasm [29].

In order to investigate an association of L1-RNP and TERRA we visu-
alized TERRA by FISH analysis in ALT" cell lines treated by L1-KD. In
non-treated and scrambled-treated cells all TERRA signals are confined to
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Fig. 4. L1-KD is associated with a loss of telomere stability. A, L1-KD promotes extra-nuclear TERRA foci (arrows) in SaOS-2 cells. As control, DNasel
and RNaseA treated cells given on the right. TERRA, green; DNA, blue. B, C, L1-KD reduces c-circle activity in U-2 OS and IIICF/c cells as determined
by CC-assay, compared to non-interfering siRNA treatment (n.i.). Percentage of c-circle abundance is given as diagram (B). n = 2; error bars are s.d. *)
2 < 0.05. Dot blots (C) represents amplified telomeric (CCCTAA), circles. Cell lines and treatment as indicated. TA" cell lines HCT-116 and MG-63
were used as negative control. D, Statistical analysis of reduced PML bodies co-localized with telomeres. *) p < 0.05; **) p < 0.01n = 3; mean p s.d. E,
Topolllo was regulated by L1-KD in different ALT" cell lines. Topolllo-protein levels during L1-KD with L1-RNP-siRNA were measured by ICC
staining. Representative images are shown. green, Topollla-protein, red, DNA staining. Scale bar, 20 pm. F, LINE-1 overexpression leads to increased
Topolllo-protein levels done by L1-mRNA plasmid transfection (L1-full length) compared to control plasmid (L1-dead) in ALT" cells (as indicated).
Statistical analysis of immunofluorescence analysis by mean fluorescence intensity of Topollle antibody staining is given. p-values are given on the top.

Cell lines are given at the bottom. n = 3; mean p s.d.

the nucleus in this assay. In contrast, in L1-KD treated cells TERRA was
also found in the cytoplasm at substantial quantities (Fig. 4A and Supple-
mentary Fig. 7).

TERRA/PML co-localization is important for successful stabilization of
telomeres [71]. During L1-KD, we observed a reduced abundance of
TERRA/PML co-localisation (Supplementary Fig. 8). These data support

the idea of poly(A)" TERRA binding affinity to the L1-RNP-RNA bind-
ing site, which were dispersed by L1-KD.

C-circles and APB formation are one of the most relevant hallmarks of
ALT activity. C-circles were significantly decreased in L1-KD treated
ALT" cells as compared to control (Fig. 4, B and C). TA™ tumor cell lines
were used as negative control for the c-circle assay. Similarly, APB bodies
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were also significantly reduced in L1-KD treated ALT" tumor cells as com-
pared to non-interfering-siRNA treated controls, concordant to the previ-
ously described reduction of TERRA/PML co-localization (Fig. 4D and
Supplementary Fig. 9).

Another essential feature of the ALT phenotype is the expression of
topoisomerase IIlo (Topollla). KD of Topollla (Topollla-KD) leads
to G2/M arrest and a reduced level of cell viability in ALT™" cells [32].
We performed comparative experiments with L1-KD and Topollla-KD
(Supplementary Fig. 10). Furthermore, we tested the effect of L1-RNP-
siRNAs on Topolllx protein expression using siRNA. Interestingly, L1-
RNP-siRNA also resulted in reductions of Topolllo protein levels
(Fig. 4E). The level of Topollla mRNA and protein reduction correlated
with the efficacy of L1-RNP-specific siRNA (Supplementary Fig. 11). In
contrast, L1-overexpression by L1-full length sequence expression plasmid
transfection (L1-full length) in ALT" cells did increase Topolllo protein
expression (Fig. 4F), while knockdown of Topolllo did not alter the
L1-RNP-expression (data not shown). Collectively, these results indicate,
that L1-RNP seems to regulate TMM upstream of Topollla expression.

LI-RNP proteins bind to telomeric ends and to TERRA

We next analyzed a potential molecular interaction between L1-RNP
and telomeric DNA. ICC and ChIP analysis revealed a binding of L1-
RNP to telomeric DNA in ALT" (Fig. 5, A and B). TRF-2 binding to
telomeric sequences was used as a positive control. Using purified L1-
RNP indicated a binding of L1-RNP-ORFI to the telomeric C-strand
but not to the telomeric G-strand by using the band shift assay (Fig. 5C).

Since ALT™ cells are also known to express high levels of TERRA [24]
and since the ORFI-encoded protein of the L1-RNP element is an RNA-
binding protein [42], we assumed a possible binding of L1-RNP to
TERRA-specific sequences. RNA-immunoprecipitation (RNA-IP) per-
formed with ALT cell extracts confirmed this binding but not to the com-
plementary sequences (Fig. 5D). The known binding of TRF2 and TRF1
to TERRA [27] was used as a positive control. We did not observe a bind-
ing of L1I-RNP to TRF2 or other Shelterin proteins further suggesting
direct binding of LI-RNP to TERRA (Supplementary Fig. 12).

The polyadenylation of RNA sequences is essential for the RNA bind-
ing to the LI-RNP-ORF1 protein [72]. As we detected elevated cytoplas-
mic TERRA in L1-KD ALT" cells we hypothesized, that LI-RNP could
preferentially bind to poly(A)-TERRA retaining this TERRA in the
nucleus. We therefore performed a TERRA/L1-RNP-specific binding
assay using purified L1-RNP proteins (L1-ORF1 and L1-RT) and syn-
thetic TERRA constructs. The results indicated a binding of L1-ORF1
protein to poly(A)"TERRA but not to poly(A) " TERRA (Fig. 5E).

Reverse transcriptase inbibition leads to L1-RNP upregulation

It is known that L1-RNP has the ability to switch RNA templates [42].
Since we demonstrated binding of L1-RNP to TERRA, we tested whether
L1-RNP synthesizes telomeric TTAGGG-DNA sequences using TERRA
as a template. Therefore, we performed an L1-RNP-specific in-vitro-RT
reaction as described previously [60]. Dot blot hybridisation indicated that
purified L1-RNP protein could generate a product complementary to
TERRA in ALT" cell lines but not in TA" cell lines (Fig. 6A). L1-KD
abrogated the generation of this telomere-specific product further suggest-
ing an L1-RNP-specific effect (Supplementary Fig. 13).

To analyze the importance of L1I-RNP-RT activity for telomeric stabi-
lization, we investigated the effect of reverse transcriptase inhibitors (RTT)
on U2-OS ALT" cell line. We treated ALT" cells with either azi-
dothymidine (AZT), didanosine (ddI) or with the combination of both
drugs for 5 days. Those drugs have been described to inhibit L1-RINP-
specific RT activity [46]. The combination of RTIs led to a significant

increase in the number of TIFs but also augmented the number of overall
DNA strand breaks (Fig. 6B and Supplementary Fig. 14). The increase in
DNA damage was correlated with a significant increase of L1-RNP protein
and LI-RNP mRNA expression, as determined by ICC, WB and RT-
qPCR (Fig. 6, C and D and Supplementary Fig. 15). Correspondingly,
inhibition of the RT activity did not lead to a significant inhibition of cell
growth (Supplementary Fig. 16). However, in concordance with our
hypothesis that L1-RNP regulates ALT, we observed an increase of c-
circle activity in RTT treated cells, compared to mock-treated ALT" cells
(Fig. GE).

To confirm ALT activation after L1 induction, we analyzed L1 overex-
pression (L1-OE) in ALT" cells done by plasmid transfection with full
length L1-sequences (L1-full length) compared to inactive control plasmid
transfection (L1-dead) (Supplementary Fig. 17). We observed a positive
modulation of ALT characteristics, determined by an increase of TERRA
expression and c-circle production (Fig. 6F, and Supplementary Fig. 18).
In TA" cell lines L1-RNDPs plays a clear role in both, KLF4 and cMyc gene
regulation. In contrast, in ALT cells we only observed a decrease of KLF4
expression after L1-KD, but there were no detectable changes in upregu-
lation of KLF4 during L1-OE (Supplementary Fig. 19). cMyc levels were
only marginally detected in our cell lines and showed no difference in pro-
tein or mRNA expression during up- or downregulation of L1-RNPs (data
not shown).

Discussion

Our present study highlights a contribution of L1I-RNP to TMM in
ALT" cancer cells. We demonstrate that L1-RNP expression is more pro-
nounced in ALT" compared to TA" in human GBM. High levels of L1-
RNP expression and correlating hypomethylation of L1-RNP genomic
copies have also been described in aggressive and highly malignant tumors
with fatal outcome (e.g. GBM, rhabdomyosarcoma or other soft tissue
tumors), which frequently uses ALT as TMM [73-75]. The increased
levels of L1-RNP in ALT*/TA™ GBM specimens can be explained by
the decreased expression of ATRX. ATRX/H3.3 chaperone protein com-
plex is required for silencing of endogenous retroviral elements [76].

To further investigate a possible correlation of L1-RNP and ALT, we
used well-established ALT" tumor cell lines. L1-RNP expression in ALT"
cell lines supported all characteristic features of ALT such as c-circles,
PML bodies, nuclear localisation of TERRA and Topollle. Thus,
down-regulation of LI-RNP led to a decrease in telomere integrity as indi-
cated by an increased number of TIFs explaining the concomitant occur-
rence of anaphase bridges. Shay et al. proposed that ALT was not
supported by one single mechanism, but by multiple different regulations
[16]. Thus, L1-RNP might be one of those regulatory factors.

Possibly the most relevant feature of L1-RNP for TMM regulation of
ALT is its binding affinity to poly(A)-TERRA. Porro et al. has demon-
strated that despite its poly(A)-tail the majority of poly(A)"TERRA was
found in the nucleus [29]. With respect to our results of RNA-Q-FISH
and RNA-EMSA, we suggest that the L1-RNP-binding of TERRA may
be essential for its nuclear localisation. This is relevant for ALT as TERRA
appears to be a key-factor for homologous recombination (HR) in ALT*
cells as it facilitates binding of replication protein A [29]. Moreover, the
number of RNA-DNA hybrids formed by TERRA and telomeric DNA
were found to be critical for HR and subsequently for TMM in ALT
[20]. Based on the decrease in HR observed after L1-KD, we conclude
that this is due to the fact that L1-RNP links poly(A) TERRA to telomeric
sites. TERRA also appears to serve as a scaffold for telomere stability [71].
In this context, Porro et al. described an involvement of TERRA to protect
open telomeric 3" G strands [29]. We now suggest that L1-RNP indirectly
supports the stability of telomeric ends by ensuring sufficient levels of
TERRA at the telomeric sites. Thus, increased L1-KD associated TIFs
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TERRA sequence. Each EMSA was done for at least three times.
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can be explained by the lack of nuclear TERRA. L1-KD associated telom-
eric dysfunction can further be due to a reduction of APBs, which are a
prerequisite for BIR [23], but might also rely on the downregulation of
Topolllo preventing efficient formation of the BTR-complex [31] and
subsequent reduced generation of novel telomere sequences.

In contrast to TA" cells, we have not observed a L1-KD induced
decrease of TL in ALT + cells. The most likely reason is the fact that
telomeres are found to be 4 to 7-fold longer in ALT"- as compared to
TA" tumor cells [12]. An absence of significant telomere shortening in
ALT" cells could be explained by the short duration of siRNA treatment,
within 5 population doublings.

The RT activity of L1-RNP has the ability to switch the RNA template
[42] with an high avidity for TERRA. Using cell extracts we demonstrated
that the reverse transcriptase of L1-RNDPs is able to generate telomere
specific sequences. Thus, L1I-RNP could ensure TMM in ALT" cells
not only by a scaffold function to keep TERRA at the telomeric ends
but also by the generation of novel telomeric sequences. However, in con-
trast to LINE-1-specific siRNA, RTI treatment with DDI and AZT did
not reveal a decrease in tumor cell growth but an increase in expression
of L1-RNPs and c-circles. This therapeutically negative finding suggests
two possible interpretations: i) The RT activity of L1-RNPs is not relevant
for TMM in ALT" cells. L1-RNP -upregulation is part of the response to
genomic DNA damage and independent of telomere dysfunction. ii)
Alternatively, RTI-induced increase in L1-RINP might be a feedback loop
of dysfunctional L1-RNP-RT. Higher levels of L1I-RNP-RT could neu-
tralize RTIs used in low doses. However, the correlation of RTI-
induced L1-RNP upregulation with the increase in c-circles still strongly
support a role of L1I-RNPs in ALT regulation.

Retrotransposons are regarded as retroviral elements [49]. A retro-
transcription of TERRA by L1-RNP might lead to c-circles observed in
ALT. Extra-chromosomal circular DNA such as c-circles have most
recently shown to induce type I INF via the STING/cGAS pathway,
which are downregulated in ALT" cells to ensure cellular survival [77].
An association of c-circles with retroviruses-related retrotransposons,
which are regarded foreign due to their viral origin, can now explain the
fact that c-circles induce an immune response.

L1-KD reduces growth of TA" cancer cells [51-53] due to reduced
transcriptional induction of hTERT and c-Myc by L1-RNP elements.
TA" cells have low levels of TERRA because hTERT inhibits TERRA
[78]. Moreover, ALT" cell lines have reduced oncogene expression of
cMyc and KLF-4 comparable to the TA" cell lines [79]. Apparently, the
mechanism how L1-RNP supports TMM in TA" versus ALT" cell lines
is differently regulated but would suggest that LI-RNP has a general co-
factor role to support telomere integrity. Most recently, LI-RNP activa-
tion has been shown to regulate global chromatin accessibility in early
mouse embryos [80]. L1-RNP induced global chromatin regulation also
correlates with its impact on senescence and the activation of type I
IFN leading to inflammaging [81]. With respect to senescence we also
observed a downregulation of p21 by inhibition of LINE-1 in an ALT cell
line apart of its concomitant regulation of Shelterins and Topollla. Given
the role of L1I-RNP in TA" cells cancer-associated reactivation of L1-RNP
regulating global chromatin accessibility appears to promote transcription
of multiple genes involved in proliferation, cell survival and telomere reg-
ulation independent of the specific TMM.

Conclusion

In this study, we describe a new essential function of LI-RNP for
TMM in ALT" cells aside from its known function to support genetic
diversity. We propose that an L1-RNP targeting therapy unrelated to its
RT activity will not only be effective in TA™ but also ALT"-tumor cells.
Targeting L1-RNP protein in cancer therapy, which might be possible

via epigenetic modulation inducing H3K9me3 [76,82] would ideally
complement current telomerase inhibitors to prevent escape phenomena

[16].
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