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Abstract

Telomeric repeat-containing RNA (TERRA) and its formation of RNA:DNA hybrids (or TERRA R-loops), influence telomere maintenance, par
ticularly in human cancer cells that use homologous recombination-mediated alternative lengthening of telomeres. Here, we report that the
RNA-binding motif protein 14 (RBM14) is associated with telomeres in human cancer cells. RBM14 negatively regulates TERRA expression. It
also binds to TERRA and inhibits it from forming TERRA R-loops at telomeres. RBM14 depletion has several effects, including elevated TERRA
levels, telomeric R-loops, telomere dysfunction-induced DNA damage foci formation, particularly in the presence of DNA replication stress,
pRPA32 accumulation at telomeres and telomere signal-free ends. Thus, RBM14 protects telomere integrity via modulating TERRA levels and
its R-loop formation at telomeres.
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maintain telomere length (4-7). Additionally, telomere repeats

Telomeres are chromosome termini structures consisting of
tandem DNA nucleotide repeats and the shelterin protein
complex, including the telomeric repeat-binding factors 1
(TRF1) and 2 (TRF2)(1). Telomeres protect chromosome ends
from degradation and being recognized as damaged DNA, and
telomere dysfunction due to loss of telomeric DNA repeats
or loss of protection by the shelterin complex leads to the
DNA damage response, resulting in cell growth retardation,
cellular senescence, or apoptosis (1-3). Telomeres are typically
maintained by telomerase in human cancer cells, whereas 10—
15% of human cancer cells use homologous recombination
(HR)-mediated ‘alternative lengthening of telomeres’ (ALT) to

have a natural inclination to produce branching nucleotide in-
termediates, which presents an inherent obstacle to telomere
replication and consequently impacts telomere maintenance
(8,9).

TERRA has been found in a variety of species, including
humans (10-15). TERRA is transcribed from subtelomeric
to telomeric regions by RNA polymerase II, and it is cru-
cial for telomere preservation (11,12,16-19). Because of its
guanine-rich sequence composition, TERRA has a propensity
to form an RNA:DNA hybrid with the cytosine-rich telom-
eric DNA strand. As a result, the telomeric strand contain-
ing the TTAGGG repeats shifts, resulting in the formation of
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an R-loop structure (20,21). Mounting evidence suggests that
TERRA R-loop formation is crucial for telomere maintenance
(20,22,23); however, excessive TERRA R-loops may interfere
with DNA replication, causing replication stress, chromoso-
mal fragility or rearrangements and telomere loss (21,23-25).

TERRA and TERRA R-loops are highly abundant in ALT
human cancer cells (20,21,26). TERRA R-loops are closely
controlled in eukaryotic telomeres (21). RNase H1 has been
shown to localize to the ALT telomere, where it degrades
TERRA in the RNA:DNA duplex and antagonizes R-loop
formation (20). RNase H1 depletion increased R-loop for-
mation, causing replication stress and telomere fragility (20).
TERRA transcripts are bound by a complex array of factors,
which could also impact TERRA levels and TERRA R-loop
formation. Notably, the key telomeric protein TRF2 binds to
TERRA via its N-terminal RNA-binding GAR domain and
stimulates telomeric R-loop formation (27-29). Deletion of
the TRF2 GAR domain results in telomere dysfunction via
loss of TERRA (28).

A recent proteomic screening has identified an association
between the RNA-Binding Motif Protein 14 (RBM14) and
TERRA (30). RBM14 has a role in the repair of double-
strand DNA breaks (DSBs) through a process called non-
homologous end joining (NHE]) (31-33). Furthermore, it has
been established that RBM14 possesses two RNA recogni-
tion motifs (RRMs), engages in interactions with genome R-
loops and exerts regulatory control on RNA transcription and
splicing processes (31,34,35). It has been shown that, aside
from its well-known role in DSB repair, BRCA1 engages in di-
rect interactions with TERRA and facilitates the resolution of
TERRA R-loops. This procedure ensures the presence of an
appropriate amount of TERRA R-loops at telomeres, thereby
mitigating telomere replication stress induced by an excessive
accumulation of TERRA R-loops (36). Thus, we set out to in-
vestigate the role of RBM14 in the regulation of TERRA and
TERRA R-loops and its consequent impact on telomere main-
tenance in human cancer cells, with a focus on ALT cancer
cells. Our findings revealed that RBM14 is involved in telom-
eric chromatin and modulates TERRA levels and the forma-
tion of TERRA R-loops at telomeres, which contributes to the
preservation of telomere integrity in human cancer cells.

Materials and methods

Plasmids, siRNAs, antibodies, western blots and
cell lines

GFP-RBM14 was a gift from Dr. Lan Ko, Medical College
of Georgia, Augusta, GA. The RNAi-resistant GFP-RBM 14
plasmid was generated by mutating one codon in the siRNA
RBM14 targeted region from ‘atcgcgcagctcaacggcaaa’ to
‘atcgegeagcetaaacggeaaa’ in GFP-RBM14. GFP-RNase H1 was
obtained from Addgene (plasmid #108699). The small inter-
fering RNA (siRNA) RBM14 #1 (siRBM14#1)(SI03048374)
and non-targeting control (siNT)(SI03650318) were acquired
from Qiagen, while siRNA RBM14 #2 (siRBM14%2)(SC-
96838) was purchased from Santa Cruz. All siRNAs
were transfected with Lipofectamine RNAIMAX (Thermo
Fisher Scientific, 13778). TERRA knockdown was performed
as described previously (30). Cells were transfected with
the TERRA antisense (TAACCCTAACCCTAAC) or non-
targeting control (ACCTACCTCAATACCA) LNA gapmers
(Qiagen/Exiqon, #339511) at a concentration of 2-8 uM
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in 100 ul nucleofector solution using the A30 program
(nucleofector kits, Lonza).

RBM14 knockdown and RNAi-resistant GFP-RBM14 ex-
pression were confirmed by western blotting. Cells were
harvested and extracted in RIPA buffer (Thermo Scien-
tific, 89901) supplemented with a protease inhibitor cocktail
(Thermo Scientific, 78442). The protein samples were sepa-
rated by Bis-Tris gel and transferred to a nitrocellulose mem-
brane. The blot was detected using the primary antibodies.
Images were examined using a Femto chemiluminescence sub-
strate kit (Thermo Scientific, 34094), captured with Image Lab
software (Bio-Rad) and analyzed with Quantity One (Bio-
Rad) software. Protein levels are normalized to GAPDH.

Primary antibodies used in this study are provided in
Supplementary Table S1. These antibodies include RBM14
(Abcam, ab70636), TRF1 (Abcam, ab10579), 53BP1 (Novus
Biological, NB100-304), DNA-RNA Hybrid (59.6)(Kerafast,
ENHO001), RPA32/RPA2 (phospho $33) (Abcam, ab211877),
TRF2 (Novus Biological, NB100-56506 and Thermo Scien-
tific, MA1-41001), PML (Santa Cruz, sc-9862) and GAPDH
(Abcam, ab22555).

Cells were cultivated in Dulbecco’s Modified Eagle Medium
supplemented with 20% bovine calf serum and antibiotics
at 37°C in a 5% CO; incubator. Cells were treated with
1 uM Olaparib and 2 uM STL127705 [MedChemExpress,
AZD2281 (KU-0059436) and HY-122727], respectively, for
24 h before being harvested for ChIP analysis.

ChIP assays

ChIP was performed as previously described (37). Briefly, cells
were crosslinked with 1% formaldehyde in culture media for
10 min before being quenched with 125 mM glycine. Cells
were then permeabilized with swelling buffer (5 mM PIPES,
pH 8.0, 85 mM KCIl, 0.5% NP-40). Nuclei were resuspended
in MNase digestion buffer (10 mM Tris, pH 7.4, 15 mM NaCl,
60 mM KCl, 0.15 mM spermine, 0.5 mM spermidine) and
incubated with 0.8 U MNase (Thermo Scientific) for 30-45
min at 37°C. The reaction was stopped by adding 50 mM
EDTA, followed by centrifugation. The nuclear pellets were
resuspended in 10 mM Tris—=HCI (pH 8.0), 100 mM NacCl,
1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate and
0.5% N-lauroylsarcosine. Lysates were sonicated briefly to
disrupt nuclear membranes using an ultrasonicator (settings:
30 s ‘ON’/30 s ‘OFF’; power: ‘High’; time: 5 min) with a wa-
ter bath (Bioruptor, Diagenode). After the addition of 1% Tri-
ton X-100, diluted lysates were incubated overnight at 4°C
with the antibodies. Protein A/G PLUS-Agarose beads (Santa
Cruz Biotechnology, 10% v/v) were used for immunoprecip-
itations.

To detect RBM14 and telomeric R-loop association, ChIP-
reChIP was performed as previously described (38). Follow-
ing nuclear sonication, lysates were diluted and incubated
overnight at 4°C with constant rotation with 5 pg of RBM14
antibody. Each sample was incubated with 50 ul of preab-
sorbed beads at 4°C for 2—4 h and washed sequentially with 1
ml of washing buffers I (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 150 mM NacCl, 20 mM Tris-HCI, pH 8.1), washing
buffers II (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500
mM NaCl, 20 mM Tris—=HCI, pH 8.1) and washing buffers
III (0.25 M LiCl, 1% NP40, 1% Deoxycholate, 1 mM EDTA,
10 mM Tris—HCI, pH 8.1) with rotation for 10 min at 4°C.
All the washing buffers were supplemented with protease in-
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hibitors. One minute of centrifugation at 800 g was conducted
between washings. After carefully removing the supernatant
with a pipette, beads were incubated in 75 ul TE buffer with
10 mM DTT for 30 min at 37°C to elute immunocomplexes.
Following centrifugation at 800 g for 2 min, the supernatant
was transferred into a 1.5 ml tube. The sample was diluted 20
times with dilution buffer to a final volume of 1.5 ml. Each
sample was incubated with 5 pg of $9.6 antibody overnight at
4°C with constant rotation. Following binding, the beads were
washed sequentially with 1 ml of washing buffers I, II and
III. Each sample was incubated with 150 pl of washing beads
buffer containing proteinase K and RNase A (5 ug/ul) for at
least 4 h or overnight at 65°C to reverse the crosslink.

DNA extraction was performed using the QIAquick PCR
Purification Kit (QIAGEN, 28104). Dot-blot analyses were
employed to quantify ChIP DNA. For dot blot analyses,
ChIP DNA was denatured with 0.5 M NaOH and 1.5 M
NaCl, and equal volumes of samples were loaded onto an
Amersham Hybond-N + membrane (GE Healthcare) using a
Bio-Dot apparatus (Bio-Rad). Membranes were washed once
with denaturing buffer and wash buffer (3x SSC), followed
by UV-crosslinking (UV Stratalinker 2400, Stratagene) and
blocked with 10 x Denhardt’s solution (Thermo Scientific) for
1 h at 37°C. Hybridization was conducted at 37°C overnight
using either Telo-C-Biotin (CCCTAA)s or Alu (5'-Biotin-
GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCA-
3’) probes (Integrated DNA Technologies, IDT DNA). Signal
detection was performed using the chemiluminescent nucleic
acid detection module kit (Thermo Scientific, catalog no.
89880). Images were obtained via the ChemiDoc imager
(Bio-Rad) and quantified with ImageQuant TL software
(GE Healthcare Life Sciences). ChIP DNA in telomeric and
subtelomeric regions was also measured using quantitative
real-time PCR (qPCR). The PCR value was calculated by
the 2722€T method (39). Primer sequences utilized for PCR
analysis were provided in Supplementary Table S2. Dot-blot
or PCR values were subjected to normalization to the value
corresponding to 100% input.

RNA preparation and analysis

Total RNA was purified with Trizol reagent (ThermoFisher)
in the presence of an RNase inhibitor according to the man-
ufacturer’s instructions. In brief, the sample was mixed with
1 ml of Trizol and 200 pl of chloroform. The mixture was
centrifuged at 4°C for 15 min at 12 000 g, and the aque-
ous phase was collected and precipitated with isopropanol in
equal volume. The RNA pellets were collected by centrifuga-
tion at 12 000 g for 10 min, then washed with 75% ethanol,
air-dried and resuspended in RNase-free H,O. The sample
was then treated with DNase I at 37°C for 45 min, followed
by inactivation at 65°C in the presence of EDTA for 5 min.
For Northern blotting, approximately 7.5-10 nug of to-
tal RNA was denatured in loading buffer at 65°C for
15 min, separated by 1.2% agarose-formamide gel in 1x
MOPS buffer, transferred to an Amersham Hybond-N* mem-
brane (GE Healthcare) with 10x SSC, and crosslinked on
the membranes in a UV Stratalinker 2400 (Stratagene) at
125 m]. The membrane was hybridized with the Telo-C-
Biotin (CCCTAA)4 probe. TERRA levels were normalized to
18S internal control. Dot-blot was performed by loading 1
ng of total RNA per sample onto an Amersham Hybond-
N* membrane (GE Healthcare). The membrane was hy-
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bridized with the Telo-C-Biotin (CCCTAA)4 or 18S (5’-Biotin-
CCATCCAATCGGTAGTAGCG-3') probes (IDT DNA). For
RNase A controls, RNA samples were treated with RNase A
(QIAGEN) at a final concentration of 100 pg/ml at 37°C for
30-60 min.

Reverse transcription real-time PCR (RT-qPCR) analysis
of individual TERRA was carried out as described (40). For
TERRA stability analysis, cells were treated with 7.5 nM acti-
nomycin D for 12 h. In brief, 1 ug of RNA was reverse
transcribed using (CCCTAA);s oligonucleotides for TERRA or
random decamers for other genes with Super Script IIl Reverse
Transcriptase (Invitrogen). Overall, 100 ng of cDNA were an-
alyzed by qPCR with SYBR Green. The PCR value was de-
termined by 2-22€T methods and normalized to 18S. Primer
sequences used for RT-qPCR were listed in Supplementary Ta-
ble S2.

RNA immunoprecipitation (RIP)

RIP assays were performed as described (29). Cells were
crosslinked with formaldehyde at a final concentration of
1% for 10 min. To stop cross-linking, glycine at a final con-
centration of 125 mM was added. Cells were pelleted by
centrifugation at 800 g for 5 min, washed with cold 1x
PBS, resuspended in 600 ul of buffer A [0.5% NP40, 5
mM PIPES, pH 8.0, 85 mM KCl, 50 U/ml SUPERaseeIn™
RNase Inhibitor (ThermoFisher), protease inhibitor cocktail
(ThermoFisher)] and incubated on ice for 10 min. Nuclei were
collected by centrifugation at 3000 g for 5 min at 4°C, washed
in NP-40-free buffer A and resuspended in 600 ul of buffer B
(10 mM EDTA, 50 mM Tris—HCI, pH 8.1, 1% SDS, 50 U/ml
SUPERaseein™ RNase Inhibitor, protease inhibitor cocktail)
for 10 min on ice. Lysates were sonicated and centrifuged at
15 000 g for 10 min at 4°C. The supernatant was collected and
diluted 10-fold using IP buffer (1.1% Triton X-100, 0.01%
SDS, 167 mM NaCl, 1.2 mM EDTA, 16.7 mM Tris, pH 8.1,
50 U/ml SUPERaseein™ RNase Inhibitor, protease inhibitor
cocktail). An antibody (2-10 pg) was added to the reaction.
The mixture was incubated for 2 h to overnight at 4°C with
gentle rotation. Protein A/G beads (40 ul) were added to the
mixture and subjected to incubation for 1 hour at 4°C with
gentle rotation. Each IP reaction was washed five times (10
min each) in 1 ml IP buffer at 4°C and eluted at 70°C for 20
min with 200 ul elution buffer (1% SDS, 5 mM EDTA, 10
mM Tris, pH 8.0, 50 U/ml SUPERaseein™ RNase Inhibitor,
protease inhibitor cocktail), and then at 70°C for 1-2 h to re-
verse crosslink. RNA was extracted with Trizol reagent, re-
suspended in 50 ul of DEPC-treated water, treated with 2
ul DNase I (2 U/ul, Thermo Fisher Scientific, AM2222) and
analyzed by dot blot using the Telo-C-Biotin (CCCTAA)4 or
TERRA-like-Biotin (GGGATT)4 probes (IDT DNA). For con-
trols, RNA samples were treated with RNase A (QIAGEN) at
a final concentration of 100 pg/ml at 37°C for 30-60 min.

Immunofluorescence (IF), proximal ligation assay
(PLA) and TERRA RNA fluorescence in situ
hybridization (TERR RNA-FISH)

IF was performed as described (41) with a few modifications.
Cells were seeded and cultured on Lab-Tek IT chambered glass
slides (Nunc). Cells were fixed with 4% formaldehyde at 4°C,
permeabilized with 0.2% Triton X-100 and blocked with 3%
BSA. Cells were immunostained with primary antibodies at
4°C overnight, followed by Alexa Fluor-labeled secondary an-
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tibodies (Abcam) for 1 h at 37°C. For detection of RBM14,
cells were treated with the cytoskeletal (CSK) solution (100
mM NacCl, 10 mM PIPES, pH 6.8, 300 mM sucrose, 3 mM
MgCl,, 0.5% Triton X-100) for 5 min on ice and then 100%
methanol for 10 min at -20°C, prior to blocking and im-
munostaining.

PLA was performed using Duolink® PLA Starter Kits
(Sigma-Aldrich), following the manufacturer’s guidelines with
minor modifications (42). A combination between TRF2 and
RBM14 antibodies was used to detect the association between
RBM14 and telomeres, and a combination between TRF2 and
53BP1 antibodies was used to detect the association between
53BP1 and telomeres. For IF combined with PLA, the PLA
procedure was followed by immunofluorescence staining with
a secondary antibody, as described (42). Supplementary Ta-
ble S1 lists primary and secondary antibody combinations for
PLA procedures.

TERRA RNA-FISH was performed as described with mi-
nor modifications (10). Cells were permeabilized with cyto-
buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 3 mM MgCl,,
300 mM sucrose), cytobuffer with 0.5% Triton-X and then
cytobuffer for 30 s for each step. Cells were fixed in ice-cold
4% paraformaldehyde in 1x PBS for 10 min at room tem-
perature and dehydrated twice in ice-cold 70% ethanol for
2 min, ice-cold 90% ethanol for 1 min and ice-cold 100%
ethanol for 1 min. Slides were incubated with a Cy3-labeled
(CCCTAA); PNA probe (Panagene) in a humid chamber (2 x
SSC, 50% formamide) overnight at 37°C, followed by wash-
ing once in 2x SSC for 3 min at room temperature, three times
in 2x SSC for § min at 37°C and briefly in 4x SSC. Slides
were then mounted in ProLong™ Gold Antifade Mounting
Solution with DAPI (ThermoFisher). For IF combined with
TERRA RNA-FISH, cells were permeabilized with cytobuffer
and then subjected to the immunofluorescence protocol. Fol-
lowing the secondary antibody washing process, cells were
fixed for 2 min at room temperature with 4% paraformalde-
hyde, dehydrated and followed by RNA FISH.

Cells were counterstained with ProLongTM Gold Antifade
Mounting Solution with DAPI (ThermoFisher). Images were
captured with a fluorescence microscope (Axio2, Carl Zeiss)
and scored manually. Data presentation was performed using
GraphPad software. Approximately 100 cells per genotype or
condition were analyzed.

Telomere length and function assessment

Telomere length was determined by telomere restriction frag-
ment (TRF) analysis on genomic DNA and quantitative telom-
ere in situ hybridization (Q-FISH) on metaphase spreads, as
previously described (43). Genomic DNA was isolated from
cells using a DNA isolation kit (Qiagen) and digested by Alul,
Mbol and RNase A. Digested DNA was separated on a 0.8%
(w/v) agarose gel by electrophoresis, denatured with alkaline
buffer (2.5 M NaCl, 1.5 M NaOH) and transferred to a mem-
brane. The hybridization was performed with a Telo-C-Biotin
(CCCTAA)4 probe (IDT DNA). The TRF blot was visualized
using a chemiluminescent nucleic acid detection module kit
(Thermo Scientific, catalog no. 89880). Images were quanti-
fied using the ImageQuant TL software, and the mean telom-
ere length was calculated using Quantity One (Bio-Rad) soft-
ware. For Q-FISH analysis, cells were incubated with 0.1 pg
ml~! colcemid (ThermoFisher) for 2 h at 37°C, collected and
immediately incubated in 75 mM KCI for 15-20 min at 37°C,
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fixed in ice-cold methanol and glacial acetic acid (3:1) and
dropped onto glass slides. Metaphase spreads were hybridized
with a Cy3-labeled (CCCTAA); PNA probe (0.5 pug ml~!,
Panagene), washed and mounted with ProLongTM Gold An-
tifade Mounting Solution with DAPI (ThermoFisher). Images
were captured using Cytovision software (Applied Imaging)
on a fluorescence microscope (Axio2; Carl Zeiss), followed
by quantification of fluorescence signals of individual telom-
eres using Image] or the TFL-Telo software (a gift from P.
Lansdorp). Representative data from at least 30 metaphases
of each genotype were pooled and scored using GraphPad
Prism (GraphPad). The frequencies of individual telomeres
were plotted against the telomere signal intensity using arbi-
trary units. The percentage of telomere signal-free ends and
telomere fragility (a chromatid with >2 telomere signals) were
counted from at least 30 metaphases of each genotype.

Telomere replication stress was determined by IF using
RPA32 (pSer33) and TRF2 primary antibodies (44). For de-
tecting telomere dysfunction-induced foci (TIF) formation,
53BP1 and TRF2 primary antibodies were used. The num-
bers of RPA32 (pSer33) foci or 53BP1 foci that colocalized
with TRF2 per nucleus were scored. PLA utilizing TRF2 and
53BP1 as proximity ligation targets was also employed to de-
termine TIFs (42).

DNA-RNA hybrid immunoprecipitation (DRIP)

Genomic DNA was sonicated using an ultrasonicator
(Diagenode) with a water bath (settings: 30s ‘on’/30s ‘off’;
power: ‘high’; time: 5 min). 5 pg of nucleic acid was incubated
with 1 pg of $9.6 antibody in IP buffer (1% Triton X-100,
0.1% SDS, 10 mM HEPES, pH 7.2, 275 mM NaCl, 0.1%
sodium deoxycholate) for 6 h at 4°C on a rotating wheel.
For RNase H1 control, nucleic acids were treated with 60 U
of RNase H1 at 37°C for 3 h prior to incubation with the
$9.6 antibody. The immunocomplexes were incubated with
sheared E. coli DNA and BSA-blocked Protein A/G PLUS-
Agarose beads (Santa Cruz Biotechnology, 10% v/v) for 2 h
at 4°C on a rotating wheel. Beads were washed in IP buffer
four times by centrifugation at 800 g and incubated in an elu-
tion solution (10 mM EDTA, 50 mM Tris-Cl, pH 8, 0.5%
SDS) containing 40 pg/ml RNase A and 10 pg/ml proteinase
K (Sigma-Aldrich) for 30 min at 50°C. Beads were subjected
to centrifugation as described above, and the resulting su-
pernatant was collected. Isopropanol was used to precipitate
DNA in the supernatant. DNA samples were subjected to dot-
blot analysis using the Telo-C-Biotin (CCCTAA)4 probe (IDT
DNA).

In vitro R-loop assembly and electrophoretic
mobility shift assay (EMSA)

Construction of RNA:DNA hybrids

Oligonucleotides were generated and gel-purified (IDT DNA).
Three-stranded RNA:DNA hybrid with the displaced single-
stranded DNA were constructed according to previously
established methods (45) with minor modifications, such
as the use of TERRA and telomere repeat sequences. The
oligonucleotides mimic the TERRA-like invading strand
(INV, 5'-UUGAGAACUGGAUGGUG(UUAGGG)5-3'),
the telomere C-strand (TC, §’-TCAA
GCTCGGTCTGCAGTCAGGATGATT

GT(CCCTAA)sTCTGCACTCGAGACTCACGTCCTGGTCACG-

3’) and its complemental strand (TG, 5'-CGTGACCAGGAC
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GTGAGTCTCGAGTGCAGACCTTTTTTTTTTTTTTTT
TTTTTTTTTTTTACAATCATCCTGACTGCAGACCGA
GCTTGA-3') (46). TERRA-like invading strand hybridized
with the melted regions of TC and TG duplex DNA to
form an R-loop structure. Annealing reactions (20 ul) were
conducted in 50 mM LiCl using a PC-100 Peltier thermal
cycler (M] Research). INV oligonucleotides were incubated
with the complementary strand (TC) at 95°C for 5 min and
cooled stepwise (1.2°C/min) to 60°C. TG was then added
to the reaction and incubated at 60°C for 1 h, followed by
cooling stepwise (1.2°C/min) to 25°C.

Emsa

Purified RBM14 and TRF2

GST-RBM 14 and GST-TRF2 proteins were purchased (Novus
Bio, H00010432-P01, MB291 and H00007014-P01, M8191,
respectively).

TERRA binding with RBM14 or TRF2

Protein was diluted in a dilution buffer (25 mM Tris—=HCI,
pH 7.5, 10% (v/v) glycerol, 0.5 mM EDTA, 50 mM KCl,
1 mM DTT and 0.01% NP40). Increasing concentrations of
RBM14 or TRF2 were incubated with TERRA (UUAGGG)s
or the corresponding antisense (CCCUAA);s oligonucleotides
at 37°C for 10 min in 20 ul of buffer (50 mM Tris-HCI,
pH 7.5, 50 mM KCIl, 1 mM MgCl,, 1 mM ATP). The reac-
tion mixtures were then crosslinked with 0.01% glutaralde-
hyde for 10 min. Products were resolved using 0.8% agarose
gels supplemented with 10 mM KCl and stained with SYBR™
Safe DNA Gel Stain (ThermoFisher) at 4°C for 50 min (6.5 V
cm™!). Free RNA and RBM14-bound RNA were imaged us-
ing the ChemiDoc imager (Bio-Rad) and quantified with Im-
ageQuant TL software (GE Healthcare Life Sciences) to deter-
mine the percentage of bound substrate [RNA bound/(RNA
bound + RNA unbound)] in each gel. The data was dis-
played using GraphPad Prism software, with a one-site bind-
ing curve (hyperbola) fitted to the data. Ky values from three
experiments were averaged and the standard deviation calcu-
lated. The one-site binding curve equation was utilized as Y =
(Bmax *X)/(K4 + X), in which X is ligand concentration (nM),
Y is binding (%), Bmax is maximum binding (%) and Ky is the
dissociation constant (nM).

R-loop formation assay with RBM14

The effect of RBM14 on the formation of R-loop structures
was examined according to the published protocols with mi-
nor modifications (45). 30 ul of an oligonucleotide and pro-
tein mixture consisting of the INV oligonucleotides, varying
amounts of purified RBM14 or TRF2, and 1x reaction buffer
(50 mM Tris—HCI, pH 8.0, 5 mM MgCl,, 0.5 mM MnCl,,
40 mM NaCl, 1 mM DTT and 0.1 mg/ml BSA) were incu-
bated at 37°C for 15 min. An aliquot of 20 ul was mixed with
8 ul of 3X native stop dye. Annealing reactions (20 ul) were
conducted in 50 mM LiCl using a PC-100 Peltier thermal cy-
cler. The TC oligonucleotides were incubated with the comple-
mentary strand (TG) at 95°C for 5 min and cooled stepwise
(1.2°C/min) to 60°C. The oligonucleotide and protein mix-
tures were then added to the TC/TG mixture and incubated
at 60°C for 1 h, followed by cooling stepwise (1.2°C/min) to
25°C. The mixture was analyzed on an 8% polyacrylamide
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native gel and visualized by staining with SYBR™ Safe DNA
Gel Stain (ThermoFisher).

Statistical analysis

Statistical values are reported in the figure legends. The data
are shown as the means =+ standard deviations (SDs) from the
indicated independent experiments. P values were calculated
using the Student’s ¢-test or one-way ANOVA. The latter was
employed for comparing three or more groups.

Results

RBM14 is localized at telomeres in ALT human
cancer cells

RBM14 was previously identified as a putative TERRA-
binding protein in ALT cells by chromatin DNA-RNA hybrid
immunoprecipitation (DRIP) analysis (30). To determine the
presence of RBM14 at telomeres in U20S ALT cells, we con-
ducted chromatin immunoprecipitation (ChIP) utilizing anti-
bodies that specifically target RBM14, the telomeric protein
TRF1, or IgG. The DNA contents derived from ChIPs were
evaluated by dot blotting employing probes that detect telom-
eric or genome-wide dispersed Alu repeats. Similar to TRF1,
RBM14 immunoprecipitated telomeric DNA, but IgG did not
show any binding affinity. RBM14 also immunoprecipitated
Alu repeats, whereas TRF1 and IgG, as anticipated, did not
exhibit any binding affinity (Figure 1A). These findings sug-
gest that RBM 14 is localized to telomeres in ALT cells.

It has been shown that RBM14 is recruited to I-Ppol- or
microlaser-induced DNA damage sites in a PARP1- and KU-
dependent manner (31). Notably, under normal physiologi-
cal conditions, the immunoprecipitation of telomeric DNA
by RBM14 showed comparable efficacy in U20S cells that
were treated with mock, a PARP1 inhibitor (Olaparib), or
a KU inhibitor (STL127705) (Figure 1B). In contrast, a re-
duction of approximately 40% in telomeric DNA contents
was observed in the RBM 14 ChIP, when the levels of TERRA
were depleted by approximately 50% in U20S cells. TERRA
depletion was achieved through transfection of TERRA an-
tisense oligonucleotides with locked nucleic acid chemistry,
along with a gapmer that facilitated TERRA degradation by
RNase H (30) (Figure 1C and D). These findings suggest that
under normal physiological conditions, PARP1 and KU play
no role in the localization of RBM14 to telomeres; however,
TERRA is required for RBM14 to effectively interact with
telomeres in ALT cells.

To further validate the association between RBM14 and
telomeres, we depleted RBM14 in U20S cells using two dis-
tinct small interference RNAs (siRBM14#! and siRBM14%2).
RBM14 depletion was confirmed by western blot (Figure
1E) and immunofluorescence (IF)(Supplementary Figure STA),
in comparison to the control group treated with a non-
targeting siRNA (siNT). Following the depletion of RBM14,
a significant decrease of around 70% was observed in the
amount of telomeric DNA in the RBM14 ChIP (Figure 1F).
In addition, we showed that RBM14 co-localized with the
telomeric protein TRF2 and TERRA by IF combined with
TERRA RNA fluorescent iz situ hybridization (TERRA RNA-
FISH)(Supplementary Figure S1B) and with ALT-associated
PML bodies by IF analysis (Supplementary Figure S1C). Fur-
thermore, the proximity ligation assay (PLA) yielded positive
signals when TRF2 and RBM14 were used as proximity lig-
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ation targets. The specificity of PLA in detecting telomeric
RBM14 was verified by the colocalization of PLA signals with
TRF2 and RBM14 IF signals (Supplementary Figure S1D).
Collectively, our findings support the notion that RBM14 is
localized to telomeres in ALT cells.

RBM14 interacts with TERRA in vivo and in vitro

Next, we validated the interactions between RBM14 and
TERRA in U20S cells. RNA immunoprecipitation (RIP) was
carried out utilizing the RBM14, TRF2, or IgG antibodies,
with or without RNase A treatment. Following dot blotting,
the Telo-C-Biotin (CCCTAA)s probe was used to identify
TERRA. In line with a previous report (29), we found that
TREF2 immunoprecipitated TERRA, which served as a posi-
tive control (Figure 2A). Similarly, RBM14 immunoprecipi-
tated TERRA, but TERRA was almost undetectable in both
the anti-IgG RIP and the anti-RBM14 RIP that was treated
with RNase A (Figure 2A). The levels of TERRA in the anti-
RBM14 RIP decreased by approximately 50% after RBM14
depletion (Figure 2B, upper panel). In contract, the TERRA
sense (GGGATT)4 probe detected non-specific signals in both
anti-IgG RIP and anti-RBM14 RIP of cells transfected with
either non-targeting or RBM14 siRNAs (Figure 2B, lower
panel). These results revealed a specific interaction between
RBM14 and TERRA in vivo.

To determine the direct binding of RBM14 to TERRA,
we performed an in vitro electrophoretic mobility shift as-
say (EMSA). TERRA (UUAGGG);s or the corresponding anti-
sense (CCCUAA);s oligonucleotides were incubated with in-
creasing concentrations of purified RBM 14 (Figure 2C). There
was a dose-dependent increase in the binding of TERRA and
anti-sense oligonucleotides to RBM14, with a twofold prefer-
ence for TERRA (Figure 2D and E). In addition, the amount of
TERRA oligonucleotides bound to TRF2 rose as the amount
of purified TRF2 increased (Supplementary Figure S2), cor-
roborating earlier findings (27-29,47). Collectively, our ob-
servations are consistent with the idea that RBM14, similar
to TRF2, directly binds to TERRA in vitro.

RBM14 modulates TERRA levels in ALT cells

To determine if RBM14 regulates TERRA in vivo, the total
levels of TERRA were determined in U20S cells that were
transfected with either siNT or siRBM14, or co-transfected
with siRBM14 and RNAi-resistant GFP-RBM14 by northern
blot and RNA dot blot using the Telo-C-Biotin (CCCTAA )4
probe. Northern blot analysis revealed a 1.2-fold increase in
TERRA expression following the depletion of RBM 14 (Figure
3A). RNA dot blot analysis yielded comparable results, show-
ing an approximately twofold increase in TERRA expression
in RBM14 knockdown cells (Figure 3B). In contrast, TERRA
levels in RBM14 knockdown cells expressing GFP-RBM 14
(Figure 1E) were comparable to those in siNT-transfected con-
trol cells (Figure 3A and B). After RNase A treatment, neither
Northern blot nor RNA dot blot detected any TERRA signals
(Figure 3A and B). TERRA RNA-FISH was also employed to
determine the expression of TERRA in U20S cells. RBM 14
knockdown cells displayed an increased number of TERRA
signals than siNT-transfected control cells, with an average of
7 and 13 foci per siNT- and siRBM14-transfected cell, respec-
tively. Conversely, the ectopic expression of GFP-RBM14 re-
sulted in a significant reduction of TERRA signals in RBM 14

Nucleic Acids Research, 2023, Vol. 51, No. 22

knockdown cells, with an average of 3 foci per cell (Figure 3C
and Supplementary Table S3).

Next, we assessed chromosome-end-specific TERRA by RT-
qPCR in U20S cells (Figure 3D). Among the chromosome-
end-specific TERRA we tested, chromosome 7p exhibited the
most pronounced levels of TERRA, whereas the levels of
TERRA on the remaining chromosome ends were relatively
low. Following the depletion of RBM14, TERRA exhibited
variable degrees of increase relative to the 7p siNT control,
with a 7.6-fold increase in 7p and moderate increases at
other chromosomal ends. Conversely, the ectopic expression
of GFP-RBM 14 resulted in a reduction of TERRA transcripts
in RBM14 knockdown cells to a level similar to that of the
siNT control. Collectively, our findings indicate that RBM 14
functions as a suppressor of TERRA in ALT cells.

RBM14 adversely affects TERRA stability and
transcription in ALT cells

The levels of TERRA could be influenced by its stability
and/or transcription in vivo. We first investigated the stabil-
ity of TERRA in U20S cells that were transfected with ei-
ther siNT or siRBM14, or co-transfected with siRBM14 and
RNAi-resistant GFP-RBM14. RT-qPCR assay was conducted
to analyze the levels of chromosome end-specific TERRA at
multiple time intervals after cells were treated with 7.5 nM
actinomycin D, a gene transcription inhibitor (Figure 4A and
Supplementary Table S3). Following the depletion of RBM14,
the half-life of TERRA, measured at 6 h, increased by 3.44-
fold, 1.48-fold and 1.81-fold at 7p, 16p and 20q, respectively.
In contrast, the degradation of TERRA, observed at 12 h,
decreased by 2.82-fold, 2.51-fold, 2.58-fold and 1.42-fold at
7p, 10q, 13q and 16p, respectively. The ectopic expression of
GFP-RBM14 resulted in the restoration of TERRA half-life
or degradation in RBM14 knockdown cells to a level similar
to that observed in the siNT control cells. The RNA dot blot
analysis also revealed comparable patterns in the total levels
of TERRA in U20S cells following the treatment with 7.5 nM
actinomycin D (Figure 4B and C). These results indicate that
RBM14 depletion boosted TERRA stability.

RBM14 functions at the interface of transcriptional coacti-
vation (34). To investigate the involvement of RBM14 in the
regulation of TERRA transcription, we examined U20S cells
that were transfected with either siNT or siRBM14. ChIP-
qPCR was employed to ascertain the association between
RBM14 and subtelomeric regions that have been previously
implicated in TERRA transcription (48)(Figure SA). RBM14
was detected at the subtelomeres of 10q and 13q, whereas the
association between RBM14 and these loci decreased upon
RBM14 depletion, with 4.72-, 3.65- and 3.18-fold changes at
the 396, 1122 and 1997 bp positions on 10q, and 3.57-, 1.85-
and 2.39-fold changes at the 152, 957 and 6545 bp positions
on 13q, respectively (Figure 5B and Supplementary Table S3).

As the expression of TERRA is influenced by RNAPII oc-
cupancy and chromatin organization at these subtelomeric
loci (48), we determined the binding of RNAPII and the pat-
terns of histone modifications in U20S cells that were trans-
fected with either siNT or siRBM14. In comparison to the
siNT control, RBM14 depletion increased the occupancy of
RNAPII at the 10q and 13q loci, with 1.13-fold change at the
396 bp position and 1.23-fold change at the 1997 bp posi-
tion on 10q, and a 1.39-fold change at the 152 bp position
on 13q (Figure 5C and Supplementary Table S3). In addition,
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TRF2 and IgG in U20S cells using the Telo-C-Biotin (CCCTAA), probe. IgG and RNase A treatments served as the negative controls, whereas TRF2 was
a positive control. The mean 4 SD of three independent experiments was used to represent the percentage of TERRA signals in the indicated RIPs
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RBM14 and IgG in U20S cells transfected with either siNT or siRBM14*" using either (CCCTAA)4 or (GGGATT)4 probes labeled with biotin. 1gG served
as a negative control. The relative TERRA or TERRA antisense values were normalized to the value corresponding to 100% input and siNT control (set to
1). The data were shown as the mean £ SD of three independent experiments. (C) Coomassie blue staining of purified GSTRBM14 proteins (0.4 ug)
resolved on an SDS-polyacrylamide gel. (D, E) EMSA analysis of RBM14's affinity for TERRA and the corresponding anti-sense RNA oligonucleotides.
RNA substrates (0.01 nM) were incubated with increasing concentrations of purified RBM14 protein. Free and RBM14-bound substrates are as indicated.
The percentage of RNA substrates bound to RBM14 at each RBM14 concentration was normalized to the total and shown as the average + SD of three
independent experiments. The average Ky values were obtained from three experiments, and the standard deviation was determined.

we monitored H3K4me3 and H3K9me3 at these chromosome
loci, which have been linked, respectively, to increased or de-
creased transcription elongation. RBM14 depletion led to an
increase in H3K4me3 occupancy at the 10q and 13q loci. The
occupancy at the 396, 1122 and 1997 bp positions in the 10q
region showed fold changes of 2.02, 1.82 and 1.84, respec-
tively. Similarly, the occupancy at positions 152,957 and 6545
bp in the 13q region exhibited fold changes of 2.23,2.02 and
2.01, respectively. Conversely, RBM14 depletion diminished
H3K9me3 occupancy in the 10q and 13q regions. In the 10q
region, fold changes of 1.74, 1.72 and 1.73 were observed at
positions 396, 1122 and 1997 bp, respectively. Similarly, fold

changes of 1.36 and 1.45 were observed at positions 152 and
957 bp, respectively, in the 13q region (Figure 5D and E and
Supplementary Table S3). These findings indicate that RBM 14
modulates the levels of TERRA, possibly by regulating the sta-
bility and/or transcription of TERRA.

RBM14 inhibits the formation of R-loops at
telomeres in ALT cells

RBM14 has been shown to associate with genomic R-loops
in human cells (35). We therefore investigated the potential
interaction between RBM14 and R-loops in U20S cells using
ChIP analysis with the RBM14 antibody, followed by reChIP
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Figure 3. Depletion of RBM14 enhances TERRA levels in ALT cells. (A) Northern blot analysis of total TERRA in U20S cells transfected with siNT,
siRBM14#1, siRBM14%2 or siRBM14*1 plus GFP-RBM14 using the Telo-C-Biotin (CCCTAA)4 probe. 18S stained with SYBR™ Safe DNA Gel Stain served
as a loading control. RNase A treatment served as a negative control. The mean TERRA signals were normalized against the signals for 18S and siNT (set
to 1). (B) RNA dot blot analysis of total TERRA in the indicated U20S cells using the Telo-C-Biotin (CCCTAA)4 or 18S probes. RNase A treatment served
as a negative control. The relative TERRA levels were normalized against the values for 18S and siNT (set to 1). The data were shown as the mean + SD
of three independent experiments. (C) RNA-FISH analysis of TERRA foci in the indicated U20S cells using a Cy3-labeled Telo-C-PNA (CCCTAA); probe.
TERRA (red), GFP-RBM14 (green) and DAPI (blue) signals are shown. The quantification of TERRA foci per nucleus is presented. A total of 90, 88 and 87
cells were counted in siNT, siRBM14*" and siRBM14#! plus GFP-RBM14 groups, respectively. The data were shown as the mean =+ SDs. Scale bars: 5
microns. (D) RT-gPCR analysis of chromosome end TERRA from the indicated U20S cells. The TERRA values were normalized to the values
corresponding to the 18S control. To display the variable nature of TERRA levels across chromosome ends, each chromosome end-specific TERRA was
further normalized to the 7p siNT control (set to 1). The data were shown as the mean + SDs of three independent experiments.

utilizing the S9.6 antibody, which recognizes R-loops (38,49).
Telomeric R-loops derived from ChIP-reChIP were quantified
using telomere qPCR. Both RBM14 and TRF2 were found
to immunoprecipitate telomeric R-loop signals, with TRF2
serving as a positive control (Figure 6A), whereas RBM14
depletion resulted in a nearly 90% reduction in telomeric
R-loop signals, serving as a negative control (Figure 6B).
These results indicate that RBM14 interacts with telomeric
R-loops in ALT cells. We could not rule out the possibility

that RBM 14 interacts with other types of RNA:DNA hybrids
that may exist in telomeres and could be detected by the $9.6
antibody.

Increased TERRA levels, as a result of RBM14 depletion,
may influence the formation of R-loops at telomeres. We
utilized chromatin DNA-RNA hybrid immunoprecipitation
(DRIP) with the S9.6 antibody (49,50) to assess the effect
of RBM14 on telomeric R-loops in U20S cells. Telomeric R-
loops were extracted from the S9.6 pulldown and detected
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experiments.

by the Telo-C-Biotin (CCCTAA)4 probe after dot blotting.
$9.6, but not IgG, pulled down telomeric R-loops, which
were largely eliminated by RNase H1 treatment. The amount
of telomere R-loops was further determined in U20S cells
transfected with either siNT or siRBM14. Compared to the
siNT control cells, the quantity of telomeric R-loops increased
1.78-fold and 1.62-fold in siRBM14#! and siRBM 142 trans-
fected cells, respectively (Figure 6C and Supplementary
Table S3).

To substantiate our observations, we utilized IF analysis
with the §9.6 and TRF2 antibodies (Figure 6D and E and
Supplementary Table S3). In comparison to the siNT con-

trol cells, RBM14 knockdown cells exhibited an increase
in §9.6 foci (11 and 28 events per siNT- and siRBM14 -
transfected cell, respectively). A portion of these foci were
found to colocalize with TRF2 signals (3 and 6 events per
siNT- and siRBM14-transfected cell, respectively). The colo-
calization of S9.6 and TRF2 signals was significantly re-
duced in RBM14 knockdown cells with ectopic expression of
GFP-RBM14 or GFP-RNase H1 (1.7 and 0.8 foci per GFP-
RBM14- and GFP-RNase H1-positive cell, respectively). Our
findings indicate that RBM14 exerts an inhibitory effect on
the formation of RNA:DNA hybrids, such as R-loops in ALT
telomeres.
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Figure 5. The effect of RBM14 depletion on RNAPII binding and chromatin architecture of RBM14 elements at the 10g and 13q subtelomeric loci in ALT
cells. (A) A schematic diagram illustrating the spatial arrangement of PCR primers that encompass the 10g and 13q subtelomeric loci. (B-E) ChIP-gPCR
analysis of RBM14 (B), RNAPII serine 2 (S2) phosphorylation (C), histone H3 K4 (D) and histone H3 K9 tri-methylation (E) at 10g and 13q in U20S cells
transfected with either siNT or siRBM14*'. The percentage of ChIP values relative to the value corresponding to 100% input was shown as the

mean =+ SD of three independent experiments.

RBM14 inhibits TERRA from forming R-loops in
vitro

Since telomere R-loop formation involves TERRA (20,21),
we examined whether RBM14 regulates TERRA to form R-
loops by EMSA. In order to generate a three-stranded R-
loop-like RNA:DNA structure, we utilized a TERRA-like
RNA oligonucleotide (INV) together with two DNA oligonu-
cleotides, TC and TG. The TC oligonucleotide contains
telomere repeats located in the middle region, while the TG
oligonucleotide serves as the complimentary strand with non-
complementary sequences located opposite the telomere re-

peats in TC (Figure 7A). Figure 7B exhibited the native
gel electrophoresis, displaying the positions of a mix con-
taining INV, TC and TG (lanes 1-7), a mix containing TC
and TG (lane 8) and each individual oligonucleotide (lanes
9-11). In vitro INV formed a complex with TC and TG
(lane 7), which mimicked the three-stranded R-loop struc-
ture. INV was incubated with increasing concentrations of
purified RBM14, prior to the addition of TC and TG to
the reaction mixture (lanes 2-6). When RBM14 concentra-
tions increased, R-loops decreased (Figure 7B, lanes 2—-6; and
Figure 7C). RNase H1 has been documented to disassemble
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Figure 6. RBM14 deficiency increases R-loops at telomeres in ALT cells. (A) Telomeric R-loop levels in RBM14, TRF2 or IgG ChIP and S9.6 reChlIP assays
in U20S cells by telomere gPCR analysis. TRF2 and IgG served as the positive and negative controls, respectively. The percentage of ChIP-reChIP
values relative to the values corresponding to 100% input was shown as the mean + SD of three independent experiments. (B) Telomeric R-loop levels
in RBM14 ChIP and S9.6 reChIP in U20S cells transfected with either siNT or siRBM14*! by telomere qPCR analysis. The relative telomeric R-loop
values in the indicated ChIP-reChIP were normalized to the value corresponding to the siNT control (set to 1). (C) Dot-blot analysis of R-loops at
telomeres in U20S cells transfected with either siNT or siRBM14#! using the Telo-C-Biotin (CCCTAA), probe. DRIP was used to isolate R-loops in cells
employing the S9.6 antibody. RNase H1 treatment served as a negative control. The percentage of DRIP signals relative to the values corresponding to
100% input was shown as + SDs from three independent experiments. (D, E) Immunofluorescence analysis of R-loops at telomeres in U20S cells
transfected with siNT, siRBM14#!, siRBM14*! plus GFP-RBM14 (grey), or siRBM14*! plus GFP-RNaseH1 (grey). Telomeric R-loops were identified by
colocalization of S9.6 (green) and TRF2 (red) signals. GFP-RNase H1 served as a control. The numbers of telomeric and genomic S9.6 signals per
nucleus in the indicated U20S cells are shown. To quantify telomeric S9.6 foci, a total of 107, 98, 106 and 100 cells were evaluated in siNT, siRBM14#1,
siRBM14#! plus GFP-RBM14, and siRBM14#! plus GFP-RNase H1 groups, respectively. To quantify genomic 9.6 foci, a total of 96, 99, 98 and 94 cells
were evaluated in siNT, siRBM14#!, siRBM14#! plus GFP-RBM14, and siRBM14#" plus GFP-RNase H1 groups, respectively. Scale bar: 5 microns.
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Figure 7. RBM14 inhibits TERRA from forming an RNA:DNA hybrid in
vitro. (A) Assembly of a three-stranded RNA:DNA hybrid configuration
using INV, TG and TC oligonucleotides. INV stands for TERRA-like RNA
oligonucleotides. TC contains telomere repeats in its central region, and
TG is the complementary DNA strand with non-complementary
oligonucleotides positioned in opposition to the telomere repeats present
in the TC sequence. (B) Native gel electrophoresis of INV, TG and TC
oligonucleotides in combination (lanes 1-8) as well as individually (lanes
9-11). INV (0.0005 nM) was incubated with increasing amounts of
purified RBM14 (0, 0.002, 0.004, 0.008 and 0.016 nM), and then with TC
(0.0015 nM) and TG (0.0015 nM) substrates (lanes 2-6). With increasing
RBM14 protein concentrations, the INV/TC/TG complex decreased.
RNase H1 served as a control for R-loop resolution (Lane 1). (C) The
quantification of the INV/TC/TG complex (lanes 2—-6) in (B). The values
were normalized to the value corresponding to lane 2 (set to 100%). The
data are shown as the mean + SDs from three independent experiments.

R-loops by degrading TERRA within R-loops (20). As ex-
pected, the addition of RNase H1 to the reaction prevented
the formation of R-loops (Figure 7B, lane 1). Our findings
suggest that the interaction between RBM14 and TERRA
may hinder the incorporation of TERRA into R-loops at
telomeres.

Consistent with earlier findings that TRF2 promotes R-loop
formation at telomeres (27,28), we found that the TERRA-
like INV oligos in the R-loop configuration increased as TRF2
concentration rose (Supplementary Figure S3). Hence, it is
plausible that RBM14 exerts inhibitory effects on the gen-
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eration of telomeric R-loops facilitated by TERRA, whereas
TRF2 could potentially counteract this effect.

RBM14 protects telomere integrity in ALT cells

Unscheduled accumulation of TERRA at telomeres correlates
with the activation of the DNA damage response (DDR) (51).
In addition, excessive R-loops at telomeres may impede the
progression of the telomeric replication fork (21,52), hence
triggering telomere dysfunction-induced DDR and DNA dam-
age foci (TIF) formation (53,54). We determined TTFs in U20S
cells transfected with either siNT or siRBM14 by assessing
the colocalization of the DNA damage response protein, p53
binding protein 1 (53BP1) and the telomeric protein TRF2
using IF analysis (54) (Figure 8A and Supplementary Table
S3). RBM14 depletion resulted in an increase in the forma-
tion of TIFs, with an average of 2.81 and 4.52 TIF foci
per siNT- and siRBM14- transfected cell, respectively. Con-
versely, the expression of GFP-RBM14 or RNase H1 resulted
in a notable reduction in TIFs in RBM14 knockdown cells,
with an average of 0.59 and 1.00 TIF foci per TIF foci per
GFP-RBM14-positive and RNase H1-positive cells, respec-
tively. Elevated TIFs were also confirmed in RBM14 knock-
down cells by the PLA assay, wherein 53BP1 and TRF2 were
employed as proximity ligation targets (42) (Supplementary
Figure S4).

In order to provide additional evidence supporting the as-
sociation between replication stress and the formation of
TIFs following the depletion of RBM14, U20S cells that
were transfected with either siNT or siRBM14 were sub-
jected to the treatment with low doses of the DNA poly-
merase inhibitor aphidicolin and analyzed for TIFs by IF anal-
ysis (Supplementary Figure S5 and Supplementary Table S3).
Indeed, a treatment of 0.2 mM aphidicolin significantly in-
creased the number of TIF foci in the RBM14 knockdown
cells, compared to the siNT control cells, with an average
of 2.01 and 4.58 foci per siNT- and siRBM14 -transfected
cell, and 2.99 and 7.64 foci per aphidicolin-treated siNT-
and siRBM14 -transfected cell, respectively. Notably, RBM 14
knockdown also increased 53BP1 genome foci formation,
with an average of 5.72 and 13.66 53BP1 foci per siNT- and
siRBM14-transfected cell, respectively, and 0.2 mM aphidi-
colin treatment resulted in a further increase in the number of
53BP1 genome foci in the RBM 14 knockdown cells compared
to the siNT control cells, with an average of 8.71 and 25.87
foci per siNT- and siRBM14-transfected cell, respectively.

Elevated telomere replication stress can lead to the accu-
mulation of the single-stranded DNA-binding protein RPA32
(phosphorylated at serine 33) at telomeres (44). IF analy-
sis was therefore employed to assess the levels of RPA32
(pSer33) at telomeres in U20S cells transfected with ei-
ther siNT or siRBM14 (Figure 8B and Supplementary Ta-
ble S3). RBM14 depletion increased the colocalization be-
tween RPA32 (pSer33) and TRF2 signals, with an average of
1.19 and 4.40 telomeric RPA32 foci per siNT- and siRBM14-
transfected cell, respectively, whereas ectopic expression of
GFP-RBM14 or RNase H1 in the RBM14 knockdown cells
significantly reduced telomeric RPA32 pSer33 foci, to a level
similar to that of the siNT control, with an average of 1.23
and 1.56 foci per GFP-RBM14 and RNase H1-positive cells,
respectively. Overall, our findings indicate that RBM14 de-
ficiency leads to the disruption of telomere replication and
telomere integrity in ALT cells.
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Figure 8. RBM14 suppresses telomeric DNA damage in ALT cells. (A) IF analysis of TIFs in U20S cells transfected with siNT, siRBM14#1, siRBM14*!
plus GFP-RBM 14 (grey) or siRBM14*! plus GFP-RNaseH1 (grey). The colocalization of 53BP1 (green) and TRF2 (red) signals defined TIFs (arrows). The
number of TIF signals per nucleus in the indicated U20S cells is shown. A total of 98, 113, 93 and 95 cells were evaluated in siNT, sSiRBM14#1,
siRBM14#! plus GFP-RBM14 and siRBM14#! plus GFP-RNase H1 groups, respectively. Scale bar: 5 microns. (B) IF analysis of telomeric pSer33 signals
in the indicated U20S cells. The colocalization of RPA32 pSer33 (green) and TRF2 (red) signals was scored (arrows). The number of telomeric pSer33
foci in each nucleus is shown in the indicated U20S cells. A total of 114, 96, 104 and 94 cells were evaluated in siNT, siRBM14*!, siRBM14* plus
GFP-RBM14, and siRBM14*1 plus GFP-RNase H1 groups, respectively. Scale bar: 5 microns.

RBM14 contributes to telomere length maintenance
in ALT cells

RBM14 depletion results in increased TIF formation, espe-
cially after replication stress in U20S cells. Excessive telomere
DNA damage may exceed the capacity of HR-mediated repair,
resulting in telomere loss and telomere fragility. Thus, we de-
termined telomere length in U20S cells transfected with either
siNT or siRBM 14 by quantitative telomere-FISH (Q-FISH) on
metaphase spreads and southern blot-based telomere restric-
tion fragment analysis. Q-FISH revealed that RBM14 knock-
down resulted in an approximate 30% reduction in overall
telomere signal intensity, with an average of 185, 125 and
139 arbitrary units in siNT-, siRBM14#1- and siRBM14#2-

transfected cells, respectively (Figure 9A and B and Supple-
mentary Table S3). RBM 14 knockdown also led to a two-fold
increase in the frequency of telomere-free chromosomal ends
(TFEs), with an average of 14.87, 24.55 and 32.75 TFEs per
siNT-, siRBM14#1- and siRBM14%2- transfected cell, respec-
tively (Figure 9C and Supplementary Table S3). Furthermore,
RBM14 depletion increased the number of telomeres with two
or more signals, which is indicative of telomere fragility, with
an average of 3.79, 12.47 and 13.52 fragile telomeres per
siNT-, siRBM14*1- and siRBM14*2-transfected cell, respec-
tively (Figure 9D and Supplementary Table S3).

Telomere restriction fragment analysis also demonstrated
a reduction in the mean length of telomeres following the
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Figure 9. RBM 14 depletion leads to telomere loss in ALT cells. (A, B) Q-FISH analysis of U20S cells transfected with either non-targeting or RBM14
siRNAs. Representative images show telomere signals (red) and metaphase chromosomes (grey). Insets depict individual chromosomes with (A) or
without (B and C) detectable telomere signals. Scale bar: 5 microns. Telomere signal intensities were measured in the indicated U20S cells. At least 30
metaphases were analyzed per genotype. Each dot represents a single telomere. Red lines depict the mean standard deviation of telomere signal
intensities. (C, D) Quantification of telomere signal-free ends (TFEs)(a chromosome end without detectable telomere signals) and telomere fragility (a
telomere chromatid with more than one signal) in the indicated U20S cells. At least 25 metaphase cells were used to calculate the percentage of TFEs
or telomere fragility per metaphase. The data are shown as the mean + SDs.

depletion of RBM14 (21.6, 19.8 and 19.5 kb in siNT-,
siRBM14%1- and siRBM14*2- transfected cell, respectively).
Additionally, there was an observed increase in the abundance
of smaller telomere restriction fragments in RBM14 knock-
down cells. However, ectopic expression of GFP-RBM14 in
RBM14 knockdown cells resulted in an increase in the mean
telomere length of approximately 22.3 kb, comparable to that
observed in the siNT control cells (Supplementary Figure S6).
Collectively, our data imply that RBM14 plays an important
role in maintaining telomere integrity in ALT cells.

RBM14 depletion leads to a moderate increase in
TERRA and R-loops in non-ALT cells

RBM14 was detected at telomeres in HeLa (non-ALT) cells
using an isolated chromatin segment approach (55). We
confirmed its association with telomeres in HeLa cells by
ChIP analysis. Similar to U20S cells, dot blotting and subse-
quent hybridization with the Telo-C-Biotin (CCCTAA)4 probe
showed that RBM14 and TRF1 immunoprecipitated telom-
eric DNA; however, IgG did not (Figure 10A).

To determine whether RBM14 modulates telomere main-
tenance in HeLa cells by regulating TERRA expression
and R-loops, RBM14 was depleted from HeLa cells using
siRBM14#! and siRBM14*2 (Figure 10B). RBM14 depletion
did not affect total TERRA levels by RNA dot-blot analysis
(Figure 10C), but led to moderate increases in some chromo-
some end-specific TERRA, such as a 1.7-fold increase in 7p
by RT-qPCR (Figure 10D and Supplementary Table S3). Our
attempts to detect telomeric R-loops by anti-S9.6 DRIP via
dot blotting were unsuccessful due to the limited quantity of
telomeric R-loops in HeLa cells (56). However, the anti-S9.6
DRIP analysis coupled with telomere qPCR revealed a modest
1.9-fold increase in telomeric R-loops in RBM 14 knockdown
cells (Figure 10E and Supplementary Table S3).

Intriguingly, Q-FISH analysis revealed that RBM14 deple-
tion did not result in an overall loss of telomere signal, but
rather a moderately increased trend in HeLa cells (with an av-
erage of 20, 24 and 26 arbitrary units in siNT-, siRBM14#1-
and siRBM14#2- transfected cell, respectively)(Figure 10F and
Supplementary Table S3). Thus, RBM14 depletion has a mod-
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Figure 10. RBM14 depletion leads to a moderate increase in chromosome end TERRA and telomeric R-loops in non-ALT Hela cells. (A) Dot blot analysis
of telomere and Alu DNA contents in the indicated ChIP and input from U20S and Hela cells using the Telo-C-Biotin (CCCTAA)4 or Alu probes. TRF1 and
IgG ChlIP served as the positive and negative controls, respectively. (B) Western blot analysis of RBM14 in Hela cells transfected with siNT,

siRBM14#1 or siRBM14#2 for 72 h. GAPDH served as the loading control. (C) RNA dot blot analysis of total TERRA in Hela cells transfected with siNT,
siRBM14#! or siRBM 142 using the Telo-C-Biotin (CCCTAA)4 or 18S probes. The relative TERRA levels were normalized to the values corresponding to
18S and siNT (set to 1) and shown as the mean + SD of technical triplicates. (D) RT-gPCR analysis of chromosome end TERRA in Hela cells transfected
with siNT, siRBM14*1 or siRBM14*2. Relative RT-qPCR values were normalized to the 18S rRNA control. Individual chromosome end-specific TERRA
values were further normalized to the 7p siNT control (set to 1). The data were shown as the mean & SDs of three independent experiments. (E)
Telomeric R-loop levels in Hela cells transfected with siNT, siRBM14*', or siRBM14*? by telomere qgPCR analysis of the S9.6-DRIP The percentage of
DRIP values in the indicated samples were normalized to the values corresponding to 100% input. The bar graph depicts the mean + SD of three
independent experiments. (F) Q-FISH analysis of Hel a cells transfected with siNT, siRBM14* or siRBM14%2. Representative images show telomere
signals (red) and metaphase chromosomes (grey). Telomere signal intensities were measured in the indicated cells. At least 25 metaphases were
analyzed per genotype. Each dot represents a single telomere. Red lines depict the mean standard deviation of telomere signal intensities. Scale bar: 5
microns.
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erate effect on TERRA, R-loop and telomere maintenance in
non-ALT cells.

Discussion

RBM14 is a versatile RNA-binding protein with multiple
functions. Previous studies have demonstrated its involve-
ment in NHE]J-mediated DSB repair. In this study, we pro-
vide evidence that RBM14 is a telomeric protein that in-
teracts with TERRA and telomeric R-loops. RBM14 is re-
quired for the regulation of TERRA levels and the formation
of TERRA R-loops at telomeres. This regulatory function of
RBM14 contributes to telomere maintenance in human cancer
cells.

We have previously reported that RBM14 is recruited to
I-Ppol- or microlaser-induced DSBs via a PARP1- and KU-
dependent mechanism. This recruitment promotes the NHE]
pathway, which facilitates DSB repair (31). In this study, we
demonstrated that RBM14 is localized to telomeres in hu-
man cancer cells within the context of normal physiological
conditions. Notably, this localization occurs independently of
PARP1 and KU, but is subject to the influence of TERRA lev-
els. These findings suggest that RBM14 plays a role in telom-
eres through its RNA regulatory function, independent of its
NHE] repair function.

A group of RNA-binding proteins bind to TERRA
(30,31,51). iDRiP-mass spectrometry identified RBM14 as
one of the putative TERRA-binding proteins in ALT cells (30).
We validated this interaction and investigated its function in
telomere maintenance in human cancer cells, with a focus on
ALT cells, because TERRA and TERRA R-loops play criti-
cal roles in ALT telomeres. We observed that RBM14 mod-
ulates TERRA levels, and its depletion increased both total
and chromosome end-specific TERRA levels. As RBM14 ex-
erts inhibitory effects on transcription (57), we investigated
its involvement in the regulation of chromatin architecture at
the 10q and 13q subtelomeric loci, which have been shown to
influence TERRA expression (48). Indeed, RBM14 exhibits
binding affinity towards the subtelomeres located at 10q and
13q, and its absence influences the occupancy of RNAPII,
H3K4me3 and H3K9me3 at these subtelomeric loci. More-
over, our data indicate that the increased levels of TERRA in
cells with depleted RBM14 may be a result of an extended
half-life and/or a decreased rate of TERRA RNA degradation.
Thus, it is conceivable that the increase in TERRA transcrip-
tion, the prolongation of TERRA half-life, or a combination
of both mechanisms contribute to the increase in TERRA after
RBM14 depletion.

The ability of TERRA to generate R-loops at telomeres
is regulated by its level of expression and interactions with
telomeric proteins and DNA repair proteins (58). In this study,
we revealed that RBM14 has a direct, dose-dependent binding
affinity for TERRA in vitro, as well as an in vivo interaction
between RBM14 and TERRA. Furthermore, the interaction
between RBM14 and TERRA results in a reduced capacity of
TERRA to form R-loop structures with DNA oligonucleotides
in vitro. RBM14 has previously been shown to bind to ge-
nomic R-loops in human cells (35). Our ChIP-reChIP anal-
ysis in this study demonstrated that RBM14 interacts with
telomeric R-loops in ALT cells, while RBM14 depletion in-
creased the frequency of R-loops at telomeres. These find-
ings indicate that RBM14 has a direct affinity for TERRA,
inhibiting it from being integrated into telomeric R-loops.
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This is in contrast to TRF2, which has been shown to bind
to TERRA and promote the formation of TERRA R-loops
(27).

Although telomeric R-loops help to maintain telomeres,
an excess of them may impede DNA replication, resulting in
telomere replication stress or collapse, telomere strand break-
age and telomere loss (21,23-25,59-61). Several lines of ev-
idence indicate that this possibility may have occurred fol-
lowing the depletion of RBM14. First, RBM14 deficiency
increased R-loop levels at telomeres. Second, RBM14 de-
ficiency increased the formation of telomere dysfunction-
induced DNA damage foci (or TIFs), which was exacerbated
by low-dose aphidicolin. Third, RBM14 deficiency led to
an accumulation of the phosphorylated ssDNA-binding pro-
tein RPA32 (pSer33) at telomeres. Fourth, TIFs and telom-
eric RPA32 (pSer33) were less abundant in RBM14 defi-
cient cells following RNase H1 treatment. Lastly, RBM14
deficiency had a detrimental impact on both the length
and integrity of telomeres. As a result, RBM14 may mod-
ulate the equilibrium of R-loop levels to ensure unim-
peded replication and maintenance of telomeres in ALT
cells.

Our study also provides evidence that RBM14 exerts a
moderate regulatory effect on TERRA and telomeric R-
loops in non-ALT HeLa cells, although RBM14 did not re-
sult in telomere shortening as observed in ALT cells. The
observed disparity in telomere length phenotype between
telomerase-positive and ALT cancer cells can be attributed
to a number of factors, including variations in TERRA
and R-loop levels within these cancer cells (20,21,62-65).
In ALT cancer cells, TERRA and telomeric R-loops are
prevalent, and further elevation of TERRA and telomeric
R-loops by RBM14 depletion may result in the collapse
of DNA replication and the subsequent loss of telomeres.
In contrast, TERRA and telomeric R-loops in telomerase-
positive cells is tightly controlled. A modest augmentation
of TERRA R-loops may contribute to the preservation of
telomeres by regulating telomerase, HR proteins and chro-
matin modifiers, particularly in situations where telomeres
are subjected to damage or reach a critically shortened state
(56).

Based on our findings, it is posited that RBM14 modulates
TERRA levels and impedes the formation of TERRA R-loops
at telomeres. RBM 14 deficiency results in the accumulation of
TERRA and telomeric R-loops, thereby affecting the equilib-
rium of telomere length in human cancer cells (Supplementary
Figure S7). Because of its ability to preserve telomere integrity
in human cancer cells, RBM14 represents a novel telomere
regulator. Understanding the function of RBM14 at telom-
eres is likely to yield novel insights into telomere maintenance
pathways and therapeutic avenues.
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