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ABSTRACT

Telomere shortening can cause detrimental diseases
and contribute to aging. It occurs due to the end repli-
cation problem in cells lacking telomerase. Further-
more, recent studies revealed that telomere short-
ening can be attributed to difficulties of the semi-
conservative DNA replication machinery to repli-
cate the bulk of telomeric DNA repeats. To investi-
gate telomere replication in a comprehensive man-
ner, we develop QTIP-iPOND - Quantitative Telomeric
chromatin Isolation Protocol followed by isolation of
Proteins On Nascent DNA - which enables purifica-
tion of proteins that associate with telomeres specif-
ically during replication. In addition to the core repli-
some, we identify a large number of proteins that
specifically associate with telomere replication forks.
Depletion of several of these proteins induces telom-
ere fragility validating their importance for telomere
replication. We also find that at telomere replica-
tion forks the single strand telomere binding protein
POT1 is depleted, whereas histone H1 is enriched.
Our work reveals the dynamic changes of the telom-
eric proteome during replication, providing a valu-
able resource of telomere replication proteins. To our
knowledge, this is the first study that examines the
replisome at a specific region of the genome.

INTRODUCTION

Telomeres are crucial for maintaining chromosome struc-
ture and genome stability. In humans, telomeric DNA
consists of 5-TTAGGG-3'/5-CCCTAA-3' repeats with an
overall length of 5000-15 000 nucleotides. Telomeric DNA
is bound by a large number of proteins functioning in dif-

ferent processes occurring at the chromosome ends. Most
prominent is the six subunits containing shelterin protein
complex consisting of TRF1 (telomeric repeat binding fac-
tor 1), TRF2 (telomeric repeat binding factor 2), POT1
(protection of telomeres 1), TPP1 (also known as ACD,
adrenocortical dysplasia protein homolog), TIN2 (TRF1-
interacting nuclear factor 2) and RAP1 (repressor-activator
protein 1) (1). In addition to the shelterin components, sev-
eral hundred proteins associate with telomeres (2-4). Ex-
perimental manipulation and genetic data linking mutant
gene products to telomere syndromes have revealed impor-
tant functions for several of these proteins.

Telomere shortening in telomerase-negative somatic cells
triggers a DNA damage response (5). This leads to cellular
senescence providing a powerful tumor-suppressive mech-
anism as it limits the proliferation of cells in precancerous
lesions (6). On the other hand, premature telomere short-
ening can lead to a number of degenerative disorders giving
rise to bone marrow failure, pulmonary fibrosis and cancer
(7-11). In these telomere syndromes, telomere maintenance
by either semi-conservative DNA replication or telomerase
is defective.

Telomeres pose the following challenges to the DNA
replication machinery: First, unwinding of the parental
DNA during telomere replication exposes the G-rich single
stranded DNA which can form highly stable G-quadruplex
(G4) structures and other stable secondary structures in-
volving guanine bases. G4 structures can cause stalling or
collapse of replication forks, requiring specialized helicases
including WRN, RTEL1 and BLM for unwinding (12-17).
Second, the t-loop in which the telomeric 3’ overhang is
tucked into the double stranded part of the telomeric DNA
(18) needs to be unwound during telomere replication by the
RTELI helicase (19,20). Third, the long noncoding RNA
TERRA is transcribed from a large number of chromo-
some ends (21-24). TERRA can form RNA/DNA hybrid
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structures post transcription (25) which interfere with DNA
replication if not removed by RNase H, the THO complex,
RNA surveillance factors or the splicing factors SFPQ and
NONO (26-31). Finally, replication origins are present in
the subtelomeric regions but replication initiates only rarely
within the telomeric repeats (14,15,32). Therefore, replica-
tion at telomeres is mostly unidirectional and stalled forks
may not be rescued from converging forks that come from
the end of chromosomes.

In order to specifically characterize the replication ma-
chinery that overcomes the many hurdles posed at telom-
eres, we combined QTIP (Quantitative Telomeric chromatin
Isolation Protocol) (4,33,34) to purify telomeric chromatin
with iPOND (isolation of Proteins On Nascent DNA)
(35,36), which enriches proteins associated with replicat-
ing DNA. We identified a large set of proteins that are
specifically enriched at telomeres during their replication
and demonstrate crucial functions for several of these pro-
teins. Moreover, we found that the single strand telomeric
DNA binding protein POT1 is depleted from replication
forks consistent with a POT1-to-RPA switch at telomere
replication forks (37). On the other hand, histone H1 vari-
ants are present during telomere replication and are de-
pleted from telomeres only later when telomeric chromatin
matures. Our study provides comprehensive insights into
the dynamic changes of telomeric proteins during telomere
replication. The resource provided by our work will broaden
our understanding of genome instability caused by telomere
replication defects in cancer and telomere diseases.

MATERIALS AND METHODS
Cell lines
HEK293E cells: A subclone of the Human Embryonic

Kidney (HEK) epithelium suspension cell line (female ori-
gin) expressing the EBNA-1 protein was cultured in EX-
CELL® 293 Serum-Free Medium (Merck, 14571C) con-
taining 4 mM GlutaMAX supplement (ThermoFisher,
35050061) at 37°C and 5% CO,. Stable cell lines express-
ing endogenous FLAG-TRF1 and FLAG-TRF2 (heterozy-
gous) were generated by retroviral infection and selection in
puromycin-containing medium.

HeLa-Long cells: A super-telomerase population of
HeLa cells (with ~33 kb long telomeres) expressing hTERT
from the LTR (long terminal repeat) promoter and human
telomerase RNA from the U1 promoter generated by retro-
viral infection (38). The parental HeLa cell line (female ori-
gin) was obtained from ATCC. Cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented
with 10% Tet System Approved FBS (Clontech), 100 U/ml
penicillin and 100 pg/ml streptomycin (Gibco) at 37°C and
5% COx.

CRISPR/Cas9 gene editing and transfections

HEK 293E «cl75 was generated by transfecting
pSpCas9(BB)-2A-Puro  (PX459)  plasmid  express-
ing gRNAs targeting the genomic region proxi-

mal to the start codon of TRFI (TRF1-gRNA: 5'-
GCGAGCCATTTAACATGGCGG-3') or TRF2 (TRF2-
gRNA: 5-TCTATCATGGCCGCGGGAGC-3) and

non-linearized repair template plasmid. The repair tem-
plate was amplified from genomic DNA of HEK293E cells.
It contained 600 bp homology regions flanking both sites
of the start codons of TRFI or TRF2. Three tandemly
repeated FLAG tags, an EcoRI restriction site, the Kozak
sequence and linker base pairs were added by overlapping
PCR. The PCR fragments were cloned into TOPO Zero
Blunt for Sequencing (Invitrogen). Cells were transfected
in a six-well plate containing 2 ml DMEM/FBS, 500
wl Opti-MEM (Gibco) and 10 pl Lipofectamine 2000
(Invitrogen) with 3 pg DNA of gRNA plasmid and 3
g repair template. Cells were split the next day and
selected with 1 wg/mL puromycin (Invitrogen) for 4 days.
Single-cell clones were obtained by limited dilution and
genomic DNA was extracted with the Wizard genomic
DNA Purification System (Promega) for screening. PCR
with primers flanking the region of insertion was performed
and screened for the presence of the FLAG-tags. PCR
fragments were digested with EcoRI to distinguish homo-
from heterozygosity of the edited locus. PCR products
were subcloned into the TOPO Zero Blunt plasmid and
sequenced. Positive cell clones were expanded.

Cell cycle analysis

HEK293E cells were harvested, washed with PBS and cen-
trifuged for 3 min at 300 g at room temperature (RT). Pel-
lets were fixed by adding dropwise cold 70% EtOH under
vortexing to a final concentration of 1 million cells per ml
and stored at 4°C overnight. Cells were washed with PBS
once and permeabilized in 0.5% Triton X-100 at a final con-
centration of 10 million cells per ml for 20 min. Cells were
washed with PBS twice and were stained with PBS contain-
ing DAPI (2 wg/ml) incubating for 10 min at 37°C. Cells
were transferred to FACS tubes and cell cycle distribution
was determined by flow cytometry (LSRIIT (SORP)).

QTIP-iPOND

The procedures that were employed to analyze the telom-
eric replisome by QTIP-iPOND are schematically depicted
in Figure 1A, B and Supplementary Figure S1A. Cells were
pulsed with 10 wM EdU for 10 min and split. EAU pulse
samples were directly crosslinked by adding formaldehyde
(FA) (Applichem, A0877) to 1% FA /ml and fixed for 15 min
at RT. Cells of thymidine (Thy) chase samples were washed
with Thy-containing medium (10 wM Thy) and centrifuged
for 5 min at 300 g, and resuspended in Thy-containing
medium. Cells were incubated for 4 h and crosslinked as
above. After crosslinking, glycine (pH 2.5) was added to
a final concentration of 125 mM for 5 min to quench the
crosslinking reaction. Cells were washed with 1x PBS three
times and centrifuged for 5 min at 900 g in between. Cells (10
million cells/ml) were permeabilized with permeabilization
buffer (1x PBS containing 0.5% Triton-X-100) for 30 min
at RT and cell debris washed with cold 1x PBS containing
0.5% BSA and centrifuged for 5 min at 900 g, and then with
cold 1 x PBS and centrifuged at the same speed. Pellets were
resuspended in Click reaction cocktail (1x PBS pH 7.4, 10
M Biotin azide [TRCB391600, Toronto Research Chem-
icals], 10 mM sodium ascorbate [A7631, Sigma-Aldrich],
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Figure 1. Experimental scheme of QTIP-iPOND. (A) Upper panel: In the HEK293E cells, TRF1 and TRF2 were endogenously tagged with FLAG-
tags. Lower panel: To identify proteins near telomere replication forks, we combined QTIP with iPOND. Upon purification of telomeric chromatin with
QTIP, the replicating telomeric proteome was separated from the non-replicating telomeric proteome using streptavidin beads. FA: formaldehyde; Strep:
streptavidin. (B) Flow chart of the QTIP-iPOND experiment. 12.8 billion cells were used for each replicate, which was analyzed by QTIP-iPOND (9.6
billion cells for EAU pulse and Thy chase), iPOND (1.6 billion cells for EQU pulse and Thy chase) and QTIP (1.6 billion cells for FLAG-tagged TRF1/2
HEK?293E and non-tagged WT HEK293E). (C) Telomeric DNA recovery. The data was obtained by dot blot of three biological replicates. (D) Fold
enrichment of telomeric DNA over Alu element. The data was obtained by dot blot of three biological replicates. Data are represented as mean + standard

deviation.

2 mM CuSO, [C1297, Sigma]) and incubated for 2 h at RT
in the dark and kept in the dark for subsequent steps. Pellets
were washed once with cold 1 x PBS containing 0.5% BSA
and twice with cold 1x PBS. Pellets were then resuspended
in LB3 buffer (10 mM Tris—HCI pH 8.0, 200 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.25%
Sodium lauroyl sarkosinate, cOmplete-EDTA-free protease
inhibitor cocktail [Roche]) at a final concentration of 10 mil-
lion cells/ml and sonicated for 7 min on ice using a Bran-
son Tip sonicator (30% power, 20 s constant pulse, and 20

s pause). Cell lysates were centrifuged for 10 min at 16 800
g at 4°C to remove insoluble materials. Next, extracts were
dialyzed in a dialysis tube (Thermo Scientific, SnakeSkin
Dialysis Tubing, 30K MWCO) against IP buffer (50 mM
Tris—-HCI pH 8.0, 600 mM NaCl, 10 mM EDTA pH 8.0,
0.75% Triton X-100) with 5x of the sample volume twice (5
h and overnight).

ANTI-FLAG M2 Affinity Agarose Gel (Sigma) (1.6 ml
slurry beads/billion cells) was added to the extract for
TRFI1/TRF2 immunoprecipitation (IP) overnight at 4°C.
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The next day, beads were washed 5 times with IP buffer.
Elution was performed 5 times with IP buffer containing
100 pg/ml of FLAG peptide (Sigma) incubating 30 min on
a wheel for each elution. For the QTIP-only experiments
without subsequent iPOND purification step, the elution
was performed with IP buffer containing FLAG peptide
without adding Triton X-100 (Figure 1B). The cluted sam-
ples were further concentrated using Centrifugal Filters
(Amicon® Ultra-15 10K). For the second IP (iPOND pu-
rification step), Dynabeads MyOne Streptavidin C1 beads
(Invitrogen) (1 ml beads/ 5 billion cells) were added and in-
cubated for 20 h at 4°C. The next day, beads were washed
twice with IP buffer (QTIP-iPOND) or LB3 buffer iIPOND
only), once with 500 mM NaCl and twice with LB3 buffer
at RT. Samples were reverse crosslinked using 2x Laemmli
buffer (150 mM Tris—-HCI pH 6.8, 4% SDS, 100 mM DTT,
20% glycerol, bromophenol blue) for 30 min at 95°C and
were loaded on 10% Mini-PROTEAN TGX Precast Pro-
tein Gels (BioRad) for MS analysis.

MS analysis

In-gel digestion and LC-MS/MS analyses were performed
by the proteomics core facility at EPFL which followed
a previously published protocol with minor modifications
(4). In brief, SDS-PAGE gel lanes were sliced into 8 frac-
tions. Samples were washed twice in 50% ethanol and
50 mM ammonium bicarbonate (AB, Sigma-Aldrich) for
20 min, and dried by vacuum centrifugation. Reduction
was then performed with 10 mM dithioerythritol (Merck-
Millipore) for 1 h at 56°C. After washing-drying the sam-
ples as above described, an alkylation step was performed
with 55 mM lodoacetamide (Sigma-Aldrich) for 45 min at
37°C in the dark. Samples were washed-dried again and di-
gested overnight at 37°C using modified mass spectrome-
try grade trypsin (Trypsin Gold, Promega) at a concentra-
tion of 12.5 ng/plin 50 mM AB and 10 mM CaCl,. Result-
ing peptides were extracted in 70% ethanol, 5% formic acid
(Merck-Millipore) twice for 20 min with permanent shak-
ing. Samples were further dried by vacuum centrifugation
and stored at —20°C.

Peptides were desalted on C18 StageTips (39) and dried
by vacuum centrifugation prior to LC-MS/MS injection.
Samples were resuspended in 2% acetonitrile (Biosolve),
0.1% formic acid and nano-flow separations were per-
formed on a Dinoex Ultimate 3000 RSLC nano UPLC sys-
tem (Thermo Fischer Scientific) on-line connected with a
Lumos Orbitrap Mass Spectrometer (Thermo Fischer Sci-
entific). A capillary precolumn (Acclaim Pepmap C18, 3
pm-100A, 2 cm x 75um ID) was used for sample trapping
and cleaning. Analytical separations were then performed
on a 50 cm long capillary column (75 pm ID; in-house
packed using ReproSil-Pur C18-AQ 1.9 pm silica beads;
Dr Maisch) at 250 nl/min over a 90-min biphasic gradi-
ent. Data Dependent mode was used for MS acquisitions
(m/z window: 375-1500) where parent ions were detected
in the Orbitrap at a resolution of 240 000 (at m/z 200) while
daughter ions were detected on the Linear Ion Trap at low
resolution (Rapid mode and Max. injection time of 20 ms).
Only charge states from 2 to 6 were selected for fragmenta-
tion using HCD mode with (collision energy value of 30).

Identifications were performed using MaxQuant (version
1.6.2.10) (40,41) incorporating the Andromeda search en-
gine (42) against the UniProt human database containing 73
920 sequences (release 2019_01; www.uniprot.org). Strep-
tavidin sequence was added manually. A concatenated de-
coy database of common contaminant sequences generated
by MaxQuant was used to determine the false discovery
rate and exclude false positive hits. Both peptide and pro-
tein identifications were filtered at 1% FDR relative to hits
against the decoy database built by reversing protein se-
quences. The minimal peptide length was seven amino acids,
at least two peptides were required for protein identifica-
tion and a minimum of two ratio counts was required to
quantify proteins. Carbamidomethylation (C) was set as
a fixed modification, whereas oxidation (M), acetylation
(protein N-term) and phosphorylation (STY) were consid-
ered as variable modifications. LFQ intensities generated by
MaxQuant were used for further analysis.

Dot blot

Reverse crosslinked DNA was purified by NucleoSpin Gel
and PCR Clean-up with buffer NTB (Macherey-Nagel) and
eluted in 100 wl pre-warmed H,O (65°C). Next, DNA was
denatured for 10 min at 95°C and chilled on ice for 10 min.
DNA was blotted onto a Hybond N+ nylon membrane
(GE Healthcare) using a BioRad dot blot apparatus. The
membranes was UV-crosslinked. For telomere and Alu sig-
nal detection, the Hybond N+ nylon membrane was dena-
tured with 0.5 M NaOH, 1.5 M NaCl for 15 min and neu-
tralized with 0.5 M Tris—-HCI pH 7.0, 1.5 M NacCl for 10
min. The membrane was first blocked in Church buffer (1%
BSA, 1 mM EDTA pH 8.0, 0.5 M phosphate buffer pH 7.2
[0.5 M Na;HPO4, 0.17% H3PO4], 7% SDS) for 1 h at 65°C
and incubated with a 3*P-labeled telomeric probe overnight
at 65°C. The telomeric probe was prepared by random la-
beling with «->P-dCTP and cold dTTP, dATP and dGTP
using the RadPrime DNA Labeling System (Invitrogen).
The template mixture of 300 bp to 1 kb long telomeric
DNA fragments had been synthesized by PCR using telom-
eric DNA oligonucleotides ((TTAGGG)s, (CCCTAA)s).
After hybridization, the membrane was washed with 1x
SSC containing 0.5% SDS 3 times for 30 min and ex-
posed to a phosphorimager screen overnight. Radioactive
signal was detected with Amersham typhoon (serial num-
ber 76150124, firmware version 208, FPGA version 2, soft-
ware version 1.1.0.7, Cytiva) and the intensity was quanti-
fied with AIDA Image Analyzer software version 4.06.034
(Elysia-Raytest). Next, the telomeric probe was removed by
washing the membrane 3 times for 20 min with boiling 0.1 x
SSC containing 1% SDS. Then the membrane was prehy-
bridized with Church buffer at 55°C and hybridized with
a 3?P-labeled Alu probe (5-TGATCCGCCCGCCTCGGC
CTCCCAAAGTG-3') overnight at 55°C. The Alu probe
had been 5'-end-labeled with y-*2P-ATP using T4 Polynu-
cleotide Kinase (NEB). The next day, the membrane was
washed 3 times for 30 min with 1x SSC containing 0.5%
SDS and exposed to a phosphorimager screen for 2 days.
Radioactive signal was again detected with Amersham ty-
phoon (Cytiva) and the intensity was quantified with AIDA
Image Analyzer software version 4.06.034 (Elysia-Raytest).
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Immunoblots

For protein detection, samples were resuspended in 2x
Laemmli buffer and denatured for 5 min at 95°C. Samples
were fractionated on 7.5% Mini-PROTEAN TGX Precast
Protein Gels (BioRad) and wet-transferred onto Amersham
Protran 0.2 NC nitrocellulose Western blotting membranes
(GE Healthcare). Membranes were blocked with 3% BSA
in 1 x PBS containing 0.1% Tween 20 (1 x PBST) for 1 hour
at RT and incubated with primary antibodies overnight at
4°C. The next day, the membrane was washed three times
for 15 min with 1x PBS containing 0.1% Tween 20. HRP-
conjugated secondary antibodies: anti-mouse IgG HRP-
conjugated (W4021, Promega) or anti-rabbit IgG HRP-
conjugated (W4011, Promega) in combination with ECL
spray (Advansta) were used to reveal the signal on a Fu-
sion FX (Vilber) detector. The following primary antibod-
ies were used: anti-Vinculin (ab129002, Abcam, diluted
1:10,000 in 1x PBST containing 5% milk); anti-TRF1 (sc-
6165-R, Santa Cruz, diluted 1:2000 in 1 x PBST containing
3% BSA).

Calcium phosphate transfection of siRNA

siGENOME SMARTDpools from Horizon Discovery at a fi-
nal concentration of 5.45 nM were used. HeLa-Long cells
were transfected in 10 cm dishes at 30—40% confluency using
a calcium phosphate precipitation protocol. 0.5 ml trans-
fection mix was prepared containing 125 mM CaCl,, 60
nM siRNA and 1x HBSS pH 7.4 (50 mM HEPES, 280
mM NacCl, 1.19 mM Na,HPO4e2H,0, 10 mM KClI), incu-
bated 10 min at RT and added to the cells covered with 5 ml
antibiotic-free DMEM /10% FBS. The cells were harvested
72 h post transfection.

Telomere fluorescence in situ hybridization (FISH) on
metaphase spreads

HeLa-Long cells were treated with 50 ng/ml demecolcine
for 2 h. Supernatants were collected and the remaining cells
were trypsinized. Trypsinized cells were merged with super-
natants and spun down for 5 min at 300 g. Pellets were re-
suspended in 0.056 M KCl and swollen for 7 min at 37°C.
Swollen cells were spun down for 3 min at 200 g and the su-
pernatant was decanted. The cells were resuspended in fix-
ative (75% methanol, 25% acetic acid) and stored at 4°C
overnight. To obtain metaphase spreads, the cell suspen-
sions were dropped on glass slides, incubated 1 min at 70°C
in a wet chamber and air-dried overnight. For FISH stain-
ing, slides were rehydrated in 1 x PBS for 5 min, treated with
4% formaldehyde in 1 x PBS for 5 min, washed 3 times with
1 x PBS for 5 min, and dehydrated with increasing amounts
of ethanol (70%, 95%, 100%) for 5 min at each concen-
tration. Air-dried slides were placed on coverslips with 70
wl hybridization mix (10 mM Tris—HCI pH 7.4, 70% for-
mamide, 0.5% blocking reagent [11096176001, Roche], 89
pM Cy3-O0-(CCCTAA); PNA probe [F1002, PNA Bio])
and denatured at 80°C for 3 min. Hybridization took place
for 3 h in a light-protected humified chamber at RT. The
slides were washed twice for 15 min in 70% formamide/10
mM Tris—HCI pH 7.4 and three times for 5 min in 0.1
M Tris—HCI pH 7.4/0.15 M NaCl/0.08% Tween-20 with
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0.1 wg/ml DAPI in the second wash. The slides were de-
hydrated with increasing amounts of ethanol as described
above, mounted in Vectashield embedding medium and
stored at -20°C. Images were taken with a Zeiss-Axioplan
microscope using a 100x objective.

Quantitative RT-PCR

Cells were directly lysed in 6-well plates and total RNA
was isolated using the NucleoSpin RNA isolation kit
(Macherey-Nagel) according to the manufacturer’s proto-
col with three DNase treatments. RT-qPCR was performed
on a 7900HT Fast Real-Time System (Applied Biosystems)
using the Luna Universal OneStep RT-qPCR kit (NEB) ac-
cording to the manufacturers protocol in a 384-well reac-
tion plate. No-reverse transcription controls were included
for each RNA sample and primer mix and no-template con-
trols for each primer mix. All experiments were performed
in two technical replicates. Relative expression levels were
calculated using the 224¢t method. GAPDH RNA was
used as a reference for normalization.

Quantification and statistical analysis

For MS data analysis, the MaxQuant output table ‘pro-
teinGroups.txt’ was processed to assess the significance of
outlier ratios using Perseus (43) and home-made programs
written in Perl (v5.18.2) and RStudio (Version 1.2.1335).
1732 nuclear proteins were first extracted according to
annotations from Gene Ontology (http://geneontology.
org) (44) and The Human Protein Atlas (https://www.
proteinatlas.org) (45), which contained 22 481 reference
proteins that have been shown to localize to the nucleus
and/or nucleolus. The ratio between two datasets was nor-
malized to the LFQ intensity value of TRF1 and was then
calculated by dividing the number of LFQ intensity values.
Only proteins identified in at least 3 of the 4 datasets were
included in the statistical analysis in Perseus using a two-
tailed t-test with Benjamini-Hochberg FDR correction (46)
with thresholds of 0.05, 0.01, 0.005 and 0.001 on the ad-
justed P-value and the background variance parameter sO
as 3. Graphical display was made by RStudio and Prism
8. Other statistical analyses in this study were done by un-
paired t-test with Welch’s correction using Prism 8 as spec-
ified in figure legends and the results section.

RESULTS

QTIP-iPOND purification of telomeric chromatin during
replication

To examine the dynamic changes of the telomeric pro-
teome that occur during replication, we developed QTIP-
iPOND, which combines two previously established tech-
niques in a consecutive manner: In the first step, crosslinked
telomeric chromatin is purified by QTIP using antibodies
against TRF1 and TRF2 (4,34). In the second step, the pu-
rified telomeric chromatin is further fractionated by iPOND
(35,36) which separates the telomeric chromatin present
at DNA replication forks from non-replicating telomeric
chromatin (Figure 1A). We took advantage of HEK293E
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suspension cells to expand large scale cultures. More-
over, we endogenously FLAG-tagged TRF1 and TRF2
in HEK293E cells. This allowed immunoprecipitation of
telomeric chromatin during QTIP purification with anti-
FLAG antibodies and elution of purified telomeric chro-
matin with excess FLAG peptide without denaturing telom-
eric chromatin. To label nascent DNA at replication forks,
we incubated cells with EAU (5-ethynyl-2"-deoxyuridine) -
a thymidine (Thy) analog - for 10 min. In the EAU pulse
experiment, cells were fixed directly after EQU incubation.
EdU-labeled nascent DNA was further covalently linked
with biotin-azide using a click reaction. After cell lysis, we
first purified telomeric chromatin using anti-FLAG beads
targeting the FLAG-tagged TRF1 and TRF2 and telomeric
chromatin was eluted with excess FLAG peptide. In the sec-
ond step, the telomeric chromatin associated with nascent
replicating DNA was separated from non-replicating telom-
eric chromatin using streptavidin beads targeting the bi-
otinylated EdU-labeled DNA. Moreover, we carried out
a Thy chase experiment in which the EdU-containing
medium was replaced by Thy-containing medium after
EdU incorporation. For the chase, cells were harvested 4
h after Thy addition (Supplementary Figure S1A; see Ma-
terials and Methods for details).

Four biological replicates, in which 12.8 billion cells were
used each time, were performed. Each replicate was ana-
lyzed by QTIP-iPOND, iPOND and QTIP. For the QTIP-
iPOND analyses, the EdU-positive fraction (EdU(+)),
which contained telomeric chromatin during replication,
and the EdU-negative fraction (EdU(—)), which contained
non-replicating telomeric chromatin, were analyzed us-
ing LC-MS/MS (Figure 1B). In order to obtain similar
amounts of peptides in the EQU(+) and EdU(—) fractions,
we estimated protein quantities on Coomassie-stained pro-
tein gels and used only 4% of the EAU(—) sample for LC-
MS/MS analysis. For iPOND, the EdU pulse and Thy
chase fractions were analyzed. For QTIP, fractions pulled
down by FLAG-tagged TRF1 and TRF2 were analyzed
and compared to pull-downs from cells having untagged
TRF1 and TRF2. To evaluate the enrichment and recov-
ery of telomeric chromatin in the QTIP and QTIP-iPOND
samples, we performed dot blot hybridization with a telom-
eric probe and a probe for Alu elements, which are dis-
persed with more than one million copies throughout the
human genome, thus representing non-telomeric regions.
Upon QTIP, telomeric DNA was enriched approximately
250-fold over Alu element-containing DNA (Figure 1C).
The recovery of telomeric DNA was around 30% (Figure
1D). In the QTIP-iPOND samples, approximately 0.45% of
telomeric DNA was recovered. This low yield was expected
as upon harvest, only 18% of the 293E cells were in S phase
(Supplementary Figure S1B). Furthermore, only a subset
of S phase telomeres was expected to be labeled during the
10 min EdU pulse. Alu repeat elements were very low in the
QTIP samples (0.14% average) and barely detectable after
QTIP-iPOND (0.001%) (Figure 1D, Supplementary Figure
S1C and S1D). These results indicated a strong enrichment
of telomeric over contaminating chromatin. The large-scale
experiments gave sufficient material to allow analysis by
mass spectrometry.

Proteomic analysis reveals proteins that are enriched at
telomeres during DNA replication

We first analyzed the intensity of telomeric proteins in
telomeric QTIP fractions obtained upon purification via
the FLAG epitope present on endogenously FLAG-tagged
TRF1 and TRF2 cells. When compared to chromatin ob-
tained from negative control cells with untagged TRF1
and TRF2, the shelterin components were the most abun-
dant proteins as expected (Figure 2A and B). In addi-
tion, several DNA replication proteins were enriched in
the telomeric chromatin (orange dots in Figure 2A and
B). Next, we attempted to identify the proteins enriched
near telomeric replication forks. Therefore, we compared
by label-free quantification (LFQ) the intensity of pro-
teins present in EdU-positive versus EdU-negative fractions
(EdU(+)/EdU(—)) obtained upon QTIP-iPOND (Figure
2C and D) from the EdU pulse labeled cells. Since telomeric
proteins were purified by pulling down TRF1 and TRF2,
and TRFI is present at non-replicating as well as repli-
cating telomeres (15), we normalized protein amounts to
TRF1. 1732 nuclear proteins were identified. We first ex-
amined 40 core replication proteins which have known func-
tions for genome-wide DNA replication and were identified
here as well as in several replisome purification approaches
before (47) (see orange dots in Figure 2C and D). 35 of
the core replication proteins were enriched more than 2.8-
fold (logx(1.5)) in the EAU(+) over the EAU(—) telomeric
chromatin fractions (Figure 2C and E). These enrichment
factors are comparable to the ones reported for iPOND
samples (36,48,49), indicating the successful enrichment of
replication proteins in the EdU(+) fractions upon QTIP-
iPOND purification.

Next, we determined which proteins were >2.8-fold en-
riched in EAU(+)/EdU(—) and had an FDR (false discov-
ery rate) <0.05 in the QTIP-IPOND EdU pulse samples
(Figure 2E and Supplementary Table S1). 756 proteins ful-
filled these criteria of which 142 had an FDR <0.001. Im-
portantly, the enrichment of these proteins was also strongly
reduced in the Thy chase EAU(+) samples (Figure 2F and
Supplementary Table S2), confirming that these proteins
were specifically enriched at telomeres during their repli-
cation. We also searched the Contaminant Repository for
Affinity Purification (CRAPome) database with the here
identified proteins (50). Out of the 142 top enriched pro-
teins with FDR <0.001, only nine proteins were present
in the CRAPome list. Out of the 756 enriched proteins
with FDR <0.05, an additional 72 proteins were present in
the contamination list, including MCM3, PCNA, NONO,
SFPQ and several others, which we expected to be present at
telomere replication forks. Thus, we did not exclude factors
from the CRAPome list. Overall, this analysis supported
the specific enrichment of replicating telomeric chromatin
by QTIP-iPOND.

We also compared the telomeric to the general repli-
some. Therefore, we performed iPOND analyses upon EAU
pulse and Thy chase (Figure 1B). 344 proteins were enriched
with an FDR <0.05 in iPOND during the EdU pulse. Of
these, roughly one third (109 proteins) were also enriched in
QTIP-iPOND EdU pulse (Figure 2G) indicating different
compositions of chromatin during replication at telomeres
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versus the bulk of the DNA. There was no overlap between
the proteins present in the iPOND EdU pulse and QTIP-
iPOND Thy chase fractions. This result confirms that repli-
cation proteins were removed from EAU upon Thy chase.
Of note, we observed upon replacement of EAU by thymi-
dine in the Thy chase experiments a slower recovery of DNA
replication in QTIP-iPOND than in iPOND only samples.
We suspect that the repeated pelleting and resuspension of
cells in order to wash out the EAU before addition of thymi-
dine may have induced cellular stress, which affected repli-
cation forks at telomeres for longer periods of time than at
non-telomeric sites. We observed a 3.2-fold enrichment of
PCNA in EdU pulse EAU(+)/Thy chase EAU(+) in iPOND
samples against only a 1.9-fold enrichment in the QTIP-
iPOND chromatin (Supplementary Tables S1-S3). There-
fore, the majority of replication proteins and the 142 top
enriched proteins were still enriched at telomeres when we
compared the EQU(+) fractions of EdU pulse versus Thy
chase in QTIP-iPOND samples, though to a much lesser
extent (compare Supplementary Figure S2A and Figure
2E). As expected, the EQU(—) fractions obtained in QTIP-
iPOND, which mainly contained the non-replicating telom-
eric proteome, showed no striking differences between the
EdU pulse and the Thy chase (Supplementary Figure S2B).

QTIP-iPOND detects core replisome components at telom-
eres

40 proteins that represent core replication proteins are listed
in Figure 3, including RPA subunits, PCNA, MCM pro-
teins, RFC proteins, FACT complex, MSH proteins, DNA
polymerases and others. The enrichment of these proteins
was similar in all four biological replicates of QTIP-iIPOND
(Figure 3A) and was largely decreased in the Thy chase sam-
ple (Figure 3B), demonstrating that the enrichment of these
proteins at telomere replication forks was reproducible and
significant.

Moreover, we identified proteins that had been shown to
function specifically in telomere replication (Figure 3). This
includes WRN (12), BLM (17), NONO and SFPQ (29), and
BUB3 (51). SAMHDI1 was also enriched at telomere repli-
cation forks, which has been recently identified by QTIP in
oncogene-transformed human lung fibroblasts (HLFs) and
is important for telomere integrity upon TRF1 depletion
(52). RTEL1 was not detected in both QTIP-iPOND and
QTIP (Supplementary Tables S1 and S4), possibly due to its
low abundance at telomeres. Overall, these results indicated
that telomeric replication proteins were specifically purified
by QTIP-iPOND.

POT1 is partially depleted from replication forks at telom-
eres

When we compared the abundance of proteins of EdU-
positive and EdU-negative QTIP-iPOND fractions the val-
ues had been normalized to TRFI1. Thus, it was not un-
expected that the shelterin components TRF2 and Rapl
did not change in abundance relative to TRF1 (Figure 3A).
Interestingly, however, TIN2, TPP1 and most noticeably
POT1 were less abundant in the replicating versus non-
replicating telomeric chromatin fractions, with POT1 being

reduced by 60% (Figure 3A). Thus, our data provide direct
experimental evidence that POT1 is removed from telomere
replication forks. Previous findings already suggested that
POTI is not required for semiconservative replication of
telomeres. Deletion of POT causes rapid telomere elonga-
tion that is led by the homologous recombination machin-
ery (33). Depletion of recombination proteins suppressed
the rapid telomere elongation phenotype of POT1 deficient
cells while not causing immediate telomere maintenance de-
fects. Thus, it seemed that replication of telomeres is occur-
ring normally in the absence of POT1 and RADSI1 (33).
On the other hand, we found that not only RPA but also
the TERRA- and single stranded telomeric DNA-binding
protein hnRNPAT1 (heterogeneous nuclear ribonucleopro-
tein A1) are enriched in the QTIP-IPOND EdU(+) fraction
(Supplementary Table S1). Both of these proteins have been
implicated to regulate POT1 binding during S phase (37).
According to the model of Flynn ez al., hnRNPA1 displaces
RPA from telomeric ssDNA in late S phase during which
TERRA levels are low. Upon TERRA increase after repli-
cation, hnRNPA1 is released from telomeric DNA associ-
ating with TERRA and liberating the telomeric DNA for
POT1 (37). Our results support the model that POT1 is re-
placed at telomeres during DNA replication by RPA and
hnRNPAI.

Histone H1 variants are present during telomere replication

In our iPOND samples, the levels of core histone pro-
teins remained unchanged during and after DNA replica-
tion (Supplementary Figure S3), which is consistent with
previous reports (35,53,54). Our QTIP-iPOND analyses in-
dicated that also at telomeres, histones H2A, H3 and H4
are similarly abundant during and after replication though
slight variations were observed in individual experiments
(Figure 3). Very strikingly, however, we identified that four
histone H1 variants were strongly enriched in the EAU(+)
over EAU(—) QTIP-iPOND fractions (Figure 3A and B).
Their abundance also decreased in the Thy chase samples
(Figure 3B). In contrast, histone H1 variants were depleted
in the iPOND EdU pulse samples (Supplementary Figure
S3), which is consistent with previous nascent chromatin
purification experiments (49,53,54).

Previous studies have shown that at telomeres, nucleo-
somes are closely spaced (55-57). Furthermore, histone H1
was not detected in telomeric chromatin suggesting that it
may be depleted from telomeres (3). On the other hand, it
was observed that the depletion of histone H1 increases the
amount of telomere sister chromatid exchanges (T-SCEs)
and telomere length in murine embryonic stem cells (58).
Our results appear to be consistent with both of these ob-
servations, indicating that histone H1 variants are enriched
at telomeres only during their replication. Thus, histone H1
may play critical roles for maintaining telomere stability
upon synthesis.

Telomerase subunits and nucleolar proteins are detected near
telomere replication forks

From the 142 top enriched proteins, 139 were specifically
enriched in QTIP-iIPOND but not in iPOND (Figure 4
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Figure 3. List of selected proteins identified in the QTTIP-IPOND experiments. (A) Proteins in the blue background are shelterin components; proteins in the
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grey background are histones. Each blue dot indicates the logy(EdU(+)/EdU(—)) in one replicate. Avg. FC: the average fold change of EAU(+)/EdU(—).
Data are represented as mean =+ standard deviation. (B) Heatmap of replication proteins and histones shown in (A) indicating the logy (EAU(+)/EdU(—))
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(highlighted with red background) and Supplementary Fig- telomere replication forks as suggested previously but never
ure S4). Interestingly, three of the four H/ACA ribonu- directly demonstrated (59,60). Of note, EAU is not a sub-
cleoprotein complex subunits, DKC1, NHP2 and GARI, strate for telomerase (61), indicating that in QTIP-iPOND

which associate with the telomerase RNA moiety hTR, we did not purify telomeric chromatin during elongation by
were identified. Although we did not detect hTERT in our telomerase. However, we cannot exclude the possibility that
MS samples, which may be due to technical limitations, telomerase subunits were recruited to the replicating chro-
the identification of three telomerase subunits suggests that matin only once the semi-conservative replication machin-

the telomerase complex or subcomplexes may travel with ery reached the end of telomeric repeats.
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Figure 4. List of the 142 proteins that were top-enriched by QTIP-
iPOND (EdU pulse EdU(+) samples). The list indicates the 142

We also identified nucleolar proteins with known func-
tions related to telomere biology. This includes the Gua-
nine nucleotide-binding proteins GNL3L and GNL3 (also
known as nucleostemin) which stabilize and destabilize
TRF1, respectively (62-64). The enrichment of both pro-
teins suggests a tight regulation of TRF1 at telomeres dur-
ing replication. Another identified protein is NOLCI (nu-
cleolar and coiled-body phosphoprotein 1) which has been
reported to interact with TRF2 and regulate its nuclear and
nucleolar localization (65). DDX21 has been shown to in-
teract with WRN and bind TERRA, probably by inter-
acting with G-quadruplex structures in TERRA (66—68).
Besides, PINX1, a Pin2/TRFl-interacting protein which
mediated the accumulation of TRF1 in nucleoli and also
interacts with TRF1 in the nucleoplasm enhancing TRF1
binding to telomeres (69), was identified, as well as PARN,
a poly(A)-specific ribonuclease which is involved in hTR
maturation, the regulation of shelterin and RTEL1 tran-
script expression. PARN deficiency is associated with the
Hoyeraal-Hreidarsson (HH) syndrome (70-72).

Telomere fragility assay reveals the requirement of proteins
identified by QTIP-iPOND for efficient telomere replication

To assess the functional relevance of identified proteins
for telomere replication, we chose 24 proteins enriched in
QTIP-iPOND that were not present in iPOND-only frac-
tions and which had not been previously linked to telom-
ere biology. We depleted these proteins from HeLa-Long
cells (which have an average telomere length of 33 kb) us-
ing siRNA pools, with each pool consisting of 4 different
siRNAs targeting the same candidate (Figure 5 and Sup-
plementary Figure SSA). After siRNA transfection, telom-
ere morphology of metaphase chromosomes was analyzed
by fluorescence in situ hybridization with a telomere spe-
cific probe (Figure 5A). Telomeres that showed smeary or
multiple telomeric signals upon gene depletion were rec-
ognized as fragile telomeres and inferred to have telomere
replication defects (15,73). Apart from the positive control
siTRF1, we depleted four additional known telomere repli-
cation proteins (BLM, WRN, NONO and SAMHD1) that
were present in our QTTP-iPOND samples (12,14,29,52,74).
Of note, SFPQ, the functional partner of NONO, was de-
pleted in our siRNA screen as well (Supplementary Figure
S5A). However, its depletion did not substantially increase
telomere fragility which is consistent with previous litera-
ture (29). Based on the levels of telomere fragility of the non-
targeting control and TRF1 depletion that were assessed in
each individual experiment, a score was assigned to each
candidate (Figure 5B). The non-targeting control was given
a score of 0 and TRF1 depletion a score of 1 (Figure 5B).
Out of the 29 depleted proteins, 17 (59%) gave a telom-
ere fragility score that was higher than 0.4 (high telomere

proteins for which the FDR is below 0.001. Each blue dot indi-
cates the logy(EdU(+)/EdU(—)) ratio of one replicate. Proteins in the
red background are specifically enriched in telomere replication; pro-
teins in the light-yellow background were enriched by both, QTIP-
iPOND and iPOND (EdU pulse). Avg. FC: the average fold change of
EdU(+)/EdU(—). Data are represented as mean =+ standard deviation.
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Figure 5. Candidate validation through telomere fragility analysis. (A) Experimental outline of siRNA screen for telomere fragility using HeLa-Long cells
(with an average telomere length of 33 kb). MTS: multiple telomeric signals. Pixel size of FISH images was reduced 4-fold for illustration. (B) Telomere
fragility score calculation and score for tested candidates. The percentage of fragile telomeres per metaphase was determined for each depleted protein
candidate and compared to TRF1-depleted cells (siTRF1) and control transfected cells that had been transfected with a non-targeting siRNA (siCTL). A
score of 1 corresponds to the amount of telomere fragility detected in TRF1-depleted cells and a score of 0 to the amount of telomere fragility detected in
the negative control (siCTL). TF: telomere fragility. (C) Representative data of 3 biological replicates of siRNA screen for the top three hits. Percentage of
fragile telomeres per metaphase is shown. Red bars represent the mean and standard deviation. (D) Telomere fragility score for three biological replicates
with 39-51 metaphases analyzed per condition in total. Blue and green indicate factors that have known or novel functions in counteracting telomere
fragility, respectively. (C, D) Statistical analysis was done by unpaired t-test with Welch’s correction to compare the percentage of fragile telomeres per
metaphase of siCandidate X to siCTL. * <0.05, ** <0.01, *** <0.001, **** <(0.0001.
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Table 1. GO of the 11 newly identified telomere replication proteins

Biological process (Gene ontology) Gene name
Nucleosome GO0:0034728 PAF1, CENPH,
organization SPTY2Dl1
Regulation of cell cycle GO:0051726 PAF1, HMGNS3, RCCl,
NLEI
Histone modification GO:0016570 PAF1, SETD7, PHF2
RNA processing GO:0006396 PAF1, REXO4, LARP7
Unclassified CXorf56

fragility), 5 (17%) of them scored between 0.2 and 0.4 (mod-
erate telomere fragility), and 7 (24%) of them were scored
below 0.2 (low telomere fragility) in the first experiment
(Figure 5B and Supplementary Figure S5). We repeated the
fragility analysis for the 17 proteins that had scores higher
than 0.4 (Figure 5C, Supplementary Figure S6 and S7A).
Thirteen (76%) of them (including the four positive controls
BLM, WRN, NONO and SAMHD1) remained in the same
high fragility category (score > 0.4) in experiments carried
out in triplicate (Figure 5SB-D). The depletion level of the
mRNAs for all 17 proteins was determined by RT-qPCR,
showing a reduction of mRNA levels by 54-95%. In addi-
tion, TRF1 depletion was confirmed by western blot analy-
sis for each experiment (Supplementary Figure S7B and C).
Altogether, we could confirm a significant effect of 11 novel
telomere replication proteins in protecting telomeres from
fragility.

Next, we analyzed the 11 validated candidates by gene
ontology (44,75). The biological processes to which the 11
novel telomere replication proteins have previously been
classified include nucleosome organization, cell cycle reg-
ulation, histone modification, and RNA processing (Table
1). The validated candidates include histone modifiers and
chaperones (SETD7, PAF1, PHF2 and SPTY2D1) which
might have roles in modifying the chromatin environment
at replicated telomeres, an RNA helicase (REXO4) that
might play roles in regulating TERRA while telomere repli-
cation takes place, and LARP7 whose fission yeast analog
Lar7 has important functions in telomerase biogenesis and
in repressing transcription of telomeric non-coding RNAs
(76,77). In addition, telomere shortening was observed in
LARP7-deficient Alazami syndrome patients and knock-
down of LARP7 in human cells decreased telomerase enzy-
matic activity (78). Altogether, our results support the no-
tion that a large fraction of proteins identified by QTIP-
iPOND protects telomeres from fragility, indicating that
they sustain telomere replication, further validating QTIP-
iPOND as a method. The small amounts of TRF1 and
TRF2 which may be present at non-telomeric regions did
not prevent the identification of crucial components of the
telomeric replisome.

Network of telomere replication proteins

To further investigate if known interactors of the newly
identified telomere replication proteins might also partic-
ipate in telomere replication, we took advantage of the
STRING database (https://string-db.org, v11.0b) (79). We
included in the analysis the 10 most confident interactors of
each of the 11 novel telomere replication proteins that pro-

tected telomeres from fragility. Only proteins directly linked
to the target proteins by physical interaction were included
in the analysis. Among these proteins, 28 proteins were
enriched in our QTIP-iPOND EdU(+) samples (Figure 6
and Supplementary Figure S8) and only two of these were
also enriched in the iPOND EdU pulse fractions (TP53
and KPNA2). We represented each factor as a node. Pro-
teins showing extensive interactions were defined as groups
and color-coded (Figure 6A). While some groups formed
highly interactive networks, suggesting that they work in
a complex (or in the same pathway), others showed only
one or two interactions. Strikingly, the groups further con-
nected with each other forming an extensive network (Fig-
ure 6). A total of 94 links were detected between the 39
proteins, which are significantly more interactions than ex-
pected from random events (expected link number: 10, PPI
enrichment P-value: < 10719).

Interestingly, factors participating in nucleosome orga-
nization and RNA surveillance were particularly enriched.
For instance, all six components of the PAF1 complex
(PAF1, CTR9, CDC73, LEOI1, RTF1 and WDR61) which
has diverse roles in transcription regulation, RNA process-
ing and histone modification (the red group in Figure 6) (80)
were enriched in the QTIP-iIPOND EdU(+) sample. Among
them, PAF1, CTR9, RTF1 and WDR61 are functionally
related to histone methylation (80). WDRG61 (also named
SKI8) also belongs to the SKI complex which is involved
in RNA decay (81). The other SKI complex component,
SKI2, was also significantly enriched in the QTIP-iIPOND
EdU(+) samples. WDR61 is also linked to the exoribonu-
clease DIS3 (blue node in Figure 6) which participates in
RNA decay (82). Moreover, PAF1 connects with the tran-
scription regulator SNW1 in the CXorf56 group (purple),
which in turn is linked to the ATP-dependent RNA helicase
SKIV2L2 (blue). The levels of TERRA are regulated during
the cell cycle, with a prominent decrease in S phase (83). The
removal of TERRA from telomere replication forks is im-
portant for preventing collisions with TERRA RNA-DNA
hybrids (21,25-27,31,84,85). However, the mechanisms be-
hind the regulation of TERRA levels during S phase remain
ill-defined. The network of proteins discovered in this anal-
ysis reveals possible regulators of TERRA during telomere
replication.

In our analysis, SSRP1 (red), a member of the FACT
complex which participates in DNA replication, is linked to
NOLCI (yellow), a nucleolar protein that is known to inter-
act with TRF2 (65). Both NOLCI and SSRP1 also physi-
cally interact with histone H1 in human CEM cells (65,86).
Since histone H1 was highly enriched in our QTIP-iPOND
EdU(+) samples, it is possible that NOLCI1 and SSRP1 as-
sociate with telomere replication forks via HI.

Histone modifiers have been shown to associate with nu-
cleosomes during DNA replication and regulate the reestab-
lishment of epigenetic marks on newly assembled histones
(87). Additional interactors that are involved in the regu-
lation of nucleosome organization identified in our analy-
sis include the two histone methyltransferases SETD7 (pur-
ple) and RRPS8 (yellow) and the two histone chaperones
SPTY2DI1 (cyan) and SART3 (orange) (88-91). While the
two novel telomere replication proteins PHF2 (a lysine-
specific demethylase) and HMGNS (a nucleosome-binding
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protein) did not have any interactor identified in this anal-
ysis, they are both functionally related to nucleosome orga-
nization (92,93). With 5 of the 11 novel telomere replication
proteins (PAF1, PHF2, SPTY2DI1, SETD7 and HMGNY)
and their interactors functioning in nucleosome organiza-
tion (80,88,91-93), our data support the notion that nucle-
osome organization and histone methylation in particular,
play important roles in telomere replication.

Although there is no known interaction between REXO4
and NLEI, the two groups (the yellow and blue nodes, re-
spectively) are extensively connected, suggesting that they
may cooperate. The existence of these extensive interac-
tions within the network supports the notion that the list
of telomere replication proteins that we identified in QTIP-
iPOND is highly specific. The list should serve as a useful
resource to investigate the roles and cooperation of these
proteins in telomere replication.

DISCUSSION

The successful replication of telomeres is crucial for main-
taining genome stability and preventing cancer and telom-
ere syndromes, yet the molecular mechanisms are not fully

understood. Here, we developed QTIP-iPOND to investi-
gate telomere replication in a comprehensive manner. The
method allowed the comparison of replicating and non-
replicating telomeric proteomes as the telomeric chromatin
obtained by the QTIP step was further fractionated into
EdU(+) and EdU(—) telomeric fractions using the iPOND
protocol (Figure 1). The pulse-chase experiment that was
classically employed in iPOND experiments causes pro-
nounced replication stalling at telomeres. Therefore, our de-
sign circumnavigated this problem and was able to reveal
the dynamic changes of proteins that occur at telomeres
during replication.

In our quadruplicate experiment, we identified the major-
ity of core replication proteins and known telomere replica-
tion factors using a stringent selection threshold (2.8-fold
change and FDR < 0.05) (Figures 2 and 3). We identi-
fied 756 proteins near telomere replication forks of which
647 were specifically present at telomeres but not at non-
telomeric replication forks. Of the 647 proteins, we vali-
dated 29 proteins using telomere fragility analysis (Figure
5). 76% of them showed moderate to high telomere fragility
when depleted. This result provides functional evidence that
QTIP-iPOND allows the specific identification of telom-
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ere replication proteins. Eleven proteins that showed strong
telomere fragility upon depletion had not been linked to
replication before. In addition to general replication pro-
teins, we identified 142 proteins which were very highly and
significantly enriched near telomere replication forks (FDR
< 0.001), of which only three were detected by iPOND (Fig-
ure 4). This supports the notion that the telomeric replisome
requires a large set of specialized factors. We also identi-
fied telomerase subunits enriched in the replicating telom-
eric proteome, suggesting that the telomerase complex is
present. Live cell imaging has demonstrated that telomerase
makes during S phase thousands of transient telomere inter-
actions that last less than one second (94,95). Longer last-
ing interactions occur only when telomerase engages with
the telomeric 3’ overhang during telomere elongation. How-
ever, we expect that active telomerase-mediated telomere
elongation is not captured by QTIP-iPOND as EdU in-
hibits telomerase in vitro (61). Thus, it seems that the detec-
tion of telomerase subunits in replicating chromatin is due
to transient short-lived interactions with telomeres.

Interestingly, among the top enriched proteins were sev-
eral that preferentially localize to nucleoli. hTERT has been
found to associate with nucleoli during S phase (96,97).
Many nucleolar proteins such as PINX1, PARN, nucle-
ostemin and GNL3L have also been reported to interact
with shelterin components and participate in the regula-
tion of telomere length (64,69-71,98). Furthermore, six of
the nine novel telomere replication proteins that we verified
in our study (SETD7, PHF2, REXO4, NLEI, SPTY2D1
and CENPH) show nucleolar localization according to the
gene ontology resource (44,75). Since highly repetitive se-
quences are an important feature of both telomeric DNA
and ribosomal DNA (rDNA), it is possible that they share
a group of proteins for DNA replication. For instance, BLM
has been shown to bind to both telomere replication forks
and to the non-transcribed region of rDNA which is the
initiation location of replication (99). The detailed mecha-
nisms by which these novel telomere replication factors con-
tribute to telomere maintenance need to be unraveled in the
future. Overall, our results suggest crosstalk between telom-
eres and nucleoli. It is tempting to speculate that these struc-
tures contribute to telomere replication by their propensity
to undergo phase separation.

Linker histone H1 is the least well understood histone
protein (100). Several studies in different species have sug-
gested that histone H1 participates in regulating the tim-
ing of replication, especially at late replicating regions
(101,102). Surprisingly, we observed that histone H1 is en-
riched at telomeres during replication, whereas it is depleted
from mature telomeric chromatin (3) (Figure 3). Since pre-
vious studies showed an increase of T-SCE and an elonga-
tion of telomere length in H1-depleted murine embryonic
stem cells (58), our results suggest that histone H1 specif-
ically contributes to telomere stability during replication.
H1 removal in replicated telomeric chromatin should subse-
quently enable the formation of compacted telomeric chro-
matin displaying a short nucleosomal periodicity (55-57)
for which a columnar packing has been proposed (103). We
do not know the identity of the factors that remove H1 from
replicated telomeric chromatin. Intriguingly, we identified
HMGNS enriched in replicating telomeric chromatin and

its depletion increased telomere fragility. HMGNS binds
nucleosomes counteracting linker histone-mediated chro-
matin compaction (93,104). It will be interesting to test
how HMGNS and HI1 cooperate at replicating telomeres.
We also identified the chromatin assembly factor 1 (CAF-
1) subunits CHAF1A and CHAFI1B enriched at replicat-
ing telomeres. CAF-1 acts as H3/H4 histone chaperone and
is responsible for replication-dependent nucleosome assem-
bly. Its importance at telomeres has been demonstrated in
Arabidopsis in which loss of CAF-1 function caused dra-
matic telomere shortening (105).

Our data show that POTI is depleted from replication
forks at telomeres (Figure 3). Previous studies suggested
roles of POT1 in semi-conservative DNA replication. Over-
expression of POT1 mutants which are prevalent in T cell
lymphoma in human fibrosarcoma HT1080 cells increased
telomere fragility indicative of DNA replication defects
(106). On the other hand, it has been proposed that POT1 is
replaced by RPA at telomeres in S phase (37). Our data sup-
port the notion that POT1 is replaced by RPA for telomere
replication. Therefore, we suspect that the telomere fragility
elicited upon overexpression of POT1 mutants was due to
indirect roles of POT1 for telomere maintenance, which may
relate to its function in suppressing homology directed re-
pair at telomeres, which in turn promotes telomere fragility
(33,73).

We built a network according to our validated new
telomere replication proteins and their interactors at telom-
ere replication forks (Figure 6). The network reveals that
proteins that are involved in nucleosome organization
and RNA surveillance are enriched in the QTIP-IPOND
EdU(+) samples. Histone disassembly and reassembly are
important processes during DNA replication. It has been
shown that post-translational modifications are inherited,
while histone modifiers and histone chaperons are needed
to maintain the modification marks (87,107). Our result dis-
covers several potential candidates that may be involved in
histone modifications and nucleosome regulation at telom-
eres. Besides, TERRA plays an important role in telomere
maintenance (21). However, the level of TERRA remains
low in the S phase, implying that it is regulated to avoid
the possible hazards caused by collisions with DNA-RNA
hybrids (21,25-27,83-85). In our analysis, we found several
proteins or protein complexes that have previously been as-
sociated with RNA decay or transcription regulation.

To conclude, QTTP-iPOND enabled the discovery of the
dynamic changes that occur in the telomeric proteome
to mediate telomere maintenance. QTIP-iPOND not only
identified the core components of the replicative machin-
ery, but also the large set of protein components which en-
sures that telomere replication occurs smoothly at all chro-
mosome ends. Our data provides a comprehensive resource
and describes a sophisticated machinery that orchestrates
hundreds of proteins to accomplish telomere replication,
which will be useful to determine how defects in telomere
replication cause disease.
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