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Abstract

Homology-directed DNA repair is essential for genome maintenance through templated DNA
synthesis. Alternative lengthening of telomeres (ALT) necessitates homology-directed DNA repair
to maintain telomeres in about 10—15% of human cancers. How DNA damage induces assembly
and execution of a DNA replication complex (break-induced replisome) at telomeres or elsewhere
in the mammalian genome is poorly understood. Here we define break-induced telomere synthesis
and demonstrate that it utilizes a specialized replisome, which underlies ALT telomere
maintenance. DNA double-strand breaks enact nascent telomere synthesis by long-tract
unidirectional replication. Proliferating cell nuclear antigen (PCNA) loading by replication factor
C (RFC) acts as the initial sensor of telomere damage to establish predominance of DNA
polymerase & (Pol &) through its POLD3 subunit. Break-induced telomere synthesis requires the
RFC-PCNA-Pol § axis, but is independent of other canonical replisome components, ATM and
ATR, or the homologous recombination protein Rad51. Thus, the inception of telomere damage
recognition by the break-induced replisome orchestrates homology-directed telomere
maintenance.

Tremendous progress has been made in identifying the events responsible for recognizing
and repairing DNA double-strand breaks (DSBs)!. A complex aspect of this response is
homology-directed DNA repair (HDR), which can involve numerous possibilities to capture
homologous regions of the genome to use for templated DNA synthesis and repair. The
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detailed order of molecular events that ensues after the initial sensing of DSBs to allow the
execution of homology-directed synthesis remains enigmatic. Specifically, how the DNA
damage response coordinates productive interactions between DNA replication complexes to
perform break-induced DNA synthesis has not been extensively demonstrated in mammalian
cells. ALT is a clinically relevant example of a DNA repair pathway that requires homology-
directed synthesis to maintain telomeres in ~10-15% of human cancers>>. Additionally,
such synthesis could represent an attractive therapeutic target against cancers, especially if it
proves to be different from canonical S-phase replication.

Telomere breaks stimulate long-tract synthesis

To study homology-directed synthesis at ALT telomeres, we developed a
bromodeoxyuridine (BrdU) pulldown approach to isolate and quantify nascent telomeres
synthesized following telomere-targeted DSBs generated by the fusion of the Shelterin
component TRF1to the FokI endonuclease (Fig. 1a). Using stable ALT-positive U20S cell
lines expressing TRF1-FokI under tetracycline-control, a 2-h damage induction with wild-
type TRF1-Fokl, but not the FokI(D450A) nuclease-null mutant, resulted in a ~10-fold
increase in nascent telomere synthesis in asynchronous and G2-enriched cells (Fig. 1b, ¢ and
Extended Data Fig. 1a—g). Concurrent synthesis of nascent C- and G-rich telomere strands
was evident from 1 h post-induction and became maximal at ~2h (Fig. 1d). Nascent Alu
repeat DNA was not increased by TRF1-FoklI expression, demonstrating the specificity of
break-induced telomere synthesis (Fig. 1d).

To understand the nature of individual DNA synthesis events, we adapted the single-
molecule analysis of replicated DNA (SMARD) technique for studying break-induced
telomere synthesis*>. After induction of TRF1-FokI, U20S cells were sequentially
incubated with iododeoxyuridine (IdU) and chlorodeoxyuridine (CIdU), genomic DNA was
digested, and telomere fragments were isolated on the basis of size (Fig. 1e). The percentage
of telomeres with IdU/CIdU incorporation increased with the duration of TRF1-FokI
induction (Fig. 1f, g). Break-induced telomere synthesis proceeded in a unidirectional
fashion, often to the end of the telomere fragment. Nascent telomere tracts ranged in length
from 5 to 70 kilobases (kb), with a median value of 19.8 kb (7 = 46) that matched the
median length of the overall telomere fibres observed (20.1 kb; n=45) (Fig. 1h).
Furthermore, ~80% of nascent telomere fragments were completely labelled and ~98% of
nascent fragments had label on at least one of the ends. Taken together, these data suggest
that DSBs at ALT telomeres induce long-tract telomeric DNA synthesis.

As a complementary approach, BrdU immunofluorescence at telomeres provides a means to
assess spontaneous synthesis of ALT telomeres. Cell lines that utilize ALT, but not
telomerase, displayed elevated BrdU incorporation at telomeres in a pattern distinct from S-
phase replication (Extended Data Fig. 2a, b, d), consistent with previous reportsﬁ. TRF1-
Fokl expression increased analogue incorporation at ALT telomeres in interphase and
metaphase cells (Extended Data Fig. 2c, e), suggesting that telomere damage may be an
initiating event for spontaneous ALT telomere synthesis’.
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Expanding on our observations, we generated a panel of TRF1-FokI inducible lines from
cells that either utilize ALT (U20S, VA13, SKNFI) or telomerase (HeLa 1.3, HeLLa S3,
293T) for telomere maintenance. Notably, all lines showed evidence of break-induced
telomere synthesis by BrdU pulldown upon induction with TRF1-FokI (Extended Data Fig.
3a—c). This holds true not only across telomere maintenance mechanism, but also regardless
of ATRX status, overall telomere length differences, and cell type (Extended Data Fig. 3a).
Notably, a recent study provided evidence that replication stress can activate ALT
mechanisms in primary and telomerase-positive cells®. We propose that although any cell
may have the capacity for break-induced telomere synthesis, ALT-positivity entails greater
levels of telomere damage that promotes homology-directed DNA synthesis and telomere
maintenance. Therefore, non S-phase telomere synthesis (Extended Data Fig. 2a, b, d) is
apparent at baseline only in ALT cells.

Break-induced telomere synthesis by alternative HDR

Genetic studies in yeast demonstrated that break-induced replication is responsible for
telomere recombination, which can proceed through Rad51-dependent and -independent
mechanisms®~1>. Rad51, together with the Hop2-Mnd1 heterodimer, localize to ALT-
associated PML bodies (APBs) and facilitate long-range telomere movement and clustering
in ALT cells’-16:17, Cells lacking Hop2 from CRISPR—Cas9-mediated excision showed
reduced telomere clustering, APB formation, and telomere exchanges in ALT-positive VA13
cells (Extended Data Fig. 4a—f). ATR is a damage-sensing kinase that signals replication
stress and is important for ALT telomere integrity and cell survival!®. Disruption of ATR and
Chk1 signalling by knockdown and small-molecule inhibitors reduced Hop2 recruitment to
telomeres after TRF1-FoklI induced damage, whereas ATM disruption had no effect (Fig.
2a). Similarly, ATR knockdown restricted telomere mobility after TRF1-FokI induction in
U20S cells (Fig. 2b), thus implicating ATR and Rad51-Hop? as critical for ALT telomere
mobility.

We next asked whether ATR and Rad51-Hop2 are required for break-induced telomere
synthesis. Surprisingly, ATR, Rad51, and Hop2 were all dispensable for synthesis.
Conversely, knockdown of each gene paradoxically increased levels of nascent telomeres,
which held true over an 8-h time course (Fig. 2¢, Extended Data Fig. 5a). Similarly,
spontaneous ALT telomere synthesis did not require Rad51 (Extended Data Fig. Se, i). To
investigate the long-term consequences of depletion of this pathway, we examined the
telomere length of VA13 HOP2 CRISPR clones. All of the 6 clones lacked detectable Hop2
protein expression, with no telomere shortening observed at approximately population
doubling (PD) 25 or longer time points (Extended Data Fig. 4g, h). Collectively, this
provides evidence for Rad51-independent mechanisms of mammalian break-induced
telomere synthesis and ALT telomere maintenance. Although ATR regulates damage
signalling, telomere integrity, and survival in ALT cells, our data suggest it is not an
essential component of the break-induced replisome at telomeres.
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Break-induced telomere synthesis requires Pol &

We next surveyed the replisome dependencies of break-induced telomere synthesis.
Replicative DNA polymerases Pol 6, Pol e, and Pol a-primase were previously implicated in
yeast break-induced replication! %19, Pol 8, including the POLD3 and POLD4 accessory and
POLDI1 catalytic subunits, was required for break-induced telomere synthesis (Fig. 2d, e,
Extended Data Fig. 5a, b, d). Unexpectedly, Pol & was required for synthesis of both C- and
G-rich telomere strands, whereas Pol e and Pol a-primase were dispensable as was the
MCM2-7 replicative helicase (Fig. 2d, f). Notably, depletion of POLD?3 resulted in ~2.5-fold
less incorporation of IdU/CIdU in telomere fibres after TRF1-FokI-induced breaks (Fig.

2g). POLD3 is also part of the Pol { complex involved in translesion synthesis2%22,
However, the catalytic subunit of Pol  (REV3L) as well as the other translesion synthesis
proteins Pol 1 (POLH) and REV1 were not needed for break-induced telomere synthesis
(Fig. 2d, Extended Data Fig. 5¢). Therefore, the major function of POLD3 in break-induced
telomere synthesis is through Pol 6. Notably, the requirements for break-induced telomere
synthesis using TRF1-Fokl faithfully recapitulate the requirements for spontaneous ALT
telomere synthesis. Specifically, non S-phase telomere synthesis in three ALT lines required
POLD3/Pol 8, but occurred independently of Pol e, Pol a, and Pol ¢ (Extended Data Fig.
5f-i). Collectively, these data define a non-canonical replisome involved in ALT telomere
synthesis.

RFC-PCNA is the initial sensor of telomere damage

Pol & showed robust recruitment to TRF1-FokI damage sites in U20S cells, whereas Pol €,
Pol a-primase, and MCM2-7 were present at much lower levels (Fig. 3a, Extended Data Fig.
6a, b). POLD3 facilitates interaction of the Pol 6 complex with the PCNA clamp for
processive synthesis and strand displacement?3. Notably, Pol & has higher affinity for PCNA
than does Pol e, and PCNA is known to function in repair processes outside S-phase423.
Deletion of the PCNA-interacting peptide (PIP) box (A456-466) of POLD3 disrupted its
recruitment to damage sites (Fig. 3b). Functionally, PCNA interaction with POLD3
facilitates recruitment of the whole Pol 6 complex to damaged ALT telomeres (Extended
Data Fig. 6¢, d). The RFC1-5 clamp loading complex was required for PCNA-POLD3
telomere localization, whereas the alternative clamp loader subunit, Rad17 was dispensable
(Fig. 3c). Furthermore, the entire axis consisting of RFC1-PCNA-POLD3 localized in an
inducible fashion to ~90% of damaged ALT telomeres and was required for break-induced
telomere synthesis (Fig. 3d, Extended Data Fig. 5h, 6e, f).

Both PCNA and POLD3 showed ~10-fold increases in telomere localization by 30 min after
induction with TRF1-FokI (Fig. 3e). By contrast, Rad51 localization occurred more slowly
and was maximal by 2 h after induction (Fig. 3e). Peak telomere synthesis coincided with an
increase in DSB signalling (Figs 1d, 3e). Time-lapse imaging revealed that GFP-PCNA
localized to TRF1-FokI damage sites soon after they became visible and before ALT
telomere merging events (Fig. 3f, n= 20 cells). Consistent with PCNA loading being an
early damage response, its localization was independent of proximal damage response
factors ATR, ATM, MREI11, or homologous recombination proteins Rad51, Hop2, and
BRCA?2 (Fig. 3g). Importantly, RFC1, PCNA, and POLD3 spontaneously localized to ~2—
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10% of telomeres specifically in ALT-positive cells, consistent with the presence of
persistent damage at a subset of ALT telomeres!” (Fig. 3h). These data reveal that PCNA
loading is the initial damage sensor at ALT telomeres, thus establishing a platform to
assemble the break-induced replisome.

POLD3 is critical for ALT telomere maintenance

Pol32, the yeast homologue of POLD3, is required for recombination dependent survivors of
telomerase defiency!?. Transient knockdown of POLD3 decreased spontaneous ALT
telomere synthesis and single- telomere-exchange events by chromosome orientation
fluorescence in situ hybridization (CO-FISH), but had no immediate effect on C-circles or
telomere length (Extended Data Figs 5f—i, 7a, b). We investigated the consequences of
prolonged POLD3 depletion on ALT telomere maintenance using CRISPR—Cas9 in U20S
cells. Although we were unable to generate surviving cells with complete loss of POLD3,
we obtained 4 clones (c1—c4) with in-frame deletions and residual expression of POLD3
(Extended Data Fig. 7c—g). Notably, all 4 clones had reduced levels of the entire Pol &
complex (Fig. 4a, Extended Data Fig. 7g), consistent with a stabilizing role for POLD3 (ref.
26). Clones c1—c3 displayed accelerated telomere shortening at ~PD 25 compared to the
empty guide control, whereas clone c4 had a more minor phenotype (Fig. 4b, Extended Data
Fig. 7h, 1). Telomere length in 5 clones with normal POLD3 expression (c5—c9) was
unchanged at ~PD 25 (Extended Data Fig. 8a). The telomere shortening observed in clones
cl—c3 is greater than expected for cells lacking a telomere maintenance mechanism,
representing a loss of ~800-1200 bp of telomeric repeats per cell division. However,
telomeres did not continue to shorten over time in these clones. This is consistent with
accelerated shortening and stabilization observed in other ALT lines in which telomere
maintenance mechanisms have been partially impaired?’. Additional U20S POLD3
CRISPR clones from an independent guide RNA also displayed shortened telomeres
compared to the parental line or clones derived from the same guide RNA that failed to
exhibit reduced POLD3 expression, making it unlikely that the effects observed are due to
clonal variation (Extended Data Fig. 8c). Collectively, analysis of the mean telomere length
of the 31 clones from both of the guide RNAs revealed a significant decrease in clones with
reduced POLD3 expression compared to those with normal POLD3 expression (Fig. 4c). In
contrast, telomere length changes were not observed in 11 POLD3 CRISPR clones from
telomerase-positive HeLa 1.3 cells (Extended Data Fig. 8d—f), suggesting an increased
requirement of POLD3 for processive telomere synthesis during ALT.

U20S POLD3 CRISPR clones accumulated increased numbers of telomere dysfunction-
induced foci (TIFs) (Fig. 4d, Extended Data Fig. 7i). C-circles are another marker of
telomere maintenance specific to ALT-dependent cells?®. Clones c1—c3 had significantly
decreased levels of C-circles that could be rescued by reconstituting wild-type POLD3,
whereas clones c5—c9 did not display similar reductions (Fig. 4e, Extended Data Figs 7i-k,
8b). These data are consistent with a partial disruption of ALT activity and telomere
maintenance in clones c1-c3 (Extended Data Fig. 7i). We propose that POLD?3 is critical for
the majority of nascent telomere synthesis during ALT and therefore underlies long-term
telomere maintenance and ALT activity.
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Discussion

Direct visualization of the dynamic process of ALT telomere recombination reveals that
rapid RFC-mediated PCNA loading at damaged telomeres is the initial sensor of telomere
damage, thus connecting DSB recognition with the assembly of a specialized replisome
capable of executing break-induced telomere synthesis (Fig. 4f). On the other hand, Rad51
and Hop2 loading and long-range homology searches occur more slowly and are dispensable
for the bulk of homology-directed DNA synthesis at telomeres (Fig. 4f). We postulate that
PCNA can load at alternative structures with recessed 3-ends and preferentially recruit Pol
& owing to its higher affinity for PCNA compared with that of Pol e 24, In contrast to yeast
break-induced replication, Rad51 and Pol a-primase were not required for break-induced
telomere synthesis. A repertoire of Rad51-independent mechanisms available to damaged
telomeres, such as intra-telomere annealing or association with extra-chromosomal telomere
repeats that are abundant in ALT cells may bypass the need for Rad51 and Pol a-mediated
priming3. Persistent damage at ALT telomeres probably promotes Rad51 and other
competing repair mechanisms with differing kinetics of homology-directed telomere
synthesis”17 (Fig. 4f). We speculate that related processes are invoked at other vulnerable
regions of the genome2%-33. The unique characteristics that differentiate this mechanism
from scheduled S-phase replication may facilitate a better understanding of how alternative
repair mechanisms enable genome evolution and enhance cancer cell fitness.

METHODS

Data reporting

Cell culture

No statistical methods were used to predetermine sample size.

U208, HeLa 1.3, HeLa S3, DLD-1, and 293T cell lines were grown in DMEM (Thermo
Fisher) with 10% calf serum and 1% penicillin/streptomycin. VA13, GM847, LM216T, and
LM216J cell lines were grown in DMEM (Thermo Fisher) with 10% FBS and 1% penicillin/
streptomycin. SKNFI cell line was grown in RPMI (Thermo Fisher) with 10% FBS and 1%
penicillin/streptomycin. VA13 cell line refers to WI-38 VA-13 subline 2RA. LM216T/J are
matched lines. Cell lines were obtained from ATCC and tested negative for Mycoplasma
using the MycoAlert PLUS Mycoplasma Detection Kit (Lonza). The U20S TRF1-FokI
inducible cell line was authenticated by STR analysis (ATCC). Other lines were validated by
ALT characteristics. None of the cell lines used is listed as commonly misidentified by the
International Cell Line Authentication Committee (ICLAC).

ALT-positive lines used: U20S, VA13, GM847, LM216J, SKNFI

ALT-negative lines used: HeLa 1.3 (long telomere), HeLa S3, DLD-1, LM216T, 293T

BrdU immunofluorescence

Cells were pulsed with 100 uM BrdU (Sigma) for 2 h before fixation. After
permeabilization, cells were denatured with 500 U mI~! DNasel (Roche) in 1x reaction
buffer (20 mM Tris-HCI (pH 8.4), 2 mM MgCl,, 50 mM KCl in PBST) for 10-25 min at
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37 °C in a humidified chamber. Coverslips were then washed and incubated with anti-BrdU
antibody (BD) for 20 min at 37 °C followed by secondary antibody and telomere FISH. For
metaphases, cells pulsed with BrdU were treated with 100 ng ml~! colcemid for 90 min
followed by 75 mM KCl for 30 min. Cells were fixed in 3:1 methanol:acetic acid, dropped
onto slides, and allowed to dry overnight. Denaturation was performed with 2 N HCI for 30
min at room temperature followed by antibody incubations as described above.

BrdU pulldown dot blot

BrdU pulldown was adapted from a published protocol34. Cells were pulsed with 100 uM
BrdU (Sigma) for 2 h before collection. Genomic DNA (gDNA) was isolated using phenol—
chloroform extraction followed by resuspension in TE buffer. gDNA was then sheared into
100-300 bp fragments using a Covaris S220 sonicator. 1-4 ug sheared gDNA was denatured
for 10 min at 95 °C and cooled in an ice-water bath. Denatured gDNA was incubated with 2
pg anti-IgG (Sigma) or anti-BrdU antibody (BD) diluted in immunoprecipitation buffer
(0.0625% (v/v) Triton X-100 in PBS) rotating overnight at 4 °C. The next day, samples were
incubated with 30 ul Protein G magnetic beads (Pierce) that had been pre-bound to a
bridging antibody (Active Motif) for 1 h rotating at 4 °C. Beads were subsequently washed
three times with immunoprecipitation buffer and once with TE buffer. Beads were then
incubated twice in elution buffer (1% (w/v) SDS in TE) for 15 min at 65 °C. Pooled eluate
was cleaned with ChIP DNA Clean & Concentrator kit (Zymo). Samples, along with 10%
inputs, were diluted into 2x SSC buffer, treated at 95 °C for 5 min, and dot-blotted onto an
Amersham Hybond-N* nylon membrane (GE). The membrane was then denatured in a 0.5
N NaOH 1.5 M NaCl solution, neutralized, and ultraviolet crosslinked. The membrane was
hybridized with 32P-labelled (TTAGGG); oligonucleotides, unless otherwise noted, in
PerfectHyb Plus Hybridization Buffer (Sigma) overnight at 37 °C. The next day, the
membrane was washed twice in 2x SSC buffer, exposed onto a storage phosphor screen (GE
Healthcare) and scanned using STORM 860 with ImageQuant (Molecular Dynamics). All
quantifications were performed in Fiji and normalized to 10% input.

Telomere single-molecule analysis of replicated DNA (SMARD)

The SMARD assay was performed as previously described®>. U20S cells were induced
with TRF1-FoklI for 20 min or 2 h and were subsequently labelled by incubating with 30
uM IdU for 2 h, followed by 30 uM CIdU for the next 2 h. After pulsing, 10° labelled cells
per condition were embedded in 1% agarose and lysed using detergents (100 mM EDTA,
0.2% sodium deoxycholate, 1% sodium lauryl sarcosine and 0.2 mg ml~! Proteinase K). The
plugs were then washed several times with TE, treated with 100 uM PMSF, and then washed
again with TE buffer followed by incubation with 1x Cut-Smart buffer (NEB) for 30 min.
The DNA in the plugs was then digested overnight at 37 °C using 50 U of both Mbol and
Alul (NEB) per plug. The digested plugs were then cast into a 0.7% low-melting point
agarose gel and a distinct fragment running above 10 kb (containing telomeric DNA defined
by Southern blotting) was excised, melted and stretched on slides coated with 3-
aminopropoyltriethoxysilane (Sigma-Aldrich). After denaturation of the DNA strands using
alkali buffer (0.1 M NaOH in 70% ethanol and 0.1% p-mercaptoethanol), the DNA was
fixed using 0.5% glutaraldehyde and incubated overnight with biotin-OO-(CCCTAA),4
locked nucleic acid (LNA) probe (Exiqon) at 37 °C. Telomere FISH probes were then
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detected using the Alexa Fluor 405-conjugated streptavidin (Thermo-Fisher) followed by
sequential incubation with the biotinylated anti-avidin antibody (Vector Laboratories) and
additional Alexa 405-conjugated streptavidin. IdU and CldU were visualized using mouse
anti-IdU (BD) and rat anti-CIdU (Serotec) monoclonal antibodies followed by Alexa Fluor
568-goat anti-mouse and Alexa Fluor 488-goat anti-rat secondary antibodies (Life
Technologies). Images were acquired using the NIS-element software (Nikon) and a Nikon
eclipse 80i microscope equipped with a 63x objective and a Cool Snap camera (MYO). For
calculating the length of the telomeres and replication tracts, the line-scan function from
Image J was used. For conversion of microns to kilobases, as 10 bp (equals one turn of the
helix) has a linear length of 3.4 nm, 0.26 microns corresponded to 1 kb of DNA.

Plasmids, primers, siRNAs, and CRISPR sgRNAs

Death domain (DD)—QOestrogen receptor (ER)-mCherry—TRF1-FokI and Flag—-TRF1-FokI
constructs were cloned as previously described’. Doxycycline-inducible TRF1-FokI lines
were generated using the Tet-On 3G system. Briefly, Flag-DD-ER-mCherry—TRF1-FokI
was cloned into the pLenti CMV TRE3G Puro Dest vector, which was introduced into cells
engineered to co-express the reverse tetracycline transactivator 3G (rtTA3G). N-terminal
GFP-tagged proteins were generated by PCR amplification and ligation of cDNAs from the
ProQuest HeLLa cDNA Library (Invitrogen) into the pDEST53 (Invitrogen) mammalian
expression vector. CRISPR lines were generated using a two-vector system (pLentiCas9-
Blast and pLentiGuide-Puro). POLD3 reconstitution vector was generated by cloning
POLD3 cDNA (RefSeq NM 006591.2) into the pOZ-N-Flag—HA retroviral vector followed
by site- directed mutagenesis of siRNA binding sites. Sanger sequencing of POLD3
CRISPR clones was performed on gDNA fragments cloned into a TOPO TA vector (Thermo
Fisher).

Transient plasmid transfections were carried out with LipoD293 (Signagen), and siRNA
transfections with Lipofectamine RNAiMax (Invitrogen) according to manufacturer’s
instructions. Analyses were performed 16 h after transfection of plasmids, and 72 h after
siRNA transfection. All siRNAs were used at a final concentration of 20 nM.

The following primers were used for qRT-PCR:

POLD3 primer set 1: 5'-GAGTTCGTCACGGACCAAAAC-3’, 5'-GCCA
GACACCAAGTAGGTAAC-3';

POLD3 primer set 2: 5'-ACCAACAAGGAAACGAAAACAGA-3’, 5'-GG
TTCCGTGACAGACACTGTA-3';

The following siRNA sequences were used:

Control siRNA (siCtrl): QIAGEN AllStars Negative Control siRNA;
ATR siRNA (siATR): 5"-AACCUCCGUGAUGUUGCUUGAJTAT-3";
ATM siRNA (siATM): 5'-GCGCCUGAUUCGAGAUCCUATAT-3";

RADS51 siRNA (siRAD51): #1, 5-UGUAGCAUAUGCUCGAGCG-3', #2, 5-CCA
GAUCUGUCAUACGCUA-3";

Nature. Author manuscript; available in PMC 2017 November 03.
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HOP2siRNA (siHOP2): #2, 5'-AAGAGAAGAUGUACGGCAA-3, #3,5"-UCU
GCUUAAAGGUGAAAGUAGCAGG-3';
BRCAZsiRNA (siBRCA2): 5'-GAAGAAUGCAGGUUUAAU-3’;
RFC1 siRNA (siRFC1): 5"-GAAGGCGGCCUCUAAAUCAUU-3";
RADI7siRNA (siRAD17): 5'-CAGACUGGUUGACCCAUCUU-3";
PCNA siRNA (siPCNA): 5'-GGAGGAAGCUGUUACCAUAUU-3";
MREI!1 siRNA (siMRE11): Dharmacon SMARTpool M-009271-01-0005;

POLD3 siRNA (siPOLD3): #1, Invitrogen 4390824-s21045, #2, Invitrogen 4392420-
$21046;

POLDI siRNA (siPOLD1): #1, Invitrogen 4392420-s615, #2, Invitrogen 4392420-
$616;

POLD4 siRNA (siPOLD4): 5'-GCAUCUCUAUCCCCUAUGAUU-3’;

POLE siRNA (siPOLE): #1, 5'-GGACAGGCGUUACGAGUUCUU-3"; #2, 5'-CU
CGGAAGCUGGAAGAUUAUU-3’;

POLA T siRNA (siPOLA1): #1, Invitrogen 4392420-s10772, #2, Invitrogen 4392420-
s10774;

REV3L siRNA (siREV3L): 5'-CCCACUGGAAUUAAUGCACAAUU-3";
PRIM]1 siRNA (siPRIM1): Invitrogen HSS108448;

MCM?2 siRNA (siMCM?2): Invitrogen HSS106390;

MCM7 siRNA (siMCM7): Invitrogen HSS106405;

POLH siRNA (siPOLH): 5'-CTGGTTGTGAGCATTCGTGTA-3’;
REVIsiRNA (siREV1): 5'-ATCGGTGGAATCGGTTTGGAA-3';

Knockdown efficiencies were evaluated by western blot (Extended Data Fig. 9). The
following CRISPR sgRNA sequences were used:

sgPOLD3: #1, 5 -GCAGATAAAGCTGGTCCGCCA-3", #2, 5'-GAAATA
TAGACGAGTTCGTCA-3';

sgHOP2: #1,5'-GCCGGACGTTGTAGTTGCTCG-3’, #2, 5'-GCGGGAAA
GGCGATGAGTAA-3", #3, 5'-GCGGGAGGTAACGGCGCCGT-3", #4, 5'-GAGT
AGATTCACCCGTTGTC-3’, #5, 5 -GACCCATGAGAGCCCGACAAC-3".

The following antibodies were used: anti-BrdU (mouse B44, BD 347580; rat BU1/75, AbD
Serotec OBT0030G), anti-ATRX (rabbit H-300, Santa Cruz sc-15408), anti-53BP1 (rabbit,
Novus NB100-904), anti-yH2AX (mouse JBW301, Millipore 05-636), anti-Flag (mouse
M2, Sigma F1804), anti-PML (mouse PG-M3, Santa Cruz sc-966), anti-Rad51 (rabbit H-92,
Santa Cruz sc-8349; mouse 14B4, Abcam ab-213), anti-Hop2/PSMC3IP (rabbit, Novus
NBP1-92301), anti-POLD3 (mouse 3E2, Abnova HO0010714-M01), anti-POLD1 (mouse
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607, Abcam ab10362; rabbit, Bethyl A304-005A), anti-POLD2 (rabbit, Bethyl A304-322A),
anti-POLD4 (mouse 2B11, Abnova H00057804-MO01A), anti-POLE (mouse 93H3A, Pierce
MAS5-13616; rabbit, Novus NBP1-68470), anti-POLE3 (rabbit, Bethyl A301-245A), anti-
POLAI1 (rabbit, Bethyl A302-851A), anti-MCM?7 (rabbit, Bethyl A302-584A), anti-MCM4
(rabbit, Bethyl A300-193A), anti-MCMS5 (rabbit, Abcam ab75975), anti-RFC1 (rabbit,
Bethyl A300-320A), anti-PCNA (mouse PC10, CST #2586) anti-ATR (goat N-17, Santa
Cruz sc-1887), anti-PRIM1 (rabbit H300, Santa Cruz sc-366482), anti-Rad17 (goat, Bethyl
A300-151A), anti-REV3L (rabbit, GeneTex GTX100153), anti-POLH (rabbit, Bethyl
A301-231A), anti-REV1 (rabbit H300, Santa Cruz sc-48806) anti-GAPDH (rabbit 14¢10,
CST #2118), anti-aTubulin (mouse TU-02, Santa Cruz sc-8035).

Doxycycline was used at a concentration of 40 ng ml~! for 16-24 h to induce expression of
TRF1-FokI. Shield-1 (Cheminpharma LLC) and 4-hydroxytamoxifen (4-OHT) (Sigma-
Aldrich) were both used at a concentration of 1 uM for 2 h, unless otherwise stated, in to
allow for TRF1-FoklI stabilization and translocation into the nucleus. RO-3306 (Selleck
Chemicals) was used at a concentration of 10 uM for 20-24 h. G2 enrichment was
confirmed by propidium iodide staining and flow cytometry. Colcemid (Roche) was used at
a concentration of 100 ng ml~L. The ATR inhibitor VE-821 (Selleck Chemicals) and Chk1
inhibitor LY2603618 (Selleck Chemicals) were used at a concentration of 5 pM and 1 uM
respectively for 24 h.

Western blot

Cells were lysed in RIPA buffer supplemented with cOmplete protein inhibitor cocktail
(Roche) and Halt phosphatase inhibitor cocktail (Thermo) on ice and subsequently spun
down at max speed at 4 °C. The supernatant was removed and protein concentration
determined using the Protein Assay Dye Reagent (Bio-Rad). 2040 ug of protein was run on
a 4-12% Bis—Tris gel (Invitrogen). Proteins were transferred onto an Amersham Protran 0.2
um nitrocellulose membrane (GE) and blocked with 5% milk. Membranes were incubated
with primary antibodies overnight at 4 °C. The next day membranes were incubated with
secondary antibodies for 1 h at room temperature and subsequently developed using Western
Lightning Plus-ECL (Perkins Elmer) or SuperSignal West Femto (Thermo).

Immunofluorescence, immunofluorescence-FISH, TIF assay, APB assay, and CO-FISH

Cells grown on coverslips were fixed in 4% paraformaldehyde for 10 min at room
temperature. Coverslips were then permeabilized in 0.5% Triton X-100 for 5 min at 4 °C
(for most antibodies) or 100% cold methanol for 10 min at —20 °C (for anti-PCNA). Primary
antibody incubation was performed at 4 °C in a humidified chamber overnight unless
otherwise indicated. Coverslips were washed and incubated with appropriate secondary
antibody for 20 min at 37 °C, then mounted onto glass slides using Vectashield mounting
medium with DAPI (Vector Labs). For immunofluorescence—FISH, coverslips were re-fixed
in 4% paraformaldehyde for 10 min at room temperature after secondary antibody binding.
Coverslips were then dehydrated in an ethanol series (70%, 90%, 100%) and allowed to air
dry. Dehydrated coverslips were denatured and incubated with TelC—Cy3 peptide nucleic
acid (PNA) probe (Panagene) in hybridization buffer (70% deionized formamide, 10 mM
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Tris (pH 7.4), 0.5% Roche blocking solution) overnight at room temperature in a humidified
chamber. The next day, coverslips were washed and mounted as described above. Images
were acquired with a QImaging RETIGA-SRV camera connected to a Nikon Eclipse 801
microscope. For TIF assay, cells were scored for co-localized 53BP1 and telomere foci by
immunofluorescence—FISH. For APB assay, cells were scored for the number of PML—
telomere colocalizations by immunofluorescence—FISH. Hop2 immunofluorescence and
CO-FISH experiments were performed as previously described’.

Pulsed-field gel electrophoresis and in-gel hybridization

Telomere gels were performed using telomere restriction fragment (TRF) analysis. Genomic
DNA was digested using Alul and Mbol (NEB). 4-10 pg of DNA was run on a 1% PFGE
agarose gel (Bio-Rad) in 0.5x TBE buffer using the CHEF-DRII system (Bio-Rad) at 6 V
cm~!; initial switch time 5 s, final switch time 5 s, for 16 h at 14 °C. The gel was then dried
for 4 h at 50 °C, denatured in a 0.5 N NaOH 1.5 M NaCl solution, and neutralized. Gel was
hybridized with 32P-labelled (CCCTAA )¢ oligonucleotides in Church buffer overnight at

42 °C. The next day, the membrane was washed four times in 4x SSC buffer, exposed onto a
storage phosphor screen (GE Healthcare) and scanned using STORM 860 with ImageQuant

(Molecular Dynamics). Telomere length was determined using TeloTool software3>.

C-circle assay

C-circle assay was performed as previously described?®. Genomic DNA was digested using
Alul and Mbol (NEB). 30 ng of digested DNA was combined with 0.2 mg ml~! BSA, 0.1%
Tween, 1 mM each dNTP without dCTP, 1x ¢29 Buffer (NEB) and 7.5 U $29 DNA
polymerase (NEB). Samples were incubated for 8 h at 30 °C followed by 20 min at 65 °C.
Samples were then diluted in 2x SSC buffer and dot-blotted onto an Amersham Hybond-N*
nylon membrane (GE). Membrane was ultraviolet crosslinked and then hybridized with 32P-
labelled (CCCTAA)g oligonucleotides in PerfectHyb Plus Hybridization Buffer (Sigma)
overnight at 37 °C. The next day, the membrane was washed twice in 2x SSC buffer,
exposed onto a storage phosphor screen (GE Healthcare) and scanned using STORM 860
with ImageQuant (Molecular Dynamics).

Co-immunoprecition and chromatin immunoprecipitation (ChIP)

Cells were lysed in HEPES immunoprecipitation buffer (10 mM HEPES (pH 8), 2 mM
EDTA, 0.1% NP-40) supplemented with 5 mM DTT, 1 mM PMSF, and 1x cOmplete protein
inhibitor cocktail (Roche) on ice and subsequently spun down at max speed at 4 °C. The
supernatant was removed and protein concentration determined using the Protein Assay Dye
Reagent (Bio-Rad). 25 ug protein was removed for input. 500 ug protein was diluted to 1 mg
ml~! in HEPES immunoprecipitation buffer and pre-cleared with 10 ul Protein G magnetic
beads (Pierce) for 1 h rotating at 4 °C. Protein lysate was then incubated with 10 pg anti-IgG
(Sigma) or anti-POLDI1 antibody (Abcam) rotating overnight at 4 °C. The next day, samples
were incubated with 30 ul Protein G magnetic beads (Pierce) that had been pre-bound to a
bridging antibody (Active Motif) for 1 h rotating at 4 °C. Beads were subsequently washed
five times with HEPES immunoprecipiation buffer. Proteins were eluted by incubating beads
with 2x sample buffer with BME for 5 min at 95 °C. Samples were analysed by western
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blot. ChIP was performed as previously described and analysed by western blot and dot
blot3.

Telomere content dot blot

400 ng of genomic DNA was diluted into 2x SSC buffer, treated at 95 °C for 5 min, and dot-
blotted onto an Amersham Hybond-N* nylon membrane (GE). Membrane was then
denatured in a 0.5 N NaOH 1.5 M NaCl solution, neutralized, and UV crosslinked.
Membrane was hybridized with 32P-labelled (CCCTAA), or Alu repeat oligonucleotides in
PerfectHyb Plus Hybridization Buffer (Sigma) overnight at 37 °C. The next day, the
membrane was washed twice in 2x SSC, exposed onto a storage phosphor screen (GE
Healthcare) and scanned using STORM 860 with ImageQuant (Molecular Dynamics).

Live cell imaging and image analysis

Statistics

Live cell imaging was performed and analysed as previously described”. Fixed cell and live
cell images were captured at 60x and 100x magnification, respectively. Microscope images
and dot blots were prepared and analysed using Fiji. Southern blot telomere gel images were
prepared using Fiji and were not cropped to exclude any part of the presented lanes. Western
blot gel images were prepared using Adobe Photoshop and cropped to present relevant
bands. Uncropped western blot images are shown in Supplementary Fig. 1.

All statistical analysis was done using GraphPad Prism 5 software. Unpaired #tests were
used to generate two-tailed Pvalues.
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Extended Data Figure 1. An inducible system for studying break-induced telomere synthesis
a, Schematic of inducible TRF1-FokI system. b—d, Characterization of U20S inducible

TRF1-FokI system by western blot (b), immunofluorescence (c), and telomere ChIP (d). e,

Agarose gel of sonicated DNA prepared for BrdU pulldown. f, g, BrdU pulldown dot blot

for telomere content (f) from asynchronous or G2-enriched U20S cells induced (Ind) with

TRF1-FoklI for 2 h, with cell-cycle profiles by propidium iodide staining (g). Images were

captured at 60x magnification. Dox, doxycycline; S, Shield-1; 7, 4-hydroxytamoxifen; DD,

destabilization domain; ER, oestrogen receptor; rtTA, reverse tetracycline transactivator;

TRE3G, tetracycline response element; WT, wild-type; D450A, nuclease-null mutant.

Nature. Author manuscript; available in PMC 2017 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Dilley et al.

Page 14

b. o c. d
1 50 GMB847
8 . 404 w .40
88 38
2 8 3o/ 284
@ = T =
a3 £3
63 i3
§o Sm
= ? c .§
#7104 =710
0 0
———— BN A S S A S
p‘,or O g [\
Non S-phase S-phase B T AT
GRS &
ALT- ALT+ uz0s

Zoom

U20S +R0O-3306

Extended Data Figure 2. Visualization of spontaneous ALT telomere synthesis
a—c, BrdU immunofluorescence assay to visualize spontaneous ALT telomere synthesis,

with representative images of VA13 cells (a) and quantification of a panel of ALT™ and
ALTT cell lines (b) and U20S cells induced with TRF1-FokI for 2 h (¢). d, e,
Representative images of BrdU immunofluorescence of metaphases from spontaneous
GM847 cells (d) and U20S induced (+Ind) with TRF1-FokI for 2 h upon release from
RO-3306 (e). Images were captured at 60x magnification. Data represent mean + s.e.m. of
three independent experiments. *** P £.001.
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Extended Data Figure 3. Break-induced telomere synthesis occurs independently of telomere
maintenance mechanism

a, A panel of ALT™ and ALT" inducible TRF1-FokI cell lines tested for TRF1-FokI and
ATRX expression by western blot and nascent telomere synthesis by BrdU pulldown dot
blot for telomere content after induction (Ind) with TRF1-FoklI for 2 h. b, ¢, BrdU pulldown
dot blot for telomere content (b) from HeLa 1.3 cells induced (Ind) with TRF1-FokI for 2 h,
with quantification (¢). Data represent mean + s.e.m. of two independent experiments. *P

0.05.

Nature. Author manuscript; available in PMC 2017 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dilley et al. Page 16

a b.
g Ctrl  sgHOP2 #2
Q"‘?‘Q"'*Q Lo 10
& 558 °~e~°~e~° g
w S8 S« ?a
w 3
251 @ = ~ & @& |Hop2 3o
: L3
- 7 B
=
51{"NEP @ w» @ @ | o-Tubulin 9
<

& 4
s q"'%
%o
gq
Ctrl  sgHOP2 #2 8 k
40 ”
T
: 25
= 301 * *kk oL
D + EO
Q i . 52 %
-;‘l_ E :: 3 g' 34
@20 = & EE
- — = 2% 24
—— — P~ o
o ¥ — o X
®10{ - ——— B !
i = 3ol
0 ; = & q:ﬂ'
Ctrl sgHOP2 #2 Q@g
)
E)
; h.
g sgHOP2
\ﬂ ¢t c1c2c3 c4 c5 c6
MW c}‘ c1c2 c3 c4 c5 cb —
28 - ¥ Hop2

51- W === e o= - = " T hylin

48 kb

17 kb
10 kb 4

Extended Data Figure 4. Hop2 contributes to telomere clustering but is dispensable for telomere
length maintenance

a-h, CRISPR/Cas9-mediated excision of HOP2 (sgHOP?2) in VA13 cells, with western blot
of populations (a). Analysis of Hop2 co-localization with telomere foci by IF-FISH (b),
telomere focus size by FISH (c¢), APBs by PML co-localization with telomere foci (d, e),
and telomere exchanges by CO-FISH (f) from sg HOPZ2 #2 population. Analysis of clones
(c1—c6) by western blot (g) and TRF pulsed-field gel at ~PD 25 (h). Peak intensity of
telomere length is indicated by red dot. Images were captured at 60x magnification. Data
represent mean + s.e.m. of at least two independent experiments. *** P <0.0005, ** P <0.005,
*P<0.05.
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Extended Data Figure 5. Requirements for break-induced and spontaneous ALT telomere
synthesis

a, BrdU pulldown dot blot timecourse for telomere content from U20S induced (Ind) with
TRF1-Fokl for indicated times and treated with indicated siRNAs. b, ¢, BrdU pulldown dot
blots for telomere content from U20S induced (Ind) with TRF1-FokI for 2 h and treated
with indicated siRNAs. d, BrdU pulldown dot blot for telomere content from HeLa 1.3
induced (Ind) with TRF1-FoklI for 2 h and treated with indicated siRNAs, with
quantification. e—i, Analysis of spontaneous ALT telomere synthesis using BrdU
immunofluorescence from VA13 (e-h) and GM847 and LM216] (i) treated with indicated
siRNAs. Images were captured at 60x magnification. Data represent mean * s.e.m. of two
(d) or three (e—i) independent experiments. ****P €.0001, **P .01, *P 0.05.
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Extended Data Figure 6. Pol 6 predominates at ALT telomeres
a, Representative images of replisome components (green) and telomere foci (red) from

U20S induced with TRF1-FokI for 2 h. b, western blot of Pol & complex from cell lines
treated with TRF1-FokI. Asterisk denotes non-specific band. ¢, d, Quantification of co-
localized POLD3 (¢) or POLD1 (d) with telomere foci from U20S induced with TRF1-FokI
for 2 h. e, f, Representative images (e) of co-localized RFC1-PCNA-POLD3 (green) and
telomere foci (red) from U20S induced with TRF1-FokI for 2 h, with quantification (f). WT
=wild-type, D450A =nuclease-null mutant. Images were captured at 60x magnification.
Data represent mean + s.e.m. of three independent experiments. ****pP .0001, *** P
€0.001.
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Extended Data Figure 7. POLD3 is critical for telomere maintenance in ALT-dependent cells
a, b, analysis of transient POLD3 depletion by C-circle dot blot (a) from U20S and CO-

FISH (b) from VA13 (n=1780 ends for siCtrl, n= 1637 ends for siPOLD?3). ¢, TRF analysis
from U20S populations at ~PD 25. Peak intensity of telomere length is indicated by red dot.
d, schematic of U20S POLD3 CRISPR (sgPOLD?3) cloning strategy with western blot. e-g,
analysis of POLD3 expression from U20S clones c1-c4 by qPCR (e), POLD1 Co-IP (f),

and darker exposure of western blot from Fig. 4a (g). Asterisk denotes non-specific band. h,

Quantification of relative telomere content by dot blot from U20S clones c1—c4. i, Heat map

summarizing decreases (blue), increases (red), or no change (white) in telomere maintenance
from U20S clones c1-c4 as compared to U20S control. j, k, POLD3-reconstituted CRISPR
clones analysed for C-circles by dot blot (j) and Pol & expression by western blot (k). EV,
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empty vector; WT, reconstituted POLD3. Data represent mean + s.e.m. of two independent
experiments. **P .01, *P 0.05.
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Extended Data Figure 8. Extended analysis of POLD3 CRISPR clones
a, b, TRF analysis by pulsed-field gel (a) and C-circle dot blot (b) from U20S POLD3

CRISPR (sgPOLD?3) clones with normal POLD3 expression (c5—c9) at ~PD 25. ¢, U20S
POLD3 CRISPR clones from an independent guide RNA (sgPOLD3 #2) analysed by TRF
and western blot at ~PD 25. d, TRF analysis by pulsed-field gel from HeLa 1.3 populations
at ~PD 25. e, Schematic of HeLa 1.3 POLD3 CRISPR cloning strategy with western blot. f,
TRF analysis by pulsed-field gel from HeLa 1.3 clones cl—c11 at ~PD 25. Peak intensity of
telomere length is indicated by red dot.
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Extended Data Figure 9. Knockdown efficiencies
a-n, Western blots of U20S or VA 13 cells treated with indicated siRNAs. Asterisk denotes

non-specific band.
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Figure 1. Break-induced telomere synthesis occurs by long-tract unidirectional telomeric
recombination

a, Schematic of BrdU pulldown. IP, immunoprecipitation. b—d, BrdU pulldown dot blot for
telomere content using a 32P-labelled telomere oligonucleotide (b) from U20S cells induced
(Ind) with TRF1-FokI for 2 h, with quantification (c) and time course of C- and G-rich
telomere strands compared to Alu repeats (d). e, Schematic of telomere SMARD. f-h,
Representative images (f) of telomere (blue) labelled with IdU (red) and C1dU (green) from
U20S cells induced (Ind) with TRF1-FokI, with quantification (g) and length of telomere
fibres (h). Median length quantified + 95% C.I. WT, wild-type; D450A, nuclease-null
mutant. Data represent mean =+ s.e.m. of three (¢) or two (g) independent experiments. ** P
0.01, *P 0.05.
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Figure 2. Break-induced telomere synthesis occurs by alternative HDR and utilizes a non-
canonical replisome defined by Pol 6

a, Quantification of co-localized Hop2 and telomere foci in TRF1-FokI expressing VA13
cells treated with the indicated small interfering RNAs (siRNAs) or inhibitors. b, Mean
squared displacement (MSD) analysis of live-cell telomere movement from U20S cells
following TRF1-FokI induction. c—f, BrdU pulldown dot blots for telomere content (c, d, e,
f) from U20S cells induced (Ind) with TRF1-FokI for 2 h, with rescue experiment (e), and
quantifications (c, d, f). g, Quantification of telomere SMARD from U20S cells induced
with TRF1-FokI and treated with the indicated siRNAs. EV, empty vector; WT,
reconstituted POLD3. Data represent mean + s.e.m. of at least two independent experiments.
kP .001, **P .01, *P 0.05.
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Figure 3. Rapid loading of PCNA acts as the initial sensor of telomere damage
a, Quantification of co-localized GFP-tagged replisome subunits and telomere foci from

U20S cells induced with TRF1-FokI for 2 h. b, Schematic of POLD3 and representative
images of POLD3 deletion mutants. ¢, Quantification of co-localized endogenous PCNA and
POLD3 and telomere foci from U20S cells induced with TRF1-FoklI for 2 h. d, BrdU
pulldown dot blot for telomere content from U20S cells induced (Ind) with TRF1-FokI for
2 h. e, Kinetics of PCNA and POLD3 loading at damaged telomeres in relation to Rad51,
vYH2AX, and DNA synthesis in U20S cells. IF, immunofluorescence. f, Representative live-
cell imaging of PCNA recruitment to damaged telomeres before telomere clustering in
U20S cells. Time in minutes shown in upper left corners. g, Quantification of the
requirements for PCNA loading at damaged telomeres in U20S cells. h, Quantification of
spontaneous co-localized RFC1, PCNA, and POLD3 and telomere foci from a panel of
ALT™ and ALT™ cell lines. Fixed cell and live cell images were captured at 60x and 100x
magnification, respectively. Data represent mean + s.e.m. of two (a) or three (c, e, g, h)
independent experiments. **** P .0001.

Nature. Author manuscript; available in PMC 2017 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dilley et al.

Page 27
a b ) c
& <& sgPOLD3
&8 sgPOLD3 £ ¢1 ¢2 c3 c4
Mw & el c2 c3 o4 - " £ 157 mm Normal POLD3
3 POLD1 ’ E m Decreased POLD3
51 POLD2 s
o £ 1.04 e
64 POLD3 3 =
51 3 p
14 B 5
POLD4 8 3
a g 057
39 GAPDH 48 kb T g
= k]
17 kb & £ .04
d 10 kb 6‘&\ sgPOLD3
= 0-1 G,é(' clones
No. Df];rIFs =1 2-4
s I 5+
1004
o e f
&V 8 sgPOLD3 Homelogy-directed telomere maintenance
{s] e )
B e 2 3 cd ¥ ¥ 4
s o e s 0 0 |
£ Darmage sensor gj Ioaddi
o 50 fast loading / s\cwer g
L) -
O PCNA-POLD3 ATR/Chict_§ 20!
a RFC1-5 !
Hop2-Mnd1
. \ / Telomere mobility

d& cl c2 3 c4 ’ 2 & ol e c3ocd,D Break-induced telomere synthesis
——— g E

< " sgPOLD3 S T5gPoLDE TTAGGG.

& 8 Y — P

Figure 4. POLD3 is critical for telomere maintenance in ALT-dependent cells
a, Analysis of Pol & protein expression by western blot from U20S CRISPR clones

(sgPOLD3) with decreased POLD3 expression (c1—c4) compared to empty guide control

(sgEmpty). GAPDH is used as a loading control. Darker exposure shown in Extended Data

Fig. 7g. b, TRF analysis using pulsed-field gel electrophoresis from U20S clones cl1—c4 at

~PD 25. Peak intensity of telomere length is indicated by red dot. ¢, Quantification of

relative mean telomere length in 31 pooled sg POLD3 clones from two independent guide

RNAs with normal and decreased POLD3 protein expression. d, e, Analysis of telomere

maintenance by TIF quantification (co-localized 53BP1 and telomere foci) (d) and C-circle

assay (e) from U20S clones cl1—c4. f, Model. Data represent mean +s.e.m. of three
independent experiments. **** P €.0001, ***P 0.001, *P 0.05.

Nature. Author manuscript; available in PMC 2017 November 03.



	Abstract
	Telomere breaks stimulate long-tract synthesis
	Break-induced telomere synthesis by alternative HDR
	Break-induced telomere synthesis requires Pol δ
	RFC–PCNA is the initial sensor of telomere damage
	POLD3 is critical for ALT telomere maintenance
	Discussion
	METHODS
	Data reporting
	Cell culture
	BrdU immunofluorescence
	BrdU pulldown dot blot
	Telomere single-molecule analysis of replicated DNA (SMARD)
	Plasmids, primers, siRNAs, and CRISPR sgRNAs
	Antibodies
	Drugs
	Western blot
	Immunofluorescence, immunofluorescence–FISH, TIF assay, APB assay, and CO-FISH
	Pulsed-field gel electrophoresis and in-gel hybridization
	C-circle assay
	Co–immunoprecition and chromatin immunoprecipitation (ChIP)
	Telomere content dot blot
	Live cell imaging and image analysis
	Statistics

	Extended Data
	Extended Data Figure 1
	Extended Data Figure 2
	Extended Data Figure 3
	Extended Data Figure 4
	Extended Data Figure 5
	Extended Data Figure 6
	Extended Data Figure 7
	Extended Data Figure 8
	Extended Data Figure 9
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

