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Abstract

Telomerase, the enzyme that maintains telomeres at natural chromosome ends, should be repressed
at double-strand breaks (DSBs), where neotelomere formation can cause terminal truncations.

We developed an assay to detect neotelomere formation at Cas9- or I-Scel-induced DSBs in
human cells. Telomerase added telomeric repeats to DSBS, leading to interstitial telomeric repeat
insertions or formation of functional neotelomeres accompanied by terminal deletions. The threat
telomerase poses to genome integrity was minimized by ATR kinase signaling, which inhibited
telomerase at resected DSBs. In addition to acting at resected DSBs, telomerase used the extruded
strand in the Cas9 enzyme-product complex as a primer for neotelomere formation. We propose
that while neotelomere formation is detrimental in normal human cells, it may allow cancer cells
to escape from breakage-fusion-bridge cycles.

One-Sentence Summary:

Human telomerase threatens genome integrity by adding telomeres to broken chromosomes and is
held in check by ATR signaling.

Telomeres define and protect the ends of linear chromosomes. Genome stability requires
that telomeres evade recognition as double-strand breaks (DSBs), which is accomplished
by the protective shelterin complex (1). Telomeric DNA is maintained by telomerase,

a ribonucleoprotein complex whose reverse transcriptase component (human telomerase
reverse transcriptase, hTERT) uses a short template region in its RNA component (human
telomerase RNA, hTR) to add TTAGGG repeats to the telomeric single-stranded (ss) 3’
overhang (2). Just as telomeres must not be recognized as sites of DNA damage, telomerase
must not convert DSBs into telomeres. If telomerase creates a functional telomere at a DSB,
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genes distal to the break may be lost. Human telomerase is expected to preferentially act
at telomeres, to which it is recruited by the TPP1 subunit of shelterin and where its hTR
template can base-pair with the 3’ telomeric overhang ((3), reviewed in (4)).

However, hints that telomerase might act at DSBs came initially from Barbara McClintock’s
work on dicentric chromosomes in maize (5, 6), which undergo breakage-fusion-bridge
(BFB) cycles in somatic cells until the broken chromosomes gain functional telomeres

in the embryo. Writing to Elizabeth Blackburn, McClintock described a maize mutant in
which this healing never occurred, prophetically surmising that “this mutant affects the
production or the action of an enzyme required for formation of new telomeres” (7). In
humans, the first case of apparent neotelomere formation was identified in an a-thalassemia
patient with a truncation of chromosome 16p, where telomeric repeats were added directly
to a non-telomeric breakpoint sequence (referred to here as telomerase substrate, TS) (8).
Additional putative germline neotelomere formation events did not reveal sequence motifs
common to the breakpoints (fig. S1), and the role of telomerase in neotelomere formation
has not been established.

Telomerase-mediated TTAGGG repeat addition at Cas9-induced DSBs

As TS is a proficient primer for telomerase in vitro (9), we used it to determine whether
human telomerase adds telomeric DNA to Cas9-induced DSBs. We generated a lentiviral
vector (pLenti-sgTS-TagMan-TS) containing TS flanked by a PAM and expressing a TS
SgRNA that directs Cas9 to cut at the 3’ end of TS (Fig. 1A and fig. S2A). TTAGGG repeat
addition at TS was detected by PCR using a reverse primer designed to span the 3’ end of
TS and the added TTAGGG repeats, assuming that repeat addition occurred in the frame
observed in the a-thalassemia patient (Fig. 1A and fig. S1). Based on qPCR with a TagMan
probe, infected HelL a cells contained ~1.7 copies of pLenti-sgTS-TagMan-TS per haploid
genome (fig. S2B). Infection with Cas9 adenovirus (AdCas9, fig. S2C) resulted in cleavage
of a subset of the TS sites, as evidenced by the T7 endonuclease | detection assay, which
monitors indels resulting from DSB repair (fig. S2D). The TagMan qPCR assay was linear
over a range of 1074 to 10 neotelomere formation events per haploid genome (fig. S2E). In
“super-telomerase” (superT) HeLa cells, in which overexpression of both hTR and hTERT
increases telomerase activity by ~20-fold (10), neotelomere products were detected within
48 h of AdCas9 infection, but not in luciferase sgRNA control cells (Fig. 1B). At 72 h after
AdCas9 infection, the cells contained 3 to 4 neotelomeres per 1,000 haploid genomes (Fig.
1C). By contrast, TTAGGG repeat addition events at TS were 10-fold less frequent when
Cas9 cutting was directed ~60 bp 3’ to TS (fig. S2F-H).

The telomerase inhibitor BIBR1532 (11) reduced neotelomere formation by ~4-fold in
HelLa-superT cells (Fig. 1D and E). To confirm the role of telomerase, we manipulated

the telomerase activity of pLenti-sgTS-TagMan-TS-infected p53~~ Rb™~ RPEL1 cells (12).
These cells’ low telomerase activity was further reduced by expression of catalytically
dead hTERT (hTERT-CD; D712A/V713I (13)) and increased with a vector encoding both
wild-type hTERT and hTR that confers super-telomerase activity (14). Telomeric repeat
amplification protocol (TRAP) assays showed that hnTERT-CD reduced telomerase activity
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compared to the empty vector control (vec), whereas overexpression of hnTERT and hTR
increased it by at least 5-fold (Fig. 1F; compare lanes 4 and 13). Compared to the vector
control, neotelomere formation was increased by ~40-fold in the super-telomerase cells
(hereafter RPE1-superT cells) and reduced by expression of hTERT-CD (Fig. 1G). These
results establish that the neotelomere products are generated by telomerase and indicate that
telomerase levels are limiting in the TTAGGG repeat addition events detected by this assay.

In yeast, HO endonuclease cuts have been used to monitor neotelomere formation at DSBs
(15, 16). In those experiments, neotelomere formation required tracts of yeast telomeric
repeats at or near the DNA end, whereas human neotelomere formation at Cas9-induced
breaks occurs in absence of such telomeric repeat tracts (referred to as telomere seeds).
Whether telomere seeds enhance neotelomere formation in human cells remains to be tested.
Given the lack of motifs in neotelomere formation breakpoint sequences (fig. S1), it is also
unclear how many sites in the human genome are vulnerable to neotelomere formation.

Telomerase products give rise to interstitial and terminal dsTTAGGG repeats

To determine whether the ss TTAGGG repeats synthesized by telomerase are converted into
duplex DNA, we determined whether the detection of neotelomere formation was reduced
by treating genomic DNA with E. coli 3’ exonuclease £xol prior to the TagMan gPCR. The
efficacy of the Exol treatment was confirmed based on removal of the telomeric 3’ overhang,
detected by in-gel hybridization of a telomeric C-strand probe to native DNA (Fig. 2A).
Nonetheless, Exol did not affect the detection of neotelomere formation events in RPE1-
superT cells (Fig. 2B), indicating that the TTAGGG repeats synthesized by telomerase are
converted into duplex DNA.

We next asked whether the detected neotelomere formation events corresponded to
TTAGGG repeats at interstitial or terminal sites. Terminal TTAGGG repeats should be
sensitive to digestion of intact genomic DNA with Bal31 nuclease (17), which digests
both strands at telomeric DNA ends in otherwise intact genomic DNA, whereas interstitial
TTAGGG repeats should not be affected. DNA from Cas9-infected RPE1-superT cells
was treated with Bal31 and subsequently digested with AMbol/ Al to allow detection of
the telomeric fragments in Southern blots, which showed the expected shortening of the
telomeric fragments by Bal31 (Fig. 2C). TagMan qPCR on these samples showed that
Bal31 removed 60% of the neotelomere formation events, indicating that the majority of
neotelomeres were terminal (Fig. 2D and E). Presumably, binding of shelterin to long duplex
telomeric repeat arrays protects the ends from ligation to the other DNA end created by
Cas9. The interstitial TTAGGG repeats could reflect the fate of short duplex arrays that
lacked sufficient shelterin.

Telomerase generates functional neotelomeres and terminal chromosome truncations

To determine whether the neotelomeres generated by telomerase are functional, we inserted
a modified TS cassette into the LUC7L locus on the distal part of chromosome 16p of HeLa-
superT cells (Fig. 3A). The Cas9-cleavable TS site was positioned centromeric to HSV
thymidine kinase (TK) so that neotelomere formation at TS would remove TK and render
cells ganciclovir resistant. A HeLa-superT clone with the correct insertion (HeLa-superT
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16p-targ; fig. S3A and B) was infected with an sgTS-expressing lentivirus and AdCas9.
PCR screening of 67 ganciclovir-resistant clones showed that 20 (30%) had telomeric repeat
addition at TS (fig. S3C and D).

Metaphases of six clones with PCR evidence for neotelomere formation were queried by
fluorescence in situ hybridization (FISH) for loss of the distal segment of 16p (Fig. 3A-C
and fig. S3E). FISH to a subtelomeric 16q segment and part of 16q showed that the parental
cell line had three copies of chromosome 16 (Fig. 3B), consistent with the near-triploid
karyotype of HeLa cells. Five of the six neotelomere clones carried a chromosome 16
lacking the distal p arm segment (Fig. 3B and C). In the neotelomere clones, the percentage
of chromosome 16 copies staining for both the q and p FISH probes decreased, whereas the
percentage of chromosomes staining for only 16p increased (Fig. 3C). A sixth neotelomere
clone had one wild-type chromosome 16 and a derivative chromosome 16 with only the 16q
signal, again consistent with neotelomere formation (fig. S3E). However, in this clone, the
subtelomeric segments of 16p appeared to have been attached to another chromosome (fig.
S3E). Analysis of one of the neotelomere clones with a combination of FISH probes for
16q, 16p, and TTAGGG repeats showed one copy of chromosome 16 with a telomere at the
truncated p arm (Fig. 3D).

In an orthogonal approach, Southern blots of Pvull-digested genomic DNA were probed
with a 904-bp radio-labelled fragment from the TS cassette that should detect a 4.5-kb
fragment if the TS cassette is intact and larger fragments if a neotelomere is added (Fig.
3A). Each of nine clones, including the cytogenetically unusual clone 23 (fig. S3E), showed
a large fragment (~20 kb), instead of the 4.5-kb Pvull fragment of the parental cells (Fig.
3E). The lengths of the telomeric Pvull fragments matched the lengths of the endogenous
telomeres (Fig. 3F), consistent with telomerase adding ~600 bp of TTAGGG repeats per
population doubling in HeLa-superT cells (10) over the ~45 days before DNA isolation.
To determine whether the large fragments were terminal, as expected for neotelomeres, the
genomic DNAs were treated with Bal31 before Pvull digestion. The neotelomeric Pvull
fragments showed Bal31 sensitivity that mirrored that of the native telomeres (Fig. 3F).
Therefore, telomeric repeat addition at TS can yield functional neotelomeres.

Repression of neotelomere formation by ATR signaling at resected DSBs

Although neotelomere formation is rare, even under the optimized conditions used here, we
anticipated that neotelomere formation is repressed to prevent loss of heterozygosity (LOH)
of genes distal to the break. Neotelomere formation could be averted if DSB repair pathways
compete with telomerase at DSBs. However, inhibition of classical non-homologous end
joining by CRISPR targeting Lig4 and Ku70/80, homology-directed repair by targeting
BRCAZ2, alternative end joining by targeting Lig3 and PARP1, or single-strand annealing by
targeting Rad52 (fig. S4A) had little effect on neotelomere formation (fig. S4B), suggesting
that no single DSB repair pathway competes substantially with telomerase. Similarly, there
was no effect of targeting the Pifl helicase, the main inhibitor of telomerase at DSBs in
yeast (18), in either RPE1-superT cells or in RPE1 cells, nor was there an effect of targeting
two other candidate negative regulators of telomerase at DSBs, MLH1 and PINX1 (19, 20)
(fig. SAC-G).
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We next asked whether neotelomere formation was affected by disrupting long-range
resection by Exol and DNA2 (21), which affects telomerase action at DSBs in budding
yeast (22).

Neotelomere formation was increased by targeting of Exol (1.5-fold), ShRNA knockdown
of DNAZ2 (2.7-fold), and combined depletion of Exol and DNA2 (3.6-fold) (Fig. 4A and
B). We therefore tested whether neotelomere formation was inhibited by RPA, which binds
to resected DSBs and mediates ATR kinase activation (23). RPA depletion with SiRNA
elicited a 2.5-fold increase in neotelomere formation (Fig. 4C and D), and treatment with
two ATR inhibitors (VE-821 and gartisertib/M4344) nearly tripled the frequency of the
events, whereas inhibitors of DNA-PKcs or ATM had no effect (Fig. 4E). ATRi only
slightly increased the S-phase index of the cells (fig. S5A). ATR inhibition also markedly
increased neotelomere formation in RPEL cells with low telomerase activity levels (Fig.
4F). Consistent with ATR suppressing telomerase at DSBs, CRISPR targeting of its partner,
ATRIP, increased neotelomere formation modestly (Fig. 4G and H). The removal of ATRIP
was probably inefficient since ATRi treatment of ATRIP-targeted cells further increased
neotelomere formation (Fig. 41 and J). These data are consistent with ATR-dependent
repression of telomerase at DSBs that have undergone 5’ resection (Fig. 4L).

To verify that ATR represses neotelomere formation, we designed a lentiviral vector to
detect neotelomere formation at I-Scel-induced DSBs (Fig. 4M). Neotelomere formation
has previously been documented at a subtelomeric 1-Scel site in mouse embryonic stem
cells (24). When I-Scel was induced (25) (fig. S5B) in RPE1-superT cells that had been
infected with the TagMan-1-Scel lentivirus, TagMan gPCR (Fig. 4M; fig. S5C and D)
showed neotelomere formation at ~3 events per 1,000 haploid genomes, and, as was the case
for the Cas9-induced DSBs, ATRI increased the frequency by 4-5-fold (Fig. 4N).

Inhibition of Chk1 or targeting claspin had no effect on neotelomere formation, arguing
against downstream signaling by ATR (Fig. 4G, H and K). By contrast, neotelomere
formation was increased upon targeting of MDC1 (Fig. 4G and H), suggesting that ATR is
acting locally, perhaps by phosphorylating a component of the DNA damage foci established
by MDC1. One such component, 53BP1, did not affect neotelomere formation (fig. S5E
and F). Nonetheless, 53BP1 removal diminished the effect of ATRi (fig. S5F) for reasons
that remain to be determined. Several other potential ATR targets also had no effect on
neotelomere formation, including hSSB1, RadX, BLM, WRN, SLX4, and XPF (fig. S5G—
M), although targeting of FANCJ and Rad51 led to modest increases in the events (fig.

S5H and J). Further work will be required to determine how ATR antagonizes telomerase at
DSBs.

Telomerase can add telomeric repeats to the Cas9 enzyme-product complex

Since telomerase requires a 3’ overhang in vitro (26), we anticipated that neotelomere
formation would require the MRN (Mrel11/Rad50/Nbs1)/CtIP-mediated endonucleolytic
cleavage that creates short 3* overhangs at DSBs (21). However, CRISPR targeting of
Mrell or CtIP increased neotelomere formation (Fig. 5A-D) whereas MRN deficiency had
a minimal effect on the cell cycle profile (fig. S5A). Consistent with the lack of requirement
for MRN/CtIP, G1-arrested cells showed robust neotelomere formation (fig. S6A-C).
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The lack of requirement for MRN/CtIP suggested that, in the Cas9 assay, a ss telomerase
primer is generated without the aid of resection. Cas9 can form a stable enzyme-product
complex with its DNA target (27) in which the cleaved non-target strand protrudes (28).
Therefore, the Cas9 enzyme-product complex might present ss TS to telomerase, obviating
the need for MRN/CtIP. We tested this idea /n vitro by incubating Cas9 with TS cassette
DNA and the TS sgRNA in the presence of purified human telomerase (Fig. 5E). PCR for
neotelomere formation showed that telomerase generated the expected product in a Cas9-
and dNTP-dependent manner. Incubation of telomerase with the duplex product formed by
Cas9 cleavage verified that telomerase cannot use a dsSDNA end as a primer (Fig. 5E).

The protruding strand in the Cas9 enzyme-product complex (Fig. 5G) is too short for RPA
loading and there is no 5’ end for the loading of 9-1-1/RFC17, which are both required for
ATR activation (23). Therefore, in Mrell-deficient cells, where this substrate may be the
predominant telomerase primer, ATR should not inhibit neotelomere formation. Consistent
with this prediction, treatment of Mrel1-deficient cells with an ATR inhibitor had no effect
on neotelomere formation (Fig. 5F). Thus, in the Cas9 assay system, neotelomere formation
occurs at DSBs where Cas9-sgRNA binding has displaced the 3’ end as well as at evacuated
DSBs that have been resected and where ATR can inhibit telomerase (Fig. 5G).

Discussion

These results establish that human telomerase can add telomeric DNA to DSBs, promoting
the synthesis of functional telomeres and thereby creating terminal deletions (Fig. 5H). In
addition, the action of telomerase at DSBs can lead to potentially mutagenic interstitial
TTAGGG repeat insertions. These threats are minimized by the low telomerase activity in
most human cells and further diminished by ATR signaling at resected DNA ends (Fig. 5H).

The formation of functional neotelomeres requires that newly synthesized telomeric DNA
binds shelterin, which blocks end-joining reactions that lead to interstitial insertions. Once
shelterin protects the nascent telomere, its TPP1 subunit can recruit telomerase to allow
further extension. The neotelomeres reached the same lengths as the cells’ other telomeres,
consistent with prior observations on telomere formation using transfected telomere seeds
(29).

Sites of neotelomere formation

Our assay used Cas9 cleavage at TS, which is one of many suspected neotelomere formation
events. Given the diverse nature of these sequences (fig. S1), neotelomere formation is
likely not restricted to TS and may imperil many DSBs. Indeed, neotelomere formation also
occurred at an I-Scel site, a sequence unrelated to TS.

The neotelomere formation assay monitors telomeric repeat addition to two types of DNA
ends (Fig. 5G). First, since ATR inhibits neotelomere formation at both Cas9- and I-Scel-
induced DSBs, many of the detected events occur at DNA ends that have undergone 5’

resection (Fig. 5G). Such resected DNA ends also occur at regressed or broken replication
forks, creating the potential for terminal deletions during replication stress (Fig. 5H). The
second type of DNA end used by telomerase is the extruded non-target strand in the Cas9
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enzyme-product complex (Fig. 5G). In the context of therapeutic CRISPR-based genome
editing, it may be prudent to avoid potential base-pairing between the 3’ end of the non-
target strand and the template sequence in hTR.

Neotelomere formation in cancer

Most human cancer genomes contain numerous structural variations (30), indicating that
most cancers experience DSBs during tumorigenesis (31). The extent to which such breaks
are converted into neotelomeres may depend on the expression level of telomerase and the
selective advantage afforded by LOH. Notably, long-read sequencing suggested neotelomere
formation in ~25% of lung cancers (32). Neotelomere formation may also provide an
advantage in the context of ongoing BFB cycles (Fig. 51), which can result from telomere
crisis and DNA repair deficiencies ((33); reviewed in (34)). Many human cancers bear the
genomic scars of past BFB cycles, including >40% of esophageal, stomach, bladder, and
non-small-cell lung cancer (35). While repeated BFB cycles can accelerate tumor evolution,
they also could compromise cellular fitness through loss of essential genes, detrimental
effects during mitosis, and cGAS-STING activation by cytoplasmic DNA (36-38). We
propose that by terminating BFB cycles, neotelomere formation by telomerase may enable
fledgling cancer cells to cope with genome instability (Fig. 5I).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Telomerase addstelomeric repeats to Casd-induced DSBs.
(A) Schematic of pLenti-sgTS-TagMan-TS. U6, human U6 promoter; sgL.uc or sgTS,

singleguide RNA (sgRNA) cassette; TS, PCR cassette containing the truncation sequence
(TS); CMV, cytomegalovirus promoter; bsd, blasticidin S deaminase gene. The inset shows
the sequence of TS PCR cassette, with the primers, TagMan binding site, the patient-derived
TS sequence, the Cas9 cleavage site, the SgRNA binding site, and the PAM highlighted.

(B) Ethidium bromide (EthBr)-stained agarose gel showing endpoint PCR products obtained
with DNA from HeLa-superT cells expressing TS or luciferase sgRNA harvested at the
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indicated times after AdCas9 infection. A plasmid template simulating neotelomere addition
in the expected frame of addition was spiked into human DNA as a positive control (lane

5). (C) TagMan-qPCR quantification of neotelomeres in (B). (D) EthBr-stained agarose

gel showing endpoint PCR products obtained with DNA from HeLa-superT cells treated
with BIBR1532 (20 uM) or DMSO (vehicle). Sample labeling and controls as in (B).

(E) TagMan PCR quantification of neotelomeres in cells in (D). Data points bearing the
same color belong to the same biological replicate. (F) EthBr-stained polyacrylamide gel
showing TRAP assay products obtained with extracts from p53~/~ Rb™~ RPE1 cells infected
with pLenti-sgTS-TagMan-TS and then infected with a retroviral vector (vec), a retrovirus
expressing catalytically dead (CD) hTERT, or a retrovirus expressing wild-type hTERT

plus hTR (superT). As a control, extracts were heat inactivated (heated). IC, internal PCR
control. (G) Quantification of neotelomeres formed in the RPE1 cells shown in (F) at the
indicated times after infection with AdCas9. sT, superT. Mean + SD of at least 3 biological
replicates. * p< 0.05, ** p< 0.01, *** p< 0.001, two-tailed ratio-paired £test in (E) and
two-tailed unpaired #test in (G).
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Fig. 2. Telomerase generatesinter stitial and terminal telomeric repeat arrays
(A) Telomeric overhang assay to monitor the effect of £. coli Exol treatment. DNAS from

RPE1-superT cells at 48 h after infection with AdCas9 with or without Exol treatment

were digested with Mbol/ Alul and analyzed by in-gel hybridization to a telomeric C-strand
probe (left). The gel denatured, and the total telomeric DNA was detected by rehybridization
with the same probe (right). (B) Quantification of neotelomeres by TagMan qPCR on the
DNA samples shown in (A). (C) Southern blot for telomeric DNA showing the expected
shortening effect of telomeric restriction fragments by Bal31 treatment of intact genomic
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DNA. DNAs were from three independent AdCas9 infections of RPE1-superT cells. EthBr
staining of large-MW DNA fragments shows that Bal31 has not degraded bulk genomic
DNA. (D) Quantification of neotelomeres by TagMan gPCR on the DNA samples in (C).
(E) Summary of the fate of the TTAGGG repeats added by telomerase. Mean + SD of

3 biological replicates. ns, not significant; p> 0.05, ** p< 0.01, based on two-tailed
ratio-paired #test in (A), (D), and (F).
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Fig. 3. Telomerase formsfunctional neotelomeres.
(A) Experimental strategy to select for cells in which telomerase has formed a functional

telomere at a DSB. A schematic of the CRISPR/Cas12a-edited chromosome 16 in the

HelL a-superT 16p targeted clone (16p-targ) is shown, indicating the position of the knock-in
cassette (grey) between FAMZ234A and LUC7L and the approximate locations of the 16q
(green) and 16p (red) FISH probes. The knock-in cassette contains two homology arms

and a Cas9-cleavable TS site separated by 500 bp bacteriophage A DNA from the herpes
simplex virus (HSV) thymidine kinase (TK) gene, which sensitizes cells to ganciclovir
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(Ganc). Positions of Pvull restriction sites and the 904-bp Southern blotting probe are
indicated. Functional neotelomere formation at TS is predicted to result in loss of TK
expression, ganciclovir resistance, loss of the 16p FISH signal, and a change in the size

of the Pvull restriction fragment. , MMLV packaging signal; CMV, cytomegalovirus
promoter; P2A, 2A peptide from porcine teschovirus-1; bsd, blasticidin S deaminase gene;
SV40-pA, simian virus 40 polyadenylation signal. The inset shows the sequence of TS
PCR cassette, with the primer and TagMan binding sites and patient-derived TS sequence
indicated. (B) Representative examples of metaphase FISH (see (A)) performed on the
parental HeLa-superT 16p-targ and one of the Ganc-R daughter clones (clone 13). The
three copies of chromosome 16 are numbered and shown at higher magnification below.
(C) Quantification of metaphase FISH in (B). Copies of chromosome 16 were identified
by hybridization with either the p or g arm probe and scored as hybridizing with both the
p and g arm probes, only the p arm probe, or only the g arm probe. Mean + SD from

eight technical replicates of 23 metaphases for the HeLa-superT 16p-targ and pooled data
from clones 13, 34, 50, 54, and 64 (1-3 replicates per clone with 18-27 metaphases per
replicate). ns p > 0.05, **** p< 0.0001, two-tailed unpaired £test. (D) FISH on clone 13
with the two chromosome 16 probes in combination with a telomere probe (yellow). The
partial metaphase shows one intact chr. 16, an irrelevant autosome, and the truncated chr.
16. (E) Southern blot of Pvull-digested DNA from the parental HelLa-superT 16p-targ and
nine Ganc-R neotelomere clones probed with the 16p cassette probe indicated in (A). The
position of the neotelomeres is indicated. (F) Southern blot of DNA from the indicated
clones treated with Bal31 exonuclease as indicated, followed by digestion with Pvudl. Left:
EthBr-stained gel; middle: blot hybridized as in (E); right: same blot reprobed with a
radio-labelled telomeric C-strand oligonucleotide.
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(A) Immunoblots for the indicated proteins performed on RPE1-superT cells treated with
CRISPR/Cas12 crRNA targeting EXOL1 or a non-targeting control (cntrl) followed by
shRNAs targeting DNA2 or a scramble shRNA control. Ku70, loading control; * non-

specific band. (B) Quantification of rel
cells in (A) normalized to cells treated

ative neotelomere formation by TagMan qPCR in
with the control crRNA and scramble shRNA.

(C) Immunoblot for RPA70 in RPE1-superT cells treated with a control (cntrl) SiRNA or
two siRNAs targeting RPA70. y-tub, loading control. (D) Relative neotelomere formation
based on gPCR in cells in (C) normalized to cells treated with control siRNA. (E) Relative
neotelomere formation based on gPCR 48 h after AdCas9 infection of RPE1-superT cells
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treated with DMSO or the indicated inhibitors. (F) Relative neotelomere formation based
on gPCR 48 h after AdCas9 infection of pLenti-sgTSTagMan-TS RPE1 cells treated

with DMSO or ATRi-2. (G) Immunoblots for the indicated proteins in RPE1-superT cells
after CRISPR/Cas12a targeting. y-tub, loading control; * non-specific band. (H) Relative
neotelomere formation based on gPCR in cells in (G) normalized to cells treated with

the control crRNA. (1) Immunoblots for the indicated proteins from RPE1-ST cells after
targeting with ATRIP crRNA or a control (cntrl) crRNA. -y-tub, loading control. (J)
Relative neotelomere formation based on gPCR in cells in (I). (K) Relative neotelomere
formation based on gPCR in RPE1-superT cells treated with the indicated Chk1 inhibitors
normalized to cells treated with DMSO. (L) Schematic illustrating the inhibitory effect of
ATR on neotelomere formation at resected DSBs. (M) Schematic of the lentiviral vector to
test neotelomere formation at I-Scel-induced DSBs, showing the primers for neotelomere
formation detection, the 1-Scel site, and the TagMan probe. (N) Effect of ATRi-2 on
neotelomere formation at I-Scel-induced DSBs. Mean + SD of at least 3 biological
replicates. ns p> 0.05, * p<0.05, ** p<0.01, *** p< 0.001, two-tailed ratio-paired
ttestin (B), (D), (E), (F), (H), (9), (K), and (N). DNA-PKcsi, AZD-6748, 10 uM; ATMi,
KU55933, 10 uM; ATRi-1, VE-821, 10 uM; ATRI-2, Gartisertib/M4344, 0.3 uM in (E)
and (F) and 1 puM in (J) and (N); Chk1i-1, CHIR124, 0.25 uM; Chk1i-2, MK-8776, 1 uM;
Chk1i-3, CCT245737, 1 UM.
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Fig. 5. Neotelomere formation at Cas9 enzyme-product complexes.
(A) Immunoblot for the indicated proteins from RPE1-superT cells treated with Cas12a

and crRNAs targeting MRE11 or CtIP or a control crRNA. -y-tub, loading control. The
blot was cut between lanes 1 and 2 to remove lanes corresponding to irrelevant samples.
(B) Relative neotelomere formation based on qPCR in cells in (A). (C) Immunoblot for
the indicated proteins 5 in pLenti-sgTS-TagMan-TS RPEL1 cells treated with Cas12a and
crRNAs targeting MRE11 or a control (cntrl) crRNA. y-tub, loading control. (D) Relative
neotelomere formation based on gPCR in cells in (C). (E) In vitro assay for telomerase

Scilence. Author manuscript; available in PMC 2024 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kinzig et al.

Page 20

acting at the Cas9 enzyme-product complex. In vitro telomeric repeat addition by telomerase
at the TS cut site after incubating the TS cassette plasmid with Cas9 and sgTS (Fig. 1A)

was detected by EthBr staining of the generated PCR products, as in Fig. 1B. Control
oligonucleotides represent the Cas9 cut at TS in ss and ds form. (F) Relative neotelomere
formation based on gPCR in pLenti-sgTS-TagMan-TS RPEL1 cells targeted for MRE11 with
or without ATRi. Mean + SD of 3 biological replicates. ns p> 0.05, * p< 0.05, ** p< 0.01,
two-tailed ratio-paired £test. ATRI-2, gartisertib/M4344, 0.3 uM. (G) Model for neotelomere
formation at Cas9-induced DSBs in the presence and absence of MRN/CtIP, highlighting
two priming sites for telomerase. When Cas9 persists, the extruded non-target strand is

the substrate, and MRN/CtIP is not required. When Cas9 is evicted, short-range resection

by MRN/CLtIP is required to generate the free 3’ end for telomerase priming. Long-range
resection activates ATR, which inhibits telomerase at the resected DSB. (H) Neotelomere
formation in normal human cells is limited by the low (or no) telomerase expression

and/or by ATR signaling at resected DSBs or regressed replication forks. Neotelomere
formation induces terminal deletions and loss of heterozygosity (LOH) for distal genes. (1)
Potential role for neotelomere formation in cancer. Neotelomere formation may enhance
cancer genome evolution by enforcing LOH (as in (H)) and end ongoing BFB cycles in
genomically unstable cancer clones, thereby enhancing their fitness.
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