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Alternative lengthening of telomeres (ALT) supports telomere maintenance in
10-15% of cancers, thus representing a compelling target for therapy. By
performing anti-cancer compound library screen on isogenic cell lines and
using extrachromosomal telomeric C-circles, as a bona fide marker of ALT
activity, we identify a receptor tyrosine kinase inhibitor ponatinib that
deregulates ALT mechanisms, induces telomeric dysfunction, reduced ALT-
associated telomere synthesis, and targets, in vivo, ALT-positive cells. Using
RNA-sequencing and quantitative phosphoproteomic analyses, combined
with C-circle level assessment, we find an ABL1-JNK-JUN signalling circuit to be
inhibited by ponatinib and to have a role in suppressing telomeric C-circles.
Furthermore, transcriptome and interactome analyses suggest a role of JUN in
DNA damage repair. These results are corroborated by synergistic drug
interactions between ponatinib and either DNA synthesis or repair inhibitors,
such as triciribine. Taken together, we describe here a signalling pathway
impacting ALT which can be targeted by a clinically approved drug.

Telomeres are nucleoprotein structures at the ends of chromosomes
that undergo gradual shortening in normal dividing somatic cells,
eventually leading to replicative senescence'?. Cancer cells can over-
come this proliferative control system and achieve immortality by
activating telomere elongation mechanisms. Most cancer cells re-
express telomerase, a reverse transcriptase responsible for adding
TTAGGG repeat sequences at human chromosome ends’. However, a
subset of cancer cells relies on homology-directed repair (HDR)
mechanisms termed Alternative Lengthening of Telomeres (ALT)*".
ALT is detected in ~10-15% of all cancers, and is especially prevalent in

several tumour types, such as osteosarcoma, soft tissue sarcoma and
glioblastoma®.

Telomeres of ALT cells are prone to heightened levels of replica-
tive stress and potential fork stalling and exhibit spontaneous nicks
and breaks that can elicit activation of DNA damage repair (DDR)
pathways’. Both collapsed replication forks and DNA breaks can prime
for homology-directed repair at telomeres of ALT cells. HDR can
engage several distinct pathways including RAD51-dependent Homo-
logous Recombination (HR)®*° or RADS1-independent break-induced
replication (BIR)™.
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Recent discoveries and understanding of the machineries impli-
cated in ALT telomere homeostasis have uncovered potential ther-
apeutical candidates in ALT-dependent cancers. For instance, ALT
cancer cells are highly sensitive to ATR inhibition, a core regulator of
DNA recombination". Similarly, depletion of FANCM, a protein pro-
moting resolution of stalled replication forks at ALT telomeres, results
in increased levels of telomere dysfunction'?”. Co-depletion of FANCM
and BLM or FANCM and BRCAL1", as well as disruption of the FANCM-
BTR complex, selectively decreases ALT cell viability>. In addition to
these strategies, other targets and drug compounds have been pro-
posed, such as targeting TSPYL5" or the chromatin assembly factor
HIRAP", inhibiting a DNA damage-p53-AKT pathway'®, inhibiting lysine
acetyl transferases”, using the cisplatin derivative Tetra-Pt(bpy)'® or
preventing ATM activity”. Despite the progress in identifying poten-
tially targetable key molecular players in ALT, there is a lack of clinical
management specific for patients with ALT cancers. Moreover, our
understanding of signalling pathways critical for ALT and how these
may be clinically exploited is limited.

To uncover therapeutic vulnerabilities that may be unique to ALT
processes, we performed an anti-cancer compound library screen on
IMR90-derived ALT- or telomerase-positive isogenic cell lines®. We
identified a multi-receptor tyrosine kinase inhibitor (RTKI), ponatinib,
which affects ALT activity. Ponatinib was initially designed to inhibit
native and mutant forms of the chimeric kinase BCR-ABL*?, but was
also shown to have a broad inhibitory effect on multiple other
kinases”.

We show that ponatinib elicited enhanced killing of ALT-positive
cells, increased levels of extrachromosomal telomeric C-circles,
mediated telomeric dysfunction and replicative stress in ALT cells, and
specifically induced DNA damage in p53-deficient ALT cells. Impor-
tantly, ponatinib limited ALT-associated telomere synthesis. Mechan-
istically, we describe an ABLI-JNK-JUN signalling circuit which is
implicated in ponatinib’s deregulation of ALT activity. Furthermore,
we determine synergistic interactions between ponatinib and other
anti-cancer drugs, such as DNA synthesis inhibitor, triciribine, and
ATM inhibitor, KU-60019, and show that combining ponatinib and
triciribine is highly effective in killing ALT cells.

Overall, our study uncovers a therapeutic avenue for ALT cancers
and offers a repurposing opportunity of a clinically approved anti-
cancer agent towards ALT cancer management.

Results

Ponatinib and PD173074 reduce ALT cell viability and increase

levels of extrachromosomal telomeric C-circles

To identify potential drug vulnerabilities in cells using ALT mechan-
isms, we performed a comparative anti-cancer compound library
screen on two immortalized cell lines, both derived from the same
parental cell line (IMR90): SW26 (ALT-positive) and SW39 (telomerase-
positive)* (Fig. 1a). This screen revealed a subset of drugs to which
SW26 ALT cells showed increased sensitivity. Subsequent testing of
shortlisted compounds (PD173074, cediranib, YM201636, nelarabine,
tivozanib, ponatinib and dovitinib) in a panel of osteosarcoma (OS) cell
lines and a pair of well-differentiated liposarcoma (LPS) cell lines
validated two receptor tyrosine kinase inhibitors (RTKIs) (ponatinib, a
pan-BCR-ABL inhibitor*> and PD173074, an inhibitor of FGF and VEGF
receptors®) as compounds exhibiting enhanced killing of ALT cells
(Fig. 1b and Supplementary Fig. 1a-d). Sensitivity to ponatinib of nor-
mal lung-derived IMR90O fibroblasts was comparable to that of
telomerase-positive cells (Supplementary Fig. 1e), and increased sen-
sitivity of ALT cells to ponatinib was confirmed in clonogenic assays
(Supplementary Fig. 1f, g). ALT cell lines used in these experiments
were ATRX-deficient (ref. 11 and Supplementary Fig. 1d). To assess
whether the two RTKIs interfere with ALT mechanisms, we evaluated
the drug effects on levels of extrachromosomal telomeric C-circles, an
established specific marker of ALT activity**. Ponatinib induced an

increase of telomeric C-circles after 72 h (Fig. 1c, d and Supplementary
Fig. 2a) or 24 h (Supplementary Fig. 2b) of treatment in all tested ALT
cell lines, but neither in telomerase-positive cells (Fig. 1c) nor in IMR90
normal fibroblasts (Supplementary Fig. 2d). PD173074 had similar
effect to ponatinib in some but not all tested cell lines. The increase in
C-circle generation was specific to these two RTKIs since treatment of
ALT cells with other RTKIs or anti-cancer compounds identified in the
drug screen (dovitinib, cediranib, R778 and YM201636) or hydro-
xyurea did not increase telomeric C-circles at the tested concentra-
tions (Supplementary Fig. 2c). The effect of ponatinib on telomeric
C-circles was further validated using a (CCCTAA)4-DIG labelled probe
(Supplementary Fig. 2e) and shown to be dependent on the presence
of APBs, since SAOS-2 cells lacking PML did not show aberrant levels of
C-circles after ponatinib treatment (Supplementary Fig. 2f, g). In clo-
nogenic assays, PML-deficient cells, while showing lower clonogenic
potential overall, were more resistant to ponatinib treatment (Sup-
plementary Fig. 2h). These results indicate that ponatinib’s effects on
ALT cancer cells depend at least partly on the presence of APBs and the
ALT activity.

Ponatinib provokes telomeric dysfunction in ALT cells

While the origin of formation of extrachromosomal telomeric C-circles
in ALT cells is not fully determined, studies indicated that they could
be products of either telomere-based recombination activity* or
telomeric damage” . In ALT cells, telomere recombination activity is
marked and promoted by ALT-associated PML bodies (APBs)***°. Cells
treated with either ponatinib or PD173074 did not show changes in the
number of APBs (Supplementary Fig. 3a). We therefore hypothesized
that the drug-induced accumulation of telomeric C-circles may result
from damaged telomeres and assessed global levels of DNA damage
using YH2AX as a marker. Both ponatinib and PD173074 caused high
levels of DNA damage shown by western blot and immunostaining
(Fig. 2a, b and Supplementary Fig. 3b), in ALT cells but not in
telomerase-positive cells (Fig. 2b, ¢), even at high drug concentrations
that kill both ALT and telomerase-positive cells in an equal manner
(Fig. 2d). In ALT cell lines, induction of global DNA damage was seen in
p53-deficient cell lines SAOS-2 (TP53™") and T1000 (TP53"T/MDM2*F),
but notin p53 WT U20S ALT cells (Supplementary Fig. 3c). To evaluate
whether these drugs caused specific telomere damage, we quantified
the levels of telomere dysfunction-induced foci (TIFs)*. Here, only
ponatinib increased the frequency of TIFs, as marked by 53BP1 and
telomere staining in SAOS-2 and CAL72 ALT cells (Fig. 2e and Supple-
mentary Fig. 3d) but neither in telomerase-positive HT161 and HOS cell
lines (Supplementary Fig. 3e) nor in IMR9O fibroblasts (Supplementary
Fig. 3f). DNA breaks created by ponatinib were also visualized by pulse-
field gel electrophoresis of embedded cells (Supplementary Fig. 4a)
and subsequent Southern blotting revealed the presence of telomeric
DNA in genomic fragments ranging between 30 and 100 kbs (Supple-
mentary Fig. 4b). Consistent with its effect in damaging telomeres,
ponatinib increased the frequency of telomere aberrations visualized
on metaphase spreads (Fig. 2f). Telomeric RNA molecules (TERRA) at
several chromosome ends were also increased after treatment with
either ponatinib or PD173074 (Supplementary Fig. 4c), another indi-
cation of potential dysfunction® or replication stress at telomeres™. In
addition, a significantly higher frequency of micronuclei (Supple-
mentary Fig. 4d) and an increase of phosphorylated RPA (Replication
protein A) at Serine 33 (pS33 RPA) (Supplementary Fig. 4e), were seen
in cells treated with ponatinib, indicating ongoing genomic instability**
and forms of replicative stress®¥. Indeed, specific telomere-
associated replicative stress, revealed by the colocalization of pS33
RPA and telomeric DNA, was increased in ponatinib-treated cells
(Fig. 2g). Furthermore, ponatinib promoted the formation of large
telomeric foci after 24 or 48 h of treatment (Fig. 2h and Supplementary
Fig. 4f), potentially due to telomere aggregation following telomeric
DNA damage and stalled replication forks®**, In parallel, ponatinib’s-
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Fig. 1| RTKIs ponatinib and PD173074 reduce ALT cell viability and increase
levels of extrachromosomal telomeric C-circles. a Heatmap showing viability of
SW26 (ALT) and SW39 (telomerase-positive) cells treated with 317 anti-cancer
compounds (at 1 M) ranked according to higher sensitivity in SW26 cells. The right
panel shows difference of viability between SW26 and SW39 for the top hits.

b Viability assays on telomerase-positive (Tel +) or ALT sarcoma cell lines treated
with increasing concentrations of ponatinib or PD173074 for 72 h. Values represent
mean * SD of percentage of absorbance relative to DMSO of at least three
experiments each performed with three biological replicates (n=9). The right
graphs show the percentage of survival of the ALT and telomerase-positive cells in
the independent experiments for selected concentrations (V= 3). (*P<0.05, as
determined by two-tailed ¢ test). ¢ Representative dot blot for telomeric C-circle
assay showing levels of telomeric C-circles in SAOS-2 and MG63 cells treated for

SAOS-2 CAL72

U20S T1000

72 hwith either ponatinib (at 250 nM), PD173074 (at 500 nM) or DMSO as a control.
Rolling circle amplification reactions with or without the @29 polymerase are
spotted on the membrane. d Quantification of telomeric C-circles in several ALT
cell lines treated with either ponatinib or PD173074 for 72 h. Ponatinib was used at
250 nM for SAOS-2, U20S and T1000, and at 125 nM for CAL72. PD173074 was used
at 500 nM for SAOS-2 and U20S, at 250 nM for T1000 and at 125 nM for CAL72.
Each dot represents a biological replicate (SAOS-2: n=5; CAL72: n=7 for DMSO
and ponatinib and n =5 for PD173074; U20S: n=>5 for DMSO and n =4 for pona-
tinib and PD173074; T1000: n = 6 for DMSO, n =5 for ponatinib and n =4 for
PD173074). Error bars represent + SD. (*P< 0.05, **P < 0.01, ns not significant, as
determined by two-tailed Mann-Whitney test). Source data are provided as a
Source Data file.

induced increase of telomeric C-circles did not result in telomere
elongation, as shown by telomere restriction fragment (TRF) analysis
(Supplementary Fig. 4g). Furthermore, ponatinib treatment triggered
senescence in two of the three ALT cell lines but not in telomerase-
positive cells (Supplementary Fig. 5a, b). The induction of senescence
was independent of p53 since SAOS-2 is p53-deficient and transcript
levels of p21 were not increased after ponatinib treatment in both
SAOS-2 and CAL72 (p53 WT) cells (Supplementary Fig. 5¢). Instead, an
increase of other senescence-related effectors was seen after

treatment with ponatinib, including the cell cycle inhibitor p27 and the
stress-driven transcription factor ATF4*°~*, The induction of p27 was
further confirmed by Western blot in CAL72 cells (Supplementary
Fig. 5d). Moreover, in CAL72 cells, an induction of Rb and a reduction
of relative phosphorylation of Rb were detected by western blot after
72h of treatment with ponatinib (Supplementary Fig. 5d). These
results indicate that ponatinib may activate several distinct senescence
pathways, including a p27-Rb axis in CAL72 cells and an ATF4- and/or
p27-dependent pathway in SAOS-2 (Rb-deficient*’) cells. Altogether,
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these findings suggest that treatment of ALT cells with ponatinib can
result in DNA damage, dysfunctional telomeres, and induction of
senescence.

Ponatinib intercepts telomere synthesis in ALT cells

Among the ALT osteosarcoma cell lines, U20S had the lowest response
to ponatinib treatment (Fig. 1b and Supplementary Fig. 5b), while still
showing a moderate increase in telomeric C-circle levels after

treatment (Fig. 1d). Having longer telomeres than the other tested
ALT cells (Supplementary Fig. 4g), we reasoned that this cell line may
be a suitable model to assess whether telomere synthesis is affected by
ponatinib and to test whether the increase of C-circles is associated
with de novo telomere synthesis. We performed a pulsed-BrdU
incorporation assay followed by a telomeric dot blot (Fig. 3a). Pona-
tinib interfered with telomeric replication and synthesis evidenced by
a decrease of newly BrdU-labelled telomeres (Fig. 3a), while it had no
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Fig. 2 | Ponatinib provokes telomeric dysfunction in ALT cells. a-d Western
blots of YH2AX after treatment with ponatinib (250 nM) or PD173074 (500 nM) (a;
), or ponatinib (250 nM), PD173074 (250 nM) or hydroxyurea (HU; 2 mM) for 24 h
(b). Findings in (a, b) were reproduced at least once more. (For (c), n =1 for MG63
and n=2 for HT161) d Cells were treated with increasing drug concentrations or
hydroxyurea (HU; 2 mM) for 24 h (n=1). (GAPDH = loading control). e Telomere
dysfunction-induced foci (TIFs) detected by telomere (TelG-cy3) FISH staining and
53BP1 immunostaining in cells treated for 48 h with ponatinib (250 nM) or
PD173074 (500 nM). The graph shows mean percentage of cells (+ SD) with 2 or
more TIFs from at least two biological replicates. (*P < 0.05, determined by two-
tailed Mann-Whitney test). (Number of analysed cells = 511, 604 and 231 for DMSO,
ponatinib, and PD173074, respectively). f Telomeric aberrations analysis by telo-
meric FISH staining on metaphases after 72 h of treatments. The left panel shows
examples of aberrations: doublet telomeres, single telomere loss (STL) or telomere
deletion. The graph shows percentage of telomeric aberrations per metaphase

(mean £ SD). (*P< 0.05, ns = not significant, determined by two-tailed unpaired

t test); (number of analysed chromosome extremities: DMSO (1727 from 20
metaphases), ponatinib (2279 from 23 metaphases) and PD173074 (2073 from

24 metaphases), from two independent experiments). g Detection of pS33 RPA
(green) at telomeres (red) in SAOS-2 cells treated with ponatinib (250 nM) for 48 h.
Mean (+ SD) percentage of cells with three or more colocalizations events is
depicted. (*P< 0.01, determined by two-tailed unpaired ¢ test; analysed cell num-
ber =413 (DMSO) and 407 (ponatinib), from three biological replicates of two
independent experiments). h Quantification of cells with at least one large telomere
cluster/focus (=2 microns). Values are mean + SD. (*P < 0.01, determined by two-
tailed unpaired ¢ test; total number of analysed cells = 552 (DMSO) and 587
(ponatinib), from four biological replicates of two independent experiments). The
image shows examples of cells with large telomere foci (arrows). The lower right
cell is shown in (g) with pS33 RPA staining. Source data are provided as a Source
Data file.

noticeable effect on Alu repetitive elements (Fig. 3b). These events
were not due to cell cycle differences, as 24 h of ponatinib treatment
did not affect overall BrdU incorporation (Supplementary Fig. 6a) nor
did it alter cell cycle distribution of neither ALT nor telomerase-
positive cells (Supplementary Fig. 6b). Specific telomere synthesis in
APBs, assessed by ATSA (ALT telomere DNA synthesis in APBs) assay*®,
was also significantly reduced in both U20S and SAOS-2 cells after
18-20 h of treatment with ponatinib (Fig. 3c-e). These results corro-
borate that ponatinib-induced telomeric C-circle levels reflect an
increase of telomere damage and replicative stress concomitant with
reduced telomere synthesis.

ALT cells are targeted by ponatinib in vivo

To evaluate the effect of ponatinib on the ALT phenotype in vivo, CAL72
ALT osteosarcoma cells were subcutaneously inoculated in immuno-
deficient mice. These cells were previously reported to form tumors in
mice*’. Mice were treated by oral gavage with either ponatinib,
PD173074 or vehicle as a control (Fig. 4a). Both ponatinib and PD173074
reduced the tumor burden in mice (Fig. 4a, b) without affecting their
body weight (Supplementary Fig. 7a). The levels of telomeric C-circles
were then measured in each tumor to assess the ALT potential. Residual
tumors from mice treated with ponatinib, but not with PD173074,
exhibited a marked reduction in the levels of their telomeric C-circles
(Fig. 4c). By Telomere Restriction Fragment (TRF) analysis, we noticed
that remaining tumors from mice treated with ponatinib had a slightly
shorter average telomere length when compared to tumors from the
control group (Fig. 4d and Supplementary Fig. 7b). These results
potentially indicate that cells with higher ALT activity were particularly
sensitive to ponatinib during initial treatments and were inhibited for
in vivo growth or that the remaining tumors have a lower ALT potential.
We conclude that ponatinib is potent at altering the telomeric home-
ostasis of ALT cells both in vitro and in vivo.

Ponatinib affects several signalling pathways and alters tran-
scription of genes associated with DNA replication and repair
To identify ponatinib’s mode of action on ALT telomeres, targets as
well as cellular effects elicited by its treatment were identified. Pona-
tinib’s RTK inhibitory profile was determined using a phospho-RTK
array in SAOS-2 and T1000 ALT cell extracts after 6 h of drug treatment
(Fig. 5a). While tyrosine phosphorylation of multiple RTKs was reduced
by ponatinib, only EPHA2 was the common hit between the two cell
lines (Fig. 5a). Additional sustained inhibition of serine or threonine (S/
T) signalling and global protein level changes were furthermore
identified by SILAC-based quantitative phosphoproteome analysis
(Fig. 5b and Supplementary Data 1) and proteomic analysis (Fig. 5c and
Supplementary Data 2) in SAOS-2 cells treated with either DMSO or
ponatinib for 24 h. Here, specific phosphopeptides of EPHA2 and JUN
were found to be less abundant in ponatinib-treated cells (Fig. 5b).
Total protein levels of EPHA2, as well as few other proteins were

decreased, while levels of some other proteins implicated in various
biological processes (e.g., amino acid biosynthesis or transport,
metabolic pathways) were increased (Fig. 5c). Using western blot, we
validated that phosphorylation of JUN at Serine 63 as well as total
protein levels of JUN and EPHA2 were reduced upon ponatinib treat-
ment (Supplementary Fig. 8a).

To delineate further cellular changes induced by ponatinib, we
measured by RNA-sequencing gene expression changes after 24 h of
drug treatment (Fig. 5d, e and Supplementary Data 3). The number of
overlapping differentially expressed genes (DEGs) between SAOS-2 and
T1000 ALT cells was low, with only 5 genes down-regulated by pona-
tinib in both cell lines (Fig. 5d). Interestingly, Gene Set Enrichment
Analysis (GSEA) showed that ponatinib reduced the expression of gene
sets related to either DNA repair or replication in both cell lines (Fig. Se).

The 32 common up-regulated genes included those related to
cellular response to stress and other metabolic processes (Supple-
mentary Fig. 8b), including ATF4 and the endoplasmic reticulum
stress-inducible protein FAM129A/Niban®. The up-regulation of both
ATF4 and FAMI29A was further confirmed by western blot (Supple-
mentary Fig. 8c). These data confirm the earlier observation that cells
treated with ponatinib activate a stress-response that may lead to
senescence (Supplementary Fig. 5¢).

JUN and ABLI suppress telomeric C-circles formation
To test the effect of ponatinib’s targets on telomeres of ALT cells,
telomeric C-circle levels were used as a functional read-out after
silencing these targets. Known targets of the drug (e.g., ABL1) as well as
candidates identified in our proteomic and transcriptomic analyses
(Fig. 5) were selected. These were individually depleted in SAOS-2 cells
using CRISPR-Cas9 system, followed by telomeric C-circle levels mea-
surement. Depletion of JUN and ABLI led to an increase in telomeric
C-circles (Fig. 6a, b and Supplementary Fig. 9a, b), reminiscent of the
increase induced by ponatinib. Similar effects of either ABL1 or JUN
depletion on telomeric C-circles were seen in other but not all tested
ALT cell lines (Supplementary Fig. 9c, d). The effect of JUN on telomeric
C-circles was further confirmed by a rescue experiment with over-
expression of gRNA-resistant JUN in SAOS-2 cells lacking endogenous
JUN (Supplementary Fig. 9e). Restoring JUN in these cells reduced
levels of C-circles (Fig. 6¢), confirming a role of JUN in modulating
levels of telomeric C-circles. In contrast, knocking-down of EPHA2
(kinase inhibited by ponatinib in both SAOS-2 and T1000 cells) did not
affect levels of telomeric C-circles (Fig. 6a and Supplementary Fig. 9f),
suggesting that EPHA2 is not involved in ponatinib’s action on telo-
meres. Importantly, cells lacking JUN and treated with ponatinib did
not exhibit a further increase in levels of telomeric C-circles (Supple-
mentary Fig. 9g, h). In addition, depletion of JUN increased telomere-
induced dysfunctional foci in SAOS-2 cells (Supplementary Fig. 9i).
Moreover, depletion of either JUN or ABLI1 reduced cell survival
shown by a reduction of colony number and size in clonogenic assays
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Fig. 3 | Ponatinib intercepts telomeric synthesis. a, b BrdU pull-down dot blots
to detect newly synthesized telomeres (a) or Alu repeats (b). Graphs show

mean = SD of three experiments. (**P < 0.01, ns = not significant, as determined by
two-tailed ¢ test). ¢ Representative images of ATSA (ALT telomere DNA synthesis in
APB) assays in U20S and SAOS-2 cells analysed in (d, e). ATSA was scored as a
colocalization between telomeres (Red), EAU (purple) and SP100 (green) (high-
lighted with arrows). d, e Scoring of ATSA in APB-positive U20S (d) and SAOS-2 (e)

cells. The left panels show the average total number of APBs per cell, the middle
graphs depict the distribution of EQU+ APBs per cell, while the right graphs show
the relative average of EQU+ APBs per experiment. A total number of more than
200 cells per condition were scored from three independent experiments (NV=3,
error bars represent + SD). (**P < 0.01, *P < 0.05, ns = not significant, as determined
by two-tailed paired or unpaired ¢ tests). Source data are provided as a Source
Data file.

in all tested ALT cell lines (Fig. 6d and Supplementary Fig. 10a, b). We
also verified that ponatinib reduced JUN levels in the other ALT cells
(Supplementary Fig. 10c). In parallel, JUN depletion was less deleter-
ious on telomerase-positive HOS, HT161 and MG63 cells (Supplemen-
tary Fig. 10d, e). These results suggest that inhibition of JUN and ABL1
axis mediates ponatinib’s action on telomeres and survival of ALT cells.

Ponatinib inhibits an ABL1-JNK-JUN signalling circuit
While ABL1is known to be directly inhibited by ponatinib®, JUN is not a
known direct target of the drug. JUN contains several phosphorylation

sites, both in its DNA binding domain (e.g., Serine at position 243) and
in its transactivation domain (e.g., Serine at position 63, Threonines at
positions 91 and 93, and Tyrosine at position 170) (Fig. 6e). These
phosphorylation events can alter the binding activity, as well as the
stability of JUN. For instance, phosphorylation of JUN at C-terminal
residues T231, S243 and S249 alters its DNA binding ability*¢, while
phosphorylation at S63, S73, T91 and/or T93 potentiates its tran-
scriptional activity and increases its stability’’°. We found that
phosphorylation at S63 and T91/93, but not at S243 were reduced after
ponatinib treatment (Fig. 6f and Supplementary Fig. 10f). Loss of
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Fig. 4 | ALT cells are targeted by ponatinib in vivo. a Upper panel: experimental
design for efficacy testing of ponatinib and PD173074 in subcutaneous CAL72
xenograft tumors. Lower panels: tumor pictures at the end of the experiment.

b Tumor weight in mice treated with either vehicle (control) (n=10), ponatinib
(n=5) or PD173074 (n =5) (both 20 mg/kg). Error bars represent mean + SD.
(*P<0.05, as determined by one-tailed Mann-Whitney test). ¢ Telomeric C-circles
in each tumor depicted in (a). Right graph represents relative fold change + SD

compared to the mean of vehicle group. (**P < 0.001, ns = not significant, as
determined by two-tailed Mann-Whitney test; n =10 for DMSO and 5 for ponatinib-
and PD173074-treated groups). d TRF (Telomere Restriction Fragment) analysis of
tumors treated with either vehicle (control) or ponatinib to determine average
telomere length. Mean telomere length + SD is shown in the right panel. (*P<0.01,
as determined by two-tailed Mann-Whitney test; n =8 for DMSO and n =4 for
ponatinib). Source data are provided as a Source Data file.

phosphorylation at these sites occurred as early as 30 min after
treatment with ponatinib, potentially impacting the stability of JUN
and subsequently leading to its degradation by 24 h (Supplementary
Figs. 8a and 10c).

Tyrosine phosphorylation of JUN at position 170 has been repor-
ted to be mediated by nuclear ABLI®. To test whether ABL1 phos-
phorylates JUN, JUN and ABL1 were overexpressed in 293T cells and
JUN was immunoprecipitated to detect its tyrosine phosphorylation
levels by western blot using an antibody against phosphotyrosines
(pY) (Fig. 6g). JUN phosphorylation was substantially enhanced in the
presence of ABLI, and lost when cells were treated with ponatinib, or
when a phospho-mutant (JUN Y170F) was expressed (Fig. 6g). This
result shows that JUN is regulated by an ABLI-dependent signalling
pathway that is targetable by ponatinib and confirms that Y170 is the
main tyrosine regulated by this signalling.

To test whether JUN phosphorylation at Y170 regulates its stability
and/or phosphorylation at other phosphosites, we examined the
phosphorylation levels of JUN at S63, T91/93 and S243 after expressing
JUN either alone or with ABLL In the presence of ABL1, JUN’s phos-
phorylation at S63 and T91/93 but not at S243 was enhanced, even in a
mutant form of JUN (Y170F) that is not phosphorylated by ABLI (Fig. 6h,
i), indicating that ABL1 additionally regulates the phosphorylation of
these residues indirectly. Indeed, these phosphorylation events were
reduced upon treatment with ponatinib (Fig. 6i). S63 and T91/93 sites
are phosphorylation substrates of several S/T kinases, including JNKs
(JUN N-terminal Kinases)*’*°. To test whether JNK kinases are implicated

in the ABLI signalling pathway regulating JUN, we used a selective pan-
JNK inhibitor, JNK-IN-8°2, Treating SAOS-2 cells with JNK-IN-8 for 6 h
decreased phosphorylation of JUN at S63 (Supplementary Fig. 10g).
Likewise, JNK-IN-8 inhibited phosphorylation at S63 and T91/93
induced by overexpression of ABL1 (Fig. 6i), showing that JNK kinases
are intermediate effectors in the ABL-JUN signalling axis. JNKs inhibition
using JNK-IN-8 alone, was not sufficient to induce an increase in telo-
meric C-circles (Supplementary Fig. 10h), indicating that ponatinib’s
effects on ALT telomeres is likely to involve additional pathways.

JUN regulation of ALT activity in SAOS-2 cells may be indepen-
dent of its transcriptional function

JUN is a central member of the AP-1 transcriptional family** and has
been described as a transcription activator of several genes. To pin-
point JUN’s potential transcriptional targets in SAOS-2 cells, RNA-
sequencing was performed to compare cells either lacking or over-
expressing JUN and their corresponding control cells (Supplementary
Fig. 11a-e). We identified two sub-clusters of RNAs that are either up-
regulated in the absence of JUN and down-regulated after JUN over-
expression (sub-cluster 1; Supplementary Fig. 11b) or that show the
inverse expression pattern (sub-cluster 2; Supplementary Fig. 11d).
Common genes between these sub-clusters and differentially expres-
sed genes (DEGs) after ponatinib treatment in SAOS-2 cells were
determined (Supplementary Fig. 1ic, €). Only three overlapping genes
were identified between sub-cluster 1 and ponatinib-induced differ-
entially expressed genes (DEGs) (Supplementary Fig. 11c), while seven
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Fig. 5 | Ponatinib inhibits several signalling pathways and alters transcription
of DNA repair genes. a Receptor tyrosine kinase (RTK) array using protein extracts
from either SAOS-2 or T1000 cells treated with ponatinib (250 nM) for 6 h. Graphs
show relative signal quantification of spots with differential intensity (marked in
boxes and numbers) between DMSO and ponatinib conditions (n =2 technical
replicates for each spot, error bars are + SD). b, ¢ Two-dimensional SILAC ratio plots
for quantitative phosphoproteomics (b) and proteomics (c) showing peptides with
lower (in green) phosphorylation (b) or total expression levels (c) after 24 h of

ponatinib treatment (lower right quadrants). Up-regulated proteins upon ponatinib
treatment are annotated in red (upper left quadrant). d Venn diagrams of over-
lapping differentially expressed genes (down- or up-regulated) after ponatinib
(250 nM) treatment of SAOS-2 and T1000 cells for 24 h, identified by RNA-
sequencing analysis. e Gene set enrichment (GSE) plots showing broad reduction in
expression of genes implicated in DNA replication or repair. NES normalized
enrichment score, FDR false discovery rate. Source data are provided as a Source
Data file.

transcripts were commonly reduced either in the absence of JUN or
after ponatinib treatment (Supplementary Fig. 1le). Among these
genes, only IL11, which does not alter telomeric C-circle levels (Fig. 6a),
was also found down-regulated in ponatinib-treated T1000 cells
(Fig. 5d), indicating that JUN’s effect on telomeric C-circle levels is
unlikely to involve its transcriptional activity.

To investigate this possibility further, we used label-free quanti-
tative (LFQ) proteomics and identified proteins that interact with JUN
in SAOS-2 cells (Fig. 7a and Supplementary Data 4), including known

JUN interactors, such as AP-1 subunits (FOSL1, FOSB and FOS)**. Intri-
guingly, several DNA repair proteins were found to bind to JUN (e.g.,
XRCC6, XRCCS5, RPA1, SMARCAS5, LIG3, PARP2 and RPA2), as well as
RUNX2, previously described to bind to telomeric DNA¥. Importantly,
interactions with some of the DNA repair proteins, but not with co-
transcription factors, were disrupted after 3 h of ponatinib treatment
(Fig. 7b). These results suggest that JUN may act directly on DNA repair
processes to regulate ALT activity rather than indirectly as a tran-
scription factor.
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Synergetic interactions between ponatinib and inhibitors of
DNA repair or synthesis

Given that ponatinib is a multi-RTK inhibitor and the potential function
of JUN in regulating DNA repair processes, we sought to identify
synergistic drug interactions with ponatinib. We performed a drug
library screen of anti-cancer compounds in the presence of DMSO as a
control or two concentrations of ponatinib (Supplementary

(kDa)

-+ ol
. ——

ABL1

Fig. 12a-c). As expected, interactions with other RTK inhibitors (such
as Afatinib and Dacomitinib) were identified and validated (Supple-
mentary Fig. 12c, d). Interestingly, three out of the nine drugs identified
(Supplementary Fig. 12c) were inhibitors of DNA repair proteins: ATM/
DNA-PKcs (KU-60019%°), CHK1 (LY2603618%), and DNA synthesis
(Triciribine’®). Synergism on cell killing for ponatinib was greater
with triciribine and KU-60019 (Fig. 7c) than with LY2603618
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Fig. 6 | Ponatinib inhibits an ABLI-JNK-JUN signalling circuit. a Telomeric
C-circle screen in SAOS-2 cells transduced with CRISPR-Cas9 and guide RNAs (sgl
and sg2) targeting individual candidates. Fold change is relative to corresponding
control (LacZ sg cells). Graph shows mean + SD from three biologically indepen-
dent replicates (n=3). (*P<0.05, *P<0.01, determined by two-tailed unpaired

t test). b Telomeric C-circle dot blots from JUN or ABL1-depleted and corre-
sponding LacZ sg SAOS-2 cells. ¢ Telomeric C-circles in SAOS-2 cells either lacking
endogenous, overexpressing (OE) JUN or both. C-circle levels were normalized to
those in LacZ sg/OE-GFP cells. (*P < 0.05, ns = not significant, determined by two-
tailed ¢ test; n=3; error bars represent + SD). d Colony formation assays of JUN- or
ABLI-depleted cells. Graphs represent relative colony number or size (average + SD
of three experiments (N=3) (n =6 or 11 biological replicates)). Lower panel shows
representative images. (**P < 0.01, **P < 0.001, ***P < 0.0001, ns=not significant,
determined by two-tailed Mann-Whitney test). e Schematic of human JUN protein
depicting selected phosphosites and kinases known to regulate these sites.

(Created with DOG 2.0). f Western blot for either JUN or phosphorylated forms of
JUN (at serine 63 (pS63) or threonines 91 and 93 (pT91/93) in SAOS-2 cells treated
with 250 nM ponatinib. GAPDH = sample processing control. (n =2). g Detection of
tyrosine phosphorylated JUN by immunoprecipitating (IP) JUN followed by a wes-
tern blot using anti-phospho-tyrosine (pY) antibody. The arrows show the expected
band for phosphorylated JUN. 293 T cells were transfected with either Wild-type
(WT) or phospho-mutant (Y170F) JUN, together with ABL1 or GFP as a control.
Sixteen hours after transfection, cells were treated with ponatinib (250 nM) or
DMSO for 6 h. Levels of JUN and ABL1 were evaluated in the immunoprecipitates
and protein extracts (input). (n =2) h, i Western blots for phosphorylated forms of
JUN or total levels of JUN and ABLI after overexpressing wild-type (WT) or phos-
phomutant forms of JUN (S63A, T91/93 A, Y170F) together with GFP or ABL1 in
293T cells for 20 h (h). In (i), cells were also treated for 6 h with either ponatinib
(250 nM), JNK-IN-8 (500 nM), or DMSO as control. 3-actin = sample processing
control. (n=1). Source data are provided as a Source Data file.

(Supplementary Fig. 12d). Among these combinations, only triciribine
synergized with low doses of ponatinib to induce DNA damage (Fig. 7d
and Supplementary Fig. 12e). Likewise, treating SAOS-2 cells with a
combination of ponatinib and triciribine exacerbated telomeric
C-circle formation (Fig. 7e). These synergistic effects corroborate an
impact of ponatinib on DNA homeostasis in ALT cells and an implica-
tion of DNA repair machineries in antagonizing this effect. Interest-
ingly, the combination of ponatinib and triciribine had synergistic or
additive effects in killing ALT cells but not telomerase-positive ones
(Supplementary Fig. 13).

Discussion

Contrary to telomerase-positive cells, telomeres in ALT cells are hot
spots for replication stress and DNA damage and repair’. Here, we
report that the tyrosine kinase inhibitor ponatinib exacerbates ALT
telomere dysfunction and replicative stress and concomitantly inter-
feres with telomere synthesis (Fig. 8). Importantly, a key finding in our
study is the identification of ABLIJNK-JUN signalling network
that disrupts telomeric homeostasis and contributes to enhanced
killing by ponatinib of ALT cells (Fig. 8). Replication problems at tel-
omeres of ALT cells are mitigated by proteins which allow fork
regression and resolution of replication stress, including FANCM™">*
and SMARCAL1***’, Depletion of either proteins rapidly induces telo-
meric C-circles, telomere dysfunction and ALT activity'>*. These
phenotypic effects are similar to those observed in ponatinib-treated
ALT cells. However, in contrast to ponatinib, FANCM depletion causes
increased telomere synthesis”?. Moreover, DNA damage signalling or
telomeric damage after inhibition of these proteins is also observed in
telomerase-positive cells'>*°-°2, While ponatinib’s impact on telomeres
and DNA damage is specific to ALT cells, potential inhibitory effects of
ponatinib on either of these two proteins or related partners warrant
further investigation, especially since FANCM depletion selectively
affects ALT cell viability™.

Failure to resolve replication stress at telomeres leads to fork
collapse and subsequent formation of double strand DNA breaks,
which can prime for distinct homology-directed repair pathways and
enable telomere maintenance via processes analogous to break-
induced replication®*'****3, We showed that ALT cells treated with
ponatinib accumulated telomeric replicative stress but were no longer
able to engage in either productive telomere synthesis or extension
mechanisms, in vitro. Whether ponatinib interferes with processing of
telomeric recombination intermediates or specific machineries of
break-induced replication remains to be determined. However, our
results suggest that ponatinib increases unresolved replicative stress,
leading to fork collapse and C-circle generation. The increase of
extrachromosomal telomeric C-circles, the most robust ALT marker*,
after ponatinib treatment was observed across all tested ALT cell lines,
despite differences in other phenotypic effects induced by ponatinib.
The latter differences could be attributed to inherent characteristics of

each cell line, as well as to the different types of ALT pathways that can
distinctively support telomere maintenance®"®.

While we did not observe an increase in APB formation, ponatinib
treatment led to a significant and rapid inhibition of ALT-associated
telomere synthesis occurring in APBs. This suggests that the ponatinib-
induced increase of telomeric C-circles may originate from unresolved
damage or replication defects at telomeres rather than from an
increase in productive ALT activity.

In the last decades, several kinase inhibitors of signalling pathways
sustaining cancer cell survival have been successfully developed and
used in oncology therapies®®. Concerning telomere biology, our
understanding of the implication of extracellular or cytoplasmic sig-
nalling networks remains rather limited. Mostly, PI3K/AKT and RAS
pathways have been shown to modulate telomeric protection in cancer
cells, by reducing TRF1 protein levels® . We identified a signalling
network that impacts telomeric C-circle generation and can account at
least partially for the activity of ponatinib on ALT telomeres (Fig. 8). The
effect of JUN on telomeric C-circle suppression seems to be indepen-
dent of its transcriptional activity. Based on our interactome data and
previous reports, JUN might be affecting DNA repair activity in ALT cells.
In agreement with this hypothesis, several studies have previously
linked JUN with the DNA damage response. In fact, JUN levels are rapidly
induced by DNA damaging agents, such as exposure to either UV irra-
diation or H,0, in human cells’’. In murine embryonic fibroblasts, JUN
deficiency leads to premature senescence and accumulation of spon-
taneous and genotoxic-induced DNA damage, suggesting reduced DNA
repair capacity”. Interestingly, following UV irradiation, phosphory-
lated JUN interacts and colocalizes with PML in newly formed
microspeckles’. Furthermore, JUN localizes with ATM and yH2AX at
sites of DNA damage™ and interacts with proteins of the DNA repair
machinery such as BLM”>”*, BRCA1”, LIG37, DNA-PKcs”” and XRCC6®.

A potential impairment of DNA repair by ponatinib is further sup-
ported by down-regulation of DNA repair genes in ponatinib-treated
cells and by induction of DNA damage, which is not limited to telomeres,
in p53-deficient ALT cells. In agreement with this, ponatinib synergized
with DNA repair protein inhibitors (KU-60019 and LY2603618), as well
as with a DNA synthesis inhibitor, the nucleoside analogue triciribine.
Specifically, combining ponatinib with triciribine provoked higher levels
of telomeric C-circles and DNA damage and was more effective in
reducing proliferation of ALT but not telomerase-positive cells. Inter-
estingly, triciribine has also been described to inhibit AKT signalling”.
These results suggest that multiple signalling pathways may be coop-
erating in preserving telomeres of ALT cells and that deregulating ALT
activity by ponatinib-based combinatorial treatments may represent
one compelling therapeutic option for ALT cancers (Fig. 8).

Importantly, ponatinib is already FDA-approved®, and therefore,
may be rapidly repurposed for ALT cancers. Moreover, the effects of
ponatinib on cell death of ALT cells and their telomeric C-circles was
not limited to sarcoma but was also observed in ALT glioma stem cells
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Fig. 7 | Ponatinib can synergize with DNA repair or synthesis inhibitors.

a, b Volcano plots showing JUN interactome (in red) identified by label-free quan-
titative (LFQ) mass-spectrometry (MS) after JUN IP in JUN sgRNA-expressing vs
control SAOS-2 cells (a) or in SAOS-2 cells treated with Ponatinib for 3 h (b). Proteins
that were identified in (a) and display reduced enrichment by JUN after ponatinib
treatment are underlined. Specifically enriched proteins (numbered circles) are
distinguished from background binders by a two-dimensional cut-off of >four- (a)
or two-fold (b) enrichment and P < 0.01. Two-dimensional error bars represent the
standard deviation based on iterative imputation cycles during the label-free ana-
lysis to substitute zero values (e.g., no detection in the JUN sg samples). ¢ Viability
assays of SAOS-2 cells treated with combinations of ponatinib and either triciribine

Mean: 7.39 (p=2.39e-03)
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or KU-60019. Values represent percentage of survival relative to DMSO-treated cells
and are mean of two experiments performed in duplicates. Bliss synergy scores for
each drug combination are calculated using Synergyfinder software® (www.
synergyfinder.org) and shown in the lower panels. A score >10 indicates synergy
between the two drugs. d Western blot for yH2AX in SAOS-2 cells treated for 24 h
with either ponatinib, triciribine (tri) or combinations of both. (B-actin = loading
control). (n=2). e Telomeric C-circle levels in SAOS-2 cells treated with either
ponatinib (250 nM), triciribine (125 nM) or both for 72 h. Values (mean + SD; two
independent experiments with three biological replicates each) are represented as
fold change relative to the corresponding DMSO control. (**P < 0.01, determined by
two-tailed Mann-Whitney test). Source data are provided as a Source Data file.

(GSCs) (TG20 cells)®®* (Supplementary Fig. 14a-c). Finally, the
demonstrated effects of targeting a signalling circuit in ALT cancers on
DNA damage and generation of C-circles which, in turn, potentially
generate immune responses, are likely to become clinically relevant in
the context of an emerging immuno-oncology field®.

Methods

Drug library screens

In all, 600-1000 SW26, SW39 or SAOS-2 cells were plated in 384-well
plates. The following day, 317 drugs from the Selleckchem anti-cancer
compound library (Selleckchem) were added using an Agilent Bravo
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Fig. 8 | Schematic summary of mechanisms of action of ponatinib in ALT cells.
Ponatinib disrupts alternative lengthening of telomeres mechanisms by inducing
telomeric C-circles and telomere dysfunction concomitant with an inhibition of
telomere synthesis in ALT cells. The effects of ponatinib on ALT activity are
mediated by at least an inhibition of an ABL1-JNK-JUN signalling circuit leading to
JUN degradation. Furthermore, synergistic combinations of ponatinib and either
triciribine or KU-60019 could be effective on cancer cells relying on ALT.

P phosphorylation, neg negative. Created with BioRender.com.

micronuclei

Automated Liquid Handling Platform (Agilent) at a final concentration
of 1uM. For drug synergy studies, DMSO or ponatinib at 75nM or
150 nM were additionally added to the whole plate. Three days post-
treatment, CellTiter-Glo® reagent (Promega) was added using a Mul-
tiFlo Microplate Dispenser (BioTek), and luminescence was measured
with an Infinite M1000 Pro Microplate Reader (Tecan).

In vivo experiments

In total, 3 x 10° CAL72 cells mixed with Matrigel matrix (Corning) were
inoculated subcutaneously in the flank of 6-8 weeks old female NSG
(NOD-SCID gamma) mice. DMSO (vehicle control), ponatinib or
PD173074 diluted in Citrate buffer (25 mM, pH=4) were administered
by oral gavage on alternate days. At the end of the experiment, mice
were sacrificed; tumors were collected and weighed. In vivo experi-
ments were performed in compliance with ethical regulations of
Institutional Animal Care and Use Committee (IACUC) of National
University of Singapore.

Immunoprecipitation experiments

Fresh nuclear protein extracts were obtained using the NE-PER™
nuclear and cytoplasmic extraction reagents (ThermoFisher Scientific)
and quantified. Antibodies (0.5-2ug) were coupled to Dynabeads™
protein G (Life Technologies) by incubation for 30 min at room tem-
perature on a rotating wheel. Coupled beads were then washed and
incubated on a rotator for 2h at 4°C with 150-300 pg of nuclear
extracts diluted in protein binding buffer (PBB) (150 mM NaCl, 50 mM
Tris, 5mM MgCl,, 0.25% NP40, 1mM DTT) supplemented with pro-
tease and phosphatase inhibitors. The beads were then washed thrice
with cold PBB, and proteins were eluted by adding SDS loading buffer
(3%) to the beads and heating for 10 min at 95 °C.

Combined fluorescence in situ hybridization and immunos-
taining (FISH-IF)

Cells were fixed with 4% formaldehyde, permeabilized with PBS and
0.5% Triton-X for 15 min and blocked with 3% BSA and 0.1% Triton-X in
PBS for 30 min before dehydrating with 50%, 80% and 100% ethanol at
5-min intervals. The telomeric PNA probes (Alexa488-O-O-(CCCTAA);

(TelC) or Cy3-O-O-(TTAGGG); (TelG)) (Panagene) diluted in a hybri-
dization buffer (70% formamide, 10 mM Tris pH=7.2, 1% BSA) were
added and slides were then denatured for 5min at 80 °C. Following
denaturation, the slides were hybridized at room temperature for 2 h
in the dark. A series of washes were performed with wash buffer 1 (70%
formamide, 10 mM Tris pH = 7.2; two washes of 15 min each) and wash
buffer 2 (50 mM Tris pH=7.2, 150 mM NaCl, 0.05% Tween20; two
washes of 5min each), before re-fixation with 4% PFA for 5 min, per-
meabilization for 5 min and blocking for 30 min. Subsequent antibody
staining was then performed as described in the Supplementary
Methods.

Telomere restriction fragment (TRF) analysis

DNA was extracted from cell pellets using DNeasy Blood & Tissue Kit
(Qiagen) and quantified using the Qubit™ 1X dsDNA HS Assay Kit
(Invitrogen). TRF was performed using the TeloTAGGG telomere length
Assay kit (Roche). DNA samples were digested with restriction enzymes
Hinfl and Rsal enzymes (New England Biolabs) for 6 h at 37 °C and pulse-
field gel electrophoresis (PFGE) was then performed using 1-3 pg of
digested DNA in 0.8% megabase agarose (Bio-Rad) gel at 3 V/cm for 17 h
in a CHEF-DR Il system (Bio-Rad). The digestion efficiency was verified
by staining the gel with 0.5 pg/mL ethidium bromide (Bio-Rad) in water.
The gel was then de-stained with water, washed with HCI solution,
denatured and neutralized, as per the TELOTAGGG Telomere Length
Assay kit (Roche) instructions. DNA was transferred onto a Hybond-
N +nylon membrane (GE Healthcare) by capillary transfer overnight
using saline-sodium citrate (20X SSC). Once transferred onto the
membrane, UV crosslinking was performed twice at 120 mJ using HL-
2000 Hybrilinker (UVP Lab Products), followed by the steps according
to the TELOTAGGG Telomere Length Assay kit manual. Average telo-
mere length estimation was performed using the TeloTool software®.

Telomeric C-circle assay

Cells were seeded into 6-well plates at 1x10° cells per well and col-
lected after 72 h of culture or treatment. Genomic DNA was extracted
using DNeasy Blood & Tissue Kit (Qiagen), and subsequently quantified
using the Qubit™ 1X dsDNA HS Assay Kit (Invitrogen). Overall,
50-75 ng of DNA was digested with restriction enzymes Hinfl and Rsal
(New England Biolabs) for 2 h at 37 °C. Following digestion, rolling
circle amplification reactions on 5-7.5 ng of the digested DNA samples
were performed using $29 polymerase in $29 buffer, 0.1 mg/mL BSA
and 2mM dATP, dGTP, dTTP (New England Biolabs). Reactions with-
out the $29 polymerase enzyme were performed as a negative control.
Amplification was conducted for 5-6 h at 30 °C and then stopped at
70 °C for 20 min. Following amplification, 1-5 uL of the reaction was
diluted in saline-sodium citrate (2X SSC) and dot blotted on a Hybond-
N +nylon membrane (GE Healthcare) either manually or using a 96-
well dotBLOT apparatus (Cleaver Scientific). The membrane was then
cross-linked by ultraviolet radiation at 120 mJ, rinsed with 2x SSC, and
hybridization with a telomere probe was then performed as instructed
by the TeloTAGGG Telomere Length Assay kit (Roche).

BrdU pull-down for detection of newly synthesized telo-

meric DNA

BrdU (5-Bromo-2’-deoxyuridine) (Santa Cruz) was added at 100 uM to
cell cultures for 2 h. Cells were collected afterwards, and genomic DNA
was extracted using DNeasy Blood and Tissue kit (Qiagen). Samples
were sonicated using Vibra-Cell™ ultrasonic processor (Sonics) and
fragments sizes (100-500 bp) were verified by gel electrophoresis.
Sheared DNA was quantified using the Qubit™ 1x dsDNA HS Assay Kit
(Invitrogen) and 1-4 pg of sonicated DNA were denatured for 10 min at
95°C and cooled immediately on ice. Samples were then incubated
with 2 ug of either anti-BrdU antibody (IIB5) or anti-IgG control anti-
body diluted in immunoprecipitation buffer (IP) (0.0625% (v/v) Triton-
X-100 in PBS) and incubated overnight on a turning wheel at 4 °C.
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The following day, 15ul of prewashed Dynabeads™ protein G (Life
Technologies) were added, and reactions were further rotated for one
hour at 4 °C. Beads were then washed thrice with IP buffer, once with
TE buffer and incubated with 100 pL of elution buffer (1% (w/v) SDS in
TE) twice for 15min at 65°C. Eluted DNA was then purified using
QIAquick PCR purification kit (Qiagen) and subjected to a telomeric
dot blot in denaturing conditions as described above, together with
input samples. For detection of Alu repeats, oligonucleotides
(GTGATCCGCCCGCCTCGGCCTCCCAAAGTG) were purchased from
IDT and 50 pmol were tail-labelled with digoxigenin (DIG) using 100 U
of terminal transferase (New England Biolabs), 0.05 mM of DIG-ddUTP
(Roche) and dATP.

ATSA (ALT telomere DNA synthesis in APBs) assay

ATSA assay was performed according to Zhang et al.** to detect telo-
mere synthesis in APBs in G2 cells. U20S or SAOS-2 cells were seeded in
chamber slides and treated the next day first with either DMSO or
ponatinib, then after 3h, a CDK1 inhibitor (Ro-3306; MedchemEx-
press) was added for 15-16 h to synchronize the cells in G2 phase. EQU
was then added for 2 h, and cells were fixed with 4% formaldehyde for
10 min, permeabilized for 15 min with PBS Triton-X 0.5% and stained
for telomeric DNA (using a TelG-PNA-probe) as per the FISH protocol.
After telomere staining, cells were fixed again, permeabilized and EdU
was stained using a Click reaction according to the manufacturer’s
protocol (Click-&-Go Plus EAU 647; Click Chemistry Tools). The slides
were fixed again, permeabilized and stained for PML bodies (using an
antibody against SP100, a component of the PML bodies). Images were
captured with a LSM710 confocal microscope and APB-positive cells
were scored for their total number of APBs as well as the EQU+ APBs.

Reagents and additional methods

List of reagents (primers, gRNA, plasmids and antibodies) can be found
in Supplementary Data 5 and additional methods are described in
the Supplementary Information file.

Statistics and reproducibility

Statistical analyses as well as number of replicates and independent
reproducible experiments are described in each figure legends for the
corresponding assays. GraphPad Prism 9.4.1 was used for data pre-
sentation and statistical analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-sequencing data have been deposited to NCBI's Gene
Expression Omnibus and are accessible through GEO Series accession
number GSE190438. The mass-spectrometry data was deposited to the
ProteomeXchange Consortium via PRIDE® under the accession num-
ber PXD037501. Source data are provided with this paper.
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