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Abstract

Background: Most human tumors maintain telomeres through telomerase activation; however, a subset relies on the telomerase-
independent mechanism known as Alternative Lengthening of Telomeres (ALT). ALT-positive tumors are frequently characterized by
inactivating alterations in ATRX (Alpha Thalassemia/Mental Retardation Syndrome X-linked) and p53 and by distinct molecular and cel-
lular features. Although chronic telomeric replication stress has been proposed as a trigger for ALT, several aspects of this process remain
poorly understood. Recent evidence suggests that ATRX depletion promotes the persistence of DNA secondary structures, including G-
quadruplexes (G4), which can impair replication fork progression, leading to fork stalling and DNA damage. Methods: To investigate
whether ATRX and p53 deficiency sensitize telomerase-positive cells to develop ALT-associated molecular features in response to telom-
eric replication stress, we analyzed telomeric DNA damage, telomere sister chromatid exchange (T-SCE), Telomeric Repeat-containing
RNA (TERRA) expression, and C-circle formation in HCT116 cells proficient or deficient for ATRX and p53. ATRX was depleted us-
ing both transient (siRNA-mediated knockdown) and stable (shRNA-expressing clones) approaches, allowing us to distinguish the early
cellular response from the features arising upon persistent ATRX loss. To further assess the contribution of telomeric replication stress,
cells were treated with the G4-stabilizing ligand RHPS4. Results: Our data show that G4 stabilization, in the context of ATRX and/or
p53 deficiency, promotes the appearance of multiple ALT-associated hallmarks, including telomeric DNA damage, increased T-SCE,
and elevated TERRA expression. Moreover, the combined loss of ATRX and p53 permits cell-cycle progression despite the presence of
RHPS4-induced telomeric replication stress and telomeric DNA damage. Conclusions: These findings clarify how ATRX and p53 loss,
even in telomerase-positive cells, are permissive conditions for the emergence of ALT-associated hallmarks under telomeric replication
stress and highlight the G2/M checkpoint as a critical barrier limiting the propagation of cells displaying these features.
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1. Introduction cancers of mesenchymal and neural origin; however, it has
also been proposed that telomerase-positive cancer cells
may activate ALT as a resistance mechanism in response
to anti-telomerase drugs [9]. The ALT mechanism show-
cases a series of recurring traits, yet it lacks a specific
enzymatic function, rendering its inhibition notably chal-
lenging [10,11]. Specifically, ALT-positive tumors display
cellular and molecular hallmarks including heterogeneous
telomere length, Telomere Sister Chromatid Exchanges
telomeres shorten with each cell division, eventually lead- (T-SCE), Extra-Chromosomal Telomeric Repeat (ECTR)
ing to disruption of the protective telomeric structure [4] DNA, ALT-associated promyelocytic leukemia (PML) bod-
and driving cells toward senescence. Telomerase is the .o (APBs) [12,13] and Telomeric Repeat-containing RNA
most important enzyme involved in telomere length main- (TERRA) [14]. In addition, ALT telomeres are charac-
tenance. Indeed, most cancers (85-90%) maintain telom- .. .4 by chronic replication stress (RS) and DNA dam-
ere length by upregulating the expression of this holoen- age [15,16] principally caused by the abundant presence
zyme [5,0]. On the other hand, 10-15% of tumors utilize 5 canonical secondary structures such as R-loops and

a telomeric recombination-based mechanism, called Alter- G-quadruplexes (G4) [17,18] that may interfere with DNA
native Lengthening of Telomeres (ALT)’ to maintain th@r replication, leading to replication fork collapse and for-
telomeres [7,8]. ALT is prevalent in telomerase-negative

Telomeres are nucleoprotein complexes that protect
the ends of linear chromosomes from being recognized as
sites of DNA damage [1,2]. In humans, telomeric DNA
consists of 10—15 kb of tandem TTAGGG repeats that end
in a single-stranded 3’ overhang [3] bound by a complex
of specialized proteins that regulate telomere homeosta-
sis and contribute to genome stability. In somatic cells,
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mation of one-ended Double Strand Breaks (DSBs) [19].
Whole-genome sequencing studies have associated the in-
duction of the ALT phenotype with loss-of-function mu-
tations in components of the ATRX/DAXX/H3.3 complex
[20,21,22].

ATRX is a member of the sucrose non-fermenting 2
(SNF2) family of chromatin-remodeling factors [23,24] and
primarily works together with Death Domain-Associated
Protein (DAXX) to mediate the deposition of the histone
variant H3.3 at telomeric and pericentromeric chromatin
[23,24,25].

Consistent with this function, ATRX appears to act
as a suppressor of the ALT mechanism [26]. Although
this protein does not possess a G4-unwinding activity, in
the presence of non-canonical secondary structures, ATRX
supports DNA replication by promoting their conversion
into double-stranded DNA (dsDNA) owing to the deposi-
tion of histone H3.3 to maintain DNA in a B-form [20,27]
and preventing DNA damage and replication stress result-
ing from fork stalling [28]. ATRX targets include tandem
G-rich repeats capable of forming G4 structures [29,30].

Moreover, several studies have shown that the stabi-
lization of G4 by G4-ligands increases homologous recom-
bination (HR) at telomeres [18,31]. Despite its important
role in ALT, ATRX mutation alone does not appear to be
sufficient to trigger an ALT phenotype [21,22]. In ALT tu-
mors, ATRX mutation often co-occurs with TP53 mutations
[20,32,33,34] and TP53 is among the most frequently mu-
tated genes in ALT cells [35,36].

Numerous studies demonstrate a function of p53 as
a repressor of HR. Indeed, p53 localizes to stalled forks
and physically interacts with the HR proteins RADS51 and
RADS54, thereby inhibiting heteroduplex invasion [37] and
favoring the processing of replication intermediates by fa-
cilitating their cleavage by resolvases [38]. Consistent with
these findings, p53 is proposed as a suppressor of ALT ac-
tivation; in fact, the p53 pathway is compromised in more
than 80% of cell lines that use ALT as a Telomere Mainte-
nance Mechanism (TMM) [39,40,41,42] even if the muta-
tion of this pathway alone is not sufficient to establish an
ALT phenotype [43].

Although mutations in ATRX and p53 are a genetic
signature typical of ALT-positive cells, the relationship be-
tween the two proteins is, to date, not completely clear. In
this context, we investigated the effect of p53 and ATRX
depletion in ALT activation following telomeric RS induc-
tion. To this end, some of the features of the ALT mecha-
nism (e.g., telomeric damage, T-SCE, TERRA expression,
and C-circles) were analyzed in two isogenic colorectal can-
cer cell lines (HCT116 and HCT116 p53 —/-) transiently
silenced for ATRX. In addition, to clarify the role of telom-
eric RS in the modulation of ALT markers, a well-known
telomeric G4-ligand known for its ability to increase RS
and telomeric DNA damage was used. Finally, to assess
whether these ALT-associated features could be consoli-

dated over time, we generated stable ATRX-depleted (shA-
TRX) clones in both the p53-proficient and p53 —/— back-
grounds and monitored the emergence of an ALT phenotype
under persistent ATRX loss.

2. Materials and Methods
2.1 Cell Culture and Maintenance Conditions

HCT116 p53 +/+ and HCT116 p53 —/— isogenic hu-
man colon cancer cells (kindly provided by Prof. Alessan-
dra Bisio, CIBIO, University of Trento) were cultured
in Dulbecco’s Modified Eagle’s Medium (glucose 4.5
g/L) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 1 mM sodium pyruvate, and penicillin—
streptomycin (100 U/mL and 100 pg/mL, respectively).
The HCT116 p53 —/— line was generated in the laboratory
of Professor Bert Vogelstein [44]; Phenotypic stability of
these cell lines was confirmed by periodic Western blot
analysis (Supplementary Fig. 1A,B). Telomerase activity
(TA) was tested by TRAP assay, confirming that HCT116
p53 +/+ and HCT116 p53 —/— cells are telomerase-positive
(Supplementary Fig. 1C). In addition, we performed a
molecular cytogenetic karyotype characterization to verify
that p53 +/+ and p53 —/— HCT116 cells were effectively two
clones of the same tumor, differing by the p53 expression.
It is worth noting that, as previously shown by Knutsen and
coworkers, p53 —/— cells display an additional chromoso-
mal rearrangement (t(5;7)(q13;p22)) when compared to the
parental p53 +/+ cell line (Supplementary Fig. 1D) [45].

All cell lines were maintained at 37 °C in a humid-
ified 5% CO; atmosphere and regularly screened for my-
coplasma contamination.

2.2 Treatment Conditions

A stock solution of the pentacyclic acridine RHPS4
(3,11-difluoro-6,8,13-trimethyl-8H-quino [4,3,2-kl] acri-
dinium methosulfate; Tocris, Bristol, UK) was prepared in
dimethyl sulfoxide (DMSO).

HCT116 p53 +/+ and HCT116 p53 —/— were treated
with the drug 24 h after plating, in accordance with the tim-
ing of the silencing protocol, and incubated for 72 h. Fresh
working solutions were prepared from frozen aliquots for
each experiment. Unless otherwise indicated, treatments
were performed at the respective ICsg and 1Cs values de-
termined at 72 h (ICs values: 3.5 and 6 uM for HCT116
pS53 +/+ and HCT116 p53 —/—, respectively; 1C3, values:
1.6 and 3.5 uM for HCT116 p53 +/+ and HCT116 p53 —/—,
respectively).

2.3 Cell Proliferation and cPDL

Colorectal cancer cell lines were plated at a density of
7000 cells/cm? and exposed to RHPS4-containing medium.
Atthe indicated time points (24, 48, 72, 96, and 120 h), cells
were harvested and quantified. Cumulative population dou-
blings (cPDL) were determined using the formula ¢cPDL =
loga(N¢/Ny), where N¢ represents the final cell number and
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Ny the initial number of plated cells. Data are representative
of three independent experiments.

2.4 Sulforhodamine B (SRB) Assay

Exponentially growing cells were collected, counted,
and seeded into 96-well plates at 2500 cells per well.
This density was optimized to maintain exponential growth
throughout the entire incubation time. The sulforhodamine
B (SRB) assay was performed with minor modifications to
the original protocol [46].

Briefly, cells were fixed with 10% ice-cold
trichloroacetic acid for 1 h at 4 °C, followed by wash-
ing with deionized water. Cells were then stained with
0.057% SRB solution (Sigma-Aldrich, Co., St. Louis,
MO, USA) (200 pL per well) for 30 min and washed
four times with 1% acetic acid to remove unbound dye.
After air-drying at room temperature, bound dye was
solubilized in 10 mM unbuffered Tris base (200 uL per
well). Absorbance was measured at 530 nm using a Victor
X3 multilabel plate reader (PerkinElmer, Waltham, MA,
USA). All experiments were performed in five independent
replicates.

2.5 BrdU-Based Cell Cycle Analysis

48 h after RHPS4 treatment, cells were pulsed with 10
pM BrdU for 30 min and collected at 0, 8, and 12 h (Fig.
1C). Samples were fixed and permeabilized, and histones
were removed by treatment with 2 M HCl, as previously de-
scribed [47]. Incorporated BrdU was detected using an anti-
BrdU primary antibody (1:100; DAKO, Glostrup, Den-
mark) followed by an Alexa Fluor 488-conjugated anti-
mouse secondary antibody (1:100; Invitrogen, Carlsbad,
CA, USA), each incubated for 1 h at room temperature in
the dark. DNA content was evaluated by propidium io-
dide staining for biparametric analysis. Cell debris was ex-
cluded based on forward- and side-scatter parameters, and
singlet cells were selected by pulse-geometry gating. BrdU-
positive cells were then identified on BrdU fluorescence
versus DNA-content plots, and their relative proportion was
determined using CytExpert software (Beckman Coulter,
Inc., San Diego, CA, USA).

2.6 ATRX siRNA

HCT116 p53 +/+ and p53 —/— were transfected with
ATRX-targeted siRNAs to reduce the expression levels of
this protein. The siATRX sequence used was the following:
(ATRX #1: UUCCAUAGCCGUCUCAAGAUUCUCA)
[48]. In addition, a siRNA scrambled sequence (siSCR:
5-GAUUGAAGACUGAUAUCACUU-3) [49] was trans-
fected, as a control for nonspecific siRNA effects. Colorec-
tal cancer cells were first transfected in suspension, with
siRNA (Sigma-Aldrich, St. Louis, MO, USA) at a final
concentration of 15 nM using Lipofectamine RNAIMAX
(Thermo Fisher Scientific, Waltham, MA, USA). The
medium was refreshed after 3 h. After 24 h from the first
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silencing, the cells, now in adhesion, were transfected again
with 15 nM siRNA and Lipofectamine RNAIMAX. Af-
ter 3 h, the culture medium was replaced with a medium
containing RHPS4 at the concentrations corresponding to
the respective IC3p and ICsy. After another 72 h of in-
cubation, the cells were collected, and the silencing effi-
ciency was verified by western blot and immunofluores-
cence. Supplementary Fig. 2A shows a schematic repre-
sentation of the silencing protocol used. Western blot analy-
sis (Supplementary Fig. 2B,C) showed that protein levels
are unaffected by siSCR, whereas siRNA was capable of
downregulating protein expression. In addition, it was also
verified that RHPS4 treatment per se did not impact ATRX
protein levels and ATRX silencing (Supplementary Fig.
2D,E). Finally, ATRX protein depletion was also confirmed
by immunofluorescence (Supplementary Fig. 2F).

2.7 Lentiviral Production and Generation of Stable
shATRX Clones

Lentiviral particles were produced in HEK293T cells
using a second-generation packaging system. HEK293T
cells were seeded at 3 x 10° cells per 10-cm dish and,
the following day, co-transfected with 5 pg of the MIS-
SION shRNA plasmid DNA targeting ATRX (Sigma-
Aldrich, SHCLND-NM_000489), 3.75 pg psPAX2, and
1.25 pg pMD2.G (transfer:packaging:envelope ratio of
4:3:1). Transfection was performed with Lipofectamine
2000 (Invitrogen, cat.no. 11668019): the reagent was di-
luted in Opti-MEM and incubated for 5 min at room tem-
perature, then combined with the plasmid DNA and incu-
bated for a further 20 min to allow complex formation be-
fore being added dropwise to the cells. The medium was re-
placed 24 h after transfection, and viral supernatant was har-
vested once at 72 h post-transfection. The virus-containing
medium was clarified by centrifugation at 500 x g for 10
min and filtered through a 0.45-pm filter. Target HCT116
p53 +/+ and p53 —/— cells were transduced in suspension by
incubation with the filtered viral supernatant in the pres-
ence of polybrene (10 pg/mL) for 30 min at 37 °C, and
then plated. A single round of transduction was performed.
The medium was replaced the day after transduction, and
puromycin selection was started the following day, at 1
pg/mL for one week followed by 0.5 pg/mL for a further
week, until non-transduced control cells were completely
eliminated.

Single-cell clones were isolated by limiting dilution:
the selected bulk populations were serially diluted to ap-
proximately 1 cell/mL and seeded into 96-well plates at 200
pL per well; wells containing a single clone were identi-
fied by visual inspection and expanded under puromycin
selection. ATRX knockdown was confirmed by Western
blot, and clones were screened for ALT hallmarks as de-
scribed. All the experiments on stable silenced clones were
performed between passages 24 and 28 from transfection.


https://www.imrpress.com

2.8 Western Blot

Cells were lysed in buffer containing 20 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and protease inhibitors. Equal amounts of protein
(30 pg) were separated by SDS-PAGE and transferred onto
polyvinylidene fluoride (PVDF) membranes (0.45 pm pore
size; Immobilon-P, Millipore, Billerica, MA, USA). Mem-
branes were blocked for 1 h at room temperature in 3% BSA
and incubated overnight with primary antibodies against
ATRX (rabbit polyclonal, 1:500 in 1% BSA; HPA001906,
Sigma-Aldrich) and vinculin (mouse monoclonal, 1:10,000
in3% BSA; V9131, Sigma-Aldrich) at 4 °C. After washing,
membranes were incubated for 1 h at room temperature with
HRP-conjugated goat anti-rabbit IgG (1:10,000; 1706515)
and goat-anti-mouse IgG (1:10,000; 1706516) secondary
antibodies (Bio-Rad Laboratories, Hercules, CA, USA).
Protein signals were detected using an enhanced chemilu-
minescence system (ChemiDoc, Bio-Rad, Hercules, CA,
USA). Experiments were performed at least three times, and
band intensities were quantified using Image Lab software
(Bio-Rad).

2.9 Metaphase and PCC Sample Preparation

Metaphase chromosome preparations were generated
by treating cells with 5 x 10°® M colchicine (Sigma-
Aldrich) for 4 h to enrich for mitotic cells. Alternatively,
premature chromosome condensation (PCC) in G2-phase
cells was induced by a 30 min exposure to 50 nM caly-
culin A (Wako, Osaka, Japan). Chromosome spreads were
prepared by incubating cells in hypotonic solution (75 mM
KCl) for 20 min at 37 °C, followed by fixation in freshly
prepared Carnoy’s solution (methanol:acetic acid, 3:1 v/v).
Fixed cells were then dropped onto glass slides, allowed to
air-dry, and processed for subsequent cytogenetic analysis.

2.10 Chromosome Orientation—FISH (CO-FISH) Analysis

For CO-FISH analysis, cells were cultured in
the presence of 5'-bromo-2'-deoxyuridine and 5-
bromodeoxycytidine (BrdU/BrdC; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) at a 3:1 ratio (final concentration
3 x 10° M) and were allowed to complete a single
round of DNA replication overnight at 37 °C. Cells were
subsequently collected, and chromosome spreads were
generated as described above. CO-FISH was then per-
formed as previously described [50] using strand-specific
telomeric probes: a Cy3-labeled (CCCTAA); probe and a
FITC-labeled (TTAGGG); probe (Panagene, Yuseong-gu,
Korea). Images were acquired with a Zeiss Axio Imager
M1 microscope equipped with a CCD camera. Telomere
sister chromatid exchanges (T-SCEs) were scored only
when both probe signals were clearly visible. For each
condition, approximately 2500 chromosome ends were
evaluated across three independent experiments. Telomere
fragility was additionally assessed on the same images by
scoring telomeric doublets, defined as either overlapping

red and green signals or closely positioned signals of the
two colors at individual chromosome ends.

2.11 Telomeric Quantitative Fluorescence In Situ
Hybridization (Q-FISH)

Telomere length was assessed by Q-FISH on
metaphase spreads. Chromosome preparations were left
to age for two days, then washed in PBS and fixed in 4%
formaldehyde for 2 min. After two further PBS rinses,
slides were digested with pepsin for 10 min, washed, and
dehydrated through an ethanol series. A Cy3-conjugated
telomeric PNA probe combined with a chromosome 2
centromeric PNA probe (Panagene, Yuseong-gu, Korea)
was applied to the slides; probe and target DNA were
co-denatured at 80 °C for 3 min and left to hybridize
for 2 h at room temperature in a humidified chamber.
Following hybridization, slides underwent two 15-min
washes in 70% formamide/10 mM Tris (pH 7.2)/0.1%
BSA, then three 5-min washes in TBS (0.1 M Tris pH
7.5, 0.15 M NaCl) supplemented with 0.08% Tween-20.
Slides were subsequently dehydrated through ethanol,
air-dried, and counterstained with DAPI. Metaphases were
acquired at 63x magnification on an Axio Imager.M1
microscope (Carl Zeiss, Jena, Germany), and telomeric
signals were quantified with ISIS software (MetaSystems,
Milano, Italy). For each telomere, length was measured
as the ratio between its fluorescence intensity and that of
the chromosome 2 centromere (T/C), used as an internal
reference within every analyzed metaphase. Results are
reported as T/C %. A minimum of 1000 chromosomes
was scored per experimental point across two independent
experiments.

2.12 TIF Co-Immunostaining

For immunofluorescence analysis, cells were pro-
cessed by fixation in 4% paraformaldehyde at 4 °C, fol-
lowed by permeabilization with 0.2% Triton X-100. Sam-
ples were blocked using 1% BSA at 37 °C. Co-detection
of telomeric and DNA damage signals was carried out
by overnight incubation at 4 °C with antibodies directed
against TRF1 (rabbit polyclonal, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and yYH2AX (mouse mono-
clonal, Millipore Corp., Billerica, MA, USA). After wash-
ing in BSA 1%, cells were incubated with species-specific
Alexa Fluor secondary antibodies (anti-rabbit 488 and anti-
mouse 546; Invitrogen, Life Technologies, Carlsbad, CA,
USA) for 1 h at 37 °C. Nuclear staining was performed
with DAPI prior to image acquisition. Images were cap-
tured using a Zeiss Axio Imager M1 fluorescence mi-
croscope (Carl Zeiss, Jena, Germany) and analyzed with
ISIS software (MetaSystems, Milano, Italy). Telomere-
associated DNA damage was quantified by scoring co-
localized TRF1/yH2AX foci in 300 nuclei per condition
across three independent experiments.
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2.13 PML Immuno-FISH for Detection of APBs

To detect APBs, cells were immunostained for PML
with a mouse monoclonal antibody (E-11: sc-377390,
Santa Cruz Biotechnology), following the procedure de-
tailed above. Samples were subsequently rinsed for 5 min
in PBS containing 0.05% Triton X-100 and probed for 1 h
at room temperature with an Alexa Fluor 488—conjugated
goat anti-mouse secondary antibody diluted in blocking so-
lution. PML immunolabelling was followed by telomeric
FISH, performed as described in the preceding section, to
score PML—telomere colocalization. Imaging was carried
out on an Axio Imager.M1 microscope (Carl Zeiss, Jena,
Germany) equipped with a CCD camera, and colocalization
events were quantified using ISIS software (MetaSystems,
Milano, Italy). For each condition, at least 100 nuclei were
examined across three independent experiments.

2.14 Telomeric RNA FISH

Telomeric RNA FISH was performed following pre-
viously published protocols [14,51] with minor modifica-
tions. Cells seeded on glass slides were first incubated for
30 s in ice-cold cytobuffer (100 mM NaCl, 300 mM su-
crose, 3 mM MgCl,, 10 mM PIPES, pH 6.8), followed by
a 30 s extraction step in the same buffer supplemented with
0.5% Triton X-100. Cells were then fixed for 10 min at 4
°C in 4% paraformaldehyde. After fixation, samples were
dehydrated through a graded ethanol series (70%, 85%,
and 100%) and air-dried. Hybridization was carried out
overnight at 37 °C using DNA probes at a final concentra-
tion of 0.5 pmol/uL in hybridization buffer containing 2x
SSC, 2 mg/mL BSA, 10% dextran sulfate, and 50% deion-
ized formamide.

Post-hybridization washes were performed as follows:
three washes in 2x SSC/50% formamide at 39 °C for 5 min
each, followed by three washes in 2x SSC at 39 °C for 5 min
each, and a final wash in 2x SSC at room temperature for
5 min. Control oligonucleotides (TAACCC);-Alexa488-3'
and (AATCCC);-Alexa488-3'; Integrated DNA Technolo-
gies, San Jose, CA, USA) were used as negative controls.
As a control, samples were treated with RNase A (1 pg/uL,
1 h at 37 °C) prior to hybridization.

After hybridization, nuclei were stained with DAPI
and coverslips were mounted in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA, USA). Flu-
orescence images were collected at 63x magnification with
an Axio Imager M1 microscope (Carl Zeiss) equipped with
a CCD camera, and image analysis was carried out using
ISIS software (MetaSystems, Milano, Italy). All experi-
ments were performed in at least three independent repli-
cates.

2.15 C-circle Assay

C-circle assay was performed as previously described
(Henson et al., 2017, [52]) with minor modifications. To-
tal DNA was extracted using Quick C-Circle Lysis Buffer
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(50 mM KCIl, 10 mM Tris HCI pH 8.5, 2 mM MgCl,, 0.5%
NP40, 0.5% Tween) and treated with 0.5 pg/uL protease
(Qiagen, Hilden, Germany). Samples were placed in a ther-
momixer at 1400 rpm at 56 °C for 1 h, then 70 °C for 20
min. DNA less than 10 kilobases was enriched using the
QiaQuick PCR purification kit (Qiagen). Samples, 100 ng
in 10 uL each, were combined with 10 pL 0.2 mg/mL BSA,
10% Tween, 100 mM each dATP, dCTP, dGTP, and dTTP,
1x @29 buffer, and with or without 7.5 U ®29 DNA poly-
merase (New England Biolabs (NEB), Ipswich, MA, USA)
and incubated at 30 °C for 4 h, then 70 °C for 20 min.
For quantification, the reaction products were dot-blotted
onto a 2x SSC-soaked nylon positively charged membrane
(GE Healthcare UK Limited, Little Chalfont, UK). DNA
was UV—cross-linked onto the membrane, which was then
hybridized with a 32P-labeled probe [T3AG2] in Church
buffer (0.5 M phosphate buffer pH 7.2, 7% SDS, 1 mM
EDTA, 0.1% BSA) overnight at 55 °C. The gel was washed
twice and exposed to a Phosphorlmager screen and ana-
lyzed by Quantity One software (Bio-Rad, Hercules, CA,
USA). Signals of samples without ®29 DNA polymerase
were subtracted from signals obtained from corresponding
samples with ®29 DNA polymerase to determine the c-
circle expression value.

2.16 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism version 10.5.0 (GraphPad Software, San Diego, CA,
USA). Data are presented as mean + SD or SEM from in-
dependent biological experiments, with technical replicates
averaged before analysis; sample sizes are specified in the
figure legends. Where indicated, values were normalized to
the corresponding untreated control. Comparisons among
multiple groups were performed using one- or two-way
ANOVA followed by an appropriate multiple-comparisons
test, whereas Student’s ¢-test was used for comparisons be-
tween two groups. p-value ranges are always reported in
figure legends, and p <0.05 was considered statistically sig-
nificant.

3. Results

3.1 p53 Status Modulates the Antiproliferative Response to
RHPS4

To evaluate the influence of p53 on the antiprolifera-
tive response to RHPS4, colorectal cancer cells HCT116
pS3 +/+ and the isogenic line p53 —/— were exposed to
RHPS4 treatment for 72 h, at a concentration range from
0.5 to 8 uM. Analysis of the ICsy (compound concentra-
tions required to achieve 50% inhibition of cell prolifera-
tion) showed that the effect of RHPS4 was influenced by
the status of the p53 protein. The absence of p53 allowed
cells to survive even at higher ligand concentrations (ICsg
values: 3.5 and 6 pM for HCT116 p53 +/+and HCT116 p53
—/—, respectively) (Fig. 1A). Interestingly, the ICs of the
p53 +/+ cell line corresponded to the IC;y (concentrations
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of compound leading to 30% inhibition of cell proliferation)
of the p53 —/— cell line (IC;¢ values: 1.6 and 3.5 uM for
HCT116 p53 +/+ and HCT116 p53 —/—, respectively) (Fig.
1A). Therefore, subsequent experiments were carried out
using iso-effect concentrations and thus, if not differently
stated, cells were treated using their specific IC3y and/or
ICs¢. This design allows the two genotypes to be compared
at equivalent levels of growth inhibition; in addition, the
concentration of 3.5 uM represents an iso-molar condition,
corresponding to the ICsy of p53 +/+ and the 1C;¢ of p53
—/— cells, and therefore permits a direct comparison at an
identical absolute dose.

The growth curves confirmed the higher sensitivity to
treatment of the p53 proficient cell line (Fig. 1B). This ob-
servation is also supported by cell cycle analysis. Although
RHPS4 induces a general slowing of progression along the
cell cycle, the two cell lines showed a different response,
especially in the progression through the S- and the G2/M-
phase. After 8 h and 12 h from BrdU release, p53 +/+ cells
treated with RHPS4 progressed slower through the S-phase
and accumulated in the G2 phase. This effect was more
pronounced in p53-proficient cells: at the iso-molar con-
centration of 3.5 puM, treatment increased the fraction of
BrdU-positive cells in G2 in p53 +/+ cells at 8 h, whereas
no such accumulation was observed in p53 —/— cells at the
same absolute dose and time point (Fig. 1D,E).

3.2 Loss of p53 and ATRX exacerbates RHPS4-induced
telomeric DNA damage

Secondary DNA structures that arise at chromosome
ends are an obstacle for DNA replication, so their stabiliza-
tion increases telomeric RS and consequently DNA dam-
age [18,31]. In order to establish whether an increase of
DSBs occurred at genomic and telomeric levels, YH2AX
foci and their colocalizations with the component of the
shelterin complex TRF1 were analyzed (Fig. 2A). Regard-
less of the p53 and ATRX status, no difference in basal ge-
nomic DNA damage (DNA damage outside telomeric re-
gions) was observed (Fig. 2B). On the contrary, the G4
ligand treatment induced a dose-dependent increase of ge-
nomic damage, particularly when both p53 and ATRX were
depleted (increase of 33 and 53% after IC3y and ICs treat-
ment, respectively) (Fig. 2C). Interestingly, basal levels
of telomeric DNA damage were affected by the combined
depletion of p53 and ATRX proteins (increase of 60%)
(Fig. 2D). In agreement with previously published studies
[47,53,54,55], treatment with RHPS4 resulted in a dose-
dependent increase in telomeric damage across all condi-
tions tested, with the largest increase (39%) observed in
p53- and ATRX-double-depleted cells (Fig. 2E).

3.3 TERRA Transcription Increases Upon p53 and ATRX
Depletion and Is Further Induced by RHPS4

To evaluate the levels of the telomeric transcript
TERRA, which is a well-known ALT marker and is also

induced after telomeric DNA damage, RNA-FISH was per-
formed, and TERRA spots per nucleus were counted (Fig.
3A). An increase in telomeric transcripts was observed both
in the absence of p53 and even more markedly when ATRX
protein was silenced (2- and 3-fold increase, respectively).
p53 and ATRX combined depletion caused a further slight
increase in telomeric transcription (3.3-fold increase) (Fig.
3B). Moreover, RHPS4 was able to induce a 40% increase
in this marker in p53-depleted cells. It is worth noting that
the treatment induced only a slight increase in TERRA ex-
pression in p53 +/+ siATRX cells (29%), whereas this in-
crease was even more pronounced when both proteins were
non-functional (36%) (Fig. 3C).

3.4 p53 Restricts the Mitotic Entry of Cells Harboring
Telomeric Doublets

In addition, ALT-positive cells are known to be char-
acterized by the persistence of RS at telomeres, in part due
to the presence of non-canonical secondary structures such
as G4 and R-loops [15,16,17]. To recapitulate this condi-
tion, we stabilized telomeric G4 structures with the well-
characterized G4 ligand RHPS4, which we and others have
previously shown to increase telomeric RS [18,31].

To evaluate whether the telomeric DNA damage was
due to an increase in RS, the frequency of telomeric dou-
blets (TD) was assessed. Because RS-associated telomeric
aberrations arise in S/G2 but may be resolved or eliminated
before mitotic entry, TD and T-SCE were scored in two dis-
tinct cell-cycle windows: calyculin A-induced prematurely
condensed G2 chromosomes, which capture cells before
the G2/M transition, and colchicine-arrested metaphases,
which capture only the cells that have successfully passed
through it. Comparing these two windows allows us to dis-
tinguish the generation of telomeric aberrations from their
transmission into mitosis. The G2 analysis was performed
at the 1Cs of each cell line only.

HCT116 p53 +/+ and p53 —/— cells transiently trans-
fected with ATRX-targeted siRNA were treated with
RHPS4, and the RS was examined. This analysis was per-
formed by evaluating the frequency of multitelomeric frag-
ile sites (or telomere doublets) observed after CO-FISH
staining (Fig. 4A) both in G2- and M-phase of the cell cycle
in order to evaluate the possible contribution of the G2/M
cell cycle checkpoint.

In G2, silencing of ATRX alone caused a significant
increase in the frequency of TD (p = 0.023) in the p53 +/+
condition. Treatment with RHPS4 induced a significant in-
crease in telomeric doublets (58% and 39% increase in the
presence and in the absence of ATRX, respectively), indi-
cating that ATRX is not required for this effect (Fig. 4B,D).
In p53 —/— cells, despite an increase in the frequency of dou-
blets, no significant changes were detected (Fig. 4C,E).

In M-phase, treatment with the ligand induced a sig-
nificant dose-dependent decrease of TD frequency in the
p53 +/+ condition: comparing control and ICsy-treated
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Fig. 1. RHPS4 induces p53-dependent growth inhibition and S/G2 cell-cycle delay in HCT116 cells. (A) The graphs show the
proliferation rates of HCT116 p53 +/+ and p53 —/— 72 h following treatment with RHPS4 (from 0.5 to 8 uM) assessed by sulforhodamine
B (SRB) assay. The data show a greater sensitivity to treatment when the p53 protein is proficient (ICso: 3.5 and 6 uM in HCT116 p53
+/+ and p53 —/—, respectively). (B) Growth curves of HCT116 p53 +/+ and p53 —/— in the presence of RHPS4 treatment. Each cell line
was treated with its respective ICso and collected 24, 48, 72, 96, and 120 hours after seeding. Blue arrow indicates the seeding time,
red arrow indicates the treatment time, and dark blue arrow indicates the harvesting time. (C) Timeline of experimental procedure for
cell cycle characterization, (D) Cell cycle characterization performed using a 30 min BrdU pulse and chase approach in controls and
RHPS4-treated samples. BrdU pulse was performed 48 hours after treatment with RHPS4 in order to follow BrdU-positive cells over the
next 24 hours (fixing times: 0, 8, 12 h) (see the reported experimental timeline). Cell cycle profiles show the percentage of BrdU-positive
and negative cells in the different phases of the cell cycle. Results were obtained from three independent experiments. (E) Quantification
of the RHPS4-induced effect on S-phase and G2-phase progression, shown as the normalized effect at 0, 8, and 12 h after the BrdU pulse
(see timeline in C). HCT116 WT were treated at their ICso (3.5 uM), while HCT116 p53 —/— cells were analyzed both at their IC3p (3.5
UM matching the concentration used for WT) and at their own ICso (6 uM). In the G2 phase, WT cells show a marked accumulation
over time, whereas p53 —/— cells display a significantly lower accumulation (***p < 0.001; *p < 0.05), consistent with reduced G2/M
checkpoint enforcement in the absence of p53. A comparable pS3-dependent effect is seen in the S phase, where the treatment causes
a milder delay in p53 —/— cells (*p < 0.05; **p < 0.01), indicating that the delay relies on functional p53. Data are mean + SD of three
independent experiments; statistical significance was assessed by two-way ANOVA with Tukey’s multiple comparison test. p53, tumor
protein 53; IC, half-maximal inhibitory concentration; RHPS4, G-quadruplex ligand; WT, G-quadruplex ligand.
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Fig.2. p53 and ATRX modulate RHPS4-induced DNA damage at telomeres in HCT116 cells. (A) Representative images of Telomere
dysfunction Induced Foci (TIFs) observed by YH2AX and TRF1 co-immunofluorescence staining for the colorectal cancer cell lines
before and after RHPS4 treatment. For each cell line and condition, the single channels (yH2AX signals in red and TRF1 signals in
green) and the merged images are reported. White arrows indicate YH2AX and TRF1 colocalizations. Scale bar, 8um. (B) Frequency
of total DNA damage in basal conditions (untreated samples). (C) Histogram of total DNA damage observed in HCT116 p53 +/+ and
p53 —/— before and after siATRX or RHPS4 treatment (both at IC3y and ICsp) or under the combined action of the two conditions. The
graph shows a significant increase in total DNA damage after treatment in the absence of both p53 and ATRX proteins. (D) Frequency
of telomeric DNA damage in basal conditions (untreated samples). The graph shows a significant increase in telomeric damage in the
absence of both p53 and ATRX proteins. Error bars denote standard errors of the mean (SEM). (E) Histogram of telomeric DNA damage
observed in HCT116 p53 +/+ and p53 —/— before and after siATRX or RHPS4 treatment (both at IC3y and ICsp) or under the combined
action of the two conditions. The graph shows a significant increase in telomeric DNA damage after treatment in all conditions evaluated.
Statistical significance: *p <0.05, **p <0.01 (Student’s ¢-test). yYH2AX, phosphorylated histone H2AX; TRF1, telomeric repeat-binding
factor 1; siATRX, siRNA targeting ATRX; ATRX, alpha-thalassemia/mental retardation, X-linked.
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(TERRA signals in green and nuclei in blue) and the merged images are reported. Scale bar, 8 um. (B) Frequency of total telomeric

transcript observed in all conditions without treatment. It can be noted an increase both in the absence of the pS3 and ATRX proteins

independently, and when both proteins are absent. (C) Histogram of telomeric transcript observed in HCT116 p53 +/+ and p53 —/—

before and after siATRX or RHPS4 at ICsg treatment or under the combined action of the two conditions. Error bars represent standard

deviations. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s 7-test). Experiments to evaluate the frequency of

telomeric transcripts were repeated at least three times.

samples, a 61% decrease was observed in ATRX-proficient
cells and a 32% decrease in ATRX-silenced cells (Fig.
4B,D). In p53 —/— cells, RHPS4 did not cause any change in
ATRX-proficient cells, whereas when ATRX was silenced,
a 33% increase was observed upon treatment (Fig. 4C,E).

The G2 and M data therefore point in opposite direc-
tions. In p53-proficient cells, RHPS4 increases telomere
fragility in G2 but decreases it in M. Metaphase spreads
only capture cells that have entered mitosis. We therefore
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interpret this decrease not as a reduction in telomeric RS,
which is clearly induced, as shown by the G2 data and by
the TIF analysis (Fig. 2), but as a result consistent with a
p53-dependent checkpoint that holds back or eliminates the
most damaged cells, which never reach mitosis. Two mech-
anisms could contribute: cells with unresolved telomeric
RS may be arrested in G2, or the G2 arrest could give them
time to complete replication at under-replicated telomeres
and resolve fragile sites before mitosis. Both mechanisms
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Fig. 4. p53 Limits the Mitotic Transmission of Telomere Doublets. (A) Representative metaphase spread stained by CO-FISH of

colorectal cancer cells in which the telomeric doublets are highlighted and shown in the enlarged image. Scale bar, 5 pm. (B—E) Dotplots
of double color doublets frequency in M- and G2- phases of HCT116 p53 +/+ and p53 —/— before and after siATRX or RHPS4 treatment
(M-phase: 1C3p and ICso; G2 phase: 1Csp) or under the combined conditions. Doublets analysis was performed across three independent

experiments, with a minimum of 2500 chromosome ends evaluated for each cell line and condition. Telomere doublets, indicative of

telomere fragility, were defined as either overlapping red and green signals or closely adjacent signals of the two colors at individual

chromosome ends. Error bars represent standard deviations. Statistical significance: **p <0.01, ***p <0.001, ****p <0.0001 (Student’s

t-test). CO-FISH, chromosome orientation—FISH.

are consistent with the G2 accumulation and the greater sen-
sitivity of p53 +/+ cells (Fig. 1).

3.5 p53 Prevents Damaged Cells From Entering Mitosis
With T-SCE

To establish whether the previously observed changes
were suggestive of telomeric recombination, T-SCE fre-
quency was analyzed (Fig. 5). In G2, a significant increase
in T-SCE was observed after treatment, independently of
ATRX silencing (75% and 63% in p53 +/+ and p53 +/+ siA-
TRX, respectively) (Fig. 5B,D). An increase in T-SCE was
also found in the p53 —/— background, again independently
of ATRX silencing (49% and 40% in p53 —/— and p53 —/—
siATRX, respectively) (Fig. SC,E).

In M-phase, p53 +/+ cells showed a dose-dependent
decrease of T-SCE frequency upon treatment, which was
significant in ATRX-silenced cells (49%) (Fig. 5B,D). Con-

10

versely, in p53 —/— cells, a significant increase in T-SCE was
observed independently of ATRX silencing (69%, 66% and
74% in p53 —/— ATRX, siATRX ICj3y and siATRX ICsy,
respectively) (Fig. 5C,E).

T-SCE therefore mirrors the behaviour of telomeric
doublets: recombination events are generated in G2 in both
genetic backgrounds, but are transmitted into mitosis only
when p53 is absent. Taken together, these data suggest
that p53 does not prevent the generation of RHPS4-induced
telomeric fragility and recombination but prevents their
propagation through mitosis.

3.6 Transient ATRX Loss and p53 Depletion Induce
ALT-Associated Features Without C-Circle Formation

Finally, we analyzed C-circles, one of the most spe-
cific ALT hallmarks. No changes were detected under any
of the conditions tested: neither p53 loss, nor ATRX si-
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Fig. 5. p53 Limits the Mitotic Transmission of RHPS4-Induced Telomeric Recombination. (A) Representative metaphase spread
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The graphs show a significant increase in G2 telomeric recombination after treatment in the p53-proficient condition, both before and
after ATRX silencing, and a slight increase in this marker in the p53 null condition, both before and after ATRX silencing. In M-phase, a
significant increase after RHPS4 treatment can be observed only in the p53 null condition, both before and after ATRX silencing. Error
bars represent standard deviations. Statistical significance: *p < 0.05, **p <0.01, ***p < 0.001 (Student’s #-test). Analysis of telomere
sister chromatid exchanges (T-SCEs) was conducted in three independent experiments, scoring a minimum of 2500 chromosome ends

per condition.
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lencing, nor their combination, nor RHPS4 treatment at ei-
ther concentration affected C-circle levels (Supplementary
Fig. 3). Thus, although transient depletion of p53 and
ATRX, combined with G4 stabilization, elicited telomeric
damage, TERRA induction and telomeric recombination,
these changes were not accompanied by the appearance
of C-circles, and are therefore better described as ALT-
associated telomeric features than as a functionally engaged
ALT phenotype. This prompted us to ask whether a persis-
tent, rather than transient, loss of ATRX might be required
for ALT initiation.

3.7 Persistent ATRX Loss Permits the Clonal Emergence
of ALT Hallmarks, More Frequently in the Absence of p53

Taken together, the data described so far indicate that
transient depletion of p53 and ATRX, combined with G4
stabilization, elicits several ALT-associated telomeric fea-
tures but not C-circles, which are the most specific mark-
ers of ALT. Given the clonal and progressive nature of
ALT, we generated stable ATRX-knockdown (shATRX)
HCT116 p53 +/+ and p53 —/— lines (Supplementary Fig.
4), isolated single-cell clones, and assessed the cardinal
ALT hallmarks (Fig. 6).

A modest C-circle signal was already detectable in
the shATRX bulk populations, consistent with the presence
of a small subpopulation of positive cells diluted within a
largely negative background. Upon clonal isolation, how-
ever, C-circles became clearly evident in a subset of clones:
1/7 p53 +/+ (W clones; Fig. 6A,B) and 3/7 p53 —/— (A
clones; Fig. 6C,D).

To determine whether C-circle positivity was accom-
panied by other cardinal ALT hallmarks, we next scored T-
SCE frequency across representative ShATRX clones (Fig.
7A). Notably, C-circle positivity did not invariably coincide
with elevated telomeric recombination: the p53 +/+ clone
W5 did not display a significant increase in T-SCE, whereas
the p53 —/— clone A6 did. We therefore selected A6 (posi-
tive for both C-circles and T-SCE) for further characteriza-
tion of the remaining ALT hallmarks.

Relative to the parental HCT116 p53 —/—line, the shA-
TRX p53 —/— bulk population, and the C-circle-negative
clone A4, which was itself indistinguishable from the
parental control, A6 showed a significant increase in T-SCE
frequency (Fig. 7A,B) and in APBs (Fig. 7C,D). A6 ad-
ditionally displayed a higher number of TERRA foci (Fig.
7E) and brighter, more heterogeneous telomeric FISH sig-
nals, consistent with the telomere-length heterogeneity typ-
ical of ALT (Fig. 7F,G).

These data indicate that ALT emergence in this
telomerase-proficient background is a rare, stochastic, and
clonal event, undetectable at the population level and re-
quiring persistent rather than transient ATRX loss. The
higher proportion of C-circle-positive clones recovered in
the p53-null background (3/7 vs 1/7) suggests that p53 re-
strains this process.
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4. Discussion

In the present study, we investigated the interplay be-
tween ATRX and p53 in the cellular response to telomeric
replication stress in a telomerase-positive background. To
this end, telomerase-positive HCT116 p53 +/+ and p53 —/—
colon cancer cells transiently depleted of ATRX were ex-
posed to RHPS4, a telomeric G4 ligand used here to en-
hance telomeric replication stress and to model conditions
resembling those observed in ALT tumor cells.

Our results showed that RHPS4 inhibited cell growth
in both p53-proficient and p53-deficient HCT116 cells, in
agreement with previous findings. Notably, during the
first days after treatment, p53-deficient cells displayed a
higher proliferation rate than their p53-proficient counter-
parts. This observation was supported by cell-cycle anal-
ysis, which revealed that p53 —/— cells were less sensitive
to RHPS4 under the same treatment conditions, consistent
with a reduced arrest at the G2/M boundary. These find-
ings support the idea that p53 status influences the ability
of cells to cope with RHPS4-induced stress and may facili-
tate the progression of damaged cells through the cell cycle.
To assess the contribution of ATRX and p53 to genomic
and telomeric DNA damage, both under basal conditions
and following RHPS4 exposure, we performed YH2AX and
TIF analyses. As expected, RHPS4 induced DNA dam-
age not only at telomeres but also at the genomic level
[56]. Genomic DNA damage increased in all cell lines af-
ter RHPS4 treatment, but the effect was more pronounced
in ATRX-depleted and ATRX-depleted/p53 —/— cells, sup-
porting a role for ATRX in limiting G4-associated repli-
cation stress and DNA damage [57,58,59]. This interpre-
tation is in line with recent studies reporting activation of
the ataxia-telangiectasia mutated (ATM)/checkpoint kinase
2 (CHK2)/p53 pathway [60] and altered p53 binding to
chromatin in ATRX/DAXX-deficient cells following DNA
damage [61].

Analysis of telomeric DNA damage further indicated
that combined ATRX and p53 depletion caused a basal in-
crease in telomere dysfunction, suggesting that both pro-
teins contribute to telomere protection, in agreement with
previous reports [32,33]. Our data indicate that deple-
tion of either ATRX or p53 alone is sufficient to induce
a mild increase in telomeric damage [61], whereas their
combined loss has a stronger impact on telomere stabil-
ity. Similarly, RHPS4-induced telomeric damage was en-
hanced in ATRX- and p53-deficient cells and was high-
est in double-depleted cells. This observation is consis-
tent with the notion that, under replication stress, ATRX-
deficient telomeres become more prone to fork collapse and
DNA breakage, thereby promoting homology-directed re-
pair pathways that are associated with ALT-related pheno-
types [62,63]. ALT-positive cells lacking ATRX have been
reported to display increased levels of TERRA, a telom-
eric IncRNA that enhances the recombinogenic potential of
telomeres [48]. In addition, TERRA accumulation has been
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Fig. 6. p53 Loss Promotes C-Circle Formation Following Stable ATRX Depletion in HCT116 Cells. Stable ATRX-knockdown
(shATRX) HCT116 p53 +/+ and p53 —/— lines were generated, and single-cell clones were isolated (W, p53 +/+-derived; A, p53 —/—
-derived) and screened for C-circles, a cardinal ALT hallmark. The ALT-positive cell line U20S was used as a positive control. (A)
Representative C-circle assay of p53 +/+-derived (W) clones, performed in the presence (+) and absence (—) of Phi29 DNA polymerase,
together with parental HCT116 (CTRL), the shATRX bulk population, and U20S. (B) Quantification of the C-circle assay for W clones,
expressed relative to parental control. Only clone W5 (blue) shows a clear C-circle signal. (C) Representative C-circle assay of p53 —/—
-derived (A) clones, together with parental HCT116 p53 —/—, the shATRX p53 —/— bulk population, and U20S. (D) Quantification of
the C-circle assay for A clones, expressed relative to the parental control; C-circle-positive clones (A2, A3, and A6) are shown in blue.
Clones were scored as C-circle-positive when the relative amount of C-circle assay product exceeded 3-fold that of the parental line.
Error bars denote SEM; Statistical significance was assessed by one-way ANOVA followed by Dunnett’s multiple comparison test. Only

the comparisons relevant to the interpretation are shown. *p < 0.05; **

associated with telomeric DNA damage in different cellu-
lar contexts [64,65,60]. In agreement with these observa-
tions, RNA FISH analysis revealed an increase in TERRA
foci in ATRX-depleted cells, whereas p53 loss alone did
not significantly affect TERRA levels. Notably, TERRA
levels were further increased in cells lacking both ATRX
and p53, suggesting that p53 loss may exacerbate the con-
sequences of ATRX depletion, possibly by allowing the per-
sistence of basal telomeric damage. RHPS4 treatment fur-
ther increased TERRA expression in ATRX-depleted cells,
reinforcing the connection between telomeric replication
stress, ATRX loss, and TERRA upregulation. Despite the
increase in telomeric DNA damage and TERRA expres-
sion, C-circles were not induced under any of the transient
conditions tested (Supplementary Fig. 3). This result indi-
cates that the alterations observed upon transient ATRX and
p53 depletion, while recapitulating several ALT-associated
features, do not lead to a functionally engaged ALT pheno-
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type. A likely explanation is that ALT, being a clonal and
progressive process, cannot be established within the short
time window and transient conditions of siRNA-mediated
depletion, and may require stable, long-term ATRX loss
[67,68]

Taken together, the data obtained so far underscore
the importance of p53 status in an ATRX-deficient back-
ground, particularly with regard to genomic and telomeric
DNA damage and TERRA expression. In light of these
findings, we hypothesized that one of the key functions of
pS3 in this context is to prevent the progression of dam-
aged cells into mitosis. To test this possibility, we analyzed
telomeric doublets (TDs) and T-SCEs in G2-condensed and
mitotic chromosomes.

TD analysis, which is commonly used as a marker of
telomeric replication stress, was performed to determine
whether ATRX and p53 contribute to the control of the
G2/M transition under telomeric stress conditions, although
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Fig. 7. The ATRX-Deficient, pS3-Null HCT116 Clone A6 Exhibits Multiple ALT Hallmarks. (A) T-SCE frequency (events per
chromosome end), scored by CO-FISH, across the indicated parental lines and shATRX clones (both p53 +/+/W and p53—/—/A series).
Clone A6 shows a significant increase in T-SCE relative to the parental p53 —/— line and to clone A4 (**p < 0.01). (B) Representative
CO-FISH metaphase spreads for WT, W5, and A6. Arrows indicate T-SCE events. Scale bar, 5 um. (C) Quantification of ALT-
associated PML bodies (APBs) per cell in the p53 —/— background. A6 displays a significant increase in APBs relative to the parental
p53 —/— line, the shATRX p53 —/— bulk population, and clone A4 (**p < 0.01). (D) Representative immuno-FISH images of APB
detection (PML in red, telomeres in green) for WT, p53 —/—, A4, and A6. The enlargement highlights a representative PML—telomere
colocalization event (yellow). Scale bar, 8 pym. (E) Quantification of TERRA foci per cell in the p53 —/— background. A6 shows a
significant increase in TERRA spots relative to the parental p53 —/— line, the sShATRX p53 —/— bulk population, and clone A4 (****p <
0.0001). (F) Distribution of telomere fluorescence intensity (indicative of telomere length and heterogeneity). A6 exhibits brighter and
more heterogeneous telomeric signals relative to the parental p53 —/— line, the shATRX p53 —/— bulk population, and clone A4 (****p
< 0.0001), consistent with the telomere-length heterogeneity typical of ALT. (G) Representative telomere Q-FISH metaphase spreads
(telomeres in red, DNA counterstained with DAPI) for WT, pS3 —/—, A4, and A6. Scale bar, 5 pm.

the G2/M checkpoint is regulated by multiple pathways lization further increased TD frequency in p53-proficient
[69,70]. In G2-phase cells, ATRX silencing alone induced cells, independently of ATRX silencing, whereas this effect
replication stress, as indicated by a significant increase in ~ was not observed in p53-deficient cells.

telomeric doublet frequency. RHPS4-mediated G4 stabi-
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In mitotic cells, by contrast, RHPS4 caused a dose-
dependent reduction in TD frequency in p53-proficient
backgrounds. Because metaphase preparations sample only
cells that have entered mitosis, we interpret this reduc-
tion not as a decrease in telomeric replication stress, which
is clearly induced, as shown by the G2 and TIF analy-
ses, but as the consequence of a p53-dependent checkpoint
that retains or eliminates the most damaged cells before
mitotic entry. Consistently, p53-deficient cells, alone or
combined with ATRX depletion, did not show this pat-
tern, consistent with p53 loss permitting the escape of dam-
aged cells from checkpoint control. To further investigate
whether the cells progressing into mitosis under these con-
ditions also displayed enhanced recombination at telom-
eres, we analyzed T-SCE frequency, one of the most reli-
able hallmarks associated with ALT. Interestingly, RHPS4
induced different outcomes depending on both cell-cycle
phase and p53 status. In G2-phase cells, T-SCE frequency
increased strongly in p53-proficient backgrounds, consis-
tent with the accumulation of recombination-positive cells
before mitotic entry. In M-phase cells, however, T-SCE
frequency increased only in p53-deficient backgrounds, re-
gardless of ATRX silencing, whereas p53-proficient mitotic
cells showed a reduction. T-SCE thus mirrors the behav-
ior of telomeric doublets: recombination events are gen-
erated in G2 in both backgrounds but are transmitted into
mitosis mainly in the absence of p53. Overall, our findings
support a model in which telomeric replication stress, par-
ticularly in the setting of ATRX depletion, generates ALT-
associated telomeric recombination events, while p53 acts
as a checkpoint-dependent barrier that would prevent their
propagation through mitosis. We reasoned that, over time,
this barrier should also influence whether such events be-
come stably fixed. To test this directly, we moved from
transient to stable ATRX loss: stable shATRX HCT116
p53 +/+ and p53 —/— lines were established, and single-cell
clones were isolated and screened for the cardinal ALT hall-
marks. In contrast to the transient conditions, persistent
ATRX loss led to detectable C-circle formation only after
single-cell cloning, with C-circle-positive clones occurring
more frequently in the p53-deficient background (1/7 p53
+/+ clones versus 3/7 p53 —/— clones). No clear C-circle
signal was detected in the corresponding bulk populations
before clonal isolation. Among the p53 +/+ and p53 —/—
clones, those displaying the highest C-circle levels were se-
lected for further analysis of T-SCE frequency. Increased T-
SCEs were observed only in the p53 —/— clone, which also
exhibited other ALT-associated hallmarks, including ele-
vated APBs and TERRA levels and greater telomere-length
heterogeneity.

Together, these data indicate that the emergence of
an ALT phenotype in a telomerase-proficient background
is a rare, stochastic, and clonal event that requires persis-
tent ATRX loss. The higher proportion of C-circle-positive
clones recovered in the absence of p53 (3/7 versus 1/7) is
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consistent with the idea that p53 restricts the mitotic propa-
gation of telomeric recombination events, thereby limiting
their inheritance and accumulation over successive cell di-
visions and reducing the likelihood of ALT-positive clone
emergence.

5. Limitations of the Study

This study presents limitations that should be con-
sidered when interpreting the findings. First, even if we
used different derivative HCT116 cell lines to mimic p53
and ATRX genetic deficiency, our conclusions are based
on a single telomerase-positive colorectal cancer parental
model, and validation in additional cellular models and tu-
mor types will be important to establish the generality of
the proposed mechanism. Second, although the analysis
of stable ATRX-depleted clones allowed us to capture rare
ALT-associated phenotypes, the relatively small number of
independent clones analyzed limits the statistical power to
compare the frequency of ALT emergence between p53-
proficient and p53-deficient backgrounds. Third, while our
data support a model in which p53 prevents the transmission
of unresolved telomeric lesions through mitosis, thereby re-
ducing the opportunity for recombination-dependent telom-
ere maintenance, we did not directly investigate the molecu-
lar mechanisms linking persistent telomeric damage to ALT
establishment, such as break-induced replication. Future
studies addressing these limitations will help define the ad-
ditional genetic and epigenetic events that cooperate with
ATRX and p53 loss to drive the emergence of a stable ALT
phenotype.

6. Conclusions

Overall, our findings support a model in which sus-
tained telomeric replication stress, particularly in the con-
text of ATRX deficiency, promotes the emergence of ALT-
associated phenotypes, while p53 acts as a critical barrier
that restrains their evolution. Rather than functioning as a
molecular switch that determines whether ALT is activated,
p53 appears to be a factor that reduces the likelihood of ALT
engagement by preventing cells carrying telomeric damage
and recombination intermediates from progressing into mi-
tosis. Over successive cell divisions, this checkpoint func-
tion limits the transmission of unresolved telomeric lesions
to daughter cells. Because persistent telomeric DNA dam-
age is thought to provide the substrate for break-induced
replication and other recombination-dependent pathways
that sustain ALT, this mechanism is likely to reduce the
chance that rare cells gradually acquire a stable ALT phe-
notype. Consistent with this model, stable ATRX deple-
tion generated ALT-associated clones only sporadically,
with fully developed ALT features observed almost exclu-
sively in the p53-deficient background. Taken together,
our data suggest that p53 loss lowers the threshold for
ALT emergence, supporting the view that ALT activation
is a rare, stochastic, and multistep evolutionary process
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that depends on additional cooperating genetic or epige-
netic events. Identifying these factors will be important for
understanding how ALT evolves during tumor progression
and for anticipating potential mechanisms of resistance to
telomerase-targeted therapies.
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