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Simple Summary

About 10-15% of cancers-often difficult to treat, pediatric tumors-maintain their telomeres
through the Alternate Lengthening of Telomeres (ALT) pathway, the mechanistic details
of which are still being elucidated. A significant fraction of these is characteristically
mesenchymal-more stem cell-like—in nature, and previous studies have shown a positive
correlation between factors that can induce the mesenchymal state and ALT. In this study,
we investigated how a pro-mesenchymal gene regulatory protein, called ZEB1, affects ALT
mechanistically. We found that it regulates several key factors involved in the initiation,
execution and resolution of this pathway, in particular the levels of a protein that forms the
major cellular compartment in which ALT is carried out. As ALT is utilized exclusively in
cancer cells, identifying potential molecular targets in this pathway offers the possibility of
developing efficacious therapies.

Abstract

Background/Objectives: Approximately 10-15% of cancers rely on Alternate Lengthening
of Telomeres (ALT), which is a telomerase-independent, BIR (Break-Induced Replication)-
based pathway for maintaining long-term replicative potential. Methods: As ALT is
over-represented in mesenchymal-type tumors, we investigated, via RNA-seq, the extent to
which the EMT-promoting factor ZEB1 regulates this pathway. Results: The ALT-associated
genes targeted by ZEB1, including PML, RMI2, POLD4, RPA3 (induced), SLX4, and WRN
(repressed), in the aggregate, suggest that it regulates ALT at multiple steps in that pathway.
ZEB1-deficient cells showed a significant reduction in telomere length as well as in two
hallmarks of ALT, C-circle levels and the size and number of ALT-associated PML Bodies
(APBs), which are the telomere-aggregating compartments in which BIR occurs. As one
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1. Introduction

The Alternate Lengthening of Telomeres pathway, induced in approximately 10-15%
of (usually aggressive) human cancers, is a pathophysiological mechanism of telomere
maintenance, making it an attractive therapeutic target [1,2]. Work from many labs over the
past several decades has helped elucidate the major mechanisms promoting and driving
this pathway, but many details remain to be elucidated [3]. ALT+ cancers, which are over-
represented in the pediatric population [4-6], display several well-established hallmarks.
These include mutations in ATRX/DAXX, the down-regulation of TERT, the presence of
Extra Chromosomal Telomeric Repeats (ECTRs, including C-Circles) and a Break-Induced
Repair (BIR)-based elongation mechanism that occurs within dedicated, PML IV-based,
phase-separated compartments, termed ATL-associated PML Bodies (APBs) comprising
scores of factors and multiple telomeres [1-3].

Approximately 80% of ALT+ cancers are ATRX/DAXX deficient, leading to a de-
crease in the deposition of H3.3 in telomeric repeat-embedded nucleosomes, which can
promote the de-condensation/euchromatization of this G-rich, constitutively heterochro-
matic region [7,8]. The consequent increase in transcriptional activity, particularly of the
IncRNA TERRA, results in telomeric R-loop formation and displacement of the G-rich
DNA strand [9]. This, in turn, can result in an increase in G-quadraplex formation [10].
Individually and together, these structures can amplify the replication stress already in-
herent in this highly repetitive region with attendant fork collapse and subsequent DNA
damage [11,12]. The consequent activation of the DNA Damage Response (DDR) can be
triggered through activation of either ATR via RPA-coated ssDNA behind stalled /collapsed
replication forks or from resection [13] and/or ATM via the presence of associated Double-
Strand Breaks (DSBs) [14]. Although activated ATR both maintains replication fork stability
by reducing the association of SLX4 through the phosphorylation of RAD18 [15], and is
required for the maintenance of APBs [13], a role for ATM in promoting ALT in animal
cells is unresolved [16].

Extra Chromosomal Telomeric Repeats, relatively short, single-stranded repetitive
sequences, are a by-product of excessive strand displacement via BLM/POLD [17,18].
Although leading strand-derived G-rich (GGGTTA) repeats in both linear and circular
form have been detected, the overwhelmingly predominant form is lagging strand-derived
C-circles (CCCTAA repeats), which are a reliable marker for ALT+ cancers [19].

PML-Nuclear bodies (PML-NBs), which play key roles in a broad range of cellular
processes [20,21], have been shown to localize to and participate in the repair of DNA-
damage induced by IR [22,23], by UV radiation [24] and at telomeres [25]. While much
effort is currently focused on defining the molecular details of the recombination-based
BIR-dependent pathways that carry out the great proportion of ALT, there is a general
consensus that this occurs in PML isoform IV-based NBs, which are termed APBs [25-27].
There is substantial evidence showing that the sumoylation-mediated condensation and
phase separation of PML 1V is required for subsequent recruitment via the SUMO-SIM
interactions of ALT-related BIR/DDR client factors [28,29]. A very recent report suggests,
however, that the sumoylation of these factors in the absence of PML is sufficient to carry
out ALT [30].

The transcription factor ZEB1 (Zinc-Finger E-box Binding Protein) plays a role in the
determination/differentiation or regeneration of a number of mammalian tissue com-
partments, including lymphocyte, bone, adipose, and muscle [31-34]. Its most well-
characterized function is as a driver of the Epithelial-to-Mesenchymal Transition (EMT) in
the context of both normal metazoan development and during the progression of carcino-
mas [35,36]. High ZEB1 (and other EMT-promoting factors) expression is correlated with
tumor aggressiveness, metastasis, and the cancer stem cell phenotype [37-39]. Recently,
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several groups, including ours, have demonstrated a role for ZEB1 in the DNA Damage
Response as well as in DNA repair itself [40-45].

A recent bioinformatics-based analysis of patient samples of later-stage gastric can-
cers displaying a relaxed chromatin status showed that acquisition of the ALT pathway
was clearly correlated with a mesenchymal/“stemy” phenotype and high ZEB1 (and its
transcriptional co-activator, YAP1) expression [46]. Given our interest in ZEB1’s role in the
DDR [45], and in promoting cancer therapeutic resistance [47-50], we investigated how
and to what extent ZEB1 regulates the ALT pathway. Overall, our data demonstrate that
ZEBI1 plays a significant role in APB formation and in promoting a RAD52-independent
BIR pathway of ALT.

2. Materials and Methods
2.1. Cell Culture and Generation of ZEB1 Knockout Lines

U206 and Saos (both ZEB1 proficient and deficient) osteosarcoma and HEK293T cells
were all maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Waltham, MA,
USA; Cat.# 11965092) supplemented with 10% FBS and 1% penicillin—streptomycin at 37 °C
in a humidified atmosphere containing 5% CO,. All cell lines were obtained from ATCC
(Gaithersburg, MD, USA) and periodically checked to ensure that they were mycoplasma-
free. ZEB1 KO cells were generated via CRISPR/Cas9 genome editing as previously
described [45]. Cells were transiently transfected using linear polyethylenimine (PEI,
MW = 25,000; Polysciences, Warrington, PA, USA; Cat.# 23966) at a ratio of 1:3 micrograms
of DNA to microliters of PEI For rescue experiments, ZEB1 KO cells were transduced with
a lentiviral vector encoding fIZEB1 under a constitutive CMV promoter [45].

2.2. Telomere Fluorescence In Situ Hybridization (FISH)

For the detection of telomeric DNA, telomere FISH was performed using a AF647-
TelC (CCCTAA)-3' peptide nucleic acid (PNA) probe (PNA Bio, Newbury Park, CA, USA;
Cat# F1013). Cells were grown on coverslips, fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.2% Triton X-100, Thermo-Fisher, Waltham, MA, USA; for 15 min, and
dehydrated through an ethanol series. Hybridization was performed in 70% formamide
and 10 mM Tris-HC]l, (Thermo-Fisher, Waltham, MA, USA), pH 7.2, 0.5% blocking reagent
(Roche, Basel, Switzerland; Cat# 11096176001) containing 0.3 pg/mL of the PNA probe.
Slides were denatured at 80 °C for 10 min and incubated at 4 °C overnight in a humidified
chamber. The excess probe was removed via washes in 70% formamide and 10 mM
Tris-HCI pH 7.2. DNA was counterstained with DAPI (Thermo-Fisher, Waltham, MA,
USA; Cat# 62248), and images were acquired using an Opera Phenix high-throughput
confocal microscope (Revvity, Waltham, MA, USA). Fluorescence intensity per nucleus was
quantified using Cell Profiler, Version 4.2.8.

2.3. Quantitative PCR-Based Absolute Telomere Length (aTL) Assay

Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany; Cat# 69504). Telomere length was measured via qPCR as described by
O’Callaghan and Fenech [51] with modifications. Reactions were performed using telomere-
specific primers and single-copy gene primers for IFNB1. A standard curve was generated
from synthetic oligonucleotide standards to calculate absolute telomere length. Reactions
were run in triplicate on a Real-Time PCR system (Biorad CFX-96 C-1000 Thermal Cycler,
Hercules, CA, USA), and data were analyzed using the AACt method normalized to IFNB1.
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2.4. C-Circle Assay

C-circle assays were performed using a modified rolling circle amplification protocol
coupled with quantitative PCR detection following the protocol from Henson et al. [52].
Briefly, 30-50 ng of genomic DNA isolated from U20S cells was incubated in a
20 pL reaction containing 1x ¢$29 DNA polymerase reaction buffer (New England Bi-
olabs (NEB), Ipswich, MA, USA; Cat# B0269SVIAL), 0.25 mM each dATP, dGTP, and
dTTP (dCTP omitted), 7.5 U $29 DNA polymerase (NEB Cat# M0269SVIAL), and
0.1 mg/mL BSA. Reactions were carried out at 30 °C for 8 h and then heat-inactivated
at 65 °C for 20 min. Amplification products were diluted 1:10 in nuclease-free wa-
ter and subjected to quantitative PCR using iTaq Universal SYBR Green Supermix
(Biorad Cat# 1725121). qPCR reactions (20 pL) used the following telomere-specific
primers (forward: 5-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3/, re-
verse: 5-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTACCCT-3') on a Biorad CFX-
96 C-1000 Thermal Cycler with the following cycling conditions: 95 °C, 10 min; 40 cycles of

95°C, 155,60 °C, 60 s. Standard curves generated from serial dilutions of control telom-
eric DNA were used to quantify the relative telomeric amplification. A no-polymerase
(—Pol) control was included for each DNA sample to account for background amplifi-
cation. The C-circle signal was defined as the ACt between the +Pol and —Pol reactions
and normalized to Hemoglobin Subunit Beta (HBB) repeat amplification (housekeep-
ing control primers: Forward 5-GCTTCTGACACAACTGTGTTCACTAGC-3' Reverse
5'-CCACCAACTTCATCCACGTTCACC-3'). The fold change in C-circle abundance was
calculated relative to wild-type control samples.

2.5. ALT-FISH for Detection of C-Rich Extrachromosomal Telomeric Repeats (ECTRs)

To visualize ALT-associated ECTRs, an ALT-FISH protocol was applied using a
Alexafluor-647-conjugated (TTAGGG)-3 probe (TelG-A647, PNA Bio Cat# F1014). Cells
were fixed and hybridized under non-denaturing conditions to preserve extrachromosomal
telomeric DNA. Following hybridization, samples were washed, counterstained with DAPI,
and imaged by confocal microscopy. The number of foci per nucleus was quantified from
maximum intensity projections using Cell Profiler, and foci were defined by consistent
intensity and size criteria across all conditions.

2.6. Immuno-FISH for ALT-Associated PML Bodies (APBs)

To assess APBs, immuno-FISH was performed by combining immunostaining for
PML with telomere FISH, following the protocol of Cesare et. al. [53]. Cells were treated
with pre-extraction buffer, fixed and blocked, and then incubated with rabbit anti-PML
antibody (1:1000, Santa Cruz, Dallas, TX, USA; sc-966) followed by anti-mouse Alexa Fluor
488-conjugated secondary antibody (Invitrogen, Thermo-Fisher, Waltham, MA, USA; Cat#
A21200). Subsequently, FISH was carried out using an AF647-labeled TelC probe (PNA
Bio) as above. Confocal z-stacks were captured using an Opera Phenix high-throughput
confocal microscope, and co-localization analysis between PML and telomeric signals was
performed using Cell Profiler. At least 50 nuclei were analyzed per condition.

2.7. PML Promoter Mutagenesis

A human PML promoter fragment (1300 bp including the transcription start site) fused
upstream of a secreted version of the Gaussia luciferase (gLuc) cDNA was purchased from
Genecopoeia, Rockville, MD, USA; (Cat # HPRM44457-LvPG04). For normalization between
experimental conditions, this construct also harbored a constitutively active second reporter
cDNA: secreted alkaline phosphatase (SEAP). Site-specific mutations were carried out via
Q5 mutagenesis (New England Biolabs Cat # E0554S) using the following primer pairs:

https:/ /doi.org/10.3390/ cancers18030499


https://doi.org/10.3390/cancers18030499

Cancers 2026, 18, 499

50f17

MCAT/TEAD site: For 5-ATCACTGGTACACAGGAGCCAGCACAGTGGTTGCGATGG,
Rev 5-GTACTCTGTTCCAACTTAGAAACAGACTAGAAAGG; Upstream/Distal Ebox:
For 5-ATGTATGAACTGTGCCCCTTTCCCCTTACCAGCTGG, Rev 5'-ACCTCACTGGGT
CAGCGCCCCGGC.

2.8. Luciferase Assays

The wt and mutant reporter constructs were transfected into the indicated cell types
using PEI as above, and 48 h later, aliquots of the culture media were removed for anal-
ysis of both glLuc and SEAP in a 96-well plate format using a BioTek Synergy plate
reader, Winooski, VT, USA, according to the manufacturer’s instructions (Genecopoeia
Cat # LF031).

2.9. ChIP Analysis

Chromatin Immunoprecipitation and subsequent real-time qPCR assays were per-
formed as previously described [45]. Two microliters of ChIP-isolated DNA was amplified
on a Bio-Rad CFX-96 Real-Time PCR Machine using iTaq Universal SYBR Green Supermix
(Bio-Rad) with the following cycling parameters: 95 °C, 3 min 1x; 95 °C, 5, 60 °C, 20's,
40x; followed by a melt curve of 65-95 °Cwith 0.5 °C increments. A 132 bp fragment
incorporating the MCAT/TEAD binding site was amplified using the primer pair: For,
5-GGAAGTTGCGTATCTGCC, Rev, 5'-GCTCCTGTGTACCCATTCC. Results, presented
as percent of input, were derived from at least three independent experimental runs with
each gPCR analysis performed in triplicate, and the results were averaged with SEM.

2.10. TagMan-Based qRT-PCR

The total RNA from 10° cells/condition was isolated, and the quality was assessed as
described in Section 2.11 above. First-strand cDNA library synthesis was carried out using
SuperScript IV VILO Master Mix (Invitrogen Cat# 11756050), including a second DNAse
treatment, according to the manufacturer’s instructions. A minus reverse transcriptase (RT)
control was included for all experimental conditions. For the real-time PCR, a 20 uL reac-
tion vol included 2 pL of a 1:100 dilution of the cDNA transcriptome libraries and 10 puL of
2x PrimeTime Gene Expression Master Mix (IDT, Coralville, IA, USA; Cat# 1055770). In the
case of PML IV, 10 uM of each For and Rev primer and 5 uM of a FAM-labeled probe (IDT
Assay ID: Hs.PT.58.26680167) was included in the reaction. For interrogating total PML
isoform mRNA levels, 1 puL of a combination 20 x Primer/FAM-labeled Probe set spanning
exons 2-3 (IDT) was used. From our RNA-Seq data, the housekeeping gene succinate
dehydrogenase, subunit A (SDHA) showed virtually no change in mRNA levels between
ZEB1-proficient and deficient U20S cells, and a combination 20x Primer/SUN-labeled
Probe set (IDT Assay ID: Hs.PT.58.40170798) to interrogate the levels of this message was
employed for normalization. Real-time TagMan PCR reactions and detection was per-
formed on a BioRad CFX-96 C-1000 Thermal Cycler using cycling parameters: 95 °C, 3 min,
1x;then95°C, 55, 60 °C, 30 s, for 40 cycles. Four experimental replicates were analyzed per
condition, including minus RT and negative (water) controls, and each analysis was carried
out at least three times. The qCt values for all samples were averaged, and the relative
fold change (normalized to SDHA), compared to controls, in total or isoform IV PML
mRNA levels was calculated using the AACt method. Primer sequences used for this anal-
ysis: Pan-PML, For: 5-GGCACCCGCAAGACCAA, Rev: 5-ACTGTGGCTGCTGTCAAG,
Probe: 5'-/56-FAM/ATCTACTGC/ZEN/CGAGGATGTTCCAAGC /3IABKFQ/-3"; PML
IV, For: 5’-CAGCTCGGAAGACTCAGATGC, Rev: 5'-CCAGGAGAACCCACTTTCATTG,
Probe: 5'-/56-FAM/ACAGCAGCA /ZEN/GTGAGTCCAGTGACCTCC/3IABKFQ/-3;
SDHA, For: 5-GGAGTGCCGTGGTGTCA; Rev: 5'-TGGTGTGGGCAGACGTG; Probe:
5-/5SUN/TGCTCTTAT/ZEN /GCGATGGATGGACCC/3IABKFQ/-3'.
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2.11. RNA-Seq

The isolation of total RNA from 10° cells/condition, including an RN Ase-free DN Ase
step to reduce/eliminate genomic DNA, was carried out using a Qiagen Total Mini Kit
(Cat# 74104), according to the manufacturer’s instructions. All samples had an RNA
Integrity Number equivalent (RIN®) number of 10 (Agilent RNA TapeStation, Santa Clara,
CA, USA).

2.12. Bioinformatics

All bioinformatics analysis was carried out by the UVA Bioinformatics Core Facility.
The bioinformatics data derived from the RNA-seq data, including heat maps, volcano
plot, principal component analysis, etc.) along with the accompanying source code can be
accessed in Supplementary File S1.

2.13. Western Blot

Whole-cell lysates were prepared in RIPA buffer supplemented with protease and
phosphatase inhibitors (Roche, Basel, Switzerland; Cat# 11836170001). Protein concen-
tration was determined by BCA assay (Thermo/Pierce Cat# 23227). Samples (10-20 ug
per lane) were resolved on 4-16% SDS-PAGE gels and transferred to PVDF membranes.
Membranes were blocked in 5% BSA for 1 h and incubated o/n at 4 °C with primary
antibodies: anti-ZEB1, 1:1000 (Invitrogen PA5-28221); anti-PML, 1:1000 (Santa Cruz Biotech.
sc-966, Dallas, TX, USA); anti-GAPDH, 1:2000 (Santa Cruz Biotec. sc-44724); anti-SDHA,
1:30,000 (Proteintech, Rosemont, IL, USA; 66588-1-1g). After washing (TBS-0.2%/Tween 20,
3X), membranes were incubated with LiCor secondary antibodies (1:5000; Cat# 926-68070
and 936-32211) for 1 h RT and washed again. Blots were scanned with LiCor Odyssey
CLx imager (LiCor Bio, Lincoln, NE, USA), and band intensity was quantified using FIJI
(Version 2.0.0-rc-68/1.53n).

2.14. Statistical Analysis

All quantitative experiments were conducted with at least three independent biological
replicates unless otherwise specified. Data are presented as mean =+ standard error of the
mean (SEM). Statistical significance was assessed using an unpaired two-tailed Student’s
t-test or one-way ANOVA with Tukey’s post hoc test for multiple comparisons. p-values
less than 0.05 were considered statistically significant. Graphs and analyses were generated
using GraphPad Prism version 10 (GraphPad Software San Diego, CA, USA).

3. Results
3.1. ZEB1 Regulates ALT-Associated Genes

A recent bioinformatics-based report demonstrated a correlation between ZEB1-driven
EMT and the ALT pathway in gastric cancer [46]. Given this, and, as part of our ongoing
efforts to characterize ZEB1’s role in DNA metabolism, we performed an RNA-Seq analysis
on total RNA isolated from ZEB1-proficient vs. deficient U20S cells. As U20S cells employ
the ALT pathway [54,55], we analyzed the differential expression of genes that are known
to play a critical role in the implementation or regulation of this pathway. The loss of ZEB1
resulted in a reduction in a subset of several key drivers of this pathway, including PML [29],
SLX4 [56] and RMI2 [57] (Figure 1A). Other genes encoding ALT-specific regulators such as
POLD4, ATRX and DAXX were induced, suggesting that ZEB1 may promote a particular
branch or sub-pathway of ALT (though U20S cells have been shown to harbor functionally
inactive mutations in the case of the ALT-inhibitor ATRX [12]).
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Figure 1. ZEB1 regulates a number of ALT-associated genes. (A) Heatmap showing that steady-state
levels of RNA for several key players in the ALT pathway, including POLD3, POLD4, SLX4, and
PML are targets of ZEB1. (B) Volcano plot depicting fold-changes of ZEB1 target genes. The splicing
regulators, MBNL3 and ESRP1, denoted by asterixis, are among the most significantly induced
transcripts in ZEB1 KO U20S cells. RNA-Seq Supporting Data is shown in Figure S1 and File S2.

Among the most highly-repressed ZEB1 targets—denoted by asterixis in the Vol-
cano Plot in Figure 1B—are two regulators of pre-mRNA alternative splicing (AS), Ep-
ithelial Splicing Regulatory Protein 1 (ESRP1, a “Master Regulator” of the Epithelial
phenotype [58-60]), and Muscle Blind-Like Splicing Regulator 3 (MBNL3, which, together
with ESRP1, promotes the splicing of muscle-specific structural components) [61,62]. The
downregulation of pro-epithelial splicing patterns/protein isoforms would be consistent
with a pro-ALT mesenchymal phenotype [46]. These results prompted us to ask whether
the ZEB1-mediated regulation of AS in this way might also play a role in ALT (see below).

3.2. ZEB1 Is Critical for Telomere Maintenance via ALT

Given the RNA-Seq results, we first asked to what extent ZEB1 affects ALT by assessing
a number of well-established hallmarks of that pathway. We first measured directly ZEB1’s
effect on ALT-dependent telomere length in ZEB1-proficient (CRISPR-non-targeted) vs.
CRISPR-depleted (Knock-Out/KO) U20S cells. ZEB1 loss results in a significant reduction
in both the fluorescence intensity (2-fold) of FISH-labeled telomeres (Figure 2A,B) with a 3-
fold reduction in absolute telomere length determined via gPCR (Figure 2C). Relative levels
of a signature characteristic of the ALT pathway, Extra-Chromosomal Telomeric Repeat
(ECTR) elements [3,12,63]—in this case, C-circles—dramatically reduced in the absence of
ZEB1 (Figure 2D) as measured by either qPCR (Figure 2E) or ALT-FISH (Figure 2F).
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Figure 2. ZEB1 deficiency impairs telomere length, maintenance, and ALT activity in U20S cells.
(A) Representative fluorescent in situ hybridization (FISH) images using a TEL-C probe to visualize
telomeric DNA (red foci) in ZEB1-proficient (wt) and ZEB1KO U20S cells. (B) Quantification of
mean fluorescence intensity of telomeric foci shown in (A), showing a reduced telomere signal in
ZEB1 KO cells. Inset, WB showing ZEB1 protein depletion in ZEB1 ko U20S cells, SDHA, succinate
dehydrogenase, loading control. (C) Quantitative PCR-based measurement of absolute telomere
length, revealing a significant reduction in telomere length in ZEB1 KO cells. (D) Representative
result of ALT-FISH detection of C-rich extra-chromosomal telomeric repeats (ECTRs), visualized
using a TEL-G-Alexa-Fluor 647 probe, in ZEB wt vs. KO cells. (E) qPCR-based quantification of
C-circle abundance (C-Circle Assay) relative to a single-copy gene, shows dramatically reduced
ALT activity in ZEB1 KO U20S cells. (F) Quantification of C-rich ECTR foci per nucleus, show-
ing significantly fewer ALT-associated foci in ZEB1 KO cells. Data represent the mean = SEM;
*** p < 0.0001. The whole blots (uncropped blots) are shown in Figure S2.

3.3. ZEB1 Regulates Size and Number of ALT-Associated PML Bodies (APBs)

ALT is carried out in APBs, which are dynamic, liquid-phase separated compartments
that aggregate/concentrate both telomeric DNA and scores of proteins/factors involved in
strand invasion and subsequent HR-based replication [3]. The major structural component
of APBs is the PML protein—predominately isoform IV [28,29]. Interestingly, our RNA-Seq
results show that the steady-state levels of total PML transcripts are reduced in ZEB KO
cells (Figure 1A). As the loss of ZEB1 results in a reduction in both telomere length and
Al T-associated ECTRs (Figure 2), we were next prompted to ask whether APBs were
likewise affected. Compared with their ZEB1-proficient counterparts, ZEB1 KO U20S cells
had one half the number of APBs/nucleus (Figure 3A,B). Additionally, the total number
of PML nuclear bodies (either ALT- or non-ALT-associated) were significantly reduced in
both number and size (Figure 3C,D). Next, using an antibody that recognizes a common
epitope near the amino terminus of all six predominant PML isoforms, mirroring the
results from the RNA-seq data, we saw a 2-fold reduction in total cellular PML protein
levels in ZEB1-deficient (KO) cells compared to ZEB1-proficient counterparts. While the
over-expression of fIZEB1 cDNA appeared to have no effect on endogenous PML protein
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Figure 3. ZEB1 regulates APB levels in U20S cells. (A) Immuno-FISH (IF-FISH) showing the co-
localization of PML nuclear bodies (PML-NBs, green) with telomeres (TelC, red) in U20S wt and
ZEB1 KO cells. The composite image shows merged red and green signals. (B) Quantification
of ALT-associated PML bodies (APBs), defined as TelC and PML co-localized foci per nucleus,
demonstrating reduced APBs in ZEB1 KO cells. (C) Quantification of total PML-NBs per nucleus,
showing significantly fewer nuclear foci in ZEB1 KO cells. (D) Measurement of PML-NB foci
size (area), indicating a decrease in average foci size in the absence of ZEB1. (E) Western blot
analysis of ZEB1 and PML protein expression in U20S wild-type and ZEB1 knockout cells, with or
without ectopic ZEB1 (fIZEB1), GAPDH served as a loading control. ZEB1 knockout reduces PML
levels, which are rescued by ZEB1 re-expression. Data represent the mean + SEM; **** p < 0.0001,
*** p <0.001. The whole blots (uncropped blots) are shown in Figure S2.

3.4. ZEB1 Transcriptionally Activates the PML Gene

Given that ZEB1-depleted cells showed a reduction in both APB size and number
(Figure 3), and that our RNA-Seq results and protein analysis show that PML is a ZEB1-
targeted gene (Figures 1A and 3E,F), we next asked whether this is a result of direct
transcriptional regulation. The proximal 1000 bp of the human PML promoter region
harbors six potential ZEB1-binding sites (E-boxes, CANNTG/ A [64—-66]), including two
preferred, “canonical”, sites, CAGGTG. In addition, this sequence contains a TEAD/MCAT
binding site [67], which, in a cooperative fashion with a nearby E-box, has previously been
shown to localize a TEAD/YAP/ZEB1 heterotrimeric transcriptional activation complex
(Figure 4A; [68]). Compared to its activity in ZEB1-proficient U20S cells, a luciferase
reporter construct driven by the wt PML promoter sequence showed an approximately
60% reduction in the absence of ZEB1 (U20S KO cells), which is consistent with our
previous results (Figure 4B, yellow bar). Mutating either the MCAT site or the proximal
downstream E-box site individually resulted in a 50% and 30% reduction in luciferase
activity, respectively, while the combination of the two reduced it by nearly 80% (Figure 4C).
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Figure 4. PML is transcriptionally induced by ZEB1. (A) Top, schematic representation of a 1300 bp
fragment of the human PML promoter fused upstream a luciferase reporter construct with an MCAT
binding site (—1053 bp from the start site, red box) and two canonical ZEB1 E-box binding sites
(=978 bp and —710 bp, green boxes); the mutations (denoted by yellow crosses) employed in the
subsequent assays are shown below. (B) Compared with wt, PML promoter activity is reduced by
60% in ZEB1 KO cells. (C) Mutating the MCAT site alone results in a loss of nearly half with the
nearby distal Ebox mutation on its own reducing luciferase activity by about one third, and together,
by about 75% of wt. (D) Using the primers denoted by the blue arrows in panel (A), ChIP assays
show that the MCAT site binds a complex that includes both ZEB1 and YAP transcription factors.
Data represent the mean + SEM; *** p < 0.001, ** p< 0.01.

To demonstrate that ZEB1 regulated the PML promoter directly, we carried out a
standard ChIP assay, using PCR primers spanning the MCAT site (Figure 4A). A robust
ZEB1-mediated amplification of this PCR product was virtually eliminated in ZEB1 U20S
KO cells, while a less pronounced effect in both ZEB1-proficient and deficient cells was
obtained with this same primer pair using an antibody against YAP1 (Figure 4D).

3.5. Levels of PML Isoform IV Are Reduced 2-Fold in ZEB1 KO Cells

PML isoform IV, the predominant and key structural component of APBs, is one of
six major alternative splicing (AS) products derived from the PML pre-mRNA [20,69].
Our RNA-seq data showed that the second and third most highly expressed transcripts
in ZEB1-depleted cells were, respectively, ESRP1, a well-characterized master regulator of
pro-epithelial AS [59,60], and MBNL3, which regulates AS specifically in dividing muscle
precursor cells during normal skeletal muscle cell determination/differentiation [61,62] (see
Volcano Plot, Figure 1B). As the majority of cancers that utilize the ALT pathway are both
phenotypically and genetically mesenchymal (as are the U20S and Saos osteosarcoma cell
lines employed in this study [54,55]), we were prompted to investigate whether PML itself
might be subject to AS regulation by ESRP1. To address this question, we first measured,
via RT-PCR, the relative levels of PML RNA using primers spanning exons 2 and 3, which
are common to all PML isoforms [69,70] (Figure 5A, top). Compared to ZEB1-proficient
cells, the total PML RNA levels declined over 20% in both ZEB1-deficient osteosarcoma cell
lines (Figure 5C). Most interestingly, primers specific for isoform IV (Figure 5A,B) showed
a 50% decline again in both cell lines (Figure 5D).
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Figure 5. ZEB1 regulates alternative splicing of PML pre-MRNA through ESRP1. (A) Top: Schematic
of the PML pre-mRNA, exons common to all prominent isoforms (I-VI) are highlighted in green.
Primers crossing intron 2, used to detect all common isoforms [“Pan-PML” in panel B], are denoted
by blue arrows; Bottom: Schematic for Isoform IV; primers specific for this isoform are shown in
blue. (B) PCR primers (blue arrows in panel A) used in the RT-PCR analyses can distinguish PML
isoform IV from the other prominent isoforms. PCR products visualized on a 3% agarose gel with
ethidium bromide staining. Top panel: The total RNA isolated from U20S cells was used in an
RT-PCR reaction using the Pan-PML primers with (+RT) or without (-RT) reverse transcriptase. In
separate PCR reactions using these same primers, individual expression plasmids encoding each of
the six prominent isoforms were used as the template; the primers specific for isoform IV amplified
only that cognate template (Bottom panel). (C,D) In both U20S and Saos cells, ZEB1 deficiency results
in a 20% reduction in total PML (Pan-PML) mRNA levels but a greater than 50% loss of PML IV levels;
WB for ZEB1 protein levels in the Saos cells is shown between panels (C,D), while ZEB1 protein levels
in U208 cells are shown Figure 2B; SDHA is the loading control. (E) Stable over-expression of a cDNA
for ESRP1 or empty lentiviral vector (V) in ZEB-proficient (wt) U20S or Saos cells phenocopies the loss
of PML IV seen in their ZEB1 KO counterparts: below, WB showing ZEB1 and ESRP1 protein levels
in the four cell lines; above, SDHA, loading control. (F) Representative IF-FISH analysis demonstrates
that a reduction in PML IV via the over-expression of ESRP1 in ZEB1-proficient (wt) Saos cells (panel
E) results in an overall reduction in PML bodies (green/AlexaFluor-488) and about a 50% reduction
in APBs (Composite panel; quantified at right); telomeres are visualized by AlexaFluor-647-PNA
FISH probe (red panel). Data represent the mean & SEM; *** p < 0.001, ** p< 0.01. The whole blots
(uncropped blots) are shown in Figure S2.

3.6. Over-Expression of the Pro-Epithelial Splicing Factor ESRP1 in ZEB1-Proficient Cells
Reduces Levels of PML Isoform IV

ZEB1’s role as an EMT-promoting factor and its transcriptional down-regulation of pro-
epithelial splicing patterns via the repression of ESRP1/2 are both well documented [71,72].
Given the above results, including the significant induction of ESRP1 mRNA in ZEB1
KO cells (Figure 1B), we next asked whether one function of ZEB1 in the context of an
ALT-permissive cellular environment might be to promote a pro-ALT splicing pattern
for PML. To this end, we stably over-expressed fl human ESRP1 (or empty Lentiviral
vector) in either ZEB1-proficient (i.e., normal) U20S or Saos cells and performed RT-PCR
analysis on isolated RNA as above. In both cell types, compared to vector controls, ESRP1
over-expression resulted in a reduction in PML IV mRNA to levels slightly lower than we
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observed in ZEB1- or Saos-deficient cells (Figure 5E). Furthermore, regarding an associated
reduction in APBs in these cells (Figure 5F), the phenocopying levels seen in ZEB1-deficient
U20S cells (Figure 3) support a role for pro-mesenchymal/anti-epithelial splicing in ALT.

4. Discussion

There are several well-documented events that can promote the transition of cancer
cells to the ALT pathway. The order and extent of acquisition of these is likely tumor-
specific and can include a loss of function of ATRX/DAXX for H3.3 nucleosome deposition,
down-regulation of TERT, replicative stress, mesenchymal phenotype, and progression
toward metastasis [1-3,12,46]. As a well-documented driver of EMT, metastasis, and the
stem cell phenotype [36-39], ZEB1 has also been shown to impose replication stress [41-44].
It follows that as ATRX-mutated cancer cells progress toward later, more aggressive stages,
ZEB1 protein levels are induced, inflicting an even greater burden of replication stress,
further amplifying ALT-permissive conditions.

This study, however, reveals a broader, more direct role for ZEB1 in ALT. Our RNA-
Seq data show that ZEB1 up-regulated a subset of key ALT-promoting genes, including
PML, POLD4, the BTR complex component RMI2, and RPA3, while down-regulating
several inhibitors/attenuators, such as TERT and TIMELESS. Interestingly, other known
ALT effectors, such as POLD3, RAD51 and RAD52 are modestly repressed, while certain
inhibitors, such as chromatin modifiers ATRX (which is functionally inactive in both U20S
and Saos cells [12]) and DAXX are induced by ZEB1 (Figure 1). This particular group
of ALT-related genes targeted by ZEB1 may reflect the up-regulation or reliance on a
specific sub-pathway of ALT or that the U20S cell line is frozen phenotypically along the
progression toward total reliance on the ALT pathway. Further work is will be required to
understand how ZEB1 and/or other EMT-inducing factors regulate ALT-related factors at
the protein level.

U20S cells deficient in ZEB1 show a clear, significant loss in telomere length
(Figure 2B,C) as well as a reduction in APB size and number (Figure 3B-D). The concurrent
reduction in a signature hallmark of ALT, C-circles (Figure 2E), is consistent with these
data. As our RNA-Seq results show that ZEB1 down-regulates both RAD51 and RAD52, in
the aggregate, these data suggest that (1) ZEB1 may be promoting a RAD 52-independent
BIR pathway [56], (2) it is acting upstream of this pathway at the genetic level, and (3) it is
affecting ALT-associated factors at both the transcriptional and post-transcriptional (via AS)
levels (although we cannot rule out the possibility that ZEB1 and/or other EMT-promoting
factors may play an additional role in this process at telomeres or APBs).

The effect of ZEB1 expression on another well-studied component of ALT-associated
BIR, the fate of the progressively elongating repetitive sequences, either through dissolution
(via the BTR complex) or resolution (via SLX4/SLX4IP complex) is not entirely clear, and it
is based solely on the RNA-seq data. The competition and regulatory crosstalk (mediated,
in part, by SLX4IP) between these mutually exclusive pathways is essential for the telomere
maintenance via ALT [73]. While SLX4 is slightly repressed, SLX4IP mRNA is induced, and
a clearer understanding of the role of ZEB1 on this dynamic and in ALT in general must
await an analysis of its effects on ALT effectors/regulators at the protein level.

The formation of APBs is initiated through the coalescence of PML IV, forming dy-
namic, BIR-dedicated, phase separated compartments with telomere ends and HR/BIR-
related factors as client proteins. The initial trigger for this aggregation appears to be the
SUMOylation of both telomere-associated proteins (e.g., shelterin components [74]) and
many of the key effectors of ALT, such as RAD51, RAD52, POL3, POL4, BLM, etc. [28]. PML
isoform IV, the major structural component of APBs, is itself SUMOylated and harbors
SUMO-interaction motifs (SIMS), which help to localize and concentrate these replication-
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related factors [29,75], although a recent report by Zhao et. al. suggests that the sumoylation
of ALT-mediated factors in the absence of PML is sufficient for ALT [30].

We show here that ZEB1 transcriptionally regulates several key players involved
in both the establishment of APBs and effectors of this pathway. Most interestingly, the
major structural component of APBs, PML, is not only a direct transcriptional target
of ZEB1 (Figures 1A and 4) but appears also to be regulated at the level of alternative
splicing through the repression, by ZEB1, of a “master regulator” of epithelial-specific AS,
ESRP1 [58,60] (Figure 5E).

In both normal mammalian development and in solid tumor progression, cells un-
dergoing an EMT will, via transcription factors such as ZEB1, SNAIL, and SLUG, repress
ESRP1 and its co-splicing regulator ESRP2, resulting in an overall “mesenchymal” splicing
pattern [60,72]. Given our RT-PCR results with PML mRNA in the mesenchymal U20S cell
line, it is reasonable to hypothesize that as tumor cells progress through an EMT to a more
aggressive, pro-metastatic state, one consequence of this transition might be to promote the
AS of PML pre-mRNA to a pro-ALT pattern (via the down-regulation of ESRP1) to attain
threshold levels of isoform IV.

In summary, our data strongly support a role for the metastasis-promoting factor
ZEB1 in driving ALT not only by imposing replicative stress but by genetically regulating
a number of ALT-related factors, including the key APB structural component PML IV.
Among the future goals based on this work will be to determine whether ESRP1 acts on
PML mRNA directly or indirectly and the extent to which other EMT factors promote the
ALT pathway.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers18030499/s1, Figure S1: RNA-Seq Supporting Data.
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File S2: The raw transcript counts for both U20S ZEB1 wt vs. ZEB1 KO and HEK293T ZEB1 wt vs.
ZEB1 KO.

Author Contributions: Conceptualization: T.L.G., ].D.P-M. and ] M.L.; data curation: T.L.G., ].D.P-M.
and H.J.; data analysis: T.L.G., ].D.P.-M., HJ. and ] M.L,; investigation: TL.G., ].D.P.-M., H]., TZ. and
B.A.H.; methodology: T.L.G. and ].D.P-M.; visualization: T.L.G., ].D.P-M. and H.].; writing—original
draft: TL.G. and ].D.P-M.; review and editing: T.L.G. All authors assume responsibility for the
complete content of this manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by NIH: 1R01CA259054-01A1.

Data Availability Statement: All original data used to generate the findings in this report are
available can be obtained upon reasonable request to the corresponding author. The bioinformatics
data derived from the RNA-seq analysis, (including raw sequence scores, heat maps, volcano plot,
principal component analysis, etc.) along with the accompanying source code are freely available
online as referenced in Section 2.12.

Acknowledgments: We acknowledge support from the Bioinformatics Core, RRID:SCR_012718, and
the UVA Advanced Microscopy Facility, RRID:SCR_018736. We are grateful to M. Garcia-Blanco and
his laboratory (Department of Microbiology, Immunology and Cancer Biology, University of Virginia
School of Medicine) for graciously providing access to the Opera High-throughput Microscope.

Conflicts of Interest: The authors declare no conflicts of interest.

https:/ /doi.org/10.3390/ cancers18030499


https://www.mdpi.com/article/10.3390/cancers18030499/s1
https://www.mdpi.com/article/10.3390/cancers18030499/s1
https://doi.org/10.3390/cancers18030499

Cancers 2026, 18, 499 14 of 17

References

1. Zhang, ].M.; Zou, L. Alternative lengthening of telomeres: From molecular mechanisms to therapeutic outlooks. Cell Biosci. 2020,
10, 30. [CrossRef] [PubMed]

2. Sohn, EJ.; Goralsky, ].A.; Shay, ].W.; Min, J. The Molecular Mechanisms and Therapeutic Prospects of Alternative Lengthening of
Telomeres (ALT). Cancers 2023, 15, 1945. [CrossRef] [PubMed]

3.  O’Sullivan, RJ.; Greenberg, R.A. Mechanisms of Alternative Lengthening of Telomeres. Cold Spring Harb. Perspect. Biol. 2025, 17,
a041690. [CrossRef]

4. Heaphy, C.M.; Subhawong, A P.,; Hong, 5.-M.; Goggins, M.G.; Montgomery, E.A.; Gabrielson, E.; Netto, G.J.; Epstein, ].I; Lotan,
T.L.; Westra, W.H.; et al. Prevalence of the Alternative Lengthening of Telomeres Telomere Maintenance Mechanism in Human
Cancer Subtypes. Am. J. Pathol. 2011, 179, 1608-1615. [CrossRef] [PubMed]

5. Dilley, R.L,; Greenberg, R.A. ALTernative Telomere Maintenance and Cancer. Trends Cancer 2015, 1, 145-156. [CrossRef]

6. Claude, E.; Decottignies, A. Telomere maintenance mechanisms in cancer: Telomerase, ALT or lack thereof. Curr. Opin. Genet.
Dev. 2020, 60, 1-8. [CrossRef]

7. Aguilera, P; Lopez-Contreras, A.]. ATRX, a guardian of chromatin. Trends Genet. 2023, 39, 505-519. [CrossRef]

8.  Pang, Y.; Chen, X,; Ji, T.; Cheng, M.; Wang, R.; Zhang, C.; Liu, M.; Zhang, ].; Zhong, C. The Chromatin Remodeler ATRX: Role and
Mechanism in Biology and Cancer. Cancers 2023, 15, 2228. [CrossRef]

9.  Rivosecchi, ].; Jurikova, K.; Cusanelli, E. Telomere-specific regulation of TERRA and its impact on telomere stability. Semin. Cell
Dev. Biol. 2024, 157, 3-23. [CrossRef]

10. Yang, S.Y.; Chang, E.Y.C,; Lim, J.; Kwan, H.H.; Monchaud, D.; Yip, S.; Stirling, P.C.; Wong, ].M.Y. G-quadruplexes mark alternative
lengthening of telomeres. NAR Cancer 2021, 3, zcab031. [CrossRef]

11.  Napier, C.E.; Huschtscha, L.I; Harvey, A.; Bower, K.; Noble, ].R.; Hendrickson, E.A.; Reddel, R.R. ATRX represses alternative
lengthening of telomeres. Oncotarget 2015, 6, 16543-16558. [CrossRef] [PubMed]

12. Lovejoy, C.A.; Li, W,; Reisenweber, S.; Thongthip, S.; Bruno, J.; De Lange, T.; De, S.; Petrini, ].H.J.; Sung, P.A.; Jasin, M.; et al.
Loss of ATRX, Genome Instability, and an Altered DNA Damage Response Are Hallmarks of the Alternative Lengthening of
Telomeres Pathway. PLoS Genet. 2012, 8, €1002772. [CrossRef]

13.  Flynn, R.L.; Cox, K.E.; Jeitany, M.; Wakimoto, H.; Bryll, A.R.; Ganem, N.J.; Bersani, F,; Pineda, ].R.; Suva, M.L.; Benes, C.H.; et al.
Alternative lengthening of telomeres renders cancer cells hypersensitive to ATR inhibitors. Science 2015, 347, 273-277. [CrossRef]
[PubMed]

14. Osterwald, S.; Deeg, K.I; Chung, I.; Parisotto, D.; Worz, S.; Rohr, K.; Erfle, H.; Rippe, K. PML induces compaction, TRF2 depletion
and DNA damage signaling at telomeres and promotes their alternative lengthening. J. Cell Sci. 2015, 128, 1887-1900. [CrossRef]

15. Chen, S.; Pan, C.; Huang, J.; Liu, T. ATR limits Rad18-mediated PCNA monoubiquitination to preserve replication fork and
telomerase-independent telomere stability. EMBO J. 2024, 43, 1301-1324. [CrossRef] [PubMed]

16. Muoio, D.; Fouquerel, E. The alternative lengthening of telomeres pathway through a DNA repair lens: Mechanism and
therapeutic opportunities. NAR Cancer 2025, 7, zcaf056. [CrossRef]

17. Tokutake, Y.; Matsumoto, T.; Watanabe, T.; Maeda, S.; Tahara, H.; Sakamoto, S.; Niida, H.; Sugimoto, M.; Ide, T.; Furuichi, Y.
Extra-chromosomal telomere repeat DNA in telomerase-negative immortalized cell lines. Biochem. Biophys. Res. Commun. 1998,
247,765-772. [CrossRef]

18. Henson, J.D.; Cao, Y.; Huschtscha, L.I; Chang, A.C.; Au, A.Y,; Pickett, H.A.; Reddel, R.R. DNA C-circles are specific and
quantifiable markers of alternative-lengthening-of-telomeres activity. Nat. Biotechnol. 2009, 27, 1181-1185. [CrossRef]

19. Lee, ].; Sohn, EJ.; Lee, J.; Cheng, A.Y.; Taglialatela, A.; Ciccia, A.; Min, J. Distinct mechanisms underlying extrachromosomal
telomere DNA generation in ALT cancers. Nucleic Acids Res. 2025, 53, gkaf771. [CrossRef]

20. Bernardi, R.; Pandolfi, PP. Structure, dynamics and functions of promyelocytic leukaemia nuclear bodies. Nat. Rev. Mol. Cell Biol.
2007, 8, 1006-1016. [CrossRef]

21. Abou-Ghali, M.; Lallemand-Breitenbach, V. PML Nuclear bodies: The cancer connection and beyond. Nucleus 2024, 15, 2321265.
[CrossRef]

22. Carbone, R; Pearson, M.; Minucci, S.; Pelicci, PG. PML NBs associate with the hMrell complex and p53 at sites of irradiation
induced DNA damage. Oncogene 2002, 21, 1633-1640. [CrossRef] [PubMed]

23.  Vancurova, M.; Hanzlikova, H.; Knoblochova, L.; Kosla, J.; Majera, D.; Mistrik, M.; Burdova, K.; Hodny, Z.; Bartek, ]. PML nuclear
bodies are recruited to persistent DNA damage lesions in an RNF168-53BP1 dependent manner and contribute to DNA repair.
DNA Repair 2019, 78, 114-127. [CrossRef]

24. Seker, H.; Rubbi, C.; Linke, S.P.; Bowman, E.D.; Garfield, S.; Hansen, L.; Borden, K.L.; Milner, J.; Harris, C.C. UV-C-induced DNA
damage leads to p53-dependent nuclear trafficking of PML. Oncogene 2003, 22, 1620-1628. [CrossRef] [PubMed]

25. Hsu, J.K; Lin, T; Tsai, R.Y. Nucleostemin prevents telomere damage by promoting PML-IV recruitment to SUMOylated TRF1. J.

Cell Biol. 2012, 197, 613-624. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ cancers18030499


https://doi.org/10.1186/s13578-020-00391-6
https://www.ncbi.nlm.nih.gov/pubmed/32175073
https://doi.org/10.3390/cancers15071945
https://www.ncbi.nlm.nih.gov/pubmed/37046606
https://doi.org/10.1101/cshperspect.a041690
https://doi.org/10.1016/j.ajpath.2011.06.018
https://www.ncbi.nlm.nih.gov/pubmed/21888887
https://doi.org/10.1016/j.trecan.2015.07.007
https://doi.org/10.1016/j.gde.2020.01.002
https://doi.org/10.1016/j.tig.2023.02.009
https://doi.org/10.3390/cancers15082228
https://doi.org/10.1016/j.semcdb.2023.11.001
https://doi.org/10.1093/narcan/zcab031
https://doi.org/10.18632/oncotarget.3846
https://www.ncbi.nlm.nih.gov/pubmed/26001292
https://doi.org/10.1371/journal.pgen.1002772
https://doi.org/10.1126/science.1257216
https://www.ncbi.nlm.nih.gov/pubmed/25593184
https://doi.org/10.1242/jcs.148296
https://doi.org/10.1038/s44318-024-00066-9
https://www.ncbi.nlm.nih.gov/pubmed/38467834
https://doi.org/10.1093/narcan/zcaf056
https://doi.org/10.1006/bbrc.1998.8876
https://doi.org/10.1038/nbt.1587
https://doi.org/10.1093/nar/gkaf771
https://doi.org/10.1038/nrm2277
https://doi.org/10.1080/19491034.2024.2321265
https://doi.org/10.1038/sj.onc.1205227
https://www.ncbi.nlm.nih.gov/pubmed/11896594
https://doi.org/10.1016/j.dnarep.2019.04.001
https://doi.org/10.1038/sj.onc.1206140
https://www.ncbi.nlm.nih.gov/pubmed/12642865
https://doi.org/10.1083/jcb.201109038
https://www.ncbi.nlm.nih.gov/pubmed/22641345
https://doi.org/10.3390/cancers18030499

Cancers 2026, 18, 499 15 0f 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yeager, TR.; Neumann, A.A.; Englezou, A.; Huschtscha, L.I.; Noble, ].R.; Reddel, R.R. Telomerase-negative immortalized human
cells contain a novel type of promyelocytic leukemia (PML) body. Cancer Res. 1999, 59, 4175-4179.

Grobelny, J.V.; Godwin, A K.; Broccoli, D. ALT-associated PML bodies are present in viable cells and are enriched in cells in the
G(2)/M phase of the cell cycle. J. Cell Sci. 2000, 113, 4577-4585. [CrossRef]

Zhang, H.; Zhao, R.; Tones, ].; Liu, M.; Dilley, R.L.; Chenoweth, D.M.; Greenberg, R.A.; Lampson, M.A. Nuclear body phase
separation drives telomere clustering in ALT cancer cells. Mol. Biol. Cell 2020, 31, 2048-2056. [CrossRef]

Zhang, ]. M.; Genois, M.M.; Ouyang, ]J.; Lan, L.; Zou, L. Alternative lengthening of telomeres is a self-perpetuating process in
ALT-associated PML bodies. Mol. Cell 2021, 81, 1027-1042 €1024. [CrossRef]

Zhao, R.; Xu, M.; Yu, X.; Wondisford, A.R.; Lackner, R.M.; Salsman, J.; Dellaire, G.; Chenoweth, D.M.; O’Sullivan, R.J.; Zhao, X.;
et al. SUMO promotes DNA repair protein collaboration to support alternative telomere lengthening in the absence of PML.
Genes. Dev. 2024, 38, 614-630. [CrossRef]

Scott, C.L.; Omilusik, K.D. ZEBs: Novel Players in Immune Cell Development and Function. Trends Immunol. 2019, 40, 431-446.
[CrossRef]

Zhu, L.; Tang, Y.; Li, X.Y.; Kerk, S.A.; Lyssiotis, C.A.; Feng, W.; Sun, X.; Hespe, G.E.; Wang, Z.; Stemmler, M.P;; et al. A Zeb1/MtCK1
metabolic axis controls osteoclast activation and skeletal remodeling. EMBO J. 2023, 42, e111148. [CrossRef]

Gubelmann, C.; Schwalie, P.C.; Raghav, S.K.; Roder, E.; Delessa, T.; Kiehlmann, E.; Waszak, S.M.; Corsinotti, A.; Udin, G,;
Holcombe, W.; et al. Identification of the transcription factor ZEB1 as a central component of the adipogenic gene regulatory
network. eLife 2014, 3, e03346. [CrossRef]

Siles, L.; Sanchez-Tillo, E.; Lim, J.W.; Darling, D.S.; Kroll, K.L.; Postigo, A. ZEB1 imposes a temporary stage-dependent inhibition
of muscle gene expression and differentiation via CtBP-mediated transcriptional repression. Mol. Cell Biol. 2013, 33, 1368-1382.
[CrossRef]

Madany, M.; Thomas, T.; Edwards, L.A. The Curious Case of ZEB1. Discoveries 2018, 6, e86. [CrossRef] [PubMed]

Brabletz, T.; Kalluri, R.; Nieto, M.A.; Weinberg, R.A. EMT in cancer. Nat. Rev. Cancer 2018, 18, 128-134. [CrossRef]

Chaffer, C.L.; Marjanovic, N.D.; Lee, T.; Bell, G.; Kleer, C.G.; Reinhardt, F.; D’Alessio, A.C.; Young, R.A.; Weinberg, R.A. Poised
chromatin at the ZEB1 promoter enables breast cancer cell plasticity and enhances tumorigenicity. Cell 2013, 154, 61-74. [CrossRef]
Perez-Oquendo, M.; Gibbons, D.L. Regulation of ZEB1 Function and Molecular Associations in Tumor Progression and Metastasis.
Cancers 2022, 14, 1864. [CrossRef] [PubMed]

Wellner, U.; Schubert, J.; Burk, U.C.; Schmalhofer, O.; Zhu, F.; Sonntag, A.; Waldvogel, B.; Vannier, C.; Darling, D.; zur Hausen, A,;
et al. The EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting microRNAs. Nat. Cell Biol. 2009, 11,
1487-1495. [CrossRef]

Zhang, P.; Wei, Y,; Wang, L.; Debeb, B.G.; Yuan, Y.; Zhang, J.; Yuan, ]J.; Wang, M.; Chen, D.; Sun, Y.; et al. ATM-mediated
stabilization of ZEB1 promotes DNA damage response and radioresistance through CHK1. Nat. Cell Biol. 2014, 16, 864-875.
[CrossRef] [PubMed]

Morel, A.P,; Ginestier, C.; Pommier, R.M.; Cabaud, O.; Ruiz, E.; Wicinski, J.; Devouassoux-Shisheboran, M.; Combaret, V.; Finetti,
P,; Chassot, C.; et al. A stemness-related ZEB1-MSRB3 axis governs cellular pliancy and breast cancer genome stability. Nat. Med.
2017, 23, 568-578. [CrossRef]

de Barrios, O.; Sanchez-Moral, L.; Cortes, M.; Ninfali, C.; Profitos-Peleja, N.; Martinez-Campanario, M.C.; Siles, L.; Del Campo,
R.; Fernandez-Acenero, M.].; Darling, D.S.; et al. ZEB1 promotes inflammation and progression towards inflammation-driven
carcinoma through repression of the DNA repair glycosylase MPG in epithelial cells. Gut 2019, 68, 2129-2141. [CrossRef]
Prodhomme, M.K.; Pericart, S.; Pommier, R.M.; Morel, A.P; Brunac, A.C.; Franchet, C.; Moyret-Lalle, C.; Brousset, P; Puisieux, A;
Hoffmann, J.S.; et al. Opposite Roles for ZEB1 and TME] in the Regulation of Breast Cancer Genome Stability. Front. Cell Dev. Biol.
2021, 9, 727429. [CrossRef]

Schuhwerk, H.; Kleemann, J.; Gupta, P.; Van Roey, R.; Armstark, I.; Kreileder, M.; Feldker, N.; Ramesh, V.; Hajjaj, Y.; Fuchs, K,;
et al. The EMT transcription factor ZEB1 governs a fitness-promoting but vulnerable DNA replication stress response. Cell Rep.
2022, 41, 111819. [CrossRef] [PubMed]

Genetta, T.L.; Hurwitz, J.C.; Clark, E.A.; Herold, B.T,; Khalil, S.; Abbas, T.; Larner, ]. M. ZEB1 promotes non-homologous end
joining double-strand break repair. Nucleic Acids Res. 2023, 51, 9863-9879. [CrossRef] [PubMed]

Sung, ].Y.; Cheong, ].H. Alternative lengthening of telomeres is mechanistically linked to potential therapeutic vulnerability in
the stem-like subtype of gastric cancer. Clin. Transl. Med. 2021, 11, e561. [CrossRef]

Caramel, J.; Ligier, M.; Puisieux, A. Pleiotropic Roles for ZEB1 in Cancer. Cancer Res. 2018, 78, 30-35. [CrossRef] [PubMed]
Hanna, G.K,; Madany, M.; Tay, A.S.S.; Edwards, L.A.; Kim, S.; Michael, J.S.; Nuno, M.; Thomas, T.; Li, A.; Berel, D.; et al. ZEB1
loss increases glioma stem cell tumorigenicity and resistance to chemoradiation. J. Neurosurg. 2023, 138, 1313-1324. [CrossRef]
[PubMed]

Drapela, S.; Bouchal, J.; Jolly, M.K,; Culig, Z.; Soucek, K. ZEB1: A Critical Regulator of Cell Plasticity, DNA Damage Response,
and Therapy Resistance. Front. Mol. Biosci. 2020, 7, 36. [CrossRef]

https:/ /doi.org/10.3390/ cancers18030499


https://doi.org/10.1242/jcs.113.24.4577
https://doi.org/10.1091/mbc.E19-10-0589
https://doi.org/10.1016/j.molcel.2020.12.030
https://doi.org/10.1101/gad.351667.124
https://doi.org/10.1016/j.it.2019.03.001
https://doi.org/10.15252/embj.2022111148
https://doi.org/10.7554/eLife.03346
https://doi.org/10.1128/MCB.01259-12
https://doi.org/10.15190/d.2018.7
https://www.ncbi.nlm.nih.gov/pubmed/32309604
https://doi.org/10.1038/nrc.2017.118
https://doi.org/10.1016/j.cell.2013.06.005
https://doi.org/10.3390/cancers14081864
https://www.ncbi.nlm.nih.gov/pubmed/35454770
https://doi.org/10.1038/ncb1998
https://doi.org/10.1038/ncb3013
https://www.ncbi.nlm.nih.gov/pubmed/25086746
https://doi.org/10.1038/nm.4323
https://doi.org/10.1136/gutjnl-2018-317294
https://doi.org/10.3389/fcell.2021.727429
https://doi.org/10.1016/j.celrep.2022.111819
https://www.ncbi.nlm.nih.gov/pubmed/36516781
https://doi.org/10.1093/nar/gkad723
https://www.ncbi.nlm.nih.gov/pubmed/37665026
https://doi.org/10.1002/ctm2.561
https://doi.org/10.1158/0008-5472.CAN-17-2476
https://www.ncbi.nlm.nih.gov/pubmed/29254997
https://doi.org/10.3171/2022.7.JNS22259
https://www.ncbi.nlm.nih.gov/pubmed/36115050
https://doi.org/10.3389/fmolb.2020.00036
https://doi.org/10.3390/cancers18030499

Cancers 2026, 18, 499 16 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bassani, B.; Simonetti, G.; Cancila, V.; Fiorino, A.; Ciciarello, M.; Piva, A.; Khorasani, A.M.; Chiodoni, C.; Lecis, D.; Gulino, A.;
et al. ZEB1 shapes AML immunological niches, suppressing CD8 T cell activity while fostering Th17 cell expansion. Cell Rep.
2024, 43, 113794. [CrossRef]

O’Callaghan, N.J.; Fenech, M. A quantitative PCR method for measuring absolute telomere length. Biol. Proced. Online 2011, 13, 3.
[CrossRef] [PubMed]

Henson, ].D.; Lau, L.M.; Koch, S.; Martin La Rotta, N.; Dagg, R.A.; Reddel, R.R. The C-Circle Assay for alternative-lengthening-of-
telomeres activity. Methods 2017, 114, 74-84. [CrossRef]

Cesare, A.].; Heaphy, C.M.; O’Sullivan, R.J. Visualization of Telomere Integrity and Function In Vitro and In Vivo Using
Immunofluorescence Techniques. Curr. Protoc. Cytom. 2015, 73, 12—40. [CrossRef] [PubMed]

Wu, Y,; Cai, Z,; Cross, D.; Noble, ].R; Prest, K,; Littleboy, J.; Cohen, S.B.; Edlundh, B.; Koh, J M.S.; Xu, R; et al. Large-scale drug
sensitivity, gene dependency, and proteogenomic analyses of telomere maintenance mechanisms in cancer cells. Nat. Commun.
2025, 16, 11337. [CrossRef]

Rosso, I.; Jones-Weinert, C.; Rossiello, F.; Cabrini, M.; Brambillasca, S.; Munoz-Sagredo, L.; Lavagnino, Z.; Martini, E.; Tedone, E.;
Garre, M,; et al. Alternative lengthening of telomeres (ALT) cells viability is dependent on C-rich telomeric RNAs. Nat. Commun.
2023, 14, 7086. [CrossRef] [PubMed]

Zhang, ].M.; Yadav, T.; Ouyang, J.; Lan, L.; Zou, L. Alternative Lengthening of Telomeres through Two Distinct Break-Induced
Replication Pathways. Cell Rep. 2019, 26, 955-968 €953. [CrossRef]

Xu, D.; Guo, R,; Sobeck, A.; Bachrati, C.Z.; Yang, ]J.; Enomoto, T.; Brown, G.W.; Hoatlin, M.E.; Hickson, L.D.; Wang, W. RMI, a new
OB-fold complex essential for Bloom syndrome protein to maintain genome stability. Genes. Dev. 2008, 22, 2843-2855. [CrossRef]
Warzecha, C.C.; Sato, T.K.; Nabet, B.; Hogenesch, J.B.; Carstens, R.P. ESRP1 and ESRP2 are epithelial cell-type-specific regulators
of FGFR2 splicing. Mol. Cell 2009, 33, 591-601. [CrossRef]

Horiguchi, K.; Sakamoto, K.; Koinuma, D.; Semba, K.; Inoue, A.; Inoue, S.; Fujii, H.; Yamaguchi, A.; Miyazawa, K.; Miyazono, K,;
et al. TGF-beta drives epithelial-mesenchymal transition through deltaEF1-mediated downregulation of ESRP. Oncogene 2012, 31,
3190-3201. [CrossRef]

Warzecha, C.C.; Carstens, R.P. Complex changes in alternative pre-mRNA splicing play a central role in the epithelial-to-
mesenchymal transition (EMT). Semin. Cancer Biol. 2012, 22, 417-427. [CrossRef]

Ho, T.H.; Charlet, B.N.; Poulos, M.G.; Singh, G.; Swanson, M.S.; Cooper, T.A. Muscleblind proteins regulate alternative splicing.
EMBO J. 2004, 23, 3103-3112. [CrossRef]

Grammatikakis, I.; Goo, Y.H.; Echeverria, G.V.; Cooper, T.A. Identification of MBNL1 and MBNL3 domains required for splicing
activation and repression. Nucleic Acids Res. 2011, 39, 2769-2780. [CrossRef]

Mishra, A.; Patel, T.N. Locking the gates of immortality: Targeting alternative lengthening of telomeres (ALT) pathways. Med.
Oncol. 2025, 42, 78. [CrossRef]

Sekido, R.; Murai, K.; Funahashi, J.; Kamachi, Y.; Fujisawa-Sehara, A.; Nabeshima, Y.; Kondoh, H. The delta-crystallin enhancer-
binding protein delta EF1 is a repressor of E2-box-mediated gene activation. Mol. Cell Biol. 1994, 14, 5692-5700. [CrossRef]
Genetta, T.; Ruezinsky, D.; Kadesch, T. Displacement of an E-box-binding repressor by basic helix-loop-helix proteins: Implications
for B-cell specificity of the immunoglobulin heavy-chain enhancer. Mol. Cell Biol. 1994, 14, 6153-6163. [CrossRef]

Weintraub, H.; Genetta, T.; Kadesch, T. Tissue-specific gene activation by MyoD: Determination of specificity by cis-acting
repression elements. Genes. Dev. 1994, 8, 2203-2211. [CrossRef]

Yoshida, T. MCAT elements and the TEF-1 family of transcription factors in muscle development and disease. Arterioscler. Thromb.
Vasc. Biol. 2008, 28, 8-17. [CrossRef] [PubMed]

Feldker, N.; Ferrazzi, F.; Schuhwerk, H.; Widholz, S.A.; Guenther, K.; Frisch, I.; Jakob, K.; Kleemann, J.; Riegel, D.; Bonisch, U.;
et al. Genome-wide cooperation of EMT transcription factor ZEB1 with YAP and AP-1 in breast cancer. EMBO ]. 2020, 39, e103209.
[CrossRef] [PubMed]

Pandolfi, P.P; Grignani, F.; Alcalay, M.; Mencarelli, A.; Biondi, A.; LoCoco, F; Grignani, F,; Pelicci, P.G. Structure and origin of the
acute promyelocytic leukemia myl/RAR alpha cDNA and characterization of its retinoid-binding and transactivation properties.
Oncogene 1991, 6, 1285-1292. [PubMed]

Nisole, S.; Maroui, M.A.; Mascle, X.H.; Aubry, M.; Chelbi-Alix, M.K. Differential Roles of PML Isoforms. Front. Oncol. 2013, 3, 125.
[CrossRef]

Nieto, M.A; Huang, R.Y,; Jackson, R.A.; Thiery, ].P. Emt: 2016. Cell 2016, 166, 21-45. [CrossRef]

Yang, Y.; Park, ].W.; Bebee, TW.; Warzecha, C.C.; Guo, Y.; Shang, X.; Xing, Y.; Carstens, R.P. Determination of a Comprehensive
Alternative Splicing Regulatory Network and Combinatorial Regulation by Key Factors during the Epithelial-to-Mesenchymal
Transition. Mol. Cell Biol. 2016, 36, 1704-1719. [CrossRef] [PubMed]

Panier, S.; Maric, M.; Hewitt, G.; Mason-Osann, E.; Gali, H.; Dai, A.; Labadorf, A.; Guervilly, ].H.; Ruis, P; Segura-Bayona, S.; et al.
SLX4IP Antagonizes Promiscuous BLM Activity during ALT Maintenance. Mol. Cell 2019, 76, 27-43.e11. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ cancers18030499


https://doi.org/10.1016/j.celrep.2024.113794
https://doi.org/10.1186/1480-9222-13-3
https://www.ncbi.nlm.nih.gov/pubmed/21369534
https://doi.org/10.1016/j.ymeth.2016.08.016
https://doi.org/10.1002/0471142956.cy1240s73
https://www.ncbi.nlm.nih.gov/pubmed/26132175
https://doi.org/10.1038/s41467-025-67190-w
https://doi.org/10.1038/s41467-023-42831-0
https://www.ncbi.nlm.nih.gov/pubmed/37925537
https://doi.org/10.1016/j.celrep.2018.12.102
https://doi.org/10.1101/gad.1708608
https://doi.org/10.1016/j.molcel.2009.01.025
https://doi.org/10.1038/onc.2011.493
https://doi.org/10.1016/j.semcancer.2012.04.003
https://doi.org/10.1038/sj.emboj.7600300
https://doi.org/10.1093/nar/gkq1155
https://doi.org/10.1007/s12032-025-02627-2
https://doi.org/10.1128/MCB.14.9.5692
https://doi.org/10.1128/MCB.14.9.6153
https://doi.org/10.1101/gad.8.18.2203
https://doi.org/10.1161/ATVBAHA.107.155788
https://www.ncbi.nlm.nih.gov/pubmed/17962623
https://doi.org/10.15252/embj.2019103209
https://www.ncbi.nlm.nih.gov/pubmed/32692442
https://www.ncbi.nlm.nih.gov/pubmed/1650447
https://doi.org/10.3389/fonc.2013.00125
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1128/MCB.00019-16
https://www.ncbi.nlm.nih.gov/pubmed/27044866
https://doi.org/10.1016/j.molcel.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31447390
https://doi.org/10.3390/cancers18030499

Cancers 2026, 18, 499 17 of 17

74. Potts, PR.; Yu, H. The SMC5/6 complex maintains telomere length in ALT cancer cells through SUMOylation of telomere-binding
proteins. Nat. Struct. Mol. Biol. 2007, 14, 581-590. [CrossRef] [PubMed]

75.  Corpet, A.; Kleijwegt, C.; Roubille, S.; Juillard, F; Jacquet, K.; Texier, P.; Lomonte, P. PML nuclear bodies and chromatin dynamics:
Catch me if you can! Nucleic Acids Res. 2020, 48, 11890-11912. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ cancers18030499


https://doi.org/10.1038/nsmb1259
https://www.ncbi.nlm.nih.gov/pubmed/17589526
https://doi.org/10.1093/nar/gkaa828
https://doi.org/10.3390/cancers18030499

	Introduction 
	Materials and Methods 
	Cell Culture and Generation of ZEB1 Knockout Lines 
	Telomere Fluorescence In Situ Hybridization (FISH) 
	Quantitative PCR-Based Absolute Telomere Length (aTL) Assay 
	C-Circle Assay 
	ALT-FISH for Detection of C-Rich Extrachromosomal Telomeric Repeats (ECTRs) 
	Immuno-FISH for ALT-Associated PML Bodies (APBs) 
	PML Promoter Mutagenesis 
	Luciferase Assays 
	ChIP Analysis 
	TaqMan-Based qRT-PCR 
	RNA-Seq 
	Bioinformatics 
	Western Blot 
	Statistical Analysis 

	Results 
	ZEB1 Regulates ALT-Associated Genes 
	ZEB1 Is Critical for Telomere Maintenance via ALT 
	ZEB1 Regulates Size and Number of ALT-Associated PML Bodies (APBs) 
	ZEB1 Transcriptionally Activates the PML Gene 
	Levels of PML Isoform IV Are Reduced 2-Fold in ZEB1 KO Cells 
	Over-Expression of the Pro-Epithelial Splicing Factor ESRP1 in ZEB1-Proficient Cells Reduces Levels of PML Isoform IV 

	Discussion 
	References

