Published online 21 February 2022

Nucleic Acids Research, 2022, Vol. 50, No. 11 e61
https:Ildoi.orgl10.1093narlgkacl 13

ALT-FISH quantifies alternative lengthening of
telomeres activity by imaging of single-stranded

repeats

Lukas Frank ', Anne Rademacher', Norbert Miicke', Stephan M. Tirier’,
Emma Koeleman', Caroline Knotz', Sabrina Schumacher', Sabine A. Stainczyk?3,
Frank Westermann?3, Stefan Frohling*5, Priya Chudasama® and Karsten Rippe “ '~

'Division of Chromatin Networks, German Cancer Research Center (DKFZ) and Bioquant, Heidelberg, Germany,
2Hopp Children’s Cancer Center (KiTZ), Heidelberg, Germany, 3Division of Neuroblastoma Genomics, German
Cancer Research Center (DKFZ), Heidelberg, Germany, “Division of Translational Medical Oncology, National Center
for Tumor Diseases (NCT) Heidelberg and German Cancer Research Center (DKFZ), Heidelberg, Germany,
5German Cancer Consortium (DKTK), Heidelberg, Germany and ®Precision Sarcoma Research Group, German
Cancer Research Center (DKFZ) and National Center for Tumor Diseases (NCT), Heidelberg, Germany

Received July 28, 2021; Revised February 01, 2022; Editorial Decision February 01, 2022; Accepted February 05, 2022

ABSTRACT

Alternative lengthening of telomeres (ALT) occurs
in ~10% of cancer entities. However, little is known
about the heterogeneity of ALT activity since robust
ALT detection assays with high-throughput in situ
readouts are lacking. Here, we introduce ALT-FISH,
a method to quantitate ALT activity in single cells
from the accumulation of single-stranded telomeric
DNA and RNA. It involves a one-step fluorescent in
situhybridization approach followed by fluorescence
microscopy imaging. Our method reliably identified
ALT in cancer cell lines from different tumor entities
and was validated in three established models of ALT
induction and suppression. Furthermore, we suc-
cessfully applied ALT-FISH to spatially resolve ALT
activity in primary tissue sections from leiomyosar-
coma and neuroblastoma tumors. Thus, our assay
provides insights into the heterogeneity of ALT tu-
mors and is suited for high-throughput applications,
which will facilitate screening for ALT-specific drugs.

INTRODUCTION

Telomere maintenance mechanisms are crucial for the un-
limited proliferation of cancer cells to counteract loss
of chromosomal telomere repeats and senescence during
the replication of linear chromosomes (1). The alternative
lengthening of telomeres (ALT) pathway maintains telom-
ere repeats at chromosomal ends in the absence of TERT,
the protein unit of the reverse-transcriptase telomerase (2).
ALT harnesses DNA repair and recombination activities

(3,4) to synthesize telomeric DNA. Aberrant accumula-
tion of telomere repeat-containing nucleic acids has been
previously reported for ALT-positive (ALT+) cells of dif-
ferent origin. It comprises (i) accumulation of extrachro-
mosomal telomeric DNA repeats (ECTRs) (5,6), (ii) the
formation of both C- and G-rich single-stranded DNA at
telomeric overhangs (7,8) or telomere-internal regions (9)
and (iii) elevated levels of the telomeric repeat-containing
RNA (TERRA) (10-12). Some of these telomere repeat-
containing nucleic acids become enriched in specialized
nuclear subcompartments (13,14) termed ALT-associated
PML nuclear bodies (APBs) (15) and are also present in
the cytoplasm (16,17). The C-circle (CC) assay detects ALT-
specific C-rich telomeric DNA circles by rolling circle am-
plification and is currently the gold standard to quantitate
bulk ALT activity of a cell population (18). Furthermore,
we and others have applied immunofluorescence-based de-
tection of APBs as an approach to detect ALT activity in
single cells by fluorescence microscopy (15,19-21). How-
ever, the reliable APB quantification via co-localization
analysis of telomere and PML signals is technically chal-
lenging (20,22). Moreover, the dynamic range of APBs as
readout is limited since typical ALT cells only contain a
few APBs per nucleus (20). In addition to cytological mark-
ers and CC analysis, sequencing-based strategies have re-
cently provided insights into the aberrant ALT genome and
transcriptome (12,23,24). However, the currently available
sequencing readouts (e.g., ATRX/DAXX mutational sta-
tus, telomere content, telomere variant repeat distribution,
TERRA levels) do not provide single cell resolution and
need to be cross-validated experimentally to reliably deter-
mine the ALT status (25). Thus, there is an unmet need for
sensitive and more scalable ALT activity readouts to facili-
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tate research, clinical diagnostics and drug screening. Fur-
thermore, assays to characterize ALT heterogeneity at sin-
gle cell resolution are crucial to identify rare cell phenotypes
or ALT transition states contributing to tumor evolution.
Here, we show that single-stranded DNA and RNAs con-
taining the C- or G-rich telomere repeat sequences repre-
sent reliable markers of ALT activity that can be quanti-
tated by a FISH-based ALT detection assay (ALT-FISH)
in situ.

MATERIALS AND METHODS
C-circle (CC) assay

CC assays were performed based on the protocol described
in (18) with some modifications. Genomic DNA (gDNA)
was extracted from pellets of 2 x 10° cells using the Pure-
gene core kit (Qiagen) and concentrations were determined
using the Qubit dsDNA broad range kit (Thermo Fisher
Scientific). The gDNA from leiomyosarcoma tumors was
isolated as described in (24). CC reactions were set up in
technical triplicates and including reactions without poly-
merase as negative controls. A total of 20 ng of gDNA was
diluted in 10 pl nuclease-free water and mixed with 10 .l
of the 2x amplification master mix containing 0.2 mg/ml
BSA (New England Biolabs), 0.1% Tween-20, 2 mM DTT,
1 mM of each nucleotide and 7.5 U of phi29 DNA poly-
merase (New England Biolabs) in supplied enzyme buffer
or a corresponding volume of water (negative controls). The
reactions were incubated in a PCR cycler for 8 h at 30°C,
then at 65°C for 20 min. The samples were diluted by adding
60 wl of 2x SSC buffer (0.3 M sodium chloride, 0.03 M
sodium citrate, pH 7) and transferred onto a Roti-Nylon
plus 0.45 pm membrane (Carl Roth) using a dot microfil-
tration apparatus (Bio-Rad, Cat. no. 170-6545). The mem-
branes were dried for 10 min at room temperature, baked
for 20 min at 120°C and washed in 2x SSC. CC amplifica-
tion products were detected using the TeloTAGGG telom-
ere length assay kit (Roche). In brief, membranes were pre-
hybridized for 60 min at 42°C before incubation in 10 ml
of the provided hybridization solution containing 30 nM
digoxigenin-labeled telomere probe overnight at 42°C on a
rotator. The next day, membranes were washed twice for 5
min with 2x SSC + 0.1% SDS at room temperature, twice
for 15 min with 0.2x SSC + 0.1% SDS at 50°C and rinsed in
30 ml washing buffer for 5 min, followed by 30 min incuba-
tion with blocking solution. Anti-DIG-AP Fab fragments
(Roche) were added to a final concentration of 75 wU/ml
and membranes were incubated for 60 min, followed by two
15 min washing buffer incubations. Membranes were then
rinsed for 2-5 min in detection buffer and incubated for
10 min with 1-2 ml CDP-Star chemiluminescent substrate
solution (Roche) for detection on a Bio-Rad Chemi-Doc
MP system. Intensities on membrane images were quanti-
fied using the Imagelab 6.0.1 software of the instrument. In
brief, the integrated density value of each dot was deter-
mined from equally sized circular regions and subtracted
from a local background value. The value of the no ampli-
fication control was subtracted from each sample and tech-
nical replicates were averaged to yield the raw CC level of a
given sample on a given membrane. Unless stated otherwise,
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CC levels were always expressed relative to an U20S refer-
ence sample (20 ng) from the same membrane to normalize
for variations between membranes. An U20S gDNA dilu-
tion series (4, 8, 16, 32, 64 ng of template per reaction) with
corresponding no amplification controls was loaded onto
each membrane to assess assay linearity within the specified
working range.

Telomerase repeated amplification protocol (TRAP) assay

TRAP assays were performed as described in (26). A to-
tal of 1 x 10° of detached cells were pelleted by centrifuga-
tion for 5 min at 3000 g. The pellet was frozen and stored
at —80°C for later use or used freshly by resuspending it in
ice-cold NP-40 lysis buffer (10 mM Tris—-HCI pH 8§, 1 mM
MgCl,, 1 mM EDTA, 1% (v/v) NP-40, 0.25 mM sodium
deoxycholate, 10% (v/v) glycerol, 150 mM NaCl, 5 mM 2-
mercaptoethanol, 0.1 mM protease inhibitor) at a concen-
tration of 500 cells/wl and incubation for 30 min on ice. For
one reaction, a lysate equivalent of 500 cells pre-diluted in 5
pl nuclease-free water was added to 45 pl of TRAP master
mix. After amplification, 20 wl of each reaction/lane was
separated on a 12% TBE/polyacrylamide and visualized by
SYBR Green staining.

Western blotting

About 10° cells were lysed in 100 pl ice-cold RIPA buffer
containing Halt protease inhibitor cocktail (Thermo Fisher
Scientific) for 1 h on ice. After removing insoluble com-
ponents by centrifugation, the protein lysate concentra-
tion was determined using the BCA assay kit (Pierce). Per
lane, 15 pg (30 pg in case of ATRX samples) of lysate
was separated on precast 4-20% polyacrylamide gels (Bio-
Rad) and transferred onto low-fluorescence PVDF mem-
branes (Thermo Fisher Scientific) using the Trans-Blot
Turbo transfer system (Bio-Rad). After blocking in 5%
milk/TBS for 1 h at room temperature, primary antibody
incubations were done in 5% BSA/TBST (0.1% Tween)
overnight at 4°C. For improving signal quality, ATRX blots
were incubated with a 1:1 mixture of two different rab-
bit anti-ATRX antibodies (see below). Membranes were
washed three times in TBST before incubation with HRP-
or fluorescently labeled secondary antibodies diluted in 5%
milk/TBS or 1% BSA/TBST for 1 h at room temperature.
After three TBST washes, the membranes were developed
using the Clarity ECL western substrate (Bio-Rad) or, in
case of fluorescently labeled antibodies, directly imaged on
a Bio-Rad Chemi-Doc MP system. The following primary
and secondary antibodies were used with the indicated dilu-
tions: mouse anti-Tubulin (Calbiochem/Merck Millipore,
CP06, 1:2000), rabbit anti-ASF1A (C6E10) (Cell Signaling
Technology, #2990, 1:1000), rabbit anti-ASF1B (C70E2)
(Cell Signaling Technology, #2902, 1:1000), goat anti-rabbit
Alexa Fluor 568 (Life Technologies, A11036, 1:2000), goat
anti-mouse [gG-HRP (Cell Signaling Technology, #7076,
1:2000), goat anti-rabbit IgG-HRP (Cell Signaling Technol-
ogy, #7074, 1:2000), rabbit anti-ATRX #1 (Sigma-Aldrich,
HPAO001906, 1:500), rabbit anti-ATRX #2 (Cell Signaling
Technology, #14820, 1:500).
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Cell culture

All cell lines were maintained at 37°C in 5% CO, and split
every 2-4 days using 0.05% trypsin/EDTA (Gibco) for de-
tachment. MG-63, U20S, Saos2, CAL72 and HelLa wt
cell lines were cultured in DMEM medium containing 1
g 17! glucose, supplemented with 10% doxycycline-free fe-
tal bovine serum, 1x penicillin/streptomycin and 2 mM
stable glutamine. HeLa ST, HeLa LT, MGBMI1, SF188
cells were cultured in DMEM containing 4.5 g 17! glu-
cose and HOS cells in EMEM, both supplemented as
described above. Human umbilical vein endothelial cells
(HUVECs) (Lonza) were cultured in EGM-2 medium.
NEMI165, NEM157, NEM168 parental lines and ATRX
knockout clones were maintained in Amniopan complete
medium (PAN Biotech). U20S, HelLa wt, CAL72 and
Saos2 cells were obtained from the German Collection of
Microorganisms and Cell Culture (DSMZ). HOS and MG-
63 were purchased from CLS Cell Lines Services. NEM,
MGBMI1 and SF188 cell lines are described in (27) and
HelLa ST and LT cell lines were kindly provided by Jan
Karlseder (Salk Institute, USA) and are described in (28).
All cell lines were tested for the absence of mycoplasma with
the VenorGeM Advance kit (Minerva Biolabs) and were au-
thenticated using single nucleotide polymorphism-profiling
(Multiplexion).

Generation of transgenic and knock-out cell lines

The U20S NCL-RFP cell line with red fluorescent nucle-
olin was generated with the pTagRFP-NCL vector from
(29) by random stable integration of transiently transfected
plasmid DNA and expansion of single resistant clones
under antibiotic selection. HeLa H2A-YFP with yellow
fluorescent histone H2A (30), the doxycycline-inducible
U20S-ATRX (31) and the NEM168 ATRX knock-out
clones F2 and B5 (27) cell lines have been described previ-
ously. All transgenic cell lines were maintained and grown
in media containing the appropriate selection antibiotics
(0.75 mg/ml geneticin/G418).

ASF1 knock-down

HeLa cells were transfected with On-Targetplus Smart-
pool siRNAs (Dharmacon) targeting ASF1A (L-020222-
02-0020, lot 200427) and ASF1B (L-020553-00-0020, lot
200427) or a non-targeting control pool (#D-001810-10-20)
using the Lipofectamine RNAiMax transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. siRNA pools were reverse transfected at a final
concentration of 1 nM of both the ASFIA and ASF1B
pool or the control pool. For CC assay and western blot-
ting, ~1 x 10° trypsinized cells in 9.5 ml of culture medium
were seeded into 10 cm culture dishes onto 500 pl trans-
fection mix (9 pl RNAiMax reagent and 20 nM of each
target pool or 20 nM of the control pool diluted in Opti-
MEM (Gibco). The transfection was scaled down accord-
ingly for the matching ALT-FISH samples (2.5 x 10* cells
per well and 1 ml in 24-well plate with 12 mm cover-
slips). Cells were grown for 72 h after transfection before
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being processed for DNA isolation, protein extraction or
ALT-FISH.

ATRX re-expression in U20S

The doxycycline-inducible U20S-ATRX cell line was used
as described previously (31). To obtain matching CC assay
and ALT-FISH data, 1 x 10° and 1.5 x 10* cells/ml/well
were seeded into a T75 culture flask and a 24-well plate
(containing 12 mm glass coverslips), respectively. The
next day, ATRX expression was induced by exchanging
the medium for medium containing 1 pg/ml doxycyline
(Sigma-Aldrich). For each independent induction experi-
ment, a corresponding T75 flask and 24-well plate were
seeded and treated equally, but without the addition doxy-
cycline (—dox control). The cells were grown for 72 h before
being assayed. Cells growing in the flasks were trypsinized,
washed once in PBS, snap-frozen as pellets of 1-2 x 10° cells
(liquid nitrogen) and stored at—80°C until used for CC assay
and western blotting. Cells growing in the matching 24-well
plates were subjected to ALT-FISH as described below.

ALT-FISH on adherent cell lines

One day before the ALT-FISH staining, 5-8 x 10* cells/1
ml/well were seeded onto uncoated, sterile 12 mm round
glass coverslips placed in standard 24-well cell culture
plates. In the case of U20S NCL-RFP/HeLa H2A-YFP
co-cultures, 2.5 x 10* of each cell line were seeded per
well. The grown cells were washed twice with PBS and
then fixed for 20 min at room temperature by adding cold
(-20°C) 70% ethanol. The fixed cells were washed twice
with ALT-FISH washing buffer (100 mM Tris—HCI pH 8,
150 mM NaCl, 0.05% Tween-20) and excess buffer was
carefully removed by tapping the coverslips on wipes. For
an optional RNase treatment step, the coverslips were in-
cubated at 37°C for 30 min in PBS containing 50 pg/ml
RNase A (Thermo Fisher Scientific, EN0531) and/or 10
U/ml RNase H (New England Biolabs, M0297L) and then
washed once again in washing buffer. Coverslips were then
placed cell side down onto 30 wl of hybridization solution
(2x SSC buffer, 8% de-ionized formamide, 5 nM fluores-
cent DNA probe) dispensed on parafilm and incubated in
a humidified chamber for 20 min at 37°C. The two probes
used were 5'-Atto 633-(CCCTAA)s-3'-biotin (TelC) and 5'-
Atto 633-(TTAGGG)s-3'-biotin (TelG) manufactured by
Eurofins Genomics (Germany). The biotin tag allows for
additional binding for further downstream applications but
was not used in the present study. After hybridization, the
samples were rinsed twice in 2x SSC and incubated in
PBS containing 5 M DAPI (Sigma-Aldrich) for 15 min at
room temperature in 24-well plates. For additional cyto-
plasm staining, coverslips were incubated in PBS contain-
ing 5 wM DAPI and 20 pg/ml TRITC-Phalloidin (Sigma-
Aldrich) for 30 min at room temperature. Afterwards, the
samples were washed three times (5 min each) with PBS,
rinsed first with distilled water, then with 70% ethanol and
finally dehydrated in 100% ethanol for 2 min. The samples
were placed onto a clean paper wipe to dry for 5-10 min and
mounted on standard 25 x 75 mm microscopy slides using
Prolong diamond antifade mountant (Invitrogen).
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Combined ALT-FISH and immuno-staining on adherent cells

ALT-FISH in combination with immuno-staining for
PML, RPA, TRF2 and SUMO2/3 was carried out
as described above until the 2x SSC washing steps
after hybridization. Subsequently, the samples were
washed twice in washing buffer and then fixed in 4%
paraformaldehyde/PBS for 10 min at room temperature.
After washing three times with PBS, the cells were per-
meabilized for 12 min in 0.2% Triton X-100/PBS at room
temperature and washed again three times for 5 min in
PBS. The samples were blocked in PBS containing 10%
goat serum (blocking buffer) for 1 h and then incubated for
at least 1 h on 30 pl primary antibody solution in blocking
buffer dispensed on parafilm. After three 0.002% NP-
40/PBS 5 min washes, the coverslips were incubated with
blocking buffer containing fluorescently labeled secondary
antibodies for 1 h. Following three washing steps in PBS
(5 min), the samples were DAPI-stained, dehydrated and
mounted as described for the standard ALT-FISH protocol
above. The following primary and secondary antibodies
were used with the indicated dilutions for immuno-staining
of cell lines: mouse anti-PML (Santa Cruz, sc-966, 1:100),
mouse anti-RPA (Abcam, ab2175, 1:300), rabbit anti-
TRF2 (Novus Biologicals, NB11057130, 1:250), rabbit
anti-SUMO?2/3 (Abcam, ab3742, 1:200), goat anti-rabbit
Alexa Fluor 568 (Life Technologies, A11036, 1:300), goat
anti-mouse Alexa Fluor 488 (Life Technologies, A11029,
1:300).

Fluorescence correlation spectroscopy (FCS) for copy num-
ber estimation

FCS experiments were carried out on an LSM710 micro-
scope equipped with a ConfoCor3 extension and a 40x wa-
ter objective (NA = 1.2). A 633 nm laser was used for ex-
citation together with a BP655-710nm emission filter. Mea-
surements were conducted in 8-well chambered cover glass
slides (Nunc LabTek). Alexa 633 dye (A33084, Molecular
Probes) and Atto 633 labeled TelC ALT-FISH probe were
diluted to a final concentration of 20 nM in 10 mM Tris—
HCl pH 8, 10 mM NacCl, 0.002% Tween-20. Tetraspeck flu-
orescent bead 0.1 pm standards (Thermo Fisher Scientific,
T7279) were used undiluted as provided by the manufac-
turer at ~300 pM concentration. FCS data were fitted with
the ZEN 2008 software using a single component fit.

ALT-FISH on cells in suspension

Cells in suspension, adherently growing U20S and HeLa
cell lines were cultured to 70-90% confluency and de-
tached using trypsin/EDTA. For ALT-FISH, 3 x 10° cells
(1.5 x 10 of each cell line for U20S/HeLa mixtures) were
pelleted by centrifugation at 500 xg for 5 min and resus-
pended in 150 ul of cold FACS buffer (1% v/v fetal bovine
serum in PBS). The cells were fixed by adding them in a
drop-wise fashion to a tube containing 1.5 ml of ice-cold
80% ethanol while vortexing, followed by incubation in a
thermo-shaker (600 rpm) for 20 min at room temperature.
After fixation, the cells were washed twice (1 x in cold FACS
buffer, 1 x in ALT-FISH washing buffer) by pelleting as de-
scribed above and resuspending in 1 ml of buffer. The pel-

PAGE 4 OF 18

let was resuspended in 900 wl hybridization mix (2x SSC,
8% formamide, 2 nM TelC-633 ALT-FISH probe) and in-
cubated for 20 min at 37°C while shaking at 600 rpm. The
hybridization mix was removed by centrifugation, followed
by resuspension of the pellet in 1 ml of 2x SSC. The sus-
pension was transferred to 1.5 ml low protein binding tube
that had been pre-equilibrated for 5 min with FACS buffer.
2x SSC was removed by centrifugation and the final cell
pellet was resuspended in 200 wl PBS and filtered through
a cell strainer into 5 ml FACS tubes. Samples were stored at
4°C until imaged by microscopy.

Tumor samples

Leiomyosarcoma (LMS) tumor specimens and one match-
ing normal tissue sample were collected from nine adult
patients who had been diagnosed with LMS accord-
ing to World Health Organization criteria at NCT Hei-
delberg and Heidelberg University Hospital, Heidelberg.
The five ALT-positive samples (LMS28, LMS21, LMS23,
LMS43, LMS26) and four ALT-negative samples (LMS25,
ULMS07, ULMS06, LMS47) studied here have been char-
acterized previously (24). Tumor histology and cellular-
ity were assessed at the Institute of Pathology, Heidel-
berg University Hospital, prior to further processing. Pa-
tient samples were obtained under protocol S-206/2011 ap-
proved by the ethics committee of Heidelberg University
and following written informed consent. Fresh frozen tis-
sue sections (5-6 pm thickness) were generated and im-
mobilized on SuperFrost Plus microscopy slides (Thermo
Fisher Scientific) at the DKFZ/NCT Sample Processing
Laboratory. For neuroblastoma (NB) tumor samples three
ALT-positive (NBD11, NBD12, NBD130) and four ALT-
negative samples (NBD1, NBD103, NBD114, NBD144)
were analyzed by ALT-FISH and have been characterized
previously (12). For ALT-FISH staining, fresh-frozen NB
specimens (~30-50 mm?® volume) stored at —80°C were
embedded in tissue freezing medium (Leica Biosystems),
sectioned (5-6 pwm thickness) using an Epredia CryoStar
NX50 cryostat and immobilized on SuperFrost Plus mi-
croscopy slides (Thermo Fisher Scientific). Immobilized
sections were stored at -80°C until further processing. The
assignment of sample names and IDs for the LMS and NB
tissue samples is given in Supplementary Table S1.

ALT-FISH staining on tissue sections

The samples were thawed for a few seconds at 37°C on a
pre-warmed PCR cycler (slide holder) and then immedi-
ately fixed in 100% ice-cold methanol for 30 min at —20°C.
The slides were incubated for 1 min in isopropanol and sub-
sequently dried for 5 min at room temperature. The section-
containing area on the glass slide was confined using a hy-
drophobic pen (Vector Laboratories) and 300-500 .l of 5
wM DAPI in PBS were added (no cover glass) for 15 min in
a humidified chamber, followed by a one-minute PBS wash.
Before staining, tissue integrity was confirmed by wide-field
microscopy after mounting the samples in 70 wl PBS us-
ing a 24 x 50 mm cover glass. The cover glass was removed
by briefly immersing the slides upside down in PBS. Subse-
quently, the slides were incubated for 2 min in ALT-FISH

220z AInp G0 uo Josn BiaqgjapioH 1eNsIaAIUN Ag €19€€59/199/1 L/0G/aI01ME/IBU/WOD dNO"dlWapEdE//:SdNY Wolj papeojumoq



PAGE 5 OF 18

washing buffer (100 mM Tris—-HCI pH 8, 150 mM NacCl,
0.05% Tween-20). The washing solution was removed and
300-500 .l of hybridization mix (2x SSC, 8% formamide, 5
nM TelC-633 ALT-FISH probe) were added onto the con-
fined area. The slides were incubated for 20 min at 37°C
without cover glass in a humidified chamber placed inside
a hybridization oven (ACD Bio). After hybridization, the
slides were immersed two times for 1 min in 2x SSC at room
temperature. All LMS and NB samples without pseudo
hematoxylin/cosin (H&E) staining were subsequently fixed
in 4% PFA/PBS for 10 min at room temperature, washed
in PBS twice (1 min each) and mounted in 45 pl Prolong
gold antifade mountant (Invitrogen) using a 24 x 50 mm
cover glass. This additional fixation step preserves tissue in-
tegrity by preventing further changes, which can occur dur-
ing storage and or imaging of the sections after mounting.
The DAPI staining was performed after hybridization as de-
scribed above for the LMS sample subjected to ALT-FISH
and pseudo H&E staining by fluorescence microscopy (32).
It was followed by five washes in PBS and one in distilled
water (brief dipping). The sample was then stained with
300-500 .l of eosin staining solution for 1 min, which con-
tained 1 volume eosin Y solution (Sigma-Aldrich) plus 9
volumes sterile-filtered Tris-acetic acid buffer (0.45 M, pH
6), briefly dipped 15 times in distilled water, followed by in-
cubation for 15 min and then again for 2 min in 2x SSC
(slide staining jar). For imaging, the sample was mounted
as described above. Samples were imaged in liquid mount-
ing medium immediately after the staining or kept at 4°C in
a humidified chamber until imaging.

Combined ALT-FISH and immuno-staining on tissue sec-
tions

ALT-FISH on NB tissue in combination with immuno-
staining for NCAM was carried out as described above un-
til the 2x SSC washing steps after hybridization. Subse-
quently, the samples were fixed for 30 min in 4% PFA /PBS,
washed 1 min in PBS and permeabilized for 10 min in 0.2%
Triton-X100/PBS at room temperature. Following perme-
abilization, the samples were processed exactly as described
for the adherent cell line protocol described above. A vol-
ume of 300 pl dispensed onto the confined sample area
was used for the blocking and antibody incubation steps.
A primary mouse monoclonal antibody against human
NCAM/CD56 (Thermo Fisher Scientific, MA1-06801) was
used at a dilution of 1:200 in blocking buffer and stained
with a 1:300 diluted Alexa Fluor 488-conjugated goat anti-
mouse secondary antibody.

Confocal microscopy of cell line samples

Mounted ALT-FISH samples on coverslips were imaged
on an Andor Dragonfly 505 spinning disc confocal system
equipped with a Nikon Ti2-E inverted microscope and a
100x CFI SR HP Plan Apochromat Lambda S silicone im-
mersion objective. Multi-color images were acquired using
laser lines at 405 nm (DAPI), 488 nm (H2A-YFP, Alexa
488), 561 nm (NCL-RFP, Alexa 568, TRITC) and 637 nm
(Atto 633) for excitation with a quad-band dichroic unit
(405, 488, 561, 640 nm) and corresponding emission filters
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0f 450/50, 525/50, 600/50 and 698/77 nm (or 685/47). Un-
less stated otherwise, all samples were recorded with the
same laser intensity (15%), exposure time (250 ms) and
gain (100) settings in both the 405 nm (DAPI) and 637 nm
(Atto 633 ALT-FISH probes) channels. Settings were var-
ied for the other channels but kept constant when compar-
ison of absolute intensities between experimental sets was
necessary. Images were recorded at 16-bit depth and with
1024 x 1024 pixels dimensions (pixel size: 0.1205 pm) using
an iXon Ultra 888 EM-CCD camera. Coverslips were im-
aged by automated tile-scans (1% overlap between adjacent
images) conducted at one or more selected positions (scan
area: ~0.1-2 mm?). Occasionally, positions were recorded
manually or in multiple smaller tile-scans for samples ex-
hibiting a low cell density. Every tile was recorded as z-
stack of 10 wm thickness with a z-step size of 0.2 pm (51
z-frames). U20S NCL-RFP and HeLa H2B-YFP cell mix-
tures stained by ALT-FISH in suspension were imaged in
PBS in 8-well chambered cover glass slides (Nunc Lab Tek)
with the same settings.

Image processing, segmentation and quality filtering of cell
line data

Multi-channel z-stacks were recorded as Imaris format
16-bit images (Fusion 2 software, Andor Dragonfly 505)
and converted into TIFs using the FIJI Bio-Formats im-
porter (33). Images were then imported into R Studio us-
ing the EBImage package (34). Segmentation of nuclei and
spots, quantification of image features and fully-automated
quality filtering (removal of segmentation artifacts, out-
of-focus positions) was carried out using custom image
analysis pipelines written in R and mainly based on the
EBImage package and is available at https://github.com/
RippeLab/ALT-FISH together with a more detailed de-
scription. In brief, maximum intensity z-projections were
used for thresholding-based segmentation of objects (nu-
clei, cytoplasmic areas and spots). Nuclei were segmented in
the DAPI and cytoplasmic areas in the TRITC-phalloidin
channel. Nuclei touching the image borders or nuclei with
no matching cytoplasm mask and vice versa were dis-
carded. For images of ALT-FISH-stained cells in suspen-
sion, nuclei were excluded that were only partially within
the specified focus volume. Cells with cytoplasm masks
touching >100 pixels of the image borders were removed.
Adjacent cell masks were separated using a watershed al-
gorithm. To exclude segmentation artifacts like doublets
or nuclei with highly irregular shapes, nuclei shape fea-
tures were computed. Shape parameters were used to de-
rive a nucleus shape quality score (NSQS) as follows:
(rmax X rsp X perimeter)/(rm, X area), where r corre-
sponds to the radius and max, min and SD to the maxi-
mum, minimum value and standard deviation thereof. Cells
with an NSQS >3 (empirically determined value) were
excluded from the analysis. Using the nuclear and cyto-
plasmic masks as regions, the mean, median and stan-
dard deviation of pixel intensities were determined in each
channel. Intensity values were also calculated for a region
corresponding to the nuclear mask minus all spot masks
of the same nucleus (nucleoplasm mask). For calculating
the coefficient of variation (CV), the standard deviation
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of the nuclear ALT-FISH intensity was divided by the
mean nuclear intensity for each nucleus. Spot segmenta-
tion was only carried out in regions corresponding to the
segmented nucleus and/or cytoplasm masks. Spots were
segmented in the ALT-FISH (Atto 633) or in the TRF2
(Alexa 568) channel (for ALT-FISH/TRF2/PML immuno-
stained samples) using the custom R function makeSpot-
Mask() with the scripts provided at https://github.com/
RippeLab/ALT-FISH/functions. The intensity threshold
above which a pixel was considered a spot was calculated
for each nuclear mask area individually as 2.5 times (or 2
times for TRF2 spots) the median nuclear intensity (back-
ground estimate) in the ALT-FISH channel (or TRF2 chan-
nel). Cytoplasmic ALT-FISH spots were segmented using a
2 times median threshold. All spot count data displayed in
Figures 1-7 and Supplementary Figure S1-S6 are summa-
rized in Supplementary data set 1.

Spot co-localization analysis

The fold-enrichment of a signal (DAPI, PML, TRF2, RPA,
SUMO2/3) in each segmented spot mask of a nucleus
(ALT-FISH spots or TRF2 spots) over background was de-
termined as the ratio of the mean intensity in the spot mask
area and the mean intensity in the corresponding nucleo-
plasm mask area. Spots with signal enrichment ratios larger
than 1.5 were categorized as co-localizing with that signal.
This cutoff value corresponds to the 99th percentile of the
distribution of all spot enrichment ratios for the DAPI sig-
nal. This co-localization approach assumes that the DAPI
signal is not enriched in the segmented spot areas and thus
represents a measure of the signal enrichment observed by
chance.

Confocal microscopy and image analysis of tumor tissue

Tissue sections were imaged on the above-mentioned micro-
scope system using a 100x CFI SR HP Plan Apochromat
Lambda S silicone immersion objective. Tile-scans (10%
overlap) were recorded from a selected central region of the
tumor section (~1.3-2 mm?). Every tile was recorded as a
z-stack of 20 wm thickness with a z-step size of 0.4 pm. Tile-
scans were stitched using Fusion Stitcher (Fusion v2.3) or
in FIJI (33) (pseudo H&E images). All analyses were per-
formed on maximum intensity z-projections generated in
FIJI. For ALT-FISH signal quantification, nuclei were seg-
mented on the DAPI channel image using Cellpose v0.72
(35) (Model = cyto; LMS cell diameter = 80; NB cell di-
ameter = 55). ALT-FISH spots were detected on the ALT-
FISH channel image using the RS-FISH plugin in F1JI (36)
(Sigma = 1.75, Threshold = 0.0011; default RANSAC pa-
rameters, no background subtraction; spot intensity filter-
ing cutoff = 1700 + 100). Spots were assigned to nuclei
using custom workflows using the FIJI (33), KNIME (37)
and R software (https://www.R-project.org/) (Supplemen-
tary Figure S7). Spots located outside the segmented nu-
clear masks were not considered. In brief, the final spot po-
sitions called by RS-FISH were drawn as single pixels of
value 255 onto an empty (pixel values 0) 8-bit image of the
same dimensions and the integrated density in each nuclear
mask area (output from Cellpose) was determined to de-
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rive the number of spots per nucleus. Downstream anal-
ysis was performed in R using custom code and the Seu-
rat v3 software (38). Nuclei overlapping with staining arti-
facts, e.g., large ALT-FISH probe aggregates and/or (auto-)
fluorescent signals occurring close to blood vessels and tis-
sue borders were identified by high intensity/low contrast
in the ALT-FISH channel and subsequent visual inspec-
tion for each individual tissue image. The corresponding
data points were omitted using a semi-automated custom
workflow written in R (using the EBImage package). The re-
maining nuclei were binned into four ALT activity groups
based on their spot count (no ALT = 0; low ALT = 1-2;
ALT = 3-20, super-ALT > 20). To generate color-coded
ALT activity maps, the nuclear masks of the different ALT
activity subpopulations were mapped back to images us-
ing custom workflows in FIJIT or KNIME/Napari (https:
/Inapari.org) to select the corresponding nuclear masks by
their xy-coordinates and draw/overlay them onto an empty
8-bit image using F1JI.

Plotting, image display and statistical analysis

Plotting of data and statistical tests were carried out in
R (ggplot2 package) or in GraphPad Prism 9. All mi-
croscopy images shown correspond to maximum intensity
z-projections. Merged or single channel images were gener-
ated using F1JI. Overlaid outlines of nuclei or cytoplasm ar-
eas were outputs of the segmentation procedures described
above. The ALT-FISH signal was scaled in the same way
for all images displayed in this study (but differently for tis-
sue and cell lines) and no non-linear image transformations
were applied for display. Pseudo H&E representations of
tissues were generated from fluorescent DAPI and eosin sig-
nals using an image transformation procedure similar to the
one described in (32).

RESULTS

ALT-FISH visualizes single-stranded telomeric DNA /RNA
repeats of ALT cells in situ

We developed a FISH protocol that uses the DNA probes
TelC (C-rich probe targeting (TTAGGG), repeats) and
TelG (G-rich probe targeting (CCCTAA), repeats) to de-
tect all single-stranded (ss) telomeric repeat species char-
acteristic of ALT (TERRA, ECTRs, overhangs, internal
loops) (Figure 1A). The protocol was optimized to encom-
pass a single isothermal hybridization reaction for fast fluo-
rescence microscopy detection without denaturing double-
stranded genomic DNA. Probe binding conditions were
adjusted for high signal-to-noise ratio and reproducibility
across different sample types with a minimal number of
liquid handling step. The two DNA probes selected pro-
vide complementary information. The TelC probe targets
both TERRA and G-rich telomeric ssDNA repeats, while
the TelG probe maps C-rich single-stranded regions as for
example present in C-circles. An RNase treatment step
before hybridization enables distinction between TERRA
and telomeric DNA signals. ALT-FISH conducted on the
ALT+ osteosarcoma cell line U20S yielded nuclear and cy-
toplasmic spots clearly visible by microscopy (Figure 1B),
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Figure 1. Detection and characterization of ALT-specific single-stranded telomeric repeats by ALT-FISH. (A) ALT-FISH detects ALT-specific single-
stranded telomeric repeats that comprise TERRA, extrachromosomal telomeric repeats (ECTRs) and telomere overhangs by native FISH with probes
targeting the G-rich (TelC) or C-rich (TelG) strand. RNase pre-treatment is used to quantify the contribution of TERRA. (B) ALT-positive U20S os-
teosarcoma cells stained using Atto 633-labeled TelC or TelG ALT-FISH probes. Outlines show nucleus segmentation based on DAPI (arrows: cytoplasmic
spots). (C) Comparison of ALT-FISH stained U20S cells pre-treated with RNase A, H and RNase A + H or untreated (control, ctrl). Nuclear spots were
quantified to assess the contribution of TERRA. Dotted lines mark the median spot number of the controls. Count data were pooled from 2—4 replicates.
Adjusted P-values from a pair-wise Wilcoxon rank sum test with Benjamini-Hochberg (BH) correction compared to control groups were >0.05, 0.024 (*)
or < 2e-16 (****), (D) Combined TelC ALT-FISH and DAPI/TRITC-phalloidin staining in U20S cells to segment nucleus and cytoplasm (outlines) for
spot counting with boxes/inset showing exemplary spots. The TelG probe and no probe control are depicted in Supplementary Figure S1F. Quantification
for TelC, TelG or no ALT-FISH probe is shown as violin-boxplots. (E) Combined ALT-FISH and immuno-staining against APB marker proteins (PML,
RPA, SUMO-2/3) and the telomere-binding protein TRF2 in U20S cells (insets: typical co-localization events). See Supplementary Figure S1A for TelG
probe. The plot for co-localization analysis shows the fold enrichment of each marker signal in the spot area relative to the nucleoplasm area for each seg-
mented ALT-FISH spot. The DAPI reference signal was used to define a cutoff (> 1.5, magenta line) above which enrichment was considered a meaningful
co-localization. The cutoff-binned co-localization data are shown in Supplementary Figure S1B, D. All boxplots depict the median with first and third
quartile of the distribution. The number of analyzed cells and/or spots is indicated below each plot. All scale bars are 5 pm.
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indicating that the hybridizable DNA/RNA species orga-
nize into foci. The median nuclear spot number was 17
(TelC) and 6 (TelG), ranging from 0 to >60 spots and 0
to 25, respectively (Figure 1C). About half of the nuclear
TelC but essentially none of the TelG spots were sensitive to
RNase pre-treatment (Figure 1C). The spots displayed dif-
ferent intensities, indicative of different lengths of the single-
stranded regions. We estimated the length of the hybridized
ssDNA tracts to range from 0.3 to 41 kb (9-1388 FISH
probes) per spot by comparing TelC spots in U20S to flu-
orescent bead spike-ins of known brightness (Supplemen-
tary Figure S2I, J, Supplementary Table S2). Since ALT-
FISH detects both chromosomal and extra-chromosomal
repeats, we also quantified the number of cytoplasmic spots
to specifically visualize single-stranded regions within EC-
TRs (Figure 1D, Supplementary Figure S1F). The cyto-
plasmic spots were less abundant and accounted for <10%
of the total cellular signal in most cells (Figure 1D, Sup-
plementary Figure S1G). These results corroborate previ-
ous studies examining cytoplasmic (16,39) or overall abun-
dance (40) of ECTRs using denaturing FISH protocols.
Immunofluorescence co-staining for the APB components
RPA, SUMO2/3, PML and the telomere-binding protein
TRF2 (Figure 1E, Supplementary Figure S1A) revealed
that most ALT-FISH spots co-localized with these marker
proteins. PML showed a particularly high enrichment (Fig-
ure 1E, Supplementary Figure S1A). The accumulation of
the ssDNA-binding protein RPA further confirmed that
ALT-FISH mainly detects ssDNA. Between 65 and 76% of
TelC/TelG spots were enriched for both TRF2 and PML,
while 23-26% co-localized with PML only (Supplementary
Figure S1B, D). Segmentation of TRF2 spots and quan-
tification of their PML and ALT-FISH signals showed that
TRF2 spots with PML displayed higher ALT-FISH signal
enrichment (Supplementary Figure S1C, E). Most TRF2
spots were devoid of PML and ALT-FISH signals (Sup-
plementary Figure S1C, E), which is consistent with only a
few telomeres being part of APBs. We conclude that ALT-
FISH can visualize ALT-specific telomeric ssDNA/RNA
species in situ to reveal their subcellular localization, length
and interacting proteins. In agreement with previous stud-
ies describing APBs/PML bodies as reservoirs of ALT-
specific nucleic acids (41), we found that telomeric repeats
detected by ALT-FISH predominantly resided in APBs and
in TRF2-free PML bodies.

ALT-FISH enables highly accurate separation of ALT+ and
ALT- cells in cell mixtures

To test how well the ALT-FISH assay can distinguish
ALT+ from ALT-negative (ALT-) cells within the same
sample, we co-cultured the ALT+ U20S NCL-RFP cell
line (expressing nucleolin with red fluorescent protein) and
the TERT+/ALT- HeLa H2A-YFP cell line (expressing his-
tone H2A with yellow fluorescent protein) and stained them
by ALT-FISH. TelC and TelG spots were clearly visible in
U20S cells but were mostly absent in HeLa cells (Figure
2A). We separated U20S and HeLa cells based on their
fluorescent marker signals (Figure 2B, E, Supplementary
Figure S2B-E) and quantified the number of nuclear ALT-
FISH spots. The median spot number was 0 for HeLa cells
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stained with either the TelC or TelG probe. In contrast,
U20S cells displayed a median number of 7.5 (TelG) and
12 (TelC) spots (Figure 2C, F). A cutoff of >2 ALT-FISH
spots to separate ALT+ from ALT- cells was chosen to pro-
vide a high detection rate of 91-98% of ALT+ U20S cells
in the mixture with HeLa cells while maintaining a low
false positive rate (FPR) of 0.8-3.4%. Calling of spots from
images typically requires user-defined thresholding criteria,
which makes the comparison of datasets analyzed using dif-
ferent segmentation algorithms difficult. We thus computed
the nuclear coefficient of variation (CV) as an alternative
measure of the ALT-FISH signal, which does not require
spot segmentation. The CV method performed equally well
for thresholds of >0.2 (TelC) and > 0.3 (TelG), retrieving
91-100% of ALT+ U20S cells from the mixture with an
FPR of 1.6-4.1% (Figure 2D, G). Next, the applicability of
the ALT-FISH assay to cells in suspension was tested. We
repeated the cell mixing experiment with trypsinized cells
stained in solution using the TelC probe (Supplementary
Figure S2A) and obtained comparable results (Supplemen-
tary Figure S2F-H). This confirms that the ALT-FISH hy-
bridization reaction and the resulting signal are highly re-
producible, making the assay suited for different types of
samples and applications.

ALT-FISH predicts ALT status for various cancer cell lines

We next evaluated the specificity of ALT-FISH by assay-
ing 6 ALT+ and 6 ALT-/ TERT+ cancer cell lines as well
as primary HUVECs that have no active telomere mainte-
nance mechanism (TMM) (Figure 3). The cell lines covered
multiple cancer entities (osteosarcoma, pediatric glioblas-
toma (pedGBM) and cervix carcinoma) and their TMM
was validated by both CC and telomerase activity assays
(Supplementary Figure S3C, D). Two cell lines were clas-
sified as weakly ALT+ since they had no detectable telom-
erase activity and low CC levels. The median ALT-FISH
spot numbers for ALT+ cell lines ranged between 7-17
(TelC) or 3-6 (TelG) (Figure 3A, B, Supplementary Fig-
ure S3A, B). In contrast, they were mostly between 01 for
TERT+ and HUVEC or ranged between 0-2 for the weakly
ALT+ cell lines. The MG-63 cell line represented an ex-
ception as it consistently displayed 1-2 spots for the TelG
probe. Spot numbers were significantly higher when com-
paring all ALT+ cell lines to TERT+ or HUVEC, clearly
separating them by ALT status (P,g < 2 x 107'°, Wilcoxon
rank sum test). In line with the co-culture experiment (Fig-
ure 2), a threshold of >2 nuclear spots was found to be
optimal for classifying cells as ALT+ by ALT-FISH. Next,
we evaluated the heterogeneity of ALT activity within the
different cell lines. First, we found the signal distribution
to be right-skewed (Figure 3B) with maximum ALT-FISH
spot numbers as high as 11 times that of the population
median. This extensive heterogeneity was common to all
ALT+ cell lines. We defined the small population (5%) with
a particularly high spot number at the long tail of the dis-
tribution as ‘super-ALT’ cells (Figure 3B). Second, we ob-
served strikingly similar ALT-FISH profiles for the weakly
ALT+ NEM165 and TERT+ (ALT-) HeLa LT (long telom-
eres) cell lines. Both displayed few cells (~4% and ~6%)
with >2 TelC spots and had barely detectable CC levels
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Figure 2. ALT-FISH distinguishes ALT+ and ALT- cells with high accuracy. (A) Co-culture of ALT+ U20S NCL-RFP (red fluorescent protein) and
TERT+/ALT- HeLa H2A-YFP (yellow fluorescent protein) to assess sensitivity and specificity of ALT-FISH with TelC or TelG probes. Outlines show
nucleus segmentation from DAPI signal. Scale bars are 5 wm. (B) Scatter plot of RFP versus YFP mean nuclear intensity signal with marginal density
diagrams for 350 cells from two independent co-culture experiments with TelC ALT-FISH staining. Cells were identified as HeLa or U20S in the mixture
using intensity thresholds (magenta lines, shaded areas) determined from the individual U20S and HeLa cultures (Supplementary Figure S2B, C). Cells
below these thresholds were excluded (not assigned, n.a.). (C) Distribution of nuclear TelC ALT-FISH spots in cells identified as U20S or HeLa, respec-
tively. The fraction of identified U20S cells and the FPR are given for a separation cutoff of >2 spots. (D) Analysis of the same images as in panel C, but
for the coefficient of variation (CV) of the nuclear ALT-FISH signal as an alternative parameter without spot segmentation (empirical cutoff > 0.2). (E)
Same as in panel B but ALT-FISH staining with the TelG probe. A total of 435 cells from two independent co-culture experiments were analyzed. Intensity
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distributions of the individual cultures used for identity assignment are given in Supplementary Figure S2D, E. (F) Same as panel C but for the TelG probe.
(G) Same as panel D but for the TelG probe. All boxplots depict the median with first and third quartile of the distribution.
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Figure 3. ALT-FISH predicts the ALT status of cell lines from different cancer entities and resolves cellular heterogeneity. (A) Representative images
of a cancer cell line panel and primary HUVECs stained by TelC ALT-FISH. The telomere maintenance mechanism (TMM) is indicated above and
representative CC assay results (+/— phi29 polymerase) are shown below (dot blot). Outlines represent nucleus segmentation. Corresponding results for
the TelG probe are shown in Supplementary Figure S3A, B. CC and telomerase activity assays used to determine the TMM status are displayed in
Supplementary Figure S3C, D. (B) Nuclear TelC ALT-FISH spot numbers for the cell lines shown in panel A. Count data were pooled from 2—4 independent
replicates (cell numbers given below). U20S data are the same as for the untreated control in Figure 1C. The spot distribution in the no TMM /TERT+ cell
lines is magnified for better visualization. All boxplots depict the median with first and third quartile of the distribution. Adjusted P-values were calculated
using a pair-wise Wilcoxon rank sum test with BH correction, comparing all ALT+ cell lines (including weakly ALT+) to the other groups (no TMM,
TERT+). Cyan lines mark the 95th percentile of the spot number distribution in ALT+ cell lines above which cells were defined as super-ALT. Images
of super-ALT phenotypes in Saos2, CAL72, MGBMI, U20S with spot number n given below the image. The cyan box marks the position within the
distribution shown on the left side. (C) Selected positions picked from U20S (ALT+) and HeLa LT (TERT+, ALT-prone) TelC ALT-FISH to visualize
ALT activity in a spatial context. Examples of intermediate and high-ALT clusters found in U20S (left). Rare cells with low ALT activity found within
the mostly ALT-negative HeLa LT population (right). Nuclear masks are color-coded by spot number (legend). All scale bars in images are 5 pm.
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(<1% of U20S levels, Supplementary Figure S3C). As op-
posed to HeLa cells with wild-type or short telomeres (ST),
HeLa LT are telomerase-positive but can develop ALT
when depleted of the histone chaperones ASF1A/B (28).
These results suggest that the distribution of ALT-FISH
signals at the population level can also inform about the
propensity of a cell line to develop ALT. Cells with 1-2 spots
were rare in ALT+ but more frequent in weakly ALT+ cell
lines and HeLa LT, possibly representing states of low ALT
activity. By integrating the spatial information from ALT-
FISH images in U20S and HelLa LT cells, we furthermore
discovered that part of the heterogeneity seems to be spa-
tially encoded. Cells with similar spot numbers were often
found in close vicinity and there were regions with overall
higher or lower ALT activity as well as confined hubs of low
ALT activity in clearly ALT-negative regions (Figure 3C).

Following dynamics of ALT induction and suppression using
ALT-FISH

Next, we determined how well ALT-FISH signals reveal
changes in ALT activity. Three model systems were used
for the perturbance of ALT activity: (i) TERT+ HeLa LT
cells in which ALT was induced by siRNA-mediated knock-
down of ASF1 (28), (ii)) pedGBM NEM168 cells (27) that
switch from a state of low to high ALT activity upon dele-
tion of the ALT suppressor ATRX and (iii) inhibition of
ALT activity in U20S cells by inducing expression of the
ALT suppressor ATRX (31). In the first approach, the de-
pletion of ASF1A/B protein resulted in the expected CC
level increase in HeLa LT cells that is indicative of ALT in-
duction (Figure 4A—-C). In agreement with these changes,
both TelC and TelG ALT-FISH signals were increased for
ASF1-depleted HeLa LT when compared to the controls
(Figure 4D, Supplementary Figure S4A, B). TelG ALT-
FISH signals correlated well with changes in CC level, sug-
gesting that the TelG probe mostly detects CCs. We un-
covered substantial heterogeneity in the response, as only
a fraction of cells developed additional ALT-FISH spots.
Strikingly, we also observed some TelC ALT-FISH signal
changes in HeLa ST upon ASF1 depletion which remained
undetected by the CC assay (Figure 4C, D). ALT induction
has not been reported for HeLa ST previously and these ob-
servations show the power of ALT-FISH to visualize small
ALT activity changes due to its single cell resolution.

The second cellular system for tracing changes in ALT ac-
tivity involved the transition of the NEM 168 cell line from
a weakly to a strongly ALT+ state upon ATRX knock-out
(Figure 4E, F). Similar to the ASF1 knock-down, we found
that the number of nuclear TelC and TelG ALT-FISH spots
correlated very well with increasing CC levels (Figure 4G,
H). Moreover, the CC level difference of the two knock-out
clones (B5, F2) (Figure 4G) was reflected in both the TelC
and TelG spot number distributions.

To test if ALT-FISH captures a decrease in ALT activity,
we used a previously established transgenic ALT+ U20S
cell line capable of expressing the ALT suppressor ATRX by
addition of doxycycline (dox) (31) (Figure 5A). Three days
of induction resulted in detectable ATRX protein expres-
sion in the otherwise ATRX-deficient cell line (Figure 5B).
This was accompanied by ALT suppression as inferred from
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the strong reduction in CC levels to about 13% of wild-type
levels (Figure 5C). It is noted that the uninduced U20S-
ATRX cell line also showed moderately reduced (69%) CC
levels. However, this difference to the parental cell line was
much smaller and is likely attributable to leakiness of the
ectopic ATRX construct. ALT-FISH staining revealed the
loss of TelG spots upon ATRX expression (median spot
number; —dox: 6, +dox: 0) (Figure 5SD). Thus, the TelG sig-
nal showed a very high correlation with CC abundance.
In contrast, we found little agreement between the TelC
spot number and CC level changes in this ATRX induc-
tion experiment (Figure 5C, D). Rather, the number of TelC
spots was consistently higher for both the induced and unin-
duced U20S-ATRX cells when compared to wild-type cells
while spot features (intensity, area) remained similar (Sup-
plementary Figure S5A, B). Since TelC ALT-FISH also de-
tects TERRA, we assessed its contribution to the signal by
RNase treatment before hybridization. TERRA is typically
up-regulated in ALT but ALT activity is not the only regu-
lator of TERRA expression (42-44). The RNase treatment
before ALT-FISH revealed that TERRA levels were higher
in the transgenic U20S-ATRX model compared to wild-
type cells and uncoupled from ALT activity as reflected by
the CC levels (Supplementary Figure S5C). However, and in
agreement with our TelG ALT-FISH results (Figure 5D),
we found that the number of RNase-resistant TelC spots
was well correlated with the changes in CC level (compare
Supplementary Figure S5C and Figure 5C). We conclude
that ALT-FISH reliably visualizes ALT activity changes
in three independent models of ALT perturbation. More-
over, we find that the combination of TelC and TelG probe
with RNase-treatment has advantages over TERRA-FISH,
since TERR A expression can occur independent of ALT ac-
tivity as apparent from the ATRX induction in U20S cells.

ALT-FISH on primary leiomyosarcoma and neuroblastoma
tissue sections maps tumor heterogeneity

Next, we applied ALT-FISH to patient tissue sections from
nine leiomyosarcoma (LMS) tumors (five ALT-positive,
four ALT-negative) and one matched normal tissue con-
trol (Figure 6) (24). To verify the robustness of ALT-FISH
across different cancer entities, we furthermore expanded
our analysis to seven neuroblastoma (NB) tumor samples
(three ALT-positive, four ALT-negative) that were previ-
ously characterized in another study (12) (Figure 7). We
established an automated image analysis workflow for fast
and unbiased quantification of ALT-FISH spots in tissue
images (Supplementary Figure S7, Materials and Meth-
ods). Quantification of ALT-FISH spots in ~87 000 (LMS)
to ~106 000 (NB) individual cell nuclei across 20 analyzed
tumor sections from two entities revealed generally lower
spot counts in tissues as compared to cell lines (Supple-
mentary Figure S6, Supplementary Data Set 1). However,
tissue sections from ALT-positive tumors displayed ~16-
fold higher mean spot count per nucleus (1.21; 95% CI:
0.66-1.75) as compared to those from ALT-negative tumors
and normal tissue (0.077; 95% CI: 0.016-0.14) when pool-
ing LMS and NB samples. We used the available normal
tissue control (LMS) (Figure 6) and normal tissue regions
identified by IF staining in neuroblastoma (Figure 7) to de-
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Figure 4. ALT-FISH visualizes ALT activity changes induced by ASF1 or ATRX depletion. (A) Scheme of ALT induction by ASF1 knock-down in the
ALT-prone cell line HeLa LT (long telomeres). (B) Western blot and corresponding quantification to verify ASF1A/B depletion upon siRNA-mediated
knock-down (kd) in HeLa LT and the control cell line HeLa ST (short telomeres). ASF1 levels were normalized to tubulin and a matched sample transfected
with a non-targeting siRNA control (ctrl). Bar plots represent the mean and SD of 5 independent knock-down experiments with P = 0.0001 (***) and
P < 0.0001 (****) from a one-sample Student’s 7-test. (C) Quantification of CC level changes upon ASF1 kd with representative blots on top. Bar plot
depicts the mean and SEM of five replicates. All values are expressed relative to an ALT+ U20S reference sample (n.d., not detectable) with P > 0.05 (not
significant, n.s.), P = 0.015 (*) and P = 0.0079 (**) from a Wilcoxon rank sum test. (D) Exemplary TelC ALT-FISH stained cells and quantification
for the ASF1 knock-down. Data from untreated/wt cell lines are included for comparison and are the same as in Figure 3B. Count data were binned
for better visualization and are depicted as percentage fraction of all analyzed cells for each condition. For TelG ALT-FISH data and un-binned spot
count data see Supplementary Figure S4. Data were pooled from three independent knock-down experiments. (E) Schematic of ALT activity induction by
ATRX knock-out in weakly ALT+ pedGBM NEMI168 cells. (F) ATRX western blot confirming loss of ATRX in the two NEM 168 CRISPR knock-out
clones B5 and F2 versus the parental cell line (wt). HeLa (ATRX wt) and U20S (ATRX-deficient) are included as references. (G) CC level changes upon
ATRX knock-out with representative blots shown on top. Bar plots depict the mean and SEM of three independent replicates. All values are expressed
relative to an ALT+ U20S reference sample. The P-values for the indicated comparisons were calculated using Wilcoxon rank sum test. (H) TelC and TelG
ALT-FISH staining and nuclear spot number quantification for NEM 168 wt and the two ATRX knock-out clones (BS, F2). Data were pooled from 2-4
independent replicates (cell numbers given below). Adjusted P-values from a pair-wise Wilcoxon rank sum test with BH correction were < 2e—-16 (*¥***),
All boxplots depict the median with first and third quartile of the distribution. All scale bars are 5 pm.
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Figure 5. Detection of ATRX-mediated ALT suppression by ALT-FISH.
(A) Scheme of ALT suppression by doxycycline (dox)-inducible ATRX
re-expression in the ALT+ and ATRX-deficient U20S cell line. (B) West-
ern blot showing ATRX expression in transgenic U20S-ATRX cells three
days with/without dox. HeLa (ATRX wt) and U20S wt are included
as references. (C) Quantification of CC level changes upon ATRX re-
expression with representative blots on top. Bar plot depicts mean and
SEM of three independent induction experiments relative to U20S wt.
Values of P = 0.16 and P = 0.0019 (**) were calculated using a one-
sample Student’s 7-test. (D) TelC and TelG ALT-FISH staining and nu-
clear spot number quantification for U20S wt and U20S-ATRX +/-dox.
Count data were pooled from three independent induction experiments.
Data from from Figure 1C for U20S wt (four replicates) are included for
comparison. Adjusted P-values from a pair-wise Wilcoxon rank sum test
with BH correction were >0.05 (not significant, n.s.) or <2e-16 (****),
The number of analyzed cells is given below. Boxplots depict the median
with first and third quartile of the distribution. Scale bars are 5 pm.

fine a CC assay independent threshold for ALT positivity
in a tissue region. The mean nuclear spot count of the com-
bined controls was 0.1 spots/nucleus. The cutoff was de-
fined as 1.5 times this value yielding a mean spot count
per nucleus of 0.15. With this value the assay sensitivity

Nucleic Acids Research, 2022, Vol. 50, No. 11 e61

and specificity were 0.91 and 0.89, respectively, with the
CC signal as reference. The mean spot number per nucleus
was also significantly different when comparing the ALT-
positive to the ALT-negative cases within each entity (LMS:
P-value = 0.047, NB: P-value = 0.002, unpaired Student’s
t-test) (Supplementary Figure S6E).

It is noted that the above type of ALT-FISH based ALT
status assignment averages the signal across the imaged tis-
sue region but ignores that typically also non-malignant
cells are present, and that the ALT-FISH signal shows large
differences between individual cells. To assess this hetero-
geneity of ALT activity for individual tumor sections, we
developed a visualization approach, which maps back pre-
defined groups of ALT activity onto the spatial tissue con-
text to generate color-coded ALT activity maps. An exam-
ple is shown for a tissue section from an ALT-positive LMS
tumor (Figure 6A—C). Cell nuclei in the tissue images were
classified into four ALT activity groups (ALT-negative, 0
spots; Low-ALT, 1-2 spots; ALT, 3-20 spots; super-ALT,
>20 spots). The classification of the first three groups was
informed by the previously determined cutoff used to sep-
arate ALT+ from ALT- cells in cell mixtures (>2 ALT-
FISH spots, see Figure 2). For simplicity and visualization,
the super-ALT cells were defined as having >20 spots. It
is noted that this cutoff yielded cell fractions between 0.1
and 0.4% for the LMS and neuroblastoma tumors. Accord-
ingly, an alternative approach would be to set it based on the
specific distributions found in a larger sample set of a given
tumor entity. The ALT activity map highlighted regions of
particularly low or high ALT activity (Figure 6C, regions I-
I1T). Similar to what was observed for cell lines (see Figure
3C), a nearest neighbor analysis (45) of this map for LMS
L1.1(L1.1 and L1.2 designates two different tissue sections
from the same L1 tumor sample) suggested some preferen-
tial clustering of cells belonging to the same ALT activity
group (Figure 6C).

ALT activity maps of multiple tumor tissue sections
across both entities revealed substantial intra- and inter-
tumor heterogeneity. This was particularly pronounced for
the LMS samples, which displayed highly variable map pro-
files for the ALT-positive cases (Figure 6D). The normal
tissue sample matched to the ALT-positive LMS tumor L3
showed very little ALT-FISH signal (<5% of nuclei with > 1
spot) and was comparable to the ALT-negative tumors L6—
L9 (see Figure 6D). Strikingly, the ALT-positive NB tu-
mors analyzed in this study exhibited an overall higher
ALT activity as compared to the LMS samples (Figure
7C, Supplementary Figure S6B, D). We also observed het-
erogeneity among NB tumors that were classified as ALT-
negative based on the CC assay. An exemplary case is
shown for a section of the N5 tumor sample, which con-
tains 14.8% of nuclei with 1-2 and 2.3% of nuclei with >2
ALT-FISH spots (Figure 7C, top row). This relatively small
fraction of (lowly) ALT-positive cells indicates that this
tumor sample is partly ALT-positive based on the ALT-
FISH signal although it was classified as ALT-negative in
the CC assay. To validate that a positive ALT-FISH sig-
nal is highly specific for tumor cells, we combined ALT-
FISH and immuno-staining for the well-established neu-
roblastoma tumor marker NCAM (46,47) on one ALT-
positive NB tumor section (Figure 7A). The tumor marker
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Figure 6. ALT-FISH analysis of leiomyosarcoma (LMS) tumor tissue. ALT status assignment is according to the CC analysis (Supplementary Figure
S6A). See Supplementary Figure S6 and Supplementary Data Set 1 for additional information and ALT-FISH spot statistics of all LMS tumors. All scale
bars are 200 pm. (A) Tissue section from an ALT-positive LMS tumor stained by pseudo H&E and TelC ALT-FISH. An overview image (~1.3 mm x 1.3
mm) is shown in the H&E representation. The zoom-in (20 pm scale bar) shows the merged DAPI and ALT-FISH signals within a selected region. (B) Spot
count distribution of the tumor section from panel A. Boxplot with jittered dots depicts the median with first and third quartile of the distribution. Note
that the y-axis is interrupted for visualization of cells with >20 spots (n = 52) in the upper box. A total of 14 298 nuclei were segmented and binned into four
ALT activity groups based on their spot counts (ALT-, Low-ALT, ALT, Super-ALT). Representative examples of nuclei with corresponding spot counts
are highlighted in panel A. (C) Left: ALT activity map that projects color-coded ALT activity groups from panel B onto the entire imaged tissue region.
Zoom-ins I-111 illustrate the heterogeneity of ALT-FISH signals in different subregions. Right: Nearest neighbor analysis of the four ALT activity groups
for LMS tumor L1.1. It suggests a preferential clustering of cells belonging to the same ALT activity group. (D) ALT activity maps of four ALT-negative,
five ALT-positive LMS tumor tissue sections (L1-L9) and one matched normal tissue sample matched to tumor L3. The fraction of nuclei falling into
each ALT activity group is visualized by stacked bar graphs next to the images. Samples L1.1 and L1.2 correspond to two different tissue sections from
the same LMS tumor L1.
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Figure 7. ALT-FISH analysis and tumor marker co-staining of neuroblastoma (NB) tumor tissue. ALT status assignment is according to the CC analysis
(Supplementary Figure S6C). See Supplementary Figure S6 and Supplementary Data Set 1 for additional information and spot statistics of all NB tumors.
All scale bars are 200 wm. (A) ALT activity map of an ALT-positive NB tumor tissue section stained by TelC ALT-FISH and immuno-staining against
the neuroblastoma-specific tumor cell marker NCAM (magenta). (B) Distinct regions of low to no ALT activity (I, IT) were overlaid with the regions that
lacked NCAM signal, identifying them as non-tumor/normal tissue. Nuclei classified as ALT-negative (blue) were also present in NCAM-positive tissue
regions, indicating heterogeneity within the tumor cell population. (C) ALT activity maps of four ALT-negative and three ALT-positive NB sections. Two
adjacent regions (~1 mm? each) from the same section of ALT-positive tumor N2 are depicted. The fraction of nuclei falling into each ALT activity group
is visualized by stacked bar graphs next to the images. Tumor N3.2 corresponds to an additional section of the tumor N3 sample analyzed in panel A
(N3.1). Note that tumor NS5 classified as ALT-negative in the CC assay displays a comparably high proportion of low-ALT cells based on the ALT map
analysis.
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was highly correlated with the ALT-FISH signal. NCAM-
negative (non-tumor) regions of this tissue sample almost
exclusively contained cell nuclei classified as ALT-negative.
In contrast, NCAM-positive regions contained cell nuclei
from all ALT activity groups. Thus, ALT-FISH can resolve
the heterogeneity within tumor cell populations and distin-
guish between tumor cells and normal tissue. Furthermore,
including an additional marker to distinguish regions of tu-
mor and non-malignant cells on the tissue section could
also be exploited to increase the specificity and sensitiv-
ity of ALT-FISH signal to classify tumors as ALT-positive
or ALT-negative. Overall, our ALT-FISH results on tissue
were in excellent agreement with the CC levels determined
for the individual tumors across both entities and found a
positive relationship between high ALT activity measured
by ALT-FISH, high CC levels and mutated ATRX (Sup-
plementary Figure S6A, C).

DISCUSSION

The ALT-FISH assay introduced here quantifies single-
stranded DNA and RNAs containing the C- or G-rich
telomere repeat sequences with single cell resolution in situ.
Our method is universally applicable to adherent cell lines,
cell suspensions and primary tumor tissue samples. ALT-
FISH does not require proprietary chemistry or special-
ized reagents and can thus be implemented in a straight-
forward manner. In contrast to APB staining as an ALT
marker, ALT-FISH exhibits a higher dynamic range and
only requires a single isothermal hybridization reaction in-
stead of antibody co-staining and co-localization image
analysis. The ALT-FISH image data analysis is highly scal-
able as demonstrated here by analyzing ~45 000 (cell lines)
and >194 000 individual cell nuclei (tissue samples). Thus,
it is well suited for high-throughput applications on differ-
ent types of samples. Increased and heterogeneous telomere
length as determined by denaturing telomere FISH has also
been reported as quantifiable marker of ALT activity (48).
However, accurate telomere length measurements are chal-
lenging to perform in situ and often yield only small differ-
ences.

In addition to high-throughput applications, ALT-FISH
can be applied to investigate the dynamics, localiza-
tion and interaction partners of single-stranded telomeric
DNA/RNA species linked to the ALT mechanism, e.g. by
combining it with immuno-staining. A staining with either
the TelC or TelG probe was sufficient to determine the
ALT status in the samples studied here. The TelC probe
yielded a higher number of spots per cell with median num-
bers between 7-17 (TelC) or 3-6 (TelG) spots in ALT+ cell
lines. A more comprehensive assessment of the different
DNA/RNA species (e.g., TERRA abundance in combina-
tion with the C- and G-rich ssDNA repeats) is provided by
the combined use of the TelC and TelG probes together with
RNase treatment. Since TERRA can be up-regulated under
a variety of conditions like specific mutations (42), viral in-
fection (43) or tumorigenesis alone (44) it is, on its own, not
a reliable ALT marker. In fact, RNase treatment revealed
TERRA level decoupling from ALT activity in our ATRX
induction model.
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The precise quantitative relationship  between
recombination-based telomere elongation and the abun-
dance of (partially) single-stranded species like CCs
remains to be determined. However, we find that their
levels can differ dramatically between individual cells.
This heterogeneity was observed in a panel of cancer
cell lines, three different ALT perturbation models and
primary tumor tissue from two cancer entities, possi-
bly representing differential telomere processing and/or
stochastic inheritance or maintenance of these interme-
diates. A small cell population termed super-ALT cells
here with particularly high ALT-FISH signal was con-
sistently present in the ALT-positive cell lines and tissue
sections. The occurrence of these cells is reminiscent of
the ‘ultrabright foci’ phenomenon previously seen by
denaturing telomere FISH (49). Our findings from weakly
ALT+ and ALT-prone TERT+ cell lines suggest that the
propensity to develop ALT is unequally distributed within
a cell population. In line with ALT induction being a rare
event, perturbations like ASF1 depletion may just shift
the ALT-proneness of the entire population, resulting in
a mixed population containing only a small fraction of
outliers that activate ALT. These changes affecting only
few cells are likely to be missed by bulk readouts like the
CC assay.

The application of ALT-FISH to tumor tissue provides a
new approach to resolve intra- and inter-tumor heterogene-
ity in cancer entities with high ALT prevalence as for ex-
ample pediatric glioblastoma, neuroblastoma, leiomyosar-
coma and pancreatic neuroendocrine tumors (23,24,50).
The usefulness of native telomere FISH against C-rich re-
peats for assessing the ALT status was very recently also
shown for mouse xenograft models and FFPE material
from other tumor entities (51). Our results from leiomyosar-
coma and neuroblastoma demonstrate the use of ALT-
FISH for resolving TMM heterogeneity in a spatial context
with high sensitivity. We identified a CC negative neuroblas-
toma tumor (tumor N3, Figure 7C) with a comparably high
fraction of low ALT activity cells (~15%). Such phenotypes
could hint at TMM emergence or transitions within the tu-
mor. As opposed to TERT+ tumors, ALT-positive neurob-
lastomas are slowly growing, but have a similar dismal out-
come in children, while tumors without a TMM usually
have a good prognosis (12). Thus, the ALT activity maps
presented here may qualify as a tool for the detection of
TMM emergence or transitions between different TMMs
(ALT+, TERT+) in evolving neuroblastomas. Conducting
these types of analyses on a larger cohort of patients could
aid in explaining some of the patient-to-patient variability
with respect to ALT activity, treatment response or disease
outcome. Since ALT-FISH is compatible with other stain-
ing and microscopy-based applications, it will also support
the development of strategies to identify novel ALT markers
and drug targets.

DATA AVAILABILITY

Scripts and associated functions for the image analysis
are available at https://github.com/RippeLab/ALT-FISH
together with a detailed description for their application.
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SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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