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Summary

The cell nucleus is organized into functional domains that form around chromatin, which
serves as a scaffold composed of DNA, proteins, and associated RNAs. On the 0.1-1 um
mesoscale these domains can form spatially defined compartments with distinct composition
and properties that enrich specific genomic activities like transcription, chromatin modification
or DNA repair. In addition, extrachromosomal DNA elements and RNAs can separate from the
chromatin template and assemble with proteins into nuclear bodies. The resulting
accumulations of proteins and nucleic acids in the nucleus modulate chromatin-templated
processes and their organization. The assembly of these compartments occurs in a self-
organizing manner via direct and indirect binding of proteins to DNA and/or RNA. Recently, it
has been proposed that multivalent interactions drive compartmentalization by inducing phase
separation with a non-stoichiometric accumulation of factors into biomolecular condensates.
Despite the importance of compartments for genome regulation, insights into their structure
and material properties and how these affect their function is limited. To address this issue, it
is important to devise approaches that can perturb nuclear compartments in a targeted
manner, while also measuring changes in genome activities within the same cell. In this thesis,
the methodology to reveal the underlying structure-function relationships of nuclear
compartments has been advanced and applied to compartments involved in activation and

silencing of chromatin, and telomere maintenance in cancer cells.

| first established a toolbox of chromatin effector constructs to probe and perturb properties of
nuclear compartments in living cells that comprised different combinations of DNA binding,
transcription activation and light-dependent interaction domains. In addition, | developed
workflows to quantitatively assess relevant compartment features by fluorescence
microscopy. These methods were employed to study the compaction mechanism of mouse
pericentric heterochromatin (PCH) foci and to investigate the interplay between transcriptional
co-activators, phase separation and transcription at an inducible reporter gene cluster. It
revealed determinants of PCH compaction and identified differential co-activator usage and
multivalent interactions as contributors to transcription factor (TF) strength. The results
furthermore challenged the model of TF phase separation as a general positive driver of gene
transcription. In the second part, | focused on exploiting the detection of compartments for
measuring activity of the alternative lengthening of telomeres (ALT) pathway used by cancer
cells to extend their telomeres in absence of telomerase. | developed ALT-FISH, a scalable
and quantitative imaging assay that detects ALT pathway-specific compartments containing
large amounts of single-stranded telomeric nucleic acids. | applied the method to cell line
models from different cancer entities and to tumor tissue from leiomyosarcoma and

neuroblastoma patients. By devising automated ALT-FISH data acquisition and analysis



workflows, | implemented an approach, which enabled ALT activity measurements in hundreds
of thousands of single cells. These technological advancements provided a quantitative
description of ALT activity at single cell resolution and were used to characterize the spatial
distribution of ALT activity in relation to other biological features and in response to
perturbations. Finally, a novel approach for studying the regulation of ALT in tumors could be
established by integrating the method with the spatially resolved detection of single cell

transcriptomes.

In summary, this thesis introduced and utilized several methods to establish connections
between nuclear compartment organization, chromatin features, transcription regulation, and
telomere maintenance. These perturbation and imaging techniques are versatile and may be
applied to dissect nuclear activities related to other compartments and biological model
systems. Furthermore, the detection of ALT activity has demonstrated that compartments can
offer valuable biological insights into how phenotypic cellular heterogeneity is encoded and

linked to diseases such as cancer.



Zusammenfassung

Der Zellkern ist in rdumliche Einheiten, sogenannte Kernkompartimente, gegliedert, die sich
aus einer bestimmten Chromatin-, Protein- und RNA-Zusammensetzung auf der Grolenskala
von 0.1-1 ym ergeben und spezifische Funktionen erfullen. Dazu zahlen beispielsweise die
Regulation der Genexpression, die kontrollierte posttranslationale Modifikation von
Histonproteinen und die Reparatur von lokalen DNA-Schaden. Daruber hinaus kdnnen sich
extrachromosomale DNA-Elemente und RNAs vom Chromatin |6dsen und sich mit Proteinen
zu Kernkompartimenten zusammenschlieen. Diese freien Komplexe aus Proteinen und
Nukleinsduren im Zellkern kdnnen wiederum weitere Chromatin-vermittelte Prozesse und
deren Organisation modulieren. Die Bildung von Kernkompartimenten erfolgt auf
selbstorganisierende Weise durch direkte und indirekte Bindung von Proteinen an DNA
und/oder RNA. Ein neues Entstehungsmodell sieht vor, dass die lokale Anreicherung fur
bestimmte Kompartimente durch den Prozess der Phasentrennung zustande kommen kann.
Die hierbei gebildeten "biomolekularen Kondensate" kdnnen Faktoren nicht-stdchiometrisch
anreichern und haben weitere besondere biophysikalische Eigenschaften. Jedoch sind die
wechselseitigen Beziehungen zwischen Kompartimentierung, Materialeigenschaften und
biologischen Funktionen des Zellkerns wenig verstanden. Es bedarf neuartiger methodischer
Ansatze, um Kernkompartimente gezielt zu manipulieren und deren Eigenschaften sowie
Aktivitat in einzelnen Zellen zu messen. In dieser Studie wurden experimentelle Methoden
entwickelt, mit denen gezielt Kernkompartimente untersucht und ihre Aktivitdt gemessen
werden kann. Die hier untersuchten Kompartimente sind an der Regulierung der

Genexpression sowie der Telomerverlangerung von Krebszellen beteiligt.

Im ersten Teil der Arbeit habe ich eine Toolbox aus Chromatineffektoren etabliert und
Methoden zur quantitativen fluoreszenzmikroskopischen Messung von Kompartiment-
eigenschaften entwickelt. Mithilfe eines aktivierbaren Reporter-Gen-Clusters unter
Anwendung dieser Methoden auf perizentrisches Heterochromatin konnte ich Faktoren
identifizieren, die die Kompaktierung von Heterochromatin regulieren und die Aktivitat von
Transkriptionsfaktoren verstarken. Die Ergebnisse zeigten aullerdem, dass die
Phasentrennung von Transkriptionsfaktoren auf Chromatin nicht immer mit einer verstakten

Transkription einhergeht.

Im zweiten Teil meiner Arbeit lag der Fokus auf der Identifizierung von Kompartimenten zur
Messung der Aktivitat des alternativen Telomerverlangerungsmechanismus (ALT), welcher
von Tumorzellen genutzt wird, um ihre Telomere in Abwesenheit des Enzyms Telomerase zu
verlangern. Dazu entwickelte ich ALT-FISH, ein stark skalierbares und quantitatives

Mikroskopieverfahren, das spezifische Kompartimente fur den ALT-Signalweg nachweist. Die



Methode habe ich anschlieRend an Zelllinienmodellen verschiedener Krebsarten als auch an
Tumorgewebe von Patienten mit Leiomyosarkom und Neuroblastom validiert. Durch die
Entwicklung von automatisierten Workflows zur ALT-FISH Datenerfassung und -analyse
konnte ich Messungen der ALT-Aktivitat in Hunderttausenden von Einzelzellen durchfuhren.
Dank dieser technologischen Fortschritte konnte die ALT-Aktivitat erstmals quantitativ und mit
Einzelzellauflésung beschrieben werden. AuRerdem wurde untersucht, wie sich ihre rdumliche
Verteilung im Verhaltnis zu anderen biologischen Merkmalen verhalt und wie sie auf
bestimmte Einfllisse reagiert. Schlussendlich wurde ein innovativer Ansatz entwickelt, um die
Regulation der ALT-Aktivitat in Tumoren zu untersuchen, der auf der Kombination von ALT-

FISH mit der rdumlich aufgeldsten Erfassung von Einzelzelltranskriptomen basiert.

In dieser Arbeit wurden mehrere Methoden entwickelt und eingesetzt, um mechanistische
Verbindungen zwischen der Organisation von Kernkompartimenten, deren Chromatinstatus
und biologischer Aktivitat zu analysieren. Die hier prasentierten experimentellen Ansatze sind
vielseitig einsetzbar und kdnnen daher auch fir die Manipulation und Untersuchung anderer
Kernkompartimente angepasst werden. DarUber hinaus hat der Nachweis der ALT-Aktivitat
gezeigt, dass Kernkompartimente wertvolle biologische Erkenntnisse dartber liefern kénnen,

wie zellulare Heterogenitat kodiert ist und mit Krankheiten wie Krebs im Zusammenhang steht.

VI
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Introduction

l. Introduction

1. The cell nucleus is organized into functional compartments

The cell nucleus contains the genetic information in the form of DNA wrapped around histone
proteins to form chromatin. A pool of diverse macromolecules regulates how and when the
genome is transcribed, compacted, replicated or repaired by spatially confining its active
components in a coordinated manner within the nucleus. Many nuclear components show
punctate staining patterns on the mesoscale of 0.1-1 ym when analyzed by immuno-staining,
suggesting that they are compartmentalized into local accumulations with sometimes steep
concentration boundaries [1]. In these compartments, biological processes can be aggregated
to accelerate enzymatic and binding reactions, to regulate only specific gene loci or to reduce
crosstalk between opposing processes. Nuclear compartments may range from the
nanometer to micrometer scale [2] and can be classified by functional, compositional and
structural criteria. One main distinction is made based on their chromatin content and
association with gene transcription [3]. Compartments that have a high concentration of
chromatin are usually linked to densely packed chromatin regions that are often
transcriptionally silent. On the other hand, compartments found in actively transcribed regions
or in the interchromatin space typically have a higher RNA and protein content and are
sometimes referred to as nuclear bodies [4]. Figure 1 provides an overview of specific

compartments found in the mammalian cell nucleus.

Transcriptionally inactive
chromatin compartments

Transcriptionally active
chromatin compartments

Open and active

chromatin Inactive X chromosome

Transcription factory Compacted and silent

chromatin
Nucleolus
Pericentric

heterochromatin
Nuclear speckle

Lamina-associated domain
PML nuclear body Telomere

Nuclear envelope
RNA / protein-rich bodies

Figure 1. Specific examples of functional compartments formed in the cell nucleus.
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Examples of compartments organizing active chromatin include nucleoli, which transcribe
rDNA and produce ribosomal subunits [5], and transcription factories, which are bodies of
enriched active RNA polymerase Il and transcription factors (TFs) that regulate transcription
throughout the genome [6, 7]. Nuclear speckles are assemblies of RNAs, splicing factors and
other proteins involved in post-transcriptional RNA processing, storage and transport [8]. They
mostly form in the interchromatin space, where they dynamically exchange factors with the
nucleoplasm and the surrounding chromatin. PML nuclear bodies (PML-NBs) are formed by
spherical shells of PML protein filled with a core of numerous other proteins, of which many
are SUMOylated [9]. Although their exact function remains enigmatic, PML-NBs have been
linked to the regulation of cellular stress responses [10]. Similar to nuclear speckles, they are
mostly devoid of chromatin [11]. However, they can associate with specific genomic loci in

situations that include viral infection, DNA damage and telomere maintenance [12].

Several regions of the genome that are transcriptionally silent also form unique structural or
functional barriers that distinguish them from their surrounding environment. Chromosomal
regions adjacent to the nuclear envelope (lamina-associated domains) are mostly silenced,
but also regulated by the unique interactions with the lamin proteins [13, 14]. The inactive X
chromosome forms a highly compacted and transcriptionally repressed "Barr body" that
locates to the nuclear periphery and selectively accumulates specific chromatin marks [15,
16]. Other examples include pericentric heterochromatin in mouse cells [17] and telomeres at
chromosome ends [18]. Both form compacted structures around repetitive DNA sequences

and are crucial for genome stability and chromosome segregation [19, 20].

Ongoing research aims to understand how the structural and functional barriers of various
compartments in the nucleus are established and maintained. This knowledge is essential to
comprehend how cells process and integrate biological information at different size and time
scales within the nucleus. In the following sections, some general organizational principles
and formation mechanisms of nuclear compartments will be introduced. In addition, their

biological function will be illustrated with specific examples.
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2. General mechanisms of nuclear compartment formation

The basis for nuclear compartmentalization is provided by self-organizing interaction circuits
that confine soluble factors to a specific location or a set of locations that share molecular cues
for initiating compartment assembly [21]. The specific assembly mechanism depends on the
type of compartment and can involve both cross- and self-interactions between RNA, proteins
and binding sites on the chromatin scaffold. Hereby, the role of the nucleosome chain can vary
[22] and assembly by stoichiometric binding is distinguished from assembly by phase

separation (Figure 2).

(1) Stoichiometric binding (2) Phase separation
RNA-_driven Proteir]-driven
'%“ 'Q‘ ﬁ&

; Protein-RNA
.S @ Protein-RNA body - i

Al <,

- .. Critical
\’, ¢ st concentration sl
e + _Bridging
Soluble factors ~,\ \/Q:@,L’ factors
(proteins, RNA) ' ‘%\ o\
|
‘ g@i
A8 A
Binding '~ =g .‘ Chromatin phase
site R PO
Chromatin-associated Condensate at chromatin
compartment

Figure 2. Mechanisms of nuclear compartmentalization. Two main mechanisms of compartment
formation are distinguished: (1) Stoichiometric binding: soluble factors form complexes of defined
composition with our without the involvement of chromatin. The assembly is achieved by multivalent
self-interacting proteins or RNAs and/or factors which recognize specific binding sites on chromatin.
Chromatin-bound bridging factors may additionally introduce structural changes on the level of the
chromatin fiber. (2) Phase separation: soluble factors separate into a dense (condensate) and dilute
phase above a so called critical concentration. Inside condensates, factors are concentrated non-
stoichiometrically. Condensates may or may not involve chromatin binding sites. Factors with the ability
to form multivalent self-interactions typically have a higher propensity to undergo a phase transition.

In one model, chromatin acts as the core scaffold by providing clusters of sites to which
effectors bind in a DNA sequence or chromatin mark-specific manner. This is for example the
case for mouse pericentric heterochromatin [23, 24] and telomeres, which both contain
significant amounts of repetitive binding sites that recruit specific proteins. Compartments can
form along a continuous region on the chromatin fiber or comprise multiple chromatin loci that
come together in 3D [25]. Folding into a higher order structure may involve cross-linking

interactions mediated by bivalent bridging factors. In alternative, chromatin is not directly or
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only transiently involved as scaffold for the formation of compartments. Instead, protein and
RNA complexes assemble in the interchromatin space, wherein RNA, protein or both can act
multivalent linkers to drive self-assembly [26, 27]. This mode of assembly is likely common to
both PML-NBs and nuclear speckles, which carry out chromatin-associated functions, but do

not necessarily, or only under certain circumstances, contain chromatin at their core.

Nuclear components rapidly diffuse through the nucleus and many DNA binding proteins have
short residence times on chromatin [28]. This raises the question of how compartments are
stabilized without investing cellular energy, even though diffusion works to balance these steep
concentration gradients. In general terms, proteins and nucleic acids can form
macromolecular assemblies in two ways that are not mutually exclusive. The first is through
high-affinity stoichiometric interactions between well-structured domains, which may include
DNA binding sites on the nucleosome chain. The second is through variable-affinity
interactions between intrinsically disordered regions (IDRs) of proteins [22, 29]. IDRs are
prevalent in nucleic acid binding proteins across species [30] and exhibit high conformational
variability, which results in many possible interaction modes. These range from highly specific
lock-and-key type binding [31] to more promiscuous "sticky" interactions [32]. In many
instances, structured domains work together with IDRs, for example, to accomplish efficient
targeting of proteins to DNA [33]. Most notably, many IDRs can form multivalent links due to
their repetitive sequence nature [34], making them prime candidates for building large protein
networks that are driven by self-interaction. In recent years, this property of IDRs has been
used to rationalize the assembly of IDR-containing proteins into bodies that form by phase
separation, which are referred to as biomolecular condensates or liquid droplet [35]. This mode
of formation is fundamentally different from stoichiometric assembly into higher order

complexes.

In broad terms, phase separation is the unmixing of molecules into a concentrated and less
concentrated phase at a critical saturating concentration where self-interaction is energetically
more favorable than interaction with the solvent (Figure 2, right). In addition, factors such as
temperature, pH, and ions can affect the critical concentration by modulating the self-
interaction propensity. Phase separation is an intriguing concept to explain
compartmentalization, since phase-separated systems have key characteristics that could
potentially be exploited for biological regulation [26]. Phases maintain a sharp concentration
boundary, while exchange of molecules between them is still possible. This can locally enrich
large amounts of molecules and also create reactive surfaces for biological processes. In
equilibrium, the molecule concentration within a phase-separated compartment is constant,
and concentration changes lead to expansion or shrinkage of the dense phase volume. This

concentration buffering ability could protect enzymatic reactions against changes of the
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environment. Finally, molecules can be excluded or included in the dense or dilute phase
based on their chemical properties (e.g. hydrophobicity, charge, etc.). Such selective solubility
can be utilized to confine functionally related molecules within a compartment and segregate

them from unrelated processes or inhibiting reaction products.

While originally described for P-granules in the cytoplasm [36], phase transitions have recently
been invoked to explain the formation of numerous nuclear compartments. These include
nucleoli [37], mouse chromocenters [38], DNA damage foci [39], PML bodies [40] and
transcription factories or TF clusters [41, 42]. However, the classification as genuine phase-
separated systems remains controversial and is a topic of ongoing research. This also applies
to defining the exact nature of the molecular contacts that maintain these bodies [43] and how
they relate to biological activity. It is often argued that in vitro evidence for condensate
formation is flawed by the non-physiological conditions used in these experiments. The
question on how to best distinguish compartments that form by phase separation from those
that use other mechanisms has been addressed in a number of studies [44-46]. Here, the
focus is on how biological function inside the cell can be probed and related to the type of
compartmentalization mechanism. To address this question, it is necessary to introduce
perturbations of the relevant molecular properties (e.g., binding to chromatin, self-interaction,

etc.) of the compartments in question and readout their relevant biological activities.
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3. Specialized compartments formed around genomic repeats

The present and following sections will illustrate the organizational principles and functions of
three different prototypical compartments that form around genomic repeats: (i) Silenced
mouse pericentric heterochromatin (PCH), which is associated with compaction and large
scale chromosomal interactions; (ii) Transcription clusters, groups of genomic loci that co-
localize for efficient transcription or regulation; and (iii) Telomeres, which are specialized
chromosome end compartments with relevance for genome integrity and cancer. Although
these compartments differ in terms of their function, location, size, activity, and chromatin
interactome, they are governed by common organizational principles. Here, the common
principles of compartment formation around these genomic repeats are highlighted in an

integrative manner (Figure 3) and later on discussed in more detail in the respective sections.

Mouse PCH Transcription clusters Telomeres
=
P = —e
- v\:/-’
DNA repeat Major satellite TFBS, REs TTAGGG
Marker proteins HP1, SUV39H TFs, Pol Il, co-activators Shelterins
Chromatin H3K9me3, compacted Acetylated, open Variable
Activity Silencing, chromosome Gene expression DDR inhibition, repeat
segregation regulation extension (TERT, ALT)
Highe_r orfier Chromocenters Multi-way contact hubs T-loop, APBs (ALT)
organization

Figure 3. Concept of how mouse PCH, transcription clusters and telomeres are organized as
compartments around genomic repeats. Repetitive DNA binding sites on the chromatin scaffold
enrich specific marker proteins, which determine biological activity and link to a characteristic chromatin
state. Furthermore, organization into higher order structures may occur to fulfil compartment-specific
functions Details are described in the main text.

Mammalian genomes contain large amounts of repetitive DNA [47, 48], which can be either
dispersed or organized into regular arrays that span kilobase to megabase regions on
chromosomes. Densely arrayed repetition is common for non-protein coding DNA elements
such as satellite and simple repeats found in (peri-) centromeres and telomeres, respectively.
The 234 bp AT-rich major satellite repeat (MSR) constitutes a large fraction of mouse PCH
[49], while telomeres consist of regular head to tail arrays of (TTAGGG), repeats [50]. In

addition, transcribed protein or RNA coding genes and their associated regulatory elements
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(RE) and TF binding sites (TFBS) can occur in large repetitive clusters, for example, as

observed for the histone [51] and the rDNA gene loci [52] found on multiple chromosomes.

On the DNA level, repeat arrays can bind large amounts of similar effector proteins, which in
turn establish a spatially segregated functional state on the level of chromatin. In PCH,
heterochromatin proteins are bound to compact chromatin and silence transcription.
Transcriptional clusters jointly accumulate TFs, RNA Pol Il and co-activators, to maintain an
open, hyper-acetylated and transcriptionally active chromatin environment. Telomeres are
bound by shelterins to inhibit DNA damage response (DDR) pathways and regulate telomere
extension. Epigenetic patterns can also repeat themselves independent of the underlying DNA
sequence and forming self-sustaining feedback loops [53, 54]. Furthermore, the chromatin
complex of repeats, bound proteins and RNAs may form higher order structures that are
crucial to mediate the respective specialized functions. In the following sections, the
interconnections between these levels of organizations will be described and related to the
corresponding biological function. PCH, transcription clusters will be discussed with emphasis
on chromatin feedback circuits and the role of phase separation in transcription. Telomeres
will be primarily discussed with respect to their state and function in cancer cells using the

alternative lengthening of telomeres (ALT) pathway.

3.1 Mouse pericentric heterochromatin (PCH)

Mouse PCH is one example where sequence and chromatin state repetition work hand in
hand to form large transcriptionally inactive domains. MSR chromatin is enriched in histone
H3 tri-methylated at lysine 9 (H3K9me3), the H3K9 methyltransferase SUV39H and
heterochromatin protein 1 (HP1) [20, 55]. PCH regions from several chromosome furthermore
associate in trans into densely compacted DNA foci, called chromocenters. Both SUV39H and
HP1 can bind to H3K9me3 marks and to each other, thereby forming a feedback circuit that
maintains these marks at and around MSR sequences. The circuit is additionally backed up
by a direct interaction of MSR transcripts and the SUV39H enzymes [24] and possibly by
spreading of the repressed state to neighboring regions [56]. The resulting constant
enrichment of repressive factors on MSR arrays protects them against intruding deposition of

activating marks.

How exactly transcription is prevented at PCH and to which extent these self-sustained circuits
can buffer perturbations from activators, remains an open question. While loss of the
H3K9me3-HP1-SUV39H axis impacts PCH integrity and thereby destabilizes chromosome
segregation, Suv39h-deficient cell models remain viable [55]. And remarkably, its lack does
not affect the higher order organization into chromocenters [55, 57]. Consequently, multiple

redundant pathways seem to be at play to control repression, compaction and coalescence
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into higher order structures. Given the ability of PCH-associated proteins like HP1 and MeCP2
to form droplets in vitro, phase transitions have been proposed as mechanism that drives PCH
formation [38, 58]. Although the repetitive binding sites could certainly nucleate large amounts
of proteins, there is ongoing debate about the precise role of phase transitions and their

specific role in this heterochromatin compartment [57].

3.2 Transcription clusters

The concept of self-sustaining circuits introduced for PCH can also rationalize how some
transcriptionally active regions are maintained and regulated. Transition from a silenced to a
transcribing state can be induced by sequence-specific binding of transcription factors (TF) to
regulatory elements, leading to the recruitment of RNA polymerase and transcriptional co-
activators in a multi-step process [59]. Feedback loops between writing and reading of histone
modifications, such as H3K27ac and H3K4me3 [60, 61], can contribute to preserving marks
of activation, even after transcription has stopped. Histone acetylation can directly facilitate
transcription by reducing histone-DNA interactions and relaxing chromatin compaction [62]. It
also entails recognition of acetylated histones by co-activator proteins, such as bromodomain

containing protein 4 (BRD4), which in turn directly stimulates RNA polymerase activity [63].

Positive feedback loops can occur at the level of individual transcription units, but also in space
between multiple activated chromatin segments. Physical proximity or topological constraints
[64] can enhance the exchange of regulatory signals and factors and reinforce the active state
or increase the responsiveness to transcription initiation [65, 66]. The underlying structure-
function relationships of these stabilization mechanisms are not fully understood and different
models have been proposed [67]. Transcription is known to occur in stochastic bursts, whose
frequency is modulated by the TF concentration [68, 69]. Therefore, mechanisms that stabilize
high concentrations of activators and co-activators around a transcription cluster are

interesting models that could explain some of the observed synergistic effects.

One possible way to enrich additional activator molecules is by multivalent self-interaction. In
addition, multivalency could drive a phase transition that embeds the active chromatin regions
in the dense (condensate) phase, where high concentrations of activator are maintained. Such
a mechanism is probable for transcription clusters or hubs of regulatory elements like super-
enhancers [70, 71], which both offer high binding valency and are located in less dense regions
of the nucleus. Many transcriptional regulators contain IDRs and show the ability to phase-
separate in isolation or with partner proteins in vitro [41, 72]. Provided the unique
characteristics discussed previously, a phase separation in vivo could have several functional
implications also for transcriptional regulation. For instance, aggregation into droplets on

chromatin has been proposed to reduce target search time on chromatin [73] and cause
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specific enrichment or exclusion of co-activators like BRD4 or MED1 between the different
phases [42, 74, 75]. Furthermore, phase separation may serve as positive feedback
mechanism, for example, by bringing additional TF molecules to regions with a high level of
actively engaged RNA polymerase Il (Pol II) through interactions with its C-terminal domain
(CTD) [76]. In addition, the disordered CTD of Pol Il has been proposed to drive condensates
formed by the polymerase itself [77].

Beyond the initial description of condensate material properties as liquid-like, i.e. exhibiting
high internal mobility of molecules, it is now well recognized that this is not generally the case.
Instead, mobility can range by orders of magnitude, from fast (liquid-like) to intermediate (gel-
like) to slow (solid-like) [78, 79], although unifying definitions are lacking in the field. Together
with other properties, like electrostatic charge or hydrophobicity, this specific condensate
material state may directly regulate biological function. This was recently proposed for the
phosphorylation of the Pol Il CTD in transcriptional condensates, which could regulate
switching from transcription initiation to RNA processing [80]. However, the persistent
challenge of studying transcriptional condensates in living cells [45] in combination with
functional readouts, has left many questions open on how their properties impact transcription-
related processes. Direct comparisons of TF activity in living cells, above versus below the
critical concentration for phase separation, are mostly missing. Moreover, many recent
findings point at functions of TF multivalent interactions without the involvement of a phase
transition [74, 81]. These functional contributions need to be investigated in more detail and
isolation from phase separation, which requires novel in vivo methodologies. In conclusion,
having a quantitative view of how condensates form and how they can regulate nuclear
processes has implications for the understanding of certain disease phenotypes in cancer and
prion-like diseases [79, 82]. The unique material properties can potentially be exploited for
more selective targeting of drugs to transcription factors hubs or other compartments that form

by proteins which lack targetable domains or high-affinity binding pockets [83].

3.3 Telomeres

Telomeres form protective nucleoprotein compartments at the end of linear chromosomes [84].
They are composed of TTAGGG sequence repeats that are bound by specialized proteins,
called shelterins [85]. Telomere ends are uniquely processed into a G-rich single stranded
overhang [86], which folds back, invading part of the double-stranded region to form the so
called t-loop structure [87, 88]. The t-loop prevents them from being recognized as sites of
DNA damage. The shelterins, in particular POT1 and TRF2, contribute to the suppression of
DDR signaling [89, 90]. POT1 binds to the single-stranded portion of telomeres, competing for
ssDNA sensors, that would trigger ATR signaling. The protein TRF2 directly binds to double-
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stranded telomeric DNA together with TRF1 and supports maintenance of the t-loop [91], to

avoid activation of the MRN complex to initiate ATM signaling [92].

To protect the chromosome ends from being processed as DNA breaks, telomeres rely on
integrity of the shelterin complex and a certain minimum length [85, 93]. Due to intrinsic
features of the DNA replication process, linear chromosome ends are incompletely replicated,
causing telomeres to shorten after each cell division [19, 94, 95]. This limits the proliferative
lifespan. When telomeres reach a critical length, their DNA damage suppressive function is
lost, resulting in an unstable state, termed "crisis". The moment of crisis is characterized by
end-to-end fusions and breakage-fusion-breakage (BFB) cycles between chromosomes and
rampant genomic instability [96]. Under physiological conditions, crisis typically leads to
senescence and/or apoptosis [97]. However, loss of central DNA damage checkpoints, such
as p53, and accumulation of other genetic alterations, can rescue these adverse effects and
enable escape from crisis [98]. Both the escape from crisis and the resulting gain of unlimited

proliferation potential are hallmarks of cancer cells [99].

However, in order to sustain proliferation indefinitely, cancer cells need to activate telomere
maintenance mechanisms (TMMs) that extend telomere repeats to counteract their net loss.
Two TMMs are active in cancer: reactivation of the reverse transcriptase telomerase (TERT)
[100, 101] and the alternative lengthening of telomeres (ALT) pathway [102, 103]. While TERT
is active the majority of tumors, the overall prevalence of ALT is around 10-15% or lower [104].
However, it is overrepresented and linked to poor disease outcome [105, 106] in many cancer
entities, which include leiomyosarcoma (78%) [107], pancreatic neuroendocrine tumors (61%)
[108] and relapsed neuroblastoma (47%) [109]. Most notably, no ALT-targeted tumor therapies
exist and an integrated mechanistic understanding about the factors that control ALT activation
and suppression is lacking. Various molecular and cytological assays are employed to detect
ALT activity in cancer cells by looking at changes in telomere repeat metabolism in these cells.
These alterations manifest as changes in the positioning of telomere repeat sequences within

the nucleus, their abundance, transcription, and their interactions with particular proteins.

It is now established that ALT exploits break-induced replication (BIR)-like processes for
telomere extension [110, 111]. Herein, net telomeric DNA is gained at short telomeres by
homologous recombination (HR) with telomere sequences from other chromosomes or sister
chromatids. In contrast to TMM by telomerase, where addition of telomere repeats is controlled
by a single enzyme, the stochastic recombination-based extension could explain why highly
heterogeneous telomere length are observed ALT-positive cells [102, 112, 113]. The level of
recombination at telomeres furthermore needs to be balanced to not compromise cell fitness

[114]. One danger of this process is the release of immunogenic extrachromosomal telomeric
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DNA repeats (ECTRs) [115-117], likely from the resolution of HR intermediates, internal
damage sites or the trimming of excessively long telomeres [118, 119]. ECTRs are circular or
branched and contain double-stranded and/or single-stranded regions. One abundant species
are DNA C-circles (CCs). CC abundance can be quantified from bulk genomic DNA by a
rolling-circle amplification reaction called the CC assay. This assay is widely used and

considered the gold standard for ALT detection in research applications and the clinic [120].

The clustering of telomeres to facilitate recombination is another feature that needs to be
strictly regulated in ALT. This involves the establishment of interactions between two or more
telomeres and the dissolution of such. In particular, recombination intermediates need to be
resolved and coordinated with DNA replication, transcription and mitosis, in order not to
endanger chromosomal integrity. Telomere clustering is believed to predominantly occur in
specialized nuclear compartments, termed ALT-associated PML bodies (APBs) [121], and may
involve phase separation of PML protein and other APB components [122, 123]. APBs, which
form by the interaction of PML proteins and numerous DNA damage factors with some but not
all telomeres, are rarely found in somatic or telomerase-positive cells. Their microscopic
detection by a combination of PML immuno-staining and telomere DNA FISH serves as

reliable cytological marker of ALT [124].

Similar to the reorganization of telomeres into APBs, the chromatin state and transcription of
telomeres undergoes significant changes in cells that employ the ALT pathway. The majority
of ALT-positive tumors show loss-of-function mutations in the ATRX and DAXX genes [108],
two factors with numerous roles in chromatin regulation at repetitive elements [125]. Loss of
ATRX is not generally sufficient to induce ALT [126, 127]. Rather, it acts as an ALT suppressor
and its loss facilitates ALT emergence by mechanisms that are not fully understood and are
likely cell type specific [128]. In most commonly studied ALT-negative human cell lines,
telomeres exhibit euchromatic features [129], but are only transcribed to very low levels.
Telomeres are transcribed from the sub-telomeres towards the chromosome ends, producing
a heterogeneous pool of G-rich telomere repeat containing RNA transcripts, named TERRA
[130]. Oddly, telomeres of ALT-positive cancer cells exhibit heterochromatic features, like
enrichment of H3K9me3 [129, 131], but produce significantly more TERRA [130, 132-134].
Furthermore, HP1 is enriched in APBs and HP1-bound telomeric chromatin can nucleate APB
formation [135, 136]. TERRA can form RNA:DNA hybrids at telomeres in cis and in trans [137]
and these hybrids are thought promote ALT telomere extension by increasing replication stress

and initiation of recombination (reviewed in ref. [138]).

Altogether, these observations point at a complex network of genetic and epigenetic
alterations that coordinate recombination, clystering and transcription in ALT. Despite ongoing

research, several aspects of ALT are not understood, and tools for the systematic dissection
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of this mechanism are lacking. For instance, the means by which ALT-positive cells
compartmentalize and maintain the different species of telomeric nucleic acids in their nucleus
is still unclear, and how these interact with nuclear bodies like APBs and other proteins to
modulate telomere lengthening by HR. Additionally, it is unclear whether ALT is uniformly
active in all cells of a tumor to sustain bulk telomere length, or whether there are temporally
or spatially defined patterns in ALT activity, which may also link to other cancer cell features,
such as genomic instability and cell cycle. Lastly, large scale ALT-targeted drug susceptibility
and genetic screens are missing as resources for the efficient exploration and identification of
factors involved in ALT. Numerous studies have reported the co-occurrence of ALT and
telomerase signatures in the same tumor [139-142], suggesting that both mechanisms may
co-exist in the same cell population to drive tumor adaptability [143]. However, the absence of
scalable universal assays that can quantify ALT activity from the subcellular to the patient level
represents a gap that needs to be addressed to draw an integrative mechanistic and clinical
picture of the ALT pathway in cancer. These methods are also needed to understand when
and how single telomeres engage in ALT-mediated extension and how the extrachromosomal

by-products of ALT are partitioned inside cells and linked to nuclear organization.

12



Introduction

4. Scope of the thesis

The molecular properties of chromatin-associated nuclear compartments are crucial in
targeting and regulating genome activities in the cell as described in the preceding sections.
Recently, the concept of phase separation introduced the classification of some compartments
as biomolecular condensates. However, it is only partly understood if and how phase
separation is relevant for their assembly and biological function. For example, it remains
unclear whether transcriptional condensate formation occurs under endogenous conditions
and how these condensates would modulate transcriptional output [74, 81, 144]. Apart from
phase separation, there are several other structure-function relationships on the mesoscale
that are not resolved, including the maintenance of large silenced and active chromatin
domains, and how specific nuclear organization changes are linked to disease. To address
these issues, methods and model systems are needed that enable the examination of nuclear
compartment function, reveal the mechanism of their formation, and provide measurements
of their activities within the cell at both high temporal and spatial resolution. To achieve this
goal, it is essential to develop approaches for tagging, building, imaging and manipulating
compartments at their chromatin nucleation sites. In addition, strategies to modify
compartment composition and location must be devised. My thesis advances this subject in
several areas with specific applications to three genome activities, namely heterochromatin
formation, transcription regulation and telomere maintenance in cancer cells using the ALT

pathway.

Different targeted approaches to perturb, artificially reproduce and probe compartment
features in living cells were developed. They were applied to trigger chromatin state transitions
of mouse pericentric heterochromatin foci involved in repeat silencing as well as to dissect the
role of phase separation in transcription regulation at a reporter gene cluster. Furthermore, the
microscopic detection of nuclear compartments was exploited for in situ phenotyping of cancer
cells that employ the ALT pathway for telomere maintenance. Universal and quantitative
methods to reliably assess ALT activity in single cancer cells are lacking, but a spatially
resolved view on ALT activity is needed to comprehensively describe tumor heterogeneity and
identify novel links between cellular features and activity of this pathway. Here, a microscopic
assay (ALT-FISH) was developed to detect ALT-specific compartments containing large
amounts of single-stranded telomeric nucleic acids. The assay was applied to dissect
heterogeneity of cancer cell lines from different tumor entities and primary tumor tissue from
patients. Automated image analysis workflows were established to enable compartment
analysis by microscopy on two main levels: (i) To quantitate functional features of compartment

activity (chromatin state, transcription, etc.) with high spatial and temporal resolution and (ii)
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To measure compartment abundance in hundreds of thousands of single cells and relate

heterogeneity to cell phenotypes in their spatial context.

The thesis integrates novel perturbation and imaging approaches to advance our
understanding of the factors that link compartment organization to their genome-associated
activities. Furthermore, | demonstrate with the ALT-FISH method that quantitative nuclear
compartment analysis can be exploited as an activity readout for high-throughput cellular
phenotyping. By mapping ALT activity from cell lines to cancer tissues, screening assays for
potential ALT-linked cancer vulnerabilities can be established. The resulting novel layer of
information obtained on tumor heterogeneity of the ALT pathway is expected to refine patient
stratification and clinical decision making in tumor entities like neuroblastoma and sarcoma

where ALT is active.
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II. Results

1. Chromatin targeting of effector constructs enables microscopy-

based characterization of compartment activities

The assembly mechanism, maintenance, and biological activity of nuclear compartments can
be dissected by perturbing their composition and material properties. To implement such an
approach, techniques have been developed here that mimic and modify compartment
properties in vivo and are integrated with functional readouts. Genomic regions containing
DNA repeats make an appealing model case for research on nuclear compartments. Their
repetitive binding sites can concentrate effectors along a large chromatin region to create a
compartment that is physically and/or functionally isolated from its surroundings. This same
property can also be exploited to tether large amounts of fluorescently tagged effectors or

sensors to a region of interest for its characterization by fluorescence microscopy.

In this first chapter of the thesis, | focused on the functional characterization of compartments
formed around clustered DNA binding sites. First, a toolbox of synthetic TF-like constructs with
fluorescent tags, adjustable binding and effector characteristics was generated to allow for
flexible perturbation and imaging of chromatin-associated compartments. In a second step,
these constructs were used to assess factors that control the compartmentalization of mouse
chromocenters as a prototypical heterochromatin compartment. Third, approaches based on
the toolbox constructs were devised that specifically enabled testing of structure-function
relationships of phase-separated TF droplets in transcriptional control using a repetitive and

inducible reporter gene cluster.

The section on chromocenter perturbation is part of two recent publications [57, 145]. The
characterization and application of the effector toolbox to investigate the role of phase
separation in transcription is published under shared first authorship with Jorge Trojanowski
[146]. Contribution of co-authors to data acquisition or analysis are stated at the corresponding

parts of the Results and the Materials and Methods sections.
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1.1 Atoolbox of modular effectors mimics TF binding and activity

Local enrichment of effectors on chromatin that carry a given biological activity can be
harnessed to induce chromatin states or nucleate defined (ribo-) nucleoprotein assemblies on
the chromatin scaffold. For chromatin regions that contain clustered DNA sequences, this can
be achieved by fusing effectors to a single sequence-specific DNA-binding domain (DBD), in
analogy to prototypical TFs consisting of a transcription activation domain (AD) linked to a
DBD. Beyond DNA-protein binding, this modular design principle is extensible by RNA-protein
and protein-protein interaction modules with specified structural of functional arrangements.
Such a setup is ideally suited to image and manipulate endogenous nuclear compartments or

to nucleate synthetic compartments at DNA binding site clusters of interest.

The Blue-light Induced Chromatin Recruitment (BLIinCR) system from previous work of our
group [65] had already pioneered tools to trigger effector recruitment to a reporter gene cluster
by light-dependent PHR-CIBN dimerization [147]. Likewise, effectors based on catalytically
dead Cas9 (dCas9) have been created to perturb and image gene activity [148, 149], also in
conjunction with PHR-CIBN [150]. In this thesis, | aimed at expanding the combinations of
DBDs, ADs/effectors and linker modules that had previously been described elsewhere [65,
149-151] and specifically tailored them to the task of probing and perturbing features of
chromatin-associated compartments. The feature space covered by my construct toolbox
focused on modulating the following key properties: (i) turnover on chromatin, (ii)

transcriptional activation strength and (iii) self-interaction and phase separation propensity.

Constructs were based on two types of DBDs: the lacO/tetO binding Lac repressor (Lacl) and
reverse Tet repressor (rTetR) proteins that were already established in the BLINCR system
[65] and dCas9 to target sequences by programmable single-guide RNAs (sgRNASs). For the
effectors, | focused exclusively on activation domains (ADs) from TFs, as transcription is linked
to chromatin state changes and is well quantifiable through a range of established assays. |
selected VP16, VPR, STAT2, p65 and Rta, which have varying activation strengths and are
either of viral, human or mixed origin [151-154]. VPR is a synthetic activator consisting of a
fusion of VP64 (four copies of VP16), p65 and Rta. Four different designs were chosen to link
a given AD effector to the above-mentioned DBDs: (i) direct DBD-AD fusion (i) fusion of the
AD to tandem PP7 coat protein (tdPCP), bound to PP7 loops engineered into the sgRNA [149],
and ultimately light-dependent heterodimerization between PHR-AD and (iii) DBD-CIBN or (iv)
tdPCP-CIBN fusion proteins. The linkage designs were termed direct, loop, opto and optoloop,
respectively and are additionally distinguished by the type of DBD used (Figure 4). The
properties of the DBD and linker modules covered a large range of binding modes at the target

site.
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Figure 4. A toolbox of modular effectors to observe and perturb transitions, structure and
activity of nuclear compartments. (A) Recruitment of effectors to a genomic region with clustered
DNA binding sites can be used to evoke functional compartment transitions and at the same time study
compartment characteristics by microscopy, including activity (transcription, chromatin state), the
amount and binding mode of nucleated protein and structure. (B) Toolbox of modular effector constructs
that follow the AD-DBD design principle of endogenous TFs. ADs are linked to the DBD (Lacl, TetR or
dCas9) by direct fusion, recruited via PP7 loops in the sgRNA that targets dCas9 (loop) or in a light-
dependent fashion through CIBN-PHR dimerization modules. These can be attached to the DBD (opto)
or via sgRNA loops (optoloop). Self-interaction of the PHR domain to form optodroplets also enables
light-dependent nucleation on chromatin via phase separation.

The use of PHR-CIBN domains enabled fast control over recruitment [65] and a way to induce
AD compartmentalization by a light-induced phase separation mechanism [78] that is based
on self-interaction of the PHR moiety (see Results section 1.5). In all constructs, the ADs were
tagged with fluorescent protein domains in order to follow their subcellular localization in living
cells. In conclusion, the constructs aimed at manipulating chromatin by means of triggering
transcription and assembling large protein effector complexes with specified composition or

binding mode at genomic regions of interest.
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1.2 Directing transcriptional activators to mouse major satellite repeats interrogates

the chromocenter compaction mechanism

Chromocenters arise from the interaction of PCH regions of multiple chromosomes [155] but
the exact nature of their repressive state and regulation of their compaction remain poorly
understood. Genetic perturbations that affect their compact state have been identified to some
extent [156], but targeted tools to induce full de-compaction for mechanistic dissection are
lacking. HP1 has been hypothesized to cause PCH compartmentalization into chromocenters
by a phase separation mechanism [38, 157]. However, recent findings by our group called this
model into question [57], and the links between the H3K9me3-SUV39H-HP1 and compaction
require further mechanistic dissection. In addition, a role of MSR transcripts in maintaining
PCH repressed through feedback interactions with SUV39H enzymes has been proposed
[24]. But since MSR transcripts are expressed at very low levels under physiological

conditions, studying their biological role remains challenging.

| set out to identify determinants of chromocenter compaction by manipulating the
heterochromatic state of PCH using activator constructs from the here established toolbox. |
furthermore devised microscopy-based readouts to obtain quantitative information on the
structural and functional changes that occur during the induced heterochromatin re-activation.
Due to their elevated DNA density and higher A/T content, chromocenters are intensely
stained by the DNA dye DAPI. This signal can be used to read out their compaction. Further,
immuno-staining can be performed in addition, to detect chromatin marks that are linked to

the induced perturbation.

The arrays of MSR sequences contained within PCH can be targeted by dCas9 constructs
using a single sgRNA targeting sequence [158]. By this, effectors can be specifically enriched
in chromocenters. Since PCH is protected by a redundant network of silencing factors, strong
and universal activation triggers are needed to override its repressive state. The synthetic
activator VPR has proven as potent, context-independent activator [151]. In addition, direct
interactions of the histone acetyl-transferases CREB-binding protein (CBP) and p300 have
been reported for the VPR subcomponent p65 [159]. | therefore hypothesized that recruiting
VPR to MSRs could suffice to evoke PCH activation and trigger de-compaction, potentially by
a mechanism that would involve the deposition of activating chromatin marks, such as histone

H3 acetylation at lysine 27 (H3K27ac), which also influence chromatin compaction.

| established targeting of GFP-tagged dCas9 constructs with or without VPR activator to
chromocenters in immortalized mouse fibroblasts (iMEFs) using the previously described
MSR sgRNA [158]. Detection of targeted dCas9 was combined with H3K27ac immuno-

staining and DNA staining to assess active chromatin and compaction, respectively.
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Furthermore, wild-type (wt) IMEF cells were compared to an isogenic cell line lacking the H3K9
methyltransferases SUV39H1 and SUV39H2 (Suv39h double-null, short dn). iMEF dn cells
lack H3K9me3 and HP1-alpha enrichment at chromocenters [55, 57]. This comparison was
included to study the impact of the H3K9me3-SUV39H-HP1 axis on chromocenter activation
and de-compaction. Transfected GFP-tagged dCas9 constructs were successfully targeted to
MSRs in chromocenters, as evidenced by their enrichment in the characteristic DAPI-dense

nuclear foci (Figure 5 A).
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Figure 5. Experimental setup to quantify resulting changes in chromocenter organization by
imaging upon activation of mouse pericentric heterochromatin. (A) Recruiting dCas9-GFP as
mock effector to MSRs in IMEF cells preserves the organization of PCH into DNA-dense chromocenters
(left) (B) Recruitment of a dCas9-GFP-VPR activator fusion evokes PCH de-compaction and area
expansion and causes localized H3K27ac deposition as detected by immuno-staining. Scale bars, 10
pm. (C) Automated workflow for the imaging-based analysis of chromocenter changes upon
perturbation. Analysis of DNA/DAPI, dCas9 and an additional channel (marker) by segmentation of
nuclei (DAPI) and chromocenters (dCas9) is followed by intensity, area and shape feature extraction
and quality check (QC) of the final results. Figure modified from ref. [145].
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dCas9-VPR also accumulated in micrometer-sized areas of the nucleus. However, these
areas were widespread and appeared fibrous in their structure (Figure 5 B), suggesting that
chromocenters had de-compacted upon binding of VPR. To quantitate even small changes in
compaction and H3K27ac for single cells, | developed an R programming language [160]
based image analysis workflow applicable to fluorescence microscopy images of
chromocenter-perturbed cells (Figure 5 C) [145]. In brief, the method uses intensity-based
segmentation of the DAPI (DNA) and GFP (dCas9) signals in each cell to produce masks for
the cell nucleus, chromocenters, and nucleoplasm. Quantifications of area, shape, and
intensity are carried out in these masks, followed by a semi-automated workflow to inspect the
segmentation results for each individual cell. Curated results in a universal tabular format are
then generated for downstream analysis. The automated approach produced a considerably

more scalable and unbiased alternative to manually assessing the microscopy images.

Quantitative analysis of the H3K27ac and DNA enrichment in dCas9-bound areas (Figure 6
A, E) versus their surrounding nucleoplasm revealed a marked increase in acetylation and de-
compaction with increasing amount of bound dCas9-VPR (low, medium, high) (Figure 6 B-D,
F-H). In contrast, DNA density was higher and acetylation levels were much lower in
chromocenters targeted by dCas9 only fused to GFP (mock). The strong structural changes
upon VPR recruitment were comparable between iMEF wt and iIMEF dn cells lacking HP1 and
H3K9me3 at chromocenters (Figure 6). Chromocenter area correlated well with the level of
bound VPR (Figure 6 I) and already low H3K27ac levels as a result of VPR recruitment, were

associated with a strong de-compaction phenotype (Figure 6 J).

The results from the perturbation experiments indicated that already low levels of bound VPR
were sufficient to strongly acetylate and decondense chromocenters and that, strikingly, the
large-scale transition to a de-compacted state did neither depend on HP1 nor H3K9me3. To
the best of my knowledge this is the first account of an activator that can de-compact mouse
chromocenters to the degree demonstrated here. MSR transcription induction upon VPR
recruitment was not measured here. However, additional experiments found positive immuno-
staining for the CTD serine 5-phosphorylated (elongating) form of RNA polymerase Il at VPR-
perturbed chromocenters [57] as indicator of transcription. Thus, the use of the VPR will likely
also prove useful to induce expression of the lowly-abundant MSR transcripts arising from
PCH regions and study their function. In conclusion, mechanisms that underly PCH
compartmentalization could be studied using effectors from the toolbox established here and
combined with quantitative image analysis. By exchanging the activators or additionally
perturbing histone modification pathways, the present experimental setup can be easily
extended to dissect other structure-function relationships in PCH or in other targetable

chromatin-associated compartments.
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Figure 6. Quantitative analysis of chromocenter changes upon VPR targeting to MSRs in Suv39h
wild-type (wt) and double-null (dn) iMEF cells. iIMEF cells were targeted with GFP-tagged dCas9-
VPR or dCas9 (mock) constructs. 30 hours post-transfection, cells were stained by DAPI (DNA) and
H3K27ac immuno-staining. (A) Representative images of iIMEF wt cells. (B-D) Normalized DNA
enrichment, MSR area and H3K27ac levels as a function of dCas9 enrichment (low, medium, high) at
MSRs. Mock: 155 cells. dCas9-VPR low, medium and high: 83, 42 and 83 cells, respectively. Data was
normalized to the respective mean value of the mock condition. (E) Representative confocal images of
iIMEF dn cells. (F-H) Same as B-D, but for iIMEF dn cells. Mock: 148 cells. dCas9-VPR low, medium
and high: 95, 48 and 95 cells, respectively. (I) Relationship of the relative nuclear area covered by
MSRs and the amount of MSR-bound dCas9-VPR in all analyzed wt and dn cells. The line represents
an exponential function as a guide to the eye. (J) Relationship between relative MSR area and the
amount of H3K27ac at MSRs. All scale bars, 5 uym. Figure panels adapted from ref. [57].
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1.3 Assembling TF-like effectors at a reporter gene cluster links readouts of

compartmental characteristics to transcription

To investigate how compartmental characteristics related to actively transcribed gene clusters
are established and regulated, | took advantage of the U20S 2-6-3 reporter cell line [65, 161],
which contains an artificial inducible reporter gene cluster. In contrast to the transcription of
single genes, whose time-resolved measurement is technically challenging in single cells, the
here used reporter cell line contains tandemly repeated copies of an MS2 loop reporter RNA
transgene unit (Figure 7 A). Each transgene unit is controlled by a CMV minimal promoter
flanked by 256 lacO and 96 tetO sites. These clustered binding sites can be targeted by dCas9
with lacOltetO-specific sgRNAs or directly bound by Lacl and (r)TetR proteins to deliver
effectors. By default, the reporter is in a silenced state. However, transcription can be induced
to high levels by recruitment of ADs like VP16 [65, 161].

Due to its high binding site valency and repetitiveness, it represents a model for studying
condensate nucleation on chromatin and other regulatory mechanisms that involve the sharing
of regulatory factors between genes in the same cluster. Its size (~1 um) and position at a
single genomic locus allows direct fluorescence microscopy-based analysis of its features in
both in living and fixed cells without signal amplification. Immuno-staining can be used to
assess its chromatin state, in a similar fashion to the mouse chromocenters introduced
previously. Fluorescent tandem MS2 coat protein (tdMCP) allows for monitoring of nascent
RNA synthesis at the reporter locus in real time (Figure 7 A, right panel). Other fluorescently-
tagged constructs (e.g., co-activators) can be introduced to test for interactions with the

reporter locus or endogenous proteins.

In a first set of experiments, | used the reporter cell line to validate the binding of the here
established toolbox components (Figure 7) and explore their activation properties and effects
on the chromatin state (Figure 8). To test the binding, VP16 was recruited to the /acO repeats
in all possible construct configurations (direct, loop, opto, optoloop), visualized either by a GFP
or an mCherry tag. TetR constructs were used to locate the reporter. Following transfection,
all constructs were successfully enriched at the target site, as seen by co-localization with
TetR, which labeled the tetO repeats (Figure 7 B). | could also confirm that the light-dependent
components CIBN and PHR were functional (with opto and optoloop with dCas9 or Lacl as
DBD) (Figure 7 C) and behaved as in the BLInCR setup [65]. | next tested the constructs'
ability to activate, focusing on VP16 and VPR as comparison between two ADs with reportedly

different strength (Figure 8).
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Figure 7. Binding of toolbox effectors at a reporter gene cluster. (A) The U20S 2-6-3 reporter gene
cluster [161] contains /acO and tetO binding sites for effectors that can induce transcription of an MS2
loop RNA detected by fluorescent tdMCP. Time-resolved transcription can be recorded alongside co-
factor enrichment and chromatin marks. (B) Representative images of U20S 2-6-3 cells expressing
dCas9 fusion, dCas9-loop, dCas9-opto and dCas9-optoloop constructs that bring VP16 as activation
domain to the /acO sites. TetR was co-transfected as marker. (C) Representative images and light-
dependent binding kinetics of 3-5 cells expressing the opto/optoloop constructs. Intensities were
normalized to the first (association) or last (dissociation) timepoint. Solid lines depict averaged intensity.
All scale bars, 5 um. Figure panels adapted from ref. [146]
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To this end, the constructs were recruited to the tetO repeats and qRT-PCR measurements of
total reporter RNA levels after 24 hours revealed robust activation for most constructs (Figure
8 A). Overall, VPR lead to a ~200 to 500-fold induction of reporter RNA, while VP16 induction
ranged between ~5 to 35-fold. To quantify chromatin changes possibly linked to the level of
activation and the different construct topologies, enrichment of BRD4 and H3K27ac were
assessed by microscopy as two prototypical measures of transcriptionally active chromatin
(Figure 8 B, C). | observed that high levels of total reporter RNA were generally correlated to
elevated BRD4 and H3K27ac profiles. Also, nascent MS2 transcripts could still be detected
by tdMCP labeling, indicating that the reporter gene cluster stayed in a transcriptionally active

state, even 24 hours after induction.
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Figure 8. Transcription and chromatin changes induced by toolbox effectors targeted to the
reporter gene cluster. The ADs VP16 and VPR were compared for all construct topologies. (A)
Reporter RNA levels normalized to p-actin mRNA and relative to mock-transfected samples were
quantified by qRT-PCR 24 hours post-induction. Mean and s.d. of n = 3. rTetR and opto(loop) construct
activation involved the addition of doxycycline and/or constant illumination. Two-sided unpaired
Student's t test, with not significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (B)
Representative images and scheme for radial enrichment analysis of steady-state nascent RNA, co-
transfected mCherry-BRD4 and H3K27ac immuno-staining signals at the studied reporter. (C) Radial
enrichment profiles of RNA, BRD4 and H3K27ac for all construct topologies examined with either VP16
or VPR effectors recruited to the tetO sites (n = 16-250 cells per condition). dCas9 without AD (mock)
and dCas9-p300 served as controls. Radial profile acquisition and analysis was done jointly with Jorge
Trojanowski. All scale bars, 5 pm. Figure adapted from ref. [146].
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Overall, VPR was a more potent activator than VP16, and in the majority of cases, showed a
markedly stronger enrichment of BRD4 and H3K27ac than VP16. No nascent transcripts and
no H3K27ac and BRD4 enrichment were detectable when recruiting dCas9 alone as non-
activating control. As an additional assay to validate the specificity of the BRD4 and H3K27ac
signals, dCas9 was also coupled to the histone acetyltransferase p300 core domain (p300),

which produced no RNA, but as expected, increased H3K27ac and BRD4 at the reporter.

The dCas9-opto and dCas9-optoloop constructs did not activate the reporter. They
nevertheless produced a BRD4/H3K27ac pattern that was comparable to that of dCas9-p300.
This finding was relatable to the context-dependent activity previously reported for optogenetic
dCas9 constructs [150], but showed that transcription and co-activating marks can be
uncoupled under certain conditions. In summary, the reporter gene cluster assays revealed
that the designed effectors were able to induce transcription and chromatin changes to an
active state and that these can be quantified by fluorescence microscopy. Furthermore, the
observed construct topology-dependent range of activities, offered ways to alter and explore

activation features in isolation.

1.4 Combinatorial use of TF constructs distinguishes strong and weak ADs based

on their functional interaction with co-activators

The co-activator protein BRD4 binds to acetylated histones via its bromo-domains [162].
Together with other factors, it accumulates on active regulatory elements and promoters,
thereby modulating transcription at both the initiation and elongation step [63, 163]. RNA Pol
Il and other factors have been proposed to form phase-separated transcriptional condensates
with BRD4 to regulate transcription [42]. The protein's large C-terminal IDR is thought to be
responsible for this co-compartmentalization behavior. However, it remains unclear to which
extent these bromodomain-independent interactions also take place with TFs directly and how
they would contribute to the activation process. The co-occurrence of several events during
the transcription activation process makes it difficult to accurately deconstruct such
mechanistic relationships. However, the effector toolbox validated in section 1.3 provides a
range of effectors with different properties and can be applied to the reporter gene cluster as
a model transcription compartment. The previous characterization had revealed several
constructs with distinct activities. Notably, acetylation and BRD4 levels at the reporter locus
could be raised by the dCas9-p300 and dCas9-optoloop constructs without inducing
transcription and comparison of the ADs VPR and VP16 identified VPR as the stronger
activator, also causing more BRD4 accumulation and H3K27ac deposition. | next exploited
these unique construct properties to look into how both BRD4 interaction and histone

acetylation affect the activity of VP16 and VPR at the reporter gene cluster.
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In a first step, assays were devised to not only determine the steady state interaction of BRD4
with VP16 and VPR, but also capture its dynamics in absence of transcription as well as its
functional impact in the presence of transcription (Figure 9). BRD4 localization in living cells
was followed by transfecting mCherry-BRD4. For highest temporal control over AD recruitment
and examining the BRD4 without triggering transcription, BRD4 intensity was measured at the
reporter after recruiting VP16 or VPR by the inactive dCas9-optoloop construct (Figure 9 A,
B). Compared to VP16, VPR caused BRD4 to accumulate to higher levels more quickly. For
VPR but not VP16, there was an initial sharp surge in BRD4 recruitment over the first 10 min,
which was followed by a slower period (Figure 9 C, control). BRD4 accumulation for VP16
was entirely eliminated by pretreatment with the bromodomain binding inhibitor JQ1 (Figure
9 C, JQ1). VPR's first phase was unaltered, however the second phase of BRD4 enrichment
was found to be JQ1-dependent. These findings suggested that both bromodomain-
dependent and independent BRD4 interactions occur with these ADs, even in absence of
transcription. However, bromodomain-independent interaction was predominantly seen for
VPR and not for VP16, possibly pointing at a so far undescribed VPR-specific BRD4

interaction.

Next, to examine how BRD4 modulated transcription, the JQ1 experiment was repeated using
the transcriptionally active rTetR-opto-VP16 and -VPR constructs under comparable
conditions (Figure 9 D). Upon JQ1 pretreatment, total reporter RNA levels as measured by
gRT-PCR were largely unchanged for VP16 (1.1-fold reduction), but reduced for VPR (1.8-fold
reduction). Thus, also bromodomain-dependent BRD4 binding can improve activation by VPR.
To determine how histone acetylation was related to the differences between the two ADs, the
transcriptional output of VP16 and VPR in a high versus low acetylation chromatin context was
tested (Figure 9 E). dCas9-p300 was employed to acetylate the reporter's lacO sites before
inducing transcription with rTetR-opto-VP16 and -VPR recruited to the tetO sites. In the
presence of dCas9-p300, VP16 produced more reporter RNA than the control (dCas9-GFP),
while VPR did not (Figure 9 F). Thus, VP16 may be less active than VPR due to a reduced
ability to bind BRD4 and attract HATs, making it more reliant on pre-existing histone
acetylation. In conclusion, the combinatorial use of the toolbox components dissected
behavior of the BRD4 co-activation pathway to explain differences in the activity of two ADs.
The here devised approaches can be further applied to investigate the interaction of other TF-
derived domains or quantify the involvement of other co-activators like e.g., MED1 and TAF15

in the activation process.
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Figure 9. Combinatorial use of effector constructs from the toolbox dissects interrelations of
transcription, BRD4 binding and histone acetylation. (A) Setup to monitor differential BRD4 co-
enrichment at the reporter for VP16 and VPR in absence of transcription. The inactive dCas9-optoloop
construct was used for recruitment to both tetO and lacO to improve detection of the mCherry-BRD4.
(B) Representative time series of BRD4 enrichment at the reporter (arrows). Scale bars, 10 um. (C)
Temporal dynamics of BRD4 accumulation at the reporter after light-induced AD binding (at 0 min),
both with and without JQ1 pre-treatment (n = 10-85 cells per condition). Mean values of normalized
intensity with 95% CI as ribbons. (D) Relative reporter RNA levels (QRT-PCR) measured 90 min after
recruiting transcriptionally active rTetR-opto-VP16 or VPR, with and without JQ1 pre-treatment as done
in C. (E) Experimental setup to test how pre-deposition of acetylation by dCas9-p300 (/acO) affects
transcriptional output of the rTetR-opto-VP16/VPR (tetO) constructs. (F) Reporter RNA quantification
by qRT-PCR for E, 90 min post-recruitment. Binding of dCas9 alone (-) to /acO was used as control. All
gRT-PCR data was normalized to B-actin mRNA and to mock-transfected samples. Bar plots depict
mean and s.d. of n = 3 replicates. Statistical analysis: Two-sided unpaired Student's t test, with not
significant (ns), *P < 0.05, **P < 0.01, and ****P < 0.0001. Figure panels adapted from ref. [146]. BRD4
time courses were acquired and analyzed by Jorge Trojanowksi.
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1.5 PHR optodroplets model how phase-separated TF compartments form around

chromatin and affect transcription

Phase separation has been proposed to compartmentalize transcription-related proteins on
chromatin and coined as a process that enhances TF activity [76]. One caveat is provided by
the lack of assays that employ functional readouts at high temporal and spatial resolution, but
at the same time grant control over condensate formation and composition in living cells.
Depending on the specific biological context, endogenous transcriptional condensates may
not be amenable to mechanistic dissection. In contrast, the modular reporter cell line and
toolbox framework developed here, is broadly applicable to interrogate these features in a
bottom-up approach. Individual components (DBDs, ADs, readouts, etc.) can be flexibly
exchanged, to provide control over molecular properties, such as DNA binding, self- and co-
activator interaction. In this section, the light-dependent properties of the toolbox were
harnessed to artificially create phase-separated compartments around the reporter gene
cluster and test their functional impact on transcription (Figure 10 and Figure 11). For this, |
used the second light induced activity of the PHR domain, which is its oligomerization into so
called PHR optodroplets [78] (Figure 10 A). These condensates can be controlled by light and
concentration, and anchored to chromatin with CIBN-localizer constructs. Three lines of
experiments were conducted: (i) The conditions and critical concentration (Cerit) for optodroplet
formation were established for fluorescently-tagged VP16, and VPR, as well as three
additional ADs (STAT2, p65 and Rta) (ii) The state of AD assemblies at the reporter was
characterized below and above Ccit. (iii) Stratification of cells according to the phase
separation propensity and to C.it was carried out to compare the transcriptional response in

presence and absence of the phase-separated compartments.

To quantify the phase separation propensity of the five ADs, GFP-labeled PHR fusions were
recruited to the reporter via rTetR-opto and imaged after a fixed period of illumination. The
cumulative area of all droplets in relation to the nuclear area was then measured and related
to the nuclear fluorescence intensity as a proxy for concentration (Figure 10 B). Ccit was
determined from the intersection of a logistic fit of the data and threshold value set at 1%
relative droplet area (Figure 10 C). The visual classification of cells containing droplets and
this value matched. The assay revealed that Rta, p65, and VPR were able to form droplets at
much lower concentrations than VP16 and STAT2. The ADs examined here were thus divided
into two groups: those with low (VP16, STAT2) and high (Rta, p65, VPR) phase separation
propensity. Next, it was investigated whether PHR-AD concentrations above Cc:it also resulted
in droplet nucleation at the reporter gene cluster under these conditions. Confocal microscopy
revealed that PHR-AD construct accumulation was considerably stronger and more granular
above Cqit (Figure 10 D).
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Figure 10. Building phase-separated activator compartments on chromatin by light and
concentration dependent PHR oligomerization. (A) PHR-AD fusions guided to DNA by dimerization
with CIBN anchors form PHR-PHR optodroplets above a critical concentration Ceit. If not stated
otherwise, PHR-GFP-AD recruitment to rTetR-opto was triggered by illumination for 10 min. (B) Top:
U20S 2-6-3 cells recruiting AD-PHR fusions to the reporter gene cluster (dashed circle) and forming
optodroplets (arrows). Scale bars, 5 um. Bottom: Ccrit was determined from the intersection of a logistic
fit on the data and the 1% nuclear area threshold, with additional visual droplet positive (red) and
negative (gray) classification. (C) Ccrit values for the different ADs, stratified into low (STAT2, VP16) and
high (Rta, p65, VPR) propensity to form droplets. (D) Live cell imaging of VPR, p65 and Rta recruitment
in cells below and above Ccit. Cell for VPR (scale bar, 5 ym) next to zoom-ins (scale bar, 1 um) for all
ADs. (E) Droplet-like coalescence of Rta assemblies at the reporter. Scale bars, 1 ym. (F) Imaging of
fixed cells expressing VPR and Lacl marker. Zoom-ins show segmentation of signals to quantify
intensity and area below (n = 121 cells) and above (n = 255 cells) Cecrit (right). Scale bars, 10 um. Two-
sided unpaired Welch's t test: **P < 0.01, and ****P < 0.0001. Fitting in B-C and quantification in F were
conducted by Jorge Trojanowski. Figure panels adapted from ref. [146].

29



Results

As shown for PHR-VPR, fluorescence signal was 3.6-fold higher at the reporter and covered
a larger area beyond the Lacl marker in cells above Ccit (Figure 10 F). This indicated the
enrichment of additional molecules beyond the level observed at below Cci. The reporter-
localized assemblies resembled diffusible optodroplets in their appearance, and they were
able to coalesce on the reporter cluster as well as with droplets outside of it (Figure 10 E).
These results confirmed that above C.it, PHR-AD constructs indeed formed assemblies at the

reporter gene cluster with model properties of phase-separated compartments.

To test how the additional accumulation by phase separation affected the activation process,
the ADs with low (VP16, STAT2) and high (Rta, p65, VPR) phase separation propensity were
compared. Nascent reporter RNA production was measured over 90 minutes after binding to
rTetR-opto (Figure 11 A, B). The duration until half-maximal activation, the RNA plateau level
at 90 minutes and the percentage of responsive cells (RNA visible or not) were evaluated.
When compared to VP16 and STATZ2, the ADs Rta, p65 and VPR showed higher RNA plateau
values and were characterized by shorter half-maximal activation times (26-28 min versus 38-
42 min). Between 67-92% of the cells responded to Rta, p65 and VPR, while the percentage
was lower for VP16 and STAT2 (42 and 67%) (Figure 11 C, D). Overall, these results indicated
faster and stronger activation of the ADs with high phase separation propensity and were
furthermore consistent with the earlier discovered differences in activation strength between
VP16 and VPR. The phase-separated state of reporter-bound TFs might be directly
responsible for stronger activation. However, since grouping of the five ADs was done based
on an arbitrary value for Cei, there could be other factors involved the observed differences.
To examine the direct effect of droplet formation on transcription and control for AD-intrinsic
properties, the nascent RNA time traces were further divided into cells with and without visible

droplets and analyzed separately (Figure 11 E).

Strikingly, neither the RNA plateau values and nor the half-activation time showed any
statistically significant difference between the two groups (P > 0.05, two-way ANOVA
accounting for AD and droplet presence) (Figure 11 F, G). The obtained results revealed that
ADs with a higher tendency for phase separation were stronger activators, but that TF
constructs in a droplet state at the reporter gene cluster were not generally associated with an

increased transcriptional output.
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Figure 11. Effects of phase-separated activator compartments on transcription.
(A) Representative time series showing PHR-VP16 and PHR-VPR binding to rTetR-opto and droplet
formation alongside nascent RNA production (arrows). Light-dependent recruitment started at 0 min.
Scale bars, 10 um. (B) Averaged nascent RNA production trajectories (ribbon: 95% CI) quantified for
all studied ADs split by low and high droplet propensity (n = 31-71 cells per condition). NLS does not
activate and was used as control. (C) Previously determined Cec:it values from Figure 10 B and C plotted
against time to half-maximal activation determined from the time courses in B. Error bars: s.e.m. (D)
Fraction of responding cells (visible nascent RNA) for each AD. Mean with min. and max. values from
2-3 replicates. (E) Averaged nascent RNA trajectories visually classified by droplet presence (ribbon:
95% CI) (n = 13-18 cells per condition). (F) Distribution of nascent RNA trajectory plateau values for all
cells of each AD and condition (n = 13-55 cells per condition). Two-sided unpaired Welch's t test: P >
0.05, not significant (ns). (G) Half maximal activation time plotted for the data in F. Activation was slower
or similarly fast in droplet-positive and droplet-negative cells. Two-way ANOVA, p = 0.09 (n.s.). Nascent
RNA trajectories were acquired and analyzed by Jorge Trojanowski. Figure panels adapted from ref.
[146].

31



Results

1.6 Different types of light-induced phase-separated TF droplets do not enhance

transcription

The previous experiments established tools for inducing and probing the function of
transcriptional condensates in living cells. However, they did not address the issue on how to
control the formation of droplets and modulate their composition. | therefore developed
constructs that alter the composition of PHR-AD droplets and the concentration at which they
form. The PHR-VP16 construct was chosen due to its inherently low phase separation
propensity. VP16 was recruited using rTetR-opto. | figured that introducing multivalent linkers
would alter droplet formation of VP16. To test for different compositions, three different
strategies were applied in parallel (Figure 12 A, 1-3): (1) Co-transfection of CIBN-Lacl, which
forms dimers [164] and therefore bridges two PHR molecules. (2) Adding PHR coupled to
GFP-binding protein (GBP), which binds GFP with high affinity and thereby attaches a second
PHR domain to PHR-GFP-VP16. (3) Fusion of VP16 to the N-terminal IDR of the fused in

sarcoma protein (FUSN), which forms droplets both in vitro and in vivo [79].

All three approaches lead to a substantial increase in the fraction of cells with visible droplets
(Figure 12 B). With almost 100% of the cells having droplets, the GBP strategy was the most
effective. CIBN-Lacl and FUSN-VP16 both increased the fraction to around 50%. So did the
PHR-FUSN control without AD. The unperturbed condition showed no droplet formation (0%).
This value was lower than previously, but since conditions were assayed in parallel in the
same setup, relative comparisons remained valid. After having confirmed that these strategies
could produce VP16 droplets with different composition and at lower concentrations, reporter
activation was assessed as functional readout. CIBN-Lacl or PHR-GBP strongly impaired
activation (Figure 12 C). Total reporter RNA levels measured by gRT-PCR after 90 minutes
dropped by 2.3-fold (CIBN-Lacl) or 3.7-fold (PHR-GBP) compared to the controls. Nascent
RNA production was also reduced by CIBN-Lacl and almost undetectable in presence of PHR-
GBP. These changes were also reflected in the proportion of responding cells, which dropped
from 70% (unperturbed) to 24% (CIBN-Lacl) or 4% (PHR-GBP). Co-transfection of a non-
bridging GFP-Lacl control led to some inhibition, but to a lower extent, likely due to an
independent effect of Lacl binding to the reporter. Global changes in transcription signals
above/below Cgit were also characterized to rule out any side effects of droplet formation.
PHR-VPR was included as positive control for droplet formation and a neutral effect of droplets
on transcription. In cells with reinforced VP16 or native VPR droplets, ethynyl-uridine (EU)
pulse labeling showed no appreciable decline in global RNA levels (Figure 12 F). However,
when RNA Pol Il was inhibited with actinomycin D as a control, global EU incorporation was
abolished. Additional control experiments were conducted to exclude mis-localization of the

transcriptional machinery or effects of GBP binding on transcription and are shown in ref. [146].
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Figure 12. Composition of phase-separated compartments and transcriptional activity. (A) Three
different approaches to increase the droplet formation propensity of VP16 and alter droplet composition.
(1) Unbound CIBN-Lacl dimers bridge PHR molecules. (2) GFP-binding protein (GBP) coupled to PHR
attaches a second PHR domain to PHR-GFP-VP16. (3) Fusion of FUSN to VP16 increases its self-
interaction. Legend continued on next page.
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Figure 12. (legend continued) (B) Fraction of cells with droplets formed by the different approaches
and controls (90 min illumination). Left: GFP-Lacl is the only construct without CIBN. Right: All
constructs are fused to PHR and were recruited via rTetR-opto. PHR-FUSN contains no activation
domain. Mean, max. and min. (error bars) of two replicates. (C) Nascent RNA time courses (n = 74-126
cells per condition) and endpoint measurements of total reporter RNA (90 min) for the Lacl approach.
(D) Nascent RNA time courses (n = 24-154 cells per condition) and endpoint measurements of total
reporter RNA (90 min) for the GBP and FUSN approaches. (E) Nascent RNA time courses (n =47 cells
per condition) for cells activated by FUSN-VP16 and grouped by the presence of droplets. (F)
Representative images and quantification of ethynyl-uridine (EU) labeled global nascent RNA 90 min
after activation with the indicated constructs and grouped by the presence (solid nucleus outline) or
absence (dashed nucleus outline) of droplets. Actinomycin D (ActD) treatment served as positive control
for full inhibition of transcription. Bars depict the mean and dots correspond the single values of n = 41-
103 cells per condition. Scale bars, 5 ym. Two-sided unpaired Student's t test: P > 0.05, not significant
(ns) and ****P < 0.0001. All qRT-PCR data was normalized to B-actin mMRNA and to mock-transfected
samples. Bar plots depict mean and s.d. of n = 3 replicates. Two-sided unpaired Student's t test, with
not significant (ns), *P < 0.05, **P < 0.01, and ****P < 0.0001. Nascent RNA trajectories were acquired
and analyzed by Jorge Trojanowski. Figure panels adapted from ref. [146].

These controls corroborated the hypothesis that these two types of VP16 droplets could in
fact inhibit transcription at the reporter gene cluster. In contrast to the Lacl and the GBP
approach, droplet reinforcement by FUSN was found to greatly increase transcription
activation (Figure 12 D). In comparison to VP16 alone, the total reporter RNA levels of FUSN-
VP16 were ten times higher after 90 minutes of illumination. Throughout the whole activation
period, this was also reflected in increased levels of nascent RNA. As previously done for the
other ADs (compare Figure 11), nascent RNA trajectories were once more classified into cells
with and without discernible droplets to determine if the elevated activity of FUSN-VP16 was
connected to droplet formation (Figure 12 E). There were no differences in the quantities of
RNA between the two groups, in line with the earlier findings that droplets had a neutral effect
on transcription. The results of the droplet perturbances with PHR-VP16 lead to the following
conclusions: The additional enrichment of TFs at the target site by phase separation is not
generally beneficial for transcription. The specific composition of phase-separated
compartments strongly impacts their activity. While not explored in detail here, the effect of
composition could be linked to differential internal mobility or association with co-activators.
Ultimately, it still needs to be determined which properties precisely mediate strong TF activity.
The FUSN experiment demonstrated unequivocally that boosting multivalent contacts can
change a weak activator like VP16 into a strong activator without the need of a phase
transition. Additional data addressing the role of multivalent interactions for TF activity is
provided in ref. [146] and further discussed at the end of this thesis. In conclusion, strategies
were presented here on how one can modulate droplet formation using the optogenetic
toolbox components and multivalent linkers. This type of functional assays can be applied to
study other chromatin effectors and will vyield further insights on the role of

compartmentalization by phase separation for regulating chromatin-templated processes.
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2. ALT-FISH - a microscopic assay for the detection of ALT-specific

compartments

As demonstrated in the preceding chapter, the relationship between the assembly mechanism,
composition and function of chromatin-associated compartments can be probed with tunable
effector constructs in different model systems. Another aspect of functional nuclear
compartmentalization is exploiting it as a marker for the activity of specific biological pathways
that are associated with spatially confining the corresponding biological processes. In
particular, disease-associated processes produce large quantities of detrimental by-products
or promote cell survival through sustained regulatory activity at specific genomic target loci,
which can lead to the formation of distinct nuclear compartments. These consideration were
followed up in the present thesis with respect to telomeres. They assemble into a specific
nucleo-protein complex, the integrity of which is essential for controlling cell proliferation and
genomic stability. Structure and activity of telomeres are drastically altered in cancer cells that
use the alternative lengthening of telomeres (ALT) pathway. In these cells, recombinogenic
activities are funneled towards telomeric repeat sequences to prevent their net loss. Although
it is crucial to understand the ALT mechanism in order to improve cancer treatment, the
absence of scalable assays has made it difficult to measure the activity of this telomere

lengthening pathway in intact cells.

In the following chapters, | presented a novel assay that exploits compartment detection for
the universal quantification of ALT activity across a broad range of sample types. | integrated
multiple documented ALT characteristics to design the microscopic ALT-FISH assay that labels
compartmentalized single-stranded telomeric nucleic acids. These indicators of ALT activity
allowed for the accurate distinction of individual ALT-positive and ALT-negative cells and the
resolution of ALT heterogeneity in cancer cell populations. Along with the assay, automated
image analysis workflows were developed to enable unbiased quantification and

comprehensive biological characterization of ALT-FISH signals.

Development and validation of the ALT-FISH assay has resulted in a separate first author
publication, see ref. [165]. Selected data from this study are presented and discussed in the
following three chapters of the thesis. The contribution of study co-authors to the data

collection or analysis is stated where applicable.
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2.1 Single-stranded telomeric repeats of various origin are a unifying feature of ALT

While it remains largely unknown what series of events ultimately leads to productive telomere
extension in ALT, various characteristic telomere traits have been documented for this pathway
(Figure 13 A, scheme). They include (i) heterogeneous telomere length and recombination
intermediates [102, 112, 113], (ii) excessively long single-stranded (ss) telomeric DNA
overhangs [113] and damage-induced internal telomere loops (i-loops) [118] (iii) elevated
replication stress burden at telomeres [111, 166], (iv) accumulation of extrachromosomal
telomeric DNA repeats (ECTRs) [115, 116] and, (v) increased levels of TERRA[130, 132-134].

It is technically infeasible to quantify all these traits for a single cancer cell with their respective
specialized assays. However, a strategy that incorporates shared molecular aspects of these
attributes would provide an integrated measure of ALT activity. | reasoned that most of the
aforementioned ALT traits share one common theme: the exposure of C- or G-rich single-
stranded telomeric repeats (SSTRs) in the form of either RNA or DNA (Figure 13 A, yellow
marks). SSTRs are expected to be rare in telomerase-positive cancer cells and somatic cells,
where their only sources are the (considerably shorter) overhangs of telomeres and the low
quantities of G-rich TERRA transcripts. On the basis of this assumption, | concluded that SSTR

detection might be a method to specifically capture a range of ALT traits at once.

2.2 ALT-FISH visualizes compartments of single-stranded telomeric nucleic acids

A fluorescence microscopy-based approach was devised to detect SSTRs at the highest
possible sensitivity while maintaining spatial information for assignment of ALT activity to
single cells. The detection method was named ALT-FISH and followed the principle of non-
denaturing fluorescence in situ hybridization (FISH) with two fluorescently-labeled DNA probes
that target either the C-rich strand (TelG probe) or the G-rich strand (TelC probe) (Figure 13
B). The information provided by the two probes is complementary. While the TelG probe maps
C-rich single-stranded regions, such as those seen in C-circle ECTRs, the TelC probe
specifically targets TERRA and G-rich telomeric ssDNA repeats. In addition, TERRA and
telomeric DNA signals can be distinguished using an RNase treatment. To ensure that the
assay is quantitative and scalable, the ALT-FISH staining procedure was designed in such a
way that it only needs a single isothermal hybridization step, no signal amplification, and a
minimum of liquid handling steps with standard buffers. The probe concentration was titrated

for highest signal-to-noise ratio and reproducibility.

Confocal imaging of the ALT-positive osteosarcoma cell line U20S stained for either C-rich or
G-rich SSTRs using ALT-FISH revealed intense sub-micrometer sized nuclear and

cytoplasmic SSTR foci (Figure 13 C). In contrast, and despite similar nuclear background
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levels, these intense accumulations of SSTRs were not seen in ALT-negative (telomerase-
positive) HelLa cells (Figure 13 D). This result raised the possibility that higher levels and focal

accumulation of SSTRs into compartments is an ALT-specific trait that ALT-FISH can visualize.

A ALT-specific telomere traits B ALT-FISH assay

Non-denaturing, isothermal
hybridization

TelG probe ﬁ TelC probe
+ RNase
zg L

C-rich SSTR G-rich SSTR
species species
Single-stranded telomeric repeats (SSTRs)
C ALT-positive cell line (U20S) D ALT-negative cell line (HeLa)

ALT-FISH SSIR o ALT-FISH

TelC probe

ALT-FISH

TelG probe

Figure 13. The ALT-FISH assay detects compartments containing single-stranded telomere
repeats (SSTRs). (A) ALT-specific telomere traits that potentially expose SSTRs: (i) heterogenous
telomeres and recombination intermediates, (i) damage-induced internal loops and long telomeric
overhangs, (iii) replication stress intermediates, i.e. stalled replication forks, (iv) extrachromosomal
telomeric DNA (C-circles, G-circles, t-circles, etc.), (v) telomere repeat containing RNA TERRA. (B)
Principle of the ALT-FISH assay to detect G-rich or C-rich SSTRs. TERRA can be probed by an RNase
pre-treatment. (C) ALT-FISH staining reveals mostly nuclear and some cytoplasmic (arrows) SSTR foci
in ALT-positive U20S cells. (D) ALT-negative (telomerase-positive) HeLa cells show no apparent SSTR
foci. Yellow outlines represent nuclei segmented on the DAPI channel (DNA). Scale bars, 5 ym and 1
pMm (zoom-in). Some images of panels C and D were adapted from ref. [165].
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2.3 The Telosegment toolkit enables automation of ALT-FISH data analysis

Unbiased and automated feature extraction from microscopy images is key to make
microscopy-based assays like ALT-FISH quantitative and scalable. | thus developed an
analysis software toolkit called Telosegment for the automated quantification of ALT-FISH
image data of hundreds of cells (Figure 14). The output of the workflow was to mainly provide
ALT-FISH signal features (spot number, location, intensity, etc.) for single cells, with the option
to integrate up to three additional image channels for other readouts. The toolkit comprised
fully automated 2D cell segmentation, spot detection and intensity feature extraction. In the
standard setup, a nucleus marker channel (DAPI) and the ALT-FISH channel are needed for
analysis. Co-localization analysis of ALT-FISH signals with up to two more fluorescence
channels is possible. With a cytoplasm or cytoskeleton marker channel, Telosegment also
offers a separate cytoplasm segmentation module. Telosegment performs annotation and
filtering of data based on quality criteria (e.g. nucleus size and shape). These metrics can later
be assessed to refine downstream data analysis. The Telosegment pipeline was implemented
in the R programming language [160] and builds on functions of the EBImage R package
[167]. It is computationally inexpensive to run on a local machine. With the data format used
here, it can typically process 800 cells per hour (about 60 image stacks, ~25 GB in total) on a
machine with 16GB RAM and 4 CPU cores.

The major analysis steps and functions of Telosegment are outlined in the following. Specific
steps and functions are detailed in the Materials and Methods section. The analysis starts with
importing the raw confocal image z-stacks (positions), where one position typically
corresponds to a single tile of larger tile scan (Figure 14 A). Each image position may have
several cells and up to four image channels in the setup utilized here. First, the function
findBestSlices evaluates the stacks, identifies positions with no cells or poor focus and flags
them for further processing (Figure 14 B). It also estimates the optimal z-range for subsequent
projection. Second, the image stacks are reduced to 2D maximum intensity projections and
objects are segmented on the respective channels (Figure 14 C). Cell nuclei are segmented
on the DAPI image using the makeNucMask function. If available, the cytoplasm area is
segmented based on the cytoplasm marker. Partial area masks located at the image borders
or cytoplasm masks without a matching nucleus are identified and excluded. Spots on the
ALT-FISH images are segmented using the makeSpotMask function on the corresponding
mask areas. A local per-cell intensity threshold is used for segmentation. For quantitative
comparisons, the spot segmentation stringency is initially calibrated by the user and then
maintained constant across all experimental conditions. Once the nucleus and spot masks
have been computed, position shape and pixel intensity features are quantified in all masks

and across all available channels (Figure 14 D).
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Figure 14. Automated ALT-FISH image analysis workflow using the Telosegment toolkit.
(A) Confocal z-stacks of DAPI, ALT-FISH and optional channels are acquired, with each image position
containing multiple cells. (B) The findBestSlices function evaluates DAPI intensity distribution and
contrast features for each position, flagging out of focus and empty positions and generating range-
optimized 2D maximum intensity z-projections for the in-focus positions. (C) The makeNucMask and
makeSpotMask functions sequentially segment nuclei and spots in the whole image (DAPI channel)
and single nuclei regions (ALT-FISH channel), respectively. Small and incomplete border nuclei are
filtered out. A cytoplasm marker channel can be included for spot quantification in the cytoplasm. (D)
Features, including xy-positions, areas, shape metrics, and intensity values across available channels,
are retrieved from the mask objects. (E) The final quantification and segmentation results are presented
in a universal tabular format and a set of overlay images for inspection (compare D). The
CollectAndFilter script comprises customizable routines for removing flagged positions and excluding
low quality data points based on shape criteria of the nuclei or other user-specified criteria.

In a final step, the quantification results are summarized into tabular file format compatible for
downstream analysis (Figure 14 E). A supplementary R script CollectAndFilter is used for
downstream data filtering, such as removal of flagged image positions, nuclear segmentation

artifacts or aberrantly shaped nuclei. Detection of artifacts is done via a custom nuclear shape
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quality score (NSQS), which is described in the Materials and Methods section In addition to
the final results, Telosegment exports a set of overlay images for position-wise visual
inspection or optional re-import of image masks. In conclusion, the automated image analysis
workflow developed here can be applied to quantitatively compare subcellular ALT-FISH

signals and other features between cells and between experimental conditions.

2.4 Telomeric RNA TERRA and ECTRs contribute to the ALT-FISH signal

In the previous sections, | presented initial evidence that SSTRs accumulated in ALT-positive
U20S cells, as detected by ALT-FISH and proposed that they originated from distinct sources.
To corroborate this proposition, the contribution of TERRA and extrachromosomal SSTR
species to the ALT-FISH signal was tested in U20S cells (Figure 15). The G-rich RNATERRA
can be degraded with RNase. And while it is technically not trivial to differentiate DNA SSTRs
in telomeric overhangs, internal loops and ECTRs in the nucleus, cytoplasmic ALT-FISH spots
are attributable to extrachromosomal SSTR species. The median number of nuclear spots for
untreated U20S cells was 17 (TelC probe) and 6 (TelG probe), with a range of 0 to >60 spots
and 0 to 25, respectively (Figure 15 A, B). RNase pre-treatment abolished approximately half
of the TelC foci but virtually none of the TelG foci (Figure 15 B). Similar losses were observed
for RNase A or a combination of RNase A+H, while RNase H pre-treatment alone preserved
slightly more spots. These results established that TERRA significantly contributed to the G-
rich SSTR pool detected by the ALT-FISH assay. The findings were furthermore consistent
with earlier studies that have detected TERRA in the form of ssRNA and RNA:DNA hybrids

[168] and studies that have observed a lack of C-rich telomeric RNA in human cells [130].

To confirm that ALT-FISH also detected single-stranded regions in ECTRs, | next quantified
the amount of cytoplasmic signal for both probes in U20S cells. Fluorescent phalloidin labeling
of the actin cytoskeleton was used to segment the cytoplasm area (Figure 15 C). ALT-FISH
spots were substantially less frequent in the cytoplasm than in the nucleus. The median spot
number was 3 (TelC) and 1 (TelG), ranging from 0 to 22 and 0 to 16 (TelG) (Figure 15 D).
Signals residing in cytoplasmic spots made up less than 10% of the cumulative spot intensity
per cell (Figure 15 E). This comparably low abundance was in accordance with previous
reports on the abundance of cytoplasmic ECTRs studied by denaturing FISH [117, 169]. The
no probe control staining showed median spot numbers of 0 (nucleus and cytoplasm) and
ranging from 0 to 1 (nucleus) and 0 to 2 (cytoplasm), demonstrating that autofluorescence had
little impact on overall spot detection. In conclusion, this second set of experiments showed
the ability of ALT-FISH to detect ECTRs. However, to identify whether the ECTR species
detected by ALT-FISH predominantly relate to circular (e.g. C-circles, G-circles) or other types

of intermediates will need further investigation.
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Figure 15. ALT-FISH detects several sources of SSTRs. (A) Images of ALT-FISH stained ALT-
positive U20S cells without treatment (control) or pre-treated with RNase A, H or both. Outlines show
nucleus segmentation and arrows non-nuclear foci. (B) Corresponding quantification of nuclear spot
numbers for both probes. Dotted lines mark the median of the control. Data was pooled from 2-4
replicates. Adjusted P values from a pair-wise Wilcoxon rank sum test with BH correction compared to
control groups were >0.05, *0.024 or ****< 2e—16. (C) Images of U20S cells co-stained by DAPI, ALT-
FISH and TRITC-Phalloidin to stain the cytoplasm. Insets show exemplary cytoplasmic spots. (D)
Quantification of nuclear and cytoplasmic spot numbers for C, including a no probe control. Images of
the no probe control are shown in ref. [165]. (E) Per cell cumulative ALT-FISH signal in cytoplasmic
spots as fraction of total spot signal per cell. All boxplots depict median, first and third quartiles of the
data with the number of analyzed cells indicated below each condition. Scale bars, 5 ym. Figure
adapted from ref. [165].
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2.5 SSTR compartments contain telomere repeats in the kilobase range

Somatic cells and telomerase-positive cancer cells have telomere lengths between 3 and 12
kb, but telomeres of ALT-positive cells can reach 50 kb in some cases [102]. With appropriate
standards, it is possible to determine the absolute telomere length and repeat copy number of
single cells using denaturing telomere FISH [170]. Repeat copy number is essential to derive
quantitative mechanistic models, e.g., on the number of telomere-repeat binding proteins or
size of a single telomere. In the present section, the proof-of-concept of a technique was
developed to estimate SSTR copy number in individual ALT-FISH foci of intact U20S cells that
was based on a combination of fluorescence correlation spectroscopy (FCS) and confocal

microscopy (Figure 16).

Using FCS, a fluorescent target molecule's brightness can be determined by the photon count
rate per molecule when that molecule passes through a small sample excitation volume [171].
Here, this technique was exploited to measure the brightness of single TelC ALT-FISH probe
molecules (labeled with Atto633 dye) in solution and relate it to the brightness of single 0.1 ym
poly-fluorescent beads with a comparable fluorophore (Figure 16 A, left). FCS data acquisition
and analysis were performed by Norbert Micke, a research engineer in our group. The FCS
results estimated that a single fluorescent bead was about 114 times brighter than a single

TelC probe molecule.

To derive SSTR copy numbers using this information, | prepared a sample of TelC ALT-FISH
stained U20S cells with fluorescent beads added after the staining (Figure 16 A, right). The
sample was imaged using the previous confocal setup. Because the beads carried an
additional Alexa488 dye, they could be distinguished from ALT-FISH spots using a separate
channel (Figure 16 B). In the microscopy images, spot and bead intensities were quantified
in the Atto633 channel. Knowing the exact probe length (30 nt) and the brightness ratio from
FCS, intensities could be converted into repeat copy number for 200 randomly selected ALT-
FISH spots from six U20S cells. The number of exposed TTAGGG repeats per spot ranged
from 50 (0.3 kb) to 6,800 (41 kb) (Figure 16 C). This range was consistent with the size ranges
of 0.1 to 9 kb for repeats in TERRA transcripts and the total length of 0.8 to >50 kb for ALT-

specific telomeric circles that have been reported [116, 130].

Despite the limited dataset examined here and the fact that the quantification presupposes full
hybridization of the probes to their targets, the feasibility of the approach was demonstrated.
| found that hundreds to thousands of bases of exposed SSTRs were accumulated in a
prototypical ALT-FISH compartment of U20S cells. Further experimental advancements of this
method will derive how the single-stranded stretches are distributed among individual

molecules of the various chromosomal and extrachromosomal SSTR species.
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Figure 16. Estimation of SSTR copy number in ALT-FISH compartments. (A) Overview of using
FCS to determine the brightness ratio of a single ALT-FISH probe molecule to a poly-fluorescent bead,
which can be used to estimate the number of probe molecules in single foci by comparing their absolute
intensities using confocal microscopy. (B) Representative TelC ALT-FISH stained U20S cell with beads
added to the mounting medium. Beads are detectable in both the 488 nm and ALT-FISH probe (633
nm) channel. Exemplary spots and selected probe number/SSTR length estimates are highlighted. (C)
SSTR length distribution of 200 randomly selected SSTR foci across 6 U20S cells. Maximum and
minimum probe equivalents (arrows) and median (bar) are indicated. FCS data to determine the
bead/probe ratio was acquired and analyzed by Norbert Micke. Figure adapted from ref. [165].

2.6 ALT-FISH foci enrich components of ALT-associated PML bodies (APBs)

In addition to the SSTR-containing ALT compartments identified here, previous studies had
already reported ALT-specific nuclear compartments formed by the co-localization of PML
proteins with telomeres, termed ALT-associated PML bodies (APBs) [121]. APBs are an
established ALT marker and accumulate large amounts of telomeric DNA. Alongside
chromosomal telomeric DNA ends and TERRA molecules [172], some of the telomeric DNA
enriched in APBs is single-stranded [173] and possibly belongs to both circular and linear
ECTRs species [174]. In light of these previous findings, it was important to further
characterize the nuclear compartments that the ALT-FISH assay detects and determine their
overlap with APBs. To this end, | carried out a combination of ALT-FISH and
immunofluorescence (IF) staining for four different candidate proteins (PML, SUMO2/3, TRF2
and RPA) that had been previously linked to APBs, in order to map their localization relative
to ALT-FISH foci (Figure 17).
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PML is the main structural component of APBs and PML nuclear bodies (PML-NB). The
shelterin protein TRF2 binds to double-stranded telomere repeats [88]. The single-stranded
DNA binding protein RPA localizes to APBs [173] and is involved in DNA repair. The SUMO2/3
variant is found conjugated to proteins at the interior and in the shell of PML-NBs and APBs
[123, 175, 176]. To examine the distribution of these proteins in ALT-positive U20S cells, nuclei
and nuclear ALT-FISH spots were segmented and intensities were quantified in each spot area
across all staining channels (DAPI, ALT-FISH, IF candidate 1, IF candidate 2). Always two
candidate proteins were stained in parallel (RPA with SUMO2/3 and TRF2 with PML) and
together with TelC or TelG ALT-FISH (Figure 17 A, C). In each SSTR spot, the fold-enrichment
of an IF signal over the nuclear background was used to classify spots as co-localizing with a
given signal or not. The DAPI channel was used as a background measure. Using this
strategy, enrichment values of 2,700-4,500 individual SSTR spots from 365-450 U20S cells
were quantitated for each condition (Figure 17 B, D) and used to call co-localization events
(Figure 17 E, F). For SUMO2/3 and RPA, respectively, co-localization was observed in 60.8%
and 64.7% of TelC spots and 69% and 90.3% of TelG spots. An overall higher proportion of
spots was enriched for TRF2 and PML. 91.1% of TelC and 98.6% of TelG spots displayed
significant PML enrichment, with maximum enrichment values reaching up to 50-fold (compare
Figure 17 D). While less than <1% of TelG spots were not associated with PML, this fraction
was higher for the TelC spots (8.9%). TRF2 was found in 70.4% of TelC and 76.6 % of TelG
spots. This pairwise co-localization analysis revealed that candidate proteins were enriched
to varying extent and nearly all SSTR foci coincided with PML protein. Another evidence that

ALT-FISH detects SSTRs came from the clear association seen with RPA signals.

Next, | specifically looked into how PML/ALT-FISH co-localization events were distributed
between APBs and non-APB PML-NBs. I first identified APBs by co-enrichment for TRF2 and
PML signals. APBs co-localized with 65.3% of TelC spots and 76.1% of TelG spots (Figure 17
E, F). Independently, TRF2 foci were used to segment telomeres on the same images and
signal enrichment was determined for the other channels. Segmented telomeres were binned
into groups with and without significant PML enrichment, and their ALT-FISH signal was
compared (Figure 17 G and H, violin plots). Telomeres with PML contained significantly more
SSTRs. However, the majority (63.8-68.8%) of telomeres lacked PML and ALT-FISH (Figure
17 G and H, stacked bar graphs), which is consistent with only some telomeres engaging in
APBs. Overall, the findings uncovered that APBs and two thirds of SSTR foci overlapped in
U20S cells. It can be concluded that the majority of APBs can be identified by ALT-FISH,
without the need for PML/telomere co-staining. 23-26% of spots matched with PML-NBs that
were not present in APBs, while 0.9-8.9% of spots had no spatial link with PML. Thus, a portion
of SSTR foci are distinct from APBs.
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Figure 17. ALT-FISH signals co-localize with components of ALT-associated PML bodies.
(A) TelC ALT-FISH and immuno-staining of APB components and TRF2 in U20S cells. RPA was co-
stained with SUMO2/3 and TRF2 together with PML. (B) Quantification depicting the fold enrichment of
each signal in the spot area relative to the nucleoplasm (magenta line: co-localization threshold). (C-D)
Same as A and B, but for TelG. (E-F) Binned data from A and B depicting the fraction of spots co-
localizing with either of the IF signals, both or none. (G-H) Segmented TRF2 spots analyzed with
respect to their ALT-FISH signal enrichment in dependence of PML co-localization. The fractions of
TRF2 spots co-localizing with the other signals are additionally shown as barplot. All boxplots depict
median, first and third quartiles of the data with the number of analyzed spots/cells indicated below
each plot. Scale bars, 5 um. Figure adapted from ref. [165].
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2.7 ALT-FISH stratifies ALT-positive and ALT-negative cells with high accuracy

In the previous section, | found a spatial link between some of the SSTR foci detected by ALT-
FISH and APB components, relating them to ALT activity at telomeres. As of present, the most
practical choice to identify ALT-positive cells in situ is to stain for APBs. However, the antibody-
based detection, the need of co-localization analysis for their identification and their limited
dynamic range [177] make them unattractive as quantitative ALT activity readout. In part due
to these shortcomings, most studies only report the use of APBs as a binary classifier (ALT,
non-ALT) at the level of bulk samples and do not use it for mapping ALT tumor heterogeneity
with single cell resolution [104, 124, 178]. In contrast, the simpler principle and single

fluorescent channel used in ALT-FISH would potentially qualify for such applications.

| therefore sought to determine whether the ALT-FISH assay was sensitive and specific
enough to separate ALT-positive from ALT-negative cells in heterogeneous cell populations. |
designed an experiment, in which ALT-positive U20S cells stably expressing nucleolin (NCL)-
RFP were co-cultured with ALT-negative HelLa cells stably expressing histone H2A-YFP and
subsequently stained by ALT-FISH (Figure 18). The different fluorescent proteins enabled
their distinction using an independent image channel (Figure 18 A). Utilizing these markers,
U20S and Hela cells were identified from the mixed population (Figure 18 B, E) and ALT-
FISH signals could be determined for each group of cells. While TelC and TelG spots were
readily discernible in U20S cells, they were mostly absent in HeLa. For HelLa cells stained
with either the TelC or TelG probe, the median spot number was 0. U20S cells showed a
median of 12 (TelC) and 7.5 (TelG) spots (Figure 18 C, F).

An ALT-FISH spot count cutoff was identified that yielded clear separation. A cutoff of >2 spots
per nucleus achieved a very high (91-98%) detection rate of the ALT-positive cells, while
retaining a low false positive rate (FPR) of 0.8-3.4% (ALT-negative HelLa cells detected as
ALT-positive) (compare Figure 18 C, F). To confirm robustness of separation, | also verified
these results using the coefficient of variation (CV) as an alternative image feature derived
from the ALT-FISH channel. The CV reflects image contrast by the standard deviation to mean
ratio of the nuclear pixel intensity and is thus uncoupled from intensity threshold based spot
detection. Also using CV value cutoffs of >0.2 (TelC) and >0.3 (TelG), the detection accuracy
for ALT-positive U20S cells remained high (91-100%, FPR 1.6-4.1%) (Figure 18 D, G). Clear
separation of U20S and HelLa cells (99.4-100%, FPR 0-1.3%) using similar CV/spot count
cutoffs (>2 spots or >0.3 CV value) was also observed when an independent co-culture was
stained in suspension (data shown in ref. [165]). It can be concluded that both the relative and
absolute ALT-FISH signal differences between U20S and Hela are robust towards changes
in the sample format. Cell mixing demonstrated that ALT-FISH is a precise technique for

separating individual cells depending on their ALT activity.
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Figure 18. ALT-FISH enables accurate distinction of ALT-positive and ALT-negative cells in
heterogeneous cell mixtures. (A) Experiment with fluorescently labeled U20S and HelLa co-cultures
to assess the sensitivity and specificity of ALT-FISH. Nucleus segmentation from DAPI is shown as
outlines. Scale bars, 5 um. (B) Scatterplot of RFP (U20S) versus YFP (HelLa) nuclear intensity with
corresponding density diagrams for n = 350 cells pooled from two independent co-culture and TelC
staining experiments. (C) Distribution of nuclear TelC spots for the two cell lines separated by their
markers. The fraction of correctly identified U20S cells and FPR are indicated for a spot count cutoff of
>2. (D) Same plot as C, but depicting the coefficient of variation (CV) of ALT-FISH intensity in the
nucleus and separation using a cutoff of >0.2. (E-G) Same as panels B-D, but for the TelG probe
staining of n = 435 cells from two replicate experiments. All boxplots depict median, first and third
quartiles of the data with the number of analyzed cells indicated below each plot. Scale bars, 5 um.
Data was jointly acquired with Anne Rademacher. Figure adapted from ref. [165].
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The assay's reliance on a single channel offers a substantial improvement over APB detection,
both experimentally and in terms of data interpretation. As compared to previously reported
APB count differences, ALT-FISH spot count differences were significantly greater. Prior to
this, our group has applied a stringent 3D co-localization approach to quantify APBs from
microscopy images [177]. Using this method, the examination of ALT-negative HelLa cells had
shown that around 34% of the cells still exhibited at least one co-localization event and 0.5
APBs/cell on average, while ALT-positive U20S cells contained 4-5 APBs/cell on average
[177]. This 10-fold difference contrasts to the only 0.3-3.4% of HelLa cells with two or more
ALT-FISH spots in the present dataset, where U20S to Hel a differences were almost an order
of magnitude higher (40-fold for TelG probe, 124-fold for TelC probe). Thus, more sensitive

ALT activity measurements at larger dynamic range may be possible with ALT-FISH.

2.8 The ALT activity profiles of cancer cell lines are predicted by ALT-FISH spot

counts

A crucial requirement for application of ALT-FISH is to confirm that it reliably tracks ALT activity,
regardless of the cell line model or tumor entity. | therefore conducted ALT-FISH on a diverse
panel of 13 cell lines (Figure 19). The panel covered osteosarcoma (HOS, MG-63, Saos2,
CAL72, U20S), cervix carcinoma (HeLa wt, HeLa ST, Hela LT) and pediatric glioblastoma
(SF188, NEM165, NEM157, MGBMI) cell lines. Cell lines selection was based on pre-existing
TMM classification data and predisposition to ALT [179-181]. Both osteosarcomas and
pediatric glioblastomas (pedGBMs) frequently activate ALT (~44%-47 ALT-positive cases)
[104, 108, 124, 182]. One HelL.a clone of unknown telomere length (HeLa wt) and two isogenic
Hela clones with short (ST, 9kb) or long (LT, 20 kb) telomeres were included as telomerase-
positive cervix carcinoma models. Despite the fact that ALT is rare in this entity, ALT induction
had been previously reported for the HeLa LT clone when artificially depleting the histone
chaperones ASF1A/B [181, 183]. HeLa ST and LT clones are indistinguishable when assayed
for APBs, CC level and telomerase activity in their unperturbed state. Because of this, they
were considered as potential model for the investigation of emerging ALT activity. In addition
to the cancer cell lines, | furthermore included human umbilical cord endothelial cells
(HUVECS) as a cell line with no active TMM. In a first step, the TMM status of all cell lines was
independently validated by two complementary assays. Bulk ALT activity was measured using
the C-circle (CC) assay [120] (Figure 19 A). Telomerase activity was qualitatively assessed
by Telomerase Repeated Amplification Protocol (TRAP) [184] (Figure 19 A). Both confirmed
the previous TMM status. Very low to undetectable CC levels were present in cell lines that
exhibited telomerase activity patterns in the TRAP assay and TRAP negativity was mostly

linked to increased CC levels in the cancer cell lines, but not in HUVECs.
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Figure 19. ALT-FISH profiles of a cell line panel in relation to established TMM markers. (A)
Quantification of C-circle (CC) levels for a cancer cell line panel and HUVEC cells with previously
determined TMM status (color code). CC levels are normalized to U20S CC levels on the same blotting
membrane. Bar plots depict the mean and s.d. of 3-4 independent replicates. (B) Qualitative telomerase
activity analysis by telomerase repeated amplification protocol (TRAP) assay. Telomerase activity is
shown by a ladder of TRAP products that appear above the control bands (arrow) in the gel. (C)
Representative images of cell lines stained by TelC ALT-FISH. Representative CC assay blot results (-
/+ phi29 polymerase reaction) above and below, respectively. Outlines show nucleus segmentation. (D)
Same as panel C, but for TelG. Scale bars, 5 ym. Figure adapted from ref. [165].
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The CC level range displayed by CC-positive/TRAP-negative cell lines was broad. The
MGBMI cell line had the highest level (~200% of U20S) followed by U20S, Saos2, CAL72
with similar and NEM165, NEM157 with low levels (1-5% of U20S). It is noted that higher
relative CC levels had been documented for NEM165 and NEM157 in a previous study [180].
Due to their low CC levels and lack of detectable telomerase activity, these two cell lines were

categorized as weakly ALT-positive.

In a second step, ALT-FISH staining was performed using either the TelC or the TelG probe
(Figure 19 C, D). Confocal images were recorded from three to four independently stained
replicates per condition and analyzed using the Telosegment toolkit developed in section 2.3.
Afterwards, the quantification results of all cells belonging to the same condition were pooled.
After filtering, 477 to 1,942 high quality cells were obtained for each condition, totaling to about
26,000 cells for all samples (Figure 20 A). For ALT-positive cell lines, the median nuclear spot
counts ranged from 7—17 (TelC) to 3-6 (TelG). For telomerase-positive and HUVEC, they were
primarily between 0-1 or ranged between 0-2 for the weakly ALT+ cell lines. One notable
exception was the MG-63 cell line, which regularly showed 1-2 spots for the TelG probe. Both
TelC and TelG counts significantly distinguished the group of ALT-positive cell lines from

telomerase-positive cell lines or HUVEC (Padj < 2e10-16, Wilcoxon rank sum test).

According to the co-culture experiment presented in section 2.7, a cutoff of >2 nuclear spots
had been identified as optimal for separation. When relating this threshold to the population
average spot count for each cell line, the ALT-positive group was clearly above (Average spot
counts, TelC: 9.11-18.11, TelG: 3.30-6.38). Of the weakly ALT-positive cell lines, only NEM157
exceeded this cutoff for the TelC spot count (3.00) and contained ~42% of cells classified as
ALT-positive. NEM165 cells fell below the TelC and TelG cutoffs and the proportion of ALT-
positive cells was within the previously estimated FPR range (3.8% and 0.8%, respectively,
compare section 2.7). For comparison, 2.9% (TelC) and 0.3% (TelG) of the ALT-negative HeLa
wt cell line were above the cutoff. Out of the two weakly ALT-positive cases, one was identified
as containing a significant fraction of ALT-positive cells using ALT-FISH. Nevertheless, it fell
below the typical threshold of 10% of U20S levels for being considered as ALT-positive by the
CC assay. Overall, | found very good concordance between CC levels and the average
numbers of ALT-FISH spots. The quantitative relationship of CC levels and ALT-FISH signals
was examined using a larger sample set at later time and is presented in Results section 3.3.
Although cancer cell lines in culture are typically considered to be homogeneous, the ALT
activity analysis conducted here showed significant heterogeneity. The count distribution was
right-skewed, with maximum counts reaching up to 11 times the median of the population

(compare Figure 20 A).
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Figure 20. ALT-FISH resolves single cell ALT activity distribution across cell lines. (A)
Quantification of nuclear TelC and TelG spot counts for the cancer cell line panel. Data was pooled
from 2-4 independent replicates per cell line. All boxplots depict median, first and third quartiles with the
number of analyzed cells indicated below each plot. Zoom-ins into no TMM/TERT+ samples are shown
for better visualization. Adjusted P values from a pair-wise Wilcoxon rank sum test with BH correction
are indicated for comparisons between TMM groups (weakly ALT+ included into ALT+ group). (B)
Examples of super-ALT phenotypes (>95th percentile of the count distributions) in Saos2, CAL72,
MGBMI and U20S ALT-positive cell lines with spot count n given below each image. Scale bars, 5 ym.
(C) Spatial ALT activity patterns shown for selected image positions of U20S and HelLa LT cells, built
from TelC spot counts. Examples of intermediate to high ALT activity clusters in U20S (top) and rare
cells with low ALT activity found within the HeLa LT population (bottom). Figure adapted from ref. [165].

Such subpopulations with high ALT activity were consistently present in the ALT-positive cell
lines. Defined by counts above the 95% distribution percentile, | termed them 'super-ALT" cells
(Figure 20 B). Whether this observation links to an intrinsic biological property of ALT needs
to be tested. High local accumulations of SSTRs could potentially stem from bursts in telomere
processing. But also telomere dysfunction related polyploidization [185] or telomere trimming

events [186, 187] could drive variations in telomere nucleic acid content.
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Single cell spatial resolution is a key benefit of ALT-FISH that the CC assay does not offer. For
the underlying cell line panel, it was exploited to explore more subtle differences in ALT activity.
| compared the ALT-prone HelLa LT cell line to its isogenic counterpart HeLa ST and found the
distribution of TelC signals in the HelLa LT population to be more similar to the weakly ALT-
positive cell line NEM165, with even slightly more cells classified as ALT-positive (6.2% vs.
3.8%) (Figure 20 A). In contrast, HeLa ST and the non-isogenic HeLa wt clone only had 1.1%
and 2.9% of cells with more than two spots. The difference was stronger when the ALT
classification stringency was reduced to cells that had two or more counts. Hela LT and
NEM165 had 10.2% and 9.1% cells falling into this category, while HeLa ST and HelLa wt only
had 2.7% and 5.2%. These results demonstrated that the identification of subpopulations with

low ALT activity profiles can inform about the predisposition of a cell line to engage in ALT.

| furthermore found that some of the ALT-FISH heterogeneity appeared to be spatially
encoded. Cells with identical spot counts were frequently observed close together, and there
were hubs of low ALT activity in ALT-negative neighborhoods as well as areas with overall
higher or lower ALT activity (Figure 20 C). This could at least in part be explained by a model
in which the SSTR abundance is maintained shortly after cell division. An in-depth
investigation of this phenotype and other factors linked to heterogeneity was conducted on the
high content ALT-FISH datasets presented in the Results sections 3.6 to 3.9. In conclusion,
accurate mapping of ALT activity across three cancer types was shown by the study of the cell
line panel. The single cell resolution can be utilized to identify the dominant TMM of a cancer

cell population and to visualize (spatial) variations in ALT activity.
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3. Mapping the distribution of ALT activity in unperturbed and
perturbed cell populations using ALT-FISH

As demonstrated in the previous chapter, ALT-positive cancer cells were found to contain large
amounts of SSTRs from different sources. These SSTRs compartmentalized into nuclear and
cytoplasmic foci and could be visualized by the ALT-FISH assay. The abundance of SSTR
compartments was found to be a highly sensitive and specific readout for ALT activity in single
cells valid for different tumor entities. ALT-FISH profiles of cell lines furthermore uncovered
heterogeneity in ALT activity across single cells and between cell lines. How TMM diversity is
established and how ALT activity is re-distributed when cell populations are confronted with
perturbances that evoke TMM changes are open questions in the field, yet highly relevant to

the understanding of telomere maintenance regulation in tumors.

In the following chapter, | employed ALT-FISH to characterize changes in ALT activity in three
established cell line models of perturbation that include artificial ALT induction, ALT
potentiation and ALT suppression. Furthermore, | adapted the ALT-FISH staining procedure,
image acquisition and automated data analysis workflows to a microplate sample format that
enables the screening of ALT activity in hundreds of thousands of individual cells. High-content
datasets obtained by this approach were used to assess the influence of cell cycle and spatial
neighborhoods on the variability of ALT-FISH signals and to test the feasibility of the here

developed setup for conducting perturbation screens.
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3.1 Capturing changes in ALT activity upon telomerase-to-ALT switching

For classification, it is a common and needed simplification to assign a dominant TMM
samples based on the joint assessment of various telomere-related features (CC levels, TERT
expression, presence of APBs, telomere length, etc.). However, the resolution of ALT-FISH
has the potential to uncover TMM switching or bifurcation events which involve the ALT
pathway. Evaluation of the cell line panel in section 2.8 did suggest the presence of ALT
mosaicism in some cell lines with low CC levels. | therefore tested next, if ALT-FISH could also

resolve TMM switching in cancer cells (Figure 21).

To this end, | focused on the artificial ALT induction by histone chaperone ASF1A/B knock-
down in the previously introduced telomerase-positive HeLa LT cell line [181] and its isogenic
control HeLa ST, which does not induce ALT. As in the original study, ASF1A and ASF1B were
co-depleted in HeLa ST and HelLa LT by siRNA transfection and cells were grown for 72 hours
before assayed. Western blot analysis of samples from five independent knock-down
experiments confirmed a strong reduction (~80-90%) of both ASF1A and ASF1B protein levels
compared to a non-targeting siRNA (siCtrl) (Figure 21 A). To assess ALT induction, CC levels
were measured for all five replicates and matched TelC and TelG ALT-FISH samples of three
knock-down experiments were obtained in parallel (Figure 21 B). Relative CC levels were
significantly increased from 1.5% £ 0.5 to 14.3% + 6.5 (P = 0.0079, Wilcoxon rank sum test,
siASF1 vs. siCtrl) in HeLa LT, but undetectable all HeLa ST samples, indicating the induction
of ALT activity in HeLa LT.

ALT-FISH data obtained from these samples indicated an increase in the proportion of cells
with both TelC and TelG spots in ALT-induced HelLa LT (Figure 21 C, D). To capture the
smallest changes in ALT activity, the data was binned into four groups with 0 spots (no ALT),
1-2 spots (low ALT activity), 3-4 spots (robust ALT activity) and >4 spots (high ALT activity). A
cross-comparison to the datasets for HeLa ST and LT shown in Results section 2.8 revealed
no major differences between unperturbed cells and the siCtrl condition. The increase in TelG
spot number strictly followed the changes in CC levels of HeLa LT (compare Figure 21 B, D).
Upon knock-down, the number of cells with at least one TelG spot increased from <5% to
about 25%, while this proportion stayed constantly below 5% for all HeLa ST samples. This
correlation supported the hypothesis that C-circles are what the TelG probe primarily detects.
While the most dramatic increase in cells with TelC spots was observed for HeLa LT depleted
for ASF1, the fraction of cells with more than two TelC spots also increased from >3% to about
10% in HelLa ST. ALT induction has not been described for this cell line and these findings
implied the detection of minor changes in ALT activity that had previously been missed by the
CC-based ALT detection. Further experiments are needed to determine whether ALT activity

changes in HeLa ST cells are also related to the same phenotypic features originally described
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for ALT induction in HeLa LT [181]. In summary, investigation of this ALT induction system
demonstrated that the method is suited to detect telomerase-to-ALT switching. In the future,
the kinetics of this process can be better resolved by conducting ALT-FISH on samples

collected throughout the switching phase.
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Figure 21. Mapping telomerase-to-ALT switching in HeLa LT cells depleted for the histone
chaperone ASF1. (A) ASF1A/B western blot and quantification of siRNA-mediated ASF1 knock-down
(kd) in HeLa LT and HelLa ST (three days post-transfection). Protein levels were normalized to tubulin
and a matched non-targeting siRNA (ctrl) sample. Bar plots depict the mean and s.d. plus individual
values of n = 5 independent experiments. One sample Student's t test, ***P = 0.0001, ****P < 0.0001.
(B) Quantified CC level changes upon ASF1 depletion (representative dot blots on top) matched to the
samples in A. Color bar labels mean ALT activity above 10% of U20S CC levels in pink, below in yellow.
Bar plots show mean and standard error plus individual values (n.d., not detectable). Pair-wise Wilcoxon
rank sum test, P > 0.05 (ns, not significant), *P = 0.015, **P = 0.0079. (C) Images of TelC ALT-FISH
signals and matching quantification results for the ASF1 knock-down. Count data was pooled from three
independent experiments. Data from untreated HelLa cells (wt) were included as reference and are the
same as in Figure 20. Scale bars, 5 ym. (D) Same as C, but for the TelG probe. Sample collection for
western blotting and CC assay were carried out by Caroline Knotz. Figure adapted from ref. [165].
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3.2 Perturbing ATRX to study genetic ALT activity modulation

ASF1 depletion is an attractive system to study the induction of ALT in vitro. However, ASF1
loss-of-function is not an established feature of ALT-positive tumors. In order to validate my
findings in another genetic context that has been associated with ALT, | turned to studying
perturbations of the chromatin remodeler and ALT suppressor ATRX, which is recurrently
mutated in various entities [108, 127, 188]. ATRX depletion has been demonstrated to
occasionally activate ALT in somatic or telomerase-positive cells [189, 190], while ectopic
ATRX re-expression in ALT-positive cell lines has been associated with a reduction of ALT-
related characteristics [191, 192]. | compared two different perturbations of ATRX with regards
to their effects on single cell ALT activity. First, ATRX loss was investigated in an isogenic cell
line model (Figure 22). Second, ATRX-deficient U20S cells with doxycycline-inducible ATRX
expression (U20S-ATRX) [191, 192] were utilized (Figure 23).

Our group had previously characterized two isogenic knock-out clones of the weakly ALT-
positive pedGBM cell line NEM168 harboring ATRX gene indels (B5 and F5) that had entirely
lost the ability to express ATRX protein and displayed elevated CC levels [180]. | was able to
confirm this phenotype by western blot and CC analysis (Figure 22 A, B). NEM168 wt cells
had low CC levels (3.2% % 0.1 of U20S levels), classifying them as weakly ALT-positive. CC
levels were about 10 times higher in clone BS (35.4% + 6.3) and more than 40 times higher in
clone F2 (141.7% + 52.1), demonstrating that ATRX loss had increased ALT activity.

Their analysis by ALT-FISH staining revealed that the average spot count in wt cells was
remarkably close to that of the previously studied weakly ALT-positive cell line NEM165
(compare Results section 2.8, ~0.5 spots/nucleus for TelC and ~0.2 spots/nucleus for TelG),
consistent with its CC levels being low. For the B5 and F2 clones, respectively, the average
number of TelC spots per nucleus rose markedly by 5 to 6 fold upon loss of ATRX and the
average TelG spot count was even 8 to 10 times greater (P <2e-16, pair-wise Wilcoxon test
with BH correction) (Figure 22 C). Additionally, the CC abundance differences between the
two knock-out clones were clearly in line with the different ALT-FISH spot distributions. | next
characterized the effect of ATRX re-expression on ALT-FISH signals in U20S cells (Figure
23). As previously measured by CC assay in this cell line, ALT activity decays when ATRX is
re-expressed upon addition of doxycycline. CC levels have been found to be reduced by ~80%
after three days, reaching the detection limit at seven days induction, indicative of a potent
ALT suppression [180, 191]. | chose three days to circumvent confounding effects caused by
long-term ATRX expression in U20S. Three days post-induction, ATRX protein in U20S-ATRX
cells was still detectable, but at a lower level than in ATRX wt HeLa cells. No ATRX protein
was detectable in uninduced U20S-ATRX and in non-transgenic ATRX-deficient U20S wt
cells (Figure 23 A).
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Figure 22. Mapping ALT activity changes upon ATRX loss-of-function in pediatric glioblastoma
cell lines. (A) ATRX western blot for the two NEM168 knock-out clones (B5, F2) versus their parental
line (wt). ATRX wt HeLa and ATRX deficient U20S cells served as controls. (B) Quantification of CC
level changes for three replicates (mean and s.e.m plus individual values, dotted line: U20S). P values:
one-sample Student's t test. (C) Images of TelC and TelG staining in NEM168 wt, B5 and F2 with
matched quantification of nuclear spot numbers pooled from 2-4 independent replicates. Pair-wise
Wilcoxon rank sum test with BH correction: adjusted P values ***< 2e-16. All boxplots depict median,
first and third quartiles with the number of analyzed cells indicated below each plot. Scale bars, 5 pm.
Western blotting and CC assay were carried out by Caroline Knotz. Figure adapted from ref. [165].

In line with the published data on this cell line, CC levels significantly decreased to 13.1%
3.8 of the U20S wt control in the induced sample (P = 0.0019, one sample Student's t test)
(Figure 23 B). However, a moderate reduction to 69% + 14.5 (P = 0.16, not significant, one
sample Student's t test) was also observed when comparing the uninduced sample to U20S
wt, possibly indicating leaky ATRX expression or variable CC abundance between the two
U20S clones. ALT-FISH staining revealed a striking loss of TelG spots upon induction (median
spot number; uninduced: 6, induced: 0, P < 2e-16, Wilcoxon test with BH correction) (Figure
23 C). Thus, and consistent with the ASF1 depletion and ATRX knock-out clones, the TelG
signal showed a strong correlation with CC abundance. The TelC spot number did not follow
this trend (compare Figure 23 C). Instead, both the induced and uninduced cells consistently
had more spots. | hypothesized that differences in TERRA levels were likely responsible for
the observed differences and thus repeated the ATRX induction experiment with an RNase
A/H pre-treatment (Figure 23 D).
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Figure 23. Monitoring ALT suppression by ATRX using ALT-FISH. (A) Western blot to confirm
doxycycline-inducible ATRX expression in the U20S-ATRX cells. ATRX wt HeLa and ATRX deficient
U20S cells served as reference. (B) Corresponding CC level reduction quantified for three independent
replicates. Bar plot shows mean and standard error plus individual values. Dotted line: U20S reference.
One-sample Student's t test, P = 0.16, **P = 0.0019. (C) Images and quantification of TelC and TelG
ALT-FISH staining in U20S-ATRX cells +/- dox (three days). U20S wt data from Figure 20 A is shown
for comparison. Data was pooled from three independent induction experiments. (D) Same as in C, but
only for the TelC probe and with pre-treatment by RNase A+H to remove TERRA. Pair-wise Wilcoxon
rank sum test with BH correction, P > 0.05 (n.s., not significant), **** P < 2e-16. All boxplots depict
median, first and third quartiles with the number of analyzed cells indicated below each plot. Scale bars,
5 um. Western blotting and CC assay were carried out by Caroline Knotz. Figure adapted from ref.
[165].
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Similar to the TelG probe signals, RNase-resistant TelC spots were massively reduced upon
ATRX expression (median spot number; uninduced: 11, induced: 1, P < 2e-16, Wilcoxon test
with BH correction), confirming the hypothesis. The cause of the higher TERRA levels in
U20S-ATRX compared to U20S wt was not investigated. It might have appeared during the
clonal selection process used to create the cell line. This example highlighted that the
combination of the TelC and TelG probes with RNase pre-treatment provides the most

complete evaluation of ALT activity.

3.3 Integrative comparison of ALT-FISH and C-circle data reveals robust correlation

For the various cellular model systems examined here, the ALT-FISH results coincided with
data obtained by the CC assay, which can be regarded as the current gold standard for ALT
detection [120]. In this section, | aimed at providing a quantitative side-by-side comparison of
the two methods by integrative analysis of the ALT-FISH and CC data obtained so far (Figure
24). This comparison sought to assess overall robustness of ALT-FISH as a new method and

any differences between using the TelC or TelG probe.

| collected ALT-FISH spot counts from all previously examined samples. For each condition,
the replicates were combined and counts were averaged. Matching CC values were obtained
by normalizing the values measured in triplicates to a calibrator sample of U20S gDNA on the
same membrane as percent level to the U20S reference. The resulting CC values and ALT-
FISH spot counts were log-transformed and plotted against one another, separately for the
TelC and TelG probe. Before log-transformation, a pseudo count value of 0.1% was added to
all zero CC values to also include these samples. Spearman's rank correlation coefficient R
was calculated for both the TelC and TelG dataset. Correlation coefficients of R = 0.89 for TelC
(Figure 24 A) and R = 0.88 for TelG (Figure 24 B) indicated a very strong positive correlation
between CC abundance and ALT-FISH spot counts. This result demonstrated that averaged
TelC and TelG spot counts were both accurate predictors of the overall CC abundance,

suggesting that both probes can be used interchangeably for estimating ALT activity.

The comparison also highlighted a number of outliers. The telomerase-positive cell line MG-
63 was clearly separated from most samples in the TelG graph (Figure 24 B), since it had
barely detectable CC levels, but consistently displayed 1-2 TelG foci (see Results section 2.8).
As expected, samples from the ATRX re-expression experiment also deviated by low CC
levels and high TelC counts caused by elevated TERRA. ALT-positive samples could be well
separated from ALT-negative samples using a CC abundance cutoff as low as 6%. Bulk ALT
positivity was correctly assigned when using a cell-population averaged ALT-FISH spot count
cutoff of ~1 for the TelC probes and ~0.08 for the TelG probe. Comparison of the TelC and

TelG probe results suggest that the TelC signals offer a larger dynamic range for single-cell
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ALT activity analysis. The TelG probe, on the other hand, may provide a more sensitive bulk
separation of ALT-positive and ALT-negative samples. The integrative analysis furthermore
suggested that the techniques used to detect and evaluate ALT-FISH signals enable more
direct comparisons of absolute ALT activity levels between samples without the need for

normalization to a calibrator sample as in the case of the CC assay.
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Figure 24. Correlation of C-circle levels and ALT-FISH signals across conditions in cell lines. (A)
Scatter plot of CC levels (expressed in % U20S from the same membrane) versus mean TelC spot
count per cell. CC values were averaged across biological replicates. A pseudo-value of 0.1% was
added to include samples with undetectable CC levels. Mean spot count per cell represents the mean
of all analyzed cells across biological replicates. R corresponds to the Spearman correlation coefficient
with P value below. Dotted line with 95% CI as ribbon provides a guide to the eye. Grey shaded area
comprises ALT-FISH spot count and CC level values that yield a good separation between ALT-positive
(pink) and ALT-negative (yellow, black) samples. (B) Same as A, but for the TelG probe dataset.

3.4 Adaptation of the ALT-FISH assay to high-content screening formats

The effect of drugs or genetic perturbations on survival of ALT-positive cells has been tested
by various bulk cell approaches to discover vulnerabilities that might be exploited for targeting
ALT-positive tumors [193-196]. One limitation of these strategies is their limited throughput
and often little insights into the links between ALT activity and cellular traits. These limitations
were addressed here by developing a high-content ALT-FISH screening setup for studying a
high number of perturbations in parallel. The ALT-FISH assay is compatible with screening
due to three main features: (i) the single hybridization-based detection principle, (ii) the
minimal liquid handling effort and cost-effective reagents, and (iii) the automatable data
analysis. Furthermore, it can be integrated with other microscopic readouts of cell phenotypes.

ALT-FISH screening is introduced here for 96-well glass bottom microplates, which are
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commonly employed in high-content screening applications (Figure 25). Some adjustments
were made to the original staining procedure to reduce liquid handling time. Image acquisition
was optimized to image both ALT-FISH and DAPI signals at reasonable throughput and
resolution with a 20x air objective. Each microplate well of 6 mm diameter was recorded as
11x11 tile scans of 15 pym z-stacks (Figure 25 A). Automated imaging of one microplate
comprising 60 usable wells could be accomplished in below 24 hours. At a maximum density
of 20,000 cells per well, this amounted to a possible throughput of screening ~1 million cells

per microplate per day.
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Figure 25. ALT-FISH in screening-compatible microplates. (A) Overview of the plate layout and
imaging strategy to acquire ALT-FISH and DAPI signals for large cell numbers and multiple conditions.
(B) Representative staining images for ALT-negative HOS or ALT-positive U20S cells grown in
microplates. (C) Comparison of TelC ALT-FISH signal stability for the same sample of U20S cells
grown in a microplate. Between the two imaging rounds with the exact same acquisition parameters,
the sample was stored in 2xSSC buffer at 4°C for 17 days. Scale bars, 50 pm.
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As an initial validation experiment, ALT-positive U20S and ALT-negative HOS osteosarcoma
cells were stained by either the TelC or TelG ALT-FISH protocol (Figure 25 B). The staining of
U20S clearly displayed distinct spots for both the TelC and TelG probe, whereas HOS were
largely devoid of SSTR foci. These differences in signals were in concordance with the
previously acquired high resolution ALT-FISH images of these two cell lines (see Results
section 2.8). Since image acquisition periods are long for microplates and temporal separation
of staining and imaging is often desirable for screens, sample stability must be ensured. |
therefore compared ALT-FISH signal quality in U20S for the same sample region at the same
day of staining to 17 days after staining (Figure 25 C). Between the two rounds of imaging,
the microplate had been stored at 4°C in 2xSSC imaging buffer. From this comparison, no
significant deterioration of ALT-FISH signal became apparent and cell nuclei positions and
integrity were unaffected. In conclusion, | could confirm compatibility of the ALT-FISH assay

with microplate screening formats with this line of experiments.

3.5 Automated analysis and quality control of high-content ALT-FISH data with
Telosegment-HT

The Telosegment software toolkit presented in section 2.3 was developed for automated
analysis of datasets comprising hundreds of cells. High-content data derived from microplates
has different requirements with regards to the analysis. To account for this, | developed the
Telosegment-High Throughput (Telosegment-HT) workflow (Figure 26), which relied on
additional software for increased data processing speed. The fundamental steps of the
workflow were similar: (i) Pre-processing (stitching, z-projection), (ii) Primary analysis
comprising nuclei segmentation and spot detection, (iii) Secondary analysis consisting of
feature extraction and spot assignment and, finally, (iv) data inspection and QC. Two main
improvements significantly accelerated data processing. Cellpose [197], a neural network
based algorithm was used to segment nuclei. It is more flexible with regards to segmenting
nuclei of different size and shape and more accurate at separating closely adjacent nuclei.
RS-FISH [198], a faster, segmentation-free spot detection algorithm was employed. While the
secondary analysis steps were conducted in R and were conceptually similar to the previous
workflow, | established additional methods to remove image artifacts that specifically occur at
microplate well borders and introduced supplementary scripts to generate automated reports
for inspection and quality control of whole plates. Using the Telosegment-HT workflow, the
duration for processing ALT-FISH data of on microplate (60 wells) distributed as follows: 24
hours for pre-processing, 2 hours for primary analysis and 24 hours for secondary analysis
and QC report. For reference, ALT-FISH signals of about 1 million single cells can be acquired

and evaluated in less than one week utilizing the workflows described here.
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Figure 26. Automated high-content ALT-FISH data analysis using the Telosegment-HT toolkit.
The workflow enables fully automated processing, analysis and quality filtering of ALT-FISH data from
microplates. It involves (l) stitching tile-scans and creating maximum z-projections using FIJI. (II) Using
Cellpose [197] and RS-FISH [198] for nuclei segmentation and ALT-FISH spot detection. (IlI) Removing
nuclei near well borders and segmentation artifacts, and extracting image features and spot
assignments. (IV-V) Generating a QC report for user-based inspection and data filtering, and final
quantification results summary in a universal tabular format.
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3.6 Sensitive and specific detection of ALT activity in hundreds of thousands of cells

grown in microplates

Next, to evaluate the specificity and sensitivity of ALT-FISH in microplates, | quantified ALT-
FISH signals of U20S and HOS cells across 10 microplates that had been independently
stained and imaged on different days (Figure 27). For simplicity, | focused on the TelC probe
staining. Each cell line had been grown in six wells on each plate to examine technical
differences between and within plates. After quality filtering, the final dataset contained
869,081 U20S and 608,359 HOS cells (Figure 27 A). Assessment of the average ALT-FISH
spot count per well revealed that <12% of HOS cells had one or more spots, with <0.6% having
three or more spots, while 88% had no detectable spots (Figure 27 A, B). In contrast, >95%
of the U20S cells displayed more than one spot, with a median spot count of five. As expected,
the dynamic range of spot counts was smaller than for the previously acquired high resolution
ALT-FISH images. Nevertheless, the U20S mean spot count was 35-fold higher than that of
HOS cells (5.41 and 0.155 spot/cell) and enabled reliable separation of these two ALT-positive
and ALT-negative cell lines. This was also the case when using the cumulative spot intensity
of ALT-FISH spots per cell as an alternative measure for ALT activity (Figure 27 C), which
correlated well with the number of spots (Figure 27 D). Spot counts and cumulative spot
intensities were largely comparable between populations of U20S and HOS cells grown in
different wells. Some moderate batch effects were observed between plates that could reflect
both biological and technical variation. | concluded that including an ALT-positive and an ALT-
negative control cell line on each plate would be useful to control for variations during

screening and when treatments are employed.

Next, | analyzed the high quality TelC ALT-FISH U20S dataset of 869,081 cells presented in
Figure 27 to explore which cellular and spatial features might be linked to variations in ALT
activity. Visual inspection suggested three potential sources of variability. First, it was noted
that the number of SSTR compartments seemed to increase with nucleus size. Second, it
seemed that densely growing U20S cells had different SSTR abundance from sparsely
growing U20S cells. Third, hypotheses about the mechanisms responsible for the spatial
patterning of SSTR compartment distribution between neighboring cells, which were
previously observed in one of the earlier datasets, were tested using isolated microcolonies of

clonal origin found in some of the U20S microplate wells.
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Figure 27. Dynamic range, specificity and robustness of ALT-FISH in microplates. (A) Nuclear
ALT-FISH spot counts (TelC) quantified for a total of 608,359 HOS and 869,081 U20S cells across 120
individual wells and 10 microplates stained and imaged on separate days. A pseudo-count of 1 was
added for log-representation. Each boxplot shows data from a single well (color: replicate wells from
same plate). (B) Representative images of ALT-FISH signals in U20S and HOS cells, with the
frequency of specific spot counts or count ranges given below. Scale bar, 5 ym. (C) Same as A, but
depicting the cumulative spot intensity (sum of all spot center intensities of a nucleus). (D) Scatterplot
and Spearman correlation analysis of spot count versus cumulative spot intensity for U20S cells
revealing a strong positive correlation. Each data point corresponds to one cell. Points were jittered
along y for better representation.
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3.7 High-content ALT-FISH data uncovers links between ALT activity and the cell cycle

Among many factors, cell cycle stage and karyotype abnormalities are well established
contributors to nuclear size [199, 200]. To follow up on the potential correlation seen between
ALT activity and nuclear size in U20S cells, | turned to analyze the relationship between ALT
activity, cell cycle stage and ploidy (Figure 28). Both parameters can be inferred from the DNA
content reflected by the integrated DAPI signal per nucleus [201], which is co-quantified during
the analysis of the plates. To account for technical differences between plates, DAPI content
histograms were normalized to the inter-peak distance between the G01 and G2M peaks of
each plate distribution and then pooled afterwards. The center of the G01 peak was set to 1.
Two normal distributions were then fitted to the normalized and pooled DNA content histogram
data to model the GO1 and G2M peaks of the entire population (all 10 plates). The center and
spread of these two Gaussian fits was then used to group the cells into six bins based on
specific normalized DNA content ranges: subG01, G01, earlyS, lateS, G2M and HP (high
ploidy), as depicted in Figure 28 A. Definition of the groups is detailed in the Materials and
Methods section. When examining the ALT-FISH signals for U20S cells in the different groups,
| found a gradual increase in ALT activity with progression towards G2/M phase (Figure 28 B,
C). Both the spot count and cumulative spot intensity were lowest for cells in the subG01
group. HP cells displayed the highest ALT activity values. The gradual increase was in line
with the fact that SSTRs are mostly generated during or after HR processes act on telomeres.
DNA repair pathways are differentially regulated along the cell cycle. Non-homologous end-
joining (NHEJ) is active throughout, but HR is nearly absent in GO1. Instead, the highest HR
activity is found in S phase, and then drops as the cell cycle progresses [202]. Having
observed the highest SSTR abundance in the G2M group may indicate that telomeric HR
intermediates or by-products are stable and persist after HR activity in S phase. The fact that
HP cells had even higher levels of SSTRs than cells in the G2M group could relate to their
aberrant karyotype and the higher absolute number of telomeres. Karyotype anomalies,
however, may also signify greater DNA damage burden, which may be linked to more

replication stress and defective telomeres, ultimately exposing more SSTRs in these cells.

Lastly, | found that early G1 cells that had just underwent cytokinesis (subG01) displayed the
lowest level of ALT activity. Based on this observation, one can speculate that mitosis
represents a bottleneck for the abundance of SSTRs. For extrachromosomal SSTRs,
expulsion from the nucleus and subsequent loss in the cytoplasm could be one mechanism
by which nuclear SSTR levels decrease, before being replenished as HR becomes active
again in later cell cycle stages. In conclusion, my findings showed that links between ALT
activity and the cell cycle (and HR activity) can be retrieved from high-content ALT-FISH

datasets and explain part of the variation observed in ALT-positive cancer cell lines.
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Figure 28. Links between cell cycle and ALT activity in high-content ALT-FISH data. (A)
Normalized DNA content distribution derived from DAPI signals of U20S cells from 10 microplates
(same as Figure 27) and used to assign cell cycle stages. GO1 and G2M peaks were modeled by two
Gaussian functions (light blue curves) and assignment (vertical lines) was done as described in the
Materials and Methods section. The fraction of cells in each stage is indicated. Note that due to technical
reasons, cells with a DNA content >4 (0.04% of cells) were removed from the analysis. (B) ALT-FISH
spot counts and cumulative spot intensities for cells grouped into the different cell cycle stages, showing
an increase in ALT activity towards later stages and higher ploidy. (C) Representative images of ALT-
FISH signals across the different cell cycle stages. Corresponding DAPI images and quantified DNA
content is given below for direct comparison.
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3.8 Spatial cell isolation correlates with higher ALT activity

Visual inspection of the high-content datasets suggested that U20S cells growing at lower
density had more ALT-FISH signal. | thus devised an analytical approach to test whether local
cell density had an influence on ALT activity and would explain some of the observed variation
(Figure 29). To this end, the center coordinates of the cell nuclei that had been retrieved during
the image analysis procedure, were used to derive neighborhood maps (Figure 29 A) for six
representative U20S wells from three plates stained on different days. Two cells were defined
as neighbors, when the distance between their centers was between 9-60 um (Figure 29 B).
Based on this definition, cells were grouped by their number of neighbors to compare their
ALT activity in relation to the surrounding cell density. It revealed that both the number of ALT-
FISH spots and the cumulative spot intensity were markedly higher in cells with less neighbors

(Figure 29 C), suggesting a positive link between spatial isolation and higher ALT activity.

Since the previous analysis of the DNA content had established a link between SSTR
abundance and the cell cycle stage (Figure 28), | wondered whether isolated cells would also
show a cell cycle stage bias. | therefore integrated the cell cycle stage assignment into the
spatial neighbor analysis and found in fact a trend towards later cell cycle stages and higher
DNA content with increasing isolation (Figure 29 D). When specifically comparing cells with
zero neighbors to the remaining population, G2M and HP cells were significantly
overrepresented (G2M: 47.4% vs. 22.5%; HP: 10.5% vs. 1.8%; P value <2.2e-16 Fisher's
exact test). Therefore, the cells grown in isolation may represent non-cycling cells arrested in
these cell cycle phases or cells that experience a higher level of stress due to the lack of
neighbor contacts. Additional experiments are needed to examine the underlying mechanisms

and determine cause and consequence in relation to the cell cycle.

In summary, this analysis highlighted that ALT-FISH microplate data also contains biologically
relevant spatial information, which can be quantitively explored due to the high numbers of
available cells. Such analyses can reveal links between ALT activity and cellular communities

that low throughput techniques would overlook.
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Figure 29. Contribution of local cell density to ALT activity variation. (A) Spatial neighborhood
map created from linking the positions of segmented U20S nuclei in microplate wells at a specified
adjacency radius. (B) Top: representative images (ALT-FISH, nucleus outlines) of U20S cells in
neighborhoods of different density. Adjacency radius: 9-60 um (circle shows 60 pm). Bottom:
distribution of neighbor links for 63,584 U20S cells pooled from 6 wells of comparable density across
3 microplates. (C) ALT activity measured by spot count (left) and cumulative spot intensity (right) for
cells across groups of 0 to 25 neighbors. (D) Normalized DNA content of cells in relation to their
neighborhood density. Centers of the GO1 and G2M peaks are marked by solid red lines. The rare cell
subpopulation with zero neighbors (n = 304 cells across all 6 wells) displayed the highest ALT activity.
It differed significantly in its cell cycle stage composition from cells with more than zero neighbors, and
showed an enrichment in G2M and high ploidy cells. Fisher's exact test, P < 2e-16.
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3.9 Stochasticity of ALT activity revealed by spatial analysis of micro-communities

The timing and extent by which ALT is active on telomeres of a single cancer cell influences
the spatial patterning of SSTR abundance in a cycling cell population. For example, if
extrachromosomal SSTRs are generated, they may be distributed to the daughter cells upon
cell division. The partitioning mechanism can hereby affect the SSTR levels of the daughter
cells. Similar levels are expected in the daughter cells if these species are partitioned equally.
Instead, correlation between cells that descended from the same mother cell is eliminated in
the case of random partitioning. Even though interpreting such relationships for chromosomal
SSTRs (which ALT-FISH also detects) is more challenging, a telomere state with high SSTR
exposure may also be passed on to daughter cells. For example, if a specific telomere persists
in a critically short state, it may permanently increase its likelihood of engaging in ALT and
exposing SSTRs. | investigated these aspects by taking advantage of a feature present in the
U20S microplate dataset, which was the existence of cell microcolonies that grew in isolation.
Cells growing in these isolated communities can be assumed to have a clonal origin and
therefore can be used to study aspects of SSTR inheritance. Using the adjacency maps
developed in section 3.8, | devised a strategy to extract U20S microcolonies comprising 2-20
cells for their individual evaluation (Figure 30 A, B). Examination of the ALT-FISH spot counts
and cumulative spot intensities in 105 microcolonies revealed extensive variability of ALT
activity between individual clones (Figure 30 C). Up to 10-fold differences in SSTR abundance
were observed between similar-sized colonies. These results indicated that single U20S cells
can give rise to clones with vastly different SSTR levels and underlined the stochasticity of
ALT-related telomere processing [203]. | next restricted my analysis to microcolonies made up
of only two cells (doublets) (Figure 30 C, left) to follow up on the question if some SSTRs
were equally partitioned between daughter cells. Due to their limited number per well, 235

doublets from six wells on three plates were considered for the analysis.

To determine if there was more similarity between cells belonging to one doublet as compared
to two cells from different doublets, | calculated a pair-wise dissimilarity index for each cell and
its doublet partner, based on either the spot count or the cumulative spot intensity (see
Materials and Methods). This was compared to a dataset in which the same cells were
randomly shuffled into artificial doublets (Figure 30 D). A dissimilarity index value smaller one
indicates greater similarity to the doublet partner than to the population median of non-
partners. While the differences observed between the original and shuffled dataset were
statistically not significant (P value >0.05, Wilcoxon rank sum test), the values were slightly
lower in the doublets. Thus, the analysis found no strong evidence for equal inheritance of
SSTRs. Instead, the data pointed towards a stochastic model of ALT activity and SSTR

distribution, which may also contribute to amplify heterogeneity in a tumor setting.
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Figure 30. Analysis of ALT variation and inheritance in spatially isolated microcolonies. (A)
Example of U20S microcolonies grown in one well of a microplate. Coordinate-based adjacency graphs
were used to identify clusters of adjacent communities (colored) (B) Size filtering of clusters (2-20 cells)
enabled the extraction of single colonies (examples #1,2,3) and their features. Scale bars, 5 ym. (C)
ALT activity parameters for the 163 U20S microcolonies identified in B (one boxplot per colony). (D)
Doublet colonies were used to test equal versus unequal partitioning of ALT activity. A pair-wise
dissimilarity index of spot counts and cumulative intensity was calculated for 235 doublets from 6 wells
across 3 plates or randomly matched cell pairs (shuffle) (see Materials and Methods). Values center
around 1 (red line) if a cell in a doublet is equally similar to its partner than to its non-partners. Wilcoxon
rank sum test, P > 0.05 (n.s., not significant).
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3.10 Drug effects on ALT activity and viability are simultaneously tested in microplates

In addition to the spatial context and cell cycle information that can be gathered from high-
content ALT-FISH staining in microplates, its combination with perturbations can reveal
connections between ALT activity, biological pathways and cell viability. In a proof-of-concept
application, | next tested the effects of two different drugs (JQ1, Mirin) on ALT activity in U20S
cells in the here established microplate setup. These drugs were selected based on their

putative functional links to telomeres or ALT-related processes.

The bromo-domain inhibitor JQ1 was selected because it had been previously found to affect
telomere elongation through an unknown pathway distinct from telomerase [204]. One of the
drug's major targets, BRD4 has furthermore been linked to the regulation of RNA:DNA hybrids,
replication stress and DNA damage [205] and TERT expression [206]. Mirin, an Mre11-Rad50-
Nbs1 (MRN) complex inhibitor, was selected as a second compound for two reasons. Activity
of the MRN complex is needed for ALT-mediated telomere elongation [111, 207]. Among other
functions, Mirin blocks the MRN-dependent activation of ATM signaling, which has recently
been demonstrated to be essential for maintaining xenografts and cell lines derived from

relapsed ALT-positive neuroblastoma tumors [195].

For testing the effect of Mirin and JQ1 on ALT activity, U20S cells were treated for 48 hours
with different concentrations (2, 4, 8, 16, 32 uM) before conducting TelC ALT-FISH and DAPI
staining (Figure 31 A). Untreated and solvent treated cells were included on the same plate
and handled in parallel. Cell viability was assessed by quantifying the cell number in each well
(average of triplicate wells for each concentration and drug). The highest treatment
concentration of both drugs (32 uM) caused a comparable loss in cell number (Figure 31 B),
although JQ1 generally had a larger effect on viability at lower concentrations (Figure 31 C,
E). | next assessed changes in ALT activity by quantifying both the ALT-FISH spot count as
well as the cumulative spot intensity per cell (Figure 31 D, F). | found different effects of the
two drugs. While Mirin treatment was not associated to marked changes in ALT activity, JQ1
treatment caused a concentration-dependent increase of both ALT activity parameters. These
results showed that high-content ALT-FISH screening in microplates was sensitive at detecting
even moderate changes in ALT activity caused by drugs, while at the same time providing a
straight-forward readout for cell viability. The assay conducted in this fashion could thus
differentiate between different modes of actions of putative ALT-targeting compounds in a
screening compatible format. All here tested concentrations affected viability. By further
extending the treatment regime to lower concentrations, the assay may further be used to test
both viability linked and viability independent effects on ALT activity. In addition, including ALT-
negative cell lines treated in parallel on the same plate could aid in the identification of

compounds that affect viability in an ALT status dependent manner.
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Figure 31. High-throughput detection of ALT activity and cell viability changes in response to
drugs. (A) Treatment of U20S cells with JQ1 or Mirin in microplates. Treatment was done in triplicate
wells per concentration or 6 wells (untreated, DMSO). (B) Representative solvent or 32 uM drug treated
wells showing a reduction in viability (cell number). (C) Relationship between cell viability and drug
concentration for Mirin. Viability was normalized to the mean cell number of the untreated control wells.
Points show mean and s.d. of replicate wells. (D) ALT activity parameters measured for treatment with
different concentrations of Mirin, the untreated control (ctrl) and DMSO (0 uM). Boxplots depict median,
first and third quartile of n = 12,139 to 58,054 cells pooled from replicate wells. Cohen's d is indicated
as measure of effect size between solvent and the highest drug concentration. (E) Viability plot and (F)
corresponding ALT activity features for JQ1 treatment. 11,533 to 66,557 cells were analyzed per
condition. Cell treatment and staining were conducted by Maria Panayotova, a master student
supervised by me.
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4. Spatial mapping of ALT activity compartments in primary tumors

at single cell resolution

In the previous chapter, the ALT-FISH method was successfully used to dissect ALT activity
changes in response to perturbances applied to various independent cancer cell line models.
In addition, a better biological understanding of ALT heterogeneity was gained through
technical advancements of the method that enabled high throughput measurements of
spatially resolved ALT activity in hundreds of thousands of single cells. The question of
whether the SSTR compartments detected by ALT-FISH also exist in primary tumors and

whether they offer a likewise sensitive way to map ALT activity in patients was not addressed.

In the following chapter, ALT-FISH was applied to tumor tissue sections from leiomyosarcoma
and neuroblastoma patients with the goals of (i) evaluating the assay's capability to determine
the TMM status of patient samples, (ii) examining ALT variability and its spatial relationship to
other signals in intact tumor tissues, and (iii) developing a method to obtain both ALT activity

and transcriptome readout from the same single cell in its intact spatial context.
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4.1 Considerations for ALT-FISH staining and image analysis on tumor tissue

sections

In comparison to cancer cell lines, primary tumor tissue specimens have other requirements
when it comes to their processing for fluorescence microscopy based analysis. The
preservation method strongly influences the integrity of the biomolecules of interest. For this
thesis, | decided to develop ALT-FISH on fresh-frozen material. Tissue sections from unfixed
fresh-frozen material are substantially more difficult to collect, handle, and store. However,
they reflect tumor tissue in its most native state due to the high degree of protein and nucleic
acid preservation, thereby also offering the possibility of fluorescent readout multiplexing from
the same sample. Since tumors are typically dense tissues, cryo-sections were prepared at a
thickness of 5 um, which corresponded to about 1-2 cell layers for the tumor entities studied
here. This was crucial to minimize cell crowding, which can obstruct later image data
interpretation. Like for the cell line samples, tissue images were recorded as 3D z-stacks, but
reduced to 2D maximum projections for image analysis. In its general procedure, ALT-FISH
staining on tumor tissue comprised the same steps as conducted for cell lines: fixation,
isothermal probe hybridization and washing. However, some critical modifications were
necessary to stabilize the tissue during the staining procedure and also obtain additional high
quality immuno- or pseudo hematoxylin/eosin (pseudo H&E) staining from the same sample.

The protocols and their critical steps are described in the Materials and Methods section.

For pre-processing and analysis of image data from tumor tissue, | used the methods and
workflows that | had established for the high-content ALT-FISH data analysis (compare Results
section 3.5). To account for tissue-specific artifacts, such as elevated autofluorescence in
necrotic and/or highly vascularized tissue areas, | adapted the workflow by including an
additional manual data curation step. The limited amount of material and the fact that the TelC
ALT-FISH probe had produced a slightly better separation of ALT-positive and ALT-negative
cells in the cell line experiments as well as a larger dynamic range, led me to only use the

TelC probe for all staining experiments performed on tissues.

4.2 The ALT-FISH assay is compatible with primary tumor material

In order to evaluate the overall quality and intensity of ALT-FISH signals in primary tumors and
explore their spatial distribution, | first conducted an experiment on leiomyosarcoma (LMS)
tumor tissue (Figure 32). LMS is the entity with the highest documented ALT prevalence (78%)
to date and is marked by substantial mutational heterogeneity and chromosomal aberrations.
LMS tumor samples were obtained through a collaboration with the groups of Priya
Chudasama and Stefan Frohling at the German Cancer Research Center (DKFZ) and National

Center for Tumor Diseases (NCT).
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Figure 32. ALT-FISH spatially resolves ALT activity in primary tumor tissue sections. (A) 1.3x1.3
mm region of an ALT-positive leiomyosarcoma tumor tissue section stained by pseudo H&E and TelC
ALT-FISH. Zoom-in shows merged ALT-FISH and DAPI of a smaller region (box) with example cells for
the different ALT activity groups highlighted. (B) Spot count distribution in the region displayed in A with
jittered single values of the 14,298 nuclei shown in addition. The y-axis is interrupted for visualization
of the super-ALT cells with >20 spots. Bar plot to the right shows binning into the ALT activity groups.
(C) Left: ALT activity map visualization that projects the grouping from B back onto the nuclear masks
of the tissue region. Regions of spatial ALT heterogeneity are illustrated in the zoom-ins I-1ll. Right:
Nearest neighbor analysis for the ALT activity groups in this tumor, suggesting preferential clustering
within groups of same ALT activity. Image analysis was jointly conducted with Stephan Tirier and Anne
Rademacher. Figure adapted from ref. [165].

The samples were part of a large patient cohort that had already undergone detailed molecular
characterization [107]. The characterization included the assignment of ALT status by CC
assay and mutational profiling by whole genome sequencing. As a positive control for
assessing the ALT-FISH staining, | first selected LMS tumor L1 harboring a missense mutation
in the ATRX gene and being among the samples with the highest CC level in the
aforementioned study cohort (sample ID LMS28 in ref. [107]). | conducted both ALT-FISH and
pseudo H&E staining [208] on a section of L1 to visualize ALT activity and at the same time
assess overall tissue morphology (Figure 32 A). In agreement with the previous experiments,
ALT-FISH staining produced distinct fluorescent SSTR foci in the majority of the ~14,000 nuclei
segmented in the image region. Consistent with the cell line results, some spots were also

detected outside the nuclei (data not shown). However, overall spot counts per cell on average
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were lower than in cell lines (Figure 32 B). Because the raw ALT-FISH signals across a large
image area are challenging to interpret visually, | devised a visualization technique that may
be applied for more intuitive examination of heterogeneity in tissue samples. It generates
color-coded ALT activity maps by projecting pre-defined groupings of ALT activity back onto
the spatial cell location in the tissue. Such an ALT activity map representation for tumor L1 is
shown in Figure 32 C. Four categories of ALT activity (ALT-negative, O spots; Low-ALT, 1-2
spots; ALT, 3-20 spots; super-ALT >20 spots) were defined based on the nuclear spot counts
(Figure 32 B). The previously identified cutoff used to distinguish ALT-positive from ALT-
negative cells in cell mixtures (>2 spots, compare Results section 2.7) guided the
classification of the first three categories. Cells having a spot count greater than 20 were
defined as super-ALT cells. The ALT activity map uncovered segregated regions of low and
high ALT activity in tumor L1 (Figure 32 C), located in the low and high cell density areas,
respectively. The matching pseudo H&E data shown in Figure 32 A confirmed that the two
areas also displayed distinct morphology. A nearest neighbor analysis of the groups (Figure
32 C, rightmost panel) revealed preferential clustering of cells with similar ALT activity levels,
matching the spatial patterns that had been observed to some extent in the previous datasets

from cell lines.

In conclusion, the analysis of LMS tumor L1 demonstrated that ALT-FISH staining on sections
from tumor material was feasible and could be coupled to additional imaging readouts. The
spatially resolved view on ALT activity uncovered significant heterogeneity in this tumor with
respect to the amount and local distribution of SSTR compartments that reflected differential

engagement in the ALT pathway.

4.3 Spatial mapping of ALT activity in leiomyosarcoma and neuroblastoma tumors

The staining conducted on a single tumor sample served its purpose to confirm the presence
of SSTR compartments in ALT-positive primary tumor tissue. Next, | wanted to validate the
specificity and sensitivity of the assay using a representative sample set of primary tumors. To
this end, the LMS set was expanded by eight additional LMS tumors L2-L9 (four ALT-positive,
four ALT-negative) and one matched normal tissue control from the same cohort described in
ref. [107] (Figure 33). A second section of LMS tumor L1 (L1.2) was included as technical
control. | furthermore included seven neuroblastoma (NB) samples N1-N7 (three ALT-positive,
four ALT-negative) to cover an additional tumor entity (Figure 34 A). The NB samples were
obtained through collaboration with the group of Frank Westermann at the DKFZ and had
undergone a rigorous molecular and omics-based characterization, which is described in ref.
[109]. Similar to the LMS samples, two replicates were stained for one ALT-positive NB tumor

(N2.1, N2.2) as a technical control. All LMS and NB samples and their relevant associated
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clinical and mutational data are listed in ref. [165]. ALT status had been assigned by positivity
for the CC assay. For unbiased sampling of regions for ALT-FISH imaging, an area of each
tumor tissue with ideally 1 mm? in size and if possible located at the section center, was
selected for imaging. In total, ALT-FISH spots in ~87,000 (LMS) to ~106,000 (NB) individual
cell nuclei across 20 tissue sections were quantified (Figure 33 and Figure 34 A). ALT activity
maps were generated using the grouping strategy previously established on tumor L1 (Figure
32 A). For each sample, also the fraction of cells allocated to each of the four ALT activity
groups (ALT-, Low-ALT, ALT, and super-ALT) was determined (Figure 33 and Figure 34 A,
stacked bar graphs next to the maps). Analysis of the complete dataset revealed generally
lower spot counts in tissues as compared to cell lines. Nevertheless, when LMS and NB
samples were combined, sections from ALT-positive tumors showed a 16-fold higher average
count per nucleus (1.21; 95% CI: 0.66—1.75) than did those from ALT-negative tumors and
normal tissue (0.077; 95% CI: 0.016-0.14) (Figure 34 B).
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Figure 33. ALT-FISH analysis of leiomyosarcoma (LMS) tumors. ALT activity maps generated from
the ALT-FISH signals and nuclear segmentation of four ALT-negative and five ALT-positive LMS tumor
samples and one matched normal tissue control (~1x1mm regions). Note that tumor L1.2 corresponds
to an additional section of the tumor analyzed in Figure 32. Scale bars, 200 ym. ALT status is based on
the CC assay analysis reported in ref. [107]. Supplementary tumor information is provided in ref. [165].
Figure panels adapted from ref. [165].
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When comparing the ALT-positive to ALT-negative cases within each entity, the mean spot
number per nucleus was still significantly different (LMS: P value = 0.047, NB: P value = 0.002,
unpaired Student's t test), indicating a reliable separation by the spot count data alone. Next,
| used the normal tissue matched to LMS tumor L3 (Figure 33, middle row), for which absence
of ALT activity was expected, to designate criteria for the classification of bulk ALT tumor status
that were informed by the ALT-FISH signal. The normal tissue had an average nuclear spot
count of 0.1 spots/nucleus. As 95.6% of the cells showed no spots, the few spots seen in the

remaining <56% of the cells were considered unspecific background signal.

Tumor N6 Tumor N7 0.2%

>

Tumor N4 0.|4% Tumor N5 2.3% 0.2%

%2’ L

ALT-negative
%9'86

Tumo 2 - 0_11.% Tumor N2 o_.1L%

[rogion?

Tumor N3.2

ALT-positive

[l ALT- (0 spots) [ Low-ALT (1-2 spots)

B LMS NB
_ 25
= [ ]
8 * *%
O 2.0
g
[ ]
2 45 .
(2}
L -
i 1.0
< [ ]
c 0.5
3 o
(]
= )01 S = =]

ALT- ALT+ ALT- ALT+

Figure 34. ALT-FISH analysis of neuroblastoma (NB) tumors and cross-entity comparison. (A)
ALT activity maps generated from the ALT-FISH signals and nuclear segmentation of four ALT-negative
and three ALT-positive NB tumor samples (~1x1mm regions). Note that two adjacent regions from the
same tissue section were recorded for Tumor N2. Scale bars, 200 um. ALT status is based on the CC
assay analysis reported in ref [109]. Supplementary tumor information is provided in ref. [165]. (B) Mean
ALT-FISH spot count and standard error across all LMS and NB samples with individual values shown
and grouped by ALT status. Unpaired Student's t test: *P = 0.047, **P = 0.002. The normal tissue
sample was included in the ALT-negative group. Figure panels adapted from ref. [165].
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Based on these features, | tested two independent classification strategies. In the first, the
cutoff for ALT positivity was defined as the mean spot count per nucleus being >1.5 times
above the mean spot count of the normal tissue. With this cutoff, the assay's sensitivity and
specificity were 0.91 and 0.89, respectively (using the CC data as ground truth). As a second
strategy, the threshold to ALT positivity was declared to >5% of the cells containing at least
one spot. Using this approach, sensitivity and specificity were 1.00 and 0.75, respectively.
From comparing the two methods, | deduced that the ALT-FISH assay had excellent overall
specificity and sensitivity for classifying bulk ALT status. However, the analysis also highlighted
the significance of using normal tissue for reliable estimation of the background staining when

screening unknown samples.

Next, | examined the inter-and intra-tumor heterogeneity of ALT activity in the two entities.
First, the percentage of cells in the four ALT activity groups in both the NB and LMS tissue
sections stained in duplicates were similar, demonstrating a high technical reproducibility.
Second, tumors from both entities displayed significant heterogeneity with respect to their ALT
activity profiles. For the LMS samples this was particularly evident. ALT-negative LMS tumors
L6-L9 were comparable to the normal tissue, while LMS tumors classified as ALT-positive
displayed a range of SSTR compartment abundances (Figure 33). Compared to LMS, the
ALT-positive NB tumors displayed higher ALT activity and less inter-tumor heterogeneity
(Figure 34 A). However, the sections from tumors N2 and N3 contained clearly discernable
areas of low or absent ALT activity, similar to those previously seen in LMS tumor L1 (compare
Figure 32 C).

In general, a strong signal on the CC assay blots was correlated to higher average ALT-FISH
counts as inferred from visual inspection of the images in the original studies. More CC signal
and higher spot counts were matched to samples harboring ATRX mutations, corroborating
the previous relationship seen between ALT-FISH signals and ATRX expression. NB tumor N5
stood out among the CC-negative tumors, since it contained 14.8% of nuclei with 1-2 and
2.3% of nuclei with >2 spots (Figure 34, top row). This could be interpreted as the co-existence
of ALT and telomerase or ALT and no TMM in this specific tumor. While cases like tumor N5
are likely to be missed by standard bulk ALT readouts, they are uncovered by the single cell
resolution of the ALT-FISH assay. Detection of such cases is particularly valuable for
understanding the emergence of ALT and ultimately provide a more fine-grained stratification

of patients.
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44 Combining ALT-FISH with a tumor marker to distinguish between the

heterogeneity of tumor cells and non-malignant infiltrations

The ALT-FISH analysis conducted on tumor samples from two representative entities showed
that in some cases there were clear boundaries between tissue regions of low and high ALT
activity. This would be explained by two co-existing and spatially segregated tumor cell
populations that employ different TMMs. However, tumors can contain a significant amount of
non-malignant cells, such as those found in the tumor-associated vasculature and the immune
microenvironment. In fact, the studies that had previously characterized the specific tumors
studied here, had indicated variable tumor purity, ranging between 55 and 100% for the LMS
samples and being greater than 60% for the NB samples [107, 109]. To assess the contribution
of non-malignant cells and demonstrate that ALT-FISH signals were in fact highly selective for
tumor cells, | conducted ALT-FISH on an additional section of the heterogeneous NB tumor
N3 (N3.1) (compare Figure 34, bottom row) and combined it with immuno-staining for the
well-established neuroblastoma tumor cell marker NCAM [209, 210] (Figure 35 A).

A ALT-positive neuroblastoma tumor N3.1
: NCAM (tumor marker) | etS
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All cells Only ALT- cells All cells Only ALT- cells

Figure 35. Combined ALT-FISH and tumor marker co-staining of neuroblastoma tissue. (A) ALT
activity map of a selected region of an ALT-positive neuroblastoma tissue sample. Immuno-staining
against the tumor cell marker NCAM is shown in magenta and as merge with the map. Note that sample
N3.1 shown here and sample N3.2 in Figure 34 are regions from two independent sections of the same
tumor. Scale bar, 200 um. (B) Two selected regions of N3.1 with heterogeneous ALT activity (1,Il): The
lack of NCAM signal identified the subregion lacking ALT activity as infiltrating non-malignant cells
(dotted outline). Figure adapted from ref. [165].
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The ALT-FISH signal and the tumor marker had a strong correlation. In turn, nearly all of the
non-tumor cell nuclei identified by NCAM staining were categorized as ALT-negative (Figure
35 B, region "normal"). This result clearly corroborated the specificity of ALT-FISH and was in
agreement with the previously observed lack of SSTR compartments in non-malignant
HUVEC cells (compare Results section 2.8). The mean spot count per nucleus over all the
NCAM-negative areas in section N3.1 was furthermore comparable to the mean spot count
quantified for the normal tissue sample of the LMS sample set (~0.1 spots/nucleus). Notably,
cell nuclei from all ALT activity groups were present in NCAM-positive areas (Figure 35 B,
region "tumor"), suggesting that part of the observed heterogeneity was in fact ALT activity
variation between individual tumor cells. In conclusion, improved heterogeneity assessment
of this NB tumor was provided by identification of non-malignant tissue infiltrations with
simultaneous measurement of ALT activity. For the most complete ALT-FISH based profiling
of tumors, it is therefore advisable to combine the assay with a tumor marker immuno-staining

or any other readout that will reliably identify non-malignant infiltrations.

4.5 Single cell transcriptome information and ALT activity obtained from the same

cell in intact neuroblastoma tumor tissue

The previous results showed that ALT-FISH can measure ALT activity of single cells in tumors,
even in combination with readouts of tissue morphology or tumor cell identity. However, to
identify ALT-specific cell traits, this readout needs to be paired with more comprehensive
measures of cell phenotypes. Recent advances have made it possible to probe transcriptomes
of single cells in their spatial context [211]. Like ALT-FISH, many of these methods use
imaging-based detection of transcripts by hybridizing specific probes in situ. As a proof-of-
concept in this thesis, | thus explored the technical feasibility of simultaneously detecting ALT

activity and single cell transcriptomes in tumors (Figure 36).

To this end, spatially resolved expression of 100 genes in a single section of an ALT-positive
neuroblastoma tumor was obtained using the Molecular Cartography platform from Resolve
Biosciences. It uses multiplex single molecule FISH in sequential rounds of hybridization to
map the expression of 100 genes that were selected to represent the relevant cell types based
on a preceding single cell RNA sequencing analysis [212]. The transcript detection runs were
conducted on a specialized instrument from Resolove Biosciences. Automated data
acquisition was conducted in the DKFZ Single-Cell Open Lab. It involves automated rounds
of hybridization and imaging to decode the location of barcoded gene-specific probes (Figure
36 A). To incorporate ALT-FISH, the TelC probe was co-hybridized with the gene-specific
probes before the decoding rounds. After the run, | recorded ALT-FISH and DAPI signal using

the previously described confocal setup and applied the established workflows to segment
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nuclei, detect spots and generate ALT activity maps. Linking the transcript data to the confocal
images required custom image registration, which was both established and carried out by

Anne Rademacher from our group.
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Figure 36. Integration of ALT-FISH and spatial transcriptome detection in single cells. (A) Spatial
transcript detection by Molecular Cartography (MC) from Resolve Biosciences together with ALT-FISH.
The TelC ALT-FISH probe and gene-specific MC probes with barcoded overhangs are hybridized to
their targets (transcripts, SSTRs). Eight rounds (R1-R8) of fluorescent barcode detection by probe
hybridization and removal, decode transcript identities and positions. ALT-FISH and DAPI are acquired
at the end and after transcript decoding. (B) Representative region of the ALT-positive neuroblastoma
tumor tissue section used for the MC/ALT-FISH integration. ALT activity map (grouping shown in D) is
shown next to an overlay of all transcripts detected by MC in this region. (C) Detected macrophage and
T-cell marker transcripts from MC (top) overlayed with the corresponding ALT activity map (bottom).
(D) Proliferation marker transcripts TOP2A and MKI67 (top) overlayed with the corresponding ALT
activity map (bottom), with cells from the three ALT activity groups displayed separately.

Single cell ALT activity could be combined with the transcript locations of the 100 target genes
by the integrated ALT-FISH and Molecular Cartography approach devised here. A
representative region of a tumor section is shown in Figure 36 B. The gene panel included
immune cell and proliferation markers, as well as specific genes that represented specific

neuroblastoma features (not analyzed here). As exemplarily shown for macrophages and
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CD8-positive T-cells, the integration of ALT-FISH and Molecular Cartography was able to
detect lowly abundant immune cells and relate them to the ALT activity pattern of the
surrounding tumor cells (Figure 36 C). Likewise, the cell proliferation markers TOP2A and
MKI67 were detectable in cells of different ALT activity groups (Figure 36 D). This integrative
approach opens numerous possibilities to relate transcriptome profiles and ALT activity in
tumor tissue sections. It will allow to resolve and characterize tumor cell states associated with
no, low or high ALT activity and will reveal differences in the interactions with immune cells

that are related to telomere maintenance by ALT.
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lll. Discussion

The compartmentalization of the cell nucleus is a fundamental aspect of cellular organization
and function. However, despite significant research advances, several critical questions
remain unanswered: What is the mechanism that drives compartment formation at specific
sites in the genome? How are compartment boundaries maintained to concentrate or exclude
biological activities? Is the role of mesoscale structural rearrangements a cause or a
consequence of biological function? Multivalent interactions and phase separation of factors
have been proposed as mechanisms for creating steep concentration boundaries in the
nucleus, but how is functional specificity maintained if phase separation drives non-
stoichiometric enrichment of factors around chromatin? Addressing these questions is critical
to reveal the relationships between altered nuclear organization and diseased cell states to
ultimately target detrimental biological processes that arise from aberrant compartment

assembly and chromatin organization.

This thesis set out to address some of these key questions by developing experimental tools
and functional readouts for the mechanistic dissection and detection of nuclear compartments
by imaging. To address shortcomings of prior approaches, | focused on developing tools and
cellular models that can investigate the functional interplay between processes such as phase
separation, transcription, and chromatin changes in intact cells with improved control over the
underlying molecular features. In addition, | exploited the detection of compartments for
measuring disease-related biological activities in a high throughput fashion. Specifically, a
method was developed to microscopically detect activity of the ALT pathway in cancer cells,

for which no scalable single cell readout was available so far.

Technology development was conducted in three areas (Figure 37): (i) A toolbox of chromatin
effector constructs with fluorescent tags, tunable binding and activation properties was created
to enable flexible perturbation and imaging of compartments formed around silenced and
transcriptionally active chromatin domains. (ii) Several features reflecting the altered
abundance, processing, and transcription of telomeric repeats in cancer cells were integrated
to develop the ALT-FISH assay. It maps compartments of single-stranded telomeric repeats
(SSTRs) found almost exclusively in ALT-positive cancer cells. (iii) Quantitative and automated
image analysis workflows were devised to measure compartment characteristics, activity, and

abundance across cells.
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Figure 37. Overview of the developed methods used to study nuclear compartments.

These approaches to perturb and characterize nuclear organization were applied to three
different types of nuclear compartments (Figure 38): (i) The transition of mouse pericentric
heterochromatin (PCH) from a compacted to a relaxed state was studied by targeting an
activator to major satellite repeats (MSRs). It revealed a switch-like transition of the
compartment that was independent of the H3K9me3-HP1-SUV39H axis and linked to
deposition of H3K27ac marks. (i) By employing various activation domains (ADs) and
construct topologies to target chromatin binding sites, distinct functions such as H3K27ac
deposition, transcriptional activity to different levels, and BRD4 co-activator enrichment could
be modulated on an inducible reporter gene cluster. Differential reliance on the H3K27ac-
BRD4 co-activation pathway was found for different ADs. Using multivalent optogenetic
protein domains, the formation, composition, and activity of transcriptional activator
condensates was probed in living cells. The resulting observations challenged the notion that
TF condensates generally boost transcription and underscored the significance of condensate
composition in establishing transcriptionally active nuclear compartments. (iii) Detection of
compartments defined by accumulation of SSTRs up to several kb in length was established
for various sample types that ranged from cell lines in different culture formats to patient tumor

samples. These structures emerge during the ALT process, and were found to spatially link to
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ALT-associated PML bodies (APBs). The regulation and variability of these compartments as
indicator of ALT activity was investigated in cancer cell lines with varying TMM statuses and
from different tumor entities, as well as in models of telomerase-to-ALT switching and ATRX
deficiency. The results proved sensitive, specific, and quantitative measurement of ALT
activity, comparable to the widely used CC assay. Application of the ALT-FISH assay in a high-
throughput screening format demonstrated its versatility and identified cell cycle, ploidy and
spatial context as factors that link to ALT heterogeneity in cell lines. Finally, it was shown that
SSTR compartment detection by ALT-FISH is applicable to primary tumor tissue specimens
from leiomyosarcoma and neuroblastoma patients, enabling precise differentiation of ALT-
positive and ALT-negative cases, as well as spatial resolution of TMM heterogeneity. The
assay's detection principle was furthermore multiplexable with different standard or more

advanced microscopic readouts.
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Figure 38. Overview of the nuclear compartments and their specific aspects studied here.
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As discussed below, the findings of this thesis challenge various aspects of recently proposed
mechanisms that invoke phase separation to describe structure-function relationships of
compartments in the cell nucleus. The results obtained by the toolbox perturbations are
specifically discussed regarding their contribution to our mechanistic understanding of
compartment transitions, co-factor interactions and phase separation in transcription. To
evaluate the ALT-FISH method, its strengths and limitations are compared to other ALT
detection methods. Furthermore, an integrated description of the mechanistic conclusions on
the regulation of ALT derived from the data is developed. The final part of the discussion
focuses on the potential of using compartment perturbation and detection techniques to
describe cellular phenotypes and nuclear functions by imaging beyond the here demonstrated

cases.

1. Probing nuclear compartment transitions, co-activator

interaction and phase separation by perturbation and imaging

Two model systems, silenced mouse PCH and an inducible reporter gene cluster, were studied
by the perturbation strategies devised here. For mouse PCH, it was found that targeting the
strong activator VPR to MSR was sufficient to cause its large-scale reorganization into a de-
compacted and highly H3K27-acetylated state. Low levels of bound activator were sufficient
to induce a substantial reorganization. Chromocenters that lacked H3K9me3 and HP1 due to
Suv39h deficiency responded equally drastic to the activator, implying that these constitutive
heterochromatin factors have little effect on the transition process. This switch-like domain
transition is consistent with a model of a collapsed polymer globule that loses cross-linking
interactions between its segments [213]. Histone acetylation can reduce bridging interactions
and relax chromatin compaction [62, 214]. It is therefore likely the main driver of the de-
compaction observed in the cell system studied here. VPR-induced acetylation is most
probably brought along by its subcomponents p65 and VP64, both of which interact with

various histone acetyl-transferases [152, 159].

The modulation of PCH compaction via the acetylation level is in line with the previously seen,
yet milder, chromocenter reorganization phenotypes upon global inhibition of histone
deacetylases in murine cells [215, 216]. Changes in transcription were only assessed for the
reporter gene cluster. However, the enrichment of elongating CTD-Ser5 phosphorylated form
of RNA Pol Il at VPR-perturbed chromocenters is a strong indicator of their transcription [57].
A better understanding of MSR transcription will be gained by combining the here established
methods with FISH readouts to detect MSR RNA, which is inherently difficult to study at

endogenous levels. To which extent H3K9me3, HP1 and other heterochromatin marks persist
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upon chromocenter de-compaction was not assessed. Maintenance of heterochromatic
features after activation is interesting to follow, because they could serve as a cue to re-
establish the silenced state after the activating stimulus has ceased. The inducible toolbox
developed here makes it possible to toggle between the active and silenced state, which will
help to further dissect the underlying mechanisms. Moreover, it will be informative to recruit
less potent and more specific activators, or histone acetyl-transferases (HATs) and methyl-
transferases, to elucidate the precise factors that are sufficient and required for triggering
chromocenter de-compaction. Gaining insight into the sequence of events during de-
compaction has significant implications for understanding how heterochromatin defends itself

against unlicensed activator attacks and arranges its mesoscale configuration in the nucleus.

The perturbation and microscopic analysis performed on chromocenters were employed in a
conceptionally similar manner to investigate the activities of an inducible reporter gene cluster
as a model of a large, transcriptionally active chromatin domain. Transcription, H3K27ac, and
BRD4 enrichment could be induced at the reporter in a temporally controlled manner with
synthetic activators and even in isolation from each other. This was made possible by
comparing different constructs that differed in size and turnover of the chromatin bound state
and interaction affinity with co-activators like HATs and BRD4. Thus, the toolbox developed in
this thesis allowed it to differentiate interactions that were dependent on transcription from
those that were independent of it as well as identifying the factors that govern activation
strength. The self-interaction propensity of the optogenetic PHR domain fused to ADs was
exploited to artificially control phase separation of chromatin effector proteins in living cells.
The objective was to generate assemblies of activators on the reporter gene cluster that
resemble transcriptional condensates, and to examine their activity in comparison to

assemblies that are not formed through a phase separation mechanism.

The difference in activation strength between VP16 and VPR was found to rely, at least in part,
on the type of interactions that these activators establish with HATs and BRD4. A reduced
ability of VP16 to induced H3K27ac at the reporter was found. By conducting live cell
measurements of the interaction between BRD4 and the reporter gene cluster in the presence
of VP16 or VPR, it was discovered that a pool of BRD4 interacted with VPR directly in a
manner that was not dependent on its bromodomain. The low level of BRD4 localization
induced by VP16 was bromodomain-dependent. Notably, transcription was not required for
inducing the accumulation of BRD4 and H3K27ac marks. Although not examined in this thesis,
the direct interaction between BRD4 and VPR may be due to multivalent interactions between
the large C-terminal IDR of BRD4, as previously observed for other TFs [42]. It is possible that
the strong ability of VPR to form PHR droplets through self-interaction may also aid in enabling

this type of interaction. However, bromodomain-dependent interactions were also observed
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and demonstrated to influence transcriptional activity. The latter could be due to the binding of
the BRD4 bromodomains to the lysine 310-acetylated variant of p65 [217]. This complex is
known to facilitate transcription by recruiting additional CDK9 to phosphorylate RNA Poll Ii
CTD. Thus, it may also serve as a potent mediator of VPR's ability to establish and maintain
a transcriptionally active chromatin state. VP16 but not VPR activity could be enhanced by
artificially pre-depositing histone acetylation at the reporter via a dCas9 p300 acetyl-
transferase fusion construct. Thus, one possible for VPR's robustness as an activator could
be its ability to efficiently induce histone- and self-acetylation and thereby partially
circumventing the requirement for acetylation-based BRD4 interaction to boost transcription.
This view is also supported by the capability of VPR to stimulate histone acetylation in
constitutive heterochromatin, as seen from the chromocenter experiments. More experiments,
for example, inhibition of HAT activity or other co-activation pathways, are needed to isolate
the events that co-occur during the transition of chromatin compartments from a silenced to
an activated state. Moreover, methods for the time-resolved observation of protein interactions
on chromatin need to be advanced to resolve the dynamic protein co-association occurring

during transcription.

As introduced earlier, phase separation has been proposed as a mechanism for the formation
and function of both heterochromatic and transcriptionally active compartments in the nucleus
[38, 41, 157]. Phase separation does not consume energy, and partitions cell components into
dense and dilute phases above a critical concentration. The volume of the phases is
proportional to the overall concentration, and other molecules can selectively dissolve in them
based on their chemical properties [26]. Chromatin binding is not necessary for maintaining
condensates, and they may form in regions with low chromatin density or associate with
chromatin via surface condensation [218]. The physical state and function of nuclear
condensates is a subject of debate. Recently applied in vivo methodologies, such as
measuring viscosity and internal mixing [57, 219] or quantifying assembly dynamics with single

molecule precision [74], address the growing needs for a better biophysical definition.

Due to their high IDR content, which can promote self-interactions, many TFs, components of
the general transcriptional machinery and co-activators have been proposed to undergo phase
transitions in the cell. But measuring the biological relevance of a phase transition for a given
biological process in cells, has been a challenge. Studies that compare the activity of TFs with
versus without its fusion to a foreign IDR to induce condensate formation, do not account for
the diverse functions of IDRs beyond phase separation. In addition, over-expression of
endogenous TFs or the way by which phase-separated droplets are detected can confound
interpretation of the underlying relationships [74, 220]. This problem was addressed in the

present thesis in a bottom-up approach with a set of synthetic transcription factors, whose
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association into condensates on the reporter gene cluster could be controlled by light and the
PHR domain. Five different PHR-AD fusions (STAT2, VP16, p65, Rta, VPR) were expressed
and anchored to the /acO or tetO sites of the reporter gene cluster via CIBN [65] to induce its
transcription. Imaging revealed that anchored PHR-AD assemblies in cells above the critical
concentration for droplet formation (Cc:it) were larger and organized into subdomains that could
engage in fusions among each other and with unbound droplets. Additional experiments, not
included in this thesis, were conducted to further analyze these assemblies by dSTORM super
resolution microscopy and time-lapse imaging [146]. They supported a phase-separated state
of PHR-ADs at the reporter clusters, consistent with the previously reported characteristics of
PHR optodroplets [78].

To examine how the formation of condensates would affect transcription at the reporter gene
cluster, three different types of experiments were conducted. First, transcriptional activity of
the five studied ADs was evaluated separately for two groups: "droplet formers" (VPR, p65,
Rta) and "non-droplet formers" (VP 16, STAT2), which were distinguished based on their critical
concentration. The critical concentration was determined by analyzing the relationship
between droplet abundance and concentration. This analysis revealed a positive correlation
between stronger and faster activation and higher phase separation propensity (or low Cerit).
Second, by utilizing the single cell resolution of the established imaging assays, cells
expressing the same PHR-AD construct, were classified as containing droplets or not. The
classification showed that droplet formation per se did have a neutral effect on transcription
across all of the droplet-forming activators VPR, p65 and Rta. Third, synthetic multivalent
linkers were designed to modulate the formation threshold and composition of PHR-VP16
droplets. Here, two out of three cases showed inhibition of transcription, while attaching the
N-terminal IDR of FUS [79] robustly enhanced transcription, in agreement with previous
reports on the effect of FUS [217, 221]. However, and in line with the results obtained for the

other activators, the FUSN-VP16 droplet formation per se did not affect transcription.

In summary, the findings made here, challenge the notion that transcriptional condensates act
as general amplification hubs for gene expression. Simply accumulating more TF molecules
by a phase separation processes, was insufficient to enhance transcription. Instead, the
specific droplet composition was critical. Inhibition of transcription, as observed for the VP16
droplets induced by Lacl and GBP multivalent linkers, could likely be caused by changes in
droplet-internal mobility [222]. A more solid (cross-linked) versus a liquid-like (mobile) state
can potentially constrain the movement of the activator and thereby limit its efficient interaction
with the core promoter, and/or impede the dynamic interaction with co-activators. An
alternative explanation is provided by changes in chemical properties introduced by the linkers

(e.g. changes in charge patterns [223]). In turn, these altered chemical environments could
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influence the solubility of molecules that are critical for the activation process. A selective
exclusion of general factors, such as RNA Pol Il, was not found for the inhibitory droplets
studied here (see ref. [146]). But other transcription-related factors may be de-enriched and
explain the inhibition. Another limitation of the approaches used here is that ectopic expression
of PHR-ADs fusions was used to model transcriptional condensates on chromatin. It may not
recapitulate the properties of full-length TFs expressed at endogenous levels and binding to

endogenous target sites.

The observation that FUSN enhanced activation independent of droplet formation points to a
crucial role of IDRs outside the phase separation regime, which has already been suggested
by recent studies [33, 81]. Multivalent self-interaction of (IDR-containing) proteins on
chromatin can fulfil other functions, such as facilitating interactions with co-activators or
stabilizing TF residence time [29, 224, 225]. This could in part also explain how the increased
self-interaction observed for the strong ADs studied in this thesis related to stronger activation,
without the need of droplet formation. These aspects were addressed in a separate line of
experiments, whose results were not included in this thesis, but are presented and discussed
in ref. [146]. In brief, they uncovered the presence of an indirectly reporter-bound fraction of
VPR but not VP16 molecules below Cci that could possibly help in stabilizing TF residence
time and buffer loss of TF molecules upon weakened binding to the promoter. A recent study
came to very similar conclusions for transcriptional activity of endogenous oncogenic EWS-
FLI1 TFs [81]. It is thus vital to distinguish the function of the complex of directly and indirectly
bound TFs and co-activators (through multivalent self-interactions), which is determined by
the stoichiometric binding of its components, and the non-stoichiometric accumulation of

factors into condensates.

2. Anintegrative assay quantifies ALT activity by mapping

compartments of single-stranded telomere repeats

Telomere extension by the alternative lengthening of telomeres pathway is active in many
cancer entities [104]. Despite its importance and prevalence, there is limited knowledge
regarding the heterogeneity of ALT activity in tumor cell populations. The investigation of tumor
heterogeneity has become more accessible and quantitative through numerous advances in
sequencing and imaging based single cell phenotyping [226]. However, for ALT cancer
research to profit from these developments, ALT detection needs to be adapted to the growing
needs for spatial resolution, robustness, and scalability. The current lack of robust detection
assays with high-throughput in situ readouts hampers research in this area. To address this

issue, ALT-FISH was developed that exploited the altered organization, abundance, and
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extrachromosomal accumulation of single-stranded telomere repeats (SSTRs) into ALT-
specific compartments. Prior to the development of ALT-FISH in this thesis, multiple
independent studies had already reported that ALT-positive cancer cell lines of different origin
and genetic background accumulated G-rich and C-rich single-stranded telomeric nucleic
acids [115, 168, 173, 227, 228]. This marker had been disregarded for specific mechanistic
studies, which is likely due to the fact that SSTRs arise ubiquitously along the ALT process.
Instead, the well-established assays that detect C-circles (CCs) [120] and APBs [121] as single
defined targets were preferentially used. The CC assay only measures bulk ALT activity in
isolated genomic DNA. The APB assay has a limited dynamic range and requires image co-
localization analysis. Moreover, a number of studies have challenged the ALT specificity of
both assays. CCs were recently detected in telomerase-positive cancer cell lines with long
telomeres [229] and their release was shown to occur as a consequence of telomere trimming
[187]. Complete lack of APBs was found in liposarcomas that use ALT [230]. Reorganization
of chromatin into large PML bodies with many features of APBs was observed in cell lines from
ICF syndrome patients, independent of ALT [231]. Ultimately, PML-telomere co-localizations

have been observed in some non-neoplastic human cells with no obvious ALT activation [232].

In contrast to these two assays, ALT-FISH represents an integrative approach of measuring
multiple ALT hallmarks at once that overcomes several limitations of the previous ALT
detection methods. ALT-FISH staining of cancer cell lines revealed that SSTRs organize into
distinct nuclear and cytoplasmic compartments that can contain up to tens of kilobases of
repeats. Their organization into foci is likely determined by localized production and/or their
sequestration into pre-formed compartments. Sequestration into PML-NBs or containment
within a PML protein shell assembled at the site of production are two putative explanations
for their compartmentalization. They fit well to the previous observations that PML associates
with ssDNA during DNA damage, replication stress or viral infections [233-235]. On average,
nine out of ten SSTR compartments contained PML protein. Six out of ten SSTR spots co-
localized with APBs, the number of which was previously determined to be 4-5 per cell [177].
This observation suggests that ALT-FISH co-detects most APBs under the conditions tested
here. However, as the quantification of SSTR spots follows standard methods for spot
detection on a single image channel, it provides a significant advantage over APB detection.
In my thesis | could establish scalable and fully automated workflows to analyze ALT-FISH
signals in hundreds up to hundreds of thousands of cells grown on coverslips or in microplate
formats. The microplate data demonstrated that staining, data acquisition and analysis are
easily adaptable for large screening setups. This potential has recently also been recognized
by an independent research group that reported the use of native telomere FISH in multi-well
plates to detect ALT [236].
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Based on the results of this thesis, | found that the number of spots per cell nucleus above a
defined intensity cutoff was generally a sufficient measure to distinguish ALT-positive from
ALT-negative cells with high (~91-98%) accuracy and count differences were 4-12-fold higher
as reported for APB numbers [177]. To initially determine a suitable spot detection threshold,
it is recommended to perform cell-mixing experiments similar to those described in here. In
addition, a side-by-side comparison of an ALT-positive and ALT-negative sample on the same
microscopy setup was found to be important. For the microplate data, the cumulative spot
intensity was introduced as an additional parameter to quantify ALT activity. It displayed an
excellent correlation with the spot count in a near-linear relationship, which suggests that most
of the ALT-FISH are similar in their intensity. It does, however, contain more information about
the actual SSTR abundance and will capture changes in spot intensity upon unchanged spot
number. For the proof-of-concept experiment that examined the effect of the two drugs Mirin
and JQ1 on ALT activity, a comparison of both parameters revealed subtle changes in SSTR

abundance could be uncovered when considering both parameters.

Similar results were obtained by staining with the TelC and the TelG ALT-FISH probe,
suggesting their interchangeable use is possible in most cases. However, the TelC signal
offered a larger dynamic range and detection of TERRA, which may be of advantage for
specific biological questions. Although not explored to full extent here, cytoplasmic ECTR
abundance can be quantified from ALT-FISH signals as well, provided a cytoplasm marker is
available. Further experiments that explore this feature in combination with perturbations will
be of value to better characterize the dynamics of the extrachromosomal SSTR pool in ALT-
positive cells. Only little is known about ECTRs in single cells, but the immunogenicity [117]
and inheritance patterns of extrachromosomal DNA has recently been recognized as relevant

driver of tumor heterogeneity [237].

By integrative analysis of multiple independent samples collected along the whole study, it
was found that ALT-FISH spot counts for both probes averaged across all cells of a sample
correlated exquisitely well with bulk ALT activity measured by CC assay. Notably, it was
surprising to see that the strength of the correlation was comparable between the two probes,
despite the TelC probe not detecting CCs. It can be concluded that CC abundance seems to
follow the abundance of other SSTR species, independent of their strandedness or source. It
is in line with the idea that SSTR levels detected by ALT-FISH provide a more integrated view
on overall ALT activity and are inter-correlated. By comparing different cell lines, validity of ALT
detection by ALT-FISH could be confirmed for osteosarcoma, cervix carcinoma and pedGBM
as cancer entities. Moreover, ALT-FISH signals largely followed CC levels in models of artificial
ALT induction by ASF1 knock-down, ALT de-repression by ATRX knock-out and ALT

repression by ectopic ATRX overexpression. The ubiquitous applicability of the assay was
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furthermore corroborated on primary tumor samples from neuroblastoma and leiomyosarcoma
patients of known ALT status. Patient stratification was possible with a sensitivity of 91% and
specificity of 89% (using spot counts). These values are in principle acceptable for diagnostic
purposes and were similar or higher than for ALT detection assays already used in a clinical
setting, such as gPCR-based based telomere length measurement [238] and serum-based
CC assay [239].

One open question that needs to be addressed in the future is how the signals measured by
ALT-FISH relate to actual recombination-based telomere elongation. Side-by-side assessment
of ALT activity and telomere length in inducible cell line models that undergo rapid changes in
ALT activity [166, 181] will be crucial tools to clarify this relationship. The same applies to
understanding the relative contributions of ECTRs (t-circles, CCs), TERRA, stalled replication
forks and other chromosomal intermediates to the ALT-FISH signal. This can for instance be
addressed by nuclease pre-treatments that degrade non-circular components, or strategies
that induce replication stress, as recently demonstrated for G4-stabilizing drugs in cancer cell
lines [166]. The targeting of pathways that regulate ECTR maintenance and excision, such as
SMC5/6 complexes and TZAP [119, 240], will address the contribution of extrachromosomal
SSTR species. The here established high-throughput approaches can be applied to
investigate cues that trigger the formation or dissolution of SSTR compartments and will lead
to a better understanding of where and how SSTRs arise during the ALT process and are

related to telomere lengthening.

3. Resolving ALT activity in single cells in their spatial context

Bulk assignment of TMM status (ALT, TERT, none) to tumors or cell lines is common practice
and needed for sample stratification. It is based on the joint assessment of various features
that include CC levels, telomerase expression/activity, telomere repeat content, composition,
TERT promoter mutations [241, 242], and mutational patterns [107]. Recurrent transcriptome
and proteome signatures aid in assigning TMM activity, but are likely tumor entity specific [109]
and need further validation by more cross entity studies. Assigning a single TMM to a sample
disregards two important aspects: (i) the potential co-existence of telomere extension by ALT
and telomerase in the same tumor cell population and (ii) different "activity levels" of the two
TMMs across cells. However, resolving these aspects is crucial to describe and understand
switching or bifurcation behaviors that may occur in evolving tumors in adaptation to

therapeutic intervention, genetic or microenvironmental factors.

The quantitative criteria established by careful comparisons to appropriate controls of
telomerase-positive cells or cells lacking TMM activity demonstrated that the ALT-FISH

method developed here can precisely detect the ALT status of individual cells in cell lines and
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primary tumor tissues. In the datasets studied here ALT heterogeneity was observed on two
levels. First, heterogeneous (mosaic) samples with a low percentage (6-40%) of clearly ALT-
positive cells were identified. Second, substantial variability in spot count and intensity was
found within ALT-positive subpopulations or cell lines for which most cells (>95%) had been
classified as ALT-positive. In some of the latter cases, the maximum ALT activity values
reached up to >10 times the median of the population. Low to undetectable CC levels were
observed in mosaic samples, but some displayed detectable bulk telomerase activity by TRAP
assay. In the dataset analyzed here, SSTR content mosaicism was also seen upon artificial
ALT induction in HeLa LT cells, in line with the original study that had reported a reduction, but
not a full suppression of TERT mRNA expression and telomerase activity [181]. Since
simultaneous activation of ALT and telomerase in the same cell is unlikely [243], these findings
potentially support the use of ALT and telomerase (or no TMM) by distinct cell subpopulations.
The results hereby provide the first quantitative single cell description of such a phenomenon,
although previous studies have proposed it by observing the co-occurrence of ALT and
telomerase signatures by bulk readouts [139-142]. Variable ALT activity was also found in
tumors from neuroblastoma and especially leiomyosarcoma patients and could be explored
through the generation of spatial ALT activity maps. It was furthermore demonstrated that ALT-
FISH can be combined with technologies that spatially detect single cell transcriptomes by in
situ hybridization. Further exploitation of such integrative solutions will yield unprecedented
insights into the transcriptional programs that correlate with ALT activity and how the tissue
microenvironment links to it. A more systematic exploration of a larger patient cohort will
determine how these features link to treatment decision-relevant clinical parameters and
unravel determinants of ALT regulation in tumors. In this context some limitations of the ALT-
FISH assay are noted. For instance, cells lacking ALT-FISH signals may still engage in ALT-
mediated telomere extension. SSTR levels could be delayed from the actual recombination
event, or cells could go through periodic bursts of ALT activity, followed by a phase where no
recombination is needed due to sufficiently long telomeres or a lack of cues to initiate it. These
phases could strongly depend on the cycling time or other cell line specific traits like telomere
length, giving the impression of TMM heterogeneity. To investigate such models in the future,
it is important to combine ALT-FISH with spatially resolved single cell measurements of de
novo DNA synthesis at telomeres. The co-existence of separate cell subpopulations using
telomerase could additionally be probed by the integration of emerging microscopic assays

that detect TERT mRNA expression or telomerase activity in single cells [244].

This thesis utilized microplate-based ALT-FISH analysis of hundreds of thousands of cells to
investigate factors influencing the abundance of SSTR compartments. By inferring the cell

cycle stage from the DNA content, it was found that the number and intensity of SSTR spots
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increased towards G2/M phase, with even higher levels in polyploid cells. These findings are
supported by previous studies linking ALT-related telomeric DNA synthesis to G2/M phase
[110, 111, 245, 246] and an increased APB number in G2 [247]. Increased DNA content and
higher absolute number of telomeres or telomere clustering in APBs may contribute to the
observed differences, in addition to increased engagement in DNA synthesis. More SSTR
exposure in polyploid cells may be due to elevated genotoxic stress. Alternatively, these could
represent cells that fail to exit G2 due to massive telomere dysfunction or failed resolution of
HR intermediates, which would also manifest in more SSTRs being exposed. Notably, the
lowest SSTR abundance was seen for cells that had just entered G1 phase. The loss could
be explained by multiple mechanisms, one being passive expulsion of extrachromosomal
species upon nuclear envelope breakdown, or their degradation rates exceeding their
production rate due to lack of HR activity in G1. Since PML bodies undergo significant changes
during mitosis [248], cell cycle dependent containment or shielding from degradation in APBs
or PML-NBs could also explain the variable number and size of SSTR foci. Figure 39
summarizes a putative model explaining how differential SSTR foci patterns could arise in
ALT-positive cancer cells and how this may relate to the formation of APBs and productive

telomere elongation.

Using the spatial information from the microplate data, the influence of clonal origin and cell-
cell contacts on SSTR variability was probed. By analyzing isolated microcolonies, | tested the
hypothesis of SSTR inheritance between mother and daughter cells. No strong evidence was
found to support this mechanism and the data rather suggested stochastic engagement in ALT
activity that was independent of the mother cell's SSTR foci pattern. A model of stochastic ALT
engagement has important implications for a tumor setting, where it could potentially amplify
cellular heterogeneity to promote adaptation. In line, a rare population of cells with particularly
many and intense SSTR spots (termed super-ALT cells) was seen across all ALT-positive cell
lines, and in some of the studied leiomyosarcoma and neuroblastoma tumors. The biological
significance of these outliers in tumor tissues awaits further characterization. The presence of
these cells is similar to the phenomenon of "ultrabright foci". These large focal accumulations
of telomeric nucleic acids were previously observed by denaturing telomere FISH on tumor
tissues [108]. In the microplates, these cells were associated with a higher DNA content and
spatial isolation. Isolation can be a consequence of a cell cycle arrest shortly after the time of
cell seeding, which would fit well to the increased DNA content. Further characterizing the
features of these cells and determining if they are still cycling, will be crucial to understand if
they can contribute to tumor adaptability. For example, these cells could act as dormant cells
with in a primed telomere elongation state, that could be reactivated when they start dividing

again under certain conditions.
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Figure 39. Model explaining how variability in SSTR foci patterns and abundance could arise
and relate to ALT-mediated telomere elongation in APBs. Critically short and/or damaged telomeres
expose chromosomal SSTRs and produce extrachromosomal SSTRs (ecSSTRs). SSTR exposure and
ecSSTR release trigger PML assembly into a pre-APB compartment mediated by DDR factors. If the
local SSTR concentration becomes sufficiently high, the pre-APB matures by accumulating more PML
through self-interactions, forming a mature APB with a fully assembled and stable PML shell around
the single telomere. During the assembly process ecSSTRs may be released and independently
nucleate SSTR-containing PML-NBs devoid of telomeres. For productive telomere elongation to occur,
two or more mature APBs need to cluster by PML-PML interactions. In the resulting clustered APB,
telomeres can engage in HR and be extended through BIR-like processes. The resolution of
recombination intermediates is critical for cell cycle progression or may be actively regulated to control
cycling. APBs and SSTR-containing PML-NBs may disassemble if SSTR loss/degradation exceeds
SSTR exposure/production or PML-NBs change their organization throughout the cell cycle.
Successfully extended telomeres may re-enter the SSTR exposure cycle if they become critically short
or damaged again.
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4. Conclusions and Perspectives

The results of this thesis provide mechanistic insight into how nuclear compartments silence
and activate transcription and shed light on the role of phase separation. In addition, it was
demonstrated for the ALT pathway that compartmentalized activities within the nucleus can be
exploited for large-scale phenotypic profiling by imaging, spanning the full range from cell lines
to intact tumor tissue from patients. The targeted manipulation of chromatin marks,
transcription and other chromatin processes by synthetic effectors is an independent field of
research that has experienced several advancements in recent years. Combining these tools
with (time-resolved) imaging- or sequencing-based measurements in single cells as done here
but at increased throughput [249, 250], will be crucial to dissect the causal interrelationships
of dynamic nuclear processes and how they vary between cells. Furthermore, devising tools
that specifically modify material properties of nuclear components is valuable to probe their
functional significance and draw a bigger picture of how compartments self-assemble,
dissolve and regulate their activity. The common statement "To fully understand a system, it
must be built." also applies to nuclear compartments. Future work should therefore focus on
utilizing bottom-up approaches to build compartments in the cell, starting from their individual
components or induce them in an ectopic environment to probe the requirements for their
formation and function. Detection of ALT-specific compartments by ALT-FISH has provided
insights into the previously unaddressed heterogeneity of TMMs in cancer. The ability to
quantify ALT activity in single cells paves the way for a more systematic and large-scale
investigation of factors that regulate ALT. Looking forward, the application of the assay in
genetic and drug screening approaches, will largely facilitate the identification of treatment-
relevant factors that interfere with this pathway. The integration of ALT-FISH with other imaging
readouts and single cell transcriptomic analyses on tumor tissue will lead to a more
comprehensive understanding of the molecular and spatial heterogeneity and possibly aid
clinical decision-making. Future research should thus aim to expand and refine cellular
phenotyping beyond single-cell transcriptomics, epigenomics, and proteomics by exploiting
recent advances in imaging technology to map subcellular structures at high throughput [249].
Profiling of nuclear organization can provide crucial insights into how gene activity is regulated,
extrachromosomal elements are amplified, and chromatin reorganizes in physiological and
diseased processes. By linking compartments formed by altered localization of cellular
components to transcriptomic changes, we can improve our mechanistic models of diseases
and potentially design more effective treatments. A challenge in using nuclear compartments
for cellular phenotyping is accurately quantifying relevant activities and integrating this data
with other types of cellular data. Meeting this challenge will require the development of new

experimental and computational methods to integrate these large and diverse datasets.
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IV. Materials and Methods

1. Materials

1.1 Plasmids

Plasmid constructs were generated by restriction enzyme based cloning. Fusion proteins were
expressed under control of a CMV promoter in a pEGFP-C1/N1 backbone (Clontech). sgRNAs
with (our without) PP7 loops were expressed in a U6-promoter driven expression cassette
located on separate plasmids from dCas9 fusions. sgRNA targeting regions (5'-3') were tetO
(GACTTTTCTCTATCACTGATA) lacO (GTCCGCTCACAATTCCACATG) and mouse major
satellitessMSR (GGGCAAGAAAACTGAAAATCA). All individual plasmids are described in

detail in ref. [146] and made available through Addgene at www.addgene.org/Karsten_Rippe/.

1.2 Oligonucleotides and probes

The following primers (Eurofins Genomics, Germany) were used in qRT-PCR assays to detect
beta-actin (ACTB) mRNA and U20S-2-6-3 MS2 reporter RNA (5' to 3'): ACTB-fwd:
TCCCTGGAGAAGAGCTACGA, ACTB-rev: AGCACTGTGTTGGCGTACAG, MS2-fwd:
GTCCGGACTCAGATCTCGA, MS2-rev: TTCAAAGCTTGGACTGCAGG. The two ALT-FISH
probes used in this study are DNA oligos (Eurofins Genomics, Germany) carrying a single 5'-
terminal fluorescent dye label (ATTO 633 or Alexa 647) and a 3'-terminal biotin tag. The biotin
tag was not used in the present study. Unless indicated otherwise, Atto 633-labeled probes
were used. Alexa647-labeled probes were employed for the microplates and the Molecular
Cartography integration experiment. The probes sequences were (5' to 3'): TelC: (CCCTAA)s
and TelG: (TTAGGG)s. For depletion of ASF1 in HelLa cells, On-Targetplus Smartpool siRNA
pools (Dharmacon) were employed: ASF1A (L-020222-02-0020, lot 200427), ASF1B (L-
020553-00-0020, lot 200427), non-targeting control (#D-001810-10-20).

1.3 Antibodies

The following primary and secondary antibodies were used for immuno-staining at the
indicated dilutions: rabbit anti-H3K27ac (Abcam, ab4729, lot GR183922-1, 1:1000), 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-SUMO2/3 (Abcam, ab3742,
1:200), mouse anti-NCAM/CD56 (Thermo Fisher Scientific, MA1-06801, 1:200), goat anti-
rabbit Alexa Fluor 568 (Life Technologies, A11036, 1:300), goat anti-mouse Alexa Fluor 488
(Life Technologies, A11029, 1:300).
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1.4 Relevant fine chemicals

Doxycycline (Sigma-Aldrich, D9391) was dissolved at 1 pug/ml in sterile nuclease-free water
and used at 1-5 pg/ml to treat cells. The bromodomain inhibitor JQ1 (Sigma-Aldrich, SML1524)
was dissolved in DMSO (Sigma-Aldrich) and used at 1 uM for the BRD4 binding experiments
and at 2-32 yM for treatment in microplates. The MRN complex inhibitor Mirin (Selleckchem,
Cat. no. S8096) was purchased pre-dissolved at 10 mM in DMSO. Ethynyl-uridine (EU) for
global nascent RNA labeling by the Click-IT RNA imaging kit (Invitrogen, C10329) was used

at 1 mM treatment concentration.

1.5 Celllines

Wildtype and Suv39h double null immortalized mouse embryonic fibroblast (iMEF) cell lines
were obtained from the group of Thomas Jenuwein and are described in ref. [55]. U20S 2-6-
3 cells [161] and were gifted by David Spector. U20S, HelLa wt, CAL72, and Saos2 cell lines
were procured from the German Collection of Microorganisms and Cell Culture (DSMZ). HOS
and MG-63 cell lines were obtained from CLS Cell Lines Services Germany. The origin of the
NEM, MGBM1, and SF188 cell lines is detailed in ref. [180] .HeLa ST and LT cell lines were
provided by the group of Jan Karlseder and were originally described in ref. [181]. HUVEC
cells were purchased from Lonza. The U20S NCL-RFP cell line was created using pTagRFP-
NCL vector [251] by stable integration of plasmid DNA and subsequent selection of single
resistant clones. HelLa H2A-YFP [252], doxycycline-inducible U20S-ATRX [192], and
NEM168 ATRX knock-out clones F2 and B5 [180] were previously described. All transgenic
cell lines were constantly maintained in media containing appropriate selection antibiotics
(0.75 mg/ml geneticin/G418). The VenorGeM Advance kit (Minerva Biolabs) was utilized to
confirm the absence of mycoplasma, and cell line identity was confirmed using single

nucleotide polymorphism-profiling (Multiplexion).

1.6 Tumor samples and tissue sectioning

Tumor specimens of leiomyosarcoma (LMS) are described in refs. [107, 165]. They were
obtained from nine adult patients who had been diagnosed with LMS at NCT Heidelberg and
Heidelberg University Hospital. The Institute of Pathology (Heidelberg University) carried out
the histological evaluation. Patient samples were collected under protocol S-206/2011, which
was approved by the ethics committee of Heidelberg University, and involved written patient
consent. Fresh-frozen LMS samples were cryo-sectioned (5-6 um) onto SuperFrost Plus
microscopy slides (Thermo Fisher Scientific) by the DKFZ/NCT Sample Processing
Laboratory. The fresh-frozen neuroblastoma (NB) samples used in this study are described in

refs. [109, 165]. NB tissue was embedded in tissue freezing medium (Leica Biosystems), and
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sectioned (5-6 um) onto SuperFrost Plus microscopy slides using an Epredia CryoStar NX50

cryostat. All tissue specimens and sections on slides were stored at -80°C.

1.7 Microscopy instrumentation

Live cell time course and optodroplet experiments were mostly carried out on a Zeiss
AxioObserver Z1 widefield microscope equipped with a HXP 120V fluorescence light source
(Leistungs-elektronik JENA GmbH). Images were recorded using a 20x/0.8 Plan Apochromat
air objective (Zeiss) and a Zeiss AxioCam MRm monochrome camera, using the following
emission filters: GFP (F46-002, AHF), tdTomato (43 HE, Zeiss). Light-inducible construct
binding kinetics and reporter characterization experiments above/below Ccrit were conducted
on a Leica TCS SP5 Il confocal system and with a 63x Plan Apochromat oil immersion
objective. ALT-FISH samples, chromocenters and reporter locus radial profiles, area/intensity
were imaged on an Andor Dragonfly 505 spinning disc confocal system with a Nikon Ti2-E
microscope, equipped with an Andor iXon Ultra 888 EMCCD camera. The following Nikon
objectives were used: 100x/1.35 CFl SR HP Apochromat Lamda S silicone (ALT-FISH/IF on
coverslips, IMEF samples, tumor tissue), 60x/1.4 Plan Apo | oil (ALT-FISH and Molecular
Cartography), 40x/1.3 CFI Plan Fluor oil (radial profiles, area/intensity at reporter), 20x/0.75
Plan Apo | air (microplates). The laser diode light sources used for excitation through a quad-
band dichroic unit (405/488/561/640) and the corresponding detected fluorescent
dyes/proteins and emission filters (EF) were: 405 nm (DAPI; EF 450/50), 488 nm (H2A-YFP,
Alexa488, EGFP, eosin; EF 525/50), 561 nm (NCL-RFP, Alexa 568, tdTomato, mCherry,
TRITC; EF 600/50) and 637 nm (Atto 633, Alexa 647; EF 698/77 or EF 685/47). Live cell
imaging was conducted at 37°C and 5% CO..

1.8 Software

The image analysis workflows developed in this thesis were mainly written in the R
programming language [160] and were executed in RStudio build 576 [253] with R v4.2.1. The
EBImage R package v4.3.8 [167] was utilized to process images and quantify their features.
Two of the three software workflows developed in this thesis are made available as separate
publication or elsewhere. The Telosegment toolkit provides a full workflow for automated
analysis of ALT-FISH images from cell lines and is available at https:/github-
com/RippeLab/ALT-FISH and published in ref. [165]. The workflow to quantify features of
chromocenters is published [57, 145] and furthermore made available at
https://github.com/RippeLab/Chromocenters. FIJI v2.1 [254] was utilized for image format
conversion, image pre-processing (stitching, flat-field correction, cropping), intensity

quantification and representation purposes. Custom FIJI workflows and the RS-FISH FIJI
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plugin [198] were employed for spot assignment and ALT activity map generation. Cell nuclei
in tumor tissue and microplate well images were segmented using Cellpose v0.72 [197]. The
methods to quantify single cell RNA and BRD4 time courses data were based on the NSSQ
and EBImage R packages and are described in ref. [255].

2. Methods

2.1 Cell culture

Cell lines were grown at 37°C and 5% CO; and split every 2-4 days using 0.05% trypsin/EDTA
(Gibco) for detachment. The following cell lines were cultured in DMEM medium supplemented
with 1 g/l glucose, 10% doxycycline-free fetal bovine serum, 1x penicillin/streptomycin, and 2
mM stable glutamine: U20S-2-6-3, MG-63, U20S, Saos2, CAL72, and HelLa wt. HelLa ST,
HelLa LT, MGBM1, SF188, iIMEF and HOS cells were cultured in DMEM medium containing
4.5 g/l glucose or EMEM, respectively, with the same supplements. HUVEC cells were
maintained in EGM-2 medium (Lonza). NEM165, NEM157, NEM168 parental lines and ATRX
knock-out clones were cultured in Amniopan complete medium (PAN Biotech). Plating of IMEF
cells for the chromocenter perturbation experiments is detailed in ref. [145]. For microscopy
or gRT-PCR experiments conducted with U20S 2-6-3 cells, they were seeded at a density of
1-2x10* cells or 3x10° cells per well in 8-well chambered cover glass slides (Nunc LabTek,
Thermo Fisher Scientific) or standard 6-well culture plates, before transfection on the next day.
For the microscopy samples, the medium was replaced with supplemented FluoroBrite
imaging medium (Gibco) before transfection. Cells transfected with optogenetic constructs
were grown in absence of light, illuminated with diffuse white LED light for endpoint (90 min,
24 hours) reporter activation, or illuminated with the appropriate light source during imaging

for time courses and other live cell experiments.

Cell lines for ALT-FISH alone or in combination with other staining were seeded in standard
24-well plates onto uncoated, sterile 12 mm round glass coverslips at a density of 5-8x10*
cells per 1 ml volume per well and stained the next day. For U20S NCL-RFP/HelLa H2A-YFP
co-cultures, a total of 2.5x10* cells from each cell line were seeded per well. For ALT-FISH
and DAPI staining of drug-treated and untreated cells in microplates, U20S (6x10° per well)
and HOS cells (4x10° per well) were grown in 0.2 ml culture volume per well in Nuclon Delta
Surface 96 well plates (Thermo Fisher Scientific) for 24 hours. Subsequently, fresh medium
was substituted with medium containing solvent (DMSO) or the corresponding drug at various
concentrations. In the solvent wells, the amount of solvent was adjusted to match the highest

drug concentration. Cells were grown for 48 hours in the microplates before assayed.
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2.2 Plasmid DNA and siRNA transfection

IMEF cells were transfected with Lipofectamine 3000 (Thermo Fisher Scientific). A detailed
experimental protocol is available in ref. [145]. In short, equal amounts of dCas9 and sgRNA-
expressing plasmid were transfected and cells were grown for 30 hours before assayed. U20S
2-6-3 cells were transfected using Xtreme-Gene 9 transfection reagent (Roche) following the
manufacturer's protocol. For microscopy experiments conducted in chambered coverglass
slides, 200-400 ng plasmid DNA and 0.6 pl transfection reagent in 20 ul OptiMEM (Gibco)
were used per well. The plasmid DNA mixture contained 100 ng sgRNA plasmid and 100 ng
distributed among the remaining constructs. When no sgRNA plasmids were used, equal
masses of plasmid DNA were transfected. For qRT-PCR experiments, transfection reactions
were scaled up to 2 ug plasmid DNA per well. Further treatments (doxycycline, JQ1) and the
relevant assays were conducted at least 24 hours post-transfection. ASF1A/B and control
siRNA pools were reverse-transfected into HeLa ST and LT cell lines using Lipofectamine
RNAiMax transfection reagent (Thermo Fisher Scientific), according to the manufacturer's
protocol and at a final concentration of 1 nM. siRNAs were diluted to 20 nM in 491 pl OptiMEM
medium (Gibco) and 9 yl RNAiMax reagent. For isolating genomic DNA and protein lysates of
perturbed cells, 10 cm dishes containing 1x10° suspended cells in 9.5 ml medium were
transfected with 500 pl of the transfection mix. Transfection was scaled down accordingly for
2.5x10* cells per 1 ml transfected in 24-well plates to conduct ALT-FISH staining afterwards.

Hela LT/ST cells were grown for 72 hours post-transfection before assayed.

2.3 Chromocenter perturbation experiments and data analysis

Chromocenter perturbation experiments and associated image analyses were conducted as
described in ref. [145]. In short, IMEF cells grown on coverslips were subjected to H3K27ac
immuno-staining and DAPI staining. Microscopy images were recorded as z-stacks of 51
frames (10 um, 0.2 ym step size) on the Andor Dragonfly 505 spinning disc confocal system
using the 100x objective. Maximum intensity projections were generated in FIJI and then
further processed in RStudio. Cell nuclei were segmented in the DAPI channel and using
adaptive intensity-based thresholding function thresh from the EBImage package [167]. The
custom function makeChromocenterMask was employed to segment dCas9-bound
chromocenter areas. It uses a threshold, which is calibrated by the dCas9 expression levels
and contrast features of each cell. The formula used to calculate the adaptive chromocenter
threshold for a cell is: median(nuclear dCas9 intensity) + sat_cutoff x [maximum(nuclear
dCas9 intensity)-median(nuclear dCas9 intensity)]. The parameter sat_cutoff (default 0.1)
enables fine-tuning of the segmentation stringency. The relative chromocenter area was

calculated by dividing the total chromocenter mask area by the total nuclear area. Signal

104



Materials and Methods

enrichment in chromocenters (DAPI, H3K27ac) was computed by dividing the mean intensity
across all chromocenter masks of one cell by the mean intensity in the nucleoplasm mask. To
group cells based on the amount of MSR-bound VPR activator, the integrated GFP signal
across all chromocenters of a cell was determined. Cells were grouped separately for IMEF
wt and iIMEF dn datasets by the 40" and 60™ percentile.

2.4 Light-induced binding to the reporter and measurement of reporter features

rTetR binding to the reporter gene cluster was induced by the addition of doxycycline in
absence of light and 15 minutes prior to an illumination phase of 90 min or 24 hours. For
endpoint expression measurements by qRT-PCR and radial profiles, cells were illuminated
with white diffuse LED light. For time-resolved measurements, the blue excitation light source
from the corresponding microscope was used to induce the binding. The resulting images
were analyzed FIJI [254] using functions of the NSSQ [255] and EBImage [167] packages.
The NSSQ package and the routines for reporter spot tracking, quantification and radial profile

analysis were developed by Jorge Trojanowksi.

For acquisition of PHR/CIBN construct binding kinetics, cells expressing the PHR-mCherry-
VP16 and CIBN constructs were imaged on the Leica TCS SP5 Il confocal system using the
63x objective. The sample was focused using the 594 nm laser to excite mCherry without
triggering the optogenetic domains. A 2-3 minutes time series (6 s intervals, single z-plane)
was acquired with both the 594 nm and 488 nm (GFP) laser, to trigger PHR/CIBN interaction.
Afterwards, the 488 nm laser was switched off to allow for PHR/CIBN dissociation and the
same cells were recorded for another 20-30 min (1 min intervals, 2 um z-stacks of 4 frames,
0.5 uym step size). The reporter spot accumulation was tracked and its intensity was quantified.
Mean spot intensities were background corrected by subtracting the mean intensity in a ring-
shaped area around the spot. Corrected intensities were then normalized to the value of the

last (binding, t = 168 s) and first (dissociation, t = 0 s) frame, respectively, and for each cell.

For generating radial spot profiles of tdMCP-tdTom, H3K27ac and mCh-BRD4 signals, cells
activated for 24 hours were treated and stained as described in ref. [146]. Images were
recorded as z-stacks of 15 frames (14 um, 1 um step size) on the Andor Dragonfly 505
spinning disc confocal system using the 40x objective. The NSSQ package was used to
generate an optimized mean projection the best three z-slices for quantification. The reporter
spot center position was manually selected in each cell utilizing the co-transfected Lacl
marker. Concentric rings of increasing pixel radius were used to create masks around the
center of the spot, and mean intensities were measured within each ring up to a maximum
radius of 9 pixels (~3 pym). Aring-shaped background mask around the spot was used for local

background estimation. These measurements were used to obtain the raw radial profiles.
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Next, these profiles were normalized by subtracting the minimum value and dividing all values
by the local background. The single cell profiles of each condition were averaged and their

minimum value was again subtracted to obtain the final radial profiles.

For the assessment of reporter features (area and intensity) above versus below Ccrit, the
same imaging setup was used on cells that had been transfected for 24 hours and were
illuminated for 10 min before fixation. Image analysis was conducted with EBImage, but
analysis procedures were modified. Local thresholding was used to segment the spot in the
activator and the Lacl marker channel separately. The activator area outside the marker area
was calculated for each cell by finding the difference between the areas of the marker and
activator spot masks. Spot intensity in the activator channel was calculated as described

above. Area and intensity analysis was conducted by Jorge Trojanowksi.

2.5 Light-induced RNA and BRD4 time course experiments

Light-induced time course experiments to measure transcription and BRD4 dynamics followed
existing protocols [255] and were conducted and analyzed by Jorge Trojanowski. Their
application to the here presented data is also described in ref. [146]. The main steps of image
acquisition and analysis are summarized in the following. After addition of doxycycline in the
dark and incubation for 15 min, tdMCP-tdTom (nascent RNA) and mCherry-BRD4 (BRD4)
image series of 60 or 90 min (2 min intervals, 3 ym z-stacks, 1 um step size) were recorded
on the Zeiss AxioObserver Z1 widefield microscope using a 20x air objective. Blue light used
to excite the GFP-labeled activator constructs (GFP) recorded in parallel served as recruitment
trigger. For the JQ1 experiments, cells were pre-treated with 1 yM JQ1 for three hours in the
dark before the addition of doxycycline and start of imaging. The experiments involving pre-
acetylation of the reporter with dCas9-p300 were carried out in the same manner, only that

the additional constructs were co-transfected alongside rTetR-opto and PHR-GFP-AD.

Time course data was analyzed using functions from the NSSQ package [255]. It comprised
nucleus and reporter spot segmentation in the GFP channel and tracking of nucleus and spot
masks throughout the time series and quantification of their intensity features. Values of area-
integrated fluorescence intensity at the reporter spot were then averaged between cells to
yield the final enrichment trajectories of RNA and BRD4 signal at the reporter. RNA series
were leveled by subtracting the value of the first time frame. BRD4 series were normalized to
their maximum value, followed by subtraction of the first frame. Half activation times were
calculated from maximum-normalized RNA series. The values for half activation time
correspond to the first time point at which the normalized enrichment exceeded or equaled 50
percent. The nascent RNA maximum (plateau) values were determined by averaging the

signal intensity over the last five time points in the non-normalized RNA series.
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2.6 Optodroplet imaging and quantification

Images of cells forming optodroplets with the PHR-GFP-AD and rTetR-opto constructs were
obtained using the widefield setup and settings of the time course experiments. Droplet
formation was quantified after 12 minutes of illumination time. For quantification of droplet
abundance, nuclear masks were generated by segmentation of the GFP channel. Next, the
reporter spot was manually masked in each cell by a circular mask with fixed radius. In the
remaining nuclear area, optodroplets were segmented using 1.75 times the median of the
nuclear intensity as threshold. Their cumulative segmented area per cell was determined and
normalized to the total nuclear area to yield the final values for droplet abundance (in percent)
per cell. In addition, the cells were visually classified as containing optodroplets or not. A
logistic function (outlined in ref. [146]) was used to fit the data and represent the relative droplet
area as a smooth function of nuclear intensity. An empirically determined threshold of 1%
matching the visual classification was used to define the critical value for droplet formation.
Ceit was defined as the nuclear intensity at which the relative droplet area surpassed 1%. For
the RNA time courses, the cells were grouped by visual classification. The analysis of image

data for calculation of Cit was carried out by Jorge Trojanowski.

High resolution imaging of activator optodroplets in living cells was performed on the Leica
TCS SP5 Il confocal system using the 63x oil objective. For this, doxycycline-induced cells
transfected with PHR-GFP-AD and rTetR-opto constructs as well as a Lacl marker were
illuminated for 2-5 minutes using the 488 nm laser line to saturate recruitment and droplet
formation. Single high resolution images (one z-plane) of entire cells with or without visible
optodroplets were taken. In addition, a smaller field of view around the reporter gene array

was recorded as time series of up to 10 min (at 0.1 s time intervals) to capture droplet fusions.

2.7 gRT-PCR

Total RNA was isolated using Qiazol lysis reagent (Qiagen), followed by chloroform extraction
and isopropanol precipitation. The RNA was treated with RQ1 DNase (Promega) and purified
by one round of each phenol/chloroform and chloroform extraction, before precipitation with
ethanol, sodium acetate and GlycoBlue (Thermo Fisher Scientific). RNA concentration and
purity were measured by absorbance. One microgram of the purified RNA was used for cDNA
synthesis using the Superscript IV reverse transcriptase protocol (Thermo Fisher Scientific).
The gRT-PCR was performed using 2 ul of 1:40 diluted cDNA per 10 pl reaction in technical
triplicates. The SYBR Green PCR master mix (Applied Biosystems) was used with a final
primer concentration of 500 nM. gRT-PCR data was analyzed using the 2(-Delta Delta C(T))
method [256]. Expression levels of the reporter RNA were normalized to the levels of beta-

actin mRNA and then expressed as fold-change relative to the mock transfected control.
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2.8 C-circle and TRAP assays

Telomerase repeated amplification protocol (TRAP) assays were performed as described in
ref. [165]. In short, cell pellets were lysed in NP-40 lysis buffer at a concentration of 500 cells/pl
for 30 min on ice. For one reaction, a lysate equivalent of 500 cells was mixed with TRAP
reaction mix. TRAP reaction products were separated on a 12% TBE/polyacrylamide gel
stained with SYBR Green (Thermo Fisher Scientific).

CC assays were conducted with minor modifications to the original protocol in [120] and as
described in ref. [165]. Genomic DNA (gDNA) was extracted from cell pellets using the
Puregene core kit (Qiagen) and quantified using the Qubit dsDNA broad range kit (Thermo
Fisher Scientific). Each amplification reaction was run with 20 ng of gDNA and in triplicates.
For each sample, a corresponding negative control without Phi29 polymerase enzyme (New
England Biolabs) was processed in parallel. The reactions were incubated for 8 h at 30°C,
then at 65°C for 20 min. Using a dot microfiltration apparatus (Bio-Rad, Cat. no. 170-6545),
the samples were blotted onto a Roti-Nylon plus 0.45 ym membrane (Carl Roth) and
immobilized by baking at 120°C for 20 min. Blotted amplification products were detected using
the TeloTAGGG telomere length assay kit (Roche) with 30 nM of digoxigenin-labeled detection
probe hybridized overnight at 42°C. A final concentration of 75 pU/ml of Anti-DIG-AP Fab
fragments (Roche) incubated for 60 min was used to detect the hybridized probes with the
CDP-Star chemiluminescent substrate (Roche) on a Bio-Rad Chemi-Doc MP system.
Membrane images were quantified using Imagelab 6.0.1 software. CC levels were expressed
relative to an U20S reference sample (20 ng gDNA) from the same membrane. Assay linearity
and background levels were assessed using a U20S gDNA dilution series and a HeLa gDNA
negative control. The CC levels of the LMS and NB tumors samples were not measured in

this thesis, but have instead been determined in two previous studies [107, 109].

2.9 Western blotting

Cell pellets were lysed in RIPA buffer supplemented with Halt protease inhibitor cocktail
(Thermo Fisher Scientific) for 1 h on ice. Protein concentrations were determined by BCA
assay (Pierce). 15-30 ug of lysate per lane was separated on precast 4-20% gradient
polyacrylamide gels (Bio-Rad) and transferred to low-fluorescence PVDF membranes
(Thermo Fisher Scientific) with the Trans-Blot Turbo system (Bio-Rad). Blocking was
performed in 5% skim milk/TBS for 1 h. Membranes were incubated with primary antibodies
overnight at 4°C and in 5%BSA/TBST(0.1% Tween-20). HRP-conjugated (ATRX blots, 1h in
5% skim milk/TBS) or fluorescently labeled (ASF1 blots, 1 h in 1%BSA/TBST) secondary

antibodies were used detection on a Chemi-Doc MP system (Bio-Rad). Clarity ECL western
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substrate (Bio-Rad) was used for luminescence based detection. All antibodies and dilutions

are listed in Materials and Methods section 1.3 and in ref. [165].

2.10 ATRX re-expression

To obtain matching material for the CC assay and samples for ALT-FISH, 1 x 10° U20S-ATRX
cells and 1.5 x 10* cells/ml/well were plated into a T75 flask and a 24-well plate with coverslips.
After one day, the medium was exchanged for medium containing 1 pg/ml doxycycline to
induce ATRX expression for 72 hours. In parallel, a corresponding T75 flask and 24-well plate
were left untreated, but otherwise processed as the treated cells. The cells growing in the
flasks were harvested for gDNA (CC assay) and protein (western blot) isolation. The matching

24-well plates were processed for ALT-FISH staining as outlined below.

211 ALT-FISH staining on cell lines

Cells grown on 12 mm glass coverslips were washed twice with phosphate buffered saline
(PBS) buffer and fixed for 20 min at room temperature with cold (-20°C) 70% ethanol. Fixation
was followed by two short washes in ALT-FISH washing buffer (100 mM Tris—HCI pH 8, 150
mM NacCl, 0.05% Tween-20). For optional RNase treatment, the samples were placed in a
solution of PBS containing 50 pg/ml of RNase A (Thermo Fisher Scientific, EN0531) and/or 10
U/ml of RNase H (New England Biolabs, M0297L) and incubated at 37°C for 30 min, followed
by one wash in ALT-FISH washing buffer. Afterwards, excess buffer was removed by tapping
the coverslip borders on clean dust-free wipes. The coverslips were then placed with the cell
side facing downwards onto 30 pl of hybridization solution (2xSSC, 8% de-ionized formamide,
5 nM Atto 633 labeled ALT-FISH probe), dispensed onto parafilm in a humidified chamber, and
incubated with the solution at 37°C for 20 min. The samples were transferred to 24-well plates,
shortly rinsed twice in 2xSSC buffer and then incubated in PBS with 5 yM DAPI (Sigma-
Aldrich) for 15 min. For optional cytoplasm staining, coverslips were incubated with DAP| and
20 pg/ml TRITC-Phalloidin (Sigma-Aldrich) for 30 min. Subsequently, the samples were
washed three times (5 min each) with PBS and rinsed once with distilled water. The samples
were dehydrated by one rinse in 70% ethanol, followed by 2 min incubation in 100% ethanol,
and finally dried for 5-10 min on a dust-free paper wipe. The dried coverslips were mounted
on standard microscopy glass slides using Prolong Diamond antifade medium (Invitrogen).
U20S samples with 0.1 um poly-fluorescent TetraSpeck beads (Thermo Fisher Scientific,
T7279) used for SSTR copy number estimation were generated by pre-diluting the beads in
mounting medium to a final concentration of 1:100. The mounting medium was allowed to cure

for at least 24 hours before imaging or long-term storage of samples at 4°C.
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Cells grown in 96-well microplates were washed twice with PBS and fixed with 70% ethanol
for 15 min at room temperature (200 pl per well). Residual ethanol was removed without drying
the samples and 200 pl of hybridization buffer (2xSSC, 10% de-ionized formamide, 5 nM Alexa
647 labeled ALT-FISH probe) were added to each well. The microplates were sealed with
parafilm to prevent evaporation and incubated at 37°C for 30 min. The hybridization solution
was removed and the cells were incubated with 200 pl 5 uM DAPI in 2xSSC buffer for 5 min,
followed by two washes (5 min each) with 2xSSC buffer. The buffer was replaced once more
with 200 pl of fresh 2xSSC buffer. Plates were sealed with parafilm and imaged, or stored for

up to 17 days at 4°C in the dark before imaging.

2.12 Combined ALT-FISH and immuno-staining of cell lines

ALT-FISH was carried out before immuno-staining up to the two 2xSSC buffer washing steps
after hybridization (see above). Afterwards, the samples were rinsed twice in ALT-FISH
washing buffer and fixed with 4% paraformaldehyde(PFA)/PBS at room temperature for 10
min. The fixed cells were rinsed three times with PBS, permeabilized in 0.2% Triton-X100/PBS
for 12 min and washed again for 5 min in PBS. Blocking of samples was carried out in PBS
with 10% goat serum (Cell Signaling Technology) for 1 h. Afterwards, the coverslips were
incubated for at least 1 h in 30 ul of primary antibody in blocking buffer on parafilm. Following
three washes of 0.002% NP-40/PBS (5 min each), the coverslips were incubated with
fluorescently labeled secondary antibodies diluted in blocking buffer for at least 1 h. After three
5-minute washes in PBS, the samples underwent DAPI staining, dehydration, and mounting
as described earlier. All antibodies and dilutions are listed in Materials and Methods section
1.3 and in ref. [165].

2.13 Confocal imaging of ALT-FISH stained cell line samples

Samples on coverslips were imaged on the Andor Dragonfly 505 spinning disc confocal
system with the 100x objective. Microplates were imaged using the 20x objective. Unless
stated otherwise, the same 637 nm laser intensity, EMCCD camera exposure time and gain
settings were used for recording TelC and TelG ALT-FISH signals across samples. Settings
were varied between the two different formats (coverslips, microplates) and for the other
channels (DAPI, TRITC-Phalloidin, IF signals). However, they were kept constant between
conditions when comparison of absolute intensities was necessary (e.g. DNA content
estimation by DAPI signal). 16-bit images of 1024x1024 pixels were recorded as z-stacks of
51 frames (10 uym, 0.2 um step size) for coverslips and z-stacks of 16 frames (15 ym, 1 um
step size) for microplates. Automated tile-scans with 1% overlap between adjacent images or

multiple manually selected positions were acquired for coverslip samples. In microplates, the
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full area of each well (~28 mm?) was recorded as 11x11 tile scan with 10% image overlap in a

fully automated fashion across all 60 accessible wells of a plate.

2.14 Combined ALT-FISH and other staining of tumor tissue sections

Tissue sections immobilized on glass slides were thawed for a few seconds at 37°C on a PCR
cycler slide holder, then fixed in 100% pre-cooled (-20°C) methanol at -20°C for 30 min. The
samples were incubated in isopropanol for 1 min at room temperature, dried for 5 min, and
subsequently the section-containing area on the slide was confined with a hydrophobic marker
pen (Vector Laboratories). Tissue sections were stained with 5 uyM DAPI in PBS for 15 min,
washed for 1 min in PBS and then mounted in 70 yl PBS using a 24 x 50 mm cover glass.
This step served to inspect tissue integrity (DAPI signal) on a wide-field microscope before
proceeding with the staining. The cover glass was removed by brief upside-down immersion
of the slide in a beaker filled with PBS. Afterwards, the slides were incubated in ALT-FISH
washing buffer for 2 min. The buffer was removed and 300-500 pl of hybridization solution
(2xSSC, 8% de-ionized formamide, 5 nM Atto 633 labeled TelC ALT-FISH probe) were added
onto the confined slide area. The slides were kept in a humidified chamber inside a
hybridization oven (ACD Bio) and incubated at 37°C for 20 minutes without a cover glass.
Following hybridization, the slides were subjected to two washes (1 min each) in 2xSSC buffer
at room temperature. The LMS and NB samples for which no pseudo hematoxylin/eosin (H&E)
staining was performed, were subsequently fixed in 4% PFA/PBS for 10 min. This additional
fixation step served to stabilize tissue integrity. They were washed twice with PBS (1 min
each). Excess PBS was removed and the sections were mounted in 45 yl Prolong Gold

antifade mounting medium (Invitrogen) using a 24x50 mm cover glass.

Pseudo H&E staining of the LMS tumor followed the same fixation and hybridization procedure
as described above. However, DAPI staining was performed after hybridization, followed by
five short rinses in PBS and one in distilled water. Subsequently the sample was stained with
300-500 ul of eosin solution for 1 min at room temperature. Eosin solution consisted of 1
volume eosin Y solution (Sigma-Aldrich) mixed with 9 volumes of sterile-filtered Tris-acetic
acid buffer (0.45 M, pH 6). The slide was then briefly dipped 15 times in distilled water and
further incubated for 15 min and again for 2 min in 2xSSC buffer, before mounting as before.
All stained tumor tissue slides were imaged (if possible) immediately after the staining or kept

at 4°C in a humidified chamber until microscopy.

2.15 Molecular Cartography (MC) and ALT-FISH on neuroblastoma

Fresh-frozen NB tumor tissue was sectioned at a thickness of 5 um using an Epredia CryoStar

NX50 cryostat and immobilized onto the specialized MC glass slides. The slides compare to
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standard cover glasses in thickness, but have the dimensions of regular microscopy slides.
For staining and imaging on the MC instrument, an 8-well imaging chamber is adhered on top
of the slide, wherein each well contains one or multiple tissue sections from the same tumor.
A description of the MC method is found at www.resolvebioscience.com, including step by
step protocols for sample and buffer preparation for the run. The run was conducted as service
by the Single-Cell OpenLab at the DKFZ. During the overnight hybridization of the gene-
specific probes, which is conducted prior to the run, the Alexa 647 labeled TelC ALT-FISH
probe was co-hybridized at a final concentration of 5 nM. After the run had completed, the
chambered MC tissue slide was removed from the instrument. The sample was rinsed three
times in PBS, stained with 5 yM DAPI/PBS for 15 min, and again rinsed three times in PBS.
Finally, 250 pl of fresh PBS were added for imaging.

2.16 Confocal microscopy of tissue samples

Tissue sections were imaged on the Andor Dragonfly 505 spinning disc confocal system.
Images were recorded with the 100x objective for all NB and LMS samples. The NB tumor
sample used for ALT-FISH/MC integration was recorded using the 60x objective. Tile-scans
with 10% overlap between adjacent images were acquired from a central region of each tissue
section (~1.3-2 mm?) as z-stacks of 51 frames (20 um with 0.4 um step size) or 26 frames (10
MM, 0.4 um step size) for the ALT-FISH/MC sample. Eosin and NCAM immuno-staining (Alexa
488-conjugated secondary antibody) signals were recorded using the GFP filter settings. The
same 637 nm laser intensity, camera exposure time and gain settings were used for recording
TelC ALT-FISH signals across LMS and NB samples, but varied for the ALT-FISH/MC sample.

2.17 Cell line ALT-FISH image analysis with Telosegment

Image stacks from the Andor Dragonfly confocal system were converted into TIF format using
the FIJI Bio-Formats importer [254] and then imported into RStudio using the EBImage
package [167]. All subsequent analysis was conducted within the Telosegment pipeline
implemented in R. The pipeline itself and all custom-written associated functions are available
at https://github.com/RippelLab/ALT-FISH. The main steps of the workflow are outlined in the
following paragraph. First, using the findBestSlices function, the optimal z-range of each stack
was identified by evaluating the intensity gradient in the DAPI channel and range-optimized
maximum intensity projections across all channels were generated for quantification. Next,
DAPI and ALT-FISH images were processed by a gaussian blurring algorithm (sigma = 1)

before segmentation of nuclei and spots, respectively.
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The function makeNucMask was employed to segment nuclei. makeNucMask performs a first
pass segmentation using the adaptive thresholding function thresh from EBImage and a user-
specified intensity offset. Subsequently, it applies pixel erosion, dilation and hole-filling
operators to refine the initial masks. Identification of connected pixel areas (nuclear masks) it
then done using the function bwlabel from EBImage. Masks that touch the image borders and
those that fall below a user-specified area cutoff are removed. The function makeCytoMask
was employed to segment the cytoplasm, if a cytoplasm marker was available. It uses a non-
linear combination of the DAPI and cytoplasm channel images as input. In a first pass, it
generates masks using thresh and a user-defined intensity offset. In a second pass, it
estimates the background in the surrounding non-mask image regions. The background
estimate is then used to refine the mask borders. Pixel erosion and a watershed algorithm are
applied to separate adjacent masks. In order to assign nuclear masks to their respective
cytoplasm masks, the function matchCellMasks was used. In addition, it finds incomplete
nuclear/cytoplasmic masks at the image borders and removes those before further

downstream analysis.

For spot segmentation, the ALT-FISH channel image regions corresponding to the final nuclear
(and cytoplasm) masks were isolated. Then, the function makeSpotMask was applied to each
region to identify spots. The same approach was applied to the TRF2 immuno-stained
samples to identify telomeres. The function first calculates the median pixel intensity in each
pixel area as a background estimate. A pixel is then considered as part of a spot when its
value exceeds 2.5 times (2 times in case of cytoplasmic spots and TRF2 spots) this value. To
obtain smoothened spot masks, erosion and dilation operators are applied. Finally, bwlabel
assigns connected pixels to the same spot and spots with less than 5 pixels are removed.
Spot numbers are then assigned to each cell and area by counting the number of connected

pixel groups bwlabel calls.

In addition to spot assignment, the Telosegment workflow uses all masks to extract intensity
features in these image regions across all channels. These include the mean, median,
standard deviation, minimum, and maximum values. To extract intensity features in a specific
mask, the semantic pixel labels generated by bwlabel are used to nullify all non-mask pixels
in the image to quantify. Mathematical operators can be applied to the modified image object,
which now contains only a selected pixel group values. Telosegment also uses the EBImage
function computefFeatures on semantic bwlabel-maps to extract area, shape features, and
position of the individual objects. The shape features of the nuclear objects were used to derive
a nuclear shape quality score (NSQS) defined by: NSSQ = (rmax X rsp % perimeter) / (rmin X
area), where r corresponds to the object radius. Max, min and SD denote the maximum,

minimum value and standard deviation of the object radius. The score increases with
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increasing deviation from a circular/oval shape. An empirical cutoff of NSQS>3 was used to

exclude low quality nuclei.

To calculate the coefficient of variation (CV) for the cell line co-culture ALT-FISH experiments,
the standard deviation of nuclear ALT-FISH intensity was divided by the mean nuclear intensity
of each nucleus. For measuring co-localization of ALT-FISH spots with signals from immuno-
staining, the ratio of the mean intensity in the segmented spot mask area to the mean intensity
in the corresponding nucleoplasm mask area was used to calculate the fold-enrichment of a
signal over background for each spot in each nucleus. Spots with ratios greater than 1.5 were
classified as co-localizing with the corresponding signal. This threshold value was determined
as the 99th percentile of the distribution of all ratio values for the DAPI signal. This type of co-
localization analysis assumes that the DAPI signal is not enriched in the spot areas, and thus

serves as a measure for a homogeneous non-enriched signal.

2.18 High-content microplate image analysis with Telosegment-HT

Image tile-scans from microplates were converted into TIF format, flat-field corrected, stitched
and maximum intensity-projected in FIJI [254] using a custom Imaged macro developed by
Anne Rademacher, a postdoc in our group. Cell nuclei in the DAPI images were segmented
using Cellpose [197] (model "cyto", diameter = 40). Spots in the ALT-FISH channel were
detected using the FIJI plugin RS-FISH [198] implemented in an Imaged macro for batch
processing. The following RS-FISH parameters were used for spot detection: sigma = 0.77,
threshold = 0.003, default RANSAC parameters, no background subtraction, no spot intensity
filtering. Pre-processing, and primary analysis (nucleus segmentation and spot detection) was
done across multiple plates using the same parameters. Subsequently, secondary analysis
was carried out on all wells of a single plate. This was necessary because the well center
position in the stitched images differed between plates, and required adjustment specific to
each plate. For secondary analysis, the Cellpose nuclear masks and corresponding ALT-FISH
and DAPI images were imported into RStudio as EBImage image objects. The output from
RS-FISH (spot xy-position, center intensity) was imported and converted into an image object,
where each spot was represented by one pixel denoting its center and containing the intensity
as pixel value. In a first step, a circular well mask of fixed radius was generated to exclude
nuclei and segmentation artifacts that occurred close to or outside the well borders. Its center
position in all well images was calibrated by aggregating the Cellpose masks from all wells
into a single reference image. After removal of border objects, the final nuclear masks were
used to quantify their shape, area and position features using computeFeatures from
EBImage. A custom function quantNuclei was written that assigns spots to nuclei by their

center pixel falling into a nuclear mask or not, and furthermore extracts DAPI and ALT-FISH
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intensity features for each nucleus. The final ALT-FISH spot count per cell included all spots
detected by RS-FISH in the primary analysis independent of their intensity. The cumulative
ALT-FISH spot intensity per cell was calculated as the sum of all RS-FISH spot center
intensities falling into one cell nucleus area. Quality of the microplate data was assessed on
two levels. A manual inspection of the segmentation and spot count data of all wells was
conducted. Wells that were found to have considerable segmentation artifacts or stitching
problems during pre-processing were eliminated from the analysis. Furthermore, the data was
filtered based on a nuclear size range (4000 to 15000 pixels) and an NSQS score smaller than
3 (see above for details). The latter served to removed smaller segmentation artifacts or poorly

segmented large groups of nuclei.

2.19 Tissue image analysis

Image tile-scans of LMS and NB tumor tissue sections were stitched using Fusion v2.3 (Andor)
on the employed spinning disc confocal system. The tile-scan of LMS tumor L1 was stitched
in in FIJI using a custom macro. Maximum intensity z-projections generated in FIJI were used
for all subsequent analyses. Images of the NB tumor used for ALT-FISH/MC integration were
pre-processed in the same way. Before performing segmentation, the DAPI image from the
confocal system was registered to the DAPI image from the MC instrument using the FIJI
plugin bUnwarpJ (https://github.com/fiji/lbUnwarpJ). Registration was done by Anne

Rademacher, a postdoc in our group.

Segmentation and spot detection was performed as for the microplate data, but with different
parameters. Cell nuclei were segmented using Cellpose [197] (model "cyto", LMS diameter =
80, NB diameter = 55). Spots were detected by RS-FISH [198] using the following parameters:
sigma = 1.75, theshold = 0.0011, default RANSAC parameters, no background subtraction,
minimum spot intensity of 1700 counts. To remove auto-fluorescent tissue artifacts, a semi-
automated manual inspection routine was devised in RStudio. It was used to manually mark
nuclei overlapping with artifacts and specifically exclude their masks before proceeding with
the downstream analyses. Spot assignment to the nuclei and subsequent generation of ALT
activity maps for both LMS and NB tumors was conducted using a semi-automated workflow
in both FIJI and RStudio. Similar to the approach developed for the microplates, the spot
positions were drawn as single pixels to create a binary image (spots = 1, background = 0)
with the same dimensions. The spot count per cell was determined by measuring the sum of
pixel intensities in each nuclear area on the binary image. To generate the ALT activity maps,
the nuclei were categorized into the four ALT activity groups, depending on their spot count:
no ALT (0), low ALT (1-2), ALT (3-20), and super-ALT (>20). To isolate nuclear masks that

belonged to one category, the corresponding nucleus identifiers were extracted from the
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semantic Cellpose masks. The mask objects were then drawn onto a new empty image.
Images containing isolated nuclear masks were then treated as channels, combined into a
final merged image and re-colored accordingly in FIJI to yield the final ALT activity maps. The

same strategy was used to generate the map for the ALT-FISH/MC integration.

For the LMS tumor L1, the primary analysis was conducted as described above. However,
spots were assigned to nuclei using a conceptionally similar workflow in FIJI, KNIME [257]
and Napari (https://napari.org). Nearest neighbor analysis on the ALT activity map was carried
out using Giotto [258]. Both of the latter approaches were developed and applied to the data
by Stephan Tirier, a former postdoc in our group. The pseudo H&E representation of tumor L1
was generated from the DAPI and eosin images in RStudio using EBImage and utilizing the

color transformation method described in ref. [208].

2.20 Cell cycle inference and spatial analysis of microplate data

For cell cycle inference analysis, the raw DNA content per cell was calculated as the sum of
pixel intensities in the DAPI channel for a segmented nuclear area. To quantitatively compare
DNA content between plates stained and imaged on different days, the raw DNA content
values were normalized. Initially, the G01 and G2M peaks were identified by locating the top
two maxima in the raw DNA content distribution histogram of each plate. The raw DNA content
values DCraw of each cell in that plate were then transformed according to the following
formula to yield the normalized DNA content value DCnorm of a cell: [(DCraw - DCGO01) /
(DCG2M - DCGO01)] +1, where DCGO01 and DCG2M represent the raw DNA content value at
the center of the G0O1 and G2M peak, respectively. The value 1 was added so that the
normalized G01 and G2M peaks are centered around 1 and 2, respectively. After
normalization, data from multiple plates was pooled and further filtered by the quality criteria
already described in section 2.18. The DNA content distribution of the pooled dataset was then
used for cell cycle stage assignment based on specified ranges of DNA content. These were
mainly determined by the G0O1 and G2M peaks. The center values of the two peaks (uPGO1,
NG2M) were estimated by fitting two gaussian distributions to the histogram. Cells in GO1 and
G2M phase were defined as having a DNA content between p + 2 standard deviations (o) of
the respective gaussian fits. Cells with values below the yG01-2c boundary were defined as
subG01, and above the uyG2M+2c as high ploidy (HP). Cells with values between uG01+2c
and uG2M-2c were categorized as S phase cells. Early and late S phase were distinguished

by the uG01+3c boundary value.

The analyses to correlate the number of cell neighbors to ALT-FISH signals was conducted on

six representative U20S wells that displayed a broad range of local cell densities. Nearest

116



Materials and Methods

neighbor maps were derived from the nucleus positions using the dnearneigh function from
the spdep v1.2-8 R package. To determine neighboring cells, the center of mass of nuclear
mask objects was utilized as the reference coordinates. Specifically, cells were deemed
neighbors if their nucleus center coordinates fell within a distance range of 15 and 100 pixels
(equivalent to 9 and 60 um). Extraction of microcolonies was done using the igraph v1.4.1 R
package. First, a Euclidean distance matrix was generated, comparing the coordinates of all
cells in a well. The distance matrix was then converted to an adjacency graph, where two cells
were considered adjacent if the distance between their nuclei centers was less than 100 pixels,
and non-adjacent if their distance was greater. The fast greedy clustering algorithm from the
igraph package was then applied to the adjacency graph to find adjacent cell communities. By
applying a size filter of 20 cells to the clusters, the microcolonies were reliably extracted among
all identified clusters. Further size filtering was employed to specifically extract datapoints from
doublet microcolonies. The following method was used to conduct the ALT-FISH feature
similarity analysis between cells in doublets. In a first step, the absolute pair-wise difference
in feature value between two cell1 and cell2 in the same doublet was calculated by subtraction.
This value was normalized by dividing it by the median of absolute differences between cell1
and all other cells in the dataset but cell2. The resulting pair-wise dissimilarity score indicates
more within-colony similarity if below 1 and more between-colony similarity if above 1. In order
to establish a background distribution of pairwise similarities among the cells in the dataset,

the score was calculated for the same cells after randomly grouping them into doublets.

2.21 Additional methods

Fluorescence correlation spectroscopy (FCS) for SSTR copy number estimation was
performed on an LSM710 microscope with a ConfoCor3 extension and equipped with a
40x/1.2 water objective. Alexa 633 dye (Molecular Probes, A33084) and Atto 633 TelC ALT-
FISH probe were diluted in 10 mM Tris-HCI pH 8, 10 mM NaCl and 0.002% Tween20 to a final
concentration of 20 nM. Poly-fluorescent 0.1 um TetraSpeck beads (Thermo Fisher Scientific,
T7279) were used undiluted as provided by the manufacturer (300 pM). FCS data were fitted
with the ZEN 2008 software. FCS data acquisition and analysis were carried out by Norbert

Mdicke, a research engineer in our group.
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