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Abstract
Nature provides a tremendously rich toolbox of dynamic nucleic acid structures that are widespread in cells and affect multiple biological processes. With technological advances in deepsequencing and DNA synthesis, non-canonical structures gained renewed scientific as well as
biotechnological interest. One particularly intriguing form of such structures is the formation of
triplexes. It involves three nucleic acid strands and a mix of Watson&Crick as well as Hoogsteen
hydrogen bonds. By applying low-throughput approaches in vitro, progress in the field has been
made, but until today the underlying rules for triplex formation remain debated and evidence for
such triplexes in vivo (e.g. in form of RNA*DNA-DNA triplexes) is circumstantial. In this Ph.D.
project, I applied a combined strategy of synthetic biology-inspired circuit designs in bacterial
and mammalian cells and the development of multiple deep-sequencing and DNA synthesis-based
platforms to systematically refine the triplex code. I started with the design of synthetic long
non-coding RNAs (slncRNAs) from the bottom-up and tested them in an enhancer-based circuit
in bacteria and a gene-activation platform in mammalian cells. In both systems a non-specific
and inconsistent up-regulatory effect of a reporter gene in presence of slncRNA molecules was
observed, but yielded overall inconclusive results. The challenges I faced using the synthetic
biology designs, prompted me to build several next-generation sequencing platforms to study
triplex formation in vitro and in cells. To do so, I designed large libraries of short, singlestranded oligos containing putative triplex-forming sequences. Following transfection of the
libraries into cells, or incubation with double-stranded DNA in vitro, a subset of oligos binds the
double-stranded DNA via triplex formation, is selectively enriched (Triplex-Seq), or ligated to
genomic DNA in close proximity (Triloci-Seq), and subsequently analyzed using next-generation
sequencing. By applying the Triplex-Seq approach in vitro and in cells, I identified that triplexes
are preferably formed in neutral compared to acidic pH, and G-rich oligos as well as G-rich
double-stranded DNA form stable and highly specific triplexes. Furthermore, a minimal length
of 7-10 nucleotides was shown to be sufficient for stable triplex formation. To identify genomic
target sites to which the oligos were bound, I employed Triloci-Seq. Using this approach, I found
putative genomic, GAArich motifs that exhibited a 3 nt periodicity in the sequence reads and
have been predicted to form triplexes with GAArich and TTCrich oligos that were used in this
approach. These results, together with the complementary Triplex-Seq data, refine the sequence
context required for triplex formation thus establishing a powerful tool to further study unusual
nucleic acid interactions. I believe that my results demonstrate the power of deep-sequencing
and synthetic biology platforms to explore triplex formation and build upon a growing interest
in using DNA structures for bio– and nanotechnological applications.
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Kan - kanamycin
kb - kbp/103 basepairs
Khspk1 - antisense RNA of the sphingosine kinase 1 (sphk1) gene
LB - lysogeny broth/Luria-Bertani
lincRNA - long intergenic non-coding RNA
lncRNA - long non-coding RNA
mat2 - methionine adenosyltransferase
MECP2 - methyl CpG binding protein 2
mHG - minimum hypergeometric
mL - milliliter
mM, M - millimolar, molar
mRNA - messenger RNA
MS - mass spectrometry
MSL - male specific lethal
ncRNA - non-coding RNA
NGS - next-generation sequencing
NLS - nuclear localization signal
nt/nts - nucleotide/nucleotides
o/n - overnight
OD - optical density
oligos - oligonucleotides
ORF - open reading frame
p - parallel (pH 5 condition)
PAGE - polyacrylamide gel electrophoresis
PARTICLE - promoter of MAT2A-antisense radiation-induced circulating lncRNA
PCR - polymerase chain reaction
PEG - polyethylene glycol
PEI - polyethylene imine
PFA - paraformaldehyde
PRC2 - polycomb repressive complex 2
pRNA - promoter-associated RNA
RAP - RNA antisense purification
RBP -RNA-binding protein
RT - room temperature
rDNA - ribosomal DNA
RNA - ribonucleic acid
roX - RNA on X
RPM - reads per million (bioinformatic analysis)/rpm - rounds per minute
SAF-A - scaffold attachment factor A
sbfp2 - strongly enhanced blue fluorescent protein 2
SDS - sodium dodecyl sulfate
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SHARP - SMRT and HDAC associated repressor protein
slncRNA - synthetic long non-coding RNA
SMRT - silencing mediator for retinoid or thyroid-hormone receptors
Sox2 - sex determining region Y-box 2
SPR - surface particle resonance
SSC - saline-sodium citrate (buffer)/side scatter (flow cytometry)
ssDNA - single-stranded DNA
T - thymine
TBE - Tris/Borate/EDTA
TDB - triplex disfavoring buffer
tdPCP - tandem-dimer PP7 phage coat protein
TE - Trizma/Tris-EDTA
TEMED - N,N,N’,N’-Tetramethylethylenediamine
TF - transcription factor
TFO - triplex-forming oligo
TLS - translocated in lipocarsoma
TMP - Trioxsalen/4,5,8-Trimethylpsoralen
TTS - triplex target site
U - Units
UTR - untranslated region
UV - ultraviolet
V - Volt
Xi - inactive X-chromosome
XIST - X-inactive specific transcripts)
μL- microliter/ μM - micromolar / μg - microgram
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Introduction

Scientists love to solve puzzles and riddles and if a scientific mystery presents itself, researchers
will definitely engage in deciphering the unresolved question. And it would not be science if
there are not such big questions out there. One said enigma of recent years has been termed
the biological ’dark matter’ of genomics. Only about 2 % of the mammalian genomes encode for
proteins, so does that mean that the remaining 98 % of the genome lack any obvious function?
In recent years, technological advances in genome sequencing 1 and low-cost gene synthesis 2
allowed researchers to shed light on the genome’s ’dark matter’. Since then discoveries such
as the findings that ultraconserved elements across mammalian genomes impair neurological
functions 3 or that mutational hotspots frequently occur in the non-coding regions in cancer 4 have
been elucidated. Furthermore, the Encyclopedia of DNA Elements (ENCODE), an international
research consortium initiated to build a list of functional DNA elements, has identified and
annotated thousands of non-coding transcripts (ncRNAs) 5 . These ncRNAs lack any obvious
protein-coding potential, but are nevertheless implicated in various biological processes 6 . Due
to their length and their inability to be translated into proteins these transcripts are termed long
non-coding RNAs (lncRNAs).

1.1

Long non-coding RNAs (lncRNAs)

lncRNAs are per definition longer than 200 nts and are predominantly localized in the nucleus 7 .
This novel class of non-coding transcripts can be non-polyadenylated or polyadenylated, monoor multi-exonic, are transcribed in sense or antisense orientation and are overall expressed at
lower levels compared to mRNAs 7 (Figure 1a).
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Figure 1| Characteristics and function of long non-coding RNAs (lncRNAs). a, lncRNAs are a
diverse class of ncRNAs and are transcribed as intronic transcripts, in sense or antisense orientation, as promoterassociated transcripts (paRNAs), and as unidirectional or bidirectional enhancer RNAs (eRNAs). Additionally,
one subset of RNAs are expressed as long intergenic ncRNAs (lincRNAs) that are spliced, polyadenylated and
tissue specific. b, lncRNAs have been implicated in various biological processes such as regulation of gene
expression at the level of transcription, as well as post-transcription, and have been proposed to guide the threedimensional genome architecture via bridging genomic loci.
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Thus, lncRNAs can be roughly classified into sub-groups depending on these characteristics
such as long intergenic ncRNAs (lincRNAs), uni- or bidirectional enhancer RNAs (eRNAs)
and promoter associated RNAs (pRNA) 8;7;9 . While many lncRNAs appear to be functional
molecules and have been implicated in transcriptional regulation 9;10;11 and dosage compensation 12;13 , genome architecture (personal correspondence, I. Farabella, 42nd FEBS congress),
post-transcriptional processing 14 as well as translational regulation 15 (Figure 1b), some transcripts seem to be a mere by-product of pervasive transcription of the genome and lack apparent
functions 16;17 . This diverse set of potential lncRNA functions and their impact on biological processes also results in emerging pathogenic patterns such as the involvement of lncRNAs
in cancer, myopathies and genetically inherited disorders 18 . With a 10-fold increase of publications in the field of lncRNAs in a decade (ncbi: 2008: 222 publications/year, 2017: 2938
publications/year 19 ), it represents an extensive amount of overall lncRNA studies. Hence, this
work will be focusing on lncRNAs transcriptional regulators.

1.2

lncRNA transcriptional regulators

Given the higher-order structures of eukaryotic genomes, lncRNAs have developed multiple
ways to control gene expression such as providing docking platforms for chromatin remodeling
complexes and histone modifying proteins, modulating transcription factor (TF) activity and
long-range gene regulation by bridging genomic loci that are not in close proximity to one
another (Figure 2).
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Figure 2| Schematic overview of transcriptional lncRNA regulators. lncRNAs mainly localize in the
nucleus and have developed several ways to regulate gene expression. lncRNAs scaffold regulatory proteins
such as histone modifiers and chromatin remodellers that change the sate of chromatin (left). Besides changing
the chromatin state, lncRNAs can undergo conformational changes in their secondary structure, which lead to
substitution of a transcriptional activator protein with a repressor complex or dissociation of transcription factors
(center). Another strategy to regulate or orchestrate simultaneous gene expression is by bridging distant genomic
loci of the same or different chromsomes using lncRNAs (right).

1.2.1

Chromatin modulation

One simple, yet intriguing way of how lncRNAs regulate gene expression relies on scaffolding
large protein complexes that change the state of chromatin (Figure 2, left). One such example is
Xist (X-inactive specific transcripts) which regulates dosage compensation at the early stage of
the development of the female embryo of mammals. Dosage compensation describes the process
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of silencing one X-chromosome to normalize expression of X-linked genes. The 17 kb long
lncRNA is transcribed from the inactive X-chromosome (Xi) while being absent on the active
chromosome 20 . Xist is found close to its site of transcription, coats the inactive chromosome 21
and induces heterochromatin formation 22 by scaffolding proteins such as SHARP (SMRT and
HDAC associated repressor protein, also known as SPEN) which in turn recruits the histone
deacetylase HDAC3 23 .
Contrary to silencing gene expression of X-linked genes, roX (RNA on X) molecules activate
gene expression in male Drosophila flies. roX compensates for the lack of the additional Xchromosome by up-regulating transcription of the X-linked genes. roX1 and roX2 contain conserved tandem stem loop structures that bind the male specific lethal (MSL) protein complex 24 .
This ribonucleoprotein complex coats the chromosome and thereby activates gene expression
through acetylation of specific histones 13;25 .
While Xist and roX are examples of cis-regulatory molecules, HOTAIR (HOX transcript antisense RNA) was the first lncRNA to be described that acts in trans (at a distance) 26 . During
development, HOTAIR is transcribed from the homeobox C (HoxC) locus and represses transcription of genes in the HoxD cluster located on another chromosome. Recently, Tsai and colleagues reported that HOTAIR assembles at least two protein complexes with histone-modifying
activities by providing a modular secondary docking structure 27;11 . The lncRNA tethers the
polycomb repressive complex 2 (PRC2) and the CoREST/REST repressor complex thereby organizing histone-modifying protein activity at specific genomic loci.
1.2.2

Modification of transcription factor activity

In addition to protein scaffolding to change epigenetic states, lncRNAs can also bind transcriptional regulators (Figure 2, center). For instance, the lncRNA Gas5 inhibits the glucocorticoid
receptor (GR) and regulates gene expression by mimicking the GR-binding domain thereby reducing protein-DNA interactions 14 . Contrary to DNA mimicry, the lncRNA that regulates the
ccnd1 gene (cyclin D1) induces a conformational change in the TLS (translocated in liposarcoma)
protein thus activating the protein for DNA binding 28 . Subsequently, histone acetyltransferases
are repressed and ccnd1 gene expression is silenced. While lncRNAs can induce conformational
changes in TFs, they also bind both transcriptional activators and repressors. The polyadenylated lncRNA Evf2 for example recruits either the Dlx-2 (Distal-Less Homeobox 2) activator or
MECP2 (methyl CpG binding protein 2) repressor to the intergenic enhancer elements Dlx-5/6
ei and Dlx-5/6 eii thus either mediating activation or repression, respectively 29 .
1.2.3

Transcriptional regulation via spatial-compartment formation

Recent studies suggested that ncRNAs are transcribed in sense or antisense orientation from
enhancer regions (enhancer RNAs, eRNAs) and enhance transcription. Recently, Li et al. published an article to support that eRNA transcripts have indeed functional roles in enhancing
transcription 30 . The authors observed an eRNA-controlled increase of transcription at oestrogenregulated enhancers and proposed an eRNA-mediated stabilization between promoter and enhancers. This hypothesis of lncRNA-enhancer bridging was supported by Melo and colleagues
who reported a p53-dependent eRNA transcription 31 . Both studies tethered the transcribed eRNAs to a GAL4/UAS (galactose-responsive transcription factor/upsteam-activating sequence)
reporter system via RNA-binding proteins (RBPs) such as λN and MS2, respectively. The tethering strategy significantly enhanced transcription in an eRNA-dependent manner at enhancer
sites and promoters. In the looping-based transcriptional regulation, eRNAs assemble protein
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complexes and bridge distal enhancer sites with specific promoter regions or provide a platform
that can be easily accessed by the polymerase II transcriptional machinery. For instance, eRNAs
stabilize the cohesin complex at enhancer sites by interacting with the Cohesin subunits thus
enhancing transcription 30 . Another study showed that the homeodomain-containing TF Dlx-2
forms a complex with the Evf2 eRNA that is transcribed from the ultraconserved element ei
of the Dlx-5/6 enhancer. Through Evf-2-mediated bridging of the TF Dlx-2, Dlx-5/6 enhancer
activity is increased 28 .
While enhancer-based gene regulation is one aspect of providing spatial proximity, other lncRNAs
have been implicated to shape nuclear compartments (Figure 2, right) such as Xist and FIRRE
(functional intergenic repeating RNA element). Xist has been described above as a lncRNA that
scaffolds histone-modifying proteins thus silencing gene expression, but it also induces structural
chromosomal changes by interacting with the lamin B receptor 32;23 . FIRRE, a lncRNA that
is required for proper adipogenesis, has been shown to interact with the nuclear-matrix factor
hnRNPU 33 and thereby co-localizes with distinct genomic loci such as DXZ4 34 . In a followup study on the mechanism on how such 3D-organizational characteristics can be established,
the authors showed that while FIRRE plays an important role, it is not the only factor to
form such topological-associated domains 35 . Whilst FIRRE and Xist shape the 3D-structure
of the genome, NEAT (nuclear enriched abundant transcript 1) induces so called paraspeckles.
These structures are sub-cellular compartments that contain proteins (mainly RBPs) as well
as mRNAs 36 and have been proposed to act as transcription regulation centers 37 and form a
nuclear RNA retention architecture 38 .

1.3

lncRNA localization to genomic targets

Considering the implications of lncRNAs in regulation of gene expression and their role in recruiting regulatory proteins to specific genomic loci, it is imperative to ask how lncRNAs target
genomic loci in a precise manner. Three strategies on how lncRNAs accomplish such interactions
will be discussed below (Figure 3): (1) Structural genome architecture-guided interactions, (2)
Protein-mediated genomic interactions, and (3) Direct RNA-DNA interactions via triple helix
formation.
(1) 3D proximity

(2) RNA-protein-DNA
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(3) direct RNA-DNA
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......
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Figure 3| Strategies for targeting genomic loci by lncRNAs. Three main strategies of how lncRNAs
target genomic loci are presented in this scheme. (1) The genome architecture provides a scaffold for lncRNAs to
reach distal genes with respect to the linear location on the chromosome. (2) lncRNAs can bind to DNA-RNAbinding proteins (DRBPs) that recognize DNA motifs on the genome thereby recruiting the lncRNA to its site of
regulation. (3) lncRNAs can target genomic loci by binding directly to DNA by forming triple helical structures
(triplexes).
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1.3.1

3D-proximity guides lncRNA interactions

To understand how lncRNAs can be restricted to specific genomic regions, I turn again to Xist,
the lncRNA earlier described as a cis-regulatory acting lncRNA. Using the newly developed
RNA antisense purification (RAP) technology, which purifies RNA and associated DNA regions via biotinylated oligos, it has been proposed that Xist exhibits a broad patterning with
higher enrichment at gene-rich regions across the entire inactive chromosome 39 . Establishment
of such a pattern was proposed to be guided by the proximity transfer model in which Xist
initially (Xi initiation) localizes to DNA regions that are in close 3D-proximity to its own transcription site, but are distally located across the chromosome. Spreading of Xist was proposed
to be achieved by modifying chromatin states and nuclear architecture through recruitment of
the histone methyltransferase PRC2 39 . While there are numerous other lncRNAs that act in
cis-regulatory manner such as FIRRE, HOTTIP 40 (HOXA transcript at the distal tip) and
CISTR-ACT (Cis- And Trans-Chromosomal Chondrogenic Regulator Transcript) 41 , the precise
mechanism of how interchromosomal contacts contribute to cis-regulatory effects remains to be
investigated.
1.3.2

Protein-mediated interactions with genomic loci

Contrary to the 3D-proximity model, protein-mediated interactions of lncRNAs with genomic
sites require proteins such as RBPs, DNA-RNA-binding proteins (DRBPs) and DNA-binding
proteins to be imported into the nucleus and target specific loci. Some lncRNAs such as roX
interact with chromatin to target specific regions. The MSL complex, which consists of five
proteins as well as the roX1 and roX2 lncRNAs, has been shown to interact with CLAMP
(chromatin-linked adaptor for MSL proteins), a zinc finger protein that recognizes so called
chromatin entry sites on the genome that are GA-rich 42;43 . Recently, McHugh et al. employed
the RAP technology followed by quantitative mass spectrometry (RAP-MS) and showed that
Xist interacts with 10 proteins 23 and at least three of them are required for silencing the X
chromosome. Intriguingly, one of the proteins, a known chromatin-binding protein termed SAFA (scaffold attachment factor A), has been proposed to bind to Xist and recruits the Xist/protein
complex to sites on the X chromosome.
This protein-guided targeting of DNA and the similar mechanism of lncRNAs that bridge enhancer regions, as was discussed above, inspired me to hypothesize that RBPs may facilitate
scanning of genomic target sites of lncRNAs in a similar fashion to how TFs efficiently find their
binding sites on the genome. This hypothesis is based on the facilitated diffusion model that
has been described mathematically over 30 years ago 44 . To control the rate of transcription,
TFs need to recognize their specific DNA sequence in a fast and precise manner. Berg and colleagues described two limiting factors for the three-dimensional diffusion of protein-DNA target
site search: (i) the small numbers of perfect DNA-binding sites/operators in the genome and (ii)
structural similarities between perfect and non-target sites. Hence, over the years biophysical
work suggested that the protein-DNA search is a combined mechanism of one-dimensional (1D)
sliding of the protein along the DNA and three-dimensional (3D) diffusion in the cytoplasm. In
vitro work using λ phage DNA-coated flow cells demonstrated that the C-terminal domain of the
tumor suppressor protein p53 indeed slides along the DNA 45 . Furthermore, Hammar and colleagues described how TFs find their specific binding sites in living cells 46 . They demonstrated
in a single-molecule tracking assay that the transcriptional repressor LacI slides along the DNA
in a 1D-manner and 3D-diffuses in the bacterial cell. This facilitated diffusion allowed LacI to
accurately scan for potential LacI-binding sites in the bacterial genome. Similarly, more recent
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work by Chen et al. demonstrated that the enhancer-binding regulator Sox2 (sex determining
region Y-box 2) diffuses in the nuclear space combined with DNA sliding to efficiently find its
target site in the genome of embryonic stem cells 47 . Thus, even though research indicates a
chromosomal structure guided approach for cis-regulatory effects in the case of Xist, it is possible that the affinity and scanning characteristics of proteins as described for Sox2 and LacI do
facilitate and support other lncRNA regulatory interactions.
1.3.3

Direct lncRNA-DNA interaction

The third strategy highlights a slightly more unconventional mechanism in which lncRNAs directly interact with genomic sites via RNA*DNA-DNA triple helix formation 10;48;49;50;51;52;53;54 .
These RNA-DNA interactions rely on single-stranded RNA molecules that associate with the
targeted DNA duplex strand via Watson and Crick-independent hydrogen bonds and are termed
triple helix structures (triplexes) 55 . Because of the unconventionality of such triplex structures,
I will elaborate on non-canonical structures in general and triplexes in particular in the following
paragraphs.

1.4

Non-canonical DNA structures

Triplex structures belong to the class of non-canonical nucleic acid structures (Figure 4). During biological processes such as transcription and replication, DNA unwinds and is able to
form structures that differ from the Watson and Crick-proposed B-form of the DNA double
helix (conformational polymorphism) 56 . These alternate structures fall into two categories: The
first one adopts structures such as parallel duplexes 57;58 , hairpins 59;60 and cruciforms 61;62 using Watson and Crick bonds, while the second group relies on Watson and Crick-independent
hydrogen bonds termed Hoogsteen bonds. The most prominent members of this group are
G-quadruplexes 63;64;65;66 , the i-motif (C+ -C basepair) 67;68;69;70 and inter- as well as intramolecular triplexes which rely on both Watson and Crick as well as Hoogsteen interactions 71;72;73;74 .
All non-canonical structures are implicated in biological processes such as transcriptional regulation 75;64 , replication 76 or genome instability 77;78 . Despite two important publications that
further shed light on the abundant occurrence of G-quadruplexes in the genome 79 and the existence of i-motifs in cells 80 , there has been little experimental evidence supporting the existence
of non-canonical structures and in particular triplexes in vivo.
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Figure 4| Schematic representation of non-canonical structures. Non-canonical DNA structures are
found throughout the cell. These alternate structures can be divided into two groups. The first one uses the
commonly known Watson and Crick hydrogen interactions and comprises parallel duplexes, hairpin and cruciform
DNA, whereas the second group uses Hoogsteen interactions and is formed by G-quadruplexes, i-motifs and
triplexes.
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Triplexes are alternate structures that occur inter- and intramolecularly and are found in bacteria 81;82;72 , yeast 73 and mammalian cells 83;78 . Triplex formation is the process in which a singlestranded nucleic acid molecule (RNA or DNA) binds predominantly to the purine-rich (guanine
or adenine) major groove of double-stranded nucleic acid molecules (RNA or DNA) (Figure 5a,
left). Such structures have been discovered shortly after Francis Crick and James Watson, with
the help of X-ray diffraction images from Rosalind Franklin, published the DNA double-helix
model. Most notably the existence of triple helical structures was first supported in a 1957
study 84 . Gary Felsenfeld put forward that, given the appropriate concentration of multivalent
ions such as magnesium, mixtures of polyadenylic and polyuridylic acid form a double-stranded
nucleic acid molecule and a single ribonucleic acid chain wraps around the double helix.
The underlying interactions between the third strand and the double helix are based on hydrogen
interactions that differ from the known Watson and Crick bonds. Few years after the existence of
triplexes was proposed, Karst Hoogsteen suggested that basepairs can adopt a different geometry
through rotation of the purine base around the glycosidic bond thus providing different hydrogen
acceptors (N7 position of purine base) and donors (C6 amino group of purine base) 55 . These
hydrogen interactions have been termed Hoogsteen bonds and are the principal force in triplex
structures (Figure 5a, right).
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Figure 5| Triplex formation and the underlying ’triplex code’. a, Triple helices (triplexes) are formed
when a single-stranded nucleic acid molecule interacts via Hoogsteen interactions with the purine strand of a
Watson&Crick-based double helix. Hoogsteen interactions make use of free hydrogen acceptors and donors of the
Watson & Crick basepair by rotation and adoption of a different geometry. b, Triplexes can adopt two different
types of triplexes depending on salt concentration and pH. The first one is referred to as an anti-parallel triplex
because the third strand is reversed with respect to the 5’ –> 3’ orientation of the purine sequence of the double
helix. c, In literature, several nucleotide combinations were found that can occur in the same triplex. It has also
been shown that anti-parallel triplexes use reverse Hoogsteen bonds, while parallel triplexes require Hoogsteen
bonds. Some triplexes contain mixed motifs which can occur both in anti-parallel or parallel triplexes.

Single-stranded chains bind the polypurine stretch of the major groove of the duplex molecule via
two possible Hoogsteen configurations: (i) Hoogsteen interactions promoting a parallel orientation of the third strand and (ii) reverse Hoogsteen bonds resulting in an anti-parallel orientation
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of the third strand with respect to the duplex sequence (Figure 5b). Based on these restrictions
in nucleotide geometry a ’triplex code’ was proposed and is shown in Figure 5c.
Experiments performed in vitro indicated that parallel orientations are predominantly established by pyrimidine motifs (cytosine, thymine) and anti-parallel architectures are found in purine
motifs (adenine, guanine). However, mixed motifs (guanine, thymine) of nucleotides adopt both
parallel and anti-parallel triplexes. For triplex formation to occur certain conditions are required. Morgan and Wells showed in 1968 that double-stranded DNA forms triplex structures
with cytosine-rich polyribonucleotides in acidic environments and random polymers did not yield
triplexes, thus indicating that triplexes exhibit a clear specificity 85 . While pyrimidine-rich sequences require acidic conditions to obtain a N3-protonated cytosine in a C-G*C+ triplex 86;87;88 ,
it has been shown that triplex formation using guanine-rich single-stranded chains in physiological potassium concentrations was inhibited due to G-quadruplex formation 86;89;90 . Given this
specificity in formation of triplexes 85;86;91;92 , Moser and Dervan developed short triplex-forming
oligonucleotides (TFOs) that can be targeted to double-stranded molecules and from triplexes
by binding to the major groove of homopolypurine stretches in the triplex target site (TTS) via
Hoogsteen bonds 93;86;94 .
TFOs are generally 10-30 nucleotides long and due to their specificity in targeting doublestranded DNA, they were subsequently used as biotechnological tools both in vitro and in vivo.
One of the first publications in the field demonstrated the successful induction of double-strand
breaks within the TTS upon triple helix formation 93 (Figure 6a). In the following decades, TFOs
have been used for site-specific transcriptional regulation such as transcription initiation 95 (Figure 6b) and elongation inhibition 96 (Figure 6c) as well as triplex-directed mutagenesis 97 .
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Figure 6| Applications of triplex-forming oligos and tools to detect triplexes. TFOs are short singlestranded oligos that can form triplexes with a double-stranded, purine-rich DNA sequence that is termed triplex
target site (TTS). Several groups used TFOs as biotechnological tools to (a) induce double-strand breaks and use
it for targeted mutagenesis, (b) activate gene expression by coupling TFOs to the activator peptide vp64 and (c)
inhibit transcriptional elongation of a reporter gene. Furthermore, TFOs were used as tools to show endogenous
triplex formation such as (d) generation of triplex-recognizing antibodies and (e) use of thiazole orange, a dye
that was shown to possess a higher affinity towards triplexes compared to duplexes. (f) A vast list of naturally
occurring triplex-binding proteins have been discovered in bacteria, yeast and mammalian cells.

Based on the initial study that showed triplex-mediated double-strand breaks, TFOs were further
optimized to increase recombination events at sites of interest 98;99 . Despite extensive amount
of work that focused on establishing TFOs as therapeutic and biotechnological agents, triplex
formation under physiological conditions mostly was attenuated and the expected biological
function (e.g. site-directed mutagenesis) was low. This constraint was highlighted recently, in
which studies from Wang et al. 97;100 and Vasquez et al. 101 could not be reproduced by a different
research group in 2017 97;100;102 . In the original publication, the authors showed that both in
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cells 97 and mice 101 significant triplex-induced mutagenesis occurred using non-modified TFOs.
To overcome such limitations, a new field developed in which the backbone 92;103 , base 94 and
sugar component 104;105 of TFOs were intensively modified thus facilitating triplex formation of
both guanine-rich (G-rich) or cytosine-containing TFOs. Additionally, chemical compounds such
as psoralen were coupled to the TFOs to increase targeting rates of genomic DNA, mutagenesis
frequency or inhibition elongation efficiency 106;98;107;99;97 .
While exploiting triplexes upon introduction of exogenous TFOs mainly focuses on chemically
modified TFOs, the existence of endogenously occurring triplexes in cells was long questioned
due to the constraints of triplex formation in physiological conditions (pH of 7.0 disfavors parallel triplexes, physiological potassium concentrations of > 40 mM disfavor triplexes and favor
G-quadruplexes). In recent years, there has been an increasing amount of experimental proof
which supports the natural occurrence of triplexes in vivo. Additional experimental evidence
supporting triplex formation in vivo has been generated using specific triplex-binding antibodies 108 (Figure 6d), triplex-intercalating dyes such as thiazole orange 109 (Figure 6e) and findings
of endogenous triplex-binding proteins (Figure 6f) involved in DNA damage repair 110 , recombination 111 , transposition 112 and chromosome segregation 113 . While experimental support for
endogenous triplexes accumulated, in silico analyses also suggested that polypurine regions,
exhibiting characteristics of putative triplex target sites, are significantly over-represented in
promoter regions and CpG islands in several genomes 114;115;116 . With increasing availability of
sequenced genomes, bioinformatic tools such as the Triplexator 117 , triplex domain finder 118 and
the TTSMI database 119 were developed and confirmed that putative TTS sequences are highly
enriched in gene regulatory elements. Taken together, the molecular understanding of triplex
formation in vitro and the abundance of putative TTS in the genome, has prompted some researchers to suggest that RNA molecules might interact with the double-stranded genomic DNA
and form RNA*DNA-DNA triplexes (Figure 7).
The first study about putative triplex-forming lncRNAs in eukaryotic cells demonstrated that
a promoter-associated ncRNA silenced transcription of the dihydrofolate reductase (dhfr) gene
likely through formation of a triple-helix structure between the ncRNA and the promoter region 48 (Figure 7a). The lncRNA that is transcribed from a minor promoter upstream of the
major promoter of the dhfr gene interacts directly with TFIIB, as shown by RNA immunoprecipitation, leading to dissociation of the pre-initiation complex and thereby reducing DHFR
expression. Specificity of targeting the non-coding RNA to the major promoter is proposed to
be achieved trough triplex formation with a G-rich region containing an Sp1-binding site within
the major promoter. This specific triplex interaction has been demonstrated by in vitro analysis
of an H-form band-shift assay. While Martianov et al. proposed a RNA-mediated repressional
switch in TFIIB, Schmitz and colleagues showed three years later that ribosomal DNA (rDNA)
genes are silenced through triplex formation of a promoter-associated ncRNA (pRNA) with a
sequence representing the binding site for the transcription factor TTF-1 termed T0 in the core
rDNA promoter 10 (Figure 7b). The pRNAs induce de novo methylation by triplex formation
with the putative TTS which is recognized by the DNA methyltransferase DNMT3b (DNA
methyltransferase 3 beta). Furthermore, it was demonstrated that the pRNA is bound by the
large subunit TIP-5 of the chromatin remodeling complex NoRC 120 which leads to silencing of
the rDNA genes. lncRNAs are known to bind the repressive PRC2 complex and two prominent
lncRNAs, Fendrr 50 (Figure 7c) and MEG3 52 (Figure 7d) have been proposed to target PRC2
to multiple genomic sites in cis (in close proximity) and trans (distal) via triplex formation.
Contrary to promoter-associated RNAs, the lncRNAs Khspk1 51 (antisense RNA of the sphingosine kinase 1 (sphk1 ) gene) and PARTICLE 53 (promoter of MAT2A-antisense radiation-induced
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circulating lncRNA) are transcribed in antisense orientation of the genes they are regulating.
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Figure 7| RNA*DNA-DNA triplex formation in cells. lncRNAs have been proposed to form triplexes with
genomic loci in cells. Since 2007, several publications indicated the involvement of various lncRNAs in regulating
expression via triplex formation such as (a) the ncRNA interacts with the Sp1-site located within the promoter
for the dihydrofolate reductase (dhfr) gene, (b) the promoter-associated RNA (pRNA) interacts with a genomic
sequence overlapping a TF-binding site of the core rDNA promoter, (c + d) Fendrr and MEG3 lncRNAs target
genomic loci in cis and trans, (e +f) lncRNAs Khspk1 and PARTICLE are transcribed in antisense orientation
and interact with promoter regions of the (e) spkh1 gene or (f) mat2a gene.

While the lncRNAs that have been described so far promote silencing of gene expression, Khspk1
lncRNA has been shown to bind the histone acetyltransferase p300/CBP and recruits it to the
promoter of the spkh1 gene thereby enhancing gene transcription of sphk1 which reduces E2F1induced apoptosis (Figure 7e). Low-dose irradiation has been proposed to invoke biological
processes which is in part regulated by PARTICLE. PARTICLE is transcribed upon low-dose
radiation and silences the mat2a (methionine adenosyltransferase) gene via triplex formation
within the CpG-island of the mat2a promoter 53 (Figure 7f). mat2a expression is silenced by
bringing the lysine methyltransferase G9a into close proximity of the promoter thereby ensuring
access to sufficient methyl groups required in methyl transfer reactions and polyamine biosynthesis. While all publications propose triplex formation as a potential mechanism of targeting
lncRNAs to genomic loci, triplex formation was demonstrated only in vitro using RNA-based
electrophoretic mobility shift assays (EMSAs) and surface particle resonance (SPR) assays.

1.5

Challenges in triplex formation

Despite accumulating evidence for in cell triplex formation, most researchers in the lncRNA
field 121;122 doubt the involvement of triplex formation in lncRNA-chromatin interactions. Several
critical points have been raised throughout the period of my Ph.D. project (including personal
correspondence on ncRNA Keystone conferences in 2015 and 2017) to which I would like to
comment on in the next paragraphs (Figure 8):
1. Inaccessibility of genomic loci through heterochromatin formation
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2. Physiological environment disfavors triplex formation
3. Lack of understanding of triplex code in vivo and in vitro
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Figure 8| Challenging aspects in triplex formation. Triplex formation in cells is up until now slightly
controversial due to three main challenges that need to be overcome and/or investigated: (1) The inaccessibility
of triplex target sites due to densely packed chromatin. (2) Physiological environments disfavor triplex formation
such as neutral pH disfavors parallel triplex formation and high monovalent ion concentrations such as potassium
favor other non-canonical structures in G-rich stretches such as G-quadruplexes. (3) The underlying triplex
code is still not completely understood and lacks answers to questions regarding the minimal length, how many
mismatches can be tolerated and how triplexes can be formed with pyrimidine and purine mixes.

1.5.1

Inaccessibility of genomic loci through heterochromatin formation

Given the known compaction of eukaryotic genomes into tightly packed nucleosomes, investigators raised the question of how lncRNAs can penetrate such densely packed structures (Figure
8a). While studies have shown that short TFOs can target non-chromatinized (naked) genomic
DNA in vitro 123 , chromosomal DNA in permeabilized cells 124 or the genomic DNA in human
fibroblast cells 107 and in mice 101 , a conflicting study showed that targeting chromatinized DNA
using TFOs was unsuccessful 125 . A follow-up study demonstrated that TTS located in actively
transcribed genomic loci can be accessed by TFOs, while TFO access to the same TTS in silent
loci seems to be inhibited 126 . However, given the recent finding that genomes are pervasively
transcribed, one might argue that it depends on the dynamic interplay of various factors to
determine when genomic loci are actually accessible 127 .
1.5.2

Physiological environment disfavors triplex formation

In parallel triplex formation cytosines need to be protonated and, until recently, it was assumed
that cytosine protonation only occurs in an acidic environment. Zeraati and colleagues however
reported that the non-canonical i-motif structure does occur under physiological conditions 80 .
Similar to the C-G*C+ triplex, this structure requires a hemiprotonated cytosine to form a C+ :C
basepair. The authors demonstrated that i-motif structures are found throughout human cells
by developing an antibody against this structure and propose that molecular crowding, as well
as cytosine modifications positively influence i-motif formation and stability.
Coming back to RNA as the third strand in triplexes, several studies suggested that N3 atoms
in cytosines are thermodynamically favored for protonation compared to other residues in the
cytosine base 128;129 . While most of the in vitro studies were carried out using a dilute polymeric
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environment, physiological conditions are assumed to be characterized by intracellular macromolecular crowding effects. In accordance with Zeraati et al., molecular crowding simulations
using polyethylene glycol (PEG) have been shown to shift the apparent pKa of cytosine closer
to pH neutrality thus favoring the formation of i-motifs 130 in physiological-like conditions. Similarly, PEG also increases the stability of the triplet T-A*T thereby favoring triplex formation
and destabilizing duplex formation 130 .
Interestingly, lncRNAs are known to be post-transcriptionally modified. Modifications such
as conversion of cytosine to uracil and adenosine to inosine, known as RNA editing 131;132 , or
methylation of C5 in cytosine 133;134 contribute to overcoming the limitations thought to attenuate natural intermolecular triplex formation. And since it has been shown 30 years ago that
inosine forms stable triplexes in vitro 86 , this makes a strong argument for potential triplex formation of lncRNAs with genomic DNA. Consequently, the primary genomic sequence may not
be the only determinant in the strength and specificity of triplex interactions.
1.5.3

Lack of understanding of triplex code in vitro and in vivo

One of the publications, which indicated that the promoter-associated pRNA is involved in triplex
formation 10 (Figure 7b) and has been discussed earlier, is an interesting example that it is until
now unclear what is required to form triplexes in cells. As mentioned above, triplexes can occur
with either pyrimidine or purine motifs or mixed GT-motifs, but the putative triplex-forming
sequence of the pRNA seems to be a unique pyrimidine/purine mix which does not correspond
to the conservative motifs described earlier. The same research group recently published a
study in which key questions regarding triplex structures, stability and the underlying triplex
code in vitro were addressed 135 . Thus, both papers highlight the lack of knowledge regarding
triplex structures in vitro and in vivo as well as the definition of high-affinity triplex target
sites. Contributing to this lack is the fact that the publication from Wang et al. 100 using TFOs
targeted to the genome in mammalian cells could not be reproduced in 2017 102 leaving the
question of how reliable triplex formation occurs wide open.

1.6

Synthetic-biology approaches to study biological functions

Synthetic biology is an emerging field that combines ideas and concepts from multiple disciplines
spanning biology, engineering, medicine and even philosophy. It centers around the design and
construction of new artificial pathways, devices or chassis and the use of (non-)existent building
blocks to replicate natural biological systems. In the past two decades, synthetic biology-inspired
research drove innovations in agriculture, sustainable and renewable energy production, tissue
engineering, targeted drug delivery and understanding biological design principles. Synthetic
biology started off with the generation of genetic circuits such as the design of a synthetic
oscillator in bacterial cells 136 and continued with the production of an anti-malaria drug precursor in engineered yeast cells 137 as well as the generation of the CRISPR/Cas9 (clustered
regularly interspaced short palindromic repeats-associated protein 9) genome editing toolbox
for medical purposes 138;139;140 . With recent technological advances in next-generation sequencing, gene synthesis and genome assembly technologies 141 , researchers aim to address question
in understanding basic, underlying design principles in bacteria 142;143;144 , yeast 145;146;147 and
mammalian cells 148;79;149 . The concept of combining next-generation sequencing technologies
with the rational synthetic biology design significantly expanded the understanding of mechanisms of regulatory gene functions on a plasmid as well as on a genome-wide scale. In this thesis
I aimed to use those two powerful technologies to study triplex formation in vitro and in cells.
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2

Research Objectives

For some researchers the mystery of the genomic dark matter seems to be solved: non-coding
RNAs (ncRNAs) have been observed, and functions attributed. But this is where the questions
start for me: how can ncRNAs exert their function and recognize genomic target sites? Can
targeting DNA be as simple as using hydrogen interactions between three nucleic-acid strands
(triplex formation)? And what might be the code between such triplex interactions that have
potential far beyond merely understanding biological processes?
While the abundance of studies in the field of triplex formation is vast; direct evidence is circumstantial. Even after 60 years of research, there seems to be a lack of understanding of the
underlying ‘triplex code’, the minimum length of purine/pyrimidine stretches that is required
to from triplexes, and mixed purine/pyrimidine motif occurrences in vitro and in vivo. Moreover, the number of mismatches and locations within an oligo or lncRNA that can be tolerated
has yet to be elucidated with more than only dozens of variants 94 . Finally, yet importantly
the conflicting data and doubt in the lncRNA field of triplex-forming motives potentially being
able to target genomic loci within the chromatin context puzzles researchers until today. Despite the intriguing hypotheses and preliminary results, detailed molecular mechanisms through
which lncRNAs regulate transcriptional programs remain sparse. The postulated mechanisms of
RNA*DNA-DNA triplex structures, 3D-proximity and protein-mediated screening for genomic
target sites address intriguing questions, but lack systematic and high-throughput analysis to
screen the vast sequence space.
To understand the triplex code that relies upon simple hydrogen interactions and decipher the
minimal requirements for triplex formation could re-open the use of oligos in biotechnological
applications and expand the existing toolbox and further strengthen the biological understanding
of lncRNAs. Since lncRNAs are involved in multiple biological processes, and are associated in
several diseases, dissecting the molecular lncRNA-mediated transcriptional mechanism would
significantly contribute to the understanding of the complex eukaryotic gene expression and
development of diseases.
In this work, I strove to understand triplex formation by using both a bottom-up and a topdown synthetic biology-based approach. For the bottom-up approach, I constructed synthetic
biology-based massively parallel reporter assays using synthetic long-non-coding RNA as the
desired regulatory subject that I wished to characterize. For the top-down approach, I developed
high-throughput sequencing platforms for detection of triple-helix interactions both in vitro
and in vivo to tackle basic questions that will shed light on how single-stranded nucleic acid
molecules interact with double-stranded DNA. Furthermore, I aimed to dissect the proposed
transcriptional mechanism of direct triplex formation in cells. Considering the complexity of
transcriptional regulation in eukaryotic organisms, I applied the synthetic biology massively
parallel reporter assay approaches in bacterial as well as eukaryotic cells to explore underlying
molecular mechanisms. Thus, the thesis is divided into two main parts:
1. The synthetic-biology based circuits focus on building synthetic lncRNAs (slncRNAs) in
bacterial and mammalian cells (starts on page 47).
2. The high-throughput deep-sequencing approach to study triplex formation in vitro and in
cells (starts on page 65).
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3

Material and Methods

3.1

Design of synthetic lncRNAs and triplex target sites (TTS)

3.1.1

Design and construction of synthetic lncRNAs

The synthetic long non-coding RNAs (slncRNAs) were designed using a rationale design and
modular components. Each slncRNA consists of:
1. the DNAbind motif that potentially forms triplexes with the respective triplex target site
(TTS).
2. a short linker that connects the DNAbind motif with the RBPbind domain.
3. the RBPbind motif that forms a hairpin structure with a protruding adenosine which can
be recognized by the tandem-dimer PP7 phage coat protein (tdPCP).
Each module is mixed and matched with the two other modules resulting in a small library of
slncRNAs. In Table 1, I listed all DNA sequences used to build the slncRNA molecules. The
slncRNAs have been designed in such a way that they can be used in bacterial and mammalian
systems.
Table 1| Sequences of each module in the designed slncRNA. Each slncRNA constitutes three parts (i)
DNAbind motif, (ii) linker and (iii) RBPbind motif, which are mixed which each other and result in the library
of slncRNAs shown in Table 2.

DNAbind (5’ –> 3’)
GAA

GAAGAAGAAG

linker (5’ –> 3’)
3 nt

RBPbind (5’ –> 3’)
PP7x1 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

TTT

AAGAAGAAGA

ACGATATGGCGTCGCTCCCTGCAGCTCGAC

AGAA

GGA

GGAGGAGGAG

20 nt

GAGGGGGAGG

TCAATTGGAT

PP7x2 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

TGTGCTATT

ACGATATGGCGTCGCTCCCTGCAGCTCGAC
ACTAGAAACCAGCAGAGCATATGGGCTCGC
TGGCTGCAGTATTCCCGGCTTCATTAGATC
C

pyrrich

GCTCTTCTTT
TCTTTCGG

40 nt

AAAACACCCA

PP7x3 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

GGTCGAATAC

ACGATATGGCGTCGCTCCCTGCAGCTCGAC

ATATAAAATC

ACTAGAAACCAGCAGAGCATATGGGCTCGC

TACACTACGT

TGGCTGCAGTATTCCCGGCTTCATTAGATC
CTAAGGTACGTAATTGCCTAGAAAGGAGCA
GACGATATGGCGTCGCTCCCTGCAGCTCGA
C
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Table 1| Sequences of each module in the designed slncRNA. Each slncRNA constitutes three parts (i)
DNAbind motif, (ii) linker and (iii) RBPbind motif, which are mixed which each other and result in the library
of slncRNAs shown in Table 2.

DNAbind (5’ –> 3’)
GAA

GAAGAAGAAG

linker (5’ –> 3’)
3 nt

RBPbind (5’ –> 3’)
PP7x1 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

TTT

ACGATATGGCGTCGCTCCCTGCAGCTCGAC

AAGAAGAAGA
AGAA
AArich

AAGGAAAGGA

PP7x4 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

AAAAGAAAAG

ACGATATGGCGTCGCTCCCTGCAGCTCGAC

AGA

ACTAGAAACCAGCAGAGCATATGGGCTCGC
TGGCTGCAGTATTCCCGGCTTCATTAGATC
CTAAGGTACGTAATTGCCTAGAAAGGAGCA
GACGATATGGCGTCGCTCCCTGCAGCTCGA
CACTAGAAACCAGCAGAGCATATGGGCTCG
CTGGCTGCAGTATTCCCGGCTTCATTAGAT
CC

T0

PP7x5 TAAGGTACGTAATTGCCTAGAAAGGAGCAG

AGGTCGACCA
GTTGTTCC

ACGATATGGCGTCGCTCCCTGCAGCTCGAC
ACTAGAAACCAGCAGAGCATATGGGCTCGC
TGGCTGCAGTATTCCCGGCTTCATTAGATC
CTAAGGTACGTAATTGCCTAGAAAGGAGCA
GACGATATGGCGTCGCTCCCTGCAGCTCGA
CACTAGAAACCAGCAGAGCATATGGGCTCG
CTGGCTGCAGTATTCCCGGCTTCATTAGAT
CTAAGGTACGTAATTGCCTAGAAAGGAGCA
GACGATATGGCGTCGCTCCCTGCAGCTCGA
C

The modular design described above allows for the construction of bacterial and mammalian
vectors. Table 2 lists all plasmids that were generated for both the bacterial and mammalian
systems.
Table 2| List of slncRNAs for both bacterial and mammalian plasmids. slncRNAs have been designed
in such a way that they can be subcloned into both the bacterial recipient vector and the mammalian recipient
vector. The abbreviations used to describe the slncRNA motifs are as follows: the first corresponds to the
DNAbind motif, the second to the length of the linker in nucleotides and the third to the number of PP7-binding
sites. The x in the plasmid column refers to x = 1 or 3; in which 1 refers to the bacterial vector and 3 to the
mammalian vector. While all bacterial plasmids were tested in this study, only some of the plasmids were tested
in mammalian cells. These plasmids are highlighted in blue.

plasmid

motif

plasmid

motif

plasmid

motif

pRNAx001

1-GAA-3-PP7x1

pRNAx024

24-AA-40-PP7x2

pRNAx047

47-AA-20-PP7x4

pRNAx002

2-GAA-20-PP7x1

pRNAx025

25-GAA-3-PP7x3

pRNAx048

48-AA-40-PP7x4
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Table 2| List of slncRNAs for both bacterial and mammalian plasmids. slncRNAs have been designed
in such a way that they can be subcloned into both the bacterial recipient vector and the mammalian recipient
vector. The abbreviations used to describe the slncRNA motifs are as follows: the first corresponds to the
DNAbind motif, the second to the length of the linker in nucleotides and the third to the number of PP7-binding
sites. The x in the plasmid column refers to x = 1 or 3; in which 1 refers to the bacterial vector and 3 to the
mammalian vector. While all bacterial plasmids were tested in this study, only some of the plasmids were tested
in mammalian cells. These plasmids are highlighted in blue.

plasmid

motif

plasmid

motif

plasmid

motif

pRNAx003

3-GAA-40-PP7x1

pRNAx026

26-GAA-20-PP7x3

pRNAx049

49-pyr-3-PP7x4

pRNAx004

4-GGA-3-PP7x1

pRNAx027

27-GAA-40-PP7x3

pRNAx050

50-pyr-20-PP7x4

pRNAx005

5-GGA-20-PP7x1

pRNAx028

28-GGA-3-PP7x3

pRNAx051

51-pyr-40-PP7x4

pRNAx006

6-GGA-40-PP7x1

pRNAx029

29-GGA-20-PP7x3

pRNAx052

52-T0-3-PP7x4

pRNAx007

7-AA-3-PP7x1

pRNAx030

30-GGA-40-PP7x3

pRNAx053

53-T0-20-PP7x4

pRNAx008

8-AA-20-PP7x1

pRNAx031

31-AA-3-PP7x3

pRNAx054

54-T0-40-PP7x4

pRNAx009

9-AA-40-PP7x1

pRNAx032

32-AA-20-PP7x3

pRNAx055

55-GAA-3-PP7x5

pRNAx0x0

x0-pyr-3-PP7x1

pRNAx033

33-AA-40-PP7x3

pRNAx056

56-GAA-20-PP7x5

pRNAx011

11-pyr-20-PP7x1

pRNAx034

34-pyr-3-PP7x3

pRNAx057

57-GAA-40-PP7x5

pRNAx012

12-pyr-40-PP7x1

pRNAx035

35-pyr-20-PP7x3

pRNAx058

58-GGA-3-PP7x5

pRNAx013

13-T0-3-PP7x1

pRNAx036

36-pyr-40-PP7x3

pRNAx059

59-GGA-20-PP7x5

pRNAx014

14-T0-20-PP7x1

pRNAx037

37-T0-3-PP7x3

pRNAx060

60-GGA-40-PP7x5

pRNAx015

15-T0-40-PP7x1

pRNAx038

38-T0-20-PP7x3

pRNAx061

61-AA-3-PP7x5

pRNAx016

16-GAA-3-PP7x2

pRNAx039

39-T0-40-PP7x3

pRNAx062

62-AA-20-PP7x5

pRNAx017

17-GAA-20-PP7x2

pRNAx040

40-GAA-3-PP7x4

pRNAx063

63-AA-40-PP7x5

pRNAx018

18-GAA-40-PP7x2

pRNAx041

41-GAA-20-PP7x4

pRNAx064

64-pyr-3-PP7x5

pRNAx019

19-GGA-3-PP7x2

pRNAx042

42-GAA-40-PP7x4

pRNAx065

65-pyr-20-PP7x5

pRNAx020

20-GGA-20-PP7x2

pRNAx043

43-GGA-3-PP7x4

pRNAx066

66-pyr-40-PP7x5

pRNAx021

21-GGA-40-PP7x2

pRNAx044

44-GGA-20-PP7x4

pRNAx067

67-T0-3-PP7x5

pRNAx022

22-AA-3-PP7x2

pRNAx045

45-GGA-40-PP7x4

pRNAx068

68-T0-20-PP7x5

pRNAx023

23-AA-20-PP7x2

pRNAx046

46-AA-3-PP7x4

pRNAx069

69-T0-40-PP7x5

While all bacterial plasmids were tested and results are shown in this thesis, only a subset all
mammalian plasmids has been tested and will be shown in the results section of this work. The
samples that have been used in the mammalian system are highlighted in blue. The table shows

20

the plasmid name as well as a short description of the slncRNA starting with the DNAbind motif,
followed by the linker length and ending with the number of PP7-binding sites (RBPbind motif).
3.1.2

Design and construction of TTS

The triplex target sites (TTS) are the double-stranded corresponding target sequences for the
DNAbind motif and have been described previously. For the purpose of gene activation, I
constructed TTS that can be inserted in the template as well as non-template strand of the
bacterial and mammalian reporter plasmids to maximize the potential gene regulatory effect.
Furthermore, two different TTS insertion sites upstream of the mammalian minimal CMV (cytomegalovirus) promoter were chosen (110 bp and 145 bp upstream of the promoter) which
generates double the amount of reporter plasmids for the mammalian system compared to the
bacterial one. All reporter plasmids were tested in bacterial cells, while only a subset of reporters
were used in the mammalian setup. The plasmids that have been tested are highlighted in blue.
Table 3| List of triplex target sites. The mammalian system contains all mentioned triplex target sites
(TTS), whereas the bacterial system comprises only the even numbers (such as #70, 72 etc.). The nomenclature
of the reporters is as follows: the first number identifies each reporter plasmid, the name target indicates that the
plasmids are reporter plasmids and contain a TTS. The next name shows which TTS motif was used, the next
letters indicate whether the TTS has been cloned into the template (temp.) or non-template strand (nontemp)
and the last numbers indicate the TTS insertions site which is relevant for the mammalian system. The reporters
that have been tested in the mammalian system are highlighted in blue.

plasmid

sequence (5’–> 3’)

79-target AA-temp-145

AGAGAAAAGAAAAAGGAAAGGAA

70-target GAA-temp-110

CTTCTTCTTCTTCTTCTTCTTCTT

71-target GAA-temp-145

CTTCTTCTTCTTCTTCTTCTTCTT

72-target GAA-nontemp-110

AAGAAGAAGAAGAAGAAGAAGAAG

73-target GAA-nontemp-145

AAGAAGAAGAAGAAGAAGAAGAAG

74-target GGA-temp-110

CCTCCTCCTCCTCCCCCTCC

75-target GGA-temp-145

CCTCCTCCTCCTCCCCCTCC

76-target GGA-nontemp-110

GGAGGGGGAGGAGGAGGAGG

77-target GGA-nontemp-145

GGAGGGGGAGGAGGAGGAGG

78-target AA-temp-110

AGAGAAAAGAAAAAGGAAAGGAA

80-target AA-nontemp-110

TTCCTTTCCTTTTTCTTTTCTCT

81-target AA-nontemp-145

TTCCTTTCCTTTTTCTTTTCTCT

82-target pyr-temp-110

GCTCTTCTTTTCTTTCGG

83-target pyr-temp-145

GCTCTTCTTTTCTTTCGG

84-target pyr-nontemp-110

AGGAACAACTGGTCGACCT

85-target pyr-nontemp-145

AGGAACAACTGGTCGACCT

86-target T0-temp-110

AGGTCGACCAGTTGTTCCT
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Table 3| List of triplex target sites. The mammalian system contains all mentioned triplex target sites
(TTS), whereas the bacterial system comprises only the even numbers (such as #70, 72 etc.). The nomenclature
of the reporters is as follows: the first number identifies each reporter plasmid, the name target indicates that the
plasmids are reporter plasmids and contain a TTS. The next name shows which TTS motif was used, the next
letters indicate whether the TTS has been cloned into the template (temp.) or non-template strand (nontemp)
and the last numbers indicate the TTS insertions site which is relevant for the mammalian system. The reporters
that have been tested in the mammalian system are highlighted in blue.

3.2

plasmid

sequence (5’–> 3’)

79-target AA-temp-145

AGAGAAAAGAAAAAGGAAAGGAA

87-target T0-temp-145

AGGTCGACCAGTTGTTCCT

88-target T0-nontemp-110

AGGAACAACTGGTCGACCT

89-target T0-nontemp-145

AGGAACAACTGGTCGACCT

90-target T0-temppar-110

TCCTTGTTGACCAGCTGGA

91-target T0-temppar-145

TCCTTGTTGACCAGCTGGA

Cloning of bacterial and mammalian plasmids

All constructs have been cloned using standard molecular biology techniques such as polymerase
chain reaction (PCR), restriction eznyme digestion, oligonucleotide annealing and enzymatic
assembly of DNA molecules, also referred to as Gibson cloning 141 , standard ligations and heatshock transformation of Top10 cells (Invitrogen). Further details of libraries and constructs
generated can be found in respective sections for design and construction of respective vectors.

3.3

Design and construction of bacterial vectors

To insert the slncRNA (Gen9) and TTS (annealed oligos, Sigma-Aldrich) libraries, two main
bacterial recipient plasmids (plasmids that can be used to subclone the libraries) have been
constructed. The description of the cloning process in shown in Table 4.
1. The pRNA plasmid comprises the DNA-encoded slncRNAs with DNAbind , linker and PP7binding sites which are placed under the C4 -HSL inducible promoter RhlR. All plasmids
that were generated are listed in Table 2.
2. The pRep plasmid contains the enhancer-like cassette (modified from Amit et al. 142 ) with
or without putative TTS. All constructs that were cloned are shown in Table 3.
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Table 4| Description of cloning of bacterial pRNA and pRep plasmid. The slncRNAs have been
subcloned into a recipient vector that contains the C4 -HSL inducible promoter rhlR and the TTS were inserted
into the synthetic enhancer plasmid designed by Amit and colleagues 142 .

Plasmid

Description of cloning

Backbone/
Antibiotic rest.

pRNA1000
(recipient vector)

Ligation of the gBlock “promoter-mCherry-

A133-pRhlR/

terminator” (KpnI, BglII, XbaI) into the

AmpR

bacterial A133 plasmid (KpnI, XbaI) thereby
replacing tdPCP-FP and resulting in a
C4 -HSL-inducible, bacterial vector which can
be used for expression of slncRNAs.

pRNA10xx

Ligation of digested, linear fragments

A133-pRhlR/

obtained from Gen9 (XbaI, KpnI) into

AmpR

pRNA1000 (XbaI, KpnI) resulting in a vector
with inducible transcription of different
slncRNAs. The full slncRNA library has
been constructed in this way. Sequences of
individual slncRNA modules are described;
x = #01-#69

pRep0000

Ligation of annealed oligos into pLP-RbsK-

pLP-RbsK-RA51-

RA51-mCh-correct2 142 (NheI) resulting in

mCh-correct2/

theh reporter plasmid lacking any putative

KanR

triplex target site (TTS) This plasmid can
additionally be used to insert putative TTS
via digestion with BsaI.

pRepx0xx

3.4

Ligation of annealed oligos into pRep0000

pLP-RbsK-RA51-

(BsaI). This generates the TTS reporter

mCh-correct2/

library.

KanR

Design and construction of mammalian vectors

Four different plasmids are required for the functionality of the slncRNA-dependent gene activation system and the description of the modular constructions of these plasmids has been listed
in Table 5. The four plasmids that are required have the following features:
1. the pRNA plasmid transcribes the slncRNA and a sbfp2 (strongly enhanced blue fluorescent protein 2) gene under a strong, constitutive CMV promoter. The slncRNA and the
SBFP2 mRNAs are separated by Csy4 recognitions sites. The library of slncRNA plasmids
that was generated can be seen in Table 2.
2. the pRBP plasmid encoding the fusion protein mKate2-vp64-tdPCP-NLS. mKate2 is the
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fluorescent marker protein to confirm expression of the fusion protein, vp64 is the viral
transactivator 150;151;152 which has been used to activate gene expression in synthetic system, tdPCP is the tandem dimer phage coat protein PP7 153 which binds with high-affinity
to the RBPbind hairpin structure on the slncRNAs and the nuclear localization signal (NLS)
which localizes the fusion protein to the nucleus.
3. the reporter plasmid pRep carrying putative triplex target sites (TTS) upstream of a eYFP
(enhanced yellow fluorescent protein) reporter gene. The TTS are inserted the template
or non-template strand and 110 nt as well as 145 nt upstream of the minimal promoter
CMVmin . All plasmids that were generated are listed in Table 3.
4. the plasmid pCsy4 encoding the Csy4 endonuclease which recognizes its cognate Csy4
binding sites on the slncRNA molecules and cleaves the slncRNA from the sbfp mRNA.

Table 5| List of plasmids for eukaryotic expression system. List of plasmids required for slncRNAdependent mammalian expression system and plasmids used for microscopy/flow cytometry analysis.

Plasmid

Description of cloning

Backbone/
Antibiotic rest.

pPolII_mKate2_vp64_tdPCP-nls:
Gibson Assembly of PCR products of
pRBP

mKate2,
vp64 and tdPCP-nls into pMS2-GFP (SpeI,

pEGFP/AmpR

ClaI) resulting in a constitutively expressing
vector comprising the polIIsubunit promoter.

pMS2-GFP
(recipient vector)

pRNA3000
(recipient vector)

Addgene, #27121, pMS2-GFP_dlFG_V29I

Addgene, #22880, pSBFP2-C1

pEGFP/AmpR

pEGFP-C1/KanR

Ligation of digested Gen9 constructs (XbaI,
NheI) into pRNA3000 (XbaI, NheI) resulting
pRNA30xx

in a pRNA30xx plasmid encoding the

pEGFP-C1/KanR

slncRNA with varying DNAbind and
RBPbind motif; x = #01-69

pRep3000
(recipient vector)

Addgene, #55197, P1-EYFP-pA; plasmid has
been kindly provided by Lior Nissim, MIT,
Boston, USA

154
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pGL5-Luc/ AmpR

Table 5| List of plasmids for eukaryotic expression system. List of plasmids required for slncRNAdependent mammalian expression system and plasmids used for microscopy/flow cytometry analysis.

Plasmid

Description of cloning

Backbone/
Antibiotic rest.

pPolII_mKate2_vp64_tdPCP-nls:
Gibson Assembly of PCR products of
pRBP

mKate2,
vp64 and tdPCP-nls into pMS2-GFP (SpeI,

pEGFP/AmpR

ClaI) resulting in a constitutively expressing
vector comprising the polIIsubunit promoter.

pMS2-GFP
(recipient vector)

Addgene, #27121, pMS2-GFP_dlFG_V29I

pEGFP/AmpR

Gibson Assembly of Gen9 (#70-96) into
pRep3000 (NotI, NheI) resulting in the
pRep30xx

reporter plasmids containing the putative
triplex target site (TTS) upstream of the

pGL5-Luc/ AmpR

minimal promoter CMVmin and the eYFP
gene.

pPGK1-Csy4

Endonuclease Csy4; plasmid has been kindly
provided by Lior Nissim, MIT, Boston,
USA

pGL2-Luc/AmpR

154

Gibson Assembly of digested CMV promoter
(KpnI, SacI) and Reverse PCR from #55197
pCMV-eYFP

resulting in a strong constitutive expression
vector of eYFP that can be used for
compensation control in flow cytometry and
microscopy.

25

pGL5-Luc/AmpR

Table 5| List of plasmids for eukaryotic expression system. List of plasmids required for slncRNAdependent mammalian expression system and plasmids used for microscopy/flow cytometry analysis.

Plasmid

Description of cloning

Backbone/
Antibiotic rest.

pPolII_mKate2_vp64_tdPCP-nls:
Gibson Assembly of PCR products of
pRBP

mKate2,
vp64 and tdPCP-nls into pMS2-GFP (SpeI,

pEGFP/AmpR

ClaI) resulting in a constitutively expressing
vector comprising the polIIsubunit promoter.

pMS2-GFP
(recipient vector)

Addgene, #27121, pMS2-GFP_dlFG_V29I

pEGFP/AmpR

CMVp-dsRed2-Triplex-28-gRNA1-28:
pCMV-mKate2
(#55200)

that can be used for fluorescence microscopy
and flow cytometry. Plasmid has been kindly

pGL2-Luc/AmpR

provided by Lior Nissim, MIT, Boston,
USA 154

3.5

Bacterial enhancer-slncRNA bioassay

To test the bacterial enhancer-assay, the automated liquid handling platform Freedom Evo
(Tecan Group) was used. Briefly, co-transformed Top10 cells (i.e. Top10 cells containing an
enhancer-based reporter plasmid pRep and a pRNA plasmid encoding the slncRNA) were grown
overnight in 1.5 mL Luria Bertani (LB) medium complemented with appropriate antibiotics
(100 µg/mL ampicillin (amp), 15 µg/mL kanamycin (kan)). Subsequently, the overnight culture
was diluted 1:100 in low growth and low auto-fluorescence bioassay buffer (BA: 0.5 g/L tryptone,
0.3 mL/L glycerol, 86 mM NaCl, 0.05 MgSO4 , 1 mL/L 10xPBS pH7.4), supplemented with 5 %
LB medium and appropriate antibiotics (kan/amp). Cells were dispensed into black 96-well
plates (Greiner bio-one) that are compatible with fluorescent microplate reader measurements.
Subsequently, 24 C4 -HSL (Cayman Chemical) inducer concentrations (0-300 µM) were added to
the bacterial strains and incubated at 37 °C in humidified atmosphere while vigorously shaking.
Starting 2 hours post induction, fluorescence measurements were taken every 30 minutes over a
period of 8 hours to cover mid-log growth range. mCherry and Cerulean intensities were measured using the microplate reader Infinite Pro200 (Tecan Group) and excitation and emission
filters are listed in Table 6. Fluorescence values (FL) were averaged, normalized by dividing FL
by OD600 , and background auto-fluorescence was eliminated based on non-transformed Top10
cells. The normalized values were further processed by dividing FL/OD600 values by the average
of the two minimal fluorescence levels in absence of C4 -HSL an at 0.018 μM C4 -HSL inducer concentrations. These values were termed “fold-change” and the distribution of fold-change values
were plotted against increasing C4 -HSL concentrations.
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Table 6| Excitation emission filters used for microplate reader assays.Two different filter sets have been
used for the two fluorescent proteins (FP) Cerulean and mCherry.

3.6
3.6.1

FP

Excitation filter [nm]

Emission filter [nm]

Gain

Cerulean

420/10

485/10

55

mCherry

560/10

610/10

70

Mammalian activation-based slncRNA bioassay
Cell culture

The human embryonic kidney cell line (HEK-293, kindly provided by Arie Admon’s lab, Technion) was incubated and maintained in 100x20 mm cell culture dishes (Nunclon cell culture
treated, Thermo Scientific) under standard cell culture conditions at 37 °C in humidified atmosphere containing 5 % CO2 and were passaged at 80-85 % confluence. Cells were washed once
with 1x DPBS (Dulbecco’s phosphate buffer saline, Biological Industries), and subsequently
treated with 1 mL trypsin/EDTA (ethylenediaminetetraacetic acid, Biological Industries) followed by incubation at 37 °C for 1-2 minutes. DMEMcomplete (Dulbecco Eagle’s Minimum
Essential Medium, Biological Industries), complemented with 10 % FBS (fetal bovine serum,
Biological Industries, Lot.no: 1418110) and final concentrations of 100 U penicillin plus 100 µg
streptomycin (Biological Industries), was added and transferred into fresh DMEMcomplete in
subcultivation ratios of 1:10.
3.6.2

Transient transfection

Either 1.2x104 HEK-293 cells were seeded in a 96-well tissue culture plate (Nunclon cell culture treated, Thermo Scientific) or 1.3x105 HEK-293 cells were seeded in 24-cell culture plates
(Thermo Scientific) 24 hours prior transfection. At time of transfection, 0.1-0.5 µg DNA (depending on plate format used) was mixed with 0.3-1.5 µL of the transfection reagent TransIT-LT1
(Mirus Bio LLC), respectively. Volume was adjusted with OptiMEM (Gibco/Life Technologies)
to 10-50 µL per well (depending on plate format used). DNA/TransIT-LT1 mix was incubated
for 15 min at room temperature (RT) and subsequently added drop-wise to the cells.
3.6.3

Flow cytometry

48-72 h post-transfection, HEK-293 cells were washed once with 1xDPBS and incubated for
1-2 minutes at 37 °C with trypsin/EDTA. Trypsin was inactivated with 1xDPBS complemented
with 1 % FBS and 3 mM ethylenediaminetetraacetic acid (EDTA, J.T. Baker (now available
through Thermo Scientific). Data acquisition was performed on the LSRII Analyzer (BD Bioscience) using the 96-well mode of the FACS Diva Software (BD Bioscience) or on the MACSQuant (Miltenyi Biotec) analyzer using the proprietary MACSQuantify software . Usage of
type of flow cytometer will be indicated in results. Laser-line, bandpass emission filters and
detectors for respective fluorescent proteins (FPs) of both flow cytometry analyzers are listed in
Table 7.
Data collected from the experiments were analyzed using FlowJo analysis software (FlowJo
LLC). 1x104 living cells were analyzed for each sample. Parameters during data acquisition were
set as follows: Forward side scatter (FSC) was used as discriminator. Two-dimensional dot
plots (FSC/SSC) were used to define population of living cells (gating tree), whereas histograms
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Table 7| Laser and emission filters of flow cytometry analyzers used for data acquisition.Three different laser-lines were used in combination with three bandpass emission filters to measure fluorescence intensities
of SBFP, eYFP and mKate2 for (A) LSRII Analyzer and (B) MACSQuant. FP, Fluorescent protein

(A) LSRII Analyzer
Laser (Excitation)

Bandpass filter (Emission)

Detector

FP

405 nm (25 mW)

450/50 nm

B

SBFP2

488 nm (22 mW)

530/30 nm

D

eYFP

633 nm (20 mW)

660/20 nm

B

mKate2

Laser (Excitation)

Bandpass filter (Emission)

Detector

FP

405 nm (40 mW)

450/50 nm

V1

SBFP2

488 nm (50 mW)

525/50 nm

B1

eYFP

561 nm (100 mW)

661/20 nm

Y3

mKate2

(B) MACSQuant

were adjusted by altering the voltage and gain to determine auto-fluorescence of non-transfected
cells which was set to 0.5-1.0 % positive cells. Compensation was performed with the FlowJo
analysis software after data acquisition to remove false-positive cells. The parameters used for
compensation are shown in Table 8. The percentage of eYFP, mKate2 and SBFP2-positive cells
as well as the median fluorescence intensities were exported and used to calculate eYFP foldchange and compare among data sets. To compute fold-change values for the eYFP expression,
first the weighted median eYFP values were calculated as previously described 154 and described
by:

weighted median eY F P = % positive cells ∗ median eY F P intensity

(1)

To compare among samples with and without slncRNAs, the weighted median eYFP values were
normalized by dividing the weighted median eYFP levels with or without slncRNA respectively
by the weighted median eYFP values obtained for reporter plasmids only:
normalized eY F P =

weighted median eY F P (+/ − slncRN A)
weighted median eY F P (reporter only)

(2)

Lastly, the ratio of these normalized eYFP values (+/- slncRNAs) were computed:
f old change =

3.7
3.7.1

weighted median eY F P (+slncRN A)
weighted median eY F P (−slcnRN A)

(3)

Triplex-Seq
Design of oligonucleotides (oligos) and primers for Triplex-Seq

The developed Triplex-Seq assay requires oligos which are referred to as triplex-forming oligos
(TFOs), triplex target sites (TTS), DNA adapters which are ligated to TFOs in the downstream
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Table 8| Compensation matrix of flow cytometry analysis with spillover valuesSpillover values in
compensation matrix were generated using the FlowJo compensation tool after data acquisition.

SBFP2

eYFP

mKate2

SBFP2

100

1.58

2.92

eYFP

0.003

100

0.02

mKate2

0.29

8.52

100

protocol and primers for PCR amplification. In the next paragraphs, detailed descriptions of
the design of all oligos, adapters and primers are given.
3.7.2

Design of triplex-forming oligonucleotides (TFOs)

The TFOs were designed with the following features and were ordered as single-stranded, desalted, non-modified DNA (ssDNA) oligonucleotides (oligos) from integrated DNA technologies
(IDT). Each TFO consists of two parts: (i) a common capture sequence and (ii) a triplex-forming
sequence:
1. The 19 nt long capture sequence consists of fixed bases and serves as a platform for PCR
amplification (in vitro and in cell Triplex-Seq) as well as binding platform for a complementary biotinylated capture oligo (in cell Triplex-Seq) to enrich the TFOs. The capture
sequence is the same for all TFOs that were tested in this study.
2. For the positive controls for triplex formation, the 20-30 nt long triplex-forming sequence
consists of either adenine and guanine bases (anti-parallel TFO) 97;102 or cytosine and
thymine bases (parallel TFO) 155 . The TFO libraries were synthesized using the mixed
bases tool (standard) from IDT. Mixed base oligos are synthesized according to the International Union of Pure and Applied Chemistry (IUPAC) convention (Table 9). During
chemical synthesis, each mixed base is integrated with percentages between 25 % (for ‘N’
mixed bases), 33 % (for ‘D’ and ‘B’ mixed bases) and 50 % (for ‘R’, ‘S’, ‘Y’, ‘W’, ‘M’, ‘K’
mixed bases) for every choice of base.
Table 9| IPUAC base code used in this study.All TFOs were synthesized according to the the International
Union of Pure and Applied Chemistry.

Mixed bases used

Mixed base code

A, G

R

C, T

Y

A, C

M

G, T

K

G, C

S

A, T

W

G, C, T

B

A, G, T

D

A, C, G, T

N
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Control TFOs were generated (i) without the triplex-forming sequence (adapter only) or (ii)
without the adapter sequence. Full lists of all control TFOs (Table 10), TFO libraries (Table 11)
and verification-TFOs (Table 12) are shown below. Each table includes the TFO name, sequence
and number of variants per TFO library.
The TFOs that served as positive controls were used to verify that triplex formation is possible
in our lab and two of these TFOs (TFO_AG30 and TFO_TC) were used in the in vitro TriplexSeq protocol to confirm in every experiment that the conditions are optimal to induce triplex
formation (Table 10).
Table 10| Literature TFOs and control TFOs for in vitro Triplex-Seq.All TFOs that were used to confirm
triplex formation in vitro with positive controls from literature and designed TFOs in this study with the support
of the prediction software “triplexator” 117 .

length
[nt]

name

TFO sequence (5’ –> 3’)

TFO_AG30

AGGAAGGGGGGGGTGGTGGGGGAGGGGGAG

30

Wang et al. 97

TFO_TC

CCTCTTCCTCCTCTTCCTTTCTC

23

Chiou et al. 155

TFO_p _G20

CTTCAGCTTGGCGGTCTGGCTTTTCTCTTTTCTTCTTTT 39

this work

TFO_ap_G84 CTTCAGCTTGGCGGTCTGGGGAGGGGGAGGGGGGGGAGG 39

this work

reference

The TFO libraries were constructed as described above and are listed in Table 11 including a
short description highlighting the number of fixed bases, the mixed bases used, the sequence
as it was ordered, the total length of the TFO and the number of variants for each library.
Furthermore, single-variant TFOs were ordered based on the enrichment of sequences after the
Triplex-Seq analysis. In Table 11 and Table 12 below, all ordered and tested TFO sequences are
listed.
Table 11| List of TFO libraries for the Triplex-Seq approaches. Each TFO library was synthesized
according to the IUPAC convention described on page 29. The name and the description indicate the nature of
the TFO (e.g. which mixed base was used, how many fixed bases can be found within the TFO and whether
a capture sequence was attached), the sequence, length and the number of variants for each library follow the
description.

name

D-TFO

description

TFO sequence

length

(5’ –> 3’)

[nt]

20 nt TFO with 7

CTTCAGCTTGGCGGT

fixed positions -

CTGGDDADTDDGAD

G,A,T

DDDDTDDADG

variants

39

1.59x106

73

1.59x106

39

1.59x106

CTTCAGCTTGGCGGT
D-TFO
(PCR)

20 nt TFO with 7

CTGGDDADTDDGAD

fixed positions -

DDDDTDDADGAGATCGGA

G,A,T

AGAGCACACGTCTGAACT
CCAGTCAC

B-TFO

20 nt TFO with 7

CTTCAGCTTGGCGGTCTG

fixed positions -

GCBGBBCBBBBBTCBBCB

G,C,T

GBB
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Table 11| List of TFO libraries for the Triplex-Seq approaches. Each TFO library was synthesized
according to the IUPAC convention described on page 29. The name and the description indicate the nature of
the TFO (e.g. which mixed base was used, how many fixed bases can be found within the TFO and whether
a capture sequence was attached), the sequence, length and the number of variants for each library follow the
description.

name

3D-TFO
(stretch)

3B-TFO
(stretch)

5D-TFO
(stretch)

5B-TFO
(stretch)

R-TFO

description

length

(5’ –> 3’)

[nt]

20 nt TFO with 3

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCCTGADDDCTGACA

G,A,T

TGC

20 nt TFO with 3

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCGTAABBBAAGACA

G,C,T

TGC

20 nt TFO with 5

CTTCAGCTTGGCGGTCTG

bases stretch G, A,T

GCATCCTGDDDDDTGACA
TGC

20 nt TFO with 5

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCGTGBBBBBAGACA

G,C,T

TGC

20 nt TFO with 6

CTTCAGCTTGGCGGTCTG

fixed positions -

GRRGRTRRRARRRRRGRR

G, A

ART

20 nt TFO with 6
M-TFO

TFO sequence

fixed positions ctrl with capture

Y-TFO

N-TFO

7D-TFO
(stretch)

7B-TFO
(stretch)

39

27

39

27

39

243

39

243

39

1.63x104

39

1.63x104

39

1.63x104

39

1.63x104

39

2.68x107

39

2187

39

2187

CTTCAGCTTGGCGGTCTG
GTMAMMGMMMMMCTMMMM
AMM

and only C,A

K-TFO

variants

20 nt TFO with 6

CTTCAGCTTGGCGGTCTG

fixed positions -

GCKGKKTKKKKKGTKKKK

G,T

AKK

20 nt TFO with 6

CTTCAGCTTGGCGGTCTG

fixed positions -

GGYCYYCYYYYYCTYYYY

C,T

GYY

20 nt TFO with 6

CTTCAGCTTGGCGGTCTG

fixed positions -

GCNANNTNNNNNTGNNNN

G,A,T,C

CNG

20 nt TFO with 7

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCCTDDDDDDDGACA

G,A,T

TGC

20 nt TFO with 7

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCGTBBBBBBBGACA

G,C,T

TGC
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Table 11| List of TFO libraries for the Triplex-Seq approaches. Each TFO library was synthesized
according to the IUPAC convention described on page 29. The name and the description indicate the nature of
the TFO (e.g. which mixed base was used, how many fixed bases can be found within the TFO and whether
a capture sequence was attached), the sequence, length and the number of variants for each library follow the
description.

name

9D-TFO
(stretch)

9B-TFO
(stretch)

W-TFO

description

TFO sequence

length

(5’ –> 3’)

[nt]

20 nt TFO with 9

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCCDDDDDDDDDACA

G,A,T

TGC

20 nt TFO with 9

CTTCAGCTTGGCGGTCTG

bases stretch -

GCATCGBBBBBBBBBACA

G,C,T

TGC

20 nt TFO with 6

CTTCAGCTTGGCGGTCTG

fixed positions -

GTWAWWWWWTWWWWWAWW

T,A

TWA

variants

39

1.96x104

39

1.96x104

39

1.63x104

Table 12| List of TFOs used in verification experiments of Triplex-Seq. Following NGS analysis of
the Triplex-Seq reads that were enriched in the downstream Triplex-Seq protocol, several single-variants of the
most reactive (’positive TFOs’) and least reactive hits (’negative TFOs’) of the triplex band from the in vitro
Triplex-Seq protocol were ordered and tested. The descriptions in the second column highlights in brief from
which library that was tested and analyzed the TFO single-variants are derived from.

name

N-TFO
pos_3

description

sequence (5’–> 3’)

length
[nt]

third hit (enriched in triplex
band) of N-TFO library

CTAGTTGGGGGTGGGGGCGG

20

CGAGGTTATGATGAAACCGG

20

CGAGGTGGGGGTGTTGCCGG

20

CTAGTTGGGGGTGGGAGCGG

20

CTAGGTGGGGGTGGGGGCTG

20

tested in pH 7 condition
last hit (non-enriched in

N-TFO

triplex band) of N-TFO

neg_1

library tested in pH 7
condition
first hit (enriched in triplex

G80_motif1

band) of N-TFO with TTS
(80 % guanine) in pH 7
second hit (enriched in

G80_motif2

triplex band) of N-TFO with
TTS (80 % guanine) in pH 7
third hit (enriched in triplex

G80_motif3

band) of N-TFO with TTS
(80 % guanine) in pH 7
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3.7.3

Design of triplex target sites (TTS)

The TTS were designed based on sequences found in literature 156;155;102 and were tested in
vitro. I used the original TTS sequences as they have been described in the publications for
the verification experiments and as an initial test to see whether triplex formation works in the
lab. After verification that they worked in my hands, I chose to continue with two TTS in the
Triplex-Seq process. For the purpose of the Triplex-Seq protocol, I expanded the sequence of the
original TTS by approx. 20 nt on each side (5’ and 3’). The TTS were generated by annealing
single-stranded oligos (95 ºC for 2 minutes, cool-down to RT over a course of 45 minutes) and the
sequence of each oligo is shown in Table 13. In addition to the TTS that were based on literature
sequences (thus termed positive controls), I also designed new TTS with increasing frequency
of guanines within the sequence, starting from 20 % guanines up to 84 % guanines. The design
of these TTS as well as corresponding TFOs (see last two rows of Table 10 on page 30) were
supported by the triplexator software 117 . This prediction software analyzes potential TFO/TTS
pairs by matching the ssDNA to the dsDNA applying user-specific parameters. This powerful,
computational framework also predicts putative TFOs within a single-stranded sequence, or
potential TTS in dsDNA. The main parameters that were used to generate TFOs matching the
TTS with increasing percentages of guanines are listed in below:
• maximum error-rate : 10%; maximum total error : 3; maximum number of tolerated
consecutive pyrimidine interruptions in a target: 1
• minimum guanine content with respect to the target : 10% ; maximum guanine content
with respect to the target : 100%
• minimum length : 15 nt- maximum length : 30 nt
• minimum guanine-percentage in anti-parallel mixed motif TFOs : 0% ; maximum guaninepercentage in parallel mixed motif TFOs : 100%

Table 13| List of triplex target sites used for the in vitro Triplex-Seq setup. Forward and reverse
sequences of TTS oligos are shown. TTS were constructed by annealing the two respective oligos thereby generating the double-stranded TTS. The positive control TTS (modified from literature) were used for in vitro triplex
formation experiments as well as for the Triplex-Seq protocol, while the TTS variants were generated based on the
Triplexator 117 predictions with corresponding TFOs (see Table 10). The names of the TTS variants indicate the
percentage of guanines in the TTS. ap, anti-parallel (pH 7 condition); p, parallel (pH 5 condition); fw, forward;
rev, reverse

TTS (positive controls)
name

TTS_1_37 (fw)
TTS_1_37
(rev)
TTS_2_45 (fw)

sequence (5’–> 3’)
GTTCGAATCCTTCCCCCCCCACCACCCCCT
CCCCCTC
GAGGGGGAGGGGGTGGTGGGGGGGGAAGGA
TTCGAAC
CATGCTACGTTGGAGAAGGAGGAGAAGGAA
AGAGTCCTCTATACG
33

length
[nt]
37

37

45

reference
Saleh et
al. 102
Saleh et
al. 102
Chiou et
al. 155

TTS_2_45
(rev)

CGTATAGAGGACTCTTTCCTTCTCCTCCTT
CTCCAACGTAGCATG

45

CCCCCCCCACCACCCCCTCCCCCTCCAGAC

71

TCAAGCTGACC

GGTGGGGGGGGAAGGATTCGAACCGCATCG

71

79

from
Chiou et
al. 155
Adapted

GGTCAGCTTGAGTCTGCGTATAGAGGACTC
TTTCCTTCTCCTCCTTCTCCAACGTAGCAT

Saleh et

Adapted

CTATACGCAGACTCAAGCTGACC

TTS_2 (rev)

from
al. 102

GTATCGTAATACGATGCGCATGCTACGTT
GGAGAAGGAGGAGAAGGAAAGAGTCCT

Saleh et

Adapted

TATTACGATAC

TTS_2 (fw)

from
al. 102

GGTCAGCTTGAGTCTGGAGGGGGAGGGGGT
TTS_1 (rev)

al. 155
Adapted

GTATCGTAATACGATGCGGTTCGAATCCTT
TTS_1 (fw)

Chiou et

79

GCGCATCGTATTACGATAC

from
Chiou et
al 155

TTS
(variants)
name

TTS_G20 (fw)

TTS_G20 (rev)

TTS_G33 (fw)

TTS_G33 (rev)

TTS_G53 (fw)
TTS_G53 (rev)
TTS_G75 (fw)

TTS_G75 (rev)

sequence (5’–> 3’)
GGCCGCTTTTCTTTTCTCTTTTCTTCTTTT
TTCTTTGACGT
CAAAGAAAAAAGAAGAAAAGAGAAAAGAAA
AGC
GGCCGCTCTTCTTTTCTTCTTTCTTCCTTC
TTCCTTGACGT
CAAGGAAGAAGGAAGAAAGAAGAAAAGAAG
AGC
GGCCGCTCCTCCTCCCTTCTTTCTTCCTTC
TTCCCTGACGT
CAGGGAAGAAGGAAGAAAGAAGGGAGGAGGAGC
GGCCGCTCCCCCTCCCTCCTTTCCTCCTCC
CCCCCTGACGT
CAGGGGGGGAGGAGGAAAGGAGGGAGGGGG
AGC
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length
[nt]

reference

41

this work

33

this work

41

this work

33

this work

41

this work

33

this work

41

this work

33

this work

TTS_G84 (fw)

TTS_G84 (rev)

3.7.4

GGCCGCTCCCCCTCCCCCCCCTCCCCCTCC
CCCCCTGACGT
CAGGGGGGGAGGGGGAGGGGGGGGAGGGGG
AGC

41

this work

33

this work

Design of primers and other oligos

For the preparation of the TFO sequences for Illumina sequencing (see detailed experimental
setup below), a single-stranded DNA (ssDNA) adapter was designed for ssDNA ligation as
well as primers for PCR amplification of TFO sequences and simultaneous addition of Illumina
sequences. A full list of primers and adapter sequences is shown in Table 14 and highlights the
sequences as well as modifications of the primers.
Table 14| Primers and oligos for Triplex-Seq protocol. All primers that are used in PCR amplification
step of Triplex-Seq protocol, as well as adapter and capture oligos are listed including modifications. All primers
were ordered as desalted ssDNA oligos from IDt. Deviations of standard primers are mentioned in description.

oligo name
Common Illumina

sequence (5’ –> 3’)

description

CAAGCAGAAGACGGCATACGAGAT

Illumina reverse

NNNNNN

primer - sequence

GTGACTGGAGTTCAGACGTGTGCTC

(N = barcode)

Illumina Index #1

CGTGAT

barcode sequence

Illumina Index #2

ACATCG

barcode sequence

Illumina Index #3

GCCTAA

barcode sequence

Illumina Index #4

TGGTCA

barcode sequence

Illumina Index #5

CACTGT

barcode sequence

Illumina Index #6

ATTGGC

barcode sequence

Illumina Index #7

GATCTG

barcode sequence

Illumina Index #8

TCAAGT

barcode sequence

Illumina Index #9

CTGATC

barcode sequence

Illumina Index #10

AAGCTA

barcode sequence

Illumina Index #11

GTAGCC

barcode sequence

Illumina Index #12

TACAAG

barcode sequence

Illumina Index #13

TTGACT

barcode sequence

Illumina Index #14

GGAACT

barcode sequence

Illumina Index #15

TGACAT

barcode sequence

Illumina Index #16

GGACGG

barcode sequence

sequence
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Table 14| Primers and oligos for Triplex-Seq protocol. All primers that are used in PCR amplification
step of Triplex-Seq protocol, as well as adapter and capture oligos are listed including modifications. All primers
were ordered as desalted ssDNA oligos from IDt. Deviations of standard primers are mentioned in description.

oligo name

sequence (5’ –> 3’)

description

Illumina Index #17

CTCTAC

barcode sequence

Illumina Index #18

GCGGAC

barcode sequence

Illumina Index #19

TTTCAC

barcode sequence

Illumina Index #20

GGCCAC

barcode sequence

Illumina Index #21

CGAAAC

barcode sequence

Illumina Index #22

CGTACG

barcode sequence

Illumina Index #23

CCACTC

barcode sequence

Illumina Index #24

GCTACC

barcode sequence

Illumina Index #25

ATCAGT

barcode sequence

Illumina Index #26

GCTCAT

barcode sequence

Illumina Index #27

AGGAAT

barcode sequence

Illumina Index #28

CTTTTG

barcode sequence

Illumina Index #29

TAGTTG

barcode sequence

Illumina Index #30

CCGGTG

barcode sequence

Illumina Index #31

ATCGTG

barcode sequence

Illumina Index #32

TGAGTG

barcode sequence

Illumina Index #33

CGCCTG

barcode sequence

Illumina Index #34

GCCATG

barcode sequence

Illumina Index #35

AAAATG

barcode sequence

/5Phos/

HPLC purification,

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC

5’ Phosphorylation,

/3SpC3/

3’ C3 spacer

/5BiosG/

5’ Biotin, 3’

GAAGTCGAACCGCCAGACC

Dideocy-C (used as

/3ddC/

capture oligo)

AATGATACGGCGACCACCGAGATCTACACTCTT

forward primer to

TCCCTACACGACGCTCTTCCGATCT

add Illumina

ssDNA adapter

Biot-TriSeqNGSddC

PE_forward

sequences
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Table 14| Primers and oligos for Triplex-Seq protocol. All primers that are used in PCR amplification
step of Triplex-Seq protocol, as well as adapter and capture oligos are listed including modifications. All primers
were ordered as desalted ssDNA oligos from IDt. Deviations of standard primers are mentioned in description.

oligo name
TriSeqNGS001

sequence (5’ –> 3’)

description

CTTTCCCTACACGACGCTCTTCCGATCTCTTCA

forward primer to

GCTTGGCGGTCTGG

add part of
Illumina sequence

3.7.5

Triplex formation in vitro

1000 pmole of Triplex-forming oligonucleotides (TFOs) and 50 pmole of respective triplex target
site (TTS) were mixed at a molar ratio of 20:1 (TFO:TTS) and incubated in appropriate buffer
conditions (see Table 15 for details) at 37 °C for 2 hours in a final volume of 25 µL. Samples were
either subjected to the DNA ScreenTape assay (2200 Tapestation, Agilent) using 1 µL of each
sample or mixed with 1x DNA loading dye (NEB) and loaded on a 10 % native polyacrylamide
gel (PAGE) for separation of TFO, duplex and triplex fragments (see more details in description
of electrophoretic mobility shift assay below).

Table 15| Triplex-forming buffer compositions. The 1x buffer compositions that were used to form triplexes
in vitro.

3.7.6

triplex-forming conditions

composition of 1x triplex buffer

anti-parallel (pH 7)

10 mM Tris-HCl pH7.2, 10 mM MgCl2

parallel (pH 5)

10 mM sodium acetate pH 5.0, 10 mM MgCl2

triplex disfavoring

10 mM Tris-HCl pH7.5, 140 mM KCl

Electrophoretic mobility shift assay (EMSA)

To separate triplexes from duplex DNA and non-bound TFOs, a native polyacrylamide gel
(PAGE) was used. The 10 % PAGE (15 % PAGE for verification experiments) was prepared by
polymerizing the acrylamide/bis-acrylamide 40 % solution (Sigma) using N,N,N’,N’- Tetramethylethylenediamine (TEMED, Alfa Aesar) and ammonium persulfate (APS, Sigma) in respective buffers (anti-parallel: 4 mM TBE,2.5 mM MgCl2 , parallel: 8 mM sodium acetate pH 5.0,
2.5 mM MgCl2 and triplex disfavoring buffers: 4 mM TBE (Tris/Borate/EDTA), 140 mM KCl).
Following PAGE preparation, samples were mixed with 1x purple loading dye (6x, NEB) and
7.5 µL of low molecular weight DNA ladder (NEB, #N3233) was loaded onto the gel. The 1x
running buffer is the same that has been used for PAGE preparation. For sufficient band separation between triplexes and duplex DNA, electrophoresis was operated for 2 hours at a field
strength of 7.5 V/cm2 . Subsequently, the gel was removed from the electrophoresis chamber and
transferred to 1x running buffer containing 0.1 mg/mL of ethidium bromide (1 mg/mL, hylabs)
to stain DNA for 20 minutes at RT while carefully shaking. Images of gels were acquired using
a UV gel documentation system.
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3.7.7

DNA fragment isolation from PAGE

Following triplex/duplex/TFO separation, DNA was isolated from PAGE using the Crush and
Soak Method as it has been described by J. Sambrook and D. Rusell 157 . While UV illuminating
the PAGE (305 nm), (putative triplex) bands in gel of triplex or TFO lanes were excised at the
same height corresponding to the triplex DNA from the positive control in the triplex sample
using a clean scalpel and transferred the gel slices into a 1.5 mL microcentrifuge tube. The
weight of the slice was determined and 2 volumes of 1x Crush and Soak buffer (CSB, 200 mM
NaCl, 10 mM Tris-HCl pH7.5, 1 mM EDTA pH8.0) was added. The gel was crushed into smaller
fragments using a sterile pipette tip or inoculation loop and incubated overnight at 37 ºC while
slowly shaking. Following the overnight incubation, samples were centrifuged at maximum speed
(16,000 g) for 2 minutes at 4 °C. The supernatant was transferred to a fresh microcentrifuge tube
and an additional 2 volumes of CSB were added to the gel pellet, centrifuged (16,000 g, 2 minutes,
4 °C) and supernatants were pooled. Subsequently, DNA was ethanol-precipitated by addition
of 3 volumes of ice-cold ethanol, 1/10 of volumes sodium acetate (pH5.0) and 1 µg GlycoBlue
Coprecipitant (glycoblue, 15 mg/mL, Thermo Fischer Scientific). Samples were incubated for at
least 1 hour at -80 °C followed by centrifugation (16,000 g, 30 minutes, 4 °C). Supernatant was
carefully decanted, DNA was air-dried for 5 minutes at RT and dissolved in 15 µL of ultra-pure
water (Ultra Pure Water, Biological Industries).
3.7.8

Heat-separation of duplex and TFO DNA (triplex disruption)

To ensure that TFOs are not bound to duplex DNA, which is required for the ssDNA adapter
ligation in the next step, the DNA from the previous steps was mixed with 1x triplex disfavoring
buffer (TDB: 10 mM Tris-HCl pH7.5, 140 mM KCl) and incubated at 95 °C for 5 minutes to
separate duplex DNA from TFO. Subsequently, DNA was reannealed by decreasing temperature
by 1 °C every 30 seconds until room temperature (RT) was reached. Following reannealing of
duplex DNA and simultaneous prevention of triplex formation, DNA was ethanol-precipitated
as has been described above (3 volumes of ice-cold ethanol, 1/10 of volumes sodium acetate
(pH5.0) and 1 µg GlycoBlue) and resuspended in 23 µL ultra-pure water.
3.7.9

Single-stranded adapter ligation

After TFOs have been separated from duplex DNA, ssDNA adapter ligation was performed by
using the CircLigase ssDNA ligase kit (#CL4115K, Epicentre). Briefly, samples were mixed in
1x CircLigase buffer, 2.5 mM MgCl2 , 50 µM adenosine-triphosphate (ATP), 100 U CircLigase
and 50 pmole ssDNA adapter which contains a 5’ phosphorylated terminus (to act as donor) and
a 3’ carbon spacer (for more details see Table 14). The reaction mix was incubated for 2 hours
at 60 °C with subsequent deactivation of the enzyme for 10 minutes at 80 °C. The obtained
TFO fragments were purified using Agencourt AMPure beads (Coulter Beckman), according to
manufacturer’s instructions. In brief, 1.8x volumes well-resuspended AMPure XP bead slurry
was added to the PCR reaction mix, incubated for 5 minutes at RT and transferred to the
DynaMag-96 Side Magnet (#12331D, Thermo Fisher Scientific). Following incubation of the
sample on the magnet for 2 minutes (or until sample is clear), supernatant was removed and
beads were washed twice with 200 µL freshly-prepared 70 % ethanol without removing samples
from the magnet. Subsequently, samples were removed from plate, air-dried for 5 minutes to
ensure no residual ethanol was left, resuspended in 25 µL ultra-pure water and incubated for
5 minutes at RT before transferring to magnet. Following a 2 minutes incubation, supernatant
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was carefully transferred to a fresh tube.
3.7.10

Preparation of sequencing library

The final step of the protocol is the PCR amplification of the enriched TFOs and simultaneous
addition of Illumina adapter sequences including indexes to multiplex samples. For a detailed list
of Illumina oligonucleotides, index sequences and other PCR primers see Table 14. For the PCR
mix, 0.01 µM of primer TriSeqNGS001 which binds the capture sequence of the TFO, 0.5 µM
Illumina primer index #1-#34 that bind the ligated ssDNA adapter sequence and adds Illumina
indexes, 200 µM dNTPs (each dNTP 100 mM Solution, Thermo Fisher Scientific), 1 U Q5 Hot
Start High-Fidelity Polymerase (Q5, NEB), 3 % dimethylsulfoxide (DMSO) were mixed in 1x Q5
Reaction buffer and the following PCR program was executed: Initial denaturation for 2 minutes
at 98 °C, followed by 15 cycles of 30 seconds at 98 °C, 30 seconds at 65 °C and 10 seconds at
72 °C which preceded the final elongation step for 2 minutes at 72 °C. PCR samples were purified
using AMPure XP beads as has been described above. In a second PCR, 0.5 µM Illumina primer
index #1-#34, 0.5 µM primer PE_forward, which adds the sequence that is complementary to
the Illumina flow cell, were added to the reaction mix as has been described above. The same
PCR program was used and after PCR completion, samples were cooled down to 4 °C, 5 U of
Exonuclease I (ExoI, NEB) were added to the PCR mix and incubated at 37 °C for 30 minutes.
Samples were subsequently purified using AMPure XP beads as described above. DNA Screen
TapeAssay and Illumina sequencing 1 µL of prepared double-stranded DNA (dsDNA) libraries
were analyzed by the DNA ScreeTape assay and size of DNA fragments was determined. To
multiplex and prepare sequencing libraries, the molarity of the PCR-amplified dsDNA libraries
was calculated by determining the average length based on the Tapestation results and the
concentration of the dsDNA fragment which was measured by Qubit 4 Fluoremeter (Thermo
Fisher Scientific) and samples were mixed to obtain a 10 nM pooled and multiplexed library.
3.7.11

Illumina sequencing

The multiplexed libraries were sequenced on an Illumina HiSeq 2500 (High Output Run Mode
V4 or Rapid Run Mode) or MiSeq and were operated at the Technion Genome Center in Haifa.
Depending on the number of library variants, different volumes of the TFO libraries were mixed
(each TFO library was 2-10 nM) and the pooled library was run as a single-read 50 bp run. Due
to the low diversity of sequences in the libraries, added 20 % PhiX Control v3 Library (Illumina,
FC-110-3001) was added. The well-balanced GC/AT PhiX genome is derived from the small,
well characterized bacteriophage PhiX and serves as an in-run control for cluster generation,
sequencing and alignment. The overall read yield ranged between 150 - 300 Mio reads per HiSeq
run, and 10-20 Mio reads per MiSeq run.
3.7.12

Bioinformatic analysis

First, Illumina sequencing read quality was validated, adapter sequences were trimmed using
cutadapt 158 and aligned to the PhiX genome bowtie2 159 in local alignment mode (bowtie2 -local). Second, TFO sequences were extracted by (i) identifying the 19 nt long capture sequence
’CTTCAGCTTGGCGGTCTGG’, (ii) selecting sequences with exactly 39 nt and (iii) searching for identical matches to all possible combinations of the TFO sequence. Next, the number of reads
were normalized by dividing each read count by the total number of reads for each sample and
multiplied by 106 (reads per million, RPM). For the in vitro Triplex-Seq analysis, the triplex
reactivity was calculated. Triplex reactivity is defined as the ratio of the RPM of the triplex
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band divided by the RPM of the TFO band and subtraction of 1. Thus, every value above 1 is
defined as “triplex reactive”.
triplex reactivity =

3.8

RP Mtriplex
−1
RP MT F O

Circular dichroism spectroscopy

For circular dichroism (CD) spectroscopy, TFO (12.5 µM) and TTS (2.5 µM) were mixed in 1x
triplex buffer (depending on condition either 10 mM Tris-HCl pH7.2, 10 mM MgCl2 or 10 mM
sodium acetate pH5.0, 10 mM MgCl2 ), incubated for two hours at 37 °C and subsequently cooled
down to 25 °C/RT. CD spectra were recorded on a J-1100 CD spectrophotometer (Jasco) using
a 1 mm quartz cuvette (kindly provided by Arnon Henn’s lab, Technion) with a total volume
of 200 µL. The scanning speed was 100 nm/min, Digital Integration Time (D.I.T.) of 2 seconds
and 2 accumulations (average of two consecutive recordings per sample) were recorded at 25 °C.
The CD spectra were baseline-corrected using the respective buffers.

3.9
3.9.1

In cell Triplex-Seq
Cell culture

CHO-K1-MI-HAC (kindly provided by Y. Kazuki and M. Oshimura and hereby referred to
as simply CHO cells) were grown in F-12 Nutrient Mixture (HAM’s) medium (BI), supplemented with 10 % FBS (04-005-1A, LOT: 1630662, Biological Industries) and 1 % PenicillinStreptomycin solution (Biological Industries) (F12complete ), and cultured at 37 °C and 5 % CO2
in humidified atmosphere. CHO cells were subcultured at a 1:5 to 1:10 ratio and transfected by
using the fast-forward transfection method (for more details see below).
3.9.2

Transfection of TFO libraries and cell harvest

13 µg of TFO was transfected by mixing with 65 µg of 1 mg/mL polyethylene imine (PEI Linear,
#23966, Polysciences), incubated at room temperature for 15 minutes and subsequently added
to 6x107 CHO cells. Transfections were carried out either on 80 % confluent cells that have been
seeded 24 hours prior transfection, or confluent CHO cells tissue culture plates were harvested on
the day of transfection and cells were transfected in solution and subsequently transferred to the
Nunclon (245 mm × 245 mm × 20 mm) tissue culture plates (fast-forward transfection). 24 hours
post-transfection, supernatant was collected and transferred to a conical centrifuge tube, cells
were harvested by adding enough trypsin (2-5 mL) to cover the tissue culture plates, resuspended
in F-12 Nutrient Mixture (HAM’s) medium and subsequently added to the supernatant. Cells
were centrifuged at 300 g for 10 minutes at RT, washed once with 1x phosphate buffered saline
(PBS) and genomic DNA was isolated.
3.9.3

Genomic DNA isolation and digestion

DNA was isolated using the Exgene Cell SV kit (GeneAll Biotechnology) according to the manufacturer’s instructions. In brief, 400 µg Proteinase K and 400 µg RNAseA (#R6513, Sigma)
were added to DNA sample and incubated for 2 minutes at RT, followed by addition of lysis
buffer (Buffer BL) to tube, vortexing and incubation at 56 °C for 10 minutes. After addition
of 1 volume ethanol, sample was applied on provided SV column and centrifuged (6000 g, RT,
1 minute). Column was washed with (Buffer BW and Buffer TW) and resuspended in ultrapure water. Following DNA/TFO isolation, gDNA was fragmented with xx U of EcoRI-HF (New
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England Biolabs, NEB) for 4-6 hours at 37 °C in 1x Cutsmart buffer (NEB), purified using 1.8x
AMPure beads as described above and resuspended in 1x triplex-disfavoring buffer (TDB) and
incubated overnight at 37 °C.
3.9.4

Enrichment of TFOs

Following the incubation in 1xTDB, 100 pmole of biotinylated capture oligo (Biot-oTriSeqNGSddC, for details see Table 12) was added, incubated at 95 °C for 5 minutes and slowly cooled
down to RT with 1 °C/30 seconds. The TFO/gDNA/oligo mix was precipitated using 3 volumes
ice-cold ethanol, 1/10 volume sodium acetate (pH5.0) and 1 µg glycoblue. Samples were stored
at -80 °C for at least 30 minutes followed by centrifugation at 4 °C for 30 minutes at 16,000 g.
Precipitated DNA was resuspended in ultra-pure water and incubated with equal volumes of
Dynabeads MyOne Streptavidin T1 (final conc.: 5 µg/µL) for 10 minutes at RT. Magnetic
beads were placed on DynaBead magnetic plate and washed five times with wash buffer (10 mM
TrisHCl pH7.2, 1 mM EDTA pH8.0, 4 M NaCl, 0.2 % Tween) by incubating the beads for
10 minutes at RT and subsequently removal of the wash buffer. To dissociate the non-biotinylated
fragments, beads were washed two times with 1x saline-sodium citrate (SSC, Bio-Lab Chemicals)
buffer and eluted in 50 µL 1xSSC buffer while being heated for 5 minutes at 95 °C. After this
first release, beads were incubated for 10 minutes at 95 °C in 95 % Hi-Di formamide (Thermo
Fisher Scientific) and 10 mM EDTA (pH8.0) which disrupts binding of biotin ad streptavidin.
The samples from both the SSC and formamide fraction were ethanol precipitated by adding
3 volumes of ice-cold ethanol, 1/10 volume sodium acetate (pH5.0) and 1 µg glycoblue and
protocol for ethanol precipitation was followed as described above.
3.9.5

Sequencing library preparation and Illumina sequencing

Heat-denaturation, ssDNA adapter ligation, preparation of sequencing library via PCR amplification and Illumina sequencing have been performed as has been described in in vitro Triplex-Seq.
3.9.6

In cell gDNA Triplex-Seq

For co-enrichment of genomic DNA (gDNA), cells were transfected and harvested as described
above in the regular in cell Triplex-Seq protocol, washed with 1xPBS and incubated in 1 %
paraformaldehyde (PFA) for 10 minutes at RT. Crosslinking reaction was stopped with 0.125 M
glycine for 5 minutes at RT, followed by 15 minutes on ice. PFA was removed by centrifugation
(400 g, 10 minutes) and washed once with 1x PBS. Cell membranes were lysed using a mild
detergent-containing lysis buffer (10 mM Tris-HCl pH7.5, 10 mM NaCl, 0.2 % NP40) for 5 minutes and nuclei were harvested (500 g, 10 minutes) and resuspended in 1.5 % sodium dodecyl
sulfate (SDS, Biological Industries) and 1x NEB buffer 2.1 (NEB). 300 pmole of capture oligo
(see description above and in oligo list) was annealed by heating it first to 60 °C for 5 minutes followed by a cool-down of 1 °C/30 seconds. After annealing of capture oligo, SDS was sequestered
by addition of 1.5 % Triton and 20 U MseI was added to this mix and incubated for 4-6 hours
at 37 °C. To inactivate the enzyme, 1 mM EDTA (pH8.0) and 1 M NaCl were added and the
mix were mixed with MyOne Streptavidin T1 beads (25 µL) and incubated for 15 minutes at
RT. Following binding of TFOs/gDNA fragments to the beads, the supernatant containing nonbound gDNA was transferred to a new tube and stored at -20 °C until further processed. After
removal of non-bound gDNA, the crosslink was reversed by incubating the beads-DNA reaction
in reverse-crosslinking buffer (50 mM Tris-HCl pH7.2, 1 % SDS, 1 mM EDTA pH8.0, 100 mM
NaCl, 500 μg Proteinase K (Sigma) overnight at 65 °C while carefully shaking. This step might
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lead to dissociation of the capture oligo with its complementary capture sequence on the TFO,
thus we performed reannealing of the capture oligo to the TFO in triplex-disfavoring buffer to
prevent triplex formation. To do so, samples were mixed with 0.14 M KCl and 10 mM TrisHCl (pH 7.5) and heated to 80 °C for 5 minutes after which the samples were cooled down at
1 °C/30 seconds. 1 M final concentration of NaCl was added to the reaction mix, and incubated
for 10 minutes at RT. Subsequently, mix was transferred to magnetic stand and supernatant was
transferred to a new tube.

3.10

In cell Triloci-Seq

3.10.1

Design of oligonucleotides (oligos) and primers

The developed in cell Triloci-Seq assay requires TFOs, a ss/ds-DNA adapter which is ligated to
the TFOs in the downstream protocol, a cut_oligo that generates a double-stranded restriction
site and primers for PCR amplification. The TFOs that were used in this study were adapted
from literature and contain a triplex-forming motif as well as a region that corresponds to the
Illumina sequencing primer. In Table 16, the TFOs and other oligos (adapter_oligo, cut_oligo
and PCR primers) are shown.
Table 16| List of in cell Triloci-Seq primers. All primers that were used in this study to developed the in
cell Triloci-Seq protocol are shown.

name

sequence (5-->3)

description

length
[nt]

MEG3

CGGAGAGCAGAGAGGGAGCGAGATCGGAAGAG
CGTCGT

Mondal et al. 52

38

Fendrr

TCCCCTCCATCCTCTTCCTTCTCCTCCTCCTC

Grote et al. 50

56

Kalwa et al. 54

34

Kalwa et al. 54

34

Postepska et

46

TTCTTTAGATCGGAAGAGCGTCGT
HOTAIR-1

GAGAGAAGGGAGGAGAAGATCGGAAGAGCGTC
GT

HOTAIR-2

GAGACCGAGAGAGAGAAGATCGGAAGAGCGTC
GT

Khps1

CAGGGTCCCCCCTTTTTTTTTCCTCCTGGAGA
TCGGAAGAGCGTCGT

TTC

TTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTT

al.

51

Zheng et al. 49

63

Ohno et al. 160

63

CTTCTTCTTCTTCAGATCGGAAGAGCGTCGT
GAA

GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGA
AGAAGAAGAAGAAAGATCGGAAGAGCGTCGT

Particle

AAGGGGGGGGGAAAGATCGGAAGAGCGTCGT

O’Leary et al. 53

31

DHFR

ACAAATGGGGACGAGGGGGGCGGGGCGGCCAG

Martianov et

47

ATCGGAAGAGCGTCGT

al. 48

GTCGACCAGTTGTTCCTTTGAGATCGGAAGAG

Schmitz et al. 10

T0

CGTCGT
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38

oligo_cut

TCGTGTAGGGAGGATCCGTTCAGACGTGTGCTCT

this work

34

adapter_fw

/5Phos/GTAGGGAGGATCCGTTCAGACGTGT

this work

45

GCTCTTCCGA/iBiodT/CTTTAAGTA
adapter_rev

TACTTAAAGATCGGAAGAGCACAC

this work

24

Index#1

CAAGCAGAAGACGGCATACGAGATCGTGATGT

NEBNext Index

25

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

primer 1

CAAGCAGAAGACGGCATACGAGATACATCGGT

NEBNext Index

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

2 Primer for

Index#2

64

Illumina
Index#3

CAAGCAGAAGACGGCATACGAGATGCCTAAGT

NEBNext Index

GACTGGAGTTCAGACGTGTGCTCTTCCGATCT

3 Primer for

64

Illumina
3.10.2

Cell culture

HEK-293 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (#D5796,
Sigma), supplemented with 10 % FBS (04-005-1A, LOT: 1630662) and 1 % Penicillin-Streptomycin
solution herewith referred to as DMEMcomplete , and cultured at 37 °C and 5 % CO2 in humidified atmosphere. HEK-293 cells were subcultured at a 1:10 ratio and transfected by using the
fast-forward transfection method.
3.10.3

Transfection of TFO libraries and cell harvest

13 µg of the pool of mixed TFOs (each TFO was mixed at molar ratios and for a full list of TFOs
see Table 16 on page 42) was transfected by mixing with 65 µg of 1 mg/mL PEI incubated at RT
for 15 min and subsequently added to 6x107 HEK-293 cells that have been collected in 50 mL
conical tubes. Transfection was carried out by harvesting confluent HEK-293 cells on the day
of transfection and cells were transfected in solution and subsequently transferred to the tissue
culture plates (fast-forward transfection). 24 hours post-transfection, supernatant was collected
and transferred to a conical centrifuge tube and cells were harvested by adding enough trypsin
(5 mL) to cover the tissue culture plates, resuspended in DMEMcomplete and subsequently added
to supernatant. Cells were centrifuged at 300 g for 10 minutes, washed once with 1x phosphate
buffered saline (PBS) and resuspended in 1x PBS.
3.10.4

Crosslinking of cells

PFA crosslink:

Cells were mixed with 16 % paraformaldehyde (PFA) aqueous solution (cry-

oEM grade, Electron Microscopy Sciences) resulting in a final concentration of 1 %, incubated
for 10 minutes at RT and inactivated by addition of 1 M glycine (final concentration of 0.125 M
glycine). The mix was incubated for 5 minutes at RT, followed by 15 minutes on ice. Subsequently, cells were washed once with ice-cold 1x PBS and cell pellets (300 g, 5 minutes, RT) were
either flash-frozen in liquid nitrogen and stored at -80 °C or transferred to cell permeabilization
and linker ligation.
TMP crosslink:

10 µg/mL final concentration of Trioxsalen (4,5,8-Trimethylpsoralen (TMP),

200 µg/mL dissolved in ethanol, #T6137, Sigma) was added to cells and incubated in the dark
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at RT for 5 minutes prior to crosslinking. The plates were placed on ice 15 cm away from the
light source of the UV crosslinker (Spectroline, Select Series, 365 nm, Long Wave). Samples were
irradiated six times at 365 nm for 30 seconds with 300 µJ/cm2 . After crosslinking cells were
centrifuged (400 g, 10 minutes, RT) and washed once with 10 mM Tris-HCl (pH8.0), transferred
to ice and either flash frozen in liquid nitrogen (and stored at -80 °C) or samples were further
processed.
3.10.5

Nucleus permeabilization, adapter ligation, gDNA fragmentation

Cell pellets were resuspended in permeabilization buffer (10 mM TriS-HCl pH8.0, 10 mM NaCl,
0.2 % Nonidet-P40 (kindly provided by the Dganit Danino lab) and incubated for 30 minutes on
ice, with occasional agitation, followed by nuclei centrifugation at 1100 g for 12 minutes at RT
and washed once with ice-cold 1x PBS. Nuclei were resuspended in 1x T4 RNA ligase I reaction
buffer (NEB). Samples were split so that each sample contains 20-25 Mio cells per reaction and
10 % SDS to a final concentration of 1.5 % was added and incubated for 15 minutes at 65 °C while
occasional inverting. To sequester the SDS, 10 % Triton-X-100 (BioLab Chemicals) was added to
a final concentration of 1.5 % and carefully mixed while avoiding air-bubble formation followed
by addition of 0.5 µg RNAse A (10 mg/mL, R6513, Sigma) and incubation for 30 minutes at
37 °C while carefully shaking (70 rpm). Nuclei were mixed with 1 mM ATP (NEB), 20 %
PEG8000 (NEB) and 20 U of T4 RNA ligase I (ssRNA ligase, NEB) and supplemented with
100 pmole ss/dsDNA adapter chimera. The adapter contains a 5’ phosphorylated end and an
internal biotinylated nucleotide (see more details in Table 16 on page 42). Sample were incubated
for 4-6 hours at 22 °C followed by 12 hours at 16 °C while shaking at 100 rpm. The reaction was
stopped by addition of final concentrations of 6.7 mM Trizma (pH8.0) (Sigma) as well as 1.6 mM
EDTA (pH8.0) and incubated for 10 minutes at RT. Inactivated ligation mix was supplemented
with 1x Cutsmart buffer (NEB) as well as 50 U of MseI (4-base butter, NEB) and incubated
at 37 °C for at least 8 hours or overnight while slowly shaking (100 rpm). The enzyme was
heat-inactivated by incubation in 1.5 % final concentration of SDS for 2 minutes at 65 °C while
shaking followed by 1 % Triton-X100 addition.
3.10.6

Proximity-based ligation

After ssDNA ligation of ss/dsDNA adapter and digestion of gDNA, the fragmented gDNA pieces
will be ligated to the TFOs containing the ligated adapter sequence. Here, we will use the
approach of proximity-ligation was has been described before 161;162 . Briefly, 1000 U of T4 DNA
ligase (NEB) were mixed with T4 DNA ligase buffer and the digested DNA sample in a volume
that is 25-fold larger than the initial volume after digestion to reduce non-specific ligation and
increase probability of fragments being ligated that are in close-proximity to one another. The
ligation mix was incubated overnight at 16 °C while shaking (70 rpm).
3.10.7

Crosslink reversal

To reverse the PFA crosslink, 500 µg of proteinase K (#P2308, Sigma) was added to each sample
and incubated for 8-12 hours at 56 °C while shaking. To reverse TMP crosslink, samples were
placed on ice at a distance of 15 cm to the light source and irradiated with 254 nm at 1200 µJ/cm2
for 2 seconds (Spectroline, Select Series, 365 nm, Long Wave) and repeated three times.
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3.10.8

Phenol-chloroform based DNA isolation and DNA-fill in reaction

One volume of ice-cold UltraPure Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v, saturated
with 10 mM Trizma pH8.0, 1 mM EDTA, Sigma-Aldrich) solution is added to the samples,
vortexed for 120 seconds and centrifuged at RT for 10 minutes at 4500 g. The upper, aqueous
phase was carefully transferred to a fresh tube and one volume of chloroform was added, briefly
vortexed and again centrifuged (10 minutes, 4500 g, at RT). This step was repeated two times.
The supernatant was transferred to a fresh tube, the volumes of all samples were filled up to
the same volume with 1x TE (10 mM Trizma pH8.0, 1 mM EDTA) and 1/10 volume of sodium
acetate was mixed, followed by 2.5 volumes of ice-cold 100 % ethanol and 1 µg glycoblue. The
mix was stored at -80 °C for at least 30 minutes and subsequently centrifuged (4 °C, 60 minutes,
4500 g). The pelleted DNA was washed once with 70 % ethanol, ant the split samples were
pooled and resuspended in 1x NEB2.1 buffer (NEB). To the resuspended DNA, 10 U of T4 DNA
polymerase (NEB) was added, supplemented with 200 µM dNTPs and incubated for 2 hours at
11 °C. When using T4 DNA polymerase, make sure to keep samples below 12 °C to inhibit 3´
→ 5´ exonuclease activity of the enzyme.
3.10.9

Streptavidin-coupled magnetic bead purification

250 µg MyOne Strepatvidin C1 Dynabeads (Thermo Fisher Scientific) were washed three times
with 1x binding buffer (10 mM Tris-HCl pH7.2, 1 mM EDTA, 1 M NaCl) and resuspended in
2x binding buffer prior mixing with DNA. Following the addition of the DNA, samples were
incubated for 15 minutes at RT using gentle rotation and transferred to the magnetic 96-well
plate to separate the DNA-bound beads from the binding buffer. Subsequently, the beads were
washed three times with a wash buffer (10 mM TrisHCl pH7.2, 1 mM EDTA, 4 M NaCl, 0.2 %
Tween) which included a 10 minutes incubation step in wash buffer followed by an additional
washing step with 10 mM Tris-HCl (pH7.2) which was repeated twice. The DNA was then
eluted in a denaturing solution (100 mM NaOH, 0.1 mM EDTA pH8.0) by incubation at RT
for 5 minutes while gently rotating. The supernatant was neutralized by adding 100 mM HCl
as well as 0.1 mM Tris-HCl pH 7.2 final concentrations. The enriched DNA was then purified
using 1.8x AMPure XP beads as has been described above and the DNA was eluted in ultra-pure
water.
3.10.10

Circularization of ssDNA, oligo annealing and dsDNA digestion

To bring TFOs and ligated gDNA next to one another on a linear fragment, I use the principal of single-stranded DNA circularization, oligo annealing and digestion of DNA as has been
described previously 162 . In brief, the eluted DNA is mixed with 1x Circligase buffer, 2.5 mM
MnCl2 , 0.05 mM ATP and 1 U CircLigase ssDNA Ligase (#CL4111, epicentre) and incubated
for 240 minutes at 60 °C followed by a heat-inactivation step for 10 minutes at 80 °C. The circularized DNA is mixed with 0.5x Cutsmart buffer, cut_oligo (see Table 16) which generates a
double-stranded DNA recognition site for BamHI and the mix is heated to 95 °C for 2 minutes
and the oligo is annealed by decreasing the temperature 1 °C/20 seconds. Subsequently, 60 U of
BamHI-HF (NEB) is added, incubated for 60 minutes at 37 °C followed by AMPure XP beads
purification and resuspended in ultra-pure water. This DNA can be used to be PCR amplified
and prepared for Illumina sequencing.
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3.10.11

Illumina sequencing library preparation

The final step of the protocol is the amplification of the enriched gDNA/TFO fragments and
simultaneously addition of the Illumina adapter sequences. To do so, 0.2 µM of primer 1 (see list
for details of primer sequences) and 0.2 µM of primer 2 (that adds the Illumina index sequence
which is required for multiplexing libraries), 300 µM dNTPs and 1 U Q5 Hot Start Polymerase
were mixed in 1x Q5 Reaction buffer with the total volume of eluted DNA and run with the
following PCR program: Initial denaturation for 2 minutes at 98 °C, followed by 18 cycles of
30 seconds at 98 °C, 30 seconds at 65 °C and 30 seconds at 72 °C which preceded the final
elongation step for 2 minutes at 72 °C. Samples were cooled down to 4 °C, 5 U of ExoI was
added to the PCR mix and incubated for 37 °C for 30 minutes. Samples were subsequently
purified using AMPure XP beads as described above.
3.10.12

Illumina sequencing

The multiplexed libraries were sequenced on an Illumina HiSeq 2500 (High Output Run Mode
V4 or Rapid Run Mode) (operated at the Technion Genome Center, Haifa) of the pooled library
as a 100 bp paired-end run. Due to the low diversity of sequences in the libraries, 10-20 %
PhiX Control v3 Library (Illumina, FC-110-3001) was added to each run. The overall read yield
ranged between 150 - 300 Mio reads per HiSeq run.
3.10.13

Bioinformatic analysis

As described above, Illumina sequencing read quality was validated, adapter sequences were
trimmed using cutadapt and aligned to the PhiX genome as well as to the human genome (Human
genome assembly, Genome Reference Consortium Human Build 38, GRCh38, GCA_000001405.15)
as well as the hamster genome (Cricetulus griseus unplaced genomic scaffold, CriGri_1.0 scaffold984, NW_003614642.1) bowtie2 in local alignment mode (bowtie2 --local). After the alignment, TFO sequences were extracted by searching for identical matches to all possible combinations of the TFO sequence.
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4

Results

4.1

Synthetic long non-coding RNAs (slncRNAs)

To test triplex formation using synthetic lncRNAs (slncRNAs) in cells, I devised two strategies:
1. a triplex-mediated repression/enhancer system in bacterial E.coli cells (Figure 9a, top)
2. a slncRNA-dependent gene activation approach in human cells (Figure 9a, bottom)
In both strategies, I generated the same library of slncRNAs and TTS on a reporter plasmid to
screen for optimal gene regulation results. As shown in Figure 9b, the modular design of the
slncRNAs comprises a (i) DNA targeting motif (DNAbind ) that forms triplexes with corresponding triplex target sites (TTS) on a reporter plasmid and (ii) a RNA-binding protein domain
(RBPbind ). These two modules are connected via a flexible linker and is highlighted in gray in
Figure 9b.
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Figure 9| Schematic overview of slncRNA strategies and design. a, In bacteria, an enhancer-based
genetic circuit was designed in which slncRNA binding to a triplex target site (TTS) sequence within the looping
region is expected to alter its possibility to loop thus changing reporter gene levels. The strategy in mammalian
cells relies on the recruitment of transcriptional activators to minimal promoters in a slncRNA-guided manner. b,
The designed slncRNAs consist of two modules: Module I is the DNAbind motif, which induces triplex formation
by interaction with the TTS on the reporter plasmid. Module II consist of the RNA-binding protein sites
(RBPbind ) and is connected to module I via a flexible linker (highlighted in dark gray). The RBPbind domain
can be recognized and bound by RNA-binding proteins and fusion proteins thereof.

To generate the putative DNAbind motif, I selected five triplex-forming domains from literature
that have been shown to induce triplex formation under in vitro conditions 10;49;163;164;165 and it
has been proposed that some of these triplex-forming domains might induce triplex formation in
vivo/in cells 10;49 . They consist of either purine (guanine or adenine) or pyrimidine (cytosine or
thymine)-rich sequences and are 18 to 24 nts long (more information of the slncRNA library and
sequences of DNAbind motifs can be found on page 19 in the Materials and Methods section).
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The DNAbind motif is connected by a generic linker (5-40 nts) to the RBPbind domain. The
linker’s main function is to preserve the secondary structure of the RBPbind domain and keep
the DNAbind motif in a linear, non-basepaired state. As RBPbind motif I chose the sequence
of bacteriophage PP7 coat protein (PCP). In the PP7 phage, the coat protein assembles into
the mature viral capsid and regulates translation of its proteins by binding to RNA molecules.
The RNA molecules form a hairpin structure with a highly conserved protrusion of an adenosine
nucleotide that is recognized and bound with high affinities by the PP7 phage coat protein 153 .
The viral PCP sequence is well characterized and has been used for imaging RNA molecules in
bacterial and eukaryotic cells by fusing PP7 to fluorescent proteins such as the green fluorescent
protein (GFP) 166;167;168 . For imaging purposes, researchers have constructed cassettes of 24
repeats of PCP (24xPCP) or the tandem version of PCP (tdPCP) which has been shown to be
more suitable for quantitative experiments 167 . As I did not intend to image RNA molecules,
but use the tdPCP for activation or repression purposes, I generated slncRNA molecules with
one to five RBPbind motifs (one RBPbind motif = one PP7 hairpin).
After designing the slncRNA variants, which are combinations of the DNAbind motif, the linker
sequence and the RBPbind domain, I evaluated the 100 to 350 nts long slncRNA sequences
(excluding 3’ and 5’ UTRs (untranslated regions)) in silico using the RNA prediction and design software NuPACK 169 to check whether the secondary structure of the PP7 binding site is
preserved as this is crucial for binding of the tdPCP (Figure 10).
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Figure 10| Prediction of slncRNA secondary structures using NuPACK. The secondary structures of
the slncRNAs with the DNAbind motif and the RBPbind domain were analyzed using NuPACK 169 . a, The
slncRNA with the DNAbind motif GAArich and PP7x1 RBPbind domain are shown. The left image displays the
nucleotides with different coloring, and the right image shows a color-coded scale which depicts the base-pairing
probabilities. The DNAbind motif (1) as well as the RBPbind domain (2) are numbered and highlighted in each
scheme. b, The same two schemes (nucleotides and base pairing probabilities) are shown for increasing numbers of
PP7-binding sites. The RBPbind motifs are highlighted. It can be seen that the secondary structure is preserved
for all slncRNAs and the DNAbind motif remains linear.

In Figure 10a, one can see the predicted secondary structures for the slncRNA with the DNAbind

48

motif GAA (further details about the exact sequences can be found on page 19 in the Materials
and Methods section), 3 nt linker and one PP7 binding site (GAA-3-PP7x1 ). The left panel shows
the nucleotide sequence of the predicted secondary structure of the slncRNA molecule, whereas
the right panel depicts the base-pairing probabilities indicated by the color-coded scheme. It
can be seen that the DNAbind motif is very likely to be single-stranded at 37 ºC, whereas the
RBPbind domain appears to exhibit the expected hairpin structure with the protruding adenosine 167 . In Figure 10b the nucleotide composition as well as equilibrium probability of the
slncRNA with the same DNAbind motif with one, two, three four and five PP7 binding sites is
shown. It can be observed that the hairpin structure is well preserved for all PP7-binding sites
and the DNAbind motif remains single-stranded.
Following the in silico analysis of the slncRNA molecules, I designed the TTS, which functions as
the double-stranded, purine-rich stretch on a reporter plasmid that can be bound by slncRNAs
via triplex formation. The TTS sequences were extracted from the same publications which I
used to obtain the DNAbind motif. The library of slncRNAs and TTS was ordered as linear,
dsDNA fragments from Gen9 and subsequently cloned into respective plasmids.

4.2

slncRNAs in a bacterial enhancer circuit

4.2.1

Bacterial design of slncRNA-based enhancer circuit

The bacterial pRNA plasmid contains the N-butyryl-L-Homoserine lactone (C4 -HSL) inducible
pRhlR-promoter 170 driving expression of the slncRNAs (Figure 11a, bottom) . The TTS sequences were subcloned into the template and the non-template strand of the reporter plasmid
(pRep) that is based on the synthetic enhancer circuit described in Amit et al. 142 (Figure 11a,
top).
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Figure 11| Bacterial enhancer-based circuit design. a, For the synthetic enhancer-based circuit, two
plasmids are required. The pRNA plasmid harbors the slncRNA molecule and its transcription is controlled by
the C4 -HSL inducible rhlR-promoter, and the reporter plasmid pRep that contains the σv54 promoter glnAP2
which can be activated by the enhancer NRI upon DNA looping. A spacer region (L) was introduced into the
plasmid between the promoter glnAp2 and the NRI -binding sites (ntrC ). The spacer region will be used for
insertion of triplex target sites (TTS) that are targeted by the DNAbind domains of the slncRNAs. b, The basic
synthetic enhancer setup was modified 142 . DNA looping is now controlled by slncRNA binding to the TTS.
In absence of slncRNAs, DNA looping occurs and the phosphorylated NRI -dimers oligomerize at the enhancer
binding sites and initiate DNA transcription by interaction with the poised σv54 polymerase. Upon induction
of slncRNAs with C4 -HSL, triplex formation might occur and alters DNA looping probabilities thus changing
transcriptional mCherry rates.

The bacterial enhancers regulate transcription in an enhancer-based mechanism by changing
DNA looping characteristics. The enhancer cassette comprises the poised σv54 polymerase at the
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glnAp2 171;172 promoter driving expression of the glnG (ntrC) gene followed by a strong ribosome
binding site (RBS) and a mCherry gene as the reporter (Figure 11b). The center of the ntrCbinding sites are located 154 bp away from the center of the glnAp2 promoter referred to as
the spacer sequence L that forms the loop. Amit and colleagues showed substantial regulation
of looping-based transcription by strategically placing transcription factor (TF) binding sites
inside the looping region of the synthetic enhancer plasmid. I hypothesized that triplex-forming
slncRNA molecules may be capable of generating a similar regulatory effect by substituting
the TF-binding sites with the 17-23 nt long TTS sequences within this looping sequence L.
As a control sequence, the reporter plasmids contain a random sequence that should not form
triplexes with DNAbind motifs of the slncRNAs. I expected that, upon induction with C4 HSL, the DNAbind domain of the transcribed slncRNAs targets the TTS located centrally in
the looping region of the reporter plasmid (Figure 11b, highlighted in light blue). The triplex
interaction that may ensue will either induce a conformational change in the local ’looping’ DNA,
or alter the topology of the plasmid as a whole. This in turn will generate a shift in bending
of the looping DNA or elastic constant that will alter the overall probability of looping of the
bacterial enhancer. As a result, the steady state expression of the mCherry reporter will change
as well, leading to an indirect detection of the triplex structure.
However, since both structural features of triplexes as well as the kinetics that are associated
with such slncRNA-dsDNA interactions, are unknown, it was not clear that a simple design of
slncRNA-DNA triplex formation would be sufficient to detect the desired regulatory effect within
the context of the bacterial looping assay. As a result, I opted to add RBP binding domains of
PP7 to the triplex-forming domain to simultaneously check for two additional regulatory effects,
which may act synergistically by either amplifying the triplex effect on looping, or substantially
increase the probability of triplex formation in the first place. In the first effect, I hypothesized,
based on previous observations with TFs, that binding of a co-expressed tandem-dimer PP7Cerulean (tdPCP-Cerulean) fusion protein to its cognate PP7-binding sites on a triplex-bound
slncRNA molecule, may amplify the regulatory effect generated by the triplex alone. The effect
here should be similar to the excluded volume regulatory mechanism that was recently uncovered,
when they are bound inside the loop 143 . For the second strategy, we reasoned that a possible
pitfall for the slncRNA approach is based on the search mechanism of the triplex site by the
slncRNA. Here, unlike for TFs, it is not likely that a facilitated 1D-3D diffusion process is taking
place. As a result, the chance that a slncRNA will find its binding site within a context of
>106 potential binding sites is very small given only a 3D diffusion-based search process. Thus,
in order to observe a specific triplex binding effect, a very large steady state concentration of
slncRNA molecules within the cell may be needed, which may lead to adverse or toxic biological
behavior.
4.2.2

Experimental setup of the bacterial enhancer assay

The general procedure of the enhancer-dependent reporter assay was as follows: The E.coli K12
strains containing the plasmids pRep and pRNA were grown in low-autofluorescence bioassay
(BA) buffer, induced with increasing C4 -HSL concentration and fluorescence intensities of the
cell populations were measured over time. Figure 12 shows a typical dose response with biological
duplicates of E.coli strains containing the slncRNA GGA-3-PP7x2 in which GGA represents the
DNAbind motif, the number corresponds to linker length followed by the number of PP7 binding
site repeats. The optical density (OD) of bacterial growth rises as a function of time (Figure
12a), while the mCherry fluorescence (FL) increases as a function of time and increasing C4 -
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HSL concentrations (Figure 12b). FL values were divided by OD, normalized by eliminating
background auto-fluorescence levels of the BA buffer and bacterial cells, averaged over a range
of 8 hours and plotted against increasing C4 -HSL inducer concentrations (Figure 12c). In this
experiment, the pRNA plasmid has been co-transformed with the reporter plasmid (pRep76)
containing the corresponding, putative TTS sequence for the respective slncRNAs. For this
particular strain, a 2-fold increase in mCherry fluorescence is observed.
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Optical density (OD600)

b

mCherry fluorescence (FL)
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Normalized mCherry FL

Figure 12| Representative data set of bacterial enhancer-based circuit. The sample set of an E.coli
strain harboring a slncRNA with the DNAbind motif GGArich , a 3 nt long linker and 2xPP7-binding sites
(GGArich -3-PP7x2 ) with a reporter plasmid harboring the respective TTS for the DNAbind motif is shown.
Top10 cells were induced with increasing concentrations of C4 -HSL and fluorescence/OD measurements were
taken every 30 minutes starting 2 hours post-induction over a period of 8 hours during which the a, optical
density (OD) increases over time and b, the mCherry levels rise as a function of time and C4 -HSL concentration.
c, Normalized mCherry values (FL/OD) of biological duplicates (orange and blue lines) have been plotted against
increasing C4 -HSL concentrations. It is clear that biological duplicates behave similarly, but overall the data is
noisy. Nevertheless, a 2-fold increase in mCherry levels can be observed for these strains.

4.2.3

TTS-independent, enhancer-based upregulation of reporter gene

In total 556 E.coli strains have been tested, including biological duplicates, different slncRNAs and reporter plasmids. To analyze the large volume of collected data and compare across
slncRNA adn reporter strains, fluorescence values recorded at low inducer concentrations for
individual data sets were normalized to one. To do this, the FL/OD values of every measurement in a particular data set were divided by the average of the two minimal fluorescence levels
in absence of the inducer C4 -HSL and at 0.018 μM. These normalized data sets, termed ’foldchange’, were then used for a composite analysis of multiple configurations. To properly analyze
the composite ’fold-change’ data, I first computed a suitably weighted (due to different numbers
in measured strains per data set or inducer concentration) distribution of fold-change values at
a particular C4 -HSL concentration. In each graph below, I therefore use a gray-scale heat-map
plot to depict the underlying distribution with dark and light gray corresponding to large and
small bin occupancy values, respectively. In addition, I overlay the concentration-specific heatmaps with a data point corresponding to the value of the first moment (e.g. mean) for each
distribution.
In Figure 13a, I compared data sets of the normalized fold-change of E.coli strains containing
pRNA plasmids co-transformed with either the putative TTS (green marker) inserted in the
looping region or reporter plasmids containing random sequences (blue marker). In this case,
the fold-change levels calculated for slncRNAs with four different DNAbind motifs (GAArich ,
(GAA)x8 , AArich and pyrrich ) were averaged (for further information about DNAbind motifs check
Table 1 on page 19 in the Materials and Methods section) as no difference in up-regulatory behavior has been observed (data not shown). Putative TTS sequences correspond to each slncRNA
51

with respective triplex-forming DNAbind motif, whereas control sequences remain the same for
each co-transformed slncRNA. Contrary to my expectations, the data shows that first moment
values of both the TTS (blue markers) and non-TTS containing target sequences are indistinguishable across all inducer concentrations for the four different DNAbind motifs. Interestingly,
however both data sets also exhibit a consistent upward trend in fold-change. I observe a first
slight increase (20 %) starting at 1 µM C4 -HSL followed by a second up-regulatory response
(50 %) between 40 µM and 218 µM C4 -HSL. In addition, the distributions (gray-scale boxes) at
higher inducer concentrations are much wider as compared with lower inducer concentrations.
Together, these results indicate that while a difference due to the TTS is not observed, some form
of interaction is apparently taking place leading in some cases to a 2-fold increase in expression.
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Figure 13| Up-regulatory effect mediated by enhancer-based reporter plasmids. a, Schematic representation of experimental setup and comparison of data sets of looped reporter. The green markers represent
slncRNAs with four different DNAbind motifs that have been co-transformed with reporter plasmids with respective TTS, whereas the blue marker contains strains with the same slncRNAs, but the control reporter plasmid
lacking putative TTS sequences. The first moment values of fold-changes were plotted against increasing C4 -HSL
concentrations. The gray-scale boxes represent distributions corresponding to bin occupancy values at given concentrations. Both data sets display similar up-regulatory trends towards higher concentrations starting at 1 µM
C4 -HSL followed by a second, up-regulatory behavior between 40 µM and 218 μM C4 -HSL. b, The pLac/aramCherry plasmid containing a σv70 promoter is a non-looping based plasmid and is co-transformed with pRNA
plasmids and compared to the control sequences from the left figure. The data set containing the non-looped
reporter plasmid (red markers) exhibits the similar, slightly up-regulatory response in presence of increasing concentrations of C4 -HSL compared to the set of looping-based reporter plasmid (blue markers). Examining higher
C4 -HSL concentrations, the looping-based reporter displays a higher up-regulatory increase than the σv70 containing data set that reaches a plateau. Even more intriguingly is the variability and shape of the distributions.
While the non-looped reporter displays a unimodal distribution of fold-changes (right inset), several peaks are
formed for the looping-based reporter at concentrations between 70 μM and 218 μM, whereas at low C4 -HSL
concentrations distributions overlap (left inset).

As I could not distinguish between strains with the putative TTS compared to strains lacking
the TTS, I next asked whether the up-regulatory effect can be observed in reporter plasmids containing a non-looping dependent promoter (σv70 ) as well (Figure 13b). For this, I co-transformed
pLac/ara-mCherry, containing the constitutive σv70 pLac/ara promoter, which does not require
looping to regulate gene expression, with various pRNA plasmids and compared the distributions
and first moment values of fold-changes for each inducer concentration with the results obtained
for the control sequences shown. For concentrations until 1 µM, no up-regulatory response can
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be noted for both enhancer-based (blue marker) and non-looped reporters (pLac/ara-mCherry,
red marker). At concentrations ranging between 1 µM - 40 µM C4 -HSL, I observe a similar,
slightly up-regulatory response for both data sets. When examining the three highest concentrations of the looping-based reporter, I recognize a slight up-regulation trend for the looping-based
reporter, whereas a plateau is reached in the σv70 -containing reporter, but it is questionable
whether the effect is significant given the relative distributions of the values (gray-scale boxes).
Intriguingly however, both the variability and the overall shape of the distributions diverge
markedly between the strains carrying the looping-based σv54 promoter and the σv70 promoter
as the C4 -HSL concentration increases. In particular, at the highest concentration (Figure 13b,
218 µM – right inset), the distribution for the looping case is characterized by multiple peaks
that are spread over a large range of fold-ratios, while the non-looping peak forms a unimodal
distribution of fold ratios. In addition, the distributions do not overlap leading to the shift in
first moment values plotted in Figure 13b. This is contrasted by the distributions shown at lower
concentrations (see left inset: 1.8 nM), where the data sets for both promoter types overlap and
are nearly indistinguishable. Even though the data shown in Figure 13a+b provides support
for the hypothesis that some sort of interaction is taking place between the DNA loop and the
slncRNA, I cannot draw definitive conclusions.
4.2.4

Control strains strengthen slncRNA involvement in up-regulation

I further wanted to further verify that the slight up-regulatory response in both the non-looped
reporter and the two-step effect in the enhancer-based reporter is not an artifact of high C4 -HSL
concentrations.
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Figure 14| mCherry expression changes in absence of slncRNAs and presence of mRNA. a, E.coli
strains have been transformed either with the looped reporter plasmids and a mRNA plasmid that encodes tdPP7Cerulean, or with the looped reporter plasmid only. No significant up-regulation of mCherry can be observed
for neither of the two data sets (purple markers, co-expression of mRNA, black markers, reporter plasmid only).
Even at high concentrations, the mCherry values stay at basal levels. Hence, transcription of mRNA alone does
not enhance mCherry transcription. b, E.coli strains containing the slncRNA sequences with an additional start
codon (ATG) thereby encoding a short peptide termed peptide plasmid (yellow markers) were compared to the
E.coli strains lacking the ATG (blue markers). The data sets of strains with and without ATG exhibit a similar
up-regulatory increase up until 124 μM C4 -HSL, but the peptide plasmid strains display a unimodal distribution
of fold-changes (right inset) at high C4 -HSL concentrations.
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To do so, I examined control sets expressing no slncRNAs, mRNAs and slncRNAs that contain
an open-reading frame (ORF) termed slncRNA peptide (Figure 14). In Figure 14a, the black
marker corresponds to E.coli strains that lack the slncRNA-expressing plasmid and contain only
the mCherry reporter plasmid. Thus, reporter distribution levels should be basal, independent of
inducer concentrations. The second data set (purple marker) corresponds to normalized mCherry
values for Top10 strains that contain the reporter plasmids and pRNA plasmids that instead of
slncRNA transcribe mRNA. I chose the open reading frame encoding pp7-cerulean as mRNA
for visualization of its expression (data not shown). I observed the same average fold-change
and no significant up-regulation of mCherry for both control sets indicating that in absence of
slncRNAs no regulatory effect on transcription occurs. Furthermore, insertion of a start codon,
thus encoding slncRNA peptides (Figure 14b), reduced the observed up-regulatory effect thus
indicating that the slncRNAs are indeed involved in enhancing gene expression.
Initially, I designed and constructed various slncRNAs with five different DNAbind motifs. As
shown in Figure 13, four DNAbind domains resulted in a similar, up-regulatory response independently of the TTS in the loop of the reporter plasmid. Only the fifth DNAbind sequence termed
T0 shows a slightly different behavior dependent on the TTS of the reporter plasmid (Figure 15).
The DNAbind motif T0 derives from the core promoter of rDNA genes and has been reported
to be the responsible sequence for triplex formation, DNA methylation and subsequent gene
silencing of eukaryotic rDNA genes 10 . Interestingly, this sequence does not follow the predicted
triplex-forming code that states that either polypurine or polypyrimidine stretches are required
for triplex formation.
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Figure 15| Specific up-regulatory response using slncRNAs with DNAbind motif T0. The triplexforming sequence T0 has been shown to form triplexes at eukaryotic promoters of rDNA genes in vitro 10 .
T0/slncRNA-containing plasmids were co-transformed with the respective reporter plasmids comprising the putative TTS and were compared to strains carrying the control reporter plasmids. Contrary to the other four
DNAbind motifs that did not differ from the control set (blue markers), the up-regulatory response starting from
40 µM differs between the two data sets of T0-slncRNAs varies (green markers). While the set with control
sequences exgibits the 20 % up-regulatory effect, the increase of mCherry for T0 with its putative TTS is (green
marker) considerably stronger (70 %) and the distributions (right panel) are similar, but shifted to the right.

The data illustrates the differential response in the two sets (green marker, T0-containing re-
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porter; blue marker, control sequence in looping sequence) starting at 40 µM C4 -HSL. While the
control strains respond to increasing inducer concentrations from 1 µM-218 µM in the same way
as the other control sequences in Figure 13 on page 52 (blue marker with line), the strains that
contain the reporter plasmids with putative T0-TTS insertions in the looping sequence display
a stronger up-regulatory effect. This indicates a potential sequence dependent up-regulation,
which may be due to triplex formation.
4.2.5

AT-rich spacer sequence reduces non-specific up-regulatory effect

One possible explanation of the non-specific up-regulatory effect of mCherry might be the promiscuity of potential triplex target sites within the spacer sequence L flanking the actual TTS insertion site (Figure 16a, upper image). Therefore, the spacer sequence was altered by removing
longer stretches of purine/pyrimidine stretches. To achieve this, most of the sequence was replaced with adenines/thymines (AT) repeats (Figure 16a, lower image). This AT-rich spacer was
cloned into the enhancer-circuit plasmid and transformed to E.coli cells harboring the pRNA
plasmids and mCherry expression levels were compared to strains containing the original spacer
(Figure 16b). All E.coli strains shown in these data sets lacked specific TTS within the spacer.
As has been shown before, E.coli strains with the original TTS-promiscuous spacer (blue markers) displays non-specific mCherry up-regulation and a wide distribution of fold-change values at
high C4 -HSL concentrations (inset, blue line), the E.coli strains with the AT-rich spacer sequence
exhibit a reduced up-regulatory effect and only at high C4 -HSL concentrations (> 70 µM) shows
a minimal up-regulation of mCherry. Intriguingly, the distribution of these E.coli strain lack the
wide distribution (Figure 16b, insets) and are comparable to the non-looped reporter plasmids
(Figure 14a).
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Figure 16| Modified spacer sequence reduces non-specific up-regulation. a, The original spacer sequence contains promiscuous purine/pyrimidine stretches. The purine-rich stretches were replaced with ATrepeats. b, Insertion of the AT-rich spacer (purple markers) reduces the non-specific up-regulatory effect observed in E.coli strains with the original spacer (blue markers) and a slight up-regulation can be observed for
high C4 -HSL concentrations while the distributions (inset, purple line) remain unimodal.
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4.2.6

Co-expression of RNA-binding proteins and slncRNAs

Lastly, I asked whether co-expression of a RBP-fusion protein influences the probability of looping in the enhancer circuit (see Figure 11c). Therefore, I introduced the tandem-dimer PP7
phage coat protein (tdPCP) gene into the pRNA plasmids upstream of the rhlR gene that is
constitutively expressed. I co-transformed the pRNA-RBP plasmid with respective reporter
plasmids and induced slncRNA transcription with increasing C4 -HSL concentrations. I compared the data sets with the same reporter and pRNA plasmids in absence and presence of the
td-PCPs. Contrary to my expectations, mCherry expression as well as distributions display no
differential behavior in presence (Figure 17, orange markers) or absence (Figure 17, gray markers) of the tdPCP proteins with reporter plasmids containing putative TTS sites. This indicates
that the slncRNAs interact with the reporter plasmid in a protein-independent manner and the
tdPCP-fusion protein does not influence local looping probabilities.
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Figure 17| Comparison of mCherry fold-changes in absence or presence of tdPCP. Exemplified representation of experimentally tested E.coli strains. mCherry expression was measured in presence and absence
of tandem-dimer phage coat protein (tdPCP) fused to Cerulean. No significant up-regulation of mCherry can be
observed for neither of the two data sets when comparing the reporter plasmids with putative TTS in presence (orange marker) and absence (gray marker) of tdPCP-Cerulean (left panel) as well as when comparing distributions
(right panel).

4.2.7

Summary bacterial enhancer-based assay

The enhancer-based circuit was designed to be responsive to slncRNA binding in the DNA
looping region via triplex formation thereby inducing changes in mCherry expression levels. I
based the idea of slncRNA-mediated gene regulation on work using synthetic enhancers that
responded to transcription factors which were placed inside or outside the looping region and
induced significant up- or down-regulation 142;143 . Unfortunately, this TF-dependent regulatory
effect could not be exhibited in my experimental setup using slncRNAs. However, I did observe a
non-specific up-regulatory effect independent of (i) slncRNAs the TTS within the spacer sequence
L (Figure 13). Furthermore, insertion of a start codon into the slncRNA open reading frame
(Figure 14b) reduced the non-specific up-regulation trend observed previously. While the upregulatory effect of mCherry seems to be derived from DNA looping (Figure 14a) and exchange
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of the purine-rich spacer with AT-repeats reduced this non-specific regulatory effect (Figure 16),
I believe that pursuing this line of experimental setup is sub-optimal at this stage and yields
inconclusive results. Thus, I decided to move on to the mammalian chassis and test the ability
of slncRNAs to activate gene expression in a CRISPR/Cas9-like circuit.
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4.3

Mammalian slncRNAs in gene-activation circuit

To study slncRNA-mediated gene activation in mammalian cells, I designed a CRISPR/Cas9-like
gene activation circuit by applying the RNA-guided Cas9 activation of a reporter gene to a solely
RNA-mediated gene activation circuit (Figure 18). To do so, I exploited the modular design of the
slncRNAs (Figure 9b) and cloned them into a mammalian vector. The setup in eukaryotic cells
for analyzing and evaluating each module of the slncRNAs is as follows: the slncRNA consists
of a single DNAbind motif and a RBPbind domain connected by a flexible linker. I hypothesize
that these DNAbind motifs of the slncRNAs will interact with a putative TTS sequence located
upstream of a minimal CMV promoter (pCMVmin ) on the reporter plasmid. Triplex formation
between the slncRNA and the putative TTS activates expression of the yellow fluorescent protein
(eYFP) located downstream of the pCMVmin . Monitoring the fluorescent reporter protein levels
allows for the analysis of the functionality of the slncRNA components.
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Figure 18| Design of mammalian slncRNA gene-activation circuit. For the functionality of the system,
four constructs are required. Plasmid pCsy4 encodes the endonuclease Csy4 that recognizes and cleaves a 28 nt
long RNA stretch that flanks the slncRNA seqeunce. Plasmid pRNA carries the strongly enhanced blue fluorescent
protein (sbfp2) gene as a reporter for efficient expression and the slncRNA, which consists of two modules:
(1) DNAbind motif and (2) RBPbind . Plasmid pRBP encodes a fusion protein (RBPactivator ) comprising the
fluorescent reporter mKate2, a RNA-binding protein (RBP) and a viral transactivator (vp64). Plasmid pRep,
the reporter plasmid, contains a yellow fluorescent protein (yfp) gene under control of a minimal cytomegalovirus
(CMV) promoter. Cleavage by the Csy4 endonuclease releases the slncRNA and the transcript sbfp2. The
slncRNAs will be bound by fusion proteins (RBPactivator ). The RNA-protein complex is relocated into the
nucleus and the DNAbind motif of the lncRNA interacts with the TTS on the reporter plasmid pRep. Triplex
formation brings the transactivator in close proximity of pCMVmin thus initiating transcription and fluorescent
levels of SBFP2, eYFP and mKate2 are measured.

While most CRISPR/Cas9 approaches use polymerase III to transcribe the short guide RNAs
(gRNAs), Nissim et al. published in 2014 the usage of polymerase II to regulate gRNA transcription 154 . Various approaches to achieve gRNA transcription from a polymerase III promoter were
tested in the publication, and I chose to use the endonuclease Csy4 platform. Csy4 is known to
recognize a specific RNA-hairpin and cleaves immediately downstream of the secondary structure
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and has been successfully applied in the publication by Nissim and colleagues. In my system
which is schematically represented in Figure 18, the slncRNA will be DNA-encoded (plasmid
pRNA) and flanked by recognition sites for the endonuclease Csy4 that allows for the usage of a
polymerase II apparatus and prevents rapid degradation of the slncRNAs due to Csy4 binding.
As mentioned above, the slncRNA modules consist of a DNAbind domain and the the RBPbind
module and are inserted into the pRNA plasmid downstream of the blue fluorescent protein
(sbfp2 ) gene. The reporter plasmid (plasmid pRep) contains a minimal CMV promoter unit
with the putative TTS sequences placed 110-145 bp upstream of the promoter. The pCMVmin
can be activated by the viral transactivator vp64 151 . The transactivator in turn is fused to the
tandem RNA-binding protein PP7 153 (RBPactivator ). Co-transfection of the four plasmids is
expected to lead to transcription of the slncRNAs and SBFP2 mRNA with subsequent slncRNA
cleavage by Csy4, protein expression of SBFP2, binding of the RBPactivator to the slncRNAs via
tdPP7 and activation of eYFP gene expression on the reporter plasmid via triplex formation
of the slncRNA with the TTS upstream of the pCMVmin . Fluorescent proteins (SBFP2, eYFP
and mKate2) have been carefully chosen using the fluorescence spectrum viewer multicolor tool
provided by BD Biosciences to reduce spillover of fluorescence (FL) into the other FL channels
and to establish a system for analyzing each component of the slncRNA-dependent gene activation. The slncRNA library contains the sequences for the slncRNAs (see Table 1 for variations in
DNAbind motif, linker length and number of RBPbind modules) and the TTS sequences that are
inserted into the reporter plasmids (see Table 3). The reporter plasmids contain putative TTS
sequences and varying TTS positions upstream of the promoter region (-110 bp and -145 bp).
Positions of the TTS have been chosen in accordance with unpublished data about multiplexing
networks using CRISPR/Cas9 (personal correspondence with L. Nissim). The construction of
the rationally designed slncRNA library provides the basis for a first broad round of screening
and allows for preliminary conclusions of the experimental setup such as determination of optimal parameters for positioning of TTS sequences in reporter plasmids, as well as linker length
and number of RBP-binding sites in the slncRNAs.
4.3.1

Characterization of expression and localization of reporter proteins

To characterize successful expression of fluorescent proteins (SBFP2 and mKate2), the RNA and
pRBP plasmids were transfected into human embryonic kidney cells (HEK-293), respectively,
fixed with paraformaldehyde 48 hours post-transfection, and visualized using the inverted microscope Nikon Eclipse Ti-E (Figure 19a). While the transfection efficiency for the pRNA plasmid
ranges between 70-80 % (Figure 19a, bottom), transfection efficiencies for the RBP plasmid are
lower (10-15 %) and a broader variation in mKate2 intensities between cells can be observed
(Figure 19a, top).
To assess simultaneous mKate2 and SBFP2 expression and localization, all four plasmids (pRNA,
pRBP, pCsy4, pRep) that are required for the functionality of the slncRNA-mediated gene activation circuit (Figure 19b) were co-transfected and expression of mKate2 and SBPF2 was imaged
48 h post-transfection. Examining the microscopy pictures, SBFP2 is localized throughout the
cytoplasm as well as the nucleus, while mKate2 (RBPactivator ) is predominantly located in the
nucleus as expected due to the fusion of a nuclear localization signal (NLS) to the RBPactivator .
Furthermore, in some cells, brighter mKate2 sports can be detected. This might be due to the
presence of the slnRNA molecule which provides a docking platform to which the RBPactivator can
bind. As has been shown previously, imaging of single RNA molecules in mammalian cells using
the RBP-mRNA labeling technique resulted in distinct spots in the cytoplasm 173 or nucleus 174 .
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Figure 19| Microscopy analysis of transfection efficiencies and protein localization. a, The pRBP
and pRNAs plasmid have been transfected into HEK-293 cells, respectively and fluorescence was imaged using
fluorescence microscopy. 48 h post-transfection, HEK-293 cells were fixed on coverslips with paraformaldehyde.
70 %-80 % positive cells for the plasmid pRNA was observed, whereas 5 %-10 % transfection efficiencies for the
mKate2-NLS (pRBP) plasmid can be seen. b, To confirm that the RBPactivator is located in the nucleus, I
co-transfected all four plasmids (pCsy4, pRNA, pRBP and pRep) into HEK-293 cells and detected fluorescence
48 post-transfection. In the composite picture it can be seen that while SBFP2 is located both cytoplasmatically
and nuclear, mKate2 (RBPactivator ) is located mostly in the nucleus and forms distinct spots.

4.3.2

Flow cytometry analysis of protein expression in human cells

To validate the microscopy results, I compared the transfection efficiencies of all four plasmids
(pRNA, pRBP, pCsy4 and pRep) with transfection efficiencies when one of the four plasmids was
omitted using flow cytometry analysis. A representative dotplot analysis of the flow cytometry
data is shown in Figure 20. Transfection efficiencies of the pRNA plasmid (SBFP2 fluorescence)
are high (70-80 %), while mKate2 expression levels (representing transfection of RBPactivator )
are lower and range between 20-30 % (Figure 20). Interestingly, mKate2 levels seems to increase
when the endonuclease Csy4 is present. If Csy4 is absent mKate2 positive cells are lower than
10 % (Figure 20a, second from the right), while the percentage increases to 19 % when all four
plasmids are present (Figure 20a, left) and is highest when Csy4 is present and the slncRNA
is absent (40 %, Figure 20a, right). The significant difference of mKate2 positive cells with
and without slncRNA might be due to the strong, constitutive promoter CMV that is placed
upstream of the slncRNAs thereby occupying large fractions of the transcription and translation
machinery. The lower mKate2 expression levels in absence of Csy4 cannot be explained at
this time. Based on the observation of SBFP2 and mKate2 expression, I calculated the weighted
median fluorescence (FL) of eYFP, SBFP2 and mKate2 by multiplying the percentage of positive
cells with the median FL intensity of those positive cells. This calculation has been previously
described to represent a valid method to quantify FL levels 154 .
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Figure 20| Flow cytometry analysis of transfection efficiencies. HEK-293 cells were transfected and flow
cytometry analysis was performed on the MACSQuant analyzer 48 hours post transfection. a, Dot-plot analysis
of SBFP2 (pRNA plasmid) positive HEK-293 cells and mKate2 (RBP plasmid) positive cells is shown. Each
dot represents one exemplary sample with either all four plasmids (left), lacking pRBP plasmid (second from the
left), lacking pCsy4 (second from the right) and lacking the pRNA plasmid (right). Little spillover is observed of
the compensated fluorescence channels and confirms frequency of positive cells exhibited using the microscope.
b, Bar plots of weighted median fluorescence (median fluorescence intensities multiplied by % of positive cells) of
all three channels (eYFP for reporter plasmid, SBFP2 for pRNA plasmid and mKate2 (for pRBP plasmid).

The weighted median FL intensity of each three FL channels is shown in Figure 20b. While
eYFP levels are low for all samples and range close to background noise, strong FL intensities
are observed for SBFP2 expect in the sample where no slncRNA plasmid was transfected. Median
FL intensities can be observed for mKate2 and confirm the lower mKate2 expression levels in
the sample where Csy4 has not been transfected. Background mKate2 expression can be seen
in the sample where the RBPactivator was omitted.
4.3.3

Screen of slncRNA/TTS mix reveals little to no gene activation

A total of 22 different slncRNAs with 13 different reporter plasmids were tested (Figure 21).
Each slncRNA contains a DNAbind motif, a linker as well as 1-5 PP7-binding sites. The reporters
contain different TTS motifs that have been inserted upstream (110 to 145 bp) of the pCMVmin
promoter. For detailed information on the slncRNAs and reporters tested, see Table 2 on page 20
(for slncRNas) as well as Table 3 on page 22 (for TTS/reporters). To compare the samples within
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a data set, I normalized the weighted median eYFP values of the samples with and without
slncRNAs (Figure 21a, left) by dividing the weighted median eYFP values of the samples with
and without slncRNAs by the eYFP values of samples with the reporter only.
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Figure 21| Analysis of slncRNA-mediated gene activation. 22 constructs were transfected along with
13 different reporter plasmids into HEK-293 cells and eYFP expression levels were analyzed 48 hours posttransfection. To compare expression levels of samples with and without slncRNAs, the weighted median eYFP
values were normalized by dividing them by the weighted median eYFP values of the basal expression activity
of the reporter plasmids only. a, Normalized eYFP values of samples without slncRNA were plotted against
samples with slncRNAs. Each dot represents the normalized eYFP values for one reporter plasmid. As can be
seen most samples show no activation. b, To check whether the samples exhibit a trend for activation for a
particular slncRNA (#1-22), I plotted the ratio of samples with and without slcnRNA as a barplot in which each
bar represents a reporter plasmid. Some slncRNAs display higher eYFP values. c, To detect a pattern in the
samples that showed higher eYFP ratios, I selected sample #4 which contains the slncRNA GAA-40-PP7x1 that
activates gene expression for reporters that comprise the TTS AArich , GAArich and pyrrich motifs (left). This
trend decreases when looking at slncRNAs with the same DNAbind motif, but an increase of PP7-binding sites
(middle and right panel).

In Figure 21a (right panel), the normalized eYFP values of all tested samples without the
slncRNAs were plotted as a function of the normalized eYFP values of all samples with the
slncRNAs. In the scatter-plot, no difference was made between the reporter plasmid that was

62

co-transfected. Contrary to the expectations, in which I would expect higher eYFP values
(indicating an increase in eYFP expression) for the data sets containing the slncRNAs (x-axis)
compared to the samples where the slncRNA is absent (y-axis). While some samples seem to
exhibit 10-fold higher eYFP values, most eYFP levels cluster at around 1 which indicates no
change of eYFP reporter levels in presence or absence of the slncRNAs.
As this representation does not distinguish between any difference in reporter plasmids and
slcnRNAs, I plotted the ratio of the normalized eYFP values shown in Figure 21a from samples
with slncRNAs (+ slncRNAs) and without slncRNAs (- slncRNAs) in Figure 21b. Each slncRNA
that was tested (indicated by the number on top of each plot) is plotted against the 13 different
reporters. While most slncRNAs do not activate gene expression, some slncRNAs potentially
activate gene expression (e.g. slncRNA #4, slncRNA #12, slncRNA #14, slncRNA #16 and
slncRNA #18).
Having a closer look at data set #4, which corresponds to the slncRNA GAA-40-PP7x1 (Figure
21c, left panel), I would expect that the higher eYFP ratios correspond to the reporters with
corresponding TTS which would be in this case the GAA-TTS. I do observe higher eYFP ratios
for the GAA-TTS placed 145 bp upstream of pCMVmin on the reporter plasmid, but similar
eYFP ratios can also be observed for AA-TTS as well as pyrimidine-rich (CT) TTS indicating
that the eYFP increase might not be triplex mediated. Furthermore, the trend that was observed
for the slncRNA with one PP7-binding site (PP7x1 ) should be similar if we increase the number
of PP7-binding sites (see middle and right panel in Figure 21c.), but there seems to be an overall
decrease in eYFP levels with increasing numbers of PP7-binding sites and no induction for the
reporters harboring the GAA-TTS can be observed.
4.3.4

Lack of TTS position-related up-regulatory effect

While plotting the distribution of the eYFP ratios for each reporter construct as has been done
in Figure 21a, I noticed that there might be a difference in eYFP levels depending on the position
(-110 bp vs -145 bp) of the TTS with respect to the minimal promoter (Figure 22).
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Figure 22| slncRNA-guided eYFP activation as a function of distance. a, Distributions of eYFP ratios
for samples that were co-transfected with reporter plasmids in which the TTS was inserted 145 bp (left boxplot)
and 110 bp (right boxplot) upstream of the pCMVmin promoter. Overall eYFP ratios are slightly higher if they
are closer to the minimal promoter (110 bp) compared to 145 bp. Two reporters exhibit opposite behaviors.
While the reporter #83 (pyrrich TTS-motif) shows slight down-regulation in presence of slncRNAs, reporter #82
(pyrrich TTS-motif) slightly increases eYFP ratios. b, To have a closer look at these two reporters, I plotted the
eYFP ratio for both reporters (#83 = pyr-145, #82 = pyr-110) against the slncRNAs with a specific DNAbind
motif. While most slncRNAs did not increase eYFP ratios for the pyr-145 reporters, slncRNAs with the pyrrich
and GAArich DNAbind motif increase eYFP expression. The mix of slncRNAs corresponds to samples in which
the eYFP ratios were sampled over slncRNAs with AA, GAA, GGA, pyr and T0 motifs.
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In Figure 22a, the distributions of the eYFP ratios were plotted as a function of reporters
(numbers indicate different reporters, details on page 22) and sorted according to their distance.
The median of almost all samples ranges at around 1 indicating and confirming that no slncRNAmediated gene activation occurs. Two reporters (#82 and #83) that differ only in their position
while maintaining the same TTS (pyrimidine-rich TTS) and orientation (TTS has been inserted
in the template strand) display opposite behaviors. While the reporters with the TTS being
inserted 145 bp upstream of the minimal promoter exhibit a slightly down-regulatory effect of
eYFP levels in presence of slncRNAs, the reporter with the TTS inserted 110 bp upstream of
the promoter show a tendency for up-regulation. To further evaluate these reporters, I plotted
the eYFP ratios of each reporter against the slncRNA DNAbind motifs in a separate scatter plot
in Figure 22b. As can be seen, most slncRNAs do not increase eYFP levels, only one slncRNA
with GGA as DNAbind motif as well as two slncRNAs with a pyrimidine motif has a slightly
up-regulatory effect on eYFP expression levels.
4.3.5

Summary mammalian gene-activation system

The slncRNA-mediated gene activation circuit was designed to activate gene expression of a
reporter gene upon binding of a slncRNA to its putative triplex target site upstream of a minimal
promoter. While various groups showed the successful gene activation using the RNA-guided
CRISPR/Cas9-activation 175;176;177;178 , the here presented gene circuit using slncRNAs requires
further optimization to successfully activate gene expression. Testing of (i) various triplexforming motifs, (ii) increasing the number of PP7-binding sites within the slncRNAs, and (iii)
changes in the positioning of TTS sequences in reporter plasmids did not result in a clear trend
of activation of the reporter gene. Given the complexity of the circuit including the (i) cotransfection of four plasmids, (ii) the choice of activator proteins and their low expression levels
in cells, (iii) the rapid degradation of RNA molecules and (iv) the small number of triplexforming motifs that were tested, I decided to develop a simpler, high-throughput technology
using short-single stranded DNA molecules to screen for triplex formation in vitro and in cells.
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4.4

Deep-sequencing platforms to detect triplex formation

Despite various efforts to elucidate the underlying code for triplex formation in vitro using dozens
of single-stranded, triplex-forming oligos (TFOs) 179;180;135 , and the establishment of platforms
to further investigate triplex formation in cells 97;100;95;101;102 , little has been done to evaluate
triplex formation using high-throughput technologies in vivo. In this chapter I will describe the
development of two deep-sequencing platforms to decipher triplex formation in vitro and in cells:
1. Triplex-Seq platform
The Triplex-Seq approach is a technology that was developed for in vitro as well as for
in cell use. The technology tackles questions of the underlying triplex code, preference of
nucleotides in triplexes and minimal length requirements of TFOs via a specific enrichment
of single-stranded oligos bound to double-stranded DNA.
2. Triloci-Seq platform
While the Triplex-Seq approach characterizes the single-stranded oligos in triplexes, but
neglects the double-stranded counterpart, the Triloci-Seq platform was developed to identify both the single-stranded and double-stranded sequences found in a triplexes. This
protocol is an important addition to screen for triplex target sites within the genome.

4.5
4.5.1

In vitro Triplex-Seq
Design of the in vitro Triplex-Seq platform

I developed a next-generation sequencing and DNA synthesis-based platform to study triplex
formation in vitro. To do this, I combined an electrophoretic mobility shift assay (EMSA)
(Figure 23a) with Illumina sequencing and DNA synthesis technologies (Figure 23b+c). Briefly,
the Triplex-Seq platform comprises (i) a single variant of a triplex target site (TTS) and (ii)
a library of triplex-forming oligos (TFOs). The double-stranded TTS (between 30-80 bp long)
harbors the purine-rich segment that can accommodate a third strand. The short, single-stranded
TFOs (up to 30 nts) contain the putative DNA stretches that form triplexes with the TTS in a
parallel or anti-parallel orientation. To screen for TFO sequences that were found in a triplex,
TTS and TFO libraries were mixed (1:20 molar ratio) and incubated in triplex-forming buffers
favoring parallel or anti-parallel triplex formation. After a 2 hour incubation at 37 °C in ab
anti-parallel favoring condition (10 mM Tris-HCl pH7.2, 10 mM MgCl2 , henceforth referred to
as pH 7) or a parallel environment (10 mM sodium acetate pH 5.0, 10 mM MgCl2 , henceforth
referred to as pH 5), the products were separated on a native polyacrylamide gel (PAGE) in
which a DNA duplex migrates faster through the gel compared to a DNA triplex (Figure 23a).
Subsequently, the presumed triplex bands were cut from gel and two samples for each data set
were obtained: (i) DNA from the TFO only lane and (ii) DNA from the triplex lane. Following
DNA extraction, TFO sequences were enriched, a ssDNA adapter was ligated to the 3’ end of the
TFOs, the double-stranded TTS was discarded and samples were prepared for next-generation
sequencing via PCR amplification. Following Illumina sequencing, the samples were further
processed and the enrichment was bioinformatically analyzed. To screen for single-stranded TFO
sequences that form triplexes, I designed large TFO libraries (Figure 23c) using the randomized
or mixed-base tool from integrated DNA technologies (IDT). The mixed-base TFOs consist of
6 fixed bases (either G, A, T or C) at given positions that serve as an internal barcode, as
well as 14 mixed bases. Mixed bases are represented by the IUPAC (International Union of
Pure and Applied Chemistry) single-letter codes as a nomenclature to specify incomplete nucleic
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acids. During DNA synthesis, degenerated bases are incorporated into the TFO sequences at
the wobble/mixed-base positions (e.g. for the N-TFO, G/A/T/C will be incorporated with a
25/25/25/25 ratio) creating a diverse TFO library with a mixture of different TFO sequences
(Figure 23c). Using this randomized TFO library generation, 16 small (27 variants) to large
(270,000,000 variants) TFO libraries were designed (Figure 23d) based on the assumed underlying
triplex formation rules (Figure 5c).
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Figure 23| Design of the in vitro Triplex-Seq platform. a, Electrophoretic mobility shift assay (EMSA)
is classically used for triplex formation experiments. Single-stranded triplex-forming oligos (TFOs) are mixed
with a double-stranded triplex target site (TTS) in triplex-favoring conditions, the products are separated on a
native polyacrylamide gel (PAGE) and migration of TFO, TTS and triplex is visualized. A shift between the
faster-migrating duplex and slower-migrating triplex is expected as schematically described. b, The Triplex-Seq
platform comprises (i) a single variant of a TTS and (ii) a library of mixed-base TFOs. To screen for TFO
sequences that were found in a triplex, TTS and TFO libraries were incubated in triplex-favoring buffers. After
incubation, the products were separated on a PAGE and visualized. Next, the presumed triplex bands were cut
from the gel and two samples for each data set were obtained: (i) DNA from the TFO only lane and (ii) DNA
from the triplex lane. Following DNA extraction, the double-stranded TTS was discarded, TFO sequences were
prepared for next-generation sequencing via PCR amplification and subsequently bioinformatically analyzed. c,
The mixed-base TFOs (20 nts) comprise a 19 nt long capture sequence that serves as a PCR primer docking
site, 6 fixed bases (internal barcode), as well as 14 mixed bases which are incorporated at ratios depending on
mixed/randomized bases represented by the IUPAC (International Union of Pure and Applied Chemistry) single
letter code. d, A variety of TFO libraries were generated and are shown as a function of nucleotide content and
size.

4.5.2

Example analysis of the in vitro Triplex-Seq approach

Following the implementation of the protocol that was described above on page 65, and subsequent sequencing of the TFO library, the DNA sequence reads obtained after the Illumina
sequencing, were adapter trimmed and the quality of each read was assessed. Here, an example
analysis for the R-TFO library (R = A/G, library size: 16,384 variants) in pH 7 is shown (Figure
24a). In the in vitro Triplex-Seq, each data set contains two samples as shown in the example
PAGE (Figure 24b): (i) ssDNA from the TFO lane only (DNA that was extracted from gel in
which only the TFO was applied) and (ii) ssDNA from the triplex lane (DNA that was extracted
from gel which contained both the TFO and the TTS and potentially formed triplexes). To
compare among data sets, I computed the normalized read counts by dividing each read count
by the total number of reads and multiply the value by 1,000,000 (reads per million, RPM). The
frequency of the RPMs of the TFO (grey line) as well as the triplex lane (blue line) were plotted
in Figure 24c. I observe the expected exponential decay for the TFO lane in which most TFO
sequences that were identified appear either once or twice (grey line), while in the triplex lane
in addition to the initial exponential distribution, a heavier tail distribution is observed (blue
line). In Figure 24d, I plotted the RPMs of the triplex and TFO per variant. Here, I divided
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the groups of variants into hexagons defined by the relevant range of RPMs per variant for the
TFOs and triplexes, respectively. All bins above a threshold of approx. 2.3 represent sequences
that were found in the triplex lane only (highly-enriched sequences).
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Figure 24| Example analysis of in vitro Triplex-Seq platform. a, An example analysis of the R-TFO
library is shown and the sequence logo of R-TFO and TTS sequence is displayed. b, Products of three samples
were separated on a 10 % native polyacrylamide gel (PAGE) for 2 hours. The triplex target sites (TTS) displays
a strong band, while the triplex-forming oligo (TFO) displays several, but slightly less intense bands indicating
the formation of secondary or double-stranded structures. The triplex lane shows the same bands as in the TFO
and TTS lane, but displays an additionally band that migrated slower through the gel indicating that this band
corresponds to triplexes. All deep-sequencing data was analyzed according to the scheme presented here. c,
Example analysis of R-TFO library in which frequency of normalized read counts (reads per million, RPM) are
plotted against the RPMs for both TFO (grey) and triplex lane (blue). An exponential distribution is observed
for the TFO lane, and a heavier-tail distribution for higher RPMs is observed for the triplex lane. d, RPM values
for TFO and triplex lane, respectively, were grouped into hexagons according to their range per variant and
color-coded (RPM counts). Above a threshold of approx. 2.3 only bins in the triplex lane are detected (triplexspecific TFO sequences). e, A new measure to determine TFO sequences found in triplexes was introduced
(‘triplex reactivity’) and is defined by the ratio of RPMtriplex and RPMTFO and subtraction of one. A positive
triplex reactivity score identifies triplexes and is plotted as a function of the average nucleotide frequency of each
nucleotide within the TFO sequences at given triplex reactivity values.

To further characterize the sequences, I introduced a new measure termed ’triplex reactivity’
which is defined as the ratio of RPMtriplex and RPMTFO and subtraction of one (triplex reactivity =
RP Mtriplex
RP MT F O

− 1 ). A positive reactivity score indicates an enrichment of a particular variant above
the TFO only control. In Figure 24e, the triplex reactivity scores were plotted as a function of the
mean nucleotide frequency of each nucleotide (G/A/T/C) within the TFO sequences at a given
triplex reactivity value. For the R-TFO library, I observe that cytosines (C) and thymines (T)
are absent or stay constant throughout each triplex reactivity score and adenines (A) decrease
while guanines (G) increase with increasing triplex reactivities.
4.5.3

2-mixed base TFO libraries bind TTS in a pH-dependent manner

I first tested TFO libraries that contained a mixture of two mixed-bases (K, M, R, W) at
14 positions (for details see Table 11 on page 32) in pH 5 and pH 7 conditions (Figure 25a).
The distribution of triplex reactivities of both conditions and each of these TFO libraries is
shown in Figure 25b. The overall triplex reactivities in pH 5 are low, except for the M-TFO
(adenine/cytosine). Contrary, triplex reactivity values for all TFO libraries tested in pH 7 are
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higher than in pH 5 suggesting that the pH influences formation of stable triplexes and a neutral
pH is preferred.
Next, to search for enriched motifs that can be found in the most reactive TFO sequences, I
used DRIMust 181 , a tool that identifies enriched k-mers and motifs based on a ranked list of
sequences. In this work, I applied DRIMust on sorted triplex reactivity lists to detect k-mers
that are significantly over-represented at variants with high-reactivity scores. From the k-mers
the algorithm also computes an enriched consensus motif. DRIMust was applied for each of
the 4 TFO libraries. In Figure 25c, the obtained consensus motifs are shown for pH 5 (left
panel) and pH 7 (right panel) and all motifs range between 5-10 nts. For the pH 5 condition,
a consensus motif was only detected for the M-TFO whereas consensus motifs for all TFO
libraries were found in pH 7. In cases where no motif was identified, the algorithm was not
able to detect enriched k-mers in the sorted list at a minimum hypergeometric (mHG) p-value
of 10-6 . These results imply that triplex formation is pH-dependent for both parallel and antiparallel triplex formation, contrasting the current view that anti-parallel triplex formation is
pH-independent 91 . The motif sequences that were found contain stretches of thymines (K-TFO
and W-TFO), stretches of adenines (R-TFO and W-TFO) and a mix of cytosines and adenines
(M-TFO in pH 5 and pH 7).
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4.5.4

G-rich TFO sequences preferred in triplex formation

I next sought to evaluate which TFO sequences will be enriched when testing the ~ 270,000,000
large N-TFO library (Figure 26a, top). In the basic Triplex-Seq experiment, a known TFO/TTS
pair (pH 5: TTS2 155 in Figure 26a, middle; pH 7: TTS1 102 in Figure 26a, bottom) was used
alongside the TFO libraries to determine the migration pattern of duplex and triplex. In Figure
26b, I plotted the mean nucleotide frequency against the triplex reactivities for pH 5 (Figure
26b, left) and pH 7 (Figure 26b, right) and observe a G-increase with higher triplex reactivities
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Figure 26| G-rich motif in TFO sequences forms stable and specific triplexes. a, The 270,000,000
large N-TFO library was tested with two triplex target sites (TTS 2 in pH 7, TTS 1 in pH 5). b, The mean
nucleotide frequency of the two triplex-favoring conditions (pH 5 and pH 7) was plotted as a function of the
triplex reactivity values and a G-increase is observed. c, The N-TFO library was also tested in triplex-disfavoring
conditions (pH 7+K+ ) in which high concentrations of potassium (140 mM) were added. d, The mean nucleotide
of the N-TFO library in triplex-disfavoring conditions is shown and indicate a trend to G-rich TFO sequences. e,
The distributions of triplex reactivity scores in all conditions with both TTS sequences are shown (left panel) and
indicate the highest triplex reactivities for pH 7 (without potassium). In contrast to the overall G-enrichment in
the TFO sequences for all conditions, the DRIMust consensus motifs differ (right panel). For the triplex-favoring
conditions (pH 5: bottom logo, p-value < 10-82 and pH 7: top logo, p-value <2x10-298 ), long stretches of thymine
are observed (up to 5 nts), the motifs for the triplex-disfavoring condition are shorter (middle logos) and lack
these G-stretches (p-values <2x10-53 ).
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To further characterize the behavior of the N-TFO, I additionally applied the Triplex-Seq platform in a buffer (Figure 26c) which has been described in literature to negatively affect triplex
formation due to the presence of monovalent ions 88;102 . In Figure 26d the triplex reactivities of
both TTS sequences in the triplex-disfavoring buffer are plotted and again, we observe a trend toward G-rich sequences with higher triplex reactivities, but this effect is weaker as compared with
the conditions lacking potassium (Figure 26b). While it is commonly assumed that physiological
concentrations of potassium abolish triplex formation, more sensitive assays showed that triplex
formation is reduced to 10-20 % triplexes compared to triplex favoring conditions 182;183;184 .
Comparing the triplex reactivities of all conditions shown in Figure 26e (left panel), a similar
decrease of triplex reactivity values was observed (31 % for pH 5, 37 % for pH 7+K+ ), suggesting and confirming the formation of more stable triplexes in neutral pH compared to acidic or
neutral pH with high potassium concentrations. In contrast to the overall trend of G-rich TFOs
in all conditions, the DRIMust consensus motifs display a clear pattern of G-stretches (up to
five guanines for pH 7) within a 7-10 nt long consensus motif for acidic and neutral pH without
potassium (Figure 26e, bottom and top logos, respectively). A shorter motif (5 nts long) for
both TTS in the conditions containing potassium is observed and the significant G-enrichment
is shifted to a motif that contains all four nucleotides (Figure 26e, middle logos).
The 7-10 nt long DRIMust consensus motif that was found with the N-TFO library prompted
me to design TFO libraries (B- and D-TFOs) with a continuous stretch (3-9 nt) of mixed bases
that are flanked by fixed bases (Figure 27a+b, top) to characterize the minimal sequence length
required for triplex formation.
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The B-TFO library was tested in pH 5 and the D-TFO library was tested in pH 7 with the
respective TTS sequences shown in Figure 26a. The sequence logos of the TFO sequences with
triplex reactivities > 1 are shown in Figure 27a. While no sequence reads were obtained for
the 3 nt D-TFO and 5 nt B-TFO, the TFOs with shorter (3-5 nt) stretches contain no (Figure
27a, bottom) to little (Figure 27a, top) information content. The TFO sequence logos for longer
stretches display a weak trend towards G-rich sequences in particular for the 9 nt stretch for
the D-TFO. Applying DRIMust of the ranked triplex reactivity lists of all stretches yielded a
G-rich DRIMust consensus motif (7 nt long) for only the 9 nt D-TFO library confirming the (i)
pH dependence of triplex formation and (ii) suggesting that a minimal length of approx. 9 nt is
needed for stable triplex formation.
To characterize single variants with high triplex reactivities obtained in the N-TFO library for
their potential to form triplexes, I applied two classical techniques on (i) a variant with a high
triplex reactivity score and (i) a variant with a negative triplex reactivity score (Figure 28a,
bottom).

a

b

positive control

CD [mdeg]

20

adenine

guanine

cytosine

thymine

sum of TFO and TTS
triplex (t = 0 min)
triplex (t = 120 min)

10
0
-10
200 225 250 275 300 325
wavelength [nm]

d

enriched TFO

CD [mdeg]

10
5

adenine

guanine

adenine

guanine

thymine

cytosine

thymine

sum of TFO and TTS
triplex (t = 0 min)
triplex (t = 120 min)

0

non-enriched TFO

cytosine

CD [mdeg]

c

10
sum of TFO and TTS
triplex (t = 0 min)
triplex (t = 120 min)

0

-5

200 225 250 275 300 325
wavelength [nm]

200 225 250 275 300 325
wavelength [nm]

Figure 28| Classical techniques to characterize enriched N-TFO variants. a, An electrophoretic
mobility shift assay (EMSA) was performed on a highly-enriched TFO variant (highest triplex reactivity score)
and compared to a non-enriched variant (negative triplex reactivity score) and a clear shift for the enriched
N-TFO variant is observed, contrary to the non-enriched N-TFO variant where no shift is noted. b-d, Circular
dichroism (CD) spectroscopy of three different samples. CD spectroscopy is a technique to discriminate between
DNA structures by the differential absorption of left- and right-handed circularly polarized light and the difference
between the absorption is plotted as CD in millidegrees [mdeg]. b, The AG30 positive control shows a difference
in absorption between the sample that was measured immediately after mixing (t=0 min) and after incubation
in which triplexes had time to form (triplex sample). A reduced, positive CD peak at 260 nm and a flat, slightly
negative absorption is observed for the triplex sample at 205 nm. No difference between the CD spectra directly
after mixing and the CD spectra for the sum of the individual spectra for the TFO and the TTS is observed.
c, Similar CD spectra are shown where the enriched N-TFO variant was tested and the most notable change
is based on the slightly skewed CD curve with a peak at 260 nm which is only observed for the triplex sample
(t=120 min). d, No differential absorption of all three samples is observed for the non-enriched TFO variant.
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To confirm that the enriched N-TFO variant forms triplexes, I performed an EMSA (Figure 28a)
with a 10 % PAGE. As expected, the enriched N-TFO variant (high triplex reactivities) displays
a shift from the duplex to a triplex band (lane 2), whereas no shift is observed in the PAGE for
the non-enriched N-TFO variant (lane 4). Comparing the lanes of the enriched TFO (lane 3)
with the non-enriched TFO (lane 5), I note that the enriched TFO variant migrates at a height
slightly below the TTS (lane 1), while the non-enriched TFO migrates faster through the gel.
To confirm the EMSA result, I also subjected the samples to circular dichroism (CD) spectroscopy. CD spectroscopy is a technique where the absorption of right- and left handed circularly polarized lights of optically active molecules can be used to characterize DNA structures.
The difference in absorption is called CD, is measured in millidegree [mdeg] and plotted as a
function of wavelength. I compared the CD spectra of the triplex sample directly after mixing
(t = 0 min), after 2 hours incubation at 37 °C in pH 7 condition (t = 120 min) and the sum of
the individual spectra of TFO and TTS controls. In Figure 28b, the positive control from literature 97;102 (TFO AG30) is shown and highlights the time-dependent change in the CD spectrum
after 120 minutes of incubation compared to the sum of the individual TFO and TTS spectra
and directly after mixing. A positive CD peak is observed at 260 nm for all samples, but the
CD peak for the sample after 2 hours incubation is 2-fold lower, and no CD peak is observed
at 205 nm for the sample after 2 hours incubation, whereas a positive CD peak is shown for
the control samples (t=0 min and the sum of the individual spectra). A similar observation is
made for the enriched N-TFO variant (Figure 28c). Here the difference in absorption is most
visible for the slightly skewed CD spectrum with the peak at 260 nm for the sample after 2 hours
incubation compared to nearly symmetrical CD spectra for the samples that were tested directly
after mixing and for the sum of the individual TFO and TTS spectra. In contrast to the difference in CD spectra for the positive control and the enriched N-TFO variant, the three CD
spectra for the non-enriched N-TFO variant (Figure 28d) look identical except at lower wavelength (200 nm). The combination of the EMSA and the CD spectroscopy further confirms that
the enriched TFO variants with high triplex reactivity scores form triplexes while TFO variants
with negative triplex reactivity scores are unable to do so.
4.5.5

Guanine increase in TTS stabilizes triplex formation

With the identification of G-rich TFO sequences, I next studied the relationship between TFO
enrichment and variation of guanine/adenine ratios in the TTS. Five TTS sequences were de
novo designed in which the ratio of guanine and adenine was systematically changed (20/80 to
80/20) (Figure 30a). To identify a positive control (e.g. a TFO sequence that forms triplexes with
respective TTS) for the newly designed TTS sequences, I applied the Triplexator software 117
to detect triplexes (TFO/TTS pairs). Triplexator (triple-helix locator) is a computational tool
that utilizes approximate pattern matching based on known triplex formation rules. To detect
TFO/TTS pairs, the sequences (putative TFO and TTS sequences) are subjected to a set of
user-defined parameters such as the minimal length, maximum error and error rate. Based on
this set of constraints, the algorithm computes the optimal/maximal TFO/TTS pairs that were
found in the given sequences (details of user-defined constraints can be found on page 33). The
optimal TFO/TTS pairs were then experimentally verified via EMSA for pH 5 (Figure 29a) and
pH 7 (Figure 29b). As shown in the 10 % PAGE for both conditions, only one out of five of the
predicted TFO/TTS pairs worked. In the PAGE of the pH 5 condition (Figure 29a), a shift from
duplex to triplex band is observed for the TTS with 20 % guanine (lane 4) as opposed to the
other lanes where no shift is observed. In Figure 29b, a duplex-to-triplex transition is observed
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for the TTS with 80 % guanine (lane 14) and no other shift can be seen in the other lanes.
Intriguingly, all TFO/TTS pairs that were tested in the shift assays, were optimal TFO/TTS
pairs according to the Triplexator tool, but only a success rate of 20 % (of triplex formation) was
obtained experimentally. Hence, the TTS with 20 % guanine in pH 5 and the TTS with 80 %
guanine and their respective TFOs were used as positive controls in the subsequent experiments
which are described below.
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Figure 29| Mobility shift assay to identify de novo designed TFO/TTS pairs. An electrophoretic mobility shift assay (EMSA) was performed on the five de novo designed TTS with increasing guanine content. TFOs
for every TTS were generated and triplex formation potential was predicted using the Triplexator software 117 .
Each TFO/TTS pair (e.g. the TFO20 was tested with the TTS with 20 % guanine) was tested in pH 5 and pH 7
condition. a, The PAGE in the pH 5 condition identifies one working TFO/TTS pair that exhibits a shift from
duplex to triplex (lane 4, highlighted in green) for the TTS with 20 % guanine. b, In the PAGE that was tested
in the pH 7 condition, also one TFO/TTS pair was identified that forms triplexes (lane 14), which corresponds to
the TTS with 80 % guanine. These TFO/TTS pairs were used as positive controls in the subsequent experiment
where the five different TTS variants were used.

The five TTS variants (Figure 30a, bottom) were tested with the N-TFO library (Figure 30a,
top) in pH 5 and pH 7 and the frequency of RPMs (Figure 30b) as well as the distribution of
triplex reactivity scores for each TTS was plotted and compared (Figure 30c). I note an increase
in enriched TFO sequences (Figure 30b) as well as a slight increase in triplex reactivities (Figure
30c), the higher the percentage of guanine within the TTS (mainly for 75 % and 80 %) suggesting
the importance of G-rich TTS sequences for triplex formation in pH 5 and pH 7.
To evaluate the enriched TFO sequences for each TTS variant, the mean nucleotide frequency of
the four bases is shown in Figure 30d. In the heat-map, each line corresponds to one TTS that
was tested and each column represents the triplex reactivity that was divided into three ranges
(low, medium, high). The heat-map is color-coded and displays the mean nucleotide frequency
of TFO sequences in the respective triplex reactivity range.
While there is a clear increase for G-rich TFO sequences with (i) increasing percentage of guanines in the TTS and (ii) the higher the triplex reactivity, thymines were also found in the
enriched sequences, but slightly decreased with higher triplex reactivities in pH 7 (Figure 30d).
This is in accordance with findings from another study which identified G-rich patterns of over
80 % in the TTS indicating the importance of guanines in the TTS to form stable triplexes 179 .
As the TTS variant were designed de novo, I wanted to confirm that the newly identified TFO
sequences were able to bind the guanine-rich TTS sequences (75 % and 80 %).
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Figure 30| Increase in guanine content in TTS enhances triplex formation. a, To test the influence
of guanine/adenine ratio, five triplex target sites (TTS) were designed, in which the guanine/adenine ratio was
systematically altered. b, The N-TFO library was subsequently tested in pH 5 and pH 7 and the frequency of
the RPMs was plotted against the RPMs. An increase in enriched sequences for higher guanine contents (75 %
and 80 %) can be observed. c, In the heat-map, each column represents a range of triplex reactivity values (low,
medium, high) and each line corresponds to a TTS variant. The nucleotide frequency of each nucleotide of each
TFO sequence at a given RPM range is color-coded. A strong trend to G-rich TFOs is observed. This trend
increases with (i) higher guanine-contents of the TTS and (ii) higher triplex reactivities. Additionally, thymines
are found, albeit to a lesser extent, in the TFO sequences of pH 7, but decrease with higher triplex reactivities.

To do so, I ordered the three top hits of TFO sequences with high triplex reactivity scores from
pH 7 as single variants (Figure 31, left panel) and performed a classical mobility shit assay. In
Figure 31 (right panel), the 15 % PAGE of the three motifs and the AG-rich positive control
AG30 97;102 is shown.
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Figure 31| EMSA confirms stable triplex formation using G-rich TFO/TTS pairs. Three single TFO
variants of the top of the triplex reactivity list (pH 7 condition) were ordered and a shift assay was performed
on a 15 % PAGE with two guanine-rich TTS variants (TTS with 75 % and 80 %). Lane 1 shows a bright band
corresponding to the TTS with 80 % guanine. It can be noted that motif 1 (lane 3) migrates at the same height
as the triplex band and no clear shift is visible for this motif. In contrast to motif 2 which shows a clear shift
from duplex to triplex for both TTS (lane 6 and 7). Motif 3 displays a shift only for the TTS with 80 % guanine
(lane 9). In lane 12 the positive control with the purine rich AG30 TFO is shown and exhibits a slightly higher
band due to its larger size (30 nt long AG30 in contrast to 20 nt TFO variants).

Contrary to motif 1, where no shift is observed between the duplex and the triplex band (lane
74

3), a clear shift for motif 2 for both TTS (lane 6+7) and a shift from duplex to triplex for TTS
with 80 % with motif 3 (lane 9) can be observed. The shift in the positive control AG30 (lane
12) is slightly higher due to the difference in length (AG30: 30 nt, TFO: 20 nt).
To identify emerging consensus motifs from the different TTS sequences, a DRIMust analysis was
applied. For TTS sequences with low guanine percentage (20 %-53%, Figure 32), the enriched
TFO logos contain little information and together with the low triplex reactivity values (Figure
30c) and weak enrichment of TFO sequences (Figure 30b) imply that many variants interact
weakly with these TTS variants. Conversely, for TTS sequences with high guanine percentage
(75-80 %, Figure 32), the information content of the consensus motif increases and even indicates
that one (for pH 5) to two (for pH 7) particular TFO variants interact with these TTS in both
a reactive and specific fashion. Therefore, these results suggest that G-rich TTS sequences lead
to a stronger and more specific triplex interaction with the TFOs
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Figure 32| G-rich TFO consensus motifs identified with de novo designed TTS variants. DRIMust
analysis was used to characterize consensus motifs for the N-TFO library that was tested with each TTS (identified
by the percentage of G in each column) in pH 5 (upper row) and pH 7 (lower row). It can be noted that guanine is
dominating in all consensus motifs, but little information can be retrieved for TFOs with low to medium guanine
content in the TTS (20-50 % G) suggesting a weaker and less-specific triplex interaction of the TFOs with the
TTS variants. Contrary to the TTS with high guanine content (in particular for 80 % G) only one or two motifs
dominate in the TFO sequences implying a strong and specific interaction with TTS variants with high guanine
content (p-values between 8x10-60 and 5x10-324 ).

4.5.6

Summary in vitro Triplex-Seq

In this part of the Ph.D. thesis, I focused on the development of a high-throughput sequencing
technology termed in vitro Triplex-Seq. Through the use of the mixed-base tool for cost-effective
oligo synthesis, and the fast turn-around time of the Triplex-Seq protocol, I believe that this
platform adds a unique tool to the field of triplex formation and several insights were gained:
1. There is a pH-dependence for anti-parallel and parallel triplex formation using TFO libraries (Figure 25 + Figure 26). While lower triplex reactivities were detected in pH 5 and
pH 7+K+ , high triplex reactivities were obtained in pH 7.
2. In addition, the combination of the triplex reactivity scores with the DRIMust analysis
tool provides a powerful downstream process to compute consensus motifs of TFO libraries
with high triplex reactivity values.
3. It was found that G-rich TFOs and TTS variants form stable and specific triplexes in pH 7
and to a slighter extent in pH 5 (Figure 26 + Figure 30).
4. The potential minimal length of a TFO ranges between 7-10 nt. This length was identified
by the DRIMust motifs that vary between 5-10 nt (Figure 30 + Figure 26) as well as by
the more direct characterization of utilizing mixed-base stretches of varying length where
only clear G-rich patterns were found for the longer 7-9 nt long stretches (Figure 27).
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4.6
4.6.1

In cell Triplex-Seq
Moving from in vitro to in cell sequencing platforms

Studying triplex formation in cells in a systematic fashion has been a challenge for many years.
Unlike in the in vitro experiments where mobility shift assays, CD spectroscopy, microscale
thermophoresis and absorbance melting curves can be used in a controlled environment, in cell
approaches to study triplex formation has mostly been indirect 10;51 . To address this challenge,
I devised a two pronged strategy: First, I developed an in cell Triplex-Seq approach to show
enrichment of TFO sequences that are consistent with the in vitro Triplex-Seq data. Second, I
developed Triloci-Seq which is designed to simultaneously detect TFOs and putative TTS motifs.
In this chapter, I will describe results for the in cell Triplex-Seq data, and preliminary results
for the Triloci-Seq approach.
4.6.2

Design of the in cell Triplex-Seq

The in cell Triplex-Seq approach is an adapted version of the in vitro Triplex-Seq platform where,
instead of a single TTS variant, the putative TTS sequences in the mammalian genome are used
(Figure 33). In silico analysis showed significant enrichment of putative TTS sequences in gene
regulatory elements 117;119 . Here, the same TFO libraries that were used for the development of
the in vitro Triplex-Seq protocol were utilized for the in cell approach. In brief, TFO libraries
were transfected into mammalian cells (Chinese hamster ovary cells, CHO-K1-HAC cells) and a
subset of TFOs were expected to bind to genomic sequences.
TFO library
capture mixed bases

+

Mammalian cells (genome)

Genomic DNA isolation

.......

TFO

biotinylated oligo
Streptavidin-coupled
bead

TTS

TFO enrichment and
library preparation

Illumina

Illumina
NGS

CTTCAGCTTGGCGGTCTGGGGGGAGGGAGGGAAAGGGA
CTTCAGCTTGGCGGTCTGGGGGGGGAGGGGGGAAGGAG
CTTCAGCTTGGCGGTCTGGCCCCTTTCTCTCTCCCCTC
CTTCAGCTTGGCGGTCTGGTTTTCCCTTTCCCTCTTCT

Figure 33| Design of the in cell Triplex-Seq platform. The scheme shows the in cell Triplex-Seq platform.
Here, TFO libraries that were also used in the in vitro Triplex-Seq platform, were transfected into mammalian
cells. 24 hours post-transfection, genomic DNA was isolated and TFOs that were bound to genomic DNA were coisolated. To enrich for these TFO sequences, a biotinylated oligo that is complementary to the capture sequence of
the TFO libraries was added and with the help of streptavidin-coupled magnetic beads separated from genomic
DNA which was discarded. Subsequently, TFO libraries were prepared for next-generation sequencing (NGS)
following the same protocol as it was described for the in vitro Triplex-Seq platform.

24 hours post-transfection, genomic DNA and the TFOs that were bound to genomic DNA were
co-isolated. Next, genomic DNA was sheared using a restriction enzyme (6 bp-cutter) and the
TFO sequences were enriched via the 19 nt long capture sequence that is shared by all TFOs.
A complementary, biotinylated oligo was annealed to the capture sequence and enriched using

76

streptavidin-coupled magnetic beads and the genomic DNA was discarded. Finally, the TFO
sequences were subsequently prepared for Illumina sequencing by PCR amplification as described
in the in vitro Triplex-Seq platform, and TFO sequences were bioinformatically analyzed
4.6.3

In cell sequencing control data and TFO libraries

Contrary to the in vitro Triplex-Seq platform, where I had two samples for each data set (TFO
only and triplex lane), the in cell Triplex-Seq lacks the ’TFO only’ control thus no triplex
reactivity can be computed. The lack of this control imposes a slightly different approach on
the analysis and interpretation of the in cell Triplex-Seq data.
To determine the background noise of the in cell Triplex-Seq approach, I first looked at the
data obtained from two control samples: (i) cells that have been transfected with the 19 nt long
capture sequence only (capture only) and (ii) cells that were not transfected (n.t.) (Figure 34a,
left panel). Approx. 80 % of all sequence reads of both samples corresponded to sequences
that (i) contain the capture sequence and (ii) are 39 nt in length which corresponds to the full
length of TFO plus capture sequence. To understand the underlying distribution of these 39 nt
long sequence reads, the RPM (normalized read count) frequency was plotted as a function of
RPM values. Following an initial flat decay for both samples (Figure 34a, right panel), the
exponential behavior similar to the previously reported graph observed in the TFO only lane
of the in vitro Triplex-Seq platform (Figure 24b) was seen. Having a closer look at the 20 nt
long sequences downstream of the 19 nt long capture region of the sequence reads, I identified
a bias towards longer stretches of adenines as well as thymines and GAA-rich sequences that
appear in particular on top of the sequence reads list as shown in the presented sequence logos
(Figure 34b). Furthermore, this background noise appears to be similar for both samples. To
evaluate whether any sequences in the two control samples corresponded to TFO sequences, I
searched for all TFO libraries that were transfected (Figure 34c, left and Figure 36, top) and
found sequence reads of the R-TFO (4.8 % of all reads), K-TFO library (0.2 % of all reads) and
0.007 % of D9- and B9-TFO library (see scheme of these libraries in Figure 36).
Following the characterization of the background noise using the control samples, I next characterized actual TFO libraries (Figure 34c, left panel). Evaluating the file of all sequence reads
of each TFO library revealed that a nearly identical background of sequences were found for all
TFO libraries (data not shown) implying that these sequences are enriched through a common
experimental step in the in cell Triplex-Seq protocol. To characterize the distribution of the
TFO libraries, the sequences that corresponded to the TFO sequences of each library were extracted and these underlying distributions are shown in Figure 34c (right panel). The frequency
was plotted as a function of RPMs and it can be seen that, depending on the TFO library, the
distributions behave differently. The Y- and M-TFO libraries exhibit an initial flat decay of
frequencies for lower RPMs and an exponential-like behavior was observed for all RPM values.
The K-TFO library starts at similar RPM frequencies, but diverges into the exponential decay
at lower RPMs and displays a similar behavior observed for the control samples of the in cell
Triplex-Seq data (Figure 34a, right panel). In contrast to these four TFO libraries, the R-TFO
library differs in the distribution of the frequencies. A step-like distribution is observed in which
following a short, initial exponential decay, a flatter and noisier decay of frequencies with higher
RPMs is observed. In contrast to the four smaller libraries (K, M, R, Y) which contain approx.
16,000 variants, the N-library is larger in size (over 260 Mio. variants), but exhibits a similar
distribution as was seen for the M- and K- TFO libraries.
The difference in frequency distribution is also represented in the number of unique variants

77

after Illumina sequencing (Figure 34d). Here I compare percentages of sequence reads with
respect to the total number of variants of each TFO library. While 3.4 - 6.8 % of the total
variants for the Y- and M-TFO libraries were found, more than 50 % for the Y- and 95 % for
the R-TFO libraries were detected. Given that 33 % of the R-TFO sequences are found in the
background of the control samples, the underlying distribution needs to be regarded with caution.
Furthermore, only 0.03 % of sequence reads was found in the N-TFO library suggesting that
the read depth is likely to affect this percentage. Contrary to the in vitro Triplex-Seq platform,
where I obtained enriched TFO sequences for these TFO libraries, in the in cell Triplex-Seq
approach no apparent enrichment after sequencing was obtained. This difference either indicates
an insufficient sequencing read depth or the lack of binding of TFOs to the genome.
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Figure 34| In cell Triplex-Seq data is noisier and differs from in vitro Triplex-Seq data. a, Two
control samples were tested in which either the 19 nt long capture sequence was transfected (capture/capt) or
cells were not transfected (n.t.) (left panel), compared with each other and the frequencies of RPMs was plotted
as a function of RPMs (right panel). Following an initial flat distribution for lower RPMs, and exponential
decay is observed and ends with noisier frequencies at high RPMs. b, To compare the sequence reads that were
obtained for these two samples after the sequencing a sequence logo was generated, respectively and implies a
preference for GGArich sequences as well as stretches of thymines for both samples. c, Several TFO libraries
were transfected which are different in size (left panel) and the distributions of each TFO library are shown (right
panel). No enrichment for these TFO libraries can be observed and while the M-, N- and Y-TFO show a long
flat decay followed by an exponential decrease in frequencies, the K-TFO looks similar to the control samples and
the R-TFO exhibits a two-step distribution. d, The difference in distribution is also reflected in the percentage
of sequence reads obtained after sequencing with respect to the total number of reads.

4.6.4

Comparison of libraries before and after in cell Triplex-Seq

In the previous section, smaller (16,000) and larger libraries (269. Mio) were tested and no to
little enrichment of TFO sequences was found. Hence, two libraries (D and B-TFO library)
with each intermediate variant size (1,594,323 variants) were tested using the Triplex-Seq in
cell approach (Figure 35a, left panel). The frequency distributions of the D-TFO library were
compared before and after the in cell Triplex-Seq platform was applied. To do so, the D-TFO
was ordered with the flanking Illumina adapter sequences (see Table 16) and PCR amplified
(henceforth referred to as D-TFO (PCR)) to determine the distribution of sequence reads of the
TFO library and to identify potential (PCR) biases. In Figure 35a (right panel), the distributions
of the three samples are shown. The D-TFO (PCR) library displays the expected behavior, where
after an initial steady distribution of frequencies, the exponential distribution is observed. In
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contrast to the D- and B-TFO (in cells) libraries that were subjected to the in cell Triplex-Seq
approach. These two libraries exhibit a similar behavior for lower RPMs as the D-TFO (PCR)
sample, but display an enriched fraction of TFO sequences for higher RPMs. To determine the
nucleotide preference for the TFO libraries, the mean nucleotide frequency of the three samples
was plotted against the RPMs (Figure 35b). While a trend towards G-rich sequences (> 0.4) is
observed for the B- and D-TFO (in cell) libraries, in particular for the enriched TFO sequences
(high RPMs), the mean nucleotide frequency of the D-TFO (PCR) centers around 0.33 for the
full range of RPMs with a slight tendency towards higher thymine frequencies at higher RPMs.
The lack of any nucleotide preferences of the D-TFO library that was only in vitro PCR amplified
suggests the absence of PCR biases. Thus, the G-enrichment observed in the in cell B- and DTFO libraries cannot be attributed to biases in the downstream protocol, but likely is a direct
result of an interaction of the TFOs with genomic DNA.
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Figure 35| Comparison of in cell Triplex-Seq data and PCR-amplified TFO libraries. a, Two TFO
libraries (1,594,323 variants each, left panel) were transfected into mammalian cells and the D-TFO library (DTFO (in cells)) was compared to the D-TFO library that was only PCR amplified (PCR) and not subjected to
the in cell Triplex-Seq protocol. The underlying distributions are plotted for the three libraries and while the
D-TFO (PCR) exhibits the expected exponential distribution with an initial weak increase for lower RPMs, the
B- and D-TFO libraries (in cells) are identical for lower RPMS, but show a heavier-tail distribution for higher
RPMs. b, The mean nucleotide frequency of the three samples are plotted as a function of RPMs. A G-rich trend
for higher RPMs is observed for the two B- and D-TFO libraries that were transfected in contrast to the D-TFO
library (PCR) which displays a steady frequency of approx. 0.33 for all three nucleotides that are represented by
the single letter code ’D’ (G/A/T).

4.6.5

Short and G-rich TFO sequences interact with genome

Given the observed enrichment of G-rich sequences for the B- and D-TFO, I wanted to identify
the nucleotide preferences of triplex-forming motifs using a continuous stretch of mixed bases
required for triplex formation. Hence, the B- and D-TFO libraries with a range of 3-9 nt
long mixed-base stretches flanked by fixed bases were designed and tested (Figure 36, top).
In the heat-map, each column represents a range of RPMs (low, medium, high) and each line
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corresponds to the different TFO libraries (Figure 36, bottom). The nucleotide frequency of the
mixed-base stretch is color-coded where the black color indicates the absence of the nucleotides
within the TFO sequence, and light gray corresponds to a lack of RPM values for the respective
range. For the two different mixed-bases (B- and D-TFO) it can be seen that neither adenines (for
the B-TFO library) nor cytosines (for the D-TFO library) are present, respectively. Moreover,
an increase in G-rich sequences and a decrease for all other nucleotides to a similar degree is
observed (i) the higher the RPMs (more enriched sequences) and (ii) the longer the stretch. The
smaller TFO libraries (3nt-TFO: 27 variants) lack the strong preference for G-rich sequences
suggesting that these libraries do not interact in a strong and specific fashion with the genome.
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Figure 36| G-rich TFO sequences identified in in cell-Triplex-Seq data. Several TFO libraries were
generated with mixed-base stretches of varying length (3-9 nt) using the B- and D-TFO libraries (top) and the
nucleotide preference after sequencing is shown as a heat-map (bottom). Each row represents a TFO library with
a mixed-base stretch of given length and each column corresponds to a range of RPMs (low, medium, high). The
nucleotide frequency is color-coded (black over red to blue) and a decrease in cytosines and thymines (for the
B-TFO libraries) and a decrease in adenines and thymines (for the D-TFO libraries) is observed. Conversely, for
both mixed-bases (B- and D-TFOs) an increase in guanine is shown which is enhanced (i) the longer the stretch
and (i) the more enriched the sequences are (higher RPM values).

Another representation of nucleotide preferences in TFO sequences can be done by generating
a sequence logo of the highly enriched TFO sequences. In Figure 37a (left panel), the sequence
logo of the D-TFO library with a 9 nt stretch is shown and the strong preference for guanines is
confirmed in this representation as well. To evaluate the consensus motif of the enriched TFO
sequences, I employed the DRIMust analysis on the ranked list of RPMs and obtained the motif
shown in Figure 37a (right panel) where a a 7 nt long G-rich motif is observed. Similarly, the
sequence logo of the D-TFO library with a 7 nt long stretch is shown (Figure 37b, left panel)
together with a 5 nt long G-rich DRIMust logo that was extracted from the ordered list (Figure
37b, right panel). Likewise, a G-enriched motifs is shown for the 9 nt strech of the B-TFO
library in the sequence logo (Figure 37c, left panel), whereas the DRIMust consensus motif is
shorter (5 nt long G-rich motif) (Figure 37c, right panel) when compared to the one obtained
for the 9-nt stretch D-TFO library. This trend is further enhanced with the 7-nt stretch for
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the B-TFO, where a sequence logo with little information content is observed (Figure 37d, left
panel), while DRIMust was unable to detect enriched k-mers of any form (Figure 37d, right
panel). It seems therefore that the lack of cytosines in the D-TFO contributes to the increased
enrichment observed for that TFO library as compared to the B-TFO library where a mix of
guanine, cytosines and thymines is present in the TFO sequences.
This strong G-enrichment in the TFO libraries with longer stretches (7 and 9 nt) resembles a
striking similarity to the DRIMust motif detected in the in vitro Triplex-Seq platform of the
pH 7 condition where a G-rich motif of approx. 7 nt guanines with one thymine interruption is
shown (Figure 37e, left panel) and a shorter motif of 5 nt was found for pH 5 (Figure 37e, right
panel). Given this similarity of in vitro Triplex-Seq and in cell Triplex-Seq DRIMust motifs
for two different TFO libraries (B- and D-TFO) highlights the robustness of the Triplex-Seq
platform to study triplex formation in vitro and in cells.
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Figure 37| Minimal G-rich TFO motif in TFO sequences confirmed in in cell Triplex-Seq data. The
sequence logos (left panels) and DRIMust motifs (right panels) are shown for a-d. a, b, The D-TFO library with
9 nt stretch and DRIMust motif (7 nt long) display a G-rich preference. A similar observation was made for the
G-rich sequence logo for the 7 nt D-TFO library as well as for the DRIMust motif (5 nt long). c, d, Sequence
logos for B-TFOs with 9 nt and 7 nt long stretches show G-rich pattern, but only 9 nt stretch results in DRIMust
motif. e, The in vitro Triplex-Seq DRIMust motifs are shown for the N-TFO library in neutral (left panel) and
acidic pH (right panel).

4.6.6

Summary of in cell Triplex-Seq data

The in cell Triplex-Seq platform was aimed at studying triplex formation in cells using a modified
Triplex-Seq platform. The results imply that the in cell Triplex-Seq approach works, but requires
further optimization.
1. The overall in cell Triplex-Seq data is noisier compared to the in vitro Triplex-Seq results
and lack the ’TFO only’ control to compute triplex reactivity scores.
2. The in cell Triplex-Seq data set, combined with the in vitro Triplex-Seq results, supports
the hypothesis that G-rich TFOs (Figure 35 + Figure 36) lead to a stronger and more
specific interaction with double-stranded DNA.
3. The identification of a minimal length of a TFO (7-10 nt) that is required to form triplexes
has been confirmed with the in cell Triplex-Seq approach (Figure 36+ 37).
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4.7

In cell Triloci-Seq

4.7.1

In cell Triloci-Seq approach

While the in cell Triplex-Seq platform displays advantages in (i) fast-turnaround times and (ii)
a way to screen millions of putative TFO sequences, no knowledge of the corresponding genomic
DNA to which the TFO was bound is gained. Here, I developed a slightly more complex highthroughput platform that relies on simultaneous sequencing of the TFO and TTS termed TrilociSeq (Figure 38). The platform uses the same TFO library generation tool from IDT and has
been described in the Triplex-Seq protocol. It is based on a ligation of the TFO to genomic DNA
that was in close proximity in cells 162 .

Mammalian cells

TFO library
triplex-forming
motif
TFO

+ nuclei

permeabization

.......

biotinylated oligo

gDNA

adapter (i) and
2
proximity
(ii) ligation
single-stranded
circularization

library preparation
cut_oligo

Illumina

Annealing of oligo
for restriction digestion
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Figure 38| In cell Triloci-Seq design. The Triloci-Seq platform was develop to obtain information about
both the TFO sequences, but also about the corresponding genomic DNA to which the TFOs were bound to. To
do so, TFOs were generated using the mixed-base tool from IDT and transfected into mammalian cells. 24 hours
post-transfection, cells were harvested, fixed and nuclei permeabilized. A biotinylated ss/dsDNA adapter was
ligated to the single-stranded region of the TFOs and DNA (genomic DNA and TFO) was sheared using a
restriction enzyme. Samples were diluted and TFO sequences that were bound to genomic DNA (thus were in
close proximity) were ligated to the DNA fragments (proximity-based ligation). The ligated DNA fragments were
isolated using streptavidin-coupled magnetic beads, and the non-biotinylated strand was circularized. An oligo
was annealed that generated a restriction site, digested and subsequently PCR amplified to construct the Illumina
sequencing libraries.

In briefs, TFO libraries were transfected into mammalian cells and a subset of the TFOs were
expected to bind to genomic DNA. 24 hours post-transfection, cells were fixed and nuclei permeabilized. Following the single-stranded ligation of a biotinylated ssDNA/dsDNA chimeric oligo
to the TFO libraries, genomic DNA was sheared using restriction enzymes (4 bp cutter), samples
were diluted, and the TFO molecules that were in close proximity to the sheared DNA fragments
were ligated to one-another (proximity-based ligation). The ligated DNA fragments were isolated, TFO/gDNA fragment enriched using streptavidin-coupled magnetic beads that bind to
the biotinylated oligo of the TFO sequence, and the non-biotinylated double-strand sequence is
further processed. Subsequently, the single-stranded fragments are circularized, a restriction site
is created via annealing of a small oligo, DNA is digested and prepared for Illumina sequencing
via PCR amplification.

82

4.7.2

In cell Triloci-Seq platform development

To validate and test the Triloci-Seq platform, ten single TFO variants were ordered (for details
see list of Triloci-Seq primers on page 42). The triplex-forming motifs for the TFO variants were
based on publications that suggested that lncRNAs regulate transcription via triplex formation.
Thus the putative TTS sequences for RNA*DNA-DNA triplexes in the genome are supposedly
known (Figure 39a). I mixed each TFO variant at molar ratios and the pool of ten TFOs
was transfected into human embryonic kidney cells (HEK-293). Following the analysis of the
sequence reads after sequencing, two TFO variants were found (GAAx15 and TTCx15 ), while
the remaining eight TFO variants could not be detected in the sequencing reads. In Figure 39b,
the sequence logo of the reads containing the two TFO sequence is shown. Since the two TFOs
that were found in the sequence reads, are identical in length with complementary sequence, I
cannot distinguish whether these TFOs are indeed the two versions or in fact only one TFO
whose sequence is shown in both directions. I will however talk about two TFOs in this section.
In the sequence logo, it can be observed that the two TFO variants (the first 45 nucleotides)
correspond to GAA and TTC triplex-forming motifs. The remaining nucleotides of the sequence
reads represent a mix of all four nucleotides, it can however be noted that there is a preference
for certain nucleotides (e.g. GAAGAA) at given positions indicating a recurring pattern. To
identify the sequences that matched genomic DNA, the sequence reads were aligned to the human
reference genome assembly GRCh38 (July 2018, GCF_000001405.38).
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Figure 39| Validation of in cell Triloci-Seq approach using known triplex-forming motifs. a, Ten
single TFO variants were designed to test and develop the in cell Triloci-Seq platform. These ten TFO sequences
are based on motifs of lncRNAs that supposedly forming triplexes in cells. They were mixed at molar ratios
and transfected as pool into mammalian cells. b, Out of the ten TFO variants, only two variants (TTC and
GAA) were found in the sequence reads after sequencing the samples. The sequence logo of these sequence reads
highlight the slight preference of GAA-sequences over TTC-sequences, and also imply a nucleotide preference in
the sequence downstream of the TFO sequences (e.g. GAAGAA). To identify genomic DNA, the sequence reads
were aligned to the genome. Most of the sequences that aligned to the genome correspond to the TFO sequences,
there are however also some sequences downstream of the TFO sequence that aligned with the genome.

Surprisingly, the part of the sequence reads that correspond to the TFO variants were mostly the
sequences that also aligned with the genome. If the TFO sequence (GAA or TTC repeats) aligned
to the genome the full 45 nt of the TFO aligned with the genome. If the sequence downstream
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of the TFO could be aligned with the genome, significantly shorter sequences aligned (15-20 nt)
and overall corresponded to the GAA repeats that are observed in the sequence logo. In the next
paragraph, I further characterized the sequences that are shown as the ’undefined sequences’ in
Figure 39b.
To identify recurring motifs in the sequences downstream of the TFO sequence, the MEME
Suite (Motif-based sequence analysis tool) was used 185 . The TFO sequences were removed and
the remaining part of the sequence reads (3739 unique sequences) was uploaded to the MEME
(Multiple Em for Motif Elicitation) tool. Several motifs with different length patterns with high
e-values were discovered. In Figure 40a, the first three motifs are shown as a sequence logo. Each
motif appeared 1000 times (27 % of all sequence reads) and resemble the NEB Next primers that
were used for preparing the sequencing libraries (see primer sequences on page 37), but were not
detected during adapter trimming due to the occurrence of several mutations.
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Figure 40| Motif-based analysis of in cell Triloci-Seq data. a, MEME (Multiple Em for Motif Elicitation)
analysis 185 of TFO-trimmed sequences identified three motifs as top hits that were 41 nt long and resemble the
NEB Next primers that were used to PCR amplify the samples. The sequences were not removed during adapter
trimming as they contain several point mutations (data not sown). b, A significantly enriched GAA-motif that
does not align to the NEB Next primer. c, FIMO (Find Individual Motif Occurrences) analysis 186 was performed
on GAA-motif (motif 7) against the sequence reads that were uploaded for the MEME analysis. The frequency
of start positions is plotted as a function of the start positions within the sequence reads, and most sequences
start directly downstream of the TFO sequence and decrease with higher start positions. Furthermore, some start
positions occur at a frequency of 10 which results in a 3 nt periodicity. d, The 16 obtained motifs (derived from
the sequence logo) were used to predict triplex formation with the two TFO sequences TTC and GAA using the
triplexator software 117 and 9 out of 16 putative TTS sequences (represented by the sequence IDs in the table)
form putative triplexes with one mismatch. The sequence logo of the motifs that form triplexes was generated
and has a stronger preference to GAA sequences compared to the original sequence logo.

The first motif that differs from the primer sequence and was found 438 times in the sequence
reads, is shown in Figure 40b. To further characterize this motif, another MEME Suite tool
termed FIMO (Find Individual Motif Occurrences) was applied 186 . Here, the position of the
discovered motif within the sequence read is detected and the frequency of motif positions was
plotted as a function of the sequence read position (Figure 40c). It can be observed that most
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motifs start at the beginning of the sequence read which is located immediately downstream of
the TFO sequence (Figure 39b) and the number of motifs decrease with later start positions.
Furthermore, a 3 nt periodicity is observed with high frequencies for start positions (S) that are
divisible by 3 (except for the start position 1) and lower frequencies (~ 10) of motifs starting
at nucleotides in between the S3 start positions. This 3 nt periodicity is expected for a TFO
motif with GAA/TTC repeats assuming that they interact with these motifs on the genome via
triplex formation. The frequencies for these start positions which are significantly lower and are
relatively constant might be attributed to mutations or sequencing errors. The high number
of sequence motifs starting at the same position suggests a preference for ligation of GAA-rich
sequences that are abundant in the genome.
To predict whether the discovered motif potentially forms triplexes with the two TFO sequences,
I used the Triplexator software and tested the 16 discovered motifs (derived from the sequence
logo) with the two TFO sequences. In Figure 40d, the Triplexator score (length of triplex)
is plotted against the sequence ID (which is shown in Figure 40d in the table). 56 % of the
discovered sequence motifs are forming triplexes according to the Triplexator prediction software
and the sequence logo of these motifs (Figure 40d, bottom) is similar to the originally discovered
motif (Figure 40b) with a slight trend towards GAArich sequences implying that these sequences
might have been forming triplexes with either TTC- or GAA-TFO sequences.
4.7.3

Summary Triloci-Seq

The development of the Triloci-Seq approach serves the purpose to simultaneously sequence
TFO and TTS sequences. In contrast to the Triplex-Seq platform, which is less complex, the
Triloci-Seq approach has the potential to unravel genomic binding sites for triplex formation.
Several insights based on the preliminary results were gained during development of the in cell
Triloci-Seq protocol:
1. triplex-forming motifs that were described in triplex-forming lncRNAs were used as positive
controls to test the in cell Triloci-Seq approach. 20 % of these TFOs that were transfected
as a pool were found in the sequence reads and corresponded to the longest TFOs with
15 repeats of GAA and TTC, respectively. The abundance of GAA-repeats in the genome
might explain the detection of only these two TFOs, and increasing the sequencing depth
might increase the chance to find the other TFO motifs.
2. Motif-enriched analysis (MEME suite tools) identified mutated NEB Next primer sequences
(noise) and a 15 nt long GAA-rich motif as a putative genomic triplex target site. The
occurrence of the GAA-rich genomic motif in the sequence reads exhibited a 3 nt periodicity
which is what I would expect for a TFO with a 3 nt repeat (GAA/TTC). Additionally,
this motif was predicted to form triplexes with TTC and GAA-TFOs using the Triplexator
software. These results imply that the genomic sites might have been bound by the TFO
sequences.
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5

Discussion

Studying triplexes has been and still is an intriguing research field to study. Understanding the
underlying triplex formation rules in vitro using a controlled environment or cells has multiple
impacts in both applied as well as basic research fields. Despite the extensive efforts to elucidate
triplex formation, little has been done using high-throughput approaches. In this Ph.D. project,
I aimed to develop a two-pronged approach: Building genetic circuits using synthetic biologyinspired logic and developing deep-sequencing platforms to tackle and systematically identify
triplex formation rules. Initially, I designed two synthetic biology-based gene circuits to study
triplex formation in bacterial and mammalian cells by constructing synthetic long non-coding
RNAs (slncRNAs). In both designs, binding of slncRNAs to a triplex target site on a reporter
plasmid via triplex formation was expected to change reporter gene transcription. Given the
complexity of both designs only inconclusive results were obtained. Several factors for the weak
or inconsistent changes in reporter gene levels have been identified and will be discussed in
further detail below.
Based on these initial results from in cell experiments, I decided to simplify the experimental
setup to understand triplex formation rules. To to so, I started with the design of a deepsequencing platform in a controlled environment (in vitro Triplex-Seq). The successful implementation of the in vitro Triplex-Seq platform allowed me to identify a strong preference for
G-rich triplex-forming sequences in the single-strands, as well as in the double-strands that participate in triplexes. Furthermore, stable triplexes are preferably formed in neutral pH and the
minimal motif for TFO sequences that participate in triplex formation was pinpointed to approx.
7-10 nt. These results and their contribution to the research field of triplex formation will be
discussed below.
The next logical step was then to adopt the Triplex-Seq platform to an in cell Triplex-Seq
approach. Here, I could confirm the enrichment of G-rich TFO sequences that presumably were
bound to the genome and identify again a minimal TFO motif of approx. 7-10 nt. These results
will be discussed in the in cell Triplex-Seq paragraph. However, I would also like to comment on
the background noise that was obtained in the in cell Triplex-Seq approach.
Despite these promising results, one limitation of the in cell Triplex-Seq platform is the lack of
knowledge of putative triplex target sites to which the TFO was bound. Thus, the last part of
the discussion will elaborate on the preliminary results and challenges during the development
of the in cell Triloci-Seq approach for simultaneous sequencing of TFO and TTS.

5.1

Synthetic long non-coding RNAs

In the first part of this Ph.D. project, I used a synthetic biology-inspired approach to understand
how lncRNAs interact with dsDNA. Based on the hypothesis of triplex formation between the
single-stranded triplex-forming motif of the slncRNAs with double-stranded triplex target sites,
slncRNAs were designed from the bottom-up and tested in bacterial as well as mammalian cells.
5.1.1

Enhancer-based circuit in bacterial cells

The rationale behind the bacterial enhancer-like circuit was to build a simple, fast and inexpensive platform to screen for slncRNAs in a medium-throughput manner. To achieve this, I
designed a two-plasmid system comprising the enhancer-like reporter and a library of plasmids
encoding slncRNAs under the C4 -HSL inducible promoter pRhlR (Figure 11). The slncRNAs
carried different targeting sites (DNAbind ) and the enhancer-based reporters comprised either
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respective, putative TTS or control sequences lacking the putative TTS sequences. I hypothesized that the slncRNA molecules would interact directly with the double-stranded TTS on the
reporter plasmid by forming triplex structures and this slncRNA-TTS interaction presumably
influences DNA looping capabilities and alter transcription (Figure 11).
Over 600 bacterial strains have been analyzed in an automated liquid handling platform and
first moment mCherry values as well as distributions have been computed. For all data sets that
have been compared, no up-regulatory effect until approximately 40 µM C4 -HSL was observed
whereas higher C4 -HSL concentrations induced an up-regulatory response for bacterial strains
with and without putative TTS in the reporter plasmids (Figure 13a). This up-regulatory effect
observed at higher C4 -HSL concentrations is comparable to two publications that have shown a
similar 2-2.5x-fold up-regulation of a luciferase reporter gene in presence of naturally occurring
eRNA transcripts 28;31 .
Furthermore, the results show a differential two step-behavior of slncRNAs in an enhancer-based
reporter system using a σv54 promoter compared to reporter plasmids containing a σv70 promoter
(Figure 13b). A significant difference for both the variability and the overall shape of the first
moment value distributions was observed for concentrations higher than 40 µM, whereas first
moment values and distributions did not differ for lower concentrations. This might indicate a
non-specific interaction of the slncRNAs with the plasmid independently of the nature of the
reporter (σv54 enhancer plasmid vs. σv70 non-enhancer plasmid) resulting in the first up-regulatory
response of mCherry. Since changes in DNA supercoiling in bacteria play an underlying role
for regulating gene expression 187 , it is possible that the interaction of the slncRNAs with the
plasmid might also change the DNA topology from DNA supercoiled plectonemes to a less tightly
packed structure thus facilitating gene expression 188 . This however should not only influence
the reporter plasmid (regulation in trans), but also the expression of the pRNA plasmid itself
(cis regulation), which was not observed (data not shown).
Whereas the overall 20 % up-regulatory effect observed for all reporter plasmids might be a
non-specific interaction with the plasmid, the second up-regulatory response observed only in
the enhancer-like circuits may be due to a specific interaction of slncRNAs with promiscuous
DNA sequences found in the looping region or on the reporter plasmid. To verify this hypothesis, these purine-rich stretches in the reporter plasmid were replaced by AT-rich sequences.
In absence of any specific TTS, the strong non-specific up-regulatory response could not be
detected; contrary to strains with the purine-rich spacer sequence (Figure 16) suggesting that
four of the five designed DNAbind motifs (GGArich , (GAA)x8 , pyrrich , AArich, ) bound nonspecifically to the purine-rich repeats within the original spacer sequence. The fifth DNAbind
motif termed T0 contains a non-repetitive sequence, which stands in contrast to the other repetitive, purine/pyrimidine-rich DNAbind sequences. The difference in behavior compared to the
purine/pyrimidine-rich DNAbind motifs (Figure 15) supports the hypothesis that this arbitrary
sequence might not bind to promiscuous sequences in the looping region of the plasmid, but to
its cognate TTS sequence in the loop and significantly enhances transcription.
The variability of mCherry distributions might indicate that a cell population or even a single cell
has multiple states of bound slncRNAs. For instance, in one cell the non-specific interaction with
the plasmid may dominate, whereas in the neighboring cell slncRNAs might interact via triplex
formation with promiscuous sequences in the looping region that enhance transcription and a
third cell might be bound by slncRNAs at different sequences that do not positively influence
transcription. Given the wide range of distributions for bacterial strains that contain slncRNAs,
the microplate reader assay might not be the ideal method to measure fluorescence intensities
of single cells. Whether this interaction is protein-mediated, directly via triplex formation, or
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due to alternative mechanisms could not be determined at this stage, and I decided to test the
modular slncRNAs in a mammalian setup.
5.1.2

Triplex-mediated activation in mammalian cells

Since the bacterial enhancer-like circuit did not yield conclusive results, I decided to test a
different synthetic circuit in mammalian cells because most naturally occurring lncRNAs have
been described in mammalian/human cells 8;18 and the environment in the nucleus might favor
triplex formation 189 . The CRISPR/Cas9-inspired gene activation system for mammalian cells is
slightly more complex than the above described bacterial enhancer-like system. In the triplexmediated gene activation circuit, slncRNAs were constitutively transcribed from a plasmid and
provided a docking site for a RBPactivator protein complex. Upon triplex formation of the
slncRNA with a putative TTS on a reporter plasmid, the slncRNA/protein complex activates
gene expression from a minimal promoter and fluorescent protein levels could be measured
(Figure 18) .
I first tested the transfection efficiencies of the plasmids in presence and absence of the endonucelase Csy4 as well as the localization of the fluorescent protein reporters. The pRNA plasmid
that carries the slncRNA, Csy4 regonition sites and the sbfp2 gene exhibited over 80 % transfected cells in presence (Figure 19 and Figure 20) and absence (Figure 19a) of Csy4. Nissim
et al. previously described the development of a multiplexable-gRNA cassette using the Csy4
strategy 154 and utilized mKate2 as a reporter gene for successful Csy4 cleavage. In this publication the authors described that in absence of Csy4 only low mKate2 levels were detected,
whereas in presence of Csy4 a strong increase in mKate2 levels was observed. This stands in
contrast to the here developed pRNA plasmid which displays similar levels of SBFP2 (which is
the equivalent to the mKate2 reporter used by Nissim and colleagues) in presence and absence
of Csy4. The reason for the difference in the behavior might stem from a polyA signal that was
placed downstream of the sbfp2 /slncRNA cassette which was absent in the design of Nissim and
colleagues.
In contrast to the high transfection efficiencies of the pRNA plasmid, the pRBP plasmid encoding
the PP7-mKate2-vp64 (RBPactivator ) fusion protein displayed significantly lower transfection
efficiencies of around 10 % in absence (Figure 19a) and 20 % in presence of Csy4 (Figure 20).
The overall low expression levels of the PP7-mKate2 fusion could neither be traced back to
the plasmid backbone nor promoter (data not shown) and cannot be explained at this stage,
in particular based on the observation that mKate2 expression itself was strong, but limited to
only 10 % of the cells. Contrary to the pRNA plasmid the pRBP plasmid does not harbor Csy4
sites thus should not be affected by the presence of Csy4. However, the increase in fluorescence
levels of mKate2 that was observed in presence of Csy4 could be based on the formation of
imperfect Csy4-recognition sites. It was previously shown that mutations in the RNA stem loop
sequence identity affect binding of Csy4 to the RNA molecule to various degrees. While the
hairpin structure is important for binding, cleavage is strongly impaired in absence of a guanine
directly upstream of a scissile phosphate (the site of cleavage) or when secondary structures are
formed below the stem structure 190 . In the 5’ end of the polII promoter that was used to drive
expression of the RBP-mKate2 fusion protein, I found a structure that could potentially resemble
a weak Csy4-recognition site (data not shown), but formation of additional secondary structures
downstream of the five-basepair hairpin might impair RNA cleavage. Thus, I propose that Csy4
may function as an RNA-binding protein with little to no cleavage activity and binding of the
Csy4 protein to the 5’UTR of the RPB-mKate2 mRNA leads to the observed up-regulatory effect.
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A similar up-regulatory observation was suggested recently by us where we placed an RBP in
the 5’UTR of a reporter mRNA and were able to measure an increase in reporter expression
levels (Katz et al., submitted).
An additional observation that was made for the mKate2-fusion proteins is that they localized
to the nucleus due to a nuclear localization signal (NLS), and form distinct spots when slncRNA
molecules are present (Figure 19b). It has been described previously that PP7-FP fusion proteins
can bind to RNA-hairpin structures 191 and were used for imaging mRNA molecules in bacteria 192
as well as mammalian cells 173;174 due to the formation of distinct spots, similar to what I have
observed in presence of co-transfected slncRNA molecules. While this might indicate that the
slncRNAs are in complex with the RBPactivator , I also observed similar spots in absence of
slncRNA molecules, but presence of Csy4 (data not shown) suggesting that there might be
another explanation for the formation of such spots within the nucleus.
Given the low protein expression levels of the RBPactivator and the lack of responsiveness of
the pRNA plasmid for Csy4 cleavage, it is not surprising that only a weak and inconsistent
up-regulatory effect of the reporter gene is observed. The insufficient cleavage of the slncRNAs
by the Csy4 protein translocates the slncRNAs into the cytoplasm and translates them into
slncRNA/SBFP2 fusion proteins. Moreover, only 10-20 % of the cells contain the RBPactivator
that binds the slncRNA molecules in the cytoplasm and transports them via the NLS of the
RBPactivator protein back into the nucleus.
Given the discussed issues of few transfected cells and slncRNA localization, the overall lack
or inconsistent up-regulation can be traced back to these factors. I would like however to
comment on one trend observed for the slncRNA with the GAA-motif, where with one PP7binding (PP7x1 ) site an up to 7-fold higher expression was observed (Figure 21c), compared
to slncRNA molecules containing more PP7-binding sites (PP7x3 and PP7x4 ). This overall
decrease in reporter gene expression with higher numbers of PP7-binding sites is contrary to
the expectations. It might be explained by interference of the longer slncRNA molecules with
the RNA transcription machinery. It has been described that anchored, nascent RNA could
destabilize the transcription complex by wrapping around the DNA template and the formation
of R-loops 193 . The longer the RNA molecule, in this case the slncRNA that is bound to the
TTS, the higher the probability that these RNA molecules can form R-loops in the transcribing
reporter gene sequence thereby reducing gene expression.

5.2

Deep-sequencing platforms

Based on the inconclusive results from the synthetic biology-inspired gene circuits using slncRNAs, I decided to go one step back and use DNA-based TFOs to develop high-throughput
platforms to study triplex formation.
5.2.1

In vitro Triplex-Seq

I designed and developed the in vitro Triplex-Seq platform to provide a unique high-throughput
tool to study the underlying triplex formation rules in a controlled environment. The power of
the platform lays in its combination of the IDT mixed-base tool to generate millions of different
TFO variants with the classical shift assay and next-generation sequencing technologies (Figure
23). This makes the in vitro Triplex-Seq approach cost-effective and with its fast-turnaround
time an ideal platform to systematically study triplex formation. Here, I would like to integrate
the findings of the in vitro Triplex-Seq platform into the known literature context.

89

To evaluate successful triplex formation, I introduced a new measure termed triplex reactivity.
After next-generation sequencing, I obtained a list of sequence reads for the sample where (i)
the TTS and the TFO library were incubated and triplexes were formed (triplex sample) and
where (ii) the TFO library alone was incubated (TFO sample). The TFO only control serves
as the background noise. Hence, triplex reactivity is defined as the ratio of the normalized read
counts of the triplex and TFO sample and subtraction of one. All positive triplex reactivity
scores indicate formation of triplexes between the TFO variants and the TTS molecule.
I started by first characterizing the TFO libraries with 2-mixed bases. I observed a pH-dependent
triplex formation where low triplex reactivity scores were found for acidic pH, and higher triplex
reactivities were detected in neutral pH (Figure 25). By comparing the enriched motifs of these
TFO libraries which were obtained using the DRIMust tool to past literature findings, I obtain
support for the sensitivity and validity of the Triplex-Seq platform. Specifically, the R-TFO
library (G/A) displays a short GARA-motif which has been associated in the Friedreich’s Ataxia
disease 83 and was found to down-regulate expression of the dhfr gene 194;48 . The K-TFO library
(G/T) features a short consensus motif with 80 % thymines. Formation of triplexes with mixed
GT-motifs have been described to preferably form anti-parallel triplexes 195 thus supporting my
finding of higher triplex reactivities in pH 7 for the K-TFO library. The W-TFO library (A/T)
exhibits stretches of adenines as well as thymines. Both nucleotides have been shown to form
triplets with an A-T basepair, while adenines also interact with a G-C basepair 195 . It is however
surprising that stretches of both nucleotides were found to form stable triplexes as this has not
been reported before. The M-TFO library (adenine/cytosine) reveals an A/C mixed-consensus
motif in both conditions. When looking at the top hits of the ranked triplex reactivity lists
(data not shown), a preference for adenines can be observed (60 – 70 %) which can be explained
by adenine’s ability to bind to both G-C and A-T basepairs. The A/C-mixed motifs however
might result from formation of non-canonical triplexes by binding to the C-T and T-A basepairs
as was proposed previously 195 or the potential formation of parallel triplexes due to cytosine
protonation at neutral pH 196;197 .
In contrast to mixed motifs when testing smaller TFO libraries (16,000 variants), G-rich DRIMust
consensus motifs were found when evaluating sequences from the N-TFO library (Figure 26).
Stable G-rich triplexes have been described in vitro 198;199;200;184 and in vivo 97;201 , but were
also found to form G-quadruplexes in physiological environments 198;79 . The overall trend of Grich TFOs combined with the short ACGT-DRIMust motifs in a triplex-disfavoring buffer (pH 7
+ K+ ) may indicate a triplex/G-quadruplex mix. G-rich TFO variants potentially assemble
to G-quadruplexes in presence of potassium 202 and migrate through the gel at similar heights
as the triplexes, while a weak interaction (low reactive) of TFOs with the TTS results in the
ACGT-consensus motif.
Next, based on the observation of G-rich DRIMust consensus motifs (5-9 nt long), I designed
TFO libraries with stretches of continuous mixed-bases (B- and D-TFO stretches) of varying
length (3-9 nt) that are flanked by fixed bases (Figure 27). The TFO libraries with shorter
mixed-base stretches (3-7 nt) lack a nucleotide preference and no DRIMust consensus motif
could be computed. I hypothesize that these short TFO sequences bind weakly and in a nonspecific fashion to the TTS, but are too short to strongly and specifically interact with the
TTS. Conversely, only the TFO library with a 9 nt long D-stretch that was tested in neutral pH
exhibited a clear G-rich DRIMust motif (5 nt long). These results confirm (i) the pH dependence
proposed earlier because no DRIMust motif was found for the TFO with a 9 nt long B-stretch
that was tested in pH 5 and (ii) identify approx. 9 nt as the minimal length at which TFO
sequences form specific and strong triplexes. This is a shorter motif than what was described in
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literature where the TFO motifs mostly ranged between 15-30 nt 189 .
Lastly, the relationship between TFO enrichment and variation in guanine/adenine ratios in the
TTS for triplex formation was evaluated and indicated a clear increase for G-rich TFO sequences
which was correlated with both increasing guanine content in the TTS as well as higher triplex
reactivity scores (Figure 30). This is in accordance with findings from another study which
identified G-rich patterns of over 80 % in the TTS supporting the importance of guanines in the
TTS to form stable triplexes 179 . The DRIMust motifs imply that with low guanine percentage
little information is obtained and suggest that many variants interact weakly with these TTS
variants (Figure 32). In contrast for TTS sequences with high guanine percentage, the consensus
motif suggests that G-rich TTS sequences lead to a stronger and more specific triplex interaction
with the TFOs.
5.2.2

In cell Triplex-Seq

After the successful development of the in vitro Triplex-Seq platform, I adopted it to an in
cell approach to elucidate triplex formation in cells (Figure 33). In contrast to the in vitro
approach, no ’TFO only’ control was included in the initial implementation of the in cell TriplexSeq protocol. Hence, no triplex reactivity score could be computed and used to determine
the formation of triplexes above the background noise. Instead, the normalized read counts
(RPMs) which indicate the level of enriched sequences were used. The lack of a ’TFO only’
control obviously raises questions in the validity and scope of my interpretations regarding triplex
formation in cells, and I will address this issue in the conclusion and outlook chapter on page 95
where I will propose modifications of the basic Triplex-Seq protocol to include a ’TFO only’
control.
Several other controls were however tested in the in cell approach and included (i) non-transfected
cells, (ii) cells that were transfected with the capture sequence only and (iii) a TFO library that
was not transfected, but only PCR amplified. For the control samples (i) n.t. and (ii) capture
almost 80 % of the sequence reads that were found corresponded to 39 nt long sequences and
consisted of the 19 nt long capture sequence and a 20 nt downstream sequence (Figure 34b).
These downstream sequences consisted of mainly long stretches of A-rich and GAA-rich sequences
and were also found in all samples that were transfected with TFO libraries. Furthermore, over
30 % of R-TFO and 1.5 % of K-TFO variants were identified in the sequence reads and might
point to contamination with these TFO libraries in the downstream processing of the TriplexSeq protocol. The control (iii) that corresponded to the PCR amplification of the D-TFO
library without transfection confirmed that during PCR amplification of the TFO libraries no
PCR biases in form of mutations or preferences of certain nucleotide patters are introduced.
The average nucleotide frequency for the TFO sequences with a given RPM value was equally
distributed between the three nucleotides (33/33/33 ratio of G/A/T ). This result strongly
confirms that any nucleotide enrichment observed for the TFO libraries after transfection are
likely caused by interaction with the genome (Figure 35).
After characterizing the background noise and PCR biases, several smaller libraries with 16,000
variants and a large library with over 260 Mio. variants were tested. The frequency distributions
that were generated using the normalized read counts indicated multiple distributions depending
on the TFO library. While for the M- (A/C) and Y-TFO (C/T) libraries less than 10 % of the
variants of the total library were found and no enrichment was observed, the K-(G/T) and RTFO (G/A) libraries exhibited either a similar distribution that was observed in the control
samples (K-TFO) or a two step-distribution with a potential enrichment of certain sequences
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(R-TFO). Given the fact that one-third of all R-TFO variants were found in the control samples
and over 95 % of all variants were identified in the sequence reads of the R-TFO library itself, the
question regarding the validity of the enrichment of these sequences arises and interpretations
need to be regarded with caution. Lastly, no enrichment was observed for the N-TFO library
which might be based on the lack of sequencing depth as only 0.03 % of all variants were detected,
and an enrichment-like behavior as observed in the in vitro Triplex-Seq might be achieved with
higher sequencing coverage (Figure 34c).
Since neither the smaller libraries nor the large N-TFO library resulted in an enrichment of TFO
sequences, I tested intermediate-sized TFO libraries (B- and D-TFO). Contrary to the other
TFO libraries, I obtained enriched TFO sequences for both B- and D-TFO libraries (Figure 35)
and an increase of guanines in the enriched TFO sequences is found for both libraries suggesting
that G-rich sequences are important for interactions of the TFOs with genomic DNA. This is in
accordance with literature where purine-rich TFOs have been described to form stable triplexes
in physiological conditions 182;203;179 . In the particular case of G-rich triplex-forming motifs,
ambivalent results have been presented. While several lncRNAs contain purine/G-rich triplexforming motifs 48;53;54 and TFOS have been used in cells 97;100 and even in mice 101 to successfully
introduce site-specific mutations or regulate transcription 95 , other studies showed a decreased
bioactivity of G-rich TFOs due to formation of G-quadruplexes 200;184 , or self-assembly of the Grich TFOs 202;102 . Based on this literature context, I suggest to perform additional experiments
using these enriched G-rich TFOs in cells to further shed light on this ambivalence (see on
page 95).
Given the enriched TFO sequences with a trend towards G-rich sequences using the B- and
D-TFO libraries, I wanted to determine the minimal length of TFO sequences (Figure 36). To
do so, a set of TFO libraries with mixed-base B- and D stretches of varying length were designed
and deep-sequencing revealed that the shorter mixed-base stretches (3-5 nt, to a certain extent
also 7 nt long) did not yield any strong preference for any nucleotides contrary to the 9 nt
long B- and D-TFO stretches where a clear G-rich pattern was observed. This suggests that
TFOs shorter than 9 nt do not bind in a strong and specific manner to genome. Additionally,
a 5 nt long G-rich DRIMust consensus motif was observed for the D-TFO (9 nt) and no motif
was detected for TFOs with the same length but B-mixed bases (Figure 37). The difference in
the mixed-base stretches of the B- and D-TFO libraries is based on the difference of containing
either a cytosine (B-TFO library contains G/C/T nucleotides) or an adenine (D-TFO library
is comprised of G/A/T). This is in accordance with literature where triplexes were proposed
to form more stably with purine motifs (G/A) 97;48 while pyrimidine motifs (C/T) require the
protonation of the cytosine residue to form triplexes 86;88 . Since the B-TFO library contains
cytosines it it less likely to form stable triplexes thus implying and confirming that purine motifs
are more likely to form triplexes in cells and require no more than 9 nt to be a specific and strong
interaction partner with double-stranded DNA.
The experimental setup of the in cell Triplex-Seq approach is founded on the assumption that
TFO molecules bind to genomic DNA sequences via triplex formation. Given the recurring
pattern of G-rich TFO sequences, one might hypothesize that other interactions might play a
role in TFO enrichment. It is well established that the genome contains an abundance of Grich sequences such as in the end of chromosomes (telomeres 204 ) and these G-rich stretches are
often associated with the formation of G-quadruplex formation 79 . In case of telomeres, formation of these non-canonical DNA structures prevents the linear ends of the chromosome to
be degraded 63 . Given the preference of G-quadruplex formation of G-rich sequence in physiological conditions 86;89 , it suggests that TFO sequences might interact with the genome via
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G-quadruplex formation. Other interactions within the cells (such as with proteins that prevent
the degradation of G-rich TFO molecules 205 ) or an experimental bias (e.g. via an increased
transfection efficiency of G-rich TFOs) might be possibilities for the enrichment of G-rich TFOs
that need to be ruled out. Although I am aware of these potential pitfalls in the experimental
setup, I believe that the combined and almost identical results from the in vitro Triplex-Seq
platform which was performed in a controlled environment, suggest that triplex formation is the
underlying interaction with the genome and leads to the enriched G-rich TFO sequences.
5.2.3

In cell Triloci-Seq

Given the limitation of the in cell Triplex-Seq approach with respect to (i) only be able to sequence the TFO and (ii) the assumed, but not proven, triplex interaction of TFOs with genomic
triplex target sites, the Triloci-Seq platform was developed to integrate TFO and TTS sequencing and obtain more information regarding the two main limitations of the in cell Triplex-Seq
approach (Figure 38).
To develop the in cell Triloci-Seq protocol, a set of known triplex-forming motifs derived from
lncRNAs were used (Figure 39). These sequences ranged from 13 to 45 nt in length and were
transfected as a pool of sequences. Following the execution of the Triloci-Seq protocol, two
out of ten TFO sequences were found in the sequence reads. The TFO sequences that were
detected are the two longest TFOs from the set and contained 15 repeats of GAA and TTC,
respectively. Long purine/pyrimidine stretches, and in particular GAA-repeats have been shown
to be abundant within cells 160;49 and are significantly enriched in gene regulatory elements (5’
and 3’ regulatory regions) 49 . Furthermore, expansion of such repeats have been implicated in
the Friederich’s ataxia disease 83;206 . The abundance of these putative triplex target sites might
be one explanation why only these two TFOs were detected in the sequence reads. This also
highlights the importance of sequencing depth which needs to be increased significantly to find
TFO sequences whose TTS might be less abundant throughout the genome.
Furthermore, most TFOs that were used to test the Triloci-Seq protocol are shorter than the
two TFOs that were found. Another potential reason for the enrichment of the longer TFOs can
be explained by polymer physics. In biophysics, nucleic acid molecules are viewed as polymers
whose behavior can be effectively described by the worm-like chain (WLC) model. DNA is
considered to be a rigid molecule and the parameter ’persistence length’ is used as a measure
for the structural rigidity of DNA molecules and the energy that is required for the DNA to
bend. While the persistence length for double-stranded DNA ranges between 35-100 nm (naked
vs chromatin DNA) 207;208 , the persistence length for single-stranded DNA has been described to
be significantly smaller (4 nm) 209;210 . Based on the Triplex-Seq results that identified a minimal
stretch of approx. 9 nt that is required for triplex formation, the longer TFOs (45 nt) might
not bind entirely to the genome. Given that the genome was sheared into 100-300 bp fragments
(using a restriction enzyme recognizing a 4 bp DNA site), a longer, single-stranded (and more
flexible) stretch of the TFO molecules increases the probability that the rigid double-stranded
genomic region finds the ssDNA fragments. This is in contrast to shorter TFO sequences which
might be bound entirely to the genome and thus cannot compensate for the stiffness of the
double-stranded molecules.
To characterize the part of the sequence reads that do not correspond to the TFO sequence, I used
the MEME suite tool and identified a 15 nt long GAArich motif which exhibited a 3 nt periodicity
with respect to the motif occurrence (start position of the motif) in the sequence reads (Figure
40). This 3 nt periodicity in the sequence reads is expected, if we assume that the GAAx15 or
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TTCx15 TFOs are bound to this motif via triplex formation. This observation suggests that the
TFO/GAA-motifs have been identified in the sequence reads because the TFO was bound to
the genome (or to these particular motifs) via triplex formation and, as part of the Triloci-Seq
protocol, were subsequently ligated to one another. Lastly, I applied the Triplexator software on
the detected GAArich motif and predicted triplex formation with the two TFOs (GAAx15 and
TTCx15 ). I generated a list of sequences based on the sequence logo of the GAArich motif (16
TTS variants) and used the two TFO sequences as interaction partners for triplex formation.
Nearly 60 % of all sequences were found to form triplexes suggesting that triplex formation was
the underlying interaction of the TFOs with the genome.
These preliminary results imply that the in cell Triloci-Seq approach works and can be used to
further expand our knowledge in triplex interactions in cells. However, I would like to point out
that these results are preliminary and no controls (such as non-transfected cells or a scrambled
version of the long TFO sequences) were tested. Hence, improving the in cell Triloci-Seq protocol
is the next step to obtain more significant results.
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6

Conclusion and Outlook

In this Ph.D. project, I strove to decipher triplex formation and its underlying rules in vitro and
in cells. To do so, I started out by designing and testing modular synthetic long non-coding
RNAs (slncRNAs) to characterize triplex formation via synthetic gene circuits in bacterial and
mammalian cells in a medium-throughput approach. Given the complexity of the systems and
a lack of understanding of triplex formation in cells, this approach yielded overall inconclusive
results. Thus through the course of time, I decided to design simpler high-throughput platforms
which could both be used in vitro and in cells. By applying these approaches, I demonstrated
the power of such high-throughput sequencing technologies to systematically analyze triplex
formation in a sensitive, sequence-varied and cost-effective manner. My in vitro Triplex-Seq
results suggest that triplex formation is pH-dependent, the minimal length of a TFO motif
ranges between 7-10 nts, and G-rich TFO and TTS sequences lead to a stronger and more
specific triplex interaction. The in cell Triplex-Seq data support the in vitro findings that
G-rich TFOs are preferred dsDNA binding partners and the minimal length of TFOs ranges
indeed between 7-10 nts. Given that no knowledge of the sequence content of the dsDNA is
gained by the in cell Triplex-Seq approach, I developed in cell Triloci-Seq which allows for the
simultaneous sequencing of TFO and genomic DNA. The preliminary results of the TrilociSeq platform using ten different TFO variants of known triplex-forming motifs suggest that
in cell Triloci-Seq requires a significant larger sequencing depth than was used in these initial
experiments to detect TFO/TTS interactions that are less abundant. The two TFOs that were
found to be ligated to genomic DNA have abundant putative TTS sequences within the genome.
Given the GAA-repeats of the TFOs, the finding of a 3 nt periodicity in a putative TTS motif
(15 nts long) implies that the in cell Triloci-Seq approach might have worked.
With the growing interest in dynamic non-canonical structures and their applications, understanding the underlying code of triplex formation in vitro is at the forefront of this endeavor.
With the development of the in vitro Triplex-Seq platform, I contributed a unique tool and
valuable insight to the field of triplex formation. This has direct implications for various research fields including material sciences through developing triplex-responsive hydrogels 211 , synthetic biology-inspired diagnostics 212 and biosensors 213 , nanotechnology-based switches 214;215
and ideas to expand the DNA origami toolbox 216 .
Contrary to the in vitro Triplex-Seq results, the in cell approaches (Triplex-Seq and TrilociSeq) have potential to tackle the challenges of studying triplex formation in cells, to expand
the use of TFOs for therapeutic approaches and to understand how lncRNAs interact precisely
with the genome. While I believe that I have made the first steps to fulfill these potentials,
both platforms require further characterization using synthetic biology approaches and a general
technology development.
As mentioned earlier, the in cell Triloci-Seq approach is still in the beginning of its development,
in particular with respect to the use of better crosslinking techniques, novel ligation reactions,
comparison of controls, increasing sequencing coverage and more elaborate bioinformatic analysis. As this requires mostly technical improvements and would expand beyond the scope of this
section, I would like to focus on several approaches to improve the in cell Triplex-Seq platform.
Here, I envision multiple strategies to further expand the toolbox of the developed in cell Triplexseq approach. One challenge in studying triplex formation in cells is to directly identify that
the enriched TFO molecules are bound to dsDNA (via triplex formation). To confirm that
the enriched TFO variants from the in cell Triplex-Seq platform were bound to genomic DNA,
I designed a synthetic-biology like gene activation circuit similar to what has been described
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in literature 95 and is similar to what I have tried with the slncRNA-mediated gene activation
circuit. A simple synthetic gene circuit will be applied to characterize selected variants obtained
from the in cell Triplex-Seq platform by designing a reporter plasmid containing a minimal
CMV promoter (pCMVmin ) with 5-10 G-rich variants of putative triplex target sites that will be
placed upstream of the pCMVmin driving a reporter gene. Furthermore, a conjugation of small
activator peptides (such as vp16) to 2-3 selected TFO variants (TFOactivator ) will be performed.
Upon triplex formation, the TFOactivator is brought into close proximity of the minimal promoter
thereby activating transcription. Once the system is successfully implemented two strategies can
be followed: (i) use the enriched TFO variants and perform RNA-seq to determine up-regulation
of genes and identify putative TTS in gene-regulatory elements or (ii) replace the DNA-based
TFOs with RNA-TFOs to study RNA*DNA-DNA triplex formation.
Furthermore, the discussed challenge of lacking a ’TFO only’ control in the in cell Triplex-Seq
protocol prompted me to think about another way to perform the in cell Triplex-Seq approach.
Here, I propose different capture approaches by exploiting the common capture sequence shared
by all TFO variants which is used to enrich the TFOs after genomic DNA isolation. In the
new capture approaches, the biotinylated oligo which is complimentary to the common capture
sequence on the TFO, will be hybridized either (i) before transfection and (ii) after cell lysis,
but before DNA isolation. Following the enrichment of the TFOs using the streptavidin-coupled
magnetic beads, the in-cell Triplex-Seq protocol can be followed as described previously. Samples
that will be taken at various time points (e.g. directly after transfection) then represent the ’TFO
only’ controls.
Coming to the end of this Ph.D. thesis, I would like to take a look at the broader picture and the
scope of this thesis. I began with the development of synthetic-biology inspired circuits to study
triplex formation. Retrospectively, what I should have started with, was the development of the
high-throughput platforms to thoroughly understand triplex formation and then use synthetic
biology as a way to verify and highlight that triplex formation can also be used for multiple
applications in cells. Nevertheless, I believe I did gain important insights into triplex formation
and established tools that can be used to further expand the knowledge of the exciting world of
non-canonical DNA and continue the quest for shedding light on the genome’s dark matter.
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