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Abstract

Abstract

Ribonucleic acids (RNAs), and messenger RNAs (mRNASs) in particular, have the potential to
play a leading role in future therapeutic research. During the SARS-CoV-2 pandemic, mRNA
vaccines have proven useful and highly effective. Therefore, it is of great interest to further
investigate RNA and to broaden the current knowledge about RNA function, structure as well
as modifications and their effects. Expansion of the genetic alphabet by use of unnatural bases
(UB) can contribute to this, both by modifying RNA and extracting new information from the
modified RNA.

In this thesis, unnatural base modifications were utilized for site-specific introduction of various
functionalities into different RNA sequences. A valuable contribution was made towards
structure elucidation of the non-coding and complex folded regulatory Xist A-repeat region.
Here, incorporation of UB-attached nitroxide spin labels enabled inter-spin distance
measurements and thus support for a previously proposed structure by targeting different

labeling positions.

Multifaceted analysis of cellular applications was presented for protein-coding mRNA
sequences carrying cyclopropene (CP)-functionalized UB modifications in their 3'-untranslated
regions. Employing inverse electron demand Diels-Alder click chemistry, live-cell labeling of
CP-modified mRNAs with tetrazine-conjugated fluorophores allowed excellent spatiotemporal
mRNA visualization in cells. In addition, highly modified mRNA sequences with a combination
of site-specific unnatural and random positioned natural base modifications were investigated
regarding their influence on mRNA stability and functionality. A combined temporal
quantification was performed for cellular mRNA levels and cellular expression of the
mRNA-encoded reporter protein. The combination of unnatural and natural base modifications
was shown to synergistically improve both mRNA stability in cells and cellular protein

expression through outstanding mRNA translation efficiency.

Briefly, UB modifications proved advantageous for research on both coding and non-coding
RNA. Moreover, site-specific UB modifications facilitated non-disruptive investigations on
different parameters such as structure, function and visualization of RNA. The applications and
methods developed in this thesis will support future RNA research and therapeutic

development.
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Zusammenfassung

Ribonukleinsauren (RNAs), insbesondere Boten-RNAs (mMRNAs), haben das Potenzial, in der
kinftigen therapeutischen Forschung eine flihrende Rolle zu spielen. Wahrend der
SARS-CoV-2 Pandemie haben sich mRNA-Impfstoffe als nitzlich und hochwirksam erwiesen.
Daher ist es von gro3em Interesse, RNA weiter zu erforschen und das derzeitige Wissen uber
Funktion, Struktur sowie Modifikationen an RNA und deren Auswirkungen auszubauen. Die
Erweiterung des genetischen Alphabets durch die Verwendung unnaturlicher Basen (UB) kann
dazu beitragen, sowohl durch die Modifizierung der RNA als auch durch die Gewinnung neuer

Erkenntnisse aus der modifizierten RNA.

In dieser Arbeit wurden unnattrliche Basenmodifikationen fir die ortsspezifische Einfuhrung
unterschiedlicher Funktionalitaten in verschiedene RNA-Sequenzen genutzt. Es wurde ein
wertvoller Beitrag zur Strukturaufklarung der nicht kodierenden und komplex gefalteten
regulatorischen Xist A-Wiederholungsregion geleistet. Hierbei ermoglichte der Einbau von
UB-gebundenen Nitroxid-Spin-Sonden die Messung des Inter-Spin-Abstands. So wurde
mithilfe von verschiedenen, gezielten Markierungspositionen eine zuvor vorgeschlagene
Struktur bestarkt.

Far  proteinkodierende mRNA-Sequenzen mit  Cyclopropen (CP)-funktionalisierten
UB-Modifikationen in ihren 3'-untranslatierten Regionen, wurden vielfaltige Analysen zellularer
Anwendungen vorgestellt. Unter Verwendung der Klickchemie von Diels-Alder-Reaktionen mit
inversem Elektronenbedarf ermdglichte die Markierung CP-modifizierter mRNAs mit
Tetrazin-konjugierten Fluorophoren eine hervorragende raumlich-zeitliche Visualisierung der
mRNA in Zellen. Dartber hinaus wurden hochgradig modifizierte mMRNA-Sequenzen mit einer
Kombination aus ortsspezifischen unnaturlichen und zuféllig positionierten natirlichen
Basenmodifikationen auf ihren Einfluss auf die mRNA-Stabilitdt und mRNA-Funktionalitat hin
untersucht. Es wurde eine kombinierte zeitliche Quantifizierung der zellularen mRNA-Spiegel
und der zellularen Expression des mRNA-kodierten Reporterproteins durchgefuhrt. Es wurde
gezeigt, dass die Kombination von unnattrlichen und natirlichen Basenmodifikationen sowohl
die mRNA-Stabilitdt in den Zellen als auch die zelluldre Proteinexpression durch eine

hervorragende mRNA-Translationseffizienz synergistisch verbessert.

UB-Modifikationen erwiesen sich als vorteilhaft fir die Forschung sowohl an kodierender als
auch an nicht-kodierender RNA. Darlber hinaus erleichterten ortsspezifische
UB-Modifikationen nicht-disruptive Untersuchungen zu verschiedenen Parametern wie
Struktur, Funktion und Visualisierung von RNA. Die in dieser Arbeit entwickelten
Anwendungen und Methoden werden zu zukinftiger RNA-Forschung und therapeutischer

Entwicklung unterstutzend beitragen.
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1 Theoretical Background 1

1 Theoretical Background

1.1 Coding and noncoding RNAs in light of the central dogma of
molecular biology

Formulated by Francis Crick in 1958, the central dogma of molecular biology states that genetic
information flows in one direction, from DNA to RNA to protein (Figure 1).l'"" Described in a little
more detail, the genetic information for the structure and organization of an organism is stored
in DNA. From there it can be transcribed into transient copies of messenger RNA (mRNA),
which are subsequently translated for the biosynthesis of protein. According to the nucleobase
sequence in the mRNA, the genetic code is read by the ribosomes and in cooperation with

transfer RNAs (tRNAs) converted into the amino acid sequence of the corresponding protein.

DNA mRNA protein
- w3 ¥ A
,.-’:5.'-.}-’ L S
i.f‘.‘\ transcription "\‘ ~5 translation
e 7
'l"“"-h“—f'

Figure 1. Genetic information flow according to the central dogma of molecular biology!'!.
PDB files: 1KBD, 1KAJ, 1NDD.

From today's point of view, the central dogma in its original formulation is no longer valid.
Several additions and revisions have been made. For example, prion proteins have been
shown to be able to self-replicate without DNA and RNA. Reverse transcription (RT)
demonstrates that the flow of genetic information can also occur in reverse to the dogma, from
RNA to DNA. Although RT was initially described as a retroviral capability, RT is now also
known to occur in pro- and eukaryotes.*"! Catalytically active RNA®®! shows that, in addition
to its ascribed role of coding, RNA can fulfill the additional role of catalysis. Furthermore, there
are many different classes of non-coding RNAs (ncRNAs) that perform various tasks ranging
from catalysis to signaling to regulation.®='"! To expand on the transcription and translation
process described above (see Figure 2), tasks and involvement of ncRNAs can be added at

various points and will be introduced shortly in the following.

Between transcription and translation, maturation of the primarily transcribed precursor-mRNA
(pre-mRNA) takes place in eukaryotes. Besides protein-coding sections (exons), pre-mRNA
also contains non-coding sequence sections (introns). During the splicing process, the introns
are excised and the exons are reassembled, resulting in mature mRNA. The ribonucleoprotein

(RNP) of the spliceosome forms at the intron-exon junctions of the pre-mRNA through the
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binding of small nuclear RNAs (snRNA) and numerous protein factors.['? snRNAs within the

spliceosome catalyze the transesterification reactions during splicing.['?!

The ribosome, which is active during translation, is also an RNP in which ribosomal RNA
(rRNA) catalyzes peptide-bond formation in an all-RNA active site of the ribosome.!"* rRNA,
as well as tRNAs, each undergo their own maturation processes involving other catalytically

active or guiding RNAs!'>-8,

Post-transcriptional regulation of gene expression involves two short (20-24 nucleotides (nt)),
non-coding types of RNA, microRNA (miRNAs) and small interfering RNA (siRNA). Both can
act within the RNA-induced silencing complex (RISC), which is another RNP complex.['?
Within RISC, miRNA and siRNA bind to mRNA sequences via partial base pairing and induce

translational repression or cleavage and degradation of mMRNA.['9

In conclusion, the purist progression diagram of the dogma can be extended to include the

processes and actors mentioned above (Figure 2).

Ribosome
Spliceosome
DNA pre-mRNA mRNA protein
Pt . ,pfo ShRNA +  IRNA
Ao ¥ ‘_//',.,..\ \ &
‘ji‘ transcription © ¢~ .4 e P | splicing » 77/ | translation
{3 5 -’30\/--_\ %
p TS 3\..; 5 & -’
v Ll b _|_‘ tRNA
§ - MiRNA,
S SIRNA
Rsc T,

Figure 2. Extended view on the genetic information flow including catalytic and regulatory RNAs.
PDB files: 1KBD, 1KAJ, 1NDD, 2U2A, 2044, 2F8S, 1EHZ.

Another class of ncRNAs are the long non-coding RNAs (IncRNAs), which differ from the
previously mentioned ones, except for some rRNAs, due to their length of at least 200 nt up to
10 000 nt?%, IncRNAs are found in a variety of sequence contexts, both within or in close
proximity to protein-coding sequences and far from the translational sequence.l''2"-23 They
are involved in transcription regulation, epigenetic modifications, protein or RNA stability,
translation and signaling.?"?4-2"l However, to date, biological functions are only known for a
small number of IncRNAs. Therefore, it is of great interest to further investigate the functions
of IncRNAs. Structure elucidation and analysis of structure-function relationships are important
factors in this regard.

Contrary to the central dogma formulated by Francis Crick, large parts of the RNA family play
more complex and far more important roles than that of a mere intermediary. However, in its

role as a messenger, mRNA is currently becoming increasingly important for therapeutic
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research. Studies on therapeutically effective mRNA modifications and investigative tools to

be combined with them are of great current interest.

1.2 Artificial nucleobases and natural occurring nucleobase
modifications

Prior to the solution of the double helix structure of DNA by work of Rosalind Franklin,
Maurice Wilkins, Francis Crick and James Watson in 19538 a number of valuable
discoveries were made through the research of other scientists. This includes the identification
of the individual building blocks. Both DNA and RNA consist of four different nucleic bases,
each bound to a sugar, the (deoxy-)ribose, and linked to each other via a phosphate backbone.
Two single strands of DNA or RNA can form a double strand in which their opposing

nucleobases pair via hydrogen bonds, known as Watson-Crick base pairing (see Figure 3).

Figure 3. Schematic illustration of a DNA or RNA oligonucleotide strand (on the left)
and the formation of a double strand via base pairing (on the right).

By changing and exchanging the building blocks, the chemical space of the nucleic acids is
expanded. Altered structures and properties open up new possibilities for artificial nucleic acids
and thus increase the toolbox for research and development in this field. Modifications can be
introduced to the phosphate backbone, the base or sugar units of nucleic acids or even

combinations thereof.

For the following sections, the exchange and modification of nucleobases will be considered,
first introducing unnatural nucleobases and their historical development, followed by naturally

occurring alterations to canonical nucleobases found in mMRNAs.
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1.2.1 Unnatural base pairs (UBPs): a brief history of the developments

The natural genetic code consists of a four-letter alphabet (adenine (A), thymine (T) or
uracil (U), guanine (G) and cytosine (C)), in which two nucleobases each form a base pair
(Figure 4, top). It can be augmented by adding an unnatural third base pair resulting in an
expanded six-letter alphabet. Two distinct approaches for unnatural base pair (UBP) design
and development have been demonstrated to date: mimicking naturally occurring bases with
their purine and pyrimidine scaffolds as well as hydrogen bonds for Watson-Crick-like base
pairing or creating a novel bio-orthogonal system that opposes existing natural schemes for
structure and pairing. It all started when in 1962 Alexander Rich suggested a third base pair
between isoguanine and isocytosine (iso-G:iso-C, Figure 4)°. This isomeric UBP retaining
canonical hydrogen bonds was thought to act orthogonally and only bond with each other but
not the other four naturally occurring bases.?®! Almost two decades later, iso-G:iso-C was
synthesized and tested for enzymatic incorporation into DNA and RNA by Steven Benner and
coworkers.?%32 Yet enzymatic misincorporation of T/U opposite iso-C, deamination of iso-C
and ambivalent tautomeric forms of iso-G hampered enzymatic replication and transcription of

is0-G:iso-C in the beginning.*?

By now, after years of continuous development, Benner and coworkers have established an
artificially expanded genetic information system (AEGIS).3-3¢1 Based on the idea that the
positions of H-donors and H-acceptors on a nucleobase are interchangeable in their positions,
Benner and coworkers have developed eight artificial bases, all of which bind in different
donor-acceptor patterns via three hydrogen bonds per pair.3437-3% These eight bases form the
four UBPs B:S, J:V, XK, and P:Z (Figure 4).3437-3I |nterestingly, iso-G is still part of this
system but under a new name, namely B. Of these four UBPs, only P:Z has been used so far
to produce six-letter AEGIS DNA containing the four natural letters A,T,G,C and additionally P
and Z.#%41 |n this context, the P:Z UBP has been applied in PCR amplifications, using
P-modified primers in nested-PCRs or amplifying synthetic DNA strands with internal UB
modifications of P and Z.“%4!1 Moreover, AEGIS laboratory in vitro evolution (AEGIS-LIVE)
successfully enabled development of a Z- and P-modified DNA aptamer applying six-letter
PCR amplification during cell-SELEX (Systematic Evolution of Ligands by Exponential
Enrichment).*24% In addition to replication, P- or Z-modified AEGIS DNA was also transcribed
to RNA in vitro, and incorporation of rZ opposite dP and rP opposite dZ was demonstrated
using T7 RNA polymerase.*¥ In 2019, Benner and coworkers reported “hachimoji” DNA and
RNA which consists of eight (“hachi”) letters (“moji”) and includes the two UBPs B:S and P:Z.1*°!
Enzymatic transcription of hachimoji template DNA using a mutated variant of T7 polymerase
was presented for efficient preparation of the hachimoiji version of the fluorescent spinach RNA

aptamer.® However, the hachimoji template DNA used was previously prepared by
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solid-phase synthesis utilizing the corresponding UB phosphoramidites rather than

enzymatically by eight-letter-PCR amplification. !

Canonical four letters of the genetic alphabet

" U: R=H o H-N
N- o N
y \)z% T- R=CH, ¢ i Nm
N. i \N H—N>[.N N / N-H '}——N
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Additional letters of an expanded genetic alphabet

Fist generation UBPs Next generations of UBPs
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Figure 4. Artificial base pairs to expand the genetic alphabet. Top: The two natural base pairs A:T/U and G:C in

the center of the coordinate system for nucleic acid building blocks. Bottom: Artificial base pairs that have been

developed to expand the genetic alphabet. The two highlighted UBPs NaM:5SICS 75 and NaM:TPT3 8% have
been used in this thesis.

As a note, the attachment of reporter groups to the AEGIS UBPs has not yet been reported.

However, this may be reflected in the motivation for the research presented by the Benner
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group, which was driven more by an interest in exploring the origins of life, the RNA-world
model or more generally by a deeper insight into the evolutionary processes of nucleic

acids, 548l rather than in establishing research tools.

Due to their natural-like design and the resulting high similarity to the four canonical bases,
hydrogen bonding artificial base pairs are often limited in their application. By maintaining
hydrogen bonding patterns, mismatches with natural bases can occur more easily. Also,
artificial base pairs based on hydrogen bonding can lack sufficiently strong discrimination
compared to canonical bases when using natural enzymes for replication. Both will result in
lower fidelity of enzymatic amplification, i.e., retention of UBPs per DNA duplication, and thus
rapid loss of base modification. However, reliable production and amplification of the modified
template DNA is an important prerequisite for the application of UBs on DNA as well as RNA
level. Alternative systems that can blend in with natural conditions, but also differ sufficiently

from them, offer a promising alternative to hydrogen bond-based UBPs.

With the discovery by Eric Kool, a new aspect for UBP design and development came into
play. In 1997, Kool and coworkers presented the isosteric unnatural base pair Z:F (Figure 4),
in which F and Z mimicked the shape of the natural occurring pyrimidine and purine bases T
and A, respectively, but did not allow hydrogen bonding.*® Thereby, they proved that
nucleobase size and shape can be more important than hydrogen bonding and that template

formation in DNA replication is not depended on hydrogen bonding.!

Applying the different approaches for UBP design presented so far, in the year 2000 the group
of Ichiro Hirao developed their first UBP x:y (Figure 4).5%51 The UBP design for x:y was also
based on purine and pyridine scaffolds and combined hydrogen bonding with aspects of shape
complementarity.[%% In further development of the x:y UBP, a bulkier substituent was added to
the purine scaffold to induce steric hindrance and thus avoid undesired mispairing with
canonical bases.®? This led to the improved UBP s:y®? (Figure 4) which was successfully
applied in a coupled in vitro transcription and cell-free translation system facilitating protein
synthesis with a site-specific unnatural amino acid modification®. Furthermore, site-specific
RNA biotinylation and fluorescent labeling were achieved by T7 in vitro transcription utilizing
the s:y UBP and functionalized y triphosphates (TP)s.®*%¢ However, due to mispairing
problems of y with the canonical base A, replication of the s:y UBP was limited.>5"1 For the
development of new generations of UBPs, Hirao and coworkers then exchanged the pyridine
base scaffold for the smaller pyrrole, and dispensed with hydrogen bonds for base pairing in
favor of exclusive shape complementarity. In 2006, the Pa:Ds UBP (Figure 4) was shown to
be the efficiently amplified and transcribed in vitro using Vent DNA and T7 RNA polymerase,
respectively.®® In addition, it was applied for site-specific RNA biotinylation and fluorescent

labeling of RNA and featured efficient incorporation rates (=290%) utilizing biotin- and



1 Theoretical Background 7

fluorescein-linked Pa TPs.8%9 Addressing limitations due to Ds:Ds self-pairing and A:Pa
mispairing, additional modifications were made to substituents of the Pa base, resulting in the
successor UBP Px:Ds 8%, Current applications of the Px:Ds UBP (Figure 4) include
qPCRI8"82 high-affinity DNA aptamers®3-5° and site-specific RNA click labeling®®!.

In contrast to Benner and Hirao, the group of Floyd Romesberg focused exclusively on
hydrophobic interactions and shape complementarity in the development of their UBPs from
the beginning and eschewed hydrogen bonding. In 1999, Romesberg and coworkers published
the self-pairing orthogonal PICS:PICS UBP (Figure 4), which was characterized by a 20-fold
increase in selectivity for PICS:PICS self-pairing compared to undesired mispairing between
PICS and the four canonical bases.”! However, the used polymerase, the Klenow fragment
of E.coli polymerase |, only insufficiently proceeded after PICS incorporation.”! In the time
following, Romesberg and coworkers implemented large-scale screenings of 3600 candidates,
testing for insertion, extension and amplification of hydrophobic UBP analogs.!®-"% In addition,
they performed structure-activity relationship (SAR) analysis using approaches from medicinal
chemistry.®7711n 2008, the UBP 5SICS:MMO2 (Figure 4) was published, resulting from further
optimization of a precursor UBP identified during screening.l’¥ Ongoing work to improve the
replication efficiency of the 5SICS:MMO2 led to the 5SICS:NaM UBP!% (Figure 4) which was
characterized by its outstanding efficiency and fidelity in Taq PCR amplification and T7 in vitro
transcription(’®79. Fidelity refers to the accuracy of replication of the template and includes UB
retention per duplication, while efficiency means yield and describes how many times a
template was duplicated.® Further improvements were achieved by contraction of the distal
ring of 5SICS, resulting in the successor UBP TPT3:NaM (Figure 4), which allowed
‘natural-like’ PCR replication applying OneTaqg DNA Polymerase (>99% retention, >99.98%
fidelity).®? Romesberg’s efforts to engineer UBPs processed by native DNA and RNA
polymerases focused in the creation of a semi-synthetic organism (SSO) using E. coli in
2014.81 The SSO aims to store and retrieve increased information which means that UBP
modifications are not only retained in its DNA but also transcribed into the corresponding
unnatural nucleotides in mMRNA codons and tRNA anticodons and then translated to generate
proteins with noncanonical amino acids (ncAA).B28% |n SSO optimizations to improve the
replication efficiency and retention of the UBP in the DNA, as well as to increase the fidelity of
the ncAA incorporation into proteins, several more UBP candidates have been identified to
date and applied in combination with each other in the set-up of replication, transcription and

translation.[82:83]

With regard to nucleic acid labeling, Romesberg and coworkers reported efficient in vitro
labeling of DNA using the TPT3:NaM UBP, specifically using dTPT3PATP (Figure 5,
on the left) functionalized with a propargyl amine (PA) linker for subsequent NHS-chemistry

modification. 8
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Figure 5. Functionalized unnatural bases for site-specific labeling.

Building on the earlier work of Romesberg and coworkers, the group of Stephanie Kath-Schorr
has taken up the work on the TPT3:NaM UBP and further developed it for site-specific labeling
of RNA in vitro. Variously functionalized rTPT3 building blocks and their incorporation into RNA
via genetic alphabet expansion transcriptionl’®787984-871 (GENAEXT) enables a modular
site-specific labeling system for RNA. During GENAEXT site-specific UB-modified RNA
sequences are yielded by enzymatic in vitro transcription from UBP-modified template DNA
applying a mixture of the canonical nucleoside triphosphates (NTPs) together with the UB TPs.
These include the cyclopropene-modified rTPT3°" and the nitroxide-modified rTPT3NO
published in 2016 and 2020, respectively (Figure 5, on the right).®#% So far, rTPT3¢? TP has
been applied for site-specific enzymatic RNA modification and was characterized by excellent
efficiency and specificity.'®%° Post-transcriptional click labeling using inverse electron demand
Diels-Alder cycloaddition (see chapter 1.4.2) facilitated effective in vitro visualization of RNA. 88!
Alternatively, the site-specific and direct incorporation of the nitroxide spin label-modified
rTPT3NC TP via GENAEXT enables structural studies of various RNAs by electron

paramagnetic resonance (EPR) spectroscopy (see chapter 1.4.3 and for results in 3.2).18%

1.2.2 Natural base modifications and structural features of mRNA

In contrast to artificially modified or completely newly developed unnatural nucleobases that
expand the genetic alphabet, there exist a whole range of natural occurring nucleobase
modifications. Altered canonical nucleobases are found as natural RNA modifications in
various types of RNA and throughout different species. The alterations occur through the
introduction of modifications to the nucleobases and often include methylations or small
functional groups, e.g., hydroxyl groups. Most modifications have been found in tRNAs, with a
total of 111 different modifications to nucleobases and the ribose sugar moiety, as well as
combinations thereof.®'*4 In mRNAs, on the other hand, twelve modifications (Figure 9) have

been found so far, limited to the nucleobases.®'93%41 A|l twelve modifications found in natural
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MRNA will be introduced individually in the second part of this chapter. Moreover, some of the
modified nucleobases have been tested and used in synthetic RNA for therapeutic
applications.®® The effects of the individual base modifications and their significance for
synthetic mRNA applications will also be presented in the second section. First, however, the
structural features of mRNA are reviewed, one of which already includes a natural base
modification.

Structural features of mMRNA in view of synthetic mRNA production

The general structure of eukaryotic mMRNA consists of a central protein encoding sequence,
plus framing, non-coding sequences, a 5’-cap, and a poly(A) tail at the 3'-end (see Figure 6).
The protein-coding sequence begins with a base triplet that starts the translation process and
ends with a base triplet that terminates the translation. Noncoding sequence segments, called
untranslated regions (UTRs), line the coding mRNA sequence at both ends. The 5-end of
mRNAs is provided with a modified dinucleotide cap structure. A poly(A) tail, consisting of

contiguous adenine nucleotides, is located at the 3'-end of mMRNAs.

5-UTR coding sequence 3-UTR
o o 00[@],
Cap Stop Poly(A)
of translation of translation

Figure 6. Structural features of mMRNA. A central coding sequence is flanked on both sides by untranslated
regions (UTRs). The mRNA comprises a 5'-terminal cap and a 3'-terminal poly(A) tail.

When preparing synthetic mRNAs for in vivo and in cell applications, the aforementioned
structural features of mMRNA need to be included. Enzymatic preparation of synthetic mRNAs
is enabled by in vitro transcription (IVT). During IVT, the protein encoding sequence and the
UTR sequences are transcribed from a DNA template in which these sequences are defined.
Additionally, the structural features of cap and poly(A) tail can be included into the synthesized
mRNA.

With an average length of 2.2 kb for mammalian mRNA, [®®! enzymatic production is the method
of choice for long synthetic mMRNA. By IVT, RNAs of basically any length can be prepared,
whereas RNA obtained by solid phase synthesis is generally limited to a length of 120 nt
(biomers.net, requested 08/2022).
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In the following section, the previously named structural features of mRNA and its assembly
are described in more detail. In addition, their significance for the function and mode of action

of mMRNA will be discussed.

To build up the 5'-terminal cap structure (Figure 7, on the left), the modified nucleotide
7-methyl-guanosine (7mG) is co-transcriptionally attached to the first transcribed nucleotide
of the nascent mRNA. Here, the linkage of 7mG occurs in an inverted 5-5' triphosphate
linkage.*"°8 Subsequently, the first transcribed nucleotide is methylated the O2'-position of the
respective ribose.-9 Once installed, the 7mG-cap mediates splicing, polyadenylation, and
nuclear export, recruits translation factors, and initiates cap-dependent mRNA translation.®7:8
In addition, the 7TmG-cap facilitates 5'-to-3' looping of mRNA during translation and protects

the mRNA from 5'-to-3' degradation by exoribonucleases.!'%?
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Figure 7. mRNA cap structures. Chemical structure of the eukaryotic 7mG-Cap on the left.
Chemical structure of the artificial Anti-Reverse Cap Analog (ARCA) on the right.

For capping of synthetic mMRNAs, the anti-reverse cap analog (ARCA, Figure 7, on the right) is
most commonly used.['-1%1 ARCA is a 5'-5' triphosphate-linked 7mG-G dinucleotide with a
7mG-modified terminal base that is additionally methylated at the O3'-position.'®! In the
preparation of synthetic RNA by IVT, the additional O3'-methylation ensures that ARCA can

only be incorporated in the correct orientation at the 5-end.l'%!

The structural element of the poly(A) tail at the 3'-end of eukaryotic mRNA was first described
in 1970.0'%61971 The average length of poly(A) tails in eukaryotic mRNA amounts to
ca. 200 nt.['%1 As of today, the poly(A) tail plays an important role in translation regulation and
mRNA stability.['%-""2 The combination of the 5'-terminal 7mG-cap and the poly(A) tail acts
synergistically for translation stimulation.['""! Increasing poly(A) tail length has been shown to
reduce immunogenicity by shielding or decreasing U content in the sequence.l''®"4 |n
addition, higher protein expression was obtained from synthetic mMRNA with longer poly(A) tails
(64 vs. 120 nt poly(A) tail lengths).l'" Moreover, the combination of ARCA and a 100 nt long
poly(A) tail has been demonstrated to significantly improve protein translation in cell

experiments.l"'? In the preparation of synthetic mRNAs, the use of commercially available
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mRNA IVT kits allows both co-transcriptional capping and post-transcriptional poly(A) tailing
using recombinant poly(A) polymerases. Alternatively, poly(A) tails can be co-transcribed

during IVT using a DNA template encoding them.

In addition, the UTR sequences of an mRNA also influence its translation efficiency!'''"1 and
stability"'7:1"8. The way of UTR regulation is versatile. It can occur via UTR sequence motifs
and their primary or secondary structure in interactions with specific binding proteins or via
repeat elements within the UTRs and their binding interactions.['' Also binding of short
complementary miRNAs and siRNAs to UTR sequence sections, especially located in
3-UTRs, is known to trigger translation suppression and mRNA degradation.[''® Due to its
diversity, UTR regulation cannot be discussed in more detail here. However, two examples for

regulatory sequence elements in UTRs will be given.

Eukaryotic 5-UTR sequences comprise a consensus sequence flanking the start codon,
known as Kozak sequencel!'?-'23_ |t functions as a ribosomal binding site and regulates the
efficiency of translation initiation.['?°-'23] Changes within the Kozak sequence can lead to

reduced translation efficiency.['?2

In contrast, mMRNAs with AU-rich elements in their 3'-UTR sequences have been shown to
have a reduced half-lives because the AU-rich sequences induce deadenylation and
degradation of the mRNA.['24125] Additionally, AU-rich elements were found to be involved in

miRNA binding and consequent mRNA instability.['24:126!

For synthetic mRNAs, transfer and integration of UTR sequences from natural mRNAs known

for high translation, such as human B-globin, was successfully applied.[''5127]

Figure 8 provides an overview of the outlined structural mMRNA features and sequence sections

with regard to their effects on mRNA translation and stability.

cap-dependent translation, translation regulation,
increased stability increased stability
‘
o Vo = ZEAN
mG Kozak AU-rich
Cap sequence regions
translation regulation decreased stability

Figure 8. Structural mRNA features and their effects on mRNA translation and stability. Solid lines represent
positive effects on translation and stability, dashed lines represent possible negative effects.
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Natural base modifications and their effects on mRNA

In addition to the previously described structural features of mMRNA, where a permanent base
modification is included with the 7mG cap, dynamic modifications occur within mRNA
sequences. These modifications are added post-transcriptional to the nucleobases of the
MRNA as well as possibly removed later, both within the coding sequence and in the UTRs.
The added modifications may affect the structure and interactions of the mRNA as well as its
translational efficiency and stability. With regard to synthetic mRNA, base modifications have
also been deliberately used to achieve improved mRNA stability and translation efficiency.
Another advantage of incorporating naturally occurring modified nucleobases in synthetic
mMRNA is their immune-cloaking effect, due to which undesirable immune responses to the
exogenous mMRNA are reduced. For instance, as little as 0.2-0.4% chemically modified bases,
e.g. 5-methylcytidine (5mC), pseudouridine (W), or N6-methyladenosine (6mA), were
seen to reduce immunogenicity while increasing RNase cleavage resistance and thus stability
of the modified MRNA.['28.1291 |n addition, replacing unmodified canonical bases with modified
bases, e.g., C and U with 5mC and W, has been shown to enhance the translation efficiency

from the modified mMRNAs.[130-13%]

In the following, each of the natural base modifications found in mRNA to date is briefly

reviewed along with its significance as mRNA feature and for application in synthetic mMRNA.
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Figure 9. Modified natural nucleobases found in mRNA.

Inosine (1, Figure 9, top row), which was already discovered in 1957['3 is found in both DNA
and RNA and formed by hydrolytic deamination at the C6 position of A.'"*"1 | can form base
pairs opposite A, C or U and function as a Wobble base.['*® During the mRNA translation

process, | is recognized as G.['*%-1%2 |f the I-modification is located within the coding sequence,
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the affected codons are altered, which in turn can cause a change in the translated protein
sequence..['3*%2l However, most | modifications have been found to occur outside the coding

sequence and predominantly in the UTRs of mMRNA.[139-142]

N6-methyladenosine (6mA, Figure 9, top row) represents the most common internal
modification in mRNA'#3l and is a dynamic and reversible mark!'*4, Several enzymes have
been identified that either synthesize 6mA marks within a given consensus sequence (6mA
writers)!'*5-149 bind specifically to mRNA with the presence or absence of 6mA marks (6mA
readers)!'4®-153 or remove marks by demethylation (6mA erasers)!'4%154-1%7] |n addition to direct
demethylation, a human eraser enzyme has also been found to oxidize 6mA marks to
N6-hydroxymethyladenosine (6hmA, Figure 9, top row) and N6-formyl-adenosine (6fA,
Figure 9, top row).['®8 However, the biological significance of 6hmA and 6fA is still unclear.®"
6hmA and 6fA both have relatively short half-lives (~3 h in vitro), before being
non-enzymatically degraded to canonical A.l'*® Albeit for 6mA marks, a number of different
effects have been reported, and the mode of action of 6mA depends on the modification site.
6mA marks within the 5'-UTR allowed cap-independent mRNA translation('®®, whereas 6mA
marks within the coding sequence impeded mRNA translation!'®81l_ 6mA within the coding
sequence and 3'-UTR has been associated with mRNA destabilization and enhanced mRNA
decay.l'®91%2l |n contrast, interactions with a certain reader protein have been shown to
increase the stability and thus half-life of 6mA-marked mRNAs.['8% |n synthetic mRNA, partial
or full replacement of A with 6mA successfully avoided undesired immunostimulation, but

translation was not improved and even deteriorated.!'28-130.132,164-167]

Similar to 6mA, N7-methyladenosine (1mA, Figure 9, top row) modifications are also
dynamicl'®®'731 and are set or deleted as marks by writer or eraser proteins,
respectively!'®"172.1741 - Other than that, 1mA modifications have been reported to affect U-A
base pairing because the N7-methylation is positioned at the Watson-Crick interface.['73175-178]
Furthermore, 1mA marks putatively alter RNA structure by introducing a positive charge at
physiological pH, which additionally enables charge-charge interactions.['’3175-1781 1mA
modifications were found to concentrated near the start codon of mMRNAs, where they are
included in highly structured regions.!'”®! Modifications of 1mA in synthetic mRNAs have been
shown to increase translation initiation, improve early elongation, and enhance translation

overall.l'73.177]

7-Methylguanosine (7TmG, Figure 9, top row) is known to form the eukaryotic 7mG-cap at the
5'-end of MRNAsP®"%8 and until recently 7mG was thought to occur exclusively in the 7mG-cap
structure. However, in 2019, 7mG modifications were detected within the coding sequence,
3-UTR and rarely in the 5-UTR of mRNAs.['"?l Associated experiments with depletion of the

7mG writer showed decreased mRNA translation efficiency.['”! Indirectly, this indicated that
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7mG modifications in MRNAs could positively affect protein translation.['”®! Future work will

help to clarify.

5-Methylcytidine (m5C, Figure 9, bottom row) modifications in mRNA are also dynamic and
coordinated by the aforementioned three types of regulators of methylation: writers, readers
and erasers.['8%181 5mC marks were found to be enriched in 5'- and 3-UTRs and peak near
the start codon.!'8-84 The exact effect of 5mC modifications on mMRNA translation remains to
be elucidated. On the one hand, it has been shown that increased 5mC marks within the coding
sequence lead to reduced translation whereas 5mC marks concentrated in the 3-UTR
enhanced translation.['8-88 On the other hand, it has also been reported that 5mC-modified
coding sequences do not negatively affect translation.['®! In addition, replacement of C with
5mC in combination with another modified base (W, see below) resulted in greatly enhanced
translation efficiency both in vitro and in vivo.['*-'3%1 Moreover, the interactions between
5mC-reader proteins and modified mRNA influence nuclear export!'®! and mRNA stability in
the cytoplasm('®191 5mC further stabilizes synthetic mMRNA and prevents degradation by
avoiding immunostimulation.[128.130.132167.1811  5.Hydroxymethylcytidine (5hmC, Figure 9,
bottom row) was discovered more recently and is generated by oxidation of 5mC.[921%] |n vijvo
experiments showed increased translation from 5hmC-modified mRNAs.['% Experiments to

exploit the positive effects on translation for synthetic 5ShmC-modified mRNA are pending.

3-Methylcytidine (3mC, Figure 9, bottom row) which was originally found in tRNA,['%-19 was
also found to be present as a modification in mMRNA.I'% Likewise, the methyltransferase
associated with 3mC marks in mRNA was identified in mammalian cell lines.['% |t is discussed
that 3mC is involved in C-to-U editing in eukaryotes!'®, but this is not proven yet. The effect

of 3mC modifications in mMRNA on structure and function are yet unknown.

N4-acetylcytidine (4acC, Figure 9, bottom row) was discovered to be present in mRNA in
HelLa cells during a transcriptome-wide search in 2018.12°% 4acC was found within the coding
sequence and was enriched first towards the 5-end and second within wobble sites.?° The
presence of 4acC modifications increased mMRNA stability and enhanced translation.?% |n
particular, 4acC positioned in wobble sites improved translation efficiency.°? It remains to be
seen whether 4acC modifications will also be found in other eukaryotes and what application
4acC will find in synthetic RNA.

Pseudouridine (W, Figure 9, bottom row) was identified as early as 1951 and was the first
post-translational RNA modification described.”®) W can be found in human and other
mammalian mRNA, within coding sequences and the UTRs.[202-204 Y js an isomer of U with an
exchanged C-C glycosidic bond instead of the N-C bond in U. Because of its additional imine
group, W can form additional hydrogen bonds, enhance base-stacking, and thus stabilize RNA

structures.?%! Y is formed mainly by pseudouridine synthases catalyzing the isomerization
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after the incorporation of U into RNA oligonucleotides.?°¢2071 Y is found in the coding sequence
and in both 3'- and 5-UTRs of mRNAs.? |t has been shown that full replacement of U with
Y in synthetic mMRNA increased translation in mammalian cells.['*” The combined replacement
of U and C with W and 5mC enhanced translation most efficiently both in vitro and in vivo.[30-13%

Moreover, W reduced immunostimulation in several signaling pathways.[128.129.132167]

N7-methylpseudouridine (1mW¥, Figure 9, bottom row) is currently the most promising
modification when it comes to synthetic mRNA for medical applications. 1mW occurs naturally
in eukaryotic 18S ribosomal RNA (rRNA) and archaeal tRNA,2%8-219 phuyt has not been found in
natural mRNA. However, it is included in this chapter because of its great current importance
for use in mMRNA vaccines. For mRNA vaccines against COVID-19, U was completely
exchanged with 1ImW¥ in the entire mMRNA sequence.?'"2'2 |n addition, 1ImW¥ has already been
tested earlier in vaccines against Zika,?'32'% H|V-1,12'% influenza®'® and Ebola?'®. In a 2016
study, synthetic mMRNAs modified with 1mW¥ were tested either alone or in combination with
5mC in both mammalian cell lines and in mice.!"3® The combination of 1m¥ and 5mC extended
the translational lifetimes of mMRNAs, improved gene expression and cell viability, and also
reduced cell cytotoxicity and cellular immunogenicity.'33 Overall, 1mW¥/5mC performed better
than Y/5mC.["33 1mW¥ was also shown to alter translational dynamics by increasing ribosome
pausing and density on modified mRNAs while circumventing immune-dependent translational

inhibition.217]

5-methyluridine (5mU, Figure 9, bottom row), also referred to as ribothymidine (rT), was
recently detected as an mMRNA modification in human cells by high-throughput
sequencing?'®2'9_ |ts potential application in synthetic RNAs has been explored previously,
showing that 5mU reduced immunogenicity but at the same time unimproved translation

efficiency.'3
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Figure 10. Nucleobase modifications and their effects on mRNA translation and stability. Solid lines represent
positive effects on translation and stability, dashed lines represent negative effects. Question marks indicate
contradictory effects that have been reported.
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An overview of the structural features of mMRNA and the different base modification in view of

their respective effects when applied in synthetic or natural mMRNAs is given in Figure 10.

With regard to mRNA as a therapeutic agent, natural base modifications represent a versatile
tool that can be used to target mRNA properties such as stability and translation efficiency.
Further research and insights into the use of natural base modifications in synthetic mRNA and

their cellular application are therefore of great interest.

1.3 mRNA therapeutics and vaccines

mMmRNA therapeutics and, in particular, mRNA vaccines attract increasing interest in
pharmaceutical development. As an alternative approach to DNA gene therapy and protein
drugs, mRNA therapeutics offer several advantages. In the early 1970s, DNA was first tested
as a nucleic acid therapeutic for the insertion of protein-coding genes via cell infection.??%
However, the use of virus infection for DNA delivery into cells has been shown to carry the risk
of genomic DNA damage and virus integration, possibly resulting in carcinogenesis.??'! Even
if virus-based DNA transfer is not used and alternative methods are employed, apart from
integration of DNA at planned sites by homology-dependent processes, illegitimate DNA
integration occurs at unpredictable sites, leading to genomic alterations and risks.??2l As
opposed to this, mMRNA cannot be integrated into the genome and thus circumvents the risk of
carcinogenesis???. In addition, mMRNA provides a dose-dependency that is more difficult to
achieve with DNA gene therapy.?? In contrast to one-time DNA integration into the genome
and subsequent cellular regulation of gene expression, the administration of mMRNA
therapeutics is repetitive and allows for variations in the amounts of mMRNA administered and
thus the amounts of protein translated from it. Furthermore, a natural degradation pathway

ensures that mRNA therapeutics are only transiently active.??%

To enable protein expression from therapeutic mMRNAs, the mRNA must first enter the cytosol
of the target cell. Also, foreign mMRNA outside the cell is most likely recognized by receptors of
both immune and non-immune cells.?26-2% Therefore, the mRNA needs to be packed up and
has to cross the cell membrane, this often occurs via endocytosis!?*! (Figure 11). In addition
to successful transport across the cell membrane, modified mRNA itself and mRNA packaging
can further prevent naked exogenous mRNA from triggering innate immune responses that

lead to inhibition of MRNA translation, MRNA degradation and inflammation.226-230]
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Figure 11. Endosomal take-up of encapsulated mRNA. After endosomal escape the mRNA is translated to
produce the encoded protein. Cell surface and intracellular receptors can detect naked exogenous mRNA and
trigger immune responses.

In the following section, the various therapeutic applications of mMRNA are introduced first. In
the subsequent section, the requirements and adaptions for mMRNA as a therapeutic agent as

well as their transport vehicles are described.

MRNA vaccines and therapeutics

Besides mRNA vaccines, a variety of mRNA therapeutics are in development. Yet it is only
recently that mRNA vaccines attracted greater attention fighting the Covid-19 pandemic.l?*2
However, for the various applications of mMRNA therapeutics compared to mRNA vaccines,

different effects are sought and different requirements must be met.

mRNA vaccines use antigen-encoding mRNAs to induce cellular and antibody-based
immunity. Therefore, the mRNA vaccine is injected intradermally, intramuscularly or
subcutaneously to transfect antigen-presenting cells such as dendritic cells (DCs) that
populate skin tissuel?®¥ and skeletal muscle?*4. Only a low level of expression of the encoded
antigen is required for immunization as the immune system amplifies the antigenic signal via
cell- and antibody-mediated immunity.122423523¢1 Consequently, a low dose of MRNA is used in
vaccines, which carries a lower risk of toxicity.??¥ In addition, tropism need not to be
considered in the formulation of mRNA vaccines, and some degree of immunogenicity is
desired.[??4]

The situation is different for mMRNA therapeutics and will be outlined in the following. For both,
mRNA cargo and its carriers a minimized immunogenicity is desirable.”?? Due to a limited
duration of action, a prolonged mRNA stability is preferable.??*! To achieve high protein

therapeutic thresholds, mRNA translation and expression of the encoded protein should be
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maximized.??*! Cell- or tissue-specific tropism as well as tissue bioavailability and circulatory
half-life need to be considered.??!! In the treatment of chronic diseases, the additional
challenges of repeated dosing must be overcome. Protein replacement therapies are one such
case and will be discussed lastly. Other therapies based on limited periods of mMRNA delivery
and protein expression, like mRNA vaccines, avoid the problems of chronic administration.

These include cancer immunotherapy, gene editing and cellular reprogramming (Figure 12).
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Figure 12. Overview of mRNA therapeutic strategies.

Two major types of MRNA cancer immunotherapy have been reported. The first one resembles
mMRNA vaccines, thereby antigen-presenting cells are transfected with mRNAs encoding tumor
associated peptide antigens.?®-2401 The second type uses mRNAs to modify T cells with
chimeric antigen receptors (CARs) and is therefore called CAR T cell therapy.?*-42l CARs are
protein fragments that are displayed on the surface of T cells and bind to specific tumor
epitopes.?*3l CAR T cell therapy involves isolating of a patient’s T cells, ex vivo transfection of
the T cells with mRNAs encoding CARs, and re-introduction of the modified T cells into the

patient to treat tumor cells.

Gene editing has been revolutionized by the discovery and application of CRISPR-Cas9
(clustered regularly interspaced short palindromic repeats; CRISPR associated
protein 9).124424% Precise DNA cutting requires two components, the nuclease Cas9 to cut DNA,
and a short guide RNA (gRNA) that directs Cas9 to the desired cleavage site.?*! In a combined
approach, mRNA and CRISPR-Cas9 can be used for improved gene editing. To do this, the
customized gRNA and the mRNA encoding Cas9 are co-delivered into cells. The major
advantage of the combined approach with mRNA in contrast to DNA is the transient expression
of Cas9, avoiding off-target cleavage found with prolonged expression of Cas9?4¢l. Moreover,
CRISPR-Cas9-mediated gene editing utilizing mRNA to encode Cas9 has also been applied

to generate CAR T cells with improved properties for cancer immunotherapy. 247250

Cellular reprogramming can be used to redirect cell fate and function. By introducing four
transcription factors, known as the Yamanaka factors, human somatic cells could be

reprogrammed into induced pluripotent stem cells.?®"! Instead of coding plasmids, a mixture of
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mRNAs can be used to encode the Yamanaka factors.[?522%3 This mRNA approach has been
shown to avoid gene integration that occurs with plasmid delivery!?°225% and has been used to

treat heart attacks(?%*.

Among the other therapeutic strategies presented, protein replacement represents the most
straightforward application of mMRNA, namely the expression of a desired protein. Compared
to the use of protein drugs, mRNA can increase molecular efficacy, because a single mRNA
can be repeatedly translated into multiple copies of the same protein.?5° However, maintaining
a consistent amount of protein expressed from unchanged doses of mRNA becomes more
difficult over the time course of therapy.??l Most chronic protein therapies report a drop in
efficacy due to the rise of antibodies against the protein or delivery vehicle.??*l Immune
responses to lipid-encapsulated mRNAs proved problematic in early clinical trials.??4! Likewise,
it has been reported that parts of the lipid formulation for mRNA packing can cause
inflammation?®® and immunogenicity, resulting in accelerated blood clearance and
pseudoallergies.?>"-260] |n several preclinical studies for protein replacement therapies, chronic
administration of lipid-encapsulated mRNA was found to be liver toxic.[?6-2641 Therefore,
chronic systemic administration of mMRNA therapeutics, as for long-term protein replacement

therapies, is not yet feasible and requires future research into improved delivery systems.

Requirements for therapeutic mRNA and its delivery vehicle

For therapeutically effective mRNA formulations, challenges and current limitations need to be
addressed with regard to both the mRNA as cargo and its transport vehicle. As for the mRNA,
its sequences can be adjusted accordingly. Incorporation of chemical base modifications have
been shown to reduce these undesired immune reactions, increase mRNA stability and
enhance translation (see chapter 1.2.2 for detailed descriptions). Alternatively, synthetic
mMRNAs without base modifications but with optimized sequences, obtained by U-depletion and
codon replacement for GC-rich codons, were reported to yield enhanced translation and
reduced immunogenicity in vivo.?852%81 Moreover, self-amplifying mRNAs (saRNA)267-270 or
circular mRNAs (circRNA)271-273 have been developed as alternative mRNA variants. saRNA
encode not only their target protein, but also virus-derived replication enzymes that amplify the
RNA after their own in situ translation. Thus, saRNAs increase the expression of their encoded
proteins while decreasing the delivered amount of MRNA.1268-2701 ¢circRNA have been shown to
improve mRNA stability by protecting against exonucleases and to increase translation by
extending mRNA longevity.?”'-273 |n addition, after mRNA IVT preparation, high-performance
liquid chromatography (HPLC) purification can be performed to remove side products such as
double-stranded RNA (dsRNA), uncapped mRNA or mRNA fragments.?’4275 Removal of

these contaminations has also been shown to increase translation and prevent
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inflammation.274279 Just recently, engineering of a T7 RNA polymerase variant was reported
which decreases immunostimulatory byproduct formation of dsRNA during IVT and thus may

reduce the need for HPLC purification in the future.?7®

Besides optimization of the mRNA, suitable packaging is required to improve the transport of
the mRNA cargo into the cell because mRNA holds a negative charge that leads to electrostatic
repulsion from the anionic cell membrane. The development of methods for systemic delivery
that allow efficient cellular uptake and intracellular release while protecting mRNA during

transport has long been investigated.

Liposomes represent a common transport vehicle for mRNA, and commercial products for
lipofection allow easy and wide application. Liposomes are spherical vesicles of phospholipid
bilayers formed by hydrophobic and hydrophilic interactions between the polar head group and
the nonpolar tails of phospholipids (Figure 13, on the left).[?”"] Cationic lipids enable loading of
negatively charged mRNA molecules inside liposomes and offer good efficacies for
in vitrol™>278 and in vivol’35254265279 gpplications. However, toxic and immunogenic side
effects have been reported causing inflammation[?%281 and even liver damage following
intravenous injections in micel?®2. Instead of cationic lipids, ionizable lipids are used in newer
compositions for liposomes. lonizable lipids are positively charged at acidic pH for RNA loading
and electrically neutral at physiological pH to reduce their toxicity.?¥ After cellular uptake, the

ionizability also promotes endosomal escape and cargo release.[283-286]
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Figure 13. Composition and structure of lipid-based transport vehicles for mMRNA.

State-of-the-art formulations for mRNA transport, advanced from pure liposomes to lipid
nanoparticles (LNPs, see Figure 13, on the right) which comprise a mixture of ionizable lipids
and a range of helper lipids, such as cholesterol, dioleoylphosphatidylethanolamine (DOPE),
phosphatidylcholine (PC) and polyethylene glycol (PEG) lipids. Each of the aforementioned
helper lipids contributes to the stability of LNPs and their delivery efficiency. Cholesterol
increases vesicle stability in vivo and intracellular delivery by improving membrane-fluidity,

elasticity and permeability.[?8-2%01 PC also contributes to an improved stability while DOPE
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enhances endosomal release by membrane fusion and disruption.?87-2°"l PEG lipids augment
the LNPs colloidal stability in fluids improving not only the systemic delivery but also
immunogenicity and in vivo retention of PEGylated LNPs.[260-292-2%1 Fyrthermore, LNPs can be
modified for tropism, either by modulating their polarity to target different organs depending on
the charge of the LNPs[?":2%I or by incorporating antibodies on the LNP surface for specific

targeting?®.

As an alternative to LNPs, several other transport systems for mRNAs such as viral
systemsB391 cationic polymers built of poly(L-lysine)2%23%3 or poly(ethyleneimine)t304-306]
cell systemsB7-3"" and extracellular vesicles®®'2-3'4 have been reported so far, but they have
not yet been exploited for therapeutic applications. Some of them had certain drawbacks, such
as undesirable immune responses in viral transport systemsB' or increasing toxicity with
increasing molecular weight of cationic polymers®'®l. Whereas natural vehicles such as cell
systems and extracellular vesicles greatly benefit from biocompatibility and

hypoimmunogenicity,2°7208314 put require quite elaborate manufacturing concepts.

So far, promising therapeutic approaches on the basis of mMRNA have been developed.
However, improvements are sought on both the mRNA as therapeutic agent and its delivery
vehicle to improve and extend existing approaches. In achieving these goals, the given
advantages of mRNA, its time-limited duration of action and efficiency, as well as avoidance
of undesirable side effects and consequences by bypassing permanent modification of the
genome, can be fully exploited. In the future, further properties such as translation efficiency
and stability could be modulated and fine-tuned by cleverly chosen modifications of mRNA,
e.g., modified nucleobases, to adapt mMRNAs even more specifically to their application.
Further research into mRNA modifications is needed for a better understanding of their effects

and will contribute to the continued development and optimization of mMRNA therapeutics.

1.4 RNA modifications for biochemical research

1.4.1 Labeling strategies for RNA

Specific investigations on biomolecules often require attachment of a selective modification or
functionalization. Labeling and probing strategies enable a whole range of investigations from
basic research to studies on biological processes and also biomedical applications. Examples
include visualization, tracking and localization, quantification, isolation, or studies of structure
and interactions. The choice of method depends on the system to be studied and the features

to be investigated in it.
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To minimize undesirable side effects on the system under study, a few site-specific
modifications should be preferred over multiple random introductions of reporter groups.
However, co-transcriptional and site-specific enzymatic introduction of functionalized

nucleobases into long RNAs still remains a challenge.?'”]

1.4.2 Bioorthogonal click-labeling applying inverse electron-demand
Diels-Alder cycloadditions

Bioorthogonal reactions allow selective labeling of biomolecules in their natural
environment.B831% Thereby, interfering side reactions with the biological environment are
excluded. An aqueous environment, reducing conditions of cells or the presence of
nucleophiles do not affect the reaction. In addition, bioorthogonal reactions meet the criteria of
click chemistry, i.e., they proceed rapidly, irreversibly, with high yields and high specificity, and
generate minimal and inoffensive byproducts.®?% Consequently, these reactions are suited to
the covalent linkage of selected substrates and biomolecules, known as bioconjugation. Only
recently, the Nobel Prize in Chemistry was awarded for the development of click chemistry and

bioorthogonal chemistry, proving the actuality and importance of these methods.

Meeting the criteria above, the inverse electron-demand Diels-Alder cycloaddition (iEDDA, see
Figure 14) represents a powerful tool for bioconjugation. In this reaction, strained alkenes react
with 1,2,4,5-tetrazines in a Diels-Alder retro Diels-Alder cascade.?" From an initially formed
bicyclic intermediate, the dihydropyridazine is obtained by elimination of nitrogen.?2"
Subsequently, isomerization by H-shift can take place.?"! When asymmetric substrates are
used, several stereocisomers can be formed. For simplification, the different isomers are not

depicted here.
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Figure 14. Reaction cascade for iEDDA click reactions between strained alkenes and 1,2,4,5-tetrazines.

One of the major advantages of bioconjugation using iEDDA click chemistry is that this reaction
does not require the addition of a catalyst. In contrast, the commonly used Huisgen-like
cycloaddition between alkynes and azides (CuAAC)P?232% uses copper(l) as a catalyst.
However, since copper(l) has a toxic effect on cellsB'®321:3241 and accelerates RNA

degradationB?I, successful application of copper-catalyzed click chemistry is hindered in vivo.
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Moreover, 1,2,4,5-tetrazines are particularly suitable for fluorescent labeling of biomolecules
due to their quenching properties. With a characteristic absorption in the range of
500-525 nm,®?%°! tetrazines suppress the fluorescence emission of conjugated fluorophores. 2]
This is ideal for green fluorescent dyes based on rhodamine or fluorescein, whose
fluorescence emissions peak at 523 nm (Rhodamine Green) and 517 nm, respectively. As the
tetrazine core is converted during the click reaction,!*?" a turn-on effect of fluorescence can be
observed (Figure 15). Further advantages of this effect are a low background signal of the
tetrazine-bound fluorophore before the reaction and an outstanding turn-on ratio after reaction
completion.®28-33% For cellular applications, no additional washing steps are required due to
the excellent signal-to-noise ratio achieved by the turn-on effect.*3"! A variety of commercially
available tetrazine-fluorophore conjugates and its widespread use highlight the importance of

iEDDA for current research applications.
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Figure 15. Turn-on effect of tetrazine-conjugated green fluorophores upon iEDDA reaction.

The most commonly used strained alkenes for iEDDA are cyclooctenes, norbornenes, and
cyclopropenes. Among these, cyclopropene (CP) and norbornene modifications have both
been employed by the Kath-Schorr group for effective RNA click labeling utilizing tetrazine-
conjugated fluorophores in vitro.883323%31 Two different applications have been shown for
norbornene-moieties that were linked to both a natural and an unnatural nucleobase. By use
of the norbornene-modified uridine cyanoethylphosphoramidite (CEP), called Nor-U
(Figure 16, on the left), which was installed into a short siRNA prepared by solid-phase
synthesis, first-time fluorescent iEDDA click labeling was demonstrated in live cells.®34 In
addition, by combining IEDDA click functionalization and unnatural bases,
norbornene-modified nucleoside triphosphate of TPT3, called Nor-UB (Figure 16, on the right),
was incorporated site-specifically into a short 30mer RNA oligonucleotide using enzymatic

GENAEXT and reacted with tetrazine-conjugated fluorophores for in vitro visualization.®3?!
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Figure 16. Chemical structures of norbornene-modified nucleobase building blocks. a) Nor-U CEP. b) Nor-UB TP.

The use of the more recently developed CP-modified unnatural base rTPT3CPB8 for
site-specific labeling of functional mRNAs by GENAEXT (as presented in section 3.1)
combines the previous projects in a logical continuation and allows both enzymatic preparation

and iEDDA click visualization in live cells.

In addition to the advantages of iEDDA mentioned earlier, the method of enzymatic rTPT3¢P
incorporation benefits from site specificity and the freely selectable modification site. Other
published protocols for posttranscriptional fluorescent labeling of mRNA in cells®3%3%! gither
use CUAACP?2323 or strain-promoted azide-alkyne cycloadditions (SPAAC)E%]. Besides the
aforementioned drawbacks of CuAAC for applications on RNA and in cells, the methods
presented using SPACC are limited in the positioning of the label, by either a single, terminal
modification®®® or randomized, multiple modifications throughout the poly(A) tail®3¢!. Briefly, this
is why a protocol is of great interest that allows for site-specific and enzymatic introduction of
functionalized nucleotides into any RNA of interest, which can be complemented by

subsequent attachment of reporter groups using biorthogonal click chemistry in live cells.

1.4.3 Electron paramagnetic resonance (EPR) spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy can be used to study structural
characteristics and dynamics of biomolecules under solution-state conditions. For this
purpose, the biomolecules to be studied must be paramagnetic, i.e., have unpaired electrons.
EPR studies can be performed on biomolecules with intrinsic paramagnetic centers, such as
manganese or iron metal ions bound in metal binding sites. If no such paramagnetic centers
are present, they must be inserted artificially using spin labels. Trityl or nitroxide (NO) spin
labels are often used for this purpose, the latter being more suitable for highly structured RNAs
as they are less sterically demanding. NO labels are structurally derived from oxidized
piperidine or pyrroline scaffolds (see Figure 17). An ao-tetramethyl substitution provides

improved stability of the radical by protecting against reduction in aqueous medium.
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Figure 17. Nitroxide spin labels and energy diagram for nitroxides in an extern magnetic field.
a) Nitroxide spin labels based on pyrroline or piperidine scaffolds. b) Transition energies creating
the nitroxide EPR spectrum after splitting of the energy levels of the electron spin moments.

In an externally applied magnetic field, the energy levels of the electron spin moments (S = %)
split according to the Zeeman effect (ms = -4, +14).338 Through the interaction with neighboring
nuclear spins (I = 1 as in nitroxides), hyperfine coupling of the split energy levels is created,
resulting in sub-states (m,= -1, 0, +1) and distinct transition energies (AE) in between.3 By
absorbing microwave radiation (hv), the unpaired electron can switch between the energy
levels.®3® This can be described in the equation AE = hv = gB.Bo where h is Planck’s constant,
v is the frequency, g is the electron’s g-factor, B¢ is the electron Bohr magneton and By is the
magnetic field. Consequently, either constant photon irradiation (hv) combined with a varying
magnetic field (Bo) or, conversely, varying photon irradiation with a constant magnetic field can

be used to record an EPR spectrum (see Figure 17).53%

To record continuous wave (cw) EPR spectra, a microwave field of constant frequency is
applied and the external magnetic field is varied until the resonance condition is satisfied.®38!
Based on the multiplicity of the signals, the paramagnetic species present can be inferred from
the spectrum obtained. For example, a NO cw-spectrum shows three peaks (see Figure 17).
By integrating the signal peaks during the so-called spin counting, the amount of spin probes
can be quantified. In addition, a qualitative estimation of the signal broadening and the changed
relative intensities of the signal peaks can be made. The broader the signal becomes and the
more the relative intensities change, the less dynamic is the measured spin label
(Figure 18).3%* This change in dynamics is observed when a spin label is immobilized due to

its binding to a biomolecule.
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Figure 18. Relationship between relaxation times of differently mobile spin labels with
exemplary corresponding cw-EPR spectra (adapted from NejatyJahromy et al.[339),

In the recording of pulsed EPR experiments, the magnetic field is kept constant and the
spectrum is generated by simultaneously exciting a series of transition energies using a
high-power microwave pulse of fixed frequency.*® One of the commonly used echo-detected
field sweeps experiments in EPR is pulsed electron-electron double resonance (PELDOR). By
the help of PELDOR experiments larger distance distributions between paramagnetic centers
with distances down to 8 nm can be determined.?*?! Applying a special pulsed sequence to
separate the dipole-dipole coupling from other contributions to the energy of the unpaired
electrons,*® the PELDOR time trace of the echo intensity of the spins is recorded
(Figure 19 b). For this purpose, sufficiently long relaxation times of the excited spins are
required, which are achieved by cryogenic temperatures during the measurement.?*! In the
obtained PELDOR time trace, the modulation depth of the echo intensity gives information
about the quantity of excited spins.4?! Using the Fourier transform, a distance distribution can
be determined from the PELDOR time trace (Figure 19 c).*% The obtained inter-spin distances
give structural insight at the nanometer scale and can provide valuable information for the

structural elucidation of biomolecules.

[0
o
O

Fourier
transform

Modulation depth

oﬁ
¥
e
— Echo intensity —»

— Probability density —»

— Time [us] —» — Distance [nm] —»

Figure 19. PELDOR experiments for inter-spin distance measurements (reproduced from Schiemann et al.344),
a) Schematic illustration of two nitroxide spin labels and their inter-spin distance. b) Exemplary PELDOR time
trace of the echo intensity of the spins. ¢) Exemplary PELDOR-derived inter-spin distance distribution.



1 Theoretical Background 27

With regard to nucleic acids, a number of measurements on DNA and RNA duplexes, hairpin
motifs and aptamer domains have been performed using PELDOR.B42-3491 |n order to obtain
relevant structural information by inter-spin distance measurements, spin labels must be
introduced into the RNA in a site-specific manner. For this purpose, site-directed spin labeling
(SDSL) strategies are applied. In the past, spin label-modified nucleobases were often
introduced into sequences using solid-phase synthesis. This was done either by direct
incorporation of a spin-label modified nucleobase or by post-synthetic attachment of a spin
label to a previously introduced functionalized nucleobase.[342:343:345,348:350.351 Ag an alternative
to modified nucleobases, spin labels have also been introduced into nucleic acids

site-specifically via the phosphate backbone or the sugar moiety.[352-35%

By developing an enzymatic method for site-specific and direct spin labeling of RNA, limitations
in the length of oligonucleotides produced by solid-phase synthesis and reduced efficiencies
of post-synthetic ligation or coupling reactions can be addressed. The use of an extended
genetic alphabet and the nitroxide modified UB rTPT3N°, as presented in section 3.2, opens
up unprecedented possibilities and enables EPR studies on previously inaccessible large and
complex folded RNA.
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2 Research Objectives

RNA, and mRNA especially, are noticeably coming to the fore of modern therapeutics. mMRNA
vaccines achieved great success fighting the global Covid-19 pandemic. Yet, there are many
open starting points making it worthwhile and necessary to develop new visualization
techniques and further investigate structure and function. Site-specific labeling approaches

represent a powerful tool to study RNA both in vitro and in a cellular environment.

In this thesis, the versatile applications of an expanded genetic alphabet will be used to
address visualization and detailed functional analysis of a protein-coding mRNA as well as
structural studies of a regulatory INcRNA. For this purpose, modified unnatural base building
blocks will be utilized which were derived from the unnatural base pair TPT3:NaM developed

by the Romesberg group and advanced in the Kath-Schorr group.

First, mRNA visualization in cells as well as investigations into the influence of different
modification patterns on mRNA stability and functionality were aimed. To this effect,
site-specific cyclopropene labeling of a protein-coding mRNA sequence was aspired. Utilizing
the earlier developed nucleoside triphosphate rTPT3°P building block, mRNA sequences were
prepared by genetic alphabet expansion transcription. In addition, a set of highly modified
mRNA sequences carrying both natural and unnatural base modifications was intended.
Therefore, further natural occurring base modifications of pseudouridine and
5-methylcytidine were included in the mRNA. mRNA visualization by confocal fluorescence
microscopy was enabled by live-cell iEDDA click labeling of cyclopropene-modified mRNA
employing tetrazine-conjugated fluorophores. Moreover, a combined temporal analysis in cells
was envisaged to assess mRNA functionality in terms of translation and protein expression
together with transfection efficiency and mRNA stability. Additional cell health investigation
was proposed to further evaluate this method’s value with respect to potential in vivo

applications in the future.

Furthermore, the structure of the complex folded A-repeat region from the long non-coding
RNA Xist was investigated considering different structural proposals. To evaluate the
proposals with regard to their accuracy, structural probing by pulsed EPR spectroscopy was
intended. Using the nitroxide-modified unnatural base nucleoside triphosphate rTPT3NC,

enzymatic preparation and co-transcriptional site-directed spin labeling were aspired.

The aim of this study was to contribute to the structure elucidation of a regulatory active INncRNA
and to diversify the toolbox for RNA visualization, complex analysis and fine-tuning of mMRNA

characteristics relating to mRNA therapeutics.






3 Results and Discussion 31

3 Results and Discussion

In the course of this study, unnatural nucleobases as part of an expanded genetic alphabet
were applied in two different sequence contexts and for varying purposes. This is made
possible by the use of a modular labeling system in which the same unnatural base is modified
with different chemical functionalities. During in vitro preparation by GENAEXT, either a small
chemical handle or a direct reporter group attached to the unnatural base was incorporated

into different RNA sequences.

Section 3.1 describes the site-specific CP labeling of a series of mMRNA sequences using the
unnatural triphosphate rTPT3¢P for live-cell click labeling and mRNA visualization as well as
the versatile cellular analysis of CP-modified mRNA in combination with natural base

modifications W and 5mC.

Section 3.2 presents the site-specific NO spin labeling of the A repeat region from the
Xist IncRNA using the unnatural triphosphate rTPT3N° with regard to structural considerations

of the Xist A-repeat region applying PELDOR-derived intramolecular distance measurements.

The results of this study show that genetic alphabet expansion represents a powerful and
versatile toolbox for multiple purposes and a variety of different RNA sequences, coding and
non-coding. The methodological and experimental procedures presented will contribute to

advance future research in the field of synthetic mMRNA and structural research on IncRNA.

3.1 Cellular application analysis of site-specifically
CP-modified mRNA

Artificial mMRNAs have emerged as powerful and effective therapeutics.%! Further research is
necessary to gain a deeper understanding of the role of artificial mMRNAs in cellular processes.
New methods that allow mRNA functionalization and their analysis in cells are therefore of

great interest.

In the following, in vitro preparation (section 3.1.1) and cellular application (section 3.1.2) are
presented for a range of artificial mMRNAs. Using GENAEXT, the cyclopropene modified
unnatural base rTPT3¢P ®8 js incorporated site-specifically into the 3'-UTR of an mRNA as a
small and reactive handle for click labeling. Optionally, natural base modifications of ¥ and
5mC were included in the mRNA and all mMRNA sequences were comparatively tested for their

cellular application.
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Figure 20. Schematic overview of the cellular application and analysis of CP-modified mCh_mRNA.

Figure 20 provides a conceptional overview of the multifaceted cellular function analysis and
fluorescent visualization of mCherry encoding mRNA (mCh_mRNA). After preparation,
mCh_mRNA is transfected into mammalian cells. Live-cell fluorescent click labeling of
CP-modified mCh_mRNA enables visualization of mRNA by confocal fluorescence
microscopy. Cellular mRNA levels are analyzed by RT-gPCR and mRNA stability is assessed
over time. Quantification of the mCherry reporter protein expression is used to evaluate
functionality of mCh_mRNA in terms of efficient mMRNA translation and protein expression. In
addition, the compatibility of the presented method for live-cell experiments was validated by
measuring the cell viability in the experimental course of mCh_mRNA transfection and live-cell

click labeling.

3.1.1 Preparation of site-specific UBP modified mCh_DNA and site-specific
cyclopropene modified mCh_mRNA sequences in combination with
natural base modifications

Sequence design of mCh_mRNA

In order to prepare site-specifically cyclopropene labeled RNA, the methyl-cyclopropene
functionalized unnatural nucleoside triphosphate rTPT3CF 88 (Figure 21) was used.
rTPT3°P TP was developed and synthesized by Dr. F. Eggert.®! In previous work, rTPT3¢P TP
has already been used for site-specific enzymatic introduction of CP-moieties into various RNA
sequences of different lengths, for e.g. the Xist INCcRNA A-repeat region or the catalytically
active gImS ribozyme.®®333 Applying iIEDDA click reactions, these CP moieties were reacted

in vitro with tetrazine-conjugated fluorophores, resulting in fluorescently labeled RNAs. 883331
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Figure 21. Chemical structure of the unnatural nucleoside triphosphate rTPT3CP
developed and synthesized by Dr. F. Eggert.[8l

In the design and construction of the mRNA sequence, the red fluorescent mCherry®*” protein
was selected as the encoded reporter protein. The mCherry protein is a monomeric, rapidly
maturing and highly photostable fluorescent protein derived from the DsRed protein from
Discosoma sp..’%") mCherry was chosen as a reporter protein for two reasons, first because
of its strong red fluorescent signal, which contrasts with the green signal of click-labeled
fluorescent MRNA, and second to allow fluorescence quantification of the mCherry protein to
assess the functionality of the mRNA based on its cellular translation and protein expression
(see section 3.1.2.2).

The sequence of the mCh_mRNA (see Figure 22) was designed to cover the mCherry protein
coding sequence with additional flanking UTR sequences on the RNA’s 3'- and 5-end. The
mCherry coding sequence and both UTR sequences were adapted from the
pmCherry-N1_AA-insert plasmid without changes. UB modifications were placed outside the
coding sequence towards the end of the 3-UTR of the mRNA to not interfere with translation.
In addition to site-specific UB modifications, mMRNA sequences with natural base point
mutations (PM) were prepared for comparison. Optionally for some mRNA sequences, natural
base modifications of r'¥ and romC were included as partial and random replacements of rU

and rC within the complete mRNA, also including the protein coding sequence.
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Figure 22. Schematic illustration for the sequence design of mCh_mRNA. A central mCherry protein coding
sequence (CDS) is flanked on both sides by untranslated regions (UTRs). The mRNA contains an 5'-terminal
Anti-Reverse Cap Analog (ARCA) and a 3'-terminal poly(A) tail.

Testing the influence of the position of the modification section within the mRNA’s 3-UTR
sequence, another set of MRNA sequences (mCh_mRNAurr 2) was developed. Therefore, the
UB modifications were positioned closer to the coding sequence and thus further away from

the 3’-end. Additionally, the sequence following the modifications, which is the last 20 bases
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of sequence of the 3'-terminal UTR, was exchanged. For the alternative sequence at the

3'-UTR end, a section was taken from the 3'-UTR sequence of the pmCherry-C1 plasmid.

All different mCh_mRNA 3'-UTR sequences with site-specific UB modifications, canonical
base point mutations, and optional natural base modifications generated in this study is listed
in

Table 1.

Table 1. 3-UTR sequences of different mCh_mRNA sequence constructs. Y stands for a rTPT3CP point mutation,
G stands for a rG point mutation. The underlined sequence shows the exchanged sequence part for
mCh_mRNAutr 2 variants. Purple and blue highlighted U and G represent partially replaced bases
of rU by ri¥ and rC by r5mC.

~ ™
Sequence name 3-UTR sequence

mCh_mRNA®T AGCGGCCGCGACUCUAGAUCAUAAUCAGCCAUACCACAULUGU
mMCh MmRNA®T. #+5mC COGECCCoACYCW A CARE A WA AWCAGCCARACTAC Y CY
mCh_mRNA' ¢F

mCh_mRNAT SF. ¥+5mc CeCCeoto twew  CAWE WA P ACEEYWATTAC WYY Y
mCh_mRNA! "M G

mCh_mRNAZ ¢F

mMCh_mRINA? CP. ¥+5me CocCtoto Cwew C we W vWe CTE W CT CYwnp ey
mCh_mRNAZ PM G G

mCh_mRNAYT . GUUGUUGUUAACUUGUUUAU

mCh_mRNA/ ¢P

UTR 2

mCh_mRNA'FM G

UTR 2

mCh_mRNA? &P

UTR 2

q mCh_mRNAZPM G G

UTR 2 ey

= [TPT3?, G =rG, WC = rU/C partially replaced by r¥/r5mC

Preparation of mCh_DNA sequences

As shown in Figure 23, mCh_DNA acting as template for subsequent IVT was obtained by
PCR amplification. For UBP-modified mCh_DNA sequences, a six-letter PCRI88333 yas
performed. In a six-letter PCR, two unnatural nucleoside triphosphates are used in addition to
the four canonical nucleoside triphosphates during amplification of the selected sequence. In
combination with UB-modified template sequences or primers, their corresponding UBP

counterparts are incorporated opposite the UBs in the elongation phase of the PCR.

For the mCh_DNA sequence, site-specific UBP-modifications were introduced into the
amplicon applying a dNaM-modified reverse primer in the PCR reaction mix together with the
UBP nucleoside triphosphates, dTPT3 TP and dNaM TP. During PCR cycling, the reverse
primer hybridizes to the plasmid and creates a dNaM:dA mismatch between primer and

plasmid. After denaturing and elongation, the complementary DNA strand is filled up with the
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dTPT3 UB counterpart, resulting in site-specifically dNaM:dTPT3 UBP-modified dsDNA.
Utilizing a forward primer that is extended by the T7 promotor as an overhang sequence, the
T7 promotor sequence, which is needed for subsequent IVT, is introduced on the other end of
the dsDNA.

T7 promotor :‘& .
overhang Poly(A)
dNaM
\ mCherry 6-letter Polly(A)
protein PCR GENAEXT tailing
pmCherry-N1 coding ———™ _ . - r5mC
. Se' 9 dnTPs, ARCA, rNTPs, E. coli
N TP, TP, Poly(A) A g
dNaM TP, 'Y TP, r5mC TP, Pol.
dNaM:dA OneTag® T7 RNA Pol.
mismatches DNA Pol. ARSQA

Figure 23. Schematic illustration for preparation of mCh_DNA by six-letter PCR, followed by GENAEXT for
preparation of mCh_mRNA.

Six-letter PCR was performed for UBP-modified mCh_DNA and mCh_DNAurr 2, whereas
standard PCR reactions were performed for all non-UBP modified sequences including
wild-type (WT) control sequences and canonical point mutations. PCR amplicons were
obtained in good yields with high specificity for the expected sequence length as analyzed by
agarose gel electrophoresis (see Figure 24 for mCh_DNA, and Figure 55 + Figure 56 in
appendix for mCh_DNAutr 2).

a mCh_DNA b mCh_DNA
M wT 1 UBP 2 UBP WT 1PM 2PM
BOO bp —E ¥ W s s sew s gppC C e e e

- -
—_— —

Figure 24. Agarose gel of different mCh_DNA sequences prepared by PCR.
a) Unmodified and UB-modified mCh_DNA. b) Unmodified and natural base point-mutated mCh_DNA.

The sequence identity for each sequence was confirmed by Sanger sequencing for both,
UBP-modified and unmodified mCh_DNA sequences (see section 7.2 for all sequencing
results). For UBP-modified DNA sequences, site-specific termination of the sequencing
reaction proved efficient UBP incorporation (Figure 25). In the case of double consecutive UBP
modification in mCh_DNA?Y5F the first of the two UBP modifications was indicated by

termination of the sequencing reaction.
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& mCh_DNAWT R
- oy,
IR
Stop
780 Codon 800 820
..GAGCTGTACAA GTAAA GCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGT-3
780 800 820

GAGCTGTACAA GTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGT

. Stop
780 Codon 800 820
..GAGCTGTACAAGTAAAGCGGCCGCGACTCTAGATC A TAATCAGCCY TA CCACATTTGT-3
780 800 820
GAGCTGTACAAGTAAANCG CGCGACTCT ANNAA T CAGCC

Cc
780 Codon 800 820
..GAGCTGTACAAGTAAA GC GGCCGCGACTCTAGATCATAYTCAG CCATACCACTTTGT-3
780 800 820
GANCNGTACANGTAAA GCGNCCGCGACTC TN GATCANA C C

Figure 25. Sanger sequencing results of UBP-modified mCh_DNA. a) Sequencing results for unmodified
mCh_mRNA"T. b) Sequencing results for single UBP-modified mCh_DNA? YBP_ c) Sequencing results for
double UBP-modified mCh_DNA? YBP. Y marks the positions for a dTPT3 UB modification site.

Preparation of mCh_mRNA sequences

Site-specific CP-modified mCh_mRNA was prepared by co-transcriptional template directed
incorporation of rTPT3°P during GENAEXT at the opposite positions to the dNaM modifications
in the DNA template. Analogously, WT control and canonical point mutated sequences were
obtained under standard IVT reactions. For all mCh_mRNA sequences, the ARCALI105:3%.35]
cap analog was introduced at the 5-end co-transcriptionally. Likewise, all mCh_mRNA
sequences were extended post-transcriptionally with a poly(A)-tail of approximately 150 nt
length. In order to compare the influence of UB modifications with other stabilizing natural
modifications, mCh_mRNA sequences were prepared including additional natural base
modification (see
Table 7). Therefore, r¥ and rSmC were co-transcriptionally installed at multiple random
positions in the mRNA sequences replacing approximately 50% of the unmodified canonical

nucleobases rU and rC.
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mCh_mRNAs were obtained in good yields (up to 700 ng per 50 pL IVT) with high specificity
for the expected sequence lengths as analyzed by agarose gel electrophoresis (Figure 26 and
for mCh_mRNAurr 2 Figure 59 in appendix). Moreover, the different mMRNAs were prepared
with consistent and mutually comparable lengths, fulfilling a necessary requirement for

comparative cell application.

a mCh_mRNA
M WT 1PM 2PM 1CP 2CP

b mCh_mRNAY*s
M WT 1CP 2CP

500 bp — P == =
T pA P T pA P T pA P

Figure 26. Agarose gels of mCh_mRNA transcripts without or with additional natural base modifications.
a) Unmodified or UB-modified or natural base point-mutated mCh_mRNA. b) Unmodified or UB-modified
mCh_mRNA with additional natural base modifications of r&@ and rsmC.

Fluorescent labeling of CP-modified mCh_mRNA in vitro

Evaluating successful rTPT3P incorporation into transcribed mRNA sequences, fluorescent
click labeling was performed for in vitro mRNA visualization (see Figure 27). All different
mCh_mRNA sequences, either bearing the CP-modification of not, were incubated with a more
than 60-fold molar excess of tetrazine-conjugated AF 488 fluorophores (TET-FL) and analyzed
by preparative agarose gel electrophoresis and fluorescence scanning (Figure 28 and for

mCh_mRNAutr 2 Figure 61 in appendix).

N-N N
N. =N
T 'S,
_— L—
BsmC ¥ iEDDA r5mC r¥

5 ARCA® NN o3 gick 5 ARCAY N NI NN

Figure 27. Schematic illustration of fluorescent iEDDA click labeling of CP-modified mCh_mRNA.

Only the mCh_mRNA sequences including rTPT3°? modifications, showed a fluorescence
signal. Single CP-modified and clicked mCh_mRNA’ " holds a strong fluorescence signal

intensity, which is even exceeded by the double CP-modified and clicked mCh_mRNA? .
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Whereas the unmodified control mCh_mRNA"" does not show any fluorescence signal and is

only visible after EtBr post-staining.

mCh_mRNA mCh_mRNA
M WT 1CP 2CP M WT 1CP 2CP
v - 900 bp — l“““ .'
(/N—\i>_ + : - : - + - + - + -
N=N L 1 L 1
’ Fluorescence EtBr poststaining + UV

Figure 28. Agarose gel of in vitro click reaction of CP-modified mCh_mRNA. Fluorescence scan on the left.
EtBr poststaining and UV visualization on the right.

Moreover, an additional experiment was performed in order to exclude unspecific rTPT3¢? TP
incorporation®33 during IVT mRNA preparation. Therefore, mCh_mRNA"" was prepared by
IVT from the unmodified mCh_DNA"" template. Two identical samples were prepared, except
that one IVT reaction included additional rTPT3°? TP. The so transcribed mCh_mRNAs were
then analogously incubated with TET-FL and analyzed by preparative agarose gel
electrophoresis and fluorescence scanning (Figure 29). Neither mCh_mRNA"" nor
mCh_mRNAYT transcribed in the presence of rTPT3°® TP can be visualized in the
fluorescence scan as compared to the strong fluorescent signal of click-labeled

mCh_mRNAZ?°? that was included on the gel as fluorescent control.

mCh_mRNA mCh_mRNA

M WT WT 2CP M WT WT 2CP
- -+ o+ o+ o+

.. 900bp— | H.H;“;Jﬂli

N-N
¢ H— - + - + - + + - + +
N=N

Fluorescence ' ' EtBr poststaining + UV

Figure 29. Agarose gel of in vitro click reaction checking for unspecific rTPT3CP incorporation into unmodified
mCh_mRNAYT. Fluorescence scan on the left. EtBr poststaining and UV visualization on the right.

Briefly, correct and site-specific incorporation of rTPT3¢P TP into mRNAs transcribed from
UBP-modified DNA templates was confirmed. CP-modified mCh_mRNAs held a strong
fluorescent signal after iEDDA click labeling with TET-FL. Further, undesired untemplated
incorporation of rTPT3°? TP into mRNAs transcribed from unmodified DNA templates was

successfully excluded.
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3.1.2 Cellular analysis of modified mRNAs

Testing for cellular applications of mCh_mRNA transfected into mammalian cells, a multi-step
analysis was devised and performed. CP-modified mCh_mRNA was fluorescently labeled in
live cells utilizing iIEDDA click reactions with tetrazine-conjugated fluorophores. Spatiotemporal

fluorescence visualization of mCh_mRNA is presented in section 3.1.2.1.

Cellular mCh_mRNA levels after transfection were analyzed by RT-gPCR. In addition, a
quantitative analysis of cellular mRNA translation and mCherry protein expression was
accomplished. The combined results for quantification of relative mCh_mRNA levels as well

as mCherry protein amounts expressed in transfected cells is shown in section 3.1.2.2.

For evaluation of cell health in the course of mMRNA transfection and live-cell click labeling, a
cell viability assay was carried out. Results of the cell viability assay are outlined in section
3.1.2.3.

3.1.2.1 Live-cell iEDDA click labeling for fluorescence visualization of
mCh_mRNA

Following successful fluorescent labeling of CP-modified mCh_mRNA in vitro as previously
described (see section 3.1.1), live-cell iEDDA click labeling was conducted in cells. Therefore,
TET-FL was added to the cell medium of transfected HelLa cells at different time points after
mRNA transfection initiating live-cell click labeling. Cell membrane permeable TET-FLE34
reacts with the CP-moieties of UB-modified GENAEXT mRNAs resulting in green fluorescently
labeled mCh_mRNA. Subsequently to live-cell click labeling and prior to confocal fluorescence
microscopy, the cells were fixed by crosslinking with formaldehyde. The chosen time points for
live-cell click labeling followed by fixation were 6, 24 and 48 h. Since the cell medium was
changed 4 h after transfection according to the manufacturer's protocol for lipofection, the first
time point for live-cell click labeling was set at 6 h after transfection. The two later time points
were chosen at 24 and 48 h after transfection start in order to observe the time course of
mRNA translation and mRNA distribution in cells. Cell fixation after live-cell click labeling
allowed identical laser settings for all different samples at all different time points and hence a
direct comparison of signal intensities between samples and time points. In addition, confocal
fluorescence microscopy on fixed cells provided higher resolution and better light sensitivity as

compared to live-cell microscopy.

For the mCh_mRNA sequence set (Figure 30 and Figures 74-76 in appendix), single
CP-modifications in mCh_mRNA' " were successfully demonstrated to be well suited for

mRNA visualization holding bright green signals. Double CP-modified mCh_mRNAZ?°F even
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exceeded these findings with increased signal intensities and improved signal-to-noise ratios

facilitating excellent mRNA visualization.
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Figure 30. Confocal fluorescence microscopy images of cells transfected with CP-modified mCh_mRNA for
live-cell click labeling and fluorescence mRNA visualization. Scale bars correspond to 20 ym.
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The specificity of iEDDA linkage between TET-FL and the CP-moieties of mCh_mRNA was
clearly demonstrated by the green signal seen in cells with CP-modified mCh_mRNA but not
in control samples of unmodified mCh_mRNA"’. Additional control samples such as the H.O
transfection control and untreated cells (Figure 80 in appendix) also do not show a green

click-signal.

For clicked UB-modified mCh_mRNA, at the earliest time point, 6 h after the start of transfection
(Figure 30 b), intense green signal spots can be seen. These most likely arise from
concentrated mRNA still kept within the transfection vesicles. As previously reported®34-360
lipid vesicles that have not completely resolved are present 6 h after cell transfection.
Consequently, the mRNA accumulated within them explains local signal maxima. 24 h after
the start of transfection (Figure 30 c), the mRNA was released from the lipid vesicles into the
cell cytoplasm. This can be seen by a more evenly distributed green signal throughout the
cytoplasm of the cells. At the latest time point chosen for mRNA visualization, 48 h after
transfection start (Figure 30 d), a decreased signal-to-background ratio is observed. This is
accompanied by a nonspecific increase in the green fluorescent signal, which can be detected
in all samples, clicked CP-modified and unmodified mCh_mRNA sequence variants. The
increasing nonspecific green signal seen 48 hours after transfection start can be explained by
increased green autofluorescence of the cells. An increase in cellular stress levels!**'-3¢%! due
to swelling exogenous mCherry protein concentrations from prolonged incubation of the cells

with mCh_mRNA may account for the enhanced cellular green autofluorescence.

Thus, the herein presented method provides a straightforward strategy for live-cell labeling and
enables steady mRNA visualization featuring excellent signal intensities for at least 24 h after

transfection start.

In addition to the images discussed, a z-stack series of click labeled mCh_mRNAZ?°?
(Figure 31) was acquired. Therein, the green fluorescent mMRNA can be evidently localized

within the cell concomitant with the red fluorescent mCherry protein signal.

NN
mCh_mRNA? P

AF 488
mCherry
DAPI
merged

® 6 h post transfection

Figure 31. Z-stack series of mCh_mRNA?Z °P transfected cells at 6 h after transfection start.
Scale bar in merged image of Z=5 (bottom right) corresponds to 20 ym.
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For both, mCh_mRNA and mCherry protein, strongest signal intensities are detected in
mid-series images while the signals attenuate towards the cell periphery. Hereby, both the
signal from the mCherry protein and the click-labeled mCh_mRNA can be localized within the

imaged cells.

Moreover, close-up images of click labeled mCh_mRNAZ?“F (Figure 32) were taken. Therein,
one can nicely see how the presented approach of iEDDA click labeling enables even

subcellular mRNA localization.

AF 488 mCherry DAPI merge + DIC
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4 {
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mCh_mRNA2¢P
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Figure 32. Close-up images of mCh_mRNA? P transfected cells at 6 h after transfection start.
Scale bar corresponds to 20 pm.

Additionally, cell transfection and live-cell click labeling as well as microscopy analysis was
performed in parallel for mCh_mRNAur 2 sequences and the previously reported results for
mCh_mRNA were supported. For microscopy images of mCh mRNAuyrm2 please see

Figures 77-79 in appendix.

By confocal fluorescence microscopy analysis, not only CP-modified mCh_mRNA can be
visualized in cells and used for mRNA localization. Red fluorescence of the mRNA encoded
mCherry reporter protein allows qualitative evaluation of protein expression. This provides
initial information about mCh_mRNA functionality by means of mRNA translation and protein
expression in transfected cells, before mCherry protein quantification is discussed in section
3.1.2.2.

Red fluorescent signals were observed for all different mCh_mRNA sequence variants and
increasing intensities thereof over progressing incubation time (Figure 30). Thus, efficient
mRNA translation and protein expression in cellulo was demonstrated independent of
mCh_mRNA sequence variants and modifications. Intensities of mCherry protein signals
increased over time due to repeated mRNA translation and accumulation of expressed protein.
Generally, for all different mCh_mRNA sequences, a more intense red fluorescent signal and
hence higher concentration of mCherry protein was observed in the cell nuclei. Analysis of the
mCherry protein amino acid sequence revealed a nuclear localization sequence (see section

7.7 in appendix) explaining this observation.
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Taken together, fluorescent click labeling of CP-modified mRNA in live cells was successfully
demonstrated. Even a single CP-modifications was shown to enable mRNA visualization by
fluorescence microscopy with good signal-to-noise ratios. Furthermore, double
CP-modifications allowed exceptionally strong signal intensities. UB modifications within the
3-UTR of mCh_mRNA sequences did not hinder expression of red fluorescent mCherry
protein. iEDDA click labeling can be initiated at any time point by addition of TET-FL to the cell
medium. In addition, no washing steps are needed prior to visualization or fixation. This makes

it a straightforward procedure for spatiotemporal mRNA visualization in cells.

3.1.2.2 Quantification of mRNA levels in cells by RT-qPCR and mCherry protein
amounts from cellular expression

Quantification of mMRNA levels in cells by RT-qPCR

As qualitatively shown in microscopy, the CP-modified mRNA is functional, i.e., it is translated
in transfected cells and the mRNA encoded protein is expressed. Precisely for this purpose, in
order not to affect the functionality of the mCh_mRNA with respect to protein translation, the
UB modifications were solely placed in the 3'-UTR sequences and excluded from the reporter
protein encoding sequence. Thereby, interference of the UB modifications with the cellular
translation machinery and erroneous interactions such as mutating readthroughs, truncation
or inhibition should be avoided. Optionally, additional natural base modifications of ¥ and 5mC
were installed throughout the entire mCh_mRNA sequences. These modified natural
nucleobases were randomly incorporated into both flanking UTRs as well as into the coding

sequence of the mRNA.

After mRNA and protein visualization by microscopy, in the following, cellular mRNA and
protein levels are analyzed in detail. The effects of the various modifications and their

combinations on the mRNA and protein level are investigated quantitatively.

In order to relatively quantify cellular levels of mCh_mRNA, reverse transcription coupled with
quantitative PCR (RT-gPCR) was accomplished. For this purpose, two sets of gPCR primers
and hydrolysis probes were designed. One set covered a sequence section at the 3'-end of
the mCh_mRNA sequence, the other set targeted a sequence section at an mRNA internal
position within the mCherry protein coding sequence (see Figure 33). For the 3'-end analysis,
the sequence segment was placed outside the modification sites to exclude UB modifications
for RT and thus avoid potential interference with efficient RT. By combining the mCh_mRNA
quantification results from both sets, at the internal segment and at the 3'-end, information

about mRNA stability and decay in cells can be obtained. The sample preparation procedure



44 3 Results and Discussion

was identical for all cells and independent of the fact that they were transfected with different

mCh_mRNA sequences.

5'/\/\/\/'\3' or 5'/\/\/\/&3'

3'-end internal

Figure 33. Schematic illustration for the two different sequence sections on mCh_mRNA
chosen for RT-qgPCR analysis.

After cell transfection and incubation, cells were lysed and the total cellular RNA was isolated.
Subsequently, RT was performed applying a mixture of random primers and oligo(dT) primers.
During RT, not only is mCh_mRNA reverse transcribed, but complementary DNA (cDNA) is
generated for all (m)RNAs obtained by isolation of total cellular RNA. RT is initiated at
sequence sites where either one of the random primers can hybridize to an mRNA sequence
segment complementary to it or where the oligo(dT) primers hybridize to complementary
sections within poly(A) tails. In subsequent gPCR, sections of selected target cDNA sequences
are amplified. For this purpose, pairs of specific forward and reverse primers are used for each
selected target cDNA sequence. Additionally, specific hydrolysis probes hybridize to
complementary sequence segments included in the corresponding selected target cDNA
sequences. During gPCR elongation cycles, the hydrolysis probes are degraded, producing a
fluorescence signal corresponding to the amount of templating cDNA and thus the previous
mRNA. By measuring the fluorescence signal intensities, the threshold cycle (C:) is determined

at which the amplification of the target sequence transitions to the exponential phase.

For this study, gPCR was accomplished in multiplex format, allowing simultaneous analysis of
mCh_mRNA at its 3'-end and at the internal segment, both together with the mRNA of
glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) as the chosen reference gene. Data
analysis uses the reference gene to normalize target mMRNA levels to an endogenous mRNA
that is stably expressed in all cells across transfection treatments. In this way, the AC; values
of all mCh_mRNA sequences are calculated. Then, the AAC; values are calculated by
subtracting the ACtvalue of the unmodified mCh_mRNA"" at the 6 h analysis time point, in a
sense as the control condition, from all other AC; values of different mCh_mRNA sequences
at different analysis time points. Fold changes in mCherry protein expression between cells

transfected with different mCh_mRNA sequences were then given as 224t (Figure 34).

The lengths of qPCR amplicons were analyzed by agarose gel electrophoresis (see
Figures 63-68 in appendix). Sequence identities of qPCR amplicons were additionally
confirmed by Sanger sequencing (for sequencing results see section 7.2 in appendix). For this
purpose, a sequence extension and amplification strategy was developed and carried out. All

gPCR amplicons were extended by 130 nt applying a universal adapter oligonucleotide and
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amplicon-specific splint oligonucleotides (for agarose gel analysis of the elongation process,
please see Figures 69-71 in appendix). By appending the adapter sequence and applying a
sequencing primer that hybridizes to the initial adapter sequence, the subsequent gPCR
amplicon sequences were read starting with their first bases. This procedure enabled reliable

sequencing results of the qPCR amplicon sequences using standard Sanger sequencing

technology.
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Figure 34. Results for RT-gPCR analysis of mCh_mRNA level in transfected cells at different time points.
a) Schematic illustration of experimental workflow. b) Normalized mRNA fold change obtained by RT-gPCR
analysis of mMRNA levels using the 3’-end primer/probe set. c) Normalized mRNA fold change obtained for
RT-gPCR analysis of mMRNA levels using the internal primer/probe set.

For the evaluation of transfection efficiencies between different mCh_mRNA sequences,
conclusions can be drawn from the earliest time point in analysis, 6 h post transfection start.
At this time, most of the mRNA was still in the vesicles, as analyzed by fluorescence

microscopy. Therefore, at the time point of 6 h after transfection, an assessment of the
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transfected mMRNA amounts is feasible without the possibility of parts of the mRNA being

degraded and reduced by cellular influences by then.

As seen for both analysis sets, 3'-end and internal, reduced mRNA levels of 55% and less
were found for mRNA sequences that contained the natural base modifications r¥ and r5mC
(see bars with checkered pattern in Figure 34), compared with unmodified mCh_mRNA".
These findings are consistent with those published by Kauffman et al., who also reported
reduced levels for W-modified mMRNAF®®]. |n addition, a lower amount at the earliest time point
and thus a lower transfection rate was seen for CP-modified GENAEXT mRNAs. This effect
was not as pronounced as that for natural base modifications; reduced levels of 81% and less
were detected for CP-modified mRNA sequences. Whilst a gradation was observed in which
the amounts of mRNA in cells decreased from mCh_mRNA"™ to mCh_mRNA’ " and even

further to mCh_mRNAZ?°", i.e., with increasing number of CP-modifications (see Figure 35).

Similarly, results for 3-end gPCR analysis of dual modified mMRNA sequences with additional
natural base modifications showed gradation from mCh _mRNAWT #+°mC  to
mCh_mRNA' ¢% #*3mC and even further to mCh_mRNA?CF #+5mC " j e. again with increasing
number of CP-modifications (see Figure 35). However, no reduction in cellular mRNA was
detected with canonical base mutations of mCh_mRNA’™ or mCh_mRNA?". Consequently,
as a first interim conclusion, the type of modification, the unnatural base rTPT3? or r¥- and
r5mC-modifications, seems to be crucial for this effect on reduced transfection efficiencies and
not the position, because replacement of UB modifications with the canonical rG did not show
the same effect and r¥- and r5mC-modifications were randomly included in the whole mRNA

sequence.

WT ,
WT < < < Y+5mC < W+5mC

decreased transfection efficiency

Figure 35. Decreased transfection efficiencies by different mCh_mRNA modification patterns.

In general, the cellular levels of all different mCh_mRNAs sequences progressively decreased
over time due to proceeding mRNA degradation in the cells. At later time points, the previously
discussed reduced mRNA levels for modified mMRNA sequences, rTPT3°P or r'¥ and r5mC, are
still present. However, a range of converging mRNA levels can be observed. As incubation
time progressed after transfection initiation, a convergence of cellular mRNA levels was
detected for both CP-modified sequences, mCh_mRNA' °F and mCh_mRNA?“* | in relation to
unmodified mCh_mRNA"". As an exemplary calculation, mRNA levels of mCh_mRNA? "
compared to mCh_mRNA"T increased from 51% to 60% (3'-end analysis) and 73% to 88%

(internal analysis) over time from 6 h to 48 h (see Figure 36). A possible explanation may be
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the reduced degradation and hence increased cellular mRNA stability of CP-modified
mCh_mRNAs in the transfected cells. The UB modification at the mRNA’s 3'-end probably
leads to a stalling event and thus terminate the exonucleolytic mMRNA decay process in 3'—»5’
direction by the exosomel*¢7*681 A similar convergency was found for natural base modified
mCh_mRNAYT #*mC in comparison to unmodified mCh_mRNA"T with increases of 55% to
73% (3'-end analysis) and 48% to 56% (internal analysis) (see Figure 36). Similar to the UB
modifications, the natural base modifications likely reduce mRNA decay. In addition, r¥ and
r5mC can further increase mRNA stability and reduce mRNA degradation as they have been
reported to confer resistance to RNase L cleavage and reduce stimulation of the cellular

immune System [128,129,132,167,181]

W,
WT < Y+5mC

increased mRNA stability

Figure 36. Increased mRNA stability by different mCh_mRNA modification patterns.

Since r¥ and r5mC modifications were randomly incorporated into the coding sequence and
UTRs of the mRNA sequence, impacts on reverse transcriptase activity by the modified natural
bases can be excluded. Consequently, the observed effects are not a systematic error of the
RT-gPCR assay and must originate from cell incubation. Taken together, differences in mMRNA
levels as well as converging levels of modified MRNA sequences are most likely reasoned by
differences in lipofection and stalled mRNA degradation in cells, respectively, both caused by

UB and natural base modifications.

Strikingly, the data did not show a convergence of mRNA levels between sequences with
natural base maodification and optionally additional UB modifications, e.g.,
mCh_mRNA? " ¥**mCand mCh_mRNAY" #+5mC Therefore, natural base modifications present
in the entire mMRNA sequence appeared to have a more dominant effect on slowing the mRNA
decay as compared to only single or double UB modifications positioned at the 3'-end of the
mRNA. Future studies on UB modifications and mRNA degradation could help to examine the

strength of the influence by UB incorporation.

The ratios of mRNA levels of canonical base mutated sequences, mCh_mRNA'™ or
mCh_mRNA?" to unmodified mCh_mRNA"", remained unchanged over progressing time.
Thus, consistent with the conclusion previously drawn for transfection efficiencies, the type of
modification, the unnatural base rTPT3CP, is accountable for decreased mRNA decay and not
the position. Since the rA«rG exchange, in contrast to the rA—rTPT3¢? mutation at the same

position, has no discernible difference on the course of the mRNA level, it can be excluded
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that the stabilizing effects of the UB maodifications occurred only by random selection and

mutation of a regulatory-active sequence site.

Consistent results were obtained for the second set of mMRNA sequences with a partially
replaced UTR sequence and the modification cassette shifted forward, mCh_mRNAurr > (see
Figures 82 and Figure 83 in appendix). Previously described findings on reduced transfection
rates and increased mRNA stability for CP-modified mRNAs were confirmed. Similarly, the
second set confirms the comparable transfection rates and unchanged mRNA levels over time
for canonical base mutations in contrast to their corresponding site-specific rTPT3¢P

modifications and their effect on increased mRNA stability.

Quantification of protein amounts in cells

In addition to cellular mMRNA level analysis by RT-qPCR, concurrently the amounts of mCherry
protein expressed in cellulo were measured. For this purpose, cells were transfected with
mCh_mRNAs and incubated, after which the cells were lysed and the protein-containing lysate
was isolated. The time points for cell lysis and protein isolation were set at 6, 24, and 48 h,
analogous to the previous studies. The protein solutions obtained were analyzed by
fluorescence measurements, and the amounts of mCherry protein present in the samples were
calculated applying a standard mCherry dilution series added to each measurement. In order
to obtain conclusive data on cellular protein expression, ten biologically independent
experiments were performed in two sets each, testing UB- and natural base modifications
(Figure 37) as well as the alternative 3'-UTR of mCh_mRNAurr 2 (see Figure 81 in appendix).
The mCherry protein levels from biologically independent experiments but transfections with
identical mCh_mRNA sequences were averaged (n=20). All calculated mCherry protein
amounts expressed from different mCh_mRNA sequence variants were normalized to the

expression from unmodified mCh_mRNA"" at 6 h after transfection start.

As it can be seen in Figure 37, in general, effective cellular translation and mCherry protein
expression were demonstrated for all different mCh_mRNA sequence variants. All cell lysates
from mRNA transfected cells display red fluorescent signals. Moreover, mCherry protein levels
generally increased for all mCh_mRNA sequence variants in association with longer incubation
times. This is due to repeated mRNA translation and accumulation of expressed mCherry
protein in treated cells over time. However, when comparing the expression from different
mRNA sequences and modification patterns, significant differences were ascertained. The
discovered differences in protein expression from the different mCh_mRNA sequence variants
will be discussed in the following section. To compare the expression levels of different mMRNA

sequences and modification patterns, the changes mentioned in the following section are
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always referred to the unmodified mCh_mRNA"T as standard. Overall, it was noticed that the
general trends in differences in protein expression remain mainly unchanged over longer

incubation times after cell transfection.
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Figure 37. mCherry protein quantification analysis of cells transfected with different mCh_mRNA sequence
variants at different time points. a) Schematic illustration of experimental workflow. b) Normalized mCherry protein
concentrations obtained from different mCh_mRNA sequences modifications.

First of all, as shown before in confocal microscopy, CP-modified GENAEXT mRNAs,
mCh_mRNA" " and mCh_mRNAZ?“" did not affect the translational activity. No loss or
impairment in mMRNA function was detected for double CP-modified mCh_mRNAZ?°F based on
its cellular protein expression. On the contrary, a slightly improved expression was observed
for mCh_mRNAZ?°". However, in contrast to mCh_mRNA level analysis by RT-gPCR, no
gradation of protein expression from CP-modified mRNA was observed dependent on the
number of CP modifications. While double CP-modified mCh_mRNA?“F yielded slightly
improved protein levels, the expression from single CP-modified mCh_mRNA' °F was reduced

to 69% or less.

Compared to the canonically modified sequences, i.e., same modification site only rA—rG
exchanged instead of rA«~rTPT3¢" it was the other way around. Slightly decreased
expression levels were measured for mCh_mRNA'"M whereas more reduced protein levels
were detected for double canonically mutated mCh_mRNA?"M. Analogous to the interim

conclusion for RT-gPCR, it is noted here that the change in protein level appears to be
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dependent on the type of modification, introduction of the unnatural base, rather than the

position of the modification.

A general increase in protein amounts was found for all cell samples transfected with natural
base (rW and r5mC) modified sequences. This emphasizes the impact of modified natural
bases to create high translation efficiencies for the efficacy of therapeutic mRNA applications.
Greatly improved expressions were noted for dual modified mCh _mRNA? P #+5mC gnd
mCh_mRNAZ2CP #*mC  However, the single CP-modified sequence variant of
mCh_mRNA' % #*mC showed not quite as strong an improvement as the double CP-modified
sequence variant of mCh_mRNA? P ¥**mC_This is a comparable trend to the only CP-modified
sequences. The sequence with double CP modification, with or without additional natural base

modifications, features improved expression compared to the single CP modified sequence.

Altogether, highest multiplication of expressed mCherry protein levels was detected for dual
modified mCh_mRNAZ? P #+5mC and only natural base modified mCh_mRNA"T ¥*5mC At the
earliest measured time point, 6h after transfection start, mCh_mRNAY" ¥**"C and
mCh_mRNAZ? P #*mC showed a 3-fold and 3.5-fold increase, respectively. Over time, the
multiplication decreased slightly, but the improved ratio remained as a trend. 48 h after
transfection start, 2.2-fold and 1.9-fold amounts of mCherry protein were present for
mCh_mRNAYT ¥+ and mCh_mRNA? P ¥*mC respectively.

, WT
< WT < < W+s5mC < WY+5mcC

increased protein yield

Figure 38. Increased protein yields expressed from mCh_mRNA with different modification patterns.

As an interim conclusion, double UB modification was found to increase protein yields,
whereas single UB modification did not. The type of modification, i.e., the UB rather than the
position of the modification, was crucial to observe effects in protein expression, as verified by
the PM mutation sequences. Natural base modifications generally increase protein yields. The
combination of UB and natural base modification did not exceed the protein levels expressed

from the sequence modified with natural bases only (see Figure 38).

For all different sequence variants of the mCh_mRNAurr 2 set, with partly exchanged 3-UTR
sequence and shifted modification sites, a general and strong reduction of expressed mCherry
protein was observed (see Figure 81 in appendix). Overall, the determined values and ratios
of the different modifications and sequences compared with the mCh_mRNA set differed

significantly. Consequently, UTR sequence replacement and shifting the modification section
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had a more drastic effect on protein expression levels than on mRNA transfection rates and

MRNA stability in cells.

Because the cellular processes of mMRNA translation and protein expression are complex and
influenced by multiple factors, changes in protein levels due to the use of modified mMRNA
sequences cannot be easily attributed to single causes. Multi-causal changes in the interaction
between the different MRNA variants and the cellular translational machinery are conceivable.
These can be induced by the different types of modification, i.e., UB or natural base
modification, and their quantities, as well as their interplay, which may ultimately lead to altered
MmRNA folding and structural binding interactions with translation factors. Conclusive
comparative considerations of the results from mCh_mRNA level analysis by RT-gPCR in
connection with protein levels obtained by fluorescence quantification will be discussed in the

following subsection.

Comparative considerations from mCh_mRNA level analysis by RT-qPCR in

relation to mCherry protein quantification

In the following section, the previously discussed results of mCh_mRNA level and mCherry
protein quantification will be considered together. A combined analysis is necessary because
the amount of translated and expressed reporter protein is directly dependent on the amount
of mRNA available in the cells. In order to assess the effects of different modifications in the
mCh_mRNA sequences with regard to their translation efficiency conclusively and
comprehensively, the protein amounts are to be brought into a relationship with the

corresponding mRNA levels.

Therefore, mCh_mRNA and quantified mCherry protein amounts were normalized to the
mRNA amount and expression level of unmodified mCh_mRNAY", which was set to 1 for both
measures (Figure 39). This was done for the measured values at 48 h after transfection start.
By then, the effects on cellular mMRNA degradation and accumulated cellular mCherry protein
expression are most apparent for comparison between the different mCh_mRNA sequences.
In addition, only the data from the mCh_mRNA 3'-end qPCR set were used here for the mRNA
level analysis because they more sensitively reflect 3'-5" mRNA degradation than the data of
the mRNA internal qPCR set. For analysis of the correlation of cellular mCh_mRNA and

mCherry protein amounts, protein/fmRNA ratios were calculated from the normalized values.

In the following, selected data (see Figure 39 and Table 2) from the double CP-modified and
unmodified sequences, with and without additional natural base modifications (mCh_mRNA??

and mCh_mRNA"T vs. mCh_mRNAZ?°P¥*5mC and mCh_mRNAY" ¥*m%) " will be discussed
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further. These sequences were chosen because the overall highest protein levels were

measured for them in combination with additional W- and 5mC modifications.
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Figure 39. Comparison between cellular mCh_mRNA and mCherry protein levels for selected mCh_mRNA
sequence variants. a) Schematic illustration of experimental workflow. b) Combined graph for normalized
mCh_mRNA levels as analyzed by RT-qPCR using the 3'-end primer/probe set and normalized
mCherry protein concentrations measured in transfected cells at 48 h after transfection start.

Table 2. Calculated protein/ mRNA ratios for selected mCh_mRNA sequence variants as analyzed by RT-qPCR
using the 3'-end primer/probe set and mCherry protein fluorescence quantification at 48 h after transfection start.

Sequence name Normalized Normalized Protein/mRNA
9 mRNA level protein level ratio
mCh_mRNA*T 1 1 1
mCh_mRNA?2 P 0.60 1.06 1.8
mMCh_mRNAWT. #+5mC 0.73 2.21 3.0
mMCh_mRNAZ CP. ¥+5mC 0.33 1.89 57

For double CP-modified mCh_mRNA?°F without additional natural base modifications, a
reduction in the amount of cellular mMRNA to 60% was observed. In contrast, an increase in
protein expression was detected, which slightly exceeded the expression from the unmodified

mCh_mRNAYT control sequence. Thus, although comparatively less mCh_mRNA?°F was
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present in the transfected cells, improved protein translation and expression was found,

resulting in a protein/mRNA ratio of 1.8.

In the presence of natural base modifications, a general decrease in cellular mCh_mRNA
levels was detected by RT-qPCR. For mCh_mRNAY" ¥*"C 3 decrease to 73% was observed,
whereas for dual modified mCh_mRNAZ2 P #*5mC  the most drastic decrease to only 33% of
cellular mRNA was found. However, protein quantification for mCh_mRNA"T #+*mC and
mCh_mRNA2? P #*9mC revealed 2.2-fold and 1.9-fold increased mCherry protein levels,
respectively. All ratios mentioned referred to the unmodified mCh_mRNA"T control sequence.
This observation is made abundantly clear by calculated protein/mRNA ratios of 3.0 for

mCh_mRNAY" #**mC and even 5.7 for mCh_mRNA? % #+5mC

Hereby, it has been conclusively shown that mCh_mRNA sequences carrying unnatural or
natural base modifications significantly enhance cellular translation and expression of the
encoded mCherry protein. The combination of both modifications in mCh_mRNA? ¢ #+5mc
resulted in a synergistic effect and thus the strongest protein/mRNA ratio of 5.7 in comparison
to all the different mCh_mRNA sequence variants investigated in this study. By comparing
RT-gPCR and protein quantification results, it was demonstrated that the dual modified
mCh_mRNA? " ¥*mC sequence was not only able to counterbalance the reduced mRNA
levels, but even outperformed them with an exceedingly strong increase in protein expression.
Hence, it was proven that the UB modifications can be incorporated into non-coding regions
of mMRNA sequences without negatively affecting the mRNA’s biological function and
translational activity. On the contrary, it was shown that the UB modifications positively

influence cellular translation efficiency (see Figure 40).

WT ,
WT < < PY+5mC <« Y+5mC

increased translation efficiency

Figure 40. Increased translation efficiencies by different mCh_mRNA modification patterns.

It has been repeatedly shown that incorporation of natural base modifications into an mRNA
sequence resulted in increased translation efficiency both in vitro and in vivo.l'32135369.3701 5o
far, there is no definite explanation for this, but there are several explanatory approaches. One
of them is an altered and enhanced interaction between modified mRNA and ribosomes during
the translation process, leading to polysome formation, ribosome recycling or ribosome

pausing.
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Accompanied by increased protein expression from natural base modified mRNA, Sonenberg
and coworkers found an increased formation of polysomes, which they explained by increased
translation initiation and promoted ribosome recycling.?'”! In addition, polysome formation and
growth were associated with decreased translation elongation rates and increased ribosome
pausing.?'l Ribosome pausing can have a substantial effect on the folding of nascent
polypeptide chains,®’" as intensified ribosome pausing enhances sequential folding of the
growing peptide chain®"? and thus the adoption of its correctly folded state. The modifications
described in this study suggest an analogy. Modifications such as r¥ and r5mC incorporated
into the mRNA likely increase protein expression through polysome formation and polysome
growth, and the amount of correctly folded protein by ribosome pausing. Unnatural base
modifications at the 3'-end of the mRNA may additionally contribute to this and explain the

outstanding protein/mRNA ratio of twofold modified mCh_mRNA? ¢F: #+5m¢

Furthermore, Romano and coworkers showed that efficient ribosome recycling induces optimal
translation rates.®”3! According to the so-called ‘closed-loop’ model, interactions between the
two ends of an mRNA strand can promote repeated translation of one and the same mRNA by
repeatedly recycling terminating ribosomes back onto the same mRNA.B3 An altered mRNA
sequence and secondary structure induced by the incorporated natural and unnatural base
modifications could enhance interactions with cellular recycling factors that stabilize the mRNA
loop formation and thus promote multiple translation. This is further supported by the increased
stability of r¥-modified MRNA secondary structure due to enhanced H-bond formation374-37¢1,
which possibly results in altered dynamics of translating ribosomes.B7”*’¢1 Moreover, UB
modifications near the 3"-end of the mRNA can likely contribute to enhanced binding and loop
formation because their different chemical structure allows for additional hydrophobic binding
interactions specifically at the 3'-end of the mRNA strand. The strong increase in protein
translation from dual modified mCh_mRNA? " ¥*"C (see Figure 39 and Table 2) can be
explained hypothesizing that interactions of the UB modifications at the end of the 3'-UTR led

to intensified loop formation, increased ribosome recycling and multiplied rounds of translation.

Besides altered mRNA-ribosome interactions, natural and unnatural base modifications may
additionally affect translation regulation. This can occur either by increased translation
activation or, conversely, by decreased translational repression. For formation of translationally
active complexes as a part of gene expression, RNA-binding proteins (RBPs) represent
connecting elements. RBPs bind to 3-UTR cis-elements of the mRNA, in a sequence- and
structure-dependent manner, to then mediate 3-UTR function by recruiting effector
proteins.B®™ Incorporation of natural and unnatural base modifications most likely results in
altered mRNA and 3'-UTR structures!'®':374-3761 that may increase the availability for RBP

binding and thus translation activation. In addition, enhanced chemical diversity of incorporated
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UB modifications located specifically in the 3-UTR may allow for new binding interactions,
hence promoting the formation of translationally active complexes.

While natural and unnatural base modifications included in the mRNA can enable the formation
of new binding modes, they may in turn prevent others. In addition to previously described
effects on ribosomal translation dynamics, natural base modifications were also shown to
attenuate phosphorylation signals and reduce translational repression!'322'71, During viral
infection, RNA-dependent protein kinase (PKR) binds to exogenous RNA and then
phosphorylates translation initiation factor 2, resulting in translational repression.[8381
However, reduced recognition and binding to PKR was observed for W-modified mRNAs,
which ultimately improved translation.['*? This fits well with the observed increase in
mRNA/protein ratios for natural base modified mCh_mRNA sequences, both with or without
additional UB-modifications (see Figure 39 and Table 2). Besides PKR signaling, miRNAs
represent another class of post-transcriptional regulators. Single-stranded miRNAs target the
3'-UTR and are a critical component of the effector ribonucleoprotein complexes RISC.[19:382]
RISC-mediated translational repression is guided by binding of the miRNA to complementary
sequence sections in the 3-UTR of mRNAs!''®38] and can be divided into three steps:
(i) site-specific cleavage, (ii) enhanced mRNA degradation and (iii) translation inhibition.83l
The first step, also known as RNA interference (RNAI), requires a perfect or near-perfect match
of miRNA and target sequence.® Natural base modifications may prevent miRNA binding by
altering the secondary structure of the modified mRNA due to enhanced thermodynamic
stabiltiest®"®], resulting in inhibition of RNAi and translational repression. In particular, unnatural
base modifications at the end of the 3'-UTR likely interfere with imperfect miRNA binding due
to their hydrophobic character, which prevents incorrect base pairing with the canonical bases
of miRNA and thus prevents RNAIi and translation inhibition. Moreover, miRNA-binding sites
located at the end of the 3'-UTR were reported to mediate a stronger repression compared to
other sites.?7®382] This could be a reason for the exceptionally high mRNA/protein ratio of dual
modified mCh_mRNAZ? P ¥*mC a5 the UB modifications at the end of the 3-UTR can explain
a significant reduction in potent miRNA-RISC-mediated translational repression. Over and
above, since miRNA-mediated translational repression is a pre-requisite and directly linked to
degradation of the target mRNA 1193831 gyvoidance of miRNA translational repression also
supports the increased stability of UB-modified mCh_mRNA sequences, as it was observed in
the analysis of RT-qPCR data.

Future research will be required to conclusively answer the question of what specific
mechanisms lead to both the increased mRNA stability in cells and the increased cellular

mRNA translation and protein expression from the differently modified mRNA sequences.
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3.1.2.3 Cell viability analysis in the course of mRNA transfection and live-cell
click reactions

In order to assess cell health over time, after mRNA transfection and during live-cell click
labeling, a non-lytic and bioluminescent cell viability assay was performed. In anticipation of
future developments, such as in vivo applications, influences of the applied method on cell
health should be obtained. The assay used is based on the reducing potential of viable cells.
For this purpose, a substrate is supplied to the cells, the degradation of which in viable cells
leads to the generation of a luminescence signal and enables constant measurements. The
luminescence measured in the assay is not affected by the production of red or green

fluorescence signals resulting from mCherry expression or click-labeled mCh_mRNA.

The measurement time of the assay started with the medium change, 6 h after cell transfection
and was intended to cover the effects of cell transfection as well as the subsequent incubation
period with opening of the vesicles and cellular mRNA translation. Also, the addition of TET-FL
and the effect of live-cell click labeling of mMRNA should be observed. Initial experiments were
performed to measure the maximum time period in which the necessary linearity of the viability
assay remained guaranteed (see section 7.6.2 in appendix). A period of approximately 30 h
was determined. With reverence to the maximum assay measurement period, TET-FL was
added to the cells 24 h after transfection start. As shown in the microscopy analysis, the lipid
vesicles were open at this time and the mRNA was distributed in the cells, so that live-cell click

labeling at 24 h post-transfection additionally allowed to evaluate the follow-up time.

The luminescence values measured over time of cells transfected with different mCh_mRNA
sequences and control samples are presented in Figure 41. Since luminescence directly
reflects the cellular reducing potential and thus viability, conclusion can be drawn from the

measured luminescence values without conversions.

As previously reported, cell transfection by lipofection negatively affects cell viability because
the commonly used cationic lipids can trigger pro-inflammatory immune responses and lead
to systemic toxicities®8+3851. Accordingly, slightly reduced luminescence signals were observed
for all cells transfected with different mCh_mRNA sequence variants compared to the
untreated cells control sample. As noted for the H->O transfection control sample, cells treated
with lipofection reagent but without mMRNA encapsulated in it, also showed a reduction in
measured cell viability, but to a lesser extent. Incorporation of natural base modifications into
the mRNA sequences resulted in increased cell viability for cells transfected with these mMRNA

sequences.
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Figure 41. Cell viability evaluation of mCh_mRNA transfection and live-cell click labeling. a) Schematic illustration
of experimental workflow. b) Measured luminescence over time reflecting the cell viability of cells transfected with
mCh_mRNA sequence variants and control samples.

Incorporation of natural base modifications has repeatedly been shown to decrease the
immunogenicity of synthetic RNAg!28.130.131.134.167.369 gnd jt was therefore anticipated that
incorporation of ¥ and 5mC into mCh_mRNA sequences result in a positive effect on cell
health. In case of infectious diseases, the innate immune system can be activated by
recognition of potentially pathogen-associated RNA.I'?¢! Immune responses leading to RNA
degradation, but also cell inflammation and eventually apoptosis can arise. Cytosolic receptors
such as retinoic acid inducible gene | (RIG-I) and membrane-bound pattern recognition
receptors expressed on dendritic cells (DCs) and macrophages such as Toll-like receptors
(TLRs) recognize and bind nucleic acids.['?8'6] Among these, TLR3, TLR7 and TLR8 were
found to be stimulated by unmodified in vitro transcribed RNA, however RNAs including natural
base modifications did not affect stimulation.['*"34 Human DCs exposed to the same
unmodified RNA secreted high levels of pro-inflammatory cytokines, whereas natural base
modified sequences did not elicit cytokine secretion.'":13 Moreover, when testing various
base modifications for suppression of RIG-I, it was suggested that, among other modified
bases, r¥ and r5mC can individually suppress RIG-1.1'71 For r¥-modified RNAs, it was also
shown that RIG-I could bind to them but cannot induce conformational changes associated
with RIG-I-activation.'"”) With respect to cell viability, complete substitution of 5mC and W for
C and U, respectively, resulted in the most significant improvement, outperforming the effects

of single substitutions of only one of the two modified natural bases.%
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Accordingly, higher luminescence signals were found for all mCh_mRNA sequence variants
that contained r¥ and r5mC modifications. The highest values for transfected cells were seen
for single CP-modified mCh_mRNA' ¢ #+°mC and unmodified mCh_mRNAY" ¥*3"C poth with
additional natural base modifications. These findings clearly demonstrate the positive impact
of natural base modifications incorporated in the mRNA sequences on the transfected cells

and emphasize the importance of natural base modifications for medical mMRNA applications.

In addition, it was efficiently shown that UB modifications did not negatively affect cell viability,
but could not additionally improve it. The viability values of cells transfected with UB-modified
mCh_mRNA sequences are at least in the same range as those of unmodified mCh_mRNA
sequence controls and canonical base mutated sequences. However, best results in terms of
cell viability were observed for cells treated with UB-modified mCh_mRNA sequences that
additionally included natural base modifications. Furthermore, it was found that addition of
TET-FL did not impair cell viability either. At 1 h after addition of TET-FL to the cells, only a
comparably small decrease in luminescence was detected for all samples. Subsequently, an
increase in luminescence was observed for all samples. However, the lysed cell control, with
alternative addition of Triton X-100 instead of TET-FL, displayed a remarkably strong decrease
in measured luminescence and thus in cell viability 1 h after addition. In contrast to the
transfected cell samples with addition of TET-FL, the luminescence of the lysed cell control

continued to decrease sharply 2 h after addition.

In summary, the presented method for mRNA transfection of cells and subsequent live-cell
click labeling by addition of TET-FL was shown to be well feasible in terms of cell viability.
Transfected cells generally displayed reduced viability which is mostly assigned to lipofection
and induced cellular stress responses thereof. In comparison of the mRNA cargo, UB
modifications included in the mRNA did not affect cell viability. Incorporated natural base
modifications of W and 5mC proved to be beneficial for cell health, as they generally increased
the cell viability. mRNA sequences with combinations of natural and unnatural base
modifications can be used as efficiently in the context of the conditions tested here, as they

have a comparable small impact on cell viability as only natural base modified sequences.
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3.2 Xist IncRNA A-repeat region for EPR structure elucidation
employing site-specific RNA spin labeling

Studies on regulatory, ncRNAs with several hundred nucleotides in length, some of which may
have additional complex foldings, have received increasing attention in recent years.
Addressing this task, EPR spectroscopy allows for investigation on structural dynamics and
folding of such RNAs.[42344.347.3%5386-389]  Jsing pulsed EPR techniques such as
PELDORE®391 " intermolecular distances between two spin labels positioned in an RNA
sequence of interest are measured[+3:34%:346.391-403] Therefore, specific spin label modifications
must first be introduced into the RNA strand site-specifically. The use of functionalized UBs
and GENAEXT for SDSL represents an alternative application of the previously introduced
modular labeling system. With the help of an expanded genetic alphabet, information can be
obtained not only for RNA visualization but also for structural investigation. In addition, the
approach presented in the following demonstrates that this method of precise RNA
modification can go hand in hand with computational studies, in this case for structure

prediction.

Utilizing an expanded genetic alphabet for this purpose, common labeling limitations can be
overcome and advantages of GENAEXT can be exploited. In the following, features of the
GENAEXT approach using spin label modified unnatural nucleotides are comparatively
highlighted. Co-transcriptional introduction of spin label modifications represents a fast and
facile production of modified RNA. Direct incorporation of spin label modified unnatural
nucleotides during in vitro transcription reduces preparation steps is preferred over solid phase
RNA synthesis and additional post-transcriptional labeling reactions for the following reasons.
For the RNA in general, limitations arise, first, due to the length constraints of solid phase
synthesist® and, second, due to the lower overall yield associated with an increasing number
of preparation steps. With regard to the spin labels, both their integrity and quantity may be
compromised, firstly due to the harsh reaction conditions during solid-phase synthesis leading
to partial reduction of the nitroxides,“** and secondly due to less efficient post-transcriptional
labeling caused by limited accessibility of modification sites in folded RNAM54%¢1 However,
with enzymatic in vitro preparation, there are no length limitations and no subsequent steps
are necessary due to direct incorporation. Co-transcriptional labeling proceeds under mild
conditions and without being influenced by subsequent folding. Furthermore, as a key feature
of GENAEXT, site-specificity enables a high accuracy for subsequent distance measurements,
which is mandatory for the PELDOR experiment. Overall, the development of an in vitro
protocol for direct and site-specific spin labeling of long and complexly folded RNA is of great

benefit for EPR structure elucidation studies of additional RNA sequences.
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For co-transcriptional and site-directed spin labeling applying the GENAEXT approach, the
A-repeat region of the mouse Xist IncRNA was selected. Structural investigations on the Xist

A-repeat region are highly desirable, as its structure has not been clearly elucidated to date.

The acronym Xist stands for X inactive specific transcript. Xist is accountable for
X chromosome inactivation in female mammals and acts as a molecular scaffold for protein
factor recruitment.®%”! Mouse Xist RNA consists of six conserved regions of tandem repeats,
designated A trough F.[408409 Xijst repeat regions are conserved in mammalian vertebrates and
thus also in humans.“’l Corresponding to the repeat regions found in mouse Xist RNA,
conserved equivalents are found in human Xist RNA, but they differ considerably in copy
number of the repeats.**”] However, the Xist A-repeat region represents an exception, as it is
conserved from mouse to human, based on copy number and consensus sequence.“"l |n
addition, the Xist A-repeat region is thought to be an important mediator of early gene
silencing.[*®419 |t is further hypothesized that the structure of the repeats, rather than the
sequence, is critical for silencing.*%® For this reason, it is of great interest to further investigate

the structure and folding of Xist A-repeat region RNA.

5 3 5 3 53

Figure 42. Different models for folding of the mouse Xist RNA A-repeat region. a) Structure model proposed
by Fang et al.*'" with highlighted duplex structure. b) Structure model proposed by Liu et al.#'3],
c-d) Structure models proposed by Maenner et al.#'2,

To date, different models have been proposed for the mouse A-repeat of Xist RNA
(Figure 42)1407:411-413] _ Of these, the model by Fang et al.*'" using Targeted Structure-Seq, a

method combining in vivo DMS chemical probing with next-generation sequencing, assumes
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a duplex formation between the 5'- and 3'-ends of the Xist A-repeat region™*'"! which is

investigated in the following (Figure 42 a, duplex structure is highlighted).

3.2.1 Preparation of site-specific UBP modified Xist DNA templates and
nitroxide spin-labeled Xist RNA

In order to prepare site-specifically spin-labeled RNA, the pyrroline nitroxyl spin label
functionalized unnatural nucleoside triphosphate rTPT3NC 414 (Figure 43) was used.
rTPT3NC TP was developed and synthesized by Dr. C. Domnick. In previous work, site-specific
spin labeling using rTPT3N® TP was performed on short self-complementary RNA duplexes

and the self-cleaving gimS ribozyme.[90:414:415]
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Figure 43. Chemical structure of the unnatural nucleoside triphosphate rTPT3NC
developed and synthesized by Dr. C. Domnick.[*4

For EPR structure analysis of the Xist A-repeat region, a 377 nt long RNA sequence section
was taken from the 426 nt long Xist A-repeat region. The selected sequence section from T366
to T740 of the Xist gene exon 1 was shortened compared to the full-length A-repeat region for
two reasons. For the introduction of spin labels, the modifications sites had to be close to the
3'- and 5"-ends of the strand, because the templating modification sites in the precursor DNA
were to be introduced via UB-modified PCR primers. Therefore, short 3'- and 5'-terminal
sequence parts were truncated, which originally extended the proposed duplex structure by
Fang et al. between the 5'- and 3'-ends beyond“!"l. For this purpose, two different truncation
sites at the 3"-end were devised (see Figure 44, on the left, truncation sites are indicated). The
first and longer sequence of 391 nt included an additional predicted hairpin structure at the
3-end. In the second, slightly shorter sequence of 377 nt, this hairpin structure was also
truncated. For the first and longer sequence, computational structure predictions performed
with mfold’® revealed a more stable alternative folding in which the two ends of the sequence
no longer formed a common duplex structure (Figure 44, on the right). For the second, shorter
sequence, the mfold structure prediction showed much greater agreement with the structure

proposed by Fang et al.'. Moreover, the mfold structure calculation also indicated the
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formation of the duplex postulated by Fang et al.*'"l. (Figure 44, center). Therefore, the shorter,

377 nt long sequence was chosen for this study.

COOMCOHOrCcOOr>
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Fang et al. 2015 UA

Figure 44. Structure predictions of truncated Xist A-repeat region RNA sequences. a) Structure of Xist A-repeat
as proposed by Fang et al.*'" with indicated truncation sites for different Xist sequence constructs. b) Structure
prediction for shorter Xist sequence including the duplex structure proposed by Fang et al.*'"l, ¢) Structure
prediction for longer Xist sequence showing an alternative folding and disruption of the duplex sequence sections.

Two different spin labeling constructs of the 377 nt long Xist A-repeat region RNA sequence
section were designed to test the validity of the proposed folding by Fang et al.*'"l. Therefore,
labeling positions were placed on both sides of the postulated duplex formed from the two
sequence ends (see Figure 45). Xist RNA?N°_5 3 includes one spin label at each of the
3'- and 5-ends of the RNA sequence, giving the two labels a 363 nt distance from each other.
Upon duplex formation, the two labeled ends of Xist RNA?N° 5 3 come in close proximity and
span the length of the duplex from both sides. In addition, Xist RNA?N°_3 3 was prepared
bearing two spin labels at the RNA'’s 3'-end, where the two labels are 11 nt apart. This covers

the distance of the proposed duplex on one side from one end to the other.
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Figure 45. Xist A-repeat region folding as proposed by Fang et al.*'"l showing the selected spin labeling
positions and the resulting inter-label distances of Xist RNA2NC_3 3 or Xist RNA?NO_5 3,
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In contrast, in almost all other structures of the Xist A-repeat region proposed by
Maenner et al.*'? or Liu et al.l*'¥], the two sequence ends and, accordingly, the two spin labels
of Xist RNA?N° 5 3 are not in a short spatial proximity to each other (see Figure 46 a, b
and d). A distinctly longer inter-label distance for the 3'- and 5'-label modifications may be
stabilized by a hairpin-like structure in one of the proposed models by Maenner et al.l*'? (see
Figure 46 c).
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Figure 46. Alternative proposed structures of Xist A-repeat region with amplified substructures showing the
spin label positions of Xist RNA2N°_3 3 or Xist RNA2NO_5 3. a)-c) Structures proposed by Maenner et al.*12l,
d) Structure proposed by Liu et al.#13],

For the double spin label modifications at the 3'-end in Xist RNA2N°_3 3, there are several
other proposed structures besides the assumed duplex structure by Fang et al.*'"l in which
the 11 nt long 3'-3"-inter-label distance can be stabilized. All three different structure models
proposed by Maenner et all*'? (Figure 46 a-c) hold possible stabilizations of the 3'-3'-
inter-label distance by hairpin-like structures. Thus, measurable inter-label distances in a

similar distance range compared to the duplex by Fang et al.*'"l are conceivable for these.



64 3 Results and Discussion

Only for the structure model proposed by Liu et al.*'® comparable inter-label distances should
not be measurable for both Xist RNA2N°_5 3 and Xist RNA?N°_3 3, either due to too large

distances or too much flexibility in spacing (see Figure 46 d).

In order to build up spin-labeled RNA sequences of the Xist A-repeat region for structural
studies by PELDOR, UBP-modified Xist DNA is first prepared, which is then used as a
template for the preparation of Xist RNA in subsequent in vitro transcription. An example
illustration of the production of Xist DNA2Y8F 5 3 and Xist RNA?N°_5 3 by six-letter PCR
followed by GENAEXT is shown in Figure 47.

For preparation of templating DNA strands bearing site-specific UBP modifications, the mouse
Xist A-repeat region sequence was amplified from the pCMV-Xist-PA plasmid in a six-letter
PCR. UBP modifications were site-specifically introduced into the amplified DNA by use of
UB-modified forward and reverse primers. Sites for UB point mutations primers were placed
at A:T base pairing positions within the original sequence. The A:T base pairing positions, in
contrast to G:C base pairing positions, were selected with the aim of exerting less influence on
the secondary structure when a double rather than a triple base pair hydrogen bond is
disrupted. For the preparation of Xist DNA?Y8° 3 3, a double dNaM-modified reverse primer
was used in the PCR reaction mix together with dTPT3 and dNaM TPs. For
Xist DNA?Y8P 53, a single dNaM-modified reverse primer was used in the PCR reaction mix
and combined with a single d5SICS-modified forward primer and the dTPT3 and dNaM TPs.

T7 promotor overhang
+ :
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i : ir NV
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6-letter Y by A-repeat
PCR jod GENAEXT region :
| =———= Y —_— 377 nt N
0 regio dNTPs, & rNTPs, Q
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dNaM TP, & dNaM T7RNAPol. [ " I '
dNaM:dA 4 OneTaq® R / 543
mismatch & DNA Pol. '

Figure 47. Preparation of UB-modified Xist_ DNA by six-letter PCR amplification and subsequent preparation of
spin label modified Xist_ RNA by GENAEXT for inter-spin distance measurements by PELDOR.

A d5SICS-modified forward primer had to be used instead of a dTPT3-modified forward primer,
since no dTPT3 cyanoethyl phosphoramidite (CEP) was available for solid phase synthesis of
dTPT3-modified DNA primers. Instead, the commercially available d5SICS CEP was
purchased and given to the commercial manufacturer to be used in primer synthesis. As the

d5SICS unnatural base also pairs with dNaM"®! and represents the previously designed UBP
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before this was optimized to the dTPT3:dNaM UBP, d5SICS-modified primers can be used
together with dTPT3 TP and dNaM TP in a six-letter PCR reaction mix.

After PCR amplification, UBP-modified double stranded DNAs are obtained for both Xist
sequences. Xist DNA?Y8F 5 3includes two UBP modifications, one at its 3-end and the other
at its 5-end. The templating strand of Xist DNA2?Y8” 5 3 carries two dNaM UBs, whereas the
counter strand comprises a mixture of d5SICS and dTPT3 (see Figure 47). During subsequent
T7 IVT, only the templating dNaM-modified DNA strand is read, incorporating spin label
modified rTPT3NC TPs into the nascent RNA opposite dNaM. Therefore, the mixture of d5SICS
and dTPT3 in Xist DNA?Y5 5 3 does not affect the subsequent RNA preparation.

For Xist DNA?Y8° 3 3, it is simpler. Xist DNA?Y8° 3 3 contains two dNaM:dTPT3 UBP

modifications, both located at the same end of the DNA double strand.

In addition to the UBP maodifications in the two Xist DNAs, 2'-O-methyl modifications were
included for the last two nucleotides at the 5-end of the templating DNA strand. This was done

to prevent untemplated rTPT3NC incorporation during subsequent VT .10

For both Xist sequences, Xist DNA2Y8° 5 3 and Xist DNA?Y8” 3 3, PCR products were
yielded with good yields and high specificity (see Figure 48).

Xist_DNAZU8*_5 3 Xist_DNAZU8"_3 3

400 bp—

Figure 48. Agarose gel of PCR products of Xist DNA2YB” 5 3 and Xist DNA?YBP 3 3.

Subsequent GENAEXT reactions utilizing rTPT3N® TP and the previously prepared templating
DNA sequences yielded the two different Xist A-repeat region RNA sequence constructs
Xist RNA?N° 3 3and Xist RNA?N° 5 3. In order to obtain sufficient amounts of spin-labeled
RNA, multiple IVT reactions had to be accomplished for each sequence construct. The
transcribed RNA from multiple IVT reaction was combined and purified by preparative gel
electrophoresis (see Figure 49).
Xist_RNAZNO
M 53 3.3

300 nt — [

Figure 49. Agarose gel of Xist RNA2NC 5 3 and Xist RNA?NC_3 3 yielded by GENAEXT.
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3.2.2 cw-EPR and PELDOR distance measurements of the spin-labeled
Xist IncRNA A-repeat region

In the following section, EPR measurements of the two different Xist A-repeat region RNA
sequence constructs Xist RNA2N° 3 3 and Xist RNA?"° 5 3 are presented and discussed.
EPR experiments (cw-EPR, PELDOR) and data processing were performed by
Dr. Christine Wuebben as part of a collaboration project with the research group of

Prof. Dr. Olav Schiemann at the University of Bonn.

In addition, molecular dynamics (MD) simulations were performed and will be used to compare
the distance information obtained with calculated structural information. MD simulations were
performed by Prof. Dr. Stephanie Kath-Schorr. For this, a model duplex structure, which
mimics the stem structure duplex formed by the 3'- and 5"-ends of the Xist A-repeat region as
proposed by Fang et al*’" was constructed based on A-form RNA (for representative
snapshots see Figure 50). All-atom MD simulations were accomplished in explicit solvent
(TIP3P water model) using the GROMACS*17420 software package in combination with the
CHARMM3612'-4231 force field. MD calculations were performed at 300 K with restrains on
H-bonds or without restrains (except bond lengths). MD trajectories were calculated for
Xist RNA?N° 3 3 first with restrains on all base pairs for 50 ns, followed by 1 ms without
restrains. For Xist RNA’"° 5 3, MD trajectories were calculated with restrains on all base

pairs for 1 ms.
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Figure 50. Representative snapshots (cluster analysis) of 1 ms MD simulation of the Xist_RNA duplex structures
together with schematic illustrations for their label positions and inter-label distances.
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cw-EPR measurements of the Xist IncRNA A-repeat region

Spin label mobility and spin labeling efficiency of the two different Xist A-repeat region RNA
sequence constructs Xist RNA?2N° 3 3 and Xist RNA?"° 5 3 were validated by cw-EPR
spectroscopic analysis (Fig. 51) The obtained cw-EPR spectra showed an immobilized
nitroxide signal, demonstrating the successful incorporation of spin labels into the RNA
sequence constructs. Spin counting was performed by integration of the cw-EPR signal peaks.
The comparison of the determined spin concentration and the concentration of Xist RNA
calculated from Ao absorbance, showed spin labeling efficiencies of 44% for
Xist RNA?N° 3 3 and 76% for Xist RNA2N°_5 3.

3350 3400 3450 3500 3350 3400 3450 3500
Magnetic field (G) Magnetic field (G)

Figure 51. cw-EPR spectra for Xist RNA2NC_3 3 and Xist RNA2NC 5 3
with integrated signal peaks for spin counting.

PELDOR distance measurements of the Xist IncRNA A-repeat region

PELDOR experiments and data evaluations for both Xist A-repeat region RNA sequence
constructs, Xist RNA?"° 3 3 and Xist RNA?N°_5 3, yielded PELDOR time traces and

inter-nitroxide (N-N) distance distributions (see Figure 52).

For the PELDOR time trace of Xist RNA?"° 3 3 (Figure 52 a, top row), a modulation depth
of 12% was attained which corresponds the previously calculated labeling efficiency. The
PELDOR-derived distance distribution peaks at 3.8 nm and overlaps exceedingly well with the
peak of the 1 ys MD simulation at 3.9 nm (Figure 52 b, top row). The well-overlapping
distances from the PELDOR-derived distance distribution and the MD simulations support the
duplex structure proposed by Fang et al*’". However, because both spin markers are
positioned at the 3'-end of the RNA sequence covering an intra-strand distance of 11 nt
between them, the duplex structure proposed by Fang et al.*’" is not the only structure for
which strand-stabilizing folding would explain the resulting distance. Similar distances for the
Xist RNA?N° 3 3 spin labelled construct can be predicted for alternative stabilizing sequence

folds by Maenner et al.*'? (see above). Coexistence of different folds with similar intra-strand



68 3 Results and Discussion

N-N distances explain the increased width of the obtained PELDOR distance peak. Since the
superposition of several similar distances would lead to a broadening of the peak,
heterogeneous folding of the Xist-A repeat region RNA sequence can be inferred. In addition
to the assumed duplex formation of Fang et al®'l, the three structural models of

Maenner et al.*'? with similar 3'-3'-N-N distances (see Figure 46 a-c) are also conceivable.
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Figure 52. PELDOR derived distances for Xist RNA?N°_3 3 and Xist RNA2NC 5 3. a) Background-corrected
PELDOR time traces. b) Inter-label distance distributions (curves) overlaid with predicted N-N distance
distributions (shadings) by MD simulations. ¢) Schematic illustrations of Xist_ RNA duplex structures with label
positions and inter-label distances.

The second Xist RNA2N° 5 3 sequence construct was specifically designed to test the
validity of the duplex structure proposed by Fang et al.”*'". Only when the spin-labeled 3'- and
5'-ends of the RNA strand are in close proximity, a PELDOR-derived distance distribution
should be obtained for the inter-strand 5-3-N-N distance. In almost all other proposed
structures of the Xist A-repeat region sequence, the 3'- and 5'-ends of the RNA strand do not
interact with each other, and the two spin labels would be positioned far apart (see above and
see Figure 46 a, b and d). Only a distinctly longer inter-strand 5-3'-N-N distance is founded by
one of the three structure proposals by Maenner et al.l*'! (see above and see Figure 46 c).

In addition, and in contrast to the previously described Xist. RNA?N° 3 3 sequence construct,
the two spin labels are no longer positioned on the same site of the duplex with a short
intra-strand distance. Instead, the spin-labeled 3'- and 5'-ends span the length of the proposed
duplex from both sides. For this reason, no alternative stabilizing folding of only one of the two

RNA strand ends should result in a stable and comparably short distance.
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In the obtained PELDOR time trace for Xist RNA?N° 5 3, only a relatively low modulation
depth of 4% is observed (see Figure 52 a, bottom row). The PELDOR-derived distance
distribution for the Xist. RNA?"° 5 _3indicates three different distances peaking at 2.2, 4.3 and
6.0 nm (see Figure 52 b, bottom row). The middle-distance peak at 4.3 nm perfectly overlaps
with the MD calculated distance peak at 4.3 nm for the model duplex. Thus, duplex formation
of the spin-labeled 3'- and 5'-ends of the RNA strand can be confirmed and the structure model

by Fang et al.*'"l is the most valid one explaining the 4.3 nm distance.

In addition, the distance peak for 4.3 nm is much sharper and narrower compared to the
broadened signal of the former discussed Xist RNA2N°_ 3 3. This suggests that the 4.3 nm
distance of Xist RNA2N° 5 3 is formed by only one and not multiple similar structures.
However, there are two other sharp signal peaks, for a shorter and a longer 3'-5'-N-N distance
of 2.2 nm and 6.0 nm, respectively. Together with the 5- and 3-end inter-strand duplex
postulated by Fang et al.*’", there appear to be at least two, and probably more, structural
folds forming a heterogeneous mixture. This is further supported by the low modulation depth
of Xist RNA2N°_5_3, which contrasts with the previously mentioned good labeling efficiency
(see above). In the presence of alternative folds, longer 3-5-N-N distances can arise,
contributing to the intermolecular PELDOR background. These long distances are removed

during data processing and thus reduce the signal modulation depth.

At this stage, the two additional distances at 2.2 and 6.0 nm cannot be conclusively clarified
and assigned to structural proposals for the Xist A-repeat region. One of the previously
discussed structural models proposed by Maenner et al.#'3 for the Xist A-repeat region
(Figure 46 c) could explain both an alternative duplex formation of the 5'- and 3'-ends and the
creation of a longer inter-spin distance. However, this structure and the resulting distance have
not been calculated or verified with MD simulations. Consistent with the results for
Xist RNA?N° 3 3, the measurement for Xist RNA?"° 5 3 also suggests heterogeneous

folding of the Xist A repeat region.

With the obtained PELDOR-derived distance distributions for the two Xist A-repeat region RNA
constructs, direct and site-specific spin labeling of a large RNA was successfully
demonstrated. Furthermore, it was effectively shown that complex folded RNA structures such
as the Xist A-repeat region can be addressed using this method and that nitroxide-modified
rTPT3NC can be used to introduce the spin labels site-specifically and with good yields. The
presented approach of a nanometer-range ruler measuring distances in large and highly
structured RNA represents a powerful instrument for the toolbox of structural RNA research.
In the future, the presented approach can also be used to elucidate RNA structures that are

difficult to access applying alternative methods such as crystallization.
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Likewise, the applied method shows excellent agreement with structural MD-calculations and
illustrates how well the combination of site-specific labeling via GENAEXT and in silico

predictions can go hand in hand.

To date, this approach of site-directed spin labeling has been limited to structures under
solution conditions. Since the nitroxide spin label linked to the UB is not stable in the cellular
environment, alternative and more stable spin label conjugates need to be developed for in-cell
applications. With the help of these, the promising tool of the nanometer-range ruler may find

additional future application in the structural elucidation of complex RNAs in cells.
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4 Conclusion and Outlook

Visualization and analysis of structure and function provide a deeper understanding of how
RNA works. Since properties of functional biomolecules such as RNA are often influenced by
multiple factors, it is important for an in-depth analysis to examine not only a single parameter
but several parameters coherently and to consider their interplay. Adapted to these needs, the
development of tools and methods for RNA visualization and investigations on structure and
function will be of great interest for future research. In this regard, functionalized unnatural
nucleotides as part of an expanded genetic alphabet enable new and promising possibilities

for advanced RNA research and help to analyze multiple RNA characteristics simultaneously.

In this thesis, various unnatural base (UB)-modified RNA sequences were produced by genetic
alphabet expansion transcription (GENAEXT) site-specifically installing functionalized UB
nucleoside triphosphates. Efficient preparation and UB-incorporation were demonstrated, also
several follow-up applications for UB-modified RNA sequences were presented. This was done
for two different types of RNA, first for mCherry protein-coding mRNA (mCh_mRNA)

sequences and second for the highly-structured Xist long non-coding (IncC)RNA A-repeat

region.
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Figure 53. Applications of modified UBs and GENAEXT for site-specific RNA labeling. On the left: Combined
labeling of a protein-coding MRNA using a CP-modified UB for fluorescent live-cell click labeling and modified
natural bases for multifaceted cellular analysis. On the right: NO-labeling of a complex folded INcRNA sequence
for structure investigations by EPR spectroscopy.

For a set of protein-coding mCh_mRNA sequences, site-specific cyclopropene (CP)-labeling
was performed applying the CP-functionalized unnatural base nucleoside triphosphate
rTPT3CP. In order to preserve mRNA functionality in terms of unimpeded protein translation,
CP-modifications were solely placed in the 3'-untranslated region (UTR). This represents an

unprecedented strategy for site-specific 3'-UTR labeling of mMRNAs. After mRNA lipofection in
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mammalian cells, live-cell click labeling of CP-modified mCh_mRNA with tetrazine-conjugated
fluorophores enabled mRNA visualization with excellent signal intensities. Moreover,
CP-modifications were shown to not impede mRNA function with regard to cellular expression
of the encoded reporter protein. For investigations of the influence of different modification
patterns on mRNA stability and functionality, highly modified mCh_mRNA sequences were
additionally prepared carrying the additional natural base modifications of pseudouridine (W)
and 5-methylcytidine (5mC). A multifaceted cellular analysis was performed testing the
different mCh_mRNA sequence variants comparatively. Combined temporal quantification of
cellular mCh_mRNA levels and the encoded mCherry reporter protein arising from cellular
MRNA translation was implemented. RT-qPCR analysis revealed lower mRNA transfection
rates but increased mRNA stability for modified sequences, both for natural and unnatural base
modifications and a combination thereof. Furthermore, full functionality of all modified
mCh_mRNA sequences was proven by quantification of the fluorescent mCherry protein. It
was demonstrated that incorporation of natural base modifications strongly enhanced cellular
protein expression. However, the most outstanding translation and expression efficiency was
observed for dual modified mCh_mRNA with a double CP-modification and additional natural
base modifications of W and 5mC. In addition, natural base modifications proved beneficial for
cell health with regard to increased cell viability and dual modified mRNA was found to be well
suited for cellular applications. In summary, the combination of natural and unnatural base
modifications for a highly modified mRNA resulted in a synergetic effect on increased mRNA

stability, translation and expression efficiency as well as cell viability.

Future research on this topic will need to focus on elucidating the mechanisms that underly the
increased mMRNA stability and translation efficiency of modified sequences. On the one hand,
the activity of ribosomes could be studied on the modified mMRNA in cell-free translation
systems. Thus, RNA-bound ribosomes can be quantified and provide an inference of polysome
formation or kinetic studies can be performed to reveal ribosome pausing. On the other hand,
the 3'-UTR sequence of mCh_mRNA could be selectively exchanged for a UTR sequence
containing a known binding site for microRNA (miRNA) or RNA-binding proteins (RBPs). By
selectively introducing the modifications in the miRNA or RBP binding sequence, the protein
quantification shown in this work can be used to test whether altered translational regulation
by RBPs or miRNAs due to modifications in their UTR binding sites alters protein levels. The
RT-gPCR analysis shown here can be used to determine the mRNA level for the same mRNA
sequences with miRNA- or RBP-binding sites in their UTRs and additionally clarify whether the
3'-UTR interactions are also related to the improved mRNA stability. Understanding the causes
of increased translation efficiency and mRNA stability will be highly advantageous for potential
applications to precisely fine-tune mRNA characteristics and further develop mRNA

therapeutics.
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Using the nitroxide (NO)-functionalized unnatural base nucleoside triphosphate rTPT3NC,
direct and site-specific spin labeling of the Xist IncRNA A-repeat region was performed.
Different labeling positions were addressed aiming to probe different previously proposed
structure models. Pulsed electron-electron double resonance (PELDOR) experiments yielded
inter-spin distance distributions with high agreement to comparative molecular dynamics (MD)
calculations. In addition, the PELDOR-derived distance distributions strongly supported one of
the proposed structure models but also reflected a structural heterogeneity in solution. Hereby,
a valuable contribution was made towards the structure elucidation of Xist IncRNA A-repeat
region. Moreover, the method of direct and site-specific spin labeling utilizing functionalized
UB building blocks was successfully transferred and extended to a long and complex folded
RNA sequence for the first time. This project represents the foundation to overcome current

limitations of solving structures only under solution conditions.

By further developing an UB-attached spin label that is stable under cellular conditions,
site-specific spin labeling applying GENAEXT will extend the approach to highly interesting
applications in cells. For this purpose, the trityl“?4 spin labels known from literature can be
used. Due to its high reduction stability, this spin label is well suited for cellular applications
and is already used for spin labeling of proteins and their EPR measurements in cells.#25-431]
However, due to its size, an unnatural base with attached trityl spin label is unlikely to be
enzymatically incorporated. Therefore, an alternative approach for posttranscriptional RNA

spin labeling has to be developed.

Various applications of site-specific UB-modified RNA sequences were presented. Worthwhile
conclusions were drawn about structural folding of the regulatory important Xist IncCRNA
A-repeat region using UB-linked spin labels. Exceptionally high signal intensities for
visualization of mRNA in cells was achieved utilizing CP-functionalized UBs for site-specific
modification of long and functional mMRNA sequences. On top of that, a remarkably improved
mMRNA function in the sense of translation efficiency was exposed for an mRNA sequence that
carried a dual modification pattern of unnatural and natural base modifications. Thus,
UB-modifications were shown to be perfectly suited to study multiple parameters of selected
RNAs in cells while not limiting their function. Moreover, analysis of the interplay of different
MRNA properties allowed to characterize the selected mMRNA sequences more complexly. The
applications and methods developed in this thesis will therefore support future RNA research

and may contribute to the advancement of mMRNA therapeutics.
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5 Material and Methods

In the following section all materials and methods that have been applied in this study are listed

and described.

5.1 Software and databases

The software applications and data bases that have been used for experimental designs, data
evaluation, processing and depiction in this study are shown in
Table 3 and Table 4.

Table 3. Software applications used in this study.

Software Version Source

CFX Maestro 4.1.2433.1219 Bio-Rad

ChemDraw 16.0.1.4 PerkinElmer

Creative Suite 3-5 Adobe

mfold 3.0 http.//www.bioinfo.rpi.edu/applications/mfold
Office 2019 Microsoft

OligoCalc Oligo 397 http://biotools.nubic.northwestern.edu/
Properties Calculator ' OligoCalc.html

OriginPro 8 SR1 OriginLab Corporation

Primer3 4.1.0 https://primer3.ut.ee/

Primer-BLAST https://www.ncbi.nlm.nih.gov/tools/primer-blast/
PrimerQuest Tool https://eu.idtna.com/Primerquest/Home/Index
Zen 3.3 blue edition  Zeiss

Table 4. Databases used in this study.

Database Source

European Nucleotide Archive https://www.ebi.ac.uk/ena/browser/search
GenBank http://www.ncbi.nlm.nih.gov

UniProt https://www.uniprot.org/

RTPrimerDB http.//www.rtprimerdb.org/index.php

5.2 Equipment
The equipment that has been used for experimental work in this study is shown in Table 5.

Table 5. Equipment used in this study.

Equipment Model Manufacturer
Agarose gel electrophoresis ~ Mini-Sub Cell GT Bio-Rad
chamber EasyPhor Mini Biozym

n.a. Custom-buit
Autoclave D65 Systec

Bacterial Culture Incubator BD 400 Binder
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Centrifuges Micro 2000 Hettich
5417 C Eppendorf
5424 R Eppendorf
5810 R Eppendorf
Sorvall fresco Thermo Fisher
Block heater HBT-1-131 HLC BioTech
isoBlock digital dry bath Benchmark
Cell Culture Incubator Heracell 150 Heraeus

Freeze-dryer

Freezers

Gel documentation system

Incubator shaker
Laminar flow hood
Micro scales
Microscopes

Microwave
Mini centrifuges

PAGE chamber
pH meter
Phosphorimager
Pipettes

Plate reader

Power Supply for gel
electrophoresis
Spectrophotometer
Thermocycler

Thermoshaker

gPCR Thermal Cycler

Vortex Mixer

Water bath

Alpha 2-4 LD plus

Alpha 1-2 LD plus
Premium NoFrost -20 °C
-85°C Ultra Low Freezer
C99085

Gel Doc 2000

Genoplex

BioDoc-It

Chemostar Touch
Innova 4430

Herasafe HS 18

AT261 Delta Range
LSM 710

Axiovert25

MW 7873

SU1550

MyFuge

Mini Protean

FiveEasy Plus

FLA-3000

2.5 L, 10 uL, 20 uL, 100
pL, 200 pl, 1000 L,
Research Plus

Acura manual 855
8-channel pipette 20-200 pL
EnSpire Multimode

P25

E132

PowerPac Basic
Nanodrop 2000c

DS-11 FX

LifeECO

T3

PocketBloc Thermomixer
Thermomixer comfort
CFX96 Touch Real-Time
PCR Detection System
Vortex-Genie 2

RS-VA 10

1004

Martin Christ

Martin Christ

Liebherr

New Brunswick Scientific

Bio-Rad

VWR

UVP

intas

Thermo Fisher
Heraeus
Mettler Toledo
Carl Zeiss
Carl Zeiss
Severin
Sunlab
Benchmark
Bio-Rad
Mettler Toledo
Fujifilm
Eppendorf

Socorex

Perkin Elmer
Biometra
Consort
Bio-Rad
Thermo Fisher
DeNovix
Bioer
Biometra
Bioer
Eppendorf
Bio-Rad

Scientific Industries
Phoenix Instruments
GFL
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5.3 Consumables

Consumables that have been used for experimental work in this study are shown in Table 6.

Table 6. Consumables used in this study.

Consumable Specification Manufacturer
Adhesive foil for gPCR plate  Microseal 'B' PCR Plate Bio-Rad
sealing Sealing Film, adhesive,
optical
Cell culture flask T75, T25, PS, standard Sarstedt
surface, sterilie
Centrifugal filters Amicon Ultra 3K Merck
Conical Tubes 15 mL, 50 mL, PP, DNA- Sarstedt

Cryotubes

EPR tubes

Fluorescence assay plates
Glass Pasteur pipettes
Microscope slides

Microscope cover slips

PCR reaction tubes

Petri dishes
Pipette tips

Plastic syringe
gPCR plates
Reaction tubes
Serological pipettes
Spin columns
Syringe filters

Tissue culture plates

free, DNase-free, RNase-
free, sterile

2 mL, PP, round bottom,
screw top, sterile

3 mm quartz Q-band tubes
Black, low-binding, half area
Soda lime glass, 225 mm
Borosilicate glass, & 15 mm,
thickness 1

Soda lime glass, corners
grounded 90°, with frosted
edge

200 pL, transparent, PP,
DNA-free, flat lid

100x15 mm, PS, sterile

10 L, 200 pL, 1 mL, PP,
non-sterile

10 mL, 50 mL, sterile
96-well, hard-Shell, low
profile, thin wall, skirted,
white/white

1.5mL and 2 mL, PP,
transparent, SafeSeal cap,
cap attached

5mL, 10 mL, 25 mL, 50 mL,
PS, plugged, sterile, non-
cytotoxic

G-25 lllustra MicroSpin

0.22 ym pore size, cellulose
acetate filter, sterile

24 well, PS, standard
surface, sterile

96 well, PS, uClear bottom,
chimney well

Greiner Bio-One

SP Wilmad-Lab Glass
Corning

Brand

Marienfeld

Carl Roth

neolLab Migge

Corning
Carl Roth, Sarstedt

Henke-Sass Wolf
Bio-Rad

Sarstedt

Sarstedt

GE Healthcare, Cytiva
Labsolute Th. Geyer

Sarstedt

Greiner Bio-One
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5.4 Reagents and solutions

Reagents and solutions that have been used for experimental work in this study are shown in

Table 7 and Table 8.

Table 7. Reagents used in this study.

Reagent Manufacturer

AF Dye 488 tetrazine Click Chemistry Tools

Agar, bacteriology grade AppliChem

Agarose LE Genaxxon

Agarose High Resolution Sigma Aldrich

Boric acid Alfa Aesar, Labochem International

Bromophenol blue (BPB)

4' 6-Diamidino-2-phenylindole (DAPI)
Dimethylsulfoxide (DMSO)

Dithiothreitol (DTT)

D20 (99.9%)

Ethanol (EtOH) absolute

Ethidium bromide (EtBr)
Ethylenediaminetetraacetic acid (EDTA)

Ethylene glycol-ds

Ficoll 400

Formamide (FA)

GeneRuler 100 bp DNA Ladder
GeneRuler Ultra Low Range DNA Ladder
Glycerol

High resolution agarose
Kanamycin sulfate

LB Broth (Lennox)

MgC|2 X 6 Hzo

NaHPO4

NaCl

NaH2PO4

dNaM CEP

dNaM TP

dNTPs

rNTPs

Phenylmethylsulfonyl fluoride (PMSF)
RNasin or RNasin plus

SYBR Safe DNA stain

dTPT3 TP

rTPT3CP TP
Tris-(hydroxymethyl)-aminomethan (Tris)

Triton X-100, 10% (w/v) aqueous solution
Xylene cyanol (XC)

Carl Roth

Merck

Sigma Aldrich

Sigma Aldrich

Deutero

VWR

Carl Roth

Carl Roth, Thermo Fisher,
AppliChem

Sigma Aldrich

Sigma Aldrich

Fluka

Thermo Fisher

Thermo Fisher

Sigma Aldrich

Carl Roth

Merck

Carl Roth

Alfa Aesar

Sigma Aldrich, Carl Roth

Carl Roth

Carl Roth

Berry & Associates Inc.

MyChem LLC

Jena Bioscience

Jena Bioscience

Thermo Fisher Scientific
Promega, New England Biolabs
Life Technologies

Synthesized and kindly provided by
Dr. F. Eggert and Dr. C. Domnick
Synthesized and kindly provided by
Dr. F. Eggert and Dr. C. Domnick
Carl Roth

Thermo Fisher Scientific
Applichem
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Table 8. Solutions used in this study.

Solution

Manufacturer Specification

0.05% Trypsin-EDTA (1x)

2x ARCA/NTP Mix (8 mM
ARCA, 2 mM GTP, 2.5 mM
UTP, 2.5 mM CTP, >2.5 mM
ATP)

2x GoTaq® Probe qPCR
Master Mix

r5mC TP (100 mM)

ATP (100 mM)

Foetal calf serum (FCS)

Fluoro-Gel (with Tris buffer)
mounting medium
Formaldehyde, 37 wt%
solution in water, stabilized
with 5-15 % methanol
MgClz (25 mM)

LiCl (7.5 M) with EDTA

(10 mM)

Lipofectamine
MessengerMAX

Minimum Essential Medium
(MEM) non-essential amino
acids (NEAA) (100x)

MT Cell Viability Substrate
(1,000x)

PCR Nucleotide Mix (10mM)
Recombinant RNasin®
Ribonuclease Inhibitor
Sodium Pyruvate 100 mM
(100x)

rY TP (100 mM)

Thermo Fisher Scientific
New England Biolabs

Promega

Jena Bioscience
Thermo Fisher Scientific
Sigma-Aldrich Order No. F9665
(Charge: 054M3399)
Electron Microscopy

Sciences

Acros Organics
Promega

New England Bioabs
Invitrogen

Thermo Fisher Scientific

Promega

Promega
Promega

Thermo Fisher Scientific

Jena Bioscience

5.5 Buffers and media

The buffers and media that have been used for experimental work in this study are shown in

Table 9 and Table 10.

Table 9. Buffers used in this study.

Buffer Composition Manufacturer

10x CutSmart Buffer 500 mM KAc, 200 mM Tris-Ac, 100 mM  New England
MgAc,, 100 yg/mL BSA, pH 7.9 Biolabs

10x DNase | Reaction Buffer 100 mM Tris, 25 mM MgCl;, 5 mM New England
CaCly, pH 7.6 Biolabs

10x OneTaq Standard 200 mM Tris-HCI, 220 mM NH4ClI, 220 New England

Reaction Buffer mM KCI, 18 mM MgCl,, 0.6% IGEPAL Biolabs

CA-630, 0.5% Tween 20, pH 8.9
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10x Phosphate buffer

10x Poly(A) Polymerase
Reaction Buffer

10x T4 PNK Reaction Buffer
10x T4 DNA Ligase Buffer
10x TBE

0.5x TBE

5x GoScript™ Reaction Buffer
5x Transcription buffer

6x Agarose loading buffer

6x Agarose loading buffer,
coulourless

6x TriTrack DNA Loading Dye
PELDOR buffer

RIPA Lysis and Extraction

1.45 M NaCl, 100 mM NayHPO4, 100
mM NaH2PO4, pH 7.0

unlisted concentrations of HiScribe™
T7 ARCA mRNA Kit (with tailing)
component

700 mM Tris-HCI, 100 mM MgCl,, 50
mM DTT, pH 7.6

500 mM Tris-HCI, 100 mM MgCI2, 10
mM ATP, 100 mM DTT, pH 7.5

900 mM Tris, 900 mM boric acid, 20
mM EDTA, pH 8.0

45 mM Tris, 45 mM boric acid, 1 mM
EDTA, pH 8.0

unlisted concentrations of GoTag®
Probe 2 step RT-qPCR System
component

200 mM Tris pH 7.9

50 mM Tris, 15% (w/v) Ficoll 400, 6 mM
EDTA, 0.25% (w/v) BPB, pH 8.3

50 mM Tris, 15% (w/v) Ficoll 400, 6 mM
EDTA

10 mM Tris-HCI, 0.03% BPB, 0.03%
XC, 0.15% orange G, 60 % glycerol, 60
mM EDTA, pH 7.6

145 mM NaCl, 10 mM NazHPO4,

10 mM NaH2PO;4 in DO

1-3% Nonidet P-40 Substitute, 1-3%

made in-house

New Engalnd
Biolabs

Thermo Fisher
Scientific
Thermo Fisher
Scientific
made in-house
made in-house
Promega
made in-house
made in-house

made in-house

Thermo Fisher
Scientific

made in-house

Thermo Fisher

Buffer sodium 3-a,12-a-dihydroxy-5-p-cholan-  Scientific
24-oate
Table 10. Media used in this study.
Media Manufacturer

Dulbecco’s Modified Eagle Medium (DMEM) (1x) GlutaMAX
Dulbecco’s Phosphate Buffered Saline (DPBS) (1x)

Thermo Fisher Scientific
Thermo Fisher Scientific

LB Medium (Lennox)
Opti-MEM Reduced-Serum Medium (1x)
SOC Medium

made in-house
Thermo Fisher Scientific
Takara Bio

5.6 Enzymes

The enzymes that have been used for experimental work in this study are shown in Table 11.

Table 11. Enzymes used in this study.

Enzyme Manufacturer Specification
DNase | (RNase-free, 2 U pL™") New England Biolabs
E. coli Poly(A) Polymerase New England Biolabs

(unlisted concentrations of HiScribe™ T7
ARCA mRNA Kit (with tailing) component)
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GoScript™ Reverse Transcriptase
(unlisted concentrations of GoTaq® Probe
2 step RT-qPCR System component)

Hpal (5 U uL™)

Inorganic Pyrophosphatase (iPP)
OneTaq DNA Polymerase
NanoLuc® Enzyme (1,000x)

(unlisted concentrations of RealTime-Glo™
MT Cell Viability Assay component)

T4 DNA Ligase
T4 Polynucleotide Kinase (PNK)
T7 RNA Polymerase

T7 RNA Polymerase Mix
(unlisted concentrations of HiScribe™ T7
ARCA mRNA Kit (with tailing) component)

Promega

New England Biolabs
New England Biolabs
New England Biolabs
Promega

Thermo Fisher Scientific

Thermo Fisher Scientific

made in-house AA sequence conforms with
GenBank entry AY264774.1,
“gene 1” and UniProt entry
P00573

New England Biolabs

5.7 Plasmids

The plasmids that have been used for experimental work in this study are shown in Table 12.

Table 12. Plasmids used in this study.

Plasmids Provided by Publication DOI
pCMV-Xist-PA Rudolf Jaenisch, 10.1016/s1097-

Addgene ID # 26760 2765(00)80248-8
pmCherry-C1 Kath-Schorr lab -

pmCherry-N1_AA-insert Kath-Schorr lab -

5.8 Kits

The kits that have been used for experimental work in this study are shown in Table 13.

Table 13. Kits used in this study.

Kits Manufacturer
BigDye™ Terminator v3.1 Cycle Applied Biosystems
Sequencing Kit

GoTaq® Probe 2 step RT-gPCR System Promega

HiScribe™ T7 ARCA mRNA Kit (with tailing) ~New England Biolabs

mCherry Quantification Kit BioVision

NucleoSpin® Gel and PCR Clean-Up Kit Macherey-Nagel
NucleoSpin® Plasmid Kit Macherey-Nagel
NucleoSpin® RNA Kit Macherey-Nagel

RealTime-Glo™ MT Cell Viability Assay Promega
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5.9 Organisms

The organisms that have been used for experimental work in this study are shown in Table 14.

Table 14. Organism used in this study.

Organisms Description Manufacturer

HelLa Human cervix CLS Cell Lines Services GmbH
adenocarcinoma cell line

Stellar competent cells E. coli HSTO08 strain Takara Bio

5.10 General biochemical methods

When working with ribonucleic acids care has to be taken to prevent degradation of the sample
material caused by ribonucleases 2. Therefore, nitrile gloves had to be worn at all times and
additionally be disinfected with 80% EtOH after donning. Further, disposable plastic ware was
used. Reaction tubes (0.2 mL, 1.5 mL and 2 mL) and pipette tips (10 uL, 200 yL and 1 mL)
were autoclaved and stored in sealed glasses and boxes. Conical tubes (15 mL and 50 mL)
were purchased from the supplier classified as DNA-, DNase- and RNase-free and applied
without additional treatment. Ultrapure water (referred to as ddH»O) for direct use or employed
in buffers was generated from deionized water and further treated in an ultrapure water system,
Barnstead MicroPure (Thermo Fisher Scientific) and Arium Mini (Sartorius), then autoclaved,

sterile filtered and stored in aliquots at -20 °C.

5.10.1 Agarose gel electrophoresis

Analytical gel electrophoresis was performed with 1%, 2% or 4% (w/v) agarose gels. Therefore,
a solution of 1g, 2g or 4 g, respectively, in 100 mL 0.5 x TBE buffer was prepared and
microwaved (900 V, 2 min) until the agarose was fully dissolved. Agarose solutions were stored
at 60 °C in a heating cabinet. Prior to casting, the agarose solutions were supplemented with
either 1 mg mL™" EtBr or 1:50.000 (v/v) SYBR Safe stain. 25 mL of agarose solutions were
used to cast a 16 or 20 pockets gel and the solution was allowed to solidify for 30 min at rt.
Samples were prepared by mixing with an appropriate volume of concentrated loading buffer.
0.5 x TBE was used as running buffer. Gel electrophoresis was performed at 150 V const. for

20-30 min depending on the DNA or RNA sequence length. An appropriate DNA or RNA ladder
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was included as a reference for analytical characterization. Agarose gels were visualized by

UV illumination using a gel documentation system.

5.10.2 Purification methods

Preparative agarose gel electrophoresis

Agarose gels for preparative gel electrophoresis were prepared analogously to the previously
described procedure for analytical gel electrophoresis, except that larger gel pockets were
included for larger sample volumes. After gel electrophoresis, the samples were visualized by
UV illumination on transilluminating sample table and selectively excised from the gel. Using
the Nucleo Spin Gel and PCR Clean-Up Kit, gel pieces were mixed in loading buffer and heated
to 50 °C until completely dissolved. The following work steps correspond to the protocol

described below under silica-membrane spin columns.

Centrifugal filters

Amicon Ultra 3K centrifugal filter devices were used for concentration and buffer exchange of
RNA samples. According to the manufacturer’s protocol, RNA samples were added to the filter
device and centrifuged for up to 30 min at 14000 x g for concentration. For buffer exchange,
concentration steps were repeated several times in combination with reconstituting the
concentrates in fresh buffer. After the last concentration step, the concentrate was recovered

by an upside-down centrifugation step for 2 min at 1000 x g at the end.

G-25 gel filtration spin columns

G-25 lllustra MicroSpin gel filtration spin columns were used to clean-up and desalt DNA and
RNA oligonucleotide samples after enzymatic reactions. According to the manufacturer’s
protocol the column was prepared in a first step by resuspending the Sephadex G-25 DNA
grade F resin and removing excess storage buffer by centrifugation for 1 min at 735 x g. The
sample (adjusted to 50 pL volume) was then added on top of the resin and a centrifugation

step for 2 min at 735 x g was applied to elute the purified sample.

Silica-membrane spin columns

For purification of DNA and RNA oligonucleotide samples directly after enzymatic reactions or
in combination with preparative gel electrophoresis, the Nucleo Spin Gel and PCR Clean-Up

Kit was used. According to the manufacturer’s protocol samples were mixed with loading buffer
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and loaded onto silica-membrane spin columns by centrifugation for 30 s at 11000 x g. For
larger sample volumes, columns were loaded up to three times. The flow-through after the first
loading was loaded repeatedly. After repeated centrifugation-coupled washing steps with an
EtOH-based washing buffer, each 30 s at 11000 x g, another centrifugation step for 1 min at
11000 x g was performed to dry the silica membrane. In addition, the spin columns were
incubated for 5 min at 70 °C in a heating block evaporating residual EtOH. Clean samples were
eluted in two steps, for which ddH,O was added to the membrane, incubated for 1 min at rt or

5 min at 70 °C (for recovery of long DNA or RNA) and then centrifuged for 1 min at 11000 x g.

LiCl precipitation

LiCl precipitation was used to purify mRNA after enzymatic in vitro preparation. LiCl solution
(7.5 mM LiCIl, 10 mM EDTA) was added to the mRNA tailing mix at a ratio of 1:3. After
incubation at -20 °C for 30 min or longer, the mMRNA was pelleted by centrifugation at 4 °C for
15 min at top speed. The supernatant was removed, the pellet was rinsed with 500 uL of cold
70% EtOH, and another centrifugation step was performed at 4 °C for 10 min at top speed.
Subsequently, the EtOH was removed and the mRNA pellet was incubated for 5 min at 70 °C
in a heating block evaporating residual EtOH. The mRNA was then resuspended in 50 pL
ddH-0 and incubated for 5-10 min at 65 °C in a heating block until completely dissolved.

5.10.3 Nucleic acid concentration determination

Nucleic acid concentrations were determined measuring the absorption at 260 nm (Aze0) using
a spectrophotometer and software-assisted calculation with OligoCalct*3®l. For UB-modified
RNA or DNA oligonucleotides, their respective native sequences containing only canonical
nucleobases were used. For calculations of mMRNA sequences, an estimated number of 150

nucleotides A within the poly(A) tail was added to the defined sequences.
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5.11 Bacterial culture

Bacterial culture was used to produce plasmid DNA for subsequent use as template DNA for
PCR amplification. For this purpose, E.coli cells were transformed with
pmCherry-N1_AA-insert and the amplified plasmid DNA was isolated from liquid bacterial

cultures.

5.11.1 Transformation

For transformation of E. coli cells, a 50 pL aliquot of Stellar competent cells was thawed on
ice, mixed with 5 ng pmCherry-N1_AA-insert plasmid DNA and incubated on ice for 30 min. A
heat shock was performed for 45 s at 42 °C, followed by incubation of the cells on ice for 5 min.
Then 950 yL SOC medium was added and the cells were incubated for 1 h at 37 °C and
800 rpm shaking. 100 pyL of the cell suspension was spread on a pre-warmed agar plate
supplemented with 50 ug mL™' Kanamycin. The agar plate with plated bacteria was then

incubated overnight at 37 °C.

5.11.2 Bacterial cultivation for plasmid preparation

For bacterial cultivation, LB medium was inoculated with single clones picked from the agar
plate. Therefor tubes with 4 mL LB medium supplemented with 50 yg mL"' Kanamycin were

prepared, inoculated and subsequently incubated overnight at 37 °C and 180 rpm shaking.

5.11.3 Bacterial glycerol stock preparation

For bacterial glycerol stock preparation, 750 pyL of overnight culture (described in X.2) was
mixed with 750 uL of 50% glycerol in a screw top cryotube, that was pre-cooled to -20 °C. The
bacterial glycerol stock was then frozen and kept at -80 °C.

5.11.4 Plasmid preparation

For plasmid preparation the NucleoSpin Plasmid Kit was used. First, bacterial cultures were
transferred to 2 mL tubes and centrifuged for 30 s at 11000 x g to pellet the bacteria. All
subsequent centrifugation steps were also performed at 11000 x g. For cell lysis, 250 yL Buffer

A1 was added to the cell pellet and mixed to resuspend. Then, 250 uL SDS/alkaline lysis Buffer
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A2 was added, mixed gently by inverting the tube and incubated at rt for 5 min. To neutralize
the lysate, 300 uL Buffer A3 was added and mixed. The resulting lysate was centrifuged for
10 min. The clear supernatant was carefully removed from the tube and loaded onto a
NucleoSpin plasmid column by centrifugation for 1 min. Next, the silica membrane was washed
in two steps. The first washing step was performed by adding 500 yL Buffer AW, pre-heated
to 50 °C, to the column and centrifugation for 1 min. For the second washing step, 600 L of
Buffer A4 was added to the column and centrifuged for 1 min. After drying the silica membrane
by centrifugation for 2 min, the plasmid DNA was eluted in two steps. For each step, 25 L
Buffer AE, pre-heated to 70 °C, was added to the column, incubated at rt for 1 min and
centrifuged for 1 min. Purified plasmid DNA was analyzed by a diagnostic restriction digest

and Sanger sequencing.

5.11.5 Diagnostic restriction digest of plasmid DNA

In addition to Sanger sequencing, purified plasmid DNA was analyzed by a diagnostic
restriction digest. For pmCherry-N1_AA-insert retransformation and plasmid preparation,
linearization of the isolated plasmid DNA was accomplished followed by agarose gel
electrophoresis analysis. The diagnostic restriction digest was performed in 10 uL scale using
5 uL isolated plasmid DNA and 1.25 U uL™" Hpal restriction enzyme. A pipetting scheme for

the restriction digest reaction mix is shown in Table 15.

Table 15. Pipetting scheme for diagnostic restriction digest.

Stock Final
Component V [uL]
concentration concentration
Isolated pmCherry-N1_AA-insert plasmid DNA varied varied 5
CutSmart Buffer 10x 1x 1
Hpal restriction enzyme 5U pL"? 1.25 U L™ 0.25
ddH-O - - ad 10

The restriction digest reaction mix was incubated for 1 at 37 °C, before crude reactions were

analyzed on a 1% agarose gel.
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5.12 Sequence design for DNA and RNA constructs

Target DNA and primer sequences were analyzed and designed using the A plasmid Editor
(ApE) application**. The gene sequence for Xist INcRNA was looked up in the GenBank“3®!
sequence database. DNA sequences that were not copied from plasmid DNA, as for 3-Actin
and GAPDH gPCR analysis, were looked up in the European Nucleotide Archive (ENA)
(B-Actin: X00351; GAPDH: X01677). For reconciliation with the coding DNA sequences,
protein sequences of B-Actin, GAPDH and mCherry were taken from UniProt*3 (B-Actin:
P60709; GAPDH: P04406; mCherry. D1MPT3). Designed primers and gqPCR hydrolysis
probes were analyzed with regard to their specificity using the Primer3#37-43 and
Primer-BLAST"*% online applications. The mfold web server'®l was used for secondary
structure and minimum free energy (AG) predictions of the designed DNA and resulting RNA
sequences. By this, stable folding patterns that might prevent correct primer hybridization and

denaturing during PCR cycling should be excluded.

5.12.1 mCh_mRNA sequence design

For studies on mCh_mRNA various DNA and RNA sequences were designed. All DNA
sequences were planned for PCR amplification from the pmCherry-N1_AA insert plasmid. The
two major sequences mCh_DNA and mCh_DNAurr 2, and their respective mRNA transcripts
mCh_mRNA and mCh_mRNAurr 2, were built up with identical 5-UTR and mCherry protein
coding sequences but different 3'-UTR sequences. For mCh_mRNA the 3'-UTR was adopted
without changes from the pmCherry-N1_AA-insert plasmid’s UTR following the protein coding
region. For mCh_mRNAurr 2 this 3-UTR was partly exchanged to a sequence adopted from
the pmCherry-C1 plasmid’'s 3'-UTR. Using the PrimerQuest Tool a PCR primer pair (mCh_FW
and mCh_RV) was designed amplifying nucleotides 618 to 1432 from the
pmCherry-N1_AA-insert plasmid for mCh_DNA. Additionally, the T7 promoter sequence and
one additional G for an improved transcription start was added to the mCh_FW primer as a
5-end overhang sequence. For preparation of mCh_DNAurr» a different reverse primer
(mCh_RVurr2) was designed. Generating mCh_DNAutr 2, nucleotides 618 to 1412 are
amplified from the pmCherry-N1_AA-insert plasmid. Additionally, the primer mCh_RVurr»
includes a 20 nt long 5'-overhang sequence adopted from the pmCherry-C1 plasmid’s 3'-UTR
sequence (G1501 to T1520) which extends the resulting mCh_DNAurr 2 PCR amplicon. Thus,
two equally long DNA template and also mRNA transcript sequences can be prepared allowing
for a comparison of different 3'-UTR sequences. Both templating mCh_DNA sequences were
planned to consist of 834 bp and result in 817 nt long RNA transcripts. Within the 3-UTRs of

both sequences, mCh_mRNA and mCh_mRNAurr 2, UB-modifications and canonical base
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point mutations were placed. Therefore, the two different reverse primers were also planned
with one or two point mutations of either dT/dNaM (mCh_RV'M —mCh_RV? M

mCh_RV, 2% or mCh_RVZ 2N or dT/dC (mCh_RV'™, mCh_RV? ", mCh_RV{ 7Y, or

mCh_RijTPg'Z). Further, for mCh_mRNA sequences, a partial and randomized replacement of

the canonical nucleobases U and C with modified natural bases W and 5mC throughout the
complete mMRNA sequence was conceived. This was planned to be implemented during in vitro

transcription utilizing a rNTP mix supplemented with r¥ TP and r5mC TP.

5.12.2 RT-gPCR sequence design for mCh_mRNA analysis in cellulo

For RT-gPCR analysis of mCh_mRNA levels in transfected cells, two different sets of gPCR
primers and hydrolysis probes were designed for mCh_mRNA analysis. One set was
addressed to a section within the mCherry protein coding sequence (mCh_gPCR™e™ the
other covered a sequence section closer to the 3-end of the mRNA’s sequence
(mCh_qPCR3*"). The selected site for mCh_gPCR?**" was placed close to the 3'-end of the
RNA transcripts but prior to any modification sites. Thus, consistent conditions for reverse
transcription were aimed avoiding defective reverse transcription of the UB modifications.
Furthermore, a comparison of the RT-qPCR results for both sets, mCh _gPCR™™ and
mCh_qPCR3*™ was envisioned to assess evaluation of mRNA decay for the different
mCh_mRNA sequence variants. GAPDH and -Actin were chosen as reference genes for
RT-qPCR data evaluation. Sequences for qPCR primers and hydrolysis probes for both
reference genes were taken from published studies stored in the RTPrimerDB"41443] database
(B-Actin: #2209; GAPDH: #2022). qPCR amplicon sizes and GC content for the two
mCh_qPCR sequences were adjusted to those of the two reference genes and each other.
mCh_qPCR primers and probes were initially designed using Primer 313731 and then
manually modified to meet the following conditions. gPCR amplicon sizes were chosen
between 111 to 130 bp. GC contents of the gPCR amplicons ranged between 52 to 62%
(calculated with ApE™3#). Primer and hydrolysis probe lengths and melting temperatures were
adjusted in the same way. Primer lengths were set between 20 to 22 nt and primer melting
temperatures was kept between 55 to 60 °C (calculated with ApE“341). Hydrolysis probe lengths
were set between 23 to 29 nt and probe melting temperatures was kept between 65 to 66 °C
(calculated with ApEt*#). Hydrolysis probe melting temperatures were set 6 to 8 °C higher than
those of the primers to ensure binding of the probes before the primers hybridize and PCR
extension begins**l. In addition, a guanidine was excluded at the 5-end of the hydrolysis
probe adjacent to the fluorescent reporter in order to prevent quenching of the fluorophore!44,
Further, no more Gs than Cs were included in the probe sequences according to the “Good

practice guide for the application of quantitative PCR (qPCR)"**4. Ready-designed primer and
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hydrolysis probe sequences were checked for their unique target gene specificity running a
Primer-BLAST 4% alignment. Amplicon sequence structures were predicted using mfold*'®
checking for secondary structure elements that might interfere with primer and probe binding.
Enabling multiplex gPCR analysis, individual fluorescent dyes with separate excitation and
emission wavelengths were chosen for each hydrolysis probe. HEX, FAM, Cy 3.5 and Cy 5
were used as 5-end hydrolysis probe modifications for mCh_qPCR™™ mCh_qPCR3*",
B-Actin and GAPDH, respectively.

For subsequent sequence verification by Sanger sequencing, a qPCR product extension
strategy was planned as the original four qPCR amplicons were too short and efficient
sequencing starting at their 5'-ends was intended. Therefore, phosphorylated original gPCR
products should be ligated with sequence specific splint DNA oligonucleotides and a universal
adapter DNA oligonucleotide to extend their 5-ends. Therefore, an adapter sequence was
taken partly from the CMV-promoter sequence from the pmCherry-N1 plasmid. The
complementary sequence of section C519 to A648 from pmCherry-N1 was used to design a
130 nt long adapter DNA oligonucleotide. Its first 12 nt comprising sequence was copied as it
stands for the ext-gPCR_FW amplification and sequencing primer. Melting temperature and
GC content of this ext-gPCR_FW primer was 57 °C and 65%, respectively. The section of the
last 14 nt from the adapter DNA oligonucleotide sequence was converted into its reverse
complement and used as the 3'-end of all gPCR amplicon sequence specific splint DNA
oligonucleotides. Its melting temperature was set to be 49 °C (calculated with ApE“*34). The
5'-terminal sequences of the different gqPCR amplicons were also converted into their reverse
complements and used for the individual 5'-end sequence parts of the splint DNA
oligonucleotides. Melting temperatures for these individual gPCR amplicon complementary
sequences were kept between 49 to 50 °C (calculated with ApE34) in accordance to the 3'-end
sequence part of the splint DNA oligonucleotides. Complementary sequence lengths of the
individual 5'-end parts ranged from 16 to 18 nt. Further, four different gqPCR extension reverse
primers (ext-gPCR_RV) had to be prepared for an additional PCR amplification step following
splinted ligation. ext-gPCR_RV primers were designed converting the 3'-end terminal
sequences of the corresponding original gPCR amplicons to their reverse complements. All
four ext-gPCR_RV primers were chosen with a length between 21 to 23 nt, a melting
temperature between 56 to 58 °C and a GC content ranging from 48 to 52% (calculated with
ApE™4) in accordance to the universal ext-gPCR_FW primer. Extended gPCR products after
splinted ligation and PCR amplification were scheduled to be 241 to 260 bp long.
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5.12.3 Xist IncRNA A repeat region sequence design

For investigations on the A repeat region of Xist IncRNA, the sequence section of nucleotides
366 to 740 within exon 1 from the M. musculus Xist gene (GenBank NR_001463.3) were used.
The pCMV-Xist-PA plasmid (Addgene #26760) was used for preparation of Xist A repeat
region template DNA. DNA primers were designed covering the sequence of the Xist A repeat
region from nucleotide 1058 to 1432 from the pCMV-Xist-PA plasmid. The templating
Xist_ DNA was planned to consist of 394 bp and result in a 377 nt long RNA transcript. For
probing of the Xist IncRNA A region secondary structure, two different UBP-modified sequence
constructs were planned. For Xist DNA?Y57 5 3 one UBP-modification was placed at the
5'-end and a second UBP-modification was placed at the 3'-end of the oligonucleotide’s coding
strand. For Xist DNA?Y57 3 3 two UBP-modification were positioned at the 3'-end of the
oligonucleotide’s coding strand stretching a distance of eleven nucleotides in between. For
introduction of a UBP-modification at the 5-end, a d5SICS-modification was set within the
forward primer (Xist_ FW' %S/°S) The d5SICS modification in the forward primer was chosen
as an alternative to a dTPT3 modification due to the fact that only d5SICS CEP but not dTPT3
CEP was available for solid phase synthesis of the primers at that time. Additionally, the
forward primer sequence for hybridization to the pCMV-Xist-PA plasmid was extended with the
18 nt long T7 promoter sequence as an overhang at its 5-end. Improving the T7 transcription
start, an extra nucleotide G was included after the promoter sequence and prior to the Xist
sequence. For a single or double UBP-modification at the 3'-end, a single or double
dNaM-modified reverse primer (Xist_ RV’ NeM or Xist RV? M) were designed, respectively.
UBP modifications within the primer sequences were chosen as dA/dNaM or dT/d5SICS point
mutations of the corresponding unmodified primers. Thus, dNaM:dT (reverse primer:plasmid)
or d5SICS:dA (forward primer:plasmid) mismatches will be induced during PCR amplification
intending to disrupt an A:T base pairing position instead of a more stable G:C base pair. In
addition, both reverse primers were ordered from Ella Biotech with 2'-O-methyl-modification
for the last two nucleotides at the primer’s 5'-end. This was planned to prevent untemplated

incorporation of additional nucleotides after the 3'-end of the RNA transcript.

During sequence construct design, mfold secondary structure predictions were used choosing
appropriate truncation sites. Cutting out a shorter sequence section from the Xist A region, the
resulting RNA transcript was aimed to form a hairpin structure as proposed by Fang et al.*'"
consisting of the free 3'- and 5-ends of the RNA strand.
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5.13 Preparation of DNA primers, oligonucleotides and
hydrolysis probes

Unmodified DNA primer, gPCR primer and hydrolysis probe oligonucleotides as well as DNA
splint and adapter oligonucleotides were ordered and synthesized from biomers.net (Ulm,
Germany). Unnatural nucleotide (d5SICS, dNaM) modified DNA primers were ordered and
synthesized from by Ella Biotech (Martinsried, Germany). The required d5SICS and dNaM
CEPs were purchased from Berry & Associates Inc. (Dexter, MI, USA) and provided for Ella
Biotech. Synthetic DNA oligonucleotides from biomers.net or Ella Biotech were received as
purified and freeze-dried compounds. After receipt, the DNA oligonucleotides were dissolved
in ddH20 to obtain 100 uM stock solutions and stored at -20 °C.

5.14 PCR for DNA template preparation

For investigations on long RNA oligonucleotides, the RNA itself and its DNA template were
prepared enzymatically. PCR approaches were used to generate dsDNA templates.
Unmodified dsDNA templates were prepared under standard PCR conditions. For unnatural
nucleotide modified dsDNA, an expanded six-letter PCR approach was performed. The
required dNaM TP was purchased from MyChem, LLC. (San Diego, CA, USA). dTPT3 TP was
synthesized according to literature® and kindly provided by Dr. F. Eggert and Dr. C. Domnick.

5.14.1 PCR for mCherry template DNA

PCR reactions generating mCh_DNA were performed in 100 yL scales with final
concentrations of 20 mM Tris-HCI pH 8.9, 22 mM NH4CI, 22 mM KCI, 1.8 mM MgCl,, 0.06%
IGEPAL CA-630, 0.05% Tween 20 (OneTaq Standard Reaction Buffer), 375 uM each
canonical dNTP, optionally 200 uM dNaM TP and dTPT3 TP, 1 uM forward primer, 1 M
reverse primer, 0.5 ng yL' pmCherry-N1_AA-insert as template and 0.025 U uL™' OneTaq
DNA Polymerase. Table 16 lists the different primer combinations that were used for different
mCh_DNA sequences. A pipetting scheme for mCh_DNA PCR reaction mixes is shown in
Table 17.
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Table 16. Primer combinations for different mCh_DNA and mCh_DNAuTr 2 sequences.

Sequences Forward primer Reverse primer
mCh_DNA"T q mCh_RV
mCh_DNA' Y8P mCh_RV? dNaM
mCh_DNA'"M mCh_RV'™M
mCh_DNA?Y8P mCh_R\V?dNeM
mCh_DNA?"M mCh_RV?™M
mCh_DNA}T., mCh_FW L mCh_RVurr2
mCh_DNAr, mCh_RV/ &
mCh_DNA] -, mCh_RV, 7,
mCh_DNAr, mCh_RVA MM
mCh_DNAZ”Y, ] mch RV,

Table 17. Pipetting scheme for mCh_DNA PCR reaction mixes. dNaM TP and dTPT3 TP were added to PCR
reaction mixes for 6-letter PCR reactions only.

Component Stock Final V [uL]
concentration concentration

OneTaq Standard Reaction Buffer 5x 1x 20
dNTP bundle 25 mM each 375 uM each 1.5
dNaM TP 10 mM 0 or 200 M Oor2
dTPT3 TP 10 mM 0 or 200 uM Oor2
mCh_FW forward primer 100 uM 1 UM 1
mCh_RV reverse primer 100 uM 1 uM 1
pmCherry-N1_AA-insert 50 ng uL™ 0.5 ng uL* 1
OneTaq DNA polymerase 5U L™ 0.025 U pL* 0.5
ddH20 - - ad 100

PCR cycling was performed with an initial denaturing step for 2 min at 94 °C, followed by 30
cycles of denaturing for 30 s at 94 °C, annealing at individual temperature for each sequence
for 40 s and elongation for 1 min at 68 °C. A final elongation step was set for 3 min at 68 °C,
before cooling to 4 °C at the end. Table 18 provides an overview of the general cycling

conditions and the different annealing temperatures for the different mCh_DNA sequences.
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Table 18. PCR cycling conditions for different mCh_DNA and mCh_DNAurr 2 sequences.

Program segment Sequences T [°C] t [s]
Initial denaturation 94 120
Denaturation 94 30
mCh_DNA"T 56
mCh_DNA' V8P 51
mCh_DNA'"M 55
mCh_DNA? V8P 46
Annealing mCh DNA2PM 57 40 30 cycles
mCh_DNA]T., 61
mCh_DNA] Y, 63
mCh_DNAZY, 63
Elongation 68 60
Final elongation 68 180
Hold 4 0

For mCh_DNA! “®” and mCh_DNA?"“" the total number of 30 cycles was divided into five

UTR 2 UTR 2’

initial cycles with lower annealing temperatures followed by 25 cycles with increased annealing
temperatures. Table 19 provides an overview of the cycling conditions for these two mCh_DNA

sequences.

Table 19. PCR cycling conditions for mCh_DNA 7, , and mCh_DNA{3; 5.

Program segment Sequences T [°C] t [s]
Initial denaturation 94 120
Denaturation 94 30
mCh_DNA 2" 51
Annealing ) UBP 40 5 cycles
mCh_DNA, /=, 46
Elongation 68 60
Denaturation 94 30
Annealing mCh_DNA| 72" 55
) UBP 40 25 cycles
mCh_DNA, ;= 51
Elongation 68 60
Final elongation 68 180

Hold 4 o0
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mCh_DNA PCR products were analyzed by agarose gel electrophoresis and purified using the

NucleoSpin Gel and PCR Clean-Up Kit according to the manufacturer’s protocol.

5.14.2 PCR for Xist template DNA

PCR reactions generating mCh_DNA were performed in 100 yL scales with final
concentrations of 20 mM Tris-HCI pH 8.9, 22 mM NH4CI, 22 mM KCI, 1.8 mM MgCl,, 0.06%
IGEPAL CA-630, 0.05% Tween 20 (OneTaq Standard Reaction Buffer), 375 yM each
canonical dNTP, optionally 200 uM dNaM TP and dTPT3 TP, 1 yM forward primer, 1 yM
reverse primer, 0.5ng uL' pCMV-Xist-PA as template and 0.025 U yL' OneTaq DNA
Polymerase. Table 20 lists the different primer combinations that were used for different
mCh_DNA sequences. A pipetting scheme for mCh_DNA PCR reaction mixes is shown in
Table 21.

Table 20. Primer combinations for different Xist DNA sequences.

Sequences Forward primer Reverse primer
Xist DNA?Y8F 3 3 Xist FW Xist_RV? dNaM
Xist DNA?Y8F 5 3 Xist_FW'°SIcS Xist_ RV NaM

Table 21. Pipetting scheme for Xist DNA PCR reaction mixes.

Component Stock Final V [uL]
concentration concentration

OneTaq Standard Reaction Buffer 5x 1x 20
dNTP bundle 25 mM each 375 uM each 1.5
dNaM TP 10 mM 0 or 200 uM Oor2
dTPT3 TP 10 mM 0 or 200 uM Oor2
Xist_FW forward primer 100 uM 1 UM 1
Xist_RV reverse primer 100 uM 1 UM 1
pCMV-Xist-PA 50 ng uL™* 0.5 ng uL* 1
OneTaq DNA polymerase 5U L™ 0.025 U pL* 0.5
ddH20 - - ad 100

PCR cycling was performed with an initial denaturing step for 2 min at 94 °C, followed by 30
cycles of denaturing for 30 s at 94 °C, annealing at individual temperature for the two different

sequences for 40 s and elongation for 1 min at 68 °C. A final elongation step was set for 3 min
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at 68 °C, before cooling to 4 °C at the end. Table 22 provides an overview of the general cycling

conditions and the different annealing temperatures for the different mCh_DNA sequences.

Table 22. PCR cycling conditions for different Xist_ DNA sequences.

Program segment Sequences T [°C] t [s]
Initial denaturation 94 120
Denaturation 94 30

Xist DNA?YSP_3 3 58

Xist DNA?YBP 5 3 54 40| 30 Cycles

Elongation 68 60
Final elongation 68 180
Hold 4 o0

Xist DNA PCR products were analyzed by agarose gel electrophoresis and purified using the

NucleoSpin Gel and PCR Clean-Up Kit according to the manufacturer’s protocol.

5.15 In vitro transcription

In order to prepare long RNA oligonucleotides, enzymatic in vitro transcription (IVT) methods
were used. Unmodified ssRNA transcripts were prepared under standard IVT conditions. For
unnatural nucleotide modified ssRNA, genetic alphabet expansion transcription (GENAEXT)
was performed. The required rTPT3 TPs (rTPT3N° TP, rTPT3°? TP) were synthesized
according to literature!®8% and kindly provided by Dr. C. Domnick and Dr. F. Eggert. For mMRNA
preparation, the IVT conditions were adapted and combined with co-transcriptional capping

and post-transcriptional poly(A) tailing.

5.15.1 mCherry RNA

mCh_mRNA and mCh_mRNAurr 2 in vitro transcriptions were performed using the HiScribe
T7 ARCA mRNA Kit (with tailing) according to the manufacturer’s protocol. During the IVT step,
an ARCA-cap was incorporated at the RNA’s 5-end co-transcriptionally. IVT reactions
generating mCh_RNA were performed in 20 uL scales with final concentrations of 4 mM
ARCA, 1 mM GTP, 1.25 mM CTP, 1.25 mM UTP, >1.25 mM ATP and 50 ng uL™ template
DNA. Buffer and enzyme specifications of the used T7 RNA Polymerase Mix were not given

by the manufacturer and can therefore not be named here. A pipetting scheme for mCh_RNA
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IVT reaction mixes is shown in Table 23. For preparation of CP-modified GENAEXT
mCh_mRNA, rTPT3°P TP was added to the IVT reaction mix at a concentration of 0.25 mM.

Similarly, for optional natural base modifications, 1.25 mM r¥ TP and 1.25 mM r5mC TP were

included in the IVT reaction mix. Except for unmodified mCh_RNAY"and mCh_RNA"YT _ DTT

UTR 2’

and MgCl, were added to the IVT mix at concentrations of 5 mM and 2 mM, respectively,

improving the yield for modified RNA sequences.

Table 23. Pipetting scheme for capped mCh_RNA IVT reaction mixes. rTPT3¢? TP was added to IVT reaction
mixes for GENAEXT IVT reactions only. r® TP and r5mC TP were added if additional natural base modifications
were required. DTT and MgCl2 were included for IVT reaction preparing modified mCh_RNA sequences.

Component Stock concentration Final concentration V [pL]
2x ARCA/NTP Mix 2X 1Xx 10
rTPT3CP TP 10 mM 0 or 0.25 mM Oor0.5
Y TP 50 mM Oor1.25mM Oor0.5
rsmC TP 50 mM Oor1.25 mM Oor0.5
DTT 100 mM Oor5mM Oor1
MgCl. 50 mM Oor2mM Oor0.8
mCh_DNA template varied 50 ng pL’ varied
T7 RNA Polymerase Mix n.a. n.a. 2
ddH20 - - ad 20

All IVT reactions were incubated for 30 min at 37 °C. Following, the template DNA was
digested by adding 0.2 U uL' DNase | to the IVT reaction mix and incubating for 15 min at
37 °C. Post-transcriptionally, the capped RNA was polyadenylated. Poly(A) tailing reactions
were performed in 50 yL scales adding Poly(A) Reaction Buffer and E. coli Poly(A) Polymerase
to the DNase-digested IVT mix. Buffer and enzyme specifications of the used Poly(A) Reaction
Buffer and E. coli Poly(A) Polymerase were not given by the manufacturer and can therefore

not be named here. A pipetting scheme for poly(A) tailing reactions is shown in Table 24.

Table 24. Pipetting scheme for poly(A) tailing reactions.

Stock Final
Component V [uL]
concentration concentration
DNase-digested mCh_RNA IVT mix - - 20
ddH0 - - 20
10x Poly(A) Reaction Buffer 10x 1x

E. coli Poly(A) Polymerase n.a. n.a.
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Poly(A) tailing reactions were incubated for 30 min at 37 °C. Prepared mCh_mRNA samples

were purified via LiCl precipitation according to the kit manufacturer’s protocol.

5.15.2 Xist IncRNA

Xist_ RNA in vitro transcriptions were performed in 100 uL scale with final concentrations of
40 mM Tris-HCI pH 7.9, 25 mM MgCl;, 5 mM DTT, 2.5 mM each canonical triphosphate,
0.8 mM rTPT3N° TP, 0.5 U L' RNasin, 3x10* U uL™" iPP, 5 ng uL™" Xist DNA template and
5 U uL" T7 RNA polymerase. A pipetting scheme for Xist RNA IVT reaction mixes is shown
in Table 25.

Table 25. Pipetting scheme for Xist_ RNA IVT reaction mixes.

Component Stock concentration Final concentration V [pL]
Tris-HCI pH 7.9 200 mM 40 mM 20
MgCl, 100 mM 25 mM 25
DTT 100 mM 5 mM 5
rNTP bundle 25 mM each 2.5 mM each 10
rTPT3NC TP 10 mM 0.8 mM 8
Xist_DNA template varied 5ng uL™" varied
RNasin 40 U pL™ 0.5 U pyL"’ 1.2
iPP 0.1 U yL"’ 3x10* U yL’ 0.3
T7 RNA

50 U pL™ 25U uL’ 5
Polymerase
ddH20 - - ad 100

IVT reactions were incubated for 4 h at 37 °C. Following, the template DNA was digested by
adding DNase | buffer (final conc. of 10 mM Tris-HCI pH 7.6, 2.5 mM MgCl,, 0.5 mM CacCl,)
and 0.035 U pL' DNase | to the IVT reaction mix and incubating for 45 min at 37 °C. A pipetting

scheme for DNase digestion reaction mixes is shown in Table 26.

Table 26. Pipetting scheme for DNase | digestion reaction mixes.

Stock Final
Component V [uL]
concentration concentration
Xist_RNA IVT mix n.a. n.a. 100
10x DNase | Reaction Buffer 10x 1x 11

DNase | 2 U L 0.035 U pL* 2
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DNase digested Xist RNA samples were purified via preparative gel electrophoresis and

recovered using the NucleoSpin Gel and PCR Clean-Up Kit.

5.16 In vitro iEDDA click labeling on rTPT3¢P-modified mCh_mRNA

For in vitro iIEDDA click labeling of CP-modified mRNA, equimolar quantities of different
mCh_mRNA sequence variants were incubated with a more than 60-fold molar excess of
tetrazine-conjugated fluorophores. In total reaction volumes of 7 yL, 8 pmol of each
mCh_mRNA sequence variant was mixed with 500 pmol of AF Dye 488 tetrazine and
incubated for 60 min at 25 °C in the dark. Control samples of mCh_mRNA sequence variants
were treated equally with a compensatory volume of ddH»O instead of AF Dye 488 tetrazine.

An exemplary pipetting scheme for poly(A) tailing reactions is shown in Table 27.

Table 27. Exemplary pipetting scheme for mCh_mRNA in vitro click labeling.

Component Stock concentration  Final concentration V [uL]
mCh_mRNA varied 1.1 uM varied
AF Dye 488 tetrazine 500 uM Oor71.4 uyM Oor1
ddH.0 - - ad7

After incubation, analytic gel electrophoresis was performed using a 2% agarose gel without
EtBr supplement. The resulting mRNA bands were first analyzed by fluorescence scanning
using the Phosphorimager FLA-3000 (Aex = 473 nm Aem = 520 nm), followed by EtBr post-

staining and visualization using UV-illumination.

5.17 Cell culture maintenance

Hela cells were cultured in DMEM GlutaMAX medium supplemented with 10% FCS, 1% MEM
NEAA and 1% sodium pyruvate. Cells were kept in T75 cell culture flaks at 37 °C and 5% CO..
At regular intervals of two to three days, cells were split in ratios of 1:3 and 1:5 to maintain a
cell confluence between 80-90%. For passage, cells were first washed with 8 mL PBS, then
trypsinized with 2 mL Trypsin-EDTA and partly transferred into a new cell culture flask

containing fresh medium.
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5.18 Cell transfection

For mCh_mRNA cell transfections designated to fluorescence imaging, protein quantification
or relative mRNA quantification analysis, HelLa cells were seeded the day before transfection
in 24-well tissue culture plates at a density of 7 x 10* cells per well. For cells designated to
fixed cell fluorescence imaging, additional glass coverslips were placed in each well before cell
seeding. Transfections were performed in biological duplicates for each different mCh_mRNA
sequence and control samples. Cells were transfected using Lipofectamine MessengerMAX
according to the manufacturer’s protocol. Therefore, for each well containing cells to be
transfected, 1.5 pL Lipofectamine MessengerMAX was diluted in 23.5 uL Opti-MEM Serum-
Reduced Medium. The diluted lipid mixture was vortexed thoroughly and incubated for 10 min
at rt. In the same way, for each well containing cells to be transfected, 500 ng of mCh_mRNA
was diluted in the appropriate amount of Opti-MEM Serum-Reduced Medium to obtain a total
volume of 25 L for each well. Depending on the total amount of wells containing cells to be
transfected, the volumes for lipid dilution as well as mRNA dilution were scaled up
proportionally and prepared as a whole at once. The diluted mMRNA mixture was then added to
the diluted lipid mixture in a 1:1 ratio, vortexed thoroughly and incubated for 5 min at rt. After
incubation, the mRNA-lipid complex mixture was added dropwise to the surface of the cell
medium of each well. Treated cells were incubated for 6, 24 or 48 h at 37 °C and 5% CO.. At

4 h after transfection start, the cell medium was exchanged for fresh medium.

For mCh_mRNA transfections designated to cell viability analysis, HelLa cells were seeded the
day before transfection in 96-well tissue culture plates with clear bottom at a density of
2.5 x 10° cells per well. Transfections were performed in biological triplicates for each different
mCh_mRNA sequence and control samples. Cells were transfected in the same way as in 24-
well plates using Lipofectamine MessengerMAX, only the amounts of Lipofectamine
MessengerMAX, mCh_mRNA and Opti-MEM Serum-Reduced Medium were adjusted and
reduced. For each well containing cells to be transfected, 0.3 yL Lipofectamine
MessengerMAX was diluted in 4.7 uyL Opti-MEM Serum-Reduced Medium. The diluted lipid
mixture was vortexed thoroughly and incubated for 10 min at rt. In the same way, for each well
containing cells to be transfected, 100 ng of mCh_mRNA was diluted in the appropriate amount
of Opti-MEM Serum-Reduced Medium to obtain a total volume of 5L for each well.
Depending on the total amount of wells containing cells to be transfected, the volumes for lipid
dilution as well as mRNA dilution were scaled up proportionally and prepared as a whole at
once. The diluted mRNA mixture was then added to the diluted lipid mixture in a 1:1 ratio,
vortexed thoroughly and incubated for 5 min at rt. After incubation, the mRNA-lipid complex
mixture was added dropwise to the surface of the cell medium of each well. Treated cells were
incubated for 24 h at 37 °C and 5% CO.. At 4 h after transfection start, the cell medium was
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exchanged for fresh medium supplemented with MT Cell Viability Substrate and NanoLuc

Enzyme from the RealTime-Glo MT Cell Viability Assay Kit.

Table 28 gives on overview of cell numbers for the different well plates and the corresponding

amounts to prepare mRNA-lipid-complexes for cell transfection.

Table 28. Overview of cell numbers and corresponding amounts to prepare mRNA-lipid complexes for cell

transfection.
Single well in a Single well in a
Component
24-well plate 96-well plate
Seeded cells 7 x 10* cells 2.5 x 10° cells
Lipofectamine 1.5 uL 0.3 uL
Lipid dilution
Opti-MEM medium ad 25 uL ad 5 yuL
mCh _mRNA 500 ng, varying V 100 ng, varying V
mRNA dilution N g vanying 9 ying
Opti-MEM medium ad 25 uL ad 5 yuL
Lipid dilution 25 uL 5puL
mMRNA-lipid complex
mMRNA dilution 25 uL 5uL

5.19 Live-cell iEDDA click labeling on rTPT3°"-modified mCh_mRNA

For live-cell iEDDA click labeling of CP-modified mCh_mRNA in transfected cells, cell
membrane-permeable tetrazine-conjugated fluorophores were added to the transfected cells
at 6, 24 or 48 h after transfection start. For cells designated to fixed cell fluorescence imaging,
live-cell click labeling was performed in 24-well plates. 1 uM AF Dye 488 tetrazine was added
directly into the cell medium of each well and mixed with the medium by shaking the plate.
Cells were incubated for 60 min at 37 °C and 5% CO: to allow the click reaction to proceed.
Cells were then prepared for fluorescence imaging by washing, fixation and cell nuclei

counterstaining.

For cells designated to cell viability analysis, live-cell click labeling was performed in 96-well
plates. Cells were treated in the same way as in 24-well plates adding tetrazine-conjugated
fluorophores to cells likewise, only the amount of AF Dye 488 tetrazine was adjusted and
reduced. 1 uM AF Dye 488 tetrazine was added directly into the cell medium of each well and
mixed with the medium by shaking the plate. Cells were incubated for up to 2 h at 37 °C and

5% CO: to allow the click reaction to proceed and cell viability to be analyzed.
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5.20 Cell fixation and counterstaining for microscopy

Following cell transfection and live-cell iEDDA click labeling, cells were washed, fixed and cell
nuclei counterstained for fluorescence microscopy. First, cells were carefully washed once with
500 pL PBS buffer per well. For cell fixation, 500 pL of a 3.7% formaldehyde solution in PBS
(1:10 dilution of 37% formaldehyde solution in PBS buffer) was added to each well and
incubated for 10 min at rt. Cells were then washed trice with 500 uL PBS per well per washing
step. Next, cell nuclei were counterstained by adding 1 mL of a 1 ug yL™"' aqueous DAPI
solution per well and incubated for 2 min at rt. After that, cells were washed again trice with
500 uL PBS per well per washing step. The cover slips containing fixed cells were removed
from the well-plate and mounted on microscope slides using Fluoro-Gel mounting medium.
Mounted slides were allowed to dry overnight at rt in the dark and sealed with clear nail polish

the next day.

5.21 Confocal fluorescence microscopy

Imaging of fixed cells after transfection with mCh_mRNA and live-cell iEDDA click labeling was
performed on a LSM 710 confocal laser scanning fluorescence microscope equipped with a
40x/1.4 DIC oil objective. Green fluorescence for AF 488 Dye labeled mCh_mRNA was
recorded at Aex/Aem = 488 Nm/516 nm. Red fluorescence of translated and cellular expressed
mCherry protein was recorded at Aex/Aem = 543 nm/637 nm. Blue fluorescence of DAPI
counterstained cell nuclei was recorded at Aex/Aem = 405 nm/460 nm. Fluorescent channels
were scanned consecutively to minimize crosstalk. For each channel and each image, a
number of four scans were averaged to improve signal-to-noise ratios. In addition, z-stack

images were taken with increments of 3.426 um (corresponds to 1 AU).

5.22 Quantification of cellular mCherry protein expression from
mCh_mRNA

For quantification of cellular mCherry protein expression, the mCherry Quantification Kit was
used. Following mCh_mRNA cell transfection and incubation for translation and protein
expression, the cell medium was removed from each well. For cell lysis, 130 uL RIPA Lysis
and Extraction Buffer supplemented with 1 mM PMSF was added to each well and incubated
on ice for 20 min. The resulting cell lysate buffer was then transferred from each well to

individual 1.5 mL reaction tubes and centrifuged for 5 min at 10000 x g and 4 °C. After
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centrifugation, 100 pyL of protein-containing supernatant was taken off from each tube and
transferred either to fresh reaction tubes for intermediate storage at -20 °C or directly
transferred to designated wells of a black 96-well plate. If samples were frozen, they needed
to be thawed on ice gently before they were transferred to an assay plate. For each
fluorescence measurement, a mCherry protein standard series was included in duplicate in
the 96-well plate. For this purpose, a 10 ng uL-" mCherry protein working solution was used to
prepare a standard series of 0, 20, 40, 60, 80 and 100 ng mCherry protein per well. The
volumes of each well for the standard series were adjusted to 100 yL volume with RIPA buffer.
Fluorescence was measured at Aex/Aem = 587 nm/610 nm on the EnSpire Multimode Plate

Reader, whose measurement chamber was pre-incubated to 25 °C.

5.23 RT-qPCR of mCh_mRNA levels in cells

In order to quantify mCh_mRNA amounts in transfected cells, total cellular RNA was isolated
from lysed cells, then reverse transcribed and amplified in a quantitative real-time PCR. Cell
lysis and total RNA isolation was performed using the NucleoSpin RNA Kit according to the
manufacturer’s protocol. Concentrations of isolated cellular total RNA were calculated from
measured Azso absorptions. For reverse transcription and gPCR amplification the GoTaq Probe
2-Step RT-qPCR System was used. This allowed separate reaction steps, first reverse
transcription and then qPCR analysis. Initial experiments were conducted to test cDNA dilution
series in qPCR assays calculating gPCR efficiencies and comparing singleplex and multiplex
assays. In addition, gPCR amplicon sequences were to be validated by Sanger sequencing.

For that, an extension strategy was implemented.

5.23.1 Cellular total RNA isolation from transfected cells

For isolation of cellular total RNA from transfected cells, the NucleoSpin RNA Kit was used
according to the manufacturer’s protocol. After mCh_mRNA cell transfection and incubation,
the cell medium was removed from each well. For cell lysis, 350 yL RA1 Lysis Buffer containing
10 mM DTT was added to each well and incubated for 1 h at 4 °C. The resulting cell lysate
was then filtered through a NucleoSpin Filter by centrifugation for 1 min at 11000 x g to reduce
viscosity and clear the lysate. The filtered lysate was mixed with 350 yL 70% EtOH before
loading to a NucleoSpin RNA Column and centrifugation for 30 s at 11000 x g. After loading,
the NucleoSpin RNA Column’s silica membrane was desalted by adding 350 yL Membrane

Desalting Buffer and centrifuging for 1 min at 11000 x g. To digest cellular DNA bound to the
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silica membrane, a DNase digestion step was performed on the silica membrane. For that,
rDNase was diluted in rDNase Reaction Buffer, applied directly onto the silica membrane and
incubated at rt for 15 min. Subsequently the silica membrane was washed three times. For
DNase inactivation and washing, 200 yL Buffer RAWZ2 was first added to the column and
centrifuged for 30 s at 11000 x g. Then, 600 uL (2"¢ wash) or 250 uL (3" wash) of Buffer RA3
was added to the column and centrifuged at 11000 x g for 30 s (2" wash) or 2 min (3™ wash).
Elution was performed in two steps; for each step, 30 yL ddH2O was added to the column and
centrifuged for 1 min at 11000 x g. Purified isolated cellular total RNA samples were
intermediately stored at -20 °C.

5.23.2 RT-gPCR analysis

RT-qPCR analysis was performed in biological duplicates (n=2), starting from transfection to
RNA isolation and reverse transcription. In addition, gPCR amplification was executed in
technical triplicates. For each mCh_mRNA transfection condition and transfection control
samples, RT reactions and respective No-Reverse-Transcriptase (NRT) controls were carried
out separately. At first, RNA/primer mixes were prepared in total volumes of 7 uL onice. 500 ng
each of Oligo(dT)s Primer and Random Primers were added to 100 ng of isolated cellular total
RNA from each transfection condition. The RNA/primer mixes were then incubated for 5 min
at 70 °C and chilled for at least 5 min in an ice-water bath. In parallel, RT and NRT master
mixes were prepared on ice. The NRT mix missed addition of reverse transcriptase, instead
water was added in a compensatory amount. Depending on the number of RT or NRT samples,
the respective master mix volumes of 13 uL per reaction or control sample were scaled up
proportionally and prepared as a whole at once. RT reaction mixes and NRT control samples
were obtained by mixing 7 uyL RNA/primer mix with 13 yL RT or NRT master mix, respectively.
20 pL RT reaction samples included 5 ng uL" cellular total RNA, 25 ng uL™" Oligo(dT)+s Primer,
25 ng uL* Random Primers, 2mM MgCl,, 500 uM PCR Nucleotide Mix, 2.5 U pL™"
Recombinant RNasin Ribonuclease Inhibitor, GoScript Reaction Buffer and GoScript Reverse
Transcriptase (unlisted concentrations for buffer and enzyme from the GoTaq Probe 2-step
RT-qPCR System component). A pipetting scheme for RT reaction mixes or NRT controls is
shown in Table 29. Table 30 provides an overview of the thermal program used for RT
reactions. RT reaction and NRT control samples were incubated for 5 min at 25 °C hybridizing
RNA and primers, following 45 min at 42 °C for reverse transcription, 15 min at 70 °C for

enzyme inactivation and cooling to 4 °C at the end.
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Table 29. Pipetting scheme for RT reaction mixes or NRT controls.

Stock Final
Component ] V [uL]
concentration concentration

Isolated cellular total RNA varied 5ng uL™ varied
Oligo(dT)+s Primer 0.5 pg pL’ 25 ng pL! 1
Random Primers 0.5 pg pL’ 25 ng pL! 1
GoScript Reaction Buffer 5x 1x 4
MgCl, 25 mM 2mM 1.6
PCR Nucleotide Mix 10 mM 500 uM 1
Recombinant RNasin

_ o 100 U pL™" 25U puL? 0.5
Ribonuclease Inhibitor
GoScript Reverse Transcriptase 20x 0 or 1x Oor1
ddH20 - - ad 20

Table 30. Thermal program for RT reactions.

Program segment T [°C] t [min]
RNA/primer hybridization 25 5
Reverse transcription 42 45
Enzyme inactivation 70 15
Hold 4 o0

Obtained cDNA and NRT control samples were first diluted 1:2 by mixing 20 yL RT reaction
mixes or NRT controls with 20 yL ddH2O, respectively. 2.5 pL of diluted cDNA or NRT sample
was further diluted in a ratio of 1:7 by addition of 17.5 yL ddH»O. 5 pL of the second dilution
was used for one gPCR reaction mix each. gPCR reactions mixes were pipetted in white
96-well PCR plates on ice. After addition of diluted cDNA or NRT samples, or 5 uL ddH-20 for
NTC samples, 15 uL qPCR master mix was added to each well. The gPCR master mix therefor
was prepared on ice by mixing GoTaq Probe Master Mix with the individual forward primers,
reverse primers and probe oligonucleotides for each of the four target genes and sequences.
Depending on the number of gqPCR samples and controls, the gPCR master mix volume was
scaled up proportionally and prepared as a whole at once. qPCR reactions were performed in
multiplex assays and total volumes of 20 pL using 200 nM forward and reverse primers and
300 nM probe oligonucleotides. A pipetting scheme for RT reaction mixes or NRT controls is

shown in Table 31.
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Table 31. Pipetting scheme for qPCR reaction mixes.

Component Stock Final V [uL]
concentration concentration

Diluted cDNA or NRT control n.a. n.a. 5

GoTaq Probe Master Mix 2X 1x 10

mCh_qPCR™e™ FW primer 12 uM 200 nM 0.33
mCh_qPCR3*"_FW primer 12 uM 200 nM 0.33
GAPDH_qPCR_FW primer 12 uM 200 nM 0.33
B-Actin_qPCR_FW primer 12 uM 200 nM 0.33
mCh_qPCR™™ RV primer 12 uM 200 nM 0.33
mCh_qPCR3*"™_RV primer 12 uM 200 nM 0.33
GAPDH_qPCR_RYV primer 12 uM 200 nM 0.33
B-Actin_qPCR_RYV primer 12 uM 200 nM 0.33
mCh_qPCR™™ probe 18 uM 300 nM 0.33
mCh_qPCR3*" probe 18 uM 300 nM 0.33
GAPDH_qPCR _probe 18 uM 300 nM 0.33
B-Actin_qPCR_probe 18 uM 300 nM 0.33
ddH20 - - ad 20

After pipetting, the gPCR plates were sealed with adhesive foil, briefly centrifuged and placed
in the gPCR thermal cycler. PCR cycling was performed with an initial hot start and activation
step for 2 min at 95 °C, followed by 40 cycles of denaturing for 15 s at 95 °C and combined
annealing and elongation for 60 s at 60 °C, before cooling to 10 °C at the end. Table 32

provides an overview of the gPCR cycling conditions.

Table 32. PCR cycling conditions for gPCR analysis.

Program segment T[°C] t [s]
Hot Start / Activation 95 120
Denaturation 95 15
_ _ 40 cycles
Annealing & Elongation 60 60
Hold 10 o0

After gPCR reaction completion, samples of gqPCR amplicons were checked for lengths on
analytic 4% agarose gels. In addition, gPCR amplicons were extended by splinted ligation. By
this, subsequent Sanger sequencing enabled sequence validation of the intended qPCR target

genes and sequences.
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5.23.3 Initial experiments for qPCR efficiencies

Initial experiments applying the RT-qPCR protocol as described previously were performed in
order to calculate gPCR efficiencies and compare them between singleplex and multiplex
gPCR assays. In deviation from the previously described protocol, HelLa cells were transfected
with unmodified mCh_mRNA"T only, incubated for 24 h, then lysed and the total RNA was
extracted as previously described. The obtained cDNA and NRT samples were first diluted 1:2
with ddH.0O. Five to six different volumes of subsequently prepared two-fold serial dilutions
(0.156, 0.313, 0.625, 1.25, 2.5 and 5 uL) were used in gPCR reactions. gPCR reaction mixes
were pipetted and gPCR cycling was conducted as described previously. All initial gqPCR

reactions were performed in technical duplicates.

5.23.4 qPCR product extension for sequence validation

gPCR amplicons were to be extended in a splinted ligation approach to allow Sanger
sequencing for gPCR product sequence validation. In a first step, samples of qPCR products
were used as template DNA and amplified under standard PCR conditions. A separate PCR
reaction was performed for amplification of each of the four target genes and sequences. 2 L
of gPCR product mix were used in 100 yL PCR reactions containing final concentrations of
20 mM Tris-HCI pH 8.9, 22 mM NH.CI, 22 mM KCI, 1.8 mM MgClz, 0.06% IGEPAL CA-630,
0.05% Tween 20 (OneTaq Standard Reaction Buffer), 375 yM each canonical dNTP, 1 yM
forward primer, 1 uM reverse primer and 0.025 U uL™' OneTaq DNA Polymerase. For each of
the four gPCR target genes and sequences their specific gqPCR forward and reverse primers
were used in the PCR reaction mix. A general pipetting scheme for PCR reaction mixes for

gPCR product amplification is shown in Table 33.

Table 33. Pipetting scheme for PCR amplification of gPCR products.

Component Stock Final V [uL]
concentration concentration

OneTaq Standard Reaction Buffer 5x 1x 20

dNTP bundle 25 mM each 375 uM each 1.5

gPCR_FW forward primer 100 uM 1 uM 1

gPCR_RYV reverse primer 100 uM 1 uM

gPCR product mix n.a. n.a. 2

OneTaq DNA polymerase 5U L™ 0.025 U L’ 0.5

ddH20 - - ad 100
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PCR cycling was performed with an initial denaturing step for 2 min at 94 °C, followed by 30
cycles of denaturing for 30 s at 94 °C, annealing for 40 s at 60 °C and elongation for 30 s at
68 °C. A final elongation step was set for 5 min at 68 °C, before cooling to 4 °C at the end.

Table 34 provides an overview of the general cycling conditions.

Table 34. PCR cycling conditions for PCR amplification of gPCR products.

Program segment T[°C] t [s]

Initial denaturation 94 120

Denaturation 94 30

Annealing 60 40 30 cycles
Elongation 68 30

Final elongation 68 300

Hold 4 0

PCR products were checked for lengths by analytic 4% agarose gel electrophoresis and
purified using the NucleoSpin Gel and PCR Clean-Up Kit according to the manufacturer’s
protocol. Purified PCR products were then phosphorylated in 50 uL scale containing final
concentrations of 2 yM clean PCR product, 70 mM Tris-HCI pH 7.6, 10 mM MgClz, 5 mM DTT
(T4 PNK Reaction Buffer), 1 mM ATP and 0.2 U uL™ T4 Polynucleotide Kinase. Separate
phosphorylation reactions were performed for each of the four different sequences. A general

pipetting scheme for PCR reaction mixes for gPCR product amplification is shown in Table 35.

Table 35. General pipetting scheme for T4 PNK phosphorylation reactions.

Component Stock concentration  Final concentration V [uL]
T4 PNK Reaction Buffer 10x 1x 5
ATP 10 mM 1 mM 5
clean PCR product varied 2 uM varied
T4 Polynucleotide Kinase 10 U L™ 0.2 U L’ 1
ddH20 - - ad 50

Phosphorylation reactions were incubated at 37 °C for 30 min and then heated to 65 °C for
20 min for enzyme inactivation. Table 36 gives an overview of the incubation steps for T4 PNK

phosphorylation.
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Table 36. Incubation steps for T4 PNK phosphorylation reactions.

Incubation Step T [°C] t [min]
Phosphorylation 37 30
Enzyme inactivation 65 20

Phosphorylated PCR products were purified using G-25 lllustra MicroSpin gel filtration columns
according to the manufacturer’'s protocol, lyophilized and resuspended in 10 yL ddH-O.
Splinted ligations were performed using a universal adapter and a sequence specific splint
DNA oligonucleotide for each gPCR amplicon. Separate ligation reactions were performed for
each of the four different sequences. Ligation reactions were performed in 20 yL scale
containing 50 mM Tris-HCI pH 7.5, 10 mM MgCl., 1 mM ATP, 10 mM DTT (74 DNA Ligase
Buffer), 2.5 uM gqPCR_adapter DNA oligonucleotide, 2.5 uM splint DNA oligonucleotide,
2.5 uM phosphorylated and purified gPCR product and 40 U uL™" T4 DNA Ligase. A general

pipetting scheme for splinted ligation reactions is shown in Table 37.

Table 37. General pipetting scheme for splinted ligation reactions.

Component Stock concentration Final concentration V [uL]
T4 DNA Ligase Buffer 10x 1x 2
gPCR_adapter 100 uM 2.5 uM 0.5
gPCR_splint 100 uM 2.5 uM 0.5
phosphorylated PCR product 10 uM 2.5 uM

T4 DNA Ligase 400 U pL™? 40 U pL™

ddH:20 - - ad 20

Ligation reaction mixes were first prepared without adding of the enzyme, heated to 95 °C for
2 min, then incubated at 50 °C for 5 min, before slowly cooling to 16 °C at a cooling rate of
1 °C min™'. T4 DNA ligase was then added, the reaction mix was incubated overnight at 16 °C,
and heated to 95 °C for 2 min at the end for enzyme inactivation. Table 38 provides an

overview of the incubation steps for T4 DNA ligation.
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Table 38. Incubation steps for T4 DNA ligase splinted ligation reaction.

Incubation Step T[°C] t[min] Cooling rate
Denaturing 95 2

Annealing 50 5

Slow cooling 50 > 16 34 1 °C min"
Ligation 16 o/n

Enzyme inactivation 95 2

Ligation products were purified via preparative agarose gel electrophoresis. Subsequently, the
ligation products were amplified by PCR. For each of the four sequences, separate PCR
reactions were accomplished using sequence-specific reverse primer in combination with a
universal forward primer. PCR reactions were performed in 100 yL scale containing final
concentration of 20 mM Tris-HCI pH 8.9, 22 mM NH4Cl, 22 mM KCI, 1.8 mM MgCl,, 0.06 %
IGEPAL CA-630, 0.05% Tween 20 (OneTaq® Standard Reaction Buffer), 375 uM each
canonical dNTP, 1 uM ext-gPCR_FW forward primer, 1 yM reverse primer and 0.025 U pL™"
OneTaq DNA Polymerase. A general pipetting scheme for PCR reaction mixes for extended

gPCR product amplification is shown in Table 39.

Table 39. General pipetting scheme for PCR amplification of extended gPCR products.

Component Stock Final V [uL]
concentration concentration

OneTaq Standard Reaction Buffer 5x 1x 20
dNTP bundle 25 mM each 375 uM each 1.5
ext-gPCR_FW forward primer 100 uM 1 uM 1
ext-gPCR_RYV reverse primer 100 uM 1uM 1
ligated qPCR product varied 0.7 ng uL™ varied
OneTaq DNA polymerase 5U pL"? 0.025 U pL* 0.5
ddH0 - - ad 100

PCR cycling was performed with an initial denaturing step for 2 min at 94 °C, followed by 30
cycles of denaturing for 30 s at 94 °C, annealing for 40 s at 57 °C and elongation for 30 s at
68 °C. A final elongation step was set for 5 min at 68 °C, before cooling to 4 °C at the end.

Table 40 provides an overview of the general cycling conditions.
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Table 40. PCR cycling conditions for PCR amplification of extended qPCR products.

Program segment T[°C] t [s]

Initial denaturation 94 120

Denaturation 94 30

Annealing 57 40 30 cycles
Elongation 68 30

Final elongation 68 300

Hold 4 o

PCR products were checked for length by analytic 4% agarose gel electrophoresis and purified
using the NucleoSpin Gel and PCR Clean-Up Kit according to the manufacturer’s protocol.

Purified PCR products were then used for Sanger sequencing.

5.24 Sanger sequencing of UBP modified and unmodified DNA

For sequence validation of PCR and qPCR products, purified amplicons were analyzed by
Sanger sequencing. All PCR and gPCR amplicons were previously purified using the
NucleoSpin Gel and PCR Clean-Up Kit. Sequencing of unmodified DNA was entirely
performed at GATC Services (Eurofins Genomics, Germany) using the self-designed
mCh_Seq sequencing primer and the T7_Seq sequencing primer provided by the company.
For sequencing of UBP-modified DNA, the BigDye Terminator v3.1 Cycle Sequencing Kit was
used to perform cycle sequencing according to the Cologne Center for Genomics’s protocol.
Sequencing reactions were performed in 10 pL scale containing 4 ng uL™* mCh_DNA template
and 0.25 uM mCh_FW primer in 1:40 diluted BigDye Terminator 3.1 Ready Reaction Mix and
1:4.4 diluted BigDye Terminator 3.1. 5x Sequencing Buffer. A pipetting scheme for BigDye

Terminator v3.1 Cycle Sequencing reaction mixes is shown in Table 41.

Table 41. Pipetting scheme for BigDye Terminator v3.1 Cycle Sequencing reaction mixes.

Stock Final
Component V [uL]
concentration concentration
BigDye Terminator 3.1 Ready Reaction Mix n.a. n.a. 0.25
BigDye Terminator 3.1. 5x Sequencing Buffer 5x 1.125x 2.25
mCh_FW primer 10 uM 0.25 uM 0.25
mCh_DNA template varied 4 ng uL’ varied

ddH>0 - - ad 10
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Cycling was performed with 32 cycles of denaturing for 10 s at 96 °C, annealing for 5 s at 66 °C
and extension for 4 min at 60 °C, before cooling to 4 °C at the end. Table 42 provides an

overview of the cycling conditions.

Table 42. Cycling conditions for BigDye Terminator v3.1 Cycle Sequencing reaction mixes.

Program segment T [°C] t [s]

Denaturation 96 10

Annealing 66 5 32 cycles
Extension 60 240

Hold 4 0

After that, samples were submitted to the Cologne Center for Genomics (University of Cologne,

Germany) for purification and capillary electrophoresis.

5.25 Cell viability assay

To evaluate cell viability associated with mCh_mRNA transfection and live-cell click labeling in
HelLa cells, the non-lytic and bioluminescent RealTime-GloTM MT Cell Viability Assay was
used. This assay allows measurement of the cell’s reducing potential and thus metabolism
(MT) by coupling it to the generation of luminescent signals. Viable cells can reduce and
convert an added pro-substrate into a substrate used by likewise added luciferase to generate
a luminescent signal. The RealTime-GloTM MT Cell Viability Assay was performed in a single
cell experiment (n=1) with triplicate samples for the different transfection and treatment

conditions.

As previously described, cells were seeded in 96-well tissue culture plates with clear bottom,
transfected with mCh_mRNA and incubated at 37 °C and 5% CO.. At 4 h after transfection
start, the cell medium was exchanged. For that, 4 mL of fresh cell medium were mixed with
4 uL each of the MT Cell Viability Substrate (1000x stock conc.) and NanoLuc Enzyme (1000x
stock conc.). 100 uL of fresh medium supplemented with MT Cell Viability Substrate and
NanoLuc Enzyme was added to each well allowing for the continuous-read format of the assay.
The cells were then incubated at 37 °C and 5% CO; again. At 6, 8, 22 and 24 h after
transfection start, the cell plate was temporarily removed from the incubator and luminescence
was measured with an integration time of 0.1 s on the EnSpire Multimode Plate Reader, whose
measurement chamber preheated to 37 °C. After the last measurement at 24 h post

transfection start, 1 uM AF Dye 488 tetrazine was added to the cell medium. As a control for
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the maximum loss of luminescence signal due to cell lysis, 2 pL of Triton X-100 (10% solution
in ddH-0) was added simultaneously to formally untreated cells. Subsequently, the cells were
incubated again at 37 °C and 5% COz for 2 h. At 1 and 2 h after AF Dye 488 tetrazine addition,
i.e. 25 and 26 h after transfection start, the cell plate was again temporarily removed from the

incubator and luminescence was measured as previously described.

Initial experiments were performed to measure assay linearity over time. For this purpose, cell
seeding, transfection and addition of MT Cell Viability Substrate and NanoLuc Enzyme was
performed as previously described. Measured luminescence values for control samples with

untreated cells and H20O transfection were used to evaluate maximum assay incubation times.

5.26 EPR sample preparation

After purification by preparative agarose gel electrophoresis and Xist RNA recovery using
silica-spin columns, eluates from multiple columns were combined and centrifuged at
18620 x g for 10 min to pellet silica carry-over. Larger Xist RNA sample volumes were
concentrated using Amicon Ultra 3K centrifugal filter devices according to the manufacturers’
protocol. Concentrated Xist RNA was reconstituted in 450 yL PELDOR buffer and
concentrated again for buffer exchange. This step was repeated. Xist RNA was then
recovered by an upside-down centrifugation step and the obtained sample was brought to
50 uL volume by addition of PELDOR buffer. For Xist RNA?N°_3 3 MgCl, was also added to
a final concentration of 1 mM. For hybridization, Xist RNA was then heated to 70 °C for 5 min
and subsequently chilled to 18 °C at a cooling rate of 2 °C min™'. Finally, 12.5 uL of
ethylene glycol-ds was added and the Xist RNA samples were transferred into 3 mm quartz
Q-band EPR tubes and flash-cooled in liquid nitrogen untii PELDOR measurements were

performed.

5.27 Data evaluation

5.27.1 Microscopy

For image editing, raw microscopy images were first exported to tagged image file format (TIF)
using Zen 3.3 (blue edition) software and then processed using Photoshop CS5. Signals from
different channels for fluorescence and transmitted light were separated into individual image

layers. Tonal correction was applied to each layer. The tonal correction for red (cellular
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mCherry protein expression) and green (labeled mCh_mRNA) image layers was performed
using uniform parameters for all different biological samples, treatment controls and different
time points. Similarly, brightness adjustments for red and green image layers were performed
using uniform parameters for all different biological samples, treatment controls and different
time points. The layers for blue (counterstained cell nuclei) and transmitted light signals were
processed individually for each image during tonal correction and brightness adjustments. To
enhance the visibility of blue signals, the blue signal layers was copied, converted to a
greyscale image and additionally placed behind the blue signal layer. Opacity of the blue
greyscale layer were reduced to 10% and the blend mode of the blue greyscale layer was
changed to “luminosity”. For the transmitted light signals, tonal correction, brightness and
contrast adjustments were performed for each image individually. In order to create merged
images, the blend modes of all fluorescent signal layers were changed to “screen”. Scale bar
graphics were inserted as fixed size boxes in new image layers of the processed images. For
this purpose, scale bars were first calculated for the corresponding raw microscopy images
using the Zen 3.3 (blue edition), then their pixel size was measured to create the fixed size

boxes.

5.27.2 Protein quantification

Data evaluation for mCherry protein quantifications was performed using Excel. For each plate
and its individual mCherry protein standard series, calculations for the standard series were
performed initially. First, mean fluorescence values for each concentration of the mCherry
protein standard series duplicates were calculated. Next, the mCherry standard series was
plotted using the calculated mean values and a line of best fit was applied to it. The quality of
the line of best fit was characterized by the coefficient of determination R2. Measured
fluorescence values from samples within the same plate, were background subtracted. For
this, the mean value of the 0 ng mCherry fluorescence readings of the plate’s standard series
was subtracted from all readings. After that, each background corrected fluorescence value
was divided by the slope of the line of best fit. By this, amounts of mCherry protein in ng per
well were obtained. For biological duplicates, a mean value of the amount of mCherry protein
was calculated. Subsequently, mean values of mCherry protein amounts from biologically
independent experiments but transfections using identical mCh_mRNA sequences were
averaged (n=20 for mCh_mRNA"Y", mCh_mRNA'°" and mCh_mRNA?°"; n=10 for
mCh_mRNA" "M, mCh_mRNA?"M, mCh_mRNAWT #+5m¢ mCh_mRNA' ¢ #+mC

mCh_mRNA? ¢P. #+5mC. mCh_mRNA"T mCh_mRNA’ ° mCh_mRNA?<?

UTR 2’ UTR 2’ UTR 2’

mCh_mRNA, 7Y, mCh_mRNA:"".). Their error values were calculated using Gaussian error

propagation. Lastly, all mCherry protein amounts expressed from various mCh_mRNA
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sequences were normalized to the expression from mCh_mRNA"T and for that divided by the
mCherry protein amount of mCh_mRNA"'. Using Origin, normalized mCherry protein amounts
and their corresponding error values were plotted as bar graphs comparing different

mCh_mRNA sequences at different time points.

5.27.3 RT-gPCR

C: values for each target gene and sequence were determined by the CFX Maestro software
supplied with the gPCR thermal cycler. Further evaluation steps were performed using Excel.
First, mean C; values of the two biological duplicates and their technical triplicates along with
their standard deviation (s.d.) were calculated for each of the four target genes and sequences,
separately for each mCh_mRNA sequence transfection condition and each qPCR assay plate.
Due to unstable results for B-Actin C;values throughout the acquired gPCR data set, further
calculations were performed with GAPDH as the only reference gene. AC; values for each
mCh_mRNA sequence were obtained by subtracting the Ci mean values of GAPDH_gPCR
from Ci mean values of mCh_qPCR™™ or mCh_qPCR3*", respectively. Following, AC:
values of the different mCh_mRNA sequences from two biologically independent transfection
experiments were averaged (n=2), separately for analysis using either the mCh_qPCR™™ or
mCh_qPCR3*" primer/probe set. AAC; values of the different mCh_mRNA sequences were
then calculated subtracting the averaged ACvalue of unmodified mCh_mRNA"T at 6 h post
transfection from all other averaged AC; values of varying modified mCh_mRNA sequences at
varying time points post transfection. Finally, fold changes in mCh_mRNA amounts between
the different mCh_mRNA sequences were given as 222 values. Gaussian error propagation
was applied to calculate all corresponding error values starting with the AC; calculations. Using
Origin, 222t values and their corresponding error values were plotted as bar graphs comparing

different mCh_mRNA sequences at different time points.

For initial gPCR experiments, mean C; values and their s.d. were calculated from the obtained
Civalues of duplicate samples. Mean C; values were plotted against the logarithm of volumes

of the cDNA dilution series. Lines of best fit were computed and qPCR efficiencies were

1
calculated as (10  siore - 1) x 100.

5.27.4 Cell viability assay

The MT Cell Viability Assay was performed in a single cell experiment (n=1) with triplicate
samples for each transfection and treatment condition. All calculations were performed using

Excel. A background mean value was calculated for each time point from the luminescent
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signals measured in five wells containing only medium and no cells. All other luminescence
signals measured for different transfection and treatment condition and at different time points
were background corrected by subtracting the background mean value of the corresponding
time point. Subsequently, mean values and their s.d. were calculated for triplicate samples.
Using Origin, the background corrected, mean luminescence values and their s.d. were plotted

against time.

In order to evaluate maximum assay incubation times and assay linearity over time, measured
luminescence values for control samples with untreated cells and H.O transfection from initial
experiments were used. Using Excel, mean values and their s.d. were first calculated for
triplicate samples. Luminescence mean values were plotted against time and then the
corresponding lines of best fit were calculated. The quality of the lines of best fit was

characterized by the coefficient of determination R2.
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7.1 Gel electrophoresis images

Figure 54. Agarose gel of unmodified and UB-modified mCh_DNA PCR products.

S
S S.I9.9.9.9.9
T T T T
Fe &€ & & & & ¢

Figure 55. Agarose gel of unmodified and point mutated mCh_DNA and mCh_DNAutr 2 PCR products.



146 7 Appendix

Figure 56. Agarose gel of UB-modified mCh_DNAurr 2 PCR products.

500 bp— = -— e -—
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Figure 57. Agarose gel of unmodified, UB-modified and point mutated mCh_mRNA. Samples for gel analysis
were taken after DNase digestion after IVT (Transcript), after Poly(A) tailing (Poly(A)) and after LiCl precipitation
for mRNA purification (Purified).
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Figure 58. Agarose gel of mCh_mRNA with natural base modifications and UB modifications. Samples for gel
analysis were taken after DNase digestion after IVT (Transcript), after Poly(A) tailing (Poly(A)) and after
LiCl precipitation for mRNA purification (Purified).
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Figure 59. Agarose gel of unmodified, UB-modified and point mutated mCh_mRNAurr 2. Samples for gel analysis
were taken after DNase digestion after IVT (Transcript), after Poly(A) tailing (Poly(A)) and after LiCl precipitation
for mRNA purification (Purified).
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Figure 60. Agarose gel for in vitro fluorescent click labeling of mCh_mRNA with CP-modifications and point
mutations. Fluorescence scan on the left, EtBr poststained gel and UV visualization on the right.
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Figure 61. Agarose gel for in vitro fluorescent click labeling of mCh_mRNAurr 2 with CP-modifications and point
mutations. Fluorescence scan on the left, EtBr poststained gel and UV visualization on the right.
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Figure 62. Agarose gel for analysis of specific rTPT3CP incorporation and in vitro fluorescent click labeling of
mCh_mRNA. Fluorescence scan on the left, EtBr poststained gel and UV visualization on the right.
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150 bp —
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Figure 63. Agarose gel of RT-gPCR products for 6 h analysis of cells transfected

quence variants.
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Figure 64. Agarose gel of RT-gPCR products for 24 h analysis of cells transfected

quence variants.
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Figure 65. Agarose gel of RT-gPCR products for 48 h analysis of cells transfected

quence variants.

with mCh_mRNA se
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Figure 66. Agarose gel of RT-gPCR products for 6 h analysis of cells transfected

quence variants.
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Figure 67. Agarose gel of RT-gPCR products for 24 h analysis of cells transfected

quence variants.

with mCh_mRNA and mCh_mRNAurr 2 se
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Figure 68. Agarose gel of RT-gPCR products for 48 h analysis of cells transfected

quence variants.
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Figure 69. Agarose gel of PCR amplified RT-gPCR products for sequence elongation.
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Figure 70. Agarose gel of extended RT-gPCR products after ligation with adapter sequences.
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Figure 71. Agarose gel of PCR amplified extended RT-gPCR products.
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Figure 72. Agarose gel of UB-modified Xist DNA PCR products.
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Figure 73. Agarose gel of NO-modified Xist_ RNA.
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7.2 Sanger sequencing results

pmCherry-N1_AA-insert

underlined)

5'-aGCaGaGCTGGTTtaGTGAaCCGTCAGATCCGCTAGCGCTACCGGaCTCAGATCTCGA
GCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGC
CACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGC

CCACATTTGTAGAGGTTTTACTTGCTTTAAAAAaCCTCCCACACCTCCCCCTGAACCTGA
AACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAA
ATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCaCTGCATTCTAGTTgtG
gTTtGTCCAAaCTCATCAATGTATCTTAAGGCGTAAaTTGTAAGCGTTAANaTTTIGTTAAAa
TTennGTTAAaTTTTTggtAAaTCAGCTCcATTTTTtAaCCAanaGgCCGAAaTCGGcAAanTCCcT
TanAAatCAAa-3'

mCh_DNAWT

TTT-3
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mCh_DNA'P™

GTAAAGCGGCCGCGACTCTAGATCATAATCAGc

mCh_seq primer results:

highlighted)

T7 seq primer results:

GTAAAGCGGCCGCGACTCTAGATCATAGTCAGCct

mCh_seq primer results:
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WT
mCh_DNAYT .

GTAAAGCGGCCGCGACTCTAGATCATAGTTGTTGTAcctTtnnttt

mCh_seq primer results:
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2PM
mCh_DNAZFY,

highlighted)

T7_seq primer results:

GTAAAGCGGCCGCGGCTCTAGATCGTAGTTGTGTAannTHtttTT

mCh_seq primer results:

GnnCGCGACTCTnnnnnnnnAATCAGCCnnnnnnn

mCh_DNA? V8P
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GGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTAC

CTCTnGATCANANnNnNnnNnNNNnCnnnCnnnnnn

mCh_ext-qPCR"emal

5'-tTGgcagTCtAGGCGAICGCgATGGCCTGAGTCTAGAGCTCGAgTTcnaAgCTtAagACGTC

aGCTGCCATCCCgACIACTTGAanCTGtCCTTCCCcgAgGgCTtcaagTGGgAaCgCGTGATGA
ACTTCgAGGACGGCGGCgTGgTGACCGTGACCCAGGACTCCtCCCTGCAGGACGGCaAG
TTCATCTACaAGGTGA-3'

mCh_ext-qPCR3-end

5'-aGGCGAtcGcGATGGCCTGAGTCTAgGAGCTCGAGTTCGAAGCTtAagACGTCngCTGCCA
TATCAgGTTGGACaTCaCCTCCCacAacGAGGACTACaCCaTcgtGgAacAGTACgAAcGCgC
CgAGGGCCgCCacTCCaCCGGcGGeatGgacaAgCTGTACAAGTAAageG-3'

GAPDH_ext-gPCR

5'tTGgCAGTCTAGGCGATCGCcgATGGCCTGAGTCTAGAGCTCgAgTTCgAagCTtAAGACG
TCagCTGCcaTAgCCtCAagATCATCAgCaaTGCctCctGecaCCaCCAactGecTTAACaCCCctgAn
NNAGGTCATCCaTGACaaCTTTGgTATCgtGgAAGGACTCatGAccaCagtcca-3'

B-Actin_ext-gPCR

5'-tcaCTTGGCAGTCTAGGCGATCGCGATGGCCTGAGTCTAGAGCTCGAGTTCGAAGCTT
AAgACgTCAgCTGCcatGGTCATCACCATTGgcAATGAgCGGTTCCgctGCCcgGaGGCACTC
TTCCagCCTTCCTTCCgGGGCcATGGAaTCctGtGgCATCcacnaaACtaCcTTCAacTCenTCatga
agTGtga -3'
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7.3 Microscopy images

mCh_mRNA2®  mCh_mRNA'®®  mCh_mRNAYT mCh_mRNA'P™ mCh_mRNA?2"M

DAPI mCherry AF 488

merge + DIC

Figure 74. Confocal fluorescence microscopy images of cells transfected with mCh_mRNA variants at 6 h after
transfection start. Scale bars correspond to 20 um.

mCh_mRNA2°® mCh_mRNA'®® mCh_mRNAYT mCh_mRNA'™ mCh_mRNA2"M

DAPI mCherry AF 488

merge + DIC

Figure 75. Confocal fluorescence microscopy images of cells transfected with mCh_mRNA variants at 24 h after
transfection start. Scale bars correspond to 20 um.
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mCh_mRNA?%®  mCh_mRNA'®®  mCh_mRNA"T mCh_mRNA'™ mCh_mRNA2"M

DAPI mCherry AF 488

merge + DIC

Figure 76. Confocal fluorescence microscopy images of cells transfected with mCh_mRNA variants at 48 h after
transfection start. Scale bars correspond to 20 um.

mCh_mRNAZSF, mCh_mRNA/S" mCh_mRNA}T., mCh_mRNA/™ ~mCh_mRNAZ™

UTR 2 UTR 2 UTR 2 UTR 2

DAPI mCherry AF 488

merge + DIC

Figure 77. Confocal fluorescence microscopy images of cells transfected with mCh_mRNAurr 2 variants at 6 h
after transfection start. Scale bars correspond to 20 pm.
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mCh_mRNAZS, mCh_mRNA!SP,  mCh_mRNAWTL. . mCh_mRNAIFY, mCh_mRNAZ™

UTR 2

UTR 2 UTR 2

DAPI mCherry AF 488

merge + DIC

Figure 78. Confocal fluorescence microscopy images of cells transfected with mCh_mRNAutr 2 variants at 24 h
after transfection start. Scale bars correspond to 20 ym.

m _m min_m m _m min_m min_m
Ch_mRNA2S, mCh_mRNA!SE, mCh_mRNAWL . mCh_mRNAJZY, mCh_mRNAZFY

UTR 2 UTR 2 UTR 2

DAPI mCherry AF 488

merge + DIC

Figure 79. Confocal fluorescence microscopy images of cells transfected with mCh_mRNAurr 2 variants at 48 h
after transfection start. Scale bars correspond to 20 um.
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6 h post transfection 24 h post transfection 48 h post transfection

H,O transfection Untreated cells H,O transfection Untreated cells H,O transfection Untreated cells
Ctrl. Ctrl. Ctrl. Ctrl. Ctrl. Ctrl.

DAPI mCherry AF 488

merge + DIC

Figure 80. Confocal fluorescence microscopy images of transfection controls and untreated cell controls at 6, 24
and 48 h after transfection start. Scale bars correspond to 20 pm.
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7.4 mCherry protein quantification

7.4.1 mCherry protein quantification full data set figure

2

g

Normalized mCherry protein concentration
= 8
1 1

0__|:|E.-...-.-.I-- P

6h

.

24 h

48 h

EmCh_mRNAMT =3 mCh_mRNA! <P
mmmCh_mRNAYT-¥+45mC  gagmCh_mRNA! P ¥+5me
mmmCh_mRNA!#V

mm mCh_mRNA2°"

mmmCh_mRNA?" #45m¢  FamCh_mRNA'SE,

mm mCh_mRNAZPM

OmCh_mRNAYT .  mmmCh_mRNAZEP,
EmmCh_mRNAZ Y,

mCh_mRNAPY,

Figure 81. mCherry protein quantification of cells transfected with mCh_mRNA and mCh_mRNAurr 2 sequences
analyzed at 6, 24 and 48 h after transfection start.

7.4.2 mCherry protein quantification data tables

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM
#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 72 57 0 120 96 90 95 0 82 2
6 h mCh_mRNAyrr2 80 94 74 74 77 0 74 135 47 74
24 h mCh_mRNA 416 365 227 364 391 501 426 460 397 351
24 h mCh_mRNAuyrr2 351 211 319 376 250 270 372 314 321 245
48 h mCh_mRNA 561 608 196 509 576 645 583 564 402 553
48 h mCh_mRNAyrr2 355 331 444 511 464 378 443 467 427 347
H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,O Transf. Ctrl. 41 78
6 h Untr. Cells Ctrl. 16 66
24 h H,0 Transf. Ctrl. 51 0
24 h Untr. Cells Ctrl. 2 43
48 h H,0 Transf. Ctrl. 83 25
48 h Untr. Cells Ctrl. 55 29

Table 43. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2

variants and control values from exp. #1.
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mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 60 119 208 396 587 620
Standard curve #2 80 82 331 148 499 544
Background (mean value for 0 ng/well) 70

Slope line of best fit 6.52

Coefficient of determination R? 0.988

Table 44. mCherry protein standard curve values and calculated parameters from mCh_mRNA or
mCh_mRNAurr 2 exp. #1.

WT WT 1CP 1CP 2CpP 2CpP 1PM 1PM 2PM 2PM

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 5 25 0 0 5 0 0 30 35 0
6 h mCh_mRNAyrr2 46 0 32 16 0 0 15 76 42 41
24 h mCh_mRNA 300 398 137 260 336 349 336 313 251 246
24 h mCh_mRNAyrr: 270 187 276 259 171 192 195 256 204 258
48 h mCh_mRNA 516 470 285 292 506 529 310 511 350 394
48 h mCh_mRNAyrr2 347 343 381 398 200 250 384 361 348 145

H,O Transf.  H,O Transf. Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1
6 h H,0 Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0
24 h H,0 Transf. Ctrl. 0 0
24 h Untr. Cells Ctrl. 0
48 h H,0 Transf. Ctrl. 5 0
48 h Untr. Cells Ctrl. 26

Table 45. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAurr 2
variants and control values from exp. #2.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 118 94 214 306 317
Standard curve #2 0 33 145 198 318 429
Background (mean value for 0 ng/well) 0

Slope line of best fit 3.68

Coefficient of determination R? 0.996

Table 46. mCherry protein standard curve values and calculated parameters from mCh_mRNA or
mCh_mRNAuTr 2 exp. #2.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 132 115 63 1 124 147 137 71 23 52
6 h mCh_mRNAyrr:2 77 88 12 38 51 55 40 91 47 36
24 h mCh_mRNA 872 830 236 374 543 577 635 741 505 605
24 h mCh_mRNAyrr2 439 326 304 462 221 296 377 466 330 336
48 h mCh_mRNA 1050 1193 331 512 608 787 957 1141 698 827

48 h mCh_mRNAyrr, 493 490 447 472 379 485 437 528 473 411
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H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H.O Transf. Ctrl. 73 28
6 h Untr. Cells Ctrl. 2 69
24 h H0 Transf. Ctrl. 4 15
24 h Untr. Cells Ctrl. 45 39
48 h H,O Transf. Ctrl. 27 32
1 54

48 h Untr. Cells Ctrl.

Table 47. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2

variants and control values from exp. #3.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 38 136 170 256 424 432
Standard curve #2 43 95 192 336 346 430
Background (mean value for 0 ng/well) 40.5
Slope line of best fit 4.60
Coefficient of determination R? 0.992

Table 48. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAurr 2 exp. #3.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM
#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 89 65 0 69 104 157 93 82 26 60
6 h mCh_mRNAyrr: 31 75 52 59 17 56 101 78 53 90
24 h mCh_mRNA 985 1075 323 509 761 869 967 996 656 718
24 h mCh_mRNAyrr. 607 537 438 543 363 436 515 560 406 486
48 h mCh_mRNA 1561 1424 492 592 1204 1259 1335 1480 1047 1170
48 h mCh_mRNAyrr2 851 776 600 671 599 547 817 700 563 613
H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,0 Transf. Ctrl. 60 9
6 h Untr. Cells Ctrl. 0 44
24 h H;O Transf. Ctrl. 59 8
24 h Untr. Cells Ctrl. 34 39
48 h H,0 Transf. Ctrl. 43 17
76 10

48 h Untr. Cells Ctrl.

Table 49. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAurr 2
variants and control values from exp. #4.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 49 122 266 282 289 548
Standard curve #2 50 102 301 304 393 413
Background (mean value for 0 ng/well) 49.5
Slope line of best fit 4.84
Coefficient of determination R? 0.976

Table 50. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAuTr 2 exp. #4.
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WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 42 125 19 13 92 103 8 36 94 98
6 h mCh_mRNAyrr2 13 0 21 41 0 0 26 89 43 42
24 h mCh_mRNA 694 670 117 390 833 683 659 782 582 574
24 h mCh_mRNAuyrr2 487 407 396 332 173 316 381 471 329 332
48 h mCh_mRNA 1194 1031 373 606 1219 1024 1234 1205 806 991
48 h mCh_mRNAyrr:2 610 566 597 570 390 321 635 653 526 480

H.O Transf. H,O Transf. Untr. Cells Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H;0 Transf. Ctrl. 1 0
24 h Untr. Cells Ctrl. 0 0
48 h H,0 Transf. Ctrl. 15 0
48 h Untr. Cells Ctrl. 0 7

Table 51. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2
variants and control values from exp. #5.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 10 104 263 367 523 616
Standard curve #2 13 135 241 389 480 653
Background (mean value for 0 ng/well) 11.5

6.31

Slope line of best fit

Coefficient of determination R?

1

Table 52. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAurr 2 exp. #5.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 91 106 55 22 180 155 116 92 102 1
6 h mCh_mRNAyrr2 52 46 49 67 57 31 52 38 54 34
24 h mCh_mRNA 717 647 226 371 750 975 696 742 463 614
24 h mCh_mRNAuyrr2 409 383 424 388 256 322 457 462 331 299
48 h mCh_mRNA 1072 833 279 520 1138 1243 1162 1196 799 866
48 h mCh_mRNAyrr: 610 543 555 551 369 318 543 615 484 502

H,O Transf. H,O Transf. Untr. Cells Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 63 0
6 h Untr. Cells Ctrl. 37 0
24 h H,0 Transf. Ctrl. 43 0
24 h Untr. Cells Ctrl. 45 9
48 h H,0 Transf. Ctrl. 62 4
48 h Untr. Cells Ctrl. 37 13

Table 53. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2

variants and control values from exp. #6.
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mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 4 106 202 304 435 507
Standard curve #2 0 154 222 387 394 564

Background (mean value for 0 ng/well)
Slope line of best fit

Coefficient of determination R?

2
5.18
0.999

Table 54. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAuTr 2 exp. #6.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM
#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 72 124 51 56 90 67 140 96 107 79
6 h mCh_mRNAyrr:2 77 47 101 95 87 46 68 89 95 75
24 h mCh_mRNA 589 517 244 421 372 216 534 548 449 414
24 h mCh_mRNAyr. 514 492 604 625 365 423 463 433 343 381
48 h mCh_mRNA 692 691 301 443 320 333 668 726 513 603
48 h mCh_mRNAyrr2 511 516 635 720 399 377 515 530 356 396
H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,0 Transf. Ctrl. 20 1
6 h Untr. Cells Ctrl. 33 61
24 h H;0 Transf. Ctrl. 15 33
24 h Untr. Cells Ctrl. 88 120
48 h H,0 Transf. Ctrl. 38 8
48 h Untr. Cells Ctrl. 76 45

Table 55. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2

variants and control values from exp. #7.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 17 251 281 415 564 669
Standard curve #2 53 170 361 438 632 706
Background (mean value for 0 ng/well) 35

Slope line of best fit 7.24

Coefficient of determination R? 0.993

Table 56. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAuTr 2 exp. #7.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2

6 h mCh_mRNA 91 103 0 51 22 6 45 39 30 8

6 h mCh_mRNAyrr:2 42 23 96 85 13 23 81 55 73 80
24 h mCh_mRNA 587 616 231 378 260 389 536 538 395 480
24 h mCh_mRNAyrr2 443 447 545 620 372 304 421 395 309 303
48 h mCh_mRNA 632 700 366 516 306 334 723 692 580 628
714 682 474 409 474 515 401 374

48 h mCh_mRNAyrr2 549 446
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H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H.O Transf. Ctrl. 34 41
6 h Untr. Cells Ctrl. 20 45
24 h H0 Transf. Ctrl. 65 0
24 h Untr. Cells Ctrl. 35 0
48 h H,O Transf. Ctrl. 8 0
48 h Untr. Cells Ctrl. 37 0

Table 57. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2
variants and control values from exp. #8.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 39 207 264 361 507 654
Standard curve #2 31 119 341 440 467 734
Background (mean value for 0 ng/well) 35

Slope line of best fit 6.72

Coefficient of determination R? 0.994

Table 58. mCherry protein standard curve values and calculated parameters from mCh_mRNA or mCh_mRNAurtr

2 exp. #8.

WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM
#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 0 2 0 59 4 0 32 39 0 Y|
6 h mCh_mRNAyrr. 0 8 0 9 14 55 0 18 57 14
24 h mCh_mRNA 589 528 161 411 276 256 384 555 378 366
24 h mCh_mRNAyrr. 437 326 526 583 275 359 430 441 285 285
48 h mCh_mRNA 545 566 205 389 246 298 546 571 358 492
48 h mCh_mRNArr, 355 299 511 548 326 319 399 264 256 228
H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H.O Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H;0 Transf. Ctrl. 0 0
24 h Untr. Cells Ctrl. 0 0
48 h H,O Transf. Ctrl. 0 0
48 h Untr. Cells Ctrl. 0 0

Table 59. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2
variants and control values from exp. #9.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 67 202 307 456 511
Standard curve #2 0 102 197 273 369 557
Background (mean value for 0 ng/well) 0

Slope line of best fit 5.16

Coefficient of determination R? 0.998

Table 60. mCherry protein standard curve values and calculated parameters from mCh_mRNA or

mCh_mRNAuTr 2 exp. #9.
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WT WT 1CP 1CP 2CP 2CP 1PM 1PM 2PM 2PM
#1 #2 #1 #2 #1 #2 #1 #2 #1 #2
6 h mCh_mRNA 1 18 0 25 6 0 19 0 0 51
6 h mCh_mRNAyrr: 0 21 31 22 54 0 0 21 54 0
24 h mCh_mRNA 655 510 228 371 299 435 623 712 409 523
24 h mCh_mRNAyrr: 519 391 585 529 402 383 436 506 359 318
48 h mCh_mRNA 506 572 283 389 298 330 554 526 458 397
48 h mCh_mRNAyrr:2 390 363 615 585 312 414 337 396 254 256
H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,0 Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H;0 Transf. Ctrl. 0 0
24 h Untr. Cells Ctrl. 0 0
48 h H;0 Transf. Ctrl. 0 0
48 h Untr. Cells Ctrl. 0 0

Table 61. Raw fluorescence values measured from cells transfected with mCh_mRNA or mCh_mRNAuTr 2

variants and control values from exp. #10.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 15 122 312 436 506
Standard curve #2 0 69 245 236 282 502
Background (mean value for 0 ng/well) 0

Slope line of best fit 4.72

Coefficient of determination R? 0.991

Table 62. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA or

mCh_mRNAutr 2exp. #10.

WT #1 WT #2 1CP#1 1CP #2 2CP# 2CP #2
6 h mCh_mRNA 130 116 109 83 131 148
24 h mCh_mRNA 869 1083 572 549 846 767
48 h mCh_mRNA 1317 1468 775 834 1203 1204
WT ¥Y+5mC WTW¥Y+5mC 1CPW+5mC 1CPWY+5mC 2CPW¥+5mC 2CP W+5mC
#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 190 222 130 126 128 144
24 h mCh_mRNA 1850 1980 637 611 929 890
48 h mCh_mRNA 2540 2509 901 921 1154 1141
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H.O Transf.  H,O Transf. Untr. Cells Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H.O Transf. Ctrl. 13 71
6 h Untr. Cells Ctrl. 44 67
24 h H0 Transf. Ctrl. 26 2
24 h Untr. Cells Ctrl. 61 64
48 h H,O Transf. Ctrl. 35 48
48 h Untr. Cells Ctrl. 37 47

Table 63. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #1.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 6 127 262 347 354 450
Standard curve #2 86 138 238 307 386 383
Background (mean value for 0 ng/well) 46

Slope line of best fit 4.68

Coefficient of determination R? 0.978

Table 64. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with
or without natural base modifications exp. #1.

WT #1 WT #2 1CP#1 1CP #2 2CP#1 2CP #2
6 h mCh_mRNA 121 98 96 92 189 161
24 h mCh_mRNA 1236 1447 667 746 1405 1343
48 h mCh_mRNA 1936 2360 1201 1219 1880 2339

WT ¥Y+5mC WTW¥Y+5mC 1CPW+5mC 1CPWY+5mC 2CPW¥+5mC 2CP W+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 231 249 138 106 217 346
24 h mCh_mRNA 1681 1845 1216 1234 1869 1793
48 h mCh_mRNA 2716 2921 2364 1868 2777 2471

H,O Transf. H,O Transf. Untr. Cells Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H.O Transf. Ctrl. 18 0
6 h Untr. Cells Ctrl. 2 40
24 h H;0 Transf. Ctrl. 6 27
24 h Untr. Cells Ctrl. 36 3
48 h H,0 Transf. Ctrl. 19 25
48 h Untr. Cells Ctrl. 13 21

Table 65. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #2.
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mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 143 215 304 466 595
Standard curve #2 0 150 256 385 365 514
Background (mean value for 0 ng/well) 0
Slope line of best fit 5.53
Coefficient of determination R2 0.997

Table 66. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with

or without natural base modifications exp. #2.

WT #1 WT #2 1CPi#1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 0 92 0 27 76 37
24 h mCh_mRNA 404 1017 432 545 1159 1141
48 h mCh_mRNA 594 1465 812 794 1477 1405
WT $+5mC WTW+5mC 1CPW+5mC 1CPW+5mC 2CPW+5mC 2CP ¥+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 91 65 75 64 147 178
24 h mCh_mRNA 1704 1275 1080 1078 1685 1643
48 h mCh_mRNA 1687 1832 1541 1504 330 1835

H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H,0 Transf. Ctrl. 0 0
24 h Untr. Cells Ctrl. 0 0
48 h H,0 Transf. Ctrl. 0 0
48 h Untr. Cells Ctrl. 0 0

Table 67. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without

natural base modifications and control values from exp. #3.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 55 187 271 411 472
Standard curve #2 0 72 199 215 402 481
Background (mean value for 0 ng/well) 0

Slope line of best fit 4.77

Coefficient of determination R? 0.995

Table 68. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with

or without natural base modifications exp. #3.

WT #1 WT #2 1CP#1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 38 22 21 76 83 112
24 h mCh_mRNA 313 761 439 521 1036 999
48 h mCh_mRNA 504 1389 897 950 1584 1198
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WT $+5mC WTWY+5mC 1CPWY+5mC 1CPWY+5mC 2CPW+5mC 2CP W¥+5mC
#1 #2 #1 #2 #1 #2

6 h mCh_mRNA 177 131 111 78 167 246

24 h mCh_mRNA 1082 1087 1042 909 1667 1352

48 h mCh_mRNA 1446 1788 1442 1492 2055 1862

H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 0 0

6 h Untr. Cells Ctrl. 0 52

24 h H;0 Transf. Ctrl. 5 0

24 h Untr. Cells Ctrl. 0 15

48 h H;0 Transf. Ctrl. 0 55

48 h Untr. Cells Ctrl. 0 0

Table 69. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without

natural base modifications and control values

from exp. #4.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 139 282 418 480 605
Standard curve #2 0 121 283 286 475 648

Background (mean value for 0 ng/well)
Slope line of best fit

Coefficient of determination R?

0
6.18
0.998

Table 70. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with

or without natural base modifications exp. #4.

WT #1 WT #2 1CP i1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 101 68 43 62 104 106
24 h mCh_mRNA 503 673 216 291 950 992
48 h mCh_mRNA 287 1092 548 616 1460 1400
WT W+5mC WTW+5mC 1CPW+5mC 1CPWY+5mC 2CPW+5mC 2 CP W+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 110 85 140 79 171 126
24 h mCh_mRNA 915 1114 643 667 1024 951
48 h mCh_mRNA 1520 1689 975 959 1538 1449

H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h HO Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H;0 Transf. Ctrl. 20 0
24 h Untr. Cells Ctrl. 0 0
48 h H,0 Transf. Ctrl. 0 0
48 h Untr. Cells Ctrl. 0 0

Table 71. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without

natural base modifications and control values

from exp. #5.
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mCherry protein standard [ng/well] 0 20

40

60 80 100

Standard curve #1 0 101
Standard curve #2 0 103

159
219

315 389 535
324 434 523

Background (mean value for 0 ng/well) 0
Slope line of best fit 5.33

Coefficient of determination R? 1

Table 72. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with

or without natural base modifications exp. #5.

WT #1 WT #2 1CPi#1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 89 90 46 34 118 65
24 h mCh_mRNA 524 647 327 367 1142 1073
48 h mCh_mRNA 1110 1468 742 789 1751 1608
WT $+5mC WTW+5mC 1CPW+5mC 1CPW+5mC 2CPW+5mC 2CP ¥+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 65 107 50 73 84 127
24 h mCh_mRNA 1071 1145 687 713 1152 1242
48 h mCh_mRNA 1710 1992 1175 1167 1584 1451

H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 0 0
6 h Untr. Cells Ctrl. 0 0
24 h H,0 Transf. Ctrl. 0 0
24 h Untr. Cells Ctrl. 0 2
48 h H,0 Transf. Ctrl. 0 0
48 h Untr. Cells Ctrl. 0 0

Table 73. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #6.

mCherry protein

standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 96 260 314 449 505
Standard curve #2 6 117 203 344 484 465
Background (mean value for 0 ng/well) 3

Slope line of best fit 5.34

Coefficient of determination R2 0.994

Table 74. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with

or without natural base modifications exp. #6.

WT #1 WT #2 1CP#1 1CP #2 2CP#1 2CP #2
6 h mCh_mRNA 94 177 169 186 144 148
24 h mCh_mRNA 683 857 875 872 1009 900
48 h mCh_mRNA 1019 1347 1523 1476 1488 1454
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WT $+5mC WTWY+5mC 1CPWY+5mC 1CPWY+5mC 2CPW+5mC 2CP W¥+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 441 443 359 362 373 321
24 h mCh_mRNA 2732 3041 1951 2176 2071 1891
48 h mCh_mRNA 4304 4424 2931 2923 3027 2894

H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h H,0 Transf. Ctrl. 65 37
6 h Untr. Cells Ctrl. 101 92
24 h H;0 Transf. Ctrl. 71 101
24 h Untr. Cells Ctrl. 93 87
48 h H;0 Transf. Ctrl. 119 96
48 h Untr. Cells Ctrl. 83 81

Table 75. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #7.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 87 226 298 488 633 787
Standard curve #2 112 243 413 514 575 739
Background (mean value for 0 ng/well) 99.5
Slope line of best fit 7.96
Coefficient of determination R? 0.991

Table 76. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with
or without natural base modifications exp. #7.

WT #1 WT #2 1CP i1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 45 67 104 58 35 87
24 h mCh_mRNA 592 728 734 796 794 771
48 h mCh_mRNA 970 1270 1288 1390 1323 1321
WT W+5mC WTW+5mC 1CPW+5mC 1CPWY+5mC 2CPW+5mC 2 CP W+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 298 290 229 233 259 266
24 h mCh_mRNA 2512 2818 1696 1880 1961 1759
48 h mCh_mRNA 4006 4200 2715 2682 2752 2671

H.O Transf. H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2

6 h HO Transf. Ctrl. 2 0
6 h Untr. Cells Ctrl. 0 0
24 h H;0 Transf. Ctrl. 0 15
24 h Untr. Cells Ctrl. 2 9
48 h H,0 Transf. Ctrl. 13 0
48 h Untr. Cells Ctrl. 0 29

Table 77. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #8.
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mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 0 120 250 345 492 627
Standard curve #2 5 138 226 356 526 596
Background (mean value for 0 ng/well) 2.5

Slope line of best fit 6.14

Coefficient of determination R? 0.999

Table 78. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with
or without natural base modifications exp. #8.

WT #1 WT #2 1CP#1 1CP #2 2CP# 2CP #2
6 h mCh_mRNA 59 37 99 132 81 88
24 h mCh_mRNA 284 683 884 827 1057 889
48 h mCh_mRNA 369 1137 1274 1273 1208 1091

WT $+5mC WTW+5mC 1CPW¥W+5mC 1CPW¥Y+5mC 2CPW¥Y+5mC 2CP ¥+5mC

#1 #2 #1 #2 #1 #2
6 h mCh_mRNA 117 110 247 176 246 242
24 h mCh_mRNA 709 727 928 1154 2096 1883
48 h mCh_mRNA 1075 1142 2000 2521 2477 2139

H,O Transf. H,O Transf. Untr. Cells Untr. Cells

Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,O Transf. Ctrl. 32 76
6 h Untr. Cells Ctrl. 0 0
24 h H,0 Transf. Ctrl. 18 0
24 h Untr. Cells Ctrl. 0 0
48 h H,0 Transf. Ctrl. 18 71
48 h Untr. Cells Ctrl. 0 0

Table 79. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #9.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 32 131 206 383 545 634
Standard curve #2 0 161 284 369 576 774
Background (mean value for 0 ng/well) 16

Slope line of best fit 6.84

Coefficient of determination R? 0.997

Table 80. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with
or without natural base modifications exp. #9.

WT #1 WT #2 1CP#1 1CP #2 2CP# 2CP#2
6 h mCh_mRNA 9 150 176 143 133 191
24 h mCh_mRNA 355 813 898 848 1063 869
48 h mCh_mRNA 469 1186 1307 1314 1164 1175

WT $+5mC WTW+5mC 1CPW+5mC 1CPW+5mC 2CPWY+5mC 2CP W¥Y+5mC
#1 #2 #1 #2 #1 #2

6 h mCh_mRNA 196 152 291 281 321 316
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24 h mCh_mRNA 761 719 1040 1216 1984 1847
48 h mCh_mRNA 1137 1115 1977 2409 2341 2299

H.O Transf.  H,O Transf. Untr. Cells Untr. Cells
Ctrl. #1 Ctrl. #2 Ctrl. #1 Ctrl. #2
6 h H,0 Transf. Ctrl. 66 153
6 h Untr. Cells Ctrl. 95 48
24 h H;0 Transf. Ctrl. 93 50
24 h Untr. Cells Ctrl. 88 85
48 h H;0 Transf. Ctrl. 77 52
48 h Untr. Cells Ctrl. 107 18

Table 81. Raw fluorescence values measured from cells transfected with mCh_mRNA variants with or without
natural base modifications and control values from exp. #10.

mCherry protein standard [ng/well] 0 20 40 60 80 100
Standard curve #1 70 204 290 372 654 635
Standard curve #2 86 283 298 425 549 807
Background (mean value for 0 ng/well) 78
Slope line of best fit 7.31

Coefficient of determination R? 0.985

Table 82. mCherry protein standard curve values and calculated parameters from exp. mCh_mRNA variants with
or without natural base modifications exp. #10.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA -0.84 1.15 -1.53 9.20 3.53 0.46 -3.45 7.29 -4.30 6.14
6 h mCh_mRNAyrr2 2.61 1.07 0.61 0.00 -4.83 5.91 5.29 4.68 -1.46 2.07
24 h mCh_mRNA 49.16 3.91 34.59 10.51 57.68 8.44 57.22 2.61 46.63 3.53
24 h mCh_mRNAytr. 32.37 10.74 4257 4.37 29.15 1.53 41.88 4.45 32.67 5.83
48 h mCh_mRNA 78.92 3.60 4333 24.01 82.91 5.29 77.23 1.46 62.51 11.58
48 h mCh_mRNAyrr2 41.88 1.84 62.51 5.14 53.84 6.60 59.06 1.84 48.63 6.14
HZOC'I;:insf. error Untcr:.tfl:.ells error
6 h H,O Transf. Ctrl. -1.61 2.84
6 h Untr. Cells Ctrl. -4.45 3.83
24 h H;O Transf. Ctrl. -6.83 3.91
24 h Untr. Cells Ctrl. -7.29 3.14
48 h H,0 Transf. Ctrl. -2.45 4.45
48 h Untr. Cells Ctrl. -4.30 1.99

Table 83. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and
controls from exp. #1.
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WT error 1CP error 2CP error 1PM error 2PM error

6 h mCh_mRNA 4.08 2.72 0,00 0,00 0.68 0.68 4.08 4.08 4.76 4.76

6 h mCh_mRNAyrr: 6.25 6.25 6,53 2,18 0.00 0.00 12.37 8.29 11.28 0.14

24 h mCh_mRNA 94.90 13.32 53,97 16,72 93.13 1.77 88.23 3.13 67.57 0.68

24 h mCh_mRNAyr: 62.13 11.28 72,74 2,31 49.35 2.86 61.32 8.29 62.81 7.34

48 h mCh_mRNA 13405 6.25 78,45 0,95 140.71 3.13 11162 2733 101.15 598

48 h mCh_mRNAyrr2 93.81 0.54 105,91 2,31 61.18 6.80 101.29  3.13 67.03  27.60
HZOC'I;:?.nsf. error Unt(r:.tflt'ells error

6 h H,0 Transf. Ctrl. 0.00 0.00

6 h Untr. Cells Ctrl. 0.00 0.00

24 h H;0 Transf. Ctrl. 0.00 0.00

24 h Untr. Cells Ctrl. 0.00 0.00

48 h H,0 Transf. Ctrl. 0.68 0.68

48 h Untr. Cells Ctrl. 3.53 3.53

Table 84. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #2.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 18.04 1.85 -1.85 6.74 20.65 2.50 13.80 7.17 -0.65 3.15
6 h mCh_mRNAyrr. 9.13 1.20 -3.37 2.83 272 0.43 5.43 5.54 0.22 1.20
24 h mCh_mRNA 176.18  4.56 57.49 15.00 11292 3.70 140.75 1152 111.84 10.87
24 h mCh_mRNAyrr2 74.34 1228 7445 1717  47.39 8.15 82.82 9.67 63.58 0.65
48 h mCh_mRNA 23497 1554  82.82 19.67 14281 1945 219.22 20.00 156.94 14.02
48 h mCh_mRNAr, 98.03 0.33 91.08 2.72 85.10 11.52  96.08 9.89 87.27 6.74
HZOC'I;:Ia.nsf. error Untcr:.tﬁ.ells error
6 h H,O Transf. Ctrl. 217 4.89
6 h Untr. Cells Ctrl. -1.09 7.28
24 h H;0 Transf. Ctrl. -6.74 1.20
24 h Untr. Cells Ctrl. 0.33 0.65
48 h H,0 Transf. Ctrl. -2.39 0.54
48 h Untr. Cells Ctrl. -2.83 5.76

Table 85. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #3.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 5.68 248 -3.10 7.13 16.73 5.47 7.85 1.14 -1.34 3.51
6 h mCh_mRNAyr: 0.72 4.54 1.24 0.72 -2.69 4.03 8.26 2.38 4.54 3.82
24 h mCh_mRNA 202.56 9.30 75.72 19.21 15814 11.16 192.54 3.00 131.70 6.40
24 h mCh_mRNAyrr2 107.94 7.23 91.11 10.85 72.31 7.54 100.82 4.65 81.91 8.26
48 h mCh_mRNA 298.11 1415 101.75 10.33 244.19 5.68 280.55 1498 218.78 12.71
48 h mCh_mRNAyrr. 157.83 7.75 121.06 7.33 108.15 5.37 146.47 12.09 111.25 5.16
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H.0 Transf. Error Untr. Cells Error
Ctrl. Ctrl.
6 h H.O Transf. Ctrl. -3.10 5.27
6 h Untr. Cells Ctrl. -5.68 4.54
24 h H0 Transf. Ctrl. -3.31 5.27
24 h Untr. Cells Ctrl. -2.69 0.52
48 h H,O Transf. Ctrl. -4.03 2.69
48 h Untr. Cells Ctrl. -1.34 6.82

Table 86. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #4.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 11.42 6.58 0.71 0.48 13.64 0.87 1.67 2.22 13.40 0.32
6 h mCh_mRNAyrr. -0.79 1.03 3.09 1.59 -1.82 0.00 7.30 5.00 4.92 0.08
24 h mCh_mRNA 106.34 1.90 38.38 2165 11839 11.89 11244 9.75 89.84 0.63
24 h mCh_mRNAyrr2 69.07 6.34 55.90 5.07 36.95 11.34  65.74 7.14 50.59 0.24
48 h mCh_mRNA 17461 1293  75.81 18.48 176.04 1546 19158  2.30 140.67  14.67
48 h mCh_mRNArr. 91.43 3.49 90.71 2.14 54.56 5.47 100.31 1.43 77.95 3.65

H.O Transf. error Untr. Cells error

Ctrl. Ctrl.

6 h H.O Transf. Ctrl. -1.82 0.00
6 h Untr. Cells Ctrl. -1.82 0.00
24 h H;0 Transf. Ctrl. -1.74 0.08
24 h Untr. Cells Ctrl. -1.82 0.00
48 h H,0 Transf. Ctrl. -0.63 1.19
48 h Untr. Cells Ctrl. -1.27 0.56

Table 87. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #5.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 18.63 1.45 7.05 3.19 31.96 2.41 19.69 2.32 9.56 9.75
6 h mCh_mRNAyrr. 9.07 0.58 10.81 1.74 8.11 2.51 8.30 1.35 8.11 1.93
24 h mCh_mRNA 131.30 6.76 57.25 1400 166.15 21.72 13844 444 103.59 14.58
24 h mCh_mRNAyrr 76.07 2.51 78.01 3.48 55.42 6.37 88.34 0.48 60.44 3.09
48 h mCh_mRNA 183.53 23.07 76.75 2327 22948 10.14 22726  3.28 160.36  6.47
48 h mCh_mRNAr, 11093  6.47 106.39  0.39 65.94 4.92 111.41 6.95 94.80 1.74
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error
6 h H.O Transf. Ctrl. 5.70 6.08
6 h Untr. Cells Ctrl. 3.19 3.57
24 h H0 Transf. Ctrl. 3.77 4.15
24 h Untr. Cells Ctrl. 4.83 3.48
48 h H,O Transf. Ctrl. 5.99 5.60
48 h Untr. Cells Ctrl. 4.44 2.32

Table 88. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #6.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 8.70 3.59 2.56 0.35 6.01 1.59 11.47 3.04 8.01 1.93
6 h mCh_mRNAyrr. 3.73 2.07 8.70 0.41 4.35 2.83 6.01 1.45 6.91 1.38
24 h mCh_mRNA 71.57 4.97 41.10 12.23 35.78 10.78  69.91 0.97 54.78 242
24 h mCh_mRNAyrr2 64.66 1.52 80.07 1.45 49.60 4.01 57.06 2.07 45.18 2.63
48 h mCh_mRNA 90.71 0.07 46.56 9.81 40.28 0.90 91.47 4.01 72.26 6.22
48 h mCh_mRNArr. 66.11 0.35 88.77 5.87 48.77 1.52 67.36 1.04 4711 2.76

H.O Transf. error Untr. Cells error

Ctrl. Ctrl.

6 h H.O Transf. Ctrl. -3.39 1.31
6 h Untr. Cells Ctrl. 1.66 1.93
24 h H;0 Transf. Ctrl. -1.52 1.24
24 h Untr. Cells Ctrl. 9.53 2.21
48 h H,0 Transf. Ctrl. -1.66 2.07
48 h Untr. Cells Ctrl. 3.52 214

Table 89. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #7.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 9.23 0.89 -1.41 3.80 -3.13 1.19 1.04 0.45 -2.38 1.64
6h
mCh_mRNAurrz -0.37 1.41 8.26 0.82 -2.53 0.74 4.91 1.94 6.18 0.52
24 h mCh_mRNA 84.35 2.16 40.13 10.94 43.11 9.60 74.75 0.15 59.93 6.33
24 h
mCh_mRNAyrsz 61.05 0.30 81.52 5.58 45.12 5.06 55.54 1.94 40.35 0.45
48 h mCh_mRNA 93.96 5.06 60.45 11.17 42.44 2.08 100.14 2.31 84.72 3.57
48 h 68.87 7.67 98.72 2.38 60.53 4.84 68.42 3.05 52.49 2.01

mCh_mRNAUTRz
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error
6 h H.O Transf. Ctrl. 0.37 0.52
6 h Untr. Cells Ctrl. -0.37 1.86
24 h H0 Transf. Ctrl. -0.37 4.84
24 h Untr. Cells Ctrl. -2.61 2.61
48 h H,O Transf. Ctrl. -4.62 0.60
48 h Untr. Cells Ctrl. -2.46 2.75

Table 90. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #8.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 0.19 0.19 5.72 5.72 0.39 0.39 6.88 0.68 3.97 3.97
6 h mCh_mRNAyrr. 0.78 0.78 0.87 0.87 6.69 3.97 1.74 1.74 6.88 4.17
24 h mCh_mRNA 108.28  5.91 5545  24.24 51.57 1.94 91.03 16.58 7213 1.16
24 h mCh_mRNAyrr2 73.97 10.76  107.51 5.53 61.46 8.14 84.44 1.07 55.26 0.00
48 h mCh_mRNA 107.70  2.04 57.58 17.84 52.74 5.04 108.28 242 82.40 12.99
48 h mCh_mRNArr. 63.40 5.43 102.66  3.59 62.53 0.68 64.27 13.09  46.92 2.71

H.O Transf. error Untr. Cells error

Ctrl. Ctrl.

6 h H.O Transf. Ctrl. 0.00 0.00
6 h Untr. Cells Ctrl. 0.00 0.00
24 h H;0 Transf. Ctrl. 0.00 0.00
24 h Untr. Cells Ctrl. 0.00 0.00
48 h H,0 Transf. Ctrl. 0.00 0.00
48 h Untr. Cells Ctrl. 0.00 0.00

Table 91. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #9.

WT error 1CP error 2CP error 1PM error 2PM error
6 h mCh_mRNA 2.01 1.80 2.65 2.65 0.64 0.64 2.01 2.01 5.41 5.41
6 h mCh_mRNAyrr. 2.23 2.23 5.62 0.95 5.73 5.73 2.23 2.23 5.73 5.73
24 h mCh_mRNA 12353 15.37  63.51 15.16 77.83 1442 14155 944 98.82 12.09
24 h mCh_mRNAyrr 96.49 13.57 11812 594 83.24 2.01 99.88 7.42 71.78 4.35
48 h mCh_mRNA 114.30  7.00 71.25 11.24 66.59 3.39 11452 297 90.66 6.47
48 h mCh_mRNAr, 79.84 2.86 127.24  3.18 76.98 10.82  77.72 6.26 54.08 0.21
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error
6 h H.O Transf. Ctrl. 0.00 0.00
6 h Untr. Cells Ctrl. 0.00 0.00
24 h H0 Transf. Ctrl. 0.00 0.00
24 h Untr. Cells Ctrl. 0.00 0.00
48 h H,O Transf. Ctrl. 0.00 0.00
48 h Untr. Cells Ctrl. 0.00 0.00

Table 92. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA or mCh_mRNAurr 2 variants and

controls from exp. #10.

WT error 1CP error 2CP error
6 h mCh_mRNA 16.44 1.49 10.68 2.78 19.96 1.81
24 h mCh_mRNA 198.57 22.85 109.85 2.46 162.38 8.43
48 h mCh_mRNA 287.49 16.12 161.95 6.30 24714 0.11
qu‘.’ch error ll-’1-5cn}:C error wiscr:c error
6 h mCh_mRNA 34.16 3.42 17.51 0.43 19.22 1.71
24 h mCh_mRNA 399.05 13.88 123.41 2.78 184.37 4.16
48 h mCh_mRNA 529.19 3.31 184.69 2.14 235.18 1.39
HZOC'I;:?nsf. error Unt&ﬁells error
6 h H,O Transf. Ctrl. -0.85 6.19
6 h Untr. Cells Ctrl. 2.03 2.46
24 h H,0 Transf. Ctrl. -6.83 2.56
24 h Untr. Cells Ctrl. 3.52 0.32
48 h H,0 Transf. Ctrl. -0.96 1.39
48 h Untr. Cells Ctrl. -0.85 1.07

Table 93. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #1.

WT error 1CP error 2CP error

6 h mCh_mRNA 19.79 2.08 16.99 0.36 31.63 2.53
24 h mCh_mRNA 242.49 19.07 127.70 7.14 248.36 5.60
48 h mCh_mRNA 388.27 38.32 218.72 1.63 381.31 41.48
lIH‘-IgLC error lIJlsan:C error W?l-san:C error

6 h mCh_mRNA 43.38 1.63 22.05 2.89 50.88 11.66
24 h mCh_mRNA 318.67 14.82 221.43 1.63 330.97 6.87
48 h mCh_mRNA 509.46 18.53 382.48 44.83 474.31 27.66
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H.0 Transf. Error Untr. Cells Error
Ctrl. Ctrl.

6 h H.O Transf. Ctrl. 1.63 1.63
6 h Untr. Cells Ctrl. 0.18 0.18
24 h H0 Transf. Ctrl. 2.98 1.90
24 h Untr. Cells Ctrl. 3.25 3.25
48 h H,O Transf. Ctrl. 3.98 0.54
48 h Untr. Cells Ctrl. 1.17 1.17

Table 94. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #2.

WT error 1CP error 2CP error
6 h mCh_mRNA 9.65 9.65 2.83 2.83 11.85 4.09
24 h mCh_mRNA 148.98 64.27 102.43 11.85 241.14 1.89
48 h mCh_mRNA 215.87 91.32 168.38 1.89 302.15 7.55
qu‘.’ch error ll-’1-5cn}:C error wiscr:c error
6 h mCh_mRNA 16.36 273 14.57 1.15 34.07 3.25
24 h mCh_mRNA 312.32 44.98 226.25 0.21 348.91 4.40
48 h mCh_mRNA 368.94 15.20 319.24 3.88 226.98 157.79
H.O Transf. Error Untr. Cells Error
Ctrl. Ctrl.
6 h H,O Transf. Ctrl. 0.00 0.00
6 h Untr. Cells Ctrl. 0.00 0.00
24 h H,0 Transf. Ctrl. 0.00 0.00
24 h Untr. Cells Ctrl. 0.00 0.00
48 h H,0 Transf. Ctrl. 0.00 0.00
48 h Untr. Cells Ctrl. 0.00 0.00

Table 95. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #3.

WT error 1CP error 2CP error

6 h mCh_mRNA 4.86 1.30 7.85 4.45 15.79 2.35
24 h mCh_mRNA 86.95 36.27 77.72 6.64 164.75 3.00
48 h mCh_mRNA 153.26 71.65 149.53 4.29 225.23 31.25
lIH‘-IgLC error lIJlsan:C error W?l-san:C error

6 h mCh_mRNA 24.94 3.72 15.30 2.67 33.44 6.40
24 h mCh_mRNA 175.60 0.40 157.95 10.77 244 .42 25.50
48 h mCh_mRNA 261.82 27.69 237.54 4.05 317.12 15.63
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error

6 h H.O Transf. Ctrl. 0.00 0.00

6 h Untr. Cells Ctrl. 4.21 4.21

24 h H0 Transf. Ctrl. 0.40 0.40

24 h Untr. Cells Ctrl. 1.21 1.21

48 h H,O Transf. Ctrl. 4.45 4.45

48 h Untr. Cells Ctrl. 0.00 0.00

Table 96. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #4.

WT error 1CP error 2CP error
6 h mCh_mRNA 15.85 3.10 9.85 1.78 19.70 0.19
24 h mCh_mRNA 110.30 15.94 47.55 7.03 182.15 3.94
48 h mCh_mRNA 129.34 75.50 109.17 6.38 268.25 5.63
qu‘.’ch error ll-’1-5cn}:C error wiscr:c error
6 h mCh_mRNA 18.29 2.34 20.54 5.72 27.86 4.22
24 h mCh_mRNA 190.31 18.66 122.87 2.25 185.24 6.85
48 h mCh_mRNA 300.98 15.85 181.40 1.50 280.16 8.35
H.O Transf. error Untr. Cells error
Ctrl. Ctrl.
6 h H,O Transf. Ctrl. 0.00 0.00
6 h Untr. Cells Ctrl. 0.00 0.00
24 h H,0 Transf. Ctrl. 1.88 1.88
24 h Untr. Cells Ctrl. 0.00 0.00
48 h H,0 Transf. Ctrl. 0.00 0.00
48 h Untr. Cells Ctrl. 0.00 0.00

Table 97. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #5.

WT error 1CP error 2CP error

6 h mCh_mRNA 16.18 0.09 6.92 1.12 16.56 4.96
24 h mCh_mRNA 108.99 11.51 64.37 3.74 206.66 6.46
48 h mCh_mRNA 240.62 33.49 142.67 4.40 313.69 13.38
lIH‘-IgLC error lIJlsan:C error W?l-san:C error

6 h mCh_mRNA 15.53 3.93 10.95 2.15 19.18 4.02
24 h mCh_mRNA 206.75 6.92 130.41 243 223.41 8.42
48 h mCh_mRNA 345.78 26.38 218.54 0.75 283.38 12.44
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error
6 h H.O Transf. Ctrl. -0.56 0.00
6 h Untr. Cells Ctrl. -0.56 0.00
24 h H0 Transf. Ctrl. -0.56 0.00
24 h Untr. Cells Ctrl. -0.37 0.19
48 h H,O Transf. Ctrl. -0.56 0.00
48 h Untr. Cells Ctrl. -0.56 0.00

Table 98. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #6.

WT error 1CP error 2CP error
6 h mCh_mRNA 4.52 5.22 9.80 1.07 5.84 0.25
24 h mCh_mRNA 84.26 10.93 97.27 0.19 107.45 6.85
48 h mCh_mRNA 136.16 20.61 175.94 2.95 172.36 2.14
qu‘.’ch error ll-’1-5cn}:C error wiscr:c error
6 h mCh_mRNA 43.04 0.13 32.80 0.19 31.10 3.27
24 h mCh_mRNA 350.24 19.42 246.82 14.14 236.45 11.31
48 h mCh_mRNA 535.92 7.54 355.33 0.50 359.54 8.36
HZOC'I;:?nsf. error Unt&ﬁells error
6 h H,O Transf. Ctrl. -6.10 1.76
6 h Untr. Cells Ctrl. -0.38 0.57
24 h H,0 Transf. Ctrl. -1.70 1.89
24 h Untr. Cells Ctrl. -1.19 0.38
48 h H,0 Transf. Ctrl. 1.01 1.45
48 h Untr. Cells Ctrl. -2.20 0.13

Table 99. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base
modifications and controls from exp. #7.

WT error 1CP error 2CP error

6 h mCh_mRNA 8.71 1.79 12.78 3.74 9.52 4.23
24 h mCh_mRNA 107.02 11.07 12411 5.05 126.96 1.87
48 h mCh_mRNA 181.90 24.42 217.54 8.30 214.78 0.16
lIH‘-IgLC error lIJlsan:C error W?l-san:C error

6 h mCh_mRNA 47.45 0.65 37.19 0.33 42.32 0.57
24 h mCh_mRNA 433.38 24.90 290.63 14.97 302.35 16.44
48 h mCh_mRNA 667.44 15.79 438.83 2.69 440.95 6.59
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HZOC'I;:?nsf. error Unt(r:.tﬁ'ells error
6 h H.O Transf. Ctrl. -0.24 0.16
6 h Untr. Cells Ctrl. -0.41 0.00
24 h H0 Transf. Ctrl. 0.81 1.22
24 h Untr. Cells Ctrl. 0.49 0.57
48 h H,O Transf. Ctrl. 0.65 1.06
48 h Untr. Cells Ctrl. 1.95 2.36

Table 100. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base

modifications and controls from exp. #8.

WT error 1CP error 2CP error
6 h mCh_mRNA 4.68 1.61 14.54 2.41 10.01 0.51
24 h mCh_mRNA 68.33 29.16 122.70 4.17 139.88 12.28
48 h mCh_mRNA 107.72 56.13 183.80 0.07 165.67 8.55
qu‘.’ch error ll-’1-5cn}:C error wiscr:c error
6 h mCh_mRNA 14.25 0.51 28.57 5.19 33.32 0.29
24 h mCh_mRNA 102.60 1.32 149.81 16.52 288.45 15.57
48 h mCh_mRNA 159.68 4.90 328.06 38.07 335.00 24.70
H.O Transf. error Untr. Cells error
Ctrl. Ctrl.
6 h H,O Transf. Ctrl. 5.55 3.22
6 h Untr. Cells Ctrl. -2.34 0.00
24 h H,0 Transf. Ctrl. -1.02 1.32
24 h Untr. Cells Ctrl. -2.34 0.00
48 h H,0 Transf. Ctrl. 4.17 3.87
48 h Untr. Cells Ctrl. -2.34 0.00

Table 101. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base

modifications and controls from exp. #9.

WT error 1CP error 2CP error
6 h mCh_mRNA 5.82 4.04 11.15 2.26 11.50 3.97
24 h mCh_mRNA 69.25 31.34 108.80 3.42 121.52 13.27
48 h mCh_mRNA 102.57 49.06 168.67 0.48 149.37 0.75

lIH‘-IgLC error lIJlsan:C error W?l-san:C error
6 h mCh_mRNA 13.14 3.01 28.46 0.68 32.91 0.34
24 h mCh_mRNA 90.59 2.87 143.69 12.04 251.46 9.37
48 h mCh_mRNA 143.42 1.51 289.44 29.56 306.82 2.87
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HZOC'I;:?nsf. Error Unt(r:.tﬁ'ells Error
6 h H.O Transf. Ctrl. 4.31 5.95
6 h Untr. Cells Ctrl. -0.89 3.22
24 h H0 Transf. Ctrl. -0.89 2.94
24 h Untr. Cells Ctrl. 1.16 0.21
48 h H,O Transf. Ctrl. -1.85 1.71
48 h Untr. Cells Ctrl. -2.12 6.09

Table 102. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background
subtracted and divided by slope of linear standard curve for mCh_mRNA with or without natural base

modifications and controls from exp. #10.

6h error 24 h error 48 h error
mCh_mRNAWT 9.18 0.78 118.66 4.86 172.70 8.64
mCh_mRNA' °? 5.71 0.88 75.01 2.78 119.56 2.66
mCh_mRNAZ? P 1217 0.59 130.80 2.12 182.91 3.1
mCh_mRNAWT, #+5mC 27.05 0.81 257.95 6.20 382.26 5.13
mCh_mRNA €P, ¥+5mC 22.80 0.91 181.33 3.13 293.55 6.62
mCh_mRNA? €P, ¥+smC 3243 1.53 259.60 3.98 325.94 16.39
mCh_mRNA'PM 6.50 1.21 110.69 2.53 152.19 3.78
mCh_mRNA2PM 3.64 1.51 83.68 2.40 117.04 3.24
mCh_mRNAV 7z, 3.34 0.46 71.81 0.87 87.21 0.61
mCh_mRNA" Pz, 3.80 0.35 78.99 0.83 97.45 0.64
mCh_mRNAZ2 Py, 1.57 0.51 53.00 0.76 67.76 0.77
mCh_mRNA' Mz, 6.19 1.29 73.78 1.79 89.24 2.30
mCh_mRNAZPMz, 5.33 0.87 56.46 1.39 68.75 3.01
H.0 Transfection Ctrl. 0.10 0.69 -1.08 0.54 0.09 0.52
Untreated Cells Ctrl. -0.34 0.60 0.30 0.34 -0.28 0.63

Table 103. Merged data from both data sets, mCh_mRNA with or without natural base modifications or
mCh_mRNAuTr 2. Mean values [ng mCherry protein/well] and standard deviation of duplicate samples, background

subtracted and divided by slope of linear standard curve.
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6h error 24 h error 48 h error
mCh_mRNAYT 1.00 0.08 12.92 0.53 18.81 0.94
mCh_mRNA' °? 0.62 0.10 8.17 0.30 13.02 0.29
mCh_mRNA2°P 1.33 0.06 14.24 0.23 19.92 0.34
mCh_mRNAWT: #+5mC 2.95 0.09 28.09 0.67 41.63 0.56
mCh_mRNA! ¢P. #+5mC 248 0.10 19.75 0.34 31.97 0.72
mCh_mRNA? ¢P. #+5mC 3.53 0.17 28.27 0.43 35.50 1.78
mCh_mRNA' M 0.71 0.13 12.05 0.28 16.57 0.41
mCh_mRNA2PM 0.40 0.16 9.1 0.26 12.75 0.35
mCh_mRNA" 1z, 0.36 0.05 7.82 0.10 9.50 0.07
mCh_mRNA' ®Pyrg 0.41 0.04 8.60 0.09 10.61 0.07
mCh_mRNA?Pyrg , 0.17 0.06 5.77 0.08 7.38 0.08
mCh_mRNA"PMyrg, 0.67 0.14 8.04 0.19 9.72 0.25
mCh_mRNA?"Myrg, 0.58 0.10 6.15 0.15 7.49 0.33
H.O Transfection Ctrl. 0.01 0.07 -0.12 0.06 0.01 0.06
Untreated Cells Ctrl. -0.04 0.07 0.03 0.04 -0.03 0.07

Table 104. Merged data from both data sets, mCh_mRNA with or without natural base modifications or
mCh_mRNAu7r 2, normalized to mCh_mRNAWT. Mean values [ng mCherry protein/well] and standard deviation of
duplicate samples, background subtracted and divided by slope of linear standard curve.

p;ir:‘t“[’h] mCh_mRNAWT. ¥+5mC | nCh_mRNAWT error  mCh_mRNAZCP%mC | mCh_mRNAYT  error
6 2.95 0.26 3.53 0.34
24 2.17 0.10 2.19 0.10
48 2.21 0.1 1.89 0.13

Table 105. Ratios of mCherry protein expression from mCh_mRNAYT%*5mC / mCh_mRNA"T or mCh_mRNAZ CP: #+5mC
mCh_mRNAWT,
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7.5 RT-gPCR
7.5.1 RT-qPCR full data set figure
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Figure 82. mCh_mRNA level analysis by RT-qPCR using the 3'-end primer/probe set of cells transfected with

mCh_mRNA and mCh_mRNAurr 2 sequences at 6, 24 and 48 h after transfection start.
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Figure 83. mCh_mRNA level analysis by RT-qPCR using the internal primer/probe set of cells transfected with

mCh_mRNA and mCh_mRNAurr 2 sequences at 6, 24 and 48 h after transfection start.
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7.5.2 Initial experiments for qPCR efficiencies in singleplex vs.
multiplex assays

singleplex mCh_gPCR3"

Veona [ML] log(Vcona) C: Duplicate #1 C: Duplicate #2 C; mean value s.d.
0.156 -0.807 24.40 24.32 24.36 0.04
0.313 -0.504 23.17 23.19 23.18 0.01
0.625 -0.204 22.10 22.01 22.06 0.045

1.25 0.097 20.93 20.98 20.96 0.025
2.5 0.398 19.88 19.86 19.87 0.01
5 0.699 18.73 19.10 18.92 0.185
Ctrls Ct
NRT 0.0
NTC 0.0

Table 106. Ct values of mCh_gPCR3-°" singleplex gPCR analysis.

multiplex mCh_gPCR3-" together w/ B-Actin_qPCR + GAPDH_qPCR

Veona [HL] log(Vcona) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 2416 24.07 2412 0.045
0.313 -0.504 23.10 22.94 23.02 0.08
0.625 -0.204 22.03 21.92 21.98 0.055

1.25 0.097 21.01 20.97 20.99 0.02

2.5 0.398 20.08 19.95 20.02 0.065

5 0.699 18.99 18.92 18.96 0.035
Ctrls Ct
NRT 0.0
NTC 0.0

Table 107. Ct values of mCh_gPCR?-e"d multiplex gPCR analysis together with B-Actin_gPCR and GAPDH_qPCR.

Multiplex mCh_qPCR?*-" together w/ mCh_qPCR™e ™3+ 3-Actin_qPCR + GAPDH_qPCR

Veona [HL] log(Vcona) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 2410 24.04 24.07 0.03
0.313 -0.504 23.05 23.08 23.07 0.015
0.625 -0.204 22.00 21.98 21.99 0.01

1.25 0.097 20.96 20.95 20.96 0.005

2.5 0.398 20.01 20.02 20.02 0.005

5 0.699 24.10 24.04 24.07 0.03
Ctrls Ct
NRT 0.0
NTC 0.0

Table 108. Ct values of mCh_gPCR?3-¢"d multiplex gPCR analysis together with mCh_gPCR™emal 3-Actin_qPCR

and GAPDH_gPCR.
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singleplex mCh_chRinternal

Veona [ML] log(Vcona) C: Duplicate #1 C: Duplicate #2 C: mean value s.d.
0.156 -0.807 24.62 24.73 24.68 0.055
0.313 -0.504 23.44 23.51 23.48 0.035
0.625 -0.204 21.71 22.26 21.99 0.275

1.25 0.097 21.21 21.19 21.20 0.01
25 0.398 20.12 20.15 20.14 0.015
5 0.699 19.05 19.09 19.07 0.02
Ctrls Ct
NRT 0.0
NTC 0.0

Table 109. Ct values of mCh_qPCRi"ema singleplex gPCR analysis.

multiplex mCh_gPCR"*M4l together w/ B-Actin_qPCR + GAPDH_qPCR

Veona [HL] log(Vcona) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 25.43 25.48 25.46 0.025
0.313 -0.504 2418 24.09 2414 0.045
0.625 -0.204 23.05 23.06 23.06 0.005

1.25 0.097 21.98 21.93 21.96 0.025

25 0.398 21.05 20.89 20.97 0.08

5 0.699 20.20 19.85 20.03 0.175
Ctrls Ct
NRT 0.0
NTC 0.0

Table 110. Ct values of mCh_qgPCRi"ema multiplex gPCR analysis together with B-Actin_qPCR and GAPDH_qPCR.

multiplex mCh_gPCR"*™3 together w/ mCh_qPCR**" + B-Actin_qPCR + GAPDH_qPCR

Veona [HL] log(Vcpna) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 24.97 25.00 24.99 0.015
0.313 -0.504 23.76 23.79 23.78 0.015
0.625 -0.204 22.64 22.64 22.64 0

1.25 0.097 21.59 21.58 21.59 0.005

25 0.398 20.54 20.53 20.54 0.005

5 0.699 24.97 25.00 24.99 0.015
Ctrls Ct
NRT 0.0
NTC 0.0

Table 111. Ct values of mCh_gPCRi"ema multiplex gPCR analysis together with mCh_gPCR3-e"d, B-Actin_gqPCR
and GAPDH_qPCR.
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singleplex B-Actin_gqPCR

Veona [ML] log(Vcona! C¢ Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 24.27 2419 24.23 0.04
0.313 -0.504 23.17 23.07 23.12 0.05
0.625 -0.204 21.98 21.91 21.95 0.035

1.25 0.097 20.87 20.85 20.86 0.01

25 0.398 19.73 19.47 19.60 0.13

5 0.699 18.68 18.46 18.57 0.11
Ctrls Ct
NRT 0.0
NTC 0.0

Table 112. Ct values of 3-Actin singleplex gPCR analysis.

multiplex B-Actin_qPCR together w/ mCh_qPCR**" + mCh_gPCR"*™ + GAPDH_qPCR

Veona [HL] log(Vcona) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 23.37 23.29 23.33 0.04
0.313 -0.504 22.28 22.54 22.41 0.13
0.625 -0.204 21.62 21.60 21.61 0.01

1.25 0.097 20.58 19.42 20.00 0.58

25 0.398 19.54 19.55 19.55 0.005

5 0.699 23.37 23.29 23.33 0.04
Ctrls Ct
NRT 0.0
NTC 0.0

Table 113. Ct values of B-Actin multiplex gPCR analysis together with mCh_gPCR3-¢"d, mCh_gPCRi"e™a and
GAPDH_qPCR.

singleplex GAPDH_qPCR

Veona [HL] log(Vcpna) C; Duplicate #1 C; Duplicate #2 C: mean value s.d.
0.156 -0.807 25.14 25.20 2517 0.03
0.313 -0.504 24.05 24.06 24.06 0.005
0.625 -0.204 22.83 23.21 23.02 0.19

1.25 0.097 21.82 21.78 21.80 0.02

2.5 0.398 20.78 20.82 20.80 0.02

5 0.699 19.72 19.87 19.80 0.075
Ctrls Ct
NRT 0.0
NTC 0.0

Table 114. Ct values of GAPDH singleplex gPCR analysis.
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multiplex GAPDH_gPCR together w/ mCh_gPCR3**"Y + mCh_gPCR"™a + B-Actin_qPCR
Veona [ML] log(Vcona) C: Duplicate #1 C: Duplicate #2 C: mean value s.d.
0.156 -0.807 24.54 24.58 24.56 0.02
0.313 -0.504 23.51 23.56 23.54 0.025
0.625 -0.204 22.50 22.49 22.50 0.005
1.25 0.097 21.54 21.48 21.51 0.03
25 0.398 20.52 20.45 20.49 0.035
5 0.699 24.54 24.58 24.56 0.02
Ctrls Ct
NRT 0.0
NTC 0.0
Table 115. Ct values of GAPDH multiplex gPCR analysis together with mCh_gPCR?%-¢"d, mCh_gPCR"e™mal and -
Actin_qPCR.
qPCR target gPCR efficiency [%]
mCh_gPCR3-d singleplex 88.56
multiplex (+B-Actin_gPCR +GAPDH_gPCR) 96.94
multiplex (+ mCh_gPCR"ma+ B-Actin_gPCR + GAPDH_gPCR) 97.07
mCh_gPCRintemal singleplex 86.8
multiplex (+B-Actin_gPCR +GAPDH_gPCR) 90.18
multiplex (+ mCh_gPCR3-*"+ B-Actin_gPCR + GAPDH_gPCR) 86.85
B-Actin_gPCR singleplex 83.57
multiplex (+ mCh_qPCR®*"+ mCh_qPCR™™ + GAPDH_gPCR) 100.31
GAPDH_gPCR singleplex 89.81
multiplex (+ mCh_gPCR3*-*"+ mCh_gPCR"*™a + B-Actin_gPCR) 97.66
7.5.3 RT-gPCR results for mCh_mRNA analysis
Duplicates _Triplcates Crvalues
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 16.45 16.43 19.04 22.21
#1.2 16.32 16.32 19.02 22.15
#1.3 16.29 16.35 19 22.15
#1 NRT 36.19 34.9 0 0
#2 #2.1 16.32 16.33 17.69 22.02
#2.2 16.14 16.17 18.78 22.04
#2.3 16.1 16.2 18.73 21.92
#2 NRT 0 0 0 0
mean 16.27 16.3 18.71 22.08
s.d. 0.08 0.06 0.26 0.04
mCh_mRNA' ¢? #1 #1.1 16.96 16.88 17.76 21.89
#1.2 16.96 16.85 20.34 21.93
#1.3 16.92 16.89 18.02 21.87
#1 NRT 0 0 0 38.55
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#2 #2.1 16.69 16.6 20.26 21.95
#2.2 16.64 16.43 20.24 21.79
#2.3 16.55 16.36 17.23 21.83
#2 NRT 0 0 0 40.22
mean 16.79 16.67 18.98 21.88
s.d. 0.04 0.06 1.29 0.05
mCh_mRNAZ2°¢? #1 #1.1 17.32 16.72 16.63 21.77
#1.2 17.2 16.96 15.54 21.66
#1.3 17.18 16.72 16.52 21.67
#1 NRT 0 0 0 0
#2 #2.1 17.12 16.57 16.7 21.78
#2.2 17.09 16.57 16.57 21.8
#2.3 17.25 16.87 15.88 21.82
#2 NRT 0 0 0 37.14
mean 17.19 16.74 16.31 21.75
s.d. 0.07 0.13 0.42 0.03
mCh_mRNA'P¥ #1 #1.1 16.43 16.37 16.94 21.91
#1.2 16.25 16.33 15.23 21.72
#1.3 16.25 16.32 20.18 21.75
#1 NRT 0 0 0 0
#2 #2.1 16.3 16.29 20.19 21.77
#2.2 16.31 16.9 15.77 21.8
#2.3 16.35 16.57 15.95 21.82
#2 NRT 0 0 0 0
mean 16.32 16.46 17.38 21.80
s.d. 0.05 0.14 2.05 0.05
mCh_mRNA2P¥ #1 #1.1 16.33 16.6 16.61 22.01
#1.2 16.19 16.18 16.29 21.79
#1.3 16.23 16.22 17.23 21.89
#1 NRT 0 0 0 41.51
#2 #2.1 16.23 16.11 16.34 21.85
#2.2 16.23 16.54 17.16 21.89
#2.3 16.24 16.54 16.88 21.83
#2 NRT 0 0 0 39.46
mean 16.24 16.37 16.75 21.88
s.d. 0.03 0.20 0.37 0.06
mCh_mRNAyrz " #1 #1.1 16.06 16.28 16.77 21.86
#1.2 16.1 16.38 20.61 21.72
#1.3 16.18 16.49 17 21.86
#1 NRT 0 0 0 0
#2 #2.1 16.28 16.83 17.09 21.97
#2.2 16.17 17.06 17.11 21.92
#2.3 16.14 16.36 20.75 21.86
#2 NRT 0 0 0 0
mean 16.16 16.57 18.22 21.87
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s.d. 0.06 0.19 1.74 0.06
mCh_mRNAyrg," ° #1 #1.1 17.06 17.12 17.27 21.83
#1.2 17.14 17.35 16.69 21.71
#1.3 17.15 17.33 15.51 21.78
#1 NRT 0 0 0 38.62
#2 #2.1 16.92 17.31 15.54 21.71
#2.2 16.77 17.11 16.08 21.65
#2.3 16.81 16.39 16.87 21.53
#2 NRT 0 0 0 0
mean 16.98 17.10 16.33 21.70
s.d. 0.05 0.25 0.64 0.06
mCh_mRNAr,? #1 #1.1 17.22 16.79 15.09 21.72
#1.2 17.06 16.68 14.99 21.71
#1.3 16.98 16.66 15.62 21.65
#1 NRT 0 0 0 0
#2 #2.1 17.49 17.88 17.18 22.09
#2.2 17.44 18.06 15.68 22.04
#2.3 17.21 16.77 16.56 21.82
#2 NRT 0 0 0 0
mean 17.23 17.14 15.85 21.84
s.d. 0.11 0.31 0.45 0.07
mCh_mRNAyrz,' M #1 #1.1 16.19 16.5 20.16 21.82
#1.2 16.2 16.32 15.48 21.67
#1.3 16.19 16.15 16.72 21.69
#1 NRT 0 0 0 38.66
#2 #2.1 16.24 16.34 16.27 21.8
#2.2 16.23 16.86 14.61 21.79
#2.3 16.18 16.3 16.35 21.78
#2 NRT 0 0 0 0
mean 16.21 16.41 16.60 21.76
s.d. 0.02 0.20 1.39 0.04
mCh_mRNArr2 ™M #1 #1.1 16.54 16.86 16.11 21.82
#1.2 16.47 16.61 16.23 21.77
#1.3 16.44 17.02 16.96 21.71
#1 NRT 0 0 0 35.67
#2 #2.1 16.48 16.56 16.19 21.69
#2.2 16.4 16.51 15.35 21.7
#2.3 16.43 16.62 15.51 21.73
#2 NRT 0 0 0 0
mean 16.46 16.70 16.06 21.74
s.d. 0.04 0.11 0.37 0.03
H.0 Ctrl. #1 #1.1 0 0 18.77 21.57
#1.2 0 0 16.8 21.54
#1 NRT 0 0 0 41.76
#2 #2.1 0 0 15.84 21.41
#2.2 0 0 16.66 21.38
#2 NRT 0 0 0 37.91
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mean 0 0 17.02 21.48
s.d. 0 0 0.70 0.02
Untreated Cells #1 #1.1 0 0 17.89 21.64
#1.2 0 0 15.7 21.47
#1.3 0 0 15.66 21.47
#1 NRT 0 0 0 39.81
#2 #2.1 0 0 16.46 21.45
#2.2 0 0 15.65 2143
#2.3 0 0 15.46 21.41
#2 NRT 0 0 0 0
mean 0 0 16.14 21.48
s.d. 0 0 0.74 0.05
NTC #1 0 0 0 0
#2 0 0 0 0

Table 116. C: values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 6 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAWT -5.81 0.09 -5.78 0.07
mCh_mRNA' °? -5.09 0.06 -5.21 0.08
mCh_mRNAZ? P -4.56 0.07 -5.02 0.13
mCh_mRNA' M -5.48 0.07 -5.33 0.15
mCh_mRNA2PM -5.64 0.07 -5.51 0.20
mCh_mRNAyrr"" -5.71 0.08 -5.30 0.20
mCh_mRNAyrg,' °° -4.73 0.08 -4.60 0.26
mCh_mRNAyrg.? °° -4.61 0.13 -4.70 0.32
mCh_mRNAyrg.' "™ -5.55 0.04 -5.35 0.20
mCh_mRNAyg2 M -5.28 0.05 -5.04 0.11
H.O Ctrl. -21.48 0.02 -21.48 0.02
Untreated cells -21.48 0.05 -21.48 0.05

Table 117. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 6 h post

transfection.
Biological Technical Ct values
Duplicates Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWYT #1 #1.1 18.7 19.1 19.15 21.71
#1.2 18.54 19.1 19.44 21.75
#1.3 18.54 19.09 19.17 21.73
#1 NRT 0 0 0 0
#2 #2.1 19.02 19.59 19.92 22.37
#2.2 18.9 19.62 19.17 22.33
#2.3 18.95 19.56 19.01 22.39
#2 NRT 0 0 0 0
mean 18.78 19.34 19.31 22.05
s.d. 0.06 0.01 0.26 0.02
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mCh_mRNA' #1 #1.1 19.2 19.49 19.43 21.79
#1.2 19.16 19.48 18.99 21.75
#1.3 19.02 19.44 19.19 21.72
#1 NRT 0 0 0 0
#2 #2.1 19.21 19.52 18.66 21.84
#2.2 19.1 19.6 19.24 21.92
#2.3 19.17 19.59 19.18 21.9
#2 NRT 0 0 0 36.91
mean 19.14 19.52 19.12 21.82
s.d. 0.06 0.03 0.22 0.03
mCh_mRNAZ2°¢? #1 #1.1 19.8 19.82 19.25 21.88
#1.2 19.72 20.07 19.44 21.81
#1.3 19.75 19.95 18.26 21.83
#1 NRT 0 0 0 39.9
#2 #2.1 19.7 19.83 18.61 21.82
#2.2 19.59 19.9 18.86 21.74
#2.3 19.59 19.92 18.81 21.72
#2 NRT 0 0 0 0
mean 19.69 19.92 18.87 21.80
s.d. 0.04 0.07 0.31 0.04
mCh_mRNA' "™ #1 #1.1 18.82 19.27 19.57 21.98
#1.2 18.69 19.29 18.76 21.91
#1.3 18.72 19.29 18.43 21.89
#1 NRT 0 0 0 0
#2 #2.1 18.76 19.29 19.22 22.05
#2.2 18.68 19.28 18.71 22
#2.3 18.7 19.24 18.43 22.04
#2 NRT 0 0 0 41.58
mean 18.73 19.28 18.85 21.98
s.d. 0.04 0.02 0.40 0.03
mCh_mRNA2P¥ #1 #1.1 18.7 19.2 19.05 21.86
#1.2 18.52 19.07 18.12 21.71
#1.3 18.58 19.11 18.67 21.75
#1 NRT 0 0 0 38.95
#2 #2.1 18.78 19.32 19.18 22.04
#2.2 18.64 19.21 19.02 22
#2.3 18.62 19.26 18.94 21.96
#2 NRT 0 39.72 0 37.18
mean 18.64 19.20 18.83 21.89
s.d. 0.07 0.05 0.24 0.05
mCh_mRNAyrz " #1 #1.1 18.65 19.17 17.69 21.78
#1.2 18.56 19.15 18.56 21.73
#1.3 18.6 19.13 18.71 21.76
#1 NRT 0 0 0 0
#2 #2.1 18.42 18.91 18.27 21.69
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#2.2 18.42 19.09 18.11 21.73
#2.3 18.33 18.83 18.65 21.66
#2 NRT 0 0 0 0
mean 18.50 19.05 18.33 21.73
s.d. 0.04 0.06 0.34 0.02
mCh_mRNAyr," ©° #1 #1.1 19.51 19.47 19.54 22.01
#1.2 19.27 19.21 18.55 21.74
#1.3 19.28 19.19 17.51 21.74
#1 NRT 0 0 0 0
#2 #2.1 19.35 19.24 18.53 21.73
#2.2 19.3 19.21 18.02 21.71
#2.3 19.3 19.24 18.56 21.74
#2 NRT 0 0 0 0
mean 19.34 19.26 18.45 21.78
s.d. 0.07 0.07 0.54 0.07
mCh_mRNAyrr,? ¢ #1 #1.1 19.59 19.45 19.02 21.92
#1.2 19.5 19.36 18.16 21.84
#1.3 19.44 19.22 18.55 21.76
#1 NRT 0 0 0 0
#2 #2.1 19.67 19.44 18.84 21.89
#2.2 19.62 19.46 18.8 21.86
#2.3 19.62 19.6 17.74 21.89
#2 NRT 0 0 0 40.95
mean 19.57 19.42 18.52 21.86
s.d. 0.04 0.08 0.43 0.04
mCh_mRNArz,' M #1 #1.1 18.64 19.14 19.31 21.92
#1.2 18.53 19.04 18.64 21.85
#1.3 18.52 19.09 19.12 21.81
#1 NRT 0 0 0 37.4
#2 #2.1 18.73 19.22 19.51 22
#2.2 18.62 19.19 18.31 21.94
#2.3 18.61 19.19 19.16 21.95
#2 NRT 0 0 0 38.98
mean 18.61 19.15 19.01 21.91
s.d. 0.05 0.03 0.39 0.04
mCh_mRNArr? "™ #1 #1.1 18.74 19.12 18.92 21.94
#1.2 18.75 19.19 18.67 21.94
#1.3 18.65 19.04 18.17 21.83
#1 NRT 0 0 0 0
#2 #2.1 18.66 19.05 17.87 21.71
#2.2 18.8 19.23 18.3 22
#2.3 18.67 19.13 19.03 21.9
#2 NRT 0 0 0 40.25
mean 18.71 19.13 18.49 21.89
s.d. 0.05 0.07 0.40 0.09
H0 Ctrl. #1 #1.1 0 0 20.43 22.02
#1.2 0 0 18.88 21.93
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#1 NRT 0 0 0 0
#2 #2.1 0 0 18.11 21.84
#2.2 0 0 18.62 21.67
#2 NRT 0 0 0 0
mean 0.00 0.00 19.01 21.87
s.d. 0.00 0.00 0.52 0.06
Untreated Cells #1 #1.1 0 0 19.73 21.87
#1.2 0 0 19.03 21.9
#1.3 0 0 19.01 21.82
#1 NRT 0 0 0 0
#2 #2.1 0 0 18.33 21.93
#2.2 0 0 19.38 21.86
#2.3 0 0 18.8 21.88
#2 NRT 0 0 0 0
mean 0.00 0.00 19.05 21.88
s.d. 0.00 0.00 0.38 0.03
NTC #1 0 0 0 0
#2 0 0 0 0

Table 118. Ct values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 24 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAWT -3.27 0.07 -2.70 0.03
mCh_mRNA' °? -2.68 0.07 -2.30 0.04
mCh_mRNAZ? P -2.11 0.06 -1.89 0.08
mCh_mRNA'P¥ -3.25 0.05 -2.70 0.03
mCh_mRNA2PM -3.25 0.09 -2.69 0.07
mCh_mRNAyrr"" -3.23 0.05 -2.68 0.07
mCh_mRNAyg,' °° -2.44 0.10 -2.52 0.10
mCh_mRNAyrg.? °° -2.29 0.06 -2.44 0.09
mCh_mRNAyg,! PV -3.30 0.07 -2.77 0.05
mCh_mRNAyg2 M -3.18 0.10 -2.76 0.11
H.O Ctrl. -21.87 0.06 -21.87 0.06
Untreated cells -21.88 0.03 -21.88 0.03

Table 119. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 24 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 20.92 215 19.65 21.68
#1.2 21.25 21.74 19.65 221
#1.3 21.17 21.66 19.7 22.01
#1 NRT 0 0 0 0

#2 #2.1 21.47 22.07 20.17 22.14
#2.2 21.27 21.85 19 21.94
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#2.3 21.2 21.82 18.56 21.91
#2 NRT 38.33 40.72 30.2 31.91
mean 21.21 21.77 19.46 21.96
s.d. 0.13 0.11 0.35 0.14
mCh_mRNA' ¢® #1 #1.1 22.05 22.37 20.06 22.28
#1.2 21.73 22.15 19.24 22.13
#1.3 21.55 22.01 19.56 21.96
#1 NRT 0 0 0 41.42
#2 #2.1 21.67 22.06 19.14 22.18
#2.2 21.46 21.82 19.09 22.02
#2.3 21.33 21.71 19.01 21.9
#2 NRT 0 0 0 0
mean 21.63 22.02 19.35 22.08
s.d. 0.17 0.15 0.20 0.12
mCh_mRNAZ P #1 #1.1 22.15 22.04 20.01 22.15
#1.2 22.14 22.08 19.09 22.17
#1.3 22.14 22.12 19.99 22.16
#1 NRT 0 0 0 0
#2 #2.1 22.2 22.15 19.55 22.29
#2.2 22.05 22.03 18.92 22.17
#2.3 21.76 21.83 19.15 22.02
#2 NRT 0 0 0 0
mean 22.07 22.04 19.45 22.16
s.d. 0.09 0.08 0.34 0.06
mCh_mRNAPM #1 #1.1 21.34 21.77 19.85 22.19
#1.2 21.06 21.43 18.91 21.77
#1.3 21.04 21.57 18.82 22.01
#1 NRT 0 0 0 0
#2 #2.1 21.28 21.99 19.91 22.28
#2.2 21.23 21.93 19.87 22.24
#2.3 21.2 21.99 19.74 22.25
#2 NRT 0 0 0 0
mean 21.19 21.78 19.52 22.12
s.d. 0.08 0.08 0.27 0.09
mCh_mRNA2PM #1 #1.1 21.13 21.46 19.53 22.09
#1.2 20.77 21.32 19.44 21.74
#1.3 21.25 21.69 20.28 22.2
#1 NRT 0 0 0 0
#2 #2.1 21.09 21.56 19.6 22.11
#2.2 20.96 21.34 19.47 22.13
#2.3 20.83 21.27 19.8 22.01
#2 NRT 0 0 0 0
mean 21.01 21.44 19.69 22.05
s.d. 0.16 0.14 0.26 0.12
mCh_mRNAyre"" #1 #1.1 20.64 21.15 19.06 21.76
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mCh_m RNAUTR21 cp

mC h_m RNAUTRz2 cp

mCh_mRNAUTR21 PM

mCh_mRNAUTR22 PM

#1 NRT
#2

#2 NRT
mean

s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

#1.1

#1.2
#1.3

#2.1
#2.2
#2.3

#1.1

#1.2
#1.3

#2.1
#2.2
#2.3

#1.1

#1.2
#1.3

#2.1
#2.2
#2.3

20.54
20.86

20.41
21.3
20.71

20.74
0.25

22.03
21.58
21.6

21.69
21.47
21.29

21.61
0.19
22.3

22.18
21.64

21.88
22.03
22.14

22.03
0.20
21

20.95
20.99

21.09
21
21.06

21.02
0.03
21.01

20.77
21.03

21.08
21.15
21.13

21.07
21.34

20.92
21.87
21.23

21.26
0.25

22.04
21.63
21.63

21.8
21.55
21.38

21.67
0.18
22.11

21.99
21.52

21.56
21.76
21.99

21.82
0.22
21.34

21.36
21.41

21.53
21.43
21.57

21.44
0.04
21.25

21.05
21.31

21.39
21.52
21.5

18.68
19.31

18.56
20.01
19.32

19.16
0.43

19.34
19.04
18.78

18.83
19.1
18.86

18.99
0.17
19.96

19.27
19.25

18.99
18.86
19.6

19.32
0.33
19.6

18.57
19.21

19.3
19.17
19.34

19.20
0.25
19.33

19.16
19.1

19.14
19.29
19.3

217
221

21.45
22.37
21.78

21.86
0.28

22.28
22
21.97

2212
21.92
21.72

22.00
0.15
22.29

22.15
21.59

21.89
22.04
22.21

22.03
0.22
22.11

21.98
22.02
39.63
22.18
221
22.18

22.10
0.05
22.05

21.85
21.95

22.04
2212
22.11
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#2 NRT 0 0 0 0
mean 21.03 21.34 19.22 22.02
s.d. 0.07 0.08 0.09 0.06
H.O Ctrl. #1 #1.1 0 0 21.35 22.69
#1.2 0 0 19.81 22.31
#1 NRT 0 0 0 0
#2 #2.1 0 0 19.68 22.47
#2.2 0 0 19.51 22.52
#2 NRT 0 0 0 0
mean 0.00 0.00 20.09 22.50
s.d. 0.00 0.00 0.43 0.11
Untreated Cells #1 #1.1 0 0 20.11 22.89
#1.2 0 0 19.33 22.34
#1.3 0 0 19.33 22.35
#1 NRT 0 0 0 0
#2 #2.1 0 0 19.5 22.43
#2.2 0 0 19.57 22.51
#2.3 0 0 19.09 22.41
#2 NRT 0 0 0 0
mean 0.00 0.00 19.49 22.49
s.d. 0.00 0.00 0.29 0.15
NTC #1 0 0 0 0
#2 0 0 0 0

Table 120. Ct values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 48 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAWT -0.75 0.19 -0.19 0.18
mCh_mRNA' °? -0.45 0.21 -0.06 0.19
mCh_mRNAZ?°? -0.09 0.11 -0.12 0.10
mCh_mRNA'P¥ -0.93 0.13 -0.34 0.13
mCh_mRNA2PM -1.04 0.20 -0.61 0.19
mCh_mRNAyz"" -1.12 0.38 -0.60 0.38
mCh_mRNAyrg,' °° -0.39 0.24 -0.33 0.24
mCh_mRNAyrg.? °° 0.00 0.29 -0.21 0.31
mCh_mRNAyg,! ¥ -1.08 0.05 -0.65 0.06
mCh_mRNAygr,? ™™ -0.99 0.09 -0.68 0.10
H,O Ctrl. -22.50 0.11 -22.50 0.11
Untreated cells -22.49 0.15 -22.49 0.15

Table 121. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 1, cell lysis 48 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 16.38 16.55 18.7 21.31
#1.2 16.19 16.37 20.86 21.2
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#1.3 16.22 16.43 18.24 21.21
#1 NRT 0 0 0 0
#2 #2.1 16.19 16.44 18.62 21.12
#2.2 16.2 16.46 18.12 21.2
#2.3 16.25 16.5 18.15 21.24
#2 NRT 0 0 0 0
mean 16.24 16.46 18.78 21.21
s.d. 0.05 0.05 0.69 0.05
mCh_mRNA' ¢ #1 #1.1 16.97 17.01 18.35 21.25
#1.2 16.96 16.83 18.48 21.27
#1.3 16.71 16.82 18.7 21.25
#1 NRT 0 0 0 0
#2 #2.1 16.72 16.87 18.17 21.23
#2.2 16.78 16.98 18.23 21.3
#2.3 16.68 16.87 17.64 21.22
#2 NRT 0 0 0 0
mean 16.80 16.90 18.26 21.25
s.d. 0.08 0.07 0.20 0.02
mCh_mRNAZ2? #1 #1.1 17.29 16.84 18.33 21.23
#1.2 17.28 16.83 18.1 21.24
#1.3 17.29 16.88 18.52 21.26
#1 NRT 0 0 0 0
#2 #2.1 17.28 17.09 18.38 21.14
#2.2 17.25 17.07 18.36 21.15
#2.3 17.27 17.1 18.09 21.18
#2 NRT 0 36.48 0 0
mean 17.28 16.97 18.30 21.20
s.d. 0.01 0.02 0.15 0.01
mCh_mRNA'PM #1 #1.1 16.45 16.62 18.76 21.46
#1.2 16.42 16.64 21.39 21.46
#1.3 16.41 16.61 18.14 21.28
#1 NRT 0 0 0 0
#2 #2.1 16.45 16.7 18.2 21.2
#2.2 16.53 16.75 18.18 21.34
#2.3 16.57 16.82 18.48 21.35
#2 NRT 0 0 0 0
mean 16.47 16.69 18.86 21.35
s.d. 0.03 0.03 0.77 0.08
mCh_mRNA2PM #1 #1.1 16.39 16.57 18.48 21.29
#1.2 16.34 16.54 18.58 21.27
#1.3 16.35 16.56 20.92 21.43
#1 NRT 0 0 0 0
#2 #2.1 16.31 16.46 18.5 21.32
#2.2 16.32 16.52 21.36 21.19
#2.3 16.32 16.54 20.84 21.22
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#2 NRT 0 39.9 0 0
mean 16.34 16.53 19.78 21.29
s.d. 0.01 0.02 1.19 0.06
mCh_mRNAyrr " #1 #1.1 16.23 16.51 20.82 21.25
#1.2 16.13 16.38 20.75 21.16
#1.3 16.15 16.39 20.8 21.21
#1 NRT 0 0 0 0
#2 #2.1 16.14 16.39 18.31 21.08
#2.2 16.17 16.37 18.42 21.21
#2.3 16.11 16.38 17.83 21.12
#2 NRT 0 0 0 0
mean 16.16 16.40 19.49 21.17
s.d. 0.03 0.03 0.14 0.05
mCh_mRNAyrr,' ¢ #1 #1.1 17.21 16.82 18.45 21.3
#1.2 17.12 16.71 18.01 21.22
#1.3 17.09 16.65 17.52 21.19
#1 NRT 0 37.21 33.7 36.41
#2 #2.1 17.02 16.59 17.92 21.12
#2.2 17.02 16.59 17.73 21.14
#2.3 17.03 16.63 18.22 21.13
#2 NRT 0 41.37 0 0
mean 17.08 16.67 17.98 21.18
s.d. 0.03 0.04 0.29 0.03
mCh_mRNAyrr? ® #1 #1.1 17.37 16.94 18.03 21.45
#1.2 17.28 17.03 18 21.38
#1.3 17.29 17.03 18.01 21.37
#1 NRT 0 0 0 0
#2 #2.1 17.38 17.12 17.7 21.22
#2.2 17.33 17.11 18.3 21.2
#2.3 17.36 17.12 18.04 21.22
#2 NRT 0 0 0 0
mean 17.34 17.06 18.01 21.31
s.d. 0.03 0.02 0.13 0.02
mCh_mRNAyrg," ™ #1 #1.1 16.42 16.64 18.51 21.28
#1.2 16.37 16.6 18.47 21.26
#1.3 16.38 16.59 20.76 21.39
#1 NRT 0 0 0 0
#2 #2.1 16.4 16.62 18.27 21.49
#2.2 16.26 16.49 17.9 21.24
#2.3 16.39 16.9 18.37 21.51
#2 NRT 0 0 0 0
mean 16.37 16.64 18.71 21.36
s.d. 0.04 0.10 0.64 0.09
mCh_mRNAyrr,?™ #1 #1.1 16.52 16.68 17.98 21.5
#1.2 16.44 16.63 18.19 21.45
#1.3 16.45 16.6 18.24 21.43
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#1 NRT 0 41.06 0 40.2
#2 #2.1 16.51 16.61 18.3 21.3
#2.2 16.4 16.56 18.3 21.25
#2.3 16.34 16.79 21.31 21.4
#2 NRT 0 40.45 0 0
mean 16.44 16.65 18.72 21.39
s.d. 0.05 0.07 0.77 0.05
H,O Ctrl. #1 #1.1 0 39.85 18.85 21.51
#1.2 0 40.34 17.97 21.43
#1 NRT 0 0 0 0
#2 #2.1 0 0 18.2 21.31
#2.2 0 0 18.94 21.31
#2 NRT 0 0 0 0
mean 0.00 20.05 18.49 21.39
s.d. 0.00 0.12 0.41 0.02
Untreated Cells #1 #1.1 34.49 37.09 18.33 21.41
#1.2 33.39 36.73 17.94 21.34
#1.3 34.61 37.27 17.95 21.37
#1 NRT 0 0 0 0
#2 #2.1 0 0 18.13 21.3
#2.2 0 0 18.38 21.29
#2.3 0 0 18.13 21.33
#2 NRT 0 0 0 0
mean 17.08 18.52 18.14 21.34
s.d. 0.27 0.11 0.15 0.02
NTC # 0 0 0 0
#2 0 0 0 0

Table 122. Ct values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 6 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNA"T -4.98 0.07 -4.76 0.07
mCh_mRNA'°?P -4.45 0.08 -4.36 0.07
mCh_mRNA?¢P -3.92 0.02 -4.23 0.02
mCh_mRNA'"M -4.88 0.08 -4.66 0.08
mCh_mRNA?PM -4.95 0.06 -4.76 0.07
mCh_mRNAy="" -5.02 0.06 -4.77 0.06
mCh_mRNAyg," °° -4.10 0.04 -4.52 0.05
mCh_mRNAyg,2 P -3.97 0.04 -4.25 0.03
mCh_mRNAy,' ! -4.99 0.10 -4.72 0.13
mCh_mRNAyg2 ™ -4.95 0.07 -4.74 0.08
H.O Ctrl. -21.39 0.02 -1.34 0.12
Untreated cells -4.26 0.28 -2.83 0.1

Table 123. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 6 h post

transfection.
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Duphieates _ Triplcates Gt values
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 19.08 19.59 19.12 221
#1.2 18.94 19.44 18.73 22.03
#1.3 19.11 19.68 19.12 22.05
#1 NRT 0 0 0 0
#2 #2.1 18.78 19.41 18.29 21.93
#2.2 18.94 19.43 17.71 21.96
#2.3 18.73 19.38 18.34 21.94
#2 NRT 0 0 0 0
mean 18.93 19.49 18.55 22.00
s.d. 0.08 0.06 0.23 0.02
mCh_mRNA!' ¢? #1 #1.1 18.95 19.14 18.97 21.69
#1.2 19.16 19.37 18.32 21.97
#1.3 19.28 19.53 17.73 22.11
#1 NRT 0 0 0 0
#2 #2.1 19.47 19.49 18.39 22.07
#2.2 19.44 19.46 17.66 22.08
#2.3 19.4 19.5 17.84 22.04
#2 NRT 0 0 0 0
mean 19.28 19.42 18.15 21.99
s.d. 0.08 0.09 0.41 0.10
mCh_mRNAZ2¢P #1 #1.1 19.4 19.25 17.59 21.87
#1.2 19.46 19.39 17.04 22.01
#1.3 19.48 19.42 17.48 22.03
#1 NRT 0 0 0 0
#2 #2.1 19.46 19.43 17.8 21.92
#2.2 19.49 19.4 17.66 22.01
#2.3 19.52 19.48 18.56 22.04
#2 NRT 0 0 0 0
mean 19.47 19.40 17.69 21.98
s.d. 0.03 0.05 0.32 0.06
mCh_mRNA'PM #1 #1.1 18.75 19.26 18.23 22.06
#1.2 18.62 19.13 17.62 21.97
#1.3 18.65 19.13 16.72 22
#1 NRT 0 0 0 0
#2 #2.1 18.72 19.21 18.07 22.02
#2.2 18.74 19.26 18.18 22.05
#2.3 18.79 19.33 18.15 2212
#2 NRT 0 0 0 0
mean 18.71 19.22 17.83 22.04
s.d. 0.04 0.06 0.33 0.04
mCh_mRNAZ2PM #1 #1.1 18.53 19.18 18.07 21.91
#1.2 18.5 19.09 18.45 21.9
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#1.3 18.63 19.24 18.78 22.02
#1 NRT 0 0 0 0
#2 #2.1 18.48 18.96 18.93 22.02
#2.2 18.56 19.06 18.39 2212
#2.3 18.6 19.15 18.55 2217
#2 NRT 0 0 0 0
mean 18.55 19.11 18.53 22.02
s.d. 0.05 0.07 0.26 0.06
mCh_mRNAyrr " #1 #1.1 18.77 19.31 17.9 22.1
#1.2 18.62 19.22 17.37 22
#1.3 18.66 19.27 18.01 22.04
#1 NRT 0 0 0 0
#2 #2.1 18.64 19.23 18.04 21.98
#2.2 18.52 19.13 17.44 21.92
#2.3 18.58 19.2 17.95 22.01
#2 NRT 0 0 0 0
mean 18.63 19.23 17.79 22.01
s.d. 0.06 0.04 0.27 0.04
mCh_mRNAyrs,' ¢ #1 #1.1 19.62 19.66 18.31 22.11
#1.2 19.45 19.66 18.23 22
#1.3 19.54 19.73 18.44 22.1
#1 NRT 0 0 0 0
#2 #2.1 19.15 19.31 18.48 21.94
#2.2 19.19 19.37 18.01 22.01
#2.3 19.19 19.56 17.96 22.07
#2 NRT 0 0 0 0
mean 19.36 19.55 18.24 22.04
s.d. 0.04 0.07 0.16 0.05
mCh_mRNAyrr,? #1 #1.1 19.51 19.3 17.56 22.09
#1.2 19.47 19.23 17.41 22.04
#1.3 19.46 19.25 16.82 22.06
#1 NRT 0 0 0 0
#2 #2.1 19.43 19.22 18.38 21.92
#2.2 19.56 19.35 17.49 22.06
#2.3 19.61 19.38 18.56 2212
#2 NRT 0 0 0 0
mean 19.51 19.29 17.70 22.05
s.d. 0.05 0.05 0.39 0.05
mCh_mRNAyrg," ™ #1 #1.1 18.72 19.26 17.77 22.1
#1.2 18.71 19.24 17.42 22.1
#1.3 18.74 19.33 17.35 22.14
#1 NRT 0 0 0 0
#2 #2.1 18.87 19.45 18.52 2213
#2.2 18.86 19.43 18.3 22.19
#2.3 19 19.45 17.23 22.18
#2 NRT 0 0 0 0
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mCh_mRNAUTR22 PM

H20 Ctrl.

Untreated Cells

NTC

mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1
#2

#1.1

#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2

#2.1
#2.2

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

18.82
0.04
18.86

19.01
18.94

18.94
18.95
18.91

18.94
0.04

© o
O O O 0O b o © © o o o
=)

o

33.54
32.37
32.82
32.31
16.46
0.24
0
0

19.36
0.02
19.3

19.3
19.22

19.19
19.22
19.23

19.24
0.03

o o
O O ©O ©O o o © © o o o
=)

o

35.47
35.14
35.54
34.14
17.69
0.09
0
0

17.77
0.37
17.59

18.53
17.98

17.46
17.42
17.34

17.72
0.22
20.2
17.74

17.59
18.94

18.62
0.95
18.09
17.78
17.24

17.34
17.49
17.87

17.64
0.29
0
0

22.14
0.02
2212

221
22.07

22.03
22.07
22.04

22.07
0.02
22.16
22.08

22.05
21.98

22.07
0.04
22.03
21.9
21.9

21.92
21.94
21.89
33.18
21.93
0.04

Table 124. Ct values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 24 h post transfection.
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ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAYT -3.07 0.08 -2.51 0.06
mCh_mRNA' °? -2.71 0.13 -2.58 0.13
mCh_mRNAZ? P -2.51 0.07 -2.58 0.08
mCh_mRNA' M -3.33 0.06 -2.82 0.07
mCh_mRNA2PM -3.47 0.08 -2.91 0.09
mCh_mRNAyr"" -3.38 0.07 -2.78 0.06
mCh_mRNAyrg,' °° -2.68 0.07 -2.49 0.09
mCh_mRNAyrg,? °° -2.54 0.07 -2.76 0.07
mCh_mRNAyg,! ¥ -3.32 0.04 -2.78 0.03
mCh_mRNAyg2 M -3.14 0.04 -2.83 0.03
H.O Ctrl. -22.07 0.04 -22.07 0.04
Untreated cells -5.48 0.24 -4.24 0.10

Table 125. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 24 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:

FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 21.39 22.06 19.44 22.19
#1.2 21.24 21.94 19.59 2211
#1.3 21.16 21.93 17.91 22.07

#1 NRT 0 0 0 0
#2 #2.1 21.24 22.01 17.33 221
#2.2 21.31 22.08 17.71 22.15
#2.3 21.23 22.03 16.84 22.09

#2 NRT 0 0 0 0
mean 21.26 22.01 18.14 22.12
s.d. 0.07 0.04 0.56 0.04
mCh_mRNA!' ¢? #1 #1.1 21.73 22.04 17.15 2211
#1.2 21.63 22.13 17.98 22.04
#1.3 21.65 22.19 17.53 22.15

#1 NRT 0 0 0 0
#2 #2.1 21.66 22.2 17.43 22.26
#2.2 21.58 22.11 16.57 22.19
#2.3 21.57 22.08 15.28 22.09

#2 NRT 0 0 0 0
mean 21.64 22.13 16.99 22.14
s.d. 0.04 0.06 0.61 0.06
mCh_mRNA2¢P #1 #1.1 21.87 21.9 18.12 22.14
#1.2 21.81 21.92 17.23 22.12
#1.3 21.8 21.94 17.83 22.02

#1 NRT 0 0 0 0
#2 #2.1 21.78 21.84 17.86 222
#2.2 21.75 21.81 16.89 22.17
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#2.3 21.78 22 16.49 22.18
#2 NRT 0 0 0 0
mean 21.80 21.90 17.40 22.14
s.d. 0.02 0.05 0.47 0.03
mCh_mRNA'P¥ #1 #1.1 21.45 22.08 17.01 22.27
#1.2 21.43 21.98 17.46 22.26
#1.3 21.41 21.96 16.64 2222
#1 NRT 0 0 0 0
#2 #2.1 21.35 21.9 16.03 22.09
#2.2 21.25 21.77 16.94 22.03
#2.3 21.22 21.91 17.46 22.07
#2 NRT 0 0 0 0
mean 21.35 21.93 16.92 22.16
s.d. 0.04 0.06 0.46 0.02
mCh_mRNA2P™ #1 #1.1 21.07 21.56 18.31 22.06
#1.2 20.98 215 16.59 21.98
#1.3 21 21.51 16.67 21.96
#1 NRT 0 0 0 0
#2 #2.1 21.05 21.63 16.69 22.06
#2.2 21.03 21.59 17.85 22.04
#2.3 20.95 21.55 16.73 22.01
#2 NRT 0 0 0 0
mean 21.01 21.56 17.14 22.02
s.d. 0.04 0.03 0.67 0.03
mCh_mRNAyrz" #1 #1.1 20.94 21.45 18.67 22.09
#1.2 20.84 21.51 17.25 22.01
#1.3 20.82 21.46 17.41 22.1
#1 NRT 0 0 0 0
#2 #2.1 20.76 21.36 16.05 21.94
#2.2 20.7 21.33 17.17 21.9
#2.3 20.7 21.4 13.95 21.9
#2 NRT 0 38.36 31.23 0
mean 20.79 21.42 16.75 21.99
s.d. 0.04 0.03 0.98 0.03
mCh_mRNAyrr,' © #1 #1.1 21.7 21.74 16.79 22.21
#1.2 21.52 21.57 17.54 22.02
#1.3 21.52 21.62 15.75 22.08
#1 NRT 0 0 0 0
#2 #2.1 21.58 21.66 17.87 22.12
#2.2 21.63 21.69 17.6 22.06
#2.3 21.59 21.67 16.69 22.05
#2 NRT 0 0 0 0
mean 21.59 21.66 17.04 22.09
s.d. 0.05 0.04 0.62 0.06
mCh_mRNAyrr,? #1 #1.1 21.73 21.58 17.69 22.1
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#1.2 21.68 21.55 17.87 22.13
#1.3 21.66 21.52 17.86 22.05
#1 NRT 0 0 0 0
#2 #2.1 21.79 21.66 17.62 22.08
#2.2 21.77 21.67 16.55 22.13
#2.3 21.82 21.72 18.04 22.09
#2 NRT 0 0 0 0
mean 21.74 21.62 17.61 22.10
s.d. 0.02 0.03 0.35 0.03
mCh_mRNAyg,! ¥ #1 #1.1 21.16 21.86 17.15 223
#1.2 21.11 21.8 16.68 22.25
#1.3 21.04 21.71 15.9 22.18
#1 NRT 0 0 0 0
#2 #2.1 20.73 21.33 16.62 22.04
#2.2 20.67 21.31 16.69 22.08
#2.3 20.71 21.37 17.21 22.04
#2 NRT 0 0 0 0
mean 20.90 21.56 16.71 22.15
s.d. 0.04 0.04 0.39 0.03
mCh_mRNAyg2 M #1 #1.1 21.1 21.61 18.02 22.19
#1.2 21.06 21.57 17.5 22.08
#1.3 21.16 21.56 16.51 22.15
#1 NRT 0 40.5 0 0
#2 #2.1 21.3 21.71 16.64 22.2
#2.2 21.12 21.65 17.36 22.15
#2.3 21.17 21.72 16.57 22.19
#2 NRT 0 0 0 0
mean 21.15 21.64 17.10 22.16
s.d. 0.06 0.03 0.49 0.03
H,O Ctrl. #1 #1.1 0 0 19.72 22.23
#1.2 0 0 15.57 22.25
#1 NRT 0 0 0 0
#2 #2.1 0 0 16.72 22.3
#2.2 0 0 17.6 22.32
#2 NRT 0 0 0 0
mean 0.00 0.00 17.40 22.28
s.d. 0.00 0.00 1.26 0.01
Untreated Cells #1 #1.1 0 0 17.57 22.37
#1.2 0 0 18.33 22.29
#1.3 0 0 17.57 22.32
#1 NRT 0 0 0 0
#2 #2.1 0 0 15.8 22.35
#2.2 0 0 16.72 22.32
#2.3 0 0 16.55 22.35
#2 NRT 0 0 0 0
mean 0.00 0.00 17.09 22.33
s.d. 0.00 0.00 0.38 0.02
NTC #1 0 0 0 0
#2 0 0 0 0
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Table 126. Ct values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 48 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAYT -0.86 0.08 -0.11 0.06
mCh_mRNA' °? -0.50 0.07 -0.02 0.08
mCh_mRNAZ? P -0.34 0.04 -0.24 0.06
mCh_mRNA' M -0.81 0.04 -0.22 0.06
mCh_mRNA2PM -1.01 0.05 -0.46 0.04
mCh_mRNAyz"" -1.20 0.05 -0.57 0.04
mCh_mRNAyrg,' °° -0.50 0.08 -0.43 0.07
mCh_mRNAyrg,? °° -0.35 0.04 -0.48 0.04
mCh_mRNAyg,! M -1.24 0.05 -0.58 0.06
mCh_mRNAyg2 M -1.01 0.07 -0.52 0.04
H,O Ctrl. -22.28 0.01 -22.28 0.01
Untreated cells -22.33 0.02 -22.33 0.02

Table 127. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNAurr2 data set 2, cell lysis 48 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:

FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 17.09 17.52 20.72 21.88
#1.2 17.01 17.49 19.52 21.85
#1.3 17.02 17.51 20.62 21.88

#1 NRT 0 0 25.71 0
#2 #2.1 17.27 17.75 21.08 22.27
#2.2 171 17.81 20.3 2211
#2.3 17 17.55 20.81 22.02

#2 NRT 0 0 36.67 0
mean 17.08 17.61 20.51 22.00
s.d. 0.07 0.06 0.43 0.06
mCh_mRNA!' ¢? #1 #1.1 17.3 17.44 20.41 21.8
#1.2 17.29 17.45 20.4 21.78
#1.3 17.28 17.5 20.52 21.81

#1 NRT 0 0 0 0
#2 #2.1 16.91 17.27 20.25 21.69
#2.2 17.33 17.66 20.9 22.13
#2.3 17.07 17.41 20.39 21.88

#2 NRT 0 0 0 0
mean 17.20 17.46 20.48 21.85
s.d. 0.09 0.09 0.17 0.10
mCh_mRNA2¢P #1 #1.1 17.75 17.54 20.56 21.8
#1.2 16.69 17.53 20.38 21.75
#1.3 17.69 17.54 20.38 21.76
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#1 NRT 0 0 0 0
#2 #2.1 17.77 17.65 19.72 21.83
#2.2 17.73 17.73 19.4 21.8
#2.3 17.83 17.68 19.34 21.86
#2 NRT 0 0 0 0
mean 17.58 17.61 19.96 21.80
s.d. 0.26 0.02 0.13 0.02
mCh_mRNAWT: #+5mC #1 #1.1 17.38 18.05 20.36 21.69
#1.2 17.31 17.97 19.25 21.62
#1.3 17.25 17.73 20.29 21.57
#1 NRT 0 0 0 0
#2 #2.1 17.47 18.13 19.39 21.67
#2.2 17.43 18.11 20.4 21.65
#2.3 17.5 18.19 20.46 21.73
#2 NRT 0 0 0 0
mean 17.39 18.03 20.03 21.66
s.d. 0.04 0.08 0.50 0.04
mCh_mRNA! €P. ¥+5mC #1 #1.1 17.56 18.06 20.51 21.75
#1.2 17.41 17.96 19.64 21.6
#1.3 17.42 17.96 20.31 21.65
#1 NRT 0 0 0 0
#2 #2.1 17.42 17.76 20.4 21.67
#2.2 17.43 17.96 20.37 21.68
#2.3 17.41 17.96 20.3 21.67
#2 NRT 0 0 0 0
mean 17.44 17.94 20.26 21.67
s.d. 0.04 0.07 0.21 0.03
mCh_mRNA?2 €P, ¥+5mC #1 #1.1 18.62 18.19 20.11 21.88
#1.2 18.44 18.06 19.05 21.73
#1.3 18.4 17.89 19.31 21.74
#1 NRT 0 0 0 0
#2 #2.1 17.97 17.91 19.55 21.71
#2.2 18.09 17.92 19.3 217
#2.3 17.93 17.86 20.37 217
#2 NRT 0 0 0 0
mean 18.24 17.97 19.62 21.74
s.d. 0.08 0.07 0.45 0.04
Untreated Cells #1 #1.1 0 0 21.03 21.79
#1.2 0 0 21.08 21.86
#1.3 0 0 20.94 21.83
#1 NRT 0 0 0 0
#2 #2.1 0 0 20.82 21.61
#2.2 0 0 20.9 21.75
#2.3 0 0 20.76 21.53
#2 NRT 0 0 0 0
mean 0.00 0.00 20.92 21.73
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s.d. 0.00 0.00 0.06 0.06
H,O Ctrl. #1 #1.1 0 0 20.79 21.73
#1.2 0 0 20.62 21.45
#1.3 0 0 20.61 21.45
#1 NRT 0 0 0 0
#2 #2.1 0 39.35 20.61 21.53
#2.2 0 38.93 20.66 21.49
#2.3 0 38.69 18.91 21.68
#2 NRT 0 0 0 0
mean 0.00 19.50 20.37 21.56
s.d. 0.00 0.14 0.45 0.11
NTC # 0 0 0 0
#2 0 0 0 0

Table 128. Ct values of mCh_mRNA + mCh_mRNAY¥*5mC data set 1, cell lysis 6 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNA"T -4.92 0.09 -4.40 0.09
mCh_mRNA'°?P -4.65 0.13 -4.39 0.13
mCh_mRNA?¢P -4.22 0.26 -4.19 0.03
mCh_mRNAWT: ¥+5mC -4.27 0.06 -3.63 0.09
mCh_mRNA! ¢P. ¥+5mC -4.23 0.05 -3.73 0.08
mCh_mRNA?2 ¢P, ¥+5mC -3.50 0.09 -3.77 0.08
H,O Ctrl. -21.73 0.06 -21.73 0.06
Untreated cells -21.56 0.11 -2.06 0.17

Table 129. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNA¥+>mC data set 1, cell lysis 6 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:

FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 19.41 19.71 21.63 22.29
#1.2 19.3 19.57 21.54 22.22
#1.3 19.27 19.7 21.54 22.22

#1 NRT 0 0 0 0
#2 #2.1 19.12 19.53 21.38 22.02
#2.2 19.09 19.52 21.35 22.01
#2.3 19.37 19.92 21.61 22.17

#2 NRT 0 0 0 0
mean 19.26 19.66 21.51 22.16
s.d. 0.09 0.13 0.08 0.05
mCh_mRNA!' ¢? #1 #1.1 19.56 19.61 21.41 22.04
#1.2 19.53 19.63 21.42 22.02
#1.3 19.53 19.7 21.41 22.06

#1 NRT 0 0 0 0
#2 #2.1 19.3 19.53 21.43 221
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#2.2 19.28 19.49 21.45 22.1
#2.3 19.22 19.49 21.38 22.06
#2 NRT 0 0 0 0
mean 19.40 19.58 21.42 22.06
s.d. 0.02 0.03 0.02 0.02
mCh_mRNAZ2¢? #1 #1.1 20.19 20.02 21.38 22.03
#1.2 20.12 20 21.29 21.96
#1.3 20.1 20.01 21.35 21.95
#1 NRT 0 0 0 0
#2 #2.1 20.11 20.11 21.25 21.86
#2.2 20.22 20.11 21.31 21.9
#2.3 20.2 20.11 21.35 22
#2 NRT 0 0 0 0
mean 20.16 20.06 21.32 21.95
s.d. 0.04 0.00 0.04 0.05
mCh_mRNAWT, #+smc #1 #1.1 19.89 20.4 21.34 22.05
#1.2 19.68 20.15 21.21 21.88
#1.3 19.67 20.25 21.17 21.86
#1 NRT 0 0 0 0
#2 #2.1 19.83 20.4 21.24 21.86
#2.2 19.92 20.49 21.3 21.97
#2.3 19.95 20.57 21.38 22.01
#2 NRT 0 0 0 0
mean 19.82 20.38 21.27 21.94
s.d. 0.08 0.09 0.06 0.07
mCh_mRNA 6P, #+5mC #1 #1.1 20.17 20.52 21.49 22.08
#1.2 20.03 20.38 21.26 21.93
#1.3 20.31 21.08 21.61 22.34
#1 NRT 0 0 0 0
#2 #2.1 19.86 20.26 21.18 21.78
#2.2 20.01 20.36 21.31 21.94
#2.3 19.99 20.4 21.35 21.94
#2 NRT 0 0 39.47 0
mean 20.06 20.50 21.37 22.00
s.d. 0.09 0.18 0.11 0.12
mCh_mRNA? 6P, ¥+5mC #1 #1.1 21.24 21.13 21.6 22.22
#1.2 21.13 21.01 21.47 22.13
#1.3 21.07 20.95 21.46 22.09
#1 NRT 0 0 0 0
#2 #2.1 20.8 20.72 21.25 21.89
#2.2 20.68 20.6 21.22 21.82
#2.3 20.68 20.63 21.26 21.83
#2 NRT 0 0 0 0
mean 20.93 20.84 21.38 22.00
s.d. 0.06 0.06 0.04 0.04
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Untreated Cells #1 #1.1 0 0 21.58 22.13
#1.2 0 0 21.41 21.97
#1.3 0 0 21.42 21.94
#1 NRT 0 0 39.14 0
#2 #2.1 0 0 21.43 21.98
#2.2 0 0 21.43 21.95
#2.3 0 0 21.34 21.89
#2 NRT 0 0 0 0
mean 0.00 0.00 21.44 21.98
s.d. 0.00 0.00 0.06 0.06
H.O Ctrl. #1 #1.1 0 0 21.75 22.11
#1.2 0 0 21.54 22
#1.3 0 0 21.54 21.96
#1 NRT 0 0 0 0
#2 #2.1 0 0 21.65 22.07
#2.2 0 0 21.52 22.08
#2.3 0 0 21.66 22.12
#2 NRT 0 0 0 0
mean 0.00 0.00 21.61 22.06
s.d. 0.00 0.00 0.08 0.04
NTC #1 0 0 0 0
#2 0 0 0 0

Table 130. Ct values of mCh_mRNA + mCh_mRNAY¥*5mC data set 1, cell lysis 24 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAWT -2.90 0.11 -2.50 0.14
mCh_mRNA' °? -2.66 0.03 -2.49 0.03
mCh_mRNAZ?°? -1.79 0.06 -1.89 0.05
mCh_mRNAWT: #+5mC -2.12 0.11 -1.56 0.11
mCh_mRNA! ¢P. ¥+smC -1.94 0.15 -1.50 0.22
mCh_mRNA2 ¢P. ¥+5mC -1.06 0.08 -1.16 0.08
H.O Ctrl. -21.98 0.06 -21.98 0.06
Untreated cells -22.06 0.04 -22.06 0.04

Table 131. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNA¥+5"C data set 1, cell lysis 24 h post

transfection.
Biological Technical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:
FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 21.71 22.47 16.55 22.32
#1.2 21.6 22.39 17.36 22.26
#1.3 21.6 22.54 19.02 22.31
#1 NRT 0 0 20.92 0

#2 #2.1 21.54 22.26 18.69 22.31
#2.2 21.62 22.54 15.98 22.45
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#23 21.65 22.58 15.79 2248
#2 NRT 0 0 0 0
mean 21.62 22.46 17.23 22.36
s.d. 0.05 0.10 1.18 0.05
mCh_mRNA' °? #1 #1.1 22.04 22.49 17.5 22.46
#1.2 21.97 22.52 17.12 224
#1.3 22.02 22.58 17.31 22.35
#1 NRT 0 0 0 0
#2 #2.1 22.03 22.55 13.08 22.42
#2.2 22.16 22.8 17.78 22.56
#2.3 22.07 22.81 17.27 22.55
#2 NRT 0 0 0 0
mean 22.05 22.63 16.68 22.46
s.d. 0.04 0.08 1.13 0.05
mCh_mRNA2 P #1 #1.1 22.39 22.54 17.33 22.33
#1.2 22.36 22.57 15.09 22.32
#1.3 22.25 22.57 16.61 22.28
#1 NRT 0 0 0 0
#2 #2.1 22.63 23.04 14.24 2253
#2.2 22.65 23.05 17.29 2257
#2.3 22.57 23.02 16.21 22.51
#2 NRT 0 0 24.86 0
mean 22.48 22.80 16.13 22.42
s.d. 0.05 0.01 1.10 0.02
mCh_mRNAWT: #+5mC #1 #1.1 22 23.01 15.1 22.42
#1.2 21.96 22.9 16.41 22.4
#1.3 21.94 23.02 15.54 22.35
#1 NRT 0 0 0 0
#2 #2.1 21.87 22.98 17.3 22.18
#2.2 21.87 22.99 16.16 22.26
#2.3 21.98 22.92 14.92 22.24
#2 NRT 0 0 0 0
mean 21.94 22.97 15.91 22.31
s.d. 0.04 0.04 0.76 0.03
mCh_mRNA 6P, #+5mC #1 #1.1 22.49 23.24 17.24 22.45
#1.2 22.39 23.19 16.87 22.36
#1.3 22.39 23.15 16.3 22.35
#1 NRT 0 0 18.07 0
#2 #2.1 22.11 22.73 14.65 222
#2.2 22.04 22.85 15.48 22.13
#2.3 22.14 22.75 16.45 22.25
#2 NRT 0 0 0 0
mean 22.26 22.99 16.17 22.29
s.d. 0.04 0.04 0.56 0.05
mCh_mRNA? 0P, #+5mC #1 #1.1 23.02 23.35 15.06 2243
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#1.2 22.94 23.31 16.36 2237
#1.3 22.96 23.3 17.29 22.42
#1 NRT 0 0 0 0
#2 #2.1 22.84 23.23 16.38 22.22
#2.2 22.88 23.22 15.6 22.33
#2.3 22.84 23.22 14.83 22.25
#2 NRT 0 0 0 0
mean 22.91 23.27 15.92 22.34
s.d. 0.03 0.01 0.77 0.04
Untreated Cells #1 #1.1 0 0 17.22 22.65
#1.2 0 0 18.01 22.64
#1.3 0 0 16.16 22.52
#1 NRT 0 0 0 0
#2 #2.1 0 0 14.48 22.48
#2.2 0 0 16.46 22.48
#2.3 0 0 16.26 225
#2 NRT 0 0 0 0
mean 0.00 0.00 16.43 2255
s.d. 0.00 0.00 0.82 0.03
H,0 Ctrl. #1 #1.1 0 0 17.29 23
#1.2 0 0 17.99 22.87
#1.3 0 0 15.55 22.93
#1 NRT 0 0 0 0
#2 #2.1 0 0 16.98 22.39
#2.2 0 0 15.58 22.41
#2.3 0 0 15.42 22.43
#2 NRT 0 0 0 0
mean 0.00 0.00 16.47 22.67
s.d. 0.00 0.00 0.86 0.03
NTC #1 0 0 14.31 0
#2 0 0 0 0

Table 132. Ct values mCh_mRNA + mCh_mRNA¥+mC data set 1, cell lysis 48 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNA"T -0.73 0.07 0.1 0.11
mCh_mRNA'¢P -0.41 0.07 0.17 0.10
mCh_mRNA?¢P 0.05 0.05 0.38 0.03
mCh_mRNAWT: ¥+smC -0.37 0.05 0.66 0.05
mCh_mRNA" ¢P. ¥+smC -0.03 0.06 0.70 0.06
mCh_mRNA?2 CP, ¥+smC 0.58 0.04 0.93 0.04
H,O Ctrl. -22.55 0.03 -22.55 0.03
Untreated cells -22.67 0.03 -22.67 0.03

Table 133. ACt= Ct(mCh) — Ct(GAPDH) values mCh_mRNA + mCh_mRNA¥*5mC data set 1, cell lysis 48 h post

transfection.
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Duphieates _ Triplcates Gt values
mCh 3' end: mCh internal:  B-Actin: ROX  GAPDH: Cy5
FAM HEX
mCh_mRNAWT #1 #1.1 17.04 17.14 18.34 21.99
#1.2 16.94 17.18 18.07 21.93
#1.3 16.86 17.04 18.39 21.89
#1 NRT 0 0 0 0
#2 #2.1 16.95 17.25 18.35 21.91
#2.2 16.94 17.25 18.07 21.92
#2.3 16.96 17.12 18.12 21.96
#2 NRT 0 0 0 0
mean 16.95 17.16 18.22 21.93
s.d. 0.04 0.06 0.13 0.03
mCh_mRNA!' ¢? #1 #1.1 17.43 17.38 18.12 21.9
#1.2 17.34 17.36 18.6 21.78
#1.3 17.32 17.36 17.81 21.82
#1 NRT 0 39.02 21.22 0
#2 #2.1 17.36 17.41 17.24 22.05
#2.2 17.35 17.36 18.87 21.94
#2.3 17.28 17.31 18.15 21.85
#2 NRT 0 0 0 0
mean 17.35 17.36 18.13 21.89
s.d. 0.04 0.03 0.50 0.07
mCh_mRNAZ2¢P #1 #1.1 17.78 17.39 17.94 21.89
#1.2 17.68 17.32 18.72 21.79
#1.3 17.71 17.23 17.32 21.84
#1 NRT 0 0 0 0
#2 #2.1 17.81 17.44 18.53 21.85
#2.2 17.76 17.4 17.15 21.82
#2.3 17.79 17.44 18.11 21.84
#2 NRT 0 0 0 0
mean 17.76 17.37 17.96 21.84
s.d. 0.03 0.04 0.58 0.03
mCh_mRNAWT: #+5mC #1 #1.1 17.39 17.59 18.86 21.76
#1.2 17.27 17.4 17.87 21.64
#1.3 17.27 17.48 18.84 21.66
#1 NRT 0 0 0 0
#2 #2.1 17.33 17.64 18.01 21.69
#2.2 17.31 17.63 17 21.67
#2.3 17.34 17.65 17.61 21.73
#2 NRT 0 0 0 0
mean 17.32 17.57 18.03 21.69
s.d. 0.03 0.04 0.44 0.04
mCh_mRNA! CP: #+5mC #1 #1.1 17.61 17.73 17.69 21.75
#1.2 17.44 17.55 18.52 21.6
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#1.3 17.4 17.52 18.28 21.54
#1 NRT 0 0 0 0
#2 #2.1 17.5 17.61 16.55 21.68
#2.2 17.51 17.6 18.47 21.69
#2.3 17.51 17.63 16.97 21.88
#2 NRT 0 40.05 0 0
mean 17.50 17.61 17.75 21.69
s.d. 0.05 0.05 0.59 0.09
mCh_mRNA?2 €P, ¥+5mC #1 #1.1 18.49 18.05 18.52 21.79
#1.2 18.32 17.88 17.58 21.62
#1.3 18.31 17.83 17.39 21.64
#1 NRT 0 0 0 0
#2 #2.1 18.26 17.91 17.6 21.67
#2.2 18.28 17.78 17.82 21.6
#2.3 18.3 17.8 18 21.59
#2 NRT 0 0 0 0
mean 18.33 17.88 17.82 21.65
s.d. 0.05 0.08 0.33 0.06
Untreated Cells #1 #1.1 0 0 19.11 21.95
#1.2 0 0 18.23 21.84
#1.3 0 0 18.59 21.85
#1 NRT 0 0 0 0
#2 #2.1 0 0 18.37 21.76
#2.2 0 0 18.22 21.71
#2.3 0 0 20.64 22.61
#2 NRT 0 0 0 0
mean 0.00 0.00 18.86 21.95
s.d. 0.00 0.00 0.73 0.23
H,O Ctrl. #1 #1.1 0 40.51 17.78 21.94
#1.2 0 39.82 18.35 21.82
#1.3 0 40.53 17 21.76
#1 NRT 0 0 0 0
#2 #2.1 0 0 17.23 21.8
#2.2 0 0 17.67 21.69
#2.3 0 0 17.23 21.8
#2 NRT 0 0 0 0
mean 0.00 20.14 17.54 21.80
s.d. 0.00 0.17 0.38 0.06
NTC #1 0 0 0 0
#2 0 0 0 0

Table 134. Ct values of mCh_mRNA + mCh_mRNAY¥*5mC data set 2, cell lysis 6 h post transfection.
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ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAYT -4.99 0.05 -4.77 0.07
mCh_mRNA' °? -4.54 0.08 -4.53 0.07
mCh_mRNAZ? P -4.08 0.04 -4.47 0.05
mCh_mRNAWT: #+5mC -4.37 0.05 -4.13 0.06
mCh_mRNA! ¢P. #+smC -4.20 0.10 -4.08 0.10
mCh_mRNA? ¢P. #+5mC -3.33 0.07 -3.78 0.09
H.O Ctrl. -21.95 0.23 -21.95 0.23
Untreated cells -21.80 0.06 -1.66 0.18

Table 135. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNA¥+mC data set 2, cell lysis 6 h post

transfection.
Biolggical Tgcr]nical Ct values
Duplicates  Triplicates
mCh 3' end: mCh internal: B-Actin: GAPDH:

FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 19.14 19.83 19.56 21.93
#1.2 18.98 19.63 19.08 21.8
#1.3 18.98 19.68 19.21 21.82

#1 NRT 0 0 41.14 0
#2 #2.1 19.09 19.79 19.24 22.02
#2.2 19.07 19.96 17.54 22.02
#2.3 19.09 19.97 19.47 22.04

#2 NRT 0 0 0 0
mean 19.06 19.81 19.02 21.94
s.d. 0.04 0.08 0.53 0.03
mCh_mRNA!' ¢? #1 #1.1 19.5 20.02 19.5 22.2
#1.2 19.42 19.97 18.62 22.16
#1.3 19.3 19.82 19.47 22.14

#1 NRT 0 0 41.52 0
#2 #2.1 19.24 19.88 19.15 22.12
#2.2 19.23 19.9 18.24 22.14
#2.3 19.19 19.86 19.33 2211

#2 NRT 0 0 0 0
mean 19.31 19.91 19.05 22.15
s.d. 0.05 0.05 0.44 0.02
mCh_mRNA2¢P #1 #1.1 20.08 20.26 19.22 22.14
#1.2 19.97 20.16 17.87 22.08
#1.3 20.01 20.2 19.16 22.09

#1 NRT 0 0 0 0
#2 #2.1 20.03 20.2 18.37 22.13
#2.2 19.97 20.15 18.56 22.09
#2.3 19.99 20.21 19.04 22.13

#2 NRT 0 0 0 0
mean 20.01 20.20 18.70 2211
s.d. 0.04 0.03 0.45 0.02
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mCh_mRNAWT: #+5mC

mCh_mRNA! P ¥+5mC

mCh_mRNAz CP, ¥+5mC

Untreated Cells

Hzo Ctrl.

#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.

#1

#1 NRT
#2

#2 NRT
mean

s.d.
#1

#1 NRT
#2

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2
#1.3

#2.1
#2.2
#2.3

#1.1
#1.2
#1.3

#2.1
#2.2

19.69
19.58
19.55

19.7
19.69
19.74

19.66
0.04
19.83
19.66
19.71

20.01
20.03
20

19.87
0.04

20.94
20.79
20.73

20.57
20.53
20.51

20.68
0.06

o
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o

o

20.57
20.48
20.45

20.59
20.75
20.71

20.59
0.06
20.41
20.27
20.29

20.78
20.66
20.69

20.52
0.06

21.15
21.07
21.01

20.83
20.81
20.7

20.93
0.06
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O O O O O © o o © © o o o o o
S

o

18.47
18.73
18.35

19.15
18.45
18.98

18.69
0.23
19.01
18.28
19.13

19.24
18.48
18.07

18.70
0.43

18.49
18.73
18.2

18.25
18.55
16.81

18.17
0.49
18.32
18.34
18.36

18.27
18.89
17.56

18.29
0.28
18.49
18.26
17.67

18.21
18.12

21.72
21.69
21.64

21.78
21.93
21.99

21.79
0.06
21.97
21.75
21.77

22.06
22.08
22.08

21.95
0.05

22.03
21.82
21.74

21.88
21.87
21.85

21.87
0.07
22.06
21.96
21.89

22.11
2212
22.14

22.05
0.04
22.11
22.01
21.97

21.99
21.92
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#2.3 0 0 18.15 21.93
#2 NRT 0 0 0 0
mean 0.00 0.00 18.15 21.99
s.d. 0.00 0.00 0.19 0.04
NTC # 0 0 0 0
#2 0 0 0 0

Table 136. Ct values mCh_mRNA + mCh_mRNA¥+5mC data set 2, cell lysis 24 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAYT -2.88 0.05 -2.13 0.09
mCh_mRNA' °? -2.83 0.06 -2.24 0.05
mCh_mRNAZ? P -2.10 0.04 -1.91 0.04
mCh_mRNAWT: #+5mC -2.13 0.07 -1.20 0.08
mCh_mRNA! ¢P. #+SmC -2.08 0.07 -1.44 0.08
mCh_mRNA? ¢P. #+SmC -1.19 0.09 -0.94 0.09
H.O Ctrl. -22.05 0.04 -22.05 0.04
Untreated cells -21.99 0.04 -21.99 0.04

Table 137. ACt= Ct(mCh) — Ct(GAPDH) values mCh_mRNA + mCh_mRNA¥**mC data set 2, cell

lysis 24 h post

transfection.
Duplicates _Triplicates Gt values
mCh 3' end: mCh internal: B-Actin: GAPDH:

FAM HEX ROX Cy5
mCh_mRNAWT #1 #1.1 21.38 22.18 19.77 22.39
#1.2 21.42 22.15 19.65 22.37
#1.3 21.37 22.15 20.34 22.35

#1 NRT 0 0 0 0
#2 #2.1 21.84 22.74 20.09 22.45
#2.2 21.8 22.74 20.39 22.43
#2.3 21.83 22.78 21.11 22.47

#2 NRT 0 0 0 0
mean 21.61 22.46 20.23 22.41
s.d. 0.02 0.02 0.36 0.02
mCh_mRNA!' ¢? #1 #1.1 22.19 22.7 20.19 22.54
#1.2 22.16 22.72 20.31 225
#1.3 22.04 22.68 20.44 22.49

#1 NRT 0 0 0 0
#2 #2.1 21.87 22.4 19.7 22.37
#2.2 21.88 22.52 20.29 22.39
#2.3 21.78 22.38 19.63 22.41

#2 NRT 0 0 29.18 0
mean 21.99 22.57 20.09 22.45
s.d. 0.05 0.04 0.20 0.02
mCh_mRNA2¢P #1 #1.1 22.86 23.11 20.47 22.73
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#1.2 22.77 23.11 19.52 22.64
#1.3 22.77 23.1 19.57 22.65
#1 NRT 0 0 0 0
#2 #2.1 22.65 23.01 19.43 225
#2.2 22.58 22.96 19.77 22.47
#2.3 22.59 22.97 18.97 22.46
#2 NRT 0 0 0 0
mean 22.70 23.04 19.62 22.58
s.d. 0.04 0.01 0.38 0.03
mCh_mRNAWT: #+5mC #1 #1.1 22.22 23.35 20.39 22.54
#1.2 21.97 23.25 19.87 22.45
#1.3 21.96 23.2 19.73 22.42
#1 NRT 0 0 0 0
#2 #2.1 22.5 23.8 20.36 22.64
#2.2 22.52 23.71 20.37 22.68
#2.3 22.57 23.94 19.83 22.75
#2 NRT 0 0 0 0
mean 22.29 23.54 20.09 22.58
s.d. 0.07 0.08 0.27 0.05
mCh_mRNA! €P. ¥+5mC #1 #1.1 23.17 24.05 20.13 22.73
#1.2 22.88 23.85 20.24 22.59
#1.3 22.88 23.73 18.67 22.59
#1 NRT 0 0 0 0
#2 #2.1 23 23.99 20.19 22.73
#2.2 23.01 24.03 19.52 22.73
#2.3 22.98 24.02 20.46 22.74
#2 NRT 0 0 0 0
mean 22.99 23.95 19.87 22.69
s.d. 0.07 0.07 0.56 0.04
mCh_mRNA?2 €P, ¥+5mC #1 #1.1 23.86 24.34 19.43 22.8
#1.2 23.68 24.23 20.31 22.63
#1.3 23.64 24.21 19.77 22.62
#1 NRT 0 0 0 0
#2 #2.1 23.66 24.19 19.69 22.61
#2.2 23.56 2411 19.33 22.57
#2.3 23.58 2414 19.4 22.62
#2 NRT 0 0 0 0
mean 23.66 24.20 19.66 22.64
s.d. 0.07 0.05 0.26 0.05
Untreated Cells #1 #1.1 0 0 20.75 23
#1.2 0 0 19.86 22.84
#1.3 0 0 20.28 22.81
#1 NRT 0 0 0 0
#2 #2.1 0 0 20.75 22.86
#2.2 0 0 20.86 22.9
#2.3 0 0 20.5 22.86
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H20 Ctrl.

NTC

#2 NRT
mean
s.d.
#1

#1 NRT
#2

#2 NRT
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#1
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20.42
19.55
19.23

20.15
19.41
20.15

19.82
0.43
0
0

22.88
0.05
22.57
22.46
22.47

22.53
22.47
22.47

22.50
0.04

Table 138. Ct values of mCh_mRNA + mCh_mRNAY¥*5mC data set 2, cell lysis 48 h post transfection.

ACt error ACt error
(mCh 3'end) (mCh internal)

mCh_mRNAWT -0.80 0.03 0.05 0.02
mCh_mRNA' °? -0.46 0.06 0.12 0.04
mCh_mRNAZ? P 0.13 0.05 0.47 0.03
mCh_mRNAWT: #+5mC -0.29 0.09 0.96 0.09
mCh_mRNA! ¢P. #+SmC 0.30 0.08 1.26 0.08
mCh_mRNA2 ¢P. #+SmC 1.02 0.09 1.56 0.07
H.O Ctrl. -22.88 0.05 -22.88 0.05
Untreated cells -22.50 0.04 -22.50 0.04

Table 139. ACt= Ct(mCh) — Ct(GAPDH) values of mCh_mRNA + mCh_mRNA¥*+5"C data set 2, cell lysis 48 h post

transfection.
6h 24h 48 h
ACt error ACt error ACt error
(mCh 3'end) (mCh 3'end) (mCh 3'end)

mCh_mRNA"" 517 0.04 -3.03 0.04 -0.79 0.05
mCh_mRNA' ¢? -4.68 0.05 272 0.04 -0.46 0.06
mCh_mRNA2°¢? -4.20 0.07 -2.13 0.03 -0.06 0.03
mCh_mRNAWT, ¥+5mC -4.32 0.12 212 0.17 -0.33 0.12
mCh_mRNA' 6P, ¥+smC -4.21 0.12 -2.01 0.20 0.14 0.13
mCh_mRNAZ CP, ¥+5mC -3.41 0.15 -1.13 0.15 0.80 0.11
mCh_mRNA' ¥ -5.18 0.06 -3.29 0.04 -0.87 0.07
mCh_mRNAZ?PY -5.29 0.05 -3.36 0.06 -1.02 0.10
mCh_mRNAyrx,"" -5.36 0.05 -3.30 0.04 -1.16 0.19
mCh_mRNAyrg," ¢ -4.41 0.04 -2.56 0.06 -0.45 0.13
mCh_mRNArgz? ¢ -4.29 0.07 -2.41 0.05 -0.18 0.15
mCh_mRNAyg,"' ™" -5.27 0.05 -3.31 0.04 -1.16 0.04
mCh_mRNAyg,2 " -5.11 0.04 -3.16 0.06 -1.00 0.06

Table 140. Averaged ACt values of mCh_mRNA 3' end primer + probe set.
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6 h 24 h 48 h
ACt error ACt error ACt error
(mCh internal) (mCh internal) (mCh internal)
mCh_mRNAWT -4.93 0.04 -2.46 0.04 -0.04 0.05
mCh_mRNA' ¢? -4.62 0.05 -2.40 0.04 0.05 0.06
mCh_mRNAZ2¢P -4.48 0.04 -2.07 0.03 0.12 0.03
mCh_mRNAWT, #+5mC -3.88 0.16 -1.38 0.17 0.81 0.12
mCh_mRNA! €P, ¥+5mC -3.91 0.15 -1.47 0.24 0.98 0.13
mCh_mRNA? €P, #+5mC -3.77 0.15 -1.05 0.14 1.25 0.10
mCh_mRNA'PM -5.00 0.08 -2.76 0.04 -0.28 0.07
mCh_mRNAZ2PM -5.13 0.11 -2.80 0.06 -0.53 0.10
mCh_mRNAyr"" -5.03 0.10 -2.73 0.04 -0.58 0.19
mCh_mRNAyr," °° -4.56 0.13 -2.50 0.07 -0.38 0.12
mCh_mRNAyr;2 P -4.47 0.16 -2.60 0.06 -0.34 0.15
mCh_mRNAy,' M -5.03 0.12 -2.77 0.03 -0.62 0.04
mCh_mRNAyg,2 ™M -4.89 0.07 -2.79 0.06 -0.60 0.06
Table 141. Averaged ACt values of mCh_mRNA internal primer + probe set.
6 h 24 h 48 h
AACt error AACt error AACt error
(mCh 3'end) (mCh 3'end) (mCh 3'end)

mCh_mRNA"T 0.00 0.06 214 0.06 4.39 0.07
mCh_mRNA!' ¢? 0.49 0.06 2.45 0.06 4.72 0.07
mCh_mRNA?¢P 0.98 0.08 3.04 0.05 5.1 0.05
mCh_mRNAWT: #+smC 0.85 0.13 3.05 0.17 4.84 0.13
mCh_mRNA! ¢P, ¥+5mC 0.96 0.13 3.16 0.20 5.31 0.14
mCh_mRNA?Z €P, ¥+5mC 1.76 0.16 4.05 0.15 5.97 0.12
mCh_mRNA'PM -0.01 0.07 1.89 0.06 4.30 0.08
mCh_mRNAZ?PM -0.12 0.06 1.81 0.07 4.15 0.1
mCh_mRNAr,"" -0.19 0.06 1.87 0.06 4.02 0.19
mCh_mRNAyr,' °° 0.76 0.06 2.61 0.07 4.73 0.13
mCh_mRNAyrg.? °° 0.88 0.08 2.76 0.06 5.00 0.15
mCh_mRNAyrg,' P -0.10 0.07 1.86 0.06 4.01 0.05
mCh_mRNAyrg,2 ™ 0.06 0.06 2.02 0.07 417 0.07

Table 142. AACt= ACt(mCh_mRNA modified, any time) — ACt(mCh_mRNAYT, 6h) values of mCh_mRNA 3' end

primer + probe set.
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6h 24 h 48 h
AACt error AACt error AACt error
(mCh internal) (mCh internal) (mCh internal)

mCh_mRNAYT 0.00 0.05 2.47 0.06 4.89 0.07
mCh_mRNA' ¢? 0.30 0.06 2.53 0.05 4.98 0.07
mCh_mRNA2°? 0.45 0.05 2.86 0.05 5.05 0.05
mCh_mRNAWT, #+5mC 1.05 0.16 3.55 0.18 5.74 0.13
mCh_mRNA! ¢P. #+smC 1.02 0.15 3.46 0.24 5.90 0.14
mCh_mRNA? €P, #+5mC 1.15 0.16 3.88 0.15 6.17 0.11
mCh_mRNA' ™ -0.07 0.09 217 0.05 4.64 0.08
mCh_mRNAZ2PM -0.21 0.11 213 0.07 4.39 0.10
mCh_mRNAyrr"" -0.11 0.11 2.20 0.06 4.34 0.19
mCh_mRNAyrr,' °° 0.37 0.14 2.42 0.08 4.55 0.13
mCh_mRNAyrg,? °° 0.45 0.17 2.33 0.07 4.58 0.16
mCh_mRNAyg,! M -0.11 0.13 2.15 0.05 4.31 0.06
mCh_mRNAyg2 0.03 0.08 213 0.07 4.32 0.07

Table 143. AACt= ACt(mCh_mRNA modified, any time) — ACt(mCh_mRNAYT, 6h) values of mCh_mRNA internal
primer + probe set.

6h 24h 48 h

2-2Act error 2-2Act error 2-2Act error

(mCh 3'end) (mCh 3'end) (mCh 3'end)

mCh_mRNA"" 1.00 0.04 0.23 0.01 0.048 0.002
mCh_mRNA' ¢? 0.71 0.03 0.18 0.01 0.038 0.002
mCh_mRNA2°¢? 0.51 0.03 0.12 0.00 0.029 0.001
mCh_mRNAWT, ¥+5mC 0.55 0.05 0.12 0.01 0.035 0.003
mCh_mRNA' 6P, ¥