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“All we have to decide is what to do with the time that is given us.”
Gandalf the Grey



Abstract

The cellular nonsense-mediated decay (NMD) pathway detects and degrades mRNAs with unusual
structural features, such as long 3’ UTRs or overlapping reading frames. Many of which are found in
viral transcripts, shedding light on NMD as a possible antiviral defense mechanism. This work focused
on the interplay of the human immunodeficiency virus 1 (HIV-1) and the NMD machinery, including
the analysis of HIV-1 transcripts and their sensitivity to NMD-mediated degradation, as well as
potential infection-based modulations of the NMD machinery.

The results of this work showed that HIV-1 transcripts were indeed targeted for degradation by NMD,
specifically the mRNAs of the 2kb class. This NMD-sensitivity was independent of the number of
splicing events and thus presumably the deposited exon-junction complexes (EJCs). Furthermore,
transcript modifications, like shortening of the 3’ UTR, or re-introduction of the rev-responsive
element (RRE), did not resolve this sensitivity. However, insertion of the well-described cis-acting
Rous-sarcoma RNA stability element (RSE) into the 3’ UTR stabilized HIV-1 transcripts and confirmed
the initially observed NMD-sensitivity of these viral mRNAs.

Furthermore, in addition to the observed NMD-sensitivity of HIV-1 transcripts, the overall translation
dependency of NMD-mediated target degradation was investigated, as some viral mRNAs with
mutated translational start codon showed sensitivity to NMD-mediated degradation. Using a dual-
luciferase NMD reporter, the results demonstrated that the intrinsic strength of the translational
start codon not only had an impact on the total amount of mRNA but also affected the
NMD-sensitivity of a given reporter transcript. Therefore, NMD, in general, remains a translation-
dependent process, but transcripts with NMD-triggering features might escape recognition and
degradation by maintaining low levels of translation via inefficient translation initiation. Therefore,
in contrast to the tat mRNA, some viral transcripts with suboptimal Kozak sequence surroundings,
like HIV-1 rev, vpu, and vpr might escape NMD.

As HIV-1 transcripts were targeted by NMD, subsequent analysis of potential infection-based
interference with the cellular NMD machinery illustrated the complexity of simple-looking NMD
reporter systems. Based on alternative splicing events, it was shown that the widely used
triosephosphate isomerase (TPI) NMD reporter was already a target of the NMD pathway even
without an inserted pre-mature stop codon. Therefore, the expression of this reference had to be
rendered NMD independent, which was achieved by modulations of the splice site strengths,
generating a reliable system with a single splice isoform. However, neither transient transfection
experiments with the modified TPI NMD reporters nor lentiviral-transduced cells expressing the dual-
luciferase NMD reporter system revealed an impact of HIV-1 infection on the NMD activity.

Even though it is known that viral infections induce an interferon (IFN) response, and the results of
this work suggested that recombinant IFNs can inhibit the cellular NMD machinery, HIV-1 infection
neither resulted in enhanced expression of interferon-stimulated genes (ISGs) nor the accumulation
of cellular NMD targets, again suggesting no impact of HIV-1 infection on the cellular NMD activity.

Finally, the expression of endogenous genes with alternative-NMD-targeted splice isoforms was
investigated during HIV-1 infection. Even though an impaired degradation of NMD-sensitive splice
isoforms was observed for SRS7, this could not be confirmed for hnRNPDL, indicating rather a
transcript-specific interference than a global inhibition of the cellular NMD machinery by HIV-1
infection.



Zusammenfassung

Der zellulare nonsense-mediated decay (NMD) pathway erkennt mRNAs mit ungewohnlichen
strukturellen Merkmalen, wie z. B. langen 3'-UTRs oder Uberlappende Leserahmen und baut diese
ab. Viele dieser Merkmale finden sich in viralen Transkripten, was NMD im Licht eines méglichen
antiviralen Abwehrmechanismus erscheinen |dsst. Diese Arbeit konzentrierte sich auf das
Zusammenspiel zwischen dem Humanen Immundefizienz-Virus 1 (HIV-1) und der NMD-Maschinerie.
Dies beinhaltete die Analyse von HIV-1 Transkripten und ihrer Empfindlichkeit gegentiber dem NMD-
vermittelten Abbau, sowie die Analyse der potenziellen infektionsbedingten Modulationen der
NMD-Maschinerie.

Die Ergebnisse dieser Arbeit zeigten, dass HIV-1 Transkripte tatsdchlich durch NMD abgebaut
werden, insbesondere die mRNAs der 2kb Klasse. Diese NMD-Empfindlichkeit war unabhangig von
der Anzahl der SpleiRereignisse und damit vermutlich von der Anzahl der Exon-Junction-Komplexe.
Weiterhin konnten Transkriptmodifikationen, wie die Verkirzung des 3'-UTRs oder die
Wiedereinfiihrung des rev-responsiven Elements (RRE) diese Empfindlichkeit nicht aufheben. Nur
das Einfligen des gut bekannten cis-wirksamen Rous-Sarkoma RNA-Stabilitatselements (RSE) in die
Sequenz des 3'-UTR, konnte die HIV-1-Transkripte stabilisieren, was die urspriinglich beobachtete
NMD-Empfindlichkeit dieser viralen mRNAs bestatigte.

Zusatzlich zur beobachteten NMD-Empfindlichkeit von HIV-1 Transkripten wurde die allgemeine
Translationsabhangigkeit des NMD-vermittelten mRNA Abbaus untersucht, da einige virale mRNAs
mit mutiertem translationalem Startcodon eine Empfindlichkeit gegenliber dem NMD-vermittelten
Abbau zeigten. Mit Hilfe eines dualen Luziferase-NMD-Reporters konnte gezeigt werden, dass die
intrinsische Starke des Startcodons nicht nur einen Einfluss auf die Gesamtmenge der mRNA hat,
sondern auch die NMD-Empfindlichkeit eines bestimmten Reportertranskripts beeinflusst. Allgemein
kann NMD daher weiter als ein von der Translation abhadngiger Prozess angesehen werden, aber
Transkripte mit NMD-auslosenden Merkmalen kénnten der Erkennung und dem Abbau entgehen,
indem sie durch ineffiziente Translationsinitiierung niedrige Translationsraten aufrechterhalten. Im
Gegensatz zur tat-mRNA konnten daher einige virale Transkripte mit suboptimaler Kozak-
Sequenzumgebung, wie HIV-1 rev, vpu und vpr, NMD entgehen.

Auf Grundlage der NMD-Sensitivitat mancher HIV-1 Transkripte, wurde die mogliche
infektionsbedingte Modellierung der NMD Aktivitat untersucht, was die die Komplexitdt von einfach
aussehenden NMD-Reportersystemen verdeutlichte. Auf Grundlage alternativer SpleiRereignisse
konnte gezeigt werden, dass der weit verbreitete Triosephosphat-lsomerase (TPI) NMD Reporter
auch bereits ohne vorzeitiges Stoppcodon ein Ziel des NMD-pathways ist. Um die Expression dieser
Referenz unabhangig von NMD zu machen, wurde ein zuverlassiges System mit einer einzigen
SpleiBisoform, durch Modulationen der Spleilistellenstiarken geschaffen. Allerdings zeigten weder
transiente Transfektionsexperimente mit den modifizierten TPl NMD Reportern, noch lentiviral-
transduzierte Zellen, welche das Dual-Luziferase NMD Reportersystem exprimierten, einen Einfluss
der HIV-1 Infektion auf die NMD Aktivitat.

Obwohl bekannt ist, dass Virusinfektionen eine Interferonantwort auslosen konnen, und die
Ergebnisse dieser Arbeit darauf hindeuten, dass rekombinante Interferone (IFNs) die Aktivitat der
zellularen NMD-Maschinerie hemmen koénnen, fuhrte eine HIV-1 Infektion weder zu einer
verstarkten Expression von Interferon-stimulierten Genen (ISGs) noch zu einer Anhdufung von



zelluldaren NMD-Zielen, was wiederum keinen Einfluss einer HIV-1-Infektion auf die zelluldre NMD-
Aktivitat vermuten l3sst.

AbschlieBend wurde die Expression von zelluldren Genen mit alternativen Spleiisoformen, von
denen manche durch NMD abgebaut werden, wahrend einer HIV-1 Infektion untersucht. Obwohl fur
SRS7 ein beeintrachtigter Abbau von NMD-empfindlichen SpleiRisoformen beobachtet wurde,
konnte dies flir hnRNPDL nicht bestatigt werden, was eher auf einen transkriptspezifischen Einfluss,
als auf eine globale Beeinflussung der zelluldaren NMD-Maschinerie durch eine HIV-1 Infektion
hinweist.

\
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Introduction

1 Introduction

In this work, the interaction of the nonsense-mediated decay (NMD) pathway on the cellular
translation apparatus, as well on HIV-1 transcripts was investigated. Therefore, the eukaryotic
gene expression, the NMD pathway, and the HIV-1 replication cycle are introduced in this

chapter.

1.1 Eukaryotic gene expression

Eukaryotic gene expression mediates the translation and usage of genetic information, which is
encoded on our genomic DNA. This includes not only the protein-coding sequences but also non-
coding regulatory elements. The correct regulation of gene expression in all eukaryotic cells of
a given organism is essential and the disruption might lead to disease (Levine and Tjian 2003;
Herz, Hu, and Shilatifard 2014).

1.1.1 Transcription

Gene expression of protein-coding genes, as well as many non-coding genes, starts with the
transcription of a genomic DNA sequence into the complementary RNA transcript by the RNA
polymerase Il (Pol Il). Transcription initiates at a defined position at the 5’ end of a given gene,
which is called the transcriptional start site (TSS). The TSS is embedded in a core promoter
region, which serves as binding platform for the transcription machinery and is sufficient to
promote transcription initiation, however only to a basal level (Kadonaga 2012). The
transcription machinery consists not only of Pol Il but also of its associated general transcription
factors (GTFs) (Hampsey 1998).

Basal usage of a TSS can be further enhanced by the presence of regulatory elements called
enhancers, which can be bound by transcription factors as well as transcription co-factors
(Banerji, Rusconi, and Schaffner 1981; Shlyueva, Stampfel, and Stark 2014). In general, there a
three different types of core promoters, which were identified by mapping endogenous
transcription initiation sites (Lenhard, Sandelin, and Carninci 2012; Haberle and Stark 2018).
First, the best-described core promoters with sharp initiation patterns, TATA-box and initiator
(Inr) motifs, which are mostly active in terminally differentiated cells in adult tissues. Second,
core promoters of broadly and ubiquitous expressed housekeeping genes, which are associated
with dispersed transcription initiation, and third, developmentally regulated core promoters of

key transcription factors which are involved in embryo patterning and morphogenesis.

For example, the conserved TATA-box motif (TATAWAAR, W = Aor T, R = A or G) is found
approximately 30 nucleotides upstream of a single dominant TSS (Ponjavic et al. 2006) and gets
recognized by the TATA-box-binding-protein (TBP). TATA-driven promoters are strongly
associated with genes that show a tissue-specific expression (Carninci et al. 2006). Binding of

TBP, functioning as GTF, to the TATA-box results in recruitment of RNA polymerase Il and
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Introduction

mediates assembly of the pre-initiation complex, DNA duplex melting and pre-messenger RNA
(pre-mRNA) synthesis (Burley and Roeder 1996; Patikoglou et al. 1999; Louder et al. 2016).

1.1.2 Splicing

Almost twenty years ago, the human genome project revealed that the human genome encodes
approximately 20,000 protein-coding genes (International Human Genome Sequencing 2004).
On average these genes contain seven to eight introns, with a median length of 1.3 kb (Hong,
Scofield, and Lynch 2006). Those introns must be removed from the pre-mRNA to form the
protein-coding messenger RNA (mRNA), a process that gets mediated by the essential splicing
machinery. Furthermore, approximately 95% of all human multiexon genes, not only encode a
single isoform but are alternatively spliced to produce multiple protein isoforms (Pan et al. 2008;
Wang et al. 2008). Therefore, the usage of alternative splicing might be one reason for the
complexity of higher organisms, as it can expand the proteome that can be derived from a

limited number of genes (Ule and Blencowe 2019).

In general, initiation of the splicing process relies on the recognition of three different elements,
which are schematically illustrated in Figure 1.1. First, the 5’ splice site (splice donor (SD), or
5’ ss), which is located at the 3’ end of the upstream exon and is marked by an 11-nucleotide
sequence with an invariant GU dinucleotide at position +1 and +2 (CAG/GURAGUNN (R = purine
(A or G), N = any nucleotide (A, G, U or C), “/” = exon-intron border)). Second, the 3’ splice site
(splice acceptor (SA), or 3’ ss), which is located at the 5’ end of the downstream exon and is
marked by an invariant AG dinucleotide, and third, the branch point sequence (BPS), which is
located approximately up to 100-180 nucleotides upstream of the SA and is characterized by the
recognition sequence YNCURAC (Y = pyrimidine (U or C), R = purine (A or G)). Additionally, in
higher eukaryotes, a polypyrimidine tract (PPT) is located between the BPS and the SA
(Senapathy, Shapiro, and Harris 1990; Smith, Chu, and Nadal-Ginard 1993; Lopez and Seraphin
1999; Clark and Thanaraj 2002; Cartegni, Chew, and Krainer 2002; Sheth et al. 2006; Wahl, Will,
and Lihrmann 2009; Will and Lihrmann 2011).

5’ splice donor site BPS PPT 3’ splice acceptorsite

Figure 1.1: Schematic architecture of a human splice site. The conserved sequences at the 5’ splice site and the
3’ splice site, as well as the branch point sequence (BPS) and the polypyrimidine tract (PPT). Grey boxes indicate the
two flanking exons, while the black line in between indicates the intron. R = purine (A or G), N = any nucleotide (A, G,
U or C), Y = pyrimidine (U or C). Figure adapted from (Will and Lilhrmann 2011).

From a chemical point of view, the splicing reaction is based on two transesterifications, which
are schematically shown in Figure 1.2. At first, the free OH group of the BP adenine attacks the

phosphate group of the 5’ SD guanine, resulting in a 2’-5’ phosphodiester bond at the lariat

12



Introduction

intron and 3’ exon, as well as a free hydroxyl group at the 5’ exon. This is followed by the second
transesterification reaction, in which the free hydroxyl group of the 5 exon performs a
nucleophilic attack on the guanine phosphate of the 3’ SA site, resulting in the linkage of the two
exons by a phosphodiester bond and the release and degradation of the intron lariat structure
(Grabowski, Padgett, and Sharp 1984; Padgett et al. 1984; Ruskin et al. 1984). These two

transesterification reactions are catalyzed by the spliceosome.

5755 BPS

oo | :

15t transesterification

2" transesterification

p
A—on .+ TN

Figure 1.2: Schematic representation of the two-step transesterification reactions of pre-mRNA splicing. In the first
step, the OH-group of the branch point adenosine (A) attacks the phosphate group (p) of the 5’ splice site. Then the
free OH-group of the 5’ ss attacks the phosphate group of the 3’ ss resulting in exon-exon fusion and lariat intron.
Grey boxes represent exons, the black line represents the intron. Figure adapted from (Will and Lihrmann 2011).
The major spliceosome consists of five different uridine-rich small nuclear RNAs (U snRNAs; U1,
U2, U4/Us6, and U5), which are associated with a specific set of additional proteins to form small
nuclear ribonucleoprotein (U snRNP) particles (Lerner and Steitz 1979; Bringmann and
Lidhrmann 1986; Fica et al. 2013). The U-rich sequence of the U snRNAs is known as the Sm site
and is located at the 3’ end of the U1, U2, U4, and U5 snRNAs. Seven homologous Sm proteins,
or paralogous like-Sm proteins (LSm) in the case of the U6 snRNA, assemble into a ring around
these sequences (Lerner and Steitz 1979; Bringmann and Lihrmann 1986; Seraphin 1995; Achsel
et al. 1999; Leung, Nagai, and Li 2011).

The first complex formed in the process of spliceosome assembly is called the spliceosomal
E-complex (early, E) and depends on the correct recognition of the splice sites. It is initiated by
recognition and binding of U1 snRNP to the 5’ splice site through base pairing between the SD
and the 5’ end of the Ul snRNA (Zhuang and Weiner 1986; Matera and Wang 2014; Wong,
Kinney, and Krainer 2018). In addition to the U1 snRNP : SD interaction, E-complex formation is

13
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mediated by non-snRNP factors such as splicing factor 1 (SF1) binding to the BPS, and the two
subunits of U2 snRNP auxiliary factor (U2AF), where U2AF65 interacts with the PPT and U2AF35
with the AG dinucleotide of the 3’ SA. A schematic overview of the spliceosome assembly and

the splicing reaction is depicted in Figure 1.3.

Following binding of the U1 snRNP to the 5’ SD, the DEAD-box helicases Prp5 and Sub2 displace
SF1 from the BPS and recruit the U2 snRNP, resulting in the formation of the pre-spliceosome,
or A-complex (Kistler and Guthrie 2001; Perriman and Ares 2010; Liang and Cheng 2015). Here,
U1l and U2 snRNP-associated components interact with each other and thereby pair the
respective splice sites and form the exon recognition complex (De Conti, Baralle, and Buratti
2013). Then, upon stable integration of the U2 snRNP into the pre-spliceosome, the U2 snRNA
pairs with the branch point region of the pre-mRNA to form the branch helix (Parker, Siliciano,
and Guthrie 1987; Zhuang, Goldstein, and Weiner 1989; Wu and Manley 1989). The branch point
adenosine base is flipped out from the branch helix, but its 2’0OH group, which acts as a

nucleophile for the first reaction, is not yet accessible (Plaschka, Lin, and Nagai 2017).

Now, the pre-B-complex which is also called the inactive spliceosome gets formed by association
of the pre-spliceosome with the largest pre-assembled spliceosomal complex, the tri-snRNP
U4/U6.U5 (Nguyen et al. 2015; Agafonov et al. 2016; Charenton, Wilkinson, and Nagai 2019).
Here, the substrates for the first catalytic reaction (the 5’ SD and the BPS), as well as the RNA
elements in the U2, U5, and U6 snRNAs form a complex, which remains catalytically inactive as
long as the U6 snRNA is chaperoned by the U4 snRNA and the 5’ SD is bound by the U1 snRNP
(Bringmann et al. 1984; Hashimoto and Steitz 1984). It was shown that the U5 snRNA loop 1 is
important for tethering the 5’ exon during branching and later for alignment of the 5" and 3’
exons during exon ligation (Newman and Norman 1992; Sontheimer and Steitz 1993). Then, the
initiator of the spliceosome activation, the DEAD-box helicase Prp28, facilitates the transfer of
the 5’ ss from the U1 snRNP to the flexible U6 loop within the U6 snRNA (Staley and Guthrie
1999; Charenton, Wilkinson, and Nagai 2019). Formation of this U6/5’ ss duplex induces an
extensive remodeling of the spliceosome, including the release of the U1 snRNP, and result in
the formation of the B-complex (Zhan et al. 2018). Furthermore, the RNA helicase Brr2 separates
U4 snRNP from U6 snRNP (Raghunathan and Guthrie 1998) what subsequently results in the
active site formation of the spliceosome, the B**-complex, by folding and association of the U6
snRNA sequence with part of the U2 snRNA (Hang et al. 2015; Charenton, Wilkinson, and Nagai
2019). This active site snRNP structure remains remarkably static from the formation of the B-

complex until the last step, the intron-lariat spliceosome (ILS) complex (Fica and Nagai 2017).

Even though the B**-complex is the first spliceosome intermediate with a fully formed catalytic
core, this core is still catalytically inactive, as the distance to the 2’ OH group of the BPS

adenosine is still too large for a nucleophilic attack (Haselbach et al. 2018). Hence, the two
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reaction partners needed for branching cannot reach each other at the active site and the
spliceosome is maintained in its inhibited conformation, which is stabilized by RNA helicase Brr2
(Raghunathan and Guthrie 1998). To disrupt the inhibitory conformation and enable branching,
DEAH-box ATPase Prp2 is needed for the remodeling and activation of the spliceosome, so that
the BP adenosine can get into the active site and form the catalytically active B¥*-complex (Will
and Lihrmann 2011).

Now, the activated spliceosome performs the first catalytic step, which is called branching. The
2’ hydroxyl group of the BP adenosine, which is now located in the active site, attacks the
phosphodiester group at the 5’ss. This attack results in a cleaved 5 exon and a
lariat-intron-3’ exon intermediate, in which the 5 phosphate of the first intronic guanine
nucleotide is linked to the 2’ oxygen of the BP adenosine (Galej et al. 2016). Then, upon the
performance of the first catalytic step, the spliceosome is called the C-complex, which
transforms to the C*-complex upon remodeling of the active site and docking of the 3’ ss (Fica
et al. 2017). In the following second catalytic step, which is called exon ligation, the newly
exposed 3’ hydroxyl group of the 5’ exon attacks the phosphodiester group at the 3’ ss, resulting
in ligation of the 5’ and the 3’ exons, the release of the lariat intron and dissociation of the
spliceosome (Wahl, Will, and Lilhrmann 2009). Upon exon ligation, the spliceosome forms the
post-catalytic spliceosome, or the P-complex, where the release of the newly ligated exons gets
catalyzed by the DEAH-box ATPase Prp22 (Company, Arenas, and Abelson 1991; Schwer 2008).
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Figure 1.3: Schematic sketch of the spliccosome assembly during the pre-mRNA splicing process. The splicing
process gets initiated by E-complex formation which is characterized by the interaction of the U1 snRNP with the 5’ ss,
SF1 to the BPS, U2AF65 to the PPT, and U2AF35 to the 3’ ss. A-complex gets formed by the replacement of SF1 from
the BPS by U2 snRNP. Joining of the pre-assembled U4/U6.U5 tri-snRNP results in the formation of B-complex, which
gets activated by conformational re-arranges and release of U1 and U4 snRNPs to form B*-complex. The following
first transesterification reaction forms the C-complex which consists of an exon intermediate and one lariat-intron-
exon intermediate. Now, upon the second transesterification, the exons are ligated, the spliceosomal components
dissociate and the lariat-intron gets degraded. The figure is adapted from (Will and Liihrmann 2011).

Upon successful intron excision and exon-exon junction, the mRNA is released from the
spliceosome and exported into the cytoplasm for translation and protein production. However,
one important feature of this new mRNA, which was not mentioned so far is the deposition of
exon-junction complexes (EJCs) upstream of the exon-exon junctions. The deposition of EJCs is
important for the recognition of pre-mature termination codons (PTCs) within the transcript and

subsequent degradation of these faulty transcripts by the nonsense-mediated mRNA decay
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(NMD) (Le Hir et al. 2000). During the splicing process, the proteins of the EJC are recruited to
the 5’ exon by the spliceosome component Cwc22, whose position on the RNA serves as a
marker for the EJC deposition which is approximately 20-24 nucleotides upstream of the exon-

exon junction (Steckelberg et al. 2012).

1.1.2.1 Alternative splicing

In addition to the described constitutive splicing, a variety of gene expression is obtained by
alternative splicing (Black 2003). Different forms of alternative splicing have been described,
which either include skipping of an exon, retention of an intron, as well as usage of alternative
5’, or 3’ splice sites. A schematic overview of the major forms of alternative splicing and the

obtained mRNA structures is shown in Figure 1.4.
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Figure 1.4: Different forms of alternative splicing. While constitutive splicing results in an mRNA that includes all
designated exons, alternative splicing allows modification of the final mRNA. Alternative splicing can be achieved by
skipping one or more exons, intron retention, or usage of alternative 5’ or 3’ splice sites.

1

Importantly, it is to mention, that the majority of alternative splicing events do not result from
the inaccuracy of the spliceosome, as these events are regulated with high precision (Fox-Walsh
and Hertel 2009). Furthermore, it was estimated that 95% of human genes are alternatively
spliced, meaning that they have at least one alternatively used splice site and thereby produce
at least two different mRNA isoforms (Pan et al. 2008; Wang et al. 2008). Furthermore,
numerous genes produce many mRNA isoforms by selecting different combinations of exons

from one primary transcript (Wang et al. 2008).

1.1.2.2 Splice site strength and bioinformatic splicing tools
As mentioned before, the initiation of the splicing reaction relies on the correct recognition of

the splice sites (cf. chapter 1.1.2). The strength of a given splice site is, however, not only
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dependent on the intrinsic strength, but also on the presence of cellular splicing factors. These
trans-acting splicing factors are called splicing regulatory proteins (SRPs) which can bind to
cis-acting splicing regulatory elements (SREs) — together referred to as ‘the splicing code’ (Wang
and Burge 2008; Barash et al. 2010; Matera and Wang 2014).

Depending on their location within the pre-RNA, SREs can act as splicing enhancers or silencers
from both exonic (ESE, ESS) and intronic (ISE, ISS) positions (Ptok et al. 2019). There are two
main types of trans-acting splicing factors, the serine and arginine-rich splicing factors (SRSF)
proteins, and the heterogeneous ribonuclear protein (hnRNP) family (Manley and Krainer 2010;
Geuens, Bouhy, and Timmerman 2016). It has been shown that SREs function in a
position-dependent manner, meaning that the position of an SRE relative to a splice site
determines whether it acts as splicing enhancer or silencer. For example, while SR proteins were
shown to enhance splicing from an exonic position, they repress splicing from an intronic
position, a situation that is reversed for hnRNP proteins, which activate splicing from an intronic

position and repress splicing from an exonic position (Erkelenz, Mueller, et al. 2013).

The strength of a given splice site as well as the potential influence of SRPs which might bind to
SREs in the vicinity of a splice site can be estimated and calculated by the joint use of different
bioinformatic tools, which are described below. Using the HBond score, the intrinsic strength of
the 5’ splice site can be calculated, while the 3’ splice strength can be calculated by use of the
MaxEntScore. The HEXplorer score can ultimately be used to examine the splice site surrounding

and to find potential binding sites for SRPs.

1.1.2.2.1 HBond score

As mentioned before, the intrinsic strength of a given 5’ ss is defined by the complementarity
between the single-stranded 5’ end of the spliceosomal U1 snRNA and the 11-nucleotide long
sequence of the splice donor (CAG/GURAGUNN (R = purine, N = any nucleotide, “/” = exon-
intron border)). The HBond score (HBS) calculates this intrinsic strength based on the predicted
hydrogen bond formation of the U1 snRNA and the 11-nucleotides of the splice donor (Kammler
et al. 2001; Freund et al. 2003).

The website for HBond score calculation is freely accessible and can be reached through the
following link: https://www2.hhu.de/rna/html/hbond_score.php (Freund et al. 2003).

1.1.2.2.2 MaxEntScore

The intrinsic strength of a given 3’ splice site is dependent on the pyrimidine content of the PPT,
the distance of the BPS and the 3’ ss, and the complementarity between the BPS and the U2
snRNA. (Wahl, Will, and Lithrmann 2009). This intrinsic strength can be estimated using the

3’ maximum entropy score (MaxEntScore). The 3’ MaxEntScore is calculated from 23-nucleotide
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long sequences of the intron-exon border, starting at the intronic position -20, ending with the

invariant AG dinucleotide, up to the exonic position +3 from the downstream exon.

The 3’ MaxEntScore website is freely accessible and can be reached through the following link:
http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html (Yeo and Burge
2004).

1.1.2.2.3 HEXplorer

For analysis of SRE motifs in the vicinity of splice sites, the HEXplorer score is a valuable tool. It
can be used to analyze potential SRE motifs, as mutations within SREs can result in aberrant
splicing, frameshift mutations, and pre-mature translation termination. In general, the
HEXplorer score is based on hexamer weights which were calculated on a RESCUE (Relative
Enhancer and Silencer Classification by Unanimous Enrichment) type approach (Fairbrother et
al. 2002) from a dataset of 43,464 constitutively spliced canonical annotated human exons.
Hexamer distributions in the vicinity of splice sites were calculated using 100 nucleotides of the
exonic and intronic sequences, which were located up and downstream of 5’ splice sites (10,407
“strong” 5’ss, HBS>17.0, and 10,359 “weak” 5’ss, HBS <13.5). For this calculation, the

11-nucleotide long splice donor was excluded.

Taking the intrinsic splice site strength into account, differential hexamer frequencies were
calculated for exonic and intronic sequences (Zg). Hexamers that were enriched in the
surrounding of weak splice sites are thought to be more dependent on splicing enhancing SREs
and therefore probably contain more exonic splicing enhancers than hexamers which are
enriched in the surrounding of strong splice sites (Zws). Using the position-dependent Zg score,
an average score for each index nucleotide was calculated from the overlapping hexamers (HZg)
(Erkelenz et al. 2014). The resulting HEXplorer plot illustrates potential splicing enhancing and
silencing properties of the splice site neighborhood. Furthermore, the HZg score can be used to
monitor the impact of a mutation, by calculating the differences between the HZg scores of a

given wild-type sequence and its mutated version resulting in the AHZ,.

The HEXplorer score website is freely accessible and can be reached through the following link:

https://www?2.hhu.de/rna/html/hexplorer_score.php (Erkelenz et al. 2014).

1.1.3 Nuclear export

In general, the genetic information in eukaryotic cells is stored as DNA within the nucleus, which
is surrounded by the nuclear envelope. As the transcription takes place in the nucleus and the
translation in the cytoplasm, the newly synthesized and spliced mRNAs must be transferred to
the cytoplasm, what is called nuclear export. This export is mainly mediated through the nuclear
pore complexes, which consist of approximately 30 distinct proteins, known as nucleoporins,

which perforate the nuclear envelope (Wente and Rout 2010). The nuclear export of mRNAs
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requires the evolutionary conserved non-karyoprotein export receptor, the heterodimer
NXF1/NXT1, which is also called Tap-p15 (Katahira et al. 1999; K6hler and Hurt 2007). The actual
RNA binding, however, gets mediated by another complex, which is called the transcription-
export (TREX) complex, which gets recruited in a splicing-dependent manner to the most
5’-located EJC on the mRNA (Masuda et al. 2005; Cheng et al. 2006; Meinel et al. 2013). Upon
MRNA binding, the TREX complex directly interacts with the export receptor NXF1/NXT1
heterodimers, thereby functioning as an mRNA adaptor (Kéhler and Hurt 2007; Katahira 2012).
Finally, the translocation of the bound mRNA from the nucleus to the cytoplasm through the
nuclear pore complex is mediated by interaction with the phenylalanine-glycine (FG) peptide

repeat sequences of nucleoporins (Strasser, Bassler, and Hurt 2000; Terry and Wente 2009).

1.1.4 Translation
Once the mRNA has been transported from the nucleus to the cytoplasm translation can be
initiated. In general, the eukaryotic translation process, hence, the protein synthesis, can be

divided into four steps: initiation, elongation, termination, and ribosome recycling.

The small (40S) ribosomal subunit gets pre-loaded with the initiator methionyl tRNA
(Met-tRNA)), a process mediated by the GTP-bound form of eukaryotic initiation factor 2 (elF2)
and interaction with elF1, elF1A, elF5, and elF3, resulting in the formation of the 43S pre-
initiation complex (Sokabe, Fraser, and Hershey 2012). The 43S pre-initiation complex then
attaches to the 5’ end of the mRNA, a process that is mediated by the m’G cap and the cap-
binding complex elF4F. Then, the 43S pre-initiation complex scans the 5’ UTR until it encounters
a translational start AUG codon in a suitable sequence context through complementary base
pairing between the mRNA and the Met-tRNA; anticodon (Kozak 1979; Sherman, McKnight, and
Stewart 1980; Kozak 1984a; Kolitz, Takacs, and Lorsch 2009). However, not every AUG codon is
recognized with the same efficiency as the intrinsic strength of a given translational start codon
is dependent on the surrounding nucleotides, especially positions -3 and +1. The optimal Kozak
sequence in mammals was defined as 5 GCCRCC AUG G 3’ with a purine (R = A or G) in position

-3 and a guanine in position +1 (Kozak 1986).

The encounter of the 43S complex with the start AUG codon results in the arrest of the scanning
pre-initiation complex, dissociation of several elFs, conformational rearrangements, and joining
of the large (60S) ribosomal subunit, which gets catalyzed by elF5B (Pestova et al. 2000). That
interaction results in the formation of the 80S translation initiation complex with the Met-tRNA,
base-paired with its anticodon to the AUG-codon on the mRNA in the P-site of the ribosome,
thereby creating a complex which is now competent for the elongation phase of protein
synthesis. During translation elongation, the 80S ribosomal complex moves over the mRNA in 5’
to 3’ direction, three nucleotides at a time, extending the growing protein chain coordinated by

multiple eukaryotic elongation factors (eEFs) and aminoacyl-tRNAs (aa-tRNAs). The incoming
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aa-tRNAs bind to the aminoacyl site (A-site) of the ribosome by complementary base pairing,
thereby allowing the formation of a new peptide-bond. This peptide-bond is formed within the
peptidyl site (P-site) of the ribosome, where the elongating peptide chain gets attached to the
new aa-tRNA. Once the used tRNAs are deacylated and the ribosomal subunit translocates, the
unloaded tRNA is transferred to the exit-site (E-site) of the ribosome before its dissociation.
During that elongation process, the translocating ribosome removes proteins that are bound to
the mRNA, like for example the exon-junction-complexes which are described in more detail in
the following chapter (cf. chapter 1.2.1). A schematic overview of the elongation process is

shown in Figure 1.5.
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Figure 1.5: Schematic overview of the translation elongation process. An mRNA consisting of two exons (grey boxes)
is shown. The 5’ end of the mRNA is capped and the 3’ end is poly adenylated. The EJC was splicing-dependently
deposited on the mRNA, upstream of the exon-exon junction. The core EJC consists of the three proteins elF4A3,
RBMS8A, and MAGOH (light blue) and can be extended by UPF3B and UPF2 (brown). The ORF is indicated by the AUG
arrow and the green translational stop codon (TC) sign. The poly(A) tail is bound by the cytoplasmic poly-A binding
protein 1 (PABPC1, yellow). The small ribosomal subunit begins scanning of the mRNA at the 5’ cap structure. The big
ribosomal subunit joints at the translational start codon (AUG) and initiates protein synthesis. During translation, the
ribosome moves over the mRNA in a 5’ to 3’ direction and removes proteins that are bound to the mRNA, like the
EJC. Upon encounter of the translational stop codon (UAA, UAG, or UGA) the eukaryotic release factors 1 and 3 (eRF)
facilitate translation termination, the release of the peptide chain (depicted as colored dots), and ribosome recycling.
Efficient translation termination is enhanced by the interaction of eRF3 with PABPC1.

The elongation process is repeated until the translocating ribosome encounters the end of the
designated open reading frame (ORF), which is marked by one of three translational stop-codons
(TC; UAA, UAG, UGA). All these TCs lack a complementary tRNA anticodon and are instead
recognized by the eukaryotic release factor 1 (eRF1), which gets bound by eRF3, a
ribosome-dependent GTPase (Frolova et al. 1994). Together this ternary complex (eRF1, eRF3,
and GTP) assembles in the A-site of the terminating ribosome, GTP gets hydrolyzed by eRF3,
thereby inducing a conformational change in eRF1 which activates the hydrolysis of the nascent
polypeptide from the polypeptidyl-tRNA in the ribosomal P-site (Dever and Green 2012; Schuller
and Green 2018). The process of translation termination is enhanced by binding of the
cytoplasmic poly-A binding protein 1 (PABPC1) to the amino-terminal region of eRF3 (Hoshino
et al. 1999; lvanov et al. 2008). Finally, the release of the polypeptide, eRF3, and GDP is coupled
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via eRF1 to the recruitment of the ATP-binding cassette subfamily E member 1 (ABCE1). ABCE1
facilitates the separation of the post-termination 80S ribosome complex into the 40S and 60S

ribosomal subunits and efficient ribosome recycling (Pisarev et al. 2010).

1.2 The nonsense-mediated mRNA decay (NMD) pathway

The nonsense-mediated mRNA decay (NMD) pathway was first described as an mRNA
surveillance mechanism that recognizes and degrades transcripts containing a pre-mature
termination codon (PTC). As these transcripts might otherwise encode non-functional or
harmful proteins, NMD emerged as an important regulator of eukaryotic gene expression. For
example, it was shown that NMD is essential for cellular homeostasis, cell cycle progression,
cellular stress response, cell development, and differentiation, as well as neural activity and
immunity (Lykke-Andersen and Jensen 2015; Ottens and Gehring 2016). In general, the NMD
pathway is an evolutionarily conserved process, which requires translation (Carter, Li, and
Wilkinson 1996; Thermann et al. 1998; Karousis, Nasif, and Mihlemann 2016). Originally
discovered in the budding yeast Saccharomyces cerevisiae, it was first described in humans in
the context of a disease, called Bo-thalassemia (Losson and Lacroute 1979; Leeds et al. 1991;
Chang and Kan 1979; Kugler et al. 1995).

In all tested eukaryotes NMD gets mediated by the RNA-dependent helicase and ATPase
up frameshift 1 (UPF1), which was described as the core factor of NMD. Due to its ATPase and
helicase activities, UPF1 can bind sequence-independently to any accessible transcript,
independent of that transcript being an NMD target or not (Hogg and Goff 2010; Kurosaki and
Magquat 2013; Zlind et al. 2013; Kurosaki et al. 2014; Lee et al. 2015). UPF1 has two evolutionary
conserved functional domains: an amino-terminal cysteine- and histidine-rich (CH) domain, as
well as a carboxy-terminal RNA helicase domain, which enables UPF1 to translocate over mRNAs
by hydrolyzing ATP (Czaplinski et al. 1995; Bhattacharya et al. 2000). Without the interaction
with other proteins, UPF1 forms a closed intramolecular structure which gets mediated through
the interaction of its terminal domains (Fiorini, Boudvillain, and Le Hir 2013). This closed
structure can be relaxed by interaction of the CH-domain of UPF1 with UPF2 (Chamieh et al.
2008). Furthermore, the interaction of UPF1 with UPF2, as well as UPF3B, further enhances the
ATPase and helicase activities of UPF1 (Chamieh et al. 2008; Chakrabarti et al. 2011).

So far, different NMD models have been described, all of which require UPF1, but different
compositions of the other NMD factors (Gehring et al. 2005; Biihler et al. 2006; Chan et al. 2007,
Aznarez et al. 2018). That might be one reason why the cellular abundance of UPF1 protein is
higher than the abundancies of other NMD factors, such as UPF2 or UPF3B (Maderazo et al.
2000). Using transcriptome-wide analysis it was shown that UPF1 binds to both, NMD targets
and not-NMD targets, therefore the question of how the cell discriminates between target

mMRNAs and mRNAs without NMD triggering features is still discussed. Currently, there are two
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different models for NMD target recognition: the exon junction complex (EJC)-dependent NMD

model, as well as the long 3’ UTR-mediated NMD model.

1.21 The EJC-dependent NMD model

Recognition of target mMRNAs by the EJC-dependent NMD model depends on the deposition of
exon junction complexes on the mRNA and the retention of one or more EJCs downstream of
the translational termination codon (TC) upon translation termination. During the splicing
process, EJCs are sequence-independently deposited 20-24 nucleotides upstream of exon-exon
junctions, with an estimated efficiency of about 80% (Le Hir et al. 2000; Le Hir et al. 2001; Bono
et al. 2006). During translation, the translocating ribosome removes proteins that are bound to
the mRNA, such as the EJCs, until the ribosome encounters a translational stop codon and
dissociates (cf. Figure 1.5). Proteins that are associated with the 3’ UTR, however, remain
associated with the mRNA (Dostie and Dreyfuss 2002). Hence, in the case of a pre-mature
termination codon (PTC) upstream of the last exon-exon junction, the downstream EJCs will
remain on the mRNA and facilitate the recruitment of the NMD machinery (Lykke-Andersen,
Shu, and Steitz 2000; Gehring et al. 2005). Here, the general rule was implied, that PTCs very
efficiently trigger NMD if they are located more than 50-55 nucleotides upstream of the last
exon-exon junction (Thermann et al. 1998). A schematic overview of the EJC-dependent NMD

model is depicted in Figure 1.6.
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Figure 1.6: Schematic overview of the EJC-dependent NMD model. When the translation termination occurs at a
pre-mature termination codon (PTC, red stop sign), the ribosome does not translocate further and proteins which are
associated with the mRNA downstream of the PTC remain bound to the mRNA, like the EJC core (light blue; elF4A3,
RBMS8A and MAGOH) and its associated proteins UPF3B and UPF2 (brown). Upon pre-mature translation termination,
UPF1 (red) and SMG1 (dark blue) are recruited to the terminating ribosome and their interaction with the eukaryotic
release factors forms the SMG1-UPF1-eRFs (SURF) complex. Within the SURF complex SMG1 is kept in its inactive
form by SMG8 and SMG9. DEAH-box polypeptide 34 (DHX34, light yellow) mediates the interaction of UPF1 with the
EJC-bound UPF2, which promotes SMG8/9 dissociation, SMG1 activation, and UPF1 phosphorylation. The SURF
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complex transforms into the decay-inducing (DECID) complex upon UPF1 phosphorylation, resulting in the
recruitment of mRNA decay factors. This figure was adapted from (Kurosaki, Popp, and Maquat 2019).

The EJC core is composed of three different proteins: The eukaryotic initiation factor 4A3
(elF4A3), a helicase that anchors the EJC on the mRNA. The RNA-binding protein 8A (RBM8A) as
well as mago nashi homolog (MAGOH) (Mabin et al. 2018). This core EJC is extended by other
proteins, such as UPF3B and RNA-binding protein with serine-rich domain 1 (RNPS1) (Singh et
al. 2012; Mabin et al. 2018). During the transport from the nucleus to the cytoplasm, RNPS1 gets
replaced by metastatic lymph node 51 (MLN51) (Singh et al. 2012; Mabin et al. 2018).

When the first round of translation terminates and one or more EJCs remain bound to the mRNA,
the EJC-dependent NMD gets efficiently activated. Translation termination involves eRF1 and
eRF3 binding to the A-site of the 80S ribosome, where they promote the release of the nascent
protein. During NMD-triggering translation termination UPF1 and SMG1 (suppressor with
morphogenetic effect on genitalia 1) are recruited to the eRF1-eRF3 translation termination
complex to form the SMG1-UPF1-eRFs (SURF) complex (Kashima et al. 2006).

Within the SURF complex, before SMG1 and UPF1 interact with the downstream EJC, SMG1 is
kept in an inactive form by complexing with SMG8 and SMG9 (Kashima et al. 2006; Yamashita
et al. 2009; Arias-Palomo et al. 2011; Deniaud et al. 2015). Associated with this SMG1-
SMG8/SMG9 complex is the RNA helicase DEAH-box polypeptide 34 (DHX34), which mediates
the association of UPF1 with the EJC-bound UPF2 (Hug and Céceres 2014). While UPF2 is bound
to the EJC by interaction with UPF3B, the interaction of UPF2 with UPF1 stimulates the helicase
activity of UPF1 (Chamieh et al. 2008; Chakrabarti et al. 2011).

The formation of the SURF complex and the bridging to the EJC promote the dissociation of
SMG8/SMG9, the activation of SMG1, and the subsequent phosphorylation of UPF1 by SMG1
(Yamashita et al. 2001; Kashima et al. 2006). SMG1 is a phosphatidylinositol 3-kinase related
kinase, that preferentially phosphorylates serine and threonine residues upstream of glutamine
residues (S/TQ motives), which are enriched in the amino- and carboxy terminus of UPF1
(Yamashita et al. 2001; Durand, Franks, and Lykke-Andersen 2016). The phosphorylation of UPF1
ultimately results in the formation of the decay-inducing (DECID) complex, translation
repression, and the recruitment of mRNA decay factors (Kashima et al. 2006; Kurosaki, Popp,
and Maquat 2019).

In General, the EJC-mediated NMD occurs near the nucleus, immediately after nuclear export of
the mRNA and the so-called pioneer round of translation, while the 5’ end of the mRNA is still
bound by the cap-binding protein (CBP) heterodimer CBP20-CBP80 (Cheng and Maquat 1993;
Ishigaki et al. 2001; Hosoda et al. 2005). It was shown that CBP80 interacts with UPF1 and SMG1
at the terminating ribosome to promote SURF complex formation and promotes bridging to the

EJC (Hwang et al. 2010). However, once the CBP20-CBP80 heterodimer gets replaced by the
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steady-state cytoplasmic CBP elF4E, the EJC-mediated NMD target mRNAs become relatively
insensitive to NMD, as their half-lives equal those of not target mRNAs (Trcek et al. 2013).

1.2.2 The long 3’ UTR-mediated NMD model

The NMD target recognition without a downstream located EJC is less well understood, but with
the long 3’ UTR-mediated NMD model target mRNAs degradation can be explained beyond the
pioneer round of translation, therefore targeting CBP20-CBP80 bound, as well as elF4E bound
mRNAs (Hosoda et al. 2005). The efficient translation termination and ribosome recycling is
enhanced by the binding of polyadenylate-binding protein 1 (PABPC1) to the poly(A) tail of the
mRNA, as PABPC1 stimulates the recruitment of eRF1 and eRF3 to the terminating ribosome
(Ilvanov et al. 2016). For NMD target recognition a competition between UPF1 and PABPC1 for
the interaction with eRF3 was shown (Silva et al. 2008; Kervestin et al. 2012).

Mainly, the EJC-independent NMD target recognition seems to be due to the physical distance
between the translational stop codon and the poly(A) tail of an mRNA, as the shortening of that
distance reduced UPF1 binding to the 3’ UTR and the sensitivity of the mRNA to NMD (Eberle et
al. 2008; Hogg and Goff 2010; Kurosaki and Maquat 2013). However, it was shown by
transcriptome-wide analysis that phosphorylated UPF1, which is the activated from of UPF1, is
not only enriched on 3’ UTRs of EJC-mediated NMD target mRNAs, but also on 3’ UTRs of
EJC-independent NMD targets (Kurosaki et al. 2014; Imamachi et al. 2017). As bound UPF1 is
actively phosphorylated by SMG1 in the DECID complex it was postulated, that for the
EJC-independent form of NMD, UPF1 accumulates in the long 3’ UTR regions and will be
phosphorylated by chance (Imamachi et al. 2017). A schematic overview of the long
3’ UTR-mediated NMD model is shown below in Figure 1.7.
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Figure 1.7: Schematic sketch of the long 3’ UTR-mediated NMD model. When the translation termination occurs at
a pre-mature termination codon (PTC, red stop sign) which is located within the last exon, the translocating ribosome
removes all upstream-located proteins, like the exon-junction complexes (EJCs; light blue; elF4A3, RBM8A and
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MAGOH) and the EJC associated proteins UPF3B and UPF2 (brown). Therefore, upon encounter of the PTC, no more
EJCs are located downstream of the terminating ribosome. The presence of UPF1 protein (red) in the 3’ untranslated
region (UTR) depends on the length of the UTR and the distance between the PTC to the poly(A) tail and the
cytoplasmic poly-A binding protein 1 (PABPC1, yellow), as the interaction of PABPC1 and eRF3 enhances the efficient
termination. Here, the SURF complex can form upon delayed translation termination, UPF1 gets phosphorylated by
SMG1 resulting in the formation of the DECID complex and the recruitment of mRNA decay factors. The figure was
adapted from (Kurosaki, Popp, and Maquat 2019).

In mammals the long 3’ UTR-mediated NMD was observed for endogenous, non-mutated
transcripts that harbor 3’ UTRs which are longer than 1 kb (Singh, Rebbapragada, and Lykke-
Andersen 2008). Even though a positive correlation between the 3° UTR length and UPF1 binding
was observed (Hogg and Goff 2010; Kurosaki and Maquat 2013; Hurt, Robertson, and Burge
2013), it was shown by transcriptome-wide analysis which measured mRNA half-lives and
abundancies, that the 3’ UTR length did not directly correlate with NMD susceptibility (Tani et
al. 2012; Hurt, Robertson, and Burge 2013). That effect is due to cis-acting regulatory elements
that inhibit NMD (Toma et al. 2015). Examples for these NMD inhibiting factors are the
polypyrimidine tract-binding protein 1 (PTBP1) and the heterogeneous nuclear
ribonucleoprotein L (hnRNPL), which were shown to inhibit NMD if they are bound to the mRNA

immediately downstream of the termination codon (Ge et al. 2016; Kishor, Ge, and Hogg 2019).

1.2.3 Degradation of target mMRNAs by NMD

As mentioned before, the most important step for mRNA degradation through NMD is the
phosphorylation of UPF1 at multiple residues within its amino-terminal and carboxy-terminal
regions by SMG1. That phosphorylation promotes the interaction of UPF1 with eRF3 (Isken et
al. 2008) and is necessary for recruitment of RNA degradation enzymes (Ohnishi et al. 2003;
Okada-Katsuhata et al. 2012). In humans there are two well-described ways of NMD-mediated
RNA degradation, which are mediated by SMG6 or SMG5-SMG7 (Loh, Jonas, and lzaurralde
2013; Colombo et al. 2017).

The SMG6-mediated RNA degradation is initiated by SMG6 recruitment to the mRNA by
phosphorylated UPF1. SMG6 is an endonuclease, which cleaves target mRNAs in the vicinity of
the termination codon, generating a 5’ and a 3’ cleavage product (Huntzinger et al. 2008; Eberle
et al. 2009; Lykke-Andersen et al. 2014). The 5’ cleavage product gets degraded in 3’ to 5’
direction by the exosome, or the DIS3-like exonuclease 2 (DIS3L2) (Malecki et al. 2013; Kurosaki
et al. 2018). The 3’ cleavage product, however, is still bound by proteins, which have to be
removed by the UPF1 helicase activity to provide excess to the mRNA by the exoribonuclease
XRN1 for 5’ to 3’ RNA degradation (Huntzinger et al. 2008; Eberle et al. 2009).

The other way of NMD-induced RNA degradation involves the recruitment of the SMG5-SMG7
heterodimer by phosphorylated UPF1, resulting in exoribonucleolytic decay by deadenylation
and decapping. The SMG5-SMG7 heterodimer recruits the CCR4-NOT deadenylation complex
through the interaction of SMG7 and the catalytic POP2 subunit (Unterholzner and Izaurralde
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2004; Yamashita et al. 2005; Loh, Jonas, and lzaurralde 2013). The poly(A) tail gets removed by
CCR4-NOT, followed by exosome-mediated 3’ to 5’ degradation and recruitment of the
decapping complex member mRNA decapping enzyme 2 (DCP2) (Unterholzner and lzaurralde
2004; Yamashita et al. 2005; Loh, Jonas, and Izaurralde 2013; Cho et al. 2013). The interaction
of phosphorylated UPF1 with SMG5, however, can additionally directly recruit the decapping
complex and the decapping enhancer PNRC2 (Lykke-Andersen 2002; Lejeune, Li, and Maquat
2003; Cho, Kim, and Kim 2009; Cho et al. 2013; Nicholson et al. 2018). The obtained decapped
and deadenylated RNA is then degraded in either 5’ to 3’, or in 3’ to 5’ direction. Following RNA
degradation, the SMG5-SMG7 heterodimer recruits the protein phosphatase 2A (PP2A) which
dephosphorylates UPF1 (Ohnishi et al. 2003; Kurosaki et al. 2014).

1.2.4 Regulation of endogenous genes by NMD

Using transcriptome-wide analysis, it was calculated that about 30-35% of all pre-mRNA splicing
events in humans routinely generate PTCs, which can trigger NMD, and that one-third of all
inherited human diseases are caused by nonsense or frameshift mutations, resulting in a PTC
within the transcript (Mendell and Dietz 2001; Lewis, Green, and Brenner 2003; Pan et al. 2006;
Pan et al. 2008; Mort et al. 2008; Weischenfeldt et al. 2012). However, not only these “faulty”
transcripts were shown to trigger NMD, as system-wide approaches on the human
transcriptome showed that also 10-20% of “normal” transcripts are targeted by NMD (Mendell
et al. 2004; Yepiskoposyan et al. 2011; Hurt, Robertson, and Burge 2013)

This physiological role of NMD includes recognition of transcripts with unusually long 3’ UTRs
(>1kb), spliced introns in 3’ UTRs, or upstream open reading frames (uORFs) whose
translational termination codon is located 50-55 nucleotides upstream of the next exon-exon
junction (Lykke-Andersen and Jensen 2015; Nickless, Bailis, and You 2017). Another layer of
complexity to NMD is introduced by tissue-specific or developmentally regulated alternative
splicing, meaning that a PTC-containing transcript that is only produced in some tissues might
escape NMD in other tissues (Yeo et al. 2004; Barberan-Soler, Lambert, and Zahler 2009).

Furthermore, alternative splicing coupled NMD (AS-NMD) is used as a homeostatic regulatory
mechanism to regulate the expression of different mRNA isoforms produced from one gene.
One prominent example are the members of the SR splicing factor family, which autoregulate
their levels by inclusion or exclusion of a PTC-containing exon, a so-called “poison-cassette
exon”, by binding to an exonic splicing enhancer (ESE) within the poison exon. High levels of the
SR protein promote binding to the ESE, inclusion of the PTC-containing exon, and
NMD-dependent degradation of the transcript, which ultimately lowers the protein levels
(Lewis, Green, and Brenner 2003; Lareau et al. 2007; Ni et al. 2007).

Finally, the UGA codon not only serves as a translational stop codon but can also function as a
selenocysteine incorporation signal. However, if the intracellular selenocysteine levels are low,
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that UGA codon might be used as a translational termination signal for the ribosome, thereby
producing a PTC if located upstream of the last exon-exon junction (Moriarty, Reddy, and
Magquat 1998).

In conclusion, due to the broad target range and the preference for “unusual” RNAs the
nonsense-mediated decay pathway as a post-transcriptional mechanism, allows a fast response
to various stimuli like stress or viral infections (Balistreri, Bognanni, and Miihlemann 2017; Contu
et al. 2019).

1.2.5 Viruses and NMD

Viral genomes are tightly packed, storing a tremendous amount of information in a very limited
genome. Therefore, viral mRNAs exhibit atypical features that might distinguish them from
cellular transcripts. These features potentially mark these transcripts for degradation through
NMD, making NMD an ancestral form of intrinsic antiviral immunity (Balistreri et al. 2014; Garcia,
Garcia, and Voinnet 2014). These features include polycistronic RNAs, where the multiple ORFs
might resemble uORFs, or very long 3’ UTRs where the translation termination codon is in the
middle of the transcript, far away from the poly-A tail (Rigby and Rehwinkel 2015; Balistreri,
Bognanni, and Miihlemann 2017).

Based on their efficient replication and co-existence, viruses must have evolved mechanisms
that protect their transcripts from recognition through the NMD machinery. However, NMD has
been shown to target a broad range of viruses, from (+) stranded RNA viruses, which replicate

in the cytoplasm, to retroviruses that stably integrate their DNA into the host genome.

For alphaviruses, for example, it was shown by genome-wide small interfering RNA (siRNA)
screens, that the genomic RNA, with a 3’ UTR of approximately 4000 nucleotides is targeted by
NMD, even though that 3’ UTR was not identified as the main NMD triggering feature they
identified the NMD factors UPF1, SMG5, and SMG?7 as restriction factors for Semliki forest virus
(SFV) infection (Balistreri et al. 2014). For other viruses, like hepatitis C virus (HCV), it was shown
that they cause a progressive inhibition of the cellular NMD activity. For HCV, the viral core
protein interacts directly with the EJC recycling factor PYM and prevents its interaction with
other components of the EJC, thereby inhibiting NMD (Ramage et al. 2015).

In the case of retroviruses, targeting of viral transcripts by NMD, as well as viral modulation of
the hosts NMD machinery was observed (LeBlanc and Beemon 2004; Nakano et al. 2013;
Mocquet et al. 2012). For example, the full-length unspliced transcript of Rous sarcoma virus
(RSV), which gets translated into RSV Gag protein, has a 3" UTR of about 7000 nucleotides and
might therefore be targeted by NMD. Indeed, the introduction of PTCs at different places of the
gag ORF were shown to trigger NMD, suggesting that the natural TC is protected from NMD by

specific cis-acting elements (Barker and Beemon 1994; LeBlanc and Beemon 2004). This NMD
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antagonizing effect was shown to be mediated by the RNA stability element (RSE), a
400-nucleotide long sequence element which is located immediately downstream of the gag TC
(Weil and Beemon 2006; Withers and Beemon 2011). The RSE forms a complex RNA secondary
structure with several pyrimidine-rich stretches which serve as a binding platform for the
polypyrimidine tract binding protein 1 (PTBP1) (Withers and Beemon 2011; Ge et al. 2016).

Another example of NMD inhibition is given by another retrovirus, the human T-lymphotropic
virus type 1 (HTLV-1). Instead of encoding cis-acting elements within their mRNAs, like RSV,
HTLV-1 was shown to interact in trans with proteins of the NMD machinery. Here, the HTLV-1
proteins TAX and REX were shown to bind UPF1l and the translation initiation complex
component INT6/elF3E, resulting in partial NMD inhibition and the stabilization of viral
transcripts (Mocquet et al. 2012; Nakano et al. 2013).

In the case of human immunodeficiency virus type 1 (HIV-1) viral interference with the NMD
machinery is under investigation. So far, UPF1 was shown to function less as a restriction factor
and more as a positive regulator of HIV-1 gene expression, VRNA nuclear export, and infectivity

of released progeny virions (Ajamian et al. 2008; Serquina et al. 2013; Ajamian et al. 2015).

Furthermore, ongoing HIV-1 research has shown that the virus interacts with the major NMD
factor UPF1, potentially relieving it of its roles in the NMD degradation pathway. However, how
the different mRNAs of HIV-1 are targeted by NMD and if the virus has established cis-working
ways of stabilizing its transcriptome, and if this might be coupled to massive regulation via

alternative splicing has to be investigated.

1.3 The human immunodeficiency virus 1 (HIV-1)

The human immunodeficiency virus 1 (HIV-1) was discovered in 1983, two years after the first
cases of advanced and unexplained immunodeficiency, which is known today as the acquired
immune deficiency syndrome (AIDS) (Gottlieb et al. 1981; Barre-Sinoussi et al. 1983; Gallo et al.
1983). Later, however, the first cases were traced back to 1959 (Zhu et al. 1998).

Until today HIV-1 remains a major health issue and the HIV-1 prevalence is highest in groups
with certain risk factors. Those key populations include men who have sex with men,
intravenous drug users, people in prisons and other closed settings, sex workers, and
transgenders (Deeks et al. 2015). At the end of 2020, approximately 37.7 million people
worldwide were infected with HIV-1 (WHO 2021), while in Germany approximately 90,700
people were infected with HIV-1 at the end of 2019 (RKI 2020).

HIV-1 is a complex retrovirus, that upon reverse transcription of its genomic RNA stably
integrates into its host DNA, where it resides throughout the lifetime of the infected cells. Until
today there is no sterile cure for HIV-1 infection, and infected individuals must be treated

livelong with anti-retroviral therapy (ART) (Trono et al. 2010; Chun, Moir, and Fauci 2015). Even
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though the present ART therapy has increased the life expectancy of HIV-1 infected individuals
and enables the patients to control the disease by suppression of viral levels below the detection
limit, the long-term use is still complicated due to adherence, severe side effects, and the
emergency of drug resistance mutations (DRM) (Sertznig et al. 2018; Forsythe et al. 2019). One
of the major reasons for therapy failure, especially in low-income countries are the acquired
DRM:s, as alternative therapies are limited for people with multi-drug resistant HIV-1 (Pennings
2013).

1.3.1 The HIV-1 replication cycle

HIV-1 virions have a size of around 100 nm and its surface, which consists of a host-cell derived
lipid membrane is covered with viral envelope glycoprotein trimers (gp120 and gp41). The virus
contains a conical-shaped capsid, which contains two copies of the viral RNA genome and
retroviral enzymes, like the reverse transcriptase (RT), integrase (IN), and protease (Pro)
(Ramdas et al. 2020). The HIV-1 replication cycle can be divided into the following steps:
attachment, membrane fusion, reverse transcription, integration, transcription, splicing,
translation, assembly, budding, and maturation. A schematic overview of the HIV-1 live cycle is

depicted in Figure 1.8 and described below in the following chapters.
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Figure 1.8: HIV-1 replication cycle. The virus attaches to the host cell via the interaction of gp120 (Env) and the cellular
CDA4 receptor and one of its co-receptors (CXCR4 or CCR5). Attachment and membrane fusion results in the release
of the viral capsid (CA) into the cytoplasm of the host cell. During transport to the nucleus, the viral RNA gets reverse
transcribed into double-stranded DNA (dsDNA). Uncoating of the dsDNA allows the formation of the pre-integration
complex (PIC). The subsequent integration of the viral dsDNA into the host DNA gets mediated by the viral Integrase
(IN), resulting in the formation of the provirus. Transcription and alternative splicing of the viral pre-mRNA generates
three distinct mRNA classes: the fully spliced 2kb class, the intron-containing 4kb class, and the unspliced 9kb class.

30



Introduction

The 4kb and 9kb mRNAs are translated into structural and enzymatic proteins, which build up the new virion, while
the 9kb mRNA also serves as genomic RNA for newly assembling virions. Upon assembly new virions are released
from the host cell by budding and mature into new infectious particles. The figure was created with BioRender.com
and was adapted from (Ramdas et al. 2020).

1.3.1.1 Virus attachment and membrane fusion

Like all viruses, HIV-1 is dependent on its host for the replication and amplification of its genome
and the assembly of new virions. Hence, the first step in the viral replication cycle is the
attachment of the virus to its host cell and the subsequent fusion of the viral envelope with the
target cell plasma membrane. This attachment gets mediated by the viral envelope glycoprotein
gp120 (Env) and its interaction with the target cell cluster of differentiation receptor 4 (CD4) (cf.
Figure 1.8). The human CD4 receptor is expressed on different immune cells, which include T-
helper cells (CD4* T-cells), macrophages (MQ), and dendritic cells (DCs) (Pope et al. 1994). The
interaction of gp120 with CD4 results in conformational changes, which allow the subsequent
binding of gp120 to the cellular co-receptors CXCR4 or CCR5 (Wilen, Tilton, and Doms 2012).
This binding again results in a conformational change, which enables the insertion of the
hydrophobic gp41 fusion peptide into the cells membrane, ultimately resulting in the fusion of

the viral membrane with the hosts' cell membrane (Doms and Moore 2000) (cf. Figure 1.8).

1.3.1.2 Uncoating, reverse transcription, and nuclear import

Upon successful fusion of the virus with the plasma membrane the viral capsid (CA) is released
into the cytoplasm of the host cell (cf. Figure 1.8). The CA contains two molecules of the positive
sense HIV-1 RNA genome, occupied by the nucleocapsid proteins (NC), as well as the viral
encoded enzymes, reverse transcriptase (RT), integrase (IN), protease (Pro), and other cellular
proteins (Miller, Farnet, and Bushman 1997). The CA remains intact while it gets transported
from the viral entry site to the nuclear pores, a process for which the virus hijacks the hosts'
microtubule network and migrates along the cytoskeleton of the cell (Fassati and Goff 2001;
McDonald et al. 2002; Burdick et al. 2020; Selyutina et al. 2020). During this transport to the
nucleus, the reverse transcription of the viral genome takes place within the reverse
transcription complex (RTC), in which the viral RT enzyme transcribes the viral (+) RNA genome
into a double-stranded DNA copy and simultaneously degrades the RNA template. A schematic
overview of the reverse transcription process is shown in Figure 1.9 and described below. In
general, the RTC consists not only of the viral RNA, but also of the host-derived transfer-
ribonucleic acid Lysin 3 (tRNAY3) which serves as primer for the reverse transcription, the
eukaryotic translational elongation factor 1A (eEF1A), but also of newly synthesized DNA and
several viral and host factors (Isel et al. 1995; Fassati and Goff 2001).
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Figure 1.9: Schematic overview of the reverse transcription process. The viral (+) RNA is bound by the tRNAYs3 at the
primer binding site (PBS), which serves as primer to initiate reverse transcription. First, the (-) strand of DNA is
synthesized in 5’ to 3’ direction until the 5’ end of the VRNA. The RNA-DNA duplex gets degraded by the RNaseH
activity of the RT. Upon the first strand transfer, the complementary repeated region (R) of the newly synthesized
(-) DNA strand and the (+) RNA pair at the 3’ end of the (+) RNA and the elongation of the (-) DNA strand continues.
Again, the RNA-DNA duplex gets degraded, except for the region of the polypurine tract (PPT). This PPT subsequently
serves as primer for the (+) DNA strand synthesis. The second strand transfer allows the alignment of the
complementary PBS sequences and the elongation of both DNA strands, the (+) and the (-) strand resulting in
complementary DNA with long terminal repeats (LTRs) on both sides. This figure was adapted from (Hu and Hughes
2012), the tRNA was created with BioRender.com.

The tRNAY*3 is bound to the primer binding site (PBS), which is located at the 5’ end of the viral
genomic RNA (VRNA), downstream of the R and U5 region. Using the tRNAY as a primer, the
reverse transcription process is initiated by the viral RT with the help of several cellular factors
(Isel et al. 1995; Isel, Ehresmann, and Marquet 2010). Starting at the PBS, the minus strand
complementary DNA (cDNA) is synthesized in 5’ to 3’ direction until RT reaches the 5’ end of the
VRNA. The RNaseH activity of the RT cleaves the vVRNA right after the synthesis of the new
RNA-DNA-hybrid. Based on the complementarity of the repeated region (R) within the HIV-1
long terminal repeats (LTRs) the newly synthesized (-) strand cDNA transfers from the 5’ to the
3’ end of the VRNA, from where the (-) strand cDNA synthesis is continued. The RNA-DNA-hybrid

is again resolved by the RNaseH activity of the HIV-1 reverse transcriptase, except for the region
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of the polypurine tract (PPT), which is resistant to RNaseH cleavage and remains double-
stranded. This PPT subsequently serves as primer for the reverse transcription of the new
(+) strand cDNA, which finally results in double-stranded DNA (dsDNA) (Charneau, Alizon, and
Clavel 1992). As for the synthesis of the first DNA strand, the reverse transcription of the new
(+) DNA strand ends at the 5’ end of the template, at the PBS. At this point, the second-strand
transfer occurs, where the complementary PBS sequences align, and the RT is continued, on
both DNA strands, to generate the full-length dsDNA (Arhel 2010).

As the newly generated double-stranded viral genomic DNA is still located within the viral capsid,
it must be uncoated before integration into the host chromosome. Even though it was long
thought that uncoating occurs at the nuclear pore complex (NPC), it was recently shown that
whole capsids can be imported into the nucleus via nuclear pores (Zila et al. 2021). Capsid
disassembly liberates the viral dsDNA, which is complexed with the host and viral proteins,

known as the pre-integration complex (PIC) (Khiytani and Dimmock 2002).

1.3.1.3 Integration

Upon uncoating, the viral integrase (IN) enzyme directs the integration of the viral DNA into
transcriptionally active sites within the host chromatin, specifically at AT-rich euchromatin
regions (Marini et al. 2015; Ciuffi 2016). As the nuclear entry of the viral DNA depended on
interactions with host proteins, so does the integration into the hosts' genome (Campbell and
Hope 2015).

For the first step of integration, IN binds the newly synthesized dsDNA of the virus and orients
the two ends of the LTRs into its catalytic domain (cf. Figure 1.8). Within the catalytic domain,
two nucleotides are cleaved from the 3’ end of each LTR, resulting in one free 3'OH end at each
site. In the next step of integration, the host genome passes through the IN, while IN scans for a
target site within the genome. For integration, a short palindromic cytidine-adenine sequence
is preferred (Wu et al. 2005). Once IN found the target site, the viral dsDNA is integrated into
the host genome by direct esterification, initiated by the free electrons of the 3’ hydroxyl group.
The integration results in 5" overhangs of the viral dsDNA on both sides, which are repaired by
cellular ligases (Li et al. 2006). Now, the integrated viral dsDNA is called provirus, as viral proteins

can now be expressed by transcription of the viral genome by cellular proteins.

1.3.1.4 Transcription and alternative splicing of HIV-1 mRNAs

As mentioned in chapter 1.1.1, transcription of eukaryotic genes by the cellular DNA-dependent-
RNA-polymerase (RNA polymerase Il) requires a promoter sequence. In the case of the
integrated HIV-1 proviral DNA, this promoter sequence is encoded within the long terminal
repeat (LTR). Even though the LTR is present on both sides of the viral genome, and both LTRs
can function as promotors, the 5’-LTR-promoter has significantly higher transcriptional activity

(Klaver and Berkhout 1994). Furthermore, HIV-1 encodes its own trans-activator protein (Tat),
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which promotes transcription by the interaction of Tat with the transactivation response region
(TAR) of HIV-1 (Kao et al. 1987). Transcription of the proviral DNA results in a full-length
precursor mRNA (pre-mRNA), which contains the densely packed HIV-1 open reading frames
(ORFs), encoding for at least eighteen protein and polyprotein-isoforms (Jager et al. 2011; Karn
and Stoltzfus 2012).

As the eukaryotic 43S ribosomal subunit starts scanning of the mRNA at the 5” CAP structure and
initiates translation at the first efficient AUG codon, HIV-1 has to transfer each ORFs into
proximity of the 5’ CAP, a process that is mediated by extensive alternative splicing (Schwartz et
al. 1990; Purcell and Martin 1993; Stoltzfus 2009). Here, one exception is given by the bicistronic
vpu/env mRNA, which permits translation initiation at the env AUG by discontinuous ribosome
scanning (Krummheuer et al. 2007; Anderson et al. 2007). However, in general, the excision of
each upstream AUGs is achieved by alternative splicing of the HIV-1 RNAs and the usage of at
least five different 5’ splice sites (SD1, SD2, SD2b, SD3, SD4), and eight different 3’ splice sites
(SA1, SA2, SA3, SA4c, SA4a, SA4b, SA5, SA7), thereby producing over 50 different viral mRNA
isoforms, which allow the balanced expression of all viral proteins (Schwartz et al. 1990; Purcell
and Martin 1993; Ocwieja et al. 2012; Sertznig et al. 2018). A schematic overview of the
overlapping HIV-1 ORFs, the encoded splice donors and acceptors, as well as the distinct mRNA

classes is shown in Figure 1.10.
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Figure 1.10 The HIV-1 genome and the mRNA classes. (A) Schematic overview of the HIV-1 genome structure with
the 5’ and 3’ long terminal repeats (LTRs) and the overlapping open reading frames (ORFs). (B) The HIV-1 pre-mRNA
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with the respective location of the rev-responsive element (RRE) and the five major splice donors (D1, D2, D2b, D3,
D4) and eight splice acceptors (A1, A2, A3, Adc, Ada, Adb, A5 and A7). (C) The distinct HIV-1 mRNA classes and their
exon compositions. The unspliced 9kb class not only serves as the viral genome but also encodes for Gag and Gag/Pol.
The intron-containing 4kb class encodes for Env, Vpu, Vif, and Vpr, as well as a Tat exon 1 variant. The fully spliced
2kb class encodes for Tat, Rev, and Nef. This figure was adapted from (Sertznig et al. 2018).

Based on their size, the HIV-1 transcripts are grouped into three distinct RNA classes: The 2kb
class, or the fully spliced RNA class, encoding for the regulatory proteins Rev and Tat, as well as
the accessory protein Nef. The intron-containing 4kb class, which encodes for the Env
glycoprotein, as well as Vpu, Vif, and Vpr proteins. And finally, the unspliced 9kb RNA, which
functions as genomic viral RNA, as well as mRNA for the Gag and Gag-Pol polyproteins (Purcell
and Martin 1993). The expression of the three different mRNA classes during viral replication is
temporally regulated. The 2kb class is mostly generated in the early phases of infection, whereas
the 4kb class mRNAs are most abundant in the intermediate phase and the 9kb class mRNAs are
primarily found in the late phase (Kim et al. 1989). Additionally, using next-generation
sequencing (NGS) based transcriptome analysis an additional minor 1 kb mRNA class was

identified (Ocwieja et al. 2012).

As described before, the success of a splicing reaction depends not only on the intrinsic strength
of a given splice site but also on the presence of cis-, and trans-acting splicing regulatory
elements. In general, most HIV-1 splice sites have a low intrinsic strength and are therefore used
inefficiently. The splice donors with the highest intrinsic strength are SD1 and SD4, while donors
SD2 and SD3 are relatively weak (O'Reilly, McNally, and Beemon 1995). The HIV-1 splice acceptor
sites are also intrinsically weak, based on their suboptimal pyrimidine-rich regions with
interspersed purines (Dyhr-Mikkelsen and Kjems 1995). Even though, the highest intrinsic
strength of the HIV-1 acceptor sites are exhibited by SA2 and SA3 (Kammler et al. 2006).
However, due to the overall low intrinsic strength of HIV-1 splice sites the splice site usage is
mainly determined by the presence of splicing regulatory elements and splicing regulatory

proteins.

1.3.1.4.1 The 2 kb class of HIV-1 RNAs

All transcripts of the 2kb class are spliced from the major splice donor 1 to one of the splice
acceptors within the central 3’ ss cluster, and additionally from SD4 to SA7, which removes the
RRE. Generally, except for the 9kb class, all HIV-1 transcripts are spliced at the major SD1 (Purcell
and Martin 1993; Chang et al. 2011). Furthermore, it was shown that the splicing process from
SD4 to SA7 is dependent on the prior splicing of the SD1 to a downstream SA (Bohne, Wodrich,
and Krausslich 2005). Therefore, the fully spliced 2kb class of HIV-1 mRNAs is characterized by
the absence of the Gag-Pol, as well as the Env coding region, and encodes for the regulatory

proteins Tat and Rev, as well as the accessory protein Nef (Purcell and Martin 1993).
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The full-length tat mRNAs are generated by splicing of SD1 to SA3 (tat exon 1), as well as SD4 to
SA7 (tat exon 2). However, alternative splice variants have been described, differing in the
presence of the two leader exons 2 and 3 (Purcell and Martin 1993). Tat protein consists of 101
amino acids which are encoded by two exons. The first tat exon encodes the nucleotides for
amino acids 1-72, while the second tat exon encodes the nucleotides for the amino acids 73-101.
There is, however, another tat mRNA isoform, encoding only for the first 72 amino acids. This
truncated Tat protein is encoded by transcripts of the 4kb mRNA class and only contains the first
tat exon (Purcell and Martin 1993) (cf. Figure 1.10C).

Rev is encoded by at least twelve alternative splice variants, which are mainly generated by the
usage of one of the three splice acceptors SA4c, SAda, or SAdb, which are located upstream of
the rev translational start codon, as well as the potential presence of the two leader exons 2
and 3 (Schwartz et al. 1990; Purcell and Martin 1993; Stoltzfus 2009).

The accessory protein Nef is also encoded by different splice variants, which can again be
distinguished by the presence of leader exons 2 and 3, as well as the presence of exon 5 (Purcell
and Martin 1993). The nef ORF is located at the 3’ end of the HIV-1 genome and nef transcripts
are generated by the inclusion of exon 5 and the additional splicing from SD4 to SA7. The splice
acceptor 5 is located within the central 3’ ss cluster and is frequently recognized and spliced. It
was estimated that approximately 80% of all 3’ splicing reactions in HIV-1 occur at SA5 (Purcell
and Martin 1993; Stoltzfus 2009; Ocwieja et al. 2012).

1.3.1.4.2 The 4kb class of HIV-1 RNAs

All transcripts of the 4kb class of HIV-1 mRNAs are spliced from SD1 to one of the splice acceptors
within the central 3’ ss cluster and are therefore characterized by the absence of the Gag-Pol
ORF (Purcell and Martin 1993). The 4kb class retains intron 4 which contains the RRE, which gave
this class the term “intron-containing” RNA class, whose nuclear export is Rev-dependent
(Bohne, Wodrich, and Krausslich 2005). The mRNAs of the 4kb class encode for the viral
envelope protein Env as well as the accessory proteins Vif, Vpr, and Vpu (Purcell and Martin
1993).

Vpu and Env are encoded together on a 4kb class bicistronic mRNA, for which 16 alternative
splice isoforms have been described. Those mRNAs differ in the presence of the leader exons 2
and 3, as well as exon 4cab and exon 5 (Purcell and Martin 1993) (cf. Figure 1.10C). For the
generation of vpu/env mRNAs the binding of the U1 snRNP to SD4 is essential to activate the
upstream splice site within the central cluster via cross exon interactions, however, the splicing
at SD4 must be repressed to include the protein-coding sequences into the final transcript. Since
vpu and env mRNAs require Rev for nuclear export, splicing at SD4 in the early phase of infection
is crucial to synthesize Tat and Rev. In the course of infection, however, splicing at SD4 must be
repressed to produce vpu and env mRNAs (Kammler et al. 2006; Asang, Hauber, and Schaal
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2008). Once the bicistronic mRNA gets exported to the cytoplasm both ORFs are translated,

resulting in high levels of Vpu and Env proteins (Krummheuer et al. 2007; Anderson et al. 2007).

The vif mRNA is generated by a single splicing event from SD1 to SA1 and encodes for a 23 kDa
protein (Purcell and Martin 1993). The expression of Vif is tightly regulated, as high levels of Vif
result in the inhibition of viral protein processing and replication, therefore it is not surprising
that the vif mMRNAs make up only 1% of the total 4 kb class mRNAs (Purcell and Martin 1993;
Akari et al. 2004; Mandal et al. 2009; Widera et al. 2014). The recognition of SA1 is essential for
the generation of vif mRNA, but as described before the downstream 5’ ss must be rendered
splice inactive to maintain the downstream located vif ATG (Purcell and Martin 1993; Widera et
al. 2013; Widera et al. 2014). Therefore, the levels of vif mMRNA depend on the activation of SA1
as well as the repression of SD2, a process which is tightly regulated by the presence of several
splicing regulatory elements (Exline, Feng, and Stoltzfus 2008; Kammler et al. 2006; Widera et
al. 2013; Widera et al. 2014; Brillen, Walotka, et al. 2017).

Finally, the vor mRNAs are generated by splicing from SD1 to SA2, with one alternative splice
isoform which can include exon 2 (Purcell and Martin 1993). As with vpu/env and vif mRNAs, the
translational start codon of vpr is located in the downstream intron, hence, SA2 must be
recognized, and the downstream SD3 is rendered splicing incompetent (Erkelenz, Poschmann,
et al. 2013; Widera et al. 2013).

1.3.1.4.3 The 9kb class of HIV-1 RNAs

As mentioned before, the unspliced full-length 9 kb class of HIV-1 mRNAs not only serves as the
viral genome but also encodes for the structural proteins (Gag) and the replication enzymes (Pol)
of the virus. Upon translation, the gag-pol mRNA encodes for the Pr55 and Pr160 polyproteins
(Bohne, Wodrich, and Krausslich 2005).

1.3.1.5 Nuclear export of HIV-1 mRNAs and translation of structural proteins
As mentioned before, eukaryotic mRNAs are transported from the nucleus to the cytoplasm via
the export proteins NXF1/Tap through the NPC (cf. chapter 1.1.3). For HIV-1, only the fully
spliced mRNAs of the 2kb class leave the nucleus via this conserved non-karyoprotein export
receptor pathway (Purcell and Martin 1993; Kéhler and Hurt 2007). The intron-containing RNAs
of the HIV-1 4kb and 9kb class are exported by a second group of mobile transport receptors,
which belong to the family of karyopherins. Karyopherins can act as importin or exportin,
depending on the cargo recognition sequence (Gorlich and Kutay 1999). These recognition
sequences are short peptide sequences with function either as nuclear localization signal (NLS)
or as nuclear export signal (NES) (Pemberton, Blobel, and Rosenblum 1998; Gérlich and Kutay
1999). For example, the viral proteins Tat and Rev both encode an NLS, which enables the
proteins to be imported into the nucleus (Henderson and Percipalle 1997; Truant and Cullen
1999).
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Once back imported to the nucleus, Tat promotes the transcription of the viral LTR promoter,
while Rev binds to the Rev-responsive element (RRE), located within intron 4 of unspliced (9kb)
and intron-containing (4kb) HIV-1 RNAs. The interaction of Rev with the RRE results in the
multimerization of up to six Rev units at the RRE (Malim et al. 1989; Daugherty, D'Orso, and
Frankel 2008). This RRE-Rev interaction further results in the recruitment of the
hypermethylation enzyme PIMT, which modifies the 7-methylguanosine (m7G) cap to a
trimethylguanosine (TMG) cap. That TMG cap allows the HIV-1 RNAs to get recognized by the
chromosome maintenance region 1 (CRM1, also known as exportin-1), which belongs to the
family of karyopherin transport receptors, and binds the C-terminal domain of Rev, which
encodes the leucine-rich NES. That interaction with CRM1 then allows the export of the bound
RNA-RRE-Rev complex from the nucleus to the cytoplasm and the subsequent translation of viral
proteins (Fischer et al. 1995; Fischer et al. 1999; Yedavalli and Jeang 2010).

Translation of the HIV-1 glycoprotein Env from the bicistronic vpu/env mRNA takes place at the
rough endoplasmic reticulum (RER). As mentioned before, the translation of Env is mediated by
a leaky scanning mechanism, in which the upstream localized vpu translational start codon gets
only poorly recognized due to a suboptimal Kozak surrounding, resulting in translation initiation
at the downstream located env ATG (Krummheuer et al. 2007). Upon translation, the Env
precursor polypeptide gpl60 partially translocates into the lumen of the RER due to the
N-terminal located signal-sequence (Sundquist and Krausslich 2012). The complete
translocation into the RER-lumen is, however, stopped by a hydrophobic sequence in the
transmembrane domain (TMD), which serves as a membrane anchor. Thereby the future
cytoplasmic tail is already located in the cytoplasm, while the future extracellular part is located
in the lumen of the RER (Checkley, Luttge, and Freed 2011). During the translation process, the
N-terminal signal sequence gets removed and degraded by cellular peptidases in the RER, and
oligosaccharide chains are attached to the extracellular domain via N-glycosidic bonds. The
subsequent trimerization of the individual gp160 precursor proteins causes the further transport
to the Golgi complex, where the gp-160 precursor protein is cleaved into the surface
glycoprotein gp120 and the transmembrane protein gp41 by cellular furin or furin-like proteases
(cf. Figure 1.8) (Hallenberger et al. 1992; Checkley, Luttge, and Freed 2011).

The viral full-length RNA is either translated into the 160 kDa Gag-Pol polypeptide, or into the
55 kDa Gag precursor protein. The Gag precursor protein consists of the matrix (MA),
capsid (CA), nucleocapsid (NC), and p6 domains, as well as the two spacer peptides, SP1 and SP2.
Those Gag precursor proteins serve as the structural binding blocks of the later virions and are
produced in large amounts. The viral enzymes, such as the viral protease, the reverse
transcriptase, and integrase, are encoded within the Gag-Pol polypeptide. Even though these
are equally important for the new virus particles, they are required in much smaller amounts.

The genomic organization of HIV-1 genes on the full-length RNA allows the high expression of
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Gag protein relative to the enzymes encoded downstream of Gag in the Pro and Pol genes (Freed
2015). To synthesize the 160 kDa Gag-Pol polypeptide from the full-length RNA, the stop codon
of the gag gene must be overread, which results in the translation of the complete gene
complex. This overreading is achieved by a so-called "slippery sequence", which provokes
pausing of the translocating ribosome and results in a ribosomal frame shift event in 5-10% of
all translation events. The slippery sequence consists of six uridines (UUUUUUA), followed by a
hairpin structure (Girnary et al. 2007). If the ribosome translates this poly-U region correctly, the
Gag translational stop codon, which is located approximately 200 nucleotides downstream, is
recognized efficiently resulting in the 55 kDa Gag precursor protein (Pr55Gag). In the case of
ribosome slipping across the slippery sequence, all six uridines will be recognized, but the
adenine at the hairpin stem will be detected twice. This results in a changed open reading frame
downstream of the poly-U region and translation elongation over the pro and pol genes,
resulting in the translation of the 160 kDa Gag-Pro-Pol fusion protein. This mechanism ensures
the production of approximately ten to twenty Gag molecules for each Gag-Pro-Pol polyprotein,
maintaining a constant Gag to Gag-Pol ratio ensuring the right structural organization and the

subsequent infectivity of the progeny virions (Jacks et al. 1988; Girnary et al. 2007).

1.3.1.6 Virus assembly, budding, and maturation

Upon translation of the Gag and Gag-Pol proteins, they translocate to the host plasma
membrane, where they assemble into an immature hexameric network that packages the viral
genomic RNA dimers and assembles with the membrane-bound heterotrimeric gp120/gp41 Env
complexes (Rein 2019). In general, packaging of the viral plus-stranded RNA genome is driven
by the NC domain of Gag which interacts with the viral full-length RNA, via the W-packaging
signal which is located in the 5’ UTR (Lever et al. 1989; Chen et al. 2020). The NC furthermore
contributes to the incorporation and placement on the tRNA" primer and reverse transcription
(Sundquist and Krausslich 2012). It has been proposed, that the 5 end of the viral RNA
undergoes a conformational switch from a structure that favors translation to one that
promotes packaging (Lu et al. 2011). One HIV-1 RNA dimer is the recognition unit for packaging,
thereby ensuring that two copies of full-length viral RNA are packaged into each newly
assembling virion. Additionally, the presence of two genomic RNAs per virion provides the
opportunity for recombination during reverse transcription and allows reverse transcription to

proceed if one of the RNA copies is damaged (Nikolaitchik et al. 2013).

Once all necessary components for virus assembly are located at the plasma membrane the p6
domain recruits the endosomal sorting complex required for transport (ESCRT), which catalyzes
the membrane fission step by bringing the membrane sites into close contact to complete the
budding process, which gets finally mediated by membrane fusion (Henne, Buchkovich, and Emr
2011; Sundquist and Krausslich 2012). During the final buddying steps, no more Gag proteins

can be incorporated into the virions, resulting in an unclosed lattice of Gag precursor proteins
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in the buddying virions, hence a gap in the Gag layer at the point where the viruses are
strangulated from the cell membrane (Carlson et al. 2008; Briggs and Krausslich 2011). Upon
buddying, the released virions are still immature particles, which must undergo maturation to
become infectious viruses. Upon release, the surface of each new virion contains about ten
trimers of the viral Env protein and about two-thirds of the inner viral membrane is covered with
Gag (Carlson et al. 2008; Sundquist and Krausslich 2012).

The viral maturation begins with self-cleavage of the viral protease, which subsequently cleaves
the Gag-Pol polyproteins into the active enzymes RT and IN, and the Gag precursor into the
mature Gag proteins MA, CA, NC, and p6. This cleavage of the Gag polyprotein results in the
disassembly of the immature membrane-bound Gag lattice and to the assembly of the mature
conical capsid (cf. Figure 1.8). Upon successful maturation, the two single-stranded viral RNA
copies are located within the capsid, together with the viral proteins RT and IN (Pornillos,
Ganser-Pornillos, and Yeager 2011; Freed 2015).
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2 Material and Methods

2.1 Cloning of recombinant DNA vectors

Within this work different cell cultures were transfected with recombinant DNA expression
vectors, to measure gene expression intensities, modulation of the NMD activity, as well as
alternative splicing. Therefore, different recombinant DNA vectors had to be modified, a process

enabled by different cloning strategies.

2.1.1 Cloning PCR

The primarily used method in this work to alter the nucleotide sequence of a given DNA plasmid
was the polymerase chain reaction (PCR). Either one or two specific primers were designed for
the respective PCR reaction, those primers contained the desired altered nucleotide sequence,
as well as enough complementarity to the given plasmid sequence to allow primer annealing.
Furthermore, those cloning primers contained restriction enzyme recognition sites at their 5’

ends to ensure the compatibility of the new insertion site of the plasmid backbone of interest.

Cloning PCR reactions were carried out in 0.2l PCR tubes (Starlab) in a final volume of 50ul. To
set up the reaction, 2ul of the template plasmid (diluted 1:1000, approximately 1ng/ul) were
mixed with 39.5ul ddH,0, 5ul 10x Expand™ High Fidelity Buffer (with 15mM MgCl,, Roche), 1l
dNTP mix (10mM dATP, dCTP, dGTP, and dTTP, Qiagen), 1ul undiluted forward primer (100pmaol,
Metabion), 1ul undiluted reverse primer (100pmol Metabion), and 0.5ul Expand™ High Fidelity
DNA polymerase (3.5U/pl, Roche). After a short spin down (Sprout Plus Minicentrifuge, Biozym),
the tubes were placed into the PCR cycler (Professional Biometra TRIO Thermocycler, Analytik

Jena), the lid was tightly closed, and the following program was started.

Temperature | Time [mm:ss]
Initial denaturation, activation | 94°C 03:00
of the “hot-start” polymerase
Denaturation 94°C 00:30
Primer binding 53-57°C 01:00 34x
Elongation 72°C 01:00
Final elongation 72°C 10:00

2.1.1.1 Separation of DNA fragments on a 1% agarose gel
The success of the PCR amplification was tested by gel electrophoresis on a 1% agarose gel
(0.5g LE Agarose, Biozym; 50ml 1x TBE (89mM Tris-borate (pH 8), 2mM EDTA, Sigma-Aldrich)).
The gel was microwaved (800W, 30-90 seconds) until the agarose was fully dissolved. Two drops
of ethidium bromide (EtBr solution 0.025% in dropper bottle, 250ug/ml, Roth) were added and
the gel was poured into the prepared chamber. The chamber was filled with 1x TBE buffer until
the gel and the electrodes were covered. In the case of the cloning PCR, 2l of the total 50ul PCR
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reaction were mixed with 1l loading dye and 7ul ddH,0. As a size marker, a DNA ladder
(GeneRuler 1kb DNA-ladder, Thermo Fisher) was used. The gel electrophoresis was carried out
at constant 70mA for about 10-30 minutes, followed by visualization of the PCR products by UV
light (312nm, INTAS®UV-Systems). If the PCR bands had the expected band size the remaining

48ul of each PCR sample were either cleaned up or stored in the freezer at -20°C.

2.1.1.2 PCR clean-up

PCR products were cleaned up using the “Monarch® PCR & DNA Cleanup Kit (5pg)” from NEB.
The remaining 48ul PCR product were mixed with 240ul DNA Cleanup Binding Buffer (Ratio 5:1
for dsDNA <2kb, NEB), loaded onto the provided column and centrifuged for 1 minute at
13,000rpm (Eppendorf Centrifuge 5430). The flow-through was discarded, the column re-
inserted into the collection tube, followed by two washing steps using 200ul DNA Wash Buffer
(NEB). To make sure the column was dry and had no contact with residential wash buffer, the
column was centrifuged one more time, before it was transferred into a 1.5ml tube (SafeSeal
reaction tube, Sarstedt). To elute the bound DNA, 17ul of ddH,0 were added to the center of
the column and incubated for one minute, followed by 1-minute centrifugation at 13,000rpm.
The elution volume was about 16l and was directly used for the subsequent digestion with

restriction enzymes.

2.1.2 Digestion

The restriction digestion of both, plasmid backbone and amplicon, was carried out in individual
1.5ml reaction tubes (SafeSeal, Sarstedt), each in a final volume of 20ul. The digestion was
carried out in a heating block (Thermomixer comfort, Eppendorf) for 30-120 minutes. In general,
all the used restriction enzymes were purchased from NEB (20U/ul) and the reactions were set
up using the optimal buffers and temperatures, which were calculated with the help of the
NEBcloner® website (https://nebcloner.neb.com/#!/redigest). The digestion of plasmid and

insert were prepared as follows:

Digestion plasmid backbone Digestion PCR insert

DNA plasmid lug Cleaned up PCR 16ul

NEB buffer 2ul NEB buffer 2ul

NEB restriction enzyme | 1ul (20U/ul) NEB restriction enzyme | 1ul (20U/ul)
NEB restriction enzyme Il 1ul (20U/ul) NEB restriction enzyme Il 1pl (20U/ul)
ddH,0 ad 20ul 20ul

After digestion, the DNA fragments were cleaned up before the backbone and insert were
ligated. While the plasmid backbone had to be separated before from the cut-out insert, the
digested PCR product could be cleaned up using the same method as before, with the
“Monarch® PCR & DNA Cleanup Kit (5ug)” from NEB. This time the starting sample size was 20yl
and was therefore mixed with 100ul DNA Cleanup Binding Buffer (Ratio 5:1 for dsDNA <2kb,

NEB) by pipetting up and down. The other steps were executed as described above and the

42



Material and Methods

elution of the DNA was again done by the addition of 17ul ddH,0 to the center of the column.
To make sure that the PCR product was still present within the eluted sample, 2l of the elution
was mixed with 7ul ddH,0 and 1pl loading dye and was again used for gel electrophoresis on a

1% agarose gel.

21.2.1 Separation of digested DNA plasmids on a 0.8% low-melt agarose gel

The digested plasmid backbone was separated from the cut-out insert by gel electrophoresis
using low-melt agarose (Sieve GP Agarose, Biozym). DNA-containing gel-fragments, which were
cut out from this gel, were directly used for ligation without further purification, after melting

of the gel fragment.

The low-melt gel (0.4g low-melt agarose (Sieve GP Agarose, Biozym), 50ml 1x TB%E buffer

(89mM Tris borate (pH 8), 0.2mM EDTA)) was boiled in the microwave, like the agarose gel, but
in contrast, it was poured at 4°C upon the addition of two drops of ethidium bromide (EtBr
solution 0.025% in a dropper bottle, 250ug/ml, Roth). The gel electrophoresis was carried out at

constant 35mA for about 30-60 minutes, depending on the size of the backbone and insert.
Afterward, the 1x TB%OE buffer was carefully removed, the gel was put onto a UV table and the

DNA fragments were visualized by UV light (312nm, INTAS®UV-Systems). The backbone
fragments of the expected sizes were cut out using a sharp, clean scalpel (Feather®) and
transferred individually into a clean 1.5ml tube (SafeSeal reaction tube, Sarstedt). The excised
plasmid backbone was directly used for ligation, after melting of the low-melt fragment for 10
minutes at 65°C (Thermomixer comfort, Eppendorf). Then, the gel fragments were stored in the

freezer at -20°C.

21.3 Ligation

For efficient ligation, an ATP-dependent T4 DNA ligase (5U/ul, Thermo Fisher) was added to
catalyze the ligation reaction. The setup of the ligation mixture was as follows: The low-melt gel
fragment containing the plasmid backbone of interest was melted in a heating block at 65°C for
10 minutes (Thermomixer comfort, Eppendorf) and was mixed by flicking off the tube. For
ligation 14ul ddH,0 were mixed with 1ul of the melted plasmid backbone, 2ul of the purified
PCR product, 2ul 10x T4 DNA ligase buffer (100mM MgCl,, 100mM DTT, 10mM ATP, 500mM
Tris-HCI pH 7.5, Thermo Fisher) and 1ul T4 DNA ligase (5U, Thermo Fisher). The ligation setup
was mixed by careful up and down pipetting and incubated for one hour at room temperature
or overnight in a heating block at 16°C. Afterward, the ligation mix was directly used for the

transformation of replication-competent E. coli cells or stored at -20°C.
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2.2 Alternatives to the classical cloning procedures

2.21 Site-directed mutagenesis (SDM)

Using the Q5 polymerase a whole DNA plasmid can be amplified in a single PCR reaction, with
the possibility of encoding substitutions, deletions, or insertions within the used primers. This
method is especially useful when the region, which needs to be altered, lacks unique restriction

sites, and therefore cannot be targeted by traditional cloning strategies.

The Q5-SDM was carried out in 0.2ul PCR tubes (Starlab) in a final volume of 50ul. The desired
template plasmid was diluted 1:100 and 50ng of the plasmid were mixed with 1.5ul forward
primer (1:10, 10uM, Metabion), 1.5ul reverse primer (1:10, 10uM, Metabion), 1l dNTP mix
(10mM, Qiagen), 10ul 5x Q5 reaction buffer (NEB), and 1ul Q5 high-fidelity DNA polymerase
(2U/ul, NEB). After a short spin down (Sprout Plus Minicentrifuge, Biozym), the tubes were
placed into the PCR cycler (Professional Biometra TRIO Thermocycler, Analytik Jena), and the

following program was started.

Temperature | Time [mm:ss]
Initial denaturation 98°C 01:00
Denaturation 98°C 00:30
Primer binding 50-72°C 00:30 35x
Elongation 72°C 00:30/kb
Final elongation 72°C 20:00

The optimal primer annealing temperature was calculated using the NEB Tm calculator
(www.neb.com/Tmcalculator), with a final primer concentration of 300nM. When the PCR was
finished, the polymerase had amplified the whole plasmid, which remained linearized. To
remove the initial plasmid DNA, which served as template during the PCR, the samples were
mixed with Dpnl, a restriction enzyme that only digests methylated DNA. Therefore, each PCR
sample was mixed with 1pl Dpnl (20U/ul, NEB) and incubated at 37°C for at least 30 minutes.
Afterward, the PCR product was separated on a 1% agarose gel, the respective band was excised
using a clean, sharp scalpel (Feather®) and purified using the “QlAquick Gel Extraction Kit”
(Qiagen) and an elution volume of 30ul. Before the ends of the still linearized plasmid were
ligated, they were phosphorylated by the addition of T4 polynucleotide kinase (T4 PNK).
Therefore, 5ul of the purified PCR product were mixed with 12ul ddH,0, 2ul of the ATP
containing 10x T4 DNA ligase buffer (Thermo Fisher) and 1pl of the T4 PNK (10U/ul, Thermo
Fisher), and incubated at 37°C for 30 minutes, followed by addition of 0.5ul ATP-dependent T4
DNA ligase (5U/ul Thermo Fisher), for subsequent ligation of the newly phosphorylated ends,
and incubation for 1 hour at room temperature, or 16°C over-night. When the ligation was

finished, the plasmid was ready for transformation into chemically competent E. coli.
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2.2.2 Oligo annealing

If the desired nucleotide modification of a plasmid was located within a short fragment, which
was surrounded by unique restriction sites, the respective complementary oligonucleotides
were just annealed and inserted into the linearized plasmid backbone The complementary oligos
were purchased from Metabion, 10ul of each undiluted primer (100uM each) were mixed in a
1.5ml tube (SafeSeal reaction tube, Sarstedt) and incubated for 3 minutes at 95°C (Thermomixer
comfort, Eppendorf). Then, the heating block was switched off, and the primer mixture was left
in the heating block for another 45 minutes, allowing the mixture to cool down slowly and the
complementary sequences to anneal. The primer mixture was diluted 1:10 and 1:50 with water
and those dilutions were used to set up the ligation reaction. 6l of each primer dilution were
mixed with 2pul of the digested backbone of interest, 1l T4 DNA ligase (5U/ul, Thermo Fisher)

and 11pl ddH,0 and incubated for 1 hour at room temperature.

2.3 Plasmid transformation into replication-competent E. coli cells

The ligated DNA plasmids were transformed into replication-competent E. coli cells, which
amplified the plasmid and expressed the encoded ampicillin antibiotic resistance gene
(B-lactamase). The kanamycin-resistant E. coli strain DH5aF’IQ (Invitrogen) was used for plasmid
transformation. The bacteria were stored in 20ul aliquots at -80°C in 1.5ml tubes (SafeSeal
reaction tube, Sarstedt). For each transformation, one bacterial aliquot was thawed on ice,
mixed with 6l of the ligation mixture by gentle flicking against the tube, followed by incubation
on ice for 15 minutes. To enhance the DNA uptake the bacteria were “heat-shocked” for 90
seconds at 42°C in a heating block (Thermomixer comfort, Eppendorf), followed by another

incubation on ice for 5 minutes.

Each sample was mixed with 800l of Luria Broth Base Medium (LB-Medium, Invitrogen) without
antibiotics and placed into a spinning wheel (40 cycles per minute) at 37°C for 1.5-2 hours.
Afterward, 400ul of the bacteria mixture were spread onto ampicillin-containing agar plates
(100pug/ml, Roche) and incubated overnight at 37°C. Only bacteria that had taken up the plasmid
and were therefore expressing the antibiotic-resistant gene were able to replicate and visible as

white colonies.

2.4 Quantitative plasmid preparation (DNA-Mini-Prep)
Colonies were picked individually using a fresh pipette tip and transferred into a test tube
containing 5ml of ampicillin-containing LB-medium (100ul/ml, Roche), followed by overnight

incubation at 37°C in a spinning wheel (40 cycles per minute).

On the next day, 2ml of the 5ml liquid bacteria culture were transferred into individual 2ml tubes
(SafeSeal reaction tube, Sarstedt) for the isolation of plasmid DNA, while the remaining 3ml were

stored at 4°C. The bacteria were pelleted by centrifugation in a table centrifuge for 1 minute at
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14,000rpm (Heraeus Megafuge 8R, Thermo Fisher). The supernatant was discarded, and the
bacterial pellets were resuspended in 300ul pre-chilled buffer 1 (50mM Tris-HCI (pH 7.5), 10mM
EDTA, 400ug/ml RNase A) by scratching of the closed tube over a metal grid. The bacteria were
subsequently lysed by the addition of 300ul buffer 2 (0.2M NaOH, 1% SDS), multiple inversions
of the tubes, followed by incubation for 5 minutes at room temperature. The alkaline lysis was
stopped by the addition of 300ul pre-chilled buffer 3 (3M KAc (pH 5.5)), mixed again by inversion
of the tubes. To pellet the cellular components of the bacteria, the samples were centrifuged
for 15 minutes at 14,000rpm and 4°C, and the supernatant was transferred into fresh 1.5ml
tubes (SafeSeal reaction tube, Sarstedt) containing 600ul isopropanol and vortexed. The plasmid
DNA was precipitated by centrifugation for 30 minutes at 14,000rpm and 4°C, the supernatant
was aspirated, and the pellet was washed two times with 200ul 70% ethanol. The DNA pellet
was air-dried and resuspended in 50ul Millipore ddH,0.

To analyze the obtained DNA plasmids, they were digested with specific restriction enzymes,
which allowed a visible distinction between the original plasmid used as the backbone for the
cloning reaction and the obtained new plasmid. The enzymes were chosen by reference to the
in-silico build model of the plasmids using the Geneious software (Geneious Version R9.1,
(https://www.geneious.com)). The software also provided the size of the expected band sizes,
which were later compared to the observed bands after gel electrophoresis of the digested

fragments.

For the analysis 4l of the DNA mini preparation were digested with one, two, or up to three
different restriction enzymes (20units/pl each, NEB) at once. The digestion was carried out in a
1.5ml reaction tube (SafeSeal reaction tube, Sarstedt) in an end volume of 20ul with the
respective buffer for the used enzymes (used NEB 10x buffers: cut smart, buffer 2.1, or 3.1). For
the digestion 4ul of the plasmid DNA were mixed with 0.3l of each restriction enzyme, 2ul of
the corresponding buffer, and Millipore ddH,0 to a final volume of 20ul. The digestion was
carried out in a heating block (Thermomixer comfort, Eppendorf) for 1 hour at the temperature
optimum of the used enzymes (mostly 37°C). Afterward, 10ul of the digestion mixture were
mixed with 3l of loading dye and transferred onto an ethidium bromide containing 1% agarose
gel, where the DNA fragments were separated by size applying constant 70mA for about 30
minutes. To identify positive clones, a DNA size ladder (GeneRuler 1kb DNA-ladder, Thermo
Fisher) was used to determine the size of the separated fragments by comparing them to the
before-predicted fragment sizes. If the isolated plasmid DNA restriction pattern fitted the
expectation, the remaining 3ml liquid bacteria culture of the corresponding sample were used
to inoculate 100ml of Ampicillin-containing LB medium (100ul/ml, Roche) and incubated

overnight at 37°C in a shaker.
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2.5 Qualitative plasmid preparation (DNA-Midi-Prep)

To obtain a greater amount of purified plasmid DNA the DNA-Midi-Kit from Qiagen was used to
isolate the plasmids from the 100ml overnight liquid bacterial culture. Before the bacteria were
centrifuged and the supernatant was discarded, 700l of each liquid culture were mixed with
300ul glycerin (100%) to generate glycerin stocks, which were stored at -80°C and used to

inoculate a new over-night culture.

Each 100ml bacterial culture was equally split into two conical 50ml tubes (Greiner Bio-One™)
and centrifuged at 4,000rpm and 4°C for 20 minutes (Eppendorf centrifuge 5810R). The
supernatants were discarded, and the bacteria of both falcons reunited by resuspension with
4ml pre-chilled buffer 1 (50mM Tris-HCI (pH 7.5), 10mM EDTA (pH 8), 400ug/ul RNase A; Qiagen
Midi-Kit). The bacteria were lysed by the addition of 4ml buffer 2 (0.2M NaOH, 1% SDS; Qiagen
Midi-Kit), inversion of the tubes, and incubation for 5 minutes at room temperature. To stop the
alkaline lysis 4ml of buffer 3 (3M KAc (pH 5.5); Qiagen Midi-Kit) were added to the mixture and

again mixed by inverting the tube multiple times, followed by a 15-minute incubation at 4°C.

For the extraction of the DNA plasmids, the provided Qiagen-tip 100 (Qiagen Midi Kit) was used.
After equilibration of the tip with 4ml QBT buffer (750mM NaCl, 50mM MOPS (pH 7), 15%
Isopropanol (v/v), 0.15% Triton X-100 (v/v); Qiagen Midi-Kit) the lysed bacterial supernatants
were put through a filter (595 1/2 Folded Filters, Whatman™ GE Healthcare), which was set on
the equilibrated tip. When the supernatant had passed through filter and tip, the filter was
removed, and the tip was washed two times with 10ml buffer QC (1M NacCl, 50mM MOPS (pH
7), 15% Isopropanol (v/v); Qiagen Midi-Kit), and the flow-through was discarded.

To elute the bound plasmid DNA the tip was placed on a round centrifugation plastic tube
(Nalgene), which was filled with 3.5ml isopropanol, and 5ml buffer QF (1.25M NaCl, 50mM Tris-
HCl (pH 8.5), 15% Isopropanol (v/v); Qiagen Midi-Kit) were added onto the tip.

The eluted and precipitated plasmid DNA was pelleted by centrifugation for 30 minutes at
10,000rpm and 4°C (Sigma laboratory centrifuge 3K30). The supernatant was discarded, and the
pellet was washed two times with 2ml 70% ethanol followed by centrifugation for 10 minutes
at 10,000rpm and 4°C each. Finally, the pellet was air-dried at room temperature, re-dissolved
in 100ul TE buffer (pH 8), and transferred into a 1.5ml tube (SafeSeal reaction tube, Sarstedt).
The concentration of the isolated plasmid DNA was measured at a wavelength of 260nm and
280nm using the NanoDrop 1000 spectral photometer (ND-1000 Version-3.7.0) and set to a final
concentration of 0.5-1pg/ul by dilution with TE buffer (pH 8). The plasmids were stored at -20°C.

2.6 Plasmids and cloning strategies
The NMD reporter plasmids pCI-TPI-WT-4H and pCI-TPI-PTC40-4H were kindly provided by Dr.
Nora Diehl (Diehl 2016), while the dual-luciferase plasmids SV40-RL-B-Globin-WT - SVA0-FL., as
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well as SV40-RL-B-Globin-NS39 - SV40-FL.s were cloned by Aljoscha Tersteegen during his
master’s thesis and kindly provided for this work (Tersteegen 2017).

The pNLA1 plasmid is a derivate of pNL4-3 and was kindly provided by Prof. Dr. Klaus Strebel
(Strebel, Klimkait, and Martin 1988), and the pNLA1 env0 RRE variant from Prof Dr. Heiner Schaal
(Schaal et al. 1995).

The tat expression plasmid SVctat was used as donor for the SV40 promoter sequence (Schaal
et al. 1993; Krummheuer et al. 2001)

The respective cloning strategies can be found in the appendix in Table 6.1, while the

corresponding cloning primers are also described in the appendix, in Table 6.2.

2.6.1 Gene strands
The used gene strands were ordered and synthesized from Eurofins genomics. They were
delivered as dry dsDNA fragments and were ready for cloning upon resuspension in nuclease-

free ddH,0. The sequences of the ordered gene strands are given in the appendix, in Table 6.3.

2.7 Eukaryotic cell culture

Within this thesis different human cell lines were used for analysis. Those cell lines were either
growing adherently (Hela, HelLa T4*, TZMbl, HEK293T, HEK293T CD4*, Ghost CXCR4* CD4*) in T75
cell culture flasks, in 12ml Dulbecco’s Modified Eagle Medium (DMEM medium, Gibco)
supplemented with 10% fetal calf serum (FBS Supreme, PAN™ Biotech) and 1%
penicillin/streptomycin solution (Pen Strep, Gibco, 10,000U/ml Penicillin, 10,000pg/ml
Streptomycin), or in suspension (Jurkat, PM1), using upstanding T75 cell culture flasks and 15ml
RPMI medium 1640 (1x) + GlutaMAX™ (Gibco), as well supplemented with 10% FCS and 1%
penicillin/streptomycin. All cell lines used in this work were kept in incubators at 37°C and
5% CO, (Heraeus BBD 6220, Thermo Fisher). To maintain the cells and preventing them from

overgrowing the cell cultures were split twice a week and put into new flasks with fresh medium.

2.71 Adherent cell lines

To split the adherently growing cells lines, the medium was removed, and the cells were carefully
washed two times with 10ml of room tempered phosphate-buffered saline (PBS, Gibco). To
detach the cells from the bottom of the flask 1.5ml 0.05% Trypsin-EDTA (Gibco) was given into
the flask, spread evenly over the cell lawn, and removed again. After incubation between 1-5
minutes at RT the cells were loosened from the bottom by multiple stokes against the flask and
finally resuspended in 10ml fresh, pre-warmed DMEM medium (10% FCS, 1% Pen/Strep), which
stopped the trypsin-induced digestion. The cell number was either determined with a Neubauer
counting chamber and 0.5-2ml cell suspension (depending on the confluency of the cell-lawn

before the trypsin incubation) were transferred into a new T75 cell flask, supplied with fresh
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DMEM medium (10% FCS, 1% Pen/Strep), spread evenly by gentle movements of the flask and
put into the incubator (37°C, 5% CO,).

2.71.1 Helacells

The Hela cell line is the oldest and most common immortal cell line used in scientific research.
It was derived from the cervical epithelial carcinoma cells, which were unknowingly taken from
31-year-old patient Henrietta Lacks in 1951. Hela cells helped with the development of the polio
vaccine in 1953 (Scherer, Syverton, and Gey 1953). The genome of Hela cells was completely
sequenced and published in 2013 (Landry et al. 2013).

2.7.1.2 HelLa T4 cells

Hela T4" cells were derived from Hela cells and stably express the CD4 receptor on their surface,
which was introduced by retrovirus-mediated gene transfer. Due to the CD4 receptor
expression, Hela T4* cells can be infected by HIV-1 and exhibit syncytium formation upon
infection. HelLa T4* cell medium had to be supplemented with geneticin (G418, 500ug/ml)
(Maddon et al. 1986; Mondor, Ugolini, and Sattentau 1998).

2.71.3 TZMbl cells

The TZMbl cell line is a Hela cell line derived from the parental cell line JC.53, which expresses
high amounts of CD4, CCR5, and CXCR4. TZMbl cells express separate integrated copies of the
luciferase gene, as well as the B-galactosidase gene, both under control of the HIV-1 LTR
promoter. TZMbl cells are highly sensitive to infections with diverse HIV-1 strains, both
macrophage- (M-) and T-cell- (T-) tropic, and provide tools for infection control and titer
determination (Platt et al. 1998).

2.7.1.4 HEK293T cells

Human embryonic kidney (HEK) 293T cells derived from kidney cells of an aborted healthy
female fetus. The cells were transfected with adenovirus 5 DNA by Frank Graham in his 293™
experiment to produce a stable cell line (Graham et al. 1977). Another specialty is the expression
of a stably transfected plasmid encoding a temperature-sensitive mutant of the SV40 large
T-antigen (HEK293T), allowing replication of transfected plasmids which contain an SV40 origin
of replication (ORI) (DuBridge et al. 1987). Within this work, HEK293T cells were used to produce

retroviral vectors, as well as HIV-1 virus stocks.

2.7.1.5 HEK293T CD4* cells
HEK293T CD4* cells derived from HEK293T cells, which were made susceptible for HIV-1

infection by transfection with a CD4 expression plasmid (Reil et al. 1994)
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2.71.6 Ghost CXCR4" CD4" cells

The Ghost cell line derived from human osteosarcoma cells, that stably expressed CD4. Ghost
cells express GFP under the control of the HIV LTR promoter. A second transduction with a vector
expressing the human CXCR4 gene was used to generate the Ghost CXCR4" cell line. Ghost cells

can be used as HIV indicator cell line (Morner et al. 1999).

2.7.2 Suspension cell lines

Due to the upright storage of the suspension cells in the incubator, the cells gathered in the
bottom corner of the flask. To split the suspension cell population, approximately 12ml of the
15ml old RPMI medium were removed and discarded. The cells were gently resuspended and
12ml of new, pre-warmed RPMI medium (10% FCS, 1% Pen/strep) was added. To wash the
suspension cells and to remove dead cells from the flask, the complete cell culture was
transferred from its flask to a conical 50ml tube (Greiner Bio-One™) and the cells were pelleted
by a gentle centrifugation step for 3 minutes and 400g (Eppendorf centrifuge 5810 R), the old
medium was removed and the cells were washed with 10ml room tempered PBS. After a second
centrifugation, the PBS was discarded and the cell pellet resuspended in pre-warmed RPMI
medium (10% FCS, 1% Pen/Strep), transferred to a new T75 flask, and stored upright in the
incubator (37°C, 5% CO,).

2.7.21 Jurkat cells

The Jurkat cell line is an immortalized T lymphocyte cell line with round cells, which grow in
suspension. Jurkat cells were established from the peripheral blood of a 14-year-old boy with
acute lymphoblastic leukemia (ALL) in 1976. The initial cell line was contaminated with
mycoplasma and the cure of this infection resulted in the Jurkat E6-1 clone (Weiss, Wiskocil, and
Stobo 1984).

2.7.2.2 PM1 cells
The suspension cell line PM1 was derived from the Hut78 T-cell line. The cells are CD4 positive
and can efficiently be infected with a broad range of HIV-1 isolates, including primary isolates as

well as macrophage- (M-) and T-cell- (T-) tropic isolates (Lusso et al. 1995).

2.7.3 Freezing and thawing of cells

To obtain a higher number of cells for freezing, the cells were kept in T175 cell culture flasks
until they were confluent. The medium was removed, the cells were washed twice with PBS and
incubated with 5ml trypsin + EDTA. The cells were resuspended in 13ml medium, transferred
into conical 50ml tubes (Greiner Bio-One™), and centrifuged at 500g for 5 minutes. The
supernatant was discarded, the cell pellet was resuspended in 11ml freezing medium with
DMSO (Gibco) and transferred in 1ml aliquots into prepared 2ml cryovials (Nunc). The vials were
put into an isopropanol-filled freezing container and stored at -80°C for 24 hours before they

were transferred into liquid nitrogen.
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Cells, which are stored at -196°C in liquid nitrogen, can easily be reactivated by thawing of the
cell aliquot and resuspension of the cells and their freezing medium in 10ml pre-warmed
medium. After transfer into a conical 50ml tube (Greiner Bio-One™) the cells were centrifuged
for 5 minutes at 500g (Eppendorf centrifuge 5810 R), the supernatant was discarded and the cell
pellet was resuspended in 5ml fresh medium supplied with 10% FCS and 1% Pen/Strep,
transferred into T25 cell culture flasks and incubated at 37°C and 5% CO..

2.7.4 Determination of the cell number

The cell number of a given cell suspension was determined with a Neubauer counting chamber.
Therefore, 15ul of the cell suspension was mixed with 15ul trypan blue stain 0.4% (Gibco) and
loaded into the counting chamber (C-Chip, Neubauer Improved, NanoEnTek). The cells, which
were located within the four big squares of the counting chamber were counted using a top-
view microscope (Nikon Eclipse TS100) with a 40x magnifier lens and a click counter. For the
determination of the cell number only the living cells were counted, as trypan blue stains dead

cells. The cell number was calculated by the following equation:

total cell count L
* dilution factor * 10* = cells per ml

number of counted sqares

Adherent cells were seeded into 6-well plates (TPP®, Merck) for transfection experiments.
Therefore, the required volume of cell suspension was mixed with fresh DMEM medium (10%
FCS, 1% Pen/Strep) to an end volume of 500ul. This suspension was then added to the 6-well
plate, in which each well was already supplied with 2mlI DMEM (10%FCS, 1% Pen/Strep). The
plates were gently waved back and forth to make sure that the cells are evenly spread
throughout the well. The finished 6-well plates with an end-volume of 2.5ml were then placed
in the incubator at 37°C and 5% CO..

To calculate the required volume of the cell suspension for a given number of cells the equation

was modified as given below, here for a cell count of 250,000 cells per well:

1000l

cellsperml " 250,000 = volume of cell suspension per well [pl]

If suspension cells were counted e.g. for infection experiments, those cells were not kept in 6-
well plates but put into conical 15ml tubes (Greiner Bio-One™) in their corresponding RPMI

medium for up to 6 hours and then transferred into T25 cell culture flasks.

2.7.5 Transfection of eukaryotic cell lines

Within this work human cell lines were transfected with different DNA plasmids, to either
analyze the expression of the encoded genes, to detect differences in the splicing patterns, to
generate lentiviral particles containing a gene of interest, or to produce infectious Hl-viruses

(HIV strain NL4-3). Furthermore, NMD-specific genes were downregulated by RNAi transfection.
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For those complex experimental setup’s different transfection agents and their corresponding

protocols were used.

2.7.5.1 TransIT®-LT1 Transfection Reagent (Mirus)

DNA plasmids were transfected using the Mirus (TransIT®-LT1) transfection reagent. The
transfection reagent was used in the ratio 2:1, meaning that for each pg of plasmid 2ul of Mirus
were used. First, the calculated volume of plasmid, corresponding to the desired concentration
(0.5pug-2ug), was pipetted into a fresh 1.5ml tube (SafeSeal reaction tube, Sarstedt) and mixed
with 1ug of the transfection control plasmid (e.g. pXGH5). A second 1.5ml tube was prepared
for each transfection, in which the transfection reagent (1pl-4ul) was mixed with serum-free
DMEM medium under the sterile bench to a final volume of 100ul. This mixture was incubated
for 5 minutes under the bench and then added to the plasmid-containing reaction tube. Mirus,
medium, and plasmids were mixed by up and down pipetting and incubated for 15 minutes at
room temperature. After the incubation time, the transfection mixture was carefully pipetted
onto the prepared cells in 6-well-plates, gently distributed by spinning of the plate, and placed
into the incubator at 37°C and 5% CO,.

2.7.5.2 Polyethylenimine (PEI, Sigma-Aldrich)

Transfection experiments with polyethyleneimine (PEl) were performed for the generation of
NL4-3 virus stocks, as well as to produce lentiviral particles. The PEI stock solution (100mg/ml)
was diluted with PBS (Thermo Fisher) to an end concentration of 1mg/ml. This PEI dilution was
then used to generate the transfection master mix, by mixing 675ul PEl (1mg/ml) with 14.3ml
of serum-free DMEM medium. Depending on the scope of the experimental setup one 1.5ml
tube (SafeSeal reaction tube, Sarstedt) was prepared for each transfection and filled with 9-15ug
of plasmid DNA, depending on the transfection, and mixed with 500ul of the prepared PEI
master mix. This mixture was incubated at room temperature for 30 minutes, while the medium
of the cells was changed in the meantime and replaced with the minimal volume of fresh DMEM
medium (10% FCS and 1% Pen/Strep). Enough medium to cover the cells, but to minimize the
volume of medium on the cells during the transfection. When the incubation time was over the
PEl/plasmid mix was pipetted into the T175 flask and spread evenly across the cell lawn by gentle
movements of the flask. Then, the cells were put into the incubator at 37°C and 5% CO.,. The
medium of the cells was changed on the next day and replaced with fresh, pre-warmed IMDM
(Lonza) supplied with 10% FCS and 1% Pen/Strep.

2.7.5.3 Lipofectamine™ RNAIMAX Transfection Reagent (Thermo Fischer)

For transfection of small interfering RNAs (siRNAs) the Lipofectamine RNAIMAX transfection
reagent was used. Under the sterile hood, two 1.5ml tubes (SafeSeal reaction tube, Sarstedt)
were prepared for each transfection. In the first tube 248ul Opti-MEM (Gibco) were mixed with
1.5ul of the desired siRNA (either the UPF1 siRNA or the non-specific control (NSC) siRNA). In
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the second tube, 248ul Opti-MEM were mixed with 2.5ul RNAIMAX transfection reagent. Both
mixtures were combined within the first tube and incubated for 15 minutes at room
temperature. Then the mixture was carefully pipetted onto the prepared cells in 6-well-plates
and placed in the incubator at 37°C and 5% CO,. The medium of the cells was changed on the
next day and replaced with fresh, pre-warmed DMEM (10% FCS, 1% Pen/Strep).

2.7.6 siRNAs

The small interfering RNAs (siRNAs) were ordered from Eurofins and delivered in dry condition.
They were resuspended in the provided 5x siMAX resuspension buffer (30mM HEPES, 100mM
KCl, 1mM MgCly, pH 7.3) which was diluted with nuclease-free ddH,0. The end concentration of
the siRNAs was set to 20uM, they were stored in 10ul aliquots at -20°C. The sequence of the
used siRNAs, which were ordered as 19-base-sequence-duplexes with “dTdT” overhangs was as

following:

UPF1 - siRNA
sense: GAUGCAGUUCCGCUCCAUU - dTdT
antisense: dTdT - CUACGUCAAGGCGAGGUAA

Non-Specific Control 47% GC - siRNA
sense: AGGUAGUGUAAUCGCCUUG-dTdT
antisense: dTdT - UCCAUCACAUUAGCGGAAC

2.7.7 Inhibitors

2.7.71 Cycloheximide

Cycloheximide (CHX) was used as a translational inhibitor during this work. CHX was first
reported in the 1950ties as a naturally occurring fungicide. When CHX enters a eukaryotic cell,
it rapidly blocks translation elongation by binding to the E-site of the 60S large ribosomal subunit
and interference with the residing deacetylated tRNA. This interference blocks the dissociation
of the tRNA within the E-site and therefore the movement of the ribosomal subunit (Schneider-
Poetsch et al. 2010). The used cycloheximide stock solution had a concentration of 50mg/ml and
was stored at -20°C. It was kindly provided by Dr. Nora Diehl (Diehl 2016). Once one 1ml aliquot
was thawed it was aliquoted in 20ul steps to avoid multiple thawing and freezing steps. For
translational inhibition using cycloheximide, the stock solution was added to the cell culture

medium (end concentration 50ug/ml) and incubated at 37°C and 5% CO, for six hours.

2.7.7.2 Ruxolitinib

Ruxolitinib is a direct inhibitor of the Janus-associated kinases (JAK) 1, 2, and 3, and thereby

inhibits the Jak-STAT signal transduction, which would otherwise be activated upon interferon

(IFN) stimulation. In this work ruxolitinib (Ruxo) was used as control during experiments with

recombinant IFN and was added to the cell medium 10 minutes before the IFN treatment. Ruxo

aliquots with a concentration of 20mM were kindly provided by Prof. Dr. Mirko Trilling and
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stored at -20°C. The working condition was 4uM, which was the 1,200-fold the 50% inhibitory
concentration [IC50] (Le-Trilling et al. 2018).

2.7.8 Recombinant Interferons

The treatment of cells with human recombinant interferons (IFNs) was done by the addition of
the respective volume of IFN to the cell culture medium. The interferons had a stock volume of
100U/ul, were aliquoted a 100ul by Dr. Frank Hillebrand, and stored at -80°C. The used working

concentration was 500U/ml so that 5ul recombinant IFN were added per ml cell culture medium.

Huﬁgﬁr;qri:enriz:on Name Catalog No | Lot No Specific activity Accgsosmn Cstock
Alpha 2a Hu-IFN-a-2a 11100-1 6146 6.48-10% units/mg | V00549 100U/l
Beta la Hu-IFN-B-1a 11415-1 6391 2.03-10%units/mg | V00543 | 100U/pl
Gamma Hu-IFN-y 11500-2 6350 | 8.24-10%units/mg | V00543 | 100U/ul

2.8 Generation of HIV-1 (NL4-3) virus stocks

To generate infectious HIV-1 particles of the HIV-1 laboratory strain NL4-3, HEK293T cells were
transfected with the proviral plasmid pNL4-3. With HIV-1 being classified as retrovirus of safety
level 3 (S3**) by the ZKBS (central commission for the biological safety) the production of HI-

viruses had to be done in our S3 laboratory.

On the first day, 6.5x10° HEK293T were seeded into T175 cell culture flasks in 25ml DMEM
medium supplied with 10% FCS and 1% Pen/Strep and placed overnight in the incubator at 37°C
and 5% CO.. On the next day, the cells were transfected with the proviral plasmid pNL4-3 using
the transfection reagent polyethyleneimine (PEl, Sigma-Aldrich). Therefore, the PEI stock
solution (0.1g/ml) was diluted with PBS (Thermo Fisher) to an end concentration of 1Img/ml. This
PEI dilution was then used to generate the transfection master mix, by mixing 675ul PEI
(1mg/ml) with 14.3ml of serum-free DMEM. For each T175 cell culture flask or each transfection,
9ug of plasmid DNA were pipetted into individual 1.5ml tubes (SafeSeal reaction tube, Sarstedt).
The plasmid DNA was then mixed with 500ul of the PElI master mix and incubated at room
temperature for 30 minutes. In the meantime, the medium of the cells was fully removed and
replaced with 15ml fresh DMEM medium (10% FCS and 1% Pen/Strep) to minimize the volume
of medium on the cells during the transfection. When the incubation time was over the
PEl/plasmid mix was pipetted into the T175 flask and spread evenly across the cell lawn by gentle
movements of the flask. Then, the cells were again put into the incubator and left there
overnight at 37°C and 5% CO,.

On the third day, the DMEM medium was removed from the cells and carefully replaced with
15ml IMDM medium (Lonza), again supplied with 10% FCS and 1% Pen/Strep and put back into

the incubator for another 24 hours.
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On the fourth day, the viral particles in the supernatant were harvested. Therefore, the
supernatant of each T175 cell culture flask was taken and pooled together in a fresh T175 flask.
The supernatants were mixed and aliquoted into conical 50ml tubes (Greiner Bio-One™), which
were centrifuged for 10 minutes at 500g (Hettich), to deplete all cellular residues from the
HEK293T cells. The supernatant was carefully decanted into fresh 50ml tubes and then pipetted
into pre-labeled tubes (HEK293T, NL4-3, IMDM, date, name) in 500yl aliquots. The virus stock

was stored at -80°C.

2.8.1 Titer determination of HIV-1 (NL4-3) virus stocks

TZM-bl cells were used to determine the titer of the HIV-1 virus stocks. Those cells express the
B-galactosidase gene (lacZ) of E. coli under the control of the HIV-1 LTR promotor. This promotor
gets activated when a cell gets infected with HIV-1, by binding of the viral protein Tat to the tar
region within the 5’ LTR. Tat binding eventually results in the expression of B-galactosidase,
which can be detected using a histochemical B-galactosidase assay, also called X-gal assay. The
hydrolyzation of X-gal by B-galactosidase results in an intensive, insoluble, blue color which can

be detected using a light microscope.

The assay was performed in 96-well plates. Therefore, 6,000 TZM-bl cells were seeded per well
in 350ul DMEM medium, supplied with 10% FCS and 1% Pen/Strep, and kept in the incubator at
37°C and 5% CO,. On the next day, the cells were infected with progeny viruses.

The infections were done in serial dilutions, eight replicas per plate, and twelve dilution steps.
The virus-containing supernatants were prepared in a deep-well 96 well plate as follows: three
virus aliquots (500ul each) were taken from the -80°C freezer, thawed, pooled, and mixed. As
first dilution step, the virus stock was diluted with DMEM (10% FCS, 1% Pen/Strep) in a ratio of
1:10 or 1:20, before 350ul of the dilution were transferred into each of the 8 wells of the first
column (A1-H1) of the deep-well mix plate. The other 88 wells of the deep-well plate (A2-H12)
were filled with 220ul DMEM (10% FCS, 1% Pen/Strep) each. To start the dilution, 110ul of viral
supernatant (A1-H1) were transferred into the second column (A2-H2) using a multichannel
pipette. The tips were discarded and the virus-medium mixture in column 2 was mixed using
fresh pipette tips, followed by transfer of 110ul to the next column. That process was repeated
until the last column (A12-H12) was reached, and the pipette tips were changed one more time
before mixing the medium in the last column. Now, that the preparation of the virus dilutions in
the deep-well mix plate was finished, the medium of the TZM-bl cells was removed and replaced
with 200ul of each corresponding well of the mix plate. Then the cells were incubated for up to
48 hours.

Before the cells were used for the X-gal assay, they were washed and fixated. Therefore, the
medium was removed, and the cells were washed twice with 200l pre-cooled PBS per well. To
fixate the cell lawn, each well was covered with 100ul pre-cooled fixing solution (0.25%
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glutaraldehyde, 0.8% formaldehyde in PBS) and incubated at 4°C for 10 minutes. The fixing
solution was removed, and the cell lawn was again washed twice with 200ul PBS. Afterward,
100pl of staining solution (0.4mg/ml X-gal, 4mM Ks[Fe(CN)s], 4mM Ks[Fe(CN)s], 2mM MgCl; in
PBS) was pipetted onto the cells and incubated at 37°C for a minimal duration of 4 hours. Then
the cells were ready for the microscopic analysis, involving the detection and counting of wells

that contained blue-colored cells.

2.8.1.1 Calculation of TCIDs
The tissue culture infection dose (TCID) represents the volume of viral supernatant, that is
required to infect half of the cell number (TCIDso). The TCIDso of the produced virus stock was

calculated by the following formula:

N
DS(E“’-S) - Dy - 1000

TCID =
CIDso/ml Ds -V

Ds = Dilution factor; N = Number of infected wells; R = Number of replicas of each dilution;

Do = Dilution factor of the first dilution; V = Volume of virus dilution per well [ul]

The dilution factor of the consecutive dilutions (Ds) was three, while the dilution factor of the
first dilution (Do) was either 10 or 20. The total number of infected wells (N) was the result of
the X-gal assay, with eight replications for each dilution (R). The volume of virus dilutions per
well (V) was 200ul, which were transferred from the deep-well mixing plate onto the TZM-bl

cells.

For the infection experiments in this work, a consistent multiplicity of infection (MOI) of 0.5 was
used, to maintain the comparability between different experiments and virus stocks. The MOI
indicates the number of viral particles per cell and is calculated by plaque-forming units per ml
(PFU/ml). As HIV-1 does not produce plagues during an infection, the PFU/ml was estimated by
multiplication of the acquired TCIDso/ml with 0.7, as the PFU/ml is approximately 0.7 times the
TCIDso/ml. Therefore, the required volume of virus stock to infect a given number of cells can be

calculated by the following formula:

MOI - cell number
TCIDsy/ml- 0.7

VVirus stock [ml] =

2.9 Production of lentiviral vectors

Using pseudotyped lentiviruses, a broad range of cells can be analyzed, even cells that are hard
to transfect. Another advantage is the stable integration of the lentiviral genome into its host
DNA, resulting in the expression of the gene of interest (GOI) for a long period of time, as well

as propagation to daughter cells. In general, the production of lentiviral vectors resembles the
56



Material and Methods

experimental setup for HIV-1 (NL4-3) virus stocks, with the major difference being the
transfected plasmid(s). Here, for the analysis of the nonsense-mediated mRNA decay, four
different lentiviral stocks were produced. One pair encoded the WT version of the TPI
(TPI-WT-4H), or the PTC containing version (TPI-PTC40-4H). The other pair encoded either the
WT version of renilla luciferase fused to B-Globin (B-Globin-WT) or the PTC containing variant of
renilla luciferase fused to B-Globin (B-Globin-NS39), here also both encoded the WT firefly

luciferase, which was used as the internal reference.

On the first day, 3x10° HEK293T were seeded into each T75 cell culture flask, in 10m| DMEM
medium supplied with 10% FCS and 1% Pen/Strep. After overnight incubation at 37°C and 5%
CO,, the cells were transfected with the mixture of the needed plasmids (5ug of each plasmid)
using the transfection reagent polyethyleneimine (PEIl, Sigma-Aldrich). The used plasmids were

the following:

e pCD NL-BH, encoding for the viral RNAs gag, pol, tat, and rev
e pzVSV-G, encoding for the glycoprotein of VSV (vesicular stomatitis virus)
e puc2CL7, encoding for the GOI

o puc2CL7EGwo TPI-WT-4H mod.

o puc2CL7EGwo TPI-PTC40-4H mod.

o puc2CL7EGwo RL-B-Globin-WT(-) FLret(-)

o puc2CL7EGwo RL-B-Globin-NS39(-) FLref(-)

For the transfection, the PEI stock solution (100mg/ml) was diluted with PBS to an end
concentration of 1mg/ml. This PEI dilution was then used to generate the transfection master
mix, by mixing 30pl PEI (1mg/ml) with 470l of serum-free DMEM. For each T75 cell culture flask
or each transfection, 5ug of each plasmid DNA of the above mentioned, were pipetted into
individual 1.5ml tubes (total of 15ug). The plasmid DNA was then mixed with the prepared 500pl
PElI master mix and incubated at room temperature for 30 minutes. In the meantime, the
medium of the cells was fully removed and replaced with 10ml fresh DMEM medium (10% FCS
and 1% Pen/Strep). When the incubation time was over the PEI/plasmid mix was pipetted into
the corresponding T75 flask and spread evenly across the cell lawn by gentle movements of the
flask. Then, the cells were again put into the incubator and left there overnight at 37°C and 5%
CO;. On the third day, the DMEM medium was removed from the cells and carefully replaced
with 10ml IMDM medium, again supplied with 10% FCS and 1% Pen/Strep and put back into the
incubator for another 24 hours. On the fourth day, the lentiviral particles in the supernatant
were harvested. Therefore, the supernatant of each T75 cell culture flask, from the same

transfection setup, was taken and pooled together in a 50ml tube. The tubes were centrifuged
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for 10 minutes at 500g (Eppendorf centrifuge 5810 R), to deplete all the cellular residues from
the HEK293T cells. The supernatant was carefully decanted into fresh, labeled 50ml tubes and
then pipetted into pre-labeled tubes in 500ul aliquots and stored at -80°C.

2.10 Total RNA isolation

To analyze the transcripts expressed from the transfected plasmids, the abundancies of the
produced RNAs, or the splicing pattern of the genes, total RNA was isolated from eukaryotic
cells. To remove all medium residues from the cells they were washed twice with PBS before
they were lysed in 500ul solution D (SolD; 4M guanidinium thiocyanate, 25mM sodium citrate,
0.5% sarcosyl, 0.1M B-mercaptoethanol) per 6-well (approximately 108 cells per well). Adherent
cells were additionally detached by gently scraping off the well with a cell scraper (cell scrapers,
240mm, TPP) and the mixture was transferred into a 1.5ml tube (SafeSeal reaction tube,
Sarstedt). The RNA isolation was either interrupted at this point, by freezing the samples at -20°C
or carried on directly by proceeding to the phenol/chloroform extraction. The following steps
were carried out under a hood, the tubes and reagents were kept on ice and the centrifugation
steps were carried out in a pre-cooled centrifuge at 4°C. Each tube was supplied with 7.2yl
B-mercaptoethanol (Sigma Aldrich), 50ul 2M sodium acetate (pH 4), and 500ul phenol
(Roti®-Aqua-Phenol, Roth), prepared as a master mix. Afterward, 100ul chloroform/IAA (24:1)
was added to each sample and mixed by vortexing for 15 seconds, during which a white coloring
could be observed. To separate the phases the samples were kept on ice for 15 minutes followed
by 20-minute centrifugation at 10,000rpm and 4°C (Heraeus Megafuge 8R, Thermo Fisher). The
upper, watery phase (2x 200ul) was then transferred into a fresh 1.5ml tube filled with 400ul
isopropanol, vortexed, and stored at -20°C for 1 hour to overnight for RNA precipitation. To
pellet the precipitated RNA the tubes were centrifuged in a pre-cooled centrifuge at 10,000rpm
and 4°C for 30 minutes. The supernatant was carefully removed using a vacuum pump and the
pellet was washed twice with 130ul 70% ethanol, followed by centrifugation for 10 minutes at
10,000rpm and 4°C. After removal of the ethanol, the tubes were kept on ice, with an open lid
for 15 minutes to dry the RNA pellets. The RNA was resuspended in 10ul of DEPC-ddH,0 and the
concentration of the isolated RNA was measured by photometric analysis using the NanoDrop
1000 spectral photometer (ND-1000 Version-3.7.0). Isolated RNA was stored at -80°C.

2.10.1 Northern blot analysis

With this technique, the total RNA of a given sample is separated by size, transferred, and cross-
linked to a membrane. Using specific probes, which are complementary to the RNA of interest,
it is possible to visualize those RNAs. This technique makes it possible to measure RNA

abundancies without further amplification and offers great comparability between two samples.

For northern blot analysis, 3-5ug of total RNA were separated on a 100ml denaturing 1% agarose

gel under the fume hood (1g agarose powder (Biozym LE Agarose), 85ml ddH,0, 10ml 10x MEM
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(200mM MOPS, 50mM Sodium acetate, 10mM EDTA, pH 7), 5.5ml formaldehyde (37%,
Rotipuran®, Roth)). For the sample preparation the respective volume of each RNA was
transferred into fresh 1.5ml tubes (SafeSeal reaction tube, Sarstedt) and mixed with 1pl
recombinant DNase | (10U/ul, Roche) in a total volume of 7ul. The DNase digestion was carried
out for 20 minutes at 37°C (Thermomixer comfort, Eppendorf), followed by 10 minutes at room
temperature. Then, the samples were mixed with 7ul of 2x RNA loading dye (Thermo Fisher),
incubated at 70°C for 10 minutes, and then put on ice. Each pocket of the prepared denaturing
agarose gel was now loaded with 13.5ul of the RNA mixture and separated at 60V for 30 minutes

up to 180 minutes.

Following separation, the ribosomal RNA bands were visualized on a UV table (312nm,
INTAS®UV-Systems) followed by an overnight blotting step. The blot was set up in a plastic bowl
from bottom to top in the following order: approx. 20 paper towels, which were halved and
placed on another, three dry Whatman™ papers (3 MM CHR, GE Healthcare), one Whatman™
paper, pre-incubated with 20x SSC (3M NaCl, 300mM tri-sodium-citrate), the positively charged
nylon membrane (Roche), pre-incubated with ddH,O and then with 20x SSC. The denaturing
RNA agarose gel, which was also washed with ddH,0 and then with 20x SSC, and three pre-
incubated 20x SSC Whatman™ papers. Two plastic bowls filled with 20x SSC were put on either
side of the build blotting setup and were connected by a Whatman™ paper stripe, reacting from
one reservoir over the blot to the other reservoir. A plastic plate was put on top of the blotting

setup and weight was put on the plate. The capillary blotting was done overnight.

The next day, the blot setup was dismantled, the membrane was cut to the size of the gel and
for orientation, one corner of the blot was removed. The RNA was UV cross-linked to the
membrane (CL-1000 Ultraviolet Crosslinker, UVP, Energy: 1200x100u)/cm?), and the large and
small rRNAs bands were marked with a pencil, to serve as size standard. The human 18S
ribosomal subunit ran at a size of 1.9kb, and the human 28S ribosomal subunit at 5.0kb (Thermo
Fisher, Ribosomal RNA Sizes). The membrane was transferred into a hybridization bottle
(Thermo Fisher) and washed twice with ddH,0. After 2h of pre-hybridization with 10ml 1x DIG
Easy Hyb hybridization solution (Roche) at 55°C (hybridization oven, Biometra OV 5, 5rpm), the
membrane was hybridized with specific digoxigenin (DIG)-labeled PCR probes (DIG-11-dUTP
alkali-labile; Roche) overnight at 55°C.

On the next day, the membrane was washed twice with ddH,0 and two times with stringent
wash buffer | (2x SSC, 0.1% SDS) at room temperature, followed by two 20-minute washing steps
in stringent wash buffer Il (0.2x SSC, 0.1% SDS) at 68°C in the UVP hybridization oven. After two
additional washing steps with ddH,0, the membrane was taken from the hybridization bottle,
transferred into a plastic box, washed with maleic acid buffer (0.1M maleic acid, 150mM NaCl,

pH 7.5), and blocked with 1x northern blot blocking reagent (Roche) dissolved in maleic acid
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buffer for 45 minutes. Anti-digoxigenin-AP, Fab fragments (sheep, Roche) were diluted 1:20,000
in 1x blocking solution and incubated for 1h at RT. The membrane was washed three times with
maleic acid buffer (10 minutes each), and the RNA bands were visualized by using CDP star
(Roche) for chemiluminescent reactions (1:100 in AP buffer [0.1M Tris HCI, 0.1M NaCl, pH 9.5];

Roche). The blots were visualized using the Lumi-Imager™ F1 (INTAS).

2.10.1.1 DIG-labeled PCR probes

To produce specific digoxigenin (DIG)-labeled PCR probes, which can be used for the detection
of complementary RNAs in a northern blot, two PCR reactions were necessary. First, a regular
PCR with unlabeled dNTPs (Qiagen), using plasmid DNA with the desired sequence as template,
followed by a second PCR with specific digoxigenin (DIG)-labeled PCR probes (DIG-11-dUTP
alkali-labile; Roche) using the purified PCR product of the first round as template.

The first PCR reaction was carried out in 0.2ul PCR tubes (Starlab) in a final volume of 50pul.
Therefore, 2l of the template plasmid (diluted 1:1000, approximately 1ng/ul) were mixed with
39.5ul ddH,0, 5ul 10x Expand™ High Fidelity Buffer (with 15mM MgCl,, Roche), 1ul dNTPs
(10mM, Qiagen), 1ul forward primer (1:10, 10pmol, Metabion), 1ul reverse primer (1:10,
10pmol, Metabion), and 0.5ul Expand™ High Fidelity DNA polymerase (3.5U/ul, Roche). After a
short spin down (Sprout Plus Minicentrifuge, Biozym), the tubes were placed into the PCR cycler

(Professional Biometra TRIO Thermocycler, Analytik Jena), and the following program was

started.
Temperature | Time [mm:ss]

Initial denaturation, activation | 95°C 03:00

of the “hot-start” polymerase

Denaturation 95°C 00:30

Primer binding 57°C 01:00 35x
Elongation 72°C 01:00

Final elongation 72°C 10:00

To verify the success of the first PCR, and to verify the size of the PCR product, 2ul of the PCR
reaction were separated on a 1% agarose gel. The rest of the PCR was cleaned up using the
“Monarch® PCR & DNA Cleanup Kit (5ug)” from NEB, eluted with 20ul ddH,0, and used as the
template for the DIG-labeled PCR.

The DIG-labeled dUTPs were mixed with unlabeled dNTPs prior to the DIG-PCR reaction. The
DIG-dNTPs were prepared as a 100ul stock solution and stored in 10ul aliquots at -20°C. 35l of
the DIG-labeled dUTPs (1ImM DIG-11-dUTP alkali-labile; Roche) were mixed with 1ul dATP
(10mM), 1ul dGTP (10mM), 1ul CTP (10mM), 0.65ul dTTP (10mM), and 61.35ul DEPC-ddH,0.
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The following DIG-PCR was carried out in 0.2ul PCR tubes (Starlab) in a final volume of 40ul,
using the same primer pair as for the first PCR step, as well as the same PCR program. For the
PCR setup, 4ul of the prepared DIG-labeled dNTPs were mixed with 2ul of the prepared, purified
PCR probe, 4ul 10x Expand™ High Fidelity Buffer (with 15mM MgCl,, Roche), 2l forward primer
(1:10, 20pmol, Metabion), 2ul reverse primer (1:10, 20pmol, Metabion), 25.5ul ddH,0, and 0.5l
Expand™ High Fidelity DNA polymerase (3.5U/pul, Roche). The DIG-PCR product was monitored
by gel electrophoresis, where 1ul of the newly obtained DIG-labeled probe was separated on a
1% agarose gel, next to 1ul of the PCR template. The DIG-labeled PCR product migrated more
slowly through the gel. The DIG-labeled probe was stored at -20°C.

2.10.1.1.1 DIG-labeled Probes and primer pairs

The DIG-labeled probes which were used for the northern blot analysis are given in Table 2.1
and the corresponding primer numbers and sequences in Table 2.2.

Table 2.1: The DIG-labeled PCR probes with their corresponding name, the used template plasmid DNA, the
corresponding primer pairs, and obtained product sizes.

Probe name | Template DNA | Used primer pair | Product size
HIV-1 Exon 7 | pNLA1 #3387/#3388 153bp
HIV-13’" UTR | pNLA1 #5854/#5855 186bp
4x HBB TPI-WT-4H #5651/#5599 465bp

Table 2.2: Primer numbers and corresponding sequences used for the generation of DIG-labeled PCR probes.

Primer number | Primer sequence 5’ > 3’
#3387 TTGCTCAATGCCACAGCCAT
#3388 TTTGACCACTTGCCACCCAT
#5854 GACTTTCCAGGGAGGCGTG
#5855 TGAAGCACTCAAGGCAAGCT
#5651 CAGGGACTCGAGCACC
#5599 ACCCTCACTAAAGGGAAGCG

2.11 Analysis of isolated RNAs by PCR amplification

To allow transcript-specific amplification by polymerase chain reaction (PCR) the single-stranded

cellular RNAs had to be converted into complementary DNA (cDNA).

2.11.1 cDNA synthesis

To eliminate all possible DNA contaminations of the isolated RNA before cDNA synthesis 3ug of
RNA were incubated with 1pl of recombinant DNase | (10U/ul, Roche) in a total volume of 10ul
using 0.5ml reaction tubes (Eppendorf). The DNA digestion was carried out in a heating block
(Thermomixer comfort, Eppendorf) at 37°C for 20 minutes, followed by a 10-minute incubation
at room temperature. After heat inactivation of the DNase by a 5-minute incubation at 70°C, the

samples were put on ice.
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4.5ul of the DNase | treated RNAs were transferred into a fresh 0.5ml reaction tube and mixed
with 6.5ul ddH;0, 1ul dNTP mix (10mM dATP, dCTP, dGTP, and dTTP, Qiagen), and 1l oligo(dT)
primers (diluted 1:20, Roche). To denature RNA secondary structure and allow binding of the

oligo(dT) primers, the samples were incubated at 65°C for 5 minutes and then placed on ice.

For cDNA amplification, the RNA, dNTP, primer-mixtures were transferred into 0.2ul PCR
reaction tubes (Starlab) und mixed with 4ul 5x first strand buffer (FSB, Invitrogen), 1ul DTT
(0.1M, Invitrogen), 1upl RNasin® Ribonuclease Inhibitor (40U/ul, Promega), and 1pl
SuperScript™ Ill Reverse Transcriptase (200U/uL, Invitrogen). The synthesis of the cDNA was
carried out in a PCR cycler (Professional Biometra TRIO Thermocycler, Analytik Jena) for 60
minutes at 50°C, followed by 15 minutes at 72°C. Afterward, the cDNA was either used for PCR

analysis or stored at -20°C.

2.11.2 Qualitative RT-gq-PCR (real-time PCR)

Real-time PCRs or gPCRs can monitor the amplification of PCR products in a quantitative way,
which is measured by the intensity of fluorescence during each step of the reaction. Real-time
PCRs can be done with the usage of specific probes, which bind to the DNA product of interest,
or with the addition of SYBR-green to the PCR reaction mixture. SYBR green is a fluorescent dye,
which intercalates into double-stranded DNA. Therefore, the ratio of fluorescence intensifies
with every cycle of the PCR amplification, as the amount of double-stranded DNA doubles in
each step. The number of cycles needed to pass a predefined threshold (Ct) allows the
calculation of the initial amount of cDNA when the PCR result of the primer pair of interest is
normalized to a reference primer pair amplifying a housekeeping gene (e.g. GAPDH or B-actin),

resulting in the ACy, which can be compared between different samples of the same experiment.

The real-time PCR reactions were performed in 20ul LightCycler® glass capillaries (Roche) in a
final volume of 20ul. The capillaries were filled with 18ul of master mix, which was prepared
individually for each primer pair (10ul of “PrecisionPLUS gPCR Master Mix” premixed with SYBR
green (Primerdesign Ltd), 1ul forward primer (1:10, 10pmol, Metabion), 1ul reverse primer
(1:10, 10pmol, Metabion), and 6ul ddH,0). The cDNA was diluted 1:10 and 2pl of diluted cDNA
was added to the capillaries. As negative control, a water sample was included in each run for
each primer pair. The capillaries were closed and the gPCR reaction mix was spun down into the
tip of the capillary by short centrifugation for 10 seconds at 300rpm (Eppendorf Centrifuge
5430). Afterward, the capillaries were transferred into the LightCycler®1.5 Sample Carousel
(20ul, Roche), put into the LightCycler®1.5 Instrument (Roche) and the following program was

started:
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Temperature | Time [mm:ss]
Denaturation 95°C 02:00
I 95°C 00:10
Amplification 60°C 01:00 :|> 42x
95°C 00:00
Melting curve 63°C 00:30
95°C 00:00
Cooling 40°C 00:30

2.11.2.1 Calculation of the relative gene expression

To calculate the relative gene expression from the obtained Cr values, the delta Cr (ACy) value
between the GOI and the reference gene was calculated first. That was done by subtraction of
the Cr(Ref) - C+(GOI). Then, the expression of each GOl was determined by calculating e2“". To
bring the different conditions into reference, the ratio between the untreated sample and the
treated sample was determined by the division of the calculated expression of the treated

sample through the untreated sample (e®“"(treated)/ e®“"(untreated)).

2.11.3 Quantitative RT-PCR (endpoint PCR)

These PCR reactions were carried out in 0.2ul PCR tubes (Starlab) in a final volume of 50ul.
Therefore, 4pl of the amplified cDNA were mixed with 37.75ul ddH,0, 5ul 10X PCR buffer |
(Thermo Fisher), 1ul dNTP mix (10mM, Qiagen), 1ul forward primer (1:10, 10pmol, Metabion),
1ul reverse primer (1:10, 10pmol, Metabion), and 0.25ul AmpliTag® DNA polymerase (5U/l,
Thermo Fisher). After a short spin down (Sprout Plus Minicentrifuge, Biozym), the tubes were
placed into the PCR cycler (Professional Biometra TRIO Thermocycler, Analytik Jena), and the

following program was started:

Temperature | Time [mm:ss]
Initial denaturation 95°C 03:00
Denaturation 95°C 00:30
Primer binding 53-57°C 01:00 26x
Elongation 72°C 01:00
Final elongation 72°C 10:00
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2.11.4 Primer pairs for (q)PCR ampilification

The primer pairs which were used for PCR and qPCR amplifications are described below in Table

2.3 with the name of the amplified gene and the primers which were used for the amplification

are given with the respective primer numbers and the corresponding sequences.

Table 2.3: Primer pairs used for PCR amplification in RT-(q)-PCR reactions. Shown are the names of the amplified gene
fragments, the corresponding primer numbers, as well as the primer sequences.

Amplified GOl | Primer pair Primer sequences 5’ 2> 3’

Actin #6056/#6057 CATCGAGCACGGCATCGTCA / TAGCACAGCCTGGATAGCAAC

Erk2 #A4646/#4647 CAACGTGTGGCCACATATTCT / CTGCTTATGATAATGTCAACAAAGTTCG
HGH #1224/#1225 TCTTCCAGCCTCCCATCAGCGTTTGG / CAACAGAAATCCAACCTAGAGCTGCT
HIV-1 exon 1-4 #1544/#3632 CTTGAAAGCGAAAGTAAAGC / TTGATGCTTCCAGGGCTC

HIV-1 Exon 7 #3387/#3388 TTGCTCAATGCCACAGCCAT / TTTGACCACTTGCCACCCAT

SRSF2 (SC35) #6165/#6166 CGGTGTCCTCTTAAGAAAATGATGTA / CTGCTACACAACTGCGCCTTTT
SRSF3 #4004/#4005 GCCGCATTTTTTAACCCT / CTCTCTCTTCTCCTATCTCT

SRSF7 #5784/#5785 CGCTGGCAAAGGAGAGTTAGA / ATCGCCTTCCTCTGGATCGA

SRSF7 WT #6078/#6076 CCAGACCTAGATCTTCTGAG / CGAAGAAGAAGCAGGTCAC

SRSF7 NMD #6078/#6077 CCAGACCTAGATCTTCTGAG / CTGCAAACTTGCAAGGTCAC

hnRNPDL WT #6086/#6084 GTTACTTTAACATCTCCTCCTGTT / AGGGCCAAAACTGGAACCAA
hnRNPDL NMD #6087/#6084 GCAATGAAGTTCCCGCTGTT / AGGGCCAAAACTGGAACCAA

hnRNPL #5778/#5779 GAGCGTGAACAGTGTGCTTC / ACTGGTGGACCCATCCTTCT

RPS24 #5776/#5777 AAAGCAACGAAAGGAACGCA / ACAGTGGCCACAGCTAACAT

UPF1 #5427 /#5428 CTTCCCATCCAACATCTTCTACGA / ACACAGGACAGGATGATGAAGTC
ISG15 #6054/#6055 GAGAGGCAGCGAACTCATCT / AGGGACACCTGGAATTCGTT

IRF-1 #6058/#6059 TTTGTATCGGCCTGTGTGAATG / AAGCATGGCTGGGACATCA
Plasmid TPI #4324 /#5665 TAATACGACTCACTATAGG / CTCCTTGCAGGTTGCC

Endogenous TPl | #5664/#5665 CCAGCACCATGGCG / CTCCTTGCAGGTTGCC

Lentiviral TPI #6128/#5673 GACAGACTGAGTCGCCCG / CCCAAAGACATGCCTTCTCTCTG
Lentiviral TPI #6128/#5665 GACAGACTGAGTCGCCCG / CTCCTTGCAGGTTGCC

Renilla #6167/#6168 GCGTTGATCAAATCTGAAGAAGG / TTGGACGACGAACTTCACCT
Firefly #3279/#3280 GTCCGTTCGGTTGGCAGAAGCTATG / GTCGTTCGCGGGCGCAACTG

2.11.5 Separation of DNA fragments on a 10% polyacrylamide (PAA) gel

To ensure sufficient separation of PCR amplification fragments, polyacrylamide gels were used
for the analysis of quantitative RT-PCRs, which were poured horizontally between two glass
plates. The PAA gel mixture was prepared in conical 50ml tubes (Greiner Bio-One™) by mixing
13.8ml ddH,0, 10ml PAA-stock-solution (ROTIPHORESE®Gel 30, Roth), 6ml 5x TBE (Sigma
Aldrich), and 420ul APS (Ammoniumperoxydisulfate 10%, Merck). The radical acrylamide-
polymerization was started by the addition of 21ul TEMED (Tetramethylethylendiamin, Roth).
The gel was mixed by vortexing and bubbles were removed by gentle swaying of the tube. Then
the gel was poured, the comb was added, and the gel was left to polymerize for about 15
minutes. The gel was put vertically into the electrophoresis chamber and fixated with clips at
both sides. The points of contact between the upper buffer chamber and the glass plate were

sealed with agarose gel (1%, Biozym LE Agarose). After the agarose had dried, the upper and
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lower chamber was filled with 1x TBE (Sigma Aldrich), the comb was removed, and the pockets

were washed with 1x TBE using a syringe with a needle.

Following the PCR reaction, 10ul PCR product were mixed with 3ul of blue loading dye loaded
onto the gel. As a size reference, a DNA ladder (GeneRuler 1kb DNA-ladder, Thermo Fisher) was
used, and the electrophoresis was carried out at 35mA for 30-90 minutes. Then, the glass plates
were separated, the gel was transferred onto a plastic bag and incubated for 5 minutes with
25ml 1x TBE and two drops of ethidium bromide (EtBr solution 0.025% in a dropper bottle,
250ug/ml, Roth). The DNA bands were visualized with the gel documentation system Gel iX
Imager (312nm, INTAS®UV-Systems, Germany) and the obtained pictures were processed using

the Image) software.

2.11.6 Isolation, reamplification, and sequencing of DNA bands from PAA gels

If the observed PCR bands had to be verified by sequencing, they were carefully cut out of the
PAA gel using a clean, sharp scalpel (Feather®) and transferred into a 1.5ml tube (SafeSeal
reaction tube, Sarstedt). The gel slice was incubated with 100ul diffusion buffer (0.5M NHJAc,
10mM MgAc, 1mM EDTA, 0.1% SDS) for 30 minutes in a heating block at 50°C (Thermomixer
comfort, Eppendorf). After short centrifugation for 1 minute at 13,000rpm (Eppendorf
Centrifuge 5430), the supernatant was carefully transferred into a fresh 1.5ml tube and mixed
with 100pl Isopropanol. From this step onward the buffers and columns of the “QlAquick Gel
Extraction Kit” from Qiagen were used. The supernatant was mixed with 300ul of buffer QG and
transferred onto a QIAquick spin column in a 2ml collection tube followed by 1-minute
centrifugation at 13,000rpm. The flow-through was discarded and the column was washed with
750ul buffer PE by another centrifugation step of 1 minute. The flow-through was again
discarded and the spin column centrifuged one more time to remove potential buffer PE
residues from the column. Afterward, the column was transferred into a fresh 1.5ml
microcentrifugation tube and 30ul of buffer EB or ddH,0 were added to the center of the
column, incubated for 1 minute, and then centrifuged for another minute at 13,000rpm to elute
the DNA. The eluted DNA had to be reamplified by PCR using the same primer pair as for the
original PCR, which resulted in the designated DNA band in the PAA gel. This time the PCR was
set up like described above in chapter 2.11.3, but this time using 4l of the purified PAA band,
instead of 4ul cDNA. Additionally, the number of PCR cycles was altered from 26 to 34

repetitions.

The PCR amplification of excised PAA gel bands often resulted in multiple PCR products,
especially when the excised band was not the smallest PCR product. Therefore, the whole 50pl
PCR reaction volume was mixed with 5ul of loading dye and transferred into the pocket of an
1% agarose gel (0.5g LE Agarose (Biozym), 50ml 1x TBE (Sigma-Aldrich). A current of 75mA was
applied and the PCR products were separated by size for about 10-30 minutes. Using a UV table,
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the PCR product of the expected band size was cut out using a clean, sharp scalpel (Feather®)
and transferred into a 1.5ml reaction tube. The weight of the gel fragment was determined, and
the DNA was isolated from the gel by the usage of the “QlAquick Gel Extraction Kit” from Qiagen,
according to the manufacturer’s protocol. The DNA was eluted from the provided columns by
the addition of 30ul ddH,O into clean 1.5ml reaction tubes. The DNA concentration was
subsequently measured by nanodrop analysis (ND-1000 Version-3.7.0) and the samples were
prepared for sequencing. For PCR products smaller than 300bp, 1ng/ul and products larger than
300bp, 5ng/ul were sent to Eurofins in an end volume of 15ul (Eurofins Genomics Germany

GmbH) for sequencing.

2.12 Protein analysis

2.12.1 Protein isolation from cells

To isolate proteins from human cell lines, the supernatant was removed except for 1ml, in which
the cells were resuspended (suspension cell lines) or detached from the bottom of their well
using a cell scraper (TPP, adherent cell lines). The cells were transferred into prepared 1.5ml
tubes (SafeSeal reaction tube, Sarstedt) and pelleted by a short centrifugation at full speed
(14,000rpm) for 15 seconds. The supernatant was discarded, except if proteins were to be
isolated from the supernatant, then 350pl of the supernatant were transferred into a new 1.5ml
tube and only the rest was discarded. The cell pellet was washed twice with 900ul PBS, each
time followed by resuspension, centrifugation, and removal of the supernatant. If both, RNA and
protein were to be isolated from one cell population, the resuspended cells were split equally
into two 1.5ml tubes before the last centrifugation step. To isolate the proteins from the cells,
the cell pellet was resuspended and lysed in 30ul RIPA-buffer (25mM Tris-HCI (pH 7.6), 150mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail (Roche)) and
put into the -80°C freezer for at least 10 minutes. The frozen samples were then put into the
centrifuge and centrifuged at full speed for 10 minutes, to pellet the dispensable cell residues.
The supernatant, containing the cellular proteins was transferred into a fresh 1.5ml tube, mixed
with 20ul 5x sample buffer (60mM Tris-HCl (pH 6.8), 24% glycerol, 2% SDS, 14.4mM pB-
Mercaptoethanol, 1% bromophenol blue) and incubated for 10 minutes at 95°C in a heating

block (Thermomixer comfort, Eppendorf). Protein samples were stored at -20°C.

2.12.2 Protein isolation from viral supernatant

To isolate proteins from the cellular supernatant, which contained the virus in case of HIV-1
infection, 350ul of supernatant was carefully underlayed with 200ul 20% sucrose (1ml 1M Tris
(pH 7.5), 3.3ml 3M NaCl, 200ul 0.5M EDTA, 20g sucrose, ad. 100ml ddH,0) and centrifuged for
45 minutes at 50,000g and 4°C (Sigma laboratory centrifuge 3K30) to pellet the viruses in the
supernatant. The supernatant was removed, and the virus pellet was resuspended in 20ul 2.5x

sample buffer, vortexed, and incubated for 10 minutes at 95°C.
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2.12.3 SDS-PAGE
For the molecular weight-dependent separation of proteins, the samples were incubated in
sodium dodecyl sulfate (SDS) containing sample buffer and loaded onto polyacrylamide gels for

electrophoresis (SDS-PAGE). The components of the “Mini-PROTEAN® Tetra Vertical

III

Electrophoresis Cell” from Bio-Rad were used for pouring the hand-casted gels and the
subsequent electrophoresis. The gel consisted of a 12% separation gel and a 5% stacking gel with

pockets for the probes.

Separation gel (12%)

Stacking gel (5%)

dH20 3.38ml 3.15ml
PAA-30 3.6ml 1.13ml
0.5M Tris (pH 6.8) | - 0.9ml
2M Tris (pH 8.8) 1.9ml -

20% SDS 45ul 34ul
60% Sucrose - 1.58ml
APS 108yl 90oul
TEMED 18ul ul

Both gels were prepared without the addition of APS and TEMED, which start and catalyze the
radical polymerization. The lower gel, the separation gel, had to be poured first. Therefore, APS
and TEMED were added to the prepared gel and mixed by vortexing. The gel was poured with
the help of a 10ml pipette until the liquid level reached about a two-finger space to the top edge
of the glass plates. The separation gel was overlaid with isopropanol until the gel had
polymerized. The isopropanol was removed, APS and TEMED were added to the prepared
stacking gel, again the mixture was vortexed and poured on top of the separation gel using a

5ml pipette. The comb was added, and the gel was left to polymerize.

When the gel was solid, the comb was carefully removed, and the pockets were washed with 1x
laemmli buffer (25mM Tris (pH 8.8), 192mM glycine, 0.1% SDS) using a syringe with a needle.
Then, the gel was put into the “Mini-PROTEAN® Tetra Electrode Assembly” (Bio-Rad) and set
into the tank, which was filled with 1x laemmli buffer. Before loading, the protein samples were
incubated in a heating block (Thermomixer comfort, Eppendorf) at 95°C for 10 minutes. The
“PageRuler Plus Prest Protein Maker V” (PeglLab) was used as molecular weight. The SDS-PAGE
was carried out for about 1 hour using a current of constant 25mA for each gel (Power Pac 3000,
Bio-Rad), followed by separation of the glass plates, removal of the stacking gel, and blotting of

the separation gel.

2.12.4 Western blot
If the proteins on the SDS-PAGE were to be analyzed with specific antibodies they had to be
transferred to a membrane (Amersham™ Protran™ 0.45um NC, Nitrocellulose Blotting

Membrane, GE Healthcare), a process called western blotting. For this step, the “Mini Trans-
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Blot® Cell” from Bio-Rad was used. All used materials for blotting were pre-incubated with tank-
blot buffer (laemmli buffer + 20% methanol). Gel and membrane were assembled and fixated
within the “Mini Gel Holder Cassette” in the following order: black plastic grid, one foam pad,
two Whatman™ papers (3 MM CH, GE Healthcare), separation gel, membrane, two Whatman™
papers, again another foam pad, and the white plastic grid. To remove all bubbles in between
the gel and the membrane, a glass pipette was gently rolled over the Whatman™ papers on top
of the membrane. To start the blotting process, the cassette was put into the “Mini Trans-Blot
Central Core”, according to the color code, and then put into the tank. The tank was filled with
tank-blot buffer and a current of constant 150mA, 100V for 15 minutes, followed by constant
300mA, 100V for 20 minutes was applied (Power Pac 3000, Bio-Rad).

The success of the blotting was checked by the transference of the used protein molecular
weight marker. The membrane was once washed with 1x TBST (100mM Tris-HCI (pH 8), 1.5M
NaCl, 0.5% Tween20) and then incubated with 5% milk powder in TBST for 60 minutes on a
shaker. The primary antibody was added (in 5% milk powder TBST) and incubated overnight on
a shaker at 4°C. On the next day, the primary antibody was removed and stored in conical 50ml
tubes (Greiner Bio-One™) at -20°C (the primary antibodies were used up to three times). The
membrane was washed three times for 10 minutes with TBST, on a shaker at room temperature,
followed by the addition of the secondary antibody (in 5% milk powder in TBST) and incubation
for one hour at room temperature on the shaking plate. Afterward, the blot had to be washed
again three times for 10 minutes with TBST, to remove the unbound secondary antibodies. Then
the membrane was washed once with ddH,0 and dried with Whatman™ paper. The bands of
the molecular weight marker were marked with the WesternSure® Pen (Li-Cor) and the
membrane was transferred to a new plastic tray. The blot was developed by a 3-minute
incubation with ECL solution (mixed 1:2, Amersham™ ECL™ Western Blotting Detection

Reagents, GE Healthcare). The blots were visualized using the Lumi-Imager™ F1 (INTAS).

If necessary, the membrane was incubated with another primary antibody, therefore the
membrane was washed once with TBST and then incubated with re-blot solution (Merck, mixed
1:10 with ddH;0) for 10-15 minutes. After another washing step with TBST, the membrane was
again blocked twice with 5% milk powder in TBST for 15 minutes each at room temperature,
followed by the addition of the new primary antibody in milk powder + TBST at 4°C on a shaker

over-night.

2.12.4.1 Primary antibodies

Antibody ‘ Dilution Company Cat. No.
Mouse anti-actin 1:5000 Sigma Aldrich A5316-2ML
Rabbit anti-UPF1 1:10000 Abcam ab109363
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2.12.4.2 Secondary antibodies

Antibody | Dilution Company Cat. No.
Rabbit anti-mouse 1:2000 Invitrogen A27025
Goat anti-rabbit 1:2000 Thermo Fisher A27036

2.13 Luciferase activity

Cells that had been transfected with plasmids encoding for renilla luciferase (Renilla Reniformis)
and firefly luciferase (Photinus Pyralis) could be analyzed based on their luciferase activity.
Therefore, the cells were harvested in specific cell lysis juice and incubated with the respective
luciferase substrate. The subsequent light emission was measured and the relative light units
(RLU) from the renilla luciferase were normalized to the corresponding firefly luciferase activity

from the same cell population.

2.13.1 Sample preparation

The cells medium was removed, and the cells were washed twice with PBS before the lysis juice
was added (500ul/Well in 6-well plates). The 2x lysis-juice (PJK GmbH) was stored at 4°C and had
to be diluted 1:2 with ddH,0 before use. After the addition of the lysis juice, the cells were either
detached from the bottom of the well using a cell scraper (cell scraper s, 240mm, TPP), or by up
and down pipetting. The lysis was improved by freezing and thawing the cells at -80°C. The

samples were stored in 1.5ml tubes (SafeSeal reaction tube, Sarstedt) at -80°C.

2.13.2 Measurement of luciferase activity

Before the measurement of the luciferase activities, the substrates had to be prepared. The
beetle-juice reaction buffer (PJK) was mixed with the provided D-luciferin (PJK) and ATP (PJK),
and stored in 2ml aliquots at -80°C. The volume of firefly substrate, which was needed for the
respective experiment was taken from the freezer, thawed, and pooled in a conical 50ml tube
(Greiner Bio-One™), shielded from light with aluminum foil. In contrast to the firefly substrate,
the renilla substrate had to be prepared freshly for every experiment. Therefore, the calculated
volume of renilla-juice reaction buffer (PJK, stored at 4°C) was mixed in a ratio of 50:1 with the
substrate mixture (coelenterazine in reconstitution buffer, PJK, stored at -80°C) in a conical 50ml

tube (Greiner Bio-One™), again shielded from light with aluminum foil.

The measurement of the luciferase activity was performed in flat white bottom 96-well plates
(Nunc™, Thermo Fisher). Each sample was measured in four technical replicas, therefore, 20l
of each sample was pipetted into four neighboring wells, one plate for the measurement of
firefly activity, and one plate for renilla activity. The measurement was performed using the
Tecan Infinite® 200 machine and the i-control 1.12 software. The injection volume was 100ul,

and the measurement of the luminescence had an integration time of 5000ms. In the first run,
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the relative light units (RLUs) of the firefly luciferase were measured, followed by a second run

in which the same samples were measured for their renilla luciferase activity.

2.13.3 Calculation of the relative luciferase activity

To calculate the relative luciferase activity from the measured relative light units (RLUs) the RLUs
between the Renilla and Firefly measurements for each sample were divided (RLUgenilia/ RLUFirety)
to obtain a ratio (ARLU) for each sample. This ratio was then used to calculate the differences in
the luciferase activity between the cells transfected with the WT- vs. the NS39-variant for each
treatment condition, by division of ARLUwr/ARLUns3o. The different treatments were then

normalized and set to 100% by dividing (treated/untreated) and multiplying that ratio with 100.

70



Results

3 Results
3.1 Cycloheximide-dependent accumulation of HIV-1 2kb tat mMRNAs

This work aimed to investigate the impact of the cellular nonsense-mediated decay (NMD)
pathway regarding its potential antiviral capacities, and the interplay with HIV-1 upon infection.
This work is based on a preliminary observation by Dr. Nora Diehl, who discovered that
treatment of HIV-1 infected cells with cycloheximide (CHX), a translational inhibitor, increased
the viral 2kb mRNA class in northern blot analysis (Diehl 2016).

Since it was described that the NMD-mediated degradation of target mRNAs is dependent on
translation (Belgrader, Cheng, and Maquat 1993; Carter et al. 1995; Thermann et al. 1998), the
most obvious explanation was that the HIV-1 2kb mRNA class might be an NMD target.

First, to test whether the HIV-1 2kb mRNA class is an NMD target and if so whether it is specific
for certain cell types, peripheral blood mononuclear cells (PBMCs) from two healthy donors, as
well as PM1 and Ghost cell culture cells were infected with the HIV-1 lab strain NL4-3 for 48
hours (MOI 0.5) and incubated with 50 pg/ml CHX for six hours. The total RNA was harvested
and used for northern blot analysis, using a DIG-labeled HIV-1 exon 7 probe, or for RT-PCR
analysis, using primers specifically amplifying the HIV-1 tat mRNAs (Figure 3.1).
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Figure 3.1: CHX-dependent accumulation of the HIV-1 2kb class and tat-mRNAs. Northern blot analysis of the viral
mMRNA classes and RT-PCR analysis of the viral splicing pattern. (Left) PBMCs from two healthy donors were pre-
stimulated with IL-2 and infected with HIV-1. (Right) PM1 and Ghost cell culture cells were infected with HIV-1
(MOI 0.5) for 48 hours. Six hours before the RNA was harvested, the cells were treated with 50 pg/ml CHX. (Top)
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Northern blot analysis. 3 ug of total RNA were separated on a formaldehyde-containing 1% agarose gel and capillary
blotted overnight onto a nitrocellulose membrane. For the detection of the viral mRNA classes, a specific DIG-labeled
HIV-1 exon 7 probe was used (#3387/#3388). The ribosomal RNAs (18S 1.9kb; 28S 5.0kb) served as size standard and
loading control. (Bottom) RT-PCR analysis of the viral exon 1-4 splicing pattern. RNA from the same preparation as
used for the northern blot was reverse transcribed and amplified with specific primer pairs (#1544/#3632), separated
on a 10% PAA gel, and stained with EtBr. The amplification of Erk2 (#4646/#4647) served as loading control. The
previously performed PBMC experiments (left) were done by Dr. Frank Hillebrand and the results were generously
provided for this work.

The results in Figure 3.1 confirmed, that the observed CHX-dependent accumulation of the HIV-1
2kb mRNA class was independent of the analyzed cell type. Furthermore, the accumulation was
specific for the 2kb class, as the abundance of the HIV-1 4kb and 9kb mRNA classes remained on
the same level or decreased (Figure 3.1, top). The subsequent RT-PCR analysis showed that
specifically the HIV-1 tat mRNAs accumulated upon CHX treatment, while other HIV-1 mRNAs,
like vpr3, decreased (Figure 3.1, bottom). The vor mRNAs belong to the 4kb class of HIV-1
mMRNAs, hence the CHX-dependent increase in the amount of the 2kb class could be confirmed

by RT-PCR.

To test whether the observed CHX-induced accumulation of the HIV-1 2kb class was restricted
to infected cells, or intrinsic to the mRNA classes, Hela cells were transfected with the proviral
DNA (pNL4-3), instead of being infected with NL4-3 viruses. The total RNA was isolated 24 hours
after transfection and a six-hour cycloheximide treatment and used for northern blot analysis
(Figure 3.2 B, lanes 1 and 2). The CHX-induced accumulation of the HIV-1 2kb class upon
transfection strongly resembled the experimental outcome of the prior infection experiments,
even though the decrease of 4kb mRNAs, which was observed in the infection experiments, was
not detectable. However, the consistent accumulation of the 2kb class upon CHX treatment
allowed the investigation of potential NMD-triggering features within the 2kb class of HIV-1
mMRNAs, which was tested by modification of the transfected plasmid DNA.

Due to its genome structure, all sequence features of the alternatively spliced 2kb class mRNAs
are also present in the mRNAs of the 4kb and the 9kb class, unless an RNA secondary structure
would be created via an exon-exon junction, which would serve as a signal. However, it is
unlikely to find the potential element causing the CHX-dependent accumulation within the 2kb
class. This potential sequence element, that protects against the NMD-induced RNA

degradation, is, therefore, more likely to be found within the 4kb and 9kb classes.

What structurally differentiates the mRNAs of the 2kb class from the 4kb, and 9kb class among
other things, is the overall number of splicing events, hence the subsequent number of putative
deposited exon-junction-complexes on the mRNA. Therefore, to address the question of
whether the possible number of deposited exon-junction-complexes affects the NMD-induced
RNA degradation, the plasmid-encoded HIV-1 introns were stepwise removed to generate a fully
spliced tat transcript, that was assumed to not be loaded with any exon-junction-complexes (this

transcript consisted of the HIV-1 exons 1, 2, 4, and 7). The generated plasmids are shown in
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Figure 3.2 A and the results of the transfection experiments, measured by the mRNA levels are

shown in Figure 3.2 B.
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Figure 3.2: The CHX-dependent accumulation of the 2kb class is splicing-independent. (A) Schematic drawing of the
used reporter constructs. Grey boxes indicate exons, black lines introns. The dark grey boxes show the viral LTRs and
the green box indicates the location of the RRE within intron 4. The plasmid on the top represents the full-length
HIV-1 genome, encoded on the pNL4-3 plasmid. The pNLA1 construct lacks the first intron, the exon-exon junction is
indicated by the [1.2]. Removal of intron 4 generates pNLA1 [1.2E.7] and the additional removal of the remaining
introns encodes a fully spliced tat mRNA with the HIV-1 exons 1, 2, 4, and 7. (B) Northern blot analysis of the
constructs depicted in (A). Hela cells were transfected with 1 ug of the indicated plasmid for 24 hours. 50 pg/ml CHX
was added to the cell culture media 6 hours before harvesting. After RNA isolation 3.5 pg of total RNA was digested
with DNase | and separated on a 1% formaldehyde containing agarose gel and transferred to a nylon membrane by
overnight capillary blotting. For hybridization, a probe specifically detecting HIV-1 exon 7 was used (#3387/#3388).
The ribosomal bands served as size standards and loading control.

As depicted in Figure 3.2 (lanes 1 and 2) the CHX-dependent accumulation of the HIV-1 2kb class
was visible not only for infection experiments but was also observed when cells were transfected
with the proviral plasmid DNA pNL4-3 (cf. Figure 3.1 and Figure 3.2). However, transfection of
cells with the pNL4-3 plasmid resulted in the production of virus particles by the transfected
cells. To investigate the impact of the first major splicing event, and to abolish virus production,
the non-infectious derivate pNLA1 (Strebel, Klimkait, and Martin 1988) was used. This construct
lacks the first major intron (between SD1 and SA1) of HIV-1. Due to the loss of the gag and pol
messages no 9kb class could be detected by northern blot analysis (Figure 3.2, lanes 3 and 4).
The ratio of the 4kb class was not altered by the addition of CHX to the media, however, after
intron 1 removal, consequently, the amount of vif mRNA was much higher (cf. lanes 3 and 4 with

lanes 1 and 2), while the CHX-dependent accumulation of the 2kb class remained similar.
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To further decrease the number of splicing events, also the second major intron of HIV-1 was
removed, joining SD5 and SA7. Transfection of this plasmid (pNLA1 [1.2E.7], Figure 3.2, lanes 5
and 6) consequently resulted in no detectable 4kb class mRNAs, while the CHX-dependent
accumulation of the 2kb class remained. The removed intron 4 also contained the rev-
responsive-element (RRE), which allowed Rev-mediated nuclear export of the 4kb class mRNAs
(Malim et al. 1989). Thus, all transcripts produced from pNLA1 [1.2E.7] are classified as 2kb class
mMRNAs and exported to the cytoplasm independent of the interaction with Rev. Additional to
the prominent accumulation of the intronless mRNAs, there was a slightly larger band,
potentially mRNAs which still contained intron 2, 3, or both, which were also sensitive to CHX

treatment.

Next, to exclude any splicing process, a fully spliced tat-transcript was generated, only consisting
of HIV-1 exons 1, 2, 4, and 7 (Figure 3.2, lanes 7 and 8). Those exons were chosen based on the
most prominent CHX-effect on this tat-message in RT-PCR experiments (cf. Figure 3.1, bottom).
This pNLA1l [1.2.4.7] tat expression plasmid-encoded an intronless tat cDNA. Still, the
accumulation through CHX treatment was visible, maybe even more prominent (Figure 3.2,
lanes 7 and 8), indicating that the observed CHX-dependent accumulation of the HIV-1 2kb class
was splicing-independent. However, additionally to the accumulation of the 2kb class upon CHX
treatment, which was observed for all constructs, the 2kb mRNAs of pNLA1 [1.2E.7] and [1.2.4.7]
(Figure 3.2, lanes 5-8) showed a smear upon CHX treatment, indicating some degradation of

these transcripts.

Based on the prominent effect of CHX treatment on the splicing-independent pNLA1 [1.2.4.7]
tat transcript, the potential sequence region responsible for the observed NMD-induced RNA
degradation was further narrow down, by modification of the plasmid-encoded transcript in
three different ways (see Figure 3.3, top). The most obvious difference between the RNAs of the
2kb class to the RNAs of the 4kb and 9kb class was the presence of HIV-1 intron 4, which
contained the RRE. Since the RRE-containing 4kb and 9kb class RNAs did not show accumulation
upon CHX treatment (cf. Figure 3.1 and Figure 3.2) the influence of the RRE was investigated.
Therefore, the RRE sequence was re-inserted into the tat mRNA, within the sequence of the tat
3’ UTR, just downstream of the nef ATG. The RRE generates a prominent secondary structure,
that can be bound by the Rev protein (Cochrane, Chen, and Rosen 1990) and is essential for the
nuclear export of intron-containing HIV-1 mRNAs. In this experimental setup the RRE was
investigated without the interaction with the Rev protein, but as a structural element, since it
has been shown that RNA secondary structures can stabilize RNAs, as for the example of the
Rous Sarcoma Virus RNA stability element (RSE) (Weil and Beemon 2006). The comparison of
CHX treatment of pNLA1 [1.2.4.7] and pNLA1 [1.2.4.7] RRE (Figure 3.3 B, lanes 5-8) showed that

the addition of the RRE sequence, however, had no stabilizing impact on the tat mRNA.
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Figure 3.3: Modifications of the tat mRNA still resulted in CHX-dependent accumulation. (A) Schematic drawing of
the reporter constructs used in this experiment. Light grey boxes indicate exons, while black lines indicate introns.
The dark grey boxes show the viral LTRs and the green box indicates the location of the RRE. The top 3 plasmids were
already introduced in Figure 3.2 and served as reference, the other 3 plasmids were modified: The pNLA1 [1.2.4.7]
RRE construct encodes the rev-responsive element within the 3’ UTR. The size of the pNLA1 [1.2.4.7] A516bp UTR
construct was decreased by deletion of 516bp in the 3’ UTR of tat. The tat ORF was artificially extended in the pNLA1
[1.2.4.7] ATCs reporter construct, by mutation of all in-frame termination codons (TCs) until the nef TC, each mutated
TC is indicated by a green vertical line. (B) Northern blot analysis of the constructs depicted in (A). Hela cells were
transfected with 1 ug of each of the indicated plasmids for 24 hours. 6 hours before harvesting 50 pug/ml CHX was
added to the cell culture media. After RNA isolation 3.5 pg of total RNA was digested with DNase |, separated ona 1%
formaldehyde containing agarose gel, and transferred to a nylon membrane by overnight capillary blotting. For
hybridization, a probe specifically detecting the 3’ UTR of HIV-1 was used (#5854/#5855). The ribosomal bands served
as size standards and loading control.

Another critical feature of RNA stability is its overall 3’ UTR length and structure (Bihler et al.
2006). To study the impact of the untranslated region on NMD-mediated RNA degradation, two
different approaches were used. Firstly, the length of the UTR was shortened by the deletion of
516 nucleotides downstream of the tat translational stop codon (TC) (Figure 3.3, lane 9 and 10).
Secondly, all in-frame termination codons between the tat TC and the downstream nef start
codon were mutated, to extend the encoded ORF from the tat ATG up to the nef TC (Figure 3.3,

lanes 11 and 12). However, the northern blot results indicated that neither shortening the UTR
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nor extending the ORF had an impact on the CHX-induced accumulation in this experimental
setup, indicating that those features were not sufficient to counteract the NMD-mediated RNA
degradation. However, as the 2kb class is independent of the interaction of Rev and the RRE for
nuclear export, the HIV-1 4kb and 9kb classes require that interaction. Hence, the potential
dependency of the RRE on the presence of Rev in the context of the NMD-induced RNA
degradation was further investigated. Therefore, Hela cells were transfected with the pNLA1
[1.2.4.7] constructs (with and without RRE) in the presence and absence of Rev. The RNA

abundancies were again visualized via northern blot analysis (Figure 3.4).
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Figure 3.4: Co-transfection of rev further increased the CHX-dependent accumulation of tat mRNAs independent
from the presence of the RRE. (A) Schematic drawing of the tat reporter constructs, which were already introduced
in Figure 3.3. The light grey boxes indicate joined exons, the dark grey boxes show the viral LTRs and the green box
indicates the location of the RRE within the nef ORF. (B) Northern blot analysis of the constructs depicted in (A). Hela
cells were co-transfected with 1 pg of the indicated plasmids, and either 1 pg of the empty vector pcDNA3.1(+), or
1 ug of pcRev, encoding for the Rev protein for 24 hours. 50 pug/ml CHX was added to the cell culture media 6 hours
before harvesting. After RNA isolation 3.5 pg of total RNA was digested with DNase |, separated on a 1% formaldehyde
containing agarose gel, and transferred to a nylon membrane by overnight capillary blotting. For hybridization, a
probe specifically detecting HIV-1 exon 7 was used (#3387/#3388). The ribosomal bands served as loading control.

The co-transfection of pcRev with the pNLA1l [1.2.4.7] plasmids resulted in an advanced
accumulation of the tat RNA levels upon CHX treatment, independent of the presence of the
RRE (cf. Figure 3.4, lanes 4-7 and lanes 8-11). That indicated an increase of the NMD-induced
RNA degradation by the presence of Rev protein in the cell, which was, however, independent

of the presence of the RRE sequence within the transcript, in this experimental setup.

However, while NMD target verification is still often performed indirectly by translation
inhibition through cycloheximide, NMD can be inhibited more specifically by the usage of
siRNAs, targeting core NMD factors, like UPF1.
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3.2 Efficient identification of endogenous NMD targets by translation

inhibition through Cycloheximide
The observed CHX-dependent accumulation of the 2kb class, hence the CHX-dependent
decrease in NMD-induced RNA degradation, was still observed upon various plasmid and
transcript modifications. Since neither shortening of the tat 3’ UTR, nor the additional presence
of the RRE sequence within the tat mRNAs, with and without interaction of the RRE with Rev
protein had an impact on the CHX-dependent RNA accumulation, the indirect NMD inhibition by
cycloheximide was questioned. To address this question, three different cell culture cell lines
(Hela, Ghost, and HEK293T cells) were incubated with 50 pug/ml CHX for six hours. Total RNA
was reverse transcribed and analyzed via semi-quantitative RT-PCR for the expression of
endogenous genes, which encoded alternative splice isoforms that harbored PTCs. Those
naturally occurring PTCs resulted in pre-mature translation termination and the subsequent
degradation of those messenger RNAs by NMD. Those transcripts should therefore not be
present in the RT-PCR analysis without translation inhibition. Five endogenous genes were

tested, and the results are depicted in Figure 3.5.
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Figure 3.5: The CHX-dependent accumulation is specific for splice isoforms that are targeted by NMD. RT-PCR
analysis of Hela, Ghost, and HEK293T cell culture cells. 5x10° cells of each cell type were seeded in 6-well plates for
24 hours. 6 hours before harvesting of total RNA, 50 ug/ml CHX was added to one well of each cell type. The RNA was
reverse transcribed and amplified with specific primer pairs. RPS24 (#5776/#5777, 26 cycles), hnRNPL (#5778/#5779,
26 cycles), SRSF2 (#6165/#6166, 26 cycles (Ramage et al. 2015)), SRSF3 (#4004/#4005, 35 cycles (Diehl 2016)), SRSF7
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(#5784/#5785, 26 cycles), Actin (#6056/#6057, 26 cycles). The PCR fragments were separated on a 10% PAA gel and
visualized by EtBr staining and UV-light exposure. The distinct bands, indicating the alternative splice isoforms, were
excised from the gel, re-amplified, and confirmed by sequencing analysis. Numbers in brackets indicate the exon
numbers found within the PCR product. Red numbers indicate exons with PTCs resulting in NMD-sensitive transcripts.
Green numbers indicate exons with PTCs not resulting in NMD-sensitive transcripts.

Regarding endogenous genes, which encoded alternative splice isoforms that harbored PTCs
(Figure 3.5) it was observed that some splice isoforms of the tested genes were only visible upon
CHX treatment, while other isoforms increased in abundance, indicating different
NMD-sensitivities of these splice isoforms. That ratio was, at least to some extent, cell type-
specific, indicating a further layer of complexity regarding NMD-sensitivity of certain
endogenous splice isoforms in certain cell types. For example, the protein-coding splice isoform
of the ribosomal protein S24 (RPS24) excluded exon 5 from the mature mRNA, while the
inclusion of exon 5 resulted in a pre-mature termination codon (PTC), 31nt upstream of the
normally used TC, but only 22nt upstream of the final exon-exon junction and was therefore not
recognized as NMD target. PTCs are only efficiently recognized when they are located at least
50-55 nucleotides upstream of an exon-exon junction (Cheng et al. 1994). Thus, the results in
Figure 3.5 support this distance-dependent effect, as the amplification of transcripts which
included RPS24 exon 5 did not accumulate upon CHX treatment. The only observable differences

were the expression levels of the RPS24 [4.5.6] between the different cell types.

The transcript abundance of the other four genes which were tested in this setup (hnRNPL,
SRSF2, SRSF3, and SRSF7) showed noticeable differences between the three tested cell types
regarding the splice isoforms in the untreated control sample, as well as in the abundance of
NMD target mRNAs without CHX treatment (Figure 3.5, compare lanes 1, 3 and 5), suggesting
that the NMD-dependent degradation process had different efficiencies in the different cell
types. However, upon CHX treatment all these four genes showed NMD-sensitive splice

isoforms, which included PTC-containing exons, and accumulated upon CHX treatment.

Regarding the effect of translation inhibition by the addition of cycloheximide to the cell culture,
the observed outcome for the five analyzed genes was rather specific. The CHX-dependent
accumulation of transcripts was restricted to predicted NMD targets and did not alter the
abundance of not-NMD-transcripts (cf. Figure 3.5, RPS24 and actin). These results suggested a
rather specific NMD inhibition through CHX.

However, as the treatment with CHX not only interfered with the NMD pathway, but with the
global translation apparatus, the next step was to interfere more precisely with the components
of the NMD machinery, to reduce potential side effects. Therefore, small interfering RNAs
(siRNAs) were tested in comparison with the so far used CHX control. Those siRNAs either
targeted a non-specific control sequence (siNSC), or the major NMD factor UPF1 (siUPF1). First,

the concentration of siRNAs, sufficient for NMD inhibition, had to be determined. Therefore,
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Hela cells were transfected with three different concentrations of siRNAs for 48 hours and
analyzed for their UPF1 levels, cell viability, and NMD target degradation via western blot and
RT-PCR (Figure 3.6).
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Figure 3.6: NMD inhibition through UPF1 siRNA transfection works efficiently at low concentrations. 2x10° Hela
cells were seeded into 6-well plates and transfected with the depicted concentration of siRNAs on the next day. The
medium was changed 24h post-transfection and the cells were incubated for another 24h before RNA and proteins
were harvested from each well. 6h before harvesting one of the not-transfected wells was treated with 50 pug/ml CHX
as control. (Top) Western blot analysis of the isolated proteins using specific antibodies against UPF1 or actin,
respectively. (Bottom) RT-PCR analysis of the total RNA isolated from the same cells. The RNA was reverse transcribed
and amplified with specific primer pairs. hnRNPL (#5778/#5779, 26 cycles), SRSF2 (#6165/#6166, 26 cycles (Ramage
et al. 2015)), SRSF3 (#4004/#4005, 35 cycles (Diehl 2016)), UPF1 (#5427/#5428, 26 cycles), actin (#6056/#6057, 26
cycles). The PCR fragments were separated on a 10% PAA gel and visualized by EtBr staining and UV-light exposure.

The results in Figure 3.6 showed that the siRNA-mediated knockdown of UPF1 worked even with
the smallest tested concentration of siRNAs. Even 30 pmol of transfected UPF1 siRNAs were
sufficient to reduce the levels of UPF1 RNAs, as well as UPF1 protein, as shown by RT-PCR
analysis and western blot. In addition, none of the tested UPF1 siRNA concentrations resulted
in a reduction of cell viability, as indicated by the consistent actin levels in the western blot

(Figure 3.6, top, lanes 5-7).

Next, to monitor the efficiency of NMD inhibition by UPF1 siRNAs, the splicing pattern of three
different endogenous genes (hnRNPL, SRSF2, and SRSF3) were analyzed by RT-PCR and
compared to the CHX control (Figure 3.6, bottom). Regarding SRSF2, the accumulation of the
NMD-specific isoform upon UPF1 knockdown strongly resembled the CHX control, while the
splicing patterns for SRSF3 and hnRNPL differed to some extent from the observed
CHX-dependent accumulation. For hnRNPDL, the siRNA-mediated UPF1 knockdown resulted in

increased detection of the exon 7 containing splice variant, but furthermore, also resulted in the
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detection of an alternative splice isoform, which had not been detected so far. Within this new
splice isoform, exon 7 of hnRNPL was excluded, but the intron between exon 8 and 9 was
retained. This result could indicate that UPF1 not only functions as the core component of the
NMD machinery but might also function as splicing regulatory protein, facilitating the usage of
hnRNPL splice donor 8, as SD8 is not used upon UPF1 knockdown. The third analyzed gene was
SRSF3, where UPF1 knockdown increased the NMD-specific, exon 3 containing isoform,

although not as strong as upon CHX treatment.

In conclusion, the UPF1 knock-down-induced accumulation of annotated NMD-sensitive splice
isoforms strongly resembled the effect of CHX-induced translational inhibition. Thus, it can be
concluded that CHX-mediated translation inhibition mimics the more specific NMD inhibition by
siRNA knockdown of UPF1.

Now, to compare the observed indirect effect of CHX treatment on the fully spliced 2kb tat
mMRNAs (cf. chapter 3.1) to the direct siRNA-mediated UPF1 knockdown, and to investigate the
afore mentioned potential stabilizing impact of the Rous Sarcoma Virus RNA stability element
(RSE) on pNLA1 [1.2.4.7] transcripts, northern blots were used. For the experimental setup, Hela
cells were either treated with a non-specific siRNA (siNSC) or siRNAs against UPF1 (siUPF1),
respectively. On the next day, the cells were transfected with the corresponding pNLA1 [1.2.4.7]
tat plasmid for another 24 hours. As control, one well of each experimental condition was
incubated with 50 ug/ml CHX six hours before the RNA and protein harvest. The results of the
protein analysis, hence the UPF1 protein levels, are shown by western blot in Figure 3.7 (WB,
top), while the RNA levels of the HIV-1 2kb tat message are shown by northern blot in Figure 3.7
(NB, bottom).
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Figure 3.7: The NMD-induced RNA degradation of HIV-1 tat mRNAs can be decreased by the addition of the RSE.
(A) Schematic drawing of the pNLA1 [1.2.4.7] tat reporter constructs, originally introduced in Figure 3.3. The light
grey boxes indicate joined exons, the dark grey boxes show the viral LTRs. The yellow boxes indicate the location of
the inserted RSE sequence either 478 nt downstream or 50 nt downstream of the tat TC. (B)2x10° Hela cells were
seeded into 6-well plates and transfected with 30 pmol of the indicated siRNAs. The medium was changed 24h later
and the cells were transfected with 1 pg of the indicated plasmids for another 24h. For the CHX-control wells,
50 pg/ml CHX was added to the cell culture medium 6h before harvesting the total RNA and protein from each well.
(B, Top) Western blot analysis of the isolated proteins with specific antibodies detecting UPF1 or actin, respectively.
(B, Bottom) Northern blot analysis of the tat mRNAs. 3 ug of total RNA were digested with DNase |, separated on a
1% formaldehyde containing agarose gel, and transferred to a nylon membrane by overnight capillary blotting. For
hybridization, a probe specifically detecting HIV-1 exon 7 was used (#3387/#3388). The ribosomal bands served as
loading control.

The siRNA-mediated UPF1 knockdown was successful in all samples which were treated with the
siRNA targeting UPF1, as shown by the western blot for the UPF1 protein levels (Figure 3.7 B,
top). However, the UPF1 protein levels not only decreased upon siRNA targeting but also by the

six-hour CHX treatment, indicating a short half-life of UPF1 proteins.

Regarding the tat RNA levels, which were produced by transcription of the transfected plasmids
(Figure 3.7 B, bottom), the pNLA1 [1.2.4.7] tat RNA levels increased upon UPF1 knockdown
almost as prominently as upon CHX treatment (cf. lanes 1-3), indicating a similar efficiency of
the UPF1 siRNA knock-down-mediated NMD inhibition as observed prior for the translation
inhibition based NMD interference. Again, as observed before (cf. Figure 3.3), the size of the tat
MRNAs upon CHX treatment, but not upon UPF1 knockdown, appeared minimally smaller and

as a smear, which could indicate degradation of these transcripts upon translation termination.
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Since the CHX-induced accumulation, hence the CHX-induced decrease in NMD-dependent RNA
degradation, of the pNLA1 [1.2.4.7] tat transcripts was further enhanced by the insertion of the
Rev responsive element (RRE) (cf. Figure 3.3 and Figure 3.4), a different structural element,
which was described as stability element was tested. Therefore, the sequence of the Rous
Sarcoma Virus RNA stability element (RSE) was inserted into the 3’ UTR of the tat ORF in the
context of the pNLA1 [1.2.4.7] plasmid. As the RSE was shown to act in a position-dependent
manner, it was inserted in two different positions (Ge et al. 2016). Hence, the RSE was located
either 478nt or 50nt downstream of the tat termination codon, and the results of the northern
blot analysis are shown in Figure 3.7 (lanes 4-9). The addition of the RSE downstream of the tat
TCindeed stabilized the RNAs, however, independent of the inserted position. Furthermore, the
NMD-induced RNA degradation was reduced by the insertion of the RSE in the context of
siRNA-mediated NMD inhibition, while the CHX-dependent accumulation was still clearly

detectable, even though it decreased as well with the addition of the RSE to the transcript.

Based on the observed differences of the NMD-mediated RNA degradation of RSE containing tat
transcripts between the direct NMD inhibition by siRNA-mediated UPF1 knockdown and the
indirect NMD inhibition by cycloheximide treatment, the CHX-dependent effect was unlikely to
be only mediated by the NMD-sensitivity of a given transcript. Since CHX was used as a
translational inhibitor, it was assumed that it only influenced transcripts that are actively

translated and would be degraded co-translationally based upon their NMD triggering features.

To test the hypothesis of whether CHX treatment only influences transcripts that are actively
translated, the expression of transcripts encoded by the plasmid pNLA1 to the plasmid pNLA1
tatrev was compared. Within the pNLA1 tatrev plasmid, the translational start-codons of tat
and rev mRNAs were mutated, resulting in the absence of Tat and Rev protein. Since the Tat
protein is essential for the enhanced activation of the viral LTR promotor, and the Rev protein is
essential for the nuclear export of intron-containing RNAs, those proteins had to be provided in

trans. The obtained RNA levels were analyzed by northern blot (Figure 3.8).
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Figure 3.8: The accumulation of the HIV-1 2kb class is not dependent on a functional tat ORF and the HIV-1 4kb
class accumulates upon Rev co-expression. Northern blot analysis of 3 pg of total RNA isolated from Hela cells.
2.5x105 Hela cells were transfected with 1 pg of each of the indicated plasmids, or pcDNA3.1(+) for 24 hours. 50 pg/ml
CHX was added to the cell culture media 6 hours before harvesting. After RNA isolation 3 pg of total RNA were
digested with DNase |, separated on a 1% formaldehyde containing agarose gel, and transferred to a nylon membrane
by overnight capillary blotting. A specific probe, detecting HIV-1 exon 7 (#3387/#3388), was used for hybridization.
The ribosomal RNA bands served as size markers and loading control.

Only co-transfection of the pNLA1 tatrev” plasmid together with the expression plasmids for Tat
and Rev (pcTat and pcRev) resulted in high enough RNA levels for detection by northern blot
analysis (Figure 3.8, cf. lanes 11, 13, and 17). The tat and rev mRNAs, which were produced from
the provided expression plasmids, were not visible in the northern blot as the used DIG-labeled
probe specifically detected HIV-1 exon 7. This sequence was absent in the expression plasmids

and the corresponding mRNAs (Figure 3.8, lanes 1 and 2).

The results in Figure 3.8 mimic the prior observed effect of the CHX-dependent accumulation of
the 2kb class, even though the translational start codons of the tat and rev mRNAs were mutated
in the pNLA1tatrev construct. However, what was not observed before, the co-transfection of
the pNLA1 plasmids together with the Rev expression plasmid resulted in the CHX-dependent
accumulation of both, not only the 2kb class RNAs, but also the 4kb class. Generally, the
transfection of the pNLA1 plasmid alone resulted, as expected, in detectable levels of HIV-1 2kb
and 4kb class mRNAs without the need of Tat or Rev co-transfection (lanes 3 and 4). The
additional transfection of pcTat did not affect the RNA levels demonstrating no limiting amounts
of Tat expressed from pNLA1 (lanes 5 and 6), but the co-transfection with pcRev, however,

resulted in an unexpected decrease of 2kb and 4kb RNAs, indicating a destabilization of the viral
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RNAs by high levels of Rev (lanes 7 and 9). The transfection of the pNLA1 tatrev plasmid alone
resulted, as expected, in almost no detectable HIV-1 mRNAs (lanes 11 and 12), and the co-
transfection with pcTat (without pcRev) enhanced the activity of the viral LTR promotor,
resulting in high levels of 2kb class RNAs, which accumulated upon CHX treatment (lanes 13 and
14). The co-transfection with pcRev (without pcTat) resulted in no evaluable result, as the mRNA
levels were under the detection level (lanes 15 and 16). However, the co-transfection with both,
pcTat and pcRev resulted in detectable amounts of 2kb and 4kb mRNAs, both of which

accumulated upon CHX treatment (lanes 17 and 18).

Concluding from Figure 3.8, the expression of additional Rev protein reduced the overall RNA
abundance in the context of pNLA1, which indicated an increase of the NMD-induced RNA
degradation (cf. lane 3 to lanes 7 and 9), as it was observed priorly for the pNLA1 [1.2.4.7]
transcripts upon rev co-transfection (cf. Figure 3.4). Furthermore, upon co-transfection with
pcRev, now not only the HIV-1 2kb class mRNAs but also the 4kb class of HIV-1 mRNAs
accumulated upon CHX treatment, suggesting an influence of cellular Rev protein levels on the
HIV-1 4kb class stability. The higher amount of Rev protein should enhance the nuclear export
of 4kb mRNAs, but instead, a decrease in the amount of 4kb class RNAs was detected in the
northern blot analysis, which furthermore showed an accumulation upon CHX treatment (cf.
lane 3 and 4 to lanes 7-9). This CHX-dependent accumulation of the 4kb class mRNAs has not
been observed so far, which might be due to the normally much lower intracellular Rev levels,

and the absence of the 4kb class in prior experiments with pcRev co-transfection (cf. Figure 3.4).

It was described that high levels of Rev inhibit the NFX1-mediated nuclear export, which might
explain the reduced detection of 2kb class mRNAs upon pcRev co-transfection (Taniguchi,
Mabuchi, and Ohno 2014). Furthermore, if high levels of Rev interfere with the NFX1-dependent
nuclear export, that interference might reduce the overall cellular mRNA levels, thereby

increasing the chance of recognizing the 4kb mRNAs as NMD targets.

However, this experiment aimed to investigate whether the deletion of the tat and rev
translational start codons influenced the NMD-sensitivity of these messages and if the removal
of the ATGs would decrease the CHX-dependent accumulation of the 2kb class. However, as
shown by the northern blot in Figure 3.8, that accumulation was still prominent. Even though
the 2kb nef mRNA still possessed its ATG, the comparison of the 2kb class accumulation between
the pNLA1 and the pNLAltatrev  messages (cf. Figure 3.8 lanes 3, 4 with lanes 13, 14 and 17,
18) is less likely to be only mediated by nef mRNAs. Therefore, it was questioned whether the
degradation of target mRNAs by NMD is at all dependent on translation and if it might be
influenced by the intrinsic strength of the translational start codon, as also HIV-1 transcripts

show differences in the intrinsic strength of their translational start codons.
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3.3 The efficiency of NMD target recognition depends on the intrinsic
strength of the translational start codon

To investigate the translation dependency on NMD target recognition, a dual-reporter system
was used, which encoded two independent open reading frames on a single plasmid. This
plasmid was cloned by Aljoscha Tersteegen, during his Master Thesis and kindly provided for
this work. Within this vector system, the firefly luciferase (FL) served as reference and was
expressed under the control of an SV40 promotor. The gene on interest (GOI) in this reporter
system was the renilla luciferase (RL), fused to exon 1, 2, and 3 of the human B-globin sequences,
with corresponding introns. The RL open reading frame (ORF) was thereby extended from the
RL start codon to the B-globin translational stop codon, which was located within exon 3 of
B-globin. The expression of RL-B-globin was regulated by its own SV40 promotor sequence. In
addition to the RL-B-globin WT plasmid, the introduction of a pre-mature termination codon
(PTC) within exon 2 of B-globin resulted in the early translation termination at amino acid
position 39 (NS39) of B-globin. This PTC was located more than 55 nucleotides upstream of the
last exon-exon junction and therefore made the corresponding mRNAs targets for degradation
by NMD. A schematic drawing of the dual-luciferase reporter is depicted in Figure 3.9 A. Upon
normalization of the renilla levels to the corresponding firefly levels, this reporter system not
only allowed a PCR-based readout of the mRNA abundancies but was also used to analyze the
relative luciferase activity of the produced luciferase proteins, which allowed a functional

readout of the translational activity.

The transfection of Hela cells with these dual-luciferase reporters resulted, as expected, in high
FL mRNA levels, as well as a high firefly luciferase activity. The measurable reference firefly-
parameters were comparable between the WT and the NS39 plasmid, as expected by the same
sequence of the FL ORF in both plasmids (cf. Figure 3.9 D, firefly RT-PCR, lane 1 (RL-ATG
B-globin-WT) and lane 2 (RL-ATG B-globin-NS39)). The measured RL activity, as well as the renilla
RNA levels, however, differed strikingly between cells transfected with the RL-ATG B-globin-WT
and the RL-ATG B-globin-NS39 variant (cf. Figure 3.9 B-D). The decreased renilla luciferase mRNA
levels of the RL-ATG B-globin-NS39 plasmid in the RT-(q)-PCRs showed the NMD-dependent
degradation of the PTC-containing mRNA. Even though the RL-ATG B-globin-NS39 variant
contained a PTC within the B-globin encoded sequence, the upstream RL encoded sequence was
intact. But based on the PTC-dependent degradation of the mRNA the subsequent translation
of the functional hybrid RL-B-globin protein was abolished, which therefore resulted in minimal

measurable renilla luciferase activity (Figure 3.9 C, D).

To further investigate the importance of translation and the influence of the intrinsic strength
of the translational start codon on the NMD-dependent degradation of PTC containing mRNAs,

the translational start codon was altered. The plasmids described above contained a strong
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translational start codon (ATG), which almost perfectly matched the well-known Kozak
consensus sequence (GCCRCC ATG G, R = Purine (Kozak 1986)) and was efficiently recognized by
the small ribosomal subunit. Only the position +1 consisted of an adenine (A) instead of a
guanine (G), which was necessary to maintain the amino acid sequence of the renilla luciferase.
The nucleotide sequences of the used translational start sites are shown beneath the schematic

overview of the used dual-luciferase plasmids in Figure 3.9 A.
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Figure 3.9: The sequence of the translational start codon influences the overall RNA stability, but not the
NMD-dependent degradation of target mRNAs. (A) Schematic drawing of the used dual-luciferase reporter
constructs. The ORF of the renilla luciferase (RL) was fused to exon 1-3 of B-globin with corresponding introns. The
ORF of the WT-RL-B-globin starts at the drawn arrow labeled with ATG and ends at the TC within exon 3 of B-globin.
The NS39-RL-B-globin variant contained a PTC within exon 2 of B-globin (PTC). The firefly luciferase (FL) served as an
internal reference and the FL ORF is indicated by the translational start ATG and the green stop TC. Both ORFs are
expressed independently from the same plasmid using their own SV40 promotor sequence. The RL start codon was
modified to either create a translational suboptimal Kozak surrounding with a pyrimidine at position -3 (Pyr.-3), or
the ATG was removed by mutation to TTG (AATG). (B-D) 5x10° Hela cells were transfected with the depicted reporter
constructs. 24h post-transfection, one-half of the cells was used for the measurement of the luciferase activity, the
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other half was used for total RNA isolation. (B) Results of the measured luciferase activity. The activity of the renilla
luciferase was normalized to the corresponding firefly luciferase. (C) RT-g-PCR results of the total RNA after DNase |
digestion and reverse transcription using specific primer pairs (RL: #6167/#6168; FL: #3279/#3280). (D) RT-PCR
analysis of the same cDNA and the same primer pairs as in (C). After PCR amplification with 26 cycles, the PCR products
were separated on a 10% PAA gel and visualized by staining with EtBr and UV-light exposure.

To investigate the translation dependency of RNA target degradation through NMD, the
translational start codon of the RL ORF was modified in two ways. First, the purine (adenine, A)
in position -3 was replaced by a pyrimidine (cytosine, C) resulting in a translational “weak” ATG,
with suboptimal Kozak surrounding (Pyr.-3). Second, the ATG itself was removed by substitution
of the “ATG” with a “TTG”, without further modification of the surrounding sequence (AATG;
cf. Figure 3.9 A). The subsequent transfection of Hela cells with these constructs and the
measurement of the relative luciferase activities showed that the relative luciferase activity of
RL-Pyr.-3 B-globin-WT decreased to 50% upon substitution of the purine in position -3 for a
pyrimidine (A>C) (cf. Figure 3.9 B). However, the insertion of the PTC within exon 2 of B-globin
(RL-Pyr.-3 B-globin-NS39) still abolished the renilla luciferase activity, as already observed for
the RL-ATG B-globin-NS39 containing construct with optimal Kozak surrounding (Figure 3.9 B).
The mutation of the RL translational start codon (ATG>TTG, RL-AATG B-globin) resulted, as
expected, in no measurable renilla luciferase activity, regardless of whether the ORF contained
a PTC or not.

The so-far convincing results, however, were contradicted by the analysis of the corresponding
RNA levels, which were done by real-time PCR and semi-quantitative PCR (Figure 3.9 C and D).
While the renilla mRNA levels of the WT constructs decreased to a rate of about 60% by
weakening (Pyr.-3), or removal of the ATG (AATG), the insertion of a PTC resulted in degradation
in both cases. These results suggested either that the target degradation through NMD was
indeed not dependent on translation, or that instead of the first translational start codon,
another ATG further downstream was used. The latter could explain the loss of protein activity

of the RL-AATG B-globin-WT construct, because of an N-terminal shortened protein.

To address this question the full sequence of the RL-B-globin gene was scanned for potential
start codons in all three different potential open reading frames, reaching from the original
renilla ATG to the polyadenylation signal downstream of B-globin exon 3. This search identified
46 potential translational start sites within all three ORFs, which were subsequently mutated to
abolish translation initiation from these sites (Figure 3.10 A, red lines). Due to the location of
some of the identified ATGs within the original open reading frame, it was not always possible
to substitute bases as silent mutation, which would maintain the amino acid sequence of the
renilla luciferase. These necessary substitutions could therefore have an impact on the overall
renilla protein function and thereby influence the measurable renilla luciferase protein activity.
However, the chosen mutations were selected with respect to the HEXplorer profile and without

the generation of new potential splice donor or acceptor sites (the respective HEXplorer plot
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can be found in the Appendix, Figure 6.1). Furthermore, using the HEXplorer profile as a
prediction tool for potential binding sites of splicing regulatory proteins, the generation of new
potential splicing regulatory elements was avoided by minimalizing the mutational changes of
the profile. Hela cells were transfected with the modified plasmids, and the results of the
RT-(qg)-PCRs are shown in Figure 3.10.
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Figure 3.10: Removal of all in-frame translational start codons abolishes NMD target recognition in the context of
a suboptimal, or no ATG. (A) schematic drawing of the used dual-luciferase reporter constructs, as already described
in Figure 3.9. The red lines within RL-B-globin indicate the 46 ATGs in all three potential open reading frames, that
were mutated for this analysis. (B-C) 5x10° Hela cells were transfected with the depicted reporter constructs. 24h
later, one-half of the cells was used for the measurement of the luciferase activity, the other half was used for total
RNA isolation. (B) RT-g-PCR results of the total RNA after DNase | digestion and reverse transcription using specific
primer pairs (RL: #6167/#6168; FL: #3279/#3280). (C) RT-PCR analysis of the same cDNA and the same primer pairs
as in (B). After PCR amplification with 26 cycles, the PCR products were separated on a 10% PAA gel and visualized by
staining with EtBr and UV-light exposure.

Transfection of Hela cells with the modified constructs depicted in Figure 3.10 A resulted in no
measurable renilla luciferase activity, while the activity of the firefly luciferase remained
comparable to the prior experiments with the dual-luciferase reporter (data not shown). As
mentioned before, it was not possible to substitute all bases within the renilla ORF as silent
mutations, hence the amino acid sequence of the renilla luciferase was slightly altered. These
nucleotide alterations were sufficient to change the corresponding amino acids to an extend

that had an impact on the protein function.
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However, due to the design of the reporter system, it was still possible to analyze the impact of
the mutations on the mRNA levels. The two transcripts which contained the original renilla ATG
(RL-ATG PB-globin-WT A all other ATGs and RL-ATG p-globin-NS39 A all other ATGs) showed
similar PCR intensities as their corresponding plasmid pair without the 46 mutations (cf. Figure
3.10 B and C with Figure 3.9 C and D). The highest renilla mRNA transcript levels were observed
for the RL-ATG B-globin-WT A all other ATGs variant, while much fewer renilla transcripts were
found for the RL-ATG B-globin-NS39 A all other ATGs variant, which indicated an efficient
degradation of these mRNAs by NMD (cf. Figure 3.10 C and D, lanes 1 and 2). Surprisingly, the
renilla RNA levels of the WT constructs harboring a weak ATG (RL-Pyr.-3
B-globin-WT A all other ATGs), or no ATG (RL-AATG B-globin-WT A all other ATGs) were only
around 30-40% of the ATG WT (RL-ATG B-globin-WT A all other ATGs) levels. Hence, that ratio
was decreased in comparison to the 60% ratio, which was observed for the WT RNA levels in

Figure 3.9.

The additional insertion of a pre-mature termination codon (NS39) into the Renilla-B-globin ORF,
in the context of the RL, construct with the suboptimal start codon (RL-Pyr.-3
B-globin-NS39 A all other ATGs), reduced the RNA levels by only 10% (cf. Figure 3.10 B, C, lanes
3 and 4). That indicated an increase in the RNA stability, based on the impaired recognition of

these target mRNAs by the NMD pathway due to decreased translation initiation rates.

Finally, the addition of a PTC into the construct without any translational start codon (RL-AATG
B-globin-NS39 A all other ATGs) did not decrease the RNA levels at all, supporting the hypothesis
that RNA degradation through NMD is indeed dependent on translation (cf. Figure 3.10 B, C,
lanes 5 and 6). However, due to the impaired degradation of the NS39 Pyr-3 transcript, NMD is
not only dependent on translation at all, but also on the recognition efficiency of the
translational start codon. Therefore, mRNAs which harbor a semi-optimal Kozak surrounding
might escape degradation through NMD, even if they encode NMD triggering features. By that
mechanism, HIV-1 mRNAs with weak translational start sites, like vpu could be expressed within
the host cell, even though the overlapping vpu-env message is a potential NMD triggering
feature. An overview of the translational start sites of the different HIV-1 mRNAs is shown in
Table 3.1. The nucleotides in positions -3 and +1 were used to score the strength of the
translational start sites according to the Kozak sequence. Translational suboptimal start codon
surroundings were found for rev, vpu, and vpr, which might mediate the escape of these mRNAs
from the nonsense-mediated mRNA decay. However, the observed NMD-sensitivity of the HIV-1
tat mRNAs cannot be explained by a suboptimal Kozak surrounding, as tat has a strong

translational start codon.
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Table 3.1: The translational start codons of the different HIV-1 mRNAs in comparison to the optimal Kozak sequence
surrounding GCC RCC ATG G, R = Purine (Kozak 1986). The HIV-1 translational start codon sequences were taken from
the sequence of the pNL4-3 plasmid. Besides the ATG, the nucleotides in positions -3 and +1 were shown to be most
important. Nucleotides that match the consensus sequence are highlighted in green (guanine (G) or adenine (A) in
position -3; and guanine (G) in position +1), mismatches in these positions are highlighted in red. The intrinsic strength
of the HIV-1 ATGs was defined by the match to the Kozak sequence in the positions -3 and +1

HIV-1 RNA class | HIV-1 mRNA | Translational start codon | Intrinsic strength
tat CAA GAAATG GA strong
2kb nef TAT AAG ATG GG strong
rev TCT CCT ATG GC weak
vpu CAT GTA ATG CA weak
env GTG GCA ATG AG strong
kb vif GGG ATT ATG GA strong
vpr GGA CAG ATG GA weak
9kb gag AGA GAG ATG GG strong

The initial observations of HIV-1 transcripts being potential NMD targets were found by the
accumulation of the HIV-1 2kb class mRNAs upon translation inhibition through cycloheximide.
Furthermore, this work is partially based on previous research results of Dr. Nora Diehl, who
used a northern blot-based NMD reporter system to characterize the impact of HIV-1 infection
on the cellular NMD machinery (Diehl 2016). Based on the observed complexity of the dual-
luciferase NMD reporter system, this northern blot-based reporter system was investigated for

its reliability of NMD target modulations.

3.4 Commonly used NMD reporter systems generate alternative
splice isoforms with NMD-triggering features

A broad spectrum of what is known today about the nonsense-mediated mRNA decay pathway
was discovered with the use of NMD reporter systems, which mostly consist of multiple exons,
with a WT and a PTC containing variant. Not only the three exon B-globin reporter is commonly
used, but another also well-known reporter system is the seven-exon triose-phosphate-
isomerase (TPI) reporter (Bohm et al. 2016). In theory, NMD reporters offer a simplified
evaluation system and are independent of the potentially different NMD-sensitivities of
individual endogenous transcripts. Regarding the priorly observed difficulty of the NMD reporter
situation, hence the number of modifications that had to be made to the RL-B-globin reporters
to answer the initial question, the TPI NMD reporter system was analyzed next. The TPl reporter
system is of great interest, as it offers an easy detection and quantification of the RNA levels by
northern blot analysis. The pCI-TPI-WT-4H reporter, as well as its corresponding PTC containing

variant pCI-TPI-PTC40-4H were originally designed by Prof. Dr. Niels Gehring’s lab (B6hm et al.

90



Results

2016) and kindly provided to Dr. Nora Diehl, who already used those plasmids during her Ph.D.
thesis (Diehl 2016).

One great advantage of this reporter system was the probe binding site, downstream of the
translation termination codon. This binding site consisted of four 100 nt repeats of the human
B-globin (HBB) sequence, which were used as the binding site for the northern blot DIG-labeled
probe, which resulted in efficient detection of the TPl RNA levels by northern blot analysis.
Furthermore, another advantage of this reporter system was the overall number of encoded TPI
exons, hence the corresponding number of exon-junction-complexes (EJCs) on the mRNA post
splicing. Due to the position of the PTC at amino acid position 40 (PTC40) within TPl exon 2, the
five downstream exon junctions exhibited an efficient NMD-dependent degradation of the PTC-
containing isoform. The following figure represents the result from Dr. Nora Diehl, which gave
the initial hint of an HIV-1 infection-mediated modulation of the cellular NMD pathway. For this
experiment (Figure 3.11, adapted from (Diehl 2016)) HelLa T4"* cells were transiently transfected
with the TPI reporter constructs (either WT or PTC-containing). On the next day, the same cells
were either transfected with the proviral plasmid DNA pNL4-3 or infected with HIV-1 (MOI 0.5).

The total RNA was harvested 48 hours later and used for northern blot analysis.

ATG PTC40 TC
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Figure 3.11: Infection with HIV-1, but not transfection with pNL4-3, reduced the cellular NMD activity. (Top)
Schematic drawing of the transiently transfected triosephosphate isomerase (TPI) reporter constructs. The PTC-
containing variant had a pre-mature stop codon (PTC) at position 40. The HBB repeats served as the binding sequence
for the northern blot probe. (Bottom) HelLa T4* cells were transiently transfected with the corresponding reporters.
24 hours later the cells were either transfected with pNL4-3 or infected with HIV-1 (MOI 0.5). 48 hours later, the total
RNA was isolated, separated on formaldehyde containing 1% agarose gel, and transferred to a nylon membrane.
Detection was performed with a specific probe. The detection of the ribosomal RNAs served as the loading control.
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The Northern Blot was performed in cooperation with Dr. Volker Bohm, Institute for Genetics in Cologne. The figure
was adapted from Dr. Nora Diehl Ph.D. thesis (Diehl 2016).

Based on the result in Figure 3.11 it appeared as the infection with HIV-1, but not the
transfection of proviral DNA resulted in a down regulation of the cellular NMD machinery,
visualized by the accumulation of the PTC containing transcript upon infection. However, as
promising as this result looked, the attempt to reproduce this experiment led to controversial
outcomes. Not only the PTC-containing variant was affected by an HIV-1 infection or transfection
of proviral DNA, but also the WT mRNA levels (data not shown). Therefore, the basic structure
of the TPl WT and NMD reporters as well as their corresponding NMD-sensitivities were
investigated. As cycloheximide treatment priorly resulted in specific accumulation of
NMD-sensitive splice isoforms (cf. Figure 3.5) Hela cells, which were transiently transfected with
the TPl reporter constructs, were treated with cycloheximide. Additional to the co-translational
NMD inhibition with CHX two other potential NMD inhibitors were tested, those were
puromycin and caffeine. Puromycin inhibits the translation elongation, by its structural
resemblance to the 3’ end of an amino acylated tRNA (aa-tRNA). Hence, when puromycin enters
the A-site of the translocating ribosome it gets incorporated into the C-terminus of the growing
peptide chain, thereby preventing further extension, resulting in pre-mature translation
termination (reviewed in (Aviner 2020)). Caffeine, on the other hand, was described to reduce
the NMD activity by interference with the UPF1 phosphorylation cycle, by inhibition of SMG1
(Keeling et al. 2013). To test the potential NMD inhibitors on the before described pCI-TPI
reporters, Hela cells were transiently transfected with either TPI WT or TPI PTC40 for 24 hours.
Before harvesting the total RNA, the cells were treated with either CHX (50 ug/ml for 6 hours),
puromycin (100 pg/ml for 4 hours), or 10 mM caffeine for 4 hours.
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Figure 3.12: Transiently transfected TPI reporters produce unexpected alternative splice isoforms. Test of the TPI
WT and TPI PTC40 reporters upon CHX treatment in comparison with potential other NMD inhibitors. The transiently
transfected reporters produced alternative splice isoforms, resulting in NMD-sensitive mRNAs even in the WT. (Top)
schematic drawing of the used TPI reporter constructs. (Bottom) Hela cells were transiently transfected with 1 pg of
the respective TPI reporter construct for 24 hours and treated with either 50 pg/ml CHX (6h), 100 pg/ml Puromycin
(4h), or 10 mM Caffeine (4h). The northern blot of the isolated RNA. 5 ug of total RNA was treated with DNase | and
separated on a 1% formaldehyde-containing agarose gel, capillary blotted to a nylon membrane and stained with a
specific 4x HBB DIG-probe (#5651/#5599). The ribosomal bands served as loading control. 3 ug of the same RNAs
were reverse transcribed and amplified with specific primer pairs (#5664/#5665, 20 cycles). The PCR products were
separated on a 10% PAA gel, stained with EtBr, and visualized by UV light. The expected band size for TPI with this
primer pair was 668bp.

The northern blot analysis of Hela cells, which were transiently transfected with the original
pCI-TPI reporters, as they were previously used by Dr. Nora Diehl, is shown in Figure 3.12. Hela
cells, which were transfected with the PTC-containing variant (TPl PTC40) showed lower TPI
MRNA levels than the cells transfected with the TPI WT plasmid, as expected as these PTC-
containing mRNAs were degraded by NMR (cf. Figure 3.12 top, mock samples, lanes 1 and 5).
The PTC-containing TPl mRNA levels varied, depending on the treatment with one of the three
chemicals (lanes 5-8). The most prominent effect of the TPI PTC40 mRNA levels was obtained by
cycloheximide treatment (cf. lanes 5 and 6), while puromycin and caffeine treatment only
resulted in a minimal increase of the mRNA levels (cf. lane 5 to lanes 7 and 8). Surprisingly, not
only the PTC-containing TPl mRNA levels were affected by the chemical treatment, but also the
WT-TPI mRNA levels (lanes 1-4). The CHX treatment resulted in a strong, unexpected
accumulation of the WT RNA (cf. lanes 1 and 2). This accumulation was surprisingly almost as
prominent as the accumulation of the PTC-containing RNAs upon CHX treatment. Upon

puromycin or caffeine treatment, however the RNA levels of both, TPI WT, as well as their PTC-
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containing counterparts only marginally increased (cf. Figure 3.12, lane 1 to 3 and 4, as well as
lane 5to 7 and 8).

Since the highest specificity of the CHX-dependent accumulation of NMD-targets was priorly
observed in RT-PCR experiments (cf. Figure 3.5), RNA from the same experiment was used for
RT-PCR analysis (Figure 3.12, bottom). The TPl messages were amplified with specific primers,
that bind within exon 1 and 7 of triosephosphate isomerase. However, the PAA-gel revealed,
that not only the expected PCR product of 668bp was amplified, but the gel showed multiple
bands which indicated alternative splice isoforms of TPI. These alternative splice isoforms were
not only unexpected, but they also increased upon CHX treatment, indicating NMD-sensitivity.
Since the used primer pair not only amplified the plasmid-derived TPl RNAs but also the
endogenous TPl RNAs, a different forward primer was designed, which only amplified the
plasmid-encoded transcripts. To directly compare the transcript isoforms of cellular and
plasmid-encoded TPl RNAs another experiment was performed, in which the TPI expression of
Hela cells was compared between cells that have been transfected with the TPI WT plasmid and
not-transfected cells. The results are shown in Figure 3.13. All TPI splice variants were identified
by isolation of the different PCR bands, reamplification, and sequencing. The amplification of
HGH served as transfection control, while SRSF3 was used as CHX-specific control regarding
NMD inhibition.
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Figure 3.13: The multiple TPI splice isoforms derived from the TPI plasmid. (Top) Schematic drawing of the used TPI
WT reporter plasmid. (Bottom) RT-PCR results of untreated Hela cells (lanes 1 and 2) and Hela cells transfected with
the pCI-TPI-WT plasmid (lanes 3 and 4). The genes of interest were amplified with specific primer pairs (cellular TPI
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(cTPI) + plasmid TPI (pTPI): #5664/#5665 26 cycles, pTPl: #4324/#5665 18 cycles, HGH transfection control
#1224/#1225 26 cycles, NMD control SRSF3 #4003/#4004 (Diehl 2016) 35 cycles), separated on a 10% PAA gel and
visualized by EtBr staining and UV light exposure. The TPI bands were excised, reamplified, and sequenced. Numbers
in brackets represent the exon numbers that were included in the splice isoform. Predicted NMD targets with
frameshift mutations are highlighted in red letters, while not-NMD targets with intact ORFs are represented by green
letters.

The results in Figure 3.13 confirmed that the endogenous cellular TPl only produced a single
transcript, which consisted of the TPl exons [1.2.3.4.5.6.7] and was not sensitive to CHX
treatment (cf. Figure 3.13 cTPI + pTPI, lanes 1 and 2). Hence, all other observed bands derived
from the transfected plasmid TPl and were amplified by both used TPI primer pairs (cf. Figure
3.13 cTPI + pTPI (#5664/#5665) with pTPI (#4324/5665)). Furthermore, some of the amplified
splice isoforms accumulated upon CHX treatment, even though only the WT plasmid was
transfected. The subsequent excision, amplification, and sequencing of these bands allowed the
assignment of the included TPl exons to each splice isoform. While the expected WT TPI
transcripts consisted of the exons [1.2.3.4.5.6.7] and encoded for a 250 amino acid protein (ORF
of 750 nucleotides), the other observed isoforms all excluded one or more TPl exons. The
skipping of some TPI exons resulted in the disruption of the ORF, hence the generation of
frameshift mutations and pre-mature translation termination. For example, the exclusion of TPI
exon 3 resulted in a frameshift mutation, as exon 3 had a length of 85bp ([1.2.4.5.6.7]). The same
observation was made for the exclusion of TPl exon 2, with a length of 124bp ([1.3.4.5.6.7]), or
the exclusion of both, TPl exon 2 and 3 (together 209bp, [1.4.5.6.7]). The only exception for the
observed alternative splicing-dependent NMD-sensitivity of the obtained alternative splice
isoform was found for the simultaneous exclusion of TPl exon 2, 3, and 4 (together 342bp,
[1.5.6.7]). The exclusion of all three exons resulted in no frameshift mutation and therefore
generated no NMD susceptibility. As expected, from the prior CHX experiments, the TPl splice
isoforms with predicted frameshift mutations accumulated upon CHX treatment. Therefore, not
only the TPI PTC plasmid encoded for NMD-sensitive splice isoforms but also transfection of cells

with the TPl WT plasmid resulted in NMD-sensitive splice isoforms.

Since the cellular encoded TPI, in difference to the plasmid-encoded TPI, only produced a single
transcript, the sequences were aligned and scanned for differences. This comparison of the
exonic and intronic sequences is shown in Figure 3.14 and revealed four sequence differences
between the endogenous TPl and the plasmid-encoded TPI, which might explain the differences

in splice site recognition.
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Figure 3.14: Sequence differences between the cellular encoded TPl and plasmid-encoded TPI. Four differences
were found: 1) The plasmid TPl missed the first 109 nucleotides of exon 1, counted from cellular TPI-ATG.
Furthermore, the Kozak sequence of the plasmid-encoded translational start codon was modified by a G>A mutation
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nucleotides in position -3 upstream of the ATG (AGC GCC ATG G>AGC ACC ATG G). 2) Intron 1 of the plasmid-encoded
TPI missed 250 nucleotides, which were present in the cellular TPI. 3) Furthermore, one single nucleotide exchange
(C>G) was found within intron 1 of the plasmid-encoded TPI, 271 nucleotides upstream of exon 2. 4) The endogenous
and the plasmid-encoded TPI share the same TC, but the downstream sequence of the plasmid-encoded TPl exon 7
was replaced by four HBB binding site repeats. The sequence alignment was done and illustrated using the Geneious
software.

The first difference between the sequence of the cellular encoded TPI versus the plasmid-
encoded TPl was found directly within exon 1. Here, the plasmid-encoded TPl used a different
endogenous ATG codon, which was located 109 nucleotides downstream of the original TPI start
codon. Furthermore, these 109 upstream bases were not included in the plasmid TPl sequence
and the originally internal ATG, which was now used as translational start codon in the plasmid
version of TPl was modified in position -3 by a G to A mutation. The second major difference
between the cellular and plasmid-encoded TPl was found within the first intron. Here, intron 1
of the plasmid-encoded TPI lacked 250 nucleotides, which were most likely excluded from the
plasmid for size reasons. The third observed difference was minor, a single nucleotide exchange
from C to G within intron 1 of the plasmid TPI, 271 nucleotides upstream of exon 2. The last
difference was found within exon 7, directly downstream of the endogenous translational stop
codon. While the endogenous 3’ UTR consisted of the TPl exon 7 sequence, the untranslated
region of the plasmid-encoded TPl was replaced with a probe binding site. That probe binding
site consisted of four repeats of a 100-nucleotide sequence of the human B-globin gene (HBB).
While the single nucleotide exchange within intron 1 and the alterations of the 3' UTR most likely
had no impact on the splicing process, the impact of the first two alterations from the
endogenous to the plasmid TPl were investigated regarding the splicing outcome. Therefore,
the missing sequences of either exon 1 or intron 1 were amplified from isolated HeLa DNA and
inserted into the TPl plasmid sequence. The splicing outcome was again monitored by
transfection of Hela cells with the generated modified TPl WT plasmids, and RT-PCR analysis

using specific primers. The results are shown in Figure 3.15.
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Figure 3.15: The plasmid-encoded TPI splice isoforms are independent of the performed sequence alterations.
RT-PCR results of Hela cells transfected with the depicted pCI-TPI-WT plasmids. The plasmid-encoded TPl messages
were amplified with specific primer pairs (#4324/#5665, 26 cycles), HGH served as transfection control (#1224/#1225,
26 cycles). The PCR products were separated on a 10% PAA gel and visualized by EtBr staining and UV light exposure.
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As a reference for the splicing pattern, Hela cells were transfected with the original pCI-TPI-WT-
4H plasmid and the obtained alternative splice isoforms are shown in Figure 3.15 lanes 1 and 2,
with the labeling on the left-hand site. The insertion of the missing 250 nucleotide sequence into
intron 1 had no impact on the splicing outcome (cf. lanes 3 and 4 to lanes 1 and 2). Likewise, the
insertion of the 109-nucleotide sequence upstream of the plasmid-encoded ATG increased the
PCR product sizes (labeled on the right-hand site) but had no further impact on the ratio of splice
site usage (cf. lanes 5 and 6 to lanes 1 and 2). Hence, those sequence modifications, if at all, had

only a minor impact on splice site usage of the plasmid-encoded TPI.

Since the observed alternative TPl splice isoforms from the plasmid-encoded TPl were not found
in the endogenous TPl and were not abolished by adaption of the plasmid TPI structure to the
endogenous sequence another approach was used. The idea was to increase the exon
recognition of the plasmid TPl by manipulating the intrinsic splice donor strength. For that the
splice donor of TPl exon 3 (HBond score 16.9) was chosen, by the introduction of a single point
mutation (SAGGTtAGTAg>gAGGTAAGTAg, HBS 16.9 > 20.8) (Figure 3.16 A).
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Figure 3.16: Enhanced inclusion of plasmid-encoded TPI exon 3 upon increased splice donor complementarity. (A)
schematic drawing of the used TPI reporter construct. The 3’ end of exon 3 and the 5’ end of intron 3 were enlarged
to show the introduced mutation. The SD was modified by a single point mutation (SAGGTtAGTAg>gAGGTAAGTAg,
HBS 16.9 > 20.8). (B) RT-PCR results were obtained from the transfection of Hela cells with the modified plasmids.
Hela cells were transiently transfected with the depicted reporter constructs for 24 hours. Six hours before the total
RNA was harvested the cells were treated with 50 pg/ml CHX. The RNA was reverse transcribed and amplified with
specific primer pairs (#4324/#5665 pTPI, 18 cycles). HGH (#1224/1225, 26 cycles) served as transfection control and
SRSF3 (#4003/#4004, 35 cycles) as control for CHX treatment. The PCR products were separated on a 10% PAA gel,
stained with ethidium bromide, and visualized via UV light.

The comparison of Hela cells which were transfected with the SD3 modified TPl plasmids
showed fewer pTPI splice isoforms than Hela cells which were transfected with the original
pCI-TPI constructs. The results in Figure 3.16 B showed that the single nucleotide substitution
within spice donor 3 removed the TPI [1.2.4.5.6.7] and the TPI [1.4.5.6.7] splice isoforms from
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the pattern, both of which lacked exon 3. The one alternative splice isoform which was still
observable upon SD3 modification was consisting of the TPl exons [1.3.4.5.6.7]. That splice
isoform lacked exon 2 and was even more abundant than before. The exclusion of the
124nt-long exon 2 resulted in a frameshift mutation, that made the resulting mRNAs sensitive
to degradation by the NMD machinery, which was nicely illustrated by the accumulation upon
CHX treatment (cf. Figure 3.16 B lanes 3-4 and 7-8). In conclusion, the single-base modification
of the plasmid-encoded TPl SD3 resulted in increased recognition and inclusion of exon 3.
However, this modification was not sufficient, as the remaining exclusion of TPl exon 2 from
some splice isoforms of the TPl WT construct still resulted in NMD-sensitive transcripts.
Therefore, those alternative splice isoforms had additionally to be removed before this reporter

system would mimic the endogenous TPI splicing pattern.

As the intrinsic strength of TPI splice donor 2 (CAGGTGAGatc, HBond score 17.4) was higher than
TPI splice donor 3, another approach was used to improve splice site recognition. Instead of
modifying the splice donor site, the increased inclusion of TPl exon 2 was mediated by
modification of its surrounding nucleotides increasing its Splice Site HEXplorer Weight (SSHW)
(Erkelenz et al. 2014). The aim of this modification was the modulation of the HEXplorer profile
to generate HEXplorer positive areas upstream of TPl SD2 and HEXplorer negative areas
downstream of TPl SD2 predicted to bind SR proteins upstream and hnRNP proteins
downstream of the splice site supportive for splice site recognition (Erkelenz et al. 2014). That
profile modification was accomplished by the mutation of four nucleotides, two up and two
downstream of TP1SD2 (cf. Figure 3.17 A). The substitutions of the exon 2 nucleotides upstream
of SD2 were chosen with respect to the coding sequence, as that region belonged to TPl exon 2.
Therefore, only the third base of each codon was modified, which resulted in silent mutations
not altering the amino acid code (cf. Figure 3.17 A, ACT-GGG-GAG-ATC-AG > ACC-GGA-GAG-ATC-
AG). Downstream of SD2 it was not necessary to maintain the amino acid code, as this sequence
was located within TPI intron 2. Therefore, the mutations were chosen based on their impact on
the HEXplorer profile, concerning the 11-nucleotide splice donor sequence
(GTGAGATCGAGGTGG > GTGAGATCTAGGCGG). The overall modifications of the HEXplorer
profile were monitored by the HEXplorer score delta (mt-wt), also known as the AHZg, with a
score of 35.3. The newly generated reporter plasmids, with modifications of either TPl exon 2,
exon 3, or both, were transfected into Hela cells and the results of the RT-PCRs are shown in
Figure 3.17 B.
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Figure 3.17: HEXplorer-based modifications increased the TPl exon 2 inclusion. The combination with increased TPI
splice donor 3 complementarities finally resulted in a single TPI transcript. (A) schematic drawing of the used TPI
reporter construct. The 3’ end of exon 2 and the 3’ end of intron 2 were enlarged to illustrate the inserted mutations.
The HEXplorer profile was modified by two silent point mutations within exon 2, which maintained the amino acid
sequence (ACT-GGG-GAG-ATC-AG > ACC-GGA-GAG-ATC-AG), and two point-mutations within intron 2, which were
chosen concerning the 11-nucleotide splice donor site (CAG/GTGAGATCGAGGTGG > CAG/GTGAGATCTAGGCGG). (B)
Hela cells were transiently transfected with one of the depicted reporter constructs for 24 hours. Six hours before
the total RNA was harvested the cells were treated with 50 pg/ml CHX. The RNA was reverse transcribed and amplified
with specific primer pairs (#4324/#5665 pTPI, 20 cycles). HGH (#1224/1225, 26 cycles) served as transfection control
and SRSF3 (#4003/#4004, 35 cycles) as control for CHX treatment. The PCR products were separated on a 10% PAA
gel, stained with ethidium bromide, and visualized via UV light.
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As mentioned before, the modification of TPl exon 3 was sufficient to abolish the TPI
[1.2.4.5.6.7], as well as the TPI [1.4.5.6.7] splice isoforms, which both lacked TPl exon 3 (cf. Figure
3.16 B and Figure 3.17 B). The modification of TPl exon 2 alone, however, showed no difference
in the splicing pattern in comparison to the pCI-TPI original plasmid (cf. Figure 3.17 B, WT: lanes
1-4 and PTC40: lanes 9-12). However, the combination of both, the increased HBond score of
the TPISD3 together with the TPl exon 2 HEXplorer score modification finally resulted in a single
splice isoform of plasmid-encoded TPI. This splice isoform included all TPl exons ([1.2.3.4.5.6.7])
and only the PTC-containing transcript showed an accumulation to CHX treatment (cf. Figure
3.17 B, lanes 7 and 8 (WT) and lanes 15 and 16 (PTC40)).

3.5 Transiently transfected NMD reporter plasmids reveal no
modulation of the NMD activity by HIV-1 infection

Finally, the newly generated TPI reporter plasmids with a single splice variant were used to
repeat the initial experiment (cf. Figure 3.11) to analyze the impact of HIV-1 infection in
comparison to the transfection of proviral DNA on the activity of the nonsense-mediated RNA
decay in Hela T4* cells. Therefore, the cells were transiently transfected with the TPI NMD
reporter system 24 hours before the infection, or pro-viral transfection. To include the infection
process and the ongoing viral replication into the analysis, three different time points were
chosen for the sample collection. Therefore, the total RNA was harvested 6 hours, 24 hours, or
48 hours post-infection, or pNL4-3 transfection, and used for northern blot analysis. For RNA
detection, two different northern blot probes were used. The first probe targeted the 4x HBB
repeat of the TPI reporter constructs to monitor the NMD activity. The other probe targeted the
HIV-1 exon 7 sequence, visualized the viral mRNA classes, and thereby monitored the infection

progression. The results are shown in Figure 3.18.
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Figure 3.18: Neither the HIV-1 infection nor the pNL4-3 transfection modified the abundance of the NMD-sensitive
TPl Reporter in Hela T4* cells. HelLa T4* were transiently transfected with 1 pg of the modified versions of the
depicted TPI reporter constructs (TPl Exon 2 AHZ35 and Exon 3 HBS 20.8, abbreviated in the Figure with “TPI mod.”).
Twenty-four hours post reporter transfection the cells were either transfected with 1 ug of the proviral DNA (pNL4-3)
or infected with HIV-1 (MOI 0.5). The total RNA was harvested 6 hours, 24 hours, or 48 hours later and used for
northern blot analysis. For each blot 4 pg of total RNA were DNase | treated, separated on a 1% formaldehyde-
containing agarose gel and capillary blotted overnight onto a nitrocellulose membrane. The TPI reporter RNAs were
detected using the 4x HBB probe (#5651/#5599, top), the HIV RNAs were detected using the HIV-1 exon 7 probe
(#3387/#3388, bottom). The ribosomal RNAs served as loading control.

The results in Figure 3.18 showed that the viral RNA levels increased over time, as expected from
the different time points post HIV-1 infection or pNL4-3 transfection (Figure 3.18 B, bottom,
HIV-1 RNA). Upon the first analyzed time point, which was 6 hours post-infection or transfection,
no viral mRNA classes were detected in the northern blot analysis (Figure 3.18 B, bottom, lanes
1-6). That observation differed 18 hours later, as the 24h time point already showed detectable
levels of HIV-1 2kb and 4kb RNAs (Figure 3.18 B, bottom, lanes 7-12). Another 24 hours later, on
the 48-hour time point, even the HIV-1 9kb class was visible in the northern blot (Figure 3.18 B,
bottom, lanes 13-18). In general, the HIV-1 specific RNA levels produced by Hela T4* cells were
higher upon infection (HIV-1 MOI 0.5) than upon transfection with proviral DNA (1 ug pNL4-3).
Even though the infection, as well as the transfection with proviral DNA, was productive, shown
by the increased detection of the viral RNAs over time (cf. Figure 3.18 B, bottom), the detection
of the transfected plasmid TPI reporters was difficult at later time points. At the 6-hour time
point, which corresponded to 30 hours post TPl reporter transfection, the levels of TPl WT RNA
were, as expected, much higher than the mRNA levels of the corresponding TPl PTC40 reporter.
Neither the HIV-1 infection nor the transfection with pNL4-3 influenced the RNA levels of the
PTC-containing TPl RNAs (cf. Figure 3.18 B, top, lanes 1-6). The next analyzed time point
(24 hours, lanes 7-12) equaled 48h post TPl reporter transfection. Here, as the viral RNAs

became visible in the northern blot, again neither the TPI WT, nor the TPI PTC40 RNA levels were
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influenced by infection with HIV-1, or pNL4-3 transfection (Figure 3.18 B, top, lanes 7-12). As
mentioned before, the last chosen time point, 48 hours post-HIV-1 infection or pNL4-3
transfection, nicely showed the HIV-1 mRNA classes (Figure 3.18 B, bottom, lanes 13-18).
However, these samples were taken 72h post TPl reporter transfection and the plasmid-derived
TPl RNAs were almost not detectable (cf. Figure 3.18 B, top, lanes 13-18). That either indicated
the degradation of the transiently transfected plasmids or the loss of the plasmids due to cell
division without plasmid propagation. However, independent of the reason for the plasmid loss,
the potential virus-induced modification of the NMD pathway, monitored by the TPI reporter
plasmids, could not be determined for this time point. In conclusion, transiently transfected
NMD reporter plasmids show different layers of complexity. Not only did the TPl WT reporter
produce NMD-sensitive isoforms by alternative splicing, but these reporter systems are
furthermore not suited for time-course experiments, as they were expressed unreliably at time
points 2 72h.

However, one more shot was taken with the transiently transfected reporter plasmids using a
different cell line, which were the HEK293T CD4"* cells. These cells are not only sensitive for HIV-1
infection, as they express the CD4-receptor on their surface, but these cells also expressed the
SV40 large T antigen. This expression should circumvent the problem of plasmid loss over time,
as the large T antigen allows the amplification of plasmids that contained an SV40 origin of
replication (ori). Therefore, the HEK293T CD4" cells should maintain the transiently transfected
plasmid for longer periods than the Hela T4* cells and the experimental time frame was
extended up to 72h post-HIV-1 infection, or pNL4-3 transfection. The experimental setup,
however, was kept similar as for the Hela T4* cells (Figure 3.18), and the HEK293T CD4" cells
were transiently transfected with the modified TPI WT or PTC40 reporter constructs for 24 hours
followed by HIV-1 infection or pNL4-3 transfection. The total RNA was harvested 24h, 48h, and
72h later, which resembled 96 hours post reporter transfection, and used for northern blot

analysis. The results are shown in Figure 3.19.
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Figure 3.19: Neither the efficient HIV-1 infection nor the transfection with proviral DNA modulated the TPl NMD
reporter RNA abundance in transient transfection experiments with HEK293T CD4* cells. HEK293T CD4* cells were
transiently transfected with 1 pug of the modified versions of the depicted TPI reporter constructs (TPl Exon 2 AHZ35
and Exon 3 HBS 20.8, abbreviated with “TPlI mod.”). 24 hours later they were either transfected with 1 pg of the
proviral DNA (pNL4-3) or infected with HIV-1 (MOI 0.5). The total RNA was harvested either 24 hours, 48 hours, or 72
hours later and used for northern blot analysis. For each blot, 4 ug of total RNA were DNase | treated and separated
on a 1% formaldehyde-containing agarose gel and capillary blotted overnight onto a nitrocellulose membrane. The
TPI reporter RNAs were detected using the 4x HBB probe (#5651/#5599, top), the HIV RNAs were detected using the
HIV-1 exon 7 probe (#3387/#3388, bottom). The ribosomal RNAs served as loading control.

As the HEK293T CD4" cells should amplify the transiently transfected plasmids, the sample time
was extended in comparison to the HeLa CD4"* experimental setup. The first HEK293T CD4* RNA
samples were taken 24 hours post-HIV-1 infection, or pNL4-3 transfection, so 48 hours post TPI
reporter transfection. Already in this first analyzed time point, the HIV-1 mRNA classes were
detectable, even though the viral RNAs had higher intensities upon pNL4-3 transfection than
upon HIV-1 infection (cf. Figure 3.19, bottom, lanes 1-6). The amount of viral RNA increased
further over the time course of the experiment, indicating an efficient viral replication (cf. Figure
3.19, bottom). Regarding the RNA levels of the transiently transfected TPI reporter plasmids the
abundance of the TPI PTC40 mRNAs in HEK293T CD4* cells was much higher than observed
before in Hela T4* cells (cf. Figure 3.18). That suggested a decreased NMD-dependent
degradation of PTC-containing mRNAs in HEK293T CD4" cells in comparison to Hela T4* cells.
That result mirrored the priorly observed cell type-dependent abundancies of NMD targets (cf.
Figure 3.5). However, regardless of the infection with HIV-1, or the transfection with pro-viral
DNA, the TPl PTC40 mRNA levels in the HEK293T CD4* cells remained at a constant level,
suggesting no impact on the general activity of the NMD pathway in this transfection-based

experimental setup (cf. Figure 3.19, top).
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However, since we observed a cell type-dependent difference in the efficiency of NMD target
recognition (cf. Figure 3.5, Figure 3.18, and Figure 3.19) and it was furthermore reported that
transient transfections can impair the NMD efficiency of different cell types (Gerbracht, Boehm,
and Gehring 2017), another approach was tested to elucidate the impact of HIV-1 infection on
the abundance of NMD reporter systems. Therefore, a lentiviral vector system was designed
encoding for the NMD reporter system of interest. The subsequent transduction of cell culture
cells with these lentiviral particles would therefore result in the stable integration of the reporter

construct into the cellular DNA.

3.6 The establishment of a lentiviral vector system for NMD reporter
transduction causes unexpected difficulties

As mentioned before, transfection experiments using the modified TPl reporter system were
not suited for time-course experiments. That was either due to the loss of the transiently
transfected plasmids (cf. Figure 3.18) or based on the impairment of the cellular NMD pathway
upon transfection (cf. Figure 3.19). Therefore, it was decided to generate a lentiviral vector
system, which contained either the WT or PTC-containing NMD reporter as gene of interest
(GOI). The use of lentiviral vectors offered two major advantages. First, the target cells do not
need to be transfected with reporter plasmids, which might already impair the NMD activity.
Second, the GOI gets stably integrated into the target cell's genome, ensuring the transmission

of the GOI to daughter cells upon cell division.

The lentiviral vector backbone, used for this work was described in detail by Dr. Katharina
Rollecke (Rollecke 2016) and a structural overview of the vector structure is shown in Figure
3.20 A. The HIV-1 long terminal repeats (LTRs) were modified to obtain a self-inactivating vector,
which remained inactive upon integration into the host cells genome. The lentiviral vector was
expressed under the control of a CMV promotor, which made it independent of tat levels. The
expression of the GOl was mediated by the internal SFFV U3 promoter. As the promoter was
already included within this vector system, the modified TPl WT or TPI PTC40 cassettes were
cloned in between the Kpnl and Notl/ restriction sites (cf. Figure 3.20 A and B). Next, to generate
infectious lentiviruses, HEK293T cells were transfected with the depicted third-generation
lentiviral vector, containing the TPI cassette of interest, as well as the structural elements which
are required for RNA packaging (Figure 3.20 B), together with two helper plasmids. The first
helper plasmid encoded for gag and pol, as well as other accessory HIV-1 genes (pCD/NL-BH),
while the second helper plasmid encoded for the glycoprotein G of vesicular stomatitis virus
(pczVSV-G).
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Figure 3.20: Schematic drawing of the third-generation lentiviral vector systems. (A) Structure of the used lentiviral
vector before insertion of the GOI. The modified HIV-1 5’ LTR contained the CMV promotor, which made it
independent of tat levels. The promotor was followed by the R, U5, and HIV-1 leader sequence, containing the
packaging signal and packaging relevant sequences within the gag and env genes. The expression of the GOI was
controlled by the endogenous SFFV U3 promoter and the optimized woodchuck hepatitis virus posttranscriptional
regulatory element (WPRO). To ensure the self-inactivating (SIN) capacities of the lentiviral vector system, the U3
promoter, and enhancer region were deleted which inactivated the newly generated 5 LTR upon reverse
transcription. (B) The TPI reporter cassette was inserted between the Kpnl and Not/ restriction sites. Either the TPI
WT or the TPl PTC40 mod. reporter cassette with its corresponding introns (TPl Exon 2 AHZ35 and Exon 3 HBS 20.8,
abbreviated with “TPI mod.”). The schematic drawing was adapted from Dr. Katharina Réllecke (Rollecke 2016). The
full plasmid card is shown in the Appendix, Figure 6.2.

First, to determine the infectivity of the produced lentiviruses, the integration success, and the
subsequent expression of the GOI, Hela T4* cells were transduced with different volumes of
viral supernatant, either TPl WT or TPl PTC40, and incubated for 48 hours. The total RNA was
harvested and used for northern blot experiments and RT-PCRs and the results are shown in

Figure 3.21.
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Figure 3.21: Test of the generated TPI lentiviruses showed similar RNA levels for either TPl WT or TPI PTC40 derived
transcripts. Hela T4+ cells were transduced with the depicted volume of lentiviral supernatant, encoding either the
TPI WT mod. or the TPl PTC40 mod. Sequences (TPl Exon 2 AHZ35 and Exon 3 HBS 20.8, abbreviated with “TPI mod.”).
The total RNA was harvested 48h later. (Top) Northern blot analysis: 5 ug of the total RNA were separated on a 1%
formaldehyde containing agarose gel, capillary blotted overnight onto a positively charged nylon membrane, and
used for northern blot analysis. The TPI reporter RNAs were detected using the 4x HBB probe (#5651/#5599). The
ribosomal bands served as loading control. (Bottom) RT-PCR analysis: 3 pg of the total RNA were reverse transcribed
into cDNA and amplified with specific primer pairs (TPI (#6128/#5565, 26 cycles), actin (#6056/#6057, 26 cycles)). The
PCR products were separated on a 10% PAA gel and visualized by EtBr staining and UV-light exposure.

To monitor the total TPl RNA levels, which were produced from the lentiviral TPI transgene, the
isolated HelLa T4" RNA was used for northern blot analysis and stained using the DIG-labeled
4x HBB probe. As expected from the increasing volumes of used viral supernatant, the TPI RNA
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levels increased in a stepwise manner (cf. northern blot in Figure 3.21, top). However, that
increase was expected for the TPl WT samples (lanes 1-6), but not for the TPl PTC40 samples
(lanes 7-12), as those RNAs should be co-translationally degraded due to the pre-mature
termination codon within exon 2. To further analyze those TPl messages, the RNAs were reverse
transcribed and amplified with specific primer pairs, which detected only the lentiviral encoded
TPI. Here, the observed PCR pattern resembled the results of the northern blot analysis (cf.
Figure 3.21, bottom). The TPI transcript levels increased hand in hand with the used volume of
lentiviral supernatant, independent of the TPI version with or without a pre-mature termination

codon.

One possibility for the loss of NMD-sensitivity might be the exclusion of the TPl introns via
splicing before packaging of the lentiviral genome. That might happen when the HEK293T
producer cells express the transfected lentiviral genome plasmid by the usage of the CMV
promoter, and the cellular spliceosome recognized and excised the TPI introns. Hence, the
lentiviral RNA genome, which finally got packaged contained an already spliced TPl message.
That spliced TPI then got stably integrated into the HelLa T4* genome, was expressed under the
control of the SFFV U3 promoter, and left the nucleus without further need of splicing. Hence,
the obtained transcripts were not loaded with EJCs and the pre-mature termination codons
(PTC40) were not detected by the NMD machinery.

To investigate whether the integrated TPI gene contained introns, Hela T4* cells were again
transduced with the lentiviral supernatant and analyzed 48 hours later, this time not only for

their TPI RNA levels but also on DNA levels. The results are shown in Figure 3.22.
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Figure 3.22: DNA analysis upon lentiviral transduction confirmed the integration of the spliced TPl isoform. Hela T4*
cells were transduced with 1000 pl of lentiviral containing supernatant of either TPl WT mod. or TPl PTC40 mod. for
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48 hours. The cells were harvested, and one-half of the cells was used for DNA isolation, while the other half was used
for total RNA isolation. Upon reverse transcription of the RNA, the obtained DNA and cDNA were used for PCR
amplification using specific primers. Location of the primer binding sites: #6128 3’ end of the SFFV U3 promoter,
#5673 within TPl exon 3, #5665 within TPl exon 7. (Top) Primer pair #6128/#5673, expected band size with introns:
1410bp, without introns: 367bp. (Bottom) Primer pair #6128/#5665, expected band size with introns: 2532bp,
without introns: 715bp.

The isolated HelLa T4" DNA, as well as the reverse transcribed RNA, were amplified with two
different primer pairs. The first primer pair, which was used for the analysis of the lentiviral
transduced TPI, was #6128/#5673 (Figure 3.22, top). Using this primer pair, the sequence from
the SFFV U3 promoter to TPl exon 3 was amplified. For the isolated DNA, the expected band size
with all TPl introns was 1410bp, and for the cDNA without TPI introns 367bp. The spliced TPI
isoform was detected in both, the HelLa T4* DNA, as well as the cDNA, in both lentiviral vectors
(TPI WT mod. and TPI PTC40 mod.). The intron-containing TPl DNA was expected to produce a
PCR product of 1410bp. However, the observed band was not only found in the transduced
samples but also in the mock sample and was therefore not specific for the TPl messages. To
verify the observed results a second primer pair was used, which amplified the whole TPI gene
from the SFFV U3 promoter to TPl exon 7 (#6128/#5665), resulting in the expected band sizes
of 2532bp for the unspliced variant and 715bp for the spliced variant. Again, no clear PCR
product was observed for the unspliced TPI DNA. Furthermore, the spliced 715bp product was
found within the DNA samples, again indicating the TPI intron excision before the assembly of
the lentiviruses within the producer HEK293T cell line. Within the cDNA samples, not only the
expected 715bp product was detected, but also a smaller product of around 350bp, which could
represent a new splice isoform from the already spliced TPl message, as the joined sequence of
TPl exon 1 and 2 generated a new potential splice donor site (gAGGTggtTtg, HBS 10.1). However,
since these messages showed no difference between the TPI WT and PTC40 sample (cf. Figure
3.22, bottom, lanes 4 and 5) this splicing event did not restore the NMD-sensitivity of the PTC

containing variant and was therefore not further investigated.

As the insertion of an intron-containing NMD reporter into the lentiviral vector structure
resulted in splicing of the desired reporter before the assembly of the lentiviruses, and no
further splicing was needed for the nuclear export of the NMD reporter upon integration into
the transduced cells genome, the NMD reporter turned out not to be suitable for this approach.
Hence, a strategy was needed that would allow the retention of the NMD reporter-introns until
the GOI was stably integrated into the host DNA. Therefore, the coding sequence of the NMD
reporter cassette was inserted in reverse orientation into the lentiviral vector. Since the SFFV
U3 promoter, which usually drives the transcription of the transgene was located on the (+)
strand it had to be replaced with a promoter sequence on the (-) strand. Additionally, the dual-
luciferase NMD reporter system — introduced in chapter 3.3 — was inserted as this reporter
system contains the firefly luciferase as an internal reference. Both, the firefly luciferase, as well
as the renilla luciferase were expressed under the control of their own SV40 promoter sequence.
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The renilla luciferase was again fused to exon 1, 2, and 3 of B-globin with the corresponding
introns, containing either no PTC (WT) or a PTC within B-globin exon 2 (NS39) resulting in
NMD-sensitivity of the transcribed mRNA. A schematic drawing of the generated lentiviral vector

structure is shown in Figure 3.23, the full plasmid card is shown in the Appendix, Figure 6.3.
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Figure 3.23: Schematic drawing of the newly designed lentiviral vector structure encoding for the dual-luciferase
NMD reporter system with its coding sequence on the minus strand. The sequence between the cPPT and WPRO
was deleted and replaced with the dual-luciferase NMD reporter system, either WT or NS39, each with its own SV40
promoter and polyadenylation site (cf. Figure 3.9). To prevent unwanted splicing events within the producer cell line
the two GOls were inserted in 3’ to 5’ direction. The other structural features were kept as in the TPI lentiviral vector
(Figure 3.20), as adapted from (Réllecke 2016). The full plasmid card is shown in the supplemental Figure 6.3.

For the production of lentiviruses, HEK293T cells were transiently transfected with the designed
lentiviral vectors, together with the two helper plasmids pCD/NL-BH and pczVSV-G. As the viral
titer was still not measurable, HelLa T4" cells were test-wise incubated with different volumes of
lentiviral supernatant, either containing the RL-WT, or RL-NS39 isoform, for 48 hours and
analyzed for their luciferase activity. As control served Hela T4* cells which were transiently
transfected with the WT or NS39 dual-luciferase reporter plasmid. The measured luciferase
expression in relative light units [RLU] is shown in Figure 3.24.
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Figure 3.24: The measured luciferase activity of transduced cells resembled the transfection control. (A) HelLa T4*
cells were incubated with the depicted volume of lentiviral supernatant (either WT or NS39) for 48 hours. (B) As a
control, Hela T4+ cells were either transfected with 0.5 pg of the WT or NS39 dual-luciferase plasmid. The cells were
harvested and lysed with one-step lysis juice and analyzed for the activity of the firefly luciferase, as well for the renilla
luciferase activity. Based on the massive differences in the RLU levels, the transfection experiments are shown in a
different diagram (B).

The RLUs for both firefly and renilla luciferase upon transduction are shown in Figure 3.24 A,
individually for each volume of the two used lentiviral stocks (WT or NS39). As expected, the
levels of firefly luciferase activity (dark grey) increased with the used volume of lentivirus for

both, the WT and the NS39 virions. However, the same increase could be observed for the renilla
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luciferase activity (shown in light grey), but only for cells that were transduced with the WT virus.
The renilla luciferase activity of HeLa T4* cells which were transduced with either volume of the
NS39 lentivirus showed no increase. That minimal but stable detection of renilla luciferase
activity in the NS39 samples indicated the degradation of the PTC containing renilla-B-globin
mRNAs via the NMD pathway, resulting in the absence of protein translation and hence, only
minimal measurable luciferase activity. However, the comparison of the luciferase activity levels
upon lentiviral transduction (Figure 3.24 A) to the transfection experiment (Figure 3.24 B)
showed clearly that the overall luciferase activity of both, firefly and renilla luciferase was a lot

less upon lentiviral gene transfer.

Even though the measured luciferase activity upon lentiviral gene transfer was decreased in
comparison to the transfection-based luciferase activity, the dual-luciferase lentiviruses were
used to investigate the influence of HIV-1 infection on the cellular NMD activity. Therefore, Hela
T4* cells were transduced with either the WT or the NS39 lentiviral supernatant for 48 hours,
before they were infected with HIV-1 (MOI 0.5). The cells were harvested 6 hours, 24 hours, 48
hours, and 72 hours later and analyzed for their luciferase activity. The results are shown in
Figure 3.25.
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Figure 3.25: The measured luciferase activity between untreated and HIV-1 infected cells show only minor
differences. Hela T4* cells were transduced with 1 ml of the lentiviral supernatant containing either the WT or the
NS39 reporter variant for 48 hours. (A) The cells were not infected (mock), or (B) the cells were infected with HIV-1
(MOI 0.5) and incubated further for either 6h, 24h, 48h, or 72h. As all samples were collected, they were analyzed for
their firefly and renilla luciferase activity.

The measured luciferase activities are shown in Figure 3.25 A regarding the not infected (mock)
cells, and in Figure 3.25 B upon infection with HIV-1 (MOI 0.5). The overall luciferase activity
pattern did not change strikingly upon HIV-1 infection. Noticeable was the increase in the overall
luciferase activity upon HIV-1 infection, regarding both, the firefly and renilla luciferase activity

in the WT samples (cf. Figure 3.25 A and B, WT). For the PTC-containing NS39 samples, that
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increase of firefly activity was observed again, the renilla luciferase activity, however, was not
altered, but remained constant. As the firefly luciferase activity increased, and the renilla
luciferase activity remained on the same level, that could indicate an infection-based increase

of NMD activity upon HIV-1 infection.

To test whether these steady-state levels of renilla luciferase activity were indeed due to
efficient degradation of the PTC-containing NS39 B-globin mRNA, or if these measurements
were an unspecific side effect produced by the firefly luciferase reacting with the renilla
substrate the co-reactivity of the two luciferases with the opposite substrate was tested.
Therefore, the dual-luciferase reporter plasmids were modified to encode only for either one of
the two luciferases. First, the firefly luciferase was removed, generating a plasmid which was
solely encoding for the renilla luciferase, fused to B-globin exon 1, 2, and 3 (AFL). Second,
another plasmid was generated by the removal of the renilla luciferase ORF and B-globin exon
1, 2, and 3, which then only encoded for the firefly luciferase (ARL). A schematic sketch of these
new single-luciferase plasmids is shown in Figure 3.26 A. Hela T4* cells were transiently
transfected with one of the single-luciferase plasmids for 24 hours and analyzed for their
luciferase activity regarding both substrates, the firefly luciferase substrate, as well as the renilla
luciferase substrate. The measured luciferase activity in relative light units is shown on a

logarithmic scale in Figure 3.26 B.
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Figure 3.26: Determination of the minimum detection threshold of Firefly luciferase and Renilla luciferase. (A) The
dual-luciferase plasmids were modified and either one of the two luciferase ORFs was removed, generating two
single-luciferase plasmids. Removal of the firefly luciferase ORF (AFL) generated a plasmid which only encoded for
renilla luciferase, fused to B-globin exon 1, 2, and 3 with corresponding introns. Removal of the renilla-B-globin ORF
(ARL) generated a plasmid which only encoded for the firefly luciferase. (B) HeLa T4* cells were transiently transfected
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with the constructs depicted in (A) for 24 hours. The cells were harvested and lysed with one-step lysis juice and
analyzed for their luciferase activity.

The measured luciferase activities of the transfected luciferase reporter plasmids are shown on
a logarithmic scale, as the encoded luciferase with its corresponding substrate showed a very
high luciferase activity (cf. Figure 3.26 B AFL, Renilla, and ARL, Firefly) and the not-corresponding
substrate showed much lower, but still measurable luciferase activities (cf. Figure 3.26 B AFL,
Firefly, and ARL, Renilla). From this experiment, the minimal luciferase threshold was calculated
based on the transfected luciferase and the measured luciferase activity with the not-
corresponding substrate. That threshold was calculated from the mean value of measured
luciferase activity plus the obtained standard deviation. For firefly luciferase, that threshold was
46 RLU and for renilla luciferase 90 RLU.

Now, coming back to the experiments with the lentiviral vectors which encoded for the dual-
luciferase reporters (cf. Figure 3.25) the threshold for the firefly luciferase activity was exceeded
in all samples and time points. The minimal measured firefly luciferase activity was 112 RLU and
found in the 6h WT + HIV-1 sample (Figure 3.25 B, WT + HIV-1 6h). Hence, the obtained firefly

values were above the threshold levels.

That was different regarding the measured renilla luciferase activity. Here, the calculated
threshold was 90 RLU (cf. Figure 3.26) but only the measured renilla activities of the renilla
luciferase B-globin WT exceeded this threshold value. The measured renilla activities of the
renilla luciferase B-globin NS39 variant were all below the threshold value, with the highest
measured renilla activity of 75.06 RLU 72h post-HIV-1 infection (Figure 3.25 B, NS39 + HIV-1
72h). Hence, the measured luciferase activities of the renilla luciferase were all under the
detection threshold level and could therefore not be used for the calculation of the NMD
activity. As promising as this lentiviral vector system looked, upon calculation of the threshold
value, even the measured renilla luciferase activity of the NS39 variant of the test samples which
were treated with 1000ul of lentiviral supernatant (cf. Figure 3.24 A) only reached 82 RLU and
therefore remained below the determined threshold value. Hence, the lentiviral vector system
was not suited for the determination of the infection-based modulation of the NMD machinery,

and the transfection-based readout had to be used further for the reporter-based analysis.

3.7 The cellular NMD activity can be modulated by recombinant
Interferons

So far, this work has shown that the HIV-1 2kb RNAs, especially the tat mRNAs are susceptible

to degradation through the nonsense-mediated decay pathway. Even though the infection-

based modulation of the cellular NMD machinery, which was described by Dr. Nora Diehl (Diehl

2016), could not be reproduced, the potential role of infection-based innate immunity activation

and the interplay with the NMD activity was to be investigated.
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To investigate the innate immune response on the activity of the nonsense-mediated decay
pathway, Hela cells were stimulated with recombinant interferon (a2, B, or y) at a working
concentration of 500 U/ml and analyzed for their NMD activity at different time points. As
readout for the NMD activity the Hela cells were transiently transfected with the dual-luciferase
reporter system, already introduced in chapter 3.3, before IFN treatment. As control that the
observed effects were indeed IFN-induced, the Jak/Stat inhibitor Ruxolitinib (Ruxo) was added
to the cell media before the IFN addition. The Ruxolitinib stock solution was kindly provided by
Prof. Dr. Mirko Trilling and used in the recommended working concentration of 4 uM (Le-Trilling
et al. 2018). The measured luciferase activities of the transiently transfected reporters were
used as readout for the NMD activity. First, the measured activity of the renilla luciferase was
normalized to the measured firefly luciferase activity of the same sample. Second, the obtained
ratio of the PTC containing reporter was normalized to the WT reporter ratio for each treatment
condition. The thereby calculated relative NMD activity was plotted against the different time

points and the results are shown in Figure 3.27.
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Figure 3.27: The cellular NMD activity is reduced by the addition of recombinant interferons. (A) schematic drawing
of the used dual-luciferase reporter constructs, as described in Figure 3.9. (B) 3x10° Hela cells were transfected with
the depicted reporter constructs. After 24h the media was changed, and the designated interferon was added to its
corresponding well. Ruxolitinib treatment served as control and was added to the media 10 minutes before the IFNs.
The cells were harvested either 6h or 24h post-IFN treatment and the luciferase activity was measured. The activity
of the renilla luciferase was normalized to the corresponding firefly luciferase. The relative NMD activity was
calculated by the division of WT through NS39.

The results in Figure 3.27 showed that each of the three used interferons suppressed the cellular
NMD activity, as shown by the decreased WT/NS39 ratios. The treatment with recombinant

IFNa2, however, had the smallest impact on the cellular NMD activity, in comparison with IFNf3
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and IFNy. The effects of IFN treatment seemed to be specific, as the prior incubation with
Ruxolitinib inhibited that effect. Hence, this experiment indicated an influence of IFN treatment

and the subsequent signaling cascade on the regulation of the nonsense-mediated decay.

To gain a better understanding of our recombinant interferons and the subsequent modulations
of gene expression, the IFNs were tested based on their functionality in cooperation with Dr.
Marek Widera. For the experimental setup, our recombinant IFNs (a2, B or y; 500 U/ml each)
were compared with two interferon a subtypes (IFNa2 and IFNal4, working conditions
10,000 pg/ml) from Dr. Wideras lab. To analyze the IFN-based modulation of gene expression,
Jurkat and PM1 T-cell lines were incubated with the depicted interferons for either 6 hours, or
24 hours, with or without prior Ruxolitinib treatment. The RNA was harvested, reverse
transcribed, and analyzed via quantitative PCR for the expression of the interferon-stimulated
genes (ISGs) ISG15 and IRF-1. Since this experimental setup was independent of transfections,
the two T-cell lines Jurkat and PM1 were used. These immortalized T cell lines resemble the
natural host cells of HIV-1 more than the previously used Hela cells but are unfortunately
extremely difficult to transfect. Hence, as this experiment did not require transfection, the

influence of our recombinant interferons on these suspension T-cell lines was tested.
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Figure 3.28: Specific induction of 1ISG15 by type | and IRF-1 by type Il interferons. 10,000 cells (Jurkat or PM1) were
seeded into 48-well plates and incubated with interferons (IFNa2*, IFNa14* 10,000 pg/ml, AG Widera; IFNa2, IFNB,
IFNy 500 U/ml, AG Schaal) either with or without prior treatment with 4 uM Ruxolitinib. The total RNA was harvested
either 6h or 24h post-IFN treatment, incubated with DNase |, reverse transcribed into cDNA, and used for quantitative
PCR analysis. (A) ISG15 gPCRs (#6054/#6055), (B) IRF-1 qPCRs (#6058/#6059). The relative mRNA expression was
calculated by normalizing to actin (#6056/#6057).
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The analyzed ISGs were chosen based on their inducibility by either type | (ISG15), or type Il
(IRF-1) interferons. The results of IFN treatment on the expression of the two tested ISGs
showed, that the intensity of ISG induction was cell type-dependent. The overall
interferon-induced gene expression of Jurkat cells was much higher than for PM1 cells (cf. Figure
3.28). Furthermore, depending on the used IFN, the induction of the analyzed ISG showed
differences in the temporal expression. While the 1SG15 induction after IFNa treatment was
reduced after 24h, in comparison with the 6-hour time point, the ISG15 expression increased
even further by IFNB stimulation from 6h to 24h (cf. Figure 3.28 A). The interferon-induced
expression of IRF-1 in Jurkat cells, however, was only enhanced upon IFNy treatment. The
IRF-1-induction after 6h of IFNy treatment further increased until 24h post-treatment (cf. Figure
3.28 B). In general, the comparison of the two cell types showed that the PM1 cells had overall
weaker inducibility by IFNy, as already observed for the type | interferons (cf. Figure 3.28 A).
Furthermore, the specificity of IRF-1 expression in PM1 cells was reduced, shown by the
enhanced gene expression of IRF-1 by stimulation with IFNa2, al4, or IFNB. The addition of
Ruxolitinib showed an efficient inhibition of the interferon signaling pathway in both cell types
and time points, as the IFN stimulation of cells that were pre-incubated with Ruxolitinib, resulted

in almost no detectable ISG expression.

Since the effect of recombinant interferon on transiently transfected Hela cells had such a great
impact on the cellular NMD activity (compare Figure 3.27), and the presence of interferons can
be monitored by the expression of ISGs (compare Figure 3.28), the next step was to analyze the
role of endogenous interferons upon HIV-1 infection. To stick as close to the natural target cells
of HIV-1 and keeping the cell type-dependent differences in mind, the two T-cell lines (Jurkat
and PM1) were used again, now for HIV-1 infection experiments. As interferon-induction is a
very fast cellular response, the first RNA samples were collected already six hours post-infection,

to monitor potential endogenous IFN production and the subsequent expression of ISGs.

Jurkat and PM1 cells were infected with HIV-1 (MOI 0.5) and the total RNA was harvested either
6, 24, 48, or 72 hours post-infection. The RNAs were isolated, reverse transcribed, and analyzed
by RT-(q)-PCR for their potential ISG expression (ISG15 and IRF-1), as well as for the expression
of endogenous splice isoforms which encode NMD targets (SRSF3 and hnRNPL).
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Figure 3.29: Infection with HIV-1 results neither in NMD inhibition nor IFN response in Jurkat and PM1 cells. 5x10°
Jurkat or PM1 cells were infected with HIV-1 (MOI 0.5). The total RNA was harvested 6h, 24h, 48h, or 72h post-
infection. For the cycloheximide control, 50 ug/ml CHX were added to one not-infected (mock) flask of each cell type,
6 hours before harvesting. (A) RT-PCR analysis of Jurkat and PM1 cells. The RNA was reverse transcribed and amplified
with specific primer pairs. SRSF3 (#4004/#4005, 35 cycles (Diehl 2016)), hnRNPL (#5778/#5779, 26 cycles), HIV-1
exon 7 (#3387/#3388, 26 cycles), actin (#6056/#6057, 26 cycles). The PCR fragments were separated on a 10% PAA
gel and visualized by EtBr staining and UV-light exposure. (B, C) RT-g-PCR results of the same cDNA as used for (A),
using specific primer pairs: ISG15 (#6054/#6055), IRF-1 (#6058/#6059), normalized to actin (#6056/#6057).

Based on the observation that recombinant interferons can suppress the cellular NMD pathway
(cf. Figure 3.27) and that IFN treatment can be monitored by the induction of ISGs (cf. Figure
3.28) the HIV-1 infection-based IFN response, as well as the potential influence on NMD, was

investigated in this experimental setup.

As described before (cf. Figure 3.5 and Figure 3.6), the splice isoforms of the two endogenous
genes SRSF3 and hnRNPL transcripts were checked via RT-PCR to monitor the potential effect of
the HIV-1 infection on the NMD-sensitive isoforms. A six-hour CHX treatment of uninfected cells
again served as a control to monitor the PCR amplification of the NMD specific isoform (Figure
3.29 A, lane 8). The amplification of HIV-1 exon 7 served as infection marker (cf. Figure 3.29 A,
lanes 4-7) and suggested a productive infection, as the amounts of viral RNA increased over
time. The abundance of the amplified NMD-sensitive splice isoforms, however, was not altered
upon HIV-1 infection in both cell lines and both tested genes (cf. Jurkat and PM1, SRSF3 and
hnRNPL). The NMD-sensitive splice isoforms were only clearly detectable within the CHX-control

lane.
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Based on the observation of IFN-induced NMD inhibition, the missing upregulation of the
NMD-sensitive splice isoforms of SRSF3 and hnRNPL upon HIV-1 infection led to the assumption
that there was no enhanced expression of IFNs and hence, ISGs. Indeed, there was no
remarkable induction of the interferon-stimulated genes ISG15 and IRF-1 (cf. Figure 3.29 B and
C). The only noteworthy upregulation of both ISGs was observed in PM1 cells 72h post-infection,
but that was most likely an artifact, based on the decreased actin levels of these cells, suggesting
apoptosis due to the infection. Additionally, based on the prior IFN-induced I1SG-induction (cf.
Figure 3.28), the induction of ISGs upon HIV-1 infection was expected earlier than 72h post-
infection. Furthermore, based on the observed cell-type dependency, a stronger ISG induction

of Jurkat cells was expected in respect to the PM1 cells.

Inferentially it is to mention, that recombinant interferons at a concentration of 500 U/ml
efficiently induced I1SGs within our tested cell culture cells, and interfered with the activity of the
cellular nonsense-mediated decay. In a more natural setup, however, we could not detect
induction of ISG expression or influence on the NMD activity upon HIV-1 infection in Jurkat or
PM1 T-cell lines.

3.8 Quantitative PCR analysis indicate an influence of high viral
replication on some endogenous NMD targets

One last approach was used to quantitatively investigate the influence of HIV-1 infection on the
cellular NMD machinery regarding endogenous genes, without the need for transfection or
transduction of reporter genes. The initial working hypothesis suggested an infection-based
inhibition of the NMD machinery. Within this work, however, the NMD susceptibility of the
HIV-1 2kb class mRNAs was described and investigated, but a clear influence of the HIV-1
infection on the global NMD machinery could not be shown. So far, the analysis of NMD
reporters, as well as endogenous NMD targets were performed using RT-PCRs, which focused
on the potential up-regulation of NMD targets, and the subsequent UV-visualization of PCR
products. To gain a higher specificity, a quantitative PCR-based system was established to
analyze the impact of HIV-1 infection on endogenous genes. This approach allowed the
normalization of each transcript isoform, not only to a house-keeping gene, but also the
normalization of the NMD-target splice isoform to its not-NMD-target counterpart in relation to

the HIV-1 transcript levels.

Two genes were selected for this experimental validation. The selection of these genes was
based on the data of the PM1 deep sequencing experiments, which were generated by Dr. Nora
Diehl (Diehl 2016), and re-analyzed by Johannes Ptok (dissertation in preparation). Based on that
analysis, the selected candidate genes were the two splicing regulatory proteins SRSF7 and
hnRNPDL, as they both encoded for at least one NMD-sensitive isoform and were both highly

expressed in PM1 cells. So far, the detection of endogenous NMD splice isoforms was performed
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using one primer pair which detected both, the NMD-sensitive, as well as the not-NMD-sensitive
isoform. Now, for the quantitative detection of NMD-specific, as well as not-NMD-specific splice
isoforms, specific primer pairs were needed which amplified only one isoform, either NMD-
specific or not-NMD-specific. Therefore, specific exon junction primers were designed, which
allowed to individually detect the abundance of each splice isoform. Schematic sketches of the
exon-intron structures of SRSF7 and hnRNPDL, as well as the designed primer pairs, and primer
binding sites, are shown in Figure 3.30. For both selected genes, one exon had to be excluded
from the final transcript to produce the protein-coding isoform. For SRSF7, exon 4 had to be
excluded and for hnRNPDL, exon 8 had to be excluded. The inclusion of these so-called “poison-
cassette exons” into the final mRNA of both test genes, resulted in pre-mature translation
termination more than 55 nucleotides upstream of the last exon-exon junction, hence in
NMD-sensitivity and degradation. Each exon junction primer was designed to detect either, the
NMD-sensitive, or the not-NMD-sensitive splice isoform. The primers were tested using two
different cell types, HeLa and HEK293T cells with and without cycloheximide treatment. The
results of the primer test are shown in Figure 3.30 beneath the exon-intron structure of the

respective gene.
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Figure 3.30: The cycloheximide-based primer test for the selected candidate genes SRSF7 and hnRNPDL amplified
the predicted transcript isoforms. Schematic drawing of the exon-intron structures of SRSF7 and hnRNPDL with
positions of the primer binding sites and the corresponding primer numbers. Exon junction primers and their binding
sites are indicated by arrowheads, dots, and tails. The poison-cassette exons are marked by red letters. The
corresponding RT-PCR results are shown beneath the sketches. The total RNA from Hela and HEK293T cells was
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harvested and reverse transcribed. As NMD control, one sample was incubated with 50 pg/ml CHX for 6 hours before
harvesting. The cDNA was diluted 1:10 and used for RT-PCRs (28 cycles). The PCR products were separated on a 10%
PAA gel, stained with ethidium bromide, and visualized by UV light. The experiments were performed by Lucienne
Bogun during her master thesis.

The RT-PCR test of the designed primer pairs for the two tested genes SRSF7 and hnRNPDL
showed reliable results regarding the primer efficiencies in HeLa and HEK293T cells with and
without cycloheximide treatment (cf. Figure 3.30). The not-NMD-sensitive isoforms showed no
accumulation upon CHX treatment in either cell type, while the NMD-sensitive splice isoforms
accumulated upon CHX treatment, which was consistent with the co-translational degradation
of NMD targets. The basal levels of the NMD-sensitive isoforms, however, differed not only
between the cell types (compare Figure 3.30 lanes 1 and 3) but also between the tested genes.
The basal level of the NMD-sensitive isoform of SRSF7 was much lower than the one of hnRNPDL.
Furthermore, the observed accumulation upon CHX treatment was much higher for SRSF7, than
for hnRNPDL, indicating a different sensitivity for NMD target recognition, which is not only
dependent on the cell type but the tested gene. That difference in the NMD-sensitivity might be
due to the number of splicing events, hence the number of deposited EJCs downstream of the
PTC, as the NMD-sensitive splice isoform of SRSF7, had five downstream splicing events and
hnRNPDL only one (cf. Figure 3.30).

Now, following the design and test of the primers, PM1 cells were infected with HIV-1 (MOI 0.5)
and the total RNA was harvested 0h, 24h, 48h, or 72h post-infection. For each time point, one
not-infected PM1 cell sample was harvested as mock and reference. Due to observed variations
in the productivity of the HIV-1 infection between the biological replicates, the fold change ratios
of NMD-sensitive transcripts to not-NMD-sensitive transcripts were plotted against the fold

change of HIV-1 exon 7, rather than the time points post-infection (cf. Figure 3.31).
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Figure 3.31: The ratio of NMD-sensitive SRSF7 transcripts, but not hnRNPDL transcripts increased upon productive
HIV-1 infection in PM1 cells. The fold change (FC) ratios of NMD-sensitive transcripts to the not-NMD-sensitive
transcript are plotted against the fold change of HIV-1 exon 7 for SRSF7 (left), and hnRNPDL (right). PM1 cells were
infected with HIV-1 (MOI 0.5) and the total RNA was harvested at different time points (Oh, 24h, 48h, 72h p.i.). The
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fold change of HIV exon 7 (#3387/#3388) within each sample was used to detect the productivity of the infection. The
primer pairs used for the detection of SRSF7 were #6076/#6078 (not-NMD-sensitive) and #6077/#6078 (NMD-
sensitive). The primer pairs used for the detection of hnRNPDL were #6084/#6086 (not-NMD-sensitive) and
#6084/#6087 (NMD-sensitive). The gPCRs were performed by Lucienne Bogun during her master thesis.

The results of the gPCR analysis of SRSF7 showed an increasing ratio of NMD-sensitive
transcripts to not-NMD-sensitive transcripts with increasing amounts of HIV-1 transcripts (cf.
Figure 3.31, left). That increase of NMD-sensitive SRSF7 transcripts suggested a down-regulation
of the NMD-mediated target degradation during HIV-1 infection. The obtained qPCR results for
hnRNPDL, however (cf. Figure 3.31, right) showed no impact of the HIV-1 infection regarding the

ratio of NMD-sensitive transcripts to not-NMD-sensitive transcripts.

From the set of experiments, that were necessary to show an effect of HIV-1 infection on the
regulation of NMD targets (cf. Figure 3.18, Figure 3.19, Figure 3.29, and Figure 3.31) this work
concludes that HIV-1 infection, in general, has no direct impact on the global cellular nonsense-
mediated decay pathway, hence the virus does not seem to directly interfere with the NMD
machinery. Even though the viral 2kb class, especially the tat mRNAs showed sensitivity to NMD
(cf. Figure 3.1, Figure 3.2, Figure 3.3, Figure 3.4, and Figure 3.7) that sensitivity was restrictive
enough that interference of the virus with the NMD machinery was necessary. However, as the
HIV-1 2kb class mRNAs were always detectable within the performed experiments, the level of
transcribed RNAs is higher than the amounts of degraded transcripts. That effect resembled the
NMD-sensitive isoforms of hnRNPDL, which was detectable even without CHX treatment (cf.
Figure 3.30). Furthermore, some HIV-1 RNAs encode suboptimal translational start codons,

which might also protect these RNAs from degradation by NMD (cf. Figure 3.10).
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4 Discussion

This work aimed to characterize the sensitivity of HIV-1 transcripts to co-translational
degradation through the nonsense-mediated decay pathway, as well as the infection-based
modulations of the cellular NMD machinery. The results of this work showed that specifically
HIV-1 transcripts of the 2kb class were targeted by NMD. In addition, this work illustrated the
complexity of even simple-looking splice-dependent reporter systems, due to the splice-,

translation and RNA stability-dependent influence of the read-out.

4.1 HIV-1 transcripts are targeted by NMD

The initial experiments indicated that the 2kb class of HIV-1 transcripts are targeted for
degradation by the nonsense-mediated decay pathway, as they showed cycloheximide-induced
accumulation in infection-, as well as in transfection experiments (cf. Figure 3.1 and Figure 3.2).
That CHX-dependent accumulation was independent of the number of splicing events, hence
the number of deposited EJCs (cf. Figure 3.2). Subsequent modifications of the 3’ UTR of the fully
spliced tat message, such as shortening of the 3’ UTR by deletion of 516 nucleotides, or
extension of the tat ORF to the nef TC, did not stabilize the viral transcript (cf. Figure 3.3).
Furthermore, the insertion of the RRE sequence, as a structural element, into the 3’ UTR of the
tat message had no impact on the viral RNA stability. The subsequent co-transfection with viral
rev, which allowed RRE-Rev interactions, further destabilized the transcript. Interestingly, that
destabilization, which was shown by an increase in the CHX-induced accumulation, was,
however, independent of the presence of the RRE within the tat transcript, and thus RRE-Rev

interaction (cf. Figure 3.4).

Like all retroviruses, HIV-1 stably integrates its reverse-transcribed genome into the DNA of its
host cell and uses the cellular transcription, splicing, and translation apparatus to express its
proteins and assemble new virions. Due to their compact genome structure, viral mMRNAs encode
features like very long 3’ UTRs or overlapping ORFs, which distinguishes them from cellular
mRNAs and potentially marks them for degradation by NMD. Within this work, however, it was
shown that not the HIV-1 mRNAs with the longest 3’ UTRs (gag, gag/pol, vif, and vpr), nor the
bicistronic gag/pol transcripts were targeted by NMD, but only transcripts of the shortest class,

the viral 2kb class, especially the tat mRNAs showed a CHX-induced accumulation.

Retroviruses use alternative splicing to generate multiple mRNA species from a single pre-
MRNA, and the order of co-transcriptional intron removal from HIV-1 genomic RNA is tightly
regulated to ensure that no viral transcript harbors a 3" UTR EJC, which would trigger NMD
(Bohne, Wodrich, and Krausslich 2005). Therefore, it was postulated that retroviruses like HIV-1
indirectly escape NMD by controlled splicing (Popp, Cho, and Maquat 2020).
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However, if the regulated splicing process protects the viral mRNAs from EJC-dependent NMD
the viral transcripts still encode very long 3’ UTRs, which might mark them as NMD targets and
result in degradation. Within this work, the CHX-based translation inhibition showed that only
the fully spliced 2kb class of HIV-1 mRNAs accumulated and that this NMD-sensitivity was not
reduced by modifications of the 3’ UTR, like shortening of the 3’ UTR of the tat transcript. That
observation, however, is in line with the observations of Balistreri and colleagues, who
shortened the 3’ UTR of Semliki Forest virus (SFV) to 62 nucleotides and still observed
NMD-sensitivity of the SFV genomic RNA (Balistreri et al. 2014). In general, the sensitivity of
HIV-1 transcripts to degradation through NMD was only slightly investigated so far. In pNL4-3
transfection experiments, Andrew Mouland’s group reported that the depletion of UPF1
resulted in a massive reduction of HIV-1 RNAs, which could not be rescued by UPF1
overexpression (Ajamian et al. 2008). They interpreted that UPF1 has a major impact on HIV-1
RNA stability and enhanced the viral RNA expression, a role that was independent of the
function of UPF1 in NMD. However, when they expressed a Rev™ variant of the used provirus,
they observed a decrease of 9kb RNAs and a slight increase of 2kb RNAs upon UPF1 knockdown.
Even though they interpreted that result as the decay of the 9kb class upon UPF1 knockdown, it
could also suggest the NMD-sensitivity of the 2kb class of HIV-1 mRNAs, as they were completely
spliced and exported to the cytoplasm for translation and the 9kb RNAs were kept in the nucleus.
In general, the observation of a decreased 9kb and an increase in 2kb RNAs could also be
interpreted differently, as NMD-sensitivity of the 2kb class upon UPF1 knockdown, like observed

in this work for the translation inhibition through cycloheximide.

Already in 2008 Ajamian and colleagues reported, that UPF1 particles were found within HIV-1
virus particles and the subsequent research of Heinrich Géttlinger’s group showed, that the
uptake of UPF1 particles into HIV-1 virions was dependent on the NC domain of HIV-1 Gag and
that this UPF1 uptake is critical for the infectivity of the HIV-1 progeny viruses (Serquina et al.
2013). Even though they did not investigate the levels of viral RNA in infected cells upon UPF1
knock-down, they used Hl-viruses, which were produced in UPF1 depleted cells. They observed
a decreased infectivity of these virions, even though the UPF1 knockdown did not affect the
overall virus production. Furthermore, the observations that UPF1 co-purifies with a model
HIV-1 3’ UTR (Hogg and Goff 2010) and that the beneficial effect of UPF1 on HIV-1 progeny virus
infectivity was independent of the interaction of UPF1 with UPF2 (Ajamian et al. 2015) strongly
suggest a role of UPF1 on HIV-1 replication, which is independent of the role of UPF1 in NMD.

The results of this work, however, suggest that UPF1 and its role in NMD also have an impact on
HIV-1 transcripts, even though only on the 2kb class mRNAs. As the HIV-1 2kb class mRNAs, in
comparison with the 4kb and 9kb class transcripts, have the shortest 3’ UTRs, the described
beneficial UPF1 HIV-1 interactions might only function for the intron-containing 4kb class and

the full-length 9kb class. Differences between the mRNAs of the 2kb class to the mRNAs of the
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4kb and 9kb class are not only the overall number of splicing events, which was shown to not
have an impact on the CHX-based accumulation (cf. Figure 3.2) but also the way of nuclear
export to the cytoplasm. While the fully spliced 2kb class mRNAs are exported via the canonical
NXF1/Tap-mediated cellular mMRNA export way, the intron-containing mRNAs of the 4kb and 9kb
class are bound by the Rev protein at the Rev responsive element (RRE), which mediates the
export of these transcripts via the CRM1 export pathway (Malim et al. 1989; Malim and Cullen
1993; Fischer et al. 1995). It was shown that UPF1 interaction helps the nuclear export of viral
RNAs, via the CRM1 and not the NXF1 export pathway, by the formation of a UPF1-Rev-CRM1-
DDX3 complex (Ajamian et al. 2015). This complex formation abolished the interaction of UPF1
with UPF2 and might therefore mediate functions of UPF1 which are isolated from the role of
UPF1 in NMD target recognition. That difference between the export mechanisms of the HIV-1
mMRNA classes and the NMD-independent interactions of the 4kb and 9kb transcripts with UPF1
might explain the targeting of the viral 2kb class mRNAs via the NMD pathway, even though the

intron-containing 4kb and 9kb transcripts would be the more favorable target.

4.2 Chemical NMD inhibition through CHX provides comprehensible
results regarding endogenous targets

The reliability of the NMD target detection by transcript accumulation upon translation
inhibition through cycloheximide was analyzed. The amplification of five different endogenous
genes which encoded alternative splice isoforms showed specific accumulations of NMD target
transcripts upon CHX treatment in all three tested cell types (cf. Figure 3.5). The induced effects
of NMD target accumulation by inhibition of the translation apparatus were confirmed in the
next step using specific inhibition of the NMD machinery by siRNA-mediated knockdown of
UPF1, which mimicked the CHX-dependent accumulation effect of NMD target transcripts (cf.
Figure 3.6). Furthermore, the UPF1 knock-down not only resembled the CHX-induced transcript
accumulation in RT-PCR experiments, but it also demonstrated the accumulation of the HIV-1
2kb tat message in northern blot experiments, confirming that these transcripts are indeed
targeted by NMD for degradation (cf. Figure 3.7). The approach to stabilize the HIV-1 tat
message by the addition of the well-studied RSE element was partially successful, shown by a
decreased transcript accumulation. This effect was independent of the inserted position of the
RSE sequence (cf. Figure 3.7). Based on the reliable results between CHX-mediated translation
inhibition and the more specific NMD inhibition by UPF1 knockdown, the investigation of
translation-dependency of NMD targets, using a pNLA1 derivate with mutated internal tat and
rev translational start codons, surprisingly showed a prominent accumulation of the HIV-1 2kb
class, even though only the nef message should be translated (cf. Figure 3.8). Furthermore, upon
Rev co-transfection, the overall HIV-1 RNA levels decreased but here, the CHX-dependent

accumulation was not only visible for the 2kb RNAs, but also for the 4kb class mRNAs.
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Even though we detected a smear in the accumulating bands upon CHX treatment, indicating
degradation of these transcripts, the cycloheximide-dependent NMD target detection was very
efficient. The observed smear could result from degradation of the transcripts poly-A tails, as it
was shown that cycloheximide treatment results in the accumulation of deadenylated mRNAs
(Beelman and Parker 1994). Nonetheless, diverse research groups successfully used the
translational inhibitor CHX to analyze the NMD-sensitivity of diverse transcripts and reporter
systems. Almost 30 years ago, it was reported that incubation with CHX dramatically induced
mRNAs from PTC-containing constructs, while it had little or no effect on the mRNA levels of the
WT in-frame construct (Carter et al. 1995). Already a few years later, Ishigaki and colleagues
analyzed the levels of nonsense-containing CBP80-bound B-globin mRNA upon CHX treatment
and reported an increase in the RNA abundance from 15% to 42% (Ishigaki et al. 2001). Linde
and colleagues investigated the role of NMD in genetic diseases by examining the levels of cystic
fibrosis transmembrane conductance regulator (CFTR) nonsense transcripts by treatment with
CHX and observed that the inhibition of NMD by CHX is specific to transcripts that harbor a PTC
(Linde et al. 2007). However, they not only analyzed the impact of cycloheximide treatment but
also used siRNAs to specifically reduce the cellular UPF1 levels. They reported a higher fold
increase of PTC transcripts upon CHX treatment, then in comparison to UPF1 downregulation,
which they claimed to be probably due to the incomplete NMD inhibition by siRNA-mediated
UPF1 knockdown. The results of Linde et al., however, fit the results of this work, where the
siRNA-mediated UPF1 knockdown mimicked the CHX-dependent transcript accumulation, albeit
to a smaller extent. That might be due to basal activity of the NMD pathway, possible through
UPF1 knockdown and not UPF1 knockout, or by CHX-based artifacts, as CHX not only inhibits
NMD but the global translation apparatus. A complete knockout of UPF1 is not possible, as UPF1
is essential for cell maintenance and survival in animals. For example, in cultured Drosophila SL2
cells, deletion of UPF1 resulted in cell cycle arrest (Rehwinkel et al. 2005), while zebrafishes and
mice showed early embryonic lethality upon UPF1 knock out (Wittkopp et al. 2009; Medghalchi
et al. 2001). For cultured human cell lines, it was reported, that UPF1 is required for S-phase

progression (Azzalin and Lingner 2006).

Even though the NMD target determination through translation inhibition is not without side
effects, the siRNA-mediated knockdown of UPF1 used in this work, allowed a comparable
detection of NMD targets as observed by CHX treatment, even though to a smaller extent.
However, another difference between the UPF1 knockdown and CHX treatment was observed
regarding the splice site usage of the analyzed test gene hnRNPL (cf. Figure 3.6), suggesting a
potential influence of UPF1 on alternative splicing, as the usage of hnRNPL SD8 was suppressed.
That UPF1 might play a role in splicing and therefore might influence alternative splicing on a
genome-wide scale was recently suggested by research in Arabidopsis (Raxwal et al. 2020). Using

UPF1-null plants Raxwal and colleagues showed that the abundancies of different splice variants
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switched upon UPF1 inactivation, which they explained with the deregulation of splicing factors
and proteins involved in RNA processing. But they also proposed a more direct influence of UPF1
on splicing, as studies in human and Drosophila cells showed a co-transcriptional association
with RNA in the nucleus and might therefore interfere with splicing factors on the transcribed
RNA (Raxwal et al. 2020).

Based on the usage of translational inhibitors, like cycloheximide, and the introduction of stem-
loops in the 5’ UTR, the nonsense-mediated decay was proposed as a translation-dependent
degradation pathway (Carter et al. 1995; Thermann et al. 1998). As these results were in line
with the observed NMD target accumulations upon CHX treatment in this work, it was tested
whether the observed accumulation of the HIV-1 2kb class mRNAs can be reduced by the
deletion of the translational start codons of tat and rev in the context of the HIV-1 derivate
pNLA1 (cf. Figure 3.8). Interestingly, the accumulation of the 2kb class was not affected by the
deletion of the tat and rev ATGs, which suggested on ongoing degradation of these transcripts,
possibly due to an ongoing translation from internal translational start codons, which then, of
course, did not lead to the authentic Tat and Rev proteins. However, the co-transfection of
pcRev resulted in decreased RNA levels in the pNLA1 context without CHX treatment, and in a
surprising accumulation of both, the HIV-1 2kb and 4kb class upon translation inhibition. That
newly observed 4kb accumulation might suggest a previously undetected NMD-sensitivity of this
viral RNA class, or an artifact which resulted from the decreased RNA levels upon rev co-
transfection, which were counteracted by translation inhibition through CHX. Already some
years ago an enhancement of translation by Rev was proposed by different groups (Lawrence et
al. 1991; D'Agostino et al. 1992; Perales, Carrasco, and Gonzalez 2005). Groom and colleagues
specifically analyzed the influence of Rev on the translation of HIV-1 mRNAs in a cell-free assay,
which allowed the separation of the nuclear transport function of Rev to its role in translation
(Groom et al. 2009). For their analysis, they used RNAs that contained the HIV-1 5" UTR, which
were reported to encode an additional highly conserved Rev binding site (Greatorex et al. 2002).
They observed a significant inhibition of translation at the highest used Rev concentration, which
was however reversed by lower Rev concentrations, which stimulated translation but were
independent of the presence of the RRE (Groom et al. 2009). They concluded that low translation
levels can destabilize RNAs and decrease the RNA levels, which might explain the lower 2kb and
4kb RNA levels upon pcRev co-transfection (cf. Figure 3.8). The reduced levels of 2kb class
mRNAs could also be explained differently, as a decrease of the fully spliced HIV-1 RNAs was
reported in the presence of Rev, even though they observed a rather positive effect of Rev on
the RNA stability of unspliced viral RNAs (Felber et al. 1989). However, other studies do not
report an effect of Rev on the 2kb transcript expression (Malim and Cullen 1993). Furthermore,

Lata and colleagues reported that Rev causes the specific degradation of Tat, resulting in the
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reduction of HIV-1 gene expression (Lata et al. 2015), which might explain the reduced mRNA

levels upon Rev co-transfection but seems unlikely upon additional Tat co-transfection.

The probably most important function of Rev is the coordinated interaction with the RRE to
mediate the export of intron-containing and unspliced viral transcripts from the nucleus to the
cytoplasm via the Crm1 nuclear export receptor (Behrens et al. 2017). Taniguchi et al. showed
that Rev reduces the levels of cellular and viral RNAs which are exported by Crm1-independent
pathways by inhibition of the NXF1/TAP-specific export of RNAs (Taniguchi, Mabuchi, and Ohno

2014), which might also be a reason for the decrease in 2kb RNA levels upon Rev co-transfection.

However, off-target effects cannot be excluded within this experimental setup, as Rev normally
is a low-abundant HIV-1 protein. Therefore, in experimental conditions, Rev is typically
overexpressed what might lead to artifacts (Truman et al. 2020). For example, in non-dividing
cells, it was shown that the accumulation of Rev resulted in cell death suggesting that high
concentrations of Rev are toxic as they saturate the Crm1 receptor (Levin et al. 2010), therefore
an off-target effect, resulting in the observed accumulation of the HIV-1 4kb class upon Rev co-

transfection and CHX treatment cannot be excluded.

4.3 The translational link to RNA stability

As the CHX-dependent accumulation of the HIV-1 2kb class was still observed with mutated tat
and rev translational start sites (cf. Figure 3.8), the translation dependency of NMD target
recognition and degradation was questioned. Therefore, a dual-luciferase NMD reporter system
was established, which allowed the readout of translational activity via luciferase activity
measurements, and the determination of RNA levels via RT-(q)PCR. In both cases, firefly
luciferase was used as an internal reference and renilla luciferase fused to B-globin exon 1-3 as
GOI. With this reporter system, it was shown that a single nucleotide substitution within the
Kozak sequence was sufficient to decrease or abolish the protein activity of the renilla luciferase
and influence the RNA stability of the renilla WT constructs, shown by decreased RNA levels (cf.
Figure 3.9). However, as the PTC-containing renilla RNAs were still degraded, there was no effect
of the first ATG alterations on the NMD-sensitivity of the PTC-containing RNAs. That result
suggested the usage of another translational start codon further downstream, which abolished
the protein activity, but not the NMD-sensitivity (cf. Figure 3.9). Indeed, the subsequent
mutation of all downstream located 46 potential translational start codons confirmed that
another downstream ATG was used for translation initiation within the renilla B-globin RNA, as
the translation did not result in a functional protein but was sufficient to induce degradation of
the PTC containing RNA (cf. Figure 3.10). As the inserted mutations were not always silent, the
renilla protein activity was not maintained and could not be measured. However, the RT-(q)PCR
readout confirmed two things. First, the RNA levels of not-PTC-containing renilla B-globin

constructs with weakened ATG (Pyr.-3) or without ATG (AATG) were decreased, suggesting an
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impaired RNA stability. Second, the NMD-dependent target degradation was indeed dependent
on translation, as the construct with a single but strong ATG showed efficient depletion of the
PTC-containing transcript. Furthermore, it was shown that the NMD-dependent degradation
was not only dependent on translation, but also on the level of translation initiation, and thereby
possibly the number of translation events, as the PTC-containing transcripts with a weakened
ATG were not degraded efficiently (cf. Figure 3.10). As these results indicate that the intrinsic
strength of the translational start codon might influence the NMD-sensitivity of transcripts, the
intrinsic strength of HIV-1 mRNAs was analyzed, and some viral transcripts, like rev, vpu, and vpr
might indeed escape degradation through NMD by translation initiation at suboptimal Kozak

sequences (cf. Table 3.1).

The translation dependency of NMD targets was initially shown by the introduction of a stable
hairpin loop into the 5’ UTR of a PTC-containing TPI reporter, which blocked the scanning of the
40S ribosomal subunit and drastically reduced the degradation of these target mRNAs
(Belgrader, Cheng, and Maquat 1993). That block of translation was further enhanced by the
usage of suppressor tRNAs in combination with the 5’ UTR hairpin, as suppressor tRNAs insert
an amino acid in competition with the translational termination codon and release factor
association, they thereby inhibit the pre-mature translation termination and production of NMD
targets (Belgrader, Cheng, and Maquat 1993). These observations were supported by the usage
of multiple protein synthesis inhibitors which, even though they acted by different mechanisms,
all efficiently stabilized PTC-harboring TCR-B-transcripts what resulted in the conclusion that the
de novo protein synthesis is required for PTC-mediated degradation (Carter et al. 1995). Further
on, instead of blocking translation initiation completely, Thermann and colleagues used an iron-
response element (IRE) which they inserted into the 5" UTR of a human B-globin reporter. By
interaction of the IRE with iron-regulatory proteins (IRPs), they were able to specifically regulate
the translation of mRNAs with IREs within their 5° UTRs. They observed stable levels of 3-globin
WT transcripts independent of the availability of iron, while the PTC-containing variant got
degraded co-translationally and was stabilized upon iron-depletion (Thermann et al. 1998). They

concluded that ribosome association and cytoplasmic translation are required for NMD.

Even though these results strongly suggest NMD to be translation-dependent, the experiments
above abolished translation, either by the introduction of a 5’ hairpin structure, the global
translation inhibition, or the iron-dependent IRE, which all abolished the translocation of
ribosomes over the mRNAs. Therefore, the influence of translation rates was not investigated
within the described studies. The analysis of the translational start codon in chapter 3.3 not only
suggested a dependency of NMD target recognition by translation but also on the levels of
translation (cf. Figure 3.10). The main investigations regarding the intrinsic strength of a
translational start codon and translation initiation were performed by Marilyn Kozak back in the

1980ties, which resulted in the discovery of the Kozak sequence for optimal translation
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initiation. Already in 1981, she claimed that the favored sequence for eukaryotic translation
initiation was (A/G)XXATGG, with a highly conserved purine in position -3 and in position +4,
which was based on the analysis of 153 messages (Kozak 1981). For the recognition of the ATG
by the eukaryotic ribosomes, she showed that at least one of the two flanking nucleotides was
required to be a purine for translation initiation to occur, which she measured by in vitro binding
assays of synthetic oligonucleotides to wheat germ ribosomes (Kozak 1981). A few years later
the consensus sequence for eukaryotic translation initiation was extended to CC(A/G)CCATGG
by adding the translational initiation sequences of 166 published cellular mRNAs to the analysis
(Kozak 1984a). Furthermore, within the same year, Marilyn Kozak performed an analysis of
single nucleotide exchanges near the translational start site of a cloned preproinsulin gene, to
determine the influence of the sequence contest on the ATG recognition (Kozak 1984b). She
found that sequence changes around the initiator codon drastically affected the yield of
proinsulin and was thereby the first person to show that the sequence context influenced the
recognition of a given ATG triplet by eukaryotic ribosomes. She showed that the highest impact
on protein levels was induced by a change in the nucleotide position -3, where the substitution
of C to A enhanced the translation of rat proinsulin more than 15-fold (Kozak 1984b). Even
though she analyzed protein levels, she also discussed that the production and stability of
mature mRNA might be lower in transcripts with suboptimal initiation sites in comparison to
transcripts that harbor the consensus sequence (Kozak 1984b), which fits the results of this
work, where the levels of mRNAs without a PTC were reduced upon modification of the
translational start codon (cf. Figure 3.10). However, when she extended her experiments on the
preproinsulin gene a few years later, she reported no influence of the single base substitutions
around the ATG initiator codon on the cytoplasmic RNA levels even though these sequence

alterations modulated the yields of proinsulin over a 20-fold range (Kozak 1986).

For high expression genes in yeast, it was shown that the overall ribosome density is higher on
transcripts with reduced 5’ UTR secondary structure (Ingolia et al. 2009; Robbins-Pianka, Rice,
and Weir 2010). Translation rates, however, are not only regulated by the intrinsic strength of a
translational start codon and its surrounding nucleotides, but also by the elongation speed,
which is dependent on the availability of the desired tRNAs. Even though the genetic code was
shown to be degenerated, meaning that a single amino acid can be encoded by various
nucleotide codons, and these amino acids are considered synonymous, the cellular amounts of
the corresponding tRNAs can be different, thereby regulating the speed by which they can be
recognized by the ribosome (Varenne et al. 1984). Therefore, the codon-mediated effects on
gene expression are not only dependent on translation but on the number of ribosomes on a
given mRNA (Wu et al. 2019), which fits the observed translation-initiation experiments in Figure
3.10. Most research was, however, performed, not on translational start codons, but on the so-

called ‘codon optimality’ which refers to the ability of a given codon to affect mRNA stability in
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a translation-dependent manner (Presnyak et al. 2015). Apparently, mRNAs which are enriched
in ‘optimal’ codons showed higher stabilities and abundancies, while ‘non-optimal’ codons
result in unstable RNAs with decreased transcript levels (Bazzini et al. 2016; Mishima and Tomari
2016; Radhakrishnan et al. 2016; Webster et al. 2018; Hanson et al. 2018; Wu et al. 2019).
However, as the sequences of the renilla-B-globin transcripts and therefore the encoded amino
acid codons were similar within the analyzed constructs, except for the sequence of the
translation initiation codon (cf. Figure 3.10), the influence of the codon optimality seems less
likely to explain the differences in the transcript levels. Therefore, the performed experiment
sheds light on the impact of the Kozak sequence not only on the levels of translation but
furthermore on the RNA stability, especially regarding the NMD target recognition by
degradation through RNA surveillance mechanisms, such as the nonsense-mediated decay
pathway. The observation that PTC-containing transcripts can escape recognition through NMD
when the translation initiates at an ATG with a suboptimal Kozak consensus sequence which
contains a pyrimidine in position -3 (Pyr.-3) might explain the escape of some transcripts, like

HIV-1 transcripts from NMD degradation, based on their low translational initiation levels.

4.4 Alternative splicing and its link to mRNA decay is not restricted
to endogenous transcripts

As some HIV-1 transcripts, especially the transcripts of the 2kb class were targeted for
degradation by the NMD machinery, an infection-mediated interference of HIV-1 with the
cellular NMD activity seemed plausible. The preliminary work of Dr. Nora Diehl using a
triosephosphate isomerase NMD reporter showed an accumulation of the NMD-sensitive
transcripts upon HIV-1 infection, but not transfection (cf. Figure 3.11). However, the
reproduction of this experiment revealed unexpected difficulties, as not only the PTC-containing
NMD transcript but also the TPI WT transcript showed NMD-sensitivity by accumulation upon
translation inhibition (cf. Figure 3.12). These accumulations were due to alternative splice
isoforms of TPIl, which generated frameshift mutations resulting in NMD-sensitivity of the
generated transcript. These alternative splice isoforms solely derived from the plasmid TPl and
arose from skipping of one more multiple TPl exons, not by the usage of cryptic splice sites (cf.
Figure 3.12 and Figure 3.13). The sequence analysis confirmed differences between the
endogenous encoded TPl and the plasmid-encoded TPI (cf. Figure 3.14), but the adjustment of
the plasmid TPI to the sequence of the endogenous TPI did not restore the endogenous splicing
pattern (cf. Figure 3.15). Finally, the desired single splice isoform was achieved by increasing the
HBond score, hence the complementarity of TPI splice donor 3 to the U1 snRNP by a single base
substitution (cf. Figure 3.16) and combining that increased exon 3 inclusion with increased
exon 2 recognition, which was achieved by four HEXplorer-based modifications shaping the

potential binding sites of SPRs in a way that favored exon 2 inclusion (cf. Figure 3.17). These
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modifications finally resulted in a splicing-dependent NMD reporter that exclusively generated

a single splice isoform, which was either NMD-sensitive (PTC40) or not (WT).

While it was reported that cryptic splice sites can get activated once the major splice site is
deleted (Brillen, Schéoneweis, et al. 2017) and that the correct deposition of EJCs upstream of
splice sites prevents the usage of cryptic splice sites (Bohm et al. 2018), no reports were found
regarding the alternative splicing of an endogenous gene which was transferred into an NMD-
splicing reporter. Interestingly, the observed alternative splicing pattern was solely generated
by the skipping of one or more exons, but not by the usage of new splice sites which are

endogenously not used and would therefore be referred to as cryptic.

The human triosephosphate isomerase gene encodes for a housekeeping enzyme of the
glycolytic pathway, which acts as a dimer and catalyzes the inter-conversion of
dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde-3-phosphate (D-GAP) (Wierenga,
Kapetaniou, and Venkatesan 2010). Over the years, different types of TPI deficiency have been
described, some of them encoding nonsense mutations which result in pre-mature translation
termination, a truncated protein, and decreased mRNA stability (Daar and Maquat 1988; Cheng
and Maquat 1993; Belgrader et al. 1994; Schneider and Cohen-Solal 1996). The seven exon TPI
reporter cassettes which were used in this work included four copies of a short B-globin 3’ UTR
sequence (4H) in the 3’ UTR of TPl and were designed by Boehm and colleagues (Bohm et al.
2014). Within their experimental setup, they used the TPl NMD reporters exclusively for
northern blot-based analysis, in which they described no observed alternative splicing of the TPI
constructs. However, without the RT-PCR-based analysis, one would not expect that the TPI
reporter construct generates alternative splice isoforms, as the size difference were not drastic
enough to be visible as distinct bands in the northern blot experiments. Therefore, when the WT
TPI levels are compared to different PTC-harboring isoforms without the global inhibition of
NMD, which would also result in an accumulation of the WT transcript, these alternative splice
isoforms might not fall into account. That could be a reason why these splice isoforms have not
been reported so far. Regarding the performed RT-PCR experiments within this work, the
observed accumulation of NMD target mRNAs in comparison with WT transcripts regarding the
CHX-dependent transcript accumulation was rather specific (cf. Figure 3.5). The analysis of the
splicing pattern of the used TPI reporter confirmed, that the TPl WT reporter itself generated
transcript isoforms that were sensitive to NMD (cf. Figure 3.13) what questioned the usability of
this reporter for quantitative NMD experiments. Furthermore, the comparison of the sequences
of the endogenous TPI and the plasmid-derived TPl showed differences, like the 5’ shortened
exon 1 which consists of 246 nucleotides in the Ensembl encoded TPI version and the only 117
nucleotides in the plasmid-encoded TPl exon 1 version (cf. Figure 3.14). As these alterations
suggested the usage of another translational start codon in the TPI plasmid version, which was

located further downstream and therefore encodes a potentially N-terminally shortened
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protein, the missing bases were re-inserted into the plasmid TPl and were shown to have no
impact on the splice site usage (cf. Figure 3.15). Furthermore, it was reported that the used
plasmid-encoded TPI translational start codon was the same as for the endogenous TPI,
therefore the translation of the plasmid-encoded TPI should not result in a truncated protein
(Ralser et al. 2006).

It is not uncommon that a variety of genes are regulated by the coordinated action between
alternative splicing and NMD. It was recently estimated that more than 80,000 protein-coding
transcripts are produced from the 20,000 human genes and that alternative splicing coupled to
NMD is widely used to fine-tune the expression of many transcripts and thereby shapes the
transcriptome (Garcia-Moreno and Romao 2020). Interestingly, it was estimated that
approximately one-third of all alternative splicing events result in the inclusion of an in-frame
nonsense codon (Lewis, Green, and Brenner 2003). As the selection of splice sites is not only
dependent on the intrinsic strength of a given splice site, but also on the binding of SRPs to SREs
within the pre-mRNA, it is remarkable that many RNA binding proteins are regulated by
autoregulatory negative feedback loops. Depending on their intracellular protein levels, these
RBPs bind their own pre-mRNA and regulate the splice site usage by to fine tune the protein
levels, as for example reported for SR and hnRNP protein family members (Lareau et al. 2007;
Ni et al. 2007). Furthermore, in addition to the influence of SRPs on splice site recognition, there
are reports which claim an influence of the promoter choice on the splice site regulation (Nogues
et al. 2002; Xin, Hu, and Kong 2008), which might explain the observed differences in the splice
site recognition between the endogenous and plasmid encoded TPI, as the plasmid derived TPI
transcripts were expressed under the control of the CMV promoter, which allows high
transcription levels in a broad range of cells but obviously differs from the endogenously used
TPl promoter (Boshart et al. 1985; Ho et al. 2015).

4.5 Virus-induced modulations of the cellular NMD activity

Upon the successful modifications of the TPI NMD reporter transcriptional unit, which after all
only generated the desired single transcript isoform, this system was used to investigate the
potential modulations of the cellular NMD machinery by HIV-1 infection or transfection with
proviral DNA. While HelLa T4" cells nicely demonstrated high RNA levels of the TPI WT transcript
and reduced RNA levels of TPI PTC40, neither an infection nor transfection had an impact on the
cellular NMD machinery, even though the HIV-1 infection, as well as the pNL4-3 transfection,
resulted in increasing levels of viral RNAs over time (cf. Figure 3.18). Furthermore, over the time
course of the experiment, the loss of the transiently transfected TPl reporter plasmids was
observed, which made it difficult to evaluate the later time points in terms of NMD activity in
Hela T4* cells (cf. Figure 3.18). The usage of the HEK293T CD4" cell line helped to circumvent

the problem of plasmid loss over time, as these cells can amplify transiently transfected plasmids
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by the expression of their large T antigen. However, even though the HIV-1 infection and the
pNL4-3 transfection again caused increasing viral RNA levels over the analyzed time points, still
no effect on the NMD activity was observed (cf. Figure 3.19). Furthermore, the HEK293T CD4+
cells generally showed an impaired degradation of the PTC-containing TPI variant, even in the
absence of HIV-1 infection or pNL4-3 transfection, which may suggest a generally reduced NMD

activity of these cells after reporter transfection (cf. Figure 3.19).

It has been described that the NMD activity not only varies between different cell strains, as
shown for Hela cells (Viegas et al. 2007) and epithelial cells (Linde et al. 2007), it also differs
between different tissues (Zetoune et al. 2008). However, additionally to these cell-type-specific
differences, it was reported that the transient transfection of cells can also impact their NMD
activity (Gerbracht, Boehm, and Gehring 2017). Within their work, Gerbracht and colleagues
observed that three out of six tested cell lines did not show efficient degradation of NMD
reporter-derived mRNAs in transient transfection experiments. They concluded that not all
human cell lines degrade NMD targets upon transient transfection and that this efficiency of
degradation depends on the manner of transfection, not on the amounts of transfected plasmid
DNA or the used transfection reagent. Furthermore, they showed that the reduced NMD activity
was not due to cellular stress and concluded that mRNAs derived from the expression of
transiently transfected DNA might be more resistant to mRNA turnover than endogenous
MRNAs (Gerbracht, Boehm, and Gehring 2017). Within their work, they reported an impaired
NMD activity in HEK293 cells post-transfection, which fits the results of this work, regarding the
enhanced levels of TPI PTC40 RNA levels in comparison to the observed RNA levels in Hela cells.
In general, however, HEK cells showed a slightly decreased NMD activity even without prior
transfection, in comparison to Hela cells, which might be further decreased by the transient
transfection (cf. Figure 3.5). With the transiently transfected reporter plasmids the question of
whether an HIV-1 infection or the transfection with proviral DNA influences the activity of the
cellular NMD pathway could not be answered. Therefore, the major question regarding the
potential escape of the HI-virus from NMD and the thereby achieved protection of the viral RNAs
from degradation remains to be answered. So far different strategies of viral evasion from NMD
have been described, which either protect the viral transcripts themselves from being
recognized by the degradation machinery, hence in cis, or by direct interference of viral proteins
with components of the NMD machinery, thereby blocking NMD in trans. One of the best
described examples for NMD-interference in cis is given by the positive-sense Rous Sarcoma
retrovirus (RSV). The RSV gag transcript encodes the RSE, a stability element with a minimal
length of 250bp, which is located downstream of the gag TC. The RSE recruits the hosts'
polypyrimidine tract-binding protein 1 (PTBP1), thereby preventing binding of UPF1 to the viral
RNA and subsequently the degradation by NMD (Barker and Beemon 1994; Withers and Beemon

2011; Ge et al. 2016). Another way of NMD antagonization is the expression of viral proteins
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that directly bind to NMD factors and thereby inhibit NMD function. One favorite example of
NMD inhibition in trans is given by the human T-cell lymphotropic virus type 1 (HTLV-1), another
retrovirus. Here, the viral proteins Tax and Rex were shown to inhibit NMD in addition to their

roles in the viral replication cycle (Nakano et al. 2013; Fiorini et al. 2018).

It was shown that not only retroviruses, which replicate in the nucleus of its host cell and make
use of the splicing machinery, can interfere with the host's NMD machinery. For example, the
causative agent of the COVID-19 pandemic —the enveloped, positive-sense, single-stranded RNA
virus of the Coronaviridae family — severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) replicates in the cytoplasm and does not need the splicing machinery for its gene
expression (Kim et al. 2020). Using mouse hepatitis virus (MHV) as a model for SARS-CoV, the
group of Shinji Makino showed that the presence of unusually long 3’ UTRs of the viral RNAs
made these transcripts targets for degradation through NMD, which the virus counteracted by
expression of the viral N-protein, which was shown to inhibit NMD in trans (Wada et al. 2018).
The N-protein of SARS-CoV-2 was shown to copurify with UPF1 and MOV10 what suggests that
the interference of SARS-CoV and SARS-CoV-2 with the NMD machinery might be conserved
(Gordon et al. 2020).

As simple as it may sound, the co-evolution of viruses and their host cells not only resulted in a
variety of strategies regarding antiviral defense mechanisms, as one of which NMD might also
function but also in diverse strategies of viral escape, for example from the degradation of viral
transcripts through NMD. This situation, however, seems more complicated regarding HIV-1, as
there is still no clear picture of the NMD-based interference with HIV-1 transcripts. If an HIV-1
infection, or even the presence of the proviral DNA, would indeed interfere with the cellular
NMD machinery that effect was expected to be visible through the accumulation of the TPI
encoded NMD reporter (cf. Figure 3.18 and Figure 3.19). Almost twenty years ago, it was
postulated that HIV-1 controls NMD by the tight control over splicing and EJC deposition (Bohne,
Wodrich, and Krausslich 2005), which fits the results of this work where only the 2kb class of
HIV-1 mRNAs was targeted by NMD (cf. chapter 3.1). However, while one group reported an
NMD-mediated restriction of HIV-1 replication, as the depletion of UPF2 and SMG6 enhanced
viral RNA expression in primary monocyte-derived macrophages (Rao et al. 2019), other groups
reported UPF1 to be a positive regulator of HIV-1 gene expression, which gets hijacked by the
virus to assist in reverse transcription as well as export of the viral RNA (Ajamian et al. 2008;
Serquina et al. 2013). Therefore, the impact of HIV-1 infection on the cellular NMD activity
remains to be deciphered. In general, it was proposed that viruses rather shape the NMD activity
of the cell, than inhibiting it completely, as the elimination of NMD might have toxic side effects
(Popp, Cho, and Maquat 2020).
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4.6 Lentiviral vector systems for NMD reporter delivery

Based on the observed sensitivity of the cellular NMD activity upon transient transfection
experiments, a new approach was used to circumvent the transfection process but maintain the
desired readout couple of a WT and NMD-sensitive splicing reporter. Therefore, a third-
generation lentiviral vector system was established, which encoded the TPl exon 1-7 cassette
with corresponding introns either with or without PTC (cf. Figure 3.20). The initial analysis of
cells, which were transduced with either one of these lentiviral vectors, however, showed no
differences in the TPl RNA levels regarding the WT or PTC-containing isoform (cf. Figure 3.21).
Subsequent analysis confirmed that this was due to the previous excision of the TPl introns by
the splicing apparatus of the lentivirus-producing cells, even before packaging of the transgene
into the assembling lentiviral particles (cf. Figure 3.22). These reporter-encoded introns,
however, were critical for the desired NMD-sensitivity of the transduced reporter constructs, as
the splicing process and subsequent EJC deposition would mark the encoded PTC as pre-mature,
due to its position upstream of the last exon-exon junction. To circumvent splicing of the
producer cell line, a new approach was used to establish the lentiviral vector system. Therefore,
the dual-luciferase NMD reporter system (cf. Figure 3.9), which contained the firefly luciferase
as internal control, was inserted in reverse orientation to abolish splice site recognition by the
producer cell line (cf. Figure 3.23). The generated lentiviral particles produced promising results,
as the transduction experiments resembled the transfection control experiments (cf. Figure
3.24). Using this system, the question of whether HIV-1 infection modulates the cellular NMD
machinery was investigated using HelLa T4" cells, which were stably transduced with either the
WT or the NMD version of the generated lentiviral particles. However, based on the observed
lack of difference between the luciferase activities of the NMD reporter constructs upon HIV-1
infection in comparison with the mock samples, no significant effect of HIV-1 infection on the
activity of the cellular NMD machinery was observed (cf. Figure 3.25). Furthermore, the
determination of the minimum threshold for Firefly and Renilla luciferase revealed that the
Renilla luciferase activity in the PTC-containing variant was below the detection limit (cf. Figure
3.26). Therefore, the possible fine-tuning of cellular NMD activity that might be mediated by
HIV-1 infection could not be measured in this setup. Based on these results, however, a
complete silencing of NMD activity by HIV-1 infection seems unlikely, as this should enhance

Renilla luciferase above the threshold.

Lentiviral vectors are commonly used to generate stable cell lines, as the evolution of lentiviral
vectors and the establishment of third-generation lentiviral vector systems dramatically
increased the safety and reliability of these constructs. As the first vectors of the split-
component system still contained a significant portion of the HIV genome, most of these viral
sequences were deleted over the lentiviral vector generations (Milone and O'Doherty 2018).

While the second generation already lacked the accessory genes vif, vpr, vpu, and nef, the third
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generation of lentiviral vectors allowed the removal of tat, as a constitutively active promoter
replaced the viral LTR promoter. Furthermore, deletions in the viral 3’ LTR resulted in self-
inactivating (SIN) lentiviral vectors which greatly enhanced the safety of this system (Dull et al.
1998).

For cells that were transduced with lentiviral vectors, the general expression of the encoded
transgene is not only dependent on the used promotor, but also on the chromatin density at the
integration site. Apparently, the place of integration is not random, as many retroviruses were
shown to have a characteristic preference, which exemplary for HIV-1 is the preferential
integration into active transcription sites (Mitchell et al. 2004). Furthermore, not only the site of
integration and the promoter activity are important for the success of a lentiviral transduction
system and transgene expression, it was shown that also the length of the transgene has an
impact on the generation of lentiviruses, as the viral titers decreased with the size of the insert
(Kumar et al. 2001).

Here, the analysis of Hela T4* cells, which were transduced with the TPl-encoding lentiviruses,
showed not only the loss of TPl introns, which were removed before packaging but also
alternative splice isoforms of TPI which were not expected (cf. Figure 3.22). These isoforms
might arise from the integration process of the lentiviral vector, as this was shown to induce
alternative splicing and can promote the generation of aberrant transcripts (Moiani et al. 2012).
Within their work, Moiani and colleagues observed alternative splicing and chimeric transcripts
upon lentiviral transduction and showed that these transcripts arose from the usage of
constitutive and cryptic splice sites not only within the HIV-1 5’ LTR and gag sequence but also

within their inserted transgenes (Moiani et al. 2012).

However, as the proper function of the used NMD reporters required the excision of the
encoded introns by splicing and the deposition of EJCs on the final transcript, it was necessary
to include the reporter encoded introns within the lentiviral vector setup. As mentioned before,
this was difficult, as the HEK293T producer cells already removed the introns before RNA
packaging (cf. Figure 3.22). This pre-mature splicing of transgenic RNA in the nucleus of the
producing cell line is a major problem in the production of lentiviral vectors that are supposed
to contain genes with intron sequences since these are already removed by the splicing
machinery of the producer cell before they are packaged into lentiviruses. One approach to
circumvent intron excision was described by Li and Garoff, who used the Semliki Forest virus
(SFV) expression system to synthesize the viral RNA in the cytoplasm of the producer cell, not in
the nucleus (Li and Garoff 1998). Using this SFV system, they observed efficient packaging of the
intron-containing RNAs into retroviral vectors. Generally, the inclusion of an antisense B-globin
gene with its corresponding introns and the genomic promoter into a murine leukemia virus

vector was already described more than 30 years ago (Karlsson et al. 1987). However, the
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presence of a constitutively active antisense promoter might produce antisense transcripts, that
can basepair with the vectors RNA genome, generating dsRNAs in the packaging cell line that
might activate the innate antiviral immune response. Therefore another method to include an
intron into a lentiviral vector and even enhance the transduction-induced protein levels was
recently described by Bryan Cullen’s group, who generated lentiviral vectors in which the
transgene was expressed under the control of an antisense-orientated, inducible promoter
which drove the expression of an antisense expression cassette which contained a functional
intron (Poling et al. 2017). However, even though several methods have been described to
generate lentiviral particles which contain a gene cassette with introns the reverse orientation
of the target gene appears to be the most feasible method to trick the cellular splicing machinery
from recognizing the intron-exon structures and preventing intron excision prior to RNA

packaging.

4.7 The absence of IFN response and modulation of the cellular NMD
activity upon HIV-1 infection

To investigate whether the innate immune system might be linked to the activity of the cellular
NMD machinery, the impact of recombinant interferons on the NMD activity was tested. Using
the transiently transfected dual-luciferase NMD reporter system as readout, a clear impact of
interferons on the cellular NMD activity was observed (cf. Figure 3.27). All tested interferons
were able to strongly reduce the NMD activity, a process that was inhibited by the addition of
Ruxolitinib before IFN treatment. Furthermore, the used recombinant IFNs also induced the
expression of interferon-stimulated genes (ISGs) in cell culture T-cell lines (cf. Figure 3.28),
ensuring that the recombinant IFNs were functional. In HIV-1 infection experiments, however,
there was neither an enhanced expression of ISGs over the measured time course nor an impact
on the expression of cellular genes with NMD isoforms (SRSF3 and hnRNPL), hence the cellular
NMD activity (cf. Figure 3.29).

Interferons are major players of the innate immune response and can rapidly induce the
expression of a large network of ISGs, which alter the gene expression of the cell to exhibit
diverse functions in infection control and viral defense (Uehata and Takeuchi 2020). Also, in
HIV-1 infection, innate immunity and IFNs serve as the first line of defense, based on their
antiviral activity (Poli et al. 1989; Levy, Scott, and Mackewicz 2003). In general, the production
of IFNs is not limited to immune cells and can arise from many cell types, including endothelial
cells (Haque et al. 2018). Not only the expression of ISGs is controlled by IFNs, but also post-
transcriptional regulations like pre-mRNA splicing are important regulators of gene expression,
as the disruption of splicing can result in the production of potentially harmful proteins and
disease (Chabot and Shkreta 2016). As alternative splicing is often coupled with the degradation
of target mRNAs by NMD, the potential link between transcript degradation and antiviral
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immune response should be investigated. In plants, for example, two different groups reported
that the NMD efficiency was reduced upon infection with bacteria or viruses, which was shown
by the accumulation of endogenous NMD targets (Gloggnitzer et al. 2014; Garcia, Garcia, and
Voinnet 2014). The described reduction of the cellular NMD activity fits to the results of these
work, in which the treatment of cells with recombinant IFNs had a similar effect (cf. Figure 3.27).
Even though NMD factors are constitutively expressed and are not classified as ISGs, there were
shown to modulate the cellular levels ofimmune receptors in plants (Schoggins et al. 2011; Rigby
and Rehwinkel 2015; Gloggnitzer et al. 2014). Within this work, the dual-luciferase NMD
reporter system was used to measure the impact of recombinant interferons on the activity of
the cellular NMD machinery (cf. Figure 3.27). This readout system allowed the normalization of
the GOI renilla luciferase to firefly as internal control with comparable efficiency, as both
luciferases were encoded on the same plasmid. This was important to exclude transfection-
based differences as it was described before that IFN treatment can have an impact on the

expression of luciferase reporters (Ghazawi et al. 2005).

Even though cells can switch into an antiviral state upon IFN induction, an IFN expression upon
HIV-1 infection is not measurable in all cell types, like it was shown for primary monocyte-
derived macrophages (Rasaiyaah et al. 2013). Here, type | IFN expression was only induced upon
HIV-1 capsid destabilization and subsequent leakage of reverse transcripts into the cytoplasm,
which were sensed by the cyclic GMP-AMP (cGAMP) synthase (cGAS) (Rasaiyaah et al. 2013).
Within immortalized human T cell lines, however, the expression of cGAS and therefore the
cGAS-dependent cellular responses differed drastically between the cell lines (Elsner et al.
2020). Even though some T cell lines, like PM1, showed high levels of cGAS, while Jurkat cell lines
were shown to express only low levels of cGAS RNA and protein, they could not detect
cGAS-dependent cellular responses upon productive HIV-1 infection, indicating efficient escape
of cGAS recognition by HIV-1 (Elsner et al. 2020). Furthermore, the reverse transcribed HIV-1
cDNA can also be sensed intracellularly by the IFN inducible protein 16 (IFI16) which, like cGAS,
can activate the stimulator of interferon gene (STING) to produce IFNs (Jakobsen et al. 2013;
Soper et al. 2017). However, Berg and colleagues reported that, even though T cells can detect
the intracellular viral DNA via IFI16, they fail to induce IFN response and ISG induction (Berg et
al. 2014), which fits the observed absence of ISG induction upon productive HIV-1 infection (cf.
Figure 3.29).

4.8 Splicing regulatory proteins, negative feedback loops, and NMD
- the many facets of HIV-1 infection

As transient transfection might impair the cellular NMD activity, and transduction of cells with
lentiviral encoded NMD reporters did not result in sufficient reporter levels, the last step of this

work focused on the expression of endogenous genes during HIV-1 infection. The selected genes
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showed high expression levels and encoded alternative splice variants which were targeted by
NMD. Using quantitative PCR as readout, the potential HIV-1 infection-mediated influence on
the cellular NMD activity, which could not be detected by the usage of NMD reporter plasmids,
should be investigated. The two selected endogenous genes were chosen based on their
Ensembl annotated NMD target splice isoforms and their high expression levels in our PM1 cells
deep sequencing data (Diehl 2016). The amplification of these two genes, which were SRSF7 and
hnRNPDL, was performed with specific exon junction primers. The amplification of either the
NMD-sensitive or the not-NMD-sensitive isoform revealed two things. First, the two tested
genes differed in their sensitivity for degradation through NMD, as the NMD-sensitive isoform
of hnRNPDL was more abundant than the NMD-sensitive splice isoform of SRSF7 in untreated
cells (cf. Figure 3.30). Second, as observed before (cf. Figure 3.5), the NMD efficiency differed
between the two tested cell lines (cf. Figure 3.30). However, as the designed exon-junction
primers allowed the specific detection of either the NMD-sensitive or the not-NMD-sensitive
splice isoform, those primers were used in quantitative PCR reactions to investigate the
abundance of these splice isoforms in PM1 cells over the course of HIV-1 infection (cf. Figure
3.31). By dividing the fold change of NMD-sensitive splice isoforms to the fold change of the
not-NMD-sensitive splice isoforms, the relative abundance of the NMD-sensitive splice isoform
was plotted against the fold change of HIV-1 exon 7 as marker for the infection progression, an
accumulation of the SRSF7 NMD-sensitive transcripts but not hnRNPDL NMD-sensitive
transcripts was observed (cf. Figure 3.31). Therefore, throughout HIV-1 infection there was an
impaired degradation of NMD-sensitive SRSF7 splice isoforms, which could suggest an impaired
NMD activity during HIV-1 infection. However, as this accumulation was not observed for the

hnRNPDL NMD-sensitive transcripts, HIV-1 does not globally inhibit the cellular NMD machinery.

Throughout the literature, the investigation of the NMD activity of a given cell line was often
performed by the amplification of ‘physiologic NMD substrates’, using a single primer pair to
measure the abundancies of NMD targets, like ASNS and CARS (Mendell et al. 2004; Linde et al.
2007). Here, the usage of specific exon-junction primers allowed the direct distinction between
NMD-sensitive and not-NMD-sensitive transcript isoforms of SRSF7 and hnRNPDL, as this
allowed the amplification of each transcript isoform, containing either the NMD-specific or the
not-NMD-specific exon-exon junction. Therefore, this system allowed a much more specific

readout of transcript abundancies (cf. Figure 3.30).

In general, the NMD-sensitivity of most NMD reporter constructs, but also of the two selected
genes with NMD-sensitive splice isoforms, not only relies on the presence of a PTC more than
50-55 nucleotides upstream of the last exon-exon junction, but also on the presence of EJCs
downstream of the PTC for efficient NMD target recognition and degradation. Using single-
molecule imaging Hoek and colleagues showed that not only the distance of a PTC to the next

EJC defines the NMD-sensitivity, but that the number of introns that are located downstream of
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the PTC, hence the number of deposited EJCs on the mRNA correlates with the efficiency of
target degradation through NMD (Hoek et al. 2019). These results are in line with the observed
abundancies of the SRSF7 and hnRNPDL NMD-sensitive splice isoforms in untreated Hela and
HEK293T cells in RT-PCR experiments (cf. Figure 3.30). Here, the NMD-sensitive splice isoform
of SRSF7, with five exon-exon junctions downstream of its PTC, was much less abundant than
the NMD-sensitive splice isoform of hnRNPDL with only one exon-exon junction downstream of
the PTC (cf. Figure 3.30).

The splicing regulatory protein SRSF7, which is also known as 9G8, belongs to the SR protein
family and is the only SR protein that contains a zinc knuckle in addition to its RNA recognition
motif (RRM) (Cavaloc et al. 1999). HhnRNPDL, however, is a paralog of hnRNPD, with whom it
shares high sequence similarity of its RNA binding domains and was therefore suggested to
recognize similar RNA target sequences (Doi et al. 1998). The transcript levels of both genes,
SRSF7, and hnRNPDL, are regulated through negative feedback loops. SRSF7 was shown to
regulate its RNA levels by the inclusion of an ultraconserved alternative exon, called poison
cassette exon (PCE) which results in the inclusion of a PTC and rapid degradation of the transcript
by NMD (Lareau et al. 2007; Pervouchine et al. 2019). The autoregulation of this feedback loop
was recently described by Michaela Miiller-McNicolls group, who showed that SRSF7, at low
intrinsic protein levels, binds to the flanking exons of the PCE within its own pre-mRNA and
thereby mediates PCE skipping and production of functional SRSF7 protein (Kénigs et al. 2020).
Upon overexpression, however, SRSF7 binds to the splice sites of the PCE and promotes its
inclusion to generate the NMD-sensitive SRSF7 transcript isoform which gets degraded by NMD
and thereby decreases the SRSF7 protein levels ensuring protein homeostasis (Konigs et al.
2020). Furthermore, SRSF7 levels are not only regulated by the intrinsic SRSF7 levels but PCE
inclusion can also be promoted via cross-regulation through SRSF3 binding (Ankd et al. 2012).
Therefore, this regulatory mechanism might also represent an antiviral defense mechanism, as
some viruses, like HIV-1, hijack SR proteins for the processing of their genome (Konigs et al.
2020). However, the increasing amounts of NMD-sensitive SRSF7 splice isoform in PM1 cells
upon HIV-1 infection (cf. Figure 3.31) might therefore be not a direct effect of infection-
mediated NMD inhibition, but rather an indirect effect which gets mediated by SRSF7 hijacking
through HIV-1.

Even though NMD-sensitive isoforms of hnRNPD were described already 15 years ago, the auto-
and cross-regulation of hnRNPD and hnRNPDL transcripts was only recently described
(Banihashemi et al. 2006; Kemmerer, Fischer, and Weigand 2018). Exon 8, which encodes the
PCE of hnRNPDL, is located within the ultraconserved element, within the 3’ UTR of hnRNPDL.
Kemmerer and colleagues observed increased detection of hnRNPDL exon 8 containing
transcripts upon puromycin treatment and UPF1 knock-down, suggesting that this splice isoform

is targeted by NMD like observed with CHX treatment in this work (cf. Figure 3.30) (Kemmerer,
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Fischer, and Weigand 2018). Furthermore, by fusing the hnRNPDL 3’ UTR to a luciferase reporter
gene and overexpressing hnRNPDL, they showed that the hnRNPDL protein levels themselves
had an impact on PCE inclusion, confirming the expected autoregulatory feedback loop for
hnRNPDL (Kemmerer, Fischer, and Weigand 2018).

As both genes, SRSF7 and hnRNPDL, are regulated through negative feedback loops, high
expression of each protein should result in binding to its own pre-mRNA, thereby promoting PCE
inclusion, resulting in enhanced levels of NMD-sensitive mRNA isoforms and reduced levels of
WT mRNAs. Upon HIV-1 infection, the levels of the NMD-sensitive SRSF7 splice isoform
increased in relation to the not-NMD-sensitive isoform, while this increase was not observed for
the NMD-sensitive isoform of hnRNPDL (cf. Figure 3.31). Therefore, an outstanding question is
whether HIV-1 infection selectively interferes with NMD, or if the infection enhances the levels
of SRSF7 protein, but not hnRNPDL protein.

Even though there are no reports about the expression of hnRNPDL during HIV-1 infection, and
only little is known about the role of SRSF7 in HIV-1 splicing, there are some data on SR protein
regulations and overexpression during HIV-1 infection. For example, the expression of SRSF2 in
H9 T-lymphocytic cells was shown to increase 2-3-fold two days post HIV-1 infection (Maldarelli
et al. 1998). While the characterization of differently expressed genes in HIV-1 infected human
T-cells showed a down-regulation of SRSF7 mRNAs 60 hours post-infection (Ryo et al. 2000).
Furthermore, the group of Marek Widera very recently analyzed the expression levels of SRSF
mMRNAs in chronically HIV-1 infected patients, with or without antiretroviral (ART) therapy and
reported significantly lower mRNA levels of SRSF1, SRSF3, SRSF7, and SRSF10 in chronically
infected patients in comparison to healthy controls (Sertznig et al. 2021). In general, the effect
of distinct SR proteins on HIV-1 alternative splicing was mostly investigated by overexpression
studies, even though SRSF7 was reported to be down-regulated in HIV-1 infected cells. However,
the over-expression of either tested SR protein reduced the levels of genomic HIV-1 RNA,
structural proteins, and virion production in 293T cells, while each SR protein modified the HIV-1
splicing pattern in a distinct way, where the overexpression of SRSF1 increased the levels of vpr
MRNA, while SRSF2 and SRSF7 over-expression resulted in enhanced levels of tat mRNA
(Jacquenet et al. 2005). Furthermore, SR proteins can not only influence the tat mRNA levels,
they can furthermore impair Tat activity as it was shown by Massimo Caputi’s group, who
described that HIV-1 transcription is regulated mostly by SRSF1, but also other members of the
SR protein family, like SRSF3 and SRSF7, by binding to the viral TAR element and thereby
competing with Tat and downregulating Tat activity (Paz, Krainer, and Caputi 2014).

In conclusion, the described reports suggest an HIV-1 infection-mediated reduction of SRSF7
MRNA and protein levels, which would normally result in similarly decreased levels of NMD-

sensitive SRSF7 splice isoforms, as this isoform is regulated through a negative feedback loop
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and should be induced upon high SRSF7 protein levels. Therefore, the observed accumulation
of NMD-sensitive SRSF7 transcript might be due to a reduced cellular NMD activity, resulting in
higher detection of the normally degraded transcript (cf. Figure 3.31). However, this remains to
be deciphered, as the SRSF7 protein levels were not measured in this experimental setup and
the NMD-sensitive isoform of hnRNPDL showed no accumulation upon HIV-1 infection.
Alternatively, the observed difference in NMD-target accumulation between SRSF7 and
hnRNPDL might also result from the different NMD-sensitivities of the two genes (cf. Figure
3.30). If the potential HIV-1-induced NMD downregulation does not fall into account regarding
the already abundant hnRNPDL transcript isoforms, that might explain the difference to SRSF7,
where the NMD-sensitive splice isoform was only hardly detectable in the mock situation and
without translational inhibitors. Additionally, the observed accumulation of SRSF7 NMD-
sensitive splice isoforms was only visible upon very high viral exon 7 levels (cf. Figure 3.31). These
high exon 7 levels might also suggest apoptosis of the host cell which might also lead to NMD-
target accumulation. Another possibility might be the infection-based UPF1-depletion in the
cytoplasm, as UPF1 proteins get hijacked by HIV-1 for replication and virus production as

reported by Serquina, Ajamian, and colleagues (Serquina et al. 2013; Ajamian et al. 2015).

Overall, the results in this work suggest that, even though some HIV-1 transcripts, like the viral
2kb class are targeted by degradation through NMD, there seems to be no active inhibition of
the NMD machinery by HIV-1. The observed dysregulation of the NMD activity might result from
IFN production, as this can interfere with the NMD activity (cf. Fig 3.27), or very efficient viral
replication due to UPF1 hijacking by HIV-1 which results in the accumulation of designated target
transcripts like the NMD-sensitive isoform of SRSF7 (cf. Fig 3.31).
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Figure 6.1: HEXplorer profile of the RL-B-Globin gene. All 46 potential translational start codons in all three potential
open reading frames were mutated. Starting at the original renilla ATG until the polyadenylation signal downstream
of B-Globin exon 3 (compare Figure 3.10A, red lines). For ATGs which were located within the original open reading
frame, it was not always possible to substitute bases in form of a silent mutation, but the mutations were selected
with respect to the HEXplorer profile, to keep the changes to the profile as minimal as possible.
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Figure 6.2: Plasmid card of the used TPI lentiviral vector structure. The plasmid had a size of 9,083 nucleotides and
encoded the ampicillin resistance gene, as well as the ColEl ORI for amplification in E. coli. The modified HIV-1 5’LTR
contained the CMV promotor followed by the R and U5 sequence. The CMV promoter made the plasmid expression
independent of tat levels. The LTR was followed by the HIV-1 leader sequence, which contained the packaging signal,
as well as packaging relevant sequences of the gag and env genes and the central polypurine tract (cPPT). The
expression of the TPI reporter cassette was controlled by the endogenous SFFV U3 promoter and the optimized
woodchuck hepatitis virus posttranscriptional regulatory element (WPRO). To ensure the self-inactivating (SIN)
capacities of the lentiviral vector system, the U3 promoter and enhancer region was deleted which inactivated the
newly generated 5’LTR upon reverse transcription.
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Figure 6.3: Plasmid card of the designed lentiviral vector structure encoding for the dual-luciferase reporter system
located on the minus strand. The plasmid had a size of 10,903 nucleotides and encoded the ampicillin resistance
gene, as well as the ColEl ORI for amplification in E. coli. The modified HIV-1 5’LTR contained the CMV promotor
followed by the R and U5 sequence. The CMV promoter made the plasmid expression independent of tat levels. The
LTR was followed by the HIV-1 leader sequence, which contained the packaging signal, as well as packaging relevant
sequences of the gag and env genes and the central polypurine tract (cPPT). The sequence between the cPPT and
WPRO were removed and replaced by the dual-luciferase NMD reporter system, either WT or NS39, each with its
own SV40 promoter and polyadenylation site. To prevent unwanted splicing events within the producer cell line the
transgenes were inserted in 3’ to 5’ direction. To ensure the self-inactivating (SIN) capacities of the lentiviral vector
system, the U3 promotor sand enhancer region was deleted which inactivated the newly generated 5’'LTR upon
reverse transcription.
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Table 6.1: Cloning strategies for the newly generated plasmids. IC = intermediate clone

Appendix

. . Restriction
Plasmid name | Plasmid backbone Insert Template
enzymes
pCI-TPI-WT-4H PCR product Q5
Exon 3 HBS 20.8 SDM #5672/#5673 pCI-TPI-WT-4H
pCI-TPI-PTC40-4H PCR product Q5
Exon 3 HBS 20.8 SDM #5672/#5673 pCI-TPI-PTC40-4H
PCR products
pCI-TPI-PTC40-4H PCR product #5607/#5683 and Xcml/
Exon 2 AHZ 35.3 PCI-TPI-PTCA0-4H #5607/#5665 #5682/#5665 BStEII-HF
pCIl-TPI-PTC40-4H
pCI-TPI-WT-4H ] pCI-TPI-PTC40-4H Exon | Xcml/
Exon2AHz 353 | PCITPIFWT-4H Digested fragment | ) 17 35 3 Pmll
Efc',:?ﬂzcigﬂ pCI-TPI-PTC40-4H Exon Digested fragment pCI-TPI-PTC40-4H Exon | Pmll/
Exon 3 HBS 20.8 | 28HZ353 3 HBS 20.8 BStEII-HF
EELIZ'AWH;:;’ 34 | PCI-TPI-WT-4H Exon 2 Digested fragment pCI-TPI-WT-4H Exon 3 Pmll/
Exon 3 HBS 20.8 | AHZ353 HBS 20.8 BstEIl-HF
pCI-TPI-WT-4H PCR product Agel-HF/
+250bp Intron 1 | PCITPI-WT-4H #5743/#5673 Isolated Hela DNA sacll
pCI-TPI-WT-4H PCR product Nhel-HF/
cellular ATG pCI-TPI-WT-4H #5744/#5673 Isolated Hela DNA Agel-HF
Isolated tat [1.2.4.7]
PCR product PAA-PCR band from BssHII/
PNLAL[1.24.7] | pNLAL #1544/#3392 Hela cells transfected | BamHI-HF
with pNLA1
pNLA1 [1.2E.7] pNLA1 Digested fragment pNLA1 [1.2.4.7] ;aaerHI
pNLA1 [1.2.4.7] Oligo Annealing BamHI-HF/
A516bp UTR PNLAL [1.2.4.7] #5838/#5839 Kpnl-HF
PNLAL [1.2.4.7] A Mfel-HF/
all in-frame TCs pNLA1 [1.2.4.7] Gene Strand | Xhol
pNLA1L [1.2.4.7] . Xhol/
RRE pNLA1 [1.2.4.7] Digested fragment pNLA1 envO RRE Kpnl-HF
PNLA1L [1.2.4.7] Xhol/
RSE (478nt pNLA1 [1.2.4.7] Gene strand Il - Konl-HE
distance to TC) P
a,/f_%'AR#éB:G:\‘/’:(';_" SV40-RL-B-Globin-WT - | PCR product SV40-RL-B-Globin-WT - | Nhel-HF/
FL SVA0-FLyet #5925/#5814 SVA0-FLyet Xhol
ref
f’/\\,/f_%'RrL_'g'_GSISZ'(;‘_' SV40-RL-B-Globin-WT - | PCR product SV40-RL-B-Globin-WT - | Nhel-HF/
FL ve SVA0-FLyes #5926/45814 SVA0-FLyes Xhol
ref
il\gg'_'zﬁik’b'”' SV40-RL-B-Globin-NS39 | PCR product SV40-RL-B-Globin-WT - | Nhel-HF/
SVAO-Flo - SVA0-FLyet #5925/#5814 SVA0-FLyet Xhol
E‘ggzi;ﬁf'°b'“' SV40-RL-B-Globin-NS39 | PCR product SV40-RL-B-Globin-WT - | Nhel-HF/
T - -FL 2 1 -FL
SVAO-Flre SV40-FLyef #5926/#5814 SVA0-FLyet Xhol
E’S\lé?slo[:t'ZAJ] ONLA1 [1.2.4.7] PCR product pNLA1 [1.2.4.7] RSE BamHI-HF/
distance to TC) #5931/#5932 (478nt distance to TC) Bcll
-1 -AELP-
:RCL—B—Sg:)(k))in—V\;)T— SV40-RL-B-Globin-WT- PCR product SV40-RL-B-Globin-WT- Kpnl-HF/
DATG - SVA0-FLyet #6096/#6097 AATG - SVA0-FLet Nhel-HF

AATG - SVAO-FLyer
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IC-1 SV40-AELP-

RL-B-Globin- SV40-RL-B-Globin- PCR product SV40-RL-B-Globin-WT- Kpnl-HF/
NS39-AATG - NS39-AATG - SVA0-FLes | #6096/4#6097 AATG - SVA0-FLyet Nhel-HF
SVAO-FLyet
lFle[_%SgI‘c‘)%ﬁE\II_VPT SV40-RL-B-Globin-WT - | PCR product SV40-RL-B-Globin-WT- | Kpnl-HF/
ATG - SVAO-FLos SVA0-FLyes #6096/4#6097 AATG - SVA0-FLyet Nhel-HF
IC-1 SV40-AELP-
RL-B-Globin- SV40-RL-B-Globin-NS39 | PCR product SV40-RL-B-Globin-WT- Kpnl-HF/
NS39-ATG - SV40- | - SVAO-FLyet #6096/4#6097 AATG - SVA0-FLyet Nhel-HF
FI-ref
'RCLIBS(\;/:E”ﬁE\xT SV40-RL-B-Globin-WT- | PCR product SV40-RL-B-Globin-WT- | Kpnl-HF/
Pyr..3 - SVAO-FLoy Pyr.-3 - SV40-FLyes #6096/4#6097 AATG - SVA0-FLyet Nhel-HF
IC-1 SV40-AELP-
RL-B-Globin- SV40-RL-B-Globin- PCR product SV40-RL-B-Globin-WT- Kpnl-HF/
NS39-Pyr.-3 - NS39-Pyr.-3 - SVA0-FLres | #6096/#6097 AATG - SVA0-FLyet Nhel-HF
SVA0-FLyes
IC-2 SVAQ-AELP- IC-1 SV40-AELP-RL-pB-
RL-B-Globin-WT- | 1 WT-AATG - Gene Strand IlI - Nhel-HF/
AATG ARL-ATGs - | /0o Xhol
SVA0-Flret ref
IC-2 SVAO-AELP- IC-1 SV40-AELP-RL-B-
RL-B-Globin- Globin-NS39-AATG - Gene Strand IlI - Nhel-HF/
NS39-AATG ARL- | ()0 Xhol
ATGs - SVA0-FLet ref
IC-2 SV40-AELP-
RL-B-Globin-WT- IC-2 SVA40-AELP-RL-B- PCR product IC-2 SVAO-AELP-RL-- Nhel-HF/
ATG ARLATGS - Globin-WT-AATG ARL- #6101/#5632 Globin-WT-AATG ARL- |\~
SVAO-FlLog ATGSs - SVAO-FLet ATGS - SVAO-FLes
IRCL_—ZB—SC\:I‘:)(;ﬁ—ELP_ IC-2 SV40-AELP-RL-B- PCR product IC-2 SV40-AELP-RL-B- Nhel-HE/
NS39.ATG ARL. Globin-NS39-AATG ARL- #610‘31/#5%32 Globin-WT-0ATG ARL- |\
ATGs - SVAQ.FLy | ATOS - SVAO-Fler ATGS - SVAO-FLes
IC-2 SV40-AELP-
RL-B-Globin-WT- IC-2 SVAO-AELP-RL-B- PCR product IC-2 SVAO-AELP-RL-B- Nhel-HF/
Pyr..3 ARL-ATGs - Globin-WT-AATG ARL- #6129/#5632 Globin-WT-0ATG ARL- |\
SVAO-FL; ATGS - SVA0-FLes ATGS - SVA0-FLes
:?CL' i?gfb}fm IC-2 SV40-AELP-RL-B- PCR product IC-2 SV40-AELP-RL-B- Nhel-HE/
NS39-Pyr.3 ARL- Globin-NS39-AATG ARL- #612';/#5632 Globin-WT-AATG ARL- |\~
ATGs - SVAO-FL o ATGS - SVA0-FLes ATGS - SVA0-FLes
IC-3 SV40-AELP- PCR products
RL-B-Globin-WT- #6068/#6069 and
DATG ARL-ATGs gfgﬁﬁfikggzg_ PCR product #6070/#6072 Xhol/
AB-Globin ATGs ATGS - SVAO-FL #6071/#6072 IC-2 SV40-AELP-RL-B- EcoRI-HF
exon 1&2 - SV40- ref Globin-WT-AATG ARL-
Flret ATGS - SVAO-FLes
I1C-3 SV40-AELP- PCR products
RL-B-Globin- #6068/#6069 and
-2 -AELP-RL-B-

NS39-AATG ARL- IGCIobier—AI‘\IOS39—APA$G [ZRL— PCR product #6070/#6072 Xhol/
ATGs AB-Globin ATGS - SVAO.FL #6071/#6072 IC-2 SVA0-AELP-RL-B- EcoRI-HF
ATGs exon 18&2 - ref Globin-NS39-AATG ARL-
SVA0-FLyes ATGS - SVA0-FLyes
IC-3 SVAO-AELP 11 sva0-aELP-RL-B- PCR products
RL-B-Globin-WT- ) PCR product Xhol/
Pyr.-3 ARL-ATGs Globin-WT-Pyr.-3 ARL- #6071/46072 #6068/#6069 and EcoRI-HF

yr. ATGs - SVAO-FLes #6070/#6072

AB-Globin ATGs
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exon 1&2 - SV40-
FI-ref

IC-2 SV40-AELP-RL-B-
Globin-WT-AATG ARL-
ATGs - SV40-FLyef

IC-3 SV40-AELP-

PCR products

RL-B-Globin- #6068/#6069 and
NS39-Pyr.-3 ARL- Icaclfbisr:/-z\‘/t/)ﬁ;iigiﬁl- PCR product #6070/#6072 Xhol/
ATGs AB-Globin ATGs - SVAO-FL #6071/#6072 IC-2 SVA0-AELP-RL-B- EcoRI-HF
ATGs exon 1&2 - ref Globin-NS39-AATG ARL-
SVA0-FLyef ATGS - SVA0-FLes
IC-3 SV40-AELP- PCR products
RL-B-Globin-WT- #6068/#6069 and
ATG ARL-ATGs gfbis:_‘wfi#:z:f_’ PCR product #6070/#6072 Xhol/
AB-Globin ATGs ATGs - SVAO-FL #6071/#6072 IC-2 SVA0-AELP-RL-B- EcoRI-HF
exon 1&2 - SV40- ref Globin-WT-AATG ARL-
Fleret ATGS - SVA0-FLes
IC-3 SVA0-AELP- PCR products
RL-B-Globin- #6068/#6069 and
NS39-ATG ARL- '(iclfbisr:/_‘wf;:z:f_' PCR product #6070/#6072 Xhol/
ATGs AB-Globin ATGs - SVAO-FL #6071/#6072 IC-2 SV40-AELP-RL-B- EcoRI-HF
ATGs exon 1&2 - ref Globin-NS39-AATG ARL-
SVA0-FLef ATGS - SVAO-FL e
SVA40-AELP-RL-B- | IC-3 SV40-AELP-RL-B-
Globin-WT- Globin-WT-BATG ARL- | 1\ ) EcoRl/
NallATGs - SV40- | ATGs AB-Globin ATGs Bglll
FLref exon 1&2 - SVA0-FLief
SVA40-AELP-RL-B- | IC-3 SV40-AELP-RL-B-
Globin-NS$39- Globin-NS39-MATG ARL- | . 1\ ) EcoRl/
NallATGs - SV40- | ATGs AB-Globin ATGs Bglll
FLref exon 1&2 - SVA0-FLief
SV40-AELP-RL-B- | 1C-3 SV40-AELP-RL-B-
Globin-WT-ATG Globin-WT-ATG ARL- Gene Strand IV ) EcoRl/
AallotherATGs - ATGs AB-Globin ATGs Bglll
SVA0-FLyef exon 1&2 - SVA0-FLs
SV40-AELP-RL-B- | 1C-3 SV40-AELP-RL-B-
Globin-NS39-ATG | Globin-NS39-ATG ARL- | ¢\ W\ ) EcoRl/
AallotherATGs - ATGs AB-Globin ATGs Bglll
SVA0-FLef exon 18&2 - SVA0-FLs
SV40-AELP-RL-B- | 1C-3 SV40-AELP-RL-B-
Globin-WT-Pyr.-3 Globin-WT-Pyr.-3 ARL- EcoRl/
DallotherATGs - | ATGs AB—GIogin ATGs | Genestrand IV ; Bglll
SVA0-FLef exon 18&2 - SVA0-FL
SVA0-AELP-RL-p- IC-3 SV40-AELP-RL-B-
Globin-N$39-pyr. | Cl0PIn-NS39-Pyr.-3 EcoRI/
ARL-ATGs AB-Globin Gene Strand IV -
3 AallotherATGs - Bglll
SVAO-FLo ATGs exon 1&2 - SV40-
FLref
SV40-RL-B-Globin- | SV40-AELP-RL-B-Globin- .
WT-AallATGS - WT-AallATGS - SV40- Digested fragment zxjg:it'B'be'”'WT - Eizlli:i/
SVA0-FLyes Flres ref
SV40-RL-B-Globin- | SV40-AELP-RL-B-Globin- )
NS39-AallATGs - NS39-AallATGs - SV40- Digested fragment :xig:gt—B—Globm—WT ) Ei:,ll_—:i/
SVA0-FLyet Flyef ref
SV40-RL-B-Globin- .
WI-ATG \SI\\//'IL}-(,JA'?(ELAPaITIc;tE\eGrX)Tb(IEZ Digested fragment SVA40-RL-B-Globin-WT - Kpnl-HF/
AallotherATGs - - SVAO-FL SVA40-FLyef Nhel-HF
SVA0-FLyet ref
SV40-RL-B-Globin- | SV40-AELP-RL-B-Globin- Digested fragment SV40-RL-B-Globin-WT - | Kpnl-HF/
NS39-ATG NS39-ATG SVA0-FLyet Nhel-HF
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AallotherATGs -

AallotherATGs - SV40-

SVA0-FLef Flyet
SV40-RL-B-Globin- | SV40-AELP-RL-B-Globin-
WT-Pyr.-3 WT-Pyr.-3 . SV40-RL-B-Globin-WT - | Kpnl-HF/
AallotherATGs - | AallotherATGs - Svao- | D'gestedfragment | o/ p Nhel-HF
SVAO-FLef Flet
SV40-RL-B-Globin- | SV40-AELP-RL-B-Globin-
NS39-Pyr.-3 NS39-Pyr.-3 _ SV40-RL-B-Globin-WT - | Kpnl-HF/
AallotherATGs - | AallotherATGs - Svao- | D'gestedfragment | o/ p) o Nhel-HF
SVAO-FLef Flret
IC puc2CL7wo . .
Oligo Annealing Pstl/

new MCS Puc2CL7EGwo -
Apsil/Not #6172/#6173 Notl-HF
PUC2CL7WO SVA0- |\ o1 7wo new MCS | . SV40-RL-B-Globin-WT | Kpnl-HF/
RL-B-Globin-WT(-) APsil/Notl Digested fragment SVAO-EL Clal
SVA0-FLyef(-) ref
Puc2CL7wo SV40-
RL-B-Globin- IC puc2CL7wo new MCS . SV40-RL-B-Globin-NS39 | Kpnl-HF/
NS39(-) SV40- APsil/Notl Digested fragment | ¢\ /o ¢ Clal
FLref(')
IC puc2CL7EGwo Oligo Annealing Kpnl-HF/
with Nhel site Puc2CL7EGwo #6073/#6074 Agel-HF
Puc2CL7EGwo ICpuc2CL7EGwo with | [ o ZE';T:S";A/I'E‘:(::’;OH”;S Nhel-HF/
TPI-WT-4H mod. | Nhel site g & og Notl-HF
Puc2CL7EGwo . pCI-TPI-PTC40-4H Exon
TPI-PTC40-4H IC puc2CL7EGWO With | o tod fragment | 2 AHZ 35.3 + Exon 3 Nhel-HF/

Nhel site Notl-HF
mod. HBS 20.8
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Table 6.2: Numbers and sequences of the used cloning primers. The combination of each primer pair that was used
for cloning is documented in Table 6.1.

Primer | Sequence5’ > 3’

#1544 CTTGAAAGCGAAAGTAAAGC

#3392 CGTCCCAGATAAGTGCTAAGG

#5607 GGTTGCTCCCTGGAGAATG

#5632 GTAGGGAGATTATGAATATGC

#5665 CTCCTTGCAGGTTGCC

#5672 GAGTCAGATGAGGTAAGTAGCCAAG

#5673 CCCAAAGACATGCCTTCTCTCTG

#5682 GGAGAGATCAGGTGAGATCTAGGCGGAGAG

#5683 TCTCCGCCTAGATCTCACCTGATCTCTCCAGTAAA

#5743 GAGCTCATCGGCACTCT

#5744 CTATAGGCTAGCGCCTCGGCTCCAGCACCATGGCGGAGGACGGC

#5814 GTGTCTCGAGGTTGTTCATTTTTG

#5838 GATCCTTATATCTCGAGACCTCAGGTAC

#5839 CTGAGGTCTCGAGATATAAG

#5925 GCTTGCTAGCACCTTGACTTCGAAAGTTTATGATCCAGA

#5926 GCTTGCTAGCCCCATGACTTCGAAAGTTTATGATC

#5931 AACGGATCCGACAAATTTATAGGGAGGGCC

#5932 TCATGATCATCTAGAGTAAATGCAAAAGCTTCGCGATC

#6068 CAACCTCGAGACACCATAGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGC
AAGGTGAACGTGGCTGAAGTTGGTGGTGAGGC

#6069 GAGCCTTCACCTTAGGGTTGCCCAGAACAGTATCAGGAGTGGACAGATCC

#6070 AACCCTAAGGTGAAGGCTCTTGGCAAGAAAGTGCTCGGTGCCTTTAGTGATCGCCTGGCTCACCTG
G

#6071 CAACCTCGAGACACCATAGT

#6072 CCAGCCACCACTTTCTGA

#6073 CGCGGGCCCGCTAGCGGATCCA

#6074 CCGGTGGATCCGCTAGCGGGCCCGCGGTAC

#6096 GATAGGTACCGCATCTCAATTAG

#6097 AGGTGCTAGCAAGCTGGGGCGGAGAATGG

#6101 GCTTGCTAGCACCATGACTTCGAAAGTTTACGATCCAGAA

#6129 GCTTGCTAGCCCCATGACTTCGAAAGTTTACGATCCAGAA

#6172 GAGGATCGATCGCGCTAGCAGCGGTACCTACGC

#6173 GGCCGCGTAGGTACCGCTGCTAGCGCGATCGATCCTCTGCA
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Table 6.3: Sequences of the Gene Strands which were used for cloning. The restriction sites, which were used for
cloning are marked by red letters.

Name

Sequence (5’ -> 3’)

Gene Strand I
pNLA1 mutation of
all in-frame TCs
(677bp)

TACCAATTGCTATTGTAAAAAGTGTTGCTTTCATTGCCAAGTTTGTTTCATGACAAAAGCCTTAG
GCATCTCCTATGGCAGGAAGAAGCGGAGACAGCGACGAAGAGCTCATCAGAACAGTCAGACT
CATCAAGCTTCTCTATCAAAGCAACCCACCTCCCAATCCCGAGGGGACCCGACAGGCCCGAAG
GAATACAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTATTGGACGGATCC
TTACCACTTATCTGGGACGATCTGCGGAGCCTGTGCCTCTTCAGCTACCACCGCTTGCGAGACTT
ACTCTTGCTTGTACCGAGGATTGTGGAACTTCTGGGACGCAGGGGGTGGGAAGCCCTCAAATA
TTGGTGGAATCTCCTACAGTATTGGAGTCAGGAACTACAGAATAGTGCTGTTAACTTGCTCAAT
GCCACAGCCATATCAGTATCTGAGGGGACAGATAGGGTTATACAAGTATTACAAGCAGCTTAT
AGAGCTATTCGCCACATACCTAGAAGAATACGACAGGGCTTGGAAAGGATTTTGCTATAAGAT
GGGTGGCAAGTGGTCAAAAAGTAGTGTGATTGGATGGCCTGCTGTAAGGGAAAGAATGAGAC
GAGCTGAGCCAGCAGCAGATGGGGTGGGAGCAGTATCTCGAGACC

Gene Strand Il:
Rous sarcoma
stability element
(RSE)

(433bp)

GTATCTCGAGGACAAATTTATAGGGAGGGCCACTGTTCTCACTGTTGCGCTACATCTGGCTATT
CCGCTCAAATGGAAGCCAGACCACACGCCTGTGTGGATTGACCAGTGGCCCCTCCCTGAAGGT
AAACTTGTAGCGCTAACGCAATTAGTGGAAAAAGAATTACAGTTAGGACATATAGAACCTTCAC
TTAGTTGTTGGAACACACCTGTCTTCGTGATCCGGAAGGCTTCCGGGTCTTACCGCTTACTGCAT
GATTTGCGCGCTGTTAACGCCAAGCTTGTTCCTTTTGGGGCCGTCCAACAGGGGGCGCCAGTTC
TCTCCGCGCTCCCGCGTGGCTGGCCCCTGATGGTCTTAGACCTCAAGGATTGCTTCTTTTCTATC
CCTCTTGCGGAACAAGATCGCGAAGCTTTTGCATTTACGGTACCTTTA

Gene Strand lll:
Mutation of all
Renilla (RL) ATGs
(957bp)

GCTTGCTAGCACCTTGACTTCGAAAGTTTACGATCCAGAACAAAGGAAACGGATCATAACTGGT
CCGCAGTGGTGGGCCAGCTGTAAACAATTGAATCTTCTTGATTCATTTATTAATTATTCTGATTC
AGAAAAACTTGCAGAAAATCCTGTTATTTTTTTACATCCTAACGCGGCCTCTTCTTATTTATCGCG
ACATCTTGTGCCACATATTGAGCCAGTAGCGCGGTGTATTATACCAGACCTTATTGGTCTGGGC
AAATCAGGCAAATCTGGTATTGGTTCTTATAGGTTACTTGATCATTACAAATATCTTACTGCATC
CTTTGAACTTCTTAATTTACCAAAGAAGATCATTTTTGTCGGCCTTGATTGGGGTGCTTGTTTGG
CATTTCATTATAGCTCTGAGCATCAAGATAAGATCAAAGCAATAGTTCACGCTGAAAGTGTAGT
AGACGTGATTGAATCCTGGGACGATTGGCCTGATATTGAAGAGGATATTGCGTTGATCAAATC
TGAAGAAGGAGAAAAACTGATTTTGGAGAATAACTTCTTCGTGGAAACCATCTTGCCATCAAAA
ATCCTGAGAAAGTTAGAACCAGAAGAATTTGCAGCATATCTTGAACCATTCAAAGAGAAAGGT
GAAGTTCGTCGTCCAACATTATCAAGGCCTCGTGAAATCCCGTTAGTAAAAGGTGGTAAACCTG
ACGTTGTACAAATTGTTAGGAATTATATTGCTTATCTACGTGCAAGTGATCATTTACCAAAAATC
TTTATTGAATCGGACCCAGGATTCTTTTCCATTGCTATTGTTGAAGGTGCCAAGAAGTTTCCTAA
TACTGAATTTGTCAAAGTAAAAGGTCTTCATTTTTCGCAAGAAGACGCACCTGATCAATTGGGA
AAATATATCAAATCGTTCGTTGAGCGAGTTCTCAAAACTGAACAACCTCGAGACAC

Gene Strand IV:
Mutation of all
ATGs downstream
of B-Globin Exon 2
(370bp)

CAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTATTGC
CCTGGCCCACAAGTATCACTAATCTAGAGTCGACCCGGGCGGCCGCTTCCCTTTAGTGAGGGTT
AATCCTTCGAGCAGACTTGATAAGATACATTGATCAGTTTGGACAAACCACAACTAGACTGCAG
TGAAAAAAATCCTTTATTTGTGAAATTTGTGCTGCTATTGCTTTATTTGTAACCATTATAAGCTGC
AATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGATGTGGG
AGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTAAGATCTGCTG
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