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Abstract

Removal of intronic sequences during pre-mRNA processing requires accurate
recognition of the exon-intron boundaries. Here, the initial step is the RNA duplex
formation between the 5’ splice site (5’ss) and the 5’ end of U1 snRNA. Human as well
as viral, e.g. HIV-1, 5’ss sequences however, do not depend on full complementarity
to all 11 nucleotides of the 5 end of U1 snRNA. So-called cis-acting regulatory
sequences (SREs), which can be bound by SR or hnRNP proteins, can greatly
influence 5’ss recognition, with both positive and negative impacts. Algorithms like the
hexamer-based ‘HEXplorer’, calculating enhancing or silencing properties of regions
in the vicinity of splice sites, as well as algorithms (e.g., MaxEnt, HBond-Score (HBS))
calculating intrinsic splice site strength, aim at reliably describing splice site selection
and uncovering splice variants that may result in different protein isoforms. As it is for
endothelial cell function, suppressing or upregulating specific protein isoforms might
lead to the development of new therapeutic strategies fighting inherited diseases that
can even occur through silent point mutations. To take a step forward in understanding
splice site regulation, we investigated splice donor usage and exon definition in two
model systems. The human fibrinogen BB-chain gene (FGB) exon 7 and HIV-1 exon
2/2b both contain neighboring splice donor sites of comparable strength. We show that
those donor sites are regulated via a multitude of SREs, acting in a strict position
dependent manner. Additionally, we dissected the role of hnRNP D in viral pre-mRNA
splicing and found hnRNP A1 and hnRNP D binding to ESSV at overlapping motifs.
Thereby, levels in vor mMRNAs seem to be dynamically regulated. Disrupting only one
of those elements leads to an altered splicing phenotype and might therefore represent

valuable targets for LNA-mediated therapy.



Zusammenfassung

Wahrend der mRNA Prozessierung erfordert die Entfernung von intronischen
Sequenzen die genaue Erkennung von Exon-Intron Grenzen. Hierbei ist der erste
Schritt die Bildung eines RNA-Duplex zwischen der 5° Spleildstelle (5’ss) und dem 5°
Ende der U1 snRNA. Humane und virale, z.B. HIV-1, 5'ss Sequenzen bendtigen
jedoch keine vollige Komplementaritat aller 11 Nukleotide zum 5° Ende der U1 snRNA.
So genannte cis-agierende regulatorische Sequenzen (SREs), die von SR und hnRNP
Proteinen gebunden werden kdnnen, kdnnen die 5’ss Erkennung positiv oder negativ
beeinflussen. Algorithmen, wie der auf Hexamer-basierende ,HEXplorer, der die
fordernden und inhibierenden Eigenschaften der Sequenzen in der Nachbarschaft von
Spleilkstellen berechnet, und Algorithmen (z.B. MaxEnt, HBond-Score (HBS)), die die
intrinsische  Starke von Spleildstellen kalkulieren, zielen darauf ab, die
SplieRstellenselektion zuverlassig zu beschreiben und Spleillvarianten aufzudecken,
die zu unterschiedlichen Proteinisoformen fuhren. Wie bei Endothelzellen kdnnte eine
Unterdrickung oder Hochregulation spezifischer Proteinisoformen zur Entwicklung
von neuen Therapie-Strategien fihren. Therapie-Strategien, die auch stille Mutationen
einbeziehen, konnten auch Erbkrankheiten adressieren. Um dem Verstandnis der
Spleillstellenselektion einen Schritt naher zu kommen, haben wir die Benutzung von
SpleiRdonoren und die Exondefinition in zwei Modellsystemen untersucht. Exon 7 des
humanen FGB-Gens und Exon 2/2b von HIV-1 beinhalten beide benachbarte
SpleiRdonoren vergleichbarer Starke. Wir konnten zeigen, dass diese Donoren von
einer Vielzahl positionsabhangiger SREs reguliert werden. Zusatzlich haben wir die
Rolle von hnRNP D beim viralen Splei3en analysiert. Hier zeigte sich, dass hnRNP A1
und hnRNP D das ESSV Element an uUberlappende Motive binden. Dadurch werden

vpr mRNA Level dynamsich reguliert. Die Inaktivierung von nur einem dieser Elemente



fuhrt zu einem veranderten Splei3-Phanotyp. Diese Zielsequenzen kdonnten deshalb

als nutzliche Angriffsziele einer LNA-basierenden Therapie dienen.



1. Introduction

1.1. Pre-mRNA splicing
Processing of messenger RNA is a characteristic feature of eukaryotic gene
expression. The primary transcript is modified by at least three main processing steps
before it leaves the nucleus and serves as template for protein synthesis [1]: the
addition of a 7-methyl guanosine cap at its 5 end, the removal of intervening
sequences, called introns, and the addition of a poly(A) tail at its 3’end. Introns are
removed by joining the flanking sequences (exons) to generate the mature mRNA. The
spliceosome, a large and highly dynamic protein-RNA complex, facilitates the two
sequential transesterification reactions involved in splicing with single nucleotide
precision. Besides splicing, binding of spliceosomal components to a splice site can
also shield the mRNA from degradation [2], premature cleavage and polyadenylation
[3]. Any interruption of this orchestrated process can lead to errors in gene expression.

1.1.1. Mechanisms of pre-mRNA splicing
The spliceosome precisely recognizes sequence elements within the precursor mRNA
(pre-mRNA): the 5’ splice site (5’ss or splice donor (SD)), the 3’ splice site (3’'ss or
splice acceptor (SA)) and the branch point sequence (BPS). 99% of all 5'ss are
characterized by an 11 nucleotide long sequence marked by a GU at the exon/intron
border [4]. The largely degenerate consensus sequence CAG\GURAGUNN (R =
purine, N = purine or pyrimidine, \ = exon-intron border) in metazoans permits the
prevalence of alternative splice site usage, expanding proteomic diversity, which is not
prominent in lower eukaryotes like Saccharomyces cerevisiae [5, 6]. The 3’ss is
composed of a polypyrimidine tract (PPT, ~10-20 nucleotides long) and an invariant
AG at the intron/exon border which is characterized by the CAG/G (/ = intron-exon

border) consensus motif [5]. The BPS with its distinctive adenosine (YNYURAC (Y =



pyrimidine, R = purine, N = any nucleotide)) is located 15-50 nucleotides upstream of

the 3’ss AG [7, 8].
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Figure 1 — The splicing reaction

(A) Shown are two exons (grey boxes) that are separated from each other by an intron (line). The
exon/intron boundaries are marked by the 5’ss and 3’ss. The 5’ss is defined by an 11 nucleotide long
sequence, including the canonical GU dinucleotide. The 3’ss is composed of a polypyrimidine tract
(PPT), followed by the invariant AG dinucleotide. The BPS is situated 15-50 nucleotides further
upstream. (B) During the first transesterification step, the phosphorus atom at the 5’ss is attacked by
the 2’ hydroxyl group of the BPS. In the second catalytic step, the oxygen atom of the hydroxyl group of
the first exon forms a bond with the phosphorus atom at the intron/exon border of the second exon
leading to exon ligation and an excised intron lariat. This illustration was adapted from [9].

The chemical mechanism of the splicing reaction entails two rather simple sequential
transesterification steps (Figure 1). First, the 2’ hydroxyl group of the BPS-adenosine
attacks the phosphodiester bond that links the 5’ exon and the intron, generating a &’
exon and a lariat intermediate. Subsequently, the phosphodiester bond at the 3’ss is
attacked by the hydroxyl group of the 5" exon, leading to a replacement of the bond
between the lariat intron and the ligated exons [10]. The splicing reaction is controlled

by the spliceosome. The major spliceosome consists of five different subunits, U1, U2,



U4/U6 and U5 snRNPs (uridine-rich small nuclear RNPs) and a vast number of
associated proteins [11]. Each U snRNP is composed of one (or two for U4/U6) U
snRNAs, a ring of seven Sm (B/B’, D1, D2, D3, E, F and G) or like-Sm proteins (for
U6) and a variable number of snRNP particle-specific proteins [8, 12]. In addition to
the “U2-type” spliceosome including U1 and U2 snRNPs, also a minor type (U12-type)
coexists in a subset of eukaryotes in which U1 and U2 are substituted by U11 and U12,
representing, however, only less than 0.5% of all introns present in human cells [13].
In contrast to the U2-type, the subunits of the U12-dependent spliceosome, are U11,
U12, U5, and U4atac/UBatac SNRNPs [14]. The different U snRNPs assemble in a
stepwise manner when they encounter a pre-mRNA substrate which involves broad
dynamic changes within the architecture of the complex [8, 12, 15] (Figure 2). The first
step is the ATP-independent formation of the E complex (E, early complex) in which
the U1 snRNP is recruited to the 5’ss and interacts via base pairing with the mRNA
through the 5’ end of its RNA [16]. Additionally, non-snRNP factors such as SF1/mBBP
(splicing factor 1/mammalian branch point binding protein) and both subunits of U2AF
(U2 snRNP auxiliary factor) interact with the BPS, PPT and the AG of the 3’ss,
respectively. In an ATP-dependent step, catalyzed by the DExD/H helicases Prp5 and
Sub2, U2 snRNP displaces SF1/mBBP, progressing E into A complex [7, 11]. The U2
snRNP forms a duplex with the BPS and interacts with the U1 snRNP, resulting in the
bulging of the adenosine, which serves as a nucleophile for the first transesterification

step [7, 17].
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Figure 2 — Spliceosome assembly

The stepwise assembly of the spliceosome starts with the formation of the E complex via interactions of
the U1 snRNP with the 5’ss and SF1, U2AF%5, U2AF3 to the BPS, PPT and the 3’ss, respectively. ATP-
dependent binding of the U2 snRNP displaces SF1 from the BPS, generating the A complex.
Subsequently, the pre-assembled tri-snRNP U4/U6*U5 joins, forming the B complex which is
catalytically activated (B* complex) through conformational changes and binding of the NineTeen
complex (NTC). This causes the release of U1 and U4 snRNPs from the spliceosome. The first
transesterification reaction leads to an exon intermediate and lariat intron intermediate, forming complex
C. After the second transesterification, spliceosomal components dissociate, the exons are ligated and
the intron is degraded.

Subsequently, the preassembled U4/U6*U5 tri-snRNP is recruited to form the B
complex which is catalyzed by another DExXD/H helicase, Prp28. Furthermore, the

NineTeen complex (NTC or Prp19/CDCS5 complex) is involved in B complex formation,



enabling stable interactions of the U6 and U5 snRNPs with the pre-mRNA [18]. The
catalytically inactive B complex is converted into a catalytically active form (B*
complex) by ATP-dependent conformational and structural rearrangements: these
include the displacement of U1 and U4 snRNAs and the interaction of U2 and U6
snRNAs, which is catalyzed by additional helicases (Brr2, Snu114 and Prp2) [11, 19,
20]. Thus, by interaction of U2-U6 snRNAs, the 5’ss and the BPS adenosine acquire
close proximity, initiating the first transesterification reaction and converting B* into C
complex [8]. Following further extensive structural rearrangements, which depend on
Prp8, Prp16 and Slu7 [21], the second catalytic step takes place in which both exons
are ligated and the lariat intron is degraded [22]. Concurrently with the second catalytic
step, a protein complex is recruited 20-24nt upstream of the exon-exon junction (Exon
Junction Complex; EJC) which is involved in mRNA export, translation and quality
control [23]. Finally, the spliceosome complex falls apart and the single components
are recycled for additional rounds of splicing.
1.1.2. Exon and Intron definition

The distance between splice sites have been shown to influence efficient spliceosomal
assembly. Contrary to Saccharomyces cerevisiae, the human gene architecture is
mainly determined by short exons (the average size of middle exons is 151nt [24] and
long introns (hundreds to thousand base pairs long) [25]. Thus, the splicing machinery
must precisely select those small exons within a plethora of considerably longer
introns. Consequently, recognition of exons is very likely established through
interactions spanning the exon, in a process called exon-definition [26, 27] (Figure 3).
Here, binding of U1 snRNPs to a 5’ss result in a direct communication with the
upstream located U2 auxiliary factor U2AF®® and subsequently directs U2 snRNPs to
the BPS [28]. Observations substantiated the model by the discovery that

strengthening a 5’ss led to the cumulative usage of the upstream 3’ss, whereas



mutating a splice donor resulted in an increase in exon skipping events [29-31].
However, if an exon exceeds the length of 200-250 nucleotides, splice site recognition

likely takes place across the intron via intron-definition complexes [32].

/\ Exon-definition /\
U2AFSU2AF Exon ] __— T\U2AF%U2AF*  Exon

U2AFSSU2AF Exon ) _——— U2AF®IU2AF*  Exon

Intron-definition

Figure 3 — Exon and intron definition

Human genes consist of short exons which are separated by long introns (top). Here, splice site
recognition occurs mainly across exons in which the U1 snRNP interacts with the upstream located U2
associated factors U2AF8 and U2AF35. The lower panel shows the intron-definition model in which
splice site pairing occurs across the intron.

But, since every splicing reaction occurs across the intron, each exon-definition state
must be switched to an intron-definition complex in which the 5’ss interacts with the
downstream located 3’ss. Until today, this switch is only poorly understood and may
often involve support of splicing regulatory proteins [33, 34]. Another hypothesis is that
the flip between exon- and intron-definition complexes occurs directly when an
U4/U6*U5 tri-snRNP bound to the exon interacts with an upstream 5’ss [35]. However,
it is important to bear in mind that the detection of the first and last exon, which each
only has one flanking splice site, is facilitated by other mechanisms. On one hand, the
5’ terminal exon requires the cap-binding complex that substitutes for U2 snRNP in
communicating with the downstream located 5’ss [36]. On the other hand, the 3’
terminal exon is recognized by U2AF, either interacting with the polyadenylation

polymerase (PAP), the cleavage factor CF1m or the cleavage and polyadenylation
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specificity factor (CPSF)[25, 37-39]. Moreover, transcription, capping, addition of a
poly(A) tail and splicing do not proceed in a sequential order, as previously thought,
but take place co-transcriptionally, allowing novel interplays between several
regulatory elements [40]. Obvious indicators for co-transcriptional splicing are
sequence analyses of RNA associated to chromatin which showed that more exons
than introns were enriched in the samples [41], as well as the fact that 65% of intronic
sequences have been spliced out after only five minutes [42] which coincides with the
transcription rate of 1.8 to 4.0 kb per minute [40, 43-46]. Furthermore, elongation time
can modify splice site decisions by influencing RNA binding of spliceosomal
compartments and splicing regulatory proteins [40]. On the contrary, RNA binding
proteins itself can also affect elongation time. The carboxy-terminal domain (CTD) of
RNA polymerase |l (Pol Il) recruits and directly binds splicing factors. For SRSF3-
mediated splicing regulation, the Pol Il CTD is essential [47] and it has been shown
that SRSF2 positively affects elongation by interactions with the positive transcription
elongation factor (P-TEFb) [48, 49]. However, not all MRNAs are co-transcriptionally
spliced but some are post-transcriptionally spliced which is thought to control e.g. the
timing of gene expression [50, 51].
1.1.3. Splice site recognition

Many human splice sites are degenerate and only poorly match to the consensus
sequence of the U1 snRNA. Only the GT at the 5’ss and the AG at the 3’ss are
conserved to some extent [52]. However, alternative splicing does not occur because
of inaccuracy of the spliceosome, but with surprisingly great precision [53]. It is
estimated that 94-95% of all human genes generate at least two mRNA isoforms
through alternative splicing, thereby including different sets of exons [54, 55]. Types of
alternative splicing involve exon skipping, inclusion of mutually exclusive exons,

alternative 5’ or 3’ss selection or the retention of an intron (Figure 4). The degree to
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which splice sites are used or not is regulated by both cis-regulatory sequences and

tfrans-acting factors.

—{ |L 1 I constitutive splicing | -
" N4 N\
- . . %

N \./'

} / \ .
w Mutually exclusive
N ;

N

% - AN

Figure 4 — Modes of alternative splicing

Model of the major forms of alternative splicing. Apart from constitutive splicing, alternative splicing
allows the variable inclusion/exclusion of exons or the retention of an intron. Another possibility is that
alternative 5’ss and 3’ss are used.

The intrinsic strength of a 5’ss is based on the ability to form hydrogen bonds with the
single stranded 5’ end of the U1 snRNA [2, 56]. Algorithms that most reliably calculate
the intrinsic strength of a 5'ss are the HBond score

(https://www2.hhu.de/rna/html/hbond _score.php; [56]), which is based on predicted

hydrogen bond formation of the U1 snRNA and the 11 nucleotides of a 5’ss, and the

MaxEnt score (http://genes.mit.edu/burgelab/maxent/Xmaxentscan scoreseq.html;

[57]), which calculates the distribution of nucleotides at specific positions within 9
nucleotides of a 5’ss.

Contrary to that, the strength of a 3’ss is assumed to critically dependent on the
pyrimidine content of the PPT, the distance between the BPS and the 3’ss, as well as
the complementarity between the BPS and the U2 snRNA [58-60]. Within a

polypyrimidine tract, uridines are favored over cytidines and a stretch of 11 uridines is
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most efficiently used for splicing [61, 62]. Furthermore, the two nucleotides surrounding
the AG of the 3'ss have been implicated in affecting 3’ss recognition, in which a
pyrimidine at position -3 (relative to exon/intron border) was shown to be relevant for
U6 snRNA interactions, whereas a guanosine at position +1 seems to be only relevant
for a specific subset of introns [63-65].

However, to determine the actual “functional strength” of a splice site, splicing
regulatory elements (SREs) surrounding splice donor and acceptor sites have to be
considered. Generally, those SREs are mainly bound by three classes of RNA-binding
proteins: SR (Serine/arginine-rich), hnRNP (heterogeneous nuclear ribonucleoparticle)
proteins and tissue-specific proteins such as Rbfox, PTB or Nova [66-73]. Depending
on their position within the exon or the intron, SREs are classified as exonic/intronic
splicing enhancers (ESE/ISE) or exonic/intronic splicing silencers (ESS/ISS) and act
in a strict position-dependent manner, either positively or negatively influencing splice
site recognition [74, 75] (Figure 5). Furthermore, SREs were shown to act cooperatively
to combinatorically control splice site use [76, 77] and are not only essential for

alternative but also for constitutive splicing [78-80].

0280 °°

ESE ESS

Figure 5 — Position-dependent regulation of splicing regulatory proteins

Binding of SR or hnRNP proteins to enhancer or silencer elements can promote or inhibit splice site
recognition by spliceosomal components. SR proteins increase splice site usage if bound to the exon,
whereas they repress splice site usage from intronic positions. hnRNP proteins show a mirror-inverted
phenotype and promote splicing from the intron and inhibit splicing from the exon.

1.1.4. SR proteins
SR proteins represent a family of structurally related RNA binding proteins that possess

repeats of serine (S) and arginine (R) dipeptide residues (RS) of variable length and
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one or two N-terminal RNA recognition motifs (RRMs) which are interchangeable
between all SR proteins [66]. In general, the RRM domain(s) facilitate binding to the
pre-mRNA, whereas the RS domain triggers protein-protein or other protein-RNA
interactions [81, 82]. However, it could be shown that the quality of RS domains within
different SR proteins is directly linked to the number of included RS dipeptides and
furthermore depends the phosphorylation state of serine residues within RS domains
[83, 84]. So far, twelve SR proteins have been identified that range in size between 20-
75kDa: SF2/ASF, SC35, SRp20, SRp75, SRp40, SRp55, 9G8, SRp46, SRp30c,
SRp38, SRp54 and SRrp35, which were recently re-named in SRSF1-SRSF12 to
clarify their relationship to each other [85] (Figure 6). Members of the SR protein family
are not only found in all metazoan species and plants but also in some lower
eukaryotes with exception of Saccharomyces cerevisiae, which only expresses three

SR-like proteins [66, 86, 87].

SRSF1 (SF2/ASF) RRM RRM | Rs
SRSF2 (SC35) RRM RS

SRSF3 (SRp20) RRM RS

SRSF4 (SRp75) RRM RRM RS
SRSF5 (SRp40) RRM RRM RS

SRSF6 (SRp55) RRM RRM RS

SRSF7 (9G8) RRM | n RS

SRSF8 (SRp46) RRM RS

SRSF9 (SRp30c) RRM RRM RS

SRSF10 (SRp38) RRM RS

SRSF11 (SRp54) RRM RS
SRSF12 (SRp35) RRM RS

Figure 6 — Structural features of SR proteins

SR proteins share a modular structure, containing one or two RNA recognition motifs (RRM) at the N-
terminus (blue) and an RS domain at the C-terminus (green). Only SRSF7 contains an additional
element, a zinc-finger motif (Zn)(rose). This illustration was adapted from [88].
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A multitude of high-affinity binding sites have been proposed for several SR proteins
by using SELEX (selected evolution of ligands though exponential enrichment) or
CLIP-seq techniques. However, even though SR proteins recognize distinct RNA
recognition motifs, the motifs have been found to be rather degenerate and, in several
cases, are bound redundantly by different SR proteins [89-91]. Moreover, the RNA
binding capacity of SR proteins can be improved by other participating proteins like the
SR-like protein Tra2 through cooperative binding with SRSF1 or SRSF7 [92-94] or by
additive effects through the binding of many copies of the same enhancer [70]. SR
proteins binding to ESE sequences were shown to promote 5’ss usage via interactions
with the U1-specific protein U1-70K that itself contains two RS domains. While earlier
studies suggested that the RS domain of SR proteins facilitate the recruitment of the
U1 snRNP to the 5’ss [81, 82, 95], other studies indicated that it is rather the RRM that
is responsible [96, 97]. Besides, it was shown that SR proteins interact with another
U1-specific protein, U1-C [98], or directly with the U1 snRNP [99, 100] to enhance
splice site activation. Additionally, SR proteins bound to ESE sequences influence the
recognition of a 3’ss splice site by stabilizing the U2 snRNP auxiliary factors U2AF3°
and recruiting U2AF®5 to the AG dinucleotide and the PPT, respectively [66, 82, 101-
104]. SR proteins are also able to enhance splicing without binding to ESE sequences.
Here, SR proteins facilitate the incorporation of the U4/U6*U5 tri-snRNP during B
complex formation [105, 106]. On the contrary, SR proteins have also been reported
to bind to intronic sequences. According to their position-dependent effects, they were
only associated with repression of splicing when bound to intronic positions [74, 107-
110]. This mode of action is supposed to include the formation of a so-called “dead-
end” complex. Here, the spliceosomal complex is trapped in A complex formation and

cannot progress any further [33, 74, 111]. At present, there is, however, only little
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understanding about the exact mechanism behind this SR-mediated inhibition of
splicing.

1.1.5. hnRNP proteins
Another large group of splicing regulatory proteins represent the hnRNP proteins [71].
20 maijor types of hnRNP proteins are known so far, named hnRNP A-U, which share
some common features but are highly divergent regarding their composition and
functional properties (Figure 7). Furthermore, related hnRNP-like proteins exist, like

Nova2, hnRNP LL or hnRNPD-like JKTBP.

A RRM RRM G-rich
AB RRM RRM Grich
Cc RRM Other
D RRM RRM G-rich
E KH KH KH
F aRRM aRRM aRRM
G RRM G-rich
H aRRM aRRM G-rich aRRM | G-rich
| aRRM aRRM aRRM aRRM
K KH KH KH
L G-rich | aRRM aRRM aRRM aRRM
M RRM RRM RRM
P G-rich RRM G-rich
Q RRM RRM RRM
R Other RRM RRM RRM G-rich Other,
U Other Other G-rich
RALY Other

Figure 7 — Strucutral features of hnRNP proteins
The group of hnRNP proteins is highly diverse and consist of multiple different domains that are
connected by linker regions.

The most common structural features of the hnRNPs are the RNA binding motif (RRM),
the quasi (q)RRM- or hnRNP K-homology (KH)-type as well as auxiliary domains

enriched in proline, glycine, tyrosine, arginine, glutamine or asparagine [71, 112, 113].
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The variable structure of the different hnRNP proteins contribute to the great functional
diversity of hnRNP proteins including telomere biogenesis, polyadenylation,
translation, RNA editing, nuclear export and mMRNA stabilization [114-116].
Furthermore, several members of the hnRNP protein family have been found being
involved in alternative splicing. One of the best studied hnRNP subgroup with respect
to alternative splicing is hnRNP A/B which includes isoforms A1, A2/B1, A3 and AO.
They are known as splicing repressors, showing an inverse phenotype compared to
SR proteins by inhibiting when located upstream, and promoting splicing when
localized downstream of a 5’ss [74, 117]. Several scenarios are reported of how
hnRNP proteins inhibit splice site usage. In the simplest one, binding of hnRNP A/B
proteins restricts spliceosomal components or SR proteins in binding to a splice site or
cis-regulatory element, respectively, via multimerization [118, 119]. Another possibility
of negative regulation is the looping-out mechanism. Here, the intervening sequence
is folded out, thereby bringing distant splice sites into close proximity, which finally
leads to exon skipping [120, 121]. Also, hnRNP C has been implicated in splicing
regulation and was shown to compete with U2AF®5 in binding to the polypyrimidine
tract and prevents the recognition of cryptic 3’ splice sites [122]. Furthermore, hnRNP
C inhibits the binding of the hnRNP-like protein TIA-1 downstream of 5’ss, thereby
counteracting its enhancing potential [122]. Unlike other hnRNP proteins, members of
the hnRNP F/H subgroup (hnRNP H, H’, F and 2H9) specifically recognize G runs
which are defined by the consensus sequence DGGGD (where D is A, G, or U) [76,
123, 124]. hnRNP F/H are composed of three quasi-RRMs which were shown to
interact with the RNA through three highly conserved loops [125]. Furthermore, they
contain a G-rich domain with which they are able to self-interact, thereby looping out
intervening introns as it has been shown for hnRNP A/B [126]. In general, hnRNP F/H

proteins have been shown to inhibit splice donor usage from exonic positions [74, 127-
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132], whereas they were also shown to promote splicing when bound to the intron [74,
133-138]. Herein, hnRNP F/H binding sites have been reported to accumulate
downstream of alternatively spliced exons in order to guarantee 5’ss usage [76, 139,
140]. However, there are exceptions to the rule: hnRNP F/H was also found to activate
splicing from intronic positions [124, 141]. Another hnRNP protein, hnRNP |, is better
known as PTB (polypyrimidine tract-binding protein) due to its ability to inhibit 3’ss
usage via binding to upstream polypyrimidine tracts [142]. It negatively acts on splicing
by binding to CU-rich sequences [143, 144] and several mechanisms have been
elucidated through which PTB inhibits splicing, including competition of binding sites
with U2 snRNP [62, 145], looping-out of the skipped exon [146, 147] and preventing
the pre-spliceosomal A complex to progress into a catalytic state (“dead-end” complex)
[33]. Furthermore, it was reported that RRMs 1 and 2 of PTB directly interact with SLIV
of the U1 snRNA, preventing further spliccosome assembly [111]. Despite its role as a
negative regulator, several alternative exons have been characterized that are
positively regulated by PTB [148]. Most recently, hnRNP D proteins associated with an
HIV-1 silencer complex, ESSV, was shown to act through competing with hnRNP A1
binding to an overlapping motif [149]. All hnRNP D isoforms act as repressors of exon
inclusion whose silencer activity positively correlates with the isoform-specific size of
their C-terminal glycine-rich domains.
1.2. Splicing and disease

Until now, over 200 diseases could definitively be linked to mutations affecting splicing
patterns [150] and computational predictions, comparative genomics and
transcriptome profiling indicate that it is an even higher number that can lead to disease
states [151]. Disease-causing mutations can range from mutations within 3’ss or 5’ss
over mutations within silencer or enhancer motifs to mutations affecting splicing

regulatory proteins or snRNPs itself [151]. The most abundant type, however, are
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mutations that affect splice sites or regulatory elements [152] and depending on their
location, lead to exon skipping, intron retention, cryptic splice site usage or affect the
ratio of alternatively spliced mRNA isoforms. Among the first cases of human disease
involving aberrant splicing were the B-globin thalassemia mutations and mutations
affecting the SMN-2 gene, causing spinal muscular atrophy [73, 153-155]. For 3-globin,
a G>A mutation at position 1 of the intron, destroying the canonical GT of the 5’ss, was
described, generating two types of abnormally spliced mRNAs, which do not encode
for normal B-globin protein [153]. On the other hand, exon 7 of SMN-2 underlies a
combinational control of SREs. The exon is bound by Tra2 which interacts with other
SR proteins and thereby stimulates the inclusion of this exon. If a C>T transition at
position +6 in exon 7 occurs, a new ISE is created which is bound by hnRNPA1,
thereby inducing skipping of this exon, leading to a protein which is defective for self-
association and SMN self-oligomerization [154, 155]. An example for mutations
affecting a splicing regulatory protein itself is the degenerative muscle disease
amyotrophic lateral sclerosis (ALS). It could be shown that ALS is caused by a mutation
within the glycine-rich domain of hnRNPA1 protein, altering the dynamics of RNA
granule assembly which is important for post-transcriptional regulation within neurons
[156]. Besides those diseases, several cases of splicing errors leading to cancer and
metastasis have been described which were linked to mutations in genes encoding for
U2AF35 or SRSF2 [73]. By now, several therapeutic approaches have been developed
to counteract splicing errors in disease. Antisense-oligonucleotides can bind to specific
target sequences on the pre-mRNA and block interactions of the spliceosome or
splicing regulatory elements [151]. Clinical trials have been carried out e.g. for
Duchenne muscular dystrophy (DMD) which is caused by genomic deletions leading
to splicing of out-of-frame mMRNAs. Antisense-oligonucleotides induce exon skipping of

several exons, restoring the open reading frame [151]. Those oligonucleotides
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specifically bind to complementary nucleotide regions on the pre-mRNA and sterically
interfere with binding of SREs or components or the splicing machinery.
1.3. Prediction of localization of SREs

Identifying mutations affecting splicing and predicting their outcome is critical for
diagnostics and treatment of patients suffering from genetic disorders. Recently, two
algorithms have been developed (AHZe and AtESRseq) that showed a high predictive
power by indicating the direction and severity of the induced splicing defects [157, 158].
The HEXplorer score is based on hexamer weights calculated by a RESCUE-type
approach (Relative Enhancer and Silencer Classification by Unanimous Enrichment)
[159]. Since ESE sequences act in a strict position-dependent manner, the scaled
difference of occurrence was calculated between hexamers in the exon versus intron
near constitutively used splice sites (AEI) [159]. The HEXplorer score, as a further
improvement, identifies the average score of all hexamers overlapping with the index
nucleotide (AHZe|) [157]. The resulting HEXplorer plot illustrates splice enhancing and
silencing properties of the splice site neighborhood (Figure 8). Mutational effects can
be visualized and, additionally, the most effective mutations calculated. On the other
hand, AtESRseq is based on relative splicing strength scores (ESRseq) which were
assigned via transfection experiments of 4096 6-mers within a three-exon minigene.
The total ESRseq score changes (AtESRseq), also using overlapping hexamers, were

then calculated to measure the impact of exonic splicing mutations [158].
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Figure 8 — HEXplorer plot

Depicted is an exemplary HEXplorer plot of HIV-1 exon 3. Regions showing HEXplorer scores below
the horizontal axis represent sequences with exonic silencer properties whereas scores above the
horizontal axis depict exonic enhancer properties. Additionally, HBond scores of all GTs are calculated
(brownish). Point mutations that alter the HEXplorer plot are shown in purple. The HEXplorer can be
accessed through the web page htips://www2.hhu.de/rna/html/hexplorer_score.php.

1.4. The human immunodeficiency virus type 1 (HIV-1)
HIV-1 is the cause of the acquired immunodeficiency disease syndrome (AIDS).
According to the WHO (World Health Organization), approximately 36.7 million people
were living with HIV at the end of 2015 with 2.1 million new HIV infections and 1.1
million deaths due to AIDS in 2015. The disease is characterized by a severe loss of
CD4* lymphocytes, leading to a progressive failure of the immune system and
prevalently to death. After more than 30 years, research led to the development of
effective antiretroviral drugs which efficiently suppress the virus and stop progression

of the disease. However, so far these drugs do not kill dormant viruses and thus any

21


https://www2.hhu.de/rna/html/hexplorer_score.php

cure is not sterile yet. According to the WHO, only 46% of people living with HIV
received lifelong antiretroviral treatment since it is cost-intensive, requires regular
medication and is therefore almost only available in industrial countries. Therapeutic
strategies face the problem of dormant virus reservoirs and the rise of multidrug-
resistant viral subspecies due to the high genetic variability of HIV [160-162]. The
reason for the high variability lies within the viral reverse transcriptase with an error
rate of about 1.2 x 10-° to 6.7 x 10-* mutations per base per replication cycle [163]. In
consequence, the increase of drug-resistant viral strains and the still very high
prevalence of the disease raise the strong need for novel therapeutic strategies and
thus, highlight the importance of an extended knowledge of the mechanisms of viral
gene expression.
1.4.1. HIV-1 life cycle

HIV-1 belongs to the family of retroviruses and is an enveloped virus with two copies
of a (+)-stranded RNA genome within an internal nucleocapsid (Figure 9). During
infection, the HIV-1 viral surface glycoprotein gp120 interacts with cells expressing the
CD4 receptor that is found on the surface of mononuclear cells such as T-cells,
macrophages, and dendritic cells [164-166] (Figure 10). Furthermore, different HIV-1
isolates depend on one of the two different co-receptors for efficient entry in vivo: CCR5
or CXCR4 [165]. Here, the V3 loop of gp120 mainly determines the HIV-1 tropism

[167].
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Figure 9 — HIV-1 virus particle structure

The HIV-1 particle is surrounded by a host cell-derived lipid membrane in which the glycoprotein is
embedded which interacts with the matrix. The capsid contains two copies of the (+)-strand RNA
genome that are associated with nucleocapsid proteins. Additionally, proteins required for viral infectivity
are located within the capsid.

Subsequently, the virus fuses with the plasma membrane of the target cell and the
capsid is released into the cytoplasm. The viral RNA is then reversely transcribed by
the capsid-associated viral reverse transcriptase which uses a packaged host cell
tRNA as primer to initiate plus-strand DNA synthesis [168]. Following completion of
second strand synthesis, the DNA, which is associated with viral and cellular proteins,
forming the pre-integration complex (PIC), is actively transported into the nucleus and
integrated into the host genome as provirus [169-171]. The provirus is terminated by
two long-terminal repeats (LTRs) atits 5’ and 3’ ends. HIV-1 gene expression is under
the control of the viral promoter within the 5’-LTR which can be recognized by the host
transcription machinery. However, efficient viral transcription by the cellular RNA
polymerase Il (Pol Il) requires the viral protein Tat which binds to an U-rich bulge within
the TAR element (transactivation-responsive region), a stem-loop structure located at
the 5’-end of each nascent HIV-1 transcript [172, 173]. Tat interacts with the positive

transcription elongation factor b (P-TEFb) which hyperphosphorylates the C-terminal
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domain (CTD) of Pol Il, thereby promoting elongation [174]. However, only a single
transcript is generated encoding the whole viral genome and alternative splicing
enables the controlled expression of HIV-1 encoded enzymes, regulatory, accessory

and structural proteins.
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Figure 10 — HIV-1 replication cycle

After receptor-mediated entry into the host cell, the viral RNA is reversely transcribed, subsequently
transported into the nucleus and integrated into the host's genome. After integration, the DNA is
transcribed into the viral pre-mRNA, which is heavily spliced leading to the generation of a great variety
of mMRNA species which can be assigned to three different mMRNA classes: intronless 2kb, intron-
containing 4kb and unspliced 9kb mRNAs. 4kb and 9kb mRNAs are translated into structural and
enzymatic proteins or serve as genomic RNA, which is incorporated into nascent virions. Viral particles
are released and mature to new infectious virus particles.

1.4.2. HIV-1 splicing
Since translation starts at the 5’ end of an mRNA by binding of the small ribosomal
subunit to the most cap-proximal start codon, scanning of the 9kb HIV-1 primary

transcript leads to sole translation of Gag and Gag/Pol open reading frames (ORF)
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[175]. To circumvent this, HIV-1 uses alternative splicing to remove cap-proximal
AUGs by utilization of the cellular splicing machinery, resulting in the generation of
more than 50 viral mMRNA isoforms [173, 176-178]. The emergence of most HIV-1
isoforms results from the variable usage of four different splice donor sites (D1, D2, D3
and D4) and eight different splice acceptor sites (A1, A2, A3, Adcab, A5 and A7), giving
rise to three individual mRNA classes, intronless 2kb, intron-containing 4kb and
unspliced 9kb mRNAs, that are expressed in a temporal order during the viral life cycle

[179-181] (Figure 11).
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Figure 11 — The HIV-1 genome

(A) The eight open reading frames of HIV-1 (Gag/Pol, Env, Vif, Vpr, Vpu, Tat, Rev and Nef) are shown
as grey rectangles. Furthermore, the Rev Response Element (RRE) localized within the Env ORF is
depicted. (B) The unspliced 9kb message is coding for gag and pol and serves additionally as genomic
RNA. Shown are the positions of predominantly used 5’ss and 3’ss. Splice sites shown in brackets only
exist in some HIV strains. (C) 4kb and 2kb mRNAs include non-coding exon 1, whereas non-coding
exons 2 and 3 (dark grey) are alternatively spliced. The 2kb mRNAs are additionally spliced from 5’ss
D4 to 3'ss A7.

Shortly after successful infection, 2kb mMRNAs encoding for Tat, Rev and Nef are

generated though excessive splicing of the primary transcript. Tat and Rev shuttle back
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into the nucleus to either promote transcription elongation, or serve as a nuclear export
transactivator for intron-containing mRNAs by binding to the Rev Response Element
(RRE). Coincidentally, intron-containing 4kb mRNAs with ORFs for Vif, Vpr, Vpu and
Env are transcribed. Furthermore, unspliced 9kb mRNAs are transported into the
cytoplasm and either translated or used as genomic RNA for newly formed viral
particles. To allow the generation of intron-containing or unspliced mRNAs, HIV-1
splicing must be rather inefficient and indeed, many viral 5’ and 3’ splice sites show

scarce conformity with the human consensus sequences (Table 1).

Table 1 — Intrinsic strengths of HIV-1 splice sites
The intrinsic strengths of HIV-1 5’ss were calculated with the HBond score, the 3’ss using the MaxEnt
score.

Splice Sequence MaxEnt
acceptor
A1l aattttcgggtttattacaggga 6.41
Splice donor Sequence HBond score

A2 ctattttgattgtttttcagaat 943
D1 CtGGTGAGTAC 17.5

A3 ctgctgtttatccatttcagaat 9.76
D2 aAGGTgRaggg 10.7

Adc gtgttgctttcattgccaagttt 3.74
D2b CAGGTgAtgAT 124

Ada agtttgtttcatgacaaaagcct -1.75
D3 aAGGTAgGatc 14.0

Adb tttcatgacaaaagccttaggea -4.09
D4 gcaGTAAGTAg 157

A5 ttaggcatctcctatggcaggaa 4.01

AT attcaccattatecgttteagace 7.15

HIV-1 splice donor D1 and D4 are most efficiently used, which in turn is reflected by
the highest similarity to the human U1 snRNA consensus sequence, whereas HIV-1
3’ss are rather intrinsically weak except for A2 and A3 [60, 182]. However, many cis-
regulatory elements regulating HIV-1 splice site usage have been identified since then
that determine splice site usage and the relative abundance of different viral proteins

[183] (Figure 12).
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Figure 12 — HIV-1 splicing regulatory elements

Depicted are the locations of the known positively acting (green) and negatively acting (red) SREs
regulating viral pre-mRNA splicing. This illustration was modified according to [173] and supplemented
with more recent data.

1.4.3. HIV-1 proteins
i. Tat, Revand Nef

Intronless, 2kb mMRNAs encode for the regulatory proteins Tat, Rev and Nef.

Tat (Transactivator of Transcription) is a 14-16 kDa sized, low abundant protein that is
essential for viral transcription by trans-activating efficient transcription from the LTR
promotor [184, 185]. Tat is formed by splicing at 5’ss D1 to 3’ss A3 and D4 to A7 and
can include the non-coding leader exon 2, exon 3 or both [176, 183]. Splice acceptor
usage of A3 is repressed by two exonic silencer elements, termed ESS2 and ESS2p,
which are bound by hnRNP A/B and hnRNP H, respectively, thereby significantly
downregulating tat mRNA levels [132, 186-188]. Furthermore, an element positively
influencing A3 usage was described, ESE2, which is bound by SRSF2 and competes
with the bindingsite of hnRNP A1 to ESS2b [189, 190]. Besides that, splicing from D4
to A7 is a prerequisite for generating tat, rev and nef mMRNAs, thereby eliminating the
RRE-containing intron. Several SREs have been described to regulate A7 usage [183].
A negatively acting element located upstream of A7, ISS3, was shown to bind hnRNP
A1 and competes with U2 snRNP binding to the branch point sequence [191].
Furthermore, two exonic splicing silencers downstream of A7 have been described:
ESS3a and ESS3b, negatively acting on A7 splicing by cooperative binding of hnRNP

A/B and masking the binding site of a further ESE element [118, 183, 187, 192-195].
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Additionally, ESE2 was identified, which is bound by SRSF1 and thereby promotes A7
usage [183, 187, 193].
Rev (Regulator of Virion Protein Expression) is a 19 kDa sized protein that is essential
for the export of intron-containing and unspliced viral mMRNAs by binding to the RRE
within the Env coding sequence [196]. Binding of Rev leads to the oligomerization of
further Rev molecules that then interact with the cellular export receptor CRM1,
exporting the intron-containing viral mRNA through the nuclear core complexes into
the cytoplasm [197-200]. Subsequently, Rev shuttles back into the nucleus by binding
to the nuclear import factor importin-p [201]. Rev is encoded by two exons and Rev-
expressing mRNAs differ in including non-coding exons 2 and 3 and the usage of
acceptors 4cab. Those acceptors are all intrinsically very weak and their usage
depends on the strong guanosine—adenosine-rich ESE (GAR ESE), bound by SRSF1
and SRSF5, which does not only activate those 3’ splice sites but also A5 and the
downstream-lying donor D4 which is required for splicing of the rev, nef and env
mRNAs [2, 202, 203]. In addition to that, the presence and strength of D4 is essential
for upstream splice acceptor usage since U1 snRNPs bound to D4 and U2 snRNPs at
3’ss Adcab or A5 form cross-exon complexes and thereby facilitate exon definition
[203].
Nef (Negative Factor) is a 27-35 kDa sized protein with a broad array of functions and
required for full HIV-1 virulence. Among others, Nef down-regulates CD4, MHC class |
and Il to counteract apoptosis and evade from the immune system [204, 205]. Nef is
encoded by one exon, and nef mRNA variants differ in the inclusion of exon 2 or 3 and
exon 5. Differential splice acceptor usage of A5 is regulated as described above.

i. Env, Vif, Vpr and Vpu
Messages of the 4kb class are spliced, but still intron-containing and therefore rely on

Rev for nuclear export. They encode for Env, Vif, Vpr and Vpu.
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Env (Envelope) forms the viral envelope. Translation occurs from the bicistronic
env/vpu mRNA. The env gene codes for the gp160 protein which is proteolytically
cleaved into the mature glycoproteins gp120 and gp41 [206]. As described above,
gp120 binds to the CD4 receptor, CCR5 and CXCR4, thereby enabling the attachment
to the host cell and membrane fusion which is mediated by gp41 [165, 207-209]. Env
transcripts can consists of exons 2, 3, 4cab und 5, whose variable inclusion is mediated
by ESS2, ESS2p, ESE2 and the GAR ESE.

Vif (Viral infectivity factor) is a 23 kDa sized protein and an antagonist of the host cell
restriction factor APOBEC3G (A3G) [210]. A3G is a cytidine deaminase that is
incorporated into newly assembling virions and after infection, triggers excessive
deamination of deoxycytidine to deoxyuridine during reverse transcription, resulting in
G-to-A hypermutations within the HIV-1 genome. Vif counteracts the incorporation of
A3G into virions by provoking its ubiquitination and proteosomal degradation [211,
212]. VifmRNAs are generated by splicing from D1 to SA1, the inclusion of exon 2 and
the retention of the downstream intron, which includes the vif start codon. The definition
of exon 2 is facilitated by cross-exon interactions between splice sites A1 and D2 and
binding of U1 snRNPs to D2 without being actually spliced that is essential for the
recognition of A1 und thus, proper vif MRNA production [127, 130, 213]. Inclusion of
exon 2 is furthermore promoted by several splicing regulatory elements. Upstream of
D2, ESEs M1 and M2, which are both bound by SRSF1, and the SRSF4-dependent
element ESEViIf, increase splice donor usage whereas a silencer element (G4 -
GGGG) overlaps with D2 and exerts negative effects on exon inclusion, potentially by
sterical hindrance of U1 snRNP binding [60, 130, 213]. Additionally, a second splice
donor, D2b, is involved in the generation of vif mMRNAs. This splice donor has an even
higher intrinsic strength than D2 but is significantly less used which can be attributed

to a G run (Giz2-1), bound by hnRNP F/H, inhibiting its usage [127].
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Vpr (Virion protein R) has a variety of functions. The 14 kDa sized protein is i.a.
involved in the import of the pre-integration complex and the cause of the cell cycle
arrest during G2-phase, leading to a higher viral transcription rate [214-216]. In a
comparable manner to vif MRNAs, vpor mRNAs are primarily formed by splicing from
D1 to A2, the inclusion of exon 3 and the retention of the downstream intron, which
includes the vpr start codon. Here, excessive usage of the intrinsically strong splice
acceptor A2 is inhibited by a silencer element within exon 3, termed ESSV, which
harbors a (Py/A)UAG binding motif and is bound by members of the hnRNP A/B protein
family [217-219]. Binding of hnRNP A/B to ESSV interferes with the binding of U2AF®°
to the polypyrimidine tract of A2. Additionally, we could recently show that hnRNP D
binds to the overlapping motif “UUAG” within ESSV [149]. Here we proposed that the
counteractivity between hnRNP A/B and hnRNP D drives the relative formation of vpr
mRNAs. Moreover, the inclusion of exon 3 is negatively influenced by a G run localized
deeply within intron 3 which beyond this functions is involved in the mutually exon
selection of vif and vpr mRNA formation [149]. On the contrary, since intron retention
relies on cross-exon interactions of A2 and D3, exon 3 inclusion is positively influenced
by Tra2a and Tra2p binding to the exonic enhancer ESE vy, [220].

Vpu (Virion protein U) is translated from the bicistronic mRNA that also encodes the
env gene. Vpu counteracts cellular factors that inhibit the release of virions from
infected cells by downregulating tetherin and CD4 [221, 222]. Like env, transcripts can
consist of exons 2, 3, 4cab und 5, that are controlled by ESS2, ESS2p, ESE2 and GAR
ESE as mentioned before.

iii. Gagand Pol

9kb mRNAs are not spliced and serve as genomic RNA for progeny virions and
additionally, contain the open reading frames for the Gag-Pol precursor and Gag,

encoding structural proteins and Pol, encoding viral enzymes. To translate both open
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reading frames, a -1 ribosomal frameshift is necessary which is enabled by two
elements: a “slippery site” and an RNA secondary structure [223-225]. Both genes are
expressed as polyproteins, which are cleaved by the viral protease into p17 (Matrix),
p24 (Capsid), p7 (Nucleocapsid), p6 and integrase, reverse transcriptase and

protease, respectively.

1.5. Theses of this dissertation

Thesis |

Multiple splice-isoforms derived from a single primary transcript can contribute to
proteomic diversity. The molecular machinery, however, that regulates proper splice
site selection is prone to failure. Many diseases have been linked to aberrant splicing.
Understanding signals that mediate alternative splicing will assist the development of
algorithms as essential components for diagnostics and the development of
therapeutic options. Endothelial dysfunction leading to cardiovascular diseases, the
leading cause of death globally, has been associated with alterations within splicing
patterns of numerous genes (chapter 2). During blood coagulation, fibrinogen is
responsible for blood clot formation. Hereditary fibrinogen disorders can even occur
through silent point mutations, if leading to activation of cryptic splice sites. A dense
network of splicing regulatory elements (SREs) controls cryptic splice site selection
(chapter 3). Activating cryptic splice sites in fibrinogen exon 7 might serve as a general

model for splice site selection and exon end definition.

Thesis Il

HIV-1 depends on the human splicing machinery for processing its primary transcript
to provide mRNAs that can be efficiently translated by the scanning ribosome. Over 50
different MRNAs species arise by mainly using four splice donor and eight splice

acceptor sites. Their selection is controlled by SREs that balance the emergence of all
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viral transcripts dictating the viral protein levels. The levels of the viral protein Vif that
counteracts the host restriction factor APOBEC3G is tightly regulated by SR and
hnRNP proteins within exon 2/2b, exhibiting antagonistic functions (chapter 4). For
hnRNP proteins, the G-rich domain plays a crucial role in silencing downstream donor
usage as it is the case for hnRNP D binding to the ESSV element, regulating HIV-1
splicing within exon 3 and Vpr expression (chapter 5). Interfering with balanced splice

site usage might represent a potential target for antiretroviral therapeutic approaches.

1.6. Thesen dieser Dissertation

These |

Die Vielzahl an Splei3-Isoformen, die aus nur einem Primartranskipt entstehen,
kénnen zur proteomischen Vielfalt beitragen. Die molekulare Maschinerie, die eine
korrekte Spleil3stellenselektion reguliert, ist jedoch fehleranfallig. Viele Krankheiten
wurden mit aberrantem Spleil3en in Verbindung gebracht. Aus diesem Grund ist das
Verstandnis Uber Signale, die das alternative Spleillen vermitteln, essentiell, um
Algorithmen entwickeln zu kdnnen, die als wesentliche Komponenten in der Diagnostik
und in der Entwicklung von Therapieoptionen eingesetzt werden konnten. Die
endotheliale Dysfunktion fuhrt zu Herz-Kreislauf-Erkrankungen, der haufigsten
Haupttodesursache weltweit, und wurde mit Veradnderungen im Spleimuster vieler
Gene in Zusammenhang gebracht (Kapitel 2). Fibrinogen ist verantwortlich fur die
Thrombenbildung wahrend der Blutgerinnung. Erbkrankheiten, die die Bildung von
Fibrinogen verandern, konnen auch durch stille Punktmutationen auftreten, wenn
diese zur Aktivierung von kryptischen Splei3stellen fihren. Ein dichtes Netzwerk von
spleiliregulatorischen Elementen (SREs) kontrolliert die kryptische

Spleil3stellenselektion (Kapitel 3). Die Aktivierung kryptischer Spleifstellen im
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Fibrinogen Exon 7 kdnnte als allgemeingultiges Modell der Splei3stellenselektion und

der Definition des Endes eines Exons dienen.

These Il

Damit alle HIV-1 mRNAs vom Ribosom effizient translatiert werden kénnen, ist das
Virus fur die Prozessierung seines Primartranskripts auf die humane
SpleiRmaschinerie angewiesen. Uber 50 verschiedene mRNA Spezies entstehen
durch die hauptsachliche Nutzung von vier Spleilddonoren und acht Spleildakzeptoren.
Die Spleif3stellenselektion wird von SREs kontrolliert, die das Auftreten aller viralen
Transkripte regulieren und somit die viralen Proteinlevel. Die Level des viralen Proteins
Vif, das dem Wirtsrestriktionsfaktor APOBEC3G entgegenwirkt, werden von
antagonistisch wirkenden SR und hnRNP Proteinen innerhalb von Exon2/2b streng
reguliert (Kapitel 4). Bei hnRNP Proteinen spielt die G-reiche Domane eine wichtige
Rolle bei der Blockierung der stromabwarts liegenden Spleilidonoren. So wurde es flr
hnRNP D und dem ESSV Element gezeigt, welches das HIV-1 Splei3en innerhalb von
Exon 3 und die Expression von Vpr reguliert (Kapitel 5). Eine Stérung dieser
ausbalancierten Splei3stellennutzung kdnnte als potentielles Target fur antiretrovirale

Therapien fungieren.

33



2. Critical Regulators of Endothelial Cell Functions: For a Change Being

Alternative

The following review is published in Antioxid Redox Signal 22(14): 1212-1229. (doi:
10.1089/ars.2014.6023) by
Farrokh, S.*, Brillen, A. L.*, Haendeler, J., Altschmied, J., Schaal, H. (*shared first

authors)

Contribution

SF wrote parts of the manuscript dealing with endothelial cell function. ALB wrote parts
of the manuscript dealing with splicing mechanisms. SF and ALB prepared the figures.
JH, JA and HS participated in its design and coordination and helped to draft the

manuscript.

Abstract

Significance: The endothelium regulates vessel dilation and constriction, balances
hemostasis, and inhibits thrombosis. In addition, pro- and anti-angiogenic molecules
orchestrate proliferation, survival, and migration of endothelial cells. Regulation of all
these processes requires fine-tuning of signaling pathways, which can easily be tricked
into running the opposite direction when exogenous or endogenous signals get out of
hand. Surprisingly, some critical regulators of physiological endothelial functions can
turn malicious by mere alternative splicing, leading to the expression of protein
isoforms with opposite functions. Recent Advances: While reviewing the evidence of
alternative splicing on cellular physiology, it became evident that expression of splice
factors and their activities are regulated by externally triggered signaling cascades.

Furthermore, genome-wide identification of RNA-binding sites of splicing regulatory
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proteins now offer a glimpse into the splicing code responsible for alternative splicing
of molecules regulating endothelial functions. Critical Issues: Due to the constantly
growing number of transcript and protein isoforms, it will become more and more
important to identify and characterize all transcripts and proteins regulating endothelial
cell functions. One critical issue will be a non-ambiguous nomenclature to keep
consistency throughout different laboratories. Future Directions: RNA-deep
sequencing focusing on exon—exon junction needs to more reliably identify alternative
splicing events combined with functional analyses that will uncover more splice
variants contributing to or inhibiting proper endothelial functions. In addition,
understanding the signals mediating alternative splicing and its regulation might allow
us to derive new strategies to preserve endothelial function by suppressing or

upregulating specific protein isoforms.
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Abstract

Significance: The endothelium regulates vessel dilation and constriction, balances hemostasis, and inhibits
thrombosis. In addition, pro- and anti-angiogenic molecules orchestrate proliferation, survival, and migration of
endothelial cells. Regulation of all these processes requires fine-tuning of signaling pathways, which can easily
be tricked into running the opposite direction when exogenous or endogenous signals get out of hand. Sur-
prisingly, some critical regulators of physiological endothelial functions can turn malicious by mere alternative
splicing, leading to the expression of protein isoforms with opposite functions. Recent Advances: While
reviewing the evidence of alternative splicing on cellular physiology, it became evident that expression of splice
factors and their activities are regulated by externally triggered signaling cascades. Furthermore, genome-wide
identification of RNA-binding sites of splicing regulatory proteins now offer a glimpse into the splicing code
responsible for alternative splicing of molecules regulating endothelial functions. Critical Issues: Due to the
constantly growing number of transcript and protein isoforms, it will become more and more important to
identify and characterize all transcripts and proteins regulating endothelial cell functions. One critical issue will
be a non-ambiguous nomenclature to keep consistency throughout different laboratories. Future Directions:
RNA-deep sequencing focusing on exon—exon junction needs to more reliably identify alternative splicing
events combined with functional analyses that will uncover more splice variants contributing to or inhibiting
proper endothelial functions. In addition, understanding the signals mediating alternative splicing and its
regulation might allow us to derive new strategies to preserve endothelial function by suppressing or upre-
gulating specific protein isoforms. Antioxid. Redox Signal. 22, 1212-1229.

Endothelium—Function and Dysfunction

HE CARDIOVASCULAR SYSTEM composed of heart and

blood vessels transports blood through the organism to
deliver oxygen and nutrients to all organs as well as carbon
dioxide and metabolic end products to the lungs and excre-
tory organs for exhalation and disposal. The border between
the blood stream and the surrounding tissues is the vessel
wall, which—in all larger vessels—principally consists of
three layers (Fig. 1). The outer layer or adventitia is entirely
composed of connective tissue containing elastic and colla-
gen fibers synthesized by fibroblasts. It is followed by the

media, which is made up of vascular smooth muscle cells
required for vasoconstriction and -dilation; in veins, the
media is much thinner than in arteries. Both these layers are
not present in capillaries, the smallest of the body’s blood
vessels. The innermost layer, the intima, is separated from the
media by an elastic membrane, the elastica interna. It consists
of a monolayer of endothelial cells, which are directly at the
interface with the blood stream. The endothelium plays a key
role in many physiological processes such as regulation of
vascular tone, hemostasis, thrombosis, and angiogenesis.
For a long time, it was assumed that the endothelium
mainly represents an inert barrier, which simply separates
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ALTERNATIVE SPLICING IN THE ENDOTHELIUM
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FIG. 1. Structure of the vessel wall. Schematic picture of
a cross section through the wall of a large vessel showing
the different layers and cell types.

circulating blood from surrounding tissues. In 1980, Furch-
gott and Zawadzki discussed for the first time an endothelial-
dependent vasodilation as a response to acetylcholine (47).
Later, it was discovered that nitric oxide (NO) is the key
signal for vessel relaxation (104, 115). The major source of
NO in the endothelium is the endothelial nitric oxide synthase
(eNOS; the HGNC symbols of proteins relevant for the
chapters on specific splice variants are listed in Supplemen-
tary Table S1; Supplementary Data are available online at
www.liebertpub.com/ars). eNOS catalyzes the reaction from
L-arginine to L-citrulline and NO. The most important
physiological stimulus for eNOS activation, and by this the
production of NO, is shear stress on the vessel wall (118).
Furthermore, the activation of eNOS can be triggered by
mediators such as acetylcholine or bradykinin binding to
membrane receptors. NO released toward smooth muscle
cells activates soluble guanylate cyclase in these contractile
cells, which synthesizes the second messenger cyclic gua-
nosine monophosphate. This signaling results in a decreased
concentration of calcium in the cell, which, in turn, reduces
the activity of the myosin light chain kinase. Since this kinase
is responsible for initiation of vasoconstriction by phos-
phorylation of the motor protein myosin, reduced enzymatic
activity results in relaxation of blood vessels (117).

Besides its role in dilation and constriction of blood ves-
sels, the endothelium regulates hemostasis and inhibits
thrombosis. Hemostasis is a physiological defense mecha-
nism against bleeding due to vessel wall injury mediated
by the coagulation system [for a review, see ref. (155)].
Thrombosis describes the pathophysiological process during
which formation of thrombi, consisting of blood clots and
aggregated platelets inside the vessel, obstructs the blood
flow, which can lead to cardiac infarction or stroke. The
appearance of thrombotic events is the consequence of an
imbalance between pro- and anti-coagulative systems. Under
physiological conditions, endothelial cells express anti-
coagulants and release prostacyclin and NO to suppress
monocyte and platelet adhesion and aggregation of the latter
[for a review, see refs. (54, 95)].

Endothelial cells not only have anti-coagulatory and anti-
thrombotic properties, but also play a critical role in angio-
genesis, the formation of new blood vessels from preexisting
ones. This process requires a complex, well-balanced regu-
lation of pro- and anti-angiogenic molecules and involves
proliferation and migration of endothelial cells. Angiogen-
esis is critical during development; in the adult organism,
it occurs mainly in wound healing and during the men-
strual cycle. Enhanced or reduced angiogenesis will result in
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pathologic conditions, such as ischemia in diabetes or tumor
vascularization; hence, it should be tightly controlled [for a
review, see ref. (31)]. Angiogenesis is characterized by an
initial vasodilation, followed by an increase in permeability
and destabilization of the vessel wall, which then allows
sprouting by proliferation and migration of endothelial cells.
The most critical pro-angiogenic regulator is vascular endo-
thelial growth factor A (VEGFA). VEGFA binding to VEGF
receptor 2 (VEGFR?2) on endothelial cells triggers a complex
signaling cascade, which, on one hand, elevates eNOS ac-
tivity, leading to vasodilation and, on the other hand, induces
proliferation and migration of angiogenic endothelial cells
(76). Besides VEGFA, a number of other pro-angiogenic
molecules have been described, for example, several other
growth factors such as transforming growth factor f1
(TGFf1), platelet-derived growth factor BB, fibroblast
growth factors, and cell surface molecules such as integrins.
A further regulator of angiogenesis primarily expressed in
endothelial cells is endoglin (ENG), an integral membrane
glycoprotein and accessory coreceptor for TGFf1. To pre-
vent uncontrolled vessel outgrowth, there are negative feed-
back regulators such as angiostatin, endostatin, and
thrombospondin. Most of these inhibitors are extrinsic to
endothelial cells. Interestingly, endothelial cells also express
anti-angiogenic molecules such as vasohibin 1 to induce a
self-regulating, feedback inhibition response (160).

The response of endothelial cells to soluble factors and
their receptors requires the conversion of signals, which in
many cases is achieved by changes in transcription factor
activities, leading to an altered cellular transcriptome. We
have recently characterized the transcription factor grainy-
head-like 3 (GRHL3) as a central regulator of endothelial cell
migration and the maintenance of endothelial integrity by
suppressing apoptosis (93).

The many functions of the endothelium explain why its
dysfunction is a central event in many cardiovascular dis-
eases. In general, the term endothelial dysfunction is used to
describe a shift toward reduced vasodilation and impaired
anti-inflammatory and anti-thrombotic capacity of the en-
dothelium. It is associated with an increased production of
reactive oxygen species (ROS), termed oxidative stress, and
with a reduced NO-bioavailability. Oxidative stress occurs
in cardiovascular diseases, for example, atherosclerosis or
diabetes and other pathophysiological conditions such as
ischemia/reperfusion or heart failure (38, 142) and during
aging (39). oxidize cysteine residues and, thus, regulate the
functions of many proteins, for example, kinases, phospha-
tases, and transcription factors (20, 93, 100). Moreover, ROS
can directly damage cellular macromolecules such as proteins,
lipids, and DNA. Decreased production of NO can have dif-
ferent reasons, for example, reduced expression and/or acti-
vation of eNOS (133, 164) or a lack of substrates and cofactors,
which are required for NO production (120) and an early NO
degradation as a result of high ROS levels (62).

As described earlier, numerous factors, from soluble pro-
teins over enzymes producing vasoactive substances to
transcription factors, determine the maintenance and proper
function of the endothelium. Interestingly, the primary tran-
scripts for many of these proteins are subject to alternative
splicing and in several instances, the translation products
of their alternatively spliced transcripts have divergent and
sometimes opposing functions. Splice site choice is changed
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under conditions where endothelial dysfunction is observed,
for example, during aging and senescence (61, 98, 102).
Furthermore, the expression of splicing factors is modulated
by oxidative stress (23). This suggests that alterations in the
splicing patterns can contribute to changes in endothelial
function. Therefore, we will discuss pre-mRNA splicing and
highlight the roles of selected examples for protein isoforms
derived from alternative splicing in endothelial function.

Pre-mRNA Splicing

Pre-mRNA splicing is an essential feature of eukaryotic
gene expression. The process in which introns are excised and
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exons are precisely joined together is called splicing (Fig. 2).
Splicing is catalyzed by the spliceosome, a large intricate
protein complex. The spliceosome recognizes two conserved
sequence elements, the 5’splice site (5°ss) or splice donor
(SD) and the 3’splice site (3’ss) or splice acceptor (SA). The
canonical SD, which accounts for 99% of all SDs, is char-
acterized by an 1I-nucleotide-long sequence, containing a
GU-dinucleotide at the beginning of the intron (14), whereas
the SA is composed of the branch point sequence (BPS), the
polypyrimidine tract (PPT), and an invariant AG at the intron/
exon border. The spliceosome, comprising five different
small nuclear ribonucleoprotein particles (U1, U2, U4, U5, or
U6 snRNPs) and numerous associated non-snRNP proteins,
assembles at the splice sites. In addition, most eukaryotes
express a minor type of spliceosome, in which Ul and U2 are
replaced by Ull and Ul2. These introns are classified as
Ul2-type and are marked by AT and AC dinucleotides at
their intron termini (131). During compositional and con-
formational changes of the spliceosome, two consecutive
transesterification reactions are carried out. In the first step, the
phosphorus atom at the SD is attacked by the oxygen of the 2’-
hydroxyl group of the BPS-adenosine. Second, the oxygen atom
at the SD forms a bond with the phosphorus atom at the SA
leading to the ligation of both exons and an excised lariat intron.

However, the chemically simple splicing reaction faces a
much more complicated organization of the spliceosome
(156, 165). The stepwise spliceosome assembly begins with
formation of the Early (E) complex. Here, the 5" end of the U1
snRNA recognizes the 11 nucleotide long SD sequence and
forms an RNA duplex. Besides splicing per se, base-pairing
of the U1 snRNA to the SD can also protect the mRNA from
degradation (73), as well as inhibit premature cleavage and
polyadenylation (72). Subsequent to E complex formation,

FIG. 2. Spliceosome assembly and splicing. The accu-
rate recognition of exon/intron borders by the spliceosome is
facilitated by conserved sequence elements: the splice donor
(SD or 5ss) and the splice acceptor (SA or 3’ss). Initially,
the SD is recognized by the Ul snRNP, while the SA is
bound by the non-spliceosomal proteins SF1 and both sub-
units of U2AF (65 and 35), generating the E complex. Par-
ticularly, the pyrimidine content of the PPT influences
binding of U2AF65, and, thus, determines the intrinsic
strength of the SA. This early (E) complex is then evolved in
an ATP-dependent manner into A complex by subsequent
binding of the U2 snRNP to the BPS, which releases SF1
from the pre-mRNA. Additional binding of the pre-assembled
tri-snRNP (U4/U6*U5) and the NTC displacing Ul and U4
snRNPs forms the B complex, which is activated following
structural and conformational changes (B*'). Additional
ATPase remodeling forms the catalytically active B* com-
plex, generating new binding sites for other proteins such as
Yju2 and Cwc25. The first catalytic step progresses B* into C
complex, which is followed by the second catalytic step. The
remaining spliceosomal complex disassembles, releases the
mature mRNA, a lariat intron, which will be degraded, and
the remaining snRNPs and NTC proteins, which are re-
cycled for the next splicing reaction. Coincidentally, a
protein complex called EJC is loaded onto the mRNA,
~20-24 nucleotides upstream of the splice junction. 3’ss, 3
splice site; 5ss, 5" splice site; BPS, branch point sequence;
EJC, exon junction complex; NTC, NineTeen complex;
PPT, polypyrimidine tract; SA, splice acceptor; SD, splice
donor; snRNP, small nuclear ribonucleoprotein particle.
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progression into the A complex requires the ATP-dependent
association of U2 snRNP with the SA. Rearrangements fol-
low in which the branch point adenosine is bulged out to
serve as the nucleophile for the first catalytic step of splicing.
After association of the U4/U6*US tri-snRNP, consisting
of ~25 proteins, as well as 35 non-snRNP proteins join the
spliceosome (156), forming the pre-catalytic B complex,
which is activated via structural and conformational changes
(B*' complex). Subsequently, several proteins are released
from the spliceosome, whereas binding sites for the splicing
factors Cwc25 and Yju2 are created, which are needed for the
first step of splicing (B* complex) (111). Furthermore, during
activation, the U6 snRNA simultaneously interacts with the
SD and the U2 snRNA to bring the SD into close proximity to
the branch point adenosine. However, the process by which
the Ul snRNP is replaced with U6 snRNP seems to vary
between higher eukaryotes (43) and Saccharomyces cerevi-
siae (137). Besides tri-snRNP binding, the essential NineTeen
complex (NTC or Prp19/CDCS5 complex) also participates in
B complex formation and remains associated during both
phases of transesterification, facilitating stable interactions of
the U6 and U5 snRNPs with the pre-mRNA (18). The acti-
vated spliceosome conducts the first splicing step, which
converts B* into C complex. Additional rearrangements of
the spliceosomal complex follow before the second step of
splicing in which both exons are then ligated and the lariat
structure is degraded. After the second transesterification, the
remaining spliceosomal components dissociate. Coincidentally,
the exon junction complex (EJC), a protein complex involved
in RNA quality control, export, and translation, is loaded
onto the spliced mRNA. Another set of proteins associated
with spliced mRNA are numerous serine/arginine-rich (SR)
proteins, which have been reported to interact with the gen-
eral export receptor TAP/NFX1, as well as the conserved
mRNA export machinery TREX (transcription/export com-
plex). Furthermore, the shuttling SR proteins SRSF1, SRSF3,
and SRSF7 are tightly associated with the EJC (134).
However, additional information from cis-acting splicing
regulatory elements is essential for proper splice site selec-
tion (63). In general, those elements are bound by sequence-
specific RNA-binding proteins such as SR or heterogeneous
nuclear ribonucleoparticle (hnRNP) proteins, which can ei-
ther activate or repress splice site usage. SR proteins have
classically been described as splicing enhancers, while hnRNP
proteins have been considered repressors of splicing. How-
ever, genome-wide studies showing position-dependent RNA
splicing maps and further systematic in vitro and in vivo an-
alyses of different SR and hnRNP proteins with splicing
enhancer-dependent reporter constructs could demonstrate
that SR and hnRNP proteins can function as both, dependent
on their position relative to the splice sites (37, 66, 90).
Approximately 94% of human genes produce at least two
mRNA isoforms through alternative splicing, thereby in-
cluding different combinations of exons into an mRNA from
one primary transcript (159). Expression of different protein
isoforms often results in profound alteration of their chemical
and biological functions within the cell, and aberrant alter-
native splicing as well as mutations within the splicing ma-
chinery can result in numerous diseases (22). Cellular stress
such as heat, starvation, or hypoxia can also affect the pro-
duction of altered protein isoforms. Exon array experiments,
examining hypoxia-related changes in alternative splicing in
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endothelial cells, revealed that altered splicing of several
genes, which function in cytoskeletal remodeling and mi-
gration, leads to the expression of isoforms, positively con-
tributing to the formation of new blood vessels (162).
Another study showed that an extensive response of gene
regulation exists to ensure a proper balance between cell
survival and apoptosis under hypoxia in human umbilical
vein endothelial cells, that is, the expression of different
isoforms of interleukin 8 and hypoxia-inducible factor-1a
(HIF-1a) (59). Furthermore, cellular stress can likewise lead
to the modification of trans-acting factors such as splicing
regulatory proteins. Changes in the homeostasis of ROS can
lead to the alteration of the activity or concentration of
splicing regulatory proteins. It could be shown that physio-
logical concentrations of H,O, result in a diminished RNA-
binding affinity of the nuclear-restricted splicing regulatory
protein hnRNP C to the pre-mRNA through phosphorylation
of its C-terminal domain by protein kinase CK1o, which was
assumed to regulate the post-transcriptional response to low
H,0,, thereby releasing distinct mRNAs for nuclear export
(74, 140). Furthermore, oxidative stress selectively decreases
the expression of the splicing regulators phosphotyrosine
binding (PTB) and hnRNP A2/B1 in human cancer cells,
supposedly by an increase of proteasomal degradation. One
consequence is the expression of an alternative splice variant
of soluble guanylate cyclase with enhanced oxidation resis-
tance as a potential adaptive response (23, 130).

In the next few chapters, we will describe several promi-
nent examples of alternative splicing leading to the expres-
sion of protein isoforms, which affect endothelial functions in
opposite directions.

Endothelial Nitric Oxide Synthase

The enzyme eNOS is the major NO source in the endo-
thelium of mammalians. Functional eNOS is a homodimer
that converts L-arginine to citrulline and NO with con-
comitant oxidation of NADPH+H™ to nicotinamide adenine
dinucleotide phosphate (NADP™) (Fig. 3). Each subunit
consists of an N-terminal oxygenase domain with binding
sites for heme, L-arginine, and tetrahydrobiopterin (BH,), a
calmodulin (CaM)-binding region located in the central part
of the protein and a C-terminal reductase domain with
binding sites for the cofactor NADPH and the prosthetic
groups FAD and FMN (141). Binding of the substrate L-
arginine and the interaction with co-factors only occurs in the
dimeric state of eNOS (25).

eNOS can be activated in a calcium-dependent and
-independent way. The calcium-dependent activation of
eNOS is triggered by the interaction with CaM (15). En-
dogenous agonists such as bradykinin and acetylcholine ac-
tivate transmembrane receptors and induce phospholipase C
signaling, which results in an increase of intracellular cal-
cium levels. The calcium ions activate the regulatory protein
CaM, which binds to the CaM-binding site of eNOS and
facilitates an electron flux from the reductase to the oxyge-
nase domain (128). In contrast, calcium-independent acti-
vation is mediated by shear stress and hormones such as
estrogens and insulin (17, 80). Furthermore, the activity of
eNOS is regulated by post-translational mechanisms, includ-
ing translocation to the plasma membrane, phosphorylation,
and interaction with other regulatory proteins and cofactors.
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FIG. 3.

eNOS structure, function, and regulation. Homodimeric eNOS catalyzes the formation of L-citrulline and NO

from L-arginine and O, and the concomitant oxidation of NADPH+H™ to NADP . This reaction depends on BH, and the
prosthetic groups FMN and FAD, which are required for an electron flux from the reductase to the oxygenase domain.
Calcium-dependent activation of eNOS depends on CaM binding. Furthermore, eNOS is activated by AKT1-dependent
phosphorylation on Serl1177, whereas phosphorylation of Thr495 by PKC reduces eNOS activity by interfering with CaM
binding. BHy, tetrahydrobiopterin; CaM, calmodulin; eNOS, endothelial nitric oxide synthase; FAD, flavin adenine dinu-
cleotide; FMN, flavin mononucleotide; NADP*, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; PKC,

protein kinase C.

The localization of eNOS at the plasma membrane plays an
important role in its activity. In particular, the covalent at-
tachment of a myristoyl moiety to a glycine at the extreme N-
terminus of eNOS is absolutely required for the localization
at the plasma membrane and maximum enzyme activity (125,
129). Another post-translational fatty acid modification
influencing the cellular localization of eNOS is the reversible
palmitoylation on cysteine 15 and 26 in the oxygenase do-
main. Palmitoylation of eNOS occurs in the Golgi and then
directs the enzyme to the plasma membrane (136).

Besides myristoylation and palmitoylation, the interac-
tions with the eNOS interacting protein (NOSIP) and the
eNOS traffic inducer (NOSTRIN) also have an effect on the
cellular localization of eNOS. NOSIP binds to the carboxy-
terminal oxygenase domain and supports the translocation
of eNOS from the plasma membrane to intracellular mem-
branes, thereby inhibiting NO synthesis (28). Similar to
NOSIP, NOSTRIN also binds to the oxygenase domain, but
translocates eNOS from the plasma membrane to intracel-
lular vesicles, leading to reduced eNOS activity (168).

However, eNOS activity is predominantly regulated by
multi-site phosphorylation and dephosphorylation (41). So
far, phosphorylation has been described for Tyr81 and
Tyr657, Ser114, Ser615, Ser633, and Ser1177 as well as for
Thr495 in the human protein. While phosphorylation of
Ser615, Ser633, and Ser1177 activates eNOS, phosphoryla-
tion of Serl14 and Thr495 reduces eNOS activity (5).
Phosphorylation of the tyrosine residues Tyr81 (44) and
Tyr657 (40) is induced by shear stress, but the two modifi-
cations have opposite effects on eNOS activity. While Tyr81
phosphorylation by pp60™ induces NO production, phos-
phorylation of Tyr657 by proline-rich tyrosine kinase 2
(PTK2) decreases eNOS activity (40, 46). This observation
seems to provide a negative feedback insofar that phos-
phorylation of Tyr657 by PTK2 might limit the production of
peroxynitrite from eNOS under conditions of increased shear
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stress (40). However, the reason for the simultaneous ap-
pearance of these two eNOS phosphorylations is not clear.
The two most extensively investigated phosphorylation sites
are Ser1177 and Thr495 (Fig. 3). Phosphorylation of Ser1177
is affected by a number of kinases, including protein ki-
nase A, protein kinase B alpha (AKT1), and calcium/CaM-
dependent protein kinase II (CaM kinase II) (45, 105). This
phosphorylation increases the electron flux to the oxygenase
domain and reduces the dissociation of the CaM-eNOS
complex (99). In contrast, Thr495 is a target for protein ki-
nase C and phosphorylation at this site prevents binding of
CaM, thereby dampening eNOS activity (42). This suggests
that the dual phosphorylation at these two residues is a major
determinant of the net activity of eNOS. This regulation of
eNOS by phosphorylation implicates that active dephos-
phorylation also plays a role in the control of enzyme activity.
Indeed, dephosphorylation at Thr495 by protein phosphatase
1 (126) and at Serl16 by the Ca”*/CaM-dependent phos-
phatase calcineurin (79) has been demonstrated.

An essential cofactor for eNOS activity is BH4 (1). When
BH, levels are low, eNOS becomes ‘‘uncoupled’” and pro-
duces superoxide anions instead of NO (150, 166). Therefore,
optimal levels of BH, are absolutely required for the pro-
duction of NO. Under conditions of oxidative stress, BH, is
rapidly oxidized, leading to reduced bioavailability of this
cofactor and endothelial dysfunction (32).

Besides its dependence on cofactors, eNOS is also regu-
lated by interactions with other proteins such as heat shock
protein 90 (Hsp90) and the caveolar coat protein caveolin-1
(CAV1). Hsp90 is a chaperone responsible for protein traf-
ficking and folding and is reversibly phosphorylated on ty-
rosine residues in response to various eNOS activating
agonists (48, 153). Phosphorylated Hsp90 binds to eNOS and
stimulates its catalytic activity (7). CAV1 is a structural
protein located in specialized invaginations of the plasma
membrane called caveolae (116). Binding of CAV1 requires
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myristoylation and palmitoylation of eNOS and results in
a decreased eNOS activity by preventing CaM binding
(71, 129).

In addition to this multiplicity of modifications and inter-
actions, alternative splicing was also described for eNOS in
regulating vascular functions. The gene encoding for eNOS
consists of more than 20 exons. Alternative splicing within
intron 13 has been described in endothelial cells and gives
rise to three alternative splice variants termed eNOSI13A,
eNOS13B, and eNOS13C (92). All of them contain a novel
exon within this intron and use three different SAs, but a
common polyadenylation signal leading to premature tran-
scription termination (Fig. 4A). These alternatively spliced
transcripts code for C-terminally truncated eNOS proteins
lacking the reductase domain, which is important for binding
of NADPH, FAD, and FMN. The splice variant eNOS13A
was used as an example to further analyze the functions of the
shortened eNOS isoforms. While eNOS13A on its own was
catalytically inactive, co-expression with full-length eNOS
suppressed the activity of the full-length protein. This was
ascribed to the formation of heterodimers between the two
proteins in which eNOSI13A exerts a trans-dominant-nega-
tive effect (92) (Fig. 4C).

A mechanistic clue to these previously unknown splicing
events of eNOS pre-mRNA was provided by the presence of a
highly polymorphic [CA], repeat in intron 13 (107). It was
shown that a higher number of these CA repeats is associated
with an increased risk to develop coronary artery disease
(138). It was hypothesized that modulation of eNOS pre-
mRNA splicing, regulated by the number of CA repeats,
might be involved in promoting such diseases, as A/C-rich
sequences have been shown to act as splicing enhancers both
in vivo and in vitro (24). Consistent with this, it was shown
that splicing efficiency in an eNOS minigene requires these
CA repeats (68) and that the number of repeats influences
eNOS isoform formation (92). The specific increase in
eNOS13A mRNA observed with a higher number of CA
repeats (Fig. 4C) led to the assumption that extended CA
repeats induce a shift toward this frans-dominant-negative
isoform, which might explain the enhanced risk for the de-
velopment of coronary artery disease (92).

In an attempt to identify splicing regulatory proteins
binding to the CA repeats by UV crosslinking experiments
and mass spectrometry analysis, hnRNP L as well as the non-
SR protein Y box-binding protein 1 (YB-1) was shown to
specifically bind to this repetitive dinucleotide (68). Parti-
cularly for hnRNP L, it was demonstrated via depletion ex-
periments that it functions as a splicing enhancer in the
context of eNOS intron 13 (Fig. 4B). Later work indicated
that this splicing enhancer functions via activation of the
upstream SD (67). Furthermore, the CA repeats could also
function as a splicing enhancer in a heterologous context as
exemplified in four different human genes. Here, Systematic
Evolution of Ligands by EXponential Enrichment (SELEX)
analysis revealed that hnRNP L not only binds to continuous
CA stretches but also binds to CA-rich clusters (67). Re-
cently, these observations could be confirmed by genome-
wide individual-nucleotide resolution Crosslinking and
ImmunoPrecipitation (iCLIP) experiments demonstrating
preferential binding of hnRNP L to introns (as in the case of
eNOS) and 3’UTRs. Furthermore, it could be demonstrated
that hnRNP L also has a splicing repressing activity when
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FIG. 4. Transcript architectures of eNOS splice variants
and proposed splicing regulation. (A) Alternative recogni-
tion of splice sites between exons 13 and 14 of eNOS gives
rise to three shortened splice variants (eNOS 13A, 13B, and
13C). The alternative polyadenylation signal within intron 13,
spliced out in the full-length eNOS isoform (eNOS FL), leads
to a premature transcription termination for the shortened
variants. (B) Full-length eNOS splicing is regulated by
polymorphic [CA],, repeats within intron 13, which are bound
by hnRNP L. (C) An increased number of CA repeats cor-
relates with an increase in eNOS13A mRNA formation,
thereby leading to the formation of heterodimers between
full-length eNOS and eNOSI13A, which suppresses eNOS
activity. hnRNP, heterogeneous nuclear ribonucleoparticle.

bound closely upstream of an SA, potentially via interference
with recognition of the PPT (124). The second protein shown
to interact with CA repeats, YB-1, has yet not been further
investigated with regard to eNOS splicing regulation. How-
ever, it has at least been demonstrated that YB-1 binds to A/C
rich exonic splicing enhancers, for example, in CD44, where
it is seemingly required for inclusion of an alternative exon
(139). In addition, it was recently shown that YB-1 is a
spliceosome-associated protein supporting the recruitment
of U2AF65 to the SA through direct protein—protein inter-
actions (161).
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Besides these efforts to identify splicing regulatory pro-
teins binding to cis-acting sequences within the eNOS pri-
mary transcript, also enzymes such as Cdc-like kinases and
DNA topoisomerase I, known to phosphorylate SR proteins,
were analyzed for their role in regulating alternative eNOS
splicing. It was shown that stimulation of endothelial cells
with tumor necrosis factor o (TNFa) increases the levels of
eNOS isoforms 13A, B, and C, but not of full-length eNOS.
This selective upregulation was abrogated by pharmacolog-
ical inhibition and knockdown of DNA topoisomerase I, but
not of Cdc2-like kinases, indicating that DNA topoisomerase
I is necessary for alternative splicing regulation of the eNOS
pre-mRNA (34). Furthermore, treatment with TNFw led to
increased phosphorylation of SRSF4 and SRSF6, which was
normalized by DNA topoisomerase I inhibition, indicating
that both these SR proteins are involved in alternative
splicing of eNOS and, thus, reduced NO production under
pro-inflammatory conditions, possibly via the regulation of
dynamic changes in SR protein phosphorylation.

Vascular Endothelial Growth Factor A

Angiogenesis is a well-balanced process regulated by en-
dogenous activators and inhibitors [for a review, see ref.
(31)]. In the mature organism, negative regulators predomi-
nate this balance and prevent uncontrolled vessel growth.
Under physiological conditions, not only the action of posi-
tive regulators is increased, for example, in the case of wound
healing and tissue repair, but also pathophysiological pro-
cesses such as tumor growth can activate angiogenesis.

VEGFA is the most important stimulus for pro-
angiogenic vessel growth. It belongs to the VEGF-family,
including VEGFA, VEGFB, VEGFC, VEGFD, and placental
growth factor [for a review, see ref. (64)]. VEGFA stimulates
vascular growth by binding as a homodimer to the receptor
tyrosine kinases VEGFR1 and VEGFR2 on endothelial cells
[for areview, see ref. (108)]. Besides its role in angiogenesis,
VEGFA is a survival factor in endothelial cells. On one hand,
VEGFA protects cells against apoptosis induced, for example,
by serum starvation through activation of the phosphatidyli-
nositol PI3 kinase/AKT pathway (50); on the other hand,
VEGFA stimulates the expression of the anti-apoptotic protein
Bcl-2 and its relative A1 (49). In addition to its function in the
cardiovascular system, VEGFA acts as a chemotactic agent in
several non-endothelial cell types, for example, monocytes and
granulocyte-macrophage progenitor cells (13, 21).

Both VEGFR1 and VEGFR?2 are involved in angiogene-
sis regulated by VEGFA, with VEGFA demonstrating a
higher affinity to VEGFRI1 than to VEGFR2 (157). However,
VEGFR2 is essential for pro-angiogenic signal transduction,
which is based on a 10-fold higher tyrosine kinase activity
of VEGFR2 in comparison to VEGFRI1 (157). On binding
of VEGFA, VEGFR2 dimerizes and becomes trans-auto-
phosphorylated, thereby generating docking sites for modular
Src homology 2 and PTB domains. Here, the two most im-
portant phosphorylation sites seem to be Tyrll75 and
Tyr1214. While phosphorylation on Tyr1175 leads to phos-
phorylation and activation of phospholipase Cy-1 and is
involved in cell proliferation (57, 143), phosphorylation on
Tyr1214 induces actin remodeling via activation of Cdc42
and the stress-activated protein kinase MAPKI11, thereby
triggering cell migration (83). This signaling results in the
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transcription and activation of cell survival genes and initi-
ates vascular growth (Fig. 5). VEGFR1 has been shown to
regulate the VEGFR2-mediated proliferative response of
endothelial cells (16, 122). This is most likely due to for-
mation of heterodimers between these two receptors (26).
Besides the interaction with VEGFR1 and 2, VEGFA can
also bind to neuropilin 1 (NRP1). It has been demonstrated
that co-expression of NRP1 and VEGFR2 enhances the
binding of VEGFA to the latter receptor, which led to the
suggestion that NRP1 may modulate VEGFA-induced an-
giogenesis (135) (Fig. 5).

Gene expression of VEGFA is regulated on one hand
by oxygen tension and on the other hand by signaling mol-
ecules such as growth factors, hormones, and oncogenes.
Under hypoxic conditions, HIF-1o, which is constitutively
transcribed and translated but promptly degraded in normoxia,
becomes stabilized and—besides other target genes—activates
the expression of VEGFA. Secretion of HIF-1la-induced
VEGFA from hypoxic cells leads to the establishment of a
VEGFA gradient, which initiates vessel sprouting to hypoxic
tissue areas. In addition, many growth factors, hormones, and
cytokines can induce the expression of VEGFA (114).

For a long time, VEGFA has exclusively been described as
being pro-angiogenic by interacting with VEGFR2, leading
to vascular growth as described earlier. Although multiple,
alternatively spliced protein isoforms of VEGFA exist, which
exhibit pro-angiogenic properties, other splice variants have
been discovered encoding anti-angiogenic protein isoforms
(60). Mechanistically, it was suggested that the anti-angiogenic
isoforms studied bind to VEGFR?2, but that phosphorylation
only insufficiently takes places, leading to an attenuation of
downstream signaling pathways (75) (Fig. 5).

VEGFR2

VEGFR2

survival
migration
angiogenesis

FIG. 5. VEGFA,,, and VEGFA,,,b signaling. Both the
pro-angiogenic and anti-angiogenic VEGFA isoforms in-
teract with the homodimeric VEGFR2; the interaction with
NRP1 enhances binding of VEGFA to VEGFR2. Compared
with VEGFA,b binding, the frans-autophosphorylation in
the intracellular domain of VEGFR?2 is more pronounced on
an interaction with VEGFA,,, binding, thereby triggering
survival, migration, and angiogenesis responses. NRPI,
neuropilin 1; VEGFA, vascular endothelial growth factor A;
VEGFRI1 and VEGFR2, VEGF receptor 1 and 2.
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Similar to the splicing pattern of many other alternatively
spliced genes, VEGFA splicing is complex due to numerous
alternative SD as well as SA sites. Currently, 13 isoforms
of VEGFA have been described, which are generated in
normal and pathological tissues by alternative splicing of
exons 4, 5, 6, 7, and 8. These isoforms fall into two big
classes: pro-angiogenic mediators named VEGFA,.« and
anti-angiogenic molecules termed VEGFA,,b, with xxx
representing the amino-acid number. The VEGFA family
consists of eight members (VEGFA |, VEGFA,;, VEGFA 145,
VEGFA148, VEGFA165, VEGFA183, VEGFAlgg, and
VEGFA,ns), the VEGFA,b family of five (VEGFA,b,
VEGFA 45b, VEGFA ¢sb, VEGFA g3b, and VEGFA g9b)
(Fig. 6). As described earlier, the two VEGFA protein fam-
ilies have opposing functions. The pro-angiogenic VEGFA
isoforms are generated by using a proximal splice acceptor
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FIG. 6. Alternatively spliced VEGFA mRNA variants.
(A) Alternative splicing at various SDs and SAs of VEGFA
occurs in the region between exons 4 and 8a or the more
downstream located exon 8b. (B) So far, a total of 13
transcript isoforms have been described as a result of al-
ternative usage of SA8a or SA8b, resulting in a different
terminal exon. The alternatively spliced VEGFA mRNA
variants encode VEGFA isoforms harboring either pro- or
anti-angiogenic properties. The pro-angiogenic subfamily
(VEGFA,,,) consists of eight family members, all con-
taining the exon 8a encoding domain, while the five mem-
bers of the anti-angiogenic subfamily (VEGFAb) contain
the exon 8b encoding domain.
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site (PSS) within exon 8, whereas the VEGFA b family is
formed by distal splice acceptor site (DSS) choice, thus re-
sulting in two diverging exons, called exon 8a and 8b (Fig. 7).
Both open reading frames code for six amino acids: exon 8a
for CDKPRR and exon 8b for SLTRKD (4), leading to pro-
found changes in structure and function, which cause either
pro-angiogenic or anti-angiogenic signaling (Fig. 5). Fur-
thermore, the usage of the PSS or DSS is combined with
alternative splice events in exon 6 and 7. An example is
exon 6a, which is included in splice variant VEGFA g9
and VEGFA gob, but not in VEGFA 45 and its counterpart
VEGFA |4sb. Within a minigene, inclusion of exon 6a could
be controlled by a putative 9-nucleotide-long splicing silencer
sequence, which weakens its inclusion (158). Furthermore,
the SR-related protein CAPER, also acting as a transcrip-
tional co-activator for estrogen receptors and the transcription
factor complex activator protein 1 (AP-1), was demonstrated
to mediate splicing of VEGFA in cancer cells, especially in
controlling the ratio of VEGFA45/VEGFA g9 isoforms and,
therefore, reducing vascular growth in tumor tissues. Since
CAPER favors the expression of VEGFA g, it was sug-
gested that CAPER might target exon 6 by interacting with

IGF1 TGFB1
\ |
\ PKC p38
i | y
l E2F1
|
SRPK1/2 j o l
|

e
<y

FIG. 7. VEGFA splicing regulation. Splice site regula-
tion at the 3’-end of the VEGFA primary transcript leads to
the formation of transcripts coding either for pro-angiogenic
(VEGFA,,x) protein isoforms or for anti-angiogenic
(VEGFA«xb) isoforms. VEGFA,,x isoform encoding tran-
scripts are generated by using the PSS whose usage is
promoted by IGF1 and PKC as well as by SRPK1/2. Fur-
thermore, phosphorylated SRSF1 was suggested to upregu-
late proximal splice site choice, which is inhibited by WT1.
On the other hand, VEGFA,,b encoding transcripts are
generated by inclusion of exon 8b through DSS usage.
Treatment with TGFf1 favored DSS selection. p38 is also
involved in DSS usage. Moreover, Clk1, which phosphor-
ylates SRSF6, seems to be involved in DSS choice as well
as E2F1, whose direct transcriptional target, SRSF2, acti-
vates DSS. DSS, distal splice acceptor site; IGF1, insulin-
like growth factor; PKC, protein kinase C; PSS, proximal
splice acceptor site; TGFf1, transforming growth factor f1;
WTI1, Wilms’ tumor suppressor 1 protein.
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the spliceosome and, therefore, support exon 6 inclusion
(65). A shortened version of exon 6a (exon 6a’) appears in
isoforms VEGFA g3 and VEGFA g3b, resulting from usage
of an SD site within exon 6a, which was shown to be highly
conserved among animal species. Besides exon 6a, a trun-
cated VEGFA splice variant, VEGFA 43, exists, which lacks
exon 6 and the terminal parts of exon 7 and exon 8.

To identify the detailed molecular mechanisms of VEGFA
splice site choice, current research is aimed at uncovering the
key players being responsible for switching between pro- and
anti-angiogenic VEGFA splice variants. Understanding those
molecular mechanisms of splice site choice would enable us
to develop new targeted therapies, for example, to suppress
tumor-angiogenesis. Nowak et al. (110) examined the influ-
ence of environmental stimuli such as growth factors and the
potential role of SR proteins in alternative VEGFA splicing
in retinal pigment epithelial cells and podocytes. They could
show that treatment with the cytokines insulin-like growth
factor 1 (IGF1) and TNFu led to a switch in splice site choice,
favoring the pro-angiogenic VEGFA,,, isoforms. A mirror-
inverted splicing phenotype toward the anti-angiogenic iso-
form could be observed after incubation with TGFf1. Here,
the level of the anti-angiogenic VEGFA b family signifi-
cantly increased (Fig. 7). Besides using an inhibitor of the
p38 mitogen-activated protein kinase pathway, distal splice
site selection could be suppressed by inhibition of the Cdc-
like kinase family, which has been earlier shown to be in-
volved in phosphorylation of SR proteins such as SRSF1,
SRSF5, and SRSF6 (121), suggesting that at least one of these
SR proteins mediates DSS choice. Indeed, overexpression
experiments revealed that SRSF1 and SRSF5 enhanced PSS
usage and, thus, increased VEGFA,,, isoforms, whereas
SRSF6 favored DSS choice (Fig. 7). Moreover, pull-down
experiments identified an SRSF6 binding site downstream of
exon 8b, but due to the positional effects of SR proteins (37)
this binding site can hardly explain a direct SRSF6-mediated
enhancing effect on DSS choice. A later study (109) focused
especially on exploring the link between the IGFI- and
SRSF1-dependent switch in splice site choice toward pro-
angiogenic VEGFA transcript isoforms. An SRSF1 binding
site within the PPT upstream of the PSS could be mapped;
however, these experiments do not necessarily prove that
SRSF1 binds and upregulates PSS usage in vivo (109). Fur-
thermore, PSS utilization could be efficiently suppressed by
inhibition of protein kinase C and the SR protein kinases 1
and 2 (SRPKI1, SRPK2). Since the latter two have been
shown to phosphorylate and thereby activate SRSF1, this
strongly suggests that SRSF1 is involved in splice site choice;
the precise mechanism, however, remains elusive. Since the
Wilms’ tumor suppressor 1 protein (WT1) represses SRPK1
expression by binding to the promoter of its gene, WT1 in-
directly is also involved in inhibiting SRSF1 and, thus, pre-
venting angiogenesis (2) (Fig. 7). In addition, SRSF2 was
described to play a role in the regulation of the relative
amount of pro-angiogenic versus anti-angiogenic VEGFA
isoforms in human cancer cells (101). Here, the transcription
factor E2F1 was shown to increase VEGFA 455, which could
be prevented by knockdown of its direct transcriptional target
SRSF2 (Fig. 7). On the other hand, overexpression of SRSF2
resulted in a boost of VEGFA 45, and moreover, E2F1 and
SRSF2 were able to reduce blood vessel formation in tu-
mors in vivo.
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Endoglin

Endoglin (ENG) plays an important role in vascular de-
velopment and angiogenesis. It is a transmembrane glyco-
protein with a large extracellular domain, a hydrophobic
transmembrane domain, and a relatively short intracellular
domain (51). It forms a disulfide-linked homodimer and can
be phosphorylated in its serine/threonine-rich cytoplasmic
tail (77, 85, 123). Its involvement in vessel development and
angiogenesis was demonstrated by the embryonic lethality of
eng-knockout mice, which exhibit defects in vascular devel-
opment although vasculogenesis is not affected (89). This was
underpinned by the observation that haploinsufficiency im-
pairs angiogenesis in adult animals (70). Furthermore, such
animals show reduced tumor angiogenesis, demonstrating a
major role for ENG also in this process (33). Moreover, ENG
has also been implicated in vasodilation by stabilizing eNOS
and facilitating its interaction with Hsp90 (69, 147).

ENG on its own does not bind a ligand, but it is an ac-
cessory coreceptor of the transforming growth factor receptor
system (19, 56). The TGFf superfamily consists of a large
number of proteins, including TGFf1, 2, and 3, bone-
morphogenetic proteins and activins, which have a multitude
of different functions. They signal through heteromeric re-
ceptors composed of two transmembrane serine/threonine
kinases termed type I and type II receptor. The TGFfs bind to
a type II receptor, which already in the basal state is phos-
phorylated. The liganded type II receptor then recruits a type
I receptor, which only in the complex is capable of ligand
binding. In this complex, the type II receptor phosphorylates
and, therefore, activates its heteromeric partner, which after
a conformational change is then responsible for further
downstream signaling via different SMAD proteins that
transduce the extracellular signals to the nucleus to activate
transcription. In addition to the ligand binding receptors, two
auxiliary coreceptors have been identified, namely betagly-
can and ENG [for a review of the TGFf} system, see refs. (96,
97)]. Betaglycan coexists with TGFp receptors in a variety of
cell types; however, in endothelial cells that have no or very
little betaglycan (127), ENG is the major coreceptor (19).
ENG interacts with both the TGFf; receptor 1 (TGFBR1) and
2 (TGFBR2) (56) and other members of this receptor family
(3, 11). It binds TGFf1 and 3 with a high affinity by asso-
ciating with the constitutively active TGFBR2, but unlike
the related betaglycan it does not bind TGFf2 (3, 19). The
function of ENG as a TGF; coreceptor explains the similarity
between phenotypes of mice deficient for ENG (89), TGFf1
(30), TGFBR1 (84), and TGFBR2 (112). These knockout
animals also underscore the importance of the TGFf; pathway
in vascular development and remodeling.

Interestingly, TGFf1 has different effects on endothelial
cells, which seemingly depend on the dose and the downstream
pathways activated. While low doses act pro-angiogenic and
stimulate proliferation and migration, high doses have op-
posite effects. The pro-angiogenic function has been ascribed
to signaling via the activin A receptor type II like 1
(ACVRL1), also called ALK1; the anti-angiogenic function
is coupled to TGFBRI, also known as ALKS. The conse-
quence of the activation of these different receptors is an
activation of different SMAD proteins (52)—SMAD 1 and 5
downstream of ACVRL1 and SMAD 2 and 3 as effectors of
TGFBR1 (Fig. 8)—and an upregulation of distinct target
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FIG. 8. Influence of endoglin isoforms on TGFp1 sig-
naling. S-endoglin promotes TGFf1 signaling via TGFBRI,
leading to phosphorylation of SMAD2 and 3, triggering
anti-angiogenic gene expression programs. In contrast, L-
endoglin supports signaling via ACVRL1, SMAD 1, and 5,
thereby promoting angiogenesis. ACVRLI, activin A re-
ceptor type II like 1; TGFBR1, TGFp receptor 1.

genes (113). Downregulation of endoglin (88) or the use of a
neutralizing antibody (132) aggravated the TGFf1-mediated
inhibition of endothelial cell migration and proliferation,
suggesting that endoglin is a negative regulator of the TGFBR1
pathway. This is in line with findings that endoglin promotes
proliferation of normal endothelial cells (86), and elevated ENG
levels correlate with proliferation of tumor endothelial cells
(103). Taken together, these results suggest that ENG affects
the outcome of TGF signals received by endothelial cells.
Indeed, downregulation of endoglin suppresses pro-angiogenic
ACVRLI signal transduction. Interestingly, knockdown of
TGFBRI could rescue the proliferation defect observed
after interference with endoglin expression, indicating that
the ACVRLI1 pathway indirectly suppresses TGFRBI sig-
naling (86).

Similar to VEGFA and eNOS mRNA processing, the en-
doglin pre-mRNA is also alternatively spliced, leading to two-
protein coding and at least three additional non-protein coding
transcript variants. The more abundant form of the protein
coding transcripts, L (long)-endoglin consists of 15 exons and
the less frequently expressed S (short)-endoglin of 14 exons
(6). Both isoforms share the first 13 exons, which contain the
extracellular and transmembrane domains. However, the last
intron between exons 14 and 15 is retained in the shorter S-
ENG isoform, leading to a premature stop codon within the
thus created open reading frame extending into the intron
(Fig. 9). As a consequence, the cytoplasmic tails of S- and L-
endoglin differ in their length. While in L-ENG it is 47-
amino-acids long, the corresponding region in S-ENG consists
of 14 amino acids, the last 7 of which differ from the long form.

Studies focusing on the differential expression of those two
isoforms revealed that the S-/L-endoglin ratio increases in
senescent human endothelial cells and in vascularized tissues
of old mice, both situations in which oxidative stress is in-
creased (36, 53); furthermore, angiogenesis is impaired in
aging (82). It was suggested that L- and S-endoglin differen-
tially influence the two diverging TGFf receptor pathways in
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FIG. 9. Endoglin splice variants. (A) Alternative splicing
of endoglin occurs at SD14. (B) Two alternatively spliced
isoforms have been described for endoglin. Both isoforms
share the first 13 exons. In the S-endoglin isoform, the SD of
exon 14 is not recognized and, thus, the downstream intron
between exons 14 and 15 is retained, leading to a premature
stop codon and therefore a shorter protein product.

endothelial cells. Although S-ENG can interact with ACVRL1
as well as with TGFBRI1, the affinity to the latter is higher
(10), whereas L-ENG shows a higher affinity to ACVRLI1
(11) (Fig. 8). At the downstream end of the signaling cas-
cades, that is, at the transcriptional level, it was shown that
the shift toward S-endoglin in senescent cells is also reflected
in the regulation of known target genes of the two TGFf
pathways. Moreover, reporter gene assays specifically mea-
suring the output of the divergent signaling pathways showed
that S-ENG can activate a TGFBR1-dependent reporter
construct, which was repressed by L-ENG. Likewise, a re-
porter gene regulated by ACVRL1-dependent signals was not
affected by S-endoglin, but strongly activated by the longer
isoform (10). Another study assessing the isoform-specific
functions after stable transfection of S- or L-ENG expression
vectors into a cell line not expressing endoglin (87) demon-
strated that the longer isoform promotes proliferation, which
was suppressed by the shorter protein. In line with the work
described earlier, L-ENG enhanced the ACVRLI pathway,
while S-ENG promoted TGFBRI1 signaling (152) (Fig. 8).
Notably, transgenic mice expressing S-endoglin in the en-
dothelium (151) suffer from hypertension, decreased hyper-
tensive responses to NO inhibition, a reduced vasodilatory
response to TGFf3, and a decreased eNOS expression in some
tissues, pointing toward a connection between endoglin and
NO production (10).

With regard to regulation of alternative endoglin splicing,
it could be demonstrated that SRSF1 plays a key role in intron
retention of S-ENG (8). Overexpression of SRSF1 tilted the
balance between the two isoforms toward S-ENG and via a
computer-based analysis, two potential SRSF1 binding sites
within the retained intron were predicted. Mutational analysis
confirmed the critical role of one of these motifs for intron
retention. Interestingly, the upregulation of S-ENG after
replicative or stress-induced endothelial senescence was ac-
companied by a relocation of SRSF1 into the cytoplasm.
Therefore, it was assumed that during senescence, SRSF1
interferes with binding of the minor spliceosome, which was
suggested to be also active in the cytoplasm (78), and, thus,
inhibits splicing at exons 14 and 15. However, whether the
minor spliceosome is, indeed, located in the cytoplasm is still
a subject of intense debate (149). Based on the involvement
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of SRSFI in the senescence-associated switch in endoglin
isoforms and alternative splicing of other mediators of en-
dothelial cell functions such as VEGFA and tissue factor, it
was postulated that SRSF1 could be a marker of endothelial
senescence (9).

Grainyhead-Like 3

The transcription factor grainyhead-like 3 (GRHL3) is a
member of an ancient transcription factor family conserved
throughout the animal kingdom (148, 154). The first member
of this family to be described was Drosophila grainyhead
(GRH). Its name is derived from flies carrying mutations in
the grainyhead gene, leading to embryonic lethality and a
cuticle phenotype, including a grainy and discontinuous head
skeleton (12). The genomes of invertebrates such as Droso-
phila melanogaster and Caenorhabditis elegans contain a
single grh gene (154), whereas three homologs, called grhll,
grhl2, and grhi3 (81, 146, 163), exist in vertebrates. On the
protein level all GRH-homologs are highly conserved in their
activation-, DNA-binding, and dimerization domains and can
form homo- and heterodimers with each other (146). GRHL3
was originally described as being essential for neural tube
closure during development, skin barrier function, and
wound repair (144, 145), but it also regulates urothelial dif-
ferentiation (167). Interestingly, the function in barrier for-
mation is not only evident in mammalians, but also in D.
melanogaster (94) and C. elegans (154), although the cuticles
in these animals are structured completely different, sug-
gesting that this function arose very early in evolution (106).

A totally different role for grhl3 was suggested by its
identification in a gene-trap screen for anti-apoptotic genes
(55). Later on, it was shown that in human endothelial cells,
GRHL3 is required for basal and NO-induced migration. The
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FIG. 10. GRHLS3 splice variants. (A) The human grhl3
gene contains two different first exons (1A and 1B) tran-
scribed from separate promoters. In addition, the pre-mRNA
beginning with exon 1B can be alternatively spliced, in-
cluding or skipping exon 2. (B) The GRHL3 isoforms
translated from the three mRNAs have distinct N-termini.
While isoform1 (GRHL3-1) and 2 (GRHL3-2) differ only
by a few amino acids, isoform 3 (GRHL3-3) represents an
N-terminally truncated version of the other two proteins.
(ATG—functional translation initiation codons). GRHLS3,
grainyhead-like 3.
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pro-migratory effect of GRHL3 in these cells after over-
expression was as strong as treatment with VEGFA, but
seemed to be independent of it (55, 93). Furthermore, it was
demonstrated that GRHL3 also serves an anti-apoptotic
function in endothelial cells, which is in line with its identi-
fication in the original screen. This effect is dependent on NO
production, as it could be abrogated by inhibition of eNOS. A
mechanistic explanation was provided by the fact that over-
expression of GRHL3 led to an activation of eNOS, which
plays a crucial role in protection of endothelial cells, and its
upstream regulator AKT1. Interestingly, treatment of endothelial
cells with an NO donor upregulated the expression of GRHL3,
indicating the existence of a regulatory feedback loop (93).

However, unlike the situation in mice, for which only a
single GRHL3 transcript and the corresponding protein
have been described, three isoforms of this transcription
factor are derived from the human gene (146). This is due to
an additional first, human-specific exon, transcribed from
an alternative promoter, which gives rise to a second pri-
mary transcript. In addition, this transcript is alternatively
spliced—including or skipping the second exon (Fig. 10).
While the transcript including exon 2 codes for a protein
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FIG. 11. Impact of GRHL3 splice variants on endo-
thelial functions. GRHL3 isoforms 1 (GRHL3-1) and 3
(GRH3-3), which are derived from alternative splice vari-
ants of the same pre-mRNA, reciprocally regulate AKT2
expression. Since AKT?2 is a master regulator of all AKT-
isoforms, this could explain the opposite effects on the
phosphorylation AKT1 and its target eNOS, finally leading
to apoptosis inhibition and migration induction in the case of
GRHL3-1 and the opposite in the case of GHRHL3-3. The
balance between these GRHL3 isoforms can be regulated,
for example, by NO.
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(GRHLS3-1), which is nearly identical to the mouse protein
and human GRHL3-2, the open reading frame of the shorter
variant GRHL3-3 starts with the translation initiation codon
in exon 4, that is translated into an N-terminally truncated,
but otherwise identical protein, which was previously de-
scribed as a putative repressor (146). We could show that all
three mRNAs are coexpressed in human endothelial cells and
that physiological concentrations of NO induce a shift in the
balance between the two alternative splice forms toward
GRHL3-1. Intriguingly, the translation products of the two
alternatively spliced mRNAs have opposing functions in
these cells (58) (Fig. 11). The longer isoform 1 acts pro-
migratory, whereas isoform 3 inhibits migration. A similar
dichotomy was observed with regard to endothelial cell ap-
optosis. While GRHL3-1 suppresses apoptosis in an eNOS-
dependent manner, GRHL3-3 acts pro-apoptotic. This was
reflected in the reciprocal regulation of eNOS phosphoryla-
tion by these two proteins. In contrast to the report by Ting
et al. (146), we demonstrated that not only isoform 1 is a
transcriptional activator but also isoform 3 and that the two
isoforms activate different sets of target genes. Validation of
selected targets on the protein level showed that GRHL3-1
upregulates the expression of two proteins, which could serve
to explain the anti-apoptotic and pro-migratory effects, the
basic helix-loop-helix protein Max interactor 1 [MXI1], and
protein kinase B § [AKT2] (58). While MXI1 could block the
action of MYC, which has been implicated in endothelial cell
apoptosis (91), AKT2 is a master regulator of all AKT iso-
forms (119) and might, therefore, be responsible for AKT1
and finally eNOS activation. The expression of both proteins
was downregulated by GRHL3-3 (Fig. 11). The cumulative
evidence suggests that fine-tuning the balance between the
two GRHL3 isoforms determines the fate of endothelial cells.
However, so far, nothing is known about the mechanisms
regulating alternative splicing of GRHL3.

Conclusion

Endothelial dysfunction is not only the cause for many
cardiovascular diseases, but also associated with aging and
senescence. However, the simple analysis of gene expression
changes in endothelial cells subject to physiological and
pathophysiological conditions captures only a part of the
picture, because the diversity of the human proteome cannot
be explained by the number of protein coding genes in our
genome. Alternative splicing is one major mechanism gen-
erating multiple protein isoforms from a single pre-mRNA.
The examples described earlier illustrate that alternative
splicing is not merely a whim of nature, but can have pro-
found implications for endothelial function and, thus, vas-
cular physiology. Interestingly, protein isoforms generated
by alternative splicing can have different and often opposing
functions, suggesting that this process might serve to finely
tune cellular responses and outputs. Thus, for gene expres-
sion analyses, it seems imperative to comprehensively iden-
tify all splice variants as a prerequisite to uncover the
functions of the corresponding proteins. The first attempts
focusing on this aspect of in-depth transcriptome analyses
have recently been made (35). This also requires a unanimous
annotation and nomenclature of splice variants. A com-
mendable example—at least for tracking the numerous spli-
ceosome-associated proteins and SnRNAs—is given by the
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Spliceosome Database (27). Moreover, mechanistic expla-
nations of how alternative splicing of critical mediators of
endothelial cell function is regulated, including the roles of
specific splicing regulatory proteins involved in particular
splice events, are needed. However, these underlying pro-
cesses are only understood in very few cases and mostly not
in full detail. Work in this direction in the cancer field has led
to ideas about new therapeutic options (29) by interfering
with specific protein isoforms or the splice process per se, and
it is, thus, imaginable that similar options might be available
in the future to treat endothelial dysfunction and, therefore,
improve cardiovascular health.
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Abstract

A critical step in exon definition is the recognition of a proper splice donor (5'ss) by the
5' end of U1 snRNA. In the selection of appropriate 5'ss, cis-acting splicing regulatory
elements (SREs) are indispensable. As a model for 5'ss recognition, we investigated
cryptic 5'ss selection within the human fibrinogen Bp-chain gene (FGB) exon 7, where
we identified several exonic SREs that simultaneously acted on up- and downstream
cryptic 5'ss. In the FGB exon 7 model system, 5'ss selection iteratively proceeded
along an alternating sequence of U1 snRNA binding sites and interleaved SREs which
in principle supported different 3' exon ends. Like in a relay race, SREs either
suppressed a potential 5'ss and passed the splicing baton on or splicing actually

occurred. From RNA-Seq data, we systematically selected 19 genes containing exons
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with silent U1 snRNA binding sites competing with nearby highly used 5'ss. Extensive
SRE analysis by different algorithms found authentic 5'ss significantly more supported
by SREs than silent U1 snRNA binding sites, indicating that our concept may permit

generalization to a model for 5'ss selection and 3' exon end definition.
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ABSTRACT

A critical step in exon definition is the recognition of a
proper splice donor (5’ss) by the 5’ end of U1 snRNA.
In the selection of appropriate 5’ss, cis-acting splic-
ing regulatory elements (SREs) are indispensable.
As amodel for 5’ss recognition, we investigated cryp-
tic 5’ss selection within the human fibrinogen Bf3-
chain gene (FGB) exon 7, where we identified several
exonic SREs that simultaneously acted on up- and
downstream cryptic 5’ss. In the FGB exon 7 model
system, 5’ss selection iteratively proceeded along an
alternating sequence of U1 snRNA binding sites and
interleaved SREs which in principle supported differ-
ent 3’ exon ends. Like in a relay race, SREs either sup-
pressed a potential 5’ss and passed the splicing ba-
ton on or splicing actually occurred. From RNA-Seq
data, we systematically selected 19 genes containing
exons with silent U1 snRNA binding sites competing
with nearby highly used 5’ss. Extensive SRE analysis
by different algorithms found authentic 5’ss signifi-
cantly more supported by SREs than silent U1 snRNA
binding sites, indicating that our concept may per-
mit generalization to a model for 5’ss selection and
3’ exon end definition.

INTRODUCTION

Alternative 5 splice site selection is a highly regulated pro-
cess involving degenerate sequence elements that are recog-

nized by a large intricate protein complex, the spliceosome,
which is composed of five small nuclear ribonucleoprotein
particles (snRNPs). Spliceosome assembly starts with the
interaction of the U1 snRNP and the 5’ss at the exon—intron
border. Since within vertebrates, relatively small exons are
separated by much longer introns, splice site pairing is sup-
posed to first occur across the exon through subsequent
binding of the U2 snRNP to the branch point sequence
of the upstream 3’ splice site (3'ss or splice acceptor) (1,2).
Both snRNPs interact with each other forming the ‘exon-
definition’ complex (2), which is later converted into ‘intron-
definition’ complexes (3,4), connecting U1 and U2 snRNPs
across the intron and triggering the splicing reaction.
Splice donor choice, however, is not only directed by the
spliceosome itself, recognizing the 11 nt long sequence of
the 5'ss to form an RNA duplex with the 5end of Ul
snRNA (3,4), but also critically depends on RNA binding
proteins that bind to splicing regulatory elements (SREs)
in the vicinity of splice sites, like SR (serine-arginine-rich)
or hnRNP (heterogeneous nuclear ribonucleoparticle) pro-
teins (5). SR proteins are composed of one or two RNA
binding domains (RRM) and an arginine-serine (RS-)rich
domain that participate directly in the interaction with
other proteins or with RNA itself. Both domains have been
shown to be capable of participating in Ul snRNP recruit-
ment to the 5’ss via the Ul-specific protein U1-70K (6—
9). Dependent on their binding position to the exon or in-
tron, SR proteins can generally act in a position-dependent
manner, either activating or silencing splice donor usage
(10,11). Generally, SR proteins enhance 5’ss use, when they
bind to the upstream exon, while they repress splicing from
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the downstream intron. During repression, proteins bound
to inhibitory SREs interfere with further progression into
late spliceosomal complexes and form so-called ‘dead-end’
complexes (10,12,13).

In human genetics, the computational identification of
aberrant splice donor usage due to nucleotide exchanges is
vitally needed for diagnostics, and evaluating a mutation’s
biological relevance for clinical treatment of patients with
hereditary disorders is indispensable (14,15).

By now, variations in cis- or trans-acting elements within
protein coding genes have been associated with altering
splicing patterns and thereby inducing genetic defects that
cause human diseases (16). Estimates of the fraction of hu-
man inherited disease mutations that affect splicing range
from 10% for mutations located directly within splice sites
(17) and can even reach 22-25% if mutations within SREs
were considered (18,19). Thus, roughly 1/3 of all nucleotide
mutations leading to human disease result in exon skipping,
use of cryptic splice sites or intron retention, leaving aside
SREs that have not been discovered yet. However, since
cryptic sites are splicing inactive as long as the authentic 5'ss
is functional, it seems that splice site choice simply follows a
‘winner-takes-it-all’ rule. If the authentic 5'ss is weakened,
however, it is generally unclear whether exon skipping or
cryptic splicing occurs.

Although highly desirable, there is no single in silico tool
available yet, providing reliable predictions of splice site us-
age. Algorithms like MaxEnt (20) and HBond (3,4) for 5’ss
scoring, as well as e.g. AtESRseq (15) or HEXplorer-based
(21) approaches calculating enhancing or silencing proper-
ties of regions in the vicinity of splice sites, greatly assist in
this daunting task.

In this work we show that a tight cluster of alternating
multiple SREs and U1l snRNA binding sites controls cryp-
tic splice donor usage throughout the human fibrinogen B@3-
chain gene (FGB) exon 7. Based on HEXplorer profiles, we
predicted several SREs that we confirmed by mutational
analyses. Motifs identified in these cis-acting SREs exhib-
ited some degeneracy with respect to the binding splicing
regulatory proteins SRSF1 and Tra2p, indicating a possi-
ble redundancy. Splicing regulatory proteins bound to these
SREs acted in a strictly position-dependent manner, each
functioning as a gateway that either terminated the exon or
passed on an ‘exon end signal’ to the next Ul snRNA bind-
ing site.

MATERIALS AND METHODS
Single-intron splicing constructs

Constructs SV guanosine-adenosine-rich (GAR) SD4
Avpu env eGFP D36G, SV GAR™ SD4 Avpu env eGFP
D36G, SV GAR ESE SD4 Avpu env eGFP D36G
are based on the HIV-1 glycoprotein/eGFP expression
plasmid and have been described before (3,22). Insert-
ing the neutral sequence CCAAACAA (23) was carried
out by replacing GAR with a polymerase chain reaction
(PCR) product obtained with primer pair #3378/#3379.
All FGB exon 7-dervied fragments were inserted into
SV GAR SD4 Avpu env eGFP D36G, replacing the
GAR clement with DNA fragments obtained with primer

pairs #3168/#3169 (FGB7-A), #3166/#3167 (FGB7-
B), #3170/#3171 (FGB7-C), #3172/#3173 (FGB7-D),
#3326/#3327 (FGB7-E) and #3174/#3175 (FGB7-F), re-
spectively. SV FGB7-D(8A) SD4 Avpu env eGFP D36G,
SV FGB7-D(5C) SD4 Avpu env eGFP D36G and SV
FGB7-D(5C+8A) SD4 Avpu env eGFP D36G were con-
structed by replacing GAR with PCR products result-
ing from primer pair #3479/#3480, #3481/#3482 and
#3483 /#3484, respectively.

Fibrinogen B3 minigenes

The plasmids pT-BR-WT and pT-BR-IVS7+1G>T were
previously described (24,25). pT-BR-IVS7+1G>A and
pT-BR-IVS7+2T>A were cloned via mutagenesis PCR
of pT-BB-WT using the primer pairs #5659/#5660, and
#5601 /#5660, respectively. pT-BR-IVS7+1G>T-mt-cl
was cloned via a mutagenesis PCR of pT-BB-IVS7+1G>T
with primers #2619/#2622 and #2620/#2621; pT-BpB-
IVS7+1G>T-mt-cl/c2* #2619/#2647 and #2620/#2646;
pT-BR-1VS7+1G>T-mt-cl/c2*/c3 with primers
#2619/#2624 and #2620/#2623; pT-BR-WT-cl1-15.8
was cloned via a mutagenesis PCR of pT-BR-WT using
primers #2619/#2765 and #2620/#2764. pT-BR-WT-cl-
18.8 was cloned via a mutagenesis PCR of pT-BR-WT-
cl1-15.8 using primers #2619/#2872 and #2620/#2871;
pT-BB-WT-c1-20.8 wusing primers #2619/#2874 and
#2620/#2873. pT-BB-WT-c3-15.8 was cloned via a mu-
tagenesis PCR of pT-BR-WT with primers #2619/#2925
and #2620/#2924; pT-BR-WT-c3-18.8 with primers
#2619/#2927 and #2620/#2926; pT-BR-WT-c3-20.8 with
primers #2619/#2929 and #2620/#2928. HEXplorer-
guided mutations of fragments B-D were inserted via
mutagenesis PCR of pT-BR-WT or —1VS, respectively, with
primers #5568 /#2620 and #2619/#5569 (B), #5566/#2620
and #2619/#5567 (C), #3548/#2620 and #3549/#2619
(D), #5571 /#2620 and 2619/#5569 (B/C), #5568 /#2620
and #2619/#5569 (B/D), #5570/#2620 and #2619/#5567
(C/D), #5571/#2620 and #2619/#5569 (B/C/D). Exon
7 was replaced with only splicing neutral sequences (25)
by using a customized synthetic gene from Invitrogen and
inserted into pT-BR-IVS7+1G>T via EcoNI/BpulOl.
FGB7-derived fragments were inserted with PCR products
resulting from primer pairs #4835/2620 (B), #5179/2620
(B MUT), #5581/#2620 (C), #5585/#2620 (C MUT),
#4703 /#2620 (D) and #4791/#2620 (D MUT). Fragments
derived from the Ela PDH gene were inserted with PCR
products resulting from primer pairs #5497/#5498 (WT)
and #5499/5500 (MUT) and fragments derived from the
SNAPC4 gene (ENSG00000165684) with primer pairs
#5498 /#5490 (WT) and #5491/#5492 (MUT).

Expression plasmids

pXGHS (26) was cotransfected to monitor transfection ef-
ficiency.

Oligonucleotides
All oligonucleotides used were obtained from Metabion

GmbH (Planegg, Germany) (see Supplementary Table S1).
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Cell culture and RT-PCR analysis

HeLa cells were cultivated in Dulbecco’s high-glucose
modified Eagle’s medium (Invitrogen) supplemented with
10% fetal calf serum and 50 wg/ml penicillin and strep-
tomycin each (Invitrogen). Transient-transfection experi-
ments were performed with six-well plates at 2.5 x 10°
cells per well by using TransIT®-LT1 transfection reagent
(Mirus Bio LLC US) according to the manufacturer’s in-
structions. Total RNA was isolated 24 h post-transfection
by using acid guanidinium thiocyanate-phenol-chloroform
as described previously (27). For (q)RT-PCR analyses,
RNA was reversely transcribed by using Superscript 111
Reverse Transcriptase (Invitrogen) and Oligo(dT) primer
(Invitrogen). For the analyses of the single-intron splic-
ing constructs primer pair #3210/#3211 was used; for
the analyses of the Fibrinogen BB minigenes, primer pair
#2648 /#2649 was used. Quantitative RT-PCR analysis
was performed by using the qPCR MasterMix (PrimerDe-
sign Ltd) and LightCycler 1.5 (Roche). For normalization,
primers #1224/#1225 were used and the level of hGH
present in each sample was monitored.

FACS analysis

Fluorescence-activated cell sorting (FACS) analysis for the
measurement of quantitative eGFP expression was carried
out using FACS Canto2 (BD Biosciences). First, cells were
washed with PBS and incubated with trypsin for 5 min. Af-
ter several washing steps (PBS + 3% FCS), samples were
acquired to the cytometer. Next, data was edited using the
FlowlJo analysis software (Tree Star, Inc.).

Inhibition of translation by cycloheximide

In order to detect nonsense-mediated decay (NMD)-
sensitive transcripts, cells were incubated with 50 pg/ml of
the translational inhibitor cycloheximide (CHX) 6 h prior
to harvesting. As control for CHX treatment, we ampli-
fied RNA encoding SRSF3 (SRp20) with specific primers
binding within exon 1 and 5 (#4003/#4004). WT SRSF3-
messages exclude the poison cassette exon 4, while tran-
scripts including exon 4 contain a pre-mature stop codon
and get degraded by NMD (28).

Protein isolation by RNA affinity chromatography

Three thousand picomoles of short RNA oligonucleotides
for either wild-type (WT) or mutant version of FGB7-
derived fragments B (#5170; #5173), C (#5572; #5573) and
D (#5167; #5168) or the neutral sequence (#5169), respec-
tively, were covalently coupled to adipic acid dihydrazide-
agarose beads (Sigma). 60% of HeLa nuclear extract (Cil-
biotech) was added to the immobilized RNAs. After strin-
gent washing with buffer D containing different concentra-
tions of KCl (20mM HEPES-KOH [pH 7.9], 5%][vol/vol]
glycerol, 0.1-0.5 M KCl, 0.2 M ethylenediaminetetraacetic
acid, 0.5 mM dithiothreitol, 0.4M MgCl,), precipitated pro-
teins were eluted in protein sample buffer. Samples were
heated up to 95°C for 10 min and loaded onto sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) for western blot analysis. Samples were transferred
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to a nitrocellulose membrane probed with primary and
secondary antibodies (SRSF1 (Invitrogen 32-4500), Tra2f3
(abcam ab31353), MS2 (Tetracore TC-7004-002)) and de-
veloped with ECL chemiluminescence reagent (GE Health-
care).

HEXplorer score calculation

HEXplorer score profiles of pairs of WT and mutant se-
quences were calculated using the web resource https://
www.hhu.de/rna/html/hexplorer_score.php (21).

Mass spectrometric analysis

Protein samples were shorty separated over about 4 mm
running distance in a 4-12% polyacrylamide gel. After sil-
ver staining, protein containing bands were excised and pre-
pared for mass spectrometric analysis as described (29).
Briefly, samples were destained, reduced with dithiothreitol,
alkylated with iodoacetamide and digested with trypsin. Re-
sulting peptides were extracted from the gel piece and finally
resuspended in 0.1% trifluoroacetic acid.

Initially, peptides were separated by liquid chromatogra-
phy on an Ultimate 3000 Rapid Separation Liquid Chro-
matography system (RSLC, Thermo Scientific, Dreieich,
Germany). A trap column (Acclaim PepMap100, 3 um C18
particle size, 100 A pore size, 75 pm inner diameter, 2 cm
length, Thermo Scientific, Dreieich, Germany) was used for
peptide pre-concentration at a flow rate of 6 wl/min for
ten minutes using 0.1% trifluoroacetic acid as mobile phase.
Subsequently, peptides were separated on a 25 cm length
analytical column (Acclaim PepMapRSLC, 2 pm C18 par-
ticle size, 100 A pore size, 75 pm inner diameter, Thermo
Scientific, Dreieich, Germany) at a flow rate of 300 nl/min
at 60°C using a 2 h gradient from 4 to 40% solvent B (0.1%
(v/v) formic acid, 84% (v/v) acetonitrile in water) in solvent
A (0.1% (v/v) formic acid in water). Peptides were injected
into the mass spectrometer by distal coated Silica Tip emit-
ters (New Objective, Woburn, MA, USA) via a nano elec-
trospray ionization source using a spray voltage of 1.4 kV.

Tandem mass spectra were recorded in a data dependent
setting with an Orbitrap Elite (Thermo Scientific, Dreieich,
Germany) hybrid mass spectrometer in positive mode. Full
scans (resolution 60 000) were recorded over a scan range
of 350-1700 m/z with a maximal ion time of 200 ms and
the target value for automatic gain control set to 1000 000
in profile mode in the orbitrap part of the instrument. Sub-
sequently, up to twenty precursors at charge states two and
three were isolated (isolation window 2 m/z), fragmented
by collision induced dissociation and analyzed with a max-
imal ion time of 50 ms and the target value for automatic
gain control set to 3000 (available mass range 50-2000 m/z,
resolution 5400) in the linear ion trap part of the instru-
ment. Already analyzed precursors were excluded from fur-
ther isolation and fragmentation for 45 s.

Data analysis within the MaxQuant environment
(version 1.5.5.1, Max Planck Institute of Biochemistry,
Planegg, Germany) was performed independently for the
two replicate sample batches with standard parameters
if not otherwise stated. Spectra were searched against 70
615 entries from the UniProt KB homo sapiens proteome
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UP000005640 (downloaded on 16 June 2016) with label-
free quantification enabled as well as the ‘match between
runs’ option. Tryptic cleavage specificity was chosen, as
well as carbamidomethyl at cysteines as fixed and me-
thionine oxidation and acetylation at protein n-termini
as variable modifications. For precursor masses, the mass
tolerances were set to 20 ppm (first search) and 4.5 ppm
(second search after recalibration) and for fragment masses
to 0.5 Da. Peptides and proteins were accepted at a false
discovery rate of 1% and only proteins considered showing
two or more identified different peptides.

RESULTS

Cryptic splice site activation is mediated by SREs acting in a
strictly position-dependent manner

To exemplify the complexity of aberrant splicing and the
difficulty of predicting the splicing outcome caused by
human pathogenic mutations, we revisited cryptic splice
site usage embedded in a splicing-regulatory network of
the human FGB. Here, the FGB ¢.1244+1G>T (aka
IVS7+1G>T) minigene analysis revealed that beside exon 7
skipping this mutation caused the activation of three cryptic
splice donors localized in the upstream exon: two canonical
at 106 nt (cl) and 24 nt (c3), and one non-canonical 40 nt
(c2*, indicated by the asterisk) upstream of the physiolog-
ical 5’ss, leading to a loss of functional fibrinogen (24,25).
Additionally, we observed activation of the intron localized
cryptic site pl 158 nt downstream of +1G>T.

Calculating the HBond scores (HBS) of all 11 nt long GT
sequences within exon 7 and the downstream intron ((6);
https://www.hhu.de/rna/html/hbond_score.php) confirmed
that the physiological 5'ss had the highest HBS, indicative of
the highest complementarity to Ul snRNA, followed by ac-
tivated cryptic splice sites in the neighborhood of the phys-
iological 5'ss (Figure 1).

To analyze whether activation of the three exonic cryp-
tic splice sites caused by the mutant physiological 5’ss is
solely mediated by the previously identified naturally silent
SRSF1 (aka SF2/ASF) binding site (25), we mutated the
exonic cryptic sites one after the other. The impact of these
mutations on the splicing pattern was analyzed by RT-PCR
following transient transfection assays of WT or +1G>T
in a three exon minigene (25). As shown in Figure 2A, fol-
lowing +1G>T mutation cl, ¢2*, c¢3 and p1 were activated.
Surprisingly, individual inactivation of ¢l, however, seemed
to neither effectively shift the overall splice site use toward
the other cryptic sites nor change the level of exon skipping
(Figure 2A, cf. lanes 2 and 3). This obvious lack of compe-
tition between these cryptic splice sites suggested that the
other cryptic sites might be regulated independently of c1.
In line with this, inactivation of both ¢l and ¢2* (Figure
2A, lane 4), or all three exonic cryptic splice sites (Figure
2A, lane 5) caused much less exon skipping as expected,
strengthening our hypothesis that at least one additional
SRE might be located downstream of cl.

Next, we investigated whether the canonical cryptic sites
cl or c3 could outcompete the physiological WT 5’ss, if
they were modified to have a similar Ul snRNA comple-
mentarity as the physiological 5’ss, i.e. similar HBS (HBS
15.0). Adapting cl from HBS 12.2 to 15.8 (Figure 2B) did

not change splice site usage (Figure 2C, cf. lanes 1 and 2),
supporting our hypothesis that at least another SRE was
localized within exon 7, between ¢l and WT 5’ss. At the
same time, such an SRE would repress c1 usage and enhance
any downstream splice site (10). Thus, likewise adapting c3
from HBS 10.8 to 15.8 can be expected to switch splice site
use from the physiological 5’ss to the 24 nt more proximal
cryptic site ¢3. Indeed, increasing ¢3 from HBS 10.8 to 15.8
fully activated this cryptic splice site even in the presence of
the physiological 5’ss (Figure 2C, cf. lanes 1 and 3), thereby
shortening the exon by 24 nt. Interestingly, exclusive use of
cl was not observed even when it was increased to HBS 18.8
or even 20.8 (Figure 2C, lanes 4 and 6), speaking again for
at least a second SRE downstream of cl1 which would si-
multaneously repress the nearest upstream splice site and
enhance the nearest downstream splice site, thereby extend-
ing the exon.

Multiple exonic splicing enhancers are located within FGB
exon 7

To examine the validity of this concept, we analyzed splice
site recognition in more detail and searched for additional
functional SREs. First, we experimentally determined the
impact of the putative exonic splicing enhancers on splice
site recognition. For this, we used our well-characterized
enhancer-dependent single intron eGFP splicing reporter
(3,30), permitting to measure eGFP fluorescence intensity
proportional to Ul snRNP binding to the 5’ss (21). In
this way, splice site recognition can not only be measured
via (q)RT-PCR, but also be quantified in an independent
experimental setup by flow cytometry. Furthermore, the
leader sequence of this enhancer reporter can be substituted
with any putative SRE. As reference for grading down-
stream enhancer impact we used the HIV-1 GAR splicing
enhancer, containing two SRSF1- and one SRSF5-binding
sites and its mutations GAR— and GAR ESE— (3,22,30)
(Supplementary Figure S1A). To confirm the GAR inac-
tivating mutations, we additionally substituted the inactive
GAR ESE  witha CCAAACAA repeat previously shown
to be splicing neutral (23) and determined their impact on
S’ss recognition. In fact, using both qRT-PCR and flow cy-
tometry, we could measure an up to 230-fold increase in
splice site recognition mediated by the GAR element, an
up to 7-fold increase mediated by the GAR ", but none for
GAR ESE  (0.5-fold activation) (Supplementary Figure
S1B). In summary, the enhancer reporter allows to func-
tionally rank strong, intermediate and not enhancing prop-
erties of SREs in comparison to the splicing neutral refer-
ence sequence.

Next, we examined six FGB exon 7-derived fragments
(named FGB7-A to FGB7-F), where FGB7-B corre-
sponded to the naturally silent SRSF1 binding site (25),
and inserted each fragment into this enhancer reporter.
Here, B, C and D showed an increase in splice site recog-
nition of more than 100 to even 1000 times compared to
GAR ESE — (Figure 3A). Interestingly, fragment D, but
not B showed the highest splicing enhancing activity and
was further subjected to mutational analyses to identify
the splicing regulatory protein binding to it. We used the
HEXplorer algorithm (21) to predict the most promising

60


https://www.hhu.de/rna/html/hbond_score.php

Nucleic Acids Research, 2016 5

16,0
+1G>T
c2*
14,0
12,0 3
wm,oCO
2
3
® 80
he]
5
6,0
[a0]
T
4,0
) ‘ || ‘ I |
0,0 I I I I
O MO AN M~ MO OINNGORN NS ©®RIDNID®NMS NN NSO NN QRO ©N o0 ®m
AN N 0T N WO T OO OO T OO OO MmMIWLIWLMNOWONDANILLMOWORNMNOOCOANNMWMWOW OIS
NI LERAITTIILIITICIIBITILEEEBINLNERRRREXIIIIBSERS

Nucleotides

Exon 7

Figure 1. HBond score (HBS) profile of all 11-nt long GT sequences within the human fibrinogen BB-chain gene exon 7 and its downstream intron.
Additionally, the GC-splice site c2* (with a substituted GT for HBS calculation) is considered and indicated by an asterisk. Numbers on the x-axis describe
positions starting from the beginning of exon 7.
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Figure 2. Cryptic splice donor activation. (A) Schematic drawing of the 287-nt long human fibrinogen BB-chain gene exon 7 and its cryptic splice sites
(top). 2.5 x 10° HeLa cells were transiently transfected with 1 g of each construct together with 1 pg of pXGH5 (hGH) to monitor transfection efficiency.
Twenty-four hours after transfection, RNA was isolated and subjected to RT-PCR analysis using primer pairs #2648 /#2649 and #1224 /#1225 (h\GH).
PCR products were separated by 10% non-denaturing polyacrylamide gel electrophoresis and stained with ethidium bromide (bottom). Exonic (c1-c3)
and intronic (pl) cryptic splice donor sites as well as the skipped exon (ES) are depicted on the right hand side. (B) Sequences of the wild-type 5’ss (WT),
cl and c3 variants including their different HBond/MaxEnt scores. (C) RT-PCR analysis of splicing patterns of cryptic splice sites mutated to have higher
HBS according to (B).
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Figure 3. SREs within FGB exon 7. (A) Schematic of the localization of
FGB exon 7 fragments used in SRE analysis. 2.5 x 10° HeLa cells were
transiently transfected with 1 g of each construct and 1 pg of pXGHS.
At 24 h after transfection, total-RNA samples were collected and used
for qRT-PCR with primer pair #3210/#3211 and normalized to hGH
(#1224/#1225). Relative splicing activity (RSA). (B) Sequences (top) and
HEXplorer profiles (bottom) of fragment D and its mutations. The WT
profile is shown in blue and mutant profiles in black. (C) Real-time PCR
of transcripts expressed from the enhancer reporter. cDNA samples were
prepared as described for panel A and used in real-time PCR assays to
specifically quantitate the relative abundances of spliced mRNA. Relative
splicing activity (RSA).

inactivating mutations for fragment D. The HEXplorer is
based on a RESCUE-type approach (31), calculating the
different distributions of hexamer frequencies within in-
trons versus exons. The profiles of genomic regions de-
pict exonic enhancing and silencing properties, while HEX-
plorer score (HZg;) differences can assess mutational effects
within SREs. Here, the sequence CATGGATGGAGCA
was shown to have the longest contiguous HZgj-positive
stretch, reflecting splicing enhancing properties (Figure 3B).
In both the proximal and the distal parts of fragment
D, we selected point mutations (5G>C, 8G>A) strongly
decreasing the HZg-positive area. The double mutation
5G>C/8G=>A was predicted to maximally neutralize the
enhancing properties of FGB7-D (Figure 3B). To examine
this prediction, the mutations were tested within the eGFP
enhancer reporter and inserted into FGB7-D upstream of
the reporter 5’ss, and HeLa cells were transfected to monitor
splice site activity using semi-quantitative RT-PCR. Indeed,
the predicted mutations turned out to drastically impair the
enhancing functionality of this fragment confirming its ac-
tivity as another SRE within FGB exon 7 (Figure 3C).

Cryptic splice donor selection is highly dependent on each sin-
gle SRE

On the basis of the above findings, we extended our analyses
to determine whether the newly identified SRE was essential
for splice site selection in the physiological exonic context.
First, to test if the ¢.1244+1G>T mutation not only dis-
rupted U1 snRNP binding but by itself might have created
an SRE, we analyzed two additional splicing inactivating
mutations within the three-exon minigene (c.1244+1G>A,
¢.1244+2T>A). However, only marginal differences in the
splicing pattern could be observed, so that creation of a new
SRE can be ruled out as the main cause for the observed
splicing pattern (Supplementary Figure S2A). The slight in-
crease in pl usage for ¢.1244+1G>A and c.1244+2T>A
was compatible with a formation of a moderate putative
SRE located directly upstream of the exon/intron bound-
ary (Supplementary Figure S2B). We therefore used the WT
as well as the pathogenic FGB ¢.1244+1G>T three-exon
minigenes for further analyses. To complete the picture, we
performed HEXplorer-based mutational analyses for frag-
ment C, but also B in order to compare HEXplorer-based
inactivation to deletion of the naturally silent SRSF1 bind-
ing site (25) (Figure 4A). In agreement with Spena et al.
(24), we did not observe any effect on cryptic 5’ss activa-
tion for an individual mutation as long as the physiological
S’ss was present (Figure 4B, lanes 1-4). Combining, how-
ever, either mutations within B and C (Figure 4B, lane 5) or
all three parts at the same time (Figure 4B, lane 8), but not
B and D (Figure 4B, lane 6) or C and D (Figure 4B, lane
7) resulted in activation of a cryptic 3’ss (Figure 4B, lane
5 and §; Figure 4C, a2 (**)). This, however, could simply
be explained by the accidental upregulation of this cryptic
3’ss (MaxEnt score from —6.23 to 2.39) located within C,
and therefore also be present in the combined fragments B
and C (Figure 4D). Aside from this, this cryptic 3'ss usage
might also be supported by the changed sequence profile af-
ter HEXplorer-guided mutagenesis (Figure 4E). Indeed, the
sequence environment preceding the AG is composed of a
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fected with 1 pg of each construct and 1 g of pXGHS. Twenty-four hours after transfection RNA was isolated and subjected to RT-PCR analysis using
primer pairs #2648 /#2649 and #1224 /#1225 (hGH). PCR products were separated by 10% non-denaturing polyacrylamide gel electrophoresis and stained
with ethidium bromide. (C) Positions of newly identified cryptic splice donor c0 and acceptor site a2** within FGB exon 7. (D) Sequences of the cryptic

WT 3’ss a2** and the cryptic 3’ss generated upon mutation B/C-MUT, together with their MaxEnt scores. (E) HEXplorer profiles of FGB exon 7 of WT
and B/C-MUT.
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HZg-negative stretch of hexamers reflecting intronic rather
than exonic sequences (21).

As seen before, as soon as the physiological canonical
5’ss was rendered non-canonical (c.1244+1G>T), all cryp-
tic splice sites cl, ¢2*, ¢c3 and p1 were activated but still al-
most no exon skipping could be observed (Figure 4B, lane
9).

As expected, fragments B and C seemed to activate their
proximal downstream splice donor cl. Strikingly, even mu-
tating only one of these fragments completely abolished cl
donor usage and concomitantly enhanced exon skipping
(Figure 4B, lanes 10 and 11), demonstrating that both frag-
ments had to act in concert to activate c1. However, they did
not differentially affect activation of ¢2* and ¢3, indicating
that these two sites are independently regulated by another
SRE upstream of both ¢2* and ¢3.

In agreement with the individual fragments’ splicing reg-
ulatory activity (Figure 3A), changing the enhancing prop-
erties of D had the strongest effect on splice site selection,
leading to an almost exclusive cl donor usage and very
little exon skipping, thereby shortening the exon (Figure
4B, lane 12). Further mutation of any combination of frag-
ments drastically reduced exon 7 recognition (Figure 4B,
lanes 13-16), and also activated the fourth exonic cryptic
5’'ss ¢0 with an HBS of 9.4 (Figure 4B, lanes 13-16; Fig-
ure 4C). Since fragment A increased splice donor recogni-
tion 75-fold within the enhancer reporter (Figure 3A), it is
likely that cO was activated when there was no concurrent
position-dependent inhibition by B or C.

Eventually, we inserted HEXplorer-guided point muta-
tions into B instead of deleting B (25) to maintain constant
exon length. Inactivating B by point mutations resulted in
complete loss of c1 usage and an increase in exon skipping,
whereas deleting fragment B only moderately impacted the
splicing pattern (Supplementary Figure S3). This apparent
discrepancy might be explained by the circumstances that
the deletion brings fragments A and C in juxtaposition with
each other, increasing the overall enhancing properties of
this area.

We also treated WT and ¢.1244+1G>T mutant mini-
genes with the protein synthesis inhibitor CHX to exam-
ine if the observed mutation-induced splicing pattern also
depended on NMD. However, as no difference in the splic-
ing patterns could be observed, we exclude NMD as being
responsible for the pattern of mutation-induced transcript
isoforms (Supplementary Figure S4).

In summary, all four fragments (A-D) regulated both
exon recognition and splice site selection by inhibiting up-
stream splice donor usage and simultaneously stimulating
downstream splice donor usage. They were required to re-
press weak 5'ss along the way to the physiological 3’ exon
end.

Variation of 5’ss complementarity systematically controls
FGB exon 7 inclusion in the presence of various SREs

To examine the impact on exon recognition and splice site
selection of a single SRE and the 5'ss it supports, we in-
vestigated splice site activation of fragments B, C and D
individually. To this end, the FGB-7 sequence was fully
substituted with neutral sequences maintaining only cl, ¢3

and ¢.1244+1G>T. Each fragment was then individually re-
placed back into this simplified splicing neutral exon at its
physiological position either upstream of cl or ¢3 (Figure
5A). Additionally, the HBS of cl or ¢3 were stepwise in-
creased to examine the interaction between the splice site
proper and surrounding SREs.

Gradually increasing the HBS either for cl from 12.2 or
for ¢3 from 10.8 up to 20.8 led to a strong increase in splice
site recognition in an otherwise fully splicing-neutral en-
vironment (Figure 5B-D, cf. lanes 1-4). In this particular
neutral context, an HBS threshold of 18.8 was required for
splice site recognition (Figure 5B-D, lane 3). Exon skipping,
however, could not be totally eliminated even by increasing
the HBS up to 20.8. As expected, inserting either B, C or
D into this neutral exon substantially increased exon recog-
nition and combined with an increase in complementarity
of the supported splice site fully restored exon recognition
(Figure 5B-D, cf. lanes 5-8). In the same way, the mutant
versions of all individual fragments supported exon recog-
nition much less, confirming the splicing enhancing activ-
ity of fragments B, C, D (Figure 5B-D, cf. lanes 5-8 with
lanes 9-12). Furthermore, this experimental setting also al-
lowed to estimate that e.g. fragment C contributed equally
to exon recognition as an increase in splice site complemen-
tarity from HBS 15.8 to 20.8 (Figure 5C, cf. lanes 4 and 6).

Multiple SR proteins bind to FGB exon 7

To identify splicing regulatory proteins binding to RNA
fragments B, C or D we performed RNA affinity purifi-
cation assays, extending the work of Spena et al. on frag-
ment B binding SRSF1 (25). We therefore incubated short
WT or mutant sequence RNA oligonucleotides with HeLa
nuclear extract (32). After several washing steps, the re-
maining specifically bound proteins were eluted, separated
by SDS-PAGE and analyzed via mass spectrometry anal-
ysis. For B and C, 13 out of 14 SR protein abundance
ratios ‘mutant/WT” were below 1, indicating that a sig-
nificant number of SR proteins showed higher affinities
for WT sequences. For fragment B, 5 out of 6 SR pro-
tein intensities were lower in the mutant sequence, cover-
ing a range of 0.36—0.82 (p = 0.04, Fisher’s exact test).
For fragment C, all 8 SR protein intensities were lower in
the mutant sequence, covering a range of 0.11-0.93 (p =
0.0022, Fisher’s exact test) (Supplementary Table S2). For
fragment D, a diverse picture emerged: 4 out of 8§ SR pro-
tein intensities—including SRSF1—were lower in the mu-
tant sequences (range 0.54-0.94, n.s.), although specifically
Tra2p was found at slightly elevated levels of 1.14. In partic-
ular, SRSF1 showed the highest counts of unique peptides
of all SR proteins and was decreased in all three mutant
fragments.

For SRSF1 and Tra2p, we additionally carried out west-
ern blot analyses. As expected, not only control RNA
B, but also both RNA oligo C and D were bound by
SRSF1, and the respective mutations clearly impaired bind-
ing, confirming the mass spectrometry results. Tra2f3 was
also bound to all individual WT oligos B-D, and the re-
duction in binding to mutant sequences was even more pro-
nounced than for SRSF1 (Figure 6A). Analyzing the se-
quence composition of the individual fragments revealed
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Figure 5. Impact of SREs on exon 7 recognition. (A) Schematic overview
of the modified c.1244+1G>T minigene containing only neutral sequences
(CCAAACAA-repeats, light gray boxes), cl, ¢3, ¢.1244+1G>T and either
fragment B, C or D, respectively. Additionally, the HBS of ¢l and c3 were
stepwise increased to the values depicted above. (B-D) RT PCR analyses
of the splicing pattern of the minigenes as shown in (A). HBS (X) at the
right hand side of the black wedges above lanes 1-4, 5-8, 9-12 indicates
for either cryptic site ¢l or ¢3 (marked as bold and with X) increasing HBS
values given in (A). 2.5 x 103 HeLa cells were transiently transfected with
1 pg of each construct and 1 pg of pXGHS. Cells were subjected to RT-
PCRs using primer pairs #2648/#2649 and #1224/#1225 (hGH). PCR
amplicons were separated on a non-denaturing 10% polyacrylamide gel
and stained with ethidium bromide. Exon skipping (ES).
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that all were enriched in common purine-rich sequence mo-
tifs ((A/T)GGA; TGAA) (Figure 6B), previously shown to
be bound by SRSF1 (33-35) or Tra2p (36-39).

Based on these results, FGB exon 7 seems to be regulated
by multiple SR protein binding sites, for the most part by
SRSF1, which regulates cryptic splice donor usage.

HEXplorer-guided mutations beyond FGB exon 7 induce
cryptic splice site activation

In order to examine whether the splice site selection con-
cept depending on both 5’ss complementarity and position
dependent activity of up- and downstream SREs can be ex-
tended beyond FGB exon 7, we tested two examples outside
the FGB gene. In particular, in both selected examples the
competing Ul snRNA binding site and the WT splice site
have similar Ul snRNA complementarity.

First, we revisited the well-documented pathogenic in-
tronic SRE mutation (G to A substitution at +26, termed
“759+26G>A’) downstream of Ela PDH exon 7, which was
found in a patient suffering from encephalopathy and lactic
acidosis. This mutation has been shown to create a de novo
SRSF2 binding site leading to activation of a cryptic splice
site located within Elae PDH intron 7 (40,41). This cryp-
tic splice site has even higher Ul snRNA complementarity
(HBS 13.7) than the weak physiological 5’ss (HBS 12.2).

From Ela PDH, we derived the physiological 5’ss, the
cryptic 5’ss and the intronic region in between containing
the SRSF2 binding site, and inserted these into our FGB
splicing neutral three-exon minigene. We furthermore in-
serted two copies of SRSF7 binding sites upstream of the



10 Nucleic Acids Research, 2016

A SA WT

Cryp

WT Cryp

12.2 13.7
WT: AGAGTAAGGACTCTAGAACCTGTGGTGGGGCCGGGGCCARGGCCAAGGCCAGCGGCCGCAGGGTATGTCC
MUT: === mmmmmmmm oo S e

B

SA SD1

C4 C4

SD2

A
N
SNAPC4
[—] —SD2 SD1 sD2

hed | SD1 |

)

SD1 SD2

15.7 15.6
WT: CAGGTAGGAGCTCTAGAGATGCCCAGTGCCGAGAGCGGCCGCTCGGTGAGTCG
MUT : T T——==T

Figure 7. Extension of splice site selection concept from FGB exon 7 three-
exon minigene to two other genes. (A) The middle exon (top) contains a
fragment derived from the Ela PDH gene including the two correspond-
ing splice donor sites (WT, Cryp) at their authentic positions, and else neu-
tral sequences (CCAAACAA-repeats, light gray boxes) and two SRSF7
binding sites (61). HEXplorer profile of mutant sequence (black) shows
stronger splice enhancing properties than WT (blue). 2.5 x 10° HeLa
cells were transiently transfected with 1 pg of the construct and 1 pg of
pXGHS. At 24 h after transfection, total-RNA samples were collected
and used for RT-PCR with primer pair #2648 /#2649 and normalized to
hGH (#1224/#1225). (B) Same minigene containing two fragments de-
rived from the SNAPC4 gene including the two corresponding splice donor
sites at their authentic positions in between restriction sites (top). HEX-
plorer profiles of mutant sequence (black) shows weaker splice enhancing
property than WT (blue). RT-PCR of transcripts amplified from the en-
hancer reporter (left hand side). Samples were prepared as described for
panel A.

physiological 5’ss, since it has been shown that recogni-
tion of this rather weak Ela PDH splice donor is depen-
dent on a strong SRE (41) (Figure 7A, top). In agreement
with previous results, the 759+26G>A mutation led to a
switch in 5’ss usage (wt to crypt, Figure 7A, left). Further-
more, HEXplorer analysis of the sequence between wt and
crypt confirmed this observed phenotype: the pathogenic

759+26G>A mutation positively shifted the HEXplorer
profile (AHZg; = 72) indicative of increased downstream
SRE activity (Figure 7A, right).

Second, we randomly selected an exon with an unused
upstream Ul snRNA binding site of comparable comple-
mentarity (HBS 15.7) as the physiological 5’ss (HBS 15.6)
from our fibroblast transcriptome dataset (see below): exon
12 in the SNAPC4 transcript (ENST00000298532.2). We in-
serted the following four segments into our FGB splicing
neutral three-exon minigene: (i) upstream of the unused Ul
snRNA binding site, to account for possible natural SRE
context, (ii) exonic Ul snRNA binding site, (iii) physiolog-
ical 5’ss, (iv) region between these sites (Figure 7B, top).

Following insertion of these SNAPC4 segments into the
splicing reporter, we transfected HeLa cells and analyzed
the splicing pattern confirming exclusive usage of the phys-
iological 5’ss (wt; Figure 7B, left). HEXplorer-guided mu-
tagenesis decreased the enhancing properties in the region
between the Ul snRNA binding site and the 5’ss (AHZg; =
—162; Figure 7B, right), and splicing completely switched
from the physiological 5’ss to the further upstream located
Ul snRNA binding site (crypt; Figure 7B, left). Again,
splice site usage seemed to be regulated by promoting down-
stream splice donor usage and simultaneously repressing
upstream splice donor usage.

Taken together, we have confirmed our SRE dependent
splice site selection concept in two examples beyond FGB
exon 7: each had a pair of physiological 5’ss and Ul snRNA
binding site with similar complementarity—one exonic and
one intronic.

Can SREs explain 5’ss selection between GT sites of similar
U1 snRNA complementarity?

We independently tested our 5’ss selection concept on in-
dividual pairs of a 5’ss and a nearby rarely used exonic Ul
snRNA binding site with even higher complementarity, sys-
tematically selected from a dataset of 54 human RNA-Seq
samples. These samples were derived from short term culti-
vated in vivo aged human dermal fibroblasts, collected from
30 healthy control subjects. Alignment with STAR (En-
sembl 82) identified 2,050,307 multiply covered exon-exon
junctions (E-MTAB-4652; Kaisers et al. PLoS One, in revi-
sion). From these, we selected exons with highly used canon-
ical 5’ss (>10 000 exon junction reads). In this subset, we
additionally selected only exons containing a Ul snRNA
binding site within 35 nucleotides upstream that (i) had high
complementarity (HBS > 14), (ii) had higher complemen-
tarity than the authentic 5’ss, but (iii) was silent (# reads <
1.3% of authentic 5’ss; median # reads 3). To allow for a
putative SRE hexamer between the GT sites but not over-
lapping with either one, we furthermore required at least 17
(8+6+3) nucleotides in between. Application of these strict
selection criteria left only 19 such exons from 19 different
genes.

In each of these 19 hits, we scanned three separate regions
of equal size for SREs: (i) upstream the silent GT-site, (ii)
between silent GT-site and real 5’ss, (iii) downstream the au-
thentic 5’ss. Regions (i) and (ii) each included the full 11 nu-
cleotides of the silent GT-site and 5’ss. The size of these re-
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gions was individually determined by the distance between
the pair of silent GT-site and 5’ss.

We assessed these three regions for SREs using web
resources for the common algorithms ESEfinder 3.0,
RESCUE-ESE, FAS-ESS-hex3, PESX, ESRsearch and
HEXplorer (31,42-47), applying respective default settings
for SRE detection.

In order to find a semi-quantitative measure for the ‘over-
all enhancer effect’ in a given upstream exonic neighbor-
hood of a GT-site, we first assigned a weight of +1 or —1
for each enhancer or silencer motif in this region predicted
by any of the algorithms. To account for the direction de-
pendence of enhancer action, we performed the same cal-
culation for a mirror region of equal size downstream the
GT-site and defined the splice site enhancer weight as the dif-
ference between sum of upstream weights and sum of down-
stream weights (Figure 8A). In this way, we treated exonic
splicing enhancer (ESEs) occurring downstream of a GT-
site as exonic splicing silencers with the same weight. This
splice site enhancer weight was designed to capture both
enhancing and silencing properties of equally sized regions
up- and downstream of any GT-site, and its construction is
analogous to the ‘exonic splicing motif difference’ defined
by Ke et al. (48). In the same way (21), we calculated splice
site weights using the ESRseq and HEXplorer algorithms
as the average ESRseq and HEXplorer difference between
the up- and downstream regions of any GT-site.

In the 19 genes containing exons with highly used 5’ss
and nearby silent GT-sites with higher complementarity, all
three splice site enhancer weights were significantly higher
for authentic 5’ss than for silent GT-sites (enhancer /silencer
weights p = 0.009, ESRseq p = 0.006, HEXplorer p =
0.0002; Figure 8B-D). Indeed, 17 out of 19 genes contained
predicted SREs expected to repress Ul snRNA binding
sites with even higher complementarity in favor of the au-
thentic 5’ss, which is consistent with our 5’ss selection con-
cept derived from the FGB exon 7 model system. These re-
sults suggest that this concept may not be limited to FGB
exon 7.

DISCUSSION

In this study, we provide evidence for multiple SREs
within the human FGB exon 7. Predictions obtained by
both HEXplorer (21) and HBS (3,4), combined with the
position-dependence of SREs (10), allow us a glimpse
at understanding specific splicing outcomes of human
pathogenic 5’ss mutations, based on the model exon FGB7.
Here, we propose that, starting from the 3’ss, 5 splice site
selection iteratively proceeds along an alternating sequence
of Ul snRNA binding sites and interleaved SR Es which can
in principle support different 3’ exon ends. Like in a relay
race, SREs can either suppress a potential 5’ss and pass the
splicing baton on or splicing actually occurs. This picture
may permit generalization to a model for 5’ss selection and
3’ exon end definition.

Binding of the 5’ end of Ul snRNA to 5’ss initiates
spliceosome formation. A higher base pair complementar-
ity to Ul snRNA thereby supports splice site recognition
to a higher degree (4,49). In many cases it has been shown
that cryptic splice sites are significantly weaker than their
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authentic 5’ss counterparts (50). In line with this, assess-
ment of the hydrogen bonding patterns of potential Ul
snRNA binding sites (http://www.uni-duesseldorf.de/rna/
html/hbond_score.php) within FGB exon 7 revealed that
the authentic 5’ss had a higher HBS than the cryptic sites
and that in turn the cryptic sites were stronger than the re-
maining potential Ul snRNA binding sites. Incidentally, we
found the splice site pl within the downstream intron, which
was used in the presence of the c.1244+1G>T mutation and
which seemed to be below detection limit in previous exper-
iments but had an HBS comparable to cl (25). However,
even slightly different expression levels of splicing regula-
tory proteins under these different experimental conditions
might have caused this difference.

Generally, mutations targeting an SRE may not only acti-
vate cryptic splice sites but can also lead to complete loss of
exon recognition (17). We showed that either inserting SREs
or strengthening the cryptic splice sites ¢l and ¢3 within our
simplified splicing neutral exon led to a gradual increase in
exon recognition, which depended both on cryptic 5’ss HBS
and support by splicing regulatory proteins.

By using an enhancer reporter, we identified multiple el-
ements (A-D) within exon 7, which are each able to pro-
mote downstream splice donor usage. This is not surprising,
since at least 3/4 of all nucleotides within a normal exon
have been shown to be involved in splicing regulation (51).
Furthermore, it could be shown that multiple enhancer ele-
ments increase the overall rate of splicing (10,52) which was
attributed to the fact that more SREs improve the chance
of an enhancer element promoting Ul snRNP binding to a
5’ss.

An important part in selecting a 5’ss in the presence
of multiple simultaneously acting SREs is played by the
strict position-dependency of splicing regulatory proteins.
Plenty of work has shown that the same splicing regu-
latory proteins can activate splice donor usage from up-
stream positions as well as inhibit from downstream po-
sitions (18,53-55). Minigene analyses could show that the
position-dependency seems to be a common mechanism of
several SR and hnRNP proteins (10,11). This is in line with
our findings showing that mutating fragment B and C up-
stream of cl led to an impaired ¢l donor usage, whereas
mutating D upstream of ¢3 reduced ¢3 usage. However, mu-
tating e.g. fragment D at the same time led to an upregula-
tion of the upstream located splice donor site cl.

SR proteins are composed of one or two RRMs and one
RS domain that participate directly in the interaction with
other proteins or with the RNA itself. Until now, there is
controversial data about the exact mechanism by which SR
proteins promote splice site recognition. It has been shown
that SRSF1 targets the Ul-specific protein U1-70K to facil-
itate recruitment of the spliceosome to a splice donor site via
RS-RS domain interactions (6,7). However, it also has been
shown that the RS domain is not responsible for the inter-
action with U1 snRNP but rather the RRM (8,9). Notwith-
standing, for the SR-related protein Tra2 it has been shown
that splice site repression and activation occur via differ-
ent effector domains (56). Therefore, it is tempting to spec-
ulate that SRSF1 acts in the same fashion; whether it is the
RRM or the RS domain that is involved in activation or
repression needs to be subject of closer examination. Fur-
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Figure 8. SREs support highly used 5’ss more than nearby silent GT-sites with similar or higher Ul snRNA complementarity. We screened 19 exons with
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between sum of upstream weights and sum of downstream weights (A; ‘u-b’, ‘b-d’) were significantly higher for real 5’ss than for silent GT-sites (Wilcoxon

signed rank test).

thermore, both functions might act simultaneously to in-
hibit the use of upstream cryptic splice sites. This perfectly
matches with our results revealing that each SRE activated
downstream donor usage but at the same time inhibited up-
stream located 5’ss.

Furthermore, it was assumed that SREs can be recog-
nized by more than one SR protein (34) and that a purine-
rich enhancer element can enhance splicing if bound by a
protein complex (57). This is in accordance with our mass
spectrometric analysis of proteins bound to SREs where we
found a couple of SR proteins showing a selective higher
abundance in wt sequence based affinity purifications. Pan-
dit et al. (34) suggested that different kinds of SR proteins
exist: some SR proteins like SRSF1 bind rather loosely to
exonic positions, while others bind to more distinct bind-
ing motifs (58). It was additionally shown that SR proteins
can directly interact with each other, like Tra2 and SRSF1
(59) and that Tra2 recruits other splicing factors to ESE se-
quences (60). From our data we cannot decide whether SR
proteins bind directly to SREs or indirectly in complex with
other SR proteins. Therefore, we can extend our hypothe-
sis that the simultaneous inhibition or promotion of splice
donor usage by SREs is facilitated by a set of splicing regu-

latory proteins which only together ensure specific binding
as it has been shown for FUS and hnRNP H (11).
Aberrant splicing is one major cause of human genetic
disease, and does not only involve mutations within splice
sites but also within SR Es, which makes computational mu-
tation assessment within SREs highly important. All inves-
tigated elements within FGB exon 7 identified using the
HEXplorer algorithm (21) could be experimentally vali-
dated as enhancer elements. Only recently, the HEXplorer
has been proven a powerful tool to predict not only muta-
tional effects within SR Es but also their severity (15). There-
fore, we propose that for a ‘functional 5’ss usage predic-
tion’ both the splice site complementarity to Ul snRNA
and in addition the sequence environment must be consid-
ered (21). The data presented in this work suggest a model in
which SREs surrounding cryptic splice sites act in a strictly
position-dependent manner, possibly supporting or antag-
onizing each other. This effect, however, is invisible in the
presence of the strong authentic splice site (Figure 9, WT).
As soon as the authentic splice site is disrupted, the SRE
effects within FGB exon 7 become visible, leading to exon
shortening. Even though cl is supported by the SREs in
B and C, fragment D lowers the enhancing potential for
this cryptic splice site, letting the SREs in B and C appear
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Figure 9. Model for FGB exon 7 recognition. Authentic splice donor us-
age is facilitated by the WT 5’ss with an HBS of 15.0 exceeding all cryptic
splice sites and by the bi-directional properties of SREs that antagonize
each other (B, C versus D) (WT). Inactivation of the WT 5’ss (GT>TT)
leads to the usage of cryptic splice sites within exon 7, thereby shorten-
ing the exon (c.1244+1G>T) to either cl, c2* or c3. Mutation of fragment
D shortens the exon exclusively to cl, as it is the only remaining SRE-
supported splice site which is no longer repressed by the downstream lo-
calized SRE (D-MUT).

‘naturally silent” and leading to activation of cl, ¢2* and ¢3
in comparable amounts (Figure 9, ¢.1244+1G>T). This is
supported by the fact that mutating fragment D leads to a
drastic increase in ¢l and loss of ¢2* and c¢3 usage, further
shortening the exon (Figure 9, D-MUT).

Moreover, we could substantiate our findings of SRE-
dependent splice site selection by evaluating two further ex-
amples beyond FGB exon 7 in the same reporter system.
Within both, Ela and SNAPC4, competing Ul snRNA
binding sites exist that are regulated through position-
dependent SREs. Mutational analyses could switch splic-
ing in either direction, matching the calculated HEXplorer
scores by interrupting or creating a sequence with exonic en-
hancer properties, respectively (Figure 7). Extending these
examples of competing Ul snRNA binding sites, we specif-
ically selected exons from 19 genes with highly used 5’ss
downstream of nearby silent GT-sites with similar comple-
mentarity (average HBS difference 1.2) from our fibroblast
RNA-Seq transcriptome dataset. This choice of exons per-
mitted focusing on predicted SRE effects on 5’ss selection
rather than 5’s strength. Simultaneously taking potential
SREs in regions both up- and downstream of a GT-site
into account, as suggested by our extensive FGB exon 7
analyses, we found authentic, highly used 5’ss significantly
more supported by SREs than silent GT-sites. This result
was consistently found in analyses using eight different SRE
identifying algorithms, indicating that the proposed con-
cept may be more generally valid beyond our FGB exon7
model system.

This concept of potentially iterated position-dependent
SRE action may highlight the important role of SREs not
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only in alternative splice site selection, but also as key
for constitutive splicing in exons containing internal Ul
snRNA binding sites that must be ignored to obtain an ap-
propriate exon end.
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Abstract: The HIV-1 accessory protein Vif is essential for viral replication by
counteracting the host restriction factor APOBEC3G (A3G), and balanced levels of
both proteins are required for efficient viral replication. Non-coding exons 2/2b contain
the Vif start codon between their alternatively used 5’ss D2 and D2b. For the vif mMRNA,
intron 1 must be removed, while intron 2 must be retained. Thus, 3’'ss A1 must be
activated by U1 snRNP binding to either D2 or D2b, while splicing at D2 or D2b must
be prevented. Here, we unravel the complex interaction between previously known and
novel constituents of the splicing regulatory network regulating HIV-1 exon 2/2b
inclusion into viral mMRNAs. In particular, using RNA pulldown experiments and MS
analysis we found members of the hnRNP A/B family binding to the novel SRE ESS2b,

and Tra2/SRSF10 binding to nearby ESE2b. Splice site selection between D2 and D2b
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was examined in a minigene reporter by HEXplorer guided mutational analysis of the
identified SREs. Furthermore, the impact of these SREs on the viral splicing pattern
and protein expression was exhaustively analyzed in viral particle production and
replication experiments. Masking of these protein binding sites by usage of locked
nucleic acids (LNAs) impaired Vif expression and viral replication. Importance: Based
on our results, we propose a model in which a dense network of SREs regulates vif
MRNA and protein expression, crucial to maintain viral replication within host cells with
varying A3G levels and at different stages of infection. This regulation is maintained by
several SR and hnRNP proteins binding to those elements. Targeting this cluster of
SREs with LNAs may lead to the development of novel effective therapeutic

compounds.

73



10

11

12

13

14

15

16

17

18

19

20

21

22

Analysis of competing HIV-1 splice donor sites
uncovers a tight cluster of splicing regulatory

elements within exon 2/2b

Anna-Lena Brillen', Lara Walotka', Frank Hillebrand', Lisa Miiller', Marek

Widera'?, Stephan Theiss®, and Heiner Schaal'*

'Heinrich-Heine-University Diisseldorf, Institute of Virology, Diisseldorf, Germany
University Hospital, University of Duisburg-Essen, Institute of Virology, Essen, Germany
*Heinrich-Heine-University Diisseldorf, Institute of Clinical Neuroscience and Medical

Psychology, Dusseldorf, Germany

# Corresponding address: schaal@uni-duesseldorf.de

Word count complete abstract: 205

Word count text: 5754

Abstract

Abstract The HIV-1 accessory protein Vif is essential for viral replication by
counteracting the host restriction factor APOBEC3G (A3G), and balanced levels of both
proteins are required for efficient viral replication. Non-coding exons 2/2b contain the Vif
start codon between their alternatively used 5’ss D2 and D2b. For the vif mRNA, intron 1
must be removed, while intron 2 must be retained. Thus, 3’'ss A1 must be activated by

U1 snRNP binding to either D2 or D2b, while splicing at D2 or D2b must be prevented.
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Here, we unravel the complex interactions between previously known and novel
components of the splicing regulatory network regulating HIV-1 exon 2/2b inclusion into
viral mRNAs. In particular, using RNA pulldown experiments and MS analysis we found
members of the hnRNP A/B family binding to the novel SRE ESS2b, and Tra2/SRSF10
binding to nearby ESE2b. Using a minigene reporter, we performed HEXplorer guided
mutational analysis to narrow down SRE motifs affecting splice site selection between
D2 and D2b. Eventually, the impact of these SREs on the viral splicing pattern and
protein expression was exhaustively analyzed in viral particle production and replication
experiments. Masking of these protein binding sites by usage of locked nucleic acids
(LNAs) impaired Vif expression and viral replication.

Importance Based on our results, we propose a model in which a dense network of
SREs regulates vif mMRNA and protein expression, crucial to maintain viral replication
within host cells with varying A3G levels and at different stages of infection. This
regulation is maintained by several SR and hnRNP proteins binding to those elements.
Targeting this cluster of SREs with LNAs may lead to the development of novel effective

therapeutic strategies.

Introduction

During LTR (long terminal repeat)-driven transcription, over 50 mRNA isoforms emerge
by alternative splicing of the HIV-1 precursor mRNA (1, 2). According to their distinct
sizes, mRNA isoforms can be divided into three different classes: 2kb mRNAs
(intronless), encoding for Tat, Rev and Nef, intron-containing 4kb mRNAs, encoding for
Vif, Vpr, Vpu and Env, and 9kb unspliced mRNAs, encoding Gag and Gag-Pol (3). Viral
gene expression underlies a strict chronological order (4-6). In the early phase, only
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intronless MRNAs are transported out of the nucleus and translated, whereas intron-
containing 4kb and 9kb mRNAs depend on the accumulation of Rev protein, which
facilitates their export into the cytoplasm in the later phase.

Primarily responsible for the vast amount of mRNA isoforms are four splice donor sites
(D1—D4, 5’ss), eight splice acceptor sites (A1—A7, 3’ss) and several only rarely used
sites like splice donor 2b (D2b, (1-3)). Their recognition depends on intrinsic strength as
well as cis-acting splicing regulatory elements (SREs) bound by e.g. SR or hnRNP
proteins (7).

Splicing itself is a highly regulated process, controlled by several components of the
spliceosomal complex. It starts with U1 snRNP binding to the 5’ss, followed by U2
snRNP binding to the branch point sequence of the upstream 3’ss (8). U1 and U2
snRNPs pair in a process named “exon-definition” (9), which is later transformed into an
“‘intron-definition” process (10, 11), in which U1 and U2 snRNPs couple across the intron
and thereby initiate the splicing reaction. SR or hnRNP proteins can support U1 snRNP
binding to a splice donor, depending on their exonic or intronic position (12).

Up to this time, many SREs have been identified within the pre-mRNA of HIV-1 (Fig.
1A). Only recently, five novel SREs could be identified using the HEXplorer algorithm
(13). This algorithm reflects potential enhancing and silencing properties of hexamers in
the neighbourhood of a 5’ss. Any disruption of a splice site or an SRE can lead to a
profound weakening of viral replication (14). Exclusively within HIV-1 exon 2 and 2b, six
different SREs have already been described (Fig. 1B). Within exon 2, the SRSF1-
dependent exonic splicing enhancers (ESEs) M1 and M2 (15) as well as the SRSF4-
dependent ESE-Vif (16) have been shown to activate D2, whereas two G runs suppress

exon 2/2b inclusion (16, 17). Furthermore, a novel HEXplorer-identified SRE within exon
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2b (ESE*®%%2 from now on called ESE2b), was shown to activate downstream splice
donor usage within minigene analysis (13).

In addition to 3’ss A1 recognition and removal of the most 5’-proximal intron, use of the
downstream 5’ss sites must be prevented to result in the formation of vif mMRNAs.
Downstream splice donor sites D2 and D2b, however, have to be recognized by U1
snRNP to activate A1, but rendered splicing incompetent to maintain the vif open
reading frame (ORF) whose start codon lies within the downstream intron of D2 (17).

Vif is a low abundant, 23 kDa small protein that is incorporated into newly assembling
virions. Vif counteracts the host restriction factor APOBEC3G (apolipoprotein B mRNA-
editing enzyme, catalytic polypeptide-like 3G; A3G) (18), that is also encapsidated into
virus particles and primarily triggers G-to-A hypermutations in the viral genome during
reverse transcription. Vif binds to A3G to provoke ubiquitination and proteosomal
degradation. Although Vif is absolutely essential for an efficient HIV-1 replication in A3G-
expressing cells, excessive Vif is equally deleterious, since massive levels of Vif inhibit
proteolytic Gag processing (19).

In the present study, we focused on the functional importance of splicing regulatory
elements within exon 2/2b. On the basis of our results, we provide evidence that multiple
SREs within exon 2/2b tightly regulate proper vif mMRNA production. We could underline
the functional importance of ESE2b, bound by Tra2 and SRSF10, and the newly
discovered ESS2b, bound by hnRNP A/B proteins, for splice donor usage and exon
recognition. Point mutations within those SREs predicted via the HEXplorer algorithm as
well as LNA masking altered both viral vif mMRNA and Vif protein amounts by regulating

exon 2/2b inclusion, and led to a drop in viral particle production.

Results
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Tra2 and SRSF10 act via ESE2b to activate the downstream-located 5’ss D2b

To understand splice site selection critical for HIV-1 vif mRNA formation, we focused on
the exonic 2b region downstream of splice site D2 (Fig. 1). The vif start codon is
localized upstream of an alternative splice site, termed D2b, which defines the 3’ end of
exon 2b but needs to be repressed to retain the downstream intronic sequence coding
for Vif. Previously, we have shown that D2b is repressed by a conserved immediately
upstream located G run (Gj-1) which is bound by hnRNP F/H (17). As inactivating G>-1
led to an upregulation of this intrinsically rather weak splice donor D2b, we hypothesized
that G;2-1 not only represses D2b but might additionally shield an upstream bound SR
protein from activating D2b (17). This assumption was further supported by the
observation that, in the presence of multiple exonic SREs, the SRE closest to the 5’ss
likely dominates splicing decisions (12). Therefore, we tested the region between D2
and D2b for splice site enhancing properties, and split the region into four overlapping
segments indicated in Fig. 1B. To test the segments for 5’ss enhancing properties, we
used an HIV-1 subgenomic reporter, which allows monitoring of SRE-mediated U1
snRNP binding to 5’ss SD4, forming an eGFP encoding mRNA by splicing to 3'ss A7
(20-22) (Fig. 1C, top). Following transient transfection, fluorescence microscopy allowed
a first rough estimation of enhancing properties in the four exonic 2b segments. We
used the sequence CCAAACAA (23) as a splicing neutral reference and the very
strongly enhancing SRE HIV-1 GAR H fragment as a positive control (20, 22). As
expected, fragment IV covering Gi2-1 did not support downstream 5’ss usage, while
ESE2b (ESE®?%>°%2 (13)) contained in fragment Il enhanced D2b usage. Neither

fragment | nor Il led to an increased eGFP expression (Fig. 1C, bottom), demonstrating
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that ESE2b was the only SRE in the 3’ part of exon 2b capable of supporting
downstream 5’ss usage.

To identify splicing regulatory proteins binding to ESE2b, we made use of the previously
published inactivating nucleotide substitutions predicted by the HEXplorer algorithm
(ESE2bMYT (AHZg, -267), termed “5015A>T; 5025A>T (dm)” in (13)). We performed RNA
affinity purification assays with RNA oligonucleotides containing either the ESE2b or the
ESE2bMYT sequence. After coupling to agarose beads, the oligonucleotides were
incubated with HelLa nuclear extract. After washing and elution, bound proteins were
analyzed via mass-spectrometry (MS). Besides weak binding to several members of the
SR protein family, we found a significant loss of the proteins Tra2a, Tra23 and SRSF10
in the mutant ESE2b sequence and no significant change in the level of any hnRNP

protein (Table 1, P = 0.05, t-test).

SREs between D2 and ESE2b are necessary for maintaining splicing at D2

To test the impact of ESE2b on D2/D2b splice donor selection, we used a heterologous
three-exon minigene splicing reporter (Fig. 2A), previously shown to be suitable to
dissect the role of cis-acting SREs in splice site decisions even in complex splicing
networks (24). Within this splicing reporter, the artificial internal exon was not recognized
at all when completely composed of splicing neutral sequences (23), but could be
exonized upon replacing neutral sequences by cis-acting SREs or increasing the
U1 snRNA complementarity of its 5’ss (HBS > 15.8; (24)). When we inserted both viral 5’
splice sites, D2 (HBS 10.7) and D2b (12.4), into this context of neutral sequences, this
exon was not recognized even though it is bordered by an intrinsically strong SA
(MaxEnt score 10.25, Fig. 2B, lane 1). To recapitulate HIV-1 exon 2 splice site

recognition, all known exon 2 localized SREs (herein for simplicity collectively referred to
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as ESE2: ESE-Vif (16), M1 and M2 (15), the GGGG motif (16), as well as ESE2b and
Gi2-1 were inserted either individually or in combination into this exon at their authentic
positions either upstream or downstream of D2 (Fig. 2A).

Replacing corresponding neutral sequences with ESE2 alone comparably activated D2
and D2b (Fig. 2B, cf. lanes 1, 2). Additionally substituting neutral sequences with ESE2b
and Gp>-1 switched splice site selection to almost exclusive D2b rather than D2 usage
(Fig. 2B, lane 3), indicating that ESE2b did not only strongly support D2b selection,
overriding the repressive Gp;-1 activity, but at the same time blocked the upstream
localized D2. Even though D2b has a higher complementarity to U1 snRNA than D2
(HBS 12.4 vs. 10.7), in the viral context it is used rarely: 0.2% relative to 5.3% D2 usage
(17). To examine the impact of ESE2b variants on 5’ss selection, we tested two ESE2b
mutations that reduced its splice enhancing activity (WT > AHZg-94 > AHZg-267) (Fig.
2C).

As shown in (Fig. 2B), a stepwise switch towards D2 usage occurred when we reduced
the ESE2b HEXplorer score by 2-nt-mutations, thus weakening its splice enhancing
activity (Fig. 2B, cf. lanes 3-5). This D2b-to-D2 transition occurred both with intact and
inactivated Gj-1 (Fig. 2B, cf. lanes 6-8), but in the latter case a larger reduction in
ESEZ2b splice enhancing activity was required to switch to D2 selection. Thus, splicing
occurred at the weaker upstream 5’ss D2, if the combined splice enhancing property of
ESE2b and Gj;-1 did not suffice to move splice site selection to downstream located
D2b.

So far, however, HIV-1 D2 usage as in the viral context could not yet be mimicked with
this minigene indicating that there may be an additional cis-acting element in the viral

sequence. Such an SRE, localized between D2 and ESE2b might act like an “insulator”
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separating the ESE2 from ESEZ2b activities. Therefore, we profiled exon 2b for further
enhancing and silencing properties of splice site neighborhoods. A region showing
predominantly upstream enhancing and downstream silencing properties was located
directly downstream of splice donor D2 (Fig. 3A, top panel). This region includes four
subsequent peaks (A, B, C, D) of the HEXplorer profile. We then substituted either the
whole fragment (A—D) or individual fragments (A, B, C, D) for neutral sequences of the
same length in the minigene reporter. After RT-PCR analysis, it became obvious that
indeed the region from A through D reversed splice site selection from D2b back to the
native HIV-1 splice site D2, which is more frequently used in the viral context (Fig. 3B,
cf. lanes 1 and 2). Further analyses of the individual fragments demonstrated that
fragments C and D rather than fragment A or B affected splice site choice (Fig. 3B, lanes
3-6). However, as neither fragment C nor D on its own was sufficient to fully induce the
splice site switch, we concluded that the potential SRE spanned both fragments, and
termed it ESS2b. To examine our hypothesis, we specifically changed ESS2b by
HEXplorer-guided mutagenesis in fragments C, D or both in the context of A—D (Fig.
3A, bottom 3 panels). Analysis of the splicing pattern (Fig. 3C) revealed that mutating
either C or D led to a partial splice site switch, whereas simultaneously mutating C and
D showed the same splicing phenotype as the neutral sequence (Fig. 3C, cf. lanes 1
and 5). These results demonstrate that ESS2b spans C and D, enhances upstream D2
and represses downstream D2b recognition even in the presence of downstream
ESE2b. Next, to identify splicing regulatory proteins binding to ESS2b, we again
performed RNA affinity purification with WT and mutant sequences as described above.
Subsequent MS analysis revealed that besides hnRNP DL binding, especially members

of the hnRNP A/B family (hnRNP AB family includes isoforms A1, A2/B1, A3 and AO0)
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were markedly enriched in the WT compared to the mutant sample, whereas, in contrast
to that, no SR protein was significantly enriched (Table 2, P = 0.05, t-test).
Taken together, multiple SREs within exon 2/2b balance splice site selection in a strictly

position-dependent manner.

ESS2b and ESE2b regulate balanced splice donor usage in provirus-transfected
cells

To analyze the impact of ESS2b and ESE2b on viral pre-mRNA splicing, we inserted
both most promising inactivating mutations ESE2bMYT (AHZg, = -267) and ESS2pMYT
(C+DVT) either individually or in combination into proviral plasmid DNA pNL4-3
(GenBank accession no. 19921, (25)), with and without the inactivating Gj>-1 mutation
(17). Following transfection of HEK293T CD4" cells, RNA was isolated 48 hrs later,
subjected to Northern blot analysis, and detected with an exon 7 probe hybridizing to all
viral mRNAs. Mutating ESE2b showed no shift in viral mMRNA levels compared to the
wild-type proviral clone (Fig. 4A, cf. lanes 1 and 2), whereas, in contrast, inactivating
ESS2b caused a strong increase in 2kb and 4kb vif mMRNAs which was accompanied by
a reduction of 9kb mRNAs (Fig. 4A, cf. lanes 1 and 3). Interestingly, inactivating
mutations of both SREs seem to nearly compensate each other (Fig. 4A, cf. lanes 1 and
4), suggesting that even though there seems to be no obvious effect for mutating ESE2b
in viral mMRNA distribution at first glance, both these SREs together critically regulate the
balance of HIV-1 RNA classes. In agreement with our previous results (17), mutating
Gi2-1 caused an increased amount of 2kb and, particularly, of 4kb vif mMRNAs, which was
comparable to inactivating ESS2b (Fig. 4A, cf. lanes 3 and 5). Inactivation of ESS2b and

Gi2-1 resulted in an even stronger effect (Fig. 4A, cf. lanes 1, 5, 7).
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Next, to quantitatively measure individual HIV-1 transcript ratios, RT-PCRs were set up
with different primer pairs, each normalized to the total amount of all viral mRNAs
measured with primers detecting exon 7 (#3387/#3388, Fig 4B). Since exon-2- and
exon-3-recognition underlie inverse regulation (26-29), we used exon-junction primer
pairs specifically detecting vif and vpr or [1.2.5] and [1.3.5] nef mMRNAs as two distinct
targets for exon 2 vs. exon 3 inclusion into viral mMRNAs (#3395/#3396 (vif);
#3397/#3398 (vpr); #3395/#4843 ([1.2.5 nefl) and #3397/#3636 ([1.3.5 nef]), Fig 4B). As
expected, inactivation of ESE2b showed no significant change in vif, vpr and [1.2.5],
[1.3.5] nef mRNA levels (1-way ANOVA with Dunnett's post-hoc test), whereas
disruption of ESS2b induced a huge upregulation of vif and [1.2.5] nef (P<0.001,
Dunnett’s post-hoc test) and a reduction of vpr and [1.3.5] nef mRNAs (Fig. 4C a, b, cf.
bars 2 and 3). Inactivation of both SREs resulted in mRNA levels comparable to wild-
type (Fig. 4C a, b, bar 4). Likewise, inactivation of G>-1 led to comparable effects with
an overall higher level of vif mRNAs (Fig. 4C a, bars 5-8, vif). Furthermore, we
measured the levels of unspliced and multiply spliced mRNAs with both intact and
inactivated Gj-1 (#3389/#3390 (unspliced); #3391/#3392 (multiply spliced), Fig 4B).
There was no significant difference to the wild-type after disruption of ESE2b (Dunnett’s
post-hoc test), but a clear decrease in unspliced mRNAs for inactivating ESS2b (Fig. 4C
c, cf. bars 2 and 3; 6 and 7), which could again be compensated by additionally mutating
ESE2b (Fig. 4C c, lanes 4 and 8).

To break down which impact both mutations had on distinct mRNA species, we also
performed semi-quantitative RT-PCR. In line with minigene analyses and position-
dependent effects, inactivating ESE2b revealed a complete loss of D2b usage (Fig. 4D,

D2b splicing, lane 2, e.g. Tat2b), whereas there was an elevated level of D2b usage
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after inactivating ESS2b (Fig. 4D, D2b splicing, lane 3, e.g. Nef3b) and an upregulation
of otherwise low abundant mRNA species (Fig. 4D, 2 kb species, lane 3, e.g. Gp41b
[1.2b.5.7] (17)). Moreover, inactivating ESE2b led to a slight decrease of exon-2-
containing transcripts like vif2 or tat2 (Fig. 4D, Ex1-4 splicing, lane 2). A mirror-inverted
phenotype occurred after inactivation of ESS2b, where an increased degree of exon 2
inclusion could be observed (vif2), entailing a drop of exon 3 inclusion and vpr
messages (vpr3), thereby sustaining their mutually regulated role in HIV-1 splicing as it
has been shown by gPCR analysis in Fig. 4C (Fig. 4D, Ex1-4 splicing and 4kb, lane 3).
Comparing overall 2kb and 4kb mRNA species in general, only marginal differences to
wild-type pNL4-3 could be detected for ESE2b (Fig. 4D, 2kb and 4kb, cf. lanes 1 and 2),
compatible with Northern blot analysis. As expected, for ESS2b, elevated levels of exon
2 inclusion with a concomitant reduction in exon 3 including mRNAs could be observed
(Fig. 4D, 2kb and 4kb, cf. lanes 1 and 3). Again, for all detected mRNA species, a
splicing pattern comparable to wild-type pNL4-3 was observed, if both SREs had been
mutated (Fig. 4D, cf. lanes 1 and 4). As shown before, inactivation of Gj;-1 resulted in an
enhanced exon 2b inclusion, followed by an increased amount of exon 2 containing
transcripts, supporting the exon-bridging function of A1 with respect to D2 and D2b (Fig.
4D, cf. lanes 1 and 5). Additionally mutating ESE2b or ESS2b had none or only minor
effects on the splicing patterns (Fig. 4D, cf. lanes 2 and 6; 3 and 7). In summary, RT-
PCR analyses of RNA expressed from proviral clone pNL4-3 confirmed the results of the
minigene analyses, revealing ESE2b and ESS2b as essential SREs regulating splice

donor usage within exon 2/2b and thus vif MRNA processing.

ESE2b and ESS2b are essential for viral infectivity
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To test to what extent changes in exon 2/2b inclusion reflect viral protein expression we
performed immunoblot analysis. No obviously different phenotype for the investigated
proteins was observed after inactivating ESE2b (Fig. 5A, cf. lanes 1 and 2). In
agreement with the data obtained from (q)RT-PCR analysis, a strong increase in Vif
protein level could be observed after inactivating ESS2b (Fig. 5A, cf. lanes 1 and 3). As
expected, mutating both SREs brought Vif protein level back to wild-type pNL4-3 level
(Fig. 5A, cf. lanes 1 and 4). Additionally interrupting Gi>-1 enhanced the effect of ESS2b
and further increased Vif protein expression (Fig. 5A, lane 7). Moreover, a drop in
intracellular p24 Gag levels as well as in viral capsid within the supernatant could be
observed for the ESS2b mutant with intact or inactivated Gi»>-1 (Fig. 5A, lanes 3 and 7).
Furthermore, we used an antibody directed against the C-terminal domain of Gp41
(Chessie 8, (30)) to examine the presence of the previously described Gp41b isoform
(17). In agreement with RT-PCR analyses, also Gp41b protein was enriched after
ESS2b mutation (Fig. 5A, cf. lanes 3 and 7).

Eventually, we tested whether viral particles within the supernatants harboring either
individual mutations or both were still infectious. For this, we used GHOST cells that
stably expressed the CD4 receptor and contained an LTR-dependent gene of the
enhanced green fluorescence protein (eGFP). Thus, after successful infection and Tat-
mediated transactivation of the LTR promoter, e GFP expression can be easily monitored
via fluorescence microscopy. 48 hours post infection, a strong eGFP expression was
observed for wild-type pNL4-3, and it was clearly reduced in the ESE2b mutant infected
cells (Fig. 5B, cf. panels 1 and 2). Furthermore, infection with ESS2b mutant viral
particles led to a complete loss of eGFP expression, which was partially restored in cells

infected with viral particles harboring both mutations (Fig. 5B, cf. panels 3 and 4). p24
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levels within the supernatant reflected the observed eGFP expression (Fig. 5C). In
summary, the severely altered phenotype of the ESS2b-mutant already observed during
(Q)RT-PCR, Northern and Western blot analysis, led to a complete failure of
infectiousness. Surprisingly, mutating ESE2b already showed a clear drop in eGFP
expression, which was not indicated by the transfection experiments alone. Thus, an
already slight imbalance in viral exon 2 splicing could lead to an impairment of proper
viral particle production. In viral particles containing both mutations, balance could be

restored at least to some extent.

Masking of ESE2b and ESS2b restricts viral particle production

As it was shown before (26, 27), the usage of locked-nucleic acids (LNAs) can mimic the
mutational analysis of SREs within the provirus. Those modified antisense
oligonucleotides are able to mask any specific sequence, in particular SREs, and
thereby inhibit the binding of SR or hnRNP proteins. We used LNAs targeting either
ESE2b or ESS2b, and co-transfected them with pNL4-3 (Fig. 6A). Scrambled LNAs not
targeting any viral sequence were used as a control. 48 hrs post transfection, RNA and
protein were isolated and analyzed for mRNA levels and protein expression. Northern
blot analysis revealed a similar distribution of viral mMRNA classes when the two SREs
were masked by LNAs, as was obtained by SRE mutation (cf. Fig 6B with Fig. 4A).
Here, LNAs targeting ESE2b showed a slight reduction of 4kb mRNAs, whereas LNAs
targeting ESS2b showed a strong increase in 4kb vif mMRNA and a decrease in unspliced
9kb mRNA (Fig. 6B). Furthermore, we examined the levels of both intracellular Gag
protein and virus particles released into the supernatant (Fig. 6C). In agreement with the
p24 levels detected after virus infection (Fig. 5C), we observed significantly less p24

Gag both within cells and supernatant for both LNAs. Additionally, RT-PCR analysis
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showed a dramatic loss of exon 2/2b inclusion for LNAs targeting ESE2b (Fig. 6D, e.g.
vif2 and tat2b, cf. lanes 1 and 3), followed by an increase in exon 3 inclusion (Fig. 6D,
e.g. vpr3, cf. lanes 1 and 3). Conversely, splicing shifted towards exon 2 inclusion when
LNAs against ESS2b were applied (Fig. 6D, e.g. vif2 and fat2, cf. lanes 1 and 4), while
exon 3 inclusion was reduced at the same time (Fig. 6D, e.g. vpr3, cf. lanes 1 and 4).
Taken together, masking ESE2b or ESS2b with LNAs showed a phenotype very similar

to infection experiments and was able to inhibit proper virus particle production.

In summary, data obtained in these experiments highlight the existence of a tight cluster
of splicing regulatory elements within exon 2/2b that balances viral mMRNA and protein
production. Inhibiting protein binding to those elements disrupts viral particle production

and infectivity.

Multiple SRE sequence variations between HIV-1 subtypes

Aligning the HIV-1 consensus sequences A1 to AE of HIV-1 exon 2/2b using the RIP 3.0

software  (https://www.hiv.lanl.gov/content/sequence/RIP/RIP.html)  showed  that
sequence variations between viral strains occurred strikingly more often within the
regions containing the splicing regulatory elements ESS2b, ESE2b, and G»-1, while the
flanking sequences were mainly conserved (Fig. 7A). The impact of these natural
nucleotide variations on splice enhancing properties was reflected in their HEXplorer
profiles: Indeed, HIV-strains showed a wide range of AHZg, scores. In order to examine
one exemplary naturally occurring variation, we substituted in the minigene reporter the
subtype K sequence exhibiting both high AHZg and an additional deletion of five
nucleotides within ESS2b. In fact, subtype K experimentally showed a splicing
phenotype similar to A—D with a slight tendency towards D2 usage (Fig. 7B, left, cf.
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lanes 1 and 3). The HEXplorer profile of subtype K (Fig. 7B, right, black bars) showed
only a minor effect on ESS2b compared to pNL4-3 (blue bars), and a weaker ESE2b.
Both effects tend to shift splice site selection further towards D2, which is barely visible
since D2 already dominates splicing in pNL4-3. The high SRE sequence variability
between HIV-1 subtypes may suggest an equally wide range of splicing regulatory
properties that permits adjusting Vif levels to A3G levels in a variety of cellular host

environments.

Discussion

The data presented in this work show that a splicing regulatory network (Fig. 8)
regulates HIV-1 exon 2/2b inclusion into viral mRNAs, thus optimizing viral replication
via competing actions of several SREs located close to D2 and D2b. In particular, we
identified the Tra2/SRSF10-binding site ESE2b and the hnRNP A/B-binding site ESS2b,
that could be specifically masked by LNAs. Both SREs contribute to regulating 5’'ss
D2/D2b and 3’ss A1, as well as vif mMRNA and protein production.

During alternative splicing, recognition of splice sites is most often not only facilitated by
conserved sequence elements like the 5'ss and 3'ss, but also by RNA secondary
structure (2, 31-33) and a multitude of splicing regulatory elements. While splicing
patterns of various HIV-1 subtypes are mostly conserved, frequency of splice site usage
can depend on temperature (2) and presence of splicing regulatory proteins (14).

Within the non-coding exon 2/2b, already six different SREs have been described. Three
elements exist that enhance recognition of splice donor D2 and thereby inclusion of
exon 2 into viral MRNAs: ESEs M1 and M2 (bound by SRSF1) (15) and ESE-Vif (bound

by SRSF4) (16). Furthermore, an inhibitory GGGG-motif, overlapping with the already
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intrinsically weak D2, inhibits its usage and exon 2 inclusion (16), potentially through
sterical hindrance of the U1 snRNP. We have previously reported that a G run located
downstream of exon 2 inhibits the further downstream lying splice donor D2b by binding
of hnRNP F/H (Gj2>-1) (17). Inactivation of this Gj>-1 motif led to a strong increase in
usage of the otherwise only little-used donor D2b. This was attributed to the fact that
binding of hnRNP F/H leads to the formation of a “dead-end” complex, meaning that the
U1 snRNP binds to the 5’ss without actually splicing at this position (12, 34, 35).
Upregulation of D2b usage following Gi>-1 inactivation indicated that an SR protein
binding site could be located within exon 2b. We have previously found an enhancing
element located downstream of D2 within a HEXplorer-based screen of total HIV-1
MRNA (13). Continuing analysis of this element here showed that the enhancer ESE2b
strongly activates D2b and simultaneously inhibits D2, which is facilitated by binding of
SRSF10 and Tra2. Tra2p3 was previously shown to bind to GA-rich sequence elements
(36-39), similar to the sequence of ESE2b. Cloning this element into the minigene
indeed led to an excessive splicing phenotype at D2b, which however, was not observed
in a physiological HIV-1 splicing context. During infection, we could confirm by RNA
deep-sequencing that D2b is only marginally used (0.2%) compared to D2 (5.3%) (17).
Here, we resolve this apparent discrepancy between splicing patterns of minigene and
infection experiments by identifying a novel SRE located within exon 2b, ESS2b, which
counteracts the strong ESE2b effects. By using MS analysis, we show that ESS2b is
bound by members of the hnRNP A/B-family, which fits earlier studies showing that
those proteins bind to sequences that include a “TAG” motif (40, 41).

It might be surprising that such a multitude of SREs should regulate 5’ss selection in an

even non-coding exon. However, in order to obtain Vif, 3'ss A1 must be used, and A1
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itself seems to require activation by an exon definition complex (42, 43) in which
U1 snRNP binding to either D2 or D2b promotes the recognition of the upstream-located
splice acceptor A1 by U2 snRNPs. On the other hand, splicing at D2 or D2b prevents Vif
expression, which relies on intron 2 retention. This is similar to env mRNA processing
where U1 snRNP binding to an even splicing incompetent D4 was needed for 3’ss A5
activation (44). Thus, the commonly observed higher amounts of both intron-retaining—
leading to Vif expression—and exon 2 including mRNAs can be due to increased U1
snRNA complementarity or mutations of neighboring SREs (16, 17, 29, 45).

Only balanced levels of Vif expression contribute to maximal viral replication, while
excessive Vif expression is detrimental to viral replication due to perturbation of
proteolytic Gag processing (19). On the other hand, excessive splicing at D2 leads to a
decrease of unspliced mRNAs, and consequently, a reduction of Gag/Gag-Pol
expression levels and a defect in virion production. This effect was also termed
“oversplicing” and is in line with our observation, revealing that excessive Vif expression
after mutating or masking of ESS2b leads to a reduction of overall unspliced mRNAs
and an impairment of cellular Gag and viral particles within supernatant. Yet, not only
excessive Vif levels, but also insufficient amounts are deleterious to viral replication. Vif
is essential for counteracting the host cell restriction factor A3G, and an imbalance of Vif
to A3G ratio strongly affects viral replication. It was shown that if restriction pressure is
low, lower Vif levels are sufficient to counteract A3G, whereas excessive Vif impedes
viral replication ability (19, 46). However, on the contrary, HIV-1 only replicates in cells

with high restriction pressure, if sufficient Vif is present (17, 46).

Nomaguchi et al. identified natural single-nucleotide variations within different HIV-1

isolates proximal to HIV-1 SA1 (SA1prox), which could be shown to regulate vif mMRNA
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and Vif protein expression and were linked to the fact that an optimal Vif to A3G ratio is
decisive for proper viral replication (17, 46). Here, we find nucleotide variations

predominantly within splicing regulatory elements in exon 2/2b.

Therefore, it is tempting to speculate that the vast number of SREs within exon 2/2b
ensures viral replication in cells with different A3G or splicing regulatory protein

concentrations, e.g. by a mechanism like mutual evolution (46).

Materials and Methods

Single-intron splicing constructs

All eGFP single-intron splicing reporters are based on the well-established HIV-1
glycoprotein/eGFP expression plasmid (20). Insertion of exon 2b Parts I-IV was carried
out by replacing GAR H of SV GAR H SD4 Avpu env eGFP D36G (22) with a PCR
product obtained with primer pairs #4200/#4201 (Part 1), #4202/#4203 (Part II),
#4204/#4205 (Part Ill) and #4206/#4207 (Part 1V), respectively. The neutral sequence
(23) was inserted 3.5 times as described above with primer pair #4213/#4214.
Three-exon minigenes

The three-exon minigenes are derived from the Fibrinogen BB minigene pT-Bp-
IVS7+1G>T (47, 48). The middle exon was replaced with only splicing neutral
sequences (23) by using a customized synthetic gene from Invitrogen and inserted into
pT-BBR-IVS7+1G>T via EcoNI/Bpu10l. HIV-1-derived splice donors D2 and D2b were
inserted with PCR products resulting from primer pair #4793/#4794. ESE-Vif, -M1, -M2
were inserted by PCR with primer pair #4853/#2620. Fragments of HIV-1 exon 2/2b
were added at their authentic positions relative to D2 or D2b, respectively, by using

primer pairs #4795/#2620 (ESE2b and Gj-1), #4798/#2620 (AHZg-94 and Gjp-1),
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#5318/#2620 (AHZg-267 and Gpo-1), #4796/#2620 (ESE2b and G-1"UT), #5319/#2620
(AHZg-94 and G-1MUT), #5317/#2620 (AHZE-267 and Gp-1MYT), #5251/#2620 (ESS2b
A-D), #5337/#2620 (ESS2b part A), #5339/#2620 (ESS2b part B), #5341/#2620 (ESS2b
part C) and #5343/#2620 (ESS2b part D), respectively. The fragment of HIV-1 subtype K
was added at its authentic position flanked by D2 and D2b using primer pair
#5712/#5713. HEXplorer guided mutations of ESS2b were inserted via PCR products
resulting from primer pairs #5392/#2620 (CYV"), #5393/#2620 (DMT) and #5394/#2620
(CMIT DMUT respectively.

Proviral plasmids

Proviral DNA pNL4-3 ESE2bMYT was generated by overlapping PCR technique using
primers #5549/#4773 and #5553/#5550; pNL4-3 ESS2bMYT using primer pairs
#5547/#4773 and #5553/#5548; pNL4-3 ESE2bMYT ESS2bMYT using primer pairs
#5551/#4773 and #5553/#5552. pNL4-3 G-1"UT has been described previously (17)
and used as a template instead of pNL4-3 using primer pairs depicted above to generate
double or triple mutations, respectively.

Expression plasmids

pXGHS5 (49) was cotransfected to monitor transfection efficiency.

pCL-dTOM was cotransfected to detect transfection efficiency of each sample in
fluorescence microscopy analysis. The plasmid expresses the fluorescent protein
Tomato and was kindly provided by Dr. H. Hanenberg.

Oligonucleotides

All oligonucleotides used were obtained from Metabion GmbH (Planegg, Germany) (see
Table 3). RNase-Free HPLC purified LNAs were purchased from Exiqon (Denmark).

Cell culture and transfection
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HelLa, HEK293T (CD4") or GHOST (3) CXCR4+ cells (50) were cultured in Dulbecco’s
high-glucose modified Eagle’s medium (Invitrogen) supplemented with 10% fetal calf
serum and 50 pg/ml penicillin/streptomycin (Invitrogen). For transient transfection, 2x10°
cells per six-well were used. Transient-transfection experiments were performed by
using TransIT®-LT1 transfection reagent (Mirus Bio LLC US) according to the
manufacturer’s instructions. LNA transfection was performed as described in (26).

RNA isolation and RT-PCR

24 hrs or 48 hrs post transfection, total RNA was isolated by using acid guanidinium
thiocyanate-phenol-chloroform (51). For semi-quantitative and quantitative RT-PCR
analyses, RNA was reversely transcribed by using Superscript Il Reverse Transcriptase
(Invitrogen) and Oligo(dT) primers (Invitrogen), and amplified using primer pairs depicted
in Fig. 4B.

Northern blotting

3 ug of total RNA isolated by using acid guanidinium thiocyanate-phenol-chloroform (51)
was separated on denaturing 1% agarose gel and then capillary blotted onto positively
charged nylon membrane. Hybridization was carried out using a digoxigenin (DIG)-
labeled HIV-1 exon 7 PCR-amplicon (#3387/#3388) as previously described (17).
Protein isolation and western blotting

Proteins samples were heated up to 95°C for 10 min and loaded onto sodium dodecyl
sulphate-polyacrylamide gel (SDS PAGE) for Western blot analysis. Samples were
transferred to a nitrocellulose membrane probed with primary and secondary antibodies
(Sheep antibody against HIV-1 p24 CA from Aalto; mouse monoclonal antibodies

specific for HIV-1 Vif (ab66643) from Abcam; mouse anti-gp41 (Chessie 8, (30)) and
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mouse anti B-actin monoclonal antibody (A5316) from Sigma-Aldrich) and developed
with ECL chemiluminescence reagent (GE Healthcare).

RNA affinity purification assay

3000 picomoles RNA oligonucleotides for either wild-type (WT) or mutant version of
ESE2b and ESS2b, respectively, were covalently coupled to adipic acid dihydrazide
agarose beads (Sigma). 60% of HelLa nuclear extract (Cilbiotech) was added to the
immobilized RNAs. After five stringent washing steps with buffer D containing different
concentrations of KCI (0.1, 0.25, 0.5, 0.25, 0.1 M KClI, together with 20 mM HEPES-KOH
[pH 7.9], 5% [vol/vol] glycerol, 0.2 M ethylenediaminetetraacetic acid, 0.5 mM
dithiothreitol, 0.4 M MgCl,), precipitated proteins were eluted in protein sample buffer.
Samples were sent to the Molecular Proteomics Laboratory, BMFZ, Heinrich Heine
University, Dusseldorf for MS analysis.

HEXplorer score calculation

HEXplorer score profiles of wild-type and mutant sequences were calculated using the
web interface (https://www2.hhu.de/rna/html/hexplorer_score.php; (13, 24)).

qPCR statistics

In gPCR experiments, expression levels relative to WT were calculated as exp(-Act)
ratios. Bar graphs show mean and standard deviation of three replicates. Statistical
significance was determined separately for each sample (vif, vpr, exon 2, exon 3,
unspliced, multiply spliced) by 1-way ANOVA followed by Dunnett's post-hoc test

correcting for multiple comparisons.
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Figure Legends

Figure 1. Analysis of splicing regulatory elements (SREs) in HIV-1 exon 2/2b. (A) Black
(silencer) and grey (enhancer) bars indicate published SREs. Splice donor sites (D1—
D4), splice acceptor sites (A1—A7) and protein ORFs are shown. (B) Known SREs
within exon 2/2b and schematic of exon 2b parts |—IV. (C) Fluorescence microscopic
analysis of fragments |I—IV. Top: Schematic overview of the single-intron eGFP splicing
reporter. Bottom: HelLa cells were transiently transfected with 1 ug of each construct
together with 1 ug of pCL-dTOM to monitor transfection efficiency. 24 h after
transfection, fluorescence microscopy was carried out.

Figure 2. Impact of ESE2b on D2b recognition. (A) Schematic of the three-exon
minigene. The middle exon is composed of only neutral CCAAACAA repeats (23) except
for D2, D2b and the depicted SREs. (B) RT-PCR analyses of the minigene (A) splicing
pattern. HelLa cells were transiently transfected with 1 ug of each construct and 1 ug of
pXGH5. RNA isolated from cells were subjected to RT-PCRs using primer pairs
#2648/#2649 and #1224/#1225 (hGH). PCR amplicons were separated on a non-
denaturing 10% polyacrylamide gel and stained with ethidium bromide. (C) HZg, plots of
ESE2b, AHZg = -94 and AHZg= -267 (black: mutated sequence; blue: wild-type

reference).
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Figure 3. ESS2b located between D2 and ESEZ2b is bound by members of hnRNP A/B
family and counteracts ESE2b. (A) HEXplorer score profiles of sequence A—D
(indicated by black bars) and mutations of fragments C, D, or both (black: mutated
sequence; blue: wild-type reference) composing ESS2b. (B-C) Mutational analysis of
ESS2b. HelLa cells were transiently transfected with 1 ug of each construct and 1 ug of
pXGH5. Twenty-four hours after transfection, RNA was isolated from the cells and
subjected to RT-PCR analysis using primer pairs #2648/#2649 and #1224/#1225 (hGH).
Figure 4. ESE2b and ESS2b cause alterations in proviral pre-mRNA processing. (A)
Northern blot analysis of total RNA isolated from HEK293T CD4" cells transfected with
wild-type or mutant pNL4-3. A hybridization probe was used specifically detecting HIV-1
exon 7. (B) Binding sites of (q)RT-PCR primers. (C) gqRT-PCR of total RNA isolated from
the same RNA preparation as in (A) to specifically quantitate the levels of (a) vif vs. vpr,
(b) [1.2.5] vs. [1.3.5.] and (c) multiply spliced vs. unspliced mRNA species, displaying
exp(-Act) ratios normalized to wild-type splicing pattern. Bar graphs show mean and
standard deviation of three replicates. Primer pair #3387/#3388 specifically detecting
exon 7 was used for normalization. Following primer pairs were used: vif: #3395/#3396;
vpr. #3397/#3398; [1.2.5]: #3395/#4843; [1.3.5]: #3397/#3636; multiply spliced:
#3391/#3392; unspliced: #3389/#3390. (D) RT-PCR analysis of RNA used in (A) and
(C). Primer pairs: #1544/#3632 (Ex1-4 splicing), #2710/#3392 (D2b splicing),
#1544/#3392 (2kb species), #1544/#640 (4kb species). HIV-1 mRNA species are
indicated on the left hand side of each gel image according to (3). Exon numbers are
indicated in square brackets; those including an E read through D4.

Figure 5. Impairment of proper viral particle production. (A) Immunoblot analysis of

proteins of pelleted virions from the supernatant (SN) of transfected cells described in
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Fig. 4. (B-C) 2.5 x 10° HEK293T cells were transfected with pNL4-3 and mutant
proviruses. 48h post transfection, the supernatant was collected for infection of GHOST
CD4" cells, an indicator cell line which expresses eGFP after HIV-1 infection. Infection
and viral replication was analyzed 48h post infection, both by fluorescence microscopy
(B) and by p24-gag Western blot analysis (C) of supernatants of the infected GHOST
CD4" cells.

Figure 6. LNA-directed masking of ESE2b and ESS2b mimics mutational phenotype.
(A) Schematic of the LNA binding sites. (B) Northern blot analysis of total RNA. HelLa
cells were co-transfected with pNL4-3 and either LNAs masking ESE2b or ESS2b or the
scrambled LNA. Total RNA was isolated 24 h post transfection and subjected to
Northern blot analysis using an HIV-1 exon 7 probe. (C) Western blot analysis of cellular
(Cell) and supernatant (SN) Gag of co-transfected cells from (B). (D) RT-PCR analysis
of different viral mMRNA species. Following primer pairs were used: #1544/#3632 (Ex1-4
splicing), #2710/#3392 (D2b splicing), #1544/#3392 (2kb species), #1544/#640 (4kb
species). HIV-1 mRNA species are indicated on the left hand side of each gel image
according to (3). Exon numbers are indicated in square brackets; those including an E
read through D4.

Figure 7. Analysis of SREs within exon 2/2b of different HIV-1 subtypes. (A) pNL4-3-
derived HIV-1 exon 2/2b consensus sequences from A1 to AE of the different HIV-1
subtypes, together with their HEXplorer score differences AHZg. Conserved sequences

are represented by “—* and differences by letters. Regions with SREs are shown with red
or green background. The subtype sequences were analyzed with the RIP 3.0 software

(http://www.hiv.lanl.gov/content/sequence/RIP/RIP.html). (B) Left: Splicing patterns of

the splicing reporter carrying SRE regions of subtype K (lane 1) and pNL4-3 (lane 3).
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For reference, lanes 2 and 4 corresponding to the neutral sequence and to DMYT are
also shown. HelLa cells were transiently transfected with 1 ug of each construct and 1 ug
of pXGH5. 24 h after transfection, RNA was isolated from the cells and subjected to RT-
PCR analysis using primer pairs #2648/#2649 and #1224/#1225 (hGH). Right:
HEXplorer profiles of pNL4-3 and exemplary subtype K containing a 5 nt deletion
(between vertical red lines) and several single nt variations. Blue bars depict HEXplorer

profile for pNL4-3 and black bars for subtype K.

Figure 8. Model for exon2/2b recognition. Exon 2/2b inclusion and splice donor usage is
regulated by a complex network of SREs. (A) SR proteins binding to both ESE2 and
ESE2b support U1 snRNP binding at the downstream located splice donors D2 and
D2b. Exon definition leads to the concomitant upregulation of splice acceptor A1, and to
higher vif mMRNA expression (left-pointing arrows below exon 2/2b). (B) Lower levels of
SR proteins as well as hnRNP binding to sites ESS2b and Gj-1 reduce U1 snRNP
binding to D2 and D2b.

Table 1. Mass spectrometry analysis of ESE2b. Log, differences and unique peptides of
SR and hnRNP proteins enriched after RNA affinity purification are shown. Ratios of
normalized protein intensities from purifications of wild type divided by mutated

sequence samples are calculated.

Unique Peptides | Log, Difference

SRSF3 4.5 1.39
SRSF7 7 1.32
SRSF6 4 0.99
SRSF4 4.5 0.68
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SRSF9 12 0.45
SRSF1 25 0.45
SRSF2;SRSF8 4 -0.06
SRSF11 6 -0.32
HNRNPUL2-BSCL2;HNRNPUL2 12.5 1.48956667
HNRNPR 12 1.38463333
HNRNPL 14 0.5345
HNRNPDL 6 0.50626667
HNRNPU 26 0.45483333
HNRNPA2B1 20 0.3558
HNRNPH3 10.5 0.3429
HNRNPM 26 0.32243333
HNRNPA3 17.5 0.2572
HNRNPA1;HNRNPA1L2 21 0.24806667
HNRNPH2 9 0.19285
HNRNPLL;HNRPLL 17 0.14186667
HNRNPK 27 0.1075
HNRNPH1 6.5 0.06496667
HNRNPULA1 17 0.0539
HNRNPF 16 -0.0073
HNRNPC 5 -0.22633333
HNRNPD 6 -0.26476667
HNRNPAO 9.5 -1.01033333

748

749  Table 2. Mass spectrometry analysis of ESS2b. Log, differences and unique peptides of
750 SR and hnRNP proteins enriched after RNA affinity purification are shown. Ratios of

751  normalized protein intensities from purifications of wild type divided by mutated

752  sequence samples are calculated.

Unique Peptides | Log, Difference

HNRNPUL2 12.5 0.53

HNRNPH3 10.5 0.41
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HNRNPF 16 0.25
HNRNPH2 9 0.23
HNRNPH1 6.5 0.19
HNRNPR 12 0.16
HNRNPK 27 0.14
HNRNPL 14 0.13
HNRNPD 6 0.12
HNRNPU 26 0.10
HNRNPLL;HNRPLL 17 0.05
HNRNPULA1 17 -0.01
HNRNPC 5 -0.08
HNRNPM 26 -0.13
HNRNPH1;HNRNPH2 3 -0.31
SRSF2;SRSF8 2 0.38435
SRSF10 11.5 0.37666667
TRA2A 10.5 0.25796667
TRA2B 13.5 0.2346
SRSF1 20.5 0.1378
SRSF4 4.5 0.0756
SRSF9 6 0.05275
SRSF11 6 0.0258
SRSF6 4 0.0229
SRSF7 7 -0.06006667
SRSF3 4.5 -0.31765

753

754  Table 3. Primers used for cloning, (q)RT-PCR analyses and sequences of LNAs.

CLONING
Primer Primer sequence
#2620 GATCCCGGGAAAGATTTGTTGTCACATACAGAAG
#4200 AATTCGCAGTAGTAATACAAGATAATAGTGACATAGAGCT
#4201 CTATGTCACTATTATCTTGTATTACTACTGCG
#4202 AATTCGATAATAGTGACATAAAAGTAGTGCCAAGAGAGCT
#4203 CTCTTGGCACTACTTTTATGTCACTATTATCG
#4204 AATTCTAGTGCCAAGAAGAAAAGCAAAGATCATCAGAGCT
#4205 CTGATGATCTTTGCTTTTCTTCTTGGCACTAG
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#4206 AATTCTCATCAGGGATTATGGAAAACAGATGGCAGGAGCT

#4207 CCTGCCATCTGTTTTCCATAATCCCTGATGAG

#4213 AATTCCCAAACAACCAAACAACCAAACAACCAAACGAGCT

#4214 CGTTTGGTTGTTTGGTTGTTTGGTTGTTTGGG

#4773 TGGATGCTTCCAGGGCTC

#4793 AACAAACCGGTAAGGTGAAGGGTCTAGACCAAACAACCAAACAAC

#4794 AACAGCGTACGTTGTTTGGTTGTTTGGTTGTTTGGTTGTTTGGTTGTTTGGGTCGACATCATC
ACCTGGCGGCCGCTTGTTTG

#4795 AAGGGGCTAGCCCAAGAAGAAAAGCAAAGATCATCAGGGATTATGGAAAACAGGCGGCCG
CCAGGT

#4796 AAGGGGCTAGCCCAAGAAGAAAAGCAAAGATCATCCGCGATTATGGAAAACAGGCGGCCG
CCAGGT

#4798 AAGGGGCTAGCCCAAGATGAAAAGCAATGATCATCAGGGATTATGGAAAACAGGCGGCCG
CCAGGT

#4853 AACAACCTTAGGGGACAGCAGAGATCCAGTTTGGAAAGGACCAGCAAAGCTCCTCTGGAAA
GGGGACCCAAGGTGAAG

#5251 AAGGGGCTAGCGCAGTAGTAATACAAGATAATAGTGACATAAAAGTAGTGCCAAGAAGAAA
AGCAAAGATCATCA

#5317 AAGGGGCTAGCCCAAGTAGAAAAGCATAGATCATCCGCGATTATGGAAAACAGGCGGC

#5318 AAGGGGCTAGCCCAAGTAGAAAAGCATAGATCATCAGGGATTATGGAAAACA

#5319 AAGGGGCTAGCCCAAGATGAAAAGCAAGATCATCCGCGATTATGGAAAACAGGCGG

#5337 AAGGGGCTAGCGCAGTAGTAATACACCAAACAACCAAACAACCAAACAACCAAGAAGAAAA
GCAAAGATCATCA

#5339 AAGGGGCTAGCCAACCAAACAAAATACAAGATAACCAAACAACCAAACAACCAAGAAGAAA
AGCAAAGATCATCA

#5341 AAGGGGCTAGCCCAAACAACCAAACAAAGATAATAGTGACCCAAACAACCAAGAAGAAAAG
CAAAGATCATCA

#5343 AAGGGGCTAGCCCAAACAACCAAACAACCAAACAAGTGACATAAAAGTAGTGCCAAGAA

#5392 AAGGGGCTAGCGCAGTAGTAATACAAGATACTCGTGACATAAAAGTAGTGCCAAGAA
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#5393 AAGGGGCTAGCGCAGTAGTAATACAAGATAATAGTGACATACAAGTACTGCCAAGAAGAAA
AGCAAAGATCAT

#5547 CTCGTGACATACAAGTACTGCCAAGAAGAAAAGCAAAGATCAT

#5548 GTACTTGTATGTCACGAGTATCTTGTATTACTACTGCCCCTT

#5549 TAGAAAAGCATAGATCATCAGGGATTATGGAAAAC

#5550 ATGCTTTTCTACTTGGCACTACTTTTATGTCACT

#5551 CTCGTGACATACAAGTACTGCCAAGTAGAAAAGCATAGATCATCAGGGATTATGGAAAAC

#5552 ATGCTTTTCTACTTGGCAGTACTTGTATGTCACGAGTATCTTGTATTACTACTGCCCCTT

#5553 CTGGCAGAAAACAGGGAGATT

#5712 GGGCTAGCGCAGTAGTAATACAATAGTGAGATAAAGGTAGTACCAAGAAGAAAAGCAAAG
AT

#5713 CCTGGCGGCCGCCCATCTGTTTTCCATAATCCCTAATAATCTTTGCTTTTCTTCTTGG
(q)RT-PCR

Primer Primer sequence

#640 CAATACTACTTCTTGTGGGTTGG

#1224 TCTTCCAGCCTCCCATCAGCGTTTGG

#1225 CAACAGAAATCCAACCTAGAGCTGCT

#1544 CTTGAAAGCGAAAGTAAAGC

#2648 AGTGATTCAGAACCGTCAAG

#2649 TCCACCACCGTCTTCTTTAG

#2710 GGGGGGATCGATAATTAAGGAGTTTATATGGAAACCCTTAAAGGTAAAGGGGCAGTAGTAA
TACAA

#3387 TTGCTCAATGCCACAGCCAT

#3388 TTTGACCACTTGCCACCCAT

#3389 TTCTTCAGAGCAGACCAGAGC

#3390 GCTGCCAAAGAGTGATCTGA

#3391 TCTATCAAAGCAACCCACCTC
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755

756

#3392

CGTCCCAGATAAGTGCTAAGG

#3395 GGCGACTGGGACAGCA

#3396 CCTGTCTACTTGCCACAC

#3397 CGGCGACTGAATCTGCTAT

#3398 CCTAACACTAGGCAAAGGTG

#3632 TGGATGCTTCCAGGGCTC

#3636 CCGCTTCTTCCTTGTTATGTC

#4843 CCGCTTCTTCCTTTCCAGAGG
LNAs

LNA LNA sequence

Scrambled | GACGCGTCCTTACGCG

ESE2b TCTTTGCTTTTCTTCT

ESS2b CTACTTTTATGTCACTAT
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Figure 1

Tomato

Analysis of splicing regulatory elements (SREs) in HIV-1 exon 2/2b. (A) Black (silencer) and grey (enhancer) bars
indicate published SREs. Splice donor sites (D1—D4), splice acceptor sites (A1—A7) and protein ORFs are shown.
(B) Known SREs within exon 2/2b and schematic of exon 2b parts I—IV. (C) Fluorescence microscopic analysis of
fragments |—IV. Top: Schematic overview of the single-intron eGFP splicing reporter. Bottom: HelLa cells were
transiently transfected with 1 pg of each construct together with 1 ug of pCL-dTOM to monitor transfection efficien-

cy. 24 h after transfection, fluorescence microscopy was'¢arried out.
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Impact of ESE2b on D2b recognition. (A) Schematic of the
three-exon minigene. The middle exon is composed of only neutral
CCAAACAA repeats (23) except for D2, D2b and the depicted
SREs. (B) RT-PCR analyses of the minigene (A) splicing pattern.
HelLa cells were transiently transfected with 1 pg of each construct
and 1 ug of pXGH5. RNA isolated from cells were subjected to
RT-PCRs using primer pairs #2648/#2649 and #1224/#1225 (hGH).
PCR amplicons were separated on a non-denaturing 10%
polyacrylamide gel and stained with ethidium bromide. (C) HZEI
plots of ESE2b, AHZEI = -94 and AHZEI= -267 (black: mutated
sequence; blue: wild-type referent8).
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Figure 3

ESS2b located between D2 and ESE2b is bound by members of hnRNP A/B family and counteracts ESE2b. (A)
HEXplorer score profiles of sequence A—D (indicated by black bars) and mutations of fragments C, D, or both
(black: mutated sequence; blue: wild-type reference) composing ESS2b. (B-C) Mutational analysis of ESS2b.
Hela cells were transiently transfected with 1 pg of each construct and 1 pg of pXGHS5. Twenty-four hours after

transfection, RNA was isolated from the cells and subjetted to RT-PCR analysis using primer pairs #2648/#2649
and #1224/#1225 (hGH).
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Figure 4

ESE2b and ESS2b cause alterations in proviral pre-mRNA processing. (A) Northern blot analysis of total RNA isolated from HEK293T
CD4+ cells transfected with wild-type or mutant pNL4-3. A hybridization probe was used specifically detecting HIV-1 exon 7. (B)
Binding sites of (q)RT-PCR primers. (C) gRT-PCR of total RNA isolated from the same RNA preparation as in (A) to specifically
quantitate the levels of (a) vif vs. vpr, (b) [1.2.5] vs. [1.3.5.] and (c) multiply spliced vs. unspliced mRNA species, displaying exp(-Act)
ratios normalized to wild-type splicing pattern. Bar graphs show mean and standard deviation of three replicates. Primer pair
#3387/#3388 specifically detecting exon 7 was used for normalization. Following primer pairs were used: vif: #3395/#3396; vpr:
#3397/#3398; [1.2.5]: #3395/#4843; [1.3.5]: #3397/#3636; multiply spliced: #3391/#3392; unspliced: #3389/#3390. (D) RT-PCR
analysis of RNA used in (A) and (C). Primer pairs: #1544/#3632 (Ex1-4 splicing), #2710/#3392 (D2b splicing), #1544/#3392 (2kb
species), #1544/#640 (4kb species). HIV-1 mRNA species are inditated on the left hand side of each gel image according to (3).
Exon numbers are indicated in square brackets; those including an E read through D4.
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Figure 5
Impairment of proper viral particle production. (A) Immunoblot
analysis of proteins of pelleted virions from the supernatant (SN) of
transfected cells described in Fig. 4. (B-C) 2.5 x 105 HEK293T cells
were transfected with pNL4-3 and mutant proviruses. 48h post
transfection, the supernatant was collected for infection of GHOST
CD4+ cells, an indicator cell line which expresses eGFP after HIV-1
infection. Infection and viral replication was analyzed 48h post
infection, both by fluorescence rqi oscopy (B) and by p24-gag
Western blot analysis (C) of supernatants of the infected GHOST
CD4+ cells.
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Figure 6

LNA-directed masking of ESE2b and ESS2b mimics mutational phenotype. (A) Schematic of the LNA binding sites. (B)
Northern blot analysis of total RNA. HelLa cells were co-transfected with pNL4-3 and either LNAs masking ESE2b or ESS2b or
the scrambled LNA. Total RNA was isolated 24 h post transfection and subjected to Northern blot analysis using an HIV-1 exon
7 probe. (C) Western blot analysis of cellular (Cell) and supernatant (SN) Gag of co-transfected cells from (B). (D) RT-PCR
analysis of different viral mMRNA species. Following primer pairs were used: #1544/#3632 (Ex1-4 splicing), #2710/#3392 (D2b
splicing), #1544/#3392 (2kb species), #1544/#640 (4kb specié$j. HIV-1 mRNA species are indicated on the left hand side of
each gel image according to (3). Exon numbers are indicated in square brackets; those including an E read through D4.



adAigns o} sieq yoe|q pue ¢-11Nd Jo) 8jyoid Jaio|dxJH 1oidep sieq an|g "suoleleA ju 9|buls [elansas pue (saul|
q) uonalep U G e Bululejuod H adAigns Asejdwaxs pue g-4INd Jo sajyoid JaoldxXIH B (HOU) SZeL#/veeL#
yoz# sdied Jawud Buisn sisAjeue YO d-1Y O} paoalgns pue |99 ay} Wodj paje|os] SeM YNY ‘UOIoa)suel) Jaje Y
)UE JONJISU0D yoes Jo B | ypm pajosjsuel) Ajjusisuel) alom s[j8od B1aH "umoys osje ale | NNJ O} pue aduanbas
0dsa1l00 § pue g saug| ‘aoualsjal 104 (¢ aue|) ¢-4INd pue (| aue|) M adAigns Jo suoibal JyS Bulfiied Jspodal
d Buiollds a7 (g) (1w did/dId/eouanbasusjuod/Aob Jue Alymmm//:diy) 8Iemyos 0'¢ diy 8y Yim pazijeue
nas adAigns ay] ‘punolbyoeq usaib 1o pal YyIm UMOYS ale STYS Ylm suoibay "siens| Aq seoualaylp pue —, Aq
)anbas paAIasu0) "|3ZHV Seoualayip 8409s JalojdxJH J19y) yum Jayabo) ‘sadAigns |-AIH Juaiayip 8y} Jo Jy O}
SNSUBSU0D qg/Z Uoxa L-AlH paAlep-g-FINd () "sedAlans |-AIH Juaiayip JO qg/Z UOXd Ulyim STHS 4O sisAleuy

] 9inbi4
(OD 1LY LIVOOOY LIV 1L IVYOYYYOOYY YYD YYOYYIIVYWIDOVIODVYYYIVYOVYD 1OV L ¥OVLYY IOV IOVIDOODVYYDLODVYY
\UU._.4._..—<Ocu<uk<uk<0<<<UO(«((0<<u((UUU._.U<._.U<<<<._.<U(Ukc<F¢(P<U(<U<k(<hU(FU«\UUUUU((OhUU((
w1
€1
21
mT-
01~
2
ra
¥
| 9
2
D vou |-
' =
. t:_w <u<¢<uu<<(<u<<u<<uuus ——— ‘<u<«u 111 quo»uuqu.
—_ — Ll _._77 I
£
€
_, _m sl ]
9
| gy e L
8
(U] & B
101 5 t0T
01 T
o4 5 41
€T
i ca ﬁlllJ 1IIIJ ﬁllIJ
[t
LL
PTG || ]
6T
0
2
12 ._.D_\/_D E C H
T
ST
ec
LG
8T
A (9)
|||||||||||||||||||||||||||||||||||||| O S e e 1TSS
|||||||||||||||||||| B e e e towCESH
|||||||||||| B e L L b IV TO NOD
|||||||||||| Lm—dim————m—mmmmm oo oD = I4GTPET- OTTE103 " L6°AD" M
||||||||| e s B e e LT e Tt e ol R 2Z0LAS 76 FS L
|||||||||||| L—-—=-¥-—==—D-———m =¥ ——— -~ =D — - —m——m—m e —m—m = D GCT- H NOD
\\\\\\\\\\\\ J——— === ——mmmm—mm—m o —— =D m ==Y == )Y -———D-————-—————————————————————_ 1 §°G 9 NOD
|||||||||||| L—————————————————————— Y —————————§———-Y——————— == =)--—-———-———————————= ! T0°8T- zd_NOD
|||||||||||| Bt o e L B I 4R 2 Td NOD
|||||||||||| I et R e et I A a NOD
|||||| J-—-¥—-L-—=--¥—=-L-—==D=-D-————¥ === =D —m————— =D m ! 9'}8T- O NOD
|||||||||||| Lm o m oo - 1 GG 7L g NOD
|||||||||||| T e e R e — —— —————————————=———————— ! §88°9Z- Ty LT0XDP6 X" CY
|||||||||||| I e R A i L et - DA T¥ NOD
ODIVYLLIVOOOVYILVYILYDOYVYVYODVYYYDOYVYOVYIIDLOVLOVYVYLYIOVYDLOVIVYLYOVYOVIVYLOVLOVIODDDOVYIOLOOVY * - c-pINd
|— 13

\ -9 az3s3 azss3 za ZHV (V)




(A) Increased U1 snRNA binding: Vif upregulation

(B) Decreased U1 snRNA binding: Vif downregulation

SRSF4 SRSE1$RSF1

ESE2

A1

Figure 8

Model for exon2/2b recognition. Exon 2/2b inclusion and splice donor usage is regulated
by a complex network of SREs. (A) SR proteins binding to both ESE2 and ESE2b
support U1 snRNP binding at the downstream located splice donors D2 and D2b. Exon
definition leads to the concomitant upregulation of splice acceptor A1, and to higher vif
MRNA expression (left-pointing arrows below exon 2/2b). (B) Lower levels of SR proteins
as well as hnRNP binding to sites ESS2b and GI2-1 reduce U1 snRNP binding to D2
and D2b. 119



5. Differential hnRNP D isoform incorporation may confer plasticity to the

ESSV-mediated repressive state across HIV-1 exon 3

The following data are published in Biochim Biophys Acta. 2017 Feb;1860(2):205-217.
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Abstract

Even though splicing repression by hnRNP complexes bound to exonic sequences is
well-documented, the responsible effector domains of hnRNP proteins have been
described for only a select number of hnRNP constituents. Thus, there is only limited
information available for possible varying silencer activities amongst different hLnRNP
proteins and composition changes within possible hnRNP complex assemblies. In this
study, we identified the glycine-rich domain (GRD) of hnRNP proteins as a unifying
feature in splice site repression. We also show that all four hnRNP D isoforms can act
as genuine splicing repressors when bound to exonic positions. The presence of an
extended GRD, however, seemed to potentiate the hnRNP D silencer activity of
isoforms p42 and p45. Moreover, we demonstrate that hnRNP D proteins associate

with the HIV-1 ESSV silencer complex, probably through direct recognition of "UUAG"
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sequences overlapping with the previously described "UAGG" motifs bound by hnRNP
A1. Consequently, this spatial proximity seems to cause mutual interference between
hnRNP A1 and hnRNP D. This interplay between hnRNP A1 and D facilitates a
dynamic regulation of the repressive state of HIV-1 exon 3 which manifests as

fluctuating relative levels of spliced vpr- and unspliced gag/pol-mRNAs.
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the glycine-rich domain (GRD) of hnRNP proteins as a unifying feature in splice site repression. We also show
Keywords: that all four hnRNP D isoforms can act as genuine splicing repressors when bound to exonic positions. The pres-
HIV-1 ence of an extended GRD, however, seemed to potentiate the hnRNP D silencer activity of isoforms p42 and p45.
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hnRNP proteins through direct recognition of “UUAG” sequences overlapping with the previously described “UAGG” motifs
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A1 and hnRNP D. This interplay between hnRNP A1 and D facilitates a dynamic regulation of the repressive
state of HIV-1 exon 3 which manifests as fluctuating relative levels of spliced vpr- and unspliced gag/pol-mRNAs.
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1. Introduction

Following integration into the host genome, HIV-1 transcription
starts at the 5’-LTR promoter. Multiple spliced viral mRNAs with a size
of approximately 1.8 kb are the first HIV mRNAs detectable within the
cytoplasm of the infected cell and are translated into the HIV-1 regula-
tory proteins Tat, Rev and Nef (Fig. 1A; [1-3]). Following relocalization
into the nucleus, Tat induces processive transcription, whereas Rev me-
diates the nuclear export of intron-containing (~4 kb) and unspliced
(~9 kb) viral mRNAs, which normally would be retained within the nu-
cleus (Fig.1A; [4], for a recent review see [5]). This in turn allows the ex-
pression of structural (Gag, Env), enzymatic (Pol) and accessory viral
proteins (Vpr, Vif, Vpu). Furthermore, as the unspliced RNA accumu-
lates, the genomic RNA can be packaged into newly formed virus parti-
cles. Viral protein expression is CAP-dependent, i.e. the ribosomal 40S
subunit enters the RNA at its 5-end RNA and scans along the transcript
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until it encounters an appropriate translational start codon. Selection of
alternative viral 3’ss upstream of each HIV-1 open reading frame (ORF)
determines which of the viral AUGs is pieced together with the 5’-end of
respective viral RNAs and thus which viral protein can be efficiently
synthesized (Fig. 1A). Viral splice site selection is controlled by positive
and negative splicing regulatory elements (SREs), which are distributed
across the HIV-1 genome and are mostly found to be positioned in the
direct vicinity of splice sites (see Supplementary Fig. 1; for a recent re-
view see [6]). Nuclear RNA binding proteins, which belong to the pro-
tein inventory of an infected cell, act through these SREs to enhance or
repress nearby splice sites (for a review see [7,8]). The two major splic-
ing factor families are the serine-arginine (SR) proteins and the heterog-
enous ribonucleoproteins (hnRNPs). While hnRNPs repress splicing
when bound to an exon and activate splicing following relocation to
the opposite intron, SR proteins show a reversed position-dependence
[9]. SR and hnRNP proteins possess a modular domain organization,
which includes the presence of at least one RNA recognition motif
(RRM) for sequence-specific SRE binding. In addition, SR proteins
carry a C-terminal arginine-serine (RS) rich domain of variable size
which serves as an effector domain to interact with general splicing
components during splice site activation [10-12]. Although several
studies revealed that the glycine-rich domain (GRD) of individual
hnRNP proteins functions as an analogous effector domain for the estab-
lishment of splice site repression (e.g. [13-15]), no systematic analyses


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagrm.2016.12.001&domain=pdf
http://dx.doi.org/10.1016/j.bbagrm.2016.12.001
mailto:steffen.erkelenz@gmx.de
http://dx.doi.org/10.1016/j.bbagrm.2016.12.001
http://www.sciencedirect.com/science/journal/18749399
www.elsevier.com/locate/bbagrm

206 F. Hillebrand et al. / Biochimica et Biophysica Acta 1860 (2017) 205-217

A D1

| D2 D|3 DI4 RRE
HIV-1 pre-mRNA [ 1 J- I 1
TAR A1 A2 A3 ﬁAS A7
'Adcab
9kb (late) [ 1
¢ [ Vif 12E [ 1
=3 Vpr 1/[2)/3E 0 |
4.0kb(late) | = Tat 1/[2)/[3)/4E 0B 1
3 EnviVpu 1/[2)/[3)/4cabE 0 o L 1
\ 3 EnviVpu 1/[2)[3)/5E 0 o [ 1
( EE Vpr 1/[2)/3E/7 0 ]
Bl Tat 1/[2)[3)aI7 0 O m ]
1.8kb (early) BN Rev 1/[2)[3)/4cabi7 0o [ | ]
B Nef 1/[2/13)/5/7 0o | ]
\ Bl Nef 1n2)8)7 0o ]
B
SRSF1 RRM RRM RS
(Q07955)
SRSF2 “RRM RS
(Q01130)
SRSF7 “"RRM RS
(Q16629)
hnRNP A1
(P09651)
hnRNP A3
(P51991)
hnRNP F (SEENE CTREICS N TREICE )
(P52597)
hnRNP H1 (SRR TREMS N TREIE )
(P31943)

PTB/hnRNPI ([ ==RENE= =RBEIC= WY =REBIL= =REN

(P26599)
TDP-43 O - s - -1 G
(Q13148)

Fig. 1. Alternatively spliced HIV-1 mRNAs and sketch of SR and hnRNP proteins analyzed in this
(A) sites as well as the trans-activating response (TAR) and the Rev-responsive elements (RRE)
the intron-less 1.8 kb mRNA classes are shown. E: Extended exon (B) Domain structure of spli

study. (A) Schematic drawing of the HIV-1 pre-mRNA with splice donor (D) and acceptor
. The exon/intron compositions of the viral unspliced 9 kb, the intron-containing 4 kb and
cing regulating proteins. UniProtKB accession numbers are provided below each protein.

Candidate SR and hnRNP protein effector domains are highlighted in orange (RS: arginine-serine-rich domain) or blue (G: glycine-rich domain, A: alanine-rich domain). RRM: RNA rec-

ognition motif.

has been carried out so far to compare the repressive properties of dif-
ferent hnRNP-derived GRDs with one another. HIV-1 critically depends
on coordinated interactions of cellular SR and hnRNP proteins with the
viral pre-mRNA in order to guarantee the emergence of an intact viral
transcriptome within the infected cell encompassing >40 different
viral mRNAs. For example, since the translational Vpr start codon is lo-
calized within the downstream intron of exon 3, expression of Vpr-
encoding mRNAs critically relies on activation of 3’ss A2, but silencing
of 5’ss D3 (both flanking the noncoding HIV-1 leader exon 3). Splice
site usage is negatively regulated by an exonic splicing silencer
(ESSV), which is embedded within the center of exon 3 [16-18]. Recent-
ly, two independent transcriptome-wide studies confirmed that “UAG”
motifs serve as cellular binding sites for hnRNP A1 [19,20]. The viral
ESSV element contains three (pyrimidine) “UAG” motifs which have
been previously shown to capture hnRNP A1 proteins, inhibiting splic-
ing at the exon 3 splice sites [16]. Inactivation of ESSV causes a dramatic

increase in the levels of exon 3-containing and vpr-mRNA species [18,
21]. Excessive exon 3 splice site activation seriously perturbs the normal
balance between spliced and unspliced viral mRNAs, leading to a pauci-
ty in the formation of unspliced RNAs and a severely impaired ability of
the virus to replicate [18,21]. For this reason, silencing of exon 3 safe-
guards the accumulation of sufficient amounts of unspliced viral
mRNA within the infected cell. However, it also needs to be leaky to oc-
casionally permit the generation of singly spliced vpr-encoding mRNAs.

In this study, we show that the GRDs of different hnRNP proteins are
all capable to inhibit splicing when recruited to an HIV-1 exon 3-
containing splicing reporter. Furthermore, we show that hnRNP D pro-
teins also possess a silencing activity and that the extent of splicing re-
pression imposed by hnRNP D proteins positively correlates with the
isoform-specific size of their C-terminal GRD. Finally, we provide evi-
dence for specific hnRNP D binding to the ESSV within HIV-1 exon 3.
In summary, we propose a model in which alternative hnRNP A/D
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pNL4-3 “neutral”

pNL4-3 “A down”

PNL4-3 “D up”

Reverse

#4293

#4296

#4297

#2588

Table 1
Primers used for cloning.
Cloned construct Primer Sequence
Proviral HIV-1 plasmids
Forward
pNL4-3 “AD dm” #3641 5’ TTT CAG AAT CTG CTA TAA GAA ATA CCA
TAT TCT GAC GTA TAG TTC TTC CTC TGT GTG
AAT ATC AAG CAG GAC ATA AC 3’
pNL4-3 “TR” #4295 5’ CCC CCC CAG AAT CTG CTA TAA GAA ATA
CCT TAG GGT TAG GGT TAG GGT TAG GGT
TAG GTG AAT ATC AAG CAG GAC ATA ACA
AGG 3’
pNL4-3 “ARE” #4294 5’ CCC CCC CAG AAT CTG CTA TAA GAA ATA

CCT ATT TAT TTA TTT ATT TAT TTA TTT ATT
GTG AAT ATC AAG CAG GAC ATA ACA AGG 3’
5’ CCC CCC CAG AAT CTG CTA TAA GAA ATA
CCC CAA ACA ACC AAA CAA CCA AAC AAC
CAA GTG AAT ATC AAG CAG GAC ATA ACA
AGG 3/

5’ CCC CCC CAG AAT CTG CTA TAA GAA ATA
CCA TAT TAG CAC GTA TAG TTA GTC CTA
GCT GTG AAT ATC AAG CAG GAC ATA ACA
AGG 3’

5’ CCC CCC CAG AAT CTG CTA TAA GAA ATA
CCA TAC TAG GAC GTA TAG CTA GTC CTA
GGT GTG AAT ATC AAG CAG GAC ATA ACA
AGG 3/

5’ CTT TAC GAT GCC ATT GGG 3’

MS2 fusion proteins expression plasmids

Forward
SV SD4/SA7 scNLS-MS2
AFG SRSF1 (FL)

SV SD4/SA7 scNLS-MS2
AFG SRSF1 (ARS)

SV SD4/SA7 scNLS-MS2
AFG SRSF7 (ARS)

SV SD4/SA7 scNLS-MS2
AFG hnRNP A1 (AGRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP A1 (GRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP A3

SV SD4/SA7 scNLS-MS2
AFG hnRNP A3 (AGRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP A3 (GRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP H1 (AGRD)

SV SD4/SA7 scNLS-MS2

AFG hnRNP H1 (GRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP F (AGRD)

SV SD4/SA7 scNLS-MS2
AFG hnRNP F (GRD)

SV SD4/SA7 scNLS-MS2
AFG PTB (AARD)

#4229

#4230

#4229

#4231

#4238

#4239

#2754

#2935

#2881

#2755

#2839
#2840

#2839
#2938

#2883

#2840

#3449
#3450

#3451

#3452

#3445

#3446

#3447

#3448

#3830

#3831

5’ GTG GTG GAT CCT CGG GAG GTG GTG TGA
T3’

5’ CTA GAC TCG AGT TAT GTA CGA GAG CGA
GAT CTG 3’

5’ GTG GTG GAT CCT CGG GAG GTG GTG TGA
T3’

5’ CTA GAC TCG AGT TAG GGC CCA TCA ACT
TTA ACC3

5’ GTG GTG GAT CCT CGC GTT ACG GGC GGT
A3

5’ CTA GAC TCG AGT TAA TGA CAATCA TAA
GCATAATGT CCC TTTTCG 3’

5’ GGG GGG GGA TCC TCT AAG TCA GAG TCT
CCT AAA GAG CCC 3/

5’ CCC CCT CGA GTT ATT AACTAG TTC TTT
GGC TGG ATG AAG CAC 3/

5’ CCC CCG GAT CCG GTC GAA GTG GTT CTG
GAAA 3

5’ GGG GGG CTC GAG TTA AAA TCT TCT GCC
ACT GCC ATA GCT AC 3’

5’ GGT GGA TCC GAG GTA AAA CCG CCG C 3/
5’ CCC CCT CGA GTT AGA ACC TTC TGC TAC
CAT ATC 3’

5" GGT GGA TCC GAG GTA AAACCGCCGC 3/
5’ CCC CCT CGA GTT ATT AAC TAG TAG CAG
ACT GCATTT CTT GTT TAG AA 3/

5’ CCC CCG GAT CCG GAT CAC AGA GAG GTC
GT 3’

5’ CCC CCT CGA GTT AGA ACC TTC TGC TAC
CAT ATC 3/

5’ GTC ATA AGG ACC TGG CCG CTG 3/

5’ GCT GCT AGG TCC TTC TAC TTT CCA GAG
CAC AACAGG 3’

5’ GCT GCT GGA TCC GGT CCT TAT GAC AGA
CCT GGG 3/

5" AGC AGC CTC GAG GCC ACC ATC CCC GTA
TCTG3'

5’ AGC AGC CAG TAG CTG AGT GGC CGC TGC
ACG GAC ATG 3’

5’ GCT GCT CAG CTA CTG TTT CAC AGT GCA
GAG CACCAC3

5’ GCT GCT GGA TCC GGG CCC TAT GAC CGG
c3

5’ AGC AGC CTC GAG CTC ACT GTC GCC GTA
TCT GTG 3’

5’ CCA GCA ATA CAG AAT TTC CGC TCT GCC
CGGCCATC 3

5’ GGA AAT TCT GTA TTG CTG GTC AGC AAC
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Table 1 (continued)
Cloned construct Primer Sequence
CTC AAC CCA GAG AGA GTC 3’
SV SD4/SA7 scNLS-MS2 #3653 5’ TTG GTG GAT CCC CCG TGC TCA GGA TCA
AFG PTB (ARD) TC 3’
#3654 5 TTG GTC TCG AGT GCC CCC GCC AGG CC 3’
SV SD4/SA7 scNLS-MS2 #3176 5' TGG TGG ATC CTC TGA ATA TAT TCG GGT
AFG TDP-43 AACCGA A3’
#3177 5 ATT ACT CGA GCT ACA TTC CCC AGC CAG
AAG A3’
SV SD4/SA7 scNLS-MS2 #3176 5 TGG TGG ATC CTC TGA ATA TAT TCG GGT
AFG TDP-43 (AGRD) AACCGA A3’
#3179 5 ATT ACT CGA GCT AAC TTC TTT CTA ACT
GTC TAT TGC TAT TG 3’
SV SD4/SA7 scNLS-MS2 #3178 5 TGG TGG ATC CGG AAG ATT TGG TGG TAA
AFG TDP-43 (GRD) TCC AG 3’
#3177 5 ATT ACT CGA GCT ACA TTC CCC AGC CAG
AAGA3
SV SD4/SA7 scNLS-MS2 #2465 5 GGT GGA TCC TCG GAG GAG CAG TTC GGC
AFG hnRNP D p37 - p45 3
#2466 5 AGA CTC GAG TTA GTA TGG TTT GTA GCT
ATT TTG 3’
SV SD4/SA7 scNLS-MS2 #2465 5’ GGT GGA TCC TCG GAG GAG CAG TTC GGC
AFG hnRNP D p37/p42 3
(AC) #2939 5 CCC CCT CGA GTT ATT AAC TAG TCC ACT
GTT GCT GTT GCT GAT 3’
SV SD4/SA7 scNLS-MS2 #2465 5’ GGT GGA TCC TCG GAG GAG CAG TTC GGC
AFG hnRNP D p40/p45 3
(AC) #2939 5’ CCC CCT CGA GTT ATT AAC TAG TCC ACT
GTT GCT GTT GCT GAT 3’
SV SD4/SA7 scNLS-MS2 #2941 5’ CCC CGG ATC CGG ATC TAG AGG AGG ATT
AFG hnRNP D p37/p40 TGC 3’
(©) #2466 5 AGA CTC GAG TTA GTA TGG TTT GTA GCT
ATT TTG 3’
SV SD4/SA7 scNLS-MS2 #2941 5 CCC CGG ATC CGG ATC TAG AGG AGG ATT
AFG hnRNP D p42/p45 TGC 3’
(©) #2466 5’ AGA CTC GAG TTA GTA TGG TTT GTA GCT
ATT TTG 3’
SV SD4/SA7 scNLS-MS2 #3048 5 GGT GGA TCC GGT GGC CCC AGT CAA AA
AFG hnRNP D Exon 7 3
#3049 5’ CCC CCT CGA GTT ACT GCT GGT TGC TAT

AAT CACC 3’

silencer compositions might confer variations to the repressive state of
exon 3 and thereby determine the relative formation of vpr-encoding
mRNAs.

2. Material and methods
2.1. Oligonucleotides

Oligonucleotides were synthesized at Metabion GmbH (Martinsried,
Germany).

Primers used for site-directed mutagenesis (see Tables 1 in sepa-
rate file).

Primers used for semi-quantitative and quantitative RT-PCR
analyses (see Table 2 in separate file).

Table 2
Primers used for semi-quantitative and quantitative RT-PCR.
Target RNA Primer Sequence
Viral mRNA classes #1544 (E1) 5’ CTT GAA AGC GAA AGT AAAGC 3’
#3392 (E7) 5’ CGT CCC AGA TAA GTG CTA AGG 3’
#640 (14) 5’ CAA TAC TAC TTC TTG TGG GTT GG 3’
#3632 (E4) 5’ TGG ATG CTT CCA GGG CTC 3’
All viral RNAs #3387 5’ TTG CTC AAT GCC ACA GCC AT 3’
#3388 5 TTT GAC CAC TTG CCA CCC AT 3v
LTR ex 2 ex3 #1544 5’ CTT GAA AGC GAA AGT AAAGC 3’
(reporter RNAs) #2588 5’ CTT TAC GAT GCC ATT GGG 3’
GH1 #1224 5’ CCA CTC CTC CAC CTT TGA 3’
#1225 5’ ACC CTG TTG CTG TAG CCA 3’
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Table 3
Primers used for RNA in vitro binding assays.

RNA
substrate Primer Sequence

forward #4324 5’ TAATAC GAC TCA CTATAG G 3/

(T7)

Reverse

ESSV #4325 5’ ACA CCT AGG ACT AAC TAT ACG TCC TAA TAT GGA CAT GGG
TGA TCC TCA TGT CCT ATA GTG AGT CGT ATT A 3’

“D up” #4326 5’ACA CCT AGG ACT AGC TAT ACG TCC TAG TAT GGA CAT GGG
TGA TCC TCA TGT CCT ATA GTG AGT CGT ATTA 3’

“ADdm” #4328 5’ACA CAG AGG AAG AAC TAT ACG TCA GAA TAT GGA CAT
GGG TGA TCC TCA TGT CCT ATA GTG AGT CGT ATT A 3’

“ESS2” #4329 5’ ACG GTT GTT TGG TCT AGT CTA GTT GTT TGG GGA CAT GGG
TGA TCC TCA TGT CCT ATA GTG AGT CGT ATTA 3/

“neutral” #4330 5’ACT TGG TTG TIT GGT TGT TTG GTT GTT TGG GGA CAT GGG
TGA TCC TCA TGT CCT ATA GTG AGT CGT ATTA 3’

“ARE” #4331 5’ ACA ATA AAT AAA TAA ATA AAT AAA TAA ATA GGA CAT

GGG TGA TCC TCA TGT CCT ATA GTG AGT CGT ATTA 3/
“TR” #4332 5’ ACC TAA CCC TAA CCC TAA CCC TAA CCC TAA GGA CAT GGG
TGA TCC TCA TGT CCT ATA GTG AGT CGT ATT A 3/
#4333 5’ ACA CGT AGG AGT AAC TAT ACG TCG TAA TAT GGA CAT
GGG TGA TCC TCA TGT CCT ATA GTG AGT CGT ATTA 3/

“Adown”

Primers used for RNA in vitro binding assays (see Table 3 in sepa-
rate file).

2.2. Plasmids

MS2 fusion protein expressing plasmids were cloned by replacing
the BamH]I, Xhol fragment of SV scNLS-MS2 AFG-ARS HA [22] with
PCR products using appropriate forward and reverse primers (see
Table 1 and [19,20]). Plasmids for the expression of Flag-tagged
hnRNP D isoforms were generated by insertion of the respective
BamHI/Xhol fragments from SV scNLS-MS2 AFG hnRNP D p37-p45
into pcDNA3.1-Flag. Construction of the HIV-1-based subgenomic splic-
ing reporter construct LTR ex2 ex3 (2xMS2) SD3down has been de-
scribed previously [22]. Proviral HIV-1 exon 3 ESSV mutants were
obtained using PCR mutagenesis. Therefore, the AlwNI/EcoRI fragment
of LTR ex2 ex3 was replaced by PCR products using appropriate forward
PCR primer (see Table 1) and #3632 as a reverse PCR primer containing
AlwNI and EcoRI restriction sites. Finally, proviral HIV-1 variants were
cloned by replacing the Ndel/EcoRI fragment of proviral plasmid pNL4-
3 (GenBank Accession No. M19921). All cloned PCR amplicons were
controlled by sequencing.

2.2.1. Culturing of cells and transient transfections

HEK293T were cultured in DMEM (Invitrogen) supplemented with
10% fetal calf serum (FCS) and 50 pg/ml of each penicillin and strepto-
mycin (P/S) (Invitrogen). Plasmid transfections were performed using
six-well plates with 2.5 x 10° HEK293T per plate and TransIT®-LT1 re-
agent (Mirus Bio LLC) following the manufacturer's instructions.

2.2.2. RNA extraction, RT-PCR and northern blot analyses
Total cellular RNA was harvested 48 h post transfection. For RT-PCR
analyses RNAs were reversely transcribed with Superscript Il Reverse

Transcriptase (Invitrogen) and Oligo(dT) primer (Invitrogen). For anal-
yses of LTR ex2 ex3 (2xMS2) SD3down-derived reporter mRNA splicing
pattern PCR was carried out with primers #1544 and #2588. For viral
tat-mRNAs and vpr-mRNA splicing, cDNA was used in a PCR reaction
with primers #1544 (E1) and #3632 (E4) (see Table 2). For the analysis
of intronless 2 kb HIV-1 mRNAs, a PCR reaction was carried out with for-
ward primer #1544 (E1) and reverse primer #3392 (E7). Intron-
containing 4.0 kb HIV-1 mRNAs were detected with primers #1544
(E1) and #640 (14). All primer sequences used for semi-quantitative
RT-PCR analyses are listed in Table 2. PCR products were separated on
8% non-denaturing polyacrylamide gels and stained with ethidium bro-
mide for visualization. For Northern blot analysis of viral mRNAs, total
RNA was separated on denaturating 1% agarose gels, transferred onto
positively charged nylon membranes and probed with an digoxigenin
(DIG)-labeled HIV-1 exon 7 PCR product (#3387/#3388).

2.3. Antibodies

The primary antibodies were used upon immunoblot studies as
follows: Mouse antibody against hnRNP A1 (9H10) was obtained
from Santa-Cruz Biotechnology. Rabbit antibody against hnRNP D
(AUF1; 07-260) was purchased from Merck Millipore. Rabbit anti-
body against MS2 was provided by Tetracore (TC7004). Mouse anti-
body against ac-actin (A2228) was obtained from Sigma-Aldrich.
Sheep antibody against HIV-1 p24°2¢ was provided by Biochrom
AG. Rabbit antiserum against Vpr was kindly provided through the
NIH AIDS Research and Reference Reagent Program from Jeffrey
Kopp. For detection, we used a horseradish peroxidase (HRP)-conju-
gated anti-mouse antibody (NA931) from GE Healthcare, a HRP-
conjugated anti-rabbit antibody (A6154) from Sigma-Aldrich and a
HRP-conjugated anti-sheep antibody from Jackson Immunoresearch
Laboratories Inc.

2.4. Protein analysis

Cells were lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor
cocktail (Roche)). Subsequently, purified proteins were resolved using
SDS polyacrylamide gel electrophoresis, blotted onto a nitrocellulose
membrane, probed with specific antibodies and developed with ECL
chemiluminescence reagents (GE Healthcare).

2.4.1. Covalent coupling of in vitro transcribed RNAs to agarose beads and
RNA affinity chromatography (RAC) assays

For in vitro transcription of substrate RNAs, templates were generat-
ed by annealing of a sense T7 DNA primer with an anti-sense DNA oligo-
nucleotide containing in 3’ to 5’ direction the T7 polymerase binding
site, an MS2 RNA binding site and the wild-type or mutant ESSV, or
the ESS2, TR, ARE or neutral sequence (see Table 3). RNA was synthe-
sized using the RiboMax™ large scale RNA production system (P1300,
Promega) according to the manufacturer's recommendations. Substrate
RNAs were immobilized on adipidic acid dihydrazide-Agarose beads as
previously described [23,24]. Subsequently, coupled RNAs were incu-
bated in 15% HelLa cell nuclear extract (Cilbiotech)/buffer D (20 mM

Fig. 2. The glycine-rich domains (GRD) of hnRNP proteins mediate splicing repression. (A) Sketch of the HIV-1 based splicing reporter used for MS2 tethering experiments. The ESSV
splicing silencer sequence [16] within HIV-1 exon 3 has been substituted for tandem RNA binding sites for the bacteriophage MS2 coat protein. In order to screen for both, negative
and positive effects on exon 3 splicing, viral 5’ss D3 has been mutated to decrease its intrinsic strength (HBs 14.0 > 12.3, “D3 down”) and obtain almost equal levels of exon 3 inclusion
versus exclusion in absence of MS2 fusion protein co-expression. Positions of primers #1544 (exon 1) and #2588 (CAT) used in RT-PCR analysis are indicated. LTR: Long Terminal
Repeat; CAT: Chloramphenicol Acetyltransferase; E: Extended exon (B) RT-PCR analysis of spliced reporter mRNAs after co-expression of MS2/SR fusion proteins. Full-length (FL),
deletion of the RS domain (ARS) or RS domain only (RS). 2.5 x 10° HEK293T cells were transiently transfected with 1 pg of each: the HIV-1 based splicing reporter, the respective MS2
fusion protein expressing plasmid and pXGH5 (expressing human growth hormone 1; GH1) to monitor transfection efficiency. Furthermore, viral Tat protein was co-expressed within
the cells (SVctat) to drive efficient transcription from the viral LTR promoter. Subsequently, RNA was collected 48 h post transfection and subjected to RT-PCR analyses as described in
the “Material and Methods” section. The bar graph represents the mean of the ratio between exon 3 including and skipping transcripts (ratio Tat3/Tat1 mRNA) and the standard error
of the mean (SEM) relative to the “MS2” control (bar 1), which was set to 1. (C-D) RT-PCR analysis of spliced reporter mRNAs after co-expression of MS2/hnRNP protein fusions.
HEK293T cells were co-transfected and RNA preparations were performed as described in (B). Data show the mean 4 SEM of three (C,n = 3) or two (D, n = 2) independent experiments.
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HEPES-KOH [pH 7.9], 5% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT)
for a maximum of 20 min at 30 °C. Recombinant MS2 coat protein was
added to nuclear extract dilutions to control for equal precipitation effi-
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ciencies. After washing off unspecifically bound proteins, the remaining
fraction on the RNAs was eluted by addition of an equal volume of 2 x
protein sample buffer and heating at 95 °C for 10 min. Samples were
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then separated by SDS-PAGE and transferred to nitrocellulose mem-
branes for probing with specific antibodies.

3. Results

3.1. The glycine-rich domains (GRDs) of hnRNP proteins act as splicing ef-
fector domains eliciting splice site repression

Although hnRNP proteins are well-described repressors of exon in-
clusion, so far no systematic analysis has been carried out addressing
whether hnRNP proteins exploit a common effector domain to repress
splice site use. By contrast, arginine/serine (RS)-rich domains are in
generally accepted to be responsible for splicing activation elicited by
SR proteins bound to an exon [9,10]. However, a few studies indicated
that the glycine-rich domains (GRDs) of hnRNP proteins are necessary
for splicing repression [14,15,25,26]. To comparatively evaluate splicing
activation and repression by RS and GRD domains derived from a selec-
tion of prominent SR and hnRNP proteins (Fig. 1B), we carried out MS2
tethering assays as described previously [22]. MS2 coat fusions were re-
cruited to a tandem MS2 coat protein binding site, replacing the ESSV
sequence within HIV-1 exon 3-containing reporter mRNAs (Fig. 2A)
[16,22]. Substitution of the ESSV led to a nearly exclusive detection of
transcripts including exon 3. Therefore, we reduced the intrinsic
strength of viral 3’ss D3 (HBS 14.0 > 12.3, “D3 down”; www.uni-
duesseldorf.de/rna [27]) and hence, could detect basal exon 3 splicing
activity in absence of ESSV (Fig. 2B, lanes 1 and 2). This enabled us to
measure up and down effects on splice site use following MS2 fusion
protein binding.

In our screens, we tested full-length proteins (FL) for their influence
on splice site selection as well as deletion variants lacking their (puta-
tive) effector domain (ARS or AGRD). Additionally, we assayed the ef-
fector domains alone (RS and GRD). As expected, all RS domains alone
(SRSF1, SRSF2 and SRSF7) stimulated exon 3 inclusion (Fig. 2B, cf. lane
2 with lanes 5, 8 or 11), while SRSF fusion proteins lacking their RS do-
main failed to promote splice site usage (Fig. 2B, cf. lane 2 with lanes 4, 7
and 10). However, full-length SR proteins showed a somewhat less pro-
nounced enhancement of exon 3 inclusion (Fig. 2B, cf. lanes 3 and 5; 6
and 8; 9 and 11). This might be explained by intramolecular sequestra-
tion of the RS domain by the unbound RRM [28]. For hnRNP A1, it has
already been reported that the GRD essentially contributes to splice
site repression [25,26], although a more recent study indicated that a
subregion of the domain is dispensable for certain modes of splice site
repression [29]. Consistent with our expectations, MS2-hnRNP A1 fu-
sion proteins efficiently suppressed splicing when recruited to exon 3.
This was evident by a shift from exon3-containing to exon3-skipped re-
porter mRNAs (Fig. 2C, cf. lanes 1-3). Deletion of the GRD domain re-
sulted in the entire loss of repression as indicated by an exon
inclusion/exclusion ratio which was comparable to the controls
(Fig. 2C, cf. lanes 1 and 2 with 4). However, when the GRD was tested
alone, we could barely detect exon 3 inclusion (Fig. 2C, cf. lanes 2 and
5, Tat3) consistent with previous data [25,26] and a role of the GRD as
repressor domain.

Next we wished to test whether the GRDs of other hnRNP proteins
(or the biochemically similar alanine-rich domain (ARD) of PTB) are
equally capable of repressing exon 3 splicing. Indeed, we found that
all of the tested GRDs were able to efficiently repress exon 3 inclusion
(Fig. 2D, cf. lane 2 with 5, 8, 11, 14 or 17). Moreover, hnRNP proteins
lacking their GRD domain either completely lost their inhibitory proper-
ty (Fig. 2D, cf. lane 2 with lanes 4, 7, 10 or 13) or were at least less re-
pressive (Fig. 2D, cf. lanes 2 and 16).

From these findings we concluded that all tested GRDs are able to
potently repress splicing when tethered to an exonic position. There-
fore, each GRD can be regarded as a general splicing repressor domain
that represents the functional counterpart to the arginine-serine (RS)-
rich domains of SR proteins.

3.2. hnRNP D acts as a repressor of exon inclusion

Previous studies indicated that hnRNP D controls splice site usage
through binding of AU-enriched or “UAGG” motif-containing RNA target
sequences [30,31]. However, it still remains open whether all or only in-
dividual hnRNP D isoforms are capable of regulating splice site selection.
Alternative inclusion of exons 2 and 7 generates four different hnRNP D
isoforms, p37, p40, p42 and p45 (according to their molecular weight)
[32]. Interestingly, all four hnRNP D isoforms contain a C-terminal
GRD, although of different lengths (Fig. 3A). To answer the question of
whether the repressing activity of these domains correlate with their
length, we performed MS2 tethering assays as described above. All
four hnRNP D isoforms inhibited splicing when recruited to exon 3
(Fig. 3B, cf. lane 2 with lanes 3 to 6), which was in agreement with
their proposed role as splicing repressors. However, the hnRNP D vari-
ants p42 and p45 showed a slightly higher potency to repress splicing
(Fig. 3B, lanes 5 and 6, relative splicing efficiency: 0.18 and 0.23)
when compared to their lower weight counterparts p37 and p40
(Fig. 3B, lanes 3 and 4, relative splicing efficiency: 0.33 and 0.55). We
therefore wished to determine whether the exon 7-encoded extended
GRD (Fig. 3A) might be responsible for the increased repressive activity
of the longer isoforms p42 and p45. As it was seen for the other hnRNP
proteins, the GRD seemed to be indispensable for splice site repression,
since deletion mutants either lacking the short (p37 and p40) or the ex-
tended GRD (p42 and p45) failed to repress exon 3 inclusion (Fig. 3B, cf.
lane 2 with lanes 7 and 8). Of note, the deletion mutants lacking the GRD
were properly expressed (Supplementary Fig. 2). Interestingly, only the
extended GRD present in hnRNP D p42 and p45 was independently able
to efficiently repress exon 3 inclusion when tested alone (Fig. 3B, cf.
lanes 9 and 10), suggesting different GRD-dependent repressor proper-
ties for the hnRNP D isoforms.

Repression by the extended GRD appeared to be entirely dependent
on the presence of the exon 7-encoded amino acids. Consistently, the
exon 7 peptide alone was sufficient to potently inhibit splicing in our
MS2 tethering screen (Supplementary Fig. 3). Altogether, these findings
support the notion that the repressor strength of the four hnRNP D iso-
forms depends on the presence of an extended GRD within the C-
terminus of hnRNP D.

3.3. hnRNP D can repress splicing in the context of native target sequences

Based on an obvious overlap between the hnRNP D and hnRNP A1
RNA binding sites (hnRNP D: “UUAGG/G"; hnRNP Al: “UAGGA/U”) and
the common ability of both proteins to repress exon inclusion, we inves-
tigated whether hnRNP D might also be involved in ESSV-dependent
HIV-1 exon 3 repression. The ESSV contains three “UAG” binding motifs,
which were previously shown to be bound by hnRNP A1 proteins [16].
However, two of these motifs also match the consensus motif for
hnRNP D proteins (“UUAG”) and therefore might also or alternatively
be bound by hnRNP D proteins (Fig. 4A). In addition, we found that sim-
ilar to hnRNP A1, hnRNP D p45 could comparably repress exon 3 inclu-
sion in hnRNP A1-negative cells (Supplementary Fig. 4). Based on these
findings, it is likely that hnRNP D proteins contribute to exon 3 splicing
regulation by at least partially competing with hnRNP A1 for binding to
the ESSV. Either hnRNP D could functionally replace hnRNP A1 at the
ESSV or co-assemble into the ESSV repressor complex to fine-tune
exon 3 splice site selection.

In a first approach, we carried out RNA affinity chromatography
(RAC) assays with RNA substrates containing the wild-type ESSV or a
previously described hnRNP A1 binding mutant (ESSV ™), specifically
screening for the presence of hnRNP D and hnRNP A1. It was previously
demonstrated that the ESSV mutant dramatically increases exon 3 splic-
ing in the context of the infectious clone pNL4-3 [18,21]. Exon 3
oversplicing was accompanied by a strong reduction in the levels of
unspliced viral mRNAs, which severely impaired viral Gag expression
and the formation of new virus particles [18,21]. RNA oligonucleotides
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Fig. 3. hnRNP D proteins can efficiently inhibit splicing when tethered to a reporter exon. (A) Scheme of the hnRNP D isoforms and derived variants used in MS2 tethering experiments.
(B) Top: RT-PCR analysis of spliced reporter RNAs following MS2/hnRNP D fusion protein co-expression. Experiments were performed as described in Fig. 2. Cropped gel image: all samples
were run on the same gel. Bottom: Quantification of the RT-PCRs. The bar graph shows the mean 4 SEM from three independent transfections experiments (n = 3; * p < 0.05).

were in vitro transcribed, immobilized on agarose beads and incubated site. MS2 coat protein was added as recombinant protein to the nuclear
in HeLa nuclear extracts as previously described [23,24]. Each RNA sub- extracts to control for precipitation efficiencies. All four hnRNP D iso-

strate was equipped with a single copy of an MS2 coat protein binding forms could be precipitated with wild-type mRNA. Precipitation
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Fig. 4. hnRNP D protein isoforms specifically associating with ESSV. (A) Wild-type and
mutant ESSV in vitro RNA substrates used in RNA affinity chromatography (RAC)
experiments. Mutated nucleotides are indicated below the wild-type reference (pNL4-3)
at corresponding positions and “-” denotes wild type nucleotide. (B) RAC assay using
RNAs containing wild-type (ESSV) or mutant ESSV (AD dm) sequence. In vitro
transcribed RNAs were immobilized on agarose beads and incubated with HeLa nuclear
extract containing recombinant MS2 coat protein. After washing, specifically bound
proteins were resolved by SDS PAGE and transferred onto nitrocellulose membranes for
probing with specific antibodies against hnRNP A1, hnRNP D and MS2.

efficiency was greatly reduced when mutated RNA substrates were used
(Fig. 4B, cf. lanes 1 and 2), confirming an interaction of hnRNP D with
the ESSV sequence. We also confirmed hnRNP A1 binding on wild-
type but not on the ESSV™ substrate RNA (Fig. 4B, lanes 1 and 2). There-
fore, the ESSV mutant sequence will from now on be referred to as AD
double mutant (“AD dm”).

Although we show that all hnRNP D isoforms can bind the ESSV se-
quence, this does not necessarily indicate a functional significance for
the hnRNP D<ESSV interactions for HIV-1 exon 3 splicing. Additionally,
it remains open whether hnRNP D could also independently repress
splicing when associated with other known target sequences. To sepa-
rately study the individual properties of hnRNP D and hnRNP A1 pro-
teins to repress exon 3 inclusion, we first measured their respective
precipitation efficiencies together with different but known RNA target
sequences supposed to either predominantly bind hnRNP A1 (Telomere
Repeat: “TR”; [33]) or hnRNP D (AU-rich element: “ARE” [34]; Fig. 5A). A
splicing neutral sequence (“neutral” [35]) neither bound by hnRNP A1
nor hnRNP D as well as a second HIV-1 repressor sequence (“ESS2”
[36-39]) previously described to associate with hnRNP A1 were includ-
ed as controls.

As expected, hnRNP D was most efficiently precipitated with the ARE
sequence, followed by both ESSV and TR. It was inefficiently precipitat-
ed by ESS2 and the splicing neutral sequence (Fig. 5B, hnRNP D). Con-
versely, hnRNP A1 was efficiently precipitated with the TR substrate,
followed by its ESSV target but not with any of the other three sub-
strates (Fig. 5B, hnRNP A1). Our failure to detect hnRNP A1 on the
ESS2 sequence (Fig. 5B, lane 3) is in contrast to a preceding study [39],
but might simply be due to critical upstream sequences for hnRNP A1
binding not present in our RNA substrates [39].

After having confirmed the different binding specificities of these se-
quences we next analyzed whether the ARE sequence is able to func-
tionally replace the ESSV sequence in the context of the infectious
clone pNL4-3. Following transfection we performed RT-PCR analysis to
measure the levels of exon 3 inclusion into viral mRNA species
(Fig. 5C). As expected, substitution of the ESSV by the splicing neutral
sequence led to complete de-repression of exon 3 and consequently,
an accumulation of mRNA species including exon 3 (Fig. 5C, left panel,
cf. lanes 1 and 2, Tat3). Replacement of ESSV by either TR or ARE led
to exclusive detection of exon 3-less viral mRNA species (Fig. 5C, left
panel, cf. lanes 1 and 2 with 3 and 4, Tat3; middle and right panel, cf.
lanes 1 and 2 with 3 and 4, Nef4; Env8), demonstrating that either
one of both sequences could not only functionally substitute for the
ESSV repressive activity but was an even more efficient repressor of
exon 3 splicing. Remarkably, ESSV substitution also led to moderate ac-
tivation of the normally dormant 5’ss D2b within intron 2 (Fig. 5C, left
panel, cf. lanes 1 and 2 with 3 and 4, Tat2b; [40]).

In line with these findings, northern and western blot analyses re-
vealed normal levels of unspliced RNA and Gag protein following substi-
tution of the ESSV sequence with either the TR or the ARE sequence
(Fig. 5D and E). Collectively, these results demonstrate that hnRNP D
can fully repress HIV-1 exon 3 splicing depending on the RNA target se-
quence. Furthermore, due to the fact that neither the TR sequence
bound by hnRNP A1 nor the ARE sequence bound by hnRNP D allowed
for any exon 3 inclusion at all suggests that the spatial proximity of the
hnRNP binding sites of ESSV causes mutual interference between
hnRNP A1 and hnRNP D allowing to dynamically regulate the repressive
state of HIV-1 exon 3. Such dynamic hnRNP A1/D binding at ESSV might
be necessary to allow residual exon 3 recognition adjusting relative
levels of spliced vpr- and unspliced gag/pol-mRNAs.

3.4. hnRNP D binding to ESSV may fine-tune exon 3 splice site selection

To interfere with hnRNP A1/D binding at ESSV we designed different
sets of point mutations with the aim of selectively changing binding of
either hnRNP A1 (“A down”) or hnRNP D (“D up”) (Fig. 6A). RAC assays
were performed to analyze the hnRNP - ESSV interaction profiles
(Fig. 6B). Substituting the three core AG dinucleotides with CU dinucle-
otides impaired precipitation efficiencies for both p37 and slightly
hnRNP A1 (Fig. 6B, cf. lanes 1 and 2). RNAs containing the “A down” mu-
tations, however, precipitated lower levels of hnRNP A1 proteins,
whereas binding of hnRNP D p37 was selectively increased (Fig. 6B, cf.
lane 1 and 3). By contrast, bound fractions of “D up” mutant RNA sub-
strates showed almost unaffected levels of hnRNP A1 proteins, whereas
the levels of hnRNP D p40 and p45 were increased (Fig. 6B, cf. Lames 1
and 4). Of note, from the overall protein precipitation efficiencies in this
assay we inferred that the relative weak precipitation differences were
probably due to partial saturated levels of hnRNPA1 and hnRNP D
isoforms precipitating together with “AD dm” mutant RNAs (Fig. 6B,
lane 2).

All mutations, however, were subsequently tested for their effects
on exon 3 and vpr-mRNA splicing in the context of infectious pNL4-3.
RT-PCR analyses revealed that the levels of exon 3 inclusion and vpr-
mRNA appeared to be dependent on the relative binding efficiencies
of hnRNPA1 and hnRNP D to the mutant ESSV sequences (Fig. 6C). Ac-
cordingly, the wild-type ESSV bound by almost equal amounts of both
hnRNP A1 and hnRNP D efficiently repressed exon 3 splice site selection
(Fig. 6C, cf. lane 1, Tat1, Nef2, Env1: exon 3 skipping). However, the
overall loss of hnRNP binding to “AD dm” mutant RNAs led to almost en-
tire inclusion of exon 3 into viral mRNA species (Fig. 6C, cf. lanes 1 and 2,
Tat3, Nef4, Env8: exon 3 inclusion), which suggests failure of formation
of functional repressor complexes. Repression of exon 3 skipping, how-
ever, could also not be readjusted by increased binding of hnRNP D p37
to the “A down” mutation (Fig. 6C, cf. lanes 1 and 3), indicating that ad-
ditional incorporation of hnRNP D p37 into the repressor complex can-
not compensate for a lack of hnRNP A1. The precipitation levels of
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hnRNP A1 seemed to be unaffected by the “D up” mutations, whereas
the relative binding efficiencies of hnRNP D p40 and p45 appeared to
be selectively increased (Fig. 6B, cf. lanes 1 and 4). Interestingly, this
shift towards hnRNP D was only connected to a partial loss of repression
of exon 3, resulting in nearly equivalent amounts of exon 3-including
versus exon 3-less mRNA species and levels of vpr-mRNA in between
those seen for the wild-type ESSV (Fig. 6C, cf. lanes 1, 3 and 4). Northern
(Fig. 6D) and Western blot analyses (Fig. 6E) correlated well with the
respective exon 3 splicing profiles obtained by RT-PCR. While “AD
dm” and “A down” exhibited a striking defect in the expression of
unspliced RNA (Fig. 6D, cf. lanes 1 to 3) and Gag protein (Fig. 6E, cf.
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lanes 1 to 3) as it was expected from their exon 3 oversplicing pheno-
types, the increase in exon 3 splicing by “D up” appeared to be still com-
patible with normal levels of both (Fig. 6D, E; cf. lanes 1 and 4).
Surprisingly, Vpr expression seemed to be even higher for the “D up”
mutant, which might be explained by hnRNP D-mediated facilitation
of vpr-mRNA export [41]. From these results, we concluded that in-
creased hnRNP D binding to the ESSV alters the silencer activity in an
isoform-dependent manner.

In support of this finding, we found that higher levels of hnRNP D
were accompanied by an increased inclusion of exon 3 into wild-type
ESSV carrying reporter mRNAs [19] (Fig. 7A). Interestingly, this
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phenotype appeared to be more pronounced upon co-expression of the
isoform p40 (Fig. 7B, cf. lanes 1-5, Tat3 and Tat4), either suggesting a
higher efficiency to displace hnRNP A1 from the ESSV or alternatively,
a lower ability to repress splicing when bound to exon 3. Interestingly,
exon 2 splicing was also upregulated independently of the hnRNP D iso-
form which has been used in the co-expression experiment (Fig. 7B, cf.
lanes 1-5, Tat2 and Tat4). This indicated the presence of other binding
sites within the reporter RNA responding to hnRNP D overexpression
or an indirect effect resulting from higher levels of hnRNP D within
the cells. To briefly sum up, we propose that variations in the composi-
tion of hnRNP aggregates or mutual interference of hnRNPs might

alter their splicing repressive activity. This might be a consequence of
separate, non-redundant strategies of repression exploited by different
hnRNP proteins.

4. Discussion

In this study, we could show that regions enriched in small non-
polar amino acids (glycine- or alanine-rich domains; GRD or ARDs)
derived from a representative set of prominent hnRNP proteins
share a common ability to repress splicing from exonic sites, thereby
supporting their long-proposed role as a common splicing repressor
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domain of hnRNP proteins. Activation by RS domains has previously
been shown to depend on their size and the total number of arginine-
serine repeats [9,10], which raised the question of whether the size of
GRDs might also determine the repressive strength of hnRNP proteins.
However, a general correlation between exon splicing efficiency and
the size of the effector domain could not be confirmed for the GRDs test-
ed. The sole exceptions were the different GRDs derived from the four
hnRNP D isoforms. Herein, extension of the C-terminal GRD seemed to
be linked to a relatively higher repression by the longer hnRNP D iso-
forms p42 and p45. Collectively, however, our data argue against a sim-
plified model of size-dependent repression by GRDs. It rather suggests
that the composition or the occurrence of specific motifs inside of the
domains determines their relative strength, which is also supported
by a recent study [15]. Noteworthy, in the MS2 tethering assay we failed
to demonstrate a repressive activity for synthetic domains composed of
only four consecutive recurring repeats (“GRGG”, “GGYGG”, “GYGG")
(data not shown) contradicting results obtained with arginine/serine
(RS) dipeptides of SR proteins [42].

Importantly, hnRNP D proteins were not only capable of repressing
splicing after tethering to the exon, but also when bound to a natural
high affinity RNA binding site (AU-rich element, ARE) in absence of
hnRNP A1. Based on these results we propose that hnRNP D and its iso-
forms, aside from their known molecular functions in mRNA decay (for
arecent review see [43]), are also regulators of pre-mRNA splicing. This
is in line with two preceding studies showing that hnRNP D plays a role
during human pappilomavirus-16 (HPV-16) splice site silencing [31]
and that as a consequence of perturbations in the normal hnRNP D pro-
tein expression profile wide-scale alterations in the cellular splicing pat-
tern could be observed [30]. On the other hand, analyzing the effects of
hnRNP D depletion on HIV-1 gene expression, Lund et al. came to the
conclusion that hnRNP D would mainly act on HIV-1 gene expression
through facilitating the nuclear export of viral intron-containing RNAs
to the cytoplasm [41]. They observed few to no effects on splice site se-
lection after hnRNP D downregulation [41]. However, splicing profiles
were not captured after overexpression of individual hnRNP D isoforms
[41], favouring displacement of hnRNP A1 from the ESSV sequence. Un-
fortunately, our approach to generate an ESSV-based mutant that exclu-
sively binds hnRNP A1, but lacks hnRNP D isoform binding, to screen for
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potential changes in exon 3 inclusion and to unequivocally pin down a
role of hnRNP D for exon 3 splicing regulation failed. However, as men-
tioned above, we could at least show that the ARE sequence solely
bound by hnRNP D proteins could effectively repress exon 3 inclusion
when substituted for ESSV in the viral context. Furthermore, plasmid-
driven overexpression of p45 in hnRNP A1l-deficient CB3 cells was
able to efficiently rescue exon 3 repression. Remarkably, overexpression
of hnRNP D had the opposite effect on exon 3 splicing in presence of
normal levels of hnRNP A1, leading to weak de-repression of the splice
sites in an isoform-dependent manner. It might be plausible that higher
concentrations of hnRNP D resulted in outcompeting hnRNP A1 at the
two “UUAG” motifs within ESSV, thereby rearranging the silencer com-
plex. In line with these results, we could observe that the relative
hnRNPA1/D stoichiometries of the silencer complex appeared to play
a role for the final splicing outcome. Sequences either predominantly
interacting with hnRNP A1 (TR) or exclusively interacting with hnRNP
D (ARE) turned out to be the most potent repressors of exon 3 splicing.
By contrast, comparable amounts of hnRNP A1 and hnRNP D (ESSV)
slightly relieved silencing and allowed residual exon 3 recognition. Fi-
nally, further de-repression could be achieved by an additional shift of
mixed A1/D complexes towards hnRNP D isoforms (“D up”). Despite
the fact that hnRNP D themselves can act as potent repressors of splic-
ing, all or just individual isoforms, p37 or p40 might be less suitable co-
operation partners for hnRNP A1 upon splice site repression. As a result,
variations in the relative levels of hnRNP A1/D bound to the ESSV could
modify the GRD-dependent silencer activity, thereby finely adjusting
the relative levels of spliced vpr and unspliced gag/pol-mRNAs. There-
fore, it is tempting to speculate that hnRNP proteins may exploit
alternative, maybe mutually exclusive, silencing pathways to interfere
with splice site recognition, although they all can act as splicing
repressors. A variety of mechanisms had been described how hnRNP
protein - RNA interactions can lead to inhibited splice site recognition,
including (i) sterical hindrance that impedes binding of SR proteins or
general splicing components to the RNA (e.g. [17,36,44]), also as a con-
sequence of hnRNP oligomerisation (referred to as “zone of silencing”)
(e.g. [13]), (ii) self-interaction of hnRNP proteins engaging two distal
binding sites to loop out and bury internal splice sites (e.g. [26,45,46])
and (iii) formation of dead-end splicing complexes, which are stalled
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Fig. 8. Model of HIV-1 exon 3 splicing repression by compositionally different hnRNP A1/D assemblies. (A) hnRNP A1 binds to the wild-type ESSV sequence and efficiently spreads along
the upstream 3’-sequence via self-interactions between hnRNP A1 proteins. However, hnRNP D binding to the first “UUAG” motifs might interfere with “zone of silencing” establishment,
thereby occasionally de-repressing 3’ss A2 for vpr-mRNA formation. (B-C) Absence of sufficient hnRNP A1 binding to exon 3 entirely relieves repression from exon 3. (D) Increased hnRNP
D binding to the ESSV further decreases spreading efficiency and concomitantly, exon 3 splice site repression.

for progression into a functional, catalytic active spliceosome [9,47-49].
Although the GRDs of hnRNP A1 and hnRNP H were documented to be
functionally interchangeable for “looping out” of internal RNA sequences
throughout splicing regulation [26] and hnRNP proteins have been doc-
umented to cooperate during splice site repression [47,50,51], certain
combinations of hnRNP proteins may also get in each other's way [52],
as it is speculated here for hnRNP A1 and D binding to the ESSV se-
quence. From this, it still remains unclear whether individual hnRNP
proteins are capable to carry out all or just some of the modes of repres-
sion and to which extent different hnRNPs can cooperate during splice
site repression. In one possible scenario, replacement of hnRNP A1 by
p40 and p45 isoforms at the upstream “UUAG” motif (as seen for the
“D up” mutant) might decrease hnRNP oligomerisation towards the 3’
ss A2 [13] (Fig. 8). Herein, particularly p40 (due to its shorter GRD)
could be a less active collaborator for interaction with hnRNP A1 or
p45 throughout formation of a “zone of silencing”, thereby partially re-
lieving exon 3 silencing (Fig. 7). Alternatively, replacement of hnRNP
A1 by hnRNP D proteins could lead to a switch in the repression path-
ways, for example from a “zone of silencing” towards a “looping out”
mode (or vice versa). The idea that some hnRNP proteins cooperate
throughout splicing regulation, while others counteract each other
was recently confirmed using a genome-wide approach by Huelga et
al. [19]. In this study, alterations in splicing after depletion of six
hnRNP proteins, A1,A2/B1, H1, F,M and U were complemented by glob-
al maps of RNA binding sites to identify cooperative as well as antago-
nistic actions of hnRNP proteins on exon recognition. For instance, it
was found that hnRNP A1 showed a general tendency to oppose the ef-
fects of other hnRNP proteins on co-regulated exons, supporting the hy-
pothesis that dynamic hnRNP A1/D arrangements at the ESSV may fine-
tune the relative HIV-1 exon 3 inclusion levels. For upcoming studies, it
will be of interest to expand mutational analyses and individually inac-
tivate binding of hnRNP A1, hnRNP D and both at each of the three
“UAG” motifs to determine their relative contribution to exon 3 splice
site repression. This may reveal a functional hierarchy between the
binding motifs in the control of exon 3 inclusion as it was found for
other hnRNPA1-dependent cassette exons [20].

Revisiting the study of Lund et al. [41], the relative hnRNP A1/D iso-
form compositions might not only determine the silencing but also the

viral mRNA export competence of the ESSV-bound complexes. It was
found that unspliced viral RNA and Gag protein expression was
increased in the presence of higher levels of p42 and p45, whereas over-
expression of p37 and p40 showed an opposite effect [41]. Unfortunate-
ly, effects on viral RNA splice site selection were not controlled upon co-
expression experiments. The longer hnRNP D isoforms at the ESSV
might couple partial maintenance of splice site silencing to a stimulated
export of the resultant intron-containing RNAs which would also ex-
plain higher Gag and Vpr protein levels for “D up” than expected from
their intermediate exon 3 splicing pattern. By contrast, the shorter
hnRNP D isoforms might further enhance exon 3 inclusion, leading to
an additional decrease in the accumulation of vpr-encoding and
unspliced viral RNAs. The loss of Gag expression could then be the result
of a stronger impairment of the ESSV activity rather than to be due to a
defect in viral RNA export stimulation. This is supported by the detec-
tion of increased amounts of Vpr protein for the “A down” mutant
when compared to the “AD dm” variant. Both mutants showed depleted
levels of hnRNP A1, but “A down” was selectively increased in p37 bind-
ing, indicating that even p37 would be capable to stimulate intron-
containing RNA export and thus, Vpr protein expression. Accordingly,
it might also be plausible that simultaneous binding of hnRNP A1 and
D proteins to the ESSV functionally couples splice site regulation to
stimulation of viral mRNA export into the cytoplasm. However, whether
hnRNP D really interconnects splicing of intron-containing viral RNAs
and their subsequent export into the cytoplasm, awaits further studies.
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6. Summary and conclusion

Accurate precursor mRNA splicing is regulated by the combinatorial control of multiple
splicing regulatory elements either promoting or repressing splice site usage. In this
thesis, the interplay of competing or cooperating SREs near splice sites have been
analyzed. For this, biochemical, virological experimental methods as well as
bioinformatics tools have been used to dissect the role of SR and hnRNP protein
networks that control splice site use within human and viral genes. In chapter 1, a
general overview of the mechanism of pre-mRNA splicing and its role in disease and
HIV-1 replication was presented. Splice site choice is based on the intrinsic strengths
of §’ss and 3’ss to interact with components of the splicing machinery as well as on the
sequence neighborhood. Here, SR and hnRNP proteins binding to the RNA guide
splicing into both directions in a position-dependent manner. However, predicting the
location of a putative SRE to identify distinct splicing outcomes still remains a
challenging task. An easy identification of aberrant splicing events, however, is
essential for diagnostics and treatment of patients suffering from many genetic
disorders. As an example, changes in splicing patterns of factors mediating blood
vessel regulation can contribute to changes in endothelial function. In chapter 2,
alternative splicing as a potential cause for cardiovascular disease was reviewed. The
cardiovascular system is responsible for transporting blood through the organism,
thereby delivering oxygen, hormones and essential nutrients to cells and organs. The
innermost layer of each blood vessel is composed of endothelial cells that are
responsible for dilation and constriction of blood vessels, as well as for regulating
hemostasis and angiogenesis. One key player for vessel relaxation is the endothelial
nitric oxide synthase (eNOS) which catalyzes the reaction from L-arginine to L-citrulline
and NO. Alternative recognition of splice sites of eNOS exons 13 and 14 is controlled

by hnRNP L and regulates vascular functions by promoting the formation of negatively
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acting heterodimers. Furthermore, changes in splicing pattern of Vascular Endothelial
Growth Factor A (VEGFA), Endoglin and Grainyhead-Like 3 (GRHL3) result in serious
consequences for vascular physiology. Consequently, identifying all existing splice
variants in genes mediating endothelial cell function and resolving the mechanistic
principles behind it might lead to ideas about new therapeutic approaches. In chapter
3 we focused on 5’ss recognition within the human fibrinogen BB-chain gene (FGB)
exon 7. Here, a mutation within its authentic splice donor sequence (c.1244+1G>T)
results in the activation of four cryptic splice sites (c1-c3, p1). So far, only a single
binding site for SRSF1 had been described, activating c1. Extending these findings,
we identified a whole cluster of alternating multiple SREs and U1 snRNA binding sites
that controls cryptic splice donor usage. In minigene analysis, additional elements (B
(= published SRSF1 binding site), C, D) were found as key players in regulating FGB
splicing and deeply analyzed for their influence in the splicing outcome. With aid of the
HEXplorer algorithm, mutational analysis confirmed their positive effect in activating
downstream and simultaneously inhibiting upstream located splice donor sites.
Additionally, pull-down analysis showed that multiple SR proteins are able to bind to
these sequences, predominantly SRSF1 and Tra2[3. We furthermore could expand this
concept of splice site regulation to other genes and validated by statistical analyses,
that for competing 5’ss, highly used 5’ss are significantly more supported by SREs than
silent GT-sites. Hence, we proposed that this mode of splicing regulation seems not to
be restricted to FGB splice donor selection but rather to be a general concept to define
exon length. In chapter 4 we further analyzed complex splicing regulatory networks.
HIV-1 uses the human splicing machinery to generate more than 50 mRNA isoforms
that encode for fifteen viral proteins. Especially within exon 2/2b, several SREs have
been found to regulate proper vif mMRNA production which is crucial to counteract the

host restriction factor A3G. Studies using a minigene showed that besides known
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SREs, an additional silencer element (ESS2b) is needed for viral splicing. We
performed MS analysis after RNA affinity purification with WT and mutant sequences
and showed that ESS2b is bound by hnRNP proteins of the A/B family. Furthermore,
we revealed the functional importance of ESS2b and ESE2b within the proviral clone
pNL4-3 and demonstrate that this cluster of splicing regulatory elements tightly
regulates exon 2/2b inclusion and D2/D2b usage. Mutating either ESS2b or ESE2b led
to aberrant splicing, a shift in the distribution of viral mMRNA classes, a defect in Vif
protein expression and, finally, to a loss of infectiousness. Furthermore, masking
ESS2b and ESE2b with locked nucleic acids (LNAs) resulted in restricted viral particle
production. By aligning HIV-1 subtype consensus sequences we found that sequence
variations occurred far more often within regions containing ESS2b and ESE2b than
outside and speculated that this cluster of SREs guarantees proper viral replication in
cells with different A3G levels or splicing regulatory protein concentrations. Thus, in
this chapter we propose targeting those SREs may lead to the development of novel
effective therapies against HIV-1. In chapter 5 the G-rich domains (GRDs) of hnRNP
proteins was approved as general splicing repressors. Four different hnRNP D
isoforms exist that all contain a C-terminal GRD of varying length. All can act as
repressor of exon inclusion, however, we showed that the repressive state correlates
with the presence of an extended GRD. Moreover, we revealed that hnRNP A1 and
hnRNP D both bind to the HIV-1 silencer element within exon 3, ESSV. However, due
to their overlapping binding motifs within ESSV, hnRNP A1 and hnRNP D interfere with
each other. Thus, we proposed that hnRNP A1 and hnRNP D isoforms facilitate a

dynamic regulation of spliced vpr- and unspliced gag/pol-mRNAs.
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