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ABSTRACT

ABSTRACT

The cap structure of polymerase II transcripts is pivotal to protect RNAs from degradation and features a
platform to recruit factors involved in RNA processing and export. Among the most essential binding
partners of mRNA is the cap-binding complex (CBC) consisting of the nuclear cap-binding protein 1
(NCBP1) and the direct cap-binding subunit NCBP2. The CBC was long believed to be critically required

for mRNA processing and export.

In the main project of my Ph.D. thesis, I showed that the cap-binding subunit NCBP?2 is dispensable for
export of bulk mRNA. T'investigated the cellular repertoire of cap-binding proteins to identify candidates
that could compensate for the loss of NCBP2. Using mass spectrometry, I identified the uncharacterized
C170rf85 as a cap-binding protein that binds the RNA cap structure depending on the N7-methyl group
of the guanosine. Furthermore, C170rf85 directly binds NCBP1 to assemble an alternative cap-binding
complex, which has redundant function with the canonical CBC under steady-state conditions.
Considering the function of C170rf85, we renamed the protein to nuclear cap-binding protein 3
(NCBP3). Using loss of function experiments, I demonstrated that the function of NCBP3 is required to
mount proper antiviral responses and to prevent viral spread highlighting the fundamental role of the

alternative CBC in the adaptation to environmental stimuli.

In a minor project of my thesis, I investigated the influence of serine S225 phosphorylation of the
non-structural 5A (NS5A) protein of hepatitis C virus for interactions with cellular proteins. My
collaboration partners further investigated the phosphorylation-dependent NS5A interaction partners for

their requirement in viral replication.

Taken together, this thesis describes the molecular and functional characterization of the alternative
cap-binding complex consisting of NCBP1 and NCBP3. Furthermore, it highlights the importance of
post-translational modifications like phosphorylation for the interaction potential and the function of a

protein .
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PREFACE

PREFACE

This thesis is written in a cumulative style. The first part of chapter one is a general introduction to the
biological background of RNA biology, particular focusing on RNA export pathways. The second and
third part of chapter one describes the discrimination of self and non-self RNA | the viral manipulation of
mRNA export as well as the importance of viral RNA-binding proteins for the success of viral replication.

Section 1.2.1 of the introduction was published in Journal of Cytokine and Interferon Research:

Gebhardt, A. ", Laudenbach, B.T.", and Pichlmair, A. (2017). Discrimination of Self and Non-Self
Ribonucleic Acids. J. Interf. Cytokine Res. 37, 184—197. “these authors contributed equally

The second chapter includes my results in form of three manuscripts already published or prepared for

submission:

fGebhardt, A.", Habjan, M.", Benda, C., Meiler, A., Haas, D.A., Hein, M.Y., Mann, A., Mann, M.,\
Habermann, B., and Pichlmair, A. (2015). mRNA export through an additional cap-binding complex

\ consisting of NCBP1 and NCBP3. Nat. Commun. 6, 8192. “these authors contributed equally )

( N
Goonawardane, N., Gebhardt, A., Bartlett, C., Pichlmair, A., and Harris, M. (2017). Phosphorylation

kOf serine 225 in hepatitis C virus NS5A regulates protein-protein interactions. J. Virol. JVI.00805-17.

(Gebhardt, A., Schnepf, D., Moser, M., Meiler, A., Michaudel, C., Mackowiak, C., Sedda, D.,\
Stukalov, A., Reinert, L., Paludan, S.R., Ryffel, B., Staheli, P., and Pichlmair, A. (2018). The alternative

\cap—binding complex is required for antiviral response in vivo. (prepared for submission) )

The last chapter features concluding remarks and a brief outlook.

All publications are reprinted with permission and copyright of the publications belongs to the publishers.
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INTRODUCTION

1.1.1

INTRODUCTION

RNA PROCESSING AND NUCLEAR EXPORT

Nucleocytoplasmic compartmentalization

In eukaryotic cells, evolutional pressure has led to the development of a physical separation
between transcription and translation. This physical barrier, namely the nuclear envelope (NE)
consisting of a double membrane, separates the nucleus that is the site of DNA storage and RNA
synthesis from the cytoplasm where protein synthesis is executed. The development of this
compartmentalization also triggered the establishment of transport machineries to passage
macromolecules between the nucleus and the cytoplasm. One part of this machinery is the nuclear
pore complex (NPC) that is embedded in the NE and controls the export and import of
macromolecules together with a family of conserved transport receptors known as karyopherins
or importin-B-like transport receptors. The NPC is built up of approximately 30 different proteins
called nucleoporins (Nups) that build up a 60-125 MDa structure '. This permits the passage of
proteins, RNAs and other soluble compounds. While small molecules (less than 40 kDa) can pass
the NPC by diffusion, larger complexes like messenger (m) RNA need energy to shuttle through
the pore *. Transport receptors selectively recognize their cargos by binding short peptide signals
named nuclear localization signal (NLS) and nuclear export signal (NES). Additionally, specific
receptors can detect nucleotide motifs in RNAs enabling their export to the cytoplasm. Through
the recognition of these signals, proteins that function in the nucleus such as histones or
transcription factors can be imported into the nucleus, whereas, ribonucleic acids (RNAs) that
mostly carry out their function or a processed in the cytoplasm are transported to the cytoplasm.
Researchers demonstrated that one million macromolecules per minute are transported between

the two compartments of a living cell 3.

Even though there are different transport pathways, they all follow the same principles. The
common feature of transport is the binding of the small GTPase Ran, which can switch between
a GTP- and GDP-bound state (Figure 1). Ran exists in a GTP-bound form in the nucleus and a
GDP-bound form in the cytoplasm. This gradient is generated by the existence of the
Ran-guanosine-nucleotide exchange factor (RanGEF), which localizes to the nucleus, and the
Ran-GTPase activating protein (RanGAP), which functions in the cytoplasm. The asymmetric
distribution of RanGTP and -GDP drives the nucleocytoplasmic transport direction of the

transport receptors (Figure 1).
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Figure 1: Nuclear import and export of macromolecules.

Export cycle

The left site represents the import cycle of importin B-like transport receptor. Cargos are bound by importins, which mediate
translocation of the cargo through the nuclear pore. In the nucleus, importins associate with RanGTP resulting in the release of
the cargo. RanGTP-bound importins are recycled back to the cytoplasm where GTP hydrolysis drives the release of importins. In
turn, importins can bind new cargos and the cycle restarts. The export cycle (right) is characterized by the binding of exportin to
its cargo in the nucleus in a RanGTP-dependent manner. The bound RanGTP-exportin-cargo complex is shuttled to the cytoplasm
interacting with nuclear pore subunits. On the cytoplasmic site, GTP hydrolyses results in release of the cargo and free exportin
is recycled back to nucleus. Schematic and figure legend were adapted from reference *,

Importins, which are karyopherins that bind cargos in the cytoplasm and import them into the
nucleus, bind RanGTP in the nucleus, which drives the release of the cargos. In its RanGTP bound
state, importin is transported back to the cytoplasm, where GTP hydrolysis results in RanGDP
and disposal of importin, which in return can interact with a new cargo. In contrast, karyopherins
that passage cargos from the nucleus to the cytoplasm are called exportins. These exportins bind
their cargo in a RanGTP bound form in the nucleus and transport them to the cytoplasm, where
GTP hydrolysis drives the release of the cargo and unbound exportin can be located back to the
nucleus to bind new cargo. All molecules, including proteins and most RNAs (transfer (t), micro
(mi), small nuclear (sn) and ribosomal (r) RNA) that are larger than 40 kDa and need to bypass
the barrier of the nuclear envelope, follow these general principles. However, one exception is
the export of mRNA. The export of this macromolecule is mechanistically different from the
others since it uses a karyopherin-unrelated transport receptor and is not dependent on the
RanGTP/GDP gradient. The export of mRNA requires the fine-tuned combination of additional
transport adaptor and release factors, which makes this export process more sophisticated and
controlled. The following section will provide an overview of the major RNA export pathways

and their differences.
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INTRODUCTION

1.1.2 Insights from small RNAs: tRNA, miRNA, rRNA and snRNA

Commonly, all RNA classes are processed in the nucleus to a mature and thereby
export-competent molecule. The classes of small RNAs, including tRNAs, miRNAs, rRNA and
snRNAs, follow the general principles of nuclear to cytoplasmic transport dependent on
karyopherins and the selective and directional Ran cycle °. In this section, the differences in export

routes of selective RNAs are introduced.

1.1.2.1 Processing and export of tRNAs
Transfer RNAs are loaded with amino acids (AAs) and are required in the cytoplasm during
translation to provide the ribosomal complex with AAs for peptide chain elongation. About 40
different tRNAs (in eukaryotic cells) need to be transported from their place of synthesis in the
nucleus to the cytoplasm, where they function in translation. After synthesis by polymerase III,
tRNAs are processed by multiple maturation events including trimming of the 3" and 5 trailer
sequence, modification of nucleotides, addition of the 3' CCA nucleotide which serves as the AA
acceptor stem and removal of introns (when present) (Figure 2a) ®7. It is believed that maturation

steps occur in the nucleus and are essential for proper export 8,9

, which was also shown through
the finding that exportin-t (XPOT) only weakly interacts with tRNAs lacking the trimmed 5" or
3"end or required modifications ">, Surprisingly, studies injecting XPOT and intron-containing
tRNA in Xenopus oocytes showed that XPOT can bind and export tRNAs containing introns ''”.
However, since intron removal was shown to occur before 5'end processing, in physiological
conditions export of in-mature tRNAs should not be likely . Interestingly, cumulative studies
carried out in yeast suggest that tRNA can be re-imported to the nucleus in an event called
retrograde process '* ', It was implicated that the re-import of tRNAs could be an intra-nuclear

quality control mechanism or important for tRNA modifications 22,23

and is accelerated during
starved cellular conditions '*'*'>?*** Conlflicting studies not only in different yeast strains but also
in vertebrates are currently challenging if tRNAs are retrograded to the nucleus in response to
nutrient stress, which was to date only clearly shown in Saccharomyces cerevisiae ** **. Following
maturation in the nucleus, tRNAs ensue the general export principles using a karyopherin-B family
transport receptor and RanGTP (Figure 2a). The classical tRNA export route includes XPOT as
transport receptor that preferentially binds tRNA in the nucleus and is favored by the association
of RanGTP '"”_ It is believed that XPOT interacts with Nups and translocates the trimeric
XPOT-tRNA-RanGTP complex through the nuclear pore. Subsequently in the cytoplasm,
RanGAP stimulates the hydrolysis of GTP and consequently GDP is produced and the tRNA is

released from its receptor, which in turn is recycled back to the nucleus. In addition to XPOT, it
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has also been shown that exportin-5 (XPOS5), which has its main function in miRNA export (see
chapter 1.1.2.2), can also associate with tRNAs and export them in a similar manner to XPOT
3! Furthermore, studies on the yeast XPOT orthologue LOS1 showed that LOS1 is not essential
for viability and that certain tRNA species are not impaired in export by the depletion of LOS1
2. This suggests that some tRNAs are translocated to the cytoplasm independent of LOSI

indicating that alternative tRNA export receptors or even novel pathways are still unexplored.
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Figure 2: Schematic view of tRNA processing and export.

Genes coding for tRNAs are transcribed by RNA polymerase III. The primary transcript is processed including 5'- and 3'end
trimming, base modifications (red circles), 3'end CCA-nucleotide (amino acid acceptor site) addition and intron removal (if
present). tRNAs ensue the general export principles using a karyopherin-8 family transport receptor and RanGTP. In this manner,
export mature tRNAs bind XPOT and RanGTP and the trimeric XPOT-tRNA-RanGTP complex is translocated to the cytoplasm
by interactions with the nuclear pore complex. Other less well characterized pathways may include XPO5, the main export
receptor for miRNAs. Upon GTP hydrolysis in the cytoplasm, XPOT is translocated back to the nucleus and the released tRNA
is located to the translational machinery. Schematic and figure legend were adapted from reference °.

1.1.2.2 Processing and export of miRNAs
Micro RNAs play a central role in the regulation of a wide range of biological processes such as
cell proliferation, developmental timing, organogenesis, apoptosis and immunity against viruses
% In that manner, targeted mRNAs are degraded by the activity of the RNA-induced silencing

complex (RISC), which is guided to its target by the hybridization of the integrated miRNA *.
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INTRODUCTION

Micro RNAs are encoded by genes that are mainly transcribed by polymerase Il and thereby carry
a 5'cap structure and a polyadenylated (poly(A)) tail similar to mRNA (see chapter 1.1.3 for more
details) *>**. In 2006, Borchert et al. showed that polymerase III can also transcribe miRNAs in
some cases **. Polymerase II transcribed miRNA sequences are found within introns or located at
separate genomic loci and are produced as primary miRNAs (pri-miRNA) transcripts. Before
function in the RISC complex, pri-miRNAs are processed in both the nucleus and the cytoplasm
(Figure 3). Canonically, the pri-miRNAs are first cleaved by the nuclear type III RNase called
DROSHA and its adaptor protein DGCRS8 producing a 60-80 nucleotide (nt) long stem-looped
precursor miRNA (pre-miRNA) with two nt overhangs at the 3'end ***’. The unique structure
of pre-miRNAs are recognized and bound by the karyopherin B-family export receptor XPO5 and
subsequently exported in a RanGTP-dependent manner **’. Upon GTP hydrolysis and release
of the pre-miRNA in the cytoplasm, the stem-loop gets further cleaved by the cytoplasmic type
III RNase DICER which results in a ~22 nt RNA duplex product **. Finally, one strand of the fully
processed miRNA is incorporated via the argonaute (AGO) protein into the RISC complex where
it functions in the recognition of the target sequence by base pairing with the 3" untranslated region

(3'UTR) (Figure 3) *°.

Additional to the canonical pathway, several alternative mechanisms have been described to be
involved in the generation of miRNA or miRNA-like RNAs (Figure 3) °'. The
DROSHA/DGCRS-independent pathway was first identified during mRNA splicing in which a
small RNA precursor (Mirtron) is generated bypassing the DROSHA/DGCR8-mediated
processing step *>**. Similar to the canonical pathway, export of this class of miRNAs is thought
to occur via XPO5 (Figure 3). In addition, small RNAs which are derived from endogenous short
hairpin  (sh) RNAs and generated directly through transcription can similarly bypass
DROSHA/DGCRS  processing (Figure 3) °"***. This family of small RNAs carry a
5'cap structure and are thought to be bound and exported by CRM1 (also known as XPO1)
through the recruitment of phosphorylated adapter RNA export (PHAX) protein *°. Given that
the interaction between PHAX and the canonical cap-binding-complex (CBC) is required for

snRNA export via CRM1, the CBC might be similarly involved.

In addition to the DROSHA/DGCRS-independent pathways, the DICER-independent pathway
for miR-451 has been described, which instead uses the catalytic activity of argonaute-2 (AGO?2)
and poly(A)-specific ribonuclease (PARN) for further processing and trimming, respectively
(Figure 3) 7. As well as group I pre-miRNA that have two nt 3'overhangs, group Il pre-miRNA

with only one nt 3‘overhang can be generated. Group II pre-miRNAs involving most of the let-7
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1.1.2.3

family in vertebrates use a TUTase-dependent pathway in which the terminal uridylyl transferases

(TUTase) extent the 3 overhang by one nt following DICER processing (Figure 3) ©'
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T 1T L 1T L 1
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Figure 3: Canonical and non-canonical miRNA processing and export pathways.

000

Polymerase II transcribed miRNA sequences are found within introns or located at separate genomic loci and are produced as
primary miRNAs (pri-miRNA) transcripts. Following the canonical miRNA pathway, the primary transcript is processed by
DROSHA/DGCRS generating a pre-miRNA transcript with a stem-loop structure. Subsequently, the pre-miRNA is bound by
XPO5 in a RanGTP dependent manner and exported to the cytoplasm where GTP hydrolysis leads to the release of the
pre-miRNA. On the cytoplasmic site, DICER further processes pre-miRNAs before the mature miRNA is integrated into the
RISC complex and functions in RNA silencing. The DROSHA/DGCRS8-independent pathway bypasses the DROSHA processing.
The capped pre-mir-320 product is directly generated through transcription and exported to the cytoplasm bound by CRMI1.
Mirtron pre-miRNAs are a spliced product, debranched and trimmed before exported to the cytoplasm bound by XPO5. Group
Il pre-miRNAs follow the terminal uridylyl transferase (TUTase)-dependent export pathway. Pre-miRNA with a shorter
3'overhang are produces and exported to the cytoplasm via XPOS5. Due to the shorter overhangs pre-miRNA need to be
monouridylated by TUTases before DICER processing in the cytoplasm. Following the DICER-independent pathway,
pre-mir-451 transcript generated by DROSHA is possibly exported by the export receptor XPOS5. The pre-miRNA is integrated
into argonaute 2 (AGO2) without DICER processing. Followed AGO2-dependent splicing and poly(A)-specific ribonuclease
PARN-dependent trimming the miRNA is integrated into the RISC complex. Pol I, RNA polymerase II. Schematic and figure

legend were adapted from reference st

The existence of all non-canonical pathways was shown by several studies, however, only 1% of
conserved vertebral miRNAs are generated in a DROSHA/DGCRS- or DICER-independent

manner and the majority of miRNAs follow the canonical pathway 51

Processing and export of rRNAs

Ribosomes are RNA-containing particles needed in the process of protein production in the
cytoplasm. Four ribosomal RNAs (28S rRNA, 5.8S rRNA, 558 rRNA and 18S rRNA) and more
than 70 proteins build up the small (40S) and large (60S) subunit of the ribosome °. Before
executing their function in the cytoplasm, rRNAs are transcribed, processed and ribosomal
subunits are erected in the nucleus and transported to the cytoplasm by several export receptors.

This requires the transcription of precursor rRNA (pre-rRNA) and the synthesis and import of
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INTRODUCTION

ribosomal proteins. The imported ribosomal proteins are assembled with the pre-rRNAs in the
nucleus. In the nucleo- and cytoplasm the pre-ribosomes transiently assemble with more than 150
non-ribosomal proteins ****. Here, they undergo highly regulated and sophisticated mechanisms
of processing, maturation and quality control before ribosomal ribonucleic particles (rRNPs) are
bound by nuclear export factors in the nucleoplasm. The pre-40S and the pre-60S particles are
exported through separate routes to the cytoplasm. The exact mechanism how the pre-40S
subunit is transported to the cytoplasm is currently unknown, however, it was known that the
karyopherin CRM1 mediates the export in a RanGTP-dependent manner and several pre-40S
assembly factors and ribosomal proteins have been implicated to play a role in 40S particle export
%% The export of pre-60S particles has been studied more extensively (mostly in yeast) and
depends on the CRM1 export receptor and is therefore RanGTP-dependent 7. In addition, the
export adaptor protein NMD3 that contains a NES signal is recruited to the export competent
pre-60S particles before nuclear exit through the NPC 777 In the cytoplasm, RanGTP
hydrolysis leads to the dissociation of CRM1 from the NMD3 adaptor. Binding of the cytoplasmic
GTPase LSG1 releases NMD3 from the 60S subunit and subsequently the ribosomal protein
RPL10 is bound 7. In Yeast, the heterodimer Mex67-Mtr2 (yeast homolog of NXF1-NXT1)
was identified as additional export receptor that participate in the export of pre-60S and binds the
60S subunit through a distinct interaction surface ”. In addition, ARX1 was implicated as an
auxiliary export factor which is recruited to the export competent rRNP alongside with NMD3
and MEX67-MTR2 77 % _In the cytoplasm, binding of REI1, which contributes to the terminal
step in pre-60S biogenesis, releases ARX1 and its binding partner ALB1 from the 60S subunit 7*".
ARX1 was demonstrated to interact with the phenylalanine—glycine (FG) repeats of nucleoporins
and thereby shuttling the export receptors through the nuclear pore *'. The human homolog of
ARX1, PA2G4 has, in addition to its function as transcription factor, recently been implicated to
play a role in 60S biogenesis by associating with pre-60S particles *’. In contrast to other RNA
classes, the pre-60S particles can associate with several export receptors and thereby potentially

increase efficiency of export.

I.1.2.4 Processing and export of snRNAs
Small nuclear RNAs can be divided into two classes, namely the Sm-class and Lsm-class snRNAs.
All Sm-class snRNAs are synthesized by polymerase I and after full processing contain a
5'trimethylguanosine cap, a 3'stem-loop and a Sm protein binding site *>**. Except for U6
snRNA, all synthesized snRNAs (U1, U2, U4, U5, U7, Ul1, and U12) belong to the Sm-class
snRNAs. U6 snRNA, which is the only member of the Lsm-class snRNA, is characterized by its

5 'monomethylphosphate cap, a 3'stem-loop which is followed by a terminating uridine stretch
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which forms the platform for Lsm protein binding. U6 snRNA is generated by polymerase III and
does not leave the nucleus *¢. Apart from U7 snRNP, which is involved in histone pre-mRNA
3'end processing, all other snRNPs function in the spliccosome, which is a multifactorial
machinery responsible for the removal of introns from pre-mRNAs in the nucleus ¥

Cap
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Figure 4: Biogenesis of Sm-class snRNAs.

Sm-class small nuclear RNAs (snRNA) are transcribed by RNA polymerase Il and the methylated cap structure (m’G) is bound by
the cap-binding complex (CBC). Additional binding of the hyperphosphorylated form of the export adaptor (PHAX), the export
receptor chromosome region maintenance 1 (CRM1) and RanGTP facilitates export to the cytoplasm. On the cytoplasmic site,
GTP hydrolysis and dephosphorylation of PHAX drives the dissociation of all factors. Subsequently, the survival of neuron (SMN)
complex binds snRNA by a specific sequence element and recruits a set of seven Sm proteins, which from the Sm-core RNP.
Trimethylguanosine synthase 1 (TGS1) modifies the m’G cap with two additional methyl groups forming hypermethylated
2,2,7-trimethylguanosine (TMG) cap structure. In addition, the 3'end is trimmed by an unknown exonuclease (Exo). The
hypermethylated cap formation leads to the binding of the import complex including the import adaptor snurportin-1 (SPN) and
the import receptor importin-f (Imp-) leading to re-import to the nucleus. On nuclear site, the re-imported snRNP complex is
targeted to cajal bodies (CB) for further snRNP maturation before it functions in mRNA splicing. Schematic and figure legend
were adapted from reference ¥

Before functioning in the spliccosome, Sm-class snRNAs are exported to the cytoplasm to undergo
maturation and it has been suggested that as part of a quality control mechanism the cytoplasmic
phase might be required to prevent nuclear accumulation of dysfunctional snRNAs (Figure 4) *.
Following transcription by polymerase II, a N7-methylguanosine cap (see chapter 1.1.3.1) is
added to the 5'end of snRNAs and the 3'end is processed in the nucleus, however, snRNAs do
not get the typical poly(A) tail as found on polymerase II transcripts like miRNAs and mRNAs
92 The 5'cap structure is co-transcriptionally bound by the canonical CBC and the
NES-containing adaptor protein PHAX *?**. Upon phosphorylation of PHAX, CRMI is
recruited to the snRNA and in turn, the snRNA is recruited in a RanGTP-dependent manner.
After arrival in the cytoplasm, the snRNA is released by the hydrolysis of GTP and the
dephosphorylation of PHAX (Figure 4). Hypophosphorylated PHAX is re-imported to the nucleus

by the help of importin-B **. The cytoplasmic snRNA is then assembled with a ring of seven
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1.1.3

1.1.3.1

different Sm proteins, which is enabled by the binding of the survival of motor neuron (SMN)
complex **. Following the binding of the Sm proteins, the monomethylated 5'cap becomes
trimethylated (TMG) by the activity of the trimethylguanosine synthase (TGS1) and the 3'end
sequence is trimmed by an exonuclease (Figure 4) *”’. The compositions of the snRNP, consisting
of the TMG cap and the Sm ring, provides the snRNA with two NLS for re-import to the nucleus.
The two NLS are bound by different adaptor proteins ***’: The TMG cap NLS is recognized by
the import adaptor called snurportin-1, whereas, in case of Sm core NLS the SMN (or a
sub-complex) serves as the import adaptor. Both adaptors associate with the import receptor
importin-B and subsequently initiate the translocation of the snRNP to the nucleus '*. After
additional snRNP maturation steps in the cajal bodies of the nucleus, the snRNPs together with a
variety of additional splicing factors build up the spliccosome and function in the removal of

introns 0119,

Insights from mRNA: from prmmRNA pr()ccssing to export of mature mRNPs

The RNA cap structure

The RNA cap structure is the first modification that is co-transcriptionally added to the 5'end of
newly generated polymerase II transcripts (Figure 5a) '"’. The phosphorylation state of the
C-terminal domain (CTD) of polymerase II, which is composed of 52 heptapeptide repeats
(YSPTSPS), drives the timing of RNA modifications. Following transcription initiation, CTD
serine 5 becomes phosphorylated which in turn activates the process of 5'end RNA capping by a
transcript length of ~20-30 nt '**'””. The enzymatic activity of three specified enzymes is required
for the addition of an N7-methylguanosine to link to the first nucleotide by a 5'-5"triphosphate

110

linkage (Figure 5b)

The first step, which removes the y-phosphate from the 5'triphosphate and generates a
di-phosphate residue, is executed by the RNA triphosphatase (RTPase). Subsequently, the RNA
guanylyltransferase (GTase) adds a guanosine monophosphate (Gp) to the RNA 5'diphosphate.
Finally, the guanine-N7 methyltransferase (N7MTase) modifies the N7 amine of the guanine with
a methyl group. Unlike yeast, metazoan RTPase and GTase are subunits of one protein called
capping enzyme (CE) or RNA guanylyltransferase and 5'triphosphatase (RNGTT) which is

suggested to perform a more efficient and coordinated reaction "*'!".

The final cap structure builds up a unique feature that not only protects the RNA against
5‘—3‘degradation but also triggers fundamental events in the biogenesis of polymerase II
transcripts by the association with cap—binding proteins such as the CBC in the nucleus and the

eukaryotic translation initiation factor 4E (eIF4E) in the cytoplasm.

9| Page



INTRODUCTION

a Chemical structure of the RNA cap b RNA-capping reaction
% | Triphosphate RNA 5’end GUE= N7MTase m
LS 1 pppr-R\ pPNpA Gpppr‘a\ "‘7GPPPNP»;‘ - m’GpppNmp 7
o o o Sisssi A \ A /\ il /\ capo) @pn
O O
P __P. P. ¥ AdoMet  AdoHcy AdoMet  AdoHcy
o 0749769746 o P, G"
L/ ~ N— _Cap1
0O O-GH:
OH OH ¥ Base2
0=P-0_
N7-methylguanosine o o
& N—7 _Cap2 PP, Gppp
O O-GH,
0=P-0,
““RNA
o

Figure 5: RNA cap structure and the capping mechanism.

(a) The RNA cap consists of a N7-methylguanosine linked by a 5'-5"triphosphate linkage to the 5'nucleoside of the RNA. Three
methyl modification can occur at the 5'end of the RNA. Methylation of the N7 position of the guanosine is referred as Cap 0
(green), methylation of the O2 position of the first and second transcribed nucleotide are referred to Cap 1 and Cap 2 (red),
respectively. (b) The RNA capping reaction generating Cap 0 structures is performed by the action of three enzymes. First, the
reaction of RNA triphosphatase (RTPase) removes the Y-phosphate of the nascent RNA (pppNp-RNA) and generates disphosphate
RNA (ppNp-RNA) and inorganic phosphate (P;). The second enzyme, the guanylyltransferase (GTase), adds the &-phosphate of
GTP (Gppp) to the disphosphate RNA template via a covalent enzyme-guanylate intermediate (Gp—GTase) releasing
pyrophosphate (PP;) and forming GpppNp-RNA. In the last step, the guanine-N7 methyltransferase (N7MTase) transfers the
methyl group from S-adenosyl-L-methionine (AdoMet) to the guanine and generates N7-methyl-GpppNp-RNA
(m’GpppNp-RNA; Cap 0) releasing S-adenosyl-L-homocysteine (AdoHcy) as a by-product. Cap 1 RNA structure is formed by
the action of the AdoMet-dependent 2'0-methyltransferase (2’OMTase). Similar to N7MTase, 2’OMTase transfers a methyl group
from AdoMet to the O2 position of the first ribose releasing AdoHcy forming the Cap 1 RNA structure (m’GpppNmp). Schematic

and figure legend were adapted from reference 107,

In the nucleus, the CBC instantly binds to the newly synthesized cap structure and orchestrates
the recruitment and binding of additional factors that successively lead to the activation of
processes such as pre-mRNA splicing and 3"end processing as well as transcription termination,
exosomal degradation, RNA export, translation initiation and mRNA pseudo-circulation ***°. In
addition to the N7-guanosine methylation, metazoan polymerase II transcripts are methylated at
the O2 position of the first (and second) transcribed nucleotide, which was reported to be
fundamental for the discrimination of self and foreign RNA (e.g. invading viral RNA) by the innate

immune system (see chapter 1.2.1) ',

In the following section, the mechanisms and factors involved in successful mRNA processing and

export from the nucleus are described in more detail.

1.1.3.2 Processing and assembly of export-competent mRNPs
Capping of the 5'end of nascent polymerase II transcripts is the hallmark of successful transcription
initiation and a prerequisite for elongation of transcripts. Elongated transcripts are bound by
heterogeneous nuclear ribonucleoprotein particles (hnRNPs) which are thought to discriminate
mRNA from snRNA ' RNAs longer than 200-300 nt preferentially bind hnRNPs which
displaces PHAX, the snRNA export adaptor, from the transcript (Figure 6a) '". hnRNPs
predominantly associate with introns in a repeated fashion and wrap ~150-250 nt around its
tetrameric core ''°'". These findings suggested that hnRNPs scaffold pre-mRNA during

1

transcription and act as chaperons and/or regulators '”. Additionally, one can assume that

hnRNPs are able to package RNA similar to histones that bundle DNA and form nucleosomes 120,
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Nascent messenger ribonucleoprotein particles (mRNPs) contain hnRNPs as well as spliceosomal
components and both protein complexes are assembled co-transcriptionally on mRNA suggesting

116,120-123

that hnRNP packaging has a role in mRNA splicing (Figure 6b) . Packaging could bring

distant regions into close proximity enabling cis-interactions such as constitutive or alternative

splicing (Figure 6c, d).

a mRNA vs. snRNA export b Transcription ¢ Constuative splicing d Alternative splicing
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Figure 6: Co-transcriptional mRNA packaging.

(a) Polymerase II transcripts are packed during transcription by heterogeneous nuclear ribonucleoprotein C (hnRNPC) which act
as a kind of 'molecular ruler' to sort the transcripts before export to the cytoplasm. This sorting is based on the binding of either
hnRNPC or the phosphorylated adaptor for RNA export (PHAX). PHAX binds small nuclear RNAs (snRNA) up to a length of
~200-300 nucleotides by the interaction with the cap-binding complex (CBC). snRNA are escorted to the cytoplasm binding to
chromosomal region maintenance protein 1 (CRMI) (right branch). Transcripts longer than ~200-300 nucleotides are
subsequently bound by the tetrameric hnRNPC complex (left branch), which inhibits the association of PHAX. Transcripts
wrapped around the tetrameric hnRNPC complex are targeted to the nuclear RNA export factor 1 (NXF1) export pathway. (b)
Transcription: The tetrameric hnRNP complex is assembled co-transcriptionally on mRNA and this packaging is suggested to have
arole in mRNA splicing. (c) Constitutive splicing: Packaging by the hnRNP tetramer holds consecutive exons in close proximity
and ensures correct ordered splicing. (d) Alternative splicing: Through packaging by the tetrameric hnRNP complex strong splice
sites or alternative exons could be hided and thereby exon skipping could be promoted. Additionally, weak splice sites could be

exposed to facilitate exon inclusion. m’G, 7-methylguanosine. Schematic and figure legend were adapted from reference 120,

The process of splicing which removes introns from pre-mRNA is initiated by the phosphorylation
of CTD serine 2 ', Splicing is catalyzed by the spliceosome that assembles de novo on each
pre-mRNA transcript during transcription and is composed of five spliceosomal small nuclear
ribonucleoprotein particles (snRNPs) associated with a large number of additional proteins '*. In
pre-mRNA splicing, the importance of the m’G (N7-methylguanosine) and the binding of the
CBC was demonstrated in several studies. The initial study using Xenopus leavis oocytes showed
that micro-injected transcripts need the m’G structure to efficiently splice 5'proximal introns '**.
Another study by Izaurralde et al. revealed the importance of the CBC for efficient mRNA splicing
by microinjecting transcripts in nuclear cap-binding protein 2 (NCBP2) immuno-depleted Xenopus
leavis oocytes that resulted in decreased splicing efficiency **. Treating total or nuclear HeLa
extracts with uncapped or m’G -capped transcripts confirmed that the m’G group is essential for
efficient splicing in mammalian cells '*'*°. Additionally, inhibition of the CBC in HeLa cells
resulted in altered mRNA splicing and decreased recruitment of U1 snRNP to the 5'splice site of
5'proximal introns '*'*. Recently, it was shown that the spliceosome assembly depends on the

interaction of the CBC with protein components of the U4/U6.U5 tri-snRNP complex 131
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Additionally, m’G and the CBC is not only required for removal of 5 proximal introns but also
for splicing of downstream introns "*"'**. However, it is still unclear to what extent the CBC is

required for downstream splicing on a transcriptome wide level.

In the wake of splicing, the exon-junction complex (EJC) is deposited ~20-24 nt upstream of each
exon-exon junction *>"*. The EJC couples splicing events to post-transcriptional steps such as
mRNA export and surveillance. The best-studied surveillance mechanism is the
nonsense-mediated decay (NMD) pathway, which detects premature termination codons in the
pioneer round of translation sensing possible downstream EJCs and removing these mRNAs from
the translational pool . Early in splicing, the EJC core proteins EIF4A3, MAGOH and RBMSA
are recruited transiently to the spliceosome and build up the trimeric pre-EJC showing that EJC
assembly and pre-mRNA splicing are two tightly linked processes (Figure 7) '**. In this regard,
the association of EIF4A3 and the pre-mRNA-splicing factor CWC22 homolog (CWC22), which
is an abundant and essential factor of the spliceosome is to date the only identified direct
interaction of the spliceosome and the pre-EJC "' It was shown that splicing efficiency as well
as E]JC assembly is impaired when CWC22 is missing emphasizing the necessity of the interaction
of CWC22 and EIF4A3 for EJC assembly during splicing "**'*. Following splicing termination by
exon ligation and release of the spliceosome, the trimeric pre-EJC is joined by barentsz (BTZ;
also known as MLN51 or CASC3) protein to form the mature, tetrameric EJC (Figure 7) '*.
CWC22 keeps EIF4A3 in an open state, however, it is not known how the transition of the open
to the closed state, where CWC22 releases EIF4A3, happens "*'* . In its closed form EIF4A3 can
bind RNA and ATP and it was shown that the three other core proteins are required to stably
keep EIF4A3 in its closed RNA-bound form and to prevent release of hydrolyzed ATP "*+'*. The
EJC clamps on the RNA in a sequence-independent mode which was revealed by the crystal
structure of the core EJC bound to RNA '**'*¢_ EIF4A3 RNA-binding is established mainly through
the binding of the ribose-phosphate backbone and not by the association of specific bases. Studies
combining biochemical and mass spectrometry based analysis showed that more than 30 proteins
can be co-purified with the core EJC "*"'**_ The four core EJC proteins employ a large number of
transiently interacting proteins to fulfill the demanding varying role in post-transcriptional
processes such as export of mature mRNA to the cytoplasm, initiation of translation and quality

control mechanisms.

The E]JC-associated proteins can be classified as components of outer shell and transiently
interacting proteins '**"*'. The outer shell is composed of ALYREF, PNN, ACIN1, RNPS1 and

SAP18 from which ACIN1/RNPS1/SAP18 form the apoptosis and sp]icing associated protein
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(ASAP) complex and PNN/RNPS1/SAP18 build up an alternative complex named PSAP '*>*
"%* It is currently unknown to which extent the function of the two complexes overlap or how
they are recruited to the EJC. It is speculated that the ASAP associates with the EJC during
deposition on mRNAs indicated by co-purification with the spliceosome and the EJC and

localization to the nucleus "**"°>*>1¢ A more transient interaction with the EJC was found for

UAP56, NXF1/NXTT1 (also known as TAP/p15) as well as SRRM1, UPF1, UPF2 and UPF3a/b.

Spliceosome MAGOH/RBMSA

P

CWCZZ
EIF4A3

Exon%} Exon igs Exon
_

e

cEJC ncEJC noEIC

20—24 nt 20—24 nt

Figure 7: Assembly of the exon-junction complex.

During splicing of pre-mRNAs in the nucleus, the exon-junction complex (EJC) is assembled on mRNAs. One essential factor of
the spliceosome, namely CWC22, recruits the core EJC component EIF4A3 to the RNA. The stable MAGOH/RBMSA
heterodimer is recruited to the RNA in a separate so far unknown mechanism. The spliceosome releases the spliced mRNA on
which the EJC is deposited on exon-exon junctions. After release from the spliceosome, barentsz (BTZ), the fourth EJC subunit,
binds to the EJC core. Three potential outcomes of splicing and EJC assembly have been described: (1) binding of a canonical EJC
at a position 20-24 nucleotides (nt) upstream of the exon—exon junction, (2) binding of a non-canonical EJC at a position different

from the canonical binding site, or (3) absence of an EJC at the canonical binding site. Schematic and figure legend were adapted

from reference '*°.

The EJC core, as well as its interacting proteins, participate in various pathways such as
splicing/alternative splicing (SRRM1, SAP18, RNPS1, ACIN1, PNN), mRNA export (UAP56,
ALYREF, NXF1/NXT1) and NMD (UPF1, UPF2, UPF3a/b) and thereby effectively connect
these pathways "*#"*>"*71%%_Splicing was reported to promote transcript kinetics and abundance
in the cytoplasm, demonstrating a direct dependence of splicing on mRNA export '
Additionally, the export factors ALYREF (also known as THOC4) and UAP56 are recruited to
spliced mRNAs via the EJC linking pre-mRNA splicing to mRNA export '*>'"*'”?  ALYREF and
UAP56 are E]JC-associated proteins that together with THOC1, THOC2, THOC3, THOCS,
THOC6, THOC7 form the transcription-export 1 (TREX-1) complex that couples transcription
to mRNA export ' More recently, researchers identified SARNP, POLDIP3, ZC3H11A,
CHTOP, DDX39A, UIF ,ERH and LUZP4 as putative new TREX-1 subunits '”*'*°. Cheng et al.
showed in 2006 that TREX-1 complex is recruited to the 5'end of the mRNA in a splicing- and
cap-dependent manner '*'. This recruitment is based on the interaction between ALYREF and the
nuclear cap-binding protein 1 (NCBP1; CBC subunit). The interaction of ALYREF with TREX-1
complex is dependent on ATP-binding of UAP56 . The mRNA export receptor NXF1 is
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recruited to the mRNA through its interaction with ALYREF and THOCS '*. This interaction
drives NXF1 into its open conformation revealing its RNA recognition motif (RRM) and
subsequently allowing the direct binding of mRNA (Figure 8). In turn, the binding activity of
ALYREF to the mRNA is decreased implicating that mRNA is handed from ALYREEF to the export
receptor NXF1 at this step '*. This highlights the important role of ALYREF in mRNA biogenesis,
through coupling the EJC and TREX complex with mRNA export. Interestingly, knockdown of
single. TREX components normally results in a moderate export block, whereas double
knockdown reveals a severe export block. In contrast, single knockdown in yeast already results
in a rapid mRNA export block '™ This suggests that metazoans have developed a mechanism to

ensure processing and export even if one export player is downregulated.

To complete processing of mRNAs, the 3'end is cleaved and subsequently polyadenylated to
define the end of the mRNA. Consequently, mRNAs are released from the transcription
machinery and are targeted to the export machinery '*°. The cleavage and polyadenylation (CPA)
complex is recruited to the poly(A) signal (PAS) in the 3'UTR of pre-mRNA by interacting with
serine 2 phosphorylated CTD and RNA binding domains that specifically bind the PAS "%, The
poly(A) polymerase (PAP) adds the poly(A) tail which is rapidly bound by poly(A)-binding
proteins (PABPs) increasing the processivity of PAPs. The nuclear poly(A)-binding protein
PABPN1 is thought to act as “molecular ruler” by determining the length of the poly(A) tail '*.
Studies using electron microscopy revealed that the poly(A) tail is coated by many PABPN1
generating a spherical particle with ~250 accompanied nucleotides '**. As expected, genome-wide
studies have shown that loss of PABPN1 results in overall shortening of 3'UTRs ', In addition,
PABPN1 is essential for bulk mRNA export and shuttles between the nucleus and the cytoplasm
"% Interestingly, the CPA complex is associated with ALYREF, CLIP, DDX39A/B and PCF11
and it was hypothesized that these proteins are involved in the PAS selection '*7. In addition,
THOCS was found to interact with the 3"end processing factors CPSF2 and CPSF6 suggesting to
be involved in PAS choice for specific genes '**'®. CPSF6 is a positive regulator of alternative
polyadenylation (APA) and known to be important in selecting alternative poly(A) sites '*. To
date, it is believed that APA and mRNA splicing are connected in some way, however, it is not
known how APA and mRNA export are linked "**"'. It was demonstrated that U1 snRNP could
suppress APA binding to pre-mRNAs introns or non-canonical PASs in the 3'UTRs and thereby
shielding premature cleavage and polyadenylation sites '*>'”*. Moreover, CPSF6 has recently been
shown to shuttle to the nucleus and associate with the export receptor NXF1 indicating a potential

link between APA and mRNA export ™.
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Overall, the coupling of 3'end processing and mRNA export is needed at least for canonical
polyadenylation to enable the release of fully processed transcripts from the transcription

machinery and ensure efficient targeting to the export machinery.

1.1.3.3 Routes of mRNA export
After the three main processing steps of mRNA capping, splicing and 3 end processing, correctly
processed mRNPs are targeted for export and translocation through the NPC to the cytoplasm.
In all cases, the transport of macromolecules like mRNA needs energy to shuffle through the NPC
to the cytoplasm. In case of bulk mRNA, this energy is generated by the proteins GLE1, DDX19
(also known as DBP5) and inositol hexakisphosphat (IPg) facilitated by an ATP cycle (Figure 8).
The translocation through the nuclear pore can be divided into three steps characterized by the
docking of the mRNA onto the nuclear basket, the transit through the central channel and the
release of the mRNA into the cytoplasm °. The export receptor NXF1 bound to NXT1 is the most
common export receptor for bulk mRNA export. Through the recruitment of multiple adaptor
proteins NXF1 can increase its affinity for its target RNAs. It was also shown that CRM1 can
associate with adaptor proteins to bind specific mnRNAs and utilize their export to the cytoplasm.
In the following paragraphs, the different mRNA export routes with their export receptors,

adaptors and their selectivity for targets are described in more detail.

NXFI mediated export of bulk mRNAs

The first identification of NXF1 was as an export receptor for Mason Pfizer monkey virus where
NXF1 interacts with the constitutive transport element (CTE) of viral RNAs and exports them to
the cytoplasm "> "7, Only later, studies revealed the fundamental role of NXF1 in bulk mRNA
export "' NXF1 is crucial for cell proliferation and depletion of NXF1 leads to retention of
polyadenylated RNA in the nucleus. NXF1 is composed of multiple domains, namely the
arginine-rich RNA-binding domain (RBD), adjacent YRRM, leucine-rich repeat (LRR), NTF2-
like (NTLF2L) and ubiquitin-associated (UBA) domain >. THOCS5 binds the NTF2L domain of
NXF1 and links the association of NXF1 with ALYREF '*"”?°'_NXF1 binds non-specifically to
RNA via its N-terminal RDB domain, however, once ALYREF is bound to NXF1, the
RNA-binding affinity of NXF1 is enhanced. Upon ALYREF binding, NXF1 exhibits its open form
resulting in the transfer of RNA from ALYREF to NXF1 (Figure 8) ' NXF1, in its open and
mRNA-locked form, escorts the mRNP complexes to the nuclear pore and translocates the
mRNPs through the nuclear pore by interacting with nucleoporins via its NTF2L and UBA
domains (Figure 8). Simultaneous depletion of ALYREF and THOCS reduces the amount of

NXF1 bound to mRNA highlighting the major role of TREX-1 complex to recruit NXFI to
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mRNAs ', In addition, by recruiting NXF1 to the mRNA cargo via TREX-1 it is ensured that

only fully processed mRNAs are targeted for export.
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Figure 8: NXF1-dependent mRNA export.

During NXF1-dependent mRNA export, the transcription-export 1 (TREX-1) complex consisting of ALYREF, UAP56 and the
THO complex subunits assembles on the spliced mRNA. In turn, the NXF1/NXT1 heterodimer is recruited to the mRNA via
interactions with TREX-1 complex subunits. Bound by the open form of NXF1, mRNPs are translocated to the cytoplasm trough

interaction with subunits of the nuclear pore complex (NPC). CBC, cap-binding complex; INM, inner nuclear membrane; IPs,

Inositol hexakiphosphate ;ONM, outer nuclear membrane. Schematic and figure legend were adapted from reference .

Transcription and processing is thought to take place in nuclear speckles in the nucleus, which
means that the mRNP complexes need to travel through the nucleoplasm to reach and dock onto
the NPC. In this context, the TREX-2 complex was proposed to assist mRNPs on their way to
the nuclear basket *>°*. TREX-2 is composed of GANP, ENY2, CETN2/CETN3, PCID2 and
DSS1. GANP directly interacts with NXF1 and scaffolds the other members of the TREX-2
complex to the mRNA **. A fraction of TREX-2 is located within the nucleoplasm, however, the
main fraction is located at the NPC 2°32%%2% ENY2 and GANP were shown to also interact with
RNA polymerase Il and thereby potentially facilitating the recruitment of TREX-2 to a subset of
specific genes ***. TREX-2 was shown to transfer mRNA to NXF1. However, the exact
mechanism is not well characterized. In addition, it is still unclear whether TREX-2 is a general
export complex or utilizes export of specific transcripts. Studies demonstrated that GANP specific
transcripts were exported faster than others suggesting an accelerated pathway enabled by GANP

for specific transcripts *”. In addition, GANP depletion experiments revealed that GANP is
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needed for the export of transcripts involved in gene expression (e.g. mRNA processing, splicing
and ribosome biogenesis) *”’. These GANP-specific transcripts have in average shorter half-lives
and are expressed above-average compared to GANP-independent transcripts. This suggests the
potential of GANP to institute an accelerated export route for specific transcripts, which is needed

to rapidly adapt to internal or external stimuli.

The transition through the nuclear pore is a better characterized process. After docking to the
nuclear basket, the traveling through the nuclear pore occurs via series of interactions with FG
Nups . First, RAE1 interacts with NXF1 and it was proposed that RAE1 delivers NXF1/mRNPs
to Nup98 ****”_Inside the channel, NXF1 interacts with Nup62, however, the exact mechanism
how NXF1/mRNPs travel through the central channel is still unclear. Nonetheless, recent studies
have revealed insights into the kinetics of mRNPs translocation from the nuclear site of
transcription to the cytoplasmic site of translation. The transit through the NPC is a relatively
rapid process which takes less than 500 ms, whereas, the diffusion of mRNPs from transcription
and processing speckles can take up to several minutes and is seen as the rate-limiting step in this
pathway *'**"?_ Surprisingly, only 25-35% of initially docked mRNPs are successfully transferred
to the cytoplasm *'?'*. From their place of transcription and processing, mRNPs transit trough
regions of interchromatin space or zones of heterchromatin exclusions in the nucleoplasm, which
build up a channel-like structure that enable the directed diffusion of mRNPs to the NPC *"* ",
The filamentous NPC-associated nucleoprotein TPR is thought to from such channels since
depletion of TPR resulted in heterchromatin-covered NPCs *'**"7. Interestingly, TREX-2
associates with TPR at the nuclear basket, which could result in more efficient diffusion of

TREX-2 associated mRNPs to the NPCs and a faster export of TREX-2 dependent transcripts

206,207

Passaged the nuclear pore channel, mRNAs associate with fibrils on the cytoplasmic site of the
NPC mainly comprised of Nup358/RanBP2 *'*. RanBP2 associates with the NPCs via Nup88 and
Nup214 and can additionally interact with NXF1, RanGAP and Ran *'****. DDX19 and GLEI1
enable the release of mRNAs to the cytoplasm in an ATP-dependent manner (Figure 8). In that
manner, GLE1 associates with the signaling molecule IP¢ stimulating the binding of DDX19 to the
mRNA and triggering mRNA release by ATP hydrolysis »?*'. The release and remodeling of the
mRNA in the cytoplasm leaves free export factors that are recycled back to the nucleus. mRNAs
are then transferred to the translational machinery where they undergo further remodeling. For
instance, the CBC complex is replaced after the pioneered round of translation by the cytoplasmic

cap-binding protein elF4E allowing steady-state translation.
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NXFI mediated export of specific mRNA transcripts

In addition to the above described mechanisms, transcript specificity can be introduced by
changing the composition of the mRNPs. In this manner, NXF1 can associate with different
adaptor complexes to allow binding of specific transcripts (Figure 9). For instance, components
of the TREX complex were demonstrated to be involved in the export of specific transcripts.
THOCS5 was shown to be dispensable for bulk mRNA, however, in association with ALYREF
needed for the export of HSP70 mRNAs which are crucial in heat-shock responses (Figure 9a) **.
THOCS together with THOC2 controls mRNA export transcripts involved in pluripotency, e.g.
Nanog and Sox2, and thereby contributing to embryonic stem cell self-renewal and differentiation

223

(Figure 9a) **’. Interestingly, THOCS is reduced during differentiation leading to decreased
interaction of THOC2 with these transcripts, which results in reduced export of transcripts

required for pluripotency.

The alternative mRNA export (ALREX) pathway including CIP29, DDX39 and NXF1 exports a
subset of transcripts involved in mitosis '*. Loss of DDX39 results in altered Birc5 and Prcl
mRNA export leading to mitotic defects like chromosome arm resolution defects and failure of
cytokinesis. CHTOP is another TREX component, which can compete with ALYREF for NXF1
binding and thus may modulate the export of specific transcripts "**. The newly identified
TREX-component LUZP4, which associates with UAP56 and NXF1 was shown to be upregulated
in cancer cells, indicating a dysregulation in mRNA export '*’. LUZP4 was suggested to be
involved in export of a subset of transcripts needed for melanoma cells proliferation, however,
the subset of transcripts regulated by LUZP4 was thus far not investigated in detail.
Organism-wise, it is possible that cell-type specific TREX complexes exist and are involved in

export of specific transcripts.

Besides TREX components, SR proteins can also compete with ALYREF for NXF1 binding. In
that manner, SRSF1, SRSF3 and SRSF7 were identified to interact with NXF1 and export specific
transcripts ***. SRSF3 and SRSF7 recognize the intronless transport element (ITE), a
22-nucleotide motif in histone H2A mRNA, and target these transcripts to export via NXFI.
Following this finding, SRSF3 and SRSF7 were depending on their phosphorylation status
demonstrated to be involved in the transport of spliced transcripts to the cytoplasm. In its
hyperphosphorylated form, SRSF3 associates with mRNA prior to splicing. After splicing SRSF3
225,226

becomes hypophosphorylated and thereby targets its transcripts to NXF1 -dependent export

In the cytoplasm, re-phosphorylation occurs leading to release of NXF1 and mRNA.
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Figure 9: Selective mRNA export pathways.

(a) Selective mRNA export for transcripts involved in pluripotency and heat-shock. Selectively is driven by the control of THOCS
and THOC2. (b) Genome replication and repair transcripts are exported selectively by the binding of ALYREF and the enzyme
inositol polyphosphate multikinase (IPMK) together with IPs. (c) Hu-antigen R (HuR) in association with pp32 and APRIL binds
to a subset of transcripts and exports these transcripts to the cytoplasm in a CRM1-dependent manner. Transcripts were suggested
to be involved in transcription, cancer as well as in immune responses. (d) NXF3 exports a so far unknown subset of mRNAs in
a CRMI-dependent manner. (e) Transcripts involved in proliferation, survival, metastasis and invasion are exported in a
CRMI-dependend manner bound by elF4E and LRPPRC, which binds to the 4E-sensitive element (4ESE) in the 3'UTR.
CRM1-dependent pathways require the binding of RanGTP in the nucleus and release of the mRNA in the cytoplasm is driven by

GTP hydrolysis. CRM1, chromosome region maintenance 1; IPMK, inositol polyphosphate multikinase; LRPPRC, leucine-rich

PPR motif-containing protein; NPC, nuclear pore complex. Schematic and figure legend were adapted from reference 27,

Another selective mRNA pathway including export of transcripts required for genome replication
and repair, e.g. Rad51, Chekl and Fancd2, depends on the binding of ALYREF and the enzyme
inositol polyphosphate multikinase (IPMK) **7. IPMK is required for the binding of ALYREF to its

target transcript in which a sequence motif in the 3'UTR permits ALYREF binding (Figure 9b).

Adaptor proteins mostly preserve specificity by defined sequence elements in the RNA. For
example, RNAs containing the RNA transport element (RTE) consisting of a minimum of four
internal stem loops are bound by RBM15 and targeted for translocation via NXF1 *****_ In some

cases, NXF1 can directly bind RNAs by interacting with specific RNA elements. One of such
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element is CTE, which was first identified in Mason Pfizer monkey virus to be important to export

196,198,230

viral transcripts in a NXFI-dependent manner RNA  containing the signal

sequence-coding element (SSCR) present on transcripts involved in secretion can also be exported

231,232

in a NXF1-dependent manner . SSCR was also found to act as an export sequence for

transcripts lacking introns or functional caps being NXF1-dependent but TREX-independent.

Interestingly, Nups can also impact export of specific transcripts. In this context, Nup96 was
shown to be involved in the export of transcripts encoding cell cycle and immune responses

regulators, namely B2-microglobulin, CDK6, MHCI and MHCII *****,

CRM1 mediated export of specific mRNA transcripts

As described in chapter 1.1.2, CRM1 is the main export receptor for snRNA. Since CRM1 is
unable to directly bind RNA, it associates with export adaptors containing NES. It was
demonstrated that a subset of mRNA can be exported using the RanGTP-dependent CRM1

export pathway.

One subset of mRNA is selected and exported via CRM1 by the interaction of human antigen R
(HuR; also known as ELAVLT) protein with AU-rich elements (AREs) in the 3'UTR of the RNA
encoding for oncoproteins, cytokines and transcription proteins *****7. In addition to HuR, pp32
and APRIL also associate with CRM1 to export these mRNAs (Figure 9¢) **. Studies have shown
that not all CRM1-dependent transcripts rely on the association with HuR. For example, human
type I interferon a is exported in a CRM1-dependent manner but independent of HuR binding
%240 Another adapter associating with CRM1 is NXF3 **'. NXF3 belongs to the NXF protein
family but is unable to associate with Nups, which leads to the association and export utilizing
CRMI as export receptor (Figure 9d). Currently, specific sequence elements and the exact

mechanism of this pathway is unknown and needs to be further investigated.

Another selective pathways using CRM1 as export receptor is dependent on the binding of the
translation initiation factor eIF4E with transcripts involved in proliferation, survival, metastasis
and invasion (Figure 9e¢). The elF4E-dependent transcripts contain an approximately 50
nucleotide long secondary structure element in their 3'UTR known as 4E-sensitive element
(4ESE) **. The association of eIF4E with the sequence element is linked by the direct interaction
of the export adaptor protein LRPPRPC with 4ESE and eIF4E ***. The dependency of CRM1 for
the export of this subset of genes was demonstrated by the use of the CRM1 inhibitor leptomycin
B which resulted in the inhibition of eIF4E-dependent mRNA export*’. Moreover, depletion of
NXF1 did not affect export of elF4E-depenedent transcripts. Interestingly, RIP-seq experiments

showed that eIF4E can bind to around 2300 transcripts in the nucleus suggesting a broader
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importance of CRM1 and eIF4E in the export of mRNAs ***. To date, it is known that factors like
UAP56, hnRNPA1 and DDX3 are common to both, the NXFI and elF4E/CRMI export
pathways, whereas, factors like NXF1, ALYREF and CBC are not required for mRNA export via
elF4E/CRM1 **’. Since 4ESE-containing mRNAs have long 3'UTRs with several export sequence
motifs and are targets for both, bulk and elF4E-depedent export, it can be hypothesized that the
eIF4E/CRM1 competes with bulk mRNA export factors to boost export of specific transcripts °.
Studies propose that RanBP2 reduces release and/or recycling of eIF4E-depentent export factors
to the nucleus ****. To overcome this inhibitory mechanism and enhance export, eIF4E can
indirectly suppress RanBP2 function. This might be important in a wide range of cancers since
elF4E is upregulated in these tissues influencing their proliferative capacity by promoting

elF4E/CRM1 export pathway .

Other pathways

Two other mRNA export pathways were described to transport mRNPs to the cytoplasm, namely
nuclear envelope budding and NPC enlargement . The first mechanism was shown to happen
during synapse development and enables the export of large mRNP granules by budding out the

NE similar to the mechanism of nuclear egress used by herpes viruses *7 !

. Specifically,
recruitment of the atypical protein kinase C to the nuclear envelope leads to phosphorylation of
the nuclear lamina, which prompts the invagination of the inner nuclear membrane into the NE
lumen. Consequently, fusion with the outer nuclear membrane enables the delivery of large
mRNPs into the cytoplasm . The second mechanism of envelope enlargement was first seen
during influenza A virus infection (IAV) **’. It was shown that viral infection could enlarge the
nuclear pores in a caspase-dependent manner to approximately 50 nm (normally approximately
30 nm) facilitating the translocation of large protein-RNA complexes *** ?**. Viral mRNPs are
usually exported in a CRM1-dependent manner bound by the viral export adaptor protein
nucleoprotein (NP). However, at late stages of infection the enlargement of the nuclear pore

occurs, which enables the passive diffusion of proteins with a size of ~125 kDa and viral RNPs.

Whether this mechanism plays a role to host mRNP translocation needs further investigation 254
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1.2

1.2.1

RNA EXPORT DURING VIRAL INFECTION

Exporting mRNAs is a critical step in the lifetime of a cell to regulate and maintain cellular
functions. However, the nucleo-cytoplasmic transport of RNA becomes even more important
when the cell encounters environmental challenges. This includes the appropriate response to
pathogens such as viruses. During a viral infection, the invading pathogen is recognized by
cytoplasmic or endosomal pattern recognition receptors (PRR) via pathogen associated molecular
patterns (PAMPs). Following recognition of the virus, the cell initiates innate immune responses
by expressing cytokines and chemokines that establish a pro-inflammatory and anti-proliferative
antiviral state. This process involves the expression of type I (IFNa, IEN), II (IFNy), III (IFNA)
interferons (IFN) to defend viral infection by initiating the transcription of mRNAs that encode

antiviral factors.
Discrimination between self and non-self RNA

The molecular basis of discriminating host appearance from foreign PAMPs concerning the
recognition of invading foreign RNA during virus infection by PRRs was the topic of a review
included in the special issue “Discrimination of Viral and Self Nucleic Acids and IFN Signature Diseases”
of the Journal of Interferon & Cytokine Research. 1 wrote the review together with

Beatrice T. Laudenbach und Andreas Pichlmair.

Gebhardt, A. ", Laudenbach, B.T. ", and Pichlmair, A. (2017). Discrimination of Self and

b

Non-Self Ribonucleic Acids. J. Interf. Cytokine Res. 37, 184—197. “these authors contributed equally

Reprinted with permission from JOURNAL OF INTERFERON AND CYTOKINE RESEARCH, Volume
37, Issue 5, May 2017, jir.2016.0092, published by Mary Ann Liebert, Inc., New Rochelle, NY.
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REVIEWS

Discrimination of Self and Non-Self Ribonucleic Acids

Anna Gebhardt,* Beatrice T. Laudenbach,* and Andreas Pichimair

Most virus infections are controlled through the innate and adaptive immune system. A surprisingly limited
number of so-called pattern recognition receptors (PRRs) have the ability to sense a large variety of virus
infections. The reason for the broad activity of PRRs lies in the ability to recognize viral nucleic acids. These
nucleic acids lack signatures that are present in cytoplasmic cellular nucleic acids and thereby marking them as
pathogen-derived. Accumulating evidence suggests that these signatures, which are predominantly sensed by a
class of PRRs called retinoic acid-inducible gene I (RIG-I)-like receptors and other proteins, are not unique to
viruses but rather resemble immature forms of cellular ribonucleic acids generated by cellular polymerases.
RIG-I-like receptors, and other cellular antiviral proteins, may therefore have mainly evolved to sense non-
processed nucleic acids typically generated by primitive organisms and pathogens. This capability has not only
implications on induction of antiviral immunity but also on the function of cellular proteins to handle self-

derived RNA with stimulatory potential.

Keywords: ribonucleic acid sensing, antiviral mechanisms, interferon, MDAS, RIG-I, PRR

Introduction

THE HOST IMMUNE SYSTEM is constantly encountering
pathogen invasion. Viruses, the most abundant patho-
gens on earth, can infect eukaryotes and prokaryotes and
require the supportive environment of the cell to proliferate
and spread. For this reason, organisms evolved barriers in-
cluding the innate and adaptive immune system to suppress
growth of pathogens. Protection against viral infections is to
a large extent mastered by the innate immune system, which
is able to sense incoming virus particles, viral proteins, viral
replication products, and changes in the general integrity of
the cell (Isaacs and Lindenmann 1957; Rassa and Ross
2003; Sancho and Reis e Sousa 2013). As a result, the or-
ganism mounts an appropriate antiviral response that im-
pairs virus growth and allows virus clearance.

Activation of the antiviral innate immune system is
characterized by secretion of antiviral cytokines, particu-
larly type I interferons (IFN-o/B). These cytokines were
identified by Isaacs and Lindenmann (1957) who demon-
strated that cells secrete antiviral factors upon exposure to
heat inactivated viruses. The main stimulatory agent was
identified to be nucleic acids that are delivered through the
viral infection process (Goubau and others 2013). Viral
replication greatly enhances the abundance of stimulatory
nucleic acids and thereby regulates the magnitude of the
response (Rehwinkel and others 2010; Weber and others
2013). Both, viral RNA and DNA (VRNA/DNA) can stim-

ulate pattern recognition receptors (PRRs) and recently
molecular principles underlying the basis for detecting
viruses and immune-stimulatory nucleic acids were dis-
covered (Schlee 2013; Ahmad and Hur 2015). Besides ac-
tivation of the innate immune system, viral nucleic acids
modulate the activity of general cellular machineries such as
protein translation, RNA degradation, or cell death (Fig. 1).
At the same time viral nucleic acids are directly targeted by
cellular proteins with antiviral functions. Thus, it becomes
more and more evident that the innate immune system is not
only a blunt alarm system that reacts to a single stimulus. It
rather consists of a highly sophisticated network of proteins
that target pathogen-derived nucleic acids. Importantly, the
innate immune system has dramatic impact on the cellular
and organismal level and its activation has to be modulated
in a very tight manner. In this regards, the discrimination
between “*pathogen derived™ and “host’ nucleic acids is of
central importance.

In this review we will focus on the features of RNAs that
are in place to discriminate between self and non-self
nucleic acids. Viral nucleic acids can be sensed by their
localization in nucleic acid free organelles (such as endo-
somes), and by their chemical modifications and secondary
structures. Considering current knowledge, it appears that
large parts of the cellular sensing mechanisms are targeting
“missing-self”” modifications rather than nucleic acids
specific to a certain pathogen. This concept is reminiscent of
the adaptive immune system that is also predominantly

Innate Immunity Laboratory, Max-Planck Institute of Biochemistry, Munich, Germany.

*Both these authors contributed equally to this work.
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targeting missing-self structures and has proven to work
well to protect against a wide range of invading pathogens.

Generation and Properties of Cellular RNA

To explain how intruding VRNAs are sensed by the innate
immune system it is important to consider basic processes
that are in place to generate cellular nucleic acids in higher
cukaryotes. Generation of cellular RNAs is limited to the
nucleus and mitochondria. The cytoplasm, however, is the
compartment in which most RNAs are active and it is
the site that is best surveyed by PRRs. Three cellular RNA
polymerases (Pol-I, Pol-II, and Pol-IIl) are responsible for
the generation of different types of RNAs. In a first step
these polymerases generate precursor transcripts that carry a
5" triphosphate (5" PPP) group on their RNA (Fig. 2).
However, before translocation to the cytoplasm, the 5" end
of these transcripts gets variably modified. In case of Pol-II
transcripts, such as messenger RNA (mRNA) and most
small nuclear RNAs (snRNAs), a guanosine nucleotide is
coupled to the 5" PPP group of the nascent RNA and forms
the 5" cap structure (McCracken and others 1997; Furuichi
and Shatkin 2000). Moreover, the 5" cap structure is further
modified by a methylation mark at the N7-position of the
guanosine (N7 methylation), the 2'O-position of the first (to
generate Capl mRNA) and possibly also on the second ri-
bose (Cap2 mRNA) (Byszewska and others 2014). All these
modifications are co-transcriptionally added to the newly
generated transcript (Topisirovic and others 2011) and are
important for further processing and transport to the cyto-
plasm (Kohler and Hurt 2007; Muller-McNicoll and Neu-
gebauer 2013). Lower cukaryotes, such as yeast, which
appear not to use an IFN-based antiviral defense system,
lack 2’0 methylation on capped RNA (Byszewska and
others 2014).

Ribosomal RNAs (rRNAs) are transcribed by Pol-I as a
45S-pre-rRNA with a 5" PPP-RNA structure. After cleavage
of the precursor into 28S, 18S, and 8S, rRNA, a 5" mono-
phosphate (5" P) is obtained on the individual RNAs (Fig. 2)
(Drygin and others 2010). Similarly, Pol-III generates
a subset of additional RNAs comprising transfer RNA
(tRNA), some small nucleolar RNA (snoRNAs), 5S rRNA,
7SK RNA, and U6 snRNA (Hopper 2013; Kirchner and
Ignatova 2015). Like Pol-I transcribed rRNAs, tRNAs
bear a 5" P after cleavage of a 5" oligonucleotide. U6 snRNA
and 7SK RNA are not cleaved but bear a 5 gamma-
monomethyltriphosphate (5" P,,PP-RNA) after processing
(Singh and Reddy 1989).

changes in biological activity of cellular
functions or in direct viral inhibition.

In addition to the 5" end modifications, host RNAs are
highly modified on internal nucleotides (Sarin and Leidel
2014; Rosenthal 2015). However, the function of only a few
modifications has been elucidated to date. Deamination of
adenosines to inosines (A-to-I) by the RNA editing enzyme
adenosine deaminase acting on RNA 1 (ADARI), for in-
stance, was recently shown to destabilize stem loop struc-
tures of Alu elements located in the 3" untranslated region
(UTR) of some mRNAs (George and others 2014). Re-
petitive Alu elements form double-stranded (ds) RNA
structures that can stimulate IFN responses (Athanasiadis
and others 2004; Levanon and others 2004). Deamination of
such Alu elements in the 3 UTR of mRNA leads to desta-
bilization of dsRNA and reduced activation of the innate
immune system (Hartner and others 2009). It still has to be
determined how specificity to certain adenines is mediated
and to what extent such deamination events also affect
coding regions of proteins by accumulating mutations, po-
tentially leading to protein misfolding. However, genetic
evidence clearly shows that lack of ADARI is embryoni-
cally lethal in mice presumably due to clevated levels of
dsRNA (Rice and others 2012). Deleting critical innate
immune signaling molecules [eg, mitochondrial antiviral-
signaling (MAVS) protein (also called IPS-1, VISA, or
Cardif)] in these mice reduces this phenotype clearly sug-
gesting that inability to deaminate RNAs on internal resi-
dues results in an IFN-dependent pathology (Liddicoat
and others 2015; Pestal and others 2015; George and
others 2016).

Another type of RNA that is prominently modified on
internal residues are tRNAs. Internal modifications, such as
ribose 2’0 methylation on guanosine at position 18 and 34,
have been shown to be important to dampen potential
immune-stimulatory activity of tRNAs (Gehrig and others
2012; Jockel and others 2012; Kaiser and others 2014). It
is quite likely that other not yet defined chemical modifi-
cations exist to prevent activation of the innate immune
system.

Besides chemical modifications of RNA it is important to
note that most RNAs are bound by RNA-binding proteins
under steady-state conditions. Proteins associating to RNA
can either contribute to activation or inhibition of the innate
immune system. Viral proteins such as the E3L protein of
Vaccinia virus, the nonstructural protein 1 (NS1) protein of
Influenza A virus (IAV) or B2 of Flock house virus are
binding dsRNA and can reduce the potential of stimulatory
RNA likely by restricting accessibility to PRRs (Lingel and
others 2005; Ayllon and Garcia-Sastre 2015). Similarly, the
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FIG. 2. Stimulatory and nonstimulatory RNAs in cells. This schematic provides an overview of the main proportion of
cellular RNAs and cytoplasmic RIG-I and MDAS stimulatory RNAs. Host RNAs are synthesized by RNA polymerase I-I1I
(Pol-1, Pol-II, and Pol-III) in the nucleus. The RNAs are generated as a precursor RNA bearing a 5” triphosphate group,
which is extensively modified in the nucleus before getting transported to the cytoplasm where they perform their biological
function. snRNAs are further modified in the cytoplasm and reimported to the nucleus. Nonstimulatory cytoplasmic cellular
RNA (blue box) are not activating cytoplasmic PRRs. Specific viruses can introduce different types of stimulatory RNA
during the infection process. These RNAs often resemble premature forms of cellular RNA and can be classified into RIG-I
(green box) and MDAS ligands (orange box). AAA, poly(A) tail; DI genomes, defective interfering genomes; dsRNA,
double-stranded ribonucleic acid; MDAS, melanoma differentiation-associated protein 5; me, methyl group; mRNA,
messenger RNA; P, phosphate group; PRR, pattern recognition receptor; RIG-I, retinoic acid-inducible gene I; rRNA,
ribosomal RNA; snRNA, small nuclear RNA; tRNA, transfer RNA.

cellular RNA binding protein laboratory of genetics and
physiology 2 (LGP2) reduces the stimulatory potential of
certain RNAs (Venkataraman and others 2007), presumably
by steric interference with activation of cellular PRRs
(Yoneyama and others 2005; Saito and others 2007).
However, LGP2 has also been shown to promote induction
of IFN by a subset of viruses (Venkataraman and others
2007). Cellular RNA helicases can prepare viral ligands to
be better sensed by effector proteins of the innate immune
system (Ahmad and Hur 2015; Yao and others 2015). This
is likely happening through displacement of other RNA
binding proteins from the stimulatory RNA or due to
changes in the secondary structure of the RNA. In recent
years, a surprisingly high number of cellular helicases in-
cluding DEAD-box protein (DDX) DDX1 (Zhang and
others 2011a), DDX3 (Oshiumi and others 2010; Thulasi
Raman and others 2016), DEAH-box helicase DHX9
(Zhang and others 2011b), DDX17 (Moy and others 2014),
DDX60 (Miyashita and others 2011), and others, have been

shown to be involved in induction of type I IFN. These
proteins mostly do not directly bind to signaling molecules
of the canonical IFN pathway but appear to have important
accessory functions to properly activate the innate immune
system. However, the contribution of RNA binding proteins
to modulate innate immune responses can be diverse and
needs to be characterized on an individual level.

Features of vRNA

Viruses often use relatively simple replication machin-
eries resulting in RNAs that are only partially processed and
therefore resemble a premature state of cellular RNAs. A
number of PRRs evolved to sense such unprocessed RNA.
The simplest evidence for this is the ability of cells to sense
5" PPP-RNA, which constitutes the most basic product of
RNA polymerases, through the cellular PRR retinoic acid-
inducible gene I (RIG-I) (Hornung and others 2006; Pichl-
mair and others 2006). Delivery of 5" PPP-RNA into the
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cytoplasm activates type I IFN expression in an RIG-I-
dependent manner. Many negative strand RNA viruses such
as orthomyxo-, paramyxo-, and most bunyaviruses generate
5" PPP-RNA constituting either the genomic RNA, repli-
cation by-products [eg, complementary RNA (cRNA)], or
short subgenomic RNAs (Pichlmair and others 2009; Gou-
bau and others 2013; Habjan and Pichlmair 2015). Inter-
estingly, most viruses that generate 5 PPP-RNA express
auxiliary factors (eg, NS1 of IAV, V protein of Measles
virus, etc.) that actively impair activation of the innate im-
mune system (Versteeg and Garcia-Sastre 2010). Viruses
that do not express such dedicated viral proteins, commonly
process the 5° RNA terminus to escape immune surveil-
lance. Bornaviruses and a subset of Bunyaviruses including
Crimean—Congo hemorrhagic fever virus, for instance, em-
ploy a 5" trimming event as part of their replication strategy
(Schneider and others 2007; Habjan and others 2008).
Thereby the terminal nucleotides are cleaved by a viral
nuclease leaving a 5" P on the genomic RNA. Picorna- and
caliciviruses shield their genomic 5" PPP-end with the co-
valently linked VPg protein (Flanegan and others 1977; Lee
and others 1977; Habjan and others 2008), which impairs
binding of cellular PRRs to the 5-end of VRNAs.

Viruses, such as flavi-, corona-, pox-, and reoviruses
encode their own capping enzymes to generate 5" capped
mRNA (Decroly and others 2012). In addition to capping,
these viruses independently evolved proteins that methylate
the first ribose at the 2'O-position to generate RNA that
resembles cellular mRNA modifications, indicating a strong
selective pressure to favor this modification. Interestingly,
viruses that lack the ability to methylate the 2’0 position on
the first ribose are sensed by the innate immune system
(Daffis and others 2010; Habjan and others 2013; Schuberth-
Wagner and others 2015). Orthomyxo- and bunyaviruses
employ an alternative approach to gain a fully processed cap
structure called “‘cap-snatching.” The first 10-13 nucleo-
tides of a cellular mRNA are fused to the 5" end of a VRNA,
which thereby acquire cellular marks that allow evasion
from host sensing mechanisms (Dias and others 2009; De-
croly and others 2012; Reich and others 2014; Koppstein
and others 2015).

In addition to 5"-end modifications VRNA has structural
properties that allow discrimination from cellular RNAs. In
particular, RNA double-strandedness of certain length is a
feature that is often sensed by PRRs. Such long dsRNAs are
generated by genome replication of dsRNA viruses or as
replication by-products of many single-stranded (ss) RNA
viruses. Even DNA viruses such as pox- and herpes viruses
generate dsRNA through convergent transcription (Weber
and others 2006; Feng and others 2012).

In the last years, genomic viral secondary structure ele-
ments generating portions of double-strandedness on ssRNA
genomes like panhandle structures or stem loops have been
shown to be recognized by antiviral mechanisms (Schlee
and others 2009; Resa-Infante and others 2011; Moy and
others 2014; Xu and others 2015). Although the underlying
data are very compelling, it is still challenging to explain
how the cell distinguishes viral from cellular dsRNA, par-
ticularly given the well-documented existence of natural
dsRNA (Portal and others 2015) and high frequency of stem
loops commonly found in RNAs of human origin. Different
explanations for the increased immunogenicity of viral nu-
cleic acids are possible: A certain threshold of dsSRNA may

have to be reached to activate the innate immune system. The
abundance of VRNAs present in infected cells by far exceeds
the abundance of cellular dsRNA. A threshold model is also
supported by experiments using the poxvirus Modified Vac-
cinia Virus Ankara (MVA): Although poxviruses naturally
generate dsRNA, a genetically engineered MVA strain that
expresses increased levels of dsSRNA shows superior immu-
nogenicity (Wolferstatter and others 2014). Another expla-
nation could be the subcellular localization of dsRNA since
the majority of cellular dSRNA should remain in the nucleus
or membrane covered cytoplasmic virus factories (Mack-
enzie 2005; Paul and Bartenschlager 2015), which cannot be
surveyed by PRRs. Additionally, specific sequences associ-
ated to viral dsSRNAs may contribute to signaling strength.
Interestingly, the presence of double-strand portions within
RNA is not always beneficial for virus sensing. Alphaviruses
exhibit a secondary structural motif within the 5" UTR, which
prevents binding and activation of innate immune restriction
proteins (Hyde and others 2014). Mechanistically, this high
affinity dsSRNA portion may not be accessible to cellular
proteins and therefore most likely evolved as virus counter-
measure against immune surveillance by the immune system
(Hyde and others 2014).

Sensors of Viral or Nonprocessed RNA

A number of germline-encoded receptors have the ability to
sense the presence of viral nucleic acids and initiate a variety
of downstream cvents aiming at clearance of the invading
pathogen. These receptors can be grouped in respect to their
subcellular localization (endosomal or cytoplasmic), their li-
gand specificity (DNA, dsRNA, and ssRNA) and their effect
after VRNA engagement (regulators of transcription, transla-
tion, or direct effect on VRNA). Here, we focus on cytoplas-
mic sensors of viral-derived RNAs and refer to other excellent
reviews dealing with sensing in endosomes or of other viral
ligands (O’Neill and others 2013; Cai and others 2014; Hor-
nung and others 2014; Pelka and others 2016; Roers and
others 2016).

RIG-I-Like Receptor-Mediated Recognition

The discovery of the PRR RIG-I by Takashi Fujita’s
laboratory opened a new era in the understanding of RNA
virus sensing (Yoneyama and others 2004) and led to the
identification of a class of receptors named RIG-I-like re-
ceptors (RLRs) (Onoguchi and others 2011). The highly
conserved family of RLRs is comprised of three structurally
related proteins named RIG-I, melanoma differentiation-
associated protein-5 (MDAS), and LGP2 (Yoneyama and
others 2005; Onoguchi and others 2011). All members be-
long to the Asp-Glu-Ala-Asp (DEAD) box family and
consist of a RNA helicase domain with ATPase activity and a
C-terminal domain (CTD), which is important to mediate
specificity to virus-derived nucleic acid sensing (Takahasi and
others 2008). RIG-I and MDAS accommodate two N-terminal
caspase activation and recruitment domains (CARDs), which
initiate downstream signaling through CARD-dimerization
with the MAVS protein.

Genetic deletion of RIG-I and MDAS showed that RIG-1
and MDAS exhibit specificity for certain viruses indicating
that distinct nucleic acids are sensed by these receptors.
RIG-I is able to detect viruses of the rhabdoviridac family
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such as Vesicular stomatitis virus and viruses of the para-
myxoviridac family including Newcastle disease virus,
Sendai virus (SeV), and Measles virus. MDAS detects
viruses of the Picornaviridaec family such as Encephalo-
myocarditis virus and Polio virus (Gitlin and others 2006;
Kato and others 2006). Some flaviviruses (eg, Dengue virus,
‘West Nile virus, and Semliki forest virus) activate both,
RIG-I and MDAS (Fredericksen and others 2008; Akhry-
muk and others 2016).

In contrast to RIG-I and MDAS, the role of LGP2 is less
well understood particularly since this protein is missing a
CARD. Depending on the experimental system, it was
shown that LGP2 could serve as a negative regulator of RLR
signaling (Saito and others 2007; Venkataraman and others
2007) or activate induction of IFN (Venkataraman and
others 2007). However, more recent studies strengthen the
finding that LGP2 operates as a positive regulator of MDAS
(Satoh and others 2010; Bruns and others 2014; Uchikawa
and others 2016).

An important property of all RLRs is their ability to in-
teract with dsRNA. However, although it became evident
that binding to dsRNA is important to activate RLRs, RNA
double-strandedness is not always sufficient to induce sig-
naling. Additional requirements on stimulatory RNA, par-
ticularly chemical modifications, may serve as safeguard to
reduce accidental activation of type I IFN signaling, par-
ticularly if the double-stranded stretch on RNA is only short.

Activation and Downstream Signaling of RLRs

Activation of RIG-I requires ligand binding, a cascade of
regulatory post-translational modifications and binding of
proteins resulting in the exposure of the CARDs. In unin-
fected cells, RIG-I CARDs and the CTD are constitutively
phosphorylated at Ser8 and Thr170 by Protein Kinase C
alpha/beta and Casein Kinase II (CKII) (Sun and others
2011; Maharaj and others 2012). In the phosphorylated state
RIG-T adopts a “‘closed” conformation sequestering the
CARDs from signaling due to interactions with the C-
terminal repressor domain. The ATPase activity of the he-
licase domain allows RIG-I to constantly scan RNAs for the
presence of viral motifs and was shown to be a key element
to prevent recognition of self-RNA (Lassig and others
2015). ATP hydrolysis facilitates the release of RIG-I from
self-RNA, while presence of viral motifs detected through
the CTD leads to stalling and activation of RIG-I. Subse-
quently, the constitutive Ser/Thr phosphorylation sites in the
CARDs are removed by serine/threonine-protein phospha-
tase o and v (PPlo. and PP1y) resulting in Riplet-mediated
ubiquitination of the CTD. This is followed by dimerization
and a conformational rearrangement of RIG-I leading to the
exposure of CARDs (Oshiumi and others 2013; Peisley and
others 2013), binding of ubiquitin/ISG15-conjugating en-
zyme (TRIM25) to CARDI, and subsequent K63-linked
ubiquitination in CARD2 (Gack and others 2007). After
activation, the CARDs of RIG-I form a helical tetramer in a
lock washer conformation. Multiple lock washer tetramers
form a helical trajectory that allows MAVS filament as-
sembly along this structure (Wu and others 2014). This re-
sults in clustering of multiple MAVS molecules and
activation of downstream signaling.

In contrast to RIG-I, MDAS oligomerizes as filaments in a
head-to-tail fashion along dsRNA to reach high-affinity in-
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teractions with long dsRNA ligands (Peisley and others
2011; Berke and others 2012). After oligomerization, the
CARDs of MDAS point outward of the filament and oli-
gomerize in structures that can bind to MAVS and activate
downstream signaling (Wu and others 2013). Interestingly,
MDAS activation is significantly increased by LGP2, which
does not contain a CARD itself. Structural analysis showed
that LGP2 binds the end of dsRNAs (very much like RIG-I)
and thereby initiates MDAS filament oligomerization on
dsRNA (Uchikawa and others 2016). LGP2 and MDAS have
been shown to bind similar stimulatory RNAs, which is in
line with cooperative activity of LGP2 in MDAS activation.
LGP2-precipitated RNAs induce IFN-o/f in a MDAS-
dependent manner providing a functional link between
LGP2 and MDAS (Deddouche and others 2014).

A key uniting feature of all RLRs is signaling through
MAVS. Under physiological conditions, MAVS is kept in-
active by an autoinhibitory mechanism. Upon binding to
oligomerized CARDs of RLRs, the regions responsible for
downstream signaling including TANK-binding kinase 1
(TBK1)/Interferon regulatory factor 3 (IRF3) and IkB ki-
nase (IKK)/nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) activation sites are exposed and
induce signaling events that result in expression of type I
IFNs and proinflammatory cytokines (Shi and others 2015).

Sensing of 5 Modifications by RIG-1

RIG-I activation requires two features that co-occur on
one RNA molecule. The first essential feature for RIG-I
activation is a chemical modification on the 5 terminus of
the RNA. The best described 5" modifications that activate
RIG-I are 5’ tri- and 5’ di-phosphates (Hornung and others
2006; Pichlmair and others 2006; Goubau and others 2014).
However, more recently it has been shown that RIG-I is also
activated by capped RNA that lack a methylation mark at
the 20 ribose position of the first nucleotide (Schuberth-
Wagner and others 2015; Devarkar and others 2016). A
conserved residue (Histidine 830) within the CTD of RIG-I
sterically prevents binding of cellular 2°O-methylated RNA,
and therefore serves as molecular gatekeeper to pertain ac-
tivation by cellular mRNAs. Silencing of the endogenous
cap-specific mRNA (nucleoside-2"-O-)-methyltransferase 1
(MTrl) converts nonstimulatory into stimulatory mRNA
and triggers a spontancous RIG-I-dependent type I IFN re-
sponse (Schuberth-Wagner and others 2015). The second
essential feature for RIG-I activation is a short stretch of
blunt-ended dsRNA. While chemically synthesized 5" PPP-
ssRNA is not sufficient to prominently activate RIG-I,
5" PPP-dsRNA molecules with the same sequence show
very strong activity (Schlee and others 2009; Schmidt and
others 2009). Reports regarding the minimum length of this
dsRNA stretch range from at least 10 base pairs (bp)
(Schmidt and others 2009; Kohlway and others 2013) to
19bp (Schlee and others 2009). Experiments transfecting
differently modified RNA clearly show that 3" overhangs at
the 5-end are sufficient to impair activation of RIG-I
(Schlee and others 2009) and may even serve as dominant
negative decoy substrate (Marq and others 2011).

Besides dsRNA with 5" PPP modifications, short 5" hy-
droxyl (5" OH) and 3" monophosphoryl (3" P) dsRNA
cleavage products of 2-5A-dependent ribonuclease (RNA-
sel) have been proposed to serve as RIG-I ligands (Malathi
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and others 2007, 2010). Although this notion is supported by
many functional data, the exact mechanism of RIG-I acti-
vation is not clear to date, particularly since this appears to
happen in a cell type-dependent manner (Banerjee and
others 2014).

Sensing of RNA in Virus-Infected Cells

Despite formidable progress that allowed defining opti-
mal activation of RIG-I by synthetic ligands much less is
known about the nature of the physiological ligand gener-
ated during virus infections. Many elegant studies aimed to
define the physiological RIG-I stimulus. Compelling evi-
dence suggests that viral genomic RNA delivered by virus
infection activates RIG-I. Here, we discuss data that support
this notion and also consider questions that still remain to be
answered. Evidence for VRNA being the physiological li-
gand for RIG-I was already provided by Isaacs and Lin-
denmann (1957), who found that cells treated with high
amounts of heat-inactivated viruses activate type I IFN.
More recently this was supported by data that show that
delivery of replication incompetent viral particles activate
RIG-I (Weber and others 2013). Furthermore, shortly after
infection, VRNA of infectious viral particles closely asso-
ciates with mitochondria, which are serving as signaling
hubs for the induction of type I IFN (Liedmann and others
2014). However, the magnitude of an antiviral response
triggered by incoming VRNA appears to be relatively low
and viral replication appears to be required to elicit high
amounts of IFN (Crotta and others 2013; Killip and others
2014). One reason could be insufficient abundance of
stimulatory RNAs, which questions whether incoming viral
nucleic acids are significantly contributing to type I IFN
production under physiological conditions.

Genomic VRNA isolated from virus particles and trans-
fected into cells potently stimulates RIG-I (Hornung and
others 2006; Pichlmair and others 2006). This is in agree-
ment with the notion that VRNA isolated from IAV particles
spontancously forms the so-called panhandle structure. This
structure is formed due to base-pairing of terminal ssSRNA
sequences of many negative ssSRNA viruses and serves as
promoter for the viral polymerase complex (Hsu and others
1987; Fodor and others 1994; Tiley and others 1994). The
panhandle structure resembles in vitro synthesized blunt
ended 5" PPP RNA. In line with RIG-I activation by syn-
thetic ligands, the panhandle thus constitutes a perfect
stimulus for RIG-I activation and explains the very strong
stimulatory activity of isolated VRNA. Interestingly, mis-
matches in the panhandle structure of some IAV strains
disrupt RNA complementarity and results in reduced acti-
vation of RIG-I (Anchisi and others 2016). Such an adap-
tation may therefore represent a viral strategy to evade RIG-
I activation (Anchisi and others 2016). Supporting evidence
that viral genomic RNA stimulates RIG-I comes from ex-
periments using minireplicon systems. VRNA of defined
length generated by the IAV polymerase complex activates
RIG-I (Rehwinkel and others 2010). Interestingly, PPP-
RNA is not only generated by viruses but also by bacteria.
mRNA in bacteria is not capped and intracellular bacteria
such as Listeria and Legionella have been shown to activate
RIG-I (Monroe and others 2009; Abdullah and others 2012).

Although the notion that genomic VRNA is the major
ligand activating RIG-I in virally infected cells is elegant, a

number of additional aspects linked to the replication pro-
cess of viruses complicate this simple model: During viral
replication, VRNA is constantly bound by viral proteins,
which theoretically prevent activation of RIG-1. In case of
many negative strand RNA viruses the viral polymerase
complex is located at the 5-end of VRNAs potentially
shielding the terminal PPP group from being sensed by RIG-
L Indeed, for IAV it has been shown that association of the
polymerase complex to the VRNA polymerase protects from
innate sensing by RIG-I (Weber and others 2013; Liecdmann
and others 2014). Variants of the viral polymerase complex
featuring weaker affinity for viral genomic RNAs have re-
duced ability to impair activation of the innate immune
system (Weber and others 2013) suggesting that under
certain conditions VRNAs can be a physiological activator
of RIG-I and that the presence of proteins actively impair
RIG-I activation. Besides a potentially inaccessible 5™-end,
the relative contribution of the panhandle structure to pro-
vide a dsRNA platform for RIG-I binding is not so clear:
Although isolated genomic RNA of IAV clearly generates
blunt double-stranded ends, the structure of the panhandle
bound to the viral polymerase complex, as it exists in virally
infected cells, adopts a partially single-stranded conforma-
tion (Tiley and others 1994). This notion is supported by
low affinity binding of the negative strand RNA virus
polymerases to the double-stranded panhandle structure
compared to binding to ssRNA (Pflug and others 2014;
Gerlach and others 2015). Thus, the panhandle structure
most likely cither exists as a ““corkscrew” (Neumann and
Hobom 1995; Flick and others 1996) or as a ““fork’ (Fodor
and others 1994, 1995; Kim and others 1997) structure in
virally infected cells. Both structures presumably only allow
suboptimal activation of RIG-I and it is therefore still not
finally solved what type of RNA prominently activates RIG-
Lin virus infected cells.

A possibility is the activation of RIG-I by viral replication
intermediates or by defective interfering (DI) particles,
which are commonly generated during infections with
viruses including SeV, IAV, and Measles virus (Strahle and
others 2006; Baum and others 2010; Runge and others
2014). Although DI particles are not replicating, they
prominently activate the innate immune system (Killip and
others 2012).

Besides generating stimulatory nucleic acids from viral
templates, RNA-dependent RNA polymerases (RARP) also
have the ability to use cellular RNA as templates resulting in
the generation of host-derived stimulatory RNAs. Expres-
sion of Simian foamy virus RdRP, for instance, leads to
induction of IFN-B in the absence of viral templates (Ni-
konov and others 2013). In addition, expression of RARP in
transgenic animals induces a constant IFN response that
leads to increase virus resistance in these animals (Painter
and others 2015). The ability of viral polymerases to gen-
crate cellular RNA copies with IFN inducing capability
indicates that RARP transcripts feature stimulatory modifi-
cations rather than the actual sequence being sensed by in-
nate immune sensors. Interestingly, the ability to gencrate
stimulatory RNA from cellular templates has so far only
been shown for RdRPs that are active in the cytoplasm. A
possible explanation for this could be the absence of RNA-
modifying enzymes in the cytoplasm, which does not allow
RNA processing to minimize the stimulatory potential of
RdRP generated RNA.
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Sensing of dsRNAs by MDA5

In contrast to ligands for RIG-I, requirements for MDAS ac-
tivation are less well understood. MDAS recognizes long
dsRNA (greater than ~ 0.5 kB) thatis normally not present in the
cytoplasm of uninfected cells (Kato and others 2008). A com-
monly used synthetic activator for MDAS is poly-I:C, which is
generated through annealing of enzymatically synthesized
poly-I and poly-C homopolymers of undefined length. Al-
though poly-I:Cis regarded as dsRNA analog, the structure of
poly-I:C is most likely not a uniform double-strand but may
rather adopt a web-like structure (Pichlmair and others 2009).
Interestingly, similarly synthesized poly-A:U or poly-G:C
have very little stimulatory potential suggesting features as-
sociated with poly-I:C that are not yet well understood.

The best characterized viruses leading to MDAS activa-
tion are picomaviruses [eg, Encephalomyocardidits virus
(EMCV), Theiler’s murine encephalitis virus, Poliovirus, or
Norovirus] featuring a positive ssRNA genome (Gitlin and
others 2006; Kato and others 2006; Loo and others 2008;
McCartney and others 2008). While RIG-I activating viruses
have the ability to induce PRR signaling through viral ge-
nome recognition, activation of MDAS by EMCV strictly
requires transcription of the viral genome and generation of a
dsRNA intermediate resulting in a 7.5kb replicative form of
EMCYV (Feng and others 2012; Triantafilou and others 2012).
Furthermore, it is likely that additional replication interme-
diates representing higher order structural RNAs are gener-
ated and sensed by MDAS (Pichlmair and others 2009).

Unbiased Approaches to Identify
PRR-Associated VRNA

More recently, next generation sequencing was used to
characterize the RNA ligand bound to MDAS or RIG-1. An
issue with such approaches is that the helicase domain of
RLRs can generally associate with dsRNA and that this
affinity does not directly lead to activation of RIG-I or
MDAS. However, next generation sequencing helped to
identify commonalities and differences in RNA binding
between MDAS and RIG-1. In Measles virus-infected cells,
for instance, both, MDAS and RIG-I preferentially bind to
viral AU-rich sequences, particularly in the Measles virus L-
region (Runge and others 2014). However, MDAS shows
superior enrichment for the Measles virus (+) sense RNA,
while RIG-I preferentially bind to RNA of negative polarity.
In a similar approach, Sanchez David and colleagues used
next-generation sequencing analysis to investigate RNA
precipitated with RIG-I, MDAS, and LGP2 in Measles and
Chikungunya virus-infected cells. The authors showed that
cach of the RLRs binds distinct regions of the viral genome.
RIG-Ibound specifically the 3" UTR of the Chikungunya virus
genome and DI genomes of Measles virus, whereas, MDAS
and LGP2 sensed nucleoprotein coding regions of Measles
virus (Sanchez David and others 2016). The shared RNAs
targeted by MDAS and LGP2 strongly support a functional
relationship between these two PRRs, whichis also confirmed
by alternative functional and structural approaches (Goubau
and others 2014) (Uchikawa and others 2016).

In sum, itis evident that distinct RNA species trigger RIG-I
and MDAS activation. These RNA species may even be ex-
pressed at different time points during the infection process.
Indeed, it was shown that vVRNA products generated at dif-
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ferent time points after West Nile virus infection sequentially
stimulate RIG-I and MDAS, whereby, RIG-I triggers an early
and MDAS a later response (Errett and others 2013).

Direct Effectors of Viral Nucleic Acids

Besides RLRs, which have the ability to sense nucleic acids
and regulate transcriptional programs, a set of additional
proteins exist that are binding to specific viral nucleic acids
(Habjan and Pichlmair 2015). These proteins either have the
ability to regulate cellular processes that are unrelated to
transcription or directly bind and thereby impair the activity of
viral nucleic acids. Often these additional VRNA binding
proteins are inducible by type I IENs underlining their in-
volvement in antiviral processes. This concept of multiple
cellular proteins associating to a given type of stimulatory
RNA is best illustrated by dsRNA binding proteins (Fig. 3).
dsRNA activates the PRR MDAS, which is activating a
transcriptional program culminating in expression of type I
IFN. Besides MDAS, dsRNA-dependent Protein Kinase R
(PKR) and 2’-5"-oligoadenylate synthetase (OAS1) directly
bind dsRNAs. PKR regulates a plethora of antiviral processes
after binding to dsRNA including inhibition of translation
through continuous phosphorylation of eukaryotic initiation
factor 2 alpha (eIF2-a), induction of apoptosis and autophagy
(Kang and Tang 2012), and activation of NF-kB through in-
teracting with the IKK complex (Zamanian-Daryoush and
others 2000). PKR has additionally been linked to regulation
of type IIFN expression (Diebold and others 2003; Gilfoy and
Mason 2007). While this accessory function of PKR is dis-
pensable for RIG-I-dependent responses, IFN induction by
viruses that activate MDAS appears to be critically relying on
additional activity by PKR (Schulz and others 2010; Wol-
ferstatter and others 2014; Pham and others 2016). After
binding to dsRNA OAS|1 generates 2’-5"-linked oligoadeny-
lates (2’-5"-OA) that serve as second messengers and have the
ability to activate the latent RNAseL. Only after activation,
RNAscL cleaves RNA eventually resulting in cell death
(Chakrabarti and others 2011). Furthermore, vVRNAs bind to a
number of DEAD- and DEAH-box helicases, which often
appear to have auxiliary functions to regulate IFN-o/ ex-
pression and also bear direct virus inhibitory function. DDX3,
for instance, has been shown to be important for activation of
the IFN signaling pathway (Oshiumi and others 2010; Gu and
others 2013). DDX3 was also shown to restrict HBV repli-
cation and, thereby, acting as an antiviral effector protein (Ko
and others 2014).

As for dsRNA, 5" PPP-RNA, which activates RIG-I, can
associate with additional cellular proteins. Unbiased AP-MS
experiments and follow-up studies using mutational ap-
proaches identified the interferon-induced protein with tet-
ratricopeptide repeats (IFIT) 1 and -5, which directly
associate with 5° PPP-RNA (Pichlmair and others 2011;
Fensterl and Sen 2015). Depending on the exact experimental
setup, IFIT1-deficient mice appear to be more susceptible to
5" PPP-RNA generating viruses such as Vesicular stomatitis
virus (Pichlmair and others 2011). However, while RIG-I
activation requires dsRNA, IFIT proteins specifically bind
only ssRNAs in a helical positively charged binding cleft
(Abbas and others 2013). Besides associating with 5" PPP-
RNA, IFIT1 has the ability to directly associate with capped
RNA that lacks a methylation mark at the first ribose (2’0 N1
unmethylated RNA) (Habjan and others 2013; Kumar and
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others 2014). Viruses that fail to methylate the 2’0 position of
the first ribose are attenuated in wild-type mice but are highly
pathogenic in IFIT-deficient animals (Daffis and others 2010;
Leung and Amarasinghe 2016). Itis yet not entirely clear how
IFIT1 and -5 impair virus growth but the high amounts of
IFIT proteins expressed after IFN treatment suggests
stoichiometric interference with viral nucleic acids rather
than enzymatic activity of IFIT proteins (Habjan and others
2013; Kumar and others 2014). Pathogenic alphaviruses that
generate high affinity dsRNA secondary structures on the 5’
end of their genome evade surveillance by IFIT proteins
(Hyde and others 2014). IFIT1 appears to show surprisingly
little efficiency against negative strand RNA viruses in vivo
despite that these viruses are known to generate 5" PPP-RNA
(Pinto and others 2015). Potential explanations may be eva-

fector proteins binding viral nu-
cleic acids. (A) Sensing of dsSRNAs
by MDAS results in expression
of IFN-o/f. These in turn upregu-
late additional sensors including
dsRNA-dependent  PKR  and
OASI. Binding of PKR to dsRNA
phosphorylates the translation ini-
tiation factor elF2-leading to an
inhibition of translation and an
induction of apoptosis. OASI
synthesizes  2’-5"-oligoadenylates
activating RNASEL. Activation of
RNASEL results in RNA degra-
dation and apoptosis. DDXG60,
ATP-dependent RNA  helicase
SKIV2L2 (MTR4) and ZCCHC7
promote VRNA degradation via
the exosome complex upon virus
infection. DDX3 activates IFN
signaling and restricts virus repli-
cation. (B) Engagement of 5'-
triphosphorylated-RNA by RIG-I
leads to the expression of type I
IENs, thereby inducing the ex-
pression of the effector proteins
IFIT1 and IFITS. Sensing of PPP-
RNA by IFIT1 and IFITS leads to
decreased viral translation and re-
striction of virus, respectively.
vRNA can be recognized and de-
graded by the exosome cofactors
DDX60, MTR4, and ZCCHCT.
DDX3, DEAD box protein 3;
DDX60, DEAD box protein 60;
elF2, eukaryotic initiation factor 2;
IFIT, interferon-induced protein
with tetratricopeptide repeats; IFN,
interferon; IRFs, interferon reg-
ulatory factors; MTR4, ATP-
dependent RNA helicase SKIV2L2;
. OAS]1, 2"-5"oligoadenylate synthe-
L tase 1; PKR, double-stranded RNA-

dependent protein Protein Kinase R;

PPP-RNA, triphosphorylated RNA;

tion vRNA, viral RNA; ZCCHC7, Zinc

ing finger CCHC domain-containing
protein 7.

se in Expression

sion strategies of these viruses, including replication in the
nucleus that is not surveyed by IFIT proteins (eg, for IAV) or
generation of secondary structures of the RNA 5”-end as has
been shown for alphaviruses (Pinto and others 2015). IFITs
have also been proposed to be (Berchtold and others 2008;
Zhang and others 2013; Imaizumi and others 2016) or not to
be (Pichlmair and others 2011; Habjan and others 2013) in-
volved in regulation of antiviral gene expression. Thus, the
activity of IFIT proteins is not yet fully understood and
highlights the importance of functional studies that will give
further mechanistic insights.

While the induction of type I IFNs and cellular restric-
tion mechanisms are partially well understood, relatively
little is known about the cellular machinery that specifi-
cally degrades VRNA. A prominent machinery responsible
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for RNA degradation is the exosome, a large molecular
complex with 3’-5" exonuclease activity. However, this
complex requires accessory factors that mark RNA for
degradation. Recently, the Ski2-like protein DDX60 was
identified as cellular protein that promotes degradation of
VRNA of diverse viruses through the exosome (Oshiumi
and others 2015). Furthermore, DDX60 has been proposed
to support RIG-I and MDAS-dependent induction of type I
IFNs (Oshiumi and others 2015). However, the role of
DDX60 appears complex since other laboratories found
little effect of DDX60 in antiviral immunity (Goubau and
others 2015; Grunvogel and others 2015). More recently,
superkiller viralicidic activity 2-like 2 (SKIV2L2; also
called Mtr4) and Zinc finger CCHC domain-containing
protein 7 (ZCCHC7), components of the Trf4/Air2/Mtrdp
polyadenylation (TRAMP) complex, were identified to
colocalize with VRNA and the exosome in the cytoplasm of
infected cells (Molleston and others 2016) and the helicase
SKI2W (SKIV2L) RNA exosome has been shown to pre-
vent autoimmunity by regulating the abundance of RIG-I
ligands (Eckard and others 2014) suggesting that VRNAs
are specifically targeted for decay.

Concluding Remarks

The knowledge on virus sensing and restriction has dra-
matically increased in recent years. It became evident that the
innate immune system particularly senses RNA that is in-
sufficiently processed and therefore lacks motifs commonly
found on cellular RNA. The ability of cytoplasmic PRRs to
sense such missing-self motifs allows them to be broadly
active and to detect nucleic acids generated by viruses and
other pathogens such as bacteria. In case of failure to properly
process cellular RNA this ability also bears the risk of in-
ducing unwanted immune responses that can lead to auto-
immune disorders. Besides nucleic acid sensors, a set of
cellular proteins exists that directly restricts viruses or leads
to changes in cellular machineries ranging from translational
control to cell death. More mechanistic insights into the
regulation and function of nucleic acid binding proteins are
important to understand antiviral immunity and to exploit this
knowledge for therapeutic interventions.
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Viral stratcgics to inhibit host gene Cxprcssion and hijack host mRNA export factors

All DNA and RNA viruses are prone to the IFN-induced cellular responses. Therefore, viruses
established strategies to escape the cellular innate immune responses by masking their PAMPs (see
chapter 1.2.1) and additionally they acquired the ability to interfere with almost all steps in gene
expression in order to globally suppress host protein expression known as “host shutoff”. This
includes inhibition of cellular events like transcription, mRNA processing, mRNA export from
the nucleus, regulation of mRNA stability as well as multiple steps in translation. Through this
mechanism, viruses not only dampen antiviral responses but also transfer cellular resources
towards viral gene expression. In addition, nuclear replicating viruses including almost all DNA
viruses (except poxviruses, asfarviruses and phycoviruses) and a few RNA viruses (bornaviruses,
orthomycoviruses and retroviruses) have to compete with host mRNA for effective export of their
viral mRNAs to successfully replicate and assemble in the host. In this section, I will focus on the
viral manipulation of the host cell through two key viruses since they were predominantly used in

the thesis research: Influenza A virus (Orthomyxoviridae) and Vesicular stomatitis virus

(Rabhdoviridae).

1.2.2.1 Influenza A virus

Influenza A virus is a nuclear replicating, negative-orientated, single-stranded (ss) RNA virus
belonging to the Orthomyxoviridae family. The influenza genome is segmented into eight fragments
encoding for 12-14 structural and nonstructural proteins depending on the strain. IAV is a rapidly
mutating virus resulting in the existence of a large number of different strains with varying
non-essential functions, mostly involved in the modulation of virus-host interactions. However,
a global block of host protein expression was generally observed in IAV infected cells. In this
regard, three main mechanisms of host shutoff by IAV infection have been described: inhibition
of cellular mRNA processing and nuclear export, degradation of host RNA polymerase II and

wide—ranging degradation of host mRNA 2°6:2°7,
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Figure 10: Mechanisms of cellular manipulation by influenza A virus.

Influenza A virus (IAV) NS1 binds and inhibits factors involved in mRNA processing and export (top box). The functions of the
viral RNA-dependent RNA polymerase (RdRp) leads to alteration of host gene expression by the combination of cap-snatching
and cellular RNA polymerase Il degradation (middle box). Through the nuclease activity of PA-X and its selectivity for polymerase
Il transcripts, cellular RNA is degraded committing to cellular host shutoff (bottom box). Cap, N7-methylguaosine; CBC,

cap-binding complex; RNA Pol II, RNA polymerase II; TREX-1, transcription-export complex 1.Schematic and figure legend

were adapted from references "%

NSI mediated inhibition of polyadenylation and host mRNA export

The non-structural protein 1 (NS1) is composed of a N-terminal RNA-binding domain and a
C-terminal effector domain by which NS1 exhibits its function in several processes to inhibit type
L IEN responses *****. The inhibition of innate immune responses by NS1 was underlined by the
usage of IAV with a deleted NS1 protein (IAV-ANS1) *¢"-**_ This virus replicates to a greater
extent in IFN-at/ 3 deficient cells (Vero cells) than in type I ITFN competent cells (MCDK cells),
in which virus infection results in elevated levels of IFN and IFN-stimulated genes. Additionally,
in contrast to IAV wild-type, IAV-ANSTI is not lethal for mice as the innate immune system is not
inhibited by viral NS1 protein. Therefore, the crucial role of NSI is to counteract and
down-regulate the host innate immune responses. In that manner, NS1 blocks nuclear processing
of RNA polymerase II transcripts by forming a complex with CPSF30. CPSF30 is an important
component of the cellular 3'end processing machinery, which is known as the cellular and

polyadenylation specificity factor (CPSF) complex (Figure 10) **. The CPSF complex cuts
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pre-mRNA downstream of the polyadenylation signal and recruits poly(A) polymerase to
polyadenylate the 3'end of the RNA. By binding CPSF30, NS1 prevents polyadenylation and
consequently inhibits nuclear export of these incompletely processed mRNAs **. In addition, NS1
effector domain associates with the nuclear poly(A) binding protein (PABPN) and inhibits its
function in synthesis of long poly(A) tails driven by poly(A) polymerase (Figure 10). The
combination of blocking the CPSF complex activity and the synthesis of long poly(A) tails results
in the accumulation of short poly(A) tailed mRNA that are less efficiently transported to the
cytoplasm **. A more direct effect on inhibiting mRNA export was shown by the interaction of
NS1 with proteins such as NXF1-NXT1, RAE1 and E1B-AP5, proteins that all bind to cellular
mRNA and nucleoporins to guide mRNAs through the nuclear pore (Figure 10) 2%,
Interestingly, the inhibition of mRNA export by NS1 could be reversed by the overexpression of
NXF1. Additionally, it was shown that NS1 weakly binds Nup98 and initiates its degradation to
further achieve a block in mRNA export from the nucleus. Surprisingly, not all IAV strains have
the ability to carry out NS1-mediated host shutoff. Avian and swine IAV strains as well as the
mouse-adapted laboratory strain A/PuertoRico/8/1934 (PR8) and the human pandemic 2009
H1N1 strain carry NS1 proteins that do not inhibit mRNA 3'end processing **"*”'. Several studies
indicated that specific amino acids in NS1 are required for CPSF30 binding and that these residues
vary between CPSF30-inhibiting and non-inhibiting strains. By mutating these residues in the
non-inhibiting strains (avian and swine origin) to the NSI-consensus sequence, these strains

showed an increased pathogenicity.

Surprisingly, although NS1 has such a strong inhibitory effect on host mRNA export, a solid
poly(A) signal can still be identified in the nucleus of IAV infected or NS1 transfected cells. This
indicates that subsets of mMRNAs may have the ability to bypass NS1-mediated mRNA processing
inhibition. Indeed, the Stern-Ginossar group has recently shown that a subset of genes
contributing to oxidative phosphorylation can escape degradation and are constantly expressed
during general IAV host shutoff *”. Since oxidative phosphorylation is a cellular housekeeping
function to generate biological usable energy and viruses are unable to produce their own energy,
the authors hypothesized that bypassing these genes is one way to maintain or even increase energy

production during host shutoff.

In contrast to cellular mRNAs, viral mRNAs are not affected by the general shutoff mediated by
NS1 since the polyadenylation of these transcripts is carried out by the viral RNA-dependent RNA

polymerase (RdRp) by shuttering on a polyuridine stretch of the viral genome *”*”?. Additionally,
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some studies indicated that at least a few viral transcripts are exported in an NXF1-independent

manner, thus, escaping the virus induced shut off mechanisms.

RdRp mediated degradation of host RNA polymerase I1

The viral RdRp consists of the viral PB1, PB2 and PA subunits and associates with the cellular
RNA polymerase II on actively transcribed genes including protein-coding mRNAs and snRNAs.
The interaction occurs during the initiation of transcription and is dependent on serine 5
phosphorylation of the CTD. In this state, the RNA polymerase II recruits factors to synthesize
the 5'cap structure on nascent mRNA transcripts. Following the interaction of RdRp with this
state of actively transcribed RNA, viral RdRp cleaves nascent transcripts close to the 5 end and
uses this 5'capped RNA as primer for viral mRNA synthesis. This process, known as
“cap-snatching”, leaves uncapped cellular RNA fragments for degradation (Figure 10). In addition,
this process leads to ubiquitination of the large subunit of the RNA polymerase Il and subsequently
to its degradation by the proteasome. The combination of cap-snatching and RNA polymerase II
degradation is an effective mechanism to alter host gene expression. However, by degrading RNA
polymerase II the viral transcriptional activity also decreases since it is dependent on the
interaction with RNA Pol Il and cap-snatching. Nevertheless, the degradation of RNA
polymerase Il may support to shift from viral transcription to replication by favoring viral genomic

synthesis instead of viral mRNA transcription.

PA-X mediated RNA degradation

Until now, it was commonly accepted that RNA degradation was an effect of cap-snatching by the
RdRp. However, more recently evidence occurred that the viral protein PA-X is actively required
for host shutoff (Figure 10). PA-X is the product of a +1 ribosomal frameshift after amino acid
191 in PA protein ending in a short C-terminal domain (called X-ORF), which is responsible for
host shutoff **’*, The common N-terminal domain of PA and PA-X encodes a RNA endonuclease
domain *7* *’*. X-ORF domain varies from 41 to 61 amino acids in different IAV strains, whereby
only the first 15 amino acid are needed for host shutoff but the extended 61 amino acid versions
have revealed stronger activity *’”*”*. RdRp subunit PA and its ssRNA cleaving potential may only
be needed to cut pre-mRNA during cap-snatching, whereas, the endonuclease activity of PA-X
with less specificity might be committed to host shutoff *””. A common feature of PA and PA-X
endonuclease activity is that both proteins preferentially cleave RNA polymerase II transcripts and

spare transcripts arising from viral RARp transcription and other cellular RNA polymerases 277

Interestingly, IAV infections with decreased PA-X levels induced by mutating the

frameshift—promoting sequence resulted in elevated immune responses in mice leading toa higher
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pathogenicity due to increased lung immunopathology **?” ! Cells infected with the PA-X
mutant IAV virus showed similar levels of viral mRNAs and vRNAs compared to IAV wild-type
infection. However, viral proteins were less expressed indicating that PA-X reduces the pool of
cellular mRNAs that access the translational machinery and thereby viral transcripts do not have

to compete for translation with host mRNAs **°.

Since PA-X production by ribosomal frameshift transcription is conserved among the various IAV
strains ?**, it indicates that PA-X triggered RNA degradation might be a general IAV mechanism
for host shutoff and additional strain-dependent adaptions were added through evolution to

compete with increased host complexity.

2 Vesicular stomatitis virus

Vesicular stomatitis virus (VSV) is a ssRNA virus with a negative-oriented lincar genome
belonging to the Rhabdoviridae family. In contrast to IAV, VSV replicates in the cytoplasm and
therefore has no need to hijack the cellular mRNA export machinery. However, host mRNA
export is rapidly repressed by the nuclear localizing viral matrix (M) protein to primarily dampen
cellular innate immune responses *****°. In addition, by blocking cellular mRNA export VSV
decreases the competition with cellular mRNAs for the use of the translational machinery.
Nuclear VSV M protein interacts with the RNA binding protein RAE1, which is in a complex with

284,285

the nucleoporin Nup98 (Figure 11) . This interaction leads to the nuclear retention of

mRNAs and snRNAs. Using crystallographic and biochemical studies, Quan et al. revealed the
molecular mechanism of M-RAE1-Nup98 binding and inhibition of cellular mRNA export 286
Viral M proteins mimics the phosphate backbone by which it hijacks the nucleic acid binding site

of RAE1 and sabotages cellular mRNA export.

Nucleus Cytoplasm
FPP‘N
> m /\\/.(
B a4 i’\.Qé e
O e =
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Figure 11: VSV disruption of cellular mRNA export.

Vesicular stomatitis virus (VSV) matrix (M) protein interacts with RAE1 and Nup98 and thereby blocks cellular mRNA export to

the cytoplasm. CBC, cap-binding complex; Cap, N7-methylguaosine; TREX-1, transcription-export complex 1. Schematic and

figure legend were adapted from reference 28,

The most prominent feature of protein M mimicking the phosphate backbone is the methionine

on position 51 (M51) with its upstream and downstream acidic residues. Using VSV with a

mutation in M51 to alanine (M51A) did not block mRNA export and immune responses were
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mounted upon virus infection **’. Interestingly, M-mediated mRNA export block can be reverted

by IFN since IFN stimulation increases the levels of RAE1 and Nup98/96 **>?%2% It has also been

290

shown that M-RAE1-Nup98 interaction inhibits transcription **. However, several studies

demonstrated that high levels of bulk poly(A) RNA are retained in the nucleus in the presence of

VSV-M expression indicating that the cellular transcripts are properly polyadenylated and that

258

VSV-M uses post-transcriptional mechanisms to block host gene expression Since

291,292
b

nucleoplasmic Nup98 has been indicated to regulate a subset of RNA polymerase II genes
it might be possible that the VSV M protein thereby specifically inhibits transcription of certain
Nup98-dependent genes. RAE1 and Nup98 were shown to regulate spindle assembly during
293,294

mitosis , which has a high impact in cancer cells due to their high mitotic index. The

interaction of VSV M and RAE1-Nup98 complex inhibits mitotic progression and leads to cell

death *°, which likely contributes to VSV's oncological potential. The potential of VSV to

b

preferentially infect cancer cells and inhibiting mitotic progression leading to cell death is used in

the development of new cancer therapeutics *.

In summary, inhibition of cellular mRNA export by the interaction of VSV-M protein with
RAE1-Nup98 helps the virus to exclusively access the translational machinery and avoid the
competition with host mRNAs for translation. In addition, the block of mRNA export inhibits the

expression of immune regulated genes.
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1.3.1

IMPORTANCE OF VIRAL RNA-BINDING PROTEINS FOR VIRAL
REPLICATION

Single-stranded RNA viruses are classified according to their positively (+) or negatively (-)
encoded genome. Depending on the orientation, the viral genetic information is translated
directly into functional proteins ((+) RNA genome) or it is transcribed into positively orientated
RNA ((-) RNA genome) by the viral RdRp. Translation of viral proteins produce structural and
non-structural proteins that are involved in the architecture of the viral particle or participate in
the transcription and replication of the viral genome, respectively. Assembly of functional viral
particles includes genome replication. For both, (+) and (-) ssRNA viruses, the viral RNA
polymerase generates a complementary RNA (cRNA) intermediate as template for the replication
of the RNA genome. In this process, viral non-structural proteins with RNA-binding ability are
involved and crucial for successful execution of the replication process. In the following section,
I will highlight the importance of two viral RNA-binding proteins, namely the NP protein of
influenza A virus ((-) RNA virus) and the non-structural 5A (NS5A) protein of hepatitis C virus

(HCV; (+) RNA virus), in virus replication.
Nucleoprotein of influenza A virus

Each segment of the negative-orientated influenza virus genome is coated by multiple copies of
NP that form together with one RdRp complex the VRNP, the minimal functional unit for viral

transcription and  replication (Figure 12, box) *7**

Comparing NPs of different
negative-stranded RNA viruses has revealed two shared features of NP: a positively charged
RNA-binding groove and broad contacts between neighboring NP molecules **. Influenza A virus
NP was shown to bind RNA with high affinity in a sequence-independent manner potentially
through the positively charged cleft between the head and the body domain ***®. In addition,
crystal structures of NP revealed a tail loop structure which enables NP molecules to form
oligomeric structures *>**. These oligomeric structures were shown to be required for RNP
activity **'. Studies using artificial mini VRNA of 81 nt length demonstrated that NP can melt
secondary RNA structures proposing that NP functions in genome replication by supporting
transcript elongation **. Indeed, for full-length genome replication NP is absolutely required,
whereas, the viral RdRp consisting of PB1, PB2 and PA was shown in vitro and in vivo to be
adequate to replicate short RNA templates in the absence of NP ** . Moreover, NP stimulates

polymerase activity 305,308

. This highlights the important of NP for successful and complete
replication of the viral genomes. The current model of viral RNA transcription and replication

(stabilization model) proposes that the synthesis of cRNA and mRNA from virion-derived RNPs
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. However, for stabilization and replication of cRNA the active expression of

is stochastic
polymerase and NP molecules is important. This was supported by the finding that the
RNA-binding activity of NP is needed to stabilize cRNA and that both, RNA-binding and NP
oligomerization, promote replication *”. It was suggested by the model that newly synthesized
RdRp and NP molecules are required to stabilize and protect cRNA from cellular degradation.
Newly synthesized NP molecules were shown to be kept in a monomeric form before being

recruited to nascent cRNAs by the interaction with RdRp, which is bound first to emerging 5"ends

Of CRNAS 301,307,310,311 .

Influenza A virus

Recycling Cap 00

endosome

............... O

°
VRNP  *-eii2? TR 9  polymerase

cae

Figure 12: Life cycle of influenza A virus.

The life cycle of Influenza A virus includes the following steps: (1) Virion binding to cell surface receptors containing sialic acid,
(2) Endocytosis of the virion and release of the vRNP to the cytoplasm, (3) Nuclear import of vRNP, (4) Cap-snatching and
transcription of viral segments into mRNA, (5) Export of viral mRNAs, (6) Translation and nuclear re-import of viral proteins,
(7) Replication of vRNPs by the viral RNA polymerase producing an intermediate complementary RNA (cRNA), (8) Export of
vRNP, (9) vRNP transport and virion assembly and (10) Budding of the viral particles. The box schematically indicates the
architecture of a vVRNP containing RdRp (PB1, PB2 and PA), NP proteins and the viral RNA (vRNA). Cap, N7-methylguanosine;
RdRp, RNA-dependent RNA polymerase; vVRNP, viral ribonucleoprotein particles. Schematic and figure legend were adapted

from reference *%7,

Subsequently, additional monomeric NP molecules are bound through tail loop interactions
forming oligomeric structures. Phosphorylation and the interaction with cellular proteins like
importin 05 were shown to be required to keep NP as monomer before it is assembled into
oligomeric structures incorporating viral RNA into the coiled vRNP structures *'* *'*. Altogether,
RNA-associated NP is required during viral genome replication for full functionality of viral RARp

during elongation of the cRNA (Figure 12). The high affinity to RNA and the regulation through
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1

3.2

post-translational modifications like phosphorylation of NP molecules play an important role in

the function of NP.
Non-structural 5A protein of hcpatitis C virus

The positively orientated HCV genome is translated at the rough endoplasmic reticulum (ER) in
a cap-independent manner by the existence of an internal ribosomal entry site (IRES) in the
5'non-coding region (5'NCR) of the viral RNA (Figure 13) *'°. This yields a polyprotein that is
subsequently cleaved into ten structural and non-structural (C, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) proteins by cellular (e.g. signal peptidase) and viral proteases (NS2,
NS3-4A). After cleavage from the polyprotein, the non-structural proteins function in several

steps of the viral life cycle (Figure 13).

One of this process is the RNA replication of HCV genomes, which occurs in membranous derived
structures from the ER known as “membranous web” that contain cellular and non-structural viral
proteins, HCV RNA, ER membranes and lipid droplets *'"’'*. The synthesis of negative-strand
RNA is thought to be initiated through the recognition of a sequence motif in the 3'UTR of HCV
RNA by the RdRp NS5B (Figure 13) *"*7*'. Template specificity and replication activity of NS5B
are dependent on the presence of NS2 and NS3 as well as the multifunctional NS5A protein *"°.
NS5A was shown to be unconditionally required for viral replication and additionally involved in

viral particle assembly (specific function is unknown) **7%.

NS5A is a proline-rich
phosphoprotein consisting of an N-terminal amphipathic at-helix anchoring NS5A to the ER lumen
and a cytoplasmic portion organized into three domains (domain I, II and IIl) separated by
low-complexity regions (LCS) I and II. Domain I is highly conserved among HCV genotypes and
contains a zinc-binding motif required for dimerization of the N-terminal ends *’. Mutations in
the four cysteines of the zinc-binding domain showed that this domain is critical for viral
replication and NS5A dimerization ***. Through dimerization, a basic groove at the dimeric
interface is exposed by which NS5A associates with newly synthesized viral RNA during
replication *****. In addition, it was demonstrated that NS5A preferentially binds the
polypyrimidine regions of the 3'UTR, but it can also associate with uridylate- and guanylate-rich
(U/G) stretches in the IRES of the 5'UTR *****. The latter association was suggested to influence
HCV translation, while binding to the conserved polypyrimidine stretch of the 3"UTR is essential
for replication. Additionally, it was suggested that through binding of the viral RNA, NS5A
protects the RNA from degradation by cellular RNAses as well as from recognition by the innate
immune system’'®. This hypothesis was supported by the fact that only a small proportion of the

expressed NS5A is required for RNA replication, suggesting that the excess of protein could
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participate in shielding the viral RNA from sensing by the host **»***. In this regard, a recent study
revealed that formation of the “membranous web” limits the access of PRRs to viral replication
sites and protects from innate immune sensing ***. NS5A domains I and III are less well conserved
among HCV genotypes and are highly disordered in solution **’. This flexibility was indicated to
be important to interact with a variety of cellular proteins that are required for NS5A function
and virus persistence. Domain III was shown to be non-relevant for RNA replication, however,
required for successful assembly of viral particles ******_ Importantly, regions within domain I

and Il interact with NS5B and stimulates viral RNA polymerase activity in-vitro 338,339
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Figure 13: Life cycle of hepatitis C virus.

The top box shows the hepatitis C virus (HCV) internal ribosome entry site (IRES) mediated translation and polyprotein
processing. The HCV genome (9.6 kDa positive-stranded RNA) organization is depicted. Secondary structure is shown in a
simplified manner representing the 5’- and 3"-non-coding regions (NCRs) and the core gene. IRES-mediated translation results in
a polyprotein precursor that is co- and post-translationally processed into the mature structural and non-structural proteins (C,
E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B). The bottom depicts a schematic of the viral life cycle with the following
steps: (1) Viral entry, (2) Cytoplasmic release and uncoating, (3) IRES-mediated translation and polyprotein processing, (4) RNA
replication, (5) Virion maturation and release and (6) Viral particle packaging and assembly. The topology of HCV structural and
non-structural proteins at the endoplasmic reticulum is indicated schematically. Schematic and figure legend were adapted from

reference 3'°.
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Intracellularly, NS5A is present as a basally phosphorylated (56 kDa) and hyperphosphorylated
(58 kDa) form *'°. Mass spectrometry based studies have revealed that the LCS I region is

340-342

extensively phosphorylated during HCV replication . In addition, phosphorylation sites
within domain I, IT and LCS II have been detected. Several studies showed that serine residues
within LCS I are important for viral replication. However, these phosphorylation marks are HCV
genotype dependent. Serine 225 phosphorylation within LCS I was demonstrated to be important
for correct localization of viral and cellular proteins involved in viral replication. Consequently,
mutations in S225 resulted in reduction in viral replication **’. In sum, NS5A is a highly regulated
protein and a plethora of studies have revealed it’s important for successful HCV replication. In

particular, phosphorylation within LCS I was demonstrated to be dynamically regulated and

fundamental for genome replication.
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4 OBJECTIVE OF THE THESIS

In cukaryotes, the transfer of genetic information from DNA to RNA intermediates and finally to
functional proteins is fundamental for every single cell. The separation of the cell into the nucleus and the
cytoplasm is one important barrier to separate transcription from translation and to precisely regulate and
control gene expression. One essential step in the transmission from DNA to a functional protein is the
active transport of mRNA from the nucleus to the cytoplasm. The central player, which is co-
transcriptionally bound to the RNA cap structure and triggers processing and export of mRNA, is the
canonical CBC. This complex consisting of NCBP2 and its adapter protein NCBP1 was already identified

almost 30 years ago by two independent studies of Mutsuhito Ohno and Elisa Izaurralde 125,344

During my thesis, I challenged the long-standing dogma that the canonical CBC is critically required for
mRNA processing and export. This interest was sparked by very elegant inhibition experiments that had
shown that loss of NCBP2 impairs snRNA export but not mRNA export **. More recently, siRNA-based
screens supported this data and draw my awareness to study whether additional components are required
for mRNA processing *****. T first sought to investigate the eukaryotic repertoire of cap-binding proteins
to identify potential candidates that could compensate for the loss of NCBP2. The aim of my thesis was
to characterize the role of the identified candidate/s in mRNA processing and export. I managed to
identify and functionally characterize an alternative CBC that is assembled by NCBP1 and -3 and functions
in a redundant manner with the canonical CBC under steady-state conditions. I could show that the
alternative CBC is important during conditions of cellular stress, which I demonstrated in virus infection

experiments using loss of function assays.

During viral infections, mRNA processing is regulated by the function of viral proteins that are themselves
target of post-translational regulatory mechanisms. In this manner, serine, threonine or tyrosine
phosphorylation plays a fundamental role in regulating the function of proteins. For viral proteins,
regulation of phosphorylation-sites may be required for proper viral replication. In collaboration with the
lab of Marc Harris (University of Leeds, United Kingdom), we investigated the effect of post-translational
modifications of the viral protein NS5A on viral replication. In this manner, I analysed the influence of

NS5A S225 phosphorylation on the interaction with cellular proteins.
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PUBLICATION [: mRNA export through an additional Cap—l)inding Complex consisting

of NCBP1 and NCBP3

Gebhardt, A.”, Habjan, M., Benda, C., Meiler, A., Haas, D.A., Hein, M.Y., Mann, A., Mann,
M., Habermann, B., and Pichlmair, A. (2015). mRNA export through an additional cap-binding

complex consisting of NCBP1 and NCBP3. Nat. Commun. 6, 8192. “these authors contributed equally

The manuscript “mRNA export through an additional cap-binding complex consisting of NCBP1
and NCBP3” describes the first identification and characterization of the cap-binding protein
NCBP3. Mass spectrometry based identification of the human and mouse cap-binding protein
repertoire revealed the existence of a till then poorly characterized protein encoded by the open
reading frame 85 of chromosome 17 (C170rf85). Biochemical analysis confirmed the direct
binding of C170rf85 to the mRNA cap structure in an N7-methylguanosine-dependent manner.
We renamed C170rf85 to nuclear cap-binding protein 3 (NCBP3). Additional experiments
demonstrated the participation of NCBP3 together with NCBP1 in an alternative cap-binding
complex. Depletion experiments showed that for appropriate cell viability and distribution of
cellular polyadenylated RNA the function of either NCBP2 or NCBP3 is required demonstrating
that the alternative (NCBP1/3) and the canonical (NCBP1/2) cap-binding complex execute

redundant function under physiological conditions.

The main text including material and methods and supplementary information are displayed in
the following. Supplementary tables can be downloaded from the website of Nature Communications

(https://www .nature.com/articles/ncomms9192).
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MRNA export through an additional cap-binding
complex consisting of NCBP1 and NCBP3

Anna Gebhardt"*, Matthias Habjan"*, Christian BendaZ, Arno Meiler!, Darya A. Haas', Marco Y. Hein3,
Angelika Mann', Matthias Mann3, Bianca Habermann® & Andreas Pichimair

The flow of genetic information from DNA to protein requires polymerase-lI-transcribed RNA
characterized by the presence of a 5'-cap. The cap-binding complex (CBC), consisting of the
nuclear cap-binding protein (NCBP) 2 and its adaptor NCBP1, is believed to bind all capped
RNA and to be necessary for its processing and intracellular localization. Here we show that
NCBP1, but not NCBP2, is required for cell viability and poly(A) RNA export. We identify
C170rf85 (here named NCBP3) as a cap-binding protein that together with NCBP1 forms an
alternative CBC in higher eukaryotes. NCBP3 binds mRNA, associates with components of
the mRNA processing machinery and contributes to poly(A) RNA export. Loss of NCBP3 can
be compensated by NCBP2 under steady-state conditions. However, NCBP3 becomes pivotal
under stress conditions, such as virus infection. We propose the existence of an alternative
CBC involving NCBP1 and NCBP3 that plays a key role in mRNA biogenesis.
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eukaryotes requires RNA transcription through polymerase

complexes and subsequent RNA processing, export and
translation. Polymerase II transcripts, such as messenger
(mRNA), antisense (asRNA), long intergenic non-coding
(lincRNA) and small nuclear RNA (snRNA) are marked by an
N7-methylated guanine (m’G) ‘cap structure’ that is co-
transcriptionally attached to the 5'-end of the RNA and serves
as a signal for engaging proteins required for downstream
processing’. Consistent with this notion, splicing and export of
snRNA and mRNA can be inhibited by exogenously providing
cap analogues”™. The RNA cap structure is bound by the highly
conserved nuclear cap-binding complex (CBC), a central factor,
known to orchestrate most downstream RNA biogenesis
processes such as pre-mRNA splicing, 3’-end processing,
nonsense-mediated decay, nuclear-cytoplasmic transport and
recruitment of translation factors in the cytoplasm’*-8, The CBC
consists of a heterodimer formed by nuclear cap-binding protein
2 (NCBP2, also known as CBP20), which directly associates
with the RNA cap, and NCBP1 (also known as CBP80), which
stabilizes NCBP2 and serves as an adaptor for other RNA
processing factors”™'2. The central role of the CBC is
demonstrated by short interfering RNA (siRNA)-mediated
depletion of NCBP1, which results in deregulated expression of
several hundred genes, a reduction in the cell proliferation rate!3
and reduction of co-transcriptional spliceosome assembly!?.
NCBP1 directly binds the mRNA export factor ALYREF, and
‘CBC competition experiments’ using excess of capped RNA led
to the conclusion that NCBP1 is involved in mRNA and
U snRNA export from the nucleus'>. However, despite the
apparent requirement of NCBP1 for export of capped RNA,
antibody-mediated inhibition of NCBP2 in vivo only impairs
export of U snRNA, but not mRNA3, In addition to these data,
several genome-wide RNA interference (RNAi)-based screens in
human cells that allow assessment of loss-of-function phenotypes
in an unbiased manner found that depletion of NCBP1 negatively
affects cell growth and viability, whereas depletion of NCBP2
showed only weak phenotypes'®'8. Collectively, these data
suggest that the two CBC subunits only in part share the same
biological function. Thus, we questioned whether an additional
protein exists that has partially redundant activity to NCBP2 and
associates with NCBP1 to form an alternative CBC.

Here, we identify the largely uncharacterized protein C170rf85
(NCBP3) as a novel genuine cap-binding protein that directly
interacts with NCBP1 and binds cellular mRNA. Similar to
NCBP2, NCBP3 is non-essential under steady-state conditions.
However, simultaneous depletion of NCBP2 and -3 mimics the
phenotype of NCBP1 knockdown. Notably, NCBP3 becomes
pivotal under cellular stress conditions, such as virus infections.
We propose the existence of a canonical and an alternative CBC
that is fundamental for mRNA biogenesis of higher eukaryotes.

Expression of all germline-encoded genetic information in

Results

Loss of NCBP1 and NCBP2 leads to different phenotypes. To
study the individual requirement of CBC components NCBP1
and NCBP2 for cell viability, we evaluated cell growth after their
transient siRNA-mediated depletion in HeLa cells. As expected,
depletion of NCBP1 or the Nuclear RNA export factor 1 (NXF1,
also known as TAP) severely affected cell growth (Fig. la).
Surprisingly, after selective depletion of NCBP2, we did not
observe a similar effect on cell viability. Likewise, depletion of
NCBP2 did not affect intracellular distribution of poly-adenylated
(poly(A)) mRNA, as tested by RNA fluorescence in situ
hybridization (RNA-FISH) (Fig. 1b). In contrast, loss of NCBP1
resulted in accumulation of poly(A) RNA in the nucleus,

2 E

confirming a critical role of NCBP1 in mRNA export'®. Since
NCBP1 cannot directly associate with capped RNA, we
hypothesized on the existence of a protein with a redundant
function to NCBP2, that is, a protein with the ability to bridge the
association between capped RNA and NCBPI. Contribution of
NCBP1 to additional protein complexes is supported by protein
expression data based on quantitative mass spectrometry (MS)
that suggest about three times higher abundance of NCBP1 as
compared with NCBP2 (Fig. 1c).

Identification of Cl70rf85 as cap-binding protein NCBP3.
A protein with redundant function to NCBP2 should have the
ability to associate with the RNA cap structure and to bind
to NCBP1 to engage factors required for RNA biogenesis.
To identify potential candidate proteins, we performed affinity
purification followed by liquid chromatography tandem MS
(AP-LC-MS/MS) using lysates from human and mouse cell lines
and capped and non-capped RNA as baits (Supplementary
Fig. la). Capped RNA reliably enriched proteins known to
associate directly with the RNA cap structure, among them the
CBC (consistinlg of NCBP1 and -2)%, the genuine cap-binding
protein EIF4E" and the antiviral protein IFIT1 (ref. 19)
from human THP-1 and RAW 264.7 cell lysates (Fig. 2a,b;
Supplementary Fig. 1; Supplementary Data 1). Among the
proteins identified in human and murine cell lysates was only
one protein, C170rf85 (also known as ELG), for which we could
not explain its association with RNA in a cap-dependent
mannego’“. Cl170rf85 is a highly conserved protein, and
orthologues can be found in the fungal and metazoan
kingdoms (Supplementary Fig. 2; Supplementary Data 2),
suggesting evolutionary conservation for more than one billion
years. However, based on currently available whole-genome
sequencing data, it seems to have been lost at least by some
Muscomorpha and Saccharomycetaceae, which include Drosophila
melanogaster and Saccharomyces cerevisiae, respectively. Recent
data on distribution of proteins in human tissues suggest that
C170rf85 is expressed in all tissues?2. Consistent with a potential
redundant role to NCBP2, endogenous and green fluorescent
protein (GFP)-tagged C170rf85 showed predominantly nuclear
localization (Fig. 2¢; Supplementary Fig. 3a). Subcellular
fractionation confirmed the nuclear localization, but also
identified a cytoplasmic proportion (Supplementary Fig. 3b), a
phenotype often found for proteins involved in RNA export?>%,
Here, we name C170rf85 NCBP3 for nuclear cap-binding protein 3.

To confirm cap-dependent binding of NCBP3, we used capped
and non-capped RNA as bait for AP, followed by western
blotting. NCBP3 precipitated with capped RNA in human THP-1
and murine RAW 264.7 cells comparably well as the cap-binding
protein EIF4E (Fig. 2d). The canonical CBC has been mainly
studied in human Hela cells. We therefore confirmed the
presence and binding of NCBP3 to capped RNA in HeLa cells
(Fig. 2d). In line with specific affinity for the cap structure,
NCBP3 was precipitated from cell lysates using N7-methylated
guanosine-5'-triphosphate (m’GTP)-coupled beads (Fig. 2e).
m’GTP also precipitated the CBC component NCBP1 but
not poly-A-binding protein 1 (PABP1), confirming specificity of
this assay.

To functionally assess the potential contribution of NCBP3 to
compensate for loss of NCBP2, we employed siRNA-based
knockdown and tested for cell growth in HeLa cells. Depletion of
either NCBP2 or NCBP3 alone did not considerably affect cell
growth (Fig. 2f) despite efficient and specific knockdown as tested
by quantitative reverse transcription (qRT)-PCR, western blot-
ting and quantitative proteomics (Fig. 2g; Supplementary Fig. 4;
Supplementary Data 3). Although we cannot rule out that
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Figure 1| Cell growth and poly(A) RNA distribution after knockdown of NCBP1 or NCBP2. (a) Growth of Hela cells after RNAi-mediated
knockdown (left panel). Cells were treated twice with siRNAs against NCBP1, NCBP2, NXF1 or non-targeting siRNA control (siScrambled), and cell titre
determined by a luminescence-based cell viability assay at the indicated time points. The graph shows the mean * s.d. of two individual treatments

measured in triplicates. One representative experiment of three is shown.

RLU, relative light units. Knockdown efficiency of NCBP1 and NCBP2 was

confirmed by western blotting against indicated proteins (right panel). Asterisk: nonspecific band. (b) Poly(A) RNA distribution in Hela cells 48 h after

repeated RNAi-mediated knockdown. Hela cells were transfected with the

indicated siRNAs, and localization of poly(A) RNA (red) was stained by RNA

fluorescence in situ hybridization (RNA-FISH) using fluorescently labelled oligo (dT) as probe. DAPI (blue) was used to visualize nuclei. Shown confocal
images are representative for three independent experiments. Scale bar, 20 pm. (¢) Abundance of NCBP1 and NCBP2 in Hela cells. Complete Hela cell

lysates were analysed by LC-MS/MS. Shown are average iBAQ intensities

residual amounts of the proteins are sufficient for biological
activity, simultaneous depletion of NCBP2 and NCBP3 with
comparable efficiency markedly reduced cell growth and
mimicked loss of NCBP1 (Fig. 2fg; Supplementary Fig. 4c;
Supplementary Data 3). An analogous experiment in murine
NIH3T3 cells confirmed that depletion of both, Ncbp2 and
Ncbp3 also inhibited cell growth in mouse cells, whereas
individual knockdown of the two proteins did not (Fig. 2h).
In summary, these experiments suggest that loss of NCBP2
and NCBP3 is synthetically lethal, and highlight NCBP3 as a
prime candidate for formation of an alternative CBC in
mammalian cells.

Mechanism of cap-RNA binding by NCBP3. NCBP1 lacks a
canonical RNA or cap recognition domain. Hence, binding to
capped RNA is mediated by its partner NCBP2. As suggested
above, in an alternative scenario, cap binding could also be

for NCBP1 and NCBP2 of 11 measurements £ s.d.

mediated by NCBP3. Indeed, homology-based structure predic-
tion of NCBP3 suggested the presence of a canonical RNA
recognition motif (RRM) fold (B1-o1-B2-B3-02-B4)* in the
N-terminal region of the protein (residues 126-187) (Fig. 3a).
The C-terminal part of NCBP3 is unstructured, and a
homology search did not reveal the presence of any other
predicted domains. Two nuclear localization signals explain
the predominant nuclear staining in confocal microscopy and
subcellular fractionation analysis (Fig. 2¢; Supplementary Fig. 3).
Comparative modelling?® using HHpred resulted in a structural
model for the core RRM domain (Fig. 3b) based on the RRM of
poly(A)-specific ribonuclease PARN, a protein known to bind
the cap analogue m’GpppG. The RRM of NCBP3 shares
high sequence homology (identity of 21.4% for residues
121-191) and critical residues with the RRM of PARN
(Fig. 3a-¢; Supplementary Fig. 50)772 as well as with the
RRM of NCBP2, although with lower sequence identity (16.4%)
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Figure 2 | C170rf85/NCBP3 binds capped RNA and compensates for loss of NCBP2. (a) Proteins enriched with 5'-capped (CAP) and uncapped (OH)
RNA from THP-1 (human, left panel) and RAW 264.7 (mouse, right panel) macrophages were analysed by LC-MS/MS. Volcano plots show the average
degrees of enrichment by CAP- over OH-RNA (ratio of label-free quantification (LFQ) protein intensities; x axis) and P values (t-test; y axis) for each
protein. Significantly enriched proteins (circled in black) are separated from background proteins by a hyperbolic curve (dotted line). C170rf85/NCBP3 (red
dot) and proteins known to bind capped RNA (blue dots) are highlighted. Three independent affinity purifications were performed for both baits. (b) Shared
enrichment network. Proteins significantly enriched by CAP-RNA from either human or mouse cells (data from Fig. 1a). Proteins belonging to known protein
complexes were grouped into boxes (CBC, cap-binding complex; NELF, negative elongation factor; IFIT, interferon-induced proteins with tetratricopeptide
repeats; EIF4, eukaryotic translation initiation factor 4). (e) Subcellular localization of endogenous NCBP3 assessed by confocal microscopy. Hela cells
were grown on glass coverslips and stained for NCBP3 (green) and DAPI (blue). Scale bar, 20 uM. (d) Binding of endogenous C170rf85/NCBP3 to synthetic
RNA oligomers (RNA oligo). Western blot analysis of precipitates after affinity purification (AP) with hydroxylated (OH) and m’G-capped (CAP) RNA
oligos from murine RAW 264.7, human THP-1 and Hela cells using antibodies against C170rf85/NCBP3 and the cap-binding control protein EIF4E.

(e) Western blot analysis of m7GTP-precipitated proteins from Hela cells detecting C170rf85/NCBP3, NCBP1 and PABP1 as control. (fh) Growth of
Hela (f) and NIH3T3 (h) cells after RNAi-mediated knockdown. Cells were treated twice with siRNAs targeting NCBP2 or NCBP3 alone, NCBP3 together
with NCBP2, or nonspecific siRNA (siScrambled) as control. The cell titre was determined by a luminescence-based cell viability assay at the indicated
time points. The graph shows the mean = s.d. of two individual treatments measured in triplicates. One representative experiment of three is shown.
RLU, relative light units. (g) Knockdown efficiency and specificity of NCBP2 and NCBP3 in Hela cells was confirmed by western blotting against
indicated proteins.

(Supplementary Fig. 5b). To study whether NCBP3 has the ability ~ N-terminal cleavage fragment of NCBP3 precipitated with RNA
to directly bind capped RNA, we generated recombinant NCBP3  in a cap-dependent manner (Fig. 3d). The hallmark of the cap
in Escherichia coli. Both, the full-length protein and an structure is a methyl group at the N7 position of the guanosine,

4 16:8192| DOI: 10.1038/ncomms9192 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.

53 | Page



RESULTS

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9192 ARTICLE

a 1 RRM NS Glurih NS }620
i
126 187
—
—
E1 ol eZ E o2 3:
|I20 _ 1I30 140 1.50 160 i |I70 i 1.30 190
NCBP3 1 RLETIYICGVDEMS VFSYBRKEYPPAHNENL [CNMVWLDEMTATRAL | NMSS LPAQDKMER S
PARN_HUMAN- ———
PARN_MOUSE-. EYVGKKQ
3
o
b c d AP:

Q\s} RNA oligo
E.coli & CAP OH

kDa His-NCBP3
100 o == — «fl.
55 | ooy - «deg.
WB: NCBP3

N
MBP/His-NCBP3
<fl.
«deg.
«deg.
Wox
] h X
@ 992 1 CAP-RNA  Ky= 15.8 +0.84 uM SES
e + OH-RNA $IE
< o
8 o8 [ FEE
E RNA olgo
S o <|cAP <.
§ z < deg.
‘| oH
g o0 el &
E 976 - Inputf==——x fl
2
140 102 108 10 10° —
Coomassie W8 NoBPS

Concentration (nM)

Figure 3 | Biochemical and biophysical properties of the cap-binding region of NCBP3. (a) Top, predicted features of NCBP3 and their positions in the
full-length protein: RRM fold (aa 126-187, highlighted in blue), nuclear localization signal (NLS) and glutamine-rich region (Glu-rich). Bottom, secondary
structure elements of NCBP3 (aa 120-189) and sequence alignment with human and mouse PARN RRMs. Arrowheads show residues chosen for a
mutational analysis. (b) Homology model of the RRM of NCBP3. Secondary structure elements of the predicted RRM fold and residues chosen for
mutational analysis are annotated. (¢) Modelled RRM domain of NCBP3 superimposed with mouse PARN bound to m7GpppG (for clarity only the m’Gp
moiety is shown, PDB code 3d45) to indicate the putative binding site. The model shows the solvent-accessible surface coloured according to electrostatic
charge distribution. (d) Binding of E. coli-expressed NCBP3 to RNA oligonucleotides. Western blot after affinity purification with 5’-CAP- or OH-RNA using
lysate from bacteria expressing recombinant full-length NCBP3. Full-length (fl.) recombinant NCBP3 and N-terminal degradation products (deg.)

are indicated. (e) m’GTP versus GTP-affinity purification and western blotting of recombinant NCBP3 from E. coli lysates. (f) Coomassie-stained
SDS-polyacrylamide gel electrophoresis gel after affinity purification of purified wild-type and mutant (ALAA) NCBP3 (aa 1-282) using m’GTP and GTP as
bait. (g) Binding affinity of NCBP3 (aa 1-282) to 5'-CAP- or 5’-OH-RNA as determined by microscale thermophoresis (MST). The graph shows normalized
fluorescence versus concentration of NCBP3. Mean % s.d. of three independent measurements are shown. The inset shows the quality of the recombinant
NCBP3 (aa 1-282) as analysed by an Agilent protein chip. (h) Binding of recombinant wild-type and mutant NCBP3 to 5'-capped RNA. Western blot after
affinity purification with biotinylated RNA oligos harbouring either a 5'-CAP or OH structure using lysate from E. coli expressing either recombinant full-
length wild-type NCBP3 (wt), NCBP3 where aspartic acid at position 134 had been mutated to alanine (D134A), or where tryptophan at position 155 and
two aspartic acids at position 157 and 158, respectively, had been mutated to alanines (ALAA).

and genuine cap-binding proteins such as EIF4E have the ability ~showed that the RRM-containing fragment has an affinity to
to distinguish between N7-methylated and unmethylated GTP. cap-RNA in the low micromolar range (15.8 £ 0.84 uM), which is
Consistent_with this notion, recombinant NCBP3 selectively ~comparable to the affinity of PARN to m’GpppG***° (Fig. 3g).
bound m’GTP but not GTP (Fig. 3e). A highly purified In case of PARN, a conserved WXDD motif located in loop
N-terminal fragment (position 1-282 amino acids) consisting of ~ B2-P3 is involved in m’GpppG binding. N7-methylated GTP is
the core RRM was sufficient for selective binding (Fig. 3f). bound to a surface pocket on the C-terminal RRM of PARN
Microscale thermophoresis (MST)-based affinity measurements —mainly through n-interaction with tryptophan W468 and polar
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interactions with two aspartic acids, D471 and D470 (ref. 29).
According to the predicted model, NCBP3 has a similar motif
(WLDD) forming a negatively charged groove (D157, D158) with
an aromatic platform for m-interaction (W155; Fig. 3b,c). To test
whether NCBP3 uses these residues for cap-RNA binding, we
generated point mutants in this putative RNA-binding motif.
Whereas a single DI34A mutation in close vicinity of the
RNA-binding groove only marginally affected cap binding,
mutation of the NCBP3 WLDD motif to ALAA resulted in loss
of binding to capped RNA and m’GTP (Fig. 3fh; Supplementary
Fig. 6a). To ensure that the introduced mutations did not
influence the overall integrity and folding of the recombinant
proteins, we used circular dichroism (CD) spectroscopy
to analyse the secondary structure content. Both samples
showed comparable CD spectra, irrespective of the introduced
modification, suggesting that both proteins adopt a similar fold
(Supplementary Fig. 5b). This shows that NCBP3 binds to the cap
structure through a canonical binding mechanism using a core
RRM and the conserved WLDD motif.

NCBP3 associates with NCBP1 and mRNA processing factors.
To gain further insights into biological functions of NCBP3, we
performed quantitative shotgun AP-LC-MS/MS (Supplementary
Fig. 7a)*!. To this aim, we used HeLa cell lines that stably express
GFP-tagged NCBP3, NCBP2 and an unrelated control protein
(RAB5C) from their endogenous promoters as baits*>3*, NCBP3
significantly enriched for 88 proteins (Fig. 4a; Supplementary
Fig. 7b; Supplementary Data 4) that are mostly related to RNA
biogenesis, particularly mRNA transport'>~733% (Supplementary
Fig. 7c). Most importantly, the CBC component NCBP1 was found
to interact with NCBP3 (Fig. 4a,b; Supplementary Fig. 7b). Besides
NCBP1, NCBP3 prominently interacted with components of the
TRanscription EXport (TREX) complex (for example, THOCI, -2,
-3, -5, -6, -7, DDX39B) that function in mRNA export from the
nucleus. NCBP3 further associated with proteins belonging to the
exon junction complex (EJC) (MAGOHB, SAP18, EIF4A3, PNN
and ACIN1), which are deposited on spliced mRNAs and are
involved in mRNA stability. Although NCBP2 precipitates also
contained components of the TREX complex and EJC, their
enrichment was not statistically significant as compared with
control APs (Fig. 4a; Supplementary Fig. 7b). However, NCBP2
precipitates showed high enrichment for the phosphorylated
adaptor for RNA export (PHAX) known for its function in U
snRNA nuclear export® and the negative elongation factor (NELF)
complex (consisting of NELFA, NELFB, NELFCD and NELFE),
which participates in 3'-end processing of histone mRNAs'3
(Fig. 4ab; Supplementary Fig. 7b). We independently confirmed
the AP-LC-MS/MS data by co-precipitation experiments, followed
by western blotting (Fig. 4c). We concluded that NCBP2 and
NCBP3 can both bind NCBP1. However, directly comparing
NCBP3 and NCBP2 suggests that they preferentially bind
proteins involved in mRNA processing/export and snRNA
export, respectively.

An alternative CBC. The association of NCBP3 to NCBP1
suggested formation of an alternative CBC. To formally test
whether NCBP3 and NCBP1 directly bind to each other, we co-
expressed both proteins in E. coli and performed co-precipitation
experiments. In line with our hypothesis, NCBP1 co-precipitated
with NCBP3 but not with a negative control, endorsing a direct
interaction between NCBP3 and NCBP1 (Fig. 4d) and suggesting
the formation of an alternative CBC that is reminiscent of the
canonical CBC consisting of NCBP1 and -2. This result further
suggested that NCBP2 and NCBP3 have the ability to individually
bridge the association of NCBP1 to capped RNA. To test this in a

6 E

mammalian system, we depleted NCBP2, NCBP3 or both
proteins in HeLa cells and precipitated NCBP1 using m’GTP
beads. Consistent with the presence of two CBCs, NCBP1 could
be recovered from m’GTP beads in the absence of either NCBP2
or NCBP3 (Fig. 4e). However, in the absence of NCBP2 and -3,
NCBP1 binding to m’GTP beads was markedly impaired,
indicating that in mammalian cells NCBP1 requires either
NCBP2 or NCBP3 for cap-RNA association. This effect was
specific for NCBP1, since the cap-binding protein EIF4E
precipitated with m’ GTP beads with similar efficiency in all cases.

Binding of NCBP2 to NCBP1 requires residues located in the
RRM. Sequence alignments of the NCBP2 and NCBP3 RRM
domains showed that the residues critical for NCBP1 binding in
NCBP2 are not conserved in NCBP3 (Supplementary Fig. 5b).
Consistent with this finding, yeast two-hybrid data indicated that
NCBP3 binds NCBP1 through its unstructured C-terminal
region”. These findings provide evidence that NCBP2 and
NCBP3 use different domains to bridge the association of NCBP1
to capped RNA.

Specificity of RNA types bound by NCBP2 and NCBP3.
Collectively, our data show that NCBP3 has affinity for the RNA
cap structure and bridges NCBP1 binding to m’GTP in an
NCBP2-independent manner. The binding of different RNA
processing proteins highlights the possibility that distinct types of
RNA associate with either NCBP2 or NCBP3. To test this,
we precipitated GFP-tagged NCBP3, NCBP2 or control and
sequenced bound RNA by deep sequencing (RNA immunopre-
cipitation followed by deep sequencing, RIP-Seq). In agreement
with the ability of NCBP3 and NCBP2 to associate with the cap
structure, both proteins enriched for capped RNAs as compared
with control precipitates (Supplementary Data 5). Plotting the
individual RNAs enriched by NCBP2 and NCBP3 and colour
coding for the respective RNA species revealed an RNA-binding
pattern for both proteins: NCBP2 precipitates showed particularly
high enrichment for snRNA, lincRNA and asRNA (Fig. 5a,b).
Among individual mRNAs, histone mRNAs were mainly appar-
ent in NCBP2 precipitates (Supplementary Data 5). In contrast,
NCBP3 associated with mRNA, but did not bind snRNA, and
comparably less asRNA and lincRNA (Fig. 5b). The majority of
mRNAs bound both NCBP2 and -3 with only a limited number
of mRNAs showing more than twofold enrichment in either
NCBP3 versus NCBP2 (Fig. 5b, orange) or NCBP2 versus NCBP3
precipitates (Fig. 5b, green). We validated the differences in
binding to mRNA and snRNA using qRT-PCR (Fig. 5¢). NCBP2
bound mRNAs (MYC, SLC43A3) and snRNAs (U1, U4), whereas
NCBP3 selectively bound mRNAs (MYC, SLC43A3) but did not
enrich for snRNAs. Collectively, this suggested that snRNA,
lincRNA and asRNA preferentially bind NCBP2, while mRNAs
can be bound by either NCBP2 or -3. The RIP-Seq data were in
strong agreement with the protein-protein interaction data
(Fig. 4) that showed selective binding of PHAX (transporting
snRNA) and NELF (3'-end processing of replication-dependent
histone mRNAs) to NCBP2 (refs 5,13).

NCBP2 and -3 individually contribute to mRNA export. Our
data suggested that both, NCBP2 and -3 have the ability to bind
mRNA and to recruit proteins involved in RNA processing. We
therefore tested whether both proteins individually contribute to
nuclear-cytoplasmic transport of mRNA. In RNA-FISH experi-
ments, depletion of either NCBP2 or -3 did not considerably
change poly(A) RNA distribution (Fig. 6a). Remarkably,
simultaneous depletion of NCBP2 and -3 trapped poly(A) RNA
in the nucleus. We quantified the ratio between the nuclear and
cytoplasmic poly(A) RNA signal and found similar ratios for
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(a) GFP-tagged NCBP3, NCBP2 or control protein

(ctrl) stably expressed in Hela cells were precipitated and associated proteins were analysed by LC-MS/MS. Volcano plots show the average degrees of
enrichment by NCBP3 or NCBP2 over ctrl (ratio of LFQ protein intensities; x axis) and P values (t-test; y axis) for each protein. Bait proteins (red letters),
proteins of the exon junction complex (EJC, turquoise dots) or the TREX complex (purple dots), CBC (magenta dots), NELF (olive dots), importin (green
dots) and NCBP3, SRRT and PHAX (red dots) are highlighted. Significantly enriched proteins are separated from the background by a hyperbolic curve.
Four independent affinity purifications were performed for each bait. (b) Schematic illustration of AP-MS analysis in a focusing on proteins involved in
RNA biogenesis. (¢) Western blot analysis of representative GFP-precipitated proteins identified by AP-MS analysis. (d) Binding of NCBP1 to NCBP3 in
E. coli. Western blot after His-precipitation using RNAse-treated lysates from bacteria co-expressing recombinant Sll-tagged NCBP1 and full-length

MBP/His-tagged NCBP3 or MBP/His as control. (e) NCBP2 and NCBP3 are required for NCBP1 association to m’GTP. Lysates of HeLa cells treated twice
with siRNA against NCBP2, NCBP3 or both were used for m’GTP-affinity purification (m’ GTP-AP), followed by western blot analysis. The m’GTP-binding

protein EIFAE served as control.

co-depletion of NCBP2 and -3 as compared with depletion of
NCBP1 (Fig. 6b). To assess whether this is a direct effect of
individual NCBP depletion or an indirect effect on expression
of mRNA processing factors, we performed quantitative pro-
teomics of siRNA-treated cells, which allows simultaneous
quantification of over 5,000 proteins (Supplementary Data 3). As
expected, NCBP1 was required for stability of NCBP2 (ref. 10);
however, we could not observe an influence on NCBP1 and -2
levels after NCBP3 knockdown and vice versa (Supplementary
Fig. 4¢). The abundance of mRNA processing factors such as EJC,
TREX and NELF components remained similarly unchanged
(Supplementary Fig. 4c), collectively emphasizing a direct effect of
NCBP depletion on poly(A) RNA export. Our data thus indicate
that mRNA can be exported through the activity of either the
canonical CBC consisting of NCBP1/-2 or the alternative CBC
formed by NCBP1/-3. Furthermore, these data suggest that
both CBCs can have functionally redundant activities under
steady-state conditions.

NCBP3 activity is critical to inhibit virus growth. Perturbation
of the RNA export machinery components often shows loss-of-
function phenotypes under challenging conditions®®. Infection
with pathogens induces cellular stress and requires swift

expression, processing and export of RNAs coding for antiviral
proteins or factors required for virus growth®*#%, We therefore
tested the effect of NCBP3 knockdown on growth of viruses that
replicate in the cytoplasm and are not dependent on the cellular
mRNA export machinery. HeLa cells treated with siRNA against
NCBP3 showed an almost 100-fold increase in growth of
vesicular stomatitis virus variant M2 (VSV-M2) (Fig. 6c¢).
Similarly, growth of two other cytoplasmic viruses, Semliki
forest virus (SFV) and encephalomyocarditis virus (EMCV), was
increased in the absence of NCBP3. These data suggest that
NCBP3 becomes fundamental for cellular functions under stress
conditions such as virus infection.

Discussion

The canonical CBC consisting of NCBP1 and -2 is considered to
be one of the most fundamental parts of the biogenesis machinery
of all capped RNAs. This notion is based on the involvement of the
CBC in pre-mRNA splicing, 3'-end processing, intranuclear
transport, nuclear-cytoplasmic traniport of RNA and nonsense-
mediated decay and translation'®**#!, Exogenously added cap
analogues impair RNA metabolism, underlining the major
importance of the cap structure in this process. However, in vivo
antibody-mediated inhibition of NCBP2 only affected nuclear
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Figure 5 | Global analysis of NCBP3- and NCBP2-bound RNAs. Binding of endogenous RNA to NCBP3 and NCBP2. GFP-tagged NCBP3, NCBP2 or control
protein (ctrl) stably expressed in Hela cells were precipitated and associated RNAs were analysed by deep sequencing on the lllumina HiSeq platform (ab)
or gRT-PCR (c). All affinity purifications were performed in triplicates. (a) Scatter plot showing enrichment (FPKM,,, + 2/FPKM g0 +2) of transcripts
binding to NCBP2 (x axis) and NCBP3 (y axis) quantified on the gene level. RNAs are colour-coded according to their annotated RNA types in
Ensembl. (b) Percentage of enriched RNA types binding to NCBP3, NCBP2 or both proteins. RNAs have been considered enriched at a fold change
bait over control >2, a false discovery rate (FDR) <0.01 and a minimal read count of 10. (¢) Validation of sequencing data by qRT-PCR. RNA in NCBP2,
NCBP3 or control (ctrl) precipitates was amplified by qRT-PCR using specific primers for two mRNAs (MYC and SLC43A3) and two snRNAs (U1 and U4).

Data represent the mean *s.d. a.u., arbitrary units.

export of U snRNAs but not general export of mRNAS, Using AP
with synthetic capped RNA and unbiased protein-protein
interaction studies, we identified the largely uncharacterized
protein NCBP3 as a novel genuine cap-binding protein that
links NCBP1 to capped RNA, and propose that NCBP1/-3 forms
an alternative CBC that is involved in mRNA biogenesis.
Structure-guided binding studies using recombinant NCBP3
clearly established direct cap-binding through a canonical RRM
bearing a WLDD motif at the centre of the RNA-binding grove.
This motif is also conserved in the canonical cap-RNA-binding
protein PARN and mediates affinity to cap-RNA in the low
micromolar range. In addition, NCBP3 directly binds NCBP1
when co-expressed in bacteria and thus allows formation of a
protein complex with affinity to capped RNA. A direct interaction
between NCBP1 and -3 is further suggested from large-scale yeast
two-hybrid interaction data¥. Notably, NCBP2 and -3 were the
only two proteins in this screen showing interaction with NCBP1
when being used either as bait or as prey. However, NCBP2 and
-3 do not show an apparent homology that would suggest a
shared binding mechanism to NCBP1. Both, NCBP2 and -3 have
the ability to independently serve as adaptor proteins linking the
RNA cap to NCBPI, and only loss of both proteins in HeLa
cells reduced NCBP1 association with m’GTP. Co-depletion of
NCBP2 and -3 is synthetically lethal in human und murine
fibroblasts, suggesting redundancy between both proteins. This

redundancy can be explained by RIP-seq experiments, showing
that NCBP2 and -3 share affinity for the majority of mRNA. In
addition to mRNA binding, NCBP2 but not NCBP3 has the
ability to bind snRNA. Consistent with the selective affinity for
snRNA, only NCBP2 binds the snRNA transport protein PHAX.
Our results consolidate reports that are incompatible with the
current model of a single CBC for RNA export: while inhibition
of NCBP2 selectively impairs U snRNA nuclear-cytoplasmic
export, but not of mRNA’, NCBP1 is strictly required as an
adaptor for mRNA export!?.

It is commonly accepted that EJC components, the TREX
complex, PHAX and the NELF complex are recruited to RNAs by
virtue of the CBC. We here show that EJC and TREX precipitate
superior with NCBP3 as compared with NCBP2, whereas PHAX
and the NELF complex are exclusively enriched in NCBP2
precipitates. It is tempting to speculate that binding of either
NCBP2 or -3 induces a conformational change of NCBP1 that in
turn allows differential binding of adaptor proteins. Structural
analysis of NCBP1 in the context of NCBP2 and -3 bound to
capped RNA, as well as binding assays with purified proteins will
be necessary to study this in detail.

Given the association with proteins of the EJC and TREX
complex, NCBP3 may play a primary role in biogenesis of spliced
mRNA. Such a role is supported by genetic correlation: although
NCBP3 is remarkably conserved during evolution from fungi
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Figure 6 | Functional analysis of NCBP3 at normal and virus-challenged growth conditions. (ab) Poly(A) RNA distribution in Hela cells 72 h after
RNAi-mediated knockdown. Hela cells were transfected with the indicated siRNAs and localization of poly(A) RNA (red) was detected by fluorescence
in situ hybridization (FISH) using fluorescently labelled oligo (dT) as probe. DAPI (blue) was used to visualize nuclei. (a) Representative images of poly(A)
RNA distribution after RNAi-mediated knockdown. Scale bar, 20 pm. (b) The nuclear to cytoplasmic ratio of poly(A) RNA intensity was determined for a
minimum of 125 cells per condition. Data represent the average ratio of the nuclear/cytoplasmic poly(A) RNA signal £s.d. ***P< 0.001 as analysed by
one-way analysis of variance statistics with Tukey's post-test. (¢) Virus growth in Hela cells after RNAi-mediated knockdown. Hela cells were treated with
siRNA against NCBP3 or nonspecific siRNA (siGFP) as control and infected with mutant vesicular stomatitis virus (VSV-M2; M51R substitution in the
matrix protein), Semliki Forest virus (SFV) or encephalomyocarditis virus (EMCV). Virus titres in supernatants were determined by TCIDSO 24 h post
infection.

to humans, we could not find homologues for NCBP3 in Given that RNA metabolism is of central importance for all

Saccharomyces cervisiae. Notably, in S. cervisiae only 3% of genes
contain introns and only six genes contain two introns*s. In
contrast, the closely related Schizosaccharomyces pombe expresses
an NCBP3 homologue and codes for introns in 43% of its genes™>.
Loss of NCBP3 in S. cerevisiae may therefore be a result of
evolutionary adaptation.

The canonical CBC (consisting of NCBP1/-2) guides mRNA
from the nucleus into the cytoplasm. Similarly, NCBP3 localizes
to the nucleus and partially to the cytoplasm, suggesting that the
alternative CBC drives mRNA export to the cytoplasm. RNA
bound to the canonical CBC or EIF4E is sensitive to the
nonsense-mediated mRNA decay (NMD) pathway* 0, Likewise,
NCBP1/-3 associated with exported mRNA may be a target of
NMD, particularly since the EJC, which co-purified with NCBP3,
is known to promote NMD.

| 6:8192 | DOI: 10.1038/ncomms9192 | www.nature.com/naturi

physiological and pathophysiological processes, we envisage a
central role of the alternative CBC in various diseases, as known
for many proteins involved in RNA splicing, 3’-end processing
and degradation®*»¥, A reason for metazoans to evolve an
alternative CBC could be the availability of an additional control
mechanism to respond to environmental cues and thus allow the
cell to respond swiftly to appropriate changes in gene expression.
This may be particularly important under environmental stress,
such as occurring during virus infection. Loss of NCBP3
increased growth of viruses that replicate in the cytoplasm. The
exact mechanisms in antiviral defence and the likely involvement
in other diseases will be the focus of further studies. Our data
show that RNA processing conveys additional complexity that
may allow regulatory possibilities for both, cell intrinsic
modulation as well as therapeutic intervention.

‘ecommunications 9

© 2015 Macmillan Publishers Limited. All rights reserved.

58 | Page




RESULTS

ARTICLE

DOI: 10.1038

Methods

Cells and reagents. HeLa S3 (CCL-2.2) and Vero E6 cells (CRL-1586) were
purchased from ATCC. Human THP-1, NIH3T3 and murine RAW 264.7
macrophages have been described previously*®. HeLa Kyoto cells stably expressing
GFP-tagged human C170rf85/NCBP3, NCBP2 and RABS5C from bacterial artificial
chromosomes under control of their endogenous promoter were kindly provided
by Ina Poser and Tony Hyman**. All cell lines were maintained in DMEM (PAA
Laboratories) containing 10% fetal calf serum (PAA Laboratories) and antibiotics
(100 Uml ! penicillin and 100 ugml ~ ! streptomycin). Streptavidin-agarose beads
were obtained from Novagen, GFP-Trap-coupled agarose beads were from
Chromotek, and y-Aminohexyl m’GTP- and GTP-agarose beads from Jena
Bioscience and Biorbyt, respectively. Primary antibodies (1:1000 dilution for
western blotting if not stated otherwise) used in this study were as follows:
Cl70rf85 (Atlas Antibodies; HPA008959), NCBP1, SRRT, EIF4A3 and ALYREF
(Thermo Scientific; PA 5-30098, PA5-31593, PA5-30329 and MA

1-26754), THOC5, PHAX and KPNA3 (Novus Biologicals; NBP1-19160,
NBP2-22268 and NB100-81650), GFP (Invitrogen; A6455), PABPI and B-tubulin
(1:500 dilution for western blotting) (Santa Cruz; 10E10, sc-9104), histone H3
(Abcam; ab1791-100) and EIF4E (Cell Signaling; C46H6). Antibodies against
NCBP2 (1:500 dilution for western blotting) were raised by immunizing rabbits
with recombinant full-length protein purified from E. coli. Antibodies against B-
actin (Santa Cruz; sc-47778), His-tag (Santa Cruz; sc-8036) and secondary
antibodies delecung mouse or rabbit IgG (]ackson ImmunoResearch) were
horseradish p id oupled. 4/ 6-di 2-phenylindole (DAPI) and
secondary atibodies used for i fl were purchased from
Invitrogen. Vesicular stomatitis virus M2 (mutant VSV wnh the M51R mbsmutmn
in the matrix protein), SFV and EMCV have been described previously®.

RNAi-mediated knockdown. Duplex siRNAs were transfected using either
siPrime reagent (GE Health or the Neon Transfection System
(Invitrogen) for target gene knockdowns. Transfection was performed according to
the manufacturer’s instructions for HeLa or NIH3T3 cells. Briefly, we transfected
200 pmol of siRNA per 1 x 10° cells and repeated transfection 48 h later under the
same conditions. For experiments where two genes were silenced simultaneously,
we added scrambled-siRNA to single-gene knockdown controls. Cells were
analysed at the indicated time points after the second transfection. Duplex siRNAs
were either purchased from Qiagen or synthesized by the Core Facility at the MPI
of Biochemistry. siRNA target sequences were as follows: human NCBP3 (#1:
5'-AAGAGCCGGTTAGATAACTTA-3, #2: 5'-TCAGCGGGACGTGATCAA
GAA-3, #3: 5'-ATGACTATGTATGCTGACGAA-3', #4: 5'-CAGATTGAAGTTA
G GGAA-3'), mouse NCBP3 (#1: 5"-TCAGATGTACATAGTAGGCTA-3/,
#2: 5" TCGCTTAGGATCTAC. -3, #3: 5-TGGGTTGATGTTGAACAA
TTT-3, #4: 5'-CAGATTGAAG iCCGGGAA-3'), human NCBPI (#1:
5'-CCACAGATGATTGCTGTACTA-3, #2: 5-CAGGAACGGCACATCCTA
AGA-3, #3: 5'-CAGGTATGGACTGCTGATAAA-3, #4: 5'-AGCCGTGTATTTG
GTTT-3'), mouse NCBP1 (#1: 5-AUGCAGAAAUGGACCGAAU-3, #2:
5'-CGUCUGGACACGAUGAGUA-3', #3: 5'-GGUACGAUGUGAAACGGAU-3',
#4: 5'-AGGCCUAACACUCGCGUUU-3'), human NCBP2 (#1: 5'-GCCAUGCG
GUACAUAAAUG-3, #2: 5'-UGGAUGAACUUAUCGUUAA-3, #3: 5'-GCAU
GAGAUAGCCUAAUAA-3, #4: 5'-AUGAGUAUCGGCAGGACUA-3'), mouse
NCBP2 (#1: 5-CAGCAAAAGUGGUGAUAUA-3', #2: 5§-GCAAUGCGGUACA
UAAACG-3, #3: 5-GUAUGGACGUGGACGGUCU-3, #4: 5'-ACGAGUAUCG
GGAGGACUA-3'), huNXF1 (#1: 5'-GAACACGATGATGAACGCGTT-3, #2:
5'-GATGACATGTCTAGCATTGTT-3'), GFP (5'-AAGCAGCACGACUUCUUC
AAG-3') and scrambled (5'-AAGGTAATTGCGCGTGCAACT-3').

Cell growth assays. For cell growth assays, 1 x 10* cells were seeded in 24-well
dishes and cell titres determined after the indicated time points using CellTiter-Glo
(Promega) according to the manufacturer’s instructions with the following
modifications: cells were washed once with 1 x PBS and incubated with 100 pl
CellTiter-Glo reagent (diluted 1:5 in 1 x PBS) for 10 min. Luminescence was
measured using an Infinite 200 PRO series microplate reader (Tecan).

Immunofiuorescence and RNA-FISH. For immunofluorescence, Hela cells
grown on coverslips were fixed with 4% (w/v) paraformaldehyde for 10 min,
permeabilized with 0.1% (v/v) Triton X-100 for 10 min and washed three times
with blocking buffer (1 x PBS containing 0.1% fetal calf serum (v/v)). Cells were
then incubated with primary antibody (1:500 dilution), followed by incubation with
secondary antibodies (1:200 dilution) covalently linked to fluorophores and DAPIL.
Coverslips were mounted on microscope slides using ProLong Gold Antifade
Reagent (Molecular Probes). Confocal imaging was performed using a LSM780
confocal laser scanning microscope (Zeiss, Jena, Germany) equipped with a Plan-
APO x 63/numerical aperture 1.46 oil immersion objective (Zeiss).

For RNA-FISH analysis, cells grown on coverslips were fixed with 4% (v/v) PFA
for 10 min followed by 100% (v/v) ethanol for 10 min and washed in 70% (v/v)
ethanol. ly, cells were bated with 1 M Tris-HCI pH 8 for 10 min,
followed by incubation with hybridization buffer (2ngpl ! 5'-Cy5-labelled oligo
(dT),s (Sigma), 0.5 ug ul ! transfer RNA (Ambion), 1% (v/v) bovine serum
albumin, 10% (v/v) dextran sulphate, 20% (v/v) deionized formamide and 2 x

10

sodium saline citrate (SSC)) for 3h at 30°C in a humid chamber. After washing
once with 4 x SSC and twice with 2 x SSC, cells were incubated with DAPI
diluted in 2 x SSC containing 0.1% (v/v) Triton X-100. Finally, cells were washed
twice with 2 x SSC and coverslips placed on a microscope slide. Confocal analysis
was performed as described above. Quantification of area and intensity of
cytoplasm versus nuclei was performed with Volocity 6.3 analysis software
(PerkinElmer, Waltham, MA, USA). With the protocol four populations of objects
were defined: (1) Nuclei were masked using a DAPI channel with a threshold range
of 13-100% and restriction to a minimum object size of 50 um?. ‘Fill holes in
objects’ was applied to remove holes in the mask; (2) cytoplasm including nuclei
was masked using a Cy5 channel with an m(enslly -based threshold of 6-255 and
restriction to a minimum object size of 100 um2. (3) A mask for measurements in
the cytoplasm was created using ‘Exclusively combine’ of the first two masks.

(4) Finally, a mask for measurements in the Cy5-stained nuclei was created by
subtracting (3) from (2) Within !he mask (3) and (4), area and summarized
intensity were d and i were lized to area. The nuclear to
cytoplasmic ratio was calculated using the intensities from a minimum of 125 cells.

Generatlon of synﬂ\ehc and in wtro transmbed RNA. Synthetic oligor-

(Ch Corp a 3t I amino linker
harbouring either an N7- methylated cap slruclure (CAP) or a 5'-hydroxyl group
(OH) were generated as described previously'®. RNA oligomers were modified at
the 3' end either with biotin using biolin-N—hydroxysuccinimjde ester (Epicentre)
or fluorophore using DyLight 488 NHS ester according to the manufacturer’s
instructions and purified by reverse-phase-HPLC. Biotinylated 7SK-as RNA
bearing a 5'-CAP or —~OH group, respectively, were synthesized by in vitro
transcription and enzymatic modification of the 5 termini'® and purified using
the NucleoSpin RNA 1I kit (Macherey-Nagel).

Affinity purifications. For APs with biotin-labelled RNA, streptavidin-affinity
resin was first incubated with RNA in TAP buffer (50mM Tris pH 7.5, 100 mM
NaCl, 5% (v/v) glycerol, 0.2% (v/v) Nonidet-P40, 1.5 mM MgCl, and protease
inhibitor cocktail (EDTA-free, cOmplete; Roche)) in the presence of 40 U RNase
inhibitor (Fermentas) for 60 min at 4 °C on a rotary wheel and excess RNA
removed by three washes with TAP buffer. Cell lysates were prepared by snap-
freezing cells in liquid nitrogen, incubation in TAP buffer for 30 min on ice and
clarification of the lysate by centrifugation at 16,000g. RNA-coated beads were
incubated with 2mg of clarified lysate for 60 min at 4 °C, washed three times
with TAP buffer, boiled in Laemmli buffer for 10 min at 95°C and subjected to
SDS-polyacrylamide gel electrophoresis and western blot analysis. Uncropped
western blots are provided in Supplementary Fig. 8.

To detect proteins binding to m’GTP- and GTP-coupled beads, cell lysate was
sonicated using a Branson Sonifier 250 with 15 pulses at a duty cycle of 50% and an
output control of 1. The lysate was further incubated on ice for 15 min and clarified
by centrifugation at 16,000g for 10 min at 4 °C. Similarly, we used GFP-Trap beads
(Chromotek) for affinity purification of proteins binding to GFP-tagged baits. The
sonicated lysate was further treated with 10 U of Benzonase (Core facility, MPI-B)
for 30 min on ice before clarification of the lysate.

For co-precipitation of proteins expressed in E. coli expression of recombinant
proteins was induced overnight at 18°C in E. coli strain BL21-Al using | mM
isopropyl-B-p-thiogalactoside (Thermo) and 0.2% r-( + )-Arabinose (Santa Cruz).
Cells were lysed in HIS buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol
and 20 mM imidazole), including 50 Uml ~ ! of Benzonase (Core Facility, MPI-B)
and protease inhibitor cocktail (EDTA-free, cOmplete; Roche) using sonication
and lysates clarified by centrifugation at 16,000g for 10 min at 4 °C. Lysates were
used for AP using Ni-NTA spin columns according to the manufacturer’s
instructions (Qiagen). Ni-NTA-bound proteins were eluted using HIS buffer
containing 500 mM imidazole. Eluates were boiled in Laemmli buffer for 10 min at
95°C and subjected to SDS-polyacrylamide gel electrophoresis and western blot
analysis.

Quantitative LC-MS/MS-based proteomics and bioinformatics. To detect and
quantify RNA-binding proteins and proteins bound to GFP-tagged baits by AP and
MS, samples were prepared as described above. After the final three washes in
TAP buffer, samples were, in addition, washed twice with TAP buffer lacking
Nonidet-P40 to remove residual detergent. Three independent APs were performed
for each bait. Sample gpmpamtions and LC-MS/MS analysis was performed as
described previously'”. Briefly, samples were sequentially digested with LysC
(Wako Chemicals USA) and trypsin (Promega), acidified with 0.1% TFA, desalted
with C18 stage tips and analysed by liquid chromatography coupled to MS either
on Orbitrap XL or Q Exactive instruments (Thermo Fisher Scientific). For analysis
of interaction proteomics data, MS raw files were processed with MaxQuant
software versions 1.4.1.8 and 1.4.2.3 (ref. 50) using the built-in Andromeda engine
to search against human and mouse proteomes (UniprotKB, release 2012_06)
containing forward and reverse sequences. In MaxQuant, the label-free
quantification (LFQ)! al| algorithm and Match Between Runs option were used. Only
proteins identified on the basis of at least two peptides and a minimum of three
quantification events in at least one experimental group were considered.

LFQ protein intensity values were log-transformed and missing values filled by
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imputation. Specific enrichment was determined by multiple equal variance t-tests
with permutation- -based false dlscovery rate (FDR) statistics, performing 250

hresholds and Sy p were empirically set to separate
baclzground from specifically enriched | proteins.

For total proteome analysis, HeLa cells were electroporated twice with
siScrambled or siRNAs against NCBP1, NCBP2, NCBP3 or NCBP2 and NCBP3
and lysed 5 days after knockdown. Three knockdowns were performed in parallel.
Cells were pulsed with SILAC Arg10- and Lys8-containing medium for the last 6h
(ref. 49). Cells were lysed in SDS lysis buffer (50 mM Tris pH 7.5, 4% SDS (v/v)),
boiled for 5 min at 95 °C and sonicated. Fifty-microgram aliquots were reduced with
10 mM dithiothreitol, alkylated with 55 mM iodoacetamide and precipitated with
80% acetone (v/v) at — 20 °C overnight. Pellets were dissolved in 6M urea—2 M
thiourea, digested with LysC and trypsin and desalted peptides analysed by
LC-MS/MS on a Q Exactive instrument. Raw MS data were processed with
MaxQuant 1.5.1.6 using the LFQ and iBAQ algorithms and the Match Between
Runs option only considering light labelled amino acids. LFQ intensities were log-
transformed and left non-imputed.

For functional annotation analysis, we used DAVID?2 (database for annotation,
visualization and integrated discovery; http://david.abcc.ncifcrf.gov). Proteomics
data were analysed using Perseus, results were plotted using R (www.R-project.org)
and GraphPad Prism version 5.02 and visually adapted using Adobe Illustrator.

RNA i ing. HeLa cells expressing GFP-tagged
human NCBP3, NCBP2 or RAB5C were pelleted by centrifugation at 500g for
10min at 4°C and washed twice with ice-cold PBS. Cells were lysed in an equal
volume of RIP lysis buffer (10 mM HEPES pH 7.0, 100mM KCI, 5mM MgCl,,
25mM EDTA, 0.5% (v/v) Nonidet-P40, I mM dithiothreitol, protease inhibitor
cocktail (EDTA-free, cOmplete; Roche)) for 30 min on ice in the presence of

100 Uml ~ ! RNase inhibitor (Fermentas) and lysates clarified by centrifugation at
9,000g and 4 °C for 10 min. Clarified lysates were incubated with GFP-Trap beads
(Chromotek) in RIP wash buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl,
0.05% (v/v) Nonidet-P40) containing 25mM EDTA, protease inhibitors and

100 Uml ~ ! RNase inhibitor for 4h at 4°C on a rotary wheel, followed by five
washes with RIP wash buffer. Beads were then resuspended in Trizol (Invitrogen)
and RNA isolated using the Direct-zol RNA MiniPrep kit (Zymo Research)
according to the manufacturer’s instructions. Three RNA immunoprecipitations
per bait were carried out in parallel. RNA quality was assessed on a Genetic
Analyzer (Agilent) and TruSeq RNA library construction and next-generation
sequencing were performed by the Max Planck-Genome-Center Cologne,
Germany (http://mpgc.mpipz.mpg.de/home/). All samples were sequenced on an
Tllumina HiSeq2500 platform at 15 million 100-bp single reads per sample. After
quality control of the sequencing libraries, reads were trimmed and mapped against
the Ensembl genome annotation and the human genome assembly (hgl9/GRCh37)
using Tophat2 (ref. 53). Reads mapping to ribosomal RNAs or the mitochondrial
genome were removed. RNAs binding to NCBP3 or NCBP2 were identified

by differential quantification (bait over control) against the Ensembl genome
annotation using cuffdiff from the cufflinks package®. RNAs with fold changes
>2, FDR corrected P values < 0.01 and minimal read counts of 10 were considered
as enriched. To discover preferences of NCBP3 and NCBP2 for different RNA
species, we extracted RNA types and gene-model-related features from the
Ensembl annotations and plotted them using custom scripts.

Quantitative RT-PCR. RNA was reverse transcribed usmg lhe RevcrtAnd H Minus
First Strand cDNA Synthesis kit (F ) and q db

RT-PCR using the QuantiFast SYBR Green RT- PCR kit (Qiagen) and a CFX96
Touch Real-Time PCR Detection System (Bio-Rad). Each cycle consisted of 105 at
95°C and 305 at 60 °C, followed by melting curve analysis. Primer sequences were
as follows: huMYC (5'-CAGTGGGCTGTGAGGAGGTT-3" and 5'-CAGGCTCC
TGGCAAAAGGT-3'), huSLC43A3 (5'-CATGACATTCCCCACTGGCT-3' and
5'-GATTCCCCCAATGGTGAGCA-3'), huRNUI-1 (5'-ACTTACCTGGCAGGG
GAGATAC-3" and 5'-ACATCCGGAGTGCAATGGATAA-3'), huRNU4-1
(5'-GCGCAGTGGCAGTATCGTAG-3' and 5'-GGCGGGGTATTGGGAAA-3'),
huNCBP1 (5-GGCTGCAGCAGATCTTCCTA-3 and 5-TCTCCAGGGTCACC
ATGTACT-3'), huNCBP2 (5'-TTTCCAACATATAACGTACAGCTTTT-3" and
5'-CTACGTGGAGCTGAGCCAGT-3), huNCBP3 (5'-GCAGGAAGACAGTTC
AGATG-3' and 5'-ACTTCTTCTGGCTGCTCCAA-3).

Homology searches and homology modelling. Orthologous sequences were
collected using the web-server morFeus®® (http://chimborazo.biochem.mpg.de/
morfeus). The multiple sequence alngmnent was generated using mafft®® and
submitted to the Gblocks web-server®” to select conserved blocks for further
phylogenetic analysis. The phylogenetic tree was calculated with Phyml>® using
standard p and b apping with 100 i The resulting tree was
dlsplayed using Dendroscope® and mual]y adapted using Adobe Illustrator.

A structural model of the RRM domain of C170rf85/NCBP3 (UniProt entry
Q53F19) was obtained using the HHpred server®® for the detection of homologous
structures, and subsequent comparative modelling using Modeller®® (as integrated
in the Bi ics Toolkit (http://toolki bil mpg.de)) with the RRM of
human poly(A) adenylate-binding protein 1 (PDB code 4K)2) as a template model.

The final best model was chosen according to DOPE (Descrete Optimized Protein
Energy) scores®®. Structure analysis and electrostatic surface potential calculations
were done in Pymol (The PyMOL Molecular Graphics System, Version 1.5.0.4,
Schradinger, LLC).

I lasmi ionation of cells. Cells grown m a10-cm
dish were fractionated as described p ly®! with the followi
RNLa buffer was replaced by C/N buﬁer (10 mM Tris-HCl pH 7. 5 140mM Na(J
1.5mM MgCly, 10mM EDTA and 0.5% (v/v) NP-40) containing protease inhibitor
(EDTA-free, cOmplete, Roche) and Benzonase Nuclease (Novagen). For western
blot analysis, we loaded 4% of the total cell lysate and 20% of the cytoplasmic and
nuclear fractions.

Cloning and of i teins. The long isoform of C170rf85/
NCBP3 (GenBank NM_001114118.2) was s cloned from human complementary
DNA (cDNA) into vector pDONR221 (Invitrog and

in C170rf85/NCBP3 were introduced by site- du'ecled mutagenesis and PCR,
respectively. Expression constructs containing N-terminal His-tagged full-length
C170rf85/NCBP3 (pETG10A-NCBP3) or its mutant versions (pETG10A-NCBP3-
DI134A and -ALAA) were generated using the Gateway system (Invitrogen)

as described earlier*”. Expression constructs for N-terminal MBP/His-tagged
full-length NCBP3 and NCBP3 expressing amino acids 1-282, as well as SlI-tagged
NCBP1 were generated by SLIC cloning as described elsewhere®. pETM44
expressing MBP/His was a kind gift from the Core Facility at the MPI of
Biochemistry. Sequences of all cloning primers are available on request. Expression
of recombinant proteins was induced overnight at 18 °C in E. coli strain BL21-Al
using 1 mM isopropyl-B-p-thiogalactoside (Thermo) and 0.2% t-( + )-Arabinose
(Santa Cruz). Cells were lysed in BL buffer (50 mM Tris-HCI pH 7.5, 500 mM
NaCl, 5% glycerol, 5mM B-mercaptoethanol, 20 mM imidazole and protease
inhibitor cocktail (EDTA-free, cOmplete; Roche)) and the cleared lysate was used
for further experiments or AP using a HisTrap HP column (GE Healthcare;
17-5247-01). Recombinant untagged wild-type and mutant (ALAA) NCBP3
1-282aa used for MST and CD measurements was purified by the Core Facility at
the MPI of Biochemistry. Identity of recombi NCBP3 was confirmed by MS.

Affinity measurements. For MST affinity measurements, labelled RNA oligos
(CAPO- and OH-RNA-DyLight) were diluted in MST-1 buffer (50 mM Tris-HCL
pH 7.4, 150 mM NaCl, 10 mM MgCl,, 0.05% (v/v) Tween-20) to a final con-
centration of 50nM. A twofold dilution series (16 samples) of NCBP3 1-282aa
starting from 204 uM were performed in MST-2 buffer (20 mM Tris-HCL pH 74,
300 mM NaCl, 5% (v/v) glycerol). The two components were mixed in equal
volumes and the mixture ( ~8 ul) was then measured in the Monolith NT.015T at
room temperature using a blue light-emitting diode (LED). The MST settings were:
LED power (20%), MST laser power (80%), fluorescence before (55s), MST on (30's)
and fluorescence after (5s). The normalized fluorescence signal (Fypm = Fro Feolas
hot=34.5s and cold =5.5s) was analysed and plotted by Monolith NT.015T
analysis software. Three individual measurements were combined to calculate the
K values with s.e.

CD spectroscopy. Far ultraviolet CD spectra of wild-type and mutant versions of
NCBP3 were recorded on a Jasco J-810 CD-Photometer at room temperature in
20 mM sodium phosphate buffer pH 7.4 and 50 mM NaF. For each sample and the
buffer (baseline), four scans were recorded and averaged. The averaged baseline
spectrum was subtracted from the averaged sample spectra and the resulting
spectra were smoothed using an FFT (Fast Fourier Transform) filter (as part of the
software package). Measurements were only made down to wavelengths where the
instrument dynode voltage indicated the detector was still in its linear range
(190 nm). Spectra are shown as the mean residue elipticity. Secondary structure
compositions were estimated using the CONTINLL program®.

Virus infections and determination of virus titres. To determine the impact of
siRNA-mediated knockdown of NCBP3 on virus growth, aliquots of 1 x 10° HeLa
cells that had been transfected for 48 h with siRNA targeting NCBP3 or GFP as
control were infected with VSV-M2, EMCV or SFV at a multiplicity of infection of
0.01. At 24h post infection, virus titres in supernatants were quantified by 50%
tissue culture-infective dose (TCID50) assays on Vero E6 cells.
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Supplementary Figure 1. Heat map of proteins enriched by capped RNA.

(a) Schematic of quantitative interaction proteomics approach to identify proteins associated
with capped RNA. Synthetic biotinylated RNA oligos harbouring either a 5’m?” guanine cap
structure (CAP) or hydroxyl group (OH) were coupled to streptavidin beads, incubated with
cell lysates, and bound proteins identified by shotgun liquid chromatography-tandem MS
(LC-MS/MS). (b, ¢) Heat maps showing hierarchical clustering (Euclidean distances) of
proteins significantly enriched by synthetic cap-RNA oligos (compared to OH-oligos) in
murine RAW 264.7 (b) and human THP-1 macrophages (c¢). The plots show non-imputed
log2 transformed LFQ intensities for each individual replicate in rainbow colours (see colour
scale). Grey colour denotes missing values (ND).
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Supplementary Figure 2. NCBP3 is an evolutionary highly conserved protein.
Phylogenetic tree of the NCBP3 family of proteins. NCBP3 can be found in Chordata,
Arthropoda, Nematoda and Fungi. It is, however, not found in the model organisms Dros-
ophila melanogaster (or any sequenced Muscomorpha) and Saccharomyces cerevisiae (or
any sequenced Saccharomycetaceae). Note that we also detected similarity to proteins from
plants (green and red algae), which were omitted from further analysis. Dots indicate stable

tree branches according to Phyml bootstrapping. Species abbreviations and accession num-
bers are shown in Table S2.
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Supplementary Figure 3. Subcellular distribution of NCBP3.

(a) Immunofluorescence analysis to determine the cellular localization of NCBP3. HelLa cells
stably expressing NCBP3-GFP were stained with antibodies against GFP (green) and DAPI
(blue) and analysed by confocal microscopy. (b) Subcellular fractionation of RNAi-treated
Hela cells. Cells were treated with siRNA against NCBP3 or siScrambled as control, and
cytoplasmic (C) and nuclear (N) fractions were analysed by western blotting using antibodies
against endogenous NCBP3 and ALYREF. Histone H3 and EIF4E were used as controls.
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Supplementary Figure 4. Knockdown efficiency of NCBP1, -2 and -3.

(a) Western blot for knockdown efficiency of NCBP3. HelLa cells were treated with siRNAs
targeting NCBP3 or control for a total of five days and abundance of NCBP3 tested by
western blotting. Serial 2-fold dilutions of HeLa cell lysates and dilutions of purified
NCBP3-RRM (1-282) protein were used to assess the sensitivity of the antibody. (b) HeLa
cells were treated with siRNA against endogenous NCBP1, NCBP2 or NCBP3. To validate
knockdown efficiencies. NCBP1, NCBP2 and NCBP3 mRNA levels were determined by
gRT-PCR two (siNCBP1) or five days (siNCBP2, siNCBP3) after knockdown. Values were
normalized to GAPDH mRNA levels and are expressed as fold change to siScrambled
control. (c) Proteome analysis of HelLa cells after NCBP knockdowns. Hela cells were
treated with siScrambled control, NCBP1, NCBP2, NCBP3 or NCBP2 and NCBP3 targeting
siRNAs for 5 days and analysed by LC-MS/MS. Heat map showing non-imputed log2
transformed averaged LFQ intensities from three replicates for the indicated proteins. Red
colour (see scale) represents maximum intensity, blue — minimum. Grey colour indicates
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Supplementary Figure 5. NCBP3-RRM amino acid sequence alignhment and domain
organisation.

Shown are representative sequence alignments (Clustal Omega)' between the RRMs of
human NCBP3 and Poly(A)-specific ribonuclease (PARN) (a), and between the RRMs of
NCBP3 and NCBP2 (b), as well as the respective domain organisations (bar diagrams).
Regions that were shown to be necessary for binding to NCBP1 are marked' 2. Sequence
numbering refers to full-length human NCBP3. Secondary structure elements are shown
above (NCBP3, predicted) and below (NCBP2, PDB code 1h6k10) the alignments. Asterisks
in (b) mark residues of NCBP2 engaged in the interface formation with NCBP1.
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Supplementary Figure 6. Characterization of NCBP3 cap-binding using full-length
protein and the RRM-domain.

(a) Binding of recombinant wild-type and mutant NCBP3 to 5’capped RNA. Western blot after
affinity purification with biotinylated in-vitro transcribed 7SK-as RNA harbouring either a
5'CAP or OH structure using lysate from E.coli expressing either recombinant full-length
wild-type NCBP3 (wt), NCBP3 where aspartic acid at position 134 had been mutated to
alanine (D134A), or where tryptophan at position 155 and two aspartic acids at position 157
and 158 had been mutated to alanines (ALAA). Full-length (fl.) recombinant NCBP3 and
N-terminal degradation products (deg.) are indicated. (b) Far UV circular dichroism (CD)
spectra for wild type (wt; green) and mutant (ALAA; blue) NCBP3 (aa 1-282). The overall
similarity of the spectra as well as the estimated secondary structure compositions (insert
table) are shown.
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Supplementary Figure 7. Heat map and functional annotation analysis of proteins
enriched by NCBP3 and NCBP2.

(a) Schematic of quantitative interaction proteomics approach to identify proteins associated
with NCBP3 or NCBP2. GFP-Trap beads were incubated with benzonase treated cell lysates
and bound proteins identified by shotgun liquid chromatography-tandem MS (LC-MS/MS). (b)
Heat map showing hierarchical clustering (Euclidean distances) of proteins significantly
enriched by precipitation of GFP-NCBP3 and GFP-NCBP2 as compared to GFP-RAB5C
(ctrl) belonging to the TREX complex, NELF complex, EJC, Importins or CBC. The plot
shows non-imputed log2 transformed LFQ intensities for each individual replicate in rainbow
colours (see colour scale). Grey colour denotes missing values (ND). (¢) Functional
annotation analysis of enriched gene ontology biological processes (GOBP). The gene list of
enriched NCBP3 interactors (p-value < 0.001 and LFQ intensity fold change = 8 as compared
to GFP-RABS5C) has been analysed for GOBP enrichment using DAVID. Plotted are the top
ten GOBP with the lowest p-values.
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Supplementary Figure 8. Original western blots.
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Gebhardt, A., Schnepf, D., Moser, M., Meiler, A., Michaudel, C., Mackowiak, C., Sedda, D.,
Stukalov, A., Reinert, L., Paludan, S.R., Ryffel, B., Stiheli, P., and Pichlmair, A. (2018). The
alternative cap—binding complex is required for antiviral response in vivo. (prepared for

submission)

The manuscript “The alternative cap-binding complex is required for antiviral response in vivo.”
investigates the requirement of the alternative CBC during viral infections. In vitro experiments
showed that the alternative CBC subunit NCBP3 is required to regulate appropriate expression
of innate immune response genes and is involved in restriction of viral infections. I established a
NCBP3 knockout mouse model and could show that NCBP3 is required to pertain influenza A
virus mediated pathology in vivo. Combining in vitro and in vivo data highlighted that the alternative
CBC is fundamental to combat viral infections. NCBP3 appears to be involved in the precise

regulation of antiviral gene expression.

The manuscript prepared for submission is presented below and includes results, discussion,
material and methods and supplementary information. Supplementary table can be provided on

request.
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Abstract

Cellular adaption to environmental changes requires immediate and precise regulation of
transcriptional programs. During viral infections, this includes the expression of innate immune
regulated genes like type I interferons and pro-inflammatory cytokines as well as interferon
stimulated genes (ISGs) that are needed to successfully control viruses. The translation into
functional proteins depends on the transcriptional activation of specific genes and precise export
of respective mRNAs to the cytoplasm. Until recently, it was believed that all polymerase II
transcribed mRNAs are protected and guarded to the cytoplasm bound to the canonical cap-binding
complex (CBC). We recently identified an alternative CBC consisting of Ncbpl and -3 with
redundant function under physiological condition. Here, we provide evidence that the alternative
CBC is essential to mount precise and appropriate antiviral programs. In Ncbp3 deficient cells,
infection with Influenza A virus and Vesicular stomatitis virus resulted in higher levels of viral
RNA and protein as well as viral titers. Notably, regardless of heightened viral stimuli, the
expression of ISGs was comparable between Ncbp3 deficient and wild-type cells. Stimulation with
low concentration of synthetic polyinosinic-polycytidylic acid or interferon led to reduced IL6
secretion or Ifitl expression in Ncbp3 deficient cells, respectively, suggesting a defect in innate
immune responses. In support, proteomics analysis of Influenza A virus infected cells revealed
impaired expression of a subset of ISGs in Ncbp3 deficient cells. Importantly, during Influenza A
virus infection in vivo loss of Ncbp3 resulted in severe lung pathology leading to heightened
morbidity. In sum, we show that the alternative CBC is essential for viral defense by regulating

the expression of antiviral genes in a fine-tuned and precise manner.
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Introduction

Successful control of virus infections requires immediate and appropriate responses to pathogens,
a process centrally mastered by the innate immune system. The activation of this system is
predominantly initiated by viral nucleic acids that are delivered during the infection process and
bear virus-specific chemical or structural modifications '. Pathogen-associated molecular patterns
(PAMPs) are sensed by specific pattern recognition receptors (PRRs) which activate signaling
cascades leading to transcription of antiviral defense genes. This includes antiviral and
inflammatory cytokines such as type-I interferons (IFN-o/f), Tumour necrosis factor alpha (TNF-
0) and interleukins (IL) including IL6, IL8 and IL12 2. Cytokines act in a paracrine and autocrine
manner and bind to specific receptors, which trigger signaling cascades leading to transcriptional
activation of antiviral and inflammatory effector proteins. The effector proteins include several
hundred interferon-stimulated genes (ISGs) such as Interferon-induced proteins with
tetratricopeptide repeats (IFITs), orthomyxovirus resistance genes (MX) or 2'-5'-oligoadenylate
synthases (OAS) *7. Transcripts are exported from the nucleus and translated into bioactive
proteins by the cytoplasmic translation machinery. The cellular apparatus of transcription, nRNA
processing/export and translation is required to effectively control virus infection and to mount an

appropriate immune response.

Newly transcribed RNA is one of the key components of the innate immune response. To protect
cellular RNA transcripts and to coordinate the steps from transcription to translation, RNA
polymerase II transcripts like messenger RNAs (mRNAs) are co-transcriptionally capped on the
RNA 5°end by a mono-methylated guanosine which is linked through a 5°5°-phosphodiester bond
(cap) ®. The RNA cap is bound by the cap-binding complex (CBC), which coordinates RNA
processing, export and initiation of translation. The CBC is a heterodimeric complex consisting of

Page | 3

74| Pa

oQ

€




RESULTS

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Gebhardt et al.

nuclear cap binding protein (NCBP) | and -2. While NCBP2 is a cap-binding protein, NCBP1
allows recruitment of cellular factors that are required for RNA processing 8. All processing steps
such as splicing and 3*end polyadenylation are highly controlled by multiple protein complexes
and it was shown that accurate processing advantages export of mRNAs to the cytoplasm °. One
of these steps is the excision of intronic regions by the spliceosome and loading of the
exon-junction-complex (EJC) on spliced RNA. This allows association to the export receptor
NXFI1-NXT1 (also known as TAP-pl5) and facilitates the translocation of the mature mRNA

through the nuclear pore complex (NPC) '°.

We recently identified an alternative CBC consisting of the cap-binding protein NCBP3 and
NCBP1 . Under physiological conditions the canonical and alternative CBCs carry out similar
functions and are to large extent functionally redundant to process and export mRNAs. Only
co-depletion of the two cap binding proteins NCBP2 and -3 retains polyadenylated RNA in the
nucleus, while depletion of the common adapter NCBP1 has the same effect. However, why
eukaryotes evolved two CBCs remained unclear. We speculated that the alternative CBC may be

particularly important in situations of cellular stress such as during virus infections.

Viruses have identified mRNA processing and splicing as a primary battleground to down-regulate
immune responses and to support viral replication and spread. Influenza A virus (IAV), for
instance, encodes for the nonstructural protein 1 (NS1) to counteract and downregulate host innate
immune responses, in part through targeting multiple steps in the mRNA processing and nuclear
export process '% TAV-NS1 (1) blocks RNA 3‘end processing through inhibiting components of
the cellular and polyadenylation specificity factor (CPSF) complex, (2) binds directly to PABPN
and thereby pertains proper mRNA polyadenylation and transport to the cytoplasm and (3)

associates to the export receptor NXFI1-NXT1 and the nuclear pore protein Nup98. Another
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example for viral manipulation of the mRNA export machinery is the ability of the Vesicular
stomatitis virus (VSV) matrix protein (M), which interacts with the RNA binding protein Rael
and prevents its interaction with nucleoporin Nup98, leading to accumulation of mRNA and U

snRNAs in the nucleus '3

. Impaired mRNA export and processing inhibit appropriate immune
responses and therefore paralyze cells in a vulnerable state. Conversely, mutations in IAV-NS1 or
VSV-M proteins lead to attenuation of these virus strains and even allows their usage as safe

therapeutic agents '+1°,

Although the recently identified alternative CBC consisting of NCBP1/-3 functioned in a
redundant-manner under physiological conditions, we could show that NCBP3 was of critical
importance to impair virus growth in vitro. However, the functional basis for this phenomenon has
remained unclear. Furthermore, it was not clear to what extent this finding was relevant for the
immune response in a multi-cellular organism. Here, we show that Ncbp3 is important to mount a
proper immune response during virus infections in vitro. Genetic depletion of Ncbp3 in vivo was
rendering mice highly susceptible to IAV infection, indicating a critical role of Ncbp3 during

antiviral responses in vivo.
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Results

Characterization and generation of Ncbp3 knockout mice

To test the function of Ncbp3 in vivo we generated Ncbp3 knockout (ko) mice by homologous
recombination (Fig Supplementary Figla). Correct insertion of the knockout cassette (Ncbp3™!?)
was confirmed by specific PCR assays and resulted in 49% of heterozygous FO mice
(Supplementary Fig 1b, c). Heterozygous Ncbp3 mice (Ncbp3*~) showed no phenotype as
compared to littermate controls. However, when breeding Ncbp3 heterozygous mice we obtained
reduced numbers of Ncbp3 deficient mice (Fig la, Supplementary Fig 1d). Similar reduced
numbers of homozygous offsprings were evident when breeding Ncbp3 knockout to heterozygous
animals (Fig la). Born Ncbp3 ko mice showed reduced body weight compared to littermate
controls but no other obvious phenotype during an observation period of 14 month (Supplementary
Fig le, f). Tissues of 12-13 weeks old mice were analyzed for Ncbp3 expression investigating the
LacZ expression which is expressed under the control of the endogenous Ncbp3 promoter
(Supplementary Fig. 1g). Ncbp3 expression could be classified in three expression patterns: low
(bone marrow, pancreas, spleen, thymus, kidney, sexual organs and liver), intermediate (lung and
brain) and high (heart and muscle) expression with slight differences between male and female

animals.

Ncbp3 wild-type (wt) and ko mouse embryonic fibroblasts (MEF) isolated from heterozygous
crossings were morphologically similar. Loss of Ncbp3 was confirmed by western blot analysis
employing Ncbp3 specific antibody (Fig 1b). Heterozygous MEFs showed intermediate
expression of Ncbp3. We proceeded to use these cells to test the function of the alternative CBC
in vitro. To test whether the canonical CBC is operative in murine cells, we employed a transient

knockdown experiment depleting Ncbpl and Ncbp2 by siRNA. Knockdown efficiency was
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confirmed by western blot analysis (Fig Ic). In line with results in human cells, Ncbp2 depletion
did not affect growth of wt MEFs (Fig 1d). In contrast, knockdown of Ncbp2 in Ncbp3 ko MEFs
significantly reduced cell growth. This effect was comparable to depletion of Ncbpl. In summary,
these experiments showed that the canonical CBC (consisting of NCBP1/2) and the alternative
CBC (consisting of NCBP1/3) are evolutionary conserved in murine and human cells, that both
CBCs are operative in MEFs and that they serve redundant functions under physiological

conditions.

Loss of Ncbp3 supports RNA virus replication in vitro

A phenotype of Ncbp3 depletion was previously shown to be predominantly apparent under
challenging environmental conditions . We used different viruses to assess the function of Ncbp3
during virus infections. To this aim we selected viruses that encode their genome as RNA
(influenza A virus: IJAV-wt, vesicular stomatitis virus: VSV-wt) and replicate in the nucleus (IAV)
or cytoplasm (VSV). In addition, we used viral mutants that lost their ability to perturb the innate
immune system (IAV-ANSI, VSV-M2). Infection of Ncbp3 wt and ko MEFs with different doses
of an IAV reporter virus that expresses renilla luciferase showed that Ncbp3 ko MEFs allowed
higher expression of IAV driven renilla signals as compared to wt MEFs (Fig 2a). These results
were confirmed by testing IAV accumulation in the supernatant of MEFs. IAV accumulation was
30-fold higher in Ncbp3 ko as compared to wt MEFs (Fig 2b). Likewise, the interferon inducing
variant IJAV-ANS1 accumulated to more than 10-fold higher virus titers in Ncbp3 deficient as
compared to control cells (Fig 2b). Similar results were obtained when assessing mRNA
accumulation of virus transcripts in infected cells. IAV RNA accumulated to 10-fold higher levels
in NCBP3 ko cells as compared to wt controls (Fig 2¢). Higher accumulation of virus mRNA was

corroborated with higher mRNA levels for IFN-B in Ncbp3 ko cells as compared to wt controls.
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Surprisingly, despite higher viral and IFN-B mRNA expression in Ncbp3 deficient MEFs,
accumulation of interferon responsive Ifit3 mRNA was undistinguishable in both cell types (Fig
2¢). RNA of the housekeeping gene Hmbs were similar expressed upon infection and in Ncbp3 ko

compared to wt cells.

We set out to confirm these data by western blotting. In line with a role in virus growth regulation,
accumulation of the viral nucleoprotein (NP) and non-structural protein 1 (NS1) were increased in
Ncbp3 ko MEFs as compared to wt counterparts (Fig 2d). Again, despite the higher accumulation
of viral proteins, expression of Ifitl in response to virus infection was similar in both cell types
(Fig 2d). In sum, these experiments suggested that Ncbp3 is required to control IAV infection
in vitro. However, despite significantly higher accumulation of viral nucleic acids in Ncbp3 ko

cells, the induction of the interferon response was equal in both, Ncbp3 wt and ko MEFs.

Since IAV replicates in the nucleus of infected cells, the increased virus replication could also be
interpreted by an effect of Ncbp3 on viral RNA export. We therefore assessed growth of VSV, a
virus that replicates in the cytoplasm. In line with data obtained for IAV, VSV-driven luciferase
was increased in Ncbp3 ko MEFs as compared to wt controls (Fig 3a) and accumulation of viruses
in supernatants of wt and Ncbp3 deficient MEFs was 100-fold increased for VSV-wt and the
interferon inducing variant VSV-M2 (Fig 3b). Notably, despite this significantly increased virus
growth, expression of Ifitl protein was again similar in Ncbp3 wt and ko MEFs (Fig 3c). These
results indicate that Ncbp3 deficient MEFs do not mount an innate immune response that is
quantitatively equalling the amount of viruses present in infected cells. Altogether, these data show
that infection with RNA viruses, regardless of their replication site, results in higher accumulation

of viral particles in supernatant of Ncbp3 depleted cells. Activation of the innate immune responses
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is similar in Ncbp3 wt and ko MEFs but execution of the innate immune response was severely

impaired in Ncbp3 depleted cells.

Global proteomic analysis suggests altered innate immune response of a subset of ISGs in
Ncbp3 deficient MEFs

Our data indicate that Ncbp3 wt and ko MEFs differ in their ability to translate innate immune
signals into functional proteins. To investigate this on a proteome-wide scale we performed
unbiased proteomic analysis of IAV infected MEFs. Briefly, MEFs were infected with IAV-wt
and proteomic analysis were performed by liquid chromatography tandem mass spectrometry (LC-
MS/MS) 24 hours after infection (Fig 4a). This analysis allowed quantification of 5422 proteins in
Ncbp3 wt and ko MEFs (Supplement Table 1). In line with increased virus growth, we could
observe increased expression of viral proteins in Ncbp3 deficient as compared to wt MEFs (Fig
4b). Investigating the differences in protein expression between Ncbp3 ko and wt MEFs upon virus
infection, we analyzed the fold change difference of Ncbp3 IAV infection versus mock in the two
cell lines (Fig 4c, Supplementary Table 1). In this analysis, 282 proteins were differentially
expressed in Ncbp3 ko as compared to wt cells, including 19 differentially expressed ISGs. Among
those ISGs, four differentially expressed classes could be observed (Fig 4c, green dots, Fig 4d):
(1) ISGs that were up-regulated in wt cells after virus infection and less up-regulated in Ncbp3 ko:
Bst2, Irgm2 and Rtp4; (2) ISGs that were up-regulated in wt MEFs upon virus infection and not
regulated in Ncbp3 ko: Ctnna2, H2-K 1, Ifi44, Irgm1, Lgals3bp, Timp2, Ube216 and Uspl8; (3)
ISGs that were up-regulated in wt cells and slightly down regulated in Ncbp3 ko cells: Helz2 and
Tspo; and (4) ISGs that were not regulated in wt cells and slightly down-regulated in Ncbp3 ko
cells: Lipa, Gla, Crabp2 and Torlaip2. In addition, Noc4l was found to be significantly regulated

between Ncbp3 ko and wt being marginally upregulated in Ncbp3 ko upon IAV infection. These
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analyses show that a subset of ISGs is differentially expressed in the absence of Ncbp3 potentially

required to control virus infection in a fine-tuned manner.

Ncbp3 is required for cytokine induction and response in vitro

Viral infection experiments suggested regulation of innate response genes in an Ncbp3-dependent
manner. These results prompted us to test MEFs for their ability to respond to the synthetic dsSRNA
analogue and innate immune stimulus polyinosinic-polycytidylic acid (PIC). Intriguingly,
compared to wt MEFs, PIC-treated Ncbp3 deficient cells showed significantly reduced
accumulation of IL6 in their supernatants (Fig 5a). This difference was particularly apparent when
low amounts of PIC were used (Fig 5b), clearly suggesting that proper antiviral responses require
a functional alternative CBC. To test whether Ncbp3 is also required to properly execute an
antiviral response we stimulated MEFs with recombinant IFN-0/p and tested for the ability to
synthesize the antiviral protein Ifitl by western blot analyses. In the absence of Ncbp3, interferon
elicited Ifitl levels were clearly reduced as compared to Ifitl expression in wt MEFs (Fig 5c). This
difference was again particularly evident at low cytokine concentrations and less prominent when
high amounts of IFN-o/p were used for stimulation of cells. In sum, these data indicate that Ncbp3

is required for fully functional antiviral immune response in vitro.

Ncbp3 depletion results in increased IAV induced mortality in vivo

Lack of Ncbp3 leads to increased virus growth, altered cytokine response and reduced induction
of a subset of ISGs in vitro. However, the role of the Ncbp3 in vivo is not known. To test the
relevance of Ncbp3 in vivo we infected Ncbp3 ko and littermate control mice intranasally with a
sublethal dose of IAV. As expected, control mice survived virus challenge. However, IAV
infection resulted in severe disease of Ncbp3 deficient mice of which 66.7% died within 13 days

of infection (Fig 6a). In this infection regime, mice died 7-8 days after infection suggesting
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inability to properly control virus infection and/or triggering of detrimental pathological effects.
In order to test the latter possibility we performed histological analyses of lungs from infected
mice (Fig 6b, ¢). Compared to lungs isolated from infected wt mice, lungs from Ncbp3 ko mice
augmented lung inflammatory cell recruitment and pathology characterized by severe epithelial
damage and infiltration of lymphocytes, hallmarks of necrotic peribronchial pneumonia caused by
influenza virus infection. Collectively, these experiments show that Ncbp3 is required to control
virus growth and adequate innate responses in vitro and that loss of Ncbp3 results in severe

virus-induced inflammation and pathology in vivo.
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Discussion

Regulation of gene expression is one of the most fundamental process in a cellular organism. To
obtain functional proteins, the genetic information need to be transcribed into RNA and shuttle
between the two main cellular compartments, the nucleus and the cytoplasm. Coordination of this
event is fundamental for precise gene expression in a timely manner. Under challenging conditions
such as virus infections, proper functionality of mRNA processing machineries becomes even
more important since an immediate and adequate response needs to be mounted. We previously
identified human NCBP3 as a cap-binding protein assembling the alternative CBC together with
NCBPI and being involved in the export of polyadenylated RNA from the nucleus in a similar
manner as the canonical CBC under physiological conditions ''. Here, we show that Ncbp3
deficient mice are viable, which supports the in vitro finding that Ncbp3 is dispensable under
physiological conditions since its exhibits redundant functions with Ncbp2. Surprisingly, breeding
of Ncbp3 heterozygous or knockout mice revealed an atypical Mendelian ratio of born knockout
animals suggesting that Ncbp3 is required for proper embryonic development, which may reflect
highly complex and regulated gene transcription programs that are particularly active during

embryonal development .

The alternative CBC may be predominantly required to respond to environmental cues and to allow
appropriate gene expression '!. Such responses are particularly required to coordinate antiviral
responses triggered by virus infections 2?2 In vitro, infections with RNA viruses resulted in
elevated viral titers, increased viral protein production as well as in higher viral transcript
expression in Ncbp3 deficient cells. Since this was observed for both, nuclear and cytoplasmic
replicating viruses, the effect of Ncbp3 appears to rather be of regulatory nature of antiviral

immune responses than a direct effect of Ncbp3 on viral RNA export and growth. Given the high
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abundance of viral transcripts in Ncbp3 deficient cells, expression of ISGs monitored by Ifit3
mRNA and Ifitl protein did not proportionally follow the high amount of stimulus. This indicates
dysregulated immune responses in Ncbp3 deficient cells and a general inability of Ncbp3 ko cells
to translate a stimulatory trigger into protective antiviral immunity. Proteomic analyses of virally
infected Ncbp3 ko and wt MEFs showed reduced expression of a subset of ISGs in Ncbp3 deficient
cells, including antiviral restriction factors as well as negative regulators of type I interferon,
additionally supporting the requirement of Ncbp3 for proper antiviral responses. Consolidating our
data, Ncbp3 was necessary for proper expression of antiviral proteins such as IFIT proteins and
Bst2 (also known as Tetherin), which are antiviral factors active against a wide variety of viruses
323 While IFIT proteins are nucleic acid binding proteins that restrict virus replication, Bst2
impairs the release of enveloped viruses including IAV and VSV 3% In line with elevated
accumulation of viral particles in the supernatants of Ncbp3 ko compared to wt cells, the missing
induction of IFIT proteins and Bst2 and their functions in restricting virus replication and virion
release could lead to the higher accumulation of viral particles. Moreover, Bst2 and Timp2 can

2831 and their reduced

inhibit metalloproteinases leading to reduced cell growth and migration
expression in Ncbp3 ko cells could result in enhanced cell growth and migration, which is
beneficial for viral replication. Similarly, Ncbp3 ko MEFs showed reduced expression of Uspl8
and Ube216, which were described to be involved in ISGylation induced by innate responses.
During AV infection, NS1 is ISGylated which leads to the inhibiting of viral replication >3233,
Alteration in ISGylation in the absence of Ncbp3 could therefore further contribute to enhanced
viral replication as seen by in vitro experiments. In sum, our results indicate defects in the induction

of an appropriate antiviral immune response in Ncbp3 ko cells in vitro, which may accumulate and

result in the observed higher viral titers.
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An involvement of Ncbp3 in induction of antiviral immune responses was further supported by
stimulation experiments using the synthetic dsSRNA analogue PIC and recombinant IFN-a. Ncbp3
deficient cells showed reduced cytokine and ISG expression, particularly when stimulated with
low concentrations of ligands. However, at higher concentrations of stimuli, the dependency on
Ncbp3 gradually decreased. This indicates that high amounts of mRNA may overcome
dependency on the alternative CBC and that regulation of mRNA export depends on the
stoichiometry of individual mRNAs. In case of viral infections, Ncbp3 may therefore be
predominantly important early after infection when little virus stimulus initiates an antiviral
response, which requires full activity of antiviral programs in order to control initial infections.
Similarly, expression of negative regulators of the innate immune system may be delayed in case
of NCBP3 deficient systems, thereby leading to potential overshooting of immune responses at
later stages of infection. However, the exact timing of antiviral responses is of central importance
to control virus infections and can dramatically affect the outcome of disease *. A fully functional

mRNA processing system may be required to allow such a timed response.

In an organism, the antiviral program needs to be strictly coordinated to effectively prevent viral
spread and associated pathologies >>*°, While timely expression of cytokines and antiviral proteins
is crucial at early stages of infection, expression of negative regulators is essential to prevent
overshooting immune reactions after successful virus clearance *'*"-*. This highly dynamic and
regulated expression may require the alternative CBC. Indeed, mice lacking Ncbp3 showed
increased virus induced mortality and lung pathology. Ncbp3 deficiency may results in the
inability of the organism to negatively regulate the immune response, which has been
demonstrated to be important to prevent overshooting and prolonged immune reactions in response

to viruses and cytokines in vivo 237", Prolonged and/or stronger IFN-o/B, IL-6 and TNF-o,
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expression results in the up-regulation of apoptosis-inducing proteins contributing to
immunopathology and increased disease severity with greater morbidity in mice infected with IAV
35364041 Furthermore, elevated cytokine levels correlate with more serious illness during influenza
infection and duration of hospitalization in patients. Thus, increased pathology in IAV infected
Ncbp3 deficient mice may be due to disease promoting effects of the innate immune system, which

results in virus-induced tissue damage.

In sum, our study shows that the alternative CBC is required to mount appropriate immune
responses and underlines the requirement of fine-tuned gene expression and export programs

during virus infection processes.
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Material and Methods

Reagents

Hybrid human IFN-o. (IFN B/D) *, which is highly active on mouse cells, was a kind gift from
Peter Stiheli. Polyinosinic-polycytidylic acid (PIC; Sigma Aldrich; P9582) and siRNAs
(Dharmacon) were transfected into cells using Neon Transfection System (Invitrogen). Primary
antibodies were used according to manufacturer recommendation and were as follows: Ncbp3
(Atlas Antibodies; HPA008959), Histone H3 (Abcam; ab1791-100). For viral protein detection,
we used antibodies against IAV (Millipore; AB1074) and VSV-G (Santa Cruz; sc-66180).
Antibodies against NCBP2 were purified from serum of rabbits immunized with recombinant
full-length protein purified from E. coli. Serum isolated from Ifitl deficient mice immunized with
full-length murine protein purified from E.coli was used to detect Ifitl. Antibodies against f-Actin
(Santa Cruz; sc-47778) and secondary antibodies detecting mouse (Dako), rabbit (Sigma-Aldrich),
goat (Santa Cruz) IgG were horseradish peroxidase-coupled. CellTiter-Glo® Luminescent Cell
Viability Assay kit was purchased from Promega. RT-PCR reagents were from Takara/Clontech
and Qiagen. Interleukin 6 was measured by enzyme-linked immunosorbent assay obtained from
R&D Systems. Mass spectrometry grade trypsin and LysC was obtained from Wako Chemicals

USA and Sigma-Aldrich, respectively.

Viruses

All used viruses are classified as BSL2 pathogens in Germany and experiments were carried out
according official regulations. Wild-type Influenza A virus strain SC35M was used in mice
experiments. In cell culture experiments, we used wild-type as well as NS1-deleted Influenza A
virus strain SC35M * and wild-type and M2-mutated (M5 IR substitution in M2 protein) Vesicular
stomatitis virus **. IAV-ANSI and VSV-M2 are deficient in their ability to block innate immune

Page | 17

88 | Page




RESULTS

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

Gebhardt et al.

responses due to the lack of NS1 and mutation in M2 protein, respectively. In addition, we used
an IAV-wt reporter virus * that expresses renilla luciferase and a VSV-wt reporter virus expressing

firefly luciferase, which were a kind gift from Peter Reuther and Gert Zimmer, respectively.

Generation of Ncbp3 knockout mice

Genetically modified ES cell clones (JM8.F6; C57BL/6N background) carrying a promotor-less
targeting cassette to generate “knockout-first” allelic mutation were obtained from the European
Conditional Mouse Mutagenesis Program (EUCOMM) 4“7, The cassette encodes for a neomycin
resistance and a LacZ gene with a splice acceptor and a polyA site flanked by FRT sites.
Additionally, the second exon of Ncbp3 is flanked by loxP sites, which results in a frame-shift
mutation (Suppl. Fig la). Through the insertion of this cassette, a so-called tmla mutation is

generated resulting in the disruption of the targeted Ncbp3 gene.

Chimeras were generated by ES cell injection into C57BL/6 albino (B6(Cg)-Tyr<c-2J>/J)
blastocyst donors, which were implanted into pseudo-pregnant mice. Germ-line male chimeras
generated from one ES clone (Ncbp3 clone A06) were bred with C57BL/6 albino females to
produce heterozygous, tmla-carrying FI mice (C57BL/6N-Ncbp3™!4/Mpi). Heterozygous FI
mice carrying the tmla mutation in one Ncbp3 allele were further bred and maintained in the
animal facility of the MPI of Biochemistry at SPF (specific pathogen-free) conditions. Body
weight was monitored at weaning (age 19-23 days) and for a group of mice for a period of 13
month. Mouse husbandry were carried out in accordance with animal welfare regulations and have

been approved by the responsible authorities (TVA 55.2-1-54-2532-116-2015).

Genotyping of Ncbp3 tmla mice
Ncbp3™!®  mice were genotyped using the following primers: Ncbp3_tmla-fw 5'-

CTGTATGTCCGGTCGTCATC-"3, Ncbp3_tmla-rev 5-GCCTGCATGTACCATGCATT-"3.
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PCR conditions were as followed: (1) 94 °C for 1 minute (1x); (2) 94 °C for 30 sec, 57°C for 20

sec, 72°C for 30 sec (35x). PCR products were visualized using a 1% agarose gel electrophoresis.

LacZ/B-Galactosidase assay

Ncbp3 expression in tissues was determined by B-Galactosidase expression driven under
endogenous Ncbp3 promotor from the LacZ gene of the tm1a cassette. Tissues were isolated from
heterozygous (Ncbp3'™!#*) and wild-type (background control) mice and homogenated in 2 puL
reaction buffer per 1 mg tissue using SS matrix beads (MP Biomedicals) and the FastPrep-24
machine with the following setting: 4x 20 seconds, MP, 4 m/s. Lysates were cleared by
centrifugation at 18000x g at 4°C for 30 minutes. Cleared lysated were used to determine
B-Galactosidase expression using the FluoReporter lacZ/Galactosidase Quantification kit
(ThermoFischer Scientific; F-1905) according manufacturer's guidelines. The assay was done in
a 384-well format, wherefore, half of the manufacturer’s volumes were used. B-Galactosidase
signals were first divided by total protein content in the lysate measured using Pierce™ 660nm
Protein Assay Reagent (ThermoFischer Scientific; 22660) according manufacturer's protocol and

second normalized to mean B-Galactosidase signals in the respective tissue of the same gender.

Isolation and immortalization of mouse embryonic fibroblasts

Mouse embryonic fibroblasts were generated from day 13.5 embryos from heterozygous
intercrosses. All following steps were carried out in a tissue culture hood under sterile conditions.
First, uterine horns were dissected out and washed several times in 1x PBS. Embryos were isolated
separately from the placenta and its embryonic sac and placed in sterile 1x PBS. Heads, red organs
and extremities were removed from the embryos and the remaining body placed in fresh 1x PBS.
Subsequently, the remaining body was minced and incubated for 10 minutes at 37 °C in 3 ml

0.05% trypsin/EDTA (ThermoFischer Scientific). Supernatant containing single cell suspension
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was cleaned through a cell strainer (Greiner Bio-One International; 542070) adding 30 ml pre-
warmed complete DMEM (ThermoFischer Scientific; containing 10% (v/v) fetal bovine serum
and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin)) and subsequently centrifuged
at 1000x g for 5 min. Trypsin treatment was repeated several times with remaining tissue. Cells
were resuspended in 3 ml complete DMEM and seeded in a cell culture dish. After three passages,
the cells were immortalized with SV40-LT by retroviral infection. Immortalized cells were
selected with 3 pg/ml puromycin (Sigma-Aldrich; P8833) for eight passages and used for further

experiments.

RNAi-mediated knockdown and cell growth assay

MEFs were electroporated with duplex siRNAs using the Neon Transfection System (Invitrogen)
for target gene knockdowns. Duplex siRNAs were obtained from Dharmacon and had the
following target sequences: Ncbpl (#1: 5-AUGCAGAAAUGGACCGAAU-3°, #2:
5"-CGUCUGGACACGAUGAGUA-3", #3: 5-GGUACGAUGUGAAACGGAU-3", #4:
5"-AGGCCUAACACUCGCGUUU-3%), Ncbp2 (#1: 5°-CAGCAAAAGUGGUGAUAUA-3", #2:
5-GCAAUGCGGUACAUAAACG-3", #3: 5 GUAUGGACGUGGACGGUCU-3°, #4:
5°-ACGAGUAUCGGGAGGACUA-3") and scrambled
(5°-AAGGTAATTGCGCGTGCAACT-3"). Transfection of siRNA and cell growth assay was

described elsewhere !

!. Cell growth were analyzed at the indicated time points after the
second/repeated siRNA transfection. For western blot analysis, cells were lysed in SSB buffer
(62.5 mM Tris-HCI pH 6.8, 2 % sodium dodecyl sulfate, 10 % glycerol, 50 mM dithiothreitol, 0.01
% bromophenol blue) and boiled for 10 minutes at 95 °C and subjected to SDS—polyacrylamide

gel electrophoresis and western blot analysis.
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Cell growth assays
Cell growth was determined after RN Ai-mediated knockdown of indicated time points using
CellTiter-Glo (Promega) according to the manufacturer’s instructions with the modifications

decribed elsewhere !!.

In vitro virus infection

MEFs were seeded on the day before infection and infected with IAV-wt, -ANS1 and
VSV-wt, -M2. Duration and multiplicity of infection (MO]I) is indicated in the figure legends.
Supernatants of virus-infected cells were collected and virus titers were quantified by 50% tissue
culture-infective dose (TCID50) assays on Vero E6 cell. For western blot analysis, cells were lysed
in RIPA buffer (50 mM Tris-HC1pH 7.5, 150 mM NaCl, 0.25 % sodium deoxycholate, 1 % NP-40,
1 mM EDTA) and boiled in Laemmli buffer for 10 minutes at 95 °C and subjected to SDS—
polyacrylamide gel electrophoresis and western blot analysis. For proteomic analysis, cell pellets
were snap-frozen in liquid nitrogen before further processing. For RT-PCR analysis, RNA was
isolated using NucleoSpin® RNA Plus kit (Macherey Nagel) or Direct-zol™ RNA MiniPrep Plus

(Zymo Research) according manufacturer's protocol.

For luciferase reporter viruses, MEFs were infected with IAV-wt and VSV-wt with different MOIs
(indicated in figures). After 21 hours, cells were lysed in 1x passive lysis buffer (Promega) and
lysates were mixed with equal volume of 2x renilla reagent solution (100 mM K3PO4, 500 mM
NaCl, I mM EDTA, 25 mM Thiourea, 30 uM Coelenterazine) or 2x firefly reagent solution (20
mM Tris-HCI pH 7.8, 0.1 mM EDTA, 3.74 mM magnesium sulfate, 33.3 mM dithiothreitol, 0.27
mM coenzyme A, 0.47 mM D-luciferin, 0.53 mM adenosine triphosphate) in technical duplicates.

Subsequently, luminescence was measured using an Infinite 200 PRO series micro plate reader
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(Tecan). Luminescence counts were normalized to total protein concentration measured using

Pierce™ 660nm Protein Assay Reagent (Thermo Fischer Scientific; 22660).

IFN and PIC treatment

All used concentrations are indicated in figures and figure legends. For IFN treatment, IFN B/D
was added to the medium of homozygously attached MEFs in a 24-well format and cells were
further incubated at 37°C with 5% CO,. Cells were lysed in RIPA buffer (50 mM Tris-HCI pH
7.5, 150 mM NaCl, 0.25 % sodium deoxycholate, 1 % NP-40, 1 mM EDTA) and boiled in
Laemmli buffer for 10 minutes at 95 °C and subjected to SDS—polyacrylamide gel electrophoresis
and western blot analysis. For PIC stimulation, MEFs were transfected using the Neon
Transfection System (Invitrogen) and seeded in a 24-well format. Supernatants were collected after
indicated time points and IL6 concentration was determined using the mouse IL6 DuoSet Elisa

(R&D systems) according manufacturer’s instructions.

Quantitative RT-PCR analysis

RNA was reverse transcribed using the PrimeScript™ RT Reagent Kit with or without gDNA
Eraser (Takara/Clontech) and quantified by quantitative RT-PCR using the QuantiFast SYBR
Green RT-PCR kit (Qiagen) and a CFX96 Touch Real-Time PCR Detection System (Bio-Rad).
Each cycle consisted of 10 seconds at 95 °C and 30 seconds at 60 °C, followed by melting curve
analysis. Primer sequences were as follows: mTbp (5°-CCTTCACCAATGACTCCTATGAC-3"
and 5°-CAAGTTTACAGCCAAGATTCA-3"), mHmbs (5°-GAGTCTAGATGGCTCAGATAG
CATGC-3" and 5°-CCTACAGACCAGTTAGCGCACATC-3"), mIfit3 (5°-TGGTCATGTGCC
GTTACAGG-3" and 5°-GCTGCGAGGTCTTCAGACTT-3%), mIFN-B (5°-CGGAGAAGATGC
AGAAGAGT-3" and 5°-TCAAGTGGAGAGCAGTTGAG-3") and IAV-M ** (5°-AGATGAGY

CTTCTAACCGA-3" and 5°-GCAAAGACATCTTCAAGTYTC-3").
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Quantitative LC-MS/MS-based proteomics

For proteome analysis, four virus infections were performed in parallel. Frozen MEF cell pellets
were lysed in U/A buffer (8§ M Urea, 100 mM Tris-HCI pH 8.5) shaking for 10 minutes at RT
followed by sonication for 15 minutes using a biorupter with 30 sec on/off cycles. Lysates were
reduced with 10 mM dithiothreitol for 30 minutes at RT and incubated for 20 minutes with 55 mM
iodacetamid in the dark to alkylate proteins. Subsequently, thirty microgram protein were digested
with LysC (Wako Chemicals USA) and trypsin (Sigma-Aldrich), acified with TFA and desalted
with C18 stage tips. Desalted peptides were analyzed by liquid chromatography coupled to mass
spectrometry on a Q Exactive™ HF MS system (Thermo Fischer Scientific). Raw MS data were
processed with MaxQuant version 1.5.5.1 #° using the built-in Andromeda engine to search against
mouse (UniprotKB, mus musculus; Proteome ID UP000000589; release 29/08/2016) and
influenza A virus (UniprotKB, strain A/Seal/Massachusetts/1/1980 H7N7; Proteome ID
UP000008576; release 27/07/2017) proteomes containing forward and reverse sequences.
Label-free quantification (LFQ) algorithm *° and Match between Runs option were used with

standard settings.

LFQ intensities were log2-transformed and missing values imputed by normal distribution of
values around the detection limit. Differential expression analysis was performed using the limma
package in R *'. Proteins showing differential response in infection between Ncbp3 ko and wt were
calculated using the interaction term of the linear model. Significantly changing proteins must
have met the criterion [abs((log2 fold change)x(-loglO(interaction p-value)))]>3. ISGs among
identified proteins were annotated using the INTERFEROME v2.0 database > filtered for mouse
fibroblast and a minimal fold change of 2. Graphs were plotted in R and adapted using Adobe

Mlustrator.
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In vivo virus infection

6-8 weeks old mice were anesthetized by intra-peritoneal injection of ketamine (100 pg per gram
body weight) and xylazine (5 g per gram body weight). The infection was administered intranasal
with 1500 pfu of influenza A virus diluted in 40 pl sterile 1x PBS. Body weight (weight loss) and
survival was monitored for 13 days. In addition to mice that were found dead, mice with a body
weight loss greater than 25% of the initial weight were sacrificed and recorded as dead. All animal
experiments have been performed according to animal welfare regulations and have been approved
by the responsible authorities (Freiburg, G-12/46). For histology of lung sections, left lobes were
isolated from mice, fixed in 4% PFA and embedded in paraffin. Paraffin-embeded sections were
stained with hematoxylin and eosin and cell infiltration scores (0-5) were defined for severity of

tissue inflammation as described before .
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Figure legends

Figure 1: Characterization of Ncbp3 knockout mice.

(a) Mendelian frequency of Ncbp3 tmla crossings. Expected and obtained Mendelian ratios of F/
Ncbp3 tmla crosses are presented. (b) Western blot analysis of Ncbp3 tmla MEFs. MEFs were
generated from Ncbp3 wild-type (wt; Ncbp3*, tmla”), heterozygous (het; Ncbp3*, tm1a*) and
knockout (ko; Ncbp3”, tmla**) embryos and western blot analysis was performed using
antibodies against indicated proteins. (¢) Knockdown efficiency of Ncbp2 was confirmed by
western blotting staining with antibodies against indicated proteins. (d) Cell growth of Ncbp3 wt
and ko MEFs after RNAi-mediated knockdown. MEFs were electroporated twice with siRNAs
against Ncbp1, Ncbp2 and a control siRNA (siScrambled). After repeated knokdown, cell viability
was measured using a luminescence-based assay at indicated time points. RNAI treatment was
performed in triplicates and the graph displays the mean + SD. Ncbp1/2/3, Nuclear cap-binding

protein 1/2/3; wt, wild-type; het, heterozygous; ko, knockout; RLU, relative light units.

Figure 2: Loss of Ncbp3 supports IAV replication in vitro.

(a) Virus load in Ncbp3 wt and ko MEFs using different MOIs. MEFs were infected with an
IAV-wt reporter virus (strain SC35M) expressing renilla luciferase using indicated MOIs for 21
hours. Luminescence counts were normalized to total protein concentration. Graphs display the
mean = SD of virus infections performed in triplicates. (b) Accumulation of infectious viral
particles in supernatants of IAV-infected MEFs quantified by TCID50. MEFs were infected with
IAV-wt and -ANS] (strain SC35M) using a MOI of 0.01 and 0.1, respectively, for 24 hours. *#*
P<0.001 as analyzed by two-way analysis of variance (ANOVA) statistics with Bonferroni's
post-test. (¢) RNA expression in IAV-infected Ncbp3 wt and ko MEFs. MEFs were infected with
indicated MOIs of IAV-wt and -ANS1 for 24 hours and RNA was amplified by qRT-PCR using
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specific primers for murine Ifit3, IFN-B, Hmbs and IAV-M. Data were normalized to murine Tbp
RNA and the mean of two technical replicates are represented. (d) Western blot analysis of
IAV-infected Ncbp3 wt and ko MEFs using antibodies against indicated proteins. MOI,
multiplicity of infection; IAV, Influenza A virus; Tbp, TATA-box-binding protein; Ifitl,
Interferon-induced protein with tetratricopeptide repeats 1; IFN-f, Interferon beta, IAV-M,
Influenza A virus matrix protein; IAV-NP, Influenza A virus nucleoprotein; IAV-NS1, Influenza

A virus non-structural protein 1;AU, arbitrary units.

Figure 3: Ncbp3 depletion increases VSV infection in vitro.

(a) Virus expression in Ncbp3 wt and ko MEFs using different MOIs. MEFs were infected with a
VSV-wt reporter virus expressing firefly luciferase using indicated MOIs for 21 hours.
Luminescence counts were normalized to total protein concentration. Graphs display the mean +
SD of virus infections performed in triplicates. (b) Viral particle accumulation in supernatants of
VSV-infected MEFs quantified by TCID50. MEFs were infected with VSV-wt and -M2 (M51R
substitution in the matrix protein) using a MOI of 0.001 for 24 hours. *** P<0.001 as analyzed by
two-way analysis of variance (ANOV A) statistics with Bonferroni's post-test. (¢) Western blot
analysis of VSV-infected Ncbp3 wt and ko MEFs using antibodies against indicated proteins.
MOI, multiplicity of infection; VSV, Vesicular stomatitis virus; VSV-G, Vesicular stomatitis virus
glycoprotein; Ifitl, Interferon-induced protein with tetratricopeptide repeats 1; Ncbp3, Nuclar

cap-binding protein 3.

Figure 4: Global proteomic analyses suggest differential expression of a subset of ISGs.
(a) Experimental schematic of proteomic analyses. Ncbp3 wt and ko MEFs were infected for 24
hours with IAV-wt (MOI 0.1). Cells were lysed and proteomic changes were analyzed by shotgun

liquid chromatography-tandem MS (LC-MS/MS). (b) Heat map showing hierarchical clustering
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(Euclidean distances) of viral protein expression in infected MEFs. Log2-transformed
non-imputed LFQ intensities are shown for each individual replicate. Grey color denotes missing
values (ND). (¢) Scatter plot showing differential expression of host proteins in Ncbp3 ko and wt
MEFs of of SC35M infection versus uninfected. Proteins showing a significant differential
response between Ncbp3 ko and wt upon infection are highlighted in blue or green if they were
classified as ISGs. ISGs that were significantly changing either in Ncbp3 ko or wt upon infection
but show no differential response between Ncbp3 ko and wt are highlighted in pink. (¢) Z-scored
replicate expression levels of significantly changing ISGs between NCBP3 ko and wt. Grey color

represents missing values (ND).

Figure 5: Ncbp3 depletion alters innate immune responses.

(a-b) IL6 secretion in Ncbp3 wt and ko MEFs. MEFs were electroporated with 0.15 (a), 0.5 and
0.05 (b) pg/mL PIC and IL6 concentration in supernatants was determined 3, 8 and 24 hours (a)
or 24 hours (b) after stimulation by enzyme-linked immunosorbent assay (Elisa). Data represent
the individual and the mean value + SD of PIC treatments performed in triplicates. *** P<0.001,
ns P>0.05 as analyzed by two-way analysis of variance (ANOVA) statistics with Bonferroni's
post-test. (¢) Ifitl expression in Ncbp3 wt and ko MEFs stimulated with IFN. Ncbp3 wt and ko
MEFs were treated with IFN B/D for 18 hours. Ifitl expression was determined by western blot
analysis. Depletion of Ncbp3 and equal loading was confirmed by western blotting against
indicated proteins. IL6, interleukin 6; PIC, Polyinosinic:polycytidylic acid; IFN, interferon;
Ncbp3, Nuclear cap-binding protein 3; Ifitl, Interferon-induced protein with tetratricopeptide

repeats 1.
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Figure 6: Ncbp3 is required to defend IAV infection in vivo.

(a) Survival of Ncbp3 wt and ko mice after infection with IAV-wt (strain SC35M). Mice (n=9,
C57BL/6 background) were infected intranasal with 1500 pfu of IAV and survival was monitored
over 13 days. (b) Histological sections of lungs from IAV-wt infected Ncbp3 wt and ko mice.
Mice (n=5, C57BL/6 background) were infected with 1500 pfu of IAV for 7 days and paraffin
embedded sections were stained with hematoxylin and eosin. Representative images are shown in
5x (left panel) and 20x (right panel) magnification. (¢) Cell infiltration in Ncbp3 wt and ko lung
tissue. Lung sections of 7 days IAV-infected mice (n=5, C57BL/6 background) were scored for
severity of cell infiltration (0-5). Data represent the individual and the mean value + SD of arbitrary
infiltration scores. * P<0.05 as analyzed by one-way analysis of variance (ANOVA) with

non-parametric Kruskal-Wallis statistics and Dunn’s post-test.

Supplementary figure 1

(a) Schematic overview of the promoterless tm1la cassette inserted in intronic Ncbp3 region. The
cassette was inserted into the first intron of Ncbp3 gene locus (NM_025818.3) flanked by FRT
sites and encodes for a neomycin resistance and a LacZ gene with splice acceptor and a polyA site.
Exon 2 is flanked by loxP sites which after recombination would result in a frame-shift mutation.
(b) Genotyping PCR of Ncbp3 tmla mice. PCR amplification results in a 324 bp construct for
Ncbp3 wt mice and a 204 bp construct for Ncbp3 ko (tm1la promoterless cassette insertion) mice.
(¢) Genotypes of Ncbp3 chimera crossings. Male Ncbp3 chimeras were crossed with C57BL/6
albino and obtained genotypes are represented. (d) Genotypes of Ncbp3 tmla crossings. Ncbp3
tmla mice were bred to homogeneity and genotypes obtained for the indicated breeding
combination are shown. (e) Body weight of Ncbp3 wt and ko mice at the age of weaning. Body

weight of 52 animals per genotype in the age of 19-23 days were monitored. *** P<0.001 as
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analyzed by one-way analysis of variance (ANOVA) statistics with Bonferroni's post-test. (f)
Body weight development of Ncbp3 wt and ko mice over 13 month. Body weight of 6 animals per
genotype and gender were monitored for 13 month. (g) Expression of Ncbp3 in different tissues.
LacZ/B-galactosidase expression is driven under the endogenous Ncbp3 promotor. Ncbp3
expression was determined in lysed tissues using a fluorometric B-galactosidase detection assay.
Expression from heterozygous Ncbp3 tmla mice was normalized to background f-galactosidase
signal using tissues from Ncbp3 wt mice. Tissues from 3 animals per genotype and gender were
isolated and individual and mean values + SD normalized to background signal are presented.
FRT, Flippase Recognition Target; EnS 2A, splice acceptor site; T2A, peptide sequence with
self-cleaving function; lacZ, lacZ gene encoding for B-galactosidase; neo, neomycine resistance
gene; pA, simian virus 40 polyadenylation signal; loxP, locus of X-over P1; bp, base pair; wt,

wild-type; ko, knockout; Ncbp3, Nuclear cap-binding protein 3.
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Supplementary figure 1
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PUBLICATION 3: Phosphorylation of serine 225 in hepatitis C virus NS5A regulates

protein-protein interactions

Goonawardane, N., Gebhardt, A., Bartlett, C., Pichlmair, A., and Harris, M. (2017).
Phosphorylation of serine 225 in hepatitis C virus NS5A regulates protein-protein interactions. J.

Virol. JVI.00805-17.

The manuscript “Phosphorylation of serine 225 in hepatitis C virus NS5A regulates
protein-protein interactions” describes the molecular mechanism of NS5A serine 225 (S225) in
regulating hepatitis C virus (JFH-1, genotype 2a) genome replication. Mass spectrometry based
analysis revealed that the phosphoablatant mutant (S225A) lost the ability to interact with a
number of cellular proteins including the nucleosome assembly protein 1-like protein 1
(NAP1L1), bridging integrator 1 (Binl, also known as amphiphysin II), and vesicle-associated
membrane protein-associated protein A (VAP-A). Previous studies demonstrated that infection
with NS5A phosphoablatant mutant (S225A) HCV results in reduced virus replication and
perinuclear distribution of NS5A. Similar, knockdown of the three cellular NS5A interacting
proteins, namely NAPIL1, Binl and VAP-A, impaired viral genome replication and led to
perinuclear distribution of NS5A demonstrating the importance of NS5A S225 phosphorylation

in regulating cellular interactions which are required for successful viral genome replication.

The main text including material and methods is represented in the following. Supplementary
tables can be downloaded from  Journal of  Virology's publishing website
(http://jvi.asm.org/content/early/2017/06/08/]V1.00805-17).
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ABSTRACT Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is a phospho-
protein that plays key, yet poorly defined, roles in both virus genome replication
and virion assembly/release. It has been proposed that differential phosphorylation
could act as a switch to regulate the various functions of NS5A; however, the mech-
anistic details of the role of this posttranslational modification in the virus life cycle
remain obscure. We previously reported (D. Ross-Thriepland, J. Mankouri, and M.
Harris, J Virol 89:3123-3135, 2015, doi:10.1128/JV1.02995-14) a role for phosphoryla-
tion at serine 225 (S225) of NS5A in the regulation of JFH-1 (genotype 2a) genome
replication. A phosphoablatant (5225A) mutation resulted in a 10-fold reduction in
replication and a perinuclear restricted distribution of NS5A, whereas the corre-
sponding phosphomimetic mutation (5225D) had no phenotype. To determine the
molecular mechanisms underpinning this phenotype we conducted a label-free pro-
teomics approach to identify cellular NS5A interaction partners. This analysis re-
vealed that the S225A mutation disrupted the interactions of NS5A with a number
of cellular proteins, in particular the nucleosome assembly protein 1-like protein 1
(NAP1L1), bridging integrator 1 (Bin1, also known as amphiphysin Il), and vesicle-
associated membrane protein-associated protein A (VAP-A). These interactions were
validated by immunoprecipitation/Western blotting, immunofluorescence, and prox-
imity ligation assay. Importantly, small interfering RNA (siRNA)-mediated knockdown
of NAP1L1, Bin1 or VAP-A impaired viral genome replication and recapitulated the
perinuclear redistribution of NS5A seen in the S225A mutant. These results demon-
strate that S225 phosphorylation regulates the interactions of NS5A with a defined
subset of cellular proteins. Furthermore, these interactions regulate both HCV ge-
nome replication and the subcellular localization of replication complexes.

IMPORTANCE Hepatitis C virus is an important human pathogen. The viral nonstruc-
tural 5A protein (NS5A) is the target for new antiviral drugs. NS5A has multiple func-
tions during the virus life cycle, but the biochemical details of these roles remain
obscure. NS5A is known to be phosphorylated by cellular protein kinases, and in this
study, we set out to determine whether this modification is required for the binding
of NS5A to other cellular proteins. We identified 3 such proteins and show that they
interacted only with NS5A that was phosphorylated on a specific residue. Further-
more, these proteins were required for efficient virus replication and the ability of
NS5A to spread throughout the cytoplasm of the cell. Our results help to define the
function of NS5A and may contribute to an understanding of the mode of action of
the highly potent antiviral drugs that are targeted to NS5A.

KEYWORDS hepatitis C virus, NS5A, phosphorylation, RNA replication, protein
phosphorylation, subgenomic replicon
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epatitis C virus (HCV) infects approximately 130 to 170 million individuals world-

wide and is a leading cause of liver disease (1). There is no vaccine available, and
current antiviral treatments are less effective against some viral strains (2). HCV belongs
to the Flaviviridae family (genus Hepacivirus) of enveloped viruses with a positive-sense
RNA genome (9.6 kb) coding for a single polyprotein that is processed co- and
posttranslationally by viral and host proteases, yielding four structural proteins (core,
E1, E2, and p7) and six nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
(3). NS3 to NS5B are necessary and sufficient for viral genome replication (4) and thus
constitute the essential components of the genome replication complex. Further to its
requirement in genome replication, NS5A has been shown to play a critical role in virion
assembly, as discussed below.

Early in infection, HCV remodels endoplasmic reticulum (ER)-derived membranes to
form a “membranous web” (MW) comprised of single, double, and multimembrane
vesicles (SMVs, DMVs, and MMVs) that are enriched in viral (e.g., NS3, NS5A, and NS5B)
and host cell proteins (5, 6). The MW is proposed as the site of viral genome replication,
and in Huh7 cells, the MW is extensively distributed throughout the cytoplasm,
correlating with the observed subcellular distribution of NS5A as discrete punctae
throughout the cytoplasm. The cellular lipid kinase, phosphatidylinositol kinase type Il
alpha isoform (Pl4Kllle), is activated by NS5A (7), and the subsequent increase in
abundance of phosphatidylinositol-4-phosphate (PI4P) is critical for establishment and
maintenance of the MW (8-10). NS5A is also thought to be involved in delivery of
nascent virus genomes from the MW to sites of assembly. While the latter are yet to be
unambiguously defined, it is accepted that an association of both NS5A and the HCV
capsid (core) protein with lipid droplets (LDs; a host organelle responsible for storage
of neutral lipids) is required during this process. It has been hypothesized that NS5A
switches from a role in replication to an alternative function in assembly which might
involve transporting nascent genomes via LDs to assembly sites.

In this regard, NS5A is highly phosphorylated, and it is possible that this reversible
posttranslational modification could mediate a switch in NS5A function, by altering
protein conformation and/or protein-protein interactions. NS5A comprises three do-
mains and is tethered to membranes by an N-terminal amphipathic helix (Fig. 1b).
Domain | is highly structured (11-13), while domains Il and Il are intrinsically disor-
dered, with elements of transient secondary structure (14). The domains are linked by
low-complexity sequences (LCS); LCSl is serine rich, and LCSII is proline rich. To address
the potential functional role of NS5A phosphorylation, we and others have used mass
spectrometry (MS) to identify phosphorylation sites (15-20). These studies have iden-
tified multiple phosphorylation sites, but in particular they show that LCSI is highly
phosphorylated. Subsequent mutagenesis of these phosphorylation sites revealed that
a subset of them is required for efficient genome replication. In particular, a number of
groups have presented evidence that phosphorylation of serine 235 is critical, as
replacement of this residue with alanine (S235A) resulted in a 100-fold reduction in
genome replication (15-17, 21). It should be noted that other approaches, such as in
vitro phosphorylation assays, genetic approaches, and use of selective inhibitors, have
identified additional sites toward the C terminus of NS5A, such as T360 (22) and S457
(23).

In this study, we focused on another phosphorylated residue within LCSI: serine 225.
We demonstrated previously that phosphorylation of serine 225 was required for
efficient genome replication and contributed to the subcellular localization of viral
proteins during infection (19, 24). Alanine substitution (S225A) resulted in a 10-fold
reduction in genome replication and was concomitant with a restricted distribution of
NS5A, and other factors known to participate in genome replication (NS3 and Pl4P
lipids), to a perinuclear region (24). This restriction was dramatic compared to the
extensive distribution of these components throughout the cytoplasm in wild-type
(WT)-infected cells.

To understand the molecular mechanism underpinning the phenotype of the S225A
mutation, we hypothesized that it might be explained by a role of 5225 phosphoryla-
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FIG 1 Construction and validation of One-Strep-tagged (OST) NS5A neomycin reporter SGR JFH-1. (a) Schematic of SGR-Neo-
JFH-1-5A-0ST. (b) NS5A structure showing amino acid residues for LCSI and location of the OST. The OST was introduced
between residues 418 and 419, a site previously shown to tolerate insertions (25). AH, amphipathic helix; neo, neomycin
phosphotransferase. (c) G418-resistant Huh7 cells stably harboring the SGRs were isolated by selective culture. Cells were lysed
and analyzed by Western blotting for NS5A or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (d) SGR-harboring Huh7
cells (left) or Huh7-Lunet T7 cells transfected with pTM-NS3-5B plasmids (right) were seeded onto coverslips, fixed at 48 h
posttransfection (hpt), and permeabilized prior to staining with a sheep polyclonal anti-NS5A serum and Alexa Fluor 594
secondary antibody. Scale bars, 30 um and 20 um. (e) Huh7 cells stably harboring wild-type, $225D, or S225A SGRs were fixed,
immunostained for NS5A (Alexa Fluor 647-labeled 9E10), and imaged by dSTORM. Images were reconstructed from 873185,
354952, and 641609 localizations for wild-type, 225D, and S225A SGRs, respectively. Histogram bins of 100 nm and 10 nm
(with image smoothing) were used for the left and right images, respectively. Scale bars, 5 um (left) and 500 nm (right). (f) Size
of NS5A protein clusters identified by DBSCAN analysis. The mean Euclidean distance between each localization to every other
localization in an identified cluster was measured. Data represent the means * SEM from three independent cells containing
2,062, 1,561, and 1,515 clusters from wild-type, $225D, and S225A SGRs, respectively. Significant differences are indicated as
follows: **, P < 0.005, and ****, P < 0.0001.

tion in regulating interactions between NS5A and cellular proteins. To address this, we
used affinity purification of One-Strep-tagged NS5A in conjunction with label-free
quantitative proteomics analysis to compare the interactome of wild-type and $225
mutants of NS5A. In this study, we focused on 3 cellular proteins—nucleosome
assembly protein 1-like protein 1 (NAP1L1), bridging integrator 1 (Bin1, also known as
amphiphysin Il), and vesicle-associated membrane protein-associated protein A
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(VAP-A)—that exhibited a loss of interaction with S225A mutant NS5A compared to the
wild type and the $225D mutant. In contrast, the binding of VAP-B to NS5A was not
dependent on S225 phosphorylation and acted as a control. These interactions were
validated by immunoprecipitation, immunofluorescence, and proximity ligation assay
(PLA). Furthermore, small interfering RNA (siRNA) ablation of endogenous NAP1L1,
Bin1, and VAP-A reduced both HCV RNA replication and NS5A expression significantly;
however, consistent with lack of dependence on 5225 phosphorylation, VAP-B ablation
had a modest effect. Importantly, ablation of NAP1L1, Bin1, and VAP-A recapitulated
the restricted distribution of the NS5A protein. We propose that 5225 phosphorylation
is required for the interaction of NS5A with these cellular proteins and enables the
formation and distribution of replication complexes throughout the cytoplasm, thereby
enhancing the efficiency of genome replication.

RESULTS

Identification of serine 225 phosphorylation-dependent NS5A-interacting pro-
teins. Previously, we reported that phosphorylation of serine 225 within LCSI of NS5A
played a role in the regulation of JFH-1 genome replication (24). Mutation of this
residue to alanine (S225A; phosphoablatant) resulted in a 10-fold reduction in genome
replication and altered subcellular distribution of NS5A, whereas the phosphomimetic
mutation (5S225D) had no phenotype. To understand the mechanism behind this
phenotype, we sought to identify cellular proteins that interacted with NS5A in an 5225
phosphorylation-dependent fashion. For this, we exploited the One-Strep tag (OST)
affinity purification strategy that we had previously used to identify sites of phosphor-
ylation within NS5A (19). The OST is a peptide that structurally resembles biotin and
binds to recombinant streptavidin (Strep-Tactin). S225A and S225D mutations were
cloned into pSGR-Neo-JFH-1-5A-OST, which contained the OST cloned into a well-
tolerated insertion site near the C terminus of NS5A domain Il (25) (Fig. 1a and b). These
subgenomic replicons (SGRs) were used to establish stable Huh7 cell lines expressing
either the wild-type or the two mutant SGRs. The phenotype of these mutants was
confirmed by Western blotting and fluorescence microscopy (Fig. 1c and d). As ex-
pected (24), the S225A mutation resulted in a reduction in hyperphosphorylation (Fig.
1¢) and in a distribution of the protein that was restricted to the perinuclear region (Fig.
1d). We had previously demonstrated that this phenotype was not a consequence of
the reduced level of RNA replication exhibited by the S225A mutant (24). We further
confirmed this by expressing either wild-type or $225A mutant NS5A in the context of
the NS3-NS5B polyprotein from a T7 RNA polymerase-driven construct (pTM, a kind gift
from Volker Lohmann). Following transfection of these plasmids into Huh7-Lunet T7
cells (stably expressing T7 RNA polymerase, also a kind gift from Volker Lohmann), the
restricted distribution of NS5A S225A was recapitulated (Fig. 1d), confirming that the
phenotype was not dependent on genome replication or the level of NS5A expression.
We also applied a superresolution approach (Fig. 1e and f), and this revealed an
additional S225A phenotype: discrete clusters of NS5A localizations were equivalent to
the diffraction limited puncta observed by wide-field microscopy. Clusters were ob-
served distributed throughout the cytoplasm apart from the $S225A mutant, which was
more condensed and perinuclear. Consistent with our previous findings (24), larger
NS5A clusters were observed for the S225A mutant than for the wild type and the
$225D mutant. Taken together, these data demonstrate that S225 phosphorylation
regulated not only the distribution of the replication complexes but also their archi-
tecture. These observations gave further impetus for the need to understand the
molecular mechanism behind this phenotype.

To identify cellular candidates that are potentially involved in the S225A phenotype,
we next performed affinity purification from cytoplasmic lysates of Strep-tagged wild-
type, S225A, and $225D NS5A and analyzed the bound fractions by mass spectrometry.
A large number of known NS5A binding proteins were identified by this procedure.
Wild-type NS5A and $S225D mutant NS5A showed no difference in their binding to
associated proteins (see Data Set S1 in the supplemental material). As we were
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FIG 2 Proteomic analysis of NS5A-interacting proteins. OST-tagged wild-type (wt), $225A, and $225D
NSS5A proteins were affinity purified from Huh7 cells stably harboring SGRs, and associated proteins were
identified by LC-MS/MS. Four independent affinity purifications were performed for each bait. (a) Volcano
plot displaying the average degree of enrichment by wt NS5A over S225A NS5A (ratio of label-free
quantification [LFQ] protein intensities) and the P value (Welch’s t test) for each protein. Significantly
enriched cellular proteins are highlighted in red. (b) Heat map showing nonimputed log, transformed
LFQ intensities for each individual replicate in rainbow colors (see color scale). Only the bait protein and
selected cellular interaction partners are depicted in the plot. Gray color represents missing values (not
determined [ND]).

interested in the role of S225 phosphorylation, we mined the data set for those cellular
proteins that bound well to wild-type or $225D NS5A but exhibited a reduced level of
interaction with S225A mutant NS5A (Fig. 2). We focused on three of these differentially
enriched proteins. Bin1 (also known as amphiphysin Il) is a BAR domain-containing
protein involved in generating membrane curvature and was previously characterized
as an NS5A interactor (26-28). VAP-A (also known as hVAP-33) is a vesicle-associated
protein previously shown to participate in the formation of HCV genome replication
complexes and to bind to NS5A (29-32). As well as these previously characterized NS5A
partners, we also focused on the nucleosome assembly protein 1-like proteins 1 and 4
(NAP1L1 and NAP1L4). NAP1L1 has been shown to interact with HCV core and NS5A
(33, 34) as well as Kaposi's sarcoma herpesvirus (KSHV) LANA (35) and HIV-1 Tat (36).
Although its roles in the nucleus associated with chromatin structure and gene
expression are well defined, NAP1L1 is predominantly located in the cytoplasm, where
its function(s) remains to be elucidated. We chose these proteins for further analysis
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FIG 3 Validation of NS5A-interacting proteins NAP1L1, Bin1, VAP-A, and VAP-B. Huh7 cells stably harboring wild-type (WT), $225D, or
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cellular proteins were quantified from fluorescent Western blots (n = 3). Western blots are rep ive of three independent
experiments. (e) Levels of NS5A and cellular proteins in cytoplasmic lysates were confirmed by Western blotting and quantified (graph).
Cont,, control.

because they exhibited the greatest difference between wild-type and S225A NS5A
(Fig. 2b) and thus represented the best candidates to explain the mechanism under-
pinning the S225A phenotype. As a control, we also examined VAP-B, which was
enriched as an NS5A mteractor but did not exhlbn $225 phosphorylation dependence.

Validation of S225 phosphorylat dep ting proteins. We next
sought to validate the proteomlc analysis/mass spectrometry results by a specific
immunoprecipitation approach. To this end, lysates from stable Huh7 cell lines harbor-
ing either the wild-type or S225A/S225D mutant SGRs, or control parental cells, were
immunoprecipitated with antibodies to NAP1L1, Bin1, VAP-A, or VAP-B. The immuno-
precipitates were probed with an anti-NS5A antiserum by Western blotting (Fig. 3a to
d). The adjacent graphs show quantification of 3 independent assays. Consistent with
the proteomic analysis, wild-type and $225D mutant NS5A bound equally to all four
cellular proteins; in contrast, S225A NS5A bound weakly, or not at all, to NAP1L1, Bin1,
and VAP-A. In addition, binding to VAP-B was confirmed to be less dependent on 5225
phosphorylation, as there was only a 50% reduction in the level of S225A NS5A bound
to VAP-B. Input levels of NS5A and the four cellular proteins were confirmed by Western
blotting of lysates and quantification (Fig. 3e, graph). As seen previously, levels of
$225A NS5A were reduced by approximately 50%; however, this did not account for the
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reduction in levels of NS5A bound to NAP1L1, Bin1, or VAP-A. As the reduction in
expression of S225A correlated with the observed reduction in the amount of NS5A
coimmunoprecipitated with VAP-B, we confirm that the NS5A-VAP-B interaction was
not dependent on 5225 phosphorylation.

In order to further validate the interactions between NS5A and either NAP1L1 or
Bin1, we applied two imaging techniques to examine their colocalization and interac-
tion in Huh7 cells stably harboring SGRs. To complement conventional coimmunofluo-
rescence, which can only determine colocalization, we used the proximity ligation assay
(PLA), which allows the detection of direct protein-protein interactions in intact cells
(37) PLA involves the use of oligonucleotides attached to secondary antibodies which
guide the formation of circular DNA strands when bound in close proximity (approxi-
mately 5 to 30 nm). These DNA circles then template localized rolling-circle amplifica-
tion (RCA), allowing individual interacting pairs of proteins to be visualized and
enumerated in fixed samples (37, 38). We were able to apply the PLA technique only for
NAP1L1 and Bin1, due to a lack of suitable antibody pairs for VAP-A and VAP-B; thus,
we also restricted the coimmunofluorescence analysis to these two proteins.

Both NAP1L1 (Fig. 4a) and Bin1 (Fig. 4b) were distributed diffusely throughout the
cytoplasm; in the context of both wild-type and S225D NS5A SGR, there was extensive
colocalization with NS5A which was particularly noticeable close to the nucleus and not
so apparent at the periphery of the cell (quantification shown in lower part of Fig. 4).
S225A NS5A showed a different picture: NS5A and either NAP1L1 or Bin1 seemed to
occupy mutually exclusive areas within the cytoplasm, and indeed, quantification
showed no significant colocalization. As shown in Fig. 5, we observed strong fluores-
cence signals (red punctae) for both NSSA/NAP1L1 (Fig. 5a) and NS5A/Bin1 (Fig. 5b) in
the cytoplasm of Huh7 cells harboring either wild-type or $225D SGR. In contrast, no
PLA signal was observed for either NAP1L1 or Bin1 in cells harboring the S225A mutant
SGR. These data confirm that NS5A interacts with both NAP1L1 and Bin1 in the
cytoplasm of SGR-harboring cells in an $225 phosphorylation-dependent fashion.

$225 phosphorylation-dependent NS5A-interacting proteins are required for
efficient viral genome replication. We previously demonstrated that the S225A
mutation in the context of either an SGR or infectious virus resulted in a 1-log reduction
in genome replication (19, 24). Because this mutation also disrupted binding of NS5A
to NAP1L1, Bin1, VAP-A, and, to a lesser extent, VAP-B, we hypothesized that these
cellular proteins might play a role in genome replication. To test this, we adopted an
siRNA approach to ablate expression of each of these cellular proteins in Huh7 cells
stably harboring a wild-type JFH-1 SGR. Cells were transfected with siRNA pools
targeting different sites of NAP1L1, Bin1, VAP-A, or VAP-B or with a control nontarget-
ing siRNA and harvested at 72 hours posttransfection (hpt), and protein expression
levels were determined by Western blot analysis. As shown in Fig. 6a, ablation of
NAP1L1 and Bin1 expression was efficient and resulted in a concomitant reduction in
NS5A protein levels (Fig. 6b). The siRNAs for VAP-A and VAP-B were less efficient;
however, VAP-A ablation did reduce NS5A expression, although not as effectively as
NAP1L1 or Bin1. In contrast, we observed no significant effect of the VAP-B ablation on
NS5A levels, possibly because, as reported previously, the role of VAP-B in HCV genome
replication is mediated via interactions with both NS5B and NS5A (39). As NS5A
expression levels are an indirect measure of genome replication, we also directly
assessed the levels of SGR RNA in siRNA-transfected cells by real-time quantitative PCR
(gRT-PCR) (Fig. 6¢). Consistent with the effects of NAP1L1, Bin1, and VAP-A ablation, we
observed reductions of between 100- and 1,000-fold in HCV-specific RNA levels com-
pared to the levels in cells transfected with the control siRNA. Interestingly, despite the
fact that VAP-B ablation had no effect on NS5A levels (Fig. 6b), it also significantly
reduced HCV RNA levels, although not as effectively as the other 3 targets. Lastly, we
confirmed that the ablation of NAP1L1, Bin1, VAP-A, or VAP-B expression had no effect
on levels of S225A NS5A (Fig. 6d). These data confirm that the S225 phosphorylation-
dependent interacting proteins NAP1L1, Bin1, and VAP-A (and, to a lesser extent,
VAP-B) are involved in HCV genome replication.
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The subcellular distribution of NS5A is regulated by $S225 phosphorylation-
dependent binding to NAP1L1, Bin1, and VAP-A. As we had shown previously (Fig.
1 and reference 24), the S225A mutant NS5A exhibited a perinuclear restricted distri-
bution. We therefore considered that the loss of interaction with cellular factors might
be, at least in part, responsible for this restricted distribution. To test this hypothesis, we
again used siRNA to ablate expression of NAP1L1, Bin1, VAP-A, or VAP-B in Huh7 cells
stably harboring a wild-type SGR. Cells transfected with siRNA were analyzed by
immunofluorescence with antibodies to both NS5A and the four cellular proteins. As
shown in Fig. 7a, NAP1L1 ablation led to an overall reduction in NS5A expression which
was restricted to a perinuclear distribution compared with the negative-control siRNA-
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FIG 5 Proximity ligation assay for NS5A interactions with NAP1L1 and Bin1. Huh7 cells stably harboring wild-type, S225D, or S225A SGRs
were seeded onto coverslips and incubated for 72 h prior to fixation and immunostaining for NS5A and either NAP1L1 or Bin1, followed
by PLA probe MINUS and PLUS (Sigma-Aldrich) ligation and rolling-circle amplification (RCA). The hybridization probes were labeled with
Alexa Fluor 555 (red), and the nuclei were counterstained with DAPI (blue). Scale bars, 20 um and 2 um. For each experiment, the PLA
signals (per cell) of each sample were counted using Imaris software version 7.4 (Bitplane AG) from a minimum of 20 cells.

transfected (scrambled) or untransfected (mock) cells. To provide quantitative confir-
mation of these observations, we determined NS5A spatial distribution data for 12
randomly selected cells (Fig. 7a, graph). A similar pattern was observed when Bin1 (Fig.
7b) or VAP-A (Fig. 8a) expression was ablated. In contrast, ablation of VAP-B expression
had only a modest effect on the distribution of NS5A which did not reach significance
upon quantitative analysis (Fig. 8b). Lastly, we sought to confirm that the effects of
NAP1L1, Bin1, or VAP-A ablation on NS5A distribution were not due to a reduction in
levels of expression, as an indirect consequence of the inhibition of genome replication.
To test this, Huh7-Lunet T7 cells were transfected with pTM-NS3-5B followed by
NAP1L1, Bin1, or VAP-A siRNAs. As shown in Fig. 9, the restricted distribution of NS5A
was also observed using this expression system, confirming that the phenotype was not
dependent on genome replication or the level of NS5A expression. These data dem-
onstrate that S225 phosphorylation is required for the interaction of NS5A with a
number of cellular proteins and that these interactions control both the distribution of
NS5A and HCV genome replication.

DISCUSSION

In this study, we used a proteomic approach to identify cellular proteins that
interacted with NS5A in an S225 phosphorylation-dependent fashion, using affinity
purification followed by liquid chromatography-tandem mass spectrometry (LC-MS/
MS). We focused our attention on proteins that were enriched in samples derived from
0OST-tagged wild-type NS5A and that were significantly less abundant in samples from
OST-tagged NS5A (S225A).

The most intriguing $225 phosphorylation-dependent interacting proteins were
NAP1L1 and NAP1L4. These are members of the nucleosome assembly protein 1 (NAP1)
family and, as their name suggests, are nuclear proteins primarily involved in chromatin
assembly. However, they are also located in the cytoplasm, particularly during G,, and
mediate nucleocytoplasmic shuttling of histones during cell cycle progression (40). Of
the five mammalian NAP1 family members (NAP1L1 to NAP1L5), only NAP1L1 and
NAP1L4 are ubiquitously expressed, while the other three are expressed mainly in
neurons (41). NAPs have been shown to interact with proteins of a number of DNA
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FIG 6 Effects of siRNA ablation of NS5A-interacting protein expression on NS5A expression and RNA
replication. (a) Huh7 cells stably harboring a wild-type SGR were transfected with pooled siRNA targeting
NAP1L1, Bin1, VAP-A, or VAP-B or a control scrambled siRNA (Santa Cruz) at a final concentration of 10
nM. Transfected cells were incubated in medium lacking G418, lysed at 72 hpt, and analyzed by Western
blotting. (b) Total NS5A levels were quantified from fluorescent Western blots (n = 3). The Western blots
are representative of three independent experiments. ****, P < 0.0001 compared to the value for the
control. (c) At 72 hpt, the cells were harvested in TRIzol, total RNA was extracted, and qRT-PCR was
conducted on 100 ng of total cellular RNA using 5'-UTR TagMan primers (53). The data are from three
independent experiments. (d) Huh7 cells stably harboring the $225A mutant SGR were transfected with
indicated siRNA and analyzed by Western blotting at 72 hpt as described for panel a.
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FIG 7 Effects of siRNA ablation of NAP1L1 or Bin1 on the distribution of NS5A. Huh7 cells stably harboring a wild-type SGR were left untransfected
or were transfected with pooled siRNA targeting NAP1L1 or Bin1 or a control scrambled siRNA (Santa Cruz) at a final concentration of 10 nM. At
72 hpt, cells were permeabilized, immunostained for NS5A (green), NAP1L1 (a, red), or Bin1 (b, red), and imaged by confocal microscopy. Scale
bars, 20 um and 5 um. Spatial data for NSS5A were determined from 12 cells for each assay using the Image) software package. The data are
representative of three independent experiments. ****, P < 0.0001 compared to the control value.

viruses, including papillomavirus E2 (42), Epstein-Barr virus EBNA1 (43), and KSHV LANA
(35). NAP1L1 also binds to HIV-1 Tat and Rev, and these interactions regulate viral
infectivity and the subcellular localization of the virus proteins (36, 44). Interestingly,
both NAP1L1 and NAP1L4 were previously shown to interact with both the HCV core
protein (33) and NS5A (34) when the viral proteins were expressed individually in
HEK293 cells, although in neither study were these interactions validated. In contrast,
our data reveal that in the context of the NS3-NS5B replication complex within Huh7
cells, both NAP1L1 and NAP1L4 interact with NS5A. Focusing on NAP1L1 (due to a lack
of available immunological reagents for NAP1L4), we further showed that these inter-
actions contribute to virus genome replication and the distribution of replication
complexes throughout the cytoplasm. It will be intriguing to understand the precise
role of these proteins in HCV genome replication; in this regard, NAP1 has been shown
to oligomerize (45) and NAPs function to transport histones, two attributes that may be
important for their function during the HCV life cycle.
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FIG 8 Effects of siRNA ablation of VAP-A or VAP-B on the distribution of NS5A. Huh7 cells stably harboring a wild-type SGR were left untransfected
or were transfected with pooled siRNA targeting VAP-A or VAP-B or a control scrambled siRNA (Santa Cruz) at a final concentration of 10 nM. At
72 hpt, cells were permeabilized, immunostained for NS5A (green), VAP-A (a, red), or VAP-B (b, red) and imaged by confocal microscopy. Scale

bars, 20 um and 5 um. Spatial data for NS5A were determined from 12 cells for each assay using the

Image) software package. The data are

representative of those from three independent experiments. ***, P < 0.001 compared to the control value.

We also identified Bin1 as an S225 phosphorylation-dependent NS5A interactor.
Bin1 contains an N-terminal BAR domain, a C-terminal SH3 domain, and a central
clathrin and adaptor binding domain (14, 26). Like other BAR domain-containing
proteins, Bin1 is involved in membrane curvature and trafficking. It had previously been
shown to interact via its SH3 domain with a polyproline motif (PxxPxR) located in NS5A
LCSII (26, 27), and it also interacts with similar motifs in other viral proteins, such as
alphavirus nsP3 (46). As LCSII is distal to LCSI, this suggests that S225 phosphorylation
might effect a conformational change in NS5A that occludes the SH3 domain binding
polyproline motif; alternatively, multiple contacts between the two proteins may be
required to establish a stable interaction. The physiological role of Bin1 in regulating
membrane curvature is consistent with its recruitment by NS5A to sites of replication
where it may be involved in the rearrangements necessary to form the MW. As it is also
involved in membrane trafficking, this provides a potential explanation for the perinu-
clear restriction of NS5A S225A replication complexes.
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FIG 9 Effects of siRNA ablation of NAP1L1, Bin1, or VAP-A on the distribution of NS5A in the absence of genome replication.
Huh7-Lunet T7 cells were left untransfected or were transfected with pooled siRNA targeting NAP1L1, Bin1, or VAP-A or a
control scrambled siRNA (Santa Cruz) at a final concentration of 10 nM. At 48 hpt, cells were transfected with pTM-NS3-58
plasmid. After a further 24 h, cells were permeabilized, immunostained for NS5A (green), NAP1L1 (a, red), Bin1 (b, red), or VAP-A
(c, red), and imaged by confocal microscopy. Scale bars, 20 um and 5 um. Spatial data for NS5A were determined from 20 cells
for each assay using the ImageJ software package. ****, P < 0.0001 compared to the control value.

Both VAP-A and VAP-B have previously been shown to bind both NS5A and NS5B
(30, 39). Interestingly, in the context of the genotype 1b Con1 isolate, residues T2185
and K2187 (corresponding to NS5A residues 215 and 217) were shown to be required
for the interaction (32). Mutations of these residues abolished the interaction with
VAP-A, although this was demonstrated using the yeast two-hybrid system. An addi-
tional culture-adaptive mutation (S2201l, corresponding to $229), could rescue the
interaction, although this mutation resulted in a loss of hyperphosphorylation. To-
gether with our data, these results suggest that LCSI and proximal sequences at the C
terminus of domain | are required for the interaction with VAP-A. Furthermore, it was
recently reported that the NS5A interaction with VAP-A was indirect and required a
bridging protein, G protein pathway suppressor 2 (GPS2) (29). VAP-A and VAP-B are
integral membrane proteins that have a range of reported functions pertaining to
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vesicle trafficking and lipid transport (30, 47). VAP-A also interacts with the oxysterol
binding protein (OSBP), which is recruited to the MW along with Pl4K (48), and is
reported to regulate cholesterol transport to the MW. Although OSBP was not identified
in our proteomic study, these observations are consistent with a role for $225 phos-
phorylation in regulating MW formation and distribution via an interaction with VAP-A.

In conclusion, we propose that phosphorylation of NS5A at $225 within LCSI
contributes to efficient genome replication by regulating interactions with key cellular
factors, some of which we have identified and characterized in this study. It is important
to note that multiple phosphorylation sites have been identified within LCSI, and it is
conceivable therefore that the total pool of NS5A within a cell might contain many
distinct phosphorylated species, each of which could also have a different function(s).
Identifying these distinct NS5A species is a technical challenge which is limited by the
sensitivity of mass spectrometric methods. In this context, we were previously able to
unambiguously identify by mass spectrometry an NS5A species that was phosphory-
lated within LCSI only on $222 and S$225 (18). The abundance of this species is
consistent with a specific role during virus genome replication. Given the likely inter-
dependence of different phosphorylation events, exemplified by recent evidence for
hierarchical phosphorylation, i.e., the requirement for $235 to be phosphorylated prior
to 5238 phosphorylation (16), it will also be challenging to understand the functions of
these different NS5A species. A complete understanding of either the complexity of
NS5A phosphorylation or the functional consequences remains a distant and aspira-
tional objective. By demonstrating the role of phosphorylation in regulating NS5A-host
protein interactions, we believe that this study makes a significant contribution to this
objective; however, it provides only a few pieces of the jigsaw puzzle! There is much yet
to be discovered.

MATERIALS AND METHODS

HCV replicon constructs. A DNA construct of the neomycin phosphotransferase (Neo) containing
subgenomic replicon pSGR-Neo-JFH-1-5A-OST, in which the One-Strep tag (OST) was introduced into the
C terminus of NS5A domain Ill (25), was used in this study (Fig. 1a and b). Previously, the OST has been
shown to have no effect on virus genome replication (25). Wild-type pSGR-Neo(Rsrlld!)-JFH-1-5A-OST
was first constructed by abolishing an Rsrll site within the Neo gene using a Q5 site-directed
mutagenesis kit (New England BioLabs [NEB]). Then the desired NSSA mutants from SGR-luc-JFH-1
(24) were cloned into pSGR-Neo(Rsrll4')-JFH-1-5A-OST via flanking Nsil/Rsrll, and correct insertion
was confirmed by sequencing.

Cell culture. Huh7 cells were maintained in Dulbecco’s modified Eagle's medium (DMEM; Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS), 100 IU of penicillin/ml, 100 ug of strepto-
mycin/ml, and 1% nonessential amino acids (NEAA) in a humidified incubator at 37°C with 5% CO,. Huh7
cells carrying a subgenomic JFH-1 replicon (SGR-Neo-JFH-1) were maintained in the same medium
supplemented with 300 pg/ml of G418 (BioPioneer). Huh7-Lunet T7 cells (expressing T7 RNA polymerase,
a kind gift from Volker Lohmann) were maintained in the same medium supplemented with 5 pg/ml of
Zeocin (Life Technologies).

Electroporation of repli RNA and g ion of stable cell lines. The preparation of in vitro
transcripts and electroporations for pSGR-Neo-JFH-1-5A-OST-derived constructs were conducted as
described previously (25). In brief, 2 X 105 Huh7 cells in diethyl pyrocarbonate (DEPC)-phosphate-
buffered saline (PBS) were electroporated with 3 ug of in vitro RNA transcripts using a square-wave
protocol at 260 V for 25 ms. Subsequently, cells were resuspended in complete DMEM and seeded at a
culture area of 1 X 10* cells/cm? into 10-cm dishes. Forty-eight hours postelectroporation, the cells were
selected with 300 pug/ml of G418. After 2 weeks, emerging colonies were pooled and kept under
continuous G418 selection for 1 to 2 weeks in order to establish stable SGR-harboring cell lines. The
maintenance of the 5225 mutations was verified by RT-PCR and sequencing.

Affinity purification led to g LC-MS/MS pi ics. To detect proteins bound to
OST-tagged NS5A by affinity purification and mass spectrometry, cell pellets from Huh7 cells stably
harboring NS5A wild-type (WT) and $225A and 5225D mutant SGRs were prepared by snap-freezing cells
in liquid nitrogen. Cell pellets were lysed in TAP lysis buffer (50 mM Tris-HCI [pH 7.5], 100 mM NaCl, 5%
[vol/vol] glycerol, 0.2% [vol/voll Nonidet P-40, 1.5 mM MgCl)) in the presence of protease inhibitor
cocktail (EDTA free, cOmplete; Roche), phosphatase inhibitor (PhosSTOP; Roche), and 750 U of Benzonase
(Core Facility, Max Planck Institute of Biochemistry [MPI-B]) for 30 min on ice. After incubation on ice, cell
lysates were sonicated using a Bioruptor with 15 alternating 30-s on/off cycles and clarified by centrif-
ugation at 16,000 X g. Subsequently, Strep-Tactin Sepharose beads (Iba) were incubated with 2 mg of
protein of clarified lysate for 60 min at 4°C and washed once with TAP lysis buffer and three times with
TAP wash buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 5% [vol/vol] glycerol, 1.5 mM MgCl,) lacking
Nonidet P-40 to remove residual detergent. Sample preparation and LC-MS/MS analysis were performed
as described previously (49). Briefly, four independent affinity purifications were performed for each bait,
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samples were sequentially digested with LysC (Wako Chemicals, USA) and trypsin (Promega), acidified
with 0.1% trifl etic acid (TFA), with C18 stage tips, and analyzed by liquid chromatography
coupled to mass spectrometry on an Orbitrap XL instrument (Thermo Fisher Scientific). Mass spectrom-
etry raw files were processed with MaxQuant software version 1.5.5.1 (50) using the built-in Andromeda
engine to search against human and JFH-1 proteomes containing forward and reverse sequences.
Additionally, the label-free quantification (LFQ) (51) algorithm and Match Between Runs option were
used. Perseus software version 1.5.5.1 was used to further process the data. In this manner, only proteins
identified on the basis of at least two peptides and a minimum of three quantification events in at least
one experi | group were consi d. LFQ protein intensity values were log transformed and missing
values filled by imputation. Significantly enriched proteins were determined by Welch's t test with
permutation-based false-discovery rate (FDR) statistics, performing 250 permutations. The FDR threshold
was set to 0.01 and SO parameter was set to 0.1 to separate background from specifically enriched
proteins. Results were plotted using R (https://www.R-project.org) and visually adapted using Adobe
Illustrator.

SDS-PAGE and Western blotting. Cells were washed twice in PBS, lysed in 1X Glasgow lysis buffer
(GLB; 1% [vol/vol] Triton X-100, 120 mM KCl, 30 mM NaCl, 5 mM MgCl,, 10% [vol/vol] glycerol, and 10
mM PIPES-NaOH, [pH 7.2], with protease and phosphatase inhibitors) and harvested by centrifugation
(2,800 X g, 10 min, and 4°C) before ination and ization of protein concentration by
bicinchoninic acid (BCA) assay (Pierce). Following separation by SDS-PAGE, proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane and blocked in 50% (vol/vol) Odyssey blocking (OB) buffer
(LI-COR) in Tris-buffered saline (TBS). The membrane was incubated with primary antibodies overnight at
4°C, followed by secondary antibodies for 2 h at room temperature, both prepared in 25% OB buffer.
Primary antibodies used were anti-NS5A (sheep, prepared in-house) at 1:4,000 (52), anti-NAP1L1
(rabbit; Santa Cruz) at 1:350, anti-Bin1 (rabbit; Generon) at 1:300, anti-VAP-A (rabbit; Generon) at
1:1,000, anti-VAP-B (rabbit; Generon) at 1:1,000, and anti-a-actin (mouse; Sigma) at 1:10,000.
Secondary antibodies were anti-rabbit, anti-sheep (800 nm), or anti-mouse (700 nm) antibodies,
used at 1:10,000 prior to imaging using a LI-COR Odyssey Sa infrared imaging system. Quantification
of Western blots was carried out using Image Studio v3.1 (LI-COR) using a background subtraction
method.

PLA. Cells were washed with PBS before fixation for 15 min at room temperature in 4% (wt/vol)
paraformaldehyde (PFA); cells were subsequently permeabilized in 0.1% (vol/vol) Triton X-100-PBS and
blocked with PBS-Tween (PBS-T) and 5% (wt/vol) bovine serum albumin (BSA) before i ining for
anti-NS5A (mouse monoclonal, 1:1,000) and either anti-NAP1L1 (rabbit monoclonal, 1:100) or anti-Bin1
(rabbit monoclonal, 1:50) overnight at 4°C. Coverslips were washed 3 times for 5 min in PBS-T buffer
under gentle shaking and incubated with proximity ligation assay (PLA) probes Duolink In Situ PLA Probe
Anti-Mouse PLUS (DU092001; Sigma-Aldrich) and Duolink In Situ PLA Probe Anti-Rabbit MINUS
(DUO92005) for 2 h at 37°C. For PLA, all incubations were performed in a preheated humidity chamber
and according the manufacturer's recommendations using a Duolink In Situ Detection Reagents Red kit
(DU092008). Coverslips were washed 3 times for 5 min in PBS-T buffer under gentle shaking and
incubated with a DNA ligase previously diluted in ligation buffer for 30 min at 37°C. Coverslips were
washed 3 times for 5 min in PBS-T buffer under gentle shaking and incubated with a DNA polymerase
previously diluted in amplification buffer for 90 min at 37°C. Finally, coverslips were washed for 20 min
under gentle shaking and then washed for 2 min with PBS and air dried. Coverslips were mounted with
Duolink In Situ mounting medi with 4',6-diamidino-2-phenylindole (DAPI), and fluorescence was
visualized with a Zeiss LSM880 upright microscope.

siRNA ablation. SGR-harboring Huh7 cells or Huh7-Lunet T7 cells were transfected with 10 nM
pooled siRNA (Santa Cruz) or 10 nM AliStars negative-control siRNA (Qiagen) using Lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. sc-75871 targets NAP1L1, sc-29804 targets Bin1,
5¢-61768 targets VAP-A, and sc-61770 targets VAP-B. For Huh7-Lunet T7 cell experiments, the cells were
transfected with pTM-NS3-5B plasmid at 48 h posttransfection (hpt). Cells were incubated in DMEM
supplemented with 5% fetal calf serum (FCS) and harvested at 72 hpt. Proteins and total RNA were
isolated with TRIzol (Life Technologies), and subsequent Western blotting and real-time quantitative PCR
(QRT-PCR) were performed.

RNA extraction and qRT-PCR. To quantify the number of HCV genomes, total cell RNA was
extracted using TRIzol reagent by following the manufacturer’s instructions (Invitrogen). Total extracted
cellular RNA (100 ng) was analyzed using a one-step qRT-PCR TagMan-based kit (Eurogentec), with
primers and probe designed against the 5 untranslated region (UTR) as described previously (19, 53).

I fl and focal microscopy. Cells were washed with PBS before fixation for 20
min in 4% (wt/vol) PFA; cells were subsequently permeabilized in 0.1% (vol/vol) Triton X-100 and PBS and
blocked with PBS-T and 5% (wt/vol) BSA before being immunostained with primary antibody as
described above. Various fluorescently c d secondary ibodies were used at 1:500 (Life
Technology). Nuclei were counterstained with DAPL. Confocal microscopy images were acquired on a
Zeiss LSM880 upright microscope with Airyscan; postacquisition analysis was conducted using Zen
software (Zen version 2015 black edition 2.3; Zeiss) or Fiji (version 1.49) software (54).

dSTORM. The direct stochastic optical reconstruction microscopy (dSTORM) system described pre-
viously (55) was modified with a cylindrical lens (f = 150 mm, where f is focal length; Thorlabs). Round
glass 25-mm-diameter coverslips (Warner Instruments) were cleaned in a 1:1:5 solution of NH; (aq), H,0,,
and H,0 at 80°C for 16 h. Cells stably harboring NS5A wild-type, 5225D, and S225A mutant subgenomic
replicons were seeded onto cleaned coverslips at 1 X 105 cells per well in six-well plates. Coverslips were
fixed in 2% (wt/vol) PFA in normal medium for 10 min, permeabilized in 0.2% Triton X-100 in PBS for 10
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min, and blocked in 1% (vol/vol) normal donkey serum (Sigma-Aldrich) for 1 h. Mouse monoclonal
anti-NS5A antibody was directly labeled at an approximately 1:1 ratio using the carboxylic acid succin-
imidyl ester of the photoswitchable dye Alexa Fluor 647 (Life Technologies) in PBS containing 125 mM
NaHCO; in the dark for 30 min. Unincorporated dye was removed by size exclusion using Zeba microspin
desalting columns (Thermo Fisher Scientific). Immunostaining was conducted with directly labeled
antibody (1:2,000) for 1 h. Coverslips were then treated with 0.01% poly-L-lysine (Sigma-Aldrich) for 10
min and incubated with a suspension of 150-nm gold nanoparticles (Sigma-Aldrich).

The image acquisition and processing software was used as described previously (56). Labels were

stochastically activated with 642-nm laser excitation under wide-field illumination in the presence of
fluorescence quenching buffer (glucose oxidase [10 U], catalase [50 U], 12.5 mg ml~* of p-glucose, 1 mM
2-mercaptoethylamine in PBS [pH 8.0]). Data sets consisted of 11,000 image frames at a frame rate of 20
Hz. Localized emission events were binned into histograms for display and correction of image distortion
by the cylindrical lens. Image smoothing was conducted in R using kernel density estimation to reflect
x-y-z localization precisions measured from fiducial markers, and z-stacks were visualized in Fiji. Cluster-
ing analysis was conducted in Python using density-based spatial clustering of applications with noise
(DBSCAN) (57) on the localization coordinates extracted from the palm3d software (MinPts = 30; ¢ = 150
nm). Cluster sizes were determined from the mean Euclidean distance between all localizations in
identified clusters. Image analysis in R and Python used custom scripts (available on request), and
statistical tests were conducted in GraphPad Prism using a one-way analysis of variance (ANOVA) with
Tukey's multiple comparisons.

Quantification of NS5A distribution. For quantification of NS5A spatial arrangement, images were

acquired with the same acquisition parameters, but with variable gain to ensure correct exposure. The
spatial coordinates of NS5A were determined using the FindFoci function of the GDSC plugin for Fiji, with
the nuclear envelope being manually outlined (utilizing the DAPI staining as a reference) and coordinates
generated by Fiji. The distance from each NS5A to the nuclear envelope was then determined using
trigonometry. NS5A spatial distribution data were generated for 12 randomly selected cells for each
replicon variant and data combined into a box-and-whisker plot.

For colocalization analysis, Manders’ overlap coefficient was calculated using Image) software with

Just Another Co-localization Plugin (JACoP) (National Institutes of Health). Coefficient M1 reflects the
fraction of the anti-NS5A signal that overlaps either the anti-NAP1L1 or anti-Bin1 signal. Coefficient M2
reflects the fraction of either the anti-NAP1L1 or anti-Bin1 signal that overlaps the anti-NS5A signal.
Coefficient values range from 0 to 1, corresponding to nonoverlapping images and 100% colocalization
images, respectively. Colocalization calculations were performed on >10 cells from at least two inde-
pendent experiments.

Statistics. Data sets were analyzed using Student's t test assuming a two-tailed, unequal variance to

determine statistical difference from the wild type (WT) (n = 3 or greater throughout).
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Using mass spectrometry and biochemical methods, I identified the largely uncharacterized
protein C170rf85 (now named NCBP3) as a cap-binding protein that, together with NCBP1,
forms the alternative CBC enabling export of mRNA from the nucleus. Under physiological
conditions, the alternative and canonical CBC function in a redundant manner. Through the
identification of the alternative CBC, I identified a critical additional part for mRNA processing
and showed that mRNA export is more complex than previously thought. Supportively for that
notion, other recent studies have also suggested previously unappreciated complexity in the
process of mRNA export. It became evident that besides the constitutive export of bulk mRNA,
export of transcripts can be highly selective, allowing priority export for some mRNAs over
others **'. The identification of the alternative CBC raises many questions and facilitates further
regulatory possibilities related to mRNA export and quality control. Current questions vary from
the molecular composition and cooperation of the CBC subunits and their binding to the cap
structure as well as the mechanism behind the engagement of other macromolecule complexes

like the EJC or TREX complexes to the functional requirement of two redundant CBCs.

Investigating the molecular composition and cooperation of the CBC subunits is of fundamental
importance to understand the synergies and discrepancies in binding of the subunits to each other
and their interaction with the cap structure. The interaction between NCBP1 and NCBP2 as well
as between NCBP2 and the cap structure has been studied using structural approaches *****.
Comparative modelling for NCBP3 using HHpred revealed a structural model based on the RRM
of poly(A)-specific ribonuclease (PARN). The similarity to the RRM of PARN suggests a similar
cap-binding mode for NCBP3 engaging the cap structure by stacking the cap on a single aromatic
amino acid (tryptophan). In contrast, NCBP2 as well as the cytoplasmic cap-binding protein eIF4E
sandwich the RNA cap structure between two aromatic amino acids (Figure 14). For NCBP3, the
structure prediction model allowed to identify critical residues and suggested similar binding as
seen for PARN. However, it is likely that other aromatic amino acids contribute to the cap-binding
of NCBP3. More detailed structural analysis using x-ray crystallography or cryo-electron

microscopy combined with mutational and functional experiments may be necessary to identify

the exact binding mode of capped RNA to NCBP3.

An atomic structure of the NCBP1/3 complex in comparison with the crystal structure of the
NCBP1/2 complex could help to understand whether the binding of NCBP3 is rnutually exclusive

or whether a trimeric complex of NCBP1/2/3 exists. Moreover, structural information could
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support the understanding of RNA selectivity by the two CBCs. Further investigation of the
influence of NCBP2 on the binding between NCBP1 and -3 and vice versa, the influence of NCBP3
on NCBP1/2 interaction, would be needed to understand the synergies and discords of the two

complexes in eukaryotes.

PARN NCBP2 elF4E
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7 T.—E,-456 /g Glu 103
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Figure 14: Comparison of cap-binding pockets for PARN, NCBP2 and eIF4E.

m’Gpp

Amino acid residues of poly(A)-specific ribonuclease (PARN), nuclear cap-binding protein 2 (NCBP2) and eukaryotic initiation

factor 4E (elF4E) involved in binding to the m’G cap structure. Amino acids are shown in ball-and-stick mode. Red, oxygen;

green, phosphor; blue, nitrogen; yellow, carbon. Schematic and figure legend were adapted from reference 350,

The binding of the CBCs is required to recruit cellular components that are fundamental for RNA
processing. However, it is still unclear how the two CBCs select the binding of the right RNA
processing factors for the given type of RNA. We showed that NCBP2 and NCBP3 associate with
EJC and TREX factors to different extents, preferentially binding to NCBP3. However, PHAX,
which is the export adaptor for snRNAs export, only associated with NCBP2. EJC, TREX and
PHAX are recruited to mRNA via NCBP1, a common protein of the canonical and the alternative
CBC. It is therefore likely that association of NCBP2 or NCBP3 to NCBP1 exposes or blocks
binding sites on NCBP1 for RNA processing factors and thereby mediates selectivity in recruiting
specific RNA processing factors. Compared to NCBP2, NCBP3 is a relatively large protein of
~70 kDa with a disordered C-terminal domain. Through interaction with NCBP1 or other
factors, the C-terminal domain may fold and engage mRNA processing factors like EJC and TREX
subunits. The contribution of NCBP3's C-terminal domain for the recruitment of mRNA
processing factors could be addressed by combining structural analysis with functional and

mutational biochemical experiments.

Altogether, the molecular basis of the interplay between the subunits of the alternative and
canonical CBC and their engagement of auxiliary mRNA processing factors will allow to better
understand the apparent redundancy of the two CBCs. We questioned why the human organism

encodes for two CBCs with apparently redundant function. Different reasons could be possible:
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(1) The two CBCs may be separated in labour and ensure proper processing of all needed RNAs.
Naturally, the alternative and canonical CBC handle different types of RNA (e.g. snRNA and
mRNA), however, during loss of one complex the other can compensate for the loss establishing
a form of fallback mechanism. (2) Two CBCs may be necessary under conditions demanding
regulation of RNA processing, e.g. during conditions of environmental stress or developmental
processes. (3) The two CBCs may be regulated in their activity, which opens the possibility to

promote usage of one CBC over the other.

In my second first author publication, investigating the relevance of the alternative CBC during
virus infection, I could demonstrate that the alternative CBC is required to constrain viral
infections. This supports the possibility that the two CBCs evolved to regulate RNA turnover
during environmental stress conditions such as viral infections. Although I could show that the
expression of a subset of ISGs is regulated by NCBP3, the exact mechanism how the alternative
CBC is selected for export of this subset of mRNA is still unclear. In this scenario, a regulation of
the CBCs by post-translational modifications could be likely. One commonly found modification
is the phosphorylation of serine, threonine or tyrosine. Several phospho-sites were identified in
NCBP1, -2 and -3 having the ability to be regulated by environmental stimuli *'*%%%%%,
Interestingly, mass spectrometry based identification of phosphorylation changes (preliminary,
unpublished data) revealed that defined residues in NCBP1 and NCBP3 change their
phosphorylation state in response to stimulation with IFN. This supports the possibility that the
alternative CBC is regulated upon environmental stimuli by post-translational modifications. To
elucidate the underlying mechanism, further experiments involving mutational and functional

experiments are required, which could demonstrate that gene expression is controlled on a yet

unappreciated level.

Respiratory infections with influenza A virus are a major cause of death worldwide 359361

Therefore, it is of outstanding interest to understand how severity of disease and pathogenicity
towards respiratory virus infections is regulated. Infection of Ncbp3 deficient mice with IAV
caused severe lung pathology resulting in high morbidity highlighting the influence of Ncbp3 on
the outcome of disease. The expression of antiviral programs needs proper regulation to
immediate and timely express cytokines and antiviral proteins as well as to express negative
regulators to prevent overshooting of the system ** %, This regulation could be maintained by
the function of Ncbp3 and thereby loss of Ncbp3 results in the dysregulation of cellular antiviral

programs resulting in lung pathology and mortality. Further research is needed to understand the
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exact mechanism how Ncbp3 influences the severity of disease, which could help to prevent

and/or treat virus-associated respiratory diseases.

Viruses evolved mechanisms to manipulate cellular mRNA processing and export machineries to
either dampen innate immune responses and/or to hijack cellular resources for viral replication.
IAV and VSV are highly potent in disrupting cellular mRNA processing pathways. Until now, the
influence of the two viruses on mRNA export was only shown by interrupting functions of nuclear
pore associated proteins. A direct influence of viral proteins on Ncbp3 to prevent expression of
innate immune regulated genes may also be possible. However, this hypothesis needs further
investigations by firstly investigating if viral proteins potentially can interact with Ncbp3 and if so,

by secondly examining the underlying cellular mechanism of viral NCBP3 manipulation.

HCYV infection is a major cause of acute hepatitis and chronic liver disease affecting more than 170
million people and being a widespread problem **°. Understanding the molecular basis of HCV
infection and replication is of major importance to prevent disease and improve disease outcome.
Basic research on HCV life cycle lead to the development of directly acting antiviral (DAA) drugs
currently used for the treatments of HCV infection **. NS5A is a highly phosphorylated protein
and it will be challenging to descramble the unique function and the functional consequences of
all NS5A phosphorylations. However, our finding that phosphorylation of serine 225 of HCV
NS5A protein contributes to efficient HCV genome replication through the interaction with the
cellular proteins NAPL1, Binl and VAP-A, shed light onto a very complex system and refined our
understanding of the complexity of post-translational modifications for virus-host interaction.
Since HCV genetics are highly variable and drug resistant strains are developing very rapidly ***,
it is of great importance to break down the molecular basis for viral replication to establish new
DAA agents. Recently, a class of NS5A targeting agents were developed and are very promising
for the treatment of HCV infections **’. In this regard, the insights we gained investigating NS5A
§225-dependent cellular interactions may be useful for the generation and selection of new

antiviral drugs.

In summary, the results presented in my thesis emphasize the importance to continuously reassess
molecular mechanisms that are thought to be well established. Basic research still reveals yet
undescribed cellular mechanisms, which are fundamental for our basic understanding of life,
which can be used for the discovery of new and effective drugs that may be used for therapeutic

purposes in the future.
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ABBRIVATIONS

ABBREVIATIONS

Selected protein abbreviations are included in the list.

4ESE

A AAs
ALREX
ALYREF
APA
AREs
ASAP
ATP

C CBC
CE
CPA
CPSF
CRM1
cRNA
CTD
CTE

DAA
DNA
ds

E elF
EJC
ER

G GAP
GDP
GEF

GTase
GTP
H HCV

4E-sensetive element

Amino acids

Alternative mRNA export

THO complex subunit 4

Alternative polyadenylation

AU-rich elements

Apoptosis and splicing associated protein complex
Adenosine triphosphate

Cap-binding complex

Capping enzyme

Cleavage and polyadenylation
Cellular and polyadenylation specific factor
Chromosome region maintenance 1
complementary RNA

C-terminal domain

Constitutive transport element
Dalton

Directly acting antiviral
Deoxyribonucleic acid
Double-stranded

Eukaryotic translation initiation factor
Exon junction complex

Endoplasmic reticulum
Phenylalanine-glycine

GTPase activating protein

Guanosine diphosphate

Guanine nucleotide exchange factor
Guanosine monophosphat

RNA guanylyltransferase

Guanosine triphosphate

Hepatitis C virus

157 | Page



ABBRIVATIONS

hnRNP Heterogeneous nuclear ribonucleoprotein particles
I IAV Influenza A virus
IFN Interferon
IL6 Interleukin 6
1P, Inositol hexakiphosphate
IPMK Inositol polyphosphate multikinase
IRES Internal ribosomal entry site
ITE Intronless transcript element
L LCS Low-complexity regions
LRR Leucine-rich repeat
M M Matrix
m’G N7-methylguanosine
miRNA Micro RNA
mRNA Messenger RNA
mRNP Messenger ribonucleoprotein particles
N N7MTase Guanine-N7 methyltransferase
NCBP Nuclear cap-binding protein
NCR Non-coding region
NE Nuclear envelope
NES Nuclear export signal
NLS Nuclear localization signal
NMD Nonsense-mediated decay
NP Nucleoprotein
NPC Nuclear pore complex
NS1 Non-structural protein 1
NS5A Non-structural 5A protein
nt Nucleotide
Nup Nucleoporins
NXF1 Nuclear RNA export factor 1
NXT1 NTF2-related export protein 1
ORF Open reading frame
P PABP Poly(A)-binding protein
PAMPs Pathogen associated molecular pattern
PAP Poly(A) polymerase
PARN Poly(A)-specific ribonuclease
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ABBRIVATIONS

PAS
PHAX
pi
Poly(A)
PR8

pre
pri

PRR
RBD
RdRp
RISC
RNA
RNGTT
RNP
RRM
rRNA
rRNP
RTE
RTPase
S
shRNA
siRNA
Sm
SMN
snoRNA
snRNA
snRNP
SR

sS

SSCR
TGS1
T™MG
TREX
tRNA
TUTase

Poly(A) signal
Phosphorylated adapter RNA export protein
Primary

Polyadenylated

Mouse adapted laboratory influenza strain A/PuertoRico/8/1934

Precursor

Primary

Pattern recognition receptor
RNA-binding domain
RNA-dependent RNA polymerase
RNA-induced silencing

Ribonucleic acid

RNA guanylyltransferase and 5 triphosphatase
Ribonucleoprotein particle

RNA recognition motif

Ribosomal RNA

Ribosomal ribonucleoprotein particles
RNA transport element

RNA triphosphatase

Svedberg unit

short hairpinRNA

Small interfering RNA

Sphingomyelin

Survival of motor neuron

Small nucleolar RNA

Small nuclear RNA

Small nuclear ribonucleoprotein particles
Serine-arginine

Single-stranded

Signal sequence-coding region
Trimethylguanosine synthase
Trimethylguanosine

Transcription export

Transfer RNA

Terminal uridylyl transferase
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ABBRIVATIONS

u u/G
UBA
UTR

v vRNA
vRNP
VSV

X XPO

Uridylate- and guanylate-rich
Ubiquitin-associated
Untranslated region

Viral RNA

Viral ribonucleoprotein particles
Vesicular stomatitis virus

Exportin
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