Fast responders: uncovering immediate early
splicing events following lymphocyte activation

Inaugural-Dissertation
to obtain the academic degree
Doctor rerum naturalium (Dr. rer. nat.)
submitted to the Department of Biology, Chemistry, Pharmacy

of Freie Universitat Berlin

by

Mateusz Drozdz

Berlin, 2024



DECLARATION

This work was carried out in the period between September 2020 and September 2024 under the
supervision of Prof. Dr. Florian Heyd at the Institute of Chemistry and Biochemistry, Freie Universitat

Berlin, Germany.

First reviewer: Prof. Dr. Florian Heyd
RNA Biochemistry

Institute for Chemistry and Biochemistry
Freie Universitat Berlin

Takustralle 6

14195 Berlin, Germany

Second reviewer: Prof. Dr. Markus Wahl
Structural Biochemistry

Institute for Chemistry and Biochemistry
Freie Universitat Berlin

Takustralle 6

14195 Berlin, Germany

Date of defense: 25.11.2024



Acknowledgements:
First and foremost, | would like to thank Prof. Florian Heyd for giving me the opportunity to
work on this exciting project, and for trusting that a microbiologist could become an RNA

biochemist.

| thank the members of my thesis advisor committee for their time, effort and thoughtful
advice. Prof. Markus Wahl, | want to thank additionally for reviewing this thesis and joining

my defense committee.

| would like to thank Dr. Marco PreuRner, Dr. Bruna Los and Luiza Zuvanov for their support
on many levels of this project. The RNA sequencing presented in this work was only possible

with their help and experience. Apart from that | also thank for all their advice and friendship.

Gopika Sasikumar, | thank for all her help on the hnRNPC side of the project. | am grateful for

her hard work and support in every stage of this journey. It was great fun working with her.

I would also like to thank all current and former members of the Prof. Florian Heyd’s group for
their friendship and support. Especially, | would like to thank Mary and Silvia for believing in
me, giving me motivation and enthusiasm to work. | would also like to express my gratitude
to Tom for maintaining a great atmosphere in the lab, especially in the evenings when we can
enjoy a beer together, my roommate Felix for giving me food when there was no time to cook,

and Ann-Katrin, loana and Stefan for answering all my scientific questions during my PhD life.

| also want to thank Antje and Bobby for preparing all required reagents, always being ready

to help and suggest ideas for me to be more efficient while working in the lab.

This list would not be complete without expressing my gratitude to my dear friend Sebastian
Makuch for his support and friendship since our school day. It wouldn’t have been done

without his help.

Furthermore, | would like to thank my parents and my sister Kornelia for their unconditional

love and support, understanding that | am not always available for their life.

Last but not least, | would like to thank my amazing wife, Aleksandra, for her incredible
understanding of my current priorities and her love and support in every stage of my life, both

scientific and private.



Declaration of Independence

Herewith | certify that | have prepared and written my thesis independently and that | have
not used any sources and aids other than those indicated by me. The thesis in the same or

similar form has not been submitted to any examination body.



ABSTRACT

Lymphocytes require a certain time frame (24-48 hours) after their activation to fully develop
effector functions. Hence, most studies have focused on characterizing splicing switches after
this period. However, shortly after lymphocyte activation (Oh to 4 hours), rapid gene
expression changes occur, resulting in cytokines production and their secretion, as well as the
initiation of cell proliferation, and differentiation. The expression of immediate early genes
(IEG) is transiently induced upon T cell activation, with regulation being independent of de
novo protein synthesis. This process relies on phosphorylation cascades that target the
transcription machinery. In this project, we hypothesized that similar signaling cascades might
also target the splicing machinery to induce immediate early splicing (IES). We aimed to
delineate this concept and characterize its function in T cell and B cell activation. Furthermore,
we investigated whether IES switches influence the translational machinery or whether they
operate independently of this process. Through in silico bioinformatic analysis and
biochemical wet lab experiments, we identified the rapid and transient retention of short
introns among several genes within the first 1.5 hours of lymphocyte activation. This
concerted splicing switch is independent of de novo protein synthesis. Further analysis showed
its specific regulation by RAF/MEK/ERK1/2-mediated phosphorylation of the splicing factor -
hnRNPC2. This hnRNPC isoform originates from an alternative 5’ splice site (A5SS) usage and
contains 13 additional amino acids compared to hnRNPC1. Moreover, the T cell specificity of
IES is preserved by the involvement of the kinase PKCB, which is highly expressed in T cells.
This is not the case in B cells, suggesting the involvement of another kinase in the hnRNPC2-
controlled IES switch. IES affects many components of the translation apparatus, including
transcripts encoding ribosomal proteins and translation factors, such as eukaryotic initiation
factor elF5A. Furthermore, we observed an hnRNPC2-dependent reduction in de novo
translation during the hours immediately following T cell activation. We suggested that this
reduction is mediated by the IES switch, as inducing the IES protein variant in elF5A alone is
sufficient to reduce translation globally. Altogether, we present a new paradigm for fast and
transient alternative splicing regulation and suggest a fundamental role of IES in coordinating

different layers of gene expression upon T cell activation.



ZUSAMMENFASSUNG

Lymphozyten bendtigen nach ihrer Aktivierung einen bestimmten Zeitraum (24-48 Stunden),
um ihre Effektorfunktionen vollstandig zu entwickeln. Daher haben sich die meisten Studien
darauf konzentriert, SpleiRschalter nach diesem Zeitraum zu charakterisieren. Kurz nach der
Aktivierung  von  Lymphozyten (0 bis 4 Stunden) treten jedoch rasche
Genexpressionsanderungen auf, die zur Produktion und Sekretion von Zytokinen sowie zur
Initiierung der Zellproliferation und -differenzierung fiihren. Die Expression von Immediate
Early Genes (IEG) wird bei der T-Zell-Aktivierung voribergehend induziert, wobei die
Regulation unabhangig von der de novo-Proteinsynthese erfolgt. Dieser Prozess beruht auf
Phosphorylierungskaskaden, die auf den Transkriptionsapparat abzielen. In diesem Projekt
haben wir die Hypothese aufgestellt, dass ahnliche Signalkaskaden auch den SpleiRapparat
anvisieren kénnten, um ein Immediate Early Splicing (IES) zu induzieren. Wir hatten uns zum
Ziel gesetzt, dieses Konzept zu definieren und seine Funktion bei der Aktivierung von T- und
B-Zellen zu charakterisieren. Darliber hinaus untersuchten wir, ob [ES-Schalter die
Translationsmaschinerie beeinflussen oder unabhangig von diesem Prozess arbeiten. Durch in
silico bioinformatische Analysen und biochemische Experimente im Nasslabor identifizierten
wir die rasche und voriibergehende Retention von kurzen Introns in mehreren Genen
innerhalb der ersten 1,5 Stunden nach Lymphozytenaktivierung. Dieser konzertierte
SpleiBschalter ist unabhdngig von der de novo-Proteinsynthese. Weitere Analysen zeigten,
dass er spezifisch durch die Phosphorylierung des SpleiRfaktors hnRNPC2 durch
RAF/MEK/ERK1/2 reguliert wird. Dieses hnRNPC-Isoform entsteht durch die Nutzung einer
alternativen 5‘-SpleiBstelle (A5SS) und enthélt im Vergleich zu hnRNPC1 13 zusatzliche
Aminosauren. Darliber hinaus wird die T-Zell-Spezifitat von IES durch die Beteiligung der
Kinase PKCO aufrechterhalten, die in T-Zellen hoch exprimiert wird. Dies ist bei B-Zellen nicht
der Fall, was auf die Beteiligung einer anderen Kinase im hnRNPC2-gesteuerten IES-Schalter
bei B-Zellen hindeutet. IES beeinflusst viele Komponenten des Translationsapparats,
einschlielRlich Transkripten, die ribosomale Proteine und Translationsfaktoren wie den
eukaryotischen Initiationsfaktor elF5A kodieren. Dariliber hinaus beobachteten wir eine
hnRNPC2-abhangige Reduktion der de novo-Translation in den Stunden unmittelbar nach der
T-Zell-Aktivierung. Wir vermuten, dass diese Reduktion durch den IES-Schalter vermittelt wird,
da die Induktion der IES-Proteinform von elF5A allein ausreicht, um die Translation global zu

reduzieren. Insgesamt stellen wir ein neues Paradigma fur die schnelle und voriibergehende
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Regulation des alternativen SpleiRens vor und schlagen eine grundlegende Rolle von IES bei
der Koordination verschiedener Ebenen der Genexpression wahrend der T-Zell-Aktivierung

vor.



Contents

Lo INEFOAUCHION ..ottt et esbe e e s nee e sareesneeesareeens 11
1.1. From DNA to proteins: central dogma of molecular biology...........c.cccocviriiiiiiniiennnnnee. 11
1.2. Processing of Pre-mMRINA ... e e e e e e e e e bee e e e eanees 12
1.3. Pre-mMRNA SPIICING ... e et re e e e b ae e e e s abeee e enanes 13

1.3.1. Nucleotide sequences signals for splicing...............ccooeoiiiiieiiii i, 13
1.3.2. Transesterification reaction of Splicing.............cccccevvviiiiiiniii 14
1.3.3. RNA splicing is performed by the spliceosome ..............ccccoeiiiiiiiiiiniie e, 14
1.4. ARernative SPIICING........ooooiiiii e e et e et e e e eeataaaeeans 16
1.4.1. TYPES OF AS.....eeeeeie et e et e e e st e e e et e e e e e tte e e eaab e e e eaareeeeanareaen 17
1.4.2. Regulation of alternative splicing ............ccocviiiiiiii i 18
1.4.3. The family of RNRNP Proteins ............ccccoviiiiiiiiiiiic e 19
1.5. Co-transcriptional SPIICING ...........oociiiiiiiiiii e 22
1.6. The process of lymphocyte activation...............ccccoooiiii i 23
1.6.1. IMIMUNE FESPONSE ... nan 24
1.6.2. IMMUNOIOGICAl SYNAPSE ... e e e e 25
1.6.3. Intercellular pathways to activate lymphocytes .............cccociiiiiiiiiiniiie e, 26
1.6.4. The role of alternative splicing in lymphocyte activation.................cc.cccoeeieennnnnn. 29
1.7. Immediate early genes — fast responders among genes .............cccceeeeeiieeeeeiieeeccciee e 30
1.7.1. Temporal patterns of expression of genes involved in T cell activation .................. 32

2. GOAlS OFf the STUAY .........eiiiiiiiiie e e s e e st e e e e sbee e e s sbae e e e narees 34

3. Materials and MEthods ..............c.oo it 35
BLL BUFFEIS ... et b e she e saee s r e e bt e b e neennees 35
3.2, Cell CUITUI@ ... ettt et ettt b e s b saeesar e s b e e bt e b e e nneesmees 38

3.2.1. CryoPreSEIVALION ........ccoiiiiiiiiiiiiie ettt e et ee e sttt e e sete e e s sabe e e e seabaeessasteeeesasbeeeesansaeessanseeessans 38
3.3. Stimulation and inhibition eXperiments..............cccoooiiiiiiiiii 39
I AT N T T T=T o Tl T Y- SRR 39

3.4.1. RNA sequencing from PMA-stimulated Jurkat T cells for 0, 30 and 150 minutes............ 39

3.4.2. RNA sequencing from HEK293 and Hela cells transfected with AhnRNPC2 knockout cell

lINES @NA WT CTRL......oiiiiiiii ettt et e ettt e s me e e sabe e ebeeesmreesaneeesnneeaas 40

3.4.3. RNA sequencing from HEK293 and Hela cells transfected with hnRNPC2-inducing MO

AN CTRL MO ...ttt et s e st st s bt e bt e b e sbe e sae e et e et e e nbeesbeesanesanenane 41
3.5, TraNSTECHION ...ttt e e sate e s b e e ane e s re e snee e sareeeas 41

3.5.1. Transfection to adherent cells ................oooiiiiiiii e 41

3.5.2. Transfection to suspension cells by electroporation .............c..ccccoeeiiiiiiiiiiiiiiiee e, 42

3.5.3. Anti-sense MOrpPholinos ..............ccoooiiiiiiiiiiii et e e e eeatre e e 42



3.5.4. Smallinterfering RNA ...........ooo e rre e e e ste e e e s erta e e e sentaeeesantaeeeaans 42

3.6. Generation of CRISPR/Cas9-edited HEK293 and HeLa cells............cccoeeoveuveriivieireivcneie e, 43
3.6.1. FIOW CYEOMEEIY ....oo it st tee e s st e e s sate e e e snbaeessntaeeesans 44
3.6.2. DNA @XEraction ........ccccoiiiiiiiiiiiiiie ittt 45
3.6.3. El@CEIOPRNOrESiS .........eviiiiiieee e e e e e e ta e e e sata e e e srtaeaeaans 47

3.7. RNA @XEFACION. ...ttt ettt et e st r e st e s be e e ameeesbeeeneeesnreesaneeesareaas 47
3.7.1. Total RNA @XEraCtion ............ccooiiiiiiiiiiiiieiiee ettt sttt st esne e e saneeeas 47
3.7.2. Chromatin-associated and cytoplasmic RNA extraction............c.cccccccevvviieiiicieeniiciiennnnne 48
3.7.3. RNA €leCtrOpROrSis...........cooiiiiiiiiiieie ettt e e s etae e e s eatr e e e senta e e e sentaeeeeans 48

3.8. Reverse transcription polymerase chain reaction...............cccoccoviiiiiiii s, 48

3.9. Radioactive, splicing sensitive RT-PCR.............cccccciiiiiiiiiiiiiecrieeessiee e ee s e e s e s snneee s 49

310, RT-QPCR ...ttt ettt ettt e e e e e bbb et et e e e s e s uabbaeeeeeeesaaasbeeeeeeesesaasnbeeeeeeeeesannsreaens 50

3.11. MOIECUIAr CIONING ......eeiiiiiiee et e e st e e s sbbe e e sasbbeeesannreeesannreeess 51
3.11.1. PCR ampPlification...........coviiiiiiiii e et s e e 52
3.11.2. DNA AIBESHION ...t et e e et e e e e e e e s etta e e e sertaeeesntaeeeentaeeenans 52
3.11.3. Ligation of digested insert and plasmid...............cccceeiiiiiiiiiiiiic e 52

3.12. Protein iSOIation .............cccooiiiiiiiiii e e 53
3.12.1. Protein quantification ...............cooooiiiiiiiiic e et 53
3.12.2 Denaturing SDS polyacrylamide gel-electrophoresis (SDS-PAGE) ...............cccoveevveeeneenns 53
3.12.3. WeEStErN BIOt ..o e e e s 54

3.13. hnRNPC2 protein purification .............ccoccuiiiiiiiiiiii e 55
I T B |V Y NPT O P PP PPPT RO PPTPPPPT 56

3.14. Statistical @NAlYSIS..........ccuiiiiiee e e e e a e e araee s 57
RESUIES ...ttt et s h e st st s bt e bt e bt e s bt e sme e ene e et e e reenreens 58

4.1. Nascent RNA-seq analysis revealed immediate early splicing upon T cell activation ............ 58

4.2. hnRNPC2 phosphorylationisinline With IES ..............cccooviiiiiiniiiii e 63

4.3. hNRNPC2 CONEIOIS IES ..........ooiiiiieiee ettt st et e s e e sme e e sneeesneeas 65

4.4. hnRNPC is required for efficient RPL10, elF5A and TRAF4 splicing...........ccccceevcveieeccieeeennen, 66

4.5. Phosphorylation of hnRNPC2 reduces binding to target introns...............ccccccoeeiiiiieicieeeenee, 68

4.6. RAF/MEK/ERK signaling pathway is involved in hnRNPC2-dependent regulation of IES....... 70

4.7, IESiS T CeIl SPOCIFIC....ccueiiiiiiiiie e e e s e e e s sbae e s e abae e e e sanes 71

4.8.IESis Tand B cell SPECIfIC..........ccccuiiiiiiiiii e e 74

4.9. PKCBO is necessary for T and B cell specific hnRNPC2 phosphorylation and IES....................... 76

4.10. Expression of PKCO in HEK293 or Hela cells is sufficient to induce IES in an hnRNPC2-

Lo F=Y o T=T g o (= S 1 - T T =T P SRR ST 79

4.11. Introduction of PKCO into AhnRNPC2 knockout cell lines abolishes IES ............................... 81



4.12. hnRNPC2 knockout in HEK293 and Hela cells led to investigate novel changes in gene
expression and alternative SPlICING.............coooiiiii i e 83

4.13. MO-induced hnRNPC2 did not show changes on alternative splicing and gene expression

between hnRNPC1 and hNRNPC2. ............coooiiiiiiiiiieciee ettt sre e s saee s ste e sbaeesareeeas 87
4.14. Phosphorylation of hnRNPC2 is required toinduce IES...............cccooeieiiiiiieeiiiiiee e 89
4.15. hnRNPC plays role in de novo protein synthesis early after T cell activation ....................... 91

4.16. Intron-containing elF5A reaches the cytoplasm for a short period during the early stages of
T eI ACHIVALION ...ttt e st st e e sbe e e sabe e sabeeesateesabaesnseeesabeeenees 93

4.17. Intron-containing elF5A is involved in controlling the translation efficiency at early stages

Of T CeIl ACHIVAtION......coiiiiiiii et st 95
DiESCUSSTON.... ..ottt et e e s be e sr e e ra e e sr e e e e sneesanes 97
5.1. The concept of immediate early splicing after PMA stimulationof Tcells ............................ 97
5.1.1. INtron retention @VENTES ...........oouiiiiiiiiie e e s 97
5.1.2. Consequences of intron-containing transcripts ............cccccoevviiiiiiiii i, 98
B5.1.3.INron IeNGth ... et 99
5.2. Immediate early splicing among target enes.............cceeecvieeeeiiiee e 100
5.2.1. Ribosomal proteins RPL.............ccooooiiiiiiiiiiiiiiie ettt siree e s st e e sarneessans 101
B.2. 2. TRAFA ...ttt ettt e e e ettt e e e e s e bttt e e e e e e saaabrbeeeeeeeesannrreeeeeeeeenaanns 101
5.2.3. Eukaryotic initiation factor 5a — @IF5A..............coiriiiiiiiie e 102
5.3. Phosphorylation as a strategy toinfluence AS.............coooiie i 104
5.3.1. Transient phosphorylation of hnRNPC affects IES upon T cell activation ...................... 104
5.3.2. Temporal phosphorylation of splicing factors other than hnRNPC............................... 107
5.4. Signaling pathways involved in hnRNPC2-controlled IES -RAF/MEK/ERK...............c.ccvvennenne 107
5.5. IES — specific to T and B cells or global effect? ............cccoooieiiiiii i, 108
5.6. The role of PKCO kinase in hnRNPC2-controlled IES................ccoceriiriiniiinieiiceeneeeeiene 109
5.7. The role of reduction of de novo protein synthesis during T cell activation......................... 111
CONCIUSION ...ttt e st e bt esabe e s bt e e s ab e e sabeesbeeesabeesabeeeanseesaneeesnneas 113
F1Y 0T o 1T 4T [ PP 114
7.1, ABBIEVIation .......ccc.ooiiiiiiiie e e 114
7.2  REFEIENCES ..ottt ettt et sb e s ae e st s b e bt e bt e be e sme e et e ereenreen 120
2 TR 1= {1 [ =TSP UPPPR 132
R -1 ] (=TSO P PP 134

10



1. Introduction

1.1. From DNA to proteins: central dogma of molecular biology

Since the discovery of the deoxyribonucleic acid (DNA) structure in 1953 as the central unit
of genetic information, our understanding of cell biology has progressed tremendously. We
now know the complete genome sequences for thousands of different organisms, revealing
fascinating insights into their biochemistry . Throughout more than 70 years, scientists have
refined modern technologies to unlock secrets of cellular functionalities and structures. This

development is crucial to investigate targeted treatments and therapies.

The genetic information of cells is stored in the form of double-stranded DNA molecules -
long, unbranched, paired polymer chains consisting of nucleotide monomers. These
nucleotides consist of a deoxyribose sugar, a phosphate group, and one of four nucleotide
bases (adenine - A, thymine - T, cytosine - C, and guanine - G). DNA harbors its information to
guide the synthesis of another class of polymers: ribonucleic acid (RNA). This process starts
with a templated synthesis of RNA called transcription, in which segments of DNA sequences
serve as templates for building molecules of RNA. The RNA molecules that ultimately direct
the synthesis of proteins are called messenger RNA (mRNA). Their composition is remarkably
similar to DNA, with ribose sugar instead of deoxyribose and uracil - U instead of thymine.
Later, many of these RNA molecules are exported to the cytoplasm, where they direct the
synthesis of proteins through a process called translation (Fig. 1). Therefore, mRNA acts as an
intermediate between DNA and protein. The flow of genetic information thus follows the
order: DNA=> mRNA-> protein. This fundamental principle is called the central dogma of
molecular biology 23. It is worth mentioning that RNA can indeed produce DNA through
reverse transcription. In this process, RNA is used as a template to generate complementary
DNA (cDNA), catalyzed by an enzyme known as reverse transcriptase. The newly synthesized
DNA can then integrate into the genome and replicate alongside it. This mechanism is
primarily observed in viruses (e.g., human immunodeficiency virus — HIV) and in
retrotransposons, which are elements that can ,copy “ and , paste” to new locations within

the genome?.
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Figure 1. Central dogma of molecular biology in eukaryotic cells. The scheme illustrates the flow of
genetic information from DNA to mRNA (transcription) and from mRNA to protein (translation). RNA
can also be converted back to DNA is reverse transcription — adapted from 3. Created using
BioRender.com

1.2.  Processing of pre-mRNA

Transcription is the first step to produce a mature mRNA molecule. During its elongation
phase, the nascent RNA undergoes three types of processing events: a modified guanine
nucleotide (7-methylguanosine (m7G)) is added to its 5’ end (capping), intron sequences are
removed from the RNA molecules (splicing), and a poly-A tail is incorporated into the 3’ end
of the RNA (cleavage and polyadenylation) (Fig. 2). Each of these processes is facilitated by
proteins that bind to the long C-terminal tail of RNA polymerase Il. Both 5’ capping and 3’
polyadenylation are required to enhance mRNA stability and ensure efficient translation. Only
properly processed mRNAs are transported through nuclear pore complexes (NPC) into the

cytoplasm, where they are translated into proteins®.
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Figure 2. A schematic illustration of pre-mRNA processing. Left: Adding (7-methylguanosine (m7G))
to 5’, center: removal of non-coding sequences (dark green blocks) and joining of coding sequences
(bright green blocks) by RNA splicing, right: polyadenylation (poly-A tail) in 3’ end. Created using
BioRender.com

1.3.  Pre-mRNA splicing

The protein-coding sequences (exons) of eukaryotic genes are usually divided by
noncoding sequences (introns). This discovery from 1977 was unexpected for scientists, who,
until that time, were familiar only with bacterial genes, which contain a continuous stretch of
coding DNA that is directly transcribed to mRNA’2. In the process known as splicing, introns
are precisely removed, and exons are joined together to produce a mature mRNA molecule.
In humans, the average exon length is approximately 150 base pairs®, while introns consist of

around 5200 base pairs?®.

1.3.1. Nucleotide sequences signals for splicing

The splicing machinery recognizes four sequences of the pre-mRNA: the 5’ splice site
(5’SS) and the 3’ splice site (3’SS), which define the intron-exon boundaries, the polypyrimidine
tract (PPT), and the branch point (BP) within the intron sequences. Each region has a
consensus nucleotide sequence that guides the splicing machinery on where splicing takes
place. Typically, the 5’SS consists of conserved GU dinucleotides at the start of introns, while
the 3’SS includes a conserved AG dinucleotide preceding the start of the exon. The PPT is
located about 5-40 base pairs upstream of the 3’ end of the intron to be spliced and contains
15-20 pyrimidine nucleotides, usually a stretch of uracil nucleotides. The branch point is 20-
50 nucleotides upstream of the 3’ splice site within the intron. It usually contains a conserved

adenine (A) nucleotide (Fig. 3)**.
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1.3.2. Transesterification reaction of splicing

Each splicing event removes one intron through two sequential phosphoryl-transfer
reactions of transesterifications. First, the 2'-hydroxyl (2'-OH) group of the adenine (A) at the
BP binds to a phosphate group of the 5'SS through a 2’-5’ phosphodiester bond, generating an
intron lariat-3' exon and a free 5’ exon. Subsequently, the 3'-hydroxyl (3'-OH) group of the
upstream exon is released. It binds to the phosphate group at the 3’SS, ligating the 5’ exon
and the 3’ exon. The intron, now in a lariat structure, is then excised from the mRNA and

degraded by cellular enzymes (Fig. 3) 13,

BP
5'SS PPT 3'SS
|
c A—— Yo — 46

v

I s‘lepl

A—— () ——AG
CG’J
[

Ilstepl
A——Y(n) —— AG
©
c

Figure 3: The schematic representation of two transesterification reactions of RNA splicing. Exons
and introns are depicted as boxes and lines, respectively. The splicing sites 5’SS and 3’SS, and the
branch point (BP) adenine and polypyrimidine tract are also shown. Adapted from 3. Created using
BioRender.com

1.3.3. RNA splicing is performed by the spliceosome

Key steps in RNA splicing are performed by a unique combination of RNA molecules and
proteins, forming a spliceosome, unlike other cellular mechanisms that are mainly regulated
by proteins alone. These RNA molecules - U1, U2, U4, U5, and U6, known as snRNAs (small
nuclear RNAs), are complexed with a set of auxiliary proteins to form small nuclear
ribonucleoproteins (snRNP). These snRNPs constitute the core of the spliceosome. Several
snRNAs bind to the consensus RNA sequences through base-pairing. U1 snRNA binds to the
5’SS, while U2 snRNA binds to the branch point. Furthermore, U5 snRNA binds to the 3’SS and

helps align the 5' and 3' exons at the splice junction, ensuring accurate ligation after the intron
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is removed. U4 snRNA and U6 snRNA interact with each other to form a duplex, playing
regulatory function during splicing'*%.

Each splicing cycle performs stepwise processes: assembly and activation of the
spliceosome, an accurate ATP-dependent splicing reaction, and disassembly of the
spliceosome?®. During the splicing cycle, different complexes may be highlighted in a following
order (Fig. 4):

Early E complex:

First, the U1 snRNP recognizes the GU sequence at the 5’SS. Additionally, splicing factor SF1
binds to the branch point, and U2AF (U2 auxiliary factor) binds to the polypyrimidine tract
(U2AF65) and 3’SS (U2AF35) 1>/, This process is ATP-independent.

A Complex (Pre-Spliceosome):

In the next step, U2 snRNP replaces SF1, and U2AF forms base pairs with the polypyrimidine
tract and 3’SS. These interactions are required to direct the position of U2 snRNP to the branch
point. This process is ATP-dependent.

B complex (pre-catalytic complex):

Subsequently, the U4/U6 and U5 snRNPs are assembled as a triple-snRNP complex onto the
pre-mRNA. U4 and U6 snRNPs are linked together by base-pair interactions. U2AF is no longer
required and is typically released from the spliceosome.

B complex* (activated form):

Further extensive conformational rearrangements of the U4/U6 duplex unwind the linkage,
and U6 replaces Ul snRNP at the 5’SS. Ul and U4 are released. This marks the first
transesterification step of splicing.

C complex (catalytic step | spliceosome):

At this stage, the 5’SS and branch point are bound together by the interaction of U6 snRNP
and U2 snRNP, forming a lariat structure of the intron.

C complex* (step Il catalytically activated spliceosome):

This complex represents a further rearrangement of the C complex, after additional
conformational changes necessary for the second step of the transesterification reaction. The
5’ and 3’ exons are ligated together, resulting in the spliced mRNA and the release of the intron
lariat.

Spliced product:
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The snRNPs are recycled for another round of splicing. Immediately after splicing, exon
junction complexes are deposited at the intron-exon boundaries, marking the mRNA as a

correctly processed sequence “ready” to be exported to the cytoplasm and translated.

BP PPT 388 @ +
AGJeU— A —Y(n) —AG[ ] A AG
/ (us) 2
® @ - -
[ Asleu— A —Ym) —ac[ ] spliced product

E complex
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Figure 4: The mechanism of pre-mRNA splicing. RNA splicing is catalyzed by snRNPs (shown as colored
circles) and other proteins (most of which are not shown), which together constitute the spliceosome.
The spliceosome recognizes the splicing signals on a pre-mRNA molecule, joins the adjacent exons
together and removes the intron in a form of lariat and provides the enzymatic activity for two
transesterification reactions required. Adapted from*>'’. To simplify the scheme, C* complex (step Il
catalytically activated spliceosome) was not shown. Created using BioRender.com.

1.4. Alternative splicing

The process in which an RNA transcript is spliced in different portions and thereby may
create variable polypeptide chains from the same gene is called alternative splicing®®. It plays
a crucial role in increasing the genome’s coding capacity and contributes to establishing cell
type and tissue-specific functionality. In addition, alternative splicing has long been known to
dynamically adapt the transcriptome to changing conditions, including altered body
temperature®®?°, circadian time?! or immune cell activation and differentiation?2.

Furthermore, several studies have revealed the association of AS with various diseases,

including cancer, neurodegenerative disorders, and cardiovascular diseases?3.
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1.4.1. Types of AS

Alternative splicing (AS) refers to the various ways in which pre-mRNA can be spliced
to produce different mRNA isoforms. Approximately 95 % of all human genes undergo AS?*.
There are at least five major types of AS?°, with exon skipping being the predominant one in
humans. It results in the complete omission of one or more exons. Although relatively rare in
humans, distinct functional proteins may also be produced by mutually exclusive exons, where
two or more splicing events are no longer independent. They are included or excised in a
coordinated manner?®. The spliceosome may also use different 5’SS or 3’SS resulting in shorter
and longer exons, respectively. Intron retention refers to inefficient splicing; the intron (or
introns) remains unspliced in the mRNA. Factors increasing the likelihood of IR include weak
splice sites, short intron length, or the regulated activity of splicing factors?’ . Several intron-
containing mMRNA can insert premature termination stop codons (PTCs) into the mature
transcript, likely leading to degradation by nonsense-mediated decay (NMD), but others may

generate new protein isoforms?® (Fig. 5).
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Figure 5: Patterns of alternative RNA splicing. Boxes represent exons, grey lines represent introns.
Adapted from?. Created using BioRender.com
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1.4.2. Regulation of alternative splicing

The use of splice sites is determined by their direct interaction with intrinsic sequences
and splicing factors that recognize and bind to specific target cis-acting sequences located in
exons or introns. These elements include exonic splicing enhancers and silencers (ESEs and
ESSs, respectively) and intronic splicing enhancers and silencers (ISEs and ISSs, respectively)?2.
The most studied splicing regulatory factors are serine/arginine-rich (SR) proteins, which often
bind to splicing enhancers and promote exon inclusion?®. In contrast, the binding of members
of the heterogeneous nuclear ribonucleoprotein (hnRNP) family to splicing silencers can
promote exon skipping3°(Fig. 6). It is worth noting that hnRNP proteins often regulate the AS
in specific context. For example, hnRNPL has been shown to activate or repress alternative
splicing depending on its binding position3l. Furthermore, several hnRNP proteins interact
with SR proteins to fine-tune AS outcomes, acting as activators of splicing rather than their

repressors3?,

SR hnRNP 5'SS

B e
\-/,: [ SR | (AnRNP)|

-

Figure 6. A scheme representing cis-and trans-acting factors involved in the regulation of AS. SR
proteins and hnRNPs (colored circles) bind cis-regulatory elements to promote or inhibit splicing,
respectively. Intronic splicing silencers (ISS) and exonic splicing silencers (ESS) inhibit splicing and are
depicted by dashed lines. In contrast, intronic splicing enhancers (ISE) and exonic splicing enhancers
(ESE) promote splicing and are shown in continuous lines. Exon is marked by a green box and the intron
is represented by a black line. Created using BioRender.com.
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1.4.3. The family of hnRNP proteins

The hnRNP family consists of at least 33 RNA-binding proteins playing significant roles
in almost every stage of mMRNA metabolism, including controlling pre-mRNA maturation,
stabilization, transport, and translation33. First, together with several transcription factors,
they bind to promoter sequences to direct DNA transcription. They are the first to bind to
nascent RNA to prevent degradation and stabilize it. Furthermore, as mentioned earlier, they
are known as inhibitors of splicing. They bind to ESS or ISS to prevent splicing, thereby
increasing the accuracy of splicing and avoiding the inclusion of non-functional exons'®34-3¢,
However, hnRNPs can also be recruited to splicing enhancers through the interaction with
splicing activator complexes, promoting accurate splice site selection3’. Huelga, et al.
performed a genome-wide analysis comparing thousands of hnRNP-dependent splicing events
and identified that over half of all AS events are regulated by different hnRNP proteins3®.
Furthermore, several hnRNPs pack nascent mRNAs into nuclear pore complexes (NPS)
facilitating their transport to the cytoplasm for translation3>. Most hnRNPs are located in the
nucleus during the steady state3*. However, they may translocate to the cytoplasm upon post-
translational modification (PTM) or when recruiting other hnRNPs. In recent years, hnRNPs
have gained increasing interest due to findings of altered gene expression in different types
of cancer®®. Additionally, they have been associated with neurodegenerative diseases
including spinal muscular atrophy (SMA)3°, amyotrophic lateral sclerosis (ALS)*® and

Alzheimer’s disease (AD) *'.

1.4.3.1. hnRNPC

hnRNPC is a ubiquitously expressed RNA-binding protein involved in the stability,
processing, and regulation of pre-mRNA splicing. It exists in two isoforms, hnRNPC1 and
hnRNPC2, which are produced through A5SS usage. hnRNPC1 is the more abundant form and
is composed of 293 residues. hnRNPC2 contains an additional 13 amino acids (107-119
residues), making it 306 residues in length*? (Fig. 7). Both hnRNPC isoforms contain an RNA-
recognition motif (RRM) located at the N-terminal end (residues 1-106) and a C-terminal
carboxy-terminal domain (CTD, residues 208-306; C2 numbering). RNA-binding determinants
were also observed in the basic leucine zipper-like motif (bZLM, residues 140-21443, Fig. 7).
The hnRNPC RRM binds to at least five consecutive uridines, with longer uridine stretches

increasing the affinity of binding®* %°. Due to the presence of only one RRM, the hnRNPC
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monomer must oligomerize to form strong and specific interactions with RNA targets. This
oligomerization is driven by a 28-residue helical region (residues 180-207), referred to as
hnRNPC zipper-like (CLZ) oligomerization domain. This specific region promotes the hnRNPC
oligomerization by forming a coiled coil heterotetrametric structure (mainly as a (C1)3(C2)
oligomer)®. Furthermore, the 155-161 aa sequence contains a nuclear localization signal
(NLS), which is usually a short peptide sequence responsible for the precise directing the

protein from the cytoplasm to the nucleus?®.
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Figure 7: Scheme representing two hnRNPC isoforms. (RRM) - RNA-recognition motif; (C2) - additional
13 amino acid sequence in the C2 variant; (NLS) — nuclear localization signal; (bZLM) — basic leucine
zipper-like motif, (CLZ) — zipper-like oligomerization domain; (CTD) - carboxy-terminal domain. A
number of amino acids in each hnRNPC isoform are depicted on the right. Numbers represent aa
position. Adapted from®. Created using BioRender.com.

hnRNPC wraps elongating nascent RNA longer than 200-300 nucleotides around the
hnRNPC tetramer, allowing it to tightly occupy RNA region centering on the uridine stretch. In
this way, hnRNPC sorts transcripts based on whether the RNA length exceeds this threshold*’.
This protein, together with major hnRNPA2/B1 and hnRNPA1, builds 40S nuclear
ribonucleoprotein particles (hnRNP particles). Each hnRNP particle contains three copies of
hnRNPC tetramers. Similarly, hnRNPA2/B1 also assembles with a 3:1 ratio to form hnRNP
particle*®. Experiments with purified hnRNPC tetramers and in vitro-transcribed RNAs
revealed that one, two and three tetramers bind about 230, 460 and 700 nts of RNA, forming
ellipsoidal, bi-lobed and triangular complexes, respectively*®. Packing of mRNA transcripts by
hnRNP particles into complexes is required to transport them to the cytoplasm for
translation®®. Additionally, they protect transcripts from premature degradation by
exonucleases. In a steady state, hnRNPC does not shuttle between the nucleus and cytoplasm

due to the presence of a nuclear retention sequence (NRS). Therefore, mRNA binds to hnRNPC
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only in the nucleus; mRNA is transported to the cytoplasm only after it loses its binding to

hnRNPC>C,

Furthermore, it has been shown that hnRNPC masks the splicing of cryptic exons
(mostly Alu elements) that can potentially produce aberrant transcripts. Cryptic exons contain
splice sites that exhibit similar sequences to true splice sites. Under normal conditions, these
splice sites are overlooked by the splicing machinery in favor of stronger, canonical splice sites.
Short, repetitive transposable elements - Alu exons become cryptic exons when their inclusion
in mature mRNA results from splicing errors, which are often associated with several diseases,
including hyperphenylalaninemia, congenital cataracts, and facial dysmorphism
neuropathy®°2, Quantitative individual-nucleotide resolution crosslinking-
immunoprecipitation (iCLIP) data revealed that hnRNPC competes with splicing factor U2AF65
for binding to the polypyrimidine tract upstream of the 3’SS. In the absence of hnRNPC, cryptic
splice sites in Alu exons are recognized by U2AF65, leading to aberrant exon inclusion. When
hnRNPC is present, it binds to the poly-U stretches upstream of Alu exons and prevents
recognition of U2AF65 at cryptic 3’ splice sites, leading to the exclusion of cryptic exons from

the transcriptome, and thereby ensuring accurate splicing™.

In addition to packaging newly formed transcripts and controlling cryptic exons
splicing, hnRNPC plays a role in internal ribosome entry site (IRES)-related translation by
facilitating the assembly of the translational machinery. The IRES element, located primarily
in the 5’UTR of the mRNA, allows translation initiation by recruiting the small ribosomal
subunits to its RNA close to the initiator AUG, independent of the 5’ cap. This strategy is
mediated mainly during stress conditions, when genes involved in 5 capping are
downregulated*. Several studies have shown that hnRNPC stimulates the IRES-mediated
translation of proto-oncogenes c-myc >°, and c-sis®, translational regulators Unr proteins>’

and X-chromosome-linked inhibitor of apoptosis, XIAP 2.

Furthermore, hnRNPC turned out to be identified as a ,reader” of m6A modification.
This reversible reaction relies on the methylation of N6-methyladenosine at the sixth position
of adenine in mRNA®°. This modification affects the stability of mRNA transcripts, the
recognition and selection of splice sites, translation efficiency, mRNA export and localization

within the cell. m6a modifications are post-transcriptionally installed, erased and recognized
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by m6A methyltransferases (,writers “), demethylases (,,erasers”) and m6A-specific binding
proteins (,readers”), such as hnRNPC®. hnRNPC has been also studied for its crucial
associations with cancer including hepatocellular carcinoma (HCC) 6%, glioblastoma®?, breast
cancer®® and head and neck squamous cell carcinoma®*. Abnormal splicing patterns and
changes in RNA stability due to altered hnRNPC activity were associated with tumorigenesis
by producing oncogenic proteins or disrupting the expression of tumor suppressors. Its activity

has also been critical in the context of neurodegenerative diseases °°.

1.5. Co-transcriptional splicing

The assembly of splicing components on pre-mRNA is, in most cases, co-
transcriptional; thus, splicing occurs simultaneously with transcription by RNA polymerase Il
(RNA Pol II), which remains engaged with the chromatin template (Fig. 8). This process has
been studied in different organisms and plays a role in coordinating both constitutive and
alternative splicing®®. While the nascent, newly transcribed RNA is still being synthesized, the
splicing machinery begins to assemble, removes introns, and joins exons, even if transcription
is not yet completed. These two processes are spatially and temporally coupled. Immediately
after the RNA polymerase Il transcribes from a DNA template, the spliceosome recognizes 5’SS
and starts splicing. Therefore, the main player in this process is RNA polymerase Il, containing
a large, unstructured C-terminal domain (CTD) composed of numerous heptad repeats
(YSPTSPS). Co-transcriptional splicing is facilitated by the recruitment of splicing factors to the
RNA Pol Il CTD. For instance, it has been shown that the SR protein SRSF3 promotes exon
skipping of the fibronectin gene, dependent on its localization to the CTD of RNA Pol 11 ¢7. David
et al., revealed that phosphorylated CTD binds with the splicing protein U2AF65 to promote
its association with pre-mRNA 8. Other factors influencing the efficiency of RNA processing
include the speed of RNA pol I, the availability of splicing factors, changes in chromatin
structure and conformation, and histone post-translational modifications. In recent years,
more and more studies have highlighted the role of histone modifications in regulating the
rate of transcription, which may affect the activity of splicing machinery. These histone
rearrangements provide dynamic and reversible mechanisms to turn the RNA synthesis on or
off, depending on different times and intra or extracellular stimuli ®. Nascent RNA is not fully
processed yet; some mechanisms including splicing or 3’ polyadenylation have not yet

occurred. This RNA is chromatin-associated when it interacts with DNA. Therefore, chromatin-
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associated RNA represents a broader range of RNA, including co-transcriptionally processed
nascent RNA and any other RNA interacting with DNA, such as long non-coding RNA (IncRNA)
or small interfering RNA (siRNA). It is worth noting, splicing can also be post-transcriptional,
where the splicing kinetics of individual introns is slower than the transcription machinery’®.
This process can be mediated either close to the gene in a chromatin environment or at

distinct sites throughout the nucleoplasm’?.
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Figure 8: Coupling between pre-mRNA splicing and transcription. While the flow of the transcription
moves forward, the RNA Pol Il recruits components of the splicing machinery. All these factors are
recruited through C-terminal CTD of RNA Pol Il. The co-transcriptional splicing occurs within the
chromatin. Adapted from®®*, Created using BioRender. com.

1.6. The process of lymphocyte activation

Lymphocyte activation induces vast changes in gene expression that lead to functional
alterations such as proliferation, migration and the production and secretion of effector
molecules. The well-defined changes in functionality and the availability of cell culture models
have made lymphocyte activation a frequently used model system for studying how external
signals are transmitted to the nucleus to alter gene expression and impact on diverse aspects
of cellular functionality. In this chapter, we defined the role of alternative splicing patterns

during lymphocyte stimulation, reflecting their functional consequences in activated cells.
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1.6.1. Immune response

The ability to specifically recognize and respond to antigens is controlled by B cells
producing antibodies and T cell receptors detecting the antigen. T cells are divided based on
their function into cytotoxic T cells (Tc) destroying infected and cancerous cells and helper T
cells (Th) controlling the immune response. These two subsets of T cells are distinguishable by
the expression of mutually exclusive cell surface molecules of CD8 and CD4, respectively 72774,
To precisely control the function of the adaptive immune system, close cooperation between
T and B cells is required. This interaction between an antigen and its receptor alone is not

sufficient for B cells to produce antibodies; helper T cells and secreted cytokines are also

required to stimulate the B cell response (Fig. 9).

There are two types of immune response: humoral and cellular. Both responses
require the function of B and T cells, but only one may function more intensely than the other
one. Antibodies produced by B cells are key players in the humoral response. They are
predominantly present in the blood, lymph, tissue fluids and mucosal surfaces. One B cell can
release even several thousand antibodies in a second?? 7>, In the cellular response, T cells react
with the antigenic peptides bound to major histocompatibility complex (MHC) molecules
expressed on the surface of antigen-presenting cells (APCs). This interaction leads to the
cytokine secretion that engages APCs to actively process an immune response (Fig. 9). The

main types of APCs are dendritic cells, macrophages, monocytes, and B cells.
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Figure 9: The development of immune cellular (with the T cell usage) and humoral (with the B cell
usage) immune response. Adapted from®, Created using BioRender. Com
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Most lymphocytes exhibit low metabolic, transcriptional, and translational activities in
a quiescent Go phase of the cell cycle’®. In this state, they remain dormant, “waiting” to
participate in an immune response. Upon activation, lymphocytes pass into the G; phase and
begin proliferating. This transition is accompanied by an increase in cell size, an expansion of
the cell nucleus, changes in its chromatin structure, and the appearance of nucleoli 7.
According to Lea et al., Go—>G transition occurs 3 to 5 hours after the activation of human

CD4 or CD8 T cells’8.

T cell activation can only be initiated through direct contact with APCs. For activation
to occur, a T cell must receive two signals: the first comes from the recognition of the antigen
by the T cell receptor (TCR), and the second from co-stimulatory molecules. The most crucial
co-stimulatory interaction is between CD28 located on the T cell membrane and CD80/CD86
located on the surface of APCs (Fig. 10). CD28 is present on 30-50% of human Tc cells and 95-
100% on human Th cells. The signal with its ligand CD80/CD86 increases IL-2 cytokine release
and T cell proliferation’. Additionally, the development of fully functional effector cells
requires signals from cytokines. Without these signals, the survival time of lymphocytes is

shortened, and their ability to differentiate or form memory cells is compromised.

1.6.2. Immunological synapse

The lymphocyte activation occurs in the peripheral lymphoid organs. Most antigens
that enter the body reach these organs on the surface of APCs. The lymphocyte activation
process begins with the formation of an immunological synapse (IS) between a T cell and an
APC. Within the synapse, antigen-binding TCRs are concentrated and stabilized by adhesion

proteins. The IS remains stable for many hours®.

Lymphocyte activation leads to the formation of TCR microclusters (TCR-MC). These
are intracellular protein conglomerates that consist of a TCR receptor with signaling molecule
- CD3 complex, proteins controlling T cell response, including ZAP-70 tyrosine kinase, and
adaptor protein LAT, and proteins responsible for cytoskeletal reorganization 8. Over time,
TCR-MCs move toward the center of the IS. New TCR-MCs continue to form at the periphery
of the intercellular protein interface. The mature form of the IS is completed within a few
minutes of contact between the lymphocyte and the APC. It contains well-organized
multimolecular aggregates of molecules involved in adhesion and signaling, known as

supramolecular activation clusters- SMACs. The central SMAC (cSMAC) is the area of
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endocytosis and degradation of TCR complexes. It is also the space into which cytokines are
secreted after lymphocyte activation. The cSMAC is composed of TCRs and TCR-associated
proteins (CD3, CD4), costimulatory molecules and their ligands (CD28/CD80) and cytoplasmic
transmitters - protein kinase C 8 (PKC8)8? and IKK kinase®. Surrounding the ¢cSMAC is the
peripheral SMAC- pSMAC, which is formed by a ring of adhesion molecules (integrin LFA-1
binding to intercellular adhesion molecule -1 ICAM-1), cytoskeletal linker talin and transferring
receptors, which facilitate stabilization of lymphocyte-APC interactions. Beyond the pSMAC is
the distal SMAC (dSMAC) region containing CD43 molecules and several phosphatases. The
dSMACs are enriched in TCR-MC that are driven the cSMAC driven by F-actin3.
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Figure 10: The structure of immunological synapse (adapted from %),

1.6.3. Intercellular pathways to activate lymphocytes

Two main intercellular pathways are involved in T cell activation. The first one is
initiated by the metabolism of phosphatidylinositol (Pl) in the cell membrane and is associated
with activating of calcium-dependent kinases and phosphatases®>. The second pathway
involves the signaling cascades of mitogen-activated protein kinases (MAPK) including

extracellular-signal-regulated kinases (ERK 1/2), or stress-activated protein kinases (SAPK)®®.

Following antigen recognition by the TCR, phospholipases in the cell membrane are
activated by phosphorylation via protein tyrosine kinases (PTKs). This results in the catabolism

of phospholipids of a cell membrane which leads to the generation of second mediators:
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inositol triphosphate (IPs) and diacylglycerol (DAG) (Fig. 11). The role of IP3 is to release
calcium ions from intracellular stores (for instance, endoplasmic reticulum - ER). It triggers the
activation of calcineurin and then transcription factor NFAT (nuclear factor of activated T
cells). These molecules are phosphorylated in resting T cells and are localized in the cytoplasm.
After activation by calcineurin (dephosphorylation), they move into the nucleus, where they
form a complex with the transcription factor AP-1, upregulating, for example, IL-2 or IL-4

responsible for T cell activation®’.

The second main transducer in T-cell activation is membrane-bound DAG, which
directly activates serine-threonine kinases called protein kinase C. This family of ten kinases is
divided into three subfamilies based on their activation mechanisms. PKCa, PKCB1, PKCB2,
and PKCy belong to classical PKC that are regulated by both DAG and Ca?*. Novel PKC isoforms
(including PKC8, PKCe, PKCn, and PKCB) are DAG-dependent, but do not require Ca?*. Atypical
PKC isoforms (PKCZ and PKCt) are independent of both DAG and Ca?* for activation®. All the
PKC kinases contain a specific DAG-binding motif. Several PKC isoforms are implicated in T cell
functions. For instance, after TCR stimulation, PKCB is predominantly expressed in T cells,
where it activates the IKK complex. This activation leads to the phosphorylation and
degradation of IkB, an inhibitor of NF-kB. The degradation of IkB allows NF-kB to translocate
to the nucleus and promote the transcription of genes involved in T cell activation,
proliferation, and survival. This PKCOB—-IKKB-NF-kB pathway is involved mainly in T cell survival,
homeostasis and activation®. Additionally, DAG can activate the MAPK signaling pathway
through PKC kinases. They can also cooperate with calcineurin during the activation of IP3-

NFAT pathway to regulate the expression of target genes (Fig. 11).
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Figure 11: The involvement of protein kinases in TCR receptor signal transduction. Adapted and
modified from’°, Created using BioRender.com

The intracellular signaling from B cell receptors (BCRs) is mainly dependent on T cell
activation. It involves Th cell activity that support antigen recognition and cytokine secretion,
which is necessary for efficient B cell proliferation and differentiation. The activation
mechanisms between these lymphocytes are very similar, with phospholipids activating DAG
and IPs. However, these pathways differ in the presence of appropriate kinases. For example,
PKCB is not expressed in B cells, suggesting that another subtype of PKC (predominantly PKCB)

is involved in IkB phosphorylation and activation of NF-kB °*.

Immortalized Jurkat T cells or Raji/Ramos B cells stimulated with PMA (phorbol 12-
myristate 13-acetate) are commonly used as research models to study mechanisms of cellular
activation. Structurally, PMA closely resembles DAG and acts as its synthetic analog. It contains
a ring of the diterpene alcohol phorbol with a myristate ester at C12 and an acetate ester at
C13. Due to these structural features, PMA mimics DAG, thereby activating PKC proteins, and

triggering a cascade of intracellular signaling pathways. PMA activation results in various
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cellular processes such as gene expression, cell proliferation, and differentiation, making it a

valuable tool for understanding T and B cell functions and signaling®2.

1.6.4. The role of alternative splicing in lymphocyte activation

During the recognition of an antigen by TCRs, numerous physical and biochemical
changes are required, including cytoskeleton rearrangements and increased expression and
secretion of cytokines whose action must be fast, precise, and efficient. These changes occur

at the level of transcription and regulation of pre-mRNA splicing.

Many immune-related genes, which include cell surface receptors (CD28, CD44, CTLA-
4, IL7R), kinases, and phosphatases such as CD45 or Fyn, or transcription factors (LEF1, FOXP3)
undergo AS during an immune response®>®*. For instance, the CD44 gene encodes a cell
surface glycoprotein involved in cell-cell interactions, cell adhesion and migration. This gene
contains 10 “variable” exons that can be included to mature mRNA into different
combinations. AS of this gene results in multiple isoforms, including standard form (CD44s)
and variable forms (CD44v). All these CD44 variants affect the strength of the association with
other proteins, affecting the migration speed to sites of inflammation. However, naive T cells
express the standard CD44, while activated T cells express multiple CD44v isoforms®>.
Furthermore, resting lymphocytes express the full-length isoform of the transmembrane
protein tyrosine phosphatase - CD45. In contrast, activated T cells express the shorter isoforms
that arise from the regulated AS of exons 4, 5, and 6 in the CD45 pre-mRNA. Different short
CDA45 isoforms are expressed at various stages of lymphocyte activation. T cells expressing the
short CD45 isoforms exhibit decreased phosphatase activity, which indeed acts as a negative
feedback mechanism, dampening TCR signaling to prevent prolonged activation®®. Another
mechanism of inhibiting prolonged T cell signaling is mediated by AS of CTLA-4. This gene
competes with CD28 for binding to its ligand CD80/CD86. In resting T cells, CTLA-4 is expressed
at a low level and in a soluble form. CTLA-4 expression is strongly induced in T cell activation
through the inclusion of a transmembrane-encoding exon, which prevents hyperstimulation®’.
Therefore, studies of both CD45 and CTLA-4 show the role of AS in attenuating the expression
of genes after degradation of the foreign molecules thereby controlling T cell homeostasis.
Table 1 reveals several other examples of AS changes during T cell activation that contribute
to the complexity of immune response. We chose those genes that due to AS they encode

different protein isoforms with already known immune-related function.
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Table 1. The summary of the various AS changes involved in lymphocyte activation.

Gene | Protein name | Type of AS | Function Reference
Cell surface receptors
. . . Itered iati ith oth
CD44 surface glycoprotein | exon inclusion anered association With oxner »
proteins involved in T cell activation
transmembrane
CD45 protein tyrosine exon inclusion change in phosphatase activity 9%
phosphatase
disrupted transport of CD6 to
CD6 surface glycoprotein exon skipping 1srup >P %
immunological synapse
cytotoxic T-lymphocyte _— formation of membrane- bound
CTLA-4 : k . %
antigen 4 exon sxipping CTLA-4 upon T cell activation
soluble form that blocks FAS ligand-
Fas surface death receptor exon skipping ! . . '8 89
induced apoptosis
HMMR hyalurc')'nan-mediated exon skipping aberrant cell proliferation and 9
motility receptor apoptosis
: L mutually increased Ca** flux and IL-2 100
Fyn protein tyrosine kinase . :
exclusive exons production

Cytokine-related genes

multiple sclerosis

IL-2 interleukin -2 exon skipping impaired T cell signaling 101
IL-4Rat interleukin - 4 Mu.tually soluble |sof9rm impairing Tcell 102
exclusive exons signaling
dominant-negative inhibitor of IL-6
IL-6 interleukin-6 exon skipping | signaling blocking the differentiation 103
of T cells to CD4+T cells.
IL7R interleukin 7 exon inclusion soluble isoform increasing a risk of 104

Transcriptional regulators

forkhead box protein

increased levels of CD25 expression
in CD4+ T cells, altered interactions

factor 1

regulation of TCR signaling in thymic
development

FOXP3 p3 exon skipping with other transcriptional co- 105
regulators, affecting immune
regulation
— increased expression in T helper
transcription factor: N
GATA3 GATA-binding protein | exon skipping ceI|§ upon T cell activation, 106
3 regulation of cell fates upon T cell
activation
uncoupling of the multiple activities
LEF1 lymphocyte enhancer exon skipping of this transcription factor: LEF1, 107

1.7.

Immediate early genes — fast responders among genes

A distinct group of diverse genes that respond rapidly to regulatory signals are known
as immediate-early genes (IEGs). Although their baseline expression is low, they can be
transiently and quickly activated in response to a broad range of internal or external cellular
stimuli. This activation typically occurs within the first 30 minutes following stimulation'%®, The
stimuli influencing the IEGs response can be categorized into environmental factors (e.g.,

changes in light/dark phases, exposure to stressors like intruder animals, learning sessions

30



during acquisition tasks, viruses), pharmacological factors (growth factors like platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), mitogens, and phorbol ester), and
physical factors (such as glucose, hypoxia, UV exposure, irradiation)'. Therefore, IEGs play a
role in adapting cells to adverse conditions, primarily by regulating apoptosis, inflammation
and DNA repair pathways. They serve as rapid responders, allowing cells to quickly adapt to
environmental changes by activating secondary gene programs that influence cell fate and

function.

The IEG expression is independent of de novo protein synthesis, as it does not require
the production of new transcription factors!'®. Instead, it relies on post-translational
modifications of existing proteins (including transcription factors), such as phosphorylation
cascades'®®, As a result, cells can transcribe mRNA for IEGs even in the presence of protein
synthesis inhibitors, since the necessary proteins for their expression are already present
within the cell®. A notable feature of IEGs is their relatively short average length
(approximately 19kb) and significantly fewer exons', They also possess many regulatory
regions with binding sites for transcription factors. The rapid expression of IEGs is associated
with histone acetylation, which enhances promoter accessibility to RNA pol Il and other
transcriptional machinery components, thereby promoting transcription. The products of IEGs
function may act as transcriptional repressors; once synthesized, they bind to the promoter
regions of their own genes, inhibiting further transcription. This leads to the swift
downregulation of mMRNA and increased degradation of the translated products by the
proteasome, highlighting the IEGs instability!'l. This mechanism of preventing IEG
overexpression ensures their precise and transient control. In addition to their role in
autoregulatory functions, IEGs can act as transcription factors, such as c-fos, EGR-1, c-myc,
and c-jun, which control the expression of downstream genes involved in the early regulation
of cell growth, development or activation. They regulate cell cycle progression and are
involved in the transition from the quiescent state (GO phase) to the growth phases of the cell

cycle (G1 phase).

The first discovery of IEGs occurred in 1984 when the proto-oncogene c-fos was shown
to be rapidly and synchronically induced by growth factor stimulation. Its expression peaks

30-60 minutes after stimulation and returns to basal expression after 90 minutes!®112 The
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resulting FOS protein plays roles in many cellular processes including proliferation,

differentiation, survival and cellular death!13,114,

There are many signaling pathways leading to the activation of IEGs. The most
common signaling pathway is through ERK1/2 kinase that controls chromatin structures at IEG
promotors and directly phosphorylates and activates transcription factors, which together
induce IEG transcription. The phosphorylation is preferentially catalyzed among substrates
containing Pro-XXX-Ser/Thr- Pro sequence!®. This pathway is involved in transient expression
of IEGs due to the induction of phosphatases that act in negative feedback loop'*®. Other
known pathways involved in IEGs expression are through RhoA-actin, p38 MAPK and PIsK.
These pathways lead to the phosphorylation of regulatory proteins that directly affect the

activity of IEGs expression.

The rapid increase in IEG expression leads to long-term cellular effects. The induction
of IEGs plays a critical role in acute inflammation, neuronal activity, cell proliferation and
differentiation’?” and regulation of circadian clock!®. In the context of neurobiological
functions, IEGs are associated with modifications of synaptic activities and have been linked

to the development of schizophrenia, panic disorder, and post-traumatic stress disorder!?.

1.7.1. Temporal patterns of expression of genes involved in T cell activation

Since the complete development of an effector cell takes at least 24-48 hours, most
studies have focused in AS after this period'?°-122, The first day following activation is primarily
aimed at coordinating gene expression processes; many genes are up- or downregulated
during that time based on the dynamic behavior of the signaling network'23. Immediately after
activation, many genes associated with the maintaining the resting state are
downregulated!?#12> followed by metabolic reprogramming to provide energy for growth.
Furthermore, during this period, T-cells respond to IL-2 signaling and initiate effector
functions, such as cytokine production. These mechanisms are required to obtain a full T cell
effector function after 24 hours. However, changes in splicing patterns among at early stages

of lymphocyte activation remain under investigation.

Recent studies have demonstrated the rapid induction of IEGs (such as c-fos) upon T
cell activation, followed by increasing transcriptomic changes, that peak after one day or later.

For instance, Rade et al. analyzed the temporal expression patterns of different components
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involved in T cell activation. They found that most transcriptomic changes reach their peak
levels after 16-24 hours of activation'?®. However, analyzing transcript levels alone is not
sufficient to predict protein levels, especially during the dynamic translational changes that
occur upon T cell activation. Post-translational modifications, such as phosphorylation add
further complexity to this challenge. To better understand the dynamics of proteome and
phosphoproteome during T cell activation, Tan et al. performed proteomic and
phosphoproteomic analyses. They revealed that global de novo protein synthesis is reduced
in the early phases of T cell activation. Instead, proteomic changes are driven by the rapid
induction of phosphorylation events in pre-existing proteins, reconfiguring protein-protein
interaction networks and their functionality. The reduction in de novo protein synthesis during
this early phase post activation, when the naive transcriptome is still predominant, likely
serves to facilitate the turnover of the proteome from a naive to an activated statel?®.
However, a significant increase in de novo synthesized proteins is observed only in the later
phase of T cell activation (8-16 hours post activation), driven by the extensive reprogramming
of the entire proteome and phosphoproteome. This induction is primarily observed due to the
upregulation of molecular machineries involved in ribosomal biogenesis and protein
translation. Tan et al., also showed the enrichment of protein degradation through the
proteasome quickly after T cell activation. This tight coordination between transcriptional
changes, translation, and protein degradation is crucial to maintain the proper T cell

homeostasis and ensuring an adequate amino acid supply during their long-term activation!?®.
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2. Goals of the study

The expression of IEGs during lymphocyte activation has been already known for three
decades. However, how this expression is linked to changes in splicing patterns and the
functional consequences of these associations have yet to be thoroughly studied. This project
focused on investigating the concept of immediate early splicing (IES) through a combination
of in silico bioinformatic analysis and subsequent biochemical wet lab experiments. The

primary goals of the project were to:

1. ldentify the mechanism of IES upon lymphocyte activation
2. Identify the main regulators of IES upon lymphocyte activation.
3. Identify the signaling pathways that lead to IES.

4. Conduct experimental manipulations to delineate the details of IES mediated during

lymphocyte activation.
5. Determine the specificity of IES to lymphocytes.
6. Check whether IES is processed in other cell lines or by different stimuli

7. Identify the functional consequences of IES in cells.
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3. Materials and methods

3.1 Buffers

Media, buffers and solutions were prepared with deionized water (Millipore) and, if required,
autoclaved (121 °C, 20 min, 3 bar). All buffers were filter-sterilized (0.22 um). The pH was
adjusted using 5 M KOH, 5 M NaOH, 3 M KCl, or 32% HCI.

10x PCR Buffer
e 200 mM Tris pH 8.3
e 500 mM KCl
e 5 mM MgCl,

e 0.1% Gelatine

Extraction buffer
e 1% Gelatine
e 10x PCR Buffer
e 10% Tween

e 10% NP-40

50x TAE buffer
e 2 MTris Base
e 5.7% Glacial acetic acid

e 400 mM EDTA pH 8.0

10x Taq Buffer
e 0.5MKCl
e MTrispH8.3
e 15 mM MgCl,
e 0.01% Gelatine

CTX Buffer
e 10 mM HEPES—NaOH, pH 7.9
e 1.5mM MgCl,
e 10mMKCI

NX Buffer
e 20 mM HEPES—NaOH, pH 7.9

e 1.5 mM MgCl;
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e 420 mM KCl
e 0.2mMEDTA
e 25% (v/v) Glycerol

5x Hybridization Buffer
e 1.5M NacCl
o 50mMTrispH7.5
e 10 mM EDTA

1.25x RT mix
e 125mMDTT
e 12.5mM Tris pH 8.0
e 7.5mM MgCl;

2x Formamide loading dye

e 80% Formamide

e 1mMEDTA

e 0.05% (w/v) Bromophenol blue
e 0.05% (w/v) Xylene cyanole

5x TBE Buffer

e 1.8 M Tris Base
e 1.8 M Boric acid
e 400 mM EDTA

2x RIPA

e 20 mM Tris-HCl pH 8.0
e 200 mM NaCl

e 4 mMEDTA

e 2% NP-40

e 10 mg/mL Sodium Deoxycholate
2x SDS Loading Dye

e 0.125 M Tris-HClI, pH 6.8
e 4% SDS

e 10% B-mercaptoethanol



e 20% Glycerol

e 0.2% bromophenol blue
SDS-PAGE running buffer

e 25 mM Tris-HCl, pH 6.8
e 192 mM Glycine

e 1% (w/v) SDS

e 21.2% (w/v) Glycerol

e 0.12% (w/v) bromophenol blue
Western blot-blocking buffer

e 1XLS-TBST
e 2% (w/v)BSA

10 X Western blot transfer Buffer

e 500 mM Tris-HCI, pH7.5
e 400 mM Glycine
e 0.1% (w/v) SDS

1x LS TBST

e 50 mM Tris-HCl, pH 7.5
e 150 mM NacCl
e 0.1% Tween-20

1x HS TBST

e 50 mM Tris-HCl, pH7.5
e 400 mM NaCl

e 0.1% Tween-20
1 X PNK buffer

e 70 mM Tris-HCI, pH8.3
e 10 mM MgCI2
e 5mMDTT,pH7.6

EMSA binding buffer

e 20 mM Tris-HCl pH 8.0,
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e 0.25M NaCl
e 1mMDTT,

e 10% glycerol
e 0.2mM EDTA

3.2. Cell culture

Human Jurkat cells, Raji, Ramos, HEK293 cells, Hela cells, and murine EL4 cells, RAW
264.7, and N2a cells were preserved in liquid nitrogen, with early passage aliquots periodically
thawed. Suspension cells (Jurkat and EL4 T cells and Raji and Ramos B cells) were cultured in
RPMI medium, supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
penicillin/streptomycin (Invitrogen, USA). Adherent cell lines were cultured in DMEM High
Glucose (Biowest, France), augmented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v)
penicillin/streptomycin (Invitrogen, USA) (Table 2). All cell lines were maintained at 37°C with
5% CO; conditions. To sustain cell cultures at approximately 70-85% confluency, adherent cells
were trypsinized by adding 2 mL of trypsin solution (Gibco, 25200-056), and incubated at 37°C
for 5 min. The trypsinization reaction was stopped by adding 10ml of pre-warmed fresh
medium. RAW 264.7 cells were detached from the flask bottom using a cell scraper.
Suspension cultures were centrifuged for 5 minutes at 100 g for dilution. Subsequently, cells
were resuspended in a fresh medium. The cells were tested for Mycoplasma sp.

contamination monthly using a PCR-based assay.

Table 2. A list of cell lines used in this study

Cell line Name Supplier
Jurkat human T lymphoblast cells ATCC, USA
HEK293 human embryonic kidney cells ATCC, USA
Hela human cervical cancer cells ATCC, USA
RAW 264.7 mouse macrophage cell line ATCC, USA
EL4 mouse T lymphoblast cells ATCC, USA
N2a mouse neuroblastoma cell line Prof. Dr Gary Lewin, MDC, Berlin
Raji human B lymphocyte cell line ATCC, USA
Ramos human B lymphocyte cell line ATCC, USA

3.2.1. Cryopreservation

After trypsinization, the cells were collected into the falcon tubes and centrifuged for
5 minutes at 100g. Subsequently, the supernatant was carefully aspirated, and the cell pellet

was resuspended in 10ml of freezing medium containing 10% DMSO solution (1ml) and 50%
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FBS (5ml). Cryo tubes (Sarstedt AG, Germany) were placed in a freezing box at -80°C overnight

and stored later in liquid nitrogen.

3.3. Stimulation and inhibition experiments

Cells were stimulated with 20ng/ml of phorbol myristate acetate (PMA, Sigma- Aldrich,
USA) or dimethyl sulfoxide (DMSO) as solvent control for different time points depending on
the experiment design. As the alternative for PMA condition, Jurkat cells were activated with
coated anti-CD3 antibody (lug/ml, clone OKT3, BioLegend). N2a cells underwent
depolarization by 60mM of KCl, and RAW264.7 cells were stimulated with 0.1 pg/mL of
lipopolysaccharide (LPS, Invitrogen, Thermo Fisher Scientific, USA) (Table 3). FastAP
Thermosensitive Alkaline Phosphatase (1 U/uL, Thermo Fisher Scientific™) was used to allow

dephosphorylation of hnRNPC2 isoform; lysates were incubated for 1h at 37°C.

Table 3. A list of stimulators

Name Abbreviation Supplier
Phorbol myristate acetate PMA Sigma-Aldrich, USA
- coated anti-CD3 Ab BioLegend, USA
Potassium chloride KCl Carl Roth. Germany
Lipopolysaccharide Solution 500x LPS Invitrogen, Thermo
eBio-science™, #00-4976 Fisher Scientific, USA

For NMD/translation inhibition, cycloheximide (Sigma-Aldrich, USA) was used at a final
concentration of 40 ng/mL, with DMSO as the solvent control. The following small molecule
inhibitors were utilized: PD0325901 (MEK1/2), MK2206 (AKT1/2/3), VX-745 (p38), Ruxolitinib
(JAK1/2), INK inhibitor VIII (JNK1/2/3). For the PKCB inhibition experiment, Jurkat T cells were
exposed to the PKCB inhibitor for 30 minutes before collection (Selleck, Houston, TX, USA),

which was dissolved in DMSO at 5 mM and diluted to the working concentration (5 uM).

3.4. RNA sequencing
3.4.1. RNA sequencing from PMA-stimulated Jurkat T cells for 0, 30 and 150 minutes.

This analysis was performed by Dr. Marco Preuf3ner (Prof. Florian Heyd'’s group).

For RNA-seq, Jurkat cells were seeded on T175 flasks and grown for 48 h at 37°C. Cells
were then stimulated with PMA for 0 minutes (as a control), 30 minutes and 150 minutes.

Chromatin-associated RNA was extracted as described below. Sequencing was performed on

39



an lllumina HiSeq 2500 system with V4 sequencing chemistry, generating around 40 million
125 bp paired-end reads per sample. Sequencing data are made available under GSE271051
(reviewer access token: mzmpqeqgflkjvch). The raw sequenced reads were aligned to the
human hg38 reference genome with STAR (v2.7.9a) default parameters, resulting in ~65%
unique alignment rate. AS analysis was done with rMATS turbo (v4.1.1), including variable-
read-length criteria. We focused on alternative splicing events of exon skipping (SE), intron
retention (IR), alternative 5’SS (A5SS) and alternative 3’SS (A3SS). Events were considered
significant between two conditions if the mean absolute difference in percentage spliced in
(PSI) was larger than +/- 0.15, if the false discovery rate (FDR) was smaller than 0.01 and if a
splicing event has at least 100 combined junction reads across the tested samples. For PCA
plot and heatmap PSI values of significant IR events comparing 0- and 30-minutes PMA
treatment were used. In the heatmap, events are sorted by the fold change of mean PSI values
30 minutes divided by 0 minutes. STAR was run in GenCounts mode to allow gene level
qguantifications. Gene counts provided by STAR were tested for strandness and extracted using
RSeQC (v4.0.0). The resulting count matrix was used as input for DESeqg2 (version 1.28.1).
Significantly differential genes were identified by filtering on Benjamini-Hochberg adjusted p-
value (Padj) £ 0.001 and absolute log2FC > 1 (or < -1). Gene ontology (GO) term enrichment
was performed using ShinyGO (0.80) for GO biological processes, comparing genes with

retained introns after 30 minutes with all genes containing IR events quantified in Jurkat cells.

3.4.2. RNA sequencing from HEK293 and Hela cells transfected with AhnRNPC2 knockout
cell lines and WT CTRL

This analysis was performed by Dr. Bruna Los and Dr. Marco PreufSner (Prof. Florian Heyd'’s

group).

For CRISPR/Cas9 edited HelLa and HEK293 cells (see below) lacking hnRNPC2 isoform,
triplicate DNase I-digested RNA samples of CTRL or AhnRNPC2 knockout were used for library
preparation. Libraries were prepared as above. The raw sequenced reads were aligned to the
human hg38 reference genome with STAR (v2.7.9a) default parameters, resulting in or ~95%
(HeLa or HEK293) unique alighment rate. AS analysis was done as above with rMATS turbo
(v4.1.1). Libraries were prepared using the mRNA enrichment method at BGI Genomics and
sequenced using Eukaryotic Strand-specific Transcriptome Resequencing PE150 technique.

STAR was run in GenCounts mode to allow gene level quantifications. Gene counts provided
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by STAR were tested for strandness and extracted using RSeQC (v4.0.0). The resulting count
matrix was used as input for DESeq2 (version 1.28.1). Significantly differential genes were
identified by filtering on Benjamini-Hochberg adjusted p-value (Padj) < 0.001 and absolute

log2FC > 1 (or £-1). Sashimi plots were generated using the IGV browser.

3.4.3. RNA sequencing from HEK293 and Hela cells transfected with hnRNPC2-inducing
MO and CTRL MO

This analysis was performed by Luiza Zuvanov and Dr. Marco PreufSner (Prof. Florian Heyd'’s

lab).

For morpholino treated HelLa and HEK293 cells (see below), triplicate DNase I-digested
RNA samples of CTRL or hnRNPC2 inducing morpholino samples were used for library
preparation. Libraries were prepared as above. The raw sequenced reads were aligned to the
human hg38 reference genome as above. AS analysis was done with rMATS turbo (v4.1.1).
Libraries were prepared using the mRNA enrichment method at BGI Genomics and sequenced
using Eukaryotic Strand-specific Transcriptome Resequencing PE150 technique. STAR was run
in GenCounts mode to allow gene level quantifications. Gene counts provided by STAR were
tested for strandness and extracted using RSeQC (v4.0.0). The resulting count matrix was used
as input for DESeq?2 (version 1.28.1). Significantly differential genes were identified by filtering

on Benjamini-Hochberg adjusted p-value (Padj) < 0.001 and absolute log2FC > 1 (or <-1).

3.5. Transfection
3.5.1. Transfection to adherent cells

HEK293 and Hela cells were transfected using either ROTIFect (Carl Roth, Germany) or
Lipofectamine 2000 (Thermo Fisher Scientific, USA), respectively, following the protocols
provided by the manufacturers. Briefly, 2 ug of plasmid DNA of interest or 20 uM siRNA were
mixed in 100 pL of Opti-MEM (Opti-MEM® | (1X) + GlutaMAX™-| - Reduced Serum Medium -
Thermo Fisher Scientific, USA). In parallel, 2 uL of ROTIFect (or Lipofectamine 2000 for Hela
cells) was mixed in 100 pL of Opti-MEM and left at room temperature (RT) for 5 min. The
plasmid or siRNA mix and the ROTIFect (or Lipofectamine 2000 for Hela cells) mix were
combined and incubated at RT for 20-30 min. The resulting transfection mixture was then
added gently to each well. Morpholino oligos were transfected according to the

manufacturer’s protocol using Endo-Porter. After a 48-hour transfection period, cells were
41



rinsed once with ice-cold 1x PBS and then harvested for RNA or protein extraction. If required,

cells were stimulated with different reagents at various time points directly before harvesting.

3.5.2 Transfection to suspension cells by electroporation

Transfections of Jurkat T cells were carried out using a Gene Pulser electroporation
system (Bio-Rad) for morpholino experiments and a Nucleofector Il (Amaxa Biosystems) for
siRNA transfections. Electroporation procedures were executed according to the

manufacturer's instructions.

3.5.3. Anti-sense morpholinos

Morpholino oligos (MO) were delivered to HEK293 and Hela cells using the EndoPorter
transfection reagent. Briefly, 3 uL of MOs were gently mixed with 6 uL of Endo-Porter and
then added to wells containing the tested cell lines. Following a 48-hour incubation period,

cells were harvested for RNA or protein extraction.

Before electroporation, Jurkat T cells were washed twice with 10 mL of Opti-MEM® |
(1X) + GlutaMAX™-] — Reduced Serum Medium, transferred to 0.4cm gap cuvettes, and mixed
with 20 nmol of morpholinos (stock: 300 nmol, standard control: 100 nmol). Samples were
electroporated using the Gene Pulser electroporation system (Bio-Rad) under the following
conditions: 250 mV, 960 pF, and time constant. Electroporated cells were transferred into 6-
well plates containing 5 mL of fresh media and incubated at 37°C for 48 hours unless otherwise
indicated. Anti-sense morpholinos and the Endo-Porter transfection reagent were purchased

from Gene Tools (Table 4).

Table 4. Anti-sense morpholinos used in this study

Anti-sense morpholino | Sequence (5’ = 3’)

hnRNPC2 GGTGTTCTGTTACTGACCCGTACAT
elF5A_IR AGGGAGGCACCATACCAGGATCTCT
standard control CCTCTTACCTCAGTTACAATTTATA

3.5.4 Small interfering RNA

For the siRNA transfection, either siRNAs (20 uM/mL) against PKCO or a pool of four
individual siRNAs against hnRNPC, hnRNPK, and U2AF35 were electroporated into Jurkat cells
using the Nucleofector, | (Amaxa Biosystems) (Table 5). Jurkat cells were split one day before

transfection to achieve 70-85% confluency. Cells were washed twice with 10 mL of Opti-MEM®
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I (1X) + GlutaMAX™-| — Reduced Serum Medium, transferred to 0.1 cm gap cuvettes, and
mixed with 20 nM of siRNA. Electroporation was performed using the cell-type specific
program (G-10). Cuvettes were rinsed with fresh RPMI medium, and cells were transferred
into a 12-well plate. At 48 hours post-transfection, cells were stimulated with PMA at different
time points, and splicing modulation analysis was conducted. The transfection of siRNA into

HEK293 and Hela cells is described in Section 3.5.1.

Table 5. Sequence of the siRNAs against genes of interest

Name Target sequence (5’ = 3’)
CUUAAAUAGGAGAGGCUCA
GUAAGUAACCCGUGACUAG
UUUCAUAGCAUGCGGCACU
CCUAGGCGCUUGUCUAAGA
UAAACGCCCUGCAGAAGAU
GGUCGUGGCUCAUAUGGUG
UGACAGAGUUGUUCUUAUU
GCAAGAAUAUUAAGGCUCU
CGCCGUCGCAAGAAGCAUA
UGACCAAACCAGUUCAUAA
UAGAAAGUGUUGUAGUUGA
CAAGUUUCGCCGUGAGGAA
PKCO AAUUGACAUGCCACACAGA
UUAGAAUUCCCAACCAUACA
siAllstar (control) UUCUCCGAACGUGUCACGU

hnRNPC

hnRNPK

U2AF35

3.6. Generation of CRISPR/Cas9-edited HEK293 and Hela cells

For CRISPR/Cas9-mediated deletion of the alternative hnRNPC2 in HEK293 and Hela
cells, sgRNA candidates were designed in silico using the Benchling tool ?’. Two pairs of
oligonucleotides with the highest-ranked candidate sgRNA, targeting the alternative 5’ splice
sites in exon 4 (without affecting the upstream hnRNPC1) and one targeting the downstream
intron (Fig. 21F), were synthesized and subcloned into either the pSpCas9(BB)-2A-GFP (pX458)
plasmid (Addgene, USA) or pX459 (kindly provided by Stefan Mundlos). The sgRNA sequences
are listed in Table 6. Briefly, the ligation of the two pairs of sgRNA sequences (either #1+#3 or
#2+#3) was performed in the S1000 Thermal Cycler (Bio-Rad, USA) under the following
conditions: 37°C for 30 min, 95°C for 5 min, followed by a ramp down to 25°C at 5°C/min. The
pX458 and pX459 plasmids were digested with Bpil for 1 hour at 37°C and purified using the
NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, Germany) according to the

manufacturer’s protocol. Bpil-digested plasmids were combined with annealed oligo duplexes
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by ligation (1 hour at rt, ~21°C). The ligated products were transformed into chemically
competent Top10 Escherichia coli (E. coli). Following the incubation of grown bacterial cells,
plasmids were isolated using the NucleoBond® Xtra Midi Kit (Macherey-Nagel, Germany) as
described in the manufacturer’s protocol. The sequence was verified by Sanger sequencing

(Microsynth Seqlab, Germany).

Table 6. Sequences of guide RNAs

sgRNA: Sequence (5’ - 3’)
sgRNA#1 TTCTCCGTCCCCTCTACTC
SgRNA#2 CTCTACTCAGGTCCGGAAC
SgRNA#3 CTGCATTGTGTCCATCAGT

sgRNA #3 and either #1 or #2 subcloned to pX459 plasmid were co-transfected to
HEK293 cells using ROTIFect or Hela cells using Lipofectamine 2000 according to the
manufacturer’s instructions (as shown in Section 3.5.1). 48h after transfection, cells were
selected with 1 pug/ml puromycin (InvivoGen, USA) and clonal cell lines were isolated by
dilution. To confirm the A5SS knockout on the DNA level, genomic DNA was extracted, and
PCR was performed. Subsequently, potential independent positive clones were confirmed on
the RNA and protein level, by performing radioactive, splice-sensitive PCR (Section 3.9) and

Western-blot (Section 3.12.3).

3.6.1 Flow cytometry

sgRNA #3 and either #1 or #2 subcloned to pSpCas9(BB)-2A-GFP pX458 plasmid were
co-transfected into HEK293 cells using ROTIFect or into Hela cells using Lipofectamine 2000
according to the manufacturer’s instructions (as detailed in Section 3.5.1). After 48h of
transfection, cells were sorted based on GFP signal into 96 well plates using a BD FACS
Melody™ Cell Sorter (BD Biosciences, USA). The sorted single cells were maintained in DMEM
medium supplemented with 10% (v/v) FBS, and 1% (v/v) penicillin/streptomycin. To confirm
the A5SS knockout on the DNA level, genomic DNA was extracted, and a PCR was performed.
As shown above, potential independent positive clones were confirmed on the RNA and
protein level, by performing radioactive, splice-sensitive PCR (Section 3.9) and Western-blot

(Section 3.12.3).
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3.6.2 DNA extraction

Prior the DNA extraction, 1ul of proteinase K (20 mg/mL; Serva, Germany) was added
to the extraction buffer. Cells were resuspended in a fresh medium and transferred to 1.5ml
Eppendorf tubes, followed by centrifugation for 4 min at 7000 RPM, 4°C. The cell pellet was
resuspended in 300 ul of extraction buffer containing proteinase K and incubated at 56°C for
4h or overnight. After that time, samples were incubated at 95°C for 15 min to inactivate the
proteinase K. Samples were then centrifuged at 13000RPM, 4°C and the supernatant was
washed with 300ul of isopropanol. After the next centrifugation process and washing the
pellet with 70% of ice-cold ethanol, the pellet was dried, and the DNA was used as a template
for PCR. The DNA concentration was measured using a nanodrop spectrophotometer
according to the manufacturer’s instructions. The procedure to perform genotyping PCR is
shown in Table 7. The PCR conditions for DNA genotyping are shown in Table 8. Primers used

for DNA genotyping are listed in Table 9.

Table 7. Composition of a standard DNA genotyping PCR

Component Stock concentration Final concentration
Taq buffer 10x 1x
dNTPs 10 mM 200 uM
MgCl, 50 mM 5mM
Genomic DNA Variable <1000 ng
Forward primer 10 uM 100 nM
Reverse primer 10 um 100 nM
Taq polimerase 5U/uL 1.25 U/uL
H.O - -

Table 8. Program of a standard DNA genotyping PCR

Step Temperature [°C] | Time [min] | Cycles
Initial denaturation 95 5:00 1
Denaturation 95 0:30
Annealing primer specific 0:30 35
(usually 60)
Extension 72 0:45
Extension 72 7:00 1
Hold 4 oo 1
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Table 9. A list of PCR primer sequences

Name Target sequence (5’ - 3’) Goal
hnRNPC2_F ACTTTGTAGTTTGTTTTACCCGG RT-qPCR
hnRNPC2_R GGGTGTGGGGAGGTTTAAGT RT-qPCR
mHPRT_gF CAACGGGGGACATAAAAGTTATTGGTGGA RT-qPCR
mHPRT_gR TGCAACCTTAACCATTTTGGGGCTGT RT-qPCR
hHPRT_qgF CCTGGCGTCGTGATTAGTGA RT-qPCR
hHPRT_qgR TCTCGAGCAAGACGTTCAGT RT-qPCR
mPKCO_F CAGGGACCTGAAGCTTGATAAT RT-qPCR
mPKCO_R GCATCTCCTAGCATGTTCTCTT RT-qPCR
hPKCO_F GAGGACAAGTGGAAAGTGAGAG RT-qPCR
hPKCO_R CTTTCCATCCACCCATTCTCA RT-gPCR
Nhel PKCO F AATTGCTAGCATGTCACCGTTTCTTCGGTC Cloning
Xhol_PKCB_R AATTTCTCGAGTCAGGAGCAAATGAGAGTCT Cloning
c-FOS_F CAA GCG GAGACAGACCAACT RT-gPCR
c-FOS_R GTG AGC TGC CAG GAT GAACT RT-gPCR
hTraf4_F CACCTCTGAGTGCCCCAAG Splicing PCR
hTraf4_R AGCCGGAGTCTTTGAATGGG Splicing PCR
mTraf4_F AGGTCCAGGTGTTAGGCTTGG Splicing PCR
mTraf4_R CCACTGAAGTCACAGCCACAG Splicing PCR
RPL7A_F TTAACACCGTCACCACCTTG Splicing PCR
RPL7A_R CAGTCTTGCCTTTCCCTTGA Splicing PCR
hRPL10_F GTAAGAACAAGCCGTACCCA Splicing PCR
hRPL10_R AGGACAGCTGCTCATATTCATCT Splicing PCR
mRPL10_F GGTATTGTAAGAACAAGCCATACC Splicing PCR
mRPL10_R CCACAAAGTGGGAATTCATCAAC Splicing PCR
RPL13_F GTTCGGTACCACACGAAGGT Splicing PCR
RPL13_R GTTGGCCTGCAGGGACTC Splicing PCR
hEIF5A_F CAGGACAGCGGGGAGGTA Splicing PCR
hEIF5A_R ATGGCCTTGATTGCAACAGC Splicing PCR
mEIF5A_F TACCTATCCCTGCTCCAGGAC Splicing PCR
mEIF5A_R GCCTTGATTGCAACAGCTGC Splicing PCR
UBXN1_F GCAATTGCTCAGTGGCTTC Splicing PCR
UBXN1_R GGACATTTCTTGGCCACAAT Splicing PCR
USP11_F CCTGGTCAGCTGGTATGGTC Splicing PCR
USP11_R ATTGTGCCGGACAAGCAG Splicing PCR
Hindlll_hnRNPC_F ATATAAGCTTATGGCCAGCAACGTTACCA Cloning
BamHI_hnRNPC_R ATATGGATCCTTAAGAGTCATCCTCGCCATTGGC Cloning
hnRNPC_S/Y-A_F GCCGGGGCAGTAACAGAACACCCTGC Cloning
hnRNPC_S/Y-A_R AGCGTCCAAGTCAAAAGCGGCGGGGA Cloning
BamHI_hnRNPC_FLAG_R | ATATGGATCCAGAGTCATCCTCGCCATTGG Cloning
C2FL_S115D_FP GAAGAGGACAGCAGAGGATCGGGAGAGGGGTGCTCAG | Cloning
C2FL_S115D_RP CTGAGCACCCCTCTCCCGATCCTCTGCTGTCCTCTTC Cloning
hnRNPC _F TAGCAGGAGAGGATGGCAGA RNA
genotyping
hnRNPC _R TCCCGTTGAAAGTCATAGTCCA RNA
genotyping
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3.6.2. Electrophoresis

DNA products after PCR were loaded on agarose gels by electrophoresis. Agarose gels
contained 1x TAE Buffer and 2% agarose (or 1% for molecular cloning or RNA electrophoresis).
Gels were stained with ethidium bromide (0.5 mg/mL) for visualization of the DNA fragments.
The PCR products were mixed with 10x orange gel loading dye and separated by
electrophoresis at 150 V for 40 min. The Quick-Load® 1kb Plus DNA Ladder (New England
Biolabs Inc., USA) was used to evaluate the size of the DNA fragments. The bands were

visualized with UV light using the UVsolo touch system (Analytik Jena, Germany).

3.7. RNA extraction
3.7.1. Total RNA extraction

Before extracting RNA, all required buffers and reagents were prepared in advance.
The bench and the hood were cleaned by RNase AWAY™ Surface Decontaminant (Molecular
BioProducts, USA). The whole experiment was carried out in ice blocks. Cultured cells were
rinsed once with ice-cold PBS. Then 1ml of RNA Tri-fliissig (BIO&CELL) was directly added to
each well and transferred to a 1.5ml RNAse-free tube. Subsequently, 200ul of
Trichloromethane/Chloroform (Carl Roth, Germany) was added and mixed thoroughly by
vortexing (1:5 ratio according to the manufacturer’s instructions). Suspension cells were
harvested similarly, but the RNA Tri-fllissig was added to an already transferred 1.5ml RNAse-
free tube. The mixture was incubated for 10 min, followed by a centrifugation step at 13000
RPM and 4°C for 10 min. The aqueous layer was transferred to new 1.5ml tubes containing
600ul of isopropanol. Cells were vortexed and centrifuged at 13000 RPM for 30 min at 4°C.
The pellet was then precipitated with 1ml 70% ethanol absolute, dried at rt, and resuspended

in RNA-se free H,0.

In the following step, DNase-I digestion was performed to remove DNA contamination.
2ul of DNase | (Biosearch Tech, UK) and 2ul of 10x DNase buffer were added to RNA tubes,
followed by 20 min of incubation at 37°C. After that time, 200ul of ROTI®Aqua-P/C/I (Carl Roth,
Germany) was added to these samples. Further, this mixture was vortexed and centrifuged
for 15 min at 13000 RPM and 4°C. The aqueous layer was then transferred to new RNA-se free
tubes containing 600ul of 100% ethanol absolute, 1ul of glycogen and 20ul of 3M sodium

acetate. Samples were vortexed thoroughly and then centrifuged at 13000 RPM for 4°C. The
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pellet was then washed with 1ml 70% ethanol absolute, dried at RT and resuspended in RNA-
se free H,0 to have at least 500ng/ul or the lowest concentration among all tested RNA
samples. The RNA concentration was determined using a Nanodrop spectrophotometer (at

wavelengths of 260 nm and 280 nm) according to the manufacturer’s instructions.

3.7.2. Chromatin-associated and cytoplasmic RNA extraction

Before extraction, all required buffers were prepared one day earlier. RNA-se inhibitor
(Thermo Fisher Scientific, USA) was added to each buffer directly before starting the
procedure. Cells were resuspended in 100ul of cold CTX buffer and incubated for 5 min on ice
to extract chromatin-associated RNA. After that time, an additional 100ul of cold CTX buffer
was added containing 0.2% (v/v) NP-40, gently pipetted up and down 3-5 times and again
incubated for 5 more min. Cytosolic and nuclear fractions were separated by a centrifugation
step at 6500 RPM for 3 min at 4°C. The supernatant (cytosolic fraction) was discarded or
transferred to another 1.5ml RNA-free epi tube and 400ul of RNA Tri-flissig was added to
continue RNA extraction as shown in Section 3.7.1. The nuclear pellet was resuspended in 40ul
of NX buffer. The additional step of centrifugation (3 min, 4°C, 13000 RPM) allowed the
separation of nuclei into nucleoplasm and chromatin. The supernatant with the nucleoplasm
was removed and the chromatin pellet was resuspended by RNA Tri-fliissig, which was

followed as shown in Section 3.7.1.

3.7.3. RNA electrophoresis

To check the quality of RNA extracted, 2ul of RNA was mixed with 10x orange gel
loading dye (2ul) and separated by electrophoresis as shown above. Before loading samples
to the gel, champers, combs, pipettes etc. were sprayed with RNase AWAY™ Surface
Decontaminant. 1% agarose gels were made with fresh RNA-se free H,0. The gel was run at
150 V for 12-15 min. The bands were visualized with UV light using the UVsolo touch system

(Analytik Jena, Germany).

3.8. Reverse transcription polymerase chain reaction

The goal of this experiment was to generate single-stranded cDNA from isolated RNA.
At first, 5x hybridization buffer and gene-specific reverse primer mix (1ng/ul) were mixed in a
1:1 ratio. Further, 2ul of isolated RNA (<£500ng/ul) was mixed with a mixture of reverse primers

and 5x hybridization buffer. PCR samples were run in PCR program | (Table 10).
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Table 10: PCR program |

Cycles | Temperature [°C] | Time [sec]
90..70 20
1 69..51 30
50...44 40
43 oo

While the PCR program | was running, 1.25x RT buffer containing dNTPs was pre-
heated to 43°C in the heating block (Bioer Technology Co, China). When the PCR program |
was finished, MMuLV reverse transcriptase (Enzymatics Inc., USA) was added to the RT buffer,
quickly vortexed and the mixture was added to all PCR samples. Further, they were run in PCR

program Il (Table 11).

Table 11: PCR program |l

Cycles | Temperature [°C] | Time [min]
43 30
1 94 5
4 oo

3.9. Radioactive, splicing sensitive RT-PCR

The radioactive, splicing-sensitive RT-PCR was performed to analyze alternative
splicing changes. The components of the PCR mix are listed in Table 12. Single-stranded cDNAs
were used as a template. Forward gene-specific primers were labeled radioactively using 1ul
T4 PNK (10 U/MI, Thermo Fisher Scientific, USA) enzyme, 10 uL of PNK buffer and y-32P-dATP
(10 uCl/ul, 6000 Ci/mmol, Hartmann Analytic, Germany). The marker (pBR322-Mspl Digest
(New England Biolabs Inc., USA) was also radioactively labeled. To protect samples from

evaporation, they were covered with mineral oil. The PCR program is shown in Table 13.

Table 12: Composition of the radioactive, splicing-sensitive PCR

Component Final concentration
10x Taq buffer 1x

Forward primer 2.5ng

Reverse primer 5ng

[3?P]-labeled forward primer | 2.5ng

Taqg Polymerase (5U/uL) 2.5U

Template variable
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Table 13: The PCR program for radioactive, splicing-sensitive PCR

Step Temperature [°C] | Time [min] | Cycles
Initial denaturation 95 5:00 1
Denaturation 95 0:30
Annealing primer specific 0:30 30
(usually 60)
Extending 72 0:45
Extending 72 7:00 1
Hold 4 oo 1

PCR products were then mixed with 2x formamide loading dye, incubated for 5 minutes
at 95°C and loaded on the previously prepared denaturing polyacrylamide (PAGE) gels in the
presence of 7 M urea. The same volume of 7 M Urea/0.5x TBE and 10% Acrylamide/7 M
Urea/0.5x TBE were mixed, followed by the addition of 10% APS (ammonium persulfate,
1:100) and TEMED (1:100) (Table 14). This mixture was poured between glass plates covered
with tape. The gel was dried for 15-30 min. Radioactively labeled markers were also loaded to
evaluate sizes of bands. The electrophoresis was performed at 28-32 mA for 30-40 min. After
the run, gels were washed by fixation buffer and transferred to Whatman paper, vacuum-
dried for up to 2h at 50°C and put in a cassette for overnight exposure. Strongly radioactive
bands were measured earlier than 24h of exposure. The cassette was then imaged with the
GE Healthcare Typhoon 7000 FLA imager and the result was quantified using the GE

ImageQuant TL 8.1 software.

Table 14: PAGE gel composition

Stock concentration Final concentration
7M Urea/0.5x TBE 50%
10% acrylamide/7M urea/0.5x TBE | 50%
10% APS 0.1%
TEMED 0.01%
3.10. RT-QPCR

RT-gPCR was performed to analyze the expression of target genes in different
conditions. Gene-specific primers are shown in Table 9. For this experiment, housekeeping
genes were used as follows (hHPRT for human cell lines and mHPRT for mouse cell lines). The
RT-qPCR was performed in 96-well plates using Absolute QPCR SYBR Green Mix (Thermo
Fisher, USA) in the Stratagene Mx3000P instrument (Bioer Technology Co, China). For one
experiment, a maximum of 4 different genes were tested, including the housekeeping gene.
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250 nM of gene-specific reverse and forward primer, 1x qPCR S’Green BlueMix (Biozym,
Germany), and diluted cDNA were mixed in a total volume of 20 uL. The reactions were
performed in duplicates and at least three biological replicates. Mean CT values from target
genes were normalized to the expression of the housekeeping gene. The ACT was calculated
using the CT of the housekeeping gene and the gene of interest. Error bars represent standard
deviation, and p values were calculated using Student’s unpaired t-test. Significance is

indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

3.11. Molecular cloning

Cloning of PKCS

The PKCB overexpression construct inserted into pBS plasmid was ordered and
delivered from addgene (Plasmid #8426). Cloning was performed using Nhel and Xhol
restriction sites introduced through PCR primers. PCR products were digested, ligated directly
into a pCMV-N3-FLAG expression vector to yield an N-terminally FLAG-tagged protein, and
transformed into competent Top 10 E. coli cells. Midi prep was performed afterward according
to the manufacturer’s instructions using the NucleoBond Xtra Midi kit. Constructs were then

identified by Western Blot and verified by sequencing to confirm correct insertion.
Cloning of EIF5A_WT and EIF5A_IR

EIFSA_WT and IR codon optimized-inserts were cloned into pTWIST CMV expression
vectors containing FLAG-tag at the N-terminal end. These constructs were ordered as
synthetic DNA oligonucleotides purchased from Twist Bioscience ready-to-use for transfection

experiments and verified by sequencing.
Cloning of hnRNPC2_WT and hnRNPC2_S 2A/Y

To design a non-phosphorylated hnRNPC2 frameshift mutant, all potential
phosphorylation sites in the hnRNPC2-specific amino acids and surrounding residues in
hnRNPC1 were substituted with alanine or tyrosine. hnRNPC2 substitution mutants were
generated by PCR with a WT hnRNPC2 expression plasmid as a template. hnRNPC2 mutant
open reading frame was amplified and cloned into pCMV-N3-FLAG expression vector using
plasmid-complementary primers (Table 9) to yield an N-terminally FLAG-tagged protein.
Subsequently, DNA fragments and vectors were digested by restriction enzymes (Hindlll and

BamHl), ligated and then transformed into competent Top 10 E. coli cells. Midi prep was
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performed afterward according to the manufacturer’s instructions using the NucleoBond Xtra
Midi kit. Constructs were then verified by sequencing to confirm correct insertion. Cloning of

two hnRNPC2 variants (WT and S=>A/Y) was performed by Dr. Debojit Bose.

3.11.1. PCR amplification

To introduce the restriction sites into the constructs mentioned above the DNA
fragments were amplified by PCR in a maximum volume of 50 pL (Table 15). In Table 16, we

showed the conditions for standard PCR.

Table 15. Composition of standard PCR

Component Final concentration
Phusion® HF Buffer (5 X) 1x

Forward primer 200nM

Reverse primer 200nM

dNTP mix 200uM

DNA Polymerase (100U/uL) 0.02 U/uL
Template (plasmid) 1 ng/uL

Table 16. The conditions for standard PCR

Step Temperature [°C] | Time [min] | Cycles
Initial denaturation 98 3:00 1
Denaturation 98 0:30
Annealing primer specific 0:30 30
(usually 60)
Extending 72 1:30
Extending 72 7:00 1
Hold 4 oo 1

3.11.2. DNA digestion

The digestion of PCR products and plasmids was performed using restriction enzymes
and FastDigest Buffer (10x). The total reaction volume was 20ul. Samples were digested at
37°Cfor 1h. Subsequently, the digested plasmids were resolved on a preparative 1 % agarose
gel and the band of interest was cut, while digested PCR products were purified directly. Both

products were purified by using the NucleoSpin® Gel and PCR Clean-up kit.

3.11.3. Ligation of digested insert and plasmid

The ligation of the insert and plasmid was performed in 10ul reaction volume at RT
either for 1h or at 16°C for overnight incubation. The ligation product was immediately

transformed into competent E. coli cells.
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3.12. Protein isolation

All steps of total protein extraction were performed on ice. Cells were harvested and
washed once with 1x ice-cold PBS. The pellet was washed with 1X RIPA buffer containing
protease and phosphatase inhibitors (PMSF -1:100, Aprotinin-1:200, Leupeptin-1:200, and
Vanadate-1:500, Carl Roth, Germany). 50ul of RIPA buffer was added to each sample. Samples
were vortexed for 10 min on ice and then centrifuged at maximal speed (13000 RPM) for 15

min at 4°C. The obtained lysates were transferred to a fresh epi-tube and stored on ice.

3.12.1. Protein quantification

The Roti-Nanoquant Bradford assay was used to measure the protein concentration
extracted. The assay uses Coomassie Brilliant Blue G250 (5X stock, Carl Roth, Germany) for
colorimetric detection. A BSA (bovine serum albumin, Thermo Fisher Scientific, USA)
calibration curve was made every time of protein quantification. Absorbance for 450nm and
590nm was measured from each cuvette using a Nanophotometer (Serva, P-330). The ratio
between OD450/0D590 was calculated and the samples were adjusted with 1xRIPA buffer to
maintain the same protein concentration. Protein samples were supplemented with 2X SDS

loading dye (1:1 ratio) and denatured at 95°C for 5 min.

3.12.2. Denaturing SDS polyacrylamide gel-electrophoresis (SDS-PAGE)

Polyacrylamide gels were prepared (Table 17) before performing the SDS-PAGE
electrophoresis. The separating gel included 12-15% polyacrylamide (depending on the size of
proteins of interest; stock: 30%, 37.5:1) and the stacking gel contained 4% polyacrylamide.
The same amount of protein was loaded on wells, alongside the PageRuler Plus Pre-stained
protein ladder (Thermo Fisher Scientific, 26620). The electrophoresis was performed in 1X SDS
running buffer for approximately 2h at 80-140V. Proteins in a gel were transferred to a
nitrocellulose membrane (Amersham Protran nitrocellulose 0.45 um), to perform Western

Blot.
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Table 17. Composition of polyacrylamide gels

Component Stock Separation | Stacking
concentration buffer buffer

Acrylamide 30% 12%/15% 4%
Tris-HCI, pH 6.8 1M - 125mM
Tris-HCI, pH 8.8 1M 375mM -
SDS 10 % (w/v) 0.1% 0.1%
APS 20 % (w/v) 0.14% 0.1%
TEMED 100% 0.07% 0.1%

3.12.3. Western Blot

After SDS-PAGE electrophoresis, gels were transferred into nitrocellulose membranes
using the BioRad Mini Trans-Blot wet/tank blotting system. For assembling the transfer
sandwich, six pieces of Whatman paper and the membrane were soaked in pre-cooled 1X
transfer buffer containing 20% methanol. The sandwich assembly was as follows: sponge,
three Whatman papers, SDS-PAGE gel, nitrocellulose membrane, three Whatman paper, and
sponge. The electrotransfer was conducted at 110V for 1h with the BioRad Mini Trans-Blot
Electrophoretic Transfer cell system. Ice blocks were used to prevent overheating of the
transfer buffer. Subsequently, the membrane was blocked in 2% BSA in 1X LS-TBST for one
hour. Then primary antibodies were added to the membranes and incubated at 4°C overnight.
Primary antibodies are listed in Table 18. The immunoblotting was followed by 3 washing
steps, each lasting around 6 min with 1 X HS-TBST. Afterward, the membrane was incubated
with the secondary antibody (horseradish peroxidase-conjugated anti-mouse or anti-rabbit)
for 1h at RT. After three washing steps with 1 X HS-TBST, proteins were detected by enhanced
chemiluminescence using Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific,
USA) according to manufacturer’s instruction. Membranes were imaged using a GE AI600 RGB

GEL Imaging System and the results were quantified using the GE ImageQuant TL 8.1 software.

Table 18. Antibodies used in the study

Antibody Dilution | Supplier

hnRNP C1/C2 1:1000 Santa Cruz Biotechnology, sc-32308
p-ERK 1:1000 Santa Cruz Biotechnology, sc-7383
ERK 1/2 1:1000 Santa Cruz Biotechnology, sc-514302
DYKDDDDK Tag | 1:2000 Cell Signaling Technology

GAPDH 1:1000 Santa Cruz Biotechnology, sc-32233
hnRNPL 1:1000 Santa Cruz Biotechnology, sc-32317
Puromycin 1:5000 Sigma-Aldrich, 12D10
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3.12.3.1. Western blot SUnSET (WB-SUnSET)

For measuring protein synthesis in vitro by WB-SUNSET assay, HEK293 and Jurkat cells
were treated with 10ug/ml puromycin (P8833, Sigma-Aldrich) for 10 min before harvesting.
To confirm that WB-SUNSET was suitable to detect changes in protein synthesis, cells were
treated with cycloheximide (Sigma-Aldrich, USA) at a final concentration (2ug/ml) for 1h
before the puromycin treatment. The lysates were then normalized for equal amounts of
protein using the Bradford method and Western blot was performed as shown above. The
membranes were then incubated with anti-puromycin antibody (Table 18), followed by
secondary antibody linked to horseradish peroxidase (anti-mouse 1gG HRP, 1:5000, Cell
Signaling Technology) and detected as shown above. The results were quantified using the GE

ImageQuant TL 8.1 software.

3.12.3.2. 35S-Met Incorporation Assay

Jurkat cells were seeded in 12-well plates and cultured overnight prior to transfection
with a pool of 4 siRNA against hnRNPC and control as described in Table 5. At 1-day post
transfection, cells were washed twice with methionine-free DMEM supplemented with 10%
FBS and stimulated with PMA for different times (from 0 min to 24 hours). During PMA
stimulation, 1 ul of 3°S-Met (>1,000 Ci (37.0TBq)/mmol; Hartmann Analytic) was added to each
well for 30 minutes before harvesting. Labeled cells were washed twice with PBS, and protein
lysates were prepared as shown above. Equal amounts of protein were separated on 15% SDS-
PAGE (Table 17). The gel was then stained with Coomassie Brilliant Blue G250, dried, and
autoradiographed. Radioactivity in whole lysates was determined using a scintillator counter.

This experiment was performed by Dr. Debojit Bose.

3.13. hnRNPC2 protein purification

This part was performed by Gopika Sasikumar (Prof. Markus Wahl lab).

The hnRNPC2 full-length construct was designed codon-optimized with an N-terminal
Twin-Strep-tag® and SUMO tag for recombinant production from GeneArt custom gene
synthesis service (ThermoFisher Scientific) and cloned into pETM-11 vector using primers
shown in Table 9. hnRNPC2 WT and S115D mutant were expressed in E. coli BL21 RIL cells in
terrific broth media. Following normal growth, cells were induced at an OD600 nm of 0.8-1.0

with 0.4mM IPTG followed by protein expression for 16h at 18 °C. Cells were collected by
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centrifugation, lysed by sonication in the presence of DNase, lysozyme, and EDTA-free
complete protease inhibitor (Roche Applied Science), then re-suspended in binding buffer
consisting of 50 mM Tris (pH 8.0), 500 mM NacCl, and 2 mM B-mercaptoethanol (BME). The
cleared lysate was passed over a StrepTrap™ 5mL column (GE Healthcare). Elution with 50 mM
Tris (pH 8.0), 500 MM NaCl, 2.5mM desthiobiotin, and 2mM BME was followed by tag
(TwinStrep-SUMO) removal with PreScission protease (1:20) overnight. The eluate was
concentrated using Amicon Ultra (10kDa), Millipore centrifugal filter unit and passed over
Superdex 200 16/60 size-exclusion column (GE Healthcare) in a buffer containing 50mM Tris-
HCI pH 8.0, 200mM NacCl, and 2mM DTT. The peak fractions were pooled, concentrated, and
aliquots were flash-frozen, and stored at -70°C. The amount of proteins loading was stained

by Coomassie blue.

3.13.1. EMSA

RNA electrophoretic mobility shift assays were carried out in an EMSA binding buffer
(components of the buffer are shown in Section 3.1). The RNA probes containing parts of
regulated introns, including the splice site AG (30 nucleotides), were ordered from Eurofins

Genomics (Table 19).

Table 19: Sequences of RNA oligonucleotides

Name Sequence (52 37)

RPL10 ACCCCCUGCACACUUACCCAAUCCUUUUAG
elF5A AUCUCUUGGCUAUCCCUCUUGCUUCUCCAG
TRAF4 ACUCCUGCCUCUCUACUUCUGUGGCCCCAG

Furthermore, the 45 nucleotides stretch of poly-U was used as a positive control
(ThermoFisher Scientific). The radioactivity of introns of interest was achieved by 5’end 32P-
labeling with PNK (T4 PNK (10 U/uL, Thermo Fisher Scientific, USA). 1 X PNK buffer was mixed
with RNA (10pmol), and then 1ul of T4 PNK (10 U/MI) enzyme was added. Samples were kept
on ice. Subsequently, 1ul of y-32P-dATP (10 uCl/ul, 6000 Ci/mmol) was added, mixed, and
incubated in a heat block at 37°C for 1.5h. Meanwhile, lllustra MicroSpin G-25 columns (GE
Healthcare) were prepared, following the manufacturer’s instructions. After incubation,
samples were diluted up to 50ul and carefully loaded onto the column. Then, samples were
spun down for 2 min at 735g. The column was discarded from epi-tubes, radiation was

measured and labeled RNA was stored at -20C. Two versions of hnRNPC2 full-lengths: WT and
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S$115D mutant were diluted to 20uM to have the same amount of protein used for EMSA
(hnRNPC2_WT: stock conc. 268uM, hnRNPC2_S—>D: stock conc. 595uM). Subsequently,
increasing concentrations of proteins were added to probes containing 3?P-labeled RNA in
binding buffer (up to 20ul) and incubated at 37°C for 20 min. Furthermore, 1ul of RNA-se
inhibitor and 1ul of heparin (5000U) were added to each PCR sample to inhibit non-specific
binding and improve the specificity of RNA:protein interactions, respectively. Subsequently,
5ul of 6x EMSA loading dye was added to each PCR sample and mixed by gentle up-and-down
pipetting. The samples were then separated into a pre-prepared 5% polyacrylamide gel and
exposed to autoradiography. Table 20 provides the composition of the polyacrylamide gels.
The gel containing loaded RNA: protein complexes was run at 150V (8-12mA) for 2-3h at 4°C
(Biometra, Standard Power Pack, P-25). After that time, the gel was transferred to Whatman
paper, and put into a cassette for overnight exposure at -80°C. The screen was then imaged
using the GE Healthcare Typhoon 7000 FLA imager, and the result was quantified using the GE
ImageQuant TL 8.1 software. To determine the bindings levels of hnRNPC2 FL and S115D
mutant to the introns of interest, binding intensities were quantified relative to free RNA

(mean £SD, n = 3).

Table 20. The composition of polyacrylamide gels for EMSA

Component Stock Buffer
concentration
Acrylamide 30% 5%
TBE 5X 0.5X
APS 10 % (w/v) 0.16%
TEMED 100% 0.06%

3.14. Statistical analysis

Data represent mean values of at least 3 biological replicates (exact numbers are given in
the figure legends), and error bars represent standard deviation. Statistical significance was
determined using GraphPad Prism version 8.4.3, calculated by Student’s unpaired t-test, and
accepted at p £0.05. In the figure legends, “ns” indicates p 2 0.05 — non-significant, * indicates

p £0.05, ** indicates p £0.01, *** indicates p <0.001 and **** indicates p < 0.0001.
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4. Results

Most of the data and figures in the results part were submitted to: Mateusz Drozdz, Luiza
Zuvanov, Gopika Sasikumar, Debojit Bose, Franziska Bruening, Maria S. Robles, Marco
Preuf3ner, Markus Wahl, Florian Heyd. Immediate early splicing mediated by hnRNPC2

phosphorylation controls translation after T cell activation. In revision. EMBO, 2024.

4.1. Nascent RNA-seq analysis revealed immediate early splicing upon T cell activation

Analysis of nascent RNA sequencing was performed by Luiza Zuvanov and Dr. Marco PreufSner

Studies focused on the altered IEG expression at early stages of T cell activation have
already been characterized. The induction of IEGs is known to rely on phosphorylation
cascades, mainly involving the RAF/MEK/ERK pathway!0®114128- We hypothesized that the
splicing machinery could be similarly targeted as in the case of transient IEG expression.
Therefore, we addressed potentially occurring AS patterns during the first minutes of T cell
activation; a timeframe that coincides with the induction of expression of known IEG — c-fos
(Fig. 12A) °1,113114117,119,128 \We stimulated an immortalized line of human T lymphocyte Jurkat
cells at 0-, -30-, and -150-minutes using PMA, extracted chromatin-associated RNA and
performed RNA sequencing. Only by analyzing this RNA molecule, we could capture
immediate early changes in splicing patterns upon stimuli. While performing total RNA-seq,
nascent RNA would represent a minor fraction of total RNA in a cell, making it challenging to
capture potentially occurring IES switches. Different types of AS were identified by rMATS
analysis. We observed changes in splicing patterns by comparing resting Jurkat T cells, with
cells stimulated for 30 minutes, and Jurkat T cells stimulated for 30 minutes and 150 minutes.
All types of AS were analyzed (Fig. 12B), but intron retention particularly drew our attention
(Fig. 12B, C, D). A principal component analysis of significantly changed IR events between 0
and 30 minutes revealed clustering of the biological duplicates, with unstimulated cells
showing more similarity to those stimulated for 150 minutes. In contrast, cells stimulated for
30 minutes were distinct from the other conditions (Fig. 12C). A more detailed analysis
revealed that the vast majority of these introns are retained after 30 minutes of stimulation
but return to basal levels after 150 minutes (Fig. 12D). Only a low percentage of introns
showed the opposite pattern — more efficient splicing after 30 minutes of T cell activation (Fig.
12D). Consistently, transcripts containing retained introns after 30 min of PMA stimulation

also showed a slight transient induction of gene expression (Fig. 12E). This was also observed
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in our target genes — RPL10, eiF5A and TRAF4 (Fig. 12F), which will be analyzed in further
experiments. These results suggest that, upon 30 minutes of PMA stimulation, either
transcription rate of these genes is increased (more synthesis over decay) or intron-retained
transcripts are maintained in the chromatin-associated fraction of the RNA, preventing their

export to the cytoplasm.

Many IR events were found within pre-mRNAs encoding components of the translation
apparatus, which is also reflected in translation-related GO terms being highly enriched (Fig.
12G). As the vast majority of approximately 6.000 rMATS-quantified introns are unaffected,
we rule out a general reduction of splicing efficiency 30 minutes post stimulation and suggest
that this splicing switch is specific to certain selected introns. Notably, most of the affected

introns were relatively short (<100nts).
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Figure 12: Nascent RNA-seq analysis of Jurkat T cells stimulated with 0 min, -30min, and -150
minutes. A) Jurkat cells were stimulated with PMA at indicated time points. Cells were harvested, and
total RNA was extracted. c-fos expression was analyzed by RT-gPCR (n = 3, mean % SD). B) rMATS
analysis identifying significant changes (see methods) in AS of the following types: skipped exon (SE),
retained introns (IR) alternative 5’ splice site (A5SS) or 3’ splice site (A3SS). Pairwise comparisons for 0
vs 30, 30 vs 150 and 0 vs 150 minutes are shown (from left to right). Increased IR events were observed
when non-stimulated cells (0 minutes) were compared with cells PMA-stimulated for 30 minutes. An
antagonistic effect was observed when comparing 30 and 150 minutes. C) Principal component
analysis of the duplicate samples of PMA-stimulated Jurkat T cells analyzed by nascent RNA
sequencing, based on significantly changed IR events between 0 and 30 minutes. D) Heatmap of IR
events as in B and C. PSI (percentage spliced in) values are shown for biological duplicates, sorted by
fold change at 30 minutes vs. 0 minutes. E) Heatmap of gene expression across all samples
representing PMA stimulation at indicated time points. Duplicate samples are shown. Only genes
containing significant changes in IR are shown. Genes are sorted by the change in PSI comparing these
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conditions, with more IR at 30 minutes at the top. Note a mild increase in gene expression for genes
with activation induced intron retention (top) while genes with activation induced intron splicing show
rather reduced or unchanged expression (bottom). F) Quantifications of expression of target genes
based on the nascent RNA-seq analysis (RPL10, elF5A, and TRAF4; mean % SD, n = 2). G) The strongest
GO term enrichments of genes containing retained introns after 30 min of PMA stimulation. GO terms
containing the term ,translation”, are underlined in blue.

To validate our nascent RNA-seq data findings, changes in splicing patterns during T
cell activation were investigated by radioactive, splicing-sensitive RT-PCR. For validation,
genes with the highest peak for PSI IR after 30 min of PMA stimulation were selected. All target
genes showed a splicing pattern similar to that observed in the nascent RNA-seq data (Fig.
13A), confirming the validity of our analysis pipeline. We observed the same splicing switch
when de novo protein synthesis was inhibited by the presence of cycloheximide (Fig. 13B).
These experiments demonstrate a fast and transient splicing switch that occurs 30 minutes
after PMA stimulation of T cells, thereby establishing the concept of immediate early splicing
(IES). The validation of the bioinformatic analysis was performed by Dr. Debojit Bose. We
chose two target genes, RPL10 and elF5A, for further experiments as examples representing
other validated IEGs. These genes are components of translation machinery and show an
approximately two-fold induction of IR 30 minutes after PMA-stimulation (Fig. 13A, B). To
prove the activity of this mechanism under physiological conditions, Jurkat T cells were
stimulated with two different concentrations of anti-CD3 antibody (1ug and 2ug) and PMA as
a positive control. As expected, we observed the induction of IR after 30 min of stimulation
with the anti-CD3 antibody, confirming presence of IES in T cells (Fig. 13C for RPL10 and D for
elF5A). Altogether, we revealed the rapid and transient induction of IR events among IEGs
upon 30 minutes of PMA stimulation. These IR events were independent of de novo protein

synthesis, delineating the concept of immediate early splicing.
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Figure 13. Validation of bioinformatic analysis. A) Jurkat cells were stimulated with PMA for the
indicated times (0 min, 30min, 150min). Cells were harvested and chromatin-associated RNA was
extracted. Selected IES events were analyzed by radioactive, splicing-sensitive RT-PCR (top) and
quantified (bottom, fold change IR normalized to 0 min, mean + SD, n = 3, performed by Dr. Debojit
Bose). B) Jurkat cells were stimulated and analyzed as in A but cycloheximide was present during PMA
stimulation (performed by Dr. Debojit Bose) C, D) Jurkat cells were stimulated for 30 minutes either by
PMA or more physiological stimuli - anti-CD3 Ab (with the indicated amounts). Radioactive, splicing-
sensitive RT-PCR confirms IES in RPL10 (C) and elF5A (D), -RT, without reverse transcriptase. Splicing
products are indicated on the left side of the gels. Right: corresponding quantifications (fold change,
normalized to 0 min; student’s unpaired t-test; mean + SD, n 3, **p<0.01, ***p<0.001,
****n<0.0001).
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4.2. hnRNPC2 phosphorylation is in line with IES

We then aimed to address the upstream mechanism leading to the induction of IR events
upon T cell activation. Which spliceosome components or splicing-regulatory proteins
regulate the splicing switch? In collaboration with Prof. Maria S. Robles from the Institute of
Medical Psychology and Biomedical Center, Ludwig Maximilian University of Munich,
Germany, we performed label-free quantitative phosphoproteomics in Jurkat cells stimulated
with PMA for 0, 15, 30 and 90 minutes. This experiment revealed many different candidates
with a transient change in phosphorylation. One of the most significant changes in
phosphorylation over time, which aligned with IES, was observed in hnRNPC. This data showed
the highest peak in phosphorylation in one specific serine residue, S115, after 15 min of PMA
stimulation, followed by a gradual decrease toward baseline levels over time. Although the
phosphorylation level at 90 minutes did not return to the baseline observed at the 0O-minutes
time point, we speculate longer time points would follow the same trend as observed between
30 and 90 minutes (Fig. 14A). Nevertheless, we focused on identifying the role of hnRNPC in

IES in more detail.

As mentioned in the “Introduction” section, hnRNPC has two isoforms: C1 and C2,
originating from the usage of an A5SS (Fig. 7). The C1 isoform is more abundant than the C2
isoform, with a macromolecular ratio: 3:1%°, as shown by the analysis of isoform expression at
the mRNA level (Fig. 14B). To verify the consistency of our phosphoproteomic analysis, we
performed Western-Blot under the same conditions as in Fig. 14A, with additional samples
corresponding to 240 minutes of PMA stimulation. We also observed transient
phosphorylation of the C2 isoform, with the highest peaks at 15- and 30-minutes after PMA-
stimulation, which gradually reverted to the apparent size of the unstimulated samples after
90 and 240 minutes. Notably, the amount/size of C1 isoform was not affected (Fig. 14C). Most
studies show that phosphorylation affects only a fraction of a protein population 2°. However,
in our case, nearly the entire population of the hnRNPC2 isoform was phosphorylated, which
is an uncommon phenomenon (see “discussion” section). Furthermore, to confirm that the
upper, slower migrating bands in the WB correspond to the transiently phosphorylated
hnRNPC2 isoform, we treated the protein lysate harvested from 15 min and 30 min-PMA-
stimulated Jurkat T cells with the phosphatase FastAP. The lysates were incubated with FastAP

for 1h at 37°C. This treatment completely prevented the appearance of phosphorylated
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hnRNPC2 (Fig. 14D). As the alternative to PMA stimulation, we also used 5ug of an anti-CD3
antibody to stimulate Jurkat T cells for 30 minutes. While using both stimuli, we observed a
shift in the size of hnRNPC2 compared to unstimulated samples, confirming the existence of
this phosphorylation mechanism in physiological conditions (Fig. 14E). Altogether, these data
demonstrate transient hnRNPC2 phosphorylation at a specific phosphorylation site, S115,

after 15 and 30 minutes of PMA stimulation in Jurkat T cells, suggesting its potential role in

IES.
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Figure 14: hnRNPC2 phosphorylation aligns with IES. A). Temporal phosphorylation pattern of
hnRNPC2 in PMA-stimulated Jurkat T cells, assessed by mass spectrometry (label-free quantification
of TiO2-enriched phospho-peptides, log2 intensity mean = SD, n = 3). B) hnRNPC1/C2 isoform
expression was detected in Jurkat cells, HEK293, and Hela cells by standard splicing sensitive RT-PCR.
C) Reversible phosphorylation of hnRNPC2 was confirmed by Western blot (left) and quantified (right,
hnRNPC2-P/hnRNPC1 ratio; student’s unpaired t-test; mean = SD, n = 3, **p<0.01, ***p<0.001).
hnRNPL acting as a loading control. D) Jurkat cells were stimulated with PMA for the indicated times.
FastAP was added to the indicated protein lysate for 1h at 37°C and lysates were analyzed by Western
blot. hLnRNPL serves as a loading control (n=3). E) Jurkat T cells were stimulated for 30 minutes with
PMA and 5ug of more physiological stimuli - anti-CD3 Ab. Left: Western blot presents increased
phosphorylation of hnRNPC2 in both PMA and anti-CD3 stimulated cells. hnRNPL serves as a loading
control. Right: corresponding quantification (mean + SD, n = 3, ****p<0.0001).
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4.3.  hnRNPC2 controls IES

To directly link hnRNPC2 with IES, we designed a splice site blocking antisense
morpholino (MO) to precisely block the 5’ splice site leading to hnRNPC1, thereby increasing
the production of hnRNPC2 isoform (Fig. 15A). First, we assessed the efficiency of transfection
and the activity of the tested MO and CTRL MO at both the mRNA and protein levels. The MO
strongly enhanced the production of the hnRNPC2 isoform (Fig. 15B, C). As shown in the
Western Blot, MO-induced hnRNPC2 expression led to increased amount of transiently
phosphorylated hnRNPC2 upon PMA stimulation, particularly at 15- and 30-minutes post-
stimulation (Fig. 15D). We then examined IES upon 15- and 30-minutes of PMA stimulation in
cells electroporated with MO-inducing hnRNPC2 and CTRL MO. We observed a slight increase
of basal IR in RPL10 and elF5A and a significant increase in IR at 15- and 30-minutes post
stimulation compared to control MO-transfected cells (Fig 15E, F). These findings demonstrate
that temporal hnRNPC2 phosphorylation regulates IES, as MO-induced increased hnRNPC2

expression led to a higher and faster accumulation of IR variants.
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Figure 15: MO-induced hnRNPC2 expression leads to increased temporal phosphorylation of
hnRNPC2 and increased IR in RPL10 and elF5A during T cell activation. A) Schematic view of the
morpholino (MO)-induced manipulation of hnRNPC splicing. The MO (pink bar) blocks the proximal 5°-
splice site leading to the usage of the distal 5’splice thereby increasing the hnRNPC2 isoform. B) Jurkat
cells were electroporated with the hnRNPC2-inducing MO (hnRNPC2 MO) or control MO (CTRL MO).
Cells were harvested and total RNA was extracted. Left: The efficiency of hnRNPC2 MO was analyzed
by radioactive, splicing-sensitive PCR and quantified (right, %C2, student’s unpaired t-test, mean + SD,
n = 3, ¥***p<0.0001). C) Jurkat T cells were electroporated as in B and total protein was extracted.
Left: The efficiency of hnRNPC2 MO was analyzed by Western blot. hnRNPL acting as a loading control.
Right: corresponding quantification; arbitrary units, student’s unpaired t-test, mean + SD, n = 3,
****¥p<0.0001). D) Jurkat cells were electroporated as in C. After 48 hours of indicated MOs
transfections, cells were stimulated with PMA for the indicated times or DMSO as a control of
treatment. Total protein was extracted. Top: Western blot shows strongly increased amount of
hnRNPC2 and phosphorylated C2 protein (C2-P) after stimulation in the hnRNPC2 MO-electroporated
cells. hrnRNPL serves as a loading control. Bottom: corresponding quantification (hnRNPC2-P/hnRNPC1
ratio; student’s unpaired t-test; mean £ SD, n = 3, ns: non-significant, *p<0.05, **p<0.01). E, F) Jurkat
cells were treated as in C and chromatin-associated RNA was extracted. Top: Radioactive, splicing-
sensitive RT-PCR shows increased IR in RPL10 (E) and elF5A (F) in hnRNPC2 MO-electroporated cells
(representative gels, all experiments are representative of three biological replicates). Bottom:
corresponding quantifications (% IR; student’s unpaired t-test, mean * SD, n = 3, ns: non-significant,
*p<0.05, **p<0.01).

4.4. hnRNPC is required for efficient RPL10, elF5A and TRAF4 splicing

To further investigate the association between hnRNPC and IES, we first
downregulated the expression of hnRNPC using siRNA targeting both isoforms, hnRNPC1 and
hnRNPC2. After successful knockdown (achieving 30-40% efficiency, as demonstrated by
Western blot — Fig. 16A), we performed radioactive, splicing-sensitive PCR to assess its impact
on IES in RPL10, elF5A, and TRAF4. The hnRNPC knockdown completely abolished the IR
events, indicating that IES is dependent on hnRNPC (Fig. 16B). In this experiment, total RNA
was extracted. Although the fold change of IR among target genes was similar to that observed
with chromatin-associated RNA, the absolute IR was lower, as it reflects both nascent RNA
and pre-existing, already spliced mRNA. Furthermore, we examined two other trans-acting
splicing factors, U2AF35 and hnRNPK, which show temporal phosphorylation upon T cell
activation in phosphoproteomic analysis (data not shown). However, their knockdown did not
alter the splicing pattern, demonstrating the specificity of IES for the hnRNPC protein (Fig.
16B). Additionally, we observed increased basal intron retention in target genes when hnRNPC
was downregulated (experiment conducted by Dr. Debojit Bose). This result suggests that
hnRNPC is required for the efficient splicing of introns in the target genes. This conclusion was
confirmed using another cell line, HEK293 cells. The hnRNPC knockdown efficiency was tested

by RT-gPCR (Fig. 16C). We also observed increased IR in hnRNPC knockdown samples, further
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proving the role of hnRNPC in efficient splicing of the analyzed introns (Fig. 16D, E). These
findings demonstrate hnRNPC is required for efficient splicing in RPL10, EIF5A and TRAF4.
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Figure 16: hnRNPC2 is required for efficient splicing of tested IEGs. A) Jurkat T cells were transfected
with siRNA against hnRNPC or a control siRNA. Total protein was extracted. The efficiency of hnRNPC
knockdown was analyzed by Western blot (top, the gel shows triplicate samples) and quantified
(bottom), mean £ SD, n = 3, *p<0.05, **p<0.01. hnRNPL serves as a loading control. B) IES depends on
hnRNPC. Jurkat T cells were transfected with siRNA targeting hnRNPC, hnRNPK or U2AF35 and after 48
hours of transfection, PMA-stimulated for the indicated times. IR in RPL10 (left), elF5A (center) and
TRAF4 (right) were analyzed by radioactive, splicing-sensitive RT-PCR in total RNA. * - degradation
product. Bottom: corresponding quantifications, % IR; student’s unpaired t-test; mean + SD, n = 3, ns:
non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.001). C) HEK293 cells were transfected with
siRNA against hnRNPC and a control siRNA. After 48h, cells were harvested, and total RNA was
extracted. The efficiency of hnRNPC knockdown was determined by RT-qPCR. mRNA expression is
relative to hHPRT (mean £ SD, n = 3, *-p<0.05). D, E) hnRNPC promotes splicing of RPL10 (D) and elF5A
(E) introns in HEK293 cells. HEK293 cells were transfected with siRNA against hnRNPC and a control
siRNA. After 48h, cells were harvested, and chromatin-associated RNA was analyzed by radioactive,
splicing-sensitive RT-PCR. Bottom: corresponding quantifications, % IR, student’s unpaired t-test; mean
+SD, n = 3, *p<0.05, **p<0.01). Gels show triplicate samples.
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4.5. Phosphorylation of hnRNPC2 reduces binding to target introns

To experimentally determine the mechanistic correlations between intron retention
and phosphorylated hnRNPC2, we used recombinant, purified wild-type (WT) and
phosphomimetic (5115D) hnRNPC2 and tested direct RNA:proteins interactions by
electrophoretic mobility shift assay (EMSA). Protein purification was performed by PhD
student Gopika Sasikumar, Prof. Markus Wahl’s lab. The amount of WT and mutant proteins
used for this experiment was verified by Coomassie staining, as shown in Fig. 17A. We
designed and ordered 30-nucleotides long intronic sequences of RPL10, elF5A and TRAF4 that
contain the polypyrimidine tract and the 3’ splice site, as hnRNPC is known to bind to these
intronic regions 4+%>, At first, we radioactively labeled RNA of the elF5A intronic region and
performed EMSA with increasing concentrations of two hnRNPC2 protein variants: WT and
S115->D (OuM, 1uM, 2uM, 5uM, 10uM, 15uM and 20uM). This experiment revealed binding
of WT protein to the elF5A intronic region. In contrast, binding of the phosphomimetic
hnRNPC2 mutant was significantly reduced (Fig. 17B). To confirm these results, we adjusted
the range of protein concentrations (from OuM to 10uM) and used additional RNA sequences
from RPL10 and TRAF4. This experiment demonstrated a similar binding trend to other
intronic fragments of target genes (Fig. 17C, D, E). Furthermore, we used a stretch of 45
nucleotides of poly-U RNA to test the specificity of RNA: protein interactions. In this case, no
difference in binding to our control, poly-U RNA between WT and S115D was observed (Fig.
17F).

Our data unveiled a model in which hnRNPC1/2 promotes efficient splicing of target
introns through direct interactions. During T cell activation, hnRNPC2 becomes transiently
phosphorylated at S115, leading to reduced binding to the target introns, and, in
consequence, increased IR events due to inefficient splicing (Fig. 17G). This model is consistent
with our MO experiments (Fig. 15), where we manipulated the C1:C2 ratio towards higher
hnRNPC2 isoform production. More C2 isoform leads to a higher amount of the
phosphorylated form during T cell activation, thereby reducing binding to the intronic regions
of interest. This phenomenon disrupts efficient splicing, leading to increased IR events. Thus,
our findings underscore the crucial role of hnRNPC2 phosphorylation during T cell activation

in differentiating the function of hnRNPC1 and hnRNPC2 isoforms.
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Figure 17. EMSA revealed reduced binding of phosphorylated hnRNPC2 to intronic regions of RPL10,
elF5A and TRAF4. A) Coomassie-stained SDS-gel showing the amounts of purified hnRNPC2 proteins
used for EMSA B) Increasing amounts of either hnRNPC2_WT or S115D (OuM, 1uM, 2uM, 5uM, 10uM,
15uM and 20uM) were complexed with 5Snmol of radioactively labeled RNA corresponding to a part of
the elF5A intron 5 that includes the polypyrimidine tract and the 3’ splice site. Left: representative
native gel shows a reduction of RNA binding in the S115D phosphomimetic-mutant. Data are
representative of at least three independent experiments. Right: corresponding quantifications (mean
+SD, n =3). C, D, E) EMSAs were performed as in B, but with different proteins concentrations (OuM,
2uM, 5uM, and 10uM). Increasing amounts of either hnRNPC2_WT or S115D were complexed with
radioactively labeled RNA spanning the polypyrimidine tract and the 3’ splice-site of intron 6 in RPL10
(C) and intron 5 in elF5A (D) and intron 5 in TRAF4 (E). Top: representative native gels of at least three
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independent experiments. Bottom: quantification of EMSAs (mean = SD, n = 3). F) EMSA asinC, D, E
using 5nmol of radioactively labeled poly-U (45nt) RNA (representative gel, n=3). G) Schematic model
based on our findings. Upon T cell activation, hnRNPC2 gets phosphorylated, leading to decreased
binding to intronic sequences in RPL10, elF5A and TRAF4, and, in consequence, reduced splicing
efficiency. Created using BioRender.com.

4.6. RAF/MEK/ERK signaling pathway is involved in hnRNPC2-dependent regulation of
IES

This part of the project was performed by Dr. Debgjit Bose.

To elucidate the upstream signaling pathway that regulates hnRNPC-dependent IES,
Jurkat T cells were PMA-stimulated in the presence of different small molecule kinase
inhibitors (such as MEK, AKT, P38, JNK, and JAK inhibitors), at different time points (Omin,
30min, 150 min). Total RNA was extracted, and radioactive, splicing-sensitive RT-PCR was
performed. In control cells, we again observed the same fold change in IR events as seen
during nascent RNA extraction. With the presence of MEK inhibitor, the IR events among
target IEGs were completely abolished. The presence of other analyzed kinase inhibitors did
not affect the IES (Fig. 18A). Furthermore, the treatment of Jurkat T cells with the MEK
inhibitor abrogated the shift in phosphorylated hnRNPC2 observed upon PMA-stimulation,
that was shown in Figs. 14C and 15D (Fig. 18B). Thus, our data suggests that the
phosphorylation of hnRNPC2 is likely mediated by ERK kinase. Previous studies highlight the
high affinity of ERK kinase for proline-rich sequences!!>. Therefore, we checked that the amino
acids surrounding temporarily phosphorylated hnRNPC2 in a specific site: S115 (residues 112—

PSPSPLL-118) form such a proline-rich region, further supporting our findings.
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Figure 18: RAF/MEK/ERK signaling pathway mediates hnRNPC2-dependent IES. A) MEK inhibition
prevents IES. Jurkat cells were treated for 30 minutes with the indicated small molecule inhibitors,
followed by PMA stimulation for the indicated time points. Cells were harvested, and total RNA was
extracted. Top: representative graphs from radioactive, splicing-sensitive RT-PCR for RPL10 (left), elF5A
(center), and TRAF4 (right) (*-degraded product). Bottom: corresponding quantification (% IR; mean +
SD, n = 2). B) MEK inhibition prevents transient phosphorylation of hnRNPC2. Cells were treated for 30
minutes with either DMSO (left) or MEK inhibitor (MEK inh.; right) and then stimulated with PMA for
the indicated times. Cells were harvested, and total protein was analyzed for hnRNPC2
phosphorylation (data representative of n=3). hnRNPL serves as a loading control.

4.7.1ES is T cell specific

The RAF/MEK/ERK signaling cascade is widespread, present in nearly all cell types, such
as epithelial, neuronal, muscle, and immune cells, highlighting its diverse roles in various
cellular contexts>16, hnRNPC1/2 is also widely expressed3>44>0-3357 Thus, we hypothesized
that hnRNPC2-dependent IES is a broadly observed mechanism. To experimentally verify our
hypothesis, we stimulated the derivative human cell line HEK293 and the human immortalized
cell line Hela cells with PMA at different time intervals and examined IES and temporal
hnRNPC2 phosphorylation at the RNA and protein levels, respectively. Unexpectedly, we did
not detect a significant induction of IES in RPL10 (Fig. 19A) and elF5A (Fig. 19B) nor substantial
levels of phosphorylated hnRNPC2 upon PMA stimulation (Fig. 19C). However, when
conducting this experiment simultaneously with T cells of human and mouse origin (Jurkat and
EL4, respectively), we observed a significant induction of IR events among analyzed genes

after 30 minutes of PMA stimulation (Figs. 19A, B).



To date, we have found that hnRNPC2-controlled IES is likely specific to T cells. This
conclusion is further supported by experiments involving mouse neuronal (N2a) cells.
Stimulation of these cells with PMA for 0, 30 and 150 minutes did not alter the splicing
efficiency (the percentage of IR remained relatively constant) in RPL10 (Fig. 19D) and elF5A
(Fig. 19E). Similarly, alternative stimuli that induce N2a depolarization, such as KCl, also did

not affect splicing in the target genes (Figs. 19D, E).

Since IES appears to be T cell-specific, we tested whether other immune cells are
similarly affected. Therefore, we stimulated mouse macrophage RAW264.7 cells with PMA
and another stimulation reagent — lipopolysaccharide (LPS). We did not observe IES as seen in
Jurkat T cells upon 0, 15, 30 and 150 minutes of stimulation by any of the analyzed stimuli

(Figs. 19F, G).
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Figure 19: IES is T cell specific. A, B) Absence of IES in non-immune cells. HEK293, Hela, Jurkat and EL4
cells were stimulated in parallel by PMA for the indicated time points and chromatin-associated RNA
was investigated by radioactive, splicing-sensitive RT-PCR for RPL10 (A) and elF5A (B). Bottom:
quantification of gels (% IR; student’s unpaired t-test; mean + SD, n = 3, ns: non-significant, **p<0.01,
***p<0.001, ****p<0.0001). C) Absence of reversible hnRNPC phosphorylation in non-immune cells.
HEK293 (top) and Hela (bottom) cells were stimulated with PMA for the indicated time points and
protein lysates were investigated for hnRNPC2 phosphorylation. Data representative of n=3. hNRNPL
serves as a loading control. D, E) N2a cells were stimulated with either 20ng/ml of PMA (left) or 60mM
of KCI (right) for indicated times, chromatin-associated RNA was extracted, and radioactive, splicing-
sensitive RT-PCR was performed. Representative gels show increased intron retention (IR) in (D) RPL10,
(E) elF5A only after 30 min of PMA activation (-RT; without reverse transcriptase). Bottom:
quantification of gels (% IR; student’s unpaired t-test; mean £ SD, n = 3, ns: non-significant, *p<0.05).
F, G) RAW264.7 cells were stimulated with either 20ng/ml of PMA (left) or 0.1 pug/ml of LPS for the
indicated time. Analysis and quantification as in Figs. 19D, E (-RT; without reverse transcriptase).

73



4.8. IES is T and B cell specific

T cells, like B cells, originate from hematopoietic stem cells in the bone marrow. These
two classes of lymphocytes are vital components of the adaptive immune system, and their
interaction and cooperation at various levels are crucial for effective immune responses (Fig.
9). To test whether IES is T cell specific or more broadly applicable to lymphocytes, we used
different versions of human B cells — Raji and Ramos cells. We extracted chromatin-associated
RNA stimulated with PMA at 0, 30 and 150 minutes and performed radioactive, splicing-
sensitive RT-PCR. We observed a significant IR induction after 30 min of PMA stimulation in
both RPL10 and elF5A (Figs. 20A, B). Furthermore, by performing WB we confirmed the
temporal hnRNPC2 phosphorylation at 15, 30 and 90 minutes of PMA-stimulation in these

cells (Fig. 20C, D). Thus, these data indicate the IES specificity extends to both B and T cells.
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Figure 20: IES is B cell specific. A, B) Raji (A) and Ramos (B) B cells were stimulated with PMA in
indicated time points. Chromatin-associated RNA was investigated by radioactive, splicing-sensitive
RT-PCR for RPL10 (let) and elF5A (right). Bottom: quantification of gels (% IR; student’s unpaired t-test;
mean * SD, n = 3, ns: non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). C, D) Reversible
hnRNPC2 phosphorylation in C) Raji and D) Ramos cells was analyzed by Western Blot (top) and
quantified (bottom, hnRNPC2-P/hnRNPC1 ratio; student’s unpaired t-test; mean + SD, n = 3, ns: non-
significant, *p<0.05. ****p<0.0001). hnRNPL acting as a loading control.

75



4.9. PKCO is necessary for T and B cell specific hnRNPC2 phosphorylation and IES

To understand the mechanistic reasons behind the T and B cell specificity of hnRNPC2-
dependent IES, we considered additional kinases activated by PMA that could be involved in
this process. For instance, these kinases might initiate the priming phosphorylation of
hnRNPC2, which could then recruit the RAF/MEK/ERK signaling pathway to facilitate temporal
phosphorylation at S115 on hnRNPC2 and subsequent IES. Therefore, we hypothesized that
the PKC isoform PKCB might play a role in this mechanism. This kinase is highly expressed in T
cells and is pivotal during T cell activation by mediating signals from the T cell receptors (Fig.
11)738 We experimentally confirmed the high expression of PKCO in human Jurkat and mouse
EL4 cells by RT-gPCR (Fig. 21A, B). Furthermore, we found that PKCO is almost not detected in
HEK293, Hela and N2a, additionally supporting its role in mediating T cell specificity (Fig. 21A).
PKC8, as a promising candidate for IES regulation, was also examined in tested Raji and Ramos
B cells. However, in this case, we did not detect high expression of PKCB, suggesting the
involvement of different, independent mechanisms leading to hnRNPC2-dependent IES in B

cells (Fig. 21A).

First, we examined the consequences of pharmacological inhibition of PKCB. We
treated Jurkat T cells with a PKCO inhibitor for 30 minutes before harvesting and performed
radioactive RT-PCR and Western Blot analyses. Before treatment, cells were stimulated with
PMA at indicated time points (0, 15, 30, 90 and 240 minutes). PKCO inhibition completely
abolished the splicing switch observed under DMSO control conditions, indicating that PKCO
activity is required for this mechanism (Fig. 21C in RPL10 and D in elF5A). Consistently, we
observed a reduction in reversible hnRNPC2 phosphorylation in PKCO inhibitor-treated
samples after 15 and 30 minutes upon PMA stimulation, demonstrating its direct association
with this phosphorylation event (Fig. 21E). Furthermore, Western Blot analysis revealed that
PMA-induced ERK1/2 phosphorylation was unaffected by PKCO inhibitor treatment (Fig. 21F).
This indicated that, while PKCO inhibition reduces hnRNPC2 phosphorylation, it does not
impact ERK1/2 activity. The fact that the PKCO inhibitor did not affect ERK1/2 phosphorylation
suggests that the observed reduction in hnRNPC2 phosphorylation is not due to inhibition of
ERK1/2 but is instead a direct effect of the PKCO inhibitor. It is noteworthy that some residual

hnRNPC2 phosphorylation was still observed upon PKCB inhibitor treatment. Therefore, it is
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likely PKCO may cooperate with other components of the signaling pathways involved in

regulating hnRNPC2 activity.

To confirm our findings, we designed and ordered siRNA targeting PKCO. First, we
assessed the efficiency of PKCO knockdown by RT-gPCR. Although the siPKCB treatment
reduced PKCBO expression by only 50% (Fig. 21G), this reduction was sufficient to abolish IES in
both RPL10 (Fig. 21H) and elF5A (Fig. 211). Consistently, while stimulating Jurkat T cells by 15,
30 and 90 minutes with PMA, we also observed reduced hnRNPC2 phosphorylation in siPKCO
knockdown conditions (Fig. 21J). Thus, these results are consistent with our PKC8 inhibition
experiments. Together, these data demonstrate that PKCO activity is required for PMA-
induced hnRNPC2 phosphorylation and IES of RPL10 and elF5A, and likely other hnRNPC-

dependent IES targets.
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Figure 21. PKCO is required for T and B cell specific hnRNPC2 phosphorylation and IES A) PKCO
expression in human Jurkat T cells, HEK293, Hela, Raji and Ramos cells was analyzed by RT-gPCR.
MRNA expression is relative to hHPRT. PKCB is highly expressed in Jurkat cells and not expressed in
HEK293, Hela, Raji cells and barely expressed in Ramos cells. Statistical significance was determined
by unpaired t-tests and is indicated by asterisks, mean = SD, n = 3, **p<0.01, ****p<0.0001). B) PKCO
expression in mouse EL4 cells and N2a cells was analyzed and quantified as in 20A. PKCB is highly
expressed in EL4 cells and is barely expressed in N2a. C, D) PKCB inhibition abolishes IES. After Jurkat
T cells stimulation by PMA in indicated time points, PKCB inhibitor (left) or DMSO (right) were added
30 minutes before harvesting. Chromatin-associated RNA was investigated for RPL10 (C) and elF5A (D)

IES by radioactive, splicing-sensitive RT-PCR and quantified (bottom, %IR, mean + SD, n = 3, ns: non-
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significant, *p<0.05; **p<0.01). E) PKCBO inhibition reduces hnRNPC2 phosphorylation. After Jurkat T
cells stimulation by PMA in indicated time points, PKCO inhibitor (left) or DMSO (right) were added 30
min before harvesting. Protein lysates were investigated for phosphorylation of hnRNPC2 by Western
blot (top) and quantified (bottom) (hnRNPC2-P/hnRNPC1 ratio; mean + SD, n = 3, *p<0.05,
***p<0.001). F) Jurkat cells were PMA-stimulated with PKCO inhibitor or DMSO as in 21E. A
representative blot shows PKCO did not block ERK1/2 activation after PMA stimulation. hnRNPL serves
as a loading control, n = 3. G) Knockdown of PKCB by siRNA was investigated by RT-qPCR. mRNA
expression is relative to hHPRT. Statistical significance was determined as in 20A, B. H, 1) PKC6B
knockdown abolishes IES. Jurkat cells were treated with siRNA against PKCO and siCTRL. 48 hours post
transfection cells were stimulated with PMA, chromatin-associated RNA was investigated for RPL10
(H) and elF5A (1) IES by radioactive, splicing-sensitive RT-PCR. Bottom: Quantification of above data,
fold change normalized to siCTRL 0 min sample; mean + SD, n = 3, ns: non-significant, *p<0.05;
**p<0.01, ***p<0.001). J) PKCO knockdown reduces hnRNPC2 phosphorylation. Jurkat cells as in H, |
were analyzed by Western blot (top). hnRNPL serves as a loading control; Bottom: Quantification of
blots as above (hnRNPC2-P/hnRNPC1 ratio; mean + SD, n = 2).

4.10. Expression of PKCB in HEK293 or Hela cells is sufficient to induce IES in an hnRNPC2-
dependent manner

To confirm the role of PKCO in hnRNPC2-dependent IES, we investigated the effect of
ectopic PKCO overexpression on IES in HEK293 cells. Therefore, we subcloned PKCB into a
PFLAG vector and transfected this construct into HEK293 cells. As shown in Fig. 22A, the PKCO
overexpression was successful. We then assessed whether PKCO overexpression induces IES.
Remarkably, PKCO overexpression was sufficient to induce IES in RPL10 and elF5A. After 15,
30 and 150 minutes of PMA stimulation, HEK293 cells overexpressing PKCO recapitulated IES
pattern similar to those observed in Jurkat cells (Figs. 22B for RPL10, C for elF5A). To validate
our findings, we repeated the experiment in another cell line — Hela cells. Again, in this case,
we obtained very similar results; IES was increased while overexpressing PKCO (Figs. 22D for

RPL10, E for elF5A) upon 15, and 30 minutes of PMA stimulation.
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Figure 22. PKCO overexpression leads to an increase of IES in RPL10 and elF5A in an hnRNPC2-
dependent manner. A) HEK293 cells were transfected with either an overexpression vector for PKCO
and an empty FLAG vector as a control. After 48h, total protein was extracted. Western blot analysis
confirmed PKCO (anti-FLAG) overexpression, with GAPDH serving as a loading control. B, C) PKCO
overexpression induces IES in an hnRNPC2-dependent manner. HEK293 cells were transfected with
either the empty FLAG vector or the PKCB overexpression (OE) vector. After 48h, cells were stimulated
with PMA for the indicated time points (0, 15, 30 and 150 minutes) and chromatin-associated RNA was
investigated by radioactive, splicing-sensitive RT-PCR for IR in RPL10 (B) and elF5A (C). Autoradiographs
were quantified (bottom, % IR; mean £ SD, n = 3, ns: not significant; *p<0.05; **p<0.01). D, E) Analysis
as in B and C using Hela cells.
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4.11. Introduction of PKCB into AhnRNPC2 knockout cell lines abolishes IES

To demonstrate that the PKCB overexpression leads to IES through hnRNPC2, we used
CRISPR/Cas9 to remove the alternative 5’ splice site (Fig. 23A) responsible for generating
hnRNPC2, thereby creating HEK293 and Hela cells that express only the hnRNPC1 isoform.
First, we performed DNA genotyping to confirm the absence of the hnRNPC2 in CRISPR/Cas9-
edited HEK293 and Hela cells (Figs. 23B). We tested two pairs of guide RNAs designed using
the Benchling tool (see the “Method” section): #1+#3 or #2+#3. We observed several
promising, potentially positive clones only with the #2+#3 guide RNAs. (Fig. 23B). Then we
tested the expression of AhnRNPC2 knockout on both the RNA and protein levels using
radioactive, splicing-sensitive RT-PCR and Western Blot, respectively. These experiments
confirmed the generation of homozygous, positive AhnRNPC2 knockout clones (Fig. 23C, D).
Overexpression of PKCO in these knockout cells showed a complete lack of IES, confirming that
hnRNPC2 is required for IES and that PKCO acts through hnRNPC2 to induce IES upon PMA
stimulation in HEK293 (Figs. 23E). Furthermore, we stimulated CRISPR/Cas9-edited HEK293
cells and Hela cells with PMA at 15, 30, 90 and 240 minutes to assess whether the AhnRNPC2
knockout influences the amount of hnRNPC1. As expected, the band corresponding to
hnRNPC2 was absent in every well showing different time points of PMA stimulation.
Additionally, the amount of hnRNPC1 was not changed over time (Figs. 23F). Therefore, the
lack of hnRNPC2 does not reduce the synthesis of hnRNPC1 protein. Altogether, these findings

confirm that PKCB is involved in hnRNPC2-controlled IES in T cells upon their activation.
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Figure 23. CRISPR/Cas9- edited HEK293 and Hela cells abolishes IES induction upon PKCO
overexpression. A) Schematic view of the deletion of the hnRNPC2-generating 5’ splice site of exon 4
using CRISPR/Cas9. Scissors show the position of the sgRNAs. Created using BioRender.com. B)
HEK293_ WT and CRISPR/Cas9-edited HEK293 with a deletion of hnRNPC2 (AhnRNPC2) (left) were
harvested and DNA was extracted. Standard RT-PCR shows AhnRNPC2 knockout samples (three
independent positive clones and two independent controls). The same approach was used in Hela cells
shown on the right. C) HEK293_WT and CRISPR/Cas9-edited HEK293 with a deletion of hnRNPC2 (left)
were harvested and total protein was extracted. Western Blot confirms the deletion of hnRNPC2 as in
B. hnRNPL acts as a loading control. The same approach was used in Hela cells shown on the right. D).
One clone of HEK293_WT, HeLa_WT and CRISPR/Cas9-edited HEK293 and Hela cells with a deletion of
hnRNPC2 were harvested and RNA was extracted. Radioactive, splicing-sensitive RT-PCR confirms the
AhNRNPC2 knockout E) HEK293 cells with AhnRNPC2 knockout were transfected with an
overexpression vector for PKCO. After 48h, cells were stimulated with PMA for the indicated time
points (0, 15, 30 and 150 minutes) and chromatin-associated RNA was investigated by radioactive,
splicing-sensitive RT-PCR for IR in RPL10 (left) and elF5A (right). Autoradiographs were quantified
(bottom, % IR; mean + SD, n = 3, ns: not significant; *p<0.05; **p<0.01). F) Absence of hnRNPC2 and
no changed activity of hnRNPC1. CRISPR/Cas9-edited HEK293 (left) and Hela (right) cells were
stimulated with PMA for the indicated time points and protein lysates were investigated by Western
Blot. Data representative of n=3.
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4.12. hnRNPC2 knockout in HEK293 and Hela cells led to investigate novel changes in
gene expression and alternative splicing

To evaluate potential functional differences between hnRNPC1 and hnRNPC2, we
performed RNA-seq using generated CRISPR/Cas9 - edited HEK293 and Hela cells lacking the
hnRNPC2 isoform and compared these data to WT control HEK293 and Hela cells. As shown
in the Sashimi plots, we confirmed the generation of the hnRNPC2 knockout cell line (Fig. 24A).
The usage of A5SS in exon 4 of hnRNPC was observed only in WT conditions. A principal
component analysis of the investigated samples from HEK293 revealed two distinct clusters,
significantly differentiating between hnRNPC2 knockout and WT cell lines, with some
variations in the AhnRNPC2 conditions (Fig. 24B). A similar analysis was plotted to Hela cells,
in this dataset, with relatively high variations in WT control conditions (Fig. 24C). Based on the
RNA seq data, we identified 3744 differentially expressed genes between AhnRNPC2 knockout
and WT control conditions in HEK293 cells (54.8%) and 2211 differentially expressed genes in
Hela cells (32.4%) (Fig. 24D). Interestingly, 878 genes were differently expressed in both
conditions across the two analyzed cell lines, suggesting specific responses depending on the
absence of hnRNPC2 isoform (Fig. 24D). Of these, 338 genes were downregulated in both
AhnNRNPC2 cell lines, 315 genes were upregulated, and the remaining 225 genes showed
varying expression patterns, either up- or down-regulated (Fig. 24D). Furthermore, we
analyzed different types of alternative splicing events in AhrnRNPC2 and WT control conditions.
The significant types of AS included exon skipping (SE), intron retention (IR) and the usage of
alternative 3’ splice site (A3SS). As depicted in the Venn diagram in Fig. 24E, we found 109
splicing changes shared between AhnRNPC2 and WT control conditions in both cell lines. Of
these 109 splicing changes, 92 were skipped exons, 9 were A3SS, and 8 were retained introns

(Fig. 24E). The analysis of RNA-seq was performed by Dr. Bruna Los and Dr. Marco Preuf3ner.
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Figure 24: RNA-seq analysis of WT and AhnRNPC2 conditions in HEK293 and Hela cells. A) Sashimi
plots of hnRNPC2 knockout in HEK293 and Hela cells. Sashimi plots were generated using the IGV
browser. The alternative 5’ splice site was used only in WT conditions. B, C) Principal component
analysis of the investigated samples of AhnRNPC2 and WT control conditions in HEK293 cells (B) and
Hela cells (C). D) Venn diagram showing differentially expressed genes between AhnRNPC2 and WT
control conditions in HEK293 cells and Hela cells. 878 genes were shared in AhnRNPC2 HEK293 and
Hela cells. Genes were considered differentially expressed if Padj < 0.001 and absolute log2FC > 0.8
(or £ -0.8) between two conditions. E) Venn diagram showing different splicing patterns between
AhnRNPC2 and WT control conditions in HEK293 cells and Hela cells. 109 types of AS were shared in
AhnRNPC2 HEK293 and Hela cells, including 92 skipped exons (SE), 9 A3SS and 8 retained introns (IR).

To validate our RNA-seq data, we chose genes significantly upregulated and
downregulated in AhnRNPC2 knockout conditions (genes are depicted in Volcano plots in Fig.
25A, B) in both HEK293 and Hela cells, ordered primers binding specifically to their mRNAs
and performed RT-qPCR. Significantly downregulated genes under AhnRNPC2 knockout
conditions were EPDR1, MAGEA2, CSAG and TCEAL3. In contrast, genes HPGD, MSRA, RPL36L
and RBM3 acted as upregulated genes in AhnRNPC2 knockout cells. Remarkably, all
downregulated target genes in two independent AhnRNPC2 knockout HEK293 cells showed a
similar gene expression pattern to that seen in the RNA-seq data (except TCEAL3 gene, Fig.
25C). This result was supported using another AhLnRNPC2 knockout Hela cells, which shows
the same effect as in CRISPR/Cas9-edited HEK293 cell line (Fig. 25D). Similarly, target genes

showing upregulation upon AhnRNPC2 knockout were also observed in RT-qPCR (except HPGD
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gene) in HEK293 (Fig. 25E) and Hela (Fig. 25F) cells, in consistency to data from RNA-seq. Thus,

most of these genes show the expected pattern of expression as predicted by RNA seq data.

Furthermore, to validate the identified splicing patterns, we performed radioactive,
splicing-sensitive RT-PCR. Since most of the IEGs are expressed in neurons, playing roles in
regulation of synaptic activity, neuronal development and learning processes'1%114113,130 e
focused on determining AS changes among genes involved in neuronal development
(including HAUS2, DAP3 and DPH7). In all three cases, we observed skipped exons upon

AhnRNPC2 knockout conditions in HEK293 cells (Fig. 25G).

Nevertheless, it is worth noting that our results using AhLnRNPC2 knockout HEK293 and
Hela cells should be interpreted with caution due to the relatively high variance across
replicates used for RNA-seq analysis, especially in the HeLa_WT samples. The high variability
between the WT samples suggests a lack of a reliable reference point for comparing changes
in gene expression and AS events resulting from the knockout of hnRNPC2. Furthermore, it is
worth considering the possible clonal artifacts that arise from the selection of single cells
during generating CRISPR/Cas9-edited cell lines. Such cells may exhibit variations in gene

expression due to mutations or genomic rearrangements.
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Figure 25: Validation of the RNA-seq of WT and AhnRNPC2 conditions in HEK293 and Hela cells. A,
B) Volcano plots show the most significant up and down-regulated genes upon hnRNPC2A knockout in
A) HEK293 and B) Hela cells. C, D) Validation of the selected downregulated genes by RT-qPCR
expressed in C) HEK293 cells and D) Hela cells (mean + SD, n = 3, unpaired t-tests, ns: not significant;
*p<0.05; **p<0.01, ***p < 0.001, ****p < 0.0001). E, F) Validation of the selected upregulated genes
by RT-qPCR expressed in E) HEK293 cells and F) Hela cells. (mean + SD, n = 3, unpaired t-tests, ns: not
significant; *p<0.05; **p<0.01, ***p < 0.001, ****p < 0.0001). G) Validation of the exon skipping in
left: HAUS2, center: DAP3, and right: DPH7 upon AhnRNPC2 knockout done by radioactive, splicing-
sensitive RT-PCR. Top: representative gels confirming exon skipping in response to AhnRNPC2
knockout (DPH7 gene shows triplicate samples), bottom: corresponding quantifications (PSI% SE:
percent spliced-in of skipped exons; mean = SD, n=3, unpaired t-tests, *p<0.05; **p<0.01, ***p <
0.001, ****p < 0.0001).
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4.13. MO-induced hnRNPC2 did not show changes on alternative splicing and gene
expression between hnRNPC1 and hnRNPC2.

To confirm our RNA sequencing data from CRISPR/Cas9-edited HEK293 and Hela cells
lacking the hnRNPC2 isoform, we conducted another RNA sequencing experiment. This time,
we used splice-site blocking morpholinos (MOs) targeting the proximal 5' splice site (5'SS) in
exon 4 of hnRNPC, leading to the increase of hnRNPC2 expression. The same hnRNPC2-
inducing MO was employed, as previously shown in Fig. 15. The goal of this approach was to
replicate our previous findings in the reverse scenario: while we had removed hnRNPC2 in
cells using the CRISPR/Cas9 method, here we induced the expression of hnRNPC2 using the
splice-site blocking MO. Both the hnRNPC2-inducing MO and CTRL_MO were transfected into
HEK293 and Hela cells. Radioactive, splicing-sensitive RT-PCR revealed that the MO treatment
led to an increase in hnRNPC2 production in HEK293 (Fig. 26A) and Hela cells (Fig. 26B). Based
on RNA-seq analysis that was performed by PhD student Luiza Zuvanov and Dr. Marco
PreulRner (Prof. Florian Heyd’s lab), we observed negligible effects on AS or gene expression

in both tested cell lines (data not shown).

We investigated the effect of hnRNPC2-indcing MO expression using RT-qPCRs. We
selected four down (EPDR1, MAGEA2, CSAG and TCEAL3) and upregulated (HPGD, MSRA,
RPL36L and RBM3) genes identified upon hnRNPC2 knockout in both CRISPR/Cas9-edited
HEK293 and Hela cells as shown in the Volcano plots (Fig. 25A, B). The hnRNPC2-inducing MO
and control MO were used as a rescue approach. We hypothesized that hnRNPC2 MO
treatment would lead to the upregulation of genes that were downregulated in hnRNPC2
knockout conditions, and the downregulation of genes that were upregulated in the hnRNPC2
knockout. However, we did not observe significant changes in the expression of AhnRNPC2
knockout-downregulated genes upon hnRNPC2 MO treatment in HEK293 (Fig 26C; except
EPDR1 gene) and Hela cells (Fig. 26D, except EPDR1 gene). Similarly, there were no significant
changes observed among AhnRNPC2 knockout-upregulated genes (Fig. 26E for HEK293 and
26F for Hela cells). This data suggests that the hnRNPC1 and hnRNPC2 isoforms appear to
fulfill similar and redundant functions. While hnRNPC2 may indirectly influence the expression
or splicing of target genes, further investigation is required to fully understand this
mechanism. Based on our study, we conclude that the functional differences between
hnRNPC1 and hnRNPC2 become only apparent upon hnRNPC2-specific phosphorylation,

which reduces binding to selected RNAs and controls AS. Further research into the specific
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pathways and targets affected by hnRNPC2 phosphorylation could provide deeper insights into its role

in RNA regulation.
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Figure 26: Rescue experiments with hnRNPC2-induced MO revealed no direct functional differences
between hnRNPC1 and hnRNPC2. A, B) HEK293 (A) and Hela (B) cells were transfected with hnRNPC2-
inducing MO (hnRNPC2 MO) or control MO (CTRL MO). Cells were harvested and total RNA was
extracted. Left: The efficiency of hnRNPC2 MO was analyzed by radioactive, splicing-sensitive PCR (gels
show triplicate samples) and quantified (right, fold change, rel. to CTRL_MO, student’s unpaired t-test,
mean * SD, n = 3, ¥**p<0.001, ****p<0.0001). C, D) Validation of gene expression upon hnRNPC2-
inducing MO (C2_MO) in HEK293 (C) and Hela (D) cells. These data represent genes downregulated
upon AhnRNPC2 knockout conditions (fold change, rel. to CTRL_MO, student’s unpaired t-test, mean
+ SD, n = 3, ns: non-significant, *p<0.05). E, F) Validation of gene expression upon hnRNPC2-inducing
MO (C2_MO) in HEK293 (E) and Hela (F) cells. These data represent genes upregulated upon
AhnRNPC2 knockout conditions. Quantification as in C, D.
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4.14. Phosphorylation of hnRNPC2 is required to induce IES

To further validate that phosphorylation of hnRNPC2 is required to induce IES, we
mutated potential phosphorylation sites in hnRNPC2, including S115 (Fig. 27A) to alanine,
creating non-phosphorylatable version of hnRNPC2. Additionally, two tyrosine residues
located in close proximity to the amino acid fragment unique to hnRNPC2 isoforms were
mutated to alanine. The cloning of the two hnRNPC2 versions into the pFLAG vector was
performed by Dr. Debojit Bose. We co-expressed PKCO along with either WT or mutant
hnRNPC2 in HEK293 cells and assayed for IES after 0, 15, 30 and 150 minutes of PMA
stimulation. As expected, we observed significantly stronger IES in RPL10 and elF5A upon 15
and 30 minutes upon PMA stimulation when expressing WT hnRNPC2 compared to the non-
phosphorylatable version (Figs. 27B, C). Additionally, these results confirm that a specific
phosphorylation site S115 in hnRNPC2 is responsible for observed IR events. We obtained
similar results in Hela cells, further validating the hypothesis that phosphorylation of hnRNPC2
is required to mediate IES (Figs, 27D, E). As shown in Western Blot, we observed hnRNPC2
phosphorylation upon introducing hnRNPC_WT into HEK293 cells, even in non-stimulated
samples (0 min time point), with phosphorylation levels further increased after PKCO
overexpression. Furthermore, the band for phosphorylated hnRNPC2 disappeared in samples
with the mutated versions of hnRNPC2, regardless of the time frame of PMA stimulation used
(Fig. 27F). These data provide evidence that PKCO likely mediates IES through the
phosphorylation of S115 on hnRNPC2.
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Figure 27: Phosphorylation of hnRNPC2 is required to induce IES. A) Alignment of hnRNPC1, hnRNPC2
and a non-phosphorylatable version of hnRNCP2. All potential phosphorylation sites in hnRNPC2,
including S115 and some surrounding residues in hnRNPC1 were mutated. Mutated residues are
highlighted in red. B, C) PKCB-induced IES depends on hnRNPC2 phosphorylation. HEK293 cells were
co-transfected with PKCB and either hnRNPC2_WT or the nonphosphorylatable version.
Representative gels of radioactive, splicing-sensitive RT-PCR (B) RPL10 and C) elF5A. Bottom:
corresponding quantifications, %IR; student’s unpaired t-test; mean £ SD, n = 3, ns: non-significant,
**p<0.01, ***p<0.001). D, E) Experiments as in B, C using Hela cells. F) PKCO OE increases hnRNPC2
phosphorylation. HEK293 cells were co-transfected with PKCOB and either hnRNPC2_WT or the
nonphosphorylatable version. After 48 hours of transfection, cells were stimulated with indicated time
points, total protein was extracted, and Western Blot was performed. Representative graph (mean +
SD, n =3).

4.15. hnRNPC plays role in de novo protein synthesis early after T cell activation

To explore the functionality of IES, we considered, based on GO term enrichment, a
potential role in globally regulating translation efficiency upon T cell activation (Fig. 12G). As
we observed IES in pre-mRNAs encoding components of the translation machinery, we
suggested that IES may be involved in controlling de novo protein synthesis immediately after
T cell activation. We first assessed de novo translation at different time points (from 0 to 24
hours) after PMA stimulation of Jurkat cells using both incorporation of puromycin followed
by detection with an anti-puromycin antibody (a WB-SuNSET assay) and 3°S-methionine
incorporation followed by autoradiography. These experiments revealed that the rate of
translation is downregulated between the first 1h to 4h post-stimulation, then returns to (or
slightly above) base line levels after 8 hours, and increases to a maximum level after 16 hours
and 24 hours post stimulation (Figs. 28A, B). This data is consistent with previous studies
showing that most changes in protein synthesis occur at later time points post-stimulation,
while early-stage proteomic changes are processed, for instance, by altering the
phosphorylation status of existing proteins 1?6, The reduction of de novo protein synthesis is
in line with the timeframe of hnRNPC2-controlled IES. To link these two phenomena, we
downregulated hnRNPC using siRNA. In hnRNPC knockdown conditions, the initial reduction
of translation upon PMA stimulation of Jurkat T cells was abolished (Fig. 28A, B), suggesting
that hnRNPC-dependent IES may be involved in adjusting the efficiency of translation at early

stages of T cell activation.

To further identify that the hnRNPC2 isoform is involved in controlling de novo
translation, we used hnRNPC2-inducing MO that we used in previous experiments (Figs. 15,
26). With hnRNPC2- inducing MO we proved that hnRNPC2 isoform facilitates the

accumulation of IES variants (Fig. 15). Based on a WB-SUNSET experiment, we observed an
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even stronger reduction in de novo protein synthesis in Jurkat T cells with induced hnRNPC2
expression compared to control conditions, proving the involvement of the hnRNPC2 isoform

in controlling translation upon early stages of T cell activation (Fig. 28C).
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Figure 28: hnRNPC-mediated IES reduces global translation at early stages of T cell activation. A) De
novo translation in Jurkat cells after PMA activation under control and hnRNPC knockdown conditions
at the indicated time points. Cells were treated with 10 ug/ml of puromycin 10 minutes before
harvesting. Total protein was extracted, and WB-SUnSET was performed. Upper panel: triplicate gels
from the indicated time points showing decreased global translation at the early stages of T cell
activation (Oh vs. 2h/4h) only in siCTRL-electroporated cells. Cycloheximide was added 1 hour before
harvesting as a control of treatment. -PUR — no puromycin treatment. hnRNPL serves as a loading
control. Lower panel: Quantification of analysis from samples as shown on the left (fold change rel. to
0Oh; mean £ SD, n = 3, ¥*p<0.05, ** - p<0.01). B) De novo translation in Jurkat cells after PMA activation
in control and hnRNPC knockdown conditions at the indicated time points, analyzed using 3S-Met
incorporation. Upper gels show Coomassie-loading control for analyses, bottom gels show
autoradiographs (representative gels). Bottom: Quantification of analysis from samples as shown
below (n =3, mean +/- SD). This experiment was performed by Dr. Debojit Bose. C) De novo translation
in Jurkat cells after PMA activation in hnRNPC2- inducing MO (C2 MO) and CTRL MO conditions at the
indicated time points. Cells were treated as in A. Upper panel: triplicate gels from the indicated time
points showing decreased global translation at the early stages of T cell activation (Oh vs. 2h) in C2 MO-
electroporated cells. Lower panel (right): Quantification of analysis from samples as shown above and,
on the left, (fold change rel. to Oh; mean + SD, n = 3, *p<0.05, **p<0.01).

4.16. Intron-containing elF5A reaches the cytoplasm for a short period during the early
stages of T cell activation

We have identified a likely association between hnRNPC2-dependent IES and the regulation
of de novo protein synthesis after T cell activation. First, we examined the consequences of
retained introns in our target genes. We speculated that even a single protein coding IES
isoform could directly control translation. This association may be amplified by the cumulative
action of different IEGs containing retained introns during T cell activation. We selected elF5A
IR variant, as the retained intron lacks a stop codon that could target the mRNA to degradation
pathways (Fig. 29A), unlike other analyzed target genes such as RPL10 and TRAF4 (Fig. 29B).
The IES results in a different protein isoform containing 32 additional amino acids, which we
termed elF5A_IR. First, we addressed whether elF5A_IR reaches the cytoplasm. Therefore, we
stimulated Jurkat T cells with PMA at various time points (0, 15, 30, 60, 90, and 150 minutes)
to determine if and when the IES product appears in the cytoplasmic RNA fraction. Cells were
harvested, and cytoplasmic RNA was extracted. Upon analyzing cytoplasmic RNA, we detected
the elF5A_IR variant, confirming its export from the nucleus within a short time frame, with
the highest peak observed 30 minutes after PMA stimulation (Fig. 29C). To validate these
findings, we used splice-site blocking MOs, which bind complementary to intronic sequences
and intron-exon boundaries, inducing retention of the targeted intron. We confirmed the
increase of elF5A IR by introducing an intron-inducing elF5A_MO into Jurkat T cells and

performing radioactive, splicing-sensitive RT-PCR (Fig. 29D). Under these conditions, by
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analyzing only the cytoplasmic RNA, we verified the presence of the intron-containing elF5A
isoform in the cytoplasm (Fig. 29E). As in this case, we detected both the endogenously
occurring elF5A_IR in the cytoplasm as well as experimentally induced IR by using elF5A_MO,
we observed even more mRNA exported to the cytoplasm. These findings collectively suggest
that the intron-containing elF5A is rapidly transported to the cytoplasm early during T cell
activation, with significant cytoplasmic accumulation occurring as early as 15 to 30 minutes

post-activation.
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Figure 29: Individual IES products containing retained introns reach the cytoplasm during T cell
activation. A) Schematic representation of elF5A pre-mRNA with (elF5A_IR) and without retained
intron (elFSA_WT). Green boxes represent exons, dashed lines represent introns. Red connecting line
represents the IES event. Created with BioRender.com. B) Scheme as in A. Due to the presence of a
PTC, IR likely induces NMD. C) Intron-containing elF5A is exported to the cytoplasm. Jurkat cells were
PMA-stimulated at the indicated time points and cytoplasmic RNA was extracted. Top: representative
gel from radioactive, splicing-sensitive PCR showing IR events in cytoplasm after T cell activation.
Bottom: corresponding quantification (%IR, mean = SD). D) Jurkat cells were electroporated with either
elF5A_IR MO to induce intron retention or control MO for 48 hours. Cells were harvested and total
RNA was extracted. Additionally, non-transfected cells were used as a negative control. Top: the
efficiency of elF5A_IR MO was analyzed by radioactive, splicing-sensitive PCR and quantified (bottom,
% IR; student’s unpaired t-test; mean + SD, n = 3, ***p<0.001, ****p<0.0001). E) Jurkat cells were
electroporated with either elF5A IR MO or CTRL MO as in D. Top: gel from radioactive, splicing-
sensitive PCR showing IR events in cytoplasm after T cell activation. Gel shows triplicate samples.
Bottom: corresponding quantification (% IR; student’s unpaired t-test; mean = SD, n = 3,
***%H<0.0001).
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4.17. Intron-containing elF5A is involved in controlling the translation efficiency at early
stages of T cell activation

To investigate the link between intron-containing elF5A and the regulation of global
translation, we first inserted a designed construct of elF5A_IR into a pFLAG expression vector
and transfected it into HEK293 cells. Additionally, we transfected WT construct of elF5A
lacking the retained intron. We performed WB and confirmed the successful introduction of
both constructs into HEK293 cells (Fig 30A). We then used WB-SuNSET to address the direct
impact of IES products on de novo protein synthesis. Overexpression of the elF5A WT in
HEK293 cells had no significant effect compared to the empty vector control. However,
overexpression of the IES variant - elF5A_IR - significantly decreased de novo protein synthesis
(Fig. 30B). This result demonstrates that even a single IES variant, when overexpressed, can
profoundly impact global de novo translation. To confirm these findings, we used elF5A_MO
to induce elF5A intron retention in Jurkat T cells (as shown in Fig. 29D). WB-SuNSET showed
reduced de novo protein synthesis in cells with increased elF5A intron retention (Fig. 30C),
with the reduction being more pronounced than with the introduction of the elF5A_IR
construct. Together, our data revealed that altering IES in a single event can globally control
translation efficiency. We propose that the accumulating effect of several or many smaller IES
changes in components of the translation machinery will have a similar overall effect, either
by creating inhibiting protein variants (elF5A) or by reducing the amount of expressed protein
through inclusion of PTCs (as in RPL10, Fig. 29B). These findings support a model in which a
coordinated IES switch, controlled by hnRNPC2, targets the translation machinery to

transiently reduce de novo protein synthesis during the early hours after T cell activation.
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Figure 30: Intron-containing elF5A reduces global de novo protein synthesis. A) HEK293 cells were
transfected with elF5A expression constructs (WT and IR). After 48hours, cells were harvested, and
total protein was extracted. Western blot confirms overexpression with hnRNPL as a loading control.
B) elF5A_IR inhibits translation. HEK293 cells overexpressing elF5A WT or IR variants for 48 hours were
treated with 10ug/ml of puromycin 10 minutes before harvesting. Total protein was extracted. Left: A
representative blot of the WB-SUNSET experiment. Cycloheximide (+ CHX) was added 1 hour before
harvesting as a control. -PUR — no puromycin treatment. hnRNPL serves as a loading control. Right:
Triplicate samples from the left. Bottom: Corresponding quantification (fold change normalized to
empty vector; mean = SD, n = 3, **p<0.01). C) Jurkat cells were electroporated with either elF5A_IR
MO to induce intron retention or control MO for 48 hours. WB-SUNnSET was performed as in B. Top: A
representative blot shows decreased global translation in Jurkat cells with electroporated elF5A IR
MO. Bottom: Corresponding quantification; fold change normalized to CTRL MO; mean + SD, n = 3,
*p<0.05).
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5. Discussion

The mechanism and functionality of immediate early genes (IEGs) have been analyzed
for decades, and their essential role in establishing cellular responses to diverse stimuli is well
established. Here, we demonstrated that one of the major signaling cascades controlling IEGs,
MEK-ERK signaling, also targets splicing machinery. The response is a fast and transient
splicing switch, independent of de novo protein synthesis, which we therefore termed
immediate early splicing (IES). It has been commonly assumed that alternative splicing allows
for a very rapid adaptation of the transcriptome in response to changes in the cellular
environment. However, an immediate change in the splicing program and its ensuing

functionality has remained unexplored.

5.1. The concept of immediate early splicing after PMA stimulation of T cells
5.1.1. Intron retention events

A substantial body of evidence supports the close coupling of splicing and
transcription. Most alternative splicing events are linked to the progression of RNA Pol Il.
While the transcript is being spliced, it remains bound to RNA Pol Il until it reaches the poly-A
signal, at which point transcription stops, and the spliced mRNA is released from the
chromatin %. However, several studies have demonstrated that splicing kinetics can vary for
individual introns, with some introns undergoing slower processing and being spliced post-
transcriptionally’®. The goal of this project was to measure the efficiency and dynamics of co-
transcriptional (alternative) splicing of nascent RNA immediate early splicing (IES). We aimed
to determine whether this mechanism varies across three different time points (0, 30, and 150
minutes). To characterize the mechanistic basis and functionality of IES, we used Jurkat T cells
stimulated with PMA as our research model. Detecting IES was only possible through RNA
sequencing of chromatin-associated RNA, mimicking nascent RNA. Our bioinformatic analysis
and subsequent validation revealed that the alternative splicing differs between 0 and 30
minutes, as well as between 30- and 150-minutes following PMA stimulation of Jurkat T cells.
In contrast, co-transcriptional alternative splicing was similar between 0 and 150 minutes (Fig.
12). The changes in splicing patterns were 1) rapid, 2) transient, and 3) independent of de novo
protein synthesis. These three criteria are required to categorize these AS modifications as
IES. Interestingly, among all types of AS analyzed, the majority of splicing patterns were intron

retention events (Figs 12 and 13). This type of AS is less frequently observed in human and
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mouse muscle and embryonic stem cells, but is highly present in neural, adipose and immune

cells13?

. IR contributes to the plasticity of the transcriptome and the regulation of gene
expression, also those encoding ribosomal proteins!32. It plays a role in cell development and
differentiation and in response to cellular stress'33. For instance, Ni et al., demonstrated that
IR is prevalent in resting CDa+ T cells and dramatically decreases upon cell activation.
Interestingly, they found that intron-retained transcripts are less stable, implying a potential

linkage between IR and RNA degradation during T cell activation!34,

5.1.2. Consequences of intron-containing transcripts

Several sequencing studies have identified the presence of introns in 5-10% of fully
transcribed RNAs'3>. A minor fraction of these IR events generates alternative transcripts
where the intron-containing mRNAs code for distinct protein isoforms. In many cases, intron-
containing transcripts carry premature termination codons (PTCs) as seen in RPL10 or TRAF4
— Fig. 29B), which likely triggers the degradation in the cytoplasm via non-sense-mediated
decay (NMD). In contrast, when the retained intron is in frame of the gene, such as in elF5A
(Fig. 29A), the transcript is exported to the cytoplasm (Fig. 29C) and leads to the production
of different protein isoforms. Another scenario involves detained intron (DI) transcripts, which
remain in the nucleus rather than being exported to the cytoplasm. These DI transcripts are
insensitive to NMD and can have half-lives exceeding an hour’?. DI-containing transcripts may
later be spliced to produce fully spliced mRNAs for nuclear export or be degraded in the
nucleus by the exosome (Fig. 31). Recent studies have highlighted IR as a mechanism for
regulating transcriptome dynamics, where certain intron-containing transcripts are
intentionally retained in the nucleus for extended periods?”/131.133.136 Therefore, IR events act
to fine-tune mMRNA levels by enabling their release into the cytosol upon signal-induced

splicing completion.

Our study raises the open question of the fate of intron-containing transcripts after 30
minutes of Jurkat T cell activation. To experimentally address this question, we can track the
processing of nascent RNA. One approach involves incorporating biotin into newly synthesized
RNA, which can then be captured using streptavidin-based methods. It can be experimentally
mediated by biotin-labeling of nucleotides added to nascent RNA by RNA Pol Il 37 Qur
experiments revealed that intron-containing elF5A is exported to the cytoplasm upon T cell

activation, with the highest peak occurring 30 minutes post-stimulation (Fig. 29C). However,
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by biotinylating nascent RNA from T cells stimulated with PMA at different time points, we
can determine the fate of intron-containing transcripts — whether they are degraded, spliced
out later or translated (as in the case of IES product — elF5A_IR). Furthermore, this approach
will allow us to characterize the localization of these transcripts in different cellular

compartments at various stages of T cell activation.
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Figure 31. Two types of intron-containing transcripts. Retained introns can be exported to the
cytoplasm, where they either undergo degradation via NMD, if they contain PTC, or they contribute to
the synthesis of novel protein isoform. In contrast, detained introns remain in the nucleus, where they
are either further spliced to produce fully spliced mRNAs for export or degraded by the exosome.
Adapted from*%%. Created using Biorender.com

5.1.3. Intron length

Interestingly, we found that most of the retained introns were short, each having fewer
than 100 nucleotides (Figs. 12, 13). This suggests that intron length may be a feature
influencing the retention/detention in IEGs. This hypothesis could be further tested in future
studies using minigene experiments to increase the length of these introns. It is already known
that intron length affects the splicing efficiency, with introns shorter than 80 nts displaying a
higher likelihood of reduced splicing efficiency!3°. The genome architecture influences how
the spliceosome machinery binds to RNA. The minimal distance between 5'SS and BP is

estimated to be 50nts; this length is required for efficient spliccosome assembly. Thus far, the
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shortest naturally occurring intron with demonstrated efficient splicing is 43nts, found in the

human ESRP2 gene, encoding a splicing factor involved in splicing in epithelial cells 14°.

Short introns are more commonly observed in the genomes of lower eukaryotes,
where 87% of introns are shorter than 250nts. Intron length is the crucial factor to determine
whether splice site recognition occurs across the intron or exon. Splice-site recognition across
the intron, referred to as intron definition involves the spliceosome recognizing the splice sites
within the intron. This process enhances the inclusion of exons, even when they have weak
splice sites. Intron definition diminishes when intron size reaches a threshold length of >250
nts - However, in the human genome, the vast majority of splice sites are recognized across
the exon due to the presence of longer flanking introns!4°. Although the close proximity of
splicing signals in short introns poses a challenge for the spliceosome, several studies have
identified specific factors involved in recognizing short introns. For instance, Keiper et al,
demonstrated that the splicing of short introns is controlled by two proteins, Smul and RED,
which are involved in assembly of spliceosomal B complex assembly!*2. Silencing these
proteins led to an increased intron retention rate. It is likely that during T cell activation,
phosphorylated hnRNPC2, as other splicing factors including Smul and RED, play role in
coordinating the fidelity of intron-defined splicing. hnRNPC2 may interact with intron-defined
splicing machinery to modulate intron retention and ensure precise regulation of IES during

immune response.

5.2. Immediate early splicing among target genes

Our GO term enrichment analysis revealed that retained introns after 30 minutes of
PMA stimulation of Jurkat T cells were predominantly observed in genes involved in different
steps of translation (Fig. 12G). This finding suggests that IES plays a role in regulating
translation efficiency at early stages of T cell activation. We validated the retention of introns
in several IEGs including those encoding ribosomal proteins (such as RPL10, RPL13, RPL7A), an
RNA helicase — DDX39A, regulators of protein degradation (such as USP11, UBXN1),
translation factor — elF5A and regulator of protein translation — TRAF4 (Fig. 13). Many of these
pre-mRNA with retained introns contain PTCs, altering the ORFs, that might thereby target
these transcripts for degradation. However, IR event in e/F5A leads to the production of

different protein isoform (Figs. 29 and 30).
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5.2.1. Ribosomal proteins RPL

Components of ribosomal proteins RPL, including RPL10, RPL13 and RPL7A occupy
neighboring positions in the 60S large subunit (LSU) of the ribosome. These proteins, along
with 77 other ribosomal proteins and four ribosomal RNAs (rRNAs), are assembled to form a
fully structured ribosome. Ribosomal proteins are composed of globular, surface-exposed
RNA-binding domain that interacts with the rRNA core to stabilize the ribosome structure.
Hence, they are involved in ribosome biogenesis and maintaining functional fidelity, acting as
sensors of ribosomal activity'*3. The incorporation of RPL10 into the LSU is the final step in
ribosome maturation. Without RPL10, the LSU is unable to bind to 40S small subunit (SSU) of
the ribosome (SSU), preventing the formation of a functional ribosome %, IR in these genes
could reduce the levels of functional proteins, impacting ribosome assembly and function. This
could thereby result in a global decrease in protein synthesis, particularly affecting proteins
critical for the immune response. This RPL10 deficiency could also slow down lymphocyte

growth and effective proliferation, impairing cytokine secretion and cytotoxic activity.

5.2.2. TRAF4

TRAF4 (TNF receptor associated factor) plays a role in signaling pathways that govern
inflammation, immunity, and cell survival. It interacts with signaling molecules involved in
modulating translation efficiency. For instance, TRAF4 binds to phosphatidylinositol
phosphate (PIP) lipids on cell membranes, which may facilitate the PIsK kinase recruitment
and the activation of downstream AKT/mTOR and ERK1/2 pathways. These two signaling
cascades are involved in T cell growth and proliferation*>. Furthermore, TRAF4 has been
shown to increase NF-kB activation triggered by the glucocorticoid-induced TNF receptor,
which is highly expressed in T cells, B cells and macrophages®. Preliminary data also indicated
that TRAF4 promotes the JNK kinase activation, through the oligomerization of its
intermediate factor — MEKK4'%¢, These findings suggest that TRAF4 may influence translation
indirectly by affecting the stability and activity of translation-related factors. IR in TRAF4 can
lead to reduced levels of functional protein, impairing all mentioned-above signaling pathways
involved in immune response. This can result in defective T cell activation, reduced cytokine

production, impaired immune cell migration, and a weakened immune response.
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5.2.3. Eukaryotic initiation factor 5a — elF5A

Our analysis revealed that the IES product - elF5A IR does not contain a PTC,
preventing its degradation. The retained intron leads to the production of a different protein
isoform with additional 32 aa (Fig. 29A). The IES product was shown to be exported to the
cytoplasm, as demonstrated by radioactive, splicing-sensitive RT-PCR, reflecting the
endogenous conditions (Fig. 29C), and by using morpholinos that induce IR events in this

mRNA (Fig. 29E).

elF5A (eukaryotic initiation factor 5a) is a small (154aa) and ubiquitous protein highly
conserved across eukaryotes. Its characteristic feature is a high abundance; there are more
than 273 000 copies of elF5A per cell, which is almost twice the number of ribosomes!#’. This
high abundance can be explained by its crucial function during the elongation phase of protein
synthesis. elF5A accelerates peptidyl transfer at most sequences, especially those that are
difficult to synthesize, such as consecutive proline codons (PPP), polyproline motifs, glycine
residues, and charged amino acids. Furthermore, elF5A stimulates the stabilization and
hydrolysis of peptidyl-tRNA during translation termination#é. A distinctive feature of elF5A is
a unique post-translational modification — hypusination. This modification involves the
addition of conserved lysine residue (Ne-(4-amino-2-hydroxybutyl) lysine in Lys50 in humans)
through the action of two enzymes: deoxyhypusine synthase (DHPS) and deoxyhypusine
hydroxylase (DOHH). Hypusination allows for stronger and more efficient interaction of elF5A
with the ribosome. elF5A localizes near the P-site tRNA, overlapping the E-site. More
specifically, elF5A prevents ribosome stalling at difficult-to-synthesize sequences by
projecting the hypusine-containing domain toward the P-site to facilitate the transfer of the
nascent chain from P-tRNA to A-tRNA!8. Furthermore, elF5A can be localized in the
endoplasmic reticulum (ER), where it is associated with ribosomes bound to the ER
membrane, and it seems to facilitate the co-translational translocation of certain proteins into
the ER, such as collagen'#. Several studies also indicated its involvement in operating the
transport of newly generated mRNAs from the nucleus to the cytoplasm to maintain the
balance of MRNA recruitment to the ribosome for translation and degradation®*°. Disruptions
of elF5A genes have been shown to cause growth arrest and strong anti-proliferative effects,

including apoptosis>.
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IR in elF5A may lead to reduced levels of functional elF5A protein, impairing global
translation elongation. This could decrease the synthesis of key proteins required for immune
response, including cytokines, receptors and signaling molecules. Furthermore, it may hinder
lymphocyte’s ability to proliferate effectively after activation, attenuating the adaptive
immune response. In this project, we identified a specific intron 5 in elF5A that, instead of
disrupting the synthesis of elF5A WT, leads to the production of different protein isoform (IES

product - elF5A_IR). This protein isoform reduced de novo global translation (Fig. 30).

5.2.4.1. Structure of |ES product — EIF5A_IR

elF5A folds into a two-domain structure of predominantly B-sheet character, where
the N - terminal region contains the hypusine residue (K50). This residue is located at the tip
of an extended, unstructured, and exposed loop (hypusine loop) resembling a tRNA'*? (Fig.
30). Using the Alpha Fold database, we accurately overlapped the structures of two elF5A
protein isoforms. We aimed to predict whether the conformation of the IES product (EIF5A_IR)
is altered due to the presence of an additional 32 amino acids resulting retained introns (Fig.
27A). The EIF5A_IR introduces a new helical stretch in the form of an a-helix, which could
potentially interact with the P-site tRNA. The structure of IES product — EIF5A_IR was not
shown in the literature yet. Therefore, IES product elF5A may be associated with a regulation
of translation machinery through its interactions with P-site. As we observed a reduction of
de novo global translation (Fig. 28) associated with IES product, we hypothesize that intron-
containing protein isoform of elF5A may destabilize its interaction with the ribosome, thereby

decreasing the efficiency of translation.

hypusination at K50
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Figure 32: Overlaid structures of EIFSA_WT and IES product — EIF5A_IR. IES product alters the structure
of EIF5A by the production of additional helical stretch in the form of an a-helix. The P-site tRNA is
shown in violet, the IES product in green, with the additional amino acids highlighted in maroon sticks.
EIFSA_WT is depicted in blue. The hypusination at K50 is indicated by an arrow. EIF5A_WT was shown
in'>2; PDB: 3CPF; EIF5A_IR isoform is a predicted model. Created and analyzed together with Gopika
Sasikumar (Prof. Markus Wahl’s lab).

5.3. Phosphorylation as a strategy to influence AS

The impact of dynamic phosphorylation on coordinating splicing efficiency has been
studied in detail for many different spliceosomal proteins and accessory splicing factors.
Phosphorylation regulates the affinity of RNA: protein or protein: protein interactions®3. For
instance, the phosphorylation of SF1 and SRSF1 proteins enhances their ability to promote
exon inclusion by facilitating their interactions with U1 snRNP and the U2AF65, respectively>*,
Additionally, phosphorylation can affect the subcellular localization of proteins'®>. For
example, phosphorylation-dependent changes in localization can alter the recruitment of SR
proteins from nuclear speckles, which serve as a storage sites for splicing factors, to nascent
RNA during splicing, thereby influencing the recognition of splice sites. This modified SR
localization is caused by enhanced interactions of phosphorylated SR proteins with their
import receptor, transportin SR2°. Phosphorylation-dependent protein-protein interactions
were also demonstrated in a study of Misteli et al. Upon stress stimuli such as osmotic shock
or UV irradiation, hnRNPA1 was phosphorylated by MAPK p38, leading to its translocation to
cytoplasmic stress granules (SGs). This nucleo-cytoplasmic transport modulates the nuclear
ratio between hnRNPA1 and SR proteins, triggering changes in the AS of cellular genes,
particularly at the A555*°. Furthermore, Liu et al., found that phosphorylation affects the
splicing activity of hnRNPL by reducing its interaction with U2AF65, leading to AS in the slo1

gene, which is a main component of potassium channels®®’,

5.3.1. Transient phosphorylation of hnRNPC affects IES upon T cell activation

As shown in Fig. 7, hnRNPC consists of two protein isoforms, hnRNPC1 and hnRNPC2,
which differ from each other by the presence of an additional 13 aa in the hnRNPC2 isoform.
Although hnRNPC2 contains several serine residues (Fig. 25A), our phosphoproteomic analysis
showed that the transient phosphorylation of hnRNPC upon Jurkat T cell activation is located
at specific residue, S115 (Fig. 14A). This residue is one of the 13 amino acids found only in C2

isoform. The transient, reversible hnRNPC2 phosphorylation was also confirmed by Western
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Blot (Fig. 14C). The phosphorylation of hnRNPC2 increases after 15 and 30 minutes of PMA
stimulation of Jurkat T cells, followed by a gradual return to baseline levels after 90 minutes.
This result revealed that almost the entire hnRNPC2 population undergoes transient
phosphorylation, which is an unusual observation. Typically, phosphorylation affects only a
fraction of the protein population?®8>° This selective phosphorylation often results in
different behaviors of the protein, as observed in the case of hnRNPC2. Notably, hnRNPC
forms a heterotetramer, with a macromolecular ratio C1:C2 = 3:1, as shown at the mRNA level
(Fig. 14B). To find differences in functionality between hnRNPC1 and hnRNPC2, we performed
RNA-sequencing with two opposite approaches: CRISPR/Cas9 AhnRNPC2 knockout (Fig. 24)
and hnRNPC2-inducing MO (Fig. 26). The next goal was to experimentally validate these RNA-
seq data (Figs. 25, 26). Although we observed significant changes in gene expression during
the hnRNPC2 Aknockout (Figs. 24, 25), we were unable to replicate these results during
validation using MO (Fig. 26). Altering the ratio between hnRNP1 and hnRNPC2 did not result
in major changes in the transcriptome of HEK293 and HelA cells. These results suggest that
while hnRNPC2 may play a role in regulation, it does not appear to be directly associated with
significant transcriptomic changes. Furthermore, the precise C1:C2 ratio in the hnRNPC
tetramers is likely not critical for their functionality, at least when hnRNPC2 is present in its

unphosphorylated stage.

By silencing hnRNPC in Jurkat T cells and HEK293 cells (Fig. 16), we observed an
increase in IR events compared to control conditions, suggesting that hnRNPC is required for
the efficient splicing of retained introns affected by IES. These findings were further supported
by EMSA assays (Fig. 17), which showed that the phosphomimetic version of hnRNPC2
reduced binding affinity to target introns of analyzed genes, thereby reducing splicing
efficiency. Furthermore, our results are consistent with data from experiments using
hnRNPC2-inducing MO, where we manipulated the hnRNPC2:C1 ratio in favor of the hnRNPC2
isoform. Increased expression of hnRNPC2 due to MO treatment led to enhanced IR events in
RPL10 and elF5A (Fig. 15D) and more phosphorylated hnRNPC2 was detected upon 15 and 30
minutes of T cell activation (Fig. 15E). The presence of more phosphorylated hnRNPC2 resulted
in reduced binding to intronic regions, thus lowering splicing efficiency, which was evident

from the increased IR events.
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hnRNPC has been associated with reduced splicing efficiency, for example by
competing with U2AF65 for binding to the polypyrimidine tract>3. However, a splice-activating
role of hnRNPC has also been described?®®. In recent years, Moon et al., showed that hnRNPC1
and hnRNPC2 promote the increase of exon 11 inclusion of Ron pre-mRNA. This change in AS
was mediated through the activation of intron 10 splicing. The Ron proto-oncogene encodes
a receptor for macrophage-stimulating protein (MSP), which is involved in macrophage
activation, cell motility and epithelial cell migration. Upon binding of MSP to the Ron receptor,
the receptor activates signaling pathways that promote cell proliferation, survival, and
migration. Exon 11 skipping in the Ron gene leads to the formation of a truncated protein
isoform lacking 49 aa, disrupting its ability to bind MSP®°, Furthermore, our finding that
hnRNPC2 phosphorylation attenuates efficient splicing is consistent with the study by Martino
et al. hnRNPC phosphorylation was found to affect the AS of mRNAs involved in
mechanotransduction and cardiovascular diseases, including Yes-associated protein 1 (YAP1).
hnRNPC depletion led to exon 4 inclusion in the YAP1 gene, which is associated with increased
progression of heart failure. hnRNPC phosphorylation was mediated by PKC kinase upon
pathological cardiac remodeling of extracellular matrix (ECM). Increased stress generated by
cardiac ECM remodeling enhances the likelihood of hnRNPC relocation from the nucleus due
to increased phosphorylation. Hence, the depletion of hnRNPC in the nucleus affects the AS
of transcripts involved in the progression of heart failure, for example exon 4 inclusion in YAP1
gene®®l. Moreover, this study presents the hypothesis worth exploring in our further studies
to investigate the distribution of hnRNPC during T cell activation and determine whether
phosphorylation affects the localization of this protein. Altogether, our data suggest that
hnRNPC2 phosphorylation controls IES based on the direct affinity between these proteins

and introns being retained in analyzed genes.

We demonstrated that the phosphorylation of hnRNPC2 is a key factor that alters its
behavior and function during lymphocyte activation. Based on our findings, we developed a
model that warrants further investigation. In resting T cells, transcripts of the analyzed genes
are efficiently spliced by the splicing machinery, with hnRNPC1/2 playing a promoting role (as
shown in every radioactive, splicing-sensitive RT-PCR). Upon 15 or 30 minutes of PMA
stimulation, the increasing transient phosphorylation of hnRNPC2 reduces its binding to
selected introns, thereby decreasing splicing efficiency, which is evident from the rise of IR

events. As demonstrated by our example of elF5A, partially spliced, intron-containing
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transcripts generated within a short time, 15- or 30-minutes after T cell activation, can reach
the cytoplasm to allow the translation of distinct protein isoforms. These introns are referred
to as retained, rather than detained, since they pass through the nuclear pores to the
cytoplasm and may be translated. Fully spliced transcripts, which are efficiently processed, are

directly exported to the cytoplasm following transcription.

5.3. 2 Temporal phosphorylation of splicing factors other than hnRNPC

Our phosphoproteomic approach identified several splicing regulatory proteins that
are phosphorylated upon T cell activation, including hnRNPC (Fig. 14A), U2AF35, and LARP1
(data not shown). We focused our analysis on hnRNPC due to its temporal phosphorylation,
which aligned with IES. Additionally, knockdown experiments with different siRNAs abolished
IES in hnRNPC knockdown, a result that was not observed with other splicing factors (Fig. 16B).
The current understanding that hnRNPC binds to uridine-rich stretches of introns further
supports our focus on this splicing factor®®. In particular interesting is U2AF35, the protein
that forms a heterodimer with U2AF65 and directly binds the AG dinucleotide at the 3’ splice
site and the polypyrimidine tract, respectively, during the spliceosome assembly®3. A transient
phosphorylation at a specific site, Ser61, on U2AF35 aligns with the kinetics of the alternative
IES switch following T cell activation, suggesting its involvement in implementing of this
switch. Consistent to our hypothesis, crystal structures of truncated U2AF1-U2AF2 complexes
suggest that Ser61 phosphorylation may lead to conformational changes that alter the RNA-
binding properties of the U2AF35 RRM'®2. However, the involvement of U2AF1 in IES requires
further investigation. Furthermore, LA-related protein 1 (LARP1) is known to control ribosomal
biogenesis as a phosphorylation-sensitive molecular switch dependent by mTOR pathway.
Non-phosphorylated LARP1 interacts with 5° and 3’UTRs of mRNAs encoding ribosomal
proteins and inhibits their translation. Upon LARP1 phosphorylation, this inhibitory activity is

disrupted, leading to the translation of ribosomal proteins'®3,

5.4. Signaling pathways involved in hnRNPC2-controlled IES -RAF/MEK/ERK

Signaling pathways involve the phosphorylation states of different kinases that
regulate the activity of splicing factors. As shown in our study, ERK1/2 becomes
phosphorylated upon PMA stimulation in Jurkat cells (Fig. 21F). This results in the activation
of a signaling pathway that leads to temporal phosphorylation of hnRNPC2 and IES (Fig. 18).

Consistency, the RAF/MEK/ERK1/2 signaling pathway has been found to phosphorylate
107



SAMG68, which potentiates splicing of variable exons in CD44%4. Furthermore, this pathway
was found to phosphorylate hnRNPK, which results in its cytoplasmic accumulation under

serum stimulation>.

The expression of IEGs is rapidly and transiently "switched on" upon stimulation.
Afterward, the expression returns to a steady-state, likely reaching pre-stimulation levels. We
found that the phosphorylation of hnRNPC2 upon PMA stimulation, which triggers IES, is likely
mediated by ERK1/2 kinase (Fig. 18). However, a key question remains: what intermediate
factor "switches off" IES by reversing the transient phosphorylation of hnRNPC2? We observed
transient phosphorylation of hnRNPC2 in Jurkat T cells at specific time points, with a
guantitative shift in the entire population of hnRNPC2 when comparing resting T cells with
those stimulated for 15, and 30 minutes after PMA stimulation (Fig. 14C). Given the significant
peak of phosphorylation observed, it is unlikely that the entire protein population is degraded
and replaced by a new hnRNPC2 isoform. Instead, it is more plausible that phosphatase
activity mediates the dephosphorylation of hnRNPC2 at later time points, that affects IES,
particularly beyond 30 minutes post-stimulation. The precise mechanism behind the

“switching off” of IES induction remains to be further elucidated.

5.5. |IES — specific to T and B cells or global effect?

Our study is the first to introduce the concept of IES. We uncovered a highly specific
hnRNPC2-dependent mechanism that occurs in lymphocytes (T cells of human and mouse
origin — Figs. 19A, B and B cells — Fig. 20) upon early stages of PMA stimulation. This concept
may be expanded by using different cell lines and stimuli and targeting other genes.
Furthermore, the phosphorylation of splicing factors other than hnRNPC can alter RNA affinity
or binding specificity, potentially contributing to changes in splicing patterns. We did not
observe hnRNPC2-mediated IES in neuroblastoma N2a cells in RPL10 and elF5A upon PMA or
KCl stimulation for 0, 30, and 150 minutes (Figs. 19D, E). Similarly, no effects were seen
following PMA or LPS treatment in macrophages RAW267.4 cells on the target genes (Figs 19F,
G). Nevertheless, other targets regulated by different RBPs may contribute to controlling
transcriptomic changes and cellular functionality in these settings. The immediate response
to depolarization in neuronal cells (e.g. SH-SY5Y cells) is a model system that merits further
studies. Several studies highlight the crucial role of IEGs in neurons, particularly in brain

regions associated with learning, memory formation and synaptic plasticity!3’. To date, the
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most studied IEG is c-fos, which has been shown to exhibit transient and rapidly changing
expression following neuronal activation (Fig. 12A)!*4. Thus, it is likely that IES plays an
essential role in controlling cellular responses under diverse conditions. However, further
research is needed to fully understand the scope of IES and its functional consequences within

cells.

5.6. The role of PKCB kinase in hnRNPC2-controlled IES

Our observation that transient phosphorylation of hnRNPC2 leads to IES in T cells and
B cells prompted us to search for additional kinases that might be responsible for this
specificity. We focused on identifying proteins that are activated during lymphocyte activation
but are not associated with other cell types. Through this approach, we identified various
components of the PKC family that could induce IES by interacting with hnRNPC. We
particularly focused on PKCB, given its high expression in T cells as reported in the current
literature. By performing RT-gPCR we confirmed the high expression of PKCO in T cells of
human and mouse origin (Jurkat and EL4 T cells — Figs. 21 A, B, respectively). Additionally, this
kinase was barely or not expressed in any other tested cell lines. Interestingly, PKCO was not
expressed in Raji B cells and barely expressed in Ramos B cells, suggesting the involvement of
different, independent mechanisms leading to hnRNPC2-dependent IES (Fig. 21A). This finding
opens a potential new direction for further studies aimed at determining the upstream
mechanisms leading to IES in B cells and the cooperative function of IES between T cells and
B cells during their activation. It is likely that another PKC kinase, potentially PKCB, may be
involved in the hnRNPC2-controlled IES in B cells. It was shown that PKCP is highly expressed
in B cells and plays role in activating downstream signaling pathways crucial for the immune

response’®®,

First, we verified the consequences of PKCO inhibition on IES and hnRNPC2
phosphorylation upon PMA stimulation in Jurkat T cells. Inhibition of PKCO abrogated the IES
switch and reduced hnRNPC2 phosphorylation (Figs. 21B, C, D). Furthermore, knockdown of
PKCBO in Jurkat T cells also prevented IES and hnRNPC2 phosphorylation (Figs. 21F, G), further

supporting our hypothesis of PKCB-dependent IES.

Since we did not observe IR events upon PMA stimulation (Figs. 19A, B) or hnRNPC
phosphorylation (Figs. 19C, D) in HEK293 and Hela cells, we introduced the PKCO kinase into

these cells to determine whether the overexpression construct induces IES and increases
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temporal hnRNPC2 phosphorylation in these cells. PKCB overexpression was sufficient to
induce IES in RPL10 and elF5A in both HEK293 and Hela cells after 15 and 30 minutes of PMA
stimulation (Figs. 22B, C, D, E).

To confirm our data and demonstrate that PKCB acts through hnRNPC to mediate IES,
we co-expressed this kinase along with hnRNPC2 WT and a non-phosphorylable version of
hnRNPC2, where all serine and tyrosine residues in the sequence specific to hnRNPC2 isoform
were mutated to alanine (Fig. 27). Notably, we observed significantly stronger IES when
expressing WT hnRNPC2 as compared to the non-phosphorylatable version, suggesting
interactions between hnRNPC2 and PKCB. This data also supports the finding that hnRNPC2,
likely through S115, mediates the IES switch. All these results suggest that PKCO acts as an
additional intermediate, differentiating the signaling pathways between T cells and those in
other tested cell lines. However, the exact position of PKCB within the signaling pathways

leading to IES, and its direct targets, remain to be fully elucidated.

One potential model is that PKCO initiates the priming phosphorylation of hnRNPC2,
which then recruits RAF/MEK/ERK signaling pathway to allow temporal phosphorylation of
S115 in hnRNPC2, leading to the IES. This hypothesis could be tested using knockdown,
overexpression and pharmacological inhibition of PKCO and then mass spectrometry (MS) to
assess the phosphorylation status of hnRNPC2 under both basal and PMA-stimulated
conditions. Additionally, we can introduce a kinase-dead version of PKCO to determine
whether PKCO acts as a scaffolding kinase. This form of the kinase involves mutations in at
least one amino acid, that disrupt its catalytic activity, preventing it from transferring
phosphate groups to target molecules. They function antagonistically to the WT kinases and
exhibit dominant-negative effects®’. If the kinase-dead PKCB still enables ERK1/2-mediated
phosphorylation of hnRNPC2, it would suggest that PKCB acts as a scaffold independent of its
catalytic activity, rather than mediating the priming phosphorylation of hnRNPC2. Moreover,
to analyze the phosphorylation sites of hnRNPC that are targets of PKC6, in vitro kinase assays
could be performed. This approach would involve recombinant hnRNPC2 fragments and a
commercially available PKCO enzyme. We also cannot rule out the possibility that PKCO
phosphorylates additional targets involved in hnRNPC2-depedent IES. Several studies indicate
that PKC proteins are regulated by their phosphorylation status, which is crucial for protecting

PKC from degradation; unphosphorylated proteins are rapidly degraded. PMA-induced
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binding of PKC to the cellular membrane converts PKC into its dephosphorylated state, and
the addition of PKC inhibitors can protect PKC from dephosphorylation®®. Therefore, using
MS to assess the phosphorylation status of PKCO under both basal and PMA-stimulated

conditions is also worth considering.

5.7. The role of reduction of de novo protein synthesis during T cell activation

Upon receiving the appropriate signals, resting T cells are transformed from a
guiescent state to an active proliferation state, inducing a battery of genes involved in T cell
activation. This process necessitates major transcriptomic and proteomic adaptations to
facilitate fundamental changes in cellular functionality. Many studies have analyzed different
phases of T cell activation at different levels, from signaling cascades initiated within seconds
of T cell receptor engagement to the formation of long-lasting memory T cells upon infection
in in vivo models'®-172_ AS acts largely independent of changes in de novo transcription to

173 While activation induced AS has been

induce transcriptomic changes upon T cell activation
analyzed at later timepoints upon stimulation, i.e. 24h or 48h post-induction’4, its role in the
early phases of T cell activation has remained elusive. Immediately upon T cell activation,
phosphorylation cascades alter the activity of existing proteins that prepare the cell for long
term functional changes. For example, T cell activation induces IEGs that then contribute to
fundamentally altering the transcriptome at later stages of activation. At the same time, de
novo protein synthesis is reduced in the hours following T cell activation. This likely is a
coordinated reaction to allow faster protein turnover and the formation of an ‘activated
proteome’. The preexisting mRNAs from the resting phase are translated with reduced
efficiency and only once major transcriptomic changes have been made (16h-24h post-
stimulation), the translation efficiency is strongly increased?’>'’¢ These findings are consistent
with our data from the 3>S-methionine incorporation assay and WB-SUNSET analysis, which
show that during the early stages of T cell activation, global de novo protein synthesis is
reduced within the first four hours. However, after eight hours of PMA stimulation, protein
synthesis returns to baseline levels or even increases, indicating a surge in global translation
(Fig. 28). Simultaneously carrying out energy-demanding processes such as translation and
degradation would be highly challenging for lymphocyte metabolism during its early stages of
activation. Therefore, T cells must carefully manage their energy expenditure to balance

various needs. The observed reduction of translation in the first hours of T cell activation
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allows the maintenance of lymphocyte homeostasis. It also prevents the excessive synthesis
of proteins that are unnecessary at the onset of activation but may become critical at later
stages of lymphocyte activation. Moreover, we have demonstrated that this drop of
translation efficiency is abolished when hnRNPC is silenced, indicating that hnRNPC is essential
for this decrease during lymphocyte activation. This result is further supported by experiment
using hnRNPC2-inducing MO, which increases the levels of the hnRNPC2 isoform. We
observed an even stronger reduction in de novo protein synthesis (Fig. 28C). Furthermore, this
result suggests that IES that is controlled by minor hnRNPC2 isoform may directly lead to

altered global de novo protein synthesis.

To link IES with reduced global de novo translation, we focused on elF5A, as the
retained intron produces different protein isoform with 32 more amino acids. When we
introduced IES product - EIF5A_IR overexpression construct into HEK293 cells and performed
WB-SUNSET, we observed a significant reduction of translation efficiency. In contrast, there
was no change in translation efficiency between HEK293 cells transfected with elF5A WT
construct (elF5A _WT) and those transfected with an empty vector (Fig. 30B). Furthermore,
the IES event in elF5A alone is sufficient to reduce translation efficiency when manipulated
using an antisense morpholino (MO) (Fig. 30C). This suggests that this mRNA variant is
translated into a protein that acts to globally reduce translation. Although the level of intron
retention (IR) achieved using the MO approach is higher than what is observed during T cell
activation, we propose that coordinated IES events across multiple components of the
translation machinery could have a similar inhibitory effect on de novo translation. This result
aligns with recent studies suggesting that retained introns are involved in fine-tuning the
transcriptome by eliminating physiologically irrelevant transcripts and/or preventing the

production of unwanted gene products during development and differentiation’%138,
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6. Conclusion

We have introduced the concept of immediate early splicing (IES) that occurs during
the early stages of T cell activation. IES involves intron retention events that are directly
regulated by transient phosphorylation of hnRNPC2, a minor isoform of hnRNPC. This
temporal phosphorylation of hnRNPC2 is mediated by the RAF/MERK/ERK signaling pathway
and involves the recruitment of PKCB following T cell activation While hnRNPC2-controlled IES
is also observed in B cells, the mechanism appears to involve different kinases. Intron-
containing transcripts that lack the PTC, as in the case of elF5A, lead to the production of
different protein isoform, that contain additional 32 amino acids. This IES product results in a
reduction in de novo protein synthesis during the first four hours of T cell activation (Fig. 31).
Therefore, in this project, we generated a new conceptual framework for splicing regulation

in the rapid tuning of translation following lymphocyte activation.
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7. Appendix

7.1. Abbreviation

3'SS 3'splice site

5’SS 5‘splice site

A depletion/mutant

A adenine

A3SS alternative 3’SS

A5SS alternative 5’'SS

aa amino acid

Ab antibody

AD Alzheimer’s disease
AKT1/2/3 protein kinase B

ALS amyotrophic lateral sclerosis
AP alkaline phosphatase

AP-1 activator protein-1

AS alternative splicing

APC antigen-presenting cells
APS ammonium peroxydisulfate
ATCC American Type Culture Collection
ATP adenosine triphosphate
BCR B cell receptor

bp base pair

BR basic region

BSA bovine serum albumin

°C degree Celsius

C cytosine

Cc1 hnRNPC1

C2 hnRNPC2

C2-p phosphorylated hnRNPC2-P
Ca calcium

cDNA complementary DNA

CO2 carbon dioxide

c¢SMAC central supramolecular activation cluster
CTD carboxy-terminal domain
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CTLA-4 cytotoxic T-lymphocyte antigen 4

CTRL control

Da dalton

DAG diacylglycerol

DDX39A DExD-box helicase 39A

DI detained introns

DMEM Dulbecco’s modified eagle's medium
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DOHH deoxyhypusine hydroxylase

dNTP deoxynucleotide triphosphates
DPHS deoxyhypusine synthase

dSMAC distal supramolecular activation cluster
DTT dithiothreitol

EDTA ethylenediaminetetraacetate

EGF epidermal growth factor

elF5A eukaryotic initiation factor 5A

EMSA electrophoretic mobility shift assay
ER endoplasmic reticulum

ERK1/2 extracellular-signal-regulated kinases
ESE exonic splicing enhancer

ESS exonic splicing silencer

F farad

FBS fetal bovine serum

FDR false discovery rate

FL full length

FOXP3 forkhead box protein P3

g gram / centrifugal force

G guanine

GAPDH glyceraldehyde-3-phosphate dehydrogenase
GATA3 GATA-binding protein 3

GFP green fluorescent protein

GO gene ontology

h hour

H20 water
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HCC
HCl
HIV
HMMR
hnRNP
HS
ICAM-1
iCLIP
IEG

IES

IKK
IL-2

IL-4

ISE

ISS
JAK1/2
INK1/2/3
kDa
KCl
KOH

L

LAT
LEF1
LFA-1
LPS

LS

LSuU

hepatocellular carcinoma

hydrochloric Acid

human immunodeficiency virus
hyaluronan-mediated motility receptor
heterogeneous nuclear ribonucleoprotein
high salt

intercellular adhesion molecule -1
individual-nucleotide resolution crosslinking-immunoprecipitation
immediate early gene

immediate early splicing

IkB kinase

interleukin - 2

interleukin — 4

interleukin — 6

interleukin =7

inositol triphosphate

intron retention

internal ribosome entry site
immunological synapse

intronic splicing enhancer

intronic splicing silencer

janus kinase

c-Jun N-terminal protein kinase
kilodalton

potassium chloride

potassium hydroxide

liter

linker for activated T cells

lymphocyte enhancer factor 1
lymphocyte Function-associated Antigen 1
lipopolysaccharide

low salt

large subunit

molar

micro
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m7G
MAPK
MEK1/2
MHC
min
MgCl,
ml

mM
MO
mRNA

MSP

NaCl
NaOH
NF-kB
NFAT
NMD
NP-40
NPS
NRS
oD
OH
ORF
PAGE
PBS
PCA
PCI
PCR
PDGF
pH

Pl
PKC
PMA
PMSF

Pol

7-methylguanosine

mitogen-activated protein kinases
mitogen-activated protein kinase kinase
major histocompatibility complex
minutes

magnesium chloride

milliliter
millimolar
morpholino

messenger RNA
macrophage-stimulating protein
nano

sodium chloride

sodium hydroxide

nuclear factor kappa-light-chain-enhancer of activated B cells

nuclear factor of activated T cells
Nonsense-mediated decay

nonidet P-40

nuclear pore complex

nuclear retention sequence
oligomerization domain

hydroxyl group

open reading frame
polyacrylamide gel-electrophoresis
phosphate buffered saline
principal component analysis
phenol-chloroform-isoamyl alcohol
polymerase chain reaction
platelet-derived growth factor
potential of hydrogen
phosphatidylinositol

protein kinase C

phorbol myristate acetate
phenylmethylsulphonyl fluoride

polymerase
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PPT
pre-mRNA
PSI
pSMAC
PTC
PTK
PTM

%

RBM
RIPA
RNA
RPL7A
RPL10
RPL13
rpm
RPMI

RT

SAPK
SDS
SE
sgRNA
siRNA
SMA
SMAC
sp.

SR

SSU

TAE
TBE
TBST
Tc
TCR

TCR-MC

polypyrimidine tract

precursor-mRNA

percentage spliced in

peripheral supramolecular activation cluster
Premature termination stop codon
protein tyrosine kinase

post-translational modification

percent

RNA-binding motif
radioimmunoprecipitation assay buffer
ribonucleic acid

ribosomal protein L7A

ribosomal protein L10

ribosomal protein L13

Revolutions per minute

roswell Park Memorial Institute Medium
room temperature/ Reverse transcription
second

stress-activated protein kinases

sodium dodecyl sulfate

exon skipping

single guide RNA

small interfering RNA

spinal muscular atrophy

supramolecular activation cluster

species

serine/arginine-rich protein

small subunit

thymine

buffer solution containing Tris base, acetic acid and EDTA

buffer solution containing Tris base, boric acid and EDTA.

buffer solution containing tris-buffered saline (TRS) and Tween 20.

cytotoxic T cell
T cell receptor

TCR microclusters
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Th
TEMED
TRAF4

Tris

U2AF
UBXN1
USP11
uv

WB

Vol

ZAP70

helper T cell

N, N, N’, N’-tetraacetylethylenediamine
TNF Receptor Associated Factor 4
Tris-(hydroxymethyl)-aminomethane
Uracil/unit

U2-auxiliary factor

UBX domain protein 1
ubiquitin-Specific Peptidase 11
ultraviolet

Western Blot

Volt

Volume

zeta-chain-associated protein kinase 70
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7.3. Figures

Figure 1. Central dogma of molecular biology in eukaryotic cells.

Figure 2. A schematic illustration of pre-mRNA processing.

Figure 3: The mechanism of pre-mRNA splicing.

Figure 4: The mechanism of pre-mRNA splicing.

Figure 5: Patterns of alternative RNA splicing.

Figure 6. A scheme representing cis-and trans-acting factors involved in the regulation of AS.
Figure 7: Scheme representing two hnRNPC isoforms.

Figure 8: Coupling between pre-mRNA splicing and transcription.

Figure 9: The development of immune cellular (with the T cell usage) and humoral (with the B cell
usage) immune response.

Figure 10: The structure of immunological synapse

Figure 11: The involvement of protein kinases in TCR receptor signal transduction.

Figure 12: Nascent RNA-seq analysis of Jurkat T cells stimulated with 0 min, -30min, and -150 minutes.
Figure 13. Validation of bioinformatic analysis.

Figure 14: hnRNPC2 phosphorylation aligns with IES.

Figure 15: MO-induced hnRNPC2 expression leads to increased temporal phosphorylation of hnRNPC2
and increased IR in RPL10 and elF5A during T cell activation.

Figure 16: hnRNPC2 is required for efficient splicing of tested IEGs.

Figure 17. EMSA revealed reduced binding of phosphorylated hnRNPC2 to intronic regions of RPL10,
elF5A and TRAF4.

Figure 18: RAF/MEK/ERK signaling pathway mediates hnRNPC2-dependent IES.
Figure 19: IES is T cell specific.

Figure 20: |ES is B cell specific.

Figure 21. PKCB is required for T and B cell specific hnRNPC2 phosphorylation and IES

Figure 22. PKCO overexpression leads to an increase of IES in RPL10 and elF5A in an hnRNPC2-
dependent manner.
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Figure 23. CRISPR/Cas9- edited HEK293 and Hela cells abolishes IES induction upon PKCO
overexpression.

Figure 24: RNA-seq analysis of WT and AhnRNPC2 conditions in HEK293 and Hela cells.
Figure 25: Validation of the RNA-seq of WT and AhnRNPC2 conditions in HEK293 and Hela cells.

Figure 26: Rescue experiments with hnRNPC2-induced MO revealed no direct functional differences
between hnRNPC1 and hnRNPC2.

Figure 27: Phosphorylation of hnRNPC2 is required to induce IES.
Figure 28: hnRNPC-mediated IES reduces global translation at early stages of T cell activation.

Figure 29: Individual IES products containing retained introns reach the cytoplasm at specific time
frame during T cell activation.

Figure 30: Intron-containing elF5A reduces global de novo protein synthesis.
Figure 31. Two types of intron-containing transcripts.

Figure 32: Overlaid structures of EIF5A_WT and IES product — EIF5A_IR.

Figure 33. The scheme combining all our findings.
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7.4. Tables

Table 1. The summary of the various AS changes involved in lymphocyte activation.

Table 2. A list of cell lines used in this study

Table 3. A list of stimulators

Table 4. Anti-sense morpholinos used in this study

Table 5. Sequence of the siRNAs against genes of interest

Table 6. Sequences of guide RNAs

Table 7. Composition of a standard DNA genotyping PCR

Table 8. Program of a standard DNA genotyping PCR

Table 9. A list of PCR primer sequences

Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15.
Table 16.
Table 17.
Table 18.

Table 19:

Table 20

PCR program |

PCR program I

Composition of the radioactive, splicing-sensitive PCR
The PCR program for radioactive, splicing-sensitive PCR
PAGE gel composition

Composition of standard PCR

The conditions for standard PCR

Composition of polyacrylamide gels

Antibodies used in the study

Sequences of RNA oligonucleotides

. The composition of polyacrylamide gels for EMSA
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