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Summary

Gene duplication events give rise to paralogues that can evolve specialized functions over time.
SNRPB and SNRPN are two such splicing paralogues, sharing over 90% sequence identity yet
exhibiting distinct expression patterns, regulatory features, and disease associations. While
SNRPB is ubiquitously expressed and essential in most tissues, SNRPN is expressed primarily
in the brain and heart and is subject to genomic imprinting. The aim of this work was to
investigate how these paralogues differ at the protein level, particularly focusing on their

unstructured regions and their responses to cellular context.

To dissect intrinsic differences between the two proteins, we used an inducible expression
system in HEK cells to express 2xHA-mNEON-tagged SNRPB and SNRPN individually in the
absence of endogenous SNRPB. Transcriptomic analysis revealed that SNRPN and SNRPB
stabilize largely non-overlapping sets of transcripts. SNRPN preferentially stabilized genes that
are involved in metabolic pathways and mitochondrial function, and SNRPN-expressing cells
exhibited higher proliferation rates. In contrast, SNRPB regulated transcripts involved in cell
signaling and adhesion. Despite their roles in the spliceosome, these paralogues did not
significantly affect alternative splicing; instead, they appeared to modulate global splicing

efficiency, particularly of long and complex transcripts.

A striking difference emerged in the posttranslational regulation of SNRPN. Upon translation
inhibition with cycloheximide (CHX), SNRPN — but not SNRPB — underwent a loss of detection
by the SmB/B’/N (12F5) antibody, a change that correlated with decreased Arginine methylation
in its proline-rich C-terminal region. Mass spectrometry revealed several SNRPN-specific
methylated Arginine residues, and mutational analysis showed that replacing key Arginine
residues with Lysine residues abolished this CHX-sensitive phenotype. Notably, Arginine 228
(R228) was consistently present in all mutation combinations that disrupted the phenotype but

was never observed as methylated, suggesting it may instead be citrullinated.

Together, these findings uncover a previously unrecognized regulatory axis in which SNRPN
integrates translational and metabolic cues to modulate its posttranslational state and stabilize
complex transcripts. This translationally sensitive regulation may explain why SNRPN is
enriched in energy-demanding tissues such as the brain. This work establishes a framework
for understanding how paralogues with nearly identical sequences can diverge through subtle,

context-dependent posttranslational modifications to acquire distinct cellular roles.






Zusammenfassung

Durch Genduplikationen entstehen paraloge Proteine, die im Laufe der Zeit spezialisierte
Funktionen entwickeln kdnnen. SNRPB und SNRPN sind zwei solcher Spleil3-Paraloge, die zwar
eine Sequenzidentitdt von Uber 90 % teilen, jedoch unterschiedliche Expressionsmuster,
regulatorische Merkmale und Krankheitsassoziationen aufweisen. Wahrend SNRPB ubiquitar
exprimiert wird und in den meisten Geweben essenziell ist, wird SNRPN Uberwiegend im Gehirn
und im Herzen exprimiert und unterliegt der genomischen Pragung. Ziel dieser Arbeit war es,
Unterschiede der Paraloge auf Proteinebene zu untersuchen, insbesondere in Bezug auf ihre

unstrukturierten Regionen und ihren Reaktionen auf den zellularen Kontext.

Um die intrinsischen Unterschiede zwischen den beiden Proteinen zu entschlisseln, haben wir ein
induzierbares Expressionssystem in HEK-Zellen verwendet, um 2xHA-mNEON-markiertes SNRPB
und SNRPN einzeln in Abwesenheit von endogenem SNRPB zu exprimieren. Transkriptom-
Analysen zeigten, dass SNRPN und SNRPB Uberwiegend nicht-Uberschneidende
Transkriptgruppen stabilisieren. SNRPN stabilisierte bevorzugt Gene, die an Stoffwechselwegen
und mitochondrialen Funktionen beteiligt sind, und SNRPN-exprimierende Zellen wiesen héhere
Proliferationsraten auf. SNRPB hingegen regulierte Transkripte, die an der Zellsignalisierung und
Adhasion beteiligt sind. Trotz ihrer Rolle im Spleillosom beeinflussten die Paraloge das alternative
SpleiRen nicht signifikant; stattdessen schienen sie die globale SpleiR-Effizienz zu modulieren,

insbesondere bei langen und komplexen Transkripten.

Ein auffalliger Unterschied zeigte sich in der posttranslationalen Regulierung von SNRPN. Nach
Translationshemmung mit Cycloheximid (CHX) wurde SNRPN - nicht jedoch SNRPB - durch den
SmB/B'/N (12F5)-Antikorper nicht mehr detektiert. Diese Veranderung korrelierte mit verminderter
Arginin-Methylierung in der prolinreichen C-terminalen Region von SNRPN. Massenspektrometrie
zeigte mehrere SNRPN-spezifische methylierte Argininreste auf, und eine Mutationsanalyse ergab,
dass der Austausch von wichtigen Argininresten durch Lysinreste diesen CHX-empfindlichen
Phanotyp aufhob. Arginine 228 (R228) war in allen Mutationskombinationen vorhanden, die den
Phanotyp veranderten, wurde jedoch nie als methyliert detektiert, was auf eine mdgliche

Citrullinierung hinweisen kénnte.

Gemeinsam decken diese Ergebnisse eine bisher unerkannte regulatorische Achse auf, in welcher
SNRPN translatorische und metabolische Hinweise integriert, um seinen posttranslationalen
Zustand zu modulieren und komplexe Transkripte zu stabilisieren. Diese translationssensitive
Regulierung kénnte erklaren, warum SNRPN besonders in Geweben mit hohem Energieverbrauch,
wie dem Gehirn, angereichert ist. Diese Arbeit bietet einen Rahmen, um zu verstehen, wie
Paraloge mit nahezu identischer Sequenz durch subtile, kontextabhangige posttranslationale

Modifikationen divergieren kdnnen, um unterschiedliche zellulare Rollen tbernehmen.
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1. Introduction

1.1. Gene Duplication Events and Their Evolutionary Significance

1.1.1. Historical perspective of gene duplications

Gene duplication is a fundamental evolutionary process, providing new genes with novel
functions (Rice and McLysaght 2017; Bergthorsson, Andersson, and Roth 2007). The early
theories of Susumu Ohno in his book “Evolution by Gene Duplication” laid the foundation of
the mutation during nonfunctionality model, also known as neo-functionalization model. This
model suggests that duplicated genes are not subject to the same selective pressures as the
original one, and this makes newborn genes free to accumulate mutations and to gain new

functions (Bergthorsson, Andersson, and Roth 2007; Koonin 2005).

Neutral duplicated genes are subject to loss by genetic drift and inactivating mutations such as
deletions, frameshift or nonsense mutations. Although the neo-functionalization model explains
how new functions can emerge, it does not address how neutral duplicated genes are not lost
before acquiring new functions (Bergthorsson, Andersson, and Roth 2007). To address this
issue, alternative models have been proposed such as the sub-functionalization model,
proposed by Aleksand S. Serebrowsky. This model provides an explanation to how duplicated
genes could be retained (Kuzmin, Taylor, and Boone 2022). Details of sub-functionalization

will be given in another chapter.

1.1.2. Gene dosage alterations

Gene duplication events often lead to changes in gene dosage, which refers to the relative
gene copy number within the genome (Basilicata and Keller Valsecchi 2021). Different
organisms have different gene numbers such as budding yeast with approximately 6275
genes, mouse with around 30,000 genes, and human with 20,000-25,000 genes (Drobek
2022). However, what is particularly significant is not just the total number of genes, but how
changes in gene dosage can affect cellular processes (Drobek 2022; Basilicata and Keller
Valsecchi 2021). Increased gene dosage due to duplication can alter the levels of RNA and
protein products, impacting biological functions in both beneficial and detrimental ways such
as in sex determination and cancer development, respectively (Basilicata and Keller Valsecchi
2021).

Gene dosage alterations can occur at different levels, one of which is single-gene level dosage
alterations. (Basilicata and Keller Valsecchi 2021). This category includes gene copy number

variations, duplications or deletions of DNA fragments (Auwerx et al. 2024). There are many
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examples of specific gene duplications causing developmental abnormalities, diseases, or
adaptive advantages. In drosophila, having 3 copies of Tpl locus causes lethality (Basilicata
and Keller Valsecchi 2021). In human, whereas duplication of APP locus on chromosome 21
is associated with autosomal dominant early-onset Alzheimer disease (Rovelet-Lecrux et al.
2006), duplication of SNCA locus on chromosome 4 is associated with Parkinson disease
(Kara et al. 2014). Single-gene level dosage alterations can also contribute to adaptation in
various organisms. In humans, it was found that individuals having a high-starch diet have
more salivary amylase protein level as well as higher salivary amylase gene copy number
(Perry et al. 2007). Moreover, in rice, duplication of GL7 locus increases grain length (Liu et al.
2020).

Another level of gene dosage alteration occurs at the chromosome-wide level. This category
includes whole-genome duplications, aneuploidies, and sex chromosomes. Whole-genome
duplication (WGD), the duplication of the entire chromosome set, is both an ancient and current
process observed in yeast, plants, and animals (Lambuta et al. 2023; Crow and Wagner 2006).
WGD was often considered as a “dead end”, with its long-term persistence being a rare event.
However, although it is still considered as a rare event, some retained WGD examples have
changed the view from being “dead end” to being “advantageous” (Moriyama and Koshiba-
Takeuchi 2018). One of the best-studied examples of WGD is the baker's yeast
Saccharomyces cerevisiae, where WGD was shown to result from hybridization between two
different ancestral species followed by genome doubling, rather than simple doubling the DNA
of a single ancestor about 100 million years ago (Moriyama and Koshiba-Takeuchi 2018;
Merico et al. 2007). After going through WGD, yeast has acquired the ability to grow in the
absence of oxygen (Merico et al. 2007). Another example of retained WGD is from the
salmonids: the Atlantic salmon, which underwent WGD nearly 100 million years ago. This event
enhanced its ability to adapt to varying environments by contributing to its ability to produce

different phenotypes (Warren et al. 2014).

In contrast to WGD, aneuploidy involves the gain or loss of individual chromosomes or
chromosome arms rather than the entire chromosome set. These imbalances can disrupt
cellular functions and lead to cell cycle delays, metabolic alterations, genomic instability, or
proteotoxicity (Oromendia and Amon 2014). Aneuploidy is associated with various disorders,
including squamous carcinoma, Down syndrome, and Klinefelter syndrome caused by the gain
of small arm of chromosome 3, an extra copy of chromosome 21, and an additional X
chromosome in males, respectively (Taylor et al. 2018; Biancotti et al. 2010). However,
aneuploidy can also be beneficial in certain cases, such as in octaploid (8n) sugarcane, where

increased chromosome numbers enhance crop yield (Renny-Byfield and Wendel 2014).



Dosage imbalance arises in the heterogametic sex, which carries two distinct sex
chromosomes. For example, in fruit flies, mice and humans, females have XX chromosomes
while males have XY chromosomes, whereas in chickens, females have ZW chromosomes
while males have ZZ (Checchi and Engebrecht 2011). To mitigate gene dosage imbalances,
organisms have evolved different mechanisms. Male fruit flies upregulate their X chromosome
twofold, whereas female mice inactivate one of their X chromosomes. Additionally, some X-
linked genes, known as escapees, remain transcriptionally active despite X-inactivation,
contributing to allelic diversity. These findings reveal that sex chromosome dosage
compensation plays a crucial role in maintaining physiological balance, and is also implicated

in human diseases (Basilicata and Keller Valsecchi 2021).

1.1.3. Gene paralogues formation

Gene duplication events generate gene paralogues that are two copies of a gene in the same
species (Koonin 2005). These two gene copies are initially functionally redundant, in other
words, they share the same function. In case of an elimination of one of the paralogues, the
other one is sufficient to compensate for the lost paralogue. After the duplication, paralogues
can go through different fates (Figure 1. 1.), and if the outcome is advantageous for the
organism, duplicated genes can be maintained, and if not, it can be eliminated through
selection. Whereas some duplicated genes can maintain the initial redundancy (Figure 1. 1.
a), most either acquire new functions (Figure 1. 1. b), partition ancestral functions (Figure 1. 1.
c), or are lost (Figure 1. 1. d) (Drobek 2022).
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Figure 1. 1. Possible fates of gene paralogues after duplication. (Adapted from Drobek 2022;
Kuzmin, Taylor, and Boone 2022)



Functional redundancy between paralogues can be either full or partial. Fully redundant
paralogues can completely compensate for the loss of one another, whereas partially
redundant paralogues provide only partial compensation (Drobek 2022). For example, gene
paralogues XRCC4 and XLF, core factors of nonhomologous end joining, exhibit full functional
redundancy. They can function independently, but their combined deficiency impairs DNA
repair (Kumar, Alt, and Frock 2016). In contrast, gene paralogues CNOT7 and CNOTS8, both
catalytic subunits of the CCR4-NOT complex involved in mRNA deadenylation, display partial
functional redundancy, as their combined knockdown reduces cell proliferation (Aslam et al.
2009).

Functional divergence among paralogues can occur through neo-functionalization or sub-
functionalization, both of which contribute to their retention. In neo-functionalization, one
paralogue gains a novel function that was absent in the ancestral gene, while the other
paralogue retains the original function. This gain of new function arises due to the mutation
accumulation, which can occur in either the coding or regulatory sequence of one gene. An
example of neo-functionalization is seen in the histone chaperone genes Asfla and Asf1b.
While both originated from a common ancestor, they have acquired distinct roles. Asf1a is
essential for embryonic development, regulating histone H3.3 deposition and Oct4 expression,

while Asf1b primarily regulates cell proliferation in early embryos (Drobek 2022).

In sub-functionalization, ancestral functions are partitioned between paralogues genes, with
each paralogue retaining only a subset of the ancestral functions. Similar to neo-
functionalization, mutations can occur in either the coding or regulatory sequences. However,
unlike neo-functionalization, mutations affect both paralogues at different sites. An example of
sub-functionalization is seen in the SUMO gene family in rockcress, which diversified into eight
paralogues post-duplication. SUMO1 and SUMO2 have been retained through sub-
functionalization, with each paralogue specializing in distinct but complementary roles in plant

immunity, rosette size and flowering time (Hammoudi et al. 2016).

Finally, in pseudogenization, one of the paralogues is not retained and instead becomes a
nonfunctional null allele post-duplication, likely due to a lack of selective advantage. As a result,
it loses its function. This fate is more common than the retention of both paralogues (Drobek
2022). An example of pseudogenization is found in toothed whales, where the olfactory
receptor gene has gone through pseudogenization, leading to the loss of the olfactory sense
(McGowen, Clark, and Gatesy 2008).

While traditional models emphasize the role of paralogues in providing mutational robustness,
a systematic study in yeast paralogues exhibited gene duplication can sometimes increase the
mutational fragility rather than robustness. By analyzing protein-protein interactions of 56

protein pairs in wild-type yeast cells and in cells lacking a paralogue, the study found that while
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some paralogues proteins (22 out of 56) compensated for the loss of the other, an equivalent
number (34 out of 56) exhibited the opposite effect, where the absence of one paralogue
disrupted interactions rather than maintaining them. The latter group of paralogues pairs often
interacted physically, regulated the abundance of each other, and more retained than non-
interacting paralogues (Diss et al. 2017). This suggests that gene duplication not only
contributes to functional redundancy, but also introduces the mutational fragility into protein-

protein interaction network, influencing whether duplicated genes are retained or lost over time.

The principles of gene duplication and paralogue evolution discussed above are exemplified
by the specific case of Snrpb and Snrpn. These genes illustrate how duplication events can
lead to functional redundancy, regulatory divergence, and evolutionary retention over time.
While Snrpb shares redundancy with its isoform Snrpb’, Snrpn has evolved unique regulatory
features, including genomic imprinting. Together, these genes provide insight into the broader

evolutionary dynamics of duplicated genes.

1.1.4. Evolution of Snrpb and Snrpn gene paralogues

Snrpb, a core component of the spliceosome, was first identified in rodents. Later, studies in
human Hela cells revealed that SNRPB appears as a double band on immunoblots, leading
to the discovery that humans express an additional isoform, SNRPB’, which is absent in
rodents (Matter et al. 1982; Todd A. Gray et al. 1999). This isoform diversity in humans arises
from alternative splicing of exon 7 in the Snrpb/b’ gene, where an alternative 3’ splice site
generates two protein products with distinct C-terminal sequences (Saltzman, Pan, and
Blencowe 2011; Lynch et al. 2014; Turner et al. 2023). Despite these sequence differences,
Snrpb and Snrpb’ exhibit functional redundancy, as demonstrated by a rescue experiment in
which Snrpb knockdown was successfully rescued by transfection with either Snrpb or Snrpb’
cDNA (Saltzman, Pan, and Blencowe 2011).

From an evolutionary perspective, Snrpb’ is thought to be the ancestral form of the gene. More
than 90 million years ago, a gene duplication event involving Snrpb’ gave rise to the Snrpn
paralogue. Since rodents lack Snrpb’, early studies assumed Snrpb was the ancestral gene.
However, sequence comparisons by Gray et al. revealed that the putative SNRPB’ protein
products in hedgehog, opossum, wallaby, and chicken share the same length and high amino
acid sequence similarity with human SNRPB’ and SNRPN (Table 1. 1), suggesting that Snrpb’
predates the gene duplication event that produced Snrpn (Todd A. Gray et al. 1999).



Table 1. 1. Sequence similarity of putative SmB’ protein in different species compared
to human SNRPB’ and SNRPN.

Organism Similarity to human SNRPB’ Similarity to human SNRPN Reference

Hedgehog >99% 93%

Opossum 97% 94% Todd A. Gray
Wallaby 96% 93% etal. 1999
Chicken 96% 92%

1.1.5. Distinct gene regulations of SNRPB and SNRPN gene paralogues

Despite their shared ancestry from SNRPB’, SNRPB and SNRPN exhibit distinct regulatory
mechanisms, including differences in alternative splicing and genomic imprinting (Rapkins et
al. 2006).

In SNRPB, gene expression is tightly regulated by alternative splicing. In addition to the exon
7 splicing event that generates SNRPB and SNRPB’, another alternative splicing event occurs
between exon 2 and exon 3, where an alternative exon is located. This alternative exon, which
is highly conserved in mammalian genomes, contains a premature termination codon, leading
to nonsense-mediated decay and serving as an autoregulatory mechanism to prevent

excessive SNRPB expression (Saltzman, Pan, and Blencowe 2011; Lynch et al. 2014).

In contrast, SNRPN follows a different regulatory strategy. The SNURF-SNRPN locus has a
bicistronic gene organization, meaning that a single promoter drives the expression of both
SNURF and SNRPN. The upstream open reading frame (ORF) encodes SNURF, while the
downstream ORF encodes SNRPN (Tsai et al. 2002; T. A. Gray, Saitoh, and Nicholls 1999).
Unlike SNRPB, which is expressed from both alleles, SNRPN is subject to genomic imprinting.
Specifically, the maternal SNRPN allele is highly methylated and silenced, while the paternal
allele remains unmethylated and active (Todd A. Gray et al. 1999; Bressler et al. 2001; Tsai et
al. 2002).



1.2. RNA Splicing

1.2.1. Introduction to RNA splicing

RNA splicing is a post-transcriptional process, in which noncoding introns of pre-mRNAs are
removed, and coding exons are ligated to generate mature mRNAs (van den Hoogenhof, Pinto,
and Creemers 2016). This process occurs in eukaryotic organisms, including fungi (e.g. yeast),
plants (e.g. rockcress, rice), and animals (e.g. human, mouse, chicken) (Muzafar et al. 2021;
Tognacca et al. 2023; Sammeth, Foissac, and Guigé 2008; Hong Zhang et al. 2024).
Prokaryotes (e.g. bacteria and archaea) were traditionally thought to lack introns and splicing.
However, recent studies have shown that introns exist in prokaryotes, though they are much
less common. It is suggested that these introns were inserted through transposon-like

mechanisms (Rogers and Bendich 2023).

There are two types of splicing: constitutive splicing and alternative splicing. In the former, one
mRNA transcript is generated from a single gene by removing all introns, and ligating all exons
sequentially (Figure 1. 2). Unlike constitutive splicing, alternative splicing increases diversity of
complex organisms by generating multiple mRNA transcripts from a single gene via different
mechanisms. In exon skipping, a prevalent mechanism of alternative splicing, specific exons
are removed from the final mMRNA. By including only one of two exons, but not both, mutually
exclusive exons are incorporated into the mRNA. Alternative splice site selection at 5’ and 3’
results in longer and shorter exon formation. Other mechanisms include partial or complete
intron retention, and the choice of alternative transcription splice sites (TSS) or alternative poly-
A sites (Kaminska 2024; Yan Wang et al. 2015).

Although it was thought that only 5% of human genes were subjected to alternative splicing in
the 1980s, with the technological improvements, this number has increased to >95% (Yan
Wang et al. 2015). Despite the prevalence of intron-containing genes in eukaryotic genomes,
a small fraction of protein-coding genes, known as intronless genes, lack introns entirely and
do not undergo splicing. Since they lack introns, intronless genes can be transcribed more
efficiently and at potentially higher rates compared to genes containing multiple exons
(Osemwenkhae and Aguebor-Ogie 2021; Yong Chen et al. 2023).

While RNA splicing is essential for generating mature mRNAs, the process relies on a highly
coordinated molecular machinery to ensure precision and accuracy. This machinery is the
spliceosome, a large and dynamic RNA-protein complex that identifies splice sites and
catalyzes the removal of introns. The complex assembly and function of the spliceosome form

the basis for understanding how splicing achieves its specificity.
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Figure 1. 2. Mechanisms of alternative splicing. Exons are implicated with colored bars, whereas

introns are with gray lines. TSS: transcription splice sites, (A): polyadenylation sites (Adapted from
Kaminska 2024)

1.2.2. The spliceosome and its assembly

RNA splicing is executed by the spliceosome, a highly dynamic large RNA-protein complex.
This complex contains small nuclear ribonucleoproteins (snRNPs). Each snRNPs include small
nuclear RNAs (snRNAs, U1, U2, U4/U6, or U5), along with a heptameric Sm ring (SNRPB/B/N’,
SNRPD1, SNRPD2, SNRPD3, SNRPE, SNRPF, and SNRPG), and more than 150 splicing
factor proteins. Each snRNPs are named after their respective snRNAs. In other words, when
a complex contains U1 snRNA, it is called U1 snRNP, and so on. The spliceosome identifies
specific regulatory sites, including 5’ and 3’ splice sites, branch point, and polypyrimidine tract
(Kambach et al. 1999; Mouréao et al. 2016; van den Hoogenhof, Pinto, and Creemers 2016;
Kaminska 2024; Yan Wang et al. 2015).



The assembly of spliceosome is a multi-step process where different intermediate complexes
(complex E, A, B, and C) are formed. First, U1 snRNP recognizes the 5’ splice site of an exon.
Splicing Factor 1 (SF1) and U2 snRNP auxiliary factor (U2AF) recognize the 3’ splice site on
the adjacent exon. U2AF consists of two subunits: 65-kDa subunit U2AF65, and 35-kDa
subunit U2AF35. According to the current models, U2AF65 binds to the polypyrimidine tract,
whereas U2AF35 detects the AG dinucleotide at the 3’ splice site. At this step, complex is
called E-complex. Upon displacement of SF1 by U2 snRNP, A-complex, i.e. prespliceosome,
is formed. Next, the recruitment of U4/U6 and U5 tri-snRNP's joins U1 and U2 together, forming
the B-complex, precatalytic spliccosome. The removal of U1 and U4 from precatalytic
spliceosome allows U6 to basepair with 5’ splice site and branch point. In complex C, cleavage
at 5’ splice site generates 3’-OH group and an intron lariat structure. Then, U5 snRNP positions
5" and 3’ splice sites together, enabling the 3’-OH group of the upstream exon to attack the 3’
splice site. This brings exon-exon ligation, and intron excision in lasso-shaped intron lariat, and
followed by the disassembly of spliceosome (Borao, Ayté, and Himmer 2021; Kambach et al.
1999; van den Hoogenhof, Pinto, and Creemers 2016; Pineda and Bradley 2018).

Around 10 years after the spliceosome discovery, Tarn and Steitz identified another
spliceosome targeting <1% of intron, called minor spliceosome (van den Hoogenhof, Pinto,
and Creemers 2016). Minor spliceosome replaces U2 snRNP with U12 snRNP. While being
functionally similar to the major spliceosome, minor spliceosome shows some differences. Key
differences include different splice site and branch point sequences, cytoplasmic splicing, and
slower splicing rate. Additionally, unlike major splicing, minor splicing rarely generates

alternative isoforms (van den Hoogenhof, Pinto, and Creemers 2016).

The minor spliceosome is found in various eukaryotic species, including humans, slime mold,
and some nematodes (Bai et al. 2021; Larue, Elias, and Roy 2020; Davila Lépez, Rosenblad,
and Samuelsson 2008). The evolutionary conservation and limited occurrence of minor
spliceosome suggest that it serves a unique function rather than acting as a backup (van den
Hoogenhof, Pinto, and Creemers 2016). Despite the low abundance of the minor spliceosome,
the genes containing them are involved in many essential cellular processes, including DNA
replication, DNA repair, cell cycle regulation, transcription, translation, and splicing. The loss
of function mutations in minor spliceosome-associated factors caused developmental defects
in zebrafish and congenital disorders in humans. These findings highlight the importance of

minor spliceosome (Powell-Rodgers et al. 2024).

The precise assembly and function of the spliceosome depend not only on its complicated
molecular interactions but also on the spatial organization of its components within the cell.
Spliceosome components are dynamically distributed across different subcellular

compartments, ensuring their proper maturation, assembly, and recycling.
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1.2.3. Subcellular localization of spliceosome

Spliceosome components exhibit distinct subcellular localization. After being synthesized in
the nucleus, snRNAs transcribed by RNA polymerase Il (all snRNAs except for UG) are
exported to the cytoplasm, whereas U6 transcribed by RNA polymerase Il stays in the nucleus
(Figure 1. 3) (Lorkovi¢, Hilscher, and Barta 2004; Yildirim et al. 2021; Hutten et al. 2014). In
the cytoplasm, the Survival Motor Neuron (SMN) complex facilitates the incorporation of
snRNAs with Sm proteins, forming Sm core snRNPs (Hutten et al. 2014). After acquiring a
trimethylguanosine cap at their 5’, snRNPs are transported back to the nucleus (Lorkovic,
Hilscher, and Barta 2004; Yildirim et al. 2021; Ohtani 2018).
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Figure 1. 3. Subcellular localization of spliceosome components. RNA Pol Il RNA

polymerase Il, RNA Pol lll: RNA polymerase lll. (Adapted from Machyna, Heyn, and Neugebauer 2013)

Within the nucleus, spliceosomal components localize into specific nuclear compartments,
primarily in Cajal bodies and nuclear speckles. Cajal bodies serve as sites for additional shnRNP

assembly and post-transcriptional modifications, while nuclear speckles function as storage
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and assembly sites for splicing factors (Lorkovi¢, Hilscher, and Barta 2004; Yildirim et al. 2021;
Hutten et al. 2014). Although nucleolus is the well-characterized nuclear compartment, splicing
factors do not localize there, except for the transient pass of U6 snRNPs during their maturation
(Lorkovi¢, Hilscher, and Barta 2004).

After the nuclear import, SMN complex dissociates from Sm core snRNPs, and returns to the
cytoplasm, while Sm core snRNPs localize to membraneless spherical Cajal bodies for further
processing (Ohtani 2018). Once fully matured, snRNPs exit Cajal bodies and relocate to
nuclear speckles, where they participate in active splicing. Following splicing, snRNPs can be
recycled for subsequent splicing events, while nuclear speckles retain splicing factors for the

next round of splicing (Hutten et al. 2014; Yildirim et al. 2021).

The precise location of spliceosome components within specific subcellular compartments
ensures their efficient participation in splicing events. However, the regulation of splicing is not
only determined by spatial organization, as many splicing factors exhibit tissue-specific

expression patterns that contribute to the unique splicing outcomes observed in different cell

types.

1.2.4. Tissue-specific expression of splicing factors

Splicing factors are broadly classified into basal and regulatory factors based on their role in
splicing. Basal factors, including core spliceosomal proteins and snRNAs, directly catalyze
splicing and are ubiquitously expressed across all cell types. In contrast, regulatory factors
modulate splicing by interacting with enhancer or silencer sequences (Dvinge et al. 2019).
Enhancers contain binding sites for activators that promote transcription, functioning
independently of their position or orientation relative to the gene. Conversely, silencers recruit
repressors that inhibit transcription, either by modifying chromatin structure or by blocking
activator binding. Like enhancers, silencers operate in a modular and orientation-independent
manner, ensuring precise gene regulation across different cellular contexts (Segert,
Gisselbrecht, and Bulyk 2021).

While traditionally considered distinct, some studies indicate that some basal splicing factors
also exhibit regulatory roles and show tissue-specific expression patterns. Similarly, many
regulatory splicing factors exhibit tissue-specific expression, supporting the formation and

preservation of the unique splicing process in different cell types (Dvinge et al. 2019).

Comparative studies analyzing splicing factor variations across brain, heart, kidney, liver, and
testis in human, mouse, and chimpanzee tissues have shown that several sShRNP components,
including Lsm2, Lsm4, and Snrpa, are upregulated in the testis, while the core spliceosomal

protein SNRPN is highly expressed in the brain. Additionally, SF3A2, a subunit of the splicing
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factor 3a complex, and the SR protein kinases SRPK1 and SRPK2 display increased

expression in the testis, suggesting a specialized role (Grosso et al. 2008).

While tissue-specific expression of splicing factors contributes to the unique splicing outcomes
in different cell types, their activity is also controlled by additional regulatory mechanisms.
These include interactions between splicing factors, autoregulatory feedback loops, and the
modulation of alternative splicing through microexons. Together, these processes ensure
precise regulation of the splicing machinery and its adaptability across diverse cellular

contexts.

1.2.5. Regulation of splicing factors

Beyond differential expression, splicing regulation is also influenced by the modulation of
ubiquitously expressed splicing factors. Many of these factors maintain the balance of the
splicing machinery through cross-regulation or auto-regulatory mechanisms. Some splicing
factors interact with others to modulate alternative splicing patterns, while others regulate their

own expression to ensure stable protein levels (Pedrotti et al. 2012).

Cross regulation between splicing factors is exemplified by the Fox gene family, particularly
Fox-3, which is expressed exclusively in the brain. Fox-3 interacts with PSF, a ubiquitously
expressed splicing factor, to activate neural cell-specific alternative splicing of N30 exon.
Although Fox-1 and Fox-2 are also expressed in the brain, PSF binds to Fox-3 more efficiently
for reasons that remain unclear (Kim et al. 2011; Pedrotti et al. 2012). These interactions
illustrate how tissue-specific splicing factors collaborate with general regulators to generate

splicing diversity across different cell types.

In addition to cross-regulatory interactions, some splicing factors regulate their own expression
though auto-regulatory mechanisms. One example is SNRPB, which undergoes alternative
splicing to include a microexon containing a premature termination codon (PTC). The inclusion
of this microexon is dependent on SNRPB levels. Low SNRPB expression reduces microexon
inclusion, while higher levels promote its incorporation. This autoregulatory mechanism helps

maintain the appropriate balance of SNRPB within the cell (Lynch et al. 2014).

Microexons, which are exons ranging from 3 to 30 nucleotides, play a crucial role in splicing
regulation, particularly in neurons (Parada et al. 2021; Curry-Hyde et al. 2018). Unlike
conventional exons, microexons exhibit high conservation, with over 13,000 conserved
microexons in the human genome (J.-S. Lee, Lamarche-Vane, and Richard 2022). The
majority are multiples of three nucleotides, preserving the open reading frame and generating

alternative protein isoforms that influence protein binding properties and posttranslational
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modifications. In contrast, microexons that are not in frame introduces PTCs, leading to
degradation by the nonsense-mediated mRNA decay (NMD) pathway, preventing the
production of potentially harmful truncated proteins (Ustianenko, Weyn-Vanhentenryck, and
Zhang 2017; Curry-Hyde et al. 2018; Inglis et al. 2023).

These examples highlight how splicing regulation integrates cross-regulation, autoregulation,
and microexon control to ensure precise gene expression across different tissues. Through
these mechanisms, cells achieve the diversity and adaptability necessary for proper function.
Among the core components of the spliceosome, SNRPB and SNRPN play critical roles in
snRNP assembly and splicing fidelity, serving as key examples of how splicing factors

contribute to both general and tissue-specific splicing processes.

1.2.6. SNRPB subunit of the spliceosome complex

SNRPB is one of the core components of the spliceosome complex, forming a heptameric Sm
ring with six other Sm proteins. This ring-structure binds to snRNAs and protects them from
degradation and facilitates RNA processing (Kambach et al. 1999; Saltzman, Pan, and
Blencowe 2011; Hyjek-Sktadanowska et al. 2020; van Beers and Schreurs 2022).

SNRPB is a 231 amino acid protein with a molecular weight of 24 kDa (Todd A. Gray et al.
1999). It consists of a structured globular Sm domain at the N-terminus and an intrinsically
disordered C-terminal region (Figure 1. 4). Intrinsically disordered region contains two distinct
motifs. The arginine-glycine (RG) motif, spanning residues 90-167, includes arginine residues
that can be symmetrically dimethylated. Downstream of the RG motif, from residues 167-231

in SNRPB, accommodates the proline-rich motif (Mourao et al. 2016).
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Figure 1. 4. Domain architecture and sequence alignment of SNRPB and SNRPN. The
upper panel illustrates the domain organization of SNRPB and SNRPN, whereas the lower panel shows

the sequence alignment. RG motif: arginine-glycine motif, P-rich motif: proline-rich motif (Adapted from
Todd A. Gray et al. 1999; Mouréo et al. 2016)

13



SNRPB interacts with multiple co-factors through its RG and proline-rich motives. SNRPB
forms interactions with Survival Motor Neuron (SMN) and Protein arginine N-methyltransferase
5 (PRMT5) via its RG domain (Yong et al. 2004; DeAngelo et al. 2024). The SMN complex,
essential for snRNP biogenesis, recognizes the methylated RG motif and facilitates the transfer
of Sm proteins onto snRNAs (Yong et al. 2004). PRMT5 catalyzes the symmetrical methylation
of arginine residues within this motif regulating protein-protein interactions critical for snRNP
assembly and localization. These interactions ensure proper spliceosome function and

contribute to the stability of sSnRNP complexes within the nucleus (DeAngelo et al. 2024).

SNRPB is proposed to maintain protein-protein interactions through its proline-rich motif. This
motif contains proline-rich sequences similar to those found in the CD2 receptor, which
associates with SH3 domain. Since SH3 domains mediate protein-protein interactions via
proline repeats, the proline-rich motif of SNRPB is also suggested to facilitate interactions
crucial for the assembly of snRNP core proteins (Filali et al. 1999). In addition to SH3 domain-
containing proteins, SNRPB also interacts with the splicing factor RBM5 through its proline-
rich motif. RBM5 contains an OCRE domain that directly binds the proline-rich domain of

SNRPB and modulates alternative splicing (Mouréo et al. 2016).

1.2.7. SNRPN subunit of the spliceosome complex
Like SNRPB, SNRPN is one of the core components of the spliceosome complex. In brain and
heart tissues, it assembles into the heptameric ring together with six other Sm proteins by

replacing its paralogue, the SNRPB subunit of the Sm ring (Thompson et al. 2018).

SNRPN consists of 240 amino acids and has a molecular weight of 29 kDa, reflecting its
similarity to the ancestral form SNRPB’, which also contains 240 amino acids (Sharpe,
Williams, and Latchman 1990; Todd A. Gray et al. 1999). It shares the same domain
architecture as SNRPB, with an N-terminal Sm domain, a C-terminal intrinsically disordered

arginine-glycine (RG) motif, and a proline-rich motif (Figure 1. 4) (Mouré&o et al. 2016).

Despite their high sequence similarity (>90%), SNRPB and SNRPN exhibit differences at their
C-termini (Grimaldi et al. 1993). Sequence alignment highlights these differences, particularly

in the P-rich motif, where SNRPN contains an additional nine amino acids (Figure 1. 4).

Beyond its association with the Sm ring, the specific functions of SNRPN remain poorly
understood. However, recent studies indicate that SNRPN interacts with a distinct set of
proteins. After filtering out nonspecific interactors, mass spectrometry analysis of fluorescently
tagged SNRPB and SNRPN revealed several interaction partners unique to SNRPN,
suggesting functional divergence. For example, nuclear receptor co-activator 6 interacting

protein and 7SK snRNA methylphosphate capping enzyme, both involved in snRNA capping,
14



were exclusive to the SNRPN interactome. Moreover, RNA-binding protein 40, a component
of the minor spliceosome, was detected only in the SNRPN interactome. The presence of these
unique interaction partners suggests that SNRPN may have specialized roles beyond its

function in snRNP assembly (Thompson et al. 2018).

Despite their structural similarities and shared roles in snRNP assembly, SNRPB and SNRPN
exhibit distinct functional characteristics, as evidenced by their unique interaction partners and
potential specialized roles. These differences extend beyond their molecular properties to their

expression patterns, which vary significantly across tissues and developmental stages.

1.2.8. Distinct expression patterns of SNRPB and SNRPN

SNRPB and its splice isoform SNRPB’ are part of the heptameric Sm ring, and ubiquitously
expressed across various tissues. On the contrary, their gene paralogue SNRPN exhibits a
tissue-specific expression pattern, replacing the SNRPB/B’ subunit of Sm ring in tissues where
it is highly expressed, particularly in the brain and heart, with a strong presence in central
neurons (Ozgelik et al. 1992; Huntriss, Latchman, and Williams 1993; Todd A. Gray et al. 1999;
Saltzman, Pan, and Blencowe 2011; Thompson et al. 2018; Turner et al. 2023). Microarray
data from Saltzman et al. demonstrated that SNRPB/B’ is highly expressed in cell lines and
hematopoietic system (described in the figure as “blood, immune”), whereas SNRPN is most

abundant in the central nervous system (Figure 1. 5) (Saltzman, Pan, and Blencowe 2011).

Beyond its tissue specificity, SNRPN expression is also regulated developmentally. It is not
only restricted to the central nervous system, but also detected in undifferentiated embryonal
carcinoma cell lines and undifferentiated embryonic stem cells, suggesting a potential role of
SNRPN in early embryonic differentiation (Sharpe, Williams, and Latchman 1990; Huntriss,
Latchman, and Williams 1993; Turner et al. 2023). An immunoblot analysis of rat brain lysates
from different developmental stages showed a progressive increase in SNRPN level during
brain development, concomitant with a decrease in SNRPB levels, eventually replacing
SNRPB in adult brain (Figure 1. 6) (Grimaldi et al. 1993).

There is an important factor in interpreting SNRPN expression at the RNA level due to the
bicistronic nature of the SNURF-SNRPN locus. A single promoter drives the expression of both
SNURF (upstream ORF) and SNRPN (downstream ORF) (Tsai et al. 2002), meaning that
detecting SNURF-SNRPN RNA does not always indicate SNRPN protein expression. The
upstream ORF encoding SNURF may influence SNRPN translation, highlighting the need for

caution when interpreting RNA-based expression data.
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Figure 1. 5. Microarray expression data showing distinct expression patterns of SNRPB
(SmB) and SNRPN (SmN) in different tissues and cell lines. Each bar represents 2-5
replicates. Dotted lines indicate expression that is two-fold above or below the median across the 84

samples. (Figure taken from Saltzman, Pan, and Blencowe 2011)
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Figure 1. 6. Western blot of lysates obtained from rat brain at different developmental
stages. KSm5 antibody recognizing both SNRPB and SNRPN was used. (16/18: embryonic days
16/18, 2/7: 2/7 days postnatal, A: adult) (Figure taken from Grimaldi et al. 1993)
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1.3. Cellular Consequences of Aberrant Splicing

1.3.1. Introduction to aberrant splicing

Dysregulation of alternative splicing can lead to aberrant splicing events resulting in the
production of abnormal mRNA transcripts and dysfunctional proteins (Kaminska 2024).
Aberrant splicing is believed to stem from variations in the cellular composition, concentration,
activity, localization, and the mutations of core splicing machinery. It is associated with
diseases as both the cause and the consequence (Yan Wang et al. 2015; van den Hoogenhof,
Pinto, and Creemers 2016; Will and LiGhrmann 2011).

Aberrant splicing covers all deviations from normal splicing, including those caused by genetic
mutations, environmental factors, or regulatory disruptions. Mis-splicing, on the other hand,
refers specifically to defective splicing events that occur due to errors in the splicing process,
such as exons skipping, cryptic splice site activation and intron retention (Jung, Lee, and Choi
2021). Exon skipping is the removal of a specific exon from the final mMRNA; in other words,
the failure of an exon inclusion in the mature mRNA (Kaminska 2024). Cryptic splice site
activation includes the usage of non-canonical (cryptic) splice sites, which are used at low
levels and normally dormant unless activated by mutation and so on (Kapustin et al. 2011).
Intron retention, another form of mis-splicing, occurs when an intron is not spliced out, but
transcribed into pre-mRNA (Wong et al. 2016). Intron retention often leads to premature
termination codons (PTCs) inclusion. As discussed in 1.2.5., transcripts containing PTCs are
considered as harmful and mostly targeted by the nonsense-mediated decay (NMD), which is
a conserved quality control mechanism preventing the accumulation of aberrant transcripts by
degrading them (Wong et al. 2016).

The dysregulation of splicing mechanisms, whether through mutations, altered expression of
splicing factors, or environmental influences, can have profound consequences on cellular
function and integrity. In the context of disease, aberrant splicing is increasingly recognized as
a central player in both cancerous and non-cancerous disorders, driving pathological

processes and presenting opportunities for therapeutic targeting.

1.3.2. Aberrant splicing in cancer

Aberrant RNA splicing plays a crucial role in the initiation, progression and invasion of different
cancers (Irimia et al. 2014). Aberrant RNA splicing in cancer might include dysregulation of
alternative splicing, mutations in trans-acting splicing factors or mutations in cis-regulatory

elements (Scotti and Swanson 2016; Bonner and Lee 2023).
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SRSF1 is one of the most extensively studied splicing factors associated with various cancers
such as lung, breast, and colon cancer. Its overexpression promotes cell growth and
dysregulates the alternative splicing of transcripts involved in apoptosis, proliferation, and DNA

damage response, particularly in breast cancer (Bonner and Lee 2023; Anczukéw et al. 2012).

Several other splicing factors also show altered expression in cancer, including PRPF6 and
PRPF8. The overexpression of PRPF6, which is a U5 snRNP protein, is associated with
colorectal carcinoma, leading to the production of an oncogenic form of stress-activated ZAK
through alternative splicing. Conversely, reduced expression of PRPF8 is associated with

myelodysplastic syndromes and promotes cell proliferation (Scotti and Swanson 2016).

Beyond expression changes of splicing factors, somatic mutations in key spliceosome-
associated components have been identified in various cancers. For example, U2AF1
mutations disrupt hematopoiesis and 3  splice site recognition, leading to transcript

dysregulation (Scotti and Swanson 2016).

Aberrant splicing is also implicated in solid tumors such as glioblastoma. In a transcriptomic
analysis to identify the glioblastoma-associated RNA binding proteins, SNRPB, a subunit of
heptameric Sm ring of core spliceosome complex, has emerged as a key regulator of cell
viability, cell proliferation, and apoptosis. Knockdown of SNRPB, in glioblastoma cell lines led
to decreased cell viability, increased apoptosis, and reduced proliferation. The same study also
showed that SNRPB depletion disrupted gene expression and alternative splicing regulation of
key genes involved in DNA repair (e.g., BRAC1, RAD50, CHEK1) and glioblastoma
development (e.g., MAPK, RAS, p53) (Correa et al. 2016).

Splice site recognition errors also contribute to cancer progression. In chronic lymohocytic
leukemia and breast cancer, point mutations in SF3b155, one of the subunits of SF3b, result

in cryptic 3’ splice site selection and aberrant splicing (DeBoever et al. 2015; Cretu et al. 2016).

The widespread impact of aberrant splicing in cancer highlights its role in driving tumorigenesis
and disease progression. However, the disruption of splicing mechanisms is not limited to
cancer. It also contributes to the development of various non-cancerous disorders, where

similar dysregulation leads to distinct disease phenotypes.

1.3.3. Aberrant splicing in non-cancerous disorders

Splicing factor mutations are associated with a variety of human diseases, often affecting
multiple transcripts due to their fundamental roles in the splicing machinery. Unlike mutations
in cis-elements that typically affect a single gene, defects in trans-acting splicing factors result

in broader dysregulation of gene expression and complex disease etiologies (T. Chen et al.
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2019). Although splicing is a fundamental process, spliceosomal diseases exhibit highly

specific phenotypes (Turner et al. 2023).

Mutations in the survival of motor neuron 1 (SMN1) gene cause spinal muscular atrophy
(SMA), an autosomal recessive neuromuscular disorder characterized by progressive motor
neuron degeneration and skeletal muscle atrophy (Crawford et al. 2024; Mallapaty 2025).
SMN1 gene encodes SMN1 protein, a key member of the SMN complex that mediates snRNP
assembly. Despite its ubiquitous expression, SMN protein deficiency results in selective motor
neuron vulnerability, the underlying cause of SMA pathology (Z. Zhang et al. 2008; van den
Hoogenhof, Pinto, and Creemers 2016).

Humans have a paralogues gene, SMN2, which can partially compensate for SMN1 loss.
However, a C-to-T transition at nucleotide position 840 in SMN2 disrupts an exonic splicing
enhancer while creating an exonic splicing silencer. This leads to aberrant splicing,
predominantly skipping exon 7, and results in truncated, non-functional SMN protein. Although
SMN2 can express some functional SMN protein, its efficiency is much lower than SMN1. The
number of SMN2 copies modulates the severity of SMA, with fewer copies associated with
more severe phenotypes. However, this correlation is not absolute, as additional genetic
variants, epigenetic and posttranslational modifications can influence the ability of SMN2 to

produce functional SMN protein (Yeo, Tizzano, and Darras 2024).

The most severely affected cells in SMA are motor neurons in the brainstem and spinal cord.
The motor neuron pool in SMA patients consists of a mix of immature, healthy, reversibly
damaged, and irreversibly damaged motor neurons. Immature motor neurons are particularly
vulnerable to postnatal degeneration, and disease severity inversely correlates with the
proportion of surviving healthy motor neurons. In severe SMA cases, a significant reduction in
healthy motor neuron numbers is already evident at birth, with neurodegeneration likely
initiating in utero. This progressive loss results in a shifting neuronal composition over time,
influencing disease progression. However, the precise role of SMN protein in prenatal and
postnatal motor neuron development and degeneration remains unknown (Yeo, Tizzano, and
Darras 2024).

Mutations in splicing factors can also contribute to craniofacial disorders, which often involve
defects in neural crest-derived skeletal elements. The neural crest is a transient, multipotent
cell population that plays a crucial role in vertebrate development, giving rise to a wide variety
of cell types, including cartilage, bone, connective tissues, and neurons. The development of
neural crest cells is tightly regulated by gene expression, and disruptions in this regulation can
lead to developmental defects (Achilleos and Trainor 2012). Craniofacial disorders associated
with mutations in splicing factors, such as Verheij syndrome (PUF60), mandibulofacial

dysostosis (EFTUD2), Nager syndrome (SF3B4), Burn-McKeown syndrome (TXNL4A), and
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Taybi-Linder syndrome (RNU4ATAC) are characterized by defects in neural crest cell
derivatives, including micrognathia, facial dysmorphisms, and limb abnormalities (Griffin and
Saint-Jeannet 2020; Khatri et al. 2023). The precise role of splicing in neural crest development
is not fully understood, but it is thought that splicing mutations disrupt key developmental
pathways, leading to abnormal cell differentiation and survival in the neural crest lineage.
These defects are often observed in the craniofacial region because neural crest cells populate

the pharyngeal arches, which gave rise to most structures of the face (Park et al. 2022).

The critical role of splicing dysregulation in non-cancerous disorders, such as SMA and
craniofacial disorders, highlights the need for targeted interventions. Advances in
understanding these defects have led to the development of splicing-targeted therapies,

offering promising strategies to correct aberrant splicing events.

1.3.4. Splicing-targeted therapies
The growing understanding of splicing mechanisms had led to the development of splicing-
targeted therapies, including antisense oligonucleotides (ASOs), small molecules, and

combination approaches.

Antisense oligonucleotides (ASOs) are short complementary nucleotides correcting aberrant
splicing events by binding to specific splice sites or regulatory elements (Douglas and Wood
2011; Szelest and Giannopoulos 2024). Nusinersen, an 18-oligonucletides ASO, binds to an
intronic splicing silencer in SMN2, promoting the inclusion of exon 7, and increasing the
production of functional SMN protein, thereby partially compensating for the loss of SMN1
(Porensky and Burghes 2013; Marasco et al. 2022; Zhan et al. 2024; Singh et al. 2022).

Small molecules, on the other hand, modulate splicing by targeting spliceosome components
or interacting with regulatory proteins. Risdiplam is an FDA-approved oral small molecule
splicing modifier that enhances SMN2 exon 7 inclusion, increasing SMN protein levels to treat
SMA across a broad patient population, including adults, children and infants from birth
(“Roche” n.d.). Recent study has expanded its potential use, demonstrating successful prenatal
administration in a fetus diagnosed with SMA. Maternal Risdiplam treatment during late
pregnancy resulted in transplacental drug transfer, increased SMN protein levels in the fetus,
and lower nerve damage levels compared to other SMA cases (Finkel et al. 2025; Mallapaty
2025).

Finally, combination approaches strengthen the efficacy of ASOs and small molecules. For
example, the combination of a low-dose treatment of the Anti-N1 ASO with risdiplam or
branaplam small molecules enhances SMN2 exon 7 inclusion by minimizing the disruption of

gene expression, unlike higher doses of each treatment (Ottesen and Singh 2024). These
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strategies are promising for various splicing-related disorders such as SMA, AML, cancer

(Szelest and Giannopoulos 2024).

While splicing-targeted therapies hold significant promise for addressing aberrant splicing in
disorders like SMA, mutations in specific spliceosome-associated genes, such as SNRPB and

SNRPN, are also linked to rare genetic conditions with distinct pathological mechanisms.

1.3.5. Genetic disorders associated with mutations in SNRPB and SNRPN
Mutations in SNRPB and SNRPN are linked to Cerebro-Costo-Mandibular syndrome (CCMS)
and Prader-Willi syndrome (PWS), respectively.

CCMS is a congenital skeletal disorder characterized by micrognathia, glossoptosis, U- or V-
shaped cleft palate, rip gaps, scoliosis, respiratory complications, and the lack of external ear
canals (Bacrot et al. 2015; Lynch et al. 2014; Knill et al. 2024). This rare developmental disorder
is classified as a spliceosomopathy, as it is associated with mutations in SNRPB. However,
disease-associated mutations do not occur in the coding region but rather in an alternative
exon containing a premature termination codon. These mutations lead to aberrant splicing,
resulting in increased inclusion of the alternative exon and subsequent activation of non-sense
mediated decay, thereby reducing overall SNRPB expression levels (Lynch et al. 2014; Knill
et al. 2024).

Although splicing occurs in all tissues, the phenotypic consequences of spliceosomal defects
often affect specific organs. In the case of CCMS, skeletal abnormalities arise due to impaired
bone and cartilage formation. A recent study has shown that reduced SNRPB expression,
through either knockdown or mutation, suppresses osteogenesis while promoting
chondrogenesis. This is linked to altered splicing of DIx5, a key regulator of bone development,
and TCF7L2, which influences Wnt/B-catenin signaling. Activating this pathway rescues
osteogenesis, while Wnt inhibitors enhance chondrogenesis. These findings suggest that
SNRPB plays a crucial role in skeletal development, and its disruption contributes to CCMS
pathology (Knill et al. 2024).

PWS is a neurodevelopmental disorder characterized by neonatal hypotonia, intellectual
disability, growth retardation, short stature, small hands, facial dysmorphism, strong appetite,
and obesity (Ozcelik et al. 1992; Glenn et al. 1996; Bressler et al. 2001; Rohm et al. 2025). It
results from the absence of expression of paternally inherited genes within the 15911-q13
region, primarily due to deletions or imprinting defects (Ozcelik et al. 1992; T. A. Gray, Saitoh,
and Nicholls 1999; Bressler et al. 2001; Rohm et al. 2025).
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SNRPN is a maternally imprinted gene, which is expressed exclusively from the paternal allele
(Glenn et al. 1996; T. A. Gray, Saitoh, and Nicholls 1999). While early studies suggested that
SNRPN gene loss contributes to PWS, mouse models have shown that its absence alone is
not enough to show phenotypic abnormalities (Ozgelik et al. 1992; Bressler et al. 2001).
Instead, patient mutation profiles suggest that the small nucleolar RNA (snoRNA) gene cluster
SNORD116, which is located downstream of the SNURF-SNRPN locus, plays a crucial role in
PWS pathology. Notably, patients with microdeletions affecting SNRPN exon 2 and 3, while
retaining SNORD116 expression, have been reported to exhibit classic PWS symptoms,

suggesting that additional factors may contribute to disease manifestation (Rohm et al. 2025).

Microdeletions in the imprinting center upstream of Snrpn result in aberrant methylation of the
paternal allele, ultimately silencing PWS-associated genes and causing the disorder (Bressler
et al. 2001). Because the maternal allele remains intact but epigenetically silenced, therapeutic
strategies aimed at reactivating the maternal copy of critical genes, such as SNORD116, may

offer a potential treatment avenue for PWS (Rohm et al. 2025).

The role of spliceosome-associated proteins in genetic disorders such as CCMS and PWS
highlights their importance in maintaining cellular and developmental processes. These
proteins are also linked to autoimmune diseases, where defects in immune tolerance result in

the production of autoantibodies targeting components like Sm proteins.

1.3.6. Anti-Sm autoantibodies

Systemic lupus erythematosus (SLE) is a complex autoimmune disease characterized by the
presence of a wide range of autoantibodies, particularly those targeting nuclear components.
Among them, anti-Smith (anti-Sm) antibodies are highly specific for SLE and were first
identified in 1966 (Cozzani et al. 2014; van Beers and Schreurs 2022). Despite their specificity,
anti-Sm antibodies are detected in only 5-30% of SLE patients, depending on ethnicity and the
detection method (van Beers and Schreurs 2022). These antibodies primarily recognize SmB
(SNRPB, SNRPB’, SNRPN) and SmD (SNRPD1, SNRPD2, SNRPD3) proteins, components
of snRNP complex (Huntriss, Latchman, and Williams 1993; Filali et al. 1999; van Beers and
Schreurs 2022).

The origin and the precise mechanisms leading to anti-Sm autoantibody production remain
unclear. SLE is characterized by the breakdown of B-cell tolerance, resulting in the activation
of autoreactive B cells that produce antibodies against self-antigens, including nuclear and
cytoplasmic proteins (Cozzani et al. 2014; van Beers and Schreurs 2022). The Sm proteins,
particularly SmD1 and SmD3, are considered the most specific antigens for SLE due to their

limited cross-reactivity with other autoantigens (van Beers and Schreurs 2022). The targeting
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of the immune system toward spliceosomal proteins like Sm remains poorly understood, but
one hypothesis suggests that apoptosis and NETosis, neutrophil specific kind of death,
contribute to the impairment of the clearance of apoptotic cells, the loss of tolerance, and

subsequent autoantibody production (Mahajan, Herrmann, and Mufioz 2016).

Autoantibodies targeting Sm proteins can precipitate snRNP complexes containing U1, U2,
U4/U6, and U5 RNAs (Filali et al. 1999). Although anti-Sm antibodies are not the most sensitive
biomarkers for SLE, they are included in the classification criteria due to their diagnostic
specificity (Cozzani et al. 2014). Immunofluorescence studies have shown that Sm antigens
are predominantly nuclear, with some cytoplasmic localization, supporting their accessibility to
autoantibodies in autoimmune conditions (Lerner and Steitz 1979). Further research is needed
to clarify the mechanisms driving their production and their potential role in disease progression
(Cozzani et al. 2014).
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1.4. Posttranslational Modifications (PTMs): Arginine Methylation

1.4.1. General introduction into PTMs and their functional significance

Posttranslational modifications (PTMs) are covalent modifications that alter the properties of
proteins by introducing functional groups such as acetyl, phosphoryl, glycosyl, and methyl
groups or by proteolytic cleavage. These modifications regulate the function of a wide range of
proteins, including secretory and membrane proteins, as well as histones (Ramazi and Zahiri
2021; Deribe, Pawson, and Dikic 2010; Fan et al. 2015).

PTMs influence a wide range of protein characteristics, including enzymatic activity, assembly,
stability, solubility, protein—protein interactions, receptor activation, molecular trafficking, and
subcellular localization. By altering protein conformation, charge, and interactions with DNA,
RNA, and other proteins, PTMs ultimately regulate cellular phenotypes and biological
functions. These modifications are essential to various biological processes, such as signal
transduction, gene expression regulation, DNA repair, cell cycle progression, metabolism,
immunity, cell differentiation, and autophagy (Ramazi and Zahiri 2021; Zhong et al. 2023; Yang
et al. 2023; Fan et al. 2015).

Specific PTMs contribute to distinct cellular functions: phosphorylation plays a key role in signal
transduction and cell cycle control; acetylation and methylation regulate transcription and
metabolism; glycosylation is essential for protein folding and cell adhesion; and ubiquitination
governs protein degradation and localization. PTMs occur across different cellular
compartments, including the nucleus, cytoplasm, endoplasmic reticulum, and Golgi apparatus.
This widespread distribution ensures precise regulation of cellular pathways (Ramazi and
Zahiri 2021; Zhong et al. 2023; Fan et al. 2015).

The regulation of PTMs depends not only on the activity of enzymes that catalyze these
modifications but also on the availability of metabolic precursors, which can vary based on

cellular and environmental conditions.

1.4.2. Metabolic control and tissue-specific regulation of PTMs

In response to fluctuations in metabolic or in environmental conditions, tissues dynamically
adjust their metabolic pathways to maintain homeostasis. For instance, during fasting,
glycogen stores are depleted, prompting a shift in substrate utilization from carbohydrates to
lipid oxidation to conserve glucose for essential organs such as the brain. Skeletal muscle, as
a metabolically adaptable tissue, plays a major role in this transition by modulating energy and
nutrient-sensing pathways that coordinate fuel selection and metabolic efficiency (Wijngaarden

et al. 2014).
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The brain, as a highly energy-demanding organ, relies on tightly regulated metabolic processes
to sustain neuronal activity and synaptic function. Unlike other tissues, brain has a limited
capacity for energy storage and depends primarily on a continuous supply of glucose as its
main fuel source. During periods of high neuronal activity, local cerebral blood flow increases
to ensure the delivery of oxygen and nutrients required for ATP production. In addition to
glucose metabolism, neurons and glial cells engage in metabolic crosstalk, exchanging key
metabolites such as lactate, glutamine, and lipids to maintain energy balance and biosynthetic
processes. Astrocytes, for instance, play a crucial role in supplying neurons with lactate, which
can be converted into pyruvate and oxidized in mitochondria for ATP generation (Chausse et
al. 2024; Rae et al. 2024; Falkowska et al. 2015). Microglia, the brain’s resident immune cells,
undergo metabolic reprogramming in response to environmental cues, shifting between

glycolysis and oxidative phosphorylation to support their functional state.

These metabolic shifts not only influence energy balance but also impact the availability of
PTM precursors (Pataky et al. 2024; Fan et al. 2015), thereby regulating protein modifications
in a tissue-specific manner. Among these modifications, arginine methylation is particularly
sensitive to metabolic conditions, as it relies on S-adenosylmethionine (SAM) as a methyl
donor. SAM is generated through the one-carbon metabolism pathway, which is closely linked
to nutrient availability including folate and methionine levels (Mentch and Locasale 2016;
Ouyang et al. 2020; Serefidou, Venkatasubramani, and Imhof 2019). Given the brain’s high
metabolic demands, fluctuations in precursor availability can influence arginine methylation
patterns, ultimately affecting protein-protein interactions, RNA processing, transcriptional
regulation, and signaling (Guo et al. 2014; Boisvert, Chénard, and Richard 2005; Zakrzewicz
et al. 2012). In neurons and glial cells, dynamic methylation of arginine residues modulates
key signaling pathways, ensuring proper cellular function and adaptation to metabolic changes
(Qualmann and Kessels 2021). Due to its dependence on metabolic precursors, arginine
methylation plays an important role in regulating cellular responses to metabolic fluctuations,

influencing key processes such as transcriptional regulation and signaling.

PTMs are central to regulating protein function and cellular responses, including adaptations
to metabolic changes. Their ability to fine-tune protein activity extends to highly specialized
processes such as pre-mRNA splicing, where PTMs of splicing machinery components ensure

the precision and adaptability of gene expression in eukaryotes.
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1.4.3. PTMs of splicing machinery

Posttranslational modifications (PTMs) play a crucial role in modulating the dynamics of
ribonucleoprotein complexes and spliceosome-associated proteins. They contribute to the
precise regulation of pre-mRNA splicing and linking it to gene expression in eukaryotes. As a
result, research on how PTMs influence splicing regulation has gained increasing attention.
Among all PTMs, acetylation, ubiquitination, phosphorylation, sumoylation, and methylation

are the most important ones in this process (Kretova et al. 2023).

Acetylation can influence protein stability, DNA binding, localization, and transcriptional activity
(McKay and Johnson 2010). For example, acetylation of the splicing factor Sam68 by
acetyltransferase p300 increases its activity by strengthening its RNA-binding activity (Siam et
al. 2019; Babic, Jakymiw, and Fujita 2004). Additionally, acetylation of splicing factor SRSF5
by histone acetyltransferase Tip60 under high glucose intake stabilizes SRSF5 proteins,

modulating its activity in splicing (Yuhan Chen et al. 2018).

Ubiquitination involves in protein stability, localization, activity of proteins, and spliceosome
assembly (Kretova et al. 2023). For instance, ubiquitin ligase TRAF6 ubiquitinates splicing
factor hLnRNPA1, influencing the splicing of Arhgap1. This process plays a role in self-renewal
and differentiation of hematopoietic stem cells. Another example is the ubiquitin ligase PRP19.
It ubiquitinates the splicing factors PRP3 and PRP31, stabilizing the tri-snRNP complex
(Chanarat and Mishra 2018).

Phosphorylation regulates the assembly, catalysis and disassembly of spliceosomes (McKay
and Johnson 2010), as well as the subcellular localization (Long et al. 2019). Phosphorylated
SR proteins, SRSF1, SRSF3, and SRSF7, are imported to the nucleus by interacting SR-
specific transporting proteins (Long et al. 2019). Similarly, tyrosine phosphorylation of the
splicing factor Sam68 promotes the accumulation of Sam68 nuclear bodies. Moreover,
phosphorylation of Sam68 diminishes its splicing by disrupting its binding with hnRNP A1 to
the BCL-X pre-mRNA (Kretova et al. 2023).

Sumoylation affects pre-mRNA splicing by modifying spliceosomal components and
influencing spliceosome assembly like pre-mRNA 3’ end processing, RNA binding by hnRNP
proteins, and RNA editing (Acufia et al. 2023; Kretova et al. 2023). For example, ubiquitylation
of the U4/U6 protein Prp3 is necessary for stabilization of the U4/U6.U5 tri-snRNP (Pozzi et al.
2017). Another example is the RNA-binding protein TDP-43, whose splicing activity is
regulated by sumoylation in its N-terminal RRM1 domain. Sumoylated TDP-43 acts as a
scaffold for the multiprotein complexes formations, ensuring proper spatial organization of
splicing factors within the spliceosome and supporting their activity in the nucleus (Maraschi et
al. 2021).
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Methylation regulates gene expression, transcription, mRNA turnover, splicing, and protein
function and stability (Han et al. 2019; Bedford and Clarke 2009). PRMT5, an arginine
methyltransferase, has a role in the assembly of snRNPs. It chaperons Sm proteins and
methylates SNRPD1, SNRPD3, and SNRPB/B’ posttranslationally, together with its cofactors
pICIn and MEP50, respectively. Methylated Sm proteins are then imported into SMN assembly
factor for further processing and subsequent nuclear import (Maron et al. 2022). Additionally,
PRMTS methylates SRSF1, enhancing spliceosome assembly. Inhibition of PRMTS negatively
affects spliceosome assembly, resulting in exon skipping and intron retention with weak &’
splice donor sites (Q. Wu et al. 2021). Another arginine methyltransferase, PRMT?9, is involved
in the maturation of the U2 snRNP, where it associates with the splicing factors SAP145 and
SAP49. PRMT9 methylates SAP145, linking it to the early steps of splicing by allowing SAP145

to bind the branch point sequence (Kretova et al. 2023).

Among the various PTMs that regulate splicing, arginine methylation stands out as a critical
modification due to its widespread role in modulating spliceosome assembly and activity. This
process is tightly controlled by a network of enzymes and proteins, including writers, erasers,

and readers, that recognize and interpret methylated arginine residues.

1.4.4. Regulators of arginine methylation: writers, erasers, readers

Arginine methylation is controlled by several enzymes and proteins, regulating the addition,
removal, and recognition of methyl groups on arginine residues on target proteins. Writers and
erasers are the enzymes adding or removing methyl groups, respectively (Figure 1. 7). Finally,
readers are the proteins recognizing and binding to methylated arginine residues, and

interpreting the biological signals encoded by arginine methylations (Biswas and Rao 2018).

writers

v

erasers

Figure 1. 7. Enzymatic regulators of protein arginine methylation: Writers, readers, and

erasers. (Adapted from Xie et al. 2024)
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1.4.5. Writers of arginine methylation: protein arginine methyltransferases (PRMTs)
Writers of arginine methylation, protein arginine methyltransferases (PRMTSs), are the enzymes
that catalyze the transfer of methyl groups from SAM to the guanidinium nitrogen atoms of the
arginine residues (Xie et al. 2024; Bryant, Heiss, and Banasavadi-Siddegowda 2021; Al-
Hamashi, Diaz, and Huang 2020). Mammals generate three main forms of methylated arginine
including monomethylarginine (MMA), asymmetric dimethylarginine (ADMA), and symmetric
dimethylarginine (SDMA).

To date, there are nine identified protein arginine methyltransferases (PRMTs), and they are
classified into three based on their catalytic activities. Type | PRMTs, including PRMT1,
PRMT2, PRMT3, PRMT4 (CARM1), PRMT6, and PRMT8, catalyze the formation of MMA and
ADMA (Figure 1. 8). Type Il PRMTs, consisting of PRMT5 and PRMT9, generate MMA and
SDMA. The only type Il PRMT, PRMT7, exclusively catalyzes the formation of MMA (Zhong
et al. 2023; Al-Hamashi, Diaz, and Huang 2020; Bryant, Heiss, and Banasavadi-Siddegowda
2021; Qualmann and Kessels 2021; Guo et al. 2014; Musiani et al. 2019). In addition to these
nine PRMTs, two potential PRMTs, PRMT10 and PRMT11, have been predicted to show type
Il activity (Qualmann and Kessels 2021). In summary, all PRMTs can mediate
monomethylation of arginine residues, type | enzymes introduce a second methyl group
asymmetrically to form ADMA, whereas type Il enzymes generate SDMA through symmetric

dimethylation.

N

Type | . I
PRMT1 ’ R
PRMT2
PRMT3 asymmetric dimethylarginine (ADMA)
PRMT4 (CARM1)

’ . PRMT6

w Ppe : | Hy PRMT8

Il
—N-~NH, — YP€T | N-~NH,
H Type Il H
arginine PRMT7 monomethylarginine (MMA)

@

| PRMTS N
PRMT9 R N~
Type |l H H

symmetric dimethylarginine (SDMA)

Figure 1. 8. Three types of protein arginine methyltransferases. (Adapted from Samuel et al.
2021)
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The majority of PRMT substrates contain glycine- and arginine-rich (GAR) motif, while PRMT4
(CARM1) primarily methylates arginine residues within proline-, glycine- and methionine-rich
(PGM) motif. PRMT5 is capable of methylating both GAR and PGM motifs. While most PRMTs
exhibit ubiquitous expression, PRMT8 is specifically expressed in neurons. PRMTs mediate
different methylation processes, influencing a variety of cellular functions like gene expression
regulation, splicing, synaptic plasticity, and DNA repair (Table 1. 2) (Azhar et al. 2023; Shiquan
Shen et al. 2024; Yalong Wang and Bedford 2023; Tewary, Zheng, and Ho 2019; Hartley and
Lu 2020; Dong, Li, and Lai 2021).

PRMT4, PRMT5, and PRMT7-mediated methylation has been implicated in RNA processing,
particularly in pre-mRNA binding and alternative splicing regulation. In particular, PRMT4 and
PRMT7 are connected to splicing because they can directly methylate splicing factors. For
example, PRMT4 methylates CA150, U1C and SAP49 splicing factors. PRMT4 also either
mono- or dimethylates SNRPB/B’ at multiple arginine residues, including R94, R108, R112,
R132, R147, R172, R181, R236, and R239 sites. Moreover, PRMT7 symmetrically
dimethylates SNRPB/B’, SNRPD1, SNRPD2, and SNRPD3, a modification essential for
snRNP biogenesis. PRMT7-dependent methylation sites in SNRPB/B’ include R108, R112,
R132, R147, R172, and R181 (W.-J. Li et al. 2021).

While PRMTs establish arginine methylation patterns, these modifications must also be
reversible to allow dynamic regulation of cellular processes. This reversibility is achieved by
erasers, such as demethylases, which remove methyl groups and reset the functional state of

proteins.
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Table 1. 2. Classification, recognized motifs, functions, and expression patterns of

PRMTs. (GAR: glycine- and arginine-rich, PGM: proline-, glycine- and methionine-rich)

Type PRMT

PRMT1

PRMT2

PRMT3

PRMT4
(CARM1)

PRMT6

PRMT8

PRMTS

PRMT9

PRMT7

Motif
GAR

GAR

GAR

PGM

GAR

GAR

GAR or PGM

Not well
characterized
RXR

Expression
Ubiquitous

Ubiquitous

Ubiquitous

Ubiquitous

Ubiquitous

Cerebral
cortex,

hippocampus,

cerebellum

Ubiquitous

Ubiquitous

Ubiquitous

30

Functions

Gene expression regulation,
cell cycle regulation, DNA
repair, tumor development,
formation of astrocytes,
oligodendrocytes, and

neurons

Cell proliferation of renal cell

carcinoma

Maturation of 80S ribosome

Maintenance of stem cell
pluripotency, splicing,
muscle cell differentiation, T-
cell development

Transcriptional regulation,
cell cycle regulation, DNA
excision repair, cell fate

determination

Regulation of synaptic
plasticity and cognitive
functions, maturation of
synapse and neuronal circuit

Cell proliferation, DNA
repair, cell differentiation,
splicing, signal transduction,
oligodendrocyte

differentiation

Maturation of U2 shRNP

DNA repair, biogenesis of
nuclear ribonucleoprotein

particle
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1.4.6. Erasers of arginine methylation: demethylases

Erasers of arginine methylation, demethylases, remove the methyl groups from the
guanidinium nitrogen atoms of the arginine residues. Two primary demethylases have been
implicated in protein arginine demethylation: Peptidylarginine deiminase 4 (PAD4) and Jumoniji
domain-containing protein 6 (JMJD6) (Zhong et al. 2023).

PAD4 catalyzes the conversion of methyl-arginine into citrulline, a process that leads to the
release of methylamine. This enzyme targets histone H3 and H4 from different sites, including
those methylated by coactivators PRMT1 (H4R3) and PRMT4 (H3R17). PAD4 is not classified
as a typical demethylase because it is unable to demethylate dimethylated arginine and can

also modify unmodified arginine (Biswas and Rao 2018; Zhong et al. 2023).

JMJDG6 catalyzes the demethylation of histone H3R2 and H4R3 through hydroxylation of the
methyl group, converting them into formaldehyde. This reaction could be catalyzed by
dioxygenases, using iron to deactivate a dioxygen molecule and form hydroxylated substrates
(Trewick, McLaughlin, and Allshire 2005). JMJDG6 has been shown to remove monomethylated,
symmetric- and asymmetric-dimethylated arginine residues. However, its function remains
controversial, as JMJD6 was shown to act as lysine hydroxylase in another study, catalyzing
lysyl-5-hydroxylation of U2AF65 (65-kDa subunit of splicing factor U2AF). While more evidence
supporting arginine demethylation is likely to emerge, distinguishing whether JMJDG6 primarily
functions as an arginine methylation or a lysine hydroxylation remains a challenge (Pham, Tao,
and Yang 2023).

Once arginine methylation is established or removed, the biological significance of these
modifications depends on their recognition by effector proteins known as readers. Tudor
domain-containing proteins serve as key interpreters of methylated arginine marks, linking

these modifications to downstream signaling pathways and cellular functions.

1.4.7. Readers of arginine methylation: Tudor domain proteins

Modification of arginine through methylation can lead to structural changes in proteins, and
create docking sites for specific effector proteins. Tudor domain-containing proteins serve as
the primary readers of arginine methylations. These domains, which are approximately 60
amino acids in length, utilize conserved aromatic residues to construct an “aromatic cage” that
facilitates binding to methylated arginine (Erce et al. 2012; Pham, Tao, and Yang 2023; Yalong
Wang and Bedford 2023). Thanks to their aromatic residues, Tudor domain-containing proteins
act as scaffolds that connect methylarginine to downstream effector proteins with distinct
catalytic activities. Through this mechanism, methylation signals are interpreted and

transmitted, contributing to the regulation of essential cellular processes (Pham, Tao, and Yang
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2023). For example, Tudor domain of SMN protein recognizes symmetric dimethylarginine
(SDMA) marks on Sm proteins, which are introduced by PRMT5. This interaction promotes the
functional small nuclear ribonucleoprotein complex assembly, essential for spliceosome
function (Q. Wu et al. 2021).

In humans, there are approximately thirty-six Tudor domain-containing proteins, but more than
eighty Tudor domains, as many proteins have more than one copy of this domain. These Tudor
domain-containing proteins can be categorized into those that bind methylated arginine and
those that methylated lysine. Methyllysine motifs are recognized by at least eight distinct
domain types, including Tudor, Chromo, PWWP, MBT, PHD, Ank, WD40 and BAH. However,
among these, only the Tudor domain family has been identified to recognize methylated
arginine. Tudor domain reading methylarginine motifs do not read methyllysine motifs, and vice
versa (Erce et al. 2012; Pham, Tao, and Yang 2023; Yalong Wang and Bedford 2023).

Structural studies indicate that methylarginine-binding Tudor domains create a relatively
narrower cage compared to the ones interacting with methyllysine, although their binding
preferences cannot be predicted based on their amino acid sequences (Erce et al. 2012; Pham,
Tao, and Yang 2023; Yalong Wang and Bedford 2023).

In addition to SMN, the primary methylarginine-binding Tudor domains identified so far belong
to SPF30 (Splicing Factor 30), and members of the TDRD family, including TDRD1, TDRDZ2,
TDRD3, TDRD6, TDRD9, and TDRD11 (Blanc and Richard 2017; Yalong Wang and Bedford
2023). Given the role of Tudor domain proteins in recognizing PRMT-mediated methylation,
recent proteomics studies have aimed to explore how these modifications regulate splicing

factors at a global level.

While Tudor domain-containing proteins interpret methylarginine marks, recent proteomics
studies have provided insights into how PRMTs establish these marks and regulate splicing

factors on a global scale.

1.4.8. Proteomics studies on arginine methylation in splicing factors

Recent proteomics analysis have highlighted the critical role of arginine methylation in
regulating splicing factors, with PRMTs acting as key regulators, specifically PRMT4 (CARM1),
PRMT5, and PRMT7. The heptameric Sm ring members of the spliceosome complex are
among the most prominent PRMT substrates. Comparative methylome analysis revealed that
although PRMT4, PRMT5 , and PRMT7 modify proteins involved in similar pathways, such as
spliceosome assembly and RNA transport, each PRMT primarily acts on distinct substrates.
This suggests that, despite their functional overlap, these PRMTs have non-redundant

regulatory roles (W.-J. Li et al. 2021).
32



Larsen et al. performed a proteome-wide approach to identify and quantify arginine methylation
sites, revealing previously uncharacterized roles of arginine methylation in splicing factor
regulation. Their study demonstrated that PRMT4 depletion increased the accumulation of
SRSF2 in nuclear speckles, suggesting that PRMT4-mediated methylation normally prevents
this localization. Moreover, they showed PRMT5 depletion inhibited SRSF2 from RNA binding
(Larsen et al. 2016).

While proteomics studies have advanced the understanding of how arginine methylation
regulates splicing factors, dysregulation of these modifications can disrupt cellular processes,

contributing to the development of various diseases.

1.4.9. Diseases associated with arginine methylation

Defects in arginine methylation, mainly mediated by PRMTs, are implicated in various
diseases, including neurodegenerative diseases, cancer, and pulmonary diseases. The
dysregulation may contribute to disease progression by altering key cellular processes

(Angelopoulou et al. 2023).

In neurodegenerative diseases, several PRMTs play a role in pathological mechanisms.
PRMT4, PRMT5, and PRMT8 have been implicated in Alzheimer’'s disease, where they
influence signaling pathways that drive beta-amyloid accumulation, tau phosphorylation,
neuroinflammation, and cell death. Similarly, PRMT1 has been linked to amyotrophic lateral
sclerosis, where its dysregulation leads to abnormal cytoplasmic accumulation of FUS. This
accumulation contributes to cytoplasmic inclusion, stress granule aggregation, and cellular

toxicity (Angelopoulou et al. 2023).

Beyond neurodegeneration, dysregulations of PRMTs are associated with cancer. For
example, PRMT5 dysregulation is linked to various cancers through its role in p53 arginine
methylation, which alters its biochemical properties and functional response to DNA damage.
This modification influences the activation of target genes involved in p53-dependent growth
arrest, such as p21, NOXA, APAF1, and PUMA (Zakrzewicz et al. 2012).

Finally, PRMT1 has been linked to asthma through its role in T lymphocyte activation, a key
process in airway inflammation. Specifically, PRMT1 methylates the NIP45, enhancing NFAT
activity. This modification promotes cytokine production in T lymphocytes, contributing to the
inflammatory response characteristic of asthma (Zakrzewicz et al. 2012). Since PRMTs are
involved in several diseases, targeting arginine methylation has gained importance as a

promising therapeutic strategy.
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The critical role of PRMTs in disease progression has led to interest in targeting these enzymes
as a therapeutic strategy. Developing PRMT inhibitors offers a promising approach to modulate

arginine methylation and restore normal cellular function.

1.4.10. Inhibitors of arginine methylation
The development of PRMT inhibitors has provided understanding of their structural and

functional mechanisms, contributing to the therapeutic applications (Q. Wu et al. 2021).

Currently, several PRMT1 and PRMT5 inhibitors are in the ongoing clinical trials.
GSK3368715, a selective type | inhibitor, is undergoing Phase | trials for solid tumors and
hematologic tumor of diffuse larger B-cell lymphoma. It is aimed to determine its therapeutic
activity and maximally tolerated oral dose. PRMTS inhibitor JNJ46419178 is being tested in
patients having refractory B cell non-Hodgkin lymphoma (NHL) or advanced solid tumors.
Moreover, phase | trials for another PRMTS5 inhibitor, PF-06939999, are currently in progress
to evaluate its safety, pharmacokinetics, and pharmacodynamics in patients with advanced or

metastatic solid tumors (Al-Hamashi, Diaz, and Huang 2020).

Research on PRMT inhibitors has led to the discovery of selective compounds for other PRMTs
(Al-Hamashi, Diaz, and Huang 2020). SGC707, a selective inhibitor of PRMT3, was developed
through structure-based optimization and has shown promise in preclinical studies. TP-064
and EZM2302, two highly selective PRMT4 inhibitors, have shown efficacy against multiple
myeloma in preclinical settings (Biswas and Rao 2018). PRMT6 inhibitors have also
progressed. EPZ020411 has emerged as a promising candidate for reducing H3R2me2a
levels. Its clinical applications require further research (Z. Chen et al. 2022). There are still

many ongoing studies about PRMT inhibitors, showing great promise for future therapies.
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1.5. Aim

Gene duplication events often result in gene paralogues — two copies of a gene in the same
species — that are either lost or become pseudogenes over time. However, SNRPB and
SNRPN, which originated from a duplication event over 90 million years ago, have been
retained with high sequence similarity. Despite their similarity, they show clear differences in
expression and regulation: SNRPB is ubiquitously expressed and biallelic, while SNRPN is
expressed exclusively in brain and heart and is subject to genomic imprinting. These
differences suggest that SNRPB and SNRPN have acquired distinct regulatory and functional

properties that are not yet fully understood.

Importantly, these two paralogues are not functionally redundant — they do not compensate for
each other. Their dysfunction is also linked to different diseases: mutations in SNRPB are
associated with Cerebro-Costo-Mandibular syndrome (CCMS), a skeletal disorder, while loss
of SNRPN expression contributes to Prader-Willi syndrome (PWS), a neurodevelopmental
disorder. Understanding how these closely related proteins diverge at the molecular level could

help identify new therapeutic targets for these disorders.

While the structured Sm domain has been well studied due to its essential role in snRNP
assembly, much less is known about the unstructured regions, including arginine-rich and

proline-rich motifs, despite their potential roles in regulating protein behavior and interactions.

The main aim of this project was to investigate these less characterized regions and to identify
protein-level differences between SNRPB and SNRPN that might explain their specialized

roles. More specifically, during my PhD, we aimed to:

1. Identify intrinsic differences between SNRPB and SNRPN, with a particular focus on
their unstructured regions

2. Investigate whether translation-related mechanisms influence their posttranslational
modification patterns
Explore why SNRPN, but not SNRPB, may be more sensitive to changes in translation
Determine whether these molecular differences affect their interaction networks or
functional roles in the spliceosome

5. Evaluate whether these differences are also present in a physiological context

By addressing these questions, this study aims to better understand how two highly similar
proteins can evolve distinct regulatory mechanisms and disease associations, and how subtle

molecular features can drive paralogue-specific specialization.
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2. Materials

2.1. Devices

Table 2. 1. List of devices used in this project.

Devices

Balance

BD LSRFortessa SORP

Biological Safety Cabinets
Biorupture Pico Sonication Device
Centrifuge

Centrifuge

ChemiDoc™ Touch Gel Imaging
System
Color Sprout Plus Mini Centrifuge

Concentrator Plus

DS-11 FX+
Spectrophotometer/Fluorometer

DynaMag™ -2 Magnet

Forma™ Steri-Cult™ CO2 Incubator,

232L
Freezer (-20)

Freezer (-80)
Fridge (4°C)

Fume Hood

Immobilon®-PS®@ Membrane, PVDF,
0.2 ym, 8.5cm x 10 m roll
LightCycler 480 System

Microwave

Manufacturer
Sartorius

BD Biosciences
Dometic
Diagenode
Eppendorf

Thermo Scientific

Bio-Rad

Biozym
Eppendorf

DeNovix

Thermo

Thermo Scientific

Liebherr
Sanyo
Liebherr

Wesemann
Laboreinrichtungen
Merck

Roche

Samsung
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Catalogue Number

ED822-0CE

BSC-SG403 N
P2-210225
5427 R

Heraeus Multifuge
X3

552031
5305000703

DS-11 FX+

12321D

3308

LIE-LGex3410
MDF-U74V
LIE-FKex3600-20

Delta System 30

ISEQ85R

5015243001

MS8F303TAS



Mini Trans-Blot® Cell
Multipette® E3x

Objective

Pellet Mixer

Pico™ 21 Microcentrifuge
PIPETBOY acu

Pipette (10 pL)

Pipette (2.5 uL)

Pipette (20 pL)

Pipette (200 uL)

Pipettes (1000 uL)
PowerPac™ Basic Power Supply
Rotator Test Tube Rotator
Stereo Microscope
Sapanisertib (INK-128)

ThermoMixer

Tissue Culture Coverslips 13 mm
(Plastic)
Transmitted Light Base

VisiScope 5 Elements Fluorescence
Spinning Disc confocal microscope
Vortex Genie 2

XCell SureLock™ Electrophoresis
Cell

Stellaris 8 Falcon confocal
microscope

HC PL APO CS2 100x/1.4 NA oil-
immersion objective

HC PL APO CS2 63x/1.4 NA oil-

immersion objective

Bio-Rad

Eppendorf

Leica Microsystems
VWR

Thermo Fisher
Integra

Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf

Bio-Rad

Kisker Biotech Gmbh
Leica Microsystems

MedChemExpress

Eppendorf® ThermoStat

C
Starstedt

Leica Microsystems

Visitron Systems

Scientific Industries

Invitrogen

Leica Microsystems

Leica Microsystems

Leica Microsystems
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153 BR110673

4987000029

10450167

431-0100

75002475

612-0928

3125000010

123000012

3123000039

3123000055

3123000063

1645050

Test Tube Rotator

M80

HY-13329

EP5383000035

83.1840.002

TL5000

P505.1

EI0001

n.a.

11506372

11506350



2.2. Consumables

Table 2. 2. List of consumables used in this project.

Consumables

6-well plate

12-well plate

24-well plate

48-well plate

96-well plate

Bacteria Tubes

Bottle Top Filter 500 mL
Cell Culture Dish 35-mm

Cell Culture Dish 60-mm

Cell Culture Dish 100-mm

Cell Culture Dish 150-mm

Combitips (0.1 mL)
Combitips (0.2 mL)
Combitips (0.5 mL)
Combitips (1 mL)
Combitips (5 mL)
Combitips (10 mL)
Cryovials (1.8 mL)

Dressing tissue forceps

Falcon™ Round-Bottom Polystyrene Test

Tubes
Filter tips (2.5 pL)

Filter tips (200 uL)

Filter tips (1000 uL)

Manufacturer
Sarstedt
Sarstedt
Sarstedt
Falcon
Sarstedt
Sarstedt
Fisher Scientific
Greiner
Falcon

Falcon

Falcon
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Sarstedt
Merck

Fisher Scientific

Starlab
Starlab

Starlab

Catalogue Number

83.392
83.3921
83.3922
353078
83.3924
62.515.006
FB12566510
627160
353004
353003
353025
0030089405
0030089626
0030089421
0030089430
0030089456
0030089464
72.397.992
F4267

10186360

S1121-2710
S1120-8710

S1122-1730



Filter tips low retention (2.5 pL) Sarstedt 703.010.285

Filter tips low retention (200 L) Sarstedt 703.031.275
Filter tips low retention (1000 uL) Sarstedt 703.050.375
LB plates IMB Media Lab L-20 P
LightCycler®480 Multiwell Plate 384, white Roche 04 729 749 001
Luer-Lock Syringe BD Plastipak 300865
PCR Tube, Flat Cap 0.2 mL Starlab 11402-8100
PCR Tubes, with Flat Caps, 0.2 mL 8-Strip Starlab 11402-3700
Pipette tips (for agarose-TBE-gels) Sarstedt 703.03
SafeSeal Tube (1.5 mL) Sarstedt 72.706
SafeSeal Tube (2 mL) Sarstedt 72.695.500
Screw Cap Tube (15 mL) Sarstedt 62.554.502
Screw Cap Tube (50 mL) Sarstedt 62.547.254
Serological pipette (5 mL) Corning CLS4487
Serological pipette (10 mL) Corning CLS4488
Serological pipette (25 mL) Corning CLS4489
Serological pipette (50 mL) Corning CLS4490
Syringe filter 0.2 ym Starlab 83.1826.001
Tips (10 pL) Starlab S1111-3210
Tips (200 pL) Starlab S1111-1716
Tips (1000 L) Starlab S1111-8701
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2.3. Antibiotics, inhibitors, chemicals

Table 2. 3. List of antibiotics, inhibitors, and chemicals used in this project.

Antibiotics, Inhibitors, Chemicals

Accutase
Agarose
Ampicillin

Attachment Factor Protein 1X

Bovine Serum Albumin (BSA) Fraction V
(lyophilized powder)

Bradford - Solution for Protein
Determination

cOmplete™, EDTA-free Protease Inhibitor
Cocktail

Cycloheximide

DAPI (4',6-Diamidin-2-phenylindol,
Dihydrochlorid)

Dimethylsulfoxide (DMSO)

Direct-zol RNA MicroPrep Kit
Direct-zol RNA Microprep Kits
DL-Dithiothreitol (DTT)

DMEM, high glucose, no glutamine
DMEM/F12

DNA ladder

dNTP mix

Doxycycline Hyclate

DPBS, calcium, magnesium
DS-437

Dulbeccos’s Phosphate Buffered Saline
Essential 8 medium

Ethanol 100%
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Company

Sigma Aldrich
Sigma-Aldrich
IMB Media Lab

Thermo Scientific

Pan Biotech

Panreac AppliChem

TW

Roche

Sigma Aldrich

Invitrogen

Sigma Aldrich
Zymo

Zymo Research
Sigma Aldrich
Gibco

Thermo Fisher
NEB

Sigma Aldrich
Gibco

Cayman

Sigma

Life Technologies

Thermo Fisher

Catalogue
Number
A6964-100ML

cas 9012 366
A-10_A
S006100

P06-1391500

AB932

11836170001

C7698-1G
10184322

D8418-100ML
R2062
R2062
D0632-25G
11960044
11320-074
SM0331
N0447S
D9891
14040117
Cay29476-5
D8662
A1517001
10342652



FastStart Universal SYBR Green Master
Fetal Bovine Serum

Geltrex

Gibson Assembly 2X MasterMix
GlutaMAX™ Supplement
GlutaMAX™ Supplement 100x
Glutaraldehyde Solution

Glycerol

Green Taq buffer (5X)

GSK591

Helix NP(TM) NIR

HEPES

hSMG1-inhibitor 11e

Hygromycin

InstantBlue Coomassie Protein Stain
lodoacetamide

KnockOut Serum Replacement

LB without Antibiotics

L-Glutamine

Methanol 100%

MOPS (Fine White Crystals/Molecular
Biology), Fisher BioReagents™
N2 Supplement 100x

NEB® 10-Beta Competent E. coli (High
Efficiency)
Non-essential Amino Acids (NEAA) 100x

Nonfat Dry Milk

Nuclease-Free Water

NuPAGE™ LDS Sample Buffer (4X)
Opti-MEM™

PBS (5X)

Penicillin-Streptomycin (10.000 U/ml)
PhosSTOP™
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Roche

Gibco

Life Technologies

IMB Protein Production
Gibco

Gibco

Sigma Aldrich

Sigma Aldrich

IMB Protein Production
Cayman

Biozol

Sigma-Aldrich
ProbeChem

Sigma Aldrich

Abcam

Sigma Aldrich

Life Technologies

IMB Media Lab

Sigma Aldrich

Sigma Aldrich

Fisher Scientific

Gibco
NEB

Gibco

Cell Signaling
Qiagen

Novex

Gibco

IMB Media Lab
Gibco

Roche

4913914001
A5256701
A1413302
n.a.
35050061
35050061
G5882-50ML
G5516
n.a.
Cay18354-1
BLD-425301
H0887
PC-35788
H3274-1G
ab119211
16125
10828028
L-10_M
49419
34860
BP308

17502048
C3019H

11140050
9999S
129115
NP0007
31985062
P-20 L
15140122
4906845001



Pierce™ 16% Formaldehyde (w/v),
Methanol-free
Pladienolide B (Pla B)

Poly-D-Lysin
Poly-L-Lysine Hydrobromide

Porcine Pancreatic Elastase

Potassium Ferricyanide(lll)

Potassium Hexacyanoferrate(ll) Trihydrate
PRMT4/CARM1 Inhibitor

ProLong™ Diamond Antifade Mountant
Puromycin

rCutSmart™ Buffer

Recombinant Albumin, Molecular Biology
Grade
Rho kinase inhibitor InSolution Y-27632

RNaseZAP™

RNasin® Ribonuclease Inhibitor
ScreenFect®A

SuperSignal™ West Pico PLUS

Chemiluminescent Substrate
SYBR Safe DNA Gel Stain

Taq DNA Polymerase
TBE Buffer (10X)

Thermo Scientific™ Pierce™ Anti-HA
Magnetic Beads
Transfer Buffer 10X

Triton-X

TRIZol™ Reagent
TrypLE Express
Trypsin
TWEEN® 20
X-Gal
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Thermo Scientific

Santa Cruz
Biotechnology
Gibco

Sigma Aldrich

Promega

Sigma Aldrich
Sigma Aldrich
Cayman
Invitrogen
Sigma Aldrich
NEB

New England Biolabs

Sigma-Aldrich
Sigma Aldrich
Promega

ScreenFect

Thermo Scientific

Thermo Fisher

IMB Protein Production

IMB Media Lab

Thermo Scientific

IMB Media Lab
Sigma-Aldrich

Invitrogen

Life Technologies

Sigma Aldrich
Merck
Sigma-Aldrich

28906

sc-391691

A3890401
P1274
V189A

702587-50G
P3289-5G
Cay11033-500
P36965

P8833
B6004S
B9200S

5092280001
R2020-250ML
N2515

S-3001

34577

$33102
n.a.
T-40 L
88836

T-20 L
X100-500ML
15596026
12604013
T6567
P1379-1L
9630



2.4. Kits

Table 2. 4. The list of kits used in this project.

Kits Manufacturer Catalogue
Number
Direct-zol RNA MicroPrep Kit Zymo Research R2062
Quick Ligation Kit NEB M2200S
QuikChange Lightning Kit Agilent Technologies 200518
Rapid DNA Dephos & Ligation Kit Roche 4898117001
ZR Plasmid Miniprep-Classic Zymo Research D4054
Zymoclean Gel DNA Recovery Kit Zymo Research D4001

2.5. Homemade buffer recipes

Table 2. 5. List of homemade buffers used in this project.

Homemade Buffers = Recipe
MOPS 20X 50 mM MOPS, 50mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7

Cell lysis buffer for 250 mM NaCl, 50 mM HEPES pH 7.6, 0.1% IGEPAL, 10 mM MgCI2,
IP-MS 10% glycerol
Cell lysis buffer for 100 mM NaCl, 50 mM HEPES pH 7.6, 0.1% IGEPAL, 10 mM MgClI2,

WB 10% glycerol

Elution buffer 25 mM Tris-HCI pH 8.0, 1% [wt/vol] SDS

Henikoff buffer 0.1% SDS, 3 mM CaCl2, 20 mM Tris pH 8.0, 100 mM NaCl, 0.9%
Triton-X

Wash buffer 0.1% SDS, 20 mM Tris pH 8.0, 1 mM EDTA, 400 mM NaCl, 0.9%
Triton-X 100
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2.6. Plasmids

Table 2. 6. List of plasmids used in this project.

pCK number
340
437
546
549
561
562
563
565
566
575
576
577
578
582
583
584
585
586
595
596
665
666

700

Common name

pcDNA™FRT/TO (commercial)

pHB-Cbx3P-mNEONGreen (HB-C-NG)
pFastBacDual-p10-mCherry_pCAG-MLE2xmyc_pSV40-BlastiR
pcDNA5-FRT-TO-Snrpb-2xHA-V5
pcDNA5-FRT-TO-Snrpb-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(1-60)-2xHA-mNEON (constructed by Claudia)
pcDNA5-FRT-TO-Snrpn-2xHA-V5-stop (constructed by Claudia)
pcDNA5-FRT-TO-Snrpn-2xHA-mNEON
pcDNA5-FRT-TO-2xHA-mNeon-Snrpn_14gD1

pOG44 (commercial, from Anton Khmelinski Lab)
pcDNA5-FRT-TO-Snrpb(1-90)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(1-160)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(1-190)-2xHA-mNEON
pcDNAS-FRT-TO-Snrpb(1-61)-SV40NLS-2xHA-mMNEON
pcDNAS-FRT-TO-Snrpb(1-229)-Snrpn(230-240)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(1-229)-Snrpb(230-231)-2xHA-mMNEON
pcDNA5-FRT-TO-Snrpn(1-229)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(1-90)-BamHI-Snrpb(168-231)-2xHA-mMNEON
pcDNA5-FRT-TO-Snrpb(1-229)-2xHA-mNEON
pcDNA-FRT-TO-mCherry-T2A-2xHA-mNEON-Snrpb-STOP
pcDNA-FRT-TO-mCherry-T2A-2xHA-mNEON-Snrpn-STOP
pcDNA-FRT-TO-mCherry-T2A-2xHA-mMNEON-Snrpb(191-231)-STOP
pcDNA-FRT-TO-mCherry-T2A-2xHA-mNEON-Snrpn(191-240)-STOP
pcDNAS5-FRT-TO-Snrpn(Arg196Lys)-2xHA-mMNEON
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701

702

703

707

712

715

720

721

722

723

724

725

728

729

730

731

732

735

736

737

740

741

742

pcDNA5-FRT-TO-Snrpn(Pro198Gly)-2xHA-mNEON
pcDNAS5-FRT-TO-Snrpn(Arg221Lys)-2xHA-mMNEON
pcDNAS-FRT-TO-Snrpn(Arg196-221Lys)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(Met227l1le)-2xHA-mNEON
pcDNAS-FRT-TO-Snrpn(lle203Met)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(lle203-221Met)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(lle203-227Met)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpb(Met203-213-2271le)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(lle203-213-227Met)-2xHA-mNEON
pcDNAS5-FRT-TO-Snrpb(Met188-203-213-2271le)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(lle188-203-213-227Met)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(Arg196-221-236Lys)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(Arg236Lys)-2xHA-mMNEON
pcDNAS5-FRT-TO-Snrpn(Arg239Lys)-2xHA-mMNEON
pcDNAS-FRT-TO-Snrpn(Arg236-239Lys)-2xHA-mNEON
pcDNA5-FRT-TO-Snrpn(Arg196-221-236-239Lys)-2xHA-mNEON
pcDNAS-FRT-TO-Snrpn(Arg196-221-228-236Lys)-2xHA-mNEON
pcDNAS5-FRT-TO-Snrpn(Arg209Lys)-2xHA-mMNEON
pcDNAS-FRT-TO-Snrpn(Arg196-209-221-236Lys)-2xHA-mNEON
pcDNAS5-FRT-TO-Snrpn(Arg196-209-221-236-239Lys)-2xHA-mNEON

pcDNA5-FRT-TO-Snrpn(Arg196-209-221-228-236-239Lys)-2xHA-
mNEON
pcDNAS5-FRT-TO-Snrpn(Arg196-221-228-236-239Lys)-2xHA-mNEON

pcDNAS-FRT-TO-Snrpn(Arg209-236-239Lys)-2xHA-mNEON
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2.7. Oligos

Table 2. 7. List of oligos used in this project.

Target

(h: human, m:

mouse)

Forward primer

Internal

name

Sequence (5'-3")

Reverse primer

Internal

name

Sequence (5'-3")

ACTIN (h)

BRD2 (h)

CDKN1B (h)

C-MYC (h)

C-MYC (h)

COX-2 (h)

DNAJB1 (h)

GAPDH (h)

HIF1a (h)

HIF1a (h)

HIF1a (h)

HPRT (h)

Hprt (m)

HygroR

q189

q739

q733

q759

q761

q763

q735

q745

q755

q757

q715

q174

q074

q178

CAAGCAGGAGTATG
ACGAGTC
AGGTAATGTCACAG
GATGGGAAGT
GTAATGACCCTTTCC
CAACCATAG
AGGGAGATCCGGAG
CGAATA
AGAGTTTCATCTGC
GACCCG
CCCACCCATGTCAA
AACCGA
GGCCTGATGGGTCT
TATCTATGG
AATGGGCAGCCGTT
AGGAAA
CCCTGACAAGCCAC
CTGAG
AGCCAGATCTCGGC
GAAGTA
CTGAACGTCTCAAA
GGGCCA
TGCTGAGGATTTGG
AAAGGG
GTATACCTAATCATT
ATGCCGAGGA
TCCATACAAGCCAA
CCACG
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q190

q740

q734

q760

q762

q764

q736

q746

q756

q758

q716

q175

q075

q037

TTTTGTCAAGAAAGGGT
GTAACG
CCCTGCTGCCTTTCTCTA
ACC
CTAAGGTTAACACCCTC
CAGCAG
AAGTTCCAGTGCAAAGT
GCC
GAAGCCGCTCCACATAC
AGT
ATCCTGTCCGGGTACAA
TCG
TTAGATGGAAGCTGGCT
CAAGAG
GCGCCCAATACGACCAA
ATC
AGGAAAGGCAAGTCCAG
AGG
CCAGAAGTTTCCTCACA
CGC
TCCTCTCCGAGCTACTC
CTTT
ACAGAGGGCTACAATGT
GATG
GACATCTCGAGCAAGTC
TTTCA
GCATAACAGCGGTCATT
GAC



NANOG (h)

Nanog (m)

Neon (m)

OCT4 (h)

OTX2 (h)

PAX6 (h)

Pax6 (m)

PODXL (h)

RIOKS3 (h)

RNA18SN1 (h)

RNA18SNS5 (h)

RPLPO (h)

RpIp0 (m)

SNRPB (h)

SNRPB-4 (h)

Snrpb (m)

Snrpb-2 (m)

Snrpb-3 (m)

9283

q078

q046

q285

9313

q295

q098

q281

q737

q741

q743

q170

q072

q181

q768

q124

q126

q217

CAGAAATACCTCAG
CCTCCAG
GAACTCTCCTCCATT
CTGAACC
CCGATGTACGTGTT
CCGTAAG
CAAGAACATGTGTAA
GCTGCG
GAGGTGGCACTGAA
AATCAAC
ACACCGTCATTTCAA
ACCATTG
CCCTCACCAACACG
TACAG
TTTCACCATGTCAGC
CAGG
TCAATGGAGATAGC
AAAGGTATTATAAC
GCAATTATTCCCCAT
GAACG
GAAACTGCGAATGG
CTCATTAAA
TCAACGGGTACAAA
CGAGTC
ACTGGTCTAGGACC
CGAGAAG
GTATCAGAGCCATC
AGAACCG
CTGCAGGACTTGCT
GGGC
GCCTTTGACAAGCA
CATGAAC
AGGAACTCCAATGG
GCATG
TGCAGCACATTGAC
TACAGGA
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q284

q079

q047

q286

q314

g296

q099

q282

q738

q742

q744

q171

q073

q182

q769

q125

q127

g218

TGCTATTCTTCGGCCAGT
TG
TTGCTAGTCTTCAACCAC
TGG
TGCCCATCACATCGGTA
AAG
TGGTTCGCTTTCTCTTTC
GG
GGCAGGTCTCACTTTGT
TTTG
CGCCCCTAGTTAAAGTC
TTCC
TCATAACTCCGCCCATTC
AC
GTCTGTTGAGTTCTTTGC
GAG
AGATTTACTTAGGAGCAC
ATTATGAGTG
GGCCTCACTAAACCATC
CAA
CACAGTTATCCAAGTGG
GAGAGG
CCACAAAGGCAGATGGA
TCAG
CTCCCACCTTGTCTCCA
GTC
AGGTGCCAATGAAGATC
CG
AGGTGGGTACTGGGTTG
GAG
AGCAACACCAGACCAAG
G
GCCTCTGAGCTACTGAC
ATAATG
AAAGGCTTTGAAGGTCC
CGA



SNRPN (h)

Snrpn (m)

Snrpn-2 (m)

Snrpn-3 (m)

SOX1 (h)

TBP (h)

Thp (m)

q179

q118

q120

q122

q297

q172

q068

Y chromosome n.a.

(m)

AGAACCTGCGTCAT
ACCTTTATC
AATTTGATCCTCTGT
GATTGTGATG
CGGGTTTTGGGTCT
GGTC
CTAGCATTGCAGGA
GCCC
GCCGTCTATGCTCC
AGG
GAGTTCTGGGATTG
TACCGC
CACCAATGACTCCTA
TGACCC
AGATGAAGATGCTG
GTGGCACAGC
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q180

q119

q121

q123

q298

q173

q069

n.a.

TCTTGCTACTCTTGCCAA
CAG
CAAGTTCTCCCCACGTA
GC
AGAGGCACACGAGCAAT
G
GGTCTCATACCAGGTGG
AGG
AGGTCGGTCTCCATCAT
CA
GATTATATTCGGCGTTTC
GGG
AGCCAAGATTCACGGTA
GATAC
GACTAGACATGTCTTAAC
ATCTGTCC



2.8. Antibodies

Table 2. 8. List of primary and secondary antibodies for Western Blot used in this

project.
Antibody Clone Manufacturer Catalogue Dilution Reactivity
Number
Carm1 n.a. Biomol A300-421A 1:10,000 Rabbit
GAPDH, HRP GA1R  Invitrogen MAS5- 1:5,000 Bacteria, Chicken,
15738-HRP Hamster, Human, |
nsect, Mouse, Rat,
Rabbit, Yeast
PCNA PC-10 Santa Cruz sc-56 1:5,000 Mouse
Biotechnology
Phospho-Akt D9E Cell Signaling  4060T 1:5,000 Rabbit
(Serd73) Technology
PRMT5 A-11 Santa Cruz sc-376937 1:500 Mouse
Biotechnology
Purified anti- 16B12 Biozol BLD- 1:5,000 Mouse
HA.11 Epitope 901502
Tag
RNA pol Il 4H8 Active Motif 39097, 1:6,000 Budding Yeast, C.
39047 elegans, Human,
Mouse, Rat
Sm B/B'/N 12F5 Santa Cruz sc-130670 1:2,000in Mouse
Biotechnology HEKS,
1:1000 in
neurons
TUBULIN n.a. abcam 44928 1:7,000 Mouse
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Rabbit anti-Rat n.a. Invitrogen A18917 1:10,000 Rabbit
IgG (H+L)

Secondary

Antibody

Rabbit Anti- n.a. Abcam ab46540 1:10,000 Mouse
Mouse IgG

H&L

Table 2. 9. List of primary and secondary antibodies for immunostainings used in this

project.

Antibody Clone Manufacturer Catalogue Dilution Reactivity
Number

Coilin F-7 Santa Cruz sc-55594 1:300 Mouse
Biotechnology

Purified anti- 16B12 Biozol BLD-901502 1:1,000 Mouse

HA.11 Epitope

Tag

Sm B/B'/N 12F5  Santa Cruz sc-130670 1:500 Mouse
Biotechnology

Donkey anti- n.a. Invitrogen A-31570 1:400 Mouse

Mouse IgG

(H+L) Highly

Cross-

Adsorbed

Secondary

Antibody,

Alexa Fluor™

555
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3. Methods

3.1. Cloning different constructs

3.1.1. Cloning C-terminally tagged full length SNRPB and SNRPN into pcDNA™FRT/TO
plasmid

Total RNA was isolated from mouse brains (embryonic for Snrpb, adult for Snrpn) and
converted into complementary DNA (cDNA). Full length Snrpb (231 amino acids) and Snrpn
(240 amino acids) were amplified from cDNA by using primer pairs containing two HA tags.
Then, amplified sequences were cloned into pcDNA™FRT/TO plasmid using Ascl and Pacl
restriction sites. After verification of those plasmids via Sanger Sequencing, mMNEON tag was
amplified from a pre-existing backbone and then cloned them. The resulting plasmids are given
in Table 2. 6.

3.1.2. Cloning C-terminally tagged truncation mutations of SNRPB and SNRPN

Forward primer containing the BamHI| site was designed to clone HA, mNeon and the
backbone. Reverse primers, also containing the BamHI site, were designed to amplify the
truncation mutants corresponding to amino acids 1-61, 1-90, 1-160, 1-190, and 1-229 of
SNRPB, along with the backbone. After amplifying the regions of interests, the PCR products
were digested with BamHI. Without dephosphorylation, the digested fragments were ligated
using the Rapid DNA Dephos & Ligation Kit (Roche, 4898117001) and subsequently verified
by Sanger Sequencing. Using the same strategy, truncation of SNRPN corresponding to its
amino acids 1-229 was generated, with HA and mNEON tags. The resulting plasmids are given
in Table 2. 6.

3.1.3. C-terminally tagged swapped mutations of SNRPB and SNRPN

A reverse primer containing BamHI site and the last 11 amino acids (aa230-240) of SNRPN
was designed to clone swapped mutation of SNRPB. Similarly, another reverse primer with a
BamHI site and the last 2 amino acids (aa230-231) of SNRPB was designed for the SNRPN
mutation. The same forward primer used for cloning truncation mutations of SNRPB was used.
After amplification, BamHI digestion, and ligation without dephosphorylation, the plasmids

were verified via Sanger Sequencing. The resulting plasmids are given in Table 2. 6.
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3.1.4. C-terminally tagged point mutations of SNRPB and SNRPN

Primers for introducing point mutations at selected amino acid residues were designed using
Agilent QuikChange Primer Design tool
(https://www.agilent.com/store/primerDesignProgram.jsp). C-terminally tagged full-length
SNRPB and SNRPN plasmids were used as template. Point mutations were introduced using
QuikChange Lightning Kit (Agilent Technologies, 200518), following the manufacturer’s
protocol, with reaction volumes halved. The resulting sequences were confirmed via Sanger

sequencing and they are given in Table 2. 6.

3.1.5. N-terminally tagged full length SNRPB and SNRPN

N-terminally tagged full length SNRPB and SNRPN plasmids were cloned using Gibson
Assembly. To achieve this, mCherry and HA-mNEON tags were amplified from pre-existing
plasmids. A T2A sequence was added via primers. Full length SNRPB and SNRPN were then
cloned from C-terminally tagged full-length SNRPB and SNRPN plasmids, respectively. The

resulting plasmids are given in Table 2. 6.

3.1.6. N-terminally tagged truncation mutations of SNRPB and SNRPN

The sequences corresponding to SNRPB (aa191-231) and SNRPN (aa191-240) were
amplified from N-terminally tagged full-length SNRPB and SNRPN plasmids, respectively,
along with the backbone and the tags. Following BamHI digestion and ligation, sequences

were verified via Sanger sequencing. The resulting plasmids are given in Table 2. 6.

3.2. Gibson assembly

Overlapping fragments for Gibson assembly were designed the Benchling tool. The backbones
and inserts were amplified from their respective plasmids, ensuring overlap between
fragments. After amplification, DNA concentrations were measured using a DS-11 FX+

Spectrophotometer/Fluorometer (DeNovix).

For the assembly, 100 ng backbone was combined with Gibson Assembly 2X Master Mix (IMB
Protein Production Core Facility), water, and a 4-fold molar excess of the inserts in a 0.2 mL

thin walled PCR tube, kept on ice. The reaction mixture was incubated at 50°C for 45 minutes.

3.3. Bacterial transformation
Cloned vectors were transformed into NEB® 10-beta Competent E. coli (High Efficiency)

(NEB, C3019H) following the manufacturers’ protocol.
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3.4. Colony PCR and plasmid DNA isolation

Following bacterial transformation, individual colonies were picked using a pipet tip and placed
into 8 uL of nuclease free water. A PCR master mix was prepared by combining 1.6 uL of
Green Taq buffer (5X) (IMB Protein Production Core Facility), 0.1 uL of Tag DNA Polymerase
(IMB Protein Production Core Facility), 0.16 uL of dNTP mix (NEB, N0447S), 0.4 uL of 10 uM
forward primer, 0.4 uL of 10 uM reverse primer, and nuclease free water, making a total of 8
uL per colony. The same pipet tip used to pick the colony was then transferred into the PCR
mixture. After removing the tip, the samples underwent PCR with the following thermal cycling
conditions: initially denaturation at 95°C for 3 min, followed by 24 cycles of denaturation at 94°C
for 20 sec, annealing at 55°C for 20 sec, and elongation at 68°C for 1 min/kb. A final extension

at 68°C for 5 min was followed by holding the samples at 10°C.

The PCR products were analyzed by running them on an agarose gel, with the gel percentage
selected based on the size of PCR product. Two selected plasmids were inoculated into LB
medium (IMB Media Lab, L-10_M) supplemented with ampicillin (IMB Media Lab, A-10_A). The
cultures were incubated at 37°C with orbital shaking at 200 rpm for 16 hours. Plasmid DNA
was isolated using the ZR Plasmid Miniprep-Classic (Zymo, D4054) kit according to the
manufacturer’s instructions. DNA concentrations were measured using a DS-11 FX+
Spectrophotometer/Fluorometer (DeNovix), and plasmid sequences were verified by Sanger

sequencing.

3.5. Plasmid maintenance
Bacterial stocks were prepared by combining 800 uL of liquid bacterial culture with 800 uL of
glycerol (Sigma Aldrich, G5516) in cryovials (Sarstedt, 72.397.992). The mixture was gently

rotated to ensure even distribution before storage at -80°C.

For bacterial recovery, a small portion of the frozen stock was scraped using a pipet tip and
inoculated into LB medium (IMB Media Lab, L-10_M) supplemented with ampicillin (IMB Media
Lab, A-10_A). The culture was incubated at 37°C with orbital shaking at 200 rpm for 16 hours.

3.6. Maintenance of HEK293T and Snrpb/n cells

Flp-In™ T-REx™ 293 and generated Snrpb/n cell lines were cultured and maintained in 4.5
g/L glucose DMEM (Gibco, 11960044) supplemented with 9% fetal bovine serum (FBS)
(Gibco, A5256701), 1% Penicillin/Streptomycin (Gibco, 15140122), and 1% GlutaMAX™
Supplement (Gibco, 35050061). The cells were grown in a humidifier incubator (Thermo
Scientific) at 37 °C and 5% CO..
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Media was changed every 2-3 days. To passage, cells were washed with PBS once and
incubated in Accutase (Sigma-Aldrich, A6964-100ML) at 37 °C. Supplemented media was
added on Accutase. Cells were collected with pipetting. Some of the cells were transferred to

a new dish.

For freezing, cells were centrifuged at 1000 rpm for 3 minutes and resuspended in
supplemented DMEM media described above and 10% DMSO. Cell suspension was aliquoted
into cryovials and frozen at -80 °C overnight in Mr.Frosty, followed by transfer to -150 °C for

long term storage.

For thawing, vials were warmed in a 37 °C water bath and diluted 1:1 in culture medium. Cells

were centrifuged at 1000 rpm for 3 minutes, resuspended in fresh medium, and plated.

3.7. Cell line generation

The desired plasmids and the commercial Flp-recombinase expression vector pOG44 were
co-transfected into Flp-In™ T-REx™ 293 cells using the transfection reagent ScreenFect®A
(ScreenFect, S-3001), following the manufacturer’s protocol for a 6-well format. Initially, Opti-
MEM™ (Gibco, 31985062) was used for the transfection medium. After 6 hours, Opti-MEM™
was replaced with complete DMEM supplemented with 9% FBS, 1% Penicillin/Streptomycin,
and 1% GlutaMAX™ Supplement.

The following day, the transfected cells were collected from the 6-well plate and seeded onto
a 15-cm dish containing 300 ug/mL hygromycin (Sigma Aldrich, H3274) in complete DMEM.
After two days of selection with 300 ug/mL hygromycin, the cells were maintained in 150 ug/mL
hygromycin. Once colonies appeared, they were picked and seeded into 96-well plates with
150 ug/mL hygromycin. Cells were then expanded sequentially into 48-well, 24-well, 12-well,
and 6-well plates maintaining 150 ug/mL hygromycin throughout. When cells reached
confluency in 6-well plates, hygromycin was removed, and cells were maintained in complete
DMEM.

Following colony expansion, the cells were further selected via X-Gal staining, and the protein
expression was validated by Western Blot. To induce gene of interest expressions, doxycycline
(Sigma Aldrich, D9891) was used.

3.8. X-Gal staining

Picked colonies were seeded into a 96-well plate along with HEK293T cells as a control. The

next day, two different mixtures were prepared: “Mixture 1” contained 2% paraformaldehyde

(Thermo Scientific, 28906) and 0.2% glutaraldehyde (Sigma Aldrich, G5882-50ML) in PBS (no
54



Ca, no Mg). “Mixture 2” contained 5 yM Potassium hexacyanoferrate(ll) trihydrate (Sigma
Aldrich, P3289-5G), 5 uM Potassium ferricyanide(lll) (Sigma Aldrich, 702587-50G), 2 uM
MgCl, and 1 ug/uL X-Gal in PBS (no Ca, no Mg).

Cells were washed with PBS (no Ca, no Mg). After removing the PBS, 50 uL of “Mixture 1” was
added to each well and incubated for 10 min at room temperature. Following two washes with
PBS (no Ca, no Mg), 50 uL of “Mixture 2" was added. The plate was covered with aluminum
foil and incubated at 37°C until a blue color developed in HEK293T cells. Colorless colonies

were selected for further experiments, while blue colonies were discarded.

3.9. Maintenance of human induced pluripotent stem cells (hiPSCs)

Human induced pluripotent stem cells (hiPSCs, Kolf 2.1 iPSC WT NGN2-EMX1-BFP) received
from our collaboration partner (Mihlemann Group, Bern) were cultured and maintained in
Essential 8 medium (Life Technologies, A1517001) supplemented with 1%
Penicillin/Streptomycin in a humidifier incubator at 37 °C and 5% CO.. Cells were cultured on
dishes coated with Geltrex (Life Technologies, A1413302) following the protocol of

manufacture.

The media was changed daily. Cells were checked daily for differentiation. Differentiated cells
were removed via scraping. To passage, cells were washed twice and then incubated for 2
minutes with PBS containing 0.5 mM EDTA at 37 °C. After removing PBS containing 0.5 mM
EDTA, E8 media supplemented with 1% Penicillin/Streptomycin was added and cells were

collected via scraping. Some of detached cells were transferred to a new dish.

For freezing, cells were centrifuged at 120G for 3 minutes and resuspended in cold culture
medium supplemented with 20% KnockOut Serum Replacement (KOSR, Life Technologies,
10828028) and 10% DMSO. Cell suspension was aliquoted into cryovials and frozen at -80 °C

overnight in Mr.Frosty, followed by transfer to -150 °C for long tern storage.

For thawing, vials were warmed in a 37 °C water bath and diluted 1:9 in culture medium. Cells
were centrifuged at 120G for 3 minutes, resuspended in fresh medium, and plated. 10 uM Rho
kinase inhibitor InSolution Y-27632 (ROCKI, Sigma-Aldrich, 5092280001) was added to

promote cell attachment.

3.10. Differentiation of hiPSCs to neurons
hiPSCs (Kolf 2.1 iPSC WT NGN2-EMX1-BFP) stably expressing PiggyBac-integrated
doxycycline-inducible NGN2 were differentiated into neurons following a modified protocol
based on (Fernandopulle et al. 2018).
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On day 0, for induction, hiPSCs at a 70-80% confluency were dissociated with TrypLE Express
(Life Technologies, 12604013) and resuspended in induction medium consisting of DMEM/F12
(Gibco, 11320-074), N2 Supplement 100x (Gibco, 17502048), Non-essential Amino Acids
(NEAA) 100x (Gibco, 11140050), GlutaMAX™ Supplement 100x (Gibco, 35050061), and 1 M
of HEPES (Sigma-Aldrich, H0887). ROCK inhibitor (1:1000, 10 uM final) and doxycycline (2
pg/mL final, Sigma-Aldrich, D9891) were added to induce NGN2 expression.

500,000 cells/well were plated onto Geltrex-coated 6-well plate in induction medium. Cells were
incubated at 37 °C and 5% CO.,. Media was changed daily with fresh induction medium

containing doxycycline (no ROCKIi from Day 1 onward).

On day 3, cells were dissociated using TrypLE Express, counted, and seeded at 900,000
cells/well in 1.5 mL maintenance medium on Geltrex-coated plates. Final plating medium was
BrainPhys™ Neural Medium (STEMCELL™ TECHNOLOGIES, 05790) supplemented with
B27 50x (with vitamin C), 10 ng/mL of BDNF (PeproTech, 450-02), 10 ng/mL of NT-3
(PeproTech, 450-03), and 1 pg/mL of Laminin (Sigma-Aldrich, L2020). BrDU (40 uM) was

added during final plating to eliminate residual proliferating hiPSCs.

On the day after plating, the media was replaced with fresh maintenance medium without
BrDU. Media changes were performed 1-2 times per week by replacing half of the medium.

Neurons were used after 7 days of differentiation.

3.11. Maintenance of chicken embryonic cells
Chicken embryonic fibroblast cells (UMNSAH/DF-1), kindly provided by Prof. Dr. Julian Konig,

were cultured and maintained under the same conditions as HEK293T cells.

3.12. Maintenance of F9 chicken embryonic cells

F9 cells were cultured and maintained in 4.5 g/L glucose DMEM (Gibco, 11960044)
supplemented with 10% fetal bovine serum (FBS) (Gibco, A5256701), and 2 mM L-Glutamine
(Sigma-Aldrich, 49419). The cells were grown in a humidifier incubator (Thermo Scientific) at
37 °C and 5% CO.. Cells were cultured on dishes coated with Attachment Factor Protein 1X
(Thermo Scientific, S006100). For this, 60-mm cell culture dish containing 1 mL of Attachment
Factor Protein 1X was incubated in the humidifier incubator at 37 °C and 5% CO2 minimum for

2-hours.

For freezing, cells were centrifuged at 200 G for 5 minutes and resuspended in 4.5 g/L glucose
DMEM supplemented with 20% FBS and 10% DMSO. Cell suspension was aliquoted into
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cryovials and frozen at -80 °C overnight in Mr.Frosty, followed by transfer to -150 °C for long

term storage.

3.13. General treatment timeline and cell numbers
Day 0: Cells were seeded based on the experimental need. For example, 1.5x10° cells/well in

6-well plate for Western Blot or 8x10° cells/plate in 10-cm plate for Co-IP for HEKS.

Day 1: Cells were treated with Doxycycline at 0.1 ug/mL for WB or 0.025 ug/mL for

immunofluoresce concentrations.
Day 2: Cells were treated with the required compound (e.g., cycloheximide).

Day 2, 3, 4 or 8 (depending on the compound): Cells were collected for RNA or protein isolation,

or processed for other methodologies like immunofluoresce.

3.13.1. Cycloheximide (CHX) treatment

100 mg/mL stock solution of cycloheximide (CHX) (Sigma Aldrich, C7698-1G) was freshly
prepared for each use by dissolving it in EtOH 100% (Thermo Fisher, 10342652). This stock
solution was diluted in complete DMEM media (9% FBS, 1% Penicillin/Streptomycin, 1%
GlutaMAX™ Supplement) to obtain a final working concentration of 100 pg/mL. Cells were

then treated with this working solution for 4 hours.

3.13.2. PRMT4/CARM1 inhibitor treatment

10 mM of stock solution of PRMT4/CARM?1 inhibitor (Cayman, Cay11033-500) was prepared
in DMSO (Sigma Aldrich, D8418-100ML). This stock solution was diluted in complete DMEM
to obtain a final working concentration of 5 uM. Cells were then treated with this working

solution for 27 hours.

3.13.3. GSK591 treatment
5 mM of stock solution of GSK591 (Cayman, Cay18354-1) was prepared in DMSO. This stock
solution was diluted in complete DMEM to obtain a final working concentration of 10 uM. Cells

were then treated with this working solution for 6 days.
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3.13.4. Puromycin treatment
5 mg/mL of stock solution of Puromycin (Sigma Aldrich, P8833) was prepared in water. This
stock solution was diluted in complete DMEM media to obtain a final working concentration of

10 uM. Cells were then treated with this working solution for 3-8 hours.

3.13.5. Pladienolide B treatment

1 mM of stock solution of Pladienolide B (Pla B) (Santa Cruz Biotechnology, sc-391691) was
prepared in DMSO. This stock solution was diluted in complete DMEM media to obtain a final
working concentration of 100 nM. Cells were then treated with this working solution for 16

hours.

3.13.6. hSMG1-inhibitor 11e treatment

10 mM of stock solution of hSMG1-inhibitor 11e (ProbeChem, PC-35788) in DMSO was
received from our collaboration partner (Muhlemann Group, Bern). This stock solution was
diluted in complete DMEM media to obtain a final working concentration of 0.6 pM. Cells were

then treated with this working solution for 24 hours.

3.14. RNA extraction and cDNA synthesis

After the required treatment, media was removed using suction pump. 300 pL of TRIZol™
Reagent (Invitrogen, 15596026) were added on cells. Cells were harvested by scraping in
TRIZol and collected in a 1.5 mL tube. 300 pyL of 100% Ethanol (Thermo Fisher, 10342652)
was added onto cell- TRIZol mixture, and RNA was isolated using Direct-zol RNA MicroPrep
Kit (Zymo, R2062), following the manufacturer’s instructions. RNA concentrations were

determined using a DS-11 FX+ Spectrophotometer/Fluorometer (DeNovix).

For cDNA synthesis, 5 pL of 250 ng RNA was used. To this, 0.435 pL of 0.1 mM oligo (dT) and
0.435 pL of 10 mM dNTP mix (NEB, N0447S) were added to the RNA. The mixture was heated
at 65°C for 5 minutes and then immediately chilled on ice. Subsequently, 1.739 uL of 5X buffer
(250 mM Tris-HCI, pH 8.0, 375 mM KCI, 15 mM MgCl,), 0.87 uL of 0.1 M DTT (Sigma Aldrich,
D0632-25G), 0.109 L of RNasin® Ribonuclease Inhibitor (Promega, N2515) and 0.25 pL of
M-MLV Reverse Transcriptase (IMB Protein Production Core Facility, 400 U/uL) were added

to the mixture.

The final mixture was incubated at 25°C for 10 minutes, followed by 42°C for 50 minutes, and
70°C for 15 minutes. The resulting cDNA was then diluted with nuclease-free water (Qiagen,
129115) to a final volume of 250 pL.
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3.15. Real-time quantitative polymerase chain reaction (RT-qPCR)
RT-PCR was performed using LightCycler 480 System (Roche). 3.5 uL of cDNA, 3.458 uL of
FastStart Universal SYBR Green Master (Roche, 4913914001), 0.3 uM forward primer and 0.3

MM reverse primer were mixed in 384-well plate.

The samples were initially denatured at 95°C for 10 min (ramp rate 4.8°C/sec), followed by 45
cycles of denaturation at 95°C for 15 sec (ramp rate 4.8°C/sec), and annealing-elongation at
60°C for 1 min (ramp rate 2.5°C/sec), with single signal acquisition at each cycle. For the
melting curve analysis, the samples were denatured at 95°C for 15 sec (ramp rate 4.8°C/sec),
then held at 60°C for 1 min (ramp rate 2.5°C/sec), followed by a gradual melt at 95°C (ramp
rate 0.11°C/sec) with continuous signal acquisition every 5°C. Finally, the samples were cooled
at 40°C for 30 sec (ramp rate 2.5°C/sec). Cp values were determined using the Abs Quant/2nd
Derivative Max analysis mode in LightCycler 480 software (version 1.5.1.62). The values were

normalized against the geometric mean of Cp values from housekeeping genes.

3.16. RNA sequencing
RNA was extracted using Direct-zol RNA MicroPrep Kit (Zymo, R2062), and the concentrations
were measured as detailed in the 3.11. Snap frozen RNA samples were submitted to the

Genomics Core Facility for RNA sequencing.

A stranded mRNA library was prepared using lllumina mRNA Ligation Kit, and sequencing was
performed on a NextSeq 2000 System and 2x100 read lengths. Data analysis was carried out

by Dr. Frank Ruhle from the Bioinformatics Core Facility.

3.17. Ribosome profiling data analysis

Ribosome profiling (GSM7430289, GSM7430290, GSM7430249, GSM7430250) and the
corresponding RNA-seq (GSM7430297, GSM7430298, GSM7430255, GSM7430256) data
generated by (Tomuro et al. 2024) was used for analysis with default settings unless specified
otherwise. The datasets were downloaded using sratoolkit v2.11.0. Adapter trimming and
quality control was done with fastp v0.23.2. Next, reads were mapped to human genome
(emsembl v110, GRCh38.p14) with STAR v2.7.3a —outSAMPtype BAM SortedByCoordinate,
bam files were indexed with samtools index v1.10 and coverage tracks were generated with

deepTools v3.5.5 bamCoverage.

3.18. Protein isolation
After inhibitor treatments, cells were harvested using either Accutase (Sigma Aldrich, A6964-

100ML) or a cell scraper (Starstedt, 83.3950). The cells were then centrifuged at 700g for 5
59



minutes at room temperature. The resulting pellet was washed with ice-cold Dulbecco’s
Phosphate Buffered Saline (DPBS, Sigma, D8662) and centrifuged again at 700g for 5 minutes
at 4°C. The pellet was resuspended in Henikoff buffer (0.1% SDS, 3 mM CaCl,, 20 mM Tris
pH 8, 100 mM NaCl, 0.9% Triton X-100), supplemented with 1 yL/mL Sm nuclease, 1X
cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche, 11836170001), and 1X
PhosSTOP™ (Roche, 4906845001). The mixture was vortexed briefly and incubated on ice
for 15 minutes. EDTA was then added to a final concentration of 20 mM. The samples were
sonicated using a Bioruptor Pico (Diagenode) for 5 cycles of 30 seconds ON and 30 seconds
OFF at 4°C. Following sonication, the samples were centrifuged at 12,000g for 10 minutes,

and the supernatant was transferred to a fresh tube.

Protein concentrations were determined using a colorimetric Bradford assay (Panreac
AppliChem ITW, A6932). A 20 mg/mL stock solution of recombinant albumin (New England
BioLabs, B9200S) was diluted to 1 mg/mL using the protein isolation buffer. Serial dilutions
were prepared by adding 0, 3, 6, 9, 12, and 15 uL of the 1 mg/mL albumin stock to cuvettes
containing 1 mL of Bradford reagent. Additionally, 1 puL of each isolated protein sample was
added to 1 mL of Bradford reagent in separate cuvettes. A standard curve was generated by
measuring the absorbance of the albumin dilutions wusing a DS-11 FX+
Spectrophotometer/Fluorometer (DeNovix). The concentrations of the isolated protein samples
were then determined based on the standard curve. Protein extracts were diluted to the
required concentrations using nuclease-free water (Qiagen, 129115) and NUPAGE™ LDS
Sample Buffer 4X (Novex, NP0007) supplemented with 50 mM DL-Dithiothreitol (DTT) (Sigma,
D0632-25G). The final mixture was boiled at 70°C on a shaking heat block
(Eppendorf® ThermoStat C), snap-frozen on dry ice, and stored at -20°C.

3.19. Immunoprecipitation for posttranslational modification analysis via Mass
Spectrometry (IP-MS)

After 4 hours 100 ug/mL cycloheximide (CHX) (Sigma Aldrich, C7698-1G) treatment, cells were
harvested using a cell scraper. The cells were then centrifuged at 700g for 5 minutes at room
temperature. The resulting pellet was washed with ice-cold DPBS and centrifuged again at
700g for 5 minutes at 4°C. The pellet was resuspended in Henikoff buffer (0.1% SDS, 3 mM
CaCl;, 20 mM Tris pH 8.0, 100 mM NaCl, 0.9% Triton X-100), supplemented with 1 yL/mL Sm
nuclease, 1X cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche, 11836170001), and
1X PhosSTOP™ (Roche, 4906845001). The mixture was vortexed briefly and incubated on
ice for 15 minutes. The samples were sonicated using a Bioruptor Pico (Diagenode) for 2 cycles
of 30 seconds ON and 30 seconds OFF at 4°C. Following sonication, the samples were

centrifuged at 16,000g for 20 minutes, and the supernatant was transferred to a fresh tube.
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After determining protein concentrations using a colorimetric Bradford assay, proteins were
diluted in Henikoff buffer to a total concentration of 1 mg in a final volume of 500 uL. 5% of this

protein sample was transferred to a clean tube as “input” sample.

After mixing on rotator for 10-15 min, 20 uL of Pierce™ Anti-HA Magnetic Beads (Thermo
Fisher, 88836) for each 1 mg of protein extract was transferred to a clean tube. The tube was
put on DynaMag™-2 Magnet (Thermo Fischer, 12321D) for 30 sec and the supernatant was
removed. The beads were resuspended in 1 mL supplemented Henikoff buffer, then placed
back on the magnetic rack. After removing the supernatant, beads were washed by
resuspending in 1 mL of Henikoff buffer and placed on the magnetic rack again. After removing
the supernatant, beads were resuspended in 25 uL Henikoff buffer per 1 mg of protein sample.
The bead suspension (25 uL) was added to each 1 mg of protein sample. The protein-bead
mixture was incubated on the wheel rotator in cold room for 1 h. After incubation, the protein-
bead mixture was placed on the magnetic rack and washed three times with wash buffer (0.1%
SDS, 20 mM Tris pH 8.0, 1 mM EDTA, 400 mM NaCl, 0.9% Triton-X 100) supplemented with
1X cOmplete™ EDTA-free Protease Inhibitor Cocktail, and 1X PhosSTOP ™. After the final
wash, the supernatant was removed as thoroughly as possible. Beads were resuspended in
50 uL of elution buffer (25 mM Tris-HCI pH 8.0, 1% [wt/vol] SDS) and boiled at 60°C for 15 min
at 800 rpm on a shaking heat block (Eppendorf® ThermoStat C). The tubes were then
centrifuged at full speed for 1 min at 4°C. The supernatant was carefully transferred to a new
tube, ensuring no beads were carried over. The beads were resuspended in an additional 10
uL of elution buffer, boiled again, and centrifuged. The second supernatant was combined with
the initial 50 uL elution, bringing the total volume to 60 uL. The beads were discarded, and the
supernatant was snap-frozen and submitted to Proteomics Core Facility for Mass Spectrometry

analysis. The analysis was carried out by Dr. Jiaxuan Chen from IMB Proteomics Core Facility.

3.20. Immunoprecipitation for interaction partner analysis via Mass Spectrometry (IP-
MS)

The same protocol as in 3.14 was followed with minor modifications: Henikoff buffer and wash
buffer were replaced with cell lysis buffer (250 mM NaCl, 50 mM HEPES pH 7.6, 0.1% IGEPAL,
10 mM MgClI2, 10% glycerol).

3.21. Co-immunoprecipitation (co-IP) for Western Blot for interaction partner analysis
The same protocol as in 3.14 was followed with minor modifications: Henikoff buffer and wash
buffer were replaced with cell lysis buffer (100 mM NaCl, 50 mM HEPES pH 7.6, 0.1% IGEPAL,
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10 mM MgClz, 10% glycerol). Beads were resuspended in 1X NUPAGE™ LDS Sample Buffer
(Novex, NP000Q7) in water (without DTT) and boiled at 42°C for 10 min at 800 rpm.

1 M DL-Dithiothreitol (DTT) (Sigma, D0632-25G) was added to the 60 uL eluates, and
NuPAGE™ LDS Sample Buffer 4X (Novex, NP00O7) containing 0.4 M DTT was added to the
input samples, adjusting the final DTT concentration to 100 mM in both cases. The input and
eluates were then boiled at 70°C for 10 min at 800 rpm, snap-frozen and stored at -20°C until

further use.

3.22. Western Blot

A 10% SDS-PAGE gel (for detecting exogenous SNRPB/N-2xHA-mNEON) or 12% SDS-
PAGE gel (for detecting endogenous SNRPB/N) was prepared and stored at 4°C after
polymerization until use. The gel was then placed into XCell SureLock™ Mini-Cell
electrophoresis system (Invitrogen), and the protein samples were loaded to SDS-PAGE gel.
The gel was run in 1X MOPS buffer (Fischer Scientific, BP308) at 180 Volt for 45 minutes to
1.5 hours, depending on the experimental needs. Meanwhile, a piece of Immobilon®-
PSQ PVDF Membrane (0.2 um, 8.5cm x 10 m roll, Merck, ISEQ85R) was activated by
submerging it to 100% methanol (Sigma Aldrich, 34860) for 1-2 minutes, then transferred to
1X transfer buffer (IMB Media Lab, T-20_L) containing 10% methanol, where it was kept until
the SDS-PAGE run was complete.

After electrophoresis, proteins were transferred to the PVYDF membrane using Mini Trans-Blot®
Cell (Bio-Rad) apparatus at 300 mA for 1hour. Post-transfer, the gel was stained with
InstantBlue Coomassie Protein Stain (Abcam, ab119211) until bands became visible, then

washed with deionized water overnight.

The membrane was blocked with 5% nonfat dry milk (Cell Signaling Technology, 9999S) in
PBST (1X PBS, 0.2% Tween® 20, Merck, P1379-1L) and incubated with the respective primary
antibody, diluted in 5% milk-PBST, overnight at 4°C. Details of the primary antibody dilutions
can be found in 2.8. Following three washes with PBST, the membrane was incubated with
1:10,000 dilution of secondary antibody at room temperature for 1 hour. After three additional
PBST washes, the membranes were imaged using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific, 34577), ChemiDoc™ Touch Gel Imaging

System (Bio-Rad) and Image Lab Software Version 6.1.0.
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3.23. Immunofluorescence stainings

Coverslips (Starstedt, 83.1840.002) were coated with Poly-L-Lysine (Sigma-Aldrich, P1274)
according to the manufacturer’ instructions. Cells were seeded onto cell culture dishes
containing the coated coverslips. Following the required treatments, such as cycloheximide,
samples were washed twice with DPBS (Gibco, 14040117) containing calcium and
magnesium. The cells were then fixed with 4% paraformaldehyde (Thermo Scientific, 28906)
in PBS without calcium and magnesium for 15 minutes at room temperature. After three

washes with PBS, samples were stored at 4°C in PBS until staining.

For permeabilization, the samples were incubated in 0.25% Triton X in water for 3 minutes,
followed by two PBS washes. Blocking was performed using 1% BSA (Pan Biotech, P06-
1391500) in PBS for 30 minutes at room temperature. After two additional washes, samples
were incubated overnight at 4°C with the respective primary antibody, diluted in 0.1% BSA in
PBS.

Following three washes with PBS, samples incubated with the respective secondary antibody,
diluted in 0.1% BSA in PBS, for 1 hour at room temperature. They were then washed twice
with PBST (1X PBS, 0.2% Tween® 20, Merck, P1379-1L) and stained with DAPI (1:2000
dilution in PBS, Invitrogen, 10184322) for 10 minutes. After a brief wash with water, the

coverslips were mounted using ProLong™ Diamond Antifade Mountant (Invitrogen, P36965).

3.24. Confocal fluorescence imaging

Fixed and immunostained cells were imaged using the Leica Stellaris 8 Falcon line scanning
confocal microscope. The HC PL APO CS2 100x/1.4 NA oil-immersion objective from Leica
was used to image an area of 116 x 116 ym with an image format of 1160 x 1160 pizels with
bidirectional scanning. Confocal z-stacks were acquired with 40 z slices spanning a total
thickness of 8 um, resulting in a voxel size of 0.1 x 0.1 x 0.2 ym. DAPI, mNeonGreen and Alexa
Fluor 555 were excited sequentially (line-switching) using 405 nm (diode), 488 nm (OPSL) and
550 nm (80 MHz pulsed White Light Laser) excitation lasers, respectively. Their fluorescence
was detected using HyD hybrid detectors in photon-counting mode over wavelength ranges
415-485 nm, 500-538 nm and 560-725 nm, respectively, generating 3-channel digital images
with a bit-depth of 8. 4-8 fields of view were chosen for imaging per sample, where the cells

were growing in a monolayer.
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3.25. FRAP (Fluorescence Recovery After Photobleaching)

FRAP measurements were performed on live cells in ibidi 8-well microwell slides using the
Leica Stellaris 8 Falcon confocal microscope equipped with an Okolab incubation cage for
maintaining the cells at 37 °C and 5% CO. during the measurements. For each FRAP
measurement, a single focal plane 18.45 x 18.45 uym in size was imaged using the HC PL APO
CS2 63x/1.4 NA oil-immersion objective from Leica with an imaging format of 256 x 256 pixels,
resulting in a pixel size of 72 x 72 nm. Fluorescence of SNRPB-mNeonGreen or SNRPN-
mNeonGreen was excited using the 80 MHz pulsed White Light Laser at 488 nm and the
emission was detected in the wavelength range 500-550 nm using a HyD-S hybrid detector in
photon counting mode. A 10-frame pre-bleach timelapse was recorded with a frame interval of
0.342s. Following this, a SNRPB-mNeonGreen or SNRPN-mNeonGreen focus was bleached
using a high intensity of the same laser and a 50-frame post-bleach timelapse was recorded
with a frame rate of 0.331s. The bleached SNRPB-mNeonGreen or SNRPN-mNeonGreen
focus was them tracked over time and the mean intensity of mNeonGreen fluorescence inside

the focus was used to obtain the FRAP recovery curve as described below.

Fiji v1.54p was used for all image visualization and analysis (Schindelin et al. 2012). All
segmentations were performed on filtered 2D z-projections of the 3D images, where the filters
and thresholding algorithms to be applied were determined empirically for each segmented

object of interest and then applied consistently across samples.

3.26. Image processing and analysis
Detection and counting of SNRPB/N and Coilin foci

Maximum z-projections were used for the detection of Coilin and SNRPB/N-mNeonGreen foci.
Max z-projections of the Coilin channel (gaussian filter, radius=2 pixels) and SNRPB/N-
mNeonGreen channel (variance filter, radius=2 pixels followed by gaussian filter, radius=3
pixels) were thresholded using the Maximum Entropy algorithm to obtain binary masks of the
foci in the respective channels (Kapur, Sahoo, and Wong 1985). The foci in each channel were
counted, and these counts were normalized to the number of cells in the field of view. In control
cells not expressing SNRPB/N-mNeonGreen (HEK), only Coilin foci were segmented and

counted.

Distance-based colocalization of SNRPB/N and Coilin foci

The “Find maxima” function in Fiji was applied to the binary masks of Coilin and SNRPB/N-

mNeonGreen foci with prominence 1 to detect the pixel closest to the center of each identified
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focus in both channels, and a Euclidean Distance map (EDM) was calculated for the centers
of the Coilin foci. The value on the EDM was then read out at the center of each SNRPB/N-
mNeonGreen focus to obtain the distance to the center of the nearest Coilin focus. SNRPB/N-
mNeonGreen foci categorized as their distance to a Coilin focus (0-200 nm, 200-1000 nm and
>1000 nm).

Quantification of nuclear and cytoplasmic SNRPB/N-mNeonGreen

Sum z-projections of the 3D images were used for quantifying nuclear and cytoplasmic
distribution of SNRPB/N signal in samples immunostained for SmB/B’/N. The sum x-projection
of the DAPI channel (median filter, radius=2 pixels followed by gaussian filter, radius=5 pixels)
was used to generate a nuclear mask using the Huang thresholding algorithm (L.-K. Huang
and Wang 1995). The edges of the resulting thresholded nuclei were further eroded by two
pixels to obtain an accurate binary mask of the nuclei. Similarly, the sum z-projection of the
SNRPB/N-mNeonGreen channel (gaussian filter, radius=10 pixels) was used to obtain a binary
mask of cells using the Triagle thresholding algorithm (Zack, Rogers, and Latt 1977) followed
by the erosion of 5 pixels. For control cells not expressing SNRPB/N-mNeonGreen (HEK),
autofluorescence of the cells could be picked up in this channel and used for segmenting the

cells in the same way but using the iterative intermeans thresholding algorithm instead,

A binary mask of the cytoplasm was obtained by subtracting the nuclear mask from the cell
mask, and the cell mask was inverted to obtain a mask for the background. The binary masks
for nuclei, cytoplasm and background were then applied to the sum z-projections of SmB/B’/N
and SNRPB/N-mNeonGreen channels to obtain mean intensity in each of these regions. The
mean background intensity was then subtracted from both the mean intensities obtained for

cytoplasmic and nuclear signal.

Analysis of FRAP data

Fluorescence recovery curves for the bleached SNRPB/N-mNeonGreen foci were obtained
from the recorded timelapses using Fiji, where the TrackMate plugin (Tinevez et al. 2017) was
used to track the bleached SNRPB/N-mNeonGreen focus over the timelapse using the Linear
Assignment Problem tracker (Jagaman et al. 2008). The mean intensity inside a circle of

diameter 0.7 um centered at the focus was estimated at each frame of the timelapse (lpieach (t)).

To track mean intensity in the nucleus over time, a binary nuclear mask was generated from

the first frame of the timelapse (gaussian filter, radius=2 pixels) using the Huang thresholding

algorithm (L.-K. Huang and Wang 1995). The binary mask was then applied to each frame of
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the timelapse to determine the mean intensity of SNRPB/N-mNeonGreen signal in the nucleus

over time (lhu (t)).

Finally, a representative region in the background was chosen to determine the mean
background intensity in each frame (lvg (t)) and the mean intensities of the bleached spot and

nucleus were corrected by subtracting the mean background intensity.

Ibleach, bg—sub(t) = Ibleach(t) - Ibg(t)
Inuc, bg-sub(t) = Inuc(t) - Ibg(t)

The intensity in the bleached spot was then double-normalized relative to the nuclear intensity

and pre-bleached intensity as follows:
Ibleach, norm(t) = [Ibleach, bg—sub(t) = Ibleach, bg—sub(pre'bleaCh)] / [ Inuc, bg-sub (t) = Inuc, bg-sub (pre‘bleaCh)]

where |(pre-bleach) refers to the mean value from all pre-bleach timepoints.

3.27. Flow cytometry

Flp-In™ T-REx™ 293 and generated Snrpb/n cell lines were seeded to 6-well plate. Two wells
of FIp-In™ T-REx™ 293 were left untreated for gating purpose. After the treatments, cells were
harvested with accutase and centrifuged at 1000 rpm for 3 minutes at room temperature. The
resulting pellet was washed with Dulbecco’s Phosphate Buffered Saline and centrifuged again
at 1000 rpm for 3 minutes at 4°C at room temperature. Then, the pellet was washed once with
PBS without calcium and magnesium and centrifuged. The pellet was resuspended in 500 pL
PBS without calcium and magnesium and transferred into round bottom polystyrene test tubes
(Fisher Scientific, 10186360). Helix NP(TM) NIR (Biozol, BLD-425301) was then added to a

final concentration of 5 nM.

Data were acquired on a BD LSRFortessa SORP (BD Biosciences) and analyzed using FlowJo
(version10.10).

3.28. Enzymatic protein digestion for mass-spectrometry

All samples were processed using the SP3 approach (Hughes et al. 2019). Proteins were
reduced in 5 mM DTT, alkylated in 15 mM lodoacetamide (Sigma-Aldrich, 16125) in the dark
and quenched in 5 mM DTT. Enzymatic protein digestion was perfomed using Trypsin (Sigma-
Aldrich, T6567) or porcine pancreatic elastase (Promega, V189A) overnight at 37 °C. The
resultant peptide solution was purified by solid phase extraction in C1s Stage Tips (Rappsilber,
Ishihama, and Mann 2003).
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3.29. Liquid chromatography tandem mass-spectrometry for PTMs

Peptides were analyzed using an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher
Scientific) coupled to an EASY-nLC 1200 UHPLC system (Thermo Fisher Scientific). Peptides
were separated in an in-house packed 60-cm analytical column (inner diameter: 75 um;
ReproSil-Pur 120 C1s-AQ 1.9-um silica particles, Dr. Maisch GmbH) by online reverse-phase
chromatography through a 90-min gradient of 2.4-32% acetonitrile with 0.1% formic acid at a
nanoflow rate of 250 nl/min. The eluted peptides were sprayed directly by electrospray
ionization into the mass spectrometer. Mass spectrometry was conducted in data-dependent
acquisition mode using a top15 method with one full scan (resolution: 60,000, scan range: 300-
1650 m/z, target value: 3 x 108, maximum injection time: 28 ms) followed by 15 fragment scans
via higher energy collision dissociation (HCD; normalized collision energy 30%; resolution:
15,000, target value: 1 x 10°, maximum injection time: 40 ms, isolation window: 1.4 m/z). Only
precursor ions of +2 to +6 charge state were selected for fragment scans. Additionally,

precursor ions already isolated for fragmentation were dynamically excluded for 25 s.

3.30. Liquid chromatography tandem mass-spectrometry for interaction partners

Peptides were separated via an in-house packed 45-cm analytical column (inner diameter: 75
pum; ReproSil-Pur 120 C1-AQ 1.9-um silica particles, Dr. Maisch GmbH) on a Vanquish Neo
UHPLC system (Thermo Fisher Scientific). Online reverse-phase chromatography was
performed through a 70-min non-linear gradient of 1.6-32% acetonitrile with 0.1% formic acid
at a nanoflow rate of 300 nl/min. The eluted peptides were sprayed directly by electrospray
ionization into an Orbitrap Astral mass spectrometer (Thermo Fisher Scientific). Mass
spectrometry was conducted in data-dependent acquisition mode using a top50 method with
one full scan in the Orbitrap analyzer (scan range: 325 to 1,300 m/z; resolution: 120,000, target
value: 3 x 108, maximum injection time: 25 ms) followed by 50 fragment scans in the Astral
analyzer via higher energy collision dissociation (HCD; normalized collision energy: 26%, scan
range: 150 to 2,000 m/z, target value: 1 x 10* maximum injection time: 10 ms, isolation
window: 1.4 m/z). Precursor ions of unassigned, +1 or higher than +6 charge state were
rejected. Additionally, precursor ions already isolated for fragmentation were dynamically

excluded for 15 s.

3.31. Mass-spectrometry data analysis

Mass spectrometry raw data were processed by MaxQuant software (version 2.1.3.0) (Cox
and Mann 2008) using its built-in Andromeda search engine (Cox et al. 2011). MS/MS spectra
were searched against a target-decoy database containing the forward and reverse protein

sequences of UniProt H. sapien reference proteome (release 2022 _03; 101,732 entries),
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mCherry, HA::mNEON::SNRPB, HA::mNEON:SNRPN and a default list of common
contaminants. Carbamidomethylation of cysteine was considered a fixed modification. The
variable modification search included methionine oxidation, protein N-terminal acetylation,
mono- and di-methylation on KR residues, and hydroxyproline. A maximum of 2 missed
cleavages were allowed. The “second peptides” option was switched on. Minimum peptide
length was set to be 7 amino acids. False discovery rate (FDR) was set to 1% at both peptide

and protein levels.

For samples digested using trypsin, the trypsin/P specificity was chosen. For samples digested
using elastase, the search was performed in two steps. Semi-specific cleavage at AGILSTV
residues (Rietschel et al. 2009) was assigned initially without considering the variable
modifications of mono-, di-methylation and hydroxyproline. To limit the search space of multiple
variable modifications in a semi-specific setting, the detected proteins from the first search
served as a reduced sequence database for a second search in which mono-, di-methylation

on KR residues and hydroxyproline were considered.

To quantify the detected PTMs, the intensities of peptide evidences associated with each
detected PTM site were summed and then normalized according to the overall detected
peptide intensities in each sample, assuming the overall peptide intensities were similar across

the test conditions.

Protein quantification was performed using the MaxLFQ algorithm (Cox et al. 2014) skipping
its default normalization option. Minimum LFQ ratio count was set to one. Both the unique and
razor peptides were used for quantification. Differential expression analysis was performed in
R statistical environment. Reverse hits, potential contaminants and “only identified by site”
protein groups were first filtered out. Data normalization was performed on the log-transformed
data using median-centering. Proteins were further filtered to retain only those detected in at
least 3 out of the 4 replicates in either group of each comparison. Following imputation of the
missing LFQ intensity values, a linear model was fitted using the limma package in R (Phipson
et al. 2016) to assess the difference between the two groups for each protein, with adjustment
for multiple testing using the Benjamini-Hochberg approach (Benjamini and Hochberg 1995).
The log2 fold change and the significance of the difference were displayed on a volcano plot.
Only proteins with a minimum log2 fold change of 1 and an FDR-adjusted p value (q value)

lower than 0.05 were considered as being differentially regulated.
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3.32. Mice handling and intracerebroventricular cycloheximide injections

Wild type mice in a C57BL/6J background were kept by our collaborator Dr. Ana Villalba
Requena (Hippenmeyer Group, Klosterneuburg) according to the protocols approved by
Institutional Animal Care and Use Committee, Institutional Ethics Committee and the
Preclinical Core Facility at Institute of Science and Technology of Austria (ISTA). Experimental
protocols were performed under the approval of the Austrian Federal Ministry of Science and
Research in accordance with the Austrian and European Union animal laws (license number:
BMWFW-66.018/0015-WF/V/3b/2017).

All mice used showed pathogen free status according to the Federation of European
Laboratory Animal Science Associations (FELASA) recommendations. Animals were
maintained and bred in the Animal Facilities of the Institute of Science and Technology of
Austria (ISTA). Animals were kept on a 12:12 hours light:dark cycle, room temperature of 21
+ 1°C and relative humidity of 40% to 55%, in accordance to European Union regulations.
Food (V1126, Ssniff Spezialiteaten GmbH, Soest, Germany) and tap water available ad

libitum.

Pups of 7 days postnatal (P7) were deeply anesthetized with Vetflurane (induced at 3% and
maintain at 1-2%). After fixing the pup to the stereotaxic, the head was cleaned with 70%
EtOH, Xylocain Gel 2% was applied and the skull was exposed by a minimal cut along the
anterior-posterior axis and other perpendicularly to it at the level of lambda. The injected
location was established by the coordinates: -0.3 to -0.5mm from Bregma in the anterior-
posterior axis, £1.00 to 1.5mm in the medial-lateral axis and 2.0 to 2.5mm in the ventral-lateral
axis. For the injections, pulled glass micropipettes were used together with a Nanoject Il
(Drummond Scientific Company). 500nL with a 200nL/s rate for 10 cycles was injected (a total
of 5uL) per hemisphere. Cycloheximide (CHX, Sigma, REF C7698-1G) at 4ug/uL
concentration in NaCl 0.9% was administered in the treatment condition, while controls
received a solution of NaCl 0.9%. CHX working solution was prepared fresh the day of the
injections. Both conditions included 0.02% Fast Green (Sigma, REF F7252-5G). After injecting
both hemispheres, tissue adhesive (SURGIBOND, REF ZG2) was applied in the edges of the
wound. The pup was maintained over a warm pad during the whole procedure and until it
woke up. Pups were placed back with the mother for 5 hours. Then, the pups were sacrificed
by cervical dislocation and immediately processed. The brain was extracted, the cortex
dissected and divided sagittally in three pieces. Each part was frozen by immersion in liquid

nitrogen.

In order to assure that equal number of experimental cohorts according to sex was taking into

account, male and female sex was assigned based on Y-chromosome genotyping at P4.
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3.33. Statistics and reproducibility

All plots and statistical analyses were generated in RStudio 2024.04.1+748 (2024.04.1+748)
with R version 4.4.0 (2024-04-24). Boxplots were generated in ggplot2, with the following
parameters: lower whisker = smallest observation greater than or equal to lower hinge - 1.5 *
IQR; lower = lower hinge, 25 % quantile; notchlower = lower edge of notch = median — 1.58 *
IQR / sqgrt(n); middle = median, 50 % quantile; notchupper = upper edge of notch = median +
1.58 * IQR/sqrt(n); upper = upper hinge, 75 % quantile; ymax = upper whisker = largest
observation less than or equal to upper hinge + 1.5 IQR. Bar plots represent the mean + s.e.m
with overlaid data points representing independent experiments or replicates. Results were
considered significant at a FDR or p-value below 0.05. Unless otherwise specified, statistical
tests were two sided. Immunofluorescence was independently repeated at least four times
with similar results. The FRAP experiments were independently performed and quantified
twice. Western blots and co-immunoprecipitation experiments were independently replicated
at least twice with similar results. Semi-quantitative RT-PCRs were performed once.
Genotyping PCRs for positive CRISPR clones were repeated twice, followed by validation with
complementary experimental approaches (QPCR and Western blot). Additional information

and test results of statistical analysis are provided in the methods or figure legends.
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4. Results
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4.1. SNPRN stabilizes transcripts involved in metabolic functions

SNRPB and SNRPN exhibit mutually exclusive expressions across tissues. Due to vast
differences in trans-acting factors (e.g., gene expression profiles, splicing factors), it is difficult
to disentangle intrinsic versus extrinsic effects of these two splicing paralogues in an
organismal context. To address this, we generated HEK cells using the Flp-In™ T-REx™ 293
system, enabling the inducible expression of either SNRPB or SNRPN from a single-copy
transgene tagged with a C-terminal HA and mNeonGreen epitope (Figure 4. 1. a, b). To ensure
that this work focused exclusively on SNRPB and SNRPN, we used mouse tissues for cloning,
as they lack the SNRPB’ isoform. Specifically, we cloned Snrpb from embryonic mouse brain
cDNA, and Snrpn from adult mouse brain cDNA. We confirmed the successful generation of
stable cell lines by hygromycin resistance selection and p-galactosidase activity loss, indicative

of proper construct integration.

HEK cells endogenously express SNRPB, but not SNRPN (Figure 4. 1. b). Upon induction of
the transgenes, we found that the SNRPB/N proteins could not be expressed above the
endogenous levels, even at high doxycycline concentrations, indicating tight dosage control
(Figure 4. 1. c). Since SNRPB is a common essential gene (DepMap 2024), we used
CRISPR/Cas9 to delete the endogenous SNRPB gene only after transgene insertion,
whereupon the cells relied exclusively on the transgenic copy of either SNRPB or SNRPN
(hereinafter referred to as SNRPB or SNRPN-cells, respectively). Immunoblotting confirmed
successful deletion of endogenous SNRPB and expression of the transgenes (Figure 4. 1. d).
In immunostainings, Snrpb and Snrpn transgenes localized to the nucleus and, as expected
(Thompson et al. 2018), formed foci that co-localized with Cajal bodies, as indicated by Coilin

staining (Figure 4. 1. e).
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Figure 4. 1. Generation and validation of HEK293T cell lines stably expressing either

SNRPN-
2xHA-mNeon

mouse Snrpb or Snrpn transgenes under identical genetic background. (a) Schematic
representation of the cell line development strategy: single-copy, doxycycline-inducible HA-mNeon-
tagged Snrpb or Snrpn transgenes were integrated using the Flp-In™ T-REx™ 293 system, followed by
CRISPR/Cas9-mediated knockout of the endogenous SNRPB gene. (b) Ribosome profiling and RNA-
seq traces showing endogenous expression of SNRPB, but not SNRPN, in HEK293T cells. Tracks show
ribosome occupancy (black) and transcript abundance (orange) across SNRPB, SNRPN/SNURF, and
MALAT1 loci. (¢) Western blot showing doxycycline-inducible expression of HA-mNeon-tagged Snrpb
or Snrpn transgenes in the presence of endogenous SNRPB. Transgene-derived and endogenous
SNRPB proteins are distinguished by molecular weight. RNA Pol2 and histone H3 serve as loading
controls. (d) Western blot confirming knockout of endogenous SNRPB in cell lines stably expressing
Snrpb or Snrpn transgenes. Multiple independent clones were validated. RNA Pol2, PCNA, and
Coomassie staining serve as loading controls. (€) Representative fluorescence microscopy pictures
showing nuclear localization of the HA-mNeon-tagged SNRPB and SNRPN transgenes (mNeon-green),
with co-localization to Cajal bodies (Coilin-magenta). DAPI (cyan) stains nuclei. The areas marked with
a dashed square are magnified in the “zoom” panel. Data obtained from two independent replicates.
Scale bars: 20 uM.
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To investigate their functional differences, we performed stranded mRNA sequencing on two
independent SNRPB-expressing clones and four independent SNRPN-expressing clones,
alongside parental HEK cells. Clustering analysis revealed that SNRPB-expressing cells were
largely similar to the parental HEK cells (Figure 4. 2. a). In contrast, SNRPN-expressing clones
exhibited a markedly different transcriptomic profile and clustered separately (Figure 4. 2. a).
Differential expression analysis using DESeq2 identified 2,103 genes with higher expression
in SNRPN-expressing cells and 2,670 genes with higher expression in SNRPB-expressing
cells (Figure 4. 2. b). Genes stabilized by either paralogue tended to have more transcript
isoforms than expected (Figure 4. 2. c), but gene length and exon numbers were not different
from other cellular transcripts (Figure 4. 2. d). We performed splicing analysis using rMATS
(Shihao Shen et al. 2014), which identified several thousand splicing events, but a majority of
them was not differentially regulated between SNRPB- and SNRPN-expressing cells (Figure
4. 2. e). Manual inspection of significant splicing changes revealed that most were artifacts
arising from overall expression level differences of transcripts between the SNRPB and
SNRPN cells. An independent analysis using VAST-Tools (Gohr et al. 2022) identified only a
single significant alternative splicing event, which after manual inspection appeared false
positive (data not shown). Lastly, we analyzed intron retention events using IRFinder (Lorenzi
et al. 2021), which identified 14 differential intron retention events affecting 12 genes
(Supplementary Table 8. 1). Manual inspection identified the majority as false positives, but
ITPKC (Inositol-Trisphosphate 3-Kinase C) was a notable case with prominent intron retention
in SNRPB, but not SNRPN expressing cells (Figure 4. 2. f).
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Figure 4. 2. Snrpn expression induces widespread transcriptomic changes compared to
Snrpb, without major differences in alternative splicing. (a) Sample-to-sample distance matrix
based on regularized log-transformed RNA-sequencing data from parental HEK cells, SNRPB-
expressing clones, and SNRPN-expressing clones. (b) MA plot showing differentially expressed genes
between SNRPB-expressing (orange) and SNRPN-expressing (blue) cells. (¢) Distribution of transcript
isoform numbers per coding gene for genes significantly upregulated in SNRPB and SNRPN cells.
Observed versus expected distributions are compared based on the background transcriptome.
Statistical significance was determined using a Chi-squared test. (d) Density plots comparing gene
lengths (left) and exon counts (right) among genes stabilized in SNRPB and SNRPN cells, relative to a
background set of non-differentially expressed (non-DE) genes. (e) Splicing event counts identified by
rMATS across five splicing types: SE (skipped exon), RI (retained intron), MXE (mutually exclusive
exon), A5SS (alternative 5’ splice site), and A3SS (alternative 3’ splice site). (f) Genome browser tracks
showing the only significantly retained intron (RI) event detected between Snrpb- and Snrpn-expressing

cells.
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To further explore the characteristics of genes differentially stabilized by SNRPB/N, we
conducted KEGG pathway analysis (Figure 4. 3. a, b). SNRPB-stabilized genes were enriched
in pathways associated with cellular surface functions, including "ECM-receptor interaction,"
"Sphingolipid signaling pathway," "Endocytosis," and "Adherens junction." Interestingly,
SNRPN-stabilized genes had very different gene functions and were involved in metabolic
processes, with enriched KEGG-pathways like "Cysteine and methionine metabolism,"
"Pyruvate metabolism," and "Glycolysis/Gluconeogenesis". Examples for genes stabilized in
SNRPN-cells are prominent metabolic enzymes such as PGM1 (phosphoglucomutase 1),
PGK1 (phosphoglycerate kinase 1), PK (pyruvate kinase). In addition, 17 of the 42 large and
6 of the 35 small mito-ribosomal subunits encoded in the nucleus and multiple enzymes of the
glycolysis pathway (Figure 4. 4) were more stable in SNRPN cells. More generally, genes
stabilized by SNRPN had significantly higher expression levels, consistent with metabolic
functions encoded by these genes (Figure 4. 3. c). These distinct transcriptomes were also
reflecting on cellular parameters (Figure 4. 3. d), as SNRPN-expressing cells proliferated
significantly faster than the SNRPB-expressing cells (p=0.0454). Taken together, these data
suggest that SNRPB/N do not predominantly impact alternative splicing events, which is
consistent with the fact that neuronal-specific alternative splicing proceeds normally in mice
lacking Snrpn expression (Huntriss et al. 1994). Rather these paralogues appear to fine-tune
the efficiency of the splicing process per se, which is expected to affect highly expressed
transcripts involved in metabolic processes more strongly. Their rapid processing demands

make them particularly susceptible to a potentially rate-limiting step in the splicing machinery.
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Figure 4. 3. SNRPN expression promotes a metabolic gene expression program and
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scores are plotted on the x-axis, with dot size corresponding to gene overlap and color representing

adjusted p-values (padj). (¢) Expression levels of genes significantly upregulated in SNRPB, SNRPN,

or not differentially expressed, shown as log10-transformed mean normalized counts. Statistical

significance assessed using Wilcoxon rank sum exact test. (d) Cell proliferation curves for SNRPB- and

SNRPN-expressing clones. Cell counts were measured at multiple time points. p-values were calculated
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Figure 4. 4. SNRPN expression preferentially stabilizes transcripts encoding glycolytic

and gluconeogenic enzymes. Metabolic pathway map highlighting glycolysis and gluconeogenesis
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4.2. SNRPB and SNRPN paralogues differ in their arginine methylation states

The finding that SNRPB and SNRPN stabilize distinct transcripts is particularly striking given
that these paralogs encode nearly identical proteins, with their few amino acid differences
present in the poorly characterized C-terminal Proline-rich region (Figure 1. 4). We profiled the
interaction partners of SNRPB (Figure 4. 5. a) and SNRPN (Figure 4. 5. b) using the C-terminal
HA-tag, comparing them to an untagged control cell line (Figure 4. 5. c). As expected, both
paralogues interacted reliably with the Sm/SMN complex and key snRNP components (Figure
4. 5. a, b, d). Both the high- and low-confidence interactors showed a high overlap between
SNRPB and SNRPN (Figure 4. 5. e), and were similar with regards to the strength of their
interactions, which remained largely comparable across both interactomes (Figure 4. 5. f, g,

Pearson R"2=0.79). However, a few notable exceptions were observed, among some were
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uniquely enriched, and others showed a significantly stronger enrichment in one paralogue
compared to the other (Figure 4. 5. f, g). For the SNRPB cells, these included the RNA editing
enzyme APOBEC3B, the DNA topoisomerase 3-alpha (TOP3A), or the Lysine
Methyltransferase 2D (KMT2D). For SNRPN, we found several methylosome components
more strongly enriched (Arginine methyltransferase PRMT5; the substrate adaptors CLNS1A,
also known as pICIn, RIOK1, and WDRY77). The methylosome complex participates in the
regulation of snRNP biogenesis through Arginine methylation and through this mechanism
controls interactions with other splicing factors (e.g. the SMN protein) as well as subnuclear
localization (Friesen et al. 2001; Pu et al. 1999). Arginine methylation is also important for the
release of RNAs from chromatin ensuring a productive splicing process (DeAngelo et al. 2024,
Maron et al. 2022). Sm proteins like SNRPB are among the most prominent targets of multiple
arginine methyltransferases (W.-J. Li et al. 2021), but a role and differential regulation in the
context of SNRPN and/or different tissues has not been explored yet. Given the differences in
methylosome association, we conducted a comprehensive analysis of posttranslational
modifications (PTMs) through high-stringency immunoprecipitation of SNRPB/N, followed by
guantitative mass spectrometry. To achieve high sequence coverage, we used both trypsin
and elastase digestion strategies. While phosphorylation and citrullination sites could not be
detected, we identified several lysine mono- and dimethylation sites, as well as proline
hydroxylation sites, which exhibited similar patterns in both paralogues. Additionally, we found
multiple arginine mono- and dimethylation sites, with several positions methylated in SNRPN
but unmethylated in SNRPB (Figure 4. 6). While the Arg-Gly-rich region (positions 90-160)
showed overall similarity in methylation status, differences emerged in the Pro-rich region
(position 160 onwards). Notably, monomethylation on Arg196 and Arg209, as well as
dimethylation of Arg209, was detected exclusively in SNRPN, along with methylation of Arg
residues that are unique to SNRPN (Arg236, Arg239). Together this data shows that SNRPN
displays stronger association with the methylosome complex, reflected in a distinctive Arg-

methylation pattern.
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Figure 4. 5. SNRPB and SNRPN interactomes show shared and distinct protein
interactions, with differential association to the methylosome complex. (a, b) Volcano
plots of HA immunoprecipitations (IP)-mass spectrometry comparing HA-tagged SNRPB (a) and
SNRPN (b) to untagged control cells. Statistically significant interactors are highlighted and colored by
snRNP complex associations. (€) Western blot validation of HA pulldowns in untagged control cells, and
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pg/mL, 4 hours). RNA POL2, GAPDH, and Coomassie staining serve as loading controls. (d) Heatmaps
of selected interaction partners from distinct snRNP and RNA-processing complexes, grouped by
function. Logz fold changes (HA-IP vs. control IP) are shown for both SNRPB and SNRPN. (e) Venn
diagram showing overlap of interactors for SNRPB and SNRPN at two stringency thresholds: high
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labeled. Pearson correlation coefficient R2 = 0.79.
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Figure 4. 6. SNRPN displays a distinct arginine methylation pattern compared to SNRPB,

with differences localized to the C-terminal proline-rich region. (a, b) Quantification of
arginine monomethylation (a) and arginine dimethylation (b) intensities for each detected methylated
Arginine (Arg) residue in SNRPB and SNRPN, as identified by mass spectrometry. Data are shown

separately for samples digested with elastase (circles) and trypsin (triangles). (€¢) Linear alignment of

SNRPB and SNRPN protein sequences with annotated methylation sites. Colored diamonds indicate
methylation detected in both paralogues, exclusively in SNRPB (orange), or exclusively in SNRPN

(blue). Open diamonds mark arginine residues not covered by mass spectrometry.
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4.3. Translation-dependent Arginine methylation distinguishes SNRPN from its
paralogue SNRPB

Next, we investigated whether the PTM-state in the Pro-rich region is influenced by specific
environmental conditions and contexts. SNRPB is one of the prominent auto-antigens in
Systemic Lupus Erythematosus (SLE) (van Beers and Schreurs 2022), and the anti-Smith
Antigen Antibody Y12, originally isolated from a patient with SLE, requires dimethylarginine
modification for recognition. Yet, Y12 was unsuitable for our purposes because it binds a
modified epitope (amino acids 100-120, Arg-Gly-rich domain), which lies upstream of our
region of interest (Gao et al. 2019; Brahms et al. 2000). By western blot, we however identified
the monoclonal antibody 12F5 (referred to as “SmB/B’/N”), which successfully recognized the
C-terminal fragments 190-231 (SNRPB) and 190-240 (SNRPN), but failed to detect a truncated
SNRPB (1-190) protein (Figure 4. 7. a, b). To monitor overall protein levels throughout the
study, we used an HA-epitope antibody in SNRPB/N cells, confirming equal protein expression
across samples. Additionally, we employed an antibody raised against SNRPB protein purified
from E. coli, which lacks major eukaryotic PTMs, such as arginine methylation or

phosphorylation (referred to as “SNRPB”).

In SNRPB/N cells, 12F5 detected both proteins with largely equal intensity, with a tendency for
stronger intensity in SNRPB compared to SNRPN (Figure 4. 7. c). However, following
treatment with two well-established arginine methyltransferase inhibitors (Cheng et al. 2011;
W.-J. Li et al. 2021), HA-tag intensities remained unchanged, while SNRPN, but to a much less
extent SNRPB intensity, decreased (Figure 4. 7. c). Conversely, in a point mutant, where all 6
Arg-residues in the Pro-rich region are mutated to Lysine (R6K, Figure 4. 7. d), the opposite
effect was observed and the intensity increased substantially (Figure 4. 7. e). This indicates
that 12F5 is sensitive to an epitope change unique to SNRPN, which requires Arg-methylation
in the Pro-rich region. Although we could not identify the exact nature of this epitope change,
we were intrigued by SNRPN'’s distinct susceptibility to Arg-methylation inhibition and
henceforth, used 12F5 as an experimental tool to screen multiple compounds and conditions
for differential PTM states of SNRPB/N.

We observed a strong reduction in SNRPN detection by 12F5 following treatment with
Actinomycin D (transcription inhibitor), Cycloheximide (CHX) and Puromycin (translation
inhibitors) (Figure 4. 7. f, g). Moderate sensitivity of SNRPN was also detected after heat shock
and INK128 treatment, which inhibits mTOR kinase (Huiyuan Zhang et al. 2015) (Figure 4. 7.
g, h). However, no differences were observed after splicing inhibition with pladienolide B (PlaB)
(Figure 4. 7.1, ). Instead, SNRPB and SNRPN proteins appeared to be stabilized by PlaB, as
indicated by a concordant increase in HA and 12F5 signal (Figure 4. 7. i). Treatments with
Camptothecin (DNA Topoisomerase | inhibitor), STM2457 (m6A-RNA methylation inhibitor),
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Bortezomib (proteasome inhibitor), and Deferoxamine (iron chelator) did not produce any
effects (Figure 4. 7. g), suggesting that the observed differences are specific and not due to

general cellular stress or perturbations in transcriptome/proteome homeostasis.

Besides key roles in protein synthesis and nutrient sensing via mTOR signaling, mRNA
translation is a requirement for nonsense mediated RNA decay (NMD). Following an initial
translation event, NMD recognizes and degrades transcripts with premature stop codons,
which are typical by-products of splicing errors. However, SNPRB/N remained unaffected after
NMD inhibition with the SMG1 inhibitor 11e (Nasif et al. 2023) (Figure 4. 8. a), although multiple
NMD targets were stabilized demonstrating successful inhibitor treatment (Figure 4. 8. b). In
addition, the effects of CHX were not suppressed by PlaB, indicating that productive splicing
is not a prerequisite for CHX-induced PTM change (Figure 4. 8. c). We validated that overall
protein stability differences after CHX treatment are not a confounding factor (1) using the
polyclonal SNRPB antibody raised in E.coli along with (2) intensity quantification of the protein
levels with the C-terminal mNeon-tag by flow cytometry (Figure 4. 8. d, €). A very mild and
equal decrease in overall SNRPB/N protein levels was detected after CHX. To exclude artifacts
due to the sample preparation method, we repeated the experiment with an independent
protein extraction method based on trichloracetic acid (TCA), which - as the canonical protocol
- uncovered the epitope change with 12F5 (Figure 4. 8. f). Because fluorescent tags can
influence protein function (D/"orner et al. 2024), we also validated our findings using two
alternative constructs: (1) cell lines expressing a short C-terminal 2XHA-V5 tag, and (2) a
construct with the mNEON tag positioned at the N-terminus. Both approaches validated the
aforementioned results — CHX sensitivity was observed for SNRPN, but not for SNRPB

transgenes (data not shown).
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Figure 4. 7. Translation inhibition modulates SNRPB/N states through an arginine

methylation-dependent mechanism. (a, b) Epitope mapping of SmB/B’/N monoclonal antibody
(12F5) using truncation mutants (SNRPB 1-190, SNRPB 190-231 and SNRPN 190-240) and full-length
(SNRPB 1-231) via Western blot. RNA Pol2 serves as loading control. (¢) Western blot of lysates treated
with the type | PRMT intibitor (PRMT4/CARM1i, 5 uM, 27 hours) or type Il PRMT5 inhibitor (GSK591,
10 uM, 6-days) obtained from SNRPB- and SNRPN-expressing cells. RNA Pol2 and PCNA serve as

loading controls.

(d) Linear alignment of SNRPB and SNRPN sequences, highlighting the pro-rich

region. Diamonds mark the six Arginine residues mutated to Lysine in the R6K mutant. (e) Western blot

of lysates obtained from SNRPN R6K mutant- and wild-type SNRPN-expressing cells. RNA Pol2 and

Coomassie staining serve as loading controls. (f) Western blot of lysates treated with 100 ug/mL of

Cycloheximide (left) or 20 uM of Puromycin (right) obtained from SNRPB- and SNRPN-expressing cells.
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Lysates were obtained at different time points. RNA Pol2 serves as loading control. (g) Screening the
effect of various stress and pathway perturbation conditions on SNRPB- and SNRPN-expressing cells
via Western blot. PCNA and Coomassie staining serve as loading controls. Treatments: Actinomycin D
(5 pg/mL, 6-hours), Camptothecin (2 uM, 6-hours), Pladienolide B (100 nM, 16-hours), STM2457 (20
MM, 6-hours), heat shock (43 °C, 1-hour), Cycloheximide (100 pg/mL, 4-hours), Puromycin (20 uM, 8-
hours), INK128 (320 uM, 8-hours), Bortezomib (100 nM, 6-hours), and Deferoxamine (200 nM, 3-hours).
(h) Western blot of lysates treated with 320 uM of INK128 obtained from SNRPB- and SNRPN-
expressing cells. Lysates were obtained at different time points. GAPDH and Coomassie staining serve
as loading controls. (i) Western blot of lysates treated with 100 nM Pladienoloide B (PlaB) for 16-hours
obtained from SNRPB- and SNRPN-expressing cells. PCNA and Coomassie staining serve as loading
controls. (i, j) Validation of PlaB activity via qRT-PCR. Expression levels were normalized to geometric
mean of RNA 18SN1 and RNA18SN5 expressions. x-axis represents control (DMSO, -) and PlaB

treatment (+) conditions.
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Figure 4. 8. Cycloheximide-induced changes in SNRPN detection by the SmB/B’/N
monoclonal antibody (12F5) are not rescued by nonsense mediated RNA decay or
splicing inhibition, and are independent of proteasomal degradation. (a) Western blot of
lysates treated with 0.6 uM of nonsense mediated RNA decay (NMD) inhibitor (hNSMG1i-11e inhibitor)
for 24-hours obtained from SNRPB- and SNRPN-expressing cells. RNA Pol2 and Coomassie staining
serve as loading controls. (b) gRT-PCR validating inhibition of NMD using NMD target genes.
Expression levels were normalized to RPLPO expression. x-axis represents control (DMSO, -) and
hSMGi-11e treatment (+) conditions. (c) Western blot of lysates co-treated with Cycloheximide (CHX,
100 pg/mL, 4-hours) and splicing inhibitor Pladienolide B (PlaB, 100 nM, 16-hours). EtOH and DMSO
were used as controls of CHX and PlaB, respectively. PCNA and Coomassie staining serve as loading
controls. (d) Western blot of lysates treated with 100 pug/mL of Cycloheximide for 4-hours. Polyclonal
SNRPB antibody raised against recombinant SNRPB expressed in E.coli (lacking posttranslational
modifications) was used. RNA Pol2 and Coomassie staining serve as loading controls. (e) Flow
cytometry analysis of lysates treated with 100 pg/mL of Cycloheximide for 0, 3 and 6-hours obtained
from SNRPB- and SNRPN-expressing cells. (f) Western blot of lysates treated with 100 ug/mL of
Cycloheximide obtained from SNRPB- and SNRPN-expressing cells. Samples were collected at
different time points. Trichloracetic acid (TCA)-based extraction method was used instead of canonical

protein isolation method.
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We next wanted to narrow-down the Arg-methylation sites that are part of the SNRPN-PTM
cascade induced by translational inhibition. For this, we immunoprecipitated SNRPB/N
with/without CHX using the C-terminal HA-tag (data not shown), again followed by PTM
quantification by mass spectrometry. Focusing on the pro-rich region after amino acid 190, we
could not identify relevant changes for Lysine mono- and dimethylation, or Proline
hydroxylation (Figure 4. 9). Arg-mono and dimethylation sites residing in the Arg-Gly rich region
remained largely unaffected by CHX treatment (Figure 4. 10. a, b). However, multiple Arg-
monomethylation sites within the pro-rich region of SNRPN dropped to undetectable levels
after CHX treatment (Figure 4. 10. a), supporting that Arg-methylation is part of the axis leading
to the distinct behavior of SNRPB/N.
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Figure 4. 9. Cycloheximide treatment does not alter Lysine methylation or Proline
hydroxylation in SNRPB and SNRPN. (a, b) Mass spectrometry quantification of Lysine
monomethylation (a) and Lysine dimethylation (b) intensities for each detected methylated Lysine (Lys)
residue in SNRPB and SNRPN. Cells were treated with EtOH (control) or 100 pg/mL of Cycloheximide
for 4-hours. Data are shown separately for samples digested with elastase (circles) and trypsin
(triangles). x-axis represent the Lysine positions on SNRPB/N. y-axis represent logo intensities. (€)
Mass spectrometry quantification of Proline hydroxylation intensities across detected Proline (Pro)
residues of SNRPB and SNRPN. Cells were treated with EtOH (control) or 100 ug/mL of Cycloheximide
for 4-hours. Data are shown separately for samples digested with elastase (circles) and trypsin

(triangles). x-axis represent the Proline positions on SNRPB/N. y-axis represent log1o intensities.
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Figure 4. 10. Cycloheximide treatment induces a selective loss of Arginine methylation
signals in SNRPN, but not in SNRPB. Mass spectrometry quantification of Arginine
monomethylation (a) and Arginine dimethylation (b) intensities for each detected methylated Arginine
(Arg) residue in SNRPB and SNRPN. Cells were treated with EtOH (control) or 100 pg/mL of
Cycloheximide for 4-hours. Data are shown separately for samples digested with elastase (circles) and

trypsin (triangles). The Arg-Gly-rich and proline-rich regions are indicated by the rectangle boxes.

Accordingly, an SNRPN-R6K mutant, in which all six Arginine residues in the proline-rich region
were replaced by Lysine residues, no longer responded to CHX treatment (Figure 4. 11. a).
Similarly, mutating four specific Arginine residues (R196, R221, R228, R236) rendered SNRPN
resistant, whereas single (R196, R221, R209), double (R196/R221, R236/R239), or ftriple
(R209/R236/R239) mutants retained CHX sensitivity, comparable to the wild-type protein
(Figure 4. 11. a). Notably, the two C-terminal Arginine residues unique to SNRPN (R236 and
R239), absent in SNRPB due to its shorter C-terminus, are not alone responsible for the
observed response (Figure 4. 11. b). Supporting this, replacing the C-terminus of SNRPN with
that of SNRPB (SNRPN'"22°+LL) preserved CHX sensitivity, similar to full-length SNRPN
(Figure 4. 11. b). Conversely, swapping the C-terminal extension of SNRPB with that of
SNRPN (SNRPB'2?2+PPP) conferred sensitivity (Figure 4. 11. b), suggesting a compound
mechanism where both the C-terminus and the additional Arginine residues collectively

mediate the response to translation inhibition.
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Figure 4. 11. Arginine residues in the SNRPN C-terminal region are required for
SmB/B’/N monoclonal antibody (12F5) recognition after cycloheximide treatment. (a)
Western blot of lysates obtained from Arginine-to-Lysine (Arg > Lys) mutants and wild-type SNRPN.
Cells were treated with EtOH (-) or 100 pg/mL of Cycloheximide (+) for 4-hours. Mutants contain
combinations or individual substitutions at residues Arg196, Arg209, Arg221, Arg228, Arg236, and
Arg239. RNA Pol2 and PCNA serve as loading controls. (b) Western blot of truncation (1-229), wild-
type (1-231 for SNRPB and 1-240 for SNRPN) and mutant constructs of SNRPB (1-229+PPP) and
SNRPN (1-229+LL) under 4-hour EtOH (-) or Cycloheximide (+) treatments. RNA Pol2 serves as loading

control.

4.4. Nuclear context and the SNRPN-specific epitope loss by CHX-responsive
interactions

To investigate the cellular context of the Arginine-SNRPB/N axis we performed staining and
microscopy to characterize SNRPB/N localization after translation inhibition. In control
conditions (-CHX), the mNeon signal was predominantly nuclear as indicated by a nuclear-to-
cytoplasm ratio of around 9 for both paralogues (Figure 4. 12. a, b). Cajal bodies remained
intact after CHX treatment (Figure 4. 13. a) and remained co-localized with SNRPB/N-mNeon,
but the number of both Coilin and mNeon foci per cell significantly decreased (Figure 4. 13. b,
c). The SmB/B’/N (12F5) signal showed weaker nuclear enrichment in untreated and control
conditions compared to the mNeon signal (Figure 4. 12. b, c). Interestingly, SNRPN cells

exhibited a nuclear-to-cytoplasmic ratio close to 1 (12F5 staining), indicating an equal
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distribution, which was significantly different from SNRPB-expressing cells (ratio around 2)
(Figure 4. 12. a, b). Upon CHX treatment, the mNeon intensity - reflecting the overall levels of
SNRPB/N protein - decreased in the cytoplasm, while it remained unaffected in the nucleus
(Figure 4. 12. ¢). 12F5 signal in the cytoplasm decreased for both paralogues following CHX,
but nuclear 12F5 intensity remained unaffected for SNRPB, while being fully lost for SNRPN
(Figure 4. 12. ¢). This was also reflected in the dynamics of SNRPB/N association with Cajal
bodies. Fluorescence recovery after photobleaching (FRAP) experiments showed that in
control conditions (-CHX), the SNRPB/N dynamics with Cajal bodies are similar (Figure 4. 14.
a, b). However, after CHX treatment there was a significant difference, where SNRPN
association with foci became slower compared to SNRPB (Mean half recovery time SNRPB
1.83 sec, SNRPN 2.22 sec; padj=0.0292), while there were no differences in the mobile fraction

(around 70% in all conditions) (Figure 4. 14. a, c).

Comparing the 12F5 with the mNeon signal indicates that the cytoplasmic population (likely
the unmethylated protein (Paushkin et al. 2002) and Figure 4. 7. e) is a minor fraction of the
overall SNRPB/N. Considering that cytoplasmic mNeon signal decreases upon CHX -
potentially explaining part of the 12F5 signal loss - and that nuclear 12F5-intensities already
differ in untreated conditions, these microscopy analyses suggest that (1) the SNPRN-
associated epitope change preventing 12F5 recognition occurs in the nucleus already under
normal conditions; (2) it is boosted upon translation inhibition by CHX; and (3) SNRPB in the

nucleus is protected from the change.
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Figure 4. 12. Cycloheximide treatment induces a selective nuclear loss of 12F5 epitope
in SNRPN, but not in SNRPB. (a) Representative fluorescence microscopy pictures of SNRPB-
and SNPRN-expressing cells treated with EtOH (-CHX) or Cycloheximide (+CHX, 100 ug/mL, 4-hours).
The auto fluorescent mNeon signal (green in merged panel) marks expression of the Snrpb and Snrpn
transgenes. SNRPB and SNRPN were detected by immunostaining with the 12F5 monoclonal antibody
(SmB/B’/N) (magenta in merged panel). DAPI stains nuclei (blue in merged panel). The areas marked
with a dashed square are magnified in the “zoom” panel. Data obtained from two independent replicates.
Scale bars: 20 uM (b) Quantification of fluorescence microscopy in (b) for the mNeon and 12F5-
immunostained (SmB/B’N) channel. The boxplot shows the nuclear / cytoplasmic intensity ratios in each
quantified field-of-view shown as an overlaid datapoint. The p-values were obtained by a Wilcoxon rank
sum exact test. (¢) Quantification of fluorescence microscopy in (b) for the mNeon and 12F5-
immunostained (SmB/B’N) channel. The boxplot shows the normalized intensities for the cytoplasm (left)

and nucleus (right). The adjusted p-values were obtained with a Pairwise Wilcoxon rank sum exact test
with Benjamini-Hochberg correction.

91



[
o

Average Foci Numbers Per Cell
Coilin mNeon
1

b8
! oy

HEK SNRPB SNRPN SNRPB SNRPN

=0.0018
p=0.051
0.00029
=2 3e-06

p

p=5.8e-07

mNeon
p
p

Average Foci Number per Cell

Cailin

BUntreated B -CHX (EtOH) B3+CHX e Field-of-view

C  Colocalization Coilin—-mNeon Green Foci

untreated -CHX (EtOH) +CHX
507 738 884730 169 150 Foci Number (n)

075

050 Dlstance (um)

025 . 0. 2 1
Woo>2

0.00

QQ’ &

merge+DAPI

Fraction

zoom

Figure 4. 13. Cycloheximide treatment reduces the number of nuclear foci, but not the
colocalization of Cajal bodies with SNRPB and SNRPN. (a) Representative fluorescence
microscopy pictures of SNRPB- and SNPRN-expressing cells treated with EtOH (-CHX) or
Cycloheximide (+CHX, 100 pg/mL, 4-hours). The auto fluorescent mNeon signal (green in merged
panel) marks expression of the Snrpb and Snrpn transgenes. Cajal bodies were detected by
immunostaining with the Coilin monoclonal antibody (magenta in merged panel). DAPI stains nuclei
(blue in merged panel). The areas marked with a dashed square are magnified in the “zoom” panel.
Data obtained from two independent replicates. Scale bars: 20 uM (b) Quantification of (a). Boxplot
showing the average foci numbers per cell in a given field of view. Foci were identified from the Coilin
(left) and mNeon (right) channels and divided per the total number of cells (manually counted) in a given
field of view. Each dot represents the result of one field of view and the boxplot shows the distribution
across fields-of-view. The total quantified cell numbers were HEK untreated (n=578), HEK-CHX (n=541),
HEK+CHX (n=359), SNRPB untreated (n=580), SNRPB-CHX (n=737), SNRPB+CHX (n=579), SNRPN
untreated (n=918), SNRPN-CHX (n=876), SNRPN+CHX (n=692). The adjusted p-values were obtained
with a Pairwise Wilcoxon rank sum exact test with Benjamini-Hochberg correction and shown for the
Ethanol (-CHX) versus +CHX condition(padj<0.05). The untreated control experiment was stained and
acquired simultaneously and is shown in Figure 4.1.e. (¢) Quantification of (a). Stacked bar plot showing
the distance between Coilin and mNeon foci as a fraction in 3 groups (>1 um,0.2-1 ym and 0-0.2 ym).

The number of identified foci is given in the figure, for the cell numbers see (b).
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Figure 4. 14. Cycloheximide treatment selectively alters SNRPN dynamics in Cajal
bodies. (a) Quantification of FRAP (fluorescence recovery after photobleaching) kinetics of SNRPB
and SNRPN before (-CHX) and after cycloheximide (+CHX, 100 ug/mL, 4-hours) treatment. The top
panel shows the log-transformed half-recovery times and the bottom panel shows the mobile fraction of
mNeon-tagged SNRPB and SNRPN in Cajal bodies per bleached focus, under Ethanol (-CHX; Control)
and cycloheximide treated (+CHX) conditions. Each dot represents a single focus from two independent
replicates (black and gray). The adjusted p-value shown compares the half-recovery times of SNRPN
between -CHX and +CHX conditions. (b) Normalized FRAP recovery curves for individual foci of SNRPB
(left) and SNRPN (right) from two independent experiments. Solid lines represent raw data: dashed lines
show fitted recovery curves. (¢) Raw intensity recovery traces from two example experiments showing
SNRPB (left) and SNRPN (right) foci under Ethanol (-CHX; Control) and cycloheximide treated (+CHX,
100 pg/mL, 4-hours) conditions. Each line corresponds to one bleached focus. FRAP was performed by
bleaching mNeon-tagged SNRPB and SNRPN foci in living cells and recording fluorescence recovery
over time. Intensity traces were normalized by subtracting background signal and adjusting for nuclear

intensity and pre-bleach baseline.
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To analyze this, we profiled SNRPB/N interaction partners in CHX versus the control condition.
The interaction with the major spliceosome components as well as the methylosome complex
remained largely unaffected for both paralogues (Figure 4. 15. a). Among all identified
interaction partners, many retained comparable association with SNRPB/N, especially the
ones that were highly enriched (log2FC > 6) (Figure 4. 15. a, b). However, there were also
some interaction partners that changed after CHX treatment (Figure 4. 15, c, d). Given the IF
results (Figure 4. 12. a, c), we focused on nuclear proteins, many of which showed concordant
changes after CHX in both SNRPB and SNRPN (diagonal / yellow dots in Figure 4. 16. a).
However, there were also some with different behavior for the paralogues after CHX (Figure 4.
16. a). Examples of proteins only interacting in the SNRPB+CHX condition were MEIS1, LMO?7,
PGAM2, DENND4A. Among the proteins that gained interaction with SNRPN after CHX, but
did score in any of the other conditions were PHIP, ZNF280C, BAZ1B, H2AX, MACROH2A1
or GTF3A - those are related to stress response and DNA repair processes. HDHD3 (putative
hydrolase with unknown function), INTS8 (cleaves small nuclear RNAs U1 and U2 within the
nucleus), TLE3 (transcriptional co-repressor which displays Arg-me binding sensitivity for CBP
(Dittmar et al. 2019) and ATR (serine/threonine kinase and DNA damage sensor) lost
interaction with SNRPN after CHX but never interacted with SNRPB. Proteins exclusively lost
in the SNRPN+CHX conditions were chromatin factors such as CENPH (Centromere protein),
EYA4 (Phosphatase for H2AX-Y142ph), KBTBD6 (Ubiquitin-Ligase cofactor) or ZBTB33
(Transcription factor for repressive chromatin). Similar results were obtained when simply
performing overlaps among significantly enriched proteins (paqj<0.001, logFC > 2) (Figure 4.
16. b). We performed various functional enrichment analysis (KEGG, GOTerm, etc.), which did
not reveal any functional connection. Indeed, among the interaction partners a minority were
subunits of the same complex, but were rather singletons (Figure 4. 16. c). However, we found
that the interactors were significantly enriched for containing monomethyl-Arginine (MMA), but
not dimethyl-Arginine sites (Figure 4. 16. d), thus forming a hub of “MMA” proteins together
with SNRPB/N.
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Figure 4. 15. Cycloheximide treatment alters the interactomes of both SNRPB and
SNRPN while leaving core spliceosomal and methylosome interactions largely intact.
(a) Heatmaps displaying the log2 fold enrichment of known interaction partners of SNRPB and SNRPN
— including components of the Sm/SMN complex, U snRNPs-associated factors, and Arginine
methylation machinery — under Ethanol (-CHX; Control) and cycloheximide-treated (+CHX, 100 ug/mL,
4-hours) conditions. (b) Heatmap showing the clustering of all proteins significantly enriched in the
interactomes of SNRPB and SNRPN across under Ethanol (-CHX; Control) and CHX-treated (+CHX,
100 pg/mL, 4-hours) conditions. Proteins with similar interaction profiles are grouped together based on
their enrichment patterns in control and CHX-treated samples. (¢, d) Scatter plots comparing the
interactomes of SNRPB (c) and SNRPN (d) between untagged control and CHX conditions. Axes show
log2 fold enrichment of SNRPB/N versus untagged control in Ethanol (control) condition on the x-axis
and CHX-treated condition on the y-axis. Proteins enriched (upper left) or depleted (lower right) in CHX

are labeled.
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Figure 4. 16. Cycloheximide-sensitive SNRPB/N interactors form a monomethyl-
Arginine-enriched protein network. (a) Comparative scatter plots showing the interaction changes
of SNRPB and SNRPN following cycloheximide treatment (100 ug/mL, 4-hours), based on log2 fold
changes relative to control (EtOH treatment). (b) Venn diagram showing the overlap of significantly

enriched proteins in SNRPB and SNRPN immunoprecipitates under Ethanol (-CHX; Control) and
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cycloheximide-treated (+CHX, 100 pg/mL, 4-hours) conditions. Significantly enriched nuclear interactors
are listed (pati<0.001, log2FC>2). (€) Network diagram of the selected SNRPN interactors whose
association was preferentially altered following CHX treatment (100 pg/mL, 4-hours). Each circle
represents a protein, and connecting lines indicate known or predicted functional interactions. (d) Venn
diagrams comparing Arginine-methylated proteins previously reported (Sylvestersen et al. 2014) to
those enriched in SNRPB and SNRPN interactomes under Ethanol (-CHX; Control) and CHX-treated
(+CHX, 100 pg/mL, 4-hours) conditions. Statistical significance of overlaps was assessed using a two-
sided Fisher’s exact test.

4.5. Paralogue-specific modulation of SNRPBI/N in different tissues and upon metabolic
insults

Using 12F5 along with the polyclonal SNRPB antibody as a tool, we examined SNRPN
expression and modification across various contexts. As expected, SNRPN was detected in
mouse brain lysates via Western blot using the polyclonal antibody, but interestingly, no signal
was observed with 12F5 (Figure 4. 17. a). We then we screened various cell lines and found
that human induced pluripotent stem cells (hiPSCs) express high amounts of SNRPN, though
12F5 detected it only weakly (Figure 4. 17. a). Unlike HEK cells, hiPSCs do not express SNRPB
splice variant SNRPB’ (Figure 4. 17. b), and expression and translation of SNRPN in hiPSCs
were further confirmed in published RNA-seq and ribosome profiling data (Tomuro et al. 2024)
(Figure 4.17. C, see also (Rohm et al. 2025)). SNRPN in hiPSCs was sensitive to CHX (Figure
4.17.d). Similarly, hiPSC-derived human neurons expressed high levels of SNRPN, with 12F5
detection being faint and fully abolished by CHX (Figure 4. 17. e). Contrary to earlier reports
(Sharpe, Williams, and Latchman 1990), we detected only SNRPB, not SNRPN, in F9 cells
(Figure 4. 17. f). In addition, 12F5 detected a CHX-sensitive SNRPB’ (SNRPB splice variant)
in chicken cells (Figure 4. 17. g).

We suspected that the different growth media in these cells and nutritional influences in the
animals from which our tissues were isolated might be responsible for these differences —
presumably revolving around the mTOR pathway, a critical upstream regulator of nutrient
sensing and protein translation. We scrutinized the basal growth media components for key
differences between hiPSCs (E8 media), hiPSC-derived neurons (BrainPhys media) and HEK
cells (DMEM high glucose) (Figure 4. 18. a). DMEM differs tremendously from the other media
by the high concentrations of Glucose and L-Glutamine. E8 media (0.684 mM) contains higher
Arginine concentrations than DMEM (0.398 mM) or BrainPhys (0.4886 mM). Other amino acids
show no differences that would explain the behavior of SNRPN in DMEM growth media. We
thus investigated the impact of changing these components and the metabolic state of the

cells. Intriguingly, Arginine depletion from the media phenocopied the effect of CHX inducing
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a loss of the 12F5 band for SNRPN, while SNRPB was unaffected (Figure 4. 18. b). Hypoxic
conditions, which push HEK cells to favor glycolysis over OXPHOS, rendered SNRPB sensitive
to CHX treatment (Figure 4. 18. c).
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Figure 4. 17. SNRPB/N expression and 12F5 antibody reactivity vary across cell types
and are sensitive to cycloheximide treatment. (a) Western blot of mouse brain and hiPSC
lysates using 12F5 antibody (SmB/B’/N, PTM-sensitive) and SNRPB antibody (PTM-insensitive). RNA
Pol2 and Coomassie staining serve as loading controls. (b) RT-PCR of SNRPB, SNRPB’, and SNRPN
in hiPSCs and HEK cells shows the absence of SNRPB’in hiPSCs. RPLPO was used as a control. (c)
RNA-seq (orange) and ribosome profiling data (black) from hiPSCs (Tomuro et al. 2024; Rohm et al.
2025) showing SNRPN expression. PODXL and MALAT1 serve as positive controls for UTR-associated
and non-coding transcripts, respectively. (d, €) Western blots of hiPSCs (d) and hiPSC-derived neurons
(iNeurons) (e) treated with EtOH (-) or Cycloheximide (+, 100 ug/mL, 4-hours) using 12F5 and SNRPB
antibodies. 12F5 detects SNRPN weakly in both cell types, while no signal is detected upon CHX. RNA
Pol2, GAPDH and Coomassie staining serve as loading controls. (f) Western blot of F9 cells untreated
(UT) or treated with EtOH (-) or Cycloheximide (+, 100 pyg/mL, 4-hours) using 12F5 and SNRPB
antibodies shows detection of SNRPB only. RNA Pol2 and GAPDH serve as loading controls. (g)
Western blot of chicken fibroblasts treated with EtOH (-) or Cycloheximide (+, 100 ug/mL, 4-hours)
showing 12F5 detects SNRPB splice variant SNRPB’. Tubulin and Coomassie staining serve as loading

controls.

98



a Media Composition b kDa SNRPB  SNRPN
conc. (mM) n
0.2 04 08 08 — — | SmMB/B/N
Glycine | N 55 1
LL—;\Ianme | 70
—Arginine [ |
L-Asparagine I F-‘--- HA
L-Aspartic Acid 1 5

-G H—Cyﬁtiing ] | |
~Glutamic Aci — |
L—Histidine - I 1 ——— — — RNA Pol2
L-lIsoleucine
L-Leucine |

L-Lysine . 35 -Iw-——- PCNA

L-Methionine 1IN NN

L-Phenylalanine | ini
—Proline —— 1x 0Ox 10x 1x Ox 10x Arginine
. TIH—Serine [ [ 1 c
—Threonine .
L—Tryptophan N N SNRPB SNRPN
L—Tyrosine |1 INE S 21%0, 1%0, 21%0, 1%0,
L-Valine ] kDa r .
conc. (mh) _I- — - - - SmB/B'/N
50 100 150 200 55 i 1
L AL e - e =
L-Glutamine [ ] : ! RNA Pol2
170 L L
conc. (miV) IR W ---meeeeeemeesmmce-me--cm-eesmsmses
5 10 15 20 25 T

D-Glucose I 1 |

Sodium Pyruvate | NN 55 L :
<l & ] 1
V?g;l:-cho FS WJ--:.q "..-q RNA Pol2
- - + . -

¢
\;e.-‘) +  CHX

Figure 4. 18. Detection of SNRPN by the PTM-sensitive 12F5 antibody is regulated by
nutrient composition and cellular metabolic state. (a) Heatmap comparison of basal media
composition for HEK cells (DMEM), hiPSCs (E8), and hiPSC-derived neurons (BrainPhys) showing
concentrations of Glucose, L-Glutamine, and selected amino acid, including L-Arginine. (b) Western
blot of HEK cells expressing SNRPB or SNRPN cultured in media containing 1x, 0x, and 10x L-Arginine.
RNA Pol2 and PCNA serve as loading controls. (¢) Western blot of HEK cells expressing SNRPB or
SNRPN cultured under normoxic (21% Oz2) or hypoxic (1% O:) conditions. Cells were treated with EtOH
(-) or Cycloheximide (+, 100 ug/mL, 4-hours). RNA Pol2 serves as loading control.
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4.6. Nutrient-responsive splicing programs orchestrated by SNRPB/N

To investigate the transcriptomes following translation inhibition, we performed RNA-seq after
4-hours CHX treatment in SNRPB and SNRPN cells. Principal component analysis (PCA)
revealed distinct profiles between the two cell types that were further amplified after treatment
(Figure 4. 19. a). As expected, CHX induced widespread gene expression changes: 3,348
genes were upregulated and 2,809 downregulated in SNRPB cells, while 4,887 were
upregulated and 3,982 downregulated in SNRPN cells (Figure 4. 19. b). We examined the
behavior of genes that we had previously found to be preferentially stabilized in SNRPB and
SNRPN cells (Figure 4. 2. b). These showed no consistent trend after treatment — some were
upregulated and others downregulated (Figure 4. 19. d). Additionally, we assessed specifically
the subgroup of SNRPB/N targets whose expression remained unchanged following CHX
(1,137 CHX-resistant in SNRPB, 803 CHX-resistant in SNRPN) (Figure 4. 19. d). However,
KEGG pathway and other functional analyses revealed no significant enrichment among these

genes (data not shown).

Therefore, we aimed at identifying cell-type-specific responses to CHX and generated Venn
diagrams (Figure 4. 19. c). Although there was a substantial number of genes overlapped
between the two cell types (3,131 upregulated and 2,510 downregulated), CHX also triggered
unique responses: 1,752 genes were uniquely upregulated and 1,471 downregulated in
SNRPN cells, compared to 216 upregulated and 299 downregulated only in SNRPB cells
(Figure 4. 19. c). KEGG analysis showed that SNRPN-specific CHX-responsive genes were
enriched in pathways including Riboflavin metabolism, Glutamine metabolism, Arginine/Proline
metabolism, and Ubiquitin-mediated proteolysis (Figure 4. 19. e). In SNRPB cells, enrichment
was observed for example in Selenocompound and Sulfur metabolism, albeit with lower

significance (Figure 4. 19. ).
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Figure 4. 19. Transcriptomic responses to cycloheximide treatment differ between
SNRPB and SNRPN cells. (a) Principal component analysis (PCA) of RNA-seq data from parental
HEK cells, and SNRPB and SNRPN cells treated with EtOH (-CHX) or CHX (100 ug/mL, 4-hours). (b)
MA plots showing differential gene expression after CHX treatment in SNRPB (left) and SNRPN (right)
cells. (¢) Venn diagrams displaying overlapping and unique sets of CHX-upregulated (top) and
downregulated (bottom) genes in SNRPB and SNRPN cells. (d) Differential expression plots showing
the response previously identified SNRPB- and SNRPN-specific target genes (from Figure 4. 2. b) to
CHX in SNRPB (left) and SNRPN (middle) cells. The Venn diagram (right) shows CHX-responsive and
CHX-resistant SNRPB/N targets across both cell lines. (e, f) KEGG enrichment for CHX-specific
responses in SNRPN (e) and SNRPB (f) cells.
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Upon investigation of the gene features, we found that CHX-upregulated genes in SNRPN cells
were generally longer, with increased cumulative intron length and a higher frequency of genes
with very long introns (Figure 4. 20. a). In contrast, CHX-downregulated genes tended to have
longer introns in SNRPB cells, suggesting their preferential destabilization (Figure 4. 20. a). In
addition, CHX-responsive, downregulated genes had fewer introns than non-regulated genes,
with minor differences between cell lines (Figure 4. 20. b). In SNRPN cells, there was a larger
fraction of genes with a high number of introns (16 or more) that stabilized in CHX. Given that
transcript processing is a key determinant of mature mRNA abundance, these findings suggest
that, under conditions of translation inhibition or nutrient stress, SNRPN has a greater capacity

than SNRPB to efficiently splice and stabilize transcripts containing long introns.

To investigate whether these features — besides affecting splicing more generally — also has
implications for alternative splicing we analyzed our data using rMATS. After stringent filtering,
we focused on events with significant differential alternative splicing (FDR < 0.01) between
CHX-treated and control samples. Although numerous events met this threshold, manual
inspection with the genome browser revealed that many were not specific to SNRPB/N cells
but instead reflected a general response (e.g., AKAPSL; Figure 4. 20. c). Interestingly CHX
treatment led to a pronounced reduction in alternative splicing (Figure 4. 20. d), indicating a
global shift toward constitutive isoform usage and reduced isoform diversity. Exon skipping
was the least decreased alternative splicing event, while the other events (Alternative 5’ or 3’
splice site, Mixed Events and Intron Retention) were drastically decreased. We asked whether
the few alternative splicing events that are more pronounced in CHX (i.e. creating more isoform
diversity upon treatment) overlap between SNRPN and SNRPB cells. There was very little
overlap, and after manual inspection of the few remaining events we noticed that again many

were false positives.

Supporting this, independent analyses using IRFinder and VAST-tools comparing SNRPN to
SNRPB cells identified fewer than 10 significant events, suggesting that modulation of splicing
efficiency — rather than alternative splicing — is the predominant global outcome orchestrated

by these paralogues after translation inhibition.
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Figure 4. 20. Cycloheximide treatment reveales distinct gene architecture and
alternative splicing responses in SNRPB and SNRPN cells. (a) Density plots showing the
distribution of gene length, cumulative intron length, and the longest intron length for genes upregulated
(left) or downregulated (right) after CHX treatment (100 pg/mL, 4-hours) relative to control (EtOH
treatment) in SNRPB- (red) and SNRPN-expressing cells (blue). (b) Bar plots showing the proportion of
genes with different intron counts (0-5, 6-10, 11-15, 16+) among unchanged (not DE), downregulated
and upregulated genes in SNPRB- and SNPRN-expressing cells. (¢) Sashimi plots showing read
coverage and splice junctions at the AKAPSL locus in control (EtOH-treated) and CHX-treated (100
pg/mL, 4-hours) conditions for SNRPB- and SNRPN-expressing cells. (d) Bar plots summarizing the
number of significant alternative splicing events (FDR < 0.01) identified by rMATS between control
(EtOH-treated) and CHX-treated (100 pug/mL, 4-hours) samples obtained from SNRPB- and SNRPN-
expressing cells. Events are classified as skipped exons (SE), retained introns (RI), mutually exclusive
exons (MXE), and alternative 5’ or 3’ splice sites (A5SS, A3SS). Events are grouped by direction of
inclusion level change (more in control versus more in CHX), with the total number of events and

significant events per category indicated.
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5. Discussions

5.1. SNRPB and SNRPN differentially stabilize transcripts despite high sequence
similarity

The distinct expression patterns of SNRPB and SNRPN across tissues suggest that these
paralogues may have evolved to support distinct cellular contexts, despite their high sequence
similarity (>90%) (Figure 1. 4) (Saltzman, Pan, and Blencowe 2011; Thompson et al. 2018).
Our results demonstrate that, when expressed in an identical cellular environment, SNRPB
and SNRPN exhibit differential effects on gene expression, stabilizing distinct subsets of
transcripts (Figure 4. 2. b). This divergence occurs despite their near-identical protein
sequences, indicating that even small sequence variations, particularly in their RG and proline-

rich motifs, or differences in interaction partners can lead to functional specialization.

We found that the introduction of ectopic SNRPB and SNRPN into HEK cells did not elevate
protein levels beyond the endogenous SNRPB expression, suggesting stringent dosage
control (Figure 4. 1. b). This supports the idea that precise regulation of these core splicing
factors is critical for cellular function (Yan Wang et al. 2015). Following knock-out of
endogenous SNRPB/B’, cells expressing the transgenic paralogues displayed clear
differences in transcriptome profiles. SNRPB-expressing cells largely resembled parental HEK
cells, while SNRPN-expressing cells exhibited a distinct transcriptomic pattern, clustering
separately from both parental and SNRPB-expressing cells (Figure 4. 2. a). Given that SNRPN
replaces SNRPB in specific tissues such as the brain and hearth (Thompson et al. 2018), these
findings suggest that SNRPB maintains transcriptome homeostasis, while SNRPN expression
shifts the transcriptome toward a distinct state that may be optimized for specific physiological

demands.

Despite their established roles in the spliceosome, our analysis revealed that SNRPB and
SNRPN do not predominantly regulate alternative splicing. While initial rMATS analysis
identified thousands of splicing events, most were not differentially regulated between SNRPB-
and SNRPN-expressing cells (Figure 4. 2. e). A secondary analysis using VAST-Tools
detected only a single event, which upon manual inspection appeared to be a false positive.
Intron retention analysis using IRFinder identified a small number of differential events
(Supplementary Table 8. 1), but these were mostly artifacts except for a single case in the
ITPKC gene (Figure 4. 2. f). This suggests that, rather than promoting specific alternative
splicing events, SNRPB and SNRPN influence global splicing efficiency in a manner that

differentially affects transcript stability.
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5.2. SNRPN expression promotes a metabolically active, growth-favoring cellular state

Functional enrichment analysis further underscored the divergent effects of these paralogues
on gene regulation. SNRPB-stabilized transcripts were enriched in pathways related to cellular
adhesion and surface signaling, including ECM-receptor interactions and adherens junctions
(Figure 4. 3. a, b). In contrast, SNRPN-stabilized transcripts were associated with metabolic
processes such as cysteine, pyruvate and glycolysis metabolism. The stabilization of
numerous mitochondrial ribosomal proteins in SNRPN-expressing cells, as well as the overall
higher expression of metabolic genes (Figure 4. 3. ¢), suggests a potential role for SNRPN in
modulating cellular metabolism. This enrichment may reflect the ability of SNRPN to enhance
splicing efficiency of transcripts encoding metabolic enzymes, potentially meeting the high
energy demand of the brain, where SNRPN is expressed, and supporting the reliance of neural

tissue on tightly regulated energy metabolic processes (Chausse et al. 2024; Rae et al. 2024).

Moreover, this difference in transcript profiles was reflected at the cellular level, with SNRPN-
expressing cells proliferating significantly faster than SNRPB-expressing cells (Figure 4. 3. d).
The connection between mitochondrial ribosomal proteins and cell proliferation raises the
possibility that SNRPN contributes to a cellular state favoring growth, while SNRPB supports
a more homeostatic transcriptional program. Mitochondrial ribosomal proteins (MRPs), which
are encoded in the nucleus, translated in the cytosol and imported into the mitochondria, are
essential components of the mitochondrial translation machinery. Once inside the
mitochondrial matrix, mitochondrial ribosomal proteins, both the large (MRPL) and the small
subunits (MRPS), form mitochondrial ribosome complex together with 16S rRNA, 12S rRNA,
and other mitochondrial ribosomal components — a complex required for the translation of
mitochondria-encoded electron transport chain components (Cheong et al. 2020). As energy
production via oxidative phosphorylation is tightly linked to mitochondrial function, the
increased stabilization of mitochondrial ribosomal transcripts in SNRPN-expressing cells may
enhance mitochondrial translation capacity and, in turn, support elevated metabolic output.
This may be particularly important under conditions of highly energetic demand, such as cell
proliferation, where mitochondrial biogenesis and fusion are known to be upregulated to meet
increased ATP requirements (Cheong et al. 2020). The enrichment of mitochondrial ribosomal
components and metabolic enzymes therefore points to a SNRPN-driven cellular state

optimized for growth, in contrast to the more homeostatic program maintained by SNRPB.

Taken together, our findings indicate that SNRPB and SNRPN are not only redundant splicing
factors but have evolved distinct functional roles. Rather than driving alternative splicing, these
paralogues appear to differentially regulate the stability of specific transcript classes, which in
turn affects cellular phenotype. Their functional divergence may result from differences in

protein-protein interactions and posttranslational modification states.
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5.3. SNRPB and SNRPN paralogues differ in their arginine methylation states

The functional divergence between SNRPB and SNRPN in stabilizing distinct transcripts raises
interesting questions about how two paralogues, which encode almost identical proteins with
>90% sequence similarity and the same domain architecture, can achieve this (Figure 1. 4).
Our findings reveal that arginine methylation is a key factor underlying their functional
divergence, with SNRPN exhibiting stronger associations with components of the
methylosome complex, including PRMT5 and its adaptors CLNS1A (pICIn), RIOK1, and
WDR77 (Figure 4. 5. g). These interactions likely enhance the capacity of SNRPN for arginine
methylation, distinguishing it from SNRPB at the posttranslational level. The substrate
specificity of PRMTS5 is regulated by adaptor proteins, which recruit specific substrates to the
methylosome. For example, CLNS1A (pICIn) facilitates the methylation of spliceosome
subunits (SNRPB/B’, SNRPD1, and SNRPD2) and ribosomal proteins (LSM4, LSM10, and
LSM11), enabling PRMTS5 to regulate splicing activity and RNA processing (Mulvaney et al.
2021). Similarly, RIOK1 recruits nucleolin and ribosomal protein RPS10 to the PRMTS
complex, contributing to ribosome biogenesis (Mulvaney et al. 2021). WDR77 (MEP50) further
enhances the enzymatic activity of PRMT5 by promoting symmetric dimethylation of arginine
residues on diverse substrates, including histone tails and splicing factors (Krzyzanowski et al.
2022). Together, these adaptors likely modulate the differential methylation patterns observed

between SNRPB and SNRPN, particularly within the proline-rich region.

In contrast, SNRPB exhibited fewer interactions with components of the methylosome
complex, suggesting that it may rely less on arginine methylation for its function. Instead,
SNRPB showed stronger associations with other interaction partners, such as APOBEC3B,
TOP3A, and KMT2D (Figure 4. 5. g). APOBEC3B is a member of the AID/APOBEC family of
cytosine deaminases, which catalyze the deamination of cytosine to uracil in single stranded
DNA (Pecori et al. 2022). While primarily implicated in intrinsic antiviral responses and cancer
mutagenesis (Caswell et al. 2024), its interaction with SNRPB suggests a potential role in RNA
editing or other RNA-related processes. Additionally, SNRPB interacts with TOP3A, a type |
topoisomerase that alters DNA topology by creating temporary single-strand breaks to relieve
supercoiling stress and resolve DNA interlinkages (Erdinc et al. 2023). In the nucleus, TOP3A
forms part of the BTRR complex, which resolves recombination intermediates during DNA
repair and facilitates sister chromatid decatenation during mitosis. The interaction of SNRPB
with TOP3A may reflect its involvement in coordinating transcriptional and replicative
processes with RNA splicing. Furthermore, the association of SNRPB with KMT2D, a lysine
methyltransferase that catalyzes H3K4 methylation to promote open chromatin and activate

target genes (J. Wu et al. 2024), suggests role in coupling splicing regulation with chromatin
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dynamics and transcriptional activation. Collectively, these interactions imply that SNRPB
operates within a broader functional context, potentially integrating RNA metabolism with

chromatin remodeling and genome stability.

Our mass spectroscopy analysis revealed several Arginine residues that were methylated
exclusively in SNRPN. For example, monomethylation on Arg196 and Arg209, as well as
dimethylation on Arg209, were detected only in SNRPN (Figure 4. 6). Additionally, arginine
residues unique to SNRPN (Arg236 and Arg239) were also found to be methylated. These
modifications likely alter the structural conformation or binding affinity of SNRPN, potentially
influencing its interactions with other splicing factors or target transcripts. In contrast, SNRPB
exhibited fewer methylation events, consistent with its weaker association with the
methylosome. This difference in methylation status may explain why SNRPB stabilizes
transcripts associated with cellular surface functions, while SNRPN stabilizes transcripts linked

to metabolic pathways.

5.4. Translation-dependent Arginine methylation distinguishes SNRPN from its
paralogue SNRPB

Our findings identify a previously unrecognized behavior of SRNPN in response to translational
inhibition, distinguishing it from its paralogue SNRPB, in an Arginine methylation-dependent
manner. Using the 12F5 antibody as a readout, we demonstrate that inhibition of translation
alters the PTM landscape of SRNPN in a manner not observed for SNRPB, despite their high
sequence similarity and shared domain architecture. This selective response points toward a
tightly regulated and context-dependent modification mechanism that may reflect divergent

biological roles of the two proteins.

Initial antibody screening revealed that 12F5 detects C-terminal fragments of both SNRPB and
SNRPN (Figure 4. 7. a, b), but fails to recognize the 1-190 fragment. While the exact residues
forming the 12F5 epitope remain unidentified, we have enough evidence supporting its
sensitivity to Arginine methylation. Chemical inhibition of PRMTs led to a strong decrease in
12F5 signal for SNRPN but not for SNRPB, even though HA-tag levels remained constant
(Figure 4. 7. c). The signal loss was reversed in a mutant where all six Arginine residues in the
proline-rich region were substituted with Lysine residues (R6K), leading to marked increase in
detection (Figure 4. 7. e€). These observations suggest that the 12F5 epitope is sensitive to

Arginine methylation status, and SNRPN is uniquely regulated in this context.

The differential sensitivity of SNRPB and SNRPN to translation inhibitors, cycloheximide (CHX)
and puromycin, underscores the link between active translation and the regulation of SNRPN'’s

PTM state (Figure 4. 7. f, g). Both inhibitors disrupt distinct steps of protein synthesis — CHX
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by stalling ribosomes during elongation, and puromycin by triggering premature termination
(Schneider-Poetsch et al. 2010; Enam et al. 2020; Aviner 2020). Despite these mechanistic
differences, both treatments led to a marked reduction in SNRPN detection by the 12F5
antibody, without affecting the overall protein levels, as confirmed by HA-tag and flow
cytometry (Figure 4. 7. c, Figure 4. 8. e). This suggests that ongoing translation is required to
maintain the Arg-methylation state of SNRPN, or alternatively, that translation inhibition actively
promotes demethylation or conformational changes in the proline-rich region. Importantly,
these effects were not observed for the SNRPB, highlighting a unique and selective regulatory
mechanism for SNRPN.

A similar reduction in SNRPN signal was observed with Actinomycin D, a transcription inhibitor
that intercalates into DNA and forms a stable complex, thereby blocking RNA polymerase
progression (Ratnadiwakara and Ankd 2018). This suggests a potential coupling between
transcription and translation in maintaining the methylation state of SNRPN (Figure 4. 7. g). In
contrast, treatment with Pladienolide B (PlaB), a natural macrolide that inhibits splicing by
binding to SF3b subcomplex of the spliceosome and inducing accumulation of unspliced pre-
mRNAs (Yokoi et al. 2011), did not reduce the 12F5 signal. Instead, PlaB treatment resulted
in increased overall levels of both SNRPB and SNRPN proteins (Figure 4. 7. i). These findings
argue against a direct role for productive splicing in regulating the observed PTM dynamics,
and suggest that translational activity more specifically influences the Arg-methylation status
of SNRPN.

5.5. Mechanistic insights into the regulation of SNRPN by translation and Arginine
methylation

Interestingly, SNRPN was unaffected by inhibition of NMD via SMG1 inhibitor (Nasif et al.
2023), despite global stabilization of canonical NMD targets (Sato and Singer 2021),
suggesting that CHX-induced changes are not a consequence of altered NMD activity. This
was further supported by the lack of rescue effect when PlaB was co-administered with CHX
(Figure 4. 8. c), demonstrating that CHX-mediated PTM regulation is not dependent on newly
spliced transcripts. Furthermore, flow cytometry and western blotting using a methylation-
insensitive SNRPB antibody confirmed that the CHX-induced reduction in 12F5 signal is not
due to general protein destabilization (Figure 4. 8. d, e), and we obtained the same result using
a different protein extraction method (Figure 4. 8. f), which shows that the effect is not just due

to a technical issue.

Mass spectrometry revealed that the methylation-sensitive region lies within the proline-rich C-
terminus, downstream of residue 190, with multiple Arg-monomethylation sites dropping to

undetectable levels after CHX treatment (Figure 4. 10, a). This region is absent from the
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conserved RG domain, which remained unchanged (Figure 4. 10, b). To our knowledge, this
is the first demonstration of translation-dependent Arginine methylation within the proline-rich
region of SNRPN, distinguishing it from its paralogue SNRPB and pointing to a previously

unrecognized layer of posttranslational control.

The unique behavior of SNRPN was further dissected through targeted mutagenesis. Mutation
of the six Arginine residues (R196, R209, R221, R228, R236, R239) in the proline-rich region
abolished the response to CHX (Figure 4. 11. a), establishing these sites as required for
dynamic PTM changes. Notably, mutation of four Arginine residues (R196, R221, R228, R236)
was sufficient to make SNRPN resistant, while combinations lacking these residues retained
partial sensitivity (Figure 4. 11. a). This suggests a threshold or cumulative mechanism where

multiple Arginine residues contribute to epitope integrity or modification.

The role of the C-terminal extension, which differs between SNRPB and SNRPN, was explored
through swapping experiment. Importantly, replacing the C-terminus of SNRPN with that of
SNRPB did not impair CHX sensitivity (Figure 4. 11. b), while the reciprocal swap caused
sensitivity to SNRPB, indicating that the proline-rich region together with the extended C-
terminus are necessary and sufficient for this regulatory axis. While R236 and R239 are unique
to SNRPN, they are not solely responsible for the phenotype, pointing toward a distributed
contribution of multiple residues. This supports the idea that evolutionary differences in the C-
terminal region of SNRPN may have allowed it to acquire a specialized regulatory function in
response to translational signals, diverging from the behavior of SNRPB despite their overall

similarity.

The functional implications of translation-regulated Arginine methylation remain to be
explained. Arginine methylation is known to affect protein-protein interactions, subcellular
localization, and RNA binding capacity (Zakrzewicz et al. 2012; Al-Hamashi, Diaz, and Huang
2020), and such dynamic modulation may enable SNRPN to act as a sensor or effector in
response to changes in translational activity. In this context, SNRPN may integrate translational
cues to modulate its interactions with specific binding partners or adapt its role within the
spliceosomal machinery. This layer of regulation could be particularly relevant under conditions
of cellular stress or altered metabolic states, where translation is reprogrammed and
posttranslational mechanisms rapidly reshape functional networks without changes in protein
abundance. The fact that SNRPB, despite its high sequence similarity, does not show
comparable sensitivity highlights a functional divergence between the paralogues. Given that
SNRPB and SNRPN arose from a gene duplication event, their differential regulation through
PTM such as Arginine methylation might reflect subfunctionalization or neofunctionalization. In

this case, extended C-terminal tail and unique Arginine residues of SNRPN could have been
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selectively retained to facilitate dynamic regulation by translational activity — an adaptation not

required for the ubiquitously expressed SNRPB.

5.6. Translation inhibition triggers SNRPN-specific nuclear changes

Our microscopy and interaction profiling show that SNRPN undergoes a CHX-sensitive change
in the nucleus, which affects its behavior and binding partners. Both SNRPB and SNRPN were
mainly nuclear under normal conditions (-CHX) (Figure 4. 12. a, b). After CHX treatment, the
nuclear 12F5 signal was completely lost for SNRPN, while it remained stable for SNRPB
(Figure 4. 12. c). At the same time, the mNeon signal remained unaffected in the nucleus. This
shows that the SNRPN-specific epitope loss happens inside the nucleus and is not simply a

result of changes in the cytoplasm. It also shows that SNRPB is protected from this change.

Cajal bodies remained detectable after CHX treatment and continued to co-localize with
SNRPB and SNRPN, consistent with the stable nuclear retention of both paralogues (Figure
4. 13. a). However, the number of Coilin foci per cell significantly decreased after CHX
treatment, as did the number of SNRPB/N-positive foci (Figure 4. 13. b, c). This suggests that
although the general localization to Cajal bodies is maintained, translation inhibition leads to a

remodeling of these nuclear structures, reducing their number.

The FRAP experiments further support this idea. Under control conditions (-CHX), both
paralogues showed similar recovery dynamics (Figure 4. 14). However, after CHX treatment,
SNRPN recovery became slower, while SNRPB remained the same. This suggests that after

translation inhibition, SNRPN changes its interactions or posttranslational status in the nucleus.

When we looked at the binding partners of SNRPB and SNRPN, we found that most
interactions with core complexes like the spliceosome and the methylosome stayed stable
(Figure 4. 15. a). However, some nuclear proteins showed changes after CHX treatment, and
some changes were specific to SNRPN (Figure 4. 16. a). SNRPN gained new interactions with
stress-related and DNA damage-associated proteins like PHIP, ZNF280C, and H2AX (Figure
4. 16. a). At the same time, it lost interactions with chromatin-associated proteins like CENPH
and ZBTB33. This suggests that SNRPN switches its partners inside the nucleus after

translation inhibition, moving away from chromatin factors toward stress-related proteins.

The proteins that changed binding were not strongly connected to each other by standard
pathway analysis (Figure 4. 16. c). This suggests that the changes affect individual proteins
rather than big complexes. However, we found that many of the proteins that bind to SNRPB
and SNRPN were rich in monomethyl-Arginine sites (Figure 4. 16. d), meaning that SNRPB
and SNRPN and their partners form a “MMA hub” inside the nucleus. Since the SNRPN-
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specific loss of the 12F5 signal happens together with a loss of Arginine methylation, it is likely

that these nuclear changes depend on the methylation state of SNRPN.

Our findings suggest a model where SNRPN-specific methylation patterns control how it
interacts with other proteins in the nucleus, especially after translation is blocked. This could
happen through loss of methyl groups, changes in protein binding, or changes in SNRPN
structure. It would be interesting to test whether similar effects happen under natural stress

conditions like arginine or glucose starvation (Hsu et al. 2021; Lin et al. 2024).

In summary, SNRPN-specific loss of the 12F5 epitope after CHX treatment reflects a nuclear
event involving selective changes in protein interactions. This adds a new layer of difference
between SNRPB/N paralogues and shows that translation-related signals can shape nuclear

protein networks through regulation of methylation.

5.7. Metabolic and developmental regulation of 12F5 epitope accessibility in SNRPB/N

Our data demonstrates that the expression and epitope accessibility of SNRPB paralogues
vary across cellular and metabolic contexts. Using the combination of a polyclonal SNRPB
(PTM-insensitive) and the monoclonal 12F5 (SmB/B’/N) antibody, which differentially detects
SNRPB and SNRPN depending on modification status, we observed tissue- and cell type-

specific patterns.

As expected, SNRPN was readily detected in mouse brain lysates using the polyclonal
antibody, but the 12F5 monoclonal failed to recognize it (Figure 4. 17. a). This supports the
hypothesis that posttranslational modifications hinder 12F5 binding in native tissue settings.
Notably, this behavior extended to cultured cells with endogenous SNRPN expression. For
instance, human induced pluripotent stem cells (hiPSCs), which exhibit robust SNRPN
expression confirmed by RNA-seq and ribosome profiling (Figure 4. 17. c) (Tomuro et al. 2024;
Rohm et al. 2025), displayed only weak 12F5 signal, while SNRPB detection was unaffected
(Figure 4. 17. a). This low detection of SNRPN by 12F5 in hiPSCs was not due to lack of
expression as transcriptomics and proteomics. Interestingly, hiPSCs do not express the splice
isoform SNRPB’, unlike HEK cells which endogenously express both SNRPB and SNRPB’
(Figure 4. 17. b), making it possible to compare SNRPB and SNRPN without SNRPB’.

Cycloheximide treatment abolished the already faint 12F5 signal for SNRPN in hiPSCs,
revealing its sensitivity to posttranslational modifications (Figure 4. 17. d). A similar phenotype
was seen in hiPSC-derived neurons, which also express high levels of SNRPN. In these cells,
12F5 detection was faint at baseline and completely lost upon CHX treatment (Figure 4. 17.

e), consistent with a dynamic, modification-dependent epitope.
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To test whether this epitope sensitivity was unique to pluripotent and neuronal contexts or
reflected a broader regulatory mechanism, we next examined SNRPN detection in F9
embryonal carcinoma cells — another developmentally relevant model. Surprisingly, we
detected no SNRPN in F9 cells (Figure 4. 17. f), contrary to earlier reports claiming that
undifferentiated F9 cells express both SNRPB and SNRPN at a 46:54 ratio, respectively
(Sharpe, Williams, and Latchman 1990). These discrepancies may arise from differences in
F9 sublineage, culture conditions, or the developmental stage of the cells at the time of
analysis. The original study also reported rapid downregulation of SNRPN during differentiation
(Sharpe, Williams, and Latchman 1990), suggesting that our F9 cells may have been partially

or fully differentiated upon arrival.

Interestingly, we found that 12F5 strongly detected a CHX-sensitive band corresponding to
SNRPB’ in chicken cells, further supporting the idea that 12F5 binding is modulated by
modification status (Figure 4. 17. g). Chicken express only the longer isoform SNRPB’ that
shows high similarity to human SNRPB’ protein, and notably do not express SNRPN (Turner
et al. 2023). This provides a clean model in which 12F5 reactivity is solely attributable to
SNRPB’ and not confounded by the presence of SNRPN. Given that SNRPB’ and SNRPN
share 93% sequence identity (Turner et al. 2023), the CHX-sensitive nature of the epitope in
both chicken SNRPB’ and human SNRPN strongly supports a shared posttranslational feature
driving antibody accessibility. This observation reinforces the hypothesis that modification-
sensitive epitopes may regulate or reflect paralogue-specific functions in development and

disease.

5.8. Arginine methylation and potentially citrullination modulate the 12F5 epitope in
response to nutrient and stress signaling

To understand the upstream factors that may regulate this epitope accessibility, we
hypothesized that nutrient availability and metabolic signaling — especially via mTOR — might
play a role. Our reasoning stemmed from observed differences in SNRPN behavior across
media types: HEK cells cultured in high Glucose, high Glutamine DMEM showed robust
SNRPN expression but stable 12F5 detection, whereas hiPSCs and hiPSC-derived neurons
cultured in more defined media (E8 and BrainPhys, respectively) exhibited weaker 12F5
signals despite confirmed SNRPN expression (Figure 4. 18. a). A notable distinction was the
Arginine concentration — highest in E8, and lowest in DMEM - suggesting that extracellular
Arginine availability may modulate SNRPN recognition. Experimentally, Arginine depletion
recapitulated CHX effect, abolishing the 12F5 band for SNRPN while keeping SNRPB
detection stable (Figure 4. 18. b), consistent with a model in which translation and Arginine

availability jointly modulate epitope accessibility.
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These findings point to a modification landscape governed by nutrient signaling, particularly
via mTOR. Arginine is a key activator of mMTORC1 - one of the mTOR complexes - (C.-L. Chen
et al. 2021). PRMT5 is functionally downstream of mTOR signaling, and PRMT5-mediated
methylation is critical for AKT1 phosphorylation (L. Huang et al. 2022), linking Arginine
metabolism to broader PTM crosstalk. However, our previous data shows that 12F5 robustly
detects both SNRPB and SNRPN when expressed in E.coli and Sf9 insect cells
(Supplementary Figure 9. 1). Since E.coli lacks machinery for Arginine methylation, this
confirms that the presence of unmethylated Arginine residues is sufficient for 12F5 binding.
Thus, while Arginine methylation modulates epitope accessibility, its absence does not
inherently prevent 12F5 binding. An additional layer of modification is likely to contribute. One
candidate is citrullination, a posttranslational modification in which Arginine is converted to
Citrulline by Peptidylarginine deiminases (PADs) (Rebak et al. 2024). Citrullination alters the
charge and hydrogen bonding potential of the Arginine side chain (Rebak et al. 2024),
potentially disrupting epitope recognition by 12F5. Although SNRPN contains one
experimentally validated citrullination site at R49 (Rebak et al. 2024), our data localize the 12F5
epitope to the C-terminal region between amino acids 190 and 231 (Figure 4. 7. a), excluding
R49 as a direct contributor to epitope masking. Therefore, the hypothesis that epitope
accessibility is modulated by citrullination must involve other, unannotated Arginine residues

within this C-terminal region.

PADs preferentially act on unmodified Arginine residues, and monomethylated Arginine is a
significantly poorer substrate for these enzymes. This substrate selectivity suggests that
methylation can act as a protective modification that prevents citrullination, reinforcing the
concept that PADs and PRMTs are biochemically antagonistic (Xu and Richard 2021). In this
respect, the dynamic between methylation and citrullination may reflect a competitive

regulatory mechanism, rather than two independent PTMs.

We next asked whether cellular metabolic state influences these modifications. In our
experiments, hypoxia sensitized SNRPB to CHX treatment, mimicking the behavior of SNRPN
under stress conditions (Figure 4. 18. c). This suggests that SNRPB, normally insensitive to
CHX, acquires a modification under hypoxia that reduces 12F5 detection. One interpretation
is that hypoxia alters Arginine metabolism or modulates PAD activity, enabling citrullination of
Arginine residues within 12F5 epitope. In line with this, studies in cancer models have shown
that PAD enzymes work in a calcium-dependent manner (Rebak et al. 2024; Zhu et al. 2022)
and PAD activity is induced in tumor environments due to redox stress or nutrient unavailability
(Zhu et al. 2022). Furthermore, mTOR signaling, which integrates nutrient and oxygen

availability, is a known regulator of PRMT5 activity and Arginine utilization (L. Huang et al.
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2022). Under mTOR inhibition or hypoxia, the balance between methylation and citrullination

may shift toward PAD-mediated modification.

Taken together, our findings point to a model in which the 12F5 epitope is dynamically
regulated by competing Arginine modifications, likely methylation and citrullination, in response
to metabolic signals. These modifications modulate paralogue-specific detection and
potentially function. Importantly, the PTM sensitivity of the epitope makes 12F5 not just a

detection reagent, but a molecular readout of the metabolic and signaling state of the cell.

5.9. Differential transcriptome responses reveal paralogue-specific adaptation to
translation inhibition

Our RNA seq analysis revealed that SNRPB and SNRPN cells respond to translation inhibition
by cycloheximide (CHX) with distinct transcriptomic profiles, supporting the notion that these
paralogues differentially regulate gene expression in stress conditions (Figure 4. 19. a).
Although both cell types exhibited widespread transcriptional changes, the magnitude and
specificity of these changes were more pronounced in SNRPN cells, as reflected by a higher
number of CHX-responsive genes (Figure 4. 19. b). These differences cannot be explained
solely by previously defined “stable” SNRPB/N targets, which showed no uniform trend under
CHX (Figure 4. 19. d), suggesting that CHX triggers additional layers of regulation beyond

baseline transcript stability.

Interestingly, while a substantial core response to CHX was shared between SNRPB and
SNRPN cells, SNRPN cells exhibited a significantly broader repertoire of unique gene
regulation events (Figure 4. 19. ¢). Functional enrichment analysis implicated SNRPN-specific
gene regulation in nutrient metabolism pathways, including D-Glutamine and D-Glutamate
metabolism, Arginine/Proline metabolism as well as Ubiquitin-mediated proteolysis (Figure 4.
19. e). These results raise the possibility that SNRPN is more tightly linked to nutrient-sensing
and metabolic adaptation pathways than its paralogue, potentially reflecting its restricted
expression in the brain, which are known for their high metabolic demands (Chausse et al.
2024; Rae et al. 2024).

In contrast, fewer unique gene expression changes were observed in SNRPB cells, and the
associated pathways — such as sulfur and selenium metabolism — showed relatively lower
statistical significance (Figure 4. 19. f). These findings align with our previous observation that
SNPRB-expressing cells are less responsive to nutrient perturbations in terms of 12F5 epitope

modulation (Figure 4. 18. b).
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5.10. SNRPN stabilizes complex transcripts under translation inhibition and promotes
efficient splicing

A striking difference between the two paralogues emerged when analyzing gene architecture.
In SNRPN cells, CHX-upregulated genes were longer and carried more intronic content,
including very long introns (Figure 4. 20. a). In contrast, SNRPB cells showed preferential
downregulation of long-intron-containing genes. These observations suggest that SNRPN may
better support the efficient splicing and stabilization of complex transcripts under conditions of
impaired translation. Indeed, in SNRPN cells, CHX treatment led to stabilization of a
disproportionately high number of transcripts with 16 or more introns (Figure 4. 20. b). This
may reflect differences in posttranslational regulation of SNRPN, as suggested by its distinct

Arginine methylation profile and CHX-dependent interaction changes.

Despite the extensive gene expression changes, CHX treatment led to a marked reduction in
alternative splicing (Figure 4. 20. d). This effect was seen across most types of events —
alternative splice site usage, mixed events, and intron retention — but less so for exon skipping.
While this shift toward constitutive splicing could reflect a general response to stress or reduced
translation, our manual inspection revealed that most differential splicing events were not
paralogue-specific and may instead represent a global response to CHX (Figure 4. 20. c).
Supporting this, independent splicing analysis using IRFinder and VAST-tools identified very
few robust events distinguishing SNRPB from SNRPN cells.

Taken together, these results suggest that, in the context of translation inhibition, the main role
of SNRPB/N is not to regulate splicing diversity, but rather to modulate splicing efficiency —
especially for long and complex transcripts. This effect is more prominent in SNRPN cells,
consistent with our previous findings of higher posttranslational responsiveness and altered
epitope accessibility in SNRPN compared to SNRPB. These findings point to a paralogue-
specific mechanism for coping with metabolic or nutrient stress, where SNRPN enables the

stabilization and processing of transcripts that are otherwise susceptible to degradation.
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6. Conclusions and future perspectives

This study demonstrates that, although SNRPB and SNRPN are paralogues with near-identical
primary sequences and they share canonical functions in spliceosome biology, SNRPB and
SNRPN diverge meaningfully in their posttranslational regulation, interaction profiles, and
transcript stabilization functions. We show that these paralogues respond differently to
translational inhibition, with SNRPN — but not SNRPB - losing recognition by an SmB/B’/N
antibody (12F5) in a context dependent on translation inhibitor. This change is accompanied
by a reduction in Arginine methylation levels, suggesting a strong link between translational
activity and the posttranslational modification landscape of SNRPN. These results point toward
a tightly regulated and perhaps co-translationally modified state of SNRPN that governs its

interaction potential and visibility to antibodies.

Mutagenesis experiments further highlight the complexity of this regulation. Replacing six
Arginine (R) residues with Lysine (K) residues eliminated the CHX-sensitive phenotype, but
only certain combinations of mutations were effective. In all cases where the phenotype was
lost, R228 was among the mutated residues, while combinations lacking R228 retained
sensitivity. This points to a key role for R228 in modulating posttranslational behavior of
SNRPN. Interestingly, we did not detect methylation at R228 in our mass spectrometry, raising
the possibility that it is citrullinated — a modification that would prevent methylation and could
influence antibody recognition. To test this directly, we are generating an R228K mutant to see
whether blocking citrullination or mimicking the unmethylated state affects the CHX response.
Additional mutants, such as replacing six Arginine residues with Glutamine (Q) residues or only
R228 (R228Q), could also be informative. Since Glutamine mimics the size and charge-
neutrality of citrulline, such mutants can serve as functional proxies to test whether

citrullination, rather than methylation, underlies the observed phenotype.

The possibility that citrullination competes with methylation adds an additional regulatory layer.
Since these modifications are mutually exclusive on the same Arginine, one could block the
other. Inhibiting PAD enzymes, which catalyze citrullination, is our next step. If PAD inhibition
restores antibody recognition of SNRPN after CHX treatment, it would support a model in which
translation-dependent demethylation is followed by citrullination, leading to epitope loss. These
studies could be complemented by PAD overexpression or knockdown to identify the

responsible enzyme, and in vitro assays using purified proteins to test direct modification.

Our results also revealed that SNRPN preferentially stabilizes transcripts related to metabolic
processes, whereas SNRPB supports expression of genes involved in signaling and
cytoskeletal dynamics. This observation suggests that these proteins are not only
biochemically distinct but are also functionally specialized. To explore the biological

consequences of this transcript selectivity, comparative metabolomics in SNRPB- versus
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SNRPN-expressing cells would be informative. Identifying whether transcript-level changes
translate into measurable shifts in cellular metabolism could clarify a regulatory role of SNRPN

at the interface of splicing and metabolic adaptation.

Since modifications of SNRPN appear responsive to the metabolic state of the cell, it is
plausible that nutrient availability influences its regulatory behavior. Experiments involving
Glucose deprivation or Lysine deprivation could test whether metabolic stress further alters its
modification status or transcript-stabilizing functions. Such work may identify SNRPN as a link

between translation, metabolism, and RNA regulation.

Given the observed link to translation, it may be useful to test whether SNRPN transiently
associates with the ribosome or modifying enzymes during protein synthesis. Proximity labeling
could capture weak or dynamic interactions that are missed by standard proteomics, helping

clarify when and where SNRPN is modified.

Finally, the absence of strong growth phenotypes in overexpression or depletion studies raises
the question of subtle or context-dependent functional impacts. Competitive growth assays
under stress conditions or differential cues could help reveal underappreciated roles of SNRPN
in maintaining cellular homeostasis or adapting to environmental changes. These assays may
be especially powerful in neuronal models, where SNRPN is naturally enriched and where
energy-demanding processes intersect with high RNA complexity. While our study has
extended beyond ectopic expression systems by including iPSCs, iPSC-derived neurons, and
CHX-injected mouse brain tissue to better reflect endogenous contexts, further in vivo
validation will be important. For example, once a citrullination-dependent regulatory
mechanism is confirmed under cell culture conditions, intracerebroventricular injection of PAD
inhibitors in mice could help determine whether citrullination directly modulates SNRPN epitope
accessibility, location, or function in the brain. Such approaches would deepen our
understanding of the physiological relevance of posttranslational modifications in modulating

SNRPN biology, particularly in the nervous system.

In conclusion, this work identifies SNRPN as a context-sensitive regulator whose function is
shaped by translational and metabolic input. Its divergence from SNRPB appears to be driven
not by major differences in sequence or expression level, but by subtle, condition-dependent
post-translational modifications. Elucidating these regulatory mechanisms is particularly
relevant given the involvement of SNRPN in neurodevelopmental disorder Prader-Willi
syndrome, where impaired splicing efficiency or reduced stabilization of complex transcripts
may contribute to disease pathology. More broadly, this study illustrates how gene duplicates
can acquire distinct, stress-responsive regulatory features, despite high sequence
conservation. These findings offer a conceptual framework for understanding how

environmental cues influence protein function at the posttranslational level. Future research
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integrating targeted mutagenesis, metabolic manipulation, citrullination pathway analysis, and
advanced proteomics will be essential in fully defining the physiological relevance and potential

pathological implications of SNRPN specialization.
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8. Supplementary tables

Supplementary Table 8. 1. Significant differential intron retention events between
SRNPB versus SNRPN identified by IRFinder. The analysis identified 14 significant intron

retention events affecting 12 genes.

Gene Base log: Standard @ Statistics p- Padj
Mean Fold error of value
Change log:Fold
Change
ENSG00000273748/ENSG00000273748.1/ 6.063 -0.372 1.297 -0.287 0.774 0.000
clean/GL000219.1:54293-78841:-
ENSG00000273748/ENSG00000273748.1/ 11.813 -0.310 1.272 -0.243 0.808 0.000
clean/GL000219.1:78952-79936:-
ENSG00000273748/ENSG00000273748.1/ 21.375 0.000 1.480 0.000 1.000 0.000
clean/GL000219.1:80028-83212:-
ENSG00000275063/ENSG00000275063.1/ 0.000 NA NA NA NA 0.000
clean/Kl270726.1:41489-41571:+
ENSG00000273554/ENSG00000273554.4/ 0.000 NA NA NA NA 0.000
clean/Kl270728.1:1142905-1142992:-
SAMD11/ENSG00000187634.13/clean/ 80.438 0.447 0.421 1.060 0.289 0.003
chr1:924948-925921:+
SAMD11/ENSG00000187634.13/clean/ 79.313 0.602 0.492 1.224 0.221 0.017
chr1:925189-925921:+
SAMD11/ENSG00000187634.13/clean/ 80.625 0.699 0.415 1.685 0.092 0.017
chr1:925800-925921:+
SAMD11/ENSG00000187634.13/clean/ 108.188 0.426 0.251 1.698 0.089 0.033
chr1:926013-930154:+
SAMD11/ENSG00000187634.13/clean/ 129.938 -0.174 0.376 -0.462 0.644 0.033
chr1:930336-931038:+
SAMD11/ENSG00000187634.13/clean/ 135.063 0.122 0.367 0.332 0.740 0.034
chr1:930336-935771:+
SAMD11/ENSG00000187634.13/clean/ 130.375 0.308 0.358 0.859 0.390 0.034
chr1:931089-935771:+
SAMD11/ENSG00000187634.13/clean/ 116.000 0.663 0.480 1.380 0.168 0.034
chr1:935896-939039:+
SAMD11/ENSG00000187634.13/clean/ 108.813 -0.505 1.034 -0.489 0.625 0.034

chr1:939129-939274:+
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9. Supplementary figures
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Supplementary Figure 9. 1. Unmethylated Arginine residues are sufficient for 12F5
(SmB/B’/IN) binding. Western blot of SNRPB (B) and SNRPN (N) expressed in HEK293T cells, Sf9

insect cells and E.coli cells using 12F5 and HA antibodies.
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