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Summary 
 

RNA-binding proteins are key regulators of gene expression, but their functions in coordinating 

cell fate transitions are poorly understood. In this study, we applied RNA interactome capture 

to determine the global dynamics of the RNA-bound proteome during dissolution of 

pluripotency and neuronal differentiation. We discovered that 30-40% of RNA-binding proteins 

are highly dynamic during cell fate transitions and that these dynamics do not appear to be 

predominantly governed by alterations in their abundance. Based on our data, we identified 

ZAP (ZC3HAV1) as a factor highly associated with pluripotency. In order to dissect the role of 

ZAP in mESC biology, we applied a variety of approaches including PAR-CLIP, SLAMseq and 

pluripotency exit reporter assays. We found that ZAP binds more than 2,000 mRNAs in the 

mESC transcriptome in a CG dinucleotide-dependent manner. Targets are enriched for 

transcripts encoding cell-cell adhesion, tissue morphogenesis and pro-pluripotency regulators 

and stabilized in absence of ZAP. Furthermore, we found that ZAP depletion leads to flattened 

and spreading stem cell colony morphology, concomitant misexpression of hundreds of 

transcripts including lineage factors and accelerated early dissolution of pluripotency. In 

conclusion, we propose that ZAP is a multi-modal stem cell RNA-binding protein acting as a 

positive regulator in maintenance of pluripotency while aiding downregulation of pro-pluripotent 

factors at the onset of differentiation. Ultimately, this study demonstrates how exploration of 

RNA-bound proteome dynamics during cell fate transitions can open paths to dissecting 

functions of RNA-binding proteins in a developmental context. 
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Zusammenfassung 
 

RNA-bindende Proteine sind zentrale Regulatoren der Genexpression, aber ihre Funktionen 

bei der Koordinierung von Zellschicksalsentscheidungen sind unzureichend verstanden. In 

dieser Studie haben wir RNA interactome capture angewandt, um die globalen Dynamiken 

des RNA-gebundenen Proteoms während der Auflösung der Pluripotenz und neuronaler 

Differenzierung zu bestimmen. Wir haben entdeckt, dass 30-40% der RNA-bindenden 

Proteine sehr dynamisch während der Zellschicksalentscheidungen sind, die 

Abundanzdynamiken dieser Proteine aber nicht hauptursächlich dafür zu sein scheinen. 

Basierend auf unseren Daten haben wir ZAP (ZC3HAV1) als einen Faktor identifiziert, der mit 

Pluripotenz assoziiert ist. Um die Rolle von ZAP in der Stammzellbiologie zu analysieren, 

haben wir PAR-CLIP, SLAMseq und einen Differenzierungsassay angewandt. Unsere Daten 

haben gezeigt, dass ZAP mehr als 2,000 mRNA-Transkripte innerhalb des murinen 

Stammzelltranskriptoms in Abhängigkeit von CG-Dinukleotiden bindet. Zieltranskripte sind 

angereichert mit Genfunktionen in Zell-Zell-Interaktionen, Gewebemorphogenese und 

Pluripotenzregulation und werden in Abwesenheit von ZAP stabilisiert. Auβerdem haben wir 

herausgefunden, dass Depletion von ZAP zu flacherer und breiterer Koloniemorphologie von 

Stammzellen bei gleichzeitiger Fehlexpression von hunderten von Genen inklusive Lineage-

Faktoren führt.  Desweiteren führt Abwesenheit von ZAP zu erhöhter Geschwindigkeit bei der 

Auflösung der Pluripotenz. Zusammengefasst stellen wir die These auf, dass ZAP ein multi-

modaler Regulator der Pluripotenz ist. ZAP agiert als positiver Regulator während 

Aufrechterhaltung der Pluripotenz, während es am Anfang der Pluripotenzauflösung 

pluripotenz-fördernde Faktoren herunterreguliert. Schlussendlich demonstriert diese Studie, 

wie die Erforschung von Dynamiken des RNA-gebundenen Proteoms während 

Zellschicksalsentscheidungen neue Wege öffnet, um die Funktion von RNA-bindenden 

Proteinen im entwicklungsbiologischen Kontext zu analysieren. 
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Introduction 
 

The pluripotent stem cell model 
 

Pluripotent stem cells (PSCs) have become a key in vitro model system in stem cell research 

and developmental biology which is defined by its two hallmarks of unlimited self-renewal and 

differentiation potential. Their widespread use to study fundamental mechanisms that govern 

embryogenesis, the ontogeny of genetic disorders or the ability of self-organization 

recapitulating embryonic three-dimensional structures (Bedzhov and Zernicka-Goetz, 2014; 

Shahbazi et al., 2019) makes them an important tool for researchers to address how underlying 

molecular features help to realize those capacities. The conclusions that can be drawn from 

those studies have strong implications for regenerative medicine and stem-cell based 

therapeutic approaches.  

 

Considerable progress has been made to direct lineage differentiation of PSCs in vitro, for 

which they provide a substantiated platform to explore cell fate transitions and specialized 

cellular function of virtually all cell types found within an organism. A recent highlight has been 

the derivation of organoids, which recapitulate developmental processes and cell-autonomous 

self-organization of developing tissues rather than specific cell types in the three-dimensional 

space (Kim et al., 2020). 

 

In the course of this introduction, two major aspects will be explored with regards to molecular 

organization and regulatory involvement post-transcriptional gene regulation (PTGR): the 

foundations of pluripotency and neuronal differentiation. It will conclude with a brief overview 

about central techniques that enable studies of RBPs on a molecular level in those specified 

cellular contexts. 

 

Pluripotency in vivo and early embryo development  
 

Pluripotency is a collective term to describe a stem cell’s potency to differentiate to all cell 

lineages contained within the three primary germ layers (endoderm, mesoderm, ectoderm) 

(Wu et al., 2016) and primordial germ cells (PGC) (Seydoux and Braun, 2006; Ohinata et al., 

2009).  In vivo, pluripotency exists as a transient continuum of cellular states spanning a naïve 
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state, representing full pluripotent potential to form every cell of the embryo proper, a formative 

state, defined by the acquisition differentiation competency for multi-lineage specification 

(capacitation), and a primed state, comprising incompletely pluripotent cells which are 

committed to differentiation (Smith, 2017). The emergence of those pluripotent states can be 

observed around conceptus implantation. 

 

During embryogenesis of placental mammals, the zygote undergoes a series of cleavage cell 

divisions which initially relies on maternally inherited RNA transcripts up until the onset of 

zygotic genome activation (ZGA). Widespread destabilization and disposal of maternally 

inherited RNA transcripts coincides with the activation of embryonic transcription, a process 

termed maternal-to-zygotic transition (MZT) (Tadros and Lipshitz, 2009). MZT precedes the 

first rounds of consecutive cell lineage bifurcation events in the developing embryo. At first, 

when the embryo forms the spherical blastocyst, an extra-embryonic outer epithelium, the 

trophectoderm (TE), is formed. TE eventually gives rise to the trophoblast lineages of the 

placenta and is enclosing yet unspecialized cells on the inside of the blastocyst, the inner cell 

mass (ICM). During a second lineage segregation within the ICM, the pluripotent founder 

population emerges in form of naïve epiblast (EPI) cells alongside the primitive endoderm 

(PrE), which is the progenitor to both extra-embryonic visceral (VE) and parietal (PE) 

endoderm. EPI cells are the pluripotent cells producing all fetal tissues. It is during these 

sequential lineage segregations in eutherian embryo development that the blastocyst 

undergoes implantation, a key process during which attachment and invasion of the maternal 

uterus endometrium is achieved via trophoblast-uterine interactions. In a series of further 

events, the EPI lineage undergoes morphogenetic transformations to establish anterior-

posterior patterning, induce PGC specification and initiate germ layer formation at the primitive 

streak which eventually results in gastrulation (Shahbazi and Zernicka-Goetz, 2018). 

 

Our current understanding of molecular and functional properties of eutherian pluripotency is 

mainly based on studies of experimental mouse models but more recent studies include 

primate and human in vitro models to an increasing proportion which helps to underscore 

conserved as well as divergent features across mammalian species (Niu et al., 2019; Ma et 

al., 2019).  

 

In vivo, although early embryo development of placental mammals is characterized by 

progression through key processes from fertilization to gastrulation, fundamental differences 

can be observed between species. Those divergent properties can arise in timing (e.g. ZGA) 
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and molecular pathways (e.g. activation of species-specific transposable elements) underlying 

developmental progression from fertilization to implantation, but also embryo morphogenesis 

itself leading up to gastrulation. These findings are critical as to date, studies of mouse 

embryology have been a cornerstone to inform about strategies to utilize human pluripotent 

stem cell systems for medical research efforts, but failed at times due to those underlying 

developmental differences (Nakamura et al., 2016; Rossant and Tam, 2017; Baker and Pera, 

2018). 

 

In vitro stem cell cultures are inherently variable 
 

PSC cultures are intrinsically unstable developmental potential captured and stabilized in vitro. 

One of the earliest mammalian systems used to establish PSC cultures as a research tool was 

mice (Evans and Kaufman, Nature, 1981). Murine PSCs can be derived from pre- and post-

implantation populations and characterize distinct pluripotent potentials.  

 

Mouse embryonic stem cells (mESCs) are a derivative of the murine blastocyst ICM and show 

strong resemblance with the newly formed (naïve) epiblast at embryonic day (E) 3.75 – 4.5 

(Boroviak et al., 2014; Boroviak et al., 2015) of the pre-implantation embryo (Fig. I). 

Characteristically, mESCs self-renew rapidly and continuously in vitro, a feature which is 

sustained by the cytokine leukemia inhibitory factor (LIF) (Smith et al., 1988; Williams et al., 

1988) and JAK/STAT3 signaling (Niwa et al., 1998). Selective partial inhibition of mitogen-

activated protein kinase (phospho-ERK1/2) and glycogen synthase 3 (GSK3) permanently 

suppresses differentiation without impeding propagation (Ying et al., 2008; Wray et al., 2011). 

Taken together, the two inhibitor (2i) system in combination with LIF (2i/L) captures naïve 

pluripotency in vitro as a discrete cellular state which is often referred to as the pluripotent 

ground state (Ying et al., 2008; Marks et al., 2012).  

 

Historically, the concept of primed pluripotency has been distinguished from naïve pluripotency 

as the opposing end to the spectrum of this transitory potency (Nichols and Smith, 2009; 

Hackett and Surani, 2014). The primed state has been perpetuated in vitro as epiblast stem 

cell (EpiSC) lines derived from post-implantation mouse embryos at E5.5-E8.0 (Brons et al., 

2007; Tesar et al., 2007) (Fig. I). Molecular profiling has identified EpiSCs to resemble cells of 

the anterior primitive streak which is the final stage at which PSCs persist in the late post-

implantation embryo around E6.5 – E7.5 (Kojima et al., 2014). Lineage priming is the hallmark 

property of EpiSCs and characterized by co-expression of pluripotency-related and lineage-
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specific genes. Analogous to mESCs, the EpiSC culture regime can be permanently locked in 

the primed state by addition of fibroblast growth factor 2 (FGF2) and Activin A (Brons et al., 

2007; Tesar et al., 2007).  

 

More recently, a transitory intermediate of the naïve (mESCs) and primed state (EpiSCs) has 

been described and termed as formative pluripotency (Kalkan and Smith, 2014; Smith, 2017). 

It is perceived as obligatory for remodeling pluripotency that naïve PSCs first must gain 

competency to respond to differentiation cues in order to accomplish fate allocation. In vitro, 

mESCs are refractory to transcriptional and extracellular cues by identity. Within 24 to 48 hours 

of culturing without the 2i/L system, they can convert to a population called epiblast-like cells 

(EpiLCs) (Kalkan et al., 2017). EpiLCs closely resemble early post-implantation EPI at E5.5 – 

6.0 (Hayashi et al., 2011) (Fig. I). Unlike its two counterparts, EpiLCs remain as a non-

permanent state in vitro but are permissive to the specification of the germ line, sensitized to 

lineage-inductive cues while remaining neutral to all somatic fate options. Underscoring the 

paradigm of pluripotency as a series of continuous cell states, an alternative intermediate 

pluripotent state has recently been identified in the embryonic rosette (Neagu et al., 2020) from 

which rosette-like stem cells (RSCs) can be derived for in vitro culture. 

 

In vitro establishment of human-derived PSCs yielded a diverse spectrum of distinct human 

stem cell systems, all of which resemble pluripotency but show differences in their gene 

expression profiles (Thomson et al., 1998; Takahashi et al., 2007; Yu et al., 2007; Theunissen 

et al., 2014; Takashima et al., 2014; Gafni et al., 2013; Chan et al., 2013). Gene network 

analyses were used to benchmark to what extent mouse and human PSCs resemble their in 

vivo counterparts (Huang et al., 2014). Both mouse and human PSCs robustly shared 

conserved genetic programs with blastocyst (murine) or the late pre-implantation (human) 

embryos, respectively. Likewise, a high degree of heterogeneity among different culturing 

conditions for human PSCs was revealed when compared to mESCs or human blastocysts. 

Accordingly, molecular criteria of human pluripotency in vitro, but also in vivo, remain a matter 

of controversial discussion within the scientific community (Theunissen et al., 2016; Yilmaz 

and Benvenisty, 2019). In contrast, murine pluripotency has been explored and defined well 

within the boundaries of experimental and computational research. Murine PSCs provide a 

substantiated tool to unearth extended molecular regulation of stem cell fate and will remain 

the focus for the remainder of the thesis.  
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Figure I: Overview about the concept of pluripotency in mice (adapted from Betschinger et al., JMB, 2016). 

 

Pluripotency gene regulatory network and its dissolution: transcription factors 
at its core 
 

Pluripotency as a transitory continuum of cellular states is governed by a highly interconnected 

pluripotency gene regulatory network (PGRN) which actively promotes its acquisition, 

maintenance and dissolution. Underlying molecular mechanisms are anchored by a tripartite 

set of transcription factors consisting of OCT4 (POU5F1), SOX2 and NANOG (referred to as 

OSN) which are forming an autoregulatory transcriptional circuitry of feedback and feedforward 

loops to sustain self-renewal and restrict differentiation (Boyer et al., 2005). Together, they 

cooperatively bind to a multitude of potential cis-regulatory sites in the genome to activate gene 

expression of pluripotency-associated genes, including their own, and repressing transcription 

of developmental regulators (Young, 2011). Consequently, OSN are crucial for establishment 

(Silva et al., 2009) and – excluding NANOG – maintenance of ESC identity (Chambers et al., 

2007; Masui et al., 2007; Niwa et al., 2000). Loss of a single core factor function can move 

OSN expression out of balance, resulting in pluripotency shifting from indefinite propagation to 

submission to multilineage differentiation programs (Nichols et al., 1998; Masui et al., 2007; 

Mitsui et al., 2003). Importantly, OSN-bound cis-regulatory sites are often co-occupied by 

STAT3 and β-Catenin which are key effectors of extrinsic pro-pluripotency signaling pathways 

mediated by LIF and WNT, respectively (Chen et al., 2008; Loh et al., 2006). Reinforcement 

of ESC renewal relies on para- and autocrine stimulation as indicated by the observation that 

perturbation of LIF/STAT3 (Mitsui et al., 2003) or WNT/β-Catenin (ten Berge et al., 2011) 
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signaling towards the core circuitry leads to its destabilization. The PGRN is extended by a 

multitude of ancillary transcription factors like KLF2/4/5, ESRRB, TFCP2L1, SALL4, PRDM14, 

DPPA2/4, GBX2, TBX3, ZFP42 (REX1), NR0B1, NR5A2 and others which are interlocked with 

the OSN platform and support reinforcement of the pluripotent identity against pro-

differentiation cues (Jiang et al., 2008; Hall et al., 2009; Yeo et al., 2014; Martello et al., 2012; 

Festuccia et al., 2012; Martello, 2013; Ye et al., 2013; Zhang et al., 2006; Ma et al., 2011; Chia 

et al., 2010; Yamaji et al., 2013; Madan et al., 2009; Eckersley-Maslin et al., 2020; Gretarsson 

et al., 2020; Tai et al., 2013; Waghray et al., 2015; Russell et al., 2015; Masui et al., 2008; Fujii 

et al., 2015; Heng et al., 2010; Guo et al., 2010; Young et al., 2011). Opposite to OCT4 and 

SOX2, those ancillary factors (including NANOG) are each individually dispensable for stem 

cell identity and found to exhibit mosaic expression resulting from substantial fluctuations 

between individual cells in non-naïve, metastable conditions (Hackett and Surani, 2014).  

 

Intriguingly, the differentiation potency is hardwired into the PGRN and centered around the 

de-repression of MAPK/ERK and GSK3B pathways. Both OCT4 and SOX2 directly stimulate 

expression of FGF4, an autocrine signaling factor and activator of MEK1/2 (Kunath et al., 

2007). Its importance is emphasized by the finding that Fgf4 knockout ESCs phenocopy MEK 

inhibition (MEKi) and fail to progress to neural or mesodermal lineages upon stimulation. De-

repression of MAPK/ERK and GSK3B pathways results in extensive rewiring of the 

transcriptional landscape and underlying PGRN. Downregulation of WNT signaling and/or 

removal of GSK3B inhibition (GSK3Bi) from the culturing regime stabilizes GSK3B to form a 

complex with AXIN and APC for degradation of β-Catenin. β-Catenin is directly responsible for 

alleviating TCF3 (TCF7L1)-mediated repression of pluripotency genes (Wray et al., 2011; Yi 

et al., 2011) by complexing with TCF3 and thus displacing it from its gene targets.  TCF3 in 

general is perceived as a repressive transcription factor opposing the function of the 

pluripotency core machinery (Cole et al., 2008). Another protein with a prominent role in 

dissolution of pluripotency is GTPase-activating protein Folliculin (FLCN). In complex with 

FNIP1/2 it facilitates mESC commitment by enforcing cytoplasmic retention of transcription 

factor TFE3, thereby abrogating expression of WNT target genes and other pluripotency 

factors like ESRRB and TFCP2L1 (Betschinger et al., 2013; Mathieu et al., 2019; Villegas et 

al., 2019). Consequently, Flcn knockout mESCs show impaired capacity to exit pluripotency – 

a phenotype which can be rescued by inhibiting the WNT pathway – and accordingly, Flcn-null 

mice were found to have an embryonic lethal phenotype (Betschinger et al., 2013; Mathieu et 

al., 2019). OTX2, a central player in relocalization of OCT4 to genomic binding sites, mediates 

reorganization of enhancer patterns during the transition of naïve to primed pluripotency 

(Acompara et al., 2013; Buecker et al., 2014). The MAPK/ERK pathway effector ZFP281 is a 

multi-purpose primed pluripotency factor. ZFP281 coordinates the switch between DNA 
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dioxygenases TET2 (“naïve”) and TET1 (“primed”) in order to establish a primed pluripotent 

cell state (Fidalgo et al., 2016), associates with histone H3K9 methyltransferase EHMT1 and 

transcription factor ZIC2 to promote interconversion between pluripotent states independently 

of TET1/2 (Mayer et al., 2019) and directly represses expression of pluripotency genes such 

as NANOG (Fidalgo et al., 2011). Moreover, ZFP281 activates transcription of 

ACTIVIN/NODAL signaling pathway effectors such as LEFTY1/2, FOXH1 and 

TDGF1/CRIPTO and other cell polarity regulators to promote morphogenetic epiblast 

maturation and anterior-posterior axis formation in early embryos (Huang et al., 2017). FOXD3 

mediates accessibility of differentiation-associated genomic sites by recruiting SWI/SNF 

nucleosome remodeling complex, but associates with histone deacetylases HDAC1 and 2, 

implicating restrained activation (Krishnakumar et al., 2016).  ZIC2 assumes roles both 

dependent and independent of histone deacetylase complex CHD4-MBD3/NuRD in mESCs 

and marks lineage-related genomic sites for differentiation-dependent activation (Luo et al., 

2015). In contrast to OTX2, the transcription factors ZFP281, FOXD3 and ZIC2 show 

significant expression levels in both naïve and primed stem cells, but loss of any of those 

factors impairs mESC differentiation.  

 

In summary, the foundation for stem cell potency and the execution of developmental 

progression through propagation of differentiation cues is realized by the PGRN with an 

interconnected set of transcription factors at its core. They are critical regulators of cell fate 

and instructive for the establishment of gene expression profiles shaping developmental 

identity. However, in order to remain amenable to alterations triggered by extrinsic stimuli and 

to retain the potential for flexible multi-lineage differentiation, cross-talk with additional gene-

regulatory mechanism is integral. Other examples can be found in the emergence of bivalent 

gene promoters with both active and repressive histone marks of repressed lineage control 

genes which are poised for activation upon exit of pluripotency, the occurrence of global DNA 

hypomethylation which is thought to be a concomitant and safeguarding feature of naïve 

pluripotency and the selective usage of gene-specific enhancers during the progression 

through alternative pluripotent states which show distinct properties associated with and 

imperative for pluripotency and its dissolution (Bernstein et al., 2006; Mikkelsen et al., 2007; 

Leitch et al., 2013; Von Meyenn et al., 2016; Galonska et al., 2015; Goekbuget and Blelloch, 

2019). In recent years, ‘RNA-based’ regulation has gained significance as an important 

contributor in early development. It has been suggested that the majority of molecular changes 

during ESC differentiation are regulated by events occurring post-transcriptionally (Lu et al., 

2009), but this observation remains a topic of critical discussion (Freimer et al., 2018).  
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Post-transcriptional regulation contributes to pluripotency and its dissolution 
 

RNAs of all classes are subject to intricate control collectively termed post-transcriptional gene 

regulation (PTGR) coordinating their entire life cycle from transcription to turnover (Moore, 

Science, 2005). The formation of ribonucleoprotein complexes (RNPs) through interacting 

master regulators known as RNA-binding proteins (RBPs) provides a platform for constant, but 

flexible and highly adaptive regulation.  Within the last decade, new experimental approaches 

helped to define comprehensive repertoires of RBPs in different organisms and thereby 

challenged established insights in regulatory principles controlling gene expression 

(Gerstberger et al., 2014). Not surprisingly, malfunction of an increasing number of RBPs is 

found to be causative for a broad range of pathologies (Gebauer et al., 2021), highlighting the 

impact of PTGR function in health and disease.  

 

 

Figure II: Overview of RBPs with fundamental roles in pluripotent stem cells. RBPs involved in pluripotency, 

dissolution and reprogramming participate in different processes during post-transcriptional gene regulation. 

 

PTGR in context of pluripotency and its dissolution is relatively unexplored. In 2014, Ye and 

Blelloch reviewed findings of a handful of RBPs being involved in maintenance and dissolution 

of pluripotency (Ye and Blelloch, 2014).  Since then, more RBPs have been interrogated for 

their influence in shaping and resolving pluripotency, but available data is still lacking the depth 
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and interconnectivity as compared to transcription factor-related data, showing that this branch 

of research is still in its infancy. PTGR does indeed provide essential means to regulate early 

development as is showcased during MZT. Here, with varying developmental timing across 

species, maternal RNA transcripts are first disposed of under the control of RBPs and miRNAs 

which is followed by the activation of zygotic transcription, with the consequence of transferring 

the control of developmental regulation from the maternal to the zygotic genome (Tadros and 

Lipshitz, 2009). Evidence implicating ‘RNA-based’ regulation of pluripotency is continuously 

growing. The following sections will provide mechanistic insights into different post-

transcriptional processes in light of pluripotency and the onset of differentiation (Fig. II). 

 

Pluripotency-restricted patterns in splicing and polyadenylation 
 

Maturation of mRNA precursors entails a variety of RNA processing steps which are realized 

in a co-transcriptional manner during RNA synthesis by RNA polymerase II. These processing 

steps include capping of the 5’ end, splicing, editing of single nucleotides and 3’ end formation 

(Bentley, 2014). In particular, splicing of mRNA precursors can have alternative outcomes, 

giving rise to alternative transcript isoforms encoding altered protein scaffolds and thereby 

expanding the amount of gene product information encoded into a single gene, eventually 

leading to protein diversification (Baralle and Giudice, 2017; Lee and Rio, 2015). Similarly, 

alternative polyadenylation (APA) during 3’ end formation of mRNA precursors is driven by 

alternative choice of polyadenylation sites (PAS) and can lead to both alterations of 3’ UTR 

length and consequently the landscape of included cis-regulatory elements, in turn affecting 

mRNA stability, translation, nuclear export, localization and in some cases even protein 

localization, or protein diversification through alterations within the 3’ terminal CDS (Tian and 

Manley, 2017; Gruber and Zavolan, 2019). For both processing steps, alternative outcomes 

rely on encoded cis-acting elements within the mRNA precursors as well as the presence of 

trans-acting factors like RBPs. This allows for flexible regulation of RNA maturation in different 

cellular contexts. 

 

In mESCs, prominent examples underscore the importance of alternative splicing (AS) 

regulation in context of pluripotency. Human OCT4 gene encodes 2 alternatively spliced 

isoforms: Isoform A encodes for the canonical transcription factor which is expressed in PSCs, 

while isoform B encodes for an exclusively cytoplasmic OCT4 protein with yet elusive function 

(Atlasi et al., Stem Cells, 2008). Other pluripotency-related genes such as murine Sall4, Nanog 

and Tcf3 (Tcf7l1) encode alternative isoforms which are able to regulate pluripotency and its 

dissolution to varying degrees (Rao et al., 2010; Das et al., 2011; Salomonis et al., 2010). A 
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well-studied example of how alternative splicing directly affects proper expression of 

pluripotency-related factors and thereby suppresses differentiation is Foxp1. A stem cell-

specific mRNA isoform of Foxp1 (Foxp1-ES) containing an alternative exon 18b instead of 

exon 18 was identified to provide distinct functionality to positively regulate pluripotency and 

to allow reprogramming of somatic cells into iPS cells by an altered DNA binding specificity of 

its forkhead domain (Gabut et al., 2011).  

 

Amongst RBPs, a few regulators of alternative splicing have been identified with direct impact 

on cellular fate. Depletion of splicing factor RBFOX2 has been demonstrated to lead to 

differentiation and apoptosis of hESCs (Yeo et al., 2009). Crosslinking and 

immunoprecipitation coupled with high-throughput sequencing (CLIP-seq) studies provided 

insight into possible modes by which RBFOX2 regulates splicing. It was found that RBFOX2 

can both promote exon inclusion as well as exon skipping in hESCs dependent on whether it 

was binding the upstream or downstream flanking intron of a yet to be spliced exon. 

Interestingly, transcripts from many splicing factors have been identified as RBFOX2 targets, 

but the link between its splicing program and its pro-pluripotent function still needs to be 

revealed. Another example of a critical splicing factor is the protein SON. Similar to 

observations made with RBFOX2, loss of SON leads to loss of pluripotency and cell death in 

hESCs. On a molecular level, it was shown that SON engages RNA transcripts of pluripotency-

related genes such as OCT4 and PRDM14 to ensure proper splicing. In absence of SON, 

those RNA transcripts show accumulated retention of short introns with weak splice sites and 

are eventually targeted for nonsense-mediated decay (Lu et al., 2013). Activity of splicing factor 

SRSF2 and OCT4 gene expression are interdependent and contribute to proteome diversity 

through alternative splicing in regulation of pluripotency. In human PSCs, SRSF2 gene 

expression is directly stimulated by OCT4 and in turn regulates a splicing switch between two 

predominant isoforms for methyl-CpG-binding domain protein MBD2. Expression of MBD2 

isoform C (MBD2c) represents a stem cell-specific splicing choice and supports expression of 

the OSN platform in human PSCs, thereby closing a putative positive feedback loop stabilizing 

pluripotency (Lu et al., 2014).  Additionally, ectopic expression of MBD2c augmented 

reprogramming efficiency of somatic cells, strengthening the role of SRSF2 in pluripotency 

regulation. In contrast, MBD2 isoform A (MBD2a) expression is predominantly found in somatic 

cells and associated with lineage commitment due to its exclusive ability to recruit repressive 

NuRD complex for silencing pluripotency-associated genes (Reynolds et al., 2012). Recently, 

murine SRSF3 has been identified as a multifaceted contributor to stem cell pluripotency and 

reprogramming efficiency (Ratnadiwakara et al., 2018). It was shown to target Nanog mRNA 

to facilitate its nucleo-cytoplasmic transfer via recruitment of export factor NXF1, directly 

impacting Nanog expression levels. Additionally, the expression levels of hundreds of 
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nonsense-mediated decay-sensitive mRNAs, multiple of which encode pluripotency-related 

function, have been directly linked to SRSF3 splicing activity. Finally, SRSF3 depletion leads 

to a global reduction of H3K27me3 repressive marks at promoters of lineage commitment-

related genes, implicating a pluripotency-destabilizing effect.  Enhancers of splicing signatures 

negatively impacting pluripotency were identified in a study exploring the roles of Muscleblind-

like protein 1/2 (MBNL1/2) in human and murine PSCs and somatic cells (Han et al., 2013). 

MBNL proteins were found to be involved in about half of all ESC-differential AS events, 

functionally enhancing the presence of non-ESC-associated exons in RNA transcripts while 

suppressing retention of ESC-associated exons in RNA targets. Interestingly, the FOXP1 

splicing switch discussed earlier was found to be directly affected by MBNL protein expression. 

Together with the observation that MBNL1/2 depletion enhances reprogramming efficiency of 

somatic cells by switching to an ESC-like splicing pattern and its minimal expression in (i)PSCs 

as compared to diverse somatic cells, experimental data points towards a repressive role for 

MBNL1/2 in regulating pluripotency.  

 

Knockdown of murine FIP1 (encoded by the Fip1l1 gene), a constituent of the cleavage and 

polyadenylation specificity factor (CPSF) complex, was found to destabilize pluripotency and 

to promote differentiation of PSCs (Ding et al., 2009) by regulating PAS site usage for several 

hundred transcripts enriched for functions including cell cycle, proliferation and development. 

Its mode of regulation was suggested to be dependent on the distance between two 

consecutively transcribed PAS (Lackford et al., 2014) with the transcriptional offset leading to 

a shift from weaker proximal PAS usage to stronger distal PAS usage in absence of FIP1, 

resulting in lengthening of the 3’ UTRs of FIP1 RNA targets. Longer 3’ UTRs are generally 

considered to be a feature increasingly found in non-proliferative somatic cells rather than 

PSCs (Sandberg et al., 2008; Shepard et al., 2011). Another CPSF component, NUDT21, was 

recently identified as a barrier in reprogramming somatic cells to iPSCs (Brumbaugh et al., 

2018). Conversely to observations made for FIP1, murine Nudt21 suppression exerts its effect 

on cell fate by inducing widespread APA switches in more than 1500 RNA transcripts by 

favoring proximal PAS usage over distal PAS usage. Consequently, 3’ UTRs are shortened 

and miRNA-mediated regulation of NUDT21 target transcripts is relieved, leading to a stem 

cell-like signature. On a cellular level, these mechanistic insights are supported by delayed 

differentiation of progenitor cells as well as impaired ESC differentiation into ectodermal 

lineage in a Nudt21 knockdown background. While recruitment of the CPSF complex is 

directed by the presence of PAS, other auxiliary cis-regulatory elements also contribute to PAS 

recognition. Importantly, RBPs can engage these cis-regulatory elements and thus compete 

with the 3’ end processing machinery to block PAS recognition. A well-studied example is the 

case of TDP43 which engages U/GU-rich elements adjacent to PAS to block CPSF recruitment 
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and thereby PAS usage (Avendano-Vazquez et al., 2012; Rot et al., 2017). Notably, both 

human and mouse ESCs utilize this mechanism to strengthen their pluripotent signature. 

TDP43 was found to be a direct regulator of PAS choice for several “stem cell maintenance” 

genes like Sox2, Esrrb, Klf2, Tdgf1, Nr5a2, Zic3 and Tcf7l1 with conditional Tdp43 knockout 

in murine ESCs and TDP43 knockdown in human ESCs resulting in uniform 3’ UTR 

lengthening due to distal PAS choice (Modic et al., 2019). iCLIP experiments in murine ESCs 

confirmed that TDP43 binding adjacent to Sox2 distal PAS is in agreement with the global 

binding mode for PAS silenced by TDP43. Beyond regulation of pluripotency genes via APA, 

TDP43 was found to regulate APA of long non-coding RNA Neat1 in human and mouse PSCs. 

Long Neat1 isoform 2 expression is directly suppressed through TDP43 binding in PSCs, but 

induced at the onset of differentiation, and responsible for the formation of paraspeckles which 

can sequester TDP43, highlighting their reciprocal relationship (Modic et al., 2019). 

 

Taken together, molecular processes involved in (m)RNA precursor maturation provide an 

elaborate platform wired to directly stimulate cell fate through the activity of trans-acting RBPs 

(Fig. II).  

 

Translational control shapes pluripotency  
 

Translation of mature mRNAs is a central process in gene expression which plays a dominant 

role in shaping the cellular proteome in time and space. On a molecular level, translation can 

be subdivided into four distinct steps: initiation, elongation, termination and ribosome recycling. 

Crosstalk between translational fidelity and the stability of mRNAs has been reported earlier 

(Roy and Jacobson, 2013; Radhakrishnan and Green, 2016). Importantly, translational control 

can be discriminated into regulatory mechanisms which either affect mRNA-specific or global 

translation rates.  

 

In PSCs, global translation rates are low compared to cells subject to differentiation (Ingolia et 

al., 2011), but subsets of mRNAs were found to maintain a high ribosomal occupancy in order 

to sustain their protein synthesis and appropriate expression levels in ground state 

pluripotency (Atlasi et al., 2020). In this context, pluripotency factor NANOG has been found 

to be a labile protein with a short half-life of about 2 hours in hESCs, despite being an essential 

factor in early mammalian development (Ramakrishna et al., 2011). Similarly, other 

pluripotency factors such as TFCP2L1 and ESRRB have been experimentally categorized as 

labile proteins (You et al., 2015). While global translation rates in PSCs are low and increase 
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at the onset and during differentiation (Ingolia et al., 2011), preserving global translation at a 

baseline level is critical for maintenance of ESC homeostasis. The small subunit processome 

(SSUP) is responsible for biogenesis of 18S rRNA and was found to be preferentially 

expressed in mESC where its activity contributes to enhancing global translation rates and in 

turn secures sustained synthesis of intrinsically labile pluripotency factors (You et al., 2015).  

Consequently, reprogramming efficiency of MEFs to iPSC was reduced by half in absence of 

different SSUP components. Likewise, HTATSF1 exerts its critical role in stem cell 

maintenance (Corsini et al., 2018) by maintaining global protein synthesis rates in mouse and 

human PSCs. Its molecular function was attributed to securing splicing fidelity as Htatsf1 

knockout PSCs show aberrant intron retention in mRNAs encoding ribosomal proteins and 

translation initiation factors, promoting the occurrence of premature stop codons and elevated 

decay, ultimately leading to reduced protein levels. Similarly, loss of HTATSF1 was shown to 

coincide with the accumulation of 45S rRNA intermediates with retained ITS2, which is directly 

bound by HTATSF1, introducing a processing defect to produce mature 28S and 5.8S rRNA 

transcripts. Accordingly, HTATSF1 is involved in 60S ribosomal subunit maturation and 

regulation of global polysome levels in PSCs, indirectly contributing to proper expression of 

proteins relevant for maintenance of pluripotency. Consequently, Htatsf1 knockout in mESCs 

reduces expression levels of the OSN core pluripotency triad, impedes clonogenicity and 

compromises contribution to the neuroectodermal lineage upon differentiation while Htatsf1 

overexpression prevents differentiation to primed PSCs. In contrast, depletion of PUS7 was 

shown to disrupt ESC homeostasis by adversely affecting global protein synthesis levels 

(Guzzi et al., 2018). Loss of PUS7 function in mESCs results in reduced formation of 

translation-inhibiting tRNA fragments, elevating global translational output and thereby 

stimulating aberrant expression of lineage-specific transcripts. Similarly, DDX6 depletion was 

shown to result in disruption of processing body (p-body) formation which sequester transcripts 

encoding pluripotency-instructive proteins to repress their translation (Di Stefano et al., 2019). 

Consequently, human and mouse ESCs remained in a hyper-pluripotent state upon induction 

of differentiation. In line with these findings, an earlier study indicated that absence of DDX6 

in mESCs leads to widespread decoupling of miRNA-mediated translational repression and 

mRNA destabilization despite loss of clonogenicity and reduced proliferation (Freimer et al., 

2018). The resulting translational upregulation of miRNA targets in mESCs partially 

phenocopies the Dgcr8 knockout phenotype (Wang et al., 2007) which resulted in a severe 

differentiation defect. Other RBPs have been identified to provide regulatory means in a 

transcript-specific manner without affecting global protein synthesis rates. NAT1, also known 

as EIF4G2, was found to promote translation of Map3k3 mRNA, a component of the ERK 

pathway (Sugiyama et al., 2016). Nat1-null ESCs fail to activate the ERK pathway at the onset 

of differentiation and remain differentiation-incompetent. In vivo, Nat1 knockout was shown to 
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be embryonic lethal as embryos fail to proceed through the gastrulation step (Yamanaka et al., 

2000). The Nat1 knockout phenotype could be readily rescued by exogenous expression of 

MAP3K3 protein alone, highlighting the transcript-specific regulatory activity of NAT1 at the 

exit of pluripotency. Intriguingly, NAT1 was found to form higher-order translational complexes 

distinct from canonical EIF4G1-driven translation, further supporting a role in transcript-specific 

translational regulation. Transcript-specific regulation of translation can also be realized by 

engaging specific cis-regulatory elements within the 5’ UTR of mRNA transcripts (Hinnebusch 

et al., 2016). A context-specific example for this regulatory signature was reported for ESRP1 

(RBM35A), a pro-differentiation factor binding within the 5’ UTRs of pluripotency-promoting 

transcripts to antagonize polysomal loading at the onset of differentiation, thereby specifically 

inhibiting protein synthesis and destabilizing ESC signature (Fagoonee et al., 2013). Other 

RBPs which have been implicated in translational control during maintenance or exit of 

pluripotency serve to showcase the intricate connection between translational control and 

mRNA turnover. PUM1, well-studied for its molecular mode of action in translational repression 

and inducer of mRNA decay (Goldstrohm et al., 2018), has been identified to be a driver of 

timely dissolution of the PGRN at the onset of differentiation (Leeb et al., 2014). Depletion of 

PUM1 leads to markedly delayed downregulation of PUM1 recognition motif-containing RNA 

transcripts in differentiating mESCs, many of which encode pluripotency-promoting proteins, 

while showing only minor mRNA target upregulation during pluripotency-maintaining culturing 

conditions. Of note, PUM1 expression is unchanged in stem cells and early differentiation and 

PUM1 mRNA targets are already bound in pluripotency-promoting culturing conditions, leaving 

room for speculation about a potentially constitutive or activity-dependent effect on mRNA 

stability. TRIM71, a putatively stem cell-specific RBP, was recently shown to repress Ago2 

mRNA translation, thereby reinforcing stemness through inhibiting activity of pro-differentiation 

miRNA pathways (Liu et al., 2021). 

 

In summary, maintaining baseline translational output in ESCs is essential for ESC 

homeostasis and alterations resulting in up- or downregulation of global protein synthesis are 

detrimental to the stem cell signature. In contrast, transcript-specific translational regulation 

appears to be particularly essential at the onset of differentiation as global protein synthesis 

rates increase through activation of mTOR and other signaling pathways (Tahmasebi et al., 

2014; Tahmasebi et al., 2019). Additionally, regulation of transcript-specific RNA turnover, 

which is tightly interconnected with translational regulation, provides a platform for fast and 

flexible adaption to pro-pluripotency or pro-differentiation cues (Fig. II).  
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RBPs can act as multidimensional regulators during pluripotency and its 
dissolution 
 

Realization of pluripotency and its dissolution is highly complex and involves a multitude of 

interconnected molecular regulatory pathways. Often, participating proteins can act as multi-

dimensional regulators affecting the cellular state in more than one way. On the level of post-

transcriptional regulation, a handful of RBPs have emerged in taking multiple roles in gene 

expression regulation, serving to showcase this phenomenon. 

 

The LIN28/let-7 axis is well described in regulating pluripotency and its dissolution. LIN28a and 

b coordinately repress maturation of let-7 miRNA family in ESCs by recruiting TUT4 and TUT7 

to enforce polyuridylation of pre-let-7 3’ terminal ends, marking them for degradation (Heo et 

al., 2009; Hagan et al., 2009). The let-7 miRNA family is sufficient for initiating a pro-

differentiation program as evidenced by ectopic expression of individual miRNA families in 

Dgcr8 knockout mESCs (Melton et al., 2010; Worringer, 2014). Concomitantly, LIN28 proteins 

assume let-7-independent function by regulating translation of mRNA targets both positively 

and negatively (Wilbert et al., 2012; Cho et al., 2012), suggesting context-specific activity of 

LIN28. Still, the general understanding of let-7-independent activity of LIN28 proteins is limited. 

Importantly, it is reported that LIN28 proteins and let-7 miRNA form a regulatory circuit, 

resulting in let-7-dependent downregulation of LIN28 proteins in differentiation and lineage 

commitment (Viswanathan et al., 2008; Rybak et al., 2008). Of note, a recent publication 

reports HMGA2-directed transient upregulation of LIN28 proteins during early ESC 

differentiation, implicating let-7-independent activity of LIN28 during dissolution of pluripotency 

(Parisi et al., 2016). Consistently, LIN28A was identified as a driver of mRNA decay for 

pluripotency-related transcripts in a nucleolar-to-cytoplasmic translocation-dependent manner, 

safeguarding lumenogenesis and gastrulation in the early embryo (Modic et al., 2021). 

 

Regulation of mRNA m6A methylation during early development serves as another example 

for multidimensional gene regulation established by RBPs. A multicomponent writer complex 

with METTL3 at its center deposits m6A modifications on target mRNAs in time and space 

which can be bound by m6A reader proteins to effect different outcomes like RNA stabilization, 

destabilization or stimulation of translation (Frye et al., 2018). Paradoxically, it was found that 

ablation of METTL3 both impairs differentiation and stimulates lineage progression. This 

observation was solely dependent on the cellular state at which METTL3 was depleted (Batista 

et al., 2014; Geula et al., 2015). 
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In summary, RBPs associated with function in early development can assume diverse activities 

with different outcomes during developmental progression (Fig. II). 

 

In vitro stem cells can be instructed for multilineage differentiation 
 

A key feature of PSCs is their potential to differentiate along all cell lineages to virtually produce 

any somatic cell type found in an organism. Therefore, the stem cell toolkit is a prime model to 

study specified cell types in vitro. Different approaches have been successfully utilized in order 

to direct stem cell fate conversion. Altering the cellular environment by introducing 

developmentally relevant external cues to perturb signaling pathways can be applied to drive 

cellular programming. For instance, single molecules such as retinoic acid (RA) or sonic 

hedgehog (SHH) are sufficient to efficiently induce differentiation of pluripotent stem cells to 

motor neurons (Wichterle et al., 2002). Often, more complex small molecule cocktails are 

applied to achieve the desired cellular conversion (Kim et al., 2020). Alternatively, timely 

altering the gene expression output of differentiating PSCs by ectopically expressing 

transcription factors which impart lineage competence can be instructive to achieve 

specialization. Such pioneer transcription factors have the ability to engage target sites which 

are originally refractory to gene activation due to chromatin compaction. Subsequently, 

increased accessibility of those sites allows the chromatin remodeling, transcription and 

epigenetic machinery to be recruited to persevere the permissibility to transcription which 

triggers a cascade of transcriptional activation of lineage-related genes (Wapinski et al., 2013; 

Wapinski et al., 2017). Pioneering transcription factors can not only control cell fate of 

differentiation-competent PSCs, but where also shown to be a powerful tool in cellular 

reprogramming to generate induced pluripotent stem cells (iPSCs) from somatic cells 

(Takahashi and Yamanaka, 2006) as well as trans-differentiation of somatic cells between 

different cell lineages (Vierbuchen et al., 2010; Ieda et al., 2010). Taken together, these 

approaches provide meaningful strategies to study specialized cells in a biologically and 

medically relevant context. 

 

Induced neurons (iNs) exhibit characteristics of their in vivo counterparts 
 

One of the many interests in the cellular programming field is the study of neurons. Neurons 

as a cell type comprise a vast majority of diverse subpopulations which can be classified based 

on properties like morphology, physiology and molecular signature (Zeng and Sanes, 2017). 

Using the molecular toolkit of cellular programming to generate specific neuronal cell types 
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has been a cornerstone to expand the knowledge about subtype-specific characteristics and 

provided useful insights for the medical research field to build upon (An et al., 2019). 

Achaete-scute homolog 1 (ASCL1) and Neurogenin2 (NGN2) are prominent pro-neural factors 

with pioneering capacity to induce neuronal identity specification (Parras et al., 2002; Bertrand 

et al., 2002). Importantly, ASCL1 and NGN2 organize neuronal subtype specification in a non-

interchangeable manner by organizing distinct chromatin regulatory landscapes during 

emergence of neurogenesis (Parras et al., 2002; Aydin et al., 2019). Each of those transcription 

factors individually is sufficient to produce single factor-derived (1N) neuronal cells which show 

neurite (neuronal process) outgrowth and electrophysiological activity ectopically expressing 

them in different cell types (Vierbuchen et al., 2010; Caiazzo et al., 2011; Chanda et al., 2014; 

Masserdotti et al., 2015). Cellular identity, degree of morphology and conversion efficiency can 

be modulated by adding additional neuronal transcription factors to be ectopically expressed 

alongside either of the two pioneering factors (Vierbuchen et al., 2010; Yang et al., 2017; 

Gascon et al., 2016; Mazzoni et al., 2013) (Fig. III). For example, augmenting the ectopic 

expression of Ngn2 by alternate sets of two additional neuronal fate-instructing transcription 

factors is sufficient to generate spinal (Ngn2/Isl2/Lhx3, NIL) and cranial (Ngn2/Isl2/Phox2a, 

NIP) motor neuron subtypes (Mazzoni et al., 2013). 

 

 

Figure III: Overview of ectopic expression strategies using lineage-instructing transcription factors to 
generate diverse neuronal cell subtypes in vitro. 

 

Ascl1-induced neurons (iN) are rather simplistic, but hold potential to study neuronal properties 

in vitro. Despite their comparably slower maturation kinetics, Ascl1-iN cells are able to achieve 

similarly complex morphology during maturation as compared to iN cells generated by ectopic 

expression of Ascl1 in combination with Brn2 and Myt1l (BAM-iN cells) (Chanda et al., 2014). 

Neuronal identity as defined by functional synapse formation is achieved independently of 
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cellular programming route. In particular, presence of postsynaptic membrane compartments 

has been shown in co-culture experiments with primary hippocampal neurons which enable 

reception of synaptic inputs as confirmed by measurements of excitatory and inhibitory post-

synaptic currents. Furthermore, presynaptic competence was confirmed in co-culture 

experiments with pure glia cells. Intriguingly, Ascl1-iN and BAM-iN cells appear to mostly act 

excitatory due to presence of excitatory vesicular glutamate receptor 1 (vGLUT1) but not 

inhibitory vesicular GABA transporter 1 (vGAT) (Chanda et al., 2014). In another study, single-

cell RNA sequencing was applied to dissect the cellular reprogramming trajectory of mouse 

embryonic fibroblasts (MEFs) to Ascl1-iN and BAM-iN cells and provided three key findings 

(Treutlein et al., 2016). Ectopic expression of Ascl1 elicits a homogenous early response with 

low transcriptome variability across the cell population, an observation which is in favor of using 

Ascl1-iN to study neuronal properties in bulk populations. Secondly, iN cells induced by Ascl1 

alone face competition with myogenic cell fate at late reprogramming stages. Co-expression 

of Brn2 and Myt1l strengthens the neuronal identity and suppresses myogenic fate. Lastly, iN 

cells reprogrammed from MEFs do not traverse through the canonical neural progenitor cell 

(NPC) stage, supporting the hypothesis that direct somatic lineage reprogramming may not 

involve in vivo intermediate stages. Rather, the study found Ascl1-induced cells to assume a 

fractional or incomplete NPC identity en route to becoming iN cells. In line with this finding, 

another study revealed that while direct programming of mESCs into motor neurons bypasses 

intermediate progenitor cell states, the terminally differentiated cells still converge to a discrete 

phenotype closely resembling their in vivo counterparts (Briggs et al., 2017). 

 

Taken together, PSCs can be directed to specify diverse neuronal fates under the control of 

pioneering and auxiliary transcription factors. Induced neurons generated by the ectopic 

expression of a single pioneering pro-neural factor such as Ascl1 provide a meaningful tool to 

study neuronal specification and properties in vitro.  

 

RBPs in neuronal differentiation, health and disease 
 

RBPs have been found to be integral regulators of neurogenesis and neuronal function. 

Neuronal RBPs assume tissue-specific functions and have often been implicated to be 

involved in neural pathologies (Nussbacher et al., 2019).  

 

The repertoire of AS events within nervous tissue is amongst the most extensive but conserved 

in vertebrates (Barbosa-Morais et al., 2012), allowing for the generation of protein diversity 
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necessary to address the intrinsic complexity of the nervous system. A set of tissue-specific 

RBPs has been found to act within a neural splicing regulatory network to organize AS events 

in manifold ways (Raj and Benclowe, 2015; Vuong et al., 2016). In this regard, RBPs have 

been shown to regulate early cell fate decisions governing neuronal differentiation and 

neurogenesis. The interplay of PTBP1, PTBP2 and SRRM4 provides a well-studied example 

about how RBPs can govern neural cell differentiation. PTBP1 and its paralog PTBP2 assume 

distinct roles in early neural development with the former one, being predominantly expressed 

in NPCs, getting downregulated at the onset of neuronal differentiation through the activity of 

mIR-124 (Makeyev et al., 2007) which in turn results in inclusion of neural-specific exon 10 in 

the Ptbp2 transcript protecting it from nonsense-mediated decay (Boutz et al., 2007; Zheng et 

al., 2012). This switch between Ptbp1 and its neural paralog is essential for differentiation of 

neural stem cells into post-mitotic neurons in the developing embryo and provides a mean for 

temporal control of neurogenesis (Boutz et al., 2007; Li et al., 2014). SRRM4, another neural-

specific RBP critical for achieving neuronal cell fate (Calarco et al., 2009), further coordinates 

this transition by outcompeting PTBP1 activity and promoting inclusion of neural-specific exon 

10 in Ptbp2 mRNA as well as generation of a low activity isoform of the transcription factors 

REST/NRSF, in turn stimulating expression of neuronal genes (Raj et al., 2011; Raj et al., 

2014). In line with its role in governing NPC population maintenance, PTBP1 was found to 

repress inclusion of a premature stop codon-containing poison exon of Flna, which is required 

for normal cerebral cortical development (Zhang et al., 2016). Antagonising the role of PTBP1, 

RBFOX proteins have been implicated in promoting NPC-to-neuron transition by inducing a 

switch from centrosomal to non-centrosomal isoform of Ninein, in turn affecting centriolar 

dynamics (Zhang et al., 2016).  

 

RBPs have been found to participate in other aspects of neuronal differentiation as exemplified 

by Staufen2 (STAU2). A fundamental feature of NPCs is the ability to undergo asymmetric cell 

divisions in order to maintain balance between the progenitor pool and the generation of 

diverse types of progeny. STAU2 activity has been implicated to be essential for this balance 

by asymmetrically segregating in developing neural stem cells, thereby locally restricting its 

RNA cargo consisting of neuronal fate determinants (Kusek et al., 2012; Vessey et al., 2012). 

Importantly, STAU2 regulates its RNA granules in conjunction with PUM2 which translationally 

represses neurogenic mRNAs like Prox1. Accordingly, Pum2 knockdown phenocopies Stau2 

knockdown leading to unrestricted neurogenesis and depletion of the NPC pool (Vessey et al., 

2012; Zahr et al., 2018) emphasizing the role of translation during neuronal differentiation (Blair 

et al., 2017). Collectively, more RBPs have been implicated in regulating early neuronal 

development and neuronal differentiation of NPCs and were recently reviewed (Zahr et al., 

2019). 
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How critical malfunction of RBPs may turn out in neuronal development and function is 

particularly highlighted by the various pathologies associated. NOVA1/2 serve as a well-

studied example underscoring the importance of the molecular tool kit at hand to dissect RBP 

function in cellular systems and complex tissues. NOVA1/2 have been identified to be involved 

in multiple aspects of brain development, realizing brain-specific splicing events by promoting 

or inhibiting exon inclusion in a binding position-dependent manner engaging the YCAY 

sequence motif on its RNA targets (Jensen et al., 2000; Ule et al., 2006). Knockout mouse 

models underline their importance for brain development, as both result in severe neural 

pathologies and phenocopy human paraneoplastic neurologic disorders as well as defects in 

neuromuscular junction development (Jensen et al., 2000; Huang et al., 2005; Ruggiu et al., 

2009). Intriguingly, NOVA proteins were among the first ones studied at the advent of CLIP-

seq technology, allowing for establishment of a NOVA-dependent splicing regulatory network 

in context of neuronal function (Ule et al., 2005; Ule et al., 2006; Licatalosi et al., 2008). The 

effect of Nova2 knockout was initially attributed to consecutive mis-splicing of NOVA2 target 

disabled-1 (Dab1) through abnormal inclusion of exons 7b and 7c, which resulted in defects 

related to cortical neuron migration and lamination (Yano et al., 2010; Rice et al., 1998; Ayala 

et al., 2007). Later on, an advancement of the CLIP-seq technology, cTag-CLIP, allowed to 

investigate the neural cell type-specific effect of NOVA2 AS regulation and showcased how 

distinct alternative splicing outcomes for the Dab1 transcript in cortical excitatory and inhibitory 

neurons and its physiological consequences can be attributed to the activity of the same factor 

(Saito et al., 2019). Many other RBPs have been linked to neural pathologies including 

RBFOX1 (autism spectrum disorder, epilepsy), nELAVL proteins (paraneoplastic neurological 

disorders), TDP43 (amyotrophic lateral sclerosis and frontotemporal lobar degeneration), FUS 

(amyotrophic lateral sclerosis and frontotemporal lobar degeneration), MBNL1/2 (myotonic 

dystrophy), SMN1/2 (spinal muscular atrophy), ATXN2 (spinocerebellar ataxia type 2) and 

FMRP (fragile X syndrome) (Nussbacher et al., 2019).  

 

Studying RNA-binding proteins  
 

A major reason for why the roles of RBPs and PTGR in general have long been undervalued 

in context of gene expression control was the lack of appropriate experimental methods to 

systematically interrogate the molecular function of RBPs. However, with the advent of high-

throughput sequencing and mass spectrometry technologies in conjunction with a rejuvenation 

of protein-RNA crosslinking approaches, new light has been shed on how RBPs implement 

additional regulatory crossing points en route to generating gene expression output. In 



26 
 

particular, the key methods involved can be subdivided into two categories: Protein-centric and 

RNA-centric approaches. 

 

Protein-centric approaches are tailored towards identifying RNAs bound and regulated by a 

specific RBPs in order to establish a map of its global regulatory landscape. Crosslinking and 

immunoprecipitation in combination with high-throughput sequencing (CLIP-seq) has emerged 

as the gold standard in interrogating RBP-specific RNA targets. It takes advantage of 

preserving endogenous protein-RNA interactions in situ by exploiting UV crosslinking at zero-

length distance, RNA fragmentation and RBP-specific enrichment to extract RBP binding sites 

of RNA targets down to nucleotide resolution. Variations like PAR-CLIP, iCLIP and eCLIP are 

commonly applied to expand our understanding of modes governing transcriptome regulation 

(Hafner et al., 2021). 

 

RNA-centric approaches rely on the purification of specific RNA transcripts (McHugh et al., 

2015) or classes of RNAs (Baltz et al., 2012; Castello et al., 2012) in conjunction with mass 

spectrometry (MS) and aim at identifying trans-acting associated proteins with high specificity. 

With the development of the RNA interactome capture (RIC) protocol (Fig. IVA), 

comprehensive poly(A)+-RNA binding protein repertoires have been identified in diverse 

human and mouse tissue culturing systems (Baltz et al., 2012; Castello et al., 2012; Beckmann 

et al., 2015; Kwon et al., 2013; Liao et al., 2016) as well as various model organisms such as 

Saccharomyces cerevisiae (Beckmann et al., 2014), Caenorhabditis elegans (Matia-Gonzalez 

et al., 2015), Drosophila melanogaster (Wessels et al., 2016), Danio rerio (Despic et al., 2017) 

and Arabidopsis thaliana (Reichel et al., 2016). Strikingly, those repertoires were found to be 

larger than initially anticipated and harbored unconventional classes of proteins such as 

metabolic enzymes, ubiquitin ligases and others, greatly expanding the conventional class of 

RNA-binders and suggesting crosstalk between PTGR and other cellular pathways by multi-

functional RBPs (Hentze et al., 2018). Later on, global purification of RBPs was achieved 

exploiting physicochemical properties of crosslinked protein-RNA conjugates (Trendel et al., 

2019; Urdaneta et al., 2019; Queiroz et al., 2019). While providing means to capture RBPs 

interacting with non-polyadenylated RNAs, these approaches likely suffer from the cellular 

RNA biotype composition with >90% of RNAs consisting of ribosomal RNAs (rRNAs) or 

transfer RNAs (tRNAs) and only 2-3% of the total RNA being mRNAs. This imbalance might 

bias the identification of interacting RBPs towards those highly abundant classes of RNAs and  
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Figure IV: RIC enables stringent enrichment of poly(A)+-RNA-binding proteins. A) Schematic outline of the 

RIC protocol. B) Comparative RIC exploits quantification of enriched RBPs to infer dynamics of the RNA-bound 

proteome in response to external cues. 

 

provides a possible explanation as to why RNA interactomes generated with these approaches 

lack substantial fractions of RBPs formerly identified with RIC approaches specific for 

polyadenylated RNAs. A future key application for RIC lies within comparative studies as they 

expand its application to identifying RBP dynamics and in turn may provide a meaningful 

approach to identify protein regulators of RNA metabolism in response to environmental, 

developmental, infectious or pathophysiological cues (Fig. IVB). Recently, such comparative 

analyses have been successfully applied to uncover key regulators of RNA metabolism in 

Sindbis virus (SINV) and Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
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infection, the virus causing the COVID-19 pandemic (Garcia-Moreno et al., 2019; Kamel et al., 

2020).   

 

Aims of the thesis 
 

This work aims at interrogating the involvement of RBPs in cell fate transitions during mouse 

embryonic stem cell differentiation to neurons in a systematic way. RBPs are master regulators 

of RNA metabolism and critical for the implementation of flexible and adaptive PTGR. In stem 

cell differentiation, RBPs only slowly begin to take a prominent role as key players in realizing 

cell fate transitions, with a major research focus lying on transcription factors, epigenetics and 

signaling pathways. Here, we decided to apply an approach which is tailored towards 

specifically monitoring RBP activity. When RNA interactome capture is applied in a 

comparative manner, e.g. by comparing the RBP occupancy between different cellular states 

in a differentiation system, dynamics of RBP-RNA interactions can be extracted and used as 

a proxy for cell state-specific activity of RBPs. In this regard, we chose neuronal differentiation 

as a model system as neuronal cells are characterized by a mode of PTGR that is distinct from 

other cell types and well characterized. For example, prevalent alternative splicing networks 

create a neural-specific RNA transcript complexity subject to the activity of neural-specific 

RBPs in order to create the proteomic complexity necessary to shape the neuron. This 

knowledge will aid us in discriminating cell state-specific RBP activities and provides a 

resource to assess feasibility of our approach. Building onto our findings, we plan to identify 

single dynamic RBPs with yet undefined roles in stem cell differentiation as candidates for 

functional characterization of their context-specific activity. 

 

In short, the aims of this thesis are as follows: 

 

• Application of RNA interactome capture to a mESC differentiation protocol to identify RBPs 

involved in cell fate transitions 

 

• Identification of (a) candidate RBP(s) with a putative but yet unrecognized function in stem 

cell fate transition for subsequent functional characterization 
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Results 
 

1. Capturing dynamics of RBP binding activity during mESC differentiation 
 

The first section of the results will cover the application of the RNA interactome capture (RIC) 

protocol in order to determine the dynamics of the poly(A)+-RNA-bound proteome during 

mESC differentiation.  

 

1.1. The mESC-iA-V5 cell line is a fast and reproducible neuronal differentiation 
system 
 

In order to study the dynamics of RBPs during stem cell differentiation, we sought to utilize a 

cell culturing system which would provide us with a fast, scalable and reproducible framework. 

We decided to examine a mESC line with a doxycycline-inducible Ascl1 transgene which was 

generated in the laboratory of Esteban Mazzoni (New York University, USA). Ascl1 is a master 

regulator of neuronal differentiation and its expression is sufficient to generate 1N-derived 

neurons when timely expressed during ESC differentiation (Chanda et al., 2014).  Applying a 

directed differentiation protocol driving mESCs into neuronal fate within 96 hours (Fig. 1A and 

B), we are taking advantage of the well-established embryoid body differentiation approach 

(Murry and Keller, 2008; Bratt-Leal et al., 2009). In short, differentiation is initiated by seeding 

mESCs without 2i/L in a suspension growth-promoting environment where they spontaneously 

aggregate to form embryoid bodies (EBs). After 48 hours, cells have become differentiation-

competent. At this point, doxycycline is added to the culturing regime, driving expression of the 

stably introduced Ascl1 transgene. After another 48 hours, cells have terminally differentiated 

into 1N-induced premature neurons. In order to test the feasibility of this system, we devised 

RNA sequencing to gain insight into the ongoing gene expression dynamics during the 

differentiation protocol. We found that we can capture distinct cellular populations across 

mESC differentiation in an exclusively differentiation time-dependent manner (Fig. 1C and D). 

Marker gene expression profiling revealed that with the removal of 2i/L from the culturing 

regime, expression of core and ancillary pluripotency factors such as Oct4, Nanog, Sox2, Klf2, 

Klf4, Esrrb, Tfcp2l1 and Rex1 is strongly downregulated, while factors involved in exit of 

pluripotency (Dmnt3b, Otx2 and Pou3f1/Oct6) are upregulated. Importantly, with the induction 

of the neuronal master regulator Ascl1 only neuronal differentiation markers (Brn2, Myt1l and 

Tuj1) become upregulated subsequently, while Brachyury/T and Eomes, which specify all 

mesodermal and endodermal lineages (Tosic et al., 2019), are not upregulated (Fig. 1E). Of 
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note, we do not find myogenic program pioneering factors (Myod1, Myog, Myf4, data not 

shown) to be upregulated at this point of Ascl1-induced neuronal differentiation which is in 
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Figure 1: Characterization of the mESC-iAv5 differentiation protocol. A) Schematic overview of mESC iA-V5 

directed differentiation. B) Morphology of mESCs (0h) and iNs aggregated as EBs 2 days after induction of Ascl1 

expression (96h). C) Differentiation timeline with sample time points indicated at 0h (1), 48h (2), 60h (3), 72h (4) 

and 96h (5). D) PCA analysis of RNA sequencing data of samples indicated in C). For the analysis, only the top500 

varying genes were considered. E) log2 fold changes (FC) of marker genes specific to pluripotency (red), dissolution 

(blue), neuronal differentiation (yellow) and other lineages (black) across samples indicated in C). 

 

agreement with earlier reports (Treutlein et al., 2016), but we observe upregulation of marker 

genes Pax3 and Pax7 which contribute to both the neural and myogenic fate specification 

(data not shown). We concluded that the mESC-iA-V5 differentiation system is suitable for 

studying the dynamics of RBPs in stem cell differentiation to neurons. 

 

1.2. RIC captures RNA-protein interactions during mESC differetiation to 
neurons 
 

RNA interactome capture (RIC) combines UV crosslinking of protein-RNA complexes with 

poly(A)+-RNA enrichment and mass spectrometry. If applied in combination with external 

stimulation (e.g. virus infection: Garcia-Moreno et al., 2019; Kamel et al., 2020) or to cells 

undergoing fate transitions, the resulting differences in protein capture reflect the dynamics of 

RBP binding activity. In order to capture the dynamics of protein-RNA interactions during 

mESC differentiation, we initially decided to include five different time points representing key 

progression stages: (1) pluripotent mESCs (0 hours), (2) differentiation-competent cells after 

dissolution of pluripotency (48 hours), (3) early stage neuronal differentiation at which ASCL1 

induction is detectable on the protein level (60 hours), (4) mid stage neuronal differentiation at 

which neuronal differentiation markers are upregulated (72 hours) and (5) late stage neuronal 

differentiation at which cells express most neuronal markers (96 hours) (Fig. 2A and B). Initial 

pilot experiments confirmed that RIC readily captures a subset of proteins different from the 

whole cell proteome across mESC differentiation (Fig. 2C). The differentiation protocol was 

performed three times in order to produce triplicates for every sampled time point. All samples 

were divided in order to perform RNA sequencing (see section 1.1), whole cell proteomics and 

RIC (Fig. 2B). Combining all five samples in triplicates, we identified a total of 937 protein hits 

with RIC in combination with LC-MS/MS and label-free-quantification (LFQ) when only 

including those protein hits which were identified in two out of three biological replicates in at 

least 1 out of 5 samples. Of note, more than 50% of all identified protein hits were detected in 

all 15 samples (Fig. 2D). We reasoned that proteins not identified in all 5 samples are still 

relevant to our experiment, as they are likely not detected due low signal which in turn might 
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indicate RNA-binding activity below the lower detection threshold. To test our hypothesis, we 

compared the LFQ intensities of protein hits identified with and without missing values. Indeed, 

we find that protein hits with missing values exhibit a left-censored nature compared to those 

without missing values (Fig. 2E), implicating that those values in general are missing not at 

random (MNAR). 
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Figure 2: RNA interactome capture successfully captures RNA-binding proteins during mESC 
differentiation. A) Differentiation timeline with sample time points indicated. B) Processing overview for samples 

indicated in A). Samples were UV crosslinked after metabolic labeling with 4-thiouridine (4sU) in order to generate 

RIC data or untreated for whole cell lysate (WCL) proteomics. C) SDS-PAGE silver staining of input (left) and 

oligo(dT)-enriched (right) samples harvested at 0 h, 48 h and 96 h during mESC differentiation. D) Distribution of 

protein hits identified in RIC over the number of samples. E) Separation of protein hits with and without missing 

values across all 15 samples reveals left-censored nature of missing values. F) Overlap of proteins identified with 

RIC during mESC differentiation with previous datasets generated in mESCs, human cell lines, the human RBP 

census and proteins annotated as “RNA-binding” in the Gene Ontology database (www.geneontology.org, as of 

October 2020). 

 

Also termed as “nonignorable nonresponsive” hits, we aimed to include those protein hits in 

downstream statistical analysis and chose to impute missing values using an imputation 

approach tailored for values missing not at random with a left-censored nature.  Next, we 

sought to validate if our list of identified proteins is enriched for proteins which have been 

previously annotated as “RNA-binding”.  After collapsing multiple hits for those proteins 

encoded by the same gene due to alternate identification of protein isoforms (CNBP, CPEB2, 

DHX9, FMRP, FUBP3, FXR, HNRNPA, HNRNPC, HNRNPK, HNRNPL, OTUD4, PCBP2, 

PUM1, SERBP1, SON, TIA1, TIAL1, UBAP2L, YBX3), a total of 917 proteins were utilized for 

comparing our data with previously published datasets using the same or altered RIC protocols 

(Kwon et al., 2013; Castello et al., 2012; Baltz et al., 2012; Beckmann et al., 2014), the human 

RBP census (Gerstberger et al., 2014) or the combined set of proteins annotated as “RNA-

binding” (GO:0003723, as of October 2020) (Fig. 2F).  All four comparisons reveal that our 

dataset overlaps well, capturing about 80% of all proteins identified in the mESC dataset (Kwon 

et al., 2013) while 70-85% of protein hits in our dataset can be found in the human RNA 

interactome, the human RBP census and the GO annotation “RNA-binding”. We concluded 

that we successfully enriched RBPs during mESC differentiation to neurons.  

 

1.3. RIC reveals global dynamics of RNA-protein interactions of hundreds of 
RBPs during mESC differentiation to neurons  
 

Next, we wanted to extract the underlying dynamics of RNA-protein interactions during mESC 

differentiation, hypothesizing that dynamic RBPs exert functions which are specific for the cell 

state at which they show significantly higher binding as compared to the residual differentiation 

process. Therefore, we used the original 937 identified protein hits with imputed values and 

performed an analysis of variance (ANOVA) using a false discovery rate (FDR) of 5% as 

truncation threshold in order to identify significantly dynamic proteins within the population of 

http://www.geneontology.org/
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identified protein hits. We find that 280 out of 937 identified protein hits (30%) show significantly 

dynamic binding to oligo(dT)-enriched RNA and confirmed our findings applying a Post-hoc 

Tukey’s HSD test. In order to understand the underlying nature of the dynamics captured in 

our experiment, we applied k-means clustering of significantly dynamic protein hits with a 

threshold of 10 clusters after interrogating the variance explained by the number of clusters 

using the “elbow method” (Fig. 3).  

 

 

Figure 3: Global dynamics of RBPs during mESC neuronal differentiation. The heatmap (top) shows the 

scaled and centered log2-transformed LFQ intensities (z-score) of 280 (out of 937) significantly dynamic protein 

hits. Clusters were generated with the k-means method and plotted as violin plots (bottom).  

 

Resulting clusters were subdivided into 3 groups related to (1) mixed association with high 

binding activity in pluripotency, (2) dissolution of pluripotency/differentiation and (3) neuronal 

differentiation and function. We inspected all clusters for candidate protein hits with associated 

functions which would explain their categorization into their respective group and find that 

RBPs in general have been clustered into clusters/groups in accordance to their annotated 

function in pluripotency or neuronal differentiation, if available. For example, TDP43, a 

ubiquitously expressed RBP with well-studied involvement in proteinopathy-related neural 

pathologies like amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (Nussbacher 
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et al., 2019) but also stem cell maintenance (Modic et al., 2019), has been identified with 

increased binding activity to polyadenylated RNAs in mESCs and neurons while intermediate 

binding is reduced (group 1, cluster B). ESRP1 and DAZL (group 2, clusters F+G) both take 

prominent roles in restricting pluripotency and promoting differentiation (Fagoonee et al., 2013; 

Chen et al., 2014). In agreement with these functions, we observe increased binding activity 

in differentiating stem cells. The fragile x mental retardation protein FMR1 (FMRP, group 3, 

cluster I), which is most commonly found in neural tissues and is essential for normal cognitive 

development (Richter and Zhao, 2021), was identified with increased RNA binding activity 

specific for neuronal cells. 

 

Taken together, RIC successfully captured global dynamics of RBP binding activity across 

mESC differentiation to neurons. Dynamic profiles extracted from the global dataset are 

diverse and include protein hits with functions related to lineage-specific activity.  

 

1.4 Dynamics in RBP activity reveal proteins associated with pluripotency and 
differentiation 
 

Dynamics of the RNA-bound proteome allow to investigate how groups of RBPs may shape 

underlying cellular programs. Our mESC differentiation protocol can be subdivided into two 

distinct programs: 1. pluripotency and its dissolution and 2. neuronal differentiation. In order to 

explore dynamics of RBP activity that are meaningful, we decided to treat both cellular 

programs separately for the remainder of the analysis. Moreover, we settled with including only 

those protein hits into separate categories which were found to be significantly dynamic after 

multiple sample testing, show significant differences for the sample pair analyzed and adopt a 

log2-transformed fold change greater than 0.5. First, we aimed to identify protein hits which 

show differential RNA-binding during the dissolution of pluripotency. Our dataset covers only 

two different samples covering the dissolution of pluripotency (0h, 48h). Hence, while the 

resolution for this cellular program is low, we are able to assign RBPs which can be associated 

with either pluripotency or differentiation competency. Remarkably, we find 40 protein hits in 

our dataset which can be robustly associated with pluripotency (Fig. 4A). Among these, RBM10 

has been identified earlier as a regulator of alternative splicing events and its knockout in 

mESCs coincided with severe proliferation defects and alterations in differentiation potential 

(Rodor et al., 2016). Snw1 knockdown in mESC resulted in downregulation of several 

pluripotency-related transcription factor genes including Oct4, Sox2 and Nanog (Su et al., 

2019). Phf3 knockout in mESCs has recently been linked to de-repression of neuronal lineage 
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genes (Appel et al., 2020). RBM47 has previously been associated with AS events 

characteristic for mESCs and mouse iPSCs (Cieply et al., 2016). Naturally, not all protein hits 

are in agreement with earlier findings. DIDO1 has been associated with ESC differentiation by 

taking a central role in both downregulation of stemness gene transcription and active 

degradation of OCT4 protein and found to be expressed, but repressed in mESC and 

upregulated in differentiating embryoid bodies (Fuetterer et al., 2017). Many other protein hits 

with an increased binding activity in mESCs like anti-viral ZC3HAV1 (strongest fold change) or 

LRRC59 have not yet been associated with a role in early development or mESC biology. 

Similarly, we explored protein hits which are associated with the dissolution of pluripotency. In 

total, a group of 103 protein hits shows a significantly increased RNA-binding activity with many 

candidates having annotated function in pluripotency dissolution (Fig. 4B). ESRP1, which 

shows the strongest log2 fold increase, has been described earlier as a pro-differentiation 

factor (Fagoonee et al., 2013; Cieply et al., 2016) as well as SMG6 (Li et al., 2015), EIF4A2 

(Galimberti et al., 2020), PUM1 (Leeb et al., Cell Stem Cell, 2014) and EIF4G2 (Yamanaka et 

al., 2000; Sugiyama et al., 2016). Both LIN28A and LIN28B have been found to have a strongly 

increased binding activity upon exit of pluripotency despite being well-established pro-

pluripotency factors (Hagan et al., 2009) which provides further evidence for a let-7-uncoupled 

activity in dissolution of pluripotency implicated earlier (Parisi et al., 2016; Modic et al., 2021). 

 

 

Figure 4: Dynamic RBPs with increased or decreased RNA-binding activity in pluripotency. A) Line plots of 

log2 fold changes of LFQ intensities between pluripotent (0h) and differentiation-competent (48h) stem cells for 

RBPs with increased RNA-binding during maintenance of pluripotency. B) Same as A) but for RBPs with increased 

RNA-binding during dissolution of pluripotency.   
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Collectively, we find that dynamics in binding activity captured with RIC reflect context-specific 

involvement RBPs in progressing loss of pluripotency and early differentiation. While we were 

able to extract protein hits associated with the pluripotent cell state, only a small fraction of 

these has been previously annotated with a context-related function. At the same time, RBPs 

like TRIM71, SRSF2 and 3, DDX6, RBFOX2, PUS7 or FIP1 which are well established for their 

roles as pro-pluripotency factors do not show elaborate nor significant binding dynamics during 

the dissolution of pluripotency. 

 

1.5 Dynamic RIC profiles allow temporal analysis of the ASCL1-induced cellular 
program 
 

Next, we focused on the neuronal differentiation program. Our dataset comprises 4 different 

samples en route of neuronal differentiation starting with the induction of pro-neuronal 

pioneering factor ASCL1. This provides sufficient temporal resolution of the process to explore 

kinetics of RBP activity which can be informative for protein function. In order to extract kinetics 

of the underlying dynamics, we decided to perform a three-way analysis of RBP binding 

dynamics applying the same set of rules as specified in section 1.4. We chose to incorporate 

samples collected before ASCL1 induction (time point in mESC differentiation protocol: 48h), 

1 day (72h) and 2 days (96h) post-induction of ASCL1. Our analysis distinguishes a total of 

eight different RBP activity kinetic profiles (Fig. 5). In total, 102 out of 280 protein hits originally 

found to be significantly dynamic in our RIC dataset passed the filtering. First, focusing on 

those proteins that show increased binding activity throughout neuronal differentiation (groups 

2, 3 and 5), we find that RIC recapitulates many previously annotated neural RBPs such as 

NOVA1 and 2 (Huang et al., 2005; Ruggiu et al., 2009), STAU1 (Vessey et al., 2008), CPEB3 

and 4 (Pavlopoulos et al., 2011; Shin et al., 2016), ELAVL2 – 4 (Ince-Dunn et al., 2012), CELF2 

and 3 (Gallo and Spicket, 2010), PTBP2 (Boutz et al., 2007), SRRM4 (Calarco et al., 2009) 

and others. Concomitantly, we find novel candidates for transcriptome regulation during 

neuronal differentiation with yet to be determined functions such as PEG10, NXF7, ZSWIM8 

and RBMS1. Next, we focused on protein hits which hold decreased RNA-binding activity as 

a consequence of inducing the neuronal program (groups 4, 6 and 7).  Amongst them, we find 

DAZL (Chen et al., 2014) and ALG13 (Genolet et al., 2021) which have been associated with 

early mESC differentiation. Other proteins with decreased RNA-binding during neuronal 

differentiation include RBMXL2 (Ehrmann et al., 2019) and RBPMS2 (Notarnicola et al., 2012; 

Nakagaki-Silva et al., 2019) which are associated with lineage programs other than neuronal 

differentiation. Groups 1 and 8 provide more complex kinetics with proteins either showing 

increase or decrease in RNA binding activity specific for the intermediate phase of neuronal 

differentiation (72 h), which might point to phase-specific activity. 
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In summary, kinetics of RBP activity during cellular programs hold the potential to unravel 

dynamics of different groups of RBPs. Here, we show that RIC successfully captured many 

neural RBPs during neuronal differentiation with overall increasing RNA-binding activity. 

 

 

Figure 5: Kinetics of RNA-binding dynamics during neuronal differentiation. Dynamics as a function of log2 

fold changes between 2 pairs (x: 72h vs 48h; y: 96h vs 72h) of samples are plotted against each other and grouped 

prior to filtering protein hits (center). Distinct kinetics for filtered and grouped proteins are presented as line plots 

(groups 1.-8.). 
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1.6 Abundance of RBPs does not explain all dynamics of RNA binding activity 
during mESC differentiation 
 

Presence of individual RBPs is a prerequisite to exhibit RNA-binding activity, but if RBP 

abundance directly dictates RNA-binding activity remains elusive. We addressed this question 

by directly comparing RBP abundance and binding activity in our proteomic data sets. As we 

were interested in within-gene dynamics across groups rather than across-gene dynamics 

within groups, we argued that examining correlations of fold changes between datasets 

provide a more intuitive proxy for what fraction of changes observed in RNA-binding activity 

can be explained by dynamics in RBP abundance. Therefore, we intersected RIC and whole 

cell lysate (WCL) proteomics datasets in order to retain only those protein hits identified with 

RIC which were passing the filtering and processing procedure in our proteomics dataset. Out 

of 937 original hits in the RIC dataset, we retained 859 hits after intersection with the WCL 

proteomics dataset. We examined all possible pairings of log2 fold changes within the time-

series and calculated both Pearson and Spearman’s rank correlation statistics for each 

comparison. We reasoned that this choice will provide a more robust interpretation of our data 

as the nature of its distribution is ambiguous. While both datasets are represented by a normal 

distribution prior to imputation, imputation of left-censored missing values results a bimodal 

distribution in both datasets. Pairwise comparisons of all samples within the assayed time-

series reveal that correlation between RNA-binding activity and RBP abundance range from 

weak to strong degrees (Fig. 6). Intriguingly, we find that the temporal component across all 

pairwise comparisons is a determinant of the degree of correlation. Two samples which are 

proximal on the differentiation timeline and more similar (Fig. 6, pairwise comparisons 

indicated with red asterisk) in general show a weak-to-moderate degree of correlation, while 

two samples which are distal on the differentiation timeline and more dissimilar (Fig. 6, all 

pairwise comparisons without asterisk) show a moderate-to-high degree of correlation. 

Pearson and Spearman’s rank correlation coefficients are in good agreement across all 

pairwise comparisons. Next, we addressed the question if imputation itself is a confounding 

technical factor in the association of RBP binding activity and RBP abundance. Thus, we 

revisited our intersected dataset and filtered for only those protein hits which have no missing 

values in both datasets leaving us with 520 out of 937 original protein hits in our RIC dataset. 

Notably, imputation of missing values had a minimal effect on the correlation between RNA-

binding activity and RBP abundance with a maximum observed absolute difference of 0.1 and 

virtually no impact on the global association of both observed variables in any given pairwise 

comparison (data not shown). 
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Figure 6: Correlations between dynamics of RNA-binding activity and RBP abundance vary greatly during 
mESC differentiation to neurons. Log2 fold changes of RIC and WCL proteome data between two sample time 

points are used for pairwise comparisons including all collected samples during mESC differentiation to neurons 

and shown as scatter plots. 

 

Here, we conclude that the degree of correlation between the dynamics of RNA binding activity 

and RBP abundance varies greatly. A potential factor influencing the degree of correlation is 

the time-dependent relation of two biological samples on the differentiation timeline. As 

samples which are closer by identity tend to exhibit changes in RNA-binding activity which 

could not be matched with similar changes in protein abundance, the subsequent lack in 
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correlation indicates that protein abundance is not the sole and major contributor to the 

underlying dynamics of RNA-binding activity. 

 

1.7 Dissolution of pluripotency is characterized by highly dynamic activities of 
RBPs 
 

We showed that RIC can be readily applied to capture dynamics of RNA-binding activity in 

distinct phases of altering cellular programs and distinct cellular states. Dissolution of 

pluripotency is characterized by intricate rewiring of the transcriptional landscape in response 

to altering signaling pathways. PTGR is highly flexible in adapting to these changing cues, 

providing additional leverage to the phase transition. We hypothesized that RBPs as master 

regulators of post-transcriptional regulation should be highly dynamic during pluripotency 

phase transition and revisited our experimental RIC setup. We chose to assay samples at 

several time points during the dissolution of pluripotency in our mESC differentiation protocol 

(0h, 12h, 24h and 48h) (Fig. 7A).  

 

Figure 7: Characterization of samples collected during loss of pluripotency based on marker gene 
expression. A) Differentiation timeline with sample time points for both RIC #1 and adjusted RIC #2 experiments 

indicated. B) PCA analysis of RNA sequencing data of samples indicated in A) for RIC #2. For the analysis, only 

the top500 varying genes were considered. C) Heatmap of scaled and centered count-based expression values (z-

score) of marker genes for pluripotency and early differentiation of samples indicated in A) for RIC #2. 

 

First, we explored RNA sequencing data generated from samples collected alongside the 

proteomic samples. PCA analysis of the top 500 varying genes reveals that samples generally 

clustered well according to the time points at which they were collected (Fig. 7B). One replicate 

shows asynchronous progression along the time-dependent trajectory for samples collected 
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at 12 and 48 hours, but we decided to incorporate the samples. Analysis of pluripotency- and 

differentiation-associated marker genes confirmed that the chosen time points capture the 

dissolution of pluripotency (Fig. 7C).   

 

Next, we analyzed the related RIC data following the same procedure of data processing and 

quality control as described in sections 1.2-1.3. In total, we identify 1019 protein hits of which 

more than 60% have been identified in all samples and replicates (data not shown). We could 

confirm that the nature of missing values in our data corresponds to the same left-censored 

nature as before (data not shown). Importantly, proteins identified in both RIC datasets overlap 

well (Fig. 8A). Before proceeding to interrogate the underlying dynamics during dissolution of 

pluripotency more in-depth, we asked if the dynamics between 0h and 48h samples extracted 

from the first dataset could be recapitulated.  Indeed, differences in LFQ intensities between 

0h and 48h samples correlate well (ρ=0.61, R=0.53; Fig. 8B), but we find that restricting this 

analysis to protein hits without imputed values further improves the relationship between both 

datasets (ρ=0.76, R=0.73; Fig. 8C).  

 

 

Figure 8: RIC dataset #2 recapitulates findings from RIC dataset #1. A) Venn diagram showing the overlap of 

identified protein hits which passed all processing and filtering procedures between both RIC datasets. B) Scatter 

plot of log2-transformed fold changes of samples collected and 0h and 48h on the mESC differentiation timeline for 

both datasets. Protein hits shown entail all overlapping protein hits. C) As in B), but restricted to non-imputed protein 

hits only. 

 

Finally, we extracted underlying dynamics of RBPs during dissolution of pluripotency. After 

multiple sample testing, we found 412 out of 1019 protein hits to be dynamic (40%, Fig. 9). K-

means clustering reveals the majority of observed dynamics (clusters B, C, E, F - 239 out of 

412 dynamic RBPs) encompass protein hits which are highly but transiently dynamic during 
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dissolution of pluripotency and would be missed if only considering endpoint samples (0h, 

48h). More so, most of the underlying dynamics are directed within the first 12 hours after 

removal of pluripotency-maintaining supplements from the culturing regime. We wondered if 

RBPs previously assigned with a role in pluripotency fall into that category. Indeed, RIC 

uncovered SRSF2, SRSF3 and TRIM71 to fall into clusters 6 and 7 assuming transiently 

increased RNA-binding activity during early dissolution of pluripotency. Conversely, DDX6 is 

grouped to cluster 5 with transiently decreased RNA-binding activity. Interestingly, PUM1, a 

key regulator in downregulation of pluripotency-associated transcripts and temporal 

progression of loss of pluripotency (Leeb et al., 2014), was found with elevated RNA binding 

activity in differentiation-competent stem cells (48h) in our first dataset (see section 1.4 and 

Fig. 4B). Our second dataset recapitulates this observation, but the higher temporal resolution 

reveals increased PUM1 activity in samples collected at intermediate time points (12h, 24h). 

This observation is in line with previous findings that the effect of PUM1 knockout in 

differentiating stem cells surfaces between 24 and 48 hours after removal of pluripotency-

maintaining factors from the culturing regime.  

 

 

Figure 9: Global dynamics of RBPs during dissolution of pluripotency. The heatmap (top) shows the scaled 

and centered log2-transformed LFQ intensities (z-score) of 412 (out of 1019) significantly dynamic protein hits. 

Clusters were generated with the k-means method and plotted as violin plots (bottom). 

 

In summary, RIC succeeds in discriminating differences in the RNA-bound proteome at high 

resolution in altering cellular programs of closely related cell populations and uncovers 

profound overall dynamics – both of transient and directed nature.  
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1.8 RBP binding kinetics during dissolution of pluripotency  
 

Transiently elevated and lowered RNA-binding activities showcase the potential of the 3-way 

analysis introduced in section 1.5. We revisited the approach, finding that the overall nature of 

RNA-binding activity as described in section 1.7 results in global anti-correlation when 

comparing early and late dynamics of RBPs (Fig. 10, ρ = -0.54, R = -0.57).  

 

 

Figure 10: Kinetics of RNA-binding dynamics during dissolution of pluripotency. Dynamics as a function of 

log2 fold changes between 2 pairs (x: 24h vs 0h; y: 48h vs 24h) of samples are plotted against each other other 
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and grouped prior to filtering protein hits (center). Distinct kinetics for filtered and grouped proteins are presented 

as line plots (groups 1.-8.). 

 

More so, the difference in absolute numbers of protein hits found for the respective RNA-

binding activity kinetics further pinpoints the transient nature of basal dynamics during loss of 

pluripotency. In total, only 18 proteins show steadily increasing or decreasing RNA binding 

activity throughout differentiation, while 142 proteins exhibit transiently elevated or lowered 

RNA binding activity.  Importantly, we reproduced global RNA binding dynamics of many RBPs 

including LRRC59 (group 1: early decrease, late increase), HNRNPH3, SON (group 2: late 

increase), ESRP1, LIN28A, ZCCHC3, EIF4A2 (group 3: steady increase), SCAF11 (group 4: 

early decrease), HELZ2, L1TD1, RBM4, ZCCHC6 (group 5: early increase), RBM47, 

ZC3HAV1 (group 7: late decrease), SMG6, CNBP and PUM1 (group 8: early increase, late 

decrease, higher binding at 48h as compared to 0h) as identified in our first RIC dataset. 

Overall, RIC captures dynamics of RNA-binding activity in a highly reproducible fashion and 

enables time-resolved analysis of dynamics at high resolution. 

 

1.9 Protein abundance is not a major contributor to RNA-binding dynamics 
during dissolution of pluripotency 
 

Previously, we observed that the contribution of protein abundance to RBP binding dynamics 

may vary greatly and that more dissimilar biological samples show a more pronounced 

correlation (section 1.6). Hence, we hypothesized that samples included in this dataset should 

exhibit a low overall degree of correlation between RNA-binding activity dynamics and changes 

in protein abundance. Indeed, we find that all pairwise comparisons display a low degree of 

correlation (Fig. 11). Again, overall relationship between dynamics of RBP binding activity and 

protein abundance improves when compared samples are temporally further apart from each 

other on the differentiation timeline. Hence, our observations unequivocally implicate that RBP 

abundance is not a major determinant of RNA-binding dynamics during dissolution of 

pluripotency. 
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Figure 11: Dynamics of RNA-binding activity and RBP abundance show weak correlations during loss of 
pluripotency. Log2 fold changes of RIC and WCL proteome data between two sample time points are used for 

pairwise comparisons including all collected samples during mESC dissolution of pluripotency and shown as scatter 

plots. 

 

2. Functional characterization of the role of ZAP in mESC biology  
 

The second part of the results will focus on the functional characterization of ZAP (ZC3HAV1) 

in context of stem cell biology. We applied system-wide approaches like PAR-CLIP and 

SLAMseq to uncover how RNA targets are regulated by ZAP and utilized a mESC reporter cell 

line to monitor the impact of ZAP knockout on maintenance and dissolution of pluripotency.  

 

2.1 ZAP is an RBP candidate for a function in mESC biology 
 

By monitoring the dynamics of RNA-binding activity throughout mESC differentiation, we were 

able to recapitulate previously established context-specific activities of RBPs. More 
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importantly, we found plenty of candidates with context-specific activity which have not yet 

been addressed. One of these candidates is ZAP. ZAP is a protein well-studied for its antiviral 

activity during infection with murine leukemia virus (Gao et al., 2002), Sindbis virus (Bick et al., 

2003), Hepatitis B virus (Mao et al., 2013), Ebola virus, Marburg virus (Mueller et al., 2007) 

and human immunodeficiency virus (Zhu et al., 2011). Moreover, ZAP inhibits retro-elements 

(Moldovan and Moran, 2015; Goodier et al., 2015). Our RIC data uncovered a high specificity 

for ZAP binding activity during pluripotency. In our dataset covering the entire differentiation 

from stem cells to neuronal cells, ZAP is specifically upregulated and shows high binding 

activity during pluripotency (Fig. 12A), which is well recapitulated in our dataset spanning the 

dissolution of pluripotency only (Fig 12B). Strikingly, ZAP is amongst the proteins with the 

strongest downregulation during exit of pluripotency. So far, a putative involvement of ZAP in 

early developmental processes has not yet been addressed.  

 

 

Figure 12: Dynamics of ZAP during dissolution of pluripotency and neuronal differentiation. A) Dynamics of 

ZAP during mESC neuronal differentiation as captured for datasets from section 1.1-1.6. Shown are ZAP dynamics 

on the level of RNA abundance (left), protein abundance (middle) and RNA-binding activity (right). Values are log2 
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normalized read counts (left) or LFQs (middle, right) centered to the first sample of the time series (0h). Whiskers 

indicate sample-derived standard deviation of triplicates (n=3). B) As in A), but displaying the dynamics as captured 

for datasets from section 1.7-1.9. 

 

2.2 Generation of stable ZAP mESC lines 
 

In order to interrogate the role of ZAP in mESC biology, we generated several stable cell lines 

for downstream experimentation. First, we used the CRISPR/Cas9 system to introduce the 

3xFLAG biochemical tag at the N-terminus of the Zap open reading frame right after the start 

codon in both the mESC iA-V5 line and the parental mESC A17 line. ZAP is known to be 

expressed as two major 2 isoforms (often referred to as ZAP-S (short isoform) and ZAP-L (long 

isoform)) with alternative C-terminal ends and we reasoned that C-terminal biochemical 

tagging would abrogate the localization properties of the encoded CAAX motif in the long 

isoform (Fig. 13A). Single-cell clones were tested with a locus-specific PCR strategy for both 

the sequence surrounding the insertion site as well as a 3xFLAG tag sequence dependent 

amplification (Fig.13B and C). Selected clones were expanded and validated with Western 

Blotting (Fig. 13D) and Sanger sequencing. Next, we generated doxycycline-inducible Cas9 

expression cell lines for both the mESC A17 3xFLAG-ZAP line and a Rex1::GFPd2 (RGd2) 

mESC reporter cell line. For that purpose, we utilized the PiggyBac transposon system which 

allows stable integration of gene expression cassettes flanked by inverted terminal repeat 

(ITR) sequences at chromosomal TTAA sites. Here, we used an all-in-one approach for the 

simultaneous transfer of a conditional Cas9-mCherry fusion construct under a doxycycline-

inducible promoter and a constitutively expressed construct of Tet-On 3G transactivator protein 

and aminoglycoside phosphotransferase protein which confers hygromycin resistance 

separated by a 2A self-cleaving peptide sequence. After 4 days of hygromycin selection, both 

iCas9 mESC lines were enriched for those cells without background expression of Cas9 based 

on the detection of the mCherry fusion construct using FACS and their Cas9 induction capacity 

further validated by Western Blot (Fig.13E). Lastly, we transduced stable iCas9 mESC lines 

with lentiviruses carrying constructs for constitutive expression of sgRNAs targeting the Sox2, 

Pum1 (RGd2-iCas9 mESC) and Zc3hav1 (RGd2-iCas9 and A17-3xFLAG-ZAP-iCas9 mESCs) 

genes and a zeocin resistance gene for inducible knockout. Therefore, we titrated lentiviruses 

in order to achieve a transduction efficiency aiming at a maximum of 1 insertion per cell 

(corresponding to a multiplicity of infection (MOI) of ~0.3). Lentivirus-infected cells were 

supplemented with doxycycline for 3 days followed by zeocin selection for 4 days. Finally, we 

picked single-cell clones and validated successful knockout via Western Blot (A17-3xFLAG-

ZAP mESCs, Fig. 13F) or Sanger sequencing (RGd2 mESCs, Fig. 13G). Our RGd2-ZAP-KO 

mESC line shows a homozygous 5 nucleotide deletion within the second encoded zinc finger 
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in exon 2 (Fig.  13G), while the RGd2-PUM1-KO mESC line carries a homozygous 7 nucleotide 

deletion within exon 4 (data not shown). Both deletions result in a frameshift of the respective 

ORFs and subsequent early stop codons, rendering both genes non-functional. 

 

 

Figure 13: Overview about stable mESC lines generated for functional characterization of ZAP. A) Protein 

scaffold of large (ZAP-L) and short (ZAP-S) isoforms of ZAP. CCCH zinc fingers (green), WWE domain (orange) 

and inactive PARP domain (blue) are functional protein domains. B) Schematic overview of 3xFLAG sequence 

knock-in at the N-terminus of the Zap gene locus. C) Exemplary agarose gel of PCR assay to discriminate 
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heterozygous and homozygous clones for 3xFLAG sequence knock-in. Shown are clones without (wt/wt), 

heterozygous (wt/FL) and homozygous (FL/FL) knock-in of the 3xFLAG tag sequence (wt – wildtype; FL – FLAG). 

Each clone was tested with a locus-spanning (L) and a 3xFLAG tag/locus-specific (F) PCR reaction. D) Western 

Blot of 3xFLAG-ZAP iA-V5 mESCs. E) Western Blot of A17-3xFLAG-ZAP-iCas9 mESCs to test specific induction 

of Cas9 upon DOX treatment. F) Western Blot of A17-3xFLAG-ZAP-iCas9 mESCs and monoclonal Zap knockout 

lines generated thereof. G) Chromatograms of Sanger sequenced RGd2 wt and ZAP-KO lines aligned to exon2 of 

the Zap gene locus. 

 

2.3 Validation of ZAP-RNA-binding during mESC differentiation 
 

We utilized our 3xFLAG-ZAP iA-V5 mESCs to validate the data presented in section 2.1 in an 

independent experiment, but restricted the number of samples (0h, 48h, 96h). Our validation 

using Western Blotting confirms that ZAP binding to polyadenylated RNA is highest during 

pluripotency (Fig. 14). Alongside, we validated the dynamic binding of SNRPD2 which we 

found to produce a higher overall signal in the MS dataset in order to control for potential 

sample-related biases. We successfully recapitulated SNRPD2 binding dynamics in this 

independent experiment (Fig. 14), but indeed found a minor signal bias in the 96h sample 

which we confirmed by silver-stained SDS-PAGE (data not shown). 

 

 

Figure 14: Validation of ZAP and SNRPD2 poly(A)+-RNA binding with an independent RIC experiment. 
Shown are Western Blot results for samples collected at 0h, 48h, 96h (top) and the corresponding RIC data (bottom, 

RIC experiment #1) as log2 LFQ values.  
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2.4 ZAP is localized in the cytoplasm and to membrane compartments in 
mESCs 
 

Both isoforms of ZAP, ZAP-S and ZAP-L, differ in their C-terminal end with ZAP-L harboring 

an inactive PARP domain. Of importance, ZAP-L contains an encoded CAAX motif which is 

recognized by the prenylation machinery to introduce a lipid group by adding a covalent S-

farnesyl modification at its cysteine residue (Charron et al., 2013). S-Farnesylation has a direct 

impact on membrane targeting and subcellular localization of proteins. Previous studies found 

ZAP to be localized to both the cytoplasm and membrane compartments with the long isoform 

showing a high propensity to be targeted to membranes while the short isoform, in contrast, 

was mostly found to be diffusely localized in the cytoplasm (Charron et al., 2013; Schwerk et 

al., 2019). Notably, ZAP was reported to be a target for XPO1-dependent nuclear-cytoplasmic 

shuttling (Liu et al., 2004). Knowledge about the subcellular localization of ZAP is an important 

building block in order to be understand its putative function in mESCs as distinct localization 

may restrict access to RNA target pools. Here, we applied a biochemical cell fractionation 

protocol to clarify how ZAP is distributed in mESCs. We find that ZAP is both present in the 

cytoplasmic and the membrane compartment but barely detected in the nucleus (Fig. 15).  

 

 

Figure 15: ZAP protein localization in mESCs is predominant in the cytoplasm and membrane 
compartments. Western Blot of 3xFLAG ZAP and control proteins after biochemical fractionation of mESC cellular 

compartments. Labels denote total cell lysate (T), cytoplasmic fraction (C), membrane fraction (M) and nuclear 

fraction (N). 

 

Opposite to earlier publications, we do not find subcellular localization of the short and the long 

isoform to be distinct. In order to control if the biochemical separation was successful, we 

included specific controls for the cytoplasmic (TUBB), membrane (BCAP31) and nuclear (H3) 

fractions. Our controls confirmed that the separation was successful. In summary, we identify 
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ZAP to be localized to both the cytoplasm and cellular membrane compartments but did not 

identify distinct subcellular localizations between its short and long isoform.  

 

2.5 ZAP binds thousands of RNAs of different classes in mESCs 
 

Despite its prevalent role in repressing viral RNAs, ZAP was previously found to bind cellular 

RNAs during (Takata et al., 2017; Schwerk et al., 2019), but most notably in the absence of 

infection (Todorova et al., 2014), taking a prominent role in sensitizing cells for TRAIL-mediated 

apoptosis. Moreover, ZAP was repeatedly shown to act as an inhibitor of retrotransposition by 

limiting LINE-1 activity (Goodier et al., 2015; Moldovan and Moran, 2015). Together, these 

studies provide evidence for ZAP activity unrelated to virus infection. In order to understand 

how ZAP might impact the transcriptome in stem cells, it is crucial to identify its RNA targets 

and to characterize its mode of RNA-binding. Therefore, we applied PAR-CLIP using an iA-V5 

mESC line with a 3xFLAG biochemical tag knock-in at the N-terminus (see section 2.2). In 

short, nascent RNA in mESCs was metabolically labeled with 4-thiouridine (4sU) and direct 

protein-RNA interactions were covalently stabilized in situ by UV crosslinking. Immunopurified 

protein-RNA adducts were ligated with a 3’ adapter harbouring an infrared-excitable dye 

(Zarnegar et al., 2016), separated by gel electrophoresis and blotted (Fig. 16A). For the first 

part of the protocol, we decided to process a sample of the parental iA-V5 mESC line alongside 

to exclude purification of background products. Extracted ZAP-bound RNA fragments were 

subjected to cDNA library preparation and small RNA sequencing.  

 

A key feature of the PAR-CLIP protocol is the generation of T-C conversions during reverse 

transcription of fully adapter-ligated RNA fragments at sites of 4sU incorporation which we 

exploited to identify high confidence binding sites of ZAP throughout the mESC transcriptome. 

Binding sites from 3 biological replicates were overlapped to produce a set of reproducible 

consensus binding sites (Fig. 16B). Only retaining sites identified in at least 2 out of 3 biological 

replicates, left us with a total of 4807 consensus binding sites. Plotting the frequencies of T-C 

conversions per consensus binding site between replicates, we found that our findings were 

highly reproducible (Fig. 16C).  Next, we set to identify the classes of RNAs these consensus 

binding sites mapped to. About 85% of consensus binding sites are found in mRNAs (Fig. 16D, 

left). We also identified consensus binding sites in lncRNAs, tRNAs and repeat-masked 

regions which are comprised of retroelements. Notably, a higher proportion of reproduced T-

C conversions are found in tRNAs and ‘other RNAs’ comprising different sub-classes (Fig. 16 

D, right). The most prominent target amongst ‘other RNAs’ with the single strongest binding 
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site across all targets is Ro60-associated Y3 RNA (Rny3). For tRNAs, 9 out of 17 binding sites 

comprise all high-confident canonical tRNA-Lys-AAA transcripts found in GtRNAdb 

(http://gtrnadb.ucsc.edu, Chan and Lowe, 2016). Binding to repeat-masked regions included 

various target categories such as SINEs (B4A, PB1, PB1D9, PB1D10), LINEs (Lx5, L1MD-F3, 

L1Mus1), LTRs (RMER6B, RLTR13D1, MER34B-int, MER58C), satellite sequences 

(MMSAT4) and most prominently early transposable elements (MMETn-int, ETnERV-int). 

 

 

Figure 16: PAR-CLIP of ZAP in mESCs captures thousands of ZAP-RNA interactions. A) Western Blot of ZAP-

RNA adducts ligated to an IR-labeled 3’ adapter for all 3 replicates processed and a control not expressing 3xFLAG-

ZAP (wt). B) Venn diagram of identified ZAP binding clusters for each replicate. Consensus clusters were retained 

http://gtrnadb.ucsc.edu/
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from binding clusters overlapping in at least 2 out of 3 replicates (n = 4807) C) Log2 T-C conversion frequencies 

per consensus binding site between 2 pairs of replicates. D) Pie charts illustrating the distribution of RNA classes 

bound by ZAP. Distributions are derived from the total numbers of consensus clusters (left) or T-C conversions 

therein (right). 

 

2.6 ZAP mRNA targets function as regulators of stem cells 
 

ZAP activity is widely associated with destabilizing its RNA targets and/or inhibiting their 

translation (Guo et al., 2007; Zhu et al., 2011; Zhu et al., 2012) which can greatly affect the 

protein-coding transcriptome. As the majority of consensus binding sites and T-C conversions 

in our data are located within mRNAs, we focused our analysis on protein-coding targets. First, 

we subdivided the distribution of consensus binding clusters and T-C conversions to 5’ 

untranslated regions (5’UTRs), coding regions (CDS), 3’ untranslated regions (3’UTRs) and 

introns. We find that around 90% of both consensus binding sites and T-C conversions are 

located within CDS and 3’UTRs to almost equal proportion (Fig. 17A). In general, we noticed 

that observed T-C conversions are widespread within ZAP targets. Concomitantly, a common 

theme of protein-coding ZAP targets is the presence of individual dominant peaks with elevated 

accumulation of T-C conversions as compared to the residual transcript body (Fig. 17B).  

 

In order to interrogate what functions are associated of ZAP targets, we first calculated target-

specific enrichment by correcting summed up T-C conversions per protein-coding gene target 

for biases introduced by differences in expression levels and ranked mRNA targets 

accordingly. GO analysis of top 25% protein-coding targets (506 out of 2024) was conducted 

in order to infer functional sets of ZAP mRNA targets. Overall, ZAP mRNA targets are related 

to development (GO:0019827 – stem cell population maintenance; GO:0048729 – tissue 

morphogenesis), cell-cell interactions (GO:0098609 – cell-cell adhesion), metabolic processes 

involving glycoproteins (GO:0009100 – glycoprotein metabolic process), chromatin 

organization (GO:0006325) and transport of nutrients and ions across membranes 

(GO:1905039 – carboxylic acid transmembrane transport) (Fig. 17C). Targets therein are 

genes directly involved in pluripotency or early embryo development (e.g Sox2, Sall4, Tbx3, 

Klf2, Fgf4, Fgfr1, Tcf7l1 (Tcf3), Ddx6, Tet1, Tet2, Igf2bp1, Tead1), morphogenesis and cell-

cell interactions (e.g. Abl1, Abl2, Cdh1, Fn1, Fat1, Cobl, Notch1, Notch2, Cdh1, Itga5, Itga6, 

Itgb5, Kit, Acvr2b, Jam2), glycoprotein metabolism (e.g. Stt3a, Man2a1, Plod3, Extl3, B4galt5), 

chromatin modifiers (e.g. Phf2, Kmt2b, Kmt2c, Kmt2d, Kdm6b, Setd1a, Brd4, Ep300) and 

transmembrane transporter (e.g. Slc2a1, Slc2a3, Slc7a1, Slc7a5, Slc38a4) . Other noteworthy 
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because strongly enriched targets are Ago2, Ssr2, Ssh2 and fatty acid synthesis pathway 

components Fasn, Scd1 and Scd2. 

 

Figure 17: Features of ZAP-mRNA interactions in mESCs. A) Distribution of consensus binding sites (left) and 

T-C conversions (right) within regions of protein-coding transcripts. B) Genome browser shots of read coverage, T-
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C conversions and consensus binding sites in the Slc2a3, Sox2, and Ssr2 gene loci from replicate 1. C) Top6 

significant GO terms (Biological Processes) of the top 25% of ZAP mRNA targets.  

2.7 ZAP binds its mRNA targets in a CG dinucleotide-dependent manner 
 

Recent studies identified that the antiviral activity of ZAP is dependent on the presence of CG 

dinucleotides within the sequence of RNA targets and that direct ZAP binding sites in viral 

RNAs and mRNAs are enriched for CG dinucleotides (Takata et al., 2017). Structure-guided 

mutagenesis studies revealed that ZAP accommodates CG dinucleotides through its basic 

second zinc finger within the N-terminal region with high affinity (Meagher et al., 2019; Chen 

et al., 2012). Intriguingly, the second zinc finger is not mandatory for its RNA-binding capacity 

per se, leaving room for speculation about alternative modes of RNA-binding mediated by its 

residual zinc finger motifs, potentially broadening the target specificity of ZAP. Indeed, a recent 

study found that ZAP-S engages Ifn mRNAs in an AU-rich element (ARE)-dependent manner 

(Schwerk et al., 2019).  

 

 

Figure 18: CG dinucleotides are a recurring theme in ZAP mRNA target binding sites. A) 6-mer enrichment 

analysis within narrow CCRs (+/-10nt) for all consensus binding sites found within protein-coding ZAP targets. B) 

Nucleotide frequency per position within CCRs (+/- 25 nt) for all consensus binding sites found within protein-coding 

targets (upper), found within CDS (middle) and found within 3’UTRs (lower). 

 

To explore the binding nature of ZAP in stem cells, we generated cluster-centered regions 

(CCRs) for all consensus binding sites using the most prevalent site of T-C conversions of 

collapsed clusters as midpoint. First, we asked if ZAP was binding to specific k-mers, indicating 

a general binding motif preference. Our 6-mer analysis on narrow (+/- 10 nt) CCRs revealed 
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enrichment for highly variable CG dinucleotide-containing sequences (Fig. 18A). Specifically, 

20 of the 25 most enriched 6-mers harbor a CG dinucleotide. As an alternative approach to 

infer sequence-specific characteristics of ZAP binding sites, we computed the positional 

frequency of all single nucleotides within wide CCRs (+/- 25 nt, Fig. 18B). We observe a 

specific sequential increase of cytosine (C) and guanine (G) nucleotides directly downstream 

of the cluster center. Moreover, the region directly preceding the crosslink center shows an 

increased propensity for adenine (A) and uracil (U) nucleotides. We confirmed the prevalence 

of this theme for CDS- and 3’UTR-specific analysis of the nucleotide composition for CCRs 

(Fig. 18B). Intriguingly, the sequence composition around the immediate cluster center varies 

greatly between binding sites found in CDS and 3’UTRs. While CDS binding sites contain 

mixed nucleotide composition, 3’UTR binding sites have an increased fractional AU content 

throughout the CCR (Fig. 18B). Inspection of ZAP binding to different targets revealed that 

while ZAP binding within target transcripts can be widespread, we find dominant peaks with 

higher-than-average accumulation of T-C conversions within target transcripts (Fig. 16B). This 

led us to repeat the analysis shown in Fig. 18A and B restricted to the single most dominant 

binding site per target transcript. Notably, we find virtually no difference in the outcome of the 

analysis (data not shown).  

 

Following up on the prevalence of CG dinucleotides in narrow CCRs, we found that ZAP target 

transcripts in general contain CG dinucleotides at a higher frequency as compared to non-

target transcripts or all protein-coding transcripts (Fig. 19A). Based on our earlier observation, 

we hypothesized that ZAP crosslinking sites might have a propensity for being in direct vicinity 

to CG dinucleotides and computed the ‘observed-to-expected’ ratio of CG dinucleotides in all 

protein-coding transcripts, ZAP target transcripts, wide and narrow CCRs within ZAP target 

transcripts (Fig. 19B). Confirming our hypothesis, we find a steady shift to higher ratios for 

directly adjacent crosslinking sites. To underscore our findings, we computed the ‘observed-

to-expected’ ratios for all dinucleotide combinations. CG dinucleotides are overall depleted in 

all protein-coding transcripts and ZAP targets transcripts (Fig. 19C), a phenomenon which can 

be attributed to marked suppression of CG dinucleotides within vertebrate genomes (Karlin 

and Mrazek, PNAS, 1997).  Conversely, this effect recovers in CCRs (Fig. 19D). In narrow 

CCRs (+/-10 nt), CG dinucleotides exhibit the highest average ‘observed-to-expected’ ratio of 

all dinucleotides.  
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Figure 19: ZAP engages binding sites within mRNA targets in a CG-dependent manner. A) CG dinucleotide 

frequency in all protein-coding transcripts, non-target transcripts and ZAP target transcripts. Statistical significance 

was inferred using Welch’s unequal variance t-test. (* p=2.6*10-4; ** p ≤ 2.2*10-16). B) Distributions of CG 

dinucleotide observed/expected frequencies of all protein-coding transcripts, ZAP target transcripts, wide (+/-25 nt) 

and narrow (+/- 10nt) CCRs. P-values for all comparisons were calculated using Wilcoxon rank sum test. C) 

Observed/expected frequency ratios for all possible dinucleotide pairs in all protein-coding transcripts (upper left), 

ZAP target transcripts (lower left). D) Same as C) with wide ZAP target CCRs (+/-25 nt, upper right) and narrow 

ZAP target CCRs (+/-10 nt).    

 

Taken together, we confirmed that ZAP regulates the transcriptome in a CG dinucleotide-

dependent manner which is in agreement with earlier publications (Takata et al., 2017). CG 

dinucleotides can be found in direct vicinity to ZAP crosslinking sites. Based on our position-

specific sequence analysis within CCRs, we cannot rule out a potential involvement of AU-rich 

elements in ZAP binding, but a specific theme for this additional binding feature remains 

elusive. 
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2.8 Slamseq reveals widespread de-regulation of RNA stability upon ZAP 
knockout 
 

Given that ZAP activity is predominantly associated with RNA target destabilization and 

translational inhibition (Guo et al., 2007; Zhu et al., 2011, Zhu, 2012), we wanted to interrogate 

if ZAP assumes a similar mode of activity regulating the mESC transcriptome. Therefore, we 

applied SLAMseq to measure RNA half-lives in mESCs comparing stable A17 ZAP-KO cells 

with control cells (see section 2.2). For this purpose, we labeled mESCs with 4sU for 1, 2 4 

and 8 hours (Fig. 20A). SLAMseq takes advantage of reverse transcription-induced T-C 

conversions to separate new and old RNA sub-populations within bulk total RNA samples. 

These T-C conversions are specific for sites of 4sU incorporation in nascent RNAs after 

samples have been subjected to alkylation with iodoacetamide (IAA), demarcating newly 

synthesized RNA from old RNA. New-to-total ratios (NTRs) for all labeling time points are then 

utilized to model RNA half-lives. Successful alkylation of incorporated 4sU within bulk RNA 

samples was probed with MTSEA biotin labeling of alkylated and non-alkylated RNA samples 

(Fig, 20B). Analysis of RNA half-lives revealed moderate but widespread increase of RNA half-

lives  in ZAP-KO mESCs within 8146 quantified genes (Fig. 20C). Suprisingly, this effect is not 

restricted to transcripts which we identified as targets of ZAP. When we computed the empirical 

cumulative distribution function for all ZAP targets (n=1836) and genes not identified as ZAP 

targets in our PAR-CLIP analysis (other, n=6310), we found RNA half-lives to be significantly 

increased for both groups (Fig. 20C). To assess whether the effect of RNA half-life de-

regulation of ZAP targets is specific for ZAP regulation, we binned RNA half-life fold changes 

between ZAP-KO and control samples by the ZAP target enrichment score calculated for our 

PAR-CLIP analysis. Indeed, we find that the greatest increase of RNA half-lives can be found 

for the top 25% enriched ZAP targets (Fig. 20D). Conversely, the lowest de-regulation effect 

is found for the bottom 25% enriched ZAP targets. Next, we interrogated if the effect on RNA 

half-life deregulation is biased by which target region ZAP preferably binds. Therefore, we 

grouped ZAP targets by the ratio of T-C conversions found in both CDS and 3’UTR. Overall, 

ZAP targets with a higher number of consensus binding site T-C conversions within the 3’UTR 

region tend to be slightly more affected by knockout of Zap (Fig. 20E). Binning ZAP targets by 

the extent of the RNA half-life change they undergo in ZAP-KO mESCs compared to control 

cells, we found transcripts of prominent pluripotency-associated genes such as Sox2, Fgf4, 

Klf4, Smad7 and Tet2 (Fig. 20F) to be most strongly affected. 
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Figure 20: SLAMseq identifies widespread stabilization of mRNAs after Zap knockout in mESCs. A) Outline 

of the SLAMseq experiment. Labeling times are 0h (no 4sU), 1h, 2h, 4h and 8h. B) MTSEA-biotin assay to control 

for successful alkylation of 4sU-labeled samples. In alkylated samples, MTSEA biotin cannot selectively label thiol 

groups of incorporated 4sU in nascent RNA and is thereby not detected with the biotin-HRP antibody. Equal loading 

is controlled with Methylene Blue staining. C) ECDF of log2-transformed RNA half-lives of target genes (n=1836) 

and other genes (n=6310) in control and ZAP-KO mESCs. Statistical significance was inferred using Komolgorov-

Smirnoff (K.-S.) test. D) ECDF of log2-transformed RNA half-life fold changes for top 25%, mid 50% and bottom 

25% enriched ZAP targets. Statistical significance was inferred using K.-S. test. E) ECDF of log2-transformed RNA 



62 
 

half-life fold changes of ZAP targets grouped by their 3’UTR:CDS T-C conversion ratio. Statistical significance was 

inferred using K.-S. test  F) Binned groups of log2-transformed RNA half-lives of ZAP targets. 

 

During our data analysis, we noticed that principal component analysis of all libraries utilized 

for this SLAMseq experiment separated samples by their origin – that is being control or ZAP-

KO samples – within the first dimension (PC1, data not shown). This led us to compute 

differential gene expression based on unlabeled samples. Applying a stringent cut-off of 0.01 

for adjusted p-values, we find that 330 genes are differentially expressed in ZAP-KO samples 

(Fig. 21A).  Amongst them, we find genes associated with extracellular matrix, surface protein 

and signaling (Ezr, Spp1, Nid1, Pdgfc, Notum, Grb10, Mmp14, Sdc4) as well as genes involved 

in germ cell or extraembryonic lineage programs (Rhox5, Rhox6, Pttg1, Tex13b, Xlr3c, Xlr4b, 

Peg10). Notably, expression of the Aass gene which encodes for the mitochondrial alpha-

aminoadipic semialdehyde synthase protein is most strongly downregulated. Next, we 

overlapped differentially expressed genes with ZAP targets as identified in our PAR-CLIP 

analysis. Out of 330 differential genes, 70 are high confident ZAP targets (Fig. 21B). Again, a 

substantial fraction of these encode for proteins involved in cellular morphology or cell-cell/-

substrate interaction (Fig. 21B, red box). 

 

 

Figure 21: Zap knockout leads to mis-expression of hundreds of genes in mESCs. A) Volcano plot showing 

log2-transformed fold changes of KO vs WT gene expression and adjusted p-values (padj). Differential genes are 

colored (blue – downregulated in KO, red – upregulated in KO) based on a padj cut-off of 0.01. B) Venn diagram of 

the overlap between differentially expressed genes from A) and ZAP targets as identified by PAR-CLIP (see section 

2.6).  
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Taken together, profiling of ZAP-KO mESCs revealed moderate but widespread increase of 

RNA stability throughout the mESC transcriptome, implicating that ZAP assumes RNA 

destabilizing properties in stem cells. Moreover, we found that ZAP knockout results in mis-

expression of hundreds of genes. Both observations establish ZAP as a regulator of the mESC 

transcriptome. 

 

2.9 ZAP affects timing of dissolution of pluripotency 
 

Our PAR-CLIP data shows that ZAP is engaging RNA transcripts of protein-coding genes with 

pluripotency- and early development-related functions (see section 2.6). Moreover, we showed 

that ZAP destabilizes its mRNA targets (see section 2.8). These findings led us to hypothesize 

that ZAP might assume a role in mESC biology directly affecting pluripotency or its dissolution. 

In order to interrogate this putative role, we decided to take advantage of a Rex1::GFPd2 

mESC line (RGd2) (Wray et al., 2012; Kalkan et al., 2017) which is a well-established tool to 

interrogate the effect of protein mis-expression in stem cells and early differentiation. REX1 is 

a pluripotency-associated protein which is timely downregulated at the onset of differentiation 

(Kalkan et al., 2017). The RGd2 mESC line expresses a destabilized version of GFP (GFPd2) 

in place of the Rex1 ORF on one of the two alleles, serving as a readout for the progression 

of stem cell differentiation. For the purpose of our pluripotency exit assay, we chose to 

incorporate controls for both a factor which affects maintenance of pluripotency (Sox2) and a 

factor delaying the progression of differentiation (Pum1) upon knockout (Avilion et al., 2003; 

Leeb et al., 2014). 

 

First, we interrogated the effect of Zc3hav1 and control gene knockout in mESCs after 3 days 

of doxycycline treatment (Figure 22A). As a control for each individual cell line, we used non-

doxycycline-treated cells. Each gene was assayed with two different sgRNAs constructs 

targeting different loci within the CDS. With this approach we generated polyclonal cell 

populations which is expected to result in GFP signal segregation if knockout of the targeted 

gene affected pluripotency. For both Zap and Pum1 knockout we observed no difference 

between doxycycline-treated and non-treated cells (Fig. 22B). In contrast, we detected 

between 30% and 60% cells without GFP signal in both doxycycline-treated SOX2-iKO cell 

lines while non-treated control cells show no effect in GFP expression (Fig. 22B). Based on 

this experiment, we concluded that Zap is dispensable for the maintenance of pluripotency. 
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Figure 22: Zap knockout does not affect maintenance of pluripotency. A) Schematic overview of the knockout 

assay with stable RGd2 mESCs. B). Rex1-GFPd2 flow cytometry profiles of SOX2-iKO (purple), ZAP-iKO (red) and 

PUM1-iKO cells. Grey profiles are control samples not treated with doxycycline. 

 

Next, we isolated monoclonal knockout lines for both Zap and Pum1 to ensure that cell 

population heterogeneity does not mask potential effects on pluripotency dissolution (see 

section 2.2). Dissolution of pluripotency in control, ZAP-KO and PUM1-KO cell lines was 

monitored over the course of 3 days at 0h, 24h, 36h, 48h and 72h post-removal of pluripotency-

maintaining 2i/LIF factors from the culturing medium (Fig. 23A). 
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Figure 23: Absence of ZAP leads to asynchronous timing during early dissolution of pluripotency. A) 

Schematic overview of the experiment. B) GFPd2 profiles for control, ZAP-KO and PUM1-KO RGd2 mESCs at 0h, 

24h, 36h and 48h post-removal of 2i/LIF. C) Overlay of control and ZAP-KO GFd2 profiles at all given time points 

as indicated in B). 

 

We were able to observe a marked delay of GFPd2 downregulation in PUM1-KO cells as 

compared to control RGd2 mESCs at 36 hours post-removal of 2i/LIF (Fig. 23B), which is in 

agreement with previous reports (Leeb et al., 2014). Conversely, we were not able to observe 

striking differences of similar degree for ZAP-KO mESCs, using GFPd2 presence as a proxy 

(Fig. 23B). Notably, closer inspection of overlayed control and ZAP-KO signal profiles 

unearthed an offset in GFPd2 populations at 24 hours post-removal of 2i/LIF (Fig. 23C). ZAP-

KO cells appear to be left-shifted indicating overall lower GFPd2 signal intensity in the cell 

population. This experimental setting was repeated once (n=2) and reproduced all 

observations made. Of importance, all three cell lines used proceed to the same end point with 

virtually no GFPd2 expressing cells after 72 hours post-removal of 2i/LIF (data not shown).  
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To follow up on our findings, we revisited the time-course experiment focusing on the early 

dissolution of pluripotency. Monitoring differentiating control and ZAP-KO cells between 24h 

and 32h post-removal of 2i/LIF (Fig. 24A) clearly uncovered the temporal disconnect in 

dissolution of pluripotency. ZAP-KO RGd2 cells lose their GFP signal ahead of control cells, 

indicating accelerated dissolution of pluripotency (Fig. 24B and C).   

 

 

Figure 24: Absence of ZAP accelerates early dissolution of pluripotency. A) Schematic overview of the 

experiment. B) GFPd2 profiles for control, ZAP-KO and PUM1-KO RGd2 mESCs at 0h, 24h, 28h and 32h post-

removal of 2i/LIF. C) Overlay of control and ZAP-KO GFPd2 profiles at 0h, 24h and 32h time points as indicated in 

B).  

 

In summary, we find that Zap knockout is not critical for maintenance of pluripotency. Once 

pluripotency ceases to be reinforced by extracellular cues, absence of ZAP leads to 

accelerated early dissolution of pluripotency. Interestingly, we could observe that the control 

cell population catches up at later sample time points, implicating a phase-specific effect. 
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2.10 Zap knockout affects morphology of naïve stem cell colonies 
 

Naïve stem cells are characterized by their clonogenicity and their distinct morphology. 

Growing as tightly packed colonies with a dome shape is a hallmark of ground-state 

pluripotency (Mulas et al., 2019). This morphology is rapidly lost at the onset of differentiation 

when stem cells undergo morphological reconfiguration and cell cycle readjustment (Waisman 

et al., 2019).  As our RGd2 mESC line is maintained in naïve 2i/LIF medium, we asked if 

knockout of ZAP might affect clonogenicity and morphology of stem cells in ground-state 

conditions. Therefore, cells were seeded at a density of 10,000 cells/cm2 and grown in 2i/LIF 

medium for 48 hours. We find that while control RGd2 cells recapitulate the ground-state 

morphology of mESCs, ZAP-KO RGd2 cells assume a different morphology growing as 

flattened clones (Fig. 25). We can exclude that the altered morphology of ZAP-KO RGd2 

mESCs originates from previous cell engineering procedures as PUM1-KO RGd2 cells 

recapitulate control cells. Hence, we conclude that knockout of Zap in mESCs affects 

morphology in ground-state conditions. 

 

 

Figure 25: Zap knockout in mESCs leads to altered stem cell colony morphology in ground-state conditions. 
Shown are brightfield microscopy images (4x magnification) of control/wt (left), ZAP-KO (middle) and PUM1-KO 

RGd2 mESCs. 

 

 

 

 

 



68 
 

Discussion 
 

Throughout their entire life cycle, RNAs exist as ribonucleoprotein complexes with highly 

dynamic compositions. RBPs often act as synergistic or antagonistic players in order to shape 

RNA fate from synthesis to turnover. The fundamental role of RBPs is further emphasized by 

the vast number of proteins found to interact with RNAs (Gerstberger et al., 2014) during all 

processes of life. A methodological advancement that facilitated the interrogation of RBPs on 

a system-wide level is RNA interactome capture (RIC) (Baltz et al., 2012; Castello et al., 2012). 

Core sets of RBPs were identified in a variety of eukaryotic organisms and tissue culture 

systems derived thereof. While compositions of RBPs in a given system are informative, the 

static nature of the information does not allow to draw conclusions about the impact identified 

RBPs may have in the system under interrogation. Thus, to what degree presence of RBPs on 

RNA targets explains functionality remains elusive. Recently, the utility of RIC has been 

expanded through examining perturbation-dependent effects on tissue culture systems in virus 

infection with a comparative approach (Garcia-Moreno et al., 2019; Kamel et al., 2020). Here, 

dynamics of crosslinking intensity of individual RBPs between perturbed and non-perturbed 

cell states were used as a proxy to infer context-specific functionality. Observed dynamics in 

RNA-bound proteome may point towards context-specific functionality of a RBPs, but it is 

important to support findings with additional RBP-centered experiments. GEMIN5 was found 

to be highly responsive and stimulated by SINV infection and found to negatively impact 

expression of viral genes (Garcia-Moreno et al., 2019). This underscores the principal 

feasibility of utilizing dynamics of the RNA-bound proteome to uncover context-specific 

functionality of RBPs as identified by RIC. 

 

We took advantage of this feature to close a major knowledge gap in the field of stem cell 

biology and provide the first comprehensive and systematic analysis of global protein-RNA 

interaction dynamics during dissolution of pluripotency and stem cell differentiation to neurons. 

The vast majority of studies on pluripotency and differentiation inform about transcriptional, 

epigenetic and cell signaling control. Albeit post-transcriptional regulation is beginning to 

emerge as a research field with growing attention, little is known about regulatory themes and 

involved trans-acting factors, leading to conflicting conclusions (Lu et al., Nature, 2009; 

Freimer et al., eLife, 2018). More than 1500 RBPs have been annotated previously 

(Gerstberger et al., Nat Rev Genet., 2014) and technological advances keep increasing this 

number (Trendel et al., 2019). Of those, an insignificant number has been studied extensively 

in context of ESC biology. Our data demonstrated that the RNA-bound proteome is highly 

dynamic during cell fate transitions, indicating that regulation of the transcriptome is a 
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fundamental building block in the multi-layered control of gene expression remodeling. At 

large, RBP dynamics are not a consequence of changes in RBP expression due to altered 

gene expression programs, offering additional substance for regulatory themes specifically 

tailored towards the transcriptome. In combination, both our datasets comprise around 1000 

proteins of which 30-40% are dynamic, providing a substantial resource for studying RBPs in 

a cell fate-specific context. This will aid future research in unearthing novel functionality of 

RBPs in shaping the transcriptome in order to realize cell fate transitions.  Finally, we set out 

to substantiate our findings by dissecting the role of ZAP in context of mESC biology. We 

identified ZAP binding to be amongst the most strongly repressed during dissolution of 

pluripotency in both RIC datasets. ZAP binds to thousands of mRNA targets in mESCs in a 

CG dinucleotide-dependent manner. Importantly, ZAP mRNA targets encompass genes 

participating within the pluripotency gene regulatory network, but also in cellular 

morphogenesis, cell-cell interactions and diverse metabolic pathways which all contribute to 

stemness (Shahbazi et al., 2017; Pieters and van Roy, 2014; Tsogtbaatar et al., 2020). 

Unexpectedly, ZAP knockout turned out to increase RNA half-lives beyond those of its 

identified targets and resulted in mis-expression of a few hundred genes. More so, we were 

able to identify altered stem cell colony morphogenesis in naïve conditions and accelerated 

early dissolution of pluripotency in absence of ZAP. Our study further establishes RIC as an 

important approach to interrogate RBP functionality in a contextual background. I will discuss 

our findings in more detail in the following sections, first addressing the application of RIC 

cellular systems undergoing fate transitions and then exploring the function of ZAP in stem 

cells. 

 

Dynamics of the RNA-bound proteome during mESC differentiation relate to 
function 
 

RBPs regulate the transcriptome in a highly dynamic fashion (Keene, 2007). With expanding 

the principal utility of RIC we extracted these dynamics during mESC differentiation. Elaborate 

stimulation of neural-specific RBPs during the neuronal program and phase-specific dynamics 

of previously identified stem cell-/differentiation-related RBPs during dissolution of pluripotency 

were both reproducible and mostly in line with previous publications. Our findings demonstrate 

that alterations within the poly(A)+-RNA-bound proteome relate to context-specific function. 

 

During mESC differentiation to neurons, we identified many previously annotated neural RBPs 

with increased binding to RNA during ASCL1-governed specification of neural fate (Fig. 3, 5). 
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Amongst them, neural ELAV-like proteins (ELAVL2-4), CELF2/3/6, CPEB3/4, PTBP2, SRRM4, 

MSI1, NOVA1/2, STAU1 and MSI1 are RBPs with established roles in neurogenesis or neuron 

function (Ince-Dunn et al., 2012; Gallo and Spicket, 2010; Pavlopoulos et al., 2011; Shin et al., 

2016; Boutz et al., 2007; Calarco et al., 2009; Huang et al., 2005; Ruggiu et al., 2009; Vessey 

et al., 2008; Sakakibara et al., 1996). This specificity makes it tempting to shift focus to novel 

candidates with no previously established neural role. In section 1.5, I shortly mentioned 3 

promising candidates for functional characterization in neuronal background: PEG10, NXF7 

and RBMS1. PEG10 exhibits steadily increasing polyA+-RNA binding activity from ASCL1 

induction onwards (group 3) and is one of the most highly enriched proteins at 96 hours in our 

RIC dataset. Previously, PEG10 was found to be encoded by an imprinted and 

retrotransposon-derived gene essential for placentation and trophoblast differentiation (Ono et 

al., 2006; Abed et al., 2019) Supportting our finding, PEG10 was reported with an enriched 

brain tissue specificity score in The Human Protein Atlas and The Human Brain Atlas (Uhlen 

et al, 2015; Sjoestedt et al., 2020). Notably, it shares many biochemical properties with ARC, 

a neuronal RBP with central role in long-term plasticity (Ashley et al., 2018; Pastuzyn et al., 

2018). Both proteins are to able form virus-like particles (VLPs) via their repurposed Gag 

domain. ARC VLPs are involved in intercellular transfer of Arc mRNA, promoting ARC protein 

expression across neurons in an unconventional manner.  Both NXF7 and RBMS1 were 

recently reported to be highly enriched in neurites during neuronal maturation (Zappulo et al., 

2017). To date, a potential function for NXF7 remains elusive, but one study found that it is 

located to to neuronal RNA granules and p-bodies and may act in conjunction with HNRNPA3 

(Katahira et al., 2008). Similarly, RBMS1 was found to be a iPSC-derived neural progenitor 

cell and motor neuron stress granule component (Markmiller et al., 2018). These examples 

illustrate a key strength of the comparative RIC approach in interrogating dynamic regulation 

of post-transcriptional gene regulation in changing cellular programs: the identification of novel 

candidates for cell fate-specific regulation. Here, prior knowledge of RBPs associated with 

neural cell fate offer us an internal control to assess the reliability of the approach. 

 

Interpreting groups of RBPs with decreased binding to RNA during neuronal differentiation is 

more challenging and speculative. Assuming that decrease of RBP-RNA binding during 

neuronal differentiation implies no specific function, several scenarios might be drawn to 

explain this observation. RBPs could be associated with alternate lineage programs as 

showcased by RBPMS proteins (Notarnicola et al., 2012; Nakagaki-Silva et al., 2019), serving 

as a possible explanation for the decrease of RBPMS2 binding with the onset of neuronal 

differentiation. Similarly, lineage-specific function may serve as an explanation for the strong 

downregulation of RBMXL2 binding (Ehrmann et al., 2019), a protein highly associated with 
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male tissues. Alternatively, an underlying decrease might be a direct result of high activity 

preceding neuronal differentiation, providing one possible explanation for the dynamics of 

DAZL (Chen et al., 2014) binding during neuronal differentiation. DAZL both limits pluripotency 

and aids generation of primordial germ cells. Pre-established roles in development in scientific 

literature, tissue expression databases and, more generally, protein expression dynamics can 

be consulted to allow better interpretation of interaction dynamics. Still, without additional 

experimental evidence, RBPs within groups of decreased binding during neural differentiation 

need to be evaluated case-by-case. For RBPMS2, DAZL and RBMXL2, scientific literature, 

tissue-specific expression atlas (Uhlen et al., Science, 2015) and protein expression dynamics 

from our whole-cell proteomic dataset during mESC differentiation to neurons (decreasing 

protein level for RBPMS2 and RBMXL2, DAZL is not detected, data not shown) support the 

notion that the decline in binding activity may be related to missing neural lineage-specific 

function. Cell lineage allocation also involves active suppression of proteins enforcing non-

lineage signatures to the gene expression profile (Kutejova et al., Dev Cell, 2016; Mall et al., 

Nature, 2017). 

 

A defining feature of dynamics of the poly(A)+-RNA-bound proteome during dissolution of 

pluripotency is their inherently transient nature. These changing protein-RNA interactions were 

largely driven by an increase or decrease of RNA-binding at intermediate stages during 

dissolution of pluripotency (Fig. 9, 10). Progression through a continuum of distinct cell states 

during pluripotency is a highly dynamic process under multi-layered control (Hackett and 

Surani, 2014; Rossant and Tam, 2017) and the overall high degree of fluctuations within the 

RNA-bound proteome is in agreement with it. DDX6, RBFOX2, RBM47 (Fig. 9, clusters 1, 5 

and 8), ESRP1 and EIF4A2 (Fig.9, cluster 4) are representative for groups with elevated 

binding in pluripotent or differentiating ESCs and in accordance to their previously annotated 

function (Di Stefano et al., 2019 ; Freimer et al., 2018 ; Yeo et al., 2009 ; Fagoonee et al., 2013; 

Cieply et al., 2016; Galimberti et al., 2020). LIN28A is an RBP best known for its let-7-

antagonizing role in maintaining pluripotency (Heo et al., 2009; Hagan et al., 2009), still both 

our RIC datasets identify it as one of the factors with strongest increase in RNA binding (Fig. 

4B, Fig. 10, group 3). Here, the selective enrichment of polyadenylated RNA population 

allowed to provide more evidence for an additional let-7-uncoupled function of LIN28A in 

dissolution of pluripotency (Parisi et al., Faseb J, 2016). RBPs with transient increase in RNA-

binding include both factors associated with pluripotency- or dissolution-related functions. 

SRSF2 (Lu et l., 2014), SRSF3 (Ratnadiwakara et al., 2018), FIP1L1 (Lackford et al., 2014) 

and TRIM71 (Liu et al., 2021) (pluripotency), but also SMG6 (Li et al., 2015; Galimberti et al., 

2020), DAZL (Chen et al., 2014) and PUM1 (Leeb et al., 2014) (dissolution) fall into this group, 
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leaving room for speculation that progression through the pluripotency continuum is a tug of 

war for balance in fate direction. It is noteworthy that RBPs have been established as pro-

pluripotency factors under varying conditions. Their roles have often been experimentally 

dissected in non-naïve conditions (Lu et l., 2015; Ratnadiwakara et al., 2018; Liu et al., 2021) 

which offers an explanation for the disparity we observe to our data which were generated in 

quasi-naïve conditions. Limited and conflicting findings about post-transcriptional gene 

regulation during dissolution of pluripotency complicate the interpretation of such findings. 

More studies are needed to address how the concerted dynamics of RBPs with opposing 

function throughout the pluripotency continuum balance the transition between both ends of 

the spectrum – the naïve and primed states. 

 

Our data provide the first comprehensive resource of dynamic changes of protein-mRNA 

interactions during developmental processes and will aid future research of post-transcriptional 

gene regulation in context. Elevated binding corresponds to fate-specific functionality and 

novel candidates for all phase transitions recapitulated by our mESC differentiation system 

can be found which will foster dissection of regulatory post-transcriptional themes in 

development. 

 

Additional considerations applying comparative RIC to interrogate cell fate 
transitions 
 

We have provided evidence that changes of transcriptome-wide occupancy of RBPs scale to 

changes in activity, but there are considerations that need to be made. Analysis of comparative 

RIC data relies on extracting fold changes of relative quantifications (LFQ intensity as 

calculated from quantitative proteomics measurements) between samples from different 

cellular states. Consequently, the analysis favors higher absolute fold changes when 

categorizing dynamics of the RNA-bound proteome. Indeed, we could observe dropout of 

significantly dynamic RBPs during extraction of protein-RNA interaction kinetics (Fig. 5, 10) 

despite applying a moderate log2-transformed fold change threshold of 0.5. Profound 

differences in fold changes can be a consequence of tissue-specific activity rendering 

associated RBPs virtually depleted during other phases during mESC differentiation. In 

agreement with this idea, neural-specific RBPs collectively exhibit the largest fold changes 

within our dataset (Fig. 5). Gerstberger et al. analyzed that throughout the census of RBPs 

only about ~2% are tissue-specific and ~6% are partially tissue-specific (Gerstberger et al., 

2014) comprising mostly regulators of the protein-coding transcriptome. The vast majority of 
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RBPs is ubiquitously expressed throughout tissues and therefore active to likely varying 

degrees. Ubiquitous presence of RBPs throughout mESC differentiation may consequently 

result in universally elevated base occupancy on RNAs, rendering dynamics derived from fold 

changes small. Nonetheless, analysis of our data in combination with scientific literature 

showed that even small but significant dynamics are associated with cell phase-specific 

function. PUM1 serves as an example to underscore this observation. Despite its fundamental 

role in timely dissolution of pluripotency (Leeb et al., 2014) global log2-transformed fold 

changes in our second RIC dataset range between 0.5 and 1.04. Leeb et al. reported that 

PUM1 already binds its RNA targets in naïve conditions leaving little room for profound 

changes in occupancy. In contrast, neural RBPs assume log2-transformed fold changes 

between 2 and 9. Overall, comparative RIC is a robust approach for extracting global dynamics 

within the RNA-bound proteome but interpretation of the data should not solely rely on the 

absolute extent of observed fold changes. The majority of dynamic RBPs exhibit smaller fold 

changes owing to their ubiquitous presence and activity throughout tissues, however their 

dynamics relate to functionality. 

 

Changes of RBP abundance are not a major contributor to dynamics of the 
RNA-bound proteome 
 

Integrated system-wide analysis of intermediate phases during gene expression is a tempting 

approach to infer how a genotype of a given system translates into phenotype. For example, 

the hierarchy of mRNA and protein production leads to the assumption that protein levels 

should scale to mRNA levels, but the complexity of multi-layered gene expression control 

confounds and in turn limits global correlations (Buccitelli and Selbach, 2021). A similar 

hierarchy-based assumption might be applied to RBP abundance and RBP activity which is 

estimated by the transcriptome-wide occupancy. Our data allowed us to specify to what 

proportion dynamics of the RNA-bound proteome are explained by dynamics of RBP 

abundance and demonstrate overall low-to-moderate correlation (Fig. 6, 11), thereby 

challenging the previous assumption.   

 

Earlier, I pointed out the inherent nature of the vast majority of RBPs not exhibiting tissue-

specific expression but rather being ubiquitously expressed (Gerstberger et al., 2014). This 

feature is a valuable asset for interpreting our correlation analysis. During Ascl1-directed 

neuronal differentiation, we observed moderate-to-high degrees of correlations between 

changes of the RNA-bound proteome and RBP abundance (Fig.6). Neuronal differentiation 
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drives the expression and in turn activity of many neural-specific RBPs which are otherwise 

virtually absent during previous stages of our mESC differentiation protocol, serving as an 

explanation for our finding. Importantly, the degree of correlation scales with the difference of 

cell populations compared. Samples from both ends of the neuronal differentiation spectrum 

(Fig. 6: 48h, 96h) show overall high correlation between RBP abundance and RNA-binding 

dynamics, while correlations with samples from intermediate stages are moderate (Fig. 6, 48h 

– 96h, red asterisk) which is likely due to the ongoing remodeling towards neural-specific gene 

expression. In contrast, changes within the RNA-bound proteome and RBP abundance during 

dissolution of pluripotency show a highly discordant relationship (Fig. 11). The static nature of 

RBP abundance in combination with a highly dynamic RNA-bound proteome leads to overall 

low-to-moderate correlations. It is particularly these ubiquitous RBPs which are in need of 

themes other than abundance-driven occupancy to modulate their activity in a cell fate-specific 

manner. Various features of gene expression control offer insights into the complexity of 

regulation of protein-RNA occupancy which come in 2 flavors: RNA-driven and RBP-driven. 

Cell fate transitions are accompanied by constantly modulated transcriptomes (Kalkan et al., 

2017; Fig. 1D,E; Fig. 7B,C), dynamic alternative splicing and polyadenylation (Gabut et al., 

2011; Yeo et al., 2009; Han et al., 2013; Modic et al., 2019), consequently leading to altered 

compositions of the available RNA target transcripts or cis-element population for individual 

RBPs. Accessibility of target RNAs can furthermore be restricted by local obstruction within 

RNP granules like processing bodies (p-bodies) or stress granules (Standart and Weil, 2018; 

Protter and Parker, 2016; Tauber et al., Trends Biochem Sci., 2020), rendering RNA 

inaccessible for non-granule RBPs. Supporting this notion, Di Stefano et al. have shown that 

p-body homeostasis in stem cells is an important regulatory tool to facilitate stem cell exit from 

pluripotency (Di Stefano et al., 2019). More so, conformational changes of mRNA structures 

can alter the accessibility to cis-regulatory elements in a way that both drives and impairs 

binding by RBPs (Ganser et al., 2019). Taking a different angle, post-translational 

modifications (PTMs) of amino acids within RBPs can direct sophisticated regulation of RNA 

affinity by altering electrostatic charges within binding domains (Lovci et al., 2016) or affect 

localization as showcased by RNP granule dynamics originating from deposition of PTMs 

(Hofweber and Dormann, 2019). PTMs are an integral and reversible product of cell signaling 

pathways, many of which participate in shaping stem cell potency. For example, JAK/STAT3 

signaling is essential for self-renewal of ESCs (Niwa et al., 1998) and MAPK/ERK signaling is 

actively suppressed by 2i inhibitors in naïve culturing conditions and essential for naïve-to-

primed transition and lineage commitment (Kunath et al., 2007). Recently, the dynamic 

phosphoproteome during naïve-to-primed transition of stem cells was mapped, finding that 

dynamic phosphorylation of proteins including RBPs precedes transcriptome and proteome 

dynamics (Yang et al., 2019). The S200 phosphosite in LIN28A is a direct target of ERK1/2, 
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linking PTMs, post-transcriptional gene expression control and potentially cell fate transitions 

(Tsanov et al., 2017; Parisi et al., 2016) and thereby illustrating this potential mode of 

regulation. 

 

In summary, we report the first interrogation of the relationship between RBP abundance and 

their poly(A)+-transcriptome-wide occupancy in stem cell differentiation which revealed a low-

to-moderate level of correlation during exit from pluripotency. While I address multiple possible 

alternative ways of how dynamics of the RNA-bound proteome can be regulated abundance-

independently, this observation requires additional investigation. Following up on how 

confounders of the RBP abundance-occupancy relationship act in a – most likely – concerted 

way to realize this discordance will further integrate post-transcriptional gene regulation into 

the PGRN as a distinct and fundamental layer to control early cell fate.  

 

ZAP is a candidate regulator in mESC biology 
 

Our RIC datasets revealed that ZAP (also: ZC3HAV1) binding to the polyadenylated 

transcriptome is specifically and strongly upregulated during pluripotency (see section 2.1). In 

order to estimate the quality of our finding, we searched previously published system-wide 

datasets for evidence of a putative involvement of ZAP in pluripotency. A temporal and spatial 

analysis of early mouse embryonic development from zygote to E4.25 blastocysts found ZAP 

to be specifically upregulated in E3.5 and E4.25 blastocysts within the ICM and EPI, 

respectively (Guo et al., 2010). Both the ICM and the EPI harbor the stem cell population of 

the early embryo. Another study found ZAP to be downregulated in both mESCs exiting 

pluripotency and during the transition from E4.5 to E5.5 mouse embryos (Kalkan et al., 2017). 

Finally, a recent study applying multi-omic profiling from naïve to primed pluripotency in mouse 

stem cells found that ZAP is highly associated with naïve pluripotency (Yang et al., 2019). Out 

of 8343 genes assayed and ranked for their association with naïve or primed pluripotency 

where high ranking genes display high association with naïve pluripotency, ZAP ranked at 

position 28. Data from different publications are in agreement with and further support our 

finding that ZAP is a candidate for a putative role in mESC biology.  
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ZAP is a regulator of the mESC protein-coding transcriptome 
 

ZAP is profoundly studied for its role in conferring antiviral defense to diverse tissues upon 

viral infection (Gao et al., 2002; Bick et al., 2003; Mao et al., 2013; Mueller et al., 2007; Zhu et 

al., 2011). Nonetheless, recent publications point at a multi-modal activity of ZAP which 

includes regulation of the cellular transcriptome. In particular, ZAP was found to aid cellular 

immune response by providing means for a negative feedback in interferon stimulation by 

directly engaging interferon-encoding transcripts and stimulating their turnover (Schwerk et al., 

2019). More so, ZAP depletion in HeLa cells resulted in strongly upregulated expression of 

human TNFRSF10D mRNA (Todorova et al., 2014). ZAP directly regulates TNFRSF10D 

mRNA through binding in its 3’UTR to stimulate exosome-dependent turnover, thereby 

sensitizing cells for TRAIL-mediated apoptosis. Destabilization of its RNA targets – both viral 

and cellular – is a recurring theme of ZAP activity (Zhu et al., 2011; Guo et al., 2007; Lee et 

al., 2013; Todorova et al., 2014). Direct interaction of hZAP with EXOSC5 (Zhu et al., 2011) 

and rZAP with EXOSC7 (Guo et al., 2007) support the notion that ZAP binding of RNAs leads 

to recruitment of the exosome. In line with this, ZAP was found to be located to both stress 

granules and p-bodies and recently defined as a member of the core stress granule and p-

body proteome (Jain et al., 2016; Hubstenberger et al., 2017; Youn et al., 2018). Both RNA 

granules are sites associated with translation inhibition and RNA turnover (Riggs et al., 2020).  

 

In light of this, we applied PAR-CLIP for transcriptome-wide identification of ZAP targets and 

binding sites in mESCs (see sections 2.5-2.7). Our data confirms earlier observations that ZAP 

is a potent regulator of cellular RNAs. We found ZAP to bind more than 2,000 mRNA targets 

encoding proteins spanning a wide range of functions which are associated with pluripotency 

(see section 2.6, Fig. 17C). Cell-cell adhesion and tissue morphogenesis comprise factors 

shaping externally applied and internally generated mechanical forces to stem cell colonies 

which were shown to enforce stem cell properties and direct differentiation (Wozniak and Chen, 

2009; Chowdhury et al., 2010). Chromatin organization is perceived as a hallmark of 

pluripotency and intricately regulated on multiple levels including an unusual configuration of 

open chromatin giving rise to stem cell’s transcriptionally permissive nature, the emergence of 

bivalent promoters and widespread DNA hypomethylation (Gaspar-Maia, 2010). Carboxylic 

acid transmembrane transport involves a vast array of the solute carrier (SLC) gene 

superfamily (Cesar-Razquin et al., Cell, 2020) which – amongst others – control nutrient 

uptake, a fundamental mechanism to meet ESCs high demand for metabolic substrates 

(Tsogtbaatar et al., 2020). Given the evidence that ZAP actively participates and stimulates 

RNA turnover, we interrogated if Zap knockout affects RNA half-lives of its mRNA targets using 
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SLAMseq (Herzog et al., 2017). Our data confirms that overall RNA half-lives of ZAP targets 

are increased in ZAP-KO mESCs (see section 2.8). For ZAP targets, the effect is strongest for 

enriched transcripts from the top 25% which significantly enrich for functional terms discussed 

above. Hence, we propose that ZAP may aid dissolution of pluripotency at the onset of 

differentiation by facilitating turnover of transcripts directly (pluripotency factors) or indirectly 

(adhesion, morphology and metabolism) involved in the stem cell signature. During 

pluripotency, gene expression of ZAP target transcripts with altered half-lives are likely 

buffered transcriptionally through the PGRN. Gene expression in response to differentiation 

cues needs to be amenable to dynamic and rapid adjustments (Betschinger, 2017). Poising 

relevant transcripts for turnover in ESCs which ceases to be buffered by transcriptional 

reinforcement from the PGRN at the onset of differentiation provides a possible mean to 

achieve flexibility in stem cell gene expression. In line with this proposal, ZAP binding to 

polyadenylated RNAs only diminishes during late dissolution of pluripotency (see section 2.1), 

implicating that ZAP regulation of the mRNA transcriptome is active in ESCs and at the onset 

of differentiation. 

 

Implications from ZAP-mediated destabilization of the protein-coding 
transcriptome 
 

The effect of Zap knockout on RNA half-lives throughout the transcriptome is widespread but 

moderate. The underlying reasons for this observation can have various origins. Analysis of 

our PAR-CLIP data revealed that ZAP engages its mRNA targets in a CG dinucleotide-

dependent manner (see section 2.7) which confirms earlier findings (Takata et al., 2017), but 

recent studies implicate that AREs might direct ZAP binding (Schwerk et al., 2019). Within 

CCRs and directly preceding the crosslinked nucleotide, we find high local frequencies for 

adenine and uridine nucleotides throughout CDS and 3’UTR consensus clusters which 

comprise 90% of all identified mRNA binding sites (Fig. 18B). Intriguingly, both CDS and 3’UTR 

show marked differences in their residual nucleotide composition within CCRs. 3’UTR 

consensus sites are characterized by high uridine content, whereas CDS regions contain 

mixed nucleotide composition (Fig. 18B). U-rich regions are represented as class III AREs as 

first identified in the c-jun 3’UTR (Barreau et al., 2005). Regulation of ARE-containing mRNAs 

is widely, but not exclusively, associated with modulation of RNA stability by interacting RBPs 

which may result in either increased or decreased RNA half-lives (Barreau et al., 2005; Otsuka 

et al., 2019). We find that RNA-half-lives of ZAP targets with a stronger binding preference 

within the 3’UTR are more affected by Zap knockout (Fig. 20E). Involvement of AREs in ZAP 

3’UTR binding site selection could provide additional specificity in target selection. In turn, this 

feature may make 3’UTR-regulated destabilization of ZAP targets susceptible for cross-
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regulation by other ARE-binding proteins. RBPs are intrinsic competitors for binding sites, 

exhibiting overlapping functions and binding preferences (Jens and Rajewsky, 2014; 

Dominguez et al., 2018). Therefore, it is possible that other RBPs buffer the loss of ZAP for a 

subset of ZAP targets and in turn diminish RNA stabilization. Another potential explanation for 

the attenuated effect in half-life modulation can be found in the inherent nature of PSCs to be 

subject to dynamic regulation of their cis-regulatory landscape through mechanisms like 

alternative polyadenylation (APA). In PSCs, APA is a regulatory mean to control 3’UTR 

composition and to restrict available cis-regulatory sequence space for 3’UTR-mediated 

regulation via RBPs and miRNAs. Here, Sox2 serves as an example. It was shown that Sox2 

transcripts undergo APA as a mean to regulate the length of 3’UTR regulatory platform (Modic 

et al., 2019). In particular, the short isoform contains a minimal length 3’UTR missing the vast 

majority of cis-regulatory motifs. Both isoforms are expressed to comparable amounts in 

mESCs and this balance shifts to the long isoform (distal PAS choice) with the onset of 

differentiation which is concomitant with increased turnover. ZAP binding sites for Sox2 mRNA 

were exclusively found in regions belonging to the long isoform of Sox2 (Fig. 17B), hence ZAP-

mediated turnover of Sox2 mRNA is instigated for a subset of the available Sox2 transcript 

population in mESCs. Of note, Sox2 mRNA destabilization during dissolution of pluripotency 

has been reported to be regulated by other RBPs such as PUM1 (Leeb et al., 2014) or 

microRNA miR-21 (Singh et al., 2015; Modic et al., 2019). Hence, it is possible that turnover 

of mRNAs during dissolution of pluripotency involves various independent factors that act in a 

concerted manner and that the ‘sum-of-all-effects’ manifests as the RNA fate.     

 

The second key observation from our SLAMseq experiment was that widespread stabilization 

of mRNAs is present beyond the subset we initially defined as ZAP targets based on our PAR-

CLIP analysis (Fig. 20C). One obvious explanation for this phenomenon may simply be that 

our PAR-CLIP experiment did not capture all in situ ZAP-mRNA interactions. Definition of PAR-

CLIP binding sites is based on peak-calling with a set cut-off to control for false positives. 

Dependent on how the cut-off is set, this may result in a larger number of false negatives. 

Similarly, we defined consensus binding sites for downstream analysis. Overlap of confidently 

assigned target sites per replicate is shown in Fig. 16B and reveals significant loss of high-

confidence binding sites identified in replicate 3 because PAR-CLIP sample preparation for 

replicates 1 and 2 performed worse. When we analyzed CG dinucleotide frequency for ZAP 

target transcripts in comparison with all protein-coding or non-target transcripts (Fig. 19A), we 

observed a significant but small difference in CG dinucleotide frequency between protein-

coding transcripts and non-targets. This shows that protein-coding transcripts not identified as 

ZAP targets possess the general propensity to be bound by ZAP, presence of CG 
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dinucleotides. Similarly, the effect could be of secondary nature – that is, not directly mediated 

by loss of ZAP-mRNA binding but rather through effects of Zap knockout on the gene 

regulatory landscape in ZAP-KO mESCs. While this possible and often observed in genetic 

perturbation experiments, the fact that non-targets predominantly exhibit the same fate as ZAP 

targets – increase of RNA half-life upon Zap knockout – is unexpected. Additional data analysis 

may shed light on the underlying nature of this observation, e.g. through integration of CG 

dinucleotide frequencies per non-target.  

 

Zap knockout affects stem cell colony morphology and temporal progression 
of dissolution of pluripotency 
 

Given the prevalent association with the pluripotent cell state, we addressed the effect of Zap 

knockout on pluripotency maintenance and dissolution using the RGd2 mESC reporter line 

which expresses a destabilized GFP under control of the endogenous Rex1 promoter (Wray 

et al., 2011). Rex1 is a marker gene for pluripotency undergoing timely transcriptional 

downregulation during dissolution of pluripotency (Kalkan et al., 2017) which allows the 

reporter cell line to be used to track temporal progression of this fate transition. We found that 

RGd2 ZAP-KO mESCs undergo colony flattening and spreading in ground-state conditions 

(Fig. 25), a phenomenon which is associated with a less pluripotent state or onset of 

differentiation (De Belly et al., 2021). Notably, ZAP-KO mESCs cultured in 2i/ES medium (A17 

ZAP-KO) are refractory to differences in colony morphology but also assume a less pluripotent 

state as compared to ground state mESCs cultured in 2i/LIF medium, further supporting this 

notion. Exemplary mESCs cultured in 2i/ES medium are shown in Fig. 1B. Moreover, loss of 

RGd2 signal in ZAP-KO mESCs is accelerated in early hours of dissolution of pluripotency but 

synchronized with control cells later on (Fig. 23 and 24). It is not possible to discriminate if 

occurrence of the former observation is causative for the latter one. Still, it remains a possibility 

that control and ZAP-KO cells in ground-state conditions are at different positions within the 

pluripotency continuum leading to asynchronous onset of differentiation. Nonetheless, both 

observations from the knockout background implicate that ZAP activity supports maintenance 

of pluripotency. 

 

Zap knockout leads to mis-expression of hundreds of genes in mESCs 
 

When we ran differential gene expression analysis on unlabeled samples from our SLAMseq 

experiment, we noticed de-regulation of 330 genes of which 70 were previously annotated as 
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ZAP targets based on our findings in PAR-CLIP (Fig. 21). Amongst them, genes involved in 

extracellular matrix and cytoskeletal organization were most prominent, providing a potential 

link to the observed colony flattening of RGd2 ZAP-KO mESCs. A recent study found that EZR, 

a fundamental cell-substrate crosslinker, forms a regulatory axis with β-Catenin and RHOA to 

regulate membrane tension and in turn cell spreading during maintenance and dissolution of 

pluripotency (De Belly et al., 2021). In mESCs, EZR maintains high membrane tension in its 

phosphorylated form, while at the onset of differentiation, GSK3B-driven degradation of β-

Catenin triggers a cascade which ends with dephosphorylation of EZR, relaxation of 

membrane tension and progression of differentiation. Moreover, expression profiling of exit of 

pluripotency in vivo and in vitro identified Nid1 and Spp1, both of which are repressed in ZAP-

KO mESCs, to be downregulated at the onset of differentiation (Kalkan et al., 2017). It remains 

to be seen if expression de-regulation of Ezr and other mechanoregulators compromise the 

membrane tension homeostasis sufficiently to explain the morphological alterations of ZAP-

KO mESCs in ground-state conditions. Another group of de-regulated genes involve germ cell 

and extraembryonic lineage factors. Lineage-encoding genes are globally suppressed in 

ground-state conditions and their de-repression is associated with a less pluripotent signature 

(Marks et al., 2012). For example, heterogenous expression of lineage genes in conventional 

conditions is attributed to serum stimulation. Overall, this de-repression might point to a 

perturbation of the PGRN in ZAP-KO mESCs. Lastly, we found that knockout of Zap leads to 

strong downregulation of alpha-aminoapidic semialdehyde synthase (Aass), which encodes 

the rate-limiting enzyme in lysine catabolism. Lysine catabolism via the saccharopine pathway 

in mitochondria generates acetyl-CoA, an important intermediate metabolite fueling generation 

of fatty acid synthesis, glycolytic intermediates for nonessential amino acids, ribose for 

nucleotides and histone acetylation (Mathieu and Rohuola-Baker, 2017). Deprivation of acetyl-

CoA leads to loss of pluripotency, highlighting its importance (Moussaieff et al., 2015). More 

importantly, deprivation of lysine has been shown to impair proliferation and survival as well 

as G0/G1 phase arrest of human ESCs and iPSCs (Shiraki et al., 2014). Mouse ESCs appear 

to rely less on lysine catabolism to provide metabolic intermediates such as acetyl-CoA and 

S-adenosylmethionine (SAM) as threonine catabolism was found to the single essential amino 

acid catabolic pathway (Wang et al., 2009). Still, lysine catabolism was found to be able to 

induce stemness signature in colorectal CD110+ cancer cells by activating Wnt signaling, 

emphasizing the general propensity (Wu et al., 2015). How Aass de-regulation affects mESCs 

is remains elusive. 
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The conundrum of ZAP in mESC biology: a preliminary working model 
 

Altering cellular programs are characterized by constant and highly dynamic remodeling of 

gene expression and therefore require tight regulation on the DNA, RNA and protein level. 

Multi-modal activity of proteins involved is therefore common. Here, the data presented points 

towards a multi-modal activity of ZAP in stem cell biology. On one side, knockout of Zap affects 

stem cell colony morphology and temporal progression at the onset of differentiation, 

implicating pro-pluripotency activity. Supporting this observation, mis-expression of genes 

involved in lineage programs and – in a wider sense – regulation of cell structure and 

morphology organization are observed upon Zap knockout. On the other side, we found that 

ZAP destabilizes a wide range of genes involved in maintenance of pluripotency, morphology, 

cell adhesion and metabolic pathways, supporting the PGRN in being amenable for flexible re-

wiring at the onset of differentiation. Consequences of this activity are likely to come into effect 

during early dissolution of pluripotency where ZAP activity is high and reinforcement of stable 

gene expression for pro-pluripotency genes through the PGRN declines. This activity points 

towards a function supporting the onset of differentiation (Fig. 26).  

 

 

Figure 26: Preliminary working model of ZAP activity in pluripotency and differentiation. During maintenance 

of pluripotency, Zap knockout results in altered stem cell colony formation, misexpression of lineage- and 

mechanical force-related genes and concomitant widespread stabilization of mRNAs. During dissolution of 

pluripotency, early loss of the pluripotent signature is accelerated in Zap knockout. 
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Conclusion and outlook 
 

Here I have presented the first global characterization of changes within the poly(A)+-RNA-

bound proteome during mESC differentiation and illustrated how expanding the utility of RIC 

to dynamic cell fate programs can be utilized to improve our understanding of RBP functions 

in developmental processes. We identified ZAP as a pluripotency-associated RBP and 

provided evidence for a multi-modal activity during maintenance and dissolution of 

pluripotency. As the field of PTGR in early developmental processes is relatively unexplored, 

regulatory signatures realized on the RNA level are mostly unknown. However, the high degree 

of concerted dynamics within the RNA-bound proteome during cell fate transitions implicates 

that RBPs play a fundamental role in realizing the underlying rewiring of gene expression. 

Moving forward, it will be critical to characterize RBPs in a cell fate-specific context as it will be 

a cornerstone for addressing central questions regarding cross-talk between PTGR and other 

gene expression control layers which ultimately creates regulatory plasticity.  

 

In summary, this work highlights a strategy for how to address our knowledge gap about PTGR 

in development-related processes. RIC is readily applicable to various cellular differentiation 

programs, uncovers RBP dynamics at high temporal resolution and provides high fidelity for 

subsequently addressing RBP functionality in developmental time.   
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Methods 
 

Cell lines 
 

Parental A17-mESCs (derived from E14Tg2a mouse strain), iA-v5 mESCs and thereof 

established stable cell lines were cultured in 2iES medium, an 80/20 composition of naïve 

2i/LIF medium and conventional LIF/serum (ES) medium. The 2:2:1 formulation of Advanced 

DMEM/F12 (Gibco), Neurobasal (Gibco) and Knockout DMEM (Gibco) was supplemented with 

2.5% ES-FBS (Gibco), N2 (Gibco), B27 (Gibco), GlutaMAX (Gibco), β-mercaptoethanol 

(Gibco), non-essential amino acids (NEEA, Gibco), nucleosides (Gibco), 1 µM MEK inhibitor 

PD0325901 (Invitrogen), 3 µM GSK3β inhibitor CHIR99021 (Invitrogen) and 1000U/ml LIF 

(Merck Millipore). RGd2 mESCs and all stable cell lines derived from it were maintained in 

“classic” 2i/LIF medium (Mulas et al., 2019). All mESC lines were cultured on TC-treated petri 

dishes coated with 0.1% gelatin and passaged by trypsinization using TrypLE. 

 

For neuronal differentiation of the iA-v5 mESC line utilizing Embryoid body (EB) formation, 

mESC colonies were trypsinized into single cells and seeded onto non-TC treated petri dishes 

in 1:1 Advanced DMEM/F12 and Neurobasal supplemented with 5% KnockOut Serum 

Replacement (Gibco), GlutaMAX and β-mercaptoethanol (AK medium). After 2 days, forming 

EBs were split 1:1, supplemented with 3 µg/ml doxycycline (DOX, Sigma Aldrich) to drive 

expression of Ascl1 and cultured for an additional 2 days to finalize neuronal differentiation. 

 

For monolayer differentiation of RGd2 mESCs, mESC colonies were trypsinized into single 

cells and seeded at a density of 1-1.5x104 cells per cm2 on TC-treated petri dishes coated with 

0.1% gelatin in 2i/LIF medium. After 12-24 hours, medium was exchanged with N2B27 medium 

differentiation medium (Mulas et al., 2019). 

 

Lenti-X 293T cells were cultured in DMEM (Gibco) containing 10% FBS (Gibco), GlutaMAX 

and 0.5 mM sodium pyruvate (Gibco). One day prior to transfection, cell culturing medium was 

exchanged for lentivirus packaging medium (Opti-MEM I Reduced Serum medium (Gibco), 5 

% FBS, GlutaMAX, 0.5 mM sodium pyruvate). 
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Plasmids 
 

The CROP-seq-opti (CSO) plasmid (addgene ID: #106280) was modified as follows: The 

puromycin selection cassette was removed by Pfl23II/MluI enzymatic digest. Two DNA 

oligonucleotides (synthesized by IDT DNA Technologies) comprising a zeocin-T2A-tagBFP2 

selection cassette were assembled between the Pfl23II/MluI sites using the NEBuilder HiFi 

DNA Assembly kit (NEB) according to the manufacturer’s protocol to create the CROP-seq-

opti-ZEO-t2a-BFP (CSO-ZEO-BFP) plasmid. Another DNA oligonucleotide (IDT DNA 

Technologies) only comprising the tagBFP2 sequence was cloned between the Pfl23II/MluI 

sites using T4 DNA ligase (NEB, M0202L) according to the manufacturer’s protocol to create 

the CROP-seq-opti-BFP (CSO-BFP) plasmid. The design of the tagBFP2 sequence was 

adjusted to remove the BmsBI site. 

 

For the generation of the 3xFLAG knock-in homology repair construct targeting the N-terminal 

end of the Zc3hav1 gene locus, the entire sgRNA expression cassette driven by a modified 

human U6 promoter was removed by KflI/NsiI digest. Two DNA oligonucleotides (IDT DNA 

Technologies) comprising a 3xFLAG sequence directly adjacent to the upstream start codon 

flanked by 250 bp of Zc3hav1 gene homology sequences on each side were assembled 

between the KflI/NsiI sites using the NEBuilder HiFi DNA assembly kit to create the CSO-BFP-

3xFLAG-NZAP plasmid.  

 

The px458 plasmid (addgene ID: # 48138) was digested with BbsI restriction enzyme resulting 

in non-complementary overhangs from 2 adjacent, inversed restriction sites between the U6 

promoter and the sgRNA constant region. sgRNA protospacer sequences targeting the Zap 

gene locus at the n-terminal end of the coding region were designed with complementary 

overhangs, annealed and cloned between the inverted BbsI sites using T4 DNA ligase (NEB) 

according to the manufacturer’s instructions. Finally, the px458 plasmids carrying different 

Zap-targeting sgRNAs were modified as follows: The EGFP expression sequence (T2A-EGFP) 

was removed by EcoRI enzymatic digest. A synthesized DNA oligonucleotide (IDT DNA 

Technologies) comprising a P2A-mCherry sequence was assembled between both EcoRI 

sites using the NEB HiFi DNA assembly kit to create px458_mCherry_NZAP_sg1 and 

px458_mCherry_NZAP_sg2 plasmids. sgRNA protospacer sequences are listed in the section 

‘Oligonucleotides’. 
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Lentiviral transfer plasmids containing single sgRNA sequences were generated by enzymatic 

digest of CSO-ZEO-BFP with BsmBI and ligation of pre-annealed sgRNA protospacer 

sequences with complementary overhangs using T4 DNA ligase. sgRNA protospacer 

sequences are listed in the section ‘Oligonucleotides’. 

 

To generate the piggyBac transposon construct for the generation of doxycycline-inducible 

Cas9 cell lines, PB-TRE-VPR (addgene #63800) was digested with NheI/AgeI to remove the 

entire ORF under control of the TRE promoter. A Cas9-mCherry construct (IDT DNA 

Technologies) was PCR amplified to introduce overhang arms and then ligated into the PB-

TRE background using the NEBuilder HiFi DNA assembly protocol to create the PB-TRE-

Cas9-mCherry plasmid. 

  

Transfections and stable cell lines 
 

All mESC lines were transfected via electroporation using the P3 Primary Cell 4D-Nucleofector 

X-Kit (Lonza), a 4D-nucleofector core unit and X unit (Lonza) with the preset program for 

mouse ES cells (CG-104). Each round of transfection was conducted with 1x106 cells.  

 

For the nucleofection to generate 3xFLAG-ZAP tagged mESCs, 2 µg of CSO-BFP-3xFLAG-

NZAP and 2 µg of px458_mCherry_NZAP_sg1 or px458_mCherry_NZAP_sg2 were used. 

Betweeen 24 and 48 h post-nucleofection, mESCs were collected and subjected to sorting 

using FACS only retaining BFP+/mCherry+ cells. 104 cells were seeded per gelatin-coated 60 

mm petri dish to grow single cell clones for downstream analysis and expansion. 

 

For the nucleofection to generate DOX-inducible Cas9-expressing mESCs, 0.5 ug of PB-TRE-

Cas9-mCherry and 0.1 ug of pCMV-hyPBase (Yusa et al., 2011) were used (for a 

transposon:transposase ratio of 5:1). The next day, cells were subjected to hygromycin 

selection at 100 ug/ml for 4 days. Finally, surviving cells were sorted using FACS only retaining 

those cells with no leaky Cas9-mCherry expression under DOX-free culturing condictions. 
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RNA-sequencing and data analysis 
 

RNA was extracted using TRIzol (Thermo Fisher Scientific) in combination with the RNA clean 

& concentrator kit (Zymo) according to manufacturer’s instructions. 5 µg of total RNA was used 

as input for preparation of sequencing libraries using the RiboZero Gold rRNA Removal kit 

(Illumina) in combination with the TruSeq Stranded mRNA library Prep kit (Illumina). Libraries 

related to the RIC dataset #1 were sequenced on the Illumina NextSeq 550 system (2x151+7 

cycles). Libraries related to the RIC dataset #2 were sequenced on the Illumina HiSeq4000 

system (1x151+7 cycles). 

 

Raw reads were demultiplexed and 3’adapter overhangs trimmed using flexbar (v3.4). Read 

counts and transcript-level expression quantification values (transcipts per million – TPM) were 

calculated using Salmon (v1.4) (Patro et al., 2017). For downstream gene-level analysis 

between samples, transcript-level data was summarized using tximport (Soneson et al., 2015) 

and analyzed with DESeq2 (Love et al., 2014) applying default parameters for statistical 

analysis. 

 

RNA interactome capture – experimental procedure 
 

RNA interactome capture (RIC) was performed as described recently (Kastelic et al., 2017). In 

short, cell samples at all time points indicated during mESC differentiation were labeled using 

4-thiouridine (4sU, Jena Bioscience) at a final concentration of 200 µM for 8 hours, crosslinked 

with 2000 uJ/cm2 x 1000 at 365 nm using a Stratalinker 2400 UV crosslinker, flash-frozen in 

liquid nitrogen and stored at -80 °C until processed. Cell pellets were thawed, lysed in RIC 

Lysis/Binding buffer (100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA, pH 8.0, 1% LiDS, 

5 mM DTT, EDTA-free protease inhibitor (Roche)) and further homogenized using 21G and 

26G gauge needles. Lysates were clarified at 20,000xg for 10 minutes at 4 °C and subjected 

to oligo(dT) bead purification, 3 rounds of washing with Lysis/Binding buffer, 3 rounds of 

washing with RIC NP-40 wash buffer (50 mM Tris-HCl, pH 7.5, 140 mM LiCl, 2 mM EDTA, pH 

8.0, 0.5% NP-40, 0.5 mM DTT, EDTA-free protease inhibitor (Roche)), 2 round of washing with 

RIC detergent-free wash buffer (50 mM Tris-HCl, pH 7.5, 140 mM LiCl, 2 mM EDTA, pH 8.0, 

0.5 mM DTT, EDTA-free protease inhibitor (Roche)) and heat elution in low-salt buffer (10 mM 

Tris-HCl, pH 8.0) at 80°C for 2 minutes for a total of 3 times. Eluates from all 3 rounds were 

pooled and treated with RNase I (Ambion) in presence of 1 mM MgCl2 for 1.5 hours at 37 °C 

to release proteins from purified poly(A)-RNA and further processed for mass spectrometry.  



88 
 

RNA interactome capture - sample preparation for MS analysis 
 

Cell pellets for whole-cell proteome samples were lysed with 8M urea in 0.1 M Tris-HCl pH 8.0. 

For both RIC and whole-cell proteomes, proteins were reduced with 10 mM DTT at room 

temperature for 30 min and alkylated with 50 mM iodoacetamide at room temperature for 30 

min in the dark room. Proteins were first digested by Lysyl endopeptidase (LysC) (Wako) at a 

LysC-to-protein ratio of 100:1 (w/w) for 3 h at room temperature. Then, the sample solution 

was diluted to final concentration of 2 M urea with 50 mM ammonium bicarbonate. Trypsin 

(Promega) digestion was performed at a trypsin-to-protein ratio of 100:1 (w/w) under constant 

agitation at room temperature for 16 h. Enzyme activity was quenched by acidification of the 

samples with trifluoroacetic acid (TFA). The peptides were desalted with C18 Stage Tips 

(Rappsilber et al., 2003) prior to nanoLC-MS/MS analysis.  

 

RNA interactome capture - nanoLC-MS/MS analysis 
 

Peptides were separated on a 2 m monolithic column (MonoCap C18 High Resolution 2000 

(GL Sciences), 100 mm i.d. x 2,000 mm at a flow rate of 300 nL/min on an EASY-nLC II system 

(Thermo Fisher Scientific). 360-min and 240-min gradient were performed for whole proteome 

and RBPome analyses, respectively. A Q-Exactive plus instrument (Thermo Fisher Scientific) 

was operated in the data dependent mode with a full scan in the Orbitrap followed by top 10 

MS/MS scans using higher-energy collision dissociation (HCD). The full scans were performed 

with a resolution of 70,000, a target value of 3x106 ions and a maximum injection time of 20 

ms. The MS/MS scans were performed with a 17,500 resolution, a 1x106 target value and a 

20 ms maximum injection time. Isolation window was set to 2 and normalized collision energy 

was 26.  

 

RNA interactome capture - data processing and analysis 
 

Raw data were analyzed and processed using MaxQuant (v1.5.1.2) (Cox and Mann, 2008). 

Search parameters included two missed cleavage sites, fixed cysteine carbamidomethyl 

modification, and variable modifications including methionine oxidation, N-terminal protein 

acetylation, and asparagine/glutamine deamidation. The peptide mass tolerance was 6 ppm 

for MS scans and 20 ppm for MS/MS scans. The match between runs was enabled. Database 

search was performed using Andromeda (Cox et al., 2011) against Uniprot-mouse 2014-10 
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with common contaminants. False discovery rate (FDR) was set to 1% at both peptide 

spectrum match (PSM) and protein level. For protein quantification, a minimum of two ratio 

counts was set and ‘match between runs’ functions were enabled.  

 

 

Protein quantification across samples was performed using the label-free quantification (LFQ) 

algorithm (Cox et al., 2014). A minimum peptide count required for LFQ protein quantification 

was set to two. Only proteins quantified in at least two out of the three biological replicates in 

at least one condition were considered for further analyses. LFQ intensities were log2-

transformed and imputation for missing values was performed with the R package DEP (Zhang 

et al., 2018) using the MinProb approach. With the Perseus software (Tyanova et al., 2016), 

multiple sample testing with the non-default settings (ANOVA, Benjamini-Hochberg FDR for 

truncation at 0.05) was used to identify differentially regulated proteins across samples. After 

filtering for ANOVA-signifiant protein hits, z-scoring and PostHoc Tukey testing was performed.  

 

PCR 
 

For the amplification of the N-terminal region of the Zc3hav1 genomic locus to screen single-

cell clones for successful knock-in of the 3xFLAG sequence, PCR was conducted using Phire 

Animal Tissue Direct PCR Kit (Thermo Fisher Scientific) according to manufacturer’s 

instructions using samples collected from 96-well plates. Primer sequences used for the 

amplification are listed in the section ‘Oligonucleotides’. 

 

Western Blot 
 

Cell pellets were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA 

pH 8.0, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, EDTA-free protease 

inhibitor (Roche)) on ice for 15 minutes and sonicated with a short pulse (5s, 80% amplitude). 

Lysates were cleared with centrifugation at 20,000xg for 10 min at 4 °C, supernatants were 

mixed with NuPAGE LDS sample buffer (Thermo Fisher Scientific) and incubated at 70 °C for 

10 min. Proteins were separated by SDS-PAGE in a 4-12% Bis-Tris NuPAGE gel (Thermo 

Fisher Scientific) in 1x MOPS SDS running buffer (Thermo Fisher Scientific) for 1 h at 200 V 

and transferred onto a nitrocellulose membrane (Amersham)  using a semi-dry blotting 

apparatus for 1 h at 20 V. Membranes were blocked with 5% non-fat milk in TBS-T (150 mM 

NaCl, 20 mM Tris-HCl, pH 7.5, 0,1% Tween20) for 30 min and subsequently incubated with 
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primary antibody overnight at 4 °C.  Next day, membranes were washed with TBS-T 3 times 

for 10 minutes and incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibody for 1h at room temperature. After washing membranes 3 times with TBS-T for 10 min, 

bands were visualized with an ECL detection reagent (GE Healthcare) and imaged with an 

Amersham Imager 680 imaging system (GE Healthcare). 

 

Preparation of RIC samples for validation 
 

Samples which were produced as described in the section ‘RNA interactome capture – 

experimental procedure’ were subjected to trichloroacetic acid (TCA) precipitation as follows: 

0.11 volumes ice-cold were added to samples and incubated on ice for 10 min. Samples were 

mixed with additional 500 µl 10% TCA, incubated on ice for 20 min and centrifuged at 20,000xg 

for 30 min. Supernatant was discarded and 500 µl acetone was added to the samples. Tubes 

were rocked gently to rinse the pellet in acetone and centrifuged at 20,000xg for 20 min. 

Supernatant was discarded and pellets were dried prior to resuspension in RIPA buffer. Prior 

to validation, protein concentrations were measured using the Qubit Protein Assay (Thermo 

Fisher Scientific) and samples adjusted accordingly. 

 

Biochemical cell fractionation 
 

Biochemical cell fractionation by sequential detergent extraction was carried out as previously 

described (Jagannathan et al., 2011) with minor modifications: The incubation step in the 

permeabilization buffer was extended to 10 minutes and performed at 4 °C with agitation. Lysis 

for extraction of the NP-40 soluble fraction was extended to 10 minutes. The lysis buffer was 

altered in regards of NP-40 concentration (reduced from 1% to 0.5%) and removal of NA-

deoxycholate in order to improve the recovery of intact nuclei from the NP-40 insoluble fraction. 

The respective pellet was let floating in 10% sucrose in lysis buffer and centrifuged at 3000xg 

for 5 minutes at 4 °C. The supernatant was discarded and the resulting pellet processed as 

the ‘nucleus fraction’. 
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PAR-CLIP – IR labeling of 3’adapter with click chemistry 
 

10 nmol of pre-adenylated 3’adapter in PBS pH 7.4 (IDT DNA Technologies) was incubated 

with 1 mM IRdye-800CW-DBCO (LiCor) for 2 hours at 37 °C, purified twice using the QIAquick 

nucleotide removal kit (Qiagen) and stored at a final working concentration of 1 µM at -20 °C.   

 

PAR-CLIP – experimental procedure 
 

Cells were metabolically labeled with a final concentration of 200 µM 4sU for 8 h, crosslinked 

with 2000 µJ/cm2 x1000 at 365 nm using a Stratalinker 2400 UV crosslinker, collected and 

flash-frozen in liquid nitrogen for storage at -80°C until further processing. Cell pellets were 

lysed in 3x pellet volumes ice-cold modified NP-40 lysis buffer (50 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1 mM EDTA pH 8.0, 1 % NP-40, 0.25 mM DTT, 15 U/µl murine RNase inhibitor 

(NEB), EDTA-free protease inhibitor (Roche)) for 15 minutes at 4 °C with mild agitation and 

the lysate was further homogenized by repeated shearing with a 21G gauge needle. To 

enhance the lysis, samples were sonicated in 50 ml polypropylene falcon tubes in a Bioruptor 

Plus sonication device for 7 cycles with 30 second on/off pulses at low intensity. For RNase I 

digestion, samples were split into 1.5 ml Eppendorf tubes and incubated RNase I (Ambion) at 

a final concentration of 400 U/ml lysate at 37 °C and 1100 rpm for 10 minutes. Eppendorf tubes 

were immediately transferred on ice and incubated for 5 minutes before the lysates were 

cleared at 20,000xg for 10 minutes at 4 °C. All supernatants were collected in a new 15 ml 

falcon tube for each sample, respectively. Protein G dynabeads (Invitrogen) were washed 

three times in PBS with 0.02% Tween 20 and resuspended in 2x the original bead volume of 

PBS + 0.02% Tween 20 containing 0.25 mg/ml M2 anti-FLAG antibody (Sigma). For the 

coupling reaction, bead/antibody suspensions were incubated for 45 minutes at room 

temperature with agitation and subsequently washed three times in adjusted NP-40 lysis buffer 

with 0.5% NP-40 to remove unbound antibody and unspecific bead-antibody interactions. After 

adjusting the NP-40 concentration in samples to 0.5%, FLAG antibody-coupled Protein G 

dynabeads and samples and cleared lysates were combined and incubated for 1 hour at 4 °C 

with agitation. Beads were collected and washed three times with ice-cold modified NP-40 

wash buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM EDTA pH 8.0, 0.5% NP-40, 0.25 

mM DTT, 15U/µl murine RNase inhibitor (NEB), EDTA-free protease inhibitor (Roche)), two 

times with PNK wash buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 0.2% Tween-20) and 

transferred to a new 1.5 ml Eppendorf tube. For the first PNK reaction, beads were 

resuspended in 0.5x bead volumes of ‘PNK reaction mix I’ (70 mM Tris-HCl pH 6.5, 10 mM 

MgCl2, 1 mM DTT, 1:40 murine RNase inhibitor (NEB), 0.1% Triton-X100, 0.1 U/µl FastAP 
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(Thermo Fisher Scientific) and 0.25 U/µl T4 PNK (NEB)) and incubated for 30 minutes at 37 

°C and 1100 rpm. Beads were washed twice in PNK wash buffer and transferred to a new 1.5 

ml Eppendorf tube. For the 3’adapter ligation, beads were resuspended in the ‘3’adapter 

ligation mix’ (1x T4 RNA ligase buffer (NEB), 1:40 murine RNase inhibitor, 15% PEG8000, IR-

labeled pre-adenylated 3’adapter and 20U/µl T4 RNA ligase 2 KQ (NEB)) and incubated 

overnight at 16 °C and 1100 rpm and with protection from light. The next day, beads were 

washed twice with NP-40 wash buffer and once with PNK wash buffer before being 

resuspended in ‘PNK reaction mix II’ (Tris-HCl pH 6.5, 10 mM MgCl2, 1 mM DTT, 1 mM ATP 

(NEB), 1:40 murine RNase inhibitor (NEB), 0.1% Triton-X100 and 0.5 U/µl T4 PNK (NEB)) and 

incubated for 30 minutes at 37 °C and 1100 rpm. Finally, the beads were washed twice in NP-

40 wash buffer, once in PNK wash buffer and incubated with pre-heated 1.1x NuPAGE LDS 

loading buffer containing 100 mM DTT for 1 minute at 70 °C for elution. Samples were resolved 

by SDS-PAGE with a NuPAGE 4-12% Bis-Tris gel (Thermo Fisher Scientific) in 1x MOPS 

running buffer and transferred onto a nitrocellulose Western Blotting membrane (Amersham). 

Protein-RNA crosslinked adducts ligated to IR-labeled 3’adapter were visualized using an 

Amersham Typhoon imager and bands corresponding to the protein of interest were excised 

and transferred to a new 1.5 ml Eppendorf tube. Samples were treated with Proteinase K in 

Proteinase K reaction buffer (100 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM EDTA pH 8.0, 

0.5% SDS) for 45 min at 50 °C, extracted with phenol:chloroform:isoamyl alcohol 25:24:1 pH 

8.0, separated on a 15% urea-PAGE gel (Carl Roth) and 3’adapter-ligated RNA fragments 

corresponding to sizes 24-50 nt were purified. After phenol:chloroform:isoamyl alcohol 

extraction, samples were ligated to 5’adapter at 37°C and 700 rpm for 2 hours with T4 RNA 

ligase 1 (NEB) and purified using MyONE Silane dynabeads (Thermo Fischer Scientific). 

Finally, ligated RNA fragments were reverse transcribed using SuperScript III Reverse 

Transcriptase (Thermo Fisher Scientific) and PCR-amplified with Phusion High-Fidelity DNA 

polymerase. Resulting cDNA was resolved on a 2.5% low-melting agarose gel, a band 

corresponding to ~150 nt size was excised and purified using the ZymoClean Gel DNA 

Recovery kit (Zymo). Sequencing of cDNA libraries generated from this protocol was 

performed on the HiSeq2500 platform (1x51+7 cycles)  

 

PAR-CLIP – data processing and analysis 
 

Raw reads were demultiplexed and 3’adapter overhangs were removed with flexbar (v3.4). To 

remove PCR duplicates, reads were collapsed and the 2x4N random nucleotides introduced 

during cDNA library preparation were trimmed on both sides of each read using FASTX Toolkit 

v0.0.14. Reads were aligned to the mouse genome (mm10, gencode vM23) using Bowtie 
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v1.2.3 (Langmead et al., Genome Biology, 2009) with options ‘-v 1 -m 100 --best --strata -S’ 

and read clusters were called with PARalyzer (Corcoran et al., 2011) scoring for T-C 

conversions within reads. Clusters were required to consist of at least 10 non-duplicate reads 

and containing 10 T-C conversions in ≥ 3 positions. Quality filtering of read clusters was 

performed using custom scripts from the PARpipe pipeline (Mukherjee et al., 2018) retaining 

clusters which surpass a total T-C conversion specificity score of > 0.6.  

 

Consensus sets of binding clusters were generated from clusters overlapping in 2 out of 3 

replicates with a fractional overlap of > 0.3 with BEDOPS v2.4.37 (Neph et al., Bioinformatics, 

2012). To obtain gene-level information about binding sites and T-C conversions, we summed 

up reproducible clusters and T-C conversions per gene. RNA class- and mRNA region-specific 

location of consensus binding sites and T-C conversions were derived from PARpipe custom 

script annotation and annotation categorization was simplified as previously shown (Urdaneta 

et al., 2019). Gene-level T-C conversions were extracted using the 

row_mpile_coverage_plus_TC.pl script (Schueler et al., 2014). 

 

For 6-mer enrichment analysis within consensus binding sites, we defined crosslink-centered 

regions (CCRs) as regions surrounding the crosslink center (mode location), which is the 

position with the highest signal-to-noise ratio for T-C conversions within a binding site. Per 

consensus binding site, the most frequent position (mode location) of clusters from all 3 

replicates was chosen and – if necessary – selected by its local specificity score (mode 

specificity). DNA sequences in FASTA format were extracted from CCR locations and the 

mouse genome DNA sequence (GRCm38.p6) and processed with R package Biostrings for 

generating shuffled CCR DNA sequences and counting the occurrence of all possible 6-mers.   

  

For transcript-level analysis of dinucleotide frequencies, we retained the longest transcript per 

gene and exonic sequences only (mm10, gencode vM23) and extracted DNA sequences in 

FASTA format using the gffread utility (Pertea and Pertea, 2020) for all protein-coding genes, 

non-targets and ZAP targets. In order to infer the ‘observed-to-expected’ ratios of dinucleotide 

occurences using the R package Biostrings, observed dinucleotide frequencies were counted 

per DNA sequence and normalized by the length of the DNA sequence. The expected 

frequency of dinucleotides ‘AB’ is based on the frequencies of its individual DNA letters ‘A’ and 

‘B’ and was calculated as follows: If the 2 DNA letters were different, the expected dinucleotide 

frequency within a DNA sequence of length N is  
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𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑓𝑓𝑒𝑒𝑒𝑒(𝐴𝐴𝐴𝐴)  =  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝐴𝐴 ∗  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝐴𝐴 / 𝑁𝑁, 

and if the 2 DNA letters were the same, the expected dinucleotide frequency within a DNA 

sequence of length N is  

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑓𝑓𝑒𝑒𝑒𝑒(𝐴𝐴𝐴𝐴)  =  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝐴𝐴 ∗  (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝐴𝐴 − 1) / 𝑁𝑁. 

 

Lentivirus production 
 

Lenti-X 293T cells (Takara Bio) were passaged two times prior to lentivirus production. At 90% 

confluency, the cells were transfected with pCMV-VSV-G (Addgene ID: #8485), pCMV-dR8.2 

dvpr (Addgene ID: #8455) and the CSO-ZEO-BFP backbone containing various sgRNA inserts 

at a molar ratio of 1:1:2 using the Lipofectamine 3000 reagents according to manufacturer’s 

instructions. Six hours post-transfection, the medium was exchanged and viral supernatant 

was collected 24 hours and 48 hours post-transfection. For each lentivirus, viral supernatants 

were combined and filtered through a 45 µm pore size polyethylensulfone (PES) membrane 

filter to remove residual cell debris. Finally, viral supernatants were concentrated using the 

Lenti-X concentrator reagent (Takara Bio) according to manufacturer’s instruction and 

resuspended in 2i/LIF-containing N2B27 medium at 100x concentration. Lentiviruses were 

stored at -80 °C. 

 

Lentivirus transduction of iCas9-mCherry mESCs 
 

4 hours prior to lentiviral transduction, mESCs (A17-3xFLAG-ZAP-iCas9 and RGd2-iCas9) 

were seeded at a density of 50,000-100,000 cells per 6-well in a 6-well plate. Lentiviral 

transduction was performed at a multiplicity of infection (MOI) of 0.3 in 2i/LIF medium 

supplemented with 8 ug/ml polybrene. After 16 to 18 hours, the culturing medium was 

refreshed. 48 hours post-transduction, cells positive for lentivirus integration into the genome 

were enriched with fluorescence activated cell sorting (FACS) gating for the cell population 

expressing the tagBFP2 reporter. 
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SLAMseq – experimental procedure 
 

16 hours prior to the start of labeling the experiment, mESCs were seeded at a density of 

320,000 cells per 6-well in a 6-well plate. The next day, mESCs were metabolically labeled 

with 4sU at a final concentration of 100 µM for 1, 2, 4 and 8 hours. Cell samples were collected 

in TRIzol and stored at -80°C until processed. RNA was purified according to TRIzol 

manufacturer’s instructions with the following modifications: In order to keep RNA samples 

under reducing conditions, isopropanol precipitation and ethanol wash of the pellet were 

performed in presence of 0.1mM DTT. RNA pellets were resuspended in 1 mM DTT.  For 

alkylation of 4sU-labeled RNA, 5 µg of RNA were incubated with 10 mM iodoacetamide (IAA) 

in the presence of 50 mM NaPO4 pH 8.0 and 50% DMSO for 15 min at 50 °C. Subsequently, 

RNA was precipitated with 2.5x volumes of 100% ethanol, 10% 3M NaOAc pH 5.2 and 

GlycoBlue co-precipitant. Eluted RNA was subjected to MTSEA biotin assay for validation of 

successful thiol modification. Sequencing libraries were prepared with the Quantseq 3’ mRNA-

Seq Library Prep Kit FWD for Illumina (Lexogen) in combination with the UMI Second Strand 

Synthesis Module for QuantSeq FWD (Lexogen). Sequencing libraries were sequenced on the 

NovaSeq 6000 system (S1 flow cell, 1x100+6 cycles). 

 

SLAMseq – MTSEA biotin incorporation assay 
 

2 µg of IAA-treated and non-treated RNA in 20 mM HEPES pH 7.4 and 1 mM EDTA pH 8.0 

were incubated at 95 °C for 30s and immediately placed on ice.  MTSEA-Biotin-XX () at a final 

concentration of 0.1 mg/ml was added and the biotinylation reaction was incubated for 1h 

protected from light. After 2 consecutive rounds of extraction with phenol:chloroform:isoamyl 

alcohol 125:24:1 pH 4.5, the aequous phase was transferred onto a Hybond N+ membrane 

(Amersham) using a dot blot apparatus.  RNA was UV crosslinked on the membrane with 2 

rounds of 1200 µJ (auto-crosslink). The membrane was stained with Methylene Blue for 

loading control and blocked in blocking solution (PBS pH 7.5, 10% SDS, 1 mM EDTA) for 20 

min. After probing the membrane with a 1:10,000 dilution of 1mg/ml HRP-conjugated biotin 

antibody (Pierce) for 15 min in blocking solution, it was subjected to 6 rounds of washing in 

SDS-containing PBS pH 7.5 (10%, 1% and 0.1%, twice each) with decreasing concentrations. 

ECL detection reagent was added and the signal of biotin-bound HRP was visualized with an 

Amersham Imager 680 imaging system.  
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SLAMseq – data processing and analysis 
 

We used the GRAND-SLAM pipeline (version 2.0.5g) (Juerges et al., 2018) to process 

SLAMseq data.  Briefly, 10 nt (6 nt unique molecular identifier [UMI] + 4 nt spacer) were 

trimmed from the 5’ ends of reads (FastqFilter program from the GRAND-SLAM pipeline), and 

the sequencing adapter (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA) was trimmed 

from the 3’ end using reaper from the Kraken package (version 13-274) (Davis et al., Methods, 

2013). Next, bowtie2 (version 2.3.0) (Langmead and Salzberg, Nat Methods, 2012) with default 

parameters was used to discard reads mapping to rRNA (Genbank identifier U13369.1) and 

to verify the absence of mycoplasma contamination. STAR (version 2.5.3a, Dobin et al., 2013) 

was used to map all remaining reads with length at least 18 nt against an index of the mouse 

genome (mm10, Ensembl 90) (parameters: --outFilterMismatchNmax 20 --

outFilterScoreMinOverLread 0.4 --outFilterMatchNminOverLread 0.4 --alignEndsType 

Extend5pOfReads12 --outSAMattributes nM MD NH). Finally, all reads mapping at the same 

genomic location sharing the same UMI were collapsed, and only mismatches that occurred 

in the majority of these reads were retained (DedupUMI program of the GRAND-SLAM 

pipeline).  

The GRAND-SLAM program was run with parameter –trim 15 against the mouse genome 

index defined above, to count reads and to estimate the new-to-total RNA ratio (NTR) for each 

sample. Read counts per sample were normalized by dividing by the size factors 

(estimateSizeFactorsForMatrix from the DESeq2 R package) computed from either the total 

number of mapped reads.  

We modeled the change in total RNA levels 𝑎𝑎 at time 𝑡𝑡 of a sample with transcription rate 𝜎𝜎 

and degradation rate 𝛿𝛿 by the following differential equation (Juerges et al., 2018): 

𝑑𝑑𝑎𝑎
𝑑𝑑𝑡𝑡

= 𝜎𝜎 − 𝛿𝛿 ⋅ 𝑎𝑎(𝑡𝑡)  

With total RNA level 𝑎𝑎(0) = 𝑎𝑎0 at time 𝑡𝑡 = 0, this has the following closed-form solution: 

𝑎𝑎(𝑡𝑡) = �𝑎𝑎0 −
𝜎𝜎
𝛿𝛿
� 𝑓𝑓−𝑡𝑡𝑡𝑡 +

𝜎𝜎
𝛿𝛿  

Thus, the following equations for new and old RNA levels in knockout or control samples can 

be derived: 

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡,𝜎𝜎, 𝛿𝛿) =
𝜎𝜎
𝛿𝛿
𝑓𝑓−𝑡𝑡𝑡𝑡

𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛(𝑡𝑡,𝜎𝜎, 𝛿𝛿) =
𝜎𝜎
𝛿𝛿
⋅ �1 − 𝑓𝑓−𝑡𝑡𝑡𝑡�
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For each of the samples, we computed the estimated new and old RNA levels 𝑔𝑔𝑜𝑜,𝑡𝑡,𝑎𝑎,𝑟𝑟, where 

𝑙𝑙 ∈ {𝑜𝑜𝑙𝑙𝑑𝑑,𝑛𝑛𝑓𝑓𝑛𝑛} indicates old or new, 𝑡𝑡 ∈ {0,1,2,4,8} is the time period of 4sU labeling, 𝑎𝑎 ∈

{𝑘𝑘𝑜𝑜, 𝑐𝑐𝑡𝑡𝑓𝑓𝑙𝑙}, and 𝑓𝑓 ∈ {1,2,3} the replicate by multiplying the normalized read count by NTR and 1-

NTR, respectively. We fitted the transcription and degradation rates 𝜎𝜎𝑐𝑐 and 𝛿𝛿𝑐𝑐 by minimizing 

the residuals 𝑔𝑔𝑜𝑜,𝑡𝑡,𝑐𝑐𝑡𝑡𝑟𝑟𝑜𝑜,𝑟𝑟 − 𝑓𝑓𝑜𝑜,𝑐𝑐𝑡𝑡𝑟𝑟𝑜𝑜(𝑡𝑡,𝜎𝜎𝑐𝑐 ,𝛿𝛿𝑐𝑐) (all with equal weights) using the nls.lm function from 

the minpack.lm R package. We estimated confidence intervals by the quadratic approximation 

of the log likelihood function using the numerically computed Hessian matrix. 

 

Flow cytometry analysis 
 

For the polyclonal knockout experiment, iCas9-RGd2 mESCs expressing sgRNA constructs 

targeting Sox2, Zc3hav1 and Pum1 genes were seeded at a density of 50,000 cells per 6-well 

in a 6-well plate. 6 hours later, 2i/LIF-containing N2B27 medium was exchanged for medium 

supplemented with 0.5 µg/ml DOX. After 3 days of DOX treatment, medium was exchanged 

for standard 2i/LIF-containing N2B27 medium. After a total of 4 days after seeding cells were 

analyzed by flow cytometry using an Aria II (BD) device. 

 

For the pluripotency dissolution time-series experiments, parental RGd2, RGd2-ZAP-KO and 

RGd2-PUM1-KO mESCs were seeded at a density of 10,000 cells per cm2 of growth surface. 

16 hours later, cells were washed once in PBS and medium was exchanged for N2B27 medium 

without 2i/LIF. To ensure reproducibility of cell numbers for each sample at different time points 

during monolayer differentiation, cells were seeded and differentiated with respect to the flow 

cytometry analysis which was carried out in parallel for all samples within an experiment. Flow 

cytometry analysis was run on an Aria III device. For all experiments, medium was exchanged 

once per day. 

 

Antibodies 
 

antibody vendor dilution 
FLAG Sigma Aldrich, F1804 1:1000 
SNRPD2 Novus Biologicals, NBP1-87028 1:500 
BCAP31 Proteintech, 11200-1-AP 1:2000 
TUBB Sigma-Aldrich, T8328 1:4000 
H3 Abcam, ab1791 1:1000 
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Oliginucleotides 
 

name sequence 
sg_nzap_1 GCGCGCCATGACGGATCCCG 
sg_nzap_2 GAATACCTCGGGATCCGTCA 
sg_ko_zap_1 CGAGCAGATTAAGCTTGCAA 
sg_ko_zap_2 CATCGTGAGAATATTTGCAG 
sg_ko_pum1_1 AGAGTTCTGGCAATTACCAG 
sg_ko_pum1_2 TGTCTCGCCATTGATCACCC 
sg_ko_sox2_1 CCTTCATGGTATGGTCCCGG 
sg_ko_sox2_2 CGTTCATCGACGAGGCCAAG 
3x_flag_r CTTGTCATCGTCATCCTTGTAGTC 
zap_amp_n GAGTTGGAAAGCGAAACCGC 
zap_amp_r CTCGTAGAGTTGCGCTTCGG 
3’adapter, pre-adenylated 
(PAR-CLIP) 

/5rApp/NNNNTGGAATTCTCGGGTGCCAAGG 
AAAAAAAAAAAA/iAzideN/AAAAAAAAAAAA/3InvdT/ 

5’adapter (PAR-CLIP) /SpC3/GUUCAGAGUUCUACAGUCCGACGAUCNNNN/5Phos/  
 

RT primer (PAR-CLIP) GCCTTGGCACCCGAGAATTCCA  
 

RP1 amplification primer 
(PAR-CLIP) 

AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCT 
ACAGTCCGA  
 

RPI1 amplification primer 
(PAR-CLIP) 

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAG 
TTCCTTGGCACCCGAGAATTCCA  
 

RPI2 amplification primer 
(PAR-CLIP) 

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAG 
TTCCTTGGCACCCGAGAATTCCA  
 

RPI3 amplification primer 
(PAR-CLIP) 

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAG 
TTCCTTGGCACCCGAGAATTCCA  
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