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ABSTRACT 

RNA-binding proteins (RBPs) regulate gene expression through a variety of post-

transcriptional mechanisms, contributing to many important brain functions including proper 

neuronal development. The brain-specific RBPs Pumilio2 (Pum2) and Staufen2 (Stau2) 

have emerged as key regulators of RNA transport and translational control with significant 

impact in the nervous system. Their action is not only important in mature neurons, where 

they regulate synaptic plasticity and learning and memory formation, but also in embryonic 

neurogenesis as important cell fate regulators. The involvement of Pum2 and Stau2 in cell 

fate commitment during neurogenesis prompted the question whether they are also involved 

in establishing neuronal fate in the context of direct neuronal reprogramming. In contrast to 

the key role(s) of transcription factors (TFs) to instruct direct lineage conversion, the 

contribution of post-transcriptional mechanisms to cell fate conversion remains largely 

unexplored. In this thesis, I investigated the role of Pum2 and Stau2 in neuronal 

reprogramming using direct astrocyte-to-neuron conversion as experimental paradigm. I 

found that depletion of Pum2 or Stau2 impairs the efficiency of Neurogenin2 (Neurog2)-

driven neuronal reprogramming, with Pum2 having a greater impact on the successful cell 

fate conversion than Stau2. Notably, the effects of Pum2 on cell fate conversion manifested 

only after 5 days of the conversion process. Interfering with Pum2 expression 2 days after 

Neurog2 overexpression, the time point corresponding to the early fate establishment, 

reduced reprogramming efficiency similarly to the continuous loss of Pum2 function. These 

findings suggest that Pum2 exerts its functions at a later stage of the process, rather than in 

the initial phase of establishing neuronal identity. Interestingly, the reduced generation of 

neurons in the absence of Pum2 is accompanied by an increased presence of non-

reprogrammed cells with an aberrant morphological phenotype that clearly differs from the 

appearance of typical wildtype astrocytes undergoing reprogramming. Taken together, my 

findings support a working hypothesis of a late-stage role for Pum2 to ensure the irreversible 

commitment of reprogrammed cells towards a neuronal fate. My experiments therefore yield 

new insight into the reprogramming process by adding a functional contribution of RBP-

mediated post-transcriptional regulation for neuronal fate establishment.  
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1 INTRODUCTION 

1.1 The key roles of RNA-binding proteins in the central nervous system 

In a highly complex system such as the brain, a tightly coordinated regulation of gene 

expression is an essential prerequisite to ensure proper development and functionality 

(Schieweck et al., 2021a). In particular, due to the complex shape and cell type diversity, 

neurons rely on numerous post-transcriptional mechanisms to ensure a spatiotemporally 

controlled protein expression. RNA-binding proteins (RBPs) play a crucial role in the post-

transcriptional regulation of gene expression by interacting with messenger RNAs (mRNAs) 

and regulating their metabolism and function (Hentze et al., 2018; Schieweck et al., 2021a). 

Interestingly, dysfunctions of these post-transcriptional regulators are directly correlated with 

several neurological, neurodevelopmental, or neurodegenerative diseases demonstrating 

their importance in the nervous system (Boczonadi et al., 2014; De Conti et al., 2017; Sartor 

et al., 2015; Wan et al., 2012). RBPs recognise cis-acting elements within the transcripts 

and assemble with their target mRNAs to form so called ribonucleoprotein (RNPs) particles 

or RNA granules, which can be of heterogenous size and composition (Doyle and Kiebler, 

2011; Fritzsche et al., 2013; Kiebler and Bassell, 2006). It is now generally believed that 

these RNPs determine the fate of their associated RNA molecules by influencing many 

aspects of the RNA metabolism (Doyle and Kiebler, 2011; Dreyfuss et al., 2002). RBPs 

interact with transcripts already in the nucleus, where they regulate key steps of pre-mRNA 

processing such as 5’-capping, splicing and 3’-polyadenylation, as well as nuclear export 

events (Doyle and Kiebler, 2011; Dreyfuss et al., 2002; Macchi et al., 2004). The nuclear 

events enable a complex “RNA signature” for a given transcript, consisting of regulatory 

elements at both the primary sequence and structure levels. This RNA signature, unique for 

each transcript, is recognised by a specific set of RBPs and determines the future 

cytoplasmic fate of the mRNAs (Doyle and Kiebler, 2011). Once exported to the cytoplasm, 

the RNPs are further remodelled in order to regulate other aspects of the RNA metabolism 

such as mRNA stability, localisation, translation control and eventually local protein 

synthesis at the site of demand (Figure 1) (Doyle and Kiebler, 2011).  
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Figure 1: RNA signature as a mechanism to define mRNA fate in the cytoplasm 

The RNA signature, defined by pre-mRNA processing events in the nucleus, provides a 
transcript-specific label that determines how the mRNA is further processed in the 
cytoplasm. By recognising unique combinations of these cis-acting elements, a set of RBPs 
will regulate different aspects of the metabolism of a given transcript (listed in the four 
displayed panels) (Doyle and Kiebler, 2011; Dreyfuss et al., 2002). RNA signature is made 
of multiple regulatory elements: ARE, AU-rich element; Cap, 7-methylguanosine; CPE, 
cytoplasmic polyadenylation element; CPEB, cytoplasmic polyadenylation element-binding 
protein; EJC, exon junction complex; LE, localisation element; TLC, translation control 
element. Taken from (Doyle and Kiebler, 2011). Licence Number: 5627120618719 
 
  

In the central nervous system, mRNA localisation and local translation are essential 

mechanisms for the spatial and temporal regulation of gene expression (Holt and Schuman, 

2013). Indeed, due to their highly polarised structure with processes extending far from the 

cell body, neurons must respond to external stimuli by rapidly adjusting protein expression 

in different compartments. Localisation of mRNAs enable (local) protein synthesis not only 

in the soma, but also in distal neuronal compartments such as synapses close to dendrites 

or axonal growth cones (Holt and Schuman, 2013). Such processes underlie fundamental 

cellular mechanisms in both dendrites and axons including dendritic arborization, long-term 
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synaptic plasticity as well as axon outgrowth (Doyle and Kiebler, 2011; Holt and Schuman, 

2013). It’s generally accepted that mRNAs are transported, as part of RNPs, along the 

neuronal cytoskeleton of axons and dendrites with the help of molecular motors such as 

kinesins, dyneins and myosins (Buxbaum et al., 2015; Gumy et al., 2014; Kiebler and 

Bassell, 2006). RBPs are thought to interact with the motor proteins either directly through 

physical interaction or indirectly through an adapter protein (Mofatteh and Bullock, 2017). In 

the case of dendritic mRNA trafficking, the presence of several RPBs in transport RNPs, 

which act as translation repressors, led to the hypothesis that mRNAs transported within the 

RNPs travel to their synaptic destination in a translationally repressed state (Dahm and 

Kiebler, 2005; Fritzsche et al., 2013). The recruitment of RNPs to selected synapses can 

occur in an activity-dependent manner (Doyle and Kiebler, 2011). To explain the dendritic 

mRNA trafficking, the so-called “sushi belt model” has been postulated. According to this 

model, RNPs are constantly transported bidirectionally in dendrites to provide specific 

mRNAs only to previously activated synapses. This process could be combined with an 

activity-dependent tagging of synapses, which could recruit dynamic microtubule extending 

into dendritic spines, allowing the recruitment of individual RNPs (Doyle and Kiebler, 2011). 

Once at its final destination, the mRNA is thought to be anchored at specific postsynaptic 

sites and the RNP is disassembled. This, in turn, would allow local translation of mRNAs 

into proteins contributing to the structural and functional rearrangement of synapses (Bauer 

et al., 2019; Buxbaum et al., 2014; Doyle and Kiebler, 2011; Park et al., 2014). In many 

cases, synaptic proteins are multi-subunit complexes in which only one of the subunits is 

translated locally, while the other(s) are translated in the soma and conventionally 

transported to the synaptic target. One notable example is the active enzyme 

Calcium/Calmodulin-dependent protein kinase II (CamKII), which has two subunits, 

CamKIIα and CamKIIβ. The α-subunit is translated locally when the synapse is activated 

and associates there with the β-subunit, which is translated in the cell body and only then 

transported to the synapse. Thus, the enzyme is only active when the synapse has been 

previously activated (Doyle and Kiebler, 2011). Experimental support of the “sushi belt 

model” was provided by a study on the 3’-untranslated region (UTR) dependent dendritic 

transport of the regulator of G-protein signaling 4 (Rgs4) mRNA (Bauer et al., 2019). Once 

the process is complete at the synapses, the mRNA can either be degraded or, alternatively, 

reassembled into RNPs to resume transport and another round of translation (Bauer et al., 

2019). 
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1.1.1 Staufen2 and its role in RNA transport regulation 

Staufen2 (Stau2) belongs to the family of double-stranded RBPs (dsRBPs), which bind 

specifically to double-stranded RNA via dsRNA-binding domains (Heraud-Farlow and 

Kiebler, 2014). The Staufen (Stau) family of dsRBPs play a conserved role in RNA 

localisation in different organisms, including Drosophila, Xenopus, Aplysia, zebrafish and 

mouse (Heraud-Farlow and Kiebler, 2014). Stau was originally described for the localisation 

of maternal and neurogenic RNA in Drosophila oocytes and neuroblasts, respectively (Li et 

al., 1997; St Johnston et al., 1991). Mammalian Stau exists as two orthologues, Stau1 and 

Stau2, and both can be expressed as multiple isoforms resulting from alternative splicing 

events (Duchaine et al., 2002; Heraud-Farlow and Kiebler, 2014; Monshausen et al., 2001). 

Unlike Stau1, which is ubiquitously expressed and found in most cell types, Stau2 is 

expressed specifically in the brain and gonads, and only at low levels in other tissues 

(Duchaine et al., 2002). Both Stau1 and Stau2 localise as particles in the soma and dendrites 

of primary rodent hippocampal neurons, suggesting a common role in the delivery of RNA 

to dendrites. However, as they have been reported to be components of distinct particles, 

they are likely to have non-redundant functions in neurons (Duchaine et al., 2002). Stau2 

has been implicated in the regulation of dendritic transport of mRNAs encoding proteins 

relevant at synapses, thus contributing to dendritic spine morphogenesis, synaptic plasticity 

and memory formation in mammalian neurons (Heraud-Farlow and Kiebler, 2014). Indeed, 

Stau2-containing RNPs have been reported to traffic bidirectionally along microtubules into 

dendrites of hippocampal neurons (Bauer et al., 2019; Kiebler et al., 1999; Kohrmann et al., 

1999). In support of its role in RNA localisation is the finding that expression of a dominant-

negative form of Stau2 in neurons leads to a reduction in a large proportion of dendritic 

RNAs with a concomitant increase in somatic RNA levels (Goetze et al., 2006; Tang et al., 

2001). Stau2-containing RNPs show a distinct protein and mRNA composition (Fritzsche et 

al., 2013; Heraud-Farlow et al., 2013). Stau2 binds complex, long-ranged RNA hairpins in 

the 3’-UTR of its mRNA targets (Fernandez-Moya et al., 2021). Several studies have 

identified a repertoire of mRNAs associated with Stau2 in the brain and cell lines but not all 

of them are directly regulated by Stau2 (Furic et al., 2008; Heraud-Farlow et al., 2013; Kusek 

et al., 2012; Maher-Laporte and DesGroseillers, 2010). For example, of the approximately 

1200 mRNAs found to be associated with Stau2 in the embryonic rat brain, only 38 were 

directly affected by Stau2 (Heraud-Farlow et al., 2013). Most of the identified Stau2 targets 

encode synaptic proteins including signalling molecules such as G protein-coupled receptor 

(GPCR) involved in learning and memory (Heraud-Farlow et al., 2013). Another study of 
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Stau2-RNA complexes in the embryonic mouse brain identified significant Stau2 binding in 

the 3’-UTR of 356 neuronal mRNAs (Sharangdhar et al., 2017). One of the identified Stau2 

targets of interest is Calmodulin 3 (Calm3), encoding an essential calcium-binding protein 

required for kinase activation at the synapse (Sharangdhar et al., 2017; Wayman et al., 

2008). Stau2 was shown to mediate the dendritic localisation of Calm3 mRNA in 

hippocampal neurons via a retained intron within the 3’-UTR. In addition, the dendritic Calm3 

mRNA localisation was shown to be promoted by synaptic activity (Sharangdhar et al., 

2017). Consistent with this is the study reporting the activity-dependent recruitment of Rgs4 

mRNA to dendritic synapses, which is directly modulated by Stau2 (Bauer et al., 2019). 

These findings establish Stau2 as an important regulator of the dendritic localisation of 

mRNA targets in an activity-dependent manner. It’s worth mentioning that Calm3 mRNA 

was shown to accumulate in the nucleus of neurons in the absence of Stau2 (Sharangdhar 

et al., 2017). This mislocalisation event of a Stau2 target is consistent with the role of Stau2 

in the nucleus previously proposed by (Macchi et al., 2004). In addition to the predominant 

cytoplasmic localisation of Stau2, the authors showed that Stau2 can enter the nucleus 

through an intrinsic nuclear localisation signal (NLS), allowing a nucleus-cytoplasmic 

shuttling activity. One can therefore speculate that when Stau2 is not binding any RNAs, the 

NLS is unmasked, leading to the import of Stau2 into the nucleus to bind other mRNA targets 

(Macchi et al., 2004). Furthermore, a series of Stau2 protein interactors have been identified 

in the Kiebler lab (Fritzsche et al., 2013). Interestingly, the authors revealed that several 

known translational repressors are enriched in Stau2-containing RNPs, including Pumilio2 

(Pum2), Fragile X Mental Retardation Protein (FMRP), Dead box helicase 6 (DDX6/Rck), 

Purα, as well as several components of the RNA-induced silencing complex (RISC). In 

addition, this study revealed the absence of the eukaryotic translation initiation factor 4E 

(eIF4E) in Stau2-RNP and the presence of the nuclear cap-binding protein 80 (CBP80) and 

the nuclear polyadenylate binding protein 1 (PABPN1), the presence of which prevents 

translation initiation (di Penta et al., 2009; Fritzsche et al., 2013; Kim et al., 2009). 

Furthermore, ribosomes were not found to be present in Stau2-RNPs (Fritzsche et al., 2013; 

Heraud-Farlow et al., 2013). Taken together, these findings provide experimental support 

for the theory that localised mRNAs are translationally silenced during transport (Dahm and 

Kiebler, 2005; Fritzsche et al., 2013). Notably, evidence for a role of Stau2 in the stabilisation 

of synaptic target mRNAs was also reported, thus suggesting that mammalian Stau2 may 

act as a multifunctional post-transcriptional regulator (Heraud-Farlow et al., 2013). 
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1.1.2 Pumilio2 and its role in translational regulation 

The mammalian Pumilio2 (Pum2) is a member of the Pum and FBF (PUF) protein family 

comprising highly conserved RBPs (Goldstrohm et al., 2018; Wang et al., 2018). Mammals 

express two Pum genes, Pum1 and Pum2, both with high homology to Drosophila Pum 

(Spassov and Jurecic, 2002). Pum2 binds a short nucleotide sequence (UGUANAUA) in the 

3’-UTR of its target mRNAs (White et al., 2001; Zhang et al., 2017). There is evidence 

revealing several possible mechanisms of how Pum2 regulates protein expression, 

including translation, stability and transport (Goldstrohm et al., 2018; Hotz and Nelson, 2017; 

Martinez et al., 2019; Van Etten et al., 2012). Pum has been shown to act as a repressor of 

RNA translation in many organisms including yeast, Drosophila and Xenopus (Nakahata et 

al., 2003; Parisi and Lin, 2000; Wickens et al., 2002). Several lines of evidence suggest that 

Pum can repress translation in multiple ways, including a deadenylation-dependent 

mechanism. Different members of the PUF proteins, including yeast Puf5p or human Pum1 

and Pum2 have been reported to recruit the CCR4-NOT (CNOT) deadenylase complex to 

mRNA targets, resulting in the shortening of the polyA tail at the 3’-end of mRNAs. 

Consequently, this PUF-mediated deadenylation leads to mRNA instability and translational 

inhibition (Goldstrohm et al., 2007; Van Etten et al., 2012). Also in Drosophila, one of the 

Pum targets, the RNA hunchback (hb), essential for embryonic segmentation, was reported 

to be subject to polyA-dependent translational regulation mediated by Pum (Wreden et al., 

1997). Pum2 can also repress translation by blocking the assembly of the initiation complex 

on the mRNA 5’-cap structure. Indeed, Pum2 has been reported to repress translation of 

RINGO/SPY mRNA by directly binding to the 5’-cap structure in Xenopus oocytes. In this 

way, Pum2 prevents eIF4E from binding to the cap. It has been suggested that Pum2 blocks 

thereby translation initiation (Cao et al., 2010). Additionally, a Pum2-mediated mechanism 

affecting translation elongation was also reported. Here, human Pum2 was shown to form 

an inhibitory complex by interacting with Argonaute (Ago) proteins and the elongation factor 

1A (eEF1A), a GTPase required for translation elongation. In doing so, Pum2 represses 

translation in the elongation phase (Friend et al., 2012). Similar to the deadenylation-

dependent repression mechanism, the corresponding mammalian PUM2/Ago/eEF1A 

complex was also found in C.elegans, suggesting that such Pum-mediated repression 

mechanisms are evolutionarily conserved (Friend et al., 2012). In addition to its direct role 

in protein expression control, it has been reported that Pum2 regulates RNA transport. A 

pioneer study has shown that the Pumilio homolog Puf118 is required for the localisation of 

mRNAs at the front of migrating cells during chemotaxis in the amoeba Dictyostelium 



 

7 
 

discoideum (Hotz and Nelson, 2017). It has also been reported that Pum2 prevents the 

transport of transcripts into axons by retaining them in the cell body, thereby controlling 

axonal protein synthesis in developing neurons (Martinez et al., 2019). The crucial impact 

of Pum2 on translation and its numerous RNA interactors suggest an important role in 

regulating cellular physiology. Despite extensive research on Pum proteins in different 

organisms as well as in vitro experiments, their role and contribution to neuronal function is 

still not really understood. Studies in Drosophila have provided the first evidence for a crucial 

role of Pum in the nervous system. Here, Pum was shown to (i) modulate dendrite 

morphogenesis in peripheral neurons via translational control, (ii) influence synaptic growth 

and function by regulating eIF4E mRNA expression and (iii) control neuronal excitability by 

repressing the translation of a voltage-gated sodium channel (Mee et al., 2004; Menon et 

al., 2009; Menon et al., 2004; Schweers et al., 2002; Ye et al., 2004). These findings point 

towards a role of Pum2 in neuronal functioning. Supporting for this notion is the finding that 

the Stau/Pum pathway is needed for synaptic plasticity and long-term memory (Dubnau et 

al., 2003). Pum2 forms RNA granules that localise to the somatodendritic compartment of 

hippocampal neurons (Vessey et al., 2006). Thereby, it also interacts with other RBPs such 

as FMRP and possibly with Stau2 (Fritzsche et al., 2013; Zhang et al., 2017). In addition, 

Pum2 and Stau2 were found to share a significant proportion of their mRNA targets, 

supporting the idea that Pum2 also contributes to the activity-dependent regulation of 

localised mRNA targets (Heraud-Farlow and Kiebler, 2014; Schieweck et al., 2021b; Zahr 

et al., 2018; Zhang et al., 2017). However, whether and how Pum2 regulates localised 

translation is still unclear. In general, Pum2 has been reported to affect dendritic spine 

morphogenesis, synaptic transmission and thus function in mammalian neurons (Vessey et 

al., 2010). Specifically, loss of Pum2 in immature neurons was associated with increased 

dendrite outgrowth, making Pum2 a negative regulator of dendrite development. In mature 

neurons, Pum2 knockdown resulted in reduced dendritic spines and increased elongated 

dendritic filopodia. An increase in the number of excitatory synapses and the frequency of 

excitatory currents was also observed. Further support for the role of Pum2 in synaptic 

transmission comes from evidence that it negatively regulates, like Drosophila Pum, the 

translation of transcripts encoding sodium channels, such as Sodium voltage-gated channel 

alpha subunit 1 and 8 (Scn1a, Scn8a) and the AMPA receptor subunit Glutamate ionotropic 

receptor AMPA type subunit 2 (Gria2) in the hippocampus, thus attenuating neuronal 

excitation (Dong et al., 2018; Driscoll et al., 2013; Vessey et al., 2010). Notably, in addition 

to the most commonly reported role in translational repression, an essential role of Pum2 in 
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translational activation has recently been reported (Schieweck et al., 2021b). Indeed, the 

authors showed that Pum2 activates the expression of key GABAergic synaptic 

components, such as the GABAA receptor scaffold protein Gephyrin (Schieweck et al., 

2021b). Taken together, these findings support the idea that Pum2 may exert its functions 

in the nervous system through different regulatory roles, making this RBP, like Stau2, a 

potential multifunctional post-transcriptional regulator. 

1.1.3 Stau2 and Pum2 critically contribute to embryonic neurogenesis  

Post-transcriptional regulation of gene expression has emerged as a key player not only in 

synaptic physiology and functionality in mature neurons, but also in critical aspects of 

neurogenesis. By regulating different stages of the RNA life cycle, e.g. splicing, stability, 

transport/localisation and translation of key fate determinants, RBPs contribute significantly 

to embryonic corticogenesis (Parra and Johnston, 2022; Pilaz and Silver, 2015). Research 

over the past decade has shown that, in addition to their roles in mature brain, Stau2 and 

Pum2 play a crucial role in cell fate specification during mammalian cortical development 

(Chowdhury et al., 2021; Kusek et al., 2012; Vessey et al., 2012; Zahr et al., 2018). The role 

of Stau in neurogenesis was first uncovered in Drosophila (Li et al., 1997). In neural 

progenitors (or neuroblasts), Stau binds RNA targets coding for cell fate determinants e.g. 

prospero (Pros) forming a RNA complex that also contains the translational repressor Brain 

tumor (Brat) and the adaptor protein Miranda (Chia et al., 2008). During the asymmetric 

division of neuroblasts, the Stau-containing RNA complex is asymmetrically segregated in 

the differentiating cell progeny, which is committed to become the ganglion mother cell 

(GMC) (Broadus et al., 1998; Li et al., 1997). Once segregated in the GMC, the RNA 

complex releases the mRNA cargo from translational repression. The proneurogenic 

transcription factor (TF) Pros can then promote GMC differentiation into neurons by 

activating genes involved in differentiation and repressing genes involved in proliferation 

(Chia et al., 2008). The asymmetric cell division is a conserved feature of neural 

development, occurring also during mammalian corticogenesis (Gotz and Huttner, 2005). 

During cortical development, radial glial cells (RGCs), which are the major progenitors of 

cortical neurons and glia, undergo asymmetric division leading to direct or indirect 

neurogenesis (Huilgol et al., 2023; Noctor et al., 2004). In direct neurogenesis, RGCs divide 

asymmetrically and give rise to another RGC and a neuron. In indirect neurogenesis, RGCs 

divide asymmetrically to self-renew and give rise to an intermediate progenitor cell (IPC), 

which then divides symmetrically to produce two neurons (Noctor et al., 2004; Sessa et al., 
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2008). As an additional function, RGCs act as scaffolding platform guiding the migration of 

newborn neurons to the cortical plate (Rakic, 1972; Tan and Shi, 2013). The organisation of 

neurons into different layers then depends on the time of their generation, with the earliest-

born neurons organised into the deepest layers and later-born neurons organised into more 

superficial cortical layers (Hevner et al., 2003). Similar to Drosophila Stau, mammalian 

Stau2 has been shown to be asymmetrically enriched in RGCs in the developing mouse 

cortex (Kusek et al., 2012; Vessey et al., 2012). Here, Stau2 assembles with mRNA targets 

encoding cell fate determinants, like Prospero-related homeobox 1 (Prox1) and tripartite 

motif containing 32 (Trim32) to form RNPs that also contain the translational repressor Pum2 

and the DEAD-box helicase 1 (DDX1) (Vessey et al., 2012). Stau2-containing RNPs are 

asymmetrically segregated during progenitor cell division in one of the two daughter cells 

likely to become the IPC (Kusek et al., 2012; Vessey et al., 2012). Stau2-associated targets 

are thought to be translationally repressed during RGC division and are only translated upon 

segregation to promote differentiation and to suppress stem cell status (Vessey et al., 2012). 

The identity of the RNA cargo delivered by Stau2 during mouse corticogenesis has been 

identified (Chowdhury et al., 2021; Kusek et al., 2012). Interestingly, the recent 

characterisation of Stau2-associated mRNA targets along different time points of 

corticogenesis (Chowdhury et al., 2021) revealed several previously validated Stau2 targets 

in mature brain, e.g. CamKIIa, Sacm1l, Calm3, Rgs2, Stx1a, Nnat, Actg1 (Fritzsche et al., 

2013; Heraud-Farlow et al., 2013). Furthermore, Pum2 and DDX1, both found in the RNA 

complex with Stau2 in RGCs, were also previously found to be part of Stau2-containing 

RNPs in post-mitotic neurons (Elvira et al., 2006; Fritzsche et al., 2013). Taken together, 

this evidence strongly suggests that Stau2-containing RNPs in RGCs and mature brain 

share many similarities (Vessey et al., 2012). Notably, Prox1 mRNA, previously shown by 

(Vessey et al., 2012) as Stau2 target asymmetrically localised in RGCs, was not further 

validated by the more recent characterisation of Stau2-associated targets in mouse cortex 

by (Chowdhury et al., 2021). However, Prox1 as Stau2 target during development is still an 

important option, as the authors acknowledged that this lack of validation may be due to 

experimental reasons (Chowdhury et al., 2021). The complexity of the Stau2 RNA cargo 

was revealed by the evidence that some targets are permanently present, while others 

change dynamically over time during corticogenesis (Chowdhury et al., 2021). The subset 

of genes permanently present in the Stau2-delivered RNA cargo were associated with 

fundamental cellular processes, such as chromosome organisation, macromolecule 

localisation, translation, mRNA splicing and DNA repair. On the other hand, temporal 
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changes over time affected targets mostly associated with processes that vary during 

neurogenesis, such as cell projection organisation, synaptic transmission and neurite 

outgrowth (Chowdhury et al., 2021). Genes encoding extracellular matrix (ECM) proteins, 

which are important for cell growth, differentiation and migration in neuronal development 

were also enriched in the dynamic target set (Chowdhury et al., 2021; Maeda, 2015; 

Schwartz and Domowicz, 2018). Such dynamic changes in targets over time are thought to 

provide a sophisticated mechanism for ensuring the orderly generation of neurons 

(Chowdhury et al., 2021). In support of the idea that Stau2 localises mRNA targets that can 

promote the IPC fate, there is evidence that during the peak of IPC generation, there is a 

highly enriched set of genes encoding IPC determinants, that are unbound at later stages, 

when the neurogenic IPC production has been terminated (Chowdhury et al., 2021). 

Interestingly, the absence of one of the three main components of the asymmetrically 

segregated RNA complex (Stau2, Pum2 or DDX1) leads to misregulation of neurogenesis 

with increased generation of neurons and a reduction in the progenitor pool (Vessey et al., 

2012). Therefore, it is hypothesised that by binding, localising and repressing mRNA targets 

that promote neurogenesis, this Stau2- and Pum2-dependent RNA complex maintains the 

pool of progenitors in an undifferentiated state until the RGC is ready to differentiate into a 

neuron (Vessey et al., 2012) (Figure 2).  
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Figure 2: Possible roles of the Stau2 and Pum2-containing RNA complex in the 

embryonic developing cortex 

During RGC division, Stau2 affects the asymmetric distribution of targets encoding cell fate 

determinants such as Prox1 and Trim32 in one of the two daughter cells that are likely to 

become first IPCs and then neurons. Due to the presence of Pum2 in the Stau2-containing 

RNA complex, the localised targets are thought to be translationally repressed ensuring the 

maintenance of stem cell status. Upon RGC division, the repression of the targets is lifted, 

promoting neuronal differentiation (Vessey et al., 2012). Modified from (Heraud-Farlow and 

Kiebler, 2014), distributed under Creative Commons Attribution 3.0 Unported Licence, 

https://creativecommons.org/licenses/by/3.0/ 

 

Notably, a similar role for Pum2 has also been observed in human germ cell development, 

where this RBP acts as a translational repressor in order to maintain germ line stem cells 

(Moore et al., 2003). In support of Pum2 role in embryonic neurogenesis, there is further 

evidence that in mouse cortical RGCs, Pum2 is a major post-transcriptional contributor 

ensuring the correct and temporal generation of different neuronal subtypes. In particular, it 

has been shown that RGCs are predisposed to generate all neuronal subtypes, by co-

expressing mRNAs encoding different neuronal specification proteins. In this context, Pum2 
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forms a complex with 4E-T that translationally represses neuronal specification mRNAs, 

ensuring the temporal and specific protein expression of different neuronal phenotypes 

(Zahr et al., 2018). Translational repression control by the eIF4E/4E-T complex has 

previously been shown to mediate appropriate neurogenesis by controlling the expression 

of mRNAs encoding proneurogenic proteins (Yang et al., 2014). Disruption of either Pum2 

or 4E-T leads to abnormal protein expression generating a deep layer neuron phenotype in 

committed superficial layer neurons (Zahr et al., 2018). In this work, the authors also 

identified Pum2-associated mRNA targets, a subset of which were also 4E-T targets. 

Interestingly, the Pum2/4E-T shared targets mainly encode proteins associated with 

transcriptional regulation and neuronal development. Indeed, many Pum2/4E-T shared 

targets encode TFs such as POU Class 3 Homeobox 3 (Pou3f3/Brn1), Transducin-Like 

Enhancer of Split 4 (Tle4) and the members of proneurogenic basic helix-loop-helix (bHLH) 

Neurogenin1 (Neurog1), Neurogenin2 (Neurog2) and Achaete-scute homolog1 (Ascl1) (also 

known as Mash1) (Zahr et al., 2018). An important role of Pum2 in hippocampal 

development has also been reported. Depletion of Pum2 was shown to reduce the self-

renewal of neural stem cells and their differentiation into neurons. In addition, Pum2 

depletion resulted in increased protein expression of its mRNA targets, further supporting 

its role as a translational repressor important in neurogenesis (Zhang et al., 2017). The 

authors also reported that Pum2 interacts with FMRP, another important translational 

repressor, previously shown to be involved both in mature neurons and neurogenesis (Chen 

et al., 2014; Luo et al., 2010; Saffary and Xie, 2011). These findings support the idea that, 

similar to mature neurons, both Stau2 and Pum2 may act in a complex interactome of 

different RBPs to control gene expression and contribute to cell fate specification during 

neurogenesis (Schieweck et al., 2021a; Zahr et al., 2018). 

 

1.2 Direct reprogramming as innovative strategy for neuronal cell replacement 

A major challenge in the field of regenerative medicine has always been the limited capacity 

of the adult mammalian central nervous system (CNS) to innately regenerate after significant 

neuronal loss due to traumatic brain injury or neurodegenerative disease (Barker et al., 

2018). In fact, even with confirmed adult neurogenesis, the limited number and activity of 

neural stem cells (NSCs) in the adult brain, makes them insufficient to replace significant 

neuronal loss (Kase et al., 2020). Potential neuronal replacement strategies that have been 

investigated include: rescue of dysfunctional but not lost cells by the use of neurotrophic 

factors, replacement of lost cells (i) by transplantation of exogenously derived and in vitro 
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cultured cells, e.g. human fetal tissue cells, human embryonic stem cells (hESCs), and 

induced pluripotent stem cells (iPSCs), (ii) by recruitment of endogenous neuronal 

precursors, (iii) by directly reprogramming of local non-neuronal cells within the brain (Barker 

et al., 2018). The direct conversion of local reactive glia, such as scar-forming or neurotoxic 

glial cells, into neurons has emerged as an innovative and viable option to replace functional 

neurons. This technology offers many advantages, including the direct generation of 

neurons bypassing the intermediate pluripotent state, and the potential enhancement of the 

activated environment around the neuronal loss to support the regenerative process. In 

addition, neuronal reprogramming eliminates the challenges associated with the exogenous 

cell transplantation such as ethical issues, immune reactions and tumorgenicity (Barker et 

al., 2018; Wan and Ding, 2023). Since almost all our cells have identical DNA, it is the 

differential expression of distinct subsets of genes that defines the identity of a cell type 

(Breschi et al., 2020; Regev et al., 2017). Direct reprogramming has overturned the old 

concept that the cell identity is fixed and irreversible after development, demonstrating that 

conversion between cells derived from the same or different lineages, even across germ 

layers is possible (Masserdotti et al., 2016). A key example is the proven direct conversion 

of astrocytes, fibroblasts and hepatocytes into functional neurons in vitro by defined factors 

(Heins et al., 2002; Marro et al., 2011; Vierbuchen et al., 2010). In contrast to other somatic 

cell reprogramming approaches, where the cells are first induced to become iPSCs or NSCs 

which can then differentiate into neurons, in direct reprogramming the cells are converted 

into neurons without undergoing the intermediate step of pluripotent stem cells or neural 

stem cells (Chen et al., 2023) (Figure 3). 
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Figure 3: Different pathways of somatic cell reprogramming into neurons 

Somatic cells can be forced to become iPSCs or NSCs. These stem cells can then be 

induced to differentiate into neurons. In direct reprogramming, somatic cells are directly 

induced to become neurons without the need for a stem cell state. Taken from (Chen et al., 

2023), distributed under Creative Commons Attribution 4.0 International (CC BY) licence, 

https://creativecommons.org/licenses/by/4.0/ 

 

1.2.1 The role of TFs in direct neuronal reprogramming 

The principle of direct reprogramming is based on crossing the lineage boundaries 

established during cell specification by re-expressing one or a combination of key TFs that 

are essential during development and can direct the conversion of one differentiated cell 

into another (Masserdotti et al., 2016). In this case, TFs are primarily responsible for the 

changes in gene expression that lead to the activation of neuron-specific genes and the 

silencing of the starter cell-specific genes (Bocchi et al., 2022). Differentiated glial cells, such 

as astrocytes, have been shown to be a good source for reprogramming-based neuron 

replacement. Since astrocytes and neurons share a common developmental origin, the re-

expression of a single neurogenic TF, which plays an essential role in embryonic 

neurogenesis, is sufficient to direct their conversion into neurons in vitro (Bertrand et al., 

2002; Heins et al., 2002). Heins and colleagues were the first to report that postnatal glial 

cells isolated from the mouse cerebral cortex can be converted into neurons in vitro by the 

forced expression of the single TF Paired Box 6 (Pax6) (Heins et al., 2002). During 
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neurogenesis, Pax6 is expressed in the NSCs and neural progenitor cells (NPCs) in the 

dorsal telencephalon and modulates the dorsoventral patterning of the embryonic 

mammalian telencephalon (Hebert and Fishell, 2008; Stoykova et al., 2000). The two 

proneural bHLH TFs, Neurog2 and Ascl1, were also shown to be master regulators of 

neuronal reprogramming in vitro, inducing the conversion of astrocytes into functional 

synapse-forming neurons capable of firing action potentials (Berninger et al., 2007; Heinrich 

et al., 2010; Heinrich et al., 2011). The potency of these TFs in cell conversion is explained 

by their key role in embryonic neurogenesis. Neurog2 and Ascl1 are proneural genes whose 

expression is induced at high levels in neural progenitors, leading to the activation of 

neuronal differentiation pathways (Bertrand et al., 2002). During development, Neurog2 and 

Ascl1 are expressed in progenitors of different regions, giving rise to different neuronal 

subtypes. Neurog2 is a downstream target of Pax6 and is upregulated in NSCs in the dorsal 

telencephalon. Here, Neurog2 regulates the specification of glutamatergic projection 

neurons through the induction of downstream factors such as Neuronal differentiation 

(NeuroD) and T-box brain transcription factor 1 and 2 (Tbr1, Tbr2) (Fode et al., 2000; 

Schuurmans and Guillemot, 2002). In the ventral telencephalon, progenitor cells express 

different TFs, including Ascl1, GS Homeobox 1/2 (Gsx1/2) and Distal-Less Homeobox 

(Dlx1/2), which regulate the specification of GABAergic neurons and interneurons (Imayoshi 

and Kageyama, 2014). Reflecting their role in development, Neurog2 and Ascl1 induce 

direct conversion of cortical astrocytes into neurons with glutamatergic and GABAergic 

identity, respectively (Heinrich et al., 2010; Heinrich et al., 2011; Masserdotti et al., 2015). 

In contrast to cortical astrocytes, spinal cord (SC)-derived astrocytes are instructed by 

Neurog2 and Ascl1 to become neurons close to a ventral SC GABAergic V2b interneuron 

type (Kempf et al., 2021). This is consistent with the role of Neurog2 and Ascl1 in generating 

specific interneuron subtypes during SC development (Lu et al., 2015; Misra et al., 2014). 

Similarly, cerebellum-derived astrocytes were directly induced by Neurog2 or Ascl1 to 

become neurons with predominantly GABAergic identity (Chouchane et al., 2017). Taken 

together, this evidence supports the important aspect that not only the TF used for 

reprogramming, but also the regional identity of the starter cell is crucial for the generation 

of different neuronal subtypes (Chouchane et al., 2017; Hu et al., 2019). Transcriptomic 

studies of postnatal cortical astrocyte-to-neuron conversion induced by Neurog2 or Ascl1 

revealed very dynamic and rapid changes in gene expression occurring during the first 48h 

of reprogramming. In addition, Neurog2 and Ascl1 were shown to induce largely distinct 

transcriptional programmes during reprogramming, with only a few genes commonly 
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regulated by both TFs. These include genes encoding the transcriptional regulators Prox1, 

Hairy and enhancer of split 6 (Hes6), TMF-regulated nuclear protein 1 (Trnp1), Insulinoma-

associated 1 (Insm1), SRY-box containing gene 11 (Sox11) and NeuroD4 (Masserdotti et 

al., 2015). Of these, NeuroD4 alone was sufficient to induce the generation of functional 

neurons (Masserdotti et al., 2015). Noteworthy, despite some evidence for similarities in 

ordered gene activation in reprogramming and in vivo development, it appears that 

embryonic neurogenesis is not fully recapitulated in direct neuronal reprogramming and that 

different transcriptional events may be triggered to achieve neuronal identity (Masserdotti et 

al., 2016). In fact, only a few of the Neurog2-regulated genes during reprogramming are 

Neurog2 downstream effectors in progenitor cells during mouse telencephalon development 

(Gohlke et al., 2008; Masserdotti et al., 2016; Masserdotti et al., 2015). Another bHLH family 

member, NeuroD1, has also been identified as a key TF in neuronal reprogramming, as it is 

sufficient to reprogramme astrocytes into functional glutamatergic neurons in vitro and in 

vivo (Guo et al., 2014). During development, NeuroD1 is a downstream target of Neurog2 

and is important for the production of glutamatergic neurons in the developing and adult 

cerebral cortex and hippocampus, and is required for the survival and maturation of newborn 

neurons during adult neurogenesis (Fode et al., 2000; Gao et al., 2009; Hevner et al., 2006). 

Neurog2, Ascl1 and NeuroD1 are often referred as pioneer factors because of their ability 

to bind DNA in a closed conformation, thereby enabling the expression of inactivated genes 

and cell fate switching (Bocchi et al., 2022; Morris, 2016). In addition to the activation of 

neuronal genes, another important step in direct neuronal reprogramming is the silencing of 

genes that define the starter cell identity and all potential alternative fates. Although still 

under investigation, the existence of pan-repressors of alternative fates has been suggested 

(Bocchi et al., 2022). For example, in the context of fibroblast-to-neuron reprogramming, 

induced by the expression of three TFs, Ascl1, Brn2 (also known as Pou3f2) and Myelin 

transcription factor 1 like (Myt1l), Myt1l, acts as a transcriptional repressor of non-neuronal 

lineages (Mall et al., 2017; Wapinski et al., 2013). Indeed, when co-expressed with Myogenic 

Differentiation 1 (Myod1), Myt1l induces fibroblasts-to-neuron conversion by repressing the 

activation of skeletal muscle genes (Lee et al., 2020). The use of TFs to activate neuronal 

genes has also been combined with the use of microRNAs (miRNAs) (Vasan et al., 2021). 

miRNAs are short non-coding RNAs that act as post-transcriptional regulators, either by 

inducing mRNA degradation or by inhibiting translation (Bartel, 2004). By repressing the 

genes that are not normally expressed in neural lineages, many miRNAs play a critical role 

for neuronal differentiation during CNS development (Lang and Shi, 2012). Some of these 
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miRNAs have also been shown to contribute to neuronal reprogramming when coupled with 

TFs (Pascale et al., 2022). For example, miR-9-5p/3p and miR-124 promote the direct 

conversion of human fibroblasts into neurons and the effect is enhanced when they are co-

expressed with the TFs, NeuroD2, Ascl1, and Myt1l (Yoo et al., 2011). miR-128 together 

with the TFs Ascl1, NeuroD1 and LIM Homeobox transcription factor 1 alpha (Lmx1a) leads 

to enhanced astrocyte-to-neuron conversion in vivo (Rivetti di Val Cervo et al., 2017). In 

addition, in neural cells miR-124 represses the expression of the polypyrimidine tract-binding 

protein 1 (Ptbp1), an RPB that exerts its alternative splicing function also on neuronal genes 

(Makeyev et al., 2007; Min et al., 1995; Xue et al., 2013; Xue et al., 2016). It has been 

reported that repression of Ptbp1 alone is sufficient to promote fibroblast-to-neuron 

reprogramming (Xue et al., 2013). Another important aspect to consider for efficient 

induction of neuronal reprogramming is the metabolic change that occurs during the cell fate 

conversion (Gascon et al., 2016). While astrocytes, fibroblasts and other proliferative cells 

rely on anaerobic glycolysis and β-oxidation, neurons rely on an oxidative metabolism 

(McKay et al., 1983; Tsacopoulos and Magistretti, 1996). The rapid metabolic switch is 

thought to be responsible for the observed increased production of reactive oxygen species 

(ROS) during the conversion process, which increases lipid peroxidation (Lip-Ox) and leads 

to significant cell death by ferroptosis (Gascon et al., 2016). Co-expression of 

reprogramming TFs with the anti-apoptotic protein Bcl-2 or treatment with antioxidants has 

been shown to reduce Lip-Ox, thereby improving cell fate conversion and survival (Gascon 

et al., 2016). 

1.2.2 Reprogramming somatic cells into neurons 

In addition to astrocytes, another cell type suitable for direct and efficient neuronal 

reprogramming is the olfactory ensheathing cells (OECs), a type of specialised glial cells 

that shares properties with astrocytes (Ramon-Cueto and Avila, 1998; Sun et al., 2019). 

Neurog2 alone has been shown to induce the direct conversion of OECs into synapses 

forming-neurons with electrophysiological properties in vitro (Sun et al., 2019). Additionally, 

OEC-derived neurons successfully integrated after transplantation into normal or injured 

mouse spinal cord in vivo (Sun et al., 2019). Much progress has been made in converting 

also cells originating from different germ layers into neurons in vitro. Mesoderm-derived 

mouse embryonic and postnatal fibroblasts were reprogrammed into functional neurons in 

vitro by a combinatorial expression of three TFs, Ascl1, Brn2 and Myt1l (called BAM factors) 

(Vierbuchen et al., 2010). The induced neurons also formed synapses that can fire action 

potentials (Vierbuchen et al., 2010). Although Ascl1 alone is capable of inducing direct 



 

18 
 

fibroblast-to-neuron conversion, the combination of BAM TFs is required to achieve more 

efficient neuronal conversion (Chanda et al., 2014; Treutlein et al., 2016; Vierbuchen et al., 

2010). When combined with the TF NeuroD1, the BAM factors elicit the conversion of fetal 

and postnatal human fibroblasts into neurons (Pang et al., 2011). The BAM cocktail, alone 

or in combination with other factors, was used to induce neuronal conversion of several 

other somatic cell types in addition to fibroblasts. Forced expression of the BAM factors 

directly induces neuronal reprogramming of postnatal mouse adipocyte progenitor cells 

(APCs) and hepatocytes (Marro et al., 2011; Yang et al., 2013). When combined with the 

TF, T Cell Leukemia Homeobox 3 (Tlx3) and the miR-124, the BAM factors have also been 

shown to directly convert human brain vascular pericytes (HBVPs) into cholinergic neurons 

(Cheng et al., 2009; De Pietri Tonelli et al., 2008; Liang et al., 2018). Partial neuronal 

conversion of mouse and human pluripotent stem cell-derived cardiomyocytes into 

neuronal-like cells induced by the combination of NeuroD1 and BAM factors has also been 

reported (Chuang et al., 2017). 

1.2.3 Neuronal reprogramming in vivo  ̶  achievements and challenges 

The in vitro neuronal reprogramming studies were accompanied by in vivo protocols to 

investigate the effects of the diseased brain on the direct conversion and the integration of 

the generated neurons into the pre-existing circuits. Indeed, in vitro experiments are limited 

in their ability to replicate the altered environment created by disease or trauma conditions, 

such as reactive gliosis and inflammation, which can significantly affect the reprogramming 

process (Bocchi et al., 2022). Buffo and colleagues provided the first evidence of in vivo 

neuronal conversion of proliferating glial cells driven by Pax6 following stab wound (SW) 

injury in the adult mouse brain (Buffo et al., 2005). Similar to in vitro studies, significant 

progress has been made with in vivo reprogramming of reactive glia, including Neuron-Glia 

antigen 2-expressing glial cells (NG2 glia) and astrocytes, into neurons mainly using the 

bHLH TFs, such as Neurog2, Ascl1 and NeuroD1 (Vasan et al., 2021). Neurog2 alone was 

shown to reprogram proliferating glial cells into neurons in an injured brain in vivo, but with 

limited efficiency (Gascon et al., 2016; Grande et al., 2013). Some studies revealed that 

combining Neurog2 with other factors led to increased reprogramming efficiency. For 

example, the expression of Neurog2 in combination with (i) exposure to fibroblast growth 

factor 2 (FGF2) and epidermal growth factor (EGF) (Grande et al., 2013), (ii) expression of 

the anti-apoptotic protein Bcl2 or treatment with antioxidants, e.g. Calcitriol or αT3 (Gascon 

et al., 2016), (iii) expression of Nuclear receptor-related 1 protein (Nurr1) (Mattugini et al., 

2019). Ascl1 in combination with Sox2 or Sox2 alone elicited neuronal reprogramming of 
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resident NG2 glia in the injured adult cerebral cortex (Heinrich et al., 2014). In the dopamine-

depleted striatum, Ascl1, in combination with Lmx1a and Nurr1, drives the reprogramming 

of endogenous NG2 glia into neurons that resemble fast-spiking, parvalbumin-containing 

interneurons (Pereira et al., 2017). NeuroD1 can reprogramme cortical NG2 cells and 

astrocytes into neurons in the injured brain and in a mouse model of Alzheimer’s disease 

(Guo et al., 2014). Also, when co-expressed with Dlx2, NeuroD1 elicits the conversion of 

striatal astrocytes into GABAergic neurons in a mouse model of Huntington’s disease (Wu 

et al., 2020). NeuroD1-driven neuronal reprogramming of reactive astrocytes also 

contributes to reverse the effects of glial scar formation in the injured cortex back to normal 

neural tissue (Zhang et al., 2020). Importantly, some of the evidence for direct astrocyte-to-

neuron conversion in vivo has been challenged by a recent publication (Chen et al., 2020; 

Liu et al., 2020; Wang et al., 2021a; Wang et al., 2021b; Xiang et al., 2021). Using multiple 

lineage tracing strategies, the authors could not validate the previously reported neuronal 

conversion induced by the overexpression of NeuroD1 in vivo (Wang et al., 2021a). 

However, the authors still acknowledged the general potential of NeuroD1 as neurogenic 

TF to induce neuronal conversion under other conditions, such as in cell culture (Pataskar 

et al., 2016; Zhang et al., 2015). This study highlights the importance of monitoring cell fate 

changes when studying cell fate conversion in vivo, using live imaging, labelling of pre-

existing endogenous neurons or lineage tracing of the starter cell type (Bocchi et al., 2022; 

Wang et al., 2021a). Taken together, these studies demonstrate the great progress that has 

been made in identifying several factors that influence direct neuronal reprogramming, both 

in vitro and in vivo. Further investigations are underway to optimise reprogramming 

approaches for future potential therapeutic use. 
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1.3 Aims 

Major advances in direct neuronal reprogramming are revealing its great therapeutic 

potential for cell replacement in the diseased or injured brain. Many in vitro and in vivo 

studies have highlighted the striking ability of key neurogenic TFs to instruct direct lineage 

conversion of diverse cell sources towards neuronal fate. However, the contribution of post-

transcriptional regulation of gene expression to neuronal reprogramming remains largely 

unexplored. As discussed above, RBPs have the potential to regulate gene expression 

through a variety of post-transcriptional mechanisms, not only in mature neurons but also in 

embryonic neurogenesis. Evidence for the involvement of RBPs in cell fate commitment 

during neurogenesis raises the question of whether they are also involved in establishing 

neuronal fate in the context of direct neuronal reprogramming. Elucidating the role of post-

transcriptional regulators in neuronal reprogramming is therefore key to gaining new insight 

into the underlying mechanisms of cell fate conversion. 

In this PhD thesis, I focused on the two well-established RBPs Pum2 and Stau2 to unravel 

their (potential) role in astrocyte-to-neuron reprogramming. 

In particular, I aimed to answer the following questions: 

(i) Do Pum2 and Stau2 contribute to the successful fate conversion of astrocytes into 

neurons? 

(ii) Do they have different or redundant roles in cell fate conversion? 

(iii) What is the temporal requirement for their function during neuronal 

reprogramming? 

(iv) What are the molecular mechanisms underlying the contribution of these RBPs to 

the reprogramming process?  
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2 MATERIAL AND METHODS 

2.1 Material 

The materials used in this study are listed in the following tables.  

Table 1: List of buffers, media and solutions used in this study. 

Buffer/Medium/Solution Components 

2xBES-buffered saline 

(BBS); pH 7.10-7.15 

50 mM BES pH 7.15-7.30; 1.5 mM Na2HPO4; 280 mM 

NaCI2 

4% paraformaldehyde 16% (w/v) PFA in HBSS 1X pH 7.4 

Astrocyte medium  DMEM/F12 (1:1) (1X); 10% (v/v) FCS; 1X B27 supplement; 

1% (v/v) D-(+)-Glucose 45%; 1% (v/v) GlutaMAXTM-I 

(100x); 1% (v/v) Pen Strep 

B27 differentiation medium DMEM/F12 (1:1) (1X); 1X B27 supplement; 1% (v/v) D-(+)-

Glucose 45%; 1% (v/v) GlutaMAXTM-I (100x); 1% (v/v) Pen 

Strep 

Blocking solution 10X PBS; 2% (w/v) BSA; 2% (v/v) FCS; 0.2% (v/v) fish 
gelatine  

BSA packaging medium  DMEM (1X) + FCS; 1.2% (w/v) BSA  

DAPI solution DAPI (2µg/ml) in 1xPBS  

Dissection medium 10 mM HEPES Buffer solution (1M); HBSS 1X 

DMEM + FCS DMEM (1X); 3.7g/L Sodium bicarbonate; 1% (w/v) sodium 

pyruvate; 1% (v/v) GlutaMAX supplement; 10% (v/v) FCS; 

DMEM + FCS (0 medium) DMEM (1X) + GlutaMAXTM-I; 10% (v/v) FCS; 

DMEM + HS DMEM (1X) + 10% (v/v) HS; 1% (v/v) pyruvate; 1% (v/v) 

GlutaMAXTM-I (100x) 

Growth medium  DMEM (1X) + GlutaMAXTM-I; 10% (v/v) FCS; Geneticin (50 

mg/ml); Tetracyclin (1mg/ml); Puromycin (10 mg/ml); 

NMEM + B27 1xMEM; 1X B27 supplement; 0.22% (w/v) NaHCO3; 0.6% 

(w/v) D-glucose; 1% (w/v) sodium pyruvate; 1% (v/v) 

GlutaMAX 

TBS5 buffer Tris-HCl, pH 7.8; NaCI 5M; KCI 1M; MgCI2 1M 

Transfection medium, pH 

7.4 (lentivirus production) 

MEM (10X); 1mM sodium pyruvate; 15 mM HEPES pH 7.3; 

1% (v/v) GlutaMAXTM-I (100x); 1X B27 supplement; 33 mM 

D-glucose  
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Transfection medium 

(retrovirus production) 

DMEM (1X) + GlutaMAXTM-I 

  

Table 2: List of plasmids used in this study.  

Construct  Vector 

CAG-GFP CAG-GFP 

CAG-Neurog2-IRES-GFP CBIG 

CAG-DsRedExpress2 RV-CAG-Dest (M.Gӧtz laboratory) 

CAG-Neurog2-IRES-DsRedExpress2 RV-CAG-Dest (M.Gӧtz laboratory) 

pFu3a-H1-shNTC-pCAG-tagRFP Fu3a tagRFP 

pFu3a-H1-shPum2-pCAG-tagRFP Fu3a tagRFP 

pFu3a-H1-shStau2-pCAG-tagRFP Fu3a tagRFP 

 

Table 3: List of antibodies used in this study. 

Primary antibody  Host 

Species 

Manufacturer Dilution 

anti-DCX polyclonal IgG Guinea pig Merck 1:2000 

anti-DCX polyclonal IgG Rabbit Abcam 1:1000 

anti-GFAP monoclonal IgG Mouse Sigma-Aldrich 1:1000 

anti-GFAP polyclonal IgG Goat Abcam 1:1000 

anti-Pum2 polyclonal IgG Rabbit Abcam  1:500 

anti-RFP polyclonal IgG Rabbit Thermo Fisher 1:1000 

anti-Stau2 monoclonal IgG Mouse Kiebler Lab 

(selfmade) 

1:500 

Secondary Antibody-Conjugate Host 

Species 

Manufacturer Dilution  

anti-Goat IgG – AlexaFluor488 Calf Dianova 1:1000 

anti-Guinea pig IgG – AlexaFluor488 Goat Thermo Fisher 1:1000 

anti-Guinea pig IgG – AlexaFluor647 Goat Thermo Fisher 1:1000 

anti-Mouse IgG – AlexaFluor647 Donkey Thermo Fisher 1:1000 

anti-Rabbit pig IgG – AlexaFluor488 Donkey Thermo Fisher 1:1000 

anti-Rabbit pig IgG – AlexaFluor555 Donkey Thermo Fisher 1:1000 
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anti-Rabbit pig IgG – AlexaFluor647 Donkey Thermo Fisher 1:1000 

 

Table 4: List of chemicals used in this study. 

Chemical  Manufacturer 

BES Merck 

BSA Gerbu Biotechnik 

Calcium chloride Merck 

DAPI Sigma-Aldrich/Carl 

Roth 

D-(+)-Glucose (in transfection medium, LV) Merck 

D-(+)-Glucose solution (45%) Sigma-Aldrich 

Dismozon® pur Hartmann/Carl Roth 

FBS, Qualified, HI Thermo Fisher 

Scientific 

Fish gelatine Sigma-Aldrich 

FluoromountTM Aqueous Mounting Sigma-Aldrich 

GenJetTM Plus DNA Transfection Reagent SignaGen Laboratories 

GibcoTM B27® Supplement (50X)  ThermoFisher 

Scientific 

GibcoTM DMEM Thermo Fisher 

Scientific 

GibcoTM DMEM (1X) + GlutaMAXTM-I [+] 4.5 g/L D-glucose, 25mM 

HEPES 

Thermo Fisher 

Scientific 

GibcoTM DMEM/F12 (1:1) (1X) Thermo Fisher 

Scientific 

GibcoTM DPBS (1X) [-] Calcium, Magnesium Thermo Fisher 

Scientific 

GibcoTM Geneticin® Thermo Fisher 

Scientific 

GibcoTM GlutaMAXTM-I (100x)  Thermo Fisher 

Scientific 
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GibcoTM GlutaMAX Supplement (in DMEM+FCS solution) Thermo Fisher 

Scientific 

GibcoTM HBSS (1X) [+] Calcium, Magnesium Thermo Fisher 

Scientific 

GibcoTM HEPES Buffer Solution (1M) Thermo Fisher 

Scientific 

GibcoTM HI Horse Serum Thermo Fisher 

Scientific 

GibcoTM MEM (10X) Thermo Fisher 

Scientific 

GibcoTM Pen Strep  Thermo Fisher 

Scientific 

GibcoTM Puromycin Thermo Fisher 

Scientific 

GibcoTM Recombinant Human Basic Fibroblast Growth Factor 

(bFGF) 

Thermo Fisher 

Scientific 

GibcoTM Recombinant Human Epidermal Growth Factor (EGF) Thermo Fisher 

Scientific 

GibcoTM 0.5% Trypsin/EDTA solution (10X) Thermo Fisher 

Scientific 

HEPES Sigma-Aldrich 

Magnesium chloride solution Sigma-Aldrich 

Opti-MEMTM Thermo Fisher 

Scientific 

Paraformaldehyde powder Merck 

Poly-D-lysine hydrobromide Sigma-Aldrich 

Potassium chloride solution Sigma-Aldrich 

Sodium bicarbonate Sigma-Aldrich 

Sodium chloride solution Sigma-Aldrich 

Sodium pyruvate Sigma-Aldrich 

Tetracycline hydrochloride Sigma-Aldrich 

Triton X-100 Carl Roth 

Trizma® hydrochloride solution Sigma-Aldrich 
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Table 5: List of consumable material used in this study. 

Consumable Manufacturer 

Cell Culture Plate, 24-Well Eppendorf 

CELLSTAR® 100/20 mm cell culture dish Greiner Bio-One 

CELLSTAR® 35/10 mm cell culture dish Greiner Bio-One 

CELLSTAR® cell culture flasks, 25 cm2 Greiner Bio-One 

CELLSTAR® tubes, 15 ml Greiner Bio-One 

CELLSTAR® tubes, 50 ml Greiner Bio-One 

EndoFree Plasmid Maxi Kit Qiagen 

Glass coversplis, 12 mm VWR-Marienfeld 

Microscope slides Thermo Fisher 

Scientific 

NuncTM 60/15 mm cell culture dish Thermo Fisher 

Scientific 

NuncTM cell culture flask 75 cm2 Thermo Fisher 

Scientific 

NuncTM cell culture untreated 12 well plate Thermo Fisher 

Scientific 

Nunc EasYFlaskTM 175 cm2 Thermo Fisher 

Scientific 

Polypropylene centrifuge tubes  Beckman Coulter 

 

Table 6: List of instruments and equipment used in this study. 

Instrument/Equipment Manufacturer 

Avanti J-26S XP Highspeed Centrifuge  Beckman Coulter 

Axio Observer Z1 inverted phase contrast fluorescence microscope  Zeiss 

Axiocam 506 mono camera  Zeiss 

Axiovert 10 inverted light microscope  Zeiss 

Blades Carl Roth 

Centrifuge 5417 R  Eppendorf 

Centrifuge 5424 R  Eppendorf 



 

26 
 

Centrifuge 5810 R  Eppendorf 

Bio-Safety Cabinet class II: B-[Max-Pro]2-130 Berner 

Bio-Safety Cabinet class II: B-[Max-Pro]2-160 Berner 

CO2 incubator Binder 

CO2 incubator Eppendorf 

COLIBRI.2 LED  Zeiss 

Cycler: S1000TM Thermal cycler  Bio-Rad 

DMI LED microscope  Leica 

Graefe Forceps FST 

Innova® 44 shaking incubator Eppendorf 

JLA-10.500 rotor + tubes Beckman Coulter 

Milli-Q® Direct Water Purification System  Merck 

Multifuge X3R Centrifuge Thermo Fisher 

Scientific 

NanoDrop™ 2000c  Thermo Fisher 

Scientific 

Optima™ XPN-80 Ultracentrifuge  Beckman Coulter 

pH meter FiveEasy™ F20  Mettler Toledo 

plan-Apochromat 63x/1.40 NA Ph3 M27 8/0.17 oil immers. objective  Zeiss 

Student Dumont #5 Forceps FST 

Student Dumont #7 Forceps  FST 

Student Fine Forceps - Angled FST 

Student Fine Scissors FST 

Student Surgical Scissors FST 

Student Vannas Spring Scissors  FST 

SW32Ti rotor + tubes  Beckman Coulter 

 

2.2 Astrocyte cell culture 

Primary mouse astrocyte cell cultures were generated according to the established protocol 

previously described by (Heinrich et al., 2011). In detail, grey matter tissue of the cerebral 

cortex was dissected from the brain of postnatal, 6 days old (P6) C57BL/6J mice after 

removal of the subventricular region, meninges, hippocampus and white matter. The entire 

procedure was performed in cold dissection medium. The tissue was then mechanically 
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dissociated using fire-polished Pasteur pipettes, centrifuged at 300g for 5 min at 4°C, 

resuspended and cultured in uncoated flasks in prewarmed astrocyte medium. The medium 

was supplemented with epidermal growth factor (EGF) (10 µg/ml) and basic fibroblast 

growth factor (bFGF) (10 µg/ml). The cells were maintained in culture at 37°C in a humidified 

and CO2-enriched (5%) atmosphere for an expansion period of 7 days.  At day 4, the medium 

was replaced with fresh prewarmed astrocyte medium supplemented with growth factors. At 

day 7, culture flasks were harshly shaken several times to remove contaminating 

oligodendrocyte progenitor cells and were passaged with trypsin/EDTA. Afterwards, cells 

were seeded onto poly-D-lysine (PDL) coated glass coverslips at a density of 50.000 cells 

per coverslip, in prewarmed astrocyte medium supplemented with EGF and bFGF. The day 

after seeding, the purity of the astrocyte culture was ensured by performing immunostaining 

for the astrocyte marker Glial Fibrillary Acidic Protein (GFAP) and the immature neuron 

marker Doublecortin (Dcx). All experiments were performed on cultured astrocytes the day 

after seeding. All procedures concerning animals were performed conform to the German 

Animal Protection Law and were approved by the local authority (Regierung von 

Oberbayern). 

 

2.3 Neuron cell culture 

Primary rat neuronal cultures were prepared by Karl Bauer, Ulrike Kring and Sabine Thomas 

and maintained as previously described (Goetze et al., 2003). In detail, hippocampi were 

dissected from embryonic day 17 (E17) Sprague-Dawley rat embryos (Charles River 

Laboratories). Tissue was washed with warm HBSS and dissociated with trypsin-EDTA and 

mechanical trituration with two different fire-polished Pasteur pipettes. Cells were then 

plated on poly-L-lysine-coated glass coverslips at a density of approximately 74 cells/mm2. 

Neurons were cultured in NMEM+B27 medium, at 36.5°C in a humidified and CO2-enriched 

(5%) atmosphere. After 3 days, hippocampal neurons on coverslips were transferred to 

dishes that were previously seeded with glial cells. Glial cells were cultured from the cortex 

of E17 rat brains and grown for one week in a flask containing DMEM+HS, at 36.5°C in a 

humidified and CO2-enriched (5%) atmosphere. After 7 days, the cells were split 1:3 into a 

new flask. After a further 7 days in culture, the cells were plated into cell culture dishes 

(60mm) at a density of 20.000 cells/dish. For single cell imaging experiments on glial cells, 

cells were plated on poly-L-lysine-coated glass coverslips at a density of 20.000 

cells/coverslip. Experiments were performed with cultured neurons 10-16 days in vitro (DIV). 
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All procedures concerning animals were performed conform to the German Animal 

Protection Law and were approved by the local authority (Regierung von Oberbayern). 

 

2.4 Plasmids 

The retroviral plasmids CAG-GFP and CAG-Neurog2-IRES-GFP were ordered from 

Addgene. The vectors were amplified in DH5α bacteria and selected for antibiotic resistance 

using LB medium containing ampicillin (100 μg/ml). The retroviral plasmids CAG-

DsRedExpress2 and CAG-Neurog2-IRES-DsRedExpress2 were generated in the 

laboratory of Magdalena Gӧtz at the BMC (Heinrich et al., 2011). The lentiviral plasmids 

pFu3a-H1-shNTC-pCAG-tagRFP, pFu3a-H1-shPum2-pCAG-tagRFP and pFu3a-H1-

shStau2-pCAG-tagRFP were generated by exchanging the CamKIIα promoter for the CAG 

promoter in the previously published pFu3a-H1-shNTC-pCamKIIα-tagRFP vector 

(Fernandez-Moya 2021, Schieweck et al. 2021). The vectors were amplified in Stbl2 bacteria 

and selected for antibiotic resistance using LB medium containing ampicillin (100 μg/ml). All 

plasmids were purified using plasmid DNA extraction kits and DNA concentrations were 

determined by measuring the absorbance at 260nm on a NanoDropTM ND-1000c 

spectrophotometer. All plasmid sequences were validated by Sanger sequencing at Eurofins 

Genomics. Sequencing primers were ordered from Eurofins Genomics. 

 

2.5 Astrocyte-to-neuron reprogramming 

Astrocyte-to-neuron reprogramming was performed according to the published protocol 

(Heinrich et al., 2011). Briefly, the day after seeding astrocytes on coverslips, cells were 

transduced with a retroviral vector encoding the neurogenic fate determinant Neurogenin2 

(Neurog2) (Neurog2-IRES-GFP) and the corresponding control (CAG-GFP). After 36 h, the 

astrocyte medium was replaced with fresh prewarmed B27 differentiation medium. Cells 

were cultured at 37°C, in a humidified and CO2-enriched (5%) atmosphere for 7 days. At 7 

days post-infection (DPI), the cells were washed twice with prewarmed DPBS1X washing 

buffer and fixed with 4% paraformaldehyde (PFA). At 7 DPI, the reprogramming efficiency 

was assessed by performing immunostaining for the neuronal marker Dcx. 

 

2.6 Short hairpin RNA-mediated knockdown 

To knockdown Pum2 or Stau2 during reprogramming, short hairpin (sh) RNA-mediated 

interference was performed. In detail, seeded astrocytes were transduced with lentiviral 

vectors expressing either a shRNA with no known targets in the mammalian genome 



 

29 
 

(shNTC) or a Pum2/Stau2-specific shRNA (shPum2/shStau2). Lentiviral transduction was 

performed either simultaneously with the Neurog2-expressing retrovirus (Neurog2-IRES-

GFP) or two days later. The reprogramming procedure was performed as described above. 

The efficiency of the knockdown was assessed by immunostaining on mouse cortical 

astrocytes, rat glial cells (astrocytes) and rat hippocampal neurons at different time points 

(4 and 6 DPI). 

 

2.7 Retrovirus production 

Control CAG-GFP and Neurog2-expressing retroviral particles were obtained from HEK 

293GPG cells (gift from the laboratory of Magdalena Gӧtz). Cells were plated at a density 

of 6x106 per 10cm plate in prewarmed growth medium supplemented with antibiotics for cell 

selection: Geneticin, Tetracycline and Puromycin. Two days later, the medium was replaced 

with fresh prewarmed DMEM+FCS (0 medium) without antibiotics and the cells were 

incubated for 2 h at 37°C, in a humidified and CO2-enriched (5%) atmosphere. GenJetTM 

Plus DNA Transfection Reagent was used for an efficient gene delivery into cells. A solution 

of transfection medium containing 180 µl of GenJetTM was slowly added to a solution of 

transfection medium previously mixed with 120 µg of the delivery plasmid. The final solution 

was gently swirled several times and incubated at RT for 15 min. The solution was then 

added dropwise to the HEK 293GPG cells. At one and four days post-transfection (DPT), 

the medium was replaced with fresh prewarmed DMEM+FCS (0 medium). At six DPT, the 

cell medium containing viral particles was collected, filtered through 0.45µm PVDF syringe 

filter and concentrated by ultracentrifugation at 27.000 rpm for 2 h at 4°C. The virus pellet 

obtained was resuspended in TBS5 buffer and stored at -80°C. 

 

2.8 Lentivirus production  

Control shNTC- shStau2- and shPum2-expressing lentiviral particles were obtained from 

HEK293T cells (gift from the laboratory of Magdalena Gӧtz). Cells were plated at a density 

of 1.5x106 per 10cm plate in DMEM+FCS medium and two days later they were co-

transfected with the packaging plasmids psPAX2, pcDNA3.1-VSV-G (Heraud-Farlow et al., 

2013) and the respective pFu3a plasmids: either H1-shNTC-pCAG-tagRFP or H1-shPum2-

pCAG-tagRFP or H1-shStau2-pCAG-tagRFP. Transfection was performed using calcium 

phosphate (Ca4PO3) co-precipitation as previously described (Goetze et al., 2004). Briefly, 

a total of 36 µg of DNA plasmid (from the three delivery vectors) was mixed with freshly 

diluted 2.5M CaCl2 and H2O to a final volume of 720 µl. The same amount of 2×BES (pH 
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7.15 - 7.30) (720 µl) was slowly added to the CaCl2/DNA solution, and then mixed by 

introducing air bubbles with the pipette. The solution was added dropwise to the HEK cells 

in prewarmed transfection medium. After 5 h of incubation, the medium was replaced with 

fresh BSA packaging medium. At two DPT, the cell medium containing viral particles was 

collected, filtered through 0.45µm PVDF syringe filter and concentrated by 

ultracentrifugation at 23.000 rpm for 2 h and 20 min at 4°C. The virus pellet obtained was 

resuspended in Opti-MEMTM and stored at -80°C. 

 

2.9 Immunostaining 

Astrocytes and reprogrammed neurons seeded on coverslips were washed twice with pre-

warmed DPBS 1X and fixed with 4% PFA for 15 min. Fixed cells were washed three times 

for 5 min with DPBS 1X and permeabilised with cold 0.1% Triton X-100 in HBSS (1X) for 5 

min. Cells were washed again three times for 5 minutes with DPBS 1X and blocked with 

100% blocking solution for at least 30 min at RT. The cells were then incubated with primary 

antibodies, overnight at 4°C. The primary antibodies were diluted in 10% blocking solution 

in HBSS (1X). The next morning, the cells were washed three times for 5 min with DPBS 1X 

and incubated with the appropriate fluorophore-coupled secondary antibody for 45 min at 

RT. The secondary antibodies were diluted in 10% blocking solution in HBSS (1X). The cells 

were then washed three times for 5 min with DPBS 1X and counterstained with 2 µg/ml 

DAPI solution for 5 min at RT. After DAPI staining, the cells were washed three times for 5 

min with DPBS 1X. The coverslips were mounted on glass microscope slides using mounting 

medium. 

 

2.10 Fluorescence microscopy and image processing 

Fluorescence images of fixed astrocytes and induced neurons were acquired using the 

microscopy software ZEN2.6 pro (blue edition, Zeiss) on a Zeiss Axio Observer.Z1 inverted 

phase contrast fluorescence microscope equipped with a Plan-Apochromat 63x/1.40 Ph3 

M27 oil immersion objective and a 20x objective as well as a COLIBRI.2 LED light source 

and an Axiocam 506 mono camera. Fluorescence imaging was performed using the 63x 

Plan-Apochromat oil immersion objective or the 20x objective. Astrocytes and induced 

neurons were selected on the basis of general cell characteristics, such as morphology and 

size, and expression of fluorescent transduction markers. The LED wavelengths with 

excitation maxima of 385 nm, 470 nm, 555 nm, 625 nm were used with acquisition times 

ranging from 10 to 300 milliseconds. All raw images were analysed using ZEN 3.2 (blue 
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edition, Zeiss). For the purpose of presentation, images were not edited beyond adjustment 

of intensity levels, brightness, contrast and magnification ratio. The scale bars in the images 

correspond to 20 µm or 50 µm. 

2.10.1 Endogenous expression of Pum2 and Stau2 protein in astrocytes and 

induced neurons  

To evaluate the Pum2 or Stau2 protein expression patterns during reprogramming, 

astrocytes and induced neurons (transduced with either control or Neurog2 viruses) positive 

for the fluorescent transduction marker were imaged using the Plan-Apochromat 63×/1.40 

Ph3 M27 oil immersion objective. Images were acquired separately using phase contrast 

and channels with emission spectra equivalent to Cy5, Cy3 or EGFP and DAPI. Three 

coverslips were included as technical replicates for each experimental condition. For the 

analysis of the reprogramming condition, two cell populations of Neurog2-transduced cells 

were considered, (i) cells with non-neuronal morphology, still in fate transition or failed to be 

reprogrammed, (ii) successfully converted cells with typical neuronal morphology and 

positive for neuron-specific Dcx (Gascon et al., 2016). For each cell selected, a region of 

interest (ROI) was manually drawn based on phase contrast and fluorescence channels: the 

perinuclear region of astrocytes and the soma of induced neurons. For each ROI, 

measurements of the area and the mean fluorescence were acquired. For background 

subtraction, a region without fluorescence signal adjacent to the cell was manually selected. 

In the case of induced neurons lying on top of astrocytes, the background ROI was selected 

next to the neuron, on the underlying astrocyte. To account for the different cell size of 

astrocytes and induced neurons, the integrated density of the fluorescence signal was 

quantified. The integrated density of fluorescence represents the total fluorescence 

measured in an area, independent of size differences in the area measured in the different 

cell types. The integrated density was calculated by multiplying the mean fluorescence 

intensity by the ROI (µm2) of the considered cell (Integrated Density: Intensity Mean Value 

X Area). Background subtraction was then performed using the following formula:  

Corrected Total Cell Fluorescence (CTCF) = Integrated Density – (ROI of selected cell X 

Intensity Mean of background ROI) 

The same quantification method was also used to evaluate the efficiency of shRNA-

mediated knockdown on mouse cortical astrocytes, rat glial cells (astrocytes) and rat 

hippocampal neurons. 
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2.10.2 Colocalisation assay in astrocytes 

To evaluate the colocalisation of endogenous Pum2 and Stau2 in astrocytes, healthy cells 

showing positive staining for both proteins were imaged using the Plan-Apochromat 

63x/1.40 Ph3 M27 oil immersion objective. Images were acquired separately using phase 

contrast and channels with emission spectra equivalent to Cy5, EGFP and DAPI. Two or 

three coverslips were included as technical replicates. For each astrocyte, a Z-stack 

consisting of 20 slices with 0.26 µm step size was acquired in the Cy5 and EGFP channels. 

Images were deconvolved using the deconvolution module of the ZEN 2.6 software (blue 

edition, Zeiss) with the following settings:  

Method = Deconvolution (adjustable); Algorithm = Constrained iterative; Set Strength 

Manually (Medium 5.0); Corrections = Background.  

In each deconvolved image, a ROI was selected according to specific criteria: a 10 x 10 µm 

square (70x70 pixel image size) was drawn approximately halfway between the nucleus and 

one tip of the cell by using the “Create Image Subset” tool. Pum2 and Stau2 particle 

colocalisation was quantified in the ROI using an automated analysis pipeline in the Arivis 

Vision4D 3.5 software. In details, particles were detected using the tool “blob finder” tool 

with the following setting:  

Pum2: Particle diameter = 0.2 µm; Probability threshold = 4%; Split sensitivity = 100%; 

Volume: VoxelCount > 4; 

Stau2: Particle diameter = 0.2 µm; Probability threshold = 5%; Split sensitivity = 100%; 

Volume: VoxelCount > 5; 

Detected Pum2 particles with a volume smaller than 4 voxels and Stau2 particles with a 

volume smaller than 5 voxels were excluded as they were considered residual background. 

Given the fact that the ROI considered was only a small part of the cell, particles at the 

edges were also excluded to avoid missing potential colocalisation events beyond the 

edges. The overlapping volume of Pum2 and Stau2 particles was measured. An overlapping 

volume larger than 30% was scored as a colocalisation event. 

2.10.3 Colocalisation assay in induced neurons 

To evaluate the colocalisation of endogenous Pum2 and Stau2 in induced neurons, healthy 

cells positive for Neurog2-expressing fluorescent reporter and showing positive staining for 

both proteins were imaged using the Plan-Apochromat 63×/1.40 Ph3 M27 oil immersion 

objective. Images were acquired separately using phase contrast and channels with 

emission spectra equivalent to Cy5, Cy3, EGFP and DAPI. Two or three coverslips were 

included as technical replicates. For each neuron, a Z-stack consisting of 32 slices with 0.29 
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µm step size was acquired in the Cy5 and Cy3 channel. Images were deconvolved using 

the deconvolution module of the ZEN 2.6 software (blue edition, Zeiss) with the following 

settings: 

Method = Deconvolution (adjustable); Algorithm = Constrained iterative; Set Strength 

Manually (Strong 10.0); Corrections = Background.  

In each deconvolved image, a ROI was selected according to specific criteria: a 10µm long 

rectangular region was drawn in the proximal section of a neuronal process, by using the 

“Create Image Subset” tool. Pum2 and Stau2 particle colocalisation was quantified in the 

ROI using an automated analysis pipeline in the Arivis Vision4D 3.5 software. In detail, 

particles were detected using the tool “blob finder” tool with the following setting:  

Pum2: Particle diameter = 0.1 µm; Split sensitivity = 100%; Volume: VoxelCount > 2; 

Stau2: Particle diameter = 0.1 µm; Split sensitivity = 100%; Volume: VoxelCount > 3; 

The probability threshold for the detection of both Pum2 and Stau2 particles was adjusted 

for each cell with values ranging between 2% and 7%. Detected Pum2 particles with a 

volume smaller than 2 voxels and Stau2 particles with a volume smaller than 3 voxels were 

excluded as they were considered residual background. The overlapping volume of Pum2 

and Stau2 particles was measured. An overlapping volume larger than 30% was scored as 

a colocalisation event. 

2.10.4 Reprogramming efficiency  

To get a representative estimate of the reprogramming efficiency, cells fixed on coverslips 

were imaged using a 20x objective. Images were acquired from nine fixed spots on each 

coverslip using channels with emission spectra equivalent to Cy5, Cy3, EGFP and DAPI. 

Three coverslips were included as technical replicates for each experimental condition. The 

induced neurons were evaluated by morphology and Dcx staining, based on previously 

published criteria (Gascon et al., 2016). In detail, only those Dcx-positive cells with ellipsoid 

soma and at least one thin process three times longer than the soma were scored as 

successfully converted neurons. The proportion of successfully converted cells among the 

cells positive for Neurog2-expressing fluorescent reporter is defined as reprogramming 

efficiency. Only cells showing good viability by DAPI staining were included in the cell count. 

The reprogramming efficiency in either the Stau2- or Pum2-depleted condition was 

evaluated by quantifying the proportion of successfully converted cells among the cells 

positive for both Neurog2 and shRNA-expressing fluorescent reporters. The absolute 

numbers of Neurog2- and shRNA-positive cells that were successfully converted and those 

that failed to undergo reprogramming were also quantified. To estimate cell death, the 
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absolute numbers of DAPI-positive cells and the Neurog2-positive cells were quantified. In 

addition, cells positive for both Neurog2 and shRNA were normalised to the total number of 

Neurog2-positive cells. 

2.10.5 Morphological analysis of induced neurons 

Morphological analysis of successfully induced neurons was performed after 7 days of 

reprogramming under Pum2-depleted conditions. Those Neurog2- and shRNA-transduced 

cells considered as successfully converted neurons were evaluated by distinguishing bipolar 

from multipolar neurons. Induced neurons that exhibited only two neuronal processes 

extending from the soma towards opposite poles were scored as bipolar neurons. Those 

showing multiple neuronal extensions from the soma were scored as multipolar neurons. 

Neurons that could not be properly scored were excluded from the analysis. Nucleus 

integrity was assessed qualitatively based on DAPI staining pattern and nuclear shape. The 

area of the nucleus and soma of induced neurons was also quantified. 

2.10.6 Morphological analysis of cells failing reprogramming 

Morphological analysis of non-reprogrammed cells was performed after 7 days of 

reprogramming under Pum2-depleted conditions. Based on qualitative evaluation, the 

Neurog2- and shRNA-transduced cells that did not undergo a successful reprogramming 

were categorised into cells with normal astrocyte morphology and cells with aberrant 

morphology. The morphology considered as normal included both the typical astrocyte 

morphology and the elongated transitional shape typical of cells undergoing reprogramming. 

On the other hand, cells were considered to have aberrant morphology if they exhibited 

atypical features that deviated from the expected astrocyte morphology. These 

characteristics included smaller size, shrivelled shape and the presence of abnormal cell 

protrusions. Cell morphology with one or more of these atypical features was considered 

aberrant. A quantitative assessment of the cell size (µm2) of both categories was also 

performed. Cells that overlapped with surrounding cells, making it therefore impossible to 

distinguish the entire cell area, were excluded from the measurement. The proportion of 

cells with normal and aberrant morphology among all non-reprogrammed cells was 

evaluated in the Pum2-depleted condition compared to the control. In addition, the 

expression of the neuronal marker Dcx was evaluated among the cells with an aberrant 

morphology. 
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2.11 Statistical analysis 

Data processing was performed in Microsoft Excel; GraphPad Prism 8 was used for data 

plotting and statistical analysis. In addition, RStudio 4.2.1 was used for data processing and 

plotting of the colocalisation assay and for the comparative analysis of the gene lists from 

published data. For fluorescence intensity measurements, the statistical analysis was 

performed after Log10 transformation of the raw data. Data were tested for normal 

distribution by the Shapiro-Wilk normality test. In each experiment, the statistical analysis 

was performed on the mean of three technical replicates for each independent biological 

replicate. Paired Student’s t-test (for normally distributed data) and Wilcoxon matched-pairs 

signed rank test (for non-normally distributed data) were used to test for significance of 

differences in the mean of different biological replicates between two conditions. Estimated 

p-values less than 0.05 were considered as statistically significant and are indicated by 

asterisks in the figures (*p < 0.05, **p < 0.01, ***p < 0.001, ns  0.05). 
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3 RESULTS 

3.1 Astrocyte-to-neuron reprogramming in vitro 

To study the role of RBPs in neuronal reprogramming, astrocyte-to-neuron conversion was 

used as the experimental system of choice. Specifically, I employed the established protocol 

described by Heinrich and colleagues in 2011 (Heinrich et al., 2011). This allows the direct 

conversion of postnatal mouse cortical astrocytes into glutamatergic neurons in vitro by 

inducing the expression of the single neurogenic TF Neurog2. After the forced expression 

of Neurog2, the neuronal identity is typically acquired between 5-7 days (Heinrich et al., 

2011). The experimental procedure starts with the isolation of astrocytes from the cerebral 

cortex of P6 mice followed by an expansion phase in culture (Figure 4A). After 7 days, the 

proliferating cells were either analysed to confirm the astrocytic identity or transduced with 

a retrovirus expressing Neurog2 in order to induce the cell fate conversion (Figure 4A, 5A). 

Immunostaining for the astrocytic marker GFAP and the immature neuronal marker Dcx 

showed that the majority of the cultured cells were GFAP-positive astrocytes and that Dcx-

positive cells were absent, confirming the purity of the astrocyte culture (Figure 4B,C). The 

reprogramming efficiency was assessed by morphology and Dcx immunostaining at 7 days 

post-infection (DPI) (Figure 5A). Only Dcx-positive cells with an ellipsoid soma and at least 

one thin process three times longer than the soma were scored as successfully converted 

neurons (Gascon et al., 2016). While cells infected with the control retroviral vector did not 

generate any Dcx-positive neurons, the forced expression of Neurog2 induced the 

conversion of infected cells with an average efficiency of 39% (Figure 5B,C). Therefore, this 

system provided a suitable tool to study the role of RBPs in neuronal reprogramming. 
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Figure 4: Cultured astrocyte purity was confirmed by the enrichment of GFAP-positive 

cells and the absence of Dcx-positive cells 

(A) Experimental outline of the cortical astrocyte culture. (B) Representative examples of 

GFAP and Dcx immunostaining, DAPI staining and merged images of mouse cortical 

astrocytes after 7 days in culture. Scale bars: 50 µm. (C) Bar plot displaying percentage of 

cells positive for GFAP or Dcx. Black circles indicate independent biological replicates (n = 

2). Mean and Standard Deviation are shown. Flask icon modified from Marcel Tisch, 

licenced under Creative Commons CC0 1.0 Universal. 24-well plate icon modified from 

Database Center for Life Science, licenced under Creative Commons Attribution 4.0 

International, https://creativecommons.org/licenses/by/4.0/ 
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Figure 5: Forced expression of Neurog2 induces direct conversion of cortical 
astrocytes into neurons 
(A) Experimental outline of astrocyte-to-neuron reprogramming. (B) Representative 

examples of GFP fluorescence, Dcx immunostaining, DAPI staining and merged images of 

control (GFP only) or Neurog2-GFP-positive cells. Scale bars: 50 µm. (C) Bar plot displaying 

the proportion of Dcx-positive neurons (Dcx+) among GFP-positive-cells under control (GFP 

only) or Neurog2-induced conditions at 7 DPI. Black circles indicate independent biological 

replicates (n = 4). Mean and Standard Deviation are shown. 24-well plate icon modified from 

Database Center for Life Science, licenced under Creative Commons Attribution 4.0 

International, https://creativecommons.org/licenses/by/4.0/ 
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3.2 Protein expression patterns of Pum2 and Stau2 in astrocytes and mature neurons 

To explore the role of Pum2 and Stau2 in astrocyte-to-neuron reprogramming, I first 

examined their endogenous expression patterns in the initial cell population before the 

conversion process. Cortical astrocytes were immunostained for endogenous Pum2 or 

Stau2 after 7 days in culture (Figure 6A). Immunostaining revealed expression of both RBPs 

with a predominant cytoplasmic localisation and a punctate staining pattern (Figure 6B,C). 

Interestingly, a similar staining and protein localisation pattern was also observed in cultured 

mature rat hippocampal neurons (Figure 6D,E). Indeed, in neurons Pum2 and Stau2 have 

previously been reported to assemble their target mRNAs into RNPs (also often referred to 

as RNA granules), typically enriched in the somatodendritic compartment (Duchaine et al., 

2002; Kiebler and Bassell, 2006; Vessey et al., 2006). This suggests that Pum2 and Stau2 

share comparable cytoplasmic localisation and distribution of RNA granules in different brain 

cell types. To investigate whether Pum2 and Stau2 not only localise in the cytoplasm of 

astrocytes, but also potentially interact, their colocalisation was investigated in detail. 

Therefore, cortical astrocytes were immunostained for endogenous Pum2 and Stau2 after 

7 days in culture (Figure 7A), and Pum2- and Stau2-containing particles were examined for 

colocalisation events in the selected cytoplasmic regions (Figure 7B). Only particles with 

more than 30% overlapping volume were considered to colocalise. Based on this analysis, 

on average, approximately 15% of Pum2-containing particles were found in close contact 

with Stau2-containing particles (Figure 7C). This result suggests that Pum2 and Stau2 do 

not show substantial interaction in the cytoplasmic compartment of astrocytes. 
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Figure 6: Predominant cytoplasmic localisation of Pum2 and Stau2 in astrocytes 

(A) Experimental outline of astrocyte culture. (B,C) Representative examples of GFAP and 

Pum2 or Stau2 immunostaining and DAPI staining images of mouse cortical astrocytes after 

7 days in culture. Scale bars: 20 µm. (D,E) Representative examples of Pum2 or Stau2 

immunostaining, DAPI staining and phase contrast images of rat hippocampal neurons after 

16 days in culture. D’,E’ Increased signal to better visualise neuronal processes. D”,E” 

Boxed regions in images represent magnified insets of the soma. Scale bars: 20 µm. 
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Figure 7: Most Pum2 and Stau2 particles do not colocalise in the cytoplasmic 

compartment of astrocytes 

(A) Experimental outline of astrocyte culture. (B) Representative examples of Pum2 and 
Stau2 co-immunostaining, DAPI staining, merged and phase contrast images of mouse 
cortical astrocytes after 7 days in culture. Scale bars: 20 µm. Boxed regions in images are 
displayed as magnified insets processed separately by image deconvolution. White 
arrowhead indicates one example for colocalisation between Pum2 and Stau2. (C) Dot plot 
displaying percentage of Pum2 particles overlapping with Stau2 particles (defined by more 
than 30% volume overlap) in mouse cortical astrocytes after 7 days in culture. Grey and 
black circles indicate individual cells from two independent biological replicates (n = 2). Mean 
and Standard Deviation are shown.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 
 

3.3 Changes in Pum2 and Stau2 protein expression patterns during astrocyte-to-

neuron reprogramming 

3.3.1 Pum2 protein levels are increased in cells undergoing conversion but stable 

in successfully induced neurons 

To get first insight into the role of Pum2 in neuronal reprogramming, the expression pattern 

of Pum2 protein during the reprogramming process was examined. To this end, cultured 

cortical astrocytes were transduced with a retrovirus expressing Neurog2 and an 

immunostaining for endogenous Pum2 was performed at different time points, 3, 5 and 7 

DPI (Figure 8A). These time points represent key steps in the conversion process. Indeed, 

it’s been shown that the major changes in gene expression necessary to induce the 

reprogramming occur during the first 48h upon forced expression of Neurog2 (Masserdotti 

et al., 2015). Within 3 days, the cells have already started the morphological transition 

towards the neuronal identity (Gascon et al., 2016; Masserdotti et al., 2015). When Neurog2 

forced expression is induced, immature neuronal identity is reached between 5-7 days 

(Gascon et al., 2016; Heinrich et al., 2011). At each time point, Pum2 protein levels were 

assessed in two different cell populations: the Neurog2-transduced cells with non-neuronal 

morphology, still in fate transition or failed to be reprogrammed, and those successfully 

converted, showing typical neuronal morphology and positive staining for neuron-specific 

Dcx (Gascon et al., 2016) (Figure 8B-D). Fluorescence analysis showed a slight but 

significant increase in Pum2 protein levels in the cells that were still in the transition phase 

(displaying non-neuronal morphology) at 5 DPI compared to the control condition (GFP only) 

(Figure 8F). In contrast, there was no significant variation in the same category of cells at 3 

and 7 DPI (Figure 8E,G). Interestingly, no change in Pum2 protein levels was observed in 

successfully converted neurons at 5 and 7 DPI compared to the control condition (GFP only) 

(Figure 8F,G). Notably, the decreased Pum2 levels observed in induced neurons at 3 DPI 

(Figure 8E), could be explained by the fact that the small number of prematurely converted 

neurons at day 3 are unlikely to survive or complete the typical maturation process required 

to develop into functional neurons. Taken together, these results are consistent with the idea 

of a Pum2 involvement in the reprogramming process. In addition, the dynamic protein 

expression observed in the cells undergoing reprogramming at 5 DPI suggests that its role 

may be more pronounced during the late stages of the conversion process than in the early 

stages. 
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Figure 8: Pum2 protein levels are increased in cells undergoing conversion 

(A) Experimental outline of astrocyte-to-neuron reprogramming. (B,C,D) Representative 
examples of Pum2 and Dcx immunostaining, GFP fluorescence, DAPI staining and phase 
contrast images of control- (GFP only) or Neurog2-GFP-positive cells at 3 (DPI) (B), 5 DPI 
(C) and 7 DPI (D). Scale bars: 20 µm. (E,F,G) Dot plot displaying Pum2 total fluorescence 
(Log10 scale) in control- (GFP only) or Neurog2-GFP-positive cells at 3 DPI (E), 5 DPI (F) 
and 7 DPI (G). Control- (GFP only) positive cells are displayed in dark grey circles. Sub-
categories of Neurog2-GFP-positive cells are displayed in orange (GFP+ cells with non-
neuronal morphology) and blue (GFP+Dcx+ cells with neuronal morphology) circles. Mean 
and Standard Deviation are shown. Circles indicate independent biological replicates (n = 
4). Asterisks represent p-values obtained by paired Student’s t-test (*p < 0.05, **p < 0.01, 

ns  0.05). Total fluorescence was measured in the perinuclear region which differed in size 
between different cell types (panels B-D). 
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3.3.2 Selective increase in Stau2 protein levels in successfully induced neurons  

To compare the protein expression dynamics of different RBPs during the reprogramming 

process, I repeated the same experiment presented for Pum2 in the previous chapter, this 

time for endogenous Stau2. As for Pum2 (Figure 8A), reprogramming was induced by the 

forced expression of Neurog2, and Stau2 protein levels were evaluated in Neurog2-

transduced cells with non-neuronal morphology and successfully induced neurons (Dcx-

positive) at 3, 5, and 7 DPI (Figure 9A-C). Immunofluorescence analysis revealed a 

significant increase in Stau2 protein levels in successfully induced neurons at 7 DPI 

compared to the control condition (DsRed-Expressed2, hereafter indicated as DsRed) 

(Figure 9F). It’s noteworthy that a similar trend of increased Stau2 protein levels was already 

observed at 5 DPI, compared to 3 DPI (Figure 9D,E). In contrast, a decrease in Stau2 

protein levels was detected in the category of cells with non-neuronal morphology at 3 and 

7 DPI compared to the control condition (DsRed) (Figure 9D,F). A similar trend of decrease 

in Stau2 protein levels was also observed at 5 DPI, although not statistically significant. This 

may be due to the lower number of biological replicates available at 5 DPI compared to 3 

and 7 DPI. These results suggest that also Stau2, in addition to Pum2, may be involved in 

the reprogramming process. Furthermore, the observed dynamic protein expression in both 

non-reprogrammed and successfully reprogrammed cells suggests that Stau2 involvement 

may span across different stages of the conversion process. Noteworthy, the observed 

distinct protein expression patterns of Pum2 and Stau2 during reprogramming may reflect 

their roles in different stages and aspects of the conversion process. 



 

46 
 

 



 

47 
 

 

Figure 9: Stau2 protein levels are increased in successfully induced neurons 

(A,B,C) Experimental outline of astrocyte-to-neuron reprogramming and representative 
examples of Stau2 and Dcx immunostaining, DsRed fluorescence, DAPI staining and phase 
contrast images of control- (DsRed only) or Neurog2-DsRed-positive cells at 3 (DPI) (A), 5 
DPI (B) and 7 DPI (C). Scale bars: 20 µm. (D,E,F) Dot plot displaying Stau2 total 
fluorescence (log10 scale) in control- (DsRed only) or Neurog2-DsRed-positive cells at 3 
DPI (D), 5 DPI (E) and 7 DPI (F). Control- (DsRed only) positive cells are displayed in dark 
grey circles. Sub-categories of Neurog2-DsRed-positive cells are displayed in orange 
(DsRed+ with non-neuronal morphology) and blue (DsRed+Dcx+ with neuronal morphology) 
circles. Mean and Standard Deviation are shown. Circles indicate independent biological 
replicates (n = 4 in D;F, n = 3 in E). Asterisks represent p-values obtained by paired 

Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001; ns  0.05). Total fluorescence was 
measured in the perinuclear region which differed in size between different cell types (panels 
D-F). 
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3.3.3 Enhanced colocalisation of Pum2 and Stau2 particles in successfully induced 

neurons 

Despite the different protein expression patterns of Pum2 and Stau2 observed during 

reprogramming, I examined their potential interaction. Neuronal reprogramming was 

induced by the forced expression of Neurog2, followed by immunostaining for endogenous 

Pum2 and Stau2 at 7 DPI (Figure 10A,B). Colocalisation events were examined in the 

proximal region of neuronal processes of successfully converted neurons (Figure 10C). 

Similar to the approach used in cortical astrocytes (Figure 7A,B), only particles with more 

than 30% overlapping volume were considered to colocalise. Colocalisation analysis 

revealed that, on average, approximately 43% of Pum2-containing particles were found in 

close contact with Stau2-containing particles (Figure 10D). Notably, the extent of 

colocalisation between Pum2 and Stau2 in induced neurons after reprogramming showed 

an increase compared to the previously observed colocalisation in cortical astrocytes 

(Figure 7C). This degree of colocalisation between Pum2 and Stau2 particles in induced 

neurons may indicate potential interaction between these two RBPs, despite their distinct 

expression patterns along the conversion process.  
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Figure 10: Colocalisation of Pum2 and Stau2 particles in induced neurons 

(A) Experimental outline of astrocyte-to-neuron reprogramming. (B) Representative 
examples of GFP fluorescence, DAPI staining and phase contrast images of Neurog2-GFP-
positive cells at 7 DPI. (B) Representative examples of Pum2 and Stau2 co-immunostaining, 
DAPI staining and merged images of Neurog2-GFP-induced neurons at 7 DPI. Scale bars: 
20 µm. Boxed regions in images represent magnified insets processed separately by image 
deconvolution. White arrowhead indicates one example for colocalisation between Pum2 
and Stau2. (B) Dot plot displaying percentage of Pum2 particles overlapping with Stau2 
particles (defined by more than 30% volume overlap) in Neurog2-GFP-induced neurons 
after 7 days of reprogramming. Grey and black circles indicate individual cells from two 
independent biological replicates (n = 2). Mean and Standard Deviation are shown. 
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3.4 Neuronal reprogramming efficiency is impaired upon Pum2 or Stau2 depletion 

To investigate whether Pum2 contributes to a successful cell fate conversion during 

reprogramming, the efficiency of astrocyte-to-neuron conversion was determined in the 

absence of Pum2 or Stau2. To this end, cortical astrocytes were simultaneously transduced 

with (i) a retrovirus expressing Neurog2 and (ii) a lentivirus expressing well-characterized 

shRNAs targeting either Pum2 or Stau2 mRNA (Goetze et al., 2006; Vessey et al., 2010) 

(Figure 11A). The efficacy of knockdown of these shRNAs was further confirmed in cortical 

astrocytes after 7 days in culture, showing a 50% and 35% reduction in Pum2 and Stau2 

protein levels, respectively, at 4 DPI (data not shown). The proportion of successfully 

converted neurons among the cells positive for both Neurog2 (GFP+) and shRNA (RFP+) 

fluorescent reporters was evaluated at 7 DPI (Figure 11A,B). Only those cells that were 

positive for the neuronal marker Dcx and also exhibited neuronal morphology were scored 

as successfully converted neurons (Gascon et al., 2016) (Figure 11B). Interestingly, shRNA-

mediated downregulation of Pum2 resulted in a significant reduction in the proportion of 

neurons among co-infected cells (approximately by 43%) compared to the control condition 

(shNTC) (Figure 11C). Surprisingly, Stau2 knockdown also resulted in a reduction in 

reprogramming efficiency (approximately by 24%), although less pronounced compared to 

Pum2 (Figure 11C). These results highlight the importance of both Pum2 and Stau2 in the 

process of neuronal reprogramming, with Pum2 having a greater impact on the successful 

cell fate conversion. These results provide additional support for the potentially distinct 

contributions of Pum2 and Stau2 to the reprogramming process. Due to the more robust 

effect of Pum2 on reprogramming efficiency, further experiments were performed to 

investigate how this RBP contributes to neuronal reprogramming. 
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Figure 11: Pum2 and Stau2 depletion differentially affects successful reprogramming 
(A) Experimental outline of astrocyte-to-neuron reprogramming under Pum2 or Stau2-
depleted conditions. (B) Representative examples of GFP and RFP fluorescence, Dcx 
immunostaining and merged images of Neurog2-GFP and shNTC-RFP-positive cells. Scale 
bars: 20 µm. (C) Dot plot displaying the proportion of neurons (Dcx+) among Neurog2-GFP 
and shRNA-RFP-positive cells under control (Neurog2+shNTC) or under Pum2 or Stau2-
depleted conditions (Neurog2+shPum2/shStau2) at 7 DPI. Grey symbols indicate 
independent biological replicates (n = 6 for shPum2 and n = 5 for shStau2). Mean and 
Standard Deviation are shown. Asterisks represent p-values obtained by paired Student’s t-
test (*p < 0.05, ***p < 0.001). 24-well plate icon modified from Database Center for Life 
Science, licenced under Creative Commons Attribution 4.0 International, 
https://creativecommons.org/licenses/by/4.0/ 
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3.4.1 Cell death is not the cause of reduced reprogramming efficiency upon Pum2 

depletion 

To elucidate the underlying cause of the decreased reprogramming efficiency in the absence 

of Pum2, I first investigated whether cell death was a possible contributing factor. In brief, I 

reevaluated the existing data obtained from the reprogramming experiment under Pum2-

depleted condition at 7DPI (Figure 12A). First, the total number of live cells, identified by 

positive DAPI staining, was quantified both in the presence and absence of Pum2. The 

analysis revealed no significant change in the total number of DAPI-positive cells under 

Pum2-depleted condition (shPum2) compared to the control (shNTC) (Figure 12B). 

Therefore, reprogramming, at least at a general level, did not cause substantial cell death 

after Pum2 depletion. For a more accurate assessment of cell death, further quantification 

was performed on the cells positive for both Neurog2 (GFP+) and shRNA (RFP+) fluorescent 

reporters, which were previously considered for the evaluation of reprogramming efficiency. 

This subset of cells (GFP+RFP+) was normalised to the total population of cells transduced 

with Neurog2-expressing retrovirus (GFP+). Indeed, this normalisation takes into account 

any possible variations in the total number of Neurog2-positive cells, allowing a clearer 

understanding of the impact of cell death on the reprogramming process upon Pum2 

depletion. If cell death were a significant factor, it would lead to a reduction of this ratio. 

Interestingly, the analysis showed no significant variation in the ratio of Neurog2 and shRNA-

positive cells to Neurog2-positive cells under Pum2 depleted condition (shPum2) compared 

to the control (shNTC) (Figure 12C). Moreover, no change of the absolute number of 

Neurog2-positive cells was detected upon Pum2 knockdown (Figure 12D). Taken together, 

these results indicate that cell death is most likely not a major contributor to the reduction in 

reprogramming efficiency observed in the absence of Pum2.  
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Figure 12: Cell death is not the major contributor to reduced reprogramming 
efficiency upon Pum2 depletion 

(A) Experimental outline of neuronal reprogramming under Pum2-depleted condition. 

(B,C,D) Dot plot displaying number of DAPI-positive cells (B), normalisation of Neurog2-

GFP and shRNA-RFP-positive cells to Neurog2-GFP-positive cells (C) and number of 

Neurog2-GFP-positive cells (D) under control (Neurog2+shNTC) and Pum2-depleted 

condition (Neurog2+shPum2) at 7DPI. Grey symbols indicate independent biological 

replicates (n = 6). Mean and Standard Deviation are shown. Statistics obtained by paired 

Student’s t-test (ns  0.05). 
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3.4.2 Reduced generation of neurons upon Pum2 depletion in astrocyte-to-neuron 

reprogramming 

To investigate the cellular dynamics underlying the reduced reprogramming efficiency upon 

Pum2 depletion, I performed a detailed analysis of reprogramming in the absence of Pum2 

at 7 DPI (Figure 13A). Specifically, I quantified the absolute numbers of the two categories 

of cells involved in the reprogramming process: (i) cells that failed to reprogram and (ii) 

successfully converted neurons (Figure 13A). As mentioned above, the reprogramming 

efficiency was quantified as proportion of successfully converted neurons (Dcx-positive cells 

showing neuronal morphology) among the cells positive for both Neurog2 and shRNA 

fluorescent reporters (GFP+RFP+). As first step, I quantified the total number of double-

positive cells (GFP+RFP+) without distinguishing between non-reprogrammed and 

reprogrammed cells. The analysis showed no significant reduction in the total number of 

double-positive cells in the Pum2-depleted condition (shPum2) compared to the control 

(shNTC) (Figure 13B). Notably, this result is consistent with previous evidence that no major 

cell loss occurs during reprogramming upon Pum2 depletion. I then individually quantified 

the absolute number of cells that failed to become neurons (showing non-neuronal 

morphology) (Figure 13C) and successfully converted cells (Dcx-positive with typical 

neuronal morphology) (Figure 13D). This analysis revealed a decrease in the number of 

induced neurons and a concomitant slight increase in the population of cells that failed to 

reprogram in the absence of Pum2 compared to the control. Taken together, these findings 

reveal the dynamics of the cells involved in reprogramming upon Pum2 depletion, in 

particular how the absence of Pum2 negatively affects neuron generation. 

 

 

 



 

55 
 

 

 

Figure 13: Pum2 depletion results in reduced generation of neurons and increase of 

non-reprogrammed cells 

(A) Experimental outline of neuronal reprogramming under Pum2-depleted condition and 

representative examples of GFP and RFP fluorescence, Dcx immunostaining merged 

images of non-reprogrammed and reprogrammed Neurog2-GFP and shNTC-RFP-positive 

cells. (B,C,D) Dot plots displaying number of Neurog2-GFP and shRNA-RFP-positive cells 

(B), number of non-reprogrammed Neurog2-GFP and shRNA-RFP-positive cells (C), 

number of reprogrammed Neurog2-GFP, shRNA-RFP and Dcx-positive cells (D) under 

control (Neurog2+shNTC) or Pum2-depleted conditions (Neurog2+shPum2) at 7 DPI. Grey 

symbols indicate independent biological replicates (n = 6). Asterisks represent p-values 

obtained by paired Student’s t-test (*p < 0.05, **p < 0.01, ns  0.05). 
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3.5 The effects of Pum2 on reprogramming manifest after 5 days of conversion 

process  

Reprogramming of astrocytes into neurons, triggered by the forced expression of a 

neurogenic cell fate determinant, such as Neurog2, leads to the acquisition of neuronal 

identity within 5-7 days. Typically, by day 5 many reprogrammed cells have acquired the 

expression of neuronal markers and show typical neuronal morphology as a sign of 

successful conversion (Gascon et al., 2016; Heinrich et al., 2011). To determine, at which 

time point of the reprogramming process Pum2 is required for successful fate conversion, 

the reprogramming efficiency was assessed in Pum2-depleted conditions at 5 DPI, instead 

of the conventional 7 DPI. This would allow a closer examination of the potential role of 

Pum2 in the early phase of reprogramming. Cortical astrocytes were simultaneously 

transduced with a retrovirus expressing Neurog2 and a lentivirus expressing a shRNA 

targeting Pum2 mRNA (Figure 11A). The proportion of successfully converted neurons 

among the cells positive for both Neurog2 (GFP+) and shRNA (RFP+) fluorescent reporters 

was evaluated at 5 DPI (Figure 14A,B). Successful conversion was again determined based 

on the expression of the neuronal marker Dcx and the manifestation of a well-defined 

neuronal morphology (Gascon et al., 2016) (Figure 14B). Interestingly, this analysis showed 

no significant change in reprogramming efficiency upon Pum2 depletion (shPum2) 

compared to the control (shNTC) (Figure 14C). The decrease in reprogramming efficiency 

observed at 7 DPI (Figure 11C), but not yet at 5 DPI, suggests that Pum2 may contribute to 

reprogramming in the late stages of conversion, rather than in the critical initial steps 

required to initiate cell fate conversion.  
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Figure 14: Reduction in reprogramming efficiency upon Pum2 depletion does not 
occur at day 5 
(A) Experimental outline of astrocyte-to-neuron reprogramming under Pum2-depleted 

condition. (B) Representative examples of GFP and RFP fluorescence, Dcx immunostaining 

and merged images of Neurog2-GFP and shNTC-RFP-positive cells. Scale bars: 20 µm. (C) 

Dot plot displaying the proportion of neurons (Dcx+) among Neurog2-GFP and shRNA-RFP-

positive cells under control (Neurog2+shNTC) or Pum2-depleted conditions 

(Neurog2+shPum2) at 5 DPI. Mean and Standard Deviation are shown. Grey symbols 

indicate independent biological replicates (n = 4). Statistics obtained by paired Student’s t-

test (ns  0.05). 24-well plate icon modified from Database Center for Life Science, licenced 

under Creative Commons Attribution 4.0 International, 

https://creativecommons.org/licenses/by/4.0/ 
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3.6 Pum2 is required in the late phase of astrocyte-to-neuron reprogramming 

To further investigate whether Pum2 is involved in the late phase of neuronal 

reprogramming, Pum2 downregulation was induced two days after the forced expression of 

Neurog2. Indeed, the early Neurog2-mediated transcriptional changes necessary for the 

change of cellular identity occur during the first 48h of direct neuronal reprogramming 

(Masserdotti et al., 2015). Cortical astrocytes were first transduced with a retrovirus 

expressing Neurog2, followed two days later by a second transduction with a lentivirus 

expressing a shRNA targeting Pum2 mRNA (Figure 15A). The reprogramming efficiency 

was evaluated at 7 DPI, considering Neurog2- and shRNA-transduced cells (GFP+RFP+) 

positive for neuron-specific Dcx and showing neuronal morphology as successfully 

converted (Figure 15B). Interestingly, the analysis revealed a reduction of approximately 

40% in the proportion of neurons among co-infected cells upon Pum2 depletion (shPum2) 

compared to the control (shNTC) (Figure 15C). Noteworthy, the interference with Pum2 

expression two days after Neurog2 overexpression reduced the reprogramming efficiency 

similarly to the continuous loss of Pum2 observed previously (Figure 11C). These data point 

towards a role of Pum2 in the late phase of the cell fate conversion, when the early 

transcriptional changes associated with neuronal fate have already been implemented. 

 

 



 

59 
 

 
 
Figure 15: Reduced Pum2 expression upon Neurog2 overexpression diminishes 
reprogramming efficiency 
(A) Experimental outline of Pum2 knockdown induced two days after Neurog2 

overexpression. (B) Representative examples of GFP and RFP fluorescence, Dcx 

immunostaining and merged images of Neurog2-GFP and shNTC-RFP-positive cells.  Scale 

bars: 20 µm. (C) Dot plot displaying the proportion of neurons (Dcx+) among Neurog2-GFP 

and shRNA-RFP-positive cells under control (Neurog2+shNTC) or Pum2-depleted 

conditions (Neurog2+shPum2) at 7 DPI. Grey symbols indicate independent biological 

replicates (n = 5). Mean and Standard Deviation are shown. Asterisks represent p-values 

obtained by paired Student’s t-test (*p < 0.05). 24-well plate icon modified from Database 

Center for Life Science, licenced under Creative Commons Attribution 4.0 International, 

https://creativecommons.org/licenses/by/4.0/ 
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3.7 Pum2 does not have a significant effect on successfully induced neurons 

Having established that Pum2 is involved in the late phase of reprogramming, I investigated 

whether this RBP had an effect on the subset of cells that, after the forced expression of 

Neurog2, achieved a proper cell fate conversion (Dcx-positive and exhibiting neuronal 

morphology). To this end, morphological analysis was performed on successfully induced 

neurons 7 days after reprogramming in the absence of Pum2 (Figure 16A). I first examined 

whether Pum2 affected the overall integrity of the Neurog2 and shRNA-positive cells 

successfully converted, by evaluating the nucleus and the cytoplasm (Figure 16B). 

Preliminary qualitative evaluation revealed no obvious change in the DAPI staining pattern 

or aberrant shape of the nucleus in the Pum2-depleted condition compared to control 

(Figure 16B). Furthermore, quantitative analysis of the nucleus size (µm2) of induced 

neurons revealed no significant differences between the control and Pum2-depleted 

condition (Figure 16C). Interestingly, a slight but significant decrease in the size of the soma 

(µm2) was observed in induced neurons under Pum2-depleted condition compared to the 

control (Figure 16D). Taken together, these results suggest that Pum2 does not affect the 

general well-being of induced neurons, while it may be involved in regulating neuronal 

growth. Additionally, I investigated whether Pum2 affects the establishment of neuronal 

polarity. Successfully converted neurons were evaluated by distinguishing between bipolar 

and multipolar neurons (Figure 17A,B). This analysis revealed that almost all induced 

neurons showed a multipolar morphology both in the presence and absence of Pum2, while 

only a minority of neurons were bipolar (Figure 17C). This result indicates that Pum2 does 

not significantly affect the establishment of neuronal polarity during neuronal 

reprogramming. In summary, these results suggest that the depletion of Pum2 has only a 

minimal effect on the general morphology of neurons that have been successfully induced. 
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Figure 16: Pum2 depletion does not affect the integrity of successfully induced 

neurons 

(A) Experimental outline of astrocyte-to-neuron reprogramming under Pum2-depleted 

conditions. (B) Representative examples of GFP and RFP fluorescence, DAPI staining and 

Dcx immunostaining images of Neurog2-GFP and shNTC or shPum2-RFP-positive cells.  

Boxed regions in images represent magnified insets. Scale bars: 20 µm. (C,D) Dot plot 

displaying nuclear (C) and somatic compartment (D) areas (µm2) of Neurog2-GFP-induced 

neurons (Dcx+) under control (Neurog2+shNTC) or Pum2-depleted conditions 

(Neurog2+shPum2). Grey symbols indicate independent biological replicates (n = 6). 

Asterisks represent p-values obtained by paired Student’s t-test (C) and Wilcoxon matched-

pairs signed rank test (D) (*p < 0.05, ns  0.05). 
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Figure 17: Pum2 does not affect the establishment of neuronal polarity during 

reprogramming 

(A) Experimental outline of astrocyte-to-neuron reprogramming under Pum2-depleted 

conditions. (B) Representative examples of Dcx immunostaining images of successfully 

induced neurons. Scale bars: 20 µm. (C) Bar plot displaying percentage of Neurog2-GFP-

induced neurons (Dcx+) showing bipolar and multipolar morphology under control 

(Neurog2+shNTC) or Pum2-depleted conditions (Neurog2+shPum2). Mean and Standard 

Deviation are shown. n = 6 biologically independent experiments. Statistics obtained by 

paired Student’s t-test (ns  0.05). 
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3.8 Pum2 depletion leads to an increased amount of aberrant non-reprogrammed 

cells 

To gain a deeper understanding of how Pum2 influences neuronal reprogramming in the late 

phase of conversion, the morphological analysis on induced neurons was combined with a 

parallel analysis of the cells that failed to undergo successful reprogramming. Again, the 

morphological analysis was performed after 7 days of reprogramming under Pum2-depleted 

conditions (Figure 18A). Based on a preliminary qualitative evaluation, the non-

reprogrammed cells positive for both Neurog2 (GFP+) and shPum2 (RFP+) fluorescent 

reporters were categorised into cells with normal astrocyte morphology (Figure 18B) and 

cells with aberrant morphology (Figure 18C). A more detailed qualitative analysis classified 

cells with normal morphology exhibiting either typical astrocyte morphology or the elongated 

transitional shape typical of cells undergoing reprogramming (Gascon et al., 2016; Heinrich 

et al., 2011) (Figure 19A). Instead, cells with aberrant morphology exhibited atypical 

features that were clearly distinct from the so far observed astrocyte morphology (Figure 

19B,C). Specifically, cells with aberrant morphology were often characterised by small size, 

shrivelled shape with uneven surface, and/or the presence of abnormal cell protrusions 

(Figure 19B,C). The morphology classified as aberrant exhibited these features individually 

or in combination. Indeed, a quantitative assessment of the cell area of non-reprogrammed 

cells showed a significant decrease in the cells with aberrant morphology compared to the 

cells with normal morphology (Figure 19D). In addition, the majority of non-reprogrammed 

cells with aberrant morphology did not express the neuronal marker Dcx (Figure 19E). 

Interestingly, a quantitative analysis of the abundance of cells with aberrant morphology 

among all non-reprogrammed cells revealed a slight but significant trend of increase in the 

Pum2-depleted condition compared to the control (Figure 19F). Conversely, the number of 

cells with normal morphology among all the non-reprogrammed cells decreased in the 

Pum2-depleted condition compared to the control (Figure 19G). Taken together, these 

results indicate that the absence of Pum2 not only leads to a reduction in the generation of 

neurons, but also results in an increased presence of non-reprogrammed cells exhibiting 

atypical morphology.    
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Figure 18: Different morphological phenotypes of non-reprogrammed cells upon 

Pum2 depletion 

(A) Experimental outline of astrocyte-to-neuron reprogramming under Pum2-depleted 

conditions. (B,C) Representative examples of GFP and RFP fluorescence, DAPI staining 

and merged images of Neurog2-GFP and shPum2-RFP-positive cells showing normal (B) 

and aberrant morphology (C). White arrowhead indicates examples of cells with aberrant 

morphology (C). Scale bars: 20 µm. 
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Figure 19: Aberrant non-reprogrammed cells increase upon Pum2 depletion 

(A) Schematic drawings depicting astrocyte morphology and elongated shape as reference 

for normal morphology (left). Representative examples of GFP and RFP fluorescence 

merged images of Neurog2-GFP and shRNA-RFP-positive cells (right). White arrowheads 

indicate examples of cells with normal morphology. Scale bars: 20 µm. (B) Schematic 

drawings depicting normal or aberrant morphology identified by small size, shrivelled shape 

and cell protrusions. (C) Representative examples of GFP and RFP fluorescence merged 

images of Neurog2- and shRNA-RFP-positive cells. White arrowheads indicate examples of 

cells with aberrant morphology. Scale bars: 20 µm. (D) Bar plot displaying area of cells (µm2) 

with normal and aberrant morphology under control (shNTC) or Pum2-depleted conditions 

(shPum2). (E) Bar plot displaying percentage of cells with aberrant morphology expressing 

Dcx under control (shNTC) or Pum2-depleted conditions (shPum2). (F,G) Dot plot displaying 

percentage of cells with aberrant (F) and normal (G) morphology under control (shNTC) or 

Pum2-depleted conditions (shPum2). (D,E,F,G) Grey symbols indicate independent 

biological replicates (n = 6). Mean and Standard Deviation are shown in D,E. Asterisks 

represent p-values obtained by paired Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, 

ns  0.05). 
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3.9 Identification of genes commonly regulated by Neurog2 and Ascl1 that are 

potential Pum2 or Stau2 targets during neuronal reprogramming 

RBPs can regulate complex pathways involved in neuronal development and neuronal 

homeostasis (Schieweck et al., 2021a). Indeed, in addition to its function in post-mitotic 

neurons, Pum2 has been shown to be involved in crucial aspects of embryonic neurogenesis 

(Vessey et al., 2012; Zahr et al., 2018). In the early stages of direct neuronal reprogramming, 

rapid and dynamic transcriptional changes occur to ensure the cell fate conversion 

(Masserdotti et al., 2015). It is also known that the forced expression of different key 

neurogenic TFs, such as Neurog2 and Ascl1, induces distinct transcriptional programs with 

only a small subset of commonly regulated targets, some of which play crucial roles in 

mediating neuronal reprogramming (Masserdotti et al., 2015). To gain further insight into the 

involvement of Pum2 in neuronal reprogramming, I compared the common Neurog2-Ascl1 

downstream targets within the first 24h of the reprogramming process (Masserdotti et al., 

2015) with Pum2 mRNA targets from E12 mouse cortex, obtained from previously published 

data (Zahr et al., 2018). Interestingly, cross-referencing the two datasets revealed that 4 

genes commonly regulated by Neurog2 and Ascl1 were also targets of Pum2 during mouse 

embryonic corticogenesis (Figure 20A). Of note, the TF Prox1, a homologue of the 

Drosophila Prospero protein and known Stau target, has been described as an essential 

downstream effector in astrocyte-to-neuron reprogramming (Li et al., 1997; Masserdotti et 

al., 2015; Vessey et al., 2012). On the other hand, Ankyrin repeat and SAM domain-

containing protein 1 (Anks1), Down syndrome cell adhesion molecule-like protein 1 

(DscamI1) and Slit homolog 1 protein (Slit1) have important neurodevelopmental functions, 

including axon guidance and neuronal remodelling (Fuerst et al., 2009; Gonda et al., 2020; 

Sachse et al., 2019; Shin et al., 2007; Southall and Brand, 2009). These findings provide 

additional support for the involvement of Pum2 in neuronal reprogramming and suggest a 

role in implementing post-transcriptional control on specific neurogenic mRNA targets. To 

compare the potential targets of different RBPs during the reprogramming process, I 

performed the same analysis for Stau2 as well. Indeed, similar to Pum2, also Stau2 has 

been shown to make a crucial contribution to cell fate specification during embryonic 

neurogenesis (Chowdhury et al., 2021; Kusek et al., 2012; Vessey et al., 2012). I performed 

a comparative analysis of the common Neurog2-Ascl1 downstream targets within the first 

24h of the reprogramming process (Masserdotti et al., 2015) with Stau2 mRNA targets from 

different time points during mouse embryonic corticogenesis, derived from previously 

published data (Chowdhury et al., 2021). The analysis revealed that a subset of 13 genes, 
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which are commonly regulated by Neurog2 and Ascl1, were also targets of Stau2 during 

corticogenesis (Figure 20B). Some of these common genes encode factors that are highly 

associated with the regulation of neurogenesis, such as Hes5, Hes6 and Trnp1(Gratton et 

al., 2003; Hatakeyama et al., 2004; Vaid and Huttner, 2020). Other common genes encode 

proteins involved in axon guidance, synaptic formation and plasticity, such as the 

cytoplasmic/membrane factors Semaphorin-5A (Sema5a), Cell adhesion molecule 3 

(Cadm3), Alpha-synuclein (Snca) (Biederer et al., 2002; Cheng et al., 2011; Kantor et al., 

2004; Niederkofler et al., 2010).  Notably, only two potential targets (Slit1 and Dscaml1) are 

shared between Pum2 and Stau2. This result provides additional support that Stau2 may 

also play a role during neuronal reprogramming, perhaps with a different contribution than 

Pum2. Future studies are clearly needed to consolidate whether this is indeed the case and 

which relevant transcripts are regulated by Pum2 and Stau2 during direct astrocyte-to-

neuron reprogramming.  
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Figure 20: Several genes regulated during reprogramming are Pum2 or Stau2 target 

mRNAs during mouse embryonic corticogenesis 

(A) Venn diagram of Pum2 mRNA targets in embryonic corticogenesis (Zahr et al., 2018) 

and genes commonly regulated by Neurog2 and Ascl1 at 24h of reprogramming 

(Masserdotti et al., 2015). Arrow indicates the 4 shared genes (B) Venn diagram of Stau2 

mRNA targets in embryonic corticogenesis (Chowdhury et al., 2021) and genes commonly 

regulated by Neurog2 and Ascl1 at 24h of reprogramming (Masserdotti et al., 2015). Arrow 

indicates the 13 shared genes. 
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4 DISCUSSION 

4.1  The regulatory potential of RBPs in neuronal reprogramming 

Over the past two decades, significant progress has been made in unravelling the intricacies 

of the transcriptional networks, epigenetic events, key signalling pathways and metabolic 

hurdles underlying cell fate conversion in the context of direct neuronal reprogramming 

(Bocchi et al., 2022). While these efforts have undoubtedly advanced the knowledge in the 

field, there is a notable gap in our understanding of how the downstream mechanisms of 

post-transcriptional gene regulation contribute to cell fate conversion. In addition to the 

central role of lineage-specific TFs, evidence for the impact of post-transcriptional 

mechanisms mediated by regulatory RNAs and RBPs in promoting cell fate conversion 

during reprogramming has been reported. For example, neuron-specific miRNAs, such as 

miR-9/9* and miR-124, have been used alongside TFs to generate functional neurons from 

human fibroblasts (Yoo et al., 2011). In this context, the miRNA-dependent silencing of 

mRNA translation orchestrates the repression of negative neuronal fate effectors, thereby 

promoting the establishment of neuronal identity (Lee et al., 2018; Yoo et al., 2011). 

Furthermore, suppression of the RBP Ptbp1, described as repressor of neuron-specific 

splicing, can induce the conversion of multiple cell types into neuronal-like cells, including 

the direct reprogramming of fibroblasts into functional neurons (Spellman and Smith, 2006; 

Xue et al., 2013). In this context, Ptbp1 was reported to be extensively involved in modulating 

miRNA targeting in addition to its role in alternative splicing (Xue et al., 2013). Despite this, 

our understanding about specific mechanisms that exert post-transcriptional regulation 

during neuronal reprogramming remains limited. It is widely accepted that post-

transcriptional gene regulation, orchestrated by RBPs, provides sophisticated mechanisms 

to control neuronal development and functionality (Schieweck et al., 2021a). In addition to 

their well-studied role in neuronal transmission and synaptic plasticity in mature neurons, 

RBPs have been identified as key players in embryonic neurogenesis. In fact, beyond the 

intricate transcriptional events, the dynamic activity of RBPs is of great importance for the 

spatiotemporally controlled protein expression required during progressive neurogenesis 

(Parra and Johnston, 2022; Schieweck et al., 2021a). In this context, Pum2 and Stau2 are 

of special interest due to their emerged pivotal roles as cell fate regulators in mammalian 

cortical development (Chowdhury et al., 2021; Kusek et al., 2012; Vessey et al., 2012; Zahr 

et al., 2018). Stau2 and Pum2 were first reported to form an RNA complex that regulates 

localisation and expression of proneurogenic mRNAs during RGCs division (Vessey et al., 
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2012). In this context, the asymmetric distribution of Stau2 and Pum2-containing RNA 

complex has a major impact on fate commitment by determining stem cell maintenance 

versus neuronal differentiation (Chowdhury et al., 2021; Kusek et al., 2012; Vessey et al., 

2012). Other important studies have reported that Pum2 is required for NSCs proliferation, 

survival and differentiation in the hippocampus as well as for the temporal specification of 

different neuronal subtypes in the developing cortex (Zahr et al., 2018; Zhang et al., 2017). 

The intriguing role of Pum2 and Stau2 in the context of neurogenesis makes them ideal 

candidates to study the role of RBPs in the process of direct fate conversion of non-neuronal 

cells into neurons.  

4.2 Pum2 and Stau2 contribute differently to direct neuronal reprogramming   

In neurons, RBPs associate with mRNAs to form RNPs (also often referred to as RNA 

granules) and influence many aspects of RNA metabolism, including stability, localisation, 

translation control and local protein synthesis, ultimately contributing to neuronal 

homeostasis (Doyle and Kiebler, 2011; Kiebler and Bassell, 2006; Schieweck et al., 2021a). 

Both Pum2 and Stau2 form RNPs that localise in the somatodendritic compartment of 

hippocampal neurons (Duchaine et al., 2002; Vessey et al., 2006). Interestingly, Pum2 and 

Stau2 consistently show a distribution in RNA granules and a predominant cytoplasmic 

localisation also in the initial reprogramming population, cortical astrocytes, and in the 

successfully induced neurons. In addition, while Pum2 and Stau2 particles do not colocalise 

significantly in the cytoplasmic compartment of astrocytes, a remarkable degree of 

colocalisation was observed in the neuronal processes of induced neurons after 

reprogramming. This observation raises the intriguing possibility of a functional interaction 

between these two RBPs during reprogramming. This is consistent with previous findings 

that Pum2 colocalises with Stau2-RNPs in distal dendrites of mature hippocampal neurons, 

supporting the hypothesis that Stau2-mediated RNA transport within neuronal dendrites is 

closely linked to Pum2-mediated translational repression (Dahm and Kiebler, 2005; 

Fritzsche et al., 2013). As mentioned above, Pum2 and Stau2 interaction has also been 

reported in neuronal precursor cells where they contribute to cell fate determination during 

cortical development (Vessey et al., 2012). Notably, their conserved interaction also extends 

to conserved roles in different cellular contexts. Indeed, Stau2 and Pum2 have been 

implicated in RNA localisation and translation regulation, respectively, in both embryonic 

corticogenesis and post-mitotic neurons (Vessey et al., 2012; Zahr et al., 2018). Therefore, 

it is likely that Pum2 and Stau2 maintain a conserved interaction and function also in direct 

neuronal reprogramming. In fact, their involvement in critical aspects of RNA dynamics and 
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regulation in different cellular states indicates their versatility and importance in orchestrating 

key cellular events, which could extend to the complex process of direct cell fate conversion. 

The hypothesis that Pum2 and Stau2 are involved in neuronal reprogramming is 

experimentally supported by their dynamic protein expression patterns along critical time 

points during astrocyte-to-neuron reprogramming (3, 5 and 7 DPI). Interestingly, both Pum2 

and Stau2 protein levels are increased at later stages of the reprogramming process (5-7 

DPI) rather than at early stages, albeit in two different categories of cells. Indeed, while 

Pum2 protein levels are increased in cells undergoing reprogramming (at 5 DPI), that have 

not yet successfully converted, Stau2 protein levels are prominently increased in 

successfully induced neurons (at 7 DPI). Also, in contrast to the selective increase observed 

in induced neurons, a decrease in Stau2 protein levels was detected in non-reprogrammed 

cells (still in fate transition or failed to be reprogrammed) at both early and late stages (3 

and 7 DPI). The different protein expression patterns observed for Pum2 and Stau2 during 

reprogramming suggest that they are likely to exert their functions in different aspects of cell 

fate conversion and possibly through different regulatory roles. This would be consistent with 

the different roles that Pum2 and Stau2 play during neuronal development and in mature 

neurons, with Pum2 involved in translation regulation and Stau2 in RNA localisation and 

stability (Heraud-Farlow et al., 2013; Kiebler et al., 1999; Kusek et al., 2012; Schieweck et 

al., 2021b; Vessey et al., 2012; Zahr et al., 2018). The important role of Pum2 and Stau2 in 

neuronal reprogramming is confirmed by the finding that depletion of either Pum2 or Stau2 

leads to a reduction in reprogramming efficiency. Interestingly, Pum2 and Stau2 don’t 

contribute equally to successful cell fate conversion, with Pum2 having a greater effect than 

Stau2. Although they have different effects on astrocyte-to-neuron conversion, these results 

suggest that both Pum2 and Stau2 play a pivotal role in regulating cellular plasticity during 

cell fate decision. In this scenario, Pum2 and Stau2 seem to shape transcriptional changes 

that are induced by TFs to induce cell fate commitment, as previously shown during 

neurogenesis (Chowdhury et al., 2021; Kusek et al., 2012; Vessey et al., 2012; Zahr et al., 

2018; Zhang et al., 2017). Although the mechanisms guiding reprogramming and embryonic 

neurogenesis are fairly distinct (Masserdotti et al., 2016), it is more than plausible that Pum2- 

and Stau2-dependent cellular plasticity critically contributes to both processes. Furthermore, 

as already suggested by the different protein expression patterns observed during 

reprogramming, the divergent effects of Pum2 and Stau2 on successful fate conversion 

further support the hypothesis that they play non-redundant roles in reprogramming. It is 

interesting to note that Pum2 depletion had no significant effect on cell survival, indicating 
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that cell death is not the major contributor to the observed reduced reprogramming 

efficiency. This is in contrast to previously published findings showing increased cell death 

associated with reduced hippocampal neurogenesis upon Pum1 and Pum2 depletion 

(Zhang et al., 2017). This may indicate a compensatory effect of Pum1, or, alternatively, a 

context-specific effect of Pum2 knockdown. Furthermore, my results show that the reduced 

reprogramming efficiency upon Pum2 depletion is primarily due to a decrease in the number 

of induced neurons, accompanied by a slight increase in the population of cells that did not 

successfully undergo reprogramming. These observations highlight the key role of Pum2 in 

orchestrating critical aspects of the reprogramming process necessary for the accurate 

establishment of neuronal fate. Supportive for this notion is the evidence showing that Pum2 

is required for the differentiation of neural progenitors into neurons during hippocampal 

neurogenesis (Zhang et al., 2017). 

4.3 A late function of Pum2 influences successful neuronal reprogramming 

Reprogramming is a gradual process, in which dynamic and hierarchical regulation of gene 

expression support the distinct maturational steps that underlie the change in cell identity 

(Heinrich et al., 2011; Masserdotti et al., 2015). Analysis of the transcriptional programs 

elicited by proneural TFs, such as Neurog2, revealed substantial transcriptome changes 

occurring at early stages of astrocyte-to-neuron reprogramming (Masserdotti et al., 2015). 

My data argue for a role of Pum2 at later stages of the reprogramming rather than at early 

stages, when the initial transcriptional changes associated with neuronal fate have already 

been implemented. This scenario is supported by the finding that the decrease in 

reprogramming efficiency observed after 7 days of reprogramming in Pum2-depleted 

conditions, did not yet manifest on day 5. This hypothesis was further tested by depleting 

Pum2 two days after the overexpression of the TF-driving reprogramming, Neurog2. Indeed, 

the early transcriptional changes mediated by Neurog2 occur during the first 48h of neuronal 

reprogramming (Masserdotti et al., 2015). Surprisingly, interfering with Pum2 expression 

upon Neurog2 overexpression reduced the reprogramming efficiency similar to the 

continuous loss of Pum2 observed previously. Thus, these results clearly indicate that Pum2 

is likely to exert its function during the late stages of the conversion process. Moreover, the 

alleged involvement of Pum2 at later stages of reprogramming echoes its protein expression 

dynamics along the conversion process, where increased protein levels were observed 5 

days after the onset of the reprogramming. Regarding the potential function of Pum2 at later 

stages of reprogramming, the examination of its impact on successfully induced neurons did 

not reveal any discernible effects on neuronal integrity, polarity or structural complexity. The 
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only notable effect was a slight reduction in the soma size of the induced neurons in the 

absence of Pum2. This is consistent with recent research highlighting Pum2 as a regulator 

of neuronal growth (Schieweck et al., 2021c). While it’s conceivable that Pum2 may have 

an additional independent role as a growth factor for induced neurons, it seems plausible 

that Pum2 does not significantly contribute to define the establishment of proper neuronal 

morphology of successfully converted neurons. It is therefore reasonable to hypothesise 

that Pum2 might be involved in the mechanisms for stabilising and maintaining the neuronal 

fate acquired by reprogrammed cells. 

4.3.1 Pum2 as a potential contributor to the irreversible commitment of 

reprogrammed cells to neuronal fate 

The results discussed so far are compatible with a working hypothesis that Pum2 is involved 

during the late stages of neuronal reprogramming to ensure the irreversible commitment of 

reprogrammed cells to neuronal fate. In the field of reprogramming of somatic cells into 

iPSCs, the irreversible commitment to the acquired pluripotent state has been associated 

with a crucial point in the reprogramming process called “point of no return” (Nagy and Nagy, 

2010). This has been defined as the time point of reprogramming beyond which the cells 

can’t longer revert to their original state (Nagy and Nagy, 2010). In this context, distinct 

factors have been reported to be required to maintain the acquired pluripotent state 

(Samavarchi-Tehrani et al., 2010). While the concept of a definitive “point of no return” in the 

field of direct neuronal reprogramming remains still somewhat speculative, it is plausible that 

distinct signalling networks are required to stabilise the newly acquired neuronal identity.  

This view is supported by the evidence that although Ascl1 can initiate direct fibroblast-to-

neuron reprogramming, reliance on this TF alone is inefficient in maintaining converted cells 

in the neuronal lineage. Therefore, the authors suggested that intermediate stages of cell 

fate conversion are unstable and that addiction factors are necessary to guide cells towards 

a permanent acquisition of neuronal identity. This prevents them from reverting to their 

original state or straying into alternative cell fates (Treutlein et al., 2016). My hypothesis is 

that Pum2 takes part to the molecular mechanisms that are crucial for stabilising neuronal 

fate in astrocyte-to-neuron reprogramming. In this scenario, the overexpression of Neurog2 

induces the successful conversion of astrocytes into young developing neurons by day 5, 

which I assume are not yet irreversibly committed. The presence of Pum2 contributes to the 

irreversible commitment of young neurons by day 7, allowing them to proceed with 

maturation and become functional neurons. In the absence of Pum2, the conversion process 

proceeds normally until day 5, resulting in the proper generation of young neurons. Indeed, 
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at this time point of conversion process, a proper reprogramming efficiency was detected 

even in the absence of Pum2. However, in the absence of Pum2, I hypothesise that the 

newly generated young neurons are not irreversibly committed to a neuronal fate, thereby 

losing their neuronal identity and reverting to their original astrocyte identity (Figure 21). 

Thus, the young neurons observed at day 5 do not reach the fully committed stage by day 

7. This could explain the observed reduced presence of induced neurons at day 7 in the 

absence of Pum2 without a concomitant increase in cell death events. However, it is 

important to emphasise that this working model depends on the observation of a substantial 

downregulation of Pum2 in young neurons at day 5, a critical aspect that requires further 

investigation. Interestingly, in addition to the reduced generation of neurons observed in the 

absence of Pum2, an increased presence of non-reprogrammed cells with atypical 

morphology was also observed. These aberrant morphological phenotypes appear clearly 

to be distinct from the initial astrocyte morphology or the elongated transitional shape typical 

of cells undergoing reprogramming (Gascon et al., 2016; Heinrich et al., 2011). Hence, it is 

conceivable that these non-reprogrammed cells with such unique phenotypes do not simply 

represent astrocytes that failed to progress towards a neuronal fate. Instead, they may 

represent cells in a transient state on their way back to the astrocyte identity (Figure 21). 

Notably, the majority of these cells do not express the immature neuronal marker Dcx, 

suggesting a possible initial expression followed by subsequent loss of this marker during 

their transitional phase. However, it is utmost importance to investigate whether these non-

reprogrammed cells are positive for astrocytic markers such as GFAP. Indeed, the 

hypothesis that these cells are reverting to their original astrocytic identity would be 

supported by the fact that they are GFAP positive. It is also possible that, irrespective of the 

expression of astrocytic markers, these non-reprogrammed cells may never fully revert to 

an astrocytic identity, potentially facing cell death while stuck in this transient state. While 

qualitative examination of DAPI staining of these non-reprogrammed cells on day 7 did not 

reveal any sign of imminent cell death, it still remains possible that observation of these cells 

a few days later in the reprogramming process may reveal subsequent of cell death events.  
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Figure 21: Pum2 is required for irreversible commitment of reprogrammed cells to 

neuronal fate 

Forced expression of Neurog2 can effectively convert astrocytes into young developing 

neurons (yN) within 5 days. The yN must develop into irreversibly committed neurons (cN) 

by day 7 in order to continue their maturation and become functional neurons (upper panel). 

In the absence of Pum2, a proper conversion of astrocytes into yN can be still detected on 

day 5. However, the absence of Pum2 seems to interfere with the critical process of 

irreversible commitment. As a result, yN fail to progress to the stage of fully committed 

neurons by day 7 (lower panel). As a consequence of this failure in achieving irreversible 

neuronal fate commitment, the yN lose their neuronal identity and revert to their original 

astrocyte state. During this transition, it is conceivable that the cells could enter transient 

and undefined states, representing a phase of uncertainty and instability in their cellular 

identity. 
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4.4 Conclusions and future perspectives 

By shedding new light on the implications of RBP-mediated post-transcriptional gene 

regulation in astrocyte-to-neuron reprogramming, the data presented in this thesis provide 

sophisticated novel molecular and mechanistic insight into the underlying mechanisms of 

neuronal lineage conversion. While not ignoring the potential role of Stau2, my results 

highlight the pivotal role of Pum2 due to its more pronounced and robust effect on successful 

cell fate conversion. In this regard, my results provide a novel perspective that positions 

Pum2 as key player in guiding converted cells towards a permanent acquisition of neuronal 

identity. Furthermore, by investigating the potential role of Pum2 in the later stages of 

reprogramming, my data shed light on another critical phase of cell fate conversion that has 

not yet been explored in the field. Although my data clearly indicate a late-stage role for 

Pum2, a complementary approach would be helpful to confirm this evidence. In this case, I 

propose to downregulate Pum2 prior to the initiation of Neurog2-driven reprogramming, 

followed by a subsequent rescue of Pum2 expression three days after reprogramming 

induction. This would allow me to specifically reduce Pum2 expression during the initial 

phase of cell fate conversion in order to confirm that it does not play key roles at this stage. 

In addition, further studies are clearly necessary to confirm the proposed hypothesis that 

Pum2 is required for the irreversible commitment of converted cells to a neuronal fate. In 

this context, the use of single-cell tracking with time-lapse videomicroscopy appears to be 

the preferred approach. Indeed, time-lapse analysis has already been shown to be 

extremely valuable in the context of astrocyte-to-neuron reprogramming (Gascon et al., 

2016; Heinrich et al., 2011). By directly visualising the sequential progression of neuronal 

reprogramming events in the absence of Pum2, this approach would undoubtedly reveal the 

reason for the reduced number of induced neurons observed and elucidate the origin and 

the ultimate fate of the aforementioned non-reprogrammed cells that display distinctly 

aberrant phenotype. Importantly, by confirming the role of Pum2 as a key factor in the 

irreversible commitment of induced neurons, this working model would also substantiate the 

critical “point of no return” hypothesis in the field of neuronal reprogramming as described 

above. Moreover, future studies should focus on unravelling the relevant targets of Pum2 

and the underlying mechanisms of post-transcriptional regulation by which Pum2 operates 

in this critical phase of reprogramming. An insightful cross-reference analysis presented in 

my data revealed that four genes commonly regulated by Neurog2 and Ascl1 during early 

stages of reprogramming are also targets of Pum2 during mouse embryonic corticogenesis 

(Masserdotti et al., 2015; Zahr et al., 2018). Among these, Prox1 is a critical regulator of 
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neural development by promoting neural stem cell differentiation, while Anks1, DscamI1 and 

Slit1 play roles in other crucial neurodevelopmental processes, such as axon guidance and 

neuronal remodelling (Fuerst et al., 2009; Gonda et al., 2020; Sachse et al., 2019; Shin et 

al., 2007; Southall and Brand, 2009). Of particular interest is the potential target Prox1, 

whose knockdown during Neurog2-induced reprogramming resulted in reduced neuron 

generation, highlighting its crucial contribution to cell fate conversion (Masserdotti et al., 

2015). Therefore, a logical and promising starting point would be to validate whether these 

neurogenic mRNAs are directly regulated by Pum2 during the process of neuronal 

reprogramming. However, given the low level of overlap between the genes regulated by 

Neurog2 during reprogramming and in the developing cerebral cortex (Gohlke et al., 2008; 

Masserdotti et al., 2015), I expect Pum2 to regulate a substantially broader set of mRNA 

targets than those identified in the cross-reference analysis. Consequently, it is crucial to 

elucidate how Pum2 regulates the metabolism of these mRNA targets. It is now clear that 

RBPs have a broad post-transcriptional regulatory potential and they are required for 

multiple pathways in both embryonic neurogenesis and mature neurons (Schieweck et al., 

2021a). As described above, Pum acts as a regulator of RNA translation in many organisms 

and different cellular contexts (Schieweck et al., 2021a). The reported role of Pum2 in 

translational repression during neurogenesis raises the possibility of a conserved role in the 

context of neuronal reprogramming (Zahr et al., 2018; Zhang et al., 2017). However, several 

other possible mechanisms of how Pum2 regulates protein expression have been reported, 

including RNA stability and transport (Goldstrohm et al., 2007; Hotz and Nelson, 2017; 

Martinez et al., 2019). These diverse functionalities leave room for a wider spectrum of 

potential post-transcriptional regulatory mechanisms to come into play during cell fate 

conversion. Furthermore, my data suggest that it is worthwhile to further investigate also the 

molecular mechanisms underlying the contribution of Stau2 to reprogramming. Indeed, 

Stau2, although less pronounced than Pum2, showed an impact on successful fate 

conversion and a distinct protein expression pattern along reprogramming. While Stau2 has 

primarily been recognised as a critical regulator of RNA localisation in both mature neurons 

and embryonic neurogenesis, there is also evidence that Stau2 is involved in the 

stabilisation of target mRNAs (Heraud-Farlow et al., 2013; Kiebler et al., 1999; Kusek et al., 

2012; Vessey et al., 2012). It would be interesting to ascertain whether Stau2 has a 

conserved role in RNA localisation during reprogramming or whether it is engaged in 

additional mechanisms as well. This knowledge will also allow us to determine whether the 

different contributions of Pum2 and Stau2 to successful cell fate conversion reflect their 
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distinct roles in the process, as previously hypothesised based on my research findings. In 

my opinion, it will be essential to elucidate the set of mRNA targets regulated by Stau2 during 

reprogramming. Again, the best approach would be to start by validating candidate targets 

derived by cross-referencing the datasets of genes commonly regulated by Neurog2 and 

Ascl1 during reprogramming and Stau2 targets during mouse embryonic corticogenesis 

(Chowdhury et al., 2021; Masserdotti et al., 2015). Here, a subset of 13 genes, which are 

commonly regulated by Neurog2 and Ascl1, were also targets of Stau2 during 

corticogenesis. Interestingly, similar to Pum2, some of these genes encode transcription 

factors/co-factors that are primarily associated with the early stages of neurogenesis, e.g. 

Hes5, Hes6 and Trnp1 (Gratton et al., 2003; Hatakeyama et al., 2004; Vaid and Huttner, 

2020). In contrast, others encode cytoplasmic/membrane factors that are involved in later 

developmental processes such as axon guidance, synapse formation and plasticity, e.g. 

Sema5a, Cadm3 and Snca (Biederer et al., 2002; Cheng et al., 2011; Kantor et al., 2004; 

Niederkofler et al., 2010). Notably, similar to the Pum2 candidate target Prox1, Hes6 has 

also been reported to contribute critically to neuronal conversion efficiency during Neurog2-

induced reprogramming (Masserdotti et al., 2015). In addition to elucidating Pum2 and Stau2 

relevant targets during neuronal reprogramming, it is equally important to investigate 

whether these two RBPs share a common set of targets in this context. For example, the 

cross-reference analysis mentioned above revealed two potential targets, Slit1 and Dscaml1 

that are shared by Pum2 and Stau2. In mature neurons, a significant overlap between their 

respective targets has been reported, further supporting the hypothesis of a functional 

interaction between them (Schieweck et al., 2021b). This observation raises the intriguing 

possibility of a potential functional interaction based on the common regulation of a 

conserved set of targets in the context of reprogramming. This is consistent with the 

substantial Pum2-Stau2 colocalisation in induced neurons reported in my thesis. 

Furthermore, special emphasis should be also put on potential interactors of Pum2 and 

Stau2. RBPs form RNPs that are highly heterogeneous not only in mRNAs but also in protein 

composition. The highly dynamic and complex interplay between different RBPs is thought 

to be crucial for the regulation of neuronal homeostasis and development (Schieweck et al., 

2021a). For example, FMRP and DDX1 are potential interactors that are certainly worth 

validating. Indeed, FMRP is a post-transcriptional regulator with important roles in 

neurogenesis that has been reported to interact with Pum2 during hippocampal 

neurogenesis (Guo et al., 2011; Luo et al., 2010; Saffary and Xie, 2011; Zhang et al., 2017). 

FMRP was also found associated with Stau2-RNP in mature neurons (Fritzsche et al., 2013). 
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On the other hand, DDX1 has been reported as a critical component of the Stau2 and Pum2-

containing RNA complex in RGCs during cortical development (Vessey et al., 2012). It is 

now commonly accepted that several cell types other than astrocytes can efficiently be 

converted into neurons (Masserdotti et al., 2016). As we move forward, it is important to 

focus future research efforts on investigating the role of RBPs, such as Pum2 and Stau2, in 

cell lineage conversions other than the mentioned astrocyte-to-neuron paradigm. For 

example, investigating the role of Pum2 and Stau2 in fibroblasts-to-neuron reprogramming, 

would be a valid starting point to elucidate whether these RBPs exert similar or different 

contributions in different reprogramming contexts. This knowledge would also broaden the 

network of regulatory factors involved in neuronal reprogramming from different cell sources. 

Furthermore, in the field of neuronal reprogramming, the transition from in vitro to in vivo 

applications is an essential step towards the ultimate goal of using direct reprogramming of 

local non-neuronal cells as a therapeutic strategy to restore lost neurons in the brain (Barker 

et al., 2018). Given the promising results observed in vitro regarding the involvement of 

RBPs in astrocyte-to-neuron reprogramming, it is of utmost importance to direct future 

studies to validate their role in reprogramming in vivo as well, using the appropriate mouse 

models. This transition would not only confirm the significance of post-transcriptional control 

mechanisms in reprogramming, but would also raise the exciting prospect of Pum2 (and 

possibly Stau2) as potential targets for enhancing effective cell fate conversion, a 

development with huge implications for therapeutic application.  
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