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Summary 
The ability of stem cells to differentiate in to a variety of cell types is the 

fundamental basis for life in all organisms. But also later in life, the 

contribution and ability of stem cells to differentiate in tissue specific cells 

is crucial and needs to be preserved in adulthood. Yet, stem cells can only 

be found in a suitable environment called stem cell niches. The niche 

maintains the stem cell properties of the cells or provides factors required 

for their differentiation. In the adult brain, there are two distinct niches of 

adult neural stem cells (NSCs) that can be found in the subventricular 

zone (SVZ) on the outside walls of the lateral ventricle and the subgranular 

zone of the hippocampal dentate gyrus (DG). In the latter, NSCs 

differentiate into granular neurons and astrocytes that may contribute to 

learning and memory formation. This process is not only strictly regulated 

on a genetic level, but also post-transcriptional regulation of RNA 

transcripts strongly contributes to the extremely fine-tuned regulation of 

adult neurogenesis. A key factor in this process is the microprocessor, a 

complex best-known for its involvement in the microRNA (miRNA) 

pathway. The microprocessor consists of Drosha and DGCR8, and 

processes the pri-miRNA into pre-miRNA by targeting and cleaving distinct 

hairpin (HP) structures in these transcripts. The main effector of this 

process is the RNAse III Drosha. However, Drosha has been shown to 

participate in many additional processes that are not related to miRNA 

biogenesis and thus are referred to as non-canonical functions. Of special 

interest for this study is the finding that Drosha is able to target 

evolutionary conserved HPs that are located in the untranslated regions 

(UTRs) of mRNAs coding for transcription factors that drive NSCs into 

specific cell fates. In the adult hippocampal DG, Drosha targets and 

cleaves the 3’ UTR HP of the mRNA of NFIB, which leads to de 

destabilization and degradation of the whole mRNA transcript. Drosha thus 

prevents NFIB protein expression and hinders the cell to undergo 

oligodendrogenesis. This downregulation of NFIB is required to maintain 

the DG NSC pool and guarantee proper neuronal development and 
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differentiation. Interestingly, NFIB contains two RNA HPs, located in the 5’ 

and 3’ UTRs. Both HPs are targeted by Drosha but only the 3’ UTR HP is 

cleaved. As Drosha is ubiquitously expressed in the entire brain, it 

remained to be shown how transcripts can escape Drosha cleavage and 

express NFIB in a cell-specific manner when needed, for example during 

oligodendrogenesis in other brain regions. In order to answer this 

question, we developed strategies to identify regulatory proteins that 

control Drosha-mediated NFIB cleavage in DG NSCs. By using protein 

immunoprecipitation (IP) followed by dual mass spectrometry (MS2), we 

identified Drosha interacting proteins in DG NSCs. Moreover, we also 

determined NFIB HP interacting proteins by RNA pulldown assays and 

MS2. This data did not only allow us to investigate closer some putative 

regulators of Drosha cleavage, but also allowed us to characterize the 

Drosha interactome in NSCs. Additionally, we analyzed the differences 

between NFIB 3’ UTR and 5’ UTR interaction partners and could show that 

especially the 5’ UTR HPs interacts closely with ribosomal protein and 

thus seems to be deeper involved in translation than the 3’ UTR HP. In 

order to investigate the functional relevance of the Drosha and NFIB 

mRNA bound proteins, we developed an in vitro GFP reporter assay in DG 

NSCs to directly monitor Drosha activity upon overexpression of putative 

cleavage regulating partners. We found that overexpression of certain 

candidate proteins modulates Drosha cleavage, especially gain-of-function 

of Scaffold Attachment Factor B1 (Safb1) significantly reduced the read-

out GFP signal on mRNA as well as protein levels. This reduction was 

found to be Drosha-dependent as Drosha cKO in DG NSCs could rescue 

the reduced GFP levels caused by Safb1 overexpression. Moreover, 

Safb1 overexpression also reduced the mRNA level of endogenous NFIB. 

We could confirm direct binding of Safb1 to Drosha by protein IP and to 

NFIB by crosslinking and immunoprecipitation (CLIP) experiments. To 

investigate whether Safb1 gain-of-function and the consequent increase in 

Drosha cleavage has an influence of cell fate determination we 

overexpressed Safb1 in SVZ NSCs, an oligodendrogenic population, and 
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found reduced oligodendrogenesis in the transfected cells. Thus we 

identified Safb1 as a key regulator of Drosha-mediated cleavage of NFIB 

mRNAs, and could show that Safb1 levels influence NSC differentiation 

and oligodendrogenesis. 
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Abstract 

Post-transcriptional regulation is a powerful mechanism for the cell to 

control its proteome independent of genetic regulation. It is known to affect 

all stages of cellular RNA production and to be sufficient to control 

expression of the target protein. During adult neurogenesis, the process in 
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which neural stem cells generate new neurons and glia cells in the adult 

brain, many mechanisms of post-transcriptional regulations have been 

identified. In this review, we discuss the impact of RNA binding proteins, 

miRNA and the microprocessor in a general perspective and shine special 

light to their functional implications for adult neurogenesis. Understanding 

the complex factors and fine interplay between effectors of post-

transcriptional regulation and adult neurogenesis is a fundamental step in 

order to understand the process of neurogenesis as a whole. 

 

Introduction 

Adult neurogenesis 

Adult neurogenesis is a steady-state process, in which the adult brain 

continues to generate neurons in two specific and well defined niches, the 

subventricular zone (SVZ) on the lateral walls of the lateral ventricle and 

the subgranular zone of the hippocampal dentate gyrus (DG) (Doetsch et 

al., 1999; Furutachi et al., 2015; Seri et al., 2004) (Figure 1). The 

microenvironment of these niches maintains stem cell properties and the 

neural stem cell (NSC) population, but also can direct differentiation 

(Alvarez-Buylla and Lim, 2004). NSCs located in the lateral wall of the SVZ 

are multipotent and have the capacity to generate neurons, astrocytes and 

oligodendrocytes, a process modulated by the niche (Ihrie and Alvarez-

Buylla, 2011). Immature neuroblasts migrate via the rostral migratory 

stream to the olfactory bulb where they differentiate into interneurons that 

can integrate into local neuronal circuits (Doetsch et al., 1999). Also the 

hippocampal NSCs of the DG have been found to produce granular 

neurons and astrocytes, but are unable to form oligodendrocytes under 

physiological conditions (Bonaguidi et al., 2011; Pilz et al., 2018; Rolando 

et al., 2016).  
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Figure 1: Neurogenic niches of the adult murine brain 
The two niches of adult neurogenesis are the hippocampal dentate gyrus (DG) 

and the subventricular zone (SVZ), from where the cells migrate via the rostral 
migratory stream (RMS) to the olfactory bulb (OB). A detailed overview over the 

cell populations is displayed for the SVZ (bottom left) and for the DG (bottom 

right). 

 

These DG NSC (type-1 cells) can be subdivided into two subpopulations 

with distinctly different morphologies: While radial type-1 cells 

characteristically divide very slowly and thus are defined as quiescent, the 

horizontal type-1 NSCs divide frequently and are considered active (Lugert 

et al., 2010; Lugert et al., 2012). During differentiation, the DG NSCs 

undergo several distinct stages: The initial type-2a intermediate 

progenitors (IP) are rapidly proliferating and progress towards a type-2b 

transitional stage before they eventually give rise to the migratory 

neuroblasts (type-3), exiting the cell cycle and ultimately committing to 
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granule neuron maturation (Gage, 2019; Goncalves et al., 2016; Lugert et 

al., 2012; Zhao et al., 2008) (Figure 1). These adult-born granule neurons 

integrate into functional circuits and adult neurogenesis contribute to 

learning and memory formation (Zhao et al., 2008) and general brain 

plasticity (Lledo et al., 2006). The capacity of the adult brain to generate 

newborn neurons has been observed in many mammals, including 

humans (Eriksson et al., 1998; Gage, 2019; Kempermann et al., 2018). 

Although still controversially discussed (Arellano et al., 2018; Sorrells et 

al., 2018), adult neurogenesis in humans could be linked to the process of 

memory formation, but also to neurodegenerative diseases (Boldrini et al., 

2018; Kempermann et al., 2018; Tobin et al., 2019). Regulation of adult 

neurogenesis is a complex interplay between many factors including 

classic signaling molecules like BMPs and Notch (Basak et al., 2012; Mira 

et al., 2010; Zhang et al., 2019). However, also interplays between RNA, 

RNA binding proteins (RBPs) and other RNA regulators decisively shape 

the processes of adult neurogenesis in many aspects of post-

transcriptional regulation. 

 

Modes of post-transcriptional regulation 

RNA Binding Proteins: critical regulators of RNA function 

RNA binding proteins (RBPs) are involved in all stages of RNA translation 

and processing and are thus a fundamental pillar of cellular RNA 

regulation. Although RBPs are modular and hence able to fulfill a variety of 

functions in a cell, one limiting factor is the available pool of RNA binding 

domains (RBDs) (Lunde et al., 2007). Despite some diversity within the 

RBDs, some RBDs are found more commonly than others, including the 

RNA recognition motifs (RRMs), the DEAD box helicase, the hnRNP K 

homology (KH) domains, the zinc finger motif and the Pumilio-family (PUF) 

RNA binding repeats (Kilchert et al., 2019). Of these RBDs, the RRM is 

observed most frequently and has been identified in many species from 

bacteria up to humans. In humans, around 450 proteins have been 
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described which carry at least one RRM domain (Letunic and Bork, 2018). 

Yet, the number of RBDs and RBPs is steadily increasing, since increased 

experimental sensitivity and technologies like nucleotide-crosslinking allow 

the identification and location of novel protein-RNA interfaces, as shown 

for the previously unknown DUF2373 domain of the C7orf50 protein 

(Trendel et al., 2019). The identification of new RBPs is progressing faster 

than ever. Beginning with the development of the by now well established 

UV crosslinking and immunoprecipitation (CLIP) technique in 2003 (Ule et 

al., 2003), rapid advances in RNA mapping technologies (Lee and Ule, 

2018) can be seen in the many methodological publications that have 

been published in the years that followed (Table 1). 

 
METHOD NAME USED IN 

CLIP UV crosslinking and immunoprecipitation (Ule et al., 2003) 
HITS-CLIP High-throughput sequencing CLIP (Licatalosi et al., 2008) 
PAR-CLIP Photoactivatable-Ribonucleoside-Enhanced C.  (Hafner et al., 2010) 

iCLIP Individual-nucleotide resolution CLIP (König et al., 2010) 
miR-CLIP MicroRNA CLIP (Imig et al., 2015) 

eCLIP Enhanced CLIP (Van Nostrand et al., 2016) 
irCLIP Infrared-CLIP (Zarnegar et al., 2016) 
fCLIP Formaldehyde CLIP (Kim et al., 2017) 

s-CLIP Simplified CLIP (Kargapolova et al., 2017) 
d-CLIP Denaturing CLIP (Rosenberg et al., 2017) 

meCLIP Monitored enhanced CLIP (Hocq et al., 2018) 
Proximity-CLIP Proximity CLIP (Benhalevy et al., 2018) 

cTAG-CLIP Conditionally tagged CLIP (Ule et al., 2018) 
spyCLIP SpyTag based CLIP (Zhao et al., 2019) 

Quick-irCLIP Quick-irCLIP (Kaczynski et al., 2019) 
 

Table 1: Evolution of CLIP based technologies  
List of selected methods using UV crosslinking and immunoprecipitation (CLIP). 

After the development of the original CLIP protocol, a dramatic variation and 

specification in the methodological approaches has been seen. 
 

A good example of methodical fine-tuning is the development of an 

enhanced CLIP (eCLIP) protocol in order to generate transcriptome wide 

RBP binding-maps at large-scale (Van Nostrand et al., 2016). This 
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enhancement greatly improves library generation efficiency and 

reproducibility, maintains single-nucleotide binding resolution and 

drastically decreases requirements for amplification reducing PCR 

generated duplicate reads. Moreover, technical optimization improves the 

eCLIP specificity for the exploration of novel RNA binding sites (Van 

Nostrand et al., 2016). In order to reduce the false binding site 

assignments that can be created by reading through cross-linked samples, 

two years later eCLIP was further evolved to monitored enhanced CLIP 

(meCLIP), allowing RNA purification prior to the reverse transcription 

(Hocq et al., 2018). These results funnel into brand new databases 

including the EuRBPDB for eukaryotic RBPs (Liao et al., 2020) and the 

oRNAment database for putative RBP target sites (Benoit Bouvrette et al., 

2020). Anticipating these trends in analytical development and database 

initiations, we can expect even more sophisticated procedures and 

resources in the upcoming years.  

Many RBPs have been found to cause disease in humans particularly in 

the nervous system, as examples, SMN1 and SMN2 in spinal muscular 

atrophy (SMA), FUS and TDP-43 in amyolateral sclerosis (ALS) and 

frontal temporal lobular degeneration (FTLD) and Qki in schizophrenia 

(Lukong et al., 2008; Mackenzie et al., 2010). Thus, better understanding 

of RBP mechanisms of gene regulation and control of the proteome will 

increase our ability to counteract certain dysregulated processes and to 

design new treatments for RBP caused diseases, and especially 

neurological disorders. 

RBPs modulate different stages of neurogenesis 

RBP regulation directly affects adult neurogenesis and impairs RNA 

metabolism which has an immediate impact on the maintenance of the 

NSC pool as well as in disease. A well-studied example is the fragile X 

mental retardation protein (FMRP), an RBP that has not only important 

roles in neural development but its loss also causes the fragile X 

syndrome. Moreover, FMRP is known to be a major contributor of autism 

and intellectual disability (Hagerman and Hagerman, 2015). In the brain of 
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adult mice, FMRP inhibits NSC proliferation, which decreases the amount 

of RGLs and IPCs and induces the generation of glia cells (Lazarov et al., 

2012). Functional analysis of the RBP FMRP revealed that in addition to 

its regulation of the p53 pathway, FMRP binds the mRNA of GSK3b, 

inhibiting its translation. Dysregulation of  GSK3b leads to reduced Wnt 

signaling pathway activity, altered Neurogenin1 expression and ultimately 

to fate changes in adult NSCs (Luo et al., 2010; Patzlaff et al., 2018). This 

also highlights the potential of RBPs to influence far downstream 

processes and provides an explanation of why some RBP effects on 

neurogenesis still remain elusive today. RBPs often act in higher 

hierarchical groups, usually as the same RBP families. This remains the 

case for the FRXs family, where besides FMRP also FXR1P and FXR2P 

have been shown to affect adult neurogenesis (Patzlaff et al., 2018).  

The growing attention to study RBPs in adult neurogenesis and 

consequent scrutiny of new, but also already known RBP mechanisms in 

the last couple of years revealed some novel and additional RBP 

regulatory structures outside the main pathways. This is reflected in the 

analysis of Lin28, a RBP predominantly known for its close relation to Let-

7 miRNA production, where Lin28 binds the pri-miRNA of Let-7 and thus 

blocks generation of mature Let-7 miRNAs (Viswanathan et al., 2008). 

However, subsequent investigations revealed that Lin28 directly influences 

postnatal neurogenesis independent of its inhibition of Let-7 production. 

Particularly, it was shown that constitutive Lin28 inhibited gliogenesis of 

murine postnatal cells, whilst in control cells inhibited for Let-7 by circRNA 

sponges, gliogenesis still occurs (Romer-Seibert et al., 2019).  

Adult neurogenesis recapitulates embryonic processes that occurred 

during neurogenesis and thus resembles certain aspects of development. 

However, adult neurogenesis also has some unique, intrinsic mechanisms 

that cannot be extrapolated from earlier stages of development and these 

mechanisms considerably involved RBP-mediated processing. A recent 

study of the RBP HuR, which stabilizes or modulates the translation of 

numerous target proteins, reported that HuR specifically impairs adult 
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neurogenesis, whereas ablation in embryonic NSCs did not affect 

neurogenesis during development (Wang et al., 2019). Remarkably, the 

underlying cause was found to be the cellular translocation of HuR from 

the cytoplasm in the embryonic neural progenitors to the nucleus in adult 

NSCs, indicating that not only RBP expression, but already subcellular 

localization is sufficient to trigger RBP derived effects on neurogenesis 

(Wang et al., 2019). 

 

miRNAs and neurogenesis 

miRNAs are small non-coding RNA molecules that post-transcriptionally 

regulate gene expression via destabilization, inhibition of translation, 

deadenylation, and subcellular transport of target mRNAs (Eulalio et al., 

2008). Like proteins, miRNA can be categorized into families based on 

sequence conservation of their HPs (Griffiths-Jones, 2006; Kaczkowski et 

al., 2008).They are mainly transcribed by the RNA pol II, which gives them 

also the pol II characteristic cap structures and poly(A) tails (Lee et al., 

2004). After initial processing by the microprocessor and subsequent 

maturation by Dicer complexes in the cytoplasm, the mature miRNA is 

bound by the RNA-induced silencing complex (RISC) which processes the 

miRNA target mRNA, thus silencing the transcription product (Gregory et 

al., 2005) (Figure 2).  
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Figure 2: miRNA biogenesis pathway 
Nucleus: pri-miRNA is transcribed by the RNA polymerase II (Pol II) and the 

hairpin loop structure gets targeted and cleaved by Drosha as part of the 
microprocessor. The pre-miRNA then is exported. Cytoplasm: After Dicer cleaves 

the loop structure, the miRNA negative strand is loaded on the RNA-induced 

silencing complex (RISC) and induces target mRNA degradation or 

translational repression. 

 

Attempts to better understand the miRNA targeting efficacy lead to the 

development of a biochemical model of miRNA-mediated repression. This 

model is applicable to all miRNA sequence thanks to an in silico 

convolutional neural network, which substantially improved predictions of 

cellular repression (McGeary et al., 2019). Such computer-assisted tools 

will help us in the future to understand the regulatory roles of miRNA 

better. Of particular interest regarding the regulation of neurogenesis is the 

role of miRNAs in NSCs, especially in their maintenance and regulation  of 

proliferation. Pioneering work in the Drosophila germline demonstrated for 

the first time that miRNAs actively regulate the division of stem cells 

(Hatfield et al., 2005). It is now accepted that stem cells of the Drosophila 

germline and their niche are not only rigorously controlled by miRNA in 
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order to regulate stem cell behavior upon stress, but also coordinate stem 

cell proliferation and differentiation (Shcherbata, 2019). Strict restrictions 

on proliferation are crucial, especially in complex organs including the 

vertebrate brain where uncontrolled stem cell division can lead to cancers. 

Downregulation of miRNA networks in mouse were shown to induce 

glioblastoma, the most aggressive forms of brain tumors, via downstream 

regulation of Oct4 and Sox2 (Lopez-Bertoni et al., 2015). The repression 

of miR-148a and miR-296-5p in particular was found to be required for the 

glioblastoma induction through this mechanism, the phenotype however 

could be rescued by miRNA overexpression. Based on the discovery of 

these cancer stem cell inhibiting miRNAs and thanks to state-of-the-art 

intracellular delivery techniques in nanomedicine, a miRNA based 

treatment design, so-called nano-miRs, were found to successfully treat 

gliomas in mice (Lopez-Bertoni et al., 2018). As we understand the 

implications of miRNA in disease better, miRNA-based treatments might 

reform modern medical approaches and offer an alternative to the 

classical drug based system.  

 

The influence of miRNA on both embryonic and adult neurogenesis is 

undisputed, ranging from NSC self-renewal and proliferation, neural 

differentiation, migration, maturation and integration into neuronal circuits 

(Esteves et al., 2020). How the transition of NSCs between quiescent and 

active states is still not completely understood. It has become evident that 

Notch signaling is a key factor to maintain NSC quiescence in the SVZ as 

well as in the hippocampal DG (Ehm et al., 2010; Engler et al., 2018; 

Giachino and Taylor, 2014; Lugert et al., 2010; Zhang et al., 2019). 

Moreover, the miRNA miR-9 has been demonstrated to balance quiescent 

and proliferative NSC states through permitting efficient Notch signaling 

(Katz et al., 2016). This adds miR-9 to a larger group of several miRNAs 

that are essential to regulate NSC quiescence and activity. The miR-9 

forms a complex with the Argonaute proteins, which is localized to the 

nucleus of NSCs mediated by TNRC6 proteins. Once in the nucleus, it is 
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promoting quiescence via Notch signaling activation, thus maintaining 

adult germinal pools (Katz et al., 2016). Similar behaviors have been seen 

for other genes including Hmga2, targeted by miRNA let-7 (Nishino et al., 

2008) and Foxo3, targeted by the miRNA cluster miR-106b~25 (Brett et 

al., 2011). These are further examples of effectors, whose mRNA is 

targeted and controlled by miRNA which underlines the major contribution 

of miRNA towards NSC self-renewal and quiescence control. miRNAs also 

affect the neuronal progeny of the adult NSC and have been reported to 

assist migration of newborn neurons to their final homing site as well as 

modulating neuronal morpho- and synaptogenesis (Stappert et al., 2018). 

The miRNA miR-19 is highly expressed by adult neural progenitors and 

governs the migration of the newborn neurons while its expression steadily 

decreased during neural development in the adult hippocampus (Han et 

al., 2016). Gain- and loss-of-function experiments revealed that miR-19 

directly targets Rapgef2 mRNA and moreover, in patient-derived iPSCs 

generated neurons that showed aberrant neuronal migration phenotypes, 

miR-19 is abnormally expressed hinting at potential links between miR-19 

and neurodegenerative defects and schizophrenia (Han et al., 2016). In 

addition, the long-term impacts of miRNA impairment on cognitive 

function, particular the miRNA miR-17-92 cluster, resulted in defects in 

learning and memory (Pan et al., 2019). Strikingly, the miR-17-92 cluster 

knockout mouse performed significantly worse in a Morris water-maze 

assay compared to control mice and performed badly in other tests for 

novel odor and object recognition. One phenotype that was observed was 

a drastic reduction in the number of proliferating NSCs, neuroblast and 

neural differentiation in the DG compared to wild-type animals (Pan et al., 

2019). These results indicate that miRNAs influence neuronal 

differentiation and even have long-term effects in cognitive, social and 

behavioral functions in mice. 
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Microprocessor and its diverse functions 

During miRNA biogenesis, the conversion of pri-miRNA to pre-miRNA 

transcripts requires the precise cleavage and processing by the 

microprocessor, a trimeric complex that consist of Drosha and two DGCR8 

proteins (Han et al., 2004; Nguyen et al., 2015). During pri-miRNA to pre-

miR processing, the RNAse III Drosha cleaves the hairpin loop structure of 

the pri-miRNA at distinct locations in the hairpin stem, and serves as a 

molecular ruler to measure precisely 11 bp from the basal junction (Kim et 

al., 2017; Nguyen et al., 2015) (Figure 2). Deep-sequencing-based 

complementation and structural modeling revealed that Drosha with its 

double-stranded RNA-binding domain (dsRBD), recognizes an 

evolutionary conserved mGHG motif to place its catalytic center in the 

correct position for appropriate cleavage (Kwon et al., 2019). However, it is 

known that Drosha can also alternatively process some miRNAs and the 

resulting multiple miRNA variants are still recognized and processed by 

Dicer (Wu et al., 2009). The number of identified miRNA variants, called 

isomiRs, has drastically increased over the last couple of years as the 

results of improved RNA-seq based methods that allow for larger and 

more specific assays (Kim et al., 2019). This underlines the importance to 

understand all aspects of Drosha-mediated RNA processing in order to 

increase the efficiency of shRNA approaches in biological experiments 

and medical applications.  

Although properly folded Drosha can act by itself as a functional core of 

the microprocessor albeit with low efficiency, only the combination with a 

DGCR8 dimer enables the exceptional fidelity of miRNA processing by the 

additional interaction of DGCR8 with the apical elements of the cleaved 

miRNA hairpin (Nguyen et al., 2015). DGCR8 recognizes an apical UGU 

motif and DGCR8 dimerization suppresses unproductive miRNA 

processing (Nguyen et al., 2015). The close interdependence between 

Drosha and DGCR8 is also reflected in their cross regulatory behavior. 

Both proteins regulate each other post-transcriptionally allowing them to 
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directly influence the expression of their corresponding microprocessor 

counterpart (Han et al., 2009).  

 

The impact of the microprocessor itself on adult neurogenesis is more 

through Drosha and DGCR8 non-canonical functions. That makes the 

performance of the microprocessor towards neurogenic regulation, 

although indispensable, rather indirect, occurring via cleavage of miRNA 

or non-canonical RNA functions that then affect neurogenesis. It is not 

surprising, that a knockout of the ubiquitously expressed Drosha and the 

consequent impairment of the microprocessor causes obstruction of many 

cellular pathways, disturbing several molecular mechanisms including 

neurogenesis and leads to lethality by embryonic day 7.5 (E7.5) (Chong et 

al., 2010). It remains to be shown whether Drosha or DGCR8 proteins are 

able to directly bind adult neurogenesis regulating proteins as Drosha has 

been found to perform functions that are entirely independent of RNA 

(Gromak et al., 2013) and the large Drosha complex contains dozens of 

cell type-specific proteins with different cellular functions (Macias et al., 

2015; Rouillard et al., 2016). 

  

Non-canonical microprocessor functions as a miRNA-independent 

fate regulator 

There are now several reports of Drosha and DGCR8 activity outside their 

classical mode of action in processing miRNAs (Burger and Gullerova, 

2015; Johanson et al., 2013; Lee and Shin, 2017). The first solid evidence 

for a direct mRNA target of the microprocessor was the regulation of the 

mRNA of DGCR8 itself (Han et al., 2009; Kadener et al., 2009; Triboulet et 

al., 2009). Excess Drosha inhibits DGCR8 primary transcripts which 

causes a reduction in DGCR8 mRNA levels and thus protein synthesis, 

suggesting a negative feedback loop as auto-regulatory mechanism to 

control microprocessor expression levels (Han et al., 2009; Kadener et al., 

2009). Drosha targets and processes the evolutionary conserved hairpins 
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in the 5’ UTR of the DGCR8 transcripts resulting in mRNA destabilization 

and block of protein expression (Han et al., 2009; Triboulet et al., 2009). A 

more recent study revealed that Drosha not only controls DGCR8 

expression but targets its own mRNA in order to modulate alternative 

splicing (Lee et al., 2017). A mechanistic analysis demonstrated that 

Drosha recognizes a hairpin that is conserved among species and spans a 

specific exon-intron junction. Strikingly, Drosha promotes constitutive or 

alternative intron splicing independent of its cleavage function, however, 

this behavior was only observed in human but not in mouse cells (Lee et 

al., 2017). The idea that Drosha competes with the spliceosome over 

exon-intron junctions was already proposed previously (Melamed et al., 

2013). Gain and loss of function experiments of Drosha demonstrated that 

the miR-412, which is located at an exon-intron junction in the Mirg cluster, 

was spliced alternatively in high versus low expression levels of Drosha. 

The lower Drosha was expressed, the more spliceosome binding and exon 

inclusion was observed (Melamed et al., 2013). Thanks to modern 

approaches including genome wide mapping of Drosha cleavage sites, 

there is now a much better understanding of the Drosha targets and 

multiple new non-miRNA substrates have been identified (Kim et al., 

2017). Applying a formaldehyde crosslinking, immunoprecipitation and 

sequencing (fCLIP-seq) approach allowed a precise nucleotide mapping of 

the target sites, which not only led to the discovery of more alternatively 

processed pri-miRNAs but also to the identification of new Drosha 

substrates. These substrates were not affected by Dicer knockout and 

three of these hairpins were validated to be indeed processed by Drosha 

(Kim et al., 2017). Drosha non-canonical activity has been found in many 

cell types (Burger and Gullerova, 2015; Lee and Shin, 2017; Rolando and 

Taylor, 2017). A particular example is Drosha’s critical role in dendritic 

cells. Drosha deficiency completely interrupts dendritic cell development 

and manipulated myelopoiesis (Johanson et al., 2015). Drosha represses 

the expression of two mRNAs that encode inhibitors of myelopoiesis by 

directly cleaving hairpin structures within these mRNAs. The destabilized 
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mRNA is subject to degradation, and this process is needed for 

myelopoiesis (Johanson et al., 2015). Altogether, these examples 

demonstrate the various aspects of Drosha outside of its well-known 

function in miRNA processing. But not only Drosha, also its 

microprocessor partner DGCR8 is known to perform additional non-

canonical tasks. For example, DGCR8 was found to form an alternative 

complex with the exosome, where it acts as an adaptor to target structured 

RNAs (Macias et al., 2015). DGCR8 binds the endosomal hRRP6 and that 

DGCRR8-exosome complex then controls the stability of the telomerase 

RNA component (hTR/TERC) in humans. Moreover, DGCR8 was proven 

to be essential for the recruitment of the exosome to snoRNAs and to 

human telomerase RNA (Macias et al., 2015). More recently, DGCR8 was 

reported to maintain the organization of heterochromatin and to attenuate 

aging in an non-canonical process (Deng et al., 2019). Accelerated 

senescence in human mesenchymal stem cells was observed to be 

increased by the expression of an N-terminal truncated DGCR8 variant, 

which was linked to heterochromatin maintenance by DGCR8. Moreover, 

also in both naturally and pathologically aged cells, DGCR8 was found to 

be expressed at low levels (Deng et al., 2019). A more specific role for 

DGCR8 in neurogenesis was found as non-canonical DGCR8 functions 

were essential for maintenance of neural progenitors during embryonic 

neurogenesis and carcinogenesis (Marinaro et al., 2017). Conditional 

deletion of DGCR8, but not Dicer, leads to premature differentiation of 

neural progenitor cells accompanied with TBR1+ neuron overproduction. 

Interestingly, it was also found that the whole microprocessor, including 

Drosha, directly regulates the Tbr1 transcript by targeting evolutionary 

conserved hairpins in a miRNA-independent manner (Marinaro et al., 

2017).  

 

The role of Drosha in neurogenesis was the first in vivo evidence for non-

canonical functions of components of the microprocessor (Knuckles et al., 

2012) . Our lab has shown that Drosha regulates NSC maintenance and 
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differentiation of NSCs in the developing and adult brain (Knuckles et al., 

2012) and in the hippocampal DG of the adult mouse (Rolando et al., 

2016). However, as Dicer depletion could not reproduce these phenotypes 

it became evident that Drosha acts in miRNA-independent pathways in the 

central nervous system. In both the embryonic and the adult case, Drosha 

binds and cleaves evolutionary conserved hairpins in the mRNA of 

transcription factors driving NSC differentiation. Conditional genetics 

demonstrated that Drosha and DGCR8 have important functions in 

embryonic neurogenesis and lead to a loss in stem cell-ness and 

precocious differentiation (Knuckles et al., 2012). In the embryonic system, 

Drosha negatively regulates the expression of Neurogenin2 and NeuroD1 

mRNAs (Knuckles et al., 2012) whereas in the adult hippocampal DG 

NSCs, Drosha targets and cleaves the hairpins of the mRNA of Nuclear 

Factor I/B (NFIB) (Rolando et al., 2016) (Figure 3).  

 
 

Figure 3: Drosha-mediated cleavage of the mRNA of NFIB regulates 

NSC fate 
A) NSCs can adapt neuronal and oligodendrocytic fate. Drosha post-
transcriptionally downregulates NFIB, which in turn drives oligodendrogenesis. 

Cellular expression of activating or inhibitory factors of Drosha might allow cell 
fate specific expression of NFIB.  B) Detailed view of Drosha/NFIB interaction. 

Drosha recognizes and cleaves the 3’ UTR hairpin of NFIB mRNA and thus 
prevents protein expression. Drosha cKO allows NFIB expression, however the 

absence of a regulating RBP might have the same effect.  
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NFIB drives NSCs into an oligodendrocytic cell fate and is required and 

sufficient for oligodendrogenesis by activating a differentiation program 

that includes Sox10 and NG2 (Deneen et al., 2006; Rolando et al., 2016). 

Inactivation of Drosha in DG NSCs leads to stabilization of NFIB mRNA 

transcripts and disinhibition of NFIB expression leading to exhaustion of 

the NSC pool, oligodendrocyte fate commitment, and premature arrest of 

neurogenesis (Figure 3B) . Knockdown of NFIB in Drosha-deficient DG 

NSCs rescues these defects indicating that the non-canonical role of 

Drosha on NFIB expression is a primary fate regulation in the adult 

hippocampus (Rolando et al., 2016). These findings demonstrate the 

involvement of Drosha in adult neurogenesis in an miRNA-independent 

fashion. However, as Drosha is ubiquitously expressed in the brain, the 

question arises how mRNAs in NSCs can escape Drosha cleavage to be 

expressed when needed by the cell.  

Moreover, the regulatory mechanisms must ensure hairpin target 

specificity to avoid off-target cleavage of the several known Drosha mRNA 

targets. The most plausible explanation is that additional, modulatory 

proteins, either activate or inhibit Drosha activity on particular target 

transcripts. Different expression levels of a regulator would allow cell 

lineage and type-specific control of Drosha non-canonical activity, while 

canonical functions in miRNA biogenesis would still be maintained in these 

cells. These Drosha regulators are likely to be RBPs and able to bind the 

RNA themselves in a sequence-specific manner to provide the necessary 

target specificity. Unfortunately, none of these Drosha regulators have yet 

been identified, although their existence seems inevitable. Further, the role 

and requirement of DGCR8 during non-canonical Drosha cleavage 

remains debated and may differ from one mRNA target to the next. As 

Drosha is suspected to have more non-canonical mRNA targets and is 

likely to bind proteins that assist cleavage of potential targets, it is likely 

that there are more, currently unknown mechanisms of how Drosha might 

regulate embryonic as well as adult neurogenesis by targeting hairpins in 

crucial mRNA transcription factors. 
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Conclusion and future perspective 

We have discussed how post-transcriptional regulation contributes to 

neurogenesis. The given mechanisms serve as examples to underline the 

close connectivity and interplay between different modes of post-

transcriptional regulation, for example the microprocessor that influences 

adult neurogenesis via miRNA but also direct regulation of mRNA stability. 

There are many excellent up-to-date reviews about general mechanisms 

of post-transcriptional regulation and non-canonical functions of the 

microprocessor (Gebert and MacRae, 2018; Kilchert et al., 2019; Lee and 

Shin, 2017), however only few focus on adult neurogenesis (Esteves et al., 

2020; Rolando and Taylor, 2017). In this review, we have discussed the 

rapidly growing technological discoveries in RNA binding motif recognition 

and RNA binding domains. This might be the driving factor for future RBP 

research, as the discovery of new RBPs will raise follow up questions 

about their functionality and relevance. Also the multiple roles of proteins 

and miRNA for different targets will need to be further addressed in order 

to unravel the full, non-canonical potential of the post-transcriptional 

machinery. This knowledge needs to be connected with the new findings 

in adult neurogenesis and only a combination of the two fields will lead to 

the full understanding of the whole picture. 
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Questions and Aims 
It has been known that Drosha targets and cleaves an evolutionary 

conserved hairpin in the 3’ UTR of the mRNA of the transcription factor 

NFIB (Rolando et al., 2016). However, as Drosha is expressed in the 

entire brain at all times, it appears to be impossible that under the 

presence of Drosha any NFIB will be ever expressed. Yet, there are cells 

that express this important driver of oligodendrogenesis and become 

oligodendrocytes. Hence, there must be a regulatory mechanism that 

allows expression of NFIB in the cell, even if Drosha is expressed in 

parallel. In this study, we aim to solve this mystery and investigate, how 

cells can escape Drosha-mediated cleavage of NFIB. Another important 

aspect is to find out, how the hairpin targeting between the different mRNA 

targets can be specific and off-target cleavage is avoided. We postulate 

the hypothesis, that there must be RBPs, that specifically regulate Drosha 

cleavage of non-canonical mRNA targets. 
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Short summary 
In this study we investigated the non-canonical function of Drosha to target 

and cleave the mRNA of the transcription factor NFIB. We asked how the 

widely active RNAse can specifically target this RNA transcript and how 

NFIB can be expressed despite the ubiquitously expressed Drosha. We 

identified Safb, a key regulator of Drosha-mediated cleavage of NFIB, and 

could show that Safb level changes via Drosha influence NFIB mRNA 

expression which affects NSC oligodendrogenesis. 
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SUMMARY 
The ribonuclease Drosha is an integral component of the microRNA 

biogenesis machinery but also regulates gene expression by targeted 

cleavage of specific mRNAs. Drosha regulates hippocampal neural stem 

cell (NSC) fate by cleaving mRNAs of the transcription factor NFIB, 

thereby enabling differentiation into neurons at the expense of 

oligodendrocytes. We addressed how mRNA destabilization is regulated 

by ubiquitously expressed Drosha, and identified 165 NSC proteins that 

interact with Drosha and 102 that bind the Drosha interacting regions on 

the NFIB mRNA. We show that one of these proteins, Scaffold Attachment 

Factor B1 (Safb1), modulates Drosha endonucleic activity and potentiates 

NFIB mRNA degradation. Safb1 reduces oligodendrocyte production and 

its expression is reduced in oligodendrogenic NSCs. Our results reveal 

specific regulations of Drosha activity on a target mRNA by a novel partner 

and RNA binding protein Safb1 which has important implications for cell-

specific, post-transcriptional regulation of gene expression. 

 

KEYWORDS: Drosha, Safb1, NFIB, adult neurogenesis, 

oligodendrogenesis, neural stem cells, fate regulation, mRNA hairpin, 

post-transcriptional gene regulation  



   38 

INTRODUCTION 
Neurogenesis is a fundamental biological process for brain development 

where neural stem cells (NSCs) generate new neurons. While heavily 

active at embryonic stages, in the postnatal vertebrate brain neurogenesis 

continues in restricted brain regions. The two niches that maintain adult 

NSCs are the subventricular zone (SVZ) of the lateral ventricles and the 

subgranular zone of the hippocampal dentate gyrus (DG) (Goncalves et 

al., 2016; Obernier and Alvarez-Buylla, 2019). DG NSCs predominantly 

generate glutamatergic granule neurons and to less extent astrocytes 

(Bonaguidi et al., 2011; Bonzano et al., 2018; Pilz et al., 2018; Seri et al., 

2004). Adult hippocampal neurogenesis plays a central role in memory 

formation, plasticity and learning in rodents, but also in other species 

including humans (Berg et al., 2019; Boldrini et al., 2018; Eriksson et al., 

1998; Gage, 2019; Moreno-Jimenez et al., 2019; Spalding et al., 2013). 

Although still controversially discussed (Beckervordersandforth and 

Rolando, 2019; Kempermann et al., 2018; Sorrells et al., 2018), recent 

studies suggest that hippocampal neurogenesis persists until late decades 

of life in humans (Boldrini et al., 2018; Tobin et al., 2019) and that it might 

be linked to neurodegenerative diseases, such as Alzheimer’s Disease 

(Moreno-Jimenez et al., 2019; Tobin et al., 2019). In rodents, adult NSC 

regulation is fairly well understood on the molecular and physiological 

levels, however, the influence and importance of post-transcriptional 

regulation in adult neurogenesis is becoming clearer (Baser et al., 2019; 

Pilaz and Silver, 2015). 

The RNase III Drosha is involved in different post-transcriptional regulatory 

mechanisms beyond its primary function in microRNA biogenesis (Chong 

et al., 2010; Lee and Shin, 2017; Rolando and Taylor, 2017). Drosha is a 

core component of the microRNA (miRNA) pathway and forms a trimeric 

complex with two DGCR8 proteins to generate the miRNA Microprocessor 

(Han et al., 2004; Nguyen et al., 2015). The main function of the 

Microprocessor is the processing of pri-miRNA hairpins (HPs), where 

Drosha, assisted by DGCR8, cleaves the pri-miRNA HP stem in a specific 



   39 

pattern (Kim et al., 2017). Although microRNAs are fundamental for 

terminal neuronal differentiation (Yoo et al., 2011), Drosha maintains the 

NSC pool independently of miRNA activity (Knuckles et al., 2012; Rolando 

et al., 2016). The expression of proneural genes is tightly controlled by a 

non-canonical Drosha pathway, in which Drosha negatively regulates 

expression of its target mRNAs by cleaving their evolutionary conserved 

HPs (Knuckles et al., 2012). Different Drosha mRNA targets have been 

identified in NSCs, including Neurogenin2, NeuroD1, NeuroD6 and 

Nuclear Factor I/B (NFIB) (Knuckles et al., 2012; Rolando et al., 2016). 

The transcription factor NFIB is required and sufficient to promote glial-fate 

specification (Deneen et al., 2006). In the adult hippocampus, Drosha 

silences NFIB mRNA and prevents the acquisition of an oligodendrocytic 

fate by DG NSCs (Rolando et al., 2016). There are two Drosha interacting 

HPs located in the 5’ UTR and 3’ UTR of the NFIB mRNA. Despite that 

both are bound by Drosha, only the NFIB 3’ UTR is cleaved. However, 

how the cleavage specificity towards the HPs is achieved has still to be 

investigated (Rolando et al., 2016). 

Drosha is ubiquitously expressed and its interactions are not restricted to 

DGCR8. Different Drosha-binding partners have been identified 

underlining the diversity of Drosha function on RNA including splicing and 

transcriptional regulation (Rouillard et al., 2016; Spadotto et al., 2018). 

However, the composition of the Drosha complexes that allow for NSC 

maintenance in the adult brain are broadly unknown. Thus, it is unclear 

how Drosha-mediated cleavage of mRNAs is regulated to ensure NSC 

pool maintenance.  

Here, we unraveled the Drosha interacting partners in DG hippocampal 

NSCs and identified novel RNA binding proteins (RBPs) involved in 

neurogenesis. We also identified RBPs that differentially contribute to the 

regulation of NFIB HPs and found fundamental differences between the 

HPs in post-transcriptional processes including mRNA translation. We 

investigated Drosha-interacting RBPs for their functions and identified the 

Scaffold Attachment Factor B1 (Safb1) as new regulator of NFIB mRNA 
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stability. We showed that Safb1 together with Drosha represses NFIB 

mRNA and that this regulation is crucial for preventing oligodendrocytic 

differentiation of NSCs. Therefore, we unraveled the Drosha/Safb1 

complex as a novel regulator of RNA stability and translation during 

neurogenesis. 
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RESULTS 

Identification of Drosha-binding partners in DG NSCs 

In order to identify Drosha interacting proteins that may regulate its DG 

NSC fate controlling activity, we performed Drosha co-immunoprecipitation 

(Co-IP) followed by tandem mass spectrometry (MS2) from adult mouse 

DG NSCs to establish a Drosha interactome (Figure 1A and Figure 

S1A,B). 165 proteins co-precipitated with Drosha from DG NSCs (p < 

0.05, log2 fold change ³ 3, FDR £ 0.001, peptide count ³ 4; Figure 1B and 

Table S1), the majority of which are RBPs (138; 84%) (Gerstberger et al., 

2014; Huang et al., 2018). We compared this dataset with a previous 

Drosha IP performed from human embryonic kidney cells (HEK293T) and 

found an overlap of 24 proteins (Macias et al., 2015). Comparison of our 

DG NSC Drosha interactome with the 20 protein components of the large 

Drosha complex described previously (CORUM protein complexes 

dataset) revealed an overlap of 11 proteins (Figure 1B,C) (Rouillard et al., 

2016). Therefore, approximately 50% of the canonical large Drosha 

complex proteins identified in other cellular systems were identified as 

Drosha partner proteins in the DG NSC interactome (Figure 1B,C). As a 

proof of concept, the canonical Drosha interacting protein and partner in 

the miRNA Microprocessor complex DGCR8, was highly enriched in our 

DG NSC Drosha interactome (Figure 1B). 

Process network analysis (MetaCore) indicated that 56 of the 165 Drosha 

interacting proteins (34%, p = 10-61) are involved in the regulation of 

transcription and mRNA processing (Figure 1D). Conversely, only 2 - 7% 

(3 - 11) of the Drosha interacting proteins have been linked to other 

process networks including translation, cell cycle, cell adhesion and the 

cytoskeleton (p = 10-1 - 10-3) (Figure 1D). In order to gain insights into the 

biological functions of the Drosha interactors, we performed Gene 

Ontology (GO) enrichment analysis of biological processes. The top GO 

term of the Drosha interactors in NSCs was RNA splicing (GO:0008380) 

with >30-fold enrichment, followed by RNA processing (Figure 1E). 
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We performed a STRING functional protein association network analysis 

with the DG NSC Drosha interactome (considering only experimentally 

determined data and curated databases) (Szklarczyk et al., 2019). The 

resulting network culminated in only one known major complex, indicating 

the close connectivity between interactors (Figure 1F and S1C,D). 

Strikingly, many of the known Drosha interactors, including Drosha itself, 

were not positioned in the core of the complex indicating additional 

mediators between Drosha and distant co-interactors. In summary, we 

identified Drosha binding partners in adult DG NSCs and found that they 

are mainly involved in transcriptional regulation and RNA splicing. 

Identification of interactors with NFIB 5’ UTR and 3’ UTR HP RNA 

sequences 

NFIB is required and sufficient to induce glial-fate specification of NSCs 

and its expression is repressed in DG NSCs by Drosha-mediated post-

transcriptional cleavage of its mRNA (Deneen et al., 2006; Rolando et al., 

2016). The 5’ UTR and 3’ UTR of the NFIB mRNA contain evolutionary 

conserved HPs that are bound by Drosha (Rolando et al., 2016). To 

determine the Drosha complexes that potentially control NFIB mRNA 

stability, we performed RNA pull-down experiments using the critical 

regulatory regions of the NFIB mRNA as bait (Rolando et al., 2016). 

We biotinylated the NFIB HPs including flanking sequences and pulled-

down proteins from DG NSC lysates which were subsequently analyzed 

by MS2 (Figure 2A). As a proof of concept, we confirmed that Drosha was 

precipitated with both the NFIB 5’ UTR and 3’ UTR HPs (Figure S2A). We 

identified 128 and 83 proteins by MS2 that bound the NFIB 5’ UTR and 3’ 

UTR HPs, respectively (p < 0.05, log2 fold change ³ 1, FDR £ 0.1, peptide 

count ³ 4) and that were significantly enriched compared to pull-downs 

with the proximal 3’ UTR of the androgen receptor (AR) mRNA that was 

used as a control bait (Figure 2B,C and Table S2). 

The majority of the DG NSCs proteins that interact with the NIFB HPs (117 

of 128 the 5’ UTR HP bound proteins and 78 of 83 the 3’ UTR HP bound 
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proteins) are known RBPs (Gerstberger et al., 2014; Huang et al., 2018). 

We performed MetaCore and GO term analysis of both the NFIB 5’ UTR 

and 3’ UTR HP bound protein datasets. Process networks analysis 

revealed that 22% and 27% of the NFIB 5’ UTR HP and 3’ UTR HP 

binding proteins, respectively, are involved in transcription (Figure 2D,E). 

Strikingly, translation initiation (21% of total, P-value 10-23) and elongation 

(22% of total, P-value 10-21) were strongly enriched in the 5’ UTR HP 

bound proteins, but were far less relevant for the 3’ UTR HP interacting 

proteins (9% of total, P-value 10-5 and 10-4). Similarly, STRING network 

analysis of 3’ UTR and 5’ UTR HP bound proteins resulted in comparable 

findings (Figure 2F,G and S2B,C). While both interaction datasets 

displayed a complex including many heterogeneous nuclear 

ribonucleoproteins (hnRNPs), only the 5’ UTR HP protein network showed 

an additional complex that included many ribosomal proteins (Figure 2G). 

NFIB interacting RBPs bind the HP flanking regions 

The binding of Drosha and its regulatory complexes to non-canonical 

cleavage sites in its target mRNAs is still not understood (Rolando et al., 

2016). We assessed whether the potential regulators of Drosha activity 

bind to the HPs or the flanking sequences in the region of the NFIB 5’ UTR 

and 3’ UTR HPs. We compared the DG NSC proteins that bound to the 

NFIB 5’ UTR HP and 3’ UTR HP probes with those that bound to hybrid 

RNA controls (AR RNA / 5’ UTR flanking and AR RNA / 3’ UTR flanking) 

where the HP forming region had been replaced with the AR RNA 

sequence but which retained the NFIB 5’ UTR and 3’ UTR HP flanking 

regions, respectively (Figure S2D,F). Hnrnpa2b1, Purb, Vcp, Pura and 

Rbm25 were enriched as interactors of the NFIB 5’ UTR HP whereas 

Rbmx was the only protein that selectively interacted with the NFIB 3’ UTR 

HP (Figure S2D,F). These results indicated that the majority of the RBPs 

bind to the HP flanking regions in the 5’ and 3’ UTRs of the NFIB mRNA. 

Indeed, 808 proteins bound to the 5’ UTR flanking region of NFIB mRNA 

and 892 proteins bound the 3’ UTR HP flanking region (Table S2). 

Process networks analysis indicated that ~20 % of the proteins associated 
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with the 5’ UTR and 10% of the proteins associated with the 3’ UTR HP 

regions are involved in translation (Figure 2C). Similarly, GO biological 

process analysis revealed that translation (GO:0006412) was 10-fold 

enriched in the 5’ UTR HP flanking dataset compared to the random 

control prediction, whereas regulation of gene expression and RNA 

processing were most enriched in the 3’ UTR HP flanking region binding 

protein dataset (Figure S2E,G). 

Previously, we had found that the 3’ UTR HP of NFIB mRNA is cleaved by 

Drosha and this contributes to the destabilization of the RNA and blockade 

of NFIB expression (Rolando et al., 2016). Therefore, we focused on the 

proteins that preferentially interact with the NFIB UTR HPs (Figure 2B,D; 

colored dots). We identified 18 proteins (p < 0.05, log2 fold change ³ 1, 

FDR £ 0.1, peptide count ³ 4) that preferentially bound to the NFIB 3’ UTR 

and not to the NFIB 5’ UTR HP (Figure S2H, Table S2), with the highest 

enrichment for Hnrnpl, Safb1, Sfpq and Nono. GO analysis of the NFIB 3’ 

UTR HP specific interacting proteins showed significant enrichment in 

negative regulation of mRNA metabolic processes (GO:1903312), 

consistent with 3' UTR-mediated mRNA stabilization (Figure S2I). 

Identification of modulators of non-canonical Drosha activity 

We hypothesized that the proteins interacting with Drosha and NFIB HPs 

could facilitate the Drosha-mediated cleavage of target mRNAs. We 

compared the lists of Drosha, NFIB 3’ and 5’ UTR interacting proteins 

(Figure 3A and Table S3) and identified 18 candidates, all of which have 

previously been reported to be RBPs (Gerstberger et al., 2014; Huang et 

al., 2018). As a proof of principle, this subset of 18 RBPs included the 

Hnrnp family members Hnrnpa1, Hnrnpa2b1 and Hnrnpu, which are 

known interactors of Drosha (Macias et al., 2015; Rouillard et al., 2016). In 

addition, we identified 5 RBPs that interacted only with Drosha and the 3’ 

UTR HP region of NFIB and 14 RBPs that bound only to Drosha and the 5’ 

UTR HP but not the 3’ UTR HP regions of NFIB. The majority of Drosha-

binding partners, including the main partner of Drosha in miRNA 
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biogenesis, DGCR8, did not interact with the NFIB 3’ UTR or 5’ UTR HP 

regions (127 out of 165 identified proteins in the Drosha IP).  

To elucidate potential regulatory functions of the NFIB mRNA-interacting 

RBPs in Drosha-mediated control of NFIB RNA stability, we developed a 

Drosha-cleavage activity reporter system in the DG NSC system. We 

generated stable DG NSC lines carrying a destabilized EGFP (EGFPd2), 

doxycycline-regulated expression cassette and floxed Drosha alleles 

(Droshafl/fl) (Li et al., 1998). One Droshafl/fl DG NSC line stably expressed 

the control EGFPd2 reporter (Tet-on ctrl) (Figure 3B). Another Droshafl/fl 

DG NSC line carried the same doxycycline-regulated EGFPd2 expression 

cassette but the NFIB 3’ UTR HP sequence had been inserted 

downstream of the EGFPd2 coding region (Tet-on 3’ UTR) thus mimicking 

the endogenous Drosha-mediated NFIB mRNA processing site (Figure 3B 

and S3A,B). Both Tet-on ctrl and Tet-on 3’ UTR NSC lines retained stem 

cell properties including the capacity to generate neurons in vitro (Figure 

S3A). 

EGFPd2 (referred to hereafter as GFP) expression was induced to 

submaximal levels by tittered administration of doxycycline (Figure S3C,D 

and G). To test whether these inducible DG NSC systems reproduce 

Drosha-mediate mRNA cleavage of the NFIB mRNA, we analyzed GFP 

expression following conditional Drosha ablation (cKO) induced by 

transient expression of Cre-recombinase (Cre-IRES-Tom) (Figure 3B and 

S3E) (Rolando et al., 2016). 48 hours after Drosha cKO, we administered 

doxycycline to induce GFP expression from the Tet-on ctrl and Tet-on 3’ 

UTR HP reporter constructs (Figure 3C), and compared the expression of 

GFP from these reporters in wild-type (Tom-) and Drosha cKO (Tom+) 

NSCs by FACS analysis. Drosha cKO increased GFP expression from the 

Tet-on 3’ UTR HP reporter compared to cells with Drosha. Conversely, 

Drosha cKO did not affect GFP levels produced from the Tet-on ctrl 

reporter (Figure 3D and S3F). Therefore, insertion of the NFIB 3’ UTR HP 

into the Tet-on 3’ UTR reporter construct conveyed Drosha sensitivity and 

the system enables quantification of Drosha cleavage of target mRNAs. 



   46 

Drosha and NFIB RNA interacting proteins are novel regulators of 

NFIB HP processing 

From the combined proteomic experiments, we hypothesized that the 

Drosha and NFIB RNA interacting proteins modulate the activity of Drosha 

towards its targets, including NFIB mRNA. To assess these effects, we 

selected RBPs from the Drosha interacting protein dataset and performed 

gain-of-function analysis in the Tet-on DG NSCs lines (Figure 3E). We 

expressed Bub3, Ddx5, Ddx17, DGCR8, Dhx9, Fus, Hnrnpa1, Hnrnpu, 

Khsrp, Pabpn1, Prpf6, Qki, Safb1, Sam68, Sart1, Sf1, Tdp4 and Trim9 in 

DG NSCs under the control of a CAG promoter (CAG::RBP-IRES-CFP) or 

expressed CFP as a control (CAG::CFP), and assessed the regulation of 

the Tet-on ctrl and Tet-on 3’ UTR HP reporters. 24 hours after expression 

of the RBP or CFP alone (CAG::CFP), we induced the Tet-on ctrl and Tet-

on 3’ UTR reporters, respectively, by doxycycline induction, and quantified 

GFP expression in the single cells by FACS and populations after sorting 

by RT-qPCR (Figure 3E and Figure S3G). 

We quantified the changes in GFP intensity (GFP protein) following RBP 

expression (CFP+) in the Tet-on 3’ UTR HP DG NSC line and standardized 

these changes to changes caused by the same RBP expressed in the Tet-

on ctrl DG NSCs. This approach aimed to identify RBPs that acted directly 

on the NFIB 3’ UTR HP sequences and not through indirect effects on the 

Tet-on EGFPd2 expression cassettes via transcriptional and translational 

regulation, independent of the NFIB 3’ UTR HP sequences. Among the 

eighteen RBPs tested, Dhx9, Sf1, Hnrnpu and TDP-43 caused the most 

dramatic increases in GFP expression in a NFIB 3’ UTR HP-dependent 

fashion. Conversely, Safb1, Qki, Sam68 and Sart1 induced the most 

pronounced reduction in GFP protein expression (Figure 3F, S3H). Of 

these 8 RBPs that showed the greatest effects on GFP levels from the 

Tet-on 3’ UTR HP reporter, Fus and Safb1 were those that also showed a 

similar corresponding change in the GFP mRNA levels (Fus 824%, Safb1 
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48%) suggesting their actions were based on regulation of mRNA turnover 

(Figure 3F). 

As Drosha destabilizes NFIB mRNA, reduces NFIB protein expression and 

reduces GFP expression from the Tet-on 3’ UTR HP reporter, we 

hypothesized that Drosha partners that reduce GFP mRNA and protein 

expression from the Tet-on 3’ UTR HP construct are potential positive 

regulators of Drosha activity. Safb1 was the only RBP that strongly 

reduced GFP mRNA and protein expression suggesting its direct 

involvement in NFIB 3’ UTR HP regulation (Figure 3F). 

Safb1 regulates NFIB 3’ UTR HP stability via Drosha 

Safb1 showed a strong binding preference towards the NFIB 3’ UTR HP 

compared to the NFIB 5’ UTR HP (Figure S2H). We addressed whether 

this specificity underlies differences in a functional regulation of the NFIB 

5’ UTR and 3’ UTR HPs by Drosha. Therefore, we generated an 

independent stable DG NSC line expressing Tet-on 5’ UTR GFP, where 

the NFIB 3’ UTR HP sequence in the Tet-on 3’ UTR HP construct had 

been exchanged with the NFIB 5’ UTR HP sequence (Figure 4A and 

S4A,B). 

We expressed Safb1 (CAG::Safb1-IRES-CFP) in Tet-on GFP, Tet-on 5’ 

UTR and Tet-on 3’ UTR reporter DG NSC lines and compared the levels 

of GFP protein and mRNA 48 hours after Doxycycline induction relative to 

the effects of expressing GFP alone (CAG::CFP) (Figure 4E). Safb1 

overexpression significantly reduced GFP mRNA expression in Tet-on 3’ 

UTR reporter cells (Figure 4B). Interestingly and in stark contrast, Safb1 

overexpression increased GFP mRNA in Tet-on 5’ UTR HP reporter NSCs 

indicating key differential roles of Safb1 on the two HPs (Figure 4B). 

Similarly, GFP protein intensity was also reduced in the Tet-on 3’ UTR DG 

NSCs following Safb1 expression (Figure 4C). These data show that 

Safb1 could regulate NFIB mRNA stability through the 3’ UTR HP. 

To address whether Safb1 and Drosha cooperate to regulate NFIB mRNA, 

we first investigated whether Drosha and Safb1 physically interact in DG 

NSCs via a co-immunoprecipitation assay (co-IP). We immunoprecipitated 
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endogenous Drosha from DG NSCs with an anti-Drosha antibody and 

detected endogenous Safb1 in the IP but not PKC-a, which we used as a 

negative control as it has not been reported to interact with Drosha and 

was not identified in the MS of the Drosha IP (Figure 4D and S4C-E). 

To address whether Safb1 and Drosha cooperate at the NFIB 3’ UTR HP, 

we analyzed the effects of Safb1 overexpression on the Tet-on 3’ UTR 

reporter in the presence and absence of Drosha (Figure 4E). In the former, 

Safb1 overexpression reduced GFP expression from the doxycycline-

induced Tet-on 3’ UTR reporter at the RNA (RT-qPCR) and protein level 

(FACS), respectively, compared to the Tet-on GFP reporter (Figure 4E-G). 

We then addressed the effects of Safb1 overexpression in the absence of 

Drosha. While Drosha cKO increased GFP expression from the Tet-on 3’ 

UTR HP reporter at the RNA and proteins levels relative to the Tet-on GFP 

reporter, simultaneous Drosha cKO and overexpression of Safb1 reversed 

the effects of both mRNA and protein indicating that Drosha and Safb1 

work together to regulate Tet-on 3’ UTR HP expression (Figure 4E-G). 

Safb1 represses NFIB expression in DG NSCs 

Safb1 reduced expression of the NFIB 3’ UTR HP reporter in a Drosha-

dependent manner. We mapped Safb1 RNA binding motifs and found 12 

potential binding sites in the NFIB 3’ UTR HP sequence (Figure 5A) 

(Rivers et al., 2015). We evaluated Safb1 binding to the endogenous NFIB 

mRNA by crosslinking and immunoprecipitation (CLIP) with anti-Safb1 

antibodies from DG NSCs followed by RT-qPCR analysis (Figure S5A). 

Both NFIB mRNA and the known Safb1 target, Hnrnpu mRNA, were 

bound and precipitated with Safb1 (Figure 5B). Therefore, we evaluated 

the effects of Safb1 overexpression on the endogenous NFIB mRNA 

levels in DG NSCs by RT-qPCR. Safb1 overexpression reduced NFIB 

mRNA levels similar to its effects on the Tet-on 3’ UTR HP reporter and 

opposite to the effects of Drosha cKO (Figure 5C) (Knuckles et al., 2012; 

Rolando et al., 2016). Thus, Safb1 directly binds NFIB mRNA and 

represses its levels in DG NSCs. 
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Safb1 regulates oligodendrocyte differentiation from NSCs 

The multipotent NSCs of the DG generate predominately granule neurons 

as well as astrocytes but not oligodendrocytes and their fate is controlled 

in part by Drosha and its post-transcriptional repression of NFIB 

expression (Rolando et al., 2016). To assess the expression of Safb1 in 

the hippocampus in vivo, we genetically labelled neurogenic DG NSCs in 

Hes5::CreERT2, Rosa26-CAG::EGFP mice (Lugert et al., 2012). The Notch 

signal target Hes5 is expressed only by NSCs in the DG and 

Hes5::CreERT2 can be used to lineage trace neurogenic and gliogenic 

cells in the adult mouse following Tamoxifen induction (Lugert et al., 2010; 

Lugert et al., 2012). Safb1 protein was expressed by most cells in the adult 

DG including GFAP+ and Hes5+ radial NSCs (Figures S5B). In line with 

this, DG NSC cultures also showed high levels of Safb1 expression 

indicating that Safb1 is expressed by DG NSCs both in vivo and in vitro 

(Figure S5C). 

As Safb1 promotes Drosha cleavage of NFIB transcript and Drosha 

activity controls DG NSC fate in vivo and in vitro (Rolando et al., 2016), we 

evaluated the role of Safb1 in DG NSCs by esiRNA-mediated knockdown 

(KD) in vitro. Safb1 KD caused a rapid increase in activated Casp3 and 

loss of DG NSC within 48 hours, preventing further fate analysis (Figure 

S5D,E). Therefore, we undertook a different approach to address the role 

of Safb1 in NSC fate choice. While adult DG NSCs are fate restricted to 

generate neurons and astrocytes at the expense of oligodendrocytes, 

adult SVZ NSCs generate the three neural lineages including 

oligodendrocytes in vivo and in vitro (Kang et al., 2019; Lachapelle et al., 

2002; Rolando et al., 2016; Sohn et al., 2012). We isolated SVZ NSCs 

from postnatal mice and expanded them in vitro. SVZ NSCs expressed 

Safb1 at lower levels than DG NSCs (Figure S5F). Sox10+ 

oligodendrocytic progenitors within the SVZ NSC cultures showed even 

lower Safb1 expression showing an inverse correlation between Safb1 

expression and the oligodendrocytic differentiation marker Sox10 (Figure 

S5F). 
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As we were unable to address Safb1 KD DG NSCs due to their cell death, 

we evaluate the role of Safb1 during NSC differentiation by overexpressing 

Safb1 in SVZ NSCs (Figure S5G). We transfected SVZ NSCs with 

CAG::Safb1-IRES-CFP or CAG::CFP expression vectors and analyzed 

their fate 48 hours later (Figure 5D,E). Safb1 overexpression reduced 

Sox10+CFP+ oligodendrocyte differentiation (Safb1 overexpression: 

19.9%±1.6%, p < 0.01; CFP ctrl: 33.2%±1.2%). Non-transfected cells in 

the cultures continued to produce oligodendrocytes. Therefore, Safb1 

repressed oligodendrocytic differentiation of NSCs in a cell autonomous 

fashion. 
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DISCUSSION 
Post-transcriptional regulation of gene expression contributes significantly 

to proteome regulation in NSCs (Pilaz and Silver, 2015; Ratti et al., 2006). 

miRNA-independent regulation of mRNA stability by Drosha recently 

emerged as crucial post-transcriptional regulator of NSC fate (Knuckles et 

al., 2012; Rolando et al., 2016). Several mRNAs are targets of Drosha and 

most contain evolutionarily conserved HP structures (Chong et al., 2010; 

Johanson et al., 2013; Knuckles et al., 2012; Rolando et al., 2016; 

Rolando and Taylor, 2017). More than 2000 human mRNAs are predicted 

to form secondary HPs that resemble pri-miRNAs, opening up a huge 

potential for non-canonical Drosha mRNA endonucleolytic function in 

different cells (Johanson et al., 2013; Pedersen et al., 2006). Non-

canonical functions of Drosha influences NSC maintenance and 

differentiation in the embryonic and adult brain by regulating the 

expression of mRNAs encoding for cell fate determining transcription 

factors (Knuckles et al., 2012; Rolando et al., 2016). Nevertheless, how 

Drosha-mediated mRNA regulation is achieved to ensure physiological 

regulation of NSC activity and fate was unknown. Here, we uncovered 

novel Drosha-containing protein complexes in hippocampal NSCs and 

identify an RBP partner that modulates Drosha activity towards the mRNA 

of NFIB. 

By MS2, we identified 165 Drosha-interacting proteins in hippocampal 

NSCs and found that the majority of these are RBPs (Gerstberger et al., 

2014; Huang et al., 2018). 15% of the NSC enriched Drosha-binding 

partners were also identified in HEK293T confirming that some Drosha 

partners and complexes are conserved across different cell types. Yet this 

findings further suggests that although ubiquitously expressed, there are 

also likely to be cell type-specific Drosha complexes (Macias et al., 2015; 

Rouillard et al., 2016). GO analysis showed the Drosha-interacting 

proteins have diverse functions but they frequently have established roles 

in RNA splicing and mRNA processing.  
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The role of DGCR8 together with Drosha in miRNA biogenesis has been 

well studied (Han et al., 2004). However, the contribution of DGCR8 to 

non-canonical Drosha functions in NSCs was unclear. We found that 

DGCR8 does not interact with NFIB UTR HPs and its overexpression does 

not affect NFIB HP cleavage. Therefore, these findings suggest that 

DGCR8 does not contribute to Drosha-mediated regulation of NFIB in 

adult NSCs and supports the requirement for other factors in cell-type 

specific regulation of RNA stability. 

The top Drosha-interacting partner was Mex3c, an E3 ubiquitin ligase that 

post-transcriptionally regulates the 3' UTR of HLA-A2 mRNA by promoting 

mRNA decay. Its RNA binding domain is sufficient to prevent translation, 

but its ubiquitin ligase activity is required for mRNA degradation (Cano et 

al., 2012). It is not yet clear how Drosha interacts with Mex3c and why this 

interaction is highly enriched in NSCs, however, our dataset provides 

information of many novel interactions, that may serve as stepping stones 

for further investigation of proteome regulation. 

NFIB transcript is a major target of Drosha in DG NSCs. NFIB mRNA has 

two HPs located in the UTR sequences that are both evolutionary 

conserved among species and convey Drosha sensitivity to the transcript 

(Rolando et al., 2016). Although Drosha binds both the 5’ and 3’ UTR HP 

regions of NFIB mRNAs, only the 3’ UTR HP is cleaved. To understand 

how Drosha activity on its mRNA targets is modulated, we identified NFIB-

interacting proteins that bind the 3’ and 5’ UTR HP regions. 

The NFIB 5’ UTR HP showed stronger interactions with ribosomal proteins 

including Rpl7, Rpl15, Rpl23a, Rpl27, Rpl31, Rps7, Rps15a and Rps25, 

compared to the NFIB 3’ UTR HP, suggesting additional regulatory 

mechanisms on NFIB protein expression. 

In agreement, the top two 5’ UTR interacting partners were Rpl17, a 

ribosomal protein and translational regulator and the prolyl isomerase 

Fkbp3, a chromatin modifying enzyme responsible for cell cycle 

progression (Dilworth et al., 2018). These findings indicate that the Drosha 

targeted mRNA regions likely fulfill multiple roles in the regulation of NFIB 
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expression. In support of this hypothesis, in silico analysis of the NFIB HP 

interacting proteins revealed strong differences in the 5’ and 3’ UTR 

interacting complexes associated with translation. 

The protein with the highest fold enrichment on the NFIB 3’ UTR HP was 

SAFB-like transcription modulator (Sltm), which, together with Safb1 and 

Safb2, forms the Safb protein family. Sltm is expressed primarily in the 

nuclei and dendrites of cortical and hippocampal neurons, where it may 

affect mRNA processing and/or transport (Norman et al., 2016). Although 

Sltm does not selectively bind the 3’ UTR HP region, it will be interesting to 

investigate the role of Sltm and Safb2 in DG NSC fate regulations to 

assess the full regulatory potential of this family of RBPs. 

In silico analysis of the 78 (94%) 3’ UTR HP binding proteins and the 117 

(91%) 5’ UTR HP binding proteins revealed to be RBPs (Gerstberger et 

al., 2014; Huang et al., 2018). However, the remaining putative non-RBPs 

might influence RNA processing via the formation of secondary complexes 

or have novel RNA binding domains that have not been described to date. 

Interestingly, both the NFIB 5’ and 3’ UTR HP regions are bound by many 

proteins that are involved in transcription and splicing. It remains to be 

determined whether these transcription and splicing functions require 

Drosha activity or not. As the RNA probes used in this assay did not 

require in cyto transcription or splicing, it suggests that preformed 

complexes in the cell recognize these RNA sequences independent of 

cellular localization and RNA biogenesis.  

We investigated the functional contribution of Bub3, Ddx5, Ddx17, Dgcr8, 

Dhx9, Fus, Hnrnpa1, Hnrnpu, Khsrp, Pabpn1, Prpf6, Qki, Safb1, Sam68, 

Sart1, Sf1, Tdp4 and Trim9 in regulating NFIB HP containing transcripts. 

Qki displayed the second strongest reduction in reporter GFP expression. 

Qki is an RBP known to be involved in mRNA processing and splicing 

(Fagg et al., 2017; Wu et al., 2002). Although Qki is involved in 

oligodendrocyte differentiation (Larocque et al., 2005), our data suggests 

that it does not repress endogenous NFIB and, therefore, does not seem 
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to have a major role in Drosha-mediated NFIB-regulated oligodendrocyte 

fate shift by DG NSCs (Figure S5H). 

 Safb1 was the major regulator of Drosha-mediated NFIB mRNA cleavage 

identified in our screens. Safb1 binds AT-rich scaffold-matrix attachment 

regions (S/MARs) in DNA (Renz and Fackelmayer, 1996). However, Safb1 

also binds RNA and is involved in RNA-dependent chromatin organization 

and mRNA processing (Huo et al., 2019; Rivers et al., 2015; Stoilov et al., 

2004). Safb1 is implicated in multiple cellular processes, including cellular 

stress, DNA damage response, cell growth and has been linked to miRNA 

biogenesis (Altmeyer et al., 2013; Townson et al., 2000; Treiber et al., 

2017). Although Safb1 is expressed in many tissues, its expression is 

particularly high in the brain (Rivers et al., 2015; Townson et al., 2003). 

Loss of Safb1 function results in embryonic or perinatal lethality and our 

attempts to induce a complete Safb1 knockdown also induced cells death 

(Ivanova et al., 2005). Hence, the function of Safb1 in the brain remains 

unclear. We show here that Safb1 prevents oligodendrogenesis by 

activating Drosha-mediated NFIB cleavage in NSCs. This is in line with the 

strong Safb1 expression in the adult DG NSCs (Rivers et al., 2015) where 

oligodendrogenesis does not occur under physiological conditions but 

Safb1 is expressed at lower levels in cells of the oligodendrocytic lineage 

and oligodendrogenic NSCs of the adult V-SVZ. 

The Drosha requirements and binding sites for biogenesis of miRNA have 

been extensively studied (Kim et al., 2017). However, it remained to be 

shown how Drosha-mediated cleavage of target mRNAs is achieved, as 

this is clearly a separate mechanism (Kim et al., 2017; Rolando and 

Taylor, 2017). Previously, we showed that binding of Drosha to an mRNA 

region is not always conducive with cleavage (Rolando et al., 2016). This 

implies a multifaceted regulator control of targeting and cleavage and that 

these processes may not be necessarily linked. The differential targeting 

of Drosha to its cell-type specific targets has major functional implications 

in the dynamic control of Drosha activity. Our description of a strong 

binding preference of Safb1 towards the NFIB 3’ UTR HP sequences 
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which promotes an inhibitory effect of the 3’ UTR stability supports 

multifactorial control of Drosha specificity. Therefore, we propose that 

Drosha-mediated RNA cleavage requires interactions with specific RBPs 

that are able to direct its specificity to targets in the miRNA biogenesis 

pathway and for mRNA destabilization. Our data uncover novel Drosha 

interacting proteins and in the future it will be important to investigate 

these Drosha/RBP complexes and their functional involvement in NSC fate 

regulation as well as in other cellular systems and contexts.  
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FIGURE LEGENDS 
Figure 1: Drosha interacts with RNA regulatory proteins in neural 
stem cells 

A. Scheme of the Drosha coimmunoprecipitation MS2 procedure. 

B. Volcano plot of MS2 quantified proteins displaying log2 fold change (x-

axis) versus -log10 P-value (y-axis). Significant enrichment for highlighted 

proteins (green dots) was assessed by considering P-value < 0.05, log2 

fold change ³ 3 and FDR £ 0.001. Known Drosha interactors are displayed 

by magenta framed dots. 

C. Venn-Diagram showing overlaps of identified Drosha interactors in DG 

NSCs with Drosha-IP from Macias et al. and CORUM large Drosha 

complex dataset (Macias et al., 2015; Rouillard et al., 2016). 

D. MetaCore enrichment analysis of process networks for identified 

Drosha-interacting proteins. Bar length corresponds to percentage of 

protein number out of total identified Drosha interacting proteins for each 

of the indicated category. P-values indicated by color. 

E. GO terms (PANTHER) of biological processes for identified Drosha 

interacting proteins. Bar length corresponds to fold change enrichment per 

category. P-values indicated by color. 

F. STRING network analysis of identified Drosha interacting proteins. 

Nodes are indicated by green dots, edges exclusively correspond to 

known interactions from experimental data and databases. Only nodes 

with one or more edges are displayed, protein isoforms are shown 

collectively. 

 

Figure 2: Distinct interactions of NFIB 3' UTR and 5' UTR HPs with 
RNA binding proteins in NSCs. 
A. Scheme of the NFIB HP pull-down and MS2 procedure. 

B. Volcano plot of MS quantified NFIB 5’UTR interacting proteins 

displaying log2 fold change (x-axis) versus -log10 P-value (y-axis). 

Significant enrichment for highlighted proteins (red dots) was achieved by 
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P-value < 0.05, log2 fold change ³ 1 and FDR £ 0.1. Subset of interesting 

proteins is displayed (black framed dots). 

C. MetaCore enrichment analysis of Process Networks and GO terms 

(PANTHER) of biological processes for identified NFIB 5’ UTR interacting 

proteins. Bar length corresponds to percentage of protein out of total 

identified NFIB 5’ UTR interacting proteins per category (Process 

Networks) or to fold change per category (GO biological processes). P-

values indicated by color. 

D. Volcano plot of MS2 quantified NFIB 3’ UTR interacting proteins 

displaying log2 fold change (x-axis) versus -log10 P-value (y-axis). 

Significant enrichment for highlighted proteins (blue dots) was achieved by 

P-value < 0.05, log2 fold change ³ 1 and FDR £ 0.1. Subset of interesting 

proteins is displayed (black framed dots). 

E. MetaCore enrichment analysis of Process Networks and GO terms 

(PANTHER) of biological processes for identified NFIB 3’ UTR interacting 

proteins. Bar length corresponds to percentage of proteins out of total 

identified NFIB 3’ UTR interacting proteins per category (Process 

Networks) or to fold change per category (GO biological processes). P-

values are indicated by color. 

F, G. STRING network analysis of identified NFIB 5’ UTR HP and 3’ UTR 

HP interacting proteins. Nodes are indicated by colored dots, edges 

exclusively correspond to known interactions from experimental data and 

databases. Only nodes with one or more edges are displayed, protein 

isoforms are shown collectively. 

 

Figure 3: Overexpression of Drosha interactors affects Drosha 

mediated cleavage on NFIB 3’ UTR.  
A. Venn-diagram showing overlaps between identified Drosha interactors 

(green), NFIB 3’ UTR (blue) and NFIB 5’ UTR (red). Numbers indicate the 

total proteins, numbers in brackets indicate how many are known RBPs. 

Proteins selected for the functional assay are highlighted in bold. 

B. Scheme of the experimental paradigm of Tet-on reporter lines. 
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C. Experimental setup for Drosha cKO experiments followed by FACS 

analysis. 

D. FACS analysis of Tet-on 3’ UTR and ctrl DG NSCs following Drosha 

cKO. Quantification of median fluorescence intensity of GFP from Drosha 

cKO over wt in Tet-on ctrl and 3’ UTR lines, n = 5, two-tailed Mann-

Whitney test: **p<0.01. Error bars SEM. 

E. Scheme of the experimental setup for RBP overexpression experiments 

in Tet-on ctrl and 3’-UTR HP lines followed by FACS and RT-qPCR 

analysis. 

F. Candidate RBP overexpression analysis in DG NSCs. Percentage of 

GFP change in Tet-on 3’UTR over ctrl line for protein fluorescence (FACS, 

x-axis) and mRNA (RT-qPCR, y-axis). Changes of +/- 50% were 

considered as significantly different (green area). 

 

Figure 4: Safb1 overexpression leads to specific 3’ UTR changes and 
is mediated by Drosha.  

A. Scheme of the constructs used for generating Tet-on ctrl, Tet-on 3’ UTR 

and Tet-on 5’ UTR DG NSCs. 

B. RT-qPCR analysis of GFP mRNA levels. Samples overexpressing CFP 

and Safb1 in Tet-on 3’ UTR and Tet-on 5’ UTR lines (x-axis). Percentage 

of mean GFP mRNA expression of Tet-on 3’ and Tet-on 5’ UTR DG NSCs 

compared to Tet-on ctrl DG NSCs (y-axis); n = 12, 5, 3; one-way ANOVA 

with Holm-Sidak’s test: *p<0.05, **p<0.01, **p<0.001, Error bars SEM. 

C. FACS analysis of EGFPd2 (GFP) protein fluorescence. Samples 

overexpressing CFP and Safb1 in Tet-on 3’ UTR and 5’ UTR DG NSCs as 

indicated (x-axis). Percentage of median GFP protein fluorescence of Tet-

on 3’ UTR and Tet-on 5’ UTR DG NSCs over Tet-on ctrl DG NSCs (y-

axis). n = 15, 6, 7; one-way ANOVA with Tukey’s test: ***p<0.001. Error 

bars SEM. 

D. Western blot validation of Drosha-Safb1 interaction. Drosha Co-IP 

shows enrichment for Drosha co-precipitation of Safb1. Negative control is 

PKC-a. 
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E. Experimental setup for Safb1 overexpression in Drosha cKO Tet-on ctrl 

and 3’ UTR lines followed by FACS and RT-qPCR analysis. 

F. RT-qPCR analysis of GFP mRNA levels. Samples OE Safb1 and/or 

Drosha cKO in Tet-on 3’ UTR line (x-axis). Percentage of mean GFP 

mRNA expression of Tet-on 3’ UTR over Tet-on ctrl reporter line (y-axis), 

100% line indicates no change. n = 3, one-way ANOVA with Dunnett’s 

test: *p<0.05. Error bars SEM 

G. FACS analysis of GFP protein fluorescence. Samples OE Safb1 and/or 

cKO Drosha in Tet-on 3’ UTR line (x-axis). Percentage of median GFP 

intensity of Tet-on 3’ UTR over Tet-on ctrl reporter line (y-axis), 100% line 

indicates no change. n = 5, one-way ANOVA with Tukey’s test: **p<0.01. 

Error bars SEM. 

 

Figure 5: Safb1 overexpression leads to decreased levels of NFIB 

and affects oligodendrogenesis.  
A. In silico motif analysis of Safb1 binding sites on NFIB 3’ UTR. 

B. RT-qPCR analysis of Safb1 CLIP. Relative expression (-ddct values) is 

calculated over input and -Ab control., Negative control: Ubc. positive 

control: Hnrnpu, Gene of interest: NFIB, n = 3, one-way ANOVA with 

Dunnett’s test: *p<0.05, **p<0.01. Error bars SEM. 

C. RT-qPCR analysis of NFIB mRNA in DG NSCs. Samples 

overexpressing CFP (mock) and Safb1 in DG NSCs, fold change of NFIB 

mRNA is calculated over wt. n = 4, two-tailed Mann-Whitney test: *p<0.05. 

Error bars SEM. 

D. Safb1 overexpression assay in perinatal SVZ neurospheres. Cells were 

transfected with CFP (mock) or Safb1-CFP OE expressing vector. Staining 

for CFP, Safb1, Sox10. Scale bar: 20 µm. 

E. Quantification of immunohistochemistry. Samples overexpressed for 

CFP (mock, n = 3) and Safb1 OE (n = 4) samples are shown as 

percentage of transfected (CFP+) cells expressing Sox10. Two-tailed 

Welch’s t-test: **p<0.01. Error bars SEM. 
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Figure S1: DG NSCs can differentiate and form a large Drosha 

complex. Related to Figure 1. 
A. DG NSCs cells in the expansion and differentiation phases of culture. 

Immunohistochemistry for BLBP, MAP2 and Sox10. Scale Bar 50 µm. 

B. Immunoblot (IB) validation of Drosha IP. IP with Drosha antibodies 

shows coprecipitation of Drosha. IP with Safb1 antibodies shows 

coprecipitation of Drosha. – negative control precipitation without antibody. 

Drosha protein and immunoglobulin (Ig) heavy chain from the precipitating 

antibody and detected in the Western blot are indicated.  

C. STRING network analysis of identified Drosha interacting proteins 

(Related to Figure 1F). Node size corresponds to node degree, node color 

corresponds to betweenness centrality, edges exclusively correspond to 

known interactions of experimental data and databases. Only nodes with 

one or more edges are displayed, protein isoforms were analyzed 

collectively. 

D. Common network parameters for Drosha IP network compared with a 

random network of similar node size. (Related to Figure 1F) 

 

Figure S2: Both NFIB HPs interact with Drosha in DG NSCs and bind 

HP and flanking specific proteins. Related to Figure 2.  
A. Immunoblot (IB) validation of Drosha precipitation with NFIB RNA 3’ 

and 5’ UTR pull-down probes. Negative control precipitation is bead-only 

control (Bead ctrl). 

B, C. Common network parameters for pull-down networks compared with 

random networks of similar node size for the NFIB 5’ UTR (B) and NFIB 3’ 

UTR (C) probes. 

D. Proteomics analysis of NFIB 5’ UTR HP interactors. Volcano plot of 

MS2 quantified proteins displaying log2 fold change (x-axis) versus -log10 

P-value (y-axis). 

E. NFIB 5’ UTR HP flanking region protein association analysis. The 

dataset of flanking proteins includes proteins not enriched for 5’ UTR HP 

or control in MS2 analysis. Non-specific bead binding proteins were 
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subtracted from the analysis. MetaCore enrichment analysis of process 

networks and GO terms (PANTHER) of biological processes for identified 

NFIB 5’ UTR HP flanking binding proteins. 
F. Proteomics analysis of NFIB 3’ UTR HP interactors. Volcano plot of MS2 

quantified proteins displaying log2 fold change (x-axis) versus. -log10 P-

value (y-axis). 

G. NFIB 3’ UTR HP flanking region protein association analysis. The 

dataset of flanking proteins includes proteins not enriched for 3’ UTR HP 

or control in MS2 analysis. Non-specific bead binding proteins were 

subtracted from the analysis. MetaCore enrichment analysis of process 

networks and GO terms (PANTHER) of biological processes for identified 

NFIB 3’ UTR HP flanking binding proteins. 

H. Proteomics analysis of NFIB 3’ versus 5’ UTR HP interactors. Volcano 

plot of MS2 quantified proteins displaying log2 fold change (x-axis) versus -

log10 P-value (y-axis). 

I. MetaCore enrichment analysis of process networks and GO terms 

(PANTHER) of biological processes for specific NFIB 3’ UTR HP flanking 

proteins. Volcano plots: Significant enrichment for highlighted proteins 

(colored dots) was achieved by P-value < 0.05, log2 fold change ³ 1 and 

FDR £ 0.1. Subset of protein names is displayed. Bar plots: Bar length 

corresponds to percentage of protein number out of total identified NFIB 

UTR HP interacting proteins per category or to fold change per category, 

respectively. P-values indicated by color. 

 

Figure S3: Tet-on reporter lines have unchanged differentiation 

potential and respond to Drosha cKO. Related to Figure 3. 

A. Characterization of the control (Tet-on ctrl) and NFIB 3’ UTR HP (Tet-

on 3’ UTR) expressing DG NSCs cells in the expansion and differentiation 

phases of culture. Immunohistochemistry for the progenitor marker BLBP, 

neuronal protein Map2 and oligodendrocyte protein Sox10. Scale Bar 50 

µm. 
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B. Genotyping control of the stable Tet-on 3’ UTR DG NSC cell line. 

Agarose gel separation of amplicons and validation of stable insertion of 

Tet-on 3’ UTR HP construct. Positive control (plasmid ctrl): plasmid 

construct - Tet-on 3’ UTR HP construct, negative control (neg. ctrl): H2O.  

C. Expression of EGFPd2 from the doxycycline induced (48 hours) Tet-on 

control DG NSC line (Tet-on ctrl). Scale Bar 50 µm. 

D. Doxycycline dose response curve on Tet-on control DG NSC line (Tet-

on ctrl). Quantification of EGFPd2+ (GFP) cells per visual field of a 

confluent culture. 

E. RT-qPCR quantification of Drosha mRNA levels after Drosha cKO from 

Tet-on 3’ UTR DG NSC line before (Ctrl) after infection with Adeno-Cre 

viruses (Drosha cKO). n = 4, two-tailed Mann-Whitney test: *p<0.05. Error 

bars SEM. 

F. Flow cytometry analysis of EGFPd2 fluorescence in Tet-on 3’ UTR and 

Tet-on ctrl DG NSC lines after doxycycline induction (48 hours). EGFPd2 

intensity (x-axis) versus cell number normalized to mode (y-axis) of Tet-on 

ctrl and Tet-on 3’ UTR DG NSC lines before Drosha knockout (ctrl: black) 

and after Drosha conditional knockout (cKO) (red). 

G. Representative FACS plot from flow cytometric analyses of Tet-on ctrl 

DG NSC line after nucleofection with the control IRES CFP expression 

vector with or without doxycycline induction and no nucleofection (48 

hours). Not nucleofected and not doxycycline induced Tet-on ctrl DG 

NSCs do not show EGFPd2 (GFP) or CFP expression compared to the 

induced and nucleofected cells.  

H. Combined results of candidate RBP overexpression analysis in Tet-on 

3’ UTR DG NSCs. EGFPd2 (GFP) expression (x-axis) at the RNA 

assessed by RT-qPCR and protein levels (cytometry) following 

overexpression of RPBs from IRES CFP vectors relative to Tet-on 3’ UTR 

DG NSCs transfected with control vector (CFP) plotted as percentage. 

RBP expressing cells were sorted by FACS by gating on the CFP 

expressing cells and RNA isolated for RT-qPCR. For quantitative flow 

cytometric analyses the nucleofected NSCs were gated in the CFP 
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channel and the GFP expression quantified. To eliminate effects of the 

RBPs on transcription, RNA stability or translation not linked to the NFIB 3’ 

UTR HP, the changes were calculated as the differences in GFP 

expression as a result of RBP expression in the Tet-on 3’ UTR DG NSCs 

and Tet-on ctrl DG NSCs (%GFP Tet-on 3’ UTR HP/ Tet-on ctrl). Black 

dotted line indicates no change, red line indicates 50% increase or 

decrease in expression. Error bars SEM. 

 

Figure S4: Safb1 is highly expressed in the murine DG Hippocampus 

and in DG NSCs. Related to Figure 4. 

A. DG NSCs cells in the expansion (+bFGF/EGF) and differentiation (-

bFGF/EGF) phases of culture. Immunohistochemistry for progenitor 

marker BLBP, neuronal marker Map2 and oligodendrocyte marker Sox10. 

Scale Bar 50 µm. 

B. Genotyping of the stable Tet-on 3’ UTR DG NSCs and Tet-on 5’ UTR 

DG NSCs. Specific amplicons for the Tet-on 3’ UTR HP construct and 

(514 bp) and 5’ UTR HP construct (430 bp) are found only in the 

respective lines. left: primers for 3’ UTR, right: primers for 5’ UTR. neg. 

ctrl.: H2O. 

C. Immunoblot (IB) of Drosha-IP (related to Figure 4D), showing 

precipitation of Drosha. Immunoglobulin (Ig) heavy chain of the 

precipitating antibody detected in the immunoblots. Negative control 

precipitation without antibody (-). 

D. Immunoblot (IB) of Drosha-IP (related to Figure 4D), showing 

coprecipitation of Safb1. Immunoglobulin (Ig) heavy chain of the 

precipitating antibody detected in the immunoblots. Negative control 

precipitation without antibody (-). 

E. Immunoblot (IB) of Drosha-IP (related to Figure 4D), showing no 

precipitation of PKC-a. Immunoglobulin (Ig) heavy chain of the 

precipitating antibody detected in the immunoblots. Negative control 

precipitation without antibody (-). 
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Figure S5: Safb1 knock-down affects DG NSC cell survival and 

causes increased Casp3 activity. Related to Figure 5. 
A. Scheme for the experimental setup for Safb1 CLIP from DG NSCs. 

B. Safb1 expression in adult mouse DG. Immunofluorescent staining for 

Safb1, including by GFAP+ Hes5::GFP+ NSCs (GFP+) (white arrow heads). 

Scale bars 50 µm for overview and 10 µm for high magnification images.  

C. Safb1 expression in cultured DG NSCs. Immunofluorescent staining for 

Safb1 and GFAP. Scale bar 50 µm. 

D Safb1 knockdown by esiRNA in DG NSCs after 48 hours compared to 

control Renilla Luciferase (rLuc esiRNA) treated cells. Fluorescent labeled 

RNA probes were used (red) as transfect control. DG NSCs were stained 

for Safb1 to validate knockdown. 

E. Quantification of activated Caspase 3 expression in Safb1 esiRNA 

knockdown and control (rLuc esiRNA) transfected cells after 48h, 72h, and 

96h. Safb1 knockdown results in a rapid induction of apoptosis. Two-tailed 

Students t-test: *p<0.05. Error bars SEM. 

F. Safb1 and Sox10 expression by adult DG NSCs and adult V-SVZ NSCs 

in vitro. DG NSCs express higher levels of Safb1 than V-SVZ NSCs. 

Unlike DG NSCs, V-SVZ NSCs generate oligodendrocytes (Sox10+). 

G. Scheme for the experimental setup for Safb1 overexpression in 

postnatal V-SVZ NSCs (postnatal day 4: P4) expanded in EGF containing 

NSC medium as neurospheres followed by nucleofection with control 

(CAG::CFP) or Safb1 (CAG::Safb1-IRES-CFP) expression vectors and cell 

fate analysis after EGF withdrawal (-EGF) to induces differentiation. 

H. RT-qPCR analysis of NFIB mRNA in DG NSCs overexpressing Qki (Qki 

OE) compared to control nucleofected DG NSCs expressing IRES CFP 

(CFP), NFIB mRNA fold change is calculated over CFP expressing DG 

NSCs. n = 4, two-tailed Mann-Whitney test. Error bars SEM.  
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STAR METHODS 

KEY RESOURCES TABLE 

 

LEAD CONTACT AND MATERIALS AVAILABILITY  

Plasmids, cell lines and mouse lines generated by the Taylor lab can be 

obtained by requests. This study did not generate new unique reagents. 

Further information and requests for resources and reagents should be 

directed sent to and will be fulfilled by the Lead Contact, Verdon Taylor 

(verdon.taylor@unibas.ch). 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Mouse strains and husbandry 

The mouse models used in our experiments include: Rosa26R-CAG::GFP, 

Hes5::CreERT2 (Lugert et al., 2010; Rolando et al., 2016) and Droshafl/fl 

(Chong et al., 2010). No gender differences were observed. Mice were 

randomly selected for the experiments based on birth date and genotype. 

According to Swiss Federal and Swiss Veterinary office regulations, all 

mice were bred and kept in a specific pathogen-free animal facility with 12 

hours day-night cycle and free access to clean food and water. All mice 

were healthy and immunocompetent. All procedures were approved by the 

Basel Cantonal Veterinary Office under license number 2537 (Ethics 

commission Basel-Stadt, Basel Switzerland). 

 

Hippocampal Adult NSC Cultures 
DG NSCs were isolated from 8-week-old mice as described in the Method 
Details of Hippocampal adult Neural Stem culture. Papain-dissociated 

hippocampal cells from extracted mouse brain were resuspend in 350 µl of 

DG NSCs media and plated in a 48-well plate, coated with 100 μg/ml Poly-

L-Lysine (Sigma) and 1 μg/ml Laminin (Sigma) in DG stem cell medium 

containing DMEM:F12 (Gibco, Invitrogen), 2% B27 (Gibco, Invitrogen), 

FGF2 20 ng/ml (R&D Systems), EGF 20 ng/ml (R&D Systems). Cells were 
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passaged 6-20 times and characterized for marker expression and 

differentiation potential before use. 

 

Neurospheres Culture 

Perinatal neurospheres were isolated from postnatal day 4 (P4) C57BL/6 

mouse pups as described in the Method Details of Safb1 overexpression 

in postnatal neurosphere culture. Papain-dissociated neurospheres were 

seeded in neurosphere medium (DMEM:F12 (Gibco, Invitrogen), 2% B27 

(Gibco, Invitrogen), EGF 10 ng/ml (R&D Systems) and plated in a T25 

flask. Every 2 days the cells were fed with 1ml of fresh neurosphere 

medium and passaged every 4 days. 

 

METHOD DETAILS 

Hippocampal adult neural stem cell cultures. 

DG NSCs were isolated as described previously (Rolando et al., 2016; 

Zhang et al., 2019). 8-10 week old mice were sacrificed in a CO2 chamber 

and decapitated. The brain was extracted, washed in ice cold sterile L15 

medium (GIBCO) and live sectioned at 500 µm using a McIllwains tissue 

chopper. Brain slices were collected in cold HBSS, 10 mM HEPES and 

100 I.U./mL penicillin and 100 (μg/mL) streptomycin in a 6 cm culture dish. 

After careful micro-dissection of the DG and removing the molecular layer 

and ventricular zone contaminants using a dissection binocular 

microscope, the dissected DGs were collected in cold HBSS, 10 mM 

HEPES and 100 I.U./mL penicillin and 100 (μg/mL) streptomycin in a 15 

ml Falcon tube. After tissue sedimentation, the supernatant was removed 

and replaced by 100 µl pre-warmed Papain mix. The tissue pieces were 

incubated at 37°C in a water bath for 15 minutes with gentle agitation 

every 5 minutes, followed by addition of 50 µl of pre-warmed Trypsin 

inhibitor and incubation for 10 minutes at 37 °C. After adding 300 µl of 

DMEM/F12, the tissue was triturated with a 1 ml and 200 µl pipette tip. 

The sample was centrifuged at 80g to remove debris. The cell pellet was 

resuspended in DG NSC medium (DMEM:F12, Gibco, Invitrogen), 2% B27 
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(Gibco, Invitrogen), FGF2 20 ng/ml (R&D Systems), EGF 20 ng/ml (R&D 

Systems) and plated in a 48-well dish (Costar) coated with 100 μg/ml Poly-

L-Lysine (Sigma) and 1 μg/ml Laminin (Sigma). Half of the cell medium 

was replaced every 2 days and cells were passaged every 6 days. Cell 

differentiation was induced by growth factor removal and continued culture 

for 6 days. Cell fixation for immunohistochemistry was performed for 10 

minutes in 4% paraformaldehyde in 0.1M phosphate buffer. 

 

Immunohistochemistry for brain tissues and NSC cultures 

Mice were deeply anesthetized by injection of a 

ketamine/xylazine/acepromazine solution (150 mg, 7.5 and 0.6 mg per kg 

body weight, respectively). Animals were perfused with ice-cold 0.9% 

saline followed by 4% paraformaldehyde in 0.1M phosphate buffer. Brains 

were isolated and post-fixed overnight in 4% paraformaldehyde in 0.1M 

phosphate buffer, and then cryoprotected with 30% sucrose in phosphate 

buffer at 4°C overnight. Brains were embedded and frozen in OCT 

(TissueTEK) and sectioned as 30 μm floating sections by cryostat (Leica). 

Free-floating coronal sections were stored at -20°C in antifreeze solution 

until use. 

DG NSCs fixation for immunohistochemistry was performed for 10 minutes 

in 4% paraformaldehyde in 0.1M phosphate buffer. 

 Sections were incubated overnight at room temperature, with the primary 

antibody diluted in blocking solution of 1.5% normal donkey serum 

(Jackson ImmunoResearch), 0.5% Triton X-100 in phosphate-buffered 

saline. DG NSC cultures were incubate overnight at 4°C, with the primary 

antibody diluted in blocking solution of 1.5% normal donkey serum, 1% 

BSA, 0.2% Triton X-100 in phosphate-buffered saline. 

Antibodies used: activated cleavedCASP3 (Cell Signalling, rabbit, 1:500), 

BLBP (Chemicon, rabbit, 1:400), GFP (AbD Serotec, sheep, 1:250; 

Invitrogen, rabbit, 1:700; AvesLabs, chicken, 1:500), Map2 (Sigma, 

mouse, 1:200), SAFB1 (Abcam, rabbit, 1:200), Sox10 (Santa Cruz, goat, 

1:500) and GFAP (Sigma, mouse, 1:200). 
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Sections were washed in phosphate-buffered saline and incubated at 

room temperature for 2 hours with the corresponding secondary antibodies 

in blocking solution. DG NSCs were washed in 1% BSA phosphate-

buffered saline and incubated at room temperature for 35 minutes with the 

corresponding secondary antibodies in blocking solution. 

Secondary antibodies and detection: Alexa488/Cy3/Alexa649 conjugated 

anti-chicken, mouse, goat, rabbit and sheep immunoglobulin (1:600, 

Jackson Immunoresearch). Sections were then washed and counter-

stained with DAPI (1 μg/ml). Stained sections were mounted on Superfrost 

glass slides (Thermo Scientific), embedded in mounting medium 

containing diazabicyclo-octane (DABCO; Sigma) as an anti-fading agent. 

Brain sections and DG NSCs were visualized using a Zeiss LSM510 

confocal microscope, Leica SP5 confocal microscope or Zeiss Apotome2 

microscope. 

 

Cell lysis 
DG NSCs were washed with PBS and incubated with lysis buffer (20 mM 

Hepes-KOH pH 7.9; 100 mM KCl; 0.2 mM EDTA; 0.2 mM PMSF, 1x 

complete proteinase inhibitor (Roche); 5% glycerol; 0.5% Triton) for 10 

minutes on ice. Cells were scraped off with cell scraper and lysate was 

transferred in Eppendorf tube, followed by sonication for 5 cycles 

(Bioruptor, 30s on/ 30s off, 320W) at 4°C. Lysate was centrifuged at 

13’000 x g for 10 minutes at 4°C. The supernatant was transferred in a 

new tube and BCA assay (Thermo Fischer, #23250) was performed 

according to the protocol of the manufacturer to determine protein 

concentration.  

 

Immunoprecipitation 
1 mg of total protein lysate was incubated with antibody (Drosha, Cell 

Signaling, 1:50) on a rotating wheel overnight at 4°C. Magnetic beads 

(Dynabeads, Thermo Fisher) were washed with 1ml lysis buffer and DG 
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cell lysate/Ab mix was added to the beads, followed by incubation for 4h at 

4°C on a rotating wheel. Beads were washed 5 times with activated lysis 

buffer and resuspended in milli-Q water.  

 

Western blot  
5x Laemmli Buffer was added to the samples to reach a final volume of 1x 

and heated 5 minutes at 95 °C at 700 rpm. Protein samples were 

separated on 10% SDS-polyacrylamide gels and transferred to 

nitrocellulose membrane (Protran). The membrane was blocked for 1h 

with 5% BSA in TBS-T followed by overnight incubation at 4°C with 

antibody (Drosha 1:1000; D28B1, Cell Signaling, in 5 %BSA; Safb1, 

1:1000 ab187650, 2.5% BSA; PKC-alpha [H-7] (SC-8393) 1:500 1% BSA). 

Membrane was washed 3 times for 5 minutes with TBS-T followed by 

secondary antibody incubation (rabbit anti light chain HRP 211-032-171, 

1:5000) for 1h at room temperature. Membrane was washed 3 times with 

TBS-T and once with TBS. Bands were detected by chemiluminescence 

(ECL, GE Healthcare). 
 

Affinity purification and sample preparation for MS-based proteome 

analysis 

IP and pull-down probes of DG NSCs were subjected to on-bead digestion 

(Hubner et al., 2010) by trypsin (5 µg/ml, Promega) in 1.6 M Urea / 0.1 M 

Ammonium bicarbonate buffer at 27 C for 30 minutes. Supernatant eluates 

containing active trypsin were further incubated with 1 mM TCEP at room 

temperature overnight. Carbamidomethylation of cysteins was performed 

next using 5 mM Chloroacetamide in the dark for 30 minutes. The tryptic 

digest was acidified (pH<3) using TFA and desalted using C18 reversed 

phase spin columns (Harvard Apparatus) according to the protocol of the 

manufacturer. Dried peptides were dissolved in 0.1% aqueous formic acid 

solution at a concentration of 0.2 mg/ml prior to injection into the mass 

spectrometer. 
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Mass Spectrometry Analysis 

For each sample, aliquots of 0.4 μg of total peptides were subjected to LC-

MS analysis using a dual pressure LTQ-Orbitrap Elite mass spectrometer 

connected to an electrospray ion source (both Thermo Fisher Scientific) 

and a custom-made column heater set to 60°C. Peptide separation was 

carried out using an EASY nLC-1000 system (Thermo Fisher Scientific) 

equipped with a RP-HPLC column (75μm × 30cm) packed in-house with 

C18 resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH, 

Germany) using a linear gradient from 95% solvent A (0.1% formic acid in 

water) and 5% solvent B (80% acetonitrile, 0.1% formic acid, in water) to 

35% solvent B over 50 minutes to 50% solvent B over 10 minutes to 95% 

solvent B over 2 minutes and 95% solvent B over 18 minutes at a flow rate 

of 0.2 μl/min. The data acquisition mode was set to obtain one high 

resolution MS scan in the FT part of the mass spectrometer at a resolution 

of 240,000 full width at half maximum (at 400 m/z, MS1) followed by 

MS/MS (MS2) scans in the linear ion trap of the 20 most intense MS 

signals. The charged state screening modus was enabled to exclude 

unassigned and singly charged ions and the dynamic exclusion duration 

was set to 30 s. The collision energy was set to 35%, and one microscan 

was acquired for each spectrum.  

 

Protein Identification and Label-free Quantification 

The acquired raw-files were imported into the Progenesis QI software 

(v2.0, Nonlinear Dynamics Limited), which was used to extract peptide 

precursor ion intensities across all samples applying the default 

parameters. The generated mgf-files were searched using MASCOT 

against a decoy database containing normal and reverse sequences of the 

Mus musculus proteome (UniProt, April 2017) and commonly observed 

contaminants (in total 34490 sequences) generated using the 

SequenceReverser tool from the MaxQuant software (Version 1.0.13.13). 

The following search criteria were used: full tryptic specificity was required 

(cleavage after lysine or arginine residues, unless followed by proline); 3 
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missed cleavages were allowed; carbamidomethylation (C) was set as 

fixed modification; oxidation (M) and protein N-terminal acetylation were 

applied as variable modifications; mass tolerance of 10 ppm (precursor) 

and 0.6 Da (fragments). The database search results were filtered using 

the ion score to set the false discovery rate (FDR) to 1% on the peptide 

and protein level, respectively, based on the number of reverse protein 

sequence hits in the datasets. 

 

Quantitative analysis results from label-free quantification were normalized 

and statically analyzed using the SafeQuant R package v.2.3.4 

(https://github.com/eahrne/SafeQuant/) (Ahrne et al., 2016) to obtain 

protein relative abundances. This analysis included global data 

normalization by equalizing the total peak/reporter areas across all LC-MS 

runs, summation of peak areas per protein and LC-MS/MS run, followed 

by calculation of protein abundance ratios. Only isoform specific peptide 

ion signals were considered for quantification. The summarized protein 

expression values were used for statistical testing of between condition 

differentially abundant proteins. Here, empirical Bayes moderated t-Tests 

were applied, as implemented in the R/Bioconductor limma package 

(http://bioconductor.org/packages/release/bioc/html/limma.html). The 

resulting per protein and condition comparison P-values were adjusted for 

multiple testing using the Benjamini-Hochberg method. 

All LC-MS analysis runs are acquired from independent biological 

samples. To meet additional assumptions (normality and 

homoscedasticity) underlying the use of linear regression models and 

Student t-Test MS-intensity signals are transformed from the linear to the 

log-scale. 

Unless stated otherwise linear regression was performed using the 

ordinary least square (OLS) method as implemented in base package of R 

v.3.1.2 (http://www.R-project.org/). 

The sample size of three biological replicates was chosen assuming a 

within-group MS-signal Coefficient of Variation of 10%. When applying a 
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two-sample, two-sided Student t-test this gives adequate power (80%) to 

detect protein abundance fold changes higher than 1.65, per statistical 

test. Note that the statistical package used to assess protein abundance 

changes, SafeQuant, employs a moderated t-Test, which has been shown 

to provide higher power than the Student t-test. We did not do any 

simulations to assess power, upon correction for multiple testing 

(Benjamini-Hochberg correction), as a function of different effect sizes and 

assumed proportions of differentially abundant proteins. 

 

RNA biotinylation 

NFIB 3’ UTR and 5’ UTR HP forming regions were in vitro transcribed 

using T7 transcriptase (NEB, E2040) and purified with Trizol extraction 

(described in RT-qPCR paragraph). RNA was biotinlylated using the 

PierceTM RNA 3’ End Desthiobiotinylation Kit (Thermo scientific). 50 pmol 

of RNA was incubated in T4 RNA ligase buffer at 16 °C overnight. RNA 

ligase was extracted with 100 µl chloroform:isoamyl alcohol (Sigma, 

C0549) and centrifuged 2 minutes at maximum speed. Aqueous phase 

was precipitated overnight in 5M NaCl. Sample was centrifuged at 13’000 

x g for 20 minutes at 4 °C. Pellet was washed with 70% ethanol and 

resuspended in dH2O. Labeling efficiency was determined by dot blotting 

using the chemiluminescent nucleic acid detection module kit (89880, 

Thermo Fisher scientific).  

 

RNA pull-down 
Experiment was performed as described in the manufacturers protocol 

(PierceTM Magnetic RNA-Protein Pull-Down Kit, Thermo scientific, 20164). 

50 µl of streptavidin magnetic beads were washed 3 times with 20 mM 

Tris, followed by 1x RNA capture buffer. 50 pmol of previously 

desthiobiotinylated RNA was added to the beads and incubated for 30 

minutes on a heated shaker plate at 24 °C and 750 rpm. Beads were 

washed 3 times with 20 mM Tris and 100 µl 1x Protein-RNA Binding 

Buffer, followed by 100 µl of RNA Protein binding buffer including 60 µl of 
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Protein lysate (2mg/ml) (Cell lysis described in corresponding paragraph) 

for 60 minutes 4 °C with agitation. 

The beads were washed 3 times with 100 µl of the kit 1x wash buffer and 

then further processed for WB or MS. 

 

Enrichment Analysis and candidate selection 

Datasets of significantly enriched proteins were analyzed for process 

networks by MetaCore (Cortellis) and molecular processes by GO terms 

(PANTHER, GENEONTOLOGY). An interaction network was drawn using 

STRING database (ELIXIR). Percental enrichment in MetaCore bar plot 

was calculated as listed in corresponding category out of total dataset. 

Significance is determined by P-value. For STRING network analysis, only 

experimentally determined data and curated databases were considered. 

Nodes with ≥ 1 Edge are displayed. Network was visualized and analyzed 

with Cytoscape software (Shannon et al., 2003). Prime candidates for 

functional analysis in reporter assay were selected using the following 

criteria: (i) enrichment in MS datasets; (ii) relevance in MetaCore, GO and 

STRING analysis; (iii) Drosha interactions reported in the literature 

 

Stable cell line generation 
NFIB 3’ UTR, 5’ UTR and EGFPd2 sequences were cloned in the multiple 

cloning site of pTet-One vector (Takara-Clontech, 634301). DG NSC 

Droshafl/fl cells were brought in suspension by incubating with 0.25% 

trypsin (Gibco #15090) in Versene (Gibco #15040) for 5 min at 37°C 

followed by centrifugation at 80g for 5 minutes at RT. Cells were 

electroporated with the corresponding DNA vector using a 4D-

Nucleofector (Lonza, program DS-112) according to protocol of 

manufacturer and re-plated in plastic dish (Costar) coated with 100 μg/ml 

Poly-L-Lysine (Sigma) and 1 μg/ml Laminin (Sigma). 

Cells were induced with 1 μg/ml Doxycycline in DG medium. 48h post 

induction, cells were sorted for GFP+ by flow cytometry (FACSaria III, BD 

Biosciences). All GFP+ cells were collected, centrifuged at 80g for 5 
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minutes and resuspended in DG medium. Cells were re-plated, and 

passaged 3 times. Thereafter, cells were re-induced with 1 μg/ml 

Doxycycline and re-sorted two more times. Correct genotype of cell line 

was confirmed by genotyping using NFIB UTR and EGFPd2 specific 

primers. 

 

RBP overexpression vector cloning 
Coding sequences of selected prime candidates were cloned in a CAG-

IRES-CFP expression vector, using the In-Fusion cloning kit (Takara) 

following manufactures protocols. Protein cDNAs from source vector were 

amplified by PCR and cloned upstream of IRES-CFP element of target 

vector. Sequences of all resulting vectors were verified by Sanger-

Sequencing (Eurofins). 

 

Tet-on DG NSC nucleofection and FACS 
Tet-on no-HP ctrl., Tet-on 3’ UTR and 5’ UTR DG NSCs were brought in 

suspension by incubating with 0.25% trypsin (Gibco #15090) in Versene 

(Gibco #15040) for 4 minutes at 37°C followed by centrifugation at 80g for 

5 minutes at RT. Cells were electroporated with either CFP-IRES or RBP-

IRES-CFP vector (5µg) using a 4D-Nucleofector (Lonza, program DS-112) 

in 16-well stripes (500,000 cells/well) and re-plated in plastic dish (Costar) 

coated with 100 μg/ml Poly-L-Lysine (Sigma) and 1 μg/ml Laminin 

(Sigma).  

For rescue experiments, Tet-on no-HP ctrl., Tet-on 3’ UTR and 5’ UTR 

Droshafl/fl DG NSCs were electroporated with 1.6µg of Cre-IRES-Tomato 

and 3.4µg of CAG::IRES-CFP or CAG::Safb-IRES-CFP with 4D-

Nucleofector (program DS-112). 

After 24h or 48h cells were induced with 1 μg/ml Doxycycline in DG 

medium. 48h post induction, cells were brought in suspension with 0.25% 

trypsin in Versene collected in DMEM/F12 w/o red phenol, filtered through 

a 40 μm cell sieve (Miltenyi Biotec) and analyzed by flow cytometry 

(FACSaria III, BD Biosciences). 
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GFP and CFP double negative, GFP-single positive and CFP-single 

positive DG NSCs were used to create the compensation matrix and set 

the sorting gates. At least 100,000 events were recorded for each sample 

and MFI (Median Fluorescent Intensity) of the population of interest was 

subsequently analyzed with FlowJO (Becton Dickinson). GFP+, 

CFP+GFP+, Tom+ cells were sorted, centrifuged at 80g for 5 minutes and 

used for RNA isolation and gene expression analysis (see below). 

 

Cross-linking immunoprecipitation (CLIP) 

WT mouse DG NSCs in culture were washed with cold PBS and 

crosslinked at 254nm, 300mJ/cm2 in a BioLink UV-Crosslinker. Cells were 

lysed with RIPA buffer (0.1M sodium phosphate pH 7.2, 150 mM sodium 

chloride, 0.1% SDS, 1% sodium deoxycholate, 1% NP-40, 1mM activated 

Na3VO4, 1mM NaF, 1x complete protease inhibitor (Roche)). Lysate was 

collected and centrifuged for 5 minutes at 13’000 RPM at 4°C. Sample 

was treated with 10 µl DNase (Roche) and incubated for 5 minutes in a 

heated shaker at 37°C and 1000 RPM, followed by centrifugation at full 

speed at 4°C and Input probe separation. 50 µl magnetic beads 

(Dynabeads, Invitrogen) were washed with lysis buffer and incubated with 

target specific antibody (anti-Safb1, Abcam) for 1h at RT on a rotating 

wheel. Beads were washed twice with lysis buffer and incubated with 

cross-linked NSC lysate for 2h at 4°C on a rotating wheel. Beads were 

washed 5 times with lysis buffer, incubated with 4mg/ml ProteinaseK 

(Roche) in PK buffer (100 mM TrisHCL pH7.5, 50 mM NaCl, 10 mM 

EDTA) for 20 at 37°C at 1000 RPM, followed by downstream RNA 

analysis. 

 

RNA isolation and RT-qPCR 

Total RNA was isolated following the standard phenol-chloroform protocol 

from the manufacturer (Trizol, Life Technologies). 100% Trizol was added 

to the sample, followed by 20% of total volume chloroform. Sample was 

centrifuged at 12’000 x g for 15 minutes at 4°C. Aqueous phase was 
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extracted and RNA was precipitated with isopropanol and washed with 

ethanol. RNA pellet was resuspended in RNase-free Milli-Q water. 

Reverse transcription was performed using Superscript IV Vilo following 

manufacturers protocol (Thermo Fischer, 11766050). RNA was incubated 

for 5 minutes with ezDNAse enzyme at 37°C, followed by incubation with 

SuperScript™ IV VILO™ Master Mix at 25°C for 10 minutes, 50°C for 10 

minutes and 85°C for 5 minutes. For expression analysis of genes of 

interest, we used the comparative Ct method using Rpl13a and Actin as 

normalizing genes. Experiments were performed using a qTOWER3 real-

time PCR machine (Analytik Jena). Three biological replicates for each 

genotype and three technical replicates for each gene were analyzed. 

 
Safb1 RNA knock-down experiments 

WT DG NSCs were brought in suspension with 0.25% trypsin in Versene 

followed by centrifugation at 80g for 5 minutes at RT. Cells were 

electroporated with either 70pmol esiRNA Luciferase or esiRNA Safb1 

(Sigma) in combination with 30pmol RNA probe Alexa555 (Sigma) using a 

4D-Nucleofector (Lonza, program DS-112) in 16-well stripes (500,000 

cells/well) and re-plated on glass coverslips coated with 100 μg/ml Poly-L-

Lysine (Sigma) and 1 μg/ml Laminin (Sigma). Cells were fixed 48, 72 and 

96 hours after nucleofection in 4% paraformaldehyde in 0.1M phosphate 

buffer for 10 minutes. 

 

Safb1 overexpression in postnatal neurosphere culture 
Postnatal day 4 (P4) C57BL/6 mouse pups were sacrificed, decapitated 

and their brains collected in 6cm dishes containing sterile cold HBSS. With 

the aid of a stereoscope the meninges were carefully removed and the 

cortex was isolated by the removal of the midbrain, hindbrain and 

hippocampus. The cortex was dissociated in 500 µl pre-warmed Papain 

based solution at 37°C in a water bath for 30 minutes with gentle agitation 

every 5 minutes followed by addition of 500 µl of pre-warmed Trypsin 

inhibitor and incubation for 5 minutes at 37 °C. The tissue was then 
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mechanically dissociated with 1 ml and 200 µl pipette tip. After addition of 

9 ml of DMEM/F12, the samples were centrifuged at 80g for 5 minutes to 

remove debris. The cell pellet from each animal was resuspended in 

neurosphere medium DMEM:F12 (Gibco, Invitrogen), 2% B27 (Gibco, 

Invitrogen), EGF 10 ng/ml (R&D Systems) and plated in a T25 flask. Every 

2 days the cells were fed with 1ml of fresh neurosphere medium. The cells 

were passaged every 4 days.  

Cells were electroporated with either CFP-IRES or Safb-IRES-CFP vector 

(5µg) using a 4D-Nucleofector (Lonza, program DS-112) in 16-well stripes 

(500,000 cells/well) and re-plated on cover glasses coated with 100 μg/ml 

Poly-L-Lysine (Sigma) and 1 μg/ml Laminin (Sigma) in neurosphere 

medium. Two days later, cell differentiation was induced by replacing the 

medium with neurosphere medium without EGF. The cells were let 

differentiating for 2 days and then fixed for immunocytochemical analysis 

by 10 minutes incubation in 4% paraformaldehyde in 0.1M phosphate 

buffer. The cells were then stained using antibodies against anti-GFP 

(Chicken, Aves labs, 1:500), anti-Safb1 (Rabbit, Abcam, 1:300) and anti-

Sox10 (Goat, Santa Cruz, 1:200) antibodies (see Key Resources Table). 

The experiment was repeated three times with 3 biological replicates each. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
Images of immunostainings were captured and processed on a Confocal 

Leica SP5 and Apotome2 (Zeiss). According to the Swiss governmental 

guidelines and requirements, the principles of the 3Rs for animal research 

were taking into consideration to reduce the number of mice used in the 

experiment. Data are presented as averages of indicated number of 

samples. Data representation and statistical analysis were performed 

using GraphPad Prism software. Statistical comparisons were conducted 

by two-tailed unpaired Student’s t test, Mann-Whitney test or one-way 

ANOVA test, as indicated. The size of samples (n) is described in the 

figure legends. Statistical significance is determined by p values (*p <0.05, 

**p <0.01, ***p < 0.001) and error bars are presented as SEM. 
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For Safb1 motif analysis, the top 20 of pentamers (ranked for the highest 

Z-scores) identified in previous Safb1 iCLIP experiments (Rivers et al., 

2015) were mapped on the NFIB 3’UTR sequence. These most enriched 

pentamers were also used to create the consensus binding motif with the 

web-based WebLogo software (http://weblogo.berkeley.edu/). 

 

DATA AND CODE AVAILABILITY 
The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) 

partner repository with the dataset identifier PXD017677 and 

10.6019/PXD017677 

 

SUPPLEMENTAL INFORMATION 
Supplemental Information can be found online at LINK 

 

Supplemental Item Titles 

Table S1, related to Figure 1: MS Drosha IP 

Table S2, related to Figure 2: MS RNA pull-down 

Table S3, related to Figure 3: iVenn 
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Discussion and future perspectives 
Protein interaction studies 
The first goal of this project was to find interacting proteins of Drosha and 

the 3’ UTR and 5’ UTR HP of NFIB. For these HP, we used an RNA-pull 

down approach using the biotinylated in vitro transcript as a bait. An 

alternative approach would have been a StreptoTag based approach 

(Bachler et al., 1999) or using streptomycin-binding RNA aptamers 

(Windbichler and Schroeder, 2006). The advantage of an aptamer based 

approach is to express the construct in vitro prior to cell lysis and to affinity 

purify the mRNA and their bound RBPS directly from the cell lysate. 

However, as we aim to continue the Drosha studies by not only investigate 

NFIB but also other non-canonical Drosha mRNA targets like neuogenin2, 

neuoD1 and neuroD6 (Knuckles et al., 2012) and also potential novel 

Drosha targets, it was beneficial to establish the RNA biotinylation 

approach, which will be easily applicable to any RNA sequence without 

designing a new aptamer. Yet, we had to overcome the methodological 

challenges in our approach like precise 5’ end labeling, RNA bait 

competition with endogenous expressed transcript and premature Drosha 

cleavage prior to bait extraction etc. As I was able to successfully establish 

this protocol in our lab and to pull-down and identify RBP interaction 

partners of NFIB, this will now allow us to more easily investigate 

additional Drosha mRNA target interactors in future experiments. In 

collaboration with the proteomics facility of the Biozentrum of the 

University of Basel we were for the first time able to discover the Drosha 

interactome in DG NSCs. This dataset allowed us to better understand the 

large-complex formation of Drosha and identify potential novel interactors 

that could have additional Drosha regulatory functions in NSCs. It will be 

interesting for future experiments to closer investigate certain RBP 

interactors with gain and loss-of function and see potential effects of NSC 

development. In a next step, we would investigate the Drosha dependence 

in this process by Drosha cKO or OE in our established cell culture 



   98 

systems and could potentially find novel non-canonical functions of 

Drosha.  

Moreover, it would be interesting to follow up on the interactions observed 

for the two NFIB hairpins. The particular mechanistic role of the 5’ UTR still 

remains uncertain. Thanks to our analysis, we know that the 5’UTR has a 

special role in translation. However, how this influences NFIB protein 

expression is still unclear. As NFIB is required and sufficient for 

oligodendrogenesis (Deneen et al., 2006), it would be interesting to learn 

more about this important cell fate determining transcription factor even if 

the mechanism extends beyond Drosha regulation.  

 

Function assessment and identification of Safb1 
The second main goal of our study was to test for the actual functional 

contribution towards Drosha-mediated cleavage of some selected 

interactors that we had identified in the MS analysis. In order to be able to 

directly monitor Drosha cleavage activity in NSCs, we established a 

reporter GFP assay mimicking the physiological process of NFIB 

degradation. Thanks to the doxycycline inducible promotor, we were able 

to express the reporter at the correct level for the endogenous Drosha to 

process. Using a destabilized eGFP variant (eGFPd2) helped us to always 

just monitor the immediate translated eGFP. The establishment of this 

method in the lab provides a great tool and will make future studies of 

Drosha cleavage behavior of NIFB mRNA more easy to proceed. 

Moreover, the hairpin sequence in the original reporter vector can be 

easily replaced with alternative hairpin sequences and thus brings a 

broader investigation of Drosha cleavage for multiple targets in to close 

range. For NFIB, we tested 18 RBPs in our cell assay and found that 

Safb1 significantly reduced reporter GFP expression on mRNA and protein 

level. Moreover, we could show that endogenous NFIB was also reduced 

after Safb1 OE. Additionally, we could observe that the regulation is 3’ 

UTR specific as the effect could not be observed at the 5’ UTR and found, 

that Drosha cKO could partially rescue the phenotype. Moreover we could 
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confirm interaction of Drosha and Safb1 by western blot analysis and the 

interaction of Safb1 and NFIB by CLIP. Altogether this results prove that 

Safb1 is a regulator of Drosha-mediated cleavage of NFIB. Nonetheless, 

the detailed mechanism needs further investigation. It is not yet clear, 

where exactly Safb1 binds the 3’UTR hairpin nor are the NFIB mRNA 

binding sites known for Drosha after all. Based on our MS results it seems 

likely that Safb1 binds the NFIB 3’ UTR on the flanking region, where we 

could also identify several putative binding sites suiting the known Safb1 

RNA binding motifs (Rivers et al., 2015). The best way to uncover the 

exact binding sites for Safb1 but also Drosha will be a precise mapping of 

the nucleotides that are retrieved by protein precipitation, similar to the 

mapping of the exact Drosha binding motif on miRNA by fCLIP-seq (Kim et 

al., 2017). As we found several valid Safb1 target sites and a strong MS 

signal on the 3’ UTR transcript, it might be that several copies of the 

Safb1/Drosha complex could actually bind at different locations around the 

same hairpin. This hypothesis is still in accordance with the findings of this 

study but could explain, why investigation of the NFIB hairpin fragments by 

a rapid amplification of cDNA ends (RACE) approach did not lead to a 

clear cleavage site but rather an accumulation of transcript fragments of 

variant lengths (Rolando et al., 2016). This cleavage pattern could be 

explained by multiple copies of Safb1 recruiting Drosha to several 

locations on the RNA transcript inducing multiple Drosha cleavage sites. 

Our postulated mechanism does also not exclude the contribution of 

additional factors that join the Drosha/Safb1 complex in a co-regulatory, 

complex assembling or catalyzing fashion. Based on our Drosha 

interactome experiments, we found Drosha interacting with 165 proteins 

and STRING network interaction analysis indicated no direct protein 

interaction between Drosha and Safb1, which might imply the presence of 

a linking protein. Considering those facts, the theory of a more complex 

mechanism with several involved proteins seems possible and does not 

contradict our current findings, but in contrast, it will be inspiring to 

determine if Safb1 and Drosha indeed directly bind each other or are 
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assembled in a larger “non-canonical Drosha complex” with a potential 

exciting novel mega-regulatory function in the cell.  

We have shown that Safb1 gets co-precipitated by Drosha IP in MS and 

direct western blot analysis. Also for the other way around, preliminary 

data of Safb1 IP indicate that Drosha gets precipitated by Safb1 as well. 

However, due to the high expression of Safb1, this binding is not saturated 

which pushed Drosha to the detection limit. Future analysis has to 

overcome this problem and confirm the inverse binding. Interestingly, 

preliminary data also suggests that the addition of RNAse enzyme to the 

Drosha IP cell lysate did not reduce the amount of bound Safb1, indicating 

that Safb1 and Drosha is direct and not via a mutual RNA transcript. 

Again, future experiments will show, if this assumption remains true. 

Another unsolved question is the order of binding. It is not yet known if 

Safb1 binds first to Drosha and the complex is then targeted towards the 

RNA hairpin as a whole or Safb1 binds first the mRNA and then recruits 

Drosha to this site. Despite similar outcome, mechanistically it makes an 

interesting difference, if Safb1 is present in a free floating Drosha complex 

with potential different functions for Safb1 or if Safb1 would work as a 

specific marker of NFIB degradation - similar to ubiquitin for proteins - but 

in a more specific fashion. It will be fundamental to determine all these 

details of Drosha/Safb1-mediated cleavage in order to fully understand the 

general process. 

 

Safb1 regulation 
As our experiments demonstrated, the problem of an ubiquitously 

expressed Drosha can be circumvented by expressing the Drosha 

regulator Safb1 at different levels in order to favor or hinder NFIB mRNA 

cleavage. The arguably most interesting follow-up question that raises 

from this study is the problem, how Safb1 expression levels get regulated 

themselves in NSCs. Safb1 fulfills many important functions in the cell 

ranging from chromatin-modifications to DNA repair, RNA splicing, stress 

response and apoptosis (Norman et al., 2016). We have seen increased 



   101 

cell death after Safb1 knockdown and Safb1 OE was reported to have 

negative effects on cell growth in human breast cancer cells (Townson et 

al., 2000), an observation we also made during our own Safb1 OE 

experiments in NSCs. This indicates that disturbance of Safb1 expression 

levels induce drastic negative effects, which makes it interesting to 

address, how Safb1 level changes can be achieved under physiological 

conditions despite these adverse effects. One possible mechanism could 

be, that Safb1 regulation also occurs on the post-transcriptional level. It 

will be interesting to investigate, what RBPs bind to the mRNA transcript of 

Safb1 itself in NSCs and how they influence Safb1 expression in the brain. 

 

As high levels of Safb1 increase Drosha cleavage, we hypothesize that 

low levels of Safb1 would have an opposite effect. Unfortunately, 

apoptosis after Safb1 knockdown was so severe that we could not perform 

any Safb1 loss-of-function experiments in our NSC reporter system. This 

effect seems particularly severe in NSCs, as in other cell types like SH-

SY5Y neuroblastoma a Safb1 knockdown could be accomplished (Rivers 

et al., 2015). However, such a loss-of-function analysis of Safb1 in the DG 

would be the ideal experiment to investigate Safb1 induced fate shifts 

directly in DG NSCs. Although the creation of a Safb1-/- mutant mouse was 

successful, the evaluation revealed the mutation to induce strong perinatal 

lethality (Ivanova et al., 2005). The few mice that survived showed drastic 

malformations and developmental defects. Although the creation of a cKO 

mutant mouse line for NSCs might allow a more direct investigation of the 

brain, it remains uncertain, if Safb1 cKO also causes NSC apoptosis or 

would allow the necessary cell survival. 

 

Additional mechanisms and cell fate 
As it has been shown that pri-miRNAs can function as mRNA (Cai et al., 

2004) and vice versa miRNAs can derive from 3’ flanking regions of genes 

(Morlando et al., 2008), the question arises, if the cleaved hairpin of the 

NFIB 3’UTR can serve as pre-miRNA and regulate other mRNA transcripts 
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or act as miRNA sponge. So far, we could not find any evidence for such a 

second life of the NFIB 3’UTR hairpin. However, a larger and designated 

investigation was not yet addressed and would be interesting as a future 

study. We can overexpress the cleaved NFIB HP in NSCs and address 

self-renewal and differentiation. An in silico analysis of sequences 

complementary to potential target transcripts would provide putative 

targets that we can test for their mRNA expression by RT-qPCR. Although 

such an secondary regulatory role of the NFIB 3’UTR HP would 

theoretically be possible, it would be restricted to cells in which Drosha-

mediated cleavage via Safb1 takes place. Moreover, as there is no exactly 

known Drosha cleavage site and several different RNA fragments could be 

detected after the cleavage (Rolando et al., 2016), already the 

identification of the functional fragment might be challenging.  

 

We started this project by looking for regulating RBPs in both an activating 

or inhibitory role. With the identification of Safb1 it became clear, that 

Drosha activation has a clear effect on its non-canonical cleavage 

behavior. However, an additional inhibitory role of other co-factors cannot 

be excluded. It has been shown that Lin28 can bind the pri-miRNA of Let-7 

and prevent the hairpin from being cleaved by Drosha (Viswanathan et al., 

2008). It would be interesting to follow up on such an inhibitory 

mechanism, especially as we could observe that OE of FUS significantly 

increased the level of reporter GFP for mRNA and protein. Hence, FUS 

does positively influence the expression of NFIB. To see if this effect is 

Drosha dependent, the experiment needs to be repeated in a Drosha cKO 

background.  

We have seen that Safb1 OE leads to reduced NFIB levels and we know 

that lower NFIB levels lead to a reduction of oligodendrocytes (Rolando et 

al., 2016). We could show in NSCs of the SVZ, that we find reduced 

oligodendrogenesis after Safb1 OE. As a next logical step, we are 

preparing to experimentally determine the NFIB levels of these SVZ 

derived NSCs after Safb1 OE to confirm that the reduced number of 
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oligodendrocytes is indeed caused by the lower levels of NFIB. This data 

will solidify our proposed mechanism of Safb1 activated Drosha-mediated 

cleavage of NFIB mRNA to prevent NSCs to commit oligodendrogenesis. 

 

Altogether, the findings of this study helped to understand the non-

canonical function of Drosha to target and cleave the mRNA of the 

transcription factor NFIB and the consequent regulation of NSC fate. This 

knowledge will help us for future studies to better understand the exact 

mechanism and possibly even design potential treatments in order to 

regulate and maintain adult neurogenesis. 
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