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Abstract 

Deciphering disease-specific functions of glial cells has become increasingly important in 
neuropathology. In particular, defective oligodendroglial differentiation and its impact on 
white matter abnormalities have been linked to cognitive impairments in various 
neurological disorders. Whereas myelin repair strategies have shown promise in 
demyelinating diseases such as multiple sclerosis (MS) and ischemic stroke, research 
addressing white matter abnormalities in Down syndrome (DS), the most common genetic 
cause of cognitive impairment and intellectual disability, has been limited. Despite an 
imbalanced cellular composition and hypomyelination found in DS brains, the molecular 
drivers behind these myelination deficits remain poorly understood. This dissertation aims 
to elucidate the role of C21ORF91, a chromosome 21-encoded gene, in 
oligodendrogenesis and to investigate pharmacological strategies to rescue aberrant 
oligodendroglial differentiation induced by C21orf91 orthologue overexpression, thus 
highlighting the potential of myelin restoration in DS. 

In this thesis, the evaluation of primary rat cell cultures has shown that overexpression of 
C21orf91 indeed leads to profound disturbances of the oligodendroglial lineage 
progression. Its overexpression induced the formation of hybrid cells co-expressing astro- 
and oligodendroglial markers, accompanied by an induction of inflammatory properties 
characterised by elevated tumour necrosis factor (Tnf) α and lipocalin (Lcn) 2 secretion. 
Interestingly, this thesis provides the first description of similar abnormal glial phenotypes 
in human postmortem DS brains. By pharmacological screening in suitable ex vivo and in 
vivo models conducted in this thesis, new small molecules for myelin repair were identified. 
Among the identified molecules, danazol, parbendazole, and medrysone restored 
oligodendroglial differentiation and rescued the ability of C21orf91-overexpressed 
oligodendroglial precursor cells (OPCs) to mature to myelinating oligodendrocytes. 

Data from this thesis suggest that targeting stabilisation of oligodendroglial lineage 
progression and reducing neurotoxic astrocytic features may be beneficial not only for 
classical demyelinating disorders but also for DS. Given the current lack of effective 
treatments for cognitive impairments in DS, our findings pave the way for future therapeutic 
interventions to enhance brain development and function in affected individuals. The 
repurposing of already existing drugs, potentially already investigated in demyelinating 
disease models, offers an attractive and timely strategy to address this unmet medical 
need. 



 

 

  



 

Zusammenfassung 

Die Verständnis krankheitsspezifischer Funktionen von Gliazellen hat in der 
Neuropathologie zunehmend an Bedeutung gewonnen. Insbesondere eine gestörte 
oligodendrogliale Differenzierung und deren Einfluss auf Anomalien der weißen Substanz 
werden mit kognitiven Beeinträchtigungen bei verschiedenen neurologischen 
Erkrankungen in Verbindung gebracht. Während Strategien zur Myelinreparatur in 
demyelinisierenden Erkrankungen wie Multiplen Sklerose (MS) und ischämischen 
Schlaganfall vielversprechend sind, ist die Forschung zu Anomalien der weißen Substanz 
bei Down-Syndrom (DS), der häufigsten genetischen Ursache für kognitive 
Beeinträchtigungen und geistige Behinderungen, bisher begrenzt. Trotz eines 
unausgeglichenen zellulären Zellverhältnisses und Hypomyelinisierung im DS-Gehirn sind 
die molekularen Ursachen der Myelinierungsdefizite weitgehend ungeklärt. Ziel dieser 
Dissertation ist es, die Rolle von C21ORF91, einem auf Chromosom 21 codierten Gen, in 
der Oligodendrogenese zu untersuchen und pharmakologische Strategien zur Rettung der 
durch Überexpression des C21orf91-Orthologs gestörten oligodendroglialen 
Differenzierung zu entwickeln, um so das Potenzial der Myelinrestauration bei DS 
aufzuzeigen. 

Die Untersuchung primärer Rattenzellkulturen in dieser Thesis zeigte, dass die 
Überexpression von C21orf91 zu erheblichen Störungen der oligodendroglialen 
Entwicklung der Zelllinie führt. Seine Überexpression induzierte die Bildung von 
Hybridzellen, die sowohl astro- als auch oligodendrogliale Marker exprimieren, begleitet 
von einer Induktion inflammatorischer Eigenschaften wie erhöhte Tnfα- und Lcn2-
Sekretion. Erstmals konnten ähnliche abnorme Glia-Phänotypen auch in postmortalen 
menschlichen DS-Gehirnen im Rahmen dieser Studie nachgewiesen werden. Durch 
pharmakologisches Screening in geeigneten ex vivo und in vivo Modellen wurden neue 
kleine Moleküle für die Myelinreparatur identifiziert. Von diesen konnten Danazol, 
Parbendazol und Medrysone die oligodendrogliale Differenzierung und ihre Funktion zu 
Myelinisieren in C21orf91-überexprimierten Vorläuferzellen (OVZ) wiederherstellen. 

Die Ergebnisse dieser Arbeit deuten darauf hin, dass die Stabilisierung der 
oligodendroglialen Linienprogression und die Reduktion neurotoxischer astrozytärer 
Eigenschaften nicht nur für klassische Demyelinisierungserkrankungen, sondern auch für 
DS therapeutisches Potenzial bieten könnten. Angesichts des derzeitigen Mangels an 
wirksamen Therapien für kognitive Beeinträchtigungen bei DS ebnen diese Befunde den 
Weg für zukünftige Behandlungsansätze, um die Gehirnentwicklung und -funktion bei 
Betroffenen zu fördern. Die Nutzung bereits existierender Medikamente, die 
möglicherweise bereits in Modellen für demyelinisierende Krankheiten untersucht wurden, 
stellt dabei eine vielversprechende und zeitnahe Strategie dar, um diesen bislang 
ungedeckten medizinischen Bedarf zu adressieren. 
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1 Introduction 

The human brain is one of the most complex and efficient biological systems. It regulates 
cognitive, emotional, and sensorimotor functions, facilitating a highly dynamic exchange 
of information. Although the first anatomical descriptions of the human brain date back to 
the 17th century, neuroscience remains a relatively young field that emerged as a distinct 
discipline in the 20th century. Traditionally, neuroscience has focused mainly on neurons, 
the fundamental units for transmitting electrical and chemical signals in the nervous 
system, while regarding glial cells solely as passive support. However, given that neurons 
constitute only approximately half of the cellular population in the human brain, a 
comprehensive understanding of neurodevelopment and dysfunction cannot neglect the 
critical role of neuroglia (astrocytes, oligodendrocytes, microglia, and ependymal cells). 
Indeed, in recent years, glial cells have gained increasing recognition and are now 
acknowledged as active regulators of neuronal health, signalling, and plasticity. 
Oligodendrocytes, the myelin-producing neuroglia of the central nervous system (CNS), 
are, however, still underrepresented in research, although they play a pivotal role in higher 
brain functions in humans. This underrepresentation is reflected by the rising but not 
evenly-matched number of published papers annually on oligodendrocytes in 
neurodegeneration or cognitive impairment compared to neurons or astrocytes 
(see Fig. 1A,B). Still, the growing appreciation for the role of glial cells – particularly in 
shaping brain development and functional connectivity – is also transforming our 
understanding of various neurological diseases and the diminished regenerative capacity 
of the CNS.  

Neurodegenerative or ischemic conditions that lead to cognitive impairments were once 
considered mainly caused by neuronal dysfunction or damage, the old “neuroncentric” 
dogma. They are now increasingly recognised as involving glial dysfunction, glial–neuronal 
imbalance, and impaired (re-)myelination processes, leading to new approaches to 

Figure 1. Bibliometric analysis reveals trends in neuroscience over the past 40 years. A literature 
search on PubMed (NCBI) was conducted using the keywords neurodegeneration (A), cognitive 
impairment (B), or Down syndrome (C) in combination with either oligodendrocytes (red), astrocytes (blue), 
or neurons (black) to demonstrate the annual publication count trends. 
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recovering a diseased or injured CNS. However, research on the most common genetic 
cause of cognitive impairment, Down syndrome (DS), still focuses almost exclusively on 
disrupted neurogenesis and neuronal dysfunction (see Fig. 1C).  

Therefore, this thesis elucidates the relevance of oligodendrocytes and the impact of their 
aberrant development on the neuropathology of DS in light of a new therapeutic window 
to ameliorate cognitive impairments, including the identification and characterisation of a 
new modulatory driver for myelination and glial specification, C21ORF91. 

1.1 Central Nervous System Myelin and Its Creators 

Myelin is a multilamellar, lipid-rich membrane that ensheathes axons. It is organised in 
segments of alternating compact and non-compact concentric layers, also called 
internodes. This architecture allows the insulation of axons, enabling efficient saltatory 
nerve conduction along the nodes of Ranvier, small unmyelinated gaps between 
internodes (reviewed by Stadelmann et al., 2019).  

Compared to other biological membranes, myelin exhibits a uniquely high lipid content 
(70–80%), primarily composed of saturated, long-chain fatty acids, and enriched in 
cholesterol and glycosphingolipids (Coetzee et al., 1996; O'Brien, 1965; Simons et al., 
2024). This results in the characteristic and eponymous appearance of bundled myelinated 
nerve fibres: white matter tracts. Besides lipids, several proteins contribute to myelin 
architecture and function and therefore serve as suitable oligodendroglial maturation 
markers. These myelin-associated proteins, namely proteolipid protein (PLP), myelin basic 
protein (MBP), 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNP), myelin-associated 
glycoprotein (MAG), and myelin oligodendrocyte glycoprotein (MOG), are involved in 
membrane compaction (Barradas et al., 2001; Boison et al., 1995; Roach et al., 1985), 
axo-glial adhesion, and signal transduction (Li et al., 1994; Trapp et al., 1989). 

Myelination can be conceptually divided into an intrinsic, genetically predefined phase 
occurring until early childhood and an adaptive phase shaped by individual experience and 
activity within neural networks (Bechler et al., 2017; Stadelmann et al., 2019). The early 
postnatal brain is predominantly non-myelinated (Yeung et al., 2014), with a myelination 
peak in the first and second decades of life (Benes, 1994). As a dynamic and lifelong 
process, it extends into late adulthood up to age 50, although it gradually declines with age 
(Benes, 1994; Lebel et al., 2012; Miller et al., 2012). Myelinogenesis follows a complex 
spatiotemporal pattern, and myelin sheath properties exhibit context-dependent variations 
(for review see e.g. Purger et al., 2016; Simons et al., 2024).  

A key conceptual shift in recent decades has been the realisation that myelination is not 
only responsible for (passive) signal insulation to accelerate transmission in the vertebrate 
nervous system, but due to its plasticity, is a prerequisite for higher brain functions, 
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including cognition, learning, and intelligence (Fields, 2008; Hill et al., 2019; Miller, 1994; 
Mount & Monje, 2017). It is now well-recognised that oligodendrocytes and their myelin 
additionally provide metabolic and trophic support, maintain axonal integrity, regulate the 
ionic environment, and modulate neuronal activity and plasticity – all of which are important 
functions for maintaining CNS homeostasis (Funfschilling et al., 2012; Monk et al., 2020; 
Saab & Nave, 2017; Simons et al., 2024; Stadelmann et al., 2019). This structural and 
functional variability reflects the underlying heterogeneity of oligodendroglial cells (Seeker 
and Williams 2021). The capacity for adaptive myelination and lifelong remodelling 
(Simons et al., 2024; Stadelmann et al., 2019) emphasises the importance of precise 
molecular regulation and coordinated cellular interactions via extrinsic and intrinsic cues 
in maintaining white matter integrity. Although neuronal signals (Pease-Raissi & Chan, 
2021; Zhou & Zhang, 2023), as well as microglial-mediated mechanisms (Kent & Miron, 
2023; Santos & Fields, 2021), play essential roles in (re-) myelination, this thesis will focus 
on the astroglial contribution and, in particular, the oligodendroglial lineage as such. 

Disruption of myelin integrity – via inflammation, genetic mutations, ischemia, or other 
neurological disturbances – can result in significant deficits in neuronal connectivity and 
plasticity, even terminal neuron degradation, thereby contributing to cognitive impairments 
(Chen et al., 2021b; Wang et al., 2020) and diminished quality of life. A comprehensive 
understanding of the myelination process, particularly its cellular origin and potential 
regulatory developmental drivers, is therefore critical to identify therapeutic windows and 
approaches to stabilise and promote its accurate function or repair – a so far unmet 
medical need. The following chapter will, therefore, briefly emphasise the cellular sources 
and regulatory principles shaping the white matter landscape. 

1.1.1 Oligodendroglial Lineage Cells – the Key Players in Myelin Formation 

Oligodendrocytes are the mature, terminally differentiated cells along the oligodendroglial 
lineage and account for 45-75% of all neuroglial cells in the human brain, thereby 
outnumbering astrocytes (von Bartheld et al., 2016). They originate from a tightly regulated 
lineage progression that comprises proliferation, migration, and differentiation, ultimately 
leading to axonal myelination (Emery & Wood, 2024; Ma et al., 2024). A single 
oligodendrocyte can form between 20 to 60 segments of variable internodal lengths and 
thickness (Simons et al., 2024), depending on its regional origin and axon diameter 
(Bechler et al., 2015). The number of oligodendrocytes continuously expands until 
adulthood (Hill et al., 2018), and newly developed cells can successfully integrate into 
existing neural circuits, contributing to adaptive myelination (Franklin et al., 2021; Hughes 
et al., 2018; McKenzie et al., 2014; Sampaio-Baptista & Johansen-Berg, 2017; Yeung et 
al., 2014).  
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Traditionally considered a homogenous cell population due to their shared role in myelin 
formation, oligodendroglia are now recognised as morphologically and functionally highly 
diverse (Seeker & Williams, 2021). This heterogeneity is shaped by multiple factors, 
including their developmental origin, stage of maturation, anatomical and regional 
distribution, sex, age, and transcriptomic profile (Crawford et al., 2016; Jäkel et al., 2019; 
Leong et al., 2014; Long et al., 2021; Marques et al., 2016; Pérez-Cerdá et al., 2015; 
Rowitch & Kriegstein, 2010; Spitzer et al., 2019; Viganò et al., 2013). Notably, disease-
related alterations can further exacerbate this diversity and affect function (Breton et al., 
2021; Jäkel et al., 2019). 

The CNS possesses a limited and insufficient yet clinically relevant potential to regenerate 
damaged myelin (reviewed by Franklin et al., 2024). The main source of newly formed, 
remyelinating oligodendrocytes is generated by oligodendrocyte precursor cells (OPCs) 
(Tripathi et al., 2010; Zawadzka et al., 2010). Emerging evidence also suggests that 
mature oligodendrocytes that survived demyelinating events may retain a limited ability to 
re-engage the myelination program, participating in remyelination by producing new myelin 
sheaths (Duncan et al., 2018; Kirby et al., 2019; Yeung et al., 2019). Nonetheless, their 
myelination capacity is considered markedly lower compared to the capacity of newly 
generated oligodendrocytes (Bacmeister et al., 2022; Mezydlo et al., 2023; Neely et al., 
2022).  

Therefore, oligodendrogenesis – the transition from progenitors to mature, myelinating 
oligodendrocytes, particularly deriving from OPCs – represents a critical regulatory 
process pivotal for myelination and CNS repair. 

1.1.1.1 Oligodendrogenesis – Principles of Lineage Progression 

OPCs are generated in multiple partially overlapping, spatiotemporal waves following a 
ventral-dorsal progression, initially originating from radial glial cells of the ventricular 
germinal zones in the embryonic brain (Bergles & Richardson, 2016; Emery & Wood, 
2024). Once specified, OPCs migrate throughout the developing CNS using the 
vasculature as a scaffold (Tsai et al., 2016) and proliferate, evenly populating the CNS 
(Nishiyama et al., 2002) in a tiled distribution (Hill et al., 2024) that is balanced via local 
proliferation, programmed cell death, and differentiation (Raff et al., 1993; Trapp et al., 
1997). Initiated during specification, OPCs express the transcription factor oligodendrocyte 
transcription factor (OLIG) 2 (Lu et al., 2002), which, downstream, when committed to 
oligodendroglial differentiation, results in the induction of SRY-related HMG-box (SOX) 
family member 10 (Küspert et al., 2011) among other important oligodendroglia-associated 
proteins. Both transcription factors serve as pan markers throughout lineage progression. 
During CNS development, dorsally derived OPCs progressively replace the earlier-
generated, ventrally originated populations. Remarkably, despite this replacement, the 
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different OPC cohorts exhibit a high degree of functional redundancy. Elimination of one 
population results in the compensation of the remaining OPCs, ensuring the brain is 
populated with a physiological homeostatic density of OPCs and mature oligodendrocytes 
(Kessaris et al., 2005).  

After cell cycle exit, OPCs differentiate into oligodendrocytes and initiate myelination, 
which is marked by a distinct expression pattern of markers and morphological changes 
(reviewed by e.g. Emery & Wood, 2024; Redwine & Evans, 2002; Snaidero & Simons, 
2017). Briefly, bipolar shaped OPCs express markers such as platelet-derived growth 
factor (PDGFRα) and neuron-glia antigen 2 (NG2), which distinguish them from other 
progenitor populations (Nishiyama et al., 1996). As they transition into the pre-myelinating 
and myelinating stages, these markers are gradually downregulated in favour of markers 
such as the myelin-associated proteins CNPase, MBP, and MOG. This molecular 
progression is accompanied by extensive morphological changes, including process 
extension, enhancing complexity in branching, and axonal contact formation, which 
precede the wrapping of myelin membranes (Baumann & Pham-Dinh, 2001). Significant 
rearrangement of the actin cytoskeleton (Brown & Macklin, 2019) and microtubules 
(Weigel et al., 2020) is pivotal for these morphological changes and proper oligodendroglial 
function.  

1.1.1.2 Regulatory Mechanisms at a Glance 

The highly complex, spatiotemporal, and multistep-regulated progression of 
oligodendroglial lineage cells from progenitor specification, migration, proliferation, to 
terminal differentiation is tightly orchestrated by a multitude of signal cues that have been 
extensively reviewed in recent years (Bergles & Richardson, 2016; Domingues et al., 2016; 
El Waly et al., 2014; Elbaz & Popko, 2019; Emery & Wood, 2024; Hughes & Stockton, 
2021; Ma et al., 2024; Zhu et al., 2024). Due to the diversity and specificity of these 
regulatory mechanisms and involved cell types, they are often further categorised based 
on their source or function, classifying extrinsic signals from CNS-resident cells (Baydyuk 
et al., 2020) or mediated via extracellular matrix (ECM) proteins (Yamada et al., 2022) and 
intrinsic regulatory programs (Gaesser & Fyffe-Maricich, 2016). These programs include, 
among others, the coordination of intracellular organelle trafficking by molecular motors 
(kinesins, dyneins, and myosins) (Barbosa et al., 2024), as well as hormonal modulations 
of e.g. amino acid-based (thyroid hormones, insulin-like growth factor (IGF) 1) or steroid 
hormones (Breton et al., 2021; Long et al., 2021). In parallel, transcriptional and epigenetic 
control cascades, including OLIG1/2, SOX10, NK2 homeobox (NKX) 2.2, inhibitors of DNA 
binding (ID) 2/4, and hairy and enhancer of split (HES) 1/5, guide lineage commitment and 
maturation (Fitzpatrick et al., 2015; Mitew et al., 2014; Tiane et al., 2019). Additionally, 
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metabolic regulation (Zhu et al., 2024), such as mitochondrial-mediated mechanisms (Gil 
& Gama, 2023), contributes to lineage progression.  

The sophisticated balance between excitatory and inhibitory drivers (Kremer et al., 2011) 
is critical for guiding accurate maturation and myelin formation. Imbalances can result in 
detrimental malfunctions and impaired lineage specification and/or impaired maturation 
towards a functional, myelinating oligodendrocyte. This involves an array of conserved 
regulatory pathways such as sonic hedgehog (SHH), bone morphogenetic protein (BMP), 
Notch, wingless and integration site (Wnt)/β-catenin, protein kinase B (AKT) / mammalian 
target of rapamycin (mTOR), and extracellular signal-regulated kinase (ERK) / mitogen-
activated protein kinase (MAPK) signalling cascades (Emery & Wood, 2024; Gaesser & 
Fyffe-Maricich, 2016; Nicolay et al., 2007). A focused analysis of selected key signalling 
pathways relevant for oligodendroglial specification and differentiation is provided in detail 
in section 2.1. 

1.1.1.3 Oligodendroglial Precursor Cells – Designated Fate and Function? 

Traditionally viewed as progenitors of myelinating oligodendrocytes, OPCs (also termed 
NG2-glia in this context (Nishiyama et al., 1999)) are now well-known as a multifunctional 
and distinct glial population within the CNS. A substantial pool of OPCs persists throughout 
life, comprising 2–8% of CNS cells, with a higher density in white matter (up to 9%) 
compared to grey matter (maximum 3%) (Dawson et al., 2003; Dimou et al., 2008; Rivers 
et al., 2008). While white matter-resident OPCs are mitotically active and contribute to 
oligodendrogenesis, OPCs of the grey matter are slowly proliferative or quiescent, 
remaining in an immature state (Dimou et al., 2008).  

Functionally, OPCs display marked regional and morphological heterogeneity (Osorio et 
al., 2022), reflecting functional diversity beyond oligodendrogenesis. This has led to their 
classification as a distinct glial subtype, NG2-glia (Nishiyama et al., 1999; Nishiyama et 
al., 2009). Far from being passive precursors, they are involved in axon plasticity, 
regulating neuronal development and activity, engage in phagocytosis of axonal debris 
and synaptic terminals, contribute to apoptotic regulations, blood-brain barrier (BBB) 
integrity and astrocyte maturation, vascular formation, and immune signalling (Fang & Bai, 
2023; Hill et al., 2024; Ma et al., 2024). Thus, genetic alterations of their intrinsic 
programmed function might also directly impair accurate CNS development and repair 
mechanisms and exacerbate disease progression or cognition. 

Beyond maturation to oligodendrocytes, OPCs retain a latent astrocytic potential that can 
be reactivated under specific developmental or pathological conditions. In vitro, they give 
rise to process-bearing type-2 astrocytes in the presence of serum, a finding that led to 
their initial classification as oligodendrocyte-type-2 astrocyte (O–2A) progenitor cells (Raff 
et al., 1983). In vivo studies confirm this potential, although restricted to early 
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developmental stages and only resulting in the generation of astrocytes in the grey matter 
(protoplasmic), but never white matter astrocytes (fibrous) (Huang et al., 2019; Zhu et al., 
2012). The astrocytic fate can also be activated in response to injury-induced 
environmental changes, such as stab wound, cerebral stroke or experimental autoimmune 
encephalomyelitis (EAE), a mouse model for the demyelinating disease multiple sclerosis 
(MS) (Akay et al., 2021; Hackett et al., 2018; Kirdajova et al., 2021; Komitova et al., 2011; 
Tanner et al., 2011). Additionally, this is not only a murine phenomenon, as foetal human 
OPCs have also been shown to differentiate into astrocytes when transplanted into 
postnatal mouse brains (Windrem et al., 2004). These observations suggest that while 
OPCs are at least bipotent, astrocyte differentiation is largely suppressed under 
physiological conditions and restricted to defined temporal or reactive contexts, here 
presumably contributing to repair and remyelination failures (Marangon et al., 2024). 

1.1.2 Adult Neural Stem Cells and Their Contribution to Oligodendrogenesis 

Adult neural stem cells (aNSCs) retain multipotency and potentially can generate neurons, 
astrocytes, and oligodendrocytes. They are primarily located in the subventricular zone 
(SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate 
gyrus, (Davis & Temple, 1994). While their contribution to oligodendrogenesis under 
physiological conditions remains limited, their regenerative capacity becomes increasingly 
relevant in the context of CNS injury and demyelination (Xiao et al., 2017). Particularly, 
SVZ-NSCs were shown to restore myelination in response to demyelinating insults 
(reviewed by Akkermann et al., 2017; Akkermann et al., 2016).  

As cell replacement therapies via NSC transplantation are well-studied approaches for the 
repair of injured or diseased CNS (Beyer et al., 2019), promoting and stabilising their 
progression towards oligodendroglial differentiation constitutes an important need. A 
significant boost to their oligodendroglial lineage progression is achieved by stimulation 
with bone marrow-derived mesenchymal stem cell-conditioned medium (MSC-CM, see 
Appendix, Fig. 3A) (Jadasz et al., 2018; Rivera et al., 2009; Samper Agrelo et al., 2020), 
attributed to mesenchymal stem cell-secreted tissue inhibitor of 
metalloproteinases (Timp) 1 (Samper Agrelo et al., 2020). Timp1 neutralisation 
significantly diminished the oligodendroglial response both in vitro and in vivo, establishing 
its role as a key factor in lineage specification (Schira-Heinen et al., 2022a) in line with 
findings by Nicaise et al. (Nicaise et al., 2018). 

These findings emphasise the responsiveness of aNSCs to extrinsic cues, such as 
mesenchymal stem cell-derived secreted factors, which can promote oligodendrocyte fate 
specification and functional myelination. This offers a translationally relevant strategy not 
only to enhance myelin repair in acquired demyelinating diseases but possibly also to 
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support and stabilise oligodendrogenesis in neurodevelopmental contexts where 
myelination is delayed or dysregulated. 

1.1.3 Schwann Cells – Unexpected Roles in Central Nervous System Repair 

Schwann cells, the primary glial cells of the peripheral nervous system (PNS), fulfil 
functions broadly similar to those of oligodendrocytes in the CNS: they ensheath axons, 
provide metabolic support, and form myelin (reviewed by Salzer et al., 2024). Originating 
from neural crest cells, Schwann cells differentiate into either myelinating or non-
myelinating phenotypes in response to axonal calibre and local signals. In contrast to 
oligodendrocytes, which can myelinate multiple axons, each Schwann cell wraps a single 
axon. While the functional principles of myelination are conserved between PNS and CNS, 
the molecular composition of myelin and regenerative capacity upon injury differ 
significantly (Scherer & Arroyo, 2009). PNS myelin is characterised by abundant proteins 
such as myelin protein zero (P0), peripheral myelin protein (PMP) 22, and periaxin – 
proteins absent or minimally expressed in CNS myelin. Schwann cells exhibit remarkable 
plasticity and can dedifferentiate into a repair phenotype following nerve injury. This 
process is regulated by factors such as c-JUN, octamer-binding transcription factor (OCT) 
6, KROX20 (also early growth response protein; ERG2), and is accompanied by the 
downregulation of myelin-associated genes (Jessen & Mirsky, 2005; Jessen & Mirsky, 
2016).  

Their plasticity makes Schwann cells highly attractive for transplantation in PNS and CNS 
repair approaches. This is also due to their secretion of important neurotrophic factors 
(e.g., IGF, brain-derived neurotrophic factor (BDNF), and PDGF-BB) and ECM 
components (such as neural cell adhesion molecule (NCAM)), which support and promote 
axonal regrowth, myelination, and neuroprotection (for review, see e.g., Guest et al., 2025; 
Matsas et al., 2008; Xu, 2009). Unexpectedly, Schwann cells have also been implicated 
in CNS repair via endogenous mechanisms. For a long time, it was assumed that they 
invade the CNS after the breakdown of astroglial-guided limitations at demyelinating 
regions (for review see Franklin & Blakemore, 2003). However, two genetic lineage tracing 
studies in mice demonstrated that OPCs transdifferentiate into Schwann cells following 
toxin-induced demyelination or spinal cord injury and contribute to axonal remyelination 
within the CNS, though appearing to be restricted to the spinal cord (Assinck et al., 2017; 
Zawadzka et al., 2010). Whether CNS remyelination by Schwann cells is functionally 
equivalent to that performed by oligodendrocytes and why this transdifferentiation occurs 
remains an open question and subject of ongoing investigation (for review see Chen et al., 
2021a). 
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1.1.4 Astrocytes – Friend or Foe? 

Astrocytes are essential for maintaining CNS homeostasis, comprising approximately 30% 
of glial cells in the CNS (von Bartheld et al., 2016). They contribute to developmental 
patterning, neuronal and glial support, synaptic regulation, metabolic homeostasis, 
immune response, and blood–brain barrier integrity. Their diverse physiological functions 
have been reviewed elsewhere (e.g. Gradisnik & Velnar, 2023; Lee et al., 2022; Rupareliya 
et al., 2023). Increasing evidence points to their versatile role in direct and indirect 
regulation of myelination (reviewed by Kiray et al., 2016). 

In the context of oligodendrogenesis, astrocytes influence OPC survival, proliferation, and 
maturation via multiple signalling mechanisms. Astroglial secreted PDGF and fibroblast 
growth factor (FGF) 2 support early OPC maintenance (Bögler et al., 1990; Ferrara et al., 
1988; Pringle et al., 1989), while ciliary neurotrophic factor (CNTF) enhances OPC survival 
and maturation (Cao et al., 2010b; Stankoff et al., 2002; Stöckli et al., 1991) and protects 
against demyelination-associated apoptosis (Linker et al., 2002).  

However, under pathological, inflammatory, or demyelinating conditions, astrocytes 
undergo reactive transformation and may acquire neurotoxic properties (for review see 
e.g. Gorter & Baron, 2022; Moulson et al., 2021; Sofroniew, 2020). These reactive 
astrocytes can release cytokines such as interleukin (IL) 1α, tumour necrosis factor (TNF) 
α and complement factors (C1q, C3), which impair OPC proliferation, migration, and 
differentiation and promote oxidative stress (Liddelow et al., 2017). Despite these 
detrimental effects, reactive astrocyte subtypes also exhibit neuroprotective features such 
as TIMP1 secretion (Saha et al., 2020), highlighting their context-dependent functional 
plasticity and that the balance between supportive vs. inhibitory roles is critical for 
regenerative success or failure in CNS pathologies (Escartin et al., 2021). As will be 
discussed in section 2.7, the dominant astrocytic response in demyelinating conditions 
such as MS often hinders repair. Thus, recent pharmacological approaches aim to shift or 
promote astrocyte phenotypes toward regeneration-permissive properties to reduce 
disease progression and foster repair (Silva Oliveira Junior et al., 2024). 

1.2 White Matter in Pathologies 

Myelin plays a critical role in neuronal plasticity, connectivity, and function, ensuring proper 
brain performance throughout life. Consequently, dysfunction or loss of oligodendrocytes 
and their myelin sheaths has emerged as a central pathogenic factor across a broad 
spectrum of neurological disorders. These include neurodegenerative conditions such as 
Alzheimer’s disease (AD) (Han et al., 2022) and Huntington’s disease (Back et al., 2024; 
Ferrari Bardile et al., 2023), or autoimmune demyelinating diseases like MS (Molina-
Gonzalez et al., 2022; Stadelmann et al., 2019) or secondary demyelination following 
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acute CNS injury such as stroke (Marangon et al., 2024). Furthermore, psychiatric 
disorders, including depression (Zlomuzica et al., 2023) and schizophrenia (Valdés-Tovar 
et al., 2022), as well as cognitive and motor impairments (Chen et al., 2021b; Wang et al., 
2020), have been linked to structural and functional abnormalities in white matter. 
However, white matter restoration remains an unmet medical need, although therapeutic 
strategies are rapidly advancing with promising approaches in pharmacology, cell therapy, 
and molecular targeting, as seen in MS (Bezukladova et al., 2022; Lubetzki et al., 2022). 
Thus, it can be beneficial to understand similarities or differences of white matter 
abnormalities in neurological disorders, to identify starting points for myelin restoration 
attempts. 

Although less prevalent, inherited white matter disorders, collectively termed 
leukodystrophies, generally caused by single gene mutations, have significantly advanced 
our understanding of myelin pathology and the contributions of other glial cell types that 
should not be ignored (Perlman & Mar, 2012; Stadelmann et al., 2019). Despite its well-
known association with intellectual disability and cognitive impairments, DS has rarely 
been examined in the context of white matter malformation. Yet, understanding these 
alterations could have significant implications for medical care, as insights from 
pharmacological, molecular, or cell transplantation therapies developed for demyelinating 
diseases may be transferable to – a gap this thesis intends to address. 

1.2.1 Multiple Sclerosis – a Primary Demyelinating Disorder 

MS is a chronic inflammatory, demyelinating, and neurodegenerative disease affecting 
approximately 2.8 million people worldwide (Walton et al., 2020). It typically manifests in 
young adults between 20 and 40 and shows a pronounced female predominance (2:1 
ratio) (Koch-Henriksen et al., 2018; Kurtzke, 2000; Milo & Kahana, 2010). MS is 
characterised by autoimmune-driven responses targeting CNS myelin, resulting in focal 
demyelinating lesions within both white and grey matter of the brain and spinal cord (Filippi 
et al., 2018) and manifesting in different clinical forms (e.g. relapsing-remitting RRMS) (for 
review see Lassmann, 2019). MS lesions are spatially heterogeneous and widely 
disseminated across the CNS, leading to a broad range of clinical symptoms – from visual 
disturbances and sensory loss to motor dysfunction and cognitive decline (reviewed by 
e.g. Filippi et al., 2018; Lassmann, 2019).  

The pathological hallmark of MS is the progressive loss of myelin due to oligodendroglial 
cell death which impairs metabolic and trophic support to neurons, disrupts ion channel 
organisation, and contributes to mitochondrial dysfunction and oxidative stress – ultimately 
promoting axonal damage and neuronal degeneration (Correale et al., 2019; Reich et al., 
2018). While the immune response was traditionally viewed as being driven predominantly 
by peripheral immune cells (Dendrou et al., 2015; Prinz & Priller, 2017), accumulating 
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evidence highlights the pivotal contribution of CNS-resident glial cells. Activated microglia 
and astrocytes can independently mediate neurotoxicity and demyelination (for review see 
Muzio et al., 2021; Zhou et al., 2019). Also infectious agents have been implicated in MS 
pathogenesis. Strong epidemiological associations exist for Epstein–Barr virus (EBV) 
(Bjornevik et al., 2023; Wagner et al., 2004), while human herpesvirus (HHV) 6A (Álvarez-
Lafuente et al., 2004) and human endogenous viruses (ERVs) (Gruchot et al., 2023a; 
Gruchot et al., 2023b; Küry et al., 2018) are emerging as additional viral contributors, 
although their exact mechanistic roles remain to be fully clarified. 

Although OPCs and NSCs persist within the adult CNS, remyelination in MS remains 
inefficient, especially in chronic lesions, likely due to an inhibitory environment (astrogliosis 
and microgliosis) and insufficient OPC recruitment and differentiation (for review see Kotter 
et al., 2011; Tepavcevic & Lubetzki, 2022). The restoration of (re-)myelination can 
therefore be regarded as a central research focus for MS therapy. 

1.2.2 Ischemic Stroke – Secondary White Matter Damage 

Ischemic stroke occurs due to an acute disruption of cerebral blood flow, leading to 
deprivation of oxygen and glucose, which results in the death of neurons and 
oligodendroglial cells and ultimately causes disability (for review see Dewar et al., 2003). 
In 2021, the global age-standardised prevalence rate was around 820 cases per 100,000 
individuals (Li et al., 2024). While clinical focus has long been on neuronal damage and 
degeneration, white matter injury, particularly the loss of oligodendrocytes and their myelin 
sheaths, has gained recognition as a significant contributor to post-stroke disability and 
long-term clinical outcome (Jia et al., 2019; Plemel et al., 2014; Zhou et al., 2013). 

Oligodendrocytes are particularly susceptible to ischemia-induced necroptosis and 
apoptosis, triggered by excitotoxic mediators such as glutamate and adenosine 
triphosphate (ATP) (Xu et al., 2020). As early as three hours after middle cerebral artery 
occlusion, oligodendrocytes exhibit swelling and vacuolization, followed by process 
retraction and cell death within 24 hours (McIver et al., 2010; Pantoni et al., 2006). This 
acute demyelination compromises axonal integrity and structural stability, exacerbating 
neurological deficits.  

Anatomically, the infarct core comprises the irreversibly damaged region where nearly all 
cells die within minutes. In contrast, the surrounding peri-infarct region (penumbra) 
contains partially viable tissue that may be preserved through reperfusion in short-term 
and regenerated with long-term remyelination strategies (Bonfanti et al., 2017; Lo, 2008; 
Sozmen et al., 2016). Indeed, OPCs are activated in response to ischemic injury and 
recruited to the lesion borders, particularly within the penumbra, where an increased 
number of oligodendroglial lineage cells have been detected (Kang et al., 2010). Although 
this OPC response may initially support axonal survival and myelin repair, their 
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differentiation into mature, myelinating oligodendrocytes is often insufficient, especially at 
later stages. This remyelination failure contributes to chronic white matter deficits and 
impedes functional recovery (for review see e.g. Hernández et al., 2021; Rosenzweig & 
Carmichael, 2015; Shi et al., 2015). Thus, approaches to foster OPC differentiation to 
support repair and long-term recovery of function are a relatively new research focus in 
stroke therapy. 

1.2.3 Down Syndrome – Genetically Driven White Matter Malformation 

DS, caused by trisomy of human chromosome 21 (HSA21), is the leading genetic reason 
for intellectual disability and cognitive impairments, affecting approximately 1 in 700–1000 
live births worldwide (de Graaf et al., 2021). The condition is associated with a broad 
spectrum of systemic and neurological manifestations, most notably impairments in 
learning, memory, executive function, and age-related cognitive decline. Additionally, 
individuals with DS develop early-onset Alzheimer’s disease concomitant with accelerated 
ageing of the brain (Lanfranchi et al., 2010; Lott & Head, 2019). 

At the structural level, DS neuropathology is characterised by reduced brain volume, 
altered cortical organisation, and hypomyelination (Ábrahám et al., 2012; Golden & 
Hyman, 1994; Pinter et al., 2001). Cellularly, displacement and loss of cortical neurons 
have been reported (Golden & Hyman, 1994), alongside altered neuronal connectivity 
patterns emerging during foetal development (Marin-Padilla, 1976; Petit et al., 1984; 
Takashima et al., 1981; Weitzdoerfer et al., 2001). Furthermore, persistent reactive 
astrogliosis has been demonstrated in postmortem DS tissue (Murphy et al., 1992; 
Takashima & Becker, 1985), in line with findings of increased astrogliogenesis 
(Kurabayashi et al., 2015). A shift from neuro-to-gliogenic fate is thought to contribute to 
the observed cellular imbalance (Dossi et al., 2017; Haydar & Reeves, 2012; Kanaumi et 
al., 2013; Stagni et al., 2017). 

For a long time, research has extensively focused on neuronal deficits and altered 
neurogenesis as major contributors to cognitive decline and intellectual disability in DS, 
while largely ignoring the role of white matter pathology and oligodendroglial dysfunction. 
However, emerging evidence suggests that the gliogenic fate shift may not only affect 
neuronal precursors but also influence oligodendroglial specification, potentially shifting 
them toward astrocytic differentiation and contributing to hypomyelination. Section 2.1 will 
explore these mechanisms, describing the altered oligodendroglial composition in DS and 
summarising key signalling pathways involved in fate regulation known to be altered in DS. 
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1.3 C21ORF91 – A Novel Candidate Regulator of Neurodevelopment and 
Myelination? 

The triplication of HSA21 exerts genome-wide effects (Letourneau et al., 2014; Olmos-
Serrano et al., 2016), causative to the various clinical presentations in DS and complicating 
the search for gene loci on HSA21 that may be sufficient to result in a specific DS 
phenotype. Nevertheless, investigating rare segmental HSA21 trisomies has proven 
valuable in narrowing down candidate regions and genes potentially responsible for 
distinct DS features, such as cognitive impairment (Korbel et al., 2009). In addition to the 
study of Korbel et al., two further independent reports described individuals with partial 
tetrasomy of HSA21 who exhibited remarkably strong cognitive impairment due to 
microcephaly (Slavotinek et al., 2000) and presented with intellectual disability and speech 
delay in the absence of other typical DS features (Rost et al., 2004). These findings 
highlight a subset of genes that may drive DS neuropathological phenotypes.  

Among them, C21ORF91, also referred to as early undifferentiated retina and lens (EURL), 
has emerged as an interesting candidate. The protein was originally identified in chick 
embryos based on its expression in early retinal and lens precursor cells, suggesting a 
role in developmental processes prior to cell fate determination and differentiation 
(Godbout et al., 2003). In DS, C21ORF91 is overexpressed proportional to the gene 
dosage effect (1.5-fold increase observed in microarray analysis of DS lymphoblastoid 
cells), hence most likely contributing to DS phenotypes (Ait Yahya-Graison et al., 2007). 
Also, C21ORF91 transcripts were among the most enriched transcripts in DS pluripotent 
stem cells (Chou et al., 2012). Analysis of euploid, healthy human brain tissues revealed 
spatiotemporal dynamics of C21ORF91 expression during cortical development, following 
a characteristic pattern, decreasing toward birth, peaking in early postnatal stages, and 
declining again with age (Li et al., 2016). Notably, the highest transcript levels are observed 
in the corpus callosum, the largest white matter tract of the human brain. This expression 
profile strikingly coincides with the onset and progression of developmental myelination 
(Reiche et al., 2021, see section 2.2). Interestingly, C21ORF91 transcript levels are 
elevated in foetal DS brains compared to euploid controls (Li et al., 2016). 

In line with these findings, C21orf91 was identified as part of a co-dysregulated gene 
module M43 in a developmental transcriptome analysis of DS patients, enriched for 
oligodendrocyte differentiation and myelin-associated genes such as CNPase, Plp1, 
Sox10, and Gpr17 (Olmos-Serrano et al., 2016). Additionally, the mouse orthologue 
protein to C21ORF91, D16Ertd472e (encoded on chromosome 16 in mice) was enriched 
by a 5.5-fold in oligodendrocytes compared to astrocytes or neurons, similar to the level of 
other proteins associated and important for their development, such as Olig2 (Cahoy et 
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al., 2008). Both observations indicate an important role of C21ORF91 for the 
oligodendroglial lineage.  

Independent bioinformatic analyses and data mining efforts conducted by Lydie Lane and 
Paula Duek (see section 2.2), along with yeast two-hybrid screening performed by 
Hybrigenics (France, unpublished), had further revealed a strong correlation between 
human C21ORF91 and the oligodendroglial lineage and myelination. These converging 
observations led to the collaborative development of a research project aiming to 
investigate C21orf91 in primary rat oligodendroglia. The experimental validation of these 
predictions was subsequently carried out in our laboratory, demonstrating its involvement 
in rat brain development and OPC differentiation under both native and overexpression 
conditions (Reiche et al., 2021) and further extended to NSCs (Park, 2020) and Schwann 
cells (Schütte, 2022), and will be further discussed in this thesis. 

In summary, C21ORF91 emerges as a gene of high interest for CNS development 
(Godbout et al., 2003; Li et al., 2016). While its specific function in oligodendrogenesis is 
only beginning to be unravelled – inter alia within the work presented in this thesis – its 
inclusion in a myelination-relevant gene module and its phenotypic linkage to cognitive 
deficits in partial trisomic/tretrasomic cases support its candidacy as a critical regulator of 
glial development and white matter integrity, particularly in the context of DS.  

1.4 Aims of the Thesis 

Proper myelination in the CNS is crucial for maintaining neural circuit integrity and 
supporting higher brain functions. Oligodendrogenesis – whether occurring during 
development, learning or driven by repair mechanisms – relies on the precise and multi-
faceted regulation of multiple signalling cues involving the cross-talk of all CNS-innate cell 
types. Disruptions within this process, whether of congenital origin or acquired through 
injury or disease, can impair white matter integrity, with detrimental consequences for 
cognition and life quality. In recent years, various neurological conditions, particularly 
demyelinating diseases such as MS, have recognised the therapeutic potential of 
stabilising OPC differentiation competence. In contrast, research on the neurobiology of 
DS has still predominantly focused on neuronal deficits as the leading cause of intellectual 
disability. Despite extensive investigations into neurogenesis and the possible neuro-to-
gliogenic shift in DS, the role of oligodendroglia and hypomyelination remains largely 
descriptive rather than mechanistically explored. This thesis, therefore, aims to fill this gap 
and broaden our understanding of gliogenic dysregulation in DS, with a particular 
emphasis on the oligodendroglial lineage. By deepening our insight into these processes, 
novel strategies to ameliorate cognitive impairment in DS may become accessible. 
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In this context, the aims of this thesis are: 

I.) To elucidate the extent of oligodendroglial imbalance in DS and to investigate the 
hypothesis that hypomyelination results from impaired lineage commitment rather than 
being secondary to altered neurogenesis. 
II.) To characterise the gene C21orf91 as a novel regulatory factor involved in 
oligodendroglial development and myelination, potentially contributing to hypomyelination 
in DS. 
III.) To explore whether pharmacological approaches derived from remyelination research 
in demyelinating disorders can be translated to the context of C21orf91-related 
oligodendroglial dysfunction. 
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2 Results – Publications at a Glance 

To address the first aim of this thesis, a literature review was conducted on 
hypomyelination and abnormalities in oligodendroglial cell composition in DS, focusing on 
signalling pathways that induce a neuro-to-astrogliogenic cell fate switch (see section 2.1). 
The review emphasises the dual role of these pathways, which are also essential for 
accurate oligodendrogenesis, indicating that switching progenitor specification to 
astrocytes may contribute to observed glial imbalances in DS. Finally, potential 
pharmacological strategies to correct this imbalance in DS, some of which have already 
shown a pro-oligodendroglial therapeutic effect in the context of demyelinating diseases 
such as MS, are presented. 

Regarding the second aim, the predicted role of C21ORF91 in myelination and maturation 
of OPCs, evident by bioinformatic analysis, was proven by investigating the spatiotemporal 
expression dynamics in rat brain development and spontaneous differentiation of rat 
primary OPCs. Additional gene modulation via nucleofection demonstrated that elevated 
levels of the C21orf91 rat ortholog indeed impaired accurate OPC differentiation, 
diminishing their myelination capacity, and resulted in the induction of astroglial properties, 
possibly resembling the suggested switch in glial specification observed in DS (see section 
2.2 and section 2.8). 

The third aim focused on the analysis of pharmacological approaches. In parallel to this 
DS-related project, our group was working on identifying small molecules to stabilise OPC 
differentiation competence and promote remyelination and repair in a demyelinating 
context (drug repurposing studies). By utilising primary cultures, organotypic slice cultures, 
and suitable experimental mouse models (cuprizone-mediated demyelination or 
photothrombotic ischemia), various promising candidates were determined during the last 
years (see sections 2.3-2.6). Interestingly, medrysone was shown to exert its restorative 
and beneficial features on remyelination primarily via promoting a repair phenotype in 
astrocytes (see section 2.4). This highlighted the role of astrocytes in a demyelinating 
context – a topic reviewed in section 2.7, including a discussion of biomedical strategies 
that may promote such a beneficial repair phenotype. Finally, all findings converged in 
demonstrating that the identified myelin repair compounds were indeed able to rescue 
C21orf91-induced defective OPC differentiation as well as the arising neurotoxic astroglial 
cues, thereby possibly paving the way for a novel therapeutic strategy for cognitive 
impairment in DS targeting myelin restoration (see section 2.8).
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3 Discussion 

Neurological disorders are among the most severe and complex diseases worldwide, often 
leading to lifelong impairments but offering only limited therapeutic options. DS exemplifies 
this unmet medical challenge. Profound cognitive impairments in individuals with DS 
significantly limit their ability to pursue personal goals, such as completing education with 
fewer difficulties, taking employment, or living independently. Despite the increasing 
recognition of the role glial cells play in brain development, homeostasis, and disease, 
research in DS has traditionally still focused on neuronal aspects. In particular, the 
contribution of oligodendroglial lineage deficits to DS neuropathology has received little 
attention. Moreover, there are currently no therapeutic strategies that effectively target 
intellectual disability in DS. One reason for this is that key processes such as cortical 
lamination and progenitor fate commitment – which may be disrupted and lead to a neuro-
to-gliogenic shift – are mainly limited to embryonic development and thus relatively 
inaccessible to postnatal intervention (Stagni & Bartesaghi, 2022). However, neuronal 
circuit formation critically depends on the proper functioning of glial cells, such as 
oligodendroglial cells, not only for myelination but also for broader metabolic and structural 
functions. 

This thesis, therefore, first aimed to determine whether hypomyelination and impaired 
oligodendrogenesis in DS are intrinsic features of the syndrome rather than secondary 
consequences of neuronal dysfunctions and loss. It further explored whether signalling 
pathways implicated in the neuro-to-gliogenic shift might also interfere with 
oligodendroglial lineage progression, thereby exacerbating astrogliogenesis and 
contributing to cognitive dysfunction. Furthermore, a central focus was placed on 
elucidating the role of the HSA21-encoded gene C21ORF91, hypothesising that it is 
essential for developmental myelination and that its overexpression disrupts accurate 
oligodendroglial differentiation, ultimately compromising white matter integrity. 

In parallel, our research group has a longstanding interest in myelin repair strategies for 
demyelinating conditions such as the autoimmune disease MS or ischemic stroke, where 
remyelination and endogenous repair mechanisms remain largely ineffective, contributing 
to disease progression and worsening disabilities. Several promising pharmacological 
candidates have emerged from these efforts, as can be observed in the here presented 
studies. However, their applicability to genetically driven white matter pathologies like DS 
has not yet been explored – even though myelinogenesis is predominantly a postnatal 
process and thus theoretically accessible to intervention. 

In this regard, this thesis also addressed whether pharmacological modulation of 
C21orf91-overexpressing rat OPCs, resulting in compromised glial fate specification and 
impaired myelination (Reiche et al., 2021), serving as a cellular model for observed glial 
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misdevelopment in DS, could restore lineage progression and promote myelination. 
Together, the presented studies provide new insights into oligodendroglial lineage 
dysregulation in DS and identify C21ORF91 as a novel driver of glial imbalance, 
differentiation, and myelination. Furthermore, this provides proof-of-concept that 
pharmacological targeting of oligodendroglial dysfunction via drug repurposing may 
represent a promising strategy to improve or restore white matter development – and 
potentially cognitive outcomes – in this genetically neurodevelopmental syndrome. 

3.1 Oligodendroglial Cell Imbalance in DS and the Role of C21ORF91 

The aetiology of intellectual disability and cognitive impairments in DS is unknown, but in 
fact, may result from structural and functional alterations in the brains of affected people 
(Klein & Haydar, 2022), so far best attributed to abnormalities in neurogenesis (Abukhaled 
et al., 2023). Recent neuroimaging studies demonstrate a profound decline in the total 
brain volume in individuals with DS, already evident in neonates (Fukami-Gartner et al., 
2023) and young adults (McCann et al., 2021), especially affecting regions associated with 
DS-associated cognitive limitations such as executive functions (e.g., frontal lobe and 
cerebellum) and memory (hippocampus). DS brains are marked by a profoundly 
imbalanced cytoarchitecture (Fig. 2) comprising spatiotemporal anomalies in the 
development of all cortical cell populations, not only neurons (Olmos-Serrano et al., 2016; 
Russo et al., 2024). Particularly, oligodendrocytes and proper myelination are pivotal for 
higher brain functions (Fields, 2008; Hill et al., 2019; Miller, 1994; Mount & Monje, 2017), 
and deficits result in cognitive impairment (Chen et al., 2021b; Wang et al., 2020). 
However, its direct implications for the observed intellectual disability and decline in 
cognition in people with DS have not received much attention, which we aim to change.  

As summarised in our review (section 2.1), DS brains are marked by various structural and 
functional changes in white matter in numerous regions, such as the hippocampus and the 
corpus callosum (Reiche et al., 2019). The myelination process is profoundly impaired, as 
it is not only generally delayed, averaging 12 months compared to typically developing 
euploid controls, but also decreased (Ábrahám et al., 2012; Wisniewski & Schmidt-Sidor, 
1989). Furthermore, in DS brains, the density of myelinated axons is diminished (Ábrahám 
et al., 2012; Olmos-Serrano et al., 2016) and the characteristic grid-like structure of 
myelinated fibres is disrupted, accompanied by significantly decreased expression levels 
of the key myelin-associated proteins MBP, MAG (Olmos-Serrano et al., 2016), and CNP 
(Vlkolinsky et al., 2001). Indeed, the observed diminished white matter integrity correlates 
with reduced performance in neuropsychological assessments of people with DS (Fenoll 
et al., 2017; Powell et al., 2014). The new awareness of the importance of accurate white 
matter formation and its microstructure, as well as advances in imaging, enabled further 
correlations for white matter malformation and cognitive outcome in the DS population 



Discussion 

 

169 

(Cañete-Massé et al., 2022). Bazydlo et al. (2021) demonstrated that early decline in 
episodic memory before the onset of AD-associated dementia, which often occurs in adults 
with DS (DSAD), may be attributed to white matter degeneration, independently of 
chronological age. Notably, the onset and severity of deficits in cognition in individuals with 
DS coincide with the time pattern of myelination peaking in the first years of life till young 
adulthood (Reiche et al., 2019). Thus, indeed, cognitive impairments in DS are directly 
linked to alterations in white matter integrity.  

Nevertheless, how is the oligodendroglial lineage affected despite altered myelination 
properties? On the one hand, Olmos-Serrano and colleagues (2016) demonstrated for the 
first time direct cell-autonomous deficits in oligodendroglial maturation and viability via 
multi-region transcriptome analysis in DS and healthy controls spanning from foetus to 
adults and further confirmed in a frequently used DS-mouse model Ts65Dn. On the other 
hand, when examining oligodendrocyte development in humans on a cellular level, 
temporal- and region-dependent changes in the numbers of OPCs, mostly traced by 
OLIG2-staining, can be observed in DS. In the germinal matrix, OLIG2-positive cell 
numbers were reduced in the earliest developmental embryonic waves (14-16 weeks of 
gestation), which normalised in the course of development (late gestation till birth). In 
contrast, in the temporal lobe white matter, the density of OLIG2-positive cells remained 
similar in normally developing controls and DS foetuses, though the rate of OPC 
accumulation over time was markedly higher in DS tissue (Kanaumi et al., 2013). In 
contrast, in the ventricular zone of frontal cortices of DS foetuses (14 and 18 weeks of 
gestation), significantly higher levels of OLIG2- and PDGFRα-positivity were observed (Lu 
et al., 2012). Thus, altered cell-autonomous lineage progression and dysbalanced 
progenitor pools may consequently contribute to the diminished myelination observed in 
postnatal and adult DS brains.  

Interestingly, a growing body of evidence points toward a fundamental imbalance in 
cortical cell specification in DS, marked by a shift away from neurogenesis toward 
increased gliogenesis (Russo et al., 2024). Several studies indicated elevated numbers of 
astrocytes in foetal DS brains in regions such as the hippocampus (Guidi et al., 2008; 
Zdaniuk et al., 2011). However, we hypothesised that increased astrogliogenesis may be 
attributed to impaired oligodendrogenesis due to failed lineage specification, as OPCs, or 
OLIG2-positive progenitor cells, were shown to differentiate to glial fibrillary acidic protein 
(GFAP)-positive reactive astrocytes upon, e.g., injury (Chen et al., 2008; Lu et al., 2012). 
Further evidence can be drawn from observations in Ts65Dn mice, demonstrating that a 
decreased percentage of oligodendrocytes (Olmos-Serrano et al., 2016) is accompanied 
by elevated numbers of reactive astrocytes (Lockrow et al., 2012). Therefore, we 
summarised multiple pathways known to be implicated in disrupted neurogenesis in DS 
that may additionally underlie such an oligodendro-to-astroglial fate shift in NSCs and 
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OPCs, possibly altering their proliferation, differentiation, and fate commitment (Reiche et 
al., 2021, also see Fig. 2). Taken together, these findings support the view that glial lineage 
imbalance in DS is not merely secondary to neuronal loss but may reflect a primary 
developmental distortion in progenitor fate decisions and further disruption of intrinsic 
developmental lineage progression. Importantly, this shift has functional implications 
beyond myelin deficits. Astrocytes and oligodendrocytes play distinct and complementary 
roles in synaptic regulation, metabolic support, and axonal conduction. An excess of 
reactive astrocytes at the expense of mature oligodendrocytes may, therefore, disrupt 
neuronal circuit formation and plasticity, thereby additionally contributing to cognitive 
impairment. This glial imbalance may further be amplified by early inflammatory stimuli, 
oxidative stress, and metabolic challenges, which are increasingly recognised as part of 
the DS neuropathological landscape (Ponroy Bally & Murai, 2021; Russo et al., 2024). 

In this context, it has to be mentioned that while neuroanatomical differences are 
pronounced in individuals with DS, there is variability among them, including variations in 
the severity and type of cognitive impairment and the presence of comorbidities (Russo et 
al., 2024). However, due to the restricted availability of human brain tissue, particularly 
from prenatal stages, research on postmortem DS brains often lacks sufficient power, 
which complicates reaching broadly applicable conclusions for the DS population 

Figure 2. Schematic illustration of a coronal frontal lobe section of a neonatal human brain depicting 
the cytoarchitectural alterations in DS (red) compared to euploid, typical development (blue). Foetuses 
and infants with DS display significant anatomical abnormalities in brain structure, characterised by a reduced 
overall brain volume, a thinner cortex, and decreased complexity of gyri and sulci (highlighted by arrowheads). 
These structural differences reflect impaired and imbalanced brain development (insets). Particularly, the 
processes governing the generation and differentiation of neurons and astrocytes are impaired during 
neurodevelopment in DS, leading to a decreased number of neurons and an increased proportion of astrocytes 
relative to neurons. Furthermore, deficits in myelin formation and disturbances in oligodendrocyte production 
are also prominent features of DS neurodevelopment. Upward and downward arrows mark respective 
increases or decreases in specific cell populations. Enhanced and repressed pathways involved in this 
misbalanced cellular composition are indicated in bold. Adapted from (Russo et al., 2024) with permission 
license: 6017861412139. 
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(Risgaard et al., 2022). Additionally, distinguishing alterations in cell fate commitment 
and/or differentiation in fixed postmortem tissue remains technically challenging. 
Furthermore, our awareness of the heterogeneity of oligodendroglia and astroglia has 
recently been enhanced, which has also led to the questioning of markers that were once 
widely accepted as lineage-specific. For instance, OLIG2, an HSA21-encoded gene, is 
well-known for its implication in lineage specification and is a highly important regulator for 
OPC differentiation (Zhou et al., 2000). It was recently also demonstrated to be implicated 
in interneuron specification and development (del Águila et al., 2022; Xu et al., 2019). 
Thus, claiming higher OLIG2-positive progenitors equal OPCs or oligodendroglial cells 
without additional lineage markers in the future will not be sufficient. Equally, GFAP, with 
our current knowledge, is, on the one hand, not the ideal marker for all astrocytes, 
especially when investigating reactive phenotypes (Escartin et al., 2021) and also marks 
radial glial cells (Choi, 1986). Thus, the cell populations investigated in previous studies, 
especially in foetal brains, need further clarification in future studies. 

This also underscores the need to better understand the molecular drivers of glial fate 
specification, particularly in the context of gene dosage imbalance on HSA21. Remarkably, 
we demonstrated that the overexpression of C21orf91 in rat OPCs was sufficient to result 
in DS-characteristic hallmarks: impaired oligodendroglial differentiation, altered 
myelination capacity resulting in hypomyelination, and the induction of astroglial properties 
at the expense of oligodendroglial lineage commitment (see sections 2.2 and 2.8; (Reiche 
et al., 2021; Reiche et al., submitted)). Furthermore, we observed that elevated levels of 
this protein resulted in the concomitant expression of astroglial and oligodendroglial 
markers, not only restricted to mono- and co-culture levels or explained as a phenomenon 
in murine primary cultures, but indeed found OLIG2 or MBP along GFAP co-expressing 
C21ORF91-positive cells only in DS or DSAD cases, but not in aged euploid control or AD 
control (Reiche et al., submitted). This further underlined our hypothesis that, indeed, 
progenitor cells, usually committed to the oligodendroglial lineage, might shift their fate in 
DS. Interestingly, initial experiments conducted with rat SVZ-aNSCs overexpressing 
C21orf91 revealed that these cells also failed to commit to the oligodendroglial lineage, 
even when conditioned with mesenchymal stem cell-conditioned medium, which reliably 
promotes oligodendroglial lineage progression (Jadasz et al., 2018; Samper Agrelo et al., 
2020). This was evidenced by a massive decline of Mbp-expressing cells compared to 
control-transfected NSCs (see Appendix 4.1.1, Fig. 3A,a). Instead, overexpression of 
C21orf91 was sufficient to inhibit or silence the mesenchymal stem cell-conditioned 
medium-induced cues and instead significantly induce GFAP expression (see Appendix 
4.1.1, Fig. 3A,a).  

We were interested to further elucidate which pathways might possibly be involved in this 
aberrant OPC differentiation induced via C21orf91 but attempts to enrich transfected cells 
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either via fluorescence-activated cell sorting (FACS) or antibiotic-resistance selection of 
the plasmid were not successful in OPCs (data not shown). Thus, we conducted qPCR 
analysis, which, however, has to be considered with caution, as the transfection efficiency 
of primary cells via nucleofection is generally low (here, we reached up to 30%), and 
transient transfection only allowed to analyse early developmental timepoints. As C21orf91 
was recently described to interact with coiled-coil domain containing (CCdc) 85b, thereby 
modulating β-catenin (Li et al., 2016), transcript levels of genes involved in Wnt signalling 
(Tcf4, Lrp1, Ctnnb1) were investigated in both C21orf91 overexpressing NSCs and OPCs 
(see Appendix 4.1.2, Fig. 4). There was an overall aberrant regulation induced by C21orf91 
overexpression. Transcription factor (Tcf) 4 and catenin beta 1 (Ctnnb1), coding for the 
protein β-catenin, were downregulated in NSCs and OPCs with elevated C21orf91 
expression (though Ctnnb1 was initially upregulated at 1d in OPCs), while low density 
lipoprotein receptor related protein (Lrp) 1 was elevated in NSCs but decreased in OPCs. 
Note that the Wnt signalling is highly complex and needs tight regulation to guarantee 
accurate oligodendrocyte differentiation (Reiche et al., 2019). Lrp1 is downregulated in 
differentiating OPCs, thus, deletion of Lrp1 in mouse OPCs increased the number of 
myelinating oligodendrocytes and enhanced remyelination in cuprizone-mediated 
demyelination (Auderset et al., 2020). However, another study suggests that Lrp1 is 
important for cholesterol homeostasis, and its ablation in OPCs results in metabolic deficits 
that inhibit differentiation (Lin et al., 2017). These contrary results demonstrate that there 
are possibly context-dependent factors for Lrp1-mediated OPC differentiation involving 
further upstream or downstream effectors. Nonetheless, β-catenin is transiently activated 
in OPCs, inducing terminal differentiation, and then downregulated again (Emery, 2010). 
Elevated levels in mutant mice display defective differentiation and hypomyelination 
(Fancy et al., 2009). Thus, overexpression of C21orf91 also affected Wnt signalling in both 
OPCs and NSCs, most likely disturbing correct timing for accurate oligodendroglial lineage 
progression and myelination onset, a process we already claimed to be important and 
affected in DS (Reiche et al., 2019).  

Additionally, hairy/enhancer of split (Hes) 1 and 5 are upregulated in OPCs with increased 
C21orf91 expression levels at day one, while only Hes1 is induced in C21orf91 
overexpressed NSCs. Interestingly, HES1 is also upregulated in the adult DS cortex 
(Fischer et al., 2005) and was demonstrated to induce an astroglial cell fate at the expense 
of oligodendroglial progression in glial restricted precursor cells (Wu et al., 2003).  

G protein coupled receptor (GPR) 17 was implicated in the dysregulated gene cluster 
along C21ORF91 identified in DS, associated with oligodendroglial development and 
myelination (Olmos-Serrano et al., 2016), and shown to indeed modulate OPC maturation, 
with any disruptions of its expression pattern causing myelination defects (reviewed by 
Lecca et al., 2020; Simon et al., 2016). GPR17 is directly linked with diminished sorting 
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nexin (SNX) 27 levels in DS (Wang et al., 2013) and was demonstrated to result in impaired 
OPC differentiation and myelination deficits in Ts65Dn mice (Meraviglia et al., 2016). Both 
genes, Gpr17 and Snx27, were diminished in C21orf91 overexpressing OPCs compared 
to controls during differentiation on days one and three.  

Thus, the overexpression of C21orf91 in NSCs and particularly in OPCs overall affects 
oligodendroglial lineage progression and capacity to mature to myelinating 
oligodendrocytes rather than intrinsically inducing astroglial marker expression.  

Whether, in the end, OPCs or NSCs really differentiate to fully functioning astrocytes upon 
C21orf91 overexpression and occurring glial hybrids will remain in such a non-
physiological stage or will progress into a specific lineage or eventually will undergo cell 
death will remain a topic for future studies. First efforts to transplant these transfected 
OPCs or NSCs into rodent brains to assess their ability to integrate or/and differentiate 
similar to previously established setups in our lab (Beyer et al., 2020; Samper Agrelo et 
al., 2020; Schira-Heinen et al., 2022a) were unsuccessful, as four days post-
transplantation, only 10 GFP-positive cells were traceable in a brain, completely 
insufficient for meaningful interpretations (data not shown). This highlights the need for, on 
the one hand, stable transduction of C21orf91 overexpression into the genome of primary 
cells and, on the other hand, a suitable, ideally inducible, animal model for OPC fate 
mapping, such as modifying the NG2-CreERT2/Rosa26-tdTomato mouse strain used in 
our stroke study (Werner et al., 2023). Studying alterations due to C21orf91 
overexpression in the common DS transgenic mice such as Ts65Dn is, for example, not 
suitable, as only the Dp(16)1Yey/Dp1Tyb, Dp9Tyb and Dp3Yah harbour the mouse 
orthologue gene of C21orf91 on mouse chromosome 16 (Ishihara, 2021).  

3.2 The Role of C21orf91 in Shaping the Nervous System 

Among the genes on HSA21, C21ORF91 has emerged as a key modulator of neuronal 
and oligodendroglial lineage progression in DS, possibly attributed to interfering with Wnt 
signalling as mentioned above (Li et al., 2016; Reiche et al., 2021; Reiche et al., 
submitted). However, the exact underlying molecular pathways and functional role appear 
way more complex and need to be investigated further, as elevated expression of 
C21orf91 in OPCs did not result in a simple outcome of only shifting cells toward astroglial 
differentiation cues at the expanse of mature oligodendrocytes, but resulted in a subset of 
several differing cell phenotypes:  

(1) undifferentiated OPCs,  
(2) cells with hybrid co-expression,  



Discussion 

 

174 

(3) oligodendroglial cells exhibiting an increased morphological maturation and aberrantly 
enriched/accumulated Mbp-expression with a collapsed cytoarchitecture (referred to as 
non-organised Mbp-expressing (NOM) cells),  
and (4) cells with astroglial properties of neurotoxic or neuroprotective reactive astrocyte 
phenotypes (see sections 2.2 (Reiche et al., 2021) and 2.8 (Reiche et al., submitted)).  

Though we demonstrated that C21orf91 expression levels in OPCs were successfully 
elevated at gene transcript and protein levels in GFP-expressing cells (co-transfection for 
visualisation, see methods in 2.2), our chosen transfection method did not guarantee 
stable incorporation of the overexpression construct to the genome of the transfected cell, 
nor that every transfected cell is only harbouring only one extra copy of C21orf91, reflecting 
the observed 1.5-fold gene dosage effect observed in DS (Ait Yahya-Graison et al., 2007). 
Moreover, there were possibly differing levels of elevated C21orf91 protein levels. Thus, it 
would be interesting to determine the exact C21orf91 protein expression level (and 
correlating omics) within each of the four mentioned cell phenotypes to evaluate whether 
the different phenotypes relate to a certain dosage-dependent C21orf91 expression 
threshold that, in the end, modulates specification, fate switch, and/or differentiation 
progression. 

Indeed, C21ORF91 exhibits a spatiotemporal expression pattern in DS brains (Li et al., 
2016). Under normally developing conditions, its expression follows a temporally dynamic 
pattern in both mouse and human brain development, with initially low levels that increase 
toward early adulthood, coinciding with the onset and progression of CNS myelination (Li 
et al., 2016; Reiche et al., 2021). Transcriptomic and bioinformatic analyses of both studies 
show high enrichment in myelin-rich regions such as the corpus callosum, diencephalon, 
spinal cord, and cerebral white matter, specifically in myelinating oligodendrocytes and 
hippocampal astrocytes. However, C21ORF91 is ubiquitously expressed in various tissues 
and cell types (Reiche et al., 2021), thus most likely important for all cells in the body. On 
a cellular level, C21orf91 has been shown to influence both neurogenesis and 
oligodendrogenesis in a dosage-sensitive manner (Li et al., 2016; Reiche, 2017). In mice, 
forced overexpression or knockdown alters the proliferative capacity and differentiation of 
neural progenitors, with knockdown promoting differentiation but diminishing proliferation, 
while in contrast, overexpression promotes proliferation without affecting lineage 
progression. However, both gene modulations reduce dendritic spine density, more 
prominent in overexpression. This impaired neurogenesis is suggested to result from 
interactions with CCdc85b, which modulates β-catenin and thereby impacts Wnt signalling 
(Li et al., 2016).  

Primary rat NSCs and OPCs show no altered proliferation capacity in response to 
C21orf91 modulations (data not shown). As described in the previous section, C21orf91 
overexpression results in disrupted lineage specification in both cell pools: oligodendroglial 
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differentiation was impaired, while astroglial markers such as Hes1, Glast, Lcn2, and Mafg 
were upregulated (Reiche et al., submitted), Gfap, even under pro-oligodendroglial cues 
induced by mesenchymal stem cell-conditioned medium (see Appendix Fig. 4A). 
Conversely, C21orf91 knockdown promoted earlier OPC fate acquisition in NSCs treated 
with mesenchymal stem cell-conditioned medium compared to control-transfected NSCs 
(Park, 2020). However, these C21orf91-suppressed cells exhibited impaired differentiation 
(Appendix Fig. 3A,b), resulting in a diminished capacity to successfully integrate (Appendix 
Fig. 3C,F), and mature to myelinating cells (Appendix Fig. 3E), but rather stay quiescent 
(Appendix Fig. 3D) when transplanted into cerebellar slice cultures and further stimulated 
with mesenchymal stem cell-conditioned medium to promote their oligodendroglial lineage 
progression (Appendix Fig. 3F). Additionally, suppressed C21orf91 expression diminished 
morphological maturation in NSCs (Appendix Fig. 3B), what was also described in initial 
suppression experiments in OPCs (Reiche, 2017) suggesting that C21orf91 is essential 
not only for lineage commitment but also for functional maturation. NSCs with suppressed 
C21orf91 expression demonstrate diminished transcription levels for all studied genes, 
including Ctnnb1 (Appendix Fig. 4B). Interestingly, transient β-catenin (encoded by 
Ctnnb1) signals in NSCs were demonstrated to result in cell death (Rosenbloom et al., 
2020). Though we did not observe cell death induced by any C21orf91 modulation in OPCs 
nor NSCs, we only tested the very early timepoint (one day post-transfection, data not 
shown). Given the drastic loss of C21orf91-suppressed cells after transplantation in slice 
cultures (Appendix Fig. 3C) examined on day four, it seems reasonable to assume that 
prolonged diminished β-catenin signalling here induced cell death in this ex vivo system. 
Mechanistically, C21ORF91 modulation disrupted multiple regulatory pathways, including 
downregulation of Tcf4 and Ctnnb1 (Wnt signalling), altered Lrp1 expression (lipid 
metabolism) and increased Hes1/Hes5 expression (Notch targets). These mechanisms 
likely contribute to the defective oligodendroglial differentiation, hypomyelination, and 
increased astrogliogenesis observed in DS. However, the exact downstream cascade and 
temporal dynamics remain to be fully elucidated in future in vivo studies and analysis of 
omics.  

Collectively, these findings position C21ORF91 as a dosage-sensitive regulator of neural 
lineage specification and progression. However, future studies will need to implement glial 
restricted precursors or radial glial cells to investigate astrogliogenesis to justify 
C21ORF91’s currently suggested modulatory role in shaping the cytoarchitecture of the 
CNS. Besides, C21ORF91 might not only be involved in DS neuropathophysiology but 
could also constitute a new candidate for investigation in other neurological disorders 
affecting white matter and neuronal function.  

Interestingly, impaired peripheral somatosensory function and aberrant nerve conduction 
velocity are described in children with DS (Brandt & Rosén, 1995). However, Schwann 
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cells, the myelinating cells of the PNS, have so far not received any attention in DS 
research. Remarkably, in Charcot-Marie-Tooth (CMT) disease, an inherited demyelinating 
peripheral neuropathy, dysfunction in Schwann cells – resulting in diminished myelination 
capacity – is the leading cause for observed motor and sensory deficits as well as slowed 
nerve conduction velocities (McLean et al., 2022). Thus, it was interesting to investigate 
whether C21orf91 may also affect Schwann cell behaviour (Schütte, 2022). Indeed, the 
expression pattern of C21orf91 in the PNS correlated with myelination during development 
(similar to the CNS) and, interestingly, in response to peripheral nerve injury and 
remyelination (Schütte, 2022). The modulation of C21orf91 did not affect the proliferation 
of Schwann cells, which in culture are known to give rise to typical bipolar-shaped, highly 
proliferative cells (reviewed by Monje, 2020). However, C21orf91-positive structures very 
impressively resembled the spindle apparatus and the cytokinetic bridge during mitotic 
phases (see Appendix Fig. 5A), possibly characterising it as a novel marker of the mitotic 
apparatus when compared to staining of α-tubulin and BRCA2 and CDKN1A interacting 
protein (BCCIP), a protein associated with spindle poles, centrosomes, and the mitotic cell 
cortex (Huhn et al., 2017). Interestingly, this is the first indirect proof of the assumption that 
C21ORF91 is localised to microtubules and the cytokinetic bridge (Human Protein Atlas), 
but this needs further examination via direct co-staining, e.g., with α-tubulin and BCCIP. 
Besides their important roles in cellular morphology and function (Huang et al., 2022), 
microtubules are also important for accurate myelination in Schwann cells (Kidd et al., 
1994) and oligodendrocytes (Lee & Hur, 2020; Weigel et al., 2020). The fact that NSCs 
and OPCs were affected in their morphological maturation upon C21orf91 modulation 
might also be due to the interference of C21orf91 modulation with microtubule 
organisation. This interference might also affect their differentiation progression and 
defective myelination capacity, as observed in the collapsed cytoarchitecture in NOM cells 
unable to ensheath axons in co-cultures (Reiche et al., 2021).  

Therefore, it is maybe not surprising that Schwann cells also exhibited morphological 
alterations upon C21orf91 overexpression (Appendix Fig. 5B-D’). Schwann cell 
phenotypes resulting from C21orf91 overexpression were distinguished by soma size, 
number and length of protrusions and web formation. In C21ORF91-overexpressing cells, 
the GFP-positive population was mainly categorised as Type 2 (large soma and at least 
three protrusions with web formation) and Type 3 (larger soma sizes with two or more 
protrusions but no web formation). Especially the morphological phenotype 3 might relate 
to myelinating Schwann cell phenotypes (Weiner et al., 2001). Deeper analysis of 
C21orf91-overexpressing Schwann cells highly enriched for C21orf91 signal intensities 
(Appendix Fig. 4C, D’) showed that most Schwann cells belonged to phenotype 2. Note 
that control-transfected Schwann cells mainly belonged to the bipolar morphological Type 
1. This observation leaves open questions, such as what causes these morphological 
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alterations, whether these phenotypes indeed relate to distinct functions, and prompts the 
need for further studies in myelin-promoting environments such as transplantation into 
lesion sides or co-cultures with neurons, as monocultured Schwann cells usually do not 
undergo (trans-)differentiation to repair or myelinating phenotypes without stimuli (Monje, 
2020). This monoculture-attributed aspect also makes it difficult to interpret the induced 
transcriptional changes in Schwann cells with modulated C21orf91 expression levels 
(Appendix Fig. 5.E). Overexpression seems to slightly promote a repair and differentiating 
Schwann cell phenotype seen in slight enrichment of myelin-associated genes (Mag, P0, 
Mal) at day four of cultivation, while suppression rather favours a repair phenotype by 
upregulation of c-Jun and Gap43, however, Pdgf-BB was reduced which eventually would 
impair repair functions (Sowa et al., 2019). Thus, more studies regarding Schwann cell 
behaviour upon C21orf91 modulations, for instance, in peripheral nerve injuries, are 
needed in the future.  

However, in summary, all conducted observations in this thesis highlight that C21orf91 
protein expression underlies possibly various signalling cues, itself interferes with at least 
Wnt and possibly Notch or Jak/Stat3 signalling (seen by Hes 1/5 modulation (for review, 
see Reiche et al., 2019), and needs precise temporal regulation to facilitate accurate 
neural progenitor cell specification, lineage progression, and terminal differentiation, 
exerting its modulatory role in a dosage-dependent manner.  

3.3 Myelin Restoration – New Therapeutic Perspectives for Down Syndrome 

The limited capacity of the CNS to repair white matter damage remains a major therapeutic 
challenge across neurological and neurodevelopmental conditions. While strategies to 
promote remyelination have recently been extensively studied in MS (Franklin et al., 2024; 
Lubetzki et al., 2022; Tepavcevic & Lubetzki, 2022), their application to DS has only 
recently gained attention. Crucially, a growing body of evidence suggests that impaired 
oligodendroglial differentiation, rather than irreversible cell loss, is a common and 
potentially targetable mechanism across distinct disease contexts (Fancy et al., 2011; 
Franklin et al., 2024; Simons et al., 2024; Stadelmann et al., 2019). 

As clearly elucidated in this thesis, genome-wide gene dosage imbalances in DS disrupt 
oligodendroglial lineage maturation and result in hypomyelination (Olmos-Serrano et al., 
2016; Reiche et al., 2019), with C21ORF91 emerging as a promising candidate to be a 
driver gene responsible for the DS-characteristic neuropathological phenotype and 
contributing to cognitive impairments and intellectual disability (Li et al., 2016; Reiche et 
al., 2021; Reiche et al., submitted). As mentioned before, overexpression of this protein 
results in an overall defective OPC maturation, corrupting lineage specification and 
progression, producing aberrant and possibly unique DS-related disease cell phenotypes 
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such as hybrid cells co-expressing astrocytic markers or NOM cells with disrupted 
cytoarchitecture but elevated Mbp expression (Reiche et al., 2021; Reiche et al., 
submitted). C21ORF91 has been shown to interfere at least with Wnt/β-catenin signalling, 
but possibly also other multiple signalling pathways involved in fate specification, such as 
Notch (via Hes1/5) and GPR17-linked mechanisms, all of which have been implicated in 
the regulation of OPC differentiation and myelin formation (Li et al., 2016; Olmos-Serrano 
et al., 2016; Reiche et al., 2019; Simon et al., 2016). Against this mechanistic background, 
pharmacological rewiring of oligodendroglial fate and differentiation competence 
represents a promising therapeutic avenue. 

Building on earlier work in MS and ischemic stroke, several repurposed compounds, such 
as danazol, parbendazole, medrysone, and teriflunomide (see section 2.3-2.6), have 
demonstrated the ability to enhance oligodendroglial differentiation and remyelination 
(Göttle et al., 2023; Göttle et al., 2018; Manousi et al., 2021; Silva Oliveira Junior et al., 
2022; Werner et al., 2023). We hypothesised that these compounds could also rescue the 
intrinsically challenged OPC differentiation competence observed in DS. In section 2.8, we 
examine the effects of these myelin repair drugs on C21orf91-overexpressing OPCs, here 
serving as a model for dysregulated maturation of OPCs in DS. By evaluating their 
potential to restore oligodendroglial fate and promote functional myelination, we extend 
remyelination strategies beyond classical demyelinating disorders (Reiche et al., 
submitted). 

Indeed, the steroid and pituitary gonadotropin inhibitor danazol (Ashfaq et al., 2024), the 
corticosteroid medrysone, and the anthelminthic parbendazole could all effectively restore 
the myelination capacity of C21orf91-overexpressing cells, with danazol and medrysone 
demonstrating the most efficient rescuing effects. All three myelin repair drugs could 
reverse cytoplasmic translocation of Olig2, hence stabilising oligodendroglial 
differentiation instead of the induction of astroglial differentiation (Setoguchi & Kondo, 
2004). The exact mechanisms behind this translocation and the involvement of C21orf91 
need to be further elucidated in upcoming studies. Given that microtubules and actin are 
potentially involved in nuclear translocation (Wu & Kengaku, 2018) and C21orf91 appears 
to be associated with microtubules (see Appendix Fig. 5A), analysing dyneins, myosins, 
and kinesins could not only be beneficial in understanding C21orf91’s role in possibly 
altering nuclear trafficking and interfering with differentiation (Barbosa et al., 2024). 

In this context, the positive impact of parbendazole, an active tubulin destabiliser, and 
methiazole (both anthelmintics similar to nocodazole) on OPC differentiation was 
previously attributed to microtubule modulation via a p38MAPK-related mechanism, as 
phosphorylated p38MAPK was induced via parbendazole in OPCs, resulting in more 
complex morphological phenotypes (Manousi et al., 2021). However, methiazole already 
failed to exert beneficial effects on C21orf91 overexpression-driven defective OPC 
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maturation in the co-culture system, while parbendazole failed to re-establish more 
complex morphological maturation of oligodendroglial cells when compared to danazol 
and medrysone (see section 2.8, (Reiche et al., submitted)). Overexpression resulted in 
an accelerated morphological maturation seen by process arborisation and MBP staining, 
yet failed to ensheath axons (Reiche et al., 2021), which might also be attributed to 
inhibited microtubule polymerisation. Thus, a fostered destabilisation, as induced by 
methiazole and parbendazole, in the end, is too much and results in an overall imbalanced 
maturation instead of promoting accurate OPC differentiation. For instance, nocodazole, 
a microtubule destabiliser that interacts with the mitotic spindle (Jordan et al., 1998), 
clearly showed dosage-dependent effects, only promoting morphological maturation of 
OPCs at nanomolar dosages and pulse stimulation (Lee & Hur, 2020). The promoted 
positive regulation of OPC maturation induced by parbendazole in C21orf91-
overexpressing cells in the context of the co-culture system could, therefore, result from 
secondary effects of other innate co-culture cells, such as neurons or astrocytes, and 
should be further assessed in future studies. Which exact underlying pathways the here-
tested myelin repair drugs regulate to promote OPC differentiation and how C21orf91 
might be involved, whether as a primary or downstream target, remains to be addressed 
in the future. Note that none of the tested drugs were observed to reduce C21orf91 
transcript levels during spontaneous OPC differentiation (data not shown). Thus, it is 
unlikely that any of the tested compounds simply restored C21orf91 overexpression to 
physiological levels.  

Danazol was found to inhibit STAT3 signalling in multidrug-resistant cancer cells (Chang 
et al., 2019). Interestingly, STAT3 is known to regulate OPC differentiation toward an 
astrocytic fate, resulting in astrogliosis and insufficient remyelination (Sun et al., 2015). 
Thus, C21orf91 overexpression could possibly promote Stat3 signalling in transfected 
OPCs, which is corrected by danazol and thereby stabilises oligodendroglial lineage 
progression. Therefore, Stat3 expression levels should be investigated in follow-up 
studies. As STAT3 overactivation in DS indeed resulted in enhanced astroglial production 
(Cao et al., 2010a; Kurabayashi et al., 2015), danazol becomes an even more attractive 
candidate for testing for correcting glial specification in DS. 

Though demonstrated to have no direct effects on the spontaneous differentiation of 
primary rat OPCs, medrysone, an FDA-approved anti-inflammatory corticosteroid, robustly 
fostered remyelination in a chronic demyelination model by modulating the reactive profile 
of astrocytes (Silva Oliveira Junior et al., 2022). Here, pro-inflammatory and neurotoxic 
features in astrocytes were downregulated by medrysone administration, and a repair-
beneficial astroglial phenotype was promoted, thereby fostering remyelination. Notably, 
DS astrocytes were demonstrated to exhibit increased transcript levels of Gfap, Glast, and 
iNos, as well as activated morphologies with thicker branches compared to euploid healthy 
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brain tissues (Chen et al., 2014). These pathological features resemble those we observed 
in our primary C21orf91-overexpressed OPCs (Reiche et al., submitted). Interestingly, 
elevated protein levels of LCN2 have been detected in the sera of DS patients (Dogliotti et 
al., 2010; Naude et al., 2015), additionally supporting an indirect correlation with our 
findings as C21orf91 overexpression induced Lcn2 secretion. Treatment with medrysone 
showed the most dominant reduction in restoring these neurotoxic astroglial features 
(Liddelow et al., 2017) along the elevated C21orf91-driven OPC differentiation (Reiche et 
al., submitted). However, there was no induction of Timp1, a marker for repair-attributed 
astrocytes (reviewed by Silva Oliveira Junior et al., 2024), within the cultured transfected 
cells, but a general decline in GFAP back to the level observed in control-transfected cells, 
hence restoring accurate OPC differentiation. Nonetheless, medrysone decreased the 
reactive state of astrocytes, which could not be observed for parbendazole treatment. Yet, 
it cannot be excluded that medrysone additionally directly affects the OPC fate guided by 
C21orf91-driven pathways. Thus, exploring the underlying pathways will have to be 
addressed in future studies. 

While these medications are authorised to treat pathologies not associated with the CNS, 
including endometriosis (Dmowski et al., 1971), fibrocystic breast disease (Greenblatt et 
al., 1980), or eye inflammation (Bedrossian & Eriksen, 1969; Spaeth, 1966), and they also 
show potential as candidate drugs for cancer therapies according to preclinical studies 
(Florio et al., 2019; Liang et al., 2022; Lo et al., 2017), their possible role in promoting white 
matter development postnatally in DS requires further investigation, particularly in 
identifying the best therapeutic windows. 

For future research in neurological diseases, identifying shared features and disease-
specific mechanisms affecting white matter integrity will be key to unravelling the cellular 
phenotypes involved and developing targeted therapeutic strategies aimed at promoting 
(re-)myelination and ultimately improving cognitive function. In this regard, it should be 
emphasised that remyelination strategies may prove more effective in MS and ischemic 
stroke than in DS. In demyelinating diseases such as MS and stroke, OPC and NSC 
differentiation and remyelination are predominantly impaired due to acquired disruptions 
of CNS homeostasis, particularly involving astrocytes and microglia during disease 
progression (Liddelow et al., 2017; Marangon et al., 2024; Silva Oliveira Junior et al., 2024; 
Sofroniew, 2020). In contrast, while similar reactive glial states are observed in DS, 
presumably all cell types and progenitor pools may be intrinsically/cell-autonomously 
affected by genome-wide alterations resulting from HSA21 triplication. Consequently, 
responses to drugs promoting OPC differentiation in DS will likely differ substantially from 
those in MS or stroke, warranting further need for disease-specific testing and validation.  
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3.4 Conclusion 

This thesis uncovered novel perspectives that contribute to white matter abnormalities in 
DS, focusing on aberrant oligodendroglial lineage progression, the role of the HSA21-
encoded gene C21ORF91, and the potential of pharmacological intervention to restore 
oligodendroglial differentiation that is corrupted by C21orf91 orthologue overexpression in 
rat OPCs. The findings demonstrate that hypomyelination in DS reflects an intrinsic 
developmental disturbance, possibly favouring a shift from oligodendrogenesis toward 
astroglial differentiation of progenitors (OPCs, NSCs). This imbalance can be linked to the 
overexpression of C21ORF91, which was shown to disrupt oligodendroglial differentiation 
and myelination capacity and induce aberrant hybrid glial phenotypes with astro- and 
oligodendroglial properties in vitro and in postmortem DS brain tissue. Pharmacological 
screening revealed that several repurposed compounds, including danazol, parbendazole, 
and medrysone, can modulate C21orf91-disrupted OPC fate, promote oligodendroglial 
maturation, and/or enhance supportive astroglial cues. These findings extend beyond 
classical demyelinating disorders and suggest that myelin-promoting strategies may also 
benefit genetically driven conditions such as DS. In conclusion, this thesis identified 
oligodendroglial dysregulation as a central, targetable feature of DS neuropathology and 
established C21ORF91 as a novel contributor to white matter defects. It further proves that 
pharmacological modulation of progenitor fate progression is feasible to counteract 
myelination deficits, potentially improving brain development and cognitive function in DS 
and related disorders. 

3.5 Future Perspectives 

Advancing our understanding of glial cell specification and myelination in the context of 
DS  will benefit substantially from using patient-derived induced pluripotent stem cell 
(iPSC) studies. These models provide a human-specific, developmentally relevant 
platform (Russo et al., 2024) to dissect the contribution of C21ORF91 to lineage fate and 
myelination. In contrast to most available animal models, which fail to recapitulate the 
nuanced features of human glial development as the HSA21 gene orthologues are located 
on three different mouse chromosomes, iPSC-derived systems allow for targeted 
investigation of the cellular and molecular mechanisms underlying the observed 
impairments- Furthermore, they facilitate personalised testing of the pharmacological 
approaches described in this thesis. Nonetheless, the Ts65Dn mouse model has emerged 
as a valuable in vivo tool, particularly due to its pronounced alterations in glial cell 
composition and overall defective OPC differentiation (Klein & Haydar, 2022). While it may 
not fully reflect the C21ORF91-driven pathology, it could serve as a suitable model to 
assess the efficacy of myelin repair drugs in a broader DS context.  
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Furthermore, future research should also explore the role of microglia, as their contribution, 
supportive and/or potentially detrimental, remains an underexplored yet possibly critical 
component of white matter integrity in DS. In this context, it would be exciting to elucidate 
whether C21ORF91 is possibly involved in specific microglial phenotypes or can disrupt 
their homeostatic functions. Moreover, the role of C21ORF91 in the onset and progression 
of other neurological disorders, such as MS or stroke, should be investigated in the future.  
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4 Appendix 

4.1 Additional Information and Figures 

4.1.1 C21orf91 Modulation in Rat aNSCs 

4.1.1.1 Experimental Procedure 

For the isolation of mesenchymal stem cells (MSCs) and SVZ-aNSCs, female 8–10 weeks 
old Wistar rats were used. Adult rat MSC cultures were prepared and cultivated as 
described by (Jadasz et al., 2013; Samper Agrelo et al., 2020). Adult rat NSC cultures from 
the SVZ were obtained and cultivated following the instructions of (Jadasz et al., 2018; 
Samper Agrelo et al., 2020). After the splitting of NSCs, cells were transfected via 
electroporation by using Amaxa® Rat Neural Stem Cell Nucleofector™ Kit. C21orf91 
overexpression constructs are described in section 2.2 (Reiche et al., 2021). C21orf91 
suppression constructs were generated by OriGene Technologies, choosing the shRNA 
cloning vector pGFP-V-RS with a TCAAGAG loop (control vector including a scrambled 
negative control non-effective shRNA cassette). For suppression, an equal 1:1:1 mixture 
of three different shRNA sequences of the rat C21orf91 orthologue gene was used (AAT 
TGC CAA CCA GGA TTG TTC TCG ATC CA, AGT CGG CAT CTC AAG CTA TAC GCA 
GAG AA, and AGC AGC TCC TCA AGA ACT GTT CCA AGT TG). NSCs were transfected 
either with 1.5 µg/106 for overexpression (1:5 mix of citrine:overexpression construct) or 
with 2 µg/106 cells for suppression. Transfected cells were plated on pre-coated poly-L-
ornithine/laminin (100 µg/mL and 12 µg/mL, Sigma-Aldrich) plates at a density of 75,000 
cells/well for ICC and 1.5 x 105 cells/well for qRT-PCR. After 16 h, medium was exchanged 
with mesenchymal stem cell-conditioned medium (MSC-CM) to initiate oligodendroglial 
differentiation. ICC was performed as previously described by Jadasz et al. (2018). 
Organotypic brain slices were generated and stained as described in section 2.3 (Manousi 
et al., 2021) and by Jadasz et al. (2018). After 4 h of slice generation, 10,000 transfected 
vital cells (by means of staining Trypan blue) were transplanted onto each slice following 
a medium exchange to 1:1 slice medium and MSC-CM. Slices were cultivated for 4 days 
before fixation with 4% PFA. Data are shown as mean values (±SEM). To determine 
statistical significance, Student's t-test was applied: *p < .05; **p < .01; ***p < .001. Note 
that NSC suppression experiments were conducted by Mina Park as part of her master’s 
thesis (Park, 2020). 
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4.1.1.2 Results 

C21orf91 overexpression resulted in the significant almost threefold induction of GFAP 
expression, while MBP was drastically decreased compared to control under seven days 
of MSC-CM conditioning (Fig. 2A, a.). The suppression of C21orf91 remarkably diminished 
both glial lineage markers, though more prominent for MBP (Fig. 2A, b.). Due to their huge 
morphological heterogeneity, this feature of elevated levels of C21orf91 was not analysed 
(data not shown). However, the suppression of C21orf91 delayed morphological 
maturation, as seen by process length and branching, three days in culture following MSC-
CM conditioning compared to control cells (Fig. 2 B). Suppressed NSCs integrated less 
frequently into cerebellar slice cultures, as indicated by half the number of control 
transfected cells counted four days after transplantation (Fig. 2C), which is also illustrated 
in the representative images (Fig. 2F, (a)-(f)). Though the number of Olig2-positive cells 
showed no difference (Fig. 2D), the suppressed cells decreased MBP expression 
significantly compared to control cells (Fig. 2E). Also integrated into the slice culture 
environment, suppressed cells exhibited diminished morphological phenotypes (see Fig. 
2F,(d-f)) than control transfected transplanted cells (see Fig. 2F (a-c)). 

                Continued
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Figure 3. C21orf91 modulation inhibits pro-oligodendroglial cues of mesenchymal stem cell-
conditioned medium in rat SVZ-aNSCs in vitro and ex vivo. Schematic presentation of experimental design 
(A, created with BioRender.com). NSCs were either transfected with a C21orf91 overexpression construct (a.; 
ovex; black bars) or a suppression mix (b., supp; black dashed bars) or the corresponding controls (con; white 
bars for ovex or white dashed bars for supp) and stimulated with MSC-CM to boost oligodendroglial lineage 
progression (estimated by Mbp staining) instead of astroglial cues (represented by Gfap staining) seven days 
(7 d) upon conditioning. Morphological presentation of transfected cells depicted by GFP signal (for 
visualisation of positively transfected cells) and brightfield (BF) cultured with MSC-CM for three days (3d) (B). 
Four days after transplantation of transfected cells onto cerebellar organotypic slice cultures conditioned with 
1:1 slice culture medium and MSC-CM, GFP-positive cells per mm2 (C), Olig2-positive cells per mm2 (D), or 
Mbp-expressing cells per mm2 (E) were evaluated. Representative image of a whole slice (F) shows three 
randomly chosen areas for control transfected (a-c) or C21orf91 suppressed (e-d) integrated cells stained Nf 
(blue), Olig2 (white), and Mbp (red). GFP for visualisation of transfected cells. Data are shown as mean values 
(±SEM) and derived from n=3-5 experiments (A), or n=4 slices of one animal, with independent NSC pools/slice 
(C-E). Scale bar: 500 µm (F); 100 µm (a-f), t-test: *p < .05; ** p ≤0.01; *** p ≤ 0.001. Except for overexpression 
data and schematic illustration, data and images are adapted from (Park, 2020). 
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4.1.2 Changes in Transcript Levels in OPCs and aNSCs upon C21orf91 Modulation 

4.1.2.1 Results 

Analysis of mRNA transcript levels of modulated OPCs confirmed C21orf91 was 
successfully overexpressed (ovex) at 1 d and 3 d, though decreasing over time (Fig. 3A, 
see also section 2.1; Reiche et al. 2021). Tcf4, Lrp1, Ctnnb1 (also known as β-catenin), 
Grp17, and Snx27 expression levels were induced along the differentiation from one to 
three days (1 d, 3 d) in control transfected cells (con), while inhibitors of 
oligodendrogenesis Hes1/5 were downregulated. C21orf91 overexpressing cells showed 
a drastic induction of Ctnnb1 and Hes1, while Lrp1 and Hes5 were slightly upregulated 
compared to control at 1 d. The other transcript levels were diminished for the other 
specific time points compared to the controls. Instead of an increasing trend along lineage 
progression, Snx27 and Ctnnb1 transcript levels diminished at 3 d in C21orf91 protein 
overexpressing OPCs.  

For aNSCs of the SVZ, described in 4.1.1, C21orf91-suppressed cells (supp) showed an 
overall downregulation of transcript levels at 1d of stimulation with MSC-CM (to induce and 
promote oligodendroglial lineage progression, see section 1.1.3 and Fig. 2A) (Fig. 3B). 
Upon its overexpression, except for Ctnnb1 and Hes5, the other genes exhibited the same 
regulations as described for OPCs, most prominently diminishing Tcf4 and inducing Hes1 
expression compared to control-transfected cells. 

Figure 4. Modulations of C21orf91 expression levels result in an overall dysregulated pattern for 
various important regulatory transcript levels in rat oligodendroglial precursor cells. OPCs were 
transfected with an overexpression construct for C21orf91 (ovex) and control (con) and mRNA levels were 
measured at 1d and 3d of differentiation (A). For aNSCs, C21orf91 was either suppressed (supp) or 
overexpressed and conditioned with MSC-CM for 1d to promote oligodendroglial lineage progression (B). Data 
are presented as z-scores derived from mean values of n=2 experiments. 
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4.1.3 C21orf91 Modulation in Rat Schwann Cells 

4.1.3.1 Experimental Procedure 

Primary rat Schwann cells from p0-2 postnatal day-old pups were prepared and cultivated 
according to (Brockes et al., 1979; Schira-Heinen et al., 2022b). The Amaxa Basic Glial 
Cells NucleofectionTM Kit was used to nucleofect Schwann cells either with 2.5 µg/106 cells 
for the suppression construct mix (1:1:1) or 2 µg/106 cells for the overexpression construct 
of C21orf91 (with 10:1 co-transfection with citrine) and corresponding control plasmids. 
For ICC, 40,000 (native) or 50,000 (transfected) cells/well were plated, while for qPCR 
analysis 80,000 (native) or 120,000 (transfected) cells/well were seeded. Overexpressing 
Schwann cells and corresponding control transfected cells were further selected with 
hygromycin-supplemented medium (1:1000). Staining was performed as described in 
section 2.2 (Reiche et al., 2021) and additionally using mouse anti-S100 (1:500; Sigma-
Aldrich), mouse anti-Ki-67 (1:500; Agilent Dako) and rabbit anti-C21orf91 (1:300; Sigma-
Aldrich). Morphological analysis was assessed via cell size and shape of soma and 
protrusions. Data are shown as mean values (±SEM).  

4.1.3.2 Results 

In native Schwann cells, C21orf91 protein expression correlated with all mitotic phases 
two days in culture (Fig. 4A). Ki-67 and C21orf91 signal intensities increased in cells 
entering the mitotic cycle. During prophase, as chromosomes condense and the spindle 
apparatus assembles, a small C21ORF91-positive structure appears at the nucleus's 
centre, enlarging as spindle poles become visible in prometaphase and metaphase. 
Telophase describes the separation into two identical daughter cells, facilitated by a 
contractile ring, while C21ORF91 signals fade from the nuclear region. However, a 
C21ORF91-positive structure connecting the not fully separated cells (likely a chromatin 
bridge) remains. As cells transition from telophase to mitosis exit, the signals for both 
C21ORF91 and Ki-67 gradually decrease. However, strong C21ORF91 signals were 
detected for structures representing the spindle apparatus, especially the spindle poles 
and microtubules. 

Overexpression of C21orf91 in Schwann cells led to distinct morphological changes 
compared to control-transfected cells, judged by S100 and C21orf91 staining, as well as 
GFP-expressing cells at day two of cultivation (Fig. 4B-D’). Three morphological 
phenotypes were identified based on cell size and protrusions: Type 1 cells (cross, most 
common in Schwann cell monocultures) are small with two opposing protrusions; Type 2 
cells (star) have a large soma and at least three protrusions with web formation; Type 3 
(triangle) cells have larger soma sizes with two or more protrusions but no web formation. 
In control cells, the majority were Type 1. However, in C21orf91-overexpressing cells, the 
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GFP+ population was mainly Type 2 and 3. Analysis of cells with high C21orf91 signals 
(Fig. 4C, D’) showed that the majority of Schwann cells belonged to phenotype 2 upon 
elevated C21orf91 expression.  

Gene expression analysis via qPCR (Fig. 4E) indicated that C21orf91 transcript levels 
were stably suppressed for four days, while its overexpression was higher at day two 
compared to day four, though still elevated compared to control. Suppression and 
overexpression resulted in partially opposing gene expression dynamics, for instance 
Gap43, cJun, Mag, Mal, and P0 transcript levels are induced in C21orf91-suppressed 
Schwann cells at day two, on the other hand these genes were diminished at the same 
timepoint in Schwann cells with elevated C21orf91 protein expression. However, Ccdc8gb 
expression is upregulated under both modulations of C21orf91. 

    Continued



Appendix 

 

189 

 

 

 

Figure 5. An overview of C21orf91’s roles in rat Schwann cell mitosis, morphological presentation and 
transcript dynamics. C21ORF91 localisation during rat Schwann cell mitosis depicted by representative 
images for C21orf91 (red), Ki-67 (green), and DAPI (blue) two days in culture (A). Stained cells were 
distinguished for the different mitotic phases. Schwann cells were transfected with citrine (1:10) and either a 
control vector (con, white bars) or C21orf91 overexpression construct (ovex, black bars). Representative 
images for GFP (green), DAPI, and S100 (B) or C21orf91 (C) (both in red) indicate morphological 
heterogeneity induced by transfection after two days in culture. Morphological analysis for GFP-expressing 
cells depending on protrusions and cell sizes revealed that the cells categorised as phenotype 1 (cross, 
bipolar) make up the biggest proportion of control-transfected cells, but the smallest proportion of C21orf91-
overexpressed cells (D). On the other hand, type 3 (triangle) occurs least in control transfected cells, while 
being most apparent in C21orf91 overexpressing cells. More defined analysis, focusing on only strongly 
C21orf91-expressing cells within the GFP-expressing population upon overexpression, demonstrated that 
most cells belong to phenotype 2 (star) (D’). Transcript level dynamics of C21orf91 suppressed (supp) or 
overexpressed (ovex) Schwann cells over the course of two and four days (2d, 4d) (E). Data are derived from 
n=1 (D, D’) experiments (on average, 89 cells for control and 102 cells for ovex were counted in seven random 
pictures/condition) and presented as z-scores derived from mean values of n=3-5 experiments (E). Scale bars: 
20 µm (A), 50 µm (B,C). Data and images are adapted from (Schütte, 2022). 
  



Appendix 

 

190 

4.2 List of Author Contributions for this Thesis 

I. Aberrant Oligodendrogenesis in Down syndrome – Shift in Gliogenesis? 

Laura Reiche, Patrick Küry*, Peter Göttle* 
*these authors contributed equally 
Published: Cells (2019); Impact factor: 5.656;  
DOI: 10.3390/cells8121591  
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 60% 

Co-conceptualisation, literature research, figure design, and preparation of the manuscript. 

 

 

II. C21orf91 Regulates Oligodendroglial Precursor Cell Fate—A Switch in the 
Glial Lineage? 

Laura Reiche, Peter Göttle, Lydie Lane, Paula Duek, Mina Park, Kasum Azim, Jana 
Schütte, Anastasia Manousi, Jessica Schira-Heinen and Patrick Küry  
Published: Frontiers in Cellular Neuroscience (2021); Impact factor: 6.147;  
DOI: 10.3389/fncel.2021.653075 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 45% 

Experimental conceptualisation and supervision of the characterisation of C21orf91 
expression during rat brain development via qPCR, immunohistochemistry, and western 
blotting. Preparation and cultivation of primary cultures. Experimental conceptualisation 
and realisation of transfections of primary rat oligodendroglial cells examined via qPCR, 
immunocytochemistry, and assessment of myelination capacity after transplantation onto 
co-cultures. Co-conceptualisation and preparation of the manuscript and figure design. 

 

 



Appendix 

 

191 

III. Identification of Novel Myelin Repair Drugs by Modulation of 
Oligodendroglial Differentiation 

Anastasia Manousi*, Peter Göttle*, Laura Reiche, Qiao-Ling Cui, Luke M. Healy, Rainer 
Akkermann, Joel Gruchot, Jessica Schira-Heinen, Jack P. Antel, Hans-Peter Hartung, 
Patrick Küry 
*these authors contributed equally 
Published: EBioMedicine (2021); Impact factor: 11.205;  
DOI: 10.1016/j.ebiom.2021.103276 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 15% 

Preparation and cultivation of primary mixed cultures to obtain OPCs. Planning, realisation, 
and quantitative analysis of western blots, as well as preparation of the corresponding 
figure design and manuscript sections (materials and methods, results).  

 

 

IV. Myelin Repair Is Fostered by the Corticosteroid Medrysone Specifically 
Acting on Astroglial Subpopulations 

Markley Silva Oliveira Junior, Jessica Schira-Heinen, Laura Reiche, Seulki Han, Vanessa 
Cristina Meira de Amorim, Isabel Lewen, Joel Gruchot, Peter Göttle, Rainer Akkermann, 
Kasum Azim*, and Patrick Küry*  
*these authors contributed equally 
Published: EBioMedicine (2022); Impact factor: 11.1;  
DOI: 10.1016/j.ebiom.2022.104204 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 15% 

Preparation and cultivation of primary mixed cultures to obtain astrocytes and OPCs. 
Planning, realization, immunostaining, and quantitative analysis of OPC experiments, as 
well as preparation of the corresponding figures and parts in the manuscript (especially 
material and methods). 

 

 



Appendix 

 

192 

V. Teriflunomide as a Therapeutic Means for Myelin Repair  
Peter Göttle, Janos Groh, Laura Reiche, Joel Gruchot, Nicole Rychlik, Luisa Werner, Iria 
Samper Agrelo, Rainer Akkermann, Annika Zink, Alessandro Prigione, Hans-Peter 
Hartung, Rudolf Martini and Patrick Küry 
Published: Journal of Neuroinflammation (2023); Impact factor: 9.3;  
DOI: 10.1186/s12974-022-02686-6 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 10% 

Involved in establishing and realizing cuprizone animal experiments and performing 
immunohistological analysis. Supporting data interpretation and presentation.  

 

 

VI. A Novel Ex Vivo Model to Study Therapeutic Treatments for Myelin Repair 
following Ischemic Damage  

Luisa Werner*; Michael Gliem*, Nicole Rychlik, Goran Pavic, Laura Reiche, Frank 
Kirchhoff, Markley Silva Oliveira Junior, Joel Gruchot, Sven G. Meuth, Patrick Küry* and 
Peter Göttle* 
*these authors contributed equally 
Published: International Journal of Molecular Sciences (2023); Impact factor: 4.9;  
DOI: 10.3390/ijms241310972 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 10% 

Preparation and cultivation of primary mixed cultures to obtain OPCs. Involved in initially 
establishing organotypic coronal slice cultures. Supporting data interpretation and 
presentation.  

 



Appendix 

 

193 

VII. Star Power: Harnessing the Reactive Astrocyte Response to Promote 
Remyelination in Multiple Sclerosis 

Markley Silva Oliveira Junior*, Laura Reiche*, Emerson Daniele, Ines Kortebi, Maryam 
Faiz, Patrick Küry 
*these authors contributed equally 
Published: Neural Regeneration Research (2023); Impact factor: 6.1;  
DOI: 10.4103/1673-5374.380879 
 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 30% 

Co-conceptualisation, literature research, figure design, and preparation of the manuscript. 

 

 

VIII. C21ORF91 Overexpression Leads to Glial Differentiation Misbalance in Down 
Syndrome to Be Rescued by Remyelination Drugs 

Laura Reiche, Cherie Anne Stringer, Kevin Camey, Brigida Ziegler, Luisa Werner, Joel 
Gruchot, Peter Göttle, Elizabeth Head, David Kremer and Patrick Küry 

Submitted 

 

Contribution to conceptualisation, realisation, and publication 

Approximated share of contribution: 50% 

Conceptualization and study design. Performing histological staining in human 
postmortem tissues of Down syndrome patients. Preparation and cultivation of primary 
mixed cultures to obtain OPCs. Execution and analysis of transfected OPCs in mono- and 
transplanted onto co-cultures via immunocytochemistry and ELISA. Conceptualization and 
preparation of the manuscript, including figure design. 

 



Appendix 

 

194 

4.3 List of Other Author Contributions 

Reiche L, Plaack B, Lehmkuhl M, Weyers V, Gruchot J, Picard D, Perron H, Remke M, 
Knobbe-Thomsen C, Reifenberger G, Küry P, Kremer D. HERV-W envelope protein is 
present in microglial cells of the human glioma tumor microenvironment and differentially 
modulates neoplastic cell behavior. Microbes Infect. 2024 Nov 20:105460. doi: 
10.1016/j.micinf.2024.105460. Epub ahead of print. PMID: 39577621. Contribution: 35% 

Gruchot J, Reiche L, Werner L, Herrero F, Schira-Heinen J, Meyer U, Küry P. Molecular 
dissection of HERV-W dependent microglial- and astroglial cell polarization. Microbes 
Infect. 2024 Jun 27:105382. doi: 10.1016/j.micinf.2024.105382. Epub ahead of print. 
PMID: 38944109. Contribution: 15% 

Gruchot J, Reiche L, Chan A, Hoepner R, Küry P. Human endogenous retrovirus type-W 
and multiple sclerosis-related smoldering neuroinflammation. Neural Regen Res. 2025 
Mar 1;20(3):813-814. doi: 10.4103/NRR.NRR-D-24-00121. Epub 2024 May 13. PMID: 
38886951; PMCID: PMC11433918. Contribution: 10% 

Gruchot J, Lewen I, Dietrich M, Reiche L, Sindi M, Hecker C, Herrero F, Charvet B, Weber-
Stadlbauer U, Hartung HP, Albrecht P, Perron H, Meyer U, Küry P. Transgenic expression 
of the HERV-W envelope protein leads to polarized glial cell populations and a 
neurodegenerative environment. Proc Natl Acad Sci U S A. 2023 Sep 
19;120(38):e2308187120. doi: 10.1073/pnas.2308187120. Epub 2023 Sep 11. PMID: 
37695891; PMCID: PMC10515160. Contribution: 10% 

Gruchot J, Lein F, Lewen I, Reiche L, Weyers V, Petzsch P, Göttle P, Köhrer K, Hartung 
HP, Küry P, Kremer D. Siponimod Modulates the Reaction of Microglial Cells to Pro-
Inflammatory Stimulation. Int J Mol Sci. 2022 Oct 31;23(21):13278. doi: 
10.3390/ijms232113278. PMID: 36362063; PMCID: PMC9655930. Contribution: 10% 

Göttle P, Schichel K, Reiche L, Werner L, Zink A, Prigione A, Küry P. TLR4 Associated 
Signaling Disrupters as a New Means to Overcome HERV-W Envelope- Mediated 
Myelination Deficits. Front Cell Neurosci. 2021 Nov 23;15:777542. doi: 
10.3389/fncel.2021.777542. PMID: 34887730; PMCID: PMC8650005. Contribution: 20% 

Beyer F, Jadasz J, Samper Agrelo I, Schira-Heinen J, Groh J, Manousi A, Bütermann C, 
Estrada V, Reiche L, Cantone M, Vera J, Viganò F, Dimou L, Müller HW, Hartung HP, 
Küry P. Heterogeneous fate choice of genetically modulated adult neural stem cells in gray 
and white matter of the central nervous system. Glia. 2020 Feb;68(2):393-406. doi: 
10.1002/glia.23724. Epub 2019 Oct 21. PMID: 31633850. Contribution: 5% 

Göttle P, Manousi A, Kremer D, Reiche L, Hartung HP, Küry P. Teriflunomide promotes 
oligodendroglial differentiation and myelination. J Neuroinflammation. 2018 Mar 
13;15(1):76. doi: 10.1186/s12974-018-1110-z. PMID: 29534752; PMCID: PMC5851312. 
Contribution: 10% 



Appendix 

 

195 

4.4 List of Co-Supervised Master Projects that Contributed to this Thesis 

I. Immunohistological detection of C21orf91 expression in the central nervous 
system and investigation of its potential function upon gene suppression in 
neural stem cells 

Mina Park; 2020 
First reviewer: Prof. Dr. P. Küry; second reviewer: PD Dr. Carsten Berndt 

Abstract 

Down Syndrome (DS) is the most prevalent genetic disorder leading to intellectual 
disability and cognitive impairment. Neuropathological alterations in DS are characterized 
by reduced brain volume and impaired neuronal development which is represented by a 
diminished number of neurons and synaptic spines. White matter structures are also 
affected in DS, manifesting in an aberrantly increased number of astrocytes while the 
number of oligodendrocytes is decreased. Since observed hypomyelination and reduced 
white matter integrity in DS were demonstrated to correlate with intellectual disability, 
accurate oligodendrogenesis and myelin formation are recently gaining more attention as 
a cause for or outcome of DS-related neuropathology. C21orf91, a protein encoded at the 
centromeric boundary of the Down Syndrome Critical Region (DSCR), emerges as a 
potential regulator of abnormal CNS development in DS. Modulations of the C21orf91-
coding gene showed its involvement in the regulation of neurogenesis and a recent study 
within the host laboratory further demonstrated that C21orf91 plays an important role in 
OPC differentiation. Nevertheless, which function C21orf91 has in the establishment of 
proper and functional white matter structures remains to be clarified.  

This study aimed at further elucidating the role of C21orf91 in gliogenesis by revealing its 
expression profile during rodent brain development and by investigating the differentiation 
of C21orf91 suppressed neural stem cells (NSCs) upon exposure to astroglial or 
oligodendroglial cues. Through immunohistochemical staining of corpus callosum (CC) 
and surrounding gray matter structures of seven days postnatal and adult rat brains, it was 
depicted for the first time that C21orf91 is co-expressed with the astroglial- and/or NSC 
marker GFAP as well as with several oligodendroglial markers. Furthermore, C21orf91 
gene suppression induced delayed morphological maturation and interfered with 
differentiation of NSCs – being more obvious under oligodendroglial cues as the number 
of maturation marker expressing cells was significantly reduced upon C21orf91 
suppression. Transplanted on ex vivo cerebellar slice cultures, C21orf91 suppressed cells 
seemed to have integration difficulties and showed a reduced myelination capacity. Based 
on these findings, it can be concluded that appropriate C21orf91 expression plays a crucial 
role in oligodendrogenesis and myelin formation. 
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II. Functional role of C21orf91 in myelinating glial cells of the nervous system 

Jana Schütte; 2022 
First reviewer: Prof. Dr. P. Küry; second reviewer: Dr. Frank Bosse 

Abstract 

The nervous system is composed of a central (CNS) and a peripheral (PNS) part. It is 
susceptible to injury and different diseases such as Down syndrome (DS) or Charcot-
Marie-Tooth disorder, which can lead to disrupted myelination and thereby greatly affect 
fast signal transmission and neuron function, and consequently lead to poorer quality of 
life. Myelination is carried out by two different glial cell types, namely oligodendrocytes (in 
the CNS) and Schwann cells (SCs) (in the PNS). To develop novel effective treatments 
aiming to support regeneration and remyelination, detailed knowledge of the mechanisms 
regulating cell differentiation is crucial. In 2016, Li and colleagues introduced C21orf91 
(also termed EURL) as a gene being dynamically expressed during normal human and 
mouse cortical development with altered expression in DS patients. The study also showed 
that C21orf91 interacts with Ccdc85b, a modulator of β-catenin signaling, and is an 
important factor for proper neurogenesis. Recently, it was reported that C21orf91 might be 
correlated with myelination in the CNS and has been suggested to play an essential role 
for the common neuropathological abnormalities observed in DS brains (Reiche et al., 
2021). C21orf91 overexpression in oligodendrocyte precursor cells (OPCs) and neural 
stem cells (NSCs) resulted in an aberrant differentiation and reduced myelination capacity 
of mature oligodendrocytes (Park, 2020; Reiche et al., 2021).  

The present thesis aimed to provide a first characterization of C21orf91 in the PNS and to 
get insight into its putative functional role in SCs as analyzed by means of immunostaining, 
quantitative real-time PCR and Western blot. In vivo investigation in rats revealed that 
C21orf91 expression could be correlated with myelination during normal CNS and PNS 
development as well as in response to peripheral nerve injury. No clear statement can be 
made about the functional role of C21orf91 in the PNS after C21orf91 modulation 
experiments in SC monocultures, but it is suggested that C21orf91 might exert an impact 
on SC maturation into the myelinating phenotype in a time- and dosage-dependent 
manner, similarly to its role in the CNS. Interestingly, a correlation with both EPDR1 and 
p57kip2 expression is indicated. Therefore, further investigations using co-cultures and 
C21orf91/p57kip2 co-transfection should be conducted in addition to in vivo specific loss 
of function experiments in myelinating cells to clarify the importance of C21orf91 for normal 
nervous system development and regeneration after nerve injury. 
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