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Abstract in English 

The homeostasis of the brain is tightly controlled by the viability and functionality 

of various cell types, including neurons and glial cells, like oligodendrocytes, astrocytes 

as well as microglia. Defects of neurogenesis and maintenance of neural cells are 

associated with multiple neuropathologies, such as Intellectual Disability (ID) and 

Autism Spectrum Disorders (ASD) among other diseases. HAT and HDAC modulate 

brain functionality, e.g. memory formation, cognitive function, and neuroprotection, 

whereas the disturbance of the acetylation profiles has been related to multiple 

neuropathological diseases. However, how epigenetic regulation participates in the 

neurodevelopmental, neural differentiation and neurodegenerative processes remains 

largely unknown. In our studies, we have chosen the HAT adaptor, Trrap, to investigate 

how the disturbance of acetylation would affect brain functionality. We show that Trrap 

deletion in post-mitotic neurons results in neurodegeneration. In addition, Trrap 

deficiency in adult neural stem cells compromises their self-renewal and differentiation. 

With integrated transcriptomics, epigenomics, and proteomics we identify Sp1 as the 

master regulator controlled by Trrap-HAT and demonstrate that the Trrap-HAT-Sp1 

axis ensures the proper expression of genes involved in microtubule dynamics. We 

find that Trrap mediates Sp1 binding through the maintenance of the acetylation profile 

on Sp1 and that acetylation of Sp1 plays an important role, dependent and 

independent of Trrap, in its transcription activation. Taken together, we demonstrate 

that Trrap, through its mediated acetylation, is involved in neuroprotection and neural 

differentiation via the regulation of Sp1 activity. My dissertation provides a novel insight 

into the role of epigenetic regulation of transcription factors in the maintenance of brain 

homeostasis and preventing neurodegeneration. 
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Abstrakt auf Deutsch 

Die Homöostase des Gehirns wird streng durch die Lebensfähigkeit und 

Funktionalität verschiedener Zelltypen, einschließlich Neuronen und Gliazellen, wie 

Oligodendrozyten, Astrozyten sowie Mikroglia, kontrolliert. Defekte der Neurogenese 

und Aufrechterhaltung von Nervenzellen sind mit mehreren Neuropathologien 

verbunden, wie z. B. geistiger Behinderung (ID) und Autismus-Spektrum-Störungen 

(ASD). HAT und HDAC modulieren die Gehirnfunktion, z. B. Gedächtnisbildung, 

kognitive Funktion und Neuroprotektion, während die Störung der Acetylierungsprofile 

im Gehirn mit mehreren neuropathologischen Erkrankungen in Verbindung gebracht 

wurde. Wie die epigenetische Regulation an neurologischen Entwicklungs-, 

neuronalen Differenzierungs- und neurodegenerativen Prozessen beteiligt ist, bleibt 

jedoch weitgehend unbekannt. In unseren Studien haben wir den HAT-Adapter Trrap 

ausgewählt, um zu untersuchen, wie sich die Störung der Acetylierung auf die 

Gehirnfunktion auswirkt. Wir zeigen, dass die Trrap-Deletion in postmitotischen 

Neuronen zu einer Neurodegeneration führt. Darüber hinaus beeinträchtigt ein Trrap-

Mangel in adulten neuralen Stammzellen deren Selbsterneuerung und Differenzierung. 

Mit integrierter Transkriptomik, Epigenomik und Proteomik identifizieren wir Sp1 als 

den Hauptregulator, der von Trrap-HAT kontrolliert wird, und zeigen, dass die Trrap-

HAT-Sp1-Achse die richtige Expression von Genen gewährleistet, die an der 

Mikrotubuli-Dynamik beteiligt sind. Wir finden, dass Trrap die Sp1-Chromatin-Bindung 

durch die Aufrechterhaltung des Acetylierungsprofils auf Sp1 vermittelt und dass die 

Acetylierung an Sp1 eine wichtige Rolle, entweder abhängig oder unabhängig von 

Trrap, bei seiner Transkriptionsaktivierung spielt. Zusammengenommen zeigen wir, 

dass Trrap durch seine vermittelte Acetylierung an der Neuroprotektion und 

neuronalen Differenzierung über die Regulation der Sp1-Aktivität beteiligt ist. Meine 

Dissertation bietet einen neuartigen Einblick in die Rolle der epigenetischen 

Regulation von Transkriptionsfaktoren bei der Aufrechterhaltung der Homöostase des 

Gehirns und der Verhinderung von Neurodegeneration.  
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1. Introduction 

1.1 The brain, embryonic, and adult neurogenesis  

The expansion and elaboration of the cerebral neocortex enable humans to 

perform complex activities and to have higher cognitive functions during evolution [1]. 

Considered to be the smartest creature in the world [2], the human brain contains 1011-

1012 neurons and at least double the number of glial cells [3]. Neuronal and glial cells 

orchestrate the actions from simple tasks to complicate activities in a synchronized 

manner [4]. Newborn neurons derive from neural stem cells (NSCs) during the process 

termed neurogenesis. Locating at the central nervous system (CNS), NSCs give rise 

to neurons and glial cells in multiple steps [5]. During the embryonic stage in mammals, 

embryonic neural stem cells (eNSC) in the ventricular zone (VZ) of the neural tube 

generates a series of cell types required for CNS construction [6]. eNSCs in the VZ 

maintain the stem cell pool by self-renewal and gave rise to progenitor cells, which 

then migrate to the subventricular zone (SVZ) for limited proliferation and generation 

of newborn neurons [7] (Fig I). 
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Fig I: Illustration showing the process of mammalian embryogenesis. Beginning with the 

neuroepithelial cells (NECs, or NSCs) symmetric division and conversion to radial glial cells (RGCs, 

neuroprogenitors) through its scratching, different cell types are generated through asymmetric division 

of RGCs. These include radial glial cells, neurogenic intermediate progenitor cells (nIPC), oligogenic 

intermediate progenitor cells (oIPC), neurons, and astrocytes. The RGCs represent the eNSCs mentioned 

in the text. MZ: Mantle layers; NE: Neuroepithelium; SP: Subplate; CP: Cortical plate; L1–6: Layers 1–6; 

IZ: Intermediate Zone. Graph originated from [8]. 

Neurogenesis in the mammalian adult brain mainly occurs in two regions: the 

dentate gyrus (DG) located in the subgranular zone (SGZ) in the hippocampus and the 

subventricular zone (SVZ) of the lateral ventricle (LV) [9]. This so-called adult 

neurogenesis is performed by adult neural stem cells (aNSCs) (Fig II). 

 

 
Figure II: Illustration presenting neurogenesis in the adult rodent and human brain. Green areas 

show the location of newborn neurons and blue areas indicate the aNSC in LV. (A) In rodents’ DG, 

newborn neurons were generated by hippocampal aNSC. aNSCs that are generated in the LV migrate to 

the olfactory bulb (OB), where they produce interneurons. (B) In humans, aNSCs in DG give rise to 

newborn neurons like rodents. aNSC in LV generates neurons integrating into the adjacent striatum. 

Graph originated from [10]. 

 

Like eNSCs, aNSCs harbor self-renew capacity and are able to differentiate to 

produce multiple cell lineages, e.g. neurons, astrocytes, and oligodendrocytes (Fig III).  
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Figure III: Schematic illustration presenting the fate decision of aNSC. aNSCs can proliferate and 

give rise to neural progenitor cells, which then produce specific cell types of the brain: neurons, astrocytes, 

and oligodendrocytes. Graph originated from [11]. 

The hippocampal neurogenesis in the human adult brain is related to multiple brain 

functions, for instance, memory consolidation, emotional function, and social behavior 

[12]. The defect of aNSC niche maintenance and neural differentiation has been shown 

to diminish the functional integrity of both adult human and adult mouse brains [13]. In 

rodents, impairment of adult hippocampal neurogenesis has been related to the 

etiology of ID and/or ASD as well [14-16]. 

Fragile-X Syndrome (FXS) is considered to be the most common form of inherited 

ID and also a very important genetic cause of ASD. Hippocampal volume changes [17, 

18] and impaired hippocampal function were observed in FXS patients [19, 20]. FXS 

mouse model also shows the abnormal hippocampal function associated with aNSC 

proliferation deficiency and impaired hippocampal neurogenesis [21-23]. Molecularly, 

FXS results most often from the loss of fragile X mental retardation protein, which then 

leads to increased MDM2 levels and reduced P53 levels in NSCs. In FXS mouse 

models, the neurogenic and cognitive deficits were successfully rescued through the 

administration of Nutlin-3, a clinical drug activating p53 by antagonizing MDM2 [15, 

24]. These studies based on mouse models demonstrate the importance of proper 

adult hippocampal neurogenesis in preventing ID/ASD.  

Another neurogenic region in the adult brain, the SVZ, has shown altered 

cytoarchitecture in autism patients. The patients had a dramatic decline of cell density 
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in an age-dependent manner in the septal SVZ hypocellular gap, indicative of an adult 

neurogenesis impairment [25]. A similar observation has been confirmed in ASD/ID 

mice with defective adult neurogenesis in SVZ [26-28]. These studies associate the 

impairment of SVZ adult neurogenesis with the etiology of ASD/ID. 

 

1.2 Neurodevelopmental disorders (NDD)  

The development of the brain is highly dependent on variable genetic and 

environmental factors. An aberration of these factors could cause NDD [29]. With over 

2000 human genes affected, ID and ASD are two of the major neurodevelopmental 

disorders. An individual with ID is characterized by a congenital deficit in intellectual 

function and adaptive behavior reflected by disrupted social interaction and mental and 

practical abilities [30-32]. A significant cohort of ID patients also possesses peculiar 

facies, specific physical signs, and/or an abnormal growth pattern, classified as 

“syndromic” ID patients [33-35], whereas the patients without malformations are 

diagnosed with “non-syndromic” ID [36-38]. ASD patients also have a disruption in 

social interactions and communication like ID patients. Additionally, many of them are 

characterized by repetitive behaviors and/or limited interests [39-41]. Many children 

with ID also possess autistic actions, which implies the commonality of a deficient 

neuron population responsible for ID and ASD occurrence [4]. Studies have suggested 

aberrant microglia and astrocyte immune activation as a hallmark in ASD patients [42]. 

Moreover, the impairment of adult neurogenesis has been linked to the occurrence of 

ASD/ID [14-16, 25-28]. Deficits in the interneuron characterized by a reduced cell 

number, reduction in intrinsic cellular excitability, or weaker synaptic connectivity, have 

been shown in the ASD mouse model [43].   

 

1.3 Neurodegenerative disease (ND) 

Apart from NDD, the proper functionality of the brain could be also affected by 

another category of vital diseases, neurodegenerative diseases (ND). The ND 

describes a wide range of pathological conditions which is strongly associated with 
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aging [44]. One of the NDs, Alzheimer’s disease (AD), and its related 

neurodegenerative conditions have become one of the most crucial clinical burdens 

affecting the elderly [44]. Common NDs include AD, Parkinson’s disease (PD), and 

amyotrophic lateral sclerosis (ALS), which are characterized by the progressive loss 

of specific neuronal cell populations [3]. Neurodegenerative hallmarks include 

progressive neuronal loss [45], synaptic dysfunction, disturbed circuits in certain neural 

subpopulations, and abnormal network activities [46]. Multiple cellular pathways are 

disrupted in neurodegenerative diseases, and these include protein quality control [47], 

the autophagy-lysosome pathway [48], mitochondria homeostasis [49], and synaptic 

toxicity and network dysfunction [50, 51].  

 

1.4 Lysine acetylation and HAT  

The chromatin dynamics can be modulated through diverse post-translational 

modifications, including phosphorylation [52], methylation [53], acetylation [54], 

SUMOylation [55], ADP-ribosylation [56], UFMylation [57], serotonylation [58]. Lysine 

acetylation can be catalyzed on histone tails, leading to a relaxed chromatin structure 

that grants accessibility of transcription factors and transcription machinery to the 

promoters of genes [59]. Lysine acetylation is mainly carried out by histone 

acetyltransferase (HAT or KAT, thereafter refer to HAT). Reversibly, the lysine residue 

on acetylated protein can be removed, namely deacetylated, by histone deacetylases 

(HDAC or KDAC, thereafter refer to HDAC). HAT complexes consist of various 

subunits, including HATs, HAT adaptors, interactors of the transcription machinery, 

and also other post-translational modification enzymes, e.g., for histone 

deubiquitination [60]. Currently, the biological function of those subunits still remains 

largely unknown, but it is believed that adaptors may dictate the function of individual 

HAT complexes. 
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1.4.1 Role of lysine acetylation on neuropathology 

Epigenetic processes, such as DNA methylation and histone modification, have 

been shown to maintain proper brain development, whereas the misregulation of which 

is related to multiple neurological disorders, including ASD, ID, as well as NDs like AD, 

Huntington’s disease, and amyotrophic lateral sclerosis [61-64]. Notably, lysine 

acetylation has been shown to play an important role in brain functionality, including 

memory formation and neuroprotection [63, 65, 66]. The disturbance of acetylation 

homeostasis is involved in the etiology of multiple neuropathological diseases, for 

instance, Huntington's disease [67], Parkinson's disease [68], and Alzheimer's disease 

[69]. In clinics, HDAC inhibitors (HDACi) or HAT activators are employed to treat not 

only the neurological symptoms of neurodegenerative diseases and psychiatric 

disorders but also autism and impairment of memory and cognitive function [62, 66, 

70, 71]. These applications emphasize the role of HAT in the etiology of ND. However, 

despite mounting evidence showing that histone acetylation/deacetylation is involved 

in neurodegenerative disorders [72, 73], their role in adult brain homeostasis remains 

to be discovered. 

 

1.5 TRRAP is a member of the PIKK family 

The phosphatidylinositol 3-kinase-related kinases (PIKK) family consists of six 

Serine/Threonine protein kinases, which have a structural commonality and similar 

identity in protein domains. Each PIKK possesses the HEAT repeat, FAT domain, and 

FATC motif (Fig IV). Yet, the function of PIKKs is very diverse. DNA-PKcs, ATM, and 

ATR are involved in the DNA damage response (DDR) and DNA repair [74]. mTOR is 

involved the cellular metabolism by acquiring nutrients from the environment and 

intracellular sources, which then induces ATP production [75]. SMG1 is an important 

factor in mRNA decay, which reduces the accumulation of toxic RNA species with 

premature stop codon or aberrant 3’-UTR [76]. TRRAP, abbreviated as Transformation 

and transcription-associated protein, is a HAT scaffold protein and an essential 

coactivator in gene transcription [77, 78].  
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Fig IV: The entire PIKK family and one PI3K member. Different protein domains are labeled by the 

indicated colors. PIK3C3 belongs to phosphoinositide 3-kinases (PI3K), which serves as a comparison to 

the PIKK family. The black numbers show the amino acid sequence of respective domains, whereas blue 

numbers around TRRAP indicate the TRRAP-interacting region with p53, c-Myc, and LXR. The dashed 

line on the C terminal indicates the N-terminal border of the PIK-like/PIK domain. Graph originated from 

[59] (Manuscript II). 

 

Initially, TRRAP was discovered as an essential coactivator of c-Myc and E2F1 

[79]. Unlike other PIKKs, TRRAP does not have enzymatic activity due to the lack of 

three motifs in the kinase domain for PIKK kinase activity: The ATP-binding motif VAIK, 

the catalytic motif HRD, and the divalent cation-binding motif [79, 80]. Interestingly, 

TRRAP is shown to be highly conserved through the whole eukaryotic clades 

according to phylogenetic analysis and is also considered the ancestral member of all 

PIKKs [81]. Studies have identified TRRAP and its orthologs Tra1/Tra2 as adaptors for 

HAT enzymes. TRRAP interacts with two major HAT families: the general control non-

derepressible 5 (GCN5)-related N-acetyltransferase (GNAT) HAT family (including 

Gcn5 and PCAF) and the MOZ, Ybf2/Sas3, Sas2, Tip60-related (MYST) HAT family 

(including TIP60) [78]. In Spt-Ada-Gcn5 acetyltransferase complex (Abbreviated as 

SAGA both in yeasts and mammals) and the nucleosome acetyltransferase of H4 

complex (Abbreviated as NuA4 in yeasts and TIP60 in mammals), TRRAP is a 

common subunit within these megamolecular complexes [81]. Functionally, SAGA 

mainly catalyzes the acetylation of H3, whereas the NuA4 complex is responsible for 

the H4 acetylation [82-84]. Although the biochemical function of each subunit within 

the HAT complexes remains largely elusive, TRRAP/Tra1 seems to be the only subunit 
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interacting with transcription activator, like Tra1 with Gal4 and Gcn4p in yeast, and 

also the only shared component among different HAT complexes, for instance within 

SAGA and TIP60 complexes [85, 86]. These indicate a non-redundant role of TRRAP 

among different HAT complexes in different species.  

 

1.5.1 Role of TRRAP in transcription 

The study in the 1960s revealed that actively transcribed genes possessed 

hyperacetylated histones [87]. Acetylated histones have been identified as 

transcription factor docking sites [88-91]. The HAT adaptor TRRAP also interacts with 

multiple variable transcription factors during the transcription [79, 92-96]. Therefore, a 

plethora of studies has focused on the role of TRRAP-associated HAT activity and its 

mediated transcription activation: TRRAP knockdown inhibits the oncogenic 

transformation by c-Myc- and E1A, showing that TRRAP is a coactivator of c-Myc and 

E2F [79]. TRRAP also activates mdm2 transcription by recruiting p53 and promoting 

histone acetylation on the mdm2 promoter [92]. LXRα, a transcription factor regulating 

lipid metabolism, is co-activated by TRRAP, which then leads to the expression of its 

targets genes, including ATP-binding cassette transporter A1 and G1 (ABCA1 and 

ABCG1), stearoyl-CoA desaturase (SCD), and high density lipoprotein binding protein 

(HBP) [96]. TRRAP-TIP60 complex activates the transcription of histone H2B and H4 

mediated by NPAT during the G1/S-phase transition [97]. TRRAP-TIP60 also co-

activates the expression of the mitotic gene Top2A, which then promotes the 

proliferation of hepatocellular carcinoma cells [98]. Studies based on mouse models 

have also demonstrated the role of Trrap in the transcription activation of specific 

genes. In mouse embryonic fibroblasts (MEFs) Trrap-deletion abolished the HAT 

binding on the promoter of Mad1 and Mad2, and thus lowers their transcription [99]. In 

Trrap-deleted murine embryonic stem cells (ESCs), the active chromatin markers 

(AcH4, H3K4me2) on stemness genes Nanog, Oct4, and Sox2 was comparably lower 

than control cells, which is in accordance with a decreased transcription of these genes 

[100]. In embryonic neural stem cells (eNSCs), Trrap deletion abolished the binding of 
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E2F1 and HAT on the promoter of cell cycle regulators Cdc25A, Mad2, CycA2, and 

Top2A, which decreased the acetylation of the histone and thus the expression of 

these genes [101]. As a summary of the studies mentioned, TRRAP recruits HAT and 

transcription factors to target promoters on chromatin, leading to histone 

hyperacetylation and the subsequent transcription of the target genes.  

 

1.5.2 The biological function of TRRAP in cellular and animal models 

A plethora of studies revealed that Trrap is involved in different cellular processes, 

ranging from cell cycle progression, cell stemness maintenance, and differentiation, to 

brain development and neuroprotection [99-103]. Tra1 deletion in S. cerevisiae 

resulted in cell lethality [104]. The tra1 deletion in the fission yeast was viable, possibly 

due to the compensatory effect of tra2, which was formed by the duplication of tra1 [80, 

105]. In mammals, Trrap is also essential for cell viability. Trrap null blastocysts had 

proliferation defects due to mitotic checkpoint catastrophe, causing peri-implantation 

lethality of mouse embryos, indicating that Trrap is needed for mouse embryonic 

development [102]. Trrap knockout in MEFs leads to variable cell cycle defects, 

including chromosome missegregation, mitotic exit failure, and compromised mitotic 

checkpoint [99]. In these cells, the chromatin-binding of TIP60 and PCAF at the 

promoters of Mad1 and Mad2 genes is abolished, decreasing the level of mitotic 

checkpoint protein Mad1 and Mad2 [99]. These studies demonstrated the involvement 

of TRRAP in mitosis progression. In embryonic stem (ES) cells, Trrap deficiency 

results in unscheduled differentiation [100], likely through regulating the expression of 

the stemness marker genes, Nanog, Oct4 and Sox2, showing the importance of 

TRRAP on the stemness and differentiation of ESCs [100]. In hematopoietic stem cells 

(HSCs), Trrap deletion causes apoptosis [106], indicative of the role of Trrap in HSCs 

maintenance, as well as in the homeostasis of the hematopoietic system. In murine 

CNS, a variety of HAT or HDAC mutations have been related to neurological 

dysfunction and/or brain developmental defects [107-109]. Trrap-HAT-mediated 

histone acetylation affects brain development by regulating the expression of cell cycle 



 

16 

 

factors and proteins involved in NSC differentiation [101]. During embryonic 

neurogenesis, Trrap is necessary for the proper differentiation of apical 

neuroprogenitors to basal progenitors and neurons, whereas Trrap deletion lengthens 

the cell cycle of apical neuroprogenitor cells, leading to the premature differentiation of 

neural progenitors and thus malformation of brain structure [101].  

Clinical studies have identified 83 individuals with TRRAP variants [110-112]. In 

one of those studies, individuals aged between 2 and 29 years possessed 17 distinct 

TRRAP variants [110]. All of these 24 individuals were diagnosed with developmental 

delay and most of them have a malformation of diverse organs, including the brain, 

cerebellum, heart, kidney, or urogenital malformations. Intriguingly, although about half 

of them do not have an obvious malformation of brain architecture, these patients were 

characterized with ASD and/or ID with variable severity. These clinical reports highlight 

the importance of TRRAP in organ development and brain homeostasis. 

 

1.6 Sp1 is a ubiquitous transcription factor  

Sp1 expresses ubiquitously in all mammalian cells [113]. Originally, the protein 

was termed based on its purification method, the sephacryl and phosphocellulose 

columns, yet later renamed after specificity protein 1 [114, 115]. As one of the first 

cloned mammalian transcription factors, Sp1 was identified as a specific activator at 

the SV40 early promoter, which binds directly at the 70-110 bp upstream of the 

transcription initiation site, namely the GC-rich “tandem 21 bp repeats” [116]. Sp1 was 

identified to regulate housekeeping genes [117], yet mounting evidences indicate its 

tissue-specific role in transcription [118]. One of the most studied functions of Sp1 is 

the transcription in tumorigenesis [119]. Overexpressed Sp1 has been detected in 

multiple cancer types, including human glioma, breast cancer, gastric cancer, 

pancreatic ductal adenocarcinoma, and thyroid tumors [120-124]. Among the 

hallmarks of cancer progression, many of them are Sp1 targets, for instance, Bcl-2 

(Promoting apoptosis) [125, 126], TSP-1 (Involved in angiogenesis) [127], and MMP9 

(Supporting metastasis) [128, 129]. Sp1 has been linked to both activation and 
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suppression of the expression of several essential oncogenes and tumor suppressors. 

Therefore, Sp1 has been strongly linked with a plethora of cancer research.  

 

1.6.1 The structure of the Sp1 protein 

As a 785aa protein with 105 kD [115, 130], Sp1 contains three protein domains: 

The Sp box on the N-terminus, the Buttonhead Domain (BTD), and the Zinc finger 

domain on the C-terminus [113]. The Sp box is considered to lead to Sp1 degradation 

due to the presence of the endoproteolytic cleavage site inside this domain [131, 132]. 

Studies on the BTD domain considered that it promotes the Sp1 transactivation [133, 

134], yet another study in Drosophila showed that the BTD domain is not necessary 

for the expression of the Sp1 targets and the normal organism development [135]. The 

Zinc finger domain is also a DNA binding domain, which consists of three adjacent 

Cys2His2-type zinc finger motifs and recognizes the GC boxes (GGGGCGGGG) and 

GT/CACC boxes (GGTGTGGGG) of the genomic sequence [114, 136-138]. Another 

Sp1 domain definition is based on the transcriptional activity of diverse Sp1 truncation 

mutants [133]: Transactivation domains A, B, C, D. Domains A, and B are 

serine/threonine- and glutamine-rich, which are responsible for the major 

transcriptional activity of Sp1 [139]. Domain C mediates the DNA binding of Sp1 and 

domain D supports the Sp1 multimerization, both of which promote Sp1 activity[133]. 

(Fig V) 

 

 

Fig V: Sp1 structure with activation domains and post-translational modifications. The domains are 

marked with the respective color inside Sp1. Domains A, B, C, and D are transactivation domains required 

for Sp1 activity. color-Coded circles indicate the post-translational modifications, among which the 

characterized acetylation sites are marked with blue circles. Numbers under the protein indicate the 

position of the amino acids at the domain border. S/T-rich: serine/threonine-rich domain; Q-Rich: 
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glutamine-rich domain; BTD: Buttonhead domain; Zn finger: Cys2His2-type zinc finger domain. Graph 

originated from [59] (Manuscript II). 

 

1.6.2 Transcription initiation and transactivation by Sp1 

Sp1 plays an important role in transcription initiation. It specifically interacts with 

the general human TBP-associated factors II 130 (hTAFII130), which is a subunit 

within the general transcription factor IID (TFIID) complex [140, 141]. The TFIID 

complex then initiates the formation of the pre-initiation complex and induces 

transcription. Moreover, Sp1 also interacts with TATA-binding protein (TBP) in the 

TFIID complex through the glutamine-rich transactivation domain [142, 143], implying 

the involvement of Sp1 in the transcription initiation. Particularly, Sp1 also interacts 

with other transcription factors, including E2F1, AP2, Oct-1, and Sp1 itself [144-147], 

to express its transcriptional activity in a greater-than-additive way. This effect is 

termed synergy in transcription. On one hand, Sp1 forms multimers through interaction 

with other activators (including Sp1 itself) via the transactivation domains A, B, and D 

to elevate its transcriptional activity [148-150]. This conclusion is driven by the 

observation that overexpression of truncated Sp1 lacking the DNA-binding domain still 

increases the transcription activity on the full-length Sp1 [148, 149]. On the other hand, 

the artificial addition of the Sp1-binding site also increases its transcription activity [148]. 

Furthermore, an additional Sp1-binding site located in the enhancer regions also 

promotes the transcription activity of target genes [149], implying that Sp1 functions 

also in an enhancer-dependent manner. 

 

1.6.3 Regulation of Sp1 activity via post-translational modifications (PTMs) 

The activity of Sp1 is regulated by variable PTMs, including phosphorylation [151], 

acetylation [152], ubiquitination [153], and SUMOylation [154]. Phosphorylation either 

increased or decreased the transcriptional activity of Sp1. In mammalian cells, ERK1/2 

phosphorylated Sp1 on Thr453 and Thr739 after FGF2 treatment, repressing the 

expression of its target gene PDGFRα [155]. In connective tissues, phosphorylation 

on Sp1 by p38 induces the filamin-A expression [156]. Comparably, there are relatively 
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fewer studies explaining the role of acetylation on Sp1 activity. [157]. Currently, several 

acetylation residues on Sp1 have been identified: K703 [157], K639, K624, K685, K693. 

[158] and K19 [159], with K703 most studied. PCAF, p300, and TIP60 are known HATs 

to conduct acetylation on Sp1 [157, 158, 160]. As an example, p300 facilitated Sp1-

chromatin binding through its interaction with Sp1 [152, 161], yet Sp1 acetylation 

conducted by p300 did not alter Sp1-chromatin binding on DNA [152]. TIP60 acetylated 

Sp1 at K639, thus impairing the Sp1-chromatin binding on the target promoter and 

thereby repressing its activity [158]. To date, it is not known whether Sp1 acetylation 

affects Sp1 stability. Acetylome study has claimed that both acetylation and 

ubiquitination can emerge on the same residue (K19) [159]. This implied that 

acetylation might stabilize Sp1 by competing against proteasomal degradation 

mediated by ubiquitin, as described in a similar study [162]. In this regard, 

SUMOylation on K16 led to proteasomal degradation of Sp1 [163], suggesting that 

PTMs, such as acetylation, ubiquitination, and SUMOylation and their crosstalk, on 

specific residues might influence the stability of Sp1. 

 

1.6.4 Role of Sp1 in the nervous system and neuropathies 

Sp1 regulates a plethora of target genes, most of which are involved in cell 

proliferation and tumorigenesis [118, 164, 165]. In addition, studies in the central 

nervous system (CNS) evidenced the role of Sp1 in the etiology of multiple neurological 

diseases, including neurodegeneration, and neural development. GWAS analysis 

implicated that Sp1 transcriptional activity is aberrant in AD and Parkinson’s disease 

(PD) patients [166]. In patients bearing Huntington's disease (HD), the mutation of 

huntingtin protein disrupted the interaction between Sp1 and its coactivator TAFII130, 

thus repressing the transcription of the dopamine D2 receptor, which is a hallmark of 

HD [167]. A study in the HD mouse model identified the zinc transporter 3 (ZnT3) as 

another Sp1 target [168], whose transcription is inhibited through mutant huntingtin. 

The down-regulation of ZnT3 further led to the loss of synaptic vesicular zinc molecule 

in the neurons located at the hippocampus, cortex, and striatum. These studies 
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highlight the involvement of Sp1 in HD pathology [168]. Studies on the neural models 

demonstrated that Sp1 regulates multiple neural genes by binding to their promoters, 

e.g. Slit2 [169], P2X7 [170], and Reelin [171]. Studies on the NSCs showed that Sp1 

played an important role in the NSC differentiation process by affecting cell cycle factor 

cdkn1b [172]. To summarize the above, in addition to cancer progression, multiple 

studies have also linked the functionality of Sp1 with neurodegenerative diseases and 

neuronal maintenance. 

 

1.7 Aim of the study 

Neuronal functionality and survival play a fundamental role in adult brain 

homeostasis, whereas dysregulation of these processes leads to neurological deficits, 

including neurodegeneration. HATs/HDACs play important roles in regulating 

transcription; however, acetylation and deacetylation affect the functionality and the 

survival of adult neurons, as well as the adult neurogenesis process remains largely 

unknown. Functionally, TRRAP regulates gene expression via its scaffolding function 

on HATs and transcription factors in a wide range of cell types. TRRAP may also 

facilitate the acetylation of transcription factors, which directly alters the transcription 

factor activity and/or stability. Therefore, it is still possible that TRRAP-HAT can 

mediate PTMs of transcription factors to promote transcription in addition to its 

modification on chromatin. 

 

In my thesis, I aim to investigate how the epigenetic regulator affects the 

homeostasis of the brain.  

To address this question, I set up the following objectives for my study: 

1. To examine the function of Trrap-HAT in preventing neurodegenerative 

progression and supporting proper neuron formation (Manuscript I). 

2. To investigate how Trrap or Trrap-HAT regulates Sp1 in adult neurogenesis 

(Manuscript II, III).  
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2. Overview of the manuscripts 

2.1 HAT cofactor TRRAP modulates microtubule dynamics via SP1 signaling to 

prevent neurodegeneration 

Alicia Tapias†, David Lazaro†, Bo-Kun Yin†, Seyed Mohammad Mahdi Rasa, Anna 

Krepelova, Erika Kelmer Sacramento, Paulius Grigaravicius, Philipp Koch, Joanna 

Kirkpatrick, Alessandro Ori, Francesco Neri, Zhao-Qi Wang* 

†: These authors contributed equally to this work 

Published: February 17, 2021, in eLife 

 

Major aspects of the manuscript: 

In this study, we demonstrated that the HAT adaptor Trrap maintains neuronal 

homeostasis and prevents neurodegeneration of post-mitotic Purkinje cells (PCs). 

Mouse-bearing Trrap deficiency in PCs showed impaired motor coordination and age-

dependent neurodegeneration during adult and late life. Through the integration of 

transcriptomic, epigenomic, and proteomic data in the Trrap-deleted cortex, striatum, 

and in vitro cultured aNSCs, we have discovered Sp1 as the major regulator mediated 

by Trrap. We showed that the Trrap-HAT-Sp1 axis regulates the expression of 

Stathmins 3 and 4 (Stmn3, Stmn4), which are important modulators of microtubule 

dynamics. Trrap facilitated the hyperacetylation and Sp1 binding on the promoter of 

Stmn3 and Stmn4, thus promoting the transcription of Stmn3/4. Moreover, through in 

vitro neuronal studies we have proven that ectopic expression of Stmn3, and Stmn4 

could rescue the neuronal defect in Trrap knockdown primary neurons.    
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2.2 Beyond HAT Adaptor: TRRAP Liaisons with Sp1-Mediated Transcription 

Bo-Kun Yin and Zhao-Qi Wang 

Published: 18 November 2021 in IJMS (in full) 

 

Major aspects of the manuscript:  

In this review, we summarized the current knowledge and cellular function of 

TRRAP in cell cycle control, cell stemness maintenance, and differentiation, as well as 

neural homeostasis. We also described the molecular mechanism of TRRAP-HAT in 

transcription regulation. Moreover, we reviewed the biological function of Sp1 and the 

post-translational modification of Sp1. Finally, we focused on the action mode of 

TRRAP and discussed how TRRAP-HAT regulates the transactivation of Sp1-

governing biological processes, including neurodegeneration.  
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2.3 TRRAP-mediated acetylation on Sp1 regulates adult neurogenesis 

Bo-Kun Yin, David Lazaro, and Zhao-Qi Wang  

The manuscript is submitted to the Computational and Structural Biotechnology 

Journal 

 

Major information of the manuscript: 

In this manuscript, we investigated the role of Trrap in supporting adult 

neurogenesis. We deleted Trrap in aNSCs in mouse and cellular models and studied 

the proliferation and differentiation of aNSCs in vivo and in vitro. We found that Trrap-

deficiency impairs the quiescence, expansion, and neural differentiation capacity of 

hippocampal aNSCs under Trrap-deletion in vivo. In addition, the decline of neuronal 

differentiation correlates with greatly increased astrocytes, indicative of differentiation 

defects of Trrap-deleted aNSCs. In consistence with the aNSC phenotypes observed 

in vivo, in vitro culture of aNSC also revealed impaired differentiation and proliferation 

of Trrap-deleted aNSCs. Trrap deficiency caused cell cycle arrest in the G2/M phase 

and compromised the differentiation capacity. We have also demonstrated that Trrap-

mediated acetylation at K639 on Sp1 regulates Sp1 transactivation activity, which 

dictates the role of Sp1 in aNSC differentiation.  
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3.  List of the manuscripts  

3.1 Manuscript I 

3.1.1 Author contribution: 

 

Title: HAT cofactor TRRAP modulates microtubule dynamics via SP1 signaling to 

prevent neurodegeneration 

Authors: Alicia Tapias, David Lazaro, Bo-Kun Yin, Seyed Mohammad Mahdi Rasa, 

Anna Krepelova, Erika Kelmer Sacramento, Paulius Grigaravicius, Philipp Koch, 

Joanna Kirkpatrick, Alessandro Ori, Francesco Neri, Zhao-Qi Wang 

Bibliographic information (if published or accepted for publication: Citation): 

Chromosomes and Gene Expression Neuroscience 

The candidate is (Please tick the appropriate box.) 

 First author, x Co-first author,  Corresponding author,  Co-author. 

Status (if not published; "submitted for publication", "in preparation".): Published 

Authors’ contributions (in %) to the given categories of the publication  

 

Author Conceptual Data 

analysis 

Experimental Writing the 

manuscript 

Provision 

of material 

Bo-Kun Yin 20% 20% 30% 10% 10% 

Alicia Tapias 30% 40% 30% 50% 60% 

David Lazaro 20% 15% 10% 10% 30% 

Others 30% 25% 30% 30%  

Total: 100% 100% 100% 100% 100% 

 

Contribution of authors to the manuscript: 

Bo-Kun Yin: Confirm the Sp1 activity after Trrap deletion with luciferase assay in 

aNSC; validating the ChIP-seq through ChIP analysis in aNSC; confirming Sp1 

regulates STMN3/4 expression by detecting STMN3/4 level in tissues and Sp1-

knocked down aNSC; establishment in vitro culture of primary neurons and knock 
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down Trrap with siRNA; construction of STMN3/4 plasmid and transfect them into 

primary neurons; validating the neuronal defect through immunofluorescence and 

IncuCyte assay; investigation; writing - original draft; writing - review and editing.  

Alicia Tapias: Conceptualization of the story; establishment of the Trrap-PCΔ 

mouse line and study of the motor coordination of these mice; validating the PC 

degeneration and defect through immunofluorescence and Sholl analysis; 

establishment of the Trrap-FBΔ mouse line; performing RNA-seq, proteomics; analysis 

of the transcriptomic, ChIP-seq, and proteomic data; confirming the expression of 

STMN3/4 by qPCR; writing - original draft 

David Lazaro: Conceptualization of the story; validating the Trrap-FBΔ; 

establishment of the Trrap-aNSCΔ mouse line; ChIP-seq analysis on mutant aNSC 

and analyze the data; investigation; Writing - original draft  

Seyed Mohammad Mahdi Rasa: Analysis of the ChIP-seq data  

Anna Krepelova: Supporting the ChIP technical requirement  

Erika Kelmer Sacramento: Formal analysis; investigation  

Paulius Grigaravicius: Formal analysis; investigation; methodology  

Philipp Koch: Formal analysis  

Joanna Kirkpatrick: Data curation; formal analysis; investigation; methodology  

Alessandro Ori: Conceptualization; investigation; methodology  

Francesco Neri: Conceptualization; data curation; formal analysis  

Zhao-Qi Wang: Conceptualization; data curation; supervision; funding acquisition; 

investigation; writing - original draft; project administration; writing - review and editing  
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3.1.2 Manuscript 
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3.2 Manuscript II 

3.2.1 Author contribution 

 

Title: Beyond HAT Adaptor: TRRAP Liaisons with Sp1-Mediated Transcription 

Authors: Bo-Kun Yin and Zhao-Qi Wang 

Bibliographic information (if published or accepted for publication: Citation): 

Molecular Mechanisms of Neuronal Death in Neurodegeneration 

The candidate is (Please tick the appropriate box.) 

x First author,  Co-first author,  Corresponding author,  Co-author. 

Status (if not published; "submitted for publication", "in preparation".): Published 

Authors’ contributions (in %) to the given categories of the publication  

 

Author Conceptual Writing the 

manuscript 

Bo-Kun Yin 50% 70% 

Zhao-Qi Wang 50% 30% 

Total: 100% 100% 

 

Contribution of authors to the manuscript: 

Bo-Kun Yin: Writing - original draft; writing - review and editing  

Zhao-Qi Wang: Supervision; writing - original draft, writing - review and editing 

 

 

 

 

 

 

 

 

 



 

61 

 

3.2.2 Manuscript
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3.3 Manuscript III 

3.3.1 Author contribution 

 

Title: TRRAP-mediated acetylation on Sp1 regulates adult neurogenesis  

Authors: Bo-Kun Yin, David Lazaro, and Zhao-Qi Wang 

Bibliographic information (if published or accepted for publication: Citation): None 

The candidate is (Please tick the appropriate box.) 

x First author,  Co-first author,  Corresponding author,  Co-author. 

Status (if not published; "submitted for publication", "in preparation".): submitted for 

publication 

Authors’ contributions (in %) to the given categories of the publication  

 

Author Conceptual Data 

analysis 

Experimental Writing the 

manuscript 

Provision 

of material 

Bo-Kun Yin 40% 60% 80% 70% 40% 

David Lazaro 10% 20% 20% 10% 60% 

Zhao-Qi Wang 50% 20%  20%  

Total: 100% 100% 100% 100% 100% 

 

Contribution of authors to the manuscript: 

Bo-Kun Yin: Conceptualization of the story; establishment of the aNSC 

differentiation and proliferation protocol in vitro; performing cell cycle profile assay and 

analysis by immunoblotting the cell cycle factor regulated by Trrap; constructing the 

Sp1 truncation and point mutation; investigating the Sp1-Trrap interaction, Sp1-

chromatin binding and Sp1 transcriptional activity from different Sp1 construct; Writing 

- original draft 

David Lazaro: Establishing the Trrap-aNSCΔ in vivo and studying the adult 

neurogenesis by immunofluorescence.  
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Zhao-Qi Wang: Conceptualization; funding acquisition; investigation; project 

administration; writing - review and editing Supervision; writing - original draft; writing 

- review and editing. 
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3.3.2 Manuscript 

 

TRRAP-mediated acetylation on Sp1 regulates adult neurogenesis 

 

Bo-Kun Yin1, David Lazaro1 and Zhao-Qi Wang1,2  

1 Leibniz Institute on Aging – Fritz Lipmann Institute (FLI), Beutenbergstrasse 11, 

07745 Jena, Germany 
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Running title: Trrap-mediated acetylation on Sp1 improves adult hippocampal 

neurogenesis 

 

Keywords: TRRAP, HAT, SP1, lysine acetylation, adult neural stem cells 

 

* Corresponding author: Zhao-Qi Wang, PhD 
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Abstract 

The adult hippocampal neurogenesis plays a vital role in the function of the central 

nervous system (CNS), including memory consolidation, cognitive flexibility, emotional 

function, and social behavior. The deficiency of adult neural stem cells (aNSCs) in 

exiting quiescence, self-renewal and differentiation capacity is detrimental to the 

functional integrity of neurons and cognition of the adult brain. Histone 

acetyltransferase (HAT) and histone deacetylase (HDAC) have been shown to 

modulate brain functionality and are important for embryonic neurogenesis via 

regulation of gene transcription. We showed previously that Trrap, an common adaptor 

for several HAT complexes, is required for Sp1 transactivation, maintaining the 

microtubule dynamics in neuronal cells. Here, we show that Trrap deletion 

compromises self-renewal and differentiation of aNSCs in mice and in vitro cultures. 

We found that the acetylation status of lysine residues K16, K19, K703 and K639 all 

fail to overcome Trrap-deficiency-incurred instability of Sp1, indicating a scaffold role 

of Trrap. Interestingly, the deacetylation of Sp1 at K639 and K703 greatly increases 

Sp1 binding to the promoter of target genes, which antagonizes Trrap binding, and 

thereby elevates Sp1 activity. However, only deacetylated K639 is refractory to Trrap 

deficiency and corrects the differentiation defects of Trrap-deleted aNSCs. We 

demonstrate that the acetylation pattern at K639 regulated by Trrap-HAT dictates the 

role of Sp1 in the regulation of adult neurogenesis.  

 

Introduction  

Normal brain development tightly depends on complex genetic and environmental 

processes, an aberration of which could lead to neurodevelopmental disorders [29]. 

The synchronized function among neuronal and glia cells orchestrates variable actions 

ranged from simple tasks to complicate activities [4]. Neurogenesis is a process of 

generating newborn neurons from neural stem cells (NSCs). In adult human, 

neurogenesis only occurs in two regions: the subgranular zone (SGZ) in hippocampus 

and subventricular zone (SVZ) of the lateral ventricle [9]. The hippocampus mainly 
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consists of the Cornu Ammonis fields (CA1, CA2 and CA3) and the dentate gyrus (DG) 

[173] and is responsible for memory and learning [174]. The adult neurogenesis in the 

SGZ is mainly derived from adult neural stem cells (aNSCs) that differentiate into 

excitatory DG neurons and integrate into the inner circuitry of the hippocampus, 

connecting mainly to the CA3 pyramidal neurons, mossy cells and hilar interneurons 

[175]. The adult hippocampal neurogenesis is considered to play a vital role in multiple 

functions in the central nervous system (CNS), including memory consolidation, 

cognitive flexibility, emotional function, and social behavior [176-178]. 

The activation of quiescent aNSCs, the proper self-renewal and differentiation 

capacity of aNSCs are important for the functional adult brain [13, 179, 180]. Studies 

have shown that the impaired adult hippocampal neurogenesis leads to Intellectual 

Disability (ID) and Autism Spectrum Disorders (ASD) [14-16]. Human Fragile-X 

Syndrome (FXS), as is the most common form of inherited ID and the most important 

genetic cue of ASD, exhibits hippocampal volume changes [17, 18] and compromised 

hippocampal function [19, 20]. FXS mouse model studies show abnormal hippocampal 

functions due to defects of proliferation of aNSCs and neurogenesis [21-23]. Many 

mouse models of ASD or ID demonstrated their link with adult neurogenesis defects 

in the SVZ [26-28]. These clinical and laboratory studies highlight the impairment of 

adult neurogenesis as the etiology of ASD/ID. These studies highlight the impairment 

of SVZ adult neurogenesis in the etiology of ASD/ID. 

Histone acetyltransferase (HAT) and histone deacetylase (HDAC) conducts 

protein acetylation, originally described for histones, but also for other proteins [61]. 

HAT and HDAC have been shown to modulate the brain functionality, including 

memory formation and neuroprotection [63, 65, 66]. The disturbance of the acetylation 

profiles has been related to multiple neuropathological diseases, for instance, 

Huntington's disease [67], Parkinson's disease [68] and Alzheimer's disease [69]. 

TRRAP, as abbreviated for Transformation/transcription domain-associated protein, is 

a member of Phosphatidylinositol 3-kinase-related kinases (PIKK) family. As the only 

pseudokinase (lacking the critical motifs required for ATP binding and catalysis, 
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thereby missing the kinase activity) in the PIKK family, TRRAP acts as a scaffold 

protein mediating transcription regulation and protein acetylation [59]. TRRAP is a 

cofactor for two major HAT families: the general control nonderepressible-related 

(GCN5) acetyltransferase (GNAT) HAT family (e.g. Gcn5 and PCAF) and MOZ, 

Ybf2/Sas3, Sas2, Tip60-related (MYST) HAT family (e.g. TIP60) [78]. TRRAP is 

required for HAT activity, for instance TIP60 and PCAF [97-99] and co-activates the 

target gene transcription. Through interacting with transcription factors, TRRAP 

facilitates the binding of HATs to promoter regions of target genes, leading to 

acetylation of histone [103]. This action enables the relaxation of chromatin 

conformation and facilitates the transcription process [181-183]. Depending on the cell 

type examined, the function of TRRAP targets genes covers a wide range of cellular 

processes, including stem cell differentiation, hematopoietic stem cell pool 

maintenance, cancer progression and lipid metabolism [96, 101, 106, 184].  

Since Trrap deletion leads to peri-implantation lethality in mice [102], TRRAP null 

mutation is believed to cause embryonic lethality in humans. Recent studies identified 

83 TRRAP variants in humans [110-112]. 17 distinct TRRAP variant were identified in 

patients with developmental delay and malformation of diverse organs, including brain, 

cerebellum, heart, kidney, or urogenital tracks [110]. Intriguingly, nearly half of the 

patients exhibit ASD and/or ID with variable severity, yet, lacking obvious malformation 

of brain architecture [110]. Using mouse models, we previously showed that Trrap 

deficiency causes premature differentiation of embryonic neuroprogenitors (NPCs) by 

disrupting cell cycle progression during neocortical neurogenesis [101]. While 

dissecting Trrap function in post-mitotic neurons, we found that Trrap is not required 

for development of Purkinje cells, but prevents its neurodegeneration in adult life [103]. 

These studies demonstrate the involvement of Trrap in the maintenance of embryonic 

neurogenesis and post-mitotic neurons. Molecularly, Trrap recruits Sp1 to chromatin 

to ensure the expression of microtubule-destabilizing phosphoproteins STMN3 and 

STMN4 to maintain proper microtubule dynamics in neurons [103]. We found that Trrap 

facilitates the Sp1 binding to promoters of these targets and is required for Sp1 
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transcriptional activity. These studies demonstrate the involvement of Trrap in the 

maintenance of embryonic neurogenesis and postmitotic neurons. Yet, how Trrap 

regulates Sp1 remains elusive. 

Sp1 is a transcription factor that regulates the expression of genes involved in 

various cellular processes [113]. Sp1 activity is regulated by multiple pathways, for 

instance, by the PKC and MAPK cascades [185] and MEK-1 [186]. Importantly, 

multiple post-translational modifications (PTMs) have been shown to regulate Sp1 

activity, including phosphorylation [151], acetylation [152], SUMOylation [163] and 

ubiquitination [153]. p300 acetylates Sp1 on residue K703 to repress Sp1 

transcriptional activity [157]. TIP60 acetylates Sp1 on K639 impairing its binding on the 

promoter of target genes, thereby repressing its activity [158]. SUMOylation on K16 

leads to proteasomal degradation of Sp1 [163]. It is also known that both acetylation 

and ubiquitination can modify the same residue (K19) [159], suggesting that 

acetylation may stabilize Sp1 through competing against ubiquitin-mediated 

proteasomal degradation [162]. Therefore, PTMs at these lysine residues may 

crosstalk and modulate the activity and stability of Sp1.  

In this study, we investigated the possible role of Trrap-dependent acetylation or 

its scaffold function on Sp1’s transactivation in respect to adult neurogenesis. We 

identified that deacetylation at K639 residue on Sp1 ensures the aNSC differentiation 

process and Trrap, via its role in modifying Sp1 activity, is required for proper cell 

proliferation and differentiation of aNSCs.  

 

Material and Method  

Inducible Trrap-deletion in vivo and in vitro  

Mice carrying the conditional (floxed, Trrapf/f) allele [102] were crossed with mice 

carrying the transgene Nestin-CreERT2 [187] (Trrapf/f; Nestin-CreERT2) or CreERT2 

[188] (Trrapf/f;Rosa26-CreER). All experiments were conducted according to German 

animal welfare legislation, and the protocol was approved by Thüringen Landesamt für 

Verbraucherschutz (TLV) (03-042/16), Germany.  
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Truncation and mutagenesis of Sp1 constructs 

Human Sp1 was cloned into the pFLAG-CMV-2 plasmid using HindIII and XbaI 

restriction enzyme. Sp1 sequence was subcloned originally from the pcDNA3.1-V5-

His-Sp1 plasmid kindly provided by Professor Xiaozhong Peng (Peking Union Medical 

College, Beijing, China). Truncation design followed the Sp1 truncation from previous 

study [133]. Mutagenesis on Sp1 construct was performed following the instruction of 

the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa 

Clara, United States).  

 

Histology and immunofluorescence staining 

Tissues for histology were fixed in 4% paraformaldehyde (PFA), cryoprotected in 

30% sucrose and frozen in Richard-AllanTM Scientific Neg-50TM Frozen Section 

Medium (Thermo Fisher Scientific, Waltham, MA, USA). Sections with thickness of 5–

20 µm were used for immunofluorescence staining. Following antibodies/reagent were 

used for immunofluorescence staining: Rabbit anti-GFAP (1:300, Agilent), rabbit anti-

Ki67 (1:200, Thermo Fisher Scientific), goat Sox2 (1:200, Santa Cruz Biotechnology, 

Dallas, United States), goat anti-doublecortin (DCX) (1:200, Santa Cruz), mouse anti-

GFP (1:200, Santa Cruz), donkey anti-rabbit Cy5 (1:200 – 1:400, Jackson 

ImmunoResearch, West Grove, United States), rabbit anti-goat IgG Cy3 (1:200 – 1:400, 

Sigma-Aldrich, St. Louis, USA), Donkey anti-mouse Cy2 (1:200 – 1:400, Jackson 

ImmunoResearch) and DAPI (1:3000 - 1:5000, Thermo Fisher Scientific). 

 

Inducible Trrap-deletion in aNSCs in vivo and in vitro  

The genotypes of Trrap and Cre in mice were determined by PCR on DNA 

extracted from tail tissue, as previously described [106]. To induce Trrap deletion in 

Trrap-aNSCΔ mice, Tamoxifen (100 µg/g) (TAM, Sigma-Aldrich) was injected 

peritoneally during 5 consecutive days. To knockout Trrap in vitro, adult stem cells 

(aNSC) were isolated as previously described [103] and aNSCs were treated with 1μM 
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4-hydroxytamoxifen (4-OHT, Sigma-Aldrich) for 3 days to induce Trrap deletion, 

followed by additional 2 days incubation in fresh medium.  

 

aNSC cell culture and transfection  

aNSCs were cultured in aNSC culture medium consisting of Dulbecco's Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Thermo Fisher Scientific), 1 x B-

27TM Supplements (B27, Thermo Fisher Scientific), 1 x penicillin–streptomycin, 20 

ng/ml Animal-Free Recombinant Human EGF (EGF, Peprotech, Rocky Hill, United 

States), and 20 ng/ml Recombinant Human FGF-basic (bFGF, Peprotech). Prior to 

aNSCs seeding, 24-well culture dishes were coated with 50 mg/ml Poly-L-Lysine, (PLL, 

Sigma-Aldrich) and 10 mg/ml Laminin (Sigma-Aldrich). 3 x 105 aNSCs treated with 4-

OHT were plated each well in NeurobasalTM Medium (NEM, Thermo Fisher Scientific) 

supplemented with 1 x B27, 2 mM L-glutamine, 1 x N-2 Supplement (N2, Thermo 

Fisher Scientific), 1 x penicillin–streptomycin, 20 ng/ml EGF, and 20 ng/ml bFGF. On 

the next day, transfection was performed on monolayer aNSCs. The Sp1 reporter (-

111 hTF m3, Addgene plasmid # 15450), exogenous FLAG-Sp1 and CMV-GFP was 

mixed with Lipofectamine™ 2000 Transfection Reagent (Lipo2000, Thermo Fisher 

Scientific) and transfected into aNSCs. 24 hours later, aNSC cultures were then 

subjected to luciferase assay. For in vitro differentiation, aNSCs were transfected using 

Lipo2000 mixed with plasmids in NEM supplemented with 500 μM L-glutamine (0.27 

μg plasmid + 0.5 μl Lipo2000 in 370 μl/well in 24-well plate). After 30 min incubation, 

the plasmid-Lipo2000 mix was replaced by the original differentiation medium with 

supplement. 

 

N2A cell culture and plasmid transfection  

Neuroblastoma cell line N2A was cultured in Dulbecco's Modified Eagle Medium 

(DMEM, Thermo Fisher Scientific) supplemented with 1 x FCS, 1x penicillin-

streptomycin, and 1mM sodium pyruvate (Thermo Fisher Scientific). Cells were 

passaged every 2-3 days in 1:12 ratio when the N2A culture reached ~70% confluency. 
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For transfection, cells were seeded in 2.8 x 105 cells/well onto 6-well plate. The 

transfection of N2A cells was performed with polyethylenimine (PEI, Polyscience, 

Eppelheim, Germany) at a ratio of 1 µg plasmid per 3 µg PEI. 24 h after transfection, 

the cells were harvested for co-immunoprecipitation (co-IP), ChIP, or immunoblot. 

 

Trrap knockdown and transfection in N2A cells 

siRNA against Trrap (Cat#: LQ-051873-01-0005, Horizon Discovery, Waterbeach, 

United Kingdom) was mixed with Lipofectamine™ RNAiMAX Transfection Reagent 

(Thermo Fisher Scientific) and transfected into N2A cells. After 24 hours transfection, 

Sp1 construct was then mixed with PEI and transfected into N2A. N2A cells were then 

incubated for another 24 hours and subjected to co-IP analysis. 

 

Proliferation assay by IncuCyte  

The aNSC culture was seeded 5 x 104 per well in 50ml/ml PLL- and 10 mg/ml 

Laminin-coated 24-well plate and incubated in IncuCyte S3 (Sartorius AG, Göttingen, 

Germany) for imaging acquisition of phase contrast (10x magnification, 36 images/well 

in 24-well plate). The confluency of aNSCs was determined through Incucyte® Live-

Cell Analysis. 

 

Cell cycle profiling  

aNSC were fixed in 4% paraformaldehyde (PFA), followed by permeabilization in 

0.3% Triton-X. Cells were then labelled with 5 µg/ml DAPI diluted in 0.1% Triton-X for 

20 minutes under room temperature. Cells were then sorted using a BD FACSCanto™ 

II Cell Sorter to detect DNA content with UV or violet laser (370/405 nm) and blue 

emission filter (450/500nm). 

 

In vitro aNSC differentiation 

2-4 x 104 aNSCs were resuspended with aNSC plating medium (DMEM/F-12 

medium supplemented with 1 x N2 (Thermo Fisher Scientific) and 20 ng/ml bFGF and 
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plated onto 50 μg/ml Poly-L-Orthinine- (PLO, Sigma-Aldrich) and 10 μg/ml laminin-

coated 12 mm glass coverslips. After 24 hours, the medium was replaced by the aNSC 

differentiation medium (DMEM/F-12 with 1 x B27 Supplements, 1 x N2 Supplement, 2 

mM L-glutamine, 0.5% FBS, 20 ng/ml bFGF and 0.5 μM retinoic acid). Half of the 

medium was refreshed once every 2 days. The aNSCs were processed for 

immunostaining at 1-, 4-, 5- or 9- day-post-differentiation (DPD). The aNSC 

transfection during in vitro differentiation was performed at 2 DPD. 

 

Immunofluorescent staining and quantification 

aNSCs were fixed with 4% PFA and permeabilized with 0.7% Triton diluted in 

DPBS, no calcium, no magnesium (PBS, Thermo Fisher Scientific) for 15 min. 

Samples were then incubated with primary antibodies (resuspended in PBS 

supplemented with 1% BSA, 5% donkey serum and 0.1% Triton) under 4 °C overnight. 

After being washed with PBS, the samples were then further incubated with secondary 

antibodies (resuspended in PBS supplemented with 7% BSA and 1:1000 DAPI) for 1 

hour. The samples were then conserved by ProLongTM Gold Antifade reagent (Thermo 

Fisher Scientific). Following antibody/reagent were used for immunofluorescence 

staining: mouse anti-Tubulin βIII (Tuj1, 1:400, Covance, Princeton, United States), 

rabbit anti-GFAP (1:300, Agilent), sheep anti-mouse IgG Cy3 (1:400, Sigma-Aldrich) 

and DAPI (1:3000). The coverslips were then imaged by the ZEISS Apotome 3 (Carl 

Zeiss AG, Jena, Germany) under the 20x or 40x objectives. The neuron population 

was then scored with ImageJ software and numerated manually. 

 

Luciferase assay  

24 hours after transfection, aNSCs were then lysed and cell lysates were 

subjected to activity assay according to the instruction by Dual-Glo® Luciferase Assay 

System (Promega, Madison, United States). The luciferase activity was then 

normalized by the total cell protein concentration measured with the Pierce™ BCA 

Protein Assay Kit (BCA assay, Thermo Fisher Scientific).  
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Immunoblot analysis 

Total protein lysates were prepared from aNSCs with the RIPA buffer (50 mM Tris- 

HCl, pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate, 1 mM EDTA, 1 mM 

PMSF), and cOmplete™ Protease inhibitor-Cocktail (protease inhibitor, Roche, Basal, 

Switzerland). Protein was quantified using the BCA Assay. Immunoblotting was 

performed as described previously [103], using the following antibodies: mouse anti-

TRRAP (1;1000, Euromedex, Souffelweyersheim, France), mouse anti-Cdc25A (1:500, 

Santa Cruz), rabbit anti-Cyclin D1 (1:500, Santa Cruz), mouse anti-Mad2 (1:1000, BD 

Biosciences, Franklin Lakes, United States), mouse anti-FLAG (1:1000, Sigma-

Aldrich), rabbit anti-Sp1 (1:1000, Merck Millipore, Burlington, United States ), mouse 

anti-b-actin (1:5000, Sigma-Aldrich), mouse anti-GFP (1:400, Santa Cruz) and rabbit 

anti-Plk1 (1:1000, Abcam, Cambridge, United Kingdom). 

 

Co-IP 

For co-IP, cells were harvested with NET-N buffer (50 mM Tris–HCl (pH 7.5), 150 

mM NaCl, 5 mM EDTA, 0.5% NP-40, and protease inhibitor. Approximate 1 mg of total 

lysate was incubated with the Dynabeads™ Protein A Immunoprecipitation Kit 

(Thermo Fisher Scientific) and 2ug mouse anti-FLAG antibodies at 4°C overnight. The 

precipitates were then washed with the NET-N buffer with fresh protease inhibitor, 

followed by elution with SDS buffer lysis buffer (50 mM HEPES-KOH, 140 mM NaCl, 

1 mM EDTA, 0.1% Triton X-100, 0.1% sodium deoxycholate, 1% SDS, 10 mM NaB, 

and protease inhibitor) and immunoblot analysis. Immunoblotting was performed using 

the following antibodies: mouse anti-TRRAP (1;1000, Euromedex, Souffelweyersheim, 

France), mouse anti-FLAG (1:1000, Sigma-Aldrich), mouse anti- -actin (1:5000), goat 

anti-TIP60 (1:500 Santa Cruz), goat anti-mouse HRP (1:3000, Agilent), goat anti-rabbit 

HRP (1:3000, Agilent) and rabbit anti-goat HRP (1:3000, Agilent). 

 

Chromatin immunoprecipitation (ChIP) assay  
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Transfected N2A cells were wash with PBS and collected with cell scraper, 

followed by the same protocol as previously described [103]. 

 

Statistical analysis 

The statistical analysis was performed through GraphPad (Dotmatics, Boston, 

United States). Paired/unpaired t-test or Two-Way ANOVA were performed on the 

respective data labelled in the figure legends. 

 

Result 

Deletion of Trrap abrogates adult neurogenesis 

To study the role of Trrap-HAT in aNSCs, we first generated TAM-inducible and 

traceable deletion of Trrap in mice. For this, Trrapf/f mice [102] were crossed with mice 

carrying the transgene Nestin-CreERT2 [187] to produce Trrapf/f; Nestin-CreERT2 mice, 

which upon TAM treatment generates inducible Trrap deletion in neural stem cells in 

adult mice (designated Trrap-aNSCΔ). To trace Trrap-deleted cells in vivo, Trrap-

aNSCΔ mice were subsequently crossed with double-fluorescent reporter mT/mG 

knock-in mice [189]. This reporter allows monitoring of Trrap-deleted cells by GFP 

expression, after switching from Tomato by Cre recombination in the aNSCs in the DG 

and SVZ. Trrapf/+ mice with the Cre transgene showed no detectable abnormalities 

and were used as controls.  

We analyzed mutant mice at 1- and 5-months post-tamoxifen (TAM) injection 

(MPT). Co-immunostaining demonstrated that Trrap deletion yielded a great decrease 

in aNSC proliferation (judged by GFP+Ki67+) and an increase in cell death 

(GFP+TUNEL+), as early as 1 MPT (Fig 1A-C). Co-staining of GFP with the aNSC 

markers GFAP and Sox2 in Trrap-aNSC brain detected a progressive decrease of 

aNSCs (GFAP+Sox2+ localized in the subgranular area of the DG) during 1 MPT and 

5 MPT (Fig 1D-E). Intriguingly, we found a great increase of GFAP+Sox2+ cells 

localized outside the subgranular area of the DG, characterized by a protoplasmic-

spongiform morphology (Fig 1D, 1F). In addition, co-staining of GFP together with 
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newborn neuron marker DCX showed a great reduction of newborn neurons 

(GFP+DCX+) at 1 MPT and a complete absence of newborn neurons at 5 MPT (Fig 

1G-H). These results indicate that Trrap deletion results in a progressive loss of the 

self-renewal capacity of aNSCs. The decline of neuronal differentiation correlates with 

greatly increased astrocytes, suggesting a differentiation defect of Trrap-deleted 

aNSCs.  

 

Trrap deletion compromises proliferation and differentiation of aNSCs in vitro 

To further investigate the intrinsic role of TRRAP in the proliferation and 

differentiation of aNSCs, we generated a mouse line Trrapf/f; Rosa26-creER (Trrapf/f-

CreER) by crossing Trrapf/f mice with Rosa26-creER mice [103] and isolated aNSCs 

from these mice at the age of 2-3 months. Trrapf/+-CreER with 4-OHT treatment were 

used as control as previously described [103]. 

To monitor the proliferation, we used the IncuCyte assay following and measuring 

in live the confluency of aNSC monolayer culture. We detected a slower confluency of 

mutants than controls, indicative of a lower proliferation rate (Fig 2A). We also 

examined the cell cycle profile of aNSCs by FACS (Fig S1A). The proportion of G2/M 

of Trrap-aNSCΔ was about 40% more than controls, indicative of an accumulation of 

G2/M cells (Fig S1B). Western Blotting revealed a higher level of the mitotic checkpoint 

protein Mad2 in mutant aNSCs compared to controls, indicating a blockage of mitosis 

(Fig 2B-C). Moreover, the mutant aNSCs contained higher Cyclin D1, a trigger of G1/S 

transition, than control cells, indicating that cells entering S phase and more cells 

replicating. 

Next we analysed differentiation of aNSCs using an adjusted in vitro differentiation 

assay [190] (Fig 1D). The identity of the cell mixture was monitored by immunostaining 

with lineage markers at different DPD (Fig 2E, Fig S1C). The neuron population (Tuj1+) 

in control aNSCs was increased by DPD1 and reached about 15% in the culture 

between DPD4-5, which then remained stable until DPD9. In contrast, Trrap-deleted 

aNSCs gave rise to a significantly lower number of neurons compared to control (Fig 
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2E). The mutant neuron population occupied less than 10% of the cultures at DPD4, 

followed by a drop to 4% at DPD9. The findings indicate an impaired differentiation 

capacity, which is lost faster, in Trrap-deficient aNSCs. Thus, Trrap is required for 

proper proliferation and differentiation of aNSCs. 

 

Sp1 interacts with Trrap 

We showed previously that Trrap, via HAT-mediated histone acetylation, facilitates 

Sp1 binding to promoters to initiate transcription of its target genes, e.g., STMN3/4 

[103]. Sp1 has been shown to interact with diverse coactivators to enhance its 

transcriptional activity [191-194]. We questioned if the present of Trrap itself is 

necessary for the Sp1 activity. To this end, we performed an interaction study between 

Sp1 and Trrap. . We constructed various truncation mutants of Sp1 based on the 

previously defined transcription activation domains [133] (Fig 3A). Co-IP in 

neuroblastoma N2A cell line after transfection of indicated mutant Sp1 vectors 

revealed various interaction strength between Sp1 and endogenous Trrap, but with a 

strong interaction via the transactivation domains A and B (Fig 3A-B), which have been 

shown to facilitates Sp1 transcription activity [148] . 

 

Sp1 stability in Trrap mutant cells is not affected by the acetylation status of K16 

and K19 on Sp1 

Previously, we found that Sp1 activity was greatly reduced in Trrap deficient cells 

while the Sp1 mRNA level was unaltered in these cells [103]. Western blotting detected 

a very low Sp1 level in Trrap-aNSCΔ cells compared to controls (Fig 3C). K16 and K19 

residues have been hinted for Sp1 stability. It is assumed that acetylation of these 

residues, potentially competes against the SUMOylation [163] and ubiquitination 

processes [159], interferred the stabilization of Sp1 [162]. Therefore, we reasoned that 

Trrap-deletion impaired acetylation thereby facilitated ubiquitination and SUMOylation 

of these lysines, which might render Sp1 undergoing proteasomal degradation. 

To further understand how Sp1 stability is affected by Trrap, we next analyzed 

lysine acetylation of Sp1. To this end, we constructed Sp1 mutants by replacing both 
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K16 and K19 with either an acetylation-incompetent residue arginine (R) (Sp1-K16R, 

-K19R, or Sp1-K16R, K19R) or a mimicking acetylation glutamine (Q) (Sp1-K16Q, 

K19Q). We transfected the respective vectors together with GFP vector (which 

monitors transfection efficiency) into aNSCs. We detected slightly lower, albeit not 

significant, GFP levels in Trrap-aNSCΔ cells compared to control cells. Strikingly, all 

Sp1 vectors, regardless of wildtype or mutant, could not be expressed efficiently in 

Trrap mutant cells compared to control cells (Fig 3C). After normalizing with the level 

of GFP, Sp1-K16R, K19R and Sp1-K16Q, K19Q mutations increased the Sp1 stability, 

albert not significantly, in comparison to wildtype Sp1 (Fig 3C), suggesting that 

although both lysine residues have slightly conferred a stability to Sp1, their stability 

are still severely compromised in the Trrap mutant background. Next, we analyzed the 

activity of ectopically expressed Sp1 proteins after normalization with the exogenous 

Sp1 level, all Sp1 constructs expressed a lower activity in Trrap-mutant cells (Fig 3D) 

and the Sp1-K2R and Sp1-K2Q construct both had lower, activity in mutant cells. 

Interestingly, Sp1-K16R/K19R increased the Sp1 activity in control cells but not in 

mutant cells. Taken altogether, both residues do not seem to be involved in acetylation-

related Sp1 stability, which however depends on the presence of Trrap to activate Sp1 

albeit in an unknown manner. 

 

Acetylation of K639, but not K703, affects Trrap-dependent Sp1 activity  

Sp1 can be acetylated at K703 residue and the deacetylation of K703 increases 

Sp1 activity [157]. Next, we transfected two mutants (Sp1-K703Q, Sp1-K703R) 

together with GFP into aNSCs and analyzed their stability and activity. Western blotting 

revealed no obvious differences of expression between mutant and wildtype Sp1 

vectors (Fig 4A). However, all these vectors expressed significantly lower in Trrap 

mutant cells compared to wildtype controls (Fig 4A). Analog to previous findings [157], 

acetylation incompetent Sp1-K703R had a higher activity compared to Sp1-WT. Of 

note, the K703R mutant elevated the Sp1 activity in mutant cells to the level of Sp1-

WT transfected wildtype cells (Fig 4B), indicative of rescuing Sp1 activity defect 
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incurred by Trrap knockout. Sp1-K703R had a 4.6 folds higher activity in control cells 

compared to mutant cells, although the ratio of Sp1 activity between control and mutant 

cells was similar in WT-Sp1 and Sp1-K703R transfected cells (3.5 folds vs 2.8 fold). In 

contrast, the acetylation mimic Sp1-K703Q reduced the Sp1 activity in both wildtype 

and Trrap mutant aNSC cells (Fig 4B). In mutant cells, K703Q has even much lower 

activity compared to control, suggesting that Ac-K703 indeed modulates Sp1 activity, 

but likely independent of Trrap.  

Next, we investigated another acetylated lysine residue K639, which can be 

acetylated by the Trrap interacting partner TIP60 [158]. We found an interaction 

between Sp1 and TIP60 in N2A cells through co-IP assay, which was abolished by 

Trrap knockdown (Fig 4C), consistent with the known interaction of Trrap and TIP60 

[195]. To further examine whether Trrap mediates proper acetylation of K639 on Sp1, 

we transfected WT and acetylation deficient K639R mutant Sp1 vectors into control 

and mutant aNSCs. Western blot analysis detected a lower expression of Sp1-WT and 

Sp1-K639R in Trrap mutant cells than that in control cells (Fig 5A), demonstrating that 

K639 deacetylation does not overcome Sp1 destabilization incurred by Trrap-deletion. 

Strikingly, the overexpressed K639R increased Sp1 activity to a similarly high level in 

both control and mutant aNSCs (Fig 5B). The activity of exogenous Sp1-K639R in 

mutant cells, after normalization with the FLAG level (i.e., amount of exogenous Sp1), 

was even comparable, if not more, than control (Fig 5C), indicating that K639R 

overrides Trrap deficiency-incurred low Sp1 activity. This result lets us conclude that 

Trrap mediates the acetylation status on K639 on Sp1.  

 

Chromatin binding of K639 and K703 mutant Sp1 at target gene promoters 

We further explored how the acetylation at these lysine residues affects Sp1 

binding to promoters of target genes. We transfected Sp1 mutant vectors into N2A 

cells and investigated by chromatin immunoprecipitation (ChIP) their binding onto two 

Sp1 targets, p21 [196] and STMN3 [103]. We found that both deacetylation mutant 

K639R and K703R increased the Sp1 binding on its promoter correlating well with their 
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increased activity (Fig 5D). Although K703Q abolished Sp1 activity, the promoter-

binding is not affected (Fig 5D). Intriguingly, co-IP analysis revealed that Sp1-K639R 

or Sp1-K703R had lower Sp1-Trrap interaction, while acetylation mimic Sp1-K703Q 

did not significantly reduce this interaction, compared to Sp1-WT (Fig 5E). Taken 

together, these results suggest that Sp1 deacetylation at these two lysine residues 

facilitates its chromatin binding but prevents its interaction with Trrap. 

 

Acetylation at K639 of Sp1 is required for aNSC differentiation 

We found that K639 is a key acetylation site that regulates Sp1 activity under 

Trrap-mediated acetylation and TIP60 interaction (Fig 4C, 5C). To further study the 

biological meaning of K639R, we induced aNSC differentiation after transfection with 

Sp1-K639R. Ectopic expression of Sp1-K639R, but not Sp1-WT, increased the neuron 

population in Trrap mutant aNSCs after at 5 DPD (Fig 6A-B), indicating that the 

differentiation is indeed controlled by the K639 deacetylation on Sp1 via Trrap-

mediated HATs.  

 

Discussion 

A wealth of evidence indicates the involvement of the HAT and HDAC complexes 

in brain development and the maintenance of adult neurogenesis in the brain. [65, 197, 

198]. We previously showed in mouse models that Trrap is essential for embryonic 

neurogenesis by controlling cell cycle progression [101] and Trrap maintains 

homeostasis of post-mitotic neurons by regulating microtubule dynamics through 

modulating the activity of transcription factor Sp1 [103]. In the current study, we find 

that Trrap-deficiency impairs the quiescence, expansion and differentiation capacity of 

aNSCs in vivo and in vitro. We identify that the forced deacetylation at K639, which 

disrupts its binding with Trrap, increases Sp1 binding to chromatin and its 

transcriptional activity. Ectopic expression of this mutant Sp1 reverses the 

differentiation defect of Trrap-deleted aNSCs. These data unravel a novel function of 

Trrap-HAT in adult neurogenesis via modulation of Sp1 acetylation. 
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Consistent with the in vivo mouse model, Trrap deletion in cultured aNSCs also 

compromised their proliferation and neuron formation, indicating that the effect of Trrap 

deletion is cell-autonomous. Notably, the mutant neuronal population decreased 

progressively from 4-5 DPD to 9 DPD, which corroborates the progressive loss of 

neuronal population in Trrap-aNSCΔ mouse model in vivo, possibly due to the loss of 

neuronal maintenance [103] and also the exhaustion of the neuroprogenitor pool [101]. 

Interestingly, we noticed a reverse correlation of the neuron production with a great 

increase of astrocytes, indicating a disturbed differentiation program in aNSCs without 

Trrap. The conversion from the neurogenic to astrocytic differentiation of aNSCs is 

reminiscent of a process described for aNSC aging and aging-related depletion of the 

adult neurogenesis [199]. We conclude that Trrap plays a fundamental role in both 

embryonic and adult neurogenesis. 

Despite a normal transcription of Sp1 mRNA in Trrap-deleted cells [103], the Sp1 

protein level is greatly reduced in Trrap deficient aNSCs due to proteasomal 

degradation. We find that the acetylation pattern of the documented lysine residues 

K16, K19, K703 and K639 cannot confer a normal protein level of Sp1 in Trrap deficient 

aNSCs. These results suggest that Trrap scaffold is essential for its stability, or that 

other to-be-discovered residues modified by Trrap-HAT stabilizes Sp1.  

The deacetylation at K639 and K703 increases Sp1 activity in Trrap mutant cells, 

suggesting that acetylation at these two sites is inhibitory for Sp1 activity. This seems 

to be achieved by K639R and K703R mutations that improve the Sp1 binding at 

promoters its targets (e.g., p21 and STMN3). In this regard, it worth mentioning that 

TIP60 acetylates Sp1 at K639 that impairs its promoter binding on target genes, 

thereby repressing Sp1 activity [158]. In contrast to a previous study that Sp1 

deacetylation leads to higher interaction with p300 [157], Sp1 deacetylation mutants 

(K639R and K703R) compromises Sp1-Trrap interaction, reversely correlating with 

their Sp1 activity. While p300 and Trrap (or its related HAT) may compete for Sp1 

interaction, deacetylated Sp1 (K639R and K703R) antagonizes Trrap binding at gene 

promoters, which may nevertheless facilitate the recruitment of Trrap-independent 
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HATs for acetylation of histones at promoter regions. In supporting these hypotheses, 

previous work showed that deacetylated Sp1 recruits p300 to chromatin to acetylate 

histones around promoter regions thereby promoting transcription [157]. In addition, 

acetylation of different lysine residues is catalyzed by specific HATs and have different 

functional outcomes. For examples, K120 on p53 is acetylated by MOF, which 

facilitates the acetylation of histones on promoter region and activates the expression 

of pro-apoptotic genes PUMA and BAX [200]. On the other hand, acetylation of K382 

on p53 promotes recruitment of p300 to p21 promoter, leading to increased histone 

acetylation on the promoter region and subsequently p21 transcription [201]. Thus, the 

acetylation status of lysine residues of transcription factors may modulate the selective 

recruitment of specific HATs to the promoters of the target genes.  

Consistent with G1/S and G2/M arrest in Trrap mutant cells, we found high levels 

of Cyclin D1 and Mad2 (Fig. 1B). Mad2 is increased in Trrap mutant cells, indicating a 

strong G2/M arrest (Fig. S1A-C). Moreover, in line with our previous studies showing 

that Trrap deletion caused cytokinesis failure and an accumulation of cells containing 

greater than 4N DNA content [99, 102], we also found an increased DNA content in 

Trrap mutant aNSCs.  

In the current study, we identify the specific lysine 639 of Sp1 to be a key 

modification site for Trrap-HAT mediated transcription. The deacetylation at specific 

K639 on Sp1 facilitates Sp1 binding to chromatin at target promoters, which is normally 

inhibited by the occupancy of Trrap, thus leading to hyperacetylation of the promoter 

region for gene transcription (as a readout of Sp1 activity). When Trrap is deleted, 

K639 on Sp1 is acetylated by Trrap-independent HATs, abolishing the Sp1-chromatin 

binding and repressing expression of Sp1 targets responsible for adult neurogenesis. 

Nevertheless, Trrap deletion destabilizes Sp1 and thereby impairs its transcriptional 

activity, which are possibly due to the deacetylation of other to-be-discovered residues 

modified by Trrap-HAT, or the lack of Trrap itself, whose scaffold function is necessary 

for Sp1 stability, consistent with the notion that TRRAP as scaffold mediates the 

binding of transcription factors onto target promoter [96, 97, 99, 101, 103]. Taken 
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together, we show that a fine-tuning of Sp1 activity via Trrap-HAT is critical for 

controlling the cell fate of aNSCs during adult neurogenesis. 
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Figure Legend  

Figure 1 Deletion of Trrap in aNSCs abolishes the adult neurogenesis.  

a. Distribution of proliferative and apoptotic cells in dentate gyrus sections after 

tamoxifen induction. Immunostaining of the sections using antibodies against Ki67 

(white, proliferative cells) and GFP (green, recombinant cells), or reagents TUNEL 

reaction (red, cell death) and DAPI. A representative image from 1-month-old mice 

after tamoxifen injection (1MPT). B-C. The quantification of the proliferative (Ki67+) and 

apoptotic (TUNEL+) cells in the dentate gyrus of control and Trrap-aNSCs at 1MPT. 

3 Trrapf/+ and 3 Trrap-aNSCΔ mice analyzed. D. Immunostaining of dentate gyrus 

sections using an antibody against GFAP (red, stem cell marker), Sox2 (white, stem 
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cell marker), GFP (green, recombinant cells) and counterstained with DAPI. A 

representative image from 5 MPT mice is shown. The aNSCs population is identified 

by their somas located in the subgranular cell layer (asterisk) and the newborn 

astrocytes by their somas located in the granular cell layer (arrow head). E-F. The 

quantification of aNSCs and newborn astrocytes in the dentate gyrus at the indicated 

time points after tamoxifen injection. 3 Trrapf/+ and 3 Trrap-aNSCΔ mice analyzed. G. 

Immunostaining of dentate gyrus sections using antibodies against DCX (orange), 

GFP (green, recombinant cells) and counterstained with DAPI. A representative image 

from 5MPT mice is shown. H. The quantification of newborn neurons (DCX+GFP+) in 

the dentate gyrus at the indicated time points after tamoxifen injection. 3 Trrapf/+ and 3 

Trrap-aNSCΔ mice analyzed. MPT = months post TAM injection. Co.: control; aNSCs: 

Trrap-aNSCs. The numbers inside the columns represent the number of mice 

analyzed. The number of cells scored are shown under each column. Mean ± standard 

error of mean is shown. Unpaired t-test was performed for statistical analysis. n.s.: not 

significant. *: p0.05, **: p0.01, ***: p0.001.  

 

Figure 2 Deletion of Trrap reduces the differentiation potential and proliferative 

rate in aNSC  

A. Live-Cell confluency monitoring by Incucyte® on control and Trrap-aNSCΔ. 

Cells originated from 3 mice analyzed. B. Immunoblot on the samples cultured on 

monolayer at day 5 with quantification in (C). Cells originated from 3 mice analyzed. D. 

Scheme presenting the inducible differentiation experiment. Trrap deletion on aNSC 

was induced by addition of 4-OHT for 3 days. After 2 days incubation in fresh medium, 

aNSC was cultured as monolayer. On DPD0, the differentiation on aNSC was initiated 

and the differentiation medium was changed every 2 days. Scale bar indicates 40 μm. 

E. Immunofluorescent images showing the differentiation states of aNSC at 9 DPD. 

Cell mixture was stained against neuronal marker Tuj1 (Red), astrocyte marker GFAP 

(Green) and counterstained with DAPI (blue). The right panels quantify the proportion 

of Tuj1+, GFAP- and Tuj1-, GFAP+ cells in percentage to whole cell population (DAPI+). 
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Cells from 3-5 Trrapf/+ and Trrap-aNSCΔ mice at each DPD were analyzed. Co.: control; 

aNSCs: Trrap-aNSCs. Mean ± standard error of mean is shown. Unpaired t-test 

was performed for statistical analysis in (C) and (E). (A) was analyzed through Two-

way ANOVA. n.s.: not significant. *: p0.05, **: p0.01, ***: p0.001.   

 

Figure 3 Trrap interacts and stabilize Sp1 without affecting the K16 and K19 

residue 

A. Truncation design for Sp1-Trrap interaction examination. All truncations contain 

Flag-label on the N-Terminal. The label of each truncation is labelled on the left side. 

Each color represents one characterized domain on Sp1, while white domain shows 

the region without being defined. Black lines among constructs label the boarders of 

the same domains. On the right side presents the quantification of truncated Sp1-Trrap 

interaction from (B). N = 4. B. Co-IP result shows the interaction between each Sp1 

truncation and endogenous Trrap. N2A were transfected with different constructs and 

subjected to Co-IP. Pulled-down protein were then analyzed by immunoblotting. Left 

panel shows the input level of transfected constructs. On the right panel, the pulled-

down samples was blot by Flag Trrap. The interaction between truncated Sp1 and 

Trrap is determined by quantifying Trrap band (The upper band in IB: Trrap) with band 

intensity in Flag blot. Values on the left side of (A) shows the normalized intensity of 

Sp1-Trrap interaction. C. Left panel shows the immunoblot analysis on the protein level 

of transfected Sp1 variants from control and mutant aNSC. Right panel presents the 

quantification of whole Sp1 level from immunoblot. Number inside the columns 

indicates the mouse number used for analysis. Cells from 3-5 Trrapf/+ and Trrap-

aNSCΔ mice analyzed. Co.: fl/+ aNSC; Δ: fl/fl. D. Transfected aNSCs were subjected 

to luciferase and immunoblotting analysis. Exogenous activity of Sp1 variants was 

calculated by quantifying the exogenous Sp1 activity (Subtracting the endogenous Sp1 

activity from the whole Sp1 activity) by the exogenous Sp1 level (Flag). Cells from 3-4 

Trrapf/+ and Trrap-aNSCΔ mice analyzed. Mean ± standard error of mean is shown. 
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Paired t-test was performed for statistical analysis in (C) and (D). n.s.: not significant. 

*: p0.05. 

 

Figure 4 Trrap does not affect the K703 acetylation 

A. Control and mutant aNSC was co-transfected with Sp1-K703Q or Sp1-K703R 

variants and Sp1-reporter and were analyzed through immunoblotting. Right panels 

shows the quantification of whole Sp1 level (Sp1) and exogenous Sp1 level (Flag). 

Cells from 4-5 Trrapf/+ and Trrap-aNSCΔ mice analyzed. B. Exogenous activity of Sp1 

variants was calculated by quantifying the exogenous Sp1 activity (Subtracting the 

endogenous Sp1 activity from the whole Sp1 activity) by the exogenous Sp1 level 

(Flag). Cells from 3 Trrapf/+ and Trrap-aNSCΔ mice analyzed. C. Co-IP analysis 

reveals the interaction between Sp1 and TIP60 in N2A cells. N2A cells were 

transfected with siRNA against Trrap, followed by 24 hr incubation and FLAG-Sp1 

transfection. After another 24 hr incubation, the cells were subjected to co-IP and 

immunoblotting subsequently. Trrap knockdown abolished the interaction between 

Sp1 and TIP60. Actin blot acts as a loading control. Paired t-test was performed for 

statistical analysis in (B) n.s.: not significant. *: p0.05, **: p0.01, ***: p0.001.  

 

Figure 5 Trrap-mediated acetylation acts on K639 

A. Immunoblot shows the level of exogenous Sp1 variants and total Sp1 in 

both control and mutant aNSCs co-transfected with FLAG-Sp1, FLAG-Sp1-

K639R variants together with GFP. Actin serves a loading control. B. The total 

Sp1 activity from control and mutant aNSC transfected with the indicated 

constructs together with Sp1-reporter. Cells from 4-5 Trrapf/+ and Trrap-aNSCΔ mice 

analyzed. C. The exogenous Sp1 activity is calculated according to the methods in Fig 

4.B. Cells from 6 Trrapf/+ and 6 Trrap-aNSCΔ mice analyzed. D. ChIP analysis on the 

promoter of p21 and Stmn3 in N2A cells transfected with FLAG-EV, FLAG-Sp1 or 

FLAG-Sp1 variants using anti-FLAG antibodies. qPCR analysis was performed to 

quantify the binding of respective Sp1 variant on target gene promoters. The binding 
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enrichment is presented as fold enrichment over FLAG-Sp1 binding value. The binding 

value of FLAG-EV, FLAG-Sp1 and FLAG-Sp1 variants was calculated in percentage 

of input subtracted with IgG binding value in percentage of input. E. Co-IP analysis 

determines the interaction between exogenous Sp1 variants and endogenous Trrap in 

N2A cells. The interaction strength was calculated by dividing the signal intensity of 

Trrap by the intensity of FLAG. N = 3. Mean ± standard error of mean is shown. Paired 

t-test was performed for statistical analysis in (B), (C), (E). n.s.: not significant. *: 

p0.05, **: p0.01. 

 

Figure 6 Acetylation-incompetent K639 rescues the differentiation defect in 

Trrap-aNSCΔ 

A. Immunofluorescent images showing the differentiation states of aNSC at 5 DPD. 

Cell mixture was stained against neuronal marker Tuj1 (Red) counterstained with DAPI 

(blue). Scale bar indicates 40 μm. B. Quantification of the proportion of Tuj1+ cells in 

percentage to whole cell population (DAPI+). Cells from 3 Trrapf/+ and Trrap-aNSCΔ 

mice analyzed. Mean ± standard error of mean is shown. Unpaired t-test was 

performed for statistical analysis in (B). n.s.: not significant. *: p0.05, **: p0.01. 

 

Figure S1 Cell cycle profile and differentiation potential of aNSC with or without 

Trrap deficiency 

A. Representative distribution of DAPI intensity for aNSC. The first peak (Grey) 

represents cells with 2n DNA content (G1) and the second peak (Green) represents 

cells with 4n DNA content (G2/M). B. Chart represents the population of G1 and G2/M 

cells in percentage. C. Immunofluorescent images showing the differentiated aNSC at 

DPD1 (left panel) and DPD 4-5 (right panel) with neuronal marker Tuj1 (Red), astrocyte 

marker GFAP (Green) and with (blue). Scale bar indicates 40 μm. 
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4. Discussion 

Based on our discovery, we confirmed that Trrap is a pivotal modulator in brain 

homeostasis. It ensures the proper self-renewal and differentiation of aNSCs and also 

maintains the survival in post-mitotic neurons. Moreover, we have also unraveled the 

underlying mechanism behind these processes, namely the Trrap-HAT-Sp1 axis in the 

regulation of the target genes.  

 

4.1. Sp1 as a master regulator mediated by Trrap-HAT to maintain post-mitotic 

neurons 

To address the first objective of my thesis, we investigated the underlying 

mechanism of acetylation maintaining neuronal homeostasis, we altered the 

acetylation level in post-mitotic PC by deleting the HAT-essential adaptor Trrap 

(Manuscript I). We detected an age-dependent progressive PC degeneration in Trrap-

PCΔ mice. By the cell amount decrease, the PCs in aged mutant animals showed 

regression of the size of their dendritic trees and more axonal swellings, characteristics 

of neurodegeneration. These morphological aberrations indicate that Trrap deletion 

led to the retraction of already formed neuron dendrites, as well as the defect in 

microtubule dynamics [202, 203]. This defect in microtube dynamics is likely due to the 

diminished transactivation of Sp1 under Trrap-deletion, especially affecting the 

transcription of Stmn3 and Stmn4. With integrated transcriptomic, proteomic, and 

epigenomic analysis in variable Trrap-deleted tissues and cells, we identified Sp1 as 

a novel transcription factor controlled by Trrap (Manuscript I). We discovered the Trrap-

HAT-Sp1 axis modulating the microtubule dynamics through the regulation of Stmn3 

and Stmn4. Trrap-deletion leads to a hypoacetylation and a lower Sp1-chromatin 

binding, on the proximity of the Stmn3/4 promoter, which then results in both lower 

Stmn3, and Stmn4 expression and protein levels. By functional testing in vitro, we have 

detected a neuronal defect in Trrap knockdown cortical neurons, characterized by 

reduced neurite length and branches. Strikingly, these neuronal arborization 
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deficiencies in cortical neurons were rescued through the ectopic overexpression of 

Stmn3/4, demonstrating the role of Trrap in maintaining neuron functionality via 

modulating the microtubule dynamics. Later in manuscript III, we disclosed the exact 

molecular mechanism of Trrap-mediated Sp1 transactivation. 

The function of HATs and HDACs has been shown to play an important role in 

brain development. The disturbance of lysine acetylation balance has been linked to 

multiple neuropathogenesis and defects in brain development in human and mouse 

models [61]. HDACs have been shown to play a pivotal role in the pathogenesis of 

NDs and a series of HDACi have been considered to treat diverse NDs [204]. Moreover, 

the deficiency of Sp1 transactivation leads to neuronal defects in HD pathology, 

reflecting its role in preventing neurodegenerative progression [167, 168]. Also, Sp1 

regulates the transcription of multiple neural genes [169-171], demonstrating its role in 

neuronal maintenance. Our observation that Trrap inhibits neurodegeneration in post-

mitotic cells thereby supports its role in the maintenance of neural homeostasis as a 

HAT adaptor, as well as a co-activator of the master transcription factor Sp1.  

STMN regulates the microtubule dynamics, thus affecting neuronal homeostasis. 

Defects in microtubule dynamics lead to variable neuronal defects, including axonal 

swellings and dendrite retraction, reminiscent of neurodegeneration [202]. Our data 

support the idea that ensured expression of Stmn3 and Stmn4 maintains the 

microtubule dynamics, thus preventing neuron abnormality and degradation. 

The proper maintenance of microtubule dynamics supports neuronal activity and 

STMN3 and STMN4 have been related to neuronal functionality [203, 205]. Although 

the loss of PC impairs motor coordination (Manuscript I), it is also possible that the PC 

activity is repressed while the microtubule dynamic is disturbed under Trrap deficiency. 

Through the electrophysiological techniques, one can score the activity of Trrap-PCΔ, 

as well as the Trrap knockdown primary neurons in vitro. This experiment will answer, 

apart from supporting the neurite arborization, whether Stmn3/4 overexpression is also 

able to maintain neuronal activity when Trrap is absent. 
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4.2. Acetylation of Sp1 modulates cell fate of aNSCs 

To address the second objective, we further investigated the role of Trrap in adult 

neurogenesis (Manuscript III). Trrap-deficiency impaired adult neurogenesis by 

reducing the differentiation potential of SGZ aNSCs in vivo and in vitro. The 

proliferation of aNSCs was also declined by Trrap-deletion in vitro. These results 

highlight the involvement of Trrap in neuronal maintenance and adult neurogenesis, 

providing a novel understanding of the pathology for patients with TRRAP missense 

variants. 

Despite only giving rise to a small population of neurons, adult neurogenesis plays 

an indispensable role in maintaining the functionality of a great neuronal population in 

the human brain. The deficiency of maintaining an aNSC niche and the subsequent 

defect in adult neural differentiation is detrimental to the functional integrity of the adult 

brain [13]. Among patients with TRRAP missense variants, most of them bear the ID 

and/or ASD symptoms with variable severity [110]. FXS patients showed hippocampal 

volume changes [17, 18] and impaired hippocampal function[19, 20], indicating that 

the impairment of adult hippocampal neurogenesis is responsible for the etiology of 

ASD/ID. FXS mouse model also shows the abnormal hippocampal function associated 

with aNSC proliferation deficiency and impaired hippocampal neurogenesis [21-23]. 

These studies on ASD/ID strongly linked the neuropathogenesis of TRRAP missense 

variants to impaired adult neurogenesis. 

Regarding the fact that only seven of these patients showed structural brain anomalies 

[110], however, it is also possible that other “non-syndromic” patients characterized 

with ID/ASD had a defect in neuronal functionality. This hypothesis is supported by the 

study on patients bearing non-syndromic X-linked intellectual disability [206]. A study 

on a mouse model with the missense mutation from those patients strongly suggested 

that these patients could have a defect in neurotransmitter release and synaptic 

plasticity in hippocampal neurons [206]. In this regard, it is plausible that a certain 

neuron subpopulation was dysfunctional in patients with TRRAP mutation. To this end, 
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future studies could investigate the effect of TRRAP mutations (human) on neuronal 

functionality, as well as the aNSC differentiation process. 

In Manuscript I, we demonstrated that Sp1 activity is regulated by Trrap-HAT, yet 

how Trrap affects the binding of Sp1 and whether Trrap-mediated acetylation would 

affect Sp1 activity was not clear (Manuscript II). We then investigated the role of Trrap-

mediated acetylation on the Sp1 stability (Manuscript III). We first detected a lower Sp1 

level in Trrap-deleted aNSCs. We hypothesized that Trrap-deletion results in 

deacetylation and thereby conducts ubiquitination at K19 and SUMOylation at K16, 

leading to Sp1 proteasomal degradation. However, either acetylation (Sp1-K16Q, 

K19Q) or deacetylation (Sp1- K16R, K19R) failed to improve the reduced Sp1 level 

incurred by Trrap-deficiency. Modification on the other 2 residues, K703 [157] and 

K639 [207] also did not stabilize Sp1. These data suggest that Trrap might facilitate 

the acetylation of other to-be-discovered residues to stabilize Sp1 and is required to 

prevent Sp1 from degradation. In this regard, we have also attempted to detect the 

Sp1 acetylation pattern through liquid chromatography-mass spectrometry (LC-MS) 

(Data not shown). In HEK293 cells, we overexpressed Flag-tagged Sp1-WT and 

treated the cells with HDACi to boost the acetylation profile on Sp1. After precipitating 

the protein through Flag antibody, we fractionated the protein and detected the 

peptides through MS. We have confirmed the acetylation of K19, as published [159], 

and a novel lysine residue K712. However, we have not detected any other lysines to 

be acetylated, possibly due to the low sensitivity of the LC-MS devices utilized or the 

low abundance of acetylated Sp1. For further studies, it is meaningful to validate the 

effect of acetylation at K712, as well as at other yet-to-be-characterized lysine residues, 

K624, K685, and K693 [158] on Sp1 stabilization under Trrap-deletion. 

To understand how Trrap regulates Sp1 activity, we confirmed the interaction of 

Sp1 with Trrap via transactivation domains A and B, indicative of Trrap acting as a 

scaffold and/or an Sp1 coactivator (Manuscript III). Domain A and B are essential 

domains for Sp1 transactivation, which interact with the TATA-box-binding protein 

(TBP)-associated factor (TAF) dTAFII110 component of the TFIID complex, 
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emphasizing the importance of these domains on transcriptional activation [143]. Also, 

domains A and B are required for the synergistic interaction of Sp1 multimerization 

Sp1 complexes, which facilitates its transcription activity [148]. Trrap has been shown 

to interact and co-activate multiple transcription factors [79, 92, 96]. The observation 

that Sp1 interacts with Trrap through its transactivation domains A and B implies the 

role of Trrap as an essential coactivator on Sp1 transcriptional activity. It is plausible 

that Trrap mediates the interaction between Sp1 and the transcriptional machinery. 

The synergistic interaction of Sp1 with other Sp1 molecules might also be facilitated 

via Trrap-Sp1 interaction. If Trrap is missing, Sp1 likely lacks the interaction with the 

transcriptional machinery, as well as the synergistic interaction with several other Sp1 

molecules, promoting the reduced Sp1 activity under Trrap-deletion.  

K639R mutation renders Sp1 resistant to Trrap-deletion-mediated downregulation 

of Sp1 activity, which therefore effectively rescued the differentiation defect of TrrapΔ-

aNSC. This finding demonstrates that Sp1 deacetylation at K639R can overcome 

Trrap deficiency and is a molecular event to grant a full aNSC differentiation capacity. 

We have also introduced Sp1-WT into TrrapΔ-aNSCs (Fig.S2E). Noticeably, the 

neuronal population in Trrap-deleted aNSCs was not increased through Sp1 

overexpression, indicating that the differentiation capacity is indeed controlled by 

acetylation of Sp1 and thereby its activity. In this regard, it is perhaps not surprising 

that Sp1-WT is insufficient to rescue the differentiation defects of Trrap-deficient 

aNSCs. Moreover, since the Sp1 level is maintained low during adult neural 

differentiation [208, 209], an excessive level of Sp1 or its activity might even inhibit 

neural differentiation. This demonstrates that a fine-tuning of Sp1 activity is critical for 

the aNSCs to determine cell fate during differentiation. 

Pharmacological inhibition of HDACs or activation of HATs has been clinically 

utilized for the treatment of neurodegenerative diseases and psychiatric disorders [61]. 

We have also demonstrated the importance of the HAT adaptor Trrap on brain 

homeostasis. Therefore, it would be of great interest to investigate the effect of HDACs 

and/or HATs, which compensates for the diminished Trrap-mediated acetylation, on 
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Trrap-related neurodegenerative and neurodevelopmental phenotype. For instance, 

the administration of HDACi might ameliorate the PC loss and thus the motor 

incoordination of Trrap-PCΔ mice. Also, the administration of HDACi into murine 

hippocampus lacking Trrap might rescue the adult neurogenesis defect in mutant 

animals. In clinics, HDACi or HAT activators are used to treat not only 

neurodegenerative diseases but also autism and impairment of memory and cognitive 

function [62, 66, 70, 71], suggesting that HDACi might act on neuronal maintenance 

and hippocampal function integrity. If proven to be true, these phenotypical 

observations would support the clinical usage of HDACi for treating neurological 

dysfunction in patients with TRRAP mutation.  

Rho kinases are suggested to play a regulatory role in cell proliferation, migration, 

and apoptosis [210, 211]. The Rho-associated kinase inhibitor (ROCKi) Y-27632 has 

been shown to prevent human ESCs from dissociation-induced apoptosis and 

increase their cloning efficiency [212]. Also, it inhibits the apoptosis of neuronal 

progenitors derived from stem cells following animal transplantation [213]. To 

investigate if the ROCK pathway is involved in the proliferation defect of TrrapΔ-aNSC, 

we have treated mutant cells with Y-27632 (Fig S2). We found ROCKi improved the 

proliferation of Trrap mutant aNSC significantly, although not reaching the control 

proliferation capacity (Fig S2A). Cell cycle analysis by immunoblotting showed that 

ROCKi ameliorated Mad2 in mutant aNSC, indicating that ROCKi released the G2/M 

block in Trrap mutant aNSC (Fig S2B-C). This observation is supported by the fact that 

ROCKi activates CDC25C/CDK1 pathway, which then activates FOXM1 and promotes 

G2/M transition [214]. ROCKi also increased the level of cyclin D1 in the mutant, which 

implies a fast G1/S transition (Fig S2D). Another study also showed that ROCKi 

initiates the G1/S transition by activating the CDK1/2-cyclin A [214], which then 

phosphorylates retinoblastoma protein (pRb) to release E2F1 and initiates the G1/S 

transition [215, 216]. These findings explain how ROCKi enables cells to overcome 

proliferation defects under Trrap deficiency. However, it is still not clear how ROCKi 

regulates the expression of the cell cycle factors under Trrap deficiency. Further 
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studies could focus on the effect of ROCKi on the Sp1-mediated transcription, 

especially of the corresponding cell cycle factors, e.g. Mad2 and cyclin D1. 

In manuscript I, we have linked the Trrap-HAT-Sp1 with microtubule dynamics in 

neuroprotection, reflected by the rescuing defects of Stmn3 and Stmn4 incurred by 

Trrap-deletion. However, it was unknown whether the Sp1 activity was affected by its 

stability and acetylation profile. Our later study in manuscript III confirmed that the 

Trrap-mediated acetylation profile on Sp1 promotes its activity, thus supporting adult 

neurogenesis. Therefore, it is likely that the deacetylated status at the K693 residue 

can increase the expression of Stmn3/4. Based on the observation that Sp1-K639R 

has an increased chromatin binding on the Stmn3 promoter compared to Sp1-WT 

(Manuscript III) and Trrap-deletion abolishes Sp1 binding on this promoter region, 

overexpression of K639R might increase the STMN3/4 expression in TrrapΔ-aNSCs, 

thus maintaining microtubule dynamics and preventing neuronal defect.  

Our study reveals Sp1 as a novel transcription factor under the control of Trrap. 

Sp1 interacts with E2F and is essential for the regulation of E2F target genes [194]. 

Sp1 has been shown to co-activate c-Myc and initiate transcription of the target gene 

[217]. Moreover, Trrap has been shown to mediate the activity of both E2F and c-Myc 

[59]. Our observation that Trrap interacts with all these transcription factors indicates 

that it might be necessary for the coactivation between these transcription factors and 

functions as a scaffold recruiting all these transcription factors to the target promoter 

region, thus initiating transcription. 

 

4.3 Perspectives 

Our study discovers the novel function of TRRAP-HAT-Sp1 in brain homeostasis and 

provides a novel insight into the pathology of patients with TRRAP variants. Most of 

the patients with TRRAP variants are diagnosed with ASD/ID [110], and the impaired 

hippocampal adult neurogenesis is strongly linked with the etiology of ASD/ID [14-16]. 

Through supporting adult neurogenesis, TRRAP maintains the proliferation and 

differentiation of aNSC as well as the adult neurogenesis in the hippocampus 
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(Manuscript III). Although the function of these TRRAP variants has not been 

characterized, our study suggests that misregulation of Sp1 activity by TRRAP 

deficiency might be the etiologic factor of the developmental delay of the CNS in those 

patients.  

 

Our study (Manuscript I) demonstrates the prevention of neurodegeneration by Trrap 

because it regulates Sp1 and its target genes STMNs. Though it has been only 

addressed that all of the individuals carrying TRRAP variants bear developmental 

delay, it is plausible that they might also have accelerated neurodegeneration of those 

individuals during aging, which might be expected due to the loss of neural 

maintenance.  

 

Taken together, our work identifies the novel roles of TRRAP in regulating Sp1 

transcriptional activity and preventing neurodevelopmental and -degenerative 

diseases. We provide a new link of this HAT adaptor together with a master 

transcription regulator Sp1 as an indispensable element in brain homeostasis. 
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4.4 Additional result 

 

Figure S2 ROCK inhibitor treatment rescued the proliferation potential in Trrap-

aNSCΔ. 

A. Live-Cell confluency monitoring by Incucyte® on control and Trrap-aNSCΔ 

treated with or without ROCKi. B. Immunoblot on the samples cultured on monolayer 

at day 5. C. Quantification of immunoblot result from (B). Cells from 3 Trrapf/+ and 

Trrap-aNSCΔ mice were analyzed. D. Control and mutant aNSCs were cultured with 

or without ROCKi for 5 days, followed by immunoblotting analysis. The right panel 

shows the quantification of cyclin D1 level from different conditions. E. Quantification 
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of Tuj1+ population in aNSCs after transfection with FLAG-EV or FLAG-Sp1 at 5 DPD. 

Cells from 3 Trrapf/+ and Trrap-aNSCΔ mice analyzed. The mean ± standard error is 

shown. (A) was analyzed through Two-way ANOVA. (D) was analyzed through paired 

t-test. (E) was analyzed through an unpaired t-test. Co.: control; aNSCs: Trrap-

aNSCs. n.s.: not significant. *: p0.05, **: p0.01, ***: p0.001.  
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5. Conclusion 

Our studies have unraveled the role of TRRAP involved in brain homeostasis. 

Trrap prevents post-mitotic PC from degradation by maintaining the microtubule 

dynamics via the Trrap-HAT-Sp1 axis. Trrap supports adult neurogenesis by 

increasing the proliferation and differentiation potential of aNSC. We have also 

demonstrated that deacetylated K639 on Sp1 is refractory to Trrap deficiency and 

corrects the differentiation defect of Trrap-deleted aNSCs. Taken together, our study 

has provided a novel understanding of the role of epigenetic adaptors on brain 

maintenance and a new insight into the neuropathology of patients with TRRAP 

missense variants. 
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6. Zusammenfassung 

Unsere Studien haben die Rolle von TRRAP enträtselt, die an der Homöostase 

des Gehirns beteiligt ist. Trrap verhindert die Degeneration von post-mitotischen PC, 

indem es die Dynamik der Mikrotubuli über die Achse Trrap-HAT-Sp1 aufrechterhält. 

Trrap unterstützt die adulte Neurogenese, indem es das Proliferations- und 

Differenzierungspotential von aNSC erhöht. Wir haben auch gezeigt, dass 

deacetyliertes K639 auf Sp1 resistent gegen Trrap-Mangel ist und die 

Differenzierungsdefekt von Trrap-deletierten aNSCs korrigiert. Zusammengenommen 

hat unsere Studie ein neuartiges Verständnis der Rolle des epigenetischen Adapters 

bei der Homöostase des Gehirns und einen neuen Einblick in die Neuropathologie von 

Patienten mit TRRAP-Mißense-Varianten neulich geliefert. 
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