
 

 

 

 

Lysine acetyltransferase and deacetylase in 

normal and abnormal brain development 

 

 

Lin Li 

Division of Experimental Medicine 

Department of Medicine 

McGill University 

Montreal, Quebec, Canada 

October 2018 

 

 

 

 

 

 

A thesis submitted to Graduate and Postdoctoral Studies Office of McGill University in 

partial fulfillment of the requirements of the degree of Doctor of Philosophy 

 

© Lin Li, 2018



I 

 

ABSTRACT 

Lysine acetyltransferases and deacetylases are not only important for regulating cellular 

programs (such as cell proliferation, differentiation and gene transcription), but also involved 

in developmental control and different diseases. As the most complex organ in mammals, the 

brain is controlled by intracellular and extracellular signaling pathways to maintain its 

developmental homeostasis. In these pathways, lysine acetylation plays an essential role. To 

understand the functions of this modification during brain development, I have investigated the 

roles of alpha-tubulin acetyltransferase 1 (ATAT1) and histone deacetylase 3 (HDAC3) during 

mouse brain development. Moreover, we have identified four clinical cases with heterozygous 

de novo HDAC3 mutations associated with a novel neurodevelopmental disorder and 

determined the pathogenicity, establishing the first link of this enzyme to a genetic disease. 

ATAT1 is an α-tubulin acetyltransferase responsible for acetylation of lysine 40 of α-

tubulin on microtubules. Identified in the 1980s, the acetylation is conserved from protists to 

humans and the only posttranslational modification in the lumen of microtubules. Although it 

has been implied in regulating microtubule assembly and motor-based transport in vitro, the 

real biological function of this modification remains controversial. The function in vivo was 

largely unknown until ATAT1 was identified a few years ago. We examined the role of tubulin 

acetylation in mouse development using a mouse strain carrying an inactivated Atat1 gene 

(Chapter II). We show that loss of Atat1 does not affect mouse survival but leads to hypoplasia 

of the striatum and septum in the brain. However, development of many other tissues such as 

the hematopoietic system is normal. While proliferation, differentiation, apoptosis and 

autophagy are not affected in the mutant brain, our data suggest that the hypoplasia in the 

striatum and septum is due to defective neuronal migration. Further behavioral tests indicate 

that mice lacking ATAT1 display a mild motor coordination deficit. 

HDAC3 is a class I deacetylase that forms tetrameric complexes containing two small 

subunits and the nuclear receptor co-repressor NCoR or SMRT, either of which is essential for 

embryonic brain development. Although some evidence indicates that HDAC3 is important in 

the adult mouse brain, its roles in the embryonic mouse brain and the human brain are entirely 

unclear. To investigate this, we have adopted two strategies. In the first one, we engineered and 
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analyzed a mouse model with Hdac3 specifically deleted in the cerebrum (Chapter III). In the 

second strategy, we identified and analyzed HDAC3 germline mutations in human patients 

(Chapter IV). In Chapter III, we show that mouse Hdac3 inactivation affects embryonic 

development of the neocortex and hippocampus and induces anxiety and hyperactivity in the 

resulting pups. We found that the defects are due to abnormal development of neural stem and 

progenitor cells. Moreover, inhibition of HDAC3 activity by a selective small-molecule 

inhibitor in cell-based assays in vitro confirmed that the enzymatic activity is essential for 

neural stem cell development. Using transcriptomic analysis of neurospheres originated from 

Hdac3-deficient cerebral cortices and neural stem cells, we observed altered expression of 

multiple genes, including increased transcription of neurogenesis-promoting genes (such as 

Dlx family genes) and decreased mRNA levels of neurogenesis-inhibiting genes (such as Id 

and Hes family genes). By transcriptomic analysis and co-immunoprecipitation, we 

demonstrated that multiple transcription factors, such as NFIB, COUP-TFI, RP58 and SOX4, 

are highly expressed in the cerebrum and interact with HDAC3. In Chapter IV, we present data 

on HDAC3 mutations identified in 4 patients with a new neurodevelopmental disorder. We 

show that these patient-derived HDAC3 mutations do not affect formation of the SMRT 

tetrameric complex, but the enzymatic activity is compromised for the resulting variants. These 

results make the first direct link of HDAC3 to a genetic disease. 

In summary, I have uncovered a novel role of ATAT1 in mouse brain development and 

demonstrated that HDAC3 regulates mouse cerebral development via neural stem/progenitor 

cells. I have also obtained evidence that HDAC3 mutations cause a novel neurodevelopmental 

disorder. This study thus yields original insights into how lysine acetylation affects mammalian 

brain development and sheds new light on abnormal brain development in related patients.
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RÉSUMÉ 

Les lysine acétyltransférases et désacétylases ne sont pas seulement importantes pour la 

régulation des programmes cellulaires (tels que la prolifération cellulaire, la différenciation et 

la transcription génique), mais aussi impliqués dans le contrôle du développement et de 

différentes maladies. En tant qu'organe le plus complexe chez les mammifères, le cerveau est 

contrôlé par des voies de signalisation intracellulaires et extracellulaires pour maintenir 

l’homéostasie durant le développement. Dans ces voies, l'acétylation de la lysine joue un rôle 

essentiel. Pour comprendre les fonctions de cette modification au cours du développement 

cérébral, j'ai étudié les rôles de l'alpha-tubuline acétyltransférase 1 (ATAT1) et de l'histone 

désacétylase 3 (HDAC3) dans le développement du cerveau murin. De plus, nous avons 

identifié quatre cas cliniques avec des mutations hétérozygotes de novo HDAC3 associées à un 

nouveau trouble neurodéveloppemental et déterminé la pathogénicité, établissant ainsi le 

premier lien de cette enzyme avec une maladie génétique. 

L'ATAT1 est une α-tubuline acétyltransférase responsable de l'acétylation de la lysine 40 

de l'α-tubuline sur les microtubules. Identifiée dans les années 1980, l'acétylation est conservée 

des protistes à l'homme et est la seule modification post-traductionnelle dans la lumière des 

microtubules. Bien qu'elle ait été impliquée dans la régulation de l'assemblage des microtubules 

et du transport moteur in vitro, la fonction biologique réelle de cette modification reste 

controversée. La fonction in vivo était largement inconnue jusqu'à ce que ATAT1 ait été 

identifié il y a seulement quelques années. Nous avons examiné le rôle de l'acétylation de la 

tubuline dans le développement de la souris en utilisant une souche de souris portant un gène 

Atat1 inactivé (Chapitre II). Nous montrons que la perte d'Atat1 n'affecte pas la survie de la 

souris mais entraîne une hypoplasie du striatum et de la cloison dans le cerveau. Cependant, le 

développement de nombreux autres tissus tels que le système hématopoïétique est normal. 

Alors que la prolifération, la différenciation, l'apoptose et l'autophagie ne sont pas affectées 

dans le cerveau mutant, nos données suggèrent que l'hypoplasie dans le striatum et le septum 

est due à une migration défectueuse. D'autres tests comportementaux indiquent que les souris 

dépourvues d'ATAT1 présentent un léger déficit de coordination motrice. 
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HDAC3 est une déacétylase de classe I qui forme des complexes tétramériques contenant 

deux petites sous-unités et le co-répresseur du récepteur nucléaire NCoR ou SMRT, dont l'un 

ou l'autre est essentiel dans le développement cérébral embryonnaire. Bien que certaines 

données indiquent que HDAC3 est importante dans le cerveau de la souris adulte, son rôle dans 

le cerveau embryonnaire murin et dans le cerveau humain est totalement inconnu. Pour étudier 

cela, nous avons adopté deux stratégies. Nous avons premièrement conçu et analysé un modèle 

de souris avec Hdac3 spécifiquement supprimé dans le cerveau (Chapitre III). Dans la 

deuxième stratégie, nous avons identifié et analysé les mutations HDAC3 dans la lignée 

germinale chez les patients humains (Chapitre IV). Au Chapitre III, nous montrons que 

l'inactivation de Hdac3 chez la souris affecte le développement embryonnaire du néocortex et 

de l'hippocampe et induit une anxiété et une hyperactivité chez les souriceaux. Nous avons 

constaté que les défauts sont dus au développement anormal des cellules souches et 

progénitrices neurales. De plus, l'inhibition de l'activité de HDAC3 par un inhibiteur sélectif 

de petites molécules in vitro a confirmé que l'activité enzymatique est essentielle au 

développement de cellules souches neurales. Nous avons observé une altération de l'expression 

de plusieurs gènes, notamment une transcription accrue des gènes promoteurs de la 

neurogenèse (tels que les gènes de la famille Dlx) et une diminution des niveaux d'ARNm des 

gènes inhibant la neurogenèse (tels que les gènes de la famille Id et Hes). Par l'analyse 

transcriptomique et la co-immunoprécipitation, nous avons démontré que plusieurs facteurs de 

transcription, tels que NFIB, COUP-TFI, RP58 et SOX4, sont fortement exprimés dans le 

cerveau et interagissent avec HDAC3. Au Chapitre IV, nous présentons des données sur les 

mutations HDAC3 identifiées chez 4 patients atteints d'un trouble neurodéveloppemental. 

Nous montrons que ces mutations HDAC3 dérivées du patient n'affectent pas la formation du 

complexe tétramère SMRT, mais l'activité enzymatique est compromise pour les variants 

résultants. Ces résultats font le premier lien direct entre HDAC3 et une maladie génétique. 

En résumé, j'ai découvert un nouveau rôle de ATAT1 dans le développement du cerveau 

de la souris et a démontré que HDAC3 régule le développement cérébral embryonnaire chez 

les souris via des cellules souches/progénitrices neurales. J'ai également obtenu des preuves 

montrant comment les mutations HDAC3 provoquent un nouveau trouble 

neurodéveloppemental chez l’humain. Cette étude donne donc des indications originales sur la 
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façon dont l'acétylation de la lysine affecte le développement du cerveau des mammifères et 

jette une nouvelle lumière sur le développement anormal du cerveau chez les patients 

apparentés.
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CHAPTER I: Literature review 

1.1 General introduction 

1.1.1 Lysine acetylation 

After synthesis and for functional regulation, proteins are subject to covalent modifications. 

These post-translational modifications (PTMs) include phosphorylation, acetylation, 

methylation, ubiquitination, succinylation, crotonylation, propionylation, hydroxylation, 

ubiquitination, and sumoylation (1). Chemically, acetylation refers to the process of adding an 

acetyl group to amino acid residues in proteins. There are two types of protein acetylation, 

namely Nα-terminal acetylation and Nε-lysine acetylation. Nα-terminal acetylation is very 

common occurring in about 85% of mouse proteins (2) and 57%-68% of yeast proteins (3). 

This type of acetylation is co-translational and irreversible; it regulates protein synthesis, 

stabilization and subcellular localization (4, 5). Nε-lysine acetylation is another type of 

acetylation that involves the addition of an acetyl moiety to the ε-amino group of lysine 

residues in proteins. Different from Nα-terminal acetylation, Nε-lysine acetylation is post-

translational and reversible. Its levels are dynamically regulated in various cellular processes 

(4). Hereafter in this thesis, acetylation refers to Nε-lysine acetylation. 

Lysine acetylation and deacetylation are controlled by lysine acetyltransferases (KATs) 

and lysine deacetylases (KDACs), respectively (Fig. 1.2). Lysine acetylation occurs on both 

histones and non-histone proteins. Histone acetylation is found on all histones. A list of histone 

acetylation sites and their responsible enzymes are shown in Table 1.1. Histone acetylation and 

deacetylation regulate gene expression, with specific acetylation marks producing distinct 

outcomes. It appears that not all the acetylated sites have specific functions, with the exception 

of H4K16ac (acetylation of histone H4 at lysine 16). This modification has a specific role for 

chromatin condensation and folding (6). 

Non-histone lysine acetylation, on the other hand, is found in many different categories of 

proteins. For instance, acetylation is found in cytoskeletal proteins such as α-tubulin in 

assembled microtubules (7); transcription factors and transcriptional co-regulators such as 

GATA proteins, STAT proteins, YY1, PGC1, Rb, c-Myc and p53 (4, 8, 9); chaperone proteins 
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such as Hsp90 and α-crystallin (10); and inflammatory signaling related proteins such as p38 

MAPKs (11). In a most recent proteomic study, over 3600 lysine residues on about 1750 

proteins were found to be acetylated. A majority of these proteins belong to non-histone 

proteins (12). More protein acetylation sites might be identified as high-resolution mass 

spectrometry develops rapidly. 

Lysine acetylation exerts its effects through different mechanisms. For histone acetylation, 

the classical model is that the addition of an acetyl group neutralizes the positive charge on the 

unmodified lysine residues. This neutralization loosens the interaction between histone tails 

and phosphate backbones of DNA and leads to chromatin relaxation, promoting transcription 

(13-16) (Fig. 1.1). A more recent theory is the “histone code” hypothesis (13, 16). According 

to this hypothesis, histone modifications, such as methylation, acetylation, ubiquitination and 

phosphorylation, coordinate with each other to regulate chromatin structure and gene 

transcription. Moreover, this hypothesis also posits that histone modifications alter chromatin 

structure and regulates transcription by interacting with reader proteins (14-17). For histone 

acetylation, these proteins are now known to possess “reader” domains, including the 

bromodomain (BRD), double PHD zinc finger (DPF), and YEATS domain (18) (Fig. 1.2).  

The bromodomain is a conserved domain possessed by many chromatin-associated 

proteins such as the BET family proteins, BRPF family proteins, CBP, p300, GCN5 and PCAF 

(18, 19). DPF domains are structurally conserved modules that selectively recognize histone 

acetylation (20) as well as histone methylation (21, 22). DPF3, MOZ and MORF contain this 

domain. YEATS is another domain that recognizes and binds to acetylated lysine residues (23), 

although recent studies imply that the YEATS domain has preference for crotonylation over 

acetylation (24). YEATS domain-containing proteins include AF9, ENL and GAS41(18). 

DNA-PKcs is a non-canonical BRD-containing protein that specifically recognizes H2AX 

acetylated at lysine 5 (25). However, no acetylation cascades have been firmly identified (26, 

27).  

Acetylation of lysine residues in non-histone proteins also modulate enzymatic activity. 

For example, acetylation of lysine 19 in hGLYATL2 decreases its enzymatic activity (28). 

Lysine acetylation occurs in evolutionarily conserved lysine residues in catalytic domains of 

enzymes in central carbon metabolism. Acetylation in these sites inhibit the enzymatic activity 
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of these proteins (29). In recent studies, it was shown that interactions between nearby acetyl 

moieties on lysine residues also exert effects on proteins. In the case of microtubules, the 

interactions between nearby acetyl groups in α-tubulin enhance the flexibility of microtubules 

under physical pressure (30, 31). Lysine acetylation regulates protein folding as well. 

Acetylation of Hsp70 at lysine 77 favors its binding to the co-chaperone Hop to allow protein 

refolding (32). Lysine acetylation also affects protein-DNA interaction. Acetylation in proteins 

such as p53, p50, NF-kappa B, E2F, EKLF and PC4 enhances sequence-specific DNA binding 

(33), while acetylation in FoxO1, HMGI, p65, etc., decreases DNA binding capacity (34).  

1.1.2 Lysine acetyltransferases (KATs) 

Based on structural and functional similarities of their catalytic domains, the currently 

known KATs (about 15 in humans) are categorized into three major families (35) (Fig. 1.3). 

The first is the GNAT (GCN5-related N-acetyltransferases) superfamily, which is so named for 

sequence similarities to the GCN5 enzyme. Members of this family have a common domain 

that contains 4 conserved motifs. Many proteins in this family also contain a bromodomain or 

chromodomain which can bind to acetylated or methylated lysine residues, respectively (35, 

36). Members of this family include Gcn5, PCAF, HAT1, ESCO1, ESCO2, Elp3 and ATAT1 

(37, 38). Of note, HAT1 acetylates cytoplasmic histones and is responsible for histone H4 

acetylation at lysine residues 5 and 12 (39, 40), while the other HATs may be recruited to 

promoters and generate a localized domain of histone acetylation. The MYST family is the 

second type because of the possession of a common MYST domain. The name “MYST” comes 

from the 4 founding members: MOZ, Ybf2 (a.k.a. Sas3), Sas2 and TIP60. While MOZ and 

TIP60 are human proteins, Sas2 and Sas3 are from yeast. Members of this family share a highly 

conserved MYST domain composed of an acetyl-CoA binding motif and a zinc finger. Some 

family members also contain other common domains such as chromodomains and plant 

homeodomain-linked (PHD) zinc fingers. The other three members of this family of human 

proteins include MOF, MORF and HBO1, whereas Esa1 is the third member in yeast (41, 42). 

The third family of HATs is smaller, composed of p300 and CBP family (35, 43). 

Many KATs form multisubunit protein complexes that are stoichiometric and highly stable. 

For example, MOZ (as well as MORF and HBO1) forms a tetrameric protein complex with 
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BRPF1, ING5 and EAF6 (42, 44). HAT-containing complexes are recruited to target genetic 

loci by other transcription factors. For example, RUNX recruits the complex containing 

MOZ/MORF to the MIP-1α promotor and facilitates transcription of MIP-1α (42). Some HATs 

are not specific for an individual lysine site but could still fulfill specific functions. One 

possible mechanism to achieve this is through distinct genome localization via non-catalytic 

domains such as the bromodomain, chromodomain, PHD finger, WD40 domain and tudor 

domain on these enzymes and/or their associated subunits (45). In some cases, KATs have 

functions that are independent of their enzymatic activity. For example, KAT3A activates β-

catenin, which is a transcription factor involved in inflammatory regulation, independent of its 

enzymatic capacity (46).  

Non-histone proteins are catalyzed by HATs as well, with some exceptions. For instance, 

ATAT1 acetylates α-tubulin on assembled microtubules but cannot acetylate histones (47). 

Similarly, ESCO1 and ESCO2 acetylate cohesion but not histones (48-50). Acetylation of non-

histone proteins regulates transcription, as well as mRNA and protein stability, cell cycle, 

circadian rhythms, metabolism, etc. (8, 9). In many cases, non-histone acetylation is relevant 

for tumorigenesis, cancer proliferation and immune functions (9). More non-canonical proteins 

might be identified to possess intrinsic lysine acetyltransferase activity. As an example, TAU, 

which is a protein involved in Alzheimer’s disease, was unexpectedly identified to be a lysine 

acetyltransferase (51). 

1.1.3 Lysine deacetylases (KDACs) 

KDACs in humans are classified into 4 classes according to their sequence homology to 

the yeast histone deacetylases (Fig. 1.3). Class I KDACs have a similar domain structure to the 

yeast Rpd3 and its members include HDAC1, -2, -3 and -8. Class II KDACs share similar 

domain structure to the yeast Hda1. Class IIa KDACs are composed of HDAC4, -5, -7 and -9, 

and class IIb comprises HDAC6 and -10. Sir2 (silent information regulator-2) and sirtuin (Sir2-

like protein) are NAD+-dependent and form class III. In humans, class III KDACs include 

SIRT1-7. HDAC11 shows similar homology to both Rpd3 and Hda1 and is thus classified into 

a new class, the class IV HDAC. Compared to sirtuin proteins, class I, II and IV KDACs were 

found earlier and are zinc-dependent, thus referred to as the “classical family” of KDACs (52). 
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Like HATs, some KDACs exist in large protein complexes. For example, HDAC1/2 is 

found in 3 distinct multisubunit protein complexes, which include the NuRD, Sin3 and Co-

REST/REST complexes (53-55). Moreover, three other types of complexes containing 

HDAC1/2 were also identified, namely, the SHIP, NODE and MiDAC complexes (56-58). In 

contrast, HDAC3 is found in only one type of complexes, namely the NCoR/SMRT complexes 

(59-61). 

HDACs can function through its enzymatic activities as well as function independent of its 

enzymatic activities. Through their enzymatic capacity, deacetylation of histones leads to 

condensed chromatin (heterochromatin) and thus represses transcription. For example, histone 

deacetylase activity is essential for HDAC1-mediated transcriptional repression (62). HDAC7 

associates with Runx2 and represses Runx2 transcriptional activity in a deacetylase-

independent manner (63). Typically, individual HDAC has enzymatic activity towards multiple 

lysine residues. HDACs together with their complexes could be recruited to specific promoters 

and thus achieves specific functions. 

Deacetylation of non-histone proteins is usually catalyzed by KDACs. Although bearing 

the name “histone”, HDAC6 is a lysine deacetylase that has a unique substrate specificity 

mainly for nonhistone proteins (64), including α-tubulin (65). The dynamic balance of non-

histone protein acetylation and deacetylation regulates various cellular activities as mentioned 

above in section 1.1.1.  

1.1.4 KATs and KDACs in mouse brain development 

Brain development is regulated by transcriptional factors and epigenetic regulators, as well 

as by environmental signals including growth factors and signaling molecules (Fig. 1.4). The 

mammalian brain is the most complicated organ. During the early embryonic stage, the nervous 

system derives from the ectoderm germ layer, which consists 3 parts: external ectoderm, neural 

crest and neural tube (66). The central nervous system (CNS) continues to develop with the 

closure of neural tube and formation of brain vesicle which contains neuroepithelium (66). 

Neuroepithelial cells are the first neural stem cells (NSCs). At the beginning, neuroepithelial 

cells undergo symmetric proliferative division, and later, these cells differentiate into radial 

glial cells (RGCs) (which is a mixture of neural stem and progenitor cells) and undergo 
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neurogenesis (Fig. 1.4) (66). Neurogenesis produces neurons as well as other progenitor cells. 

In mice, neurogenesis starts at around embryonic day 10 and slows down rapidly at around day 

18 (67). Gliogenesis is inhibited during the embryonic neurogenesis stage and starts to erupt at 

around the neonatal stage (68). Neurogenesis is very limited in adult mice and humans, 

compared with embryos. The development of embryonic NSPCs is important as it is near 

irreversible after reaching the adulthood.  

The spatial and temporal development of the brain is tightly regulated by the 

transcriptional machinery, containing transcription factors and epigenetic regulators. The 

molecular mechanisms that control embryonic neurogenesis have been extensively studied. 

Transcription factors, such as Notch, TGF and β-catenin, are the master regulators that regulate 

neural stem cell self-renewal and differentiation (69). Epigenetic regulators, which regulate 

DNA and histone modifications, play a vital role in the development of neural stem cells as 

well. For example, conditional deletion of Ezh2 gene, which is a histone H3K27 

methyltransferase, in the mouse forebrain disrupts the balance between self-renewal and 

differentiation in the cerebral cortex (70). Some KATs and KDACs have also been shown to be 

essential for brain development, regulating differentiation, proliferation or survival of neural 

stem and/or progenitor cells. For instance, absence of p300 or CBP leads to neural tube closure 

defects (71, 72). Double knockout of HDAC1 and 2 leads to neurodevelopmental defects (73). 

These KATs and KDACs regulate neural stem cell development through control of gene 

expression. In the case of HDAC1/2, neuron-restrictive silencing factor/RE-1 silencing 

transcription factor (NRSF/REST) binds to its DNA response element (RE-1) and recruits the 

complex containing Sin3a and HDAC1/2 to promote transcriptional repression (74). These 

studies support the importance of KATs and KDACs in early brain development. 

1.1.5 KATs and KDACs in neurodevelopmental disorders 

Abnormalities in CNS development lead to a variety of sensory, motor and cognitive 

disorders, including Rett syndrome, Down syndrome and intellectual disability. Some 

neurodevelopmental disorders are found to be single-gene Mendelian diseases, caused by 

mutations either inherited from parents or acquired de novo during early gestation. For example, 

Rett syndrome is a rare neurological and developmental disorder that affects brain development 
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and leads to progressive inability in using muscles that control movement, coordination and 

communication. Frequently, it also causes seizures and intellectual disability. Rett syndrome is 

due to X-linked MeCP2 mutations and almost exclusively occurred in girls as the mutation in 

the male is lethal. For 99.5% of all cases, Rett syndrome is sporadic and due to de novo 

mutations in the gene (75).  

The dynamic process of lysine acetylation and deacetylation links the extracellular signals 

to intracellular responses (76). Until recently, ~30 chromatin modifiers have been associated 

with human diseases, a lot of which show symptoms such as neurodevelopmental delay, 

microcephaly and intellectual disability. For KATs, gene mutations for CREBBP, EP300, 

KAT6A, KAT6B and ESCO2 have been identified in these disorders so far (77-85). For 

KDACs, only HDAC4 and HDAC8 mutations are implicated in human diseases directly (86, 

87). Epigenetic “readers” are also involved in human diseases. Mutations of BRPF1, which is 

a histone acetylation “reader” and a subunit of the MOZ protein complex, are implied in 

developmental delay and brain disorders (88). HDAC inhibitors such as valproic acid have 

been used in clinical treatment of epilepsy and bipolar disorders for over six decades (89, 90). 

Tapias et al. have published a comprehensive review on the roles of KATs and KDACs in 

mouse brain development and human neurodevelopmental disorders (76). 
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Figure 1.1. Histone acetylation and deacetylation mark an open and compact chromatin 

respectively.  

Acetylation of histone tails by “writer” (HATs) leads to an open and transcriptionally active 

chromatin structure, while deacetylation by “eraser” (HDACs) results in a compact and 

transcriptionally repressed chromatin structure. Adapted from Verdin and Ott, Nature Reviews 

Molecular Cell Biology 16, 258–264 (2015), doi:10.1038/nrm3931, with permission from 

Springer Nature.



9 

 

 

Figure 1.2. Histone acetylation and its reader proteins.  

A, Histone acetylation refers to the addition of an acetyl moiety to the ε-amino group of a lysine 

residue catalyzed by a HAT, and the reversible process is catalyzed by a HDAC. B, Lysine 

acetylation “readers”, such as the bromodomain (BRD), double plant homeodomain (PHD) 

finger, double pleckstrin-homology (PH) domain, YEATS domain and non-canonical BRD, 

could bind to acetylated histones and thus regulate transcription. Copyright: Gong et al., 2016, 

PLoS Genet 12(9): e1006272. (“This is an open access article distributed under the terms of 

the Creative Commons Attribution License, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original author and source are credited.”) 
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Figure 1.3. HAT and HDAC families.  

HATs and HDACs regulate histone acetylation and deacetylation, respectively. The HATs are 

grouped into 3 families, including the p300/CBP family, GNAT family and MYST family. 

Additional studies are needed to verify the acetyltransferase activity reported for members of 

the remaining two families shown here. The HDACs are categorized into 4 classes, composed 

of class I (HDAC1, -2, -3 and -8), IIa (HDAC4, -5, -7 and -9), IIb (HDAC6 and -10), III 

(SIRT1-7) and IV (HDAC11). Adapted from Schneider et al., Neurotherapeutics (2013) 10: 

568, with permission. 
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Figure 1.4. Intrinsic and extrinsic factors that regulate mouse cerebral cortex 

development.  

Intrinsic factors include transcription factors, epigenetic regulators and other cellular regulators. 

Extrinsic factors include secreted growth factors, hormones and other signaling molecules. 

Neuroepithelium (NE) contains the first neural stem cells (blue) at around E10. The neural stem 

cells proliferate to populate themselves at the early stage (before E11.5) and then undergo self-

renewal as well as differentiation to produce progenitor cells (astrocyte-like progenitor cells, 

AP, basal progenitor cells, BP) and neurons (N). These cells migrate to proper layers and form 

the ventricular zone (VZ), subventricular zone (SVZ), intermediate zone (IZ) and cortical plate 

(CP). Gliogenesis is inhibited between E10.5 to E18. At perinatal stage, neural stem and 

progenitor cells begin to produce astrocyte progenitor cells (AsP) and oligodendrocyte 

progenitor cells (OP), and further produce astrocyte (As) and oligodendrocyte (O) cells. The 

cerebral cortex further developed to form white matter (WM) layer and the other 5 layers (VI, 

V, IV, III, II, I from inside to outside) in the adult brain. Copyright: Tapias et al., Genomics, 

Proteomics & Bioinformatics, 15(1), February 2017, Pages 19-36. (Copyright distributed under 

a Creative Commons License which allows for free distribution for private use.)
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Table 1.1. Histone acetylation sites, the responsible HATs and potential functions 

Histone Site HATs Proposed function 

H2A Lys4 (S. cerevisiae) Esa1 transcriptional activation 

 Lys5 (mammals) Tip60, p300/CBP transcriptional activation 

 Lys7 (S. cerevisiae) Hat1 Unknown 

    Esa1 transcriptional activation 

H2B Lys5 p300 transcriptional activation 

 Lys11 (S. cerevisiae) Gcn5 transcriptional activation 

 Lys12 (mammals) p300/CBP transcriptional activation 

 Lys15 (mammals) p300/CBP transcriptional activation 

 Lys16 (S. cerevisiae) Gcn5, Esa1 transcriptional activation 

  Lys20 p300 transcriptional activation 

H3 Lys4 (S. cerevisiae) Esa1 transcriptional activation 

 Lys9 Unknown histone deposition 

  Gcn5, SRC-1 transcriptional activation 

 Lys14 Unknown histone deposition 

  Gcn5, PCAF transcriptional activation 

  Esa1, Tip60 transcriptional activation, DNA repair 

  SRC-1 transcriptional activation 

  Elp3 transcriptional activation (elongation) 

  Hpa2 Unknown 

  hTFIIIC90 RNA polymerase III transcription 

  TAF1 RNA polymerase II transcription 

  Sas2 Euchromatin 

  Sas3 transcriptional activation (elongation) 

  p300 transcriptional activation 

 Lys18 Gcn5 transcriptional activation, DNA repair 

  p300/CBP DNA replication, transcriptional activation 

 Lys23 Unknown histone deposition 

  Gcn5 transcriptional activation, DNA repair 

  Sas3 transcriptional activation (elongation) 

  p300/CBP transcriptional activation 

 Lys27 Gcn5 transcriptional activation 

 Lys36 Gcn5 transcriptional activation 

  Lys56(S. cerevisiae) Spt10 transcriptional activation, DNA repair 

H4 Lys5 Hat1 histone deposition 

  Esa1, Tip60 transcriptional activation, DNA-repair 

  ATF2 transcriptional activation 

  Hpa2 Unknown 

  p300 transcriptional activation 

 Lys8 Gcn5, PCAF transcriptional activation 

  Esa1, Tip60 transcriptional activation, DNA-repair 

  ATF2 transcriptional activation 

  Elp3 transcriptional activation (elongation) 
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  p300 transcriptional activation 

 Lys12 Hat1 histone deposition, telomeric silencing 

  Esa1, Tip60 transcriptional activation, DNA repair 

  Hpa2 Unknown 

  p300 transcriptional activation 

 Lys16 Gcn15 transcriptional activation 

  MOF transcriptional activation 

  Esa1, Tip60 transcriptional activation, DNA repair 

  ATF2 transcriptional activation 

  Sas2 Euchromatin 

  Lys91 (S. cerevisiae) Hat1/Hat2 chromatin assembly 

Notes: Cited from Cell signaling “Histone Modification Table” which is reviewed and revised in March 2018. 
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1.2 ATAT1 and tubulin acetylation 

1.2.1 Identification of lysine 40 of α-tubulin as the acetylation site 

The journey started in 1981 when it was found that the flagella of the single-cell green 

alga Chlamydomonas reinhardtii contains a tubulin isoform distinct from those from the 

cytoplasm, as judged from their different isoelectric points (91). Importantly, it was 

subsequently shown that the difference is due to a post-translational modification rather than 

expression from a different gene (92), because the cytoplasmic precursor could be converted 

to the flagellar form (93). With tritiated acetate labelling, the α-tubulin protein from the flagella 

was found to contain tritium, indicating that the protein contains a modification due to a 

tritiated moiety (93). Addition of hydrazine to acetylated microtubules produced acetyl-

hydrazine, indicating the involvement of acetylation, and subsequent analysis of proteolytic 

digests by thin-layer chromatography revealed that the acetyl group is linked to the epsilon-

amino group of a lysine residue (94). In 1987, amino acid sequencing identified Lys-40 as the 

acetylation site (95). Two years earlier, a monoclonal antibody specific for the acetylated form 

was developed and found to recognize α-tubulin from various organisms, indicating that the 

acetylation is conserved in different species (96). Indeed, amino acid sequence comparison 

revealed that the acetylation site is conserved from protists to mammals such as mice and 

humans (96, 97) and is also present in flowering plants (98). However, the acetylation site is 

not conserved in yeast (99). Being commercially available for more than two decades, the 

monoclonal antibody clone 6-11B-1, specific to acetylated α-tubulin (96), has been widely used 

as a routine marker of stable microtubules. 

A recent large-scale acetylome study identified other multiple acetylated sites on α- and β-

tubulin (100), but these new sites need to be independently substantiated by other means. Lys-

252 of β-tubulin is also acetylated, but the modification only exists in soluble α- and β-tubulin 

heterodimers (101). This acetylation is catalyzed by the acetyltransferase San and inhibits 

tubulin incorporation into microtubules to regulate microtubule dynamics (101). Currently, 

Lys-40 is the only acetylation site known to occur on polymerized microtubules (Fig. 1.5), so 

this modification has been widely referred to as tubulin or microtubule acetylation. 
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1.2.2 Tubulin acetyltransferases and deacetylases 

Identification and analysis of tubulin acetyltransferases 

In 1985, an acetyltransferase activity was detected in extracts isolated from 

Chlamydomonas flagella (102), but the identity of this enzyme remained obscure until recently. 

In vitro studies identified several candidates, including the transcriptional elongation regulator 

ELP3 (elongator protein 3) (103, 104), an Nα-acetyltransferase complex (105) and the histone 

acetyltransferase GCN5 (homolog of yeast general control nonderepressible 5) (106). Genetic 

screening for touch sensitivity defects in the soil nematode Caenorhabditis elegans identified 

various mutant alleles, one of which encodes Mec-17 (mechanosensory abnormality protein 

17) (107, 108). Interestingly, Mec-17 displays sequence similarity to members of the GCN5 

(general control non-derepressible 5) superfamily of histone acetyltransferases (109). In 2010, 

Mec-17 and the mammalian ortholog ATAT1 (alpha-tubulin acetyltransferase 1) were identified 

as α-tubulin acetyltransferases (47, 110). They possess intrinsic α-tubulin acetyltransferase 

activity and acetylate α-tubulin efficiently (47, 110). Moreover, ATAT1 functions as a bona-

fide tubulin acetyltransferase in vivo, because deletion of the mouse Atat1 gene leads to nearly 

complete loss of tubulin acetylation in embryos and various tissues (111-113). Thus, ATAT1 is 

now considered as a major tubulin acetyltransferase in mammals. The other three candidates 

(i.e., ELP3, GNC5 and an Nα-acetyltransferase) may be responsible for minor tubulin 

acetylation in vivo. In support of this, zebrafish embryos depleted of Mec-17 display loss of 

tubulin acetylation in neurons but not in cilia (110), and in Atat1 knockout mice, there are also 

residual tubulin acetylation signals in some tissues (111). 

At the amino acid sequence level, the Mec-17/ATAT1 family of proteins is conserved from 

protists to humans. There are two Mec-17 proteins in C. elegans, while in higher organisms 

there is only one ortholog (47, 110). Notably, tubulin acetylation is present in flowering plants 

(98), but no Mec-17 related proteins are encoded in genomes of model plants such as 

Arabidopsis thaliana, indicating that other proteins acetylate -tubulin in angiosperms. Mec-

17 or ATAT1 has four sequence motifs characteristic of the GCN5-related N-acetyltransferase 

family of acetyltransferases and is thus a member to this superfamily (109). In addition to 

catalyzing tubulin acetylation, ATAT1 interacts with microtubule-associated proteins such as 
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doublecortin (111) and destabilizes microtubules independent of its acetyltransferase activity 

(112).  

Multiple structural studies have provided molecular insights into how human ATAT1 

interacts with and specifically acetylates α-tubulin (in a heterodimeric form with β-tubulin) and 

microtubules (114-118). Consistent with their sequence similarity (109), the overall 3D 

structure of ATAT1 is very similar to that of the well studied acetyltransferase GCN5 (114-118). 

Different from GCN5, ATAT1 contains a basic substrate-binding pocket for recognition of four 

acidic residues (Asp-33, -39, -46 and -47) of α-tubulin (115). In support of this, mutagenesis 

analysis revealed that Asp-39 and Asp-46 of α-tubulin contribute to acetylation of Lys-40 (118). 

Interestingly, Ser-38 of α-tubulin is essential for acetylation of Lys-40 (118). Roughly, the 

acetylation site conforms to the consensus sequence xxxSDKxxxxxDxx, where S is essential, 

D is important and x is any residue (118). 

Tubulin acetylation is a hallmark for long-lived microtubules and is a unique luminal 

modification on microtubules (Fig. 1.5) (119-122), so an interesting question is how tubulin 

acetyltransferase gains access to the luminal residue, Lys-40. It was shown that the acetylation 

of microtubules proceeds from both ends (Fig. 1.5), suggesting that enzymes diffuse through 

the microtubule lumen (110). This model seems problematic as through diffusion, an antibody 

that is specific for an interior epitope in microtubules would require years to approach the 

equilibrium (123). The acetylation reaction is not dependent on the length of microtubules (124) 

and the Km value of ATAT1 for free α-tubulin is almost identical to that for microtubules (47), 

indicating that ATAT1 binds to α-tubulin in microtubules in an unrestricted manner. It was 

proposed that ATAT1 reaches the luminal acetylation site through transient holes in the 

microtubule lattice (47). A new study indicates that ATAT1 acetylates the entire microtubule 

without a preference for the ends and that its catalytic activity rather than the substrate access 

is rate-limiting for microtubule acetylation (125). 

To investigate whether there are other acetylation sites on α-tubulin than Lys-40, Shida et 

al. engineered the point mutant K40R (47). Wild-type α-tubulin but not the mutant is acetylated 

by ATAT1, confirming that Lys-40 is the only acetylation site (47). In a related study, a pan-

acetyl-lysine antibody was used to detect tubulin purified from the Atat1-deficient mouse brain 

and almost no positive signals were detected (112), supporting that ATAT1 is a major α-tubulin 
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acetyltransferase and Lys-40 is the predominant acetylation site in vivo. 

Genetically, loss of Mec-17 and its paralog Atat-2 in C. elegans leads to disappearance of 

tubulin acetylation and decreases touch sensitivity (110). While using morpholino oligomers 

to treat zebrafish embryos, tubulin acetylation is almost completely lost in neurons but not cilia 

and the treated embryos display developmental defects, including curved body shape, short 

body axis and hydrocephalus, as well as small head and eyes (110). By staining for β-

galactosidase activity in Atat1LacZ mice, it was shown that Atat1 is expressed in a variety of 

tissues, with the strongest expression in the central nervous system and ciliated tissues such as 

the testis, lung, eye and inner ear (Lin & Yang, unpublished data) (111). In knockout mice, 

Atat1 deficiency leads to nearly total loss of tubulin acetylation but does not affect animal 

survival (111-113). Except for some brain and sperm abnormalities, mutant mice develop rather 

normally (111-113). The brain abnormalities include alteration of the dentate gyrus and dilation 

in the lateral ventricles (Lin & Yang, unpublished data) (111). In the mutant testis, apoptosis is 

activated (112). Unlike what was observed in zebrafish (110), these mouse genetic studies 

indicate that in mammals, ATAT1 is not essential for survival (111-113). As it is required for 

optimal hippocampus development, ATAT1 may be important for advanced functions such as 

learning and memory (111). 

Identification and analysis of tubulin deacetylases 

In 2002, Hubbert et al. first reported that histone deacetylase 6 (HDAC6) is an α-tubulin 

deacetylase co-localized with the microtubule network (65). It preferentially binds to and 

deacetylates α-tubulin that has been incorporated into microtubules (65). Independently, two 

other groups made similar discoveries (126, 127). HDAC6 is conserved from C. elegans from 

humans and similar proteins are also present in plants (99). Except for unicellular organisms 

such as Tetrahymena and green algae, this correlates well with the presence of α-tubulin 

acetylation in different organisms. Sirtuin 2 (SIRT2), a human ortholog of yeast Sir2 (silent 

information regulator 2), was identified as an NAD+-dependent α-tubulin deacetylase (128), 

but deletion of the murine gene does not change the α-tubulin acetylation level in vivo (129, 

130). By contrast, deletion of the mouse Hdac6 gene leads to global α-tubulin hyperacetylation 

(131), indicating that HDAC6 is a major tubulin deacetylase in vivo. SIRT2 may function in 

special conditions. For example, the microtubule-associated protein Furry inhibits SIRT2 
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deacetylase activity and promotes α-tubulin acetylation in the mitotic spindle (132). In murine 

macrophages, SIRT2 but not HDAC6 is the responsible α-tubulin deacetylase during 

inflammasome activation (133). Interestingly, a recent study has identified HDAC5 as an 

injury-regulated tubulin deacetylase important for axon regeneration (134). Therefore, HDAC6 

is the major α-tubulin deacetylase and other deacetylases such as SIRT2 and HDAC5 may 

function as tubulin deacetylases in special situations. 

Human HDAC6 was initially considered to be exclusively cytoplasmic (135), but two 

recent studies have revealed that it is also present in the nucleus (136, 137). Related to this, 

mouse HDAC6 is subject to active nucleocytoplasmic trafficking (138). In addition to tubulin, 

HDAC6 deacetylates other proteins, including the molecular chaperone HSP90 (heat-shock 

protein 90 kDa) (10), the HSP70-interacting protein CHIP (carboxy terminus of HSP70-

interacting protein) (139), the E3 ubiquitin ligase TRIM50 (tripartite motif containing protein 

50) (140), the cytoskeletal protein cortactin (cortical actin binding protein) (141) and a DNA 

mismatch repair regulator (137). HDAC6 also regulates degradation of misfolded and 

aggregated proteins (142, 143) and modulates transcriptional co-repression (144). Moreover, 

HDAC6 is important for mitochondrial transport in hippocampal neurons (145) and has a role 

in neurodegenerative diseases (146). The diverse substrates and multiple roles of HDAC6 in 

different cellular processes have complicated the efforts to dissect out its role as a tubulin 

deacetylase per se. 

In Hdac6-null mice, α-tubulin is hyperacetylated in almost all tissues tested (131). While 

the mutant mice are viable and fertile, they display only minor phenotypes such as moderately 

impaired immune responses (131), hyperactivity, decreased anxiety and lower depression 

tendency (147). Tubulin deacetylation by HDAC6 is not required for platelet activation, but 

tubulin hyperacetylation influences platelet spreading (148). Despite the lack of major 

phenotypes in the knockout mice, HDAC6 may fine-tune physiological and pathological 

processes. Alternatively, as the mutant mice are raised ad libitum under regulated cage 

environments, the situation may be different if the dietary and environmental conditions are 

changed or if the mice are challenged. For example, a recent study indicates that HDAC6 is 

important for inflammatory response (149). 
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1.2.3 Functions of tubulin acetylation 

Tubulin acetylation as a marker of stable microtubules 

Tubulin acetylation was first identified in flagellar axonemes of Chlamydomonas 

reinhardtii (93). Subsequent studies demonstrated that this modification is not restricted to 

axonemes, but also present in basal bodies and a subset of cytoplasmic microtubules (150). 

Moreover, tubulin acetylation was found mainly on stable microtubules resistant to 

depolymerization induced by cold shock and other treatments, but not on dynamic microtubules 

such as those in neuronal growth cones (151-153). In retina tissues, tubulin acetylation is more 

abundant in neurons than other cell types (154) and is enriched in axons when compared to 

dendrites (155). As it is often found on stable microtubules (150), tubulin acetylation has been 

widely used as an indicator for microtubule stability. 

Notably, tubulin acetylation may be a consequence of, rather than a contributor to, 

microtubule stability (potential tubulin functions summarized in Fig. 1.6). Tubulin acetylation 

and detyrosination exist in stable microtubules such as those in axons and ciliary axonemes 

(155, 156). As other studies suggested that detyrosination alone does not promote microtubule 

stability per se (157-159), it was proposed tubulin acetylation might play a role in microtubule 

stabilization (152). Some early reports provided supporting evidence for this, but subsequent 

studies suggested that tubulin acetylation is likely to be a consequence rather than a cause of 

enhanced microtubule stability (112, 125, 160, 161). Related to this, a recent study indicates 

that detyrosination but not acetylation is important for chromosome congression (i.e., aligning 

chromosomes on the spindle) during mitosis (162). 

Overexpression of HDAC6 significantly increases cell motility, and it was proposed that 

this is due to decreased microtubule stability caused by reduced tubulin acetylation (65). 

Pallazzo et al. challenged this conclusion and demonstrated that tubulin acetylation induced by 

HDAC6 inhibition does not lead to increased resistance to nocodazole, a drug that induces 

microtubule depolymerization (160). Another in vitro study demonstrated that highly 

acetylated microtubules exhibit delay in drug-induced depolymerization and that 

overexpression of HDAC6 promotes the depolymerization (127). However, it is unclear 

whether it is due to tubulin deacetylation or other functions of HDAC6 contribute to 
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microtubule instability. Related to this, the stability of microtubules is determined by the extent 

of HDAC6 binding to microtubules, but not by the level of tubulin acetylation (163). Selective 

inhibition of HDAC6 increases microtubule acetylation and significantly reduces microtubule 

growth and shrinkage, whereas siRNA knockdown of HDAC6 increases microtubule 

acetylation but does not affect microtubule growth velocity (163).  

ATAT1 overexpression destabilizes microtubules, but it is its interaction with microtubules 

rather than its enzymatic activity regulates microtubule stability (112). Interestingly, in C. 

elegans, Mec-17 loss leads to microtubule instability and axon degeneration, independent of 

its acetyltransferase activity (164). This is not consistent with the observation that microtubules 

in Atat1-/- mouse embryonic fibroblasts (MEFs) are more resistant to nocodazole treatment than 

those in wild-type MEFs (112). Whether expression or loss of ATAT1 is beneficial for 

microtubule stability remains unclear, but both studies showed that microtubule instability is 

not caused by tubulin acetylation per se. Moreover, tubulin acetylation exerts no effects on 

microtubule structure in biochemical experiments (161), supporting that tubulin acetylation 

does not intrinsically affect microtubule stability. It was reported that ATAT1 has suboptimal 

enzymatic activity on microtubules and concluded that acetylation accumulates on stable 

microtubules because they exist for hours whereas dynamic microtubules have a much shorter 

half-life (125). Thus, tubulin acetylation accumulates in stable microtubules, rather than 

directly contribute to enhanced microtubule stability (160), which also explains why tubulin 

acetylation is enriched in long-lived microtubules in axons (155).  

Tubulin acetylation, microtubule architecture, and mechanosensation 

Microtubules are cyclinders comprising linear polymers (termed protofilaments) of α- and 

-tubulin heterodimers (Fig. 1.7). In many cells and organisms, microtubules are composed of 

13 protofilaments (Fig. 1.7) (165, 166). However, in some special situations, the protofilament 

number is different. Pillar and phalangeal cells in the mammalian inner ear contain mainly 15-

protofilament microtubules (167). Moreover, 12- and 16-protofilament microtubules have been 

found in lobster neurons and insect sperms, respectively (166, 168). In C. elegans, most cells 

contain 11-protofilament microtubules, but sensory cilia possess 13-protofilament 

microtubules and neurites of touch receptor neurons are filled with 15-protofilament 

microtubules (169). Thus, the protofilament number in microtubules varies from 11 to 16 and 
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is cell type-specific. An important question is how this specificity is achieved.  

Microtubule assembly experiments in vitro have shed some light on this question. While 

protofilaments are restricted to specific numbers in different cells in vivo, microtubule 

assembly in vitro yields heterogeneous populations (161, 170, 171). For example, tubulin 

preparations from the crayfish nerve cord and porcine brain generate a mixture of 13- and 14-

protofilament microtubules, with the ratio dependent on the buffer conditions (161, 170). 

Interestingly, even under the same buffer condition, tubulin from bovine brain forms mainly 

13-protofilament microtubules with a small portion containing 12- and 14-protofilaments, but 

tubulin from C. elegans leads to formation of mixed microtubules with the protofilament 

number of 9, 10, 11 and 12, at 30, 22, 43 and 17%, respectively (171). The protofilament 

number difference between microtubules assembled from bovine and worm tubulins is in rough 

agreement with the observation that microtubules in bovine and worm tissues are mainly 

composed of 13- and 11-protofilaments, respectively (165, 166, 169). Thus, in addition to 

buffer conditions, tubulin sequences and perhaps also post-translational modifications and 

microtubule-associated proteins affect the protofilament number of microtubules assembled in 

vitro. Interestingly, the microtubule-stabilizing anti-cancer drug Taxol (a.k.a. Paclitaxel) 

promotes formation of 12-protofilament microtubules (172). Moreover, the microtubule 

stabilizing protein doublecortin stimulates assembly of 13-protofilament microtubules in vitro 

and the intracellular transport motor protein kinesin is also in favor of 13-protofilament 

microtubules (161, 173, 174), indicating that microtubule-association proteins directly affect 

the protofilament number of microtubules. 

In addition to in vitro microtubule assembly experiments, genetic studies in C. elegans 

have yielded insights into the question why touch receptor neurons contain mainly 15-

protofilament microtubules. Within the simple nematode nervous system, there are six touch 

receptor neurons to mediate touch sensitivity (108, 175). Strikingly, the long neurites are filled 

with staggered arrays of ~20-m long 15-protofilament microtubules (as many as 50 per neurite 

section) (169, 176, 177). As revealed by immunostaining with the monoclonal antibody (clone 

6-11B-1 (96)) specific to acetylated α-tubulin, these microtubules are heavily acetylated (178, 

179). Moreover, Mec-17 is highly expressed in these neurons (47). Thus, an interesting 

question is whether tubulin acetylation regulates the protofilament number of microtubules in 
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C. elegans. Two genetic and structural studies have demonstrated that this is the case (177, 

180). In one study, loss of Mec-17 was found to cause morphological defects in touch receptor 

neurons and loss of touch sensitivity (177). In terms of microtubules, loss of Mec-17 exerts 

dramatic impact on touch receptor neurons: 1) decreased microtubule number per neurite 

section (from 46.5 in the wild-type to 8.8-14.7 in two mutant strains), 2) reduced microtubule 

diameter and decreased protofilament number (from uniform 15-protofilament microtubules in 

the wild-type to heterogeneous 11-15-protofilament microtubules in the two mutants, with 60% 

of the mutant microtubules comprising 13-protofilaments), 3) loss of mysterious darkly-stained 

material inside microtubules, and 4) appearance of microtubule hooks and bending (177). As a 

result of microtubule defects, axonal processes display periodic swellings, where severe 

microtubule bending occurs (177). Related to this, loss of mouse Atat1 leads to formation of 

similar swellings on sperm flagella (112). Loss of the Mec-17 paralog Atat-2 in C. elegans has 

similar impact although it is not as dramatic as loss of Mec-17 itself (177). The 

acetyltransferase activity of Mec-17 is essential for microtubule integrity but not touch 

sensitivity (177). 

In the other study, it was found that loss of either Mec-17 or Atat-2 reduces the number of 

microtubules per neurite section and shortens microtubule length in touch receptor neurons 

(180). In addition, loss of Mec-17 but Atat-2 alters the protofilament number (from >95% 15-

protofilament and <5% 11-protofilament microtubules in the wild-type or Atat-2 mutant worms 

to heterogeneous 10-16-protofilament microtubules in Mec-17 mutants) (180). In addition, 

microtubules in Mec-17 mutants display lattice openings (~150 nm wide, equivalent to ~20 

tubulin heterodimers) that are not present in microtubules from wild-type or Atat-2 mutant 

worms (180). Thus, these two studies are consistent with each other and support that loss of 

Mec-17 promotes loss of microtubules, alters the protofilament number and shortens 

microtubule length, thereby disrupting microtubule integrity in touch receptor neurons (177, 

180). According to molecular modeling, Lys-40 of α-tubulin may form a salt bridge with Glu-

55 and prevent it from engaging in an intermolecular salt bridge with His-283 of a neighbouring 

α-tubulin monomer (180). Acetylation at Lys-40 may make Glu-55 available for the 

intermolecular salt bridge, thereby facilitating formation of 15-protofilament microtubules 

(180).  
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These genetic and structural studies using C. elegans as an elegant model system (177, 

180) raise two important questions. The first is whether the conclusion can be extrapolated to 

other organisms such as mammals. This question is important, especially when considering 

that even under the same assembly conditions in vitro, tubulins from bovine brain and C. 

elegans form microtubules containing different numbers of protofilaments (171). The 

availability of Atat1-/- and Hdac6-null mice should help address this question (111, 112, 131). 

For example, electron microscopy employed to analyze C. elegans (177, 180) can be used to 

interrogate tissue sections from wild-type and Atat1-null mice. The two C. elegans studies 

show that tubulin acetylation is necessary for maintaining microtubule structure in touch captor 

neurons (177, 180), but the question whether tubulin acetylation is sufficient for the 

maintenance remains unaddressed. In a recent study, in vitro microtubule assembly was carried 

out with porcine brain tubulin to investigate whether acetylation per se affects microtubule 

structure (161). Different from what was observed with mutant worms lacking Mec-17 (177, 

180), acetylation does not have a major effect on microtubule structure in vitro (161). Under 

the conditions used, non-acetylated tubulins form a mixture of 13- and 14-protofilament 

microtubules (Fig. 1.7) (161). Notably, there is a small fraction of 15-protofilament 

microtubules (~8%) (161). With acetylation, this fraction increases by ~2-fold (161). In the 

presence of kinesin, acetylation enhances the ratio of 13-protofilament microtubules (161). 

Thus, acetylation exerts some minor effects on microtubule structure. However, it is clear that 

acetylation does not promote formation of uniform 15-protofilament microtubules in vitro 

(161), which is in stark contrast to what was observed in touch receptor neurons in vivo (177, 

180). 

Different outcomes from structural studies of microtubules from C. elegans (177, 180) and 

in vitro assembly experiments (161) reiterate that acetylation is necessary but not sufficient for 

regulating microtubule architecture. As shown with the Mec-17 gene, mutation of the Mec-12 

and Mec-7 genes (encoding α- and -tubulin isoforms, respectively) also affect microtubule 

structure in touch receptor neurons (108, 179), supporting that acetylation is not sufficient for 

formation of 15-protofilament microtubules in touch receptor neurons. Based on this, it is 

tempting to propose that acetylation facilitates interaction of an unknown protein(s), which in 

turn regulates microtubule structure (Fig. 1.7). Related to this, kinesin and doublecortin affect 
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the protofilament number of microtubules assembled in vitro (161, 173, 174). Moreover, 

deletion of the Mec-17 gene leads to loss of mysterious darkly-stained material inside 

microtubules (177). The mysterious material may represent the unidentified protein(s) that 

binds to acetylated tubulin (Fig. 1.7). If so, identification of the mysterious protein(s) shall shed 

novel light on how acetylation regulates microtubule architecture in vivo. 

Like touch receptor neurons in C. elegans, pillar and phalangeal cells in the mammalian 

inner ear contain densely packed 15-protofilament microtubules (167). In addition, as touch 

receptor neurons mediate mechanosensing, pillar and phalangeal cells are integral parts of the 

organ of Corti in the inner ear. The stiffness of 15-protofilament microtubules in pillar cells 

may contribute to mechanosensation by the organ of Corti (181). Moreover, similar to touch 

receptor neurons in C. elegans, 15-protofilament microtubules in pillar cells are heavily 

acetylated (182). By analogy to touch receptor neurons (177, 180), it is reasonable to suggest 

that acetylation may regulate formation of 15-protofilament microtubules in pillar and 

phalangeal cells. If so, acetylation may also contribute to mammalian hearing sensation.  

Atat1-/- mice (111, 112) should be valuable for investigating these two interesting issues. 

Tubulin acetylation and intracellular transport 

Tubulin acetylation has been proposed to participate in subcellular and intraflagellar 

transport. Loss of microtubule acetylation was reported to reduce the binding and motility of 

the molecular motor kinesin-1 in vitro (183). Related to this, kinesin-1 and a kinesin-like 

protein preferably bind to stable microtubules marked by acetylation and detyrosination (184, 

185). Increased tubulin acetylation by HDAC6 inhibition causes recruitment of dynein and 

kinesin-1 to microtubules, thereby compensating intracellular transport deficits in Huntington’s 

disease (186). While these studies support that tubulin acetylation recruits kinesin-1 and 

regulates intracellular transport in cell-based assays, enrichment or loss of acetylation on 

microtubules in a purified system does not result in significant changes in the kinesin-1 loading 

rate while detyrosination causes a moderate increase in the rate (187). Similarly, increased 

tubulin acetylation alone without changing the status of other modifications does not alter the 

selectivity of kinesin-1 accumulation in polarized cells, while global enhancement of tubulin 

acetylation, detyrosination, and polyglutamylation by treatment with or by inhibition of 

glycogen synthase kinase 3β (GSK3β) decreases the selectivity of kinesin-1 translocation and 
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leads to formation of multiple axons (188). Microtubule stabilization by Taxol promotes initial 

neuronal polarization (189). For investigating whether this polarization is caused by tubulin 

acetylation, neurons were treated with the deacetylase inhibitors tubacin and trichostatin A. 

The treatment leads to clear elevation of microtubule acetylation, but the polarity is not altered 

(189). As treatment with Taxol or inhibition of GSK3β increases global tubulin modifications, 

and both increase kinesin-1 selectivity (188). Also prior acetylation dampens detyrosination, 

which itself leads to a moderate enhancement of kinesin-1 binding (187). Thus, the observation 

that tubulin acetylation alone does not result in significant changes in the kinesin-1 loading rate 

(187) may be due to the possibility that tubulin acetylation and detyrosination, or even with 

other tubulin modifications, affect kinesin-1 binding in a concerted fashion. If true, this would 

suggest a crosstalk of tubulin acetylation with other microtubule modifications. 

Tubulin acetylation in regulating cell motility and polarity 

As discussed above, it was reported that HDAC6-mediated tubulin deacetylation enhances 

microtubule-dependent motility and was proposed that this enhanced motility is due to reduced 

microtubule stability caused by decreased tubulin acetylation (65). Related to this, the ETS 

transcription factor ERG [E-twenty-six (ETS)-related gene product] directly regulates HDAC6 

expression and tubulin acetylation during endothelial cell migration (190). Another group 

suggested that HDAC6-mediated enhancement of cellular motility is due to tubulin acetylation 

itself rather than microtubule stability as tubulin acetylation does not necessarily enhance 

microtubule stability (160). Knockdown Atat1 and Elp3 expression revealed that tubulin 

acetylation is important for neuronal migration (103, 191). However, ELP3 is unlikely a major 

tubulin acetyltransferase in vivo (111-113), so impaired neuronal migration observed in Elp3-

deficient mice may be due to other mechanisms (103). Of note, ELP3 proteins from different 

organisms are able to modify the anticodon of tRNA (192). 

Interestingly, the focal adhesion scaffold protein Paxillin interacts with HDAC6 and 

inhibits its deacetylase activity to upregulate microtubule acetylation for cell invasion and 

migration (193). Moreover, by interacting the clathrin adaptor AP2 with ATAT1, clathrin-

coated pits control microtubule acetylation, which in turn ensures microtubule acetylation at 

the leading edge and promotes directional cell migration (194). It was also reported that tubulin 

acetylation is required for cell-cell contact inhibition and cell adhesion (113). Decreased 
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dynamics of acetylated microtubules induced by HDAC6 inhibition inhibits turnover of 

cellular focal adhesion (195). α-Tubulin acetylation was also shown to regulate breast cancer 

invasion (196). Because invasion inhibitory protein 45 (IIp45) and G protein-coupled receptor 

kinase 2 (GRK2) modulate cell motility by interacting with HDAC6 (197, 198), so this 

deacetylase itself may also be involved in regulating migration. These studies support tubulin 

acetylation, or perhaps also its responsible enzymes, may regulate cell migration. As tubulin 

acetylation is almost totally lost in various tissues in Atat1 knockout mice (111-113), these mice 

should serve as a good model for investigating whether tubulin acetylation indeed regulates 

cell migration and promotes cancer metastasis in vivo.  

Tubulin acetylation is also important for regulating cell polarity. As discussed above, for 

polarized epithelial cell migration, Paxillin binds to HDAC6 and stimulates microtubule 

acetylation (193). Moreover, expression of two phospho-defective mutants of NIMA (never in 

mitosis A)-related kinase 3 (NEK3) decreases tubulin acetylation, reduces neuronal polarity 

and alters cell morphology (199). Pharmacological inhibition of HDAC6 reverses this effect 

(199), suggesting that through tubulin deacetylation, HDAC6 modulates neuronal polarity. 

Therefore, tubulin acetylation plays important roles in regulating cell polarity and motility. 

Tubulin acetylation and cilia 

Cilia are subcellular structures differentiating from centrioles in non-proliferating cells and 

contain microtubule bundles constituting the axoneme. Cilia are evolutionarily related to 

flagella of lower eukaryotes like the green algae Chlamydomonas. Thus, it is not surprising that 

cilia were the first subcellular structures that were discovered to harbour tubulin acetylation 

(96). Since then, this modification has been widely used to mark cilia and related structures. 

However, it remains not so clear whether tubulin acetylation plays a causal role in cilium 

formation (Fig. 1.6). Ciliary assembly and disassembly require intraflagellar transportation. 

Considering tubulin acetylation may be important for cargo transportation, an interesting 

question is whether this modification regulates dynamics of ciliary assembly and disassembly. 

Growth of human telomerase-expressing retinal pigment epithelial cells in the OptiMEM media 

stimulates cilia formation and addition of serum induces ciliary disassembly (200). The 

prometastastic scaffolding protein HEF1 (human enhancer of filamentation 1; a.k.a. Cas-L and 

NEDD9) interacts with and activates Aurora kinase A, which then phosphorylates and activates 
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HDAC6, leading to ciliary disassembly. Knockdown or inhibition of Aurora kinase A, 

depletion of its activator HEF1, or inhibition of the downstream target HDAC6 prevents ciliary 

disassembly.  

Inhibition of mouse HDAC6 by a specific inhibitor stimulates cilia formation in mouse 

embryos cultured in vitro (201). Treatment of human KD diploid fibroblasts with 25-50 mM 

LiCl promotes α-tubulin acetylation and elongation of primary cilia (202). siRNA-mediated 

depletion ATAT1 expression showed that ATAT1 is required for induced α-tubulin acetylation  

in these cells (202). Similar depletion of ATAT1 expression in human telomerase-expressing 

retinal pigment epithelial cells slows down the kinetics of ciliary disassembly (47). Primary 

cilium dysfunction affects the development and homeostasis of many organs in Bardet-Biedl 

syndrome (a ciliopathic genetic disorder) and seven conserved Bardet-Biedl syndrome proteins 

form a stable complex that functions in membrane trafficking to and inside the primary cilium 

(203). Interestingly, one small subunit of this complex promotes microtubule acetylation (203). 

In addition, ceramide inhibits HDAC6 activation by Aurora kinase A and promotes tubulin 

acetylation of tubulin in primary cilia in human neural stem cells in vitro (204).   

The cylindromatosis (a.k.a. turban tumor syndrome) gene product CYLD is a tumor 

suppressor with intrinsic deubiquitinating enzyme (205). Interestingly, it associates with 

microtubules and appears to stabilize microtubules. In agreement with this, it interacts with and 

inactivate HDAC6 (205). Thus, in keratinocytes from Cyld-/- mice, tubulin acetylation is 

elevated (205). A recent study indicates that CYLD is located at the basal bodies (206). Upon 

Cyld knockdown, tubulin acetylation is reduced and ciliary length decreases in mouse 

embryonic fibroblasts (207). Moreover, treatment with selective HDAC6 inhibitors partially 

rescues ciliary defects in Cyld-/- mice (207). Thus, CYLD interacts with HDAC6 and regulates 

ciliogenesis. 

From above, numerous studies indicate that tubulin acetylation has a critical role in cilium 

assembly and disassembly. However, it is often assumed that HDAC6-mediated tubulin 

deacetylation destabilizes microtubules and leads to ciliary disassembly. As discussed above, 

tubulin acetylation does not contribute to microtubule stability and Hdac6 knockout mice do 

not display major phenotypes (131). Cilia are essential for vertebrate development (208, 209), 

so tubulin acetylation may only play a fine-tuning rather than important role in cilia during 
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animal development. In support of this, cilia are not affected in Atat1-/- mice although sperm 

flagella are slightly impaired (112). Different from the Hdac6 and Atat1 knockout mice (111, 

112, 131), a majority of studies that support a role of tubulin acetylation in ciliary assembly are 

based on cells or embryos cultured in vitro. 

Tubulin acetylation in immune and viral responses 

Multiple studies have linked tubulin acetylation to immunity. As mentioned above, Hdac6 

knockout mice display a moderately impaired immune response (131). Under unchallenged 

conditions, serum IgM and IgG levels of Hdac6-/y mice (the murine Hdac6 gene is X-linked) 

are close to what was observed in wild-type littermates (131). When mice are immunized with 

a T-cell-dependent antigen, a robust normal response of antigen-specific IgG is induced in wild-

type mice, but not in Hdac6-/y mice, the response is ~4-fold weaker (131). In addition, deletion 

of the Hdac6 gene or inhibition of its deacetylase activity enhances regulatory T cell functions 

in inflammation and autoimmunity, suggesting that HDAC6 inhibition is beneficial for treating 

colitis and suppressing allograft rejection (210). Atat1-/- mice display normal peripheral blood 

parameters (112), but roles of this acetyltransferase in the immune system remain to be 

examined.  

Macrophages are major effector cells mediating innate immune responses. Activation of 

murine RAW264.7 macrophages by lipopolysaccharide (LPS) and IFN- in vitro enhances 

microtubule acetylation and secretion of matrix metalloproteinase-9, which then facilitates the 

cells migration across the subendothelial basement membrane and the interstitial matrix 

composed mainly of collagen to reach target tissues and initiate an inflammatory attack (211). 

Upon infection, pattern-recognition receptors in effector cells such as macrophages form 

protein complexes termed inflammasomes for maturation pro-inflammatory cytokines like 

interleukin 1 (IL-1) to engage innate immune defense (212). During screening for regulators 

of inflammasome activation, it was found that microtubule depolymerization suppresses IL-1 

production in response to nigericin, an antibiotic derived from Streptomyces hygroscopicus and 

known to promote inflammasome activation (133). Interestingly, tubulin acetylation by ATAT1 

is required for inflammasome activation (133), whereas the natural diphenol resveratrol inhibits 

tubulin acetylation and inflammasome activation (213). Pharmacological inhibition revealed 

that mouse SIRT2 instead of HDAC6 is the responsible tubulin deacetylase (133), but it will 
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be important to substantiate this with related knockout mice. In addition to production of pro-

inflammatory molecules such as matrix metalloproteinase-9 and IL-1, tubulin acetylation is 

also essential for production of an anti-inflammatory cytokine, IL-10, which may serve a 

feedback mechanism to control inflammation. When challenged by LPS, RAW264.7 

macrophages display extensive tubulin acetylation and induced production of IL-10 (149). 

Knockdown of Atat1 expression suppresses LPS-induced tubulin acetylation and inhibits IL-

10 induction, whereas in Hdac6-deficient macrophages and mice, LPS induces hyper-

production of IL-10 (149). Tubulin acetylation is required for LPS-induced activation of p38 

kinases (149), but it remains unclear why this modification is required for p38 kinase activation. 

It should be noted that LPS inhibits tubulin acetylation in human pulmonary macrovascular 

endothelial cells (214), indicating that LPS effects on tubulin acetylation are cell type-specific.  

Upon T cell stimulation, the transcription factor NF-AT (nuclear factor of activated T-cells) 

is dephosphorylated by the phosphatase calcineurin, promoting interaction with importin  and 

nuclear translocation (215). Interestingly, -tubulin binds to the N-terminal region of NFAT 

and stimulates complex formation with importin  for nuclear translocation, whereas -tubulin 

acetylation inhibits this (215). Acetate upregulates tubulin acetylation and hinders NF-AT 

nuclear translocation (215). Of relevance, through increasing tubulin acetylation, acetate 

suppresses IL-8 production in epithelial cells induced by the bacterial flagellar protein flagellin. 

Tubulin hyperacetylation by treatment with an HDAC inhibitor also suppresses IL-8 

production induced by flagellin, highlighting the role of tubulin acetylation in regulating IL-8 

expression (216). Thus, tubulin acetylation is important for both innate and acquired immunity. 

In addition, this modification is important for viral responses. Human immunodeficiency 

virus (HIV) infection stabilizes microtubules and stimulates tubulin acetylation in host cells 

(217). Overexpression of HDAC6 inhibits HIV infection (218). Similar to HIV, influenza A 

virus induces microtubule acetylation (219). In addition, HDAC6 inhibits release of this virus 

(220). Tubulin acetylation is also important for infection by herpes viruses. Just 30 minutes 

after infection, Kaposi’s sarcoma-associated herpes virus enhances significant tubulin 

acetylation (221). About 4 hours post infection, herpes simplex virus type 1 (HSV-1) increases 

tubulin acetylation, which in turn enhances HSP90 binding to microtubules and facilitates 

nuclear localization of viral capsid protein (222). Notably, this effect is completely opposite 
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from that on NF-AT nuclear localization (215), indicating that effects of tubulin acetylation 

nuclear import are context-dependent. 

Tubulin acetylation in stress and other signalling pathways 

Chemical exposures, such as high salt concentration (e.g., NaCl and NiCl), H2O2 and Taxol, 

as well as physical insults like UV irradiation, dramatically elevate tubulin acetylation (97, 

223). However, H2O2 inhibits tubulin acetylation in human pulmonary macrovascular 

endothelial cells (214), indicating that the effects on tubulin acetylation are cell-specific. 

Tubulin hyperacetylation in cultured cell is beneficial for cell survival after exposure to 0.25 

M NaCl (224). KCl depolarization in neurons increases acetylation of α-tubulin in Cornu 

Ammonis 1 (CA1) of the hippocampus (225). Moreover, expression of microtubule-associated 

proteins increases tubulin acetylation (226). As the experiments were performed with cultured 

cells, the significance of tubulin hyperacetylation in vivo under stressing conditions remains 

unclear. Interestingly, a pathological study on alcoholics revealed significant increase of tubulin 

acetylation in the prefrontal cortex (227).  

Merlin, encoded by the neurofibromatosis type 2 (NF2) gene and acting as an upstream 

component of the Hippo signalling pathway, is normally associated with acetylated 

microtubules, so loss of tubulin acetylation redistributes merlin to the cytosol, thereby 

impairing Hippo signalling (113). Increased tubulin acetylation enhances sensitivity of 

microtubule disruption catalyzed by the microtubule-severing AAA protein katanin in neurons 

and fibroblasts (228). Tubulin acetylation has been reported in regulating Na+ and K+-ATPase 

activity (229-233). Expression of an acetylation-resistant α-tubulin mutant significantly 

inhibits adipogenesis (234), suggesting that adipocyte differentiation is dependent on tubulin 

acetylation. In Atat1-null mice, there are no significant adipocyte-related phenotypes (111, 112), 

so studies with altered dietary conditions are needed to investigate this issue more thoroughly. 

Tubulin acetylation is also involved in regulating autophagy. Tubulin acetylation is required 

for fusion of autophagosomes with lysosomes (235), and starvation-induced tubulin 

hyperacetylation is required for autophagy activation by nutrient deprivation (236). Thus, 

tubulin acetylation plays a role in regulating stress and other signalling pathways. 
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1.2.4 Tubulin acetylation, human diseases and therapeutic implications 

Pathologically, tubulin acetylation is associated with several neurological disorders. 

Charcot-Marie-Tooth disease affects approximately 1 in 2,500 individuals and is the most 

common inherited disorder of the peripheral nervous system (237). Mutations in the 27-kDa 

small heat-shock protein (HSPB1) gene cause axonal Charcot-Marie-Tooth disease or distal 

hereditary motor neuropathy (237). Mice expressing HSPB1 exhibit axonal transport defects, 

axonal loss and decreased tubulin acetylation (237). Importantly, HDAC6 inhibitors reverse 

these abnormalities (237). Inflicting roughly one in 80,000 newborns, Joubert syndrome is a 

genetic disease affecting mainly the cerebellum. A recent study identified related mutations in 

the kinesin 7 gene and found that this kinesin is required for optimal tubulin acetylation (238).  

Parkinson’s disease is a common neurodegenerative condition affecting the motor system in 

the central nervous system, and mutations of the LRRK2 (leucine-rich repeat kinase 2) gene are 

the most common genetic cause of this disease (239). At subcellular level, defective 

microtubule-based axonal transport is one possible cause. Related to this, LRRK2 interacts 

directly with -tubulin and inhibits -tubulin acetylation (240), indicating that in normal 

cellular contexts, this kinase acts as a negative regulator of microtubule acetylation. Unlike 

wild-type LRRK2, two mutants carrying Parkinson’s disease-associated mutations form 

filamentous subcellular structures (241). Either expression of ATAT1 or inhibition of HDAC6 

prevents formation of such structures (241). Amyotrophic lateral sclerosis (a.k.a. Lou Gehrig's 

disease) involves degenerative death of motor neurons in the motor cortex of the cerebrum, and 

transgenic mice expressing the G93A point mutant of superoxide dismutase 1 are known 

models of this disease (130). Loss of Hdac6 significantly extends survival of these mice and 

maintains motor axon integrity (130). The protective effect of Hdac6 deletion is associated 

with increased tubulin acetylation (130). Roles of tubulin acetylation in these four neurological 

disorders also yield therapeutic implications (Table 1.2). 

Moreover, HDAC6 has been implicated in aging-related dementia such as Alzheimer’s 

disease (Table 1.2). Reduced expression of HDAC6 ameliorates cognitive deficits in a mouse 

model for this disease (242). Inhibition of HDAC6 activity improves memory and reduces the 

level of the microtubule-associated protein Tau, a key marker for Alzheimer’s disease (243). 
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As HDAC6 is the major tubulin deacetylase in vivo, tubulin acetylation may be important in 

these processes. However, this can also be due to other HDAC6 functions, such as its ubiquitin-

binding ability (99). Inhibition of HDAC6 with selective inhibitors promotes tubulin 

acetylation and significantly improves learning-based performance in mice with β-amyloid-

induced hippocampal lesions (244, 245).  

Axon regeneration is crucial for recovery of neurological functions following injury and 

axon injury induces tubulin deacetylation in peripheral neurons in a mouse model (134). 

Moreover, tubulin deacetylation is required for axonal growth and regeneration in the mouse 

model (134). It is unclear, however, whether tubulin acetylation by ATAT1 is also required for 

the regeneration program. On the other hand, Mec-17 loss in C. elegans leads to axon 

degeneration (164). These two studies suggest that while tubulin acetylation is important for 

axon maintenance, tubulin deacetylase is required for axon regeneration. Possibly, it is the fine 

balance between tubulin acetylation and deacetylation that is required for axon maintenance 

and regeneration. 

In addition to neurological disorders, tubulin acetylation has been linked to cancer 

development (Table 1.2). This modification is a prognostic marker for squamous cell carcinoma 

of the head and neck (246). Elevated tubulin acetylation in primary tumors from breast cancer 

patients is linked to the basal-like subtype and an increased risk of disease progression and 

death (247). Mechanistically, elevated tubulin acetylation promotes adhesion and invasion of 

breast cancer cells (247). Ectopic ATAT1 expression in cultured cells increases tubulin 

acetylation and enhances formation of microtentacles, membrane protrusions in detached 

breast cancer cells (247). ATAT1 is also associated with pancreatic cancer-initiating cells (248). 

The turban tumor syndrome protein CYLD acts as a tumor suppressor and inhibits cell-cycle 

progression by inactivating HDAC6 and elevating tubulin acetylation (205). In these three 

cases, inhibition of tubulin acetylation would be beneficial (Table 1.2). However, the 

neurofibromatosis type 2 (NF2) gene product merlin is a tumor suppressor upstream of the 

Hippo signalling pathway and is normally associated with acetylated microtubules (113). Loss 

of tubulin acetylation impairs Hippo signalling and affects cell-cell contact inhibition (113). 

Therefore, although the impact of tubulin acetylation is context-dependent, multiple lines of 

evidence suggest that it plays a role in cancer initiation and progression (Table 1.2). Moreover, 
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in combination with the proteasome inhibitor bortezomib, low doses of a specific HDAC6 

inhibitor displays anti-multiple myeloma activity (249), setting the stage for further clinical 

trials. 

Proteotoxicity is an important mechanism in heart diseases. Transgenic expression of an 

αB-crystallin mutant in mouse cardiomyocytes causes cardiomyopathy due to aggregation of 

the mutant protein (250). Tubulin hyperacetylation by pharmacological inhibition of mouse 

HDAC6 activity or knockdown of Hdac6 expression ameliorates the aggregation process (250). 

Atrial fibrillation is a significant contributor to cardiovascular morbidity and mortality. 

Tachypacing, rapid pacing of the heart by an artificial electronic pacemaker, induces contractile 

dysfunction in cardiomyocytes, and interestingly, it also induces tubulin deacetylation (251). 

HDAC6 activation contributes to tachypacing-induced contractile dysfunction in experimental 

and human atrial fibrillation (251). These two studies suggest that human HDAC6 is a potential 

therapeutic target for cardiovascular diseases (Table 1.2). 

In addition to neurologic disorders, cancer and heart diseases, tubulin acetylation plays a 

role in other pathological conditions (Table 1.2). Furthermore, chronic obstructive pulmonary 

disease (COPD) involves abnormal airway inflammatory responses to cigarette smoke, which 

inhibits ciliary tubulin acetylation (252). As discussed above, tubulin acetylation is important 

for viral entry, inflammation and other immune responses (Fig. 1.6). Moreover, the spore-

forming bacterium Clostridium difficile is a causative pathogen of antibiotic-associated 

diarrhea and pseudomembranous colitis in humans (253). Toxin A from the bacterium inhibits 

tubulin acetylation and activates acute inflammation, whereas inhibition of HDAC6 

ameliorates colitis in a mouse model injected with toxin A (253). Similarly, HDAC6 inhibition 

is beneficial for inhibiting murine colitis induced by dextran sodium sulfate (210). Therefore, 

altered tubulin acetylation is linked to different human diseases and the responsible enzymes 

constitute two novel molecular targets for drug development and therapeutic intervention 

(Table 1.2). 

1.2.5 Rationale and hypothesis for the study in Chapter II  

Lysine 40 of α-tubulin is the only acetylation site on assembled microtubules. This 

modification was found three decades ago and implied in many cellular functions such as 
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microtubule assembly and intracellular cargo transportation (254). However, these studies are 

based on indirect methods such as mutagenesis which converts lysine 40 to arginine to remove 

the effects of acetylation. Several enzymes were proposed to be the tubulin acetyltransferases, 

but none was confirmed in vivo until the identification of Mec-17 in C. elegans a few years ago 

(47, 110). Loss of Atat1, a mammalian homolog of mec-17, abolishes almost total tubulin 

acetylation in MEFs and various tissues in the mice (112, 255). In lower eukaryotes such as in 

the zebrafish, knockdown of Mec-17 by morpholinos showed striking phenotypes such as 

curved body shape, short body axis, hydrocephalus, small heads, small eyes and neuromuscular 

dysfunction (110). These studies raise the interesting question whether tubulin acetylation is 

also important in mammals. The identification of ATAT1 opens a window for exploring the 

roles of tubulin acetylation in vivo in a direct and thus reliable way. Based on these in vitro 

studies, and studies in lower eukaryotes, we propose tubulin acetylation may be important in 

cell functions as well as mouse development. We and others identified ATAT1 is identified as 

a major tubulin acetyltransferase in mice (Appendix 1) (255). In Chapter II, I continued this 

line of research. 
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Figure 1.5. Schematic cartoon illustrating microtubule structure and the location of 

acetylation of α-tubulin and other post-translational modifications (PTMs).  

While lysine-40 (K40) of α-tubulin resides at the luminal side of microtubules, whereas the C-

terminal tails of α- and -tubulin are located at the outer surface of microtubules (161, 256-

258). Thus, acetylation is on the luminal side of microtubules, but PTMs at the C-terminal tails 

are on the outer surface of microtubules. Such PTMs include detyrosination, 2 modification, 

glutamylation and glycylation (119-122). Detyrosination and 2 modification occur only with 

α-tubulin, whereas glutamylation and glycylation modify both α- and -tubulin. These two 

modifications occur at both mono- and poly-forms. Not illustrated here are other tubulin PTMs, 

including phosphorylation of -tubulin at serine 172, polyamination of α- and -tubulin, 

palmitoylation, ubiquitination and sumoylation (122, 259). The α- and -tubulin heterodimer 

structure shown in the upper panel is adapted from reference (260) and their flexible acidic C-

terminals in different isoforms are not present in the structures (256-258). Note that the helical 

nature of microtubules is not reflected in the lower panel.
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Figure 1.6. Known and potential roles of α-tubulin acetylation.  

This modification serves as a marker for stable microtubules, regulates microtubule 

architecture and controls stress and immune responses. In addition, the modification has 

potential roles in various other cellular processes, including intracellular transport, cilium 

assembly, cellular signalling, cell migration and neurodegeneration. Questions marks denote 

that functions of α-tubulin acetylation in the processes remain to be firmly established. K40ac, 

Lys-40 acetylation. 
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Figure 1.7. Hypothetical models on how α-tubulin acetylation may affect microtubule 

structure.  

(A) In the absence of acetylation, α- and -tubulin heterodimers form 13- or 14-protofilament 

microtubules in vitro. However, in most cells, microtubules contain 13-protofilaments, so some 

cellular proteins may promote formation of such microtubules. (B) In the presence of 

acetylation (ac), α- and -tubulin heterodimers are in favour of formation of 15-protofilament 

microtubules such as those in touch neuron receptors in C. elegans and pillar cells in the 

mammalian inner ear. However, acetylation is not sufficient for promoting formation of 15-

protofilament microtubules. Acetylation may form a specific docking site for an unidentified 

protein(s), which may in turn promote formation of 15-protofilament microtubules. As 15-

protofilament microtubules are not common, some acetylation-specific proteins may promote 

assembly of microtubules with a different number of protofilaments. The question mark refers 

to an unidentified protein(s). 
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Table 1.2 Links of altered tubulin acetylation to human diseases 

Human        Tubulin acetylation   Predicted therapeutic  

diseases        [References]     strategy  

Neurologic disorders 

Charcot-Marie-Tooth disease    Decrease (237)    HDAC6i  

Joubert syndrome        Decrease (238)    HDAC6i  

Parkinson’s disease        Decrease (240, 241)   HDAC6i  

Amyotrophic lateral sclerosis   Decrease (130)    HDAC6i  

Alzheimer’s disease        Decrease? (242, 243)   HDAC6i 

Axon injury          Increase (134)    ATAT1i? 

Axon degeneration        Decrease? (164)    HDAC6i 

Cancer 

Head and neck squamous  

cell carcinoma         Increase (246)    ATAT1i 

Breast Cancer         Increase (247)    ATAT1i 

Pancreatic cancer        Increase? (248)    ATAT1i 

Cylindromatosis         Decrease (205)    HDAC6i 

Breast Cancer         Increase (247)    ATAT1i 

Neurofibromatosis type 2       Increase? (113)    ATAT1i? 

Multiple myeloma        Decrease? (113)    HDAC6i 

Heart diseases 

Heart failure due to proteotoxicity  

increase        HDAC6 induction (250)  HDAC6i 

Atrial fibrillation         Decrease? (251)    HDAC6i 

Lung disease 

COPD           Decrease (252)    HDAC6i 

Inflammation & immunity 

Inflammasome activation       Increase (133)    HDAC6i 

Colitis           Decrease (210, 253)   HDAC6i 

Allograft rejection        Decrease (210)    HDAC6i 

Virus entry          Decrease (210)    HDAC6i 

ATAT1i, ATAT1 inhibitor; COPD, chronic obstructive pulmonary disease; HDAC6i, HDAC6 

inhibitor. While no ATAT1 inhibitors are available yet, selective HDAC6 inhibitors have been 

developed and evaluated in preclinical studies (249, 261). 
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1.3 HDAC3 

1.3.1 Identification of HDAC3 as a class I member 

HDAC3 was identified based on its sequence homology to yeast Rpd3 as well as to 

Hdac1/2 (262, 263). It is highly conserved from flies to humans. While HDAC1 and HDAC2 

share 83% amino acid sequence identity, there is only 56% identity between HDAC1 and 

HDAC3 (264). HDAC3 shares a conserved HDAC domain in the N-terminal part with other 

HDACs (Fig. 1.8). This domain is essential for its deacetylase activity. HDAC3 has a more 

variable C-terminus, showing no apparent similarity to other HDACs. This C-terminal region 

is required for transcriptional repression and enzymatic activity (265). In the cells, HDAC3 is 

found mainly in the nucleus, but can also be found in the cytoplasm and the plasma membrane 

(266). In contrast to HDAC3, the other class I HDACs are exclusively in the nucleus. HDAC3 

possesses a nuclear localization (NLS) and export (NES) motif, different from other class I 

HDACs (265). This explains the subcellular distribution difference between HDAC3 and other 

class I HDACs. HDAC3 is ubiquitously expressed.  

1.3.2 HDAC3 in the NCoR/SMRT tetrameric complexes 

Except HDAC8, the other class I HDACs function within multisubunit protein complexes. 

Biochemical purification of NCoR, SMRT or HDAC3 followed by mass spectrometry 

identified NCoR or SMRT as subunits associated with HDAC3 (267-269). In vitro studies in 

Hela cells showed that majority of the cellular HDAC3 associates with NCoR and SMRT 

complexes (269). Further studies established stoichiometric association with GPS2, TBL1 and 

SMRT, confirming GPS2 and TBL1 as stable and integral components of the NCoR or SMRT 

complexes (270). These studies link HDAC3 to the NCoR/SMRT co-repressor complexes and 

imply that the complexes repress transcription at least in part through histone deacetylation by 

the HDAC3 subunit (61). NCoR and SMRT have similar domain structures with multiple 

domains and are functionally interchangeable in vitro (271). GPS2 and TBL1 interact with 

repression domain 1 (RD1) of NCoR or SMRT to form a heterotrimeric structure. GPS2 and 

TBL1 indirectly link to HDAC3 via the extended SANT domain of NCoR or SMRT (270). 

Recently, structural analysis of HDAC3 complexes identified ins(1,4,5,6)P4 as a small 
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compound binding to the complexes (272). A recent study reported that USP44 is also an 

integral component of the NCoR/SMRT complexes, linking them directly to histone H2B 

deubiquitination (273).  

In addition to forming highly stable tetrameric complexes with NCoR/SMRT, GPS2 and 

TBL1 (Fig. 1.9), HDAC3 interacts weakly but functionally with many other transcription 

factors in a tissue-specific manner. These transcription factors recruit NCoR/SMRT complexes 

to regulatory regions in the genome via interaction with HDAC3 or with other components of 

the NCoR/SMRT complexes. For instance, HDAC3 and its complex were recruited by MEF2 

to regulate muscle differentiation (274). HDAC3 interacts with the osteoblast master protein, 

Runx2, to regulate osteoblast differentiation and bone formation (275). HDAC3 directly 

associates with the hematopoietic transcription factor, GATA2, and suppresses its key 

transcriptional activity (276). HDAC3 interacts with HDAC4 and 5 in the nucleus to repress 

gene expression (277). HDAC3 also interacts with YY1 and p300 to repress c-Myc expression 

(278). 

1.3.3 Regulation of HDAC3 enzymatic activity 

HDAC3 possesses very weak enzymatic activity by itself (279). In fact, the enzymatic 

activity of most class I HDACs (except HDAC8) requires formation of multisubunit protein 

complex (279). In the NCoR/SMRT complexes, the enzymatic activity of HDAC3 is stimulated 

by the deacetylase activating domain of NCoR or SMRT (280). The interaction of the SANT 

domain of SMRT or NCoR with HDAC3 results in a large structural rearrangement that 

facilitates the complex formation and activation of the HDAC3 enzymatic activity (272). 

Ins(1,4,5,6)P4 is essential for the NCoR/SMRT complex assembly and regulates HDAC3 

enzymatic activity at least in vitro (272). HDAC3 enzymatic activity is undetectable in mice 

bearing point mutations in the deacetylase activating domain of both NCoR1 and SMRT, 

demonstrating an essential role for the domain in activating the HDAC3 activity in vivo (281). 

The HDAC3 enzymatic activity is also regulated by phosphorylation. Serine 424 of 

HDAC3 is phosphorylated by protein kinase CK2. Phosphorylation at this site increases the 

HDAC3 enzymatic activity while mutation of this residue decreases its enzymatic activity 

(282). Phosphorylation of HDAC3 associated members, such as SMRT, disrupts the complex 
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formation and compromises the enzymatic activity (283). HDAC3 activity is negatively 

regulated by the nuclear protein DBC1. It interacts with HDAC3, inhibits its deacetylase 

activity specifically and alters its subcellular distribution (284). HDAC3 subcellular 

distribution is also regulated by Igboα. Nuclear translocation of HDAC3 is coupled with IκBα 

degradation. IκBα might regulate HDAC3 functions by controlling its distribution (285). 

1.3.4 Substrates for HDAC3 

Unlike other class I HDACs, HDAC3 is found in the nucleus, cytoplasm and cell 

membrane (266). Consistent with this, substrates of HDAC3 are found both in the nucleus and 

cytoplasm. Histones, including H2A, H2B, H3 and H4, are the primary substrates for HDAC3. 

Non-histone proteins, including nuclear proteins such as MEF2, SRY, PCAF (274, 286) and 

cytoplasmic proteins such as NF-κB, are also deacetylated by HDAC3 (287).  

1.3.5 Comparison of HDAC3 with other class I HDACs 

Class I HDACs share a common HDAC domain. However, HDAC3 contains a more 

variable C-terminus. HDAC1 and 2 are found in 6 complexes (i.e., the NuRD, Co-REST/REST, 

Sin3, NODE, SHIP, and MiDAC complexes), while HDAC3 is found in only one complex (i.e., 

the NCoR/SMRT complex) (57, 58, 288, 289). Class I HDACs play a critical role in controlling 

cell cycle progression, cell differentiation and tissue development. For instance, both 

HDAC1/2 and HDAC3 are shown to inhibit multipotent cell differentiation (290), but these 

three HDACs have both overlapping and distinct promotor occupancy, indicating different 

mechanisms used for HDAC1/2 and HDAC3 to regulate cell differentiation (291). It seems that 

their structure similarities determine their function redundancy. HDAC1 and -2 are 83% 

identical in amino acids, while HDAC1 and HDAC3 share only 53% identify. Indeed, a single 

allele of Hdac1 or Hdac2 is enough to rescue their double knockout phenotypes (292, 293). 

Though in redundancy, HDAC1 has broader functions than HDAC2. Germline deletion of 

HDAC1, but not HDAC2, causes early embryonic lethality in the mice (73, 294). While 

germline knockout of HDAC3 in the mouse is sufficient to cause lethality as early as E9.5, 

indicating its roles could not be compensated by the other HDACs. The bigger difference of 

HDAC1/2 from HDAC3 in amino acid sequence identity determines that they have distinct 
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binding proteins and form different multisubunit protein complexes. Global deletion of 

HDAC8 leads to perinatal lethality as well, due to skull instability (295). In contrast to HDAC1, 

-2 and -3, which form multisubunit protein complexes and deacetylate histones globally as well 

as locally, HDAC8 acts alone and is fully active by itself. These lines of evidence support that 

although class I HDACs have similar functions such as in regulating apoptosis, differentiation 

and cell cycles, they probably utilize different mechanism in achieving these. Moreover, 

HDAC3 has distinct functions that could not be compensated by others. Thus, HDAC3 is a 

unique deacetylase both in vitro and in vivo. 

1.3.6 Cellular functions of HDAC3 

HDAC3 regulates global deacetylation of H3K9ac, H3K14ac, H3K27ac, H4K5ac, 

H4K12ac, H4K16ac (Li & Yang, unpublished observations) as well as locus-specific 

deacetylation of H3K9-K14ac (296). Deletion of Hdac3 in the mouse embryonic fibroblasts 

(MEFs) blocks S-phase progression, induces apoptosis, and alters chromatin structure and 

genome stability (296, 297). Of note, the induced apoptosis is due to impaired S-phase 

progression and DNA double strand breaks, rather than altered transcription in the Hdac3-

deficient cells (297). On the contrary, HDAC3 affects cell proliferation and differentiation 

through regulating transcriptional programs via the protein complex containing NCoR and 

SMRT (298).  

1.3.7 HDAC3 in mouse embryo and tissue development 

At the organismal level, HDAC3 is essential for the development of embryos and various 

tissues. Germline deletion of HDAC3 leads to embryonic lethality as early as E9.5 due to 

defects in gastrulation (299). Loss of hepatic Hdac3 leads to defective metabolism of lipid, 

cholesterol and carbohydrate (300). In the adult liver, HDAC3 associates with Rev-erbα to 

regulate lipid metabolism and loss of Hdac3 causes hepatic steatosis (301). Deletion of Hdac3 

in the first or second heart field progenitor cells by the Nkx2-5-Cre or Isl1-Cre mouse strain 

leads to early embryonic lethality (302, 303). Intestinal epithelial cells (IECs) lacking HDAC3 

showed deregulated gene expression and loss of Paneth cells, which further impaired IEC 

function and altered the intestinal composition of commensal bacteria (304). In the 
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hematopoietic system, inactivation of Hdac3 mediated by Vav-iCre leads to failure in 

hematopoietic stem cell proliferation and differentiation (305).  

However, the functions of HDAC3 are not necessarily dependent on its enzymatic 

capacity for all cases. In NS-DADm mice which bear a single-amino-acid mutation in the DAD 

domains of NCoR and SMRT, histone acetylation is elevated to a level that is comparable to 

the Hdac3 liver-specific knockout mice (281). Although germline deletion of NCoR, SMRT 

and HDAC3 leads to embryonic lethality (297, 306), the NS-DADm mice are viable (300), 

indicating the essential role of NCoR, SMRT and HDAC3 interaction in development 

independent of their roles in mediating histone deacetylation. 

1.3.8 HDAC3 in human disease and treatment 

In humans, HDAC3 has not been linked to any developmental disorders. This could be 

attributed to early lethality in case of severe HDAC3 dysfunction. However, we have indeed 

identified several cases of HDAC3 mutations linked to a novel brain disorder (Li et al., 

unpublished data). On the contrary, HDAC3 has been associated with a range of cancers (307, 

308). There are 5 HDAC inhibitors that are licensed for use in treating cutaneious T-cell 

lymphoma, peripheral T-cell lymphoma and multiple myeloma (309). Other than cancers, 

HDAC inhibitors are used in treating brain and psychiatric disorders as well. For example, 

valproic acid, a class I HDAC selective inhibitor, has been used in treating epilepsy, bipolar 

disorders and to prevent migraine headaches (310).  

1.3.9 Rationale and hypothesis for the studies in Chapters III and IV 

Chapter III 

HDAC3 is a histone deacetylase functioning within the NCoR/SMRT complexes. 

Molecularly, the NCoR/SMRT complexes are recruited to specific promoters to regulate 

transcription. NCoR and SMRT are both essential for embryonic brain development (306, 311). 

HDAC3 is also shown to be important in the neonatal and adult brain development (312, 313). 

However, role of HDAC3 in embryonic brain development is unclear. In the cells, HDAC3 is 

known to regulate DNA damage repair, apoptosis and genome stability independent of its roles 

in transcription (296, 297). HDAC3 is also important in proliferation and differentiation 
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relating to its roles in regulating transcriptional programs (291, 314, 315). At the organismal 

level, HDAC3 is shown to be important for hematopoiesis, development and/or functioning of 

heart, liver, muscle and fat (305, 316-319). We propose that HDAC3 is important in embryonic 

brain development and HDAC3 might regulate the transcriptional programs of neural stem 

cells. Emx1-Cre is expressed in neuroepithelial cells as early as E10.5, and thus would be 

sufficient in deleting Hdac3 in the neural stem cells in the very early embryonic stage. In 

Chapter III, we generated a Hdac3f/f; Emx1Cre mouse model and dissect the role of HDAC3 in 

cerebral development. 

Chapter IV 

We show in Chapter III that HDAC3 is important in embryonic cerebral development 

through regulating the transcriptional programs of neural stem and progenitor cells. We further 

show that inhibition of HDAC3 enzymatic activity with a selective HDAC3 inhibitor affects 

formation of neurospheres. Based on these findings, we wonder whether malfunction of 

HDAC3 is involved in human brain developmental disorders. We collaborated with clinical 

doctors and searched patients with potential HDAC3 mutations and identified 4 patients who 

carry heterozygous HDAC3 mutations and display developmental delay, intellectual disability 

and epilepsy. All these 4 mutations are within the core domain of HDAC3, suggesting the 

enzymatic activity of HDAC3 might be affected in these patients. In Chapter IV, we analyzed 

the impact of the patient-derived HDAC3 mutations on the enzymatic activities. 
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Figure 1.8. Structural illustration of classical HDACs. 

The classical HDACs include class I HDACs (HDAC1, -2, -3 and -8), class IIa HDACs 

(HDAC4, -5, -7 and -9), class IIb HDACs (HDAC6 and -10), class IV HDAC (HDAC11). 

The amino acid identity and similarity compared with Rpd3 are shown as percentage. The 

other domains and motifs are shown as well. Copyright: Yang and Seto, Nature Reviews 

Molecular Cell Biology 9, 206-218 (2008), doi: 10.1038/nrm2346. Permission obtained from 

Springer Nature.
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Figure 1.9. Class I HDACs as well as many other epigenetic regulators form multisubunit 

protein complexes.  

Epigenetic regulators such as histone “modifiers” are usually recruited into multisubunit 

protein complexes. For instance, HDAC3 forms a complex with NCoR/SMRT, GPS2 and 

TBL1 to regulate transcription. Copyright: Perissi et al., Nature Reviews Genetics 11, 109–123 

(2010) doi:10.1038/nrg2736. Permission obtained from Springer Nature.



47 

 

Bridging text between Chapters I and II 

In Chapter I, I presented a general review on lysine acetylation and their responsible 

enzymes and provided overview of the literature on ATAT1 and HDAC3, two proteins to be 

studied in the following chapters. In Chapter II, I will investigate the role of ATAT1 in mouse 

development, mainly in the forebrain.
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2.1 ABSTRACT 

α-Tubulin acetyltransferase 1 (ATAT1) catalyzes α-tubulin acetylation at lysine-40. 

Despite its suggested importance based on studies in vitro, mouse Atat1 is dispensable for 

survival, raising the question what functions the enzyme has in vivo. Thus, we systematically 

analyzed a mutant mouse strain in which Atat1 is inactivated. These analyses revealed that 

starting at postnatal day 5, the mutant mice display enlarged lateral ventricles in the forebrain. 

The ventricular dilation resembles ventriculomegaly observed in patients. We found that in the 

mutant mice, the dilation is due to hypoplasia in the septum and striatum. Behavioral tests 

demonstrated that the mutant mice exhibit deficits in motor coordination. Birth-dating 

experiments showed that neuronal migration to striatum and septum is impaired in the mutant 

brain. As it is unclear about the role of Atat1 in hematopoiesis, we analyzed this systematically. 

The results indicated that except for platelets, the hematopoietic system remains unaltered in 

mutant mice. In addition, we investigated the role of mouse Atat1 in embryonic fibroblasts. 

These cells display minor defects in proliferation and primary cilia formation. Importantly, 

tubulin hyperacetylation is induced in wild-type but not Atat1-deficient embryonic fibroblasts 

in response to high salt and other cellular stresses. Furthermore, although tubulin acetylation is 

completely lost in a majority of mutant mouse tissues, residual levels were observed in the 

mutant trachea, oviduct, thymus and spleen. Therefore, this study not only establishes the 

importance of ATAT1 in forebrain development, platelet production and cellular stress 

responses, but also suggests the existence of an additional α-tubulin acetyltransferase(s). 

2.2 INTRODUCTION 

Acetylation of α-tubulin was first identified in the early 1980s with the flagella of the 

single-cell green alga Chlamydomonas reinhardtii (94). Amino acid sequencing subsequently 

identified Lys-40 as the acetylation site (95). The acetylation site is conserved from protists to 

mammals (96, 97) and is also present in flowering plants (98), but not in yeast (99). A 

monoclonal antibody specific for the acetylated form was then developed and found to 

recognize α-tubulin from various organisms (96). Commercially available for over two decades, 

this monoclonal antibody (known as clone 6-11B-1) has been widely used as a marker of stable 

microtubules. Tubulin acetylation is a marker for long-lived stable microtubules and is 
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abundant in axons and structures such as flagella and cilia. Numerous studies have been carried 

out using cells cultured in vitro and from these studies, it was concluded that acetylation of α-

tubulin is important for various cellular and perhaps also developmental processes. For 

example, tubulin acetylation was proposed to play roles in regulating microtubule architecture 

(177, 180), intracellular transport (183, 186). Such conclusions were first challenged ~10 years 

ago when the responsible deacetylase, HDAC6 (65, 126, 127), was genetically inactivated in 

mice and no major phenotypes were observed (131). 

Compared to the deacetylases, the responsible acetyltransferase was identified much later. 

Mec-17 was first identified in 2010 as the α-tubulin acetyltransferase in lower eukaryotes (47, 

110). The importance of tubulin acetylation in vivo has been implied by the study which 

showed that knockdown of mec-17 expression by morpholinos led to zebrafish developmental 

defects that include curved body shape, short body axis, hydrocephalus, small heads, small 

eyes and neuromuscular dysfunction (110). Two other studies either using shRNA to 

knockdown MEC-17 or deleting Elp3 in the mice showed that loss of tubulin acetylation 

affected neuronal migration and differentiation in the mouse cerebral cortex (7, 191, 320). 

These studies suggested a major role for tubulin acetylation in development of higher mammals. 

However, genetic deletion of Atat1, which is a mouse homolog of mec-17, leads to a near 

complete tubulin acetylation loss in many tissues, confirming ATAT1 as the bona fide α-

tubulin acetyltransferase in mice (112, 255). Surprisingly, the mice are viable and fertile, 

displaying only minor phenotypes including a mild distortion in the dentate gyrus, a mild 

impairment of sperm motility and slightly reduced litter size (112, 255). While contradicting 

the important roles of tubulin acetylation based on various studies using cultured cells, these 

results are consistent with the knockout studies of HDAC6 (131). Thus, an important question 

is what roles tubulin acetylation and its enzymes play in vivo.  

A preliminary observation from our previous study is that Atat1-/- mice show enlarged 

lateral ventricles in the brain (255). As the abnormality has not been characterized (255), we 

followed this initial lead to understand the function of ATAT1 in vivo. We have systematically 

analyzed serial sections from the mutant brain. The analyses confirmed the ventricular dilation 

and revealed that it starts at postnatal day 5 due to hypoplasia in the septum and striatum. We 
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further showed that the anomaly is because of defective neuronal migration. Related to the 

striatal defects, behavioral tests confirmed poor motor coordination in the mutant mice.  

Moreover, the role of Atat1 in the blood system remains elusive, so we have also analyzed 

different hematopoietic cells. Flow cytometry indicated that composition of these cells is 

similar in the wild-type and Atat1-/- bone marrows, indicating that ATAT1 is dispensable for 

hematopoiesis. Interestingly, total blood counts uncovered an increase of platelet production in 

the mutant mice, so this enzyme is important for platelet biogenesis. In the MEFs, we found 

loss of Atat1 has minor effects on proliferation and primary cilia formation. Stress conditions, 

such as treatment of cultured cells with high-concentration salt (or glucose) and exposure to 

H2O2, were recently reported to induce tubulin hyperacetylation (161). As reported (161), these 

stimuli cause tubulin hyperacetylation in wild-type MEFs. Importantly, the stimuli failed to 

induce any tubulin acetylation in Atat1-/- MEFs, indicating tubulin hyperacetylation in response 

to cellular stresses acts through ATAT1. Furthermore, while ATAT1 is the bone fide α-tubulin 

acetyltransferase in many tissues (112, 255), we observed residual tubulin acetylation in the 

mutant trachea, oviduct, thymus and spleen, indicative of another α-tubulin acetyltransferase(s) 

in these tissues. 

2.3 RESULTS 

Atat1 inactivation causes ventricular dilation 

Atat1-/- mice are born normally and also fertile, with few obvious defects from appearance 

(112, 255). From the previous sagittal brain sections, we noticed that the lateral ventricles are 

larger in the mutant forebrain (255). To verify and extend this preliminary but promising 

observation, we carried out Nissl staining on serial wild-type and Atat1-/- brain sections. For 

this, we systematically compared sagittal sections from three pairs of wild-type and mutant 

brains at 24 days and 8 months after birth. Shown in Fig. 2.1A-B are two pairs of representative 

sagittal sections. At both timepoints, we observed significantly larger lateral ventricles in the 

mutant forebrain. Consistent with this, the transverse and coronal brain sections also displayed 

a larger lateral ventricle in the Atat1-/- mice at 2 and 12 months (Fig. 2.2A-B and data not 

shown). Of note, this dilation is the most obvious in the middle part of serial sections. The 

dilation of lateral ventricles observed in the mutant mice differs from the dilation in typical 
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hydrocephalus. While a bulge is frequently observed on the head of mice with hydrocephalus 

symptoms (321), no such bulges were observed in 12-month old Atat1-/- mice (Fig. 2.1C). To 

trace the developmental origin of the defect, we investigated when dilation of the lateral 

ventricle becomes obvious during brain development, we carried out Nissl staining using serial 

transverse sections from wild-type and mutant brains at E17.5, P1, P5 and P15. Larger lateral 

ventricles were observed as early as P5 (Fig. 2.2C-F). We asked whether this dilation affects 

overall health and life-span of Atat1-/- mice. However, no overall differences were observed 

regarding body weight and general health condition for wild-type and mutant littermates for up 

to 24 months of age (data not shown). Thus, Atat1 deletion causes ventricular dilation in the 

forebrain as early as P5. 

Atat1 loss causes hypoplasia in the septum and striatum of the forebrain 

From the stained transverse brain sections, we observed a thinner septum (Fig. 2.2A, lower 

panel) and a smaller striatum (Fig. 2.2A, indicated by a red asterisk) in the Atat1-/- brain, while 

the other brain structures such as the cerebral cortex and cerebellum appear normal (Fig. 2.2A). 

To confirm this quantitatively, we measured the size of the whole brain, thickness of the 

neocortex, size of the striatum, and width at the bottom part of the septum using paired wild-

type and Atat1-/- transverse brain sections. In serial stained sections, those that displayed the 

most obvious lateral ventricle dilation were used for measurement. While thickness of the 

overall brain and neocortex are comparable between the wild-type and mutant mice (Fig. 2.2G 

and H), the septum is dramatically thinner (Fig. 2.2I) in the mutant brain. Albeit less dramatic, 

the striatum is significantly smaller (Fig. 2.2J) in the mutant forebrain (Fig. 2.2A).  

Ependymal cilia in the brain ventricles are important for the circulation of cerebrospinal 

fluid. Dysfunction of ependymal cilia in the ventricles causes a blockade in the cerebrospinal 

fluid circulation and leads to larger ventricular dilation in the brain (322). Tubulin acetylation 

is abundant in the cilia and might have roles in cilia functioning (254). A knockin LacZ reporter 

is harbored within the mutant allele of the heterozygous Atat1+/- mice (255), so we used the 

reporter to detect Atat1 expression by β-galactosidase staining. We found that Atat1 is highly 

expressed throughout the brain, not only in the ependymal cells of the lateral ventricle, where 

ependymal cilia reside, but also in the septum, striatum, and cerebral cortex (Fig. 2.1D). We 



53 

 

showed that tubulin acetylation was detectable in the wild-type but not mutant ependymal cilia 

(Fig. 2.1E). However, the length of ependymal cilia is comparable between wild-type and 

mutant mice (Fig. 2.1F), indicating that a loss of Atat1 and tubulin acetylation does not affect 

ependymal cilia assembly in lateral ventricles. Thus, loss of Atat1 and tubulin acetylation leads 

to larger lateral ventricles due to hypoplasia in the septum and striatum. 

Atat1 loss does not affect neocortical development 

It has been reported that knockdown of Atat1 by shRNAs (191) or loss of tubulin 

acetylation by inactivating Elp3 (103) causes neuronal migration and differentiation defects in 

the mouse cerebral cortex. By Nissl staining, we found that the thickness of cerebral cortex is 

not affected in the mutant brain (Fig. 2.2H). To investigate whether loss of Atat1 affects 

neocortical development, we performed indirect immunofluorescence microscopy using 

antibodies against the neural stem and progenitor cell (NSPC) markers such as Sox2 and Tbr2. 

As shown in Fig. 2.3A-D, NSPC development is not affected in the mutant neocortex. We also 

tested antibodies specific to the cortical lamination markers such as Cux1, Cux2, Tbr1 and 

Ctip2. As shown in Fig. 2.3E-F, similar patterns of these lamination markers were observed in 

the wild-type and mutant neocortices, indicating that neocortical lamination is unaffected in 

the mutant. Golgi staining revealed no obvious abnormalities in the neuronal structure and 

organization of the Atat1 mutant cerebral cortices (Fig. 2.3G-H). Thus, loss of Atat1 and tubulin 

acetylation does not affect neocortical development. 

Impaired neuronal migration to the Atat1-/- septum and striatum of the forebrain 

Neurogenesis reaches its peak at the mid gestation. To trace how neurons are produced and 

then migrate in the brain, we injected bromodeoxyuridine (BrdU) intraperitoneally into 

pregnant mice at E13.5 and recovered the brain at day 10 after pups were born. This timepoint 

was chosen because ventricular dilation is already obvious in the mutant brain by then (Fig. 

2.2A-F). After immunohistochemical staining with an anti-BrdU monoclonal antibody, we 

counted positively stained cells in the striatum, septum and neocortex. For the latter, we divided 

the neocortical layer from the subventricular zone to the molecular zone equally into 10 sub-

layers (Fig. 2.4D) to count BrdU+ cells in each sub-layer. When counting positively stained 

cells in the striatum, septum and neocortex, we considered those with darkly stained nuclei as 
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dense labels and those with lightly stained nuclei as light labels. We found that there are 

significantly fewer BrdU+ cells (both densely and lightly labelled) in the mutant striatum (Fig. 

2.4A-B) and septum (Fig. 2.4A and C). By contrast, no major difference was observed between 

the wild-type and mutant neocortices (Fig. 2.4D-F); consistent with this, no neocortical 

laminatfion defects were present in the mutant brain (Fig. 2.3E-F). 

To investigate whether loss of Atat1 affects the NSPC proliferation, we injected BrdU 

intraperitoneally into P10 pups. After 1 h, the brains were recovered for immunohistochemical 

staining against an anti-BrdU monoclonal antibody and counting BrdU+ cells close to the 

subventricular zone. As shown in Fig. 2.4G-H, the number of BrdU+ NSPCs is comparable 

between the wild-type and Atat1-/- subventricular zones, indicating that loss of Atat1 does not 

affect the S-phase of NSPCs. To substantiate this, we stained E14.5 embryonic and P0 brain 

sections using an anti-Ki67 antibody. As shown in Fig. 2.4I, we observed no difference 

between wild-type and Atat1-/- mice, supporting NSPC proliferation is not affected by loss of 

Atat1 and tubulin acetylation. 

Atat1 loss was reported to promote apoptosis in the seminiferous tubules (323). To test 

whether the frequency of apoptosis is affected in the mutant brain, we carried out TUNEL 

staining using brain sections from wild-type and Atat1-/- mice. No significant difference was 

observed regarding the number of TUNEL+ cells in the striatum between the two groups at 

both E14.5 and P24 (Fig. 2.4J). Although it was suggested that there is enhanced apoptosis in 

Atat1-/- testis (112), we didn’t observe significant difference (data not shown). Tubulin 

acetylation was suggested to regulate autophagy (235, 236, 324). Taken together, these results 

support that loss of Atat1 and tubulin acetylation cause defective cell migration to the striatum 

and septum but do not affect other NSPC properties. 

Atat1 loss leads to motor coordination deficits 

To determine possible functional impact of hypoplasia in the mutant striatum and septum, 

we carried out a battery of behavioral tests. The open field test revealed no overall difference 

between control and Atat1-/- mice (Fig. 2.5A-C). The time the mice spent in the center area (Fig. 

2.5A) and total distance travelled (Fig. 2.5B) in the arena were comparable between two groups. 

The feces during the open field test are indicators for an anxious status of the mice. We thus 
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counted the feces as well, but no significant difference was observed (Fig. 2.5C). The tail 

suspension test revealed no statistically significant difference regarding immobile time, which 

is an indicator for depression, between wild-type and Atat1-/- mice (Fig. 2.5D).  

Accelerated rotarod tests were utilized to check the motor coordination ability of the mice 

(325). For these test, each mouse was subjected to 4 tests per day (with a break of at least 20 

min between 2 tests) for 4 consecutive days. The latent time for each test in a single day (Fig. 

2.5E-G) and the average latent time for each mouse in 4 days were recorded (Fig. 2.5H). As 

shown by a shorter average latent time (Fig. 2.5E-G), the Atat1-/- mice were prone to fall. This 

trend was more obvious in 6-month-old mice (Fig. 2.5F). Thus, loss of Atat1 and tubulin 

acetylation results in mild defects in motor coordination. 

Atat1 deletion exerts minor effects on MEFs 

We next investigated how loss of Atat1 and tubulin acetylation might affect characteristics 

of MEFs. In Atat1-/- MEFs, while the overall microtubule networks are normal as shown by 

immunofluorescence using an anti-tubulin antibody (Fig. 2.6A, left panel), tubulin acetylation 

is completely lost as shown by immunofluorescence staining against the anti-acetyl-tubulin 

monoclonal antibody (Fig. 2.6A, right panel). 20,000 MEF cells were seeded per well in 12-

well plates and the growth rate was measured by the IncuCyte Imaging System. Atat1-deficient 

MEFs grew faster than the wild-type in the first couple of days but showed no difference from 

wild-type MEFs afterwards (Fig. 2.6B). 

Primary cilium is important in cell signaling and tubulin acetylation is enriched in this 

organelle (200). Using type III adenylyl cyclase (ACIII), a marker for primary cilia, we found 

that tubulin acetylation is totally lost in the mutant primary cilia (Fig. 2.6C). Serum starvation 

or growth to confluency induces primary cilia formation, whereas heat shock for a short time 

induces primary cilia resorption (326). To study how tubulin acetylation affects primary cilia 

formation, we grew MEFs to confluency and treated them with either the EBSS media (for 

serum starvation) for 4 h or incubation at 42°C for up to 30 min. In the no-treatment group, 

there were comparable numbers of wild-type and mutant MEFs possessing primary cilia (WT 

38% vs KO 45%, p=0.29), and the length of primary cilia was also comparable between wild-

type and mutant MEFs (Fig. 2.6D). However, after serum starvation or heat shock, the mutant 
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primary cilia were longer in the Atat1-deficient MEFs although the difference was small (Fig. 

2.6D), indicating tubulin acetylation slightly affects primary cilia formation. In the treatment 

groups, number of MEFs possessing primary cilia is comparable as well (WT 58% vs KO 59% 

for EBSS starvation, p=0.79, and WT 50% vs KO 42% for heat shock, p=0.16). In comparison, 

the length of ependymal cilia in the lateral ventricle is comparable between wild-type and 

Atat1-/- mice (Fig. 2.1I). Thus, loss of tubulin acetylation exerts minor effects on primary cilia 

formation. 

It was reported that tubulin acetylation regulates autophagy (235, 327). To verify this, 

Western blotting was carried out using MEF extracts against LC3 antibodies. There were no 

differences regarding the LC3b-II/LC3b-I ratio (Fig. 2.6E-F), indicating that autophagy is not 

affected in mutant MEFs. Tubulin acetylation is reduced during differentiation of stem cells or 

iPS cells (328). To check whether iPS reprogramming is related to tubulin acetylation, we 

reprogrammed wild-type and Atat1-/- MEFs to iPS cells; no difference was found between the 

two groups (data not shown). 

Atat1 is required for stress-induced tubulin hyperacetylation 

A recent study demonstrated that cellular stress stimuli, such as exposure to or H2O2 or 

high concentration of NaCl induces tubulin hyperacetylation (161). As shown in Fig. 2.7A, 

upon treatment with 0.25 M NaCl or exposure to 5 mM H2O2 or 100 mM glucose for 30-60 

min, tubulin acetylation increased by 2.8 to 11 folds in wild-type MEFs (Fig. 2.7A, compare 

lanes 1, 3, 5 and 7). By contrast, in Atat1-/- MEFs, there was no tubulin acetylation detected, 

with or without treatments (lanes 2, 4, 6 and 8). After treatment with these stimuli, we observed 

no overall morphological difference between wild-type and Atat1-/- MEFs (Fig. 2.7B, left two 

panels). Indirect immunofluorescence microscopy with an anti-acetyl-tubulin antibody 

confirmed that NaCl treatment and EBSS starvation induced tubulin hyperacetylation in the 

wild-type but not mutant MEFs (Fig. 2.7B). Thus, tubulin hyperacetylation is induced in wild-

type MEFs in response to cellular stress, but this response is lost in Atat1-/- MEFs. 

Enhanced platelet production and residual tubulin acetylation in Atat1-/- mice 

As it remains entirely unclear about the role of Atat1 in the blood system, we analyzed 

hematopoietic cells systematically. As shown in Table 2.1, complete blood counts revealed that 
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various blood cells were not affected. Notably, the platelet number significantly increased in 

the mutant mice (Table 2.1). In addition, biochemical analyses revealed no difference between 

the wild-type and mutant blood (Table 2.2). To explore how hematopoiesis is affected upon 

Aata1 deletion, we accrued out systematic flow cytometric analyses of cells in the bone marrow 

compartment. As shown in Fig. 2.8A-G, hematopoietic stem cells, progenitors and other cells 

in were not affected in the mutant bone marrow compartment. In light of residual levels of 

histone acetylation in the thymus, spleen and other tissues, we investigated whether tubulin 

acetylation is affected in the mutant bone marrow. We showed that tubulin acetylation is totally 

lost in the Atat1-/- bone marrows (data not shown). Taken together, these results indicate that 

except for platelet production, hematopoiesis is not affected in the mutant mice.  

While ATAT1 is the sole tubulin acetyltransferase in in the brain and many other tissues 

(112, 255), we observed residual signals of tubulin acetylation in the mutant trachea and 

oviduct by immunofluorescence microscopy (Fig. 2.9A-B). By contrast, the acetylation was 

completely absent in the mutant lateral ventricles (Fig. 2.1E), MEFs (Fig. 2.7A) and olfactory 

ependyma (Fig. 2.9C). Moreover, immunoblotting confirmed the residual levels of tubulin 

acetylation in the mutant trachea and oviduct (Fig. 2.9E-F). Moreover, such residual levels 

were also detected in the mutant thymus, spleen and skeletal muscle (Fig. 2.9E-F). These 

results indicate the existence of a minor tubulin acetyltransferase(s) in the tissues with residual 

tubulin acetylation after Atat1 is deleted. 

2.4 DISCUSSION 

This study extends the previous preliminary finding that Atat1-/- mice show enlarged 

lateral ventricles in the brain (255). We have confirmed the ventricular dilation in the mutant 

brain starting at P5 (Figs. 2.1, 2.2), demonstrated that the dilation is due to septal and striatal 

hypoplasia in the forebrain (Figs. 2.1, 2.2), and identified defective neuronal migration as the 

underlying cause (Fig. 2.4). The role of Atat1 in the blood system remains elusive, so we have 

also analyzed hematopoietic cells systematically. Total blood counts uncovered more platelets 

in the mutant mice (Table 2.1). We observed similar cellular composition in the wild-type and 

Atat1-/- bone marrows (Fig. 2.8), indicating ATAT1 is not essential for hematopoiesis in that 

compartment. In the MEFs, we found loss of Atat1 has minor effects on proliferation and 
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primary cilia formation (Fig. 2.6). As reported (161), stress conditions, such as high salt or 

glucose concentration and H2O2 exposure, induces tubulin hyperacetylation in cultured cells 

(Fig. 2.7). Importantly, these stimuli fail to induce any tubulin acetylation in Atat1-/- MEFs, so 

tubulin hyperacetylation in response to cellular stress stimuli acts through ATAT1 (Fig. 2.7). 

While ATAT1 is the major bone fide tubulin acetyltransferase (112, 255), there are residual 

signals of tubulin acetylation in the mutant trachea, oviduct, thymus and spleen, so we propose 

another tubulin acetyltransferase(s) is responsible for the residual tubulin acetylation in these 

tissues. 

Previously, tubulin acetylation was reported to have a role in neuronal migration and 

differentiation in the cerebral cortex (103, 191). Our results using Atat1-/- mice show that 

although tubulin acetylation is totally depleted, the cerebral cortex development is not affected 

(Fig. 2.1E, Fig. 2.3). One previous study utilized shRNA to knockdown ATAT1 (191), which 

might produce off-target effects. Another previous study (103) described neuronal migration 

and differentiation defects, but they might be caused by Elp3 itself but rather than its relation 

to tubulin acetylation. Although we did not observe abnormality in the cerebral cortex, we 

observed smaller striatum and thinner septum in the Atat1-/- brain (Figs. 2.1, 2.2). The striatum 

is a critical component of the motor and reward system in mice. It receives glutamatergic and 

dopaminergic inputs from sources such as the motor cortex, and outputs to the rest parts of the 

basal ganglia (329). Using the accelerated rotarod test, we revealed that mice lacking Atat1 

have a mild defect in motor coordination (Fig. 2.5E-H). The defective motor coordination 

might be due to the hypoplasia in the striatum and septum of the Atat1-deficient mice, but we 

cannot exclude the possibility that the other parts such as muscle function might also be 

affected. The open field test showed that the mutant mice travelled similar distance compared 

wild-type mice (Fig. 2.5B), indicating it is less likely that the muscle function is compromised. 

The striatum and septum are also involved in anxiety behaviors. However, we observed no 

difference using the open field and tail suspension tests (Fig. 2.5A-D). This study thus links 

ATAT1 and tubulin acetylation not only to striatum and septum development, but also to brain 

functions such as motor coordination.  

Unexpectedly, the motor coordination defects observed in the mutant mice somewhat 

resemble Huntington’s disease, an inherited neurodegenerative disorder characterized by 
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massive loss of medium spiny neurons, which constitute 95% of the cells in the striatum (330). 

The disease shows a lack of coordination and increased mental abnormalities as the disease 

progresses. In the Atat1-/- mice, we performed immunofluorescence microscopy against an anti-

Ctip2+ antibody. The results showed fewer Ctip2+ cells, which is consistent with to the reduced 

striatum area (data not shown). Atat1-/- mice also show a mild motor coordination defect (Fig. 

2.5E-H), which is common in Huntington’s disease patients. 

Tubulin acetylation is associated with Huntington’s disease, and levels of tubulin 

acetylation are reduced in the patients’ brains (186). Many studies associated HDAC6 with 

Huntington’s disease (186, 331-333). As HDAC6 is the major tubulin deacetylase, it remains 

possible that tubulin acetylation might have a role in Huntington’s disease. Our study on 

ATAT1 established a link between tubulin acetylation loss and hypoplasia in the striatum, and 

thus further support the hypothesis that disturbance of tubulin acetylation might relate to HD. 

It has been shown that inhibition of HDAC6 (the tubulin deacetylase) increases the transport 

of the cortico-striatal derived neurotrophic factor BDNF, which is neuroprotective for striatal 

neurons both in vitro and in vivo, through elevated tubulin acetylation (186). BDNF is 

neuroprotective for striatal neurons both in vitro and in vivo. It seems possible that tubulin 

acetylation affects the striatum through its regulation of BDNF. However, in another study, it 

was shown that elevated tubulin acetylation levels did not affect the efficiency of BDNF 

transport from the cortex to the striatum (334). We did not detect any significant difference 

regarding cell survival in the striatum as indicated by TUNEL staining. The role of tubulin 

acetylation in BDNF transport remains elusive and further investigation is needed.  

The role of Atat1 in the blood system remains entirely unclear (112, 255), so we analyzed 

mutant hematopoietic cells systematically. Complete blood counts revealed that the platelet 

number significantly increased in the mutant mice (Table 2.1). Related to the platelet 

overproduction in the mutant mice, the tubulin deacetylase HDAC6 has been shown to regulate 

platelet maturation and activation (148, 335). Thus, tubulin acetylation is likely to play an 

important role in platelet homeostasis. Notably, platelets are important in hemostasis and 

thrombosis, so they are highly relevant to different clinical conditions such as 

hypercholesterolemia (336). In addition, platelet overproduction is characteristic of essential 

thrombocythemia, a rare chronic blood condition (337). No patients with ATAT1 mutations 
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have been identified, but the forebrain defects and platelet abnormalities should help identify 

and characterize patients with such mutations. 

Many in vitro studies have implied that tubulin acetylation has important roles in cellular 

functions such as intracellular transport, microtubule assembly, and cell motility (254). 

Knockdown of ATAT1 using shRNA revealed tubulin acetylation is essential for neuronal 

migration (338). With this evidence, it is unexpected that the Atat1-deficient mice are viable 

and fertile and show no obvious defects. We further showed that loss of Atat1 in MEFs does 

not affect MEF properties in a significant way, indicating ATAT1 and tubulin acetylation does 

not have a critical role in cell proliferation, differentiation and survival. In agreement with this, 

we did not observe any developmental defects in various tissues including in the hematopoietic 

system (Fig. 2.8 and Table 2.1). While we observed hypoplasia in the striatum and septum, the 

proliferation, differentiation, apoptosis and autophagy are not affected in the brain. By contrast, 

we observed fewer BrdU+ cells in the mutant striatum and septum (Fig. 2.5A-C), indicating a 

possible migration defect. 

Atat1-/- mice and cells provide a valuable tool for dissecting the roles of tubulin acetylation 

under normal and pathological conditions. Tubulin acetylation has been shown important for 

touch sensitivity in C. elegans (110). A recent study show that tubulin acetylation is essential 

for touch sensation in mice as well (339). Loss of MEC-17 and tubulin acetylation has been 

shown to disrupt microtubule organization (177, 180). However, none of these proposed 

functions of tubulin acetylation affect mouse development significantly. We observed 

hypoplasia in the striatum and septum, but it does not affect mouse survival as well. A very 

recent study showed that ATAT1 and tubulin acetylation was critical for cell proliferation, as 

cell growth rate increased more than 5 folds in the absence of Atat1 (340). However, in our 

Atat1-/- MEFs, we observed a slight increase in proliferation for the first few days in cultured 

plates but overall there is no significant difference between wild-type and Atat1-/- MEFs (Fig. 

2.7B). This discrepancy might relate to cell types. However, in another study, it was shown 

that genetic disruption of Atat1, inhibits proliferation and invasion of colon cancer cells, while 

restoring the levels of ATAT1 in Atat1-deficient cells restores the cancer cell invasive 

characteristics (341). These two studies showed a contradicting role of ATAT1 and tubulin 
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acetylation in cell proliferation. Whether the role of tubulin acetylation in proliferation is 

dependent on cell types and their growing environment needs further investigation.  

On the other hand, the role of tubulin acetylation has been inadequately analyzed under 

stress conditions. It was shown that stimuli such as exposure to a higher concentration of NaCl 

could induce tubulin hyperacetylation (236). This observation implies that tubulin acetylation 

might have a role in anti-stressing stimuli, which needs further investigation. As reported (236), 

we observed that stressing stimuli such as treatment with high concentration of NaCl induces 

tubulin hyperacetylation in wild-type MEFs (Fig. 2.7). Interestingly, no tubulin acetylation was 

observed in Atat1-/- MEFs no matter with or without stimuli treatment (Fig. 2.7). Tubulin 

hyperacetylation caused by high-concentration salt might be due to the rapid activation of 

TAK1, which is osmotic-inducible and activates ATAT1 in a rapid manner (340). Microtubule 

hyperacetylation could be induced by lipopolysaccharides treatment as well. This induced 

tubulin acetylation is found necessary for the production of the anti-inflammatory cytokine IL-

10 (342). Two recent studies have shown that tubulin acetylation enhances the flexibility of 

microtubules under physical pressure (30, 31). Elucidating the role of tubulin hyperacetylation 

in response to cellular stress might reveal the role of ATAT1 under stressing or pathological 

conditions. 

As expected, Atat1 is highly expressed in the ciliated tissues such as in the ependymal 

cells of the lateral ventricle (Fig. 2.2G), the nasal cavity, and in the ganglion cell layer of the 

eyes (Fig. 2.9D). While tubulin acetylation is found totally lost in the ependymal cilia (Fig. 

2.1E), residual levels were detected in the trachea, oviduct, thymus and spleen (Fig. 2.9). These 

results indicate that while ATAT1 is the acetyltransferase governing tubulin acetylation in the 

brain and many other tissues (112, 255), there is another tubulin acetyltransferase in certain 

tissues such as the trachea, oviduct, thymus and spleen. Prior to the identification of ATAT1, 

three other enzymes have been shown to possess acetyltransferase activity against microtubules 

(103-106). It will be interesting to investigate whether one of them or another protein is the 

elusive tubulin acetyltransferase responsible for the residual tubulin acetylation observed in the 

trachea, oviduct, thymus and spleen. 

In conclusion, this study uncovers ventricular dilation due to septal and striatal hypoplasia 

in the Atat1-/- brain, identifies platelet overproduction in the mutant blood system, and shows 
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that ATAT1 is essential for tubulin hyperacetylation in stress responses. No patients with 

ATAT1 mutations have been reported yet, but the forebrain defects and platelet anomalies in 

Atat1-/- mice should help identify and characterize such human mutations. This study also 

provides evidence for existence of a new α-tubulin acetyltransferase in certain tissues. 

2.5 MATERIALS AND METHODS 

Animals and mouse genotyping 

Atat1-/- mice were initially obtained from the Knockout Mouse Project (KOMP) repository 

(Project ID: VG14032), as previously described (255). The DNA sequence between first exon 

and last exon was replaced by a sequence containing the LacZ and Neo genes (255). The Neo 

gene was flanked by two LoxP sites and removal of this gene had no impact on the phenotype. 

Mice were on the C57BL/6J background and maintained in the animal facility of Goodman 

Cancer Centre of McGill University. All procedures involved in the experiments relating to 

mice were performed according to the guidelines and protocols approved by the McGill Animal 

Use Committee.  

Tissue extract preparation and Western blotting 

Tissues were taken from 2-month-old littermates of wild-type and Atat1-/- mice. Tissues 

were weighted and homogenized with a plastic pestle in Eppendorf tubes by adding 3 volumes 

of the RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% nonidet P-40, 1% sodium 

deoxycholate, and 0.1% SDS, supplemented with a protease inhibitor cocktail composed of 

phenylmethylsulfonyl fluoride, aprotinin, pepstatin and leupetin). After additional 

homogenization by sonication with a Virsonic 100 sonicator (Virtis, Inc) at setting 5 for 6 times 

(5 seconds each), the suspension was centrifuged at ~20,000 g and 4°C for 10 min. The 

supernatant was collected as whole protein extracts. 1 µl of protein extract was used for protein 

concentration measurement by the Bradford assay reagent (Bio-Rad) and the rest was flash-

frozen in a dry ice and methanol mixture for further storage at -80°C. 

For Western blotting, tissue extracts were mixed with a 3x reducing sample buffer (188 

mM Tris-HCl pH6.8, 6% SDS, 30% glycerol, 0.3% bromophenol blue, 16% β-mercaptoethanol) 

and boiled for 3-5 min before SDS-PAGE and Western transfer. The membranes were blocked 
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in 0.15% Tween-20/PBS solution containing 5% non-fat skimmed milk. Primary antibodies 

used were as follows: anti-α-tubulin antibody (Sigma, T5168) (1:2500 dilution), anti-acetylated 

tubulin (Sigma, T7451, clone 6-11B-1) (1:5000), and anti-LC3b I/II antibody (Novusbio, 

NB100-2220) (1:1000). The membranes were incubated overnight at 4°C with agitation. The 

membranes were then washed for 3 times, 10 min each time, followed by incubation in the 

horseradish peroxidase-conjugated sheep anti-mouse IgG secondary antibody (GE Healthcare 

Life Sciences, NA931V; diluted at 1:5000) for 1 h. After washing for 3 times, 10 min each 

time, protein bands were detected with the WEST-ZOL plus Western Blot Detection System 

(iNtRON Biotechnology, Seoul, Korea). 

MEF isolation and culture 

MEFs were isolated from E13.5 mouse embryos. Briefly, E13.5 embryos were dissected 

out of pregnant mice; the head and internal organs of the embryos were removed. The rest parts 

of the embryos were minced with scissors and digested with 0.25% Trypsin-EDTA for 10 min 

in a 37 ℃ shaker. After centrifugation, the supernatant was removed, and the pellet was 

resuspended in complete medium (DMEM supplemented with 15% fetal bovine serum, non-

essential amino acids (Thermo Fisher Scientific, Cat No. 11140050), penicillin and 

Streptomycin (Thermo Fisher Scientific, Cat No. 15140122)). The cell suspension was cultured 

in a low oxygen incubator (4% O2). MEF protein extract and Western blotting were carried out 

as described for mouse tissues. 

Frozen section preparation 

Mice were anesthetized and perfused first with 50 ml cold PBS, followed by 50 ml cold 

2% PFA in PBS, as previously described (255). The brains were then dissected out under a 

chemical hood. For embryos, whole embryos or dissected embryonic brains were collected. 

The tissues were fixed at 4°C for 2-16 h in the fixative solution (0.1 M phosphate buffer [pH7.4], 

2% PFA, 0.2% glutaraldehyde, 5 mM EGTA [pH 8.0], 2 mM MgCl2 and 0.2% nonidet-P40), 

and subsequently equilibrated first with 15% sucrose in PBS for 8 h and then with 30% sucrose 

in PBS overnight at 4 °C till the tissues sunk down to the bottom of the container. The tissues 

were taken out from the fixative solution and blotted with wipe paper to remove extra solution. 

Afterwards, the tissues were incubated with the OCT compound (Tissue-Tek) in a cassette at 
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4 °C for 30 min. The direction of the tissues was arranged properly, and then the cassettes were 

snap-frozen on a dry ice and methanol mixture. The blocks were sectioned on a cryostat 

(Thermo Shandon, A77210167), and 15-μm sections were collected onto glass slides (Fisher 

Scientific). The sections were air-dried at room temperature (RT) for about 1 h and then stored 

at -80°C. 

β-Galactosidase staining of frozen sections 

Frozen sections were taken out from -80°C freezer and put in RT for 10 min to recover. 

The sections were then post-fixed in a fixative (0.2% PFA in 0.1 M PIPES, pH 6.9, 2mM MgCl2, 

and 5 mM EGTA) on ice for 10 min, then rinsed and washed in PBS containing 2mM MgCl2 

for 10 min. Sections were permeabilized by incubation in the detergent solution (PBS 

containing 0.3% Triton X-100) on ice for 10 min, and then changed to the β-gal staining 

solution (add components here) and incubated at 37 °C in the dark until the desired color was 

reached (vary from 1 hour to overnight). The slides were then washed in PBS containing 2 mM 

MgCl2 for 3 times, 5 min each time, followed by washing in distilled water for 5 min. Sequential 

dehydration was performed with 70%, 95% and 100% ethanol (5 min each). Sections were 

incubated in xylene for two times, 5 min each, and mounted with the ClearMount mounting 

medium (American Master Tech, MM0126). 

BrdU labeling 

BrdU was injected into E13.5 pregnant mice or P10 mice via the peritoneum at a dose of 

50 μg BrdU per g of body weight as previously described (343, 344). For cell tracking, after 

BrdU injection into E13.5 pregnant mice, brains of the new pups were collected at P10. For S-

phase assays, brains of the P10 mice were collected 1 h after BrdU injection. The collected 

brains were fixed in 4% paraformaldehyde (PFA) overnight, followed by paraffin processing 

and embedding. 

Paraffin section preparation 

The tissues were collected same as above, fixed in 4% PFA/PBS overnight, and proceeded 

for paraffin processing and embedding. The paraffin blocks were sectioned on a Leica Rotary 
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Microtome (Leica RM2125RTS). 5-μm sections were collected onto glass slides (Fisher 

Scientific) and baked 2 h at 37 °C. The slides were kept at 4°C for long-term storage. 

Histological analysis and immunotaining of brain sections 

For histological analysis, Nissl staining were carried out as described previously (255, 343, 

344). For immunohistochemical staining of BrdU, the paraffin sections were dewaxed, 

rehydrated, and exposed to 2 N HCl at 37 °C for 30-60 min before antigen-retrieval by boiling 

in 10 mM of sodium citrate (pH 6.0) for 20 min. After cooldown, sections were incubated in 

blocking buffer (2% BSA in 0.2% Triton X-100/PBS solution) at RT for 30-60 min before 

incubation with a rat anti-BrdU antibody (Abcam, AB6326, 1:200) in the blocking buffer at 

4 °C overnight. After wash twice in 0.2% Triton/PBS, sections were incubated with biotin-SP-

conjugated AffiniPure donkey anti-rat IgG(H+L) antibody (Jackson ImmunoResearch, 712-

065-153, 1:500). The signal was developed with the Vector ABC and DAB substrate kits 

(Vector Labs, PK-4001, SK-4100). For immunofluorescence staining, after deparaffinization, 

rehydration and antigen-retrieval, the sections were incubated in blocking buffer for 30-60 min, 

followed by incubation with primary antibodies for overnight at 4 °C and secondary antibodies 

for 1 hour at RT (111). The following antibodies were used: goat anti-Sox2 (R&D systems, 

AF2018, 1:200), rabbit anti-Tbr2 (Abcam, ab23345, 1:400), rabbit anti-Cux1 (1:200) (345), rat 

anti-Ctip2 (Abcam, ab18465, 1:400), rabbit anti-Cux2 (1:200) (346), rabbit anti-Tbr1 (1:400), 

mouse anti-α-tubulin antibody (Sigma, T5168) (1:1000 dilution), mouse anti-acetylated tubulin 

(Sigma, T7451, clone 6-11B-1) (1:1000), rabbit anti-ACIII (Abcam, ab125093, 1:1000), Alexa 

Fluor 488-conjugated goat-anti-rabbit IgG (Invitrogen, A-11008, 1:500), Alexa Fluor 488-

conjugated donkey-anti-goat IgG (Invitrogen, A-11055, 1:500), Alexa Fluor 568-conjugated 

goat-anti-rabbit IgG (Invitrogen, A-11011, 1:500), Alexa Fluor 488-conjugated goat-anti-rat 

IgG (Invitrogen, A-11006, 1:500), Alexa Fluor 568-conjugated goat-anti-mouse IgG 

(Invitrogen, A-11004, 1:500). Golgi staining was described in (347). TUNEL assay was carried 

out using DeadEnd™ Fluorometric TUNEL System (Promega, G3250) according to the kit 

manual. 

Behavioral tests 
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The open field test was carried out in a box (40 x 40 x 40 cm) described somewhere else 

(348). Briefly, the cages with mice were taken to a quiet room 1 h before the experiment started. 

Each mouse was put in the center of the arena and recorded for 10 min while avoiding 

disturbance during the whole testing process. Between each test, the bottom of the box was 

cleaned with 75% alcohol and paused for 5 min before starting the next test. The recorded 

videos were analyzed by the SMART 3.0 video-tracking system (Pan-Lab, Harvard Apparatus).  

Rotarod tests were carried out as previously described (325). Mice were placed on a rotarod 

(Stoelting Europe) using an accelerating rotarod protocol. The rod accelerates from 4 to 40 rpm 

in 5 min, and then maintains at 40 rpm for another 5 min. The latency to fall was recorded for 

each mouse as an indicator for motor coordination. Each mouse was tested 4 times per day, 

with at least a 20-min break between two trials. All the mice were tested for 4 consecutive days.  

For the tail suspension test, cages with mice were brought to a quiet room where the experiment 

will be carried out 1 hour before the experiment starts. Each mouse was suspended by the tail 

for 5 min and was recorded with a video camera while avoiding disturbance during the test. 

The immobile time (as an indicator for depression) was measured later with the recorded videos. 

Complete blood counting and flow cytometry 

For complete blood counting, whole blood was collected into tubes containing 

anticoagulants via heart puncture from anesthetized 2-month-old mice as described (349). The 

whole blood was then send to blood testing lab (Animal center of McGill University) for 

complete blood counting. Multicolor flow cytometry was carried out as previously described 

(350). Specifically, bone marrows were flushed out from femurs and tibias with DMEM 

containing 2% FBS. The bone marrows were pipetted up and down with a 1-ml tip and then 

passed through a 40-μm cell strainer (StemCell Technologies). Red blood cells were removed 

using the Red Blood Cell (RBC) Lysis Buffer (eBioscience). FVD-eFluor 506 (eBioscience) 

was used for labeling of dead cells, which were excluded during flow cytometric analysis. Cell 

surface markers, such as CD3, B220, Gr1, Ter119 and Mac1 (all from eBioscience), were used 

for labeling of lineage-specific cells. For hematopoietic stem and progenitor cells, lineage 

markers were combined with the cell surface markers Scal1, cKit, CD48 and CD150. The 
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labeled cells were analyzed with a BD FACSAria sorter and analyzed by FlowJo software 

(Treestar). 

Statistical analysis 

Statistical analysis was performed with unpaired 2-tailed Student’s t test. p<0.05 was 

considered to be statistically significant. Graphs were generated with GraphPad Prism 6 

(Graphpad Software).  
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Table 2.1 Complete blood counts for the control and mutant mice 

    Control Knockout Significance 

Erythroid RBCs x1012/L 8.8±0.6 9.0±0.9  ns 

 MCV fL 44.7±0.5 46.0±0.7 ns 

 Hemoglobin g/L 138.3±7.9 141.0±13.4 Ns 

 Hematocrit L/L 0.4±0.03 0.42±0.04 Ns 

 MCH pg 15.7±0.3 15.7±0.2 Ns 

 MCHC g/L 350.0±7.5 340.8±4.6 Ns 

Leukocytes WBCs x109/L 2.6±1.1 3.6±1.1 Ns 

 Neutrophils % 15.3±9.8 12.0±3.5 Ns 

 Lymphocytes % 67.0±16.9 86.0±3.4 Ns 

 Monocytes % 0.0±0.0 0.3±0.4 Ns 

 Eosinophils % 1.0±0.8 1.5±0.5 Ns 

 Platelets x109/L 345.7±272.3 865.5±83.0 * 

Note: Values represent mean±s.d., calculated from 3 wild-type and 4 knockout mice 

at 2 months of age. ns, not statistically significant; *, p<0.05. RBC, red blood cells; 

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, 

mean corpuscular hemoglobin concentration; WBC, white blood cell. 
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Table 2.2 Biochemical analysis of blood from the control and mutant mice 

  Units Control Knockout Significance 

Total Protein g/L 52±1 50.25±1.3 Ns 

Albumin g/L 26±0 25.5±1.1 Ns 

Albumin/Globulin ratio  1±0 1.05±0.05 ns 

Glucose mmol/L 11±0.8 17.6±5.1 ns 

BUN Urea mmol/L 7.8±0.3 7.45±0.78 ns 

Creatinine μmol/L 7±0 11.25±0.83 ns 

Total Bilirubin μmol/L 20.5±4.5 12.25±2.95 ns 

ALT U/L 34.5±1.5 50.5±5.89 ns 

AST U/L 209.5±2.5 149.5±26.51 ns 

Alkaline Phosphase U/L 69.5±17.5 87±3.08 ns 

GGT U/L 14# NA NA 

CK U/L 753.5±49.5 394±120.35 NA 

Cholesterol mmol/L 2.865±0.135 3.05±0.28 ns 

Sodium mmol/L 154# 153.3±1.8 NA 

Potassium mmol/L 7.1# 8.325±3.05 NA 

Chloride mmol/L 115# 112.5±1.12 NA 

Calcium mmol/L 2.36±0.09 2.65±0.07 ns 

Phosphorus mmol/L 3.31±0.17 3.57±0.39 ns 

Magnesium mmol/L 1.535±0.025 1.62±0.10 ns 

Note: Values represent mean±s.d., calculated from 2 wild-type and 4 knockout 

mice at 2 months of age. ns, not statistically significant; NA, not available; #, 

indicate value from one WT mouse as value from another one is not available. 

BUN, Blood Urea Nitrogen; ALT, alanine aminotransferase; AST, aspartate 

aminotransferase; GGT, gamma-glutamyl transferase; CK, Creatine kinase. 
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Figure 2.1. Atat1 loss causes ventricular dilation in the mutant mouse forebrain. 

A-B, Nissl staining for sagittal brain sections from 24 day- or 8 month-old mice. Lateral 

ventricles are larger in the Atat1-/- (KO) brain. Red asterisks mark hypoplasia in the septum. A 

red arrowhead denotes a distorted dentate gyrus that we have reported previously (255). Other 

structures of the brain, including the neocortex, corpus callosum, cerebellum, thalamus, and 

middle brain are similar between wild-type and Atat1-/- mice. Scale bar, 1 mm. C, 

representative top view of the whole brain for 12-month-old wild-type and Atat1-/- mice. D, β-

Gal staining of a sagittal brain section from Atat1-/- mice at P30. Scale bar, 1 mm. E, 

immunostaining of lateral ventricular ependyma with anti-tubulin and anti-acetyl-tubulin 

antibodies. Images for ependymal cilia were enlarged and shown in the right bottom. Scale bar, 

30 μm. F, length of ependymal cilia in lateral ventricles (as in panel E; multiple positions were 

measured from 2 pairs of mice). ns, not statistically significant. Abbreviations: Cb, cerebellum; 

CC, corpus callosum; Hp, hippocampus; LV, lateral ventricle; OB, olfactory bulb; Sp, septum.  
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Figure 2.2. Ventricular dilation in the mutant mice are due to septal and striatal 

hypoplasia. 

A-F, Nissl staining for transverse brain sections from adult mice at 12 and 2 months of age (A-

B) or pups at P1, P5 and P15 (C-E), or from embryos at E17.5 (F). Arrows in A-D denote that 

the bottom part of the mutant septum is thinner, and the mutant lateral ventricles are larger in 

Atat1-/- mice than the counterparts in the wild-type mice. The boundary of the striatum is 

indicated by dotted curves. The red asterisk in panel A marks a smaller striatum in the Atat1-/- 

brain. All the brain samples were serially sectioned; wild-type and mutant sections from similar 

position were used for Nissl staining. Scale bar, 2 mm (A-B), 1 mm (C-D), 500 μm (E-F). Cb, 

cerebellum; Hp, hippocampus; Ctx, neocortex; Str, striatum; Sp, septum. G, area of whole brain 

measured from transverse brain sections (3 pairs of mice, 2 sections for each biological sample). 

ns, not statistically significant. H, thickness of neocortex in the middle part was measured from 

transverse brain sections (3 pairs of mice, 2 sections for each biological sample). I, area of 

striatum measured from transverse brain sections (3 pairs of mice, 2 sections for each biological 

sample). J, width of septum measured at the bottom part of septum (3 pairs of mice, 2 sections 

for each biological sample). Paraffin-embedded brains were serially sectioned to obtain paired 

transverse sections, with sections showing the most obvious ventricular dilation used for 

measurement. For G-J, data are represented as mean±sem; ns, not statistically significant; **, 

p<0.01; ****, p < 0.0001. 
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Figure 2.3. Cerebral cortex development is not affected in the Atat1-deficient mice. 

A-B, immunofluorescence microscopy to detect Sox2+ neural stem cells (NSCs) and Tbr2+ 

neural progenitor cells (NPCs) on P1 brain sections. The thickness of Sox2+ layer was 

measured and shown in C (2 pairs of mice, 2 sections from each mice), the number of Tbr2+ 

cells was counted and shown in D (2 pairs of mice, 2 sections from each mice). Data are 

represented as mean±sem; ns, not statistically significant. C and D, statistical analysis for 

results from A and B, respectively. E, immunofluorescence detection of Cux1+ and Ctip2+ 

neurons. White dotted line indicates the Ctip2+ layer. F, immunofluorescence detection of 

Tbr1+ and Cux2+ neurons. A white dotted line indicates the Tbr1+ layer. G, representative views 

of the wild-type and knockout neocortices from Golgi-stained brain sections. H, enlarged views 

of the areas boxed in G. VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; 

CP, cortical plate. 
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Figure 2.4. BrdU tracing of neuronal migration in the wild-type and Atat1-/- mouse brains. 

A, BrdU was injected into E13.5 pregnant mice intraperitoneally, and the brains from new pups 

were collected at P10. The septum in the box of the upper panel in A was enlarged and shown 

in the lower panel. B-C, quantification of BrdU+ dense labelled and light labelled cells in the 

striatum and septum (n=3, 2 sections for each mouse). ***, p<0.001. The boundary of septum 

was indicated by black dotted line. If the cellular nucleus is fully dark, it was counted as a 

dense label; otherwise the cell was considered as a light label. D-F, cerebral cortex above the 

hippocampus was divided into 10 layers. BrdU+ cells in each layer were counted and shown in 

panel E (control) and F (KO) (n=3, 2 sections for each mouse). G-H, 1-h BrdU incorporation 

in the neural stem and progenitor cells in wild-type and Atat1-/- brains. One hour after BrdU 

injection, P10 pups were sacrificed for immunohistochemical analysis using an anti-BrdU 

monoclonal antibody. Representative images were shown in G. The incorporated BrdU+ cells 

near the lateral ventricle area (indicated by black dotted line) are counted and shown in H (n=3, 

2 sections for each mouse). I, Representative images showing Ki67 signal was comparable 

between control and mutant neonatal brain sections. The neocortices were enlarged and shown 

in the right two panels. All quantitative data are represented as mean±sem; ns, not statistically 

significant. 
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Figure 2.5. Behavioral tests of wild-type and Atat1-/- mice. 

A-C, open field tests were carried out in a 40 x 40 x 40 cm arena (n=9 for the control or Atat1-

/- mice). Time of the mice in the center of the arena (20 x 20 cm) (each mouse was tested for 

10 min) is shown in A, whereas the distance travelled in the arena is presented in B. Feces per 

mouse in the open field tests were counted and the number is shown in C. Data are represented 

as mean±sem. ns, not statistically significant. D, immobility time of the mice during the tail 

suspension tests (each mouse was tested for 5 min) (n=9 for the control and 12 for the KO). E-

G, accelerated rotarod test for mice of 4-month-old (n=9 for control and 5 for KO), 6-month-

old (n=14 for control and 13 for KO) and 11-month-old (n=14 for control and 13 for KO) mice 

as indicated. Mice were tested 4 times per day (with a 20-min break between 2 trials) for 4 

consecutive days. The average of the 4 repeats in each day is calculated as the latency time for 

each mouse in that day. H, latency time of the mice in the 4th day is shown for 4-, 6-, and 11- 

month-old mice. *, p < 0.05. The p values for all the timepoints are shown, no matter whether 

they are statistically significant or not. For graphs in E-H, “Latency time” refers to the latency 

to fall from the rotarod. 
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Figure 2.6. Loss of tubulin acetylation exerts minor effects on MEF properties. 

A, immunostaining to detect α-tubulin and its acetylation in MEFs from wild-type and Atat1-/- 

embryos at E13.5. Notably, the acetylation was detectable in the wild-type but not mutant 

MEFs. B, growth curve of control and Atat1-/- MEFs measured using IncuCyte imaging system 

(n=4). C, primary cilia in MEFs were detected using immunostaining with anti-ACIII and anti-

acetyl-tubulin antibodies. Images of single primary cilium were enlarged and shown at bottom-

left corners. D, length of primary cilia with or without EBSS treatment or heat shock were 

measured. For each group, 50-200 primary cilia were measured. E, Western blotting with the 

LC3b I/II antibody to detect autophagy in wild-type and Atat1-/- MEFs. F, the LC3b-II/LC3b-I 

ratio (indicative of autophagy) is not affected (n=3). All quantitative data are represented as 

mean±sem. ns, not statistically significant; **, p<0.01; ****, p<0.0001.
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Figure 2.7. Lack of stress-induced tubulin hyperacetylation in Atat1-/- MEFs. 

A, Western blots showing that treatment with 0.25 M NaCl, 5 mM H2O2 or 100 mM glucose 

for 30-60 min, stimulated tubulin acetylation in the wild-type but not mutant MEFs. The 

intensity of bands relative to the wild-type MEFs without any treatment (lane 1) was shown in 

values. B, immunostaining with anti-α-tubulin and anti-acetyl-α-tubulin antibodies confirmed 

that NaCl treatment stimulated tubulin acetylation in the wild-type but not mutant MEFs. 
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Figure 2.8. Cytometric analysis of wild-type and Atat1-/- bone marrow cells from 2-month-

old mice. 

A, ratio of B220+ cells, CD19+ cells, B220+CD19+ cells and B220hiCD19hi cells in total 

nucleated cells from bone marrows. B, ratio of NK cells (NK1.1+CD3-), Ly49H+ NK cells and 

NKT cells (NK1.1+CD3+) in total nucleated cells from bone marrows. C, gating of nucleated 

cells from bone marrows using CD71 and Ter119 antibodies. D, quantification of cell 

populations shown in C. E, ratio of CD3+ cells in total nucleated cells from bone marrows. F, 

ratio of Gr1+, Mac1+, monocyte (Gr1loMac1hi), and granulocyte (Gr1hiMac1h) cells in the total 

nucleated cells from bone marrows. G, ratio of hematopoietic stem and progenitor cells (HSC, 

HPC1, HPC2 and MPP) in total LSK (Lin-Sca1+c-Kit+) cells. HSC, LSKCD48-CD150+; HPC1, 

LSKCD48+CD150-; HPC2, LSKCD48+CD150+; MPP, LSKCD48-CD150-; n=3 for all groups. 

The cell marker abbreviations are used as described (351). All data are represented as 

mean±sem; ns, not statistically significant.
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Figure 2.9. Residual tubulin acetylation in some tissues from the Atat1-/- mice. 

A-C, immunostaining with anti-tubulin and anti-acetyl-tubulin antibodies of the trachea, 

olfactory ependyma, and oviduct sections. Scale bars, 30 μm (A) and 50 μm (B-C). D, β-Gal 

staining of sagittal brain sections from Atat1-/- mice at P30 as in Fig. 2.1D. Scale bar, 1 mm for 

nasal cavity and 200 μm for eye. E-F, detection of tubulin and acetylated tubulin by Western 

blotting in various tissue extracts.  
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Bridging Text between Chapters II and III 

In Chapter II, I studied the role of ATAT1, which is a non-histone lysine acetyltransferase 

that acetylates lysine 40 of α-tubulin on assembled microtubules. During the initial stage of my 

thesis project, we were not sure how far the research direction on ATAT1 could lead, so as a 

backup plan and taking the suggestion from the advisory committee, I started to work on 

another project, which is related to HDAC3, a deacetylase that reverses acetylation of histone 

and non-histone proteins. This backup plan has been much more promising than the project 

from Chapter II has yielded. Thus, in Chapter III, I will describe the study about how HDAC3 

regulates embryonic cerebral development. 
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3.1 ABSTRACT 

Intellectual disability affects 2–3% of the general population. Related to the nature vs 

nurture hypothesis, both genetic and epigenetic factors contribute to intellectual development. 

Histone deacetylase 3 (HDAC3) is a unique epigenetic regulator forming stoichiometric 

complexes with several other proteins. Patients with mutations in one such protein display 

intellectual disability, implying an important role of HDAC3 in this prevalent but poorly 

understood disease. Here we report that cerebrum-specific inactivation of the mouse gene 

causes striking developmental defects in the neocortex, hippocampus and corpus callosum; 

post-weaning lethality; and abnormal behaviors, including hyperactivity and anxiety. The 

developmental defects are due to rapid loss of neural stem and progenitor cells (NSPCs), 

starting at E14.5. Premature neurogenesis and abnormal neuronal migration in the mutant brain 

alter NSPC homeostasis. Mutant cerebral cortices display augmented DNA damage, massive 

apoptosis, and histone hyperacetylation. In agreement with these results, mutant NSPCs are 

impaired in forming neurospheres in vitro, and treatment of wild-type NSPCs with the HDAC3-

specific inhibitor RGFP966 abolishes neurosphere formation. Transcriptomic analyses of 

neonatal cerebral cortices and cultured neurospheres support that HDAC3 regulates various 

transcriptional programs through interaction with multiple transcription factors, including 

NFIB. These findings establish HDAC3 as a major deacetylase critical for perinatal 

development of the mouse cerebrum and NSPCs, thereby supporting a direct link of this 

enzymatic epigenetic regulator to human intellectual (dis)ability. 
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3.2 INTRODUCTION 

Histone acetylation is critical for regulating and maintaining all eukaryotic epigenomes 

(260, 352, 353). This reversible modification is controlled by the opposing actions of 

acetyltransferases and deacetylases. There are 18 mammalian histone deacetylases (HDACs) 

(354, 355). Different from the other 15 deacetylases, HDAC1, HDAC2 and HDAC3 are 

catalytic subunits of stoichiometric multiprotein complexes, which are highly stable, even 

enough for purification via conventional chromatography (354). These complexes serve as 

functional cores for additional interaction with other partners to exert gene-specific histone 

deacetylation and subsequent functional impact (354). While HDAC1 and HDAC2 are part of 

at least three different complexes containing >15 other proteins (354), HDAC3 is the catalytic 

subunit of paralogous tetrameric complexes, composed of the nuclear receptor corepressor N-

COR (or its paralog SMRT), the WD40 protein TBL1 (a.k.a. TBL1X; or its paralogs TBL1XR1 

and TBL1Y, the latter of which is Y-chromosome associated and thus male-specific) and the 

cell-signaling regulator GPS2 (356, 357). Thus, HDAC3 is unique among the HDAC 

superfamily. Within the complexes, N-CoR and SMRT serve as the scaffolds for complex 

assembly by using deacetylase-activating domains for HDAC3 interaction and other domains 

for association with TBL1 and GPS2 (272, 357, 358). Such complex formation is crucial for 

the maximal deacetylase activity of HDAC3 (359, 360).  

HDAC3 has been subject to various genetic studies in mice. Germline deletion of Hdac3 

leads to embryonic lethality at E9.5, indicating an essential role in mouse embryo development 

(297). Conditional deletion of Hdac3 in the liver, hematopoietic system, heart, muscle and fat, 

causes abnormal development or metabolism in these tissues (299, 305, 317, 361, 362). The 

results show that HDAC3 is crucial for development and homeostasis of these tissues (301, 

363-366). By comparison, much less is known about its role in brain development (367). While 

the mouse genetic studies suggest that HDAC3 is also critical for human development, direct 

evidence for this important issue remains limited. One patient with neonatal epileptic 

encephalopathy and a heterozygous de novo HDAC3 mutation has been reported (368). 

Multiple patients with TBL1XR1 germline mutations have been shown to display intellectual 

disability (369-371), supporting the role of the HDAC3 complexes in human cerebral and 
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intellectual development. Clinical features in these patients suggest that the HDAC3 complexes 

are critical for early brain development. To substantiate this, we carried out cerebrum-specific 

deletion of mouse Hdac3 to investigate its role in perinatal cerebral development. Here we 

report that the mutant mice show severe cerebral defects resulting from impaired NSPC 

development, altered histone acetylation and deregulated gene expression. 

3.3 RESULTS 

Hdac3 is highly expressed in the developing cerebrum 

To understand the role of HDAC3 in mouse brain development, we first determined the 

expression pattern of Hdac3 in the developing cerebral cortex. Indirect immunofluorescence 

microscopy using a specific anti-HDAC3 antibody at P0, E16.5 and E12.5 indicated that Hdac3 

is abundantly expressed in the developing ventricular zone, subventricular zone, cortical plate 

(or preplate) and hippocampus (Fig. S3.1a,c,e). In addition, RNA-Seq showed that the FPKM 

value for Hdac3 mRNA is higher than 30 in the neonatal cerebral cortex and the neurospheres 

cultured from E16.5 embryos (Fig. S3.1g), indicating high-level expression of this deacetylase 

in the developing cerebral cortex and embryonic NSPCs. The expression data suggest that 

HDAC3 may have an important role in regulating perinatal brain development. 

Cerebrum-specific Hdac3 deletion leads to early lethality and abnormal behaviors  

To evaluate directly the function of HDAC3 in cerebral development, we generated 

cerebrum-specific knockout mice by using the Emx1-Cre line, which expresses the Cre 

recombinase specifically in the cerebrum and its precursors as early as E10.5 (372, 373). 

Mating of this line with Hdac3f/f mice produced the Hdac3f/f; Emx1-Cre knockout (or cKO) 

mice. The knockout pups were born at a normal Mendelian ratio (Table S3.1) and appeared 

grossly normal. However, starting from week 2, the pups failed to thrive and became 

significantly smaller than the wild-type (Fig. 3.1a). In week 3, some of the mutant pups were 

runted and subsequently died, with a majority unable to survive through the week after (Fig. 

3.1a,b). At P21, the mutant pups started to show obvious abnormalities in walking and were 

overactive (supplemental videos from one representative pair of P24 wild-type and cKO pups). 

Moreover, 2- or 3-week-old mutant pups were also easily irritated when touched. We thus 
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carried out open field tests, to assess the anxious and hyperactive status of mice (374, 375). 

Paired control and cKO mice at P22 were tested in an arena for 10 min and recorded by a video 

tracking system (supplemental videos of one representative pair of P22 wild-type and cKO 

mice in open field arena). The results showed that compared to the wild-type counterparts, the 

mutant pups spent significantly more time at the border (Fig. S3.2a,c) and travelled much more 

(Fig. S3.2b,c). The heterozygous mice did not display such developmental defects (data not 

shown). Thus, the homozygous mutant pups displayed hyperactivity and an increase in anxiety.  

In the mutant mice, the brain weight of the mutant pups was comparable to the wild-type 

counterparts at P7 but showed significant reduction at P17 and P23 (Fig. 3.1c). As shown in 

Fig. 3.1d, the brain/body weight ratio was comparable between the wild-type and mutant pups, 

even at P17 and P23. Thus, the mutant brain remained proportional to the body weight (Fig. 

3.1c,d), indicative of no microcephaly in the mutant pups.  

We verified that Hdac3 is efficiently and specifically deleted in the mutant cerebrum. For 

this, we carried out Western blotting analysis of cerebral extracts from wild-type and mutant 

pups. As shown in Fig. 3.1e, HDAC3 was specifically detected in the wild-type cerebral 

cortices at P4 (lanes 1-3). Importantly, the protein level was greatly reduced in the mutants 

(lanes 4-6). To investigate whether the deletion is also efficient at early development timepoints, 

we performed immunofluorescence microscopy to analyze expression of HDAC3 on brain or 

embryonic sections at P0, E16.5 and E12.5. As shown in Fig. S3.1a-b, Hdac3 was efficiently 

deleted at a majority of cells in the neocortex or hippocampus, but not the striatum at P0. A 

small number of cells remained positive in the cKO mutant neocortex (Fig. S3.1a,b). They are 

interneurons that migrate in a parallel manner from the ganglionic eminence (GE) (376), and 

the Cre recombinase in the Emx1-Cre line is not expressed in these cells (372, 373). Similar 

results were obtained at E16.5 (Fig. S3.1c,d). As for E12.5, HDAC3 was lost in the mutant 

cortical plate but not the GE (Fig. S3.1e,f). Thus, the Emx1-Cre line induces efficient and 

specific Hdac3 deletion in the cerebrum and its embryonic precursors, starting at E12.5. 

HDAC3 is crucial for development of the neocortex, hippocampus and corpus callosum  

Unexpectedly, during brain dissection, we noticed prominent cysts at the caudal part of the 

mutant brain from 3-week old pups (Fig. 3.1f). Nissl staining of serial brain sections revealed 
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thin neocortices and large lateral ventricles in the mutant forebrain (Fig. 3.1g). Moreover, the 

mutant hippocampus was poorly developed, with the dentate gyrus barely visible (Fig. 3.1h). 

Such neocortical and hippocampal defects were also similarly present in the mutant pups at 

earlier timepoints, such as P7 (Fig. 3.1i,j) and P0 (Fig. 3.1k,l). Moreover, Nissl staining of 

serial brain sections from P0 showed that the corpus callosum was underdeveloped, with no 

clear boundaries between the corpus callosum and the adjacent tissues (Fig. 3.1m). In contrast, 

the heterozygous mice did not display such developmental defects (data not shown).  

To substantiate the above histological observations, we carried out immunostaining to 

examine the defects at the molecular and cellular levels. For this, we used various antibodies 

specific to makers (such as Cux1, Cux2, Ctip2 and Tbr1) for different layers of the neocortex. 

As shown in Fig. S3.3a,b, neocortical lamination was altered in the mutant brain at birth. This 

alteration was also observed at P7 (Fig. S3.3c,d) and E16.5 (Fig. S3.3e,f). There was no clear 

boundary for the mutant Ctip2+ layer (Fig. S3.3a, lower panel). In the mutant neocortex, the 

number of Tbr1+ cells was significantly reduced (Fig. S3.3b, lower panel). Moreover, the 

distribution pattern of these cells was also altered (Fig. S3.3b, lower panel). The Cux1+ and 

Cux2+ layers were obvious in the wild-type neocortices but missing in the mutant neocortices 

(Fig. S3.3a,b). Thus, cerebrum-specific deletion of Hdac3 results in severe developmental 

defects in the neocortex. 

The above immunostaining experiments also confirmed hippocampal abnormalities in the 

embryonic, neonatal and postnatal mutant brain (Fig. S3.3). To substantiate this, we utilized 

two other markers, NeuroD and GFAP. As shown in Fig. S3.4a,c, immunostaining with 

antibodies against these two markers supported the abnormal morphology of the mutant 

hippocampus at P0, with fewer NeuroD+ cells but more GFAP+ cells than the wild-type. As 

shown in Fig. S3.4b,d, the abnormality was even more dramatic in the mutant hippocampus at 

P7. Thus, these results support that cerebrum-specific deletion of Hdac3 leads to profound 

developmental defects in the hippocampus. 

HDAC3 is required for development of neural stem and progenitor cells 

During DAPI and Nissl staining, we observed that the ventricular/subventricular zone is thin 

in the mutant brain at E16.5 (Fig. S3.1h) and almost missing at P0 (Fig. 3.1k). The embryonic 



 93 

ventricular/subventricular zone is the area where radial glia cells (the precursors of neural stem 

and progenitor cells) reside (377). To investigate whether these cells are affected, we first 

carried out immunofluorescence staining of embryonic and brain sections using an antibody 

against Sox2, a specific marker of NSCs (378). At P0, the Sox2+ layer was dramatically reduced 

in the mutant (Fig. 3.2a,b), indicating that loss of Hdac3 exhausts the NSC compartment. 

Moreover, we observed ectopic Sox2+ cells outside of the ventricular/subventricular zone (Fig. 

3.2a). At E16.5, the Sox2+ layer was also dramatically reduced in the mutant (Fig. 3.2c,d), and 

ectopic Sox2+ cells were observed outside of the ventricular/subventricular zone (Fig. 3.2c). 

Thus, at both P0 and E16.5, HDAC3 is critical for development of the Sox2+ cell layer. By 

contrast, although HDAC3 was efficiently deleted at E12.5 (Fig. S3.1e-f), the thickness of the 

Sox2+ cell layer was not significantly affected in the mutant (Fig. 3.2e,f), indicating that 

HDAC3 is not important for formation of the Sox2+ cell layer at this embryonic stage.  

We next analyzed different embryonic and brain sections using an antibody specific to the 

transcription factor Tbr2, a marker of neuronal progenitors critical for neocortex as well as 

hippocampus development (379, 380). As shown in Fig. 3.3a,b, the Tbr2+ progenitor cell 

number was reduced profoundly in the mutant ventricular/subventricular zone at P0. 

Reminiscent of what was observed with the mutant Sox2+ cells, Tbr2+ cells were found outside 

the ventricular/subventricular zone of the mutant brain (Fig. 3.3a, lower panel). Similar to the 

mutant ventricular/subventricular zone, the Tbr2+ progenitor cell number was greatly reduced 

in the mutant hippocampus (Fig. 3.3a). Consistent with this, few Tbr2+ progenitor cells were 

detected in the mutant hippocampus at P7 (Fig. S3.5c). Moreover, at both E16.5 (Fig. 3.3c,d) 

and E14.5 (Fig. 3.3e,f), the Tbr2+ progenitor cell number was significantly decreased in the 

mutant neocortices. As with the neonatal mutant brain, ectopic Tbr2+ cells were also observed 

outside the ventricular/subventricular zone at both E16.5 (Fig. 3.3c) and E14.5 (Fig. 3.3e), 

indicating impaired migration of the progenitors in the mutant brain. In stark contrast to what 

observed at P0, E16.5 and E14.5, the Tbr2+ progenitor cell number remained comparable 

between the wild-type and mutant neocortical primordium at E12.5 (Fig. S3.5a), indicating that 

HDAC3 is not required for formation of the Tbr2+ progenitor cell layer at this embryonic stage. 

Thus, loss of Hdac3 reduces the number of neural stem and progenitor cells required for 

neocortical development starting at E14.5. 
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The hippocampal fissure is formed at E17.5, and its boundary with the CA1-CA3 regions 

starts to emerge at this timepoint (381). As described above (Fig. 3.2a), at P0, the upper blade 

of the dentate gyrus was almost missing and there were fewer Sox2+ cells in the dentate gyrus. 

At E16.5, noticeably fewer Sox2+ cells were present in the hippocampal neuroepithelium area 

(Fig. 3.2b, indicated by red arrowheads). The hippocampus (or its primordium) in the mutant 

cerebral cortices at P0 and E16.5 were smaller when compared to the wild-type (Fig. 3.2a,c). 

At P0, there were fewer Tbr2+ cells in the mutant hippocampus than the wild-type (Fig. 3.3a). 

One week later, this population of Tbr2+ cells disappeared in the mutant hippocampus (Fig. 

S3.5a). Thus, cerebrum-specific loss of Hdac3 reduces the number of NSPCs required for 

hippocampus development. 

Hdac3 deletion induces premature neurogenesis and disrupts neuronal migration  

Embryonic NSPCs either proliferate to replenish the population or differentiate to generate 

new neurons for proper brain development (382). To investigate whether neurogenesis from 

NSPCs is affected, we performed immunostaining of embryonic brain sections using an anti-

Tuj1 antibody recognizing Tuj1, a neuron-specific -tubulin (343, 344). As shown in Fig. 

S3.6a,b, thickness of the Tuj1+ cell layer was similar between the wild-type and mutant brains 

at E13.5. By contrast, this became different at E14.5: while the entire neocortex remained 

similar between the wild-type and mutant brain, this cell layer was thicker in the mutant than 

the wild-type E14.5 (Fig. S3.6c,d), indicating that in the absence of Hdac3, neurogenesis is 

enhanced at this developmental stage. One day later at E15.5, even though the Tuj1+ cell layer 

was comparable between the wild-type and mutant brains, the entire neocortex was thinner in 

the mutant (Fig. S3.6e,f), indicating that the ratio of the Tuj1+ cell layer to the neocortex is still 

higher in the mutant than the wild-type. These results indicate that the neurogenic zone expands 

at both E14.5 and E15.5. Related to this, at both developmental stages, the 

ventricular/subventricular zone was compressed in the mutant (Fig. S3.6c,e, areas labelled with 

green asterisks). Moreover, ectopic distribution of Tuj1+ neurons was also observed in the 

mutant (Fig. S3.6c,e, areas labelled with green asterisks), indicative of aberrant birth of Tuj1+ 

neurons from NSPCs. These results indicate that Hdac3 deletion causes premature 

neurogenesis. 
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Embryonic NSPCs are subject to delicate balance between self-renewal (proliferation) and 

differentiation (neurogenesis). To investigate whether NSPC proliferation is affected, we 

examined the S phase by carrying out BrdU labeling in vivo for subsequent immunostaining 

with a monoclonal antibody recognizing this label (343, 344). For the assay, BrdU was injected 

into pregnant mice at E12.5 or E13.5 for embryo retrieval 1 h later. Indirect 

immunofluorescence microscopy was then performed with embryonic sections using anti-

BrdU and -Ki67 antibodies. As shown in Fig. S3.7, no difference was observed between the 

mutant and wild-type at both developmental timepoints. Considering that total Sox2+ radial 

glial cells and Tbr2+ progenitor cells are comparable in the wild-type and mutant neocortices 

at E12.5 (Fig. 3.2e,f & S3.5b) and E13.5 (data not shown), these results indicate that NSPC 

proliferation is not affected.  

For neurogenesis, NSPCs exit the cell cycle for neuronal differentiation. To gain 

mechanistic insights into the above observations about premature neurogenesis, we analyzed 

cell cycle progression of NSPCs by carrying out BrdU labeling (343, 344). For this, BrdU was 

injected into pregnant mice at E12.5 or E14.5 for embryo retrieval 24 h later. Indirect 

immunofluorescence microscopy was then performed with anti-BrdU and -Ki67 antibodies as 

described above. As shown in Fig. S3.8a,b, compared to the wild-type, there were significantly 

more BrdU+Ki67- cells (green) in the mutant ventricular zone at E12.5 and E14.5, indicating 

that more NSPCs exit the cell cycle with 24 h after BrdU injection, further supporting enhanced 

neurogenesis in the mutant brain. 

During immunofluorescence staining, we observed ectopic distribution of Sox2+ NSCs 

(Fig. 3.2), Tbr2+ neuronal progenitors (Fig. 3.3), Tuj1+ neurons (Fig. S3.6) and cortical layer-

specific neurons (Fig. S3.3). These observations suggest that neuronal migration might be 

affected. To evaluate this directly, we injected BrdU into pregnant mice at E12.5 or E14.5 for 

embryo retrieval 2-4 days later at E16.5. As shown in Fig. S3.8a,b, neuronal migration was 

significantly compromised in the mutant neocortex. Specifically, for BrdU tracing from E12.5 

to E16.5, a majority of the BrdU+ cells were observed in the cortical plate in the wild-type 

neocortex (Fig. S3.8a, upper panel), whereas such cells were rather evenly distributed 

throughout the mutant neocortex (Fig. S3.8a, lower panel). For BrdU tracing from E14.5 to 

E16.5, a majority of BrdU+ cells were localized to the wild-type ventricular/subventricular zone 
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(Fig. S3.8b, upper panel), whereas while such cells were quite evenly distributed throughout 

the mutant neocortex, with lots of BrdU+ cells in the cortical plate (Fig. S3.8b, lower panel). 

Thus, these results indicate severe impairment of neuronal migration in the mutant cerebral 

cortex. 

Hdac3 deletion augments DNA damage and triggers massive apoptosis 

Because global deletion of Hdac3 in embryonic fibroblasts was reported to induce DNA 

damage and trigger apoptosis (297), so we investigated whether cerebrum-specific loss of 

Hdac3 causes similar defects. For this, immunostaining of embryonic and brain sections with 

an anti-γH2A.X antibody was used to detect DNA damage, and TUNEL assays was employed 

to assess apoptosis. As shown in Fig. 3.4a,b, the number of γH2A.X+ cells increased 

dramatically in the neonatal mutant neocortex. Interestingly, such increase was found even at 

E12.5 (Fig. 3.4c), when the NSPC number was found to be normal (Figs. 3.2e,f & S3.5b,c). 

TUNEL assays revealed that apoptosis was dramatically increased in the mutant at both E14.5 

(Fig. 3.4d,e) and P0 (Fig. 3.4g,h). Specifically, massive apoptosis in the neocortex was 

observed in the mutant VZ/SVZ at E14.5 (Fig. 3.4d,e), indicating that Hdac3 deletion 

drastically reduces embryonic NSPCs. Moreover, immunostaining with an antibody 

recognizing activated caspase 3 corroborated these findings (Fig. 3.4f,i). Together, these results 

indicate that DNA damage and apoptosis contribute to NSPC depletion in the mutant. 

Mutant NSPCs are impaired in forming neurospheres in vitro 

To investigate whether the remaining mutant NSPCs are still functional, we conducted 

neurosphere formation assays, which have been widely used to determine NSPC potential in 

vitro (383). For these assays, we collected cerebral cortices from wild-type and mutant embryos 

at E16.5 to prepare single cell suspension for subsequent neurosphere formation in an NSC 

culture medium in vitro. Like the wild-type, single cells from the E16.5 mutant cerebral cortex 

formed round neurospheres during the first 4 days (Fig. 3.5a), but the mutant neurospheres 

became irregular at day 6 and afterwards (Fig. 3.5b). Even at day 4, more dead cells were 

visible in the medium for culturing the mutant neurospheres than the wild-type (data not 

shown). Quantification revealed that at this timepoint, there were significantly fewer mutant 

neurospheres than the wild-type (Fig. 3.5c). Measurement of neurosphere sizes indicated that 
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at day 4 and day 7, the mutant neurospheres were significantly smaller than the wild-type (Fig. 

3.5d). Moreover, the total cell number was much lower in the mutant neuropheres than the 

wild-type (Fig. 3.5e), while there was no difference between wild-type and heterozygous 

groups (Fig. 3.5e).  

We also collected cerebral cortices from wild-type and mutant embryos at E18.5 to grow 

neurospheres. More strikingly, neurospheres from the E18.5 mutant embryos were irregular 

even at day 4 (Fig. 3.5f). To examine the NSC nature of the neurospheres, we immunostained 

them using the anti-Sox2 antibody. As shown in Fig. 3.5g, there was a high ratio of Sox2+ cells 

in both wild-type and mutant neurospheres. Together, these results indicate that at both E16.5 

and E18.5, neurosphere formation is impaired in the mutant cerebral cortex.  

To investigate the impact of Hdac3 inactivation on NSC self-renewal, we analyzed 

formation of secondary neurospheres. For this, primary neurospheres were cultured as 

described above and used for preparation of single-cell suspension through pipetting. 20,000 

cells were used for neurosphere formation in the NSC medium. As shown in Fig. 3.5h, single 

cells prepared from the mutant neurospheres yielded a much smaller number of neurospheres, 

indicating impairment of self-renewal in mutant NSCs. 

HDAC3 is a transcription coregulator with intrinsic deacetylase activity (384), so we took 

a pharmacological approach to substantiate the above conclusions drawn from genetically 

modified NSPCs. For this, we utilized a selective HDAC3 inhibitor, RGFP966 (385). Single 

cell suspension was prepared from E16.5 wild-type cerebral cortex for neurosphere formation 

in the presence or absence of this inhibitor. As shown in Fig. 3.5i, treatment with this inhibitor 

even at the IC50 value of 0.08 μM was sufficient for impairing neurosphere formation, 

indicating that HDAC3 inhibition of its enzymatic activity abolishes neurosphere formation. 

These results support that the deacetylase activity of HDAC3 is essential for NSPC 

development. 

Hdac3 deletion alters epigenetic marks differently in the cerebrum and neurospheres 

To shed light on how Hdac3 deletion affects cerebral development and NSPC homeostasis, 

we asked whether and how cerebrum-specific Hdac3 deletion alters the epigenome. We thus 

determined levels of histone marks. For this, we performed Western blotting by using various 
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histone modification-specific antibodies. Protein extracts of cerebral cortices were prepared 

from wild-type and mutant pups at P4, because at this stage the mutant pups were still grossly 

normal (Fig. 3.1b,c). For histone H3, levels of the histone acetylation marks H3K9ac, H3K18ac 

and H3K27ac, but not at H3K4ac, H3K14ac and H3K23ac, increased greatly in the mutant 

cerebral cortex (Fig. 3.6a, left and middle panels). Consistent with the increased levels of 

H3K9ac and H3K27ac, trimethylation at both sites, but not H3K4, decreased (Fig. 3.6a, middle 

panels). Notably, the decrease in the H3K27me3 level was much more dramatic than the 

H3K9me3 level (Fig. 3.6a, middle panels). Consistent with this, immunostaining of brain 

sections revealed H3K27me3 levels dramatically decreased in the mutant cerebral cortex, while 

the change of the H3K9me3 level was not so obvious (Fig. S3.9). As with histone H3, histone 

H4 was also hyperacetylated (Fig. 3.6a, right top panel). In support of this, the H4K16ac level 

increased dramatically in the mutant cerebral cortex (Fig. 3.6a, right bottom panel). These 

results indicate that cerebrum-specific Hdac3 deletion causes histone hyperacetylation and 

deregulates histone modifications. 

We also performed Western blotting with protein extracts of wild-type and mutant 

neurospheres. As shown in Fig. 3.6b (top left two panels), Hdac3 was efficiently deleted in 

neurospheres. This is consistent with the results for the cerebral cortex (Fig. 3.1e) and its 

embryonic precursors (Fig. S3.1b,d,f). As expected, H3K4 acetylation slightly increased 

whereas H3K9 acetylation dramatically increased in the mutant neurospheres (Fig. 3.6b, top 

left panels). Such increase was also observed with wild-type neurospheres treated with the 

HDAC3-specific inhibitor (Fig. 3.5j). However, instead of hyperacetylation observed with the 

mutant cerebral cortex (Fig. 3.6a), H3K14, H3K18 and H3K23 acetylation decreased in the 

mutant neurospheres (Fig. 3.6b, middle left panels). As for methylation, the H3K4me3 level 

decreased, the H3K9me3 level increased, and the K3K27me3 level remained unaltered in the 

mutant neurospheres (Fig. 3.6b, bottom left panels). About histone H4, its total acetylation 

level decreased in the mutant neurospheres whereas the H4K16ac level was not altered (Fig. 

3.6b, right panels). Thus, unlike what was observed with cerebral cortex (Fig. 3.6a), Hdac3 

deletion causes histone hypoacetylation at some histone sites in neurospheres (Fig. 3.6b). 

HDAC3 regulates different transcription programs in the cerebrum and neurospheres 
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To identify the molecular mechanisms by which Hdac3 deletion affects cerebral 

development and NSPC homeostasis, we analyzed transcriptomes. For this, we extracted total 

RNA from cerebral cortices from wild-type and mutant newborns (P0). Poly(A) RNA-profiling 

revealed altered transcription of multiple genes related to NSPC or lineage cell development 

(Fig. 3.6c; Table S3.4). Especially, we observed a dramatic increase in Gfap expression, 

consistent with our immunofluorescence staining in P0 brain sections showing increased 

gliogenesis (Fig. S3.4c,d), and a previous study (312).  

To further identify the molecular mechanism in the NSPCs, we extracted total RNA from 

E16.5 primary neurospheres cultured at day 4 (at this date the morphology was similar between 

the wild-type and mutant neurospheres, Fig. 3.5a). Poly(A) RNA-profiling and gene 

differential analysis identified 73 upregulated (fold change>2) and 76 downregulated (fold 

change<0.5) genes (p<0.001) (Table S3.2, S3.3), including increased transcription of pro-

neurogenesis genes such as the Dlx family genes and decreased transcription of anti-

neurogenesis genes such as the Id and Hes family genes (Fig. 3.6d, Table S3.5). Transcript 

levels of many other neurogenesis-promoting genes (such as Sox1, Pbx, Lhx6, Gad1, Gad2, 

Cux2, Tbr1, Dcx, Erbb4, NeuroD1 and NeuroD2) increased, whereas the levels of anti-

neurogenesis genes (such as Notch3, Sox10, Ascl1, Fabp7, Tnc and Nes) decreased as well (Fig. 

3.6d). These results indicate that Hdac3 deletion promotes premature neurogenesis through 

upregulating expression of multiple pro-neurogenesis genes and inhibiting expression of anti-

neurogenesis genes. 

Consistent with anti-BrdU and -Ki67 staining at E12.5 and E13.5 (Fig. S3.7), expression of 

cell cycle inhibitors such as p27, p57, p15 and p53 was not affected in the Hdac3-deficient P0 

cerebral cortex or cultured E16.5 neurospheres (Fig. S3.10a,b). However, p21 was increased in 

the Hdac3-deficient P0 cerebral cortex (Fig. S3.10a) while p18 decreased in the Hdac3-

deficient E16.5 neurospheres (Fig. S3.10b). The p53 transcript level was comparable between 

control and mutant groups, and the Ki67 transcript level was not significantly affected either 

(Fig. S3.10a,b). These results indicate proliferation is not significantly affected in the cerebral 

cortex or mutant neurospheres.  

HDAC3 binds multiple transcription factors abundant in the cerebrum and neurospheres 
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As an enzymatic transcriptional coregulator (270, 386), HDAC3 is recruited to specific 

promotors for gene-specific actions. To identify DNA-binding transcription factors that target 

this deacetylase to specific genetic loci during cerebral development, we analyzed previous 

ChIP-seq datasets for HDAC3 in different tissues (318, 319, 387-390). DNA sequence motif 

analysis identified multiple potential candidates, including MEF2, COUP-TFI, nuclear factor-

I (such as NFIB and NFIC), C/EBPγ and SOX4. Important for brain development (391, 392), 

RP58 contains a POZ domain, known to interact with the NcoR/SMRT corepressors (393), so 

we also included this repressor as an candidate. As shown in Fig. S3.3.11a,b, Rp58, Nfib, Coup-

tfi, and Sox4 were highly expressed in the cerebral cortex (Fig. S3.11a) and in  the 

neurospheres (Fig. S3.11b). Immunostaining showed that NFIB is highly expressed in the 

cortical plates and SVZ/VZ zone (Fig. S3.11c, topper panel). Serendipitously, we found that 

Hdac3 deletion altered this distribution pattern (Fig. S3.11c, lower panel), corresponding to the 

altered cortical layers (Fig. S3.1h). These results indicate that HDAC3 affects NFIB expression 

in different cerebral areas during brain development. 

We next assessed the interaction of HDAC3 with NFIB and the three other transcription 

factors identified above. FLAG-tagged HDAC3 was thus expressed with HA-tagged NFIB, -

C/EBPγ, -SOX4, and -RP58 in HEK293 cells for co-immunoprecipitation. As shown in Fig. 

S3.11e, HDAC3 co-immunoprecipitated NFIB, NFIC, and SOX4. Moreover, HDAC3 

interacted with a truncated form of NFIB containing its N-terminal 200 residues (Fig. S3.11e, 

lane 3). This region is conserved among NFIB, NFIC and other NFI proteins (Fig. S3.11c), 

suggesting that HDAC3 interacts with different members of the NFI family. We also expressed 

FLAG-tagged HDAC3 alone in HEK293 cells to detect interaction with endogenous COUP-

TFI, NFIB, and RP58 proteins by using antibodies against these proteins. As shown in Fig. 

S3.11f-j, FLAG-tagged HDAC3 co-immunoprecipitated these endogenous proteins. The 

results suggest that multiple transcription factors (such as NFIB, COUP-TFI, RP58, and SOX4) 

recruit HDAC3 for gene-specific gene regulation during cerebral development. 

3.4 DISCUSSION 

This study uncovers an important role of Hdac3 in governing perinatal cerebral 

development through NSPCs. Immunostaining revealed that HDAC3 is highly expressed in the 
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developing mouse brain (Fig. S3.1). Cerebrum-specific inactivation of the gene induces 

hyperactivity, anxiety and early lethality in the pups, along with severe developmental defects 

such as neocortical disorganization, hippocampal hypoplasia and callosal agenesis (Fig. 3.1). 

As for the underlying cellular mechanisms, immunofluorescence microscopy revealed rapid 

loss of NSCs (Fig. 3.2) and neuronal progenitors (Fig. 3.3), resulting from premature 

neurogenesis (Fig. S3.6) and enhanced DNA damage and apoptosis (Fig. 3.4). Moreover, the 

mutant NSPCs are defective in forming neurospheres (Fig. 3.5a-f) and the HDAC3-specific 

inhibitor RGFP966 is capable of abolishing neurosphere formation by wild-type NSPCs (Fig. 

3.5i). Related to the molecular mechanisms (Fig. 3.6), immunoblotting unveiled altered histone 

acetylation in the mutant cerebral cortex or neurospheres (Fig. 3.6a,b & 5j). Furthermore, 

RNA-Seq not only revealed perturbation of transcription programs in the mutant cerebral 

cortex and NSPCs (Fig. 3.6c,d) but also unmasked high expression of multiple HDAC3-

interacting transcription factors in the wild-type cerebrum and neurospheres (Fig. S3.11a,b). 

These results thus identify HDAC3 as a major deacetylase critical for perinatal cerebral and 

NSPC development (Fig. 3.6e). 

The results also complements and extends a previous study that reported the role of Hdac3 

in brain development (312). The Nestin-Cre strain was used in the study and the resulting 

ablation induced neonatal lethality (312). The study was focused on the cerebellum, so 

neocortical disorganization was only briefly described for neonates, without any analyses of 

neocortical development at the prenatal stage and within the first two weeks after birth, when 

neocortical lamination occurs dynamically (394). The impact on development of the 

hippocampus and corpus callosum was not characterized either. The neonatal lethality is likely 

because of Nestin-Cre expression in the entire nervous system (312). The strain is inefficient 

for inducing excision at E12.5-14.5 (395, 396). By contrast, the Emx1-Cre strain used herein 

confers efficient excision specifically in the stem/progenitor cells and cortical neurons starting 

at E12.5 (Fig. S3.1f) (397). Due to cerebrum-specific expression, the resulting mutant pups 

survived for ~4 weeks (Fig. 3.1a), permitting systematic analysis of neocortical and 

hippocampal development at different timepoints before and after birth. In addition, direct 

involvement of NSPCs was also investigated (Figs. 3.2, 3.3). Several reports have described 

specific deletion of Hdac3 in the adult brain and showed that HDAC3 is important for 
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regulating memory (313, 398), motor coordination (312, 313), social behaviors (313) and drug 

addiction (399). HDAC3 is also essential for myelin growth and regeneration (400). The 

present study focuses on perinatal cerebral and NSPC development, thus complementing these 

previous reports. 

The present study uncovers an important role of HDAC3 in NSPC development (Figs. 

3.2-3.4). The results showed that cerebrum-specific deletion of Hdac3 promotes premature 

neurogenesis (Fig. S3.6). Moreover, in the mutant neurospheres, expression of pro-

neurogenesis genes (such as Dlx family members) was upregulated, whereas expression of anti-

neurogenesis genes was downregulated (such as Id and Hes family members) (Fig. 3.6d). These 

results are consistent with a recent report showing that Hdac3 knockdown initiates a neuronal 

differentiation program in vitro (291). HDAC3 is the catalytic subunit of tetrameric complexes 

composed of N-COR (or SMRT), TBL1 (or its paralogs) and GPS2 (356, 357). These 

complexes function as transcriptional corepressors upon transcription factor-dependent 

recruitment to specific promotors. Consistent with the important role of HDAC3 in NSPCs 

(Figs. 3.2-3.4), Smrt-/- embryos display NSC defects (311), and Ncor-/- NSCs show enhanced 

gliogenesis in vitro (401). In agreement with premature gliogenesis upon Ncor deletion, Gfap 

transcription was elevated in Hdac3-/- neurospheres (1.9-fold) and mutant cerebral cortices 

(4.4-fold) (Tables S3.4 and S3.5). Moreover, immunostaining detected strong GFAP signals in 

Hdac3-/- cerebral cortices (Fig. S3.4c,d). As shown in Fig. S3.10c,d, both NcoR and SMRT are 

highly expressed in the wild-type cerebral cortex and neurospheres, suggesting redundant roles 

of these two paralogs. Together with the published reports on NcoR (401) and SMRT (311), 

the present study supports a model in which the HDAC3 complexes play important roles in 

regulating NSPC and cerebral development (Fig. 3.6e). Further mouse genetic studies are 

needed to pinpoint the exact roles of different subunits in cerebral development. 

As for DNA-binding proteins that recruit these complexes for gene-specific actions, RNA-

Seq and co-immunoprecipitation uncovered high expression of multiple HDAC3-interacting 

transcription factors in the wild-type cerebrum and neurospheres (Fig. S3.11a,b). These 

uncovered transcription factors are important in NSC maintenance and differentiation. For 

example, NFIB proteins are master regulators of neuronal differentiation (402). Disruption of 

both Nr2f1 and Nr2f2 (encoding COUP-TFI and COUP-TFII, respectively) promotes sustained 
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neurogenesis and prolonged generation of early-born neurons in NSPCs and the developing 

forebrain (403). COUP-TFI is also important for differentiation of oligodendrocytes (404) and 

directly binds to the Fabp7 promotor (405). Related to this, reduced expression of Fabp7 was 

found in Hdac3-/- neurospheres (FPKM of 580 in the wild-type to 374 in the mutant, Table 

S3.2). It is well established that the HDAC3 complexes interact with MeCP2 (313, 406). RNA-

Seq revealed moderate expression of Mecp2 in the developing cerebrum and cultured 

neurospheres (Fig. S3.11a,b). Moreover, developmental defects of Mecp2-/- mice are much 

milder (407, 408) than those of the Hdac3 knockouts described herein (Fig. 3.1), suggesting 

that MeCP2 is not the sole DNA-binding partner recruiting HDAC3 complexes for genome-

wide actions. Rev-ErbA and Rev-ErbB are important transcription factors in mediating 

function of HDAC3 in circadian clock and metabolism (409). However, RNA-seq implied low 

expression of Rev-erba and Rev-erbb in the cerebral cortex and neurospheres, indicating they 

may not be the main transcription factors for mediating HDAC3 function in the cerebrum. We 

propose that multiple DNA-binding proteins interact with and recruit HDAC3 complexes for 

epigenomic regulation during cerebral development (Fig. 3.6e). Further studies are needed to 

test this model and investigate how HDAC3 and its associated subunits are targeted to different 

genomic loci for governing perinatal development of the mouse cerebrum and NSPCs.  

The important role of HDAC3 in mouse cerebral development (Fig. 3.1) begs the question 

whether this epigenetic regulator is also essential for human intellectual development. 

Consistent with the neocortical and hippocampal defects of the mutant Hdac3 knockout mice, 

multiple patients with TBL1XR1 germline mutations display intellectual disability (369-371), 

supporting a critical role of the HDAC3 complexes in regulating human cerebral and 

intellectual development. As for HDAC3 itself, one patient with a heterozygous de novo 

mutation has been identified (368). The developmental defects described herein for the mutant 

mice will serve a valuable guide for identification of additional patients with HDAC3 mutations. 

Clinical features of patients with mutations in genes for other subunits of the HDAC3 

complexes, including NCOR1 (encoding NCoR), NCOR2 (encoding SMRT), TBL1X, and 

GSP2 (Fig. 3.6e), will provide valuable information of the complexes in human development. 

There are 18 human HDACs (354, 355), so a key question is how each HDAC contributes 

to epigenomic regulation during cerebral development. The results described herein highlight 
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the importance of HDAC3 for this regulation. Published studies have identified important roles 

of HDAC1, HDAC2, HDAC4 and HDAC8 in the brain (52, 87). Among them, HDAC4 shows 

little detectable deacetylase activity, and HDAC8 deacetylates cohesion rather than histones 

(52, 87), so HDAC1 and HDAC2 are two deacetylases targeting histones in the brain. Knockout 

studies established that mouse Hdac1 and Hdac2 have redundant roles in brain development 

(73). Inactivation of both genes disrupts cell-cycle progression, leaving few cells at the S phase 

(~3%) (73). In stark contrast, normal BrdU incorporation was observed in Hdac3-/- 

neuroepithelia at E12.5 and E13.5 (Fig. S3.7). In addition, neuronal progenitors lacking both 

Hdac1 and Hdac2 are defective in differentiation (73), whereas Hdac3 deletion promotes 

premature neurogenesis and causes NSPC depletion. Related to this, haploinsufficiency of 

SIN3A, encoding a subunit of an HDAC1/HDAC2 complex, reduces cortical neurogenesis. 

These differences support that HDAC3 is complementary to HDAC1 and HDAC2 during 

cerebral development. Despite little impact on expression of these two and other HDACs (Fig. 

S3.10e,f), both histones H3 and H4 were hyperacetylated in the mutant cerebral cortex (Fig. 

3.6a). Taken together, results from this study establish HDAC3 as a major histone-deacetylating 

epigenetic regulator that is important for perinatal cerebral and NSPC development in mice and 

perhaps also in humans. 

3.5 MATERIALS AND METHODS 

Methods, including statements of data availability and any associated accession codes and 

references, are available in the online version of the paper. 

ONLINE METHODS 

Mouse husbandry and generation of cerebrum-specific knockouts 

The Hdac3f allele was generated from a knockout-first strain from International Knockout 

Mouse Consortium (Hdac3tm1a(EUCOMM)Wtsi) by excision of the FRT-flanked LacZ-Neo cassette 

with a PGK1-Flp0 strain (The Jackson Laboratory, Stock No. 011065). The resulting Hdac3f 

allele contains two loxP sites flanking the 3rd exon, which is common for different HDAC3 

isoforms. To generate cerebrum-specific knockouts, the Hdac3f/f mice were mated with the 

Emx1-Cre strain (Jackson Laboratory, Stock No. 005628). E0.5 was defined as the noon after 

the morning when the plug was found. The mice were maintained in the McGill animal facility 
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operated under a 12-h light/12-h dark cycle and with food and water available ad libitum. All 

the experimental procedures related to the animal works were performed according to an 

animal use protocol approved by the McGill University Animal Care Committee. 

Open field tests 

The tests were carried out with a 40 cm x 40 cm x 40 cm translucent box as the testing 

arena (348). Mouse cages were taken to a quiet room 1 h before a test to allow mice to become 

familiar with the environment. Mice were put in the center of the arena in each test and video-

recorded for 10 min. Disturbance for the mice was avoided during the testing period. After 

each test, the bottom of the box was wiped with 75% alcohol and air dry for 5 min before 

starting the next test. The recorded videos were analyzed by the SMART 3.0 video-tracking 

system (Pan-Lab, Harvard Apparatus). 

Histology 

The brain was dissected out and fixed in 4% PFA for 24-48 h. The tissues were then 

subject to dehydration and paraffin embedding. The paraffin blocks were sectioned to 5 μm 

and used for subsequent Nissl, H &E or immunohistochemical staining as described (255, 

343, 344).  

BrdU tracing in vivo 

BrdU labeling was carried out as described (255, 343, 344). It was injected 

intraperitoneally into pregnant mice with a dosage of 50 mg per 1 kg body weight. The mice 

were sacrificed at different timepoints according to experimental goals. For S-phase analysis, 

mice were sacrificed 1 h after injection. For analysis of the cell-cycle exit, the waiting time 

after injection was 24 h, and for migration, the time was from 48 to 96 h. 

Immunostaining 

Antigen retrieval was carried out by boiling paraffin-section slides in the citrate buffer (10 

mM sodium citric acid, 0.05% Tween 20, pH 6.0) for 20 min for immunostaining as described 

(255, 343, 344). For BrdU detection, followed by antigen retrieval, the sections were incubated 

in 2N HCl for 30-60 min. The nuclei were counterstained with DAPI or Hoechst 33342. The 

following antibodies were used: rabbit anti-HDAC3 (Abcam, ab7030, 1:2500), goat anti-Sox2 
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(R&D systems, AF2018, 1:200), rabbit anti-Tbr2 (Abcam, ab23345, 1:400), rabbit anti-Cux1 

(1:200) (345), rat anti-Ctip2 (Abcam, ab18465, 1:400), rabbit anti-Cux2 (1:200) (346), rabbit 

anti-Tbr1 (Santa Cruz, sc-376258, 1:100), mouse anti-Tuj1 (Covance, MMS-435p, 1:1000), rat 

anti-BrdU (Abcam, ab6326, 1:400), mouse anti-Ki67 (BD Pharmingen, 550609, 1:200), rabbit 

anti-gamma H2A.X (Abcam, ab2893, 1:500), rabbit anti-H3K9me3 (EMD Millipore, 07-442, 

1:500), mouse anti-H3K27me3 (Abcam, ab6002, 1:500), goat anti-NeuroD (Santa Cruz, 

sc1084, 1:100), rabbit anti-GFAP (Dako, Z0334, 1:2000), Alexa Fluor 488-conjugated goat-

anti-rabbit IgG (Invitrogen, A-11008, 1:500), Alexa Fluor 488-conjugated donkey-anti-goat 

IgG (Invitrogen, A-11055, 1:500), Alexa Fluor 568-conjugated goat-anti-rabbit IgG (Invitrogen, 

A-11011, 1:500), Alexa Fluor 488-conjugated goat-anti-rat IgG (Invitrogen, A-11006, 1:500), 

Alexa Fluor 568-conjugated goat-anti-mouse IgG (Invitrogen, A-11004, 1:500). 

Immunoblotting 

On ice, mouse tissues or neurospheres were suspended in the cold RIPA buffer (150 mM 

NaCl, 1.0% Nonidet P-40 (or Triton X-100), 0.5% sodium deoxycholate, 0.1% SDS, 50 mM 

Tris-HCl, pH 8.0) containing a proteinase inhibitor cocktail, composed of 1 mM 

phenylmethylsulfonyl fluoride, 1 μg/ml pepstatin, 2 μg/ml aprotinin and 0.5 μg/ml leupeptin. 

After brief sonication (15s set at 5 with a VirSonic 100 sonicator) on ice, the suspension was 

centrifugated at 20,000 g and 4°C in an Eppendorf centrifuge for 10 min. The supernatant was 

transferred to a new tube on ice. The protein concentration was determined by a Bradford 

protein assay kit (Sigma). Protein extracts were mixed with a 3xRSB buffer (240 mM Tris-HCl 

pH 6.8, 6% SDS, 30% glycerol, 16% β-mercaptoethanol, 0.06% bromophenol blue) and boiled, 

for SDS-PAGE on 10-15% acrymide gels and subsequent transfer onto a Nitrocellulose 

membrane (Pall Corp., P/N66485). The membrane was incubated with the blocking buffer 

(TBS-T(0.1% Tween 20 in TBS) containing 5% nonfat milk powder) for 30 min at room 

temperature on a rocking platform and then incubated with the same buffer containing primary 

antibodies overnight at 4 °C on a rocking platform. After washing with TBS-T for 4 times (10 

min each, with agitation), the membrane was incubated, on a rocking platform, with the 

blocking buffer containing the horse radish peroxidase-conjugated secondary antibodies at 

room temperature for 1 h. The membrane was washed above and developed with the enhanced 
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chemiluminescence substrates (FroggaBio, 16024). The following antibodies were used: 

Rabbit anti-HDAC3 (Abcam, ab7030, 1:10,000), rabbit anti-H3 (Abcam, ab1791, 1:100,000), 

rabbit anti-H3K4ac (EMD Millipore, 07-539, 1:2000), rabbit anti-H3K9ac (Abcam, ab4441, 

1:2000), rabbit anti-H3K14ac (Abcam, ab52946, 1:1000), rabbit anti-H3K18ac (Abcam, 

ab1191, 1:10,000), rabbit anti-H3K23ac (EMD Millipore, 07-355, 1:20,000), rabbit anti-

H3K27ac (EMD Millipore, 07-360, 1:1000), rabbit anti-H4 (Abcam, ab18253, 1:10,000), 

rabbit anti-H4K16ac (Abcam, ab109463, 1:1500), rabbit anti-H4ac (EMD Millipore, 06-866, 

1:2000), rabbit anti-H3K14pr (PTM Biolabs, PTM-211, 1:1000), mouse anti-H3K23pr (PTM-

208, 1:1000), mouse anti-H3K23cr (PTM-519, 1:2500), rabbit anti-H3K4me3 (EMD Millipore, 

07-473, 1:5000), rabbit anti-H3K9me3 (EMD Millipore, 07-442, 1:500), mouse anti-

H3K27me3 (Abcam, ab6002, 1:2000), rabbit anti-NFIB/B2 (Abcam, ab186738, 1:2000), 

rabbit anti-ZNF238/RP58 (Abcam, ab118471, 1:500), rabbit anti-COUP-TFI (Abcam, 

ab181137, 1:1000). 

Neurosphere formation assays 

All the procedures were done in the tissue-culture hood unless indicated. All the surgical 

instruments and solutions used were sterilized. Briefly, the pregnant mice at E16.5 or E18.5 

were euthanized and the embryos were dissected out and put in PBS. The heads of the embryos 

were cut, washed in PBS and kept in PBS/2% glucose on ice for subsequent manipulations. 

Under a bench dissecting microscope, the head skin and skull were opened with surgical 

scissors, and the brain was dissected out using a pair of forceps in cold PBS/2% glucose 

solution. The cerebral cortices were segregated with forceps under the dissecting microscope 

and collected into Eppendorf tubes containing 1 ml of the neurosphere complete culturing 

medium (NeuroCult NSC Basal Medium (mouse) (StemCell Technologies, #05700) 

supplemented with 10% NeuroCult Proliferation Supplement (StemCell Technologies, #05701) 

and 20 ng/ml rhEGF (StemCell Technologies, #78006.1)) on ice. Once all the cortices were 

collected, the tubes were transferred into the hood and pipetted up and down with 1 ml tips for 

8 times to prepare single cell suspension. Avoid air bubbles (set the pipette volume to 0.8 ml 

instead of 1 ml) during pipetting as excessive oxygen carried by bubbles would be deleterious 

for subsequent NSC growth. After pipetting, the tube was kept still at room temperature for 1 
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min, and the supernatant was then transferred to a new tube for centrifugation at 150 g for 5 

min with a bench centrifuge at room temperature. The supernatant was discarded, and the pellet 

was gently mixed with 1 ml of the fresh neurosphere complete culture medium. The suspension 

was filtered through a 40-μm nylon cell strainer (Fisher Scientific, #22363547) and the 

resulting filtrate was considered as the single-cell preparation. After counting, wild-type and 

mutant cells were seeded into wells of a 6-well plate at the same number.  

For treatment with the HDAC3 inhibitor RGFP966 (SelleckChem, #S7229), different 

concentrations were used (0, 0.08 or 0.8 μM). At different timepoints during culturing 

neurospheres, their size, numbers and total cell numbers were measured. For neurosphere size 

measurement, images were randomly taken. For counting neurospheres, a small aliquot of 

cultured neurospheres was diluted in a 96-well plate and the neurosphere number was counted 

under the regular light microscope. For counting of total cell numbers, an aliquot of 

neurospheres was taken and pipetted up and down to prepare single cell suspension; the total 

cell number was then counted. For immunostaining, cultured neurospheres were collected into 

a 15 ml tube, and kept for 10 min in the hood. The supernatant was aspirated and 4% PFA was 

added for incubation at room temperature for 10 min. After fixation, the upper supernatant was 

removed and neurospheres were washed in PBS for 3 times (to preserve the neurosphere 

morphology, for precipitation all the steps were done by putting still for 10 min instead of 

centrifugation). Neuropheres were then applied for immunofluorescence following standard 

protocol. For RNA-Seq, neurospheres were washed once with PBS for subsequent RNA 

preparation. For immunoblotting, neurospheres were washed once with PBS for extract 

preparation in the RIPA buffer as described below. 

RNA isolation and sequencing 

Total RNA was extracted from P0 neocortex and neurospheres cultured from E16.5 

embryonic neocortex at day 4. The RNA quality and quantity were measured with an RNA 

Tapestation (Agilent). All RNA samples with a SIN score higher than 8 were used for 

subsequent RNA-Seq at Omega Biotek (Norcross, USA). Specifically, poly(A) RNA was 

purified for reverse transcription to cDNA and fragmentation to ~200 bp fragment, followed 

by amplification with PCR using random primers. The prepared cDNA library was loaded into 
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different lanes of the flow cell and sequenced by an Illumina sequencer. At least 40 million 

pair-end 100 bp sequences were obtained for each sample. The quality of the sequences was 

analyzed by FastQC to remove reads with scores lower than 20. The filtered sequences were 

mapped to the mouse genome (mm9) using STAR, and the reads were counted using 

FeatureCounts or Htseq-count, followed by differential analysis with DESeq2.  

Statistical analysis 

Statistical analysis was performed with unpaired 2-tailed Student’s t test. p<0.05 was 

considered to be statistically significant. Graphs were generated with GraphPad Prism 6 

(Graphpad Software).  
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Table S3.1. Mendelian ratio for new born Hdac3-deficient pups is normal. 

 

Note: Male Hdac3f/+; Emx1-Cre mice were mated with Hdac3f/f, and pups were genotyped in 

the ensuing few days after birth. ns, not statistically significant.
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Table S3.2 73 top upregulated genes with fold change >2.0 (i.e. log2(FC)>1.0) and p<0.001 

in E16.5 neurospheres 

GeneSymbol Base mean log2(FC) StdErr Wald-Stats p-value p-adjust 

Spp1  3806.59 4.59 0.19 -23.73 1.68E-124 2.17E-120 

Col3a1 1971.16 4.24 0.23 -18.11 2.56E-73 1.10E-69 

Col6a3 1551.65 3.81 0.20 -18.81 6.30E-79 4.07E-75 

Col6a2 628.33 3.37 0.24 -13.84 1.37E-43 3.53E-40 

Cyp1b1 297.67 3.35 0.28 -12.01 3.10E-33 4.99E-30 

Col1a1 927.97 3.34 0.23 -14.25 4.32E-46 1.39E-42 

Col6a1 716.63 2.65 0.24 -11.16 6.75E-29 8.70E-26 

Mgp 146.75 2.30 0.29 -8.04 8.99E-16 4.14E-13 

Col4a1 2834.91 2.27 0.17 -13.50 1.48E-41 3.19E-38 

Tbx18 144.08 2.14 0.29 -7.50 6.36E-14 2.16E-11 

Enpp1 256.80 2.01 0.28 -7.16 7.93E-13 2.27E-10 

Sned1 339.60 1.99 0.27 -7.39 1.42E-13 4.69E-11 

Postn 238.37 1.91 0.28 -6.82 8.95E-12 2.18E-09 

Col4a2 2956.36 1.90 0.18 -10.27 9.82E-25 9.75E-22 

Neat1 1062.06 1.81 0.22 -8.23 1.95E-16 1.14E-13 

Nrk 175.16 1.75 0.29 -6.11 9.89E-10 1.66E-07 

Nid1 372.09 1.71 0.26 -6.53 6.74E-11 1.50E-08 

Rasgef1b 1511.34 1.61 0.20 -8.17 2.97E-16 1.60E-13 

Dcn 420.78 1.57 0.27 -5.92 3.15E-09 4.83E-07 

Anpep 157.51 1.57 0.28 -5.57 2.55E-08 3.26E-06 

Ctsk 189.13 1.49 0.29 -5.22 1.77E-07 1.73E-05 

Serpinf1 191.74 1.45 0.29 -5.07 3.98E-07 3.59E-05 

Ednra 249.52 1.43 0.28 -5.09 3.50E-07 3.22E-05 

Pdgfrb 345.65 1.42 0.28 -5.09 3.62E-07 3.29E-05 

Ifi203 107.96 1.41 0.28 -5.00 5.70E-07 4.97E-05 

Dnm3os 79.81 1.36 0.27 -4.97 6.73E-07 5.75E-05 

Col5a1 838.21 1.36 0.23 -6.02 1.75E-09 2.76E-07 

Cped1 177.47 1.35 0.29 -4.70 2.55E-06 0.000180687 

Pbx3 1023.42 1.32 0.21 -6.40 1.54E-10 3.15E-08 

Mmp9 125.78 1.31 0.28 -4.61 4.11E-06 0.000269063 

Dlx2 1860.85 1.31 0.18 -7.39 1.45E-13 4.69E-11 

Nrp2 3761.96 1.29 0.17 -7.63 2.38E-14 8.52E-12 

Mmp2 231.56 1.27 0.28 -4.48 7.43E-06 0.000442568 

Maf 4182.92 1.23 0.15 -8.46 2.78E-17 1.71E-14 

Dlx6os1 3893.50 1.23 0.18 -6.84 8.10E-12 2.01E-09 

Cp 364.42 1.22 0.27 -4.44 8.94E-06 0.000515079 

Penk 613.57 1.22 0.26 -4.68 2.89E-06 0.00020259 

Erbb4 4084.00 1.22 0.22 -5.56 2.75E-08 3.41E-06 

Adamts12 343.90 1.21 0.27 -4.54 5.54E-06 0.000346748 

Zfhx4 939.82 1.21 0.25 -4.76 1.92E-06 0.000145129 

Gm14204 750.89 1.21 0.22 -5.38 7.56E-08 8.19E-06 
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Meg3 76063.34 1.19 0.18 -6.60 3.98E-11 9.18E-09 

Gad2 3659.98 1.18 0.15 -7.81 5.65E-15 2.21E-12 

Thbs1 919.90 1.18 0.22 -5.44 5.29E-08 5.99E-06 

Dlx1as 1906.76 1.17 0.19 -6.29 3.09E-10 5.87E-08 

Gm5607 538.81 1.17 0.26 -4.53 5.89E-06 0.000361918 

Dlx1 1597.18 1.16 0.18 -6.35 2.21E-10 4.46E-08 

Sp9 683.40 1.16 0.24 -4.81 1.50E-06 0.000115432 

Col5a2 854.98 1.15 0.24 -4.74 2.18E-06 0.000159158 

Tox2 1763.43 1.15 0.18 -6.52 6.91E-11 1.51E-08 

Lama4 253.57 1.15 0.28 -4.06 4.81E-05 0.002154278 

Sorl1 1750.45 1.15 0.18 -6.21 5.20E-10 9.45E-08 

Gad1 12544.07 1.14 0.12 -9.12 7.20E-20 5.16E-17 

Sez6 14235.09 1.13 0.15 -7.73 1.06E-14 3.92E-12 

Adarb2 1978.04 1.12 0.20 -5.57 2.49E-08 3.21E-06 

Bend4 1185.95 1.12 0.20 -5.75 9.15E-09 1.27E-06 

Lhx6 6091.52 1.12 0.14 -8.13 4.16E-16 2.06E-13 

Gsn 543.88 1.11 0.24 -4.60 4.28E-06 0.000278917 

Sox1 1526.84 1.09 0.19 -5.74 9.34E-09 1.28E-06 

Grik1 1266.82 1.08 0.20 -5.38 7.27E-08 7.95E-06 

Fam222a 405.37 1.08 0.27 -4.03 5.54E-05 0.002414191 

Plxna2 21912.03 1.06 0.14 -7.52 5.34E-14 1.86E-11 

Col11a2 1094.09 1.05 0.21 -4.96 6.97E-07 5.92E-05 

Slc32a1 1645.85 1.04 0.18 -5.78 7.37E-09 1.06E-06 

Dlx5 1124.41 1.04 0.20 -5.12 3.05E-07 2.88E-05 

Acan 648.63 1.03 0.25 -4.10 4.07E-05 0.001870094 

Ephb1 1304.86 1.03 0.19 -5.32 1.06E-07 1.08E-05 

Synpr 284.81 1.02 0.28 -3.67 0.000244342 0.007700865 

Zfp804a 1882.81 1.02 0.19 -5.36 8.29E-08 8.84E-06 

Nid2 607.40 1.01 0.25 -3.98 6.81E-05 0.002889772 

Dock5 107.90 1.01 0.28 -3.56 0.000368511 0.010565613 

Ptgds 332.15 1.01 0.27 -3.79 0.000151228 0.005345602 

Agtr2 94.49 1.01 0.26 -3.88 0.000106448 0.004099689 
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Table S3.3 76 top downregulated genes with fold change <0.5 (i.e., log2FC<-1.0) and 

p<0.001 in E16.5 neurospheres 

GeneSymbol Base mean log2(FC) StdErr Wald-Stats p-value p-adjust 

Slc16a3 266.42 -3.33 0.28 11.80 4.06E-32 5.82E-29 

Mt2 1085.23 -2.46 0.22 11.04 2.49E-28 2.92E-25 

Dio2 960.42 -2.02 0.23 8.81 1.30E-18 8.39E-16 

Mt1 1579.12 -1.97 0.24 8.09 6.03E-16 2.88E-13 

Bnip3 839.52 -1.79 0.22 8.16 3.37E-16 1.74E-13 

Slc2a1 1527.65 -1.74 0.19 9.19 3.98E-20 3.02E-17 

Cav1 813.44 -1.68 0.24 7.07 1.60E-12 4.30E-10 

Dgkk 711.48 -1.67 0.23 7.14 9.58E-13 2.63E-10 

Egln3 503.56 -1.67 0.24 6.81 9.85E-12 2.35E-09 

P4ha2 308.71 -1.65 0.27 6.03 1.63E-09 2.60E-07 

Ndufa4l2 108.14 -1.64 0.28 5.88 4.20E-09 6.23E-07 

Hmox1 2923.72 -1.63 0.17 9.46 3.08E-21 2.48E-18 

Ramp1 457.82 -1.53 0.26 5.89 3.76E-09 5.70E-07 

Car9 88.64 -1.53 0.27 5.56 2.63E-08 3.33E-06 

Gpi1 24383.69 -1.48 0.12 12.41 2.41E-35 4.44E-32 

Pdk1 1416.13 -1.47 0.19 7.77 7.97E-15 3.02E-12 

Grin2c 425.58 -1.47 0.26 5.56 2.75E-08 3.41E-06 

Ldha 9453.70 -1.46 0.14 10.32 5.54E-25 5.95E-22 

Fbln2 4435.15 -1.44 0.16 8.85 8.62E-19 5.85E-16 

Ldb2 1650.97 -1.44 0.18 7.89 2.98E-15 1.24E-12 

F2rl2 297.52 -1.44 0.27 5.32 1.07E-07 1.08E-05 

Ero1l 3079.17 -1.40 0.17 7.99 1.30E-15 5.79E-13 

Lipg 181.20 -1.38 0.29 4.81 1.49E-06 0.000115 

Sparcl1 7092.27 -1.36 0.14 9.68 3.52E-22 3.03E-19 

Fam162a 642.78 -1.36 0.25 5.35 8.86E-08 9.29E-06 

Usp43 368.62 -1.35 0.28 4.85 1.24E-06 9.78E-05 

Ptpru 732.79 -1.34 0.23 5.85 5.06E-09 7.43E-07 

Sidt1 131.64 -1.34 0.29 4.67 2.96E-06 0.000205 

Pcdh20 439.62 -1.33 0.25 5.26 1.48E-07 1.48E-05 

Hk2 700.04 -1.33 0.24 5.53 3.20E-08 3.93E-06 

Pgm2 1386.23 -1.32 0.19 6.86 6.66E-12 1.68E-09 

Ccbe1 708.96 -1.32 0.23 5.78 7.61E-09 1.08E-06 

Slc38a3 1632.07 -1.32 0.18 7.27 3.54E-13 1.09E-10 

Id1 316.06 -1.31 0.28 4.68 2.91E-06 0.000203 

Rgs6 283.12 -1.29 0.28 4.58 4.69E-06 0.000302 

Necab1 1869.56 -1.29 0.20 6.40 1.51E-10 3.14E-08 

P4ha1 1521.48 -1.26 0.19 6.52 7.11E-11 1.53E-08 

Ephx1 2229.93 -1.24 0.22 5.76 8.46E-09 1.19E-06 

Bhlhe40 1342.71 -1.21 0.20 6.12 9.24E-10 1.59E-07 

Slc1a3 23062.92 -1.21 0.12 10.12 4.41E-24 4.07E-21 

Rasl11a 336.29 -1.20 0.27 4.49 7.11E-06 0.000427 



 114 

Lrfn5 741.08 -1.20 0.22 5.42 6.11E-08 6.79E-06 

Mfge8 5595.41 -1.19 0.17 7.01 2.33E-12 6.13E-10 

Rspo2 233.40 -1.19 0.29 4.16 3.12E-05 0.001515 

3110035E14Rik 643.57 -1.18 0.25 4.62 3.92E-06 0.000261 

Id3 665.51 -1.16 0.23 5.04 4.64E-07 4.07E-05 

Ndrg1 2964.02 -1.16 0.18 6.32 2.67E-10 5.13E-08 

Tpi1 5674.19 -1.16 0.16 7.30 2.93E-13 9.21E-11 

Ntsr1 1452.35 -1.16 0.19 6.24 4.29E-10 7.91E-08 

Galk1 370.34 -1.15 0.26 4.42 1.01E-05 0.000567 

Slc16a1 744.15 -1.14 0.26 4.37 1.23E-05 0.000676 

Ppp1r3c 873.17 -1.14 0.23 5.06 4.14E-07 3.69E-05 

Aox1 251.59 -1.14 0.28 4.12 3.80E-05 0.001777 

Nusap1 832.96 -1.13 0.23 4.91 9.18E-07 7.55E-05 

Inhbb 479.88 -1.12 0.25 4.55 5.40E-06 0.000341 

Rlbp1 1382.92 -1.11 0.19 5.71 1.13E-08 1.53E-06 

Emp2 785.36 -1.10 0.24 4.62 3.87E-06 0.000259 

Igfbp2 8149.82 -1.10 0.13 8.21 2.24E-16 1.26E-13 

Cpne7 993.47 -1.09 0.24 4.54 5.58E-06 0.000348 

Cth 185.59 -1.08 0.29 3.76 0.000169 0.005783 

Tubb6 1319.01 -1.07 0.23 4.74 2.11E-06 0.000155 

Grm2 792.76 -1.07 0.22 4.83 1.39E-06 0.000108 

Kif18a 483.24 -1.06 0.27 3.91 9.23E-05 0.003697 

Itga6 2248.11 -1.06 0.17 6.32 2.57E-10 5.03E-08 

Thy1 3429.66 -1.06 0.16 6.79 1.14E-11 2.67E-09 

Htr1a 105.71 -1.05 0.28 3.70 0.000214 0.006978 

Gen1 148.36 -1.05 0.29 3.66 0.000252 0.007891 

Vegfa 10233.43 -1.05 0.13 7.86 3.91E-15 1.57E-12 

Klf10 1749.83 -1.04 0.19 5.50 3.72E-08 4.45E-06 

Ctsc 1116.52 -1.03 0.23 4.52 6.07E-06 0.000371 

E130114P18Rik 377.04 -1.03 0.26 3.97 7.33E-05 0.003063 

Pgk1 5239.95 -1.03 0.14 7.15 8.73E-13 2.45E-10 

Kbtbd11 1282.26 -1.02 0.21 4.98 6.40E-07 5.51E-05 

Eya1 356.91 -1.01 0.28 3.68 0.000234 0.007422 

Ccnd2 18189.63 -1.01 0.13 7.90 2.78E-15 1.19E-12 

Cap2 890.96 -1.00 0.22 4.63 3.65E-06 0.000245 
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Figure 3.1. Cerebrum-specific loss of Hdac3 causes severe defects in the neocortex, 

hippocampus and corpus callosum.  

(a) Survival curves for control and homozygous mutant mice (n=40 and 38 for the control and 

cKO groups, respectively). (b) Growth curves for wild-type (WT), heterozygous (HET) and 

homozygous cerebrum-specific knockout (cKO) mice (n=12, 8 and 7 for the wild-type, 

heterozygous and cKO groups, respectively). cKO was compared with WT for statistical 

analysis. ns, not statistically significant; **, p<0.01; ***, p<0.001. (c, d) Brain weight and 

brain/body weight ratio at P3, P7, P17 and P23 (n>= 3 for all groups). (e) Western blotting 

showing efficient deletion of Hdac3 in the cerebral cortex of mutant pups at P4. (f) 

Representative brain images of the wild-type and cKO mice at P19. Red arrowheads denote 

cysts in the cKO brain. In the wild-type, an asterisk denotes damage caused during dissection. 

Scale bar, 2 mm. (g,i) Representative images for Nissl staining of WT and cKO brain sections 

from pups at P19 (g) and P7 (i). Red arrowheads denote the underdeveloped mutant hippocampi. 

A red asterisk denotes the region corresponding to the cyst observed in (f). Scale bar, 1 mm. 

(h,j) Enlarged images of the hippocampal regions of brain sections shown in (g,i). Scale bar, 1 

mm. (k) Nissl staining of brain sections indicated that the ventricular/subventricular zone 

almost disappears in the P0 mutant cerebrum. Red asterisk denotes the 

ventricular/subventricular zone in the wild-type. Scale bar, 1 mm. (l) Enlarged images of the 

hippocampal regions of brain sections shown in (k). (m) Representative images showing 

agenesis of the mutant corpus callosum at P0. Red arrowheads denote the boundary of the 

corpus callosum in the WT cerebral cortex. Scale bar, 1 mm. Abbreviations: CA1, Cornu 

Ammonis 1; CA2, Cornu Ammonis 2; CA3, Cornu Ammonis 3; Cb, cerebellum; CC, corpus 

callosum; CP, cortical plate; DG, dentate gyrus; Hp, hippocampus; IZ, intermediate zone; LV, 

lateral ventricle; MB, middle brain; MZ, marginal zone; NCt, neocortex; SP, subplate; SVZ, 

subventricular zone; VZ, subventricular zone. 
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Figure 3.2. Cerebrum-specific Hdac3 deletion compresses the NSC compartment.  

(a,b) Immunostaining analysis with an anti-Sox2 antibody showed almost complete 

disappearance of Sox2+ cells in the VZ of the mutant cerebral cortex at P0 (n=4 for both the 

wild-type and mutant). Scale bar, 500 μm for the left panels; 100 μm for the middle and right 

panels. (c,d) Immunostaining analysis revealed reduction of Sox2+ cells in the VZ of mutant 

cerebral cortex at E16.5 (n=4 for both the wild-type and mutant). Scale bar, 500 μm for the left 

panels; 100 μm for the middle and right panels. Red arrowheads denote a thinner layer of the 

hippocampal neuroepithelium in the mutant. (e) Immunostaining analysis to compare the wild-

type and mutant Sox2+ cells at E12.5. Scale bar, 500 μm for left panel, 100 μm for right panel. 

(f) Thickness of the Sox2+ layer at the VZ is comparable between control and cKO cerebral 

cortex at E12.5 (n=3 for both the wild-type and mutant). Red asterisk denotes the ectopic 

distribution of Sox2+ cells. Abbreviations: Hf, hippocampal fissure; HNE, hippocampal 

neuroepithelium; Pri-Hp, primordial hippocampus. Other abbreviations are listed in the legend 

to Fig. 3.1. ns, not statistically significant; ***, p<0.001; ****, p<0.0001.  
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Figure 3.3. Cerebral Hdac3 inactivation depletes the Tbr2+ neuronal progenitor 

population.  

(a) Immunostaining analysis with an anti-Tbr2 antibody to detect Tbr2+ progenitors in brain 

sections from wild-type and mutant neonates. Scale bar, 500 μm for left panels; 100 μm for 

middle or right panels. Red asterisks denote the ectopic distribution of Tbr2+ progenitors. (b) 

Quantification of Tbr2+ progenitors from sections as shown in (a) (n=4). (c) Same as in (a) 

except that E16.5 embryonic sections were analyzed. Scale bar 500 μm for left panel, 100 μm 

for middle or right panels. Red asterisks denote the ectopic distribution of Tbr2+ progenitors. 

Dotted lines denote the boundary of the hippocampus and neocortex. (d) Quantification of 

Tbr2+ progenitors from sections as shown in (c) (n=4). (e) Same as (a) except that E14.5 

embryonic sections were analyzed. (f) Quantification of Tbr2+ progenitors from sections as 

shown in (e). The number of Tbr2+ progenitor cells is comparable at E12.5 (n=3) are 

significantly reduced at E14.5 and E16.5 (n=4). **, p<0.01. 
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Figure 3.4. Cerebral Hdac3 loss causes DNA damage and massive apoptosis. 

(a) Immunostaining of wild-type and mutant neonatal brain sections with an anti-γH2A.X 

antibody. Scale bar, 500 μm for the left panels; 100 μm for the middle and right panels. (b) 

Quantification of sections shown in (a) showing that there are dramatically more γH2A.X+ 

cells in the mutant cerebral cortex than the wild-type (n=3). (c) Quantification of sections as in 

(b) except that E12.5 embryonic sections were analyzed (n=3). (d) TUNEL staining in control 

and cKO neonatal brain sections. Scale bar, 500 μm for left panel, 100 μm for middle and right 

panels. (e) Quantification of TUNEL-positive cells in neonatal brain sections as shown in (d). 

(f) TUNEL staining in control and cKO embryonic sections at E14.5. For (d,f), Scale bar, 500 

μm for left panel, 100 μm for middle and right panels. (g) Quantification of TUNEL-positive 

cells in neonatal brain sections as shown in (f). *, p<0.05, **, p<0.01.
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Figure 3.5. HDAC3 is essential for neurosphere formation in vitro.  

(a) Normal round morphology of the mutant neurospheres at day 4. The suspended single cells 

from wild-type and cKO cerebral cortices were cultured in the complete NSC medium. In the 

first 4 days, the morphology of Hdac3-deficient neurospheres was similar to that of the wild-

type counterparts. Scale bar, 100 μm. (b) Photos of wild-type and mutant neurospheres at day 

6 and day 9. (c) Quantification of neurospheres formed from 2x105 single cells prepared from 

the E16.5 wild-type or mutant cerebral cortex (n=3). (c) Numbers of neurospheres formed from 

20,000 single cells originated from E16.5 primary neurospheres. (d) Diameter of neurospheres 

grown for 4 days from the cerebral cortices of control and mutant embryos at E16.5 (>50 

neuropheres were measured for each group). (e) Total cell number in neurospheres from the 

wild-type, heterozygous and homozygous mutant cerebral cortices. n=5, 2 and 3 for the wild-

type, heterozygotes and homozygous mutant cerebral cortices, respectively. (f) Morphology of 

E18.5 primary neurospheres at day 4 and day 7. The wild-type neuropheres were round sphere 

while the mutant ones were irregular. (g) Immunofluorescence staining of E18.5 neurospheres 

with an antibody against Sox2 and counterstained with DAPI. (h) Quantification of 

neurospheres formed from 2x105 single cells prepared from the E18.5 wild-type or mutant 

primary neurospheres (n=3). (i) Treatment of E18.5 wild-type neurospheres using the selective 

HDAC3 inhibitor RGFP966 at concentrations of 0, 0.08 and 0.8 μM. The IC50 value of this 

inhibitor is 0.08 μM (410). The HDAC3 inhibitor was added to the initial culture medium for 

single cells prepared from cerebral cortices. ns, not statistically significant; **, p<0.01; ***, 

p<0.001; ****, p<0.0001. Scale bar, 100 μm. (j) Western blotting analysis of proteins extracts 

from wild-type neurospheres treated with RGFP966 at concentration of 0, 0,08 and 0.8 μM. 

Anti-histone H3 and two acetylation-specific antibodies were used to detect changes of 

acetylation. 
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Figure 3.6. Hdac3 deletion alters epigenetic marks differently in the cerebral cortex and 

neurospheres.  

(a) Western blotting analysis of proteins extracts from cerebral cortices of the control and 

mutant pups at P4. Modification-specific antibodies were used to detect changes of histone 

acetylation and methylation. As shown in Fig. 3.1e, HDAC3 was efficiently deleted (compare 

the two panels at the bottom left here). Notably, the deletion led to histone hyperacetylation 

and hypomethylation at multiple sites. (b) Same as (a) except that proteins extracts from 

neurospheres cultured from the control and mutant cerebral cortices of embryos at E16.5. (c) 

Hdac3 deletion altered transcription of multiple genes related to NSPC and lineage cell 

development in neonatal (P0) cerebral cortex. Illustrated are FPKM values of genes related to 

NPSC and lineage cell development, and other potential genes in brain development. The 

values were from RNA-Seq analysis of the wild-type and mutant neonatal cerebral cortices. (d) 

Hdac3 loss deregulated transcription of multiple genes related to neurogenesis in neurospheres. 

Illustrated are FPKM values of pro- and anti-neurogenesis genes, and some other genes related 

to NSCs function. The values were from RNA-Seq analyses of neurospheres cultured for 4 

days in vitro from the wild-type and mutant embryos at E16.5. (e) A model explaining how 

multiple DNA-binding transcription factors recruit HDAC3 and its associated subunits for 

genomic loci-specific deacetylation during NSPC and cerebral development. TF, DNA-binding 

transcription factor. 
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Figure S3.1. High-level expression of Hdac3 in the developing cerebrum and efficient 

inactivation of the gene in the mutant embryos and mice.  

(a,b) Immunostaining with an anti-HDAC3 antibody in the wild-type (a) and mutant (b) 

neonatal brain sections. Enlarged images of the neocortices and hippocampi are shown at the 

right. Scale bars, 500 μm for the left panel, and 100 μm for the middle and right panels. (c,d) 

Immunostaining for HDAC3 in the wild-type (c) and mutant (d) brain sections from E16.5 

embryos. Enlarged images of the neocortices and hippocampi are shown at the right. Scale bar, 

500 μm for the left panel and 100 μm for the middle and right panels. (e,f) Immunostaining to 

detect HDAC3 in the wild-type (c) and mutant (d) E12.5 embryonic sections. Enlarged images 

of the neuroepithelia are shown at the right. Scale bars, 500 μm for the left panel and 100 μm 

for the right panels. (g) FPKM values for Hdac3 mRNA in the wild-type cerebral cortex at P0 

and the wild-type NSPCs cultured from E16.5 embryos. (h) DAPI staining of E16.5 embryonic 

sections uncovered compression of VZ/SVZ and disorganization of the cerebral cortex in the 

mutant. Scale bars, 500 μm for the left panel and 100 μm for the right panels. (i) Quantification 

of the HDAC3 levels in the wild-type and mutant cerebral cortices. The immunoblotting results 

shown in Fig. 3.1e were subject to quantification by imaging analysis, and the average values 

are shown here. Abbreviations are listed in the legend to Fig. 3.1. 
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Figure S3.2. Anxiety and hyperactivity in cerebrum-specific Hdac3 knockouts revealed 

by open field tests.  

(a) Time spent at the center of the test arena was significantly reduced in the mutant mice (n=6 

for both the wild-type and mutant). (b) Total distance that the mutant mice travelled during the 

open field tests was significantly increased. (c) Representative trajectory maps for the control 

and cKO mice at P22. Red boxes indicate open field arenas (40 cm x 40 cm), and the green 

boxes denote centers of the arenas (20 cm x 20 cm).  
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Figure S3.3. Defective neocortical lamination and hippocampal development in the 

Hdac3-deficient brain.  

(a) Co-immunostaining of wild-type and mutant neonatal brain sections with anti-Cux1 and -

Ctip2 antibodies. In the neonatal neocortex, the antibodies label the Cux1+ (labels SVZ and 

layers II-IV of adult neocortex (411)) and Ctip2+ (labels layers V-VI of adult neocortex (412)) 

layers. A red asterisk denotes a disorganized Ctip2+ layer in the mutant. (b) Co-immunostaining 

of wild-type and mutant neonatal brain sections with anti-Tbr1 and -Cux2 antibodies. In the 

neonatal neocortex, the antibodies label the Tbr1+ (labels layer VI in adult neocortex (413)) 

and Cux2+ (labels layers II-IV of adult neocortex (411)) layers. A red asterisk denotes the 

ectopic distribution of Tbr1+ cells. Scale bar, 500 μm for left panels, 100 μm for the rest panels. 

(c,d) Same as (a,b) except E16.5 wild-type and mutant embryonic sections were compared. 

(e,f) Same as (a,b) except P7 wild-type and mutant brain sections were compared. 

Abbreviations are listed in the legend to Fig. 3.1. 
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Figure S3.4. Immunostaining to detect NeuroD and GFAP in wild-type and mutant 

hippocampi. 

(a) Immunofluorescence microscopic analysis of neonatal brain sections with an anti-NeuroD 

antibody. For the analysis, brains sections were prepared from one-week old wild-type and 

mutant pups. Only the hippocampal areas are shown here. The images illustrate disorganization 

of NeuroD+ neurons in the mutant hippocampus and low expression of NeuroD in these neurons. 

(b) Same as (a) except that P7 brain sections were analyzed. (c,d) Same as (a,b) except that an 

anti-GFAP antibody was used. Scale bar, 300 μm for a and c; 100 μm for b and d. Abbreviations 

are listed in the legend to Fig. 3.1.
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Figure S3.5. Detection of Tbr2+ progenitor populations in one-week pups and E12.5 

embryos.  

(a) Immunostaining of brain sections with an anti-Tbr2 antibody. Brains sections were prepared 

from E12.5 wild-type and mutant embryos. Scale bars: 500 μm for the left panels and 100 μm 

for the middle or right panels. Dotted lines mark boundaries of the neuroepithelia. (b) 

Quantification of Tbr2+ progenitors. n=3; ns, not statistically significant. (c) same as (a) except 

that P7 brain sections were analyzed. Only the hippocampal areas are shown here. The images 

illustrate few Tbr2+ progenitors in the mutant hippocampus. Scale bar, 500 μm.   
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Figure S3.6. Hdac3 deletion triggers premature neurogenesis in the developing neocortex.  

(a) Immunostaining of wild-type and mutant embryonic sections with an anti-Tuj1 antibody. 

Embryos were collected at E13.5. Only an enlarged area of the neuroepithelium is shown here 

for the wild-type or mutant embryonic section. Dotted lines mark boundaries of the Tuj1+ layer. 

(b) Quantification of thickness of entire neocortex and Tuj1+ layer on sections as shown in (a). 

(c,d) same as (a,b) except that E15.5 embryonic sections were analyzed. (e,f) same as (a,b) 

except that E14.5 embryonic sections were analyzed. Green asterisks denote ectopic 

distribution of Tuj1+ cells and compression of the ventricular/subventricular zone. Scale bars, 

100 μm; n=3; ns, not statistically significant; *, p<0.05; **, p<0.01. 
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Figure S3.7. Normal proliferation in the Hdac3-deficient neocortex.  

(a) BrdU was injected into pregnant mice at E12.5 for embryo retrieval 1 h later. Embryonic 

sections were double- stained with anti-BrdU and -Ki67 antibodies. Only an enlarged area of 

the neocortex is shown here for the wild-type or mutant embryonic section. Scale bar, 100 μm. 

(b) Quantification of BrdU+ or Ki67+ cells on embryonic sections prepared as in (a). n=3 for 

the wild-type or mutant embryo. ns, not statistically significant. (c,d) Same as (a,b) except 

BrdU was injected into pregnant mice at E13.5. 
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Figure S3.8. Hdac3 deletion alters neuronal migration and induces premature cell cycle 

exit.  

(a,b) BrdU was injected into E12.5 (a) or E14.5 (b) pregnant mice for embryo retrieval 24 h 

later. Embryonic sections were double stained with anti-BrdU and -Ki67 antibodies. Only an 

enlarged area of the neocortex is shown here for the wild-type or mutant embryonic section. 

BrdU+Ki67- cells indicate cells that already exit from the cell cycle. There are significantly 

more BrdU+Ki67- cells in the mutant ventricular zone at E13.5 (a) and E15.5 (b). Scale bar, 

100 μm. (c,d) BrdU was injected into E12.5 and E14.5 pregnant mice for embryos collection 

and brain dissection at E16.5. The brain sections were double stained with anti-BrdU and -Ki67 

antibodies. Only an enlarged area of the developing neocortex is shown here for the wild-type 

or mutant brain section. Scale bar, 100 μm. 
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Figure S3.9. Global histone modifications in the mutant cerebral cortex.  

(a) Immunostaining of wild-type and mutant brain sections with an anti-H3K9me3 antibody. 

The sections were prepared from pups at P23. The enlarged area shown was taken from the 

cortical plate. The H3K9me3 levels was similar between the wild-type and mutant cerebral 

cortices. (b) Same as (a) except that double immunostaining with both anti-HDAC3 and -

H3K27me3 antibodies was carried out. The enlarged area shown was taken from the cortical 

plate. The H3K27me3 level decreased in the mutant cerebral cortex. Red arrowheads denote 

weak H3K27me3 signals in the mutant cerebral cortex. Scale bar, 10 μm. 
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Figure S3.10. Altered transcription of multiple genes in the mutant cerebrum and 

neurospheres.  

(a,b) FPKM values for cell cycle inhibitors and related genes in the wild-type and Hdac3-

deficient neonatal cerebral cortex and neurospheres. (c,d) FPKM values for Ncor, Smrt, Gps2, 

and Tbl1x in the wild-type and Hdac3-deficient neonatal cerebral cortex and neurospheres. (e,f) 

FPKM values for genes for different lysine acetyltransferases (KATs) and HDACs in the 

Hdac3-deficient neonatal cerebral cortex and neurospheres. The FPKM values for Hdac3 

transcripts were significantly (e) or almost significantly (f) reduced (p=0.05), but the values for 

the excised two exons in the mutant was much more dramatically reduced in the mutant from 

RNA-Seq analysis (data not shown). In agreement with this, RT-PCR with primers to these two 

exons confirmed Hdac3 is efficiently deleted in the mutant (Fig. S3.1i). Moreover, Western 

blotting (Fig. 3.1e) and immunostaining using the anti-HDAC3 antibody (Fig. S3.1a-e) 

indicated that Hdac3 is efficiently deleted in the mutant starting at E12.5. 
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Figure S3.11. Interaction of HDAC3 with multiple DNA-binding transcription factors 

highly expressed in the developing brain.  

(a,b) FPKM values of Rp58, Coup-tfi, Nfib, Nfic, Sox4, Mef2a, Mef2c, Mef2d, Rev-erba, Rev-

erbb and Mecp2 in the wild-type or Hdac3-deficient neonatal cerebral cortex or E16.5 

neurospheres. (c) Immunostaining of E16.5 wild-type and mutant embryonic brain sections 

with an anti-NFIB antibody. The results indicate that NFIB is highly expressed in the cerebrum 

at E16.5 and Hdac3 deletion does not affect NFIB expression. Abbreviations: CP, cortical plate; 

HP, hippocampus; GE, ganglionic eminence; SVZ/VZ, subventricular zone/ventricular zone. 

(d) Schematic illustration of NFIB and its truncation mutant. NFIB has a conserved DNA-

binding domain in the N-terminal part. The truncation mutant contains this domain, which is 

conserved among different members of the NFI family of transcription factors. (e) Co-

immunoprecipitation to assess the interaction of HDAC3 with NFIB, its N-terminal fragment 

(NFIBΔ), NFIC, SOX4, C/EBPγ and RP58. HDAC3 was transiently expressed a FLAG-tagged 

fusion protein whereas the potential partners were expressed as HA-tagged fusion proteins in 

HEK293 cells. Soluble extracts were prepared for co-immunoprecipitation on agarose 

conjugated with an anti-FLAG monoclonal antibody and after extensive washing, bound 

proteins were eluted with the FLAG peptide for immunoblotting with anti-FLAG and -HA 

antibodies as specified. Lane 1 is a negative control, for which HA-tagged NFIB was expressed 

without FLAG-HDAC3. (f-j) HDAC3 was transiently expressed as the FLAG fusion protein 

in HEK293 cells for co-immunoprecipitation with endogenous proteins of COUP-TFI, NFIB, 

and RP58, detected by their respective antibodies. Lanes 2 were negative controls, for which 

an empty expression vector was transfected into HEK293 cells. 
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Bridging Text between Chapters III and IV 

In the previous chapter, we showed that HDAC3 regulates mouse cerebral development, 

so we then asked how the gene might be related to human brain development and whether the 

gene is mutated in neurodevelopmental disorders. By collaborating with clinical doctors, we 

identified 4 patients, who carry heterozygous de novo HDAC3 mutations and display 

developmental delay, microcephaly, intellectual disability, and epilepsy. Based on these results 

and also those in Chapter III, we propose that the patient-derived mutations affect the human 

brain development by impairing the enzymatic activity of HDAC3. Thus, in Chapter IV, I will 

describe results of in vitro assays to investigate whether and how these mutations affect 

HDAC3 properties.
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4.1 ABSTRACT 

HDAC3 is a histone deacetylase important for cellular functions as well as tissue 

development. Molecularly, HDAC3 forms tetrameric complexes with NCoR/SMRT, GPS2 and 

TBL1 to repress transcription. In the previous chapter, we have shown that mouse HDAC3 is 

essential for early brain development via regulation of neural stem and progenitor cells, but the 

role of HDAC3 in human developmental disease is unknown. Here, we report 4 clinical cases 

of heterozygous de novo HDAC3 mutations that link the deacetylase to a new 

neurodevelopmental disorder. These patients show developmental delay, epilepsy, 

microcephaly and intellectual disability. Using patient-derived HDAC3 mutations, we 

demonstrate that the complex formation of HDAC3 with SMRT, GPS2 and TABL1Y is not 

affected. However, the enzymatic activity of HDAC3 variants with such mutations is 

compromised. These results indicate that the 4 mutations inactivate HDAC3, thus shedding 

light on the pathology of the new neurodevelopmental disorder. 

4.2 INTRODUCTION 

Developmental delay and brain disorders constitute a large proportion of defects in 

newborns (414). Most of these brain developmental disorders are genetic diseases due to gene 

variations that either are inherited from parents or arise during early stage of gestation (415). 

As unprecedented progress is made in the genome editing technology, correcting these 

diseases-causing mutations has become possible. Several cases have already been carried out 

in correcting mutations in the oocytes or sperms of humans (416). Identification of rare 

mutations in developmental diseases is accelerated due to great advances in the next-generation 

sequencing techniques. For individuals with developmental diseases, exome sequencing 

provides a cheap and efficient way to identify the possible disease-causing genes. 

We have shown that mouse HDAC3 is important in regulating cerebral cortex 

development through neural stem cells (see Chapter III). However, the role of HDAC3 in 

human brains is unclear, with only one report showing a patient with neonatal epileptic 

encephalopathy bearing an HDAC3 mutation (417). To identify a possible role of HDAC3 in 

the human developmental disorders, we collaborated with clinical doctors who through exome 

sequencing have identified 4 cases of HDAC3 mutations linked to a new brain developmental 
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disorder. The patients show developmental delay, microcephaly, epilepsy and intellectual 

disability. 

We used in vitro assays to investigate whether and how these patient-derived mutations 

affect HDAC3 properties. For this, we constructed FLAG-tagged HDAC3 expression plasmids 

carrying these mutations, as well as HA-tagged SMRT, GPS2 and TBL1Y expression plasmids, 

for expression and affinity purification of the wild-type and mutant HDAC3 complexes. In 

vitro reconstitution assays showed that the patient-derived HDAC3 mutations do not affect the 

SMRT tetrameric complex formation, while HDAC activity assays revealed that such 

mutations compromise the enzymatic activity of HDAC3. This study provides the first 

evidence to link HDAC3 mutations to a new brain developmental disorder and thus sheds light 

on the pathogenicity of these mutations. 

4.3 RESULTS 

Identification of 4 HDAC3 mutations linked to a new brain developmental disorder 

Through exome-sequencing, 4 heterozygous HDAC3 mutations were identified in 4 

patients showing developmental delay, intellectual disability, microcephaly and epilepsy. These 

HDAC3 mutations were in the deacetylase domain of HDAC3 (Fig. 4.1), which is essential not 

only for the enzymatic activity of HDAC3 but also for binding to the SANT domain of 

SMRT/NCoR (418, 419). We thus hypothesized that these mutations either affect the SMRT 

complex formation and/or affect the enzymatic activity of HDAC3. 

Patient-derived HDAC3 mutations do not affect the SMRT complex formation in vitro, 

but compromise the enzymatic activity of HDAC3 toward H3K14ac 

To test how these HDAC3 mutations might affect HDAC3 properties, we investigated how 

the NCoR/SMRT complex might be affected. For this, we constructed FLAG-tagged plasmids 

expressing either wild-type HDAC3 or HDAC3 bearing patient-derived mutations, and HA-

tagged plasmids expressing SMRT, GPS2 and TBL1Y. The plasmids were transfected into 

HEK293 cells, and the cells were collected 48 h later and lysed with a lysis buffer, followed by 

immunoprecipitation with M2 beads. Western blotting demonstrated that the complex 
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formation was not affected (Fig. 4.2), indicating these patient-derived HDAC3 mutations do 

not have an significant impact on the SMRT tetrameric complex formation. 

Since the 4 identified mutations are in the HDAC domain, which is essential for HDAC3 

activity. We asked whether the enzymatic activity of these HDAC3 variants is affected. To 

confirm this, we carried out HDAC activity assay using the purified tetrameric complexes 

which contain either wild-type or mutated HDAC3 (the 4th patient was identified later and thus 

not included in our assay yet). Compared with wild-type HDAC3, which shows strong 

enzymatic activity toward H3K14ac (Fig. 4.3, lane 2), patient 1 (p.Arg359His) and patient 3 

(p.Arg301Gln) almost totally lose their HDAC3 enzymatic activity toward H3K14ac (Fig. 4.3, 

lanes 3 and 5) as compared with the negative control (Fig. 4.3, lane 1). Patient 2 (p.Leu266Ser) 

partially loses its HDAC3 enzymatic activity (Fig. 4.3 lane 3) compared with wild-type 

HDAC3 (Fig. 4.3, lane 2). In contrast, we didn’t detect any enzymatic activity of HDAC3 

toward H3K23ac, indicating HDAC3 do not have enzymatic activity toward this site in vitro. 

Note that we use a small amount of purified SMRT tetrameric complexes for HDAC activity 

assay, and thus during our detection of HA-tagged proteins, the HA-SMRT (marked by * in 

Fig. 4.3) is not detected due to its big molecular mass (275kDa). However, HA-SMRT is 

detected when using more total proteins and transferred for longer time during western blotting 

(Fig. 4.2). 

4.4 DISCUSSION 

HDAC3 mutations link HDAC3 to a new brain developmental disorder 

Many neurodevelopmental disorders, including developmental delay, epilepsy, autism, 

intellectual disability, microcephaly, ADHD (attention deficient hyperactivity disorder) etc. 

could find their origin in the gene mutations. Many genes relate to neural developmental and 

other brain disorders. Until recently, ~30 chromatin modifiers have been associated with human 

diseases, a lot of which show symptoms such as neurodevelopmental delay, microcephaly and 

intellectual disability. For KATs alone, CREBBP, EP300, KAT6A, KAT6B and ESCO2 have 

been identified in those disorders so far (77-85). For KDACs, only HDAC4 and HDAC8 are 

implicated in human diseases directly (86, 87). Previously, one potential HDAC3 mutation 

(c.902G>A (p.R301Q)) was identified in one patient showing neonatal epileptic 
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encephalopathy (417). However, this case is not conclusive as there is another LPHN1 mutation 

found in this patient as well. Moreover, the pathogenicity of either HDAC3 or LPHN1 mutation 

was not analyzed in the previous study (417). Thus, whether HDAC3 mutations relate to brain 

developmental disorders and other brain disorders remains unclear until the current analysis 

presented herein. 

Here we have analyzed this mutation and identified 3 additional HDAC3 mutations (Fig. 

4.1) that link HDAC3 to a new brain developmental disorder including symptoms of 

developmental delay, microcephaly, intellectual disability and epilepsy or seizures (the clinical 

features of these patients will be included when the paper is submitted for publication). We 

further demonstrated that enzymatic activity of HDAC3 with such mutations is compromised 

toward H3K14ac (Fig. 4.3) while the SMRT complex formation is unaffected (Fig. 4.2). 

H3K14ac is important for cell cycle progression (420, 421), and protein recruitment to the 

chromatin (422). In the mice, we have shown that inhibition of HDAC3 enzymatic activity by 

a selective inhibitor impairs neurosphere formation, indicating an important role for HDAC3 

enzymatic activity in neural stem cell development. The compromised enzymatic activity of 

HDAC3 toward H3K14ac in these patients may be responsible their disease initiation and 

progression. 

We have demonstrated that loss of mouse Hdac3 in the cerebral cortex leads to hypoplasia 

in the neocortex, hippocampus and corpus callosum (Fig. 3.1 with hyperactivity and anxiety 

(Fig. S3.8). We also observed the mutant mice are more prone to irritation (data not shown). 

The 4 patients with HDAC3 mutations show symptoms of epilepsy or seizures, microcephaly 

and developmental delay. Patients with epilepsy frequently show behavioral disturbance 

including hyperactivity and irritability (423), and have a strong correlation with attention 

deficit hyperactivity disorder (ADHD). These common features between Hdac3-deficient mice 

and HDAC3-muated human patients imply that HDAC3 have an important role in regulating 

both mouse and human brain development and brain functions. 

The study reports the first characterization of HDAC3 mutations present in 4 clinical cases 

with a new brain developmental disorder and determined the pathogenicity. The study 

complements the analysis of Hdac3 cerebrum-specific knockout mice and sheds light on how 
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HDAC3 mutations might cause human brain disorders including epilepsy, developmental delay 

and microcephaly. 

4.5 SUBJECTS AND METHODS 

Human subjects 

Families gave consent for studies approved by the CHU Sainte-Justine Institutional 

Review Board or by the institutional review boards of the DDD (Decipher Developmental 

Disorder) Study, or the CAUSES (Clinical Assessment of the Utility of Sequencing and 

Evaluation as a Service) Study. Written informed consent was obtained for all four individuals. 

Exome sequencing 

Clinical exome sequencing for the patients were carried out by clinicians (this part will be 

filled when the paper is ready for publication). 

Plasmids construction 

The plasmids used were as following: Flag-HDAC3 (NM_003883.3), HA-SMRT 

(AF125672.1), HA-GPS2 (NM_004489.4), HA-TBL1Y (NM_033284.1). All these plasmids 

are based pcDNA3.1(+) or pcDNA3.1(-) vectors. 

Western blotting and immunoprecipitation 

An expression plasmid for Flag-tagged HDAC3 (either wild-type or bearing patient-

derived mutations) was transfected into HEK293 cells, together with expression plasmids for 

HA-tagged SMRT, GPS2 and TBL1Y. Transfected HEK293 cells were further cultured for 48 

hours before the cells were washed twice with PBS and soluble protein extracts were collected. 

Affinity purification with anti-FLAG M2 beads were carried out as described somewhere else 

(424). The FLAG-peptide was used for elution of bound proteins on the M2 beads. 

Immunoblotting was carried out with anti-FLAG and -HA antibodies. Band of FLAG-HDAC3 

on films was adjusted to same level to compare whether binding of HDAC3 with the other 

components is affected. 

HDAC3 deacetylase activity assay 
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The eluted proteins were used for histone deacetylation reactions. After deacetylation 

reactions, immunoblotting was carried out to detect histone H3 and its site-specific acetylation 

using anti-histone H3 (Abcam, ab1791), anti-H3K14ac (EMD Millipore, 07-353) and anti-

H3K23ac (EMD Millipore, 07-355) antibodies. 
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Figure 4.1. Four HDAC3 variants identified in 4 patients showing a novel 

neurodevelopmental disorder.  

These 4 mutations are in the deacetylase domain (i.e. residues 3-383) of HDAC3 and may thus 

affect HDAC3 enzymatic activity through binding with the SANT domain of NCoR/SMRT. 

GPS2 and TBL1 (which could also be its paralog TBL1X or TBL1Y) interact with HDAC3 

through NCoR or SMRT. 
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Figure 4.2. Patient-derived HDAC3 mutations do not affect complex formation of HDAC3 

with SMRT, GPS2 and TBL1Y.  

FLAG-tagged HDAC3, either wild-type or bearing patient-derived mutations (p.Arg301Gln, 

p.Arg359His and p.Leu266Ser; the fourth patient was identified a few weeks ago and the 

mutation has not been included in the assay yet) was expressed together with HA-tagged SMRT, 

GPS2 and TBL1Y in HEK293 cells. The tetrameric complex was affinity-purified on anti-

FLAG M2 agarose beads. The levels of Flag-HDAC3, HA-SMRT, -TBL1Y and -GPS2 are 

comparable between wild-type and HDAC3 mutations, indicating that the complex formation 

is not affected. Note that lanes 5 and 6 are from other HDAC3 variants not related to the patients. 

Lane 7 represents a GPS2 variant (p.Glu97Lys) carried by one patient with neurodevelopmental 

abnormalities. 
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Figure 4.3. Patient-derived HDAC3 mutations compromise HDAC3 enzymatic activity 

toward H3K14ac.  

The affinity-purified HDAC3 complexes were used for HDAC activity assay. Briefly, purified 

HDAC3 complexes were incubated with histones for 2 h in a reaction buffer at 37°C, followed 

by Western blotting detecting H3, H3K14ac, and H3K23ac. H3K14ac levels were markedly 

reduced for wild-type HDAC3 (lane 2) compared with negative control (lane 1). However, 

HDAC3 mutations derived from patient 1 (p.Arg359His) and patient 3 (p.Arg301Gln) led to 

total loss of enzymatic activity as the H3K14ac levels were not altered (lanes 3 and 5) compared 

with the negative control (lane 1). HDAC3 mutations derived from patient 2 (p.Leu266Ser) 

show partially loss of enzymatic activity (lane 4) as the H3K14ac level was lower than the 

negative control (lane 1) but higher than wild-type HDAC3 (lane 2). As a comparison, HDAC3 

does not have enzymatic activity toward H3K23ac in vitro (bottom panel).  
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CHAPTER V: Conclusion, general discussion and future direction 

5.1 Lysine acetylation and responsible enzymes in normal and abnormal brain 

development 

Lysine acetylation is important for regulating transcriptional programs as well as many 

other nuclear processes. Here, we present evidence that disturbance of tubulin acetylation and 

histone acetylation leads to abnormal brain development and functions.  

In Chapter II, we concluded that loss of mouse Atat1 and tubulin acetylation leads to 

hypoplasia in the striatum and septum, which causes a mild defect in motor coordination. We 

analyzed multiple cellular processes such as proliferation, apoptosis and autophagy in both the 

mutant brain and MEFs, and found no major abnormalities in these processes. With BrdU 

tracing analysis, we found there were fewer BrdU+ cells in the mutant striatum and septum but 

not in the neocortex, implying defects in neuronal migration into the striatum and septum. We 

also established that Atat1 is not essential for hematopoiesis and has a minor role on MEF 

proliferation. We found that MEFs lacking Atat1 failed to induce tubulin hyperacetylation in 

response to cellular stress. Further, we noticed residual tubulin acetylation in the cilia of trachea 

and oviduct in absence of Atat1, indicating the existence of another tubulin acetyltransferase 

in the trachea and oviduct. 

In Chapter III, we established that loss of Hdac3 impairs embryonic neocortical and 

hippocampal development, along with anxiety and hyperactivity in the resulting pups. Further 

analyses revealed that the developmental defects are due to abnormal development of neural 

stem and progenitor cells (NSPCs). In vitro culture showed that the NSPCs in the Hdac3-

deficient embryonic cortex can form intact neurospheres initially but subsequently the 

neurospheres showed altered morphology and could not be maintained in the culture medium. 

Consistent with this, an HDAC3-selective inhibitor (RGFP966) impaired formation of 

neurospheres from the wild-type embryonic cerebral cortex. We further showed that histone 

marks at multiple sites are perturbed in Hdac3-/- cortices and neurospheres. In agreement with 

this, we uncovered transcriptional deregulation of multiple genes that are related to neural stem 

cell functions. Specifically relate to neurogenesis, we observed increased transcription of 

multiple neurogenesis-promoting genes (such as Dlx1, Dlx2, Dlx5, Dlx6, Sox1, Pbx3, Lhx6, 
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Gad1, Gad2, Cux2, Tbr1, Dcx, Erbb4, NeuroD1 and NeuroD2) and decreased transcription of 

multiple neurogenesis-inhibiting genes (such as Id1, Id3, Hes1, Hes5, Hes6, Notch3, Sox10, 

Ascl1, Fabp7, Tnc and Nes) in the Hdac3-deficient neurospheres. Further, we identified 4 novel 

HDAC3-interacting transcription factors (NFIB, COUP-TFI, RP58 and SOX4) that are highly 

expressed in the wild-type cerebral cortex and NSPCs, implying that HDAC3 and its 

complexes might be recruited by these transcription factors during prenatal cerebral 

development. 

In Chapter IV, we identified 4 HDAC3 mutations that link HDAC3 to a new 

neurodevelopmental disorder, of which the symptoms include developmental delay, 

microcephaly, intellectual disability, and epilepsy. With in vitro assays, we concluded that 

patient-derived HDAC3 mutations compromise HDAC3 enzymatic activity toward H3K14ac 

while the ability to form a protein complex with SMRT, GPS2 and TBL1Y is normal. Thus, we 

identified and linked the HDAC3 mutations to a novel genetic disease that affects brain 

development and functions. 

5.2 HDAC3 regulates NSPC development through a unique transcriptional program 

In Chapter III, we presented evidence showing how HDAC3 regulates transcriptional 

programs in NSPCs at a transcriptome level. We identified a unique transcriptional program in 

which loss of Hdac3 leads to a marked increase in transcriptional expression of genes such as 

Dlx family genes, with decreased expression of genes such as Id and Hes family genes. This 

regulation pattern (i.e., increased transcription for Dlx family genes and decreased transcription 

for Id and Hes family genes) is unique to NSPCs and has not been reported in any previous 

transcriptome studies using Hdac3-deficient cells or tissues. 

Dlx, Id and Hes family genes are well established transcription factors in regulating neural 

stem cell development. Transcription of these family genes are significantly altered in Hdac3-

deficient neurospheres. Transcription of Dlx1, -2, -5 and -6 are significantly increased (2.2, 2.5, 

2.0, 2.8 folds for Dlx1, -2, -5 and -6 respectively) in our Hdac3-deficient neurospheres (Chapter 

III). The other two Dlx genes, Dlx3 and Dlx4 are not expressed in both wild-type and Hdac3-

deficient neurospheres. Dlx family genes are essential in NSPC development by promoting 

differentiation. Overexpression of Dlx2 can rescue neurogenesis defect in Mll1-deficient neural 
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stem cells which remain undifferentiated (425). In the loss of Dlx5, neural stem cells have a 

severely reduced capacity in generating neurons, while forced expression of Dlx5 in Dlx5-

deficient NSCs fully restored their neurogenic potential (426), indicating an essential role for 

DLX5 in promoting neurogenesis.  

In Hdac3-deficient neurospheres, we observed a 4.9-fold decrease of transcription in Id1, 

and a 3.1-fold decrease in Id3, while the rest Id genes are either comparable in transcription 

(1.1-fold decrease for Id2) or not expressed (Id4) in the NSPCs (Chapter III). Inhibitor of 

differentiation (ID) proteins are well known for their roles in inhibiting differentiation. Double 

knockout of Id1 and Id3 in the mice leads to premature neurogenesis (427), consistent with our 

Hdac3-deficient cerebral cortices which show enhanced neurogenesis in the early embryonic 

stage.  

In Hdac3-deficient neurospheres, transcription of Hes1, -5, and -6 decreased by 4.0, 2.7, 

1.6 folds respectively, while the other Hes genes (Hes2, -3, -4, and -7) are not expressed in the 

NSPCs (Chapter III). Hairy and enhancer of split (HES) proteins are essential for NSC niche 

maintenance. Previous studies show that overexpression of Hes1 and Hes5 inhibits neuronal 

differentiation, whereas NSCs absent of Hes1 and Hes5 display premature neurogenesis (428-

432), consistent with our Hdac3-deificient embryonic cerebral cortex showing premature 

neurogenesis. 

In addition to these three clusters of family genes (Dlx, Id and Hes), transcription of the 

other pro-neurogenesis genes (such as Sox1, Pbx, Lhx6, Gad1, Gad2, Cux2, Tbr1, Dcx, Erbb4, 

NeuroD1 and NeuroD2) are significantly increased, while anti-neurogenesis genes (such as 

Notch3, Sox10, Ascl1, Fabp7, Tnc and Nes) are significantly decreased in our Hdac3-deficient 

neurospheres as well (Chapter III). The alteration in multiple neurogenesis-related genes 

reflects how loss of HDAC3 promotes neuronal differentiation in the NSPCs at the protein 

level. 

This unique transcriptional program regulated by HDAC3 indicates that there might be 

transcription factors for recruiting HDAC3 to specific genetic loci in the NSPCs. Indeed, we 

reported here for the first time that several transcription factors, including NFIB, COUP-TFI, 

RP58, and SOX4, are highly expressed in the mouse NSPCs and have a strong binding affinity 

for HDAC3 (Chapter III). The N-terminal conserved part of NFIB (1-200 aa, which contains a 
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MH1 domain) has a very strong binding affinity for HDAC3 as well (Chapter III). NFIC, 

another family member of NFI proteins, is also interacting with HDAC3, though the binding 

affinity is weaker compared with NFIB. 

These HDAC3-interacting transcription factors have well-known roles in neurogenesis and 

in the embryonic brain development. NFI/B (nuclear factor one isoform B) proteins are master 

regulators of cell differentiation (402). NFIB is strongly expressed in the radial glial cells, and 

loss of Nfib in the brain leads to failed generation of outer radial glia and a loss of late basal 

progenitors (433). Neuronal differentiation related genes are misexpressed in the Nfib-/- brains 

shown by RNA-sequencing (433). Coup-tfI and II are transiently co-expressed in the 

ventricular zone of embryonic cerebral cortex. The double knockout of Coup-tfI/II in either 

NSPCs or developing mouse forebrain causes sustained neurogenesis and prolonged generation 

of early-born neurons (403). RP58 controls neuron and astrocyte differentiation by 

downregulating the expression of Id1-4 genes in the developing cortex (434), and favors 

neuronal differentiation and brain growth by coherently repressing multiple proneurogenic 

genes such as Ngn2 and NeuroD1 (435). These 2 studies correlate well with our study showing 

that knockout of HDAC3 in the cerebral cortex significantly downregulates the expression of 

Id1, -3 and increases the expression of both Neurod1, -2 (Ngn2 expression in our neurospheres 

is very low with a FPKM ~1), indicating that RP58 might recruit HDAC3 into promotors to 

regulate Id1, Id3, Neurod1 and Neurod2 expression. SOX4 is also related to cerebral cortex 

development that knockout of Sox4 in the mice leads to an almost total loss of hippocampus 

(436). All these lines of evidence show HDAC3 probably regulates transcription in the neural 

stem and progenitor cells through these transcription factors. 

HDAC3 functions within the NCoR/SMRT complexes (270, 437, 438). Germline deletion 

of Ncor or Smrt shows that both NCoR and SMRT are essential for embryonic brain 

development (311). In our Hdac3-deficient neurospheres, we show the expression of Ncor, 

Smrt, Gps2 or Tbl1x (Tbl1y is expressed only in humans but not in mice) is unaffected (Fig. 

S3.10c,d). Thus, loss of Hdac3 affects neural stem and progenitor cell development through 

transcription factors, rather than altering the expression of Ncor, Smrt, Gps2 or Tbl1x.  

5.3 HDAC3 in cerebral development and neurodevelopmental disorders 
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In Chapter III, we demonstrated for the first time that mouse HDAC3 is critical for 

regulating embryonic cerebral cortex as well as hippocampus development. Previously, by 

using Nes-Cre, it was shown that loss of Hdac3 leads to defective lamination in the neonatal 

neocortex (312). However, the cellular as well as molecular mechanisms were not investigated. 

We showed that in early embryonic stage that HDAC3 affects cerebral cortex development 

through regulation of neural stem cells and uncovered the possible molecular mechanism. 

Especially, this is the first line of evidence showing that loss of Hdac3 disrupts hippocampus 

formation. The hippocampus is associated mainly with learning and memory, especially long-

term memory (439). Several previous studies showed that HDAC3 associates with memory or 

long-term memory (440-442). Our observation implies that loss of Hdac3 perhaps affects 

memory through regulating pre- and postnatal hippocampus development, at least to some 

extent.  

Many developmental abnormalities, including developmental delay, epilepsy, autism, 

intellectual disability, and microcephaly could find their origin in genetic mutations. Previously, 

in a large cohort screen in patients with epilepsy and seizures, one HDAC3 mutation 

[c.902G>A(p.R301Q)] was identified in a patient with neonatal epileptic encephalopathy. 

However, this case is not conclusive as there is another LPHN1 mutation found in this patient. 

Also, the pathogenicity of either HDAC3 or LPHN1 mutation was not analyzed. In Chapter IV 

we analyzed this and three other HDAC3 mutations that link HDAC3 to a new 

neurodevelopmental disorder, and further demonstrated that (only the first 3 patients included, 

as the fourth patient was only identified a few weeks ago and has not been included in our assay 

yet) enzymatic activity of HDAC3 toward H3K14ac with such mutations is compromised, 

while the SMRT complex formation is unaffected. 

Interestingly, loss of Hdac3 in the cerebral cortex leads to hyperactivity and anxiety in the 

mice (Chapter III). We also observed the mutant mice are more prone to irritation. Several cases 

of the patients with HDAC3 mutations also show symptoms of epilepsy or seizures. Patients 

with epilepsy frequently show behavioral disturbance, including hyperactivity and irritability 

(423) and have a strong correlation with attention deficit hyperactivity disorder (ADHD). The 

in vivo study in the mice and in vitro study using patient-derived HDAC3 mutations thus shed 

light on how HDAC3 mutations might cause epilepsy, developmental delay and microcephaly. 
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5.4 Future directions 

In Chapter II, we have shown that MEFs lacking Atat1 fail to respond to cellular stress to 

induce tubulin hyperacetylation, implying that tubulin acetylation may have a role under stress 

or pathological conditions. The function of ATAT1 and tubulin acetylation is rarely studied in 

mice that is maintained other than non-stressful conditions. Thus, dissecting role of ATAT1 and 

tubulin acetylation under special conditions, such as exposure to high salt and challenging with 

lipopolysaccharides, might shed light on the role of tubulin acetylation under stressful 

conditions. Also, it will be important to investigate whether the ATAT1 gene is mutated in 

human diseases. Our results on the mutant mice will serve as guides for identification and 

analysis of such mutations. 

In Chapter III, we have identified a unique transcriptional program regulated by HDAC3 

in the neurospheres which contains neural stem and progenitor cells, and further identified 4 

new transcription factors that might mediate the regulation of this transcriptional program by 

HDAC3. The following three questions are worth further investigation. 1) Of our identified 

transcription factors, which is the main one responsible for recruiting HDAC3? For this, we 

can perform ChIP-qPCR with the anti-HDAC3 antibody using cultured primary neurospheres, 

to further determine which is the principal transcription factor. Alternatively, we will carry out 

ATAC-seq to gain further insights into how HDAC3 is recruited to specific promotors and 

alters chromatin accessibility. 2) Whether does HDAC3 regulate neural stem cells (NSCs) and 

neuronal progenitor cells (NPCs) differently? For this, reprogrammed neural stem and 

progenitor cells, or primary NSCs and NPCs sorted out by FACS, could be subject to RNA-

seq or ChIP-seq, to gain further insights into how HDAC3 regulates transcriptional programs 

differently in NSCs and NPCs. 3) How does HDAC3 interact with the other components of 

NCoR/SMRT complex in neural stem and/or progenitor cells? For this, one approach is to 

utilize conditional knockout mouse lines for NCoR, SMRT and GPS2, to dissect their roles in 

the embryonic cerebral cortex and NSPCs.  

In Chapter IV, we have shown that HDAC3 mutations affect enzymatic activity of HDAC3 

in vitro. To analyze how heterozygous HDAC3 mutations affect the human cells in vivo, we 
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will need to use patient-derived lymphoblastoid cell lines to check how histone acetylation (by 

Western blotting) and the transcriptome (by RNA-seq) are affected.  
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Mice Lacking �-Tubulin Acetyltransferase 1 Are Viable but
Display �-Tubulin Acetylation Deficiency and Dentate Gyrus
Distortion*
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Background: Biological functions of mammalian Atat1 and its contribution to �-tubulin acetylation in vivo remain elusive.
Results: Atat1-null mice are viable but possess deficient �-tubulin acetylation and a bulge in the dentate gyrus.
Conclusion:Mouse Atat1 is a predominant �-tubulin acetyltransferase in vivo and fine-tunes hippocampus development.
Significance:Mammalian Atat1 is not required for survival and development but may regulate more advanced functions.

�-Tubulin acetylation at Lys-40, located on the luminal side
of microtubules, has been widely studied and used as a marker
for stable microtubules in the cilia and other subcellular struc-
tures, but the functional consequences remain perplexing.
Recent studies have shown that Mec-17 and its paralog are
responsible for�-tubulin acetylation inCaenorhabditis elegans.
There is one such protein known as Atat1 (�-tubulin acetyl-
transferase 1) per higher organism. Zebrafish Atat1 appears to
govern embryo development, raising the intriguing possibility
that Atat1 is also critical for development in mammals. In addi-
tion toAtat1, three othermammalian acetyltransferases,ARD1-
NAT1, ELP3, and GCN5, have been shown to acetylate �-tubu-
lin in vitro, so an important question is how these four enzymes
contribute to the acetylation in vivo. We demonstrate here that
Atat1 is a major �-tubulin acetyltransferase in mice. It is widely
expressed in mouse embryos and tissues. Although Atat1-null
animals display no overt phenotypes, �-tubulin acetylation is
lost in sperm flagella and the dentate gyrus is slightly deformed.
Furthermore, human ATAT1 colocalizes on bundled microtu-
bules with doublecortin. These results thus suggest that mouse
Atat1 may regulate advanced functions such as learning and
memory, thereby shedding novel light on the physiological roles
of �-tubulin acetylation in mammals.

Alongwith the recent proteomic analyses bymass spectrom-
etry, numerous molecular and cell-based studies in the past 17
years have convincingly established lysine acetylation as an
important post-translational modification likely to occur in all
living species and to rival other well known modifications such
as phosphorylation and ubiquitination (1–3). First discovered
with histones in the early 1960s (4), the importance of lysine
acetylationwas initially recognized for its relation to chromatin
organization and its impact on chromatin-templated nuclear

processes (5–8). However, it is now clear that the spectrum of
lysine acetylation is much broader than initially anticipated,
comprising thousands of eukaryotic proteins that are not only
involved in various nuclear events but also in a diversity of cyto-
plasmic processes (9–12). In addition, this modification is
abundant in prokaryotic cells (13, 14). UnlikeN-terminal acety-
lation, lysine acetylation is anN�-modification and is reversible
and highly dynamic, governed by two groups of enzymes called
lysine acetyltransferases and deacetylases (15–17). Based on
sequence similarity, mammalian lysine acetyltransferases are
grouped into threemajor families (15–17), and the deacetylases
are divided into two large families composed of four classes
(18–22). Therefore, lysine acetylation is an abundant covalent
modification with its level actively maintained by acetyltrans-
ferases and deacetylases.
As one of two key components ofmicrotubules (23, 24),�-tu-

bulin is the first N�-acetylated non-histone protein discovered
in themid-1980s (25–28). The acetylated residuewas identified
as Lys-40 (25). This modification is conserved in a wide variety
of species ranging fromunicellular organisms, such as the green
algae Chlamydomonas and the protist Tetrahymena, to mam-
mals (25–28). Unlike many other tubulin modifications, the
acetylation occurs on the luminal side of microtubules (23, 24,
29). Because of the early successful development ofmonoclonal
antibodies (such as the 6-11b-1 clone) specific to Lys-40 acety-
lation (26), this modification has been used as a routine marker
for stable microtubules in cilia, flagella, axons, midbodies, and
other subcellular structures (23, 24, 29). However, it still
remains debatable whether Lys-40 acetylation plays a causal
role in regulating microtubule stability and dynamics (30–33).
The acetylation has been linked to microtubule-mediated
transport of proteins and organelles (31, 34–38), but it is enig-
matic how a luminal modification affects transport processes
occurring on the external surface of microtubules (29).
Substitution of Lys-40 in lower organisms such as Tetrahy-

mena andChlamydomonas exerts little impact on their survival
(39, 40). Lys-40 of Mec-12 (mechanosensory-defective 12), the
sole acetylatable �-tubulin, is not essential for nematodes (41).
Moreover, substitution of Lys-40 with arginine exerts little
effects on the function of a plant �-tubulin (42). Recent studies
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tion, et Exportation du Québec (to X. J. Y.).

1 To whom correspondence should be addressed. Tel.: 514-398-5883; Fax:
514-398-6769; E-mail: xiang-jiao.yang@mcgill.ca.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 28, pp. 20334 –20350, July 12, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

20334 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 28 • JULY 12, 2013

 at M
cG

ill university L
ibraries on June 8, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at M
cG

ill university L
ibraries on June 8, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 at M
cG

ill university L
ibraries on June 8, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/
http://www.jbc.org/
http://www.jbc.org/


indicate that Lys-40 acetylation is important for mammalian
neuron migration (36, 43, 44). Further knock-in analyses in
genetically amendablemammalianmodels such asmice should
substantiate how important Lys-40 acetylation is in vivo.
Insights into the physiological function of�-tubulin acetylation
can also be gained from studies of the responsible enzymes.
HDAC6 was discovered to be an �-tubulin deacetylase over

10 years ago (45–47). Global hyperacetylation of �-tubulin was
subsequently found inHdac6�/� mouse tissues and embryonic
fibroblasts (48). SIRT2 was reported to be another �-tubulin
deacetylase (49), but genetic deletion of mouse Sirt2 does not
affect �-tubulin acetylation significantly (48, 50). Thus,
HDAC6 is now considered to be the predominant �-tubulin
deacetylase in vivo. Despite this unique and crucial function in
�-tubulin deacetylation, Hdac6�/� mice are viable and fertile
(48), only displaying minor phenotypes, including moderate
immune responses (48), anti-depressant-like symptoms (51),
and slow platelet activation (52). This unexpected outcome
suggests a potential role of HDAC6 and perhaps also �-tubulin
acetylation in advanced biological functions.
Multiple acetyltransferases have been shown to acetylate

�-tubulin in vitro, including the ARD1-NAT1 N�-acetyltrans-
ferase complex (53), the transcriptional elongator complex sub-
unit ELP3 (43, 54), and the well known acetyltransferase GCN5
(55). The ARD1-NAT1 complex was the first reported to acet-
ylate �-tubulin in vitro (53). ELP3 was then found to acetylate
�-tubulin and to regulate the migration of cortical neurons in
the developingmouse brain (43). GCN5was recently described
to acetylate �-tubulin upon recruitment to microtubules by
Myc-nick, a cytoplasmic isoform ofMyc (55). More recent bio-
chemical and genetic studies have demonstrated that a new
member of the GNAT family (56), Mec-17 (mechanosensory-
defective 17), is an �-tubulin acetyltransferase in Tetrahymena
and Caenorhabditis elegans (32, 57). As a result, Mec-17 was
renamed Atat1 (�-tubulinN-acetyltransferase 1). Atat1 is con-
served from C. elegans to humans, although in C. elegans there
are two Atat proteins and only one such ortholog exists in a
higher organism (32, 57). Survey of 50 genomes of evolution-
arily diverse organisms revealed that the presence of an Atat1
ortholog correlates perfectly with the possession of a cilium or
flagellum (32). For example, an Atat1-like protein is encoded in
the green algaeChlamydomonas (32), where �-tubulin acetyla-
tion was initially discovered (25–28). Moreover, mammalian
Atat1 efficiently acetylates �-tubulin both in enzymatic assays
with purified proteins and in cultured cells (32, 57). Recent
structural analyses have provided elegant insights into how
Atat1 targets and acetylates Lys-40 of�-tubulin (58–60). These
studies all support that Atat1 is a bona fide �-tubulin
acetyltransferase.
Morpholino analysis revealed an essential role of Atat1 in

zebrafish development (57), raising the exciting possibility that
Atat1 is also important for mammalian development. This is in
agreement with a recent study (32) showing that Atat1 regu-
lates assembly of the primary cilium, a unique organelle impor-
tant for cellular signaling and animal development (61). How-
ever, it remains to be formally investigated whether Atat1
indeed plays a critical role inmammalian development. It is also

unclear how mammalian Atat1 and the other aforementioned
acetyltransferases contribute to �-tubulin acetylation in vivo.

Through analyzingAtat1�/�mutantmice generated by gene
targeting, we demonstrate herein that mouse Atat1 is the pre-
dominant �-tubulin acetyltransferase in embryonic fibroblasts
and various adult tissues. We also show that Atat1 is widely
expressed, most highly in the brain, testis, renal pelvis, and gas-
trointestinal tract. Unexpectedly, Atat1�/� mutant embryos
and mice are viable and display no overt phenotypes. Fluores-
cence microscopy and histological analyses revealed that Atat1
is required for �-tubulin acetylation in sperm flagella and that
the dentate gyrus is slightly deformed. These results suggest
that although not important for basic functions such as animal
survival and development, mouse Atat1 may regulate more
advanced functions, thereby shedding novel light on roles of
mammalian �-tubulin acetylation in vivo.

MATERIALS AND METHODS

Animals—Three Atat1tm1(KOMP)Vlcg heterozygous C57BL6
male mice were obtained from the knock-out mouse project
(KOMP) repository affiliated with University of California at
Davis. Crossing them with wild-type C57BL6 mice produced
heterozygous female mutant mice. Interbreeding between
heterozygousmale and femalemicewas then carried out to obtain
homozygous knock-out embryos and mice. The mice used
were housed in barrier cages, with 1–5 animals per cage. The ani-
mals were provided with food and water ad libitum. The experi-
mental procedures performedonmicewere carried out according
to standard operating procedures created by the Veterinary Care
Subcommittee, and the use of the mice for this project received
approval by theMcGill University Animal Care Committee.
Mouse Genotyping—Mice were genotyped by PCR with

genomic DNA extracted from tissues from ear punch typically
used for mouse identification. After ear punching, each tissue
piece (round, roughly 2 mm in the diameter) was carefully col-
lected and immersed in 200 �l of 50 mM NaOH and incubated
at 95 °C for 10 min. After addition of 20 �l of 1 M Tris-HCl, pH
6.8, themixturewas vortexed for 7 s and centrifuged in a bench-
top centrifuge at�20,000� g for 6min. 2 �l of the supernatant
was used for PCR. The primers used were as follows: Atat-F1
(5�-ACTGA AGGAC ACCTC AGCCC GA-3�), Atat-R1 (5�-
TACCT CATTG TGAGC CTCCC GG-3�), LacInF (5�-
GGTAA ACTGG CTCGG ATTAG GG-3�), and LacInR
(5�-TTGAC TGTAG CGGCT GATGT TG-3�). A 10-�l PCR
was set up with 5�l of 2�GoTaqGreenMasterMix (Promega,
PRM5122), 2 �l of genomic DNA, 0.25 �l for each of two prim-
ers (10 pmol/�l), and 2.5 �l of sterile nuclease-free water.
Cycling conditions were as follows: 95 °C for 3 min, 30 PCR
cycles (95 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s per cycle)
and 72 °C for 2 min. The reaction was kept at 4 or �20 °C until
further analysis by agarose gel electrophoresis.
RT-PCR—Fresh mouse tissues were collected and then

rinsed in ice-cold PBS, which was pretreated with 0.1% diethyl
pyrocarbonate (DEPC,2 Sigma) to inactivate RNases and then

2 The abbreviations used are: DEPC, diethyl pyrocarbonate; MEF, mouse
embryonic fibroblast; PFA, paraformaldehyde; DCX, doublecortin; RFP, red
fluorescent protein.
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autoclaved to remove residual DEPC. The rinsedmouse tissues
were transferred to 1.5-ml microtubes. After addition of 200 �l
of PBS pretreated with 0.1% DEPC, tissues were crushed in
1.5-ml Eppendorf tubes and mixed with 1 ml of the TRIzol
reagent (Invitrogen, 16520-100). After vortexing, the suspen-
sion was then incubated at room temperature for 5 min and
centrifuged at �20,000 � g and 4 °C for 10 min. The superna-
tant was carefully transferred to a new microtube and mixed
with 200 �l of chloroform. After vigorous vortexing, the sus-
pension was centrifuged at �20,000 � g for 2 min. The upper
aqueous phase was then pipetted out and transferred to a new
microtube for mixing with 500 �l of isopropyl alcohol and sub-
sequent centrifugation at�20,000� g and 4 °C for 15min. The
supernatant was carefully decanted, and the pellet was washed
with 750 �l of 75% cold ethanol prepared with sterile DEPC-
treated Nano-pure water. The pellet was then air-dried and dis-
solved in an appropriate amount of sterile DEPC-treated Nano-
pure water. After quantification of the RNA concentration with a
NanoDrop 2000 spectrophotometer (Thermo Scientific), cDNA
was synthesized by use of a QuantiTect reverse transcription kit
(Qiagen, 205313) according to the manufacturer’s instructions.
PCR was performed with the synthesized cDNA as the template.
PCR conditionswere identical to that used for genotyping, but the
reaction volumewas adjusted to 25�l. The primers for Atat1 and
LacZ were also the same as the ones used for genotyping. The
primers for Gapdh were mGAPDH-RT01 (5�-GCACA GTCAA
GGCCGAGAAT-3�) andmGAPDH-RT02 (5�-GCCTTCTCCA
TGGTGGTGAA-3�).
Tissue Extract Preparation and Western Blotting—All these

procedures were carried out at 4 °C or on ice. Tissues were
weighted and homogenized with a small plastic pestle in 3 vol-
umes of the RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM

NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS,
and a mixture of protease inhibitors). After additional homog-
enization by sonication with a Virsonic 100 sonicator (Virtis,
Inc.) at setting 5, the suspension was centrifuged at �20,000 �
g for 10 min at 4 °C, and the supernatant was collected as the
soluble extract, snap-frozen on dry ice, and stored at �80 °C.
Protein concentration was measured by use of the Bradford
assay reagent (Bio-Rad).
Tissue extracts were diluted in a 3� reduced SDS-PAGE

sample buffer and denatured by boiling for 5 min. After elec-
trophoresis, proteins were transferred onto nitrocellulose
membranes,whichwere blocked for 1 h in the blocking solution
(PBS containing 0.15% Tween 20 (Sigma) and 5% nonfat milk
powder (Carnation)). Anti-�-tubulin antibody (Sigma, T5168,
diluted at 1:2500) or the 6-11b-1monoclonal antibody (specific
to acetyl-Lys-40 of �-tubulin; Sigma, T7451, diluted at
1:10,000) was then added to the blocking solution for incuba-
tion overnight at 4 °C, with agitation. Blots were washed with
PBS containing 0.15% Tween 20 five times (8 min each) and
incubated with the horseradish peroxidase-conjugated sheep
anti-mouse IgG secondary antibody (GE Healthcare, NA931V;
diluted at 1:5000) for 1–3 h. After extensivewashing, the Super-
signal chemiluminescence solution (Pierce) was used to
develop the signals.
Whole-mount �-Gal Staining of Embryos and Adult Tissues—

Mice were anesthetized and transcardially perfused first with

PBS and thenwith PBS containing 2% PFA. After perfusion was
completed, embryos or tissues were collected and fixed at 4 °C
for 2–3 h (up to 1 h for embryos) in PBS containing 2% PFA,
0.2% glutaraldehyde, 0.02% Nonidet P-40, and 0.2 mM MgCl2.
The fixative solution was changed to the detergent rinse (0.1 M

phosphate buffer, pH 7.3, 2 mM MgCl2, 0.01% sodium deoxy-
cholate, and 0.02% Nonidet P-40). After incubation in the
detergent rinse (changed 3–5 times) for 2–16 h, tissues or
embryos were incubated in the �-galactosidase staining solu-
tion composed of 5mMK3(Fe(CN)6)/K4(Fe(CN)6) and 1mg/ml
X-Gal (62) until the desired intensity of blue color was
developed.
Stained embryos were examined and analyzed under a

Lumar V12 SteREO dissecting microscope (Zeiss), linked to an
Axiocam HRc color camera, and controlled by Axiovision Re
4.8. Images were exported to Adobe Photoshop for processing
and then imported to Adobe Illustrator for final presentation.
Frozen Section Preparation—Mice were anesthetized and

sacrificed by cervical dislocation. Tissues were fixed overnight
in PBS, 4% PFA at 4 °C and equilibrated first with PBS, 15%
sucrose at 4 °C for �8 h and then overnight with PBS, 30%
sucrose. After that, tissueswere found to be at the bottomof the
tubes and were further equilibrated with the optimal cutting
temperature (OCT) compound (Tissue-Tek) for 30min at 4 °C,
with gentle agitation. Tissues were then carefully oriented prior
to snap-freezing on dry ice. Tissue blocks were transferred to
�80 °C for storage. 30 min prior to sectioning, tissues blocks
were transferred to dry ice. The blocks were sectioned on a
cryotome electronic cryostat (Thermo Shandon, A77210167),
and 10–30-�m sections were collected onto glass slides (Fisher
Scientific, 12-550-19). The sections were then air-dried and
stored at �80 °C.

�-Gal Staining of Frozen Sections—Sections were post-fixed
in a fixative (0.2% PFA in 0.1 M PIPES, pH 6.9, 2 mMMgCl2, and
5 mM EGTA) on ice for 10 min and rinsed with PBS containing
2 mM MgCl2, followed by washing in the same solution for 10
min. Sections were permeabilized by incubation in the deter-
gent rinse on ice for 10min. The detergent rinsewas changed to
the �-galactosidase staining solution for incubation at 37 °C in
the dark until the desired blue color was reached (1 h to over-
night). The slideswere thenwashed three times in PBS contain-
ing 2 mM MgCl2 at room temperature for 5 min, followed by
washing in distilled water. Counterstaining was carried out in
the Nuclear Fast-Red solution (Sigma), with sequential dehy-
dration by incubation with 50, 70, and 100% methanol (5 min
each). Sections were cleared twice in Histoclear (Diamed,
HS-200) for 5min andmounted onto glass slides with amount-
ing medium (American Master Tech, MMC0126).
Paraffin Section Preparation—Mice were anesthetized for

transcardial perfusion first with PBS and then with PBS con-
taining 4% PFA. After perfusion was completed, major tissues
were collected and fixed in PBS containing 4%PFA. In addition,
Bouin’s solution (saturated picric acid (Sigma), 40% formalde-
hyde, and 5% glacial acetic acid mixed at the 15:5:1 ratio) was
also used for fixation of testes. The tissues were kept in PBS
containing 4% PFA or in Bouin’s solution overnight at 4 °C for
subsequent paraffin embedding. The resulting paraffin blocks
were sectioned on a Leica Rotary Microtome (Leica RM2125
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RTS), and 5-�m sections were collected onto glass slides (Fisher
Scientific, 12-550-19). The tissue section-containing slides were
baked overnight in a 37 °C incubator and stored at 4 °C.
Nissl Staining of Brain Sections—Paraffin sections were

deparaffinized in xylene twice for 5 min each, then rehydrated
in 100% alcohol twice (5 min each), followed by 95 and 70%
alcohol (3 min each), and subsequently rinsed in tap water and
distilled water. The sections were then placed in 0.1% cresyl
violet (Sigma) containing 0.3% glacial acetic acid for 7 min and
rinsed quickly in distilled water. The sections were subse-
quently dehydrated in 70 and 95% alcohol for 3 min each, 100%
alcohol twice for 5min each, and cleared in xylene twice (5 min
each). The sections were finally mounted with glass coverslips
(Fisher Scientific) in the ClearMountmounting solution (Invit-
rogen). The slides were either examined under a regular light
microscope or scanned with a digital slide scanner (ScanScope
XT, Aperio ePathology). For the latter, the Spectrum software
(Aperio ePathology) was then used to analyze the digitized
images, and the ruler toolwas employed tomeasure the size and
dimensions of various structures in the sections.
Indirect Immunofluorescence Microscopy—Paraffin-embed-

ded testis sections were fixed in Bouin’s solution and prepared
as above. The sections were deparaffinized and rehydrated the
same as the brain sections mentioned above. Then heat-in-
duced epitope retrieval was performed with the sections by
boiling the slides in 10 mM citrate, pH 6.0, for 20 min. After
cooling down for 20 min, the sections were circled with a PAP
pen (Invitrogen, 00-8877) and rinsed with PBS three times for 5
min each. The remaining fluorescence microscopic analysis
was similar to that used for cultured cells (63). After permeabi-
lizationwith a few drops of the immunofluorescence (IF) buffer
(PBS, 0.2% Triton X-100, and 0.05% Tween 20) for 30 min, the
sections were incubated with drops of the IF blocking solution
(IF buffer containing 2% bovine serum albumin) for 1 h. Then
the anti-�-tubulin antibody (diluted at 1:500) or the anti-acety-
lated �-tubulin antibody (the 6-11b-1 clone, diluted to 1:1000)
was added, and the incubation was carried out at room temper-
ature for 3 h or overnight at 4 °C, with gentle agitation. After
washingwith the IF buffer three times (5min each), the sections
were incubated with Alexa Fluor-labeled anti-mouse IgG
(Invitrogen, A11031) for 1 h, followed by three washes with the
IF buffer. After incubation with PBS containing DAPI (0.5
ng/ml) for 5 min and subsequently washing twice with water (5
min each), the sections were mounted with coverslips in the
ImmuMount mounting medium (Thermo Shandon, 9990402).
Preparation of Mouse Embryonic Fibroblasts (MEFs)—MEFs

were derived from E13.5 embryos as described previously (64,
65).
Fluorescence-activated Cell Sorting (FACS) Analysis of MEFs—

Atat1�/� andAtat1�/�MEFswere seeded in 10-cmdishes and
cultured inMEFmedium, composed of DMEM, 10% FBS, non-
essential amino acids (1�, diluted from 100� stocks, Invitro-
gen), sodium pyruvate (1�, diluted from 100� stocks, Invitro-
gen) and were incubated in a low oxygen incubator (3% O2) for
4 days. Cells were then trypsinized before reaching confluency
and washed with PBS. Collected cells were fixed in 75% ethanol
at �20 °C for 2–3 h. Cells were incubated with the staining
solution (300 �l of PBS, 1 �l of DAPI, and 7 �l of RNase A (10

�g/ml)) for 15 min. Then the stained cells were analyzed on a
FACS analyzer.
Live Green/Red Fluorescence Microscopy—The microscopic

analysis was performed as described previously (66). Briefly,
HEK293 cells were plated onto 12-well plates at 4 � 104 per
well. 16–24 h later, the cells were transfected with expression
plasmids for eGFP-ATAT1, eGFP-�-tubulin, and RFP-DCX as
indicated. The eGFP-ATAT1 construct was prepared from a
human cDNA clone from Open Biosystems, whereas the ones
for eGFP-�-tubulin and RFP-DCX were obtained from Add-
gene (plasmids 30387 and 32851, respectively). The transfec-
tions were performed with 1.5 �l of Lipofectamine 2000 (Invit-
rogen). 16–18 h post-transfection, green and red fluorescence
signals in the cells were analyzed, without any further process-
ing, under an Axiovert 200 inverted microscope (Zeiss), linked
to an Axiocam HRm camera and controlled by Axiovision Re
4.8. Fluorescence imageswere taken and further processedwith
CS5 Adobe Photoshop and Illustrator.

RESULTS

Targeted Deletion of Mouse Atat1—To determine the neces-
sity ofAtat1 inmice and to investigate what roles Atat1 plays at
the physiological level, we analyzed mutant mice in which
Atat1 is inactivated by homologous recombination. Thesemice
were generated by gene targeting through a BacVec-derived
targeting vector (KOMP affiliated with the University of Cali-
fornia at Davis). In the resulting mutant allele (Fig. 1A), a
9.2-kb genomic fragment spanning all coding exons of Atat1
was replaced with a promoterless lacZ knock-in cassette and
a selection marker flanked by a splice acceptor and a poly-
adenylation site. The lacZ coding sequence is under the con-
trol of the 5� promoter of Atat1 and thereby provides a con-
venient and sensitive reporter system for assessment of
Atat1 transcription by detecting �-galactosidase activities in
whole-mount embryos and tissues or in thin sections at the
single cell level.
Three male heterozygous mice were obtained from the

KOMP repository and mated with wild-type female mice to
obtain male and female heterozygous knock-out mice. Inter-
breeding was then carried out to yield wild-type, heterozygous,
and homozygous littermates for subsequent experimental anal-
yses. Genotyping by PCR with two specific primer pairs con-
firmed the expected genotypes (Fig. 1B). Mating between
Atat1�/�mice yielded offspringwith the three genotypes at the
expected Mendelian ratio.
Atat1�/� mice were viable and did not yield obvious pheno-

types (Fig. 1C and data not shown). Both male and female
Atat1�/� mice were indistinguishable from their wild-type or
Atat1�/� littermates by gross examination. Genetic deletion
of Atat1 did not affect the size and the overall growth (data not
shown), and both Atat1�/� and Atat1�/� mice were fertile. In
addition, compared with the wild-type counterparts, the
mutant mice showed no obvious differences in pup retrieval
and nest building (data not shown). Overall, no overt pheno-
types were observed.
Next, we sought to validate the knock-out strategy by analyz-

ing the expected mRNA transcripts. For this, RNA from differ-
ent tissues in wild-type and Atat1�/� mice was extracted for
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RT-PCR, to compare the levels of mRNA species transcribed
from endogenous Atat1 and the exogenously inserted lacZ
reporter gene. As shown in Fig. 1D, the Atat1 transcript was
widely expressed in the wild-type mice but was absent in the
Atat1�/� mice. Conversely, the exogenous lacZ reporter was
expressed in the Atat1�/� but not wild-type mice (Fig. 1E).
These results confirm the knock-out accuracy and efficiency.

Atat1 as the Predominant �-Tubulin Acetyltransferase in
Mice—To substantiate genetic ablation of Atat1 at the func-
tional level, we extracted soluble proteins from wild-type and
Atat1�/� mice and performedWestern blotting using antibod-
ies specific to regular and acetylated �-tubulin. For acetylated
�-tubulin, we employed the widely used monoclonal antibody
6-11b-1. As shown in Fig. 2A, �-tubulin acetylation was totally
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FIGURE 1. Analysis of mouse Atat1 by gene targeting. A, strategy for generation of the Atat1-null allele. Pink boxes denote the 5�- and 3�-untranslated
sequences, and solid boxes indicate exons of the Atat1 gene located at the mouse chromosome 17qB1 (UCSC Genome Browser). A Bac targeting vector
was utilized to replace the 9.2-kb genomic sequence of Atat1, spanning the entire coding region, with the promoterless lacZ coding sequence and a
ubiquitin C (UBC) promoter-neomycin selection cassette flanked by two LoxP sites. SA, splicing acceptor; pA, polyadenylation signal. Rough positions of
the PCR genotyping primers are indicated with tiny bars; F1 and R1 are for amplifying a 321-bp fragment from wild-type allele, and InF and InR are used
to amplify a 210-bp fragment from the knock-out allele. B, PCR genotyping with the indicated primer pairs. The asterisk denotes nonspecific bands. M
indicates the 100-bp DNA ladder as the molecular size marker (lane 1). C, adult Atat1�/� mice are indistinguishable from wild-type littermates by gross
examination. D, RT-PCR analysis of Atat1 expression in tissues from the wild-type and homozygous knock-out mice. Atat1 mRNA was detected in the
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Genetic Analysis of �-Tubulin Acetyltransferase

20338 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 28 • JULY 12, 2013

 at M
cG

ill university L
ibraries on June 8, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


ablated inmajor organs such as the testis (lanes 1 and 2), kidney
(lanes 3 and 4), liver (lanes 5 and 6), and brain (lanes 13 and 14)
of the Atat1�/� mice. It is interesting to note that the acetyla-
tion was the highest in the brain (Fig. 2A). Although �-tubulin
acetylation was still detectable in the lung (Fig. 2A, lanes 7 and
8) and spleen (lanes 9 and 10), the levels dramatically or signif-
icantly decreased. In the white fat tissue, the acetylation was
onlyminimally affected (Fig. 2A, lanes 11 and 12). These results
demonstrate that Atat1�/� mice exhibit complete or dramatic
loss of �-tubulin acetylation in major tissues, including the tes-
tis, kidney, liver, lung, and brain, indicating that Atat1 is the
predominant �-tubulin acetyltransferase in vivo. The retained
acetylation in the mutant lung, spleen, and fat tissues may be
due to other �-tubulin acetyltransferases. The candidates
includeArd1-Nat1, ELP3, andGCN5,which are known to acet-
ylate �-tubulin in vitro (43, 53, 55). Further genetic analyses are
needed to investigate whether any of them are responsible for
the remaining �-tubulin acetylation detected in the mutant
lung, spleen, and fat.
In addition to tissue analysis, we also examined extracts pre-

pared fromMEFs, which were isolated from heterozygous and
homozygous mutant embryos dissected out at gestation day
E13.5. Embryonic days were calculated according to the con-
vention that E0.5 corresponds to the noon after the morning
when the copulation plug was found if the mating was assumed
to occur at the preceding midnight. Compared with that in the
heterozygous fibroblasts, �-tubulin acetylation in the homozy-
gous MEFs decreased dramatically to a minimal level (Fig. 2B),
supporting that Atat1 is also a major �-tubulin acetyltrans-
ferase in mouse embryos. As discussed above for adult tissues,
the residual level of acetylation (Fig. 2B, lane 4, middle panel)
could be due to the existence of additional �-tubulin
acetyltransferases.
Broad Expression of Atat1 in Mouse Embryos—Taking

advantage of the lacZ knock-in cassette in the mutant allele
(Fig. 1A), we then determined the expression pattern of mouse
Atat1 during embryonic development. For this, embryos at
E10.75 and E13.5 were used for whole-mount �-galactosidase

staining. Gross morphological examination of the resulting
wild-type and homozygous knock-out embryos did not reveal
any obvious defects during the embryonic period (Fig. 3). This
is expected in light of grossly normal Atat1�/� mice (Fig. 1C
and data not shown). At both E10.75 and E13.5, Atat1 was
highly expressed throughout the embryos (Fig. 3), with the spi-
nal cord being the most intensely stained in the E13.5 mutant
embryo (data not shown). These results indicate that mouse
Atat1 is not required for embryonic development and is widely
expressed. Therefore,Atat1 does not appear to play amajor role
in either embryonic or postnatal development.
Wide Atat1 Expression in Adult Mouse Tissues—We next set

out to determine the global expression pattern of Atat1 in adult
mice. For this, we collected a variety of tissues from wild-type
and Atat1�/� mice for whole-mount �-galactosidase staining.
By gross examination of the appearance, no signs of obvious
pathogenicity were found in the tissues from the Atat1�/�

mice, and the size of the tissues was also similar between the
wild-type and Atat1�/� mice. As shown in Fig. 4, the expres-
sion of Atat1 varied among different tissues, with the testis, the
renal pelvis, the gastrointestinal tract (stomach, small intestine
and rectum), and the brain having the most intense �-galacto-
sidase staining (Fig. 4, A, B, H–J, and L–N, respectively). In
addition, high �-galactosidase activities were detected in the
habenula, aswell as in islands ofCalleja locatedwithin the olfac-
tory tubercle, of the mutant mouse brain (data not shown).
However, no strong signals were observed in the spleen and

heart (Fig. 4, E and F, respectively). These results suggest that
Atat1 is highly expressed in many but not all tissues. Robust
Atat1 expressions in the testis and brain (Fig. 4,A and L–N) are
consistent with high levels of �-tubulin acetylation detected in
these tissue extracts (Fig. 2A). Related to this, it has been
reported that �-tubulin acetylation is associated with stable,
long-lived microtubules found in the basal bodies and axon-
emes of sperm flagella (26, 67) and in axons of neurons (68–70).
In contrast to the robust expression of Atat1 in the testis, renal
pelvis, gastrointestinal tract, and brain, gross examination
revealed no overt defects in these tissues of Atat1�/� embryos
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and mice (Fig. 4 and data not shown). To determine whether
there were minor defects, we carried out more thorough and
careful analyses of the testis and brain, two tissues that have
high �-tubulin acetylation and Atat1 expression (see below).
Requirement of Atat1 for �-Tubulin Acetylation on Sperm

Flagella—To gain further insights about Atat1 functions at the
histological level, we examined �-galactosidase staining in thin
tissue sections prepared from the mouse testes in light of the
high expression in this organ (Fig. 4A). For this, frozen tissue
blocks were prepared from testes and sectioned to 10–30 �m
on a cryostat. Hematoxylin and eosin (H&E) and �-galactosi-
dase stainings were then performed to gain information on tis-
sue morphology and Atat1 expression, as well as on the poten-
tial impact of Atat1 deletion.
Specific Atat1 expression was observed in internal cell layers

of the mutant seminiferous tubules, where spermatids and
spermatocytes reside (Fig. 5A). By indirect immunofluores-
cence microscopy, we detected �-tubulin in all cells within
wild-type and mutant seminiferous tubules, with the signals
localized exclusively to the cytoplasm (Fig. 6, A and B, top rows
of images). In addition, strong signals were detected at the lumi-

nal centers of seminiferous tubules (Fig. 6, A and B, top rows of
images). The central regions, which were devoid of DAPI stain-
ing and lack of nuclei (Fig. 6, A and B, top rows of images),
correspond to structures formed by sperm flagella. Under the
regular light microscope, there were no obvious differences on
the sperm flagella of the wild-type and mutant seminiferous
tubules. Consistent with this, H&E staining revealed the pres-
ence of sperm flagella at the luminal centers of both wild-type
and Atat1�/� seminiferous tubules (Fig. 6C).

Interestingly, acetylated �-tubulin was highly abundant at
the luminal centers of the wild-type seminiferous tubules (Fig.
6B, bottom three images). Importantly, the �-tubulin acetyla-
tion signals were absent at the central regions of the mutant
seminiferous tubules (Fig. 6B, bottom three images). These
results indicate that Atat1 is required for �-tubulin acetyla-
tion of sperm flagella at the luminal centers of seminiferous
tubules.
Histological Analysis of Atat1 Expression in the Brain—As

the �-galactosidase activity resulting from the knock-in lacZ
gene (Fig. 1A) was very high in the whole-mount brain (Fig. 4,
L–N), we performed �-galactosidase staining in thin brain sec-
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FIGURE 3. Whole-mount �-galactosidase staining of wild-type and Atat1�/� embryos. At both E10.75 (A) and E13.5 (B), LacZ expression was wide in the
Atat1�/� but not wild-type embryo (data not shown for the wild-type E10.75 embryo, which displayed no staining). No morphological defects were found in
the mutant embryos at these two and other embryonic stages (data not shown), indicating that Atat1 is not required for normal embryonic development. Yolk
sacs were used to determine the genotypes as shown in Fig. 1B.
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tions to gain information onAtat1 expression at the histological
level. The staining revealed that the�-galactosidase activitywas
wide in the mutant brain, including the cerebral cortex and
cerebellum (Fig. 5, B and C). Moreover, consistent with the
results from whole-mount staining (Fig. 4, M and N), specific
and strong �-galactosidase staining was also detected in differ-
ent regions of themutant hippocampus, including thepyramidal

layers in CA1 and CA3, as well as the granular cell layers in the
lateral blade (suprapyramidal portion) and the medial blade
(infrapyramidal portion) of the dentate gyrus (Fig. 5D). The wide
�-galactosidase staining in the brain is consistent with the result
that �-tubulin acetylation is the highest in this organ (Fig. 2A).
Wide expression ofAtat1 in different regions of the brain suggests
a potential physiological role of Atat1 in this important organ.
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Dentate Gyrus Distortion in Mutant Mice—During analy-
sis of Atat1 expression in the brain, we noticed a bulge in the
suprapyramidal blade (Fig. 4N, marked by red arrowhead).
H&E staining confirmed that this bulge was more prominent
in the mutant dentate gyrus than the wild-type counterpart

(data not shown). Cresyl violet is frequently used to stain
Nissl bodies (corresponding to rough endoplasmic reticu-
lum) in neurons for histological analysis of various struc-
tures in the brain, so we performed Nissl staining. As shown
in Fig. 7, compared with the wild-type counterpart, the
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FIGURE 5. �-Galactosidase expression in testis and brain sections. A, �-galactosidase activity detection in frozen sections of wild-type and Atat1�/� testes.
�-Galactosidase staining showed that Atat1 was mainly expressed in the internal cell layers of seminiferous tubules, where spermatocytes and spermatids are
located. B–D, �-galactosidase staining of frozen wild-type and Atat1�/� brain sections. High level �-galactosidase expression was detected in the cerebral
cortex (B), cerebellum (C), and hippocampus (D). This is consistent with results from whole-mount staining of the corresponding tissues (Fig. 4, L–N). At the
mutant sagittal plane in D, the dentate gyrus did not display a bulge (refer to Figs. 7 and 8). See Fig. 4 for abbreviations of different structures in the
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mutant dentate gyrus was slightly deformed, especially for
the possession of a prominent bulge in the lateral blade of the
granular cell layers. In addition to this difference, the lateral
ventricle appeared to be dilated, which is currently under
investigation. Although more thorough and careful analyses
are needed, other regions of the brain appeared to be normal.
Anatomically, the size and morphology of the mouse hip-

pocampus vary at different sagittal planes (71, 72). To deter-
mine alteration of the dentate gyrus at different section planes,
we systematically performed Nissl staining with sagittal brain

sections from the wild-type and mutant mice. Shown in Fig. 8,
A–C and E, are hippocampal images taken from four pairs of
representative sagittal brain sections at the medial-to-lateral
direction. Comparison of the wild-type and mutant dentate gyri
confirmed the difference in the lateral blade of granular cell layers
in the dorsal hippocampus (Fig. 8, A–C and E), whereas the den-
tate gyrus in the ventral hippocampus was not affected (Fig. 8D).
The results presented in Fig. 8 were taken from one pair of the
wild-type andmutantmice, and two other pairs ofmice displayed
similar differences in the dentate gyrus (data not shown).
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Anti-acetyl α-tubulin
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Wild-type Atat1-/-
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FIGURE 6. Comparison of testis sections from wild-type and Atat1�/� mice. A and B, immunofluorescence microscopic analysis with antibodies
recognizing regular (A) and acetylated (B) �-tubulin. Probing with the anti-�-tubulin antibody detected �-tubulin in almost every cell within seminif-
erous tubules of wild-type and Atat1�/� testis sections. In addition, strong signals were present at the luminal centers of the tubules (denoted with green
arrows; A and B, top rows of images). The centers correspond to the areas where sperm flagella reside. Staining with the antibody against acetylated
�-tubulin revealed the presence of �-tubulin acetylation at the central regions of seminiferous tubules in the wild-type testis section (A, bottom three
images). Importantly, this signal was no longer observed in the testis section of the Atat1�/� mouse (B, bottom three images). Scale bar, 40 �m. C, H&E
staining of testis sections. The sections were fixed in Bouin’s solution and subjected to H&E staining. Green arrows denote sperm flagella. Scale bar,
100 �m.
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Normally, the wild-type mouse dorsal dentate gyrus is
V-shaped in the granular cell layer and possesses one crest (Fig.
8), whereas the human counterpart is wavy and has multiple
bulges or crests. In light of the peculiar bulge in the Atat1�/�

dentate gyrus, we exhaustively searched the literature for
mutant mouse strains with similar distortion in the dentate
gyrus. This search uncovered two early studies showing that
mice lacking the Src-related tyrosine kinase Fyn display two
similar bulges in the lateral blade of the dentate gyrus (73, 74).
Strikingly, one of the bulges is located at a position close to that
in the Atat1�/� dentate gyrus. Fyn is required for learning and
memory (73, 74), but how the two bulges are developed remains
to be elucidated.
To gain mechanistic insights into how the bulge in the

Atat1�/� dentate gyrus is formed, we analyzed the structure at

the cellular level. For this, we analyzed the digitized images of
Nissl-stained brain sections using the ruler tool of the Spectrum
software to measure the size and dimensions of different struc-
tures in the hippocampus. This analysis revealed two major
differences. First, the space between the twobladeswaswider in
the mutant dentate gyrus, especially in the bulged region (Fig.
8C).Of relevance, the peakwidth of the bulgewas 136�min the
mutant dentate gyrus, as compared with 79 �m in the corre-
sponding region of the wild-type dentate gyrus (Fig. 8D). Sec-
ond, in the bulge, there were more granular cells. According to
the ruler tool of the Spectrum software, the diameter of the
round granular cell soma remained the same in the mutant
(10–12 �m). There were 6–7 layers of tightly packed granular
cells in thewild type, whereas therewere 11–13 cell layers in the
bulge of the mutant dentate gyrus (Fig. 8D). Although to a dif-
ferent extent at various sagittal planes (e.g. Fig. 8F), cell hyper-
plasia was apparent in the bulge of the mutant dentate gyrus.
Therefore, Atat1 deletion caused hyperplasia in a specific
region of the dentate gyrus, subsequently leading to bulge for-
mation there.
Colocalization of Atat1 with Doublecortin in Cultured Cells—

To gain further mechanistic insights into the overgrowth in the
lateral blade of the Atat1�/� dentate gyrus, we first asked
whether Atat1 plays a role in regulating cell cycle progression.
For this, we performed FACS analysis of wild-type and mutant
MEFs. The analysis revealed that Atat1 deletion did not affect
cell proliferation (G0-G1/S/G2-M, 51.6:10.1:38.3% and 48.5:
11.0:39.9% for Atat1�/� and Atat1�/� MEFs, respectively).
However, when coexpressed in HEK293 cells, human ATAT1
colocalized nicely with nuclear mitotic apparatus antigen in
mitotic spindles (data not shown), which is consistent with a
recent report that ATAT1 associates with themitotic spindle in
CHO cells (75). Thus, it is still possible that ATAT1 fine-tunes
mitotic programs under certain conditions.
From Nissl staining, we noticed a darkly stained cell popula-

tion in the subgranular zone of the dentate gyrus (Fig. 8, D and
F). This population appeared to be expanded in the bulge of the
mutant dentate gyrus (Fig. 8, D and F). The subgranular zones
of mouse and human dentate gyri contain adult neural stem
cells (76). These stem cells are positive for doublecortin (DCX),
a microtubule-associated protein (77–79). DCX is important
for neurogenesis, and its gene is mutated in two genetic disor-
ders, X-linked lissencephaly (smooth brain) and double cortex,
both of which are characterized with structural abnormalities
in the brain (80, 81). Mechanistically, DCX binds selectively to
and stabilizes 13-protofilamentmicrotubules (82). Intriguingly,
Mec-17 in C. elegans is required for formation of predomi-
nantly 15-protofilament microtubules in touch receptor neu-
rons (83, 84). In light of this exciting analogy between human
DCX and C. elegans Mec-17, we wondered whether human
ATAT1 interacts with DCX.
Immunoprecipitation revealed no detectable interaction in

soluble protein extracts (data not shown). Because DCX
inducesmicrotubule bundling (77, 78), we investigatedwhether
Atat1 associates withDCX in cells. To avoid complication from
potential fixation artifacts, live fluorescence microscopy was
performed. When expressed alone, GFP-�-tubulin distributed
evenly in the cytoplasm, whereas RFP-DCX associated with
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FIGURE 7. Histological analysis of wild-type and Atat1�/� brain sections.
A, Nissl staining of a sagittal section from the wild-type mouse brain. B, black/
white copy of the color image shown in A, with different brain regions anno-
tated. Structures of the brain were labeled according to published atlases (71,
72). Abbreviations used are as follows: 3V, third ventricle; 4V, 4th ventricle;
II–X, nine lobes of the cerebellum, with lobe I missing in the section; CC, cor-
pus callosum; Gr, granular cell layers in the olfactory bulb; Gl, glomerulus of
the olfactory bulb; LV, lateral ventricle; MB, midbrain; Mc, mitral cell layer of
the olfactory bulb; MO, medulla oblongata; HP, hippocampus; HT, hypothal-
amus; Ic, inferior colliculus; OB, olfactory bulb; OT, olfactory tubercle; Sc, supe-
rior colliculus; TH, thalamus. C, Nissl staining of a sagittal section from the
Atat1�/� mouse brain. The position of this section corresponds roughly to
that shown in A. The red arrowhead in C marks a bulge in the lateral or
suprapyramidal blade of the mutant dentate gyrus. The green asterisk
denotes the dilated lateral ventricle, and dark asterisks indicate two broken
areas due to section processing. Scale bar, 500 �m.
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bundled microtubules (Fig. 9A, left andmiddle panels) (77, 78).
As reported (77, 78), when coexpressed, GFP-�-tubulin colo-
calized with RFP-DCX in bundled microtubules (Fig. 9B).
When expressed alone, GFP-tagged and mCherry-tagged
human ATAT1 proteins were pan-cellular or slightly enriched
in the cytoplasm (Fig. 9A, right panel, and data not shown).
Strikingly, when coexpressed, GFP-ATAT1 colocalized with
RFP-DCX on bundled microtubules (Fig. 9C). Similar colocal-
ization was also found between mCherry-ATAT1 and GFP-
DCX (data not shown). These results suggest a potential mech-
anism through which ATAT1 associates with DCX and
regulates neuronal properties in vivo.

DISCUSSION

MouseAtat1 Is the Predominant�-TubulinAcetyltransferase
in Vivo—In this study, we have taken a genetic approach and
demonstrated that Atat1�/� mice exhibited dramatic loss of
�-tubulin acetylation in a majority of adult tissues, including
the testis, kidney, liver, and brain, as well as in embryonic fibro-

blasts (Fig. 2 and data not shown). In themutant lung, therewas
only a minimal level of �-tubulin acetylation (�5%; Fig. 2A,
lanes 7 and 8). Thus, although they acetylate �-tubulin acetyla-
tion in vitro, the acetyltransferasesARD1-NAT1 (53), ELP3 (43,
54), andGCN5 (55)may not contribute significantly to �-tubu-
lin acetylation in these tissues and cells in vivo. However, the
acetylation was not so much affected in the spleen and fat
of Atat1�/� mice (Fig. 2A). There was a residual level of �-tu-
bulin acetylation in the lung (Fig. 2). ARD1-NAT1 (53), ELP3
(43, 54), and GCN5 (55) may be responsible for the retained
acetylation in these organs of the mutant mice.
This is the first knock-out analysis of mouse Atat1 and pro-

vides direct evidence that Atat1 is the predominant �-tubulin
acetyltransferase in mouse embryos and different adult organs.
By RNAi, it has been shown that Atat1 contributes significantly
to �-tubulin acetylation in HeLa and immortalized retinal pig-
ment epithelial cells (32, 57). Our knock-out analysis provides
unequivocal genetic support for the knockdown studies based
on cultured cells. This knock-out analysis also yields the first

A
Wild-type Atat1-/-

CA1
SB

CA3
DG

gcl

pyl
Sp

gcl

235 µm
152 µm

136
79 µm

µm

A

B

C

E

CA1 SBCA3
DG

CA1

SB

CA3

DG SgSp

Sg

SB

CA3

CA1

SB

CA3

DGSp

SB

CA3

Sp

Sp

Sp

Sp

D

F

gcl

pyl

gcl

(Ventral) (Ventral)

(Dorsal) (Dorsal)

Wild-type Atat1-/-

FIGURE 8. Histological analysis of wild-type and Atat1�/� hippocampi. A–C and E, representative hippocampal images taken from serial sections on four
different sagittal planes in the medial-to-lateral direction. Nissl staining was performed as in Fig. 7, the two sections of which correspond to a sagittal position
between those in A and B shown here. Red arrowheads in A and B mark the bulge in the lateral or suprapyramidal blade of the mutant dentate gyrus. Note that
at the sagittal plane corresponding to that shown in Fig. 5D (middle and right), no bulge was found. D and F, high resolution images of the boxed areas in C and
E, respectively. Green arrows denote darkly stained cell populations within the subgranular zone of the mutant dentate gyrus. D, the peak width of the granular
cell layer is shown; the width was measured with the ruler tool of the Spectrum software used to analyze images digitized by the ScanScope. Abbreviations
used are as follows: CA1 and CA3, cornu ammonis areas 1 and 3 of the hippocampus, respectively; DG, dentate gyrus; gcl, granular cell layer of the dentate gyrus;
pyl, pyramidal layer of CA1 or CA3; SB, subiculum. Scale bar, 500 �m.
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unexpected picture about the functional impact ofmouseAtat1
deletion at the organismal level.
Roles of Atat1 in Regulating Advanced Functions of the Brain,

Testis, and Other Organs—Surprisingly, Atat1�/� mice exhib-
ited no overt phenotypes: viable, fertile, and healthy as their
wild-type littermates (Fig. 1A anddata not shown). The viability
and fertility of mutant mice are really unexpected in light of the
reported importance of Atat1 in zebrafish development and
mammalian cilium assembly (32, 57). The primary cilium is a
unique organelle important for cellular signaling and animal
development (61). However, our results are consistent with the
findings that Atat1 homologs play nonessential roles in Tetra-
hymena and C. elegans (32, 57). Related to this, Lys-40 is not
required for survival of Chlamydomonas, Tetrahymena, and C.
elegans (39–41), and arginine substitution exerts little effect on
the function of a plant �-tubulin (42). Our results are also in
agreement with the report thatHdac6-null mice are viable and
develop rather normally (48). Our findings indicate that mouse
Atat1 is not required for animal survival, thereby shedding light
on functions of �-tubulin acetylation in vivo.
Expression analysis using the knock-in lacZ reporter

revealed high expression of Atat1 in the brain, testis, and gas-
trointestinal tract (Fig. 4). The high expression in the brain is
consistent with the highest level of �-tubulin acetylation in this
organ (Fig. 2A). In line with our results, recent in situ hybrid-
ization studies revealed high and dynamic expression of Atat1
in the mouse and rat brains (44, 75). Based on the high Atat1
expression in the mouse brain, testis, and gastrointestinal
tract, it is tempting to speculate that Atat1 and perhaps �-tu-
bulin acetylation may fine-tune microtubule-dependent
processes in the brain, testis, and gastrointestinal tract.

Because of dramatic loss of �-tubulin acetylation (Fig. 2 and
data not shown) and the presence of the knock-in lacZ
reporter (Fig. 1A), Atat1�/� mice are invaluable for investi-
gating whether this is indeed the case.
To detect subtle changes in the organs where Atat1 is highly

expressed, we performed histological analyses, which revealed
that Atat1 was highly and specifically expressed in the cerebral
cortex and the hippocampus (Fig. 5, B and D). Related to the
hippocampus, themutant dentate gyruswas deformed, display-
ing a bulge in the lateral blade of granular cell layers (Figs. 7 and
8). Of relevance, the dorsal dentate gyrus of the wild-type
mouse is normally V-shaped in the granular cell layer and pos-
sesses one crest (Fig. 8) (71, 72), whereas the human counter-
part is wavy and has multiple bulges or crests. In terms of mor-
phology, the bulged dentate gyrus in themutant mouse is more
similar to the rat dentate gyrus. Intriguingly, mice lacking the
Src-related tyrosine kinase Fyn display two similar bulges in the
lateral blade of the dentate gyrus, with one of them located at a
position close to that in the Atat1�/� dentate gyrus (73, 74).
How the bulges are developed in the Fyn�/� dentate gyrus
remains to be determined. Analysis of the Atat1�/� dentate
gyrus revealed thatAtat1 deletion caused cell hyperplasia in the
specific region of the dentate gyrus, subsequently leading to
bulge formation (Fig. 8, D and F). Although no morphologic
differences have been found in other regions of the hippocam-
pus and within the cerebral cortex, it will be important to carry
out more thorough and systematic analyses by using different
molecular markers. This is particularly important in light of
recent studies showing that �-tubulin acetylation and Atat1
regulate neuronal migration (43, 44). The hippocampus is cru-
cial for learning and memory, so it will be exciting to analyze
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FIGURE 9. Human ATAT1 colocalizes with doublecortin-bundled microtubules. A, HEK293 cells were transfected with an expression plasmid for GFP-�-
tubulin, RFP-DCX, or GFP-ATAT1 for live green or red fluorescence microscopy. B, HEK293 cells were cotransfected with the expression plasmids for GFP-�-
tubulin and RFP-DCX for live green and red fluorescence microscopy. Cross-talk between different channels was none or minimal (data not shown). C, same as
B except that GFP-ATAT1 was expressed instead of GFP-�-tubulin. Similar results were obtained with mCherry-ATAT1 and GFP-DCX, although mCherry-ATAT1
was more enriched in the cytoplasm than GFP-ATAT1 (data not shown). Scale bar, 40 �m.
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Atat1�/�mice by various behavioral tests, such as navigation in
the Morris water maze, to gain insights into how advanced
functions like learning and memory are affected by Atat1
deletion.
Lateral ventricles of the mutant brain seemed to be dilated

(Fig. 7), so it will be important to systematically analyze this
dilation, which may be related to potential ciliary defects (32,
57). Of relevance, a survey of 50 genomes of evolutionarily
diverse organisms revealed that the presence of Mec-17
orthologs correlates perfectly with the possession of cilia or
flagella (32), suggesting the importance of such proteins in cilia
or flagella. This is also related to defective�-tubulin acetylation
on Atat1�/� sperm flagella (see Fig. 6 and below).

In the mouse testis, Atat1 expression was detected in the
internal cell layers of seminiferous tubules (Fig. 5). Indirect
immunofluorescence microscopy revealed high �-tubulin
acetylation at the luminal centers of the wild-type but not
mutant seminiferous tubules (Fig. 6, A and B). Related to this,
Western blotting (Fig. 2) identified Atat1 as the sole �-tubulin
acetyltransferase in the testis. The luminal centers of seminif-
erous tubules are devoid of nuclei but contain sperm flagella.
Thus, Atat1 is required for �-tubulin acetylation of sperm fla-
gella. As for the functional impact, it will be necessary to sys-
tematically analyze sperm development and maturation. Even
though the mutant male mice are fertile, it is still possible that
they have subtle defects. It is noteworthy that the lumens of
seminiferous tubules appeared to be dilated when compared
with thewild-type counterparts (Fig. 6C), so it will be important
to carry out systematic analysis to verify this.
In addition to the brain and testis, it will be important to

systematically analyze other organs where cilia and related
structures are important. The oldest Atat1�/� mutant mice
that we have examined are about 18 months old, so it still
remains possible that Atat1 has important roles at later stages
of life. Moreover, Atat1 may play a role under special condi-
tions. Treatment for spinal cord injury depends on axon regen-
eration and appropriate synapse formation. Several reports
implicate microtubule stabilization in facilitating axon regen-
eration (85, 86). Our results showed that Atat1 is the sole �-tu-
bulin acetyltransferase in the brain (Fig. 2) and is highly
expressed in the spinal cord (Fig. 4K). It has been recently
reported that Atat1 and �-tubulin acetylation regulate micro-
tubule structure inC. elegans (83, 84). Thus, it will be important
to investigate how Atat1 may play a role in axon regeneration.
Furthermore, �-tubulin acetylation decreases in response to
intestinal inflammation induced by the bacterium Clostridium
difficile, suggesting a need to investigate how Atat1 and �-tu-
bulin acetylationmay be involved in this and related pathogenic
conditions (87).
Regulation of Microtubule Architecture and Function by

Atat1—�-Tubulin acetylation at Lys-40 has been used as a rou-
tinemarker for stablemicrotubules in cilia, flagella, axons,mid-
bodies, and other subcellular structures (23, 24, 29). It still
remains debatable whether the acetylation is causal in micro-
tubule stabilization (30–33). The acetylation has also been
linked to microtubule-mediated transport of proteins and
organelles (31, 34–38), but it is mysterious how a luminal mod-
ification affects transport processes that occur on the external

surface of microtubules (29). Further analysis of cell and tissues
from Atat1�/� mice will shed light on the precise role of �-tu-
bulin acetylation in these processes.
In C. elegans, Mec-17 was recently discovered to be impor-

tant for maintaining unique microtubule architecture (83, 84).
In this organism, the touch receptor neurons have mainly
15-protofilamentmicrotubules, whereas the other cells possess
11-protofilamentmicrotubules (84). In the touch receptor neu-
rons lackingMec-17, there are fewer and shorter microtubules,
containing 11–15 protofilaments as compared with the pre-
dominantly 15 protofilaments in microtubules from the wild
type (83, 84). Mec-17 increases cohesion between tubulin sub-
units in the microtubule lattice and constrains the protofila-
ment number by acetylating Lys-40 of �-tubulin. This modifi-
cation promotes formation of inter-protofilament salt bridges,
which then stabilize lateral interactions between protofila-
ments and constrain quinary structure to produce stable and
structurally uniform 15-protofilament microtubules in the
wild-type touch receptor neurons (83).
An important question is how to translate these intriguing

findings to microtubules in mammals. It will be interesting to
investigate how the microtubule architecture is affected in tis-
sues and cells from Atat1�/� mice. Notably, different from C.
elegans, most microtubules in other organisms (including
mammals) have 13 protofilaments (84); to compensate for this
difference, Atat1 in other organisms may need to have roles
distinct from that of Mec-17 in C. elegans. Of relevance, the
mammalian neural stem cell marker DCX binds selectively to
and stabilizes 13-protofilament microtubules (82). Impor-
tantly, when coexpressed, DCX colocalized with ATAT1 in
bundled microtubules (Fig. 9), suggesting that these two pro-
teins may cooperate with each other in regulating microtubule
structure and function. One exception to the general 13-proto-
filament rule is that like touch receptor neurons in C. elegans,
mammalian pillar cells also have 15-protofilament microtu-
bules (84). It will be particularly interesting to analyze how the
microtubule architecture is affected in such cells from
Atat1�/� mice. Thus, thesemice should be useful for analyzing
microtubule structure, function, and regulation in various cells
and tissues in vivo.
Conclusion—The genetic and molecular analyses presented

herein provide direct evidence that Atat1 is the predominant
�-tubulin acetyltransferase inmouse embryos and tissues. This
is the first demonstration that mammalian Atat1 acts as a bona
fide �-tubulin acetyltransferase in vivo. The viability and
grossly normal development of Atat1�/� embryos and mice
indicate that Atat1 is not essential for basic functions such as
animal survival and development, but it may be important for
more advanced functions, including learning andmemory. It is
highly expressed in the brain, testis, renal pelvis, and gastroin-
testinal tract, so further studies should focus on how mamma-
lian Atat1 fine-tunes advanced functions in the organs under
various physiological and pathological conditions. The mutant
mice should also be valuable for studying how mammalian
�-tubulin acetylation regulates microtubule structure and
function in vivo.
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Introduction
Hematopoietic stem cells (HSCs) lie at the hierarchical apex of 
definitive hematopoiesis and form a life-long reservoir for all 
blood cell types in vertebrates (1–4). These stem cells regulate 
development (5, 6) and undergo important changes during aging 
(7). Upon transplantation, HSCs hold the promise to treat vari-
ous diseases, including lysosomal storage disorders (8), immu-
nodeficiency (9–11), neurological disorders (8, 12), hematologi-
cal malignancies, and other types of cancer (13). Thus, HSCs are 
of broad research and clinical interest. Mechanistically, specific 
gene expression programs ensure HSC generation, self-renewal, 
homing, quiescence, proliferation, and differentiation (1, 14, 15). 
Identification and characterization of DNA-binding transcrip-
tion factors and cytoplasmic signaling molecules have yielded 
insights into regulatory networks important for HSC homeo-
stasis (1, 14–16). Numerous chromatin regulators have been 
identified in the past 2 decades (17–19). As a key mechanism of 
chromatin regulation, histone modifications interplay with DNA 
methylation and demethylation to form signaling platforms that 
are essential for governing the identity of differentiated cells 
and stem cells (20–22). Hundreds of chromatin regulators utilize 
structural modules to interpret signals conferred by chromatin 
modifications (23–25), so an important question is how such reg-
ulators play a role in HSC homeostasis.

Bromodomain- and PHD finger–containing protein 1 (BRPF1) 
is a multivalent chromatin regulator composed of multiple his-
tone-recognizing modules, including double PHD fingers, a 
bromodomain, and a PWWP domain (26–28). The PHD fingers 
recognize the N-terminal tail of histone H3 (28–30), the bromodo-
main has acetyllysine-binding ability (31), and the PWWP domain 
forms a specific pocket for trimethylated histone H3 (32, 33). In 
addition, BRPF1 possesses motifs for interaction with the acetyl-
transferases MOZ, MORF, and HBO1, which are also known as 
lysine acetyltransferase 6A (KAT6A), KAT6B, and KAT7, respec-
tively (26–28). As a scaffold, BRPF1 promotes quartet-complex 
formation of these enzymes with other subunits, stimulates the 
catalytic activity of these enzymes, and governs their substrate 
specificity (26–28). Molecular and cell-based findings suggest that 
BRPF1 has an important role in vivo. Moreover, it remains possible 
that BRPF1 functions independently of these 3 enzymes in vivo. 
To delineate its biological functions at the tissue and organismal 
levels, we have recently taken a genetic approach to disrupt the 
mouse gene and uncovered that BRPF1 is crucial for embryogen-
esis and forebrain development (34–37). Here we identify it as a 
key regulator of fetal HSCs and progenitors, thereby highlighting 
its importance in definitive hematopoiesis.

Results
Hematopoietic-specific Brpf1 loss results in early lethality and aplastic 
anemia. Important roles of MOZ and MORF in leukemia (38–42) 
prompted us to investigate whether BRPF1 has a role in hemato-
poiesis. As Brpf1 expression in the bone marrow remains relatively 
unclear (34), we sorted different populations of hematopoietic 
cells by fluorescence-activated multicolor flow cytometry (43, 44) 
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for HSCs (45), so the results suggest a potential role for BRPF1 in 
HSCs and hematopoiesis.

To investigate this exciting possibility, we generated specific 
knockouts by mating Brpf1fl/fl mice (34) with the Vav1-iCre strain, 
which is known to confer hematopoietic-specific iCre expression 
(46). To verify the knockout efficiency, we examined Brpf1 mRNA 
in control and homozygous mutant pups. Compared with that in 
the control, Brpf1 mRNA was low in the mutant spleen, thymus, 
and bone marrow of Brpf1fl/fl Vav1-iCre (referred to as vKO hereaf-
ter) pups (Supplemental Figure 2, A and B), whereas there were no 
effects on the Brpf1 transcript in the mutant testis (Supplemental 
Figure 2A) and much less effect in the mutant kidney (Supplemen-
tal Figure 2B). We also sorted different hematopoietic lineages 
from wild-type and mutant bone marrows and E12.5 fetal livers. 
As shown in Supplemental Figure 2, C and D, the knockout effi-
ciency was generally high in different hematopoietic lineages. 

and determined Brpf1 expression in isolated cell populations by 
quantitative reverse transcription-PCR (RT-qPCR). As shown in 
Supplemental Figure 1A (supplemental material available online 
with this article; doi:10.1172/JCI80711DS1), the transcript was 
detectable in multiple hematopoietic lineages and Lin–Sca1+cKit+ 
(LSK) cells from the bone marrow at postnatal day 11 (P11). Simi-
larly, RT-qPCR showed that Brpf1 mRNA is present in CD34–Flt3– 
and CD34+Flt3– fractions of LSK cells (enriched for long-term and 
short-term HSCs, respectively), as well as in 3 lineage-committed 
progenitors in the bone marrow (Supplemental Figure 1B). In addi-
tion, we sorted different hematopoietic populations from the fetal 
liver at embryonic day 12.5 (E12.5). At this stage, Brpf1 mRNA was 
detectable in different hematopoietic cell lineages (Supplemental 
Figure 1C). Interestingly, when compared with other hematopoi-
etic cells, the transcript level was strikingly high in CD48–CD150+ 
LSK cells (Supplemental Figure 1C). This population is enriched 

Figure 1. Brpf1-deficient mice display postnatal lethality and severe hematopoietic hypoplasia. (A) Kaplan-Meier survival curve. Twenty-four pairs of 
control and Brpf1fl/fl Vav1-iCre (vKO) mice were monitored for survival. Mutant mice were alive for a maximum of 21 days with median mortality at P18. (B–E) 
Unlike the control, mutant mice exhibited pale extremities (B) and pale liver (C), along with small spleen (D) and thymus (E) at week 3 after birth. Three pairs 
were examined and images for 1 representative pair of P19 control and mutant mice are shown. S, spleen. (F and H) H&E staining of P19 spleen (F) and thy-
mus (H) paraffin sections. (G and I) Magnified images taken from F and H, respectively. Note abnormal histological organizations in mutant sections. Scale 
bars: B–E, 5 mm; F and H, 1 mm; G and I, 100 μm.
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control, so complete blood counts were carried out. The 
results indicated pancytopenia in the peripheral blood 
from mutant pups: the 3 lineages (red blood cells, white 
blood cells, and platelets) were all severely diminished 
compared to their control counterparts (Supplemental 
Table 2). Complete blood counts were also performed at 
P12. As shown in Supplemental Table 3, leukocytes and 
platelets decreased significantly while erythrocytes were 
relatively normal in the mutant, indicating that cytopenia 
occurs progressively from week 2 to 3.

In light of this, we performed histological analysis on 
paraffin bone sections. H&E staining revealed that at P16, 
the mutant bone marrow was aplastic and filled with large 
adipocytes (Figure 2A). A similar difference was observed 
in the mutant bone marrow at P12 (Figure 2B). Giemsa 
staining on sections and smear preparations confirmed 
that aplastic bone marrow occurs as early as P12 (Figure 2, 
C and D). To trace the developmental origin of the abnor-
mality, we analyzed paraffin sections of long bones from 
neonates at P2 and P5. As shown in Figure 2, E and F, the 
mutant and control bone marrow structures were relative-
ly comparable at the histological level. Thus, Brpf1 dele-
tion in the hematopoietic system leads to bone marrow 
failure starting at postnatal week 2.

Brpf1 disruption reduces HSC and progenitor popula-
tions in the bone marrow. The bone marrow contains stem 
cells and progenitors for all blood lineages. To identify 
causes for the bone marrow failure, we investigated how 
Brpf1 deletion may affect different cell types. For this, we 

harvested bone marrow cells from control and mutant neonates 
for immunophenotyping by multicolor flow cytometry (43, 44). 
Because a minimal difference between 1-week-old control and 
mutant bone marrow structures was observed at the histological 
level (Figure 2, E and F), this age was chosen for flow cytometry 
to minimize secondary or nonautonomous effects resulting from 
bone marrow failure. As shown in Supplemental Figure 3A, the 
total number of nucleated cells decreased in the mutant bone 
marrow. Cell viability was also reduced (Supplemental Figure 
3B). Interestingly, the LSK population disappeared in the mutant 
bone marrow (Figure 3, A and C), as did the IL-7Rα– LSK fraction 
(Figure 3, B and D), which is enriched for HSCs. Moreover, dra-
matic reduction was observed in myeloid progenitors (MPs; Lin–

Sca1–cKit+) (Figure 3A). This population was further gated into 3 
lineage-committed progenitors: common myeloid progenitors 
(CMPs; Lin–Sca1–cKit+CD34+CD16/32–); granulocyte/macrophage 
progenitors (GMPs; Lin–Sca1–cKit+CD34+CD16/32+); and mega-

Thus, Brpf1 disruption was efficient and specific. In terms of 
survival, Brpf1fl/+ Vav1-iCre mice were indistinguishable from the 
wild-type, but the homozygous mutant mice exhibited an interest-
ing phenotype (Supplemental Table 1). The vKO newborns were 
grossly normal, but could not survive beyond the weaning stage 
(Supplemental Table 1 and Figure 1A). Extensive genotyping of 
over 400 pups indicated that most of them died in postnatal week 
3 (Supplemental Table 1). Therefore, hematopoietic-specific dis-
ruption of the Brpf1 gene causes acute preweaning lethality.

In their last days of life, mutant pups appeared pale in their 
extremities (Figure 1B), and necropsy revealed pale liver (Figure 
1C) and severe hypoplasia in the spleen and thymus (Figure 1, D 
and E). Histologically, the mutant spleen was pale and lacked clear 
distinction between red and white pulps (Figure 1, F and G). Simi-
larly, the mutant thymus was poorly organized and lacked a clear 
medulla (Figure 1, H and I). We noticed that at P17 the peripheral 
blood from the mutant pups was much lighter than that of the 

Figure 2. Brpf1 deletion leads to acute bone marrow failure. (A 
and B) H&E staining of long-bone sections from representative 
control and Brpf1fl/fl Vav1-iCre (vKO) pups at P16 and P12. (C and 
D) Giemsa staining of long-bone sections (C) and bone marrow 
smears (D) from P12 control and mutant pups, confirming low 
cellularity in the mutant. (E and F) H&E staining of long-bone 
sections from control and mutant pups at P2 and P5. At each 
time point, 3 pairs from 3 different litters were examined and 
images from 1 representative pair are shown here. Scale bars: 200 
μm in A, B, E, and F; 100 μm in C and D.
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Figure 3. Depleted HSC and hematopoietic progenitor populations in the mutant bone marrow. (A and B) Representative cytometric analysis of LSK 
cells, myeloid progenitors, and common lymphoid progenitors in control and Brpf1fl/fl Vav1-iCre (vKO) bone marrow. P6 bone marrow cells were stained with 
fluorophore-conjugated monoclonal antibodies for cytometric detection of the following populations of stem cell or progenitor populations: MP (myeloid 
progenitor), LSK, MEP (megakaryocyte/erythroid progenitor), CMP (common myeloid progenitor), GMP (granulocyte/macrophage progenitor), common 
lymphoid progenitor (CLP), and IL-7Rα– LSK (enriched for HSCs). (C and D) Percentage values of different populations detected in A and B. n = 5 for each 
genotype. (E) Representative cytometric analysis of bone marrow HSCs, MPPs (multipotent progenitors), and HPCs (hematopoietic progenitor cells) gated 
according to expression of the SLAM (signaling lymphocytic activation molecule) cell surface markers CD48 and CD150. (F and G) Within LSK cells, HPC 
ratios were not altered in the mutant (F). Because the percentage of LSK cells was much lower in the mutant bone marrow (B), all 4 populations decreased 
dramatically in the mutant (G). n = 7 for wild-type and n = 3 for vKO pups. No significant difference was observed between wild-type and heterozygous LSK 
cell numbers: 0.18% ± 0.01% (wild-type, n = 4) vs. 0.22% ± 0.02% (heterozygous, n = 4). *P < 0.05, ***P < 0.001. For statistical analysis, unpaired 2-tailed 
Student’s t tests were performed and average values are shown as the mean + SEM in C, D, F, and G.
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Figure 4D) and histologically, the mutant red and white pulps were 
disorganized (Supplemental Figure 4E), indicating that BRPF1 is 
also important for development of the spleen per se.

As the mutant thymus was hypoplastic at P19 (Figure 1E), we 
traced the defect to an earlier time point. At P5, the mutant thy-
mus was smaller than that of control (Supplemental Figure 5A). 
The total number of thymocytes was significantly reduced (Sup-
plemental Figure 5B). Primitive thymocytes in the thymus do not 
express CD4 or CD8, and are thus double negative (CD4–CD8–). As 
development proceeds, they become double positive (CD4+CD8+) 
and then mature into single-positive (CD4+CD8– or CD4–CD8+) 
thymocytes for release to the peripheral system. As shown in Sup-
plemental Figure 5, C and D, the percentage of CD4+CD8+ thymo-
cytes was similar between the control and mutant (Supplemental 
Figure 5, C and D). Also, none of these 4 populations was affected, 
indicating grossly normal thymocyte differentiation despite a 
reduced total number of T cells in the mutant thymus (Supple-
mental Figure 5, C and D). Notably, expression of some cell cycle 
regulators was altered in the thymus (Supplemental Figure 5E). 
Thus, BRPF1 is also important for thymus development.

BRPF1 is essential for long-term reconstitution capacity of bone 
marrow cells. The above immunophenotyping results (Figure 3) 
suggest that dramatic reduction of HSC and progenitor popula-
tions contribute to the bone marrow failure in mutant pups (Fig-
ure 2). One remaining question is whether residual HSCs and 
progenitors are functional. To investigate this possibility, we per-
formed methylcellulose colony formation assays. When cultured 
in a methylcellulose medium containing IL-6, IL-3, stem cell fac-
tor, and erythropoietin (Methocult M3434), the number of colo-
nies formed by mutant bone marrow cells was reduced compared 
to the control (Figure 4, A and B), indicating that there are fewer 
functional myeloid and erythroid progenitor cells in the mutant. 
Moreover, the mutant colonies were smaller, suggesting a prolifer-
ative defect. We then examined pre-B progenitors using a methyl-
cellulose medium containing IL-7. As shown in Figure 4C, the 
number of colonies from mutant bone marrow cells was reduced 
compared to the control. These results indicate that BRPF1 is 
essential for hematopoietic progenitor functions in vitro.

To assess the impact of Brpf1 inactivation on long-term hema-
topoietic reconstitution capacity in vivo, we performed competi-
tive bone marrow transplantation by injecting CD45.2+ wild-type 
(or mutant) bone marrow cells, mixed with wild-type CD45.1+ 
cells, into γ-irradiated CD45.1+ recipient mice. As shown in Figure 
4D, at 4 to 16 weeks after transplantation, flow cytometry revealed 
that the mutant bone marrow cells were unable to repopulate in 
the recipient peripheral blood, whereas the control bone marrow 
cells succeeded in contributing about 60%–80% cells to the recip-
ient blood. At week 16, virtually no contribution of the mutant 
bone marrow cells to multiple lineages in the peripheral blood 
of the recipients was found (Figure 4, E and F). Furthermore, no 
contribution to stem/progenitors cells and differentiated lineages 
in the recipients’ bone marrow was detected (Figure 4F). These 
results indicate that BRPF1 is required for short-term and long-
term repopulating activities of bone marrow cells.

Upon transplantation, HSCs and progenitors migrate to recipi-
ents’ bone marrow and subsequently home to proper niches. The 
failure of the mutant bone marrow cells to reconstitute the recipi-

karyocyte/erythroid progenitors (MEPs; Lin–Sca1–cKit+CD34–

CD16/32–). As shown in Figure 3, A and C, reduction was found in 
all 3 fractions. The IL-7 receptor IL-7Rα also serves as a receptor 
for thymic stromal lymphopoietin (TSLP), which is important for B 
and T cell development (47). In the mutant bone marrow, IL-7Rα+ 
cells were depleted (Figure 3, B and D) and common lymphoid 
progenitors (CLPs; Lin–IL-7Rα+Sca1locKitlo) disappeared (Figure 3, 
B and D). We also analyzed different progenitors and stem cells 
within the LSK population according to expression of 2 signaling 
lymphocytic activation molecules (SLAMs), CD48 and CD150, as 
cell-surface markers (45). CD48–CD150+ LSK cells are relatively 
enriched for HSCs (45) and will thus be referred to as HSCs here-
after to describe related immunophenotyping results. Within the 
LSK population, HSCs and multipotent progenitors (MPPs; CD48–

CD150– LSKs) were depleted in the mutant bone marrow, whereas 
ratios of hematopoietic progenitor cell (HPC) populations were 
unaltered (Figure 3, E and F). However, because LSK cells were 
much lower in the mutant bone marrow (Figure 3C), all 4 popu-
lations decreased dramatically in the mutant (Figure 3G). Thus, 
Brpf1 is required for proper development and/or maintenance of 
HSCs and progenitor cells in the bone marrow.

We next assessed how Brpf1 deletion might affect hemato-
poietic differentiation, by examining B lymphopoiesis, myelo-
poiesis, and erythropoiesis in the bone marrow. For this purpose, 
total bone marrow cells were stained with fluorophore-conjugat-
ed monoclonal antibodies against the B lineage marker CD19, 
the myeloid lineage markers Gr1 and Mac1, and the erythrocyte 
markers Ter119 and CD71. For B cell lineages, the CD19+ cell 
population was depleted in the mutant (Supplemental Figure 3, 
C and D). For myelopoiesis, the mutant contained slightly more 
Mac1+Gr1– and Mac1–Gr1+ granulocytes but fewer Mac1–Gr1– cells 
than the control (Supplemental Figure 3, E and F). For erythropoi-
esis, proerythroblasts are Ter119–CD71+ and maturation proceeds 
through Ter119+CD71+ early erythroblasts to Ter119+CD71– late-
stage erythroblasts. In the mutant, the number of Ter119–CD71+ 
proerythroblasts and Ter119+CD71+ early erythroblasts increased, 
but the Ter119+CD71– late-stage erythroblast population remained 
normal (Supplemental Figure 3, G and H), indicating that BRPF1 
does not dramatically affect erythrocyte maturation. These 
results indicate that, except for the B cell lineage, the impact on 
myeloid and erythroid differentiation programs (Supplemental 
Figure 3) is much less dramatic than that on the stem cell and 
progenitor compartments (Figure 3). Therefore, BRPF1 appears 
to be a crucial and specific regulator of HSCs and hematopoietic 
progenitors in the bone marrow.

BRPF1 regulates spleen and thymus development. In addition to 
the bone marrow, multiple peripheral organs are important for 
hematopoiesis. In neonates, the spleen is a major peripheral hema-
topoietic site. At P6, the control and mutant spleen weights were 
similar (Supplemental Figure 4A), although there were fewer viable 
cells in the mutant spleen (Supplemental Figure 4B). Although the 
proportions of B (B220+) and T (CD3+) lymphocytes in total splenic 
cells were similar in control and mutant spleens (Supplemental 
Figure 4B), the LSK and HPC populations were virtually missing in 
the mutant spleen (Supplemental Figure 4C). These results further 
support the important role of BRPF1 in HSCs and progenitors. In 
severe cases at P6, the mutant spleen was smaller (Supplemental 
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ents’ blood system might be due to a homing defect. To test this, 
CD45.2+ mutant or control bone marrow cells harvested from pups 
at P6 were injected via tail vein into γ-irradiated CD45.1+ recipient 
mice. At 40 hours after transplantation, bone marrow cells from 
recipient mice were collected and analyzed by flow cytometry. 

The results show that the number of control donor-derived cells 
in the bone marrow of recipient mice was similar to that of mutant 
donor-derived cells (Supplemental Figure 6), indicating that the 
mutant bone marrow cells are normal in homing to the bone mar-
row of the host.

Figure 4. Brpf1 disruption impairs colony formation and bone marrow reconstitution activities in the neonatal bone marrow. (A) Myeloid progenitor 
cell colony formation. Bone marrow cells (6 × 104) isolated from control and Brpf1fl/fl Vav1-iCre (vKO) pups at P6 were plated and cultured in MethoCult 
M3434 and colonies were analyzed on days 8–10. Representative images of the plates are shown. (B) Myeloid progenitor cell colony formation assays were 
performed as in A. Three different types of colonies, burst-forming unit-erythroid (BFU-E), colony-forming unit-granulocyte/monocyte (CFU-GM), and 
colony-forming unit-granulocyte/erythrocyte/monocyte/megakaryocyte (CFU-GEMM), were enumerated on days 8–10. Average values were calculated 
from 3 pairs of control and vKO pups. (C) B cell progenitor colony formation. Bone marrow cells (1.5 × 105) from control and vKO pups at P6 were cultured 
in MethoCult M3630 (see Supplemental Methods) and pre-B cell colonies were counted on days 8–10. Average values from 3 pairs of control and vKO pups 
are shown. (D) Long-term hematopoietic reconstitution was impaired in the mutant bone marrow. Contribution of donor (CD45.2+) cells in the recipients’ 
peripheral blood was determined at 4 to 16 weeks after transplantation. (E) At week 16 after transplantation, multilineage engraftment in the peripheral 
blood was analyzed. Note the robust contribution of the control but not the mutant CD45.2+ bone marrow cells to formation of B cells (B220+), myeloid 
cells (Gr1+Mac1+), and T cells (CD4+ or CD8+). (F) Fractions of donor-derived cells in HSCs, progenitors, and lineage cells in the recipient bone marrow at week 
16 after transplantation. For D–F, n = 6 for each group; ***P < 0.001. Unpaired 2-tailed Student’s t tests were performed and average values are shown as 
the mean + SEM in B–F. LT-HSC, long-term HSC; ST-HSC, short-term HSC.
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Brpf1 deletion reduces HSC and progenitor populations in the fetal 
liver. To identify the reasons for the HSC and progenitor defects 
(Figures 3 and 4), we traced the developmental origins. Definitive 
hematopoiesis initiates at the aorta-gonad-mesonephros (AGM) 
region, colonizes the fetal liver, and eventually migrates to the 
thymus, spleen, and bone marrow (5, 6). Defective HSCs and pro-
genitors in the mutant bone marrow (Figures 3 and 4) raised the 

question of whether similar defects are present in the mutant fetal 
liver, a major site of definitive hematopoiesis in the fetus (5, 6). 
To investigate this, we performed flow cytometry with hemato-
poietic cells from the fetal liver. At E12.5, the total cellularity and 
cell number of the LSK population in the mutant fetal liver were 
similar to those in the control (Figure 5, A and B). Upon separa-
tion of LSK cells into 4 different populations, an interesting picture 

Figure 5. Brpf1 deletion reduces HSC and B cell populations in the fetal liver. (A–D) Total cellularity (A), LSK cells (B), and 4 stem/progenitor popula-
tions (HPC1, HPC2, HSC, and MPP; C and D) in the fetal liver of control vs. Brpf1fl/fl Vav1-iCre (vKO) mice at E12.5. (E) Percentage values of LSK cells, 
myeloid progenitor, and different fractions (CMP, GMP, and MEP) in the E14.5 fetal liver. Numbers of CMPs and GMPs, but not LSK cells, MPs, or MEPs, 
decreased in the mutant. (F) Percentage values of the 4 fractions gated according to expression of CD48 and CD150. Despite the similar cell number of 
LSKs (E), the HSC fraction declined, whereas the HPC1 fraction slightly increased in the mutant. (G–I) B lymphoid (G), myeloid (H), and erythroid cells 
(I) were compared between control and vKO fetal livers at E14.5. Percentage values of Gr1+ cells, CD19+ B lineage cells, Mac1+Gr1lo monocytes, Mac1+Gr1hi 
granulocytes, and 4 erythroid fractions are shown. B lineage cells disappeared but myelopoiesis showed a mild increase in the mutant. (J–L) Proliferation 
and apoptosis of LSK cells in the E14.5 fetal liver. n = 8 for control and n = 4 for vKO in A–D; n = 7 for control and n = 3 for vKO in E–I; n = 8 for control and 
n = 5 for vKO in J–L; *P < 0.05, **P < 0.01, ***P < 0.001. For statistical analysis, unpaired 2-tailed Student’s t tests were performed and average values 
are presented here as the mean + SEM.
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(Figure 6C). Unlike the wild-type, the mutant fetal liver cells yield-
ed few colony-forming units in the spleen (CFU-S) at day 12 (Figure 
6D), suggesting that at the fetal stage, Brpf1 loss impairs functions of 
fetal short-term hematopoietic stem/progenitor cells in vivo.

To assess the long-term repopulating potential, we performed 
competitive bone marrow transplantation by injecting wild-type 
(or mutant) CD45.2+ fetal liver cells, premixed with CD45.1+ liver 
fetal cells, into γ-irradiated CD45.1+ recipient mice. As shown in 
Figure 6E, at 4 to 16 weeks after the bone marrow transplantation, 
cytometric analysis revealed that the mutant fetal liver cells were 
unable to contribute to multiple lineages in the recipients’ periph-
eral blood, whereas the control contributed 10% to 80% of the 
cells in the recipients’ blood. At week 22, almost no contribution 
of the mutant fetal liver cells to different stem/progenitors cells 
and differentiated lineages in the recipients’ bone marrow was 
detected (Figure 6F). These results indicate that Brpf1 is essential 
for long-term repopulating activities of fetal liver cells.

BRPF1 regulates fetal HSC signature gene expression. To eluci-
date the underlying cellular mechanisms, we investigated whether 
Brpf1 deletion alters proliferation of LSK cells. Simultaneous stain-
ing of cell surface markers and the intracellular nuclear protein 
Ki67 was performed for subsequent quantification by flow cytom-
etry. At P6, the proportion of Ki67+ cells in the mutant LSK popu-
lation was significantly lower (Figure 7, A and B), indicating that 
there are fewer cycling LSK cells in the mutant bone marrow. By 
contrast, the proliferation index was normal in LSK cells from the 
mutant fetal liver (Figure 5, J and K). Related to this, the cell cycle 
profile was not affected (Supplemental Figure 7). These results 
suggest no obvious alteration of cell cycle progression at least in a 
majority of LSK cells from the mutant fetal liver.

We also examined survival of LSK cells by annexin V staining 
and cytometric analysis. As shown in Figure 7C, the LSK popula-
tion in the mutant bone marrow displayed apoptosis as indicated 
by a significantly elevated amount of annexin V+ cells. Apoptosis 
also slightly increased in the fetal liver (Figure 5L), but it was much 
less severe than that in the bone marrow (Figure 7C). Moreover, 
increased levels of ROS (Figure 7D and Supplemental Figure 8A) 
and cellular senescence (Figure 7E and Supplemental Figure 8B) 
were also detected in LSK cells from the mutant bone marrow. A 
similar increase was present in HSC-containing CD150+ LSK cells 
(Figure 7, D and E). This population also showed some increase in 
the ROS level in the mutant fetal liver at E14.5 (Supplemental Figure 
8C). These results support that elevated ROS and senescence are 2 
cellular mechanisms contributing to defects in mutant LSK cells.

To understand the molecular mechanism underlying the func-
tional defects in mutant HSCs and progenitors, we sorted LSK 
cells from the wild-type or mutant fetal liver at E14.5 for RNA iso-
lation, oligo(dT)–primed reverse transcription, and deep sequenc-
ing. Two independent sets of RNA-Seq results revealed that mul-
tiple genes important for HSC stemness were downregulated in 
the mutant LSK cells (Table 1, Supplemental Figure 9, and Supple-
mental Table 4). These genes include Slamf1, Evi1, Mds1, Sox17, 
Hoxa9, Hoxa7, Meis1, Hlf, Gfi1, Rora, and Gata3. Among them, 
Slamf1 encodes CD150, which has been frequently used as an HSC 
surface marker (48). The Mds1 and Evi1 complex locus (also known 
as Mecom) encodes MDS1, EVI1, and their fusion protein, and is 
important for long-term HSC function (49, 50). SOX17 is an HMG-

emerged. While the HPC1 population slightly expanded, a signifi-
cant decrease was found with the HPC2, HSC, and MPP fractions 
(Figure 5, C and D). At E14.5, the mutant MP, LSK, and MEP popu-
lations were comparable with those from the control fetal liver, 
whereas the mutant CMP and GMP fractions were compromised 
(Figure 5E). As found for E12.5 (Figure 5D), the HPC1 fraction 
slightly expanded, but a significant decrease was found with the 
remaining 3 fractions (Figure 5F). At E14.5, B cell differentiation 
was compromised, whereas myelopoiesis increased (Figure 5, G 
and H). By contrast, erythropoiesis appeared largely normal in the 
mutant fetal liver (Figure 5I). Thus, BRPF1 is required for early 
stages of definitive hematopoiesis in the fetal liver.

BRPF1 is required for the bone marrow reconstitution poten-
tial of fetal liver cells. The immunophenotyping results from flow 
cytometry (Figure 5) suggest that deficiency in HSCs and some 
progenitors in the fetal liver is the cause for the eventual bone 
marrow failure after birth (Figures 1 and 2). One remaining ques-
tion is whether residual HSCs and progenitor populations are still 
functional. To investigate this, we performed methylcellulose 
colony formation assays. When cultured in Methocult M3434, 
the number of colonies formed by the mutant fetal liver cells was 
much smaller than that from the control (Figure 6, A and B), indi-
cating fewer functional myeloid and erythroid progenitor cells in 
the mutant fetal liver. Thus, Brpf1 is critical for functions of fetal 
hematopoietic progenitors in vitro.

To determine short-term repopulating potential, we transplant-
ed X-ray–irradiated C57BL/6.SJL young mice with wild-type or 
mutant fetal liver cells. The wild-type, but not the mutant, fetal liver 
cells conferred survival advantage over the irradiated control mice, 
which received the same dose of radiation but no transplantation 

Figure 6. Brpf1 inactivation impairs colony formation and bone marrow 
repopulating activities in the fetal liver. (A) Myeloid progenitor cell colony 
formation of fetal liver cells (6 × 104) from control and Brpf1fl/fl Vav1-iCre 
(vKO) embryos at E15.5. Colonies were examined at day 9, and average 
numbers of burst-forming unit-erythroid (BFU-E), colony-forming unit-
granulocyte/monocyte (CFU-GM), and colony-forming unit-granulocyte/
erythrocyte/monocyte/megakaryocyte (CFU-GEMM) colonies are pre-
sented. n = 4 for each group. (B) Morphology of representative individual 
colonies formed from control and vKO fetal liver cells. Images were 
obtained with an AxioCam HRc digital camera and a 20× objective on an 
AXIO Zoom.V16 microscope. Scale bar: 1 mm. (C) Survival curves of irradi-
ated C57BL/6 mice without transplantation (dashed line) or transplanted 
with 2 × 105 control (solid black line) or vKO (solid red line) fetal liver cells 
at E14.5. n = 13 for the group without transplantation and n = 9 for each 
transplanted group. (D) CFU-S analysis at day 12. Images of spleens are 
shown on the left and the colony numbers are presented in the graph on 
the right. n = 5 for each group. Scale bar: 5 mm. (E and F) Brpf1 inactiva-
tion impairs long-term hematopoietic reconstitution potential in the fetal 
liver. Fetal liver cells were collected for tail-vein injection into irradiated 
C57BL/6.SJL mice. Flow cytometric analysis of the contribution of donor 
(CD45.2+) cells and multilineage engraftment in the recipients’ peripheral 
blood at 4 to 16 weeks after transplantation is shown in E, whereas frac-
tions of donor-derived cells in specific cell populations in the recipients’ 
bone marrow at 22 weeks are presented in F. E12.5 and E15.5 mutant fetal 
liver cells showed similar defects in hematopoietic reconstitution, and the 
data are from 6 pairs of wild-type and mutant embryos (3 pairs at E12.5 
and 3 pairs at E15.5). **P < 0.01, ***P < 0.001. For A, D (right), E, and F, 
unpaired 2-tailed Student’s t tests were performed and average values are 
shown as the mean + SEM.
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interacting histone acetyltransferases 
(MOZ, MORF, and HBO1) (26–28) 
were unaltered in mutant fetal liver 
LSK cells at E14.5 (Supplemental 
Table 4) and in mutant fetal liver HSCs 
at E12.5 (Supplemental Figure 10A), 
indicating that the defects are not due 
to the lack of these BRPF1-related or 
-interacting proteins. Consistent with 
minimal effects on the cell cycle pro-
file at E14.5 (Supplemental Figure 
7), no changes were detected in tran-
scripts of multiple cell cycle regulators 
(Supplemental Table 4).

Immunophenotyping and func-
tional analysis revealed that HSC and 
progenitor defects are evident at E12.5 
(Figures 5 and 6), raising the question 
of whether molecular defects are also 
present at this developmental stage. 
To investigate this, we performed RT-
qPCR to analyze RNA from wild-type 
and mutant fetal liver LSK cells at 
E12.5. As shown in Table 1 and Sup-
plemental Figure 9, transcriptional 
defects were already severe at E12.5. 
These results indicate that Brpf1 loss 
results in developmental abnormal-
ity of HSCs and progenitors starting 
at E12.5. Thus, BRPF1 is a chromatin 
regulator with an essential role in ear-
ly HSC development.

BRPF1 is essential for hematopoietic histone H3 acetylation. 
Molecular and cell-based studies have established that BRPF1 
stimulates activities of the histone acetyltransferases MOZ, 
MORF, and HBO1 towards histone H3 in vitro (26, 28, 61), so we 
investigated how Brpf1 loss might affect histone H3 acetylation 
in vivo. For this, we first harvested bone marrow cells from wild-
type and mutant pups at P7 for protein extract preparation and 
immunoblotting. As shown in Figure 8A, Brpf1 loss led to dramatic 
reduction of histone acetylation at lysines 9, 14, and 23 in the bone 
marrow. By contrast, acetylation at lysine 18 of histone H3 was not 
affected in the mutant bone marrow (Figure 8B), indicating that 
the effect is specific to certain sites. There were some effects on 
histone H4 acetylation at lysine 16 (Figure 8B), but they were much 
milder compared with those on lysines 9, 14, and 23 of histone H3 
(Figure 8A). Consistent with hematopoietic-specific effects, no 
changes in lysine 23 acetylation were detected in the mutant kid-
ney (Figure 8C). Lysines 9 and 14 of histone H3 are well known 
to be important for marking active genes. By contrast, much less 
is known for acetylation at lysine 23 of histone H3. Interestingly, 
this mark has recently been shown to be highly abundant in U2OS 
osteosarcoma and HeLa cells (62, 63) and was reported in 2010 
to serve as a unique ligand for the important chromatin reader 
TRIM24 in breast cancer (64), suggesting the importance of lysine 
23 acetylation in vivo. Moreover, MORF and a related Drosophila 
protein acetylate histone H3 at lysine 23 (65, 66). In light of these 

box transcription factor crucial for fetal HSCs (51). The zinc finger 
transcription factor GFI1 is important for HSC self-renewal (52, 
53). The homeodomain transcription factor HOXA9 interacts with 
MEIS1 and PBX1/2 to form a trimeric DNA-binding complex that 
is important for HSC proliferation (54–57). HOXA7 has functions 
similar to those of HOXA9 (58). HLF (hepatic leukemia factor) is 
a bZIP transcription factor important for HSC identity (59). Inter-
estingly, Mecom, Hoxa9, and 4 other downregulated genes (Ets1, 
Myct1, Eya1, and Egr; Table 1) were shown to be direct targets of 
the histone methyltransferase MLL in an HSC-rich cell population 
(60), suggesting a potential interaction between BRPF1 and MLL. 
In addition, RNA-Seq revealed defective transcription of multiple 
genes specific to hematopoietic progenitors (Supplemental Figure 
9). For example, consistent with defects in B cell lineage (Supple-
mental Figure 3, C and D, and Figure 5G), transcription of Ebf1, 
Lef1, and Pou2af1, which encode 3 transcription factors important 
for B cell development, was dramatically reduced (Supplemental 
Figure 9). Thus, the RNA-Seq results suggest that BRPF1 loss leads 
to transcriptional reduction of genes important for HSCs and 
hematopoietic progenitors.

To verify this conclusion based on RNA-Seq, we performed 
RT-qPCR with RNA from sorted fetal liver LSK cells at E14.5. RT-
qPCR analysis confirmed reduction in a majority of targets select-
ed for analysis (Table 1 and Supplemental Figure 9). Moreover, 
transcript levels of 2 BRPF1 paralogs (BRPF2 and BRPF3) and 3 

Figure 7. Brpf1 deletion alters LSK cell programs. (A and B) After staining with antibodies against lineage-
specific markers (PerCPCy5.5-conjugated CD3ε, B220, Gr1, and Ter119) together with antibodies specific 
for HSC markers (Sca1-APC and cKit-Pacific blue), P6 bone marrow cells were fixed, permeabilized, and 
restained with Ki67-FITC. n = 7 for control and n = 4 for Brpf1fl/fl Vav1-iCre (vKO) pups. (C) Bone marrow cells 
were stained with the antibodies as in A and B, except that Ki67-FITC was replaced with annexin V-PECy7. 
n = 6 for control and n = 4 for vKO. (D) Percentage of ROS-positive cells in LSK, CD150+LSK, CD150–LSK, 
and MP populations in the control and mutant bone marrows at P9. n = 3 for each group. (E) Percentage of 
senescent cells in LSK, CD150+LSK, CD150–LSK, and MP fractions in the control and mutant bone marrows 
at P9. n = 6 for control pups and n = 3 for vKO pups. *P < 0.05, **P < 0.01, ***P < 0.001. For statistical 
analysis, unpaired 2-tailed Student’s t tests were performed; average values are presented as the mean + 
SEM in A–C and as the mean ± SEM in D and E.
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ability to activate 3 different histone acetyltransferas-
es, BRPF1 is a unique chromatin reader with the poten-
tial to mediate crosstalk between different chromatin 
modifications (26–28). The results presented herein 
demonstrate that BRPF1 is highly expressed in HSCs 
from the fetal liver (Supplemental Figure 1C) and 
serves as an essential regulator in the HSC and hema-
topoietic progenitor compartments (Figures 2–6). The 
results also support its function upstream from mul-
tiple multipotency genes important for HSC stemness 
(Table 1 and Supplemental Figure 9). Because HSCs 
emerge at the AGM region and start to migrate to the 
liver at E10.5 (1), it is intriguing to note that effects 
of Brpf1 deletion become evident at E12.5 (Figures 5 
and 6). Notably, Vav1-iCre fails to initiate complete 
excision at E11.5 (67), so it will be necessary to utilize 
a different Cre line, such as Vec-Cre (67), to examine 
the function of BRPF1 at the time window between 
E10.5 and E12.5. The important role of BRPF1 in HSC 
development is potentially novel because little is 
known about functions of chromatin readers in HSC 
homeostasis (Figure 8E). These readers, such as the 
BET family of bromodomain proteins (68), have been 
shown to be valuable as drug targets, so the important 
role of BRPF1 in HSCs and hematopoietic progenitors 
suggests its potential as a molecular target for devel-
oping therapeutic means for treating hematopoiesis-
related disorders.

Roles in HSC homeostasis have been reported 
for enzymatic chromatin modifiers: the DNA meth-
yltransferase DNMT3a in promoting HSC differen-
tiation (69); the DNA demethylase TET2 in repressing 
HSC expansion (70); 3 histone methyltransferases 
(MLL1, EZH1 and EZH2) and a subunit of a histone 
H2A ubiquitin ligase complex (BMI1) in HSC self-
renewal and maintenance (71–76); the acetyltransfer-
ase MOZ in HSC development (77, 78); and the deacet-
ylase HDAC3 in HSC proliferation (79). Among them, 
MOZ, BMI1, and MLL regulate fetal HSC functions 
(Figure 8E). Our results indicate that BRPF1 plays an 
essential role at the fetal stage (Figure 8E). It remains 
to be determined whether BRPF1 has any roles in post-
natal maintenance of HSCs. Interestingly, BRPF1 loss 
led to decreased expression of multiple genes, such as 

Mecom, Hoxa9, Ets1, Myct1, Eya1, and Egr (Table 1), that are also 
regulated by MLL (60). This similarity suggests potential interac-
tion between BRPF1 and MLL.

Bone marrow transplantation (Figure 6, E and F) and gene 
expression profiling (Table 1 and Supplemental Figure 9) indicate 
that BRPF1 acts on HSC development starting at or prior to E12.5, 
which is quite intriguing in light of HSC emergence at the AGM 
region and subsequent migration to the fetal liver around E10.5 
(Figure 8E) (1). Further investigation of its role within this narrow 
time window shall yield new insights into epigenetic networks 
important for HSC ontogeny (80).

Brpf1 deletion causes bone marrow failure through a potentially 
new mechanism. One striking phenotype of Brpf1 mutant pups is 

findings, we performed indirect immunofluorescence microscopy 
to analyze this epigenetic mark in sorted bone marrow LSK cells 
and on bone marrow sections. The fluorescence signal for lysine 
23 acetylation was undetectable in sorted mutant LSK cells at P7 
(Figure 8D). Moreover, the lysine 23 acetylation level was low in 
the mutant bone marrow at P5, but the fluorescence signal was not 
affected in the adjacent bone (Supplemental Figure 11). Together, 
these results indicate that BRPF1 is important for specific histone 
H3 acetylation in the bone marrow.

Discussion
BRPF1 is a multivalent chromatin reader crucial for fetal HSC devel-
opment. Because of its multiple histone-binding domains and the 

Table 1. Reduced transcription of known and potential HSC signature genes

Gene RNA-Seq (fold change) RT-qPCR (fold change)
E14.5 E14.5 E12.5

Slamf1/Cd150 0.05/0.25 0.46 ± 0.12A 0.25
Oit3/EF9 0.07/0.17 ? ?
Cecr2 0.11/0.14 0.17 ± 0.01C 0.29
Hoxb5 0.16/2.0 0.71 ± 0.11D 0.52
Vldlr 0.16/nd ? ?
Runx1t1/Eto 0.16/0.26 0.49 ± 0.10B 0.24
Ets1 0.19/0.27 0.20 ± 0.02C 0.42
Hemgn 0.18/0.77 1.22 ± 0.26 0.22
Mecom/Mds1-Evi1 0.23/0.27 0.53 ± 0.08B 0.22
Sox17 0.25/nd ? ?
Myct1 0.26/0.4 0.56 ± 0.15A 0.25
Vegfa 0.26/0.5 ? ?
Hoxa9 0.28/0.25 0.25 ± 0.16B 0.24
Hoxa5 0.31/0.5 ? ?
Hlf 0.33/0.5 0.38 ± 0.06C 0.31
Hoxa10 0.34/0.42 0.80 ± 0.77D 0.02
Eya1 0.36/0.59 ? ?
Meis1 0.37/0.4 0.48 ± 0.09B 0.36
Hoxa7 0.37/1.11 ? 0.09
Rora 0.38/0.45 ? ?
Gfi1 0.42/0.56 0.64 ± 0.07B 0.30
Egr 0.43/0.59 ? ?
Gata3 0.45/0.5 ? ?
Brpf1 0.28/0.62 0.30 ± 0.13B 0.01
Brpf1-N 0.35 ± 0.11B 0.10

Wild-type and mutant LSK cells were prepared from control and mutant fetal livers at 
E14.5 for RNA-Seq. Selected multipotency genes with reduced expression in 2 different 
RNA-Seq experiments were used for validation by RT-qPCR with RNA from wild-type 
and mutant LSK cells sorted from E12.5 and E14.5 fetal livers. The values are shown as 
the fold change in the mutant when compared to the control. For each gene, numbers in 
the “RNA-Seq” column represent fold change in 2 different RNA-Seq experiments. For 
RT-qPCR at E14.5, the data were derived from 3 different sets of pooled LSK cells and are 
shown as the mean ± SEM; n = 7 for the control and n = 5 for Brpf1fl/fl Vav1-iCre embryos. 
For statistical analysis, unpaired 2-tailed Student’s t tests were performed. AP < 0.05, 
BP < 0.01, CP < 0.001. DNot statistically significant. For RT-qPCR at E12.5, the data were 
based on 1 set of sorted fetal LSK cells pooled from 4 wild-type or mutant embryos. Genes 
regulated by MLL are highlighted in gray. See the main text and Supplemental Figure 9 for 
discussion about known and potential roles of the listed genes in HSCs and progenitors. 
nd, not detectable; ?, not investigated. 
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premature aging due to defective glucose metabolism. By contrast, 
the glucose level was normal in Brpf1 mutant pups (Supplemental 
Figure 12). Although not examined directly, the bone marrow of 
Sirt6–/– pups may be histologically normal, as their HSCs are func-
tional (81). Bone marrow failure is a key feature of diseases with 
aplastic anemia. In a mouse model of Fanconi anemia, the p53/

that they were healthy in postnatal week 1 but all dead in week 3 
(Figure 1). Immunophenotyping and functional transplantation 
assays indicate that deficient HSCs and hematopoietic progenitors 
in the fetal liver and bone marrow contribute to bone marrow fail-
ure (Figures 2–6). Bone marrow failure has been reported for pups 
lacking the deacetylase SIRT6 (81). Interestingly, the pups exhibit 

Figure 8. BRPF1 regulates histone acetylation in the bone marrow and LSK cells. (A and B) Immunoblotting analysis of histone H3 and H4 acetylation in 
wild-type and Brpf1fl/fl Vav1-iCre (vKO) bone marrow cell extracts at P7. (C) Immunoblotting for histone H3 acetylation at lysine 23 in kidney protein extracts 
at P7. (D) Immunofluorescence microscopic analysis of histone H3 acetylation at lysine 23 in LSK cells sorted from the wild-type or mutant bone marrow at 
P7. Scale bar: 50 μm. In A and B, results were similar for bone marrow cells from 3 pairs of wild-type and mutant pups. The experiment in D was repeated 
3 times, and similar results were obtained with over 100 wild-type or mutant cells. (E) Cartoon explaining the roles of BRPF1 and 3 other chromatin regula-
tors important for fetal HSC homeostasis. The hemogenic endothelium at the AGM region gives rise to pre-HSCs for subsequent migration to the fetal 
liver, where definitive HSCs (HSC-d) merge and travel to the bone marrow for eventual maturation to generate mature HSCs (HSC-m). In addition to its role 
as a chromatin reader due to its multiple histone-binding domains, BRPF1 acts as a co-writer to activate the acetyltransferases MOZ, MORF, and HBO1 
(107). Thus, BRPF1 is a unique multivalent chromatin reader (23–25).
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Pathologically, BRPF1 regulates leukemogenesis and aberrant 
MOZ-containing proteins, and has been shown to be essential for 
self-renewal of leukemic stem cells (39, 40, 95). Like the MOZ gene, 
the MORF gene is rearranged in leukemia (41, 42). This gene is also 
mutated in leiomyoma (96), prostate cancer (97), and breast cancer 
(98). Moreover, the MOZ and MORF genes are also amplified in dif-
ferent types of cancer (99) and mutated in developmental disorders 
with intellectual disability (100–106). Related to these develop-
mental disorders, BRPF1 is important for murine neural stem cells 
(35, 37). In addition, it will be important to investigate whether the 
BRPF1 gene is also mutated in patients with related developmental 
disorders. Thus, how BRPF1 interacts with MOZ, MORF, and other 
partners to regulate stem cells in leukemia and other diseases is an 
exciting question awaiting further investigation.

Methods
Mice. Mice were in the C57BL/6J background except that the 
γ-irradiated recipient mice used for competitive bone marrow trans-
plantation were the congenic strain C57BL/6.SJL-Ptprca Pepcb/BoyJ 
(Jackson Laboratory, stock 002014). Heterozygous Brpf1LacZ mice 
were originally obtained from the European Mutant Mouse Archive 
(ID 04257) to produce Brpf1fl/fl mice as described previously (34). The 
Brpf1fl allele contains 2 loxP sites flanking exons 4–6 of the Brpf1 gene 
(34). To generate hematopoietic-specific knockouts, Brpf1fl/fl mice were 
bred with the Vav1-iCre strain (Jackson Laboratory, stock 008610) (46).

Knockout efficiency was verified by genomic PCR, RT-PCR, and/
or RT-qPCR. Genomic PCR was carried out as described (35–37). For 
RT-PCR or RT-qPCR, cells were harvested from the bone marrow, 
thymus, spleen, kidney, or fetal liver. After staining with different 
combinations of fluorophore-conjugated antibodies (Supplemental 
Table 5, see below), different hematopoietic lineages were sorted on 
a FACSAria sorter (BD Biosciences) directly into tubes containing  
QIAzol (QIAGEN) or TRIzol (Thermo Fisher). RNA was extracted 
with an miRNeasy or RNeasy Mini Kit (QIAGEN). RT-PCR and RT-
qPCR were performed as described previously (35–37). Primers are 
listed in Supplemental Table 6.

Flow cytometry. Total bone marrow cells were flushed out of 
femurs and tibias with DMEM containing 2% FBS and penicillin/strep-
tomycin (Gibco). Spleen, thymus, and fetal liver tissues were minced 
in the same medium. Single-cell suspensions were prepared by pass-
ing them through 40-μm cell strainers (StemCell Technologies). Red 
blood cells were lysed with Red Blood Cell (RBC) Lysis Buffer (eBio-
science). The nucleated cell number was counted on an automated cell 
counter (Bio-Rad, TC10). FVD-eFluor 506 (eBioscience) was used as 
a viability dye to exclude dead cells. For lineage labeling, fetal liver, 
neonatal bone marrow, or spleen cells were stained with PerCPCy5.5-
conjugated monoclonal antibodies against 4 lineage (Lin)-specific 
cell surface markers (CD3ε, B220, Gr1, and Ter119; eBioscience; 
Supplemental Table 5), whereas for adult bone marrow cells, 5 mark-
ers (CD3ε, B220, Gr1, Ter119, and Mac1; eBioscience) were used. For 
detection of HSCs and progenitors, cells were stained with respec-
tive combinations of fluorophore-conjugated monoclonal antibodies 
(cKit-PECy7 or cKit-Pacific Blue, Sca1-APC, Flt3-PE, CD34-FITC, 
IL-7Rα-PE, CD150-PE, CD48-FITC, and CD16/32-PE; eBioscience; 
Supplemental Table 5). Combinations of fluorophore-conjugated 
monoclonal antibodies specific for cell surface markers were: long-
term HSC, CD34–Flt3–LSK; short-term HSC, CD34+Flt3–LSK; MPP, 

p21 DNA damage response is exacerbated (82). Synergy of p53 
mutants with loss of the inhibitor MDM2 or MDM4 also leads to 
bone marrow failure (83, 84). Due to defective telomere functions, 
bone marrow failure is also a feature of dyskeratosis congenita. As 
a model of this genetic disease, mice lacking POT1B, a subunit of 
a complex required for telomere protection, exhibit bone marrow 
failure and defective HSCs due to p53-dependent apoptosis (85, 
86). Of relevance, hematopoietic-specific Brpf1 deletion promoted 
apoptosis (Figures 5L and 7C), but there were no obvious defects 
in p53-dependent processes such as Cdkn1a expression (Supple-
mental Table 4). Together, these considerations suggest that bone 
marrow failure in Brpf1 mutant pups occurs through a previously 
unrecognized mechanism.

BRPF1 regulates histone H3 acetylation in stem cells and human 
diseases. BRPF1 is conserved from Caenorhabditis elegans to 
humans (42). It regulates neuron asymmetry, hindgut develop-
ment, and fecundity in worms (87). Fish Brpf1 maintains pharyn-
geal segmental identity and skeletal development (88). Thus, an 
important role in mouse HSCs is unexpected. Whether fish Brpf1 
regulates hematopoiesis is presently unclear. Mammalian BRPF1 is 
paralogous to BRPF2 and BRPF3 (26, 27). Deletion of mouse Brpf2 
leads to embryonic lethality at E15.5 and faulty erythropoiesis (89). 
By contrast, Brpf3 is dispensable (90). Thus, despite their sequence 
similarity, the 3 BRPF proteins have distinct roles in vivo. Related to 
their differences, BRPF1 interacts with the acetyltransferases MOZ, 
MORF, and HBO1 (26–28), whereas BRPF2 and BRPF3 target pre-
dominantly (if not exclusively) HBO1 (89–91). In mammals, there 
are 3 JADE proteins, each of which shares similarity with BRPF1 in 
2 PHD fingers and 2 small motifs (26). However, JADE proteins do 
not show any homology to the bromodomain and PWWP domain 
of BRPF1 (26). Moreover, JADEs activate only HBO1 (26, 28). Thus, 
compared with BRPF2, BRPF3, and JADEs, BRPF1 is unique.

Known interactions of BRPF1 with MOZ, MORF, and HBO1 
are based on cell-based assays in vitro (89–91), so an important 
question is which acetyltransferases BRPF1 activates in HSCs and 
other hematopoietic cells in vivo. Among the 3 acetyltransferas-
es, MOZ is critical in HSCs (77, 78, 92). Through interacting with 
BRPF2, HBO1 is important for development of erythrocytes and 
thymocytes (89, 93). Its role in HSCs remains unclear. Similarly, 
the function of MORF in hematopoiesis also awaits investiga-
tion (94). Our results show that BRPF1 is crucial for histone H3 
acetylation at lysines 9, 14, and 23 (Figure 8, A and D). The find-
ing about lysine 23 acetylation is exciting and potentially novel, as 
this histone mark is poorly characterized but highly abundant, at 
least in 2 human cell lines (62, 63). Moreover, enok (a fly acetyl-
transferase homologous to MOZ and MORF) is crucial for histone 
H3 acetylation at lysine 23 in vivo and MORF targets the same site 
in lung cancer cells (65, 66). MOZ is paralogous to MORF (42), 
so it is expected to acetylate histone H3 at lysine 23. By contrast, 
mouse Hbo1 is crucial for acetylation of histone H3 at lysine 14 
in vivo (93). At their mRNA levels, mouse Morf appears to be 
expressed at a much lower level than Moz and Hbo1 in fetal liver 
HSCs at E12.5 (Supplemental Figure 10B) and fetal liver LSK cells 
at E14.5 (Table S4), so it is tempting to propose that BRPF1 mainly 
targets MOZ and HBO1 to control histone H3 acetylation in HSCs 
and hematopoietic progenitors. Further studies are needed to 
substantiate this interesting possibility.
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which was reviewed and approved by the Facility Animal Care Com-
mittee of McGill University, Montreal, Quebec, Canada.

Supplemental information. Information about antibodies and addi-
tional experimental procedures is included in the Supplemental Infor-
mation section, which also contains Supplemental Tables 1–6 and 
Supplemental Figures 1–12.
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CD48–CD150–LSK (Figure 3F and Supplemental Figure 1C) or 
CD34+Flt3+LSK (Figures 4F and 6F); HPC1, CD48+CD150–LSK; HPC2, 
CD48+CD150+LSK; LMPP, Lin–Sca1+cKit+Flt3hi; CLP, Lin–IL-7Rα+ 

Sca1locKitlo; CMP, Lin–Sca1–cKit+CD34+CD16/32–; GMP, Lin–Sca1–

cKit+CD34+CD16/32+; MEP, Lin–Sca1–cKit+CD34–CD16/32–; and fetal 
liver HSC, Lin–Sca1+cKit+CD48–CD150+. Three pairs of conjugated 
monoclonal antibodies (CD19-PE vs. Gr1-PerCPCy5.5, Mac1-PerCP-
Cy5.5 vs. Gr1-PE, and Ter119-PerCPCy5.5 vs. CD71-PE) were used to 
assess B lineage, myeloid differentiation, and erythroid differentia-
tion, respectively. For thymocyte differentiation, CD4-PE and CD8a-
FITC were used. All fluorophore-conjugated monoclonal antibodies 
were from eBioscience. Flow cytometry was performed with a 3-laser 
LSR II or 4-laser LSR Fortessa flow cytometer (BD Biosciences). 
FACS Diva (BD Biosciences) and FlowJo (TreeStar Inc.) software pack-
ages were used for data analysis. Sorting of HSCs, LSK cells, and other 
hematopoietic cells was performed on the FACSAria cell sorter.

Statistics. Statistical analysis was performed with unpaired 
2-tailed Student’s t tests, with the exception of Supplemental Figure 7,  
in which 1-way ANOVA was used for multiple comparisons in cell cycle 
analyses. P values less than 0.05 were considered to be statistically 
significant, and data are presented as the mean ± SEM or mean + SEM. 
Graphs were generated with Prism 6 (GraphPad Software).

Animal study approval. Animal-related procedures used in this 
study were carried out according to the Animal Use Protocol 5786, 
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