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O papel da enzima TET3 na fungéo cerebral

Resumo

A familia de enzimas “Ten Eleven Translocation” (TET) consiste em trés dioxigenases envolvidadas na
desmetilacdo do DNA, convertendo 5-metilcitosina (5-mC) em 5-hidroximetilcitosina (5hmC), 5-
formilcitosina (5fC) e b5-carboxilcitosina (5caC). Niveis elevados de 5hmC estdo correlacionados
positivamente com a transcricdo de genes, e sao caracteristicos de neuronios pés-mitoticos. Os genes
Tet sdo altamente expressos no cérebro, sendo o 7e£3 0 mais abundante. Nesta tese demonstramos que
0s niveis de expressdo de 7et3 aumentam durante a diferenciacdo neuronal. Além disso, usando um
sistema de diferenciacdo /n vitro, onde células estaminais embrionarias (ESC) podem ser diferenciadas
numa populacdo homogénea de percursores de células neurais (NPCs), verificamos que a 7ef3 é
essencial para manter o silenciamento de genes de pluripoténcia nos NPCs. O descréscimo de expressao
de 7et3(KD), induzido pela técnica de RNA de interferéncia (RNAi), em NPCs, resultou num aumento da
expressdo dos genes de pluripoténcia Oct4 e Nanog, com células positivas para OCT4 formando
agregados celulares. Adicionalmente, o KD de 7ef3 desencadeou uma perda global de metilacdo no DNA
e hiper-metilacao de alguns genes relacionados com a neurogénese e regides controlo de genes
“imprinted”. Mais, analisamos o impacto da delecdo de 7ef3 nos neuronos pos-mitoticos usando um
modelo onde a 7et3¢ deletada especificamente em células positivas para CamkZa, apds administracdo
de tamoxifeno. Caracterizamos o efeito a nivel comportamental em ratinhos jovens adultos, machos e
fémeas; demonstrando que a delecdo da 7et3conduz a um aumento do comportamento do tipo ansioso
e induz défices cognitivos, nomeadamente na orientacao espacial. Demonstramos que nos machos, mas
ndo nas fémeas, existe um aumento dos niveis de corticosterona e aumento da maturacao das espinhas
na regido ventral hipocampal,CAl. Contrariamente aos machos que ndo demonstraram qualquer dano
na memoria a curto prazo, as fémeas Tet3 cKO apresentaram. Em ambos os géneros, observamos uma
expressdao aumentada de Npas4e c-fos no hipocampo. Assim, nesta tese, propomos que a enzima TET3
tem um papel fulcral na manutencao da identidade das células precursoras neurais e funciona como um

regulador epigenético no comportamento do tipo ansioso e na orientacao espacial.

Palavras-chave: cérebro; neurdnios; NPCs; TET3



Role of TET3 enzyme in brain function

Abstract

The Ten eleven translocation (TET) family of enzymes consists of three dioxygenases involved in the DNA
demethylation process; they convert 5-methylcytosine base (5mC) into 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). High 5hmC content is positively correlated with
gene transcription and is a feature of post-mitotic neurons. 7ef genes have also been shown to be highly
transcribed in the brain, with 7e£3 being the most abundant. Here we showed that 7e£3 is highly
upregulated during neuronal differentiation. Importantly, using an /n vitro differentiation system, where
ES cells can be differentiated into a homogeneous population of neural precursor cells (NPCs), we
discovered that 7et3 is required to maintain the silencing of pluripotency-associated genes in neural
precursor cells (NPCs). 7et3 knockdown (KD) in NPCs led to a significant increase in Oct4 and Nanog
gene expression, with OCT4-positive cells forming cellular aggregates. Moreover, Tet3 KD triggered a
genome-scale loss of DNA methylation and hypermethylation of a small number of neurogenesis-related
genes and at imprinting control regions of imprinted genes. We extended the analyses of 7ef3 deletion
impact to post-mitotic neurons using a conditional and inducible mouse model where 7ef3 is deleted
specifically in CamkZapositive cells after tamoxifen administration. We characterized the impact of 7et3
deletion on behavior performance in young adult mice, males and females; the absence of 7et3led to an
increase in anxiety-like behavior and cognitive impairment, namely spatial orientation, in female and male
mice. The Tet3 cKO males showed increased corticosterone levels and increased dendritic spine
maturation in the ventral CA1 hippocampal subregion, which was not observed in females. Also, contrary
to the results in males, Tet3 cKO female mice presented impairment in short-term memory. In both
genders, we observed an increase in Mpas4 and c-fos gene expression in the hippocampus. Thus, in this
thesis, we propose that TET3 plays a pivotal role in maintaining neural precursor cell identity and DNA
methylation levels, and has an important function as an epigenetic regulator of anxiety-like behavior and

spatial orientation.

Key-words: brain; neurons; NPCs; TET3
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Outline of the thesis

This thesis was divided and ordered in five chapters:

In chapter 1, a general introduction is given about epigenetics principles, basic knowledge concerning

animal behavior, and the identified role of each TET enzyme in brain function.

In chapter 2 we investigate the effects of TET3 enzyme knockdown in NPCs, using an /n vifro

differentiation system, where NPCs are derived from mouse ES cells.

In chapter 3 we address the establishment and characterization of the TET3 conditional deletion in post-
mitotic neurons in male mice, using a conditional knockout mouse model 7et3; CamkZa CreERT2 (Tet3

cKO).

In chapter 4, the model mentioned in chapter 3 was used to investigate the effect of TET3 conditional

deletion in female mice.

In chapter 5, the results we obtained are discussed, addressing the methodological advantages and
disadvantages of the techniques and experimental models used, and the contribution of the present work
to a comprehensive understanding of the role of TET enzymes in brain function, combined with the

upcoming perspectives.
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INTRODUCTION

1.1. What is epigenetics?

The term epigenetics was introduced by Conrad Waddington in the early 1940s. Waddington defined
epigenetics as “the branch of biology which studies the causal interactions between genes and their
products, which bring the phenotype into being”(Goldberg et al., 2007). Two-thirds of a century later,
Adrien Bird introduced a more mechanistic definition, describing epigenetic as the structural adaptation
of chromosomal regions by which cellular memories are stored and perpetuated, without altering the
DNA sequence (Bird, 2007). These mechanisms can interfere with gene packaging in cell nucleus, involve
changes in chemical groups in the DNA, or modify the interaction of RNA molecules with the DNA. Thus,
we can identify three main molecular epigenetic mechanisms: histone post-translational modifications,
covalent modifications of DNA and non-coding RNAs (Snijders et al., 2018). In this thesis, more relevance
is given to DNA methylation and hydroxymethylation which will be discussed in the next sections of this

chapter.

1.1.2. DNA methylation

DNA methylation constitutes one of the most well studied and understood epigenetic modifications.
DNA methylation represents an essential epigenetic mark controlling several biological processes such
as genomic imprinting, transposon inactivation, stem cell differentiation, transcription repression, and
inflammation (Smith and Meissner, 2013). Mechanistically, it is a process by which a methyl group (-
CH3) is added to the carbon-5 position of cytosine residues to form 5-methylcytosine (5-mC), and is
carried out by DNA methyltransferases (DNMTs) (Okano et al., 1998). Not all cytosines are methylated;
predominantly methylation occurs in CpG dinucleotides, but also can occur in other contexts (normally
referred as CpH, mainly in CpA and CpT) (Shin et al., 2014), and its function is suggested to be repressive
as well (Guo et al., 2014a). 70%-80% of mammalian CpGs are thought to be methylated (Ehrlich et al.,
1982). Importantly, most genomic methylation signatures are conserved across tissues and throughout
life. The alteration of methylation status is localized in specific contexts and cellular processes to activate
or shut down specific genes (Smith and Meissner, 2013). Less than 10% of CpGs occur in regions with a
high density of this dinucleotide that are called CpG islands; with the majority being resistant to DNA

methylation and frequently found at promoter sites of housekeeping and developmental regulatory genes



(Deaton and Bird, 2011). DNA methylation is singularly enriched at promoter gene regions of oocytes,
embryonic stem cells (ESCs) and neurons (Smith and Meissner, 2013).

Two general classes of DNMTs can be identified: maintenance methylation and de rnovo methylation.
DNMT1 is the maintenance DNMT, DNMTs 3a and 3b are the de novo methyltransferases. DNMT1 has
a preference for hemi-methylated DNA, maintaining CpG methylation during DNA replication and DNMT
3a and 3b methylate previously unmethylated CpG sites in the DNA (Okano et al., 1998).

In most cases, DNA methylation is associated with repression of gene transcription, namely when
occurring in promoter regions, due to structural chromatin alterations. However, its effect is highly
influenced by the location of the methylated CpGs and in certain genomic contexts, namely within gene

bodies, DNA methylation may have the opposite effect, i.e., an increase in transcriptional activity (Deaton
and Bird, 2011). The molecular processes underlying this effect are complex and under intense study

at present. However, the repressive outcome of DNA methylation at gene promoters is well described
and it is the result of the binding of several proteins (MeCP2, MBD1, MBD2, MBD4 and Kaiso) to
methylated CpG sites (Hendrich and Bird, 1998; Prokhortchouk et al., 2001). Mechanistically, the
methylation of DNA triggers the association with histone proteins, which interacts with the DNA and
results in a higher affinity between DNA and histone core, and consequent transcriptional repression

(Smith and Meissner, 2013).

1.1.2.1 DNA methylation in the brain

Similarly to all other parts of the body, DNA in the brain is methylated throughout life and presents
methyltransferase activity. In the brain, 4.2% of all cytosines are methylated (Lister et al., 2013).
Neuronal cells are the main contributors to this global enrichment in methylation, since glial cells present
sparse levels of this DNA modification (Lister et al., 2013). This epigenetic mark plays an important role
in brain development and neuronal function. Indeed, a rapid increase in mammalian brain methylation
levels coincides with synaptogenesis (Lister et al., 2013). Evidence that DNA methylation has a critical
role in the brain arose with the discovery of methyl-CpG-binding protein 2 (MeCP2) and its implication in
the X-linked neurological disorder Rett syndrome (RTT) (Amir et al., 1999). Indeed, MeCP2 is important
to regulate mature neuronal functions, since MeCP2 deletion results in reduced spontaneous excitatory

synaptic transmission (MEPSC). Moreover, MeCP2 knock-out (KO) brains have a reduced size, retraction



of dendritic arbours and reduction of dendritic spinal density, potentially triggered by post-translational
dysregulation of a number of synaptic proteins (Derecki et al., 2012).

Rett syndrome could also reflect a certain sensitivity of neurons to methylation-dependent transcriptional
suppression. In fact, mutations in DNA methyltransferases were associated with neurodevelopmental
disorders (Tatton-Brown et al., 2014), suggesting that both the enzymatic “writers” of DNA methylation
patterns and the “readers” of these marks are crucial regulators of brain function. Regarding the
“writers”, both maintenance and de novo DNMTs are expressed in most brain cells with a differential
expression profile. DNMT1 is highly expressed in neurons from embryogenesis through adulthood (Goto
et al., 1994). DNMT3b expression is observed in neural progenitors during early embryogenesis and
tends to be low in the adult stage. DNMT3a is expressed from late embryogenesis to adulthood with a
peak during the early postnatal period, remaining present in the adult brain (Feng et al., 2005). The high
levels of DNMT1 and DNMT3a in post-mitotic neurons indicate a specific role for these enzymes in the
adult brain beyond the classic view of de novo and maintenance DNMT. Despite, the high transcription
level, single depletion of DNMT1 or DNMT3a in post-mitotic neurons did not affect behavior and synaptic
plasticity. However, the double knockout (DKO) showed abnormal hippocampal long-term plasticity and
deficits of learning and memory. Additionally, a significant decrease in DNA methylation levels was
observed in DKO neurons (Feng et al., 2010). The function of these enzymes was shown to be detrimental
in distinct processes involving neuronal plasticity at the adult stage, such as contextual fear
conditioning memory formation (Miller and Sweatt, 2007), cocaine addiction and chronic social defeat
stress (LaPlant et al., 2010) and cognitive decline associated with aging (Oliveira et al., 2012).
Interestingly, the modulation of DNMT expression influences methylation on the promoters of plasticity-
related genes. For example, neuronal depolarization leads to a loss of methylation at regulatory regions
of the Banfgene, which is correlated with higher transcription. Mechanistically, this regulation is explained
by dissociation of MeCP2-histone deacetylase-mSin3A repression complex from the promoter of Banf
(Martinowich et al., 2003).

The methylation status of Banf was also implicated in the regulation of fear memory. The contextual fear
learning-induced differential regulation of BanfmRNAs, associated with decreased methylation in the exon
IV promoter and altered local chromatin structure (Lubin et al., 2008). Also, the GADD45b is implicated
in activity-dependent DNA demethylation of Bdnf exon IX and fibroblast growth factor 1 (Fgfl) promoters
(Ma et al., 2009a).

Strikingly, in the adult mouse and human brain genome, high levels of methylation in non-CpG cytosines

(mCH, where H stands for A, T or C) have been observed. This is still under intense study; however, it



was suggested that mCH has the same repressive function of mCG in differentiated cells (Guo et al.,
2014a; Lister et al., 2013).
Altogether, these studies support the idea that DNA methylation is a key epigenetic mark regulating brain

function.

1.1.3. Active DNA demethylation- a focus on DNA hydroxymethylation

Despite the chemical and genetic stability of 5mC due to chemical carbon-carbon bond and the action of
DNMT enzymes, the methyl group of this base can be passively or actively lost during DNA replication or
through enzymatic DNA demethylation, respectively (Wu and Zhang, 2017). During mammalian
development, active DNA demethylation occurs during specific stages: during early embryogenesis,
shortly after fertilization, before DNA replication occurs, in the paternal pronucleus (Mayer et al., 2000)
(Oswald et al., 2000), and in primordial germ cells that includes demethylation of imprinted genes
(Hajkova et al., 2002; Yamazaki et al., 2003). Active DNA demethylation is thought to occur when cytosine
hydroxymethylation (5hmC) is formed by the oxidation of 5-methylcytosine, a reaction catalyzed by the
TET (Ten Eleven Translocation) family of enzymes (Tahiliani et al., 2009a). TETs also intermediate
oxidation of 5hmC to formylcytosine (5fC) and then to 5-carboxylcytosine (5caC), which are suggested to
be intermediates in the DNA demethylation process. Subsequently, the 5fC and 5caC can be subject to
deamination, glycosylase-dependent excision by thymine DNA glycosylase (TDG) and DNA base-excision
repair (BER) pathway, removing the methylated cytosine (lto et al., 2011) Additionally, 5mC and 5hmC
can be deaminated by AID/APOBEC, giving rise to T and 5hmU respectively, that are recognized by DNA
glycosylases, producing an abasic site that is then repaired by the BER machinery (Figurel).

DNA hydroxymethylation is called the sixth base of the genome and it has been described as a
fundamental epigenetic mark, not only as an intermediate during 5mC demethylation but also playing
important roles such as maintenance of pluripotency in ESCs (Thomson and Meehan, 2017). In these
cells, 5hmC is the most predominant oxidative base and it is found mainly at gene promoters and CpG
islands, regions commonly depleted of 5mC, accompanying the increase in gene transcriptional level
(Ficz et al., 2011). The 5hmC base is also enriched in gene bodies of genes actively transcribed (Wu et

al., 2011a). 5hmC is particularly relevant in the function of the neural system, as it will be detailed next.
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Figure 1 Potential pathways for TET-mediated active DNA demethylation cycle.

DNMTs convert unmodified C to 5mC. 5mC can be converted back to unmodified cytosine by TET-mediated
oxidation to 5hmC, 5fC and 5caC, followed by excision of 5fC or 5caC mediated by TDG coupled with BER. 5mC
and 5hmC can be deaminated by AID/APOBEC, giving rise to T and 5hmU respectively, that are recognized by
DNA glycosylases, producing an abasic site that is then repaired by the BER machinery. C, cytosine; 5-mC, 5-
methylcytosine; 5-hmC, 5-hydroxymethylcytosine; 5fC, 5-formylcytosine; 5-caC, 5-carboxylcytosine; 5hmU,
5-hydroxymethyluracil; T, Thymine; DNMT, DNA methyltransferase; TET, Ten-eleven translocation enzyme; TDG,
thymine glycosylase; BER, base excision repair; AID/APOBEC, activation-induced cytidine deaminase/
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like; SMUG1, strand-selective monofunctional
uracil-DNA glycosylase 1; MBD4, methyl-CpG- binding domain protein 4. Adapted from (Antunes et al., 2019).

1.1.3.1. DNA hydroxymethylation in the brain

5hmC base is detected in all mammalian tissues and cell types analysed to date. Contrary to the relatively
constant levels of 5mC in different somatic tissues of the organism, this base is up to ten times enriched
in the central nervous system, constituting between 0.4 and 0.7% of all cytosines (Kriaucionis and Heintz,
2009; Munzel et al., 2010). 5hmC derivatives, bcaC and 5fC, have also been detected, although at much
lower levels than 5hmC (a ratio of ~10000:11:1 in human brain and ~4700:12:1 in mouse brain, for
5hmC, 5fC and 5caC respectively was reported (Liu et al., 2013b) with their relevance still being largely
unknown. In the brain, 5hmC is particularly enriched in the hypothalamus, cortex, hippocampus and
cerebellum (Munzel et al., 2010; Szwagierczak et al., 2010). Immunostaining analysis revealed that the
highest levels of 5hmC are found in fully differentiated neurons; in the cells located in the subgranular
zone between the dentate gyrus and hilus (the region containing the neural progenitors), a clear reduction
in the 5hmC levels was found (Chen et al., 2012). Additionally, the distribution of 5hmC is associated
with gene expression in neurons (Mellen et al., 2012; Tahiliani et al., 2009a). Within the neuronal
population, 5ShmC content seems to be heterogeneous, since in the Purkinje cells is two times more
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abundant than in granular cells (Kriaucionis and Heintz, 2009). The 5hmC levels increase in the brain
significantly after birth, with no concomitant 5mC decrease, when synaptogenesis and neuronal
maturation occur (Song et al., 2011; Szulwach et al., 2011). During aging this pattern of increase is also
maintained, suggesting that 5hmC can represent a stable epigenetic mark throughout life (Chen et al.,
2012). Regarding the genomic distribution of 5hmC, genome-wide analysis of the brain and neuronal
cells have given us a progressively clearer perspective of this DNA base patterns. Although the
Transcription Start Sites (TSS) sites are largely depleted in 5hmC marker; in actively transcribed and
expressed genes, an enrichment of 5hmC on gene bodies and in proximal upstream and downstream
regions relative to the TSS was demonstrated (Lister et al., 2013; Mellen et al., 2012; Song et al., 2011;
Szulwach et al., 2011). In exons, both 5hmC and 5mC are scarce but abundant at the exon-intron
boundary (Khare et al., 2012). As it happens in ESCs, also in the brain a 5hmC abundance at distal
regulatory elements is found, and this is more evident at poised than active enhancers, suggesting that
a hydroxymethylation is an upstream event in enhancer activation (Guy et al., 2011; Wen et al., 2014).
Contrary to ESCs, in which 5hmC is frequently found in the promoter CpGs, in the brain they are depleted
(Song et al., 2011; Szulwach et al., 2011; Wen et al., 2014). Regarding 5hmC readers, the methyl-CpG-
binding protein MeCP2 was identified as the major 5hmC-binding protein in the brain (Mellen et al.,
2012). Although surprising, since it was initially identified by selective binding at 5mC DNA modification
promoting gene repression, MeCP2 is highly abundant in mature neurons, with evidence arising that
suggests it can act as a transcriptional activator (Chahrour et al., 2008; Guy et al., 2011). Additionally,
Wdr76, Thy28 (Thynl) and Neill proteins were commonly described as 5hmC readers in ESCs, NPC
and brain (Spruijt et al., 2013). However, our understanding of the function of 5hmC in the brain is very

incomplete, and new studies addressing the relevance of this base are still required.

1.1.4. Methodologies to identify 5mC and 5ShmC DNA modifications

Global 5mC and 5hmC levels can be examined by immunohistochemical (IHC) staining, enzyme-linked
immunosorbent assay (ELISA) and restriction enzyme-depend methods associated with polymerase chain
reaction (PCR) (Snijders et al., 2018). The site resolution is the main limitation using these methodologies,
allowing only to determine the global methylation or hydroxymethylation levels. To determine the gene-
specific DNA modifications, three main techniques can be used: pyrosequencing, quantitative reverse
transcription PCR (gRT-PCR) and methylation-specific PCR (Snijders et al., 2018).

Regarding the mapping of genome-wide DNA methylation distribution, during the last years, various

methods have been developed. Globally, all methods involve the fragmentation of the genomic DNA (by



restriction enzymes or sonication), methyl-CpG-binding (MBD) or antibody enrichment (MeDIP), bisulfite
conversion or TET oxidation and next-generation sequencing (NGS) or microarray analysis (Yong et al.,
2016).

Bisulfite conversion of genomic DNA is the gold standard approach for DNA methylation analysis, since
it allows distinguishing between methylated and unmethylated C residues, and between 5-mC and 5hmC
when an oxidation step is combined. It consists in the treatment of genomic DNA with sodium bisulfite
which deaminates Cytosine (C) base to Uracil (U), while the methylated C remain unaffected. The U is
converted to T (Thymine) in a following PCR (Booth et al., 2013; Frommer et al., 1992). This methodology
is used in both, whole-genome bisulfite (WGBS) and reduced-representation bisulfite sequencing (RRBS)
technique. The WGBS is considered the best methodology to provide the coverage of all cytosines
information. However, the high amount of data generated and the high sequencing costs are the major
disadvantages. To decrease these, RRBS technique emerged as a valuable tool to study the methylome
at a lower cost, which integrates the digestion of DNA by Mspl restriction enzyme with bisulfite conversion
and NGS (Snijders et al., 2018).

Since the conventional bisulfite sequencing cannot distinguish 5mC from 5hmC, a modified bisulfite
approach - oxidative bisulfite sequencing (ox-BS) - including an oxidation step prior to bisulfite treatment,
has been described. This step allows to discriminate the 5mC and 5hmC base, since 5hmC is chemically
oxidized to 5fC, which after bisulfite treatment becomes U. The last step is to calculate the 5hmC level
by subtracting the BS-seq (5mC+5hmC detection) and the ox-BS-seq (bhmC detection) outcomes (Booth
et al., 2013) (Figure 2).
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Figure 2 Oxidative Bisulfite Sequencing.

After bisulfite treatment of DNA, C is read as T, and 5mC and 5hmC are read as C. With the oxidation of 5hmC to
5fC followed by bisulfite treatment, C and 5hmC are read as T and only 5mC as C. Thus, 5hmC profile is
determined by the subtraction of both processes. C, cytosine; 5-mC, 5-methylcytosine; 5-hmC, 5-
hydroxymethylcytosine. Adapted from (Booth et al., 2013).

1.1.5. TET enzymes

The molecular mechanism underlying the conversion of 5mC to 5hmC was discovered in 2009 when two
distinct groups described 5hmC accumulation in neurons and ESCs (Kriaucionis and Heintz, 2009;
Tahiliani et al., 2009a). This conversion was firstly verified by the action of TET1 enzyme (Tahiliani et al.,
2009a) and later by TET2 and TET3 (lto et al., 2010). Thus, the TET enzyme family comprises a cluster
of three dioxygenases which share the capacity to convert 5mC to 5hmC and subsequent products, all
dependent on a-ketoglutarate (a-KG) and Fe(ll) (Tahiliani et al., 2009a). Structurally, the three TET
enzymes share a less conserved N-terminal region and a conserved C-terminal catalytic domain, which
is composed of a double-stranded 8 helix domain (DSBH) and a cysteine-rich region preceding the DSBH
(Figure 3). This domain contains the metal-binding residues for a-KG and Fe(ll), indispensable for the
oxidation reaction (Tahiliani et al., 2009a), while the N-terminal zinc fager cysteine-X-X-cysteine (CXXC)
domain is implicated in the binding of unmethylated CpGs (Long et al., 2013).

While for TET2 enzyme, only one isoform is known, for TET1 and TET3 multiple splicing isoforms have
been described. Both have a full-length isoform with the CXXC domain; however, TET2 does not contain
a CXXC domain but partners with IDAX, an independent CXXC-containing protein (Ko et al., 2013b). For
TET1, a N-terminus-truncated form (TET1s) was identified in somatic tissues, while the full-length (TET1FL
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or TETe) was found in early embryos, ESCs and primordial germ cells (PGCs). The shorter version, TET1s,
presents weaker demethylation activity compared with the full version, TET1FL (Zhang et al., 2016b).
Regarding TET3, three isoforms were described, including two without the CXXC domain, TET3s and
TET30 (Liu et al., 2013a) (Jin et al., 2016) and one full version (TET3FL). TET30 is exclusively found in
oocytes, while TET3s and TET3FL were shown to be upregulated with neuronal differentiation (Jin et al.,
2016). Contrarily to TET1, TET3 isoforms without the CXXC domain show higher demethylation capacity
(Jinetal., 2016).

TET1e I— DSBH — 2,039aa
(TET1FL) -
CXXC Cys-rich
TET1s —I— DSBH — 1,386 aa
Cys-rich
TET2 H DSBH }— 1,921 aa
Cys-rich
TET3FL . 4' DSBH  — 1,803aa
CXXC Cys-rich
TET30 DSBH  —1,713aa
Cys-rich
TET3s 4.7 DSBH  — 1,668aa
Cys-rich

Figure 3 Structure of mouse TET proteins.

All TET isoforms share the conserved Cysteine-rich and double-stranded B-helix (DSBH) domains at the carboxyl
terminus, which constitute the catalytic structure. Full-length TET1 (TET1FL) and TET3 have a CXXC domain at the
amino terminus, while TET2 does not. Multiple splicing isoforms have been reported for TET1 (Zhang et al., 2016b)
and TET3 (Liu et al., 2013a) (Jin et al., 2016). Adapted from (Wu and Zhang, 2017).

1.1.5.1. TET Enzymes in pluripotency and in neural progenitors derived from ESCs

Both TET1 and TET2 enzymes are highly expressed in mouse ES cells with a critical role in self-renewal
and lineage specification (Ficz et al., 2011; lto et al., 2010; Koh et al., 2011). Indeed, the single or double
Tetl/Tet2 KO decreases bhmC levels and impacts the ESC transcriptional signature (lto et al., 2010).
Importantly, TET1 and TET2 have distinct roles at gene-specific regulatory regions: TET1 regulates 5hmC
levels at gene promoters and transcription start sites, while TET2 mainly regulates 5hmC levels in gene

bodies and exon boundaries of highly-expressed genes and exons, respectively (Huang et al., 2014). On



the contrary, and consistently with the low TET3 levels detected in ESC, its depletion does not affect
pluripotency (Li et al., 2015a).

In mouse ES cells, TET1 was the first enzyme implicated in the conversion of 5mC into 5hmC and its
deletion results in decreased levels of 5hmC (Tahiliani et al., 2009a). Nevertheless, Tetl KO ES cells do
not lose pluripotency, expressing Nanog, Oct4 and Sox2 at comparable levels to control cells (Dawlaty et
al., 2011). TET1 preferentially binds to CpG-rich sequences at promoters and gene bodies, promoting
DNA demethylation and transcription, while it also binds to Polycomb group target genes and participates
in transcriptional repression (Ficz et al., 2011; Wu et al., 2011b). TET1 KD in ESCs modifies gene
expression and normal cell differentiation by negative regulation of key trophectoderm regulators and
positive regulation of neuroectoderm factors (Pastor et al., 2013). Its knockdown increases the
methylation at the promoters of pluripotency-related genes, such as Esrrb, KiIf2, Tcll and Zfp42,
downregulating its expression (Ficz et al., 2011). Even so, TET1-null cells are pluripotent. Moreover, TET1
depleted embryoid bodies can be differentiated into neural precursor cells (Dawlaty et al., 2011), and
both TET1~ and TET2+ mice develop all three germ layers and survive, suggesting that both enzymes do
not have a crucial role in differentiation (Dawlaty et al., 2011; Ko et al., 2011).

In ES cells, TET1 and TET2 physically interact with Nanog, and both proteins facilitate the reprogramming
process, which is dependent of their catalytic activity (Costa et al., 2013). In neural stem cells (NSCs) the
co-transfection of Nanog with either TET1 or TET2 increased the expression of pluripotency markers such
as Oct4, suggesting that TET1 or TET2 are recruited by Nanog to enhance the expression of a subgroup
of crucial reprogramming target genes (Costa et al., 2013).

During neural differentiation, a decrease in TET1 and TET2 levels was observed (Li et al., 2015a).
Contrarily, although TET3 is almost undetectable in ESCs, a strong upregulation during neuronal
differentiation has been observed. However, the percentage of nestin-positive cells generated from Tet3
KO ESCs is not affected, suggesting that Tet3 is not essential for the commitment of the NPCs. Yet, during
the differentiation from NPCs to differentiated neurons, the nestin-positive NPCs from Tet3 KO ES cells
declined much faster than NPCs derived from WT cells, indicating that Tet3 is important for NPC
maintenance. Importantly, neuronal maturation is reduced with Tet3 deletion, since MAP2 expression is
strongly reduced in these cells, triggered by significant apoptotic cell death of NPCs (Li et al., 2015a).

However, how TET3 is regulated in the process of neuronal differentiation needs a deeper examination.
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1.2. Emotion and Cognition- the bases of animal behavior

Emotion and cognition represent central processes in brain function. During the last decades, animal
research has contributed immensely to our current knowledge of human physiology, providing essential
insights in the neurosciences field. The mammalian brain presents a similar structure and function across
species becoming easier to map the circuits of the human brain. Consequently, the use of rodent models
is a suitable and helpful tool to study different behavior dimensions. In fact, the extensive knowledge of
the mouse genome and the vast number of genetically modified strains have been essential for the current
knowledge in the neuroscience field. Nowadays, it is possible to target any gene and regulate its
expression spatially and temporally. The opportunity to use mouse models mimicking human brain
diseases has become an essential tool to improve the knowledge about the molecular bases of brain
dysfunction. In this context, behavior assessment is frequently used to evaluate either mood, motor or
cognitive funtions. Behavioral studies imply control for variable parameters such as environment, handling
and the paradigm itself. Importantly, different behaviors will adress particular functions of a certain brain
region or a specific association of a circuit integrating different brain regions. In this thesis, a special focus

will be given to the hippocampal function and its dependent behaviors namely anxiety and cognition.

1.2.1 Assessment of anxiety-like behavior

Fear is an essential adaptive mechanism of alarm for the organism; however, it can also become
deleterious when the anxious sensation continues, implicating an undesirable effect on daily life. When
fear appears, in an inappropriate situation or chronically, is called anxiety. Thus, anxiety is a mood
disorder characterized by a sensation of discomfort and apprehension in response to undefined diffuse
signals. Anxiety disorder spectrum includes phobias, panic disorder, posttraumatic stress disorder (PTSD)
and general anxiety disorder (Lang and McTeague, 2009). Anxious behavior can be studied using specific
behavioral paradigms (Figure 4). In rodents, the most commonly used is the elevated plus maze (EPM)
test. The EPM paradigm consists of two opposite open arms and two closed arms that produce a conflict
between the rodent’s tendency to explore dark and enclosed spaces, and their natural fear of bright light
and open spaces. Thus, a reduced ratio between time spent on open and closed arms is an indicator of
anxiety (Walf and Frye, 2007). Similar to EPM’s principle, the light-dark box (LDB) test is based on the
innate aversion of rodents to places with bright light. In this test, a box is divided into two sections: a
minimally lit side with black walls (dark side) and a brightly lit side with white walls (light side). Each
animal is placed at the center of the arena facing the lateral wall and allowed to explore it. Longer latencies
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to enter and/or greater amounts of time spent in the black side of the box are interpreted as indicating
more anxiety-like behavior (Bourin and Hascoet, 2003). Another test frequently used to examine anxiety
is the open field (OF). This test consists in placing an animal in an unfamiliar environment surrounded
by walls and enables to investigate a variety of behavior patterns such as thigmotaxis - the tendency to
rely on the periphery of the arena avoiding the center. Importantly, higher levels of anxiety should mainly
lead to a decrease in the ratio ‘time in centre/time on periphery’ (Bourin et al., 2007). Another model
using the OF apparatus is the novelty suppressed feeding (NSF), which is frequently used to assess
anxiety-like phenotype as it is also based on rodents' innate fear of novel spaces. However, the NSF test
introduces an additional component of motivation, as the food-deprived animal's drive to eat conflicts with
its fear of novel open spaces. Thus, the NSF explores the natural apprehension of rodents to consume
food after a period of starvation. In this test, animals under food deprivation are placed in the corner of
the OF arena, and the latency to approach and to begin eating a food pellet located in the center of the

arena is measured (Blasco-Serra et al., 2017), being a measure of anxiety like-behavior.

EPM OF
.
i \
NSF
LDB

Figure 4 Anxiety-like behavior paradigms.
Some examples of anxiety-like behavior tests are represented: elevated plus maze (EPM), open field (OF), the
light-dark box (LDB), and novelty suppressed feeding (NSF) tests.

1.2.2. Assessment of depressive-like behavior

Major depressive disorder (MDD) is a highly prevalent chronic psychiatric disorder and commonly
associated with significant morbidity and mortality. MDD symptoms include depressed mood and

anhedonia (i.e., a relative lack of pleasure in response to a formerly rewarding stimulus), both
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considered fundamental features of depression (Nelson and Charney, 1981). There are several behavioral
tests used to study these symptoms, such as the sucrose preference test (SPT) to study anhedonia and
the tail suspension test (TST) and the forced swimming test (FST, also known as Porsolt’s test (Porsolt et
al., 1977) being used to study depressive-like behavior (Figure 5).

During the FST, the animal is placed in a container filled with water from which it cannot escape. The
animal will first try to escape, but eventually will exhibit immobility (i.e. floating with the absence of any
movement) (Porsolt et al., 1977). Similarly, during the TST, a rodent is subjected to the short term
inescapable stress of being suspended in the air and will develop an immobile posture (i.e., when the
animal doesn’t want to put in the effort to try to escape) (Can et al., 2012). The immobility time is a
measure of learned-helplessness (a hallmark of depressive-like behavior) since it refers to a deficit in
escaping from an aversive situation after exposure to uncontrollable stress (Chourbaji et al., 2005).
Anhedonia is commonly measured by a sucrose preference test (SPT) based on a two-bottle choice
paradigm. In this test, preference for a sweetened solution, in relation to water, is assessed. A
decrease in the sucrose preference ratio is indicative of anhedonic-like behavior in rodents (Liu et al.,

2018).

SPT T
EE
Figure 5 Examples of mood behavioral tests.
Some examples of behavior tests to evaluate the mood dimension: forced swimming test (FST), tail suspension
test (TST) and sucrose preference test (SPT).

1.2.3. Stress-induced behaviors - link to the Hypothalamo-Pituitary-Adrenocortical (HPA) axis function

One biological system of major interest in depressed and anxious individuals is brain neuroendocrine
function. The involvement of the HPA axis in the modulation of behavior is well known (Figure 6).

Importantly, the persistent HPA axis activation and glucocorticoids (GCs) feedback resistance, are
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frequently found in depressed patients (Lucassen et al., 2014). The HPA axis is one of the biological
systems involved in the stress response. The first phase of the stress response is considered the "alarme
reaction”, which involves the activation of the autonomic nervous system (ANS) that stimulates the
adrenal medulla to produce cathecolamines (adrenaline and noradrenaline). These hormones will
intermediate physiological alterations, such as elevated basal metabolic rate, blood pressure and
respiration, and increased blood flow to the vital organs, allowing the response to the alarm (Lucassen et
al., 2014). In turn, HPA axis, a vital neuroendocrine system that interprets an environmental risk or
challenge into a sequence of coordinated physiological responses, is activated as well (Herman and
Cullinan, 1997). The stress response leads to stimulation of the paraventricular nucleus (PVN) in the
hypothalamus, inducing the secretion of corticotropin-releasing hormone (CRH) and arginine-vasopressin
(AVP). This leads to the secretion of adrenocorticotropic hormone (ACTH) from the pituitary into the
bloodstream. Finally, this hormone stimulates glucocorticoids (GCs) hormones (cortisol in humans and
corticosterone in rodents) release from the adrenal cortex. Regulation of HPA axis occurs through negative
feedback after GC binding to mineralocorticoid (MR) and GRs, which apply a negative feedback control
on the hypothalamus and pituitary, as well as in specif brain areas. Indeed, the huge number of GRs in
the brain, and principally in the hippocampus, making it susceptible to elevated GC levels (Lucassen et
al., 2014). The GR is particularly relevant to regulate the GC levels, since aberrant GR levels is associated
with stress resistance, and anxiety and depression (Ridder et al., 2005; Wei et al., 2004). GC plasma
levels follow a circadian rhythm, with a diurnal secretion peak coinciding with the beginning of the active
phase (light-phase in human, dark-phase in rodents), after which circulating corticosteroids rapidly decay
to basal levels (dark-phase in human, light-phase in rodents) (Yang et al., 2008). When this circadian
pattern of activity is interrupted in the context of maladaptive stress, results in deleterious effects in the

brain, namely brain disorders such as MDD (Koch et al., 2016).
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Figura 6 Schematic representation of the hypothalamic-pituitary-adrenal (HPA) axis regulation in humans and
rodents.

Hypothalamus releases corticotropin-releasing homone (CRH). Within the pituitary gland, CRF will prompt the
secretion of adrenocorticotropic hormone (ACTH), leading to the production of corticosteroids (cortisol-humans;
corticosterone-rodents) from adrenal glands. Corticosteroids will impact both peripherally and in the central nervous
system, applying a negative feedback control on the hypothalamus and pituitary.

1.2.4. Assessment of learning and memory

Cognitive function is composed by a wide range of domains such as perception, action, motivation,
attention, reasoning, learning and memory (Kandel E, 2012). In the present work, we will focus in learning
and memory functions. Learning is the ability to process information, whereas memory is the capacity to
recall or retrieve that information at a later time (Kandel E, 2012). Memories are created after learning,
and are dependent of synaptic plasticity, involving structural modifications on dentritic spines at
postsynaptic sites. The magnitude of these modifications are dependent of the types of memories
involved. Short-term memory induces reversible and temporary changes in synaptic transmission, while
long-term memory implicates persistent structural alterations and requires gene expression and
ultimately, synthesis of new proteins (Kandel E, 2012; Mizuno and Giese, 2005).

Numerous paradigms have been used to assess the effects of genetic modifications, brain lesions, or
chemical compounds on learning and memory in rodents. A large variety of hippocampal-dependent tasks
were already described and are regularly used. A gold standard paradigm for studying learning and
memory behavior in rodents is the Morris water maze (MWM), which represents a precise way to assess

spatial learning and memory (D'Hooge and De Deyn, 2001). This approach relies on distal cues which
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drive the navigation trajectory from start sites around the perimeter of an open swimming arena to find a
submerged escape platform (Morris, 1984). MWM test is used to study both spatial/discriminative
learning and working memory processes, being currently applied to study cognitive decline characteristic
dysfunctions of neurodegenerative disorders such as Alzheimer’s and Parkinson’'s diseases (Terry,
2009). Another test commonly used to assess memory is the novel object recognition (NOR). This
paradigm evaluates the rodents’ capacity to identify a novel object in the environment, since the natural
predisposition of rodents to explore novel items is well recognized. Considering the amount of time that
rodents spend exploring the presented objects, memory performance can be evaluated (Cohen and
Stackman, 2015).

In order to assess associative learning and memory a gold standard behavior test is the contextual fear
conditioning (CFC), which relies on hippocampal function. Fear conditioning is a form of learning in which
an aversive stimulus (e.g. an electrical shock) is associated with a particular impartial context (e.g., a
room) or neutral stimulus (e.g., a tone), resulting in the appearance of fear responses to the original
stimulus or context. In this paradigm, the animal is placed in a novel environment, providing an aversive
stimulus, and then removed. When the animal is returned to the same environment, it will adopt a freezing
response if it remembers and associates that environment with the aversive stimulus (Peter Curzon,

2009).

1.2.5. Hippocampal structural organization and dependent behaviors

Research focused on the hippocampus have been supported by two essential evidences: first, lesions of
the hippocampus impair the acquisition of new episodic memories; second, activity-dependent synaptic
plasticity is a key property of hippocampal synapses (Neves et al., 2008). Indeed, this brain region plays
a key role in memory processes such as spatial learning, declarative memory and the establishment of
relational representations (Eichenbaum, 2004). Functional studies showed that hippocampal neurons
exhibit spatially specific firing, particularly decisive to encode spatial location (Ciocchi et al., 2015). All
these processes are strongly regulated by dendritic plasticity and generation of new synapses, induced
by longterm potentiation (LTP) or by the weakening of synaptic strength as a result of longterm
depression (LTD) (Becker et al., 2008; Raymond, 2007). Therefore, neuroplasticity is a key feature of the
hippocampus, allowing to adapt its activity and structure to experience and environmental stimuli.

Structurally, the hippocampus belongs to the limbic system and is located in the medial temporal lobe
of the brain (Strange et al., 2014). Although its formation occurs during embryonic development, the

main neuronal population is only produced post-natally (Rolando and Taylor, 2014). The basic
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hippocampal architecture is preserved between humans and rodents and includes two main areas: the
Dentate Gyrus (DG) and the Cornu Ammonis (CA) regions. The DG has a characteristic U shape and is
one of the few regions of the adult brain where cytogenesis occurs (Kempermann et al.). The CA
comprises: CA3, CA2 and CA1 subregions. The DG and CA regions are composed by neurons with
different morphology; the DG neurons are granular cells (presenting only apical dentrites) while the CA
regions are composed by pyramidal neurons (presenting both apical and basal dendrites) (Bliss, 2007).
Strong and complex signal flow is established between these hippocampal subregions. Within the DG,
granule neurons project their axons (mossy fibers) to the CA3 pyramidal neurons. These, in turn, send
projections to the ipsilateral CA1 (through Schaffer collaterals) or to the contralateral CA3 or still to the
CA1 (through commissural connections). The circuit loop is closed with the CA1 axonal projection to the
subiculum or to deep layers of the entorhinal cortex (Bliss, 2007) (Figure 7b).

The adult mammalian hippocampus presents an elongated C-shape which extends along a dorsal-ventral
axis in rodents, corresponding to the posterior and anterior axis in humans (Figure 7a). Different circuits
arise along the hippocampal axis, with anatomical projections patterns variation along dorsal and the
ventral hippocampus, associated with characteristic functions (Strange et al., 2014). Additionally, the
molecular signature differs along the hippocampal axis, suggesting that it can be divided into separate
structures (Fanselow and Dong, 2010). Functionally, the dorsal hippocampus is associated with spatial
navigation and episodic memory, while the ventral hippocampus is related to affective and emotional
dimensions, which comprises anxious and motivational behaviors (Fanselow and Dong, 2010; Morris et
al., 1982). The dorsal hippocampal region contains a great density of place cells, which are fundamental
for spatial memory (Moser et al.) 2018). The ventral hippocampal cells establish intimate connections
with the amygdalar and prefrontal cortex. This circuit composed by the vHip, the amygdala and the
prefrontal cortex is the neuronal base modulating fear dependent behaviors (Mahan and Ressler, 2012).
Interestingly, it was already shown that dorsal and ventral hippocampus can react differently to experience
and environmental stimuli. For instance, chronic stress impacts differently the dorsal and ventral
hippocampal neurons. While dorsal hippocampal dendrites are shortened, ventral dendrites are enlarged.
Importantly, these morphological alterations are reversible after cessation of stress, highlighting the high
plasticity of the hippocampus (McEwen, 1999). In fact, the hippocampus is highly experience-dependent

with axonal and dendritic structural modifications induced by the environmental stimulus.
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Figura 7 Mouse hippocampal architecture.

a. The rodent hippocampus is an elongated structure with a C-shaped structure, which extends along a dorsal-
ventral axis. b. Coronary perspective of hippocampus structure which includes DG and CA regions (CA3 and CAl),
connected by the Schaffer collateral and Mossy fibers. CA1/CA3- Cornu Ammonis regions land 3, DG- dentate
gyrus. Adapted from (Bannerman et al., 2014; Deng et al., 2010).

1.2.5.1. Hippocampal cytogenic niche

The development of mammalian brain is a spatial and temporally orchestrated process that involves
appropriate gene regulation to allow the NSCs to differentiate into distinct cell types, and ultimately to
give rise to brain and spinal cord structures (Okano and Temple, 2009). NSCs reside in the adult
mammalian brain and contribute to brain plasticity throughout life (Bond et al., 2015). Notably, not only
in the embryonic but also in the postnatal brain, discrete anatomical regions contain a pool of NSCs,
which continue differentiating into mature neurons and glia, a process called cytogenesis. Specifically,
the transition of proliferative and multipotent NSCs to the three major central nervous system cell types
is called neurogenesis (neurons) and gliogenesis (astrocytes, and oligodendrocytes) (Bond et al., 2015).
Besides dendritic plasticity, adult hippocampal cytogenesis represents a key form of neuronal plasticity
and it has been implicated in different cognitive domains, such as reference memory, behavioral flexibility
and pattern separation/completion (Dupret et al., 2008; Nakashiba et al., 2012; Snyder et al., 2005).
Indeed, suppression of hippocampal cell proliferation in naive animals through irradiation or the use of
transgenic models of cytogenesis ablation has been shown to be related with the development of deftits
in different behavioral dimensions (Snyder et al., 2011).

Thus, the proper control of the cytogenic process is crucial for normal brain function. The ability of NSCs
to integrate extrinsic and intrinsic signals to control their plasticity is controlled by transcription factors
under the regulation of epigenetic mechanisms. A clear example is DNA methylation, impacting multiple
aspects of neurogenesis from stem cell maintenance and proliferation, fate specification, neuronal
differentiation and maturation, and synaptogenesis (Jobe and Zhao, 2017). Neurogenesis is defined as a
process of generating functional neurons from precursors, occurring in embryonic stages and prevailing
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throughout life (Ming and Song, 2011). In the adult stage, this process occurs in two specific brain areas:
the subgranular zone (SGZ) in the DG of the hippocampus and the subventricular zone (SVZ) lining the
lateral ventricles (Gage, 2000). Within the hippocampal DG, newly-born cells are produced in the SGZ, a
thin band between the granule cell layer and the hilus, which provides a singular microenvironment for
the maintenance of NSCs population. When committed to the neuronal lineage, these cells migrate to the
granule cell layer (GCL), where the maturation to granule neurons occurs and the vast majority becomes
excitatory glutamatergic neurons (Seri et al., 2004). Adult hippocampal neurogenesis mainly reviews
embryonic neurogenesis and consists of 4 main steps: firstly, the quiescent NSC population called radial
glia-like cells (RGLs, type 1 cells) is activated and can generate proliferating intermediate progenitor
cells (IPCs, type 2 cells). These type 2 cells can generate neuroblasts (type 3) that subsequently
differentiate and mature into adult-born dentate granule cells (Ming and Song, 2011) (Figure 8). These
new functional neurons integrate the pre-existing neuronal circuitry, and modulate local neural plasticity
and network (Deng et al., 2010). This incorporation is essential for hippocampal integrity and function,
regulating a wide variety of biological processes such as learning, memory, emotion and
neurodegeneration (Deng et al., 2010; Horgusluoglu et al., 2017; Santarelli et al., 2003). The coordinated
action of transcription factors and epigenetic regulators is critical for the differentiation of embryonic NSCs
into the vast diversity of neuronal and glial populations present in the adult brain. Signiftant developments
have been made in our understanding of the regulation of adult hippocampal neurogenesis. Next, the
most recent findings on the role of TET enzymes in brain function, namely in neurogenic process will be

reviewed.
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Figura 8 Representation of the adult hippocampal neurogenic process.

The developmental stages and the corresponding stage-specific markers are described.GFAP (glial fibrillary acidic
protein); Sox2 (SRY box 2); Tbr2 (T box brain protein 2); PSA-NCAM (Polysialylated-neural cell adhesion molecule);
DCX (doublecortin); NeuN (neuronal nuclei).
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1.3. TET enzymes in brain function and behavior control

All TETs are expressed in the brain, with TET3 being expressed the highest in the cerebellum, cortex, and
hippocampus, followed by TET2 and TET1, which has much lower expression than the other two enzymes
(Szwagierczak et al., 2010). All TETs exhibit strong co-localization with the neuronal marker NeuN (Kaas
et al., 2013; Li et al., 2014; Mi et al., 2015), which is in line with 5hmC enrichment; it remains unclear
what are the levels of expression in other non-neuronal cells in the CNS. To date, there is only one report
showing TET1 expression in the soma of glial fibrillary acidic protein (GFAP) positive cells, hence identified
as astrocytes, in the adult mouse hippocampus (Kaas et al., 2013). TET2 and TET3 expression has not
been addressed in this type of cells, but our results suggest absence of TET3 expression in astrocytes, at
least in the adult stage. Regarding oligodendrocytes, expression of all TET enzymes from the embryonic
development until P30 was detected in the corpus callosum (Zhao et al., 2014). The expression from that
moment until the adult stage remains to be clarified, as well as its expression in other brain regions.

Since 2011, many studies have shown the importance of TET enzymes in neurophysiology and brain
function (Antunes et al., 2019; Santiago et al., 2014), which are summarized in Table 1 and described

in detail for each TET, in the following sections.

1.3.1. TET1

TET1, the first enzyme described as being capable of catalyzing the conversion of 5mC into bhmC
(Tahiliani et al., 2009a), is the best-studied TET family member in the brain.

Regarding neurophysiology, two main studies are reporting how TET1 is regulated in basal physiology.
Kaas and collaborators observed that 7et] transcript levels are downregulated by neuronal activity either
in vitro, when primary hippocampal neurons were incubated with KCI, resulting in cellular depolarization,
or /n vivo, in the dorsal CA1 subregion, after flurothyl-induced seizures or after fear conditioning (Kaas et
al., 2013). All these approaches resulted in a significant reduction in 7ef/ mRNA levels compared to
controls, while the transcripts of 7e2 and 7et3 did not consistently respond to stimulation using any of
these activity-inducing paradigms. On the other hand, Yu and collaborators did not observe changes in
Tet] (and 7et? transcript levels when hippocampal neurons in culture were treated with bicuculline,
a GABA. receptor antagonist commonly used to induce a robust increase in neuronal firing and synaptic
activity, or with Tetrodotoxin (TTX), which decreases global synaptic activity (Yu et al., 2015). Additionally,
TET1 KO mice exhibited normal basal synaptic transmission and presynaptic excitability in hippocampal

slices (Kumar et al., 2015; Rudenko et al., 2013).
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In terms of synaptic plasticity in the Schaffer collateral-CA1 pathway, it was observed that LTD was
significantly increased in the TET1 KO mouse (Rudenko et al., 2013), whereas hippocampal LTP
remained normal (Kumar et al., 2015; Rudenko et al., 2013). Considering that LTD is regulated by AMPA
receptor trafftking and Arc modulates the trafficking of AMPA-type glutamate receptors (AMPARs) (Clem
and Huganir, 2010; Liu and Cull-Candy, 2000), the observed downregulation of Arc (Rudenko et al.,
2013) may affect proper function of various components of LTD machinery. Additionally, previous studies
demonstrated a connection between LTD and memory extinction (Dalton et al., 2008; Kim et al., 2011;
Ryu et al., 2008; Tsetsenis et al., 2011). Additionally, overexpression of either the catalytic active or
inactive forms of TET1 peptide did not lead to any significant effects in LTP either (Kumar et al., 2015).
In terms of basal electrophysiology findings, /n vifro work showing that 7ef/ knockdown (KD) in primary
hippocampal neurons leads to increased miniature excitatory postsynaptic current (mEPSC) amplitudes
(Yu et al., 2015).

The TET1 KO mouse model was used to unravel a potential connection between TET1 protein function
and behavior/cognitive processes. In terms of learning and memory, there are conflicting results
(Rudenko et al., 2013; Zhang et al., 2013). Zhang and colleagues addressed the putative involvement of
TET1 in neural plasticity using hippocampal-dependent cognitive tasks, such as spatial memory
(Broadbent et al., 2004). Both WT and Tetl KO mutants exhibited similar escape latency and swim path
to the visible platform, suggesting comparable vision and motivation between the two groups. However,
when short term memory retention was tested (24 hours after the 5-day training), the mutant group
showed significant deficiency in reaching the virtual platform, measured by both the platform crossing
and the time spent in the target quadrant, indicating that 7et! deficiency can lead to impairment in spatial
learning and short-term memory. The brain structure was analyzed but no obvious morphological or
developmental brain abnormalities were observed (Zhang et al., 2013), as reported by other authors
(Rudenko et al., 2013). Considering adult neurogenesis implication in spatial learning and memory, a
potential link between memory impairment and the lack of TET1 was further explored. Using Nestin-GFP
transgenic mice, the authors observed that, when TET1 was ablated in neural precursor cells, the number
of GFP-positive cells in the subgranular zone of the hippocampal dentate gyrus (DG) in adult mice was
dramatically reduced, by 45%, compared to WT animals (Zhang et al., 2013). NPCs isolated from the DG
of Tetl KO produced fewer and smaller primary neurospheres compared to WT controls. Upon
differentiation /n7 vifro, the neurospheres from mutant mice were normally tripotent, with similar potential
for the generation of neurons, astrocytes, and oligodendrocytes in comparison to WT neurospheres.

Analysis of gene expression and methylation changes in TET1 KO mice revealed decreased expression of
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a cohort of genes involved in neurogenesis, including Galanin (Gal), Ng2 (Cspg4) and Neuroglobin (Ngb).
Methylation analysis using gene-specific bisulfite sequencing showed that the promoter regions of these
genes were hypermethylated, suggesting that TET1 positively regulates adult neurogenesis through the
oxidation of 5mC to 5hmC in these genes (Zhang et al., 2013).

In contrast to the results by Zhang and collaborators, Rudenko and colleagues reported normal short-
term memory and spatial learning, but impaired memory extinction of both contextual fear memory and
spatial reference memory (Rudenko et al., 2013). The authors observed normal locomotor behavior and
no changes in anxiety and depressive-like behaviors, as well as no difference, was observed in contextual
learning and cued fear memory acquisition. However, regarding memory extinction, the authors reported
impaired memory extinction in TET1 KO mice, both after contextual fear conditioning and for
hippocampus-dependent spatial reference memory, using the Morris water maze (MWM) test. Several
neuronal activity-regulated genes were found to be downregulated, namely Arc, Npas4 and c-Fos, in the
cortex and hippocampus. Hypermethylation of the Mpas4 promoter region was observed in in the cortex
and in the hippocampus of both naive TET1 KO mice and after extinction training. Ajpas4is a transcription
factor highly expressed in the brain which regulates the formation and maintenance of inhibitory synapses
in response to excitatory synaptic activity; it was shown to be a key regulator of transcriptional programs
involving neural activity-regulated genes and essential for contextual memory formation and regulation of
cognitive and social functions (Coutellier et al., 2012; Ramamoorthi et al., 2011).

These results might indicate independent epigenetic programs being activated during memory acquisition
versus memory extinction. Nonetheless, the discrepancy between TET1 role in spatial learning and
memory could also be explained by the differences in the TET1 KO mouse models, with distinct exons
being targeted (exon 4 in the study by Rudenko et al., resulting in an unstable truncated form; and exons
11-13 in the study by Zhang et al., which are part of the catalytic domain). Moreover, no other learning
and memory tasks were used beyond MWM in the study by Zhang and colleagues, whereas Rudenko and
colleagues used Pavlovian fear conditioning showing that TET1 mutant mice have normal memory
acquisition.

Additionally, a curious finding was the observation of memory enhancement in TET1 KO animals, namely
threat recognition learning, long-term memory and remote memory consolidation (Kumar et al., 2015).
Consistent with a previous study (Rudenko et al., 2013), this group found normal threat memory
acquisition and short-term fear memory in TET1 KO mice. However, an enhancement in memory
consolidation and longterm storage was observed in TET1 KO, using contextual and cued fear

conditioning tests. These are apparent opposing results when compared with Zhang and colleagues work,
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which showed an impairment in spatial learning (Zhang et al., 2013). Kumar and colleagues suggested
that these might be attributed to the behavior test used since MWM and fear conditioning are both
hippocampal-dependent tasks, but MWM may involve stronger and more aversive motivational factors
than fear conditioning and occur over many more training trials of longer duration (Kumar et al., 2015).
These differences might account for differential susceptibilities to effects of Tetl KO in the water maze
versus fear conditioning behavioral tests.

Using a virally mediated knockdown of 7ef/ mRNA in the dorsal hippocampus, they also observed an
enhancement in hippocampus-dependent long-term spatial memory for object location (Kumar et al.,
2015). Zhang and colleagues reported that TET1 KO impairs hippocampal-dependent spatial short-term
memory, using the MWM test (Zhang et al., 2013). Hence, distinct roles for TET1 in different memory
types can explain these differences. At the molecular level, Kumar and colleagues also found that TET1
ablation resulted in altered expression of numerous neuronal activity-regulated genes, such as increased
expression of Banf and decreased levels of Arc, Fos and Npas4, as previously observed by others
(Rudenko et al., 2013). Interestingly, a compensatory upregulation of 7et2 and 7et3 was reported,
together with increased transcript levels of other genes involved in the active DNA demethylation pathway,
such as Gadd45b, Smug, Apobecl and Tdg. Intriguingly, a strong upregulation was also observed for
DNA methyltransferases Onmti1, Dnnmit3a and Dnmi3b, suggesting coordination of the epigenetic
regulators transcriptional network in the CNS (Kumar et al., 2015).

In addition to loss-of-function studies, the discovery that TET1 expression is downregulated in the dorsal
CA1 of mice after fear learning motivated gain-of-function studies: TET1 overexpression (OE) in the dorsal
hippocampus did not affect exploratory or anxiety-like behavior but impaired long-term, but not short-
term, memory in the contextual fear conditioning (CFC) test (Kaas et al., 2013). This deficit in long-term
memory formation was observed for both catalytically active and inactive forms of TET1, suggesting that
TET1's role in memory formation is independent of its catalytic activity but may rely on an allosteric
mechanism and contribute to explain non-redundancy between TET enzymes. Importantly, the authors
found the same set of genes (Fos, Nr4a2 Badnt Homerl) upregulated by overexpression of TET1 and
TET1m, suggesting that TET1 regulates the expression of these genes, at least in part independently of
5mC to 5hmC conversion, and that these genes might be responsible for the memory dysfunction.
Another gain-of-function study has shown that overexpression of either the catalytically active or the
catalytically inactive TET1 peptide did not lead to any significant effect on LTP compared with control,

and basal synaptic transmission also remained constant (Kumar et al., 2015).
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Additionally, TET1 overexpression, but not TET1m, led to an increase in 5hmC levels in the
microdissected CA1 area, concomitant with a decrease in global 5mC levels, suggesting an increase in
global 5mC to 5hmC conversion (Kaas et al., 2013). Furthermore, TET1 OE resulted in upregulation of
many neuronal activity-related genes such as c-fos, Banf, Arc, Egrl (Kaas et al., 2013), whereas TET1
KO resulted in downregulation of some of these genes (Rudenko et al., 2013). Therefore, considering the
downregulation of IEGs in TET1 KO mice and their upregulation in TET1 OE in hippocampal regions,
these studies suggest that 7et/ bidirectionally regulates IEGs levels. Similarly, Guo and collaborators
performed overexpression of TET1, and TET1m, in the adult mouse dentate gyrus and observed that OE
of TET1, but not TET1m, led to an increase in the levels of 5hmC by 43% (Guo et al., 2011b). Concerning
methylation levels at specific neuronal-genes, namely Bdnf and Fgfi, the authors reported that
overexpression of TET1, but not TET1m, led to significant decreases in CpG methylation levels at promoter
IX of Bdnf and brain-specific promoter of Fgfl. On the other hand, 7et] knockdown in the adult dentate
gyrus completely abolished electroconvulsive stimulation (ECS)-induced demethylation of both Bdnf IX
and FGF1B, suggesting that Tetl is required for neuronal activity-induced, region-specific, active DNA
demethylation and gene expression in the adult brain (Guo et al., 2011b).

Together, these findings support that TET1 contributes to basal neuronal 5hmC levels, and this interferes
with the regulation of important neuronal regulatory genes. However, the behavioral effects of TET1
should still motivate further investigation, considering the discrepant results in short-term memory and

spatial learning.

1.3.2. TET2

TET? is the least characterized TET enzyme member in the brain, despite its high level of expression
(Szwagierczak et al., 2010). Whilst brain defects have not been described in TET2 KO mouse model (Ko
etal, 2011; Li et al., 2011), a behavioral characterization was missing.

Regarding neurophysiology, in wvifro studies using hippocampal neurons did not show changes in 7et?
mMRNA levels after global synaptic activity increase or decrease, induced by bicuculline or tetrodotoxin,
respectively. However, the association of this enzyme with basal synaptic transmission has been observed
since hippocampal neurons with decreased 7ef2expression exhibited increased mEPSC, similarly to what

was observed in 7etl KD (Yu et al., 2015).

24



Additionally, a role for TET2 in neurogenesis was firstly proposed by Hahn and collaborators, as the
double knockdown of 7ef2and 7et3in the mouse embryonic cortex led to defects in the differentiation of
the cells migrating from the subventricular zone to the cortical plate (Hahn et al., 2013). More recently,
another work using a TET2 KO mouse model showed that depletion of TET2 leads to increased adult
neural stem cell proliferation, but reduced differentiation capacity /n vitro and /in vivo (Li et al., 2017).
Mechanistically, the authors show that Tet2 physically interacts with forkhead box O3 (Foxoa3) and
regulates expression of genes related to neural stem cell proliferation. Foxoa3 is a mammalian forkhead
family member, well known to regulate gene expression and help preserve an intact pool of neural stem
cells, at least in part by negatively regulating neuronal differentiation (Rafalski and Brunet, 2011). To
overcome the limitations of a constitutive full knockout model, a more recent work used a conditional
model ablating Tet?2 in adult Neural Precursor Cells (NPCs) and demonstrated that the specific deletion
of this enzyme in adult NPCs is sufficient to impair the neurogenic process, translated by a significant
decrease in the number of Doublecortin (Dcx)-positive newly born neurons, Bromodeoxyuridne (BrdU)-
positive cells and BrdU/NeuN-positive mature differentiated neurons (Gontier et al., 2018). The authors
also observed that decreased levels of 7ef2 expression, achieved by shRNA injection in the hippocampal
neurogenic niche, resulted in a significant decrease in the number of NPCs and newly born neurons, as
observed by conditional deletion in NPCs.

Additionally, for the first time, a behavioral evaluation was performed, showing that reducing 7et? levels
in the hippocampus impairs cognitive function, namely hippocampal-dependent learning and memory
which were assessed using radial arm water maze (RAWM) and contextual fear-conditioning (CFC)
paradigms (Gontier et al., 2018). Both the animals presenting a global abrogation of TET2 in the Dentate
Gyrus (known as the adult hippocampal neurogenic niche) and mice carrying a conditional deletion of
TET? in adult NPCs showed worse performance in finding the platform location during both short-term
and long-term learning and memory probes. When measuring the freezing time after fear conditioning
training, both TET2 ablation models showed decreased freezing time during contextual but not cued,
memory testing. Thus, TET2 decreased levels in the adult neurogenic niche, or specifically in adult NPCs
resulted in impaired long-term hippocampal-dependent spatial learning and memory and associative fear
memory acquisition. Interestingly, the authors also observed that restoration of TET2 levels in the aged
brain was sufficient to rescue age-related regenerative decline as observed by the increased number of
NPCs and newly-born neurons, the similar learning capacity in RAWM performance and an increased

freezing time during contextual memory test when comparing animals under this rescue with the control
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group (Gontier et al., 2018). These findings suggest an important role for TET2 in the regulation of

neurogenesis and cognitive functions, and a key molecular mediator of neurogenic rejuvenation.

1.3.3. TET3

The most highly expressed TET enzyme member in the brain, TET3, was also described as an essential
enzyme in neuronal differentiation, including maintenance of NPCs /n vitro (Li et al., 2015a). More
recently, this enzyme was also associated with NSCs maintenance /n7 vivo. Its ablation causes large
reduction in the NPCs pool in the SVZ niche (Montalban-Loro et al., 2019). Also, neuroespheres isolated
from Tet3™"-Gfap-Cre adult mice, yielded fewer primary and secondary neurospheres when compared
to control. Yet, contrary to the observed effect of TET3 deftiency in neural progenitors derived from ESCs,
which presented increased apoptosis and decreased survival rates (Li et al., 2015a), 7et3 deftiency in
adult NSCs does not modify apoptosis or survival rates (Montalban-Loro et al., 2019). However, 7et3
deletion triggered premature differentiation of NSCs into astrocytes, justified by the involvement of TET3
in the direct binding to the paternal transcribed allele of the imprinted gene Small nuclear
ribonucleoprotein-associated polypeptide N (Snrpon). Importantly, it was demonstrated that TET3 binds to
Snrpn promoter independently of its catalytic function (Montalban-Loro et al., 2019).

The possible impact of TET3 deletion in adult NSCs was not addressed in mouse behavior depending on
neurogenesis. However, Snrpnbelongs to the Prader-Willi imprinted gene cluster and patients with Prader-
Willi syndrome lack expression of Snrpn and exhibit neurological problems including learning difficulties
(Buiting, 2010; Butler, 2011). Montalban-Loro and colleagues suggested that Snron overexpression
impacts the NSC pool in adults, opening perspectives to the etiology of this disorder (Montalban-Loro et
al., 2019).

Regarding neurophysiology, TET3 was described as a synaptic activity sensor, since TET3 levels are
sensible to neuronal activity, and this enzyme reacts to it, mediating homeostatic synaptic transmission
(Yu et al., 2015). Synaptic activity bi-directionally regulates neuronal Tet3 expression, and consequently,
Tet3 controls glutamatergic synaptic transmission through regulation of target genes, namely GIuR1 levels
(Yu et al., 2015). Neurons with 7et3 knockdown exhibited substantially larger miniature glutamatergic
excitatory postsynaptic current (mEPSC) amplitudes whereas 7ef3 overexpression decreased this
parameter. It should be noted that although both 7etl and 7ef2 knockdowns also increase mEPSC
amplitudes, the effects are less pronounced. Furthermore, when DNA demethylation was inhibited

through the blocking of the two major components of the BER pathway, the poly (ADP-ribose) polymerase
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or the apurinic/apyrimidinic endonuclease, the mEPSC amplitudes were also increased, resembling the
7et3 KD (Yu et al., 2015). These results suggest that excitatory synaptic transmission in neurons is
regulated through DNA oxidation via TET and, subsequently, BER.

Additionally, it was shown that Tet3 is required for homeostatic synaptic plasticity. Both Tet3 KD and BER
inhibition elevated mEPSC amplitudes linearly across the spectrum under basal conditions, which was
comparable to the scaling-up effect induced by TTX treatment in normal neurons. Thus, downregulation
of Tet3 signaling appears to be sufficient to induce scaling-up. On the other hand, neurons overexpressing
Tet3 exhibited reduced mEPSC amplitudes linearly across the spectrum, resembling bicuculline-induced
scaling-down in normal neurons. Hence, the authors suggested that global synaptic activity modulates
Tet3 expression and DNA demethylation activity, which in turn mediate homeostatic synaptic scaling-up
or scaling-down (Yu et al., 2015).

A key cellular mechanism regulating both basal glutamatergic synaptic transmission and homeostatic
scaling is the control of surface levels of glutamate receptors. Yu and colleagues have shown that Tet3
regulates basal excitatory synaptic transmission via regulating surface glutamate receptor 1 (GluR1) levels
(Yu et al., 2015). Also, 7et3 knockdown was sufficient to elevate surface GIuR1 levels and prevented
further changes induced by TTX or bicuculline treatments. Regulation of Arc levels appears to explain
changes in surface GIuR1 levels following Tet3 KD. Together, these results suggest that Tet3 and active
DNA demethylation signaling respond to changes in global synaptic activity to re-establish a responsive
cellular state. Moreover, transcriptome analysis of 7et3KD neurons revealed differential expression of
genes involved in the synapse and synaptic transmission, suggesting an essential role of Tet3 in regulating
gene expression in response to changes in global synaptic activity. Banf, already described as undergoing
active demethylation in depolarized neurons (Ma et al., 2009a) and implicated in synaptic transmission
and synaptic scaling (Rutherford et al., 1998), was hypermethylated at the promoter IV region in 7et3KD
neurons, with a consequent decrease in its expression. Interestingly, whereas Tetl-deficient neurons
exhibited hypermethylation at Arc and Npas4 promoters (Rudenko et al., 2013), Tet3-KD neurons did
not. No changes in methylation were observed at the Arc or Npas4 promoter regions, suggesting that
activity-induced expression of immediate early genes Arc and Npas4 is mediated by the oxidative function
of Tetl, but not of Tet3. A physical interaction between TET3 and Banf/V promoter region was described
by the authors in neurons, using chromatin immunoprecipitation (ChlP)-PCR analysis (Yu et al., 2015).
A recent paper used CRISPR-Cas9 technology, termed 2-cell embryo-CRISPR-Cas9 injection (2CC), to
induce /n vivo Tet3 loss-of-function and recorded AMPAR-mediated miniature excitatory postsynaptic

currents (mEPSCs) from layer 2/3 pyramidal neurons of the primary somatosensory cortex of P14
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chimeric mice and from hippocampal CA1 neurons (Wang et al., 2017). The authors observed that 7ef*
mutant neurons had a significantly higher mEPSC frequency and a similar mEPSC amplitude in layer 2/3
neurons whereas in the hippocampus both the frequency and amplitudes were significantly increased,
suggesting an important role of endogenous Tet3 in negatively regulating excitatory synaptic transmission
in young mice. These findings corroborated Yu and colleagues /n7 vitro studies reporting the role of TET3
in the downregulation of excitatory synaptic transmission. Bisulfite sequencing analyses revealed slightly
increased CpG methylation at the Banf IV, IX and Wfdc2 promoter regions, consistent with Yu and
colleagues, but not on the Npas4 promoter-exon 1 junction or the Fgf1G and Ndstl promoter regions.
Additionally, loss of TET3 function significantly reduced both the frequency and amplitude of GABA.R-
mediated inhibitory synaptic transmission, as measured by miniature inhibitory post-synaptic currents
(mIPSCs) in the cortical layers 2/3 pyramidal neurons and hippocampal CAl region, suggesting a
promoting role of endogenous 7et3 in regulating inhibitory synaptic transmission as well (Wang et al.,
2017).

/n vivo behavioral studies correlated 7et3 mRNA expression levels in the hippocampus with neuronal
activity after Contextual Fear Conditioning (CFC) behavioral test. The authors observed that 7et3 mRNA
transcripts, but not 7ef/ and 7ef2 were upregulated after 30 min and 3h, but returned to baseline after
24h (Kremer et al., 2018). Importantly, Tet3 expression was not modified by cold swim stress suggesting
that the changes were specific to memory formation in CFC and were not related to the stress response
elicited by fear conditioning. When the NMDA (N-methyl-D-aspartate) receptors were activated in primary
hippocampal neurons, 7et3 mRNA levels were upregulated, suggesting that NMDA receptor signaling
increases Tet3 transcription. Expression levels of mir-29b were also altered, being downregulated, after
NMDA receptors stimulation indicating another target of this glutamate receptor. Transcriptional analysis
in hippocampus 30 minutes after training showed that synaptic plasticity and genes related with memory,
such as Notchl, Crebl, Crebbp and Gadd45b are sensitive to TET3 upregulation (Kremer et al., 2018).
Li and collaborators described upregulation of 7ef3 transcript levels, but not 7ef/ as reported by others
(Guo et al., 2011b; Zhang et al., 2013), in primary cortical neurons after 7h and 10h of KCl-induced
depolarization (Li et al., 2014). Consistently, Tet3 was also upregulated in the infralimbic prefrontal cortex
(ILPFC) after fear extinction training. Moreover, 7ef3 knockdown in the ILPFC resulted in normal fear
memory acquisition but impairment in fear extinction memory (Li et al., 2014). Genome-wide analyses
revealed that 16% of genes with 5hmC gain after fear extinction training were associated with synaptic
signaling. One example was Gephyrin gene, which anchors GABA receptors to the postsynaptic

membrane and is directly involved in fear extinction, showing a gain of 5hmC accompanied by a 5mC
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decrease within an intron, 24h post-extinction training. An increase in Gepfiyrin mRNA transcripts was
also observed transiently 2 hours after extinction training, together with an increase in TET3 occupancy
surrounding the Gephyrin gene, suggesting that DNA methylation can be dynamically regulated after
learning. The effect of extinction learning on Tet3 occupancy at the gephyrin locus, as well as the dynamic
changes in the accumulation of 5hmC and 5mC, gephyrin mRNA and associated effects on the chromatin
landscape were completely blocked in the presence of Tet3 shRNA (Li et al., 2014). Together, these
results suggest that Tet3 activity within the ILPFC is necessary for the learning-dependent accumulation
of 5hmC and related chromatin modifications, which underpins rapid behavioral adaptation.

Overall, these studies suggest that 7ef3has an important role in fear extinction memory, probably through
modulation of synaptic genes. However, it is still unclear if TET3 influences other cognitive behaviors,
such as memory and learning, and what are the mechanisms underlying the neuronal activity, mediated

by this enzyme.
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Table 1 Phenotypes of full or conditional knockout (cKO) and knockdown (KD) of TET enzymes in neuronal
plasticity and behavior (Antunes et al., 2019).

TET

TET1

TET2

TET3

Type
of deletion

KO (in vivo)

KO (in vivo)

KO (in vivo)

KD (in vivo)

KD (in vitro)

cKO (in vivo)

KD (/n vitro)

KD (/n vivo)

cKO(/n vivo)

KO (in wivo;
CRISPR-
mediatead)

KD (/n vitro)

Region/Cell
type

Constitutive

Constitutive

Constitutive

Dorsal
Hippocampus

Neurons
Adult  neural
progenitor
cells
Neurons

ILPF cortex

Adult  neural
stem cells

Constitutive
(Tet3-mutant
chimeras)

Neurons

Behavioral and
Neurophysiologic
Phenotype
Impairment in
memory extinction;
enhanced LTD

Impairment in
spatial learning and
short- term memory

Enhancement in
memory
consolidation and
long-term storage

Enhancement of
spatial memory for
object location
Increased mEPSC
amplitudes

Impairment of short
and long-term
learning and
memory

Increased mEPSC
amplitudes
Impairment in fear
extinction memory

No analyses were
performed

Increased mEPSC

frequency in CAl

and cortex layer
2/3 neurons

Increased mEPSC
amplitudes and
decreased mIPSC
frequency and
amplitudes

30

Molecular alterations

Decreased expression of Arc,
Npas4, c-Fos;
hypermethylation of Npas4 in
the hippocampus and cortex

Decreased expression and
hypermethylation of Gal,
Cspg4 and Ngb in TET1 KO
NPCs
Decreased expression of Arc,
Egrl, Npas4 and c-Fos;
increased  expression  of
Crebl, Bdnf, Calcineurin,
Cdk5, Nrda2 in the

hippocampal CA1 region

No analyzes were performed

No analyzes were performed

No analyzes were performed

No analyzes were performed

Inhibition of the increase of
expression and 5ShmC gain of
Gephyrin locus in the ILPFC

Increased expression of
Snrpn and BMP2

Slight hypermethylation (and
decrease in expression) of
Bdnf IV, IX and Wfdc?2

Increased expression of Glurl
and decreased expression
and hypermethylation of Bdnf
I\

References

(Rudenko et
al., 2013)

(Zhang et al.,
2013)

(Kumar et al.,
2015)

(Kumar et al.,
2015)

(Yu et al,
2015)
(Gontier et al.,
2018)

(Yu et al,
2015)
(Li et al,
2014)

(Montalban-
Loro et al.,
2019)

(Wang et al.,
2017)

(Yu et al,
2015)



Context and Aims

5-Hydroxymethylcytosine (5hmC), converted from 5-methylcytocine (5mC) by TET enzymes, is enriched
in embryonic stem cells (ESCs) and in the brain. Additionally, neural differentiation is under strict
epigenetic regulation. Thus, the role of TET enzymes in neural precursor cells maintenance and
differentiation is a central topic of research. Simultaneously, DNA demethylation is a dynamic process
regulating gene expression in an experience-dependent manner and, consequently, a reasonable
mediator of neuronal plasticity and behavior. TET3 is the most expressed isoform in the brain, remaing
to elucidate its specific role. Thus, the foremost goal of this thesis is to unravel the role of TET3 enzyme
in brain function; and the main hypothesis is that TET3 is able to regulate the expression of genes involved
in neural precursor cells differentiation and neuronal function. For that, two distinct cell types were

targeted, /in vitro and /n vivo respectively, Neural Precursor Cells (NPCs) and post-mitotic neurons.

In this context two major aims were established:

1. To characterize the expression levels of TET enzymes and the impact of 7e£3 KD in neural
precursor cells (NPCs). Concretely, to analyse the expression of both, pluripotency and neural
markers, in 7et3 KD cells and the respective control. Additionally, to perform an analyze of

genome-wide DNA methylation in both experimental groups.

2. Toaccomplish a comprehensive characterization using a mouse model to induce conditional and
inducible deletion of 7et3 enzyme. To characterize the behavior of males and females mice, at
emotional and cognitive level, and the molecular impact of 7ef3 deletion performing RNA

sequencing and/or gPCR analysis.
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2.1. Abstract

TET enzymes oxidize 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5ShmC), a process thought to
be intermediary in an active DNA demethylation mechanism. Notably, 5hmC is highly abundant in the
brain and in neuronal cells. Here we interrogated the function of 7e£3in neural precursor cells (NPCs),
using a stable and inducible knockdown system and an /n vifro neural differentiation protocol. We show
that 7et3is upregulated during neural differentiation, whereas 7et] is downregulated. Surprisingly, 7et3
knockdown led to a de-repression of pluripotency-associated genes such as Oct4, Nanog or Tc/l, with
concomitant hypomethylation. Moreover, in 7et3knockdown NPCs we observed the appearance of OCT4-
positive cells forming cellular aggregates, suggesting de-differentiation of the cells. Notably, 7ef3 KD led
to a genome-scale loss of DNA methylation and hypermethylation of a smaller number of CpGs that are
located at neurogenesis-related genes and at imprinting control regions (ICRs) of Pegl0, Zrsrl and Mcts2
imprinted genes. Overall, our results suggest that TET3 is necessary to maintain silencing of pluripotency
genes and consequently neural stem cell identity, possibly through regulation of DNA methylation levels

in neural precursor cells.

2.2. Introduction

DNA methylation, or 5-methylcytosine (5mC), is an epigenetic modification that consists of a methyl group
added to the fifth position of cytosines, occurring more frequently in the context of CpG dinucleotides
(Bird, 2002). Albeit deemed as a very stable chemical modification, waves of global loss of DNA
methylation occur during critical periods of development such as in the zygote and in primordial germ
cells (Seisenberger et al., 2013). Additionally, loss of DNA methylation has been observed in post-mitotic
cells, with activity-dependent demethylation occurring in mature neurons upon depolarization (Guo et al.,
2011a; Ma et al., 2009b). This mechanism of active DNA demethylation remained elusive for a long time,
but the finding that TET enzymes can convert 5mC into 5-hydroxymethylcytosine (5hmC), and
subsequently into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (lto et al., 2011; Kriaucionis and
Heintz, 2009; Pfaffeneder et al., 2011; Tahiliani et al., 2009b), shed light into this mechanism.
Importantly, 5hmC was shown to accumulate in the paternal pronucleus and in PGCs concomitantly with
methylation loss (Hackett et al., 2013; Igbal et al., 2011; Wossidlo et al., 2011) and to appear in an

antagonistic way to bmC in the genome of dentate granule neurons (Guo et al., 2014b). Three members
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- TET1, TET2 and TET3 - compose the family of TET enzymes, which are Fe> and 2-oxoglutarate-
dependent dioxygenases. TET1 and TET3 contain a CXXC zinc finger domain at their amino-terminus that
is known to bind CpG sequences, whereas TET2 partners with IDAX, an independent CXXC-containing
protein (Ko et al., 2013a; Kohli and Zhang, 2013). 5ShmC was first described in mouse embryonic stem
(ES) cells and in Purkinje neurons (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009b) and was later
shown to be most abundant in the brain, namely at the cerebellum, cortex and hippocampus brain regions
(Szwagierczak et al., 2010). Moreover, TET enzymes were shown to be expressed in these brain regions,
with 7et3 showing highest expression (Szwagierczak et al., 2010). Additionally, in the embryonic mouse
brain, 5hmC levels were shown to increase during neuronal differentiation, as the cells migrate from the
ventricular zone to the cortical plate (Hahn et al., 2013). In neurons, 5hmC was associated with gene
bodies of activated neuronal function-related genes and gain of 5ShmC was concomitant with loss of the
repressive histone mark H3K27me3 (Hahn et al., 2013). Notably, TET enzymes have also been
implicated in brain processes and functions such as neurogenesis, cognition and memory (Gontier et al.,
2018; Kaas et al., 2013; Li et al., 2014; Rudenko et al., 2013; Zhang et al., 2013).

Here we addressed the functional role of TET enzymes in neural precursor cells (NPCs) by using an /in
vitro differentiation system where highly proliferative ES cells are differentiated into a homogeneous
population of NPCs that are PAX6-positive radial glial cells (Bibel et al., 2004b) and a stable and inducible
RNAi knockdown system (lacovino et al., 2011a). We observed that knockdown (KD) of 7ef3in NPCs
resulted in upregulation of pluripotency genes and genome-wide loss of DNA methylation. Nevertheless,
gain of methylation was also observed, particularly in genes involved in neural differentiation. Our data
suggests that TET3 plays a role in maintaining both cellular identity and DNA methylation levels in neural

precursor cells.

2.3. Results
Neural differentiation leads to 7e£3 upregulation

To investigate the effects of the knockdown of TET enzymes in NPCs, we established a stable and
inducible knockdown system in mouse ES cells containing shRNAs targeting 7ef3 (Fig. S1a) (Ficz et al.,
2011; lacovino et al., 2011a) and a neural differentiation system that results in a homogeneous
population of PAX6-positive radial glial-like neural precursor cells (Fig. 1a, S1b, c) (Bibel et al., 2007). In
this differentiation protocol, ES cells are maintained in a highly proliferative state and then cultured in

non-adherent conditions forming cellular aggregates; addition of Retinoic Acid (RA) four days after cellular
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aggregates are formed results in upregulation of neural markers such as Pax6, Nestin, Tubb3 (B3-tubulin)
and 7rkB (Nrtk2) (Fig. 1b), with between 92-96% of the differentiated cells staining positively for PAX6
(Fig. S1b, c). This indicates homogeneous differentiation of ES cells into NPCs as described in the original
protocol (Bibel et al., 2004b). Positive staining of Beta 3-tubulin, which is one of the earliest markers of
neuronal differentiation (Menezes and Luskin, 1994), was also observed (Fig. S1b). On the other hand,
SOX2, which is a marker for neural stem cells that becomes inactivated in NPCs (Chew et al., 2005; Diaz
de Leon-Guerrero et al., 2011), was nearly undetected (Fig. S1b). During differentiation, there was also
a marked decrease in the expression of pluripotency genes such as Oct4 and Nanog, as expected (Fig.
1b). Regarding epigenetic modifiers, we observed increased levels of 7ef3 and Dnmit3a during
differentiation, whilst levels of 7ef/ decreased (Fig. 1b). Upregulation of 7ef3 during neuronal
differentiation has been previously observed (Li et al., 2015b; Tan et al., 2013) and suggests a prominent
role for 7et3 in the neuronal lineage. We also confirmed the presence of TET3 protein in NPCs by
immunostaining, showing a predominantly cytoplasmic distribution (Fig. 1c); this is consistent with a

putative role for TET3 in oxidizing 5mC to 5hmC in RNA molecules (Fu et al., 2014).

Knockdown of 7ef3in NPCs results in de-repression of pluripotency genes

We performed stable and inducible knockdown of 7et3in NPCs, using two independent shRNAs (Fig. 2a
and b); 7et3 knockdown was detected at both the mRNA and protein levels (Fig. 2b and S2a).
Interestingly, we observed a significant upregulation of pluripotency genes, namely Oct4, Nanog, Tc/l
and Esrrb, after 7et3 KD (Fig. 2b), using two independent shRNAs. To further elucidate the observed
upregulation of pluripotency genes, we performed immunostaining for OCT4 and observed the presence
of OCT4-positive cells that appeared as cellular aggregates (Fig. 2c), representing around 14% of the total
number of cells. Of note, OCT4-positive cells were not observed in NPCs treated with the Scrambled
shRNA (Fig. S3); this suggests that Tet3 KD NPCs might have undergone a de-differentiation event due
to downregulation of 7ef3 expression. This is in line with a recent report showing that 7et3 can promote
a rapid and efficient conversion of fibroblasts into neurons, showing that 7et3 plays an important role in
inducing and maintaining neural cell identity (Zhang et al., 2016a). In order to better understand the
nature of these ES-cell like NPCs, we performed flow cytometry using Propidium iodide staining in KD
NPCs and observed that 7et3 KD NPCs still resemble control NPCs (Scrambled shRNA) more than ES
cells, which show an extended S-phase comparing to NPCs (Fig. S2b). Additionally, we observed a
significant increase in Onmtl and decrease in Dnmit3a expression after 7et3 KD (Fig. 2b), pointing to a

co-regulation between TET enzymes and DNA methyltransferases.
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These results suggest that functional perturbation of 7e£3in NPCs leads to de-repression of pluripotency

genes which might affect maintenance of the neural precursor cell identity.

Tet3 knockdown results in genome-scale loss of DNA methylation

As the above-mentioned results pointed to a critical role for 7ef3in neural differentiation, we performed
oxRRBS (oxidative Reduced Representation Bisulfite Sequencing) to analyse genome-wide changes in
distribution of 5mC and 5hmC after 7et3knockdown. RRBS is a bisulfite-based protocol that enriches for
CpG-rich parts of the genome, thereby reducing the amount of sequencing required, since it only covers
1% of the genome while capturing the majority of promoters and CpG islands (Gu et al., 2011a). In order
to distinguish 5hmC from 5mC and since conventional sodium bisulphite treatment does not discriminate
between the two modifications (Huang et al., 2010), we first added potassium perruthenate (KRuO.) that
triggers selective chemical oxidation of 5hmC to 5-formylcytosine (5fC), before bisulphite treatment. 5fC
is then further converted to uracil after bisulphite treatment and subtraction of oxidative bisulphite readout
from the bisulphite-only one allows determining the amount of 5hmC at a particular nucleotide, in a single-
base resolution and quantitative manner (Booth et al., 2012; Booth et al., 2013). As the bisulphite signal
is always expected to be larger than that of oxidative bisulphite, negative values are artefacts used to
estimate the false discovery rate (FDR; see Methods). Notably, we could only detect 2,191
hydroxymethylated CpGs (out of ~0.5M) at a high FDR of 45% (Fig. S4a), which is in contrast with the
low FDR (7 3%) that we previously obtained in ES cells (Booth et al., 2012). This is likely due to the fact
that 5hmC levels are low in NPCs comparing to mouse ES cells and hippocampus brain region (Fig. S4b,
c) (Tan et al., 2013) and mostly present in intragenic regions (Hahn et al., 2013), whereas 0xRRBS mainly
captures promoters and CpG islands (Gu et al., 2011a).

Notwithstanding, we observed an unexpected global loss of 5mC after 7et3KD (Fig. 3a, b). Loci showing
loss of methylation covered the whole range of methylation levels but particularly regions that had more
than 40% of 5mC in control NPCs (Fig. 3b). We performed detection of differentially methylated positions
(DMPs; g-value<0.01; >10% difference), which yielded a total of 88,437 hypomethylated CpGs that were
enriched at genic regions when compared to the distribution of CpGs captured by RRBS (Fig. 3c). In
contrast, very few hypo-DMPs were located in promoters and CpG islands, which can be explained by the
fact that these are already frequently devoid of methylation (Bird, 2002; Meissner et al., 2008). On the
other hand, we detected only 588 hypermethylated CpGs, which were mainly located at CpG islands and
genic regions (Fig. 3c).
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To investigate whether the hypomethylation pattern seen in 7ef3 knockdown NPCs resembles ES cells,
we compared our NPC dataset to a previously published oxRRBS dataset on ES cells (Booth et al., 2012).
We first noted that many CpG islands in control NPCs displayed higher 5mC levels when compared to ES
cells, whilst a group of CpG islands was highly methylated (>70%) in both cell types (Fig. 3d). Upon 7ef3
KD, 5mC levels did become closer to those seen in ES cells, but only for lowly methylated CpG islands.
Importantly, 7et3 KD led to demethylation of highly methylated CpG islands, which does not match the
ES cell profile (Fig. 3d). Were an ES cell subpopulation to be responsible for 5mC loss in 7ef3 KD NPC
population, this would have led to maintenance of 5mC levels at highly methylated CpG islands. This
prediction was confirmed by simulating 5mC patterns for cell mixtures of ES cells and NPCs, where
increasing the proportion of ES cells only decreases the methylation at low-methylation CpG islands,
whereas high-methylation CpG islands remain largely unchanged (Fig. S4e). These results suggest that
the DNA hypomethylation observed in 7et3 knockdown NPCs might reflect an epigenetic reprogramming
event specific to the depletion of 7e£3in NPCs.

Tet3 knockdown alters DNA methylation at developmentally relevant gene promoters

To expand on these observations, we performed gene ontology analysis of genes associated with
promoters harbouring groups of hypomethylated CpGs. For this purpose, differentially methylated regions
(DMRs) were defined has regions showing at least 3DMPs with differences in the same direction.
Promoters were defined -1kb to +0.5kb from mRNA TSSs. Promoters associated with hypomethylated
DMRs (Supplemental file “Hyper_Hypo_promoters.xlsx”) were enriched for terms such as development,
differentiation and neurogenesis (Fig. 4a), suggesting that the observed hypomethylation is a regulated
process coupled to the differentiation process between ES cells and NPCs. Of the genes involved in
neurogenesis, S/itl, Banf Nr2el (TI), Fgirl, Runxi and Wnt3 are striking examples of genes that have
been described to be involved in the proliferation of neural precursor cells (Borrell et al., 2012; David et
al., 2010; Lee et al., 2002; Ohkubo et al., 2004; Shi et al., 2004; Theriault et al., 2005). Expression
analysis of S/t showed a tendency for increased mRNA transcription (Fig. S5), consistent with its
hypomethylated state.

Moreover, loss of methylation was also observed at £sr7b and 7c/l early-pluripotency genes (Fig. 4b),
which is in line with the observed upregulation of gene expression. Loss of methylation at 7¢// was
confirmed by standard bisulfite sequencing (Fig. 4c).

For DNA hypermethylation, we only detected 6 genes with three or more hypermethylated CpGs at their

promoters (Supplemental file “Hyper_Hypo_promoters.xlsx”). Notably, three of these genes are imprinted
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genes - Pegl0, Zrsrl and MctsZ. Interestingly, it has been shown previously that loss of function of 7et/
also leads to hypermethylation of imprinted genes, namely Pegl0 (Yamaguchi et al., 2013). Expression
analysis of these imprinted genes showed decreased expression in 7et3KD NPCs (Fig. 4d). More recently,
it was also shown that 7ef3 regulates NSCs maintenance through repression of Srrpn imprinted gene
(Montalban-Loro et al., 2019). In accordance with this study, expression analysis of Snrpn in Tet3 KD
NPCs showed increased transcription in one of the shRNAs (Fig. S5). To enable gene ontology analysis
of hypermethylated sites, we changed our criteria to include promoters with a minimum of one
hypermethylated CpG, yielding a total of 116 genes. Despite this low stringency, gene ontology analysis
revealed significant associations with brain development, particularly with neuron differentiation and
neurogenesis (Fig. 4e). Amongst these genes, Wnt3a, Dix2, Otx2 and Rac3 are examples of genes
described to promote neuronal differentiation (de Melo et al., 2005; Di Giovannantonio et al., 2013; Muniji
et al., 2011; Vaghi et al., 2014), suggesting that TET3 plays a role in neurogenesis by maintaining

hypomethylation of neuronal genes.

2.4. Discussion

Several studies have previously addressed the role of TET1 in the brain, showing that it regulates
processes such as memory and cognition, as well as expression of neuronal activity-regulated genes and
hippocampal neurogenesis (Kaas et al., 2013; Rudenko et al., 2013; Zhang et al., 2013). However, the
role of TET3 in the nervous system remains largely unexplored. Here we investigated the role of 7e£3in
NPCs, using a stable and inducible RNAi knockdown system and an /n vifro neural differentiation protocol.
Surprisingly, we observed that the knockdown of 7et3 leads to de-repression of pluripotency genes and
appearance of OCT4-positive aggregates of cells, suggesting that a reprogramming event is taking place
in these cells. Indeed, when we analysed 5mC changes, we observed a dramatic genome-wide loss of
methylation in 7et3 KD NPCs. Hypomethylated CpGs were localized in genes involved in development,
differentiation and neurogenesis. Loss of methylation was also observed in 7¢/1 and Esrrb pluripotency-
associated genes suggesting a connection between loss of methylation, de-repression of pluripotency
genes and de-differentiation of NPCs. A recent report on genome-wide DNA methylation in NPCs has
shown an extensive demethylation from E18.5 NPCs relative to E11.5 NPCs, whereas only 1.5% of the
identified DMRs gained methylation, suggesting that the acquisition of multipotency in E18.5 NPCs is
associated with a wide loss of DNA methylation (Sanosaka et al., 2017). Furthermore, in mouse ES cells,

it has been shown that 7e£2 knockdown results in both loss of 5hmC and 5mC at DMRs and promoters
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while only few DMRs show the expected loss of 5hmC and gain of 5mC (Huang et al., 2014). More
recently, another study from the Rao lab reported that TET deficiency in diverse cell types resulted in
localized increases in DNA methylation in active euchromatic regions, concurrently with unexpected
losses of DNA methylation and reactivation of repeat elements (Lopez-Moyado et al., 2019).
Interestingly, we observed hypermethylation at three imprinted genes after 7et3 knockdown. It had
previously been shown that 7et/ is necessary to induce 5mC oxidation at imprinting control regions (ICRs)
of HI9/IGF2 PEG3 and SNRPN/SNURF imprinted genes, in a cell-fusion-mediated pluripotency
reprogramming model (Piccolo et al., 2013). Another study has shown that heterozygous offspring of
Tetl/ Tet? double knockout (DKO) mice show increased methylation levels across 94 ICRs, including
Pegl0, Zrsrl and Mcts2? (Dawlaty et al., 2013a).

A critical role for 7ef3in neural progenitor cell maintenance and terminal differentiation of neurons has
been reported before (Li et al., 2015b). As in our study, the authors observed an upregulation of 7et3
upon neural differentiation and that 7e£3 KO in NPCs did not change expression of neural markers, such
as Pax6 and Nestin. Here we also observed that neural markers are not altered but pluripotency markers
are de-repressed in 7et3 KD NPCs, which suggests that the cells undergo de-differentiation upon
downregulation of 7ef3 expression. We also observed that 7e£3 KD NPCs undergo a genome-scale loss
of methylation, which is in contrast to what would be expected considering this enzyme as a demethylating
agent. Indeed, we also observed hypermethylation but in a more restricted number of sites, which are
preferentially located in neuronal-related genes. The observed loss of methylation could potentially be
caused by the concomitant decrease in Dnmit3a expression, which is a de novo methyltransferase playing
a pivotal role in the nervous system (Feng et al., 2005; Wu et al., 2012). In fact, a functional interplay
between TET1 and DNMT3A was shown in mouse embryonic stem cells (Gu et al., 2018). Another
interesting and perhaps more plausible explanation for the observed global demethylation might resides
in the fact that TET enzymes might actually function as guides for de novo DNA methylation (Amouroux
et al., 2016; Hill et al., 2018). In this context, it was reported that, in zygotes, 7et3 might have a function
in targeting de novo methylation activities whereby 7et3driven hydroxylation is predominantly implicated
in the protection of the newly acquired hypomethylated state from accumulating new DNA methylation
(Amouroux et al., 2016).

Intriguingly, Hahn and collaborators reported that functional perturbation of 7et? and 7et3 in the
embryonic cortex led to defects in neuronal differentiation with abnormal accumulation of cell clusters
along the radial axis in the intermediate and ventricular zones (Hahn et al., 2013). Clustered cells did not

express neuronal marker B3-Tubulin and some of the cells showed expression of Nestin in their
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processes, suggesting a defect in the progression of differentiation. This is in line with our observation
that 7et3 KD NPCs form clusters of cells that resemble ES-colonies and are OCT4-positive. Additionally,
TET3 has been implicated in regulation of synaptic transmission (Wang et al., 2017; Yu et al., 2015) and
fear-extinction memory (Li et al., 2014), which suggests a pivotal role in the nervous system.

In conclusion, our findings suggest that TET3 acts as a regulator of neural cell identity by maintaining

DNA methylation levels in neural precursor cells.

2.5. Methods

Embryonic stem cell culture and neural differentiation

A2lox.cre mouse embryonic stem cells (lacovino et al., 2011a), were expanded on feeder cells (SNL767
feeder cell line, kindly provided by the Wellcome Trust Sanger Institute, UK) in complete ES medium -
DMEM (4500 mg/L glucose; Gibco) supplemented with 110 mg/L sodium pyruvate (Gibco), 2 mM L-
Glutamine (Gibco), 15% fetal bovine serum (Gibco, ES-cell tested), 1x penicillin/streptomycin (Gibco), 0.1
mM MEM non-essential amino acids (Gibco) and 10: U/ml LIF (ESGRO Millipore).

Neural differentiation of embryonic stem cells was performed as previously described (Bibel et al., 2007).
Briefly, A2lox.cre ES cells (passage 17) containing shRNAs for 7et and 7et3 were cultured on feeders
for 3 passages and on 0.2% gelatine (Sigma) for another 3 passages. Subsequently, 4x10¢ cells were
plated onto bacterial non-adherent dishes (Greiner) for formation of non-adherent cellular aggregates (CA)
in CA medium (DMEM 4500 mg/L glucose supplemented with 110 mg/L sodium pyruvate, 2 mM L-
Glutamine, 10% fetal bovine serum, 1x penicillin/streptomycin and 0.1mM MEM non-essential amino
acids). CA medium was changed every other day and 5 uM of retinoic acid (RA; Sigma) was added from
day 4 to day 8. CAs were then dissociated with freshly prepared Trypsin 0.05% (Sigma, powder) in 0.05%
EDTA/PBS and plated onto Poly-DL-Ornithine and laminin-coated plates in N2 medium
[DMEM/F12/Glutamax medium supplemented with 1x Penicillin-Streptomycin, 1x N2 supplement
(Gibco) and 50 pg/ mL BSA (Sigma)]. After two days, the medium was changed to a complete medium
(N2B27: Neurobasal medium (Gibco), supplemented with 1x GlutaMAX (Gibco), 1x Penicillin-
Streptomycin, 1x N2 supplement, 1x N2B27 supplement (Gibco)).

Stable and inducible knockdown system
We used a stable and inducible knockdown system previously described by lacovino and collaborators

(lacovino et al., 2011a). Briefly, shRNA-mir cassettes for 7et3 gene (sequences on supplementary Table
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S1) were amplified from pSM2 retroviral vectors containing the shRNAmir sequences (Open Biosystems)
and cloned into the p2Lox vector using Hindll and Notl restriction sites. The p2Lox derivatives were
transfected into the A2lox.cre ES cells (derived from the E14 male cell line strain 129P2/0laHsd)
expressing Cre after addition of doxycycline (0.5 pug/ml) to the medium one day before transfection. ES
cells were transfected using Lipofectamine 2000 (Invitrogen) at a concentration of 5x10¢ cells/ml. One
day after transfection, selection medium containing geneticin (G418, Melford - 300 pg/ml active
concentration) was added to the cells during 10 days. After selection, ES cell clones containing the
shRNAmir were expanded in ES complete medium and neural differentiation was performed as described
above. For shRNA expression, doxycycline (2 pg/ml) was added to the medium during 5 days. An ES
clone containing eGFP was used to control for positive induction after doxycycline addition. After these 5

days, the cells were trypsinized and the pellet was stored at -80°C until DNA/RNA/Protein extraction.

Quantitative reverse transcription PCR

RNA was extracted using the AllPrep DNA/RNA mini kit (Qiagen) and cDNA was synthesized from 200
ng of RNA using the gScript cDNA Supermix (Quanta Biosciences). cDNA was diluted 1:10 and used as
template for quantitative real-time PCR reactions using the 5x HOT FIREPol EvaGreen qPCR supermix
(Solis Biodyne) and primers designed to specifically amplify each gene of interest (Supplementary Table
S2). Cycling reactions were performed in duplicate and cycle threshold (Ct) fluorescence data recorded
on Applied Biosystems 7500 Fast Real-time PCR System. The relative abundance of each gene of interest
was calculated on the basis of the Delta Delta Ct method (Livak and Schmittgen, 2001), where results
were normalised to two housekeeping genes (Afp5b and Hsp90abl). Statistical analysis was performed
by multiple ttests using GraphPad Prism version 6.0 for Mac (GraphPad Software, La Jolla California
USA).

Immunofluorescence microscopy and image analysis

Antibody staining of DNA methylation and hydroxymethylation was performed as previously described
(Ficz et al., 2011), with few modifications. Briefly, neural precursor cells were plated on glass coverslips
and fixed with 2% paraformaldehyde for 30 minutes at room temperature (RT). Cells were permeabilised
with phosphate buffered saline (PBS) 0.5% Triton X-100 and treated with 2N HCI for 30 minutes at RT.
The coverslips were washed in PBS 0.05% Tween-20 (PBST) and blocked overnight in PBST with 1%
bovine serum albumin (BSA) (BS). Cells were incubated with both primary antibodies rabbit anti-5hmC
(1:500, Active Motif, 39792) and mouse anti-omC (1:250, Eurogentec, BS-Mecy-0100) for 1h at RT. For

antibody staining of pluripotency and neuronal markers, cells were incubated with blocking buffer (BS)
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for 1h at RT before incubation with primary antibodies overnight at 4 °C. Primary antibodies were: rabbit
anti-PAX6 (1:250, Millipore, AB2237), mouse anti-NESTIN (1:200, Millipore MAB353), rabbit anti-OCT4
(1:750, Abcam, ab18976), rabbit anti-SOX2 (1:1000, Abcam, ab97959), mouse anti-beta Il tubulin
(1:100, Millipore, MAB1637) and rabbit anti-TET3 (1:100, Abcam, 139805). After washing with BS for
1h at RT, primary antibody staining was revealed with appropriate Alexa-Fluor-conjugated secondary
antibodies (1:500, Molecular Probes). For both procedures, the nuclei were counterstained with DAPI.
After washing with PBST, cells were mounted with Immu-mount (Thermo Scientific). Images were
acquired on an Olympus BX61 or Olympus FV1000 (Japan) confocal microscope and analysed using

ImageJ software®.

Western blot for detection of TET3

Protein was extracted using the AllPrep DNA/RNA mini kit (Qiagen) and resuspended in 5% SDS. The
protein concentration of the supernatants was determined using BCA kit (Pierce). Total lysates of 14
ug of protein were denatured in NuPage LDS sample buffer and NuPage reducing reagent by heating
for 10 min at 95 °C. Proteins were separated on NuPage 4-12% Bis-Tris gels using MOPS running
buffer (Thermofisher). Wet transfer onto a nitrocelulose membrane (Amersham Biosciences) was
performed using MOPS running buffer with 20% methanol. Membranes were blocked with 10%
milk/ 1% BSA in Tris-buffered saline (TBS)/0,1%Tween (TBS-T) overnight at 4 °C. Primary antibodies
mouse anti-TET3 (1:1000, Abcam, ab174862) and mouse anti-a-Tubulin (1:5000, Sigma-Aldrich,
T6074) diluted in blocking buffer and incubated 2h at RT. Membranes were washed in TBS/T and
incubated with the secondary antibody coupled to horseradish peroxidase (BioRad) 1h at RT. The bound
antibodies were visualized by chemiluminescence using ImageQuant LAS4000 mini (GE Healthcare).
Bands were analyzed using ChemiDoc (Bio-Rad) and quantification was performed with ImagelLab

software (Bio-Rad). a-Tubulin was used as loading control.

Dotblot and ELISA analysis of 5ShmC

DNA was extracted using the AllPrep DNA/RNA mini kit (Qiagen). Genomic DNA (100 ng) was denatured
at 99 °C for 5 min and spotted on nitrocellulose blotting membranes (Amersham Hybond-N+). The
membrane was UV-crosslinked for 2 min and then blocked in 10% milk/1% BSA in PBST overnight at 4
°C. The membranes were then incubated with rabbit anti-5hmC (1:500, Active Motif, 39769) for 1 hour
at RT. After washes with PBST (PBS 0,1% Tween-20), membranes were incubated with 1:10000 dilution
of HRP-conjugated anti-rabbit, washed with PBST and then treated with Amersham ECL (GE Healthcare).
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Dot blot intensities were analysed using ChemiDoc (Bio-Rad) and quantification was performed with
ImageLab software (Bio-Rad).
The global level of 5-hmC was also assessed using Quest 5-hmC DNA ELISA Kit (Zymo Research). The

procedure was followed according to the manufacturer’s instructions, loading 100 ng of DNA per well.

Cell cycle analysis using flow cytometry for propidium iodide staining

For cell cycle analysis, NPCs were dissociated with Accutase (Sigma-Aldrich) for 10 minutes and re-
suspended in 70% ethanol and kept at -20 °C for 24 hours for fixation. After fixation, cells were washed
in 1x PBS and incubated with PI staining solution - Propidium lodide 20 pg/ml (eBioscience) in PBS/
0.1% Triton-X 100 and RNase 0.25 mg/ml (Invitrogen) - for 1 hour at room temperature in the dark. Cell
staining was then analysed by flow cytometry in a BD LSRII flow cytometer (BD Biosciences; 20.000

events). Analysis of the cell cycle was performed with ModFit LT (Verity Software House).

Genome-wide analysis of DNA methylation and hydroxymethylation by oxRRBS

Genomic DNA was isolated using the Qiagen AllPrep DNA/RNA Mini kit (Qiagen) following manufacturers’
instructions. Oxidative Reduced Representation Bisulfite Sequencing (0xRRBS) was used for genome-wide
analysis of DNA methylation and hydroxymethylation. This method relies on oxidation of DNA prior to
bisulfite treatment in order to convert 5-hydroxymethylcytosine (5hmC) into 5-formylcytosine (5fC) which
in turn will be converted to uracil (thymine after PCR amplification) (Fig. 4). 5-methylcytosine (5mC)
remains unchanged after oxidation and bisulfite treatment and unmethylated cytosines will be converted
to uracil (thymine after PCR amplification). By subtracting the two libraries, it is then possible to infer
5mC and 5hmC levels at a single-base resolution and in a quantitative manner (Booth et al., 2012).
Briefly, 100 ng of DNA were digested with Mspl restriction enzyme and the reaction was cleaned up with
AMPure XP beads (Agencourt). A library was then prepared with the NEBNext Ultra DNA library Prep for
lllumina (NEB) for End repair, A-tailing and ligation of methylated adaptors (NEBNext, E7535), according
to manufacturer’s’ instructions. Oxidation of the DNA was then carried out starting by purifying DNA in a
Micro Bio-Spin column (BioRad), denaturing DNA with NaOH and adding 2 uL of Potassium Perruthenate
(KRuO4, Alfa Aeser) solution (15 mM in 0.05 M NaOH). The reaction was held on ice for 1 hour, purified
with Micro Bio-Spin column (BioRad) and subjected to bisulfite treatment using the Qiagen Epitect kit,
according to the manufacturer’s instructions for FFPE samples, except that the thermal cycle was run
twice over. Final library amplification (18 cycles) was performed using Pfu Turbo Cx (Agilent) and adaptor-
specific primers (barcoded TruSeq primers, lllumina), after which the libraries were purified using AMPure

XP beads (Agencourt). To check for oxidation success, a spike-in control was added before oxidation step
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and amplified and digested with Taql restriction enzyme at the end of library amplification.

Sequencing and data processing

Sequencing (single-end, 75 bp reads) was performed on the lllumina NextSeq platform, high-throughput
mode. Quality control of sequencing reads was performed with FASTQC (Babraham Bioinformatics).
Trimming of the reads to remove adaptors and low-quality bases was performed using Trim-Galore with -
-rrbs option (Babraham Bioinformatics). The alignment was performed using Bismark with bowtie2 and
methylation extraction with the options -s —comprehensive (Krueger and Andrews, 2011). SeqMonk
(Babraham Bioinformatics) and the R-package Methylkit (Akalin et al., 2012) were used for downstream
analysis.

DMPs were detected using the Methylkit (Akalin et al., 2012). We overlapped DMPs with genomic
features. Promoters were defined -1kb to +0.5kb from mRNA TSSs (and deduplicated if >50%
overlapped), CpG islands are from lllingworth et al. (lllingworth et al., 2010) and enhancers are from
ChIA-PET data (Zhang et al., 2012). Gene ontology analyses were performed using the topGO R package,
focusing on biological process terms.

All sequencing data are available under Gene Expression Omnibus (GEO) accession number GSE123110.

Gene-specific methylation levels by standard bisulfite sequencing

Genomic DNA was isolated using the AllPrep DNA/RNA Minikit (Qiagen) following manufacturers’
instructions. Five hundred nanograms of DNA were subjected to bisulfite treatment using the Epitect
Bisulfite Kit (Qiagen). A CpG island on intron 1 of 7¢/I gene (chromosome position 12:106,460,347-
106,460,634, NCBI37 (mm9) mouse reference genome) was amplified using primers described in
supplementary table S2 and HostStar MasterMix (Qiagen) with the following cycling conditions: 95°C for
15 min followed by 35 cycles of 95°C for 1 min, 58°C for 1 min and 72°C for 1 min, with a final extension
of 72°C for 20 minutes. PCR products were then cloned using the TOPO TA Cloning kit for sequencing
(Invitrogen) and NZYalpha competent cells (NZYtech). Ten clones for each sample were picked and
plasmid DNA amplified using M13 primers. PCR products for each clone were sequenced using the
BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) in an ABI 3500 Genetic Analyzer
(Applied Biosystems). Only clones with more than 95% non-CpG cytosines converted were considered for

the analysis, using BiQ Analyzer Software (Bock et al., 2005).
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2.10. Figures
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Figure 1 - 7et3is upregulated during neural differentiation.

(a) Neural differentiation protocol with representative images of key transition points - embryonic stem (ES)
cells on feeders, ES cells on gelatin, cellular aggregates (CAs) and neural precursor cells (NPCs). Arrows
show neurites forming between the cells; Scale bars = 100 um.

(b) Relative expression of neural markers (Pax6, Nestin, Tubb3 and TrkB), pluripotency markers (Oct4,
Nanog and Sox2 and epigenetic regulators (7etl, Tet?, Tet3 and Dnmi3a) in several stages of the neural
differentiation process - ES cells on gelatin (ES cells), CA after addition of Retinoic Acid (CA 8d), NPC after
5 days in culture (NPC 5d); n=2 independent experiments; *p<0.05; **p<0.01; ***p<0.001; t-test.

(c) Immunostaining of TET3 in differentiated NPCs. Scale bars — 100 um and 25 um.
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Figure 2 - Knockdown of 7ef3in NPCs results in de-repression of pluripotency genes.

(a) Phase-contrast images of NPCs after Tet3 knockdown during 5 days in culture. Scrambled shRNA -
control; Tet3-1 and Tet3-2 shRNAs - shRNA against 7et3. Scale bars - 100 um and 50 um in the insets.

(b) mRNA transcript levels of epigenetic regulators (7et and Dnmt enzymes), pluripotency genes (Oct4,
Nanog, Sox2 Rexl and 7c/l) and neural markers ((stem cell markers - Pax6 and Nestir, mature
differentiation markers - B3-tubulin (7uz663) and Neurotrophic tyrosine kinase, receptor, type 2 (7rkB or
Ntrk2)) after Tet3 knockdown. (*p<0.05, **p<0.01, ***p<0.001; t-test). Error bars represent SEM for three
(Tet3-1 shRNA) and two (Tet3-2 shRNA) independent experiments.

(c) Immunostaining of OCT4 in NPCs after 7ef3KD, using Tet3-2 shRNA, shows OCT4-positive cells forming
aggregates that resemble ES cell colonies. Scale bar — 50 pm.
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Figure 3 - 7et3knockdown results in genome-scale loss of DNA methylation.

(a) Scatter plot of 5bmC levels at individual CpGs, showing a bulk shift in methylation after 7e£3 KD, using
Tet3-2 shRNA.

(b) To better visualize differences in 5mC levels, CpGs were grouped based on their % 5mC in control NPCs.
The plot displays the distributions of 5mC levels for control (blue) and 7et3 KD (red) within each group. Loss
of methylation is observed across the whole range of methylation levels.

(c) Genomic features associated with differentially methylated positions (DMPs) after 7e£3 KD, showing that
hypo-DMPs are enriched at genic regions and depleted at promoters and CpG islands.

(d) Comparison of our oxRRBS datasets with a published dataset for ES cells [35], displaying average 5mC
levels per CpG island.

55



a Hypo DMPs b

singlo-miicellular organism process
procons |
anatomical stuclure —
g ]
- y
Wi i
aN|SM process L

b
s
poAibve regulaton o Diiogical procoa
‘positive reg u\lll.o’\ of callular

v process
ipglo-organiam locazation
nBVOUS ByBtem developent y
el J Telt

procens
call differentiation
neurogenasis T

generation of nevions
‘ieuron differentiation

iocallzation

rogulation of multicallular organismal process
anaiomical $ruclure marphogonoaly |
call cévalopment T

-log10 p-value

(2]
o

Scr shRNA - 72% Tet3 shRNA - 63% A2 ES cells -43% ' El Scrambled shRNA
[ Tet3-1 shRNA

[) Tet3-2 shRNA

eoee, . eesee
L R O.‘ Fres

Relative Expression

P RN - WP
o9 .. 989 . 9 ok W
woe ol 00 1] . "
) )
SRR 08 et .
W00, 8999, 40
trsssssssrs
0.1 T T T
s o &
< «

el projection organzation
feuron difforeniabon
Torebrain
singlo-organism procoss
procons

multicellular organism
nervous bystom

singlo-mulbosiular organam Brooous
Posilve raguiation of Laluie prooous

anatomica) siructura dgveigpment
. o ol g ation
posilve raguiaton of boogica pocess
o aphalon rolopment
call propecion marghogenesia
haad dovelopment
neuron projeciion dovelopment
call marphogonosis
coll part marphagenesis.

olanc
<log10 p-value

Figure 4 - Tet3knockdown alters DNA methylation of developmentally relevant gene promoters.
(a) Gene Ontology analysis of genes that loose methylation (Hypo DMPs) shows an association with development,

differentiation and neurogenesis.
(b) Genome browser snapshots of oxRRBS data at £srrband 7c/1 pluripotency genes, showing a reduction in 5mC

levels after 7ef3 KD.
(c) 7c/1 bisulfite cloning analysis; black circles - methylated CpGs; white circles - unmethylated CpGs.

(d) Expression analysis of imprinted genes showing hypermethylation after Tet3 KD (*p<0.05; ***p<0.001; t-test);

n=2 independent experiments.
(e) Gene Ontology analysis of genes that gain methylation (Hyper DMPs) shows an association with neural

differentiation processes.
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2.11. Supplementary material
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Figure S1 - Stable and inducible systems for 7et] and 7et3 knockdown in NPCs (related to Figure 1).
(@) Schematic representation of the stable and inducible knockdown system using p2Lox as a vector
containing the shRNAmir cassette that is transfected in A2lox.cre ES cells containing a tetracycline
inducible element and pLox sites for site-specific recombination.

(b) Immunostaining for PAX6, B3-tubulin and SOX2, in NPCs after 1 day in culture in N2 medium (scale
bars - 50 pm).

(c) Percentage of PAX6-positive NPCs in clones containing shRNAs and eGFP as control.
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Figure S2 - Knockdown of 7e£3in Neural Progenitor Cells (related to Figure 2).

(a) Western blot analysis of TET3 in KD in NPCs and quantification.

(b) Cell cycle analysis by flow cytometry, using propidium iodide (Pl) staining, of NPCs after knockdown of Tet1
and Tet3 shows a lower S-phase in all NPCs comparing to ES cells.

Control NPCs - Scrambled shRNA (shScr); NPCs containing shRNAs against +against Tet3 (shTet3-1 and shTet3-
2).
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Figure S3 — OCT4 detection in Neural Precursor Cells (related to Figure 2)

Immunostaining of OCT4 in NPCs showing OCT4-positive cells aggregating to form ES cell-ike colonies after 7et3
KD. shScr - Scrambled control shRNA; shTet3-2 - shRNA against Tet3; mES cells - mouse embryonic stem cells.
Scale bars - 50 um

Mouse
EScells
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Figure S4 - 5hmC and 5mC analysis in NPCs after 7ef3 KD (related to Figure 3).

(a) oxRRBS data shows very little to no 5hmC signal in all the samples analysed

(b) Dot blot analysis of 5hmC in NPCs after 7ef3 KD. shScr - Scrambled control shRNA; shTet3-1 and shTet3-2 -
shRNAs against 7et3. DNA from mouse ES cells (mES) and mouse hippocampal brain region (mHipp) were used
as controls. 100 ng of DNA were loaded for all the samples.

(c) 5hmC detection by ELISA. DNA from mouse hippocampus (hippl and hipp2) was used as a positive control.
(d) Imunofluorescent detection of 5mC and 5hmC in NPCs shows that cells stain positively for both epigenetic
marks. Scale bars — 50 um.

(e) Comparison of oxRRBS methylation data between 7e£3 KD NPCs and different proportions of ES+NPC mixes.
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Figure S5 — Expression analysis of a hypomethylated gene (S/i#) and an imprinted gene (Snrpn).
(**p<0.01; t-test). Error bars represent SEM of three independent experiments for Srrpr and two independent
experiments for S/t (except Tet3-2 shRNA in which n=1 independent experiment).
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Supplementary Table S1. shRNAs sequences

shRNA sequences

Scrambled (Scr) tgctgttgacagtgagegegtatattggaagcagaccttgtagtgaagecacagatgtacaaggtctgcttccaatatacctgectactgectcgga
Tet3-1 tgctgttgacagtgagegegecctigagetccaacgagaatagtgaagecacagatgtatictcgttggagetcaagggeatgectactgectcgga
Tet3-2 tgctgttgacagtgagegegeagtgtgtaticctaccatttagtgaagecacagatgtaaatggtaggaatacacactgcettgectactgectcgga

Color codes: mir-30 context; sense; loop; anti-sense.

Supplementary Table S2. Primer list and sequences

Product Reference
size (bp)
Bisulfite
AAATAGGAGGGTTAGGGAGATT 288
Tcll Fwd
(12:106,460,347-
106.460,634) ey AAACACCAACATTAAAACCCA
RT-qPCR
\osh GGCCAAGATGTCCTGCTGTT 106 Ficz et al,
P GCTGGTAGCCTACAGCAGAAGG 2011
He090ab1 GCTGGCTGAGGACAAGGAGA 93 Ficz et al,
P CGTCGGTTAGTGGAATCTTCATG 2011
el CCATTCTCACAAGGACATTCACA 116 Ficz et al,
GCAGGACGTGGAGTTGTTCA 2011
Tet2 GCCATTCTCAGGAGTCACTGC 120 Ficz et al,
ACTTCTCGATTGTCTTCTCTATTGAGG 2011
104
Tet3 GGTCACAGCCTGCATGGACT
AGCGATTGTCTTCCTTGGTCAG
Dl TGTTCTGTCGTCTGCAACCT 155
CCCTCACACACTCCTTTTCTG
N CCTGCAATGACCTCTCCATT 89
CAGGAGGCGGTAGAACTCAA
GAAGCCGACAACAATGAGAACC 111
Oct4 CTCCAGACTCCACCTCACACG
Nanog CAGTGGTTGAAGACTAGCAATGGT 113
AGGCTTCCAGATGCGTTCAC
Sox2 GAGTGGAAACTTTTGTCCGAGA 151
GAAGCGTGTACTTATCCTTCTTCAT
CGATGCTGGAGTGTCCTCAAG 113 Ficz et al,
Rex1 (Zfp42) GCCACACTCTGCACACACGT 2011
CTCCATGTATTGGCAGATCCTGTA 79 Ficz et al,
Tell 2011
CTCCGAGTCTATCAGTTCAAGCAA
AGTACAAGCGACGGCTGGAT 103 Ficzetal,
Esrrb 2011
CCTAGTAGATTCGAGACGATCTTAGTCA
Pt CAGATGCAAAAGTCCAGGTG 209 Bibel et al.,
TCTGTCTCGGATTTCCCAAG 2007
Nestin TCGCTCAGATCCTGGAAGGTGG 165
GCTTCAGCTTGGGGTCAGGAAAG
Tubb3 GTGAAGTCAGCATGAGGGAGA 195
b TGGGCACATACTTGTGAGAGGA
kB CTGGGGCTTATGCCTGCTG 100 Bibel et al.,
AGGCTCAGTACACCAAATCCTA 2007
CGAAGAAAACCGCATCACCATTCC 88
Gfap TTGGCCTTCCCCTTCTTTGGTG
AGAGCAGCCAACCGAGAAGGT 164
Pegl0 AACCCGCCTGTTCCACACGA
ATGGTACGCAGGACGACAGC 193
Zrsrl AGTCCAAGCCGGAGGAGACAT
ACCCGTTTATCCTGCCACACC 180
Mcts2 TGACTCCGACACACAGGGCAT
, CAGGCTTTGGTGGCCCTGAATG 125
Sliel TGTGGAGACCTGAAGAGTGATGTT
TGAGTTCAGGAAGATCAAGCCAAAG 115
Snrpn

GCCCTCCACAGTCATTGAAAC
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3.1. Abstract

TET3 is a member of the Ten-eleven translocation (TET) family of enzymes which convert 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5hmC). 7ef3is highly expressed in the brain, where 5ShmC levels are
most abundant. In adult mice, we observed that TET3 is present in mature neurons and oligodendrocytes
but is absent in astrocytes. To investigate the function of TET3 in adult post-mitotic neurons, we used a
7et3 conditional knockout (cKO) mouse model crossed with a Cre-expressing line, CamkZa-CreERT2.
Ablation of 7ef3 in adult mature neurons resulted in increased anxiety-like behavior with concomitant
increased corticosterone basal levels, and impaired hippocampal-dependent spatial orientation.
Transcriptome and gene-specific expression analysis of the hippocampus showed dysregulation of genes
involved in glucocorticoid signaling pathway (HPA axis) in the ventral hippocampus, whereas upregulation
of immediate early genes (IEGs) was observed in both dorsal and ventral hippocampal areas. Additionally,
Tet3 cKO mice exhibit increased dendritic spine maturation in the ventral CA1 hippocampal subregion.
Based on these observations, we suggest that TET3 is involved in molecular alterations, that govern
hippocampal-dependent functions. These results reveal a critical role for epigenetic modifications in

modulating brain functions, opening new insights into the molecular basis of neurological disorders.

3.2. Introduction

Neurons are long-lived cells, governed by a strict molecular regulation to maintain genomic stability, but
also possess a remarkable plasticity to respond to external stimuli. The dynamic nature of neuronal
function is strictly regulated by epigenetic changes (Feng, Fouse et al. 2007). At the DNA level, 5-
methylcytosine is one of the most well studied epigenetic marks and the conversion of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC), catalyzed by Ten- Eleven Translocation (TET) family of
dioxygenases (Tahiliani, Koh et al. 2009), has gained the interest of the field.

High 5hmC content is positively correlated with gene transcription and is a feature of post-mitotic neurons,
since very low levels were detected in immature neurons and non-neuronal cell types (Szulwach, Li et al.
2011, Cadena-del-Castillo, Valdes-Quezada et al. 2014). 7etf genes have also been shown to be highly
transcribed in the brain, with 7e£3 being the most abundant enzyme. 7ef3 levels are similar across
different forebrain regions, such as cortex, hippocampus and cerebellum (Szwagierczak, Bultmann et al.
2010). A putative link between neuronal TET protein function and cognitive processes gained more
relevance following the discovery that (de)methylation of DNA in the brain appears to be relevant for

learning and memory (Miller and Sweatt 2007, Miller, Campbell et al. 2008). Indeed, TET1 and TET2
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were later implicated in learning and memory processes in adult mice (Kaas, Zhong et al. 2013, Rudenko,
Dawlaty et al. 2013, Zhang, Cui et al. 2013, Kumar, Aggarwal et al. 2015, Gontier, lyer et al. 2018).
TET3 deletion in mice leads to neonatal lethality, remaining yet to clarify whether this is related with
neurodevelopemental deficits (Gu, Guo et al. 2011). Nonetheless, TET3 has been linked with brain
function. Specifically, fear extinction leads to TET3-mediated accumulation of 5hmC, and the knockdown
of this enzyme in the infralimbic prefrontal cortex (ILPFC) leads to a significant impairment in fear
extinction memory (Li, Wei et al. 2014). Kremer and colleagues further showed that Tet3 expression, but
not 7etl or TetZ is regulated in an activity-dependent manner after contextual fear conditioning;
moreover, expression of genes related with memory, such as Notchli, Crebi, Crebbp and Gadd45b are
sensitive to 7et3 upregulation (Kremer, Gaur et al. 2018). Importantly, 7et3was described as a synaptic
sensor, able to regulate neuronal activity, since 7et3 knockdown in hippocampal neuronal cultures
increased glutamatergic synaptic transmission, whereas overexpressing 7et3 decreased it (Yu, Su et al.
2015). Concordantly, 7et3 deletion in young mice increases excitatory synaptic transmission (Wang, Li
et al. 2017). Moreover, RNA seq analyses revealed a key role for TET3 in regulating gene expression in
response to synaptic activity (Yu, Su et al. 2015). Here, we addressed the role of TET3 in adult behavior.
We specifically induced 7et3 deletion in mature forebrain neurons, at an adult stage, by crossing a 7et3
conditional knock-out mouse line with calcium/calmodulin-dependent protein kinase Il alpha-(CamkZa)-
CreERTZexpressing transgenic line. Then, we performed behavioral analysis to assess anxiety- and
depressive-like behaviors, as well as cognitive function.

Studies have disclosed that emotion and cognition are not independent behavioral dimensions. In fact
most of neural regions related with modulation of emotional behavior, are also involved in cognitive
processes, such as the hippocampus and the prefrontal cortex (Liu, Fu et al. 2009). We mainly focused
our study in hippocampal-dependent behaviors, since this structure presents a complex connectivity with
numerous cortical and subcortical structures, integrating the neural circuitry of cognitive and emotional
functions (Strange, Witter et al. 2014). Indeed, the dorsal hippocampus is essential for spatial memory
and navigation tasks. The ventral hippocampus establishes connections with structures such as,
prefrontal cortex (PFC), amygdala and bed nucleus of stria terminalis (BNST), responsible for emotions
like anxiety and fear (Fanselow and Dong 2010). Accordingly, the division in dorsal and ventral
counterparts is reflected not only anatomically, but also functionally.

Results showed that TET3 ablation in post-mitotic neurons leads to increased anxiety and impaired spatial
orientation; these behavioral changes were paralleled by increased corticosterone levels, and

transcriptomic analysis unveiled a deregulation of genes involved in glucocorticoid signaling pathway,
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controlled by the hypothalamic-pituitary-adrenal (HPA) axis, specifically in the ventral hippocampus.
Additionally, quantification of gene-specific transcript levels demonstrated that immediate-early genes
(IEGs) were upregulated in both dorsal and ventral hippocampus. Furthermore, Tet3 cKO mice showed
increased synaptic maturation at the ventral CA1 hippocampal region. Thus, our study points to a role
for TET3 as a regulator of HPA axis and neuronal activity-regulated genes, possibly associated with anxiety-

like behavior and spatial orientation alterations in adult mice.

3.3.Results

TET3 protein is present in mature neurons and oligodendrocytes, but not in astrocytes, in adult mouse

cortex and hippocampus brain regions.

In order to understand whether forebrain regions presented a distinct pattern of expression of 7ef3, we
decide to measure 7et3levels in the PFC, hippocampus, amygdala and BNST. The results showed that
Tet3transcript levels are relatively similar in these brain regions (Supplemental figure 1a).

To elucidate in which cell types TET3 is present in the adult brain cortex and hippocampus, we performed
double immunofluorescence staining for TET3 and typical markers for post-mitotic neurons (NeuN,
Neuronal nuclear protein), astrocytes (GFAP, Glial fibrillary acidic protein) or oligodendrocytes (CNPase,
2',3-Cyclic-nucleotide 3'-phosphodiesterase). We observed a strong co-localization of TET3 and NeuN in
the cortical and hippocampal brain regions, pointing out neurons as the main source of TET3 protein
(Figure 1a). We did not observe GFAP and TET3-double positive cells, and only a few number of cells co-
expressed CNPase and TET3, suggesting that TET3 is absent in astrocytes and slightly expressed in
oligodendrocytes (Figure 1a).

Adult 7et3 conditional knockout mice show significant reduction of 7e£3levels in forebrain regions

In order to determine the function of TET3 in mature neurons at an adult stage, we used a previously
generated 7et3 conditional knockout mouse model, in which the exon 7 (corresponding to the exon 5 in
the coding sequence) of 7ef3 gene, is flanked by LoxP sites for Cre-induced site-specific recombination
(Santos, Peat et al. 2013, Peat, Dean et al. 2014) and a CamkZa-CreERTZ inducible line to specifically
delete 7et3in mature forebrain neurons, after tamoxifen administration. 7et3 was disrupted by deletion

of the targeted exon resulting in a truncated protein lacking the catalytic domain. 7e£3 deletion was
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confirmed at the DNA and mRNA levels, by PCR and RT-PCR, respectively (Supplementary figure 2a-b).
Tet3 cKO mice showed a significant reduction of 7et3 mRNA levels in several forebrain regions - PFC,
amygdala, dorsal and ventral hippocampus (Figure 1b-e) (£test, p<0.05). However, no reduction of Tet3
transcripts was found in the BNST region (Figure 1f). Of note, decreased levels of 7et3 did not interfere
with transcript levels of 7etl or 7et? (Figure 1b-e). To better determine the effectiveness of the conditional
knockout strategy in neuronal cells, we quantified the number of post-mitotic neurons (NeuN-positive
cells) showing TET3 staining in the hippocampus of control and Tet3 cKO mice, and observed a significant
reduction in TET3/NeuN-positive cells (Adjusted t-test, p<0.05, wz = 0.841; Figure 1g-h). We further
assessed whether the conditional deletion of 7e£3 affected global 5hmC levels in forebrain regions using
an ELISA-based assay, and observed no changes in the prefrontal cortex, hippocampus and amygdala of

Tet3 cKO mice when comparing to the control group (Supplementary Figure 1b).

Tet3 deletion in neurons results in increased anxiety-like behavior and basal corticosterone levels, and

impaired spatial orientation

In order to ascertain if 7ef3 ablation in adult post-mitotic neurons could have an effect in the behavioral
performance of mice, we performed a battery of behavioral tests assessing various paradigms related to
emotional and cognitive domains. We used two behavioral tests to detect anxiety-like behavior, namely
the open-field (OF) test and the elevated plus maze (EPM), and the forced swimming test (FST) and tail
suspension test (TST) to assess antidepressant-like behavior. Analysis of the total distance traveled in the
open arena and EPM arms revealed no differences between genotypes, as they presented similar
locomotor activity (Supplementary figure 3b and 3d). Additionally, no differences were found in the
average velocity and vertical counts in the OF test (Supplementary figure 3a and 3c). Regarding the
anxiety-like behavioral dimension, Tet3 cKO mice spent less time in the center of the OF (Figure 2b). No
pvalue differences were found in the time spent in the open arms of the EPM when compared to the
control group (Figure 2d), but the magnitude effect, represent by Cohen’s d, is medium-large (#test, OF,
p<0.05, d=0.810; EPM, p= 0.114, d=0.684). Moreover, in the EPM test, we found that Tet3 cKO mice
showed significantly lower frequency of head hips in the open arms (Figure 2d, p<0.01, d=1.400) and
higher latency to enter for the first time in the open arms when compared with control animals (Figure
2e, p<0.05, d=0.881). Additionally, we discovered a significant positive correlation between the

performance in the OF and EPM behavioral tests (r=0.652; p<0.01) (Figure 2f). Altogether, these
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parameters are indicative of increased anxiety-like behavior in Tet3 cKO animals.

In contrast, we did not observe differences in immobility times between the two groups in the FST and
TST (#test, FST, p=0.316, d=0.353; TST, p=0.270, d=0.511) (Figure 2g-h). Considering the involvement
of the HPA axis in the modulation of behavior, we further determined the serum basal levels of
corticosterone in control and Tet3 cKO mice. Both in nadir and zenith time points, Tet3 cKO mice
presented an overactivation of the HPA axis, as suggested by the increased levels of corticosterone
(Adjusted t-test, p<0.01, w2= 0.417; Figure 2i).

Next, we assessed the possible effect of 7et3 neuronal ablation in different cognitive domains, such as
learning and memory. We tested Tet3 cKO mice in the Morris water maze (MWM) test to assess reference
memory, a task that relies on hippocampal activity. Both, Tet3 cKO and control mice were able to
successfully learn the spatial reference memory task, as confirmed by the decreasing latencies during
the trials (Figure 3a; mixed ANOVA, genotype, p=0.274, w?= 0.015) and by their performance in the
probe trial, assessed by the same preference (percentage of time swum) for the goal quadrant where the
platform was located during the acquisition phase (#test, p=0.417, d = 0.417) (Figure 3b). However,
analysis of the strategies adopted by the mice to achieve the escape platform in the MWM task, divided
in random searching/scanning (non-hippocampal strategies) or directed strategies (hippocampal
strategies) (Graziano, Petrosini et al. 2003), revealed that Tet3 cKO mice adopted significantly less
hippocampal-dependent strategies when compared with control mice (Chi-square test, p<0.05, ¢ =
0.466), indicating a poor spatial orientation (Figure 3c).

To evaluate recognition memory, we performed the novel object recognition test. In this task, Tet3 cKO
and control mice showed similar time exploring the object displaced after a short period of time (1 h)
(Figure 3d; #test, p=0.553, d=0.379) indicating normal object location memory. Tet3 cKO and control
mice dedicated similar percentages of time exploring the novel object displayed 24 h after habituation to
familiar objects, indicating no deficits in long-term object recognition memory (Figure 3e; #est, p=0.462,
d=0.267). Moreover, when shortterm memory was evaluated, Tet3 cKO displayed identical
discrimination index, indicating no deficits of short-term memory as well (Figure 3f; ttest, p=0.504,

d=0.235).

Transcriptomic analysis revealed that 7ef? deletion affects gene expression mainly in the ventral

hippocampus

69



To determine which genes were affected by the loss of 7ef3 and considering the impairment of
hippocampal-dependent function described above, we performed a transcriptomic analysis, using
QuantSeq RNA (Pamela Moll 2014), in RNA extracted from dorsal and ventral hippocampus of Tet3 cKO
and control mice. Notably, only 20 transcripts were found to be differentially expressed in the dorsal
hippocampus of Tet3 cKO mice, with only 7 being protein coding and with no particular relevance for this
study (Fig. 4a-b and Supplemental table S2); however, in ventral hippocampus, the number of
differentially expressed genes was higher - 143 (Figures 4a and 4c and Supplemental table S3), with 90
being downregulated and 53 upregulated. This reveals a greater sensitivity of the ventral hippocampus to
conditional deletion of neuronal 7ef3.

Gene ontology analysis of differentially expressed transcripts in the ventral hippocampus, using the
Panther® classification system (Mi, Muruganujan et al. 2013), revealed that the most common molecular
function was binding activity, and the most represented protein classes were transporters, hydrolases
and enzyme modulators (Figures 4d, e). Moreover, we performed a level 4 and 5 gene ontology
classification using the Consensus Pathway Database (Kamburov, Stelzl et al. 2013); while none of the
top 10 categories were specifically related with neuronal activity (Figures 4f), pathway enrichment analysis
revealed an impact in the glucocorticoid signaling pathway (HPA axis) and FOXA1 transcription factor
network, amongst others. (Figure 4g). Regarding HPA axis, we confirmed by qRT-PCR the downregulation
of corticotropin releasing hormone receptor type 2 (CrhrZ), involved in stress-related disorders, such as
anxiety and depression (Reul and Holsboer 2002) (Figure 4h). For FOXA1 transcription factor related
genes, we confirmed the downregulation of PowaZafi, ColSal and Lmxlia (Figure 4h). Additionally, we
obtained information from the Ingenuity Pathway Analysis software (Kramer, Green et al. 2014), namely
in canonical pathways (where glucocorticoid receptor signaling was newly identified), upstream regulators
(where Dopamine Receptor D2 (DRD2) appears) or diseases and disorders (being the most enriched

category cancer) (Supplemental figures 4a-c).

Tet3 cKO mice displayed increased expression of neuronal activity-regulated genes in the hippocampus

A plethora of neuronal genes is involved in neural plasticity related to learning and memory processes
and transcriptional activity of these genes is crucial to control these cognitive processes. The QuantSeq
RNA results allowed to identify ¢-/os, as an upregulated gene in Tet3 cKO animals (Supplemental Table
3). Hence, we explored whether 7ef3 deletion in neurons leads to dysregulation of other activity-induced
genes involved in synaptic plasticity in the hippocampus (Fig. 4i-j) and observed an increase in transcript

levels of some of these genes. The Immediate Early Genes (IEGs) Apas4 and c-fos were the most
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significantly up-regulated. In the dorsal hippocampus of Tet3 cKO mice both IEGs were upregulated
(Figure 4i; adjusted t-test, c-fos p<0.05, d=1.534; Npas4 p<0.01, d=2.321). Nevertheless, in the ventral
part only Npas4 was significantly increased (Figure 4i; adjusted t-test: Npas4, p<0.05, d=0.520; c-fos,
p=0.248, d = 0.523). These results suggest that TET3 regulates these IEG’s levels.

Tet3 cKO mice harbor increased dendritic spine maturation in ventral hippocampal pyramidal neurons

To further correlate the observed behavioral and neuronal activity-regulated gene expression changes in
Tet3 cKO mice with putative alterations in neural plasticity mechanisms, we analyzed neuronal and spines
morphology of pyramidal neurons in the adult dorsal and ventral hippocampus CA1. We did not observe
alterations in dendritic length and complexity of their arborization in the dorsal and ventral regions of Tet3
cKO (Figure 5 a-b; e-f). However, and although Tet3 deletion in neurons did not impact on spines density
(Figure 5¢ and 5g), Tet3 cKO mice displayed a decrease in the proportion of immature thin spines and
an increase in the mature mushroom type of spines in the ventral region of the hippocampus (Figure 5h;
Factorial ANOVA, genotype, p<0,001, w?< 0), suggesting that TET3 regulates spine maturation in the

ventral CA1 region.

3.4. Discussion

Despite recent advances, the role of TET enzymes in the brain, particularly of TET3 which is highly
transcribed, is largely unknown. Here, we show that, in forebrain regions of the adult brain, TET3 is
present in neurons but and sparsely expressed or absent in oligodendrocytes and in astrocytes
respectively. We thus confirmed that neurons heavily express TET3, as previously observed by others (Li,
Wei et al. 2014, Montalban-Loro, Lozano-Urefia et al. 2019).

As TET3 is highly expressed in mature neurons in forebrain regions of the adult brain, we used a
conditional and inducible knockout mouse model to ablate 7ef3 in CamkZapositive mature neurons
allowing to study the function of TET3 in these cells at an adult stage. Importantly, Tet3 deletion did not
affect 7etland 7et?expression; in fact, this deletion did not influence the global genomic levels of 5hmC,
and this might reflect compensatory activities of 7et/ and 7etZ, which influence the demethylation activity
independently of levels of these.

Our results show that neuronal 7e£3 deletion increases anxiety-like behavior and impairs hippocampal

spatial orientation. Regarding TET enzymes and their possible implications in anxiety-like behavior control,
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only the role of one TET enzyme, 7etl, was previously addressed. Although TET1 KO mice showed normal
anxiety and depression-related behaviors (Rudenko, Dawlaty et al. 2013), Feng and colleagues showed
that neuronal 7et! deletion in neurons of Nucleus Accumbens (NAc) produced antidepressant-like effects
in several behavioral assays (Feng, Pena et al. 2017). In contrast, in our model in which we deleted 7et3
in mature forebrain neurons, we observed an anxiety-like phenotype. Nevertheless, the deletion of 7et]
and 7et3in these two studies was performed in distinct brain regions, possibly influencing the observed
results. On the other hand, the distinct behavioral phenotype triggered by deletion of 7ef/ and 7ef3 might
suggest a different regulatory activity for these enzymes in the anxiety regulation of the adult brain.

We further showed that 7e£3cKO mice displayed a specific impairment of hippocampal-dependent spatial
orientation; other hippocampal-dependent tasks, such as object location and long- and short-term
recognition memories, remained unaffected. Importantly, 7et/ and 7et2 were shown to be relevant to
control spatial learning (Zhang, Cui et al. 2013, Gontier, lyer et al. 2018), but 7ef3 seems to be only
critical to control spatial orientation, since the spatial learning remained unaltered in our model. This
observation, linked to the finding of role of the ventral hippocampus in spatial navigation (McDonald,
Balog et al. 2018), supports the impact of 7e£3in the function of ventral hippocampus. Additionally, the
impairment in the use of directed strategies reflects alteration of the goal-directed behavior, and can be
correlated with the anxiety-like behavior, since the ability to demonstrate goal-directed behavior requires
a suppression of emotional states, namely anxiety (Jimenez, Su et al. 2018, Yoshida, Drew et al. 2019).
The molecular mechanisms through which TET3 controls anxiety and spatial orientation remained to be
explained. Hence, we studied whether 7et3deletion could impact the expression of gene networks known
to be involved in the dysregulation of behavioral domains. We performed a transcriptomic analysis of the
hippocampus of Tet3 cKO mice that showed few dysregulated genes in the dorsal region, but several
networks were altered in the ventral region. The ventral hippocampus has been shown to be involved in
the modulation of emotional behavior, namely anxiety (Fanselow and Dong 2010). Strikingly, an impact
of neuronal 7et3deletion in key networks involved in the regulation of anxiety-like behaviour was observed
in the ventral hippocampal region.

Enrichment pathway analysis of differentially expressed targets identified the glucocorticoid signaling
pathway (HPA axis), specifically in this hippocampal subregion. In fact, dysfunction of the HPA axis has
been implicated in the pathogenesis of psychiatric disorders, including anxiety disorders (Faravelli, Lo
Sauro et al. 2012). The persistent activation of the HPA system results in a sustained increase of cortisol
(humans) or corticosterone (rodents) levels, and is one of the most consistent findings in psychiatry

diseases, namely anxiety and depression (Faravelli, Lo Sauro et al. 2012). Importantly, Tet3 cKO animals
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presented increased levels of corticosterone in the blood serum suggesting an overactivation of the HPA
axis, which can be correlated with the increased anxiety-like behavior. Remarkably, we also found CrAr2
to be downregulated in the ventral hippocampus of Tet3 cKO mice; and CRHR2-deficient mice display
increased anxiety-like behavior (Bale, Contarino et al. 2000, Kishimoto, Radulovic et al. 2000), suggesting
that the observed decrease of Crfir2 levels in the ventral hippocampus of Tet3 cKO mice can be linked
to the development of this altered emotional behavior. However, Kishimoto and colleagues suggest that
Crhr2 predominantly mediates a central anxiolytic effect independent of the HPA axis activity, since they
did not observe hypercortisolism in Crfir2/+and -/- mice at basal levels. Nevertheless, hypercortisolism
was observed in Crhr2-/- mice upon acute stress in Kishimoto et al. work (Kishimoto, Radulovic et al.
2000), and in various other studies (Coste, Kesterson et al. 2000, Preil, Muller et al. 2001). Yet, the
direct or indirect causeal relationship between CrAr2 decrease, corticosterone increases, and stress has
not been established. Importantly, it is relevant to consider that Kishimoto et al. used a full KO mouse
model, which can display compensatory development effects, hiding alterations in the basal
corticosterone levels.

Neuronal activity-regulated genes are known to play important roles in diverse cellular processes such as
neurotransmission, neuronal plasticity, learning and memory (Loebrich and Nedivi 2009, Coutellier,
Beraki et al. 2012). Notably, and contrary to TET3 function in our model, TET1 was shown to be a positive
regulator of IEGs expression (Kaas, Zhong et al. 2013, Rudenko, Dawlaty et al. 2013, Kumar, Aggarwal
et al. 2015). Amongst all the IEGs analysed in Tet3 cKO, we showed that the key upstream regulatory
gene Mpas4 displayed the highest magnitude of change amongst all the IEGs analysed in Tet3 cKO.
Npas4 controls a transcriptional program involving neural activity-regulated genes and is essential for
cognitive function (Ramamoorthi, Fropf et al. 2011, Coutellier, Beraki et al. 2012). Moreover, this gene
is involved in neural circuitry plasticity, maintaining circuit homeostasis (Ploski, Monsey et al. 2011,
Ramamoorthi, Fropf et al. 2011). Thus, we speculate that the aberrant increase in Mpas4 and c-fos
transcript levels in the dorsal hippocampus of Tet3 cKO mice, might lead to a dysregulation of neuronal
activity and possibly explain the spatial orientation impairment observed. Despite the vast amount of data
supporting changes in IEGs expression in cognitive processes, in psychiatric conditions, only few studies
have evaluated the direct implication of IEGs. However, it was already shown that Npas4KO mice are
less anxiety when compared to control animals (Jaehne, Klaric et al. 2015). Accordingly, Tet3 cKO mice
showed increased anxiety-like behavior and increased expression of Mpas4 mRNA transcript in the ventral
hippocampus. Based on our results, we hypothesize that upregulation of Mpas4 can lead to an increase

in the expression of its targets, namely c-fos, promoting increased hippocampal neuronal activity. This
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dysfunctional hippocampal neuronal activity may alter the capacity of neurons to correctly respond to
stimulus and culminate in behavioral dysfunction. Our hypothesis is in agreement with findings that TET3
is a negative regulator of synaptic activity (Yu, Su et al. 2015, Wang, Li et al. 2017). In accordance, we
herein observed that 7et3deletion triggered a shift of thin immature spines to the mushroom mature type
in the ventral CA1 hippocampus. This increased synaptic complexity (Berry and Nedivi 2017) fits with the
observations of increased glutamatergic transmission in 7et3 deficient animals (Wang, Li et al. 2017) and
with the role of glutamate in spine maturation (McKinney 2010, Mattison, Popovkina et al. 2014).
Although potentially expected, our data are describing that dendritic spine morphology is modified by Tet3
deletion specifically in mature neurons, for the first time. This overactivation of the ventral hippocampus
is suggestive of an anxiogenic phenotype in these animals and may reveal to be an interesting therapeutic
target.

In summary, we here suggest that 7ef3 plays an important role in modulation of anxiety-like behavior, as
well as in spatial orientation tasks. The epigenetic control of behavior and neurophysiology is a topical
subject currently and very relevant to various neurological and psychiatric conditions (Antunes, Sousa et
al. 2019). However, TET3 has been poorly studied in the context of psychiatric disorders, and to our
knowledge, there is only one report showing no alterations in 7et3levels in the parietal cortex of psychotic
patients (Dong, Gavin et al. 2012). Future research on TET3 function, as well as on other members of
TET family, may critically contribute to our understanding of epigenetic regulation impact on behavioral
performance. Particularly TET3, can represent a potential therapeutic target in pathologies related with

anxiety spectrum.

3.5. Methods

Animals and treatment

Tet3n mice on a C57BL/6N background (Santos, Peat et al. 2013, Peat, Dean et al. 2014) were crossed
with B6;129S6 mice ((Madisen, Zwingman et al. 2010) JAX stock #012362 - CamkZa-CreERT2)
expressing a tamoxifen-inducible Cre recombinase under the control of the mouse CamkZa promoter
region to generate mice heterozygous for the floxed 7ef3 allele (Santos, Peat et al. 2013, Peat, Dean et
al. 2014) and Cre- recombinase. These mice were interbred with C57BL/6N mice homozygous for the
floxed 7et3allele to generate mice heterozygous for Cre-recombinase and homozygous for the floxed 7et3
allele, designated as Tet3 cKO mice. Mice homozygous for the 7et3 floxed allele, but not carrying Cre-
recombinase, were designated as control mice. Animals were genotyped by PCR analysis using genomic
DNA and primers specific to Cre-recombinase and the floxed 7et3 allele. Detection of flox transgene was
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done using a primer specific to the fragment, which allowed to detect the deleted or floxed allele
(Supplemental table 1).

To induce Tet3 deletion, male mice were administrated with tamoxifen (Sigma, St. Louis, MO; T-5648)
dissolved in corn oil (Sigma; C-8267) at 20 mg/ml. Six-week-old mice were injected intraperitoneally with
50 mg/kg of tamoxifen twice a day for 5 consecutive days, with 7 days break followed by injections for 5
additional consecutive days (Fig. 2a). One month after tamoxifen treatment, blood samples were collected
from the animals and corticosterone levels were measured using the commercial kit (Enzo Life Sciences,
New York, USA). All procedures were carried out in accordance with EU Directive 2010/63/EU and NIH
guidelines on animal care and experimentation and were approved by the Portuguese
Government/Direcdo Geral de Alimentacdo e Veterinaria (DGAV) with the project reference

0421/000/000/2017.

Behavioral analyses

We used standard tests that evaluate motor and locomotor activity (OF), emotional behavior (anxiety (OF,
EPM) and antidepressant-like states (FST, TST)), and cognition (NOR, MWM).

Animals were submitted to behavioral testing 1 month after tamoxifen treatment. Mice were studied
during the light phase and habituated to testing rooms for at least 30 min before each test. Behavioral
assessment was performed following this order: Open Field (OF), Elevated Plus Maze (EPM), Forced-swim
Test (FST), Tail suspension Test (TST), Novel Object Recognition (NOR) and Morris Water Maze (MWM).

The tests details are described bellow.

Open Field

In the open field (OF) test, each animal was placed in the center of the arena (square arena [43.2 cm x
43.2 cm]) surrounded by tall perspex walls (Med Associates Inc., St. Albans City, VT) and allowed to freely
explore it for 5 min. Infrared beams and manufacturer’s software were used to automatically register

animals’ movements. Data was analyzed using the activity monitor software (Med Associates, Inc.).

Elevated Plus Maze

The elevated plus maze (EPM) apparatus (ENV-560; Med Associates Inc., St.Albans, VT,USA) consisted
of two opposite open arms (50.8cm x 10.2 cm) and two closed arms (50.8cm x 10.2 cm x 40.6 cm).
Briefly, each animal was freely let to explore the maze for 5 min. The time spent in the open arms and

the time to enter in the open arms (latency to enter an open arm timed from the start of the test), were
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analyzed using EthoVision XT 11.5 software (Noldus, The Netherlands). The frequency number of head
hips (number of times that the animal look at the floor when is in the open arms) was manually analyzed

by a single researcher.

Forced-swim Test

Learned-helplessness was assessed through the forced-swim test (FST). Briefly, assays were conducted
by placing each animal, individually, in transparent cylinders filled with water (25°C; depth 30 cm) for 6
min. The trials were videotaped, and the immobility time measured during the last 4 min, using the
EthoVision XT 11.5 software (Noldus, The Netherlands). Immobility was considered when the animal was

only floating. Learned-helplessness behavior was defined as an increase in time of immobility.

Tail suspension Test

In the tail suspension test (TST) mice were suspended 50 cm above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. Tail climbing behaviors were prevented by passing mouse
tails through a small plastic cylinder prior to suspension. For each mouse, immobility time was assessed
during a 6 min period. The trials were videotaped, and the immobility time measured during the trial,
using the EthoVision XT 11.5 software (Noldus, The Netherlands). Immobility was considered when the

animal was not moving the limbs or the entire body.

Novel object recognition

The test was conducted under dim white-light illumination in a lusterless white box (30 x 30 x 30 cm).
Briefly, animals were habituated to an open arena for 3 consecutive days for 20 min. In the fourth day,
two similar objects (glass bottles) were symmetrically placed on the center of the box and animals could
freely explore both objects for 10 min. After an interval of 1 h in their home cages, the novel object was
displaced to the opposite side of the box and mice were allowed to explore this new configuration. This
trial allowed the assessment of the spatial recognition memory of the subjects. In order to evaluate long-
term recognition memory, one of the familiar objects was replaced by a novel one (Lego® brick) 24 h
afterwards, and mice were placed in the arena and allowed to explore both for 10 min. In the last day,
two new objects were placed in the boxes and mice were place in the arena and allowed to explore both
for 10 min. 1 h after one object was replaced by a novel, and the animals placed again to explore these,

in order to evaluate short-term memory.

76



Boxes were cleaned between trials and subjects, with 10% ethanol. Animals were considered to be
exploring whenever the nose was facing the object. Exploration time of the novel objects over the total
exploration time was used as measure of object preference. Behavior was video-recorded and analyzed

using EthoVision XT 11.5 software (Noldus, The Netherlands).

Morris water maze

Mice were tested in a circular pool (106 cm diameter) filled with water (23 + 1 °C) and placed in a dim
light room. In order to increase the contrast to detect the mice, water was made opaque with the addition
of nontoxic titanium dioxide (Sigma-Aldrich; 250 mg/L). Spatial cues were placed in the walls around the
pool (square, stripes, triangle and a cross). The pool was divided into four imaginary quadrants and a
hidden transparent platform (a circular escape platform (10 cm diameter, 22 cm height)) was placed in
one of the quadrants. Trials were video-captured by a video-tracking system (Viewpoint, Champagne-au-
Mont-d'Or, France). The 4 days of protocol consisted in a hippocampal-dependent task whose goal was
to assess the ability of mice to learn the position of the hidden platform kept always in the same position.
Each day, mice performed four consecutive trials (maximum of 60 s, with a 30 s intertrial interval) being
placed in the pool facing the maze wall and oriented to each of the extrinsic cues in random order.
Whenever mice failed to reach the platform, animals were guided to the platform and allowed to stay in
it for 30 s. On the fifth day, the platform was removed and a single trial of 60 s was performed (probe
trial). For strategy analysis, we defined two blocks of strategies: “non-hippocampal dependent strategies”
(Thigmotaxis, Random Swim and Scanning) and “hippocampal dependent strategies” (Directed Search,

Focal Search and Direct Swim) as previously described by (Graziano et al. 2003).

Serum corticosterone levels

Two independent collections were made in two different time points, 8 a.m. and 8 p.m., with an interval
of 24 h in between. The blood was rapidly collected after a small incision in the tail of the animals. The
collected blood was centrifuged at 13,000 rpm for 10 min and the supernatant removed and stored at
-80 °C until use. Corticosteroid levels in serum were measured by radioimmunoassay using a

commercial kit (Enzo Life Sciences, New York, USA), according to manufacturer’s instructions.

DNA/RNA Extraction
After behavior assessment, the animals were first anesthetized with a mixture of ketamine (75 mg/kg,

i.p.; Imalgene 1000, Merial, EUA) and medetomidine (1 mg/kg, i.p.; Dorbene Vet, Pfizer, EUA), and
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transcardially perfused with 0.9% saline. Brains were carefully removed and macrodissected, and tissue
samples were stored at -80 ©C. The tissues were prepared by homogenization using Trizol® reagent
(Invitrogen), and extracted according to the manufacturer’s instructions. The RNA was treated with DNase
| (Thermo Scientific) and a total 500 ng RNA was used for cDNA synthesis using the gqScriptTM cDNA
SuperMix (Quanta Biosciences, USA).

PCR analysis

Detection of flox and deleted transgenes was performed using specific primers to the fragment, which
allowed to detect the deleted or floxed allele (deleted: 237bp; floxed: 400bp). The detection of the Cre
allele was done using a specific pair of primers (fragment of 184bp). The final concentrations in the PCR
reactions were: 30 ng of extracted DNA, 0.2 U/uL NZYTaq Il 2x Green Master Mix (Nzytech), 0.2 uM of
forward primer and 0.1 uM of each reverse primer for Tet3 allelles and 1uM of each forward and reverse
Cre allele. The primers’ sequences are indicated in Supplemental table 1. Amplification was performed
on the Veriti® Thermal Cycler (Life Technologies). Bands were visualized on the BioRad Gel Doc™ EZ

System (BioRad).

qRT-PCR

Sense and antisense sequences can be found in Supplemental table2. Each gPCR reaction was run in
duplicate for each sample in 20ul reactions using 5x HOT FIREPol ® EvaGreen ® gPCR Mix Plus ROX
(Solis Biodyne, Estonia). The reaction was then performed on a Fast Real-Time PCR System (Applied
Biosystems, USA). The relative abundance of each gene of interest was calculated on the basis of the

AACt method, with results being normalized to the average Ct of Afp5b.

RNA Sequencing Analysis

RNA integrity was evaluated through chip-based capillary electrophoresis (Fragment Analyzer, Agilent®),
with all samples having a RQN > 8.0. A total of 500 ng RNA was used for library construction, using the
3‘'mRNA-Seq Library Prep Kit (Lexogen). The resulting library was then sequenced on lllumina
NextSeq500. RNA-seq analysis was carried out on two independent technical replicates. Quality control
was carried out on raw datasets using FastQC, with no adapters being found. Differential expression
analysis was performed using edgeR (Robinson, McCarthy et al. 2010) and genes were considered

differentially expressed between conditions if attaining an FDR < 5% and an absolute fold change > 2.
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Gene ontology classification of obtained hits was carried out using Panther® and Ingenuity Pathway

Analysis (IPA, Qiagen, Redwood City, CA, USA) software.

Quantification of 5hmC

The global level of 5hmC was assessed using a Quest 5hmC DNA ELISA Kit (Zymo research, California,
USA). The procedure was followed according to the manufacturer’s instructions, having loaded 100 ng

of genomic DNA of each brain region per well.

Immunofluorescence analysis

Brains were transcardially perfused with phosphate-buffered saline (PBS) and fixed overnight in 4% PFA.
Coronal cryosections (20 um) were incubated O/N at 4 ©C, with primary antibodies, sequentially. Used
antibodies were: NeuN (Cell signaling, rabbit, D4640, 1:100), Tet3 (Abcam, rabbit, ab153724, 1:100),
GFAP (mouse, Thermo scientific, MA5-12023, 1:100) and CNPase (mouse, Millipore, MAB326, 1:200).
The subclass-specific antibodies - Alexa Fluor 488 and Alexa Fluor 594 (Molecular Probes) - were used
for detection, and incubation was performed for 2h at RT. Nuclei were counterstained using DAPI during
10 minutes at RT. Fluorescence images were acquired with the Olympus Fluoview FV1000 confocal
microscope (Olympus, Hamburg, Germany) and the number of double-positive cells calculated using FlJI

software (3 sections for each animal; 7= 3 animals per group).

3D-reconstruction of neurons

To assess the 3D dendritic morphology of hippocampal pyramidal neurons, we used the Golgi-Cox
impregnation technique. Dendritic arborization and spine numbers/density/types were analyzed in the
dorsal and ventral CA1 of Control and Tet3 cKO mice, as described previously (Bessa, Ferreira et al.
2008, Mateus-Pinheiro, Alves et al. 2016). Briefly, brains were immersed in Golgi-Cox solution for 21
days and then transferred to a 30% sucrose solution and cut on a vibratome. Coronal sections (200 um
thickness) were collected in 6% sucrose and blotted dry onto gelatin-coated microscope slides. They were
subsequently alkalinized in 18,7% ammonia, developed in Dektol (Kodak, Rochester, NY, USA), fixed in
Kodak Rapid Fix, dehydrated, xylene cleared, mounted and coverslipped. All incubation steps were done
in a dark room. The 3D-reconstruction of Golgi-impregnated neurons from the dorsal and ventral CAl
(dCA1 and vCAl) were achieved following the mouse brain atlas. CA1 neurons were identified by their
typical triangular soma-shape, apical dendrites extending toward the striatum radiatum. For each

experimental group, four animals were studied and, for each one, five neurons per area were
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reconstructed and evaluated (a total of 20 neurons per area). Neurons were selected for reconstruction
following these criteria: (i) identification of soma within the pyramidal layer of CA1 (i) full impregnation
along the entire length of the dendritic tree; (iii) no morphological changes attributable to incomplete
dendritic impregnation of Golgi-Cox staining or truncated branches. The dendritic reconstruction was
performed at 100x (oil) magnification using a motorized microscope (BX51, Olympus) and Neurolucida
software (Microbrightfield). The analyzed dendritic features were: total length, number of endings and
nodes, and Sholl analysis (number of dendrite intersections at radial intervals of 20 mm). Dendritic spine
density (calculated as number of spines/dendritic length), was evaluated in proximal and distal segments
of dendrites. To identify changes in spine morphology, spines in the selected segments were classified
into thin, mushroom, thick or ramified and the proportion of spines in each category was calculated for

each neuron. (7= 4-6 neurons for each animal; /7= 3-4 per group).

Statistical analysis

A confidence interval of 95% was assumed for hypothesis testing. Assumptions for all variables were
validated prior to statistical testing. For the comparison of two means, the two-tailed unpaired Student's
ttest was carried out, followed by the Benjamini, Krieger and Yekuteli correction when multiple
hypotheses were tested. Analysis of variance (ANOVA) was used when 2 or more factors were tested,
followed by Sidak'’s post hoctest. Comparison of proportions was carried out using a two-tailed Chi-square
statistic. Appropriate effect size measures were reported for all statistical tests. All statistical analyses
were carried out using SPSS 22.0® or GraphPad Prism 8.0®. Test details are described in figure
captions,and Supplemental Table S4.
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Figure 1. TET3 is present in mature neurons and diminished in the brain of Tet3 cKO mice.

(a) Representative double immunostaining for NeuN and Tet3 proteins, showing strong expression of Tet3 in post-
mitotic neurons in the cortex and dorsal CA1 brain regions. Tet3 expression was detected in some oligodendrocytes
stained with CNPase marker. Astrocytes do not express Tet3, no Tet3 staining was found in GFAP positive cells.
Scale bars, 50 and 25 pm.

(bf) Reduction in Tet3 mRNA levels and maintenance of Tetl and Tet2 levels was observed in Tet3 cKO animals.
mRNA expression in forebrain regions was measured by gRT-PCR in control and Tet3 cKO animals in (b) prefrontal
cortex; (c) dorsal hippocampus; (d) ventral hippocampus; () amygdala and (f) BNST (7=3-5 per group).

(f) Representative double immunostaining for NeuN and Tet3 proteins in the CAl, CA3 and DG hippocampal
regions, showing reduction in Tet3 expression in the Tet3 cKO animals. Scale bars, 50 and 25 um.

(g-h) The percentage of TET3 positive cells in NeuN positive cells (post-mitotic neurons) was quantified in Tet3 cKO
animals, relative to controls (/7=3 per group).

Quantifications are presented as the mean + SEM. (bH) Two-tailed Student’s t-test; *p < 0.05, **p<0.01; (g)
Adjusted two-tailed Student’s t-test; *p < 0.05, ** p< 0.01
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Figure 2. Tet3 cKO mice showed increased anxiety-like behavior and corticosterone levels.

(a) Scheme illustrating the protocol used to induce Tet3 deletion and the behavior paradigm timeline. Six-week-old
mice were injected intraperitoneally with 50 mg/kg of tamoxifen twice a day for 5 consecutive days, with 7 days
break, followed by injections for 5 additional consecutive days. Animals were submitted to behavioral testing 1
month after the last tamoxifen injection and euthanized after this assessment.

(bf) Anxiety-like behavior was tested both in the open-field test (OF) (b) and elevated plus maze (EPM) (c-e). (b)
Time spent in the center of the OF; (c) time spent in the open arms of the EPM; (d) The frequency number of head
hips (EPM); (e) Latency to enter open arms (EPM); (f) Correlation between OF and EPM performances (7=13-18
per group).

(g-h) The presence of depressive-like behavior was assessed in the tail suspension test TST (g) and forced
swimming test (FST) (h) (7=13-17 per group).

(i) Basal serum concentration of corticosteroids in control and Tet3 cKO mice, both in the morning and at night,
revealed a significant increased production by Tet3 cKO mice (7= 8 per group).

Quantifications are presented as the mean + SEM. (b-e; g-h) Two-tailed Student’s ttest; *p < 0.05; (f) correlation
Pearson; p<0.01; (i) Adjusted two-tailed Student’s t-test; ** p< 0.01

87



a b C Spatial orientation

s ial | ing Probe B3 Notfound [ Nen-Hgpocamped B Hepocarpad
50 Tet3 cKO “" tand
w - CTRL s
40 L)
- Tet3eKO -
3w £ =~
é- e .
i £ =
- 20 -
10 e
ax
wn
Dayt Day2 Day3 Dayd O T "....“,..u..uuum..;..,.,..uu....un..
Trid Trisl
d Recognition Memory Recognition Memory Recognition Memory
{Displacement) e (Long-term) f {Short-term)
® 0 ih @ e @ 24h e & A A 1h
=) = ==p
Object recogniton memory Object recognition memory Object recognition memory
(Displacement) (Long-term) (Short-term)
oy 60 . 1004 80
3 3 g
80 °
2 2 2 6.
T 404 g e
5 5 1 5
H H g4
c £ 401 2
E 204 [ £
< < T 20
g g ¥ 3
8 o o
04 0 04
CTRL  Tet3cKO CTRL  Tetd eKO CTRL Tetd cKO

Figure 3. Tet3 cKO mice showed spatial orientation impairment, but normal recognition memory.

(a-c) Morris Water Maze test. (a-c) Spatial acquisition performances were recorded during 4-day training. (a) Escape
latency. (b) Time in the target quadrant. (c-e) Cognitive strategies during water maze learning. (c) A schematic
representation and color code for each group of strategy and the average prevalence by trial number are shown.
(c) Representation of the percentage of mice using directed strategies (hippocampal dependent strategies) (7=8-
11 per group).

(d-) Novel object Recognition test. Animals were allowed to explore two identical objects for 10 min. After an interval
of 1 h in their home cages, the novel object was displaced to the opposite side of the box and mice were allowed
to explore this new configuration, evaluating spatial recognition memory (displacement) (d) After 24 h, mice were
returned to the arena, where one of the familiar objects was replaced with a novel one, evaluating long-term memory
(e) After 24 h, two new objects were placed in the box and mice were allowed to explore them. 1h after, one object
was replaced by a novel one, and the animals placed in the arena, evaluating short-term memory (f) (7=14-18 per
group).

Quantifications are presented as mean + SEM. (a) Mixed ANOVA, genotype; (b) Two-tailed Student’s t-test; (c) Chi-
square test; * p< 0.05; (df) two-tailed Student’s t-test.
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Figure 4- Transcriptome analysis showed a predominant alteration in transcript levels in the ventral hippocampus.
Gene expression analysis showed an increase in the expression of neuronal activity-regulated genes in both regions.
(a) Number of differentially expressed genes (up and downregulated) in the dorsal and ventral regions of the
hippocampus.

(b-c) Volcano plot of all transcripts identified in the dorsal (29407 targets) and ventral hippocampus (29146
targets). The log fold change represents control versus Tet3 cKO mice.

(d-e) Gene ontology classification of the molecular function and protein class of differentially expressed targets in
the ventral hippocampus of Tet3 cKO mice, based on the PANTHER database.

(f-g) Enriched level 4 and 5 gene ontology classes and pathways of differentially expressed targets in the ventral
hippocampus of Tet3 cKO mice, based on the Ingenuity Pathway Analysis (IPA).

(h) Expression of selected genes from the IPA analysis was evaluated by gRT-PCR, confirming the QuantSeq results
(7=3 per group).

(i) Expression of Immediate early genes (IEGs) in the dorsal and ventral hippocampus (7=4-6 per group). Fold
change relative to controls was calculated using the 2-AA< relative gene expression analysis.

Quantifications are presented as the mean + SEM. (h+) Two-tailed Student’s t-test; * p< 0.05, ** p< 0.01

89



d  Total length dCA1 h Sholl Analysis dCA1 C Global Spine density dCA1 d Spines Type Analysis dCA1
1500 10 s 60
- 2 -
E #®
- E B s | ETRL :=“ 2
&= asal £ o
B 1000 - = Tetd cKO Zo3 E 40
2 = = CTHL E =
L] Apical [T
E 500 § 4 - Te1d KO E EW
£01
& g 2 E #
o Z 0 o
R PESISPESPPPOEPS &P
Distance from soma {jpm) -,d")
€ 1ot length vCA1 f Sholl Analysis vCA1 g Global Spine density vCA1 h Spines Type Analysis vCA1
1500 E 8 06 20
£ - CTRL - - CTEL
= Basal E
Z 1000 E L - Teilcko EM ;&ﬂ - Teid cKO
E’ 4 = CTHL = 3
s - 7| = Tet3cKo ; = a0
£ w - oz g
H i 2" &
& 5 = 2
z

@
=

& R T e
& o : S & &
Distance from soma (Em) fk * f

Figure 5. Three-dimensional morphometric analysis of Golgiimpregnated neurons of the CA1 hippocampus reveals
an increase in dendritic spine maturation in Tet3 cKO mice.

Tet3 cKO presented no alterations in neuronal morphology, in dorsal and ventral hippocampus, assessed by total
length and sholl analysis (a-b; e-f). Regarding spines analysis, no differences were found at the dorsal part (c-d),
but a robust increase in spine differentiation (mushroom type) and a decrease in immature spines (thin type) of
the apical dendrites spines was found in the ventral region in Tet3 cKO mice (h), without alterations in spine density
(g). ”=13-20 neurons; 3 mice per group.

Quantifications are presented as the mean + SEM. (a, b, e, f) Factorial ANOVA; (c, g) Two-tailed Student'’s t-test;
(d, h) Factorial ANOVA, genotype; ***p<0.001
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3.11. Supplementary Material

a Tet3 levels b 5hmC levels
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Supplemental S1. Tet3 relative expression and global 5hmC levels in forebrain regions.

(a) Expression of Tet3 transcripts was evaluated by gRT-PCR, and it showed comparable relative 7et3 levels in
forebrain regions (PFC, dorsal and ventral hippocampus, amygdala and BNST) (n=4-6 per group). Normalized
expression to Atpbb. (b) No alterations were found in the global 5hmC levels in forebrain regions evaluated by
ELISA (n=3 per group). Quantifications are presented as the mean + SEM
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Supplemental S2. Generation of TET3 conditional deletion.

(a) PCR genotyping of forebrain regions 26 days after induction of deletion. In the Tet3 cKO animals are observed
three bands with 184, 237 and 400 base pairs corresponding to the cre, deleted and floxed alleles respectively.
Control animals do not show the bands corresponding to cre and deleted bands (100 bp Ladder).

(b) Loss of the flanking exon7 at Tet3 RNA level confirmed by RT-PCR assay. In the Tet3 cKO animals two bands
are observed with 328 and 178 base pairs corresponding to the wild-type and deleted exon 7, respectively. Control
animals do not show the deleted band (100 bp Ladder).
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Supplemental S3. Behavior data regarding locomotor activity in the open field (OF) and elevated plus maze (EPM).
(a) Average velocity (OF); (b) distance traveled (OF) and (c) vertical counts in the periphery and center in the OF
test; (d) Distance traveled (EPM). Quantifications are presented as the mean + SEM (n=13-18 per group)
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Supplemental S4. Additional analyses of differentially expressed targets in the ventral hippocampus of Tet3 cKO
mice, using the Genes2mind and Ingenuity Pathway Analysis software.
(a) Canonical pathways with highest gene enrichment are related with immunological, matrix and hormone

signaling.

(b) Upstream regulators with highest enrichment in the evaluated dataset. Most genes are not associated with a

transcriptional regulation.

(c) Diseases and conditions mostly associated with the differentially expressed targets, with the most enriched

category being cancer.
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Supplemental Table S1. List of primers sequence
(a) Primers for genotyping PCR of Tet3 cKO animals.
(b) Primers used for quantitative gRT-PCR analysis

a
Target Forward Primer (5'- 3') Reverse Primer (5 —3)
Cre AGCTCGTCAATCAAGCTGGET CAGGTTCTTGCGAACCTCAT
Tet3 TACCTCTGCCTCTGGAGTECTAA ATGGCTACTCACAACCCAGTGAC
GTCAGGAAAGTCACATGETTGTTG
b
Target Forward Primer (5'- 3') Rewverse Primer (5" —3')
AtpSh GCCAAGATGTCCTGCTETT TCCTTCGGATTGTCTCCCGTG
Tetl CCATTCTCACAAGGACATTCACA GCCATTCTCAGGAGTCACTGL
Tet2 GCCATTCTCAGGAGTCACTGC ACTTCTCGATTGTCTTCTCTATTGAGG
Tet3d GCCTCCTTCTCCTTCGGCTG TCCTTCGGATTGTCTCCCGTG
Arc AGCTCGCTECATEECCTTTG GEEECTTEECTGAGETITCA
c-fos AGCATCGECAGAAGGGGECAA TEATCTGTCTCCGCTTGGAGTGET
Crebl CACCATTECCCCTEEAGTTGETT TCTCTTGCTGCCTCCCTGTTCTT
Egrl TEAGCACCTGACCACAGAGTCC GTGATGEGEAGECAACCGAGT
MNpasd TCGGAGAGTETGAGCGAGCA AGGCGATCAGCATCCAGAGCA
Coll3al TCCCTACAGTCCTCCCCTCT ACCTCCTCAGCAACATTCTCTEE
Pou2afl AGGCCATACCAGGGETGETTCGAG TCAAGGCAGGAAGGACCCACA
Crhr2 GECTTTACCTTEETEEETAGET AAGTETCCACAGGGEECTEET
Lmzla AGCGACCCAAACGTCCCAGA GGCCAGCTTCTTCATCTTGGECT
Cebpb TEEACACGEGACTEACGCAA TECTCGAAACGEAAAAGGETTCTCA
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Supplemental Table S2: List of differentially expressed genes in the dorsal hippocampus of Tet3 cKO mice from
transcriptomic analysis.

3110070M22Rik -1,20209) 3,84665
4933415A0MRik -1,29221)  3,736981
Cdld1l -2,37203 4,206204
Cpeblosl 1,338845| 4 477545
Crisp2 -3,88675 4 454E58
Echdc3 2,0459313 4,010211
Fam209 -4 13367 5862374
Gml0200 -1,45368 £,427725
Gm1240 -1,45014 3,9659004
Gm20E36 1,686431 4 500563
Gm24055 3,537662 3,846103
Gm26333 352262 3, 776478
Gmd4567 3,617232 4028999
Gmd7423 1500157 3,574721
GmA265 3,685418 3,856333
Gmda3a72 3,038529 3,75205
Hes3 -4 24500 5,804142
Ifi2712a 1,96966 5876409
Pole 2,657432 4 052281
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Supplemental Table S3: List of differentially expressed genes in the ventral hippocampus of Tet3 cKO mice, from
transcriptomic analysis.

Log Fold - Log p-
Gene ID Change value

Itpripll -1,41549 12,00422| [Sema3b -1,59128] 4, 248655
Epn3 -1,448599 11,09568| [Lbp -1,49273 4,186521
Gh -2,20907 5,227526| |Dpepl -2,23126 4,193625
Krtls -1,66953 8,253357| |Trimd7 -1,66865] 4,150443
Pri -3,983 7.773058| [Prr32 -1,66523 4,171762
Sfrps -2,1687 7.526324| [Oca2 -2,29244 4,15247
Rd3 -2,59674 7,473068| |Defbd -3,52335] 4 107608
Pomc -1,51588] 7,2104| [Tmce -1,12767 4,090068
Nek5 -1,68149 7.2594195 |Ins2 -3,08671 4,042629
Slc2al2 -1,56768 7.143234] [Tc2n -1,85567 4,026224
Mdfic -1,38898) £,975157| [Gmd3323 -2,22903 4,021863
Wdr36 -2,35441 £,579376| |ACLEEST41 -2,29452 3,948784
Crhr2 -1,18426 £,207602| [Dawl -1,03016/ 3,543306
AC154630.1 -2,21043 £,267751| [Sulfl -1,14863 3,516586
Gpxd -1,09072 £,337992| [Gm38248 -1,26012 3,879247
RdhS -1,53792 £,216228| [Fap -1,09574 3,763461
OtxZosl -2,24723 E,008057| |Gm28727 -2,6861 3,717433
Pon3 -1,50077 5,533545| [Tmemig4a -2,57344 3,702316
Cldn3 -2,1856% 5,870106| |Ccdc187 -1,2135§ 3,681407
Drc7 -2,03185) 5,73524| [Lhfpll -2,00928 3600382
Colga2 -1,45276) 5,714293| [Rab20 -1,92908) 3,585233
Trpm3 -1,35508 5,474352| [Acox2 -1,657EE, 3,498352
Colga3 -1,4475%) 5,434825 [Cdh3 -1,76138] 3,368735
Famdbc -1,06325, 5,352784| |lsfbp2 -1,10301 3,443553
Gm34721 -1,57839 5,204102| [Cnbd2 -1,34984 3,441998
Cdr2 -1,02408 5,083558| [Gpri3s -1,15747 3,21081E
Lmxla -2,30253 5,063502| |Wdré3 -1,3502 3,38732
Cenll -1,1099 5,038323| |PouZafl -2,58541 3,38358
(Sultic? -2,72724 5,007478| [6Gmd43775 -1,08539] 3,364574
Defbll -2,04659 4,552854] |Cpz -2,51421 3,334454
Gm15222 -2,44072 4,574532| |Gmnc -1,67578 3,310505
[117re -2,46723 4,96714| |Crb3 -1,49899/ 3,301001
Bmpé -1,40105) 4 545557| [9530082P21Rik -1,0536 3,28567
SinJosl -1,51895| 4,93617| [Trpwd -1,52266 3,287127
Sostdcl -1,81286] 4,851992| |Rbmd47 -1,69553 3,284469
Spacad -2,33492 4,721721| [Rnf2E -1,07504 3,276945
Mpp7 -1,07161 4,713558| |ColSal -2,19662 3,27154
Shroom3 -1,0578 4,66782| [BtnI9 -2,3578 3,245468
Enpp2 -1,74624 4 5E057Z| |Gm1a2Ts -2,10708/ 3,239313
Ppplr3b -1,2431 4,340615( |Esml -1,75608] 2,235532
PlaZgs -1,11001 4,334216| |Prir -1,61663 3,212065
Coll8al -1,27708 4,283147| [slc13a4 -1,14712 3,206537
Abcad -1,30082 4 380841| [Gm11131 -2,76078 3,130284
2430408622 Rik -1,05633 4,2493c8| |GmM36745 -2,925933 3,135298
AC140304.2 -4,13677 3,127457
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Log Fold - Log p- Log Fold

Gene Change value Gene Change - Log p-value
Gma5358 -2,84999 3,107343| |Fos 1,344527 3,128513
Mix2-2 1,254524 7,706352 Abcbl0O 1,090216 3,132135
Gmad186 1,170913 5,403127| |Gm36447 1,060825 3,130832
Gm37733 1,00112 5,354024| |Gabrat 2,9858826 3,121653
Cebpb 1,185702 4.786287| | Tdpw-psl 1,456465 3,119217
Atnl 1,219084 4 663204] | Dok 1,047916 3,084715
Mir3091 1,071286 4 647165 | Asbll 1,857024 3,065455
Abracl 1,087318 4556304 | Mrps23 1,237746 3,044365
Tda2 1,1594375) 4,434501 Gmll451 1,465336 3,0406086
Becl2ald 3,037757 4354421
Tspyld 1,124305 4281201
Gmi11634 1,202538 4 368333
Gm25535 2,461911 4262358
MNeil3 3,55875 4,228767
Mcam 1,265934 4088752
Gmd3eT3 1,753563 408721
Kihi29 1,262373 4,080121
Trpe? 1,352485 4052122
Gm10801 1,565082 4045053
Arhgeflol 1,053154 4 004053
AS300170:24Rik 1,1915 3,99697
Mterflb 2,223451 3,963162
Slc35g2 1,070682 3,923304
Gm2e739 3,051241 3,908635
Gmd7625 2,18761 3,837343
BCO4AB507 3,66137 3,796148
Rpa2 1,511811 3,713428
Mumb 1,107318 3,710753
Gm37553 3,31583 3,579997
GmedeT 1,245835 3,575985
Gm10250 3,253024 3,567264
Antur 1,482455 3,560297
Rerg 1,330154 3,559579
Goltla 3,307121 3,485593%9
Hpgd 1,193296 3,402211
AASBEEE0 1,332444 3,3597653
Gm26643 3,210026 3,33844
Ly6sEe 1,156219 3,375154
Gm13463 1,385088 3,36550%
Senp3 1,68477 3,315037
Snhg3 2,162247 3,277423
Sox1S 2,89969 3,258498
Gdpd3 2,705783 3,224197
Gm9442 1,182323 3,171638
Lamb3 1,616133 3,142604
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Figure number

Fig. 1b

Supplemental Table S4: List of Statistical Reports

Statistical Report

Tetl: t(9)=0.046, p =0.964, d =0.028
Tet2: t(9)=1.880,p=0.092, d =1.183
Tet3 cKO: t[3)=3.013, p=0.014,d = 1.742

Sample Size

5 [CTRL), & [cKO)

Fig. 1c

Tetl:t[9)=0.985,p=0.353 d =0.624
Tet2:t(9)=0.528,p=0.612, d=0.334
Tet3 cKO: t[3)=2.521, p=0.036,d = 1.600

5 (CTRL), & [cKO)

Fig. 1d

Tetl:t[9)=0.707, p=0.497, d =0.409
Tet2: t(9)=0.254, p =0.805, d =0.153
Tet3 cKO: t[3)=2.772, p=0.004,d = 1.756

5 [CTRL), & [cKO)

Fig. 1e

Tetl:t[3)=0.802, p = 0.456, d = 0.507
Tet2:t(9)=1.831,p=0.104,d =1.159
Tet3 cKO:t9)=3.434 p=0.014 d=2.771

5 [CTRL), & [cKO)

Fig, 1

Tetl:t[8)=0.750, p=0.475,d=0.474
Tet2:t(8)=1.527, p=0.165, d =0.964
Tet3:t[13)=0.604, p=0.556,d =0.305

4.7 [CTRL), &8 [cKO)

Fig. 1h

Tet3: F[1,3)=59.09, p<0.001, w’,=0.841

3 (CTRL), 3 [cKO)

Fig. 2b

t[29)=2.226,p=0.034, d =0.810

13 (CTRL), 18 (cKO)

Fig. 2c

t[28)=1.506, p=0.114, d =0.554

14 (CTRL), 16 [cKO)

Fig. 2d

t[30)=3.519, p=0.001, d = 1.400

14 (CTRL), 18 [cKO)

Fig. 2e

t[27)=2.093, p=0.096, d =0.891

11 [CTRL), 18 [cKO)

Fig. 2

r=0.652, p=0.008

16 [cKO)

Fig. 22

(29)=1.121, p=0.270, d =0.511

14 (CTRL), 17 (cKO)

Fig. 2d

t[29)=1.011, p=0.316, d =0.353

14 (CTRL), 17 (cKO)

Fig. 2e

Tet3 cKO: F(1, 28)=22.490, p<0.001, w,=0.417

2 [CTRL), & [cKO)

Fig. 3a

Tet3:F1, 16)=1.282, p=0.274, w’_=0.015

8 [CTRL), 11 [cKO)

Fig. 3b

t[(18)=1.034, p=0.308, d=0.417

9 [CTRL), 11 [cKO)

Fig. 3c

Tet3 cKO: x*(1)=4.119, p=0.042, ¢ =0.456

10 (CTRL), 9 [cKO)

Fiz. 3d

t{9)=0.505, p=0.553,d =0.379

4 [CTRL), 7 [cKO)

Fig. 3e

t(30)=0.741, p=0.462, d = 0.267

14 (CTRL), 18 [cKO)

Fig, 3f

t(27)=0.673, p=0.504, d=0.235

14 [CTRL), 15 [cKO)

Fig. 4h

Pou2afl: t/4)=2.069, p=0.046 d=2.341

3 [CTRL), 3 [cKO)

Col8al:t[4)=5.313, p=0.013,d =5.102

3 [CTRL), 3 [cKO)

Cebpb: t|4)=0.480, p=0.650, d =0.200

3 [CTRL), 3 (cKO)

Lmx1a: t[4)=3.220, p=0.049, d = 3.392

3 [CTRL), 3 [cKO)

Crhr2:t[4)=3.513, p=0.029, d=2.728

3 [CTRL), 3 [cKO)
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Figure number

Statistical Report

cfos:t[3)=2.426 p=0.041 d=1.534

Sample Size

5 [CTRL), 5 [cKO)

Npaz4:t[8)=3.398, p=0.009, d=2.321

4 [CTRL), & [ckO)

Egrl:t|8)=2.081 p=0.070, d=1.473

Fig, 4i 4[CTRL), & [cKO)
Arc:t|9)=0.148, p=0.586, d =0.087
e tl3) ,p=0.855 5 (CTRL), & (cKO)
Crebl:t3)=1.353, p=0.209,d=0.822 5 (CTRLL, 6 (cKO)
foz t|7)=0.827, p=0.248, d =0.522
cfos:t(7) »p=0.248, 5 (CTRL), 4 (cKO)
Npas3-t[6)=0.821, p=0.015, d=0.520 & (CTRL, 2 (cKO)]
1-t|8)=1.545, p=0.161, d=0.977
Fig. 4 Egrl:t(s) " P g 5 (CTRL), S{cKO)
Arc-t[8)=0.187,p=0.856, 0 =0.118 . ——
Crebl t2)=0.624, p=0.550,d=0.355
reb1:t(g) “P g 5 (CTRL), 5 (cKO)
Total Length: Tet3: F[1, 74) = 0.350, p=0.556, w?_ <0 | 20 [CTRL), 20 [cKD)
Sholl Analysiz [Basal): Tet3:F[1, 204) = 1.408, p = 0.255,
w?,=0.001
fe ad Sholl Analyss (Apical): Tet3: F1,570) =120 p= | 20 [CTRLL 20(ckO)
& 0.290, w,=0.001
Global Spine Density: t(38) = 1.227, p=0.228, d =0.350| 20 CTRL), 20 [cKO)
Spine Types: F(1, 152)= 114467, p>0.999,w?_<0 | 20 CTRL), 20 ckO)
Total Length: Tet3: F{1, 66)=0.173, p=0.678, w®,<0 | 13 [CTRL), 17 [cKO)
Zholl Analysis [Basal): Tet3:F (1, 182)=1.258, p= 0264,
w, =0.001
. Sholl Analys [Apical): Tex3 FILBEA] 0540 po |+ (CTRLL 17 (KO
& 0.463,w#_<0

Global Spine Density: t(24)=1.933, p=0.067,d =0.210

12 [CTRL), 13 [cKD)

Spine Types: F[1, 84)=2.022E-8, p > 0.998, w’, <0

13 [CTRL), 12 [cKO)
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4.1. Abstract

TET enzymes are a family of three dioxygenases involved in DNA demethylation processes, converting b5-
methylcytosine bases (bmC) into 5-hydroxymethylcytosine (bhmC). In line with the observed 5hmC
enrichment in the brain, 7ef genes were also shown to be highly transcribed, with 7e£3 being the most
abundant. Previously, in male mice we have shown that Tet3 deletion was associated with anxiety-like
behavior and spatial orientation impairment. In this study our goal was to clarify the role of TET3 for brain
function in female mice. Using a previous established /7 vivo mouse model 7et3"; CamkZaCreERTZ2
(Tet3 cKO), we silenced 7et3 in post-mitotic neurons in the adult brain, and evaluated its impact on
behavioral performance.

Our results show that Tet3 deletion increases anxiety-like behavior and impairs both spatial orientation
and short-term memory. At the molecular level, we identified upregulation of immediate-early genes (IEGs)
in the hippocampus and prefrontal cortex of Tet3 cKO female mice. This study allowed to improve the

understanding of how female mice's behavior is regulated by the Tet3 enzyme.

4.2. Introduction

During the last decades, mouse studies on anxiety and cognition have been focused mostly in males,
with its conclusions being inherently biased. There are intrinsic biological variances between males and
females, which are important to consider in brain (dys)function. The most evident is hormonal regulation;
however, genetic and epigenetic factors are also key variables to consider when unraveling the sex-specific
differences in brain function (Ratnu et al., 2017). At the same time, epigenetic regulation represents a
crucial set of mechanisms impacting a diversity of behaviors. Histone modifications, non-coding RNAs
and DNA (de)methylation are the main classes of epigenetic mechanisms (Snijders et al., 2018). TET
enzymes are a family of three dioxygenases involved in the DNA demethylation process, converting 5-
methylcytosine bases (5mC) into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-
carboxylcytosine (5caC) (Ito et al., 2010; Ito et al., 2011). These bases can result in unmodified cytosines,
through the action of thymine DNA glycosylase (TDG) and base excision repair (BER) (Liu et al., 2013).
5hmC is a stable base, highly present in the brain and dynamically regulated by neural activity (Guo et
al., 2011; Hahn et al., 2014). In opposition, 5fC and 5caC levels are much lower than 5hmC, probably
due to their main intermediate function in the cytosine base reparation pathway.

In adult mice, all TET enzymes have been implicated in learning and memory processes (Gontier et al.,

2018; Kaas et al., 2013; Kumar et al., 2015; Li et al., 2014; Rudenko et al., 2013; Zhang et al., 2013).
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Interestingly, TET3 is the most expressed member in the brain, but its role is still largely unexplored
(Szwagierczak et al., 2010). The main limitation has been the lethal phenotype associated with this full
deletion, remaining to clarify whether this is due to neurodevelopment malformations (Gu et al., 2011).
So far, it was demonstrated that fear extinction leads to a Tet3-mediated accumulation of 5-hmC, within
the infralimbic prefrontal cortex (Li et al., 2014). Regarding neurophysiology, it was shown that synaptic
activity bi-directionally regulates neuronal 7et3expression and that TET3 regulates synaptic transmission
via DNA oxidation and repair pathways in hippocampal neurons (Yu et al., 2015). Transcriptional analysis
in the hippocampus 30 minutes after contextual fear conditioning showed that genes related with synaptic
plasticity and memory are sensitive to 7et3 upregulation (Kremer et al., 2018). Our recent work showed
that 7etf3 conditional deletion in neurons increases anxiety-like behavior, with a concomitant increase in
corticosterone levels, and impairs spatial orientation in male mice (Antunes, et al, unpublished results).
Moreover, this deletion modifies the gene expression of genes related with HPA axis and neuronal activity.
Here, we evaluated the impact of 7ef3 neuronal deletion in females’ mice behavior. In this work we
showed that 7ef3 conditional knock out (cKO) females presented an increased anxiety-like behavior,
assessed by the EPM and OF tests, and an impairment in spatial orientation, demonstrated by a decrease
in the use of hippocampal-dependent strategies in the Morris Water Maze (MWM). Interestingly, we found
a solid impact of 7ef3 deletion in short-term memory, which was not previously found in Tet3 cKO males.
At the molecular level we observed an upregulation of Mpas4 and c-fos, both immediate-early genes, in
the hippocampus and pre-frontal cortex of Tet3 cKO females.

Therefore, in the current work we reinforce the role of 7e£3on anxiety-like behavior and spatial orientation
and propose a new function for Tet3 specifically in the acquisition of short-term memory in female mice.

This study provided a deeper understanding on how the female brain is susceptible to epigenetic control.

4.3.Results

Adult 7et3 conditional knockout mice show a significant reduction of Tet3 levels in forebrain regions

To characterize the function of TET3 in mature neurons of adult female mice, we used a previously
generated 7et3conditional knockout mouse model, in which the exon corresponding to the 5 in the coding
sequence of 7et3 gene is flanked by LoxP sequences for Cre-induced site-specific recombination (Peat et
al., 2014; Santos et al., 2013). This mouse line was crossed with a CamkZa-CreERTZ inducible line to
specifically delete 7ef3 in mature forebrain neurons, after tamoxifen administration (see Material and

Methods for further details). 7et3 deletion was confirmed by PCR and RT-PCR (Supplemental figure 1a-
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b). Tet3 conditional knockout (cKO) mice presented a significant reduction of 7e£3 mRNA levels in all
evaluated forebrain regions - prefrontal cortex, amygdala, dorsal and ventral hippocampus (Figure 1a-d)
(ttest, p<0.05). Importantly, reduced levels of 7et3did not affect the transcriptional levels of 7et! or 7et?
in any of the analyzed brain regions (Figure 1a-d). Additionally, we evaluated whether the conditional
deletion of 7et3 had impact on global 5hmC levels in forebrain regions using an ELISA-based assay and

observed no changes in any of the assessed regions (Figure 1e).

Tet3 deletion in neurons results in increased anxiety-like behavior and impaired spatial orientation and
short-term memory

We tested the performance of Tet3 cKO mice in different behavioral paradigms to assess its impact in
emotional and cognitive domains (Fig. 2a). We used two behavioral tests to assess anxiety-like behavior,
the elevated plus maze (EPM) and the open-field (OF) tests; to assess depressive-like behavior we
performed the forced swimming test (FST). Tet3 cKO mice spent less time in the open arms of the EPM,
when compared to the control group (£test, p=0.02; Fig. 2b). Also, in the OF, Tet3 cKO female mice
displayed a decreased percentage of time spent in the center of the arena (ttest, p=0.05; Fig. 2c),
indicating an anxiety-like behavior. In the FST, Tet3 cKO and control mice displayed similar immobility
levels (females: p=0.824; Fig. 2d), indicating no alterations on learned helplessness in Tet3 cKO female
mice. Knowing the involvement of the HPA axis in the modulation of behavior, we further determined the
basal corticosterone levels in the serum of control and Tet3 cKO mice. We did not detect any differences
in the nadir time point, however in the zenith phase Tet3 cKO mice presented reduced corticosterone
levels when comparing to control mice (Adjusted t-test, p<0.01; Figure 2e).

We further evaluated the impact of Tet3 conditional deletion in cognitive function. We analyzed Tet3 cKO
mice in the Morris water maze (MWM) test to assess reference memory, a task-dependent on
hippocampal function. Although Tet3 cKO mice needed more time to reach the escape platform in
comparison to control mice, both Tet3 cKO and control mice were able to successfully learn the spatial
reference memory task, as confirmed by the decreasing latencies during the trials (Fig. 3a). In the probe
trial, both control and Tet3 cKO mice presented similar performances, shown by the same preference
(percentage of time swum) for the goal quadrant where the platform was located during the acquisition
phase (£test, p=0.109) (Fig. 3b). However, analysis of the strategies adopted by mice to reach the escape
platform in the MWM task, divided in random searching/scanning (non-hippocampal strategies) or

directed strategies (hippocampal strategies) (Graziano et al., 2003), revealed that Tet3 cKO female
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mice used significantly less hippocampal-dependent strategies than control mice (Chi-square test,
p=0.022; Fig. 3c), indicating a poor spatial orientation.

To clarify the impact of Tet3 deletion on hippocampal function we performed the novel object recognition
test, evaluating recognition memory. In this task, Tet3 cKO and control mice showed similar time exploring
the object displaced after a short period (1 h) (t-test, p=0.872; Fig. 3d), indicating normal object location
memory. Moreover, Tet3 cKO and control mice dedicated similar percentages of time exploring the novel
object displayed 24 h after being exposed to two equal objects (familiar), indicating no deficits in long-
term object recognition memory (t-test, p=0.708; Fig. 3e). After 24 h, two new objects were used and 1
h afterwards replaced with a novel one, evaluating short-term memory. Here, Tet3 cKO females displayed
a decreased discrimination percentage, indicating an impairment in short-term memory (t-test, p <0.001;
Fig. 3f).

Importantly, females’ estrous cycle was assessed at the end of each behavioral paradigm and all females

were in the luteal phase (Supplemental figure 2), suggesting an arrested estrous cycle.

Tet3 cKO mice displayed increased expression of neuronal activity-regulated genes in forebrain regions

Considering our previous work, which showed that Tet3 cKO male mice presented an increase in IEG’s
expression (Antunes et al., unpublished data), we decided to explore whether 7et3 deletion in females
led to the same effect. We analyzed the PFC, dorsal and ventral hippocampus (dHip/vHip) and amygdala
(Fig. 4a-d), observing a global increased expression of neuronal activity-regulated genes in Tet3 cKO mice.
In the PFC of Tet3 cKO, ANpas4 and Egrl expression was significantly increased in Tet3 cKO mice
(adjusted ttest, Mpas4 p=0.047 and Egrl. p=0.045; Fig. 4a). Regarding the dorsal hippocampus, only
Npas4 was significantly up-regulated in Tet3 cKO animals (adjusted t-test, Npas4: p=0.047; Fig. 4b). In
the ventral hippocampus, Tet3 cKO females presented a significantly increased expression of ¢-fos and
Npas4 (adjusted ttest, c-fos. p=0.007 and Npas4: p=0.010; Fig. 4c). In the amygdala, only Crebl was
significantly increased in Tet3 cKO females (adjusted t-test, p=0.006).

Considering the dendritic and spine remodeling implication in the neuroplastic phenomena known to
modulate cognitive performance, we decide to analyze neuronal and spines morphology in the dorsal and
ventral CA1 hippocampus subregions. Nevertheless, no differences were found between Tet3 cKO and
control mice in the parameters evaluated, namely dendritic length, spine density and categorization

(Supplemental figure 3a-h).
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4.4, Discussion

This study reinforces evidence from our previous reported role for TET3 in post-mitotic neurons as a
modulator of complex behavior in the adult mouse brain. Specifically, the absence of 7e£3 in mature
neurons leads to an increase in anxiety-like behavior and impairs spatial orientation. Thus, we can
conclude that 7ef3 function is gender-independent in some behavioral processes (Antunes, et al.,
unpublished results). However, a striking difference was the discovery of decreased corticosterone levels
at the Zenith period in Tet3 cKO females when compared with control group. In Tet3 cKO males, we
reported an increase in corticosterone levels, at both Nadir and Zenith circadian cycle periods (Antunes,
et al. unpublished results). This result can be possibly explained by hormonal differences between sexes,
since the HPA axis is a neuroendocrine system strongly regulated by the hormone balance (Lucassen et
al., 2014).

Emotional behavior was previously analyzed using a TET1 KO mice model, which showed normal anxiety
and depression-related behaviors (Rudenko et al., 2013). Feng and colleagues showed that neuronal 7et/
deletion in Nucleus Accumbens (NAc) neurons produced antidepressant-like effects in several behavioral
tests (Feng et al., 2017). In contrast, in our model, in which we deleted 7et3in mature forebrain neurons,
we observed an anxiety-like phenotype, which was independent of the gender. Regarding object location
and long-term recognition memories, Tet3 cKO females do not display any impairment, in agreement
with our previous observations in males. However, and contrary to what we observed in males, in short-
term recognition memory, Tet3 cKO females showed significant impairment. Importantly, and contrarily
to long-term memory, which requires gene expression and new protein synthesis, short-term memory
only involves alterations of preexistent proteins (Kandel et al., 2014). Thus, the loss of TET3 demethylation
activity and the putative consequent alteration of gene expression cannot explain this impairment by itself.
We can speculate that 7et3 deletion, which starts several weeks before the behavioral assessment, can
introduce permanent structural and/or functional neuronal alterations, and consequently affect the short-
term memory function. Since short-term memory is dependent on the PFC and hippocampal regions
(Preston and Eichenbaum, 2013), we can hypothesize that 7ef3 deletion impairs neuronal structure
and/or function in these regions, resulting in short-term memory deficits. It remains elusive how males
and females are differentially affected by Tet3 deletion specifically in this type of memory. It is known
that males and females present diverse sex-specific differences induced by environmental, hormonal and
(epi)genetic factors (Ratnu et al., 2017); studies unraveling epigenetic mechanisms to explain differences
in brain function are only now emerging. Particularly relevant for the short-term memory differences could
be the variation of the DNA (de)methylation pattern according to the gender. Indeed, it is already known
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that the female brain has higher levels of DNA methylation, with more methylated CpG sites than males
(Nugent et al., 2015). Moreover, it was suggested the opposite pattern for 5-hydroxylmethylcytosine in
the males’ prefrontal cortex, since they present higher levels compared to females (Ratnu et al., 2017).
Therefore, the activity of TET enzymes, namely TET3, can be different in males and females, explaining
the variance in short-term memory performance between sexes.

Throughout behavioral assessment, we observed an arrest in the estrous cycle, which is a probable
consequence of tamoxifen administration. Indeed, CreERT2 recombinases are insensitive to endogenous
estrogen, but activated by the synthetic estrogens receptor (ER) antagonist 4-hydroxytamoxifen (OHT),
which is metabolized from 3,4-dihydroxy tamoxifen (Preston and Eichenbaum, 2013); the OHT has a high
affinity to the ERa and ER[3 estrogen receptors, interfering with the normal estrogens binding to these
receptors and with the estrous cycle regulation (Andersson et al., 2010). Thus, as all females were in the
luteal phase of the estrous cycle, it was possible to perform the behavior characterization in a more
homogeneous sample. However, it is also important to consider that it led to a loss of diversity of the
estrous cycle, which is expected when working with females.

In our study of transcriptional regulation in Tet3 cKO mice, we investigated the expression of a wide
variety of known neuronal-activity regulatory genes. These genes are known to play important roles in
diverse cellular processes such as neurotransmission, neuronal plasticity, learning and memory
(Coutellier et al., 2012; Loebrich and Nedivi, 2009). Npas4 and c-fos have been shown upregulated in
the hippocampus of Tet3 cKO male mice (Antunes et al. unpublished results). Notably, and contrary to
TET3 function in our model, TET1 was shown to be a positive regulator of IEGs expression (Kumar et al.,
2015; Rudenko et al., 2013). Interestingly, in the present study, we found that 7et3 deletion in forebrain
post-mitotic increases the expression of IEGs not only in the hippocampus (in line with the previous report
in Tet3 cKO male mice), but also in PFC and amygdala. Given that anxiety in rodents involves strong
interaction between brain regions such as PFC, amygdala, and hippocampus (Tovote et al., 2015), we
suggest that the anxiety-like behavior can be attributed to the hyperactivation of excitatory neurons in
these regions, according to with results showing that endogenous Tet3 regulates negatively excitatory
synaptic transmission in young mice (Wang et al., 2017). In one hand, the aberrant increase in Apas4
and c-fos transcript levels in the dorsal hippocampus of Tet3 cKO mice might lead to a dysregulation of
neuronal activity and possibly explain the spatial orientation impairment. On another hand, the
impairment in the use of directed strategies reflects alteration of the goal-directed behavior, and can be
associated with the anxiety-like behavior, since the capacity to demonstrate goal-directed behavior

involves suppression of emotional states, namely anxiety (Jimenez et al., 2018; Yoshida et al., 2019).
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Importantly, and contrary to males’ results, no differences were found in the morphology of CA1 neurons.
This is a striking result, pointing out gender-specific differences between sexes. Despite this fact, and
considering the impairment in the short-term memory, in the future could be relevant to analyze the
neuronal morphology in the PCF. Additionally, another anxiety-related brain region that could be analyzed
is the amygdala.

Thus, this work not only complements the previous males’ findings, but also extends them by investigating
the molecular impact in the PFC and amygdala. As such, these findings add an important piece into the
current knowledge on the mechanisms modulating adult mouse behavior, specifically introducing new

clues in the females’ brain function regulation.

4.5, Methods
Animals

Experiments were performed using mice with inducible Tet3 deletion in forebrain post-mitotic neurons,
Tet3w CamhkZaCreERTZ (Tet3 cKO), and the respective littermate controls 7ef3 (Ctrl), obtained as
previously described (Antunes et al., unpublished data). Mice homozygous for the Tet3 floxed allele, but
not carrying Cre-recombinase, were designated as control mice. Animals were genotyped by PCR analysis
using genomic DNA and primers specific to Cre-recombinase and the floxed Tet3 allele. Detection of flox
transgene was done using a primer specific to the fragment, which allowed to detect the deleted or floxed
allele (Supplemental table 1). Experiments started with 6-week old female mice Tet3 cKO and the

respective littermate controls, in C57BL/6N&B6;129S6 mixed background.

Mice were housed (five per cage) under standard laboratory conditions (12 h light/12 h night cycles (08
h/20 h), at temperature of 22-24 °C, relative humidity of 55% and with ad /ibifum access to water and
food). Cages were enriched with paper rolls and soft paper. All experiments were conducted in accordance
with EU Directive 2010/63/EU and NIH guidelines on animal care and experimentation, and were
approved by the Portuguese Government/Direcao Geral de Alimentacéo e Veterinaria (DGAV) with the
project reference 0421/000/000/2017.

Tamoxifen Administration

Mice were injected intraperitoneally twice daily with 50 mg/kg of tamoxifen (Sigma, St. Louis, MO; T-

5648), for 5 consecutive days, with 7 days break followed by injections for 5 additional consecutive days.
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Behavioral Analysis

The behavior testing was conducted 1 month after the last tamoxifen injection, during the light phase with
habituation to testing rooms for 30 min before each test. The behavioral assessment was performed
following this order: Elevated Plus Maze (EPM), Open Field (OF), Forced-swimming Test (FST), Novel
Object Recognition (NOR) and Morris Water Maze (MWM). All tests were performed as previously reported
by Antunes et al., unpublished data. All behavioral data analysis was done with the experimenter blinded
to the genotype.

The tests details are described bellow.

Open Field

In the open field (OF) test, each animal was placed in the center of the arena (square arena [43.2 cm x
43.2 cm]) surrounded by tall perspex walls (Med Associates Inc., St. Albans City, VT) and allowed to freely
explore it for 5 min. Infrared beams and manufacturer’'s software were used to automatically register

animals’ movements. Data was analyzed using the activity monitor software (Med Associates, Inc.).

Elevated Plus Maze

The elevated plus maze (EPM) apparatus (ENV-560; Med Associates Inc., St.Albans, VT,USA) consisted
of two opposite open arms (50.8cm x 10.2 cm) and two closed arms (50.8cm x 10.2 cm x 40.6 cm).
Briefly, each animal was freely let to explore the maze for 5 min. The time spent in the open arms was

analyzed using EthoVision XT 11.5 software (Noldus, The Netherlands).

Forced-swim Test

Learned-helplessness was assessed through the forced-swim test (FST). Briefly, assays were conducted
by placing each animal, individually, in transparent cylinders filled with water (25°C; depth 30 cm) for 6
min. The trials were videotaped, and the immobility time measured during the last 4 min, using the
EthoVision XT 11.5 software (Noldus, The Netherlands). Immobility was considered when the animal was

only floating. Learned-helplessness behavior was defined as an increase in time of immobility.

Novel object recognition
The test was conducted under dim white-light illumination in a lusterless white box (30 x 30 x 30 cm).
Briefly, animals were habituated to an open arena for 3 consecutive days for 20 min. In the fourth day,

two similar objects (glass bottles) were symmetrically placed on the center of the box and animals could
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freely explore both objects for 10 min. After an interval of 1 h in their home cages, the novel object was
displaced to the opposite side of the box and mice were allowed to explore this new configuration. This
trial allowed the assessment of the spatial recognition memory of the subjects. In order to evaluate long-
term recognition memory, one of the familiar objects was replaced by a novel one (Lego® brick) 24 h
afterwards, and mice were placed in the arena and allowed to explore both for 10 min. In the last day,
two new objects were placed in the boxes and mice were place in the arena and allowed to explore both
for 10 min. 1 h after one object was replaced by a novel, and the animals placed again to explore these,
in order to evaluate short-term memory.

Boxes were cleaned between trials and subjects, with 10% ethanol. Animals were considered to be
exploring whenever the nose was facing the object. Exploration time of the novel objects over the total
exploration time was used as a measure of object preference. Behavior was video-recorded and analyzed

using EthoVision XT 11.5 software (Noldus, The Netherlands).

Morris water maze

Mice were tested in a circular pool (106 cm diameter) filled with water (23 + 1 °C) and placed in a dim
light room. In order to increase the contrast to detect the mice, water was made opaque with the addition
of nontoxic titanium dioxide (Sigma-Aldrich; 250 mg/L). Spatial cues were placed in the walls around the
pool (square, stripes, triangle and a cross). The pool was divided into four imaginary quadrants and a
hidden transparent platform (a circular escape platform (10 cm diameter, 22 cm height)) was placed in
one of the quadrants. Trials were video-captured by a video-tracking system (Viewpoint, Champagne-au-
Mont-d'Or, France). The 4 days of protocol consisted in a hippocampal-dependent task whose goal was
to assess the ability of mice to learn the position of the hidden platform kept always in the same position.
Each day, mice performed four consecutive trials (maximum of 60 s, with a 30 s intertrial interval) being
placed in the pool facing the maze wall and oriented to each of the extrinsic cues in random order.
Whenever mice failed to reach the platform, animals were guided to the platform and allowed to stay in
it for 30 s. On the fifth day, the platform was removed and a single trial of 60 s was performed (probe
trial). For strategy analysis, we defined two blocks of strategies: “non-hippocampal dependent strategies”
(Thigmotaxis, Random Swim and Scanning) and “hippocampal-dependent strategies” (Directed Search,

Focal Search and Direct Swim) as previously described by (Graziano et al. 2003).

Determination of estrous cycle stage
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Vaginal smears were collected throughout the behavioral tests, to determine the stage of the estrous
cycle. Vaginal smears were performed by inserting a drop of sterile 0.9% saline solution in the vagina with
the help of a 1 ml syringe, collecting the cell suspension by inserting a small plastic inoculation loop and
performing a smear into a glass slide. Smears were air-dried, fixed in alcohol 96% for 5 min and stained
using the Papanicolaou protocol. Briefly, smears were hydrated in tap water, stained with Harris
hematoxylin for 1 min, rinsed in running tap water for 2 min, regressively stained by a single dip in
alcohol-acid solution, rinsed in tap water for 2 min, dehydrated in alcohol 96% for 1 min, stained with
orange G for 1 min, washed in alcohol 96% for 1 min, stained with Eosin Azure 50 for 1 min, dehydrated
in a decreasing series of alcohol concentration and cleared with xylene. Slides were analyzed under a
light microscope and the proportion of cornified epithelial cells, nucleated epithelial cells and leukocytes

were used for the determination of the estrous cycle phases (Byers et al., 2012).

Serum corticosterone levels

Blood samples for basal measurements of corticosterone were collected one week before the behavior
assessment. Two independent collections were made at two different time points, 8 a.m. and 8 p.m.,
with an interval of 24 h in between. The blood was quickly collected after a small incision in the tail of the
animals and then centrifuged at 13,000 rpm for 10 min and the supernatant removed and stored at —-80
°C until use. Corticosteroid levels in serum were measured by radioimmunoassay using a commercial

kit (Enzo Life Sciences, New York, USA), according to the manufacturer’s instructions.

DNA/RNA Extraction

Brains were obtained by decapitation after deep anesthesia with a mixture of ketamine (75 mg/kg, i.p.;
Imalgene 1000, Merial, EUA) and medetomidine (1 mg/kg, i.p.; Dorbene Vet, Pfizer, EUA), and
transcardially perfused with 0.9% saline. Brains were macrodissected, by a single investigator, and tissue
samples were stored at -80 ©C. The tissues were prepared by homogenization using Trizol® reagent
(Invitrogen). Both nucleic acids were extracted according to the manufacturer’s instructions. The RNA
was treated with DNase | (Thermo Scientific) and a total 500 ng RNA was used for cDNA synthesis using
the gScriptTM cDNA SuperMix (Quanta Biosciences, USA).

qRT-PCR
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cDNA was diluted 1:10 and used as template for quantitative real-time PCR reactions using the 5x HOT
FIREPol EvaGreen gPCR supermix (Solis Biodyne) and primers designed to specifically amplify each gene
of interest (Supplementary Table S2). Cycling reactions were performed in duplicate and cycle threshold
(Ct) fluorescence data recorded on Applied Biosystems 7500 Fast Realtime PCR System. The relative
abundance of each gene of interest was calculated on the basis of the AACt method (Livak and

Schmittgen, 2001) and results were normalised to two replicates of the Afp5b housekeeping gene.

Quantification of 5hmC
The global level of 5hmC was measured using a Quest 5hmC DNA ELISA Kit (Zymo research, California,
USA). The procedure was performed according to the manufacturer’s instructions, with a loaded quantity

of 100 ng of genomic DNA per well.

3D-reconstruction of neurons

Neuronal reconstruction was performed as previously described by Antunes et al., unpublished data.
Briefly, CA1 neurons were identified by their typical triangular soma-shape, apical dendrites extending
toward the striatum radiatum. For each experimental group, four animals were studied and, for each one,
five neurons per area were reconstructed and evaluated (a total of 20 neurons per area). Neurons were
selected for reconstruction following these criteria: (i) identification of soma within the pyramidal layer of
CA1 (i) full impregnation along the entire length of the dendritic tree; (iii) no morphological changes
attributable to incomplete dendritic impregnation of Golgi-Cox staining or truncated branches. The
dendritic reconstruction was performed at 100x (oil) magnification using a motorized microscope (BX51,
Olympus) and Neurolucida software (Microbrightfield). The analyzed dendritic features were: total length,
number of endings and nodes, and Sholl analysis (number of dendrite intersections at radial intervals of
20 mm). Dendritic spine density (calculated as number of spines/dendritic length), was evaluated in
proximal and distal segments of dendrites. To identify changes in spine morphology, spines in the selected
segments were classified into thin, mushroom, thick or ramified (7) and the proportion of spines in each

category was calculated for each neuron.

Statistical analysis
A confidence interval of 95% was assumed for hypothesis testing. Normality was assumed for all
continuous variables, after testing with the Shapiro-Wilk test. Homoscedasticity and sphericity were

assumed for all respective variables, after testing with Levene’s and Mauchly’s test respectively. For the
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comparison of two means, the two-tailed unpaired Student's t-test was carried out with the two-stage step-
up method of Benjamini, Krieger and Yekuteli used for multiple comparisons correction. For the
comparison of means with two independent variables, a factorial analysis of variance (ANOVA) was
performed; for one independent and one repeated measures variable, a mixed-design ANOVA was used
and Post-hoc analysis was performed using the Sidak correction. For the comparison of proportions, the
two-sided Chi-square test was carried out. Appropriate effect size measures were reported for all statistical

tests. All statistical analyses were carried out using SPSS 22.0® or GraphPad Prism 8.0®.
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Figure 1. Tet3 deletion in adult brain neurons results in significant reduction of Tet3 levels, with maintenance of
Tetl and Tet2, and no alterations in global 5hmC levels in forebrain regions.

(a-d) Reduction in Tet3 levels and maintenance of Tetl and Tet2 levels was observed in Tet3 cKO animals. mRNA
expression in forebrain regions of control and Tet3 cKO female mice was measured by gPCR in the (a) prefrontal
cortex, (b) dorsal hippocampus, (c) ventral hippocampus and (d) amygdala (7=3-5 per group). (e) No alterations
were found in the global 5hmC levels in forebrain regions evaluated by ELISA (7=3 per group). Quantifications are
presented as the mean + SEM. (a-d) Two-tailed Student’s t-test; *p < 0.05, **p<0.01
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Figure 2. Tet3 cKO female mice showed increased anxiety-ike behavior and normal depressive-like behavior.

(a) Scheme illustrating the protocol used to induce Tet3 deletion and the behavior paradigm timeline. Six-week-old
mice were injected intraperitoneally with 50 mg/kg of tamoxifen twice a day for 5 consecutive days, with 7 days
break, followed by injections for 5 additional consecutive days. Animals were submitted to behavioral testing 1
month after the last tamoxifen injection and euthanized after this assessment. (b-c) Anxiety-like behavior was tested
both in the elevated plus maze (EPM) (b) and in the open-field test (OF) (c) showing increased anxiety-like behavior
in Tet3 cKO female mice. (d) The presence of depressive-like behavior was assessed in the forced swimming test
(FST) (n=13-17 per group) showing no deficits in Tet3 cKO female mice. (e) Basal serum concentration of
corticosteroids in control and Tet3 cKo mice, both in the morning and at night, revealed a significant increased
production by Tet3 cKO mice (7= 8 per group). Quantifications are presented as the mean + SEM. (b-d) Two-tailed
Student’s t-test; *p < 0.05; (e) Adjusted two-tailed Student’s t-test; ** p< 0.01.
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Figure 3. Tet3 cKO female mice show impairment of spatial learning and short-term recognition memory.

(a-c) Morris Water Maze test. Spatial acquisition performances were recorded during 4-day training. (a) Escape
latency. (b) Time in the target quadrant. (c) Cognitive strategies to reach the hidden plataform during water maze
learning. A schematic representation and color code for each group of strategy and the average prevalence by trial
number are shown. Representation of the percentage of mice using directed strategies (hippocampal-dependent
strategies) (7=8-11 per group). Results indicate a decrease in hippocampal-dependent strategies in Tet3 cKO
female mice. (d-f) Novel object recognition test. Animals were allowed to explore two identical objects for 10 min.
(d) After an interval of 1 h in their home cages, the novel object was displaced to the opposite side of the box and
mice were allowed to explore this new configuration, evaluating spatial recognition memory (displacement) (f) After
24 h, mice returned to the arena, where one of the familiar objects was replaced by a novel one, evaluating long-
term memory (g) After 24 h, two new objects were placed in the box and mice were allowed to explore them. 1h
after, one object was replaced by a novel one, and the animals placed in the arena, to evaluate short-term memory
(8) (7=14-18 per group). Results show impairment in short-term memory in Tet3 cKO female mice. Quantifications
are presented as mean + SEM. (a) Mixed ANOVA, genotype; (b) Two-tailed Student's t-test; (c) Chi-square test; *
p< 0.05; (d) two-tailed Student’s t-test, *** p< 0.001.
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Figure 4- Tet3 cKO female mice showed an increase in the expression of neuronal activity-regulated genes.

(a-d) mRNA expression of immediate- early genes (IEGs) in forebrain regions was measured by gPCR in controls
and Tet3 cKO animals in the (a) prefrontal cortex, (b) dorsal hippocampus, (¢) ventral hippocampus and (d)
amygdala (7=4-6 per group). Quantifications are presented as the mean + SEM. (a-d) Two-tailed Student’s t-test; *
p< 0.05, ** p< 0.01.
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4.11. Supplementary Material
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Supplemental S1. Generation of TET3 conditional deletion.

(a) PCR genotyping of forebrain regions 26 days after induction of deletion. In the Tet3 cKO animals are observed
three bands with 184, 237 and 400 base pairs corresponding to the cre, deleted and floxed alleles respectively.

Control animals do not show the bands corresponding to cre and deleted bands (100 bp Ladder).

(b) Loss of the flanking exon7 at Tet3 RNA level confirmed by RT-PCR assay. In the Tet3 cKO animals two bands
are observed with 328 and 178 base pairs corresponding to the wild-type and deleted exon 7, respectively. Control

animals do not show the deleted band (100 bp Ladder).
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Supplemental S2. All females revealed to be in the luteal phase of the estrous cycle at the end of each behavioral

test.

The circular graph represents the percentage of females in the metestrus and diestrus phase, after vaginal cytology

analysis (7= 14-17 per group).
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Supplemental S3. Three-dimensional morphometric analysis of GolgiHmpregnated neurons of the ventral and
dorsal hippocampus sub-regions reveals no major alterations by Tet3 conditional deletion in neuronal morphology
and dendritic spine density.

Overall, in Tet3 cKO animals no differences were found in all parameters evaluated (a,e) Total length; (b,f) Sholl
analysis; (c,g) Global spine density; (d,h) Spynes type analysis. 7=215 neurons; 3 mice per group. Quantifications
are presented as the mean + SEM. (a, b, e, f) Factorial ANOVA; (c, g) Two-tailed Student’s t-test; (d, h) Factorial
ANOVA, genotype.
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Supplemental Table S1.Primers list and sequence.
(a) Primers for genotyping PCR of Tet3 cKO animals.
(b) Primers used for quantitative gRT-PCR analysis

Target Forward Primer (5-3) Reverse Primer (5 — 37)

Cre AGCTCGTCAATCAAGCTGET CAGGTTCTTGCGAACCTCAT

Tet3 TACCTCTGLCTCTGGAGTGLTAA ATGGCTACTCACAACCCAGTGAC

GTCAGGAAAGTCACATGGTTGTTG

Target Forward Primer (5'- 3’) Reverse Primer (5" — 3")

AtpSk GUCAAGATGETCCTGLTGTT TCCTTCGGATTGTCTCCCGTG

Tetl CCATTCTCACAAGGACATTCACA GLCATTCTCAGGAGTCACTGC

Tet2 GUCATTCTCAGGAGTCACTGC ACTTCTCGATTGTCTTCTCTATTGAGG
I Tet3 GCCTCCTTCTCCTTICGGLTG TCCTTCGGATTGTCTCCCGTG

Arc AGCTCGCTGCATGGCCTITG GEGEECTTGGELTGAGETTTCA

c-fos. AGCATCGGCAGAAGGGGCAAN TGATCTGTCTCCGCTTGGAGTGT

Crebl CACCATTGLCCCTGGAGTTGTT TCTCTTGCTGCCTCCCTGTTCTT

Egrl TEAGCACCTGACCACAGAGTCC GTGATGGGAGGCAACCGAGT

Npasd TOEGAGAGTETGAGIGAGCA AGGCGATCAGCATCCAGAGCA
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Supplemental Table S2. List of Statistical Reports

Figure Statistical Report Sample Size
Tetl:t(8)=1.580, p=0.153, d= 1.003
) Tet?:t(8) =0.564, p= 0.588, d = 0.356
Fig.1a Tet3:t(8)=2.514, p=0.036, d = 1.501 5 (CTRL), 5(ckO)
Tetl:t(8)=0921, p= 0.384, d= 0.582
_— Tet2:t(8)=0.240, p= 0.816, d=0.152 5 (CTRL), 5(cKO)
£ Tet3:t(8)=3.484, p=0.013, d= 2.765
Tetl:t(8)=1.151, p=0.283, d=0.728
_— Tet2:t(8)=0.561, p=0.590, d= 0.354 5 (CTRL), 5(cKO)
g 1t Tet3:t(B)=2.624, p=0.047,d= 1920
Tetl:t(8)=0.602, p= 0.564, d = 0.380
Fig.1d Tet2:t(8)=0.662, p= 0.527, d=0.418 5 (CTRL), 5(cKO)
Tet3:t(8)=4.238, p= 0.005, d= 3.013
Fig.1e Tet3:Fil, 13)=0.852, p=0.347, w?, <0 3 [CTRL), 3 (cKO)
Fig.2b 1(29)=2.394, p=0.020, d =0.762 15 |CTRL), 16 (cKO)
Fig. 2c t(28) =2.036, p= 0.046, d = 0.670 13 (CTRL), 17 (cKO)
Fig. 2d t(29)=0.144, p= 0.886, d = 0.053 15 {CTRL), 16 (cKO)
Fig.3a Fil,17)= 4723, p=0.044, w, = 0.164 10 [CTRL), 9 (cKO)
Fig.3b t[18)=1.642, p=0.108, d = 0.824 10 {CTRL), 10 (cKO)
Fig. 3¢ #(1)=5.128, p=0.024, o = 0.548 8 (CTRL), 2 [cKO)
Fig.3d 1(8) =0.164, p=0.872, d=0.096 5 (CTRL), 5 [cKO)
Fig.3e Femalest{29)=0.376, p=D.708, d = 0.134 15 {CTRL), 16 (cKO)
Fig. 3f Females t[29) =1.750, p<0.001, d=1.545 15 (CTRL), 16 (cKO)
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Figure Statistical Report Sample Size
Fig.4a c-fos:1(6)=0.703, p=0.508, d=0.497 4 (CTRL), 4 [cKO)
Mpasd: t[8) =2.344, p=0.047, d = 1.483 5 (CTRL), 5 (ckO)
Egrl:t{8) = 2.378, p=0.045, d = 1.503 5 (CTRL), 5 (cKO)
Arc: t(B)=0.382, p=0.713, d=0.241 5 (CTRL), 5 (cKO)
Crebl:t{8)=0.522, p=0.616,d=0.330 5 (CTRL), 5 (ckO)
Fig. 4k c-fos:t{7)=1538, p=0.168, d=1.08% 3 (CTRLI, 4 {cKa)
Npasd: t(6)=2.492, p=0.047 d=1762 4 [CTRL), 2 (cKO)
Egrl:t(7)=1.638 p=0.146, d=1.171 5 (CTRL), 4 (cKO)
Arc: £18)=0.135, p=0.896, d =0.085 5 (CTRL), 5 (cKO)
Crebl:t{8)=0.711, p=0.497, d = 0.450 5 (CTRL), 5 (ckD)
Fig.4c c-fos:t(7)=3.798, p=0007, d=2.693 5 (CTRL), 4 (cka)
Mpasd: t(7)=3.532, p=0.010, d =2.444 5 (CTRL), 2 (cKO)
Egrl:t(7)=2.109, p=0.073, d= 1.485 5 (CTRL), 4 (ckD)
Arc: £18) = 1.063, p=0.319, d=0.672 5 (CTRL), 5 (cKO)
Crebl:t{8)=1.219, p=0.258 d=0.771 5 (CTRL), 5 (cKO)
Fig.4d c-fos:t(B)=1.876, p=0.098, d=1.186 5 (CTRL), 4 [cKO)
Mpas4:t{8) =0.662, p=0.527, d =0.418 4 [CTRL), 4 (cKO)
Egrl:t(7) = 0.615, p=0558, d=0.410 5 (CTRL), = (ckO)
Arc:t(8)= 1642, p=0.139, d=1038 5 (CTRL), 5 {ckO)
Crebl:t(8)=3.675, p=0.006,d=2.323 5 (CTRL), 5 (cKO)

Statistical Report

Sample Size

Fig.53 Golgi Dorsal CA1

Fig. 33 Golgiventral CA1

Total Length: Tet3: F(1, 46) = 1.506, p=0.226, w’,= 0.010

10 (CTRL), 15 (cKQ)

Sholl Analysis |Basall Tetd: F(1, 87) = 2.312, p=0.132, w?,
=0.015

Sholl Analysis (Apical): Tet3: F(1, 92) = 2.760, p=0.100,
wi,= 0.018

10 (CTRL), 15 [cKO)

GlobalSpine Density: t{17) = 0.231, p=0.820, d = 0.107

10 (CTRL), 9 (cKO)

SpineTypes:F(1,72)=1.5256-8, p>0.992, w?,< 0

Total Length: Fi1, 46) = 1.506, p=10.226, w’, =0.010

10 (CTRL), 10 [cKa)

10 (CTRL), 15 (cKQ)

Shall Analysis |Basall Tet3d: F(1, 96) = 3.567, p=0.062, w,
=0.026

Sholl Analysis |Apical): Tet3: F(1, 92) = 3.630, p=0.060,
wi,= 0.027

10 (CTRL), 15 [cKQ)

Global3pine Density: t(17)=0.231, p=0.820, d=0.108
SpineTypes:Tet3:F(1, 68) =0.016, p=0.899, w®, <0

10 (CTRL), 9 (cKOY)
10 (CTRL), 8 (cKO)
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Chapter V

General discussion, conclusions and future perspectives
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GENERAL DISCUSSION

Only ten years ago, the discovery of high levels of 5hmC in the DNA of Purkinje neurons and granule cells
(Kriaucionis and Heintz, 2009) and that TET1 enzyme, a fusion partner of the MLL gene in acute myeloid
leukemia, catalyzed the conversion of 5mC to 5hmC (Tahiliani et al., 2009a) supported the evidence for
a putative regulatory function of TET proteins and 5ShmC modification in neural and brain function. These
discoveries contributed to a new field of research called neuroepigenetics, which has experienced an
exponential growth, and for which this work intends to contribute.

Thus, in the present thesis, we have sought for new insights on the role of TET enzymes in the modulation
of neural precursors cells (NPCs) fate (chapter ). In this chapter, we were able to implement and
characterize an /n vitro neural differentiation system, from mouse ESCs to NPCs. We observed that 7et3
is highly upregulated during neuronal differentiation and essential to maintain the silencing of
pluripotency-associated genes. In opposition, 7et! is downregulated during this process. Moreover, 7et3
KD leads to a genome-scale loss of DNA methylation and hypermethylation of a smaller number of CpGs
that are, notably, located at neurogenesis-related genes and at imprinting control regions (ICRs) of
imprinted genes.

In chapter Il we described that TET3 is present in mature neurons and oligodendrocytes, but is absent
in astrocytes. Additionally, we were able to establish and validate a mouse model for forebrain conditional
deletion of 7et3 enzyme in mature neurons. In chapters Il and IV we have shown that 7e£3 deletion in
post-mitotic neurons increases anxiety-like behavior and impairs the spatial orientation, in both genders.
Specifically, in Tet3 cKO males, we demonstrated increased anxiety-like behavior with concomitant
increased corticosterone basal levels, and dysregulation of genes involved in glucocorticoid signaling
pathway (HPA axis) in the ventral hippocampus. In both genders, Tet3 deletion increased the expression
of immediate-early genes in the dorsal/ventral hippocampus. Specifically, in Tet3 cKO females, we found
an impairment in their short-term memory.

In the sections below, we discuss how we addressed methodologically the two main aims of this thesis,

and we explore new perspectives that our work has opened.

5.1. Aim 1. To investigate the effects of TET3 enzyme knockdown in NPCs, using an /in vifro
differentiation system from ES cells into NPCs

5.1.1. Technical aspects
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To better understand the role of 7e£3in neuronal differentiation, we studied the impact of 7e£3 KD using
an /n vitro culture system. We took advantage of the high proliferative capacity of mouse ESCs, which are
pluripotent and able to generate an unlimited number of any cell type. Additionally, ESCs can be isolated
from wild-type or mutant mice, allowing to compare disease contexts implicated in alterations of specific
cell types related with CNS disorders. In appropriate conditions, ESCs can be differentiated into neurons,
and it is possible to isolate cells at different stages of differentiation, allowing to characterize, for instance,
neuronal precursors (Bibel et al., 2004a).

The main limitation in using ESCs to generate neurons is cellular heterogeneity; typically neuronal cultures
derived from ESCs contain not only neurons but also non-neural cells, namely glial cells (Rathjen and
Rathjen, 2001; Stavridis and Smith, 2003). In the present work, the /n vitro differentiation system
consisted of highly proliferative ES cells (A2lox.cre) (lacovino et al., 2011a) that were differentiated into a
homogeneous population of NPCs which are PAX6-positive radial glial cells. Furthermore, these neuronal
precursors can give rise to a homogeneous population of cells that form functional synaptic connections
neurons, which are biochemical and functionally characteristic of the cerebral cortex (Bibel et al., 2004a).
Our protocol results in more than 90% of the differentiated cells staining positively for PAX6, indicating
homogeneous differentiation of ES cells into NPCs, accordingly with the values in the original protocol
description (Bibel et al., 2004a).

The knockdown of 7efenzymes was facilitated by the use of an inducible cassette exchange (ICE) system,
which allows high-efficiency integration of genes of interest into cells bearing a single-copy ICE locus
(lacovino et al., 2011b). This system can be used in any cellular model system:; it does not require co-
transfection of a Cre-expressing plasmid, and all cells express Cre at the same level prior to
recombination. Importantly, the recombination is fast (time frame of days), which is particularly relevant
in cells of limited lifespan, or cells in which high passage numbers are undesirable, such as ESCs
(lacovino et al., 2011a). Regarding the knockdown efficiency, at the mRNA level, a decrease of around
50% of 7et3 transcripts was found for both shRNAs; however at the protein level the deletion was less
pronunciated; around 10% and 30% of decrease to Tet3-1 and Tet3-2 shRNAs, respectively. This led us
to perform the oxRRBS analysis only with the Tet3-2 shRNA.

5.1.2. Integration of the main results

Previously, all TET enzymes were implicated in adult neurogenesis and NSCs/NPCs pool maintenance

(Gontier et al., 2018; Montalban-Loro et al., 2019; Zhang et al., 2013). The /n vivorelevance of TET1 and
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TET?2 was similarly addressed in NPCs using the Nestin-Cre promoter. Indeed the single deletion of each
TET results in a decrease of around 50% in the NSCs pool from the SGZ. Importantly, this consequently
affects the neuronal differentiation process, since the deletion of TET1 or TET2 resulted in a reduction of
newborn and mature neurons (Gontier et al., 2018; Zhang et al., 2013). Regarding TET3, the NSCs were
targeted using GFAP-Cre promoter and the SVZ region was studied; 7et3 deletion resulted in a decrease
of around 50% in the NSCs pool. Globally, all these works showed that each TET enzyme is crucial to
maintain the NSC/NPC pool and to regulate the neurogenic process. Moreover, the functions of TET
enzymes do not seem to overlap, since the single deletion of any TET produces significant effects.

Li and colleagues addressed the relevance of 7et3 in vitro, revealing upregulation of this dioxygenase
upon neural differentiation, and that 7et3deletion in NPCs did not result in decreased expression of NPCs
markers, such as Pax6 and Nestin (Li et al., 2015a). Our findings are in agreement with both findings.
Notably, our work added new perspectives to the molecular mechanisms regulating NPCs maintenance
by 7et3. Interestingly, 7et3 knockdown led to a de-repression of pluripotency-associated genes such as
Oct4, Nanogor Tcll, with concomitant hypomethylation. Remarkably, 7ef3KD led to a genome-scale loss
of DNA methylation and hypermethylation of a smaller number of CpGs that are located at neurogenesis-
related genes and at imprinting control regions (ICRs). Previously, also 7et! and Tet? were identified as
essential enzymes to regulate the expression of many imprinting genes (Dawlaty et al., 2013b; Piccolo et
al., 2013).

Importantly, studies have been suggesting that selective regulation of imprinting is a normal mechanism
of modulating gene dosage and is related with the control of stem cell potential in the neurogenic niche
(Montalban-Loro et al., 2015). Thus, 7et3enzyme can be contributing to the transcriptional regulation of
the genes. Interestingly, a recent study showed that TET3 binds directly to the paternal transcribed allele
of the imprinted gene Snrpn, contributing to transcriptional repression of this gene. When TET3 was
ablated in NSCs resulted in increased expression of Snrpn (Montalban-Loro et al., 2019). Notably, we
found the same effect in the expression of this imprinted gene in Tet3 KD NPCs.

In conclusion, our findings suggest that TET3 acts as a regulator of neural cell identity by sustaining DNA
methylation levels in NPCs. Based on the data that we and others have obtained, we created a model for
the loss of DNA methylation and de-repression of pluripotency genes (Figure 1). This would involve co-
operation between TET3 and DNMT3A, with TET3 marking CpG sites for de novo methylation, carried out
by DNMT3A. The absence of Tet3 seems to promote hypomethylation of pluripotency genes, such as
Tcll and Esrrb, and hypermethylation of neuronal genes such as Wnt3a, DIx2, among others. The final

result is a de-repression of pluripotency genes and repression of neuronal genes expression (Figure 2).
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Figure 1 Model for the observed genome-wide loss of methylation, involving co-operation between TET3 and DNMT3A to
maintain the methylated state, namely at pluripotency genes.
Black circle — methylated CpG; white circle — unmethylated CpG.

. De-repressed pluripotency genes
Hypomethylation Ry

o o | Pluripotency genes
TET3 KD T [ [ T Tcl1, Esrrb, etc.

Repressed neuronal genes
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TET3 KD T T W T Whnt3a, DIx2,0tx2, etc.

Hypermethylation

Figure 2 Schematic representation of the putative effect of TET3 deletion in the NPCs.
Black circle — methylated CpG; white circle — unmethylated CpG.

5.2. Aim 2To establish and characterize the impact of TET3 conditional deletion in post-mitotic neurons,
using a conditional knockout mouse model (CamkZa-CreERT2)

5.2.1. Technical aspects

The particular enrichment of 7e£3 in the adult brain mice raised the possibility for a putative role of this
enzyme in brain function. We and others have seen a strong colocalization of TET3 with post-mitotic

neuronal markers (Li et al., 2014), suggesting a relevant function of this enzyme in these cells. Also,
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previously, 7etl and 7ef? have been shown as important enzymes regulating brain function (Gontier et
al., 2018; Kaas et al., 2013; Kumar et al., 2015; Rudenko et al., 2013; Zhang et al., 2013). Constitutive
knockout mouse models for TET1 and TET2 have been used to unravel their functions. Indeed,
adult TET1 and TET2 KO mice are viable and fertile, presenting relatively mild behavioral and
hematopoietic phenotypes, respectively (Ko et al., 2011; Kumar et al., 2015; Rudenko et al., 2013; Zhang
et al., 2013). However, the TET3 KO mice die prematurely at the first stages of postnatal development
(Gu et al., 2011b). Therefore, to study TET3 brain function, the use of a conditional approach was
mandatory. Taking into account the high neuronal level of 7et3 expression in forebrain regions, and the
consequent assumption of a potential relevant role of this enzyme in brain function, we decided to use a
selective deletion in post-mitotic neurons via the CamkZa promoter. The strategy was to cross Tet3 floxed
mice with CamkZa-CreERTZ animals, allowing to restrict the observed phenotypic alterations to the effect
of 7Tet3ablation in postmitotic neurons in forebrain regions (Achterberg et al., 2014).

Regarding the limitations of this model, the characterization subsequent analyses could be facilitated by
the use of a more sophisticated mouse model, in which a reporter gene such as, GFP Tomato or others,
could be expressed concomitantly with CamkZa to confirm Cre activity. This would allow to identify the
recombinant post-mitotic neurons with knockout of the 7e£3 gene. In this context, and to overcome this
limitation, we were only able to perform double-staining immunofluorescence analysis for NeuN and
TET3, counting the number of NeuN positive cells that underwent deletion of TET3.

In this study, we focused on young adult mice. It is relatively plausible to assume that recombination
varies with aging. And indeed, it has been proposed that tamoxifen induces recombination more efficiently
in younger mice (Feil et al., 2009). Regarding the magnitude of this deletion, Tet3 cKO animals showed
a decrease of 7et3 mRNA levels lower than 40% in almost all forebrain regions analyzed. This likely
reflects that not all post-mitotic neurons were targeted by 7et3 deletion, as it would be expected, but also
that forebrain macrodissections contain non-post mitotic neurons cells expressing 7et3. Indeed, TET3
protein quantification by immunofluorescence in the hippocampus of Tet3 cKO animals corroborated this
possibility, since the hippocampus presented a deletion of around 60%. Importantly, when comparing the
mMRNA deletion levels in males and females no differences were found, facilitating drawing conclusions
related to sex-specific differences.

Importantly, the inclusion of both sexes constitutes a valuable tool to consider the potential differences
between genders. During the last decades, behavioral research has been mainly focused on males, ruling

out the possibility of the discovery of important biological differences between males and females.
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5.2.2. Integration of the main results

Since 2011, studies have shown the importance of all TET enzymes in neuronal and brain function.
Indeed, TET1 was implicated in a wide range of specific behaviors, such as spatial and fear learning,
short-term and object location memories (Kaas et al., 2013; Kumar et al., 2015; Zhang et al., 2013).
TET2 was shown as a key player in regulating short and long-term spatial learning, as well as memory
processes (Gontier et al., 2018). TET3 was identified as a key enzyme to regulate fear extinction memory
(Li et al., 2014). However, TET3 role in learning processes and short/long-term memories remained to
be determined. Contrarily to TET1 and TET2, which were implicated in the spatial learning of rodents
(Gontier et al., 2018; Zhang et al., 2013) our results support that TET3 is not implicated in this process,
but seems to be critical to control spatial orientation. Also, neither TET1 or TET2 were implicated in short-
term memory, our work being the first to show evidence for TET3 implication in this type of memory.
Importantly, our work was the first to address the role of 7ef3in the modulation of anxiety-like behavior.
Apart from our work, only Feng and colleagues reported the role of 7et/ in this type of behavior (Feng et
al., 2017).

Although overall we did not find ample differences in females and males, it is becoming progressively
evident that the influence of sex on neuronal function is as significant as the effects of any other important
factor. This leads to a need to be careful when a broad view is taken on one sex for the other. There are
notorious sex differences in gene expression in the brain of rodents, that are probably required for sex-
specific functions, and that may depend on sex-specfic DNA methylation/demethylation (Mosley et al.,
2017; Nugent et al., 2015). Moreover, a recent work showed that TET enzymes are differentially
expressed in males and females at neonatal period, although no differences were found at the adult stage
(Cisternas et al., 2019).

Importantly, our work was the first addressing the role of one TET enzyme in both sexes. Our study, in
summary, showed that the main behavior findings were present in both genders, with the exception of a
specific impairment of short-term memory in females. The mismatch between Tet3 cKO males and
females in this type of memory is striking. However, as discussed in chapter 1V, it probably reflects that
Tet3 can have a differential role according to the gender, namely in the PFC, since this brain region is
particularly important in the control of short-term memory. In the future, it should be interesting to
compare the morphology of neurons in the PFC of Tet3 cKO males and females.

At the molecular level, since we did not have the opportunity to perform the RNA-seq analyses in females,

this task should be addressed to add more relevant information about the molecular differences between
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Tet3 cKO and control females. This should be performed in the hippocampus and also in the PCF, taking
in consideration the short-term memory impairment observed specifically in female mice.

In males, we found a clear impact in the ventral hippocampus, specifically an increase in spine maturation
and altered expression of mRNA transcripts involved, for instance, in the corticosterone pathway (HPA
axis), correlated with the elevated corticosterone levels. Indeed, the ventral hippocampus appears to be
involved in anxiety processing, which involves alterations in the HPA axis control (Herman et al., 1995).
Given the modifications observed in the ventral hippocampus, it would be relevant to evaluate if the stress
response in Tet3 cKO mice is impaired upon stress exposure, submitting the animals to a chronic stress
protocol.

The altered expression of some transcripts, relevant for HPA axis function, namely the Chr2 receptor,
which was found downregulated in Tet3 cKO males, arises the possibility of altered methylation patterns
at the promoter region of this gene. Thus, it will be interesting to assess their methylation levels, which
can be increased by the lack of Tet3 demethylation activity, resulting in decreased expression. In
opposition, the IEGs genes were found upregulated which can indicate that these genes could be
presenting a decrease of methylation at the promoter gene region.

In conclusion, our findings suggest that TET3 is a key regulator of anxiety-like behavior, spatial orientation
and neuronal activity related genes expression in both genders; it is involved in gene regulation of the

HPA axis of males and short-term memory of females mice (Figure 3).
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Figure 3 Schematic representation of the effect of Tet3 deletion in males and females mice.
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CONCLUSIONS AND FUTURE PERSPECTIVES

Since all three TET enzymes are present in the mammalian brain and share the capacity of oxidizing 5mC
into 5hmC, an intermediate in the DNA demethylation process, it was predicted that their functions may
be mostly redundant. However, recent publications describing different effects of each TET knockout or
knockdown in the brain, have stirred the debate. As we have realized from the present wok, loss of TET3
produced singular findings in both neural precursor cells and post-mitotic neurons, suggesting non-
redundant functions for TET3 and its family of enzymes, in the analysed parameters. Globally, this work
proposes that TET3 might act as a regulator of neural cell identity by maintaining hypomethylation at
neuronal-related genes and by regulating Dnmt3a de novo methylation activities, safeguarding neural
precursor cells differentiation programs. Moreover, we concluded that Tet3 is involved in molecular
alterations, namely regulation of genes related with corticosterone pathway and neuronal-activity genes,
which are putatively regulating hippocampal-dependent functions, namely anxiety-like behavior and spatial
orientation. Importantly, we brought new insights for Tet3 function in both sexes, since until now, all studies
were only performed in males.

Despite our recent advances, a full understanding of how epigenetic modifications regulate neural
differentiation, neuronal physiology and plasticity, as well as cognitive functions, is still a matter of intense
investigation. There are still open questions that arise from our data and that warrant further exploration

to achieve a better characterization of the influence of TET3 enzyme in both neural and neuronal function:

1. Regarding the role of TET3 during neural differentiation, it is important to address its function /n vivo.
Although this aim was partially addressed before by Montalban-Loro in the SVZ (Montalban-Loro et al.,
2019); similarly to Zhang et al. and Gontier et al. works, for TET1 and TET2 enzymes respectively
(Gontier et al., 2018; Zhang et al., 2013), the targeting of SGZ NPCs through the use of a conditional

NestinCreER™ mouse line crossed with a TET3 floxed mouse should be addressed in the future.

2. Also given the already known role of TET enzymes and 5mC/5hmC maodifications in the regulation of
adult neurogenesis, the epigenetic manipulation of this process using CRISPR/Cas-based
approaches, can be a feasible plan. Indeed, our results suggested that TET3 plays a role in
neurogenesis by maintaining hypomethylation of neuronal genes, such as, Wnt3a, DIx2, Otx2 and

Rac3. These genes can constitute a potential target in the use of a precise editing CpG methylation
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system, namely dCas9-Tetl and Dnmt3a for targeted erasure and establishment of DNA
methylation, respectively. This technology can be applied in brain disorders associated with

neurogenesis impairment, such as depression, addiction and age-related cognitive decline.

Regarding the role of TET3 in neuronal function, it will be particularly relevant in the Tet3 cKO model,
to evaluate synaptic plasticity through the use of electrophysiological recordings. Since the behavior
tests and molecular alterations suggested alterations along the dorsal-ventral axis, and CAl is a key
region in the hippocampal function, longterm potentiation (LTP) and long-term depression (LTD)

should be tested in the dorsal and ventral CA1l.

Additionally, it will be important to address the role of TET3 in disease context, through the knockout
or knockdown of TET3 enzyme in the brain of specific models of diseases affecting the CNS. This will
allow to investigate the possible contribution of this epigenetic player in disease onset, progression or
even possible therapeutics. The biggest challenge will be to modulate brain cognitive processes related
to depression, anxiety, among others, in order to accomplish the production of new chemical
compounds that could target epigenetic pathways involved in brain dysfunction. Given our work, and
the potential role of Tet3 on anxiety-related disorders, a model mimetizing anxiety or depression-like

behavior should be an exciting possibility.
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Abstract

TET enzymes oxidize 5-methylcytosine (SmC) into 5-hydroxymethylcytosine (ShmC), a process thought to be intermediary
in an active DNA demethylation mechanism. Notably, ShmC is highly abundant in the brain and in neuronal cells. Here,
we interrogated the function of Ter3 in neural precursor cells (NPCs), using a stable and inducible knockdown system and
an in vitro neural differentiation protocol. We show that 7et3 is upregulated during neural differentiation, whereas Tet/ is
downregulated. Surprisingly, 7er3 knockdown led to a de-repression of pluripotency-associated genes such as Ocr4, Nanog
or Tell, with concomitant hypomethylation. Moreover, in 7et3 knockdown NPCs, we observed the appearance of OCT4-
positive cells forming cellular aggregates, suggesting de-differentiation of the cells. Notably, 7er3 KD led to a genome-scale
loss of DNA methylation and hypermethylation of a smaller number of CpGs that are located at neurogenesis-related genes
and at imprinting control regions (ICRs) of Pegl0, Zrsrl and Mets2 imprinted genes. Overall, our results suggest that TET3
is necessary to maintain silencing of pluripotency genes and consequently neural stem cell identity, possibly through regula-
tion of DNA methylation levels in neural precursor cells.

Keywords TET enzymes - 5-hydroxymethylcytosine - Imprinted genes - Neural stem cells - Pluripotency - Neurogenesis

Introduction

DNA methylation, or 5-methylcytosine (SmC), is an epigenetic

modification that consists of a methyl group added to the fifth (I8l 23

position of cytosines, occurring more frequently in the con-
text of CpG dinucleotides [1]. Albeit deemed as a very stable
chemical modification, waves of global loss of DNA methyla-
tion occur during critical periods of development such as in
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the zygote and in primordial germ cells [2]. Additionally, loss
of DNA methylation has been observed in post-mitotic cells,
with activity-dependent demethylation occurring in mature
neurons upon depolarization [3, 4]. This mechanism of active
DNA demethylation remained elusive for a long time, but the

finding that TET enzymes can convert SmC into 5-hydroxy-
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methylcytosine (ShmC), and subsequently into 5-formylcyto-
sine (5fC) and 5-carboxylcytosine (ScaC) [5-8], shed light into
this mechanism. Importantly, ShmC was shown to accumulate
in the paternal pronucleus and in PGCs concomitantly with
methylation loss [9—11] and to appear in an antagonistic way
to SmC in the genome of dentate granule neurons [12]. Three
members—TET1, TET2 and TET3—compose the family of
TET enzymes, which are Fe>* and 2-oxoglutarate-dependent
dioxygenases. TET1 and TET3 contain a CXXC zinc finger
domain at their amino-terminus that is known to bind CpG
sequences, whereas TET2 partners with IDAX, an inde-
pendent CXXC-containing protein [13, 14]. ShmC was first
described in mouse embryonic stem (ES) cells and in Purkinje
neurons [7, 8] and was later shown to be most abundant in
the brain, namely at the cerebellum, cortex and hippocampus
brain regions [ 15]. Moreover, TET enzymes were shown to be
expressed in these brain regions, with 7et3 showing highest
expression [15]. Additionally, in the embryonic mouse brain,
ShmC levels were shown to increase during neuronal differ-
entiation, as the cells migrate from the ventricular zone to the
cortical plate [16]. In neurons, ShmC was associated with gene
bodies of activated neuronal function-related genes and gain
of ShmC was concomitant with loss of the repressive histone
mark H3K27me3 [16]. Notably, TET enzymes have also been
implicated in brain processes and functions such as neurogen-
esis, cognition and memory [17-21].

Here, we addressed the functional role of TET3 enzyme
in neural precursor cells (NPCs) using an in vitro differ-
entiation system, where highly proliferative ES cells are
differentiated into a homogeneous population of NPCs that
are PAX6-positive radial glial cells [22] and a stable and
inducible RNAi knockdown system [23]. We observed that
knockdown (KD) of 7er3 in NPCs resulted in upregulation of
pluripotency genes and genome-wide loss of DNA methyla-
tion. Nevertheless, gain of methylation was also observed,
particularly in genes involved in neural differentiation. Our
data suggest that TET3 plays a role in maintaining both cel-
lular identity and DNA methylation levels in neural precur-
sor cells.

Results
Neural differentiation leads to Tet3 upregulation

To investigate the effects of the knockdown of TET3 enzyme
in NPCs, we established a stable and inducible knockdown
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system in mouse ES cells containing sShRNAs targeting 7et3
(Fig. Sla) [23, 24] and a neural differentiation system that
results in a homogeneous population of PAX6-positive radial
glial-like neural precursor cells (Fig. 1a, S1b, ¢) [25]. In this
differentiation protocol, ES cells are maintained in a highly
proliferative state and then cultured in non-adherent condi-
tions forming cellular aggregates; addition of retinoic acid
(RA) 4 days after cellular aggregates are formed results in
upregulation of neural markers, such as Pax6, Nestin, Tubb3
(B3-tubulin) and 7rkB (Nrtk2) (Fig. 1b), with between 92
and 96% of the differentiated cell staining positively for
PAX6 (Fig. S1b, ¢). This indicates homogeneous differen-
tiation of ES cells into NPCs as described in the original
protocol [22]. Positive staining of Beta 3-tubulin, which is
one of the earliest markers of neuronal differentiation [26],
was also observed (Fig. SIb). On the other hand, SOX2,
which is a marker for neural stem cells that becomes inac-
tivated in NPCs [27, 28], was nearly undetected (Fig. S1b).
During differentiation, there was also a marked decrease
in the expression of pluripotency genes such as Oct4 and
Nanog, as expected (Fig. 1b). Regarding epigenetic modi-
fiers, we observed increased levels of Ter3 and Dnmt3a dur-
ing differentiation, whilst levels of Ter/ decreased (Fig. 1b).
Upregulation of 7et3 during neuronal differentiation has
been previously observed [29, 30] and suggests a promi-
nent role for 7er3 in the neuronal lineage. We also confirmed
the presence of TET3 protein in NPCs by immunostaining,
showing a predominantly cytoplasmic distribution (Fig. lc);
this is consistent with a putative role for TET3 in oxidizing
SmC to ShmC in RNA molecules [31].

Knockdown of Tet3 in NPCs results in de-repression
of pluripotency genes

We performed stable and inducible knockdown of 7ez3 in
NPCs, using two independent shRNAs (Fig. 2a, b); Ter3
knockdown was detected at both the mRNA and protein lev-
els (Fig. 2b and S2a). Interestingly, we observed a significant
upregulation of pluripotency genes, namely Oct4, Nanog,
Tell and Esrrb, after Ter3 KD (Fig. 2b), using two independ-
ent shRNAs. To further elucidate the observed upregulation
of pluripotency genes, we performed immunostaining for
OCT4 and observed the presence of OCT4-positive cells that
appeared as cellular aggregates (Fig. 2¢), representing around
14% of the total number of cells. Of note, OCT4-positive
cells were not observed in NPCs treated with the Scrambled
shRNA (Fig. S3); this suggests that Tet3 KD NPCs might have
undergone a de-differentiation event due to downregulation
of Tet3 expression. This is in line with a recent report show-
ing that 7er3 can promote a rapid and efficient conversion of
fibroblasts into neurons, showing that 7er3 plays an important
role in inducing and maintaining neural cell identity [32]. To
better understand the nature of these ES cells like NPCs, we
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Fig.1 7er3 is upregulated during neuvral differentiation. a Neural dif-
ferentiation protocol with representative images of key transition
points—embryonic stem (ES) cells on feeders, ES cells on gelatin,
cellular aggregates (CAs) and neural precursor cells (NPCs). Arrows
show neurites forming between the cells; Scale bars—100 pm. b Rel-
ative expression of neural markers (Pax6, Nestin, Tubb3 and TrkB),
pluripotency markers (Oct4, Nanog and Sox2) and epigenetic regu-

performed flow cytometry using Propidium iodide staining
in KD NPCs and observed that 7er3 KD NPCs still resemble
control NPCs (Scrambled shRNA) more than ES cells, which
show an extended S-phase comparing to NPCs (Fig. S2b).
Additionally, we observed a significant increase in Dnmtl
and decrease in Dnmt3a expression after Tet3 KD (Fig. 2b),
pointing to a co-regulation between TET enzymes and DNA
methyltransferases.

These results suggest that functional perturbation of
Tet3 in NPCs leads to de-repression of pluripotency genes
which might affect maintenance of the neural precursor cell
identity.

Tet3 knockdown results in genome-scale loss of DNA
methylation

As the above-mentioned results pointed to a critical role
for Tet3 in neural differentiation, we performed oxRRBS

lators (Tetl, Ter2, Tet3 and Dnmt3a) in several stages of the neural
differentiatioTET3. n process—ES cells on gelatin (ES cells), CA
after addition of Retinoic Acid (CA 8d), NPC after 5 days in culture
(NPC 5d); n=2 independent experiments; *p<0.05; **p<0.01;
*¥*kp<0.001: ¢ tests. ¢ Immunostaining of TET3 in differentiated
NPCs. Scale bars—100 pum and 25 pm

(oxidative Reduced Representation Bisulfite Sequencing) to
analyse genome-wide changes in distribution of 5SmC and
ShmC after Tet3 knockdown. RRBS is a bisulfite-based pro-
tocol that enriches for CpG-rich parts of the genome, thereby
reducing the amount of sequencing required, since it only
covers 1% of the genome while capturing the majority of
promoters and CpG islands [33]. To distinguish ShmC from
5mC and since conventional sodium bisulphite treatment
does not discriminate between the two modifications [34],
we first added potassium perruthenate (KRuO,) that triggers
selective chemical oxidation of ShmC to 5-formylcytosine
(5fC), before bisulphite treatment. 5fC is then further con-
verted to uracil after bisulphite treatment and subtraction
of oxidative bisulphite readout from the bisulphite—only
one allows determining the amount of 5ShmC at a particu-
lar nucleotide—in a single-base resolution and quantitative
manner [35, 36]. As the bisulphite signal is always expected
to be larger than that of oxidative bisulphite, negative values
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Fig.2 Knockdown of 7er3 in NPCs results in de-repression of pluri-
potency genes. a Phase-contrast images of NPCs after Tet3 knock-
down during 5 days in culture. Scrambled sShRNA—control; Tet3-1
and Tet3-2 shRNAs—shRNA against 7e3. Scale bars—100 pm and
50 pm in the insets. b mRNA transcript levels of epigenetic regula-
tors (Tet and Dnmt enzymes), pluripotency genes (Oct4, Nanog, Sox2,
Rex] and Tcll) and neural markers [(stem cell markers—Pax6 and

are artefacts used to estimate the false discovery rate (FDR;
see Methods). Notably, we could only detect 2,191 hydroxy-
methylated CpGs (out of ~0.5 M) at a high FDR of 45% (Fig.
S4a), which is in contrast with the low FDR (~3%) that we
previously obtained in ES cells [35]. This is likely due to the
fact that ShmC levels are low in NPCs comparing to mouse
ES cells and hippocampus brain region (Fig. S4b, ¢) [30] and
mostly present in intragenic regions [16], whereas oxRRBS
mainly captures promoters and CpG islands [33].
Notwithstanding, we observed an unexpected global loss
of 5SmC after Ter3 KD (Fig. 3a, b). Loci showing loss of
methylation covered the whole range of methylation levels,
but particularly regions that had more than 40% of 5SmC in
control NPCs (Fig. 3b). We performed detection of differ-
entially methylated positions (DMPs; g value <0.01;> 10%
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Nestin; mature differentiation markers—B3-tubulin (7ubb3) and Neu-
rotrophic tyrosine kinase, receptor, type 2 (7TrkB or Nirk2)] after Tet3
knockdown. (*p<0.05, **p<0.01, ***¥p<0.001: 7 test). Error bars
represent SEM for three (Tet3-1 shRNA) and two (Tet3-2 shRNA)
independent experiments. ¢ Immunostaining of OCT4 in NPCs after
Tet3 KD, using Tet3-2 shRNA, shows OCT4-positive cells forming
aggregates that resemble ES cell colonies. Scale bar—50 pum

difference), which yielded a total of 88,437 hypomethylated
CpGs that were enriched at genic regions when compared
to the distribution of CpGs captured by RRBS (Fig. 3c). In
contrast, very few hypo-DMPs were located in promoters
and CpG islands, which can be explained by the fact that
these are already frequently devoid of methylation [1, 37].
On the other hand, we detected only 588 hypermethylated
CpGs, which were mainly located at CpG islands and genic
regions (Fig. 3¢).

To investigate whether the hypomethylation pattern
seen in 7er3 knockdown NPCs resembles ES cells, we
compared our NPC dataset to a previously published
oxRRBS dataset on ES cells [35]. We first noted that many
CpG islands in control NPCs displayed higher SmC lev-
els when compared to ES cells, whilst a group of CpG
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Fig.3 7et3 knockdown results a
in genome-scale loss of DNA
methylation. a Scatter plot of
SmC levels at individual CpGs,
showing a bulk shift in methyla-
tion after 7er3 KD, using Tet3-2
ShRNA. b To better visualize
differences in SmC levels, CpGs
were grouped based on their %
SmC in control NPCs. The plot
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islands was highly methylated (>70%) in both cell types
(Fig. 3d). Upon Ter3 KD, 5mC levels did become closer
to those seen in ES cells, but only for lowly methylated
CpG islands. Importantly, 7er3 KD led to demethylation of
highly methylated CpG islands, which does not match the
ES cell profile (Fig. 3d). Where an ES cell subpopulation
to be responsible for 5mC loss in 7er3 KD NPC popula-
tion, this would have led to maintenance of SmC levels
at highly methylated CpG islands. This prediction was
confirmed by simulating 5SmC patterns for cell mixtures
of ES cells and NPCs, where increasing the proportion of
ES cells only decreases the methylation at low-methyla-
tion CpG islands, whereas high-methylation CpG islands
remain largely unchanged (Fig. S4e). These results suggest
that the DNA hypomethylation observed in 7et3 knock-
down NPCs might reflect an epigenetic reprogramming
event specific to the depletion of Ter3 in NPCs.

Tet3 knockdown alters DNA methylation
at developmentally relevant gene promoters

To expand on these observations, we performed gene ontol-
ogy analysis of genes associated with promoters harbour-
ing groups of hypomethylated CpGs. For this purpose, dif-
ferentially methylated regions (DMRs) were defined has
regions showing at least 3DMPs with differences in the
same direction. Promoters were defined — 1 kb to + 0.5 kb
from mRNA TSSs. Promoters associated with hypomethyl-
ated DMRs (Supplemental file “Hyper_Hypo_promoters.
xIsx™) were enriched for terms, such as development, dif-
ferentiation and neurogenesis (Fig. 4a), suggesting that the
observed hypomethylation is a regulated process coupled to
the differentiation process between ES cells and NPCs. Of
the genes involved in neurogenesis, Slit/, Bdnf, Nr2el (Tlx),
Fgfrl, Runx] and Wnt3 are striking examples of genes that
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have been described to be involved in the proliferation of
neural precursor cells [38—43]. Expression analysis of Slir/
showed a tendency for increased mRNA transcription (Fig.
S5), consistent with its hypomethylated state.

Moreover, loss of methylation was also observed at Esrrb
and Tcll early-pluripotency genes (Fig. 4b), which is in line
with the observed upregulation of gene expression. Loss
of methylation at 7cl] was confirmed by standard bisulfite
sequencing (Fig. 4¢).

For DNA hypermethylation, we only detected six
genes with three or more hypermethylated CpGs at their
promoters (Supplemental file “Hyper_Hypo_promot-
ers.xlsx™). Notably, three of these genes are imprinted
genes—Pegl0, Zrsrl and Mcts2. Interestingly, it has been
shown previously that loss of function of Ter/ also leads
to hypermethylation of imprinted genes, namely Peg/0
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[44]. Expression analysis of these imprinted genes showed
decreased expression in Ter3 KD NPCs (Fig. 4d). More
recently, it was also shown that 7er3 regulates NSC main-
tenance through repression of Snrpn imprinted gene [45].
In accordance with this study, expression analysis of Snrpn
in Tet3 KD NPCs showed increased transcription in one of
the shRNAs (Fig. S5). To enable gene ontology analysis of
hypermethylated sites, we changed our criteria to include
promoters with a minimum of one hypermethylated CpG,
yielding a total of 116 genes. Despite this low stringency,
gene ontology analysis revealed significant associations
with brain development, particularly with neuron dif-
ferentiation and neurogenesis (Fig. 4e). Amongst these
genes, Wnt3a, DIx2, Otx2 and Rac3 are examples of genes
described to promote neuronal differentiation [46-49],
suggesting that TET3 plays a role in neurogenesis by
maintaining hypomethylation of neuronal genes.
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Fig.4 7et3 knockdown alters DNA methylation of developmentally
relevant gene promoters. a Gene Ontology analysis of genes that
loose methylation (Hypo DMPs) shows an association with develop-
ment, differentiation and neurogenesis. b Genome browser snapshots
of oxRRBS data at Esrrb and Tcll pluripotency genes, showing a
reduction in SmC levels after 7er3 KD. ¢ Tel! bisulfite cloning analy-
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sis; black circles—methylated CpGs; white circles—unmethylated
CpGs. d Expression analysis of imprinted genes showing hypermeth-
ylation after Tet3 KD (*p<0.05; **¥p<0.001; 1 test); n=2 inde-
pendent experiments. e Gene Ontology analysis of genes that gain
methylation (Hyper DMPs) shows an association with neural differ-
entiation processes
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Tet3 regulates cellular identity and DNA methylation in neural progenitor cells

Discussion

Several studies have previously addressed the role of TET1
in the brain, showing that it regulates processes such as
memory and cognition, as well as expression of neuronal
activity-regulated genes and hippocampal neurogenesis
[17-19]. However, the role of TET3 in the nervous sys-
tem remains largely unexplored. Here, we investigated the
role of 7er3 in NPCs, using a stable and inducible RNAi
knockdown system and an in vitro neural differentiation
protocol. Surprisingly, we observed that the knockdown
of Tet3 leads to de-repression of pluripotency genes and
appearance of OCT4-positive aggregates of cells, sug-
gesting that a reprogramming event is taking place in
these cells. Indeed, when we analysed SmC changes, we
observed a dramatic genome-wide loss of methylation in
Tet3 KD NPCs. Hypomethylated CpGs were localized in
genes involved in development, differentiation and neuro-
genesis. Loss of methylation was also observed in Tcl] and
Esrrb pluripotency-associated genes suggesting a connec-
tion between loss of methylation, de-repression of pluri-
potency genes and de-differentiation of NPCs. A recent
report on genome-wide DNA methylation in NPCs has
shown an extensive demethylation from E18.5 NPCs rela-
tive to E11.5 NPCs, whereas only 1.5% of the identified
DMRs gained methylation, suggesting that the acquisi-
tion of multipotency in E18.5 NPCs is associated with
a wide loss of DNA methylation [50]. Furthermore, in
mouse ES cells, it has been shown that 7er2 knockdown
results in both loss of ShmC and SmC at DMRs and pro-
moters, while only few DMRs show the expected loss of
ShmC and gain of 5mC [51]. More recently, another study
from the Rao lab reported that TET deficiency in diverse
cell types resulted in localized increases in DNA meth-
ylation in active euchromatic regions, concurrently with
unexpected losses of DNA methylation and reactivation of
repeat elements [52].

Interestingly, we observed hypermethylation at three
imprinted genes after 7er3 knockdown. It had previously
been shown that Terl is necessary to induce SmC oxida-
tion at imprinting control regions (ICRs) of H/9/IGF2,
PEG3 and SNRPN/SNURF imprinted genes, in a cell-
fusion-mediated pluripotency reprogramming model [53].
Another study has shown that heterozygous offspring of
Tet1/Tet2 double knockout (DKO) mice show increased
methylation levels across 94 ICRs, including Pegl0, Zrsrl
and Mcts2 [54].

A critical role for 7er3 in neural progenitor cell main-
tenance and terminal differentiation of neurons has been
reported before [29]. As in our study, the authors observed
an upregulation of 7er3 upon neural differentiation and
that Ter3 KO in NPCs did not change expression of neural

markers, such as Pax6 and Nestin. Here, we also observed
that neural markers are not altered, but pluripotency mark-
ers are de-repressed in Tet3 KD NPCs, which suggests
that the cells undergo de-differentiation upon downreg-
ulation of 7et3 expression. We also observed that Ter3
KD NPCs undergo a genome-scale loss of methylation,
which is in contrast to what would be expected consid-
ering this enzyme as a demethylating agent. Indeed, we
also observed hypermethylation, but in a more restricted
number of sites, which are preferentially located in neu-
ronal-related genes. The observed loss of methylation
could potentially be caused by the concomitant decrease in
Dnmzr3a expression, which is a de novo methyltransferase
playing a pivotal role in the nervous system [55, 56]. In
fact, a functional interplay between TET1 and DNMT3A
was shown in mouse embryonic stem cells [S7]. Another
interesting and perhaps more plausible explanation for
the observed global demethylation might resides in the
fact that TET enzymes might actually function as guides
for de novo DNA methylation [58, 59]. In this context,
it was reported that, in zygotes, Tet3 might have a func-
tion in targeting de novo methylation activities, whereby
Ter3-driven hydroxylation is predominantly implicated in
the protection of the newly acquired hypomethylated state
from accumulating new DNA methylation [58].

Intriguingly, Hahn and collaborators reported that func-
tional perturbation of 7etr2 and 7et3 in the embryonic cor-
tex led to defects in neuronal differentiation with abnormal
accumulation of cell clusters along the radial axis in the
intermediate and ventricular zones [16]. Clustered cells did
not express neuronal marker B3-Tubulin and some of the
cells showed expression of Nestin in their processes, sug-
gesting a defect in the progression of differentiation. This is
in line with our observation that 7er3 KD NPCs form clus-
ters of cells that resemble ES-colonies and are OCT4-posi-
tive. Additionally, TET3 has been implicated in regulation of
synaptic transmission [60, 61] and fear-extinction memory
[21], which suggests a pivotal role in the nervous system.

In conclusion, our findings suggest that TET3 acts as a
regulator of neural cell identity by maintaining DNA meth-
ylation levels in neural precursor cells.

Experimental procedures

Embryonic stem cell culture and neural
differentiation

A2lox.cre mouse embryonic stem cells [23], were expanded
on feeder cells (SNL767 feeder cell line, kindly provided by
the Wellcome Trust Sanger Institute, UK) in complete ES
medium-DMEM (4500 mg/L glucose; Gibco) supplemented
with 110 mg/L sodium pyruvate (Gibco), 2 mM L-Glutamine
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(Gibco), 15% fetal bovine serum (Gibco, ES-cell tested),
1 X penicillin/streptomycin (Gibco), 0.1 mM MEM non-
essential amino acids (Gibco) and 10° U/ml LIF (ESGRO
Millipore).

Neural differentiation of embryonic stem cells was per-
formed as previously described [25]. Briefly, A2lox.cre ES
cells (passage 17) containing shRNAs for 7er3 were cultured
on feeders for three passages and on 0.2% gelatine (Sigma)
for another three passages. Subsequently, 4 x 10° cells were
plated onto bacterial non-adherent dishes (Greiner) for for-
mation of non-adherent cellular aggregates (CA) in CA
medium (DMEM 4500 mg/L glucose supplemented with
110 mg/L sodium pyruvate, 2 mM L-Glutamine, 10% fetal
bovine serum, 1X penicillin/streptomycin and 0.1 mM MEM
non-essential amino acids). CA medium was changed every
other day and 5 pM of retinoic acid (RA; Sigma) was added
from day 4 to day 8. CAs were then dissociated with freshly
prepared Trypsin 0.05% (Sigma, powder) in 0.05% EDTA/
PBS and plated onto Poly-DL-Ornithine and laminin-coated
plates in N2 medium [DMEM/F12/Glutamax medium sup-
plemented with 1x Penicillin—Streptomycin, 1X N2 supple-
ment (Gibco) and 50 pg/mL BSA (Sigma)]. After 2 days, the
medium was changed to a complete medium (N2B27: Neu-
robasal medium (Gibco), supplemented with 1x GlutaMAX
(Gibco), 1x Penicillin-Streptomycin, 1x N2 supplement, 1x
N2B27 supplement (Gibco)).

Stable and inducible knockdown system

We used a stable and inducible knockdown system previ-
ously described by lacovino and collaborators [23]. Briefly,
shRNA-mir cassettes for Tet3 gene (sequences on supple-
mentary Table S1) were amplified from pSM2 retroviral vec-
tors containing the shRNAmir sequences (Open Biosystems)
and cloned into the p2Lox vector using HindII and Notl
restriction sites. The p2Lox derivatives were transfected into
the A2lox.cre ES cells (derived from the E14 male cell line
strain 129P2/OlaHsd) expressing Cre after addition of doxy-
cycline (0.5 pg/ml) to the medium 1 day before transfection.
ES cells were transfected using Lipofectamine 2000 (Invit-
rogen) at a concentration of 5 x 10° cells/ml. One day after
transfection, selection medium containing geneticin (G418,
Melford—300 pg/ml active concentration) was added to the
cells during 10 days. After selection, ES cell clones contain-
ing the shRNAmir were expanded in ES complete medium
and neural differentiation was performed as described above.
For shRNA expression, doxycycline (2 pg/ml) was added to
the medium during 5 days. An ES clone containing eGFP
was used to control for positive induction after doxycycline
addition. After these 5 days, the cells were trypsinized and
the pellet was stored at — 80 °C until DNA/RNA/Protein
extraction.
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Quantitative reverse transcription PCR

RNA was extracted using the AllPrep DNA/RNA mini kit
(Qiagen) and cDNA was synthesized from 200 ng of RNA
using the gScript cDNA Supermix (Quanta Biosciences).
c¢DNA was diluted 1:10 and used as template for quantita-
tive real-time PCR reactions using the 5x HOT FIREPol
EvaGreen qPCR supermix (Solis Biodyne) and primers
designed to specifically amplify each gene of interest (Sup-
plementary Table S2). Cycling reactions were performed
in duplicate and cycle threshold (Ct) fluorescence data
recorded on Applied Biosystems 7500 Fast Real-time PCR
System. The relative abundance of each gene of interest
was calculated on the basis of the Delta Delta Ct method
[62], where results were normalized to two housekeeping
genes (Arp5Sb and Hsp90abl). Statistical analysis was per-
formed by multiple t tests using GraphPad Prism version
6.0 for Mac (GraphPad Software, La Jolla, CA, USA).

Immunofluorescence microscopy and image
analysis

Antibody staining of DNA methylation and hydroxym-
ethylation was performed as previously described [24],
with few modifications. Briefly, neural precursor cells
were plated on glass coverslips and fixed with 2% para-
formaldehyde for 30 min at room temperature (RT). Cells
were permeabilised with phosphate-buffered saline (PBS)
0.5% Triton X-100 and treated with 2 N HCI for 30 min at
RT. The coverslips were washed in PBS 0.05% Tween-20
(PBST) and blocked overnight in PBST with 1% bovine
serum albumin (BSA) (BS). Cells were incubated with
both primary antibodies rabbit anti-ShmC (1:500, Active
Motif, 39792) and mouse anti-5mC (1:250, Eurogentec,
BS-Mecy-0100) for 1 h at RT. For antibody staining of
pluripotency and neuronal markers, cells were incubated
with blocking buffer (BS) for 1 h at RT before incubation
with primary antibodies overnight at 4 °C. Primary anti-
bodies were rabbit anti-PAX6 (1:250, Millipore, AB2237),
mouse anti-NESTIN (1:200, Millipore MAB353), rabbit
anti-OCT4 (1:750, Abcam, ab18976), rabbit anti-SOX2
(1:1000, Abcam, ab97959), mouse anti-beta III tubu-
lin (1:100, Millipore, MAB1637) and rabbit anti-TET3
(1:100, Abcam, 139805). After washing with BS for I h at
RT, primary antibody staining was revealed with appropri-
ate Alexa-Fluor-conjugated secondary antibodies (1:500,
Molecular Probes). For both procedures, the nuclei were
counterstained with DAPI. After washing with PBST, cells
were mounted with Immu-mount (Thermo Scientific).
Images were acquired on an Olympus BX61 or Olympus
FV1000 (Japan) confocal microscope and analysed using

Image) software®,
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Western blot for detection of TET3

Protein was extracted using the AllPrep DNA/RNA mini kit
(Qiagen) and resuspended in 5% SDS. The protein concen-
tration of the supernatants was determined using BCA kit
(Pierce). Total lysates of 14 pg of protein were denatured
in NuPage LDS sample buffer and NuPage reducing rea-
gent by heating for 10 min at 95 °C. Proteins were sepa-
rated on NuPage 4-12% Bis—Tris gels using MOPS running
buffer (Thermofisher). Wet transfer onto a nitrocelulose
membrane (Amersham Biosciences) was performed using
MOPS running buffer with 20% methanol. Membranes were
blocked with 10% milk/1% BSA in Tris-buffered saline
(TBS)/0.1%Tween (TBS-T) overnight at 4 °C. Primary
antibodies mouse anti-TET3 (1:1000, Abcam, ab174862)
and mouse anti-a-Tubulin (1:5000, Sigma-Aldrich, T6074)
diluted in blocking buffer and incubated 2 h at RT. Mem-
branes were washed in TBS/T and incubated with the sec-
ondary antibody coupled to horseradish peroxidase (BioRad)
1 h at RT. The bound antibodies were visualized by chemilu-
minescence using ImageQuant LAS4000 mini (GE Health-
care). Bands were analysed using ChemiDoc (Bio-Rad) and
quantification was performed with ImageLab software (Bio-
Rad). a-Tubulin was used as loading control.

Dotblot and ELISA analysis of 5ShmC

DNA was extracted using the AllPrep DNA/RNA mini kit
(Qiagen). Genomic DNA (100 ng) was denatured at 99 °C
for 5 min and spotted on nitrocellulose blotting mem-
branes (Amersham Hybond-N+). The membrane was UV-
crosslinked for 2 min and then blocked in 10% milk/1%
BSA in PBST overnight at 4 °C. The membranes were then
incubated with rabbit anti-5hmC (1:500, Active Motif,
39769) for 1 h at RT. After washes with PBST (PBS 0.1%
Tween-20), membranes were incubated with 1:10,000 dilu-
tion of HRP-conjugated anti-rabbit, washed with PBST and
then treated with Amersham ECL (GE Healthcare). Dot
blot intensities were analysed using ChemiDoc (Bio-Rad)
and quantification was performed with ImageLab software
(Bio-Rad).

The global level of 5-hmC was also assessed using Quest
5-hmC DNA ELISA Kit (Zymo Research). The procedure
was followed according to the manufacturer’s instructions,
loading 100 ng of DNA per well.

Cell cycle analysis using flow cytometry
for propidium iodide staining

For cell cycle analysis, NPCs were dissociated with
Accutase (Sigma-Aldrich) for 10 min and re-suspended in
70% ethanol and kept at — 20 °C for 24 h for fixation. After
fixation, cells were washed in 1x PBS and incubated with

PI staining solution—Propidium Iodide 20 pg/ml (eBiosci-
ence) in PBS/0.1% Triton-X 100 and RNase 0.25 mg/ml
(Invitrogen)—for 1 h at room temperature in the dark. Cell
staining was then analysed by flow cytometry in a BD LSRII
flow cytometer (BD Biosciences; 20,000 events). Analysis
of the cell cycle was performed with ModFit LT (Verity
Software House).

Genome-wide analysis of DNA methylation
and hydroxymethylation by oxRRBS

Genomic DNA was isolated using the Qiagen AllPrep DNA/
RNA Mini kit (Qiagen) following manufacturers’ instruc-
tions. Oxidative Reduced Representation Bisulfite Sequenc-
ing (0xRRBS) was used for genome-wide analysis of DNA
methylation and hydroxymethylation. This method relies
on oxidation of DNA prior to bisulfite treatment to convert
5-hydroxymethylcytosine (ShmC) into 5-formylcytosine
(5fC) which in turn will be converted to uracil (thymine
after PCR amplification) (Fig. 4). S-methylcytosine (SmC)
remains unchanged after oxidation and bisulfite treatment
and unmethylated cytosines will be converted to uracil
(thymine after PCR amplification). By subtracting the two
libraries, it is then possible to infer SmC and ShmC levels at
a single-base resolution and in a quantitative manner [35].

Briefly, 100 ng of DNA were digested with Mspl restric-
tion enzyme and the reaction was cleaned up with AMPure
XP beads (Agencourt). A library was then prepared with
the NEBNext Ultra DNA library Prep for Illumina (NEB)
for End repair, A-tailing and ligation of methylated adaptors
(NEBNext, E7535), according to manufacturer’s’ instruc-
tions. Oxidation of the DNA was then carried out starting
by purifying DNA in a Micro Bio-Spin column (BioRad),
denaturing DNA with NaOH and adding 2 pL of Potas-
sium Perruthenate (KRuO4, Alfa Aeser) solution (15 mM
in 0.05 M NaOH). The reaction was held on ice for 1 h,
purified with Micro Bio-Spin column (BioRad) and sub-
jected to bisulfite treatment using the Qiagen Epitect kit,
according to the manufacturer’s instructions for FFPE sam-
ples, except that the thermal cycle was run twice over. Final
library amplification (18 cycles) was performed using Pfu
Turbo Cx (Agilent) and adaptor-specific primers (barcoded
TruSeq primers, Illumina), after which the libraries were
purified using AMPure XP beads (Agencourt). To check for
oxidation success, a spike-in control was added before oxi-
dation step and amplified and digested with Taql restriction
enzyme at the end of library amplification.

Sequencing and data processing
Sequencing (single-end, 75 bp reads) was performed on the

Illumina NextSeq platform, high-throughput mode. Quality
control of sequencing reads was performed with FASTQC
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(Babraham Bioinformatics). Trimming of the reads to
remove adaptors and low-quality bases was performed using
Trim-Galore with —rrbs option (Babraham Bioinformatics).
The alignment was performed using Bismark with bowtie2
and methylation extraction with the options -s —~compre-
hensive [63]. SeqMonk (Babraham Bioinformatics) and
the R-package Methylkit [64] were used for downstream
analysis.

DMPs were detected using the Methylkit [64]. We
overlapped DMPs with genomic features. Promoters were
defined — 1 kb to + 0.5 kb from mRNA TSSs (and dedu-
plicated if> 50% overlapped), CpG islands are from Illing-
worth et al. [65] and enhancers are from ChIA-PET data
[66]. Gene ontology analyses were performed using the
topGO R package, focusing on biological process terms.

All sequencing data are available under Gene Expression
Omnibus (GEO) accession number GSE123110.

Gene-specific methylation levels by standard
bisulfite sequencing

Genomic DNA was isolated using the AllPrep DNA/
RNA Minikit (Qiagen) following manufacturers’ instruc-
tions. Five hundred nanograms of DNA were subjected to
bisulfite treatment using the Epitect Bisulfite Kit (Qiagen).
A CpG island on intron 1 of Tcll gene (chromosome position
12:106,460,347-106,460,634, NCBI37 (mm9) mouse refer-
ence genome) was amplified using primers described in sup-
plementary table S2 and HostStar MasterMix (Qiagen) with
the following cycling conditions: 95 °C for 15 min followed
by 35 cycles of 95 °C for 1 min, 58 °C for 1 min and 72 °C
for 1 min, with a final extension of 72 °C for 20 min. PCR
products were then cloned using the TOPO TA Cloning kit
for sequencing (Invitrogen) and NZYalpha competent cells
(NZYtech). Ten clones for each sample were picked and
plasmid DNA amplified using M13 primers. PCR products
for each clone were sequenced using the BigDye Terminator
v3.1 cycle sequencing kit (Applied Biosystems) in an ABI
3500 Genetic Analyzer (Applied Biosystems). Only clones
with more than 95% non-CpG cytosines converted were con-
sidered for the analysis, using BiQ Analyzer Software [67].
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The dynamic nature of epigenetic DNA modifications is crucial for regulating gene expression in an experience-
dependent manner and, thus, a potential mediator of neuronal plasticity and behavior. The discovery of the
involvement of 5-hydroxymethylcytosine (5ShmC) and Ten Eleven Translocation (TET) family of enzymes in the
demethylation pathway uncovered a potential link between neuronal TET protein function and cognitive pro-
cesses. In this review, we provide an overview on how profile of 5ShmC and TET enzymes are powerful me-

chanisms to explain neuronal plasticity and long-term behaviors, such as cognition. More specifically, we discuss
how the current knowledge integrates the function of each TET enzyme in neurophysiology and brain function.

1. Introduction

Given the post-mitotic nature of mature differentiated neurons,
which are long-lived cells, there is a constant challenge to maintain
genomic stability within a context of high plasticity that permits
adaptation to diverse stimuli. Long-lasting changes in synaptic plasti-
city are dynamic processes which regulate higher functions, such as
learning and memory, that require a tight regulation of gene expres-
sion. Epigenetic marks, consisting of chemical modifications on the
DNA and histone tails, regulate the binding of transcription factors by
modulating their accessibility to genomic regulatory regions. At the
DNA level, site-specific modifications catalyzed by DNA methyl-
transferases (DNMTs) and TET enzymes subsequently affect the as-
sembly of proteins that recognize methylated/demethylated bases
(Pastor et al., 2013). Hence, epigenetic mechanisms and the neuronal
epigenome constitute a valuable tool for marking past, current and
future actions.

One of the most well studied epigenetic modifications is DNA me-
thylation, which occur at the 5-carbon position of cytosine (C) residues
and is located mainly at CpG dinucleotides. CpG sites are usually me-
thylated but when occurring in CG-dense regions, termed CpG islands
and associated with gene promoters, are largely resistant to DNA me-
thylation (Smith and Meissner, 2013); nevertheless, methylation at
these regions is usually associated with gene repression, acting to lock
in the silent state (Deaton and Bird, 2011). DNA Methylation is also

observed, albeit less frequently, in non-CpG contexts, known as CpH
dinucleotides (H = A/T/C), and the function of non-CpG methylation is
suggested to be repressive as well (Guo et al., 2014). Importantly,
neurons (and embryonic stem cells) have a high amount of non-CpG
methylation compared with other tissues, but the specific meaning of
this fact remains to be clarified (Shin et al., 2014). However, Guo and
colleagues showed that non-CpG methylation supports nearby CpG
methylation by the recruitment of methyl-binding proteins and con-
sequent suppressing of transcriptional activities in vivo (Guo et al.,
2014).

DNA methylation is distributed throughout the mammalian genome
and plays a crucial role in various biological functions, such as trans-
poson silencing, genomic imprinting and X-chromosome inactivation,
amongst others (Bird, 2002). Although DNA methylation is regarded as
a stable feature, 5-methylcytosine (5mC) can be converted to 5-hy-
droxymethylcytosine (5hmC) by the Ten-Eleven Translocation (TET)
family of enzymes, a process thought to be involved in the DNA de-
methylation process (Branco et al., 2011). Importantly, DNA methyla-
tion and hydroxymethylation have been implicated in neurophysiolo-
gical processes, but also in neuropathology (Day and Sweatt, 2011;
Sweatt, 2013). While 5mC levels are similar in the brain and other
organs, the ShmC modification is singularly enriched in the CNS, being
up to ten times more abundant in the CNS than in peripheral tissues
(Globisch et al., 2010; Kriaucionis and Heintz, 2009; Munzel et al.,
2010; Szwagierczak et al., 2010). Mature neurons seem to be the major
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contributors for ShmC brain levels, since ShmC levels are higher in
neuronal than in non-neuronal cell types (Cadena-del-Castillo et al.,
2014; Szulwach et al., 2011). Consistently, 5hmC levels in the brain
greatly increase after birth, a time when synaptogenesis and neuronal
maturation occurs, with no concomitant 5mC decrease (Song et al.,
2011; Szulwach et al., 2011). 5ShmC enrichment at promoters and gene
bodies is positively correlated with gene expression levels, being par-
ticularly relevant during the postnatal period in the brain (Hahn et al.,
2013; Song et al., 2011; Szulwach et al., 2011). Furthermore, 5ShmC was
shown to increase during development and with aging, in the mouse
cerebellum and hippocampus brain regions (Szulwach et al., 2011). In
parallel, several brain regions also show elevated levels of Tet tran-
seripts (Szwagierczak et al., 2010). Proper synaptic function requires
tight regulation of many genes involved in synaptic formation and
plasticity (Azpurua and Eaton, 2015). Manipulation of TET enzymes
have been shown to interfere with expression and methylation levels of
some of these genes, suggesting they can influence synaptic activity
through their catalytic demethylating action (Campbell and Wood,
2019). Thus, the abundance and dynamic profile of 5hmC and TET
enzymes have been suggested as a powerful mechanism to explain
neuronal plasticity and long-term behaviors.

2. TET enzymes in brain function

The TET family of enzymes consists of TET1, TET2 and TET3, all
dependent on a-ketoglutarate (a-KG, also called 2-oxoglutarate) and Fe
(I) and sharing the ability to convert 5SmC to 5ShmC (Ito et al., 2010;
Pastor et al., 2013). TETs also mediate the oxidation of 5ShmC to 5-
formylcytosine (5fC) and subsequently to 5-carboxylcytosine (5caC)
(Ito et al., 2011), adding another layer of complexity in the efforts to
uncover the specific function of these enzymes in the brain. 5fC and
ScaC bases are suggested to be intermediates in the DNA demethylation
process, since these bases can be subjected to deamination by the gly-
cosylase-dependent excision, mediated by thymine DNA glycosylase
(TDG) and consequent repair by base excision repair (BER), resulting in
unmodified cytosines (Branco et al., 2011). Also, 5mC and ShmC bases
can be converted to thymine and 5-hydroxymethyluracil (5hmuU) re-
spectively, by the action of activation-induced cytidine deaminase/
apolipoprotein B mRNA editing enzyme, catalytic polypeptide (AID/
APOBEC) cytosine deaminases. TET-induced oxidation is not limited to
5mC but thymine is also a substrate that gives 5ShmU at least in mouse
embryonic stem cells (Pfaffeneder et al., 2014). Thymine and 5hmU can
be further the substrate for DNA glycosylases, such as TDG, strand-se-
lective monofunctional uracil-DNA glycosylase 1 (SMUG), and methyl-
CpG- binding domain protein 4 (MBD4) and ultimately, repaired by
base excision repair (BER), resulting in unmodified cytosines (Fig. 1).
5hmU base has been reported to affect protein-binding to DNA and may
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also be an important intermediate in the generation of site-specific
mutations (Kawasaki et al., 2017). In the brain, the 5ShmC derivatives
5caC and 5fC have also been detected, although at much lower levels
than 5hmC (a ratio of “10,000:11:1 in human brain and “4700:12:1 in
mouse brain, for 5ShmC, 5fC and 5caC respectively, was reported) (Liu
et al., 2013), their relevance still being largely unknown. Structurally,
the three TET enzymes share a conserved C-terminal catalytic domain
that contains the metal-binding residues indispensable for the oxidation
reaction and a less conserved N-terminal region (Kohli and Zhang,
2013). TET1 and TET3 also contain a N-terminal zinc finger cysteine-X-
X-cysteine (CXXC) domain, that binds to methylated and unmethylated
CpGs (Xu et al,, 2011, 2012; Zhang et al., 2010), and recruits chro-
matin-modifying activities to CGI elements (Long et al., 2013). Con-
trarily, TET2 does not possess a CXXC domain but partners with IDAX,
an independent CXXC-containing protein (Ko et al., 2013). In fact,
human TET enzymes only share 18-24% sequence identity, raising the
possibility of a non-redundant role between the three TETs (UniProt
Consortium, 2015; Fasolino et al., 2017). Although all TET enzymes
present highly conserved catalytic and Cys-rich domains, the CXXC
region exhibits differences between proteins. This might suggest spe-
cific roles for each TET enzyme according to the DNA sequence context
and genomic regions. Biochemical analyses showed that the CXXC do-
main of TET1 binds unmodified C or 5SmC- or 5ShmC-modified CpG-rich
DNA, suggesting that TET1 also prevents DNA methyltransferase ac-
tivity at CpG-rich regions (Xu et al., 2011). On the other hand, TET3
CXXC domain binds to both non-CpG and CpG DNA oligos; additionally,
the TET3 CXXC domain strongly binds to CmCGG (Xu et al., 2012).
Indeed, TET1 primarily regulates ShmC levels at gene promoters and
transcription start sites (TSSs), whereas TET2 mainly regulates ShmC
levels in gene bodies. Interestingly, the TSS localization of TET1 is
thought to promote transcriptional activation, supported by its genomic
localization primarily at regions with high levels of histones modifica-
tions associated with permissive chromatin (Williams et al., 2011; Wu
etal., 2011). TET3 ChIP-seq data in NPCs shows that TET3-binding sites
also cluster close to TSSs, suggesting that TET1 and TET3 may have
similar functions, despite their distinct temporal expression patterns (Li
et al., 2016). Therefore, besides their functionally redundant roles in
the generation of 5hmC, TET-family members also display distinct
roles, in part because they are expressed in different cellular locations
or at different developmental stages and regulated 5hmC levels at dif-
ferent genomic locations (Li et al., 2016).

All Tet transcripts are present in the brain, with Tet3 being the most
abundant, at least in the cerebellum, cortex, and hippocampus, fol-
lowed by Tet2 and Tetl (Szwagierczak et al., 2010). All TETs exhibit
strong co-localization with the neuronal marker NeuN (Kaas et al.,
2013; Li et al., 2014; Mi et al., 2015), suggesting that its abundance is
mainly attributed to neuronal cells, which is in line with 5hmC

ylcytosine;  5hmU, 5-hydroxymethyluracil; T, Thymine;
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DNMT, DNA methyltransferase; TET, Ten-eleven translocation
enzyme; TDG, thymine DNA glycosylase; BER, base excision
repair; AID/APOBEC, activation-induced cytidine deaminase/
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
like; SMUGI1, strand-selective monofunctional uracil-DNA
glycosylase 1; MBD4, methyl-CpG- binding domain protein 4.
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Table 1

Phenotypes of full or conditional knockout (cKO) and knockdown (KD) mouse models of TET enzymes in neuronal plasticity and behavior.

References

Molecular alterations

Phenotype

Region/Cell type

Type of deletion

Enzyme

Decreased expression of Arc, Npas4, c-Fos; hypermethylation of Npas4 in the

hippocampus and cortex

Impairment in memory extinction; enhanced long-term

depression (LTD)

Constitutive

KO (in vivo)

TET1

(Rudenko et al.,

2013)

(Zhang et al.,

Decreased expression and hypermethylation of Gal, Cspg4 and Ngb in TET1 KO

NPCs.

Impairment in spatial learning and short- term memory

Constitutive

KO (in vivo)

g
3
g

Decreased expression of Arc, Egrl, Npas4 and c-Fos; increased expression of Crebl,

Bdnf, Calcineurin, Cdk5, Nr4a2 in the hippocampus CAl region.

No analyzes were performed
No analyzes were performed
No analyzes were performed
No analyzes were performed

Enhancement in memory consolidation and long-term storage

Constitutive

KO (in vivo)

etal., 2015)

of spatial memory for object location

Increased mEPSC amplitudes

Hipp

Dorsal
Neurons

KD (in vivo)

Impairment of short and long-term learning and memory

Increased mEPSC amplitudes

cKO (in vivo) Adult neural progenitor cells
Neurons

KD (in vitro)
KD (in vitro)

TET2

=38
e

Inhibition of the increase of expression and 5ShmC gain of Gephyrin locus in the

ILPFC after extinction training

Impairment in fear extinction memory

ILPF cortex

KD (in vivo)

TET3

) of Bdnf 1V, IX and Wfdc2 (Wang e

in

ion (and d

slight hyp

d mEPSC frequency in CA1 and cortex layer 2/3

neurons and reduced mIPSC frequency and amplitudes

Increased mEPSC amplitudes

(Tet3.

Ce

KO (in vivo; CRISPR-

(Yu et al., 2015)

d expression and hypermethylation of

of Glurl and ds

Neurons

KD (in vitro)

Bdnf IV
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enrichment in these cells (Szulwach et al., 2011); nevertheless, it re-
mains unclear what are the levels of expression in other non-neuronal
cells of the CNS. To date, only one report shows TET1 expression in the
soma of glial fibrillary acidic protein (GFAP) positive cells, hence
identified as astrocytes, in the adult mouse hippocampus (Kaas et al.,
2013). Regarding oligodendrocytes, expression of all TET enzymes was
detected in the corpus callosum, from embryonic development until
P30 (Zhao et al., 2014). The expression from that moment until the
adult stage remains to be investigated, as well as its expression in other
brain regions.

Since 2011, many studies have shown the importance of TET en-
zymes in neuronal function, which are summarized in Table 1 and
described in detail for each TET enzyme, in the following sections,
organized by neurophysiological and behavioral findings.

2.1. TET1

TET1, the first enzyme described as being capable of catalyzing the
conversion of 5mC into ShmC (Tahiliani et al., 2009), is the best-stu-
died TET family member in the brain.

Regarding neurophysiology, there are two main studies reporting
how TET1 is regulated in basal physiology. Kaas and collaborators
observed that Tetl transcript levels are downregulated by neuronal
activity either in vitro, when primary hippocampal neurons were in-
cubated with KCI, resulting in cellular depolarization, or in vivo, in the
dorsal CA1 subregion, after flurothyl-induced seizures or after fear
conditioning (Kaas et al., 2013). All these approaches resulted in a
significant reduction in Tetl mRNA levels compared to controls, while
the transcripts of Tet2 and Tet3 did not consistently respond to stimu-
lation using any of these activity-inducing paradigms. On the other
hand, Yu and collaborators did not observe changes in Tetl (and Tet2)
transcript levels when hippocampal neurons in culture were treated
with bicuculline, a GABA, receptor antagonist commonly used to in-
duce a robust increase in neuronal firing and synaptic activity, or with
Tetrodotoxin (TTX), which decreases global synaptic activity (Yu et al.,
2015). Additionally, TET1 KO mice exhibited normal basal synaptic
transmission and presynaptic excitability in hippocampal slices (Kumar
et al., 2015; Rudenko et al., 2013).

In terms of synaptic plasticity in the Schaffer collateral-CAl
pathway, it was observed that long-term depression (LTD) was sig-
nificantly increased in the TET1 KO mouse (Rudenko et al., 2013),
whereas hippocampal long-term potentiation (LTP) remained normal
(Kumar et al., 2015; Rudenko et al., 2013). Considering that LTD is
regulated by AMPA receptor trafficking and Arc modulates the traf-
ficking of AMPA-type glutamate receptors (AMPARs) (Clem and
Huganir, 2010; Liu and Cull-Candy, 2000), the observed down-
regulation of Arc (Rudenko et al., 2013) may affect proper function of
various components of LTD machinery. Additionally, previous studies
demonstrated a connection between LTD and memory extinction
(Dalton et al., 2008; Kim et al., 2011; Ryu et al., 2008; Tsetsenis et al.,
2011). Additionally, overexpression of either the catalytic active or
inactive forms of TET1 peptide did not lead to any significant effects in
LTP either (Kumar et al., 2015). In terms of basal electrophysiology
findings, in vitro work showed that Tetl knockdown (KD) in primary
hippocampal neurons leads to increased miniature excitatory post-
synaptic current (mEPSC) amplitudes (Yu et al., 2015).

The TET1 KO mouse model was used to unravel a potential con-
nection between TET1 protein function and behavior/cognitive pro-
cesses. In terms of learning and memory, there are conflicting results
(Rudenko et al., 2013; Zhang et al., 2013). Zhang and colleagues ad-
dressed the putative involvement of TET1 in neural plasticity using
hippocampal-dependent cognitive tasks, such as spatial memory
(Broadbent et al., 2004). Both WT and TET1 KO mutants exhibited si-
milar escape latency and swim path to the visible platform, suggesting
comparable vision and motivation between the two groups. However,
when short term memory retention was tested (24 h after the 5-day
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training), the mutant group showed significant deficiency in reaching
the virtual platform, measured by both the platform crossing and the
time spent in the target quadrant, indicating that Tetl deficiency can
lead to impairment in spatial learning and short-term memory. The
brain structure was analyzed but no obvious morphological or devel-
opmental brain abnormalities were observed (Zhang et al., 2013), si-
milarly to what was observed by other authors (Rudenko et al., 2013).
Considering adult neurogenesis implication in spatial learning and
memory, a potential link between memory impairment and the lack of
TET1 was further explored. Using Nestin-GFP transgenic mice, the au-
thors observed that, when TET1 was ablated in neural precursor cells,
the number of GFP-positive cells in the subgranular zone of the hip-
pocampal dentate gyrus (DG) in adult mice was dramatically reduced,
by 45%, compared to WT animals (Zhang et al., 2013). Analysis of gene
expression and methylation changes in TET1 KO mice revealed de-
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motivational factors than fear conditioning and occurs over many more
training trials of longer duration (Kumar et al., 2015). These differences
might account for differential susceptibilities to effects of TET1
knockout in the water maze versus fear conditioning behavioral tests.
Using a virally mediated knockdown of Tetl mRNA in the dorsal
hippocampus, they also observed an enhancement in hippocampus-
dependent long-term spatial memory for object location (Kumar et al.,
2015). Zhang and colleagues reported that TET1 KO impairs hippo-
campal-dependent spatial short-term memory, using the MWM test
(Zhang et al., 2013). Hence, distinct roles for TET1 in different memory
types can explain these differences. At the molecular level, Kumar and
colleagues also found that TET1 ablation resulted in altered expression
of numerous neuronal activity-regulated genes, such as increased ex-
pression of Bdnf and decreased levels of Arc, Fos and Npas4, as pre-
viously observed by others (Rudenko et al., 2013). Interestingly, a

creased expression of a cohort of genes involved in neurog in-
cluding Galanin (Gal), Ng2 (Cspg4) and Neuroglobin (Ngb). Methylation
analysis using gene-specific bisulfite sequencing showed that the pro-
moter regions of these genes were hypermethylated, suggesting that
TET1 positively regulates adult neurogenesis through the oxidation of
5mC to 5hmC in these genes (Zhang et al., 2013).

In contrast to the results by Zhang and collaborators, Rudenko and
colleagues reported normal short-term memory and spatial learning,
but impaired memory extinction of both contextual fear memory and
spatial reference memory (Rudenko et al., 2013). The authors observed
normal locomotor behavior and no changes in anxiety and depressive-
like behaviors, as well as no difference was also observed in contextual
learning and cued fear memory acquisition. However, regarding
memory extinction, the authors reported impaired memory extinction
in TET1 KO mice, both after contextual fear conditioning and for hip-
pocampus-dependent spatial reference memory, using the Morris water
maze (MWM) test. Several neuronal activity-regulated genes were
found to be downregulated, namely Arc, Npas4 and c-Fos, in the cortex
and hippocampus. Hypermethylation of the Npas4 promoter region was
observed in the cortex and in the hippocampus of both naive TET1 KO
mice and after extinction training. Npas4 is a transcription factor highly
expressed in the brain which regulates the formation and maintenance
of inhibitory synapses in response to excitatory synaptic activity; it was
shown to be a key regulator of transcriptional programs involving
neural activity-regulated genes and essential for contextual memory
formation and regulation of cognitive and social functions (Coutellier
et al., 2012; Ramamoorthi et al., 2011).

These results might indicate independent epigenetic programs being
activated during memory acquisition versus memory extinction.
Nonetheless, the discrepancy between TET1 role in spatial learning and
memory could also be explained by the differences in the TET1 KO
mouse models, with distinct exons being targeted (exon 4 in the study
by Rudenko et al., resulting in an unstable truncated form; and exons
11-13 in the study by Zhang et al., which are part of the catalytic do-
main). Moreover, no other learning and memory tasks were used be-
yond MWM in the study by Zhang and colleagues, whereas Rudenko
and colleagues used Pavlovian fear conditioning showing that TET1
mutant mice have normal memory acquisition.

Additionally, a curious finding was the observation of memory en-
hancement in TET1 KO animals, namely threat recognition learning,
long-term memory and remote memory consolidation (Kumar et al.,
2015). Consistent with a previous study (Rudenko et al., 2013), this
group found normal threat memory acquisition and short-term fear
memory in TET1 KO mice. However, an enhancement in memory
consolidation and long-term storage was observed in TET1 KO, using
contextual and cued fear conditioning tests. These are apparent op-
posing results when compared with Zhang and colleagues work, which
showed an impairment in spatial learning (Zhang et al., 2013). Kumar
and colleagues suggested that these might be attributed to the behavior
test used since MWM and fear conditioning are both hippocampal-de-
pendent tasks, but MWM may involve stronger and more aversive

comp ory upregulation of Tet2 and Tet3 was reported, together
with increased transcript levels of other genes involved in the active
DNA demethylation pathway, such as Gadd45b, Smug, Apobec1 and Tdg.
Intriguingly, a strong upregulation was also observed for DNA me-
thyltransferases Dnmt1, Dnnmt3a and Dnmt3b, suggesting coordination
of the epigenetic regulators transcriptional network in the CNS (Kumar
et al., 2015).

In addition to loss-of-function studies, the discovery that TET1 ex-
pression is downregulated in the dorsal CA1 of mice after fear learning
motivated gain-of-function studies: TET1 overexpression (OE) in the
dorsal hippocampus did not affect exploratory or anxiety-like behavior
but impaired long-term, but not short-term, memory in the contextual
fear conditioning (CFC) test (Kaas et al., 2013). This deficit in long-term
memory formation was observed for both catalytically active and in-
active forms of TET1, suggesting that TET1’s role in memory formation
is independent of its catalytic activity but may rely on an allosteric
mechanism and contribute to explain non-redundancy between TET
enzymes. Importantly, the authors found the same set of genes (Fos,
Nr4a2, Bdnf, Homerl) upregulated by overexpression of TET1 and
TET1m, suggesting that TET1 regulates the expression of these genes, at
least in part independently of 5mC to 5ShmC conversion, and that these
genes might be responsible for the observed memory dysfunction. An-
other gain-of-function study has shown that overexpression of either
the catalytically active or the catalytically inactive TET1 peptide did
not lead to any significant effect on LTP compared with control, and
basal synaptic tr: ion also r ined constant (Kumar et al,
2015).

Additionally, TET1 overexpression, but not TET1m, led to an in-
crease in ShmC levels in the microdissected CA1 area, concomitant with
a decrease in global 5mC levels, suggesting an increase in global 5mC to
ShmC conversion (Kaas et al., 2013). Furthermore, TET1 OE resulted in
upregulation of many neuronal activity-related genes such as c-Fos,
Bdnf, Arc, Egrl (Kaas et al, 2013), whereas TET1 KO resulted in
downregulation of some of these genes (Rudenko et al., 2013). There-
fore, considering the downregulation of Immediate Early Genes (IEGs)
in TET1 KO mice and their upregulation in TET1 OE in hippocampal
regions, these studies suggest that Tetl bidirectionally regulates IEGs
levels. Similarly, Guo and collaborators performed overexpression of
TET1, and TET1m, in the adult mouse dentate gyrus and observed that
OE of TET1, but not TET1m, led to an increase in the levels of ShmC by
43% (Guo et al,, 2011). Concerning methylation levels at specific
neuronal-genes, namely Bdnf and Fgfl, the authors reported that
overexpression of TET1, but not TET1m, led to significant decreases in
CpG methylation levels at promoter IX of Bdnf and brain-specific pro-
moter of Fgf1. On the other hand, Tetl knockdown in the adult dentate
gyrus completely abolished electroconvulsive stimulation (ECS)-in-
duced demethylation of both BdnfIX and FgflB, suggesting that Tet1 is
required for neuronal activity-induced, region-specific, active DNA
demethylation and gene expression in the adult brain (Guo et al., 2011).

Together, these findings support that TET1 contributes to basal
neuronal 5hmC levels, and this interferes with the regulation of
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important neuronal regulatory genes. However, the behavioral effects
of TET1 should still motivate further investigation, considering the
discrepant results in short-term memory and spatial learning.

2.2. TET2

TET2 is the least characterized TET enzyme member in the brain,
despite its high level of expression (Szwagierczak et al., 2010). Whilst
brain defects have not been described in TET2 KO mouse model (Ko
etal, 2011; Li et al., 2011), a behavioral characterization was missing.

Regarding neurophysiology, in vitro studies using hippocampal
neurons did not show changes in Tet2 mRNA levels after global synaptic
activity increase or decrease, induced by bicuculline or tetrodotoxin,
respectively. However, association of this enzyme with basal synaptic
transmission has been observed since hippocampal neurons with de-
creased Tet2 expression exhibited increased mEPSC, similarly to what
was observed in Tetl KD (Yu et al., 2015).

Additionally, a role for TET2 in neurogenesis was firstly proposed
by Hahn and collaborators, as the double knockdown of Tet2 and Tet3
in the mouse embryonic cortex led to defects in the differentiation of
the cells migrating from the subventricular zone to the cortical plate
(Hahn et al., 2013). More recently, another work using a TET2 KO
mouse model showed that depletion of TET2 leads to increased adult
neural stem cell proliferation, but reduced differentiation capacity in
vitro and in vivo (Li et al., 2017). Mechanistically, the authors show that
Tet2 physically interacts with forkhead box O3 (Foxoa3) and regulates
expression of genes related to neural stem cell proliferation. Foxoa3 is a
mammalian forkhead family member, well known to regulate gene
expression and help preserve an intact pool of neural stem cells, at least
in part by negatively regulating neuronal differentiation (Rafalski and
Brunet, 2011). To overcome the limitations of a constitutive full
knockout model, a more recent work used a conditional model ablating
Tet2 in adult Neural Precursor Cells (NPCs) and demonstrated that the
specific deletion of this enzyme in adult NPCs is sufficient to impair the
neurogenic process, translated by a significant decrease in the number
of Doublecortin (Dcx)-positive newly-born neurons, Bromodeoxyuridne
(BrdU)-positive cells and BrdU/NeuN-positive mature differentiated
neurons (Gontier et al., 2018). The authors also observed that decreased
levels of Tet2 expression, achieved by shRNA injection in the hippo-
campal neurogenic niche, resulted in a significant decrease in the
number of NPCs and newly-born neurons, as observed by conditional
deletion in NPCs.

Additionally, for the first time, a behavioral evaluation was per-
formed, showing that reducing Tet2 levels in the hippocampus impairs
cognitive function, namely hippocampal-dependent learning and
memory which were assessed using radial arm water maze (RAWM)
and contextual fear-conditioning (CFC) paradigms (Gontier et al.,
2018). Both the animals presenting a global abrogation of TET2 in the
Dentate Gyrus (known as the adult hippocampal neurogenic niche) and
mice carrying a conditional deletion of TET2 in adult NPCs showed
worse performance in finding the platform location during both short-
term and long-term learning and memory probes. When measuring the
freezing time after fear conditioning training, both TET2 ablation
models showed decreased freezing time during contextual, but not
cued, memory testing. Thus, TET2 decreased levels in the adult neu-
rogenic niche or specifically in adult NPCs resulted in impaired long-
term hippocampal-dependent spatial learning and memory and asso-
ciative fear memory acquisition. Interestingly, the authors also ob-
served that restoration of TET2 levels in the aged brain was sufficient to
rescue age-related regenerative decline as observed by the increased
number of NPCs and newly-born neurons, the similar learning capacity
in RAWM performance and an increased freezing time during con-
textual memory test when comparing animals under this rescue with
the control group (Gontier et al., 2018). These findings suggest an
important role for TET2 in the regulation of neurogenesis and cognitive
functions, and a key molecular mediator of neurogenic rejuvenation.
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2.3. TET3

The most highly expressed TET enzyme member in the brain, TET3,
was also described as an essential enzyme in neuronal differentiation,
including maintenance of NPCs in vitro (Li et al., 2015) and in vivo
during early neocortical development (Lv et al., 2014).

Regarding neurophysiology, TET3 was described as a synaptic
activity sensor, since TET3 levels are sensible to neuronal activity, and
this enzyme reacts to it, mediating homeostatic synaptic transmission
(Yu et al., 2015). Synaptic activity bi-directionally regulates neuronal
Tet3 expression, and consequently Tet3 controls glutamatergic synaptic
transmission through regulation of target genes, namely glutamate re-
ceptor 1 (GIuR1) levels (Yu et al., 2015). Neurons with Tet3 knockdown
exhibited substantially larger miniature glutamatergic excitatory post-
synaptic current (mEPSC) amplitudes whereas Tet3 overexpression de-
creased this parameter. It should be noted that although both Tet1 and
Tet2 knockdowns also increase mEPSC amplitudes, the effects are less
pronounced. Furthermore, when DNA demethylation was inhibited
through the blocking of the two major components of the BER pathway,
the poly (ADP-ribose) polymerase or the apurinic/apyrimidinic en-
donuclease, the mEPSC amplitudes were also increased, resembling the
Tet3 KD (Yu et al., 2015). These results suggest that excitatory synaptic
transmission in neurons is regulated through DNA oxidation via TET
and, subsequently, BER.

Additionally, it was shown that Tet3 is required for homeostatic
synaptic plasticity. Both Tet3 KD and BER inhibition elevated mEPSC
amplitudes linearly across the spectrum under basal conditions, which
was comparable to the scaling-up effect induced by TTX treatment in
normal neurons. Thus, downregulation of Tet3 signaling appears to be
sufficient to induce scaling-up. On the other hand, neurons over-
expressing Tet3 exhibited reduced mEPSC amplitudes linearly across
the spectrum, resembling bicuculline-induced scaling-down in normal
neurons. Hence, the authors suggested that global synaptic activity
modulates Tet3 expression and DNA demethylation activity, which in
turn mediate homeostatic synaptic scaling-up or scaling-down (Yu
et al., 2015).

A key cellular mechanism regulating both basal glutamatergic sy-
naptic transmission and homeostatic scaling is the control of surface
levels of glutamate receptors. Yu and colleagues have shown that Tet3
regulates basal excitatory synaptic transmission via regulating surface
GlR1 levels (Yu et al., 2015). Also, Tet3 knockdown was sufficient to
elevate surface GluR1 levels and prevented further changes induced by
TTX or bicuculline treatments. Regulation of Arc levels appears to ex-
plain changes in surface GIuR1 levels following Tet3 KD. Together, these
results suggest that Tet3 and active DNA demethylation signaling re-
spond to changes in global synaptic activity to re-establish a responsive
cellular state. Moreover, transcriptome analysis of Tet3-KD neurons
revealed differential expression of genes involved in the synapse and
synaptic transmission, suggesting an essential role for Tet3 in regulating
gene expression in response to changes in global synaptic activity. Bdnf,
already described as undergoing active demethylation in depolarized
neurons (Ma et al., 2009) and implicated in synaptic transmission and
synaptic scaling (Rutherford et al., 1998), was hypermethylated at the
promoter IV region in Tet3 KD neurons, with a consequent decrease in
its expression. Interestingly, whereas TetI-deficient neurons exhibited
hypermethylation at Arc and Npas4 promoters (Rudenko et al., 2013),
Tet3-KD neurons did not. No changes in methylation were observed at
the Arc or Npas4 promoter regions, suggesting that activity-induced
expression of immediate early genes Arc and Npas4 is mediated by the
oxidative function of TET1, but not of TET3. A physical interaction
between TET3 and Bdnf IV promoter region was described by the au-
thors in neurons, using chromatin immunoprecipitation (ChIP)-PCR
analysis (Yu et al., 2015).

A more recent paper used CRISPR-Cas9 technology, termed 2-cell
embryo-CRISPR-Cas9 injection (2CC), to induce in vivo Tet3 loss-of-
function and recorded AMPAR-mediated miniature excitatory post-
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synaptic currents (mEPSCs) from layer 2/3 pyramidal neurons of the
primary somatosensory cortex of P14 chimeric mice and from hippo-
campal CA1 neurons (Wang et al., 2017). The authors observed that
Tet3-mutant neurons had a significantly higher mEPSC frequency and a
similar mEPSC amplitude in layer 2/3 neurons whereas in the hippo-
campus both the frequency and amplitudes were significantly in-
creased, suggesting an important role of endogenous Tet3 in negatively
regulating excitatory synaptic transmission in young mice. These find-
ings corroborated Yu and colleagues in vitro studies reporting the role of
TET3 in the downregulation of excitatory synaptic transmission. Bi-
sulfite sequencing analyses revealed slightly increased CpG methylation
at the Bdnf IV, IX and Wfdc2 promoter regions, consistent with Yu and
colleagues, but not on the Npas4 promoter-exon 1 junction or the Fgf1G
and Ndstl promoter regions. Additionally, loss of TET3 function sig-
nificantly reduced both the frequency and amplitude of GABAsR-
mediated inhibitory synaptic transmission, as measured by miniature
inhibitory post-synaptic currents (mIPSCs) in the cortical layers 2/3
pyramidal neurons and hippocampal CA1 region, suggesting a pro-
moting role of endogenous Tet3 in regulating inhibitory synaptic
transmission as well (Wang et al., 2017).

In vivo behavioral studies correlated Tet3 mRNA expression levels
in the hippocampus with neuronal activity after Contextual Fear
Conditioning (CFC) behavioral test. The authors observed that Tet3
mRNA transcripts, but not TetI and Tet2, were upregulated after 30 min
and 3 h, but returned to baseline after 24 h (Kremer et al., 2018). Im-
portantly, Tet3 expression was not modified by cold swim stress sug-
gesting that the changes were specific to memory formation in CFC and
were not related to the stress response elicited by fear conditioning.
When the NMDA (N-methyl-D-aspartate) receptors were activated in
primary hippocampal neurons, Tet3 mRNA levels were upregulated,
suggesting that NMDA receptor signaling increases Tet3 transcription.
Expression levels of mir-29b were also altered, being downregulated,
after NMDA receptors stimulation indicating another target of this
glutamate receptor. Transcriptional analysis in hippocampus 30 min
after training showed that synaptic plasticity and genes related with
memory, such as Notchl, Crebl, Crebbp and Gadd45b are sensitive to
TET3 upregulation (Kremer et al., 2018).

Li and collaborators described upregulation of Tet3 transcript levels,
but not Tetl as reported by others (Guo et al., 2011; Zhang et al., 2013),
in primary cortical neurons after 7 h and 10 h of KCl-induced depolar-
ization (Li et al., 2014). Consistently, Tet3 was also upregulated in the
infralimbic prefrontal cortex (ILPFC) after fear extinction training.
Moreover, Tet3 knockdown in the ILPFC resulted in normal fear
memory acquisition but impairment in fear extinction memory (Li
et al., 2014). Genome-wide analyses revealed that 16% of genes with
ShmC gain after fear extinction training were associated with synaptic
signaling. One example was Gephyrin gene, which anchors GABA re-
ceptors to the postsynaptic membrane and is directly involved in fear
extinction, showing a gain of 5hmC accompanied by a 5mC decrease
within an intron, 24 h post-extinction training. An increase in Gephyrin
mRNA transcripts was also observed transiently 2h after extinction
training, together with an increase in TET3 occupancy surrounding the
Gephyrin gene, suggesting that DNA methylation can be dynamically
regulated after learning. The effect of extinction learning on TET3 oc-
cupancy at the Gephyrin locus, as well as the dynamic changes in the
accumulation of ShmC and 5mC, Gephyrin mRNA and associated effects
on the chromatin landscape were completely blocked in the presence of
Tet3 shRNA (Li et al., 2014). Together, these results suggest that Tet3
activity within the ILPFC is necessary for the learning-dependent ac-
cumulation of 5hmC and related chromatin modifications, which un-
derpins rapid behavioral adaptation.

Overall, these studies suggest that TET3 has an important role in
fear extinction memory, probably through modulation of synaptic
genes. However, it is still unclear if TET3 influences other cognitive
behaviors, such as memory and learning, and what are the mechanisms
underlying the neuronal activity, mediated by this enzyme.

Neuroscience and Biobehavioral Reviews 102 (2019) 337-344

3. Conclusions and future directions

Since all three TET enzymes are present in the mammalian brain
and share the capacity of oxidizing 5mC into ShmC, a putative inter-
mediate in the DNA demethylation process, their functions could be
assumed to be mostly redundant. However, recent publications de-
scribing different effects of each TET knockout or knockdown in the
brain physiology and development, have stirred the debate. As we have
comprehended from the above-mentioned works, loss or gain-of-func-
tion of each of these individual isoenzymes produced singular findings,
suggesting non-redundant functions for TET enzymes in the brain.
Indeed, TET1 was implicated in a wide range of specific behaviors, such
as spatial and fear learning, short-term and object location memories.
TET2 was shown as an unequivocal player in controlling short and long-
term spatial learning, as well as memory processes. TET3 enzyme was
identified as a key enzyme to regulate fear extinction memory.
Altogether, these studies have demonstrated that TET deficiencies
produce significant changes in neuronal function. This is probably due
to the critical role of TET enzymes in regulation of the epigenetic state
of key regulatory regions, such as promoters, of neuronal activity-as-
sociated genes and its consequence on the transcription levels and gene
functions.

Further studies using double and triple TET KO models could help
increase our knowledge on the relative contribution and potential co-
operation of the different TET enzymes. Also, considering the dynamic
nature of DNA modifications in the nervous system, a temporal per-
spective on TET mediated activity throughout life is mandatory.
Importantly, so far many of the studies were performed using full TET
KO. Therefore, some phenotypes may result from the developmental
roles of TET enzymes rather than dysregulation of the function of ma-
ture neurons. In the future, the conditional ablation of TET proteins in
specific cell types and considering the development stage is needed.

Despite recent advances, a full understanding of how epigenetic
modifications regulate neuronal physiology, plasticity and cognitive
functions is still a matter of debate and require further investigation.
Particularly, it would be of utmost importance to generate conditional
knockouts for each TET enzyme in specific areas of the brain or types of
neurons, for example. Additionally, it would be interesting to knockout
or knockdown TET enzymes in the brain of specific models of diseases
affecting the CNS, in order to investigate the possible contribution of
these epigenetic players in disease onset, progression or even possible
therapeutics. One very important technical breakthrough is the possi-
bility of performing epigenetic editing of the genome, using CRISPR/
Cas system. This would be a promising tool to manipulate neurons in
vitro or brain cells in vivo, trying to modulate brain cognitive processes
related to depression, anxiety, amongst others, possibly leading to the
production of new chemical compounds that could target epigenetic
pathways, looking for novel treatments for brain dysfunction.
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Assunto: | PROTEGAO DOS ANIMAIS UTILIZADOS PARA FINS EXPERIMENTAIS E/OU
OUTROS FINS CIENTIFICOS - PEDIDO DE AUTORIZAGAO PARA
REALIZAGAO DE PROJECTO DE EXPERIMENTAGAO ANIMAL

Na sequéncia do pedido efetuado por V. Ex? no sentido de poder ser autorizada a realizagéo do projeto
experimental designado “Mecanismos epigenéticos na cognigdo e comportamento”, tendo como
investigadoras responséveis as Doutoras Luisa Pinto e Cristina Joana Moreira Marques, cabe-me
informar que o mesmo foi avaliado de acordo com o Artigo 44° do Decreto-Lei n° 113/2013, de 7 de
Agosto, relativo a “protegéo dos animais utilizados para fins cientificos”.

Mais se informa V. Ex® que o projeto em aprego recebeu uma avaliagéo favoravel e foi autorizado de
acordo com o n° 1, do Artigo 42° do mesmo diploma legislativo.

Para além disso, e dado existir uma classificagao prospetiva de que os procedimentos a realizar aos
animais se expressem em severidade incluida na categoria Ligeiro, € primordial fazer-se, no decorrer do
projeto, uma adequada monitorizagéo dos sinais de dor, sofrimento ou angustia dos animais envolvidos,
por forma a poder fazer-se uma atualizagéo sobre o nivel de dor efetiva a que os mesmos possam ficar
sujeitos, nomeadamente, se os animais poderdo vir a demonstrar sofrimento enquadravel nas categorias
Moderado ou Severo, o que, neste Ultimo caso, a acontecer, implicara a sujeicdo do projeto a uma
avaliagao retrospetiva de acordo com o artigo n® 45° do diploma legislativo atras mencionado.

Finalmente, resta-me especificar, de acordo com o discriminado no n° 2, do Artigo 46°, do atras referido
Decreto-Lei, 0 seguinte:
o O utilizador que realiza o projeto: Senhor Diretor do Instituto de Investigagéo em Ciéncias da
Vida e Saude, da Escola de Ciéncias da Saude, da Universidade do Minho;
* A pessoa responsavel pela execucdo global do projeto e pela sua conformidade com a
autorizagao do mesmo: Doutoras Luisa Pinto e Cristina Joana Moreira Marques;
¢ 0 estabelecimento onde o projeto vai ser realizado: Estabelecimento de utilizag&o de animais
(pequenos roedores), do IICVS, da Escola de Medicina, da Universidade do Minho;
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