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II Abstract







The transcriptional function of the cyclic adenosine monophosphate (cAMP)-response element
binding protein (CREB) is modulated by the family of CREB regulated transcription coactivators
(CRTCs). CRTC isoforms (CRTC1, CRTC2 and CRTC3) are present in the brain, but their
specific expression, regulation and function in the distinct cell types of the brain remain largely
unclear. In this doctoral thesis, I have investigated the expression pattern, regulatory mechanisms
and transcriptional function of the CRTC1 and CRTC2 isoforms in neurons and astrocytes of the
mouse cerebral cortex. Using novel Crtc2-LacZ reporter mice, | show that CRTC?2 is expressed
in the adult mouse brain in both neurons and glial cells, including microglia and astrocytes.
CRTCI1 is abundant in neurons, whereas CRTC2 is highly expressed in cultured astrocytes.
Pharmacological analyses reveal differential regulation of CRTC1 and CRTC2 in cultured
neurons and astrocytes. In neurons, synaptic activity induces CRTC1 dephosphorylation and
activation through protein phosphatase (PP) 2B/calcineurin while CRTC2 dephosphorylation is
mediated by PP1. In astrocytes, CRTC1 dephosphorylation is regulated by PP2B/calcineurin,
whereas CRTC2 dephosphorylation is independent of PP2B/calcineurin, PP1 and PP2A activities.
In agreement, CRTC1 is dephosphorylated upon neuronal activity and translocated to the nucleus
where interacts with CREB to enhance gene transcription. CRTC2 is also translocated to the
nucleus after neuronal stimulation without affecting CREB-mediated transcription in cortical
neurons. In fact, neuronal CRTC2 deletion does not result in global phenotypic alterations in
neuron-specific Crtc2 conditional knockout (cKO) mice. By contrast, CRTC2 is translocated to
nucleus and recruited to specific CREB target gene promoters to mediate activity-induced
transcription in astrocytes. These results indicate differential expression, regulatory mechanisms

and transcriptional roles of CRTC isoforms in neurons and astrocytes of the cerebral cortex.
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1 The transcription factor CREB

cAMP-response element (CRE) binding protein (CREB) is a transcription factor that mediates
cellular responses induced by a wide range of extracellular and intracellular stimuli by enhancing
transcription of targeted genes containing CRE sites in their promoter regions. CREB is
ubiquitously expressed in most human tissues, where it plays multiple physiological and
pathological functions. Among these, CREB regulates neuronal survival, synaptic plasticity and

memory, circadian thythm or glucose homeostasis in the brain (Lonze & Ginty, 2002).

1.1 CREB structure and regulation

CREB belongs to the basic leucine zipper (bZIP) domain large family of transcription factors that
also includes the cAMP-response element modulator (CREM) and activating transcription factor
1 (ATF1). CREB structure contains an amino-terminal transactivation domain (TAD), that
comprises a central kinase-inducible domain (KID) and two glutamine-rich constitutive activation
(Q1 and Q2) domains, and a carboxy-terminal bZIP binding domain (Figure 1). The bZIP domain
mediates the binding to DNA through CRE sequences, CREB dimerization and the binding to
CREB-regulated transcription coactivators (CRTCs), whereas the TAD region regulates the
interaction of different components essential for recruiting the transcriptional machinery

(Johannessen et al., 2004; Schumacher et al., 2000).

o f [anhibitory phosphate QActivating phosphate
1Ser109, Ser111, Ser114,! ___i___ iSer142,} TAF4 CRTC
|Ser117,Ser12l Ser133 ! {Ser143 | binding binding
E E Arg314
N ( woiw@l 00 e CozP{ (c
ATM  PKA, CaMKIl :
\4
PKC . | DNA binding,
TAD nuclear localization

Figure 1. CREB structure. CREB contains two glutamine-rich activation domains (Q1 and Q2), a kinase-inducible
domain (KID) and b-ZIP domain. Different kinases regulate phosphorylation of multiple residues at KID which
determine CREB binding to CBP/p300. Q2 mediates interaction with the TAF4 and bZIP mediates both DNA and
CRTC binding. The KID together with Q2 conform the transactivation domain (TAD). From Altarejos and Montminy
2011.

CREB-dependent transcriptional activity depends on different factors including, among others,
the number of CRE sites in a gene promoter, their distance to the TSS, the presence of TATA box
and the methylation state of the CRE sequences (X. Zhang et al., 2005). CREB regulates
expression of multiple target genes by recognizing conserved palindromic CRE (TGACGTCA)
or half-CRE (CGTCA/TGACQG) sites (Mayr & Montminy, 2001). In the human genome,
~750,000 palindromic sequences and half-CRE sites have been reported although only about
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4,000 CRE sequences are located in the proximal promoter region, that is within 200 base pairs
of the TSS, which increases the probability to induce gene transcription (X. Zhang et al., 2005).
CREB binding to the gene promoters is regulated by DNA methylation, a mechanism that impairs
CREB binding to the DNA (Iguchi-Ariga & Schaffner, 1989; X. Zhang et al., 2005). CRE
methylation is more frequently found in intergenic regions, where CREB is presumably non-
functional, although CRE sequences in promoter regions can also be methylated (X. Zhang et al.,
2005). In fact, differential methylation at promoter regions of CREB target genes could, in part,
explain the cell-type specific transcriptional programs. However, the occupancy profile of CREB
over the CRE sites is very similar in different tissues. Nonetheless, despite this high CREB
occupancy over gene promoters, only a small percentage of the human genome genes, about 100
out of the 4,000 genes harboring CRE sequences proximal to the promoter region, are transcribed
after cAMP induction in a cell type-specific manner (X. Zhang et al., 2005). Indeed, promoters
with CREB binding sites are transcriptionally more active when are located proximal to TATA
boxes, which makes genes more prompt to be regulated by cAMP signalling. On the contrary,
CREB transcription becomes weaker when the TATA box(es) is located far upstream from the
CRE sequence (Conkright, Guzman, et al., 2003; Mayr & Montminy, 2001). However, only a
10% of genes occupied by CREB that contain TATA-box are upregulated in a cAMP-dependent
manner, suggesting additional regulation by recruitment of coactivators or epigenetic modulation

(X. Zhang et al., 2005).

CREB transcriptional activity is modulated by interacting with different binding partners. The
CREB glutamine-rich domain interacts with TATA binding protein-associated factor (TAF) 4
through TAFII130 or TAFII135 binding (Figure 1). TAF4 is part of the transcription factor 11D
(TFIID) complex, so this interaction is essential for recruiting the RNA polymerase complex to
initiate transcription. (Felinski & Quinn, 2001; Ferreri et al., 1994; Mengus et al., 2005; Saluja et
al., 1998). CREB phosphorylation at Ser133 allows the recruitment of CREB coactivators, such
as CREB binding protein (CBP) or p300, via their kinase-inducible interacting (KIX) domain
(Figure 1) (Chrivia et al., 1993; Kwok et al., 1994). CBP and its paralog p300 are histone acetyl-
transferases that facilitate the access of the RNA polymerase II transcriptional complex to the

transcription starting site (TSS) (Asahara et al., 2001; Kee et al., 1996; Ogryzko et al., 1996).

Different signalling pathways increase intracellular levels of Ca** or cAMP that finally converge
in CREB phosphorylation (Figure 2) (Gonzalez & Montminy, 1989; Sheng et al., 1991). Several
kinases can recognize and modify multiple phosphorylation sites contained in the TAD region of
CREB, which are essential for regulating CREB transcriptional activity (Johannessen et al.,
2004). The main regulatory mechanism of CREB function is through phosphorylation at Ser133
by different kinases including Ca*/calmodulin (CaM)-dependent kinase (CaMK) II and 1V,
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protein kinase A (PKA), protein kinase C (PKC), mitogen/stress-activated kinase (MSK),
ribosomal S6 kinase (RSK), PKB/Akt, mitogen-activated protein kinase (MAPK) and MAP
kinase-activated protein kinase 2 (MAPKAP2 or MK2) (Deak et al., 1998; Du & Montminy,
1998; Ginty et al., 1994; Gonzalez & Montminy, 1989; Matsumoto et al., 1998; Pierrat et al.,
1998; Sun et al., 1994; Tan et al., 1996; Xing et al., 1996). Structural analysis of CREB and CBP
interaction through their KID-KIX domains suggests that CREB phosphorylation at Ser133 is
sufficient for CBP/p300 recruitment and CREB target gene transcription in response to stimulus

(Cardinaux et al., 2000; Parker et al., 1998; Shaywitz et al., 2000).

Besides Ser133 phosphorylation, other two clusters of phosphorylation flanking Ser133 are
important for regulating CREB activity. The first one, phosphorylation at Ser111 and Ser121 by
ataxia-telangiectasia mutated (ATM) in response to DNA damage, blocks the CREB-CBP
interaction (Shanware et al., 2007; Shi et al., 2004). In addition, phosphorylation at Ser142 and
Ser143 mediated by CaMKII and/or casein kinase II destabilize CREB-CBP interaction.
However, when this second cluster is phosphorylated together with Ser133, it results in
enhancement of activity-induced gene transcription (Kornhauser et al., 2002; Sun et al., 1994).
These results suggest that CREB-mediated gene expression can be potentiated independently of

CBP interaction (Kornhauser et al., 2002).

CREB dephosphorylation at Ser133 by Ser/Thr protein phosphatase 1 (PP1) and 2A (PP2A)
results in a reduced CREB transcriptional activity (Figure 2) (Alberts et al., 1994; Wadzinski et
al., 1993). Calcineurin/protein phosphatase 2B (CaN/PP2B) has also been implicated in CREB
dephosphorylation, presumably through indirect activation of PP1 (Bito et al., 1996). Other
phosphatases have been proposed to regulate CREB by inhibiting the kinases responsible for
CREB phosphorylation. Some of these phosphatases are phosphatase and tensin homolog (PTEN)
that inhibits PKB/Akt or protein tyrosine phosphatase 1B (PTP1B) that blocks the MAPK
pathway (Johannessen et al., 2004).

Although, KID phosphorylation seems to play an important role in the CREB-dependent gene
transcription, CREB can be active independently of Ser133 phosphorylation. In this case,
interaction of CREB with CREB-regulated transcription coactivators (CRTCs) is sufficient to
enhance the binding of the CREB bZIP domain to DNA and to recruit the transcriptional complex
for potentiating gene transcription (Conkright, Canettieri, et al., 2003).
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Figure 2: CREB activity regulation. Multiple extracellular stimuli converge in CREB phosphorylation through
different pathways and enhance CREB-dependent gene transcription. CREB dephosphorylation is mediated by PP1
and PP2A. Modified from Alberini 2009.

Moreover, CREB activity can be modulated not only by phosphorylation, but also by post-
translational modifications, including acetylation, ubiquitination, SUMOylation and
glycosylation. CREB is acetylated by CBP/p300 in three different lysines at the TAD domain.
Inhibition of CREB acetylation prolongs CREB phosphorylation induced by cAMP and enhances
CREB-dependent gene transcription (Q. Lu et al., 2003). Glycosylation of CREB occurs in
residues of the Q2 domain, a region responsible for the recruitment of the transcriptional
machinery. Glycosylation S-N-acetylglucosamine (O-GlcNAc glycosylation) at these residues
leads to destabilization of CREB binding to the transcriptional complex, TAFII130, which results
in an impairment of the CREB transcriptional activity (Lamarre-Vincent & Hsieh-Wilson, 2003).
Moreover, CREB contains a proteasomal-targeting motif (DSVTDS) that is recognized and
dephosphorylated by PP1. When this motif becomes hyperphosphorylated, ubiquitination occur
and CREB is targeted to proteasomal degradation (Taylor et al., 2000). CREB can also be post-
translationally modified by small ubiquitin-related modifier (SUMO)-1, a process that enhances
CREB-dependent gene transcription (Comerford et al., 2003). Site-directed mutagenesis at
Lys304 revealed loss of SUMO-1 modifications and also, a loss of CREB nuclear localization
suggesting a role for SUMOylation in mediating CREB activation. Additional SUMOylation
consensus sequences are present in CREB, although the role of these SUMOylation sites in CREB

function are unknown (Comerford et al., 2003).

In summary, CREB transcriptional activity is regulated by a wide range of stimuli and
intracellular signals including: 1) the activation of signalling cascades that depend on the cellular
type and context, 2) CREB post-translational modifications and 3) the presence of transcriptional
coactivators. In addition, CREB transcription depends on the number of CRE sites, their distance

to the TSS, the presence of proximal TATA boxes or the methylation state of the promoters.
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1.2 Function of CREB in the brain

CREB is expressed in the different cell types found in brain, although its function has been much
more investigated in neurons, where plays essential roles such as neuronal survival, synaptic

plasticity or memory formation, than in other cell types.

Transcriptomic analysis comparing CREB signature in neurons and astrocytes revealed
substantial differences (Pardo et al., 2017). Thus, while 75% of neuronal CREB target genes are
related with neurotransmission, signalling and transcription; 75% of the CREB-regulated
astrocytic genes are associated with mitochondrial function, lipid metabolism, signalling through
MAPK, SNARE function and protective responses such as redox protection and plasticity genes
(Pardo et al., 2017). Thus, CREB seems to participate in diverse non-redundant functions in
neurons and astrocytes. Nonetheless, it is unknown whether distinct regulatory mechanisms,
including post-translational modifications or binding to specific coactivators, are responsible for

regulating the singular CREB-dependent transcriptomes in neurons and astrocytes.

1.2.1 CREB function in neuronal survival

CREB family members are essential and critical for nervous system development. CREB
knockout mice show defects in the central nervous system (CNS) development including
reduction in the corpus callosum and in the anterior commissures that results in death after birth
(Rudolph et al., 1998). CREB deficit is also associated with an increase in apoptosis and disrupted
axonal growth during development in the peripheral nervous system (Lonze et al., 2002).
Moreover, postnatal expression of a negative mutant of CREB induces apoptosis and
neurodegeneration indicating CREB function is also required for neuronal survival in the adult
brain (Ao et al., 2006). To support these neuroprotective effects, CREB regulates expression of
different pro-survival factors such as B-cell lymphoma 2 (Bcl-2) in response to neurotrophic
factors (Riccio et al., 1999). Loss of CREB, thus, results in a Bcl-2-associated X protein (Bax)-
dependent apoptosis (Lonze et al., 2002). Moreover, the protective role of CREB in neurons
involves expression of the peroxisome proliferative-activated receptor gamma coactivator (PGC)-
la, a key regulatory coactivator that enhance expression of reactive oxygen species (ROS)-
detoxifying enzymes (Herzig et al., 2001). In particular, PGC-1a can induce expression of anti-
ROS genes such as glutathione peroxidase 1 (GPx1) or superoxide dismutase 2 (SOD2) genes
and also stimulate mitochondrial electron transport while supressing ROS levels (St-Pierre et al.,
2006). More recent studies indicate that chronic expression of a constitutive active CREB induce
excitotoxicity in neurons which also leads to neuronal death and epileptic seizures (De Armentia

et al., 2007). Altogether, CREB tightly regulates the shift between neuronal survival and death.
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1.2.2 CREB function in synaptic plasticity

Synaptic plasticity is the capacity of the brain to adapt to environmental changes by modulating
synapse strength according to neuronal activity. Thus, synapses may present an increase or
reduction in synaptic transmission, termed as potentiation or depression, respectively. It is
assumed that learning and memory are tightly linked with changes in the strength of synaptic
connections (i.e. synaptic plasticity) allowing the encoding and storage of memory. Different
types of activity-dependent synaptic plasticity are required for memory formation. For instance,
short-term potentiation (STP) results in a transiently increase of synaptic transmission which
correlates with working memory and allows information storage for a short period of time (P.
Park et al., 2014). On the contrary, long-term memory results in long-lasting synaptic plasticity
termed as long-term potentiation (LTP). LTP can be divided in two different phases: early phase
(E-LTP) and late phase (L-LTP), which present different physiological functions (Baltaci et al.,
2019). E-LTP changes are transient and independent of protein synthesis which allow memory
retention for a brief period of time, from minutes to few hours (Bliss & Collingridge, 2013; P.
Park et al.,, 2014). By contrast, L-LTP requires gene expression and protein synthesis to
structurally remodel the synapses resulting in prolonged memory, covering from several hours to

months (Alberini, 2009; Baltaci et al., 2019; Bosch et al., 2014).

Thus, considering that learning and memory processes require gene transcription and de novo
protein synthesis, activity-dependent transcription factors can be essential for its regulation.
Different studies suggest a role of CREB in mediating gene transcription priming for LTP (Benito
& Barco, 2010). A first study by Kandel’s lab demonstrated that microinjection of CRE sequences
into the nucleus of a sensory neurons of Aplysia selectively blocked long-term facilitation, a type
of long lasting synaptic plasticity, without affecting short-term facilitation (Dash et al., 1990).
Studies using Drosophyla melanogaseter also supported the role exerted by CREB in gene
transcription in the learning and memory process (Yin et al., 1994, 1995). Several studies using
CREB loss or gain-of-function strategies in rodents also emerged, demonstrating the involvement
of CREB in synaptic plasticity, learning and memory. These results showed that CREB mediates
different types of memory such as spatial, contextual fear, conditioned taste aversion and social
recognition memories (Bourtchuladze et al., 1994; Kogan et al., 1997, 2000; Lamprecht et al.,
1997; Pittenger et al., 2002). Thus, CREB can induce memory consolidation by promoting direct
expression of memory-related genes or also enhancing expression of other transcription factors
such as c-fos, nuclear receptor subfamily 4 group A member 1 (Nrd4al), Nr4a2 or Jun (Pardo et
al., 2017). Another CREB-dependent gene that is transcribed during LTP is the brain-derived
neurotrophic factor (Bdnf). BDNF is important for the function and the structure of excitatory and
inhibitory synapses. Bdnf transcription is also required for the conversion of short-term to long-

lasting memory in many brain regions (Barco et al., 2005; B. Lu et al., 2015). The regulation of
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synaptic plasticity and memory by CREB is also modulated by specific transcriptional
coactivators, including CRTCs (see section 2.2.5 of introduction). Alternatively, CREB mediates
memory by altering the intrinsic excitability of neurons. CREB induces neuronal excitability by
enhancing the transcription of membrane ion channels and modulating their activity by
phosphorylation allowing, thus, an increase in the firing rate (Benito & Barco, 2010). By contrast,
overactivation of CREB also disturbs memory acquisition (Viosca, De Armentia, et al., 2009;

Viosca, Malleret, et al., 2009).

Altogether, these results indicate that CREB favours learning and memory by regulating
expression of different genes involved in neuronal excitability and synaptic plasticity (Lisman et

al., 2018).

1.2.3 CREB function in neuronal energetic metabolism regulation

CREB regulates glucose homeostasis and energy metabolism in the brain. Hypothalamic neurons
coordinate glucose and lipid metabolism by sensing circulating hormones and nutrients through
the CREB-dependent pathway (Altarejos & Montminy, 2011). Similarly, disruption of CREB
activity in neurons leads to a reduction of glycogen and lipid stores and a higher sensitivity to
starvation stress in flies (Iijima et al., 2009). The role of CREB in energy metabolism in the
hypothalamus is also dependent on the transcriptional coactivators CRTCs, a topic that will be

extended in the CRTCs specific sections.

At the cellular level, CREB modulates energy metabolism by acting at different levels. For
instance, synaptic activity favours CREB-dependent transcription of Glut3, the main neuronal
glucose transporter, and the ubiquitin-ligase Siah2. Expression of GLUT3 allows glucose uptake
and metabolism, enhancing also lipid synthesis, which is required for plasmatic membrane
enlargement during neurite outgrowth (Segarra-Mondejar et al., 2018). Moreover, GLUT3 protein
levels are downregulated in Alzheimer’s disease (AD) brains, which may explain the impaired
brain glucose uptake and metabolism occurring in this neurodegenerative disease (Simpson et al.,
1994). On its turn, Siah2 expression stabilizes the hypoxia-inducible factor 1-o (HIF-1a), a
transcription factor that regulates the expression of glycolytic rate-limiting enzymes (Segarra-
Mondejar et al., 2018). Also, in cultured hippocampal neurons, CREB enhances transcription of
PGC-10, a master regulator of mitochondrial biogenesis and oxidative metabolism. An increase
in mitochondrial biogenesis enhances the capability for cellular energy production. In fact, PGC-
la knock-down reduced the amount of mitochondria in dendrites and the density of dendritic
spines and synapses (Cheng et al., 2012). These results sustain the idea that mitochondrial

biogenesis is important for sustaining synaptic function and morphology.
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1.2.4 CREB function in astrocytes

Astrocytes are key players in multiple brain functions. They can modulate their physiology to
adapt to the environmental conditions, for instance, assisting neurons metabolically or modulating
neuronal function by the release of gliotransmitters. Although CREB is expressed in astrocytes,
its function is largely unknown. Different studies suggest that CREB activation in astrocytes is
independent of calcium (Carriba et al., 2012; Murray et al., 2009). For instance, increase of
intracellular calcium induces transient phosphorylation of CREB at Ser133 that fails to activate
CREB-dependent gene transcription. Lack of calcium-dependent CREB activation in astrocytes
correlates with the absence of CaMKIV, the main kinase responsible for CREB phosphorylation
and activation in response to calcium in neurons (Murray et al., 2009). Another study showed that
activation of CREB transcription in astrocytes in response to norepinephrine (NE) and ATP was
mediated via an atypical PKC (aPKC), which activity is independent of calcium and cAMP
(Figure 3) (Carriba et al., 2012). Conversely, other authors suggest ATP-dependent activation of
CREB transcription is via activation of CaM kinase through calcium (Takasaki et al., 2008).
Nonetheless, inhibition of CaM kinase had a modest effect on CREB-dependent gene

transcription suggesting that alternative pathways mediate CREB activation in astrocytes.

ATP NE

@0

Figure 3. Regulation of CREB in astrocytes. CREB phosphorylation in astrocytes is driven by atypical PKC (aPKC)
in response to ATP and NE signalling. From Carriba et al., 2012.

The physiological role of CREB in astrocytes is largely unknown, although, similarly to neurons,
astrocytic CREB also potentiates protective effects by increasing transcription of neurotrophins.
In fact, NE, ATP and dopamine signalling increases BDNF expression via CREB-dependent gene
transcription (Koppel et al., 2018; Pardo et al., 2016). Furthermore, CREB activity enhancement
in reactive astrocytes after traumatic brain injury prevents from neuronal death and damage,
reduce the macrophage infiltration and rescues the expression of genes related with mitochondrial

metabolism (Pardo et al., 2016).
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1.2.5 CREB in neuron-astrocyte crosstalk

The crosstalk between neurons and astrocytes is essential for brain function. Astrocytes promote
neuronal survival, regulate neurotransmission and provide nutrient support for neurons, and, in
turns, neurons modulate astrocyte physiology. Thus, the idea that neuronal activity controls

astrocytic transcriptome is now emerging.

Astrocytic processes are tightly associated with neurons at synaptic terminals, conforming the
tripartite synapse (Araque et al., 1999). It is well known that astrocytes express neurotransmitters
receptors that allow astrocytic response to neuronal signalling. This astrocytic response to
neurotransmitters generate intracellular calcium waves that result in the release of
gliotransmitters, constituting a communication feedback to neurons that can also modulate its
synaptic activity (Parpura et al., 1994). As described above, ATP or NE activate CREB in
astrocytes, so neuronal activity modulates astrocytic transcriptome and physiological functions
(Carriba et al., 2012). Recent evidences also indicate that transmitter-triggered CREB
transcriptional activity in astrocytes regulates calcium waves generating an adaptive plasticity-
like phenomena that results in reduced intracellular calcium signalling responses upon ATP or
NE treatment (Eraso-Pichot et al., 2017). Thus, this astrocytic plasticity can potentially affect
neuronal activity by altering gliotransmission (Henneberger et al., 2010; Navarrete & Araque,

2010; Serrano et al., 2006).

Astrocytes express transporters for several neurotransmitters including glutamate, GABA or
glycine, which are essential for removing the excess of neurotransmitters at the synaptic cleft after
neuronal activity while avoiding neurotransmitter diffusion (Allen, 2014). The uptake of
neurotransmitters by astrocytes is essential for the maintenance of neurotransmitters balance since
about the 80% of the synaptically-released glutamate is uptaken by astrocytes and a disruption in
glutamate balance is associated with several brain disorders (Mahmoud et al., 2019). Importantly,
astrocytes modulate glutamate transporters according to neuronal needs. Astrocytic cAMP
signalling can affect expression, trafficking and function of glutamate transporters, so CREB
activation induced by prolonged cAMP signalling upregulates expression of glutamate
transporters (Schlag et al., 1998). Furthermore, a recent study showed that astrocytes, when co-
cultured with neurons, change their transcriptome and upregulate genes involved in uptake and

metabolism of GABA, glutamate and N-acetylaspartylglutamate (NAAG) (Hasel et al., 2017).

Moreover, synaptic activity induces changes in the metabolic capacity of astrocytes by enhancing
the transcription of a large cluster of genes via CREB. Precisely, neuronal activity upregulates
genes of glucose oxidation, whereas components of mitochondrial import of pyruvate and NADH
are not affected. This indicates that gene expression is focused on glucose oxidation to supply

lactate to neurons via astrocyte-neuron lactate shuttle (ANLS). The ANLS hypothesis, first
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proposed by Magistretti & Pellerin, 1996, postulates that astrocytes respond to neuronal activity
by enhancing glycolysis and release of lactate, which is then uptaken by neurons and used as
energy source (Figure 4). Traffic of lactate from astrocytes to neurons is necessary for basic
neuronal functions such as synaptic plasticity, learning and memory formation (Newman et al.,
2011; Steinman et al., 2016; Suzuki et al., 2011; Volkenhoff et al., 2015). Although, at present, it
is unclear whether astrocytic CREB regulates synaptic plasticity and memory by affecting ANLS.
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Figure 4. Astrocyte-neuron lactate shuttle. Released glutamate from neurons after synaptic activity is taken up by
astrocytes. The co-entrance of glutamate and Na* in astrocytes and its association with the Na*/K* ATPase leads to
increased glucose consumption and lactate production. Astrocytic lactate is then shuttled to neurons where is used as
energy source. From Benarroch, 2014.
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2 The role of CRTCs in the brain

Multiple signalling pathways are responsible for CREB phosphorylation and activation,
facilitating the recruitment of CREB to CBP or p300 and enhancing gene transcription. However,
CREB phosphorylation is not always sufficient for inducing CREB transcription, suggesting that
CREB can be activated independently of its phosphorylation. In fact, to regulate the transcription
of different and specific sets of gene programs, CREB needs to interact with different coactivators

that modulate its transcriptional activity.

Molecular screening studies revealed a new family of CREB coactivators named CREB-regulated
transcription coactivators (CRTCs), previously referred as Transducers of Regulated CREB
activity (TORCs) (Conkright, Canettieri, et al., 2003; Iourgenko et al., 2003). CRTCs activate the
transcription of genes containing CRE consensus sequences in their promoters in response to Ca**
and cAMP (Bittinger et al., 2004; Screaton et al., 2004). Three different CRTC isoforms have
been described in mammals: CRTC1, CRTC2 and CRTC3. In humans, CRTCI is abundant in the
brain where plays important functions in synaptic plasticity, memory, circadian rhythm, energy
balance and longevity (Saura & Cardinaux, 2017). By contrast, CRTC2 and CRTC3 are more
ubiquitously expressed in human tissues (Conkright, Canettieri, et al., 2003). CRTC2 is highly
expressed in the liver, where plays a central role in gluconeogenic regulation (Dentin et al., 2007,
Koo et al., 2005), in pancreas, where enhances B-cell viability (Eberhard et al., 2013), and in
muscle, where favours mitochondrial biogenesis (Wu et al., 2006). Finally, CRTC3 is abundantly
found in white and brown adipose tissues where regulates lipid metabolism and participates in the

macrophage anti-inflammatory function (MacKenzie et al., 2013; Song et al., 2010).

Crtcs transcripts are detected in different brain regions (Watts et al., 2011). The three CRTC
isoforms are widely distributed in the rat brain, being CRTC1 the most expressed followed by
CRTC2 and CRTC3 (Figure 5). mRNAs of all CRTCs are found in the hippocampus and in the
cortex, being CrtcI mRNA levels highly expressed. In hypothalamus, Crtcl and Crtc2 transcripts
are also found to be abundant, being Crtc2 levels comparable to those of Crzcl in supraoptic
nucleus, paraventricular nucleus and suprachiasmatic nucleus of the hypothalamus. All three
isoforms are also found in the thalamus, being Cric3 the less abundant. Crtc3, is, however,
prominent in the ventricular ependyma and pia mater (Watts et al., 2011). Myelinated tracts also
show low mRNA expression of the three CRTC isoforms, being Crtc2 the most abundant isoform,
which suggests that CRTCs expression is not restricted to neurons (Watts et al., 2011). These
results indicate that CRTCs expression may be cell type-specific suggesting also particular

regulatory mechanisms and functions for each isoform depending on the cellular context.
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Figure 5: Crtcs mRNA levels and localization in the rat brain. (Top) mRNA expression levels of the different CRTC
isoforms in hippocampal and hypothalamic rat lysates obtained by qRT-PCR. (Bottom) /» situ hybridization analysis
of CRTCs in rat brain. Images from Watts et al., 2011.

2.1 CRTC structure and regulation

CRTCs share common and highly conserved domains consisting of a N-terminal coiled-coil
domain referred as CREB-binding domain (CBD), a central regulatory (REG) domain that
contains a nuclear localization sequence (NLS) and two nuclear export sequences (NES), a
splicing domain (SD) and the transactivation domain (TAD), required for transcriptional

activation, at the C-terminus (Figure 6) (Altarejos & Montminy, 2011; Saura & Cardinaux, 2017).

CRTCs activity is highly regulated by post-translational modifications. The phosphorylation at
the REG domain by several protein kinases, specially by the salt-inducible kinase (SIK) family,
negatively modulates CRTCs activity (Jansson et al., 2008; Katoh et al., 2006; Koo et al., 2005;
Mair et al., 2011; Screaton et al., 2004). In addition, CRTCs activity can also be modulated by
acetylation, ubiquitination, glycosylation or methylation (see specific CRTCs sections below)

(Saura & Cardinaux, 2017).
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Figure 6. Murine CRTC structures and post-translational modifications. CRTCs contain a CREB-binding domain
(CBD), a regulatory domain (REG) containing the nuclear localization sequence (NLS) and nuclear export sequences
(NES), a splicing domain (SD) and a transactivation domain (TAD). Post-translational modifications are: acetylation
(A), glycosylation (G), methylation (M), phosphorylation (P) and ubiquitination (U). NLS and NES exact location for
CRTC3 is not known. Modified from Tasoulas et al., 2019.

In general, the phosphorylation of CRTCs favours its interaction with 14-3-3 protein, which
retains CRTCs in the cytoplasm under basal conditions. Upon CRTCs dephosphorylation, CRTCs
dissociates from 14-3-3 protein and translocate to the nucleus (Figure 7) (Ch’Ng et al., 2012;
Screaton et al., 2004). The main regulatory homologous residues that undergo phosphorylation
and modulate nuclear translocation are: Ser151 in CRTCI1, Ser171 in CRTC2 and Serl62 in
CRTC3 (Clark et al., 2012; Espafia et al., 2010; Screaton et al., 2004). These residues have to be
dephosphorylated by serine/threonine phosphatases for CRTCs activation. Thus, upon increase
of cytosolic Ca?* or cAMP, CRTCs become directly dephosphorylated by calcineurin
(CaN)/protein phosphatase 2B (PP2B), or indirectly by PKA-mediated phosphorylation and
inhibition of SIK family kinases (Bittinger et al., 2004; Ch’Ng et al., 2012; Screaton et al., 2004).
It has been recently shown that the phosphorylation state of CRTCs is modulated by other
phosphatases, including PP1 and PP2A (McTague et al., 2012; Ricarte et al., 2018; Sonntag et al.,
2019). CRTC dephosphorylation allows its translocation to the nucleus where activates CREB-
dependent gene transcription (Bittinger et al., 2004; Ch’Ng et al., 2012; Screaton et al., 2004)
(Figure 7). Long after stimulation, CRTCs are progressively phosphorylated and returned to the
cytosol via exportin 1 (XPO1), which recognizes the leucine-rich NES domain (Bittinger et al.,
2004).

33



Nuclear CRTCs can interact with bZIP transcription factors, including CREB. The CBD of
CRTCs directly binds to the CREB bZIP domain that also recognizes the CRE site. Thus, each
CREB molecule harbours one binding site for CRTC, resulting in a 2:2:1 stoichiometry
conformed by 2 CRTCs, 2 CREBs and 1 CRE sequence (Luo et al., 2012). The interaction of
CRTC to CREB favours the occupancy of CREB over CRE binding sites and the recruitment of
the TAFII130 and the transcriptional complex in the promoter region, which induce CREB-
dependent gene transcription (Bittinger et al., 2004; Conkright, Guzman, et al., 2003) (Figure 7).
Accordingly, CRTCs inactivation or suppression of the CBD result in reduction of CREB
occupancy over target promoters suggesting a role for CRTCs in stabilizing the bZIP domain of
CREB to interact with DNA (Song et al., 2018; Wang et al., 2010). Indeed, mutagenesis of the
CRE sequences totally disrupts transcription induced by CRTC overexpression (Conkright,
Canettieri, et al., 2003).

Cytoplasm
CREBD [
N/, CRE!-‘\'L/'\//L Nucleus
Figure 7. Regulation of CRTCs cytosol-nucleus shuttling. Phosphorylated (P) CRTCs are recruited in the cytoplasm
by 14-3-3 protein. Upon cellular stimulation, increased intracellular Ca?>* and cAMP induce CRTCs dephosphorylation

disrupting interaction with 14-3-3 protein, which allows its nuclear translocation and interaction with CREB to enhance
CREB-dependent gene transcription. CN: calcineurin. From Altarejos & Montminy, 2011.

Interestingly, CRTCs potentiate CREB-dependent gene transcription specifically in genes
containing CRE sites with proximal TATA boxes in their promoter regions. Genes containing
CRE TATA-less promoters show minimal effect in transcription enhancement after CRTC
overexpression (Conkright, Canettieri, et al., 2003). A recent study indicates that CREB is
constitutively bound to target genes promoters in neurons, and upon stimulation CRTC1 is
preferentially recruited to the transcriptional complex in CRE/TATA-containing promoters
(Parra-Damas, Rubio6-Ferrarons, et al., 2017). These evidences indicate that, contrary to CREB
interaction with CBP/p300 or TAFII130, the binding of CRTC to CREB provides a high selective
transcription of cAMP-responsive genes. Thus, CRTCs may contribute selectively to gene
expression by potentiating CREB binding to specific genome sequences instead of increasing

general gene transcription (Conkright, Canettieri, et al., 2003).
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In contrast to other CREB coactivators, such as CBP or p300, which overexpression results in
minimal effects on gene transcription, CRTC overexpression enhances CREB-dependent gene
transcription. These results indicate that while CBP/p300 levels are not limiting factors, CRTCs
are main regulators of CREB-dependent gene transcription (Conkright, Canettieri, et al., 2003;
Ravnskjaer et al., 2007). Moreover, CREB transcriptional activity mediated by CRTCs can occur
independently of CREB phosphorylation (Conkright, Canettieri, et al., 2003). For instance, a
mutant mouse expressing a CREB lacking Ser133 phosphorylation site shows no differences in
CREB mediated gene transcription compared to control mice (Briand et al., 2015). Nonetheless,
when CREB activity is supressed by overexpressing a CREB negative mutant (A-CREB) that
blocks the binding of CREB to the DNA, CRTCs overexpression cannot recover the
transcriptional activity mediated by CRTCs (Conkright, Canettieri, et al., 2003). In this line, a
CREB mutant lacking the CRTC binding domain can bind to DNA but it does not induce CREB-
dependent gene transcription (Espana et al., 2010; Screaton et al., 2004).

CRTCs play also critical roles as transcriptional coactivators beyond CREB-dependent
transcription by directly binding and enhancing transcription of other transcription factors
containing bZIP domains. These transcription factors include activator protein 1 (AP-1), cAMP-
responsive element-binding protein H (CREBH) or activating transcription factors (ATFs)
(Canettieri et al., 2009; M. W. Lee et al., 2010; Wang et al., 2009). The physiological roles of
CRTCs when regulating these transcription factors is largely unknown although in some cases,
they play similar roles than those observed in CRTC/CREB-dependent transcription (see specific

sections below).

Besides its role in gene transcription, recent studies have shown that CRTCs participate in the
regulation of protein trafficking and RNA splicing (Amelio et al., 2009; Han et al., 2015). CRTCs
contain a proline-rich region that resembles the regions found in splicing factors suggesting that
they can regulate alternative splicing of transcripts containing CRE promoters, although no
conserved RNA-binding domain is found in CRTCs (Amelio et al., 2007, 2009). For instance,
CRTC2 can interact with spliceosome factor non-POU domain-containing octamer-binding
(NONO) and promote cell-type specific alternative splicing of transcripts by affecting the
selection of the pre-mRNA splice site (Amelio et al., 2007). On the other hand, CRTC2 can
mediate vesicle trafficking from endoplasmic reticulum (ER) to the Golgi by direct binding with

the coat protein complex II (COPII) (Han et al., 2015).

Taking together, CRTCs couple extracellular signals to modulate gene expression through direct
regulation of transcription or by directing alternative splicing. Interestingly, regulation of CREB-

target genes splicing can be performed independently of gene transcription (Altarejos &
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Montminy, 2011; Amelio et al., 2009). Moreover, a new function has been described for CRTCs

in the regulation of vesicle trafficking.

2.2 CRTC1 regulation in neurons

CRTCI1 is highly expressed in the brain, especially in neurons, were plays diverse physiological
functions. CRTC1 activity is mainly regulated by phosphorylation at different sites. The CRTC1
regulatory residues Ser64, Ser151 and Ser245 can undergo phosphorylation by SIK, AMP-
activated protein kinase (AMPK) and microtubule affinity regulating kinase (MARK)2 whereas
activity-dependent dephosphorylation is mediated by the PP2B/CaN (Nonaka et al., 2014). In
neurons, CRTC1 phosphorylation, nuclear localization and transcriptional activity is regulated by
synaptic activity. In silenced hippocampal neurons, phosphorylated CRTC1 is located at dendrites
and upon neuronal activity, CRTC1 is rapidly dephosphorylated and translocated to nucleus
(Ch’Ng et al., 2012). Increased intracellular levels of calcium after synaptic activation induce
CRTC1 dephosphorylation through CaN. These dephosphorylations at the above regulatory
serines are required for CRTCI1 dissociation from 14-3-3 protein, allowing CRTC1 nuclear
transport (Ch’ng et al., 2015). After synaptic activity, CRTC1 is accumulated in the nucleus where
remains as long as excitatory synaptic activity lasts. In fact, basal nuclear CRTCI1 levels are

restored upon 20 min after the removal of the synaptic stimulus (Ch’Ng et al., 2012).

CRTC1 activity can also be modulated by other post-translational modifications such as
acetylation. Mass spectrometry analysis has revealed several acetylated residues, including
Lys13, Lys20, Lys33, Lys178 and Lys197 (Jeong et al., 2012). Acetylation at Lys13 and Lys20
reduces interaction to CREB, whereas sirtulin 1 (Sirtl)-mediated CRTCI1 deacetylation enhances

CRTCI activation by promoting its interaction with CREB (Jeong et al., 2012).

As described above, CRTCI also interacts with other transcription factors belonging to the CREB
family. For instance, CRTC]1 can induce AP-1-dependent gene transcription of ¢-Jun and c-Fos
in response to 12-O-Tetradecanoylphorbol-13-acetate (TPA) (Canettieri et al., 2009). Moreover,
CRTCI1 binding to AP-1 induces cellular proliferation, suggesting a new biological function for

this coactivator.

2.2.1 CRTCI1 in neuronal development

CRTCI is highly expressed in the developing brain with a maximum expression peak that
correlates with dendritic sprouting (Li et al., 2009). Both in vitro and in vivo studies demonstrate
increase of dendritic growth after CRTC1 overexpression in neurons. By contrast, expression of
a dominant negative CRTC1 or CRTC1 downregulation severely affects dendritic development
(Li et al., 2009). These results suggest that CRTC1/CREB-dependent gene transcription mediates

dendritic morphology during development of cortical neurons. The mechanisms underlying
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CRTCl1-dependent dendrite morphology involve glutamate signalling and BDNF. BDNF can
induce CREB phosphorylation although it is not sufficient to enhance dendritic growth. It also
requires the function of CRTC1 triggered by activation of NMDA receptors (Finsterwald et al.,
2010). Interestingly, there is a co-regulation of glutamate and BNDF since glutamate signalling
increases expression of BDNF and, on its turn, BDNF enhances glutamate release (Mattson,
2008). These results demonstrate that BNDF and NMDA-dependent signalling converge in
mediating expression of genes involved in dendritic development via CRTC1/CREB-dependent

pathway (Finsterwald et al., 2010).

222 CRTCI1 in energy balance

The hypothalamus is the main brain region responsible for orchestrating the response to peripheral
signals by coordinating systemic metabolism, in particular the glucose and lipid metabolism, after
sensing circulating nutrients and hormonal signals. Leptin, a hormone responsible for the
maintenance of energy balance, is secreted by white adipocytes after feeding. Circulating leptin
can bind to leptin receptor found in brain, more precisely in neurons from the arcuate nucleus of
the hypothalamus. Leptin activates a CRTCI1 signalling cascade leading to expression of
neuropeptides that inhibits feeding and promotes energy expenditure. After feeding, increase of
circulatory leptin leads to CRTC1 dephosphorylation and nuclear translocation in hypothalamic
arcuate neurons. Nuclear CRTC1 enhances expression of the CREB-dependent genes cocaine and
amphetamine regulated transcript (CART), which encodes a hypothalamic neuropeptide that
mediates satiety (Altarejos et al., 2008). Apart from leptin, intraperitoneal glucose injection in
mice also resulted in CRTC1 nuclear translocation in neurons of the arcuate nucleus, but not in
other brain regions (Altarejos et al., 2008). These results suggest that both hormonal and nutrient
sensing are able to inhibit food intake via CRTCI. In fact, mice lacking CRTC1 are hyperphagic
and obese (Altarejos et al., 2008).

223 CRTCI1 in longevity

Energy metabolism and aging have been related by the AMPK signalling, which mediates its
crosstalk. In C. elegans, AMPK activation or CaN inhibition lead to increased lifespan by
inactivating the nematode CRTC homolog, CRTC-1. CRTC-1 directly interacts with the CREB
homolog-1 (CRH-1) and induces transcription of genes involved in peripheral mitochondrial
metabolism and dynamics (Burkewitz et al., 2015; Mair et al., 2011). Neuronal CRTC-1 enhances
the signalling of octopamine, the invertebrate equivalent to the catecholamines adrenaline and
noradrenaline. Octopamine treatment demonstrated to increase the mitochondrial fragmentation
in C. elegans muscle, suggesting that neuronal CRTC-1 can mediate octopamine signalling to
peripheral tissues and modulate systemic metabolism and longevity (Burkewitz et al., 2015).

AMPK is active during low energy status, such as in fasting conditions. This establishes that
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neuronal CRTC-1 communicate energy status and regulates metabolism in distal tissues
(Burkewitz et al., 2015). Moreover, deletion of transient receptor potential cation channel
subfamily V member 1 (TRPV1), a pain receptor that regulates CRTC-1 activity in peripheral

sensory neurons, also extends lifespan in C. elegans (Riera et al., 2014).

If downregulation of CRTC-1 increases lifespan in a CRH-1 dependent manner in C. elegans,
CRTCs and CREB may also play similar roles in mammals. Similarly, inactivation of TRPV1 in
mice sensory neurons also increases lifespan via CRTCs dependent mechanism. Sensory neurons
integrate different sensory inputs and transduce them into neuroendocrine signals to adjust the
metabolic activity. Neuronal TRPV1 activation enhance CRTC1-dependent transcription and
release of neuropeptide calcitonin gene-related peptide (CGRP). Importantly, levels of CGRP are
increased with age. Moreover, CGRP can antagonize insulin secretion in pancreatic 3 cells
contributing to development of age-associated type 2 diabetes (Riera et al., 2014). In summary,

CRTCI1 plays an important role in longevity by mediating metabolic activity.

224 CRTCI1 in circadian clock regulation

The suprachiasmatic nuclei (SCN) of the hypothalamus coordinates the circadian clock by
responding to light/dark cycles. Circadian regulation is modulated by activation of the retinal
photoreceptors, responsible to regulate the physiological, metabolic and behavioural rhythmic
processes. Neurons from the SCN are well known for its implication in the sustainment of the
circadian rhythm. A cyclic activity-dependent expression of multiple transcription factors, which
are auto-regulated by negative feedback loops, are the responsible to give rhythmicity in these
SCN neurons (Ding et al., 2018). CREB has been involved in circadian clock sustainment by
regulating circadian clock genes (B. Lee et al., 2010).

In SCN neurons, CRTCI1 display a rthythmic expression pattern. An increase of nuclear CRTC1
is detected after light exposure, whereas CRTC2 is also highly expressed in the SCN but without
rhythmic dependence. This rhythmicity in CRTC1 protein levels and nuclear localization may be
responsible for the circadian regulation modulated by CREB (Sakamoto et al., 2013). CRTCI
translocation to the nucleus results in an enhanced expression of Per/ and Sik/ genes responsible
for regulating circadian rhythm. PER1 is a major regulator of circadian rhythm, while SIK1 is
responsible for CRTC1 phosphorylation and deactivation, which represents a negative feedback

that would lead to a reduction of Perl expression (Jagannath et al., 2013; Sakamoto et al., 2013).

225 CRTCI1 in synaptic plasticity and memory

CREB is essential for synaptic plasticity and memory, presumably by mediating expression of
genes during L-LTP. In this process, synapse-to-nucleus communication is critical for enhancing

gene transcription underlying cognition and memory. Several synaptonuclear factors are
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transported from active synapses to the nucleus to induce transcription in an activity-dependent
manner (Kaushik et al., 2014; Parra-Damas & Saura, 2019). Among them, the CRTCI1 coactivator
translocates from synapses to the nucleus in response to Ca>" or cAMP and enhances CREB-
dependent gene transcription (Ch’Ng et al., 2012), which is critical for plasticity mechanisms
underlying memory and emotional processes (Parra-Damas & Saura, 2019). In fact, nuclear
accumulation of CRTCI1, but not CREB phosphorylation, correlates with L-LTP induction
(Kovacs et al., 2007; Zhou et al., 2006). Experiments performed in hippocampal slices show that
overexpression of a dominant negative form of CRTCI1 prevents activity-dependent CREB
transcription and supresses the maintenance of L-LTP without affecting E-LTP (Zhou et al.,
2006). Moreover, CRTC1 overexpression enhances L-LTP induction, indicating that CRTC1
mediates activity-dependent gene transcription during L-LTP (Zhou et al., 2006).

Recent studies support the idea for activity-dependent CRTCI1/CREB-mediated synaptic
plasticity and memory. Contextual fear conditioning, spatial memory and object-location memory
tasks induce CRTCI1 dephosphorylation and nuclear translocation in hippocampal pyramidal
neurons (Parra-Damas et al., 2014; Parra-Damas, Chen, et al., 2017; Uchida et al., 2017). CRTC1
nuclear accumulation is also found in the basolateral amygdala after contextual fear conditioning
(Nonaka et al., 2014). Interestingly, silencing CRTC1 in the hippocampus or in the basolateral
amygdala reduces CREB-mediated gene transcription and fear memory (Nonaka et al., 2014;
Uchida et al., 2017), indicating that CRTCI1 plays a crucial role by inducing CREB-dependent
gene transcription during consolidation of different memory types. The mechanisms underlying
this effect could be by upregulating genes required for synaptic plasticity and long-term memory,
such as, c-fos, Bdnf, Arc, Nr4al, Nr4a2, Duspl, Ptg2 or Fgfl (Figure 8) (Nonaka et al., 2014;
Parra-Damas, Chen, et al., 2017; Parra-Damas, Rubi¢-Ferrarons, et al., 2017; Uchida et al., 2017).

Supporting this idea, CRTCI activation, nuclear translocation and CRTCI-dependent
transcriptional activity are disrupted in the brains of Alzheimer’s disease (AD) murine models
(Figure 8) (Espaiia et al., 2010; Parra-Damas et al., 2014; Wilson et al., 2017). f-amyloid reduces
calcium influx into neurons, impairing CRTC1 dephosphorylation and CRTC1/CREB-dependent
gene transcription, which results in memory impairment. Conversely, memory deficits are
ameliorated after CRTC1 overexpression in the hippocampus of an AD mouse model (Espaiia et
al., 2010). In summary, CRTCI is essential for coupling synaptic activity with gene transcription

underlying hippocampal-dependent long-term memory.

2.3 CRTC2 regulation

CRTC2 is less expressed than CRTCI in the brain, but it is abundant in peripheral organs. For
instance, CRTC2 is highly expressed in liver where plays an essential role in the regulation of

energy balance and glucose metabolism. CRTC2 activation is regulated by post-translational
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Figure 8. Signaling pathways regulating CREB/CRTC1 transcription for long-term memory in neurons.
Multiple signaling pathways favours CREB phosphorylation and CRTC1 nuclear translocation to enhance CREB-
dependent gene transcription necessary for memory formation. In AD brains, f-amyloid disrupts CREB transcription
by interfering at different steps. From Saura & Valero, 2011.

mechanisms, including phosphorylation, acetylation, ubiquitination, glycosylation and
methylation. Many phosphorylation sites in CRTC2, including Ser70, Ser171, Ser275 and Ser307,
stabilize CRTC2/14-3-3 protein interaction, which regulates CRTC2 nuclear trafficking (Koo et
al., 2005; Sonntag et al., 2017; Uebi et al., 2010). As CRTCI, phosphorylation of CRTC2,
especially at Serl71, negatively affects nuclear translocation. Although the regulatory
mechanisms underlying CRTC2 phosphorylation and dephosphorylation are not fully understood,
different kinases have been reported for its regulation including SIK, AMPK and MARK families
(Dentin et al., 2007; Koo et al., 2005; Patel et al., 2014) as well as different phosphatases such as
PP1, PP2A, CaN and PP4 (McTague et al., 2012; Sonntag et al., 2019; Uebi et al., 2010; Yoon et
al., 2010).

Besides phosphorylation, CRTC2 localization is also affected by glycosylation. O-glycosylation
at Ser70 and Ser171 by O-glycosyl transferase (OGT) compete for phosphorylation and thus,
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favours nuclear translocation (Dentin et al., 2008). CRTC2 function is also controlled by
modulating protein levels through acetylation and ubiquitination. In response to glucagon, hepatic
CRTC2 translocates to the nucleus where can be acetylated at Lys628 by CBP/p300, which
stabilizes CRTC2-p300 binding. During re-feeding, SIK2 phosphorylates CBP/p300,
destabilizing CRTC2-p300 binding, and then CRTC?2 is phosphorylated and translocated to the
cytosol. Noteworthy, SIK?2 is responsible for both CRTC2 and CBP/p300 phosphorylation (Liu
et al., 2008). Moreover, deacetylation of CRTC2 by Sirt1 allows ubiquitination of Lys628 by E3
ligase constitutive photomorphogenic protein (COP1), which targets CRTC2 to proteasomal
degradation (Dentin et al., 2007; Liu et al., 2008; Lv et al., 2016). Finally, methylation of CRTC2
can enhance gene transcription. CRTC2 is methylated at Arg-conserved residues by the arginine
methyltransferase PRMT6. CRTC2 methylation enhances the association of CRTC2/CREB over
gene promoters to induce transcription. In mice, overexpression of PRMT6 was associated with
an increase in blood glucose concentration as a result of higher expression of gluconeogenic
enzymes. In this case, methylation of CRTC2 enhances gene transcription although, it does not

affect its subcellular localization (Han et al., 2014).

2.3.1 CRTC2 in glucose homeostasis

CRTC2 plays a crucial function in glucose homeostasis. Under feeding conditions, insulin induces
CRTC2 phosphorylation and recruitment to the cytoplasm in hepatocytes, which blocks
gluconeogenic gene programs (Figure 9) (Altarejos & Montminy, 2011; Dentin et al., 2007). On
the contrary, upon fasting, glucagon induces CRTC2 dephosphorylation and translocation to the
nucleus, which enhances transcription of gluconeogenic genes such as phosphoenolpyruvate
carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase) or PGC-1a (Figure 9) (Altarejos &
Montminy, 2011; Koo et al., 2005; Le Lay et al., 2009; Yoon et al., 2010). Thus, mice with
constitutively active CRTC2 in the liver cannot reduce glucose concentration in blood leading to
insulin resistance (Hogan et al., 2015). Conversely, Crtc2 knockout mice show a reduction in
gluconeogenic genes as well as low levels of glucose in blood (Wang et al., 2010). Also, CRTC2
strongly coactivates the transcription factors CREBH and glucocorticoid receptor (GR) enhancing
expression of the regulatory enzymes PEPCK and G6Pase (Hill et al., 2016; M. W. Lee et al.,
2010).

CRTC?2 regulates glucose levels, also, by responding to ER stress. Precisely, after ER stress,
CRTC2 interacts with ATF6a and enhances expression of ER quality control genes in liver (Wang
et al., 2009). In response to acute ER stress, ATF6a translocates to the nucleus and disrupts
CREB/CRTC?2 interaction, which leads to a reduction of CRTC2 occupancy over gluconeogenic

genes that results in a decreased hepatic glucose release.
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Moreover, CRTC2 mediates glucose homeostasis in other tissues. In white adipose tissue,
CRTC2/CREB-dependent gene transcription is induced after fasting, which leads to ATF3
expression that subsequently downregulates the expression of glucose transporter GLUT4 and
adiponectin. These changes results in reduced glucose uptake in adipocytes leading to insulin
resistance (Henriksson et al., 2015; J. Park et al., 2014). In pancreas, CRTC2 plays a protective
role facilitating insulin secretion by enhancing the transcription of the B-cell type restricted factor

MAF bZIP transcription factor A (MafA) (Eberhard et al., 2013).
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Figure 9. Signaling pathways regulating CREB/CRTC2 gluconeogenic transcription in hepatocytes. CRTC2
regulation in fasting (left) and feeding (right) conditions. Upon fasting, glucagon favours CRTC2 nuclear localization
that enhances CREB-dependent transcription of gluconeogenic genes. After feeding, insulin leads to CRTC2
phosphorylation and cytoplasmatic localization, blocking the CREB-dependent gluconeogenic transcription. Cytosolic

CRTC2 can undergo ubiquitination by COP1. From Berdeaux, 2011.

232 CRTC2 and energy sensing

The role of neuronal CRTCs in energy sensing seems to be mediated by the maintenance of
peripheral metabolic homeostasis. In Drosophila neurons, the CREB-CRTC complex enhances
expression of the short neuropeptide F (sNPF), ortholog of the mammalian neuropeptide Y.
Neuronal sNPF promote energy homeostasis via the gut receptor of sSNPF, which maintains gut
epithelial integrity. Loss of CRTC-sNPF signalling disrupts gut epithelial tight junctions

compromising energy balance (Shen et al., 2016).

In mammals, CRTC2 is highly expressed in the hypothalamus and its phosphorylation state
reflects the nutritional status. In contrast to the liver, hypothalamic CRTC2 is dephosphorylated
after feeding and phosphorylated after fasting (Lerner et al., 2009). CRTC2 translocates into
nuclei of hypothalamic cells in response to high glucose exposure to enhance expression of
CREB-dependent target genes, such as corticotropin releasing factor (CRF), insulin receptor
substrate 2 (Irs2) and thyrotropin releasing hormone (TRH) (Breit et al., 2016; Lerner et al., 2009).
Although different genes have been identified as targets for CRTC2/CREB-dependent
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transcription in response to nutrient state in hypothalamus, its physiological function remains still

unknown.

2.3.3 CRTC2 in lipid metabolism

CRTC2 controls hepatic regulation of sterol regulatory element-binding protein 1 (SREBP1). The
transcription factor SREBP1 is synthetized and rests as an inactive precursor bound to ER that
will be transported to Golgi in response to insulin signalling for a posterior shuttling into the
nucleus. Nuclear SREBP1 enhances expression of genes that modulate cholesterol and the fatty
acid synthesis (Horton et al., 2002). In this process, CRTC2 modulates the trafficking of SREBP1
from ER to Golgi through COPII complex-mediated vesicle trafficking. In response to insulin or
nutrient sensing, CRTC2 is phosphorylated by mTOR and dissociates from the COPII complex
favouring SREBP1 transport to Golgi for a posterior nuclear shuttling. Nuclear SREBP1 enhances
transcription of regulatory lipid enzymes leading to lipogenesis (Han et al., 2015).

234 CRTC2 and immune response

CREB mediates important functions in immune system such as regulating proliferation, survival
and activation of T cells. In response to inflammatory signals, CREB mediates the production of
different cytokines by T cells, which promotes the differentiation of naive T cells into the different
T helper (Th) cell subtypes. Thus, mice overexpressing a dominant negative CREB mutant in T
cells resulted in impaired T cell proliferation and function. These data suggest that CREB activity

is essential for T cell activation and proliferation (Wen et al., 2010).

Recent findings indicate that CRTC2 also modulates immune responses. In this case, naive T cells
differentiate to T helper (Th)17 cells via CRTC2/CREB-dependent gene transcription which
enhances interleukin (IL)-17 cytokine production. Sustaining this idea, a T cell-specific Crtc2
knockout mutant mouse shows reduced levels of Th17 cells. Moreover, these mutant mice show
resistance in experimental autoimmune encephalomyelitis, an experimental autoimmune mouse
model for multiple sclerosis. These results, offer a new vision of CRTC2 in the autoimmune
disease field (Hernandez et al., 2015). Nonetheless, as previously seen, CRTC2 can also
contribute to glucose-dependent insulin resistance, which in turns, may cause autoimmune

problems.

2.4 CRTC3 regulation

CRTC3 plays a crucial role in energy balance in adipose tissue. Different kinases, including liver
kinase B1 (LKB1), SIKs, AMPK, MAPK, cyclin-dependent kinases (CDKs) and extracellular
signal-regulated kinases (ERKs) phosphorylate CRTC3 at Ser62, Ser162, Ser273, Ser329, Ser
370 and Ser391 (Clark et al., 2012; Henriksson et al., 2015; Shan et al., 2016; Sonntag et al.,
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2019). On the other hand, CRTC3 dephosphorylation and nuclear translocation is mediated by
PP2A (Sonntag et al., 2019). In contrast to the activity-regulation of CRTC1 and CRTC2
dephosphorylation, CRTC3 binding to PP2A is independent of cAMP signalling and is induced
by CRTC3 phosphorylation in HEK293T cells (Sonntag et al., 2019). CRTC3 is also regulated
by other post-translational modifications. For instance, CRTC3 is ubiquitinated and proteasomal
degraded in response to prolonged cAMP signalling, a process mediated by the ubiquitin ligase
NEDDA4L. This regulatory mechanism controls CRTC3 activation by limiting CRTC3 protein
levels in adipose tissue (Y. H. Kim et al., 2018).

24.1 CRTC3 in lipid metabolism and thermogenesis

CRTC3 is abundant in adipose tissue where plays an important role in mediating energy
homeostasis. The CNS regulates energy balance through the release of catecholamines from the
sympathetic nervous system that enhance energy expenditure by increasing lipolysis and fatty-
acid oxidation in the peripheral tissues. In obesity, there is a disruption of the catecholamine
signalling, that leads to insulin resistance. In response to catecholamines signalling, CRTC3 is
activated and upregulates the expression of the GTPase regulator of G protein signalling 2 (RGS2)
in adipocytes. Expression of RGS2 leads to downregulation of the catecholamine signalling by
acting as negative feedback (Song et al., 2010). Thus, CRTC3 promotes obesity by attenuating
catecholamine signalling. In humans, elevated CRTC3 levels or expressing a CRTC3 gene variant
with increased transcriptional activity have been associated with obesity (Prats-Puig et al., 2016;
Song et al., 2010). On the contrary, Crtc3 knockout mice show enhanced energy consumption

and ectopic lipid accumulation (Song et al., 2010).

CRTC3 plays an important role in thermogenesis in adipose tissue. Brown adipose tissue (BAT)
dissipates energy through uncoupling protein 1 (UCP1)-mediated respiration. High levels of
UCP1 allows high energy expenditure and facilitates glucose tolerance, insulin sensitivity and
resistance to high-fat diet-induced obesity. Interestingly, different studies investigated the role of
CRTC3 in thermogenesis although some controversial results came up. On one hand, exposure to
cold results in a decreased expression of LKB1 that induces nuclear translocation of CRTC3 in
brown adipocytes. Nuclear CRTC3 interacts with C/EBP, a bZip transcription family member,
and enhances Ucpl transcription in brown adipocytes (Shan et al., 2016). Thus, nuclear
translocation of CRTC3 correlates with higher expression of UCP1 and lower body weight and
fat mass (Xu et al., 2019). On the other hand, and contrarily to Shan’s results, Crzc3 knockout
mice show higher levels of UCP1 in brown adipose tissue, presumably because CRTC3 inhibits
UCPI1 transcription by associating with PRDM16. PRDM16 is a transcriptional coregulator that
enhances the thermogenic program by associating with C/EBPf. Thus, binding of CRTC3 to
PRDM16 disrupts its interaction with C/EBPP reducing Ucp! transcription (Yoon et al., 2018).
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In the same direction, another study reported that brown adipocytes obtained from Crtc3 knockout
mice showed increased Ucpl mRNA levels. These results indicate that loss of CRTC3 increases

fat burning, in part, through increased thermogenesis (Song et al., 2010).

In summary, loss of Crfc3 function increases insulin sensitivity, reduces lipid store and weight
gain, increases oxygen consumption and energy expenditure, and enhances cold tolerance. (Song

et al., 2010; Yoon et al., 2018).

242 CRTC3 in the immune system

CREB mediates immune responses by potentiating different functions. For instance, CREB
promotes antiapoptotic survival signaling in macrophages, leading to enhanced host immune
responses, but also induces IL-10 production, potentiating anti-inflammatory effects (Wen et al.,

2010).

There are different subtypes of macrophages. Among them, there are the classical activated
macrophages (M1), that induce a pro-inflammatory response to combat pathogens, and the
regulatory macrophages (M2b), that drive an anti-inflammatory response by secreting high levels
of IL-10 to regulate immune response and tissue repair. Although CREB enhances IL-10
transcription, activation of CREB alone is not sufficient to induce IL-10 production (MacKenzie
et al., 2013). In macrophages, inhibition of SIK induces CRTC3 dephosphorylation and nuclear
translocation resulting in increased IL-10 production and enhanced M2b phenotype (Clark et al.,

2012; MacKenzie et al., 2013).

Interestingly, there is a correlation between obesity and the activation of the immune system, two
systems regulated by CRTC3. Although the pathway linking these two phenomena has not been
described.

243 CRTC3 and stress

Corticotropin releasing factor (CRF) is a hypothalamic neuropeptide that mediates the stress-
induced activation of the hypothalamic—pituitary—adrenal system. In response to stress, CRF
mediates adrenocorticotropic hormone (ACTH) and cortisol release. Regulation of CRF
expression is mediated by CREB in response to cAMP signalling in hypothalamic cells
(Kageyama & Suda, 2010). Indeed, in the paraventricular nucleus (PVN) of the hypothalamus,
CRTC3 translocates to the nucleus and enhance CREB-dependent Crf transcription in response

to stress (Jurek et al., 2015).

At the cellular level, stress response is mediated by the activation of transcription factors that

regulate sets of genes involved in the control of organelle biogenesis and organelle-specific
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protective chaperones. Some of these genes are PGC-1a, a master regulator of mitochondrial
biogenesis, or different mitochondrial oxidative-phosphorylation genes. Transcription of these
genes is enhanced by CREB/CRTC activity in response to low ATP levels. In fact, CRTC3 plays
a role in mediating stress response in hepatocytes by enhancing PGC-1a expression in response
to mitochondrial stress (Than et al., 2011). Thus, treatment with the stressor rotenone, a blocker
of the electron transport chain in mitochondria, results in upregulation of genes related with
mitochondrial biogenesis through PGC-1a. Surprisingly, after rotenone treatment a small fraction

of CRTC3, but not CRTC2, remains into mitochondria. The biological function of CRTC3 in the

mitochondria is unknown (Than et al., 2011).

Table 1. Summary of CRTC roles in the brain.

Isoform | Organism | Cell type / brain region | Physiological process | References
Rat Cortical neurons Neuronal development | Li et al., 2009
Hypothalamus Energy balance Altarejos et al., 2008
Metabolic health )
Mouse Sensory neurons . Riera et al., 2014
Lifespan
CRTC J. th et al., 2013
. . N agannath et al., ;
Suprachiasmatic nucleus | Circadian rthythm Sakamoto et al., 2013
. : Nonaka et al., 2014;
M f > 5
Rodents Hippocampus / emory orm.at.lon / Parra-Damas et al,
amygdala synaptic plasticity 2014; Uchida etal., 2017
CRTC2 Mouse Hypothalamus Glucose sensing Lerner et al., 2009
CRTC3 Rodents Hypothalamus Stress response Jurek et al., 2015
CRTC Drosophila | Neurons Energy balance Shen et al., 2016
Metabolic health Burkewitz et al.. 2015:
CRTC-1 | C. Elegans | Neurons nrewtize d ’
Lifespan Mair et al., 2011

Table modified from Saura & Cardinaux, 2017

In conclusion, CRTCs mediate distinct functions in specific tissues while, in other cases, they can
cooperate to mediate a physiological response in the organism. In particular, CRTC isoforms are
differently expressed in the mammalian brain where regulate multiple and diverse biological
functions as summarized in Table 1. However, the specific regulatory mechanisms and
physiological functions of CRTC1 and CRTC2 activation in neurons and astrocytes, remain
largely unknown. This raises several important questions: Are cerebral CRTC isoforms regulated
by similar mechanisms than those of peripheral tissues? Are CRTC isoforms similarly regulated
in neurons and astrocytes? Do CRTC isoforms play similar or distinct functions in gene
transcription in the cell types of the nervous system? This opens the door to study the regulation
and function of CRTC1 and CRTC?2 isoforms in the main cerebral cell types, that are neurons and

astrocytes.
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V  Working hypothesis and objectives
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The working hypothesis of this doctoral thesis postulates that CRTC isoforms play particular
biological functions in distinct cell types of the brain. To address this hypothesis, we propose the

following objectives:

1. To investigate the regional and cellular expression pattern of CRTC2 in the adult mouse

brain

2. To study the molecular mechanisms of CRTC1 and CRTC2 regulation in neurons and

astrocytes

3. To investigate the role of CRTCI and CRTC2 on CREB-mediated transcription in

neurons and astrocytes

4. To generate and characterize a novel neuronal-specific Crfc2 conditional knockout mouse
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VI Materials and methods
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1 Reagents and general buffers

Table 2: Reagents and resources used in this work

Reagent or Resource Source Identifier
Bacterial and virus strains
DH5a competent cells Invitrogen 18265-017
Adenoviral vector serotype 5 (Ad)5-GFP ;];;ZLC tion\;/gC];(XTE G Unit UPV-776
Adenoviral vector serotype 5 (Ad5)-Cre recombinase ;];;ZLC tion\;/gC];(XTE G Unit UPV-757
Experimental models
EPDO0197 3
Crtc2 embryonic stem (ES) cells European Mouse mutant | GO7 clon,
Archive (EMMA) parental line
IM8.N4
Flp transgenic mice B6;SJL-
Jackson Laboratory Tg(ACTFLPe)
92005Dym/J
Cre-recombinase transgenic mice Dr. J. Shen laboratory
(Yu et al., 2001)
Biological samples
Fetal bovine serum (FBS) Life Technologies 10270106
Normal goat serum (NGS) Sigma S6-100ML
Chemical compounds, peptides and recombinant proteins
Ampicillin sodium salt Sigma A0166
B27 supplement Life Technologies 17504-044
Bovine serum albumin (BSA) Sigma A7906
Deoxyribonuclease I from bovine pancreas (DNAse) Sigma D5025
DNA polymerase S5U/uL Biotools 10049-4111
dNTPs mix 10 mM Biotools 20038
DPX Mountant Sigma 06522
Dulbecco’s Modified Eagle Medium (DMEM) Sigma D5796
Dynabeads protein G Life Technologies 10004-D
T
FluorSave Calbiochem 345789-20ML
Forskolin (FSK) Sigma F6886
Glutamine (200 mM) Life Technologies 25030081
Hoechst33258 Invitrogen H3569
Hydrogen peroxide Sigma 216763
L-(-)-norepinephrine (+)-bitartrate (NE) Sigma A95112
Lipofectamine 2000 reagent Life Technologies 11668-079
Luminol Sigma 09253
Luria Broth base (LB) Invitrogen 12795027
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LB agar Sigma L2897
Molecular weight marker BioRad 161-0373
Mowiol 4-88 Sigma 81381
Neurobasal medium Life Technologies 21103-049
Oligo(dT) primers Life Technologies 18418012
OptiMEM medium Thermo Fisher Scientific 31985070
Paraformaldehyde (PFA) 16% Thermo Fisher Scientific 28908
Penicillin-Streptomycin (500 U/mL) Life Technologies 15070-063
Phosphatase inhibitor tablets (PhosSTOP) Roche 4906837001
Poly-D-lysine (PDL) Sigma P7658
Power SYBR green PCR master mix Life Technologies 4367659
Protease inhibitor cocktail tablets Roche 11697498001
Protein A Plus beads Thermo Fisher Scientific 22811
Proteinase K Roche 3115879001
p-Coumaric acid Sigma 28200
Random hexamers Invitrogen N8080127
RNAse Out Recombinant Ribonuclease inhibitor Invitrogen 10777019
RNase-free DNAse set Qiagen 79254
Super Script II reverse transcriptase Invitrogen 18064014
Sybr-Safe DNA gel stain Life Thechnologies S33102
Tissue-Tek O.C.T Compound Sakura 4583
Trypsin Sigma T4665
Trypsin/EDTA Life Technologies 5200-056
Trypsin inhibitor Life Technologies 17075-029
UltraPure Glycogen Life Technologies 10814010
UltralI”;ll:lol:Chloroform:IsoamylAlcohol(ZS 224:1,v/v) ThermoFisher Scientific 13593031
Comercial assays and kits

Actin Green 488 Ready Probes reagent ThermoFisher Scientific R37110
BCA Protein Assay Kit Pierce 23225
B-Galactosidase Reporter Gene Staining Kit Sigma GALS
DAB Peroxidase (HRP) Substrate kit Vector Laboratories SK-4100
Dual-Luciferase Reporter Assay System Promega E1910
Polyvinylidene fluoride (PVDF) membrane BioRad 162-0177
PureLink HiPure Plasmid Filter kit Invitrogen K-210017
PureLink RNA Mini Kit Thermo Fisher Scientific 12183025
Superfrost Plus slides Thermo Fisher Scientific J1S8O0AMNT
Vectastain ABC HRP kit Vector Laboratories PK-6100
Zenon Rabbit Alexa Fluor 488 Rabbit IgG kit Molecular Probes 725302
Zenon Rabbit Alexa Fluor 568 Rabbit IgG kit Molecular Probes 725306
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Recombinant DNA

Montminy Lab
pcDNA3-FLAG-TORC2 WT ontmutty L4
(Screaton et al., 2004)
pCre-luc Stratagene
pMD2.G Addgene 12259
pRL-TK reporter vector Promega E2241
pRL-null reporter vector Promega E2271
psPAX2 Addgene 12260
Table 3: List of antibodies used in this work
Dilution
Antibody Supplier Ref. Host
WB IHC | ICC | ColP | ChIP
B'ath;)(AC' Sigma A1978 | Mouse | 1:60000
Alexa Fluor .
568 anti- | LhermoFisher |\ 51134 1 Goat 1:300
Scientific
mouse
Alexa Fluor | Thermo Fisher )
568 anti-rabbit Scientific A-11036 Goat 1:300
Biotin anti- Vector )
rabbit Laboratories BA-1000 Goat 1:200
CREB Cell Signaling 9197 Rabbit 1:700 1:100 | 1:300
pCREg)(S“ Cell Signaling | 9198 | Rabbit | 1:1500
CRTC1 Cell Signaling 2587 Rabbit | 1:10000 1:250 | 1:65
Merk MABE4 .
CRTCI Millipore 61 Mouse 1:1000
Merk .
CRTC2 L ST1099 | Rabbit 1:4000
Millipore
CRTC2 Proteintech | | 24:; 1= 1 Rabbit 1:80 | 1:90
GAPDH Ambion AM4300 | Mouse | 1:200000
GFAP Dako 70334 Rabbit 1:500
HRP anti- Bio-Rad 1706516 | Goat | 1:3000
mouse
HRP anti- Bio-Rad 1706515 | Goat | 1:3000
rabbit
019- . )
Ibal Wako 19741 Rabbit 1:100
Lamin Bl Zymed 33-2000 | Mouse 1:1000
NeuN Sigma ABN78 | Rabbit 1:500
OctA-Probe sc- .
(H5) Santa Cruz 166355 Mouse 1:100
B-tubulin Sigma T7816 | Mouse | 1:20000
(SAP.4G5) )

WB: Western blotting; IHC: Immunohistochemistry; ICC: Immunocytochemistry; ColP: co-immunoprecipitation;
ChIP: Chromatin immunoprecipitation. FRET dilutions are specified in results section. Dilutions are only indicated for
the confirmed used applications.
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Table 4: Primers used for PCR genotyping

Gene Primer Direction Sequence Pr;(zl:ct
WT Crtc2-5’arm Forward 5’-TTGTGTCCCTTACCCTACTCAGGC-3’ 739 b
Cric2 Crtc2-3’arm Reverse 5’-TGTAATCCCAACATAGTGAGATGTCG-3’ P

Floxed Crtc2-For Forward 5’-GGCTGGCGAAGGTGAGTCCAGAGC-3’ 306 b
Cric2 Crtc2-Rev Reverse 5’-TGAACTGATGGCGAGCTCAGACC-3’ P
Fcloxgd Crtc2-5’arm | Forward 5-TTGTGTCCCTTACCCTACTCAGGC-3’ A7
rics-
LacZ LAR3 Reverse 5’-CAACGGGTTCTTCTGTTAGTCC-3’ P
Cre- P156 Forward 5’-GCCTGCATTACCGGTCGATGCAACGA-3’
recomb 720 bp
inase P157 Reverse 5’-GTGGCAGATGGCGCGGCAACACCATT-3’
Table 5: Primers used for qPCR gene expression analysis of mouse genes
Gene RefS(.aq Direction Sequence AmPllCOll
accession size
Forward 5’-CTTCTTGGGTATGGAATCCT-3’
Actb NM_007393 97 bp
Reverse 5’-ATAGAGGTCTTTACGGATGTC-3’
Forward 5’-GAAAGTCCCGGTATCCAAAG-3’
Bdnf NM_007540 140 bp
Reverse 5’-CATACGATTGGGTAGTTCGG-3’
NM 0010040 Forward 5’-GTCACCTGTCCGATAATACC-3’
Crtcl - 184 bp
62 Reverse 5’-GTCTAAGCCTGTCCTGAGAG-3’
Forward 5’-ACTCACCTTTGGATTCATCTCG-3
Crtc2 NM_028881 123 bp
Reverse 5’- TATGGAGAACTGTCAATGTGGC-3’
Forward 5>-TGAGACCAAACCCATATTCC-3’
Crtc3 NM_173863 64 bp
Reverse 5-TTTGTATCTTCTGTCAGGATGG-3’
Forward 5’-CAAAGTAGAGCAGCTATCTCCT-3’
c-fos NM 010234 71 bp
Reverse 5’-CAGCCATCTTATTCCGTTCC-3’
Forward 5’-AAGCTCATTTCCTGGTATGAC-3’
Gapdh NM_008084 97 bp
Reverse 5’-TGGTCCAGGGTTTCTTACTC-3’
Forward 5’-TTGTTGGATATGCCCTTGAC-3’
Hprtl NM_013556 56 bp
Reverse 5’-ACAAACGTGATTCAAATCCC-3’
Forward 5’-GCTTCATCCTCACTTTGCCA-3’
HK?2 NM 013820 53 bp
Reverse 5’-AGGACACGTCACATTTCGGA-3’
Ldh NM 0011360 Forward 5’-CTGAGAGCATAATGAAGAACC-3’ 651
a _
69 Reverse 5’-ATAGAGACCCTTAATCATGGTG-3’ P
Forward 5’-GGTGAAGGAAGTTGTACGGA-3’
Nrdal NM_010444 107 bp
Reverse 5’-AGGGAAGTGAGAAGATTGGT-3’
Forward 5’-CTATTCCAGGTTCCAGGCA-3’
Nrda2 NM_013613 56 bp
Reverse 5’-TGTTGGGTATCATCTCCACTC-3’
Forward 5’-GACTGAATGGCTGGATGG-3’
Ppia NM_008907 124 bp
Reverse 5’-GGAAATGGTGATCTTCTTGCT-3’
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Table 6: Primers used for ChIP-qPCR analysis of endogenous mouse gene promoters.

Position
Gene Primer Direction Sequence
from TSS
o5, P1 Forward 5’-TAGGTGAAAGATGTATGCCAAG-3’ -180 bp
Cc-Jos
p B Reverse 5’-GCTGTGAATGGATGGACTTC-3’ -38 bp
Cc-Jos
105 P2 Forward 5’-CGCTGGGTTTGGATCTCTAAG-3’ -1802 bp
c-fos
h Reverse 5’-CTGCTCCCTAGGAACCTCTG-3’ -1662 bp
Forward 5’-CGCGGTGGGTCATTGTTTCC-3’ -245 bp
Nrda2 P1
B Reverse 5’-TGCAGCCGGCGCTATAAATAA-3’ -146 bp
Nrda
Forward 5’-GAGGCGTTCGATAGGAAAGG-3’ -2017 bp
Nr4a2 P2
Reverse 5’-AGAAACAGGACAGGTTTGGAG-3’ -1884 bp
Irrelevant Forward 5’-ACTGCCTCCCTTGTACTACAC-3’ -
Region Reverse 5’-TGGTGAACCTGTGAGTTAGTG-3’ -

Table 7: General buffers and culture media recipes

General buffers and culture media

Composition

Complete neurobasal medium

Neurobasal medium supplemented with B27, 2 mM glutamine,
25 U/ml penicillin and 25 pg/mL streptomycin

DMEM containing 10% FBS, penicillin/ streptomycin (25

Full DMEM U/mL, 25 pg/ml respectively)

. 62.5 mM Tris-HCI pH 6.8, 10% glycerol, 2% SDS, 5% j-
Loading buffer (1X) mercaptoethanol and 0.01% bromophenol blue
PBG PBS supplemented with 30 mM glucose

Phosphate Buffer Saline (PBS)

136.87 mM NaCl, 2.9 mM KCl, 8 mM Na;HPO,, 1.47 mM
KH2P04, pH 7.4

Tris Buffer Saline (TBS)

20 mM Tris base, 136.87 mM NaCl, pH 7.6
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2 Mouse models

Mice used in these experiments were in a C57BL/6 background. Generation of Crtc2-LacZ
reporter, Crtc2 f/f and Crtc2 ¢cKO mice was performed as described in results (section 1.1). Mice
were maintained in standard conditions at the Animal Care Facility of the Universitat Autonoma
de Barcelona, with food and water available ad libitum and on a 12 h light/dark cycle. All
behavioural experiments were performed during the light phase. Littermates were housed
together, with a maximum of six mice per cage, keeping males and females separated after
weaning. Experimental procedures were conducted according to the Animal and Human Ethical
Committee of the Universitat Autonoma de Barcelona (CEEAH 2896) and Generalitat de
Catalunya (DMAH 8787) following the experimental European Union guidelines and regulations
(2010/63/EU).

3 Cell culture

3.1 Cell lines

Human embryonic kidney (HEK293T) cells were cultured in full DMEM. Cells were maintained
in a humidified incubator at 37°C with 5% CO,. Culture medium was changed every 3-4 days and
cell passages were performed once a week. For passages, cells were washed twice with PBS and
trypsinized for 3 min at 37°C with 1 ml of 0.25% Trypsin/EDTA. Flasks were manually shaken
and pre-warmed full DMEM was added. Detached cells were centrifuged at 250 g for 5 min. Cell

pellet was resuspended at the desired dilution and plated.

3.2 Primary neuronal culture

Cortical and hippocampal neurons were obtained from E15.5 mouse embryos. Embryos were
extracted and placed in a p100 petri dish with cold PBG where dissection was performed. Brains
were extracted, hemispheres were separated, and meninges were removed. Cortices and
hippocampi were transferred to a tube containing Solution 1 (120 mM NaCl, 4.8 mM KCI, 1.2
mM KH;POq, 25 mM NaHCOs3, 14.3 mM glucose, 0.3% BSA and 0.15% MgSOs) and centrifuged
at 300 g for 1 min. Tissue was incubated in Solution 2 (0.025% trypsin in Solution 1) at 37°C for
10 min. Solution 3 (0.052% trypsin inhibitor, 0.008% DNAse and 0.038% MgSOs in Solution 1)
was added and cells were centrifuged at 300 g for 1 min. The pellet was resuspended in Solution
4 (16% Solution 3 in Solution 1), mechanically disgregated using a Pasteur pipette and filtered
through a 40 um pore size nylon mesh. Filtered cells were transferred into Solution 5 (0.03%
MgSO, and 0.0014% CaCl, in Solution 1) and centrifuged at 250 g for 5 min. The pellet was
resuspended in pre-warmed complete neurobasal medium and cells were seeded in Poly-D-lysine
(PDL)-coated 24 well plates (35.000 cells/well for immunocytochemistry and 150.000 cells/well
for luciferase assay), 12-well plates (250.000 cells/well for mRNA analysis), 6-well plates
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(500.000 cells/well for biochemical assays), 100 mm diameter dishes (4-5 x 10° cells/dish for co-
immunoprecipitation assays). Neurons were maintained in a humidified incubator at 37°C and 5%
CO;, and the medium was changed every 4 days by replacing half of the conditioned medium

with fresh medium.

3.3 Primary astrocytic culture

Astrocyte cultures were prepared from cortices from mice at postnatal day 1. Mice were
decapitated and the cortices were isolated, minced and processed in the same way as with primary
neuronal culture. Filtered cells were resuspended in pre-warmed full DMEM and plated at
300.000 cells /ml in 24-well plates for luciferase assay and immunocytochemistry, 12-well plates
for mRNA analysis, 6-well plates for biochemical assays and 100 mm dishes for chromatin
immunoprecipitation assay and co-immunoprecipitation analysis. Astrocytes were maintained at
37°C in an incubator with a humidified atmosphere with 5% CO,. Medium was changed two hours
after plated to avoid excessive microglial growth. Cells were maintained until cultures reached

confluency (about 12 days) replacing the medium every 7 days.

3.4 Pharmacological treatments

Cultured cells were directly treated by adding the pharmacological reagent to the medium.
Treatments used were: forskolin (FSK) at 1 or 20 uM, KCl at 30 or 55 mM, cyclosporin A (CsA)
at 1 uM, okadaic acid (OkA) at 1 pM and norepinephrine (NE) at 10 puM.

35 Cellular transduction

For neuronal transduction, 4 days in vitro (DIV) cultured neurons were left with half of the
medium and transduced with lentiviral particles (LV) overnight using 2 infective particles/cell.

The following day medium was replaced with a mix of conditioned medium with fresh medium

(1:1).

Astrocytes were transduced when reached 60% confluency with adenoviral vectors serotype 5
(Ad5) in DMEM containing 1% FBS for 3 h using 100 multiplicity of infection (MOI).
Afterwards, medium was replaced for full DMEM.

3.6 Cellular transfection

Cultured neurons were transfected using Lipofectamine 2000 reagent according to manufacturer’s
instructions. Briefly, plasmidic DNA diluted in OptiMEM medium was mixed with
Lipofectamine 2000 reagent diluted in OptiMEM medium and incubated for 20 min at room

temperature. Meanwhile, half of cultured media was removed. Next, the mixture was added to
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cell culture medium and incubated for 50 min. Finally, medium was all replaced by conditioned

medium diluted in fresh medium (1:1).

For astrocytic transfection, the same protocol performed in neurons was used except that all
medium was replaced for DMEM without FBS before transfection and the mixture of DNA-

Lipofectamine was incubated for 4 h. Next all medium was replaced for full DMEM.

For HEK293T transfection the calcium phosphate method was used for lentiviral particles
generation. A mix of DNA plasmids to be transfected were mixed in HEPES buffered saline
(HBS) buffer (140 mM NaCl, 0.75 mM Na,HPO4, 25 mM HEPES; pH 7.05) containing 125 mM
CaCl; and incubated for 25 min at room temperature. Meanwhile HEK293T media was replaced
for DMEM without FBS. Next, mixture was added to media and incubated for 7 h. Finally,

transfection media was replaced for full DMEM.

4 Biochemical methods

4.1 Cellular and tissue lysis and protein quantification

Cell cultures were washed twice with ice-cold PBS and lysed in cold RIPA lysis buffer (50 mM
Tris pH 7.4, 150 mM NacCl, 2.5 mM EDTA, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM Na3;VOs, 25 mM NaF, ImM PMSF) supplemented with protease and phosphatase inhibitors.
Samples were sonicated for 10 seconds and centrifuged at 20,000 g for 10 min at 4°C. Supernatant

was kept at -20°C.

For tissue preparation, mice were euthanised by cervical dislocation, tissue was dissected on ice
and kept at -80°C until processing. Tissue was homogenized using a Dounce homogenizer in
RIPA lysis buffer containing protease and phosphatase inhibitors. Homogenized tissue was
incubated for 1 h at 4°C and sonicated 20 seconds three times. Lysates were centrifuged at 20,000

g for 10 min at 4°C and supernatant was stored at -20°C.

Protein concentration was determined with BCA Protein Assay Kit following manufacturer’s

instructions.

4.2 SDS-PAGE and Western blotting

Equal amounts of protein extracts were diluted with loading buffer and heated at 95°C for 5 min
before loading the polyacrylamide gels (PAGE) (6-8%). A molecular weight marker was included
in the gel. Electrophoresis was performed at 25 mA per gel in running buffer (25 mM Tris pH
8.3, 200 mM glycine, 0.1% SDS) and proteins were transferred to methanol-activated
polyvinylidene fluoride (PVDF) membranes at 110V for 1 h and 15 min in transfer buffer (10
mM Tris base pH 8.3, 100 mM glycine). Transferred membranes were incubated with blocking
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buffer (10% skimmed milk powder and 0.1% BSA in TBS) for 1 h at room temperature and with
primary antibody (Table 3) diluted in antibody solution (0.1% BSA and 0.02% thimerosal in
TBS) overnight at 4°C. Membranes were incubated with secondary antibodies conjugated to
horseradish peroxidase (HRP) diluted 1:3000 in blocking buffer for 1 h. Finally, membranes were
revealed by chemiluminescence reaction using ECL substrate (mixing ECL1:ECL2 in 1:1 ratio;
ECL1: 0.1 M Tris-HCI pH 8.5, 10 mM Luminol and 0.4 mM p-Coumaric acid; ECL2: 0.1 M Tris-
HCI pH 8.5, 0.064 % 8.8M Hydrogen Peroxide). Bands were detected on ChemiDoc MP System
(BioRad) and quantified with Image Lab 5.2.1 software (BioRad).

4.3 Cellular fractionation

Cultured cortical neurons were washed twice with cold PBS and cell fractionation lysis buffer (10
mM HEPES, 1.5 mM MgCl,, 10 mM KCI, pH7.9) supplemented with 0.1% Triton X-100,
protease and phosphatase inhibitors was added to plates. Neurons were collected, mechanically
homogenized and centrifuged at 1,200 g for 10 min at 4°C to pellet nuclear fraction. Nuclei were
washed thrice in the same buffer. Supernatant was centrifuged at 7,000 g for 10 min at 4°C to
discard organelles and centrifuged again at 100,000 g for 1 h at 4°C to obtain the cytosolic fraction

(supernatant) without membranes (pelleted).

Cultured astrocytes were washed twice with cold PBS and cell fractionation lysis buffer without
Triton X-100 and supplemented with protease and phosphatase inhibitors was added to the plates.

The following processing was performed as neuronal cellular fractionation.
For the Western blot analysis, equal amount of total protein was loaded in the gel for each fraction.

4.4 Co-immunoprecipitation (ColP)

Cultured neurons or astrocytes were crosslinked with 1% PFA for 10 min at room temperature
and quenched by adding glycine (125 mM). Cells were washed twice in cold PBS and were lysed
in ColP buffer (50 mM Tris-HCI pHS8, 100 mM NaCl, 1 mM MgCl,, 1% triton X-100, 1mM
PMSF) supplemented with protease and phosphatase inhibitors. Samples were sonicated for 15
seconds (x3) and centrifuged at 14,000 g for 10 min at 4°C. Neuronal supernatants (2 mg of
protein) were incubated with anti-CREB or anti-CRTC1 antibodies while astrocytic samples were
incubated with anti-CREB or anti-CRTC2 antibodies (see Table 3) overnight in a rotating wheel
at 4°C. Dynabeads protein G (Life Technologies) were added to samples and incubated for 15
min at room temperature in a rotating wheel. Tubes were transferred to the magnet and beads
were washed 4 times in ColP buffer. Finally, beads were resuspended in loading buffer. To
reverse crosslinking, before loading samples in SDS-PAGE, they were incubated at 96°C with
shacking (1,000 rpm) for 30 min.
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4.5 CREB transcriptional activity analysis

CREB-dependent transcriptional activity was determined using the commercial kit Dual-
Luciferase Reporter Assay System by transfecting cells with the pCre-luc and the pRL reporter
vectors. Neurons were transfected with pCre-luc and pRL-TK reporter vectors with
Lipofectamine 2000 as described above. Treatment was performed 24 h post transfection with

FSK (20 uM) plus KCI (30 mM) for 4 h.

Astrocytes were transfected with pCre-luc and pRL-null reporter vector. Treatment was

performed 48 hours post-transfection with NE (10 pM) for 8h.

After treatment, cells were washed twice with PBS and lysed using 100 pl of Passive Lysis Buffer
per well. For neuronal analysis, 20 pl of lysate was loaded in an opaque 96-well plate adding 25
uL of Luciferase Assay Reagent II (LAR II) and 25 pul of Stop & Glo reagent. For astrocytic
measurements, 40 pl of lysate was analysed adding 40 ul of LAR II and 40 pl of Stop & Glo.
Signal was measured using CLARITY luminometer (BIOTEK).

5 Molecular biology methods

51 Plasmidic DNA: amplification and purification

For plasmid amplification, 20 pl of DH5a competent cells were transformed with 1 ug of purified
DNA plasmid. Briefly, DNA was incubated with the cells at 4°C for 30 min, afterwards a heat
shock was performed (42°C for 45 seconds) and incubated again at 4°C for 5 min. Bacteria were
resuspended in 500 uL luria broth (LB) and incubated at 37°C with shacking for 1 h. Finally, cells
were pleated onto LB agar plates containing 100 pug/ml of ampicillin and incubated upside-down

at 37°C overnight.

For large-scale DNA purification, one transformed colony was grown in 250 ml of LB containing
100 pg/ml ampicillin at 37°C with agitation overnight. Bacteria were lysed and the plasmidic
DNA was purified using the PureLink HiPure Plasmid Filter kit following the manufacturer’s
instructions. Purified DNA was stored at -20°C.

5.2 Genotyping

For genotyping, genomic DNA was extracted from a 1-2 mm portion of mouse tail. Tissue was
incubated overnight at 56°C in digestion buffer (100 mM Tris-HCI pH 8.5, 200 mM NacCl, 5 mM
EDTA and 0.2% SDS) containing 0.1 mg/mL proteinase K (Roche). Samples were centrifuged at
15,000 g for 5 min and the supernatant was transferred into a new tube containing 500 pl of
isopropanol, mixed and centrifuged at 15,000 g for 10 min. DNA pellet was washed with 500 pl

of 70% ethanol and centrifuged again. Supernatant was removed and the DNA pellet was
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resuspended in 100 ul TE buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8) at room
temperature overnight with shacking. For genotyping, 2 ul of DNA were added to 23 pul PCR mix
containing 0.2 mM dNTPs mix, 2 mM MgCl,, 0.5 uM of each primer (Life Technologies) (Table
4) and 1U DNA polymerase in PCR Buffer. PCR conditions were as follow: 94°C for 4 min, 40
cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 1 min and followed by a final step of
amplification at 72°C for 7 min. PCR products were resolved in a 2 % agarose gel containing 1X
Sybr-Safe in TAE buffer (40 mM Tris-acetate and | mM EDTA at pH 8.2). Gel electrophoresis
was performed at 110V for 45 min and DNA bands were visualized in the UV transilluminator

(GeneGenius, Syngene).

5.3 RNA extraction and reverse transcription

Total RNA from frozen tissue or cultured cells was extracted by using the PureLink RNA Mini
Kit according to manufacturer’s instructions. To avoid genomic DNA contamination, a DNAse
digestion step was performed in the column using the RNase-free DNAse set according to
manufacturer’s instructions. Purified RNA (0.5 — 1 pg) was reverse transcribed in a 50 pl mix
containing Oligo(dT) primers (1 uM), random hexamers (1uM), dNTPs (0.5 mM), DTT (0.45
mM), RNAse Out (10 U), reaction buffer (1X) and Super Script Il reverse transcriptase (200 U).
First, a 25 pl mix containing RNA, dNTPs, Oligo(dT) primers and random hexamers was
incubated at 65°C for 10 minutes before adding the rest of reagents. Samples were incubated at
25°C for 10 min, 42°C for 1 h and finally 72°C for 15 min. The resultant cDNA was stored at
-20°C.

5.4 Quantitative PCR

For gene expression analysis, reverse transcribed cDNA was diluted 1:100 and analysed using
real-time quantitative PCR (RT-qPCR). RT-qPCR reactions were performed in duplicate using
the Power SYBR green PCR master mix and custom designed primers (0.4 pM; Life
Technologies) (Table 5) using the 7500 Fast instrument (Applied Biosystems) with the following
parameters: 95°C for 10 min, 40 cycles at 95°C for 15 seconds, 60°C for 1 min followed by 95°C
for 30 seconds and 60°C for 15 min. Amplification data was acquired using the 7500 Software
v2.0.6 (Applied Biosystems), analysed using LinRegPCR software (Ruijter et al., 2009) to extract
the Cq values and the PCR efficiencies and finally analysed using the comparative Cq method
(Pfaffl, 2001).

In the case of quantitative chromatin immunoprecipitation (ChIP-qPCR) analysis, no previous

dilution of the samples was performed.
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55 Generation of lentiviral particles

Lentiviral particles (LV) were generated in HEK293T cells. HEK293T cells were co-transfected
using the calcium phosphate method with psPAX2 packaging vector, pMD2.G envelope vector
and the plasmid of interest: pFUGW-EGFP-NLS-Cre, pFUGW-EGFP-NLS-ACre (Ho et al.,
2006), pPLVTHM-shCRTC1 or pLVTHM-Scr (Espana et al., 2010) that express Cre-recombinase
(Cre), a non-active mutant Cre-recombinase (ACre), short hairpin Crzc/ (shCRTC1) and its

control scramble (Scr) respectively.

48 h after transfection, medium was centrifuged at 100,000 g for 2 h at 4°C to precipitate the
lentiviral particles. The pellet was then resuspended in PBS and kept at -80°C. For titration,
HEK293T cells were transduced with different dilutions of the lentiviral particles and GFP
positive cells were quantified using the flow cytometer (Cytomics FC 500, Beckman Coulter)

72 h after transduction.

5.6 Generation of adenoviral vectors

Adenoviral vectors serotype 5 (Ad5) expressing GFP (Ad5-GFP) or Cre-recombinase (Ad5-Cre)
under the CMV promoter were generated at the Viral Vector Unit Production (UPV) from Centre
de Biotecnologia Animal i Terapia Genica (CBATEG).

5.7 Quantitative chromatin immunoprecipitation (ChIP-gPCR)

Confluent cultured astrocytes in 100 mm dish were crosslinked with 1% PFA for 10 min at room
temperature with gentle agitation and quenched with glycine (125 mM) for 5 min. In case of
performing the IP against the transcriptional coactivator (CRTC2), astrocytes were also
crosslinked using 6 mM ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester) (EGS)
for 30 min. Pleated cells were then placed on ice and washed twice with cold PBS. Astrocytes
were collected in PBS supplemented with protease inhibitors and 1 pM PMSF, transferred to an
eppendof and centrifuged at 10,000 g for 10 min. The resultant cell pellets were stored at -80°C.
For ChIP, frozen pellets were thaw on ice and lysed in 50 pl of SDS-Lysis Buffer (50 mM Tris-
HCI pH 8.1, 100 mM NaCl, 5 mM EDTA, 1% SDS, 0.1% Na-deoxycholate, 1 uM PMSF and
protease inhibitors) for 1 h in a tube rotator at 4°C. Lysates (120 ul corresponding to 2 pellets)
were transferred to a new eppendorf and 180 pl of ChIP Dilution Buffer (CDB) (16.7 mM Tris-
HCI, pH 8.1, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, 0.01% SDS, 0.1% Na-
deoxycholate, 1 uM PMSF and protease inhibitors) were added before sonication in the Bioruptor
Plus (Diagenode, Seraing, Belgium). Chromatin was sheared between 200 and 500 bp. 700 ul of
CDB were added to the fragmented chromatin and centrifuged at 12,000 g for 10 min at 4°C. Part
of the resultant supernatant was kept as input (25 ul) and the rest was transferred to a new

eppendorf and incubated at 4°C in a tube rotator overnight with anti-CREB or anti-CRTC2
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antibodies (see Table 3) or without antibodies as a negative control. Each sample was incubated
with 50 pl of Protein A Plus beads for 1 h in a tube rotator at 4°C and centrifuged at 350 g for 2
min at 4°C. Beads were washed twice with 700 pul Low-salt wash buffer (20 mM Tris-HCI pH
8.1, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), 700 pL LiCl wash bufter (10
mM Tris-HCI pHS8.1, 250 mM LiCl, 1% NP40, 1% Na-deoxycholate, ImM EDTA) and 700 pl
Tris-EDTA (TE) (10 mM Tris pH 8, ImM EDTA). Immunoprecipitated chromatin was eluted in
200 pl of Elution Buffer (20 mM Tris-HCI pH 7.5, 5 mM EDTA, 70 mM NaCl supplemented
with 1% SDS and 5 mM DTT) incubating at 65°C in agitation (1000 rpm) for 15 min. To each
immunoprecipitated sample (200 pl) were added 100 pl of Elution Buffer without DTT nor SDS
before proceeding to reverse de crosslinking. To each input sample (25 pl) were added 225 pl
CDB, 25 ul NaCl 2M, 20 ul SDS 10% and 12.5 ul DTT 100 mM. Input and immunoprecipitated
samples were incubated at 65°C for 3 h in agitation (600 rpm) followed by a 3 h proteinase K
digestion (125 ug) at 65 °C agitating at 600 rpm. 500 uL of UltraPure Phenol:Chloroform:Isoamyl
Alcohol (25:24:1, v/v) were added to samples, mixed vigorously and centrifuged at 16,000 g for
10 min at room temperature. The upper face was then transferred to a new eppendorf and a mix
containing 1 ml of Absolute Ethanol (stored at -20 °C), 40 pl NaAc 3M and 0.2 pl UltraPure
Glycogen was added to each sample before storing them overnight at -20°C. Samples were
centrifuged at 20,000 g for 20 min at 2°C to precipitate the DNA, supernatant was removed, and
the precipitated DNA was washed with 70% ethanol. Purified chromatin was resuspended in 60
ul TE incubating at 37°C in agitation (650 rpm) for 20 min and amplified by real-time qPCR using

primers for specific gene promoter regions (Table 6).

6 Histological and immunostaining methods

6.1 Immunohistological staining

To analyse expression of the reporter gene LacZ a protocol combining an enzymatic [-
galactosidase assay with an immunohistochemistry with peroxidase was used. Brains of 12
months-old male mice were dissected out, OCT embedded (Tissue-Tek O.C.T Compound) and
fresh-frozen in isopentane. Sections of 8 um were obtained in a cryostat (Leica) and collected on
Superfrost Plus slides. Samples were stained using the f-Galactosidase Reporter Gene Staining
Kit according to manufacturer’s instructions. Briefly, slides were fixed with the fixing solution
provided in the kit for 10 min at room temperature and incubated with the Staining Solution for
16 h at 37°C. Next, slides were fixed with 3% PFA for 15 min at room temperature and incubated
with 1% hydrogen peroxide in methanol for 15 min. Slices were blocked with 5% NGS and 0.3%
Triton X-100 in TBS. Primary antibodies NeuN, GFAP or Ibal (see Table 3) were diluted in
blocking solution and applied to the sections for 2 h at room temperature. Sections were then

incubated with secondary biotinylated anti-rabbit antibody (1:200) in blocking solution for 30
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min at room temperature and incubated with the avidin-biotin peroxidase (HRP) complex using
the Vectastain ABC HRP kit. After 2 washes of 50 mM Tris-HCI pH 7.5 for 10 min, sections
were incubated with DAB Peroxidase (HRP) Substrate kit following manufacturer’s instructions.
Sections were dehydrated: incubated in distilled water for 10 min (twice) and 3 min in each
alcohol dilution (50%, 70%, 96%, 100% (twice), xilol (twice)). Finally, slices were mounted using
DPX Mountant.

6.2 Immunofluorescence staining

Cultured cells plated on glass coverslips were washed twice with PBS, fixed with 4% PFA for 15
min and washed again with PBS. Fixed cells were blocked and permeabilized incubating
coverslips in blocking solution (1.5% NGS, 0.1% Triton X-100 in PBS) for 30 min at room
temperature. Primary antibodies anti-OctA-Probe FLAG tag or anti-CRTCI1 (Table 3) were
incubated overnight at 4°C in blocking solution and 3 washes of PBS (5 min) were performed.
Secondary antibodies Alexa Fluor 568 anti-mouse or anti-rabbit (see Table 3) were diluted in
PBS and incubated with the samples for 45 min at room temperature. If necessary, fixed cells
were incubated with Actin Green 488 Ready Probes reagent for 30 min at room temperature
following manufacturer’s instructions. Finally, nuclei were stained using Hoechst33258 (1 pg/ml)
diluted in PBS and incubated for 20 min at room temperature. Coverslips were finally washed

with PBS and mounted using FluorSave Reagent.

6.2.1 Fluorescence resonance energy transfer (FRET)

FRET refers to the transfer of nonradiative energy from an excited state of a fluorophore (donor)
to an adjacent fluorophore (acceptor). Thus, exciting a donor results in emission of the acceptor

despite it has not been directly excited (Figure 10A).

For FRET, protein interaction is considered when the two molecules are less than 10 nm apart
(Matyus, 1992). Distance is an important factor because FRET efficiency (E) between a single
pair of donor and acceptor is determined by E=1/[1+(1/R0)¢], were r is the distance between the
two fluorophores and Ry corresponds to the distance when 50% of energy is transferred (Snapp
& Hegde, 2006; Wouters et al., 2001). The Ry value is fluorophore-dependent and is determined
by the amount of overlap between emission spectra of the donor and the excitation spectra of the
acceptor and the relative orientation of the fluorophores. Thus, an important factor to consider for
FRET analysis is the pair of fluorophores chosen. In this case, Alexa Fluor 488 was used as donor
while Alexa Fluor 568 was determined as acceptor because their emission spectra and excitation
spectra, respectively, overlap and have an Ro of 62 A (Group & Microsystems, 2006) (Figure
10C).
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Figure 10. FRET approach principles

(A) FRET principle. In the absence of protein interaction, energy emission of donor (D, yellow) fluorophores (green
circles) cannot excite acceptor (A, blue) fluorophores (red circles). When proteins are close enough, part of D emission
is transferred to A fluorophores which emit energy (A emission). (B) FRET measurement by acceptor photobleaching.
First, donor (D) fluorophores are excited and D emission is quantified as D prebleaching (Dpre). Second, acceptor
fluorophores are photobleached. Third, D fluorophores are excited and D emission is quantified as D postbleaching
(Dpost). (C) Excitation (dotted lines) and emission (solid line) spectra of Alexa Fluor 488 (green), used as donor, and
568 (orange) used as acceptor. Note that 488 emission spectra overlap with 568 excitation spectra. Figure obtained
from Fluorescence Spectra Viewer, Thermo Fisher Scientific: https://www.thermofisher.com/order/spectra-viewer.

Different techniques can be implemented to determine FRET (Broussard et al., 2013). In this
work, experiments have been analysed using the acceptor-photobleaching. In this case, acceptor
is photobleached and the donor emission before bleaching (D) is compared to the donor
emission after bleaching (Dpost) (Kenworthy, 2001) (Figure 10B). Before acceptor-
photobleaching, donor emission energy is partially transferred to acceptor but, after acceptor-
photobleaching no energy transference takes place and all donor energy is emitted. Thus, if the
donor emission is higher after acceptor-photobleaching, one can assume that fluorophores are

close enough to undergo FRET. FRET efficiency (FRET.f) is then determined by FRET et = (Dpost
— Dpre)/Dpost (Snapp & Hegde, 2006).
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Cultured hippocampal neurons plated on glass coverslips were washed twice with PBS, fixed with
fresh 4% PFA for 15 min at room temperature, and washed again with PBS. Cells were
permeabilized and blocked for 30 min at room temperature with blocking solution (1.5% NGS,
0.1% Triton X-100 in PBS). Primary antibodies were directly conjugated to fluorophores using
Zenon Rabbit Alexa Fluor 488 Rabbit IgG kit or Zenon Rabbit Alexa Fluor 568 Rabbit IgG kit
following manufacturer’s instructions. Primary antibodies were conjugated using 1:6 molar ratio
(1 primary antibody to 6 Fab Zenon labelling reagent) as proceeds: 1 pug of primary antibody was
incubated with 10 pl of reagent A for 5 min at room temperature and then blocked with 10 pl of
reagent B for 5 more min. For 1:3 molar ratio, 1 ug of primary antibody was incubated with 5 pl
of reagent A and B. Conjugated primary antibodies were used within a maximum of 30 min. Fixed
neurons were incubated with conjugated primary antibodies (diluted in blocking solution) for 1 h
at room temperature and washed thrice with PBS for 5 min. Cells were fixed again with 4% PFA
for 15 min at room temperature and washed thrice in PBS for 5 min. When necessary, an
incubation of 45 min at room temperature with Alexa Fluor 568 anti-mouse or anti-rabbit
secondary antibody diluted in blocking solution was performed. Coverslips were then washed
with PBS and mounted on slides using Mowiol. Primary and secondary antibody dilutions are

specified in the results (section 2.4.2).

6.3 Image acquisition and processing

For histological staining, images were captured with Nikon Eclipse 90i series microscope using
the DXM 1200F camera with ACT-1 software (Nikon). For immunofluorescence staining and
CRTCI1 and 2 translocation analysis, images were taken using a laser scanning confocal
microscope (Zeiss LMS700, Carl Zeiss Microscopy) with a 40x objective and a zoom of 0.5. For
the analysis of the CRTCs translocation, quantifications were performed with Imagel software
(National Institutes of Health). First, a sum projection was performed for multiple stacks and
nuclear and cytosolic ROIs were established. Nuclear/cytosolic intensity of CRTCs staining was

calculated as integrated density (IntDen).

For FRET experiments, slides were examined using a laser scanning confocal microscope (Leica
TCS-SP5, Leica Microsystems). Images were taken using FRET wizard Leica software with a
63x objective, a zoom of 1.5x and 512x512 pixel resolution. For donor excitation was used 488
nm laser line with 30% intensity and emission was collected from 500-555 nm. For acceptor
excitation, 568 nm laser line with 20% intensity was used and emission was collected from 585-
700 nm. Prebleach images were acquired first. Then, bleaching was performed with the 561 nm
laser at 100% intensity with 5 iterations in a 3x3 ROI established in the nucleus of neurons. Then,
postbleach images were acquired. FRET analysis was performed using FRETcalc v5.0 plugin of

ImageJ 1.5i (Stepensky, 2007). First, stacks of 8-bit files containing pre- and postbleach images
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for donor and acceptor were prepared. Background was subtracted using a ROI adjacent to cell
and a smooth filter (3x3) was applied to eliminate noise. Donor and acceptor thresholds were set
as the mean of intensity values of samples without labelling. For the analysis, only the pixels that
were bleached over 50% were considered. FRET analysis was performed on the pixels in the

selected ROI that passed the established threshold values.

7 Behavioural experiments

For the transgenic mice phenotypic characterization, we used a battery of different tests. First,
observation assessments were performed and then, more sophisticated tasks such as Morris water

maze and contextual fear conditioning were analysed.

7.1 Observation assessment

The primary observations that were evaluated are summarized in the Table 8. Each parameter is
scored to provide a quantitative value to compare between genotypes. Individual observations can
be compared as well as a global value obtained from all observations. For the attainment of the
global punctuation individual values were summed or subtracted depending on if the evaluated
parameter was defining a positive (P) or a negative (N) aspect of the general condition of the mice

health respectively.

Table 8: List of primary observation parameters evaluated

Parameter Range Range of scores Condition
Body Position 0-5 Incorrect to correct P
Spontaneous Activity 0-3 None to repeated vigorous movement P
Tremor 0-2 None to marked N
Urination 0-1 Absent or present N
Defaecation n N
Piloerection 0-1 Absent or present N
Gait 0-3 Incapacity to normal P
Injury n N
Righting Reflex 03 From 1mpa11rm(zlvll‘[1 ;[:(r)l Igcl)alcr:gag;rgzléi[( to fails to right P
Body tone 0-2 None to strong P
Pinna Reflex 0-2 Response to ear light tactile stimulus P
Fur 0-2 From many bald areas to normal fur P
Whiskers 0-1 Absent or present P
Lacrimation 0-1 Absent or present N
Tail elevation 0-2 Flattened to Straub tail N
Skin colour 0-2 Blanched to normal P
Hump 0-1 Absent or present N
Right eye opening 0-2 From shut eye to wide opened eye P
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Left eye opening 0-2 From shut eye to wide opened eye P
Weight g

Modified from Hatcher et al., 2001. P: positive; N: negative

7.2 Morris water maze (MWM)

Morris water maze (MWM) experiments were performed in a circular pool of 120 cm diameter
full of white-coloured water at 20-22 °C. During the first day, animals were trained (4 trials; 60 s
each) to learn there is a platform (11 cm diameter) indicated with a visual cue, submerged (1.5-2
cm) in the pool. For the following days, 4 visual cues were situated at the virtual cardinal points
of the pool, dividing the pool with 4 virtual quadrants. The hidden platform was situated at the
middle of one quadrant (target, TG) and was maintained at the same position during all training.
During acquisition (ACQ), mice were trained for 5 or 8 consecutive days (4 or 6 trials daily; 60 s
per trial). In each trial, animals were individually introduced at the pool for each virtual cardinal
point, entering for all different cardinal points each day and changing the entrance order each day
of acquisition. Mice were put in the pool facing the wall and were left for free swimming for a
maximum of 1 min or until animal found platform. Mice that couldn’t find platform were guided
to platform and were left on the platform for 10 seconds. After each trial, mice were returned at
the home cage for 15 min before proceeding to the following trial. Mice were probed 2 h and 24
h post-acquisition. For the probe trial, platform was removed, and animals were introduced to the
pool from the adjacent right quadrant of the target quadrant (2 h) and the adjacent left quadrant
of the target quadrant (24 h). Animals freely swam for 60 seconds during each probe. Mice
behaviour during acquisition and probe was recorded and automatically analysed using ANY -

maze software (Version 5.1; Stoelting).

7.3 Contextual fear conditioning (CFC)

Mice were individually placed in a conditioning chamber (15.9 cm x 14 cm x 12.7 cm; Med
Associates Inc.) for 3 min allowing them to explore and develop a representation of the context
before applying the unconditioned stimulus, consisting on a foot shock (1s/0.8mA). Mice were
then maintained in the chamber for 2 min and immediate freezing after shock was analysed. The
conditioning chamber was cleaned before placing each mouse using 70% ethanol. Mice were re-
exposed to the same chamber 2 h (short-term memory), 24 h (long-term memory) or 7 days
(extinction) after the foot shock, and contextual fear memory was assessed by measuring the
freezing response during 4 min. Freezing response is defined as total movement cessation except
for respiration and was automatically measured using the Video Freeze Software (Med Associates

Inc.).
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8 Statistical analyses

Experiments were performed using at least three independent experiments, otherwise stated, and
data are represented as mean * standard deviation (SD) or standard error of the mean (SEM).
Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software). Analysis of t-
test and one or two-way analysis of variance (ANOVA) were performed followed by
Bonferroni’s, Sidak’s or Tukey’s post hoc test. Differences with P value < 0.05 were considered

significant.

71



72



VII Results

73



74



1 CRTC2 expression in the adult mouse brain

1.1 Generation of Crtc2 cKO mice

Crtc2-LacZ reporter mice were obtained by injecting Crtc2 embryonic stem (ES) cells into
C57BL/6J-Tyr c-Brd blastocysts (Pettitt et al., 2009). The Crtc2 ES cells contain a knock-in
insertion into the endogenous Crtc2 gene containing a LacZ reporter gene and a Neo resistance
gene between short flippase (Flp) recognition target (FRT) sites, and loxP sequences flanking the
Crtc2 exon 4 (Figure 11A). The resultant chimeric mice were crossed with C57BL/6J-Tyr c-Brd
females and the offspring carrying the genetic allele (heterozygous) were crossed to set up the
colony. These Crtc2-LacZ reporter mice were crossed with Flp transgenic mice to remove the
LacZ and Neo sequences. The Flp transgenic mice expresses a Flp recombinase gene under the
human B-actin (Actb) promoter that allows the recombination of the two FRT sequences to obtain
the Crtc2 1/f mutant mouse which have the wild-type Crtc2 gene containing two loxP sequences
flanking exon 4 (Figure 11B). Crtc2 f/f mice were crossed with calcium/calmodulin-dependent
protein kinase Ila (CamKlIla)-Cre-recombinase transgenic mice (Yu et al., 2001). The obtained
Crtc2 conditional knockout (cKO) mice (Crtc2 t/f; CamKlIla-Cre-recombinase) are expected to

recombine the loxP sequences eliminating Crtc2 exon 4 in postmitotic neurons (Figure 11B).

1.2 Expression of CRTC2 in neurons and glia in the adult mouse brain

Previous in situ hybridization analyses revealed that all CRTC isoforms, CRTCI1, 2 and 3 are
widely and differentially expressed in the rat brain (Watts et al., 2011). To examine the regional
and cellular expression of CRTC2 in the adult brain, histoenzymatic analyses of -galactosidase
(LacZ) were used in brain slices of control (WT) and Crtc2-LacZ reporter mice at 12 months of
age. This approach allows to study basal CRTC2 expression since the lacZ gene is under the
endogenous Crtc2 promoter. Stained images show abundant -galactosidase staining in the
hippocampus, spread and doted staining in the cortex and hypothalamus and less abundant
staining in the thalamus (Figure 12A). As expected, staining was absent in f/f control (WT) mice

not harbouring the B-galactosidase gene.

To determine the cellular types where CRTC2 is expressed, the histoenzymatic assay was
combined with immunohistochemical staining using markers for neurons (NeuN), astrocytes
(GFAP) and microglia (Ibal). Imaging analysis revealed that CRTC2 (blue staining) is expressed
both in neurons and astrocytes (brown staining) although not all neurons and astrocytes express
CRTC2 (Figure 12B). Notably, few microglia also express CRTC2 (Figure 12B). Again, j3-
galactosidase staining is absent in the brain of WT mice. These results indicate that CRTC2 is

mainly expressed in neurons and astrocytes in different regions of the adult mouse brain.
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Figure 11. Generation of mutant Crz¢c2 f/f and Crtc2 ¢cKO mice

(A) Schematic representation of the modified Crzc2 allele in embryonic stem (ES) cells used for generating the Crc2-
LacZ reporter mice showing location of the LacZ reporter and neomycin (Neo) resistance genes and the critical floxed
(f) exon 4, flanked by loxP sequences. FRT: flippase recognition target. (B) Scheme showing generation of the Crtc2
f/f and Crtc2 cKO mice. Crtc2-LacZ reporter mice and Flip (FIp) transgenic mice were crossed to obtain the Crzc2 f/f
mice after recombination of the FRT sequences. Crzc2 f/f is crossed with CamKIla-Cre-recombinase transgenic mice

to obtain the Crtc2 {/f; CamKllo-Cre-recombinase (Crtc2 ¢KO) mice after recombination of the loxP sequences.

1.3 Cellular expression of CRTCs in the brain

To analyse the cell-type expression of the three Crtc isoforms in the mouse brain, we re-analysed
free available cell type-specific transcriptomic data from the mouse cerebral cortex obtained from
the expression atlas database (Ref. 25186741; E-GEOD-52564; Y. Zhang et al., 2014). To
compare the expression of the different Crtc isoforms, data were expressed as Log2 transcripts
per million (TPM) (Figure 13A). Crtcl mRNA levels are more abundant in neurons (5.52),
followed by oligodendrocytes precursor cells (OPCs) (4.91), astrocytes (4.7), microglia (3.58)
and endothelial cells (2). Crfc2 mRNA was predominantly abundant in all cell types analysed
except for oligodendrocytes. Crtc2 was highly detected in microglia (6.39) and astrocytes (6.21),
followed by endothelial cells (5.98) and neurons (5.86). By contrast, Crtc3 mRNAs were the less
abundant isoform in the cerebral cortex but its expression was relatively high in astrocytes (5),

neurons (4.58), OPCs (4) and microglia (3.32).
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Figure 12. Expression of CRTC2 in the adult mouse brain

(A) X-gal staining of brain sagittal sections of Crtc2-LacZ reporter and control (WT) mice at 12 months of age showing
X-gal staining in the cortex (CTX), hippocampus (HIP), thalamus (TH) and hypothalamus (HY). (B) X-gal staining
combined with immunohistochemical staining of markers for neurons (NeuN), astrocytes (GFAP) and microglia (Ibal)
in brain sections of Crtc2-LacZ reporter and WT mice. NeuN staining images correspond to CA1 (left and right images)
and cortex (middle). Arrows indicate colocalization, while arrowheads show non-expressing -galactosidase cells.
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CRTC2 expression in the adult mouse brain

We next performed biochemical analysis to study the expression of the most abundant brain
CRTC isoforms, CRTC1 and CRTC?2, in cultured mouse cortical neurons and astrocytes (Figure
13B). This allows us to quantify the relative levels of CRTC isoforms normalized to -actin.
CRTCl is highly expressed (~1 fold) in cortical neurons (12 DIV) compared to cortical astrocytes
(80% confluency; ~0.1 fold; P < 0.001). On the contrary, CRTC2 expression is much higher in
astrocytes (~2 fold) than in cortical neurons (~1 fold; P < 0.001; Figure 13B). These results

indicate differential and cell-type specific expression of CRTC isoforms in the mouse cerebral

cortex.
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Figure 13. Cellular expression of CRTC isoforms in the mouse cerebral cortex

(A) Relative expression of Crtc isoforms analyzed by RNA-sequencing in different cell types of the mouse cerebral
cortex. Data extracted from the Expression Atlas database Ref. 25186741; E-GEOD-52564 (Zhang et al., 2014).
(B) Top: Representative images of primary mouse cortical neurons and astrocytes in culture. Bottom: Western blot
images (left) and quantification (right) of CRTC1 (two different exposures) and CRTC2 protein levels normalized to
fB-actin in cultured mouse cortical neurons (12 DIV) and astrocytes. Data are mean + SD of three independent cultures.

*#%P <0.001 determined by t-test.
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2 Characterization of CRTC1 and CRTC?2 in neurons

2.1 Expression of CRTCs in cultured cortical neurons

We next studied the expression pattern of CRTC1 and CRTC2 in cultured neurons at different
stages of neuronal differentiation. Cultured mouse embryonic (E15.5) cortical and hippocampal
neurons were lysed at 2, 4, 7 and 12 DIV and CRTCs protein levels were analysed by Western
blotting and qRT-PCR (Figure 14A). CRTCI protein levels rapidly rises at 4 DIV and then
stabilize. Levels of CRTC2 increase at 2 DIV and then progressively decline. Similar results were
obtained when analysing mRNA levels of Crtcl and Crtc2 in cortical and hippocampal neurons
(Figure 14B). CrtcI mRNAs are constant in cultured cortical neurons but decline in hippocampal
neurons at 2-12 DIV (P < 0.05). By contrast Crtc2 and Crtc3 mRNAs decline constantly during
differentiation of cortical and hippocampal neurons (Figure 14B). These results reveal that

CRTCs show specific patterns of expression during neuronal differentiation.

2.2 Differential regulation of CRTC phosphorylation in neurons

CRTCs are retained in the cytosol in basal conditions, and upon cellular stimuli they are
dephosphorylated and translocated to the nucleus to mediate CREB-dependent gene transcription
(Saura & Cardinaux, 2017). Previous studies demonstrated that CRTCI1 is dephosphorylated after
neuronal stimulation with forskolin (FSK), an adenylate cyclase activator, and depolarizing
concentrations of potassium chloride (KCI), which promote increase of intracellular cAMP and
Ca*" levels, respectively (Kovécs et al., 2007; Parra-Damas, Rubio-Ferrarons, et al., 2017).
Protein phosphatase (PP)2B/calcineurin is responsible for CRTC1 dephosphorylation in neurons
in response to Ca?* (Ch’Ng et al., 2012), but other studies suggest that dephosphorylation of
CRTC1 and CRTC2 depend on different protein phosphatases as showed in rat pinealocytes
(McTague et al., 2012).

Here, we examined the molecular mechanisms that regulate CRTC1 and CRTC2
dephosphorylation in cultured cortical neurons (12 DIV). We evaluated the effect of FSK, KCl or
both in CRTCs phosphorylation in the presence or absence of cyclosporin A (CsA), a
PP2B/calcineurin inhibitor, and okadaic acid (OkA), at doses that inhibit PP1 (Cohen et al., 1990).
To investigate the phosphorylation status of CRTC1 and CRTC2, an optimized SDS-PAGE was
performed to properly separate the different bands corresponding to the different phosphorylated
forms of CRTCs, obtaining a fastest migrating band that corresponds to the dephosphorylated
form and three (CRTC1) or two (CRTC2) slowly migrating species corresponding to different
phosphorylated forms. Our results show that the percentage of the dephosphorylated CRTC1 form
is not affected by FSK and/or KCI treatments (Figure 15). However, total levels of CRTC1 were
elevated by KCl and FSK/KCI treatments (P < 0.01). On the contrary, the percentage of
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Figure 14. CRTCs expression in cultured cortical and hippocampal neurons

(A) Western blotting analysis of CRTC1 and CRTC2 normalized to B-actin in cultured mouse cortical neurons at 2, 4,
7 and 12 days in vitro (DIV). Data represent mean + SD of three independent cultures. *P < 0.05 determined by one-
way ANOVA followed by Bonferroni’s post hoc test. (B) Analysis of Crtcl, Crtc2 and Crtc3 mRNA levels in primary
mouse cortical and hippocampal neurons at 2-12 DIV. Transcript levels were normalized to Gapdh levels. Data
represent mean £ SD of three independent experiments. *P < 0.05, **P < 0.01, ****P < (0.0001 as determined by one-
way ANOVA followed by Tukey’s post hoc test.

dephosphorylated CRTC2 was significantly increased after treatment with FSK (P < 0.0001),
KCI1(P<0.001) and FSK plus KCI (P < 0.0001), without changes in total CRTC2 levels (Figure
15). Cultured neurons were also treated with CsA or OkA prior to stimuli to inhibit PP2B and
PP1, respectively. CsA application resulted in a total blockade of CRTC1 dephosphorylation in
all tested conditions (P < 0.05 - 0.0001), whereas OKA treatment had no effect on
dephosphorylated CRTC1 species (Figure 15). Moreover, CsA treatment, but not OkA, inhibited
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Figure 15. Activity-dependent CRTC1 and CRTC2 dephosphorylation in cultured cortical neurons

Images of Western blot analysis showing activity-dependent CRTC1 and CRTC2 dephosphorylation and CREB
phosphorylation in cultured cortical neurons. 12 DIV neurons were pre-treated (15 min) with the protein phosphatase
inhibitors cyclosporine A (CsA, 1 uM) or okadaic acid (OkA, 1 uM) before cultured in the absence (non-treated; NT)
or presence (15 min) of vehicle (DMSO), forskolin (FSK, 20 uM), KC1 (30 mM) and FSK/KCI. Unphosphorylated
(black bars) and phosphorylated (p, pp, ppp; gray/white bars) CRTC1/2 forms (indicated by arrows at the right of the
blot images and at the top part of the graphs). Data represent percentage of the different phosphorylated and non-
phosphorylated forms of CRTC1 and CRTC2, total CRTC1 and CRTC2 protein levels and quantification of pCREB
(Ser133)/CREB levels ratio. Data are mean + SD of three independent experiments. Dephosphorylated forms of
CRTCs, total CRTC levels and the ratio pPCREB/CREB were analyzed by two-way ANOVA followed by Tukey’s post
hoc test. *P < 0.05, **P < 0.01, ***P < (.001, ****P < (.0001. * To NT within each group; # To its control condition;

& To its CsA condition; n.s: non-significant.

the increase of CRTC1 after KCl and FSK/KCI treatments. On the contrary, CRTC2
dephosphorylation was completely inhibited by OkA (P < 0.05 - 0.0001), whereas only partial
dephosphorylation blockade was detected after CsA treatment in FSK/KCI condition (P < 0.01).
These results demonstrate that CRTC1 dephosphorylation in neurons is dependent on PP2B,
whereas CRTC2 dephosphorylation depends mainly on PP1. In addition, it seems that CRTCI
protein levels, but not CRTC2, are upregulated upon neuronal stimulation, and this increase
depends on PP2B. In these experimental conditions, CREB phosphorylation (Ser133) was only
enhanced by OKA in all treated conditions (P < 0.0001) (Figure 15) reinforcing the idea that
CREB dephosphorylation is mainly regulated by PP1 in neurons, as previously reported in other
cell types (Alberts et al., 1994; Hagiwara et al., 1992).

PP1 and PP2A can be differently inhibited by OkA, depending on its concentration. Cohen and
colleagues showed that PP2A was inhibited at >1 nM of OkA, while blockade of PP1 requires
doses of > 1 uM (Cohen et al., 1990). To demonstrate whether CRTC2 dephosphorylation
depends on PP1 and/or PP2A, we analysed CRTCs dephosphorylation at different doses of OkA
(Figure 16). CRTC2 dephosphorylation was not affected at low OkA doses (1-500 nM) but it was
totally blocked at 1 pM OKA (compare Figures 15 and 16). Similarly, pCREB is increased at
500 nM OKA treatment. Dephosphorylated CRTCI is not affected by OkA at any tested OkA
concentration. These results strongly suggest that dephosphorylation of both CREB and CRTC2
depends on PPI.
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Figure 16. PP1, but not PP2A, regulates CRTC2 and CREB dephosphorylation

Western blot analysis of CRTC1 and CRTC2 dephosphorylation and CREB phosphorylation (Ser133) in cultured
cortical neurons (12 DIV) treated with increased doses of okadaic acid (OkA). Cortical neurons were pre-treated with
OKA for 15 min and then cultured in the presence of vehicle (DMSO) or FSK/KCI (20 pM, 30 mM) for 15 min. Low
OkA doses (< 500 nM) do not affect CRTC1 nor CRTC2 dephosphorylation.

2.3 Regulation of CRTCs cytosolic-nuclear trafficking

We next studied CRTCs cytosolic-nuclear translocation in cultured cortical neurons in basal and
stimulated (FSK/KCI) conditions. Subcellular fractionation was performed to obtain total, nuclear
and cytosolic fractions and levels of CRTC1 and CRTC2 were analysed by Western blotting
(Figure 17A). A significant increase of CRTC1 and CRTC2 were detected in total fractions after
FSK/KCl treatment (P < 0.01 and 0.05, respectively), while no significant changes were observed
in the cytosolic fraction. Indeed, neuronal stimulation induced an increase of CRTCs in nuclear
fractions (P < 0.05) (Figure 17A). Unexpectedly, nuclear levels of CRTCs are very low compared
to total or cytosolic fractions, suggesting minor CRTCs translocation to the nucleus after neuronal
stimulation. CRTC1 nuclear translocation was also analysed by immunocytochemistry. Cultured
hippocampal neurons were stained with CRTC1 antibody after FSK/KCI treatment and CRTC1
nuclear/cytosolic signal was quantified (Figure 17B). An increase of CRTC1 nuclear intensity

after neuronal stimulation was detected when compared to control (basal) conditions (P < 0.05).

2.4 CRTC1-CREB interaction in neurons

24.1 Co-immunoprecipitation of CREB and CRTC]1 in neurons

It has been previously proposed that CRTC2 interacts with the CREB/CBP complex to regulate
gene transcription (Luo et al., 2012; Ravnskjaer et al., 2007; Screaton et al., 2004). Since we have
demonstrated that CRTC1 is the main isoform found in neurons, we next examined binding of
endogenous CRTC1 to CREB upon neuronal activity. Co-immunoprecipitation (ColP) assays
were performed in cortical neurons (12 DIV) in vehicle (Veh) and activity-stimulated conditions
(FSK/KCI). FSK/KCl induced CRTC1 dephosphorylation and CREB phosphorylation at Ser 133
(Figure 18). Biochemical analysis revealed an increase of CRTCI1 (~35%) in CREB
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Figure 17. Activity-dependent CRTC1 and CRTC2 nuclear translocation in cultured neurons

(A) Subcellular fractionation showing two different exposures of CRTC1 and CRTC2 in total, nuclear and cytosolic
fractions of cortical neurons (12 DIV) treated with FSK/KCI1 (20 uM, 30 mM) for 15 min. CRTCs levels were quantified
and represented as mean + SD of four independent experiments. *P < 0.05, **P < 0.01 as determined by t-test.
(B) Immunostaining of endogenous CRTC1 in cultured hippocampal primary neurons in basal, vehicle (Veh) and
FSK/KCI (20 uM, 55 mM) conditions. Representative images of neurons showing localization of CRTC1 (red) in the
nucleus (Hoechst) in FSK/KCl-treated neurons. Data represent mean + SD of nuclear/cytosolic CRTC1 intensity of
several independent experiments (n=4; 30-54 neurons per condition and experiment). Statistical analysis was

determined by one-way ANOVA followed by Bonferroni’s post hoc.
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immunoprecipitates in stimulated neurons compared with vehicle conditions (~15%). pCREB
(50%) was also present in CRTCI1 immunoprecipitates upon stimulation. These results

demonstrate the presence of CRTC1/CREB complexes upon neuronal activity in cortical neurons.
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Figure 18. Activity-dependent binding of CRTC1 to CREB in primary cortical neurons

Coimmunoprecipitation experiments showing activity-dependent binding of endogenous CRTC1 to CREB in cultured
cortical neurons (12 DIV). Representative immunoblots of CRTC1 (two different exposures) and pCREB in the lysate
(input), immunoprecipitated (IP) and unbound fractions. Endogenous CRTCI1 is immunoprecipitated with an anti-
CREB antibody, and pCREB is efficiently immunoprecipitated with the anti-CRTC1 antibody in neurons treated with
FSK/KC1 (20 uM; 55 mM). The graphs represent the percentage of immunoprecipitated CRTC1 and pCREB
normalized to the maximum immunoprecipitation with their specific antibodies in FSK/KCI conditions, which is
considered 100%. Data represent percentage of immunoprecipitation+SEM of four independent experiments.
*P <0.05 by one-tailed t-test.

2.4.2 CREB/CRTCI interaction detected by Fluorescence Resonance Energy Transfer
FRET

We also examined CRTC1/CREB interaction by FRET, using the acceptor photobleaching
technique. To study CRTC1/CREB interaction in cultured neurons, we first set up the
experimental conditions for the protein labelling. CREB primary antibody was conjugated to
Alexa Fluor 488, while CRTC1 primary antibody was conjugated to Alexa Fluor 568. For the
antibody conjugation different molar ratios (1:3 and 1:6) of antibody:fluorophore were analysed

by immunocytochemistry (Figure 19A). CREB and CRTCI1 antibodies were conjugated with
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fluorophores and then diluted 1:250 and 1:55 respectively for sample incubation. Compared to
1:6 antibody:fluorophore molar ratio, the 1:3 molar ratio was barely detected (Figure 19A), so

all antibody conjugations were performed with 1:6 molar ratio.

We next set up the donor:acceptor (D:A) ratio. For FRET, it is important to have more acceptor
than donor fluorophores since one donor is able to excite different acceptors and if donor:acceptor
ratio is higher, acceptor fluorophores can be bleached by emission of all donors. Thus, a
donor:acceptor ratio at 1:4 or below (usually 1:8) would maximize FRET¢+ (Snapp & Hegde,
2006). For this study, two different donor:acceptor ratios were tested in a positive control,
consisting of CREB primary antibody (diluted 1:250) conjugated with Alexa Fluor 488 and
recognized with an anti-rabbit secondary antibody conjugated with Alexa Fluor 568 (diluted
1:370 or 1:600) representing D:A ratios of 1:8 or 1:5 respectively (Figure 19B). Since there is a
physical interaction between the CREB primary antibody and the rabbit secondary antibody, the
expected FRET.s should be the maximum. As a negative control we used CREB primary antibody
conjugated with Alexa Fluor 488 (1:250) as donor, and a primary mouse antibody (1:50) against
NeuN, a nuclear protein that does not interact with CREB, that is recognized by an anti-mouse
secondary antibody Alexa Fluor 568 (1:370) to obtain a 1:8 D:A ratio. Indeed, FRET. for the
negative control is minimum (-1.13% =+ 4.83). For the positive control a 1:8 D:A ratio yield a
FRET.sr of 22.52% =+ 1.53 (mean + SEM), whereas for 1:5 D:A ratio FRETe was 21.71 = 2.31
(Figure 19B). The FRET.srvalues for the positive controls were very similar, so we next proceed

with the 1:8 D:A ratio to favour FRET .

To examine how endogenous CREB-CRTCI interaction is affected by neuronal activity, cultured
hippocampal neurons were treated with vehicle (control) or stimulated with FSK/KCI for 5 or 15
min to mimic neuronal activity. Neurons were stained with anti-CREB antibody conjugated with
Alexa Fluor 488 (1:250; donor) and anti-CRTC1 antibody conjugated with Alexa Fluor 568,
(1:55; acceptor). The resulting conditions were 1:8 D:A ratio. For FRET positive control,
FSK/KCl-treated hippocampal neurons (15 min) were stained with the primary rabbit antibody
anti-CREB conjugated with Alexa Fluor 488 (1:250) and an anti-rabbit secondary Alexa Fluor
568 antibody; 1:370). Two different FRET negative controls were used: 1) the NeuN negative
control, which consisted of the primary antibody anti-CREB (1:250) conjugated with Alexa Fluor
488 and anti-NeuN (1:50) labelled by a secondary anti-mouse Alexa Fluor 568 antibody; 2) the
only donor negative control, which consisted on the primary antibody anti-CREB (1:250)
conjugated with Alexa Fluor 488 without any acceptor molecule (Figure 19C). It should be
noticed that determining good positive and negative FRET controls is important because they
would define the limits of the experimental FRET.s values. For this experiment, 60 regions of

interest (ROIs) per condition corresponding to three coverslips (20 ROIs per coverslip) were
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analysed. FRET.x was calculated as the mean of the median of each coverslip (mean + SEM). As
expected, positive control FRET.r was high, reaching a 26.30% + 0.64, whereas the NeuN
negative control FRET.ss was very low, 0.54% + 2.37. The only donor negative control FRE T
could not be calculated since no pixel reached to the established threshold. Interestingly, the
FRET. of the tested conditions was 1.38% = 0.2 for vehicle, and 3.64% =+ 0.58 and 4.46% + 1.39
for 5 and 15 min FSK/KCI treatment, respectively (Figure 19D). These results suggest increased

interaction of endogenous CRTC1 and CREB upon neuronal activity.
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Figure 19. Activity-dependent CRTC1 binding to CREB in cultured hippocampal neurons assayed by FRET

(A) Left: Scheme of a primary antibody to fluorophore conjugation with molar ratio of 1:3 and 1:6. Right:
representative immunocytochemistry images of cultured hippocampal neurons stained with anti-CREB antibody
conjugated with 1:3 and 1:6 molar ratio with Alexa Fluor 488 fluorophore. (B) Left: schematic representation of the
donor:acceptor (D:A) fluorophore ratios 1:5 and 1:8. Right: Percentage of FRET efficiencies corresponding to positive
control (D:A ratio of 1:8 and 1:5) and a negative control (D:A ratio of 1:8). Data are mean + SEM of 2-4 regions of
interest (ROIs) per condition. (C) Scheme of immunocytochemistry conditions used for FRET analysis of
CREB/CRTCI1 interaction including positive and negative controls. (D) Percentage of FRET efficiencies obtained for
CRTC1 and CREB binding in cultured hippocampal neurons. Graph represents data from the positive control, NeuN
negative control and treated neurons with vehicle (Veh) or FSK/KCI (20 pM; 55 mM) for 5 min or 15 min. Data
represent mean of medians of each coverslip + SEM, which correspond to analysis of 60 ROIs from 3 coverslips per

condition (20-21 ROIs per coverslip) from one independent experiment.
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2.5 CRTCs-CREB dependent gene transcription in cortical neurons

To determine the roles of CRTC1 and CRTC2 in CREB-mediated transcription in neurons, Crtc2
f/f cultured cortical neurons were transduced with lentiviral vectors containing Cre-recombinase
(Cre), the inactive Cre-recombinase (ACre), short hairpin CRTC1 (shCRTC1) or scramble (Scr)
in order to inactivate endogenous Crtc2 and/or Crtcl. Western blot and qRT-PCR analyses were
performed to corroborate that lentiviral vectors efficiently reduced CRTC1 and CRTC2 protein
and mRNA levels (Figure 20A). Western blot analysis revealed a specific reduction of CRTC1
by shCRTCI1 and ablation of CRTC2 in Cre-recombinase transduced neurons (Figure 20A).
Supporting this data, qRT-PCR analysis demonstrated the expected reduction of Crtc! (P < 0.01)
and Crtc2 (P < 0.05) transcripts in neurons transduced with shCRTC1 and Cre lentiviral vectors,

respectively (Figure 20A).

To study the global effects of CRTC1 and CRTC2 in CREB-mediated transcription, a CRE-
luciferase assay was used performing similar experimental conditions but, in this case, neurons
were treated with FSK/KCIl for 4 h. Neuronal stimulation induced an increase of CREB
transcriptional activity in cortical neurons (P < 0.0001), which was reduced in shCRTCI-
transduced neurons (~75%; P < 0.001) but not by Crtc2 inactivation (P > 0.05) (Figure 20B).
When both CRTCs were inactivated, no additional effects were detected on CREB transcriptional
activity compared to shCRTC1-treated neurons (Figure 20B). These results indicate that CRTC1
plays a more relevant role in activity-dependent CREB-mediated gene transcription in neurons.
Next, we analysed transcript levels of specific CRTC-dependent CREB target genes after treating
neurons with FSK/KCI (4 h). Upon neuronal activity, there was an increase in the mRNA levels
of the CREB target genes Nr4a2 (~16 fold) and c-fos (~27 fold) (Figure 20C). After Crtcl
silencing, Nr4a2 presented a significant reduction (~55%; P < 0.001) although no effect was
detected in c-fos levels. By contrast, Crfc2 deletion had no significant effects on Nr4a2 and c-fos
levels (P > 0.05) (Figure 20C). Moreover, inactivation of both CRTCs had no additional effects

on the transcription of these genes than those observed with Crtc! silencing.
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Figure 20. Activity-dependent CRTC1- and CRTC2-mediated CREB transcription in cultured cortical neurons

(A) Western blot (top) and qRT-PCR (bottom) analysis showing lentiviral-mediated CRTC1 and CRTC2 inactivation
in Crtc2 floxed/floxed (f/f) cultured neurons. Cultured cortical neurons (12 DIV) were non-transduced (control) or
transduced with lentiviral vectors containing Cre-recombinase (Cre), a non-active Cre-recombinase mutant (ACre),
scramble (Scr) or Crtcl shRNAs (shCRTC1). Data represent mean + SD of three independent experiments. *P < 0.05,
**P < (.01 as determined by one-way ANOVA followed by Tukey’s post hoc test. (B) CREB transcriptional activity
analysis in Crtc2 f/f cortical neurons. Neurons (4 DIV) were non-transduced (control) or transduced with single or
combined lentiviral vectors containing ACre, Cre, Scr or shtCRTC1 and treated at 9 DIV with vehicle (Veh) or FSK/KCI
(20 pM; 30 mM) for 4h before analysing the CRE-promoter luciferase activity. Data represent mean + SD of three
independent experiments. **P < 0.01, ***P <(0.001, ****P <0.0001 as determined by one-way ANOVA followed by
Tukey’s post hoc test. (C) Nr4a2 and c-fos mRNA levels after viral-mediated CRTC1 and CRTC2 inactivation in Crtc2
f/f cultured neurons. Neurons (12 DIV) were non-transduced (control) or transduced with single or combined lentiviral
vectors containing ACre, Cre, Scr or shCRTCI and treated with vehicle (Veh) or FSK/KCI (20 uM; 30 mM) for 4h.
mRNA levels were quantified by real-time qPCR and normalized to geometric mean of Ppia, Hprtl and Gapdh genes.
Data represent mean + SD of three independent experiments *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001;
#vs. FSK/KCI control as determined by one-way ANOVA followed by Tukey’s post hoc test.
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2.6 Generation and characterization of Crtc2 cKO mice

To investigate the biological role of neuronal CRTC2 in the adult brain, we generated novel
neuron-specific Crtc2 ¢cKO mice. As described in the results section 1.1, Crtc2 f/f mutant mice
containing two loxP sequences flanking Crfc2 exon 4 were crossed with CamKlIla-Cre-
recombinase transgenic mice to obtain Crtc2 f/f;,CamKlla-Cre-recombinase (Crtc2 cKO) mice
lacking Crtc2 in postmitotic neurons (Figure 11B). In Crtc2 cKO mice, Cre-recombinase
expression is under the CamKlIla promoter, which is highly expressed in postmitotic neurons
during the third postnatal week resulting in neuron-specific Crtc2 deletion (Yu et al., 2001). We
first analysed Crtc2 mRNA levels in the hippocampus of Crtc2 f/f (control) and Crtc2 cKO mice
at postnatal days (P)15 and P21, and 4 and 9 months of age (Figure 21). Crtc2 mRNA levels were
significantly reduced at P21-9 months in Crtc2 cKO mice, whereas Crzcl and Crtc3 mRNA levels
were similar in both groups at all ages. As control, Crtc2 mRNA levels were also analysed in liver
homogenates of 4 month-old Crtc2 ¢cKO mice. In agreement with lack of recombination in non-
neuronal cells, no significant differences in Crtc2 mRNAs were detected in the liver of control

and Crtc2 cKO mice (Figure 21).
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Figure 21. Expression of Crzcs in the hippocampus of Crtc2 ¢cKO mice

Crtcl, Crtc2 and Crtc3 mRNA levels in hippocampal lysates from Crtc2 f/f (control) and Crtc2 cKO mice at different
ages: postnatal (P) days 15, 21, 4 months (M) and 9 M. Crtc2 mRNA levels in liver of Crtc2 f/f and Crtc2 ¢cKO mice
at 4 months. mRNA levels were quantified by real-time qPCR and normalized to the geometric mean of Hprt/ and
Gapdh. Data represent mean + SEM of 3-6 mice per group. Statistical analysis was determined by two-way ANOVA
followed by Sidak’s post hoc test or by t-test for the liver samples. **P < 0.01, ***P < 0.001, ****P < (0.0001.
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To validate the inactivation of CRTC2 at protein level, hippocampal lysates of Crtc2 cKO mice
were biochemically analysed at different ages. CRTC2 levels were similar in hippocampal lysates
of control (Crtc2 t/f) and Crtc2 cKO mice at P15, but a significant CRTC2 decrease was found
in Crtc2 cKO mice at P21 and 4 and 9 months (Figure 22A). Notably, the maximum reduction
of CRTC2 corresponded to a ~50% (P < 0.0001) in Crtc2 cKO mice at 4-9 months, which
reinforces the idea that CRTC2 is also expressed in non-neuronal cells in the hippocampus
(Figure 12B and 13). As a control, we also analysed expression of CRTCI. In this case, no
differences in CRTC1 levels were observed in Crtc2 cKO mice among the different analysed ages
(Figure 22A).
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Figure 22. Expression of CRTC1 and CRTC2 in the brain of Crtc2 ¢cKO mice

(A) Western blot analysis showing CRTC1 and CRTC2 protein levels in hippocampal lysates of Crzc2 f/f and Cretc2
cKO mice at postnatal (P) days 15, 21, 4 months (M) and 9 M. Data represent mean + SEM of 3-6 mice per group.
Protein levels were analyzed by two-way ANOVA followed by Sidak’s post hoc test. *P < 0.05, ****P < 0.0001.
(B) Western blot analysis of brains of 4 M-old Crtc2 f/f and Crtc2 cKO mice showing CRTC2 protein levels in
hippocampus (HIP), total cortex (CTX), prefrontal cortex (PFC), thalamus (TH), midbrain (MB), cerebellum (CB),
olfactory bulb (OB) and striatum (STR). Data represent mean + SEM (n= 5 mice per group). Statistical analysis
performed by t-test comparing Crtc2 f/f vs. Crtc2 cKO within each brain region. *P < 0.05, **P < 0.01.
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To investigate the brain regions in which CRTC?2 is inactivated, we next analysed CRTC2 levels
in different brain regions of Crtc2 cKO mice at 4 months. CRTC2 protein levels were significantly
reduced in the hippocampus, cortex, prefrontal cortex and thalamus of Crtc2 cKO mice. By
contrast, CRTC2 protein levels were unchanged in midbrain, cerebellum, olfactory bulb and
striatum of Crtc2 cKO mice (Figure 22B). The brain regions with no reduction of CRTC2
strongly correlate with the results of Yu et al., 2001 and Tsien et al., 1996, which reported no
major CamKlla expression in the cerebellum and striatum. These results suggest that CRTC2 is
expressed in neurons from hippocampus, cortex and thalamus, whereas ~ 50% of CRTC2 is

expressed in non-expressing CamKlIla cells in these regions.

We next analysed transcript levels of well-established CREB target genes, including Bdnf, c-fos,
Nr4al and Nr4a?2 since these genes are regulated by CRTC1 and/or CRTC?2 in different cell types
(Eberhard et al., 2013; Parra-Damas, Rubid-Ferrarons, et al., 2017; Rodén et al., 2019). qRT-PCR
analysis revealed no significant differences of Bdnf, c-fos, Nr4al and Nr4a2 levels in
hippocampal homogenates of control (Crtc2 f/f) and Crtc2 cKO mice from P15 to 4 months
(Figure 23). These results suggest a minor role of CRTC2 on the transcription of these neuronal

CREB target genes.
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Figure 23. Levels of CREB-target genes in Crtc2 ¢cKO mice

Bdnf, Nr4al, Nr4a2 and c-fos mRNA levels in the hippocampus of Crtc2 t/f and Crtc2 cKO mice at postnatal (P) days
15, 21 and 4 months (M). All mRNA levels were quantified by real-time qPCR and normalized to the geometric mean
of Hprtl and Gapdh genes. Data represent mean + SEM of 3-6 mice per group. Statistical analysis was determined by
two-way ANOVA followed by Sidak’s post hoc test.
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2.7 Behavioural characterization of Crtc2 cKO mice

For the behavioural characterization of the Crtc2 cKO mice a battery of different behavioural
tests were performed, starting with general behavioural assays and then performing specific
memory tasks. Two different animal groups at 12 months of age were evaluated: males and
females. First, male mice were evaluated in a longitudinal study analyzing: 1) observational
parameters, 2) Morris Water Maze (MWM) spatial memory, and 3) contextual fear conditioning
memory. Then, 12 months-old female mice were evaluated in the MWM and contextual fear

conditioning tests.

General behaviour state of 12 month-old male mice were analysed by studying observational
parameters mimicking the diagnostic process of general examination in humans (summarized in
Table 8) (Hatcher et al., 2001). In the majority of the parameters analysed, no significant
differences were observed between control Crtc2 f/f and Crtc2 ¢KO mice (Table 9). One
exception was tremor, in which three out of five Crtc2 cKO mice showed tremor behaviour
compared with six non-trembling Crtc2 f/f mice. However, when integrating all the different
parameters to obtain a general score for evaluating the mice condition, no significant differences
were observed. These results indicate no general phenotypic changes in Crtc2 cKO male mice at

12 months of age.

Next, we analysed spatial reference memory of the same experimental groups in the MWM. Mice
were trained (acquisition, ACQ) for 5 days (4 trials each day) and memory retention was studied
2 h after the last training (short-term memory) and 24 h post-training (long-term memory). Results
revealed no significant decrease in latencies to find the platform for any group during the
acquisition period (Figure 24A). Furthermore, when analysing time spent in target quadrant (TG)
and opposite quadrant (OP) during the probe trial at 2 h and 24 h after ACQ, no significant
differences were observed in any group (Figure 24B). We also performed the MWM test in 12
month-old females increasing the number of acquisition days to 8 and the number of trials per
day to 6. The results show significant reduction of latencies to find the platform during ACQ
indicating that mice learned the task (time effect P < 0.0001) (Figure 24C). Moreover, probe tests
performed at 2 h and 24 h post-acquisition revealed a preference for the TG compared to OP in
both groups. However, a significant difference of time spent in TG compared to OP was detected
only in the Crtc2 f/f group at 2 h (P < 0.05; Figure 24D). In conclusion, female Crtc2 cKO mice

show similar spatial learning and memory than control mice.
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Table 9: Scores obtained from the observational parameters

Crtc2 f/f

Crtc2 cKO

Parameter Range Mean SD Mean SD P value

Body Position 0-5 5 0 4.8 0,45 0.3
Spontaneous Activity 0-3 2 0 2 0 n.c.
Tremor 0-2 0 0 0,6 0,55 0.02
Urination 0-1 0,17 0,41 0 0 0.39
Defaecation n 0,5 0,84 1 2,24 0.62
Piloerection 0-1 0 0 0,2 0,45 03
Gait 0-3 2,83 0,41 3 0 0.39
Injury n 0 0 0 0 n.c.
Righting Reflex 0-3 2,3 0,52 2,6 0,55 0.43
Body Tone 0-2 0,5 0,55 0,6 0,89 0.82
Pinna Reflex 0-2 1,67 0,52 1 1 0.19
Fur 0-2 2 0 2 0 n.c
Whiskers 0-1 0,67 0,52 0,8 0,45 0.66
Lacrimation 0-1 0 0 0 0 n.c
Tail Elevation 0-2 1 0 1,2 0,45 0.23
Skin Colour 0-2 2 0 1,8 0,45 0.23
Hump 0-1 0 0 0 0 n.c
Right eye opening 0-2 2 0 2 0 n.c
Left eye opening 0-2 2 0 2 0 n.c.
Weight g 51,63 3,73 49,94 4,73 0.52
Total 22,33 2,42 20,6 1,95 0.23

n.c. = no calculated; Crtc2 f/f n=6; Crtc2 cKO n=5

Contextual memory was also analysed in the same groups of 12 month-old males and females

(Espatfia et al., 2010). Results of male (Figure 24E) and female (Figure 24F) mice show increase

in freezing responses at 2 and 24 h, and 7 and 30 days after the training session although no

significant differences were found between Crec2 f/f and Cric2 cKO mice. Altogether, these

results suggest that CRTC2 in neurons of the brain does not globally affect spatial and contextual

memories in adult mice.
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Figure 24. Behavioural characterization of memory in Crzc2 ¢cKO mice

(A,C) Latencies to platform during the different days of acquisition (ACQ) in the Morris water maze (MWM) test
performed in 12 month-old Crtc2 f/f and cKO male (A) and female (C) mice. Data represent mean + SEM of n=5-6
(A) and n=4-7 (C) mice per group. Statistical analysis was determined by two-way ANOVA followed by Tukey’s post
hoc test. *P<0.05 **P< (.01, ****P< 0.0001; n.s: non-significant. * represents ACQ1 vs. other ACQs in the Crzc2 f/f
group; #represents ACQ2 vs. other ACQs in the Crzc2 ¢KO group. (B)(D) Time spent in the target (TG) and opposite
(OP) quadrants in the probe trial of the MWM at 2 h and 24 h after training performed in 12 months-old Crz¢c2 f/f and
cKO male (B) and female (D) mice. Data represent mean = SEM of n=5-6 (B) and n=4-7 (D) mice per group. Statistical
analysis was determined by two-way ANOVA followed by Sidak’s post hoc test. *P<0.05. (E,F) Percentage of freezing
time of Crtc2 f/f and Crtc2 cKO in the contextual fear conditioning (CFC) test in 12 month-old male (E) and female
(F) mice. Freezing was analyzed during neophobia (neo) and after the foot shock immediately (imm) or 2h, 24h, 7 days
(d) and 4 weeks (w) after conditioning. Data represent mean + SEM of n=5-6 males (E) or n=4-7 females (F). * means
significant vs Neo in Crzc2 f/f group; # means significant vs Neo in Crtc2 ¢cKO group. *P < 0.05, ** P <0.01, *** P <
0.001, **** P <0.0001. Statistical analyses were determined by two-way ANOVA followed by Sidak’s post hoc test.
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3 Characterization of CRTC1 and CRTC2 in astrocytes

3.1 Regulation of CRTCs phosphorylation in astrocytes

Our previous studies revealed that CRTC1 and CRTC2 are differentially expressed in astrocytes
of the cerebral cortex (Figure 13). To determine the molecular mechanisms that regulate CRTC1
and CRTC2 in cortical astrocytes, we evaluated the effects of FSK and NE in CRTCs
phosphorylation in the absence or presence of CsA and OkA at doses that inhibit PP2B and PP1,
respectively (Cohen et al., 1990). Optimized SDS-PAGE gels revealed two major bands
corresponding to phosphorylated and dephosphorylated CRTC1 and CRTC2 forms in cortical
astrocytes (Figure 25, top). Compared to vehicle or FSK, NE significantly increases the
percentage of dephosphorylated CRTC1 (P < 0.05) (Figure 25). CRTC2 dephosphorylation was
also induced by FSK and NE, but the increase in the percentage of dephosphorylated CRTC2 was
not significant (P > 0.05). Compared to neurons, total CRTC1 and CRTC?2 protein levels are not
affected by FSK or NE. Interestingly, inhibition of PP2B/CaN with CsA significantly reduced
CRTC1 dephosphorylation (P < 0.01), whereas PP1 inhibition with OkA did not affect CRTCI
dephosphorylation (Figure 25). By contrast, dephosphorylated CRTC2 levels, were not affected
by inhibition of PP1 nor PP2B. In cultured astrocytes, CREB phosphorylation was enhanced by
NE and/or OKA treatment, indicating that PP1 is the main phosphatase responsible for CREB
dephosphorylation in astrocytes (Figure 25).

These results suggest that activity-induced CRTC1 dephosphorylation is mainly mediated by
PP2B in astrocytes, but CRTC2 dephosphorylation is independent of PP1 and PP2B.

3.2 CRTCs cytosolic-nuclear translocation

We next studied CRTC1/2 cytosolic-nuclear translocation in astrocytes. Subcellular fractionation
was performed to obtain total, nuclear and cytosolic fractions (Figure 26A). As expected, CRTC1
and CRTC2 were dephosphorylated after NE treatment in all fractions (Figure 26A). An increase
in nuclear CRTC1 and CRTC?2 are detected after NE treatment although, it is only significant for
CRTC2 (P <0.05). CRTC1 and CRTC2 in the cytosolic fractions were slightly reduced after NE
treatment. Surprisingly, nuclear levels of CRTC1 and CRTC?2 are very low compared to cytosolic

and total fractions, indicating a very low percentage of CRTC translocation into the nucleus.

Immunocytochemistry analyses were also performed to confirm the above results. Cultured
cortical astrocytes were transfected with a pcDNA3-FLAG-TORC2 plasmid to overexpress
FLAG-CRTC2 (Screaton et al., 2004) and then were incubated with vehicle or NE and stained
with an anti-FLAG antibody (Figure 26B). Images were quantified analysing the CRTC2-Flag
nuclear/cytosolic intensity ratio (Figure 26B). Quantification analysis indicates an increase of

CRTC2 in the nucleus after NE treatment.
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Figure 25. Activity-dependent CRTC1 and CRTC2 dephosphorylation in cultured cortical astrocytes

Western blot analysis showing activity-dependent CRTC1 and CRTC2 dephosphorylation and CREB phosphorylation
in cultured mouse cortical astrocytes. Astrocytes were pre-treated for 15 min with vehicle or protein phosphatase
inhibitors cyclosporine (CsA, 1 uM) or okadaic acid (OkA, 1 pM) and incubated with vehicle (Veh), FSK (1 pM) or
norepinephrine (NE, 10 uM) for 15 min. Data represent the percentage of phosphorylated (p) (white bars) and non-
phosphorylated (black bars) forms of CRTC1 and CRTC2, total CRTC1 and CRTC?2 protein levels and quantification
of pCREB (Ser 133)/CREB levels ratio. Data are mean + SD of three independent experiments. Data were analyzed by
two-way ANOVA followed by Tukey’s post hoc test. *P <0.05, **P <0.01, ***P < 0.001. * vs Veh within each group;

# s the respective control.
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Figure 26. Activity-dependent CRTC1 and CRTC2 nuclear translocation in cultured cortical astrocytes

(A) Subcellular fractionation showing nuclear and cytosolic CRTC1 (two different exposures) and CRTC2 in vehicle
(Veh; -) or 15 min norepinephrine-treated (NE; +) cultured astrocytes. Data represent mean + SD of four independent
experiments. *P < 0.05 as determined by t-test. (B) Immunocytochemistry of CRTC2-Flag-transfected astrocytes in
vehicle (Veh) and NE-treated conditions. Representative images of astrocytes showing CRTC2 (Flag in red), -actin
(green) and nucleus (Hoechst, blue). Data represent mean + SD of nuclear/cytosolic Flag intensity (n=4 experiments;

6-12 cells per condition and experiment). Statistical analysis determined by t-test.

98



3.3 Co-immunoprecipitation of CREB and CRTC2 in astrocytes

I examined the interaction between CRTC2 and CREB in cultured astrocytes using ColP assays
with CREB and CRTC?2 antibodies. As shown in Figure 25, Western blot analysis demonstrated
rapid dephosphorylation of CRTC2 in NE-treated astrocytes (Figure 27). Immunoprecipitation
with anti-CREB antibody revealed CREB immunoprecipitation plus a band corresponding to
dephosphorylated CRTC2 in NE-treated astrocytes. By contrast, CRTC2 antibody
immunoprecipitated CRTC2 but not CREB or pCREB. These results suggest a physical

interaction between endogenous CRTC2 and CREB induced by activity in astrocytes.
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Figure 27. Activity-dependent CRTC2/CREB binding in cortical astrocytes

Co-immunoprecipitation analysis showing NE-induced binding of endogenous CRTC2 to CREB in cultured cortical
astrocytes. Western blot showing CRTC2, pCREB and CREB in the lysate (input) and immunoprecipitated (IP)
fractions in cultured astrocytes in vehicle (-) and NE (10 pM) treated conditions (15 min). Endogenous CRTC?2 is
immunoprecipitated with an anti-CREB antibody after NE treatment. Experiment performed once.

3.4 CRTC2/CREB-dependent gene transcription in astrocytes

I next studied the role of CRTC2 on CREB-dependent gene transcription in cortical astrocytes.
First, Crtc2 f/f cultured astrocytes were transduced with adenoviral particles (Ad5) expressing
GFP (control of transduction) or Cre-recombinase (Cre) to inactivate endogenous Crtc2.
Biochemical analysis revealed efficient genetic inactivation of Crtc2 as demonstrated by
decreased CRTC2 protein and mRNA levels in Cre-transduced astrocytes (Figure 28A). To study
whether CRTC2 regulates CREB transcriptional activity in astrocytes, we performed a CRE-
luciferase transcriptional assay in cultured astrocytes treated with vehicle or NE for 8h. NE
treatment induced a significant increase of CREB-dependent transcription in cultured astrocytes
(P < 0.0001; Figure 28B). However, compared with control or GFP transduction, Cre-
recombinase transduction significantly reduced (~40%; P < 0.05) the CREB-dependent gene
transcription in NE-treated astrocytes (Figure 28B).
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Figure 28. CRTC2 regulates NE-induced CREB-mediated transcription in cortical astrocytes

(A) Crtc2 f/f cultured astrocytes were non-transduced (control) or transduced with adenoviral particles (AdS)
expressing GFP or Cre-recombinase (Cre). Western blot (left) and mRNA (right) analyses demonstrate specific
reduction of CRTC2 in Crtc2 f/f astrocytes transduced with Cre-recombinase. Data represent mean + SD of three
independent experiments. ****P < 0.0001 as determined by one-way ANOVA followed by Tukey’s post hoc test.
(B) CREB transcriptional activity analysis in cultured Cretc2 f/f cortical astrocytes. Astrocytes were non-transduced
(control) or transduced with adenovirus-GFP or -Cre recombinase and treated with NE (10 uM) for 8h before analysis
of CRE-luciferase activity. Data represent mean + SD of three independent experiments. *P < 0.05, **** P <(.0001
determined by two-way ANOVA followed by Sidak’s post hoc test. (C) qRT-PCR analysis of c-fos, Nr4al, Nrd4a2,
Bdnf, hexokinase? (HK2), Ldha and Gapdh mRNAs after viral-mediated CRTC2 inactivation in Crtc2 f/f cultured

astrocytes. Astrocytes were non-transduced (control) or transduced with Ad5 adenovirus containing GFP or Cre-
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recombinase (Cre) and treated with NE (10 puM) for 4 h. mRNA levels were quantified by real-time qPCR and
normalized to geometric mean of Ppia and Actb genes. Data represent mean + SD of three independent experiments.
*P <0.05, ¥*P < 0.01, ¥***P < 0.001, ¥****P < 0.0001 as determined by two-way ANOVA followed by Sidak’s post
hoc test.

I next examined transcript levels of CREB-dependent target genes by qRT-PCR after 4 h of NE
treatment. These genes included c-fos, Nr4al, Nr4a2 and Bdnf. Moreover, 1 also analysed
expression of glycolytic genes (hexokinase2: HK2; lactate dehydrogenase A: Ldha and Gapdh)
which expression is modulated by neuronal activity (Hasel et al., 2017). Interestingly, and except
for Nr4al, all the mentioned gene transcripts increased significantly after NE treatment (P < 0.05-
0.0001) (Figure 28B). Surprisingly, GFP transduction resulted in increased transcription
compared with control in NE-induced conditions, which was significant for Nr4al (P < 0.05),
Nrda2 (P < 0.001), Bdnf (P < 0.001) and HK2 (P < 0.05) (Figure 28C). These results suggest
that AdS transduction induces CREB-dependent gene transcription although this increase was not
detected in the CRE-luciferase assay (Figure 28B). Compared with GFP-transduced astrocytes,
NE-treated Ad5-Cre-transduced astrocytes showed a reduction of transcript levels of Nrdal
(~70%; P < 0.05), Nr4a2 (~60%; P < 0.0001), c-fos (~40%; P < 0.05), HK2 (~30%; P < 0.05),
Bdnf (~25%; P < 0.01), and Gapdh (~10%; P < 0.05) (Figure 28C). These results suggest that
CRTC2 positively regulates activity-dependent CREB transcription in astrocytes.

3.5 CRTC2 recruitment at CREB target genes promoters

The above transcriptional analysis revealed a possible transcriptional regulation of Nr4a2 and c-
fos by CRTC2. We then examined whether CRTC2 binds to promoter regions of these genes by
performing quantitative chromatin immunoprecipitation (ChIP-qPCR) analysis. CREB and
CRTC2 were immunoprecipitated using specific antibodies in astrocytes after vehicle or NE
treatment. As a control (beads), no antibody was added for the immunoprecipitation.
Immunoprecipitated chromatin was then amplified and quantified by gPCR. For both genes, two
different sets of primers were used. P1 primers amplified a proximal promoter region (~ -200 bp
of distance to the transcription starting site (TSS)), while P2 primers amplified a distal promoter
region (between -1600 to -2000 bp from the TSS) (Figure 29A). Quantified immunoprecipitated
chromatin was represented as fold enrichment over an irrelevant region. Our results show basal
binding of CREB over Nr4aZ2 and c-fos promoters although, surprisingly, in NE-treated condition,
while more CREB is recruited over the Nr4a2 promoter, less binding of CREB is detected in the
c-fos proximal region (Figure 29B). By contrast, CRTC2 is not bound to the promotor regions of
Nrd4a2 or c-fos in vehicle conditions, but it is efficiently recruited after NE treatment to the
proximal promoter regions of both genes and to the distal region of c-fos (P <0.0001; Figure
29B). These results demonstrate activity-dependent CRTC2 recruitment over Nr4a2 and c-fos

promoters in cultured astrocytes.
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Figure 29. Activity-dependent recruitment of CRTC2 to CREB target gene promoters in cortical astrocytes

(A) Schematic representation of murine Nr4a2 and c-fos gene promoters and position of proximal (P1) and distal (P2)
primers for gPCR gene amplification relative to CRE/TATA-less (white boxes) and CRE/TATA (black boxes) sites.
TSS: transcription start site. (B) Quantitative ChIP analysis showing differential binding of CREB and CRTC2 over
Nr4a?2 and c-fos promoter regions. ChIP was performed using beads, anti-CREB (top) or CRTC2 (bottom) antibodies
in cortical astrocytes treated with vehicle (Veh) or norepinephrine (NE) for 15 min. Data represent fold enrichment +
SD of immunoprecipitation assays from independent cultures (n=3). Statistical analysis determined by two-way
ANOVA followed by Sidak’s post hoc test *P < 0.05, ¥***P < 0.001, ****P <0.0001.
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Brain plasticity is the ability of the brain to reorganize neural connections due to environmental
changes and experience. These changes involve structural and functional modifications of
neurons and non-neuronal cells allowing continuous physiological adaptation of the nervous
system to the dynamics of the environment. The ability of the brain to reorganize itself is
mediated, among other mechanisms, through the precise regulation of gene programs. CREB is a
transcription factor, abundantly and ubiquitously expressed in all cell types of the brain, that
controls a large number of physiological responses after activation through multiple stimuli.
CREB transcriptional activity depends on several transcriptional coactivators, including CRTCs.
Cerebral CRTCs regulate a wide variety of biological processes, such as memory, synaptic
plasticity, circadian rhythm and energy sensing, among others (Saura & Cardinaux, 2017).
However, the specific functions of CRTC isoforms and its regulatory mechanisms in different
cell types of the brain are largely unknown. This doctoral thesis provides the first comparison of
CRTCI and CRTC2 in neurons and astrocytes focusing on its regulation and function in CREB-
dependent transcription. Our results show that CRTC isoforms present differential expression,

regulation and contribution to CREB-mediated gene transcription in neurons and astrocytes.

Differential cellular expression of CRTCs in the adult brain

All three CRTC isoforms are differentially expressed in the brain, being CRTC1 the most
abundant, followed by CRTC2 and CRTC3 (Watts et al., 2011). However, the relative abundance
and cell-type expression patterns of the CRTC isoforms in the adult brain are unclear. In this
doctoral thesis, I first investigated the cellular expression pattern of CRTC2 in the brain of Crtc2-
LacZ reporter mice, a novel Crfc2 mutant mice generated in the lab. This model allowed us to
employ classical histological analysis to follow endogenous Crfc2 expression instead of using
classical immunostaining that relies on the specificity of antibodies. Thus, Crtc2-LacZ reporter
mice allowed us to examine endogenous CRTC2 expression by analysing B-galactosidase activity
controlled under the endogenous Crtc2 promoter. Our histological analysis showed that CRTC2
is particularly abundant in the hippocampus, more spread in the cortex and hypothalamus, and
less abundant in the thalamus. These results agrees with previous reports using in situ
hybridization that showed low and widely distribution of Crtc2 mRNAs in distinct rat brain
regions (Watts et al., 2011). This in situ hybridization analysis revealed high Crzc2 levels in
hippocampus, piriform cortex and different nucleus of the hypothalamus, including
paraventricular, supraoptic, suprachiasmatic and ventromedial nuclei. In agreement,
immunohistochemical analysis also revealed high CRTC2 protein levels in the adult mouse
hippocampus and hypothalamus (Lerner et al., 2009). These results are important considering that

the hippocampus is a master region required for learning and memory processes, and the
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hypothalamus controls multiple central and peripheral physiological functions, such as circadian

rythms, energy balance and the neuroendocrine system.

Interestingly, CRTC2 is expressed in the different brain cell types analyzed: neurons, astrocytes
and microglia. CRTC2 is high abundant in pyramidal neurons of the hippocampus in the adult
mouse brain. Although the majority of neurons of the pyramidal layer of the hippocampus are
glutamatergic excitatory neurons, we cannot exclude the possibility that CRTC2 could be
expressed in inhibitory GABAergic neurons. Double immunostaining using markers for particular
neuronal subtypes will be necessary to examine the specific neuronal cell types expressing
CRTC2. In contrast with previous reports showing restricted expression of CRTC2 in neurons of
the adult mouse brain (Lerner et al., 2009), we found that CRTC?2 is abundant in astrocytes. These
discrepancies on the cellular expression of CRTC2 could be due to the low sensitivity and/or
specificity of immunohistochemistry used by Lerner and colleagues compared with our
histochemical approach in Crtc2-LacZ mice. Our result indeed agrees with a previous report
showing expression of both CRTC1 and CRTC2 in cultured cortical astrocytes (Carriba et al.,
2012). In contrast to the expression of CRTC?2 in the majority of hippocampal and cortical neurons
and astrocytes, only few microglia express CRTC2. It is interesting to notice that CRTC2 has not
been previously described in microglial cells. Thus, our results demonstrate for the first time
expression of CRTC2 in diverse glial cells in the adult mouse brain, including astrocytes and

microglia, which may suggest multiple functions of CRTC2 in distinct cell types of the brain.

The above results showing CRTC2 expression in distinct brain cell types agree, in general, with
recently published cell-specific transcriptomic analysis of the mouse cerebral cortex (Y. Zhang et
al., 2014). When we re-analysed the public available transcriptomic data from Expression Atlas
database (Ref. 25186741; E-GEOD-52564; Y. Zhang et al., 2014), we found that CRTC isoforms
are differentially expressed in the mouse cerebral cortex (Figure 13). Crtc/ mRNA levels are
highly expressed in neurons, oligodendrocytes precursor cells (OPCs) and astrocytes. Crtc2 is
predominantly abundant in all analysed cell types except for oligodendrocytes. Indeed, Crtc2
transcripts are abundant in microglia, astrocytes, neurons, and endothelial cells, even with higher
levels than those observed for Crtcl. Contrarily, Crtc3 was the less abundant isoform in the mouse
cerebral cortex, presenting its higher levels in astrocytes and neurons. These results demonstrate

differential cellular expression of CRTC isoforms in the mouse cerebral cortex.

In agreement with the transcriptomic results, we also show that CRTC1 and CRTC2 are
differentially expressed in cultured cortical neurons and astrocytes. CRTCI1 is particularly
abundant in cultured neurons compared to astrocytes, whereas CRTC2 is higher in cultured
astrocytes than in neurons. However, the relative expression analysis among different CRTC

isoforms were first attempted by in situ hybridization, and confirmed by qRT-PCR (Watts et al.,
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2011). The results showed that Crtc! is the highest expressed isoform in the rat brain, followed
by Crtc2 and Crtc3. These results are different from the aforementioned transcriptomic analysis
which reveals that Crtc2 is the main isoform expressed in the mouse cerebral cortex (Y. Zhang et
al., 2014). These discrepancies could be due to differences in methodology and animal models
used in these two studies. The qRT-PCR analyses were performed in hippocampal and
hypothalamus dissected tissues from adult male rats, while the transcriptomic data was obtained
by purifying different cell types from P7 or P17 mouse cortices. The results from these two studies
are difficult to reconcile since experiments are performed with different species (rat vs mouse),
different brain regions (hippocampus and hypothalamus vs cortex) and different ages (adult vs
early postnatal). Nonetheless, Crtc2 levels from cortical cells in young mice are higher than that
of Crtcl; while Crtcl levels are higher than Crtc2 in adult hippocampus and hypothalamus in the
rat brain. Considering the above results, could CRTCs be expressed in an age-dependent manner?
We assessed this issue by evaluating CRTC1 and CRTC2 expression in hippocampus of control
and Crtc2 cKO mice at different ages (Figure 22A). Our biochemical analysis showed similar
levels of CRTC1 and CRTC2 between postnatal day 15 and 9 months of age in control mice.
Therefore, we conclude that CRTC1 and CRTC?2 levels are constant in the hippocampus during
adulthood.

Interestingly, expression of CRTC1 and CRTC2 changes during neuronal differentiation in
cultured cortical and hippocampal neurons. CRTC1 increases during neuronal differentiation,
showing a peak at 4 DIV and then declines. The maximum expression of CRTCI1 is associated
with the neuronal stage corresponding to dendritic elongation and arborization, which agrees with
the described function of CRTCI in dendritic development (Li et al., 2009). In the rat brain,
CRTCI levels are high at birth, with a peak at P14, and decline in adulthood correlating with
dendritic sprouting (Li et al., 2009). However, these results obtained in rat brain contrast with our
CRTCI expression analysis in mice at postnatal day 15 to 9 months. Both studies differ in the
rodent models and ages, which could explain these differences. Nonetheless, when analysing
CRTC2 in cultured hippocampal and cortical neurons, we found a dramatic decrease in CRTC2
transcripts and protein levels during neuronal differentiation, in contrast with the sustained
CRTCI1 levels. Thus, our results suggest that CRTC isoforms may be differentially expressed
depending on the cell type and developmental stage. This could be important in particular
physiological conditions in which expression of a specific CRTC isoform may play precise
biological functions. For instance, CRTC2 expression is constant in the suprachiasmatic nucleus
of the hypothalamus, whereas CRTC1 levels change depending of the dark/light cycle (Sakamoto
et al., 2013). This modulation of CRTCI levels in hypothalamus has been postulated to be critical
for regulating the circadian rhythm in a CREB-dependent manner (Sakamoto et al., 2013).
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Together, these results indicate that CRTC1 and CRTC?2 are differentially expressed in neurons
and astrocytes in the mouse cerebral cortex. Moreover, the expression of CRTC1 and CRTC2
changes during neuronal differentiation, which can be important for regulating specific

physiological functions in particular brain regions.

Differential CRTCs regulation in neurons and astrocytes

Activity-dependent CREB-mediated transcription is regulated by dephosphorylation, nuclear
translocation and binding of CRTCs over gene promoters in different cell types, including
neurons, hepatocytes and adipocytes (Saura & Cardinaux, 2017). Our results show that
cAMP/Ca*" induce CRTC1 and CRTC2 dephosphorylation in neurons, a result that agrees with
previous studies demonstrating activity-dependent CRTC1 dephosphorylation in neurons (Espafia
et al., 2010; Kovacs et al., 2007). The increase of CRTC1 dephosphorylated band observed in
different experiments after FSK/KCI treatment (Figures 15, 16, 17 and 18) is not reflected when
calculating the percentage of dephosphorylated CRTC1 (Figure 15). Indeed, Ca?" increase is also
accompanied with an increase of total CRTC1, suggesting that it may be the reason of unchanged
percentage of CRTC1 dephosphorylation. By contrast, no increase in total CRTC1 levels were
detected by increasing cytosolic cAMP levels (i.e., FSK). Thus, increase of CRTCI1 after
depolarization, could be due to a Ca?"-dependent inhibition of CRTC1 degradation, a possibility
reinforced by previous studies indicating ubiquitin-dependent CRTC1 proteasomal degradation
(Gao et al., 2018). In summary, while CRTC1 levels rise after a Ca®" increase, the percentage
corresponding to the different phosphorylated and unphosphorylated CRTC1 species are constant,
indicating that, quantitatively, more unphosphorylated CRTC1 molecules are able to translocate
to nucleus to promote CREB-dependent gene transcription. In contrast to CRTCI, total CRTC2
levels are similar in all stimulated conditions, whereas cAMP and Ca?*" enhance CRTC2

dephosphorylation.

These results suggest that CRTC1 and CRTC2 could be differently modulated by distinct
regulatory mechanisms in cultured neurons affecting their phosphorylation and/or total protein
levels through protein stabilization, degradation and/or potentiating translation. In fact, previous
studies showed different regulation of total levels and subcellular localization of CRTC1 and
CRTC2 during circadian rthythms (Sakamoto et al., 2013). CRTC1 shows a rhythmic expression
along the day accompanied with light-evoked nuclear accumulation in the SCN. By contrast,
CRTC2 levels are sustained along the different circadian periods without nuclear accumulation
after light exposure. These changes in CRTC1 protein levels are not due to changes in transcript
levels, which suggests that CRTCI is regulated through protein translation and/or degradation
(Sakamoto et al., 2013). Altogether, these results suggest that both protein levels and regulation
of CRTC1 and CRTC2 are differently modulated in cortical neurons.
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To evaluate the cellular mechanisms regulating CRTCs dephosphorylation, we employed
pharmacological approaches using different protein phosphatase inhibitors. OkA was used to
inhibit PP1 and CsA was used as a PP2B inhibitor. We should consider that a limitation of
pharmacological inhibitors is the lack of specificity. In this case, OkA treatment can block PP1
and PP2A activity at high doses (1 uM), but it specifically inhibits PP2A at low doses (1 nM)
(Cohen et al., 1990). We used 1 pM OKkA in most of our experiments, resulting in inhibition of
both phosphatases. In order to discard the PP2A implication in the CRTCs dephosphorylation, we
also performed assays at lower doses of OkA (< 500 nM) to specifically inhibit PP2A. In this
case, we demonstrate that CRTCs dephosphorylation is not compromised after PP2A blockade,
indicating that the effects seen in dephosphorylation at 1 uM OKA are dependent on PP1 but not
PP2A.

In agreement with previous reports (Espafia et al., 2010; Kovacs et al., 2007), our studies indicate
that CRTC1 is dephosphorylated mainly by Ca?*-dependent PP2B/CaN after neuronal
stimulation. Moreover, CsA, but not OkA, inhibits the increase of CRTC1 levels after cytosolic
Ca*" increase, suggesting that changes in CRTC1 levels are dependent on PP2B/CaN. On the
contrary, CRTC2 is mainly dephosphorylated by PP1, although PP2B/CaN may also play a
residual role in CRTC2 dephosphorylation after FSK/KCI induction. It is possible, however, that
in the presence of intracellular Ca*" and cAMP, PP2B/CaN favours the dephosphorylation of one
or some CRTC2 specific residues facilitating PP1 activity over the other residues. Nonetheless,
the role of PP2B/CaN in CRTC2 dephosphorylation seems to be minimal and cannot achieve
CRTC2 dephosphorylation on its own. These results demonstrate that specific downstream
signalling mechanisms are involved in specific dephosphorylation and activation of CRTC1 and
CRTC2 in neurons (Figure 30). Indeed, previous pharmacological studies performed in
pinealocytes revealed norepinephrine-induced dephosphorylation of CRTC1 and CRTC2 through
Ca®" and cAMP signalling pathways, respectively (McTague et al., 2012). In pinealocytes,
CRTCI nuclear translocation requires PP2B activity, while CRTC2 nuclear translocation requires
PP2A. However, it is still possible that CRTC2 could be regulated by both PP1 and PP2A in
pinealocytes because the concentration of OkA used in this latter study can block both

phosphatases.

Our results demonstrate differential regulation of CRTC1 and CRTC2 in neurons. Particularly,
CRTCI1 protein levels and CRTC1 dephosphorylation are both regulated by intracellular Ca?*,
which promotes a high increase in total CRTC1 levels and enhances the PP2B/CaN activity
facilitating CRTCI1 dephosphorylation. Intracellular cAMP could also modulate CRTCI
dephosphorylation, for instance, by inhibiting some kinases responsible for CRTCs
phosphorylation (Screaton et al., 2004). By contrast, CRTC2 dephosphorylation after neuronal
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stimulation is mainly mediated by PP1 after Ca*/cAMP increase. Regulation of PP1 activity is
not well defined. In fact, more than 200 regulatory proteins can modulate its phosphatase activity
while promoting substrate specificity (Rebelo et al., 2015). This, adds difficulties in dissecting

the specific CRTC2 activation pathway in cultured neurons.

The mechanisms regulating CRTCs in astrocytes has been scarcely investigated. First evidences
of CRTCI1 and CRTC2 expression and activation in astrocytes were described in 2012 (Carriba
et al., 2012). Authors demonstrated CRTCs translocate from cytosol to nucleus in response to
ATP or NE treatment and determined CRTC1 phosphorylation is mediated through the PKC-
ERK1/2 pathway (Carriba et al., 2012). In this thesis, we attempted to investigate the regulatory
mechanisms of CRTC1 and CRTC2 in cultured cortical astrocytes. Interestingly, FSK and NE
induce dephosphorylation of both CRTC isoforms. To investigate the phosphatases responsible
for CRTCs dephosphorylation, similar pharmacological treatments performed in neurons were
employed in cultured astrocytes. Our results show that inhibition of PP2B/CaN after NE treatment
resulted in reduced dephosphorylation of CRTC1, which suggests similar regulatory mechanisms
of CRTCI1 in neurons and astrocytes. Surprisingly, CRTC2 dephosphorylation in astrocytes is not
mediated by PP1, PP2A nor PP2B (Figure 30). This result is interesting considering that CRTC2
dephosphorylation is mediated by PP1/CaN in COS-7 cells and liver, PP2A/PP1 in pinealocytes
or CaN in HEK 293 cells (McTague et al., 2012; Sonntag et al., 2019; Uebi et al., 2010). Thus,
the specific phosphatase(s) responsible for CRTC2 dephosphorylation in astrocytes remain still

unknown.
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Figure 30: Postulated mechanisms of CRTCs regulation in neurons and astrocytes.

Proposed mechanisms of activity-dependent gene expression mediated by CRTC1 and CRTC2 in neurons (left) and
astrocytes (right). (Left) Neuronal activity enhances CRTC1 and CRTC2 dephosphorylation mediated by PP2B and
PP1, respectively. CRTCs dephosphorylation favours its nuclear localization. Nuclear translocation of CRTC1
promotes CREB-dependent gene transcription in neurons. (Right) Astrocytic treatment with NE favours CRTC1 and
CRTC2 dephosphorylation and nuclear translocation. CRTC1 dephosphorylation is PP2B dependent, while CRTC2
dephosphorylation is independent of PP1, PP2A and PP2B. Activity-dependent CRTC2 nuclear localization enhances

its binding over CRE-containing promoters and CREB-mediated transcription.
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Altogether, our results clearly indicate differential regulatory mechanisms of brain CRTC1 and
CRTC2 isoforms depending on the cellular context. Indeed, the same intracellular signalling
pathway may lead to differential activation of specific CRTC isoforms resulting in selective
CREB recruitment over gene promoters (Ravnskjaer et al., 2007). Future studies are necessary
to fully understand the regulatory mechanisms of CRTC isoforms in the different cell types of the

brain.

CRTCs cytosolic-nuclear translocation

As previously reported, CRTC dephosphorylation induces nuclear translocation and CREB-
mediated transcription (Li et al., 2009; Screaton et al., 2004). Supporting this data, our results also
revealed increase of CRTCs in the nucleus of neurons and astrocytes after cellular stimulation.
Surprisingly, our biochemical assays performed by cellular fractionation show very low CRTCs
nuclear levels, both in basal and treated conditions, while cytosolic levels are very high. These
results are surprising and slightly different to the obtained by immunocytochemical methods.
Abundant cytosolic localization of CRTCs may suggest relevant roles of these factors in the
cytosolic compartment in neurons and astrocytes. One of these cytosolic CRTC functions seems
to be the regulation of RNA splicing by the interaction of spliceosome factors and vesicle
trafficking from endoplasmic reticulum to Golgi by directly binding with COPII (Amelio et al.,
2009; Han et al., 2015).

These small discrepancies in the results, obtained by the two methods, may reflect some
particularities of the procedures. For instance, as immunocytochemistry require cell fixation, we
can obtain a real picture of the CRTCs distribution 15 min after treatment in cultured cells. On
the contrary, the cellular fractionation procedure requires homogenization and centrifugation
steps and, although samples were kept on ice along the procedure, it takes longer to obtain the
final samples corresponding to nucleus and cytosolic fractions, and therefore it may cause changes
in the final results. Indeed, it is possible that low nuclear CRTCs levels may be due to CRTCs
nuclear export that could happen during cell fractionation. An alternative could be using an
inhibitor for the nuclear export, such as leptomycin B, during the cell treatment. In agreement
with this hypothesis, the study performed by Kovacs et al., 2007 used leptomycin B prior to
stimulation to detect overexpressed CRTC1 nuclear accumulation in neurons. On the other hand,
Kovacs and colleagues stated that leptomycin B treatment was not required for detecting
overexpressed CRTC2 in the nucleus, suggesting also, distinct regulation of nuclear export for
CRTCI and CRTC2 in neurons. This may result in differences on its nuclear persistance while

compromising CREB transcriptional activity.
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In summary, our results suggest that upon neuronal or astrocytic stimulation, the increase in
dephosphorylated CRTCs leads to a cytosolic-nuclear shuttling resulting in CRTCs nuclear
accumulation. In agreement with these results, previous studies showed CRTC1 shuttling from
synapse to nucleus in response to synaptic activity in cultured neurons (Ch’Ng et al., 2012), but
also in hippocampal neurons after exposing mice to stimulus in spatial and associative memory
tasks (Parra-Damas et al., 2014; Parra-Damas, Chen, et al., 2017). Astrocytic CRTCs nuclear
translocation was also previoulsy determined in cultured rat astrocytes as an increase in the
number of CRTC1 and CRTC2-positive nuclei after ATP and NE treatment (Carriba et al., 2012).
This nuclear import of CRTCs could be mediated through importins. The CRTCs NLS become
unmasked after its dephosphorylation, which could be recognized by importins to facilitate the

nuclear entrance of medium and large proteins (Yun et al., 2019).

On the other hand, CRTCs subcellular localization changes depending on the stimulus, but also
depending on the brain region. For instance, after feeding, CRTC2 is located in the nucleus in
specific hypothalamic regions, such as the arcuate or paraventricular nuclei, whereas it localizes
in the cytoplasm in the lateral hypothalamus (Lerner et al., 2009). Thus, although it is relevant to
investigate the CRTCs nuclear translocation in cultured cells, it is also necessary to translate these

experimental conditions into in vivo models to further deep into the CRTCs physiological roles.

Differential contribution of CRTCs to CREB-mediated gene expression

Binding of CRTCs to CREB to mediate CREB-dependent gene expression has already been
described (Conkright, Canettieri, et al., 2003; Luo et al., 2012). Here, we corroborate the binding
of endogenous dephosphorylated CRTC1 to CREB upon neuronal cAMP/Ca*" induction, as
demonstrated by co-immunoprecipitation assays. Similar conclusions were obtained using FRET
techniques, as demonstrated by increase of FRET efficiency after neuronal stimulation. FRET is
a challenging method and, although the obtained results are not conclusive due to the small sample
size, results are encouraging. Difficulties in the setting up of FRET can be controlled with good
positive and negative controls, which would delimit the range of FRET efficiency for the
experimental conditions (Snapp & Hegde, 2006). But, getting experimental values similar to those
obtained with the positive control is complicated due to experimental limitations that cannot be
controlled. For instance, the distance between the fluorophores as well as their orientation are
critical for obtaining good FRET efficiencies. A small variation in the distance between the two
fluorophores is translated in big changes in the FRET efficiency, as efficiency depends on the
distance at sixth power (E=1/[1+(1/R0)®]) (Snapp & Hegde, 2006). Second, for the correct
transference of energy between the two fluorophores, apart from being less than 10 nm apart, they
have to be well-orientated since perpendicular orientation results in no energy transfer (Broussard

et al., 2013). These scenarios, a part of contributing to increase the variability of the FRET
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efficiencies, would raise the possibility of acquiring false negatives results. Thus, obtaining low
FRET efficiency values do not exclude the possibility for CREB/CRTCI1 interaction. The
presence of false positives could also be possible, although they can be controlled with good
negative controls. The mean of FRET efficiencies obtained with the NeuN negative control was
almost zero, although the deviation indicates wide distribution of the different obtained FRET
efficiencies suggesting the presence of few false positive measurements. Altogether, the
preliminary results obtained with FRET in combination with the biochemical methods, confirm
CREB-CRTCI interaction upon stimulation in neurons as a mechanism involved in CREB-

dependent gene transcription.

The distinct expression and regulatory mechanisms of CRTCs in neurons may, in part, explain
their differential effects on CREB-mediated transcription. In agreement with previous studies
(Kovacs et al., 2007; Parra-Damas, Rubio-Ferrarons, et al., 2017; Uchida et al., 2017), our data
indicate that CRTCI1 is a critical regulator of the CREB-dependent transcription in neurons. By
contrast, the role of CRTC2 in CREB-mediated gene transcription in cortical neurons is minimal.
However, CRTC2 participates in CREB-dependent transcription in hypothalamic neurons, where
mediates glucose sensing (Lerner et al., 2009). In fact, being CRTC1 the main CRTC isoform
expressed in neurons it is not surprising that the contribution of CRTC1 to CREB transcriptional
activity is around 75%. The low contribution of CRTC2 to CREB-dependent gene transcription
can be explained by the reduced expression of CRTC2 in neurons. Nonetheless, CRTCs can also
potentiate gene transcription by interacting with other transcription factors belonging to the bZIP
family (Canettieri et al., 2009; M. W. Lee et al., 2010). We, then, cannot exclude the possibility
that CRTC2 could mediate gene transcription in neurons. Moreover, although both CRTCs
cofactors are dephosphorylated in response to cAMP/Ca*" signalling and translocated to the
nucleus, their diverse regulation could also be translated to different transcriptional properties,
resulting in delayed nuclear import or export or even retarded transcription in the case of CRTC2.
The idea that CRTC2 transcriptional activity can be delayed compared to CRTC1 was previously
mentioned by Kovécs and colleagues. They show CRTC2 persistence in the nucleus seem to be
higher than CRTC1 in neurons (Kovacs et al., 2007) which could indicate differential

transcriptional timing depending on the CRTC isoform.

Further evidences for the role of CRTC1 on CREB-dependent gene transcription in cultured
neurons were demonstrated analysing the transcription of Nr4a2, a CRTCI target gene (Parra-
Damas, Rubio-Ferrarons, et al., 2017), which mRNA levels were reduced after Crecl silencing.
Nonetheless, when analysing ¢-fos transcription, another classical CRTC1/CREB target gene, our
results reflected no alteration on its transcription in the absence of CRTCI. This result is

surprising considering that several studies have showed that CRTC1 binds to ¢-fos gene promoter
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and regulates its transcription in neurons (Nonaka et al., 2014; Parra-Damas et al., 2014; Parra-
Damas, Rubié-Ferrarons, et al., 2017). Although Nr4a2 and c-fos genes are regulated by CRTC2
in other cell types (Eberhard et al., 2013; Hernandez et al., 2015; Rodon et al., 2019), our results
show no effect of CRTC2 inactivation in the transcription of these genes in neurons. These results
reflect that CRTC1 and CRTC2 may play no redundant roles in cultured cortical neurons. In
agreement, CRTC2 does not show compensatory effects when CRTCI is silenced, since no
increase in CRTC2 mRNA or protein levels are detected in shCRTC1-transduced neurons, neither
CRTC1 compensates the loss of CRTC2 in Cre-transduced neurons or in Crtc2 cKO mice. In fact,
although Crtc2 cKO mice present significant CRTC2 reduction without showing any
compensatory effects on CRTC1 or CRTC3 expression, the transcriptional results obtained for
the Crtc2 cKO mice agrees with data obtained from cultured neurons. CRTC2 neuronal deletion
does not result either in reduced hippocampal transcription of CREB target genes nor deficits in

spatial and contextual memory in Crtc2 cKO mice.

In astrocytes, CRTC2 it rapidly dephosphorylated and translocated to the nucleus to mediate
CREB-dependent gene transcription. In agreement, overexpression of a dominant negative mutant
for CRTC2 resulted in 50% reduction of CREB transcriptional activity in cultured rat astrocytes
(Carriba et al., 2012). Carriba and colleagues also analysed the CRTC1-CREB dependent gene
transcription concluding that a 50% of the CREB transcriptional activity was CRTC1-dependent.
Although CRTCI1 is dephosphorylated and translocated to nucleus in astrocytes, we could not
evaluate its implication in CREB-dependent gene transcription since no specific viral-mediated
CRTCI approaches for astrocytes were available. Nonetheless, it is quite surprising that 50% of
CREB activity in astrocytes is CRTC1-dependent when protein levels of CRTC1 are low in
cultured astrocytes. Surprisingly, Carriba at al. showed that treatment with CsA does not affect
CREB transcriptional activity in cultured astrocytes which, from one hand, supports the idea that
after calcium signalling there is a lack of CREB transcriptional activity in astrocytes (Murray et
al., 2009). But, on the other hand, and taking into consideration that our results show that CRTCI
dephosphorylation is mediated by PP2B, if 50% of the CREB transcription depends on CRTCI,
CsA treatment should also alter the transcriptional activity of CREB.

In contrast to neurons, astrocytic CRTC2 plays a prominent role in the transcription of c¢-fos,
Nrdal, Nrda2, Bdnf, hexokinase (HK2) or Gapdh. Chromatin immunoprecipitation assays
demonstrated CRTC2 and CREB recruitment over the promoter regions of Nr4a2 and c-fos genes
after NE treatment in cultured astrocytes. However, CREB is constitutively bound to CRE sites
independently of NE-treatment while CRTC2 binding is activity-dependent. These results are
similar with data obtained in cultured neurons when evaluating CRTCI interaction in the

promoter region (Parra-Damas, Rubio-Ferrarons, et al., 2017). Notably, CRTC2-dependent
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regulation of HK2 and Gapdh may have important physiological implications considering that
these genes are directly involved in glycolysis and its transcription is regulated by neuronal
activity (Hasel et al., 2017). HK2 is a rate-limiting enzyme which activity mediates the first
glycolytic step, while GAPDH is an enzyme that catalyzes a reversible oxidative phosphorylation
step in the glycolytic pathway. These results, thus, open the door to investigate the involvement
of CRTC2 in the glycolytic pathway in astrocytes. Considering that astrocytes are the cell masters
of brain homeostasis, and that CRTC2 participates in glucose balance in the liver and glucose
sensing in the hypothalamus, it is plausible that CRTC2 could participate in astrocytic glucose

metabolism.

In conclusion, our results indicate that CRTC1 and CRTC2 are differentially expressed, regulated
and contribute to CREB-dependent gene transcription in a cell type-specific manner in the

cerebral cortex (Figure 30), which suggest non-redundant roles of CRTC isoforms in the brain.
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CRTC2 is expressed in neurons, astrocytes and microglia in the hippocampus,

hypothalamus and cortex in the adult mouse brain.

CRTC1 and CRTC2 are differentially expressed and regulated in cortical neurons and

astrocytes.

- CRTCI is highly expressed in neurons, whereas CRTC2 is mainly expressed in

astrocytes.

- CRTCI dephosphorylation and activation depend on PP2B/CaN in neurons and

astrocytes.

- CRTC2 dephosphorylation depends on PPl in neurons but is independent of
PP2B/CaN, PP1 and PP2A in astrocytes.

CRTC:s contribute differentially to CREB-mediated gene transcription in neurons and

astrocytes.

- CRTCI is the main CRTC isoform that regulates CREB-dependent gene transcription

in neurons.

- CRTC2 regulates CREB-dependent gene transcription in astrocytes.
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