1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Neuron. Author manuscript; available in PMC 2016 May 06.

Published in final edited form as:
Neuron. 2015 May 6; 86(3): 696—710. doi:10.1016/j.neuron.2015.03.033.

LRP8-Reelin-regulated Neuronal (LRN) Enhancer Signature
Underlying Learning and Memory Formation

Francesca Telesel't, Qi Mal:2, Patricia Montilla Perez!, Dimple Notanil, Soohwan Oh13,
Wenbo Lil, Davide Comoletti#, Kenneth A. Ohgil, Havilah Taylor!, and Michael G.
Rosenfeld® T

IHoward Hughes Medical Institute, Dept. of Medicine, School of Medicine, University of
California, San Diego, La Jolla CA, 92093, USA

2Bjoinformatis and System Biology Graduate Program, University of California, San Diego, La
Jolla CA, 92093, USA

3Biology Graduate Program, University of California, San Diego, La Jolla CA, 92093, USA

4 Child Health Institute of New Jersey and Department of Neuroscience and Cell Biology, Robert
Wood Johnson Medical School, Rutgers University, New Brunswick, New Jersey, USA

Summary

One of the exceptional properties of the brain is its ability to acquire new knowledge through
learning and to store that information through memory. The epigenetic mechanisms linking
changes in neuronal transcriptional programs to behavioral plasticity remain largely unknown.
Here, we identify the epigenetic signature of the neuronal enhancers required for transcriptional
regulation of synaptic plasticity genes during memory formation, linking this to Reelin signaling.
The binding of Reelin to its receptor, LRP8, triggers activation of this cohort of LRP8-Reelin-
regulated-Neuronal (LRN) enhancers that serve as the ultimate convergence point of a novel
synapse-to-nucleus pathway. Reelin simultaneously regulates NMDA-receptor transmission,
which reciprocally permits the required, y-secretase-dependent cleavage of LRP8, revealing an
unprecedented role for its intracellular domain in the regulation of synaptically generated signals.
These results uncover an in vivo enhancer code serving as a critical molecular component of
cognition and relevant to psychiatric disorders linked to defects in Reelin signaling.
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Introduction

Throughout life, in response to environmental cues, the nervous system is required to make
appropriate changes at the level of neural circuitries that might be governed by changes in
gene expression. Indeed, precise temporal and spatial control of gene transcription is
required for the development of the complex brain architecture consisting of hundreds of
cell types with highly specialized functions (Bernard et al., 2012; Zeng et al., 2012).
Although remarkable progress has been made toward generating genome-wide atlases of
transcriptional profiles across the adult brain (Hawrylycz et al., 2012; Lein et al., 2007), the
global contributions of gene expression patterns to in vivo behavioral processes remain
largely unknown. Advances in the past two decades have unambiguously shown that
epigenetic mechanisms leading to finely-tuned gene expression patterns are essential for
regulating individual neuronal activity and for sustaining function of neuronal circuits
involved in higher-level cognitive behaviors (Telese et al., 2013; West and Greenberyg,
2011). A sophisticated pattern of epigenetic control of cognition is emerging from studies of
DNA methylation (Guo et al., 2011; Kaas et al., 2013; Miller et al., 2010; Rudenko et al.,
2013), histone modifications (Graff et al., 2014; Graff et al., 2012; Gupta et al., 2010; Peleg
et al., 2010), and RNA metabolism (Gao et al., 2010; Rajasethupathy et al., 2012; Shirayama
etal., 2012).

Studies of genome-wide maps of enhancers in the mammalian genome have estimated that
there are 7x10%- 10° enhancers/cell (Consortium et al., 2012; Thurman et al., 2012).
Interestingly, a widespread association of disease-linked DNA variations in these regulatory
elements has been reported (Grossman et al., 2013; Hah et al., 2013; Kim et al., 2010; Li et
al., 2013; Maurano et al., 2012; Ripke et al., 2013). Enhancers are themselves regulated
transcription units that act to potentiate transcription, putatively by delivering important
regulatory factors to the promoter through long-range physical interactions with coding
genes promoters (Hah et al., 2013; Kim et al., 2010; Li et al., 2013; Sanyal et al., 2012;
Shlyueva et al., 2014). Distal enhancer elements control cell-type transcriptional specificity
and orchestrate the extraordinary array of functional diversity in developing tissues in
controlled spatiotemporal dynamics (Consortium et al., 2012; Pennacchio et al., 2006; Shen
etal., 2012; Visel et al., 2013). Based on the critical roles of enhancers in virtually every
aspect of regulated transcriptional programs, it becomes clear that uncovering enhancer
regulatory strategies will be important to explicate brain functions.

The Reelin pathway has been well documented to regulate synaptic plasticity (Qiu et al.,
2006b; Rogers et al., 2011; Weeber et al., 2002). Reduction in Reelin expression is detected
in many psychiatric disorders, including schizophrenia, major depression, epilepsy and
autism (Folsom and Fatemi, 2013), thus making it a key candidate pathway for investigation
of neuronal function. The extracellular protein, Reelin, has been shown to be a critical factor
for the proper development of the laminated neocortex (D'Arcangelo et al., 1995; Rice and
Curran, 2001). Recent findings indicate that in the mature brain Reelin promotes long-term
potentiation through modulation of glutamatergic synaptic transmission (Beffert et al., 2005;
Chen et al., 2005; Qiu et al., 2006a; Qiu et al., 2006b; Rogers et al., 2011; Trotter et al.,
2013; Weeber et al., 2002). The emerging literature suggests a predominant role of the
Reelin receptor, LRP8, in mediating neuroplasticity in the adult brain, where it is suggested
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to be a functional component of a multiprotein complex containing the NMDA receptor
(NMDA-R) at excitatory synapses (Beffert et al., 2006; Hoe et al., 2006; Weeber et al.,
2002). The cytoplasmic domain of LRP8 acts as a signal transducer for the cascade of events
initiated by Reelin through a protein-protein interaction network based on its conserved
NPTY motif recognized by several adaptor proteins, including DAB1 (Trommsdorff et al.,
1999). Therefore, it is of particular interest to uncover the molecular mechanisms by which
the Reelin-LRP8 pathway modulates synaptic plasticity events central to learning and
memory.

Here, by integrating behavioral paradigms with genomic and transcriptomic strategies, we
provide evidence that the Reelin pathway controls learning and memory through activation
of specific cohort of cis-regulatory enhancer elements. Because these enhancers are
activated by Reelin-LRP8 signaling, we refer to these as the LRP8-Reelin-regulated
Neuronal (LRN) enhancers. We elucidate the molecular signature of the LRN enhancers,
which involves combinatorial actions of the transcription factors (TFs) CREB and MEF2, a
switch in occupancy between the NCoR co-repressor and the CBP co-activator complexes,
and precise three-dimensional patterns of enhancer-promoter interactions. CRISPR-
mediated interference of enhancer activity documents that LRN enhancers are required for
activation of synaptic plasticity genes that constitute a core component of the transcriptional
events observed in a fear conditioning paradigm. Furthermore, we report a novel crosstalk
between NMDA-R activity and y-secretase-dependent release of the LRP8 intracellular
domain as a necessary component of this epigenomic pathway. Collectively, our results
indicate that alterations of the Reelin pathway lead to misregulation of a specific enhancer-
driven transcriptional program that could underlie impairment of cognitive functions in a
variety of mental illnesses.

Reelin signaling induces transcriptional programs linked to learning and memory

To evaluate whether specific transcriptional programs are initiated by Reelin signaling, we
generated transcriptomic profiles via global-run on sequencing (GRO-seq) using primary
cortical neurons treated for 1 h with 10nM purified recombinant Reelin protein (RELN)
(Figure S1A-B). Using a cut-off threshold of 1.5-fold change, and a false discovery rate
(FDR) of 0.001, we detected dynamic changes in the nascent transcripts of 1,324 coding
genes (Table S1). The majority of differentially expressed genes (941; 71%) were up-
regulated (hereafter referred to as Reelin target genes) (Figure 1A). Gene functional
annotations related to regulation of neuroplasticity processes were over-represented in the
Reelin-regulated transcriptome (Figure 1B). Moreover, Reelin target genes were positively
associated with genes implicated in neuropsychiatric disorders, suggesting a biological
relevance of this pathway to disease phenotypes (Figure 1C). Reelin robustly induced the
expression of synaptic activity-dependent genes, the regulation of which is a candidate
mechanism for NMDA-R-dependent long-term potentiation (LTP) during memory
formation (Flavell and Greenberg, 2008; Kandel et al., 2014), as shown in a representative
UCSC browser image in Figure 1D and confirmed by gRT-PCR (Figure S1C). Given that
Reelin modulates NMDA-R activity in a Src-dependent manner (Chen et al., 2005), we
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examined the extent of co-regulation of transcriptional events triggered by Reelin and
NMDA-R signaling pathways. Therefore, we generated transcriptional profiles by RNA-seq
using cortical neurons stimulated by the GABA receptor blocker bicuculline (50uM) that
increases NMDA-R-dependent excitatory synaptic transmission (Figure S1D). Roughly
30% of Reelin-dependent genes were synergistically co-regulated by NMDA-R activation
(Figure S1E-F), suggesting that NMDA-R activation contributes to the Reelin-dependent
nuclear signaling. In support of our hypothesis, we found by gRT-PCR that the activation of
Reelin responsive genes is dramatically impaired by pharmacological inhibition of Src
tyrosine kinases (PP2) and by antagonists of NMDA-R (D-AP5), but not antagonists of
AMPA receptors (CNQX). It is also impaired by inhibitors of calcium/calmodulin-
dependent protein kinase (KN62) that has been implicated in the induction of LTP (Lucchesi
etal., 2011; Shalin et al., 2004) (Figure 1E). Consistent with this, Reelin treatment induces
phosphorylation of active forms of ERK1/2 and CaMKI|I, along with phosphorylation of
AKT, which serves as a hallmark of activation of the Reelin signaling pathway (Figure 1F)
(Beffert et al., 2002). Although a large body of evidence has clearly demonstrated the role of
Reelin in the regulation of synaptic plasticity at the cellular level, the requirement of Reelin
signaling for cognitive behaviors has been a controversial debate due to a variety of
behavioral paradigms used in distinct laboratories. To examine the potential relevance of our
findings in vivo, we used a classical form of robust associative learning (contextual fear
paradigm) in the Heterozygous Reeler Mice (HRM) and in LRP8-KO mice (Rudy et al.,
2004). We observed a severe impairment in freezing behaviors in these mutant mice that
reflect a loss of long-term memory formation in absence of intact Reelin signaling (Figure
1G). These studies corroborate the role of a novel synapse-to-nucleus signaling triggered by
Reelin-LRP8 signaling connecting transcriptional control to learning and memory behaviors.

Reelin signaling activates specific cohorts of enhancer elements in the genome

To explore the epigenetic mechanisms underlying the Reelin-dependent transcriptional
program, we surveyed the chromatin landscape in cortical neurons by chromatin
immunoprecipitation (ChlP-Seq) of histone tail modifications associated with active
chromatin states (H3K4me2, K3K27Ac, H4K16Ac) (Heintzman et al., 2009). We identified
several thousand putative distal enhancers elements (Figure S2A). To examine how these
chromatin states relate to enhancer activity in a signaling-dependent fashion, we profiled the
genome-wide distribution of the histone acetyl transferase, CBP, upon Reelin treatment.
CBP has served as a predictor of enhancers with tissue-specific activity and it has been
reported to label activated enhancers in depolarized neurons (Kim et al., 2010; May et al.,
2012). We observed that Reelin stimulation results in the induction of CBP recruitment to its
target loci (Figure S2B). The H3K4me2-marked enhancers co-occupied by CBP upon
Reelin treatment (n=4,175) are highly enriched for motifs recognized by neuronal TFs,
including MEF2 and CREB, which have been described as key regulators of synaptic
plasticity (Figure 2A) (Akhtar et al., 2012; Deisseroth et al., 1996; Dietrich, 2013; Flavell et
al., 2008). Western blot analysis documented that Reelin robustly induced phosphorylation
of CREB at serine 133 (Gonzalez and Montminy, 1989) and phosphorylation of HDAC4 at
serine 632, consistent with HDAC4 nuclear export that is required for MEF2 transcriptional
activation (Wang et al., 2000) (Figure 2B). Therefore, we carried out ChlP-Seqs in cortical
neurons exposed to Reelin for 1 h using antibodies against CREB and two different isoforms
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of MEF2 TFs (MEF2A and MEF2C), which are highly expressed in cortical neurons
(Figure 2SC). A representative UCSC browser image depicting the epigenomic changes
induced by Reelin is shown in Figure 2C for the Nr4al locus. Reelin substantially increased
CREB and MEF2C binding to their genomic loci, but did not alter the recruitment of
MEF2A, suggesting a specific involvement of MEF2C, which is particularly intriguing
given that MEF2C is the only isoform required for positive regulation of hippocampal
associative learning (Barbosa et al., 2008) (Figure S2B). We observed a largely conserved
distribution of MEF2A and MEF2C binding patterns (Figure S2D), and a widespread
association with distal enhancers sites, suggesting that they may function as lineage-specific
components of neuronal enhancers (Figure S2E). Conversely, the CREB binding occurs at
both promoter (57%) and enhancer regions (43%) (Figure S2E). The majority of Reelin
targets (60%) strongly correlated with CREB binding simultaneously at promoters and
enhancers (Figure 2D, Figure S2F), indicating that promoter binding is generally not
sufficient to engage transcriptional changes, while the presence of CREB on enhancers is
required. Comparative genomic analysis of different TFs in a variety of cell types has
suggested that a typical signature of enhancers is the presence of multiple TFs (Chen et al.,
2008). To gain insight into in the functional enhancer signature underlying the Reelin-
induced epigenomic events, we analyzed different genomic regions based on the interplay of
CREB and MEF2 TFs. Scatter plots of the tag counts around genomic coordinates of MEF2
and CREB-occupied enhancers sites show that enhancers co-bound by both factors
predominantly coincide with the most active enhancers labeled by CBP upon Reelin
treatment (Figure 2E).

While long-term gene repression is maintained mainly by histone modifications associated
with heterochromatic regions, signal-dependent regulation of gene transcription can be
mediated by dynamic exchange of corepressor and coactivator complexes (Baek et al., 2002;
Lee et al., 2001; Perissi et al., 2004; Perissi et al., 2010). We examined the possible role of
the NCoR corepressor complex, a known component of the HDAC complexes, including
HDACA4, which specifically regulates MEF2 TFs activation and is involved in learning and
memory (Fitzsimons et al., 2013; Sando et al., 2012). NCoR ChIP-Seq showed that
approximately 60% of NCoR binding sites colocalized with distal enhancers elements and,
strikingly, Reelin treatment triggered a substantial dismissal of the NCoR corepressor
machinery from these binding sites (Figure 2SB, Figure S2E). Accordingly, NCoR ability
to bind to MEF2C is greatly impaired by Reelin treatment (Figure 2SG). Furthermore,
ChIP-Seq tag distribution profiles of proximal or distal cis-regulatory elements revealed that
these dynamic changes occur predominately at specific cohorts of enhancer sites activated
by Reelin, as compared to most of the conventional neuronal enhancers that recruit MEF2
TFs (Figure 2F). Similar results were obtained when H3K27Ac-marked enhancers were
analyzed (data not shown). These results permitted us to identify a signature of the Reelin-
regulated enhancer code that we refer to as LRP8-Reelin-regulated neuronal (LRN)
enhancers. We identified 738 distal sites showing the LRN enhancer signature based on
CBP, CREB and MEF2 recruitment and NCoR dismissal (Figure S2H). Consistent with
these results, the LRN enhancers correlated with the highest level of active histone marks
(Figure 2G, Figure S3A) and with the most induced eRNA transcripts (Figure 2G). Recent
studies demonstrated that eRNAs are locally generated by Pol Il as bidirectional non-coding
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transcripts important in establishing enhancers function and in regulating gene transcription
through various mechanisms (Kim et al., 2010; Lam et al., 2013; Li et al., 2013; Wang et al.,
2011). These results provide evidence that combinatorial action of CREB and MEF2 TFs,
together with a signaling-dependent switch of CBP and NCoR complexes, are hallmarks of
LRN enhancers, which are themselves signal-responsive transcription units.

Reelin-induced y-secretase-dependent release of LRP8 intracellular domain and NMDA-R

activity

In neurons, synapse-to-nucleus communication is a widely used process for relaying
extracellular stimuli to the nucleus. Various mechanisms of nucleo-cytoplasmic shuttling of
synaptically enriched components have been reported, including the regulated
intramembrane proteolysis of y-secretase substrates that results in the release of an
intracellular domain, which accumulates in the nucleus and acts as an intermediary in the
transmission of extracellular stimuli (Selkoe and Wolfe, 2007). Because it is known that the
Reelin receptor, LRPS, is a substrate of y-secretase activity in vitro (Hoe and Rebeck, 2005;
May et al., 2003), we investigated whether LRP8 undergoes this process in vivo in a
signaling-dependent manner. We confirmed that the proteolytic processing of LRP8 occurs
in vivo by using fractionated protein extracts of cortical brain dissections obtained from WT
and LRP8-KO mice (Figure 3A, Figure S3B). We detected three major proteolytic products
of LRP8, including the full-length mature form (105 kDa), the carboxy-terminal fragment
generated by extracellular shedding (25 kDa) and the intracellular domain (ICD) released by
intramembranous cleavage by y-secretase activity (14 kDa), which translocates into the
nuclear fraction. Treatment of cortical neurons with recombinant Reelin protein enhanced
the release of LRP8-ICD that was specifically blocked by y—secretase inhibitors (GSI)
(Figure 3B). To begin to evaluate the involvement of LPR8-ICD in the transcriptional
regulation, we used GAL4-based transactivation assays. When fused to the GAL4 DNA
binding domain, LRP8-1CD showed a transactivation activity that was significantly
enhanced by the co-expression of SRC and DAB1 (Figure 3C), suggesting that the core
components of Reelin signaling are required to promote LRP8-ICD function in the nucleus.
To further explore the involvement of y-secretase activity in the regulation of Reelin-
dependent transcriptomes, we performed RNA-Seq profiling of cortical neurons treated with
Reelin in presence or absence of GSI. Blocking the y-secretase activity was sufficient to
abolish the Reelin-induced transcriptional changes (Figure 3D, Figure 3E). These results
indicate a direct involvement of y-secretase-mediated cleavage of LRP8 as an upstream step
in the synapse-to-nucleus communication promoted by Reelin. Furthermore, LRP8-1CD was
recruited to LRN enhancers (Figure 3F) and transient knockdown of LRP8 by siRNA in
cortical neurons lead to substantial reduction of a reporter gene transcription driven by a
FOS enhancer carrying the LRN enhancer signature (Figure 3G). Intriguingly, we observed
that the activation of NMDA-R by bicuculline treatment does not overcome the lack of
regulated intramembrane proteolysis of LRP8, as demonstrated by qRT-PCR experiments in
which the inhibition of y-secretase activity was sufficient to block NMDA-receptor-
dependent transcriptional regulation (Figure 3H). Accordingly, bicuculline treatment
enhanced the release of the LRP8-1CD (Figure 31), indicating that there is a mutual
interdependence between the LRP8 and NMDA receptors, both of which functionally
interact at post-synaptic densities (Hoe et al., 2006). Our data suggest that the processing of
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LRP8 by y-secretase activity represents a shared component of two signaling cascades
initiated at the membrane level by ligand-induced stimulation. This crosstalk might
ultimately serve as reinforcing mechanism to achieve optimal gene expression regulation.

LRN enhancers are required for the activation of Reelin target genes

To gain further insights into the contribution of LRN enhancers in the regulation of Reelin
target genes, we took advantage of a recently developed Cas9/CRISPR (clustered regularly
interspaced short palindromic repeats) methodology (Cong et al., 2013), in which a
catalytically inactive or “dead” Cas9 (dCas9) can be exploited as a platform for site-
selective RNA-guided transcriptional regulation (Qi et al., 2013). We designed small guide
RNAs (sgRNAs) targeting DNA sequences encoded in the LRN enhancers in proximity of
key Reelin-dependent genes. For each enhancer, we multiplexed four different SgRNAS
directed to the core region encompassing CREB and MEF2 binding sites. We co-expressed
the sgRNASs by lentiviral infection of cortical neurons together with a version of dCAS9
protein fused to a transcriptional repression domain (the Kriippel-associated box (KRAB)
domain), which efficiently triggers gene expression silencing if guided by a specific SgRNA
(Gilbert et al., 2013; Maeder et al., 2013) (Figure 4A, Figure S4A). Using qRT-PCR
experiments, we demonstrated that blocking the activity of LRN enhancers was sufficient to
abolish the activation of Reelin-dependent genes (Figure 4B). Furthermore, using a
luciferase reporter assay, we found that LRN enhancers confer an intrinsically higher
activity compared to other enhancers (Figure 4C). These results provide strong evidence
that the activation of LRN enhancers directly plays a pivotal role in orchestrating signal-
dependent transcriptional regulation and is a crucial step in the synapse-to-nuclear signaling
triggered by Reelin via NMDA-R.

LRN enhancers engage in long-range interactions with target promoters

Physical communication between distal cis-regulatory sequences in the genome utilizes
chromatin looping and serves as a three-dimensional platform for fine-tuned regulation of
several cellular processes, including gene expression (Jin et al., 2013; Sanyal et al., 2012;
Zhang et al., 2013). To further investigate the possibility that LRN enhancers engage in
long-range interactions with target promoters of Reelin-induced genes we carried out 4C-
sequencing (4C-Seq) experiments in cortical neurons. We took advantage of two cutter 4C-
Seq methodology to identify specific looping interactions in an unbiased manner after
defining a “view point” of interest positioned near a promoter site (van de Werken et al.,
2012). We focused on the Fos gene locus due to its complex genomic architecture
characterized by 4 distinct enhancers displaying the LRN enhancer signature (Figure 5A).
Analysis of 4C contact profiles from duplicate experiments revealed that LRN enhancers
engage in long-range interactions with target coding gene promoters (Figure 5B-S5A).
Importantly, the chromatin architecture of the Fos locus was conserved in vivo, as shown by
4C contact profiles detected in the hippocampal regions of WT mice (Figure 5C-S5B),
suggesting that precise three-dimensional architecture may be involved in modulation of
brain function in vivo. Given that the 4C method does not allow for accurate measurement of
looping dynamics, we hypothesized that mapping the mediator complex (Kagey et al., 2010)
could begin to answer the question of whether activation of LRN enhancers relies on
dynamic long-range interactions. Therefore, we carried out ChIP-Seq experiments for
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mediator components MED1 and MED23, which have been linked to intellectual disability
(Hashimoto et al., 2011). The ChIP-seq analysis revealed that mediator complex is
specifically recruited to LRN enhancers upon Reelin signaling (Figure 5D), suggesting that
looping interactions of LRN enhancers and promoters serve as a three-dimensional platform
that controls the actions of enhancers on their specific targets and integrate an additional
layer of regulation to the molecular signature of Reelin-regulated cistromes.

Reelin-dependent epigenomic events are required for hippocampal-dependent associative

learning

Based on our results we hypothesized that Reelin-dependent transcriptional programs
dictated by LRN enhancer activity may ultimately serve as an epigenetic mechanism
underlying learning and memory formation. To trace memories at the molecular level, we
examined the gene expression patterns induced by fear conditioning in hippocampal regions
of WT and HRM by generating transcriptional profiles after 24 h of contextual training
(Figure 6A). Analysis of differentially expressed genes identified 234 regulated genes in
WT hippocampi, hereafter referred to as “learning genes” (Figure 6B, Figure S6A, Table
S3). We observed a significant reduction of learning genes activation in the HRM, which
exhibit a severe impairment in the execution of this behavioral task (Figure 6C, Figure
1G), providing clear evidence that intact Reelin signaling is required for the regulation of
specific transcriptional programs during long-term memory formation. Of these induced
transcripts, ~30% corresponded to those exhibiting robust transcriptional induction upon
Reelin treatment (Table S3) and, intriguingly, corresponded to key genes important for
neuroplasticity events and extracellular matrix (ECM). This result provides an intriguing
perspective for future investigation given the well-documented function of ECM
dysfunction in schizophrenia (Berretta, 2012) (Figure 6D).

To further investigate the extent to which LRN enhancers activity contributes to the
cognitive deficits of HRM, we mapped the enhancer landscape in the hippocampi of WT and
HRM. The chromatin state of LRN enhancers, labeled by active enhancer marks (H3K27Ac
and H4K16Ac), was significantly impaired in absence of intact Reelin signaling (Figure
6E). Accordingly, we showed by conventional ChiIP that the recruitment of LRN enhancer-
associated transcriptional regulators was strongly altered (Figure 6F), suggesting that LRN
enhancers activity is crucial for licensing appropriate transcriptional regulation in the brain
in response to environmental stimuli.

Together our results uncover a novel molecular mechanism that enables the information
delivered by Reelin at the synapses to be transferred to the nucleus, where it is deciphered
by transcriptional/co-factors complexes at the level of specific cis-regulatory elements,
which drive the expression of neuroplasticity genes important for learning and memory in
vivo. This long-distance communication signaling involves the y—secretase-dependent
release of the LRP8-1CD, which is required for calcium influx through NMDA receptor and
is essential to drive gene expression within the nucleus (Figure 7).
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Discussion

Reelin signaling promotes activation of transcriptional programs linked to learning and

memory

In the past three decades, groundbreaking studies from Aplysia, and subsequently from
mammalian models have clearly demonstrated that long-term plasticity critically depends on
transcriptional activation and protein synthesis of activity-dependent genes, which are
robustly turned on by the activity of CREB (Kaang et al., 1993; Schacher et al., 1988; Sheng
et al., 1990). However, the underpinning epigenomic mechanisms and their link to
behavioral outputs have yet to be resolved. Here, we expand our understanding of activity-
dependent transcriptional activation by utilizing the power of genomic technologies, which
enable new perspectives in the understanding of the molecular mechanisms of
neuroplasticity. We provide clear evidence that the Reelin-LRP8 pathway is required for
hippocampal-dependent associative learning and is directly linked to epigenomic events that
support memory formation. We used GRO-Seq to reveal that stimulation of cortical neurons
with Reelin results in the rapid activation of a transcriptome linked to learning and memory.
Furthermore, the genetic ablation of Reelin signaling in vivo was strongly correlated with
lack of specific transcriptional responses in contextual fear conditioning paradigms.
Particularly interesting is the connection with genes involved in the extracellular matrix that
controls a variety of neuronal processes that are altered in schizophrenia. While our study
has predominantly focused on hippocampus-dependent plasticity, we do not exclude the
possibility that Reelin signaling might be involved in similar and/or distinct mechanisms in
other areas of the brain implicated in the induction of memory traces, such as the amydgala
or the cortical regions. While our data revealed an extensive hippocampal transcriptional
response to conditioned learning stimuli, it will be of particular interest in the future to
elucidate the contribution of functionally distinct neuronal subtypes to the regulation of
specific gene networks. Indeed, due to the technical obstacles imposed by tissue
heterogeneity, only substantial changes would be recorded in our hippocampal
transcriptomes, while changes of cell-type-specific transcripts might be more difficult to
detect.

Crosstalk between LRP8 regulated intramembrane proteolysis and NMDA receptor-
dependent nuclear signaling

Unexpectedly, we found that proteolytical cleavage of LRP8 is a crucial component of the
synapse-to-nuclear signaling triggered by Reelin. Further investigation is needed to elucidate
which nucleo-cytoplasmic shuttling mechanism is utilized by LRP8-ICD. Spatial and
temporal constraints of intracellular trafficking represent future challenges to be addressed,
given the current technical difficulties in tracking few molecules across long distances
dictated by the unique neuronal morphology. However, we have begun to elucidate the
mechanism by which synapses targeted by Reelin communicate with the nuclear
compartment. We report that the LRP8 proteolysis and NMDA-R activation are reciprocally
regulated in a signaling-dependent manner. This intriguing result confers on Reelin
signaling a pivotal role in the regulation of excitatory glutamatergic transmission. The
sustained hypofunction of glutamatergic signaling via NMDA receptor is considered one of
the major mechanistic hypotheses of schizophrenia (Veerman et al., 2014). Our results
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provide a candidate mechanism explaining how the reduction in Reelin expression observed
in schizophrenic patients could contribute to the development of cognitive impairment of the
disorder.

LRN enhancers as a novel epigenomic signature underlying the synaptic plasticity events
triggered by Reelin

By combining genome-wide epigenetic profiling with de novo motif analysis, measurement
of eRNA transcripts and assessment of three-dimensional architecture, we identified
enhancer regulatory elements that serve as a signal-responsive genomic signature for
learning and memory. Those LRN enhancers are functionally linked to neuroplasticity
events initiated by Reelin and participate in rapid and robust activation of key target genes.
Recent studies have estimated that a striking fraction of loci identified in genome-wide
association studies are enriched in non-coding sequences (Maher, 2012; Visel et al., 2009).
These large-scale projects aim to elucidate the genetic architecture of human disease and
corroborate our appreciation of the importance of cis-regulatory elements, particularly
enhancers, as a widespread feature of common and complex diseases susceptibility, but will
require not only the global mapping of enhancers, but also the elucidation of the precise
molecular mechanisms that regulate their function. In this context, our study provides an
example of a biological pathway relevant to cognition that is directly linked to a genomic
regulatory network of enhancer elements, which is required for proper transcriptional
regulation of key synaptic plasticity genes. The link of LRN enhancers to human sequence
variations identified in neuropsychiatric disorders remains to be explored.

EXPERIMENTAL PROCEDURES

All animal care and experimental procedures were in accordance with the University of
California, San Diego research guidelines for the care and use of laboratory animals. See
also Supplemental Information.

Primary Cortical Neurons and Cell Cultures

Mixed cortical cultures were established by dissecting E15.5 mouse embryos as previously
described (Jossin et al., 2007). Cultures were maintained for 10-11 in vitro before treatment.
N2A, HEK-293-T and HEK-293 lacking N-acetylglucosaminyltransferase | (GnTI) activity
(HEK293S GnTI) were obtained from ATCC. Neuronal cultures were treated with
recombinant Reelin that was purified as described in Supplemental Information. Luciferase
assay, immunoprecipitation and fractionated cell extracts were performed as described in
Extended Experimental Procedures.

Reagents and Antibodies

The antibodies used include: LRP8 (ab108208), CBP (ab2832), H3K27Ac (ab4729),
MEF2C (ab79436) from Abcam; H3K4me2 (07-030), H4K16Ac (07-329), CREB (17-600),
phopho-CREB-(Ser133) (17-10131) from Millipore; MED23 (NB200-337) from Novus; p-
CaMKII (sc-32289), GAPDH (sc-365062), MEF2 (sc-313) from Santa Cruz Biotechnology;
p-HDACA4-Ser632 (#3424), from CellSignaling Technologies; MED1 (A300-793A) from
Bethyl Laboratories. The rabbit anti-N-CoR antibody was generated as described previously
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(Heinzel et al., 1997). The chemical reagents used include: CNQX (#0190), D-AP5 (#0106),
Bicuculline (#0130) from Tocris; PP2 (#529573), KN62 (#422706), y-secretase Inhibitor |1
(#565755) from Millipore.

RNA purification and RNA-seq

RNA was isolated using Trizol (Life Technologies) for hippocampal dissections or RNeasy
column (Qiagen) for cortical neurons. RNA was analyzed for purity using the Agilent 2100
Bioanalyser (Agilent). RNA samples from 4 littermates for each treatment and genetic
background were pooled and used for library preparations. RNA-seq library preparations
were performed using Ribo-Zero™ rRNA Removal Kits and ScriptSeq™ v2 RNA-Seq
Library Preparation Kit, according to manufacturing procedures (Epicentre). The
ScriptSeq™ Index PCR Primers (Epicentre) were used to add an Illumina® barcode to an
RNA-Seq libraries during PCR amplification using the FailSafe PCR Polymerase
(Epicentre).

GRO-Seq libraries preparation

GRO-Seq experiments were performed as previously reported (Core et al., 2008; Li et al.,
2013). Briefly, nuclei were prepared form ~20 millions of cortical neurons. For the run-on
assay, nuclear-run-on-RNA (NRO-RNA) was extracted with TRIzol LS reagent (Life
Technologies) following manufacturer's instructions. NRO-RNA was fragmented to
~300-500nt by alkaline base hydrolysis and followed by treatment with DNase | and
antarctic phosphatase. At this step, anti-BrdU argarose beads (Santa Cruz Biotechnology)
were utilized to purify the Br-UTP labeled nascent RNA. Fragmented RNA was end-
repaired by T4 PNK and purified by acidic phenol-chloroform extraction. cDNA synthesis
was performed as previously described (Ingolia et al., 2009) with few modifications. The
RNA fragments were subjected to poly-A tailing, followed by reverse transcription using
oNTI1223 primer and superscript Il RT kit (Life Technologies). The cDNA products were
size-selected by gel excision using a 10% polyacrylamide TBE-urea gel (~100-500bp). The
first-strand cDNA was circularized by CircLigase (Epicentre) and re-linearized by APE1
(NEB) (sscDNA) and then separated/excised by a 10% polyacrylamide TBE gel as
described above (~120-320bp). Finally, sscDNA template was amplified by PCR using the
Phusion High-Fidelity enzyme (NEB). The oligonucleotide primers oNTI1200 and oNTI1201
were used to generate DNA for deep sequencing (GRO-seq primer sequences are included in
Table S2).

ChlIP, ChlP-seq library preparations

ChIP was performed as previously described with some modifications (Johnson et al., 2007).
Briefly, ~20 millions neurons were double cross-linked with 2mM DSG (ProteoChem) for
45 minutes and then for another 10 minutes with 1% formaldehyde. Soluble chromatin was
fragmented using a Bioruptor® sonicator (~200-400bp). Soluble chromatin was incubated at
4C overnight with 2-5ug antibodies pre-bound to 20ul Dynabeads Protein G (Life
Technologies). After washing, ChlP-ed DNA was eluted/de-crosslinked at 65C for 4 hours
and purified using iPureLink kit (Diagenode). For ChIP-seq, the DNA libraries were
constructed following lllumina's ChIP-seq Sample prep kit (following manufacturer's
instructions). For ChIPs conducted on hippocampal microdissections, a similar protocol
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described for the nuclear/cytosolic protein extraction was performed to obtain single cell
suspensions before cross-linking. For ChIP-gPCR experiments from LRP8-KO or HRM
mice, chromatin extracted from hippocampal microdissections of 4 individual animals was
pooled to perform ChlIP for each antibody.

4C-seq libraries preparation

Chromosome confirmation capture was performed as described previously (Lieberman-
Aiden et al., 2009). Briefly, 20 million cells were used for each 4C. For 4C-Seqs conducted
on hippocampal microdissections, a similar protocol described for the nuclear/cytosolic
protein extraction was performed to obtain single cell suspensions before cross-linking.
Cells were crosslinked with 1% formaldehyde for 10 minutes. Soluble chromatin was
subjected to restriction endonuclease digestion overnight, using 400 units of HindlIl (NEB).
Further, intra-molecular ligations were supported using 1000 units of T4 DNA ligase (NEB)
for 4 hours at 16°C. Then chromatin was de-crosslinked at 65°C and purified. Second
restriction digestion was performed overnight, using 50 units of Dpnll (NEB). Subsequently,
intra-molecular interactions were ligated overnight. Chromatin was subjected to RNaseA
digestion, purified using Qiagen columns and subjected to PCR (Expand long range PCR
system, Roche diagnostics) using a first primer designed on the viewpoint and a second
outer primer designed beside the Dpnll site (Table S2). Both primers contained illumina
sequencing adapters and Barcodes for multiplexing. Approximately 16 reactions were
performed for each viewpoint to generate complex libraries.

Detailed bioinformatics methods for the analysis of deep-dequencing experiments were
performed as described in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Reelin activates a transcriptional program linked to learning and memory
(A) Pie chart showing genes regulated by Reelin assessed by GRO-Seq analysis (FDR

<0.001, FC >1.5) in cortical neurons treated 1 h with 10nM Reelin.
(B) Gene Ontology analysis of Reelin-regulated genes showing the top-enriched terms.
Asterisks (*) indicate annotations that are related to synaptic plasticity.

(C) Genetic association analysis of all Reelin-regulated genes using DAVID.

(D) Top Reelin-regulated genes are ranked by fold change. UCSC genome browser images
showing Reelin-induced transcription by GRO-Seq of selected target genes linked to
synaptic plasticity.
(E) gRT-PCR results indicating that Reelin-induced genes are inhibited by specific
inhibitors (1uM PP2, 100uM D-AP5 and 40uM CNQX, 10uM KN62). RNA was analyzed 6
h post-treatment. Data are normalized against Gapdh. Data are shown as mean + SD;
*p<0.05 (Two-tailed students T-test).
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(F) Western blots analysis of cortical neurons stimulated with Reelin (10nM, 0.5 h), using
antibodies against the phosphorylated form of ERK1/2, CaMKII and Akt. GAPDH antibody
was used as a loading control.

(G) Heterozygous Reeler (HET) and LRP8-KO mice demonstrate impaired associative fear
memory acquisition in contextual paradigms (auditory cue: 30 s, 85 dB tone; foot shock: 2 s,
0.5 mA, constant current). Histograms represent the measurements of freezing behaviors
(error bars £ SD; *p < 0.05 or **p<0.001 by Two-tailed students T-test).

See also Fig S1
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Figure 2. Definition of LRP8-Reelin-regulated Neuronal enhancers (LRN enhancers)
(A) De novo motif analysis of CBP-occupied H3K4me2-enhancers showing the top enriched

transcription factor motifs after Reelin treatment (10nM, 1 h), with associated P values as

indicated.

(B) Western blots of cortical neurons stimulated with 10nM Reelin for 30 minutes using
antibodies for phosphorylated CREB and HDAC4; CREB antibody is used as a loading

control.
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(C) A representative genome browser image depicting ChlP-Seq binding patterns at distal
H3K4me2-enhancers at the Nr4al gene locus, the transcription of which was enhanced by
Reelin (GRO-Seq).

(D) Radar plot showing the frequency of occupancy of CREB at enhancers and/or promoter
sites of Reelin-regulated genes, compared to Reelin-independent genes.

(E) CREB and MEF2 co-bound genomic sites are visualized by their respective normalized
ChIP-Seq tag counts (log2) within 200 bp of a given peak in Reelin-treated condition; top-
enriched peaks overlapping with CBP are visualized in red.

(F) Profile plots of normalized ChIP-Seq tag intensities for the indicated transcriptional
factors/cofactors. Each tag density profile is centered on TSS of Reelin-regulated genes or
MEF2A binding peaks on distal H3K4me2-marked elements, including conventional
enhancers and LRN enhancers. Additional 2kb from the center of each plot is shown.
Schematic diagram of distinct regulatory regions around Reelin-induced genes is depicted in
the top panel.

(G) Tag density profiles based on the same regulatory regions as in Fig 2F show the
enrichment of active enhancer marks by ChlP-Seq and the induction of eRNA transcripts by
GRO-Seq across the LRN enhancers.

See also Fig S2 and Fig S3
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Figure 3. Bidirectional regulation of Reelin-dependent transcriptome by y-secretase-mediated
release of LRP8-1CD and NMDA-R signaling

(A) Western blot results of immunoprecipitation with anti-LRP8 antibody from brain cortex
of WT and mutant LRP8-KO mice showing the proteolytical processing of LRP8; only the
ICD fragment is present in the nuclear fraction. A diagram of the cleavage events is depicted

on the left.

(B) Western blot data from protein extracts of cortical neurons showing that the processing
of LRP8 is enhanced in the presence Reelin (10nM, 0.5 h) and abolished in the presence of

1uM GSI.
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(C) Luciferase reporter assay showing the effect of the LRP8-1CD when fused to the Gal4
DNA-binding domain in the presence of SRC and/or DABL. Relative luminescence units
(RLU) were measured 24 h after transfection and values normalized to Firefly/Renilla. RLU
are shown as means £SD based on 3 individual experiments; *p<0.005 (Two-tailed students
T-test).

(D) Box-and-whisker plots of expression values for genes up- or down-regulated by Reelin
treatment showing the effect of the GSI. The y axis shows expression value in log2 of fold
changes. The central horizontal bar indicates the median fold change.

(E) UCSC genome browser images showing the normalized RNA-Seq tag densities for
Npas4, Fos, Arc and Egrl genes in Reelin-stimulated neurons (10nM, 6h) in absence or
presence of 1uM GSI.

(F) ChIP-gPCR showing the recruitment of LRP8 on specific enhancer elements in
hippocampi from WT and mutant LRP8-KO mice. y axis represents fold recruitment values
compared to control IgG ChlPs. Each sample represents a pool of hippocampal dissections
from 4 individual animals.

(G) Effect of siLRP8 on the activity of enhancers driving a luciferase reporter gene
compared to a control siRNA. Bars represent mean normalized values from three
independent experiments + SD, *P < 0.05 (two-tailed Student's t-test).

(H) Fold change in gene expression of representative coding genes quantified by RT-gPCR
from cortical neurons stimulated with 50uM bicuculline for 6 h in presence or absence of
GSI. Data represent mean + SD *P < 0.05 (two-tailed Student's t-test).

(1) Western blot results from total protein extracts immunoprecipitated with anti-LRP8
antibodies in bicuculline-stimulated neurons (50uM, 0.5 h) in presence or absence of 1uM
GSl.

See also Fig S3
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Figure 4. LRN enhancers are required for transcriptional activation of target coding genes
(A) Schematic describing the experimental CRISPR interference approach to inhibit LRN

enhancer activity in cortical neurons. We hypothesize that the catalytically inactive CAS9
fused to the repression domain, KRAB, can interfere with enhancer activity and abolish the
expression of cognate coding genes.

(B) dCas9-KRAB fusion protein in presence of gdRNAs directed against specific LRN
enhancers efficiently silences expression of coding genes in transduced cortical neurons
upon stimulation with bicuculline (50uM, 6h). qRT-PCR experiments show fold induction
calculated based on three independent experiments as mean + SD, *P<0.05.

(C) Assessment of enhancer activity by cloning several enhancer genomic regions (1kb)
upstream of the luciferase reporter gene driven by the Fos minimal promoter. Bars represent
mean normalized values from three independent experiments + SD, *P < 0.05 (two-tailed
Student's t-test).

See also Fig S4
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Figure 5. LRN enhancers engage in long-term interactions with the promoter of their target gene
(A) UCSC browser image of the Fos genomic locus showing normalized tag counts for

GRO-Seq and indicated ChIP-Seqgs; gray bars indicate the location of distinct LRN
enhancers (el-e4).

(B-C) Contact profiles depicting the genomic interactions of the Fos promoter (viewpoint,
gray bar) in cortical neurons (B) or hippocampi (C). The black curve represents the
normalized contact frequency calculated based on the linear-truncated mean values with a
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resolution of 1kb. The expected interactions of enhancers with the promoter (black arrows)
are observed. Black bars indicate the coordinates of known LRN enhancers.

(D) Profiles of normalized ChIP-seq tags of MED23 and MED1 before and after Reelin
treatment are shown for distinct enhancers regions.

See also Fig S5
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Figure 6. Reelin nuclear signaling is misregulated during memory formation in vivo
(A) Schematic describing the contextual fear conditioning paradigm used to isolate RNA

and chromatin from hippocampi for global transcriptomic and epigenomic analysis.

(B) Functional gene ontology annotations associated with genes regulated during memory
formation in WT mice.

(C) Box-and-whisker plots of normalized fold changes (log2) of genes in WT and HET
Reeler mice 24 h after fear conditioning training. The y axis shows expression values in log2
of fold changes. The central horizontal bar indicates the median normalized tag distribution.
(D) Table shows representative learning-induced genes that are misregulated by the altered
Reelin signaling in the heterozygous Reeler mice. A schematic of the synaptic processes
linked to the Reelin-learning-dependent genes is depicted on the top panel.
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(E) Distribution of normalized tag densities of ChlP-seq of indicated histone marks around
LRN enhancers elements in hippocampi from naive WT and HET Reeler mice. Box-and-
whisker plots show ChIP-Seq tag counts (log2, y axis) in WT and HET Reeler mice. The
central horizontal bar indicates the median normalized tag distribution. Each sample
represents a pool of hippocampal dissections from 4 individual animals.

(F) ChIP-gPCR showing loss of recruitment of MEF2C, LRP8 and CREB at the indicated
genomic locations in hippocampi isolated from WT and HET Reeler mice. Each sample
represents a pool of hippocampal dissections from 4 individual animals.

See also Fig S6
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Figure 7. Synapse-to-nucleus signaling triggered by Reelin converges on the activation of LRN
enhancers

(Model) Reelin activates a synapse-to-nuclear signaling by triggering the proteolytical
processing of its receptor LRP8 by y—secretase activity. The regulated intramembrane
proteolysis of LRP8 is bidirectionally regulated by the activation of the NMDA-R signaling.
The LRP8-ICD is released from the membrane and translocates into the nucleus where it
takes part to the regulation of epigenomic events centered on a specific cohort of enhancers
that recruit the neuronal transcription factors MEF2 and CREB. LRN enhancer activity
depends on the switch of a CBP co-activator complex and NCoR corepressor complex.
Long-range interactions between LRN enhancer elements and target promoters involve the
mediator complex. LRN enhancers are required for the activation of synaptic plasticity
genes that are regulated during memory formation in vivo.
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