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ABSTRACT OF THE DISSERTATION

Neuronal Activity Regulates the Nuclear Proteome to Promote Activity-Dependent Transcription

by
Wendy Alice Herbst
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2021

Professor Kelsey Martin, Chair

The formation and plasticity of neuronal circuits relies on dynamic activity-dependent gene
expression. While recent work has revealed the identity of important transcriptional regulators
and of genes that are transcribed and translated in response to activity, relatively little is known
about the cell biological mechanisms by which activity alters the nuclear proteome of neurons to
link neuronal stimulation to transcription. Using nucleus-specific proteomic mapping in silenced
and stimulated neurons, we uncovered an understudied mechanism of nuclear proteome
regulation: activity-dependent proteasome-mediated degradation. We found that the tumor
suppressor protein PDCD4 undergoes rapid stimulus-induced degradation in the nucleus of
neurons. We demonstrate that degradation of PDCD4 is required for normal activity-dependent
transcription, and that PDCD4 target genes include those encoding proteins critical for synapse
formation, remodeling, and transmission. Our findings highlight the importance of the nuclear
proteasome in regulating the activity-dependent nuclear proteome, and point to a specific role for

PDCD#4 as a regulator of activity-dependent transcription in neurons.
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Chapter 1: Introduction

“Memories, even your most precious ones, fade surprisingly quickly. But I don’t go along with
that. The memories I value most, I don’t ever see them fading.”

Kazuo Ishiguro, Never Let Me Go

Synaptic plasticity, long-term potentiation, and memory

Humans have a remarkable capacity to remember information and events for a lifetime.
Memories, which are formed during experiences or when learning new information and skills,
are essential for navigating through everyday life and for constructing meaning out of one’s life.
Memory deficits, caused by aging and neurodegenerative diseases, can strip individuals of their
identities and independence. The question of how memories are stored in the brain has been a
subject of interest for centuries. In the 1890s, the neuroscientist Ramon y Cajal speculated that
learning may require the formation of new connections between neurons (Ramon y Cajal, 1894).
This concept was further developed in the 1940s, when Konorski and Hebb proposed that
synaptic connections between neurons are strengthened in response to repeated stimulation
(Konorski, 1948; Hebb, 1949). This activity-dependent change in the strength of synaptic
connections, as well as the activity-dependent change in the number of synaptic connections, is
known as synaptic plasticity. In subsequent decades, synaptic plasticity was demonstrated to be
an important underlying mechanism of memory formation (Takeuchi et al., 2014). An early
model for studying the mechanisms of memory was the sea slug Aplysia californica. This
organism displays a simple form of long-term memory, wherein the animal’s gill withdrawal

reflex can undergo sensitization when the touch has previously been paired with a painful



stimulus, or habituation when the touch is has been delivered previously without pairing to a
painful stimulus. Sensitization is associated with increased synaptic connections, whereas
habituation is associated with decreased synaptic connections between the presynaptic sensory
neurons and postsynaptic motor neurons (Bailey and Chen, 1988). Synaptic plasticity occurs in
vivo in the brain during memory formation, as indicated by the both detection of new synapses
(Giachero et al., 2013; Heinrichs et al., 2013) and increases in synaptic strength (Whitlock, 2006;
Gruart, 2006; Clarke et al., 2010) that occur during memory formation. Synaptic plasticity is
required for memory formation, as it has been demonstrated that genetic or pharmacological
disruptions to the proteins involved in synaptic plasticity subsequently disrupt memory formation
(Morris et al., 1986; Sakimura et al., 1995; Tsien et al., 1996b). With the use of optogenetics,
synaptic plasticity has also been demonstrated to be sufficient to produce memories. Liu et al.
labeled neurons that were activated and involved in synaptic plasticity during a context-specific
memory task, and found that re-activation of these neurons was sufficient to produce the
memory, even in the absence of the context (Liu et al., 2014). Moreover, interventions to
increase the concentration and activity of proteins involved in synaptic plasticity subsequently
enhance memory formation (Lee and Silva, 2009).

Many studies of synaptic plasticity have focused on a specific region of the brain, the
hippocampus. The hippocampus was shown to be important for long-term memory formation
when a patient named Henry Molaison underwent a hippocampal lesion surgery in an attempt to
prevent severe seizures, and the damage to the hippocampus resulted in a permanent inability to
form new long-term episodic memories (Scoville and Milner, 1957). Other case studies in
humans, as well as studies in animal models, have confirmed the importance of the hippocampus

in memory formation (Bird and Burgess, 2008). In order to elucidate the mechanisms of synaptic



plasticity, an experimental model was developed in which electrophysiological techniques are
used to stimulate hippocampal neurons and measure the strength of synaptic connections. In a
landmark paper, Bliss and Lemo described the phenomenon of long-term potentiation (LTP), in
which a high-frequency stimulation synapses results in a long-lasting increase in synaptic
strength (Bliss and Lemo, 1973). Similarly, the phenomenon of long-term depression (LTD) was
described, in which a low-frequency stimulation of synapses results in a long-lasting decrease in
synaptic strength (Ito and Kano, 1982; Dudek and Bear, 1992). Together, LTP and LTD can alter
the strength of connections between neurons and produce the long-lasting changes in neural
circuitry that are important for memory formation.

Long-term potentiation is often mediated by changes that occur in the postsynaptic
neuron. In brief, glutamatergic transmission activates AMPA receptors, which depolarize the
postsynaptic compartment via influx of sodium ions. A strong stimulation will sufficiently
depolarize the compartment, such that the magnesium block on NMDA receptors is relieved and
glutamatergic transmission can then activate NMDARs, eliciting sodium and calcium ion influx
(Nicoll, 2017). Calcium is an important second messenger, which binds to the calcium-sensitive
binding protein calmodulin (CaM), activating many kinases and phosphatases, including CaM
kinase II (CaMKII). Once active, CaMKII phosphorylates many targets, including AMPARs and
related regulatory proteins, leading to increased synaptic localization and conductance of
AMPARSs (Lisman et al., 2002) and thereby increasing the strength of synaptic connection by
increasing the strength of the postsynaptic response. This mechanism is important for producing
changes that are responsible for the early stages of LTP. Later stages of LTP are transcription-

and translation-dependent.



Transcription is required for long-term potentiation and memory

Long-lasting changes in synaptic plasticity, LTP, and memory require activity-dependent
gene expression. When transcriptional inhibitors are applied during the LTP-inducing
stimulation, synaptic strength increases only briefly, before returning to baseline levels (Nguyen
et al., 1994; Nguyen and Kandel, 1997; Chotiner et al., 2003). Similarly, when transcription
inhibitors are delivered in vivo during a training session for a memory task in animal models, the
animals are unable to form a long-term memory of the training session (Pedreira, 1996;
Wiistenberg et al., 1998; Bailey et al., 1999). Notably, long-lasting LTP is impaired only when
transcriptional inhibitors are applied during and shortly after the stimulation, but not when
inhibitors are applied at later time points, demonstrating that there is a critical window of
transcription following stimulation (Nguyen et al., 1994). Indeed, there is a large burst of
transcription in response to neuronal stimulation (Brigidi et al., 2019; Tyssowski et al., 2018),
long-term potentiation (Coba et al., 2008; Chen et al., 2017), and memory formation (Cho et al.,
2016; Rao-Ruiz et al., 2019), which involving the regulation of thousands of genes. Immediate
early genes (IEGs) are transcribed rapidly and as a direct response to stimulation. IEGs typically
encode transcription factors, such as c-Fos, c-Jun, Egrl, Npas4, and Nr4al, as well as effector
genes that encode products that are directly relevant to the synapse, such as the cytoskeleton-
associated protein Arc, the neurotrophic growth factor Bdnf, and the scaffolding protein
Homerla (Benito and Barco, 2015). Other genes are transcribed at later timepoints, often as
transcriptional targets of the IEG transcription factors. While the immediate early genes are
thought to be a generic response to neuronal activity irrespective of stimulus-type, the selection
of late-response genes that are up-regulated is thought to be cell-type specific and tailored to the

function of the neuron (Yap and Greenberg, 2018). Gene knockout studies of activity-dependent



genes demonstrate a role for activity-dependent genes in synaptic plasticity and memory
(Fleischmann et al., 2003; Plath et al., 2006). Ultimately, activity-dependent transcription is
important for generating the proteins that regulate the function of the synapse, which leads to

changes in synapse number and strength.

Activity-dependent signaling from synapses to the nucleus

Given that transcription is required for synaptic plasticity and memory, signals from
stimulated synapses must reach the nucleus, to regulate transcription. Neurons employ rapid
signaling mechanisms, such as electrochemical signaling and calcium waves (Bading, 2013), as
well as the slower signaling mechanism that involves the physical transport of signaling proteins
from synapses to the nucleus (Herbst and Martin, 2017). Electrochemical signaling occurs on the
order of milliseconds (Bengtson and Bading, 2012) and involves synaptic input producing an
excitatory post-synaptic potential (EPSP) and triggering an action potential, which back-
propagates to the soma and depolarizes the neuron, eliciting calcium influx through voltage-
gated calcium channels (VGCCs) (Bading, 2013). Calcium waves involve synaptic inputs
activating IP3 signaling or calcium influx through VGCCs, which stimulates IP3 receptors and
ryanodine receptors on the endoplasmic reticulum (ER). Stimulation of these receptors elicits the
release of calcium from the ER, and this increase in cytosolic calcium is then propagated along
the ER via calcium-induced calcium release (Bengtson and Bading, 2012). Both electrochemical
signaling and calcium waves ultimately produce an increase of intracellular calcium in the
somatic cytoplasm and in the nucleus.

Following electrochemical signaling or calcium waves, an increase in calcium

concentration leads to the activation of many calcium-sensitive kinases and phosphatases, via the



calcium-sensitive binding protein calmodulin (CaM) (Deisseroth et al., 2003). Calmodulin
activates the family of CaM kinases (CaMKs), which are important for phosphorylating many
activity-dependent targets, including transcription factors in the nucleus (Cohen et al., 2015).
Notably, CaMKIV activates the transcription factor CREB by phosphorylation at serine 133,
thereby enabling CREB-binding protein (CBP) to bind to CREB and promote transcription by
acetylating histones (West et al., 2001). CREB is an important transcription factor in neurons,
and promotes the transcription of many activity-dependent genes, including c-fos, Arc, and Bdnf
(Ortega-Martinez, 2015). In addition to calcium-dependent signaling pathways, increases in
calcium concentration can regulate certain transcriptional factors directly, such as the
transcriptional repressor DREAM (Carrion et al., 1999).

The transport of signaling proteins from stimulated synapses to the nucleus occurs on the
order of minutes or hours (Mikenberg et al., 2007; Dieterich et al., 2008; Ch’ng et al., 2012;
Dinamarca et al., 2016; Kravchick et al., 2016a). This mechanism typically involves active
transport of signaling proteins by dynein along microtubules (Mikenberg et al., 2007; Ch’ng et
al., 2012) and the importin-mediated nuclear translocation of proteins through the nuclear pore
complex (Dieterich et al., 2008; Dinamarca et al., 2016). Synapse-to-nucleus signaling proteins
are often transcription factors (Mikenberg et al., 2007; Lai et al., 2008) or other proteins that
regulate transcription (Ch’ng et al., 2012; Karpova et al., 2013). CRTC1, an exemplar synapse-
to-nucleus signaling protein, localizes to synapses but undergoes activity-dependent
dephosphorylation and nuclear translocation in response to stimulation (Ch’ng et al., 2012;
Nonaka et al., 2014). Once in the nucleus, CRTCI serves as a transcriptional co-activator for
CREB and promotes the expression of activity-dependent genes (Ch’ng et al., 2012; Parra-

Damas et al., 2014). The caldendrin-binding protein Jacob also localizes to synapses, and



undergoes activity-dependent translocation to the nucleus (Dieterich et al., 2008). Interestingly,
the type of stimulation and subsequent phosphorylation state of Jacob is important for
determining the function of Jacob in the nucleus; depending on which residues are
phosphorylated, Jacob either enhances or attenuates CREB-dependent transcription (Karpova et
al., 2013).

The different mechanisms of synapse-to-nucleus signaling —electrochemical signaling,
calcium waves, and signaling proteins— all possess unique spatiotemporal signaling capabilities.
Electrochemical signaling is a rapid signaling mechanism and is therefore ideal for encoding
firing frequency information, but this signaling mechanism does not contain synapse-specific
information, because the entire neuron is depolarized. Calcium waves are likely to contain some
spatial information, as calcium waves propagate through the endoplasmic reticulum of a specific
dendritic branch or the axon. Synapse-to-nucleus signaling proteins are the slowest mechanism,
which may allow for a larger time window over which gene expression is impacted. Synapse-to-
nucleus signaling proteins provide the most spatial information, as they can originate from
individual stimulated synapses (Zhai et al., 2013; Ch’ng et al., 2015) and the phosphorylation
state of these proteins can provide information about the type of stimulation received at that
synapse (Ch’ng et al., 2012; Karpova et al., 2013). Both electrochemical signaling and synapse-
to-nucleus signaling proteins can each be sufficient to produce activity-dependent changes in
gene expression. Certain synaptic stimuli that do not produce electrochemical signaling or
calcium waves can still undergo changes in gene expression, due to the translocation of signaling
proteins (Zhai et al., 2013; Martin et al., 1997). Similarly, action potentials are sufficient to
produce changes in gene expression in the absence of synaptic connections, underscoring the

importance of electrochemical signaling (Eshete and Fields, 2001).



What are the mechanisms linking neuronal stimulation at synapses to changes in transcription in

the nucleus?

A large body of work has described the activity-dependent changes in gene expression
that occur in response to neuronal stimulation (Brigidi et al., 2019; Chen et al., 2017; Dérrbaum
et al., 2020; Fernandez-Albert et al., 2019; Hrvatin et al., 2018; Lacar et al., 2016; Tyssowski et
al., 2018). While the activity-dependent transcriptome has been well-characterized, less work has
focused on the upstream changes that occur in the nucleus to produce these changes in
transcription. Elucidating the mechanisms that link stimulation at neuronal synapses to changes
in the nucleus will provide insight into how transcription is regulated in response to stimulation.
The present study investigates this question by systematically characterizing, to our knowledge
for the first time, the changes that occur in the nuclear proteome in response to neuronal activity
(Chapter 2). We discovered that the tumor suppressor protein PDCD4 undergoes stimulus-
induced proteasome-mediated degradation in the nucleus of neurons, with important
consequences for activity-dependent transcription (Chapter 3). Lastly, we investigate an
exemplar synapse-to-nucleus signaling protein CRTC1 by generating CRISPR/Cas9 conditional

knockout mice (Chapter 4).



Chapter 2:

Identification of the neuronal activity-dependent nuclear proteome

INTRODUCTION

Activity-dependent transcription is critical for neural circuit function:

Stimulus-induced gene expression allows neurons to adapt their structure and function in
response to a dynamically changing external environment (Yap and Greenberg, 2018; Holt et al.,
2019; Gallegos et al., 2018). Activity-dependent transcription is critical to neural circuit function,
from synapse formation during development (West and Greenberg, 2011; Flavell et al., 2006;
Wayman et al., 2006; Polleux et al., 2007; Lin et al., 2008) to synaptic plasticity in the mature
brain (Bloodgood et al., 2013; Chen et al., 2017; Ramanan et al., 2005; Tyssowski et al., 2018;
Yap and Greenberg, 2018). During synapse development, activity-dependent transcription plays
an important role at multiple steps, including axon guidance (Kashani et al., 2006; Graef et al.,
2003), dendrite morphogenesis (Gaudilliere et al., 2004; Aizawa et al., 2004), and synapse
formation and elimination (Flavell et al., 2006; Lin et al., 2008). In the mature nervous system,
activity-dependent transcription is required for synaptic plasticity and long-term potentiation
(Chapter 1).

Neuronal activity can regulate gene expression in the nucleus through chromatin
modification and transcriptional regulation and in the cytoplasm through regulation of RNA
localization, stability, and translation (Martin and Ephrussi, 2009). The extreme morphological

polarity and compartmentalization of neurons pose a cell biological challenge to the activity-



dependent regulation of gene expression: how are stimuli received at one site coupled to changes
in gene expression within specific subcellular compartments? To produce activity-dependent
changes in transcription, signals must be relayed from the site where the signal is received, at the
synapse, to the nucleus. To better understand the activity-dependent mechanisms linking
neuronal stimulation to changes in the nucleus, the present study compares the nuclear proteomes

of silenced neurons and stimulated neurons, to identify activity-dependent changes.

Activity-dependent changes in the nuclear proteome:

Neuronal activity can change the concentration of nuclear proteins via a variety of
mechanisms, from nucleocytoplasmic shuttling of signaling proteins, to synthesis or degradation
of nuclear proteins. As such, when comparing the nuclear proteomes of silenced and stimulation
neurons, a protein could be differentially expressed between the two conditions due to changes in
shuttling, protein synthesis, or degradation.

Upon neuronal stimulation, many signaling proteins undergo nuclear import. This
includes the nuclear import of synapse-to-nucleus signaling proteins, which originate at synapses
and, upon stimulation, translocate to the nucleus (Chapter 1). Some examples of activity-
dependent synapse-to-nucleus signaling proteins include: the transcriptional co-activator CRTCI
(Ch’ng et al., 2012), the CREB regulator Jacob (Dieterich et al., 2008), the nucleolus regulator
AIDA-1D (Jordan et al., 2007), and the transcriptional regulator RNF10 (Dinamarca et al.,
2016). Interestingly, one synapse-to-nucleus signaling protein, the transcriptional repressor
CTBPI1, only translocates to the nucleus upon neuronal silencing, and is tethered to synapses by
neuronal stimulation (Ivanova et al., 2015). In addition to synapse-to-nucleus transport, there is

also activity-dependent transport of signaling proteins from the nearby somatic cytoplasm into
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the nucleus, including transport of the signaling protein CAMK2G (Ma et al., 2014) and the
transcription factor NFAT (Wild et al., 2019). Proteins can also undergo activity-dependent
nuclear export from the nucleus to the cytoplasm. Several histone de-acetylases are exported
from the nucleus upon neuronal stimulation, thereby relieving an inhibitory brake on
transcription (Chawla et al., 2003; Schlumm et al., 2013). Taken together, these examples
demonstrate the array of nucleocytoplasmic shuttling that occurs are a result of neuronal activity.

Neuronal activity can also stimulate the proteasome-mediated degradation of nuclear
proteins. There are well-known examples of stimulus-induced degradation of cytoplasmic
proteins, for example, the degradation of the PKA regulatory subunit or inhibitor kappa B
(Hegde et al., 1993; Mattson and Meffert, 2006), but degradation of nuclear proteins also occurs.
Examples of nuclear proteins that undergo proteasome-mediated degradation include the
repressor CREB1B, the methyltransferase DNMT3A1, and the transcription factor JUN
(Upadhya et al., 2004; Bayraktar et al., 2020; Kravchick et al., 2016a). However, these studies
have not examined if the proteins are degraded specifically in the nucleus, or exported from the
nucleus and then degraded in the cytoplasm.

Neuronal activity can also stimulate the synthesis of new nuclear proteins. Numerous
genes are transcribed and translated in response to neuronal stimulation, and many of these genes
encode transcription factors or other proteins that, once translated in the cytoplasm, are imported
into the nucleus (Yap and Greenberg, 2018). Examples of activity-dependent nuclear proteins
that are synthesized in response to activity include the transcription factors NPAS4, FOS, and
EGRI1 (Lin et al., 2008; Sheng et al., 1990; Duclot and Kabbaj, 2017). It is important to note that
the activity-dependent increase in nuclear abundance of these proteins is downstream of changes

in transcription, and therefore increases in the nuclear concentration of these proteins occur
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subsequent to the initial activity-dependent changes in nuclear signaling proteins. While the
activity-dependent transcriptome and translatome of neurons has been extensively characterized
(Brigidi et al., 2019; Chen et al., 2017; Dorrbaum et al., 2020; Fernandez-Albert et al., 2019;
Hrvatin et al., 2018; Lacar et al., 2016; Tyssowski et al., 2018), less work has focused on the
upstream changes that occur in the nucleus, specifically identifying the population of proteins
that undergo activity-dependent changes in nuclear abundance due to regulated transport or
stability, which can in turn influence transcription. In the present study, we characterize the
nuclear proteomes of silenced and stimulated neurons in the presence of a protein synthesis
inhibitor, in order to eliminate the activity-dependent changes that occur downstream of
transcription and translation. We instead focus on identifying pre-existing proteins that undergo
changes in nuclear localization or stability in response to activity. By characterizing stimulus-
induced changes in the nuclear proteome, this study provides insight into how activity-dependent

transcription is regulated.

Identifying the nuclear proteome using APEX2 proximity biotinylation:

Traditional methods of examining the nuclear proteome involves subcellular fractionation
to biochemically isolate the nuclei from the other cellular components. In brief, this technique
involves homogenization of the cells followed by separation of organelles by density
centrifugation through a sucrose cushion (Guimaraes de Aratjo and Huber, 2007). Obtaining a
pure nuclear fraction from neuronal samples is challenging because, in our hands, we found that
synaptic components, including PSD95, pellet with the nuclear fraction using standard protocols
(Yuanxiang et al., 2014). In protocols that do produce pure nuclear fractions (Uchida et al., 2017;

Grabowski, 2005), we were unable to detect activity-dependent increases in the known synapse-
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to-nucleus signaling protein CRTC1 when comparing nuclear samples from silenced and
stimulated neurons, despite confirming successful nuclear translocation of CRTC1 in parallel
immunostaining experiments. We speculate that dynamic, activity-dependent nucleocytoplasmic
shuttling proteins are sensitive to biochemical fractionation, and can leak out of the nucleus
during fractionation protocols.

Proximity biotinylation techniques are a promising alternative to subcellular
fractionation. One such technique, APEX2 proximity biotinylation, involves expression of an
engineered ascorbate peroxidase (APEX) in living cells (Hung et al., 2016). To target APEX2 to
a specific subcellular compartment of interest, APEX2 can be fused to localization signals, such
as a nuclear localization signal (NLS). The cells are incubated with the labeling substrate biotin
phenol, which, in the presence of hydrogen peroxide, is converted to biotin-phenoxyl radicals by
APEX2. Biotin-phenoxyl covalently tags proteins that are in close proximity (20 nm) to the
APEX2 enzyme (Rhee et al., 2013). Because proteins are only labeled if they are in the same
subcellular space as APEX2, the biotinylated proteins can be captured from whole cell lysates,
avoiding the need for subcellular fractionation. In addition to being specific to the desired
subcellular compartment, APEX2 can also be expressed in the desired cell type of interest
through the use of specific promoters. This is a major advantage over subcellular fractionation,
as the nuclei of neurons and glia in heterogeneous samples is challenging to separate
biochemically. In contrast to previous proximity labeling techniques that require many hours for
labeling (Uezu et al., 2016; Sears et al., 2019), APEX2 labeling occurs rapidly during a 1-minute
labeling period. This rapid labeling is advantageous for capturing dynamic, activity-dependent

processes at precise time points. The development of APEX2 promixity biotinylation technology
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enabled us to interrogate, for the first time, activity-dependent changes in the nuclear proteome

of neurons.

RESULTS

Identification of the nuclear proteome from silenced and stimulated neurons using APEX2

proximity biotinylation and mass spectrometry

To identify proteins that undergo activity-dependent changes in nuclear localization or
abundance, we analyzed the nuclear proteomes of silenced and stimulated cultured rat forebrain
neurons. In developing this assay, we used CREB Regulated Transcriptional Coactivator 1
(CRTC1) as a positive control, as we have previously shown that glutamatergic activity drives
the synapse-to-nucleus import of CRTC1, and that neuronal silencing decreases CRTC1 nuclear
abundance (Ch’ng et al., 2012, 2015). We initially used nuclear fractionation to capture the
nuclear proteins but discovered that CRTC1 leaked out of the nucleus during the assay. This
suggested that nuclear fractionation was not a suitable method and led us to instead use APEX2
proximity biotinylation (Hung et al., 2016), an in sifu proximity ligation assay, to identify
activity-dependent changes in the nuclear proteome. To specifically label the nuclear proteome,
we fused the engineered ascorbate peroxidase APEX2 to two SV40 nuclear localization signals
(Kalderon et al., 1984) (NLSs, Fig 2.1A). APEX2 proximity ligation was advantageous for these
experiments for the following reasons: 1) APEX2 biotinylated proteins can be captured directly
by streptavidin pulldown, avoiding the need for subcellular fractionation, 2) biotinylation occurs
rapidly (I-minute labeling period), and 3) APEX2 can be expressed in a specific cell type of
interest. We designed a neuron-specific nuclear-localized APEX2 construct (Fig 2.1A) and

transduced cultured rat forebrain neurons with adeno-associated virus (AAV) expressing
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APEX2-NLS. Immunofluorescence of transduced neurons revealed that APEX2-NLS was
expressed specifically in the nucleus (Fig 2.1B). We optimized the multiplicity of infection of
AAV to achieve high transduction efficiency without overexpression of the construct (important
as higher doses of AAV led to APEX2-NLS expression in the cytoplasm). When all three
components of the labeling reaction were supplied (APEX2-NLS, biotin-phenol, and H>O»),
proteins were biotinylated specifically in neuronal nuclei (Fig 2.1B). No labeling was detected in
the absence of APEX2-NLS, biotin-phenol, or H>O».

To identify proteins that undergo activity-dependent changes in nuclear abundance, we
silenced neurons for 1 hour with the voltage-gated sodium channel antagonist tetrodotoxin
(TTX) or stimulated neurons for 1 hour with bicuculline (Bic), which inhibits GABA receptors
and drives glutamatergic transmission. We also inhibited protein synthesis using cycloheximide
(CHX) in these experiments because many of the genes that are rapidly transcribed and
translated in response to activity encode nuclear proteins (Yap and Greenberg, 2018; Heinz and
Bloodgood, 2020; Alberini, 2009). We were concerned that the translation of activity-dependent
genes would overshadow — and thereby hinder the detection of — the upstream changes that occur
in the nuclear proteome resulting from alterations in nuclear protein localization or stability. We
confirmed that the CHX treatment used throughout this study impairs protein translation, as
detected by the strong reduction of new protein synthesis as detected by AHA labeling (Fig
2.2A-B) as well as the complete inhibition of activity-dependent FOS induction (Fig 2.2C-D).

After silencing or stimulating neurons for 1 hour and performing the 1-minute labeling
reaction (Fig 2.3A), protein lysates were collected for analysis by western blot and mass
spectrometry. In neurons expressing APEX2-NLS, many proteins at a variety of molecular

weights were biotinylated in both TTX and Bic conditions, whereas very few proteins were
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biotinylated in the No-APEX control, as detected by western blot (Fig 2.3B). The bands detected
in the No-APEX control were at molecular weights of known endogenously biotinylated proteins
(Hung et al., 2016). In all experiments, we also confirmed by immunocytochemistry that the
APEX2-NLS construct localized to the nucleus during both experimental conditions (Fig 2.4A-
B). For mass spectrometry, biotinylated proteins were captured using streptavidin pulldown and
the nuclear proteomes were characterized using the TMT-MS3-SPS acquisition method (Ting et
al., 2011) through LC-MS. We detected 4,407 proteins, and of those, 2,860 proteins were
significantly enriched above the No-APEX negative control with log2 fold change (FC) > 3 and
adjusted p-value < 0.05. In order to assess nuclear enrichment of the samples, we performed
Gene Ontology (GO) cellular component analysis on the list of 2,860 proteins that were enriched
above No-APEX (which could be matched to 2,615 unique gene IDs). Approximately 80% of the
top 100 most abundant proteins detected in the study contained the GO term “nucleus”, and over
60% of the entire list of 2,615 proteins contained the GO term “nucleus” (Fig 2.4C-D). We
performed GO cellular component enrichment analysis and found that most of the top enriched
terms were components of the nucleus (Fig 2.4D).

When comparing Bic and TTX conditions, 23 proteins were differentially expressed in
the nucleus with log2FC > 0.5 or log2FC < -0.5 and p-value < 0.05 (Table 2.1). The highest-
ranked protein by 10g2FC enriched in the Bic versus TTX nuclear proteome was the synapse-to-
nucleus signaling protein, CRTC1 (Ch’ng et al., 2015; Nonaka et al., 2014; Sekeres et al., 2012)
(Fig 2.5A). The next highest-ranked proteins were: the serine/threonine kinase TLK1, a
component of Cajal bodies COIL, the pre-mRNA splicing enzyme PPWD1, and the
transcriptional repressor GON4L (Fig 2.5A). The highest-ranked proteins enriched in the TTX

versus Bic nuclear proteome were HDAC4 and HDACS, both of which have been reported to
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undergo nuclear export following neuronal stimulation (Chawla et al., 2003; Schlumm et al.,
2013) (Fig 2.5B). The next highest-ranked protein was the tumor suppressor protein PDCD4 (see
Chapter 3), followed by the ER-associated protein TMEM 147 and a component of DNA
maintenance, SMC5 (Fig 2.5B). Using immunocytochemistry (ICC), we confirmed that CRTC1
increased in the nucleus and HDAC4 decreased in the nucleus following Bic stimulation (Fig
2.5C-F). These findings demonstrate that the nucleus-specific APEX2 proximity ligation assay

successfully captured activity-dependent changes in the nuclear proteome of neurons.

DISCUSSION

In this study, we sought to test how neuronal activity at the synapse changes the nuclear
proteome to regulate activity-dependent transcription. While advances in transcriptomic
technologies have enabled the identification of genes that undergo activity-dependent changes in
expression (Brigidi et al., 2019; Chen et al., 2017; Fernandez-Albert et al., 2019; Tyssowski et
al., 2018), the systematic identification of proteins that undergo changes in subcellular
localization and/or stability has been more challenging. We implemented a new proximity-
ligation approach to characterize changes in the nuclear proteome triggered by neuronal
stimulation. Our results provide the first, to our knowledge, unbiased characterization of the
population of proteins that undergo changes in nuclear abundance following neuronal silencing
and/or glutamatergic stimulation, and does so in a manner that is independent of translation or
transcription. We detected activity-dependent changes in the known nucleocytoplasmic shuttling
proteins, CRTC1 and HDAC 4/5 (Ch’ng et al., 2012; Chawla et al., 2003), demonstrating the

validity of this neuron-specific, subcellular compartment-specific assay.
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In total, we identified 23 proteins that are differentially expressed when comparing the
nuclei of silenced neurons and stimulated neurons. We investigated one candidate protein,
PDCD4, in further detail (Chapter 3). The relatively small number of proteins identified could
indicate that few proteins undergo activity-dependent changes in nuclear abundance, or it could
indicate that there are technical limitations of the mass spectrometry approach. In the former
case, it is important to note that this study characterized the neuronal nuclear proteome in
response one type of stimulation, captured at one time point. Many proteins may only be
regulated in response to specific types of stimulation, and the activity-dependent changes of
different proteins might occur during disparate time windows. For example, CRTCI1 rapidly
translocates to the nucleus within minutes after bicuculline stimulation, but is also quickly
exported from the nucleus after the stimulus has ended (Ch’ng et al., 2012). In contrast, importin
B1 translocates to the nucleus on a slower time course, reaching the nucleus 30 minutes after a
brief glutamate stimulation has ended (Thompson et al., 2004). Moreover, different stimuli such
as LTP and LTD activate distinct signaling pathways, with the repressor CREB2 translocating to
the nucleus following LTD but not LTP stimulation (Lai et al., 2008).

The relatively few changes detected in the activity-dependent nuclear proteome of
neurons may also be due to technical limitations of our assay. While some activity-dependent
changes in the nucleus are large and easy-to-detect, such as the 4-fold increase in nuclear CRTC1
(Ch’ng et al., 2012) or the 2-fold nuclear export of HDAC4 (Chawla et al., 2003), other
biological changes may have a much smaller magnitude. For example, in order to detect the
nuclear translocation of NF«B, the nuclear export inhibitor LMB was applied to trap translocated
NF«B in the nucleus, enabling the detection of small amounts of protein in the nucleus

(Mikenberg et al., 2007). Moreover, nuclear translocation of the Notch intracellular domain is
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notoriously difficult to detect (Struhl and Adachi, 1998). While TMT-MS3-SPS has improved
upon the quantitative capabilities of mass spectrometry (Ting et al., 2011), it remains technically
challenging to detect small changes in protein expression.

The current study characterizes the nuclear proteome of neurons in response to
bicuculline stimulation. Given that different signaling proteins may respond to distinct types of
stimulation, future studies should characterize the nuclear proteome following a variety of
stimulations. Notably, it would be important to examine the effect of LTP and LTD induction on
the nuclear proteome, in order to investigate the role of the nucleus in different types of synaptic
plasticity. While the current study characterizes the nuclear proteome in cultured neurons, future
studies could expand this method to a more physiological model, such as the use of acute
hippocampal slices. In order to label proteins, APEX2 proximity biotinylation requires a brief
application of H>O», which poses technical challenges for labeling tissue. The H,O» needs to be
applied long enough to penetrate the tissue, but long applications of H>O> can cause cell death
via oxidative stress. Nonetheless, APEX2 and other peroxide-based proximity biotinylation
assays have been performed on dissected tissue samples (Li et al., 2020a; Mannix et al., 2019).
Proximity biotinylation methods that do not require H>O> typically have slow labeling kinetics
that would not be suitable to capture dynamic processes, but recent advances have been made in
increasing the kinetics of these enzymes (Cho et al., 2020).

While my current studies focused on the role of a single candidate protein identified by
mass spectrometry (PDCD4, see Chapter 3), future work will be needed to characterize the
other candidate proteins. For each candidate protein, it will be important to determine if the
activity-dependent change in nuclear expression is due to nucleocytoplasmic shuttling or protein

degradation. Moreover, the function of the candidate proteins can be addressed, in order to
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provide insight into the signaling mechanisms regulating transcription in the nucleus.
Preliminary immunocytochemistry from our lab suggested that two other proteins, the kinase
TLK1 and the transcriptional repressor CBX6, undergo activity-dependent changes in nuclear

expression.

METHODS

Primary Neuronal Cultures:

All experiments were performed using approaches approved by the UCLA Animal
Research Committee. Forebrain from postnatal day 0 Sprague-Dawley rats (Charles River) was
dissected in cold Hanks’ Balanced Salt Solution (HBSS, Thermo Fisher) supplemented with 10
mM HEPES buffer and 1 mM sodium pyruvate. Sex was not determined and tissue from male
and female pups were pooled. The tissue was chopped finely and digested in 1x trypsin solution
(Thermo Fisher) in HBSS (supplemented with 120 pg/mL DNase and 1.2 mM CaCl,) for 15
minutes at 37°C. The tissue was washed and triturated in Dulbecco's Modified Eagle Medium
(Thermo Fisher) + 10% Fetal Bovine Serum (Omega Scientific) before plating on poly-DL-
lysine (PDLL)-coated (0.1 mg/mL, Sigma) 10 cm dishes or 24-well plates containing acid-etched
PDLL-coated coverslips (Carolina Biologicals). Neurons were plated at a density of 1 forebrain
per 10 cm dish (for mass spectrometry experiments) or 1/2 forebrain per entire 24-well plate (for
immunocytochemistry, RNA-seq, and western blot experiments). Neurons were cultured in
Neurobasal-A (Thermo Fisher) supplemented with 1x B-27 (Thermo Fisher), 0.5 mM glutaMAX
(Thermo Fisher), 25 uM monosodium glutamate (Sigma), and 25 uM B-mercaptoethanol
(Sigma) and incubated at 37°C, 5% CO». When applicable, neurons were transduced with AAV

at DIV 13. All experiments were performed at DIV 20.
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Generation of Plasmids and AAV:

To create hSyn NLS-APEX2-EGFP-NLS, APEX2 was amplified from the pcDNA3
APEX2-NES plasmid (gift from Alice Ting, Addgene plasmid #49386) with three sequential sets
of primers to add SV40 NLS to both the N-terminus and C-terminus of APEX2 (primer sets 1-3,
Table 2.2). The design of using NLS on both sides of APEX2 was based on the design of Cas9-
NLS (Swiech et al., 2015). NLS-APEX2-NLS was then inserted into the pAAV-hSyn-EGFP
plasmid (gift from Bryan Roth, Addgene plasmid #50465) between the BamHI and EcoRI sites,
replacing the EGFP insert. The final hSyn NLS-APEX2-EGFP-NLS construct was created by
amplifying hSyn NLS-APEX2-NLS (primer set 4, Table 2.2) and EGFP (primer set 5, Table
2.2), and joining the two products at Nhel and Sacl. AAV9 was generated for APEX2-NLS at

Penn Vector Core.

Pharmacological Treatments:

Neurons were pre-incubated with cycloheximide (CHX, 60 uM, Sigma) for 15 min
before the start of the experiment and maintained in the media throughout the duration of the
experiment, incubated at 37 °C. To silence the neurons, 1 uM tetrodotoxin (TTX, Tocris) was
applied to the neurons for 1 hr. To stimulate the neurons, 40 uM (-)-bicuculline methiodide (Bic,

Tocris) was applied to the neurons for 1 hr.

APEX2 Proximity Biotinylation, Streptavidin Pulldown, and On-Bead Tryptic Digestion:
For APEX2 mass spectrometry experiments, 3 biological replicates (sets of cultures)

were prepared, with 3 samples in each replicate (APEX + Bic, APEX + TTX, and No APEX).
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Neurons were TTX-silenced or Bic-stimulated for 1 hour in the presence of CHX (as above).
During the final 30 minutes of the treatment, neurons were incubated with 500 uM biotin-phenol
(APExBIO) at 37 °C. During the final 1 minute, labeling was performed by adding H>O» to a
final concentration of 1 mM. To stop the labeling reaction, neurons were washed three times in
large volumes of quencher solution (phosphate-buffered saline with 10 mM sodium azide, 10
mM sodium ascorbate, and 5 mM Trolox).

Neurons were lysed with RIPA (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100, pH 7.5) containing protease inhibitor cocktail (Sigma),
phosphatase inhibitor cocktail (Sigma), and quenchers. Lysates were treated with benzonase (200
U/mg protein, Sigma) for 5 min and then clarified by centrifugation at 15,000 g for 10 min.
Samples were concentrated with Amicon centrifugal filter tubes (3K NMWL, Millipore) to at
least 1.5 mg/mL protein and quantified using Pierce 660 nm protein assay kit (Thermo Fisher).

For each sample, 2 mg of lysate was incubated with 220 pL Pierce streptavidin magnetic
beads (Thermo Fisher) for 60 min at room temperature. Samples were washed twice with RIPA,
once with 1M KCI, once with 0.1 M sodium carbonate, once with 2 M Urea 10 mM Tris-HCI pH
8.0, and twice with RIPA according to (Hung et al., 2016).

The streptavidin beads bound by biotinylated proteins were then washed three times with
8 M Urea 100 mM Tris-HCI pH 8.5 and three times with pure water, and then the samples were
resuspended in 100 ul 50 mM TEAB. Samples were reduced and alkylated by sequentially
incubating with 5 mM TCEP and 10 mM iodoacetamide for 30 minutes at room temperature in
the dark on a shaker set to 1000 rpm. The samples were incubated overnight with 0.4 pg Lys-C

and 0.8 pg trypsin protease at 37° C on a shaker set to 1000 rpm. Streptavidin beads were
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removed from peptide digests, and peptide digests were desalted using Pierce C18 tips (100 pl

bead volume), dried, and then reconstituted in water.

Tandem Mass Tag (TMT) Labeling:

The desalted peptide digests were labeled by TMT reagents according to the
manufacturer’s instructions (TMT10plex™ Isobaric Label Reagent Set). Essentially, peptides
were incubated with acetonitrile reconstituted TMT labeling reagent for 1 hour and then
quenched by adding hydroxylamine. Sample-label matches are: NoAPEX replicate #1 labeled
with TMT126, APEX+Bic replicate #1 labeled with TMT127N, APEX+TTX replicate #1
labeled with TMT127C, APEX+TTX replicate #2 labeled with TMT128N, NoAPEX replicate
#2 labeled with TMT128C, NoAPEX replicate #3 labeled with TMT129N, APEX+Bic replicate
#2 labeled with TMT129C, APEX+Bic replicate #3 labeled with TMT130N, APEX+TTX
replicate #3 labeled with TMT130C. Labeled samples were then combined, dried and

reconstituted in 0.1% TFA for high pH reversed phase fractionation.

High pH Reversed Phase Fractionation:

High pH reversed phase fractionation was performed according to the manufacturer’s
instructions (Pierce High pH Reversed-Phase Peptide Fractionation Kit). Essentially, peptides
were bound to the resin in the spin column and then eluted by stepwise incubations with 300 ul
of increasing acetonitrile concentrations. The eight fractions were combined into four fractions
(fractions 1 & 5,2 & 6,3 & 7, 4 & 8). Fractions were then dried by vacuum centrifugation and

reconstituted in 5% formic acid for mass spectrometry analysis.
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LC-MS Data Acquisition:

A 75 pm x 25 cm custom-made C18 column was connected to a nano-flow Dionex
Ultimate 3000 UHPLC system. A 140-minute gradient of increasing acetonitrile (ACN) was
delivered at a 200 nL/min flow rate as follows: 1 — 5.5% ACN phase from minutes 0 — 5, 5.5 —
27.5% ACN from minutes 5 — 128, 27.5 — 35% ACN from minutes 128 — 135, 35 — 80% ACN
from minutes 135 — 136, 80% ACN hold from minutes 136 — 138 and then down to 1% ACN
from minutes 138 — 140. An Orbitrap Fusion Lumos Tribrid mass spectrometer TMT-MS3-SPS
method was used for data acquisition. Full MS scans were acquired at 120K resolution in
Orbitrap with the AGC target set to 2e5 and a maximum injection time set to 50 ms. MS2 scans
were collected in Ion Trap with Turbo scan rate after isolating precursors with an isolation
window of 0.7 m/z and CID fragmentation using 35% collision energy. MS3 scans were acquired
in Obitrap at 50K resolution and 10 synchronized selected precursor ions were pooled for each
scan using 65% HCD energy for fragmentation. For data dependent acquisition, a 3-second cycle
time was used to acquire MS/MS spectra corresponding to peptide targets from the preceding full

MS scan. Dynamic exclusion was set to 30 seconds.

MS/MS Database Search:

MS/MS database searching was performed using MaxQuant (1.6.10.43) (Cox and Mann,
2008) against the rat reference proteome from EMBL (UP000002494-10116 RAT, Rattus
norvegicus, 21649 entries). The search included carbamidomethylation on as a fixed
modification and methionine oxidation and N-terminal acetylation as variable modifications. The
digestion mode was set to trypsin and allowed a maximum of 2 missed cleavages. The precursor

mass tolerances were set to 20 and 4.5 ppm for the first and second searches, respectively, while

24



a 20-ppm mass tolerance was used for fragment ions. Datasets were filtered at 1% FDR at both
the PSM and protein-level. Quantification type was set to reporter ion MS3 with 10plex TMT

option.

Statistical Inference in Mass Spectrometry Data:

MSStatsTMT (1.4.1) (Huang et al., 2020) was used to analyze the MaxQuant TMT-MS3
data in the APEX2 proximity labeling experiment to statistically assess protein enrichment. TTX
channels were used for MS run level normalization. The “msstats” method was then used for
protein summarization. P-values for t-tests were corrected for multiple hypothesis testing using
the Benjamini-Hochberg adjustment. We identified proteins that were enriched above the No
APEX negative control using a log2FC > 3 and adjusted p-value < 0.05 cutoff above the No
APEX condition. Of this protein list, we then identified proteins that were differentially
expressed when comparing between Bic and TTX conditions using log2FC > 0.5 or log2FC < -
0.5 and p-value < 0.05. It is important to note that we used a non-adjusted p-value cutoff when
identifying candidate proteins that were differentially expressed between the TTX-silenced and
Bic-stimulated conditions, because only HDAC4 and six other proteins had a significant adjusted
p-value when using these cutoffs. Even CRTC1, a protein that has been shown to undergo
activity-dependent changes in multiple studies (Ch’ng et al., 2012, 2015; Nonaka et al., 2014)
and confirmed again in the present study, did not reach adjusted p-value significance, suggesting
that we do not have the statistical power to detect certain activity-dependent changes. Because
we used non-adjusted p-values to identify candidate proteins, it is especially important to

experimentally validate any potential candidate protein.
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Western Blot:

Protein lysates were boiled in loading buffer (10% glycerol, 1% SDS, 60 mM Tris HCI
pH 7.0, 0.1 M DTT, 0.02% bromophenol blue) for 10 min at 95°C and run on at 8%
polyacrylamide gel for 90 min at 120 V. Samples were wet-transferred onto a 0.2 pm
nitrocellulose membrane for 16 hours at 40 mA. The membrane blocked with Odyssey Blocking
Buffer and then incubated with IRDye 800CW Streptavidin (1:1,000) for 1 hour at room

temperature. The membrane was imaged using the Odyssey Infrared imaging system (LI-COR).

Immunocytochemistry (ICC):

Neurons were fixed with 4% paraformaldehyde in phosphate-buffer saline (PBS) for 10
min, permeabilized in 0.1% Triton X-100 in PBS for 5 min, and blocked in 10% goat serum in
PBS for 1 hour. Neurons were incubated with primary antibodies: chicken MAP2
(PhosphoSolutions #1100-MAP2, 1:1000), rabbit CRTC1 (Bethyl #A300-769, 1:1000), rabbit
HDAC4 (CST #7628, 1:100), and rabbit FOS (CST #2250, 1:500) for 3-4 hours at room
temperature or overnight at 4°C. Neurons were washed with PBS, and incubated at 1:1000 with
secondary antibodies: anti-chicken Alexa Fluor 647, anti-rabbit Alexa Fluor 555 or Streptavidin
Alexa Fluor 555, and Hoechst 33342 stain for 1 hour at room temperature. Neurons were washed

with PBS, and mounted on slides with Aqua-Poly/Mount (Polysciences) for confocal imaging.

Protein Synthesis Assay (AHA Labeling):
Neurons were washed once in warm Tyrode’s solution (140 mM NaCl, 10 mM HEPES, 5
mM KCI, 3 mM CaCl,, 1 mM MgCl,, 20 mM glucose, pH 7.4) and then incubated in

methionine-free Hibernate A (BrainBits) supplemented with 1x B-27 for 30 min at 37°C, 0%
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CO2 (due to the buffering conditions of Hibernate A). Neurons were then incubated in 4 mM
AHA (L-Azidohomoalanine, Thermo Fisher) or the non-labeling control 4 mM methionine
(Sigma) for 2 hrs in Hibernate A at 37°C, 0% CO2. When applicable, 60 um CHX was pre-
incubated for 15 min before the start of the AHA-labeling and remained in the media throughout
the duration of the experiment. Neurons were washed twice in cold Tyrode’s solution, fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min, permeabilized in 0.1%
Triton X-100 in PBS for 5 min, and washed three times in 3% bovine serum albumin in PBS.
The Click-IT reaction was performed using the Click-iT Cell Reaction Buffer Kit (Thermo
Fisher) and Alexa Fluor 488 Alkyne (Thermo Fisher) according to manufacturer’s instructions,
with a 30 min reaction at room temperature using 5 uM Alexa Fluor 488 alkyne. Neurons were
washed three times in 3% bovine serum albumin in PBS, and then proceeded to the normal ICC

protocol above, starting at the goat serum blocking step.

Confocal Imaging:

Samples were imaged using a Zeiss LSM 700 confocal microscope with a 40x / 1.3 NA
and 63x 1.4 NA oil objective and 405 nm, 488 nm, 555 nm, and 639 nm lasers, using Zen
microscopy software. All images were acquired using the 40x objective, except for the AHA
incorporation protein synthesis experiments, which were imaged using the 63x objective.
Identical image acquisition settings were used for all images within an experiment. For each
image acquisition, the experimenter viewed the MAP2 and Hoechst channels to select a field-of-

view, and was blind to the experimental channel (GFP, streptavidin, CRTC1, HDACA4, etc.).

Image Analysis:
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ICC images were processed using ImageJ (Schindelin et al., 2012). An ImageJ] macro was
used to create regions of interest (ROIs) for neuronal nuclei. In brief, the Hoechst signal was
used to outline the nucleus, and the MAP2 signal was used to select neurons and exclude non-
neuronal cells. To create ROIs for neuronal cytoplasm, the cell body of each neuron was
manually outlined using the MAP2 signal and then the nuclear ROI was subtracted from the total
cell body ROI. The ROIs were used to calculate the mean intensity in the channel of interest
(GFP, CRTC1, HDACA4, etc) for the nucleus and cytoplasm of each neuron. Within each ICC
experimental replicate, the measured values from all ROIs were normalized to the median value

of the control condition (basal).

Quantification and Statistical Analysis:

For ICC experiments, the quantification of signal intensity is displayed in violin plots
using GraphPad Prism. The medians are indicated with thick lines and the quartiles are indicated
with thin lines. “n” refers to the number of neurons in each condition, and all individual data
points were plotted on the graphs. Our sample sizes were not pre-determined. A non-parametric
statistical test (Mann-Whitney U test) was used to calculate statistical significance because our
data were not normally distributed, as indicated by the violin plots. A Bonferroni correction was

used to adjust for multiple hypothesis testing.

FIGURE LEGENDS

Figure 2.1 Design of APEX2-NLS to label nuclear proteins in cultured neurons.
A) Design of APEX2-NLS construct. hSyn = human synapsin promoter, NLS = SV40 nuclear

localization signal.
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B) Immunocytochemistry (ICC) of cultured rat forebrain neurons after APEX2 proximity
biotinylation labeling. Nuclear proteins were biotinylated (streptavidin, red) by the combined

presence of APEX2-NLS (GFP, green), biotin-phenol (BP), and H,O,. Scale bar = 10 um.

Figure 2.2 Cycloheximide effectively inhibits protein synthesis.

A) Metabolic labeling and ICC of control, CHX-treated, and non-labeled cells. Protein synthesis
was measured by AHA incorporation and Click-IT Alexa Fluor 488 alkyne reaction. The Alexa
Fluor 488 signal intensity is displayed using a look up table. Scale bar = 10 um.

B) Violin plots of normalized somatic Click-IT intensity. Control n =90, CHX n = 63 cells, No
Label n = 7 cells, from 2 sets of cultures. Control median = 1.00, CHX median = 0.32, No Label
median = 0.05. Control vs CHX p < 0.0001.

C) FOS ICC of basal and Bic-stimulated neurons, in the presence or absence of cycloheximide
(CHX). Scale bar = 10 um.

D) Violin plots of normalized nuclear FOS ICC intensity. Basal n = 28, Bic n = 40 cells, CHX-
Basal n = 32, CHX-Bic n =26 cells, from 1 set of cultures. Basal median = 1.00, Bic median =
4.484, CHX-Basal median = 0.8941, CHX-Bic median = 0.8307. Basal vs Bic p <0.0001, CHX-
Basal vs CHX-Bic p = 0.3064.

Statistical significance is indicated by ****p <(0.0001, from Mann-Whitney U test.

Figure 2.3 Labeling the nuclear proteomes of silenced and stimulated neurons.

A) Workflow for labeling nuclear proteins from silenced and stimulated neurons. APEX2

labeling diagram based on (Hung et al., 2016).
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B) Western blot of cultured neuron protein lysates from No APEX, APEX+TTX, or APEX+Bic

conditions, stained with streptavidin.

Figure 2.4 APEX2-NLS is localized to the nucleus and labels nuclear proteins.

A) Localization of APEX2-NLS GFP in TTX-silenced and Bic-stimulated neurons, in the
presence of CHX. Scale bar = 30 um.

B) Violin plots of APEX2-NLS GFP nucleocytoplasmic localization (nuc / cyto ratio) in TTX-
silenced and Bic-stimulated neurons, in the presence of CHX. TTX n =116, Bic n = 120 cells,
from 9 sets of cultures. TTX median =4.31, Bic median = 4.00. TTX vs Bic p = 0.0562.

C) Bar graphs displaying the percentage of proteins containing the GO term “nucleus”
(GO:0005634), from the list of proteins detected by APEX2-NLS mass spectrometry. The list of
proteins detected by mass spectrometry was ranked according to MS/MS count abundance, and
separate bar graphs are displayed for the top 50 proteins, top 100 proteins, and so on.

D) Cellular component GO analysis of the APEX2-NLS mass spectrometry, with the top 18

terms listed in order of fold enrichment. Nuclear cellular components are listed in blue.

Figure 2.5 Comparing the nuclear proteomes of silenced and stimulated neurons.

A) The top five proteins enriched in the nucleus of Bic-stimulated neurons, as ranked by Bic vs
TTX log2FC.

B) The top five proteins enriched in the nucleus of TTX-silenced neurons, as ranked by Bic vs
TTX log2FC.

C) CRTCI1 ICC of basal, TTX-silenced, and Bic-stimulated neurons. Scale bar = 10 pm.
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D) Violin plots of normalized nuclear CRTC1 ICC intensity. Basal n =28, TTX n= 21, Bicn=
22 cells, from 1 set of cultures. Basal median = 1.00, TTX median = 0.33, Bic median = 2.64.
Basal vs Bic p <0.0001, TTX vs Bic p <0.0001.

E) HDAC4 ICC of basal, TTX-silenced, and Bic-stimulated neurons. Scale bar = 10 um.

F) Violin plots of normalized nuclear HDAC4 ICC intensity. Basal n =28, TTX n=24, Bicn=
26 cells, from 1 set of cultures. Basal median = 1.00, TTX median = 1.79, Bic median = 0.61.
Basal vs Bic p = 0.0006, TTX vs Bic p <0.0001.

Statistical significance is indicated by ***p < (0.001 and ****p <0.0001, from Mann-Whitney U

test with Bonferroni correction.

Table 2.1
Candidate proteins that are differentially expressed in the nucleus of silenced vs stimulated

neurons.

Table 2.2

Primers used for cloning APEX2-NLS.
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Figure 2.1
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Figure 2.2

A Protein B

Hoechst synthesis
3,0’ EEL S
— L ——|
g 18k
s 2.5
(=] >
3 Z 15k
f_, 12k 2 .
= o 207
= B 23
3 6k E B 15
— j= .J1
= Sl 3 o
O R=g)
Ok Q.2
"6' o 1.0
o
051 A
E ':.;g:‘
3 0.0 . : ‘
2 Control CHX No Label
CHX +Basal CHX + Bic
k7] 15+ rxxx ns
2 — —
[5}
(0]
(o]
T
=
@
S 104
=
0 (0]
2 e
D 51
©
3
z
o
% & e
s 0 . : ;

Basal Bic Basal Bic

+ Cycloheximide

33



Figure 2.3
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Figure 2.4
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Figure 2.5
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Table 2.1

Symbol (Biléo\zgszigx) p-value
Crtcl 1.2067 0.008512
Hdac5 -1.0441 0.004163
Hdac4 -0.9263 0.002427
Tlk1 0.9155 0
Pdcd4 -0.8862 0.019014
Tmem147 -0.8393 0.042954
Smc5 -0.8245 0.03094
Coil 0.7947 0.006852
Czib -0.7533 0.025884
Ppwdl 0.7280 0.001598
Gon4l 0.7258 0.029297
Ubxn2b 0.6990 0.030829
Hykk -0.6864 3.50E-05
Serpine2 -0.6666 0.030284
Nopl6 0.6638 0.00127
Larp6 0.6129 0.015253
Neurod2 0.5989 0.032162
Grk2 0.5698 0.023994
Chmp5 0.5436 0.0089
Tlk1 0.5306 0.008924
Ufcl -0.5205 1.48E-20
Akirin2 0.5190 0.023126
Nelfe -0.5126 0
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Table 2.2

Primer

Sequence (5’ > 3°)

Cloning Primer 1F
(NLS-APEX2-NLS)

AGAAGAAACGTAAGGTCGAAGCGTCCGGAAAGTCTTAC
CCAACTGTGAGTG

Cloning Primer 1R
(NLS-APEX2-NLS)

TCTTCTTCTTAGGACTGGCATCAGCAAACCCAAGCT

Cloning Primer 2F
(NLS-APEX2-NLS)

CAAGGATGACGATGATAAGTCGCCCAAGAAGAAACGT
AAGGTCGAAGC

Cloning Primer 2R
(NLS-APEX2-NLS)

CTGGCCTCCACCTTTCTCTTCTTCTTAGGACTGGCATCA
GC

Cloning Primer 3F
(NLS-APEX2-NLS)

GTTGTTGGATCCCGCCACCATGGACTACAAGGATGACG
ATGATAAGTCGCC

Cloning Primer 3R
(NLS-APEX2-NLS)

GGTGGTGAATTCTTAGCTGGCCTCCACCTTTCTCTTCTT

Cloning Primer 4F

(hSyn-NLS-APEX2-NLS)

GGTGGTGAGCTCAGTCCTAAGAAGAAGAGAAAGGTGG

Cloning Primer 4R

(hSyn-NLS-APEX2-NLS)

GTTGTTGCTAGCCTCGCTACCACCGGCATCAGCAAACC
CAAGC

Cloning Primer 5F
(EGFP)

GTTGTTGCTAGCGGAGGGTCAGTGAGTAAGGGCGAGGA
GCT

Cloning Primer SR
(EGFP)

GGTGGTGAGCTCCTTGTACAGCTCGTCCATGCC
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Chapter 3:

Activity-dependent regulation and role of PDCD4 in neurons

INTRODUCTION

PDCD4 is a tumor suppressor protein and translational repressor in the cytoplasm:

Programmed Cell Death 4, or PDCD4, was initially discovered in a cDNA screen of
genes upregulated during apoptosis in several cell lines (Shibahara et al., 1995). Upregulation of
PDCD4 is correlated with apoptosis (Zhang et al., 2006), while both overexpression and
knockout of PDCD4 can promote pro-apoptotic pathways (Zhang et al., 2006; Eto et al., 2012).
Moreover, PDCD4 has been demonstrated to be a tumor suppressor protein. Low concentrations
of PDCD4 have been reported to correlate with invasion, proliferation, and metastasis of many
types of cancers, including colon, lung, breast, and ovarian cancer (Allgayer, 2010; Chen et al.,
2003; Wang and Yang, 2018; Wei et al., 2012). In mouse models and cell lines, knockdown and
knockout of PDCD4 promotes tumor growth (Schmid et al., 2008; Cmarik et al., 1999), while
overexpression of PDCD4 suppresses tumor growth (Jansen et al., 2005; Yang et al., 2003b).

Many studies have shown that PDCD4 functions as a translational repressor (Wang and
Yang, 2018; Matsuhashi et al., 2019). Through its MA-3 domains, PDCD4 binds to the RNA
helicase EIF4A, thereby preventing EIF4A from binding to EIF4G and participating in cap-
dependent translation (Yang et al., 2003a). Because PDCD4 inhibits the participation of an RNA
helicase in translation, PDCD4 is thought to impair translation of highly structured mRNAs. In

particular, PDCD4 inhibits translation of p53 and Sin/ (Wedeken et al., 2011; Wang et al.,
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2017). PDCD4’s repression of Sin/ translation impairs mTORs signaling and subsequent cancer
growth, while PDCD4’s repression of p53 translation promotes apoptosis (Wang and Yang,
2018). In addition to binding to EIF4A, PDCD4 can bind directly to certain mRNAs, including
Bcl and XIAP, and sterically inhibit their translation (Liwak et al., 2012). Recent PDCD4
knockdown and ribosome profiling experiments in retinal pigment epithelial cells have revealed
that PDCD4 represses the translation of 62 genes involved in a variety of functions including

extracellular matrix regulation, immune response, and metabolic processes (Haas et al., 2020).

PDCD4 may function as a transcriptional repressor in the nucleus:

While the role of PDCD4 as a translation repressor in the cytoplasm has been well
characterized, less is known about the role of PDCD4 in the nucleus. Several studies have
observed that PDCD4 also localizes to the nucleus and, in some cell lines and tissues, is localized
predominately to the nucleus (Bohm et al., 2003; Palamarchuk et al., 2005; Fassan et al., 2011;
Madera et al., 2020). Previous studies have indicated that PDCD4 can inhibit AP-1-dependent
transcription, although there is conflicting evidence as to whether this inhibition occurs as a
result of direct actions of PDCD4 in the nucleus (Bitomsky et al., 2004) or via an indirect role,
e.g. in regulating the translation of signaling proteins in the cytoplasm (Yang et al., 2006). In
Bitomsky et al., PDCD4 expression prevented the phosphorylation and activation of c-Jun (a
component of AP-1-dependend transcription), and PDCD4 was demonstrated to bind directly to
c-Jun, which the authors proposed was important for preventing Jun N-terminal kinase (JNK)
from phosphorylating c-Jun. However, in Yang et al., PDCD4 inhibited JNK activation by

inhibiting the translation of upstream signaling proteins in this pathway, and overexpression of
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an upstream signaling protein, MAP4K1, rescued c-Jun activation and subsequent AP-1-
dependent transcription.

However, other studies have provided evidence for role for PDCD4 regulating
transcription directly in the nucleus. In cancer cell lines, PDCD4 binds directly to the
transcription factor TWIST1 within the nucleus, inhibiting the DNA binding domain and
preventing expression of TWIST1 transcriptional targets (Shiota et al., 2009). In fibroblasts,
PDCD4 was demonstrated to interact with the CSL repressive complex in the nucleus, to bind to
the promoters of CSL target genes, and to negatively regulate canonical Notch/CSL targets
including Hes! (Jo et al., 2016). PDCD#4 also interacts with the transcriptional regulator DAXX,
is co-localized with DAXX in the nucleus, and promotes DAXX turnover by disrupting the
interaction of DAXX with the de-ubiquitinylating enzyme HAUSP (Kumar et al., 2013). Of note,
PDCD#4 can also regulate transcription via a cytoplasmic role. Here, PDCD4 has been shown to

bind to, and inhibit the nuclear translocation of, the NFxB p65 subunit (Hwang et al., 2014).

PDCD4 expression is regulated by multiple mechanisms:

PDCD4 expression is regulated at multiple levels: transcriptional regulation of the Pdcd4
gene, miRNA-mediated translational repression of Pdcd4 mRNA, nucleocytoplasmic shuttling of
PDCD4 protein, and phosphorylation- and ubiquitin-mediated degradation of PDCD4 by the
proteasome (Wang and Yang, 2018; Matsuhashi et al., 2019). Given that our study was
conducted in the presence of the protein synthesis inhibitor cycloheximide, we considered it
unlikely that the observed activity-dependent decrease in nuclear PDCD4 was due to changes in
transcription and/or translation. We thus focused on the regulation of PDCD4 by

nucleocytoplasmic shuttling and proteasome-mediated degradation.
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PDCD4 can be localized to either the nucleus or cytoplasm of cells, depending on the cell
and tissue type (Lankat-Buttgereit and Goke, 2009). Notably, the subcellular localization of
PDCD4 can change in response to certain conditions. In fibroblasts, PDCD4 is normally
localized to the nucleus but translocates to the cytoplasm upon serum starvation (Bohm et al.,
2003). This nuclear export of PDCD4 was demonstrated to be mediated by CRM1, and the
inhibitor Leptomycin B (LMB) blocked the starvation-induced nuclear export of PDCD4 (B6hm
et al., 2003). Serum starvation-induced nuclear export was further confirmed by Palamarchuk et
al. 2005, who additionally demonstrated that phosphorylation on serine 457 was required for
nuclear localization of PDCD4 (Palamarchuk et al., 2005).

PDCD#4 has also been shown to undergo proteasome-mediated degradation. Dorrello et
al. reported that total PDCD4 levels decrease in response to serum stimulation of a glioblastoma
cell line, and found that this decrease was blocked by the proteasome inhibitor MG132 (Dorrello
et al., 2006). In keratinocytes, decreases in PDCD4 concentration in response to tumor-
promoting TPA treatment was also found to be blocked by MG132 (Schmid et al., 2008).
PDCD4 contains a canonical motif for binding to the E3 ubiquitin ligase BTRCP1/2, a ligase that
binds to proteins and ubiquitinates them, marking them for degradation by the proteasome.
Similar to disruption of the proteasome, knockdown of BTRCP was also found to prevent
PDCD4 degradation (Dorrello et al., 2006). The binding of BTRCP to target proteins is typically
mediated by phosphorylation at sites on the PTRCP-binding motif on the target protein (Cardozo
and Pagano, 2004). Indeed, individual phospho-null serine-to-alanine mutations within and
adjacent to this region at either serine 67, 71, or 76 completely prevented the degradation of
PDCD4 (Dorrello et al., 2006). This region of PDCD4 contains canonical phosphorylation

consensus sites for the kinases S6K 1 and PKC; Ser71 is a consensus site for PKC, and Ser67 and
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Ser76 are consensus sites for SOK1 (Matsuhashi et al., 2019). Previous studies have
demonstrated that, depending on the signaling pathways involved, S6K1 or PKC is required for
the degradation of PDCD4 (Matsuhashi et al., 2014; Dorrello et al., 2006; Nakashima et al.,
2010; Schmid et al., 2008). For PDCD4 degradation following EGF-treatment, S6K1 is required,
while for PDCD4 degradation following TPA-treatment, PKC is required (Matsuhashi et al.,

2019, 2014; Nakashima et al., 2010).

Recent evidence for a role of PDCD4 in neurons:

Despite being expressed at significant levels in the brain, especially in the hippocampus
and cortex (Lein et al., 2007; Li et al., 2020b), few studies have addressed the role of PDCD4 in
the nervous system. PDCD4 expression in neurons is altered by injury and stress, with prenatal
ethanol exposure upregulating total PDCD4 protein in the developing rat cortex (Narasimhan et
al., 2013; Riar et al., 2014), stroke upregulating PDCD4 in the adult rat cortex (Shan et al.,
2021), and spinal cord injury downregulating PDCD4 protein expression (Jiang et al., 2017). In
these injury models, upregulation of PDCD4 impaired translation (Narasimhan et al., 2013),
while downregulation of PDCD4 was neuroprotective (Shan et al., 2021) and promoted neurite
growth (Jiang et al., 2017).

Recently, a role for PDCD4 in stress-induced depression was demonstrated in a mouse
model (Li et al., 2020b). PDCD4 was upregulated in response to chronic stress, and
overexpression of PDCD4 induced decreased Bdnf translation, loss of dendritic spines, and
increased depressive-like behaviors, while PDCD4 knockout prevented these stress-induced
changes. PDCD4 was proposed to serve as a brake on Bdnf translation, with downstream

consequences for spine function and behavior. Additionally, in Di Paolo et al. 2020, a role for
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PDCD4 in axon outgrowth was demonstrated, with PDCD4 knockdown increasing axon length
and PDCD4 overexpression decreasing axon length in mouse cultured cortical neurons. In
ribosome profiling of differentiated PC12 neuron-like cells, PDCD4 knockdown increased the
translation of ~250 genes, including neurite-growth related genes such as Bdnf (Di Paolo et al.,
2020). Both studies support the idea that PDCD4 negatively regulates neuronal growth and
function, by acting as a repressor of translation.

While these studies demonstrate that PDCD4 expression is regulated by stress and injury,
it is unknown if neuronal activity itself regulates PDCD4 expression. Activity-dependent
regulation of PDCD4 would provide an exciting link between neuronal stimulation and
regulation of gene expression, with potential relevance for activity-dependent processes such as
synapse development and synaptic plasticity. Moreover, the previous work has focused on the
role of PDCD#4 as a translational repressor in the cytoplasm, but the role of PDCD4 as a potential

regulation of transcription in the nucleus of neurons has not yet been studied.

RESULTS

Neuronal stimulation decreases PDCD4 protein concentration in the nucleus and cytoplasm of

neurons

Among the proteins that underwent activity-dependent changes in nuclear concentration
in our APEX2-NLS mass spectrometry study (Chapter 2), the PDCD4 protein was significantly
enriched in the TTX-treated nuclear proteome compared to the Bic-treated nuclear proteome. To
validate this finding, we characterized the expression of PDCD4 protein in cultured neurons
using ICC, and found that PDCD4 was present both in the nucleus and cytoplasm of neurons

(Fig 3.1A). Bic stimulation significantly decreased PDCD4 protein expression in the nucleus by
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~50% (Fig 3.1B), with a smaller decrease of ~20% in the cytoplasm (Fig 3.1C). The decrease of
PDCD4 occurred within 15 minutes of Bic stimulation, and PDCD4 protein levels continued to
decrease further with longer incubations of Bic up to 3 hours (Fig 3.1D). After washout of a 1-
hour Bic stimulation, PDCD4 protein expression gradually returned towards baseline levels,
although PDCD4 protein concentration was still 25% below baseline 24 hours after washout (Fig
3.1E).

In complementary experiments, we transduced neurons with AAV expressing C-terminal
HA-tagged PDCD4 (Fig 3.2A) and characterized PDCD4-HA expression by western blot and
ICC. By western blot, we found that total PDCD4-HA protein levels decreased by ~50%
following Bic stimulation (Fig 3.2B). By ICC, both nuclear and cytoplasmic PDCD4-HA
decreased by ~40% (Fig 3.2C-D). To further validate the Bic-induced decrease in PDCD4, we
also created an N-terminal V5-tagged PDCD4 plasmid (Fig 3.2A) and transfected the construct
in neurons. Consistent with the results from endogenous PDCD4 and transduced C-terminally
HA-tagged PDCD4, both nuclear and cytoplasmic V5-PDCD4 decreased by ~40% with Bic
stimulation (Fig 3.2E-F). These results show that exogenously expressed PDCD4 concentration
in neurons is regulated by activity, and that the decrease in PDCD4 represents a decrease in the
protein rather than cleavage into multiple fragments.

We also found that depolarization of neurons with 40 mM KCI for 5 min significantly
decreased PDCD4 protein concentration by ~40% in the nucleus (Fig 3.3A) and ~30% in the
cytoplasm (Fig 3.3B), as detected immediately after the 5 min treatment. Altogether, these
results indicate that increases in glutamatergic transmission and depolarization lead to a rapid
and long-lasting reduction in PDCD4 abundance in the nucleus and, to a lesser extent, the

cytoplasm of neurons.
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PDCD4 undergoes proteasome-mediated degradation following neuronal stimulation

In non-neuronal cells, PDCD4 has been reported to undergo miRNA-mediated
translational repression (Asangani et al., 2008; Frankel et al., 2008; Ning et al., 2014), stimulus-
induced nuclear export (Bohm et al., 2003)), and stimulus-induced proteasome-mediated
degradation (Dorrello et al., 2006). Since the assay we used to detect activity-dependent changes
in the nuclear proteome was conducted in the presence of the protein synthesis inhibitor CHX,
we considered it unlikely that the Bic-induced decrease in PDCD4 was due to miRNA-mediated
translational repression. To confirm this, we conducted PDCD4 ICC of TTX-silenced and Bic-
stimulated neurons in the presence or absence of CHX. While CHX potently blocked the
activity-dependent increase in FOS immunoreactivity (Chapter 2), it did not block the Bic-
induced decrease in PDCD4 (Fig 3.4A-B), thereby ruling out a role for activity-dependent
miRNA-mediated translational regulation.

To investigate the mechanism underlying the decrease in nuclear PDCD4, we tested if the
decrease in nuclear abundance was due to activity-dependent increases in nuclear export.
Nuclear export of PDCD4 is mediated by the nuclear export protein, CRM1, and sensitive to the
nuclear export inhibitor, leptomycin B (LMB) (Bohm et al., 2003). Long incubation with LMB
successfully caused nuclear accumulation of PDCD4 in unstimulated neurons (Fig 3.5A), and yet
LMB was unable to prevent the activity-dependent decrease of nuclear PDCD4 following
stimulation (Fig 3.5B). This result demonstrates that regulated nuclear export is not required for
the activity-dependent decrease of PDCDA4.

We next hypothesized that regulated ubiquitin proteasome-mediated degradation may

explain the Bic-induced decrease of PDCD4. To test this idea, we incubated TTX-silenced and
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Bic-stimulated neurons with the proteasome inhibitors epoximicin (Epox) or bortezomib (Bort).
As shown in Fig 3.6A-B, the proteasome inhibitors impaired Bic-induced decreases of PDCD4
in both nucleus and cytoplasm of neurons, indicating that neuronal activity decreases PDCD4
concentrations via proteasome-mediated degradation (Fig 3.6A-B). The finding that the nuclear
export inhibitor LMB did not block the Bic-induced decrease of PDCD4 in the nucleus (Fig
3.5B) indicates that activity regulates proteasome-mediated degradation of nuclear PDCD4
directly in the nucleus, rather than by nuclear export of PDCD4 followed by degradation in the
cytoplasm.

The E3 ubiquitin ligases PTRCP1/2 have been shown to be required for the proteasome-
mediated degradation of PDCD4 in the T98G glioblastoma cell line (Dorrello et al., 2006).
BTRCP1/2 belong to the family of Cullin-RING E3 ubiquitin ligases, which require neddylation
in order to be activated (Merlet et al., 2009). To determine if this family of ligases is involved in
the activity-dependent decrease of PDCD4 in neurons, we used the neddylation inhibitor
MLN4924 (MLN) and found that it blocked the Bic-induced decrease of PDCD4 in the nucleus
and cytoplasm (Fig 3.6C) of neurons. This result further supports the finding that PDCD4
undergoes proteasome-mediated degradation following Bic stimulation, likely through

ubiquitination by BTRCP1/2.

PDCD4 S71A mutation and PKC inhibition prevent the activity-dependent decrease of PDCD4

To understand how neuronal activity at synapses leads to proteasome-mediated
degradation of PDCD4 in the nucleus, we focused on PDCD4’s BPTRCP-binding motif. Previous
work in T98G glioblastoma cells has shown that phosphorylation of Ser67, Ser71, and/or Ser76

in PTRCP-binding region of PDCD4 is necessary for PTRCP binding and subsequent
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proteasome-mediated degradation of PDCD4 (Dorrello et al., 2006). To test if a mutation in
PDCD#4 at one of these sites would prevent the activity-dependent decrease of PDCD4 in
neurons, we expressed wild-type (WT) and mutant (S71A) PDCD4-HA in cultured neurons
using AAV (Fig 3.7A-B). Similar to endogenous PDCD4, we found that WT PDCD4-HA
decreased following Bic stimulation, with a ~30% decrease in nuclear HA intensity and a ~15%
decrease in cytoplasmic intensity, as detected by ICC (Fig 3.7C-D). In contrast, the PDCD4-HA
S71A mutant did not undergo an activity-dependent decrease in either the nucleus or cytoplasm,
but showed a slight activity-dependent increase in nuclear intensity (Fig 3.7C). In
complementary experiments, we found that Bic stimulation resulted in a ~40% decrease of WT
PDCD4-HA signal by western blot, while PDCD4-HA S71A did not decrease after stimulation
(Fig 3.7E). These results suggest that phosphorylation of S71 in PDCD4’s BTRCP-binding motif
is necessary for its activity-dependent degradation in neurons.

The BTRCP-binding region in PDCD4 contains canonical phosphorylation consensus
sites for the kinases S6K 1 and PKC (Fig 3.7A); Ser71 is a consensus site for PKC, and Ser67
and Ser76 are consensus sites for S6K1 (Dorrello et al., 2006; Matsuhashi et al., 2014, 2019;
Nakashima et al., 2010). To test which kinase phosphorylates PDCD4 with neuronal activity, we
incubated cultures in the S6K inhibitor LY2584702 or the PKC inhibitor Ro-31-8425. We found
that the S6K inhibitor LY2584702 did not prevent the Bic-induced decrease of PDCD4 (Fig
3.8A-B), despite its ability to potently inhibit the phosphorylation of a known S6K target,
ribosomal protein S6 (Fig 3.8C). In contrast, the pan-PKC inhibitor Ro-31-8425 completely
prevented the activity-dependent decrease (and slightly increased nuclear intensity) of PDCD4

(Fig 3.8D-E). These results suggest that in response to glutamatergic activity, PKC
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phosphorylates PDCD4 at Ser71, which enables the ubiquitin ligase PTRCP1/2 to bind and

promote the proteasome-mediated degradation of PDCDA4.

Stimulus-induced degradation of PDCD4 regulates the expression of neuronal activity-dependent

enes

The finding that synaptic activity dynamically regulates PDCD4 protein concentration in
the nucleus in response to synaptic activity points to a nuclear function for PDCD4 in coupling
neuronal activity with changes in transcription. To investigate a role for PDCD4 in the regulation
of activity-dependent transcription, we performed RNA-seq of forebrain cultures transduced with
either wild-type PDCD4 or degradation-resistant PDCD4 (S71A), following neuronal silencing
with TTX or stimulation with Bic for 1 hour (Fig 3.9). Given that PDCD4 has a well-known role
in regulating translation, we sought to distinguish between direct PDCD4-mediated
transcriptional changes in the nucleus and the changes in expression that are downstream of
PDCD4-mediated translational changes in the cytoplasm by performing the experiments in either
the presence or absence of CHX. We detected robust Bic-induced increases in normalized read
counts of transcripts for canonical immediate early genes such as Npas4, Rgs2, and Egr4 in all
biological replicates (WT Bic vs TTX: Npas4 1og2FC = 6.5, Rgs2 1og2FC = 2.4, Egr4 1og2FC =
3.1, Fig 3.9A). We identified 912 activity-dependent genes, defined as genes with significant
differential expression between Bic and TTX for PDCD4 WT samples (459 upregulated, 453
downregulated; adjusted p-value < 0.05 for WT no CHX; Fig 3.9B-D). Clustering of activity-
dependent genes by fold change across sample type revealed that most activity-dependent genes
showed similar fold changes between PDCD4 WT and PDCD4 S71A samples (Fig 3.9B),

especially for genes with relatively high activity-dependent fold changes (Fig 3.9C). However,
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Fig 3.9B also shows that PDCD4 S71A altered activity-dependent changes in gene expression
for a subset of genes. Specifically, we found that PDCD4 S71A led to a decrease in activity-
induced differential expression for a substantial proportion of genes: 43% of activity-dependent
upregulated genes (198 genes) and 57% of activity-dependent downregulated genes (260 genes)
were not significantly upregulated or downregulated, respectively, in the PDCD4 S71A samples
(Fig 3.9D). These results suggest that regulated degradation of PDCD4 is important for the
expression of activity-dependent genes in neurons.

This inhibition of activity-dependent gene expression could be due to both a potential
role for PDCD4 in transcriptional processes and secondary effects from PDCD4’s regulation of
translation of specific transcripts (Matsuhashi et al., 2019; Wang and Yang, 2018). To isolate
effects at the transcriptional level, we focused on CHX-insensitive activity-dependent genes, that
is, genes that showed activity-dependent differential expression in both the presence and absence
of CHX (in WT, 459 genes after excluding 3 genes that showed differential expression in
different directions +/- CHX). We ranked CHX-insensitive genes by their change in activity-
dependent fold change between PDCD4 WT and PDCD4 S71A samples and identified 91
putative PDCD4 target genes that showed large differences in activity-dependent gene
expression between wild-type and degradation-resistant PDCD4 samples (see Methods; Fig
3.10A). We validated the effect of PDCD4 on activity-dependent gene expression with RT-qPCR
for two of the genes with the largest change between PDCD4 WT and PDCD4 S71A (Scdl and
Thrsp; Fig 3.10B). We performed motif analysis of promoter sequences of the putative PDCD4
target genes and found similar motifs as in promoters of other CHX-insensitive activity-
dependent genes (e.g. AP-1/TRE, ATF/CRE, Sp1/KIf motifs; Fig 3.11), suggesting there was not

a specific transcription factor motif associated with putative PDCD4 targets genes. Gene
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ontology (GO) analysis of the putative PDCD4 target genes showed enrichment for neuronal
signaling terms such as “nervous system development” (GO:0007399; 28 genes; FDR = 9.28E-
04) and “synapse” (GO:0045202; 18 genes; FDR = 6.54E-03), whereas, for comparison, other
CHX-insensitive activity-dependent genes showed enrichment for terms related to transcription
such as “regulation of gene expression” (GO:0010468; 169 genes; FDR = 3.11E-25) and
“nuclear chromosome” (GO:0000228; 51 genes; FDR = 2.88E-09; Fig 3.12A). Putative PDCD4
targets included genes encoding proteins critical for synapse formation, remodeling and
transmission such as Shank1, p35, Abhd17b, Gap43, Cofilin, Spectrin-f2, Myosin-Va, Dendrin,
Jacob, SNAP-fB, Voltage-dependent calcium channel-02/31, a-tubulin, and B-actin (Fig 3.12B).
Together, these results suggest that PDCD4 functions in the nucleus to regulate the expression of
a subset of genes, and that inhibiting the stimulation-induced degradation of nuclear PDCD4
results in a suppression of the transcription of many activity-dependent genes important for

neuronal synaptic function (Fig 3.13).

DISCUSSION

We found that synaptic activity led to proteasome-mediated degradation of the tumor
suppressor protein PDCD4, with important consequences for activity-dependent transcription.
The activity-dependent decrease of PDCD4 occurred in the nucleus and, to a lesser extent, in the
cytoplasm. The finding that the nuclear export inhibitor LMB did not block the activity-
dependent decrease of nuclear PDCD4 demonstrated that nuclear PDCD4 is degraded without
leaving the nucleus. Many examples of activity-dependent degradation of proteins within the
cytoplasm have been reported in neurons (Hegde et al., 1993; Banerjee et al., 2009; Jarome et al.,

2011), but fewer cases of activity-dependent degradation of proteins within the nucleus have
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been described (Upadhya et al., 2004; Bayraktar et al., 2020; Kravchick et al., 2016b).
Nonetheless, the nucleus contains machinery for proteasome-mediated degradation and there are
numerous examples of proteins that are degraded by the nuclear proteasome in non-neuronal
cells, including transcriptional regulators and cell-cycle proteins (von Mikecz, 2006). Neuronal
nuclei have also been shown to contain machinery for proteasome-mediated degradation
(Mengual et al., 1996) and exhibit proteasomal activity, albeit with less activity than is present in
the cytoplasm (Upadhya et al., 2006; Tydlacka et al., 2008). Activity-dependent nuclear
proteasome-mediated degradation of transcriptional regulators represents an important
mechanism by which synaptic activity regulates gene expression.

In neurons, synaptic activity leads to an increase in the activity of many kinases,
including S6K and PKC (Callender and Newton, 2017; Biever et al., 2015). We found that a
phospho-incompetent serine-to-alanine mutation at Ser71 prevented the activity-dependent
degradation of PDCD4, and that phosphorylation by PKC, but not S6K was required for this
activity-dependent degradation. This result is consistent with previous studies in other cell types,
demonstrating that either S6K or PKC is required for PDCD4 phosphorylation depending on the
signaling pathway (Matsuhashi et al., 2019, 2014; Dorrello et al., 2006; Nakashima et al., 2010;
Schmid et al., 2008). The stimulus-specific requirement of either S6K or PKC for PDCD4
degradation raises the interesting possibility that different types of neuronal stimulation could
trigger PDCD4 degradation via distinct signaling pathways. Supporting this idea, two studies in
neurons have suggested that PDCD4 degradation may be regulated by S6K in response to injury
and stress (Li et al., 2020b; Di Paolo et al., 2020), while our study demonstrated that PDCD4
degradation was mediated by PKC. PKC is typically activated at the cell surface (Gould and

Newton, 2008), however, it can translocate from the cytoplasm to the nucleus after activation
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and can be activated directly in the nucleus, where it phosphorylates nuclear targets including
histones and transcription factors (Lim et al., 2015; Martelli et al., 2006).

PDCD4 has been well-characterized as a translational repressor in the cytoplasm of
cancer cells (Wang et al., 2017; Wedeken et al., 2011; Yang et al., 2004). Low concentrations of
PDCD4 have been reported to correlate with invasion, proliferation, and metastasis of many
types of cancers (Allgayer, 2010; Chen et al., 2003; Wang and Yang, 2018; Wei et al., 2012).
However, the role of PDCD4 in the nucleus is less well-characterized, even though the protein is
predominantly localized in the nucleus of many cells (Bohm et al., 2003). Despite being highly
expressed in neurons, few studies have examined the neuronal function of PDCD4 (Di Paolo et
al., 2020; Li et al., 2020b; Narasimhan et al., 2013), and as far as we are aware, no previous
study has identified a role for PDCD4 in activity-dependent transcription in neurons. In our
study, we detected a larger activity-dependent decrease of PDCD4 in the nucleus than in the
cytoplasm, and we found that blocking PDCD4 degradation suppressed activity-dependent gene
expression. These findings suggest that the proteasome-mediated degradation of PDCD4 is
important for regulating activity-dependent transcription following neuronal stimulation.
Previous studies in non-neuronal cells have indicated that PDCD4 can inhibit AP-1-dependent
transcription, although it is unclear whether this is a direct role in the nucleus (Bitomsky et al.,
2004) or an indirect role regulating the translation of signaling proteins in the cytoplasm (Yang
et al., 2006). PDCD4 has also been shown to bind to the transcription factors CSL (Jo et al.,
2016) and TWISTI (Shiota et al., 2009) and inhibit their transcriptional activity. Although
activity-dependent degradation of cytoplasmic PDCD4 was weaker and less consistent than that
of nuclear PDCD4, we cannot rule out the possibility that PDCD4 has a translation-independent

role in the cytoplasm (such as binding to signaling proteins) that could indirectly regulate
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transcription. However, we propose that PDCD4 has a direct role in regulating activity-
dependent transcription in the nucleus, in addition to its well-characterized role as a translational
repressor in the cytoplasm.

We identified 91 genes that are putative activity-dependent targets of PDCD4, including
genes encoding proteins that are important for synaptic function. The activity-dependent
downregulation of PDCD4 in neurons is reminiscent of the concept of “memory suppressor
genes” (Abel and Kandel, 1998), genes that act as inhibitory constraints on activity-dependent
neuronal plasticity. By analogy to its function during cancer metastases, decreases in PDCD4 in
neurons would function to enable experience-dependent neuronal growth and remodeling.
Dysregulated PDCD4 concentrations have also been reported to underlie a variety of metabolic
disorders, including polycystic ovary syndrome, obesity, diabetes, and atherosclerosis,
highlighting the critical role PDCD4 plays in regulating gene expression in multiple cell types
(Lu et al., 2020). Our study provides the first transcriptomic profile of PDCD4 that is
independent of PDCD4’s role in translation. These results provides insight into the
transcriptional targets of PDCD4, which is of relevance not only to neuroscience, but also to the
study of PDCD4 in cancer.

Of note, we observed a rapid decrease and long-lasting decrease of PDCD4 following
neuronal stimulation. PDCD4 was degraded within 5-15 minutes of stimulation and the decrease
persisted for 24 hours following removal of the stimulus. The extended time period during which
PDCD4 is downregulated indicates that transient neuronal stimuli can lead to persistent changes
in PDCD4 concentration. This decrease of PDCD4 may have functional implications shorter-
term and longer-term activity-dependent changes in transcription. Our transcriptomic study

revealed that PDCD4 expression attenuates the activity-dependent expression of genes important
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for synapse function, and so having low levels of PDCD4 for a long time window after
stimulation may be important for facilitating long-term changes at the synapse. Some genes are
transcribed rapidly in response to neuronal stimulation, while other genes respond at later time
points (Yap and Greenberg, 2018; Tyssowski et al., 2018). Because PDCD4 is downregulated for
many hours after stimulation, the removal of PDCD4 may be important for enabling transcription
throughout this extended time period of activity-dependent transcription.

Our study identifies the tumor suppressor protein PDCD4 as a critical regulator of
activity-dependent gene expression in neurons, highlighting a role for PDCD4 in regulating the
transcription of genes involved in synapse formation, remodeling, and transmission. This new
role is in addition to PDCD4’s well-characterized role as a translational inhibitor (Wang and
Yang, 2018), and future investigation of the mechanisms by which PDCD4 regulates
transcription of these genes will provide further insight into the understudied role of PDCD4 as a
transcriptional regulator. In addition to investigating these transcriptional mechanisms, future
studies are needed to investigate the functional consequences of PDCD4-mediated transcription,
by examining synapse density and volume following PDCD4 manipulation. Lastly, the activity-
dependent regulation and role of PDCD4 should be examined in additional, more physiologically
relevant models, such as acute hippocampal slice preparation or in vivo in the rodent brain. Such
studies also promise to deepen our understanding of the specific cell and molecular biological
mechanisms by which experience alters gene expression in neurons to enable the formation and

function of neural circuits.

METHODS

Primary Neuronal Cultures:
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All experiments were performed using approaches approved by the UCLA Animal
Research Committee. Forebrain from postnatal day 0 Sprague-Dawley rats (Charles River) was
prepared for neuronal cultures (see Chapter 2). When applicable, neurons were transfected with
plasmids using Lipofectamine 2000 (Thermo Fisher) according to manufacturer’s instructions at
days in vitro (DIV) 2, or transduced with AAV at DIV 13. All experiments were performed at

DIV 20.

Generation of Plasmids and AAV:

To create hSyn PDCD4-HA, rat PDCD4 was amplified from cultured neuron cDNA
(PDCD4 Forward: 5 — TCGCCACCAT GGATGTAGAA AACGAGCAGA TAC - 3’, PDCD4
Reverse: 5 — GTTGTTGAAT TCTCAAGCGT AATCTGGAAC ATCGTATGGG
TAGTAGCTCT CAGGTTTAAG ACGACCTC - 3’) with a C-terminal HA tag, and then
inserted into the pAAV-hSyn-EGFP plasmid between Ncol and EcoRI, replacing the EGFP
insert. The S71 A mutation was created using site-directed mutagenesis (services by Genewiz) to
mutate serine 71 (TCT) to alanine (GCT). The hSyn V5-PDCD4-HA construct was created by
adding a V5 tag to the N-terminus of PDCD4-HA using PCR-based mutagenesis (services by
Genewiz).

AAV9 was generated for APEX2-NLS, PDCD4-HA WT, and PDCD4-HA S71A at Penn Vector

Core.

Pharmacological Treatments:
Neurons were pre-incubated with cycloheximide (CHX, 60 uM, Sigma) for 15 min,

leptomycin B (LMB, 10 nM, Sigma) for 30 min, LY2584702 (1 uM, Cayman Chemical) or Ro-
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31-8425 (5 uM, Sigma) for 1 hr, or epoxomicin (5 uM, Enzo Life Sciences), bortezomib (10
uM, APExBIO), or MLN4924 (50 nM, APExBIO) for 2 hrs before the start of each respective
experiment and remained in the media throughout the duration of each experiment, incubated at
37 °C. For neurons treated with inhibitors dissolved in DMSO (epoxomicin, bortezomib,
MLN4924, 1.Y2584702, and Ro-31-8425), the final DMSO concentration in the media was 0.1%
or less. For neurons treated with LMB, the final methanol concentration in the media was 0.08%.
All control groups received an equivalent concentration of vehicle (DMSO or methanol). To
silence the neurons, 1 uM tetrodotoxin (TTX, Tocris) was applied to the neurons for 1 hr. To
stimulate the neurons, 40 uM (-)-bicuculline methiodide (Bic, Tocris) was applied to the neurons
for 1 hr unless otherwise stated.

For KCI stimulations, neurons were pre-incubated with standard Tyrode’s solution (140
mM NaCl, 10 mM HEPES, 5 mM KClI, 3 mM CaCl,, 1 mM MgCl,, 20 mM glucose, pH 7.4)
containing 1 uM TTX for 15 min at room temperature, and then stimulated for 5 min with 40
mM KCl isotonic Tyrode’s solution containing TTX. Control cells remained in the standard
Tyrode’s solution containing TTX throughout the experiment.

Control data from LMB (Fig 3.5B) and CHX (Fig 3.4A-B) experiments were combined
to generate the data shown in Fig 3.1B-C. Two of the bortezomib experiments were performed
concurrently with two of the MLLN4924 experiments, and so these experiments partially share
control data in Fig 3.6B-C. One of the LY2584702 experiments was performed concurrently
with one of the bortezomib experiments, and so Fig 3.6B partially shares control data with Fig

3.8A.

Protein Extraction and Western Blot:
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Neurons were washed in Tyrode’s solution (140 mM NaCl, 10 mM HEPES, 5 mM KCl,
3 mM CaCly, I mM MgCl, 20 mM glucose, pH 7.4) and lysed with RIPA (50 mM Tris, 150
mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, pH 7.5) containing
protease and phosphatase inhibitor cocktails (Sigma). Samples were clarified by centrifugation at
10,000 g for 10 min. Protein concentration was determined using the Pierce BCA protein assay
kit (Thermo Fisher).

Protein lysates were boiled in loading buffer (10% glycerol, 1% SDS, 60 mM Tris HCI
pH 7.0, 0.1 M DTT, 0.02% bromophenol blue) for 10 min at 95°C and run on at 8%
polyacrylamide gel for 90 min at 120 V. Samples were wet-transferred onto a 0.2 pm
nitrocellulose membrane for 16 hours at 40 mA. The membrane blocked with Odyssey Blocking
Buffer (LI-COR) and incubated with primary antibodies: mouse HA (BioLegend #901513,
1:1000), mouse TUJ1 (BioLegend #801201, 1:1000), mouse S6 (CST #2317, 1:1000), rabbit
phospho-S6 ser 235/236 (CST #4858, 1:2000) for 3-4 hours at room temperature or overnight at
4°C. The membrane was washed with TBST and incubated with secondary antibodies: anti-
rabbit IRDye 800CW (1:10,000), anti-mouse IRDye 800CW (1:10,000), anti-mouse IRDye
680CW (1:10,000), for 1 hour at room temperature. The membrane was imaged using the
Odyssey Infrared imaging system (LI-COR). Western blots were quantified using the Image
Studio (LI-COR) rectangle tool. The relative intensity of each band was calculated by
normalizing to a loading control (TUJ1). Within each experiment, all values were normalized to

the control (basal) sample.

Immunocytochemistry (ICC):
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Neurons were fixed with 4% paraformaldehyde in phosphate-buffer saline (PBS) for 10
min, permeabilized in 0.1% Triton X-100 in PBS for 5 min, and blocked in 10% goat serum in
PBS for 1 hour. Neurons were incubated with primary antibodies: chicken MAP2
(PhosphoSolutions #1100-MAP2, 1:1000), rabbit PDCD4 (CST #9535, 1:600), mouse HA
(BioLegend #901513, 1:1000), mouse V5 (Thermo Fisher #R960-25, 1:250), for 3-4 hours at
room temperature or overnight at 4°C. Neurons were washed with PBS, and incubated at 1:1000
with secondary antibodies: anti-chicken Alexa Fluor 647, anti-rabbit Alexa Fluor 555, anti-
mouse Alexa Fluor 555, and Hoechst 33342 stain for 1 hour at room temperature. Neurons were
washed with PBS, and mounted on slides with Aqua-Poly/Mount (Polysciences) for confocal

imaging.

Confocal Imaging:

Samples were imaged using a Zeiss LSM 700 confocal microscope with a 40x / 1.3 NA
oil objective and 405 nm, 488 nm, 555 nm, and 639 nm lasers, using Zen microscopy software.
Identical image acquisition settings were used for all images within an experiment. For each
image acquisition, the experimenter viewed the MAP2 and Hoechst channels to select a field-of-
view, and was blind to the experimental channel (HA, PDCD4, etc.). For each coverslip, images
were taken at multiple regions throughout the coverslip, and 2-3 coverslips were imaged per
condition. Images were collected from at least 3 experimental replicates (sets of cultures), unless

otherwise stated.

Image Analysis:
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ICC images were processed as described in the Chapter 2 methods section. For
experiments using transfected cells (V5 experiments), the measured intensity of each ROI was
normalized to the co-transfection marker (nuclear GFP intensity), in order to normalize for

differences in transfection efficiency between cells.

RNA Extraction, Library Preparation, RNA Sequencing, and Data Analysis:

Samples were prepared from 3 biological replicates (sets of cultures), with 8 samples in
each replicate (WT Bic, WT TTX, S71A Bic, S7T1A TTX, CHX WT Bic, CHX WT TTX, CHX
S71A Bic, CHX S71A TTX). RNA was extracted from neuronal cultures using the RNeasy
Micro Kit (Qiagen) according to manufacturer’s instructions. Libraries for RNA-Seq were
prepared with Nugen Universal plus mRNA-Seq Kit (Nugen) to generate strand-specific RNA-
seq libraries. Samples were multiplexed, and sequencing was performed on Illumina HiSeq 3000
to a depth of 25 million reads/sample with single-end 65 bp reads. Demultiplexing was
performed using Illumina Bcel2fastq v2.19.1.403 software. The RNA-seq data discussed in this
publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and
are accessible through GEO Series accession number GSE163127
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE163127). Reads were aligned to
Rattus norvegicus reference genome version Rnor 6.0 (rn6), and reads per gene was quantified
by STAR 2.27a (Dobin et al., 2013) using Rnor_6.0 gtf file. We used DESeq2 (Love et al., 2014)
to obtain normalized read counts and perform differential expression analysis, including batch
correction for replicate number. Putative PDCD4 target genes were identified by first focusing
on genes which showed activity-dependent differential expression in both the presence and

absence of CHX (CHX-insensitive activity-dependent genes; 459 genes after excluding 3 genes
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which showed differential expression in different directions +/- CHX). We then calculated the
PDCD#4 activity-dependent change by taking the difference between the activity-dependent fold

change of PDCD4 WT and PDCD4 S71A samples and normalizing:

PDCD4 change index = abs(S-W)/abs(W)

Where S is the PDCD4 S71A no CHX Bic vs TTX log2FC, and W is the PDCD4 WT no CHX
Bic vs TTX log2FC. We defined putative PDCD4 target genes as those with a PDCD4 change
index > 0.75. Motif analysis was performed using the findMotifsGenome command in HOMER
(Heinz et al., 2010), using sequences from the TSS and upstream 500 bp as the promoter
sequences for each gene. GO analysis was performed using the Gene Ontology Resource
(Ashburner et al., 2000; Carbon et al., 2019) and PANTHER enrichment tools (Mi et al., 2019).

Cartoon of putative PDCD4 targets was generated using BioRender.com.

RT-qPCR:

As above, RNA was extracted from neuronal cultures using the RNeasy Micro Kit
(Qiagen). cDNA was synthesized from 500 ng RNA using SuperScript III First-Strand Synthesis
System (Thermo Fisher) with random hexamers. A “No Reverse Transcriptase” sample was also
prepared as a negative control. RT-qPCR was performed on the CFX Connect Real-Time System
(Bio-Rad) using PowerUp SYBR Green Master Mix (Applied BioSystems). Primer pairs were
designed for two housekeeping genes (Hprt, Gapdh) and two candidate genes (Scdl, Thrsp)
using Primer3Plus (Untergasser et al., 2012) and NCBI Primer-BLAST (Ye et al., 2012). HPRT

F5 - AAGCTTGCTGGTGAAAAGGA -3’ , HPRT R 5° — CCGCTGTCTTTTAGGCTTTG —
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3’, GAPDH F 5 — GGCATTGCTCTCAATGACAA -3’, GAPDHR 5’ —
ATGTAGGCCATGAGGTCCAC -3, SCD1 F 5° — ACCTTGCTCTGGGGGATATT -3,
SCD1 R 5 — CGGGCCCATTCATACACAT —-3°, THRSPF 5° —
CTTACCCACCTGACCCAGAA —3’, THRSP R 5° - CATCGTCTTCCCTCTCGTGT -3°.
RT-gPCR was performed on 6 sets of cultures, with technical triplicate reactions for each
sample. For each gene, relative quantity was calculated using the formula: E*(ACt), where E was
calculated from the primer efficiencies (E=2) and ACt was calculated using Ct trx— Ct Bic.
Relative gene expression was calculated by normalizing the relative quantity of the gene of
interest to the relative quantity of the housekeeping genes Hprt and Gapdh: (E gene) 8¢/

GeoMean[(E nprr)*“ "', (E gappi)* GAPPH].

Quantification and Statistical Analysis:

For ICC experiments, analyses were performed as described in the Chapter 2 methods
section.

For RT-qPCR experiments, all data points were displayed using GraphPad Prism, with
solid lines indicating the median values. “n” refers to the biological replicates (sets of cultures),
and all data points were plotted on the graphs. The Mann-Whitney U test (Prism) was used to
calculate statistical significance.

For western blot experiments, all data points were displayed using GraphPad Prism, with
solid lines indicating the median values. “n” refers to the biological replicates (sets of cultures),
and all data points were plotted on the graphs. The Mann-Whitney U test (Prism) was used to

calculate statistical significance.
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FIGURE LEGENDS

Figure 3.1 Neuronal stimulation decreases PDCD4 protein concentration in the nucleus and
cytoplasm of neurons.

A) PDCD4 immunocytochemistry (ICC) of basal, TTX-silenced, and Bic-stimulated neurons.
Scale bar = 10 um.

B) Violin plots of normalized nuclear PDCD4 ICC intensity. Basal n =226, TTX n =227, Bicn
=218 cells, from 6 sets of cultures. Basal median = 1.00, TTX median = 1.00, Bic median =
0.55. Basal vs Bic p < 0.0001, TTX vs Bic p <0.0001.

C) Violin plots of normalized cytoplasmic PDCD4 ICC intensity in the same cells as in B. Basal
median = 1.00, TTX median = 1.07, Bic median = 0.81. Basal vs Bic p <0.0001, TTX vs Bic p <
0.0001.

D) Violin plots of normalized nuclear PDCD4 ICC intensity after varying durations of Bic
stimulation. Basaln =115, Bic 15 minn=111,30minn=102, 1 hrn=97,3hrn=92,6 hrn=
91 cells, from 3 sets of cultures. Basal median = 1.00, Bic 15 min median = 0.71, 30 min median
=0.63, 1 hr median = 0.52, 3 hr median = 0.45, 6 hr median = 0.46. Basal vs Bic 15 min p <
0.0001, Basal vs Bic 30 min p < 0.0001, Basal vs Bic 1 hr p <0.0001, Basal vs Bic 3 hr p <
0.0001, Basal vs Bic 6 hr p <0.0001.

E) Violin plots of normalized nuclear PDCD4 ICC intensity at various timepoints after removal
of a 1 hr Bic stimulation. Basal n =124, Washout O hrn =94, 1 hrn=111,4hrn=104,24 hrn
=99 cells, from 3 sets of cultures. Basal median = 1.00, Washout 0 hr median = 0.51, 1 hr
median = 0.57, 4 hr median = 0.73, 24 hr median = 0.75. Basal vs 0 hr p <0.0001, Basal vs 1 hr

p <0.0001, Basal vs 4 hr p <0.0001, Basal vs 24 hr p <0.0001.
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Statistical significance is indicated by ****p < 0.0001, from Mann-Whitney U test with

Bonferroni correction.

Figure 3.2 Neuronal stimulation decreases PDCD4 protein concentration, as detected by
epitope tagging.

A) PDCD4 protein, with locations of V5 tag, HA tag, and PDCD4 (D29C6) epitope (recognized
by the PDCD4 Cell Signaling Technology antibody used in this study).

B) Top: Western blot of protein lysates from basal, TTX-silenced, and Bic-stimulated neurons
transduced with PDCD4-HA AAV. The PDCD4-HA band is indicated with an arrow. We
observe a faint non-specific band above the HA band. Bottom: Quantification of western blot,
from 4 sets of cultures. HA intensity was normalized to TUJ1 intensity. Within each experiment,
all samples were normalized to the basal sample. TTX/Basal median = 1.57, Bic/Basal median =
0.54. TTX vs Bic p = 0.0286.

C) Violin plots of normalized nuclear HA ICC intensity in neurons transduced with PDCD4-HA
AAV. Basal n =107, TTX n= 88, Bic n = 102 cells, from 3 sets of cultures. Basal median =
1.00, TTX median = 1.116, Bic median = 0.5972. Basal vs Bic p < 0.0001, TTX vs Bic p <
0.0001.

D) Violin plots of normalized cytoplasmic HA ICC intensity in the same cells as in C. Basal
median = 1.00, TTX median = 1.203, Bic median = 0.5983. Basal vs Bic p <0.0001, TTX vs Bic
p <0.0001.

E) Violin plots of normalized nuclear V5 ICC intensity in neurons transfected with V5-PDCD4
plasmid and co-transfected with GFP plasmid as a transfection marker. Basal n =36, TTX n=

36, Bic n = 36 cells, from 2 sets of cultures. For each cell, the nuclear V5 intensity was
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normalized to the nuclear GFP intensity, in order to normalize for differences in transfection
efficiency between cells. Basal median = 1.00, TTX median = 0.9810, Bic median = 0.5760.
Basal vs Bic p <0.0001, TTX vs Bic p <0.0001.

F) Violin plots of normalized cytoplasmic V5 ICC intensity in the same cells as in E. For each
cell, the cytoplasmic V5 intensity was normalized to the nuclear GFP intensity, in order to
normalize for differences in transfection efficiency between cells. Basal median = 1.00, TTX
median = 1.237, Bic median = 0.6167. Basal vs Bic p = 0.0002, TTX vs Bic p <0.0001.
Statistical significance is indicated by *p < 0.05, ***p <0.001, and ****p <0.0001, from Mann-

Whitney U test with Bonferroni correction.

Figure 3.3 KCl depolarization decreases PDCD4 protein concentration in the nucleus and
cytoplasm of neurons.

A) Violin plots of normalized nuclear PDCD4 ICC intensity. Control n =118, KCIn =110 cells,
from 3 sets of cultures. Control median = 1.00, KCl median = 0.63. Control vs KCl p < 0.0001.
B) Violin plots of normalized cytoplasmic PDCD4 ICC intensity in the same cells as in A.
Control median = 1.00, KCl median = 0.70. Control vs KCl p < 0.0001.

Statistical significance is indicated by ****p <(0.0001, from Mann-Whitney U test.

Figure 3.4 Inhibition of protein synthesis does not prevent activity-dependent decrease of
PDCD4.
A) Violin plots of normalized nuclear PDCD4 immunocytochemistry (ICC) intensity. Basal n =

117, TTX n= 118, Bic n =109, CHX-Basal n = 123, CHX-TTX n = 120, CHX-Bic n = 104
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cells, from 3 sets of cultures. Basal median = 1.00, TTX median = 0.9119, Bic median = 0.4924,
CHX-Basal median = 0.8890, CHX-TTX median = 1.033, CHX-Bic median = 0.5375. Basal vs
Bic p <0.0001, TTX vs Bic p <0.0001, CHX-Basal vs CHX-Bic p <0.0001, CHX-TTX vs
CHX-Bic p <0.0001.

B) Violin plots of normalized cytoplasmic PDCD4 ICC intensity in the same cells as in A. Basal
median = 1.00, TTX median = 0.9501, Bic median = 0.7138, CHX-Basal median=1.112, CHX-
TTX median = 1.191, CHX-Bic median = 0.8626. Basal vs Bic p <0.0001, TTX vs Bic p <
0.0001, CHX-Basal vs CHX-Bic p <0.0001, CHX-TTX vs CHX-Bic p < 0.0001.

Statistical significance is indicated by ****p < (0.0001, from Mann-Whitney U test with

Bonferroni correction.

Figure 3.5 PDCD4 does not undergo nuclear export following neuronal stimulation.

A) Left: Schematic of CRM1-mediated nuclear export inhibitor leptomycin B (LMB)
experiments. Right: Violin plots of normalized nuclear PDCD4 ICC intensity. Control n = 137,
LMB n = 122 cells, from 3 sets of cultures. Control median = 1.00, LMB median = 1.513.
Control vs LMB p <0.0001.

B) Left: Violin plots of normalized nuclear PDCD4 immunocytochemistry (ICC) intensity. Basal
n=109, TTX n =109, Bic n = 109, LMB-Basal n = 106, LMB-TTX n =100, LMB-Bic n = 86
cells, from 3 sets of cultures. Basal median = 1.00, TTX median = 1.08, Bic median = 0.59,
LMB-Basal median = 1.30, LMB-TTX median = 1.16, LMB-Bic median = 0.52. Basal vs Bic p
<0.0001, TTX vs Bic p <0.0001, LMB-Basal vs LMB-Bic p <0.0001, LMB-TTX vs LMB-Bic
p <0.0001. Right: Violin plots of normalized cytoplasmic PDCD4 ICC intensity in the same

cells as in left. Basal median = 1.00, TTX median = 1.158, Bic median =0.9127, LMB-Basal
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median = 1.031, LMB-TTX median = 1.005, LMB-Bic median = 0.7122. Basal vs Bic p = 0.034,
TTX vs Bic p <0.0001, LMB-Basal vs LMB-Bic p <0.0001, LMB-TTX vs LMB-Bic p <
0.0001.

Statistical significance is indicated by *p < 0.05 and ****p <(0.0001, from Mann-Whitney U test

with Bonferroni correction.

Figure 3.6 PDCD4 undergoes proteasome-mediated degradation following neuronal
stimulation.

A) Left: Schematic of proteasome inhibitor epoxomicin (epox) experiments. Center: Violin plots

of normalized nuclear PDCD4 ICC intensity. Basal n =113, TTX n =106, Bic n = 103, Epox-
Basal n =107, Epox-TTX n = 94, Epox-Bic n = 86 cells, from 3 sets of cultures. Basal median =
1.00, TTX median = 1.18, Bic median = 0.62, Epox-Basal median = 0.97, Epox-TTX median =
0.99, Epox-Bic median = 0.88. Basal vs Bic p < 0.0001, TTX vs Bic p <0.0001, Epox-Basal vs
Epox-Bic p =0.1662, Epox-TTX vs Epox-Bic p = 0.0174. Right: Violin plots of normalized
cytoplasmic PDCD4 ICC intensity in the same cells as in center. Basal median = 1.00, TTX
median = 1.174, Bic median = 0.8439, Epox-Basal median = 0.8789, Epox-TTX median =
0.9596, Epox-Bic median = 0.9077. Basal vs Bic p=0.001, TTX vs Bic p < 0.0001, Epox-Basal
vs Epox-Bic p =1, Epox-TTX vs Epox-Bic p = 0.8258.

B) Left: Schematic of proteasome inhibitor bortezomib (bort) experiments. Center: Violin plots
of normalized nuclear PDCD4 ICC intensity. Basal n =131, TTX n= 111, Bic n = 120, Bort-
Basal n = 100, Bort-TTX n = 98, Bort-Bic n = 116 cells, from 3 sets of cultures. Basal median =
1.00, TTX median = 1.09, Bic median = 0.60, Bort-Basal median = 1.00, Bort-TTX median =

1.04, Bort-Bic median = 0.94. Basal vs Bic p <0.0001, TTX vs Bic p < 0.0001, Bort-Basal vs
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Bort-Bic p = 0.6224, Bort-TTX vs Bort-Bic p = 0.2648. Right: Violin plots of normalized
cytoplasmic PDCD4 ICC intensity in the same cells as in center. Basal median = 1.00, TTX
median = 1.093, Bic median = 0.9226, Bort-Basal median = 0.9229, Bort-TTX median = 0.8904,
Bort-Bic median = 0.9472. Basal vs Bic p =0.0156, TTX vs Bic p <0.0001, Bort-Basal vs Bort-
Bic p=1, Bort-TTX vs Bort-Bic p = 0.3544.

C) Left: Schematic of MLN4924 (MLN) experiments. MLN4924 inhibits neddylation,
preventing the activation of Cullin-RING E3 ubiquitin ligases. Center: Violin plots of
normalized nuclear PDCD4 ICC intensity. Basal n = 130, TTX n = 120, Bic n = 120, MLN-Basal
n=115, MLN-TTX n =108, MLN-Bic n =97 cells, from 3 sets of cultures. Basal median =
1.00, TTX median = 1.11, Bic median = 0.64, MLN-Basal median = 1.05, MLN-TTX median =
0.93, MLN-Bic median = 0.95. Basal vs Bic p <0.0001, TTX vs Bic p < 0.0001, MLN-Basal vs
MLN-Bic p = 0.329, MLN-TTX vs MLN-Bic p = 1. Right: Violin plots of normalized
cytoplasmic PDCD4 ICC intensity in the same cells as in center. Basal median = 1.00, TTX
median = 1.173, Bic median = 0.8955, MLN-Basal median = 0.8940, MLN-TTX median =
0.9603, MLN-Bic median = 0.8633. Basal vs Bic p = 0.0324, TTX vs Bic p <0.0001, MLN-
Basal vs MLN-Bic p =0.6294, MLN-TTX vs MLN-Bic p=0.11.

Statistical significance is indicated by *p < 0.05, **p <0.01, and ****p < 0.0001, from Mann-

Whitney U test with Bonferroni correction.

Figure 3.7 PDCD4 S71A mutation prevents the activity-dependent decrease of PDCD4.

A) PDCD4 protein sequence (amino acids 62-76). PKC and S6K1 phosphorylation sites are

indicated in purple. Adapted from (Matsuhashi et al., 2019).
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B) HA immunocytochemistry (ICC) of basal, TTX-silenced, and Bic-stimulated neurons
transduced with PDCD4-HA WT, PDCD4-HA S71A AAV, or No AAV (negative control).
Scale bar = 10 um.

C) Violin plots of normalized nuclear HA ICC intensity. WT-Basal n = 144, WT-TTX n = 136,
WT-Bic n =147, S7T1A-Basal n =158, S7T1A-TTX n = 140, S71A-Bic n = 122 cells, from 4 sets
of cultures. WT-Basal median = 1.00, WT-TTX median = 1.13, WT-Bic median = 0.67, S71A-
Basal median = 1.05, S71A-TTX median = 1.21, S71A-Bic median = 1.27. WT-Basal vs WT-
Bic p <0.0001, WT-TTX vs WT-Bic p <0.0001, S71A-Basal vs S71A-Bic p =0.0034, S7T1A-
TTX vs S7T1A-Bic p =0.14.

D) Violin plots of normalized cytoplasmic HA immunocytochemistry (ICC) intensity in the same
cells as in C. WT-Basal median = 1.00, WT-TTX median=1.161, WT-Bic median = 0.8621,
S71A-Basal median = 0.9676, S7T1A-TTX median = 1.209, S71A-Bic median = 1.063. WT-
Basal vs WT-Bic p=0.0012, WT-TTX vs WT-Bic p <0.0001, S71A-Basal vs S7T1A-Bic p =
0.6704, ST1A-TTX vs S71A-Bic p = 0.2012.

E) Top: Western blot of protein lysates from basal and Bic-stimulated neurons transduced with
PDCD4-HA WT or PDCD4-HA S71A. The PDCD4-HA band is indicated with an arrow. We
observe a non-specific band above the HA band. Bottom: Quantification of western blot, from 4
sets of cultures. HA intensity was normalized to TUJ1 intensity. Within each experiment, each
Bic sample was normalized to its respective basal sample. WT Bic/Basal median = 0.59, S71A
Bic/Basal median = 0.90. WT vs S71A p = 0.0286.

Statistical significance is indicated by *p < 0.05, **p <0.01, and ****p < 0.0001, from Mann-

Whitney U test with Bonferroni correction.
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Figure 3.8 PKC inhibition prevents the activity-dependent decrease of PDCD4.

A) Left: Schematic of S6K inhibitor Ly2584702 (LY') experiments. Center: Violin plots of
normalized nuclear PDCD4 ICC intensity. Basal n = 138, TTX n= 104, Bic n = 122, LY-Basal n
=112, LY-TTX n=112, LY-Bic n= 107 cells, from 3 sets of cultures. Basal median = 1.00,
TTX median = 1.11, Bic median = 0.74, LY-Basal median = 1.07, LY-TTX median=1.04, LY-
Bic median = 0.62. Basal vs Bic p <0.0001, TTX vs Bic p <0.0001, LY-Basal vs LY-Bic p <
0.0001, LY-TTX vs LY-Bic p <0.0001. Right: Violin plots of normalized cytoplasmic PDCD4
ICC intensity in the same cells as in center. Basal median = 1.00, TTX median = 1.14, Bic
median = 0.95, LY-Basal median = 1.05, LY-TTX median = 1.04, LY-Bic median = 0.76. Basal
vs Bic p=0.4742, TTX vs Bic p = 0.0088, LY-Basal vs LY-Bic p <0.0001, LY-TTX vs LY-Bic
p <0.0001. Note that, in these experiments, the Basal vs Bic-induced decrease in cytoplasmic
PDCD4 is not statistically significant for the untreated (no inhibitor) cells. The Bic-induced
cytoplasmic decrease is smaller and less consistent than the nuclear decrease, with statistical
significance in the control cells of Fig 3.6A-C but not Fig 3.8 A+C. Nonetheless, there is a
significant Bic-induced decrease of cytoplasmic PDCD4 in the treated (LY2584702) cells,
demonstrating that S6K is not required for the Bic-induced decrease of PDCDA4.

B) Western blot of protein lysates from neurons treated with or without LY2584702. Western
blot was stained with antibodies for phospho-S6 (ser 235/236) and total S6 to confirm that
LY2584702 inhibits S6K activity.

C) Left: Schematic of PKC inhibitor Ro-31-8425 (Ro) experiments. Center: Violin plots of
normalized nuclear PDCD4 ICC intensity. Basal n =101, TTX n= 101, Bic n = 96, Ro-Basal n
=81, Ro-TTX n =95, Ro-Bic n = 87 cells, from 3 sets of cultures. Basal median = 1.00, TTX

median = 1.08, Bic median = 0.71, Ro-Basal median = 0.87, Ro-TTX median = 0.93, Ro-Bic
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median = 0.97. Basal vs Bic p <0.0001, TTX vs Bic p <0.0001, Ro-Basal vs Ro-Bic p =0.0114,
Ro-TTX vs Ro-Bic p = 0.3892. Right: Violin plots of normalized cytoplasmic PDCD4 ICC
intensity in the same cells as in center. Basal median = 1.00, TTX median = 1.114, Bic median =
0.9326, Ro-Basal median = 1.059, Ro-TTX median = 1.172, Ro-Bic median = 1.195. Basal vs
Bic p=0.2592, TTX vs Bic p = 0.0008, Ro-Basal vs Ro-Bic p=0.0118, Ro-TTX vs Ro-Bicp =
0.9892.

Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001,

from Mann-Whitney U test with Bonferroni correction.

Figure 3.9 Stimulus-induced degradation of PDCD4 regulates the expression of neuronal
activity-dependent genes.

A) For each biological replicate, normalized read counts (from DESeq2) divided by transcript
length are shown for the top 20 activity-dependent genes, ranked by adjusted p-value for PDCD4
WT no CHX samples. Each row represents a gene, and each column represents a biological
replicate. The color of each box indicates transcript abundance (note: color is not scaled linearly
in order to display full range of read counts).

B) Stimulation-induced log2 fold change (FC) for all 912 activity-dependent genes, clustered by
fold change across sample type. Each row represents a gene and each column represents a
sample type. The color legend represents Bic vs TTX log2FC with red representing upregulation,
blue representing downregulation, and white indicating log2FC of zero.

C) For each activity-dependent gene, Bic versus TTX log2FC is plotted against -log10 of
adjusted p-value, from PDCD4 WT samples (black) and PDCD4 S71A samples (red). Gene

names for the top five activity-dependent genes by adjusted p-value are labeled. For both
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PDCD4 WT and PDCD4 S71A samples, Npas4 Bic vs TTX adjusted p-value was zero (-log10 of
zero is not defined), therefore for display, the -log10 adjusted p-value for Npas4 was set to 250
for both samples.

D) Activity-dependent upregulated genes (left bar) and activity-dependent downregulated genes
(right bar) were categorized by the activity-dependent differential expression in PDCD4 S71A
samples. The colors in each bar show the percentage of activity-dependent genes showing
activity-dependent upregulation (red), no change (gray) or downregulation (blue) in PDCD4

S71A samples.

Figure 3.10 PDCD4 degradation regulates the expression of 91 activity-dependent genes.
A) Bic versus TTX log2FC for all 91 putative PDCD4 transcriptional regulation target genes,
clustered by fold change across sample type. Each row represents a gene, and each column
represents a sample type. The color legend represents Bic vs TTX log2FC with red representing
upregulation, blue representing downregulation, and white indicating a log2FC of zero.

B) RT-qPCR of putative PDCDA4 target genes, Scdl and Thrsp, from TTX-silenced and Bic-
stimulated neurons that were transduced with PDCD4 WT or S71A, from 6 sets of cultures.
Samples were normalized using two housekeeping genes, Hprt and Gapdh. The abundance of the
target gene in each Bic sample was normalized to its respective TTX sample. Scd/ WT CHX
median = 1.702, Scdl ST1A CHX median = 0.5776, Scdl WT median = 2.401, Scdl STIA
median = 0.7672, Thrsp WT CHX median = 1.826, Thrsp S7T1A CHX median = 0.9080, Thrsp
WT median = 1.522, Thrsp S7T1A median = 0.5995. Scdl CHX WT vs CHX S71A p =0.0022,

Scdl WT vs STIA p =0.0260, Thrsp CHX WT vs CHX S71A p=0.0043, Thrsp WT vs ST1A p
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=0.0043. Statistical significance is indicated by *p < 0.05 and **p < 0.01, from Mann-Whitney

U test.

Figure 3.11 Motif analyses of promoters of putative PDCD4 target genes.

Motif analyses of promoters of putative PDCD4 target genes (left column) and for comparison,
other CHX-insensitive activity-dependent genes (right column) using HOMER software. The top
panel shows the motif image logos, enrichment, and p-values for the top ten motifs by p-value
for activity-dependent upregulated genes, and the bottom panel shows the same but for activity-

dependent downregulated genes (only 8 motifs were significant for down-regulated genes).

Figure 3.12 Degradation-resistant PDCD4 suppresses activity-dependent changes in
expression of synaptic genes.

A) GO analysis -log10 false discovery rate (FDR; circles) and percent of genes (bars) in terms
from Biological Process (top four terms) and Cellular Compartment (bottom four terms) analyses
(Ashburner et al., 2000; Carbon et al., 2019; Mi et al., 2019). Data from putative PDCD4 target
genes (91 genes) are shown in orange and for comparison, data from other CHX-insensitive
activity-dependent genes (368 genes) are shown in purple.

B) Diagram depicting a generic synapse and synaptic proteins. The labeled synaptic proteins are
encoded by putative PDCD4 target genes (gene name indicated in parenthesis alongside protein).
The activity-dependent changes in expression of these genes are inhibited by degradation-
resistant PDCD4. The presynaptic terminal is shown above with neurotransmitter-loaded
synaptic vesicles, and the postsynaptic terminal is shown below with neurotransmitter receptors

in the postsynaptic membrane (one receptor is shown anchored to an unlabeled gray PSD-95
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protein). Arrow next to gene name illustrates the direction of activity-dependent differential
expression and dashed line with bar illustrates the suppression of this activity-dependent change

in the PDCD4 S71A samples.

Figure 3.13 Summary diagram of the activity-dependent proteasome-mediated degradation
of PDCD4.

In silenced neurons (left), PDCD4 is highly expressed and suppresses the expression of specific
genes. In stimulated neurons (right), PDCD4 is phosphorylated by PKC and undergoes
proteasome-mediated degradation, thereby facilitating the expression of specific genes important

for neuron synaptic function.
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Figure 3.1
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Figure 3.2

N-term

C-term

I PDCD4 protein (469 AA)

t t

O

m

V5 PDCD4 (D29C6)
tag epitope
69
2
5 51
"acj r *kkk §
E 44 ok
< 3
[m]
a l
o 2
®
3 M
o1 e (D)
= |\
0 T T T
Basal TTX Bic
6 -
=
’5 5 1 ExkE
c
E EFRER
£ 4 \
n
3
< 34
a 3
Q 7
]
o 2 ‘ ﬁ
g
O R
3 [ i)
= it/ v
0 T T r
Basal TTX Bic

t

tag

76

O

Cytoplasmic PDCD4-HA Intensity

m

Cytoplasmic PDCD4-V5 Intensity

B

PDCD4-HA

Basal TTX Bic No AAV
HA o -
70 kDa+
TU
_— e
50 kDa —-—
*
2.0 —
> b
~ 15
%3 .
C N b4
gg L
< 2 05 -
<
0.0

6

5- Li i

N wann

L

3- 0

LA

e o

NIV \/

Balsal T'i'X Bic

6- *kk

5- dokk ok

44

34

1A A
(-

1
\/

0

Bic



Figure 3.3
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Figure 3.4
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Figure 3.5
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Figure 3.6

A

Epoxomicin

- ~
s \
’@E%. ‘@

‘\. PDCD4 I .@

Epox
’ PDCD4.

N

Bortezomib

| %

. PDCD4 !

o &
Bort
f PDCD4.

=

MLN4924

-

~\ MLN

’@ MLN @ ‘1?@

\ @ PDCD4 4
rd
PDCD4
P (]

Nuclear PDCD4 Intensity Nuclear PDCD4 Intensity

Nuclear PDCD4 Intensity

51 * kA ns 5 *¥ ns
f P ! . T P r p—
=
44 (‘1:7 4
2
£
] <
3 a3
O
: . 2
]
24 | ﬁ 02
A yir{ 7
1] g ) SN () 3 1
bl Q
OV SPT g
(@]
0 T T T T . T 0
Basal TTX Bic Basal TTX Bic Basal TTX Bic Basal TTX Bic
+ Epoxomicin + Epoxomicin
57 ExEk ns eh * ns
r v T — r prren T —
[— [ >
=
44 D 44
2
£
3 = 3 ‘
Q
]
| a
29 ¢ ! l o2 ¢
i . g l A
I
() @
l a © B i
1] & a oD Q1] e J7 l‘,{.
VYAV T ENIVVETYT
>
% N7 > Y AR,
0 T T T T . T 0 T T T T T .
Basal TTX Bic Basal TTX Bic Basal TTX Bic Basal TTX Bic
+ Bortezomib + Bortezomib
54 5
Rk ns * ns
*k Rk ! f ns ! f bl ! ns !
L L—|
44 44

=
1]
c
Q
c
<t
0 37
O !
\ [m]
1} o
i \ o 24 (|
A i | i
En ‘ s [ A &
s B & g 1{ & %
\/ = |V
V U 2
Basal TTX Bic Basal TTX Bic Basal TTX Bic Basal TTX Bic
+ MLN4924 + MLN4924

80



Figure 3.7
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Figure 3.8

A .

Nuclear PDCD4 Intensity
(S}

0
B Ly2584702
TTX Bic TTX Bic
PSE s

30 kDa
S6
30 kDa

=

2

® )

PR \\ Ro-31- E

PDCD4 @ . )

1 (PKC 8

1@ o ‘s o

M e ./ PDCD4g o

--" @ =

o

o

=

=z

0

w

-

TEAR *xxE

i i

<TE——
~<FB>
<P

i
AN
v

Basal TTX Bic Basal TTX Bic
+ Ly2584702

FdEk *

e ns
—

Basal TTX Bic Basal TTX Bic
+ Ro-31-8425

82

Cytoplasmic PDCD4 Intensity

Cytoplasmic PDCD4 Intensity

S
|

w
1

n
L

-
L

o

ns EEEEd

1
* kA
—_—

<Tp—

Bic Basal TTX Bic
+ Ly2584702

Bic Basal TTX Bic
+ Ro-31-8425



Figure 3.9
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Figure 3.10
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Figure 3.11
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Figure 3.12
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Chapter 4:

Generation of CRTC1 conditional knockout mice

INTRODUCTION

CRTCl is a transcriptional co-activator for CREB:

CREB-Regulated Transcription Co-activator 1, also known as CRTC1 or TORCI1
(Transducer Of Regulated CREB activity 1), was identified in a genome-wide functional screen
for proteins that regulate CREB-dependent transcription in HEK293T cells (Conkright et al.,
2003). CRTC1, CRTC2, and CRTC3 were identified as transcriptional co-activators for CREB, a
transcription factor that is important for neuronal activity-dependent gene expression. CRTCI is
highly expressed in the brain (Watts et al., 2011). The CRTC1 protein contains a CREB-binding
domain, a domain that regulates nuclear translocation, and a transactivation domain that
regulates transcription (Saura and Cardinaux, 2017). CRTCI1 binds to the bZIP domain of CREB
and enhances CREB activity by enhancing the interaction of CREB with TAF4, a component of
the RNA polymerase II pre-initiation complex (Conkright et al., 2003). CRTC2 can also
facilitate CREB binding to DNA (Wang et al., 2010). CRTC1 may serve as a transcription co-
activator for additional transcription factors, as CRTC]1 can also bind to the bZIP domains of c-
Fos and c-Jun, and enhance subsequent AP-1-dependent transcription in HeLa cells (Canettieri et

al., 2009).

CRTCI1 translocates from synapses to the nucleus in response to neuronal activity:
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In unstimulated neurons, CRTCI localizes to the cytoplasm, including in dendrites and at
synapses (Ch’ng et al., 2012). Following neuronal stimulation, CRTC1 rapidly translocates into
the nucleus. In cultured neurons, activity-dependent nuclear translocation of CRTC1 occurs in
response to stimulation of glutamatergic transmission by the GABAAa receptor antagonist
bicuculline (Zhou et al., 2006; Ch’ng et al., 2012; Nonaka et al., 2014; Ch’ng et al., 2015), KCI-
mediated depolarization (Zhou et al., 2006; Kovacs et al., 2007; Li et al., 2009; Ch’ng et al.,
2015), or stimulation of cAMP signaling by forskolin (Zhou et al., 2006; Kovacs et al., 2007;
Ch’ng et al., 2012). CRTCI1 translocates to the nucleus within several minutes of stimulation
(Ch’ng et al., 2012, 2015), remains in the nucleus for the duration of the stimulation, and exits
the nucleus within 30 minutes following the cessation of stimulation (Ch’ng et al., 2012).
Activation of AMPA and NMDA receptors, as well as subsequent influx of calcium through L-
type voltage-gated calcium channels, trigger the activity-dependent translocation of CRTC1
(Ch’ng et al., 2015). The nuclear translocation of CRTCI is initiated by local calcium elevations
and the calcium chelator BAPTA effectively blocks CRTCI translocation (Ch’ng et al., 2015).
Elevated calcium concentration is important for activating the calcium-sensitive phosphatase
calcineurin (Li et al., 2011) and the calcineurin antagonist cyclosporine A prevents nuclear
translocation of CRTC1 (Kovacs et al., 2007; Li et al., 2009; Ch’ng et al., 2012; Nonaka et al.,
2014; Ch’ng et al., 2015). This suggests that CRTC1 undergoes activity-dependent
dephosphorylation by calcineurin in response to stimulation. Indeed, CRTC1 phosphorylation
decreases after stimulation, as indicated by decreases in the detection of phospho-CRTC1 (Li et
al., 2009; Ch’ng et al., 2012; Parra-Damas et al., 2014, 2017), increased SDS-PAGE mobility
consistent with dephosphorylation (Ch’ng et al., 2012, 2015), and increased pH detected by two-

dimensional gel electrophoresis consistent with dephosphorylation (Ch’ng et al., 2012).
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Moreover, inhibition of calcineurin prevents the activity-dependent dephosphorylation of
CRTCI1 (Ch’ng et al., 2012). The dephosphorylation of CRTCI is important for nuclear
translocation, as phospho-null CRTC1 mutants are constitutively nuclear (Nonaka et al., 2014;
Ch’ng et al., 2015). In unstimulated neurons, CRTCI1 is localized to synapses, where it is
tethered to the cytosolic protein 14-3-3 epsilon (Ch’ng et al., 2012). 14-3-3 epsilon is only able
to bind to phosphorylated CRTC1 from silenced neurons and is unable to bind to
dephosphorylated CRTC1 from stimulated neurons (Ch’ng et al., 2012) or to phospho-null
CRTCI1 (Ch’ng et al., 2015). As such, phosphorylated CRTCI1 is tethered to 14-3-3 in the
cytoplasm, until activity-dependent dephosphorylation releases CRTC1 from 14-3-3, enabling
nuclear translocation.

Following dephosphorylation and release from 14-3-3, CRTC1 undergoes dynein- and
microtubule-mediated active transport to the nucleus (Ch’ng et al., 2015). Importantly, the
nuclear accumulation of CRTCI1 is due to translocation of pre-existing protein and not due to a
simple increase in the synthesis of CRTC1 protein, as protein synthesis inhibitors do not prevent
the nuclear accumulation of CRTC1 (Li et al., 2009; Ch’ng et al., 2012; Uchida et al., 2017).
Live-imaging experiments of fluorescently-tagged CRTC1 further confirmed that CRTCI1 is
transported from synapses into the nucleus (Ch’ng et al., 2015). CRTC1 contains a nuclear-
localization signal (NLS) that, when mutated, prevents the nuclear translocation of CRTC1
(Ch’ng et al., 2015). However, the nuclear import of CRTC1 is not mediated by the canonical
importin B1-mediated pathway (Ch’ng et al., 2012). The export of CRTCI is mediated by the
export protein CRM1, as the CRM1 inhibitor Leptomycin B facilitates nuclear accumulation of

CRTCI1 (Zhou et al., 2006; Kovacs et al., 2007). Inhibition of cAMP-sensitive, salt-inducible
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kinases (SIKs) increases the persistence of CRTC1 in the nucleus (Ch’ng et al., 2012), further
supporting the idea that only dephosphorylated CRTCI1 localizes to the nucleus.

CRTCI1 has also been shown to translocate to the nucleus following the induction of
long-term potentiation in hippocampal slices. Zhou et al. found that CRTC1 translocates to the
nucleus following a 4 x 100 Hz high-frequency stimulation that induces LTP (Zhou et al., 2006)
and Ch’ng et al. reported that CRTCI translocates to the nucleus following theta-burst
stimulation or chemical induction of LTP (Ch’ng et al., 2012). CRTC1 also undergoes activity-
dependent translocation to the nucleus in vivo. Uchida et al. and Parra Damas et al. reported that
CRTCI1 translocates to the nucleus in the CA1 and CA3 regions of the mouse hippocampus
following contextual fear conditioning (Uchida et al., 2017; Parra-Damas et al., 2017), while
Nonaka et al. reported that CRTCI1 translocates to the nucleus in the amygdala —but not
hippocampus— after fear conditioning (Nonaka et al., 2014). Moreover, CRTC1 translocates into
the nucleus of hippocampal neurons following pilocarpine-induced seizure in rats (Dubey and
Porter, 2016). Taken together, these finding demonstrate that CRTC] translocates to the nucleus

in response to stimuli that produce synaptic plasticity and memory formation.

CRTCI1 regulates neuronal activity-dependent gene expression:

CRTCI1 is important for the induction of many activity-dependent genes following
neuronal stimulation, particularly CREB target genes. In cultured neurons, shRNA knockdown
of CRTC1 impairs the activity of CREB following KCl-mediated depolarization, as indicated by
reduced luciferase activity from a cAMP response element (CRE) reporter in the presence of
CRTC1 shRNA (Li et al., 2009; Nonaka et al., 2014), whereas expression of a constitutively

nuclear CRTCI increases luciferase activity from the CRE reporter (Nonaka et al., 2014). siRNA
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knockdown of CRTC1 impairs the activity-dependent induction of specific CREB targets,
including c-fos, Arc, Egrl, and Egr4 in cultured hippocampal neurons (Ch’ng et al., 2012) and
shRNA knockdown of CRTC1 impairs the activity-dependent transcription of c-fos, Arc, Bdnf,
and Nr4al-2 (Parra-Damas et al., 2017). Additionally, CRTC1 shRNA knockdown impairs
activity-dependent transcription of Bdnf in developing cortical neurons in culture (Fukuchi et al.,
2014). While knockdown of CRTC1 impairs activity-dependent gene expression, the expression
of a constitutively nuclear CRTC1 enhances gene expression, as indicated by increased c-fos,
Arc, and Bdnf protein expression in vivo in the mouse hippocampus (Nonaka et al., 2014).
Chromatin immunoprecipitation studies have revealed that CRTCI is present at the
promoters of these activity-dependent genes following neuronal stimulation, supporting the
notion that the activity-dependent nuclear translocation of CRTCI1 is important for regulating
gene expression. In cultured neurons, CRTC1 was enriched at Arc and Bdnf promoters after
stimulation (Nonaka et al., 2014). Additionally, CRTC1 was detected at CRE sites in the
promoters for c-fos and Nr4al-2 after stimulation, whereas the transcription factor CREB was
present at these CRE sites irrespective of stimulation (Parra-Damas et al., 2017). Co-
immunoprecipitation revealed that CRTC1 was only bound to CREB after neuronal stimulation
(Parra-Damas et al., 2017), further supporting the idea that CRTC1 undergoes an activity-
dependent translocation into the nucleus to bind to CREB and regulate gene expression. CRTCI
was also detected at the promoters for c-fos and Fgf1b in mouse hippocampus following
contextual fear conditioning and CRTC1 was required for the stimulus-induced expression of
Fgf1b (Uchida et al., 2017), demonstrating the importance of CRTC1 for activity-dependent

gene expression during learning.
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While candidate CRTC1-dependent genes have been identified, little work has been done
to characterize the entire CRTC1-dependent transcriptome in response to neuronal stimulation.
The candidate genes that have been identified are targets of CREB, but it will be important to
understand if CRTC1 only regulates CREB targets, or if CRTC1 also regulates targets
independent of CREB. There is some evidence that CRTCs can regulate other bZIP transcription
factors (Canettieri et al., 2009), and therefore CRTC1 may regulate a distinct set of CREB and

non-CREB targets in response to neuronal activity.

CRTCI1 regulates synaptic plasticity and memory:

CRTCI1 has been demonstrated to be important for long-term potentiation (Zhou et al.,
2006; Kovacs et al., 2007; Uchida et al., 2017). To test the role of CRTCI in LTP, Zhou et al.
used a dominant-negative CRTC1 construct to disrupt the function of CRTCI in the
hippocampus. The dominant-negative CRTC1 contains only the CREB-binding domain of
CRTCI1, so that CRTC1 may bind to CREB but is unable to promote transcription. The authors
found that acute hippocampal slices expressing dominant-negative CRTC1 displayed normal
induction of LTP, but maintenance was impaired and synaptic strength began to decline to
baseline levels at 90 minutes after stimulation (Zhou et al., 2006). This finding is consistent with
the role of CRTCI as a transcriptional regulator, given that transcriptional inhibitors also cause
LTP maintenance to decline with similar timing (Nguyen et al., 1994; Nguyen and Kandel, 1997;
Chotiner et al., 2003). Kovacs et al. similarly disrupted the function of CRTCI1 using a dominant-
negative construct containing only the CREB-binding domain and nuclear localization signal of
CRTCI1, and found that hippocampal slices treated with the dominant-negative CRTC1 construct

displayed impaired maintenance of LTP beginning at 75 minutes after the stimulation (Kovacs et
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al., 2007). In contrast, Uchida et al. found that slices expressing CRTC1 shRNA had impaired
induction of CRTC1 and that synaptic strength barely increased following stimulation (Uchida et
al., 2017). This result is surprising, because the primary function of CRTC1 is as a
transcriptional regulator, and yet transcription is not required for LTP until at least one hour after
stimulation (Nguyen and Kandel, 1997; Nguyen et al., 1994; Chotiner et al., 2003). In Uchida et
al., the shRNA construct was introduced several weeks before the experiment (Uchida et al.,
2017), while the dominant-negative constructs were introduced only an hour (Kovacs et al.,
2007) or a day (Zhou et al., 2006) before the experiment. It is possible that the longer
knockdown of CRTC1 chronically impaired gene expression and led to downstream changes in
the expression of proteins that are important during early LTP. While knockdown of CRTC1
impairs LTP, overexpression of full-length CRTC1 can enhance LTP. Zhou et al. found that, in
response to a 1 x 100 Hz stimulation that normally only produces brief synaptic potentiation,
hippocampal slices with CRTC1 overexpression displayed longer-lasting synaptic potentiation
(Zhou et al., 2006). While CRTCI1 has been demonstrated to be important for long-term
potentiation, it is unclear if CRTCI is also involved in long-term depression. Preliminary studies
from the Martin lab have demonstrated that CRTC1 does translocate to the nucleus in response
to stimuli that induce LTD (data not shown), and it will be important to test the role of CRTC1 in
LTD.

CRTCI is also important for long-term memory, specifically, contextual fear memory.
When control mice receive electrical shocks in a particular context, the mice display freezing
behavior when returned to that context one day later, indicating that a memory of the event and
context has been formed (Nonaka et al., 2014). However, when mice injected with CRTC1

shRNA AAV undergo the same paradigm, they display reduced freezing behavior, suggesting
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impaired memory formation (Nonaka et al., 2014) The authors found that CRTC1 shRNA AAV
injection into the amygdala, but not the hippocampus, impaired contextual fear memory. In
contrast, Uchida et al. reported that ShARNA knockdown of CRTC1 in the hippocampus also
impairs contextual fear memory, as indicated by reduced freezing (Uchida et al., 2017). While
knockdown of CRTC1 impairs contextual fear memory, overexpression of CRTC1 enhances the
memory. Sekeres et al. overexpressed CRTC1 in the dentate gyrus of the hippocampus, and
found that fear memory was enhanced, as indicated by increased freezing specifically in the
context in which electrical shocks were delivered (Sekeres et al., 2012). Similarly, expression of
constitutively nuclear CRTCI in the CA1 region of the hippocampus enhanced contextual fear
memory (Nonaka et al., 2014) and expression of constitutively nuclear CRTC in the mushroom
body of Drosophila melanogaster enhanced aversive long-term memory, as indicated by
increased avoidance of an odor previously paired with electrical shocks (Hirano et al., 2013). In
contrast, expression of a constitutively cytoplasmic CRTC1 mutant did not enhance contextual
fear memory (Uchida et al., 2017), further supporting the importance of the activity-dependent

nuclear translocation of CRTC]1.

Deletion of the CRTC1 gene results in disruption of energy balance, circadian rhythm, fertility.

mood, and social behavior:

In 2008, Altarejos et al. created the first CRTC1 knockout mice (Altarejos et al., 2008)
using conventional embryonic stem cell-mediated knock-in to insert a gene trap following exon 4
of the CRTC1 gene, so that a truncated form of the CRTC1 protein would be produced. This
truncated CRTC1 protein truncated would only contain the first 147 amino acids of CRTC1,

instead of the full 631 amino acids. This region includes the CREB-binding domain and part of
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the nuclear translocation domain, but does not include the transactivation domain (Saura and
Cardinaux, 2017), and truncated CRTCI1 is therefore unlikely to function as a transcriptional co-
activator. CRTC1 knockout mice were reported to be hyperphagic, obese, and infertile, due to
deficits in the hypothalamus resulting from loss of CRTC1-mediated gene expression (Altarejos
et al., 2008).

Concurrently, Breuillaud et al. created CRTC1 knockout mice using the same technique
as Altarejos et al. 2008 and also reported that CRTC1 knockout mice develop obesity (Breuillaud
et al., 2009), with a large increase in weight in males due to hyperphagia, disrupted circadian
activity, and impaired gene expression in the hypothalamus, while females displayed a mild late-
onset increase in weight (Rossetti et al., 2017). However, the authors found no fertility deficits in
their CRTC1 knockout mice. It is difficult to explain the discrepancy between the two studies
given that they used very similar knockout strategies, but it is possible that the authors used
slightly different strains of C57BL/6 mice (Breuillaud et al., 2009). Additional studies using this
CRTCI1 knockout mouse found that loss of CRTC1 resulted in increased aggression, increased
depressive-like behaviors, and decreased CREB-mediated gene expression, including decreased
expression of Bdnf, Nr4al-3, and c-fos (Breuillaud et al., 2009). Deletion of the single CRTC
homologue in Drosophila melanogaster produced phenotypes similar to those found in CRTC1
knockout mice, including altered energy balance including reduced glycogen and lipid stores
(Wang et al., 2008) and disruptions to the circadian clock (Kim et al., 2016).

Given that loss of the CRTC1 gene produces such widespread impairments, we were
concerned that these phenotypes would complicate studies of synaptic plasticity and gene

expression in CRTC1 knockout mice. To minimize the developmental effects of deleting CRTC1
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as well as the effects of deleting CRTC1 in other brain regions, we sought to create CRTCI1

conditional knockout mice, so that CRTC1 could be deleted in a precise spatiotemporal manner.

RESULTS

Generation of CRTCI1 conditional knockout and CRTC1 null mice using CRISPR/Cas9 genome

editing:

As a strategy for creating CRTC1 conditional knockout mice, we flanked exon 6 of the
CRTCI gene with LoxP sites, so that the Cre/Lox conditional knockout approach could be
implemented. Deletion of exon 6 would produce a frameshift mutation and premature stop
codon, triggering nonsense-mediated decay of the mRNA transcript (Hug et al., 2016). We
collaborated with the Janelia Research Campus Gene Targeting & Transgenic Facility to create
CRTCI1 conditional knockout mice using CRISPR/Cas9 genome editing. We designed two
sgRNAs targeting before and after exon 6 and a donor vector containing the genomic region of
exon 6 with two LoxP sites flanking the exon (Table 4.1). The sgRNAs, Cas9, and donor vector
were microinjected into C57BL/6J zygotes. The resulting pups were genotyped after birth, and
many of the pups had successful insertion of the LoxP sites. Additionally, some of the other pups
had a permanent deletion of exon 6. Deletion of the targeted region is an expected outcome, as
non-homologous end joining occurs more easily than homology-directed repair (Hsu et al.,
2014). Six mice with CRTC1 exon 6 floxed alleles and five mice with CRTC1 exon 6 deletion
alleles were shipped from Janelia Research Campus to UCLA. Each founder was bred with a
wildtype C57BL/6J mate, and the resulting pups were genotyped to test for germline
transmission of the CRTC1 floxed or knockout allele. Potential CRTC1 floxed mice were

genotyped using primers 1-2 and 3-4 to test for presence of the two LoxP sites (Table 4.1), while
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potential CRTC1 knockout mice were genotyped using primers 1 and 4 to test for deletion of
exon 6 (Table 4.1). Initial genotyping results were also sequenced to confirm the expected
CRTCI1 alleles (Table 4.2). We established three CRTC1 knockout lines (KO1, KO2, and KO3)
and three CRTCI floxed lines (Mutl, Mut2, and Mut3). Each line was bred to produce
homozygous mice. Sperm from the KO2, KO3, Mutl, and Mut2 lines were cryopreserved at

Charles River Laboratories (Wilmington, MA).

CRTC1 knockout mice display complete loss of CRTC1 protein

We first characterized the CRTC1 knockout mice, to confirm that deletion of exon 6
disrupted CRTC1 expression. By western blot, CRTCI1 protein was completely absent in
hippocampal lysates from CRTC1 knockout mice, as detected by both C-terminal and N-terminal
antibodies (Fig 4.1A). Similarly, CRTC1 was not detected in the hippocampus using
immunohistochemistry (Fig 4.1B). We also characterized the expression of CRTC1, CRTC2, and
CRTC3 mRNA using qPCR. CRTCI mRNA was reduced by 80%, while CRTC2 and CRTC3
mRNA remained unchanged (Fig 4.1C), indicating that CRTC2/3 are not upregulated to
compensate for loss of CRTCI. It has previously been reported that CRTC1 null mice develop
obesity (Altarejos et al., 2008; Breuillaud et al., 2009; Rossetti et al., 2017). At four months old,
our male CRTC1 knockout mice weighed on average 7 grams more than littermate controls (Fig
4.1D). Conflicting reports have found CRTC1 null mice to be infertile (Altarejos et al., 2008) or
fertile (Breuillaud et al., 2009). We were able to successfully breed our CRTC1 knockout mice,
although many of the breeding pairs never produced pups. Therefore, multiple breeding pairs

were needed to maintain the line.
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Previous studies have reported impaired maintenance of long-term potentiation (LTP) in
the hippocampus of mice expressing dominant-negative CRTC1 constructs (Zhou et al., 2006;
Kovacs et al., 2007) and impaired induction and maintenance of LTP after shsRNA knockdown of
CRTCI1 (Uchida et al., 2017). In preliminary tests, we found that CRTC1 knockout mice display

normal LTP for 4 hours after stimulation (data not shown).

CRTC1 conditional knockout mice display incomplete loss of CRTC1 protein

To confirm that the placement of the LoxP sites did not disrupt the expression of CRTCI,
we first tested the expression of CRTC1 in floxed mice in the absence of Cre. CRTCI floxed
mice displayed similar levels of expression of CRTC1 as wildtype controls (Fig 4.2A). To
conditionally delete CRTC1 from mature excitatory neurons, we used the T29 Camk2a-Cre
strain (Tsien et al., 1996a). Our lab had previously found that Camk2a-Cre was expressed in
~95% of pyramidal neurons in the CA1 region of the hippocampus in this mouse strain (Chen et
al., 2017). We crossed the CRTCI1 floxed mice to the Camk2a-Cre mice to produce conditional
knockout mice (Camk2a-Cre CRTC17*/CRTC1"°%) and Cre-negative littermate controls
(CRTC1"*/CRTC1%%), We found that CRTC1 was only reduced by ~50% by western blot of
hippocampal lysates (Fig 4.2B). Moreover, we still detected CRTC1 expression in most of the
pyramidal neurons in CA1 using immunohistochemistry (Fig 4.2C). We suspected that the
Camk2a-Cre line was inefficient at producing conditional knockout.

To achieve better knockout efficiency, we crossed the CRTC1 floxed mice to a different
Cre line. We selected the Vglut2-Cre strain (Vong et al., 2011) because it had been previously
reported to produce efficient conditional knockout (Meng et al., 2016). We crossed the Vglut2-

Cre mice to mice with a floxed HA transgene (Gay 2013) and found that HA was expressed in
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the pyramidal neurons in CA1 (Fig 4.2D). We then crossed the CRTCI1 floxed mice to the
Vglut2-Cre mice to produce conditional knockout mice (Vglut2-Cre CRTC1%*/CRTC1%%) and
littermate controls (CRTC1%*/CRTC1%%), We found that CRTC1 was reduced by ~85% by
western blot of hippocampal lysates (Fig 4.2E). Although knockout efficiency was improved
using this Cre line, many pyramidal neurons in CA1 still expressed CRTCI, as detected by
immunohistochemistry (Fig 4.2F).

In an attempt to further improve the knockout efficiency, we bred conditional knockout
mice on a hemi-null CRTC1 knockout background, so that only one allele would need to be
conditionally deleted instead of both. We bred Vglut2-Cre CRTC1%*/CRTC1"* mice to
CRTCI1X9/CRTC1¥° mice. We generated hemi-null conditional knockout mice (Vglut2-Cre
CRTC1%%/CRTC1X°), hemi-null littermate controls (CRTC11*/CRTC1%?), and also compared
to non-littermate controls (CRTC11*/CRTC1"°%). By western blot, the hemi-null conditional
knockout mice had an ~85% decrease in CRTCI1 protein expression compared to hemi-null
littermate controls, while the hemi-null littermate controls had a ~50% decrease in CRTC1
protein expression compared to the control mice (Fig 4.2G). The knockout efficiency by
immunohistochemistry was difficult to assess, as both the hemi-null conditional knockout mice
and hemi-null littermate controls had extremely dim CRTC1 signal compared to the control

mice, as detected by immunohistochemistry (Fig 4.2H).

DISCUSSION

To study the function of CRTCI1 in long-term synaptic plasticity, activity-dependent gene
expression, and memory, we generated CRTC1 knockout and conditional knockout mice.

CRISPR/Cas9 genome editing proved to be a rapid method for generating floxed and knockout
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mice, avoiding the need for lengthy procedures associated with embryonic stem cell-mediated
knock-in, such as selection of ES cells or additional breeding due to chimeric mice (Burgio,
2018). In the span of three months, the CRISPR sgRNA and donor vector constructs were
created, mouse zygotes were microinjected with the constructs, and the resulting mouse pups
were genotyped to confirm successful creation of CRTC1 knockout and floxed alleles.
CRISPR/Cas9 genome editing was highly efficient, as there were many mice created with
CRTCI1 floxed or CRTC1 knockout alleles from a single session of zygote microinjections. It has
been reported that CRISPR/Cas9 genome editing strongly favors non-homologous end joining
(NHEJ) over homology-directed repair (HDR) (Hsu et al., 2014), but fortunately, our injections
produced a high number of both CRTC1 floxed mice (HDR) and CRTC1 knockout mice
(NHEJ). Notably, our strategy inserted both LoxP sites simultaneously using one large donor
vector containing a floxed exon 6, instead of separately inserting each LoxP site using two
different single-stranded oligo donors (ssODNSs). Interestingly, before successfully targeting
exon 6, we had previously attempted to target exon 4 and were only able to produce knockout
mice. The genomic region surrounding exon 6 might be more amenable to HDR than the region
surrounding exon 4, as the efficiency of HDR is known to be dependent on the local chromatin
structure (Janssen et al., 2019). One potential pitfall when creating knock-in and knockout mice
is that there may not be germline transmission of the modified allele, if the editing occurs after
cell division and the modified allele is not present in all cells (Mehravar et al., 2019). However,
all of the CRTCI1 floxed mice and CRTC1 knockout mice that we bred had successful
transmission the modified allele to their offspring.

Upon obtaining homozygous CRTC1 knockout mice, we confirmed that the strategy of

deleting exon 6 produced mice with complete loss of CRTCI1 protein. Importantly, we confirmed
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the loss of CRTC1 using an N-terminal antibody, to rule out the possibility that deletion of exon
6 created a truncated form of the CRTCI1 protein instead of triggering nonsense-mediated decay
of the CRTCI mRNA (Hug et al., 2016). Similar to what has been reported in the literature with
CRTCI exon 4 knockout mice, we found that exon 6 knockout mice were obese at 4 months old
(Altarejos et al., 2008; Rossetti et al., 2017). Previous reports on the fertility of CRTC1 knockout
mice have given conflicting results with Altarejos et al. reporting that CRTC1 knockout mice are
infertile and Breuillard et al. reporting that CRTC1 knockout mice have completely normal
fertility. Our finding was intermediate; we were able to breed the CRTC1 knockout mouse line,
but many of the breeding pairs never produced pups. In preliminary tests, we also found that
CRTCI1 knockout mice displayed normal induction and maintenance of LTP for 4 hrs after
stimulation, which is in contrast to previous reports that found impaired LTP using dominant-
negative and shRNA constructs for CRTC1 (Zhou et al., 2006; Kovacs et al., 2007; Uchida et al.,
2017). In these studies, the disruption of CRTC1 occurs on the order of hours (Kovacs et al.,
2007), days (Zhou et al., 2006), or weeks (Uchida et al., 2017) before testing LTP, whereas in
our study, CRTCI1 is absent throughout the development and lifetime of the mouse. It is possible
that there is developmental compensation for the loss of CRTCI1, and that an acute loss of
CRTC1 would be more informative when studying LTP. This underscores the need for Cre/LoxP
conditional knockout mice for CRTC1, where Cre can be delivered at later timepoints using a
promoter for mature neurons (such as Camk?2a) or delivered days or weeks before the experiment
using AAV injection.

When conditionally deleting floxed CRTC1 using the Camk2a-Cre mouse line, we
detected only modest reduction of CRTC1 protein. This was a surprising result, as we had

previously found this line to produce LoxP recombination in ~95% of CA1 pyramidal neurons
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when crossed to mice with a conditional HA tag on the 60S ribosomal protein L.22 (Chen et al.,
2017). However, it may be more difficult to achieve efficient conditional knockout than
conditional knock-in, as knock-in requires recombination in only one allele to detect the tagged
protein, whereas recombination must occur in both alleles to achieve total knockout in the cell.
Indeed, many studies that used the T29 Camk2a-Cre mice to conditionally delete genes had
incomplete knockout of the target, especially as detected by immunohistochemistry (Stein et al.,
2014; Jung et al., 2016; Lin et al., 2015; Barbarese et al., 2013). We next crossed the CRTC1
floxed mice to a Vglut2-Cre mouse line, as it had been previously reported to produced efficient
conditional knockout (Meng et al., 2016). Vglut2-Cre is highly expressed in embryonic and early
postnatal stages of development, whereas Camk2a-Cre is only expressed in mature, post-mitotic
neurons (Tsien et al., 1996a). Chromatin accessibility changes during brain development
(Trevino et al., 2020; de la Torre-Ubieta et al., 2018), and it is possible that LoxP recombination
may occur more efficiently in certain chromatin states during development. Our CRTC1
knockout efficiency was improved with this Vglut2-Cre line, although many pyramidal neurons
in the hippocampus still expressed CRTC1. In contrast, the Vglut2-Cre line has been reported to
produce complete knockout of MeCP2 in Meng et al 2016. However, in that study the
conditionally deleted allele was on the X chromosome and only male mice were used, meaning
that LoxP recombination only needed to occur on one allele per cell to achieve complete
knockout. To create a similar situation with our conditional knockout mice, we bred the Vglut2-
Cre x CRTCI1 floxed mice on a hemi-null background, to produce mice with one CRTCI1 floxed
allele and one CRTCI1 knockout allele. This breeding strategy produced a similar knockout

efficiency than that of the regular Cre/Lox breeding strategy.
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One possible explanation for our difficulty in achieving high conditional knockout
efficiency is that CRTC1 exon 6 is in a region of the genome that is particularly resistant to LoxP
recombination due to the chromatin structure. Previous studies have reported that LoxP
recombination efficiency is dependent on the position in the genome (Vooijs et al., 2001).
However, LoxP recombination efficiency was improved when using the Vglut2-Cre line
compared to the Camk2a-Cre line, suggesting that different expression and amount of Cre might
be able to improve knockout efficiency. Viral delivery of Cre may be important for improving
this knockout efficiency further, as viral Cre delivery can produce LoxP recombination with high
efficiency (Kaspar et al., 2002; Ahmed et al., 2004). Additionally, viral delivery of Cre would
allow for precise temporal deletion of CRTC1. Acute deletion of CRTCI1 is of particular
importance for our study, given that our CRTCI null mice displayed normal LTP, whereas
previous studies using short-term knockdown of CRTC1 found impaired LTP (Zhou et al., 2006;
Kovacs et al., 2007; Uchida et al., 2017). Therefore, in future studies, acute deletion of CRTC1
using viral delivery might improve knockout efficiency and also enable us to observe CRTCI1-

mediated deficits in synaptic plasticity.

METHODS

Animals:

All experiments were performed using approaches approved by the UCLA Animal
Research Committee. CRTC1 knockout and floxed mice were generated at Janelia Research
Campus Gene Targeting & Transgenic Facility. Camk2a-Cre (stock #005359), Vglut2-Cre (stock
#28863), and floxed UPRT-HA (stock #021469) mice were purchased from Jackson Laboratory.

Female Camk2a-Cre mice were bred with male CRTCI1 floxed mice, given that Camk2a-Cre is
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expressed in testis and can cause germline recombination of the floxed allele (Kobayashi and
Hensch, 2013). Male Vglut2-Cre mice were bred with female CRTC1 floxed mice, similar to

previous studies (Meng et al., 2016).

Genotyping:

Tail biopsies were performed on postnatal day 7 mouse pups. DNA was extracted by
boiling the biopsies in lysis buffer (25 mM NaOH, 0.2 mM ETDA) for 1 hr, neutralizing the
samples with 40 mM Tris HCI, briefly vortexing the samples, centrifuging the samples at 2,000g
for 3 minutes, and transferring the supernatant to a fresh tube. PCR was performed using Quick-
Load Taq 2x Master Mix (New England Biolabs) according to manufacturer’s instructions. To
genotype CRTC1 knockout mice, primers 1 and 4 (Table 4.1) were used to test for a ~600 bp
wildtype band or a ~300 bp band indicating deletion of exon 6. Heterozygous and homozygous
CRTCI1 knockout mice were difficult to distinguish using only this test, as the smaller knockout
band amplified more readily than the longer wildtype band. To distinguish between heterozygous
and homozygous CRTC1 knockout mice, primers 3-4 (Table 4.1) were used to test for any
presence of exon 6. To genotype CRTC1 floxed mice, primers 1-2 and 3-4 (Table 4.1) were used
to amplify the region containing each LoxP site, to test for the ~200 bp wildtype band or a longer
~300 bp band indicating the presence of a LoxP site. When genotyping the Cre x CRTC1 floxed
line, primers 1 and 4 (Table 4.1) were used to confirm that both LoxP sites were intact as
indicated by a ~800 bp band, and there was no germline recombination of the LoxP sites, as

indicated by a ~300 bp band.

Isolation of hippocampal tissue:
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8-12 week-old male and female mice were anaesthetized with isofluorane and sacrificed
by cervical dislocation. Brains were dissected in cold, oxygenated artificial cerebrospinal fluid
(ACSF: 124 mM NaCl, 4 mM KCI, 25 mM NaHCO3, 1 mM NaH;PO4, 2 mM CaCl,, 1.2 mM
MgSOs4, and 10 mM glucose) to isolate the hippocampus, which was cut into 400 um thick

slices.

Protein extraction and western blot:

Hippocampal tissue was homogenized in RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate, 1% Triton X-100, pH 7.5), centrifuged at 10,000g for 10 min,
and transferred to a fresh tube. Protein concentration was determined using the Pierce BCA
Protein Assay Kit (Thermo Fisher). Protein lysates were boiled in loading buffer (10% glycerol,
1% SDS, 60 mM Tris HCI pH 7.0, 0.1 M DTT, 0.02% bromophenol blue) for 10 min at 95°C
and 20 pg lysate per sample was run on at 8% polyacrylamide gel. Samples were wet-transferred
onto a 0.2 um nitrocellulose membrane. The membrane blocked with Odyssey Blocking Buffer
(Licor) and incubated with primary antibodies: rabbit CRTC1 (Bethyl, C-term, 1:1000), rabbit
CRTCI1 (Rockland, N-term, 1:1000), and mouse TUJ1 (BioLegend, 1:1000). The membrane was
washed with TBST and incubated with secondary antibodies: anti-rabbit IRDye 800CW
(1:10,000) and anti-mouse IRDye 680CW (1:10,000). The membrane was imaged using the

Odyssey Infrared imaging system (LI-COR).

Immunohistochemistry:
Hippocampal tissue was fixed in 4% paraformaldehyde in PBS for several hours at room

temperature or overnight at 4°C. Samples were washed in PBS and covered in HistoGel (VWR).
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Samples were serially dehydrated, cleared with xylene, embedded in paraffin, sectioned in 5 pm
thick slices, and mounted on glass slides. Before staining the samples, paraffin was melted from
the tissue and samples were cleared with xylene and serially re-hydrated. Antigen retrieval was
performed by boiling samples in a pressure cooker in retrieval solution (8.2 mM sodium citrate,
1.8 mM citric acid). Samples were permeabilized with 0.1% Triton X-100 in PBS for 30 minutes
and blocked in 10% goat serum in PBS for 1 hour. Samples were incubated with the following
primary antibodies at 4°C overnight: rabbit CRTC1 (Bethyl, 1:500), mouse HA (BioLegend,
1:500), chicken Map2 (PhosphoSolutions, 1:500). Samples were washed with PBS and incubated
at 1:1000 with the following secondary antibodies for 1 hour at room temperature: anti-rabbit
Alexa Fluor 555, anti-mouse Alexa Fluor 555, anti-chicken Alexa Fluor 488, and Hoechst 33342
stain. Samples were washed with PBS and mounted with Aqua-Poly/Mount (Polysciences) and
glass coverslips (Carolina Biologicals). Samples were imaged using a Zeiss LSM 700 confocal
microscope with a 40x oil objective and 405 nm, 488 nm, 555 nm, and 639 nm lasers. Identical

image acquisition settings were used for all images within an experiment.

RNA extraction, cDNA synthesis, and quantitative RT-PCR:

To extract RNA, mouse cortex was homogenized in TRIzol Reagent (Thermo Fisher),
centrifuged at 12,000g for 5 minutes at 4°C, and supernatant was transferred to a fresh tube.
Each 1 mL sample was mixed with 0.2 mL chloroform, centrifuged at 12,000¢ for 15 minutes at
room temperature, and supernatant was transferred to a fresh tube. RNA was precipitated using
0.5 mL isopropanol per sample. Samples were centrifuged at 12,000g for 10 minutes at 4°C and
the supernatant was discarded. Pellets were washed in 75% ethanol, dried, and re-suspended in

RNase-free water

107



cDNA was synthesized from 50 ng RNA using Superscript III First Strand Synthesis
(Thermo Fisher) with random hexamer primers according to manufacturer’s instructions. A “No
Reverse Transcriptase” sample was also prepared to serve as a negative control during qPCR
experiments.

RT-gPCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) and
CFX Connect Real-Time System (Bio-Rad) according to manufacturer’s instructions. CRTC

qPCR primers were selected from PrimerBank (http://pga.mgh.harvard.edu/primerbank). Primer

sequences were as follows: CRTC1 F (5 - TGCCCAACGTGAACCAGATT -3’), CRTCI R
(5 — CCCATGATGTCGTGTGGTCC - 3’), CRTC2 F (5 —
ATGAACCCTAACCCCCAAGAC-3’), CRTC2 R (5 - CGTTCTCCTCAATAGCAGGGA —
3”), CRTC3 F (5 — GCGCCTTACCCAGTACCAC -3’), CRTC3 R (5" —
ATCGGCTTGATGAAGTGATGG - 3°), and loading control HPRT F (5° —
TGTTGTTGGATATGCCCTTG - 3’), HPRT R (5 — GGCCACAGGACTAGAACACC - 3).
qPCR was performed on three biological replicates, with technical triplicate reactions for each
sample. Cycle threshold (Ct) values were converted from logarithmic scale [2(-C?)] and CRTC
values were normalized to the HPRT loading control. All values were then normalized to the
median value of the control condition. CRTC values were compared between the control and

CRTC1 KO conditions.

FIGURE LEGENDS

Figure 4.1 CRTC1 knockout mice display complete loss of CRTC1 protein.

A) Western blot of hippocampal lysates from control and CRTC1 KO mice.
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B) Immunohistochemistry from CA1 region of the hippocampus in control and CRTC1 KO
mice. Scale bar =40 um.

C) Quantitative RT-PCR of CRTC1, CRTC2, and CRTC3 mRNA normalized to HPRT mRNA,
from cortical lysates from control and CRTC1 KO mice.

D) Total body weight of male CRTC1 KO mice and male littermate control siblings at four
months of age. ** indicates p < 0.001 from Mann Whitney test. N = 5 mice per genotype.

Median weights: control mice =29.1 g and knockout mice = 38.1g.

Figure 4.2 CRTCI1 conditional knockout mice display incomplete loss of CRTC1 protein.
A) Western blot of hippocampal lysates from control and CRTC1 floxed mice.

B) Western blot of hippocampal lysates from control CRTCI1 floxed mice and Camk2a-Cre
CRTCI floxed mice.

C) Immunohistochemistry from CAT1 region of the hippocampus in control CRTC1 floxed mice
and Camk2a-Cre CRTCI1 floxed mice. Scale bar = 40 um.

D) Immunohistochemistry from CA1 region of the hippocampus in control and Vglut2-Cre
UPRT-HA floxed mice. Scale bar = 40 um.

E) Western blot of hippocampal lysates from control CRTCI1 floxed mice and Vglut2-Cre
CRTCI floxed mice.

F) Immunohistochemistry from CAT1 region of the hippocampus in control CRTC1 floxed mice
and Vglut2-Cre CRTCI1 floxed mice. Scale bar = 40 pum.

G) Western blot of hippocampal lysates from control CRTCI1 floxed mice, control CRTC1

floxed/KO mice, and Vglut2-Cre CRTCI1 floxed/KO mice.
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H) Immunohistochemistry from CAT1 region of the hippocampus in control CRTC1 floxed mice,

control CRTC1 floxed/KO mice, and Vglut2-Cre CRTCI1 floxed/KO mice. Scale bar =40 pm.

Table 4.1

sgRNA and primers sequences for creation and genotyping of CRTC1 mice.

Table 4.2

CRTCI1 wildtype, knockout, and conditional knockout alleles.
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Figure 4.1
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Figure 4.2
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Table 4.1

Name Sequence (5’ > 3°)

sgRNA 1: Pre-exon6 AGGATCATCAGTTGGCTATG
sgRNA 2: Post-exon6 CCAGGAATCACGTTGAGGTG
Primer 1: CRTC1 Lox1 F | TGCCAGCAATGCTGAGTGAT
Primer 2: CRTC1 Lox1 R | CTTGGAGGTTCTACTGAAGC
Primer 3: CRTC1 Lox2 F | CCTTTCTAAGCAGTCATGGG
Primer 4: CRTC1 Lox2 R | AGTGTCTGCTCTCATCAGCA

Primer 5: Cre F

GCATTACCGGTCGATGCAACGAGTG

Primer 6: Cre R

GAACGCTAGAGCCTGTTTTGCACGTTC
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Table 4.2

Genotype Sequence (5’ > 3°)
Wildtype CRTC1 TGCCAGCAATGCTGAGTGATGGCAGATGATGGCAGGTGGCAG
GCTCAGAGTCTCTGCTGACTTGTACAGCCAAGGTGCCCAGGGT
Blue = Exon6 CCCGGCCTGGGTGGGGGCCGGGGGGTACCCTGCTCAGCCTTGG

Green = sgRNA site
Orange = PAM sites

CTCCCCACTCCAGCTGCTGTCTCAGCTCTTTGCTCCACATAGCC
AACTGATGATCCTGGTGCAGGGTGTTCTTGTTAAGCCCCTCCCA
CAGCTTCAGTAGAACCTCCAAGCCTGCTGTTAGGGCCCTGCGG
TCTCTCTACTGTGTGGTCATGTCGCCCTGACCCTTCTCTCCCCCT
ACATCCAGTCTTACTGCTAACTGTCCCAGGAATGGAGGACACC
GGGGCTGAGACAGACAAGACCCTTTCTAAGCAGTCATGGGACT
CAAAGAAGGTAAGGGCCACCGTGTGGGCCAACTGTTTCTTTTC
ACACCCAGCCTGGAAGCAAACGACCAGGAATCACGTTGAGGT
GAGGGCCTTGCTCAGCTTTACTGGGGCCCAGGCTTTGGCATCA
ACAGCGGGCCTGTCAGACTGCCCAGAAACAGCTCAAAGTGTTA
ACACGTGTGGCCGATCAGGGTGCTGATGAGAGCAGACACT

Knockout CRTC1

TGCCAGCAATGCTGAGTGATGGCAGATGATGGCAGGTGGCAG
GCTCAGAGTCTCTGCTGACTTGTACAGCCAAGGTGCCCAGGGT
CCCGGCCTGGGTGGGGGCCGGGGGGTACCCTGCTCAGCCTTGG
CTCCCCACTCCAGCTGCTGTCTCAGCTCCTTGCTCAGCTTTACT
GGGGCCCAGGCTTTGGCATCAACAGCGGGCCTGTCAGACTGCC
CAGAAACAGCTCAAAGTGTTAACACGTGTGGCCGATCAGGGTG
CTGATGAGAGCAGACACT

Floxed CRTC1 (no Cre)
Blue = Exon6
Green = sgRNA site
Orange = PAM sites
Purple = LoxP sites
Red = Additional new sequence

TGCCAGCAATGCTGAGTGATGGCAGATGATGGCAGGTGGCAG
GCTCAGAGTCTCTGCTGACTTGTACAGCCAAGGTGCCCAGGGT
CCCGGCCTGGGTGGGGGCCGGGGGGTACCCTGCTCAGCCTTGG
CTCCCCACTCCAGCTGCTGTCTCAGCTCTTTGCTCCACAGAATT
CCTAATATAACTTCGTATAATGTATGCTATACGAAGTTATTAAT
GCAGCCAATTGCGATGATCTCGAGCATATGCAACTGATGATCC
TGGTGCAGGGTGTTCTTGTTAAGCCCCTCCCACAGCTTCAGTAG
AACCTCCAAGCCTGCTGTTAGGGCCCTGCGGTCTCTCTACTGTG
TGGTCATGTCGCCCTGACCCTTCTCTCCCCCTACATCCAGTCTT
ACTGCTAACTGTCCCAGGAATGGAGGACACCGGGGCTGAGAC
AGACAAGACCCTTTCTAAGCAGTCATGGGACTCAAAGAAGGTA
AGGGCCACCGTGTGGGCCAACTGTTTCTTTTCACACCCAGCCT
GGAAGCAAACGACCAGGAATCACGTTGACATATGACCGGTGA
TATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCATCA
GTCAGGTACATAATATAACTTCGTATAATGTATGCTATACGAA
GTTATTAGGTGGATCCAGGGCCTTGCTCAGCTTTACTGGGGCC
CAGGCTTTGGCATCAACAGCGGGCCTGTCAGACTGCCCAGAAA
CAGCTCAAAGTGTTAACACGTGTGGCCGATCAGGGTGCTGATG
AGAGCAGACACT

Floxed CRTC1 (w/ Cre)
Green = sgRNA site
Orange = PAM sites
Purple = LoxP sites
Red = Additional new sequence

TGCCAGCAATGCTGAGTGATGGCAGATGATGGCAGGTGGCAG
GCTCAGAGTCTCTGCTGACTTGTACAGCCAAGGTGCCCAGGGT
CCCGGCCTGGGTGGGGGCCGGGGGGTACCCTGCTCAGCCTTGG
CTCCCCACTCCAGCTGCTGTCTCAGCTCTTTGCTCCACAGAATT
CCTAATATAACTTCGTATAATGTATGCTATACGAAGTTATTAGG
TGGATCCAGGGCCTTGCTCAGCTTTACTGGGGCCCAGGCTTTG
GCATCAACAGCGGGCCTGTCAGACTGCCCAGAAACAGCTCAA
AGTGTTAACACGTGTGGCCGATCAGGGTGCTGATGAGAGCAGA
CACT
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Chapter 5: Concluding Remarks

Neuronal activity-dependent transcription is critical to the development and plasticity of
synapses in the brain. To better understand how neuronal stimulation regulates transcription, we
examined the cell biological mechanisms linking stimulation at neuronal synapses with
transcriptional regulation in the nucleus. Neuronal stimulation activates a variety of proteins and
signaling pathways at the synapse, which can then be relayed to the cell soma and nucleus to
alter the nuclear proteome and trigger changes in transcription. The products of gene expression
in turn function to alter the strength and number of connections between neurons.

Advances in next-generation sequencing technologies have enabled the identification of
many genes that are up- or down-regulated following plasticity-inducing stimuli (Wu et al.,
2017; Kim et al., 2010; Tyssowski et al., 2018). Less, however, is known about the cell
biological mechanisms by which synaptic stimuli are coupled with transcriptional regulation. In
part, this is due to limitations in biochemical screening technologies that identify activity-
dependent proteomic changes at the level of specific subcellular compartments within neurons.
Proximity-ligation approaches overcome this limitation by labeling proteins within specific
subcellular compartments in a manner that can be detected by mass spectrometry, thereby
achieving spatially resolved proteomic mapping (Hung et al., 2016). To ask whether and how
synaptic stimulation changed the nuclear proteome, we coupled the APEX2 peroxidase to
nuclear localization signals to restrict its localization to in the nucleus of with neurons and
conducted mass spectrometry to characterize the nuclear proteome of silenced and stimulated

neurons (Chapter 2).
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We used a stimulation protocol we had previously shown triggers changes in the nuclear
localization of the transcriptional co-regulator CRTC1 (Ch’ng et al., 2012) (Chapter 4)-
silencing cultured forebrain neurons for 1 hour with tetrodotoxin (driving cytoplasmic
localization of CRTC1) and stimulating cultured forebrain neurons for 1 hour with bicuculline
(driving nuclear localization of CRTC1). Perhaps not surprisingly, since the parameters for our
screen were selected based on activity-dependent changes in the nucleocytoplasmic ratio of
CRTCI1, the protein identified that underwent the largest increase in nuclear concentration in
bicuculline-stimulated neurons was CRTC1. The proteins that underwent the largest increase in
nuclear concentration in tetrodotoxin-silenced neurons, HDAC4 and HDACS, have also
previously been reported to undergo nuclear export following bicuculline-stimulation (Schlumm
et al., 2013). In fact, the total number of proteins that underwent activity-dependent changes in
their nuclear localization was smaller than we anticipated. While this could be due to technical
limitations in the detection of proteins undergoing relatively small changes in subcellular

localization, it is also possible that a limited number of proteins are altered by distinct stimuli.

The goal of an unbiased screen is to detect novel proteins and novel mechanisms, and our
screen identified a few dozen proteins that were not previously known to undergo changes in
nuclear localization following plasticity-inducing stimuli. We focused on one of the proteins that
underwent an activity-dependent decrease in nuclear concentration following neuronal
stimulation, the tumor suppressor protein PDCDA4. In investigating the activity-dependent
regulation of PDCD4 in neurons, we discovered an unanticipated role for proteasome-mediated
degradation of PDCD4 in regulating transcription (Chapter 3). This body of work thus not only

demonstrates the variety of proteins that undergo increases or decreases in nuclear concentration
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in response to neuronal stimulation, but also highlights the variety of cell biological mechanisms
by which stimuli can trigger changes in the proteome of subcellular compartments.

The studies described in Chapter 3 indicate a role for PDCD4 as a transcriptional
repressor of synaptic genes, in which PDCD4 serves as a brake on transcription that is removed
after stimulation in order to facilitate activity-dependent expression of these genes. However,
many questions remain regarding the specific mechanism by which PDCD4 regulates
transcription. Further work is needed to identify potential binding partners of PDCD4 in the
nucleus, which may provide insight into specific transcription factors or other proteins that
PDCD4 is regulating in order to produce these changes in transcription. Moreover, given that
PDCD4 regulates the expression of synaptic genes, it will be important to investigate if
degradation of PDCD4 is required for synaptic plasticity. While there are paradigms for studying
synaptic plasticity in primary neuronal cell culture, many of the stimuli that increase synaptic
strength have not been confirmed to be transcription-dependent, which is critical for studying the
role of potential transcriptional regulators in synaptic plasticity. Instead, it will be important to
extend this work on PDCD4 to more physiologically relevant models, such as hippocampal slice
preparations or in vivo rodent models. The long-term synaptic plasticity models in these systems
have been demonstrated to be transcription-dependent (Nguyen et al., 1994; Nguyen and Kandel,
1997; Chotiner et al., 2003; Pedreira, 1996; Wiistenberg et al., 1998; Bailey et al., 1999), which
is critical for investigating the role of PDCD4-mediated transcription in plasticity. Moreover, it
will be important to confirm that PDCD4 is degraded by neuronal stimulation in these
physiologically relevant models, via the same mechanisms we identified in primary neuronal cell

culture.
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This study provided a novel approach for identifying activity-dependent changes in the
nuclear proteome, in order to understand how transcription is regulated in response to neuronal
stimulation. This study focused on how the nuclear proteome changes in response to one
particular stimulus, bicuculline stimulation, but it would be insightful to investigate the how the
nuclear proteome changes in response to distinct types of stimulation and at different time points.
Additionally, the use of different stimulation paradigms could help elucidate how the different
synapse-to-nucleus signaling mechanisms (electrochemical signaling or synapto-nuclear
messenger proteins) contribute to changes in the nuclear proteome. To identify how synapo-
nuclear messenger proteins contribute to changes in the nucleus, local glutamate uncaging could
be used to stimulate several select synapses. This type of local stimulation does not elicit global
changes in depolarization or calcium influx that reach the cell body (Zhai et al., 2013), and so
any changes detected in the nucleus would be due to the signaling proteins activated at those
synapses. To identify how electrochemical signaling and calcium influx regulate the nuclear
proteome, stimulation could be performed in the presence of dynein and kinesin inhibitors, to
prevent active transport of signaling proteins from synapses to the nucleus. Such work would
provide insight into the relative importance of various mechanisms of synapse-to-nucleus
communication in regulating transcription.

The importance of activity-dependent transcription for synaptic plasticity has been
established through experiments that either globally block transcription during the stimulation
(Nguyen et al., 1994; Nguyen and Kandel, 1997; Chotiner et al., 2003), or experiments that
delete key activity-dependent genes that are induced after stimulation (Fleischmann et al., 2003;
Plath et al., 2006), both of which can impair synaptic plasticity. However, globally inhibiting

transcription after stimulation inhibits both the transcription of activity-dependent genes, as well
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as transcription of activity-independent genes that are continually transcribed. Additionally,
deleting particular genes that are known to undergo activity-dependent changes in transcription
does not distinguish between the role of these genes at baseline from the role of these genes after
stimulation. An ideal manipulation would block the activity-dependent changes in transcription,
while maintaining baseline levels of transcription. While this is a complicated task,
understanding the mechanisms that link neuronal stimulation to changes in transcription provides
an avenue for manipulating specifically activity-dependent transcription. For example, CRTC1
only translocates to the nucleus to promote transcription in response to stimulation, and so
mutating phosphorylation sites to keep CRTCI1 constitutively in the cytoplasm would
specifically block activity-dependent CRTC1-mediated transcription. Similarly, PDCD4 is
degraded after stimulation to promote activity-dependent transcription, and so mutating
phosphorylation sites to prevent PDCD4 degradation blocks activity-dependent PDCD4-
mediated transcription. Manipulating these types of proteins provides a way to study specifically
activity-dependent transcription. This enables one to study the contribution of activity-dependent
transcription to synaptic plasticity and other processes. In this manner, the identification of
proteins that link stimulation to transcription provides insight into the importance of activity-

dependent transcription in the brain.
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