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ABSTRACT 
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Dr. Jasmin Lalonde 

 

The remarkable capacity of neurons to reorganize their structure, function, and connections in an 

activity-dependent manner is supported by an extensive network of molecules and effectors. 

Among those, Activity-regulated cytoskeleton-associated protein (Arc, also known as Arg3.1) is 

considered one of the central, most versatile, players. Arc is an immediate early gene product that 

support neuroplastic changes important for cognitive function and memory formation, while also 

oligomerizing to form capsids that can be released and can move independent of the synapse. 

Although a lot has been uncovered about the contributions of Arc to neuron biology and behavior, 

very little is known about how different functions of Arc are regulated both temporally and 

spatially in neurons. To answer to this question, the regulation of Arc expression must be 

monitored at various levels. This thesis analyzes how Arc can be transcriptionally and post-

translationally regulated and how this confers neurobiological specificity. Being an immediate 

early gene, transcription of Arc needs to act rapidly in response to a neuronal stimulus, such as 

BDNF. The first aim of this thesis provides a model to describe how the Arc promoter can 

overcome topological constraints to facilitate rapid and persistent transcription, up to 6 hours post-

BDNF exposure. Using chromatin analysis and biochemical techniques we have mapped regions 

of the Arc promoter that undergo double stranded DNA breaks to facilitate rapid transcription, and 

that BDNF-induced Arc non-coding RNA elements interact with DNA repair proteins such as 



 

 

 

 

Brd4 to effectively end transcription. The second aim of this thesis aims to determine how 

phosphorylation can spatiotemporally dictate the function of Arc. Mass spectrometry and sequence 

prediction strategies were used to map novel Arc phosphorylation sites. This approach led us to 

recognize S67 and T278 as residues that can be modified by TNIK, which is a kinase abundantly 

expressed in neurons and been implicated as a risk factor for psychiatric disorders. 

Characterization of TNIK-dependant phosphorylation at these two sites can strongly influence 

Arc's subcellular distribution and self-assembly as capsids. The multifaceted nature of Arc’s 

neurobiology ranges from being a key component of long-term memory consolidation to 

participating in viral capsid intracellular communication. This thesis provides insight into Arc’s 

moonlighting capabilities both at the transcription and post-translational levels.
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1 Introduction 

1.1 General Introduction 

Ever since the helical structure of DNA was elucidated by Franklin, Crick and Watson in 

1952, the inquest to understand the basis of molecular biology began. The Nobel prize winning 

discovery of double helical DNA which could be both a template and a storage mechanism, 

inspired the first concept of genetic flow within a biological system. Simply put, the central dogma 

states that the genetic information hardwired into DNA contains the instructions to be transcribed 

into messenger RNA (mRNA), which contains the instructions for protein synthesis. After 70 years 

of molecular biology research, it is acknowledged that this process is much more complex than 

originally stated but the same fundamentals still apply. While the human genome comprises 

approximately 20,000-25,000 genes, the proteome contains over 1 million proteins, emphasizing 

that changes at the transcription and translational level are mechanisms by which proteomic 

diversity is increased. With the added layer of post-translational modifications (PTMs), the 

proteomic complexity in the human body is as vast as the cosmos. Molecular biologists are 

constantly discovering new combinations of modifications contributing to the overall 

understanding of biological systems.  

Arguably one of the most complex biological systems, the brain has allowed humans to evolve 

and experience life as we know it. The intricacy of learning and memory has intrigued 

neurobiologists for decades and understanding the basic biological regulation of key synaptic 

proteins is of utmost importance in furthering knowledge both of healthy and pathological states. 

As the father of modern neuroscience eloquently stated, “As long as our brain is a mystery, the 

universe, the reflection of the structure of the brain will also be a mystery.” – Santiago Ramón y 

Cajal. 
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1.2 Activity-Regulated Cytoskeleton-Associated Protein 

Activity-regulated cytoskeleton-associated protein, otherwise known as Arc or Arg3.1, was 

first described by Lyford and colleagues in 1995 as an immediate-early gene (IEG) whose 

expression could be strongly induced by seizure and neuronal activity (Lyford et al., 1995). 

Synaptic stimulations revealed that Arc activity was highly induced following stimulus, leading to 

the notion that Arc is regulated by excitatory synaptic mechanisms (Lyford et al., 1995). The 

carboxyl terminus shares a high degree of sequence homology to the cytoskeletal protein, -

spectrin, leading to the investigation of Arc’s ability to interact with cytoskeletal proteins (Lyford 

et al., 1995). It was found that Arc was able to interact with F-actin and this led to its name, activity-

regulated cytoskeletal-associated protein, or Arc (Lyford et al., 1995).  

Following the discovery of Arc, a variety of behavioural and biochemical experiments were 

conducted in an attempt to understand the neuronal role that Arc plays; however, a variety of 

functions began to be uncovered, often in opposing homeostatic mechanisms. Characterization of 

an Arc-/- knockout mouse model revealed the importance of this molecule for consolidation of 

long-term memories as well as a range of synaptic plasticity processes including long-term 

potentiation (LTP), long-term depression (LTD), homeostatic scaling and heterosynaptic LTD 

(inverse synaptic tagging). With over 20 molecular binding partners identified to date, Arc is 

considered a hub protein capable of rearranging the post-synaptic density (PSD). This multirole 

protein has thus become of key interest in respect to neurological disorders that involve synaptic 

dysfunction. Many literature sources report a link between Arc expression and multiple 

neurological deficits including neurodevelopmental impairments. These impairments include 

autism spectrum disorder, intellectual disabilities, fragile X syndrome, and Gordon-Holmes 

syndrome (Managò & Papaleo, 2017; McCarthy et al., 2014; Park et al., 2008), neurodegenerative 
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diseases, such as Alzheimer’s and Parkinson’s disease (Bi et al., 2018; Davidson et al., 1998; 

Koldamova et al., 2014), and neuropsychiatric diseases, such as bipolar disorder and schizophrenia 

(Fromer et al., 2014; Managò et al., 2016; Managò & Papaleo, 2017; McCarthy et al., 2014). The 

largest correlation is seen between Arc and schizophrenia (SZ), due to genome sequencing results 

that have identified genetic variations that confer susceptibility to SZ (Akterin et al., 2013; Fromer 

et al., 2014; Kirov et al., 2012; McCarthy et al., 2014; Xu et al., 2011). This notion has been 

supported by behavioral analysis in mice, as Arc-/- mice were reported to have behavioral 

abnormalities that correlated to the positive and negative symptoms seen in human SZ patients 

(Managò et al., 2016). Due to the role Arc plays in synaptic plasticity and its potential role in many 

neurological disorders, this IEG is a fundamental synaptic plasticity effector that needs to be 

further investigated. This will help explain complex neural processes, such as learning and 

memory, contribute to the understanding of neurological disease, and may lead to a promising 

therapeutic candidate in neurological pathologies. The moonlighting functions that Arc portrays 

will be uncovered in an attempt to understand how one protein can be spatiotemporally regulated 

to perform one function over another, both transcriptionally and post-translationally. 

1.3 Cellular Functions 

1.3.1 Key Synaptic Interaction Partners 

As reported above, the multitude of functions performed by Arc are accomplished by a variety 

of synaptic binding partners to perform distinct cellular functions. Biochemical characterization 

has found other key synaptic partners with which Arc has been known to interact; however, the 

neurobiological consequences of their interactions has yet to be fully understood. Nonetheless, 

these interactions are significant enough to be stated to speculate further on how Arc acts on a 

larger scale.  



 

4 

 

1.3.1.1 PSD-95 

Arc has been shown to interact with the adaptor and scaffold proteins of the discs large 

homolog (DLG) family. This includes SAP97/Dlg1, PSD93/Dlg2, SAP102/Dlg3, and 

PSD95/Dlg4, which are the most abundant protein family present in the PSD during neuronal 

stimulation (Fernandez et al., 2017). Dimers of PSD95/Dlg4 form complexes with N-methyl-D-

aspartic acid receptors (NMDAR), K+ channels, and adhesion proteins (Fernandez et al., 2017). 

The interaction between Arc and PSD95/Dlg4 forms a 1.5-MDa super-complex that is crucial to 

post-synaptic excitatory synaptic function (Fernandez et al., 2017). An interactome study of the 

forebrains of mice suggest that 49% of Arc interacting proteins are also known PSD-95/Dlg4 

interactors. Furthermore, this confirmed that PSD-95 was the biggest interaction partner for Arc. 

In PSD95/Dlg4 knockout animals, hippocampal levels of Arc were significantly reduced, most 

notably along dendritic spines, and consequently failed to localize to the post-synaptic membrane. 

This highlights that PSD95 is responsible for Arc’s localization to post-synaptic terminals 

(Fernandez et al., 2017). In the PSD95/Dlg4 knockout mice, proteomic analysis revealed Arc’s 

association with cytoskeletal/structural proteins, implying that the binding of different protein 

partners can dictate whether Arc participates in stabilization or endocytosis, reinforcing the idea 

of Arc’s moonlighting capabilities.  

1.3.1.2 GKAP 

Guanylate kinase-associated protein, or GKAP, is a structural component of the PSD, which 

acts as a scaffold for PSD-95 and Shank during periods of synaptic inactivity. GKAP binds to 

Shank via the PDZ domain within the C-terminus, while interacting with PSD-95 via a conserved 

five sequence repeat in the middle region (Im et al., 2003). Interestingly, within the PSD-95 

binding site there was a predicted Arc binding site. As Arc and PSD-95 have already been 
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discovered in a variety of other protein complexes (Fernandez et al., 2017), Hallin et al. 

investigated if and how Arc and GKAP could interact. Arc can interact with GKAP at repeat 4 and 

repeat 5, which allows both PSD-95 and Arc to bind simultaneously (Hallin et al., 2020). While 

X-ray crystallography studies have proven the interaction complex’s capability, further functional 

biochemical testing needs to be conducted. This would determine the neurobiological conditions 

eliciting GKAP and Arc binding and whether this occurs physiologically. This interaction could 

implicate Arc in phase separation, affecting protein turnover and the remodeling of the PSD. 

1.3.1.3 Stargazin 

Calcium channel, voltage-dependent, gamma subunit 2, also known 

as CACNG2 or Stargazin, is involved in the transportation and regulation of α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid receptor (AMPAR) (Jackson & Nicoll, 2011). The first 

portrayal of Arc’s structure was accomplished by co-crystallization with Stargazin (Zhang et al., 

2015). This discovery was the first step in understanding how Arc’s structure could contribute to 

facilitate interactive protein binding from a biophysical view. A hydrophobic pocket within the N-

lobe of Arc was responsible for the interaction with Stargazin (Zhang et al., 2015). Hypothetically, 

Arc binding to Stargazin complexed with AMPAR could further mediate Arc-dependant 

homeostatic scaling via downregulation of AMPAR (Zhang et al., 2015). Similar to Arc, Stargazin 

is capable of binding with or being influenced by a variety of proteins, such as PSD-95 (Bats et 

al., 2007), clathrin adaptor protein-2 (AP-2) (Matsuda et al., 2013), and calcium/calmodulin-

dependent protein kinase II (CaMKII) (Opazo et al., 2010), all of which also interact with Arc. 

Therefore, this opens the possibility that Arc may be acting in multi-protein complexes with 

Stargazin that can further facilitate synaptic plasticity by regulating AMPAR dynamics.  
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1.3.2 AMPAR Endocytosis 

Following neurotransmission, Arc facilitates the endocytosis of AMPAR GluA1 subunits 

from the post-synaptic membrane to contribute to homeostatic plasticity. The discovery that Arc’s 

expression affected excitatory receptors was noted when the overexpression of Arc reduced the 

amplitude of synaptic currents mediated by AMPAR, and by the reduction in mGluR3/4 receptors 

(Rial Verde et al., 2006). However, the exact mechanism and interaction complexes in which Arc 

participates in the endocytosis of AMPAR was still largely unknown. Arc was found to interact 

with AP-2 to begin the formation of a clathrin-coated pit, allowing AMPAR to be targeted for 

either degradation or recycling (Dasilva et al., 2016). Mutating the interaction site on Arc or 

knocking down AP-2 subunit 2 blocked the Arc-mediated reduction in AMPAR (Dasilva et al., 

2016). During this process, activity-induced Arc binds AP-2, which recruits clathrin to the plasma 

membrane; this tripartite complex triggers the formation of a clathrin-coated pit (Chowdhury et 

al., 2006). Once the clathrin-coated pit begins to form, the affinity between Arc and AP-2 

decreases, allowing Arc to then interact with the cytoskeletal remodelers, dynamin 2 and 

endophilin 3, to promote scission of the vesicle (Chowdhury et al., 2006; Pastuzyn & Shepherd, 

2017).  Association with these cytoskeletal remodelers increases the efficacy of vesicle 

endocytosis, allowing AMPARs to be successfully targeted for degradation or to be recycled 

(Chowdhury et al., 2006).  

The influence of Arc on AMPAR endocytosis allows Arc to participate in homeostatic scaling, 

which is the bidirectional interaction of multiple synapses to globally modulate their synaptic 

strength in response to changes in neuronal excitability. Through a variety of interactions, Arc can 

participate in both homeostatic up- and down-scaling. Commencing with homeostatic upscaling, 

phosphorylated CaMKII (active state) can phosphorylate Stargazin to facilitate an interaction with 
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PSD-95. This competitively inhibits Arc from binding and encourages AMPAR endocytosis 

(Béïque et al., 2011). This will immobilize PSD-95, Stargazin and AMPARs at the post-synaptic 

membrane by potentiating this interaction and decreasing lateral diffusion, which results in 

persistent strengthening (Béïque et al., 2011). In homeostatic downscaling, a lack of synaptic 

stimulation will keep levels of CaMKII low, preventing Stargazin phosphorylation and allow the 

interaction to occur with Arc rather than PSD-95 (Béïque et al., 2011). In turn, this encourages 

AMPAR endocytosis, thus preventing AMPAR accumulation and promotes lateral diffusion, 

resulting in persistent weakening (Béïque et al., 2011).  

1.3.3 Inverse Synaptic Tagging of Ca2+ Signaling Synapses 

Arc-mediated AMPAR endocytosis can be extrapolated to further understand Arc’s position 

within inactive synapses (Okuno et al., 2012).  It has been demonstrated that Arc-mediated 

AMPAR endocytosis is employed to help with inverse synaptic ‘tagging’. This is the process by 

which Arc localizes to inactive synapses to mark them for weak activity, otherwise known as 

heterosynaptic LTD (Okuno et al., 2012). CaMKII is involved in many signalling pathways and 

plays an important role in learning and memory (Okuno et al., 2012). In LTP, sufficient neural 

stimulation may allow the influx of Ca2+ ions through an open NMDA receptor. This initially 

activates CaMKII by the influx of calcium, then continues through the auto-phosphorylation of 

tyrosine residues (Swulius & Waxham, 2013). Using knockout experiments, it was determined 

that Arc’s interaction is highly specific to CaMKII, specifically in the unbound state, which also 

correlated with the decreased abundance of surface GluA1 expression (Okuno et al., 2012). Arc is 

present in the PSD due to neuronal stimulation; however, this interaction with CaMKII in the 

unbound state gives Arc another function, allowing it to also be present in inactive synapses 

(Okuno et al., 2012). This interaction may help facilitate AMAPR endocytosis as CAMKII may 
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act as a scaffold on which Arc can work (Okuno et al., 2012). Therefore, Arc uses its interaction 

with CaMKII to mediate synaptic homeostasis at an individual level by inversely tagging inactive 

synapses (Okuno et al., 2012). On a global level, the weakening of adjacent synapses is coordinated 

by the lateral diffusion of receptors, and is considered homeostatic downscaling (Béïque et al., 

2011). 

1.3.4 Arc and the Endoplasmic Reticulum  

The endoplasmic reticulum (ER) is essential in producing proteins that are required for the 

rest of the cell to function; however, the role of Arc in the ER has been understudied. Arc200-225 

interacts with the cytoplasmic C-terminus of the transmembrane ER protein Calnexin (Myrum et 

al., 2017), previously shown to be a potent inhibitor of clathrin-mediated endocytosis (H. D. Li et 

al., 2011). The current hypothesis suggests that Arc bound to Calnexin could either promote 

endocytosis by blocking the C-terminal inhibition or inhibit endocytosis by blocking the necessary 

machinery (Myrum et al., 2017). It was found that endocytosis was not affected by the association 

of Arc and Calnexin; however, an increase of this protein-protein interaction was found after 

stimulation in the perinuclear cytoplasm and the dendritic shaft within the dentate gyrus (Myrum 

et al., 2017). The region required for the Arc-Calnexin interaction has other known PTMs and 

interactors, therefore raising the question if the lack of change in endocytosis can be attributed to 

confounding variables or interactions in this region. This includes extracellular regulated kinase 

(ERK) dependent phosphorylation of S206, which can control localization (Nikolaienko et al., 

2017), or interactions with endocytic machinery such as AP-2 and Dynamin 2 (Dasilva et al., 

2016). The increase in Arc-Calnexin interactions after stimulation indicates that this complex is 

noteworthy; however, the physiological role can be hard to tease apart amongst the other 

interactors within the microenvironment.  
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1.3.5 Arc in the Nucleus  

Apart from the dendritic spine and post-synaptic membrane, there is evidence showing that 

Arc is found in other subcellular compartments of the neuron. The neuronal nucleus contains many 

subdomains which are integral to overall function (Korb et al., 2013). Nuclear spectrin is a 

cytoskeletal element which associates with promyelocytic leukemia nuclear bodies (PML-NB), 

which are phase-separated membrane-less structures implicated in the epigenetic control of gene 

transcription (Korb et al., 2013). In the nucleus, Arc interacts with nuclear spectrin isoform 

SpIV5 and Arc-spectrin complexes, which consequently increase the number of PML-NB 

(Bloomer et al., 2007; Korb et al., 2013). PML-NBs regulate expression of AMPAR subunit GluA1 

(Korb et al., 2013), suggesting that the Arc-mediated formation of PML-NBs may therefore control 

AMPARs at a transcriptional level. The increased expression of nuclear Arc would increase the 

abundance of PML bodies leading to a reduction in GluA1 transcripts. Recent findings have shown 

that Arc moves freely amongst multiple PML-NBs. When compared to the limited mobility that 

each PML-NB has individually, this suggests that Arc loosely interacts with multiple PML-NBs 

(Hedde et al., 2022).  

It was found that Tip60, a histone acetyltransferase that regulates DNA repair and 

transcriptional regulation, is associated and co-localized with Arc and SpIV5 in the 

perichromatin region (Bloomer et al., 2007). This complex is tightly localized with PML, thus 

supporting the notion that Arc recruits Tip60 to PML (Bloomer et al., 2007). Tip60 is a known 

regulator of H4K12 acetylation, a histone known to be important in regulating memory and 

learning (Bloomer et al., 2007). The revelation that Arc was able to increase H4K12Ac is crucial 

in elucidating the role Arc plays in memory consolidation (Bloomer et al., 2007). The potential 

connection of Arc affecting Tip60 on a subcellular level may link the role of Arc in learning and 
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memory to H4K12Ac, which is considered a “learning-induced histone” due to its various roles in 

memory consolidation (Bloomer et al., 2007). This connection sheds light on the epigenetic role 

that Arc may play on H4K12 via Tip60.  

1.4 Structure 

While the biochemical and cellular functions of Arc have been well-studied, the structural and 

biophysical characterization of Arc has not been fully clarified. Initial in silico predictions 

theorized that Arc was predominantly α-helical, which was proven by circular dichroism studies 

(Myrum et al., 2015). This represented the first structural determination of Arc’s secondary 

structure. This was followed by proteolysis and mass spectrometry studies, which uncovered that 

Arc has two major domains on either side of a central, semi-disordered linker region (Myrum et 

al., 2017). The N-terminal is highly basic, which can promote interaction between cytoskeletal 

structures. In comparison, the C-terminal is acidic and stabilized by ionic conditions (Myrum et 

al., 2015). This highly acidic portion of the C-terminus, in combination with the flexible linker 

region, promotes self-oligomerization of Arc. In low ionic conditions, the monomeric form of Arc 

is favoured; however, when salt increases, electron microscopy (EM) revealed the tendency for 

Arc to form oligomers of up to 12 subunits in vitro (Myrum et al., 2015). To date, a partial crystal 

structure has been obtained, showcasing the four α-helices linked by a flexible disordered region. 

Evolutionary analysis indicates that Arc originated from the Ty3/Gypsy retrotransposons 

family (Parrish & Tomonaga, 2018). Arc is composed of Group-specific antigen (Gag)-like amino 

acid sequences typically found in retroviruses, such as human immunodeficiency virus (HIV) 

(Parrish & Tomonaga, 2018). The presence of this domain gives Arc the ability to multimerize 

into a capsid that packages RNA, allowing Arc to undergo intracellular RNA transfer between 

neurons and neuromuscular junctions (Ashley et al., 2018; Pastuzyn et al., 2018). Synaptic activity 
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causes local translation of Arc within the dendrites (Ashley et al., 2018; Pastuzyn et al., 2018). 

High concentrations of Arc will cause self-assembly into Arc capsids, which will encapsulate 

mRNA in proximity (Pastuzyn et al., 2018). Arc capsids are released from dendrites in Arc Capsid 

Bearing Any RNA (ACBARs) or in extracellular vesicles (EVs) that allow intracellular transfer to 

be deposited in neighbouring dendrites (Pastuzyn et al., 2018). Despite robust evidence, the 

function of RNA transfer between dendrites is unclear, and this viral-like communication system 

in the brain is unique. It has been theorized that Arc uses its capsids to participate in the elimination 

of synaptic material or the transfer of intercellular cargo for plasticity and memory (Pastuzyn et 

al., 2018). Conversely, RNA transfer across synaptic boutons may have a more structural role, 

stabilizing and expanding the neuromuscular junction and pre-synaptic terminals (Ashley et al., 

2018). Clarifying further details of this cellular mechanism, such as the loading and transferring 

of material into these capsids, is critical for constructing an AMPAR endocytosis-independent 

model of synaptic plasticity. The current understanding of Arc capsid formation, release, and 

uptake is outlined in Figure 1.1. 
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Figure 1.1 – Proposed model of Arc capsid release and uptake 

Arc protein release (Steps 1–4)  

 

1. Neuronal activity prompts transcription and subsequent trafficking of Arc mRNA to dendrites 

where it can undergo activity-dependent translation. 2. Arc oligomerizes and assembles into 

capsids, which encapsulate RNA. 3. Post-translational modifications, such as palmitoylation, 

promote Arc interactions with the plasma membrane. 4. Arc capsids are released within EVs. 

 

Arc EV uptake (Steps 5–8)  

 

5. The surface receptors of the cell specify Arc EV uptake. 6. Arc EVs are endocytosed. 7. Arc 

capsids cross the endosomal membrane and are disassembled. 8. The Arc mRNA that has been 

delivered is translated into protein.  

 

Image derived from Trends in Neurosciences DOI: (10.1016/j.tins.2020.12.003) 
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1.5 Transcription 

1.5.1 Transcription of Immediate-Early Genes 

Immediate-early genes (IEGs) are characterized by a gene that is expressed at low levels 

basally but can be rapidly and transiently (within minutes) induced by extracellular stimulation 

independent of de novo protein synthesis (Sheng & Greenberg, 1990). The first well documented 

IEG was c-Fos, which was identified in non-neuronal cells by growth factor stimulation 

(Greenberg & Ziff, 1984). This was followed by neuronal studies, which determined that c-Fos 

was rapidly transcribed following seizure activity or membrane depolarization (Morgan et al., 

1987). Following this discovery, hundreds of IEGs have been discovered (Flavell & Greenberg, 

2008). This thesis will explore the transcriptional regulation of the IEG of interest, Arc. 

1.5.2 Activity-Dependent Transcription of Arc 

Arc transcripts were initially identified after an increase in mRNA expression was detected 

following seizure activity in the hippocampus and cortex (Lyford et al., 1995). The induction of 

Arc mRNA expression was rapid, occurring within 30 minutes. It was also reversible as it returned 

to basal levels in 4 to 8 hours depending on the region (Lyford et al., 1995). Further tests showed 

that this increase was independent of de novo protein synthesis, as induction was prevented with 

cycloheximide (Link et al., 1995), thus classifying Arc as an IEG. 

The dynamic change from low basal expression to elevated expression post-stimulation, 

coupled with a short half-life, provides the perfect recipe for Arc to regulate synaptic plasticity. In 

vivo stimulation of LTP was found to increase the expression of Arc mRNA, which was prevented 

from NMDA receptor inhibition. This demonstrated that excitatory transmission activates Arc 

transcription (Lyford et al., 1995). Since this initial discovery, it has been found that Arc can be 

stimulated through multiple mechanisms. Relating to LTD, the activation of group I metabotropic 
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glutamate receptors (mGluRs) (Wang et al., 2009), and the blocking of inhibitory inputs with γ-

aminobutyric acid (GABA) receptor antagonist bicuculline (bic) (Rao et al., 2006), can both cause 

an increase in Arc transcription which is necessary in homeostatic downscaling (Shepherd et al., 

2006). For LTP, in addition to NMDAR activation, membrane depolarization (Flavell et al., 2006) 

and stimulation by growth factors can regulate Arc expression.  Nerve growth factor (NGF), 

epidermal growth factor (EGF) Lyford et al., 1995), platelet-derived growth factor (PDGF) (Peng 

et al., 2010) and brain derived neurotrophic factor (BDNF) (Messaoudi et al., 2002) can increase 

Arc transcription and drive LTP.  

This thesis focuses on stimulating Arc via exogenous BDNF application as it recapitulates in 

part the molecular events leading to LTP consolidation (Panja & Bramham, 2014), which Arc 

expression has shown to be critical in maintaining. Specifically, Brahman et al. (2002) showed 

that a neuronal stimulus will produce BDNF, which will bind the tyrosine kinase B (TrkB) 

receptor. This will initiate a signaling cascade, ending in the phosphorylation of ERK. Ultimately 

the phosphorylation of ERK initiates transcription of Arc. Once transcribed, Arc mRNA is 

localized to dendritic spines where it is locally translated upon activity-dependent stimulus (Ying 

et al., 2002). 

1.5.3 Factors Regulating the Transcription of Arc 

1.5.3.1 Signaling Pathways 

1.5.3.1.1 Intracellular Ca2+ 

A localized rise in calcium ions can be attributed to a release of intracellular stores or an influx 

of extracellular space. Ca2+ is capable of binding and modulating a variety of proteins and acts as 

a secondary messenger. Membrane depolarization results in calcium influx via voltage-sensitive 

calcium channels from extracellular space resulting in Arc transcription. When these channels are 
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blocked using the inhibitor nifedipine, Arc transcription is attenuated (Waltereit et al., 2001). Using 

chelating agents that only targeted intracellular calcium, prevented an increase in Arc mRNA when 

stimulated with BDNF or PDGF (Peng et al., 2010; Zheng et al., 2009). This provided evidence 

that while both extra- and intracellular calcium are important in enhancing Arc mRNA expression, 

different stores of calcium may converge on Arc expression using different signaling pathways. 

1.5.3.1.2 cAMP 

Cyclic adenosine monophosphate (cAMP) is another secondary messenger implicated in 

activity-dependent Arc transcription. Forskolin increases the intracellular cAMP levels by 

activating adenyl cyclase, which drives a significant increase in Arc mRNA (Waltereit et al., 2001). 

In Arc-dependent hippocampal memory studies, the application of forskolin or combination of 

forskolin and bic is a common way to stimulate Arc expression in vivo (Abel & Nguyen, 2008). 

Notably, calcium can modulate cAMP levels, suggesting crosstalk between these signaling 

systems. This adds yet another layer of complexity in understanding the transcriptional regulation 

of Arc. 

1.5.3.1.3 Kinase Activity 

Kinase signaling pathways, such as protein kinase A (PKA), mitogen activated protein kinase 

(MAPK) and ERK, have been associated with an increase in Arc transcription. The inhibition of 

PKA blocks Arc transcription in response to both membrane depolarization and forskolin 

stimulation (Waltereit et al., 2001). Several stimuli have been shown to elicit ERK phosphorylation 

resulting in MAPK activation. These stimuli include mGluR activation (Y. Wang et al., 2009), 

high frequency stimulation (HFS)-LTP (Chotiner et al., 2010) and kainic acid induced seizures 

(Blüthgen et al., 2017). The inhibition of ERK phosphorylation blunts the transcriptional response 

of Arc (Peng et al., 2010; Wang et al., 2009).  
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Due to the interplay between the aforementioned secondary messengers and signaling 

cascades, it has been an ongoing debate as to the extent that each molecular player is involved in 

Arc transcriptional control and the true understanding is likely to be stimulus and cell-type specific. 

1.5.3.2 Genomic Loci 

A chromatin analysis of the area encompassing the Arc gene may point to other possible 

regulatory elements that controls how Arc is expressed in response to synaptic activity. Using a 

reporter assay using BDNF or forskolin treatment as a stimulant to increase Arc mRNA expression, 

two common IEG promoter regions were uncovered. The first included the serum response 

element (SRE), which binds the transcription factor (TF), and the serum response factor (SRF), 

which enhances transcription in response to ERK, PKA and NMDAR (Pintchovski et al., 2009). 

The second element identified is the Zeste-like element, which contains binding sites for Zeste-

like TFs. This element can be stimulated by synaptic activity conferring on ERK signaling 

(Pintchovski et al., 2009). Reporter assays have also been conducted using bic to stimulate Arc 

mRNA, which revealed a unique promoter element, the synaptic activity responsive element 

(SARE), a 100bp region necessary for enhanced Arc transcription and contains a variety of TF 

binding sites which will be discussed in more detail (Kawashima et al., 2008). 

1.5.3.3 Transcription Factors 

1.5.3.3.1 MEF2 

When activated, myocyte enhancer factor 2 (MEF2) binds to the SARE domain and is key in 

promoting Arc transcription in an activity-dependent manner (Flavell et al., 2006). Key 

experiments knocked down MEF2A/D, which attenuated the increase of Arc mRNA after 

membrane depolarization. This supports the concept that MEF2A/D is a requirement for increased 

Arc transcription following stimuli (Flavell et al., 2008). Following training that would not 
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normally evoke memory, mice with MEF2A/D knockdown experienced enhanced memory 

formation (Cole et al., 2012). An overexpression of MEF2 inhibits memory as either a result of 

increased Arc mRNA expression, indirectly leading to increased AMPAR internalization, or by 

directly impacting AMPAR internalization, resulting in MEF2A/D being a negative regulator of 

memory formation (Cole et al., 2012). 

1.5.3.3.2 CREB 

The cAMP response element-binding protein, or CREB, is a transcription factor which also 

binds the SARE region within the Arc promoter (Bourtchuladze et al., 1994). Unlike with MEF2, 

it is unclear how and whether it is necessary to have CREB binding to the SARE to facilitate Arc 

induction. Knocking down CREB reduces but does not abolish Arc transcription (Roy et al., 2013); 

however, overexpression of CREB in the absence of training does not increase Arc mRNA 

expression (Han et al., 2007). Therefore, while it appears that CREB affects Arc transcription, it 

is inconclusive as to whether CREB directly drives Arc expression. If it does, this interaction may 

be complex and dependent on a variety of factors. 

1.5.3.3.3 EGRs 

Early growth response, or EGR, is a TF that directly regulates Arc transcription, especially in 

the critical period of late-phase LTP and subsequent memory formation. EGR itself is an IEG that 

is induced by seizures or novel experiences (L. Li et al., 2005). EGR-1 or EGR-3 overexpression 

induces Arc mRNA expression; however, blocking EGR-3 in knockout mice has diminished late-

phase LTP during the protein synthesis-dependent phase of memory formation (Li et al., 2005).  

Again, there seems to be a complex interplay between the timing of the EGR’s expression and the 

effect on the transcriptional induction of Arc. 
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It has been well established that transcription of Arc regulates its expression in response to 

synaptic activity; however, the exact mechanisms and stimuli that are required to elicit Arc’s 

transcription still require further study and clarification. An overall schematic to relate the 

translational components dictating the expression of Arc is outlined in Figure 1.2. To contribute 

further to the intricacy of Arc’s response, post-translational mechanisms are rapid and reversible 

changes that can continue to explain the moonlighting function that Arc portrays. Post-translational 

mechanisms may add another layer of complexity to explain how Arc can contribute to a variety 

of synaptic processes in opposing fashions on such a fine-tuned time scale.  
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Figure 1.2 – Schematic representation of Arc transcriptional regulation 

Neuronal activity promotes intracellular calcium influx via NMDA and voltage-gated calcium 

channels (VGCC). Arc transcription is induced through various signaling cascades. Signaling via 

NMDA receptors, TrkB and mGluR receptors, induces Arc transcription through one or multiple 

downstream effector molecules (kinases), such as calcium/calmodulin-dependent kinase (CAMK), 

protein kinase A (PKA), and protein kinase C (PKC). Several pathways converge upstream of 

extracellular-signal-regulated kinase (ERK). Signaling is further relayed on nuclear transcription 

factors and co-activators, including cAMP responsive element binding protein (CREB), myocyte 

enhancer factor 2 (MEF2), serum-response-factor (SRF), ternary complex factor (TCF), and a 

putative Zeste-like factor (ZLF). These factors and co-activators bind distinct regulatory elements 

(shown in the blue boxes) in the Arc promoter, downstream of the transcription start site. Signaling 

through activation of AMPA receptors impedes Arc transcription by mechanisms involving G-

protein signaling. After transcription, Arc mRNA is exported to the cytoplasm. Response elements 

(REs) in the Arc promoter also negatively regulate Arc transcription. Arc mRNA is localized to 

the dendrites to serve local translation and synaptic function. Arc translocates to the nucleus where 

it increases the formation of PML nuclear bodies through β-spectrin. This leads to a reduced 

transcription of GluA1, which is indicative of a nuclear role in regulating homeostatic scaling. 

Nuclear Arc also interacts with the histone acetyltransferase and the subunit of a chromatin-

remodeling complex, Tip60. 
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Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; bp, 

base pair; BDNF, brain-derived neurotrophic factor; cAMP, cyclic adenosine monophosphate; 

GluA1, AMPA-selective glutamate receptor 1; kb, kilobase; mAChR, muscarinic acetylcholine 

receptor; MAPK, mitogen-activated protein kinase; mGluR1, group 1 metabotropic glutamate 

receptors; NMDAR, N-methyl-D-aspartic acid receptor; PML, promyelocytic leukemia; TrkB, 

tropomyosin-receptor kinase B; SARE, synaptic activity-responsive element; SRE, serum 

response element; ZLRE, Zeste-like response element; VGCC, voltage-gated calcium channel. 

Image adapted from: Seminars in Cell & Developmental Biology DOI: 

(doi:10.1016/j.semcdb.2017.09.023)  
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1.6 Post-Translational Modifications 

Arc possesses diverse roles, which occur in various subcellular compartments; however, how 

it is recruited to perform one task over another remains unclear. Evidently, there are multiple 

factors involved in the specialization of Arc function, but accumulating evidence suggests a large 

role for PTMs. Previous studies have shown that Arc is able to undergo a variety of PTMs, 

including acetylation, ubiquitination, SUMOlyation, palmitoylation, and phosphorylation. This 

highlights the versatility of Arc and may provide insight as to how a singular protein can contribute 

to many functions within the neural network. An overview of all the PTMs that Arc can undergo 

can be found in Figure 1.3. 

 

Figure 1.3 – Schematic representation of key Arc PTMs 

Green represents ubiquitination and yellow, acetylation sites. K24, K33, K55 were discovered by 

Lalonde et al. (2017), and K136 by Gozdz et al. (2017). Indigo represents the palmitoylation 

sequence (CLCRC) of which residues 94-99 were identified by Barylko et al. (2018). Purple 

represents SUMOlyation sites, of which K110 and K286 were discovered by Nair et al. (2017). 

Blue represents phosphorylation sites of which S170, T175, T368 and T380 were discovered by 

Gozdz et al. (2017), S206 was discovered by Nikolaienko et al. (2017), and S260 by Zhang et al. 

(2019). Red indicates phosphorylation sites, which are of key interest to this thesis. S67 and T278 

were discovered by Walczyk-Mooradally et al. (2021).  

 

Ub, Ubiquitination; Pl, Palmitoylation; Ac, Acetylation; P, Phosphorylation; S, SUMOlyation; 

CC, coiled coil domain; EB, endophilin binding site; AP-2, adaptor protein 2 binding site; SRH, 

spectrin repeat homology domain. 
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1.6.1 Acetylation 

Protein acetylation consists of the reversible addition of an acetyl group onto a lysine residue. 

This causes the neutralization of the basic residue and leads to altered interactions with other 

molecules. It is a common PTM that occurs in both histone and non-histone proteins (Tapias and 

Wang, 2017). Mass spectrometry has been used to identify the lysine residues on Arc that were 

able to be acetylated. This revealed four acetylation sites, three of which can also be ubiquitinated 

(Lalonde et al., 2017). Using knockout mutants, protein turnover and ubiquitination assays were 

performed, which revealed that acetylation sites compete with ubiquitination sites to co-regulate 

Arc degradation (Lalonde et al., 2017). Arc residues K24, K33, and K55 can be either acetylated 

or ubiquitinated, and the inhibition of lysine deacetylase (KDAC) leads to the reduction of poly-

ubiquitination and protein degradation (Lalonde et al., 2017). When lysine residues of Arc are 

acetylated, the protein is protected from proteasomal degradation (Lalonde et al., 2017). Since 

KDACs catalyze the de-acetylation, this targets the lysine residues for poly-ubiquitination and the 

protein will be sent to the proteasome for degradation (Lalonde et al., 2017). Therefore, like many 

other proteins, Arc has regulatory cross talk between the ubiquitination and acetylation pathways 

when controlling protein stability (Lalonde, 2017). While these sites have been analyzed in respect 

to their effect on proteasomal degradation, more functional studies need to be conducted to 

elucidate their morphological effects on the dendritic spine or synapse, and furthermore, their 

behavior. 

1.6.2 SUMOlyation 

SUMOlyation is the covalent attachment of a small ubiquitin-like modifier (SUMO) to the 

lysine residues of a protein. It has been shown to be a major regulator of protein-protein interaction 

(Nair et al., 2017). In neurons, SUMOlyation-dependent regulation of critical proteins has been 
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demonstrated in neurotransmitter release and glutamatergic signalling (Schorova & Martin, 2016). 

Two SUMOlyation sites were identified in Arc and were confirmed by co-immunoprecipitation 

and site-directed mutagenesis (Bramham et al., 2010; Nair et al., 2017). When the lysine within 

the SUMOlyation site was mutated to alanine, the localization of Arc to the cytoskeleton was 

disrupted (Bramham et al., 2010).  Nair et al. (2017) found that during the LTP maintenance, Arc 

was undergoing dynamic mono-SUMO1-lyation, which increased the amount of SUMOlyated Arc 

in the synapse and cytoskeletal fractions. It has been shown that the Arc/SUMO1 complex 

associates with Drebrin A, an F-actin binding protein, to stabilize dendritic spines within the PSD 

(Nair et al., 2017). Conclusively, SUMOlyated Arc has been implicated in maintaining LTP 

through an interaction with Drebrin A to stabilize actin filaments within the PSD. Furthermore, 

SUMOlyation of Arc contributes to the homeostatic scaling of AMPAR (Craig et al., 2012). 

SUMO is removed via SUMO-specific deconjugating enzymes (SENPs). When SENP1 is reduced, 

Arc remains SUMOlyated, and consequently, AMPAR surface expression increases. When Arc is 

SUMOylated, the binding sites of interacting proteins, such as endophilin and dynamin, which are 

necessary for endocytosis, are blocked.  Overall, this reduces the amount of internalization and 

increases the surface expression of AMPAR (Craig et al., 2012).  This supports the forward cycling 

of AMPAR in homeostatic scaling and may also play a role in determining the multi-protein 

complexes with which Arc can interact. This further emphasizes the importance that PTMs play 

in homeostatic scaling.  

1.6.3 Palmitoylation  

Palmitoylation (also known as S-acylation) is a subtype of reversible lipidation which allows 

proteins to become anchored to the membrane. This contributes to overall protein stability and 

modulates interactions and intracellular trafficking (Barylko et al., 2018). Many post-synaptic 
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proteins active in AMPAR endocytosis undergo palmitoylation to allow insertion into the 

hydrophobic core within a membrane bilayer (Barylko et al., 2018). In vitro studies have concluded 

that Arc is able to interact with membrane lipids, such as phosphatidylcholine (Barylko et al., 

2018), and that liposome studies have a four-fold increase in affinity to neural-mimicking vesicles 

(Barylko et al., 2018). A palmitoylation consensus sequence on Arc was predicted and is located 

near the N-terminus from position 94-99, CLCRC (Zhou et al., 2006). Further biochemical analysis 

confirmed that this sequence was able to be palmitoylated. Furthermore, when this site was 

disrupted, Arc-dependent LTD was supressed (Barylko et al., 2018).  This mutagenesis experiment 

shows the functional role of the palmitoylation of Arc within neurons, both at the PSD and within 

lipid rafts (Barylko et al., 2018). Lipid rafts are cholesterol and sphingolipid rich microdomains 

that can serve as a docking hub for signalling complexes and endocytosis; they are rich in 

palmitoylated proteins allowing them to be anchored near the plasma membrane (Barylko et al., 

2018). Speculatively, palmitoylated Arc located within lipid rafts may influence Arc capsid 

formation, since this will anchor Arc monomers within the plasma membrane, providing 

favourable conditions for the oligomerization and budding of capsid formation, similar to 

myristoylation in HIV (Provitera et al., 2006). The N-terminal is important for both capsid 

formation (Hantak et al., 2021) and is where the palmitoylation consensus sequence is located 

(Barylko et al., 2018). Therefore, investigating if capsid assembly is influenced by palmitoylation 

would be an interesting avenue to pursue, furthering the idea that PTMs can diversify the multirole 

capabilities of Arc. 

1.6.4 Ubiquitination 

Post-translational modifications are major factors of Arc regulation, with ubiquitination 

serving as a means of protein degradation. Ubiquitin ligases target positively charged lysine 
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residues to tag Arc for proteasomal inactivation (Greer et al., 2010; Mabb et al., 2014). The 

relationship between Arc and neurological disorders has not been fully determined; however, there 

have been correlations between Arc expression and disorders which involve altered synaptic 

transmission. Increased Arc expression has been reported in two disorders where the ubiquitination 

pathway has been disrupted (Greer et al., 2010; Husain et al., 2017; Mabb et al., 2014). Mutations 

in Arc-interacting ubiquitin ligases, UBE3A/E6AP and TRIAD3A/RNF216, are directly linked to 

Angelman Syndrome (AS) (Greer et al., 2010; Kühnle et al., 2013) and Gordon Holmes Syndrome 

(GHS) (Husain et al., 2017; Mabb et al., 2014), respectively. The AS-associated mutation in 

UBE3A/E6AP affects the Ube3A-mediated ubiquitination pathway of proteins such as Arc 

(Pastuzyn & Shepherd, 2017). This mutation prohibits Arc from being readily ubiquitinated. This 

leads to an overall increase in Arc-mediated AMPAR endocytosis, creating thinner, “learning” 

spines (Greer et al., 2010; Kühnle et al., 2013). In GHS, a mutation in the E3 ubiquitin ligase 

Triad3A also impedes the ubiquitination pathway, resulting in similar physiological changes to 

those seen in AS. This was validated when an overexpression of GHS-related TRIAD3A/RNF216 

showed a reduction in Arc protein levels, AMPAR endocytosis, and basal synaptic transmission 

(Husain et al., 2017; Mabb et al., 2014). This alludes to a link between ubiquitination, Arc protein 

level reduction and decreased neuronal communication. Evidently, Arc regulation plays a role in 

the maintenance of dendritic spines and synaptic transmission. This highlights the importance of 

continuing to reveal the function of Arc and how its regulation can play a role in neurological 

disease. 

1.6.5 Phosphorylation 

On a related note, research suggests that phosphorylation also decreases protein stability and 

promotes ubiquitin ligase-mediated inactivation. Protein phosphorylation has proven to play an 
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important role in a variety of synaptic proteins that help to modulate neural plasticity, including 

Arc (Gozdz et al., 2017). Glycogen synthase kinase (GSK3) is a serine/threonine kinase that is 

involved in the synaptic plasticity of dendritic spines (Gozdz et al., 2017). Inhibition assays of 

GSK3α/β showed an increase in Arc protein, but not an increase in Arc mRNA levels in NMDA 

stimulated neurons (Gozdz et al., 2017). Mass spectrometry showed lysine residue 136 was only 

ubiquitinated in a GSK3-dependent manner; therefore, to determine the importance of this residue, 

site-directed mutagenesis was employed (Gozdz et al., 2017). K136R Arc was shown to increase 

protein stability by decreasing the decay rate. This indicated that this residue was critical in 

modulating the protein stability of Arc, in a GSK3-dependent manner. Moreover, GSK3 inhibition 

led to constant NMDAR stimulation, resulting in increased dendritic spine pruning and thinning 

(Gozdz et al., 2017). Overexpression of mutants resistant to GSK3 phosphorylation showed less 

reduction in dendritic spine growth and width(Gozdz et al., 2017). Overall, GSK3 influences Arc 

expression and function in relation to spine morphology, and clearly poses as a regulatory 

mechanism for Arc. ERK 2 can phosphorylate Arc S206 in the central hinge region to control 

subcellular localization in hippocampal neurons, where S206 phosphorylation promotes 

cytoplasmic localization (Nikolaienko et al., 2017). ERK-dependant synthesis of Arc is important 

for LTP consolidation (Messaoudi et al., 2007) and during LTP stimulation, Arc S206 is 

phosphorylated at higher levels (Nikolaienko et al., 2017). It is worth noting that phosphorylation 

at S206 has never been determined to be ERK-specific as this data was collected from the whole 

dentate gyrus of LTP-induced rats (Nikolaienko et al., 2017). CaMKII can also phosphorylate Arc 

on two residues, S260 and T278, located within the N-lobe, the Gag or capsid forming domain 

(Zhang et al., 2019). Phosphorylation of S260 was validated and examined in this study. It was 

concluded that phosphorylation at this site impedes surface interactions within the Gag domain, 
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which is necessary for higher-order oligomerization (Zhang et al., 2019). At the molecular level, 

Arc mutants that were unable to undergo CaMKII phosphorylation had enhanced mGluR-LTD in 

the hippocampus, while at the behavioural level, these sites were crucial for hippocampal and 

amygdala-dependant learning and memory (Zhang et al., 2019). As will be presented in Chapter 

3, the research covered by this thesis specifically expands on this and reveals the novel interaction 

between tumor necrosis factor receptor (Traf2) and non-catalytic region of tyrosine kinase (Nck) 

interacting kinase (TNIK) and Arc at two structurally distinct sites (S67 and T278) leading to 

different neurobiological functions (Walczyk-Mooradally et al., 2021). 

1.7 Rationale and Thesis Objectives 

To date, a plethora of research has been dedicated to characterizing Arc’s individual roles; 

however, new and upcoming research is directed at analyzing how Arc operates within the grand 

scheme of neuronal homeostasis. The aim of this thesis is to examine both the transcriptional 

control of Arc as an IEG, and how post-translational modifications, specifically phosphorylation, 

can provide information about how Arc is spatially and temporally controlled within neuronal 

cells.  The motivation to study Arc arises from the lack of understanding on how Arc’s multifaceted 

functionality is controlled; therefore, this study intends to open new avenues of research for Arc 

and other IEGs. 

1.7.1 Objective One: Transcriptional Control of Arc 

The aim of Objective One was to further understand BDNF-stimulation of Arc transcription. 

Recent research citing has indicated that IEGs undergo DNA double stranded breaks (DSBs) to 

overcome topological constraints and undergo rapid transcription (Madabhushi et al., 2015). 

Coupled with preliminary data from our research group that Arc is affected by bromodomain 

containing protein 4 (Brd4), a transcriptional regulator that plays a role in DNA repair (Walczyk-
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Mooradally & Jasmin Lalonde, in preparation). This has prompted an investigation into how Arc 

may be impacted transcriptionally. To achieve this, the occurrence and location of the DSBs were 

mapped along Arc promoter regions. Next, the production of non-coding Arc RNAs were analyzed 

for their contribution to the model. Lastly, the interaction between Brd4 and Arc was examined in 

more depth. This resulted in a model of Arc regulation relating DSBs, Brd4 and Arc non-coding 

RNAs to facilitate the initiation and termination of transcription. 

1.7.2 Objective Two: Post-Translational Control of Arc  

The aim of Objective Two was to understand how phosphorylation could contribute towards 

shaping the neurobiological roles of Arc. Mass spectrometry results revealed novel 

phosphorylation sites that correlated to a phosphorylation motif for TNIK. The interaction between 

TNIK and Arc was biochemically characterized to show that TNIK can phosphorylate Arc at site 

S67 and T278. Functional assays were conducted to determine if phosphorylation had effects on 

subcellular localization, actin dynamics, and capsid formation.   
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2.1 Abstract 

Accumulating evidence suggests that activity-induced DNA DSBs occur at the promoter 

region of IEGs in mature neurons to facilitate fast transcription initiation by overcoming genomic 

topological constraints. Since DNA DSBs can interfere with cell survival, non-homologous end 

joining (NHEJ) repair is also assumed to play a critical role in this event. An intriguing observation 

from our research group suggests that reduced Brd4 levels result in a significantly higher BDNF-

induced expression of the IEG Arc mRNA and protein levels. Since Brd4 can recruit NHEJ 

proteins to DNA DSBs, it is hypothesized that enhancer RNAs (eRNAs) produced at the Arc distal 

promoter guide a Brd4-protein complex to repair DNA damage and end transcription. Supporting 

this model, we first confirmed that reduced activity of Brd4 in mouse primary cortical neurons 

results in increased Arc mRNA production after 6-hour BDNF stimulation. Next, biochemical and 

imaging techniques were used to demonstrate DNA DSBs resulting from BDNF signaling, 

including localized events within the Arc promoter. It was also shown that Arc eRNAs are 

produced simultaneously. Lastly, evidence was provided for the interaction between Arc eRNAs 

and Brd4. Conclusively, our results indicate that Arc promoter regions are cleaved by 

Topoisomerase IIβ to facilitate rapid transcription, and that BDNF-induced Arc eRNA elements 

interact with Brd4 to effectively end transcription. These findings provide new insights into the 

neuronal role of eRNAs and may help further an understanding of the genomic complexity 

underlying the mechanisms of learning and memory. 
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2.2 Introduction 

The remarkable capacity of neurons to reorganize their structure, function, and connections in 

an activity-dependent manner is supported by an extensive network of molecules and effectors. 

Neuronal activity can stimulate the expression of immediate early-response genes (IEGs) that are 

pivotal to learning and memory (Gallo et al., 2018; Minatohara et al., 2016; Yap & Greenberg, 

2018); however, DNA topological constraints pose a problem for the rapid expression of key 

genes. To overcome this, promoter regions can undergo DNA double stranded breaks (DSBs) 

(Madabhushi et al., 2015). Once transcription is initiated, not only is the target gene mRNA 

created, but other non-coding RNAs that can help in regulating transcription are often co-produced. 

For instance, there are enhancer RNAs (eRNAs), which are non-coding RNAs transcribed from 

the loci of enhancers upstream from the targeted promoter region. These eRNAs can contribute as 

transcriptional activators (Li et al., 2013; Melo et al., 2013; D. Wang et al., 2011), assist with 

chromatin looping (Lai et al., 2013), and influence transcriptional elongation (Schaukowitch et al., 

2014). Homeostatic regulation of transcription is critical to ensure that DNA DSB damage is not 

sustained; therefore, understanding the initiating stimuli and spatiotemporal repair mechanisms are 

crucial in explaining this dynamic process. 

Brd4 is a member of the bromodomain and extra terminal (BET) family, which is considered 

to be a master epigenetic regulator of the genome due to its ability to recognize, bind acetylated 

regions of histones and regulate transcriptional activity (S. Y. Wu & Chiang, 2007). Brd4 exerts 

transcriptional control by interacting with several key modulators, such as P-TEFb, CDK9, cyclin 

T1 and NELF. This ultimately leads to the phosphorylation of RNA polymerase II, resulting in 

transcriptional elongation (Moon et al., 2005; Yang et al., 2005). The ability of Brd4 to recognize 

specific histone motifs extends to hallmarks of DNA damage, such as the hyper acetylation of H4 
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and the phosphorylation of H2A.x. This allows Brd4 to play an important role in recognizing and 

repairing DNA DSBs (Barrows et al., 2022; X. Li et al., 2018; Stanlie et al., 2014). Extensive 

reviews concerning the transcriptional regulation and DNA repair mechanisms of Brd4 have been 

covered in depth (Ali et al., 2022; Eischer et al., 2022); however, these studies have been 

completed exclusively in non-neuronal cells. Consequently, the role and function of neuronal role 

Brd4 remains elusive. Most importantly, the increasing use of BET inhibitors as therapeutic 

interventions calls for a greater understanding of the impact of reduced Brd4 function in neuronal 

cells (Delmore et al., 2011; Filippakopoulos et al., 2010; Matzuk et al., 2012; Zuber et al., 2011). 

Previous work by Walczyk-Mooradally & Lalonde et al. (manuscript in preparation) 

conducted a short-hairpin RNA (shRNA) knockdown screen in primary cortical neurons. This 

study found that Brd4 knockdown significantly increased a key synaptic hub protein known as 

activity-regulated cytoskeleton-associated protein or Arc. To compliment these findings, recent 

work by Korb et al. provides a critical insight into the role Brd4 may play in neurons, revealing 

that a loss of Brd4 affects synaptic proteins. Focusing specifically on Arc, pharmacological 

inhibition of Brd4 led to memory deficits in mice, emphasizing the potentially imperative role 

Brd4 plays in transcriptional responses that result in memory formation. Due to the emerging 

connections that Brd4 and Arc exhibit, our research group examined the transcriptional control 

Brd4 exerts on BDNF-induced Arc expression. This was accomplished by combining three pivotal 

literature findings: 1) neuronal activity creates DNA DSBs in IEGs to facilitate rapid transcription; 

2) Brd4 plays a role in transcriptional regulation; and 3) eRNAs are produced from neuronal 

stimulation. These findings were expanded using Arc as a model to show that: 1) BDNF-

stimulation can produce DNA DSBs in the distal Arc promoter; 2) Brd4 plays a role in terminating 

Arc transcription, and 3) Arc eRNAs help guide Brd4 to repair the sites of DNA DSBs. 
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2.3 Methods 

2.3.1 Primary Cortical Neuron Dissection 

Developing cerebral cortex from E16.5 CD-1 mouse embryos were dissected and then 

dissociated in trypsin solution for 15 min followed by three washes with phosphate-buffered saline 

(PBS). Trypsinized tissue was gently triturated to produce single cell suspension. Next, cells were 

seeded in poly-L-lysine/laminin coated 6-well plates at a density of 1.5 x 106 per well and 

maintained in Neurobasal medium containing B27 supplement (2%, Invitrogen, Grand Island, 

NY), penicillin (50 U/ml, Invitrogen), streptomycin (50 µg/ml, Invitrogen) and glutamine (1 mM, 

Sigma).  

For experiments involving BDNF (PeproTech, Rocky Hill, NJ, #450-02), the growth factor 

was added directly to the culture medium at a final concentration of 100 ng/ml for the indicated 

period. For ChIP experiments, the cultured cells were fixed by diluting 37% formaldehyde solution 

(Millipore Sigma, #252549) to 1% in the culturing media and rocked for 10 minutes, before 

quenching with 125 µM of glycine. Cells were then scraped, and nuclei were released by 

resuspending in hypotonic lysis buffer (10 mM Tris pH 8.1, 10 mM KCl, 2 mM MgCl2, 2 mM 

NaO, 2 mM NaF, 1 mM DTT, 0.025% NEM, and 100X protease inhibitor). Nuclei were 

centrifuged for 5 minutes 2,000 x g at 4˚C and the supernatant aspirated, the pellet was resuspended 

in nuclear lysis buffer (50 mM Tris pH 8.1, 10 mM EDTA, 0.01% SDS, 0.001% NEM, 2 mM 

NaO, 2 mM NaF, and 100X protease inhibitor) then stored at -80˚C for downstream analysis. 

Preparation of mouse primary cortical neuron cultures was approved by the University of 

Guelph Animal Care Committee and carried out according to institutional guidelines. 
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2.3.2 Antibodies and Pharmacological Compounds 

The Arc antibody (1:2000 for western blotting [WB], #156 003, RRID: AB_887694) was from 

Synaptic Systems (Goettingen, Germany) while the β-actin (1:100,000 for WB, A1978, RRID: 

AB_476692), MAP2 antibody (1:1,000 for ICC, AB5543, RRID: AB_571049), phosphorylated 

Brd4 (1:1,000 for WB, AB1453) and GAPDH (1:100,000 for WB, AB2302, RRID: 

AB_10615768) antibodies were from Sigma-Aldrich (Oakville, ON). The antibodies detecting 

phosphorylated p44/42 Mapk (Erk1/2Thr202/Tyr204) (1:1,000 for WB, #4370, RRID: AB_2315112), 

rpS6 (1:1,000 for WB, #2217, RRID: AB_331355) and phosphorylated rpS6Ser240/244 (1:1,000 for 

WB, #2215, RRID: AB_331682) were acquired from Cell Signaling Technology (Beverly, MA), 

whereas the Brd4 (1:1,000 for WB, # A301-985A50, RRID: AB_2631449) and Brd2 antibodies 

(1:1,000 for ICC, #A302-583A-T, RRID: AB_2632200) came from Bethyl Laboratories 

(Montgomery, TX). The antibodies detecting Brd3 (1:1,000 for WB, sc-81202, RRID: 

AB_1119692), Mapk (Erk2) (1:1,000 for ICC, sc-1647, RRID: AB_627547) were acquired from 

Santa Cruz (Santa Cruz, CA). Finally, the cross-absorbed HRP-conjugated secondary antibodies 

were from Thermo Fisher Scientific. 

The following pharmacological agents were purchased from Tocris Biosciences: AT-1 (6356), 

IBET-151 (4650), and TBB (2275). Etoposide was purchased from Enzo Life Sciences (BML-

GR307-0100), and JQ-1 was purchased from Selleckchem (S7110). 

2.3.3 Western Blotting 

For western blotting, cells were collected by scraping in ice-cold radioimmunoprecipitation 

assay (RIPA) buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.5% Igepal-630, 0.5% 

deoxycholic acid, 0.1% SDS, and 1 mM EDTA) supplemented with a cocktail of protease 

inhibitors (Complete Protease Inhibitor without EDTA, Roche Applied Science) and phosphatase 
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inhibitors (Phosphatase Inhibitor Cocktail 3, Sigma-Aldrich). One volume of 2X Laemmli buffer 

(100 mM Tris-HCl [pH 6.8], 4% SDS, 0.15% bromophenol blue, 20% glycerol, and 200 mM β-

mercaptoethanol) was added and the extracts were boiled for 5 min. Samples were adjusted to an 

equal concentration after protein concentrations were determined using the BCA assay (Pierce, 

Thermo Fisher Scientific). Lysates were separated using sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane. Next, the 

membrane was blocked in TBST (Tris-buffered saline and 0.1% Tween 20) supplemented with 

5% non-fat powdered milk and probed overnight at 4°C with the indicated primary antibody. 

Finally, after washing with TBST, the membrane was incubated with the appropriate secondary 

antibody and visualized using enhanced chemiluminescence (ECL) reagents according to the 

manufacturer's guidelines (Pierce, Thermo Fisher Scientific). 

The following procedure was used to quantify western blot analyses. First, equal quantity of 

protein lysate was analyzed by SDS-PAGE for each biological replicate. Second, the exposure 

time of the film to the ECL chemiluminescence was the same for each biological replicate. Third, 

all the exposed films were scanned on a HP Laser Jet Pro M377dw scanner in grayscale at a 

resolution of 300 dpi. Fourth, the look-up table (LUT) of the scanned tiff images was inverted and 

the intensity of each band was individually estimated using the selection tool and the histogram 

function in Adobe Photoshop CC 2020 software. Finally, the intensity of each band was divided 

by the intensity of its respective loading control (β-actin or GAPDH) to provide the normalized 

value used for statistical analysis. 

2.3.4 Immunocytochemistry  

Indirect immunofluorescence detection of antigens was carried out using cortical neurons 

cultured on poly-L-lysine/laminin coated coverslips in 24-well plates at a density of 0.25 x 106 per 
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well. After experimental treatment, cells were washed twice with phosphate-buffered saline (PBS) 

and fixed for 30 min at room temperature with 4% paraformaldehyde in PBS. After fixation, cells 

were washed twice with PBS, permeabilized with PBST (PBS and 0.25% Triton X-100) for 20 

min, blocked in blocking solution (5% goat non-immune serum in PBS) for another 30 min, and 

finally incubated overnight at 4°C with the primary antibodies in blocking solution. The next day, 

coverslips were extensively washed with PBS and incubated for 2 hours at room temperature in 

the appropriate fluorophore-conjugated secondary antibody solution [Alexa Fluor 488-, or Alexa 

Fluor 594-conjugated secondary antibody (Molecular Probes, Invitrogen) in blocking solution]. 

Finally, cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI), and 

coverslips were mounted on glass slides with ProLong Antifade reagent (Invitrogen). 

Cells cultured on coverslips from three independent biological replicates were imaged with a 

Nikon Eclipse Ti2-E inverted microscope equipped with a motorized stage, image stitching 

capability, and a 60x objective (Nikon Instruments, Melville, NY). A total of 30 images per 

condition were analyzed, three biological replicates were performed where ten images were 

analyzed at random. All cells within the 60X field were included in the analysis. Image analysis 

was performed with ImageJ following procedure was used to quantify nuclear Arc level in 

response to etoposide or BDNF application. First, original raw tiff files were opened and the 

nucleus of all neurons in the image was located based on a combination of Map2 and DAPI 

immunostaining, then average pixel intensity corresponding to Arc immunofluorescence was 

measured for a 30-pixel spot positioned at the center of the nuclear compartment. Second, for each 

measure of Arc nuclear immunofluorescence pixel intensity, a measure of background pixel 

intensity from the same image channel was acquired and subsequently subtracted from the Arc 

nuclear immunofluorescence pixel intensity value. Finally, an average of Arc immunofluorescence 
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signal from each biological replicate was averaged and which allowed for comparison of nuclear 

Arc expression between different experimental conditions. Image preparation, assembly, and 

analysis were performed with ImageJ and Adobe Photoshop 2022. Change in contrast and 

evenness of the illumination was applied equally to all images presented in the study. 

2.3.5 Chromatin Immunoprecipitation 

Pelleted nuclei from cultured media (see ‘2.3.1 Primary Cortical Neuron Dissection’) were 

thawed on ice and chromatin shearing was performed using a microsonicator tip with a Misonex 

Sonicator XL in ice, for 6 cycles of 30 s on and off. The mixture was spun down at 15,000 x g for 

10 min at 4°C and the supernatant was added to BSA blocked Protein A or G Dynabeads (Life 

Technologies). 1% of supernatant was saved to be reverse crosslinked to establish input conditions. 

Then 10 ug of the appropriate antibody was added (anti-γH2AX (Abcam; ab2893), anti-

Topoisomerase IIß (Sigma: HPA024120), anti-Brd4 (Bethyl Labratories: A700-004), or Normal 

Rabbit IgG (Cell Signaling; 2729S)] and the mixture rotated overnight at 4°C. Immunocomplexes 

were then washed with: low-salt wash buffer (0.001% SDS, 0.01% Triton X-100, 3 mM EDTA, 

20 mM Tris pH 8.1, 150 mM NaCl), high- salt buffer (0.001% SDS, 0.01% Triton X-100, 3 mM 

EDTA, 20 mM Tris pH 8.1, 500 mM NaCl), LiCl buffer (250 mM LiCl, 0.01% IGEPAL, 1 mM 

EDTA, 10 mM Tris pH 8.1, 0.01% sodium deoxycholate), and twice with Tris-EDTA (10mM Tris 

pH 8.1, 1 mM EDTA) buffer. For each wash, incubate with rotation at 4ºC for 10 min. Elute with 

100 µL of elution buffer (50mM NaHCO3, 0.01% SDS) and rocking mixture at room temperature 

for 15 min. After elution, DNA was reverse cross-linked by incubating with 200 mM of NaCl at 

65ºC for 2 h, adding 1 L of 1mg/mL of RNase A (New England BioLabs, T3018) at 65ºC for an 

additional 2 h, then 10mM EDTA, 4 mM Tris pH 6.5, and 2 L of 10 mg/mL Proteinase K (New 
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England BioLabs, P8107A) for an additional hour at 37ºC. Chromatin was purified using 

GenepHlow Gel/PCR Kit (DFH100, FroggaBio) and qPCR was carried out. 

2.3.6 Ultraviolet Radioimmunoprecipitation Assay 

After applying BDNF treatment to the primary cortical cells, culture media was removed, and 

cells were washed with 2 mL of cold PBS supplemented with proteinase inhibitors. The plate was 

placed in a Stratalinker-2000 UV-light box and UV crosslinked at 400 mJ/cm2. Cells were 

collected and centrifuged 200 x rpm (872 x g) for 5 min at 4ºC, then the PBS supernatant was 

removed. Cells were resuspended in 1mL/1x106cells of low-salt buffer (50 mM Hepes KOH, pH 

7.5, 10 mM NaCl, 1 mM EDTA, pH 8.0, 10 % glycerol, 0.2 % NP-40, 1 % Triton X-100, Protease 

Inhibitors) and incubated at 4ºC for 10 minutes. Mixture was centrifuged 200 x rpm (872 x g) for 

10 min at 4ºC. Supernatant was removed and nuclei pellet was resuspended in 1mL high-salt lysis 

buffer (1 mM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, 10 mM Tris–HCl, pH 8.0, 600 mM NaCl, 

1 % Triton X-100, 0.1 % Sodium Deoxycholate, Protease Inhibitors). After mixture incubated 4ºC 

for 1 hour with rotation, centrifuge at 200 x rpm (872 x g) for 10 min at 4ºC. Transfer the 

supernatant and add 1mL of IP buffer (1 mM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, 10 mM Tris–

HCl, pH 8.0, 1 % Triton X-100, 0.1 % DOC, Protease Inhibitors). Add 1 mL for each condition 

(IgG control IP and Brd4 IP) to BSA blocked Protein A Dynabeads (Life Technologies). 0.05% of 

supernatant was saved to be reverse crosslinked to establish input conditions. Then 10 ug of the 

appropriate antibody was added anti-Brd4 (Bethyl Labratories: A700-004), or Normal Rabbit IgG 

(Cell Signaling; 2729S)] and the mixture rotated overnight at 4°C. Spin down immunocomplexes 

at 6000 x rpm (3300 x g) for 1 min at 4ºC. Immunocomplexes were then washed: twice with high-

salt wash buffer (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris–HCl, pH 8.1, 500 mM 

NaCl), twice with LiCl buffer (0.25 M LiCl, 1 % IGEPAL CA630, 1 % deoxycholic acid, 1 mM 
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EDTA, 10 mM Tris, pH 8.1), and once with Tris-EDTA (10mM Tris pH 8.1, 1 mM EDTA) buffer. 

For each wash, incubate with rotation at 4ºC for 10 min. Elute with 150 µL of elution buffer (10 

mM Tris, pH 8.0, 1 mM EDTA, pH 8.0, 1 % SDS) at 65ºC for 10 min. Repeat elution once more 

for a final elution volume of 300 µL. Bring input samples up to 1% using elution buffer. Samples 

were treated with 7 L of 10 mg/mL Proteinase K (New England BioLabs, P8107A) for 2 hours 

at 50ºC. Samples were purified using GenepHlow Gel/PCR Kit (DFH100, FroggaBio), then treated 

with 1 L of DNaseI (ThermoFisher, EN0521) for 20 minutes at 37ºC. RNA was reverse 

transcribed, and qPCR was carried out. 

2.3.7 Reverse transcription and quantitative PCR  

After experimental treatment, total RNA was isolated from primary cortical neuron cultures 

using the TRIzol method (Invitrogen). The concentration of total RNA was measured using a 

NanoDrop ND-8000 spectrophotometer (Thermo Fisher Scientific) and first-strand 

complementary DNA (cDNA) was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad, 

Hercules, CA). Real-time PCRs were performed using gene-specific primers and monitored by 

quantification of Sso Advanced Universal SYBR Green (Bio-Rad, Hercules, CA) fluorescence 

using a Bio-Rad CFX96 Real-Time Detection System. Expression was normalized against Gapdh 

expression. The relative quantification from three biological replicates was calculated using the 

comparative cycle threshold (∆∆CT) method, or percent (%) input for ChIP experiments. Primers 

for all real-time reverse transcription PCR experiments are outlined in Supplemental Table 2.1. 

2.3.8 Statistical Analysis 

All statistical calculations were completed with GraphPad Prism 9. Statistical analyses 

including normality testing, outliers test, and Levene's test for equality of variance were completed 

before moving forward with parametric tests. One-way or two-way ANOVA followed by Tukey's 
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post hoc test for multiple comparisons was performed where indicated. A value of p ≤ .05 was 

considered statistically significant. No test for outliers was conducted and no data point was 

excluded. Unless mentioned otherwise, all results represent the mean ± SEM from at least three 

independent experiments (n = 3). 

2.4 Results 

2.4.1 Brd4 Influences Arc Abundance 

Previous studies indicated that Brd4 inhibition can lead to an increase of nuclear Arc 

abundance in primary cortical neurons (Lalonde et al., unpublished) so we took a pharmacological 

approach to understand how the knockdown of Brd4 would affect Arc abundance and expression. 

First, we utilized AT-1, which is a Proteolysis Targeting Chimera (PROTAC) that selectively 

degrades Brd4. The results seen in the shRNA screen reported in the aforementioned shRNA 

screen was confirmed. This indicated that increasing concentrations of AT-1 increases Arc protein 

expression, significantly at 1 µM (Figure 2.1a). Moreover, it was crucial to examine if the BET 

bromodomain regions within Brd4 were responsible for this relationship. The selective BET 

bromodomain inhibitors, JQ-1 and I-BET151, were thus employed. The same concentration-

dependent relationship was seen, in which increasing levels of BET bromodomain inhibition led 

to higher Arc abundance (Figure 2.1 b-c).  

To ascertain whether Brd4’s influence on Arc protein levels was produced before or after gene 

transcription, a quantitative polymerase chain reaction (qPCR) experiment was performed using 

Arc primers, as well as cFos and Map2 as controls. Here, a comparison of Arc mRNA abundance 

between the BET bromodomain inhibitors, JQ-1 and I-BET151, or a DMSO control (1 µM) clearly 

indicate that the inhibition of Brd4 causes uncontrolled Arc mRNA expression, creating up to a 

150x fold change (Figure 2.1d), whereas this trend is not observed in cFos or Map2 (Figure 2.1e).  
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By using western blot analysis, it was confirmed that the application of JQ-1 or IBET-151 

without BDNF stimulation did not affect Arc expression (Supplemental Figure 2.1a). 

Furthermore, qPCR revealed that Brd4 mRNA (Supplemental Figure 2.1b) or protein expression 

is unchanged from 6 h BDNF-stimulation (Supplemental Figure 2.1b). This suggests that Brd4 

impacts the regulation of Arc mRNA expression, potentially controlling the transcriptional 

machinery involved in Arc expression. 
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Figure 2.1 – Pharmacological inhibition of Brd4 increases Arc protein and mRNA levels 

(a-c) Western blot and corresponding densitometry analysis showing Arc protein abundance in 

mouse primary cortical cultures when treated with BDNF and various concentrations (ranging 

from 1 to 5 μM) of AT1 (left), JQ1 (middle), or I-BET151 (right). β-actin or GAPDH was used as 

loading controls and graphs show mean of Arc/loading control ratio for each condition. The 

following biological replicates were used: n = 3 (AT 1), n = 5 (JQ1 and I-BET151). One-way 

ANOVA revealed a significant increase in the abundance of Arc with increasing pharmacological 

inhibitor concentrations. AT1 (F3, 8 = 7.175, p = 0.0117), Tukeys post-hoc test, * p < 0.05. JQ1 

(F4, 20 = 4.490, p = 0.0256), Tukeys post-hoc test, ** p < 0.001. I-BET151 (F4, 20 = 6.661, p = 

0.0014), Tukeys post-hoc test, * p < 0.05, ** p < 0.001. (d) Quantitative real-time PCR mRNA 

analysis using Arc primer pairs shows an increase in Arc transcripts when treated with 1 μM of 

JQ1 or I-BET151 relative to cells treated with BDNF alone. (e) A similar analysis using c-Fos and 

Map2 as controls.  
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2.4.2 BDNF Induces Double Stranded DNA Breaks Within the Arc Promoter Region 

We decided to investigate if BDNF stimulation would induce DNA DSBs. This was due to 

the findings in a previous study, which indicated that neuronal activity could create DNA DSBs 

(Madabhushi et al., 2015). To test if BDNF stimulation induced DNA DSBs, BDNF was applied 

to DIV 14 primary cortical neurons for either 10 minutes or 6 hours. Additionally, etoposide was 

used a positive control as it is known to create DNA DSBs by inhibiting topoisomerase II, 

effectively trapping the enzyme alongside the cleaved DNA therefore, potentiating DNA DSBs 

(Wozniak & Ross, 1983). After fixing the coverslips, they were probed with: MAP2 to detect 

neuronal cells, DAPI to detect the nuclear compartment, and γH2A.X to detect DNA DSBs 

(Rogakou et al., 1998). The nuclear expression of γH2A.X was qualitatively (Figure 2.2a) and 

quantitatively (Figure 2.2b) examined. By examining the immunocytochemistry images and pixel 

intensity quantification, it was concluded that BDNF stimulation affected cells differently between 

the two time points. At 10 minutes of BDNF stimulation, γH2A.X is accumulated at specific foci 

scattered within the nuclear compartment; however, when analyzing the overall nuclear area, there 

is not a significant increase in the γH2A.X pixel intensity compared to the control condition. In 

comparison, the 6-hour BDNF stimulation has a more uniform γH2A.X expression throughout the 

nucleus and has a significantly higher pixel intensity compared to both the untreated control and 

the 10-minute BDNF condition (Figure 2.2 a-b). 

Once it was discovered that BDNF signaling increased the recruitment of γH2A.X, indicating 

an increased presence of DNA DSBs, it was necessary to map if these were occurring on the Arc 

promoter, and if so, where. Chromatin immunoprecipitation (ChIP) was performed. First, γH2A.X 

was pulled down, then qPCR was performed to determine which regions along the Arc promoter 

these DNA DSBs occurred (Figure 2.2c). There were three conditions of interest. The first was 
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the 6-hour treated DIV14 primary cortical neurons, immunoprecipitated with an IgG species-

specific antibody to control for background. This was seen to be close to zero and therefore not a 

concern for this assay. A comparison was then made of the untreated to the 6-hour BDNF treated 

cultures that were immunoprecipitated with the antibody of interest, γH2A.X at three distinct Arc 

promoter sites. The following regions were targeted: Arc region one: -1824 to -1515, Arc region 

two: -1180 to -840, and Arc region three: -279 to +90 (Supplementary Table 2.1). Of note, 

regions two and three contain CCCTC-binding factor regions (CTCF), which are responsible for 

organizing higher order chromatin structure and regulating gene expression (Sams et al., 2016). 

The BDNF treated group had more DNA DSBs occurring within promoter site one (~ 32% of the 

sample interacted with γH2A.X), compared to the control group (~ 5% of the sample interacted 

with γH2A.X), as seen in Figure 2.2c. 
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Figure 2.2 – BDNF induces double-stranded DNA breaks within Arc promoter Region One  

(a) Primary cortical neurons were treated with etoposide (10 min, positive control) or BDNF (10 

min or 6 h). Representative images of cells fixed, immunostained with γH2A.X (green; Alexa 

Fluor-488) to detect double stranded DNA breaks (top row), MAP2 (red; Alexa Fluor-594) as a 

neuronal marker, and DAPI (blue) as a nuclear stain. The merged microscopy captures are 

presented in the bottom row. (b) Quantification of immunocytochemistry coverslips from 

representative captures presented in (a). The nuclear compartment was determined by overlaying 

the MAP2 and DAPI staining, then quantifying the pixel intensity of γH2A.X immunostaining 

using ImageJ Fiji. One-way ANOVA revealed a significant increase in the abundance of γH2A.X 

with BDNF stimulation at 6 hours compared to the control condition and compared to 10 minutes 

of BDNF stimulation (F3, 10 = 10.96, p = 0.0017), Tukeys post-hoc test, ** p < 0.001. (c) ChIP-

qPCR analysis of γH2A.X occupancy on various Arc promoter regions following BDNF 
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treatments (100ng/μL, 6 h). Two-way ANOVA revealed a significant interaction between the 

experimental condition and the promoter region (F4, 18 = 10.20, p = 0.0002), Tukeys post-hoc test, 

**** p < 0.0001. Simple main effects analysis showed that the IgG control and pharmacological 

no BDNF control were significantly different from the 6-hour BDNF group in primer set one (p < 

0.0001). 
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To strengthen our hypothesis, we decided to map the inverse reaction by using the ChIP assay 

and immunoprecipitating with Topoisomerase II ß. This experiment was inspired by Madabhushi, 

2015, where the lack of amplification seen in qPCR would be representative of a DSB occurring 

within the region of interest when immunoprecipitating with a DNA cleavage enzyme, which in 

this scenario is Topoisomerase II ß (Figure 2.3a). The control condition associated with 

Topoisomerase II ß accounted for on average 9% occupancy, while the 6-hour BDNF treated 

condition had less than 0.5% occupancy compared to the input sample (Figure 2.3b). The inverse 

relationship from Figure 2.2c is seen, which was expected. This provides solid evidence that there 

are DSBs occurring within promoter site one, which explains the reduction in qPCR amplification. 

Of note, the trend of the control group having more DSBs is present in all three promoter regions 

at a less drastic rate; however, due to the findings in Figure 2.2 with γH2A.X, it was chosen to 

focus on the Arc promoter region one. It is suggested that the Arc promoter region one (-1824 to -

1515) undergoes dynamic DSB breaks following 6-hours of BDNF stimulation. 
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Figure 2.3 – Topoisomerase II ß ChIP further solidifies that double stranded DNA breaks 

occur within Arc promoter region one 

(a) Schematic rationalizing Topoisomerase II ß ChIP experiment. During the 

immunoprecipitation, sheared chromatin fragments are pulled down by Topoisomerase II ß, 

whether the DNA is intact (left) or there is a double stranded DNA break (right). Once the sheared 

chromatin is eluted from the immunoprecipitated DNA cleavage enzyme antibody, it will then 

undergo qPCR to detect the region of interest. If the chromatin is intact after reverse crosslinking, 

then amplification will occur (right). If there is a DSB present (left), resulting in no amplification.  

If there is no amplification, this indicates that a DNA DSB is present within the region of interest. 

The protocol was adapted from Madabhushi (2015). (b) ChIP-qPCR analysis of Topoisomerase II 

ß occupancy on various Arc promoter regions following BDNF treatments (100ng/μL, 6 h). Two-

way ANOVA revealed a significant interaction between experimental condition and promoter 

region (F4, 18 = 21.07, p < 0.0001), Tukeys post-hoc test, * p < 0.05, **** p < 0.0001. Simple main 

effects analysis showed that the pharmacological no BDNF control was significantly different 

from the 6-hour BDNF and IgG control group in primer set one (p < 0.0001). Simple main effects 

analysis also showed that the pharmacological no BDNF control was significantly different from 

the IgG control group in primer set three (p = 0.0219).  
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2.4.3 Arc Enhancer RNAs are Produced in Response to BDNF 

To understand the role that Brd4 plays in the process of Arc transcriptional regulation, a study 

was found that connected Brd4 to eRNAs (Rahnamoun et al., 2020). The eRNA production is 

associated with active transcription and mRNA synthesis of the associated gene; it was therefore 

necessary to investigate further by determining if Arc produced eRNAs upon BDNF stimulation. 

Using primers designed to complement both the sense (+) and anti-sense (-) eRNA strands, 

the abundance of both Arc and cFos eRNAs were measured after 1 and 6 hours of BDNF 

stimulation. When examining Arc eRNA production, after 1 hour of BDNF stimulation, the sense 

(+) eRNA was elevated (~3.6x) while the anti-sense (-) strand remained around 1.2x fold-change 

(Figure 2.4a). However, after 6 hours of BDNF stimulation, both the sense (+) and anti-sense (-) 

strand were elevated by 3.46, and 3.35, respectively (Figure 2.4a). When examining cFos eRNA 

production after 1 hour of BDNF stimulation, the sense (+) eRNA was slight elevated (~2.8x) 

while the anti-sense (-) strand remained around 0.7x fold-change (Figure 2.4b). After 6 hours of 

BDNF stimulation, both the sense (+) and anti-sense (-) strand were unchanged as they remained 

at 1.03 and 1.07, respectively (Figure 2.4b). Therefore, this prolonged increase of eRNA 

production after 6 hours of BDNF stimulation seems to be a phenomenon specific to Arc, and not 

generalizable to all immediate early genes. 
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Figure 2.4 – Arc eRNAs are differentially expressed upon BDNF stimulation 

(a-b) Quantitative real-time PCR analysis using RNA extracted from DIV14 mouse primary 

cortical cultures treated with BDNF for 1 or 6 hours, compared to an untreated control. Using a) 

Arc, and b) cFos eRNA primer pairs, an increase of Arc sense and anti-sense eRNA strands is seen 

after 6 hours of BDNF stimulation.  

2.4.4 Arc eRNAs Interact with Brd4 

Equipped with the knowledge that Arc produces eRNAs in response to BDNF stimulation, 

and eRNA synthesis is maintained until up to 6 hours after the initial stimulation, it was decided 

to test the hypothesis that Brd4 may interact with Arc eRNAs directly to recruit DNA repair 

machinery to the site of the breakage.  

To investigate this, a ChIP assay immunoprecipitating with Brd4 was performed to see if Brd4 

acts directly on the chromatin. The original three regions of interest were expanded to include the 

areas responsible for eRNA production: Region 4 [targeting the sense (+) strand], and Region 5 

[targeting the anti-sense (-) strand] as seen in Supplementary Table 1. It was found that there 

were no distinctive changes in the control and the 6-hour BDNF treatment group in any of the five 

primer sets (under 0.6% occupancy compared to the input samples). This permitted the conclusion 

that Brd4 does not interact with these five chromatin regions (Figure 2.5a).  
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It was then decided to explore the possibility that Brd4 may interact with eRNAs directly once 

they have been synthesized from the enhancer region. To do so, a technique called ultraviolet 

radioimmunoprecipitation (UV-RIP) was used in order to detect interactions between small non-

coding regions of RNA (such as eRNAs) and the protein of interest, Brd4. First, the input 

conditions prior to immunoprecipitation were investigated to ensure the IP was producing results 

similar to what was observed previously. Compared to control conditions, after 6 hours of BDNF 

stimulation, Arc mRNA was elevated (6.09x), Brd4 mRNA was being produced (2.17x), and both 

Arc eRNA sense (+) and anti-sense (-) eRNA strands were increased (2.20 and 5.41, respectively) 

(Figure 2.5b). Once the input conditions were established, the UV-RIP conditions confirmed that 

Brd4 and Arc eRNAs interact and this interaction is increased after 6 hours of BDNF stimulation 

(Arc eRNA + strand had 1.51% occupancy binding; Arc eRNA - strand had 1.03% occupancy 

binding). Of note, the Arc sense (+) was significantly elevated in the 6-hour BDNF treated cells 

compared to the untreated cells immunoprecipitated with Brd4. This is interesting when 

considering at an earlier time point of one hour, this strand was also elevated in our regular qPCR 

data (Figure 2.4a). Overall, this finding allows us to conclude that Brd4 does not act on the 

chromatin regions itself (Figure 2.5a), but rather directly with Arc eRNA strands (Figure 2.5c). 
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Figure 2.5 – Brd4 interaction with Arc eRNAs 

(a) Brd4 ChIP-qPCR analysis of Brd4 occupancy on various Arc promoter regions following 

BDNF treatments (100ng/μL, 6 h) reveals that Brd4 does not directly interact with Arc at regions 

1-5, n = 3. Two-way ANOVA revealed no significant interaction between the experimental 

conditions and promoter regions (F8, 30 = 0.6786, p = 0.7064) (b) qPCR measuring Arc and Brd4 

mRNA, and Arc  eRNA on input samples of UV-RIP confirming a successful experiment  

(c) UV-RIP qPCR with Brd4 following BDNF treatments (100ng/μL, 6 h) reveals that Brd4 

directly interacts with Arc eRNAs, specifically following 6 h BDNF treatment when Arc  eRNA 

strands are elevated. Two-way ANOVA revealed a significant interaction between experimental 

condition and Arc  eRNA strands (F3, 16 = 11.18, p = 0.0003), Tukeys post-hoc test, * p < 0.05, 

** p < 0.01. When considering the Arc sense (+) eRNA strand, simple main effects analysis 

showed that the pharmacological BDNF 6-hour treatment was significantly different from the 

control IP: IgG group (p < 0.01), BDNF IP: IgG group (p < 0.01) and control IP: Brd4 group (p < 
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0.05). When considering the Arc anti-sense (-) eRNA strand, simple main effects analysis showed 

that the pharmacological BDNF 6-hour treatment was significantly different from the BDNF IP: 

IgG group (p < 0.05). 

2.5 Discussion 

In summary, we propose a model of transcriptional regulation using the distal Arc promoter 

region as a focus (Figure 2.6). When neuronal activity induces BDNF stimulation, Topoisomerase 

II β becomes activated causing DNA DSBs. This triggers Arc mRNA transcription to begin while 

simultaneously triggering eRNA production. Meanwhile, γH2A.X is recruited to the site of the 

DSB as an early cellular marker. When translation needs to be terminated, eRNAs can tether to 

Brd4 where DNA repair proteins can be recruited to seal the DSB. Overall, the data presented 

refines transcriptional ideologies, allowing DSBs, eRNA and Brd4-facilitated repair mechanisms 

to come together, resulting in this model. 
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Figure 2.6 – Proposed model of interaction 

Neuronal activity stimulates BDNF/TrkB signaling to induce DNA DSBs within the Arc promoter.   

1) Facilitation of BDNF-induced Arc expression by Topoisomerase II β causing 2a) a double-

stranded DNA break, and 2b) the subsequent Arc eRNA expression. 3) γH2A.X is recruited as an 

early cellular marker of double stranded DNA breaks.  

Brd4-mediated repair of BDNF-induced DSB at Arc promoter ends transcription  

4) eRNA mediates Brd4 tethering at the active Arc enhancer region where 5) Brd4 can recruit 

DNA repair proteins to seal the DNA breakage.  
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2.5.1 Where Does the Current Study Fit? 

While there is limited knowledge of neuronal Brd4 function, Korb (2015) examines how Brd4 

plays a role in the initial regulation of transcription at IEGs.  Korb’s work shows that Arc mRNA 

is significantly decreased when pre-treated with JQ1 and then stimulated with BDNF for 10 

minutes. While this seminal paper focuses on a narrow point in time, it indicates that JQ1 could 

not prevent IEG activation after longer periods of BDNF stimulation. It shows that pre-treated JQ1 

cells stimulated by BDNF have an increase in Arc mRNA expression from 30 minutes up to 8 

hours. The current work expands upon this fundamental base by describing how Brd4 interacts 

with the long-term transcriptional profile of Arc. This reinforces the idea of a biphasic 

transcriptional model (Rahnamoun et al., 2020), in which different molecular counterparts may 

contribute in conflicting ways at different times; therefore, Brd4 may be playing both an activating 

and inhibiting role in Arc mRNA production, depending on the length of the stimulus. Of note, 

Korb et al. discussed that the long isoform of Brd4 (Brd4-L) exerts these short-term effects while 

the short isoform (Brd4-S) did not significantly contribute to the phenotypes observed. Brd4-L has 

an additional C-terminal expansion which is responsible for binding transcriptional co-factors. 

This could provide an activating effect in the first 10 minutes, while longer BDNF stimulation 

could recruit Brd4-S. This would explain why the current research group observed a repressive 

effect on Arc mRNA expression. Brd4 isoform-specific functionality has been previously reported 

in a breast cancer model in which Brd4-L supported tumor suppressive roles whereas Brd4-S was 

oncogenic (S. Y. Wu et al., 2020). Future work should include investigating if the difference seen 

between the short-term stimulus studied by Korb and the long-term stimulus studied here, could 

be caused by alternatively spliced isoforms. 
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Another consideration is the type of stimulus used to measure IEG expression. In other 

publications regarding neuronal stimulation and the formation of DNA DSBs, incubation with 

KCl, NMDA and bic caused an increase in the IEG Fos and Npas4, but not Arc (Madabhushi et 

al., 2015). The Arc promoter has different regions which can be activated by a variety of stimuli 

in a promoter-specific manner, which is nicely summarized in Figure 9 in Fukuchi et al., 2015. 

This may explain why other research groups have not reported BDNF as a stimulus that produces 

DSBs specifically within the Arc promoter region. Future work could also include examining if 

different stimulation methods would yield the same results reported in this manuscript.  

2.5.2 Arc 

Arc has been regarded as a multirole protein with moonlighting functions, but one of the most 

seminal findings was the necessity of Arc in long-term potentiation and memory consolidation. 

Due to evidence which indicates that sustained Arc mRNA expression is needed to induce long-

term potentiation and memory consolidation (Messaoudi et al., 2007), translational mechanisms 

to sustain these longer time points need to be clarified. The mechanism described above may 

provide spatiotemporal management to maintain this extended mRNA synthesis process. 

Additionally, it has been documented that Arc can maintain a cyclic transcription reactivation loop 

to maintain a pool of short-lived synaptic proteins to be sustained over longer time scales (Das et 

al., BioRxiv). The model that has been developed in the current work supports this by adding a 

mechanism whereby transcription can be potentiated for up to 6 hours. Overall, Arc serves as a 

good candidate for the proposed model; however, it would be of interest to see if this model could 

be extended to other IEGs since this study focused mainly on Arc, and to a lesser extent, cFos. 

Investigating if other neuronal IEG play a role in learning and memory also undergo this process 

would be useful in understanding the global landscape of transcriptional control that Brd4 regulates 
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in the brain. While it may appear beneficial that a synaptic protein related to long-term memory 

can be pharmacologically manipulated to increase transcription, it has been shown that the 

inhibition of Brd4 activity results in significant memory deficits in mice; however, it was helpful 

in decreasing seizure susceptibility (Korb et al., 2015). Due to the high blood-brain barrier 

permeability of JQ1 (Matzuk et al., 2012), it is important that the neuronal transcriptional 

regulatory role Brd4 plays is thoroughly investigated before being targeted in clinical trials.  

2.5.3 Enhancer RNAs 

Over the last 25 years, advancements in genomic sequencing have revealed that 75% of the 

human genome has been transcribed, yet only 2% encodes mRNAs with protein synthesis 

capabilities (Dunham et al., 2012). New research proves that these previously regarded “junk 

DNA” regions are necessary for cellular function and are much more complex than previously 

thought. These new revelations emphasize the importance of non-coding RNAs and provide 

clinical researchers with a whole new set of therapeutic targets to explore. Notably, a novel 

prognostic technique was validated using thirteen eRNA and enhancer activity signatures as 

biomarkers for low to immediate gliomas to provide information about clinical management, 

therapeutic target potential and overall survivability prediction (Tian et al., 2022).  Moreover, a 

transcriptomic analysis of the prefrontal cortex of schizophrenia patients was conducted and 

compared to healthy controls, revealing genetic variants affecting the expression of 927 enhancers 

and 118 eRNAs. This suggested that aberrant enhancer-related activity can either be a result of or 

a causative agent within SZ, providing prospective biomarkers or remedial targets (Hauberg et al., 

2019). Lastly, exposure to alcohol during critical development periods such as adolescence can 

cause epigenetic changes that increase susceptibility to addiction and affective disorders (Kyzar et 

al., 2016). In a rodent model, adolescent alcohol exposure decreased Arc mRNA and eRNA 
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expression, inducing an anxious phenotype in adult rats. Inhibition of Arc eRNA in the amygdala 

of alcohol-naïve control rats caused anxious behaviour similar to that of the adolescent group that 

received alcohol exposure, emphasizing the role that Arc eRNAs can play both at the molecular 

and behavioural level (Kyzar et al., 2019). Overall, the study of non-coding RNAs is in its infancy 

and the global understanding of how these components participate in transcriptional control and 

regulation is vital as multiple biotechnology companies and research groups have emerged using 

eRNAs as therapeutic tools. 

2.5.4 Double Stranded DNA Breaks 

Maintenance of genomic stability is required for post-mitotic cells, such as neurons, need to 

function accurately and efficiently for the entirety of an organism’s lifespan. DNA damage from 

environmental incidents and purposeful DNA breaks in response to neuronal activity require 

regulation of a variety of repair proteins. Firstly, cancer cells have been found to hijack this process 

and self-inflict DNA breaks to evade cellular checkpoints and maintain viability when faced with 

genotoxic stress from therapeutic interventions. This is a clear example of how regulated DNA 

breaks can go awry as a tactic of adaptive survival (Larsen et al., 2022). While DSBs occur at basal 

levels and upon stimulation in vitro, learning paradigms can reveal the pattern of DSBs within the 

brain in vivo. When mapping the medial prefrontal cortex and hippocampus using γH2A.X ChIP-

seq after contextual fear conditioning in mice, it was found that DSBs occur in a widespread 

manner, with a higher localization at the synaptic processes (Stott et al., 2021). A complementary 

RNA-seq was done revealing that activity-regulated transcription factors were responsible for 

governing these gene expression changes. This showed that learning induced DSBs are associated 

with experience-dependent transcriptional changes (Stott et al., 2021). Effects of DSBs extend to 

other cell types as neurons with extensive DSB damage will elicit microglia to become activated 
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in neurodegenerative models (Welch et al., BioRxiv). While DNA breaks occur naturally, both 

through necessity and environmental stressors, the maintenance of genomic stability is imperative. 

Exploitation of this process is evident in pathological states; therefore, understanding the basal 

stimuli and repair mechanisms is crucial in mitigating and treating neuropathology. 

2.5.5 Brd4 

DSBs are considered one of the most prominent contributors to genomic volatility leading to 

a myriad of diseases ranging from cancer to neurological disorders; therefore, determining a target 

that restores DNA stability will prove to be important in therapeutic discovery. The BET protein 

family plays an integral role in chromatin remodeling and epigenetic regulation; specifically, Brd4 

recruits DNA repair mechanisms, such as homologous repair (HR) (Barrows et al., 2022) and 

NHEJ (X. Li et al., 2018) by stimulating chromatin remodeling complexes and recruiting NHEJ 

proteins to the site of injury, respectively. This establishes that Brd4 is a master regulator of 

chromatin, making it a protein of interest in the aforementioned pathologies. Prostate tumors 

collected from patients revealed a negative association between clinical outcomes and Brd4 protein 

levels (X. Li et al., 2018). Upon a genomic analysis, the inhibition of Brd4 was found to 

downregulate 7 out of 10 major NHEJ proteins and block the formation of oncogenic gene fusions 

(X. Li et al., 2018). In hepatocellular carcinoma, Brd4 was essential in maintaining transcriptional 

functionality in patients with an ARID2 loss-of-function mutation resulting in a deficient chromatin 

remodeling complex (He et al., 2022).  JQ1 inhibition of Brd4 effectively silenced DNA repair 

proteins. This caused a DSB accumulation in tumors resulting in apoptosis (He et al., 2022).  

The spotlight on Brd4 as a pharmacological target extends beyond cancer and into neuronal 

disorders. Proteomics data collected from SZ patients and healthy controls found a distinctive 

chromatin profile in SZ patients, including hyperacetylation of H2A.Z and H4 (Farrelly et al., 
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2022). The interaction between Brd4 and H2A.Z acetylation provides evidence that BET protein 

inhibition ameliorates transcriptional abnormalities seen in SZ patients. This highlights that 

pharmacological intervention should aim to alleviate Brd4 interaction with hyperacetylated 

histones to prevent or treat SZ pathology (Farrelly, 2022).  Rett Syndrome (RTT), a devastating 

neurodevelopmental disorder, is caused by genetic deviations in MeCP2; recent findings show that 

hyperactive transcription events in MeCP2 mutant neurons were attributed to increased chromatin 

binding and enhancer-promoter interactions with Brd4 (Xiang et al., 2020). Administering JQ1 

mitigated transcriptomic irregularities and alleviated RTT phenotypes in mice, providing another 

therapeutic opportunity for BRD4 in RTT (Xiang et al., 2020). 

To conclude, the novel function of neuronal Brd4 discussed in this paper requires researchers 

to consider all Brd4’s moonlighting abilities. Even though Brd4 is ubiquitously expressed, the 

tissue type, cell type, brain region and stimulus specificities that are involved need to be considered 

as BET proteins become an interest of pharmacological manipulation in pathological conditions. 
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2.6 Supplemental Material 

 

Supplemental Figure 2.1 – Brd4 mRNA or protein expression is unchanged from 

pharmacological modulators JQ1, I-BET151, or BDNF stimulation 

(a) Western blot showing Arc protein abundance in mouse primary cortical neurons when treated 

with BDNF (left), 1 μM JQ1 (middle), and 1 μM I-BET-151 (right) for six hours. β-actin was used 

a loading control. (b) Quantitative real-time PCR analysis using cDNA extracted from primary 

cortical neurons with Brd4 primer pairs shows no difference in Brd4 transcripts when treated with 

BDNF (100ng/μL, 6 h). (c) Western blot showing the protein abundance of various proteins within 

the Bromodomain-containing protein family (from top to bottom: Brd4, Brd2, Brd3) when treated 

with BDNF (right), compared to the control (left). β-actin was used as a loading control. 
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Supplemental Figure 2.2 – Application of JQ1 30 minutes before or 60 minutes after to the 

addition of BDNF does not have a significant impact on Arc expression 

(a-b) Western blot and corresponding densitometry analysis showing Arc protein abundance in 

mouse primary cortical cultures when treated with JQ1 30 minutes before or 60 minutes after 

BDNF application. β-actin or GAPDH was used as a loading control and the graphs show the mean 

of Arc/loading control ratio for each condition. Biological replicates: n = 3. One-way ANOVA 

revealed no significant increase in the abundance of Arc (F3,15 = 1.729, p = 0.2039). 
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Supplemental Table 2.1 – List of oligonucleotides used within this manuscript 

Oligonucleotides used for qPCR (top); Oligonucleotides used for ChIP analyses (bottom) 

Gene  RefSeq Forward 
Tm 

(Forward) 
Reverse 

Tm 

(Reverse) 
Amplicon 

Arc (1361-1462) NM_018790 5’ TAGCCAGTGACAGGACCCAG 3’ 59ºC 5’ CAGCTCAAGTCCTAGTTGGCAAA 3’ 57ºC 102 bp 

c-Fos (948-1047) NM_010234 5’ ATGACTTCTTGTTTCCGGCATC 3’ 56ºC 5’ CAGTCTGCTGCATAGAAGGAA 3’ 56ºC 100 bp 

MAP2 NM_002374 5’ GGATTTCCATACAGAGAGGAGGAG 3’ 58ºC 5’ CCGTTGATCCCGTTCTCTTTG 3’ 57ºC 92 bp 

Brd4 (413-493) NM_020508 5’ ACCTCCAACCCTAACAAGCC 3’ 58ºC 5’ TTTCCATAGTGTCTTGAGCACC 3’ 56ºC 81 bp 

Brd4 (1458-1550) NM_020508 5’ CCATGGACATGAGCACAATC 3’ 55ºC 5’ TGGAGAACATCAATCGGACA 3’ 55ºC 93 bp 

Arc eRNA + strand NM_018790 5’ GGCTGGAGACTGGTGACATT 3’ 64ºC 5’ CCATCTGCTTTCTCCTGGAA 3’ 64ºC 132 bp 

Arc eRNA – strand NM_018790 5’ GAGATGATTTGGTGGCTGGT 3’ 64ºC 5’ TTTGGTAGCCCAAATTCCTG 3’ 64ºC 81 bp 

c-Fos eRNA + strand NM_010234 5’ CTGTGGGAGTCTTGCTCCTC 3’ 64ºC 5’ GCATTAACTGGGAAGCCAAC 3’ 64ºC 148 bp 

c-Fos eRNA – strand NM_010234 5’ TCTCGGGGACTTCTGAGTGT 3’ 64ºC 5’ATTCCGTGGAACTCTGGTTG 3’ 64ºC 88 bp 

GAPDH NM_002046 5’ ATGACCACAGTCCATGCCATC 3’ 59ºC 5’ CCAGTGGATGCAGGGATGATGTTC 3’ 61ºC 113 bp 

  

Gene  RefSeq Forward 
Tm 

(Forward) 
Reverse 

Tm 

(Reverse) 
Amplicon 

Arc #1 (-1824 to -

1515) 
NM_018790 5’ GTGCAGACAGACCAGGGTCCAGT 3’ 64ºC 5’ ACACACCCAGGGCTTCCATCC 3’ 63ºC 310 bp 

Arc #2 (-1180 to -840) NM_018790 5’ GGAGCTGGCAGAGAGGAAAG 3’ 58ºC 5’ AAGCCTTCCAAGAGGTTAGTCC 3’ 58ºC 341 bp 

Arc #3 (-279 to +90) NM_018790 5’ CCAGGACTAGGTAGAGGAGAGTG 3’  58ºC 5’ GAGGAGCTTAGCGAGTGTGG 3’ 58ºC 369 bp 

Arc #4 (-7176 to -6876) NM_018790 5’AATGAGAAATGTCAGGCACAGG 3’ 57ºC 5’ GGCTGGAGACTGGTGACATTG 3’ 59ºC 300 bp 

Arc #5 (-6436 to -6124) NM_018790 5’CCCAGTGGAGCAGAGATGAG 3’ 58ºC 5’ CATTGTACCCAGGACCTCCTC 3’ 58ºC 312 bp 

GAPDH NM_002046 5’ ACGGCAAATTCAACGGCACAGTCA 3’ 64ºC 5’ GCTTTCCAGAGGGGCCATCCACAG 3’ 65ºC 426 bp 
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3.1 Abstract 

Activity-regulated cytoskeleton-associated protein (Arc) is an immediate early gene product 

that support neuroplastic changes important for cognitive function and memory formation. As a 

protein with homology to the retroviral Gag protein, a particular characteristic of Arc is its capacity 

to self-assemble into virus-like capsids that can package mRNAs and transfer those transcripts to 

other cells. Although a lot has been uncovered about the contributions of Arc to neuron biology 

and behavior, very little is known about how different functions of Arc are coordinately regulated 

both temporally and spatially in neurons. The answer to this question we hypothesized must 

involve the occurrence of different protein post-translational modifications acting to confer 

specificity. In this study, we used mass spectrometry and sequence prediction strategies to map 

novel Arc phosphorylation sites. Our approach led us to recognize serine 67 (S67) and threonine 

278 (T278) as residues that can be modified by TNIK, which is a kinase abundantly expressed in 

neurons that shares many functional overlaps with Arc and has, along with its interacting proteins 

such as the NMDA receptor and been implicated as a risk factor for psychiatric disorders. 

Furthermore, characterization of each residue using site-directed mutagenesis to create S67 and 

T278 mutant variants revealed that TNIK action at those amino acids can strongly influence Arc's 

subcellular distribution and self-assembly as capsids. Together, our findings reveal an unsuspected 

connection between Arc and TNIK. Better under-standing of the interplay between these two 

proteins in neuronal cells could lead to new insights about apparition and progression of 

psychiatric disorders. 
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3.2 Introduction 

Neurons face constant pressure to adjust the number and strength of their connections in 

response to activity and other stimuli. This capacity for change involves a range of effectors whose 

expression and/or function can be rapidly modified in response to signals. As part of this group of 

molecules (S. Kim et al., 2018; Yap & Greenberg, 2018), the activity-regulated cytoskeleton-

associated protein (also known as Arg3.1) is seen as a critical player because of its interaction with 

many other synaptic proteins, as well as its role in multiple aspects of neuroplasticity. 

Studies that examined the impact of interfering with Arc expression revealed the importance 

of this immediate early gene for the activity of various brain systems. For instance, adult Arc 

knockout (KO) mice present lower long-term memory performance on a number of learning tasks 

(Plath et al., 2006), and other work also made clear that reduced Arc levels limit the manifestation 

of different types of experience-dependent neuronal change (e.g., Gao et al., 2018; Jenks & 

Shepherd, 2020; McCurry et al., 2010). Importantly, these results closely align with the fact that 

Arc KO mice also have deficits in various types of synaptic plasticity like LTD (Jakkamsetti et al., 

2013; Waung et al., 2008) and homeostatic scaling (Shepherd et al., 2006). Together, these 

findings illustrate the importance of Arc in brain function. 

Despite more than two decades of steady discoveries about Arc expression and function, the 

understanding of its physicochemical and structural properties has progressed more slowly in 

comparison. However, a series of recent studies helped to fill gaps concerning this topic. First, 

analyses conducted with recombinant Arc described how its modular structure, which consists of 

the N- and C-terminal domains divided by a flexible central hinge region, allows monomeric units 

to self-arrange as large soluble oligomers (Myrum et al., 2015). Coincidently, Zhang and 

colleagues (2015) reported that Arc's C-terminal region contains two distinct subdomains, termed 
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N-lobe and C-lobe, that share a high degree of similarity to the capsid domain of several retroviral 

Gag proteins, including the one seen in HIV. In addition to this observation, comparison of Arc 

homologs revealed conservation of the Gag domain across vertebrates—a result that supports, by 

the way, a prediction made a few years before about the possible retrotransposon evolutionary 

origin of the Arc gene (Campillos et al., 2006)—and crystallography studies showed how the N-

lobe region mediates intermolecular binding of Arc to the synaptic proteins CaMKII,  Stargazin 

(Zhang et al., 2015), and GKAP (Hallin et al., 2020; Zhang et al., 2015). Further investigation 

within this interactive binding domain measured varying levels of binding affinities to different 

short peptide motifs, suggesting another layer of complexity and control in the role played by Arc 

as a hub protein facilitating structural rearrangement of the post-synaptic density (Hallin et al., 

2020). Finally, these studies led the way to the discovery of Arc's capacity to self-organize as virus-

like capsids that can transfer genomic material, including its own mRNA transcripts, from a donor 

neuron to other cells (Ashley et al., 2018; Erlendsson et al., 2020; Pastuzyn et al., 2018). Although 

this phenomenon will require further research to understand its full significance, the current 

evidence indicates that Arc should be also considered as an active participant in intercellular 

communication events of the nervous system. 

With a role in many processes that are each mechanistically different and occurring in distinct 

subcellular compartments, it is not clear how Arc can be rapidly recruited to perform one specific 

task over another. Surely, a complete answer to this question will implicate multiple factors that 

guide Arc to a precise location and command its association with specialized effectors. Consistent 

with this point, studies have already identified PTMs with specific consequence on Arc. One 

example of this is how ubiquitination of specific lysine residues can trigger Arc proteasomal 

degradation (Greer et al., 2010; Mabb et al., 2014). Here, though, the influence of the ubiquitin-
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proteasomal system is likely more complex than initially thought as other work also revealed that 

the acetylation of lysine sites can inversely increase Arc protein half-life and abundance; hinting, 

therefore, at a competition between these two types of PTMs (Lalonde et al., 2017). Also, one 

study found that SUMOylation of Arc can stimulate its association with the actin regulator drebrin 

A in dendritic spines to promote LTP consolidation (Nair et al., 2017), and another showed that 

preventing palmitoylation of a cluster of cysteines in Arc's N-terminus can impact synaptic 

depression (Barylko et al., 2018). Finally, several phosphorylation events have been implicated in 

the control of Arc as well. These include S206 in the central hinge region targeted by ERK2 to 

seemingly control nuclear:cytoplasmic localization (Nikolaienko et al., 2017), multiple putative 

glycogen synthase kinase 3 (GSK3α/β) sites gating degradation and effect on dendritic spines 

morphology (Gozdz et al., 2017), as well as S260 for which phosphorylation by CaMKII can 

prevent high-order oligomerization via interference in N-lobe and C-lobe subdomains interaction 

(Zhang et al., 2019). 

These examples most certainly represent only a subset of Arc's PTMs with other events 

remaining to be found and associated with specific function. Therefore, we searched for novel 

phosphorylation sites by combining mass spectrometry and sequence prediction strategies. This 

approach allowed us to identify two candidate residues that could be modified by TNIK, a member 

of the germinal center kinases family that is expressed in neurons and shares functional overlaps 

with Arc. Using proteomics, in vitro assays, and over-expression experiments in mouse Neuro2a 

neuroblastoma cells, we further collected evidence suggesting that phosphorylation of each 

candidate sites exerts different effects on the distribution and oligomerization of Arc. The 

connection between Arc and TNIK that we found provides a new direction to understand how Arc 

can adopt a specific role in different cellular subcompartments. 
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3.3 Materials and Methods 

3.3.1 Cell Culture and Transfection 

Neuro2a cells (mouse neuroblastoma cell line also known as N2a cells, RRID: CVCL_0470) were 

cultured in DMEM supplemented with 10% HyClone FetalClone II serum (Cytiva), penicillin (50 

units/ml), and streptomycin (50 µg/ml). Cells were transfected overnight using Lipofectamine 

2000 (Invitrogen) according to the manufacturer's protocol. This Neuro2a cell line that was used 

in previous publications by our group (Lalonde et al., 2014; Lalonde et al., 2017) was not further 

authenticated. During the experiment schedule, the cell line subjected to 4–5 more passages for a 

maximum of 12 lifetime passages. This cell line is not listed as commonly misidentified by the 

International Cell Line Authentication Committee (ICLAC; http://iclac.org/databases/cross-

contaminations/). 

3.3.2 Antibodies and Pharmacological Compounds 

The antibodies recognizing TNIK (1:1,000 for western blotting [WB], #612210, RRID: 

AB_399573) and phosphoserine/threonine residues (1:1,000 for WB, #612548, RRID: 

AB_399843) were purchased from BD Biosciences. The Arc antibody (1:2000 for WB, #156 003, 

RRID: AB_887694) was from Synaptic Systems (Goettingen, Germany) while the horseradish 

peroxidase (HRP)-conjugated FLAG (1:1,000 for WB, A8592, RRID: AB_439702), FLAG M2 

(1:1,000 for WB, F1804, RRID: AB_262044), β-actin (1:100,000 for WB, A1978, RRID: 

AB_476692), and GAPDH (1:100,000 for WB, AB2302, RRID: AB_10615768) antibodies were 

from Sigma-Aldrich. The antibodies detecting GST (1:1,000 for WB, #2625, RRID: AB_490796) 

and Myc-tag (1:1,000 for WB, #2276, RRID: AB_331783) were acquired from Cell Signaling 

Technology, whereas the drebrin antibody (1:500 for WB, sc-374269, RRID: AB_10990108) was 

http://iclac.org/databases/cross-contaminations/
http://iclac.org/databases/cross-contaminations/
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from Santa Cruz Biotechnology. Finally, the GFP (1:1,000 for ICC, A10262, RRID: AB_2534023) 

and cross-absorbed HRP-conjugated secondary antibodies were from Thermo Fisher Scientific. 

AK-7 was purchased from Tocris Bioscience, oxamflatin from Santa Cruz Biotechnology, and 

KY-05009 from Sigma-Aldrich. The inactive analog G883-2176 was obtained from commercial 

sources (Molport). 

3.3.3 Plasmids 

The pCMV6-Arc-Myc-DDK (FLAG) mouse ORF cDNA clone (MR206218) was from OriGene 

Biotechnologies. The pRK5 vector was a generous gift from Stephen Moss (Tufts University). 

Arc-Myc-FLAG and Arc-GST point mutants (S67A, S67D, T278A, and T278D) were generated 

using the Q5 Site-Directed Mutagenesis Kit from New England Biolabs according to 

manufacturer's instructions. All constructs were verified by DNA sequencing. 

3.3.4 Western Blotting 

For western blotting, cells were collected by scraping in ice-cold radioimmunoprecipitation assay 

(RIPA) buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.5% Igepal-630, 0.5% deoxycholic 

acid, 0.1% SDS, and 1 mM EDTA) supplemented with a cocktail of protease inhibitors (Complete 

Protease Inhibitor without EDTA, Roche Applied Science) and phosphatase inhibitors 

(Phosphatase Inhibitor Cocktail 3, Sigma-Aldrich). One volume of 2X Laemmli buffer (100 mM 

Tris-HCl [pH 6.8], 4% SDS, 0.15% bromophenol blue, 20% glycerol, and 200 mM β-

mercaptoethanol) was added and the extracts were boiled for 5 min. Samples were adjusted to an 

equal concentration after protein concentrations were determined using the BCA assay (Pierce, 

Thermo Fisher Scientific). Lysates were separated using sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane. Next, the 

membrane was blocked in TBST (Tris-buffered saline and 0.1% Tween 20) supplemented with 
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5% non-fat powdered milk and probed overnight at 4°C with the indicated primary antibody. 

Finally, after washing with TBST, the membrane was incubated with the appropriate secondary 

antibody and visualized using enhanced chemiluminescence (ECL) reagents according to the 

manufacturer's guidelines (Pierce, Thermo Fisher Scientific). 

The following procedure was used to quantify western blot analyses. First, equal quantity of 

protein lysate was analyzed by SDS-PAGE for each biological replicate. Second, the exposure 

time of the film to the ECL chemiluminescence was the same for each biological replicate. Third, 

all the exposed films were scanned on a HP Laser Jet Pro M377dw scanner in grayscale at a 

resolution of 300 dpi. Fourth, the LUT of the scanned tiff images was inverted and the intensity of 

each band was individually estimated using the selection tool and the histogram function in Adobe 

Photoshop CC 2020 software. Finally, the intensity of each band was divided by the intensity of 

its respective loading control (β-actin) to provide the normalized value used for statistical analysis. 

3.3.5 Co-Immunoprecipitation 

To assess interaction between Arc and TNIK under different experimental conditions, each co-

immunoprecipitation (IP) was completed with one 90% confluent 10 cm plate of Neuro2a cells 

over-expressing wild-type (WT) Arc-Myc-FLAG. Cells from each plate were collected and lysed 

in 500 µl ice-cold soft lysis buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.2% Igepal-630, 

and 2 mM EDTA) supplemented with a cocktail of protease inhibitors (Complete Protease 

Inhibitor without EDTA, Roche Applied Science) and phosphatase inhibitors (Phosphatase 

Inhibitor Cocktail 3, Sigma-Aldrich) followed by homogenization using QIAshredder spin 

columns (Qiagen). Next, lysates were adjusted to a similar protein concentration after 

quantification with BCA assay and a fraction of each sample reserved as input material. Equal 

amount of the remaining lysate from each condition was used for the IP procedure. FLAG-tagged 
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Arc was immunopurified using 50 µl of anti-FLAG M2 Magnetic Beads (Sigma-Aldrich, M8823) 

while endogenous TNIK was pulled down with 10 µl of anti-TNIK antibody (BD Biosciences, 

#612250) and 25 µl Dynabeads Protein G (Invitrogen, Thermo Fisher Scientific, #10003D). After 

overnight incubation at 4°C, beads were washed with 1,000 µl of soft lysis buffer thrice for 10 min 

at 4°C. For FLAG-Arc IP, the beads were resuspended in 50 µl of FLAG peptide solution (1 µg/µl 

in RIPA, Sigma-Aldrich, F3290) after the last wash to elute FLAG-tagged Arc and other proteins 

from beads. For TNIK IPs, beads were resuspended in 60 µl of 1X SDS-LB. Finally, samples were 

run according to western blotting procedure described above and 1% of protein lysate from each 

sample was utilized as input control. Co-immunoprecipitations of Arc-Myc-FLAG (WT, S67D, 

and S67A) with endogenous Drebrin A were performed as described above. The different FLAG-

tagged Arc proteins over-expressed in Neuro2a cells were immunopurified using 50 µl anti-FLAG 

M2 Magnetic Beads from lysates and eluted using FLAG peptide solution. 

3.3.6 Mass Spectrometric Analysis 

Mass spectrometry procedure for shotgun detection of Arc phosphorylated residues was similar to 

analyses probing for Arc acetylation and ubiquitination modifications previously published by our 

group (Lalonde et al., 2017). In brief, WT Arc-Myc-FLAG was over-expressed in Neuro2a cells 

and immunopurified with anti-FLAG M2 Magnetic Beads (Sigma-Aldrich). After washes with 

RIPA, Arc-Myc-FLAG was eluted by incubating beads in 50 µl of RIPA buffer containing 25 µg 

of FLAG peptide (Sigma-Aldrich) for 2 hr at 25ºC with gentle agitation. Eluates from nine separate 

IPs were combined, concentrated by ethanol protein precipitation, and separated by SDS-PAGE. 

After Coomassie staining, the gel band corresponding to Arc-Myc-FLAG was excised and in-gel 

digested using trypsin prior to mass spectrometric analysis. All LC/MS experiments were 

performed as detailed in Lalonde et al., (2017) with a Q Exactive mass spectrometer (Thermo 
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Scientific) coupled to a micro-autosampler AS2 and a nanoflow HPLC pump (Eksigent 

Technologies). Data for two biological replicates were processed separately and pooled. 

3.3.7 Recombinant Protein Preperation 

DNA-encoding WT mouse Arc was amplified from the original pCMV6-Arc-Myc-FLAG plasmid 

using PCR, subcloned into a pGEX-4T-3 vector between the SalI and NotI sites and transformed 

into the BL21 derivatives E. coli cells Rosetta 2 (DE3) Competent Cells (Novagen, Sigma-

Aldrich). Arc S67A and T278A DNA were amplified from point-mutant pCMV6-Arc-Myc-FLAG 

plasmids prepared using site-directed mutagenesis and subcloned similarly. Starter bacteria 

cultures grown overnight at 37ºC in LB supplemented with ampicillin and chloramphenicol were 

used to seed large volume (500 ml) cultures. Those were grown at 37°C and 300 rpm until an 

OD600 of 0.6–0.8 at which point they were induced by the addition of isopropyl-β-D-

thiogalactoside (IPTG) to a final concentration of 20 mM and incubated at 16°C for 16–20 hr 

shaking (300 rpm). Subsequently, cultures were pelleted at 6,000 g for 15 min at 4°C followed by 

resuspension of pellets in 30 ml of GST Buffer (50 mM Tris [pH 8.0], 300 mM NaCl, and 10% 

glycerol) supplemented with 3 mM β-mercaptoethanol and 2 mM phenylmethylsulfonyl fluoride 

(PMSF) to limit protease activity. Resuspended cells were sonicated for 8–10 × 45 s pulses at duty 

load 60%, and then insoluble material pelleted at 21,000 g for 45 min. Supernatant was filtered 

with a 0.45 µm filter then left to equilibrate overnight with 1 ml of Glutathione Sepharose 4B 

affinity resin (GE Healthcare, #17–0756–01). Glutathione Sepharose 4B resin and bound protein 

was applied to a 10 ml disposable plastic column and washed thrice with 3 ml of wash buffer (GST 

Buffer +0.1% Triton X-100). Elution of bound protein was accomplished by incubating 6 × 0.5 ml 

of GST Elution Buffer (50 mM Tris [pH 8.0], 300 mM NaCl, 10% glycerol, 10 mM reduced 

glutathione, and 1 mM DTT) with the resin for 10 min at room temperature before elution. Finally, 
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fractions were verified by SDS-PAGE for purified proteins and those with recombinant GST-Arc 

were pooled, buffer exchanged (Dialysis Buffer: 20 mM Tris [pH 7.5], 200 mM NaCl, 25% 

glycerol, and 1 mM DTT), and concentrated using Amicon Ultra-4 Centrifugal Filter Units – 

10,000 NMWL (Millipore, Sigma-Aldrich, #UFC801024) at 7,500 g for 20 min. 

For electron microscopy and dynamic light scattering experiments, the GST tag was cleaved using 

the Thrombin CleanCleave Kit (Sigma-Aldrich, SLBZ7194) according to the manufacture's 

protocol after elution step. Samples were run on a HiPrep S16/60 Sephacryl S-200 HR (GE 

Healthcare, #17-1166-01) to separate the proteins by molecular weights and then verified by SDS-

PAGE (Supplemental Figure 3.1). Eluates containing cleaved Arc in 50 mM Tris (pH 8.0), 300 

mM NaCl, and 10% glycerol were pooled and normalized. 

3.3.8 Kinase Assay 

ADP-Glo Kinase Assay reagents were from Promega. Reactions were performed according to 

manufacturer's protocol with 1 µM full-length GST-tagged mouse Arc and 10 nM of human TNIK 

catalytic domain (Carna Biosciences, #07-138) in reaction buffer (50 mM Tris [pH 7.5], 5 mM 

MgCl2, and 0.01% Brij-35). Reactions were initially conducted with a range of ATP 

concentrations (31.25, 62.5, 125, and 250 µM). For experiments with TNIK inhibitor KY-05009 

and the inactive analog G883-2176, compounds were pre-incubated for 15 min before addition of 

ATP (125 µM). Kinase reactions in all experiments were allowed to proceed for 60 min at room 

temperature and terminated by addition of ADP-Glo Reagent followed by incubating for 45 min 

at room temperature to deplete the remaining ATP. Next, Kinase Detection Reagent was performed 

for 15 min to convert ADP product into ATP and the newly synthesized ATP was measured via a 

luciferase/luciferin reaction with the help of luminometer plate reader. 
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For western blot analyses, kinase reactions performed with 400 µM ATP were terminated by 

adding 2X Laemmli buffer and 30 µl of each sample was run on SDS-PAGE. Membranes were 

then incubated for 48 hr with mouse pan-phosphoserine/threonine antibody and processed as 

described above. Finally, to identify the specific Arc residues modified by TNIK in assay, a kinase 

reaction was separated by SDS-PAGE, Coomassie blue stained, and the band corresponding to 

GST-Arc excised and in-gel digested using trypsin followed by mass spectrometric analysis. 

3.3.9 Actin Fractionation Assay 

Neuro2a cells cultured in 6-well plates over-expressing WT or point-mutants Arc-Myc-FLAG 

were collected with Triton X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, and 20 mM Tris-

HCl [pH7.5]; 200 µl per well) supplemented with protease inhibitors, incubated at room 

temperature for 10 min, and then centrifuged at 20,850 g for 10 min. Next, equal volume (150 μl) 

of supernatant representing the Triton X-100 soluble fraction with globular actin (G-actin) from 

each tube was collected without disrupting the pelleted material, quantified, normalized, and stored 

at −80ºC. In parallel, 100 μL of fresh lysis buffer was added to each tube with the non-soluble 

fraction and the pellet was gently resuspended with pipetting followed by centrifugation at 20,850 

g for 5 min. After centrifugation, the supernatant was discarded and the remaining pellet 

representing the insoluble filamentous actin (F-actin) fraction was dissolved in 50 μL of 1X SDS-

LB. Equal amount of soluble (G-actin) and insoluble (F-actin) samples were run on SDS-PAGE 

and the membrane probed for β-actin, FLAG, and GAPDH. 

3.3.10 Immunocytochemistry and Actin/Phallodin Staining 

Indirect immunofluorescence detection of antigens was carried out using Neuro2a cells cultured 

on glass coverslips in 6-well plate at an approximate density of 1.0 × 106 cells/mL. After 

transfection of pRK5-Arc-GFP according to manufacturer's protocol, cells were washed twice with 
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PBS and fixed for 30 min at room temperature with 4% paraformaldehyde in PBS. After fixation, 

cells were washed twice with PBS, permeabilized with PBST (PBS and 0.25% Triton X-100) for 

20 min, blocked in blocking solution (5% goat non-immune serum and 1% bovine serum albumin 

in PBS) for another 30 min, and finally incubated overnight at 4°C with chicken anti-GFP antibody 

in blocking solution. The following day, coverslips were extensively washed with PBS and 

incubated for 2 hr at room temperature with anti-chicken Alexa Fluor 488-conjugated secondary 

antibody (Molecular Probes, Thermo Fisher Scientific) in blocking solution. Fluorescent labeling 

of F-actin was performed using Alexa Fluor 594-conjugated phalloidin (Invitrogen, Thermo Fisher 

Scientific, A12381) according to manufacturer's protocol. Finally, cell nuclei were counter-stained 

with 4′,6-diamidino-2-phenylindole (DAPI), and coverslips were mounted on glass slides with 

ProLong Antifade reagent (Invitrogen, Molecular Probes). 

Cells cultured on coverslips from three independent biological replicates were imaged with a 

Nikon Eclipse Ti2-E inverted microscope equipped with a motorized stage, image stitching 

capability, and a 60X oil immersion objective (Nikon Instruments). Image preparation, assembly, 

and analysis were performed with Nikon's NIS-Elements, ImageJ, and Adobe Photoshop 2020. 

Change in contrast and evenness of the illumination was applied equally to all images presented 

in the study. 

3.3.11 Electron Microscopy 

For negative stain EM, 5 µl of recombinant Arc protein sample was applied to a copper 200-mesh 

grid for 1 min followed by removal of excess solution using filter paper. The grid was placed onto 

a droplet of 1% uranyl acetate for 1 min, then excess wicked away. Finally, grids were air dried 

and imaging was performed on a Tecnai G2 F20 (FEI). Uniformity within the grid was visually 

inspected before image acquisition. For measure of circumference and circularity of capsid 
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formations, ImageJ software was used to outline manually each structure and extrapolate values 

according to set scale bar. 

3.3.12 Dynamic Light Scattering 

Dynamic light scattering (DLS) was performed using a Malvern Zetasizer ZS (Malvern, UK). 

Temperature scans and size measurements were carried out at a fixed scattering angle of 173° 

(back scatter). Purified protein preparations were diluted to 10 μM in size exclusion buffer (150 

mM NaCl and 50 mM Tris-HCl [pH 7.5]) and size measurements were made at 20°C and 30°C. 

Three replicates were performed for each protein, consisting of 10 measurements at each 

temperature, with each measurement being the average of 12 runs. Data analysis was performed 

on intensity and volume size distribution curves and the Z-average size was calculated using 

Malvern DTS software. The Z-average (presented) provides a reliable measure of the mean size 

of the particle size distribution. 

3.3.13 Statistical Analysis 

All statistical calculations were completed with KaleidaGraph 4.5 (Synergy Software) or SPSS 

Statistics 26 (IBM). No statistical methods were employed to predetermine sample size of any of 

the presented experiments. Statistical analyses including normality testing, outliers test, and 

Levene's test for equality of variance were completed before moving forward with parametric tests. 

One-way ANOVA followed by Tukey's post hoc test for multiple comparisons was performed 

where indicated. A value of p ≤ .05 was considered statistically significant. No test for outliers was 

conducted and no data point was excluded. Unless mentioned otherwise, all results represent the 

mean ± SEM from at least three independent experiments (n = 3). Sample size was determined 

based on previous studies of a similar nature (Lalonde et al., 2017; Myrum et al., 2015; Zhang et 

al., 2019).  
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3.4 Results 

3.4.1 Mapping of Arc Phosphorylation by Mass Spectrometry 

Previous studies have provided support for the phosphorylation of Arc at T175, S206, S260, 

and T380 in living cells (Gozdz et al., 2017; Nikolaienko et al., 2017; Zhang et al., 2019); however, 

sequence and structure-based prediction with NetPhos 3.1 (Blom et al., 1999) suggests the 

possibility that many more residues of this protein could be modified by different kinases. As an 

unbiased attempt to collect novel evidence of Arc serine, threonine, and tyrosine phosphorylation 

under biological conditions, we over-expressed mouse Arc-Myc-FLAG in Neuro2a cells, 

immunopurified the protein, and performed mass spectrometry. Excitingly, this effort allowed us 

to not only confirm phosphorylation events previously reported by other groups, like Y274 

(Palacios-Moreno et al., 2015) and T380 (Gozdz et al., 2017), but also to identify 15 new candidate 

phosphorylation sites (Supplemental Table 3.1). We noted in our dataset that the Arc peptides 

detected 50 times or more with a specific residue phosphorylated were all located in the N- and C-

termini regions of the protein (Figure 3.1a). Specifically, we found T7, T8, and S67 at the amino-

terminus, and S366, T376, and T380 at the carboxyl-terminus, as sites that are abundantly 

phosphorylated in Neuro2a cells. As we were examining with attention the surrounding sequences 

of these six amino acids, we recognized that Arc S67 forms a recently discovered phosphorylation 

consensus sequence (SVGK) for TNIK (Figure 3.1c) (Wang et al., 2016).—a serine/threonine 

protein kinase that is highly expressed in neurons throughout the mouse brain (Burette et al., 2015) 

and considered as a key regulator of signaling pathways contributing to cognitive function (Coba 

et al., 2012). Since no evidence of a connection between Arc and TNIK had been reported to date, 

we consequently decided to explore the possibility of a direct biochemical interaction between 

these two proteins. 
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Figure 3.1 – Mass spectrometry shows novel phosphorylation sites on Arc, revealing the 

interaction between Arc and TNIK 

(a) Arc murine protein sequence displaying phosphorylated residues of Arc-Myc-FLAG 

immunopurified from over-expressing Neuro2a cells determined by tandem MS/MS, shaded and 

clear ‘Phos’ boxes represent known and novel phosphorylation events, respectively. (b) TNIK 

phosphorylation consensus sequence variants (Wang et al., 2016). Residue that is phosphorylated 

is pictured in red. (c) TNIK co-immunoprecipitation with Myc-FLAG-Arc. The lysates of Neuro2a 

cells were immunoprecipitated with the anti-TNIK antibody and were analyzed by immunoblotting 

using anti-FLAG-HRP antibody. Input control was analyzed using TNIK and Arc, β-actin was 

used as a loading control. The addition of oxamflatin and AK 7 (16.67 μM) was employed to 

increase the abundance of endogenous Arc (Lalonde et al., 2017). (d) Myc-FLAG-Arc co-

immunoprecipitation with endogenous TNIK. The lysates of Neuro2a cells were 

immunoprecipitated with the anti-FLAG antibody and were analyzed by immunoblotting using 

anti-TNIK and anti-Arc antibodies. Input control was analyzed using TNIK and Arc, β-actin was 

used as a loading control. 
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3.4.2 Evidence of Arc as a Substrate of TNIK 

Direct molecular associations have been described between TNIK and several neuronal 

proteins, including the scaffold protein disrupted in schizophrenia 1 (DISC1) Camargo et al., 2007; 

Q. Wang et al., 2011), the E3 ubiquitin ligase neuronal precursor cell expressed and 

developmentally down-regulated protein 4–1 (Nedd4-1) Kawabe et al., 2010), as well as the A-

kinase anchoring protein 9 (Akap9) (Coba et al., 2012). To determine whether TNIK can also 

connect with Arc, we then attempted to co-immunoprecipitate both proteins. As shown in Figure 

3.1c, immunopurification of endogenous TNIK from Neuro2a cell lysates simultaneously pulled 

down over-expressed Arc-Myc-FLAG. Furthermore, performing the same assay but in the 

opposite direction where FLAG-tagged Arc was purified first also isolated endogenous TNIK 

(Figure 3.1d). 

These positive results motivated us to next test if this interaction between the two proteins 

could be extended to evidence of Arc phosphorylation by TNIK. As a starting point, we completed 

an exhaustive set of in vitro ADP-Glo kinase assays that combined bacterially expressed full-

length GST-Arc and the catalytic domain of human TNIK (amino acids 1-314). Here, we measured 

fluorescence signals suggesting TNIK-dependent Arc phosphorylation in a manner that 

consistently increase with the concentration of ATP added to the assay buffer (Figure 3.2a). Most 

importantly, the measured fluorescence signal at each tested ATP concentration was significantly 

higher than the ones measured in the control assay reaction that combined TNIK and GST or the 

one that included TNIK only (Figure 3.2a). To confirm that the difference in fluorescence 

quantified between these different experimental conditions corresponded specifically to Arc 

phosphorylation, we then performed a western blotting analysis with ADP-Glo reaction samples 

and a pan-phosphoserine/threonine antibody. As seen on Figure 3.2b, a distinct band matching 
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the molecular weight of GST-Arc was detected for the complete sample, but not when GST-Arc, 

ATP, or the TNIK catalytic domain protein was omitted from the reaction. Interestingly, a second 

band, observed slightly below the presumed GST-Arc signal and matching the molecular weight 

of the TNIK catalytic fragment used in the assay, was also detected from the complete reaction 

sample (Figure 3.2b). Since TNIK protein has four TNIK auto-phosphorylation consensus motifs, 

including one found between the amino acids 181–184 (TVGR), we interpreted this unexplained 

lower signal on the western blot as TNIK phosphorylation on itself. In order to test this hypothesis 

more directly, as well as further confirm that the fluorescence signal in complete ADP-Glo reaction 

samples corresponded to an effect of TNIK on Arc, we repeated the assay but with addition of the 

TNIK inhibitor KY-05009 (Figure 3.2c) (Kim et al., 2014). As expected, the presence of KY-

05009 to a complete ADP-Glo reaction reduced the fluorescence signal in a dose-dependent 

manner when TNIK is the only protein present in the reaction or both TNIK and GST-Arc are 

included (Figure 3.2d). Of note, repeating the TNIK +GST-Arc experiment but with application 

of the KY-05009 inactive analog G883-2176 did not produced inhibition of the kinase reaction 

(Figure 3.2e). Finally, effect of KY-05009 on the phosphorylation of GST-Arc was also confirmed 

by western blot analysis probing with a pan-phosphoserine/threonine antibody (Figure 3.2f). 

Taken together, these results strongly suggest that Arc can be phosphorylated by TNIK in vitro. 
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Figure 3.2 – Arc was shown to be a substrate for TNIK phosphorylation using a kinase 

assay 

(a) Arc is able to significantly increase TNIK activity with increased levels of ATP concentration 

in comparison to GST-TNIK alone, and control GST-TNIK +GST. Independent kinase reactions: 

n = 5. One-way ANOVA revealed a significant dose–response difference between Arc and GST-

TNIK (31.25 μM, F2,14 = 10.47, p < .01; 62.5 μM, F2,14 = 8.38, p < .01; 125 μM, F2,14 = 8.87, 

p < .01; 250 μM, F2,14 = 9.02, p < .01). Tukey's HSD post hoc test, **p < .01 in comparison to 

GST-TNIK (represented by the grey line), #p < .05; ##p < .01 in comparison to GST-TNIK +GST 

(represented by the red line). (b) Western blots showing the levels of GST to indicate Arc 

abundance, and phospho-serine/threonine to measure overall phosphorylation levels in Neuro2a 

lysate that was transfected with Arc-GST and/or TNIK and ATP (400 μM). (c) Chemical structure 

of TNIK inhibitor, KY-05009 (left); and inactive analog, G883-2176 (right). (d–e) KY-05009 and 

G883-2176 was applied in increasing concentrations (0, 0.25, 1, and 15 μM) to assess the effects 

on kinetic interaction between TNIK and Arc. Graphs show luminescence relative percentage 

difference upon addition of KY-05009 or G883-2176, respectively (±SEM). Independent kinase 

reactions: n = 18 for 0 µM; n = 6 for 0.25, 1, and 15 µM. One-way ANOVA revealed a significant 

dose-dependent response between KY-05009 concentrations for TNIK alone (F3,25 = 47.92, p < 

.0001) as well as TNIK +GST-Arc (F3,35 = 37.58, p < .0001). Tukey's HSD post hoc test, *p < 

.05; **p < .01, ***p < .005; ****p < .0001. (f) Neuro2a cells were treated with KY-05009 (15 

μM) and immunoblotted with anti-GST and anti-phospho-serine/threonine to analyze overall 

phosphorylation levels. 
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3.4.3 TNIK Modifies Arc Residues at Multiple Sites 

In order to test our hypothesis that TNIK can phosphorylate Arc at S67, we submitted GST-

Arc from an ADP-Glo reaction sample to mass spectrometry analysis. As expected, Arc peptides 

including S67 were detected with a mass change at that location indicating phosphorylation; 

however, three other fragments were also detected with the amino acids S132, T278, and S366 

modified in a similar fashion (Figure 3.3a). Two of those residues (S132 and S366) were found 

in our initial mass spectrometry screen (Figure 3.1a) but are not related to sequence arrangements 

currently known to be targeted by TNIK (Wang et al., 2016). As for T278, though, examination of 

the sequences immediately surrounding it revealed that this residue is, in fact, part of a TNIK 

phosphorylation consensus sequence (TLSR), consistent with its detection. 

Arc sequence alignment between different tetrapods shows that the TNIK consensus 

sequences associated with S67 and T278 are both highly conserved in mammals, birds, and reptiles 

(Figure 3.3b). Most interestingly, these two residues are found on opposite sides of Arc's central 

linker and within regions that have very different biophysical characteristics and function (Figure 

3.3c). Specifically, S67 is located in the positively charged N-terminal side of the protein, within 

the first alpha coil (Coil-1, residues 20–77) of a predicted anti-parallel coiled-coil domain that is 

thought to play a role in oligomerization as well as lipid membrane binding (Hallin et al., 2018). 

In addition, work done by Korb and colleagues (2013) also provided evidence that the Arc protein 

segment including amino acids 29–78 could act as a nuclear retention domain (NRD). As for T278, 

it is located on the negatively charged C-terminal side of the protein, precisely at the transition 

between the N-lobe and C-lobe of the bi-lobar structure homologous to the retroviral Gag capsid 

domain (Figure 3.3c). Notably, the Arc N-lobe is critical to its association with post-synaptic 

proteins, including CaMKII and TARPγ2 (Hallin et al., 2018; Zhang et al., 2015). Based on that 
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information, we reasoned that action of TNIK at S67 and T278 could each have very different 

impact on Arc biology. 

 

Figure 3.3 – TNIK phosphorylates Arc at evolutionarily conserved sites S67 and T278 

(a) Phosphorylated residues detected by MS/MS for recombinant Arc subjected to TNIK kinase 

assay. The phosphorylated serine (S) and threonine (T) sites in the isolated Arc tryptic peptides 

are presented in red with adjacent asterisk (*). (b) Alignment of Arc sequences shows that TNIK 

consensus sequences (black boxes) for S67 and T278 are conserved among a variety of species. 

Amino acids shaded in grey are different from consensus with other species. (c) Schematic 

representation of novel phosphorylation sites of interest in relation with key functional domains. 

NRD, nuclear retention domain (residues 29–78, Korb et al., 2013); NES, nuclear export signal 

(residues 121–154, Korb et al., 2013); NLS, Pat7 nuclear localization signal (residues 331–335, 

Korb et al., 2013); coiled-coil domain (Coil-1 residues 20–77 and Coil-2 residues 78–140, Eriksen 

et al., 2020); Arc oligomerization motif (residues 99–126, Eriksen et al., 2020); SRH, spectrin-

repeat homology domain (residues 228–375); and Arc Gag domain (N-lobe residues 207–277, C-

lobe residues 278–370, Zhang et al. 2015). 
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3.4.4 Influence of Arc Phosphorylation at S67 and T278 on Its Distribution with F-actin 

In order to gain further insights as to how phosphomodifications could influence Arc in cells, 

we next performed a series of experiments using over-expression of point-mutant phosphomimic 

and unmodifiable proteins to see how those affect its cellular distribution and oligomerization. 

Evidence of interaction between Arc and the cytoskeleton protein actin includes the ability of 

recombinant Arc to recruit F-actin from crude cellular preparations (Lyford et al., 1995), the 

inhibitory influence of Arc on the actin-severing protein cofilin in the dentate gyrus (Messaoudi et 

al., 2007), as well as the fact that Arc exogenously expressed in primary hippocampal neurons 

localizes with actin in dendritic spines and produces changes in the shape of these fine structures 

(Peebles et al., 2010). Based on these findings, we hypothesized that phosphorylation of Arc at 

S67 or T278 could influence the interaction of Arc with F-actin. To test this possibility, we used 

Neuro2a cells over-expressing WT Arc-Myc-FLAG or a mutant version (phosphomimic or 

unmodifiable) of the protein for each site of interest (S67D, T278D, S67A, and T278A) and 

performed actin co-sedimentation assays. As presented in Figure 3.4 a-b, western blots for Arc 

with a FLAG antibody show that the five variants of the protein all had a similar expression level 

in the fraction with enriched G-actin (Triton X-100 soluble proteins). Most interestingly, though, 

probing for Arc in a similar fashion but in samples enriched for F-actin (Triton X-100 insoluble 

proteins) revealed that Arc unmodifiable at S67 (serine to alanine, S67A) was essentially absent 

from this fraction, whereas the other forms of Arc (WT, S67D, T278D, and T278A) tested were 

similarly abundant (Figure 3.4a). This clear-cut result may be interpreted as the need for Arc S67 

phosphorylation for its interaction with F-actin, but the performed actin co-sedimentation assay 

does not inform about the possibility that the Arc S67A mutant could be instead sequestered away 

from this major component of the cytoskeleton. To assess this possibility, we performed 
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fluorescence immunostaining for GFP on Neuro2a cells expressing each construct in combination 

with fluorescence phalloidin staining to reveal F-actin. With this approach, we first observed that 

WT Arc and the other mutants that co-sedimented with F-actin in our previous test (S67D, T278D, 

and T278A) distributed widely in transfected Neuro2a cells, including in close juxtaposition with 

fluorescence signals specific to phalloidin staining (Figure 3.4c). Interestingly, though, cells 

expressing Arc-GFP S67A presented immunostaining suggesting strong accumulation of the 

mutant protein in the nucleus with very limited amount found in the cytoplasm (Figure 3.4c). 

Taken together, these results suggest that lack of co-sedimentation of Arc S67A with F-actin 

(Figure 3.4a) that we observed is mainly attributable to the fact that phosphorylation of this site 

is apparently required for trafficking of the protein out from the nucleus to the cytoplasm. 
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Figure 3.4 – S67 influences Arc subcellular distribution 

(a–b) Actin co-sedimentation assay revealed absence of unmodifiable Arc-Myc-FLAG S67A 

from F-actin fraction. WT, S67D phosphomimic, and both T278 variants (phosphomimic and 

unmodifiable) co-sedimented similarly with F-actin. Western blots show levels of β-actin, 

FLAG-tagged Arc, and GAPDH in Neuro2a cells that were transfected with Arc constructs and 
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subjected to actin co-sedimentation assay. GAPDH was probed as a control and graphs show 

mean (±SEM) of FLAG/β-actin ratio for each condition. Biological replicates: n = 4. One-way 

ANOVA revealed a significant difference in distribution of Arc with F-actin for S67A with WT 

and S67D (F2,11 = 32.87, p < .0001). Tukey's HSD post hoc test, ****p < .0001. (c) Neuro2a 

cells were transfected with constructs to express Arc-GFP (WT or the different point mutants). 

Representative images of cells fixed, immunostained with an antibody recognizing GFP to detect 

exogenously expressed Arc (top row) and incubated with Alexa Fluor 594-conjugated phalloidin 

to reveal F-actin distribution (middle row). The merged microscopy captures (GFP green 

fluorophore and phalloidin red fluorophore) are presented in the bottom row. Arc-GFP S67A 

(arrowheads), but not the other tested variants, appeared to be only found in the nuclei of 

transfected cells. Scale bar, 250 µm. 
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3.4.5 Modification of Arc S67 Attenuates its Interaction with Drebrin 

Drebrin contributes to dendritic spine growth and plasticity by favoring formation of stable 

actin filaments (Koganezawa et al., 2017). Of note, Nair and colleagues (2017) have shown direct 

binding of Arc with drebrin A during LTP consolidation, and other research has also uncovered a 

role for this F-actin binding protein in trafficking of the CaMKII β-subunit (Yamazaki et al., 

2018).—a protein that, interestingly, is also known to specifically sequester Arc at inactive 

synapses (Okuno et al., 2012). Considering those molecular connections, we then tested whether 

endogenous drebrin interaction with over-expressed Arc-Myc-FLAG would be affected when S67 

is mutated as an aspartic acid (phosphomimic) or alanine (unmodifiable) mutant. Consistent with 

our previous actin fractionation and fluorescence immunostaining experiments, co-

immunoprecipitation of drebrin from Neuro2a cells with exogenously expressed Arc-Myc-FLAG 

was strongly reduced with the unmodifiable S67A Arc variant (Figure 3.5). 
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Figure 3.5 – Arc S67 modification influences co-immunoprecipitation with F-actin binding 

protein Drebrin  

Lysates of Neuro2a cells expressing Arc-Myc-FLAG (WT, S67D, or S67A) were incubated with 

anti-FLAG antibody and then analyzed by immunoblotting using anti-Arc and anti-drebrin 

antibodies. Input samples were analyzed using Arc and β-actin antibodies. β-actin was used as 

loading control for input and non-transfected cells for immunoprecipitation specificity. 
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3.4.6 Phosphomimics of Arc S67 and T278 Affect Virus-Like Capsid Formation Differently  

Arc can self-assemble as particles resembling retroviral Gag capsids (Ashley et al., 2018; 

Erlendsson et al., 2020; Pastuzyn et al., 2018). For mammalian Arc, capsid formation requires the 

second alpha-helix (Coil-2, amino acids 78-140) of the N-terminal coiled-coil assembly (Eriksen 

et al., 2019), which allows association between the N-terminal region of one Arc monomer with 

the C-terminus of another (Byers et al., 2015; Hallin et al., 2018; Myrum et al., 2015). Since S67 

is found just before the Coil-2 amino acid stretch mediating self-association, and that T278 is 

centrally positioned in the C-terminus segment that binds with the N-terminal region, change in 

charge caused by phosphorylation of either residue could have profound impact on how Arc 

monomers organize as capsid-like structures. To examine this possibility, we performed negative-

stain transmission EM with recombinant Arc and noticed that capsids produced with WT and S67D 

variants have round, regular-sized appearance while T278D appeared as large, irregular-shaped 

aggregates (Figure 3.6 a-c). Supporting these observations, we quantified that the circumference 

of WT and S67D Arc capsids had comparable average sizes of 65.04 nm and 68.73 nm, 

respectively, whereas T278D was significantly larger with an average span of 184.5 nm (Figure 

3.6d). For circularity, we used built-in ImageJ calculation (scale of 0–1 where 1 is perfectly 

circular and 0 is a line) and found that Arc S67D capsids presented a significantly higher circularity 

score (0.91) than both WT (0.85) and T278D (0.65) examples, with the last two conditions also 

significantly different from each other (Figure 3.6e). Finally, to corroborate the effect of the S67D 

and T278D point mutations on homogeneity and oligomerization of Arc, we performed dynamic 

light-scattering (DLS) analysis. With this approach, we measured a size distribution of 27.5 ± 

5.0nm (35%) and 307.7 ± 173.0 nm (65%) at 20˚C, and 50.2 ± 32.7 nm (26%) and 333.00 ± 68.4 

nm (74%) at 30˚C for WT Arc; 38.9 ± 1.5 nm (48%) and 274.8 ± 119.6 nm (52%) at 20˚C, and 
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38.9 ± 1.5 nm (52%) and 294.6 ± 105.2 nm (48%) at 30˚C for Arc S67D; and 25.4 ± 7.9 nm (13%) 

and 423.7 ± 47.8 nm (87%) at 20 ˚C, and 376.3 ± 29.9 nm (100%) at 30˚C for Arc T278D (Figure 

3.6f). In sum, those results are consistent with a previous DLS experiment for WT Arc (Myrum et 

al., 2015), and confirm the strong tendency of T278D Arc to organize as large aggregates. 
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Figure 3.6 – T278 plays a role in capsid dynamics 

(a–c) Negative-stain EM images (48,000X magnification) of capsid formations prepared with 

WT (a), S67D (b), and T278D recombinant Arc. (d–e) Violin plots comparing circumference (d) 

and capsid circularity (e) for each Arc variant. The dashed line represents the median, while the 

dotted lines represent the two quartile lines. Individual capsid formations from two technical 

replicates: n = 295 for WT; n = 95 for S67D, and n = 145 for T278D. One-way ANOVAs 

revealed significant main effects (circumference, F2, 535 = 294.36, p < .0001; circularity, F2, 

535 = 150.8, p < .0001). Tukey's HSD post hoc test, ***p < .005; ****p < .0001. (f) DLS-

derived weighted size distribution for each Arc variant at two temperatures (20 and 30°C) 

represented as bar graph with x-axis indicating average diameter of measured subpopulations and 

error bars representing SEM. Biological replicates: n = 3 for WT and T278D, n = 2 for S67D. 

Each biological replicate was the average of 10 measurements with each measurement being an 

average of 12 runs. 
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Figure 3.7 – Arc monomeric and oligomeric organization  

(a) Monomeric Arc forms a compact closed structure where N-terminal oligomerization motif 

binds to C-terminus Gag domain. (b) Arc monomers can form virus-like capsids (EM image 

capture shown) by establishing domain-swapping interactions between the N-terminal of one 

unit and the C-terminus of another. (c–d) Predicted influence of S67 (c) and T278 (d) 

phosphorylation on the contact affinity of an Arc monomer. 
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3.5 Discussion  

As a hub protein expressed in different parts of neuronal cells, very little is known about what 

guides Arc toward specific interactions and processes both spatially and temporally. Postulating 

that PTMs could play a pivotal role in providing specificity, we probed exogenous Arc-Myc-

FLAG immunopurified from Neuro2a cells with mass spectrometry to identify residues modified 

by phosphorylation. While considering the various candidates that we had detected with this 

approach, we recognized S67 and T278 as possible targets for TNIK—a kinase that had not been 

directly investigated in relation to Arc even though both proteins share tantalizing similarities 

concerning their expression and contribution to neuron biology. Using in vitro kinase assays and 

proteomics, we confirmed that TNIK can indeed phosphorylate Arc at S67 and T278. Furthermore, 

we uncovered that both amino acids strongly influence, each in their own way, Arc's subcellular 

distribution and/or oligomerization as virus-like capsids. Above all, our study provides evidence 

for a potential multifaceted interplay between Arc and TNIK. Better understanding of their 

connection in neuronal cells will assuredly provide valuable new insights about synaptic plasticity, 

the molecular underpinnings of cognition, and how disruption of their interaction could be an 

important factor in the apparition and progression of certain brain disorders. 

3.5.1 Neuronal TNIK 

TNIK is highly expressed in the mammalian brain where it is not only enriched in post-synaptic 

densities and synaptosomal fractions (Jordan et al., 2004; J. Peng et al., 2004; Trinidad et al., 2008) 

but also found in neuronal nuclei where it is an active regulator of protein complex formation 

(Coba et al., 2012). Notably, Burette and colleagues (2015) have provided convincing microscopy 

evidence confirming accumulation of TNIK in post-synaptic densities throughout the adult mouse 

brain, which aligns with results showing that TNIK KO mice have significant learning deficits and 
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altered synaptic function (Coba et al., 2012). At the molecular level, TNIK was found to interact 

with DISC1 to regulate key synaptic proteins like glutamate receptors and post-synaptic density 

protein 95 (PSD-95) (Camargo et al., 2007; Wang et al., 2011). Finally, it is also known that TNIK 

is an effector of the GTPase Rap2 through which it regulates dendrite patterning and synapse 

formation (Hussain et al., 2010; Taira et al., 2004). Together, those results support the exciting 

possibility that neuronal TNIK could act on different Arc residues in a manner that is specific to 

each subcellular compartment where both proteins overlap. 

3.5.2 Arc S67 Phosphorylation and Trafficking to the Nuclear Compartment 

Our study focused on Arc S67 and T278 as direct targets of TNIK activity. Taken together, our 

findings show that phosphorylation of each site produces very unique effects in Neuro2a cells. 

Starting with S67, which is found within the first alpha coil of Arc's coiled-coil assembly (Figure 

3c), we observed a drastic loss of co-sedimentation of Arc with F-actin when this residue is 

modified to alanine to produce an unmodifiable point-mutant variant. Importantly, 

immunostaining and co-immunoprecipitation experiments suggest that this result is not 

attributable to loss of Arc interacting with F-actin, but rather to the sequestration of the mutant 

protein in the nuclear compartment. A possible interpretation of why Arc S67A strongly 

accumulates in the nucleus is provided by the discovery of a NRD in Coil-1 that includes residue 

S67 (Korb et al., 2013). Precisely, although Arc is small enough to diffuse into the nucleus, its 

import is apparently regulated by a Pat7 nuclear localization signal at amino acids 331–335 

(Figure 3c). Once inside the nuclear compartment, evidence suggest that Arc is retained there by 

the NRD, which limits the activity of an adjacent nuclear export signal (NES) found at residues 

121–154 by favoring interactions with other molecular components (Korb et al., 2013). 

Interestingly, our finding of a quasi-complete sequestration of unmodifiable S67A Arc suggests 



 

97 

 

that phosphorylation at this specific site is required for the release of Arc from its nuclear 

interactors to then allow export. Known nuclear molecular interactions of Arc include the 

formation of a complex composed of the β-spectrin isoform βSpIVΣ5, promyelocytic leukemia 

(PML) bodies, and acetyltransferase Tip60 that organize to increase acetylation of histone 4 at 

lysine 12 (Bloomer et al., 2007; Wee et al., 2014). Whether TNIK could intervene as a negative 

regulator of this process by phosphorylating Arc at S67 to stimulate its nuclear export is an 

interesting possibility worth future investigation. 

3.5.3 Influence of Arc S67 and T278 on Arc Oligomeric Status 

In addition to the characterization of its subcellular distribution in relation to F-actin, we also 

analyzed how Arc recombinant protein can self-assemble as virus-like capsids using EM imaging. 

With this approach, we found an effect for S67 where mimicking phosphorylation of that site 

(S67D) made the capsids more circular, but not different in terms of average circumference, when 

compared to those obtained with WT Arc. Our most striking result, however, was collected with 

the T278D phosphomimic variant where oligomeric structures were significantly bigger and 

irregular than those prepared with S67D or WT (Figure 3.6 d-e). This result can be explained by 

the biophysical properties of Arc and how those are possibly affected differently by S67 and T278 

phosphorylation. As illustrated in Figure 3.7a, monomeric full-length Arc is a compact, closed 

structure in which the oppositely charged N-terminal domain (positive) and C-terminus region 

(negative) are juxtaposed, and the flexible linker between them is compacted (Hallin et al., 2018). 

When Arc molecules assemble as capsids, the same principle applies but in a domain-swapping 

manner where the N-terminal and C-terminus of distinct monomers connect together (Figure 

3.7b). Considering this information, it is important to recognize that phosphorylation of S67 will 

result in a decrease in the N-terminal positive charge (Figure 3.7c), making presumably molecular 
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exchange more fluid, while phosphorylation of T278 will inversely result in stronger affinity as a 

result of increased net negative charge of the C-terminus (Figure 3.7d). Since Arc oligomerization 

involves domain-swapping assembly between the N-terminal and C-terminus among monomers, 

it is then not surprising that mimicking phosphorylation at S67 and T278 separately produce very 

different effects. For S67, exchange between individual Arc molecules is expected to be more 

evenly distributed because of the reduced interaction strength between binding units. On the other 

hand, phosphorylation of T278 will cause tighter binding making dissociation between Arc 

molecules more difficult once formed. In other words, the presence of larger aggregate-like 

assemblies that we measured with the Arc T278D variant should be attributed to greater contact 

affinity with reduced likelihood of dissociation. Finally, the fact that no capsid-like structures with 

the expected average size (about 32 nm according to Pastuzyn et al., 2018) were measured for Arc 

T278D at a temperature (30ºC) in our DLS data further support this interpretation. 

3.5.4 Implications of TNIK-Dependent Arc Phosphorylation for Neuron Biology and Brain 

Disorders 

The current study supports the need for a systematic search and evaluation of TNIK-dependent 

Arc phosphorylation events in neuronal cells. As already hypothesized above, one possible 

function of TNIK in the nucleus could be to promote Arc export to the cytoplasm by limiting the 

influence of its NRD via S67 phosphorylation. In dendrites and post-synaptic structures, our 

accumulated knowledge about Arc and TNIK suggests that a direct relationship between those two 

proteins could unfold in many ways with important ramifications to neuroplasticity, cognition, and 

behavior. A scenario involving modification of T278 would be to alter Arc's association with 

synaptic effectors that have been recognized to bind its C-terminus Gag domain. Intermolecular 

interactions deserving close attention include TARPγ2 (Zhang et al., 2015), a transmembrane 
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protein that connects with AMPARs and mediate critical aspects of their trafficking and gating 

properties (Jackson & Nicoll, 2011), as well as PSD-95 that can recruit Arc in an activity-

dependent manner to post-synaptic densities to create supercomplexes with neurotransmitter 

receptors and auxiliary proteins (Fernandez et al., 2017). In line with the idea of TNIK targeting 

T278 to alter synaptic interactions, it is interesting to highlight that Arc association with the 

GluN2A and GluN2B subunits of NMDARs has been recently found to favor stabilization of the 

monomeric state and prevent the formation of higher-order oligomeric structures (Nielsen et al., 

2019). Hence, phosphorylation of T278 in this case would be expected to diminish monomeric Arc 

association with NMDARs to promote instead formation of oligomeric structures for intercellular 

communication. Finally, it is critical to consider our speculations about TNIK-dependent Arc 

phosphorylation in light of the fact that the occurrence of Arc T278 phosphorylation was 

previously reported by two separate studies using a mass spectrometry approach, including global 

characterization of murine synaptosomes for O-GlcNAcylation and phosphorylation (Trinidad et 

al., 2012), and more recently with endogenous Arc immunopurified from adult WT mouse 

forebrain (Zhang et al., 2019). Although Arc T278 phosphorylation from brain and cultured 

neurons has not been validated yet with a specific phospho-Arc Thr278 antibody, or its origin 

related to the activity of a specific kinase, these efforts certainly provide a degree of assurance that 

this site fulfill a functional role in vivo. 

One final point important to highlight is that Zhang and colleagues (2019) also used DLS in 

their work to evaluate the oligomerization of Arc T278D recombinant protein and report the 

formation of tetramers at 20ºC and high-order oligomers at 30ºC, but only of smaller size than WT 

Arc. This is, interestingly, different from our result of only large aggregate-like formation with 

Arc T278D at 30ºC—an observation that we are supporting with EM evidence (Figure 3.6). We 
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believe that this discrepancy between the two studies could be attributable to technical differences 

in the preparation of recombinant GST-Arc, tag cleavage, and/or composition of buffers used in 

the DLS experiment. Specifically, Zhang and colleagues (2019) included reducing (DTT) and 

chelating (EDTA) agents in their buffer for DLS experiment, which we did not do to be consistent 

with our EM buffer condition. Furthermore, we noticed when optimizing our DLS protocol that 

filtering the recombinant protein solutions with a 0.22 µM syringe filter before analysis almost 

completely eliminated the measured T278D large population species at 30ºC, which led us to omit 

this step for all conditions in our final analysis. Hence, performing such manipulation could have 

influenced the overall presence of protein aggregates within preparations and influenced end 

results. 

In summary, better understanding of TNIK-dependent Arc phosphorylation in neurons could 

offer valuable new insights about brain disorders, in particular those like schizophrenia for which 

accumulating evidence suggests that aberrant synaptic Arc molecular interactions are contributing 

to disease apparition and progression (Managò & Papaleo, 2017). In line with this possibility, 

uncontrolled TNIK activity, which is thought to occur as a result of disruptive mutations to the 

psychiatric disease risk factor DISC1 (Q. Wang et al., 2011), could then directly extend to major 

functional changes on downstream neuronal substrates like Arc. Given the dynamic nature of Arc-

mediated neuroplasticity, future studies seeking to probe the potential role of TNIK in regulating 

Arc oligomerization, self-assembly as virus-like capsids, and interactions with synaptic proteins 

like the NMDA receptor, will benefit from using newly developed, selective inhibitors, and other 

modulators of TNIK kinase activity that are under development with the long-term goal of 

validating potential novel therapeutic targets for the neuropsychiatric disorders (Read et al., 2019). 
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3.6 Supplemental Material 

Supplemental Table 3.1 – Phosphorylation peptide information pertaining to results 

obtained from MS/MS from Neuro2a cells overexpressing WT Arc-Myc-FLAG 

The phosphorylated serine (S) / threonine (T) / tyrosine (Y) residues of the isolated Arc tryptic 

peptides are presented in red with asterisk (*). The total number of peptides detected with a 

phosphorylation modification is presented separately for each independent biological replicate. 

 

SUPPLEMENTARY TABLE  WALCZYK-MOORADALLY ET AL. 

 

 

Residue 

Number of peptides 

detected per MS/MS Peptide sequence 

(UniProt: Q9WV31) 

Mouse / Rat / Human 

conserved 
Previously identified 

Run 1 Run 2 

T7 19 91 ELDHMT*TGGLHAYPAPR Yes - 

T8 26 95 ELDHMTT*GGLHAYPAPR No - 

S67 3 52 
ELKGLHRS*VGKLENNLDGYV 

PTGDSQR 
Yes - 

Y78 1 11 GKLENNLDGY*VPTGDSQR Yes - 

T81 1 7 GKLENNLDGYVPT*GDSQR Yes - 

S84 - 1 GKLENNLDGYVPTGDS*QR Yes 
PhosphoSitePlusâ 

(www.phosphosite.org) 

T101 1 1 CQET*IANLER Yes - 

S132 3 15 WADRLES*MGGKYPVGSEPAR Yes - 

K136 1 3 WADRLESMGGK*YPVGSEPAR Yes - 

Y137 2 - WADRLESMGGKY*PVGSEPAR Yes - 

S141 1 - WADRLESMGGKYPVGS*EPAR Yes - 

S234 1 29 VGGS*EEYWLSQIQNHMNGPAK Yes - 

S240 - 15 VGGSEEYWLS*QIQNHMNGPAK Yes - 

Y274 - 2 EFLQY*SEGTLSR Yes Palacios-Moreno et al. (2015) 

K293 1 - ELELPQK*QGEPLDQFLWR Yes - 

T344 1 2 HPLPKT*LEQLIQR Yes - 

S366 46 40+ 
EVQDGLEQAAEPS*GTPLPTED 

ETEALTPALTSESVASDR 
No - 

T372 4 37 
EVQDGLEQAAEPSGTPLPT*ED 

ETEALTPALTSESVASDR 
No - 

T376 14 40+ 
EVQDGLEQAAEPSGTPLPTED 

ET*EALTPALTSESVASDR 
No - 

T380 2 40+ 
EVQDGLEQAAEPSGTPLPTED 

ETEALT*PALTSESVASDR 
Yes Gozdz et al. (2017) 

 

Supplementary Table 1. Phosphorylation peptide information pertaining to results obtained 

from MS/MS from Neuro2a cells overexpressing WT Arc-Myc-FLAG. The phosphorylated 

serine (S) / threonine (T) / tyrosine (Y) residues of the isolated Arc tryptic peptides are presented 

in red with asterisk (*). The total number of peptides detected with a phosphorylation modification 

is presented separately for each independent biological replicate. 
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Supplemental Figure 3.1 – Coomassie gel showing purification of cleaved Arc variants 

Lane 1) uncleaved WT Arc-GST loaded onto SEC; 2) cleaved WT Arc concentrated fractions; 3) 

cleaved GST from WT Arc; 4) cleaved S67D Arc concentrated fractions; 5) cleaved GST from 

S67D Arc; 6) cleaved T278D Arc concentrated fractions; 7) cleaved GST from T278D Arc. 

  



 

103 

 

4 General Discussion 

4.1 Main Findings & Next Steps 

4.1.1 Transcriptional Regulation of Arc 

At the transcriptional level, Arc is regulated by non-coding RNAs and epigenetic regulators, 

such as Brd4, to facilitate a rapid initial increase in mRNA transcripts, followed by a prolonged 

persistent increase that is seen up to 6 hours post-stimulus. Upon a neuronal stimulus, such as 

BDNF, DSBs are formed to relieve topological constraints to facilitate rapid transcription and are 

sustained for up to 6 hours post BDNF-induction. Arc eRNAs are produced in response to neuronal 

activity, acting as a scaffold for Brd4, which recruits DNA repair mechanisms to effectively mend 

DNA breaks. This model could be vital in long term memory formation and in determining how 

transcriptional machinery allows for persistent mRNA expression of Arc to properly encode a 

memory, even hours after stimulation. 

The next experimental steps that should be taken to further solidify this model would be to 

validate which DNA repair proteins Brd4 is recruiting to the site of DSB along the Arc promoter. 

This can be achieved in a global perspective, looking at the overall fold change in the RNA of key 

NHEJ proteins after BDNF induction for 6 hours. In a more specific manner, ChIP can be used to 

identify the regions along the Arc promoter that are enriched with NHEJ proteins after BDNF 

stimulation and DNA DSB. Some NHEJ proteins of interest are XRCC4, XRCC5, NHEJ1, WRN, 

DCLRE1C, LIG4, and ERCC4. This is based on a study by Li et al., (2018), in which the RNA-

seq results were decreased when JQ1 was applied to inhibit the Brd4 function. This would round 

out the mechanistic model that has been hypothesized in the current study.  Next, the molecular 

information that has been gained from the current in vitro studies was taken and moved to an in 

vivo model. Due to the attention that JQ1 has been receiving for its promising effects as an anti-
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cancer therapeutic, it is of utmost importance that an animal model be used to assess the neuronal 

effect that chronic and high JQ1 concentrations can have. Clinical trials have revealed that JQ1 

has a low oral bioavailability with a half-life of only one hour and often needs to be administered 

twice a day to induce an anti-tumor therapeutic effect (Shorstova et al., 2021). While the half-life 

may only be 1 hour to provide anti-cancer therapeutics, this dosage and frequency may wreak 

havoc on neuronal function. This can be seen in rodent models, in which the JQ1 effects are quite 

long lasting and have high blood-brain barrier permeability (Matzuk et al., 2012). In animal 

studies, the key findings presented in this thesis would need to be replicated to ensure that the same 

patterns we observe in primary cortical neurons are occurring in vivo. Next, an analysis would be 

performed to see if there was a difference in learning and memory-based tests. This would be 

indicated through fear conditioning and novel object recognition tasks. While these types of tests 

have been done in an acute manner (JQ1 injected 60 minutes before testing), to demonstrate 

clinically relevant effects, human administration would need to be mimicked. This would involve 

administering an oral dose, potentially more than once daily at a much higher concentration over 

the course of a period mirroring that of an anti-cancer treatment. This study would help strengthen 

the mechanistic model in vivo while also providing valuable information about the safety efficacy 

of JQ1 as a therapeutic intervention. 

4.1.1.1 Next Steps 

Ligation of DSBs by the NHEJ pathway can help mend a broken chromosome, but each time 

this occurs, a small insertion or deletion (indel) mutation is a consequence of the repair. While the 

indel configuration is dependent on a variety of factors eloquently outlined in the review by 

Cisneros-Aguirre et al., 2022, it is important to understand how this is occurring in post-mitotic 

cells like neurons, especially in regions encoding memory genes. DSBs and indels are essential 



 

105 

 

components of DNA cleavage and repair and measuring the presence and occurrence of this 

process will allow researchers to further explain mutagenesis, genotoxicity, therapeutics, and 

possibly learning and memory. While the use of endogenous markers such as γH2A.X or 53BP1 

can be used to map DSBs, these are repair pathway specific and have their own biases and 

drawbacks (Atkinson et al., 2022). If the DSBs and subsequent indels occurring at the various Arc 

promoters could be effectively measured and mapped, it would provide information about how 

accurately these areas are being repaired. Based on the classical idea of a memory engram, or the 

idea that “neurons that fire together, wire together”, it might be possible to “map” a memory 

engram that is forming. This would be accomplished by seeing the indels occurring within a 

specific subset of neurons, and if that specific subset could be reactivated. In a live, moving rodent, 

it would be interesting to visualize the production of a memory via a learning task. It could then 

be seen if the same set of neurons fire when the rodent is asked to perform the task again, by 

measuring the indels incurred. While many computational models use algorithms to predict these 

indels, a working in vivo model of indel detection would be incredibly useful, although it would 

be technically challenging. If a method could be developed to track DSBs and indels within the 

brain in real time, Arc’s involvement in mapping engram formation would become more apparent. 

This would provide more information about the role that Arc plays in learning and memory from 

a transcriptional standpoint. The technical development of a more reliable DSB imaging technique 

would be revolutionary to the next steps of this project, and neuroscience as a whole. 

4.1.2 Post-Translational Regulation of Arc 

In this study, a novel interaction between TNIK and Arc was discovered. First, a mass 

spectrometry screen of the PTMs of Arc was completed. This revealed several viable leads, most 

notably, the phosphorylation motif was discovered for TNIK on two sites, S67 and T278, which 
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were located in different areas. The S67 site was in the coil-coiled area within the nuclear retention 

domain, and the T278 site was within the hinge region between the C- and N- lobe of the capsid 

forming, or Gag domain. It was then verified that these sites were phosphorylated by TNIK by 

using kinetic assays and pharmacological inhibitors of TNIK. An investigation into how 

phosphorylation at these sites impacted Arc’s neurobiological functioning. It was found that 

phosphorylation at these two structurally distinct sites contributed to differing neurobiological 

functions. The phosphorylation of S67 regulated nuclear trafficking and subcellular localization, 

while T278 phosphorylation affected Arc oligomerization and capsid formation (Figure 4.1). 

 

Figure 4.1 – Graphical abstract summarizing the differing roles TNIK-induced 

phosphorylation has on sites S67 and T278 

Arc contributes to many aspects of neuroplasticity, and we think that the activity of this multirole 

protein is controlled by post-translational modifications that confer functional specificity. In this 

study, we first used mass spectrometry to search for novel Arc phosphorylation sites. This 

approach allowed us to identify serine 67 (S67) and threonine 278 (T278) as residues possibly 

modified by TNIK. Further analyses show that the phosphorylation of each site can influence the 

nuclear trafficking or self-oligomerization of Arc. Interplay between Arc and TNIK could then 

have important consequences in neurons. 

Image derived from: Journal of Neurochemistry DOI: (10.1111/jnc.15440) 
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The goal in this chapter is to understand the molecular and synaptic basis of TNIK 

phosphorylation on Arc. This research provides novel insights on how Arc can contribute to one 

form of plasticity over another, furthering the knowledge of synaptic plasticity and the mechanisms 

of learning and memory. Additionally, this research further reveals how PTMs can contribute to 

intracellular communication, especially highlighting a novel neuronal viral-like communication 

system. To further unravel how TNIK phosphorylation impacts Arc, the next steps should involve 

an investigation of how other protein-protein complexes could be altered. Understanding how 

TNIK-induced Arc phosphorylation could modulate interactions with other pivotal synaptic 

proteins, such as PSD95, Stargazin, DISC1, and CaMKII, may provide information about the 

arrangement, or re-arrangement of the PSD. Furthermore, it was found that phosphorylation at S67 

specifically had a profound effect on subcellular localization and interaction with Drebrin A; 

therefore, it would be interesting to study how the spine morphogenesis could be altered. The 

morphology of dendritic spines plays a major role in reshaping synaptic connections. Identifying 

if these phosphorylation events give rise to an LTP or LTD phenotype may give more information 

about what processes these residues play in vivo. Lastly, to further understand the role of capsid 

formation, the effects of TNIK phosphorylation on capsid abundance was investigated. It was 

deduced that the capsid shape was affected specifically amongst T278 phospho-mimetic mutants, 

but the abundance and contents of the capsids were not assessed. The significance of understanding 

the abundance of the capsids amongst the unmodifiable or phospho-mimetic mutants will aid in 

determining if the irregular oligomerization due to T278 phosphorylation plays a role in disrupting 

intercellular communication, either by affecting the shape or the contents within. Overall, this 

creates a model which would show the interactions of Arc within the post-synaptic density and the 

downstream effects on spine morphology and capsid formation.  
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4.1.2.1 Phase Separation 

Studies have revealed that the N-lobe of the Arc Gag domain is responsible for the direct 

binding of several synaptic proteins, such as Stargazin, GluN2A/B, and GKAP (Zhang et al., 

2015). The current work has extended this complexity to include areas within this region which 

can undergo reversible PTMs that further dictate function. Moreover, a recent study implicated 

Arc within a network of PSD proteins that form a microdomain via a liquid-liquid phase separation 

(Chen et al., 2022). Liquid-liquid phase separation is a non-membrane bound compartment which 

organizes and compartmentalizes molecules and biochemical reactions within a cell (Hnisz et al., 

2017). PSD-95, GKAP, Shank, and Homer can interact with one another and AMPAR to form 

interaction complexes and consequently cluster AMPAR within the lipid membrane (Hnisz et al., 

2017; Zeng et al., 2016, 2019). This assembly can be dispersed or concentrated depending on the 

synaptic events occurring; for example, in times of increased scaffolding, proteins like PSD-95 

and Shank, would promote PSD assembly and increase AMPAR cluster size (Chen et al., 2022). 

Arc’s Gag domain was found to interact within this liquid-liquid condensate by interacting with 

the “P-S-Y” motif on the cytoplasmic tail of Stargazin. This antagonizes the interaction between 

Stargazin and PSD-95, impacting the dispersal of AMPAR within the condensate by encouraging 

AMPAR endocytic removal, as seen in Figure 4.2 (Chen et al., 2022). When the serine of 

Stargazin’s “P-S-Y” tail is phosphorylated in active synapses, it is unable to be displaced from the 

PSD. However, strengthening the Arc-Stargazin interaction enhances Arc’s capacity to weaken 

synapses. This indicates that Arc is an activity-dependent, bidirectional modulator of PSD 

condensate formation and dispersion and is a regulatory mechanism for synaptic plasticity (Chen 

et al., 2022). 
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Figure 4.2 - Acute Arc concentration-dependent dispersion of Stargazin from the PSD 

condensates 

A model depicting PSD condensate-mediated clustering of AMPARs in the PSD. A rise in the Arc 

concentration can sensitively and cooperatively disperse AMPAR clustering by reversing the 

phase separation of Stargazin and PSD-95. AMPARs dispersed from the PSD become accessible 

to synaptic endocytic machineries. 

 

Image derived from: Cell Research DOI: (https://doi.org/10.1038/s41422-022-00697-9) 

 

This finding emphasizes the importance of furthering the current research by mapping how 

TNIK phosphorylation of T278, located within the N-lobe near the binding sites of Stargazin and 

PSD-95, would affect protein-protein interactions and consequently, this liquid-liquid condensate 

formation. As well, it is important to discover any potential implications to neurological states of 

dysfunction.  

4.2 Implications on Health and Disease 

4.2.1 Alzheimer’s Disease (AD) 

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder that is characterized 

by its dramatic phenotype of memory loss. AD is hypothesized to result from synaptic failure, or 

synaptopathy, which is associated with disruptions in the synaptic structure and function leading 

to atypical signaling and network interferences (Selkoe, 2002). AD pathophysiology can be caused 

https://doi.org/10.1038/s41422-022-00697-9
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by the amyloid precursor protein (APP), which is sequentially cleaved by -secretase (BACE1) 

and -secretase to produce amyloid beta (A).  A can oligomerize and deposit plaques, disrupting 

synaptic communication. This can result in neurodegeneration that presents clinically with 

cognitive decline and memory loss symptoms (Walsh & Selkoe, 2007). The necessity of Arc for 

long-term memory consolidation, but not for short-term memory (Plath et al., 2006), has sparked 

the hypothesis that this may be a reasonable target for pharmacological intervention or as a 

biomarker for AD. 

Arc was originally implicated in AD pathology upon the discovery that it is required for the 

creation of A (Wang et al., 2017). Arc’s role in AMPAR trafficking via clathrin-mediated 

endocytosis (Chowdhury et al., 2006; Dasilva et al., 2016; Shepherd et al., 2006; Wall & Corrêa, 

2018) extends to trafficking key components within the A pathway, such as APP, BACE1 and 

presenilin1 (PS1) – which mediates -secretase trafficking (J. Wu et al., 2011). In vivo models of 

Arc-/- knockout mice have indicated that the mice had reduced A levels, which correlates to the 

clinical presentation of AD in humans that display elevated levels of Arc and A (J. Wu et al., 

2011). Another in vivo study showed that amyloid plaques can increase Arc expression within 

activated neurons, showing a disruption in the Arc-plaque interactions and interference with neural 

network signaling (Rudinskiy et al., 2012). A detailed review of Arc expression in the 

hippocampus of aging rodents is succinctly reviewed in Myrum et al. (2022). This review 

highlights that while the synaptic plasticity profile of Arc is well documented, further causative 

studies need to be conducted to fully understand the role that Arc is playing in complex 

neurodegenerative diseases, such as AD.  

In this thesis, the connection above is of interest with regards to its relation to the 

transcriptional control of Arc. It would be interesting to see how the molecular mechanism 



 

111 

 

involving Brd4 and Arc eRNAs could affect memory, and to extend this further into pathological 

states, such as Alzheimer’s, in which memory loss is the hallmark symptom. It is necessary to 

determine if these transcriptional machinery components are affected, or maybe even causative. 

This could be a “chicken or the egg” scenario, as both answers could be equally important. If it is 

causative, this would be a molecular mechanism which could be targeted through pharmacological 

regulation; if it is affected, this could be used as a diagnostic technique, depending on how early 

these molecular mechanisms go awry.  

4.2.2 Schizophrenia  

Schizophrenia (SZ) is a neuropsychiatric disorder, which has both positive and negative 

symptoms.  Positive symptoms are changes that are added in behaviours or thoughts, such as 

delusions, hallucinations, disorganized thinking, and grossly disorganized or abnormal motor 

behavior, while negative symptoms are taken away or reduced, such as diminished emotional 

expression and avolition (Lewis & Gonzalez-Burgos, 2006). Consistent findings indicate that there 

is a large genetic component that contributes to SZ pathophysiology. It is estimated that up to 80% 

of cases can be linked to a genetic alteration (Cardno & Gottesman, 2000; Sullivan et al., 2003). 

Due to the complexity and heterogeneity of the disorder, it is imperative to both identify and 

understand the genetic and molecular mechanisms that converge in the clinical presentation of SZ. 

Genome-wide association studies (GWAS) have presented evidence that Arc is a contributing 

factor to the etiology of SZ (Akterin et al., 2013; Fromer et al., 2014; Kirov et al., 2012; McCarthy 

et al., 2014; Xu et al., 2011). This has been supported by behavioral analysis in mice, as Arc 

knockout mice were reported to have behavioral abnormalities that correlated to the positive and 

negative symptoms seen in human schizophrenic patients (Managò et al., 2016). Additionally, Arc 

directly binds to a variety of other genes previously implicated in SZ, such as Wave1, GKAP, 
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IQSEC2, and GluNA2 (Myrum et al., 2015; Zhang et al., 2015). A further examination of the exact 

molecular processes and other SCZ risk genes that interact with Arc will provide further insight 

into the pathophysiological roles of Arc.  

TNIK is a risk factor for SZ as it interacts with Disrupted-in-Schizophrenia 1 (DISC1), another 

genetic risk factor for the development of a variety of psychiatric disorders including bipolar 

disorder, autism, and SZ (Q. Wang et al., 2011). DISC1 and TNIK are inversely related, meaning 

that the presence of DISC1 inhibits TNIK’s kinetic ability, but it also reduced AMPAR GluR1, 

Stargazin and PSD-95. This decrease in the TNIK interaction partners coincides with what is 

observed when TNIK is knocked down using shRNA (Q. Wang et al., 2011). This suggests that 

DISC1 negatively regulates synaptic strength by inhibiting TNIK, causing a synaptic 

destabilization of the synaptic proteins that are integral to the PSD including Stargazin, AMPAR 

and PSD-95 (Q. Wang et al., 2011). The findings from this thesis indicate that Arc can interact 

with TNIK and its known connections with the aforementioned synaptic modulators. An 

evaluation of whether phosphorylation changes these interactions would be important in assessing 

this as a molecular mechanism for SZ pathology. The connection between Arc and SZ has never 

been investigated in a molecular manner; therefore, by linking PSD95, Stargazin, DISC1, and 

TNIK to Arc may provide a novel model which can offer information about synaptic deficits seen 

in SCZ. 

4.3 Final Thoughts 

The pleiotropic nature of Arc’s neurobiology is fascinating. From viral capsid intracellular 

communication to being a key component of long-term memory consolidation, Arc plays an 

important role in regulating synaptic function. This thesis provides an insight into Arc’s 

moonlighting capabilities both at the transcription and post-translational levels.
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