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ABSTRACT 
 

METHODOLOGY TO INVESTIGATE PROTEIN-PROTEIN INTERACTIONS OF JUN DURING 
NEURONAL DIFFERENTIATION OF PC12 CELLS  

 
by 

 
Heather Lee Leskinen 

 
The University of Wisconsin-Milwaukee, 2023 

Under the Supervision of Professor Ava J Udvadia 
 

In humans and other mammals, injury to the central nervous system (CNS) can cause a 

permanent loss of neuronal function, leading to cognitive defects, limb paralysis, and other 

neurological disabilities.  In contrast, studies have shown that some non-mammalian 

vertebrates like zebrafish, have the remarkable ability to functionally regenerate axons after 

CNS injury by reactivating and sustaining the expression of regeneration-associated genes 

(RAGs).  Some RAGs encode transcriptional regulators that dimerize to control downstream 

gene expression necessary for functional axonal recovery.  Our lab has previously identified Jun 

as an important transcriptional regulator of regeneration after optic nerve injury in zebrafish. 

After axon injury in the peripheral nervous system, Jun is necessary for functional axonal 

regeneration and has been shown to heterodimerize to regulate gene expression.  However, it 

is not known if these same binding partners interact with Jun during CNS regeneration. To 

investigate this, we have created a fusion protein of Jun tethered to one of the most recent 

generations of proximity labeling ligases, APEX2. Unlike traditional methods to investigate 

protein-protein interactions (PPIs), proximity labeling can also detect transient interactions, 

such as post-translational modifications performed by kinases, as well as stable binding seen in 

transcription complex formation. Using the nerve growth factor (NGF)-induced neuronal 
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differentiation of PC12 cells as a model, the PPIs of Jun were identified during the early stage of 

axon extension using proximity labeling, followed by mass spectrometry. Elucidating the PPIs of 

Jun will aid in developing new therapeutic approaches in human CNS regeneration. 
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Chapter One Introduction 
 

Axonal injury is a key feature of many nervous system diseases 
 
 The vertebrate nervous system contains both central and peripheral components. The 

central nervous system (CNS) consists of the brain, spinal cord, retinas, and optic nerve while 

the peripheral nervous system (PNS) consists of sensory and autonomic ganglia and segments 

of nerves protruding out of the spinal cord. Together, these systems control everything that our 

bodies do on a daily basis from simple movements to complex problem solving. Damage to 

these systems is a major problem as mammals have a low intrinsic ability to functionally 

regenerate neurons. Regenerative ability is correlated with temporally regulated changes in 

gene expression, including the expression of transcription factors. Recent studies hypothesize 

that changing interactions between transcription factors as well as post-translational 

modifications to transcription factors underlie the ability for regeneration. Understanding these 

interactions and how they mediate axon growth and regeneration may provide valuable 

information for the design of new therapeutics to treat traumatic and degenerative diseases of 

the nervous system.  

Traumatic injury or diseases of the nervous system can vary in severity based on the site 

and extent of the injury. Injury to the soma, or cell body, of a neuron results in cell death and a 

loss of function. However, injury to the axon has different outcomes depending on the type of 

organism, extent of injury, and age (Gutmann et al., 1942, Black and Lasek, 1979, Pestronk et 

al., 1980, Blackshaw, 2022). After axonal injury in adult mammals, CNS neurons fail to re-grow 

to their targets, resulting in a permanent loss of function, but neurons of the PNS can 

functionally regenerate. Many non-mammalian vertebrates (e.g. zebrafish, lamprey, frog) can 
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fully regenerate components of both the central and peripheral nervous systems, but this 

phenomenon decreases with age (El Bejjani and Hammarlund, 2012, Blackshaw, 2022, Hibbard, 

1963, Black and Lasek, 1979). Axon injury is a hallmark of direct trauma to the brain or spinal 

cord as well as many different neurodegenerative and neurodevelopmental diseases. 

The nervous system can be damaged by a variety of sources. While several neurological 

conditions have been shown to have an underlying genetic component, there is also evidence 

that environmental factors contribute to the risk of developing certain diseases such as in the 

case of multiple sclerosis. Even aspects of our lives that we can control, such as our diet, can 

increase the likelihood of onset, like with diabetic neuropathies. Other times, axonal damage 

resulting in brain or spinal cord injury are unforeseen consequences of our surroundings, such 

as falls or vehicular crashes. The disease presentation, pathophysiology, and current treatments 

of multiple sclerosis, diabetic retinopathy, and traumatic brain injuries will be discussed as 

examples of CNS axonal damage.  

Multiple Sclerosis 
 

Multiple sclerosis is characterized by multiple sites of demyelination and inflammation 

within the CNS which appear to be a consequence of oligodendrocyte death. Multiple sclerosis 

is typically seen in young adults with symptoms including fatigue, ataxia, and muscle spasms 

amongst others (Compston and Coles, 2002). Prognosis is quite good with a life expectancy 

about 25 years after disease onset, however, multiple sclerosis presentation is variable with 

25% of patients reporting no impact on daily activities due to symptoms while 15% become 

severely disabled shortly after symptoms develop (Ascherio, 2013). While genetics appear to 

play a role in developing multiple sclerosis, there are environmental factors that seem to 
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influence it such as childhood obesity, smoking, vitamin D deficiency, and contracting the 

Eppstein-Barr virus (Ascherio, 2013). 

One hypothesis for disease development ascribes molecular mimicry as a main 

component of the immune response that causes the characteristic lesions and plaques seen in 

multiple sclerosis. Following this, some therapeutic approaches aim to deplete B-cells by 

targeting particular class II molecules such as the monoclonal antibody ocrelizumab (Montalban 

et al., 2017). This treatment was shown to slow disease progression as measured by lesion 

volume, loss of brain volume, and performance in timed physical tests. These 

immunosuppressant therapies are ongoing treatments while immune reconstitution therapies 

can be delivered in short time courses. The latter aims to produce a longer-term immune 

response, such as the synthetic deoxyadenosine, cladribine, which destroys B-cells through 

adenosine deaminase depletion (Giovannoni et al., 2018). These drugs do not cure multiple 

sclerosis, but such therapies have the potential to significantly delay disease progression such 

that patients could be asymptomatic. 

Diabetic Retinopathy 
 

Of the approximately 37 million Americans with diabetes, about 20% of those 

individuals do not even know that they are diabetic (CDC). Patients with Type I, II, or gestational 

diabetes are at risk for other co-morbidities with more than half eventually developing diabetic 

retinopathy (NIH – National Eye Institute). Over time, vision becomes distorted and acuity 

decreases, but the ultimate symptom of this disease is blindness. The exact pathogenesis is 

uncertain, but several contributing factors have been identified. Hyperglycemia dysregulates 

metabolic pathways which eventually increase the permeability of or block the blood vessels 
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within the eye (Ono et al., 1998). Retinal ganglion cells are the neurons within the retina whose 

axons makeup the optic nerve. A loss of dendritic arborization in or death of these cells are 

some of the earliest signs of diabetic retinopathy, yet the molecular mechanisms underlying 

this are unclear (Amato et al., 2022). 

As the effects of hyperglycemia are widespread over the body, there are many therapies 

against diverse targets ranging from immune, to neurotrophic, to metabolic. Vascular 

endothelial growth factor (VEGF) levels are increased in the vitreous of patients with diabetic 

retinopathy and several anti-oncogenic drugs aim to deplete VEGF and subsequently decrease 

vision loss (Aiello et al., 1994, Wells et al., 2015). In cases that do not respond well to anti-VEGF 

treatments, it is presumed that multiple cytokines are at play and thus anti-inflammatories are 

used. Biodegradable corticosteroid (dexamethasone and fluocinolone acetonide) implants are 

placed in the eye for sustained-release which have been shown to increase visual acuity, but 

some patients develop adverse effects such as cataracts and increased ocular pressure (Boyer 

et al., 2014, Campochiaro et al., 2011). However, there remains no cure for diabetic 

retinopathy. The best treatment is prevention by maintaining appropriate blood sugar levels as 

well as blood pressure. 

Traumatic Brain Injury (TBI) 
 

Worldwide, an estimated 69 million people suffer from traumatic brain injury (TBI) each 

year (Dewan et al., 2018). Each day in 2021, nearly 200 Americans died as a result of TBI-related 

injuries (CDC – National Center for Injury Prevention and Control). Patients who suffer from 

TBIs tend to have a range of neuronal deficits that will affect their physical and emotional well-

being. TBIs are commonly the result of motor vehicle crashes, falls, and physical assault. Injuries 
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can be either focal (resultant of a localized and direct impact) or diffuse (occurring over a large 

area of the brain) with effects such as swelling, bleeding, and metabolic changes. These can 

result in secondary damages in which the brain swells due to pressure build from intracranial 

bleeding or a breakdown of the blood-brain barrier (NIH-National Institute of Neurological 

Disorders and Stroke). 

TBIs present differently in each patient which profoundly impacts their clinical 

treatment. The variables underlying pathophysiology are unique to each individual which does 

not fit the current grouping paradigm of the intensive care unit used today. As there is no cure 

or pharmacological approach to healing TBIs yet, most advances have been towards better 

characterization of each patient to individualize treatment as best as possible with the available 

tools. A new approach will identify sub-groups of patients who may benefit from individual 

treatment. A multi-omics study of data from severely injured humans determined that delivery 

of pre-hospital (in transit) thawed plasma to high-risk trauma patients showed that patients 

who received plasma showed improved mortality at 30 days in comparison to those who 

received standard of care (Sperry et al., 2018). These early results suggest that read-outs of 

patient biomarkers, metabolic derangement, co-morbidities, medication, and other 

confounding factors upon hospitalization could create grouping for better clinical outcomes. 

However, at present, typical treatments are rest and over-the-counter pain relievers with 

prevention being the best treatment, such as by wearing personal protective equipment during 

activities in which a TBI is likely to occur. 
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Intrinsic and extrinsic factors contribute to neuronal regeneration 

Axonal injury to the mammalian nervous system involves multiple systems (i.e., immune 

system) and cell types whose precise interactions occur over a time course. These interactions 

often induce changes in gene expression resultant of proteins binding with one another. The 

fate of a neuron is greatly influenced by specific protein-protein interactions depending on the 

cellular context, the specific protein binding partner, their relative concentrations, etc. 

Therefore, understanding which proteins interact at specific times to elicit functional axonal 

regeneration will aid in developing therapies and treatments. 

The process of axon regeneration is an interplay between many cellular pathways and 

extracellular signals. The time for successful regeneration varies depending on type of 

organism, extent of injury, and age (Gutmann et al., 1942, Black and Lasek, 1979, Pestronk et 

al., 1980). PNS axonal regeneration is slow in humans and animals with rates of 1 and 3 

mm/day, respectively (Gutmann et al., 1942, Sunderland, 1947). The farther an axon must 

travel, the longer regeneration takes and the less likely the nerve is to successfully reinnervate 

its target.  

Furthermore, the extent of the damage to the axon can affect its ability to regenerate. 

Injuries that do not sever the endoneurial sheaths (connective tissue that surrounds the myelin) 

are more likely to functionally regenerate (Young, 1942). When the endoneurial sheaths are 

completely severed, such as in a nerve transection, it is less likely that the regenerating axons 

will enter the correct endoneurial tube at the distal end of the nerve stump (Haftek and 

Thomas, 1968, Brushart and Mesulam, 1980, Thomas et al., 1987). While mammalian PNS 

regeneration is far more robust than that of the CNS, a functional outcome is still difficult to 



 

 7 

achieve due to incomplete re-growth or aberrant re-innervation leading to chronic pain (David 

and Aguayo, 1981). This highlights the importance of understanding the molecular mechanisms 

that underly functional axonal regeneration to develop better treatments to ultimately improve 

patient outcomes and quality of life. To illustrate the complexity of functional axonal 

regeneration, we will discuss the intrinsic and extrinsic factors of axonal injury to the 

mammalian nervous system. 

Peripheral nervous system (PNS) regeneration 

The response to injury in the PNS is well-documented, but the molecular mechanisms 

that underly these processes are still not completely understood (Waller, 1850, Ramón y Cajal, 

1928). After peripheral axotomy, the cell body begins to swell, the nucleolus and nucleus 

reposition, and Nissl bodies on the rough endoplasmic reticulum start to disintegrate (Nissl, 

1892, Lieberman, 1971). The neuron reverts from a “maintenance” to a “growth/regenerative” 

state. What is known about the molecular response to axonal injury in the mammalian PNS will 

be discussed below. 

Upon rupture of the axon, an influx of calcium ions initiates a rapid cellular response to 

re-seal the membrane and begin the process in which the axon and myelin are disintegrated, 

largely by non-neuronal cells referred to as Wallerian degeneration. Upon axonal injury in the 

PNS, the distal tip of the proximal stump and the entire distal stump begin to degenerate. This 

process begins with axonal fragmentation and is followed by an increase in permeability of the 

blood-nerve-barrier which allows for macrophages to enter the site of injury to phagocytize the 

myelin debris (Waller, 1850). The calcium ion influx at the site of injury is key to initiating the 

regenerative response (Schlaepfer and Bunge, 1973, Ziv and Spira, 1995). The ion-sensitive 



 

 8 

protease calpain degrades neurofilament proteins and its pharmacological inhibition prevents 

axonal degradation (Zimmerman and Schlaepfer, 1982, George et al., 1995). The ubiquitin 

proteasome system dismantles the microtubules and is independent of the calcium influx 

associated with opening the axonal membrane (Zhai et al., 2003). The distal axon and myelin 

sheath disintegrate, and the debris is cleared by Schwann cells and macrophages (Miledi and 

Slater, 1970, Stoll et al., 1989). Most of the distal axon degeneration is carried out by glial cells, 

but they also have other roles in axon regrowth. 

A concerted effort between multiple cell types is required for functional regeneration in 

the PNS, mainly Schwann cells and macrophages. There are Schwann cells that secrete 

neurotrophic factors such as nerve growth factor (NGF) and glial-derived neurotrophic factor 

(GDNF) to support axon re-growth. NGF secreted from Schwann cells binds to NGF receptors of 

the growth cone to attract and guide growing neurites (Taniuchi et al., 1988). The NGF and its 

receptor are internalized and undergo retrograde transport to the soma to exert their 

neurotrophic effects (Johnson et al., 1987). GDNF is up-regulated in Schwann cells while its 

receptor, GFRα, is up-regulated in nerves after PNS injury (Naveilhan et al., 1997, Fontana et al., 

2012). The GDNF-GFRα complex recruits the RET receptor tyrosine kinase which auto-

phosphorylates to initiate signaling cascades such as Ras/MAPK and PI3K/Akt (Coulpier et al., 

2002). In mouse embryonic sensory neurons from the nodose ganglion, blocking RET 

phosphorylation induced by GDNF reduced neuronal survival (Coulpier et al., 2002). Mediated 

by toll-like receptors, the debris from degenerated axons stimulates Schwann cells to express 

monocyte chemotactic protein-1 (MCP-1 or CCL2) which recruits macrophages to the site of 

injury (Boivin et al., 2007). This recruitment is further stimulated by Schwann cell secretion of 
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tumor necrosis factor alpha (TNFα), IL-1α, and IL-1β (Shamash et al., 2002). Upon arrival, 

macrophages secrete these same factors (Shamash et al., 2002). While glial cells contribute to 

generating an appropriate immune response to degrade axonal fragments, the regenerating 

neuron itself is responding to damage. 

In mammals, this process of Wallerian degeneration occurs over 7-14 days during which 

the distal tip of the proximal axon is also undergoing regeneration (George and Griffin, 1994). 

The damaged plasma membrane re-seals and a growth cone forms which responds to external 

cues to correctly orientate the axon for re-growth (Spira et al., 1993, Sperry, 1963). These cues 

are either attractive or repulsive which aid in guiding the axon to its end target for re-

innervation. Some of these cues are located on the cell membranes (e.g. adhesion molecules 

such as ephrins and semaphorins) or secreted by cells (e.g. netrins, Sema3A, NGF, Slit) to create 

a chemogradient (Giger et al., 2010). The distal nerve stump and end targets secrete factors 

that contribute to neurite extension such as NGF, ciliary neurotrophic factor, and GDNF 

(Heumann et al., 1987, Sahenk et al., 1994, Hoke et al., 2000). Many of the extracellular cues 

function to affect cytoskeletal dynamics through signaling cascades and retrograde transport 

(Tetzlaff et al., 1988, Fu and Gordon, 1997). While many extra-cellular cues and glial cells are 

important in eliciting a regenerative response in PNS neurons, the neural cell itself must 

undergo intrinsic changes to facilitate regrowth, as well. 

Upon axonal injury, the PNS neuron undergoes many rapid changes that transition the 

cell from a “maintenance” state to a “growth state”. Immediate calcium ion-induced signals 

play a role in formation of growth cones, local protein synthesis, induction of further signaling 

molecules, and relocation and activation of chromatin modifiers (Friede and Bischhausen, 
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1980). As a consequence of increased intracellular calcium levels, protein kinase Cµ (PKCµ, also 

known as PKD) is phosphorylated which activates its translocation to the nucleus within one 

hour of dorsal root ganglion (DRG) axotomy in rats (Cho et al., 2013). In response to PKCµ 

activation, histone deacetylase 5 (HDAC5) is exported from the nucleus and histone acetylation 

is increased (Cho et al., 2013). These modifications to the nucleosomes induce changes to the 

DNA ultrastructure. This appears to precede the transcription of immediate early genes 

suggesting that restructuring the chromatin landscape primes the regulatory regions of genes 

necessary for axon regeneration. This is supported by a transcriptome microarray study of 

successfully regenerating rat DRGs after sciatic nerve lesion that showed that significant 

changes in gene expression were not observed until 8-12 hours after surgery in comparison to 

sham-operated controls (Michaelevski et al., 2010). The most pronounced and widespread 

changes were not observed until 18-28 hours post injury. Thus, later retrograde responses of 

injury are more highly correlated with influencing gene expression.   

After axonal injury, the neurons of the PNS re-express a transcriptional program that 

can revert them to a growth-competent state. Many of these re-expressed genes encode 

transcription factors (TFs) that are believed to regulate and maintain the long-term response to 

injury by controlling the expression of further sets of genes. Notably, axon regrowth is 

supported by increased expression of growth-associated proteins such as immediate early 

genes (e.g. JunB and cJun), growth-associated protein 43 (GAP43), cytoskeletal proteins (e.g. 

tubulin and actin), and neuropeptides (e.g. calcitonin gene-related peptide (CGRP)) (Haas et al., 

1993, Skene and Willard, 1981, Tetzlaff et al., 1988, Haas et al., 1990). Differential regulation of 

regeneration-associated genes occurs in many models of axon injury, and increased expression 
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of immediate early genes is common among them (Herdegen et al., 1991, Michaelevski et al., 

2010, Chronis et al., 2017, Dhara et al., 2019). 

Immediate early genes are those whose expression is up-regulated in response to 

extracellular stimuli and their transcription has been shown to increase in response to injury. 

After facial nerve axotomy in rats, transcription of immediate early genes is rapidly induced and 

maintained above baseline levels for at least 11 days (Haas et al., 1993). Many immediate early 

genes encode transcription factors (TFs) which modulate gene expression. The TF cJun has long 

been implicated in regeneration, is up-regulated in response to both PNS and CNS axonal injury, 

and is necessary for axonal regeneration in the PNS (Leah et al., 1991, Herdegen et al., 1991, 

Ruff et al., 2012). Axons that successfully regenerate down-regulate cJun once they re-

innervate their targets (Herdegen et al., 1991, Leah et al., 1991, Jenkins et al., 1993). After facial 

nerve axotomy in mice, the TFs Ascl1, Stat5b, and Maf are all up-regulated, but this trend is 

reversed after Jun knock out, suggesting their dependence on Jun expression (Mason et al., 

2022). Interestingly, Jun knock out did not affect expression of most TFs until the later phases 

of regeneration at 4 and 14 days after injury with no significant changes seen at 1 day (Mason 

et al., 2022). In turn, the products of these Jun-regulated genes carry out long-term cellular 

responses to injury.  

Another group of early-induced proteins, GAPs are upregulated in regenerating axons 

and are highly associated with successful functional neuronal regeneration in response to 

axonal injury. GAP43 is a cytosolic protein that localizes to the internal surface of axon 

terminals and is implicated in cytoskeletal organization of growth cones and synaptic function 

in developing and regenerating axons (Aigner and Caroni, 1995, Laux et al., 2000, Haruta et al., 
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1997). Cytokines and neurotrophins released after axon injury induce JAK/STAT3 and PI3K/Akt 

pathways that are linked to GAP43 upregulation and increased neurite outgrowth in vitro (Yang 

et al., 2015, Yang et al., 2012). GAP43 mRNA expression is strongly up-regulated in regenerating 

dorsal root ganglion (DRG) axons following sciatic nerve injury but not after injury to the 

regeneration-incapable DRG central axons following dorsal rhizotomy (Mason et al., 2002). In a 

rat model of stroke, GAP43 up-regulation was associated with axon sprouting in the barrel 

cortex (Carmichael et al., 2005). These data demonstrate the link between increased GAP43 

and cytoskeletal dynamics in axon extension. 

Actin and tubulin are two of the main proteins that make up the cytoskeletal structure 

of a cell. After axonal injury, a neuron needs to re-grow towards its target cells which requires 

elongation of the axon. In regenerating rat nerves, the rate at which a regenerating axon grows 

is positively correlated with the rate of actin and tubulin axonal transport (Wujek and Lasek, 

1983). While tubulin and actin synthesis increases, neurofilament levels decrease in response to 

PNS axonal injury (Tetzlaff et al., 1988). Neurofilament is associated with maintaining axonal 

diameter and its downregulation during regeneration has been suggested to accelerate 

transport by increasing fluidity in the axonal cytoplasm (Hoffman et al., 1984, Gordon et al., 

1991). These changes in cytoskeletal protein organization are key structural changes required 

for successful PNS neuronal regeneration. 

While axotomy is normally associated with down-regulation of classical 

neurotransmitters, some neuropeptides increase expression. Calcitonin gene-related peptide 

(CGRP) mRNA is upregulated in axotomized motoneurons which could increase blood flow to 

proximal nerve stumps by stimulating vasodilatation to recruit proinflammatory cells, such as 



 

 13 

macrophages, mast cells, and lymphocytes (Haas et al., 1990, Edvinsson et al., 1988). While its 

exact mechanistic action is not known, intravenous injection of CGRP increased blood flow and 

reduced the volume of the brain injury in a rat model of focal cerebral ischemia (Holland et al., 

1994). In response to PNS axonal injury, increasing the permeability of the blood-nerve-barrier 

is an important step in regeneration, (George and Griffin, 1994) Thus, CGRP upregulation in 

response to axotomy may be playing a role in this process.  

The delay in transcriptional changes may be partially due to the later arrival of 

retrograde signaling from the injury site delivered by dynein-mediated axonal transport. 

Kinases are a key component of many cellular pathways and have long been implicated in 

retrograde signaling of injury. Jun amino-terminal kinase (JNK) signaling has been linked to 

multiple physiological responses to extracellular stress (Ip and Davis, 1998). After PNS injury, 

JNK scaffolding protein (JNK-interacting protein, JIP3) and activated JNK are retrogradely 

translocated via the dynein motor (Cavalli et al., 2005). Phosphorylated JNK precedes the 

phosphorylation of the transcription factor cJun whose expression is maintained throughout 

regeneration (Herdegen et al., 1991, Kenney and Kocsis, 1998). Levels of cJun are increased 

after both PNS and CNS axon damage, but cJun is also implicated in neuronal cell death (Estus 

et al., 1994, Herdegen et al., 1998, Maggirwar et al., 2000). 

Barriers to central nervous system (CNS) regeneration 
 

While the PNS can mount a regenerative response to axonal injury, the CNS is not able 

to overcome either extrinsic or intrinsic barriers. Within the mammalian CNS, the debris from 

disintegrated distal axon stump and myelin are not efficiently cleared after degeneration, 

creating a regeneration-prohibitive environment (Schwab, 1990, George and Griffin, 1994). 
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Within the PNS, this is largely completed by Schwann cells and macrophages, but their 

equivalents in the CNS, oligodendrocytes and microglia, clear debris far less efficiently (Ludwin, 

1990). In mammalian CNS neurons cultured on either oligodendrocytes or myelin, growth cones 

collapse and axon extension is decreased (Caroni and Schwab, 1988, Schwab and Caroni, 1988). 

Furthermore, growth inhibitory molecules, like netrin-1, have been shown to inhibit axon 

regrowth and are known to be within CNS myelin and secreted from oligodendrocytes (Low et 

al., 2008). These factors are obstacles to axon extension in the CNS, but so are factors intrinsic 

to the glial cells themselves. 

In animals capable of CNS axon regeneration, Wallerian degeneration is rapid and 

regeneration is functional (Turner and Glaze, 1977). After spinal cord injury in mammals, 

oligodendrocytes undergo apoptosis at areas distal to the site of injury, an event that occurs 

after axonal degeneration (Li et al., 1999). During development, maintaining contact with the 

axon promotes survival of oligodendrocytes, so it may be the loss of this interaction that 

contributes to cell death after injury in mature cells (Barres et al., 1993). A loss of trophic 

support and activation of Fas (a member of the TNF cytokine receptor superfamily) also appear 

to contribute to oligodendrocyte apoptosis (D'Souza et al., 1996). Conversely, 60-70% of 

oligodendrocytes survive throughout Wallerian degeneration after enucleation, but appear to 

enter a resting state (Ludwin, 1990). This suggests that there may be different pathways elicited 

by different types of injury. Outside of their poor myelin clearance, oligodendrocytes near sites 

of spinal cord injury up-regulate the semaphorin, Sema4D (also known as CD100, an inhibitory 

growth cue), which has been shown to decrease neurite extension of postnatal cerebellar and 

sensory neurites in vitro (Moreau-Fauvarque et al., 2003). While oligodendrocytes are already 
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present at the site of injury, microglia chemotaxis is induced by increased ATP levels from the 

compromised cell membranes (Davalos et al., 2005).  

In response to CNS axon injury, microglia migrate to the lesion, activate, and undergo 

hypertrophy (Barron, 1995). Microglia-derived macrophages remain at the site of injury for 

months to years and most do not switch from a pro-inflammatory (M1) to a pro-repair (M2) 

state (Popovich et al., 1996, Kigerl et al., 2009). In addition to their role in the immune 

response, microglia phagocytize debris from degraded myelin along with other recruited 

macrophages. Furthermore, the blood-brain barrier is open only at the site of injury within the 

CNS, unlike in the PNS in which the blood-nerve barrier permeability is increased over the 

length of the degenerating axon (George and Griffin, 1994). This may limit the available space 

through which necessary microglia and immune cells can enter the lesion to assist in protective 

mechanisms. While microglia initially exert protective effects, they do not adapt a pro-repair 

role to encourage axon outgrowth. 

A key characteristic of damage to the CNS axon is the formation of the glial scar at the 

site of injury. Within days of axonal damage, a glial “scar” is formed around the lesion by injury-

recruited non-neuronal cells largely made up of reactive astrocytes, microglia, and meningeal 

fibroblasts. In a maintenance state, astrocytes are important for regulating neurotransmitters, 

producing extracellular matrix molecules, and maintaining the blood-brain barrier (Mennerick 

and Zorumski, 1994, Bernstein et al., 1985, Risau and Wolburg, 1990). After injury, they are the 

main cells responsible for preventing further damage to the delicate brain tissue by isolating 

and containing immune and fibroblast-like cells within the core of the scar (Fitch et al., 1999, 

Soderblom et al., 2013). While astrocytes protect surrounding tissue, they and other 
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components of the scar prevent the neuron from entering a state of regeneration. At the 

epicenter of the scar, meningeal cells secrete Sema3s (class 3 semaphorins) which act as 

repulsive signals (Pasterkamp et al., 1998). Proteoglycans (e.g., keratan sulfate, chondroitin 

sulfate, etc.) are up-regulated by reactive glia and commonly found at CNS injury sites (Andrews 

et al., 2012). These and other extracellular matrix molecules have well-established roles in the 

inhibition of neurite outgrowth both in vitro and in vivo (Snow et al., 1990, Bradbury et al., 

2002). While many elements of the CNS extracellular matrix inhibit axon re-growth, their 

absence in the PNS presents an environment more conducive to axon regeneration.  

The formation of a growth cone is an essential component of successful axonal 

regeneration in the PNS. Notably, microtubules maintain stability and bundling which supports 

the growth cone (Erturk et al., 2007). Within the mammalian CNS, however, a retraction bulb, 

or frustrated growth cone, is often formed at the proximal nerve stump of an axonal injury in 

which microtubules are depolymerized and disorganized (Li and Raisman, 1995, Erturk et al., 

2007). Microtubules not only maintain the structure of the growth cone, but also aid in 

transport of cellular materials. The retraction bulb of a CNS neuron grows in size after axotomy 

due to accumulation of vesicles, suggesting that disorganized cargo transport also contributes 

to the failure of axonal extension (Erturk et al., 2007). Even if a growth cone successfully forms, 

components of the extracellular matrix and molecules secreted from reactive glia prevent 

regenerative growth (Caroni and Schwab, 1988, Schwab and Caroni, 1988, Bradbury et al., 

2002). Thus, the growth-inhibitory extrinsic environment of the CNS influences the ability of the 

neuron to effectively respond to injury. 
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In addition to the extrinsic factors that inhibit successful CNS regeneration, there are 

also cell-intrinsic mechanisms that prevent axon re-growth after injury. Efficient retrograde 

transport is observed in regenerating PNS axons, but this is not so in the CNS. Integrins are 

transmembrane receptors that bind to the molecules of the extracellular matrix and transmit 

environmental information to the actin cytoskeleton. In the developing rat cortex, integrins 

were seen in the axons within the corpus callosum and readily travel towards the synapse in 

the corticospinal tract (Andrews et al., 2016). However, adult rat CNS neurons were unable to 

transport integrins a significant distance after injury. Retrograde transport is an important 

mechanism through which the regenerating axons can transduce transcriptional signals to the 

nucleus, so its impairment in injured CNS neurons could impact gene expression necessary for 

regrowth. 

Within the PNS, neurons re-initiate and maintain a genetic program of re-growth, a 

phenomenon not achieved in the CNS. While up-regulation of the transcription factor cJun is 

observed after axonal injury in both the PNS and CNS, only the former can functionally 

regenerate (Leah et al., 1991, Herdegen et al., 1991, Ruff et al., 2012). cJun is an obligate dimer 

and its binding partner affects which genes are expressed (Angel and Karin, 1991). Therefore, it 

could be that cJun heterodimer partners necessary for regeneration are expressed in injured 

PNS neurons, but not in the CNS. Transcription factors are not the only proteins that are 

important for a successful regenerative response.  

The proteins PTEN and SOCS3 prevent the CNS neuron from properly responding to 

injury by inhibiting the PI3K/Akt and JAK/STAT signaling pathways, respectively. Deletion of 

either protein increases axonal regrowth in the regenerating murine optic nerve and axon 
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extension is further enhanced with co-deletion (Smith et al., 2009, Park et al., 2008, Sun et al., 

2011). In conditional knock out PTEN murine hippocampal neurons, severely reduced synaptic 

transmission at excitatory synapses was measured by pair-pulse ratio (Fraser et al., 2008). This 

was likely due to the structural abnormalities in postsynaptic densities visualized by electron 

microscopy as no defects were observed in presynaptic neurotransmitter release. In the 

developing cells of the optic nerve, PTEN/mTOR signaling decreases with age and 90% of adult 

cells show no activity until injured (Park et al., 2008). While PTEN is active during development, 

it must play a different role in response to axonal injury. Embryonic neurons that are implanted 

into the adult CNS are able to grow quite efficiently even within the inhibitory environment (Lu 

et al., 2012).  This suggests that adult CNS neurons maintain the ability to regenerate but are 

not able to re-express genes necessary for regrowth.  

Molecular manipulations to enhance axon regeneration 

To identify proteins important for enhancing axon outgrowth in response to injury, the 

over-expression of one or multiple proteins in concert has been extensively studied. Aside from 

PTEN/SOCS3, transcription factors (TFs) are also common targets for manipulation. TFs are 

proteins that bind to DNA to regulate gene expression. Therefore, determining which TFs are 

necessary to promote axon regrowth is an attractive strategy to also identify putative 

downstream effectors. The TFs Jun and Atf3 are up-regulated in response to injury in DRGs 

(Tsujino et al., 2000). Jun and Atf3 have each been shown to increase neurite outgrowth in vitro 

in PC12 cells and sensory DRG neurons, with an additive effect when combined (Pearson et al., 

2003, Chandran et al., 2016, Danzi et al., 2018). This outgrowth could not be repeated in early 

postnatal murine cortical neurons (Venkatesh et al., 2016, Danzi et al., 2018). However, 
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significant outgrowth was induced when forcing Jun and Atf3 to dimerize by expressing the 

proteins in a tethered form as a single polypeptide (Danzi et al., 2018). This suggests that the 

Jun-Atf3 dimer may not form endogenously when expressed as monomers, but that their dimer 

may outcompete endogenous complexes to bind DNA and affect transcription. This highlights 

that individual protein over-expression is likely not a feasible therapeutic strategy as 

transcription requires the cooperative activities of many proteins and multimeric complexes in 

addition to having the appropriate DNA regulatory regions exposed. 

The PNS injury response is unlikely to be perturbed by manipulating one or two 

components due to the highly redundant nature and interconnectivity of signaling networks. In 

rat DRGs after sciatic nerve injury, several proteins have been identified as significant regulators 

of injury response as “hubs” whose manipulation could have substantial effects on signaling 

networks (Michaelevski et al., 2010). In vitro inhibition of PKCα/β isoforms, c-Abl (Abelson 

proto-oncogene), or p38 (a MAPK) decreased total neurite outgrowth between 24-48 hours 

after injury with the latter two kinases increasing branching frequency. Network analyses of the 

kinases predicted each to influence ≥ 25 TFs (Michaelevski et al., 2010). Therefore, determining 

how those kinases are regulated could provide more information regarding the molecular 

mechanisms of successful PNS regeneration.  

Glial cells contribute to the overall likelihood that a neuron will successfully regenerate. 

Unlike in neurons after sciatic nerve injury, functional axonal regeneration is severely hindered 

in vivo when cJun is conditionally knocked out (cKO) in Schwann cells (Arthur-Farraj et al., 

2012). After sciatic nerve damage in cJun cKO Schwann cells, there was increased death of 

Schwann cells and the sensory DRG neurons were twice as likely to die after injury (Arthur-
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Farraj et al., 2012). Not only did the mutant motoneuron DRGs reach targets cells 55% as often 

as wild type, the cJun cKO axons that did manage to grow did not extend as far as wild type 

nerves. Schwann cells displayed aberrant morphology and regeneration tracks. Schwann cells 

form cellular columns that act as substrate to guide regrowing axons, so abnormal morphology 

likely contributed to the decreased reinnervation. Interestingly, reduced axon regrowth is 

apparently exclusive to injury as cJun had no effect on Schwann cell development or 

maintenance state function (Arthur-Farraj et al., 2012). This suggests that manipulation of both 

the neurons and glial cells will be necessary for adapting successful axon regeneration to the 

CNS.  

Transcription factors (TFs) modulate gene expression 

Transcription factors (TFs) are a class of proteins that directly interact with DNA to 

regulate gene expression. TFs bind to the regulatory regions of DNA (e.g., promoters and 

enhancers) and the combined activity of multiple TFs determines the temporal transcription of 

many genes to form gene regulatory networks. TFs regulate gene expression in a variety of 

fashions. For example, the activity can be cooperative in which one TF will depend on the DNA-

protein interaction of another. Other times, the binding of a single TF to a regulatory element 

may enhance the transcription of a gene in an additive manner though interactions with 

another protein. Furthermore, the effect of a TF may not be through direct protein-protein 

interactions (PPIs), but by changing the conformation of DNA to facilitate the binding of 

another TF. Often, it is a combination of these modes of interactions which regulate the 

expression of gene. This is seen in interactions by “enhanceosomes” in which the interactions 

of many TFs act synergistically to arrange modules of protein-DNA complexes. Through these 
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mechanisms, the transcriptional output of a gene can be modulated to further fine-tune 

expression. 

Transcription factors can be grouped into families that share similarities in the structure 

of their various domains which is often conserved across species (Fischer et al., 1988, Kakidani 

and Ptashne, 1988, Ma et al., 1988). Most TFs have three main domains: DNA binding, 

dimerization, and transactivation. The highest amount of homogeneity is seen in the DNA-

binding and dimerization domains of a TF with greater degrees of variability in the 

transactivation domain. Many TFs are obligate dimers in that they must bind to another TF to 

exert their function. TFs may bind to an identical TF (homodimerization) or a different TF 

(heterodimerization) to form a dimer. Individual TFs or their dimers bind to DNA in a sequence-

specific manner, in which they recognize short, cognate binding sites (Mangelsdorf and Evans, 

1995, Fujii et al., 2000). The transactivation domain often undergoes post-translational 

modifications to alter the transcriptional activity of the protein. The interplay between all three 

domains of a transcription factor(s) determines the overall effect on gene expression via DNA 

sequence specificity, DNA binding affinity, and transcriptional activity. 

The bZIP family, AP-1 complex, and cJun 

One of the largest families of TFs in eukaryotes is the basic region-leucine zipper (bZIP) 

family (Landschulz et al., 1988). These proteins are obligate dimers and the physical interaction 

of their leucine zipper dimerization domains enables their ability to bind to their consensus 

DNA sequence. The leucine zipper domain contains leucine residues every seven amino acids 

(heptad sequences) which structures the domain into a coiled coil. The interaction between the 

leucine-containing α-helices of two bZIP TFs forms the bipartite interface of the dimer. The 
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amino terminal of the coil contains the basic residues that compose the DNA-binding domain 

while the other half coil nearer the carboxy terminal makes up the leucine zipper dimerization 

domain (Ellenberger et al., 1992). The two N-terminals of the dimer recognize “half-sites” and 

directly interact within the major groove of DNA in a sequence-specific manner. The human 

bZIP TFs contain 5-9 heptads within the zipper domain and the amino acid composition varies 

within the coiled coil. The hydrophobicity of residues at specific positions of the helix will affect 

the stability of the interaction between two bZIP TFs as well as the sequence-specificity of the 

DNA binding domain (Acharya et al., 2002). This is exemplified by the differing DNA binding 

preferences between specific heterodimers of Jun family members with either Fos or Atf family 

members (Hai and Curran, 1991, Danzi et al., 2018). Furthermore, other proteins, like the pX 

hepatitis B virus protein, can interact with bZIP monomers to stabilize the bZIP-DNA interaction 

and therefore affect otherwise endogenous dimerization formation (Schneider and Schepartz, 

2001).  The human genome contains 53 known bZIP proteins, so there are potentially 1,405 

dimer compositions (Vinson et al., 2006). Therefore, the transcriptional regulation can be 

drastically altered by the presence of specific dimers. 

The activator protein 1 (AP-1) is a bZIP dimeric protein of variable composition involved 

in many different cellular responses as a consequence of extracellular signals. Its over-

expression is highly correlated with cancer in which, typically, upstream signaling events lead to 

up-regulation of one or more of the AP-1 components (Karin, 1995, Talotta et al., 2010). The 

conventional AP-1 dimer consists of Jun (cJun, JunB, and JunD) and Fos (cFos, FosB, Fra-1, and 

Fra-2) proteins, but sometimes includes other members from the Atf (Atf2 through 7, Batf, 

Batf2, Batf3, JDP2) and Maf (cMaf, Mafa, -b, -f, -g, -k, and Nrl) families (Hai and Curran, 1991, 
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Chinenov and Kerppola, 2001). Even with the diverse possibilities for heterodimer composition, 

AP-1 typically binds to three different palindromic sequences: cAMP-responsive element (CRE), 

TPA-responsive element (TRE), and Maf recognition element (MARE) I or II motifs. However, the 

various combinations of TFs within the AP-1 complex influences their DNA-specificity. For 

example, the Fos:Jun, Jun:Jun, and Atf-containing dimers prefer CRE motifs, while Maf-

containing dimers bind either MARE I or MARE II motifs that are extensions of TRE and CRE 

motifs, respectively (Angel and Karin, 1991). The dimer composition is greatly influenced by the 

concentrations of the bZIP monomers with specific combinations stabilizing upon DNA binding 

(Patel et al., 1994, Kovary and Bravo, 1991). As a cell responds to extracellular signals, the 

expression of necessary genes can be modulated by the relative amounts of bZIP proteins, such 

as Jun. 

The bZIP TF and immediate early gene cJun is a major component of the AP-1 complex 

and involved in numerous cell responses including growth factor stimulation and cell-stress 

(Angel et al., 1987). cJun is considered proto-oncogenes as it is over-expressed or up-regulated 

in many cancers such as glioblastoma, Hodgkin lymphoma, and breast cancer (Blau et al., 2012, 

Mathas et al., 2002, Smith et al., 1999). The role of Jun in regeneration is unclear as it is 

involved in both cell death and successful regeneration after axonal injury (Leah et al., 1991, 

Watkins et al., 2013). cJun has protective effects as it is necessary for PNS axonal regeneration, 

but it also up-regulated during apoptotic events such as during NGF-deprivation of neuronal 

PC12 cells (Leah et al., 1991, Mesner et al., 1995). However, there is evidence that cJun is 

phosphorylated by different kinases during these different events, but also may be interacting 

with different binding partners based on their varying levels of protein expression (Mesner et 
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al., 1995, Leppä et al., 1998, Le-Niculescu et al., 1999, Leppa et al., 2001). The activity and 

transcriptional role of Jun is dependent upon many factors including its obligate dimerization 

partner, post-translational modifications, as well as cell-type and context.  

The role of cJun in gene regulation 

As previously discussed, the exact dimer composition will determine the effect of the 

AP-1 complex. cJun is known to bind many other bZIP proteins and these dimers have various 

effects. This is, in part, due to differences in the DNA binding sequence specificity and affinity 

(Hai and Curran, 1991). Dimers of cJun and cFos show preference for TRE sequences whereas 

cJun and Atf2 efficiently bind CRE elements (Bakiri et al., 2002). This ability of cJun to homo- or 

hetero-dimerize enables combinatorial transcriptional control. For instance, dimer 

transactivation activity correlates with luciferase reporter assays of various promoters of genes 

with known binding motifs. cJun-Atf2 displayed poor activation of the TRE-containing MMP1 

promoter, but strongly activated the CRE-containing Jun promoter (Bakiri et al., 2002). 

Reasonably, the opposite was true for cJun-cFos dimers. The dimers of cJun with either Fra-1 or 

Fra-2, however, showed intermediate activation from either promoter sequence. This 

exemplifies how different binding partners of cJun can differentially regulate gene expression 

from the same DNA binding sequence in vitro. 

In vivo, the DNA binding specificities of various dimers influence the choice in 

promoters, and therefore gene expression. cJun differentially stimulates axon extension 

depending on its binding partner. The cJun-Atf3 dimer drastically enhanced neurite length while 

cJun-Atf4 significantly hindered outgrowth in cultured early postnatal rat cortical neurons 

(Danzi et al., 2018). Similarly, the same cJun dimer can lead to different outcomes in different 
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cellular contexts. Whereas the cJun-Atf4 dimer decreased neurite length in cultured early 

postnatal rat cortical neurons (CNS), neurite length was increased by Jun-Atf4 expression in 

cultured sensory DRG neurons (PNS) (Danzi et al., 2018). Depending on the cell type and 

conditions, the dimerization partner of cJun can drastically affect cellular fate. 

There are many factors that influence the choice of cJun’s binding partner such as DNA 

sequence, electrostatic interactions, and thermodynamics. bZIP monomers are at a dynamic 

equilibrium with dimers in which there is active exchange between the unfolded and folded 

states in a concentration-dependent manner (Patel et al., 1994). The dimer is stabilized once 

bound to DNA. The affinity of cJun for another bZIP is dependent upon the exact distribution of 

hydrophilic and hydrophobic amino acids within both leucine zipper regions in which fewer 

repulsive interactions predicts a more likely event of dimerization (Vinson et al., 2002). DNA 

specificity requires a conformational change (coil to helix) within the DNA binding domain to 

correctly position the DNA-binding residues for sequence-specific interactions with nucleotides 

(Spolar and Record, 1994). The DNA sequence specificity of a dimer is dependent upon the net 

free energy loss which is an interplay between the loss of entropy from structural ordering and 

whether or not it is outweighed by the entropy gain from internalization of nonpolar residues 

upon complexing of bZIPs (Bracken et al., 1999, Hollenbeck et al., 2002). Therefore, DNA 

binding affinity and specificity are dependent upon the precise amino acid sequence of the DNA 

binding and bZIP domains which will vary from between individual bZIPs. 

While dimerization and DNA sequence-specificity will influence which promoters are 

bound, the transcriptional activity of cJun is largely regulated by post-translational 

modifications. Phosphorylation by kinases is a key regulatory step in signaling to control many 
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cellular responses and processes. The transactivation domain of cJun contains four residues 

whose phosphorylation correlates most highly with transcriptional modulation: serines 63/73 

and threonines 91/93 (Pulverer et al., 1991, Papavassiliou et al., 1995). Within the 

transactivation domain, the δ-domain of cJun acts as a binding or docking site for the kinase 

JNK which serves to both increase the accuracy and efficiency of phosphorylation (Hibi et al., 

1993, Karin, 1995, Kallunki et al., 1996, Kallunki et al., 1994). Phosphorylation is enhanced by 

“specificity-conferring residues” that flank the phospho-acceptor serine or threonine, thus 

enabling differentiation between Jun family members (Kallunki et al., 1996). Furthermore, 

different isoforms of JNK have differential binding affinities for cJun (Gupta et al., 1996). As for 

specificity regarding cJun-containing dimers, certain kinases phosphorylate homodimers or 

heterodimers more efficiently depending on whether or not the dimer is bound to DNA (Abate 

et al., 1993). By discriminating against specific heterodimer compositions, phosphorylation 

events may contribute to the specificity of neighboring protein-protein interactions, 

recruitment of other proteins, or assembling higher order complexes. 

Signaling through the JNK kinase is an important pathway that regulates cJun 

transactivation. In resting cells that are not actively proliferating, inactive JNKs are bound to the 

δ-domain of cJun which prevents phosphorylation of cJun’s N-terminal transactivation domain 

(Dai et al., 1995). In response to cellular stressors like UV damage, JNKs are first activated, 

phosphorylate cJun at serine 63/73, and finally dissociate from cJun (Dai et al., 1995). Other 

proteins are known to bind to cJun’s transactivation domain, as well, such as MBD3, a subunit 

of the nucleosome remodeling and histone deacetylation (NuRD) repressor complex. When the 

transactivation domain is unphosphorylated, MBD3 recruits NuRD to promoters bound by cJun 
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to repress transcription (Aguilera et al., 2011). After JNK activation, repression is relieved by JNK 

phosphorylating cJun which can then interact with other TFs, such as TCF4, to promote 

transcription (Aguilera et al., 2011). The docking site within the transactivation domain of cJun 

can modulate transcription by binding different factors.  

The carboxy-terminal of cJun can also regulate its transcriptional abilities. Similar to the 

transactivation domains, this capability is typically resultant of post-translational modifications 

to specific amino acids. Within residues 226-249 of cJun’s C-terminus near the DNA binding 

domain, serines and threonines can be phosphorylated by kinases such as glycogen synthase 

kinase 3 (GSK-3) and nuclear casein kinase II (CKII) to affect DNA-binding activity and 

transactivation potential (Baker et al., 1992). The dimer composition affects the extent of 

modification as cJun-cFos dimer phosphorylation is ten-fold less than that of cJun homodimers 

(Abate et al., 1993). cJun can also directly interact with proteins other than bZIPs and kinases. 

AP-1 and glucocorticoid receptor (GR) can either activate or repress transcription of AP-1-

dependent genes stimulated by steroids (Diamond et al., 1990, Miner and Yamamoto, 1992, 

Teurich and Angel, 1995). As these promoters lack GR binding motifs and GR can differentiate 

between dimer composition and cJun phosphorylation state, the DNA binding domain of cJun 

mediates the interaction with GR. Post-translational modifications at cJun’s C-terminal mediate 

its interaction with other proteins to modulate transcription.  

Aside from phosphorylation, cJun can undergo other types of post-translational 

modifications. For example, the transcriptional co-regulator p300 has histone acetyltransferase 

activity and has also been shown to acetylate non-histone substrates (Bannister and 

Kouzarides, 1996, Ogryzko et al., 1996). In gliomas, both cJun and p300 have been shown to 



 

 28 

directly interact with astrocyte elevated gene 1 (AEG-1), induce cJun and chromatin acetylation, 

and increase transcription of cJun downstream target genes (Liu et al., 2017). The up-regulation 

of these genes significantly promoted tumor cell proliferation and survival both in vitro and in 

vivo (Liu et al., 2017). While normally functioning to activate transcription, p300 has been 

shown to interact with both cJun and E1A (the adenovirus oncoprotein) to repress transcription 

at the collagenase promoter (Vries et al., 2001). The acetylation of cJun’s lysine 271 by p300 is 

essential to repress this transcription and is acetylated both in vitro and in vivo (Vries et al., 

2001). Ubiquitination is another post-translational modification that influences the fate of cJun. 

Under normal cellular conditions, cJun is rapidly turned over, with evidence suggesting that its 

stability is regulated by its state of ubiquitination (Jariel-Encontre et al., 1997, Treier et al., 

1994). Multi-ubiquitin chains attached to proteins mark them for degradation by the 

proteasome complex while deubiquitinating enzymes remove these chains to increase the 

protein’s half-life. The ubiquitin-specific protease 6 (USP6) protein prevents cJun degradation 

by removing ubiquitin and its expression in cancer cells increases the stability of cJun and its 

down-stream signaling pathways (Li et al., 2018). Therefore, post-translational modifications 

regulate cJun transcriptional activity and stability by mediating its interactions with other 

proteins. 

The exact mechanisms by which cJun activity is regulated to direct axon regrowth 

remains unclear, but there are many cases outside of regeneration in which cJun interacts with 

other proteins to carry out its transcriptional effects. These interactions can be between 

proteins directly or indirectly bound to the same DNA regulatory element. When bound to 

promoters, cJun can initiate transcription by directly interacting with subunits of the general 
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transcription machinery or by recruiting other factors to do so. Residues within the bZIP region 

of cJun directly interact with the N-terminus of the human TBP-associated factor-1 (hTAF1), 

causing a de-repression of TFIID-driven transcription (Lively et al., 2004). cJun can also activate 

transcription through interactions with other proteins such as the TATA box-binding protein 

(TBP) (Ransone et al., 1993). Importantly, TFs bound to DNA can interact with other TFs that are 

not actively bound to a regulatory element. Within the promoter of the gene encoding the 

cytokine interleukin 2 (IL-2), there are many TF binding sites including one nuclear factor of 

activated T-cells (NFAT) binding motif and four antigen receptor response element 2 (ARRE2) 

composite sites (Rooney et al., 1995). While three of the ARRE2 motifs can be bound by NFAT 

and AP-1, the NFAT motif coordinates the synergistic activation of IL-2 by these TFs in which the 

C-terminal activation domain of NFATc2 binds to the bZIP domain of free cJun homodimers 

(Walters et al., 2013). These examples show that cJun can regulate gene expression through 

different protein-protein interactions. 

In addition to directly interacting with other proteins to regulate transcription, it has 

been posited that cJun can induce conformational changes in DNA to affect binding of other 

proteins. This binding, in turn, may open or close binding sites for other TFs. DNA acts like a 

flexible chain at a long length of many hundreds to thousands of nucleotide pairs, but is much 

stiffer when viewed as a short fragment of <300 base pairs (Wang and Giaever, 1988). The Fos 

and Jun proteins induce bends in DNA in opposite directions such that there is a 200° difference 

in the relative orientation of DNA between cFos-cJun and cJun-cJun dimers (Kerppola and 

Curran, 1991). By reducing the thermodynamic barrier posed by the unfavorable free energy of 

looping the short DNA fragment within a gene promoter, cJun dimers may facilitate the 
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interactions of nearby proteins with DNA or one another. This suggests that cJun dimers may 

play a larger role in the assembly of multi-protein transcriptional complexes by altering the 

local topology of DNA. 

The accessibility of TF binding sites is dependent upon both the high-level chromatin 

organization and local positioning of nucleosomes (Pique-Regi et al., 2011). Most TFs require 

chromatin to be open and accessible to bind to their recognition motifs (Li et al., 2011). The 

chromatin landscape varies between cell types in which different regulatory elements are 

exposed, conferring differential gene expression (Natarajan et al., 2012). Amongst open, 

nucleosome-depleted regions of the genome that overlap between different cell types, 

promoters near transcription start sites are prominent, especially for genes with tissue-

independent expression, e.g., housekeeping genes (Handstad et al., 2012, Song et al., 2011). 

Chromatin accessible only in a specific cell type tends to be in enhancers away from 

transcription start sites that are sensitive to DNaseI and Formaldehyde Assisted Isolation of 

Regulatory Elements sequencing (FAIRE-seq) (Song et al., 2011). Furthermore, cell type-specific 

gene expression is regulated by TF occupation of DNaseI-hypersensitive enhancers with 

acetylated H3K27 markers, histone post-translational modifications associated with DNA in an 

open conformation (Heintzman et al., 2009, Song et al., 2011). The location of open chromatin 

within the genome influences both active genes and cell-type specificity. 

The AP-1 complex has been implicated in both maintaining a state of open chromatin as 

well as inducing chromatin accessibility. In breast cancer cells, cytokine IL-6 transcription is 

elevated with a concomitant increase in cJun protein levels and occupation of the IL-6 promoter 

along with other AP-1 and NF-κB factors (Ndlovu et al., 2009). Both IL-6 transcript and cJun 
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protein levels were higher in more malignant cancer cells than less invasive cell types 

supporting the role of cJun and IL-6 expression in advanced progression cancer. Interestingly, 

chromatin accessibility and transcription of IL-6 were most highly impacted by knocking down 

multiple TFs, suggesting an important interplay between several TFs for determining chromatin 

environment and gene expression. In murine mammary epithelial cells, cJun-cFos dimers 

facilitate the repositioning of nucleosomes to expose glucocorticoid receptor (GR) binding sites, 

recruiting GR at ~50% of its binding sites in the genome (Biddie et al., 2011). Analysis of 72 cell 

types in 112 human samples revealed that Jun-Fos binding motifs were the most highly 

enriched binding motif within both cell type-specific and nonspecific DNaseI-hypersensitive 

sites (Sheffield et al., 2013). Due to this ubiquitous AP-1 binding motif prevalence, this could 

indicate that cJun acts as a pioneer factor to promote open chromatin or that it may require 

other factors to do so. While these data support Jun’s role in influencing chromatin accessibility 

in different cell types, there is evidence that this effect could be temporally regulated. 

Differential expression of TFs and changes in chromatin state are observed during 

development, differentiation, and regeneration. During mammalian development, regeneration 

capability is down-regulated in the CNS. In comparison to postnatal rat retinal ganglion cells 

(RGCs, low intrinsic growth capacity), the regeneration-associated TFs Smad1, Myc, Jun, Klf2, 

and Klf9 had higher levels of transcription in embryonic RGCs (high intrinsic growth capacity) 

(Pita-Thomas et al., 2021). Furthermore, the promoters of those TFs were also more open in 

embryonic cells. TF binding motif analysis revealed that CREB, MYC, HIF1, and c-JUN were more 

prevalent in embryonic RGCs than postnatal suggesting that the genes they regulate may vary 

depending on the cell context. In induced-pluripotent stem cells and neural progenitors, cell 
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programming is influenced by stage-specific TFs and enhancer availability (Chronis et al., 2017, 

Mattar et al., 2021). Similarly in regenerating neurons, the peak expression of groups of TFs and 

chromatin accessibility change throughout the time course of regeneration. Analysis of crushed 

DRG cells in adult rats revealed that Jun, Fosl1, Atf3, Klf6, Myc, and Fos transcript levels were 

highest during the stage in which genes associated with axonal regeneration, the immune 

response, and neuropathic pain were up-regulated (Zhao et al., 2023). Within the regeneration-

capable CNS of zebrafish, changes in TF transcript levels and chromatin state were observed as 

regenerating RGCs re-grew from the site of injury to their targets within the optic tectum 

(Dhara et al., 2019). While most transcriptionally accessible regions of chromatin did not 

change throughout the time course of regeneration, differentially open chromatin was mainly 

observed during early or late regeneration. Interestingly, each stage of regeneration was 

characterized by a distinct set of TFs that displayed peak transcription levels. This suggests that 

the varying levels of TFs expressed at different times is what controls differential gene 

expression. It is likely that cascades of TFs act to progressively alter the chromatin landscape, 

but how these changes in molecular signals and DNA conformation interact to control temporal 

cellular identity transitions remains unclear. 

Protein-protein interactions (PPIs) are dynamic and influence cell fate 
 

All aspects of cellular functions are dependent upon the interactions of proteins with 

one another. Important cellular processes such as DNA replication, transcription, and protein 

translation rely on the formation of protein complexes which involve direct protein-protein 

interactions (PPIs). More transient PPIs, such as post-translational modifications, are also 

necessary for events such as enzyme activation and cellular signaling propagation. Regardless of 
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the type of PPI, all are dependent upon a multitude of factors including relative protein 

abundance, affinity, and cellular environment. Diseases such as Huntington’s, amyotrophic 

lateral sclerosis (ALS), Parkinson’s disease, and many more are characterized by irregular 

structure, function, or cellular localization of a protein, thereby leading to detrimental health 

outcomes (Labbadia and Morimoto, 2013, Brown et al., 2022, Van der Perren et al., 2020). 

Proper protein function underlies both normal cellular function and, ultimately, quality of life. 

The PPIs of cJun can change depending on its post-translational modifications and/or 

presence of other proteins, potentially resulting in drastically different outcomes. For example, 

the acetylation of cJun and its interaction with E1A may switch its transcriptional effect. The 

acetylation of lysine 271 of cJun within its DNA binding domain is necessary for E1A-mediated 

repression of the collagenase promoter both in vitro and in vivo (Vries et al., 2001). In the same 

cellular context, p300/CBP binds to the topologically-associating domain (TAD) of cJun and may 

switch its acetylation activity from histones to cJun in the presence of E1A as indicated by 

mutation and acetylation assays (Vries et al., 2001, Duyndam et al., 1999). Like their effect on 

cJun, both p300 and E1A activate ATF2 by acetylating its N-terminal domain, stimulating cjun 

expression (Duyndam et al., 1999). Post-translational modifications to cJun and ATF2 can either 

activate or repress transcription. 

Dimerization of cJun can affect cellular localization and degradation of other TFs. These 

outcomes may vary depending on cell context. ATF2 contains a nuclear export signal within its 

bZIP domain but remains localized to the nucleus upon heterodimer formation with cJun (Liu et 

al., 2006). Ubiquitination and degradation of ATF2 is dependent upon heterodimerization with 

cJun and phosphorylation by JNK in 293T human embryo kidney cells (Fuchs and Ronai, 1999). 
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Conversely, dimerization of ATF2 and cJun is essential for activation of the cjun promoter in 

murine F9 cells (Liu et al., 2006). The TRE binding motif within the cjun promoter is 

constitutively bound by cJun-ATF2 dimers, but the gene is not actively transcribed until the 

heterodimer is phosphorylated by JNK (Rozek and Pfeifer, 1993, Devary et al., 1992). Depending 

on the cellular context, cJun heterodimerization can either potentiate its own expression or 

promote proteasome-dependent degradation. 

Transcription is affected by the binding partner and the post-translational modifications 

of cJun. Phosphorylation of a cluster of amino acids near the DNA binding domain of cJun will 

inhibit DNA binding as a homodimer, but not as a cFos heterodimer (Boyle et al., 1991). 

Conversely, phosphorylation of serines 63 and 73 within cJun’s transactivation domain enhance 

its transcriptional abilities as either a homo- or heterodimer with cFos (Pulverer et al., 1991, 

Smeal et al., 1991, Deng and Karin, 1994). Phosphorylation of the homologous cJun serine 73 

site in cFos (threonine 232) also stimulates cFos activity (Sutherland et al., 1992). While serine 

73 of cJun is phosphorylated by JNK1/2, however, threonine 232 is modified by a different 

MAPK, FRK (Deng and Karin, 1994). Dimer composition, DNA binding, and phosphorylation state 

influence the transcription efficiency of cJun. 

As evidenced by these examples, the stable (e.g., dimerization) and transient (e.g., post-

translational modification) PPIs of cJun and other TFs dictate their DNA binding preferences, 

stability, and transcriptional abilities, and thus cellular outcomes and fate. Some of the 

common techniques used to resolve these interactions will be reviewed. 
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Current methods to detect PPIs 

Methodology to identify PPIs can widely be grouped into discovery and validation 

methods. These approaches are best used together in which PPIs are first predicted and then 

validated. Methods that detect specific proteins via their stable interactions are validation 

methods, such as co-immunoprecipitation and affinity or tandem affinity purification. They 

identify strong binding between two or more proteins in a larger complex. PPI discovery 

methods reveal potential interactions with other proteins, ranging from direct to indirect as 

well as one to hundreds of possible interactors. Such methods to identify potential PPIs are 

DNA binding site analysis, in silico computation, and proximity labeling. 

In co-immunoprecipitation methods, a protein of interest is immunopurified from a 

protein lysate which is then subsequently probed via Western blot using an antibody for a 

predicted interacting protein. These assays are easy to perform and detect endogenous 

interactions as proteins remain in their native form. However, immuno-based methods require 

the use of antibodies which require time-consuming validation and are biased towards highly-

used model systems. Furthermore, many antibodies are developed using peptides and the 

epitope may not be detected in a protein’s native form due to protein folding and post-

translational modifications. This limitation can somewhat be overcome by analysis with mass 

spectrometry (MS). Co-immunoprecipitation will detect just the interaction between two 

proteins, but MS is able to identify other proteins that may be complexing with those. For 

instance, out of 63 identified proteins, co-immunoprecipitation-MS revealed novel interactors 

of a highly invasive p53 variant in a human non-small cell lung carcinoma cell line (Coffill et al., 

2012). Immuno-based methods are more reliable as higher affinity antibodies are developed 
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but are limited to common model species and un-validated antibodies require extensive time 

and resources to qualify. 

Affinity or tandem affinity purification involves genetically tagging a protein of interest 

to determine direct binding partners of a heterodimer or larger protein complex using one or 

more affinity purification steps, respectively. After isolating the protein from either method, 

the material can be characterized in multiple fashions, including Western blot or MS. In tandem 

affinity purification, two genetic tags are tethered via a Tobacco Etch Virus (TEV) site for two 

elution steps, thus increasing the purity of the collected protein and decreasing non-selective 

binding (Puig et al., 2001). Tandem affinity purification-MS was used to map the yeast 

interactome of 1,440 distinct gene products, mapping 549 proteins with 78% of those 

presenting protein partners (Gavin et al., 2002). Gentler washes are used in tandem affinity 

purification as compared to co-immunoprecipitation, leaving the protein complex in a native 

state for additional downstream functional assays. Affinity purification assays tend to over-

express the protein of interest which may bias results toward non-physiological interactions or 

chaperone/heat-shock proteins due to misfolded bait proteins (Swaffield et al., 1995). 

Furthermore, affinity purified proteins may have higher background due to non-specific bead 

binding and are biased towards high-abundance proteins with stable or high-affinity PPIs (Von 

Mering et al., 2002). Affinity purification methods can validate endogenous PPIs but are limited 

to stable protein complex formation. 

While immunoprecipitation methods focus on the interactions of one or two proteins, 

protein microarrays are high throughput and easy to interpret. Typically, either antibodies or 

full-length/fragments proteins are immobilized on a glass surface which is then probed with a 
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protein lysate or purified protein of interest. Interactions can be determined by fluorescence, 

affinity, or other methods. Protein microarrays are commonly used to screen patient samples 

for immune deficiencies, disease detection, and personalized medicine (Rosenberg and Utz, 

2015, Jayaraman et al., 2020, Neagu et al., 2019). Microarrays are useful for screening up to 

thousands of PPIs but are limited in that they do not reflect physiological conditions and rely on 

pre-selected targets. While protein microarrays are capable of confirming PPIs in high-

throughput, the interactions may require further validation in vivo. 

There are also discovery assays that are solely based on prediction from previously 

obtained data or computer models. These are typically derived from chromosome proximity 

data (ChIP-seq) or structure- or sequence-based approaches (in silico). Chromatin 

immunoprecipitation sequencing (ChIP-seq) data is unbiased towards specific DNA-sequences, 

can be cell- or context-specific, and delivers massive datasets for a genome-wide view of 

chromatin binding dynamics. These interactions are only inferred based on DNA binding site 

proximity and thus require validation. Not all TFs directly interact when bound to adjacent TF 

binding motifs and many TFs have varying affinity for specific DNA sequences depending on 

their binding partner. High throughput ChIP-seq analysis of two human colorectal cell lines 

revealed that many actively bound TF binding sites were at low-affinity DNA sequences 

suggesting that cooperative TF interactions influence DNA specificity and binding (Yan et al., 

2013). This highlights the importance of testing for direct physical interactions as binding site 

analysis does not always reflect the physiological interactions of TFs. 

 Computational methods are capable of developing approaches to understand and 

predict a whole range of putative PPIs. There are several different in silico approaches including 
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sequence- or structure-based, phylogenetic conservation, and gene ontology. Based on 

structural similarity, the interaction of two proteins can be predicted using known crystal 

structures or by creating algorithms inferred from a sequence of a protein with unknown 

structure (Hosur et al., 2011, Zhang et al., 2012a). Using the theory that proteins may show 

similarity in interactions through co-evolution, PPIs can be approximated between proteins 

between different organisms using the distance within a phylogenetic tree (Craig and Liao, 

2007). Many computational analyses are open-source and are fast at delivering potential PPIs, 

albeit at a lower confidence score without functional validation. 

Proximity labeling identifies putative PPIs 

Transcription is tightly regulated and therefore requires the interactions of many 

proteins within the promoter/enhancer as well as post-translational modifications to those 

proteins. These are important interactions necessary for transcription and such transient or 

further distance interactions are missed by traditional methods for investigating PPIs. 

Therefore, a proximity labeling-MS approach is ideal to predict how the PPIs of TFs change over 

a time course. The original biotin proximity labeling ligase has evolved through three 

generations of enzymes to address different drawbacks of each. The advantages, 

disadvantages, and caveats of each enzyme will be discussed.  

Proximity labeling detects endogenous protein interactions as they are occurring in the 

cell. As the interacting proteins are labeled in vivo, low affinity or transient interactions will not 

be removed with stringent washes unlike affinity purification or immunoprecipitation methods. 

In this technique, an engineered enzyme is genetically linked to a protein of interest and will 

covalently tag neighboring proteins with activated biotin within a small radius (Fig. 1, left).  
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Figure 1: Schematic and workflow of proximity labeling technique. Left: The engineered 
proximity labeling enzyme (PL, green explosion) is genetically tagged to the protein of interest 
(POI, grey diamond). The enzyme will covalently tag neighboring proteins with biotin within 
proximity to its catalytic site (radius of outer blue circle). The extent of tagging of a particular 
protein will depend upon both the stability of its interaction with the protein of interest and its 
distance from the enzyme active site (decreasing blue intensity of “bull’s eye” emphasized by 
pink ombre arrow). The proteins that are farther away from the enzyme are less likely to be 
labeled (fewer tags represented with lighter pink stars). The proteins with the most tags 
(denoted with the darkest pink star) will be within close proximity of the protein of interest and 
have stable interactions. Middle: After proximity labeling is performed, cells are lysed, and the 
total protein is extracted. The labeled proteins are isolated and prepared for analysis by mass 
spectrometry (MS). Right: Following analysis of MS data, the identified proteins are ranked to 
determine direct versus indirect protein-protein interactions. Based on their proximity to the 
protein of interest, it is predicted that direct interactors will include the protein of interest itself 
along with any stably binding proteins, such as dimerization partners. Indirect interactions 
include both proteins near the protein of interest, such as those farther away within a multi-
protein complex, and also transient interactions, such as those by modifying enzymes. 
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The extent that a neighboring protein will be labeled is dependent upon two main 

factors: the stability of its interaction with the protein of interest and its distance from the 

enzyme catalytic site. The extent of labeling is represented by an arrow with a decreasing pink 

intensity (Fig. 1). The probability of a protein being labeled is dependent upon the distance 

from the enzyme catalytic site and the amount of time they reside within the labeling radius. 

Therefore, the least-labeled proteins will be farther away from the protein of interest and/or 

will have fleeting interactions. These may be proteins located within the labeling radius or 

proteins that may physically interact with the protein of interest transiently, such as post-

translational modifying enzymes. The most highly labeled proteins will be within close proximity 

of the protein of interest and will have stable interactions. This will include proteins that 

directly bind to the protein of interest, such as other proteins within a larger complex, and also 

the protein of interest itself.  

To determine which proteins are putative interactors with protein of interest, proximity 

labeling is performed to label nearby proteins. The labeled proteins are specifically isolated 

using streptavidin magnetic beads and analyzed via MS. After quantitative MS, a contour map is 

made, and the proteins are ranked based on the extent of labeling (Fig. 1, right). The proteins 

most highly represented in the data should be direct interactors. As the extent of labeling 

decreases, the interactions are less stable, or the proteins are farther away from the protein of 

interest. Nonspecific proteins should not be present in the data as they are removed when the 

labeled proteins are isolated. 

Most proximity labeling techniques to examine TF interactomes have used the 

engineered biotin ligase, BioID. This inaugural generation of biotin-based proximity labeling 
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enzymes uses an engineered enzyme derived from the E. coli BirA biotin ligase (Roux et al., 

2012). In this method, BioID combines biotin with ATP to form biotinoyl-5’-AMP which reacts 

with primary amines in proteins near the modified BirA enzyme catalytic site (Choi-Rhee et al., 

2004). For detectable biotinylation to occur, cells must be supplemented with biotin and 

labeled over a 24-hour period to generate sufficient levels protein to be detected by 

fluorescence microscopy, Western blot, or MS. BioID has been used to identify putative 

interactions of the nuclear pore complex and nuclear lamina, but has also been used with TFs 

(Kim et al., 2014, Mehus et al., 2016). 

To investigate the temporal factors involved in the transition of retinal progenitor cells 

to neurons and glia, the PPIs of the Casz1 zinc finger TF were examined using BioID proximity 

labeling (Mattar et al., 2021). In perinatal murine primary retinal cell cultures, Casz1-BioID 

detected several core subunits of the nucleosome remodeling and deacetylase (NuRD) complex 

which were validated using immunoprecipitation methods. Both pharmacological inhibition and 

CRISPR interference of Hdac1/2 of NuRD biased cultured retinal progenitor cells towards the 

fate of Müller glia over rod cells versus controls, mimicking the results seen in Casz1Flox/Flox 

explants. The linker histones Hist1h1b/d (H1.3 and H1.5), and histone 2B were also revealed 

with BioID, implicating a role for Casz1 in heterochromatin compaction. These proximity 

labeling results support the role of Casz1 in determining cell fate in retinal progenitors. 

BioID was used to identify 140 putative TWIST1 (basic helix-loop-helix TF) interactors 

including 4 of 56 known interacting proteins (TCF3, TCF4, TCF12, and GLI3) in the cranial NCC 

cell line O9-1 (Fan et al., 2021). Among these were proteins that participate in chromatin 

organization, cranial skeletal development, and ribosome biogenesis. Also identified were 



 

 42 

chromatin regulators that interact with TWIST1 exclusively in NCCs versus 3T3 fibroblasts: 

chromodomain helicases (CHD7, CHD8), a histone methyltransferase (WHSC1), and a member 

of the SWI/SNF complex (SMARCE1). The physical interaction of TWIST1 amino terminal with 

CHD7/8 was verified using co-immunoprecipitation, but SMARCE1 did not display any 

significant interaction. Furthermore, CRISPR knockout experiments of TWIST1 and CHD8 

showed a genetic interaction between the two proteins, resulting in significantly exaggerated 

morphological defects in embryonic mice over single-gene mutants. Proximity labeling-MS 

elucidated the interactions of the TF TWIST1 with previously unknown epigenetic modifiers. 

The TF Sox2 has been implicated in the development of squamous cell carcinoma but is 

difficult to target for cancer treatment as it lacks a small molecule binding domain (Bass et al., 

2009). To circumvent this problem, BioID was used to identify putative interactors of Sox2 in 

293 T-REx cells (Kim et al., 2017). Of 82 high-confidence interactors including Jun, 44% had not 

been previously identified including chromatin modifiers and remodeling complexes. The 

localization of the histone acetylase EP300 within 30 nm of Sox2 was validated using proximity 

ligation assays in both basal and squamous cell carcinoma cells and was further validated using 

shRNA knock-down. EP300 contains several PPI regions and an autoregulatory acetyltransferase 

RING finger domain which makes it an attractive target for chemical modulation. proximity 

labeling can identify potential therapeutic targets of proteins that are otherwise refractory to 

common inhibitors and drugs. 

BioID has revealed the interactomes of other TFs such as Hox and OsFD1, but the long 

labeling periods are unsuitable for studying the rapid kinetics involved in dynamic cellular 

processes (Carnesecchi et al., 2020, Lin et al., 2017). Two biotin ligases were evolved from a 



 

 43 

BirA mutant using yeast display coupled to fluorescence activated cell sorting (FACS) to select 

for higher greater enzymatic activity (Branon et al., 2018). Two enzymes were generated with 

different molecular masses:  TurboID (35 kDa) and miniTurbo (28 kDa). Both ligases have a 

similar substrate specificity as BioID, but significantly higher catalytic activity: TurboID and 

miniTurbo are 9-31 fold and 7-26-fold more active than BioID, respectively. The extent of 

biotinylation increases with longer labeling period, detectable in just 10 min by Western 

blotting. Furthermore, TurboID is functional at lower temperatures than BioID and non-lethal in 

both c. elegans and drosophila which grow at 20°C and 25°C, respectively. The higher catalytic 

activity combined with the ability to function at a broader range of temperatures enhance the 

efficiency of PPI detection of TurboID enzymes over BioID. As such, TurboID is instrumental to 

determine the PPIs of over a much shorter time span than 24 hours. 

Table 1: Proximity labeling enzymes. 

Enzyme Mass Labeling Period Substrate 

BioID 35 kDa 18-24 h Biotin 

TurboID 35 kDa ≥ 10 min Biotin 

miniTurbo 28 kDa ≥ 10 min Biotin 

APEX2 28 kDa 1 min Biotin phenol, H2O2 

 

The TF forkhead box transcription factor 1 (FOXO1) has been implicated in the 

development of many diseases and its PPIs were investigated to determine its mechanism of 

action induced by cytotoxicity. A cell line was created to stably over-express FOXO1-TurboID in 

U251 astrocytes (Su et al., 2023). In cells over-expressing FOXO1, 176 proteins were identified 

while cells treated with lipopolysaccharide contained 227 interacting proteins. Due to their 

roles in gene expression regulation, transcriptional activation, and DNA repair, the physical 

interaction between heterogeneous nuclear ribonucleoprotein K (hnRNP) and RNA-binding 
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motif protein 14 (RBM14) with FOXO1 were verified using immunoprecipitation and 

immunofluorescence techniques. Further gene ontology and pathway analyses of the putative 

PPIs suggest that FOXO1 may play a role in several biological processes ranging from ribosome 

maintenance to cholesterol metabolism. 

Using TurboID-MS, the potential PPIs of a TF in a rare Arabidopsis sub-type were 

identified. Due to their natural low abundance, investigating the PPIs of TFs is made even more 

difficult in rare cell types, such as stomatal guard cells. Using affinity purification-MS methods, 

the only interactor of the basic helix-loop-helix TF, FAMA, detected was its obligate 

dimerization partner, INDUCER OF CBF EXPRESSION 1 (ICE1), even when using large amounts of 

sample material and cross-linking agents (Mair et al., 2019). To determine the feasibility of 

proximity labeling, the FAMA-TurboID was expressed in guard cells of seedlings and labeled for 

3 hours (Mair et al., 2019). Of the 44 high-confidence proteins that were identified, ten were 

detected in previous studies within the guard cell proteome. A novel interactor, the histone 

reader, SHL (SHORT LIFE), was present which is known to bind histones at active promoters and 

has been associated with seed dormancy and flower repression, suggesting that FAMA plays a 

role in determining cell fate.  

While the labeling period of the TurboID enzymes is significantly shorter than that of 

BioID, the latest generation of proximity labeling enzymes can detect PPIs in a minute or less. 

The APEX2 enzyme is derived from the ascorbate peroxidase of soybeans and its substrate is a 

biotin derivative, biotin phenol. As a peroxidase, APEX2 will only oxidize biotin phenol in the 

presence of hydrogen peroxide. The labeling reaction is performed for just one minute and 

then quenched to neutralize radicals (Roux et al., 2012, Branon et al., 2018, Lam et al., 2015). 
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Due to the short lifespan of radicals (< 1 ms), activated biotin phenol will covalently attach to 

electron-rich side chains of proteins within an ~10 nm radius (Mortensen and Skibsted, 1997, 

Hung et al., 2014, Hung et al., 2016). Due to the short labeling time frame, a snapshot of PPIs 

can temporally resolve fast-acting cellular processes, such as phosphorylation, that are not 

captured by conventional PPI detection techniques. Resultant to the dependence of APEX2 on 

hydrogen peroxide, BioID and the TurboID enzymes are better suited for in vivo applications 

due to the tissue-toxic conditions required for APEX2-based proximity labeling. However, the 

one-minute labeling period of APEX2 can resolve rapid and time-dependent PPIs. 

Proximity labeling reactions are performed at specific time points to spatiotemporally 

resolve PPIs. APEX2 revealed the dynamic interactions of the GPCR δ-opioid receptor (DOR) 

upon agonist stimulation (Lobingier et al., 2017). Using organellar proteins as sub-cellular 

references, identification of WWP2, a HECT family ubiquitin ligase, and TOM1, a ubiquitin 

binding protein, suggest that the molecular mechanism of DOR down-regulation involves 

endosomal sorting to the lysosome. APEX2 proximity labeling of angiotensin II type 1 receptor 

(AT1R) and β2 adrenergic receptor (β2AR) could successfully detect PPIs, both known and 

novel, during 10 second intervals within the first minute of agonist stimulation (Paek et al., 

2017). The MS results suggest that the vast majority of G proteins remain in the membrane 

during endocytosis, a scenario that contradicts the classical view of GPCR signaling. APEX2 is 

capable of detecting PPIs that both determine sub-cellular localization and those that may be 

functionally relevant in rapid GPCR signaling.  

APEX2 proximity labeling has successfully detected the interactions of TFs in D. 

melanogaster S2 cells. Proximity labeling verified the nuclear localization of the EcR/Usp 



 

 46 

heterodimer, known as the molecular sensor to 20-hydroxyecdysone (20E)-dependent 

developmental genes (Mazina et al., 2020). The chromatin architectural protein, CP190, was 

highly enriched in response to 20E treatment from both EcR and Usp identified by APEX2. A 

combination of co-immunoprecipitation, ChIP-seq, and HiC data revealed that CP190 physically 

interacts with Ecr, co-localizes with a small portion of sites bound by EcR within the genome, 

and the CP190-bound sites are not within the differentially accessible regulatory regions of 20E-

dependent genes. These data suggest that CP190 binds to EcR via a chromatin looping 

mechanism. Proximity labeling-MS in combination with PPI validation and chromatin 

conformation techniques can elucidate gene regulatory mechanisms.  

PC12 cell culture as a model to investigate neurite extension 

Cell culture is an excellent model to study PPIs within a native environment. Other in 

vitro techniques performed outside of the cellular environment remove the complex variables 

that occur endogenously and profoundly affect PPIs. Immortalized cell lines are especially 

useful in that they are well characterized, easy to culture, and expand indefinitely. Many cell 

lines have been used for decades across many labs and their use is well established. In 

comparison to primary cell culture, immortalized cells are straightforward to grow, and 

necessary reagents are widely available. Due to their robust and rapid expansion, cells are easy 

to collect in amounts required for protein analysis by MS. While PPIs detected in cell lines may 

not reflect the exact PPIs that occur in intact tissue, they provide a good model for optimizing 

the molecular tools that can be subsequently used to detect PPIs under more native conditions. 

This is especially evident for studying neurons that are usually encased within the skull or spinal 

cord, exemplifying cell culture for neurological research. 
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In my studies, I have utilized a rat pheochromocytoma cell line (PC12) to model 

neuronal differentiation. PC12 cells originated from adrenal cells for their ability to 

spontaneously form neurites. In 1976, a single cell clonal line derived from the tumor cells was 

established and characterized for various properties as they respond to nerve growth factor 

(NGF) (Greene and Tischler, 1976). From the American Type Culture Collection (ATCC), the 

chromaffin cells are either adherent or suspension and will extend neurites after three days of 

NGF exposure (Wiatrak et al., 2020). Neurites continue to grow when continuously exposed to 

NGF and will eventually form functional synapses with one another (Fig. 2). The NGF-induced 

differentiation into sympathetic-like ganglion neurons is characterized by neuronal 

morphology, synapse formation, and electrical excitability. After removal of NGF, cells return to 

a proliferative state, lose their neuronal properties, and function once again as neuroendocrine 

cells (Greene and Tischler, 1982). This model has been used successfully to study both the 

effects of various toxins on neuronal differentiation and also the pathophysiology 

neurodegenerative diseases. 
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Figure 2: NGF-induced neuronal differentiation of PC12 cells. PC12 cells adopt a neuronal 
morphology when continuously exposed to nerve growth factor (NGF). Control: Cells with no 
NGF that have been cultured for three days. 3 days: Cells cultured for three days with constant 
NGF. The cell bodies begin to contract, and neurites extend from some cells. 5 days: Soma 
contraction and neurite extension/elongation continue. 7 days: Cells adopt a neuronal 
morphology and search for synaptic connections. Media exchange was performed every other 
day either with or without 100 ng/µL NGF. Yellow pseudo-coloring marks the cell membrane 
while cyan is DAPI staining for the nucleus. Scale bar is 10 µm. 
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PC12 cells have been utilized for mechanistic studies as models for developmental 

neurotoxicity. For example, evidence suggests that early environmental exposure to many 

chemicals and metals may predispose one to developmental disorders ranging from ADHD to 

cerebral palsy (Szpir, 2006). Using PC12 cells, both undifferentiated and differentiating cells 

were exposed to different pesticides and nickel, then evaluated for short- and long-term 

exposures (Slotkin et al., 2007). With only one hour of exposure at 5 µM concentrations, a 

statistically significant reduction of cell replication was observed with increasing concentrations 

further exacerbating DNA synthesis (Slotkin et al., 2007). In differentiated PC12 cells, 

membrane receptors favored a catecholaminergic phenotype over cholinergic, consistent with 

the role of organophosphates as cholinesterase inhibitors (Slotkin et al., 2007). A similar study 

examined the effect of nontoxic silver levels on PC12 cell differentiation (Powers et al., 2010). 

One hour exposure to 10 µM silver in undifferentiated cells significantly inhibited DNA synthesis 

with longer exposures increasing oxidative stress and leading to reduced viability (Powers et al., 

2010). Upon NGF-induced differentiation, DNA inhibition and oxidative stress were further 

exacerbated, and neurite formation was compromised and again favored dopaminergic 

phenotypes over cholinergic (Powers et al., 2010). PC12 cells have also been used to study 

neurodevelopment outside of toxicology. While PTEN is usually implicated in tumor 

development, overexpression studies in undifferentiated PC12 cells showed significant changes 

in the expression of several genes that mediate the neuronal phenotype, including the NGF 

receptors, suggesting that it may influence neuronal development (Musatov et al., 2004). The 

inducible neuronal differentiation ability of PC12 cells provides an easy-to-use model for in vitro 

neurodevelopmental studies.  
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To model many neurodegenerative diseases, PC12 cells have been instrumental in 

elucidating neurobiological mechanisms underlying disease progression. A hallmark of 

Alzheimer’s disease is the formation of Aβ plaques. The small molecule Artemisinin was shown 

to prevent amyloid β-peptide-induced cell death associated with Alzheimer’s disease (Zeng et 

al., 2017). These cells also provide a useful model to study the effects of small molecule 

treatments to better understand the pathophysiology of neurodegenerative diseases. A key 

characteristic of amyotrophic lateral sclerosis (ALS) is the progressive loss of motor neurons. 

Several cyclohexane-1,3-dione (CHD) derivatives have been developed as possible therapeutics 

for ALS using a familial G93A superoxide dismutase (SOD1) mutant of PC12 cells (Zhang et al., 

2012b). A main feature of Parkinson’s disease is a loss of dopaminergic neurons leading to 

motor deficiencies. Conserved dopamine neurotrophic factor (CDNF) increased cell viability in 

the 6‑hydroxydopamine (6‑OHDA) PC12 model of Parkinson’s disease as evaluated by TUNEL 

staining and MTT assays (Mei and Niu, 2015). The neuronal morphology of PC12 cells provides 

an excellent platform for studying diverse cellular mechanisms in the development of 

neurological disease. 

The role of cJun in neuronal differentiation 
 

Many proteins appear to function in both cell death and regeneration, and PC12 cells 

have been instrumental for elucidating their roles in activating regeneration pathways and 

inhibiting apoptotic signals. The dichotomous role of Jun in preventing and executing cell death 

exemplifies this. The expression of cJun is increased in response to NGF stimulation of PC12 

which induces their neuronal differentiation (Ham et al., 1995) (Fig. 3). The PC12 cells require 

NGF to survive once differentiated, and NGF deprivation leads to cJun-mediated apoptosis 
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(Leppa et al., 2001). In undifferentiated PC12 cells, however, over-expression of cJun protects 

PC12 cells from undergoing apoptosis (Leppa et al., 2001). The chromatin landscape plays a 

large role in gene expression between different cell types, cell cycle, and states of 

differentiation. Consequently, the proteome also varies in each situation. Both chromatin 

configuration and potential protein interactors will have a significant impact on the available 

DNA binding sites and available dimerization partners and therefore the activity and effect of 

cJun. 
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Figure 3: Jun protein expression in PC12 cells. (A) Jun protein expression is induced by NGF in 
PC12 cells. K562 cells are known to increase Jun expression when exposed to tissue 
plasminogen activator (TPA) and was used as a positive control. (B) Quantified band intensity of 
Jun protein expression after NGF incubation. N=3 
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Jun is an essential TF that mediates the neuronal differentiation of PC12 cells (Leppä et 

al., 1998, Eriksson et al., 2007). As a member of the basic leucine zipper family, Jun functions as 

an obligate dimer and its binding partners share similarities in their DNA binding and leucine 

zipper domains. While cJun mRNA is induced within 15 min and peaks at 1 hour in PC12 cells 

(Wu et al., 1989), Jun protein expression is up-regulated after exposure to NGF, peaking at 1 

hour, and returning to baseline levels by 8 hours after exposure (Ham et al., 1995, Eriksson et 

al., 2007). During this period, known Jun heterodimer partners also vary in protein 

concentrations (Eriksson et al., 2007). The changing concentrations of potential bZIP partners 

may suggest that Jun dimerizes with different proteins to progress PC12 differentiation into 

neurons. 

The role of bZIPs in NGF-induced PC12 cell differentiation was investigated using 

Western blotting, EMSAs, and inhibitor assays. NGF induced robust expression of cFos in PC12 

cells within one hour which was preceded by its increased phosphorylation (Eriksson et al., 

2007). Protein levels of Fra-2 and cJun also peaked at 1 hour of NGF incubation and were 

maintained for at least 6 hours (Eriksson et al., 2007). EMSAs revealed that AP-1 activity 

induced with one hour of NGF stimulation was due to cJun and cFos (Eriksson et al., 2007). As 

dominant negative cJun had previously been demonstrated to inhibit NGF- induced PC12 

neuronal differentiation, siRNA-mediated knockdown of either cJun or cFos also decreased 

neurite sprouting while Fra-2 siRNA had no discernible effect (Eriksson et al., 2007). The 

changing bZIP protein levels and consequently AP-1 activity direct PC12 cells towards neuronal 

differentiation. 
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Jun activity is regulated by post-translational modifications within its transactivation 

domain which are known to affect transcription output (Boyle et al., 1991, Meng and Xia, 2011). 

Not only is cJun protein expression is upregulated in NGF-stimulated PC12 cells, but also the 

phosphorylation of cJun is induced (Ham et al., 1995, Leppä et al., 1998, Eriksson et al., 2007). 

Furthermore, exogenous expression of cJun can induce neurite sprouting in PC12 cells (Leppä et 

al., 1998, Dragunow et al., 2000). In comparison to wild type cJun, the number of cells 

extending neurites nearly doubled when a phosphate-mimic of cJun was expressed, but 

decreased with a phospho-null cJun mutant (Leppä et al., 1998). The phosphorylation of serine 

73 is likely the main driver of this effect, as 95% of wild type cJun-transfected PC12 cells were 

phosphorylated on serine 73 as opposed to 13% on serine 63 (Dragunow et al., 2000). The 

phosphorylation state of cJun plays an important role in PC12 cell differentiation. 

Post-translational modifications to cJun are commonly mediated by kinases. The 

interaction of cJun with ERK directs PC12 cells towards a neuronal cell fate (Leppä et al., 1998). 

cJun protein levels were suppressed by MEK inhibition (an upstream regulator of ERK), but not 

p38 or JNK inhibition (Eriksson et al., 2007). However, NGF-induced neurite outgrowth was 

partially blocked by inhibition of MEK, p38, and JNK activity (Eriksson et al., 2007). cJun is also 

required for NGF-induced neuronal differentiation of PC12 cells (Leppä et al., 1998, Eriksson et 

al., 2007). Co-expression of ERK2 and constitutively active MEK results in robust 

phosphorylation of cJun on serines 63 and 73, but expression of either alone produces only 

moderate phosphorylation (Leppä et al., 1998). Outside of the RAF/MEK/ERK pathway, the 

MAPK cascade of MEKK/SEK/JNK is also known to phosphorylate cJun, but appears to regulate 

cell death as opposed to differentiation (Leppä et al., 1998, Leppa et al., 2001, Xia et al., 1995, 
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Le-Niculescu et al., 1999). NGF withdrawal from differentiated PC12 cells increases both JNK 

activity and Jun protein levels (Xia et al., 1995, Maggirwar et al., 2000). Supporting the 

apoptotic role of the MEKK/JNK pathway, co-expression of two dominant negative forms of 

cJun decreased cell death induced by either NGF withdrawal or constitutively active MEKK1 in 

differentiated PC12 cells (Xia et al., 1995). The interactions of cJun with various kinases dictates 

both its activity and cell fate. 
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Thesis Statement 
 

Damage to the axons of the mammalian central nervous system (CNS) is irreversible and 

leads to permanent disability. Transcription factors (TFs) function as an important class of 

proteins involved in axon regeneration based on their ability to regulate the expression of 

downstream target genes. Jun is a TF known to be necessary for axon regrowth in neurons 

capable of regeneration, but it is not sufficient on its own to promote functional regeneration. 

Jun functions as a homo- or hetero-dimer and its binding partner determines both its 

transcriptional activity and binding affinity for a given DNA sequence. However, the proteins 

with which Jun interacts over the time course of successful axon regeneration remain unknown. 

I hypothesize that Jun interacts with different proteins at different times during axon extension 

to initiate changes in gene expression necessary for progressing axon growth. To test this, I 

developed a proximity labeling fusion protein construct of Jun tethered to the APEX2 

peroxidase. The work presented here describes the design, validation, and proof of concept for 

identifying the putative protein-protein interactions of Jun as PC12 cells were stimulated with 

nerve growth factor. Control and treated cells were analyzed with mass spectrometry to 

distinguish the Jun-interacting proteome. 
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Chapter Two Development and Validation of Fusion Protein Construct 
 

Abstract 
 
 The diverse interactions of transcription factors govern gene expression throughout the 

lifetime of a cell. Investigating how these low-abundance proteins interact with other proteins 

is essential to understanding how they control the timing of regulatory events. Jun is a 

transcriptional regulator and obligate dimer whose activity is modulated by post-translational 

modifications. These critical transient interactions are not detected in traditional methods to 

investigate protein-protein interactions. To address this gap in knowledge, we have created a 

new tool: a fusion protein of Jun tethered to a proximity labeling ligase, APEX2. In this 

technique, proteins are biotinylated within a small radius of the transcription factor of interest, 

regardless of time of interaction. This fusion construct is easily manipulated to modulate 

expression levels, the protein of interest, and tag. Here, we discuss the validations required to 

ensure proper functioning of the transcription factor proximity labeling tool. As proof of 

concept, the protein-protein interactions of Jun were identified by mass spectrometry in 

neuronally differentiating cells. 

Introduction 
 

Transcription factors (TFs) are proteins that bind to genomic DNA to regulate 

transcription and play important roles in regulating gene programming during development and 

in mature cells in response to external stimuli. TFs are modular in structure with domains that 

bind to specific sequences of nucleotides, known as binding motifs, and transactivation 

domains that interact with a variety of other cellular components to affect transcription, 

transcription machinery, or chromatin regulators. The DNA binding and dimerization domains 
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are often similar amongst members of a TF family. Many TFs function as obligate dimers and 

are often components of larger multimeric complexes. TFs are low-abundance proteins and 

their relative concentrations will determine the composition of the preferred dimer. It is rare 

for a dimer to function on its own, so many dimers interact with or form larger quaternary 

structures. The composition of a dimer or multimeric complex will affect its affinity for a given 

sequence of DNA, thereby affecting the relative transcriptional output for a gene (Hai and 

Curran, 1991, Yoshida and Yasuda, 2002). The differences in the transactivation domain of TFs 

will also have a large effect on the transcription of a gene. The transcriptional capabilities of TFs 

are modulated by post-translational modifications that induce conformational changes to alter 

affinity or co-operativity with DNA or other proteins, respectively. Furthermore, certain kinases 

show preferential activity towards specific dimer compositions and whether or not those 

dimers are bound to DNA (Abate et al., 1993). To understand transcription in a cell, it is 

important to understand protein-protein interactions (PPIs) under various conditions. Such 

transient interactions are important to fine-tune the expression of genes.  

Traditional methods to investigate PPIs, such as co-immunoprecipitation and affinity 

purification, will only identify proteins that interact with a high affinity, such as those directly 

bound to the protein of interest or within a larger multimeric complex. Other techniques such 

as the yeast two-hybrid system are capable of identifying the interaction of only two proteins 

(Fields and Song, 1989). Such techniques are biased towards high affinity interactions and/or 

slow dissociation kinetics as well as proteins of high abundance (Von Mering et al., 2002). This is 

particularly problematic for TFs as they are in such low abundance either requiring large 

amounts of sample or their detection being overwhelmed by others. Ensuring that the protein 
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of interest is expressed at physiological levels is especially important for TFs as they are 

naturally in low abundance, thus the over-expression that is typical of many techniques may 

not reflect the true endogenous PPIs (Gingras et al., 2005). Transcription is tightly regulated and 

therefore requires the interactions of many proteins within the promoter/enhancer as well as 

post-translational modifications to those proteins (Qin et al., 2021). These are important 

interactions necessary for transcription and such transient or further distance interactions are 

missed by traditional methods for investigating PPIs.  

The proximity labeling technique detects endogenous protein interactions as they are 

occurring in the cell. The composition of a cell is dense with a variety of macromolecules, so the 

binding affinity of proteins is drastically different from an in vitro environment of dilute buffers. 

As the interacting proteins are labeled in vivo, low affinity or transient interactions are retained 

and not removed at later purification steps with stringent washes. In this technique, an 

engineered enzyme is genetically tagged to a protein of interest which will covalently tag 

neighboring proteins with an activated substrate within an ~10 nm radius. The enzymes have 

evolved from biotin ligases (e.g. BioID and TurboID) with long labeling periods that occur over 

24 hours, to the fastest generation of APEX2 with a 1 min labeling period (Roux et al., 2012, 

Branon et al., 2018, Lam et al., 2015). While interactomes of TFs such as Hox, EcR/USP, Sox2 

have been investigated, they were identified using BioID which records the PPIs over many 

hours which favors stable interactions and high abundance proteins (Carnesecchi et al., 2020, 

Mazina et al., 2020, Kim et al., 2017). Due to the short 1 min labeling period, a snapshot of PPIs 

can temporally resolve fast-acting cellular processes, such as phosphorylation, but has yet to be 

implemented on TFs over a time course (Paek et al., 2017, Lobingier et al., 2017, Mazina et al., 
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2020). Furthermore, transient and stable interactions identified by APEX2 labeling can be 

distinguished when using quantitative mass spectrometry (MS). 

To address this gap, we have developed a TF proximity labeling construct to investigate 

the dynamic and fast-paced PPIs in response to extracellular signals. As a model, we used a 

PC12 cell line that can differentiate into neurons when exposed to nerve growth factor (NGF) 

and a key TF mediating this process is Jun. Jun is a component of the AP-1 transcription 

complex and plays a role in development, regeneration, and cell cycle progression (Hilberg et 

al., 1993, Herdegen et al., 1991, Angel and Karin, 1991). As a member of the basic leucine 

zipper family, Jun functions as an obligate dimer and its binding partners share similarities in 

their DNA binding and leucine zipper domains. In PC12 cells, Jun protein expression is up-

regulated after exposure to NGF, peaking at 1 hour and returning to baseline levels by 8 hours 

after exposure (Ham et al., 1995, Eriksson et al., 2007). During this period, known Jun 

heterodimer partners also vary in protein concentrations (Eriksson et al., 2007). Jun activity is 

regulated by post-translational modifications within its transactivation domain which are 

known to affect transcription output (Boyle et al., 1991, Meng and Xia, 2011). Jun 

phosphorylation is increased in response to NGF and its interaction with ERK directs PC12 cells 

towards a neuronal cell fate (Leppä et al., 1998). As proof of principle, the PPIs of Jun-APEX2 

were identified using proximity labeling-MS in NGF-stimulated PC12 cells during neuronal 

differentiation (Fig. 4). 
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Figure 4: Schematic and workflow of Jun-APEX2 proximity labeling technique. Left: The 
engineered peroxidase enzyme (APEX2) is genetically tagged to the transcription factor (TF) of 
interest (Jun). When exposed to hydrogen peroxide, APEX2 will covalently tag neighboring 
proteins with the radicalized exogenous substrate, biotin phenol (pink stars). Activated biotin 
phenol will covalently bond to proteins within an ~10 nm radius (radius of outer blue circle). 
The extent of tagging of a particular protein will depend upon both the stability of its 
interaction with Jun and its distance from the peroxidase active site (decreasing blue intensity 
of “bull’s eye” emphasized by pink ombre arrow). The proteins that are farther away from the 
catalytic site are less likely to be labeled (fewer tags represented by lighter pink stars). The 
proteins with the most tags (darkest pink stars) will be within close proximity of Jun and have 
stable interactions. Middle: After proximity labeling is performed, cells are lysed and the total 
protein is extracted. The biotinylated (tagged or labeled) proteins are isolated and prepared for 
analysis by mass spectrometry (MS). Right: Following analysis of MS data, the identified 
proteins are ranked to determine direct versus indirect protein-protein interactions. Based on 
their proximity to Jun, it is predicted that direct interactors will include Jun itself along with any 
direct dimerization partners. Indirect interactions will include both proteins bound nearby on 
the DNA and also transient interactions, such as those by modifying enzymes. 
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Materials and methods 
 

pW1-ef1α-jun-linker-APEX2 plasmid synthesis 
 
 Double-stranded DNA coding for ef1α-linker-APEX2 (1382 base pairs) was commercially 

synthesized by GeneWiz Azenta Life Sciences. The ef1α promoter sequence was obtained from 

the xenopus laevis genome (GenBank: M25697.1). The lyophilized DNA was re-suspended in 

water and used as the template for PCR using Taq DNA polymerase (Promega Cat No M3001) 

and the primers 5’-TATGAGCTCCATATGCCG-3’ and 5’-TAACTAGTCTCGAGCTGCAGA-3’. The fragment 

was ligated into the pCR®II vector using the TA Cloning Kit, Dual Promoter (Invitrogen™ Cat No 

K207040). The ligated plasmid was transformed into One Shot™ MAX Efficiency™ DH5α-T1R 

Competent Cells for propagation (Invitrogen™Cat No 12297016). Using the SpeI and SacI 

restriction enzymes (New England Biolabs), the ef1a-linker-APEX2 fragment was removed from 

the pCR®II vector and ligated into the pW1 cloning vector using T4 DNA ligase (Invitrogen™ Cat 

No 15224017). The pW1 vector contains the SV40 small t intron and poly-adenylation site 

(Linney and Udvadia, 2004). The pW1 vector was treated with Antarctic Phosphatase to prevent 

self-ligation (New England Biolabs Cat No M0289S). Plasmid DNA was extracted using the 

PureYield™ Plasmid Midiprep System (Promega® Cat No A2492). 

The zebrafish sequence for jun was chosen for its 70% homology to human and rodent 

Jun protein. The difference in sequence can be distinguished from endogenous Jun in MS 

results. To obtain the sequence for the jun gene, RNA isolated from two days post-fertilization 

EK wild type danio rerio larvae was used as a template to create cDNA with the qScript® Flex 

cDNA Synthesis Kit (Quantabio Cat No 95049-025). Using the cDNA as a template, Taq DNA 

polymerase (Promega Cat No M3001) was used in PCR to amplify the 927 base pair sequence of 
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the jun gene flanked by NcoI and MluI restriction sites using the primers 5’-

CCATGGTTCTATGTCTACCAAGATGG-3’ and 5’-ACGCGTGAAGGTTTGCAGCTGT-3’. The fragment was 

ligated into the pCR®II vector using the TA Cloning Kit, Dual Promoter (Invitrogen™ Cat No 

K207040). The ligated plasmid was transformed into One Shot™ MAX Efficiency™ DH5α-T1R 

Competent Cells for propagation (Invitrogen™ Cat No 12297016). The jun gene was sequenced 

for integrity using the Sp6 and T7 promoters within the pCR®II vector. This sequence was 

subcloned in-frame into the pW1-ef1α-linker-APEX2 plasmid using the restriction sites NcoI and 

MluI. The resulting plasmid (pW1-ef1α-jun-linker-APEX2) was verified by Sanger sequencing. 

Plasmid DNA was extracted using PureYield™ Plasmid Midiprep System (Promega® Cat No 

A2492) 

Cell culture 
 

The PC-12 Adh CRL-1721.1™ cells were purchased from American Type Culture 

Collection (ATCC). Cells were cultured according to the handling information provided by the 

ATCC using sterile techniques. Cells were incubated at 37°C and 5% CO2 in Ham’s F-12K Medium 

(Gibco™ Cat No 21127022) supplemented to 10% horse serum (Sigma-Aldrich Cat No H1138), 

5% fetal bovine serum (Gibco™ Cat No 10082147), and 1 X pen/strep (Gibco™ Cat No 

15070063). Cells were passaged every other day, seeding at 3.0 x 104 viable cells/cm2 in 

Nunclon™ Delta surface treated flasks (Thermo Scientific™ Cat No 178983). 

Plasmid transfection 
 
 jetOPTIMUS® DNA transfection reagent (Polyplus Ref No 117-15) was used for all DNA 

plasmid transfections. The standard transfection protocol recommended by the manufacturer 
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at a 1:1 DNA:reagent ratio was used for all for all surface areas, adjusting for volumes 

accordingly. 

Imaging transfected PC12 cells for plasmid cellular localization 
 
 PC12 cells were seeded in 12-well plates at 3.0 x 104 viable cells/cm2 and transfected 

with DNA plasmid 24 hours after plating at 75% confluency. After an additional 24 h post-

transfection, cells were placed on ice for ~ 5 min to equilibrate media to temperature. The cells 

were then incubated for 15 min in freshly prepared ice-cold 50 μM Amplex UltraRed solution 

(Invitrogen™ Cat No A36006) with or without 10 mM hydrogen peroxide (Sigma-Aldrich Cat No 

H1009). Cells were rinsed with ice-cold Dulbecco's phosphate-buffered saline (DPBS, Sigma-

Aldrich Cat No D5773) and then fixed in warm (30–37 °C) 4% (wt/vol) paraformaldehyde 

(Thermo Scientific™ Cat No 28906) for 15 min at room temperature. Cells were washed with 

ice-cold DPBS and followed by 0.1% Tween-20 in DPBS. Nuclei were stained with ice-cold 300 

nM 4′,6-diamidino-2-phenylindole (DAPI) and finally rinsed with ice-cold DPBS. Fluorescence 

was visualized (excitation 490–550 nm; emission 580–590 nm) on a Nikon Eclipse TE2000-U 

microscope. Validation was performed on two wells per condition, in triplicate from three 

distinct biological replicates. 

Proximity labeling reactions 
 
 After 24 hours post-transfection when cells were ~90% confluent, biotin-phenol labeling 

was initiated by changing the media to fresh growth media containing 500 μM biotin-phenol 

(biotin tyramide, Iris-Biotech Cat No LS-3500). This was incubated at 37°C under 5% CO2 for 30 

min. Afterwards, hydrogen peroxide was added to a final concentration of 1 mM and the flask 

gently agitated for 1 min. The reaction was quenched by exchanging the media for quenching 
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buffer (10 mM sodium ascorbate (Spectrum Chemical Cat No S1349), 5 mM Trolox (Sigma-

Aldrich Cat No 238813-5G), 10 mM sodium azide (Sigma-Aldrich Cat No S2002) in DPBS). Cells 

were washed with quenching buffer for a total of three times. Cells were scraped and collected 

in a conical tube, rinsing the flask with quenching buffer to collect remaining cells. The cell 

suspension was centrifuged at 4°C for 5 min at 500 x g. The supernatant was removed, and 

either whole cell protein lysate or the nuclear fraction was obtained. 

Whole cell protein isolation 
 
 From proximity labeled, transfected, or untreated cells, the cell pellet was resuspended 

by gentle pipetting with RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium 

deoxycholate, 1% Triton X-100, 1X protease inhibitor cocktail (PIC, Pierce® Cat No 88266), 1 mM 

PMSF, 10 mM sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox) and incubated for 2 

min on ice. Per 150 cm2 flask, 0.5 mL RIPA buffer was used. Lysates were clarified by 

centrifugation at 25 x 103 x g for 10 min at 4°C. The supernatant was transferred to a clean tube 

and total protein was quantified. The whole cell protein lysate was stored at -80°C until 

enrichment of biotinylated protein. 

Nuclear protein isolation 
 
 From proximity labeled, transfected, or untreated cells, the cell pellet was resuspended 

by gentle pipetting in cell lysis buffer (CLB; 1.5 mM MgCl2, 10 mM NaCl, 0.5% Igepal-CA630, 1 X 

PIC, and 10 mM Tris-HCl, pH 8.1) and incubated for at least 20 min on ice. Cell membranes were 

disrupted by pipetting up and down ten times and the lysate was centrifuged for 5 min at 3.4 x 

103 x g at 4°C. The supernatant was transferred to a fresh tube and saved as cytoplasmic lysate. 

The pellet was resuspended by gentle pipetting in nuclear lysis buffer (NLB; 5 mM EDTA, 1% 
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SDS, 1 X PIC, and 50 mM Tris-HCl, pH 8.1) and incubated for at least 20 min on ice. Per 75 cm2 

flask, 1 mL CLB and 200 µL NLB were used. The nuclear membrane was disrupted by passing the 

sample through a 27-gauge syringe ten times. The sample was centrifuged for 10 min at 25 x 

103 x g at 4°C. The supernatant was transferred to a fresh tube and saved as the nuclear lysate. 

Both cytoplasmic and nuclear fractions were quantified before storage at -80°C until 

enrichment of biotinylated protein. 

Total protein quantification 
 
 The Pierce™ 660 nm Protein Assay Kit (Thermo Scientific™ Cat No 22662) was used to 

measure the total protein content in whole cell lysates. Samples were measured with assay 

reagent containing Ionic Detergent Compatibility Reagent (Thermo Scientific™ Cat No 22663). 

Sample cell lysate (10 μL, measured in duplicate) was mixed with 150 μL of the reagent in a 96-

well, round bottom plate. Absorbance was measured at 660 nm on an Infinite® M200 Pro 

(Tecan) multimode microplate reader. Total protein concentration was determined by 

comparing to the absorbances of a set of bovine serum albumin (BSA) protein pre-diluted 

standards (Pierce™ Cat No 23208) prepared and analyzed in the same manner (each standard 

concentration was prepared in triplicate). 

Fractionated protein quantification 
 
 The DC™ Protein Assay (BioRad Cat No 500-0116) was used to measure the protein 

content in the cytoplasmic and nuclear samples according to manufacturer’s instructions for 

the microassay protocol in a 96-well, round bottom plate. Samples were prepared and analyzed 

in duplicate. Absorbance was measured at 750 nm on an Infinite® M200 Pro multimode 

microplate reader, and protein concentration was determined by to the absorbances of a set of 
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BSA protein pre-diluted standards (Pierce™ Cat No 23208) prepared and analyzed in the same 

manner (each standard concentration was prepared in triplicate). 

Validation of APEX2 peroxidase activity 
 
 PC12 cells transfected with pW1-ef1α-jun-linker-APEX2 underwent proximity labeling as 

described above either with or without biotin-phenol or hydrogen peroxide. Whole cell protein 

was extracted and quantified for total protein content as described above. Lysates were 

separated in 10% polyacrylamide gels (Bio-Rad Cat No 4568034) and protein was then 

transferred to PVDF membrane before blocking with 3% (w/v) BSA in 1 X TBST (0.1% Tween-20 

in tris-buffered saline) overnight at 4°C. The membrane was incubated at room temperature for 

2 h in 4 ng/mL streptavidin-HRP (Invitrogen™ Cat No S-911), then rinsed with TBST three times 

for 10 min each. The blot was visualized using SuperSignal™ West Femto Maximum Sensitivity 

Substrate (Thermo Scientific™ Cat No 34095) on a G:BOX Chemi XRQ (Syngene). Validation was 

performed in triplicate using three distinct biological replicates. 

EMSA 
 
 The unlabeled oligonucleotide probes were synthesized by heating sense and antisense 

primers to 100°C for 5 min in annealing buffer (10 mM Tris-Cl, 100 mM NaCl, 1 mM EDTA, pH 

7.5), followed by cooling at room temperature. The sense strands of the oligonucleotide 

sequences used in EMSA were the following: 5′-CGCTTGATGACTCAGCCGGAA-3′ for wild type 

AP-1 consensus sequence and 5′-CGCTTGATAGATCTGCCGGAA-3′ for mutant AP-1 consensus 

sequence. The mutated sequence was previously validated to disrupt binding of the AP-1 

complex (Manna et al., 2004). 
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Protein-DNA binding assays were carried out according to the Odyssey® EMSA Kit 

manufacturer’s instructions (LI-COR® P/N 829-07910). Briefly, 5 µg whole cell lysate were 

incubated in 20 µL of reaction buffer (10 mM Tris, 50 mM KCl, 25 mM dithiothreitol (DTT), 50 

ng/µL poly dIdC, 50 nM EDTA, 0.25% Tween-20; pH 7.5) for 30 min at room temperature. The 

fluorescent AP-1 DNA probe (LI-COR® P/N 829-07925, 6.25 fmol) was added alone or in the 

presence of increasing concentrations (20- to 200-fold molar excess) of unlabeled DNA 

oligonucleotide. Protein-DNA complexes were then subjected to electrophoresis on 10% 

polyacrylamide gels (Bio-Rad Cat No 4568034) for about 2.5 h at 150 V in 1 X TBE buffer (90 mM 

Tris-borate, 2 mM EDTA; pH 8.0) protected from light. Gels were removed from the cassette 

and scanned on a LI-COR® Odyssey Imager at 700 nm with an offset of 0.5 mm. Validation was 

performed in triplicate using three distinct biological replicates. 

Enrichment of biotinylated proteins with streptavidin beads 
 

Streptavidin-coated magnetic beads (Pierce®, Cat No 88817) were prepared by washing 

twice with RIPA lysis buffer. For every mg of total protein (at 3-5 mg/mL whole cell protein 

concentration), 100 µL of streptavidin bead slurry was used. Each replicate sample was mixed 

with washed streptavidin beads and brought to 0.5 mL final volume in RIPA buffer 

supplemented with PIC (RIPA-PIC). The suspensions were incubated at room temperature for 1 

h with gentle rotation. Streptavidin beads were then washed with 0.5 mL volumes as follows: 

twice with RIPA-PIC, once with 1 M KCl, once with 0.1 M Na2CO3, once with 2 M urea in 10 mM 

Tris-HCl pH 8.0, and twice with RIPA-PIC. All buffers were maintained at 4°C. Biotinylated 

proteins were digested in-gel for mass spectrometry analysis. 
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MS sample preparation, LC-MS/MS, and MS data analysis 
 
 In-solution and in-gel sample preparation, LC-MS/MS analysis, and MS data analysis was 

performed at the Mass Spectrometry Core Facility at the University of Wisconsin – Madison. 

Samples were analyzed on a Thermo Scientific™ Orbitrap Elite mass spectrometer connected to 

an Agilent 1100 Nano flow HPLC system with flow rates at 300 nL/min and separation achieved 

using Thermo Scientific™ EasySpray 75 µm i.d. column coupled to a Thermo Scientific™ 

EasySpray source. All data analysis was performed at false discovery rate (FDR) <1% for proteins 

represented by at least two identified peptides. For differentially detected in-solution data, 

Fisher’s Exact Test with multiple test correction was used. 

Results 
 

To investigate the PPIs of Jun in response to NGF, a DNA plasmid encoding for Jun 

tethered to APEX2 via a flexible linker (Jun-APEX2) was transfected into undifferentiated PC12 

cells. Cells were either treated with NGF for one hour or left un-treated, then proximity labeling 

reactions were performed. The protein lysates were collected, and the biotinylated proteins 

were analyzed using liquid chromatography-mass spectrometry (LC-MS/MS). 

Concept and design of Jun-APEX2 construct 
 

The Jun-APEX2 fusion protein construct has a modular design that allows the three 

components to be easily interchangeable to investigate the PPIs of TFs: the promoter, TF, and 

proximity labeling entity (Fig. 5). The proteins are separated by a flexible 12 amino acid linker 

(RGGSGGSGGSGS). The ef1a promoter enables ubiquitous, strong expression ideal for obtaining 

adequate amounts of protein from cell culture. There are multiple cloning sites before and after 

the promoter, as well as after the APEX2 3’-tag. Multiple cloning sites allow for easy removal of 
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the promoter and tag as well as restriction enzyme directional insertion of the protein of 

interest. The ability to exchange cassettes facilitates investigation of different pathways, 

modulating the amount of fusion protein, and varying the tag. 
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Figure 5: Plasmid map of pW1-ef1α-jun-linker-APEX2. The DNA plasmid that encodes the Jun-
APEX2 fusion protein consists of four main cassettes: the ef1α promoter (cyan), jun gene (grey), 
linker, and APEX2 gene (green). There are three multiple cloning sites to facilitate removal of 
each cassette: on the 3’ and 5’ termini of the promoter, and the 3’ terminal of APEX2. The 
flexible linker arm was cloned in-frame between the jun and APEX2 genes. 
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Insertion of a single polypeptide chain between the two fusion protein components 

allows for proper folding after translation and function of the individual proteins. Ten amino 

acid linkers (~5 nm) of similar composition have been successfully used with APEX or APEX2 

within mitochondria to resolve organellar localization (Hung et al., 2014, Hung et al., 2016). A 

longer 17 amino acid linker tethering together Jun and other bZIP proteins was validated to 

maintain endogenous functionalities of Jun heterodimers, including transcriptional activation, 

as well as dimer orientation (3’- versus 5’-terminal tethering) and addition of epitope tags 

(Bakiri et al., 2002, Danzi et al., 2018). It is of paramount importance to avoid interruption of 

the normal physiological interactions of the protein of interest to evaluate its true PPIs. 

To create the Jun-APEX2 plasmid DNA construct, the ef1a-linker-APEX2 sequence was 

commercially synthesized and inserted into the pW1 vector using directional restriction enzyme 

cloning (Balkan et al., 1992, Linney and Udvadia, 2004, Udvadia, 2008). This pW1-ef1a-linker-

APEX2 is the base plasmid into which a TF or other protein may be inserted to create a C-

terminally tagged proximity labeling construct. The zebrafish sequence for jun was chosen for 

its 70% homology to human and rodent Jun protein. The difference in sequence can be 

distinguished from endogenous Jun in MS results. Using restriction site directional cloning, jun 

was subcloned into the pW1-ef1α-linker-APEX2 plasmid to create the final pW1-ef1α-jun-linker-

APEX2. 

Further Considerations & Caveats: 

There are many variables to consider for adapting the construct to a different protein of 

interest. Review the literature to see if the protein of interest functions as expected with tags at 

the intended sites. It may be time efficient to create fusion constructs tagged at either the 5’- 
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or 3’-terminal in the case where one orientation may not pass a validation assay. APEX2 has 

been shown to remain active when attached at either terminal or when inserted internally 

(Hung et al., 2016). While not featured in the base plasmid, addition of an epitope tag will 

expand the utility of the construct by enabling fusion protein precipitation or recognition by 

conjugated fluorophores for spatial localization as visualized with light microscopy. Additionally, 

if the protein of interest does not have a validated antibody, an antibody against the epitope 

can be utilized for confirmation of fusion protein expression by molecular weight as assessed by 

western blotting. In HEK cells, the V5 tag successfully detects APEX2 and Jun can tolerate a 

3xFlag tag to its N-terminus, but the HA tag should be avoided as its prone to tyrosine oxidative 

damage (Hung et al., 2016, Danzi et al., 2018). While fluorescence is convenient for visualizing 

protein localization, it is not advised to include a fluorophore in the fusion protein for two 

reasons: (1) larger plasmids are more difficult to transfect and (2) the function of the TF and 

APEX2 are more likely to be perturbed. Determine whether the protein of interest is post-

translationally cleaved at either terminal to avoid APEX2 mistargeting. It is best to empirically 

test fusion protein orientation and epitope tag tolerance by following the validation steps in 

this protocol. 

To maintain protein expression levels near that of TFs, it may be beneficial to use a 

weaker promoter. Transient protein expression in cultured cells enables fast validation of the 

fusion protein construct and can be completed in parallel with stable line generation. The 

plasmid transfection protocol should be optimized for each promoter and vector type as 

efficiency varies. The ef1a promoter was used in this proof-of-concept model for high 

expression to compensate for low transfection efficiency. Some promoters are susceptible to 
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silencing in different species (Battulin et al., 2022). Ideally, stable cell lines in which the fusion 

protein replaces the endogenous counterpart would be best for obtaining adequate amounts of 

protein and producing the most physiologically relevant PPIs for MS analysis. 

When choosing restriction sites to use for cloning a protein of interest into the pW1-

ef1a-linker-APEX2 base plasmid, take note of naturally occurring sites in the protein of interest 

sequence. To avoid multi-step digests, the multiple cloning sites in the base plasmid utilize 

restriction enzymes that share the same buffer. Using automated sequencing software greatly 

aids in developing the fusion construct with features such as primer design, virtual digests, and 

visualizing sequencing data. 

Fusion protein validation 
 

Both the TF and proximity labeling enzyme must be validated to ensure they maintain 

their proper functions under physiological conditions. The APEX2 peroxidase must maintain its 

ability to label proteins only in the presence of its two required substrates (Fig. 6). The cellular 

localization and DNA sequence-specific binding of Jun must be validated as important functions 

of TFs. The following validation assays can be performed in parallel for time efficiency if one is 

proficient in handling cell culture and sterile technique. 
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Figure 6: Workflow for proximity labeling construct validation. After constructing a TF 
proximity labeling fusion protein, several core characteristics must be validated. Left: 
Fluorescence microscopy shows the nuclear localization of the TF-proximity labeling enzyme 
(Jun-APEX2, grey diamond attached to green explosion via green coil). Cells expressing the 
fusion construct are labeled with Amplex UltraRed reagent which is converted to the red 
fluorescent resorufin in the presence of peroxidases, e.g. APEX2. Middle: To biotinylate 
proteins, APEX2 requires both of its substrates: hydrogen peroxide and biotin phenol (pink star 
with phenol group). Proximity labeling reactions are performed with or without either substrate 
on cells expressing the fusion protein. The protein lysates are collected, separated on 
polyacrylamide gels, and probed with streptavidin-HRP to specifically detect biotinylated 
proteins using enhanced chemiluminescence (ECL). Right: The fusion protein binds DNA in a 
sequence-specific manner. Electrophoretic mobility shift assays (EMSA) are performed on 
protein lysates containing the fusion protein using fluorescent DNA probes or of consensus 
binding sequence. Binding specificity is confirmed by competition with unlabeled DNA 
oligomers of the consensus binding sequence. 
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Cellular localization 
 

The localization of the Jun-APEX2 fusion protein was visualized using Amplex UltraRed. 

This reagent passes through non-permeabilized cells and is converted to a red fluorophore in 

the presence of peroxidases and hydrogen peroxide (Fig. 7A). The fluorophore remains 

localized to the site of production for approximately one hour which enables spatial resolution. 

As APEX2 is a peroxidase, it will convert the Amplex UltraRed reagent into a red fluorophore in 

the presence of hydrogen peroxide which can be visualized with fluorescence microscopy.  

PC12 cells were transfected with either Jun-APEX2 (pW1-ef1a-jun-linker-APEX2) or 

APEX2 (pW1-ef1a-linker-APEX2) alone and compared to un-transfected cells as a control (Fig. 

7B). The nuclear localization signal in Jun was expected to target the Jun-APEX2 fusion protein 

to the nucleus. One day after transfection, Amplex UltraRed was used to visualize peroxidase 

activity with or without hydrogen peroxide. Cells were also treated with DAPI to label the 

nucleus. In cells treated with hydrogen peroxide, peroxidase activity was detected in the 

cytoplasm of cells that were either untreated or expressing APEX2 (Fig. 7C). Cells expressing the 

Jun-APEX2 fusion protein showed red fluorescence only in the nucleus. 

For the remaining validation assays, protein lysates are obtained from proximity labeled, 

transfected cells. In conjunction with the APEX2 function assay, nuclear localization can be 

confirmed by comparing cytoplasmic and nuclear fractions. Mammalian cells have 

endogenously biotinylated proteins at 72, 78, and 130 kDa and will be detected in the 

cytoplasmic lysates (Chapman-Smith and Cronan, 1999). 
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Figure 7: The Jun-APEX2 fusion protein localizes to the nucleus. (A) When in the presence of 
hydrogen peroxide (H2O2), Amplex UltraRed oxidizes to red fluorescent resorufin. (B) 
Undifferentiated PC12 cells were either transfected with pW1-ef1α-jun-linker-APEX2 or pW1-
ef1α-linker-APEX2, or left untreated. Twenty-four hours after transfection, cells underwent 
Amplex UltraRed labeling either with or without H2O2. DAPI was used to visualize the nucleus. 
(C) Untreated or non-transfected cells (NTC), or those transfected with pW1-ef1α-linker-APEX2 
(APEX2) or pW1-ef1α-jun-linker-APEX2 (Jun-APEX2) underwent Amplex UltraRed labeling with 
or without H2O2. All cells without H2O2 treatment showed minimal red background (not shown). 
NTC treated with H2O2 appeared similar to those without H2O2, but with a higher background, 
likely due to the harsh conditions of peroxide-exposure. Cells expressing APEX2 showed 
fluorescence only in the cytoplasm. Cells expressing Jun-APEX2 displayed fluorescence in the 
nucleus, as visualized by overlapping DAPI staining. Two technical replicates were performed 
per condition, from three distinct biological replicates. The contrast of the images was 
increased to enhance visualization. Scale bar is 10 µm. 
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Further Considerations & Caveats: 

When using Amplex UltraRed, it is advised to plan the reactions and imaging prior to 

performing the experiments to prevent reagent diffusion from cellular compartments. 

Alternatively, 3,3′-diaminobenzidine (DAB) staining can be performed and detected using light 

microscopy. This reagent remains tightly localized to the site of production and will not diffuse 

through cellular compartments. DAB staining is compatible with electron microscopy for precise 

spatial resolution. DAB staining requires optimization of peroxide incubation period to prevent 

damage to cell structure which is especially important if electron microscopy will be utilized for 

sub-compartmental localization. In our hands, DAB staining was not successfully detected using 

light microscopy. Due to the high background of cellular structures generated by electron 

microscopy, intense DAB staining by APEX2 may be less sensitive than fluorescence-based 

methods for spatial resolution. Unlike Amplex UltraRed, fusion proteins containing an epitope 

tag can be immuno-labeled using fluorophore-conjugated antibodies and stored for subsequent 

analysis. 

APEX2 function 
 
 The APEX2 enzyme enables biotinylation of proteins through a peroxidase reaction that 

can only occur in the presence of its substrates, biotin phenol and hydrogen peroxide. In the 

presence of hydrogen peroxide, APEX2 will catalyze the one-electron oxidation of biotin phenol 

into a radical. This radical can then bind to an electron-rich side chain of a protein within an ~10 

nm radius of the APEX2 active site (Kim et al., 2014). The total protein can be extracted from 

the cells, separated in a polyacrylamide gel, and transferred to a membrane. Light collected 
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from a luminol reaction with streptavidin-horseradish peroxidase (HRP) will specifically visualize 

the biotinylated proteins in the lysates.  

 To verify that proteins are biotinylated only in the presence of hydrogen peroxide and 

biotin phenol, proximity labeling reactions were performed on Jun-APEX2 transfected PC12 

cells that were incubated with or without one of the necessary substrates (Fig. 8). In the 

presence of only biotin phenol, APEX2 cannot catalyze its oxidation and therefore no labeling 

occurred (Lane 1). Two low-intensity bands were detected around 40 and 50 kDa that are likely 

self-biotinylation of Jun-APEX2 by endogenous peroxides (Mair et al., 2019). In the presence of 

only hydrogen peroxide, there is no biotin phenol to tag the proteins, and no bands were 

detected in the protein lysates (Lane 2). In the presence of both substrates, a smear of bands 

over a large range of molecular weights was observed (Lane 3). These results confirm that 

APEX2 labelled proteins only when both substrates are present. 
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Figure 8: APEX2 is dependent upon its substrates to biotinylate proteins. (A) PC12 cells were 
transfected with pW1-ef1α-jun-linker-APEX2 and proximity labeling reactions were performed 
on cells incubated with or without one of the substrates: biotin phenol or hydrogen peroxide. 
Nuclear lysates (24 µg) were separated using polyacrylamide gel electrophoresis (PAGE), 
transferred to PVDF membranes, and probed with streptavidin-horseradish peroxidase (HRP) to 
specifically detect biotinylated proteins. (B) Without hydrogen peroxide, biotin phenol cannot 
be radicalized and therefore no bands are detected (Lane 1). Without biotin phenol, there is no 
reagent to label proteins and therefore no bands were detected (Lane 2). In the presence of 
both substrates, a range of proteins were detected at multiple molecular weights (Lane 3). 
Equal protein loading across lanes was verified by total protein visualization (not shown). 
Experiment was performed in triplicate from three distinct biological replicates. The sample 
lanes were moved to group together pertinent samples. 
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Further Considerations & Caveats: 

The procedure for the streptavidin bead pull-down should be optimized for small and 

large scales. Vary the amount of proximity labeling protein lysate (whole cell, cytoplasmic, or 

nuclear) and incubate with a constant amount of beads. After the initial incubation to bind the 

biotinylated protein, save the supernatant as the “flow through”. Compare the lysate, the 

eluate, and the flow through for biotinylated proteins as described above for the streptavidin-

HRP membrane. For optimal pull-down efficiency, the maximal amount of lysate per volume of 

beads is determined when no bands are detected in the lane containing flow-through. 

Mammalian cells have endogenously biotinylated proteins at 72, 78, and 130 kDa and will be 

detected in the cytoplasmic lysates (Chapman-Smith and Cronan, 1999). Consequently, the 

cytoplasmic and whole cell lysates may require a larger volume of beads relative to sample. 

APEX2 requires heme as a cofactor for proper functioning. For cell types in which heme 

biosynthesis is restricted, it may be necessary to supplement the culture media (Lam et al., 

2015). This may be the case if no bands are seen in lanes containing lysate incubated with both 

substrates. If no bands are seen after addition of heme, it may be necessary to change the 

orientation of APEX2 relative to the protein of interest, especially for internal insertions. Biotin 

phenol has low penetrance for some cell types which may result in no detected bands. A 

protocol has been developed to address this (Tan et al., 2020). 

DNA binding specificity 
 

TFs bind to specific sequences of DNA in promoters and enhancers of genes to induce 

conformational changes, recruit transcriptional machinery, or prevent binding of proteins 

(Panne et al., 2007, Jolma et al., 2015, Frietze and Farnham, 2011, Neubauer and Calef, 1970). 
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DNA-binding specificity of the TF proximity labeling construct can be tested through in vitro 

DNA binding and competition assays. Electromobility shift assays (EMSA) were performed to 

test TF-DNA binding specificity. In these assays, a fluorescently labeled DNA probe was 

incubated with protein lysate and the mixture separated in polyacrylamide gels to resolve 

interactions by weight. Unbound probes traveled quickly through the gel while bound probes 

were retarded by interaction with the fusion protein. The binding specificity was tested through 

competition with unlabeled oligomers. 

Jun expression was induced by NGF in PC12 cells, demonstrating probe specificity (Fig. 9, 

Lanes 1 and 2) (Ham et al., 1995). Cells expressing APEX2 without Jun showed no defined band 

(Lane 3). Cells expressing Jun-APEX2 (Lane 4) showed a higher molecular weight band that 

decreased intensity with increasing concentration of unlabeled AP-1 oligomer (Lanes 5-7). The 

Jun-APEX2 band did not change intensity as unlabeled, mutated AP-1 oligomer concentration 

was increased (Lanes 8-10). These data confirm that Jun-APEX2 bound DNA in a sequence-

specific manner. 
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Figure 9: Jun-APEX2 binds DNA in a sequence-specific manner. PC12 cells were either un-
transfected (Lanes 1 and 2) or transfected with pW1-ef1α-linker-APEX2 (:ane 3) or pW1-ef1α-
jun-linker-APEX2 (Lanes 4-10). Whole cell lysates (5 µg) were incubated with only fluorescently 
labeled probe of the AP-1 DNA sequence (Lanes 1-4) or also with unlabeled DNA oligomers 
(lanes 5-10). Jun protein was induced with 100 ng/µL NGF (Lanes 1 and 2, band denoted by red 
arrowhead). APEX2 did not bind AP-1 DNA (Lane 3). Jun-APEX2 was detected at a higher 
molecular weight than Jun alone (Lane 4, red arrowheads). The specificity of binding was tested 
by adding increasing concentrations of unlabeled AP-1 oligomer (WT, wildtype AP-1 competitor; 
10-, 50-, and 200-fold molar excess, Lanes 5-7). In contrast, unlabeled mutant AP-1 oligomer 
(Mut, mutant AP-1 competitor; 10-, 50-, and 200-fold molar excess, Lanes 8-10) did not 
diminish the binding of either Jun or Jun-APEX2 to the labeled probe. These results were 
repeated in three distinct biological replicates. 
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Further Considerations & Caveats: 

For commercially available fluorescent probes, it is important to titrate the amount of 

probe used per assay before performing experiments. In our hands, crisp bands were obtained 

using 16 times less probe per reaction than recommended by manufacturer while remaining 

within linear range. This probe was chosen for its ease of use to avoid protein transfer to a 

membrane; reactions were measured in-gel. 

When choosing a mutated TF binding motif, first search the literature for a validated 

sequence known to abolish TF-DNA interaction. If none are validated, it is important to test 

several mutated sequences to ensure that TF-DNA binding is disrupted as the affinity for a 

specific sequence will vary. 

Proximity labeled protein analysis 

After validating the Jun-APEX2 construct, we used silver staining and MS to reveal 

proteins specifically interacting with the modified Jun. Three biological replicates were 

collected from PC12 cells transfected with either the control APEX2 (pW1-ef1a-linker-APEX2) or 

experimental Jun-APEX2 (pW1-ef1a-linker-jun-APEX2) plasmids. In addition to untreated cells, 

we also looked at an NGF-induced fraction to visualize any changes in PPIs between the control 

and experimental conditions.  

Biotinylated proteins were collected on magnetic beads and were analyzed either with 

polyacrylamide gel electrophoresis (PAGE) silver stain or sent for MS analysis (Fig. 10A). One 

replicate was analyzed fresh (R1) and the remaining (R2-3) were stored at -80°C (Fig. 10A). We 

compared the silver-stained gels in three different trials performed on different days (Fig. 

10B,C,E). The first trial used R1 of the proximity labeled lysates collected the same day as the 
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analysis (Fig. 10B, Fig. 11A). There was an observable difference in protein expression between 

both control and experimental samples as well as untreated and induced conditions. Three 

specific regions showed more intense staining in the Jun-APEX2 samples. However, after freeze-

thaw, repeated silver stain analysis of the same R1 lysates did not replicate the results (Fig. 10C, 

Fig. 11B). In fact, no visible differences in interacting protein bands were observed between 

Jun-APEX and control after freeze-thaw in R1, R2 or R3 lysates (Fig. 10E, Fig. 11C).  We 

performed MS analysis on the bands cut from the regions of interest in the fresh lysate gel (Fig. 

10B). We also performed MS analysis on interacting proteins from the freeze-thawed lysate 

that remained in solution and were not separated by gel electrophoresis (Fig. 10D). These 

experiments and their differing outcomes will be discussed in detail below.  

Silver stain analysis 
 

There were clearly distinguishable differences in proteins interacting with Jun-APEX2 

from the R1 fresh lysate as detected by silver stain (Fig. 11A). There were significant differences 

in band intensity between APEX2 and Jun-APEX2 samples. Though the APEX2 lanes appear less 

intensely stained, the total sample loaded was consistent between control/experimental and 

untreated/induced cells. Three main regions in the gel (~25, ~35, and ~55 kDa) displayed 

variation in band patterning and intensity (Fig. 10A black arrowheads).   
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Figure 10: Workflow for biotinylated protein analysis. A: Three biological replicates (R1, R2, 
and R3) of PC12 cells were transfected with either pW1-ef1a-linker-jun-APEX2 or pW1-ef1a-
linker-APEX2. Twenty-four hours after transfection, the cells were either incubated with 100 
ng/mL NGF or left untreated. The cells were then proximity labeled and whole cell protein 
lysates were prepared and either stored or used immediately. R1 was analyzed by silver stain 
analysis the same day of sample collection while R2 and R3 were immediately stored at -80°C. 
B: Fresh R1 protein lysate (untreated and stimulated) was subjected to streptavidin-coated 
magnetic beads to isolate biotinylated proteins. The remaining R1 sample was stored at -80°C. 
The biotinylated proteins were eluted from beads in denaturing loading dye for 10 min at 95°C. 
The biotinylated proteins were separated by polyacrylamide gel electrophoresis (PAGE) in a 
10% gels and silver stained. The gel was stored at 4°C for two months, then in-gel mass 
spectroscopy (MS) analysis was performed. C: R1 lysate (untreated and stimulated) stored at -
80°C was thawed on ice and resuspended by gentle vortexing. The sample was analyzed in the 
same manner as B. R1 lysate was returned to -80°C storage. D: R1 lysate (untreated and 
stimulated) stored at -80°C was thawed on ice and resuspended by gentle vortexing. 
Biotinylated proteins were isolated and sent for in-solution MS analysis. The remaining R1 
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sample was stored at -80°C. E: All three NGF-stimulated replicates stored at -80°C were thawed 
at room temperature, then analyzed as described for C, with the exception that the samples 
were thawed at room temperature, vortexed, and then centrifuged to bring down aggregates. 
The portion of lysate used for biotinylated protein isolation was carefully removed from the 
portion of the sample closest to the surface to avoid any aggregates. R1 had gone through 
three freeze-thaw cycles while R2/3 had freeze-thawed once. After biotinylated protein was 
isolated, they were separated by PAGE and silver stained. 
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Figure 11: Silver stain analysis of proximity-labeled Jun-APEX2 or APEX2 transfected cells. A: 
Significant differences in band intensity were seen between APEX2 and Jun-APEX2 samples. 
Though the APEX2 lanes appear less intensely stained, the total sample loaded was consistent 
between control/experimental and untreated/induced cells. Three main regions in the gel (~25, 
~35, and ~55 kDa) displayed variation in band patterning and intensity between Jun-APEX2 and 
APEX2 samples (black arrowheads). Refer to Fig. 10B for sample prep. B: The three regions of 
interest from A no longer showed distinct patterning between control and experimental lanes 
when analyzed after one freeze-thaw cycle. There is significantly more staining in the highest 
molecular weight region (>260 kDa) and all lanes have intense, diffuse staining at lower 
molecular weights (20-30 kDa). Distinct bands were seen between 30-40 kDa. Refer to Fig. 10C 
for sample prep. C: After centrifuging the lysates before isolating biotinylated protein, no major 
differences were seen between Jun-APEX2 or APEX2, all six lanes showed similar banding 
patterns and relative intensities. Unlike A and B, there was the clear lack of staining at 
molecular weights >260 kDa and ≤25 kDa (black arrowheads). Refer to Fig. 10E for sample prep. 
 

  



 

 90 

To test for repeatability, additional silver stain analyses were performed using the same 

R1 lysate after storage at -80°C for approximately one month (Fig. 10C). The sample was 

thawed, biotinylated proteins were isolated on magnetic beads, and isolated proteins were 

separated by PAGE. Silver staining revealed significant differences between the proteins 

isolated from the fresh lysate when compared with those isolated from frozen lysate (Fig. 11 A 

& B, respectively). The three regions of interest (~25, ~35, and ~55 kDa) seen in the fresh lysate 

no longer showed distinct patterning between control and experimental lanes when analyzed 

after one freeze-thaw cycle. There was significantly more staining in the highest molecular 

weight region (>260 kDa) and all samples showed more intense, diffuse staining at lower 

molecular weight regions (20-30 kDa). Additionally, distinct bands appeared between 30-40 kDa 

after one freeze-thaw cycle. Protein degradation is a byproduct of thawing samples that have 

been frozen which may account for the appearance of lower molecular weight products 

(Franks, 1995, Mitchell et al., 2005). Furthermore, protein aggregation can be caused by freeze-

thaw cycles due to protein denaturing and renaturing induced by thermodynamic changes of 

temperature and phase changes (Zhang et al., 2011). The denaturing conditions of PAGE 

analysis may not be able to overcome the bonds formed in soluble aggregates once large 

enough structures are formed, hence the observance of high molecular weight products in the 

silver stain after freeze thaw. 

To determine if the differences in banding patterns and intensity between replicates 

were a result of protein aggregation, we repeated the experiment on all three biological 

replicates after freeze-thaw (Fig. 10E). We hypothesized that pre-clearing the thawed lysates 

via centrifugation before isolating the biotinylated protein fraction would remove the high 
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molecular weight aggregates. We compared samples of interacting proteins from 

centrifuged Jun-APEX2 and control APEX2 lysates in all three biological replicates (Fig. 11C). The 

sample preparation remained unchanged from the previous analyses, but the sample used for 

magnetic bead separation was taken from lysate that was centrifuged. We hypothesized that 

centrifugation would pellet aggregates at the bottom of the tube, leaving soluble protein in the 

remaining sample. All six lanes showed similar banding patterns and relative intensities. The 

major difference from the first two analyses was the clear lack of staining at molecular weights 

>260 kDa and ≤25 kDa. This suggests that pre-clearing the sample successfully removed the 

high molecular weight protein aggregate, but also obscured the differential PPIs seen at the 

lower molecular weights. It is possible that the lower molecular weight products separated 

from the aggregates during PAGE in the previous two silver stains. However, protein 

denaturation and degradation increase with each additional freeze-thaw cycle which may 

contribute to their disappearance in the third silver stain (Mitchell et al., 2005). Further analysis 

should be completed to determine the underlying reason for the discrepancies seen between 

replicate silver stains.  

In-solution MS analysis 
 

To reveal the putative Jun PPIs, in-solution digest and MS analysis of R1 was performed 

at the UW-Madison Biotechnology Center (Fig. 10D). Nearly 550 unique peptides were 

identified between all four conditions (minimum two peptides, FDR < 1.0%). However, only two 

Jun-APEX2 peptides were detected, and only in the untreated cells. This may indicate a 

transfection efficiency too low for detection and likely suggests that the identified proteins are 

those of high abundance, nonspecific interactions. As a consequence of these nonspecifically 
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binding proteins, any differences detected between control/experimental samples and time 

points may not be biologically relevant. Additional biological replicates of all samples should be 

analyzed by MS to evaluate any statistically significant and replicable interactions.  

Of the ten most abundant in-solution proteins, six were associated with cell 

architecture, three with the endoplasmic reticulum, and one was known to be endogenously 

biotinylated in mammalian cells (Table 2). AHNAK is 581 kDa and it along with other high 

molecular wight proteins may be artifacts of protein aggregation. While the data do not reveal 

that Jun-APEX2 was expressed at levels detectable by MS, recombinant protein over-expression 

can induce large amounts of heat-shock proteins and chaperones due to protein misfolding 

(Gingras et al., 2005). Endoplasmic reticulum chaperone BiP/heat shock protein 70 was also 

detected by MS in a two-dimensional gel electrophoresis analysis of unstimulated PC12 whole 

cell lysate (Yang et al., 2006). The authors detected this protein associated with the unfolded 

protein response in 19 different spots and attributed the heterogeneity of this abundant 

protein to variation in post-translational modifications or truncation/degradation products 

(Yang et al., 2006). In the data presented here, however, the detection of the endoplasmic 

reticulum-associated protein is similar between the APEX2 and Jun-APEX2 samples as well as 

between and no treatment and stimulated cells.  
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Table 2: Most highly abundant proteins identified from in-solution MS analysis. 
 

Rank Identified Proteins 
Accession 
Number 

Alternate 
ID 

Molecular 
Weight 

Total Spectrum Count 

No NGF 1 h 

Control Jun Control Jun 

1 Myosin, heavy polypeptide 9, non-muscle G3V6P7 Myh9 226 kDa 959 774 1534 1118 

2 Pyruvate carboxylase A0A0G2JTL5 Pc 140 kDa 158 144 149 122 

3 Endoplasmin A0A0A0MY09 Hsp90b1 93 kDa 128 125 124 120 

4 ER chaperone BiP P06761 Hspa5 72 kDa 138 141 121 107 

5 UDP-glucose:glycoprotein glucosyltransferase 1 Q9JLA3 Uggt1 176 kDa 92 96 97 80 

6 Myosin heavy chain 14 F1LNF0 Myh14 229 kDa 39 36 82 68 

7 Cluster of Actin, cytoplasmic 2 P63259 Actg1 42 kDa 50 60 80 83 

8 AHNAK nucleoprotein A0A0G2JUA5 Ahnak 581 kDa 64 68 67 47 

9 Protein disulfide-isomerase A0A0H2UHM5 Pdia3 57 kDa 60 66 63 51 

10 Cytoskeleton-associated protein 4 D3ZH41 Ckap4 36 kDa 66 61 60 51 

 
Proteins highlighted in different colors correspond to different cellular terms. Light blue = cell architecture/cytoskeleton. Green = 
endogenously biotinylated protein. Orange = endoplasmic reticulum. 
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As the most abundant protein from the in-solution MS analysis, changes in myosin 

variants may play a role in cytoskeletal changes induced by NGF. The β and γ actin and myosin 

light chains 2 and 3 all increase in mRNA expression by 1 day after NGF stimulation (Henke et 

al., 1991). Myosin V is also known to play a role in fibroblast growth factor (FGF-2)-induced 

PC12 differentiation (Wolff et al., 1999). The G protein-coupled receptors (GPCRs) can interact 

with microtubules to regulate cytoskeletal dynamics associated with neurite outgrowth, 

particularly the α and βγ subunits of heterotrimeric G proteins (Yu et al., 2009, Sachdev et al., 

2007). In primary hippocampal neurons, the G-protein (Gβγ) and a component of the dynein 

motor complex affect neurite outgrowth (Sachdev et al., 2007). Furthermore, Gβγ interacts 

with microtubules to rearrange the cytoskeleton during PC12 neurite outgrowth and 

differentiation (Sierra-Fonseca et al., 2014). In our data, myosin was also found to be 

differentially regulated between APEX2 and Jun-APEX2 samples. 

From the proteins that were differential between Jun and control samples from 

untreated to 1 hour post NGF, one is known to be endogenously biotinylated (Fisher’s test with 

multiple test correction, p<0.00010, Table 3). The top nine were associated with cell 

architecture in which seven are significantly up-regulated in Jun at 1 hour post NGF in 

comparison to untreated cells. At 0.5 and 1 h after NGF-induction in PC12 cells, another 

temporal MS study of JNK-interacting proteins identified many actin-binding cytoskeletal 

proteins and numerous members of the myosin family known to be involved in cytoskeletal 

reorganization and cargo shuttling along microfilaments (Sury et al., 2015). As these data 

represent one biological replicate, additional analyses must be completed to demonstrate 

replicability. 
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Of interest in the differentially detected proteins was the cytoskeletal/membrane 

adaptor protein stratifin. There was no change in spectral counts for stratifin in the control 

samples with two peptides detected, however, it increased over 7-fold (23 peptides) in Jun 

samples at 1 hour post NGF compared to untreated cells. Stratifin or 14-3-3 proteins act as 

adaptors between membrane/channel proteins and their interactors or modifiers. Stratifin is 

rigid in structure and evidence suggests that its binding to the carboxy terminus of the plant 

plasma membrane H+-ATPase (PMA) leads to the activation of its ATPase activity through 

assembly of six PMA proteins into a hexagonal structure (Kanczewska et al., 2005). In cardiac 

cells, stratifin binding to hERG channels is promoted by PKA-mediated phosphorylation (Kagan 

et al., 2002). This interaction protects hERG channels from desphosphorylation which augments 

the potassium currents and decreases action potential duration (Kagan et al., 2002). At post-

synaptic clusters, stratifin is believed to recruit additional subunits to the nicotinic acetylcholine 

receptor (nAChR) (Rosenberg et al., 2008). As a member of the multi-subunit cytoskeletal-

anchoring complex, stratifin is believed to bridge the microtubules to the α-3 subunit of the 

nicotinic acetylcholine receptor which stabilizes those interactions and ultimately the synapse 

(Rosenberg et al., 2008). Stratfin may play important roles in cytoskeletal interactions as well as 

channel activity initiated by NGF. 
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Table 3: Differentially detected proteins identified from in-solution MS analysis. 
 

Identified Proteins 
Accession 
Number 

Alternate 
ID 

Molecular 
Weight 

Total Spectrum Count 

No NGF 1 h 

Control Jun Control Jun 

Desmoplakin F1LMV6 Dsp 332 kDa 39 13 6 170 

Cluster of Myosin heavy chain 2 A0A0G2K484 Myh1 223 kDa 5 4 7 87 

Cluster of Keratin, type II cytoskeletal 1b Q6IG01 Krt77 57 kDa 27 20 20 80 

Cluster of Myosin, heavy polypeptide 9, non-muscle G3V6P7 Myh9 226 kDa 959 774 1534 1118 

Plakophilin 1 D3ZY51 Pkp1 67 kDa 2 0 0 21 

Cluster of Junction plakoglobin Q6P0K8 Jup 82 kDa 12 7 5 41 

Plectin Q6S3A0 Plec 534 kDa 40 62 30 30 

Latent transforming growth factor-β binding protein 2 A0A0G2K1G5 Ltbp2 197 kDa 10 21 8 3 

Stratifin G3V9A3 Sfn 28 kDa 2 2 3 23 

Methylcrotonoyl-CoA carboxylase subunit α F1LP30 Mccc1 79 kDa 39 50 38 23 

 
Proteins highlighted in different colors correspond to different cellular terms. Light blue = cell architecture/cytoskeleton. Green = 
endogenously biotinylated protein. 
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In-gel MS analysis 
 

As the in-solution MS data did not reveal many nuclear proteins as predicted, the areas 

of interest (~25, ~35, and ~55 kDa) from the fresh lysate silver stain were sent for MS analysis at 

the UW-Madison Biotechnology Center (Fig. 10B). MS is sensitive enough to detect differences 

in protein content in gel pieces that are not discernible by silver stain. We hypothesized that 

the three visually distinguishable regions would yield differentially detected Jun-interacting 

proteins. Additionally, using the silver stain of the fresh sample would circumvent the 

complications associated with possible degradation/aggregation due to sample freeze-thaw. 

The in-gel analysis was performed on three regions per lane (APEX2 and Jun-APEX2, 

untreated and NGF stimulated) for a total of 12 gel pieces. Each was digested individually, but 

each region (~25, ~35, and ~55 kDa) for either condition (untreated or NGF-stimulated) was 

combined for MS analysis for only APEX2- or Jun-APEX2 interacting proteins (three samples per 

control or experimental sample). This sample preparation excludes differentiation between 

untreated and NGF-induced proteins but includes differences at the regions of interest 

between control APEX2 and experimental Jun-APEX2 samples. This method of preparation and 

analysis was chosen to ensure instrument sensitivity of the sample peptides. 

A total of 825 unique peptides were identified between the six samples. Of the top five 

most abundant proteins in all three regions of interest (~25 = low, ~35 = mid, and ~55 kDa = 

high), ribosomal proteins represented at least 2 members (Table 4). Other proteins detected in 

the bands were vesicular trafficking proteins Rabs and the endocytosis-associated activator 

protein 2 complex which will be discussed below. Of the differentially detected proteins 

(FDR<1%), four were associated with ribosomes and two were Rabs. 
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Table 4: High abundance and differentially detected proteins identified from in-gel MS analysis. 
 

 Rank Identified Proteins 
Accession 
Number 

Alternate 
ID 

Molecular 
Weight 

Total Spectrum Count 

 Control Jun 

Low 

1 Cluster of 60S ribosomal protein L24 A0A0H2UH99 Rpl24 18 kDa 117 96 

2 Cluster of 60S ribosomal protein L17 A0A0H2UHQ1 Rpl17 22 kDa 75 60 

3 Cluster of 60S ribosomal protein L21 D3Z9G3  19 kDa 65 54 

4 Cluster of 60S ribosomal protein L18a P62718 Rpl18a 21 kDa 56 39 

5 Cluster of RAB10, member RAS oncogene family Q5RKJ9 Rab10 23 kDa 33 38 

23* Ras-related protein Rab-13 P35286 Rab13 23 kDa 5 9 

26* Ras-related protein Rab-21 Q6AXT5 Rab21 24 kDa 5 8 

Mid 

1 Cluster of Histone H1.4 P15865 H1-4 22 kDa 109 116 

2 Cluster of 60S ribosomal protein L6 F1LQS3 Rpl6-ps1 34 kDa 138 85 

3 60S ribosomal protein L7 B0K031 Rpl7 30 kDa 50 63 

4 40S ribosomal protein S3 P62909 Rps3 27 kDa 67 57 

5 40S ribosomal protein S3a P49242 Rps3a 30 kDa 32 36 

26* Cluster of 40S ribosomal protein S2 D3ZT78  29 kDa 6 12 

High 

1* 60S ribosomal protein L4 Q6P3V9 Rpl4 47 kDa 65 118 

2 Adaptor protein 2 complex subunit μ P84092 Ap2m1 50 kDa 88 62 

3 Cluster of Tubulin beta-5 chain P69897 Tubb5 50 kDa 102 55 

4 Protein disulfide-isomerase A6 A0A0G2JSZ5 Pdia6 49 kDa 59 40 

5 Cell growth-regulating nucleolar protein Q6AYK5 Lyar 44 kDa 40 40 

9* Eukaryotic translation initiation factor 2 subunit β Q6P685 Eif2s2 38 kDa 25 35 

19* Cluster of RNA helicase Q6P3V8 Eif4a1 46 kDa 10 23 

 
An asterisk (*) denotes differentially detected proteins (FDR<1%). Proteins highlighted in different colors correspond to different 
cellular terms. Light purple = ribosomal. Light pink = G-proteins. Aqua = nuclear. Yellow = vesicular transport. Light blue = cell 
architecture/cytoskeleton. Orange = endoplasmic reticulum. Low = ~25 kDa, mid = ~35 kDa, and high = ~55 kDa from regions of silver 
stain gel in Fig. 10B. 
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Rab proteins are small, monomeric GTPases whose numerous and heterogeneous 

members localize to discrete intracellular compartments and largely regulate vesicular 

transport between organelles (Novick and Zerial, 1997). Rab GTPases are “switched” on and off 

through the cycling of interactions with guanine nucleotide exchange factors (GEFs) and 

GTPase-activating proteins (GAFs). Some Rabs have been linked to neuronal differentiation. For 

example, Vps9 domain and ankyrin-repeat-containing protein (Varp) is a GEF of Rab21 (Burgo et 

al., 2009). In differentiating murine hippocampal neurons, tetanus neurotoxin-insensitive 

vesicle-associated membrane protein (TI-VAMP), Varp, and Rab21 all co-localize and regulate 

vesicular transport in neurites (Burgo et al., 2009). Rab proteins mainly function in vesicular 

transport, but some belong to the family of Ras GTPases that function in signal transduction. 

The three Rabs identified in this data (Rab10, Rab13, and Rab21) are all members of the 

larger Ras superfamily of GTPases. Ras is generally associated with the activation of signal 

transduction pathways through plasma membrane receptors for growth factor and adhesion 

molecules (Hall and Lalli, 2010). Ras has been shown to activate ERK and MAPK signaling 

cascades which have been implicated in neurite extension in PC12 cells (Markus et al., 2002). 

Signal transduction plays an important role during axon guidance which is mediated by proteins 

in the cell membrane of the growth cone. 

Adaptor protein complex (AP-2) is commonly associated with synaptic vesicle recycling. 

AP-2 mediates endocytosis through its interaction with clathrin and clathrin-coated vesicles 

(Schmid and McMahon, 2007). However, AP-2 may also play an important role in neuronal 

development. Clathrin-mediated endocytosis regulates cell surface expression of receptors for 

axon guidance cues and AP-2 plays a role in chemotaxis and conveying directional cues during 
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axonogenesis (Tojima et al., 2010, Raman et al., 2014). Furthermore, in developing rat 

hippocampal neurons in vitro, the shRNA-knockdown of AP-2 significantly decreased axon 

growth (Kyung et al., 2017). However, the role of AP-2 during the very early stages of PC12 

neuronal differentiation remains unclear.  

Ribosomal biogenesis varies throughout the developmental stages of the brain. The 

nucleolus synthesizes ribosomal RNA. As a model for post-mitotic neurons, the nucleoli from 

chicken cerebellar Purkinje neurons from embryonic day 13 to post-hatching day 7 were used 

to approximate the ribosomal changes that occur during neuronal maturation (Lafarga et al., 

1995). The number of nucleoli increased during this period, corresponding to times of dramatic 

structural changes (Lafarga et al., 1995). In the rat forebrain, ribosome biogenesis and total 

protein content steadily increase as the forebrain develops from post-natal days 7-42 

(Slomnicki et al., 2016). However, in rat callosal projection neurons, a decrease in ribosomes is 

mediated by the proteasome in axons undergoing synaptogenesis (Costa et al., 2019). The 

ribosomal content varies as a neuron progresses to maturation.  

The eukaryotic translation initiation factor 2 (eIF2) is associated with ribosomes for its 

role in translation initiation. The initiator methionyl-tRNA is brought to the 40 S ribosomal 

subunit by eIF2. The presence of these ribosome-associated proteins (e.g. eIF2 and the various 

subunits of both the 40S and 60S ribosomal components) in the stimulated PC12 cells is 

congruent with the increased requirement of new protein synthesis for neuronal differentiation 

to initiate neurite extension. 

The Jun-APEX2 fusion protein was not detected in any of the gel pieces. However, this 

does not preclude its presence in the sample. Post-translational modifications may cause 
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significant variation in gel migration pattern, so Jun-APEX2 may be present elsewhere in the 

sample lane. To determine where the fusion protein is migrating within the lane, an anti-APEX2 

antibody would reveal its localization while multiple bands would suggest several states of post-

translational modifications. 

Further Considerations & Caveats: 

 In our experience, the proximity labeled PC12 whole cell lysate demonstrated different 

banding patterns when analyzed by silver stain after freeze-thaw in comparison to fresh lysate. 

This could be a result of degradation, aggregation, or protein-refolding induced by thermal 

stress (Vasconcelos et al., 2021, Mitchell et al., 2005, Hawe et al., 2009). Therefore, it is 

recommended to proximity label, isolate biotinylated protein, and begin preparation for MS 

analysis on the same day. For in-gel analysis, separation by gel electrophoresis should maintain 

true interactions, but in-solution samples should be subjected to trypsin digestion the same day 

as protein isolation. 

 The silver stain analysis can reveal differences in PPIs between sample conditions, but 

hundreds of proteins may be represented in each band. Two-dimensional gel electrophoresis 

would provide another level of separation to reveal protein expression differences that are 

obscured within a single band as analyzed by traditional one-dimensional PAGE. Post-

translational modifications to proteins can cause proteins to migrate in a different pattern 

based on hydrophobicity, changes in protein structure, overall charge, or isoelectric point. 

Taking advantage of such differences, two-dimensional gel electrophoresis has helped reveal 

differentially detected proteins that were later identified by MS (Yang et al., 2006). 
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Discussion 

 The Jun-APEX2 fusion protein was validated for functionality in cellular localization, 

substrate requirements, and DNA binding specificity. Silver stain visualization of the proximity 

labeled protein showed differences between control APEX2 and experimental Jun-APEX2 

samples that were either untreated or stimulated for 1 hour with NGF. However, this 

observation was not repeatable. A silver stain of the same replicate that underwent showed no 

differences in staining patterns or intensity. Hypothesizing that protein aggregation induced by 

freeze-thaw obscured the initial differential patterning, the samples were pre-cleared before 

biotinylated proteins were isolated using streptavidin magnetic beads. A silver stain of this 

sample preparation showed decreased high molecular weight protein, indicating that the 

aggregates were successfully removed. However, a concurrent decrease in staining intensity 

was seen in the region ≤25 kDa. The discrepancies between silver stain analyses are unclear, 

but we hypothesize that freeze-thaw induced changes in protein structure may underly these 

observations. 

There are a few possibilities that could lead to these phenomena in which protein 

aggregation and degradation may play a role. During freeze-thaw cycles of sample storage, 

proteins undergo phase changes that subject them to mechanical damage and denaturing 

conditions in part due to changes in pH (Mitchell et al., 2005, Benjakul and Bauer, 2000). 

Furthermore, protein aggregation can result from structural changes induced by freeze-thaw 

that internalize hydrophilic residues that would otherwise be exposed to the surface (Zhang et 

al., 2011). To reduce the degradation of freeze-thaw, slow freezing and fast thawing prevents 

damage to proteins that is seen with fast freezing and slow thawing, even preserving enzymatic 
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activity (Cao et al., 2003, Jain et al., 2021). The silver stain analyses of the biological replicates 

were not replicable. We hypothesize that freeze-thaw cycles caused degradation and 

aggregation of the proteins. More analysis is required to determine if the root cause of the 

variability in silver stain results between freeze-thaw cycles. 

Contrary to our hypothesis that mostly nuclear proteins were detected, the majority of 

proteins identified either in-solution or in-gel MS analyses were cytoplasmic. The most 

abundant in-solution proteins were associated with cellular architecture and the endoplasmic 

reticulum. The differentially detected proteins were exclusively cytoskeletal apart from one 

endogenously biotinylated protein. The neuronally differentiating PC12 cell drastically changes 

in structure and morphology, and these identified proteins may reflect the initiation of those 

events. 

The in-gel MS data revealed a more varied proteome. Of the top five most abundant 

proteins across the three regions of interest, nearly half were associated with ribosomes. Also 

present were Rab GTPases and the clathrin-associated activator protein complex (AP-2). Rabs 

play a role in vesicular trafficking while AP-2 is associated with endocytic events. As the PC12 

cell responds to NGF, newly synthesized proteins will need transport to their appropriate 

cellular compartments.  

 We predicted that Jun interacts with different proteins at different times during NGF-

induced neuronal differentiation of PC12 cells. While the MS analyses were successful in 

detecting proteins, mostly cytoplasmic or membrane proteins were detected. We interpret that 

this is due to a low transfection efficiency in which too little of the Jun-APEX2 fusion protein 

was expressed for its PPIs to be identified by MS. Without enough of the Jun-APEX2 construct, 
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too few proteins were biotinylated and thus the nonspecific proteins overwhelmed the MS 

signal. Furthermore, the masking effect of the nonspecific proteins is exacerbated by the 

already very low abundance of TF within cells. More replicates would reveal if the identified, 

likely nonspecific, proteins were statistically significant. To address this deficiency, there are a 

few options to increase the amount of Jun-APEX2 protein. 

Higher expression of the Jun-APEX2 fusion protein both across the total cell population 

and in the cells themselves would increase the probability of successful MS detection of 

putative PPIs. This deficiency could be addressed by increasing transfection efficiency to bolster 

the number of Jun-APEX2-expressing cells. Better optimization of transfection reagent and 

efficiency would increase the percent of starting material that contained Jun-APEX2 and 

therefore increase downstream analysis sensitivity to proximity labeling. Another option to 

increase recombinant protein production in transfected cells is to use a different promoter. We 

used the xenopus laevis ef1a promoter which may not be as highly expressed in the mammalian 

cells. By changing the promoter to one optimized for mammalian expression, the amount of 

translated recombinant protein could be increased. Furthermore, additional replicates are 

necessary for greater power in the statistical analysis of protein identifications. 

As there are few MS analyses evaluating the changing proteome during PC12 neuronal 

differentiation, more studies that reveal the PPIs throughout this event would provide great 

insight into the underlying cellular processes. While induction of PC12 differentiation by NGF is 

well established, the molecular mechanisms by which this occurs are not well understood. A co-

immunoprecipitation-MS analysis of the Shc adaptor protein revealed some important PPIs. 

NGF activates a MAPK cascade that is mediated by the Shc (Cohen et al., 1995, Pelicci et al., 
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1992). PC12 cells stimulated with NGF for four hours and the Shc-interacting proteins were 

separated using PAGE and subjected to MALDI-MS (Patterson et al., 1996). Providing further 

evidence that Shc interacts with the cytoskeleton, three direct interacting proteins were 

identified as β/γ-actin, α-actinin, and neuronal myosin heavy chain (Patterson et al., 1996). This 

approach provided valuable information for the PPIs of Shc, but its interactions are a very small 

part of the signaling initiated by NGF. 

A more exhaustive analysis of the PC12 proteome was evaluated in undifferentiated 

cells using two-dimensional gel electrophoresis. A total of 1080 protein spots were selected and 

analyzed with MALDI TOF/TOF MS (Yang et al., 2006). Many proteins were present in multiple 

spots including heat shock cognate 71 kDa protein, pyruvate kinase, and heat shock 70 kDa 

protein 5. The heterogeneity of these proteins’ presence may be attributed to post-

translational modifications that affect their migration patterns. Additionally, their abundance 

may be a result of fragmentation. From the 1080 spots, 474 gene products were represented 

(Yang et al., 2006). Gene ontology analysis revealed that the proteins involved in binding and 

catalytic activity comprised 59.0% of all proteins while structural proteins followed at 10.3%. 

While this analysis was more comprehensive than co-immunoprecipitation-MS, two-

dimensional gel electrophoresis-MS is still inherently biased in protein identification through 

the choice of spots.  

An unbiased and quantitative approach to examine proteomic changes employs 

quantitative MS techniques. To evaluate the neuronal differentiation proteome, two separate 

MS instruments were used to analyze differentiating PC12 cells with the isobaric tagging system 

iTRAQ. Both MALDI and ESI-MS/MS were used to quantitatively reveal differentially detected 
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proteins in iTRAQ-labeled whole cell lysate (Kobayashi et al., 2009). In total, 1482 proteins were 

identified with 580 unique identities by MALDI and 158 by ESI with an overlap of 744 between 

the two. (Kobayashi et al., 2009) In comparison to untreated PC12 cells, 39 proteins were up-

regulated while 33 were down-regulated in cells stimulated with NGF for 48 hours (Kobayashi 

et al., 2009). According to gene ontology analysis, proteins most represented in the up-

regulated category were those associated with cell morphogenesis and apoptosis (cell survival) 

while the down-regulated category included cellular metabolic processes (Kobayashi et al., 

2009). By combining data from parallel MS analysis, an increased number of unique peptides 

were identified. Even though PC12 cells have been a popular neuronal differentiation model for 

nearly 50 years, there are few MS studies that examine proteomic changes over that time 

course. 

Proximity labeling techniques are excellent tools to identify potential PPIs both in vitro 

and in vivo. However, additional steps are required to verify if the interaction is direct or 

indirect, stable or transient. Any direct-interacting proteins from the MS data can be further 

resolved using methods such as surface plasmon resonance. This technique measures the angle 

of reflected light produced from the binding of the protein in question with a protein of interest 

to determine affinity constants and dissociation rates (Barberis et al., 1995, Corr et al., 1994). 

For proteins with validated antibodies, stable complex formation between two known proteins 

can be confirmed using co-immunoprecipitation (Zhou et al., 2022, Chung et al., 2017). Yeast 

two hybrid assays have been used to confirm the physical interaction of proximity labeling-

identified proteins as well (Mair et al., 2019). To resolve larger complexes of unknown content, 

affinity purification or tandem affinity tagging techniques in combination with MS will reveal 
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the makeup of the components (Liu et al., 2018, Liu et al., 2020). Furthermore, comparing the 

data between two different proximity labeling enzymes can identify putative stable interactions 

or contribute to the likelihood of the interaction (Mazina et al., 2020, Rosenthal et al., 2021). 

Proximity labeling-MS can serve as a hypothesis-generating machine to investigate the 

importance of PPIs with functional validations. 

Proximity labeling is sensitive enough to detect transient interactions, such as post-

translational modifications by enzymes, and those PPIs can be probed using functional assays. 

The impact of Jun phosphorylation by MAPKs was tested using kinase inhibitors and the effect 

was quantified by changes in protein expression and neurite extension. Inhibition of MEK, p38, 

and JNK moderately attenuated NGF-induced neurite outgrowth (Eriksson et al., 2007). The 

expression of cJun was decreased by MEK inhibitors, cFos was decreased by MEK and JNK, and 

JunD was unaffected (Eriksson et al., 2007). Furthermore, inhibition of MAPKs had no 

discernible effect on apoptosis mediated by anisomycin (Eriksson et al., 2007). The significance 

of PPIs resulting in phosphorylation can be evaluated by small molecule kinase inhibitors and 

measured as cellular and molecular changes. 

Combining PPIs validated from proximity labeling-MS data with deep sequencing data is 

a powerful analysis to investigate the role of TFs in gene regulation. For example, a multi-omics 

study was looking at TF interactions in drosophila. In S2 cells, co-immunoprecipitation 

confirmed the interactions of several proteins with the EcR/USP heterodimer while chromatin 

immunoprecipitation (ChIP)-seq data of EcR and the confirmed complexing protein CP190 

revealed that only a fraction of all identified sites were bound by both factors (Mazina et al., 

2020). Further comparison to capture chromatin conformation (Hi-C) data showed areas highly 
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enriched in CP190 often interacted with promoters/enhancers of 20E-responsive 

developmental genes and that the CP190 sites facilitated chromatin interactions between 

multiple regulatory regions of those genes (Mazina et al., 2020). Gene expression is controlled 

not only by TFs but is also influenced by chromatin structure and accessibility. The combination 

of transcriptomic, PPI, and chromatin conformation will elucidate the spatial-temporal 

regulation of gene expression. 

More detailed PPIs identified with proximity labeling over a time course and/or in 

response to a treatment are revealed when using quantitative MS analysis. Quantitative 

analysis greatly reduces the likelihood of false positive discovery rate by identifying nonspecific 

binders which are generally in high abundance. This is achieved by using methods such as stable 

isotope labeling by amino acids in cell culture (SILAC) or tandem mass tagging (Ong et al., 2002, 

Thompson et al., 2003). Both methods determine the identity of peptides and their relative 

abundance in multiple samples simultaneously. SILAC is performed in cell culture and therefore 

requires very few additional steps for preparing samples. Tandem mass tags have a high 

sensitivity which is beneficial for low-abundance proteins like TFs but requires larger amounts 

of protein than SILAC and thus more sample material. Care must be taken in general handling 

technique and sample preparation to ensure high labeling efficiency and signal as the labeling 

reaction is pH-sensitive (Zecha et al., 2019, Hutchinson-Bunch et al., 2021). Label-free methods 

have been shown to detect more phosphorylated peptides in addition to superior overall 

coverage but are less quantifiable (Stepath et al., 2020). Quantitative MS analysis can provide a 

wealth of potential PPIs in many different contexts and experimental conditions. 
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Revealing the protein interactomes of multiple TFs could be the key to understanding 

how temporal gene expression is regulated. The availability of TF binding sites within the open 

regulatory regions of genes changes throughout development and in response to extracellular 

signals. The interactions and co-operation of hundreds of proteins control the dynamic 

chromatin landscape and subsequently transcription. Proximity labeling-MS data of TFs can be 

combined with chromatin conformation, ChIP- and RNA-seq data to reveal which TFs control 

the expression of specific genes. This type of information will greatly aid in our understanding 

of the complex protein-protein and protein-DNA interactions that facilitate cell processes. 
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Chapter 3 General Discussion 
 

Summary of key findings 
 

A proximity labeling transcription factor construct was designed and functionally 

validated. The Jun-APEX2 fusion protein localized to the nucleus of PC12 cells and bound DNA in 

a sequence-specific manner (Fig. 7, Fig. 9). The APEX2 peroxidase biotinylated nuclear proteins 

only when both of its substrates were present (Fig. 8). As proof of principle to demonstrate that 

the proximity labeling construct would detect putative PPIs, APEX2 control and Jun-APEX2 

experimental samples were evaluated for any visual differences in biotinylation patterns using 

silver staining (Fig. 10). Fresh protein lysates showed distinct differences between APEX2 and 

Jun-APEX2 as well as between untreated and stimulated cells (Fig. 11A). Variations in banding 

and band intensity were visible, particularly in three molecular weight ranges ~25, ~35, and ~55 

kDa.  

The silver stain analysis was repeated twice more to test for replicability. When using 

the same replicate sample that had undergone freeze-thaw, the silver stain results did not 

match those of the first gel (Fig. 10C). When repeated, all time points and conditions shared 

similar band patterns and intensity (Fig. 11B). Staining was increased in the area >260 kDa and 

there were more bands at lower molecular weights between 20-30 kDa. We hypothesized that 

these differences were due to protein aggregation and degradation due to sample freeze-thaw. 

Therefore, the sample preparation was modified to remove aggregates through brief 

centrifugation before isolating the biotinylated proteins with magnetic beads (Fig. 10E). A silver 

stain of all three biological replicates of stimulated samples revealed that the high molecular 

weight products were significantly reduced in all samples, but there was a concurrent decrease 
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in staining in the area ≤25 kDa (Fig. 11C). Increasing freeze-thaw cycles have been shown to 

increase protein denaturation, aggregation, and degradation, but further research must be 

performed to determine the root cause of the discrepancies in repeatability (Mitchell et al., 

2005, Vasconcelos et al., 2021, Zhang et al., 2011). 

MS analysis was performed both for samples prepared in-solution and also in-gel. In-

solution MS analysis returned over 550 unique protein identifications (Table 2). However, only 

two peptides for the Jun-APEX2 fusion protein were detected. Several reasons could contribute 

to this observation which will be discussed in the next section. As TFs are low abundance 

proteins and the transfection efficiency was low, we hypothesize that the biotinylated Jun-

protein interactors were masked by the far more abundant cytosolic proteins. Therefore, the 

MS data may not be of biological relevance. These are the results of only one replicate, so inter-

replicate statistical significance cannot confirm that the detected proteins were nonspecifically 

binding.  

Contrary to our hypothesis that mostly nuclear proteins would be detected, the majority 

of proteins yielded by MS analysis were cytoplasmic. Different cytoplasmic protein populations 

were represented in either the in-gel and in-solution data. From the latter, the most abundant 

proteins were cytoskeletal or associated with the endoplasmic reticulum. Of the differentially 

detected proteins, most were involved in cell architecture such as cytoskeletal, membrane 

adaptors, or extracellular matrix proteins (Table 3). This is in accordance with the architectural 

changes that a cell must undergo to prepare for neurite extension. 

The in-gel MS analysis of the three differentially stained regions detected a variety of 

proteins (Table 4). Common amongst all three molecular weight classes were ribosome-
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associated proteins which were also four of the six differentially detected proteins. Also present 

were Rab GTPases and the adaptor protein complex (AP-2).  

Critical evaluation of the current approach 

A potential limitation to the data presented here is the lack of proof that Jun-APEX2 is 

transcriptionally active. This luciferase validation for transcriptional activity of Jun-APEX2 was 

unsuccessful. Initial investigation using luciferase assays (CMV-ELuc::6xAP-1-Ren) was 

inconclusive due to an AP-1 site in the CMV promoter. Due to this site, the control Eluc 

(enhanced luciferase) enzyme is also transcribed by Jun-APEX2 binding to the CMV promoter. 

As the amount of control luciferase should remain unchanged between experimental 

conditions, this rendered the data inconclusive. Attempts to remove or mutate the site were 

unsuccessful. However, the data obtained indicated that Jun-APEX2 is likely transcriptionally 

functional as the Renilla luciferase signal changed as the amount of Jun-APEX2 was varied in 

comparison to control luciferase. 

Whole cell protein lysate was used for silver stain analysis. A more suitable negative 

control could be APEX2 with nuclear localization signal (NLS). This would rule out any non-

specific nuclear proteins in the Jun-APEX2 sample lysates. Furthermore, the nuclear protein 

content of a cell makes up a fraction of the whole cell protein. A more targeted sample 

consisting of only nuclear protein extract would remove all of the endogenously labeled 

cytosolic proteins in addition to the non-specific cytosolic binding proteins. However, because 

the nuclear content is a small portion of the whole cell, a larger amount of initial sample 

material would be required for sufficient protein analysis. Together, the APEX2-NLS would likely 
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deliver more reliable putative PPI identifications with the caveat of requiring a larger sample 

amount. 

A caveat to the approach taken here is the variability of transfection efficiency. As 

evaluated by Jun-GFP transfection, the amount of PC12 cells that successfully took up the ef1α-

Jun-GFP plasmid was <5%. This is also supported by Amplex UltraRed assays in which 

peroxidase activity served as a read-out for Jun-APEX2 expression. Furthermore, only two Jun-

APEX2 peptides were detected in the MS in-solution data. Therefore, the MS analyses likely do 

not show true identifications due to the nonspecific binding of other proteins overwhelming 

the biotinylated proteins of interest. To address this, transfection efficiency could be further 

optimized, or a reagent better suited for PC12 transfection could provide better results. In our 

hands, both electroporation and nucleofection caused overwhelming cell death with no 

increase in transfection efficiency. The best option may be to genetically modify a line of PC12 

cells to replace endogenous Jun with Jun-APEX2. With the fusion protein under control of the 

endogenous Jun promoter, Jun-APEX2 would be expressed in all cells and would change in 

response to NGF as would endogenous Jun. The amount of protein required would be 

significantly less than under transfection conditions. Furthermore, only nuclei would be 

collected if APEX-NLS was the negative control, thus limiting the sample collection to only 

nuclear protein and minimizing non-specific binding at later isolation steps. 

The knowledge obtained for protein function in one species is often assumed for other 

species. This type of thinking is deceptive, however, as significant homology does not equate to 

similar function. Due to differences in chaperone proteins, protein folding, and tertiary 

structure can vary between species. The surface-accessible amino acids will interact with other 
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molecules, so their position-based availability will influence the protein’s function. Evidence 

against sequence homology inferring functional similarity is seen between cell types within the 

same species. The variation in proteomic content and DNA conformation dictates cell fate and 

type. Therefore, the presence or absence of one or more proteins can affect the function of a 

single TF as the combined interactions of many TFs and proteins determine whether or not a 

gene is transcribed. It is possible that the zebrafish Jun may not function the same as 

mammalian cJun in PC12 cells. This may not reflect the true interactions of Jun due to variations 

in amino acid sequence despite their 73% homology.  

To obtain the best data, it is important to choose the MS instrument that best fits the 

sample and type of analysis desired. A mass spectrometer detects the mass-to-charge ratio 

(m/z) of molecules present in a sample. To separate its components, the sample is loaded into 

the MS instrument using a liquid chromatographer (i.e., HPLC). The sample is ionized, sorted by 

m/z, and measured by abundance. For our purposes, the peptides were analyzed on the 

Thermo Scientific™ Orbitrap Elite. The nano-level sample separation paired with the Orbitrap 

instrument provides well-separated data with high sensitivity (60,000 full width at half 

maximum (FWHM) at m/z 400, Thermo Scientific™ Orbitrap Elite). In comparison to the 

Orbitrap, a quadrupole time-of-flight (Q-TOF) has lower resolving power (30,000 FWHM at m/z 

1,972, Shimadzu LCMS-9030) and a lower dynamic range of resolution, thus lower mass 

accuracy in detection. While the Q-TOF is sufficient to detect peptides, an Orbitrap is better 

suited for discovery methods due to its ability to both separate and distinguish between m/z 

values.  
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Freeze-thaw effect on protein stability 

Protein denaturation, loss of biological activity, and generation of high molecular weight 

species are well-established effects of temperature on protein structure and activity. Because 

of this, the number of freeze-thaw cycles to a protein sample should be restricted as much as 

possible to limit the effects of phase change. The consequences this process has on the 

identification of putative PPIs by MS should be better investigated, but what is known about 

the effects of freeze-thaw and analysis of protein is reviewed here. 

 MS is used to reveal biomarkers in patient samples, many of which are stored frozen 

until the time of analysis to reduce protein degradation. Little is known about how sample 

handling impacts the proteins within these samples and how that may affect the fidelity of 

biomarker identification. A study investigated the effects of multiple freeze-thaw cycles and 

long-term storage on the MALDI-TOF MS scans of blood plasma samples (Mitchell et al., 2005). 

As for the latter, little difference was seen between peak number, mass distribution, or 

coefficient of variation. However, the effects of repeated freeze-thaw cycles generally trended 

toward decreased peak intensity. A small change in median peak intensity between 2-5 freeze-

thaw cycles suggests that the plasma proteins are relatively stable. However, the high range of 

intensity change was striking. After 4 freeze-thaw cycles, for example, 1% of the proteins had 

changed by at least 67%. There was also a general trend in m/z range with peaks greater than 

20,000 and between 10,000-20,000 m/z reducing in median peak intensity while the 5,000-

10,000 m/z range increasing in peak intensity. This suggests that either the charge of peptides 

was increasing or the mass is decreasing with the latter indicating protein degradation. Taken 

together, these results showed that increased freeze-thaw cycles have a significant impact on 
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the range of MS peak intensity and mass to charge ratio, indicating protein degradation with 

temperature variance. 

 Less technically- and time-demanding methods to detect biomarkers are used to study 

neurodegenerative diseases. The Tau protein is highly implicated in Alzheimer’s disease and 

referred to as “neurofibrillary tangles” (Medeiros et al., 2011). It helps to stabilize microtubules 

in neurons and its activity is controlled by phosphorylation. A simple and common technique to 

evaluate Tau phosphorylation and degradation is Western blotting. A study investigated the 

effect of freeze-thaw cycles on whole cell protein lysates from both rodent and human brain 

(Vasconcelos et al., 2021). Blots for overall Tau protein showed an additional ~25 kDa band that 

was not present in fresh rat brain lysate. This was also observed for mouse samples, but not 

human. MS analysis of this band revealed 9 peptides located near the C-terminal of Tau, 

indicating Tau degradation. This could be due to the differences in amino acid sequence 

between species in which there is a protective effect against proteolysis observed in humans. 

This was further explored by observing the denaturing effect of adding SDS/PAGE loading buffer 

to rat samples before freezing. This procedure significantly reduced the appearance of the 

lower molecular weight product, suggesting that the Tau site was more prone to lysis in its 

native conformation, or that a protease inhibitor was inactivated. These results suggest that 

freeze-thaw may lead to protein degradation which may vary between species, but also that 

enzymatic activity may change. 

 The effect of freeze-thaw on quality of meat is a topic of interest in the food industry. 

The freeze-thaw process not only mechanically damages the muscle cells, but also releases 

enzymes into contact with proteins that would not occur naturally. A study examining the 
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effects of freeze-thaw on enzymatic activity used the exudate from fish that had undergone a 

set number of freeze-thaw cycles (Benjakul and Bauer, 2000). Enzyme assays indicated that the 

activity of α-glucosidase, β-N-acetyl-glucosaminidase, and magnesium-dependent EGTA-ATPase 

increased as the number of cycles increased. However, the activity of calcium-dependent 

ATPase and magnesium/calcium-dependent ATPase decreased with increasing freeze-thaw 

cycles. Furthermore, there was an ~60% loss of protein solubility after 5 cycles of freeze-thaw. 

A possible contributing factor to enzyme stability and activity may be the presence of di-sulfide 

bonds. The overall sulfhydryl content of proteins did not change, but the surface sulfhydryl 

group content decreased as freeze-thaw cycles increased. These data suggest that freeze-thaw 

fish exudate exhibit changes in enzyme activity, and lower total protein content that may be 

resultant of changes in protein stability. 

The precise effects of freeze-thaw cycles on protein structure and stability remains 

unclear. Hydrogen deuterium exchange has been used successfully in solution phase for 

analysis of protein conformation and structural changes upon folding/unfolding, ligand binding, 

and self-association (Cierpicki et al., 2009, Zhang et al., 2009, Lu et al., 2007). In a study to 

investigate the effects of freeze-thaw versus aggregation on protein structure, lactate 

dehydrogenase was frozen in a 90% deuterium buffer with liquid nitrogen, and then stored at 

−10°C for 10 min to 4 days (Zhang et al., 2011). Using hydrogen-deuterium exchange MS, 21.8% 

of lactate dehydrogenase incorporated deuterium at 10 min, but increased to 68% at 4 days. To 

determine which regions most highly incorporated deuterium, peptide-level hydrogen-

deuterium exchange MS identified three regions of lactate dehydrogenase, including the 

residues just adjacent to the most solvent-exposed amino acids, as the labile regions 



 

118 
 

susceptible to freeze-thaw. After 10 cycles of freeze-thaw, only ~4% of the native lactate 

dehydrogenase was remaining in the solution at 0.1 mg/mL in comparison to 92% at 1.0 

mg/mL. The increased aggregation with increasing freeze-thaw cycles was supported by 

dynamic light scattering results of a hydrodynamic radius of from ~300 increasing to ~2,500 nm 

with increasing freeze-thaw cycles. Furthermore, analysis of 8-anilino-1-naphthalenesulfonic 

acid (ANS) dye binding suggesting more hydrophobic residues were exposed in the aggregated 

than native state. These results indicate that freeze-thaw induces protein denaturation and 

aggregation, preferentially affecting hydrophobic residues. 

 Protein aggregation and denaturation are major hurdles to successful protein analysis 

by MS due to the significant effects that they impose on protein structure and stability. MS 

relies on precise protein cleavage by specific proteases, the most popular being trypsin. 

Databases for MS data analysis are created based on the peptides generated by specific 

proteases from native, full-length proteins. Protein degradation induced by freeze-thaw is not 

as precise and will likely affect the peptides generated by proteases like trypsin. Therefore, 

fewer peptides will be identified in freeze-thaw samples as they will differ from the known 

trypsin-induced peptides in a database. Furthermore, in human serum samples, all free 

aromatic amino acids are sensitive to storage temperature and freeze-thaw (An et al., 2021). In 

proximity labeling techniques, these are the electron-rich amino acids to which biotin/biotin 

phenol covalently bonds. It is possible that derivatization of these amino acids could change the 

mass to charge ratio and therefore influence peptide identification, especially with increased 

freeze-thaw cycles. The exact effects of freeze-thaw on protein structure remain unknown, but 

it appears that many obstacles would be avoided using fresh protein lysate. However, this is not 
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practical for high throughput analysis of many samples or for samples that require a large 

amount of starting material that is collected over a long time period. Until further research 

elucidates this gap in knowledge, freeze-thaw cycles should be limited when sample handling 

for best results. 

Next Steps 
 
 Jun-APEX2 proximity labeling fusion protein has the potential to be a useful tool in many 

models and cellular contexts. Several different methods will be discussed in the following 

section. For confirming putative PPIs, a few techniques to validate direct and indirect 

interactions will be examined. Also, several functional assays will be considered to test the 

importance of putative PPIs. Lastly, the benefits of using Jun-APEX2 proximity labeling in 

combination with quantitative MS will be discussed. 

Validate Interactions 
 

While the Jun-APEX2 fusion protein is useful for generating potential PPIs, additional 

verification is required to determine if the interaction is direct or indirect, stable or transient. 

Direct-interacting proteins identified by MS can be further resolved using surface plasmon 

resonance. This technique measures the angle of reflected light produced from the binding of 

the protein in question with the protein of interest to determine affinity constants and 

dissociation rates (Barberis et al., 1995, Corr et al., 1994). SPR spectroscopy has demonstrated 

estrogen receptor α is capable of binding to its cognate DNA recognition site alone within the 

progesterone receptor gene, but can also stably interact with the TF Sp1 bound to its DNA 

binding site (Neo et al., 2009). However, the reverse was not true in which Sp1 did not bind to 
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DNA-bound estrogen receptor α. Such SPR studies contribute to a better understanding of how 

progesterone receptor is regulated. 

Stable complexes formed between two known proteins can be confirmed using co-

immunoprecipitation. This is a common method used to verify direct PPIs for proteins with 

validated antibodies. For example, BioID identified the transcription factor 20 (TCF20) complex 

as a putative interactor of X-linked methyl-CpG–binding protein 2 (MECP2) (Zhou et al., 2022). 

Co-immunoprecipitation confirmed the interaction of TCF20 with MECP2 in mouse cortical 

brain extracts (Zhou et al., 2022). Yeast two hybrid assays have been used to confirm the 

physical interaction of proximity labeling-identified proteins as well (Mair et al., 2019, Chung et 

al., 2017). APEX2 revealed 225 putative PPIs of α-synuclein in rat cortical neurons and yeast 

two-hybrid assays verified the physical interaction with the vesicular proteins clathrin, dynamin, 

and VPS20, but also the retromer-associated protein SNX1 (Chung et al., 2017). These validation 

methods can support the direct interaction between two proteins. 

To resolve larger complexes of unknown content, immuno- and fluorescence-based 

techniques can be used. Affinity purification or tandem affinity tagging methods in combination 

with MS can reveal the makeup of the components in multi-protein complexes. Lists of high-

confidence interactions were generated from BioID and affinity-MS data sets of 18 subcellular 

markers (Liu et al., 2018, Liu et al., 2020). Another technique to verify PPIs is termed 

fluorescence resonance energy transfer (FRET). This method detects energy transfer from a 

donor fluorophore to an acceptor fluorophore if both are appropriately positioned. The 

efficiency of energy transfer is limited to a short range of 1-10 nm, so any significant FRET signal 

implies a physical or direct interaction between two proteins (Kenworthy, 2001). Researchers 
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have successfully used this technique to reveal the subcellular localization and mobility of 

tissue-specific basic helix-loop-helix (bHLH) TFs using confocal microscopy (Wang et al., 2006). 

Immunological and fluorescence methods can identify the composition of multi-protein 

complexes. 

Furthermore, comparing the data between two different proximity labeling enzymes 

can identify putative stable interactions or contribute to the likelihood of the interaction. For 

example, in zebrafish embryos, the proximate proteins of transiently expressed Lamin A fused 

to either TurboID or miniTurbo were evaluated at either 12- or 24-hours post fertilization 

(Rosenthal et al., 2021). TurboID consistently labeled ~25% more proteins, regardless of 

condition. After analysis to determine high-confidence proteins, 89 and 144 unique proteins 

were identified at 12- and 48- hours post fertilization, respectively, for TurboID and 37 and 34 

proteins for miniTurbo. At either time point, 40 proteins were shared between the enzyme data 

sets and 34-54% were previously identified in BioGRID. Furthermore, over half of the miniTurbo 

high-confidence proteins and 24-33% for TurboID were associated with the gene ontology 

nuclear envelope term. Proteins that overlap between the enzymes have a higher probability of 

being true interactions, whether those are direct or indirect.  

 

Functional Interactions 
 

Proximity labeling is sensitive enough to detect transient interactions, such as post-

translational modifications by enzymes, and those PPIs can be probed using functional assays. 

The impact of Jun phosphorylation by MAPKs was tested using kinase inhibitors and the effect 

was quantified by changes in protein expression and neurite extension. Inhibition of MEK, p38, 
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and JNK moderately attenuated NGF-induced neurite outgrowth (Eriksson et al., 2007). The 

expression of cJun was decreased by MEK inhibitors, cFos was decreased by MEK and JNK, and 

JunD was unaffected (Eriksson et al., 2007). Furthermore, inhibition of MAPKs had no 

discernible effect on apoptosis mediated by anisomycin (Eriksson et al., 2007). The significance 

of PPIs resulting in phosphorylation can be evaluated by small molecule kinase inhibitors and 

measured as cellular and molecular changes. 

Potential downstream effectors of TFs can be investigated using knockdown 

experiments. For example, Jun was expected to be a regulator of nitric oxide synthase (NOS) 

expression, an enzyme that is known to promote survival of differentiated PC12 cells 

(Schonhoff et al., 2001). NOS protein levels were decreased by siRNA-mediated knockdown of 

cJun (Cheng et al., 2012). Inhibition of NOS had no effect on cJun expression, confirming the 

role of cJun as an upstream regulator of NOS (Cheng et al., 2014). The associations and 

crosstalk of proteins with one another can be revealed using knockdown techniques. 

Point mutations to a TF can elucidate the significance of specific functional domains. 

While cJun can rescue PC12 cells from apoptosis, dimerization and DNA-binding mutants of 

cJun showed that deletion of either domain was not required for this capability (Leppa et al., 

2001). In cJunMUT14, mutations to two of the amino acids within the DNA binding domain of 

cJun render it incapable of binding DNA (Leppa et al., 2001). Withing the dimerization domain 

of cJun, mutations to two amino acids in cJunMUT22–23 eliminate its ability to dimerize with 

other proteins (Leppa et al., 2001). Unlike wild type cJun, both mutants neither increase MEKK-

induced AP-1 promoter luciferase activity nor promote neuronal differentiation (Leppa et al., 

2001). However, both mutants maintain the ability to significantly inhibit MEKK1-induced 
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apoptosis (Leppa et al., 2001). These results suggest that the conventional AP-1 activity of cJun 

does not facilitate its anti-apoptotic function, but perhaps it is mediated through other PPIs.   

Quantitative MS 

Quantitative MS analysis can provide a wealth of PPIs in many different contexts and 

experimental conditions. In comparison to label-free MS, the false positive discovery rate is 

significantly reduced when using quantitative analysis through identification of nonspecific 

binders present amongst all treatments or samples. stable isotope labeling by amino acids in 

cell culture (SILAC) replaces an endogenous amino acid with one that incorporates a known 

isotope. Such “light”, “medium”, and “heavy” SILAC media that contains amino acids of varying 

masses can be distinguished using MS. By using a single amino acid variant per experimental 

condition (e.g. increasing NGF incubation periods), the samples can be pooled for MS analysis 

yet remain chemically distinct as shifted m/z values in MS.  

SILAC was employed to discover how the JNK-interacting proteome changes in response 

to NGF in PC12 cells. While JNK is known to induce cell death, this kinase also plays roles in 

differentiation and neuronal regeneration (Waetzig and Herdegen, 2003, Eminel et al., 2008). 

JNK-interacting proteins were immunoprecipitated with JNK1/2-specific antibodies and 

analyzed by MS (Sury et al., 2015). After employing hierarchical clustering of 728 identified 

proteins, the first group increased expression at 0.5 and 1 hour, decreased from 2 to 6 hours, 

and then increased again at 24 hours.  These proteins were associated with the cytoskeleton 

such as myosin family members and the motor protein kinesin light chain. A second group of 

proteins were increased from 0.5 to 2 hours, but then gradually decreased to baseline levels at 

24 hours after NGF addition. Large G-proteins and GTPases were amongst this group in which 
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JNK has been previously shown to interact with a handful of G-proteins in NGF-induced PC12 

cells (Heasley et al., 1996). The final group of proteins did not interact with JNK until 2 to 24 

hours after NGF was introduced to the media and this included many RNA binding proteins such 

as RNA helicases. While cJun was not identified in this dataset, this is likely due to the fleeting 

interaction between a post-translational modifier and its substrate. Immunoprecipitation 

preferentially detects stable, direct interactions, but use of proximity labeling has the potential 

to reveal the transient and indirect PPIs of JNK. 

Proximity labeling can reveal temporal PPIs when paired with quantitative MS. Using 

labeling techniques like isobaric iTRAQ tags allows for simultaneous analysis of pooled samples. 

The different reporter ions attached to samples of different conditions enables both relative 

and absolute protein quantification. Furthermore, complementary MS analysis using capillary 

electrophoresis (CE)-ESI-MS/MS and SCX-RPLC-ESI-MS/MS provided higher confidence data 

with a greater protein sequence coverage (Wojcik et al., 2010, Wang et al., 2012b, Zhu et al., 

2013). Differentiating PC12 cells were analyzed at 0, 3, 7, and 12 days following NGF stimulation 

using the iTRAQ tagging technique (Zhu et al., 2013). CE-MS generated 2,329 unique peptide 

identifications corresponding to 835 protein groups while SCX-RPLC-MS identified 3,494 

peptides which corresponded to 1,369 proteins with an overlap of 762 proteins between the 

two MS techniques. Interestingly, the authors only investigated differential expression of 

proteins that were present at all time points, a total of 63 proteins present in both MS 

approaches. Using complementary MS analysis techniques not only generates more reliable 

identifications between data sets, but also can reveal proteins that are better separated by 

different techniques (i.e. isoelectric focusing versus strong cation exchange). 
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Future Directions 
 

The proximity labeling technique combined with MS is a powerful tool to discover 

putative PPIs of TFs. Our Jun-APEX2 fusion protein was designed for easy manipulation to 

investigate the PPIs of other TF in other contexts. The ef1a promoter is easily removed with the 

NheI restriction enzyme and the multiple cloning sites enable selection for restriction enzyme 

site-directed cloning of the promoter of choice. This enables tissue or cell-type selectivity for in 

vivo applications or changing the promoter strength to adjust transcriptional output. APEX2 

may be exchanged for a different proximity labeling enzyme such as TurboID if exogenous 

substrate is not feasible. Furthermore, the orientation of the tethered proteins may be 

changed, or the linker length modified.  

A longer tether between the TF and APEX2 will likely increase the number of identified 

proteins by proximity labeling-MS. This longer linker length may increase the number of false 

positives but may also reveal the longer distance interactions involved in large multiprotein 

complexes. Using an earlier generation ligase, addition of a 25 nm linker between BioID2 and 

the Nup43 component of the nuclear pore complex increased detection of all proteins within 

the multi-protein complex, but also detected proteins known to be present in the targeted area 

(Kim et al., 2016). While a greater coverage of the nuclear pore complex was achieved with 

linker addition, there was not a significant increase in detection of proteins outside of the 

complex. This could indicate high spatial specificity, but labeling will depend on the relative 

protein concentration within the environment, efficiency of radical generation, and additional 

factors. Therefore, one should consider how the length of the fusion protein tether may affect 

experimental outcomes. 



 

126 
 

Deep sequencing 
 

To elucidate the gene regulatory role of TFs, the combination of deep sequencing data 

with PPI data can reveal molecular level details of transcriptional regulation. For example, 

proximity labeling MS identified putative EcR/USP heterodimer interactions with several 

different proteins (Mazina et al., 2020). The authors performed additional multi-omics studies 

to further probe those TF interactions by pairing co-immunoprecipitation-Western blots with 

chromatin immunoprecipitation (ChIP)-seq data. EcR-CP190 interaction was confirmed, but only 

a fraction of all identified TF binding sites were bound by both. Areas highly enriched in CP190 

identified by capture chromatin conformation (Hi-C) data were often associated with 

promoters/enhancers of developmental genes known to be regulated by EcR/USP. This data 

suggests that the CP190-bound sites may facilitate the interactions between the regulatory 

regions of the EcR/USP-responsive genes (Mazina et al., 2020). This study not only 

demonstrates the multi-level complexity of gene expression, but also how the combination of 

transcriptomic, proteomic, and chromatin conformation data can expose the molecular 

mechanisms that regulate gene expression. 

While information regarding the PPIs of Jun is crucial, combining that knowledge with 

deep sequencing data would create a more complete picture regarding the role of Jun in the 

genetic regulation during PC12 neuronal differentiation. An elegant approach is to combine 

RNA-seq, ATAC-seq, Hi-C, and ChIP-seq data to elucidate the changes in transcription, 

chromatin availability and conformation, as well as TF-DNA binding. The combination of these 

techniques would inform potential Jun gene targets and how their expression is modified 

throughout neuronal differentiation. It has been suspected that Jun can act as a pioneer factor 
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(Sheffield et al., 2013), so ATAC-seq, Hi-C, and ChIP-seq data could provide evidence for 

whether or not this is true in PC12 neuronal differentiation. Furthermore, ChIP-seq data of the 

validated direct interactors of Jun would reveal a more complete understanding of bZIP 

transcriptional control. Proximity labeling data can help predict targets for deep sequencing 

and their combination provides a wealth of gene regulatory information. 

Post-translational modifications (PTMs) 
 

Post-translational modifications (PTMs) play a major role in regulating enzymatic 

activity, but the exact mechanisms by which this process is completed remains unclear. Stable 

isotope dilution (SID)-selective reaction monitoring (SRM) MS technique can determine PTMs to 

specific residues and levels of protein expression. To monitor the changes in expression of a 

protein of interest, an isotopically-labeled synthetic peptide is designed to be identical to the 

endogenous counterpart produced by proteolytic cleavage for MS analysis (Gerber et al., 2003). 

This peptide serves as an internal standard for quantification during SRM to determine changes 

in protein levels between treatments or conditions.  

The SID-SRM-MS strategy was used to examine the changes in phosphorylation state of 

ERK in response to NGF in PC12 cells (Lee et al., 2019). A 13-peptide sequence 

(DHTGFLTEYVATR) is produced from proteolytic cleavage and conserved across ERK homologs. 

Of the three threonine residues, the second is known to activate ERK by MEK-mediated 

phosphorylation (Hahn et al., 2013). Producing the possible phosphorylated variants of the 

peptide can then distinguish those from endogenous ERK phosphorylation to those amino 

acids. NGF treatment of PC12 cells induced ERK phosphorylation from 10-60 min with SID-SRM-

MS revealing that it was on the second threonine residue (Lee et al., 2019). However, there was 
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no change in the overall protein levels of ERK suggesting that ERK translation is not induced 

during this time. PTM data can reveal the molecular mechanisms that underly extracellular 

signal transduction. 

The transcriptional activity of Jun is known to be regulated by phosphorylation to its 

serine residues 63 and 73 within its transactivation domain. Several different kinases are known 

to modify those serines including ERK, JNK, and other MAPKs (Leppä et al., 1998, Deng and 

Karin, 1994). SID-SRM-MS/MS of the transactivation fragment containing serines 63 and 73 

would reveal which residue(s) are important at specific times during PC12 neuronal 

differentiation. Once the specific PTMs are identified, ChIP-seq using antibodies specific to the 

Jun PTMs could suggest which genes are regulated by which Jun PTMs. Outside of the 

transactivation domain, less is known about the PTMs to the C-terminus of Jun. Residues near 

the DNA binding domain of Jun are suspected to affect DNA-binding activity and transactivation 

potential, so SID-SRM-MS/MS could elucidate those mechanisms (Baker et al., 1992). Additional 

knowledge of the PTMs to Jun could help us understand how Jun activity is regulated. 

Genetically modified models 
 

Proximity labeling assays to detect the most biologically relevant PPIs will be performed 

either in vivo or in animal models. Furthermore, proteins of interest should be expressed at 

endogenous levels for PPIs to accurately reflect native conditions. Therefore, genetically 

modified models that express the proximity labeling fusion protein of interest in place of the 

native protein would be incredibly useful. In theory, such an approach would express the fusion 

protein at endogenous levels, regardless of conditions or stimulus, thus avoiding complications 

presented by transient expression. For example, recombinant protein over-expression induces 
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the unfolded protein response or, in the case of bZIP TFs, forced homodimerization which not 

only do not reflect native cellular conditions, but also create false-positive identifications in MS 

analysis. Furthermore, consideration should be taken as to which proximity labeling enzyme 

best suits the model and experiment. 

APEX2 is most useful for detecting fast interactions with labeling times as short as 15 

seconds, making it appealing for in vitro cultures and investigating events such as extracellular 

signaling. Because APEX2 requires both exogenous biotin phenol substrate and hydrogen 

peroxide, it is not well suited for in vivo purposes. However, if tissue is quickly and easily 

extracted, the quick labeling period of APEX2 can be performed ex vivo for genetically modified 

animals fed biotin phenol; cellular uptake of biotin phenol must be confirmed prior to proximity 

labeling. TurboID or miniTurbo are better options for proximity labeling in vivo as they do not 

require an additional substrate other than the easily supplemented biotin. 

 Both TurboID and miniTurbo will label proximate proteins if biotin is present. Therefore, 

inducible expression of the proximity labeling fusion protein would be beneficial in cases in 

which temporal analysis is important. For example, stable transgenic zebrafish were created 

that express Lamin A-TurboID or Lamin A-miniTurbo under the control of the inducible hsp70l 

heat shock promoter, with negative control fish replacing Lamin A with GFP (Rosenthal et al., 

2021). Also incorporated in the transgene was a 3XFLAG tag and GFP under control of the 

cardiomyocyte-specific myl7 promoter for easy selection of positive embryos. When labeling at 

72 hours post fertilization, TurboID yielded 60 high-confidence proteins with human orthologs 

of which 40% were previously identified in BioGRID and miniTurbo identified 55 proteins of 

which 36% were in BioGRID. Given that most PPI databases are generated from analyses that 
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mostly identify stable protein complex formation, it is likely that many of the PPIs detected by 

the proximity labeling technique have yet to be verified and may be more dynamic in nature. 

 As for examining the PPIs of Jun during PC12 neuronal differentiation, the best approach 

would be to create a stable PC12 line in which endogenous cJun is replaced with cJun-APEX2. 

Replacing zebrafish Jun (validated in this thesis) with murine cJun to avoid any error attributed 

to differences in amino acid sequence. Furthermore, cJun-APEX2 under control of the 

endogenous cjun promoter would best reflect the native TF expression levels that are induced 

by NGF and avoid complications of over-expression or transient expression. Adding a 

fluorescent protein via an E2A linker would ease detection of successfully incorporated cells. 

Furthermore, a small epitope tag such as 3XFLAG to the 3’ end of APEX2 should not impact its 

function and would facilitate some downstream functional analyses. The optimal negative 

control would be a stable PC12 cell line of nuclear localized APEX2. Assuming that the cell lines 

behave as expected, proximity labeled nuclear protein lysate should contain sufficient levels of 

biotinylated protein for MS analysis. However, an anit-APEX2 or anti-3XFLAG antibody Western 

blot could approximate protein expression levels. Furthermore, the antibody could be used in 

co-immunoprecipitation validations of predicted stable PPIs. A more accurate differential 

protein expression between time points would be obtained from SILAC quantitative MS 

analysis. Such an experiment would serve as a good proof of concept model for the hypothesis 

that cJun interacts with different proteins at different times during NGF-induced neuronal 

differentiation of PC12 cells.  

cJun outside of neuronal differentiation 
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As a TF, Jun is a key component of gene expression and naturally plays a role in many 

cell processes outside of neuronal differentiation. Knockout of cJun in mice leads not only to 

death at mid-gestation, but also defects in hepatogenesis (Hilberg et al., 1993). To better 

understand the role of cJun in liver development, mice were genetically modified to carry a 

floxed cjun allele in hepatocytes (Behrens et al., 2002). Deletion of cjun both decreased 

hepatocyte proliferation and overall body size. As the liver is capable of regeneration, the 

mutant mice were subjected to partial hepatectomy resulting in diminished liver regeneration 

or the death of half of the mice. However, mice lacking only the cJun N-terminal 

phosphorylation sites did not display impaired liver regeneration. These results suggest that 

cJun transcriptional activation is an important factor in liver development and regeneration. 

cJun is necessary for normal development and its knockout in mice leads to embryonic 

lethality (Hilberg et al., 1993). While Jun clearly plays a key role, its mechanisms remain 

unknown. However, using human pluripotent stem cells (hESCs) as a model for cardiomyocyte 

differentiation, knockout of Jun led to enhanced chromatin accessibility in regulatory regions 

associated with cardiomyocyte development and improved cardiomyocyte generation (Zhong 

et al., 2023). In fact, Jun along with the pluripotent TFs Oct4, Nanog, and Smad2/3, bind to 

enhancers, preventing the differentiation of hESCs to a cardiac endoderm (Li et al., 2019). The 

precise developmental mechanistic aspects under control of Jun remain unclear. 

The dichotomous function of Jun in the cell cycle makes it an intriguing target for 

studying its role in cancer. The jun gene is considered to be proto-oncogenic as it and other AP-

1 components are mis-regulated in several tumor types (Eferl and Wagner, 2003). While the 

cJun homodimer is associated with oncogenic activity, however, the cJun-JunB heterodimer 
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alters cJun DNA binding, thus changing its transcriptional activity (Deng and Karin, 1993). 

Furthermore, cJun is known to increase expression of several genes associated with tumor 

development such cyclin D1, Fas, and CD44 (Eferl and Wagner, 2003, Bakiri et al., 2000, Ivanov 

et al., 2001).  Conversely, in rat sympathetic neurons, cJun also has anticancer effects in which 

it stimulates BIM expression which in turn promotes apoptosis (Whitfield et al., 2001). With 

both pro- and anti-tumorigenic properties, the mechanistic actions of cJun remain elusive for its 

role in cancer. 

Some evidence suggests that cJun may be a target of WNT signaling in some types of 

colon cancer. cJun and TCF4 are known to directly interact in HCT116 colon cancer cells, and 

serines 63 and 73 within cJun’s transactivation domain are required for this binding (Nateri et 

al., 2005). This could indicate that the binding of cJun and TCF4 is phosphorylation-dependent. 

Additionally, cJun and TCF4 were dependent upon β-catenin to activate the cjun promoter in 

reporter assays (Nateri et al., 2005). The WNT signaling pathway stimulates growth which is 

regulated by β-catenin functioning as a cofactor of the TCF (Giles et al., 2003). In HCT116 cells, 

formation of the cJun-TCF4/β-catenin ternary complex on the cjun promoter was dependent 

upon JNK activation (Nateri et al., 2005). cJun is known to autoregulate its transcription and is 

also one of the most highly up-regulated TCF/β-catenin target genes in colon cancer cell lines 

(Stein et al., 1992, Mann et al., 1999). Therefore, cJun may play a role in colon cancer through 

WNT signaling mediated both the JNK and β-catenin pathways. 

In addition to transcriptional up-regulation of cjun in intestinal tumor cells, cJun protein 

accumulation in glioblastoma may be controlled at the level of translation. As mRNA levels of 

cjun did not show a correlation with malignancy, it was proposed that cJun must be regulated 
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post-transcriptionally (Blau et al., 2012). In human immuno-stained brain sections, the levels of 

cJun protein had a positive correlation with increasingly invasive grades of glial tumors (Blau et 

al., 2012). While the cJun was transcriptionally active, reporter gene expression revealed that 

cJun expressed over 100-fold more protein from a TRE-containing promoter over a 5xAP-1 

repeat, suggesting that cjun autoregulation does not play a role in U87 cells. Furthermore, the 

cJun protein stability was comparable between cancer and control cells. Interestingly, cJun 

protein levels increased in response to depolymerization of either the actin or microtubule 

networks with no increase in cJun mRNA in glial cells. This translational control is mediated by 

an area within the 5’UTR that contains an internal ribosomal entry site (IRES), rendering cJun 

transcripts cap-independent and highly translatable. The dynamic changes in the cytoskeleton 

during cell proliferation may be important for cJun expression, especially in glioblastoma. 

Jun is important in a plethora of different cell processes. Jun is crucial during 

development and necessary for regeneration in the peripheral nervous system. It also is a key 

player in the cell cycle and is implicated in both tumorigenesis and apoptotic activities. The 

involvement of Jun in such a wide array of cellular processes provides an open horizon to 

display the potential of the Jun-APEX2 proximity labeling construct for putative detection of 

cJun PPIs in many cell activities. 

APEX2 in other contexts 
 

The short labeling period of APEX2 can allow for temporal and spatial resolution of PPIs 

in response to treatments (Paek et al., 2017). Membrane receptors for steroids respond quickly 

to ligand binding and the proximity labeling technique has been used to compare the 

mechanisms of different of these different protein complexes. Steroid hormone receptors are a 
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class of TFs that control aspects of cell cycle, metabolism, development, and other processes. 

Inactive glucocorticoid receptor (GR) and androgen receptor (AR) are located in the cytoplasm, 

and within 30 to 60 min of ligand binding, they are translocated to the nucleus to regulate gene 

expression (Cato et al., 2002). The GR and AR interactomes were examined, either unstimulated 

or in response to both activators and inhibitors using BioID (Lempiäinen et al., 2017, Vélot et al., 

2021). Notably, the number of interacting proteins increased over five-fold from unstimulated 

to 24 or 72 h after activation indicating a drastic change in binding partners (Vélot et al., 2021). 

The PPIs identified in these studies are recorded over a 24-hour period. Proximity labeling with 

an APEX2 fusion of GR or AR would discern the PPIs at distinct time points which could aid in 

determining how the receptor is acting within those day-long time windows.  

APEX2 was utilized to identify interacting proteins of the membrane (M) protein of the 

porcine epidemic diarrhea virus, or PEDV, a member of the alphacoronavirus genus. The M 

proteins of coronaviruses are the main component of the viral envelope and are critical for 

virus particle assembly, along with the envelope (E) proteins (Wang et al., 2012a). Outside of its 

stable role in the viral envelope structure, the PEDV M protein is implicated in the host 

immunity response (Woods et al., 1988), inhibiting the activities of IFN-b and IRF3 at promoters 

(Zhang et al., 2016), and cell cycle arrest (Xu et al., 2015). To uncover additional functions of 

PEDV M, APEX2 proximity labeling-MS was performed in the porcine intestinal cell line, IPEC-J2 

(Dong et al., 2021). A total of 40 high-confidence (≥2 unique peptides) annotated proteins were 

identified between three replicates. Five protein interactions were confirmed with co-

immunoprecipitation. siRNA knockdown of S100A11 and NHE-RF1 significantly increased PEDV 



 

135 
 

production. While the mechanistic interaction is not yet clear, APEX2 proximity labeling can 

reveal novel PPIs that could impact our understanding of the coronavirus. 

Potential for therapeutics 
 

Alzheimer’s disease model 
 

An important first step of developing therapeutics is the ability to test potential drugs in 

a cell model. Just in the United States in 2021, Alzheimer’s disease (AD) reportedly affects 6.2 

million individuals over the age of 65 with a projected increase to 82 million in just seven years 

(2021, Aminyavari et al., 2019). Current treatments for AD include acetylcholinesterase 

inhibitors, NMDA receptor antagonists, or a combination of the two, all of which only abate 

symptoms. As we still do not understand the pathogenesis of AD, a reliable in vitro model to 

study the physiological mechanisms of neurons before testing in vivo. PC12 cells can 

differentiate into neurons and express several membrane receptors, including NDMA and 

acetylcholine, that are implicated in AD onset (Wiedmer et al., 2019). They are 

catecholaminergic neurons, so they can synthesize, store, and release dopamine and 

norepinephrine (Greene and Tischler, 1976). Due to their physiological properties, PC12 cells 

can serve as neuronal models to investigate AD. 

Through transfection of amyloid precursor protein (APP) and presenilin mutants, PC12 

cells have been successfully used to model an autosomal-dominant form in early-onset AD 

(Marques et al., 2003, Guo et al., 1997, Wolozin et al., 1996). A stably transfected APP mutant 

increased oxidative stress, resulting apoptosis mediated by JNK and caspase-3 with a 

concurrent reduction in caspase 9 activity (Marques et al., 2003). PC12 cells overexpressing a 

presenilin-1 or -2 mutant displayed increased levels of oxidative stress and intracellular calcium, 
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heightening their susceptibility to amyloid β-peptide-induced or trophic factor withdrawal-

induced apoptosis (Guo et al., 1997, Wolozin et al., 1996). A more thorough understanding of 

the molecular mechanisms of AD pathogenesis could be achieved using proximity labeling. 

Both tau and amyloid β-peptide aggregation have been implicated in the development 

of AD. Evidence suggests that amyloid-β oligomers underly the cognitive defects observed in AD 

(Bjorklund et al., 2012). Neurofibrillary tangles are mainly composed of phosphorylated tau 

protein and have been found in cholinergic neurons of AD patients post-mortem (Mesulam et 

al., 2004). An APEX2 fusion protein could reveal the PPIs leading up to oligomeric accumulation 

during early disease development. Preventing or disrupting the interactions of amyloid plaques 

or neurofibrillary tangles could delay AD onset or perhaps diminish symptoms. Proximity 

labeling could identify other putative interactors of APP or tau that may be the key to 

understanding how their aggregates are formed and elucidate a part of AD pathophysiology. 

Concluding remarks 

It is well-established that cJun plays an integral role in development and successful axon 

regeneration (Hilberg et al., 1993, Ruff et al., 2012), but its binding partners and other PPIs over 

the time course of these events are not fully understood. The Jun-APEX2 proximity labeling 

construct has the potential to identify important PPIs of the differentiating or regenerating 

neuron, both stable and transient interactions. Here, a method for developing a TF proximity 

labeling construct is detailed, highlighting construct features such as the easily exchanged 

modules (i.e., promoter, protein of interest, proximity labeling enzyme). Furthermore, 

important design considerations are explained, and caveats are mentioned. 
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The Jun-APEX2 protein was then functionally validated for cellular localization, substrate 

dependence, and DNA-binding specificity. As proof of concept that the Jun-APEX2 fusion 

protein would label putative PPIs, PC12 cells were stimulated with NGF in cells expressing either 

Jun-APEX2 or the control APEX2. Proximity labeled protein displayed different banding patterns 

and intensities between control and Jun-APEX2 samples as visualized with silver staining. These 

results were not repeatable when using freeze/thaw protein lysate. MS analysis was performed 

to identify the putative Jun-interacting proteins, but the data were inconclusive. However, the 

results presented here provide a basis for optimization of the Jun-APEX2 fusion construct in 

many other contexts outside of PC12 cell culture or neuronal differentiation. Jun is implicated 

in many cellular processes and much remains to be explored of its mechanistic actions. 

Functional axonal regeneration is the product of temporally controlled cooperativity of 

multiple cell types. For example, glial cells are extremely important in successful nerve 

regeneration as demonstrated by the contribution of essential neurotrophins from Schwann 

cells in the PNS (Fontana et al., 2012). Many extracellular signals converge onto signaling 

pathways that ultimately regulate the transcription of distinct genes at specific times. Gene 

expression is modulated by several multi-protein complexes including many different TFs, the 

exact combinations of which are yet to be discovered. TF proximity labeling constructs can be a 

valuable tool to identify those transcriptional proteins which may serve as pharmacological 

targets for stimulating successful axon growth and re-innervation within the mammalian CNS.  
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Appendix: DNA sequence for ef1α-linker-APEX2  
 
5’ 
TATGAGCTCCATATGCCGCGGTCCGGAATCGATGCTAGCCGTCGAGCAGGGGGATCATCTAATCAAGC 
ACAAATAAGGGGCGTGTAACACAAAAGCCAGCGACCCTTTCCAATGCAAATCAAACTTGCAATTCTTTG 
CCGTTTTTATCATTTAAGTGTCGGCTTAAGGTCCACTATCAGATGTAAACAGCCTTATCTAACAAAGGTA 
TCATTACATTCTGAAATTCTCAGGCATGCAAGCTAGCTTATGACGCACTAGGGAGTGCCACCCTTCCTTT 
CGCCCTAACTTCGTGATAACTCGCGCGTTTCACTCAACAGCTGCATCCGCCCTAGTGCTACTGGGAGTT 
GTAGTATACAAGACGCTTACAGGCTGAATGTTCTGTCAAGACCCCGCCTCTAGCACTTTGGGAATTCTG 
GACTTGATGATGTCATGGTTAATCCCCGCCCAGTAGAGGCGGCTATATAAAGGGTGGTTAAGGCCCGG 
TTCGCTCTCTTCCTCACCGGGTCTGCGGCGAGTTCTAGCTGAGCTAGCTGATCAGAATTCGTCGACTCT 
AGACCATGGACGCGTGGTGGATCTGGTGGATCTGGTGGATCTGGATCCGGAAAGTCTTACCCAACTGT 
GAGTGCTGATTACCAGGACGCCGTTGAGAAGGCGAAGAAGAAGCTCAGAGGCTTCATCGCTGAGAAG 
AGATGCGCTCCTCTAATGCTCCGTTTGGCATTCCACTCTGCTGGAACCTTTGACAAGGGCACGAAGACC 
GGTGGACCCTTCGGAACCATCAAGCACCCTGCCGAACTGGCTCACAGCGCTAACAACGGTCTTGACAT 
CGCTGTTAGGCTTTTGGAGCCACTCAAGGCGGAGTTCCCTATTTTGAGCTACGCCGATTTCTACCAGTT 
GGCTGGCGTTGTTGCCGTTGAGGTCACGGGTGGACCTAAGGTTCCATTCCACCCTGGAAGAGAGGAC 
AAGCCTGAGCCACCACCAGAGGGTCGCTTGCCCGATCCCACTAAGGGTTCTGACCATTTGAGAGATGT 
GTTTGGCAAAGCTATGGGGCTTACTGACCAAGATATCGTTGCTCTATCTGGGGGTCACACTATTGGAGC 
TGCACACAAGGAGCGTTCTGGATTTGAGGGTCCCTGGACCTCTAATCCTCTTATTTTCGACAACTCATA 
CTTCACGGAGTTGTTGAGTGGTGAGAAGGAAGGTCTCCTTCAGCTACCTTCTGACAAGGCTCTTTTGTC 
TGACCCTGTATTCCGCCCTCTCGTTGACAAATATGCAGCGGACGAAGATGCCTTCTTTGCTGATTACGC 
TGAGGCTCACCAAAAGCTTTCCGAGCTTGGGTTTGCTGATGCCTAAGGATCCAGATCTCTGCAGCTCGA 
GACTAGTTA  
3’ 
 


