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Rebecca Ruth Miles 

 

GCN2 EIF2 KINASE IS CRITICAL FOR KERATINOCYTE COLLECTIVE 

MIGRATION AND WOUND HEALING   

A critical factor in the healing of a cutaneous wound is the closure of the 

wound bed that is accomplished by collectively migrating keratinocytes. Wounds 

that fail to heal appropriately are a significant burden on patient well-being as well 

as healthcare systems. Further understanding of the molecular pathways involved 

in wound healing is needed to find new treatments to accelerate healing and 

reduce treatment costs. Previously, we demonstrated that the integrated stress 

response (ISR) is critical for keratinocyte response to multiple stresses. Because 

wounding and repair mechanisms can induce stresses in the skin, we 

hypothesized that the ISR plays a central role in wound healing. The ISR features 

a family of stress-activated protein kinases phosphorylate the translation factor 

eIF2 (eIF2α-P), resulting in diminished global protein synthesis coincident with 

preferential translation of gene transcripts that lead to the remedy of the stress. 

Wounding of immortalized NTERT human keratinocyte monolayers led to rapid 

activation of the eIF2 kinase GCN2, and subsequent eIF2α-P and translational 

control. Deletion of GCN2 in wounding assays diminished eIF2α-P and 

translational control during wound healing. Global transcriptome analysis of 

wounded keratinocytes revealed that deletion of GCN2 induced a compensatory 

unfolded protein response and dysregulation of mRNAs important for cellular 

migration.  Pathway analysis suggested that GCN2 is necessary for proper 
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activation of key signaling networks and subsequent coordination of RAC-GTP 

driven reactive oxygen species (ROS) generation following wounding. Additionally, 

amino acid control of cysteine is regulated by GCN2.  We therefore investigated 

ROS levels following wounding and observed that GCN2 was required for proper 

ROS induction and actin reorganization in leading edge keratinocytes and that 

these changes were coincident with reduced RAC and RHO activation and 

cysteine depletion.  The loss of leading-edge ROS in GCN2-deleted cells can be 

phenocopied with NOX inhibition.  Lastly, mice deleted for GCN2 exhibited delayed 

wound healing compared to WT controls in an excisional wound healing model. 

These results indicate that GCN2 is required for the induction of collective cell 

migration and plays a critical role in coordinating the re-epithelialization of 

cutaneous wounds. We propose the ISR is a potential therapeutic target in chronic 

wounds. 
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CHAPTER 1. INTRODUCTION 

 Normal healing of cutaneous wounds requires the collective migration of 

epithelial keratinocytes to seal the wound bed from the environment. This 

introduction section will explain the medical importance of cutaneous chronic 

wounds and the contextual and mechanistic background to wound healing, which 

will be followed by a description of the integrated stress response and the 

biological systems contributing to cell migration during wound healing. Together, 

this introductory information provides a foundation for the thesis research 

questions that test the hypothesis that GCN2 and the integrated stress response 

is involved in managing the processes underlying wound repair.   

 

1.1 The treatment of chronic wounds is an unmet medical need  

An often-overlooked epidemic that is co-morbid with diabetes, aging and 

poor nutrition are chronic wounds. A Medicare study revealed that 8.2 million 

people experienced a significant wound in 2018 [1]. Although healthy individuals 

heal without complication, there are a profound number of patient wounds that do 

not resolve and require long-term medical care. Wound care has become its own 

specialty in the US treating more than 6 million patients annually at an estimated 

expense of 25-50 billion dollars [2, 3]. Typical wound care regimens involve 

removal of nonviable tissue, controlling infection, removing pressure on the skin, 

and keeping the wound bed moist with dressings.  These interventions can assist 

wound closure but often fail due to the inability of the wound care to address the 

underlying pathophysiology.  Chronic non-healing wounds lead to extended 
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periods of disability and pain, hospitalization, reduced quality of life, amputation 

and even death [4]. Therefore, it is important to determine the key mechanistic 

features of the wound healing processes, with an eye to more effective therapies. 

 

1.2 Keratinocyte differentiation and the stages of normal wound healing  

The function of the skin is to protect the entire body from the stress of the 

environment. As such, it is not surprising that it is the largest organ system of the 

body. The skin is composed of several layers: the epidermis, dermis, and 

hypodermis. The main cell type in the epidermis is the keratinocyte and several 

stratified layers form a resilient epithelial barrier.  This stratification is achieved by 

a process of differentiation where expression of a set of molecular markers 

(including specific keratins, involucrin, filaggrin and loricrin) drive the layers to 

sequentially transform from a basal layer to an upper cornified layer. Keratinocytes 

remain attached to each by desmosome junctions (Figure1A). This process of 

differentiation and renewal is constant and the epidermis is  estimated to renew a 

thousand times during a lifetime. [5] 

In a healthy individual, a series of coordinated cellular and molecular events 

lead to cutaneous wound healing. These events occur in sequence via several 

overlapping phases. Hemostasis occurs immediately after a wound occurs and a 

clot is formed (Figure 1B). During the inflammation phase, neutrophils and 

monocytes infiltrate the wound to fight infection and degrade necrotic tissue 

(Figure 1C). Release of cytokines by immune cells facilitates activation of the next 

phase by signaling cell proliferation and epithelial cell migration [6, 7].  Epithelial 
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keratinocytes around the edge of the wound then proliferate and migrate across 

the wound bed – a process called re-epithelialization.  Angiogenesis is initiated to 

vascularize the new tissue, followed by fibroblast infiltration and collagen 

deposition to form a granulation tissue (Figure 1D). Finally, the wound enters a 

prolonged maturation phase (Figure 1E) where the new tissue is remodeled for 

restored strength and flexibility [8]. If these wounding events are dysregulated and 

do not occur in an orderly fashion, a wound will not properly heal. Wounds are 

classified as chronic if they have not healed within 3 months. Wounds are most 

often arrested in the inflammation phase, stalling keratinocyte migration and 

subsequent closure of the wound bed [9].  Because re-epithelialization is impaired 

in all categories of chronic wounds, and a wound cannot be considered healed 

without an intact epithelial covering, further research is warranted to find novel 

therapeutic strategies to restore and enhance epithelial barrier formation [10]. 
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Figure 1. Normal keratinocyte differentiation and the stages of normal wound 

healing. (A) The skin is composed of three layers: the epidermis, dermis, and 

hypodermis.  The epidermis is formed by 4 layers of differentiating keratinocytes 

undergoing a transformation from a basal to cornified layer.  (B) Hemostasis begins 

the wound healing begins process, where activated platelets trigger fibrin clot 

formation that controls blood loss. (C) Inflammation occurs with the recruitment of 
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immune cells to remove debris and bacteria. Neutrophils are recruited to the 

wound first by histamine release from mast cells. Monocytes appear next and 

differentiate into macrophages to clear the wound bed. (D) In the proliferative 

phase, basal keratinocytes adjacent to the wound gap divide while those at the 

wound edge collectively migrate (KCCM) to close the wound gap. Angiogenesis 

ensues to revascularize the tissue, and fibroblasts migrate into the wound to 

transform the fibrin clot into (E) granulation tissue. The newly formed granulation 

tissue is remodeled over time to restore the underlying tissue. 
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1.3 Collective cell migration and re-epithelization in wound healing 

 Individual cell migration is a well-characterized process [11]. However, 

during cutaneous wound healing there is another important and arguably more 

complex mode of cell movement that directs keratinocytes to remain connected 

and migrate in unison over the wound bed. This process of coordinated cell 

movement in a unified direction has been termed collective cell migration (CCM) 

and can be observed during development, blood vessel formation and cancer. 

Although there may be commonly shared processes governing single cell and 

collective migration, there is growing evidence that the mechanisms directing each 

are unique and regulated differently [12].  

 To study wound healing, keratinocyte CCM (KCCM) is modeled in vitro by 

“scratching” or lifting sections of confluent sheets of differentiated keratinocytes 

(Figure 2B) [13-15]. In order for KCCM to occur and close the resulting wound, 

cells must have physical connections that remain intact during migration. To 

achieve the connections, keratinocytes reorganize their cytoskeleton structure to 

provide a direction to their unified movement. Furthermore, keratinocytes prepare 

their extracellular matrix to create a substrate upon which the collective sheet can 

effectively migrate [14]. These distinct and complex tasks have been assigned to 

two types of epithelial cells that are referred to as leader and follower cells (Figure 

2A) [16, 17]. Leader cells appear at the wounded edge of the epithelial sheet and 

are identified by the emergence of lamellipodia and are often described as having 

a “ruffled” border” (Figure 2B). Leader cells monitor the immediate environment of 

the wound to establish direction to the migrating sheet. Leader cells then 
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communicate with follower cells to ensure alignment to the direction of movement. 

The function of follower cells is to maintain connections with neighboring cells and 

modify the extracellular matrix by secreting matrix metalloproteases [18]. Follower 

keratinocytes adjacent to the wound can proliferate during re-epithelialization in 

order to renew cells lost during injury [19]. 
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Figure 2. Keratinocyte collective cell migration and re-epithelization. (A) 

Upon wounding, cells positioned at the leading edge transform their cytoskeletal 

architecture to enable directional migration. The keratinocytes remain attached to 

each other through cell-to-cell contacts (desmosomes) and the cells behind the 

leading edge follow the direction of migration set by the leader cells. (B) Phase 

contrast image of NTERT cells six hours after wounding. The arrows indicate 

expansion of the leading edge membrane into lamellipodia. Scale bar is 100 µm. 
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1.4 The Integrated Stress Response  

 Cellular adaptation to stress is critical for survival and is achieved by 

mechanisms that globally slow translation initiation (Figure 3). Two major 

mechanisms regulating initiation of protein synthesis involve phosphorylation of 

4E-BPs by mTORC1 and phosphorylation of eIF2 by stress-specific kinases [20]. 

The 4E-BP1 binds to the cap-binding protein eIF4E and prevents its appropriate 

binding to the bridge protein eIF4G, thus preventing loading of ribosomes to the 

5'-cap of mRNAs [21-23]. This thesis will focus on phosphorylation of the α subunit 

of eIF2 (eIF2α-P), which is a conserved mechanism in all eukaryotes and occurs 

in response to a range of internal or external cellular insults, including nutrient and 

oxidative stress and perturbations to organelles such as the endoplasmic reticulum 

and mitochondria [24-26]. Because eIF2α-P and translational control is induced in 

response to range of cellular stresses, the pathway is referred to as the integrated 

stress response (ISR) [27-29]. 

 A family of different eIF2 alpha kinases (EIF2AK) is expressed in mammals 

and each is activated by a unique stress via distinct regulatory processes (Figure 

4). HRI (EIF2AK1) is activated by heme deprivation, mitochondrial stress, and 

during enhanced ROS conditions [30-35].  PKR (EIF2AK2) functions in an antiviral 

defense mechanism that is enhanced by interferon and activated by double-

stranded RNA by different viruses [36-40]. The eIF2⍺ kinase PERK (EIF2AK3) is 

activated by perturbations in the endoplasmic reticulum, including accumulation of 

misfolded proteins and disruptions of the membrane structure of this organelle [41, 

42].  Finally, GCN2 (EIF2AK4) is activated by reduced amino acid levels, along 
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with UV irradiation [24, 43-50] (Figure 4). In response to each of these stress 

conditions, the ensuing induction of eIF2α-P competes with the interaction of eIF2 

for its GTP-GDP exchange factor eIF2B [51], Recent structural studies of the 

eIF2B-eIF2 complex revealed details of this mechanism of action. The 

unphosphorylated and phosphorylated forms of eIF2 bind uniquely to eIF2B 

creating productive (nucleotide exchange-active) and unproductive (nucleotide 

exchange-inactive) states [52, 53]. When eIF2B-and eIF2α-P interact in an 

unproductive manner, creating a nucleotide exchange-inactive state, it therefore 

reduces the amount of active eIF2 ternary complex (TC) (eIF2-GTP-tRNAi) that is 

available for translation initiation. This subsequently reduces the formation and 

delivery of the 43S pre-initiation complex to the AUG start codon [54] and results 

in sharply reduced protein synthesis. Lower rates of protein synthesis in turn 

reduces nutrient consumption, conserving energy for the demanding task of 

reprogramming of gene expression to alleviate stress damage (Figure 4).  

 Accompanying the global reduction in protein synthesis, eIF2α-P also 

directs preferential translation of key genes by leveraging mechanisms of delayed 

translation initiation through upstream ORFs (uORFs) situated in the 5’-leader 

sequence of the target mRNA transcript which can alter the efficiency of translation 

of the gene coding sequence [55]. For example, stress-induced eIF2α-P sharply 

enhances ATF4 expression is via translational control mechanism involving two 

uORFs located in the 5′-leader of the ATF4 mRNA transcript.  In non-stressed cells 

when eIF2–GTP is available, ribosomes re-initiate at inhibitory uORF2 and 

block ATF4 expression. When eIF2 is phosphorylated and eIF2–GTP levels drop, 
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re-initiation of translation is delayed and ribosomes can scan through the inhibitory 

uORF2, and instead re-initiate at the ATF4-coding region [56]. Increased ATF4 

expression in the ISR drives the transcriptional expression of genes involved in 

amino acid transport, amino acid synthesis, autophagy, glutathione biosynthesis, 

and the antioxidative stress response resulting in a program to restore the cell to 

homeostasis [29, 57]. Translational repression is relieved by type 1 protein 

phosphatase combined with one of two associated proteins that target 

dephosphorylation of eIF2α: CReP (PPP1R15B) or GADD34 (PPP1R15A).  

Expression of GADD34 is itself controlled by stress-induced signals creating a 

unique negative feedback loop whereby GADD34 is increased both by 

transcriptional activation and translational control.  The resulting 

dephosphorylation of eIF2α-P allows translational initiation to resume once the 

ISR-directed transcriptome is implemented [58] (Figure 4).  Expression of CReP is 

thought to be largely constitutively, which ensures that basal eIF2α-P is low during 

non-stressed conditions.  
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Figure 3. The stages of translation. Protein synthesis can be divided into four 

stages: initiation, elongation, termination, and recycling. The initiation phase is 

critical to control the global rate of translation and features the formation of the 43S 

ribosome preinitiation complex at the 5’ cap of the mRNA. The 43S preinitiation 

complex is composed of the 40S ribosomal subunit and selected translation 

initiation factors, including the ternary complex (TC) containing eIF2 bound to GTP 

and initiating methionyl tRNA.  Upon binding onto the mRNA, the 43S complex 

scans 5’ to 3’ in search for the optimal initiation  codon, typically an AUG. Formation 

of eIF2-GTP is a rate limiting step to initiate global translation and is controlled by 

the GTP exchange factor (GEF) eIF2B. Phosphorylation of eIF2 on its alpha 

subunit (eIF2α-P) blocks this GEF and impairs eIF2-GTP formation; thus, the level 

of eIF2α-P can fine tune the initiation of global translation. In addition, hydrolysis 

of the eIF2-GTP to eIF2-GDP is a key step in AUG selection and subsequent 

joining of the 40S and 60S subunits into the translating 80S ribosomal subunit. 
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Figure 4. The Integrated Stress Response.  (A) A variety of cellular stresses 

activate four different EIF2A kinases (HRI, PKR, PERK and GCN2) that each 

phosphorylate the serine-51 residue of the α subunit of eIF2. Because the stresses 

converge on induction of eIF2α-P and expression of ATF4, this signaling pathway 
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has been called the Integrated Stress Response (ISR)[26, 59]. The levels of eIF2α-

P are the key regulator of the ISR and lead to three outcomes. (B)  Global inhibition 

of translation initiation by limiting eIF2-GTP, thus reducing availability of ternary 

complex formation for initiation of protein synthesis. (C) Changes in levels of 

translation initiation allows for differential AUG codon selection in upstream 5’-

uORFs and leads to preferential translation of specific mRNAs, such as ATF4. (D) 

Increased amounts of ATF4, a transcription factor that dimerizes with a binding 

partner, drives transcriptional reprogramming of ISR genes involved in adaptive 

responses to resolve cellular stress.  
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1.5  GCN2 directed translation control  

 Human GCN2 is 1649 amino acid residues in length and includes 5 

domains: An N-terminal RWD (RING-finger proteins, WD repeat-containing 

proteins and the yeast DEAD-like helicases) domain, a pseudokinase region, a 

catalytically active kinase domain, a region homologous to histidyl-tRNA 

synthetases (HisRS), and a C-terminal domain (or CTD) (Figure 5). A central 

model for direct activation of GCN2 involves direct binding of uncharged tRNAs 

that accumulate during amino acid limitation and bind to the HisRS-related domain 

of GCN2, causing a conformational change in GCN2 and activation of the adjacent 

protein kinase domain [60, 61]. More recent studies suggest other activating 

factors for GCN2 that may be independent of uncharged tRNA status. For 

example, colliding ribosomes on damaged mRNAs can activate GCN2 during UV 

irradiation [62]. Furthermore, GCN2 can be associated with ribosomes and the 

ribosomal P-stalk alone is suggested to activate GCN2  [63-65]. Lastly, it has been 

suggested that there is a connection between the actin cytoskeleton and protein 

synthesis whereby GCN2 is activated upon disruption of F-actin and this eIF2α 

kinase function as an important sensor of the state of the actin cytoskeleton [66]. 

Modulation of GCN2 activity can also occur through associations with other 

proteins. For example, interaction of the GCN1/GCN20 complex with the amino-

terminal RWD domain of GCN2 is proposed to enhance its access to uncharged 

tRNA and the protein IMPACT can in turn bind GCN1 and reduce GCN2 activation 

[67-69] . A recent structure of GCN1 bound to colliding ribosomes suggests that 

GCN1 may also be involved with activation of GCN2 during different stresses [70]  
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Figure 5. GCN2 directed translation control. Human GCN2 is 1649 amino acid 

residues in length and contains 5 domains. The N-terminus of GCN2 features a 

RWD (RING-finger proteins, WD repeat-containing proteins and the yeast DEAD-

like helicases) domain, followed by a pseudokinase domain, a catalytically active 

kinase domain, a histidyl-tRNA synthetase HisRS) domain, and a C-terminal 

domain (or CTD). Activation of GCN2 is triggered by uncharged tRNAs 

accumulating during amino acid limitation that bind to the HisRS-like domain of 

GCN2, causing a conformational change in GCN2 and activation of the adjacent 

protein kinase domain. Additional mechanisms involving GCN2 association with 

ribosomes is also important for regulation of this eIF2α kinase.  
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1.6 GCN2 as amino acid sensor 

GCN2 is the primary sensor detecting deficiencies in amino acid levels and 

coordinates the upregulation of genes that function to replenish amino acid stores 

through a process that some have called the amino acid response (AAR) [71, 72].  

Although the AAR is made up of several signaling pathways, ATF4  has been 

extensively characterized and shown to have a prominent role in the AAR [72]. It 

is important to emphasize that while ATF4 is central for implementation of gene 

expression in the ISR in response to many stresses, there are certain stresses, 

such as UV irradiation in keratinocytes [50, 73], where the adaptive functions of 

the ISR occurs independent of ATF4 and through other target genes. Likewise, it 

is interesting that although both GCN2 and PERK activation lead to the induction 

of ATF4 transcriptional programs, there are unique differences in the gene 

signatures dependent on stress [74]. This suggests that there are other regulatory 

factors besides ATF4 that can bring specificity to the stress response. ATF4 is a 

basic leucine zipper (bZIP) transcription factor that recognizes and binds a specific 

DNA sequence referred to as an amino acid response element (AARE). The AARE 

is composed of two half sites, one of which is very conserved (ATF) and the other 

can be divergent (C/EBP), allowing for a diversity of binding partners forming the 

activating dimer complex. AAREs can be found in a host of genes involved in 

amino acid synthesis, transport and metabolism [29]. ATF4 has been shown to 

have multiple related bZIP transcription factor binding partners including different 

c/EBP isoforms, ATF2, ATF3, ATF5 and CHOP [71], all of which can themselves 

be regulated by ATF4 [75-77]. Additional interactions between members of the 
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ATF, C/EBP and FOS/JUN transcription factor families can contribute to the 

coordination of the cellular response to amino acid deficiency. Lastly, during times 

of amino acid starvation, ATF4 has been shown to direct a transcriptional program 

coordinating the process of autophagy [78]. Autophagy is a mechanism by which 

the cell can recycle proteins and organelles in lysosomal compartments, renewing 

intracellular nutrients and amino acids for maintenance of protein synthesis and 

essential metabolic processes. The importance of GCN2 as the key orchestrator 

of amino acid control is highlighted in Gcn2 -/- mice, where the absence of GCN2 

shifts the gut away from a state of homeostasis to dysregulated autophagy that 

subsequently results in increased gut inflammation [79]. 

 

1.7 GCN2 as regulator of redox balance 

Restoration of amino acid levels for protein synthesis is not the only 

beneficial outcome of GCN2 activation. Amino acids serve as metabolic 

intermediates and contribute to the formation of glutathione (GSH) that manages 

oxidative stress (ROS). GSH is formed by synthesis of a tripeptide of L-cysteine, 

L-glutamic acid and glycine. Because cysteine is the rate limiting step in GSH 

production, maintaining an adequate supply of intracellular cysteine is key to 

mitigate oxidative stress [80, 81]. Cysteine is obtained from both the diet and by 

endogenous production via the reverse transsulfuration pathway. It has been 

described as a semi-essential or conditional essential amino acid because 

cysteine availability can be limiting in times of stress (sickness, injury or healing). 

The transsulfuration pathway directs the metabolic convergence of methionine and 
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serine into cysteine and is utilized when the demand for glutathione is high or when 

cystine transport across the membrane is diminished [82]. Cysteine is delivered to 

tissues in its oxidized form as cystine, and then is transported into cells by the 

cystine glutamate antiporter system xc−[83].  The xc− system is composed of a light 

chain, xCT (SLC7A11), and a heavy chain of cell surface antigen 4F2hc 

(CD98/SLC3A2)[84]. Upon induction of the ISR with amino acid deprivation, ATF4 

has been shown to play a key role in activating transcription of the cystine 

transporter [29, 85].  In addition, growth signals, such as insulin, stimulate the 

mTORC1 pathway, which can activate ATF4 independently of the ISR and lead to 

increased expression of SLC7A11 and SLC3A2 [86]. Increased expression of 

these SLC genes ensures appropriate uptake of cystine to support an anabolic 

tissue response [86].  

 

1.8 Role of reactive oxygen species in normal and chronic wound healing

 Reactive oxygen species (ROS) are important second messenger signals 

and can be produced in many cellular locations by a variety of sources, including 

mitochondrial enzymes, NADPH oxidases (NOX), nitric oxide synthase, 

cyclooxygenases, cytochrome P450 enzymes and lipoxygenases [87]. Proper 

temporal and spatial production of ROS is required to coordinate all phases of the 

normal wound healing response [88]. For example, ROS are produced by activated 

platelets upon wounding and facilitate hemostasis by inducing vasoconstriction 

and thrombus formation [89]. During the inflammation phase of wound healing, 

ROS is a chemotactic signal to phagocytic neutrophils and macrophages to 
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migrate into the wound site. Subsequent engulfment of bacteria triggers NAPDH 

oxidase (NOX) activation in the phagosome to produce and concentrate a lethal 

level of ROS. These cells also secrete hydrogen peroxide into the surrounding 

wound to neutralize bacteria growth [90, 91]. ROS production can play a role in the 

proliferative and remodeling phases of wound healing by activating proliferative 

responses in endothelial and fibroblast cell types [92, 93].  

  It is suggested that ROS is also important for directional cell migration [94, 

95]. Activation of cell surface receptors in response to mechanical shearing or 

cytokine signaling can activate RAC1-GTP which is necessary to drive the 

formation of NADPH Peroxidase (NOX1) holoenzyme and generate endogenous 

ROS in the form of hydrogen peroxide at the cellular membrane [96]. A gradient of 

ROS at the site of shearing or receptor activation can then direct signaling 

pathways to coordinate directional migration [97, 98]. There are many 

characteristics of non-healing wounds (Figure 6), including elevated protease 

degradation of the extracellular matrix (MMP), dysregulated growth factors, and 

reduced cellular proliferation and neovascularization; however, chronic 

inflammation and excessive ROS are hallmarks of non-healing wounds [99]. Low 

levels of appropriately modulated ROS play a critical role in normal wound healing, 

but excessive or sustained ROS can accelerate tissue damage and have a 

negative impact on wound closure rates. The resulting open wound bed allows 

excessive bacterial growth, further fueling the chronic inflammatory response and 

further delaying wound repair (Figure 6) [100]. Restoring a proper balance of ROS 

remains a primary focus for antioxidant therapies for wound healing [101].  
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Figure 6. Characteristics of a chronic non-healing wound. A normal wound will 

progress through the four phases of wound healing within three weeks. However, 

chronic wounds take longer than three months to heal and are characterized by 

infection, persistent inflammation, and reactive oxygen species (ROS) production. 

Re-epithelialization is stalled due to ineffective keratinocyte collective migration 

(KCCM). Additional problems arise such as fibroblast senescence, impaired 

angiogenesis and elevated levels of matrix metalloproteinases (MMP).  
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1.9 Role of Rho GTPases in cytoskeleton remodeling   

The Rho GTPases, RHO, RAC and CDC42, are well-characterized 

molecular players in cytoskeletal rearrangements that are necessary for cell 

movement and migration. The functional characterization of this family of proteins 

was carried out by microinjecting fibroblasts with each of the active Rho GTPases 

and monitoring formation of specific cytoskeletal structures. RHOA-GTP induced 

stress fiber and adhesion formation, RAC1-GTP induced expansion of leading 

edge membrane into lamellipodial protrusions and CDC42-GTP induced filopodia 

(Figure 7A) [102-108]. It is suggested that RAC1-driven actin expansion at the 

leading edge is the primary protrusive force in the cell, whereas RHOA stress fiber 

and focal adhesion formation is the driver for retraction in migrating cells [109]. 

However, recent studies in various cell types reveal a more complex co-regulation 

of RAC1 and RHOA in regions of the cell that transform the cytoskeleton to 

coordinate protrusion, retraction, and membrane ruffling (Figure 7B) [110, 111].  
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Figure 7. Rho GTPases in actin cytoskeleton remodeling and coordination of 

cell migration. (A) Top view of migrating cell structures necessary to generate 

movement. RAC is responsible for formation of branching actin at the leading edge 

lamellipodia and CDC42 signals are required for F-actin bunding in filopodia. 

Together, RAC/CDC42 facilitate forward pushing force for the migrating 

keratinocyte. RHOA coordinates the maturation and formation of focal adhesions 

that generate stress fibers that can contract and pull the cell forward. (B) Side view 

of the same migrating cell structures generating a net forward movement to the 

cell.   
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1.10 Interplay of Rho GTPases and ROS in coordinated migration 

Directional migration requires proper temporal and spatial production of 

signaling molecules. Rho GTPases and ROS are an example of such interplay of 

signaling molecules at the leading edge of a migrating cell [112]. As mentioned 

above, mechanical shearing and activated cell surface receptors signal the 

conversion of RAC1-GDP to RAC1-GTP. Once activated, RAC1-GTP is critical to 

bring together the membrane associated NADPH Peroxidase holoenzyme (NOX) 

[96] and generate ROS. A gradient of ROS at the site of shearing then directs 

signaling pathways that assist SRC and PYK2 redox-sensitive activation at focal 

complexes. These events facilitate turnover of focal adhesion complexes and 

lamellipodia formation to coordinate directional migration (Figure 8) [97, 98, 113].  

Another example of the interplay of Rho GTPases and ROS in coordinating 

migration is the finding that RHOA can be directly activated by ROS in cells [95, 

114]. RHOA directly senses ROS through a redox-sensitive motif containing two 

cysteine residues within the phosphoryl binding loop and allows for guanine 

nucleotide dissociation [114], triggering formation and biochemical coordination of 

migrating cytoskeletal structures in leader and follower cells that are necessary for 

collective cell migration (Figure 9). Activation of RHOA enables contractility and 

creates cytoskeletal tension through the Rho kinase, ROCK which maintains 

myosin phosphorylation.  

In a chronic wound, unmitigated ROS at the wound edge may interfere with 

the generation of a proper temporal and spatial production of ROS at the wound 

edge and impair directional KCCM. Sustained infiltration of immune cells with 

https://www.mechanobio.info/family/ROCK/
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concomitant release of pro-inflammatory cytokines generates excessive ROS in 

the chronic wound. Interestingly, diabetic wounds have been reported to trigger 

elevated levels of ROS and have reduced cysteine and glutathione at the wound 

edge [115].   
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Figure 8. Activation of RAC is necessary for migration. Signaling induced by 

wounding leads to Rho GEF activation of RAC-GTP that triggers three key events. 

First, RAC-GTP is critical to localize the NOX holoenzyme to the membrane for 

ROS production. A ROS gradient is then implemented, which sets a direction for 

migration and helps facilitate focal adhesion formation and turnover through redox 

sensitive activation of RHOA. Second, RAC-GTP binds PAK1 and activates LIMK 

to control actin turnover for remodeling of the actin cytoskeleton. Third, RAC-GTP 

acts in concert with WAVE to activate ARP2/3 complex formation, which is 

necessary to drive formation of branching actin into the leading membrane.  
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Figure 9. Activation of RHOA is important for focal adhesion maturation. 

RHOA can be activated by ROS or GEFs.  Once activated, RHOA-GTP is required 

to help assemble the necessary subunits of the focal adhesion plaque and to 

activate the contraction of the actin/mysosin stress fibers to generate the pulling 

force for migration.  
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1.11 The role of the integrated stress response in keratinocytes 

Recently, it was shown that activation of the ISR is important for 

keratinocytes to manage the stresses of UV irradiation and renewal of the 

epidermis by constant proliferation and differentiation [50, 116]. The eIF2α-P is 

triggered by GCN2 in response to UV irradiation, resulting in preferential 

translational of CDKN1A, which allows for appropriate checkpoint control that 

facilitates DNA repair [49, 73]. Furthermore, GCN2 is suggested to enhance the 

expression of select genes (e.g., involucrin and keratin-1) that are important for 

keratinocyte differentiation [117, 118]. Depletion of GCN2 in human keratinocytes 

used in a three-dimensional (3D) in vitro organotypic model resulted in improper 

formation and organization of the epidermis [116].  

Given the important roles for GCN2 in skin homeostasis and the roles of 

eIF2α-P in managing environmental stress, in this thesis I addressed the roles that 

GCN2 and the ISR play in KCCM during re-epithelization of cutaneous wounds. 

Using a combination of biochemical, genetic, and cellular approaches in cell 

culture and mouse model systems, I describe the role that GCN2 and its attendant 

gene expression plays in appropriately managing amino acid levels, ROS 

generation, lamellipodia formation, and focal adhesion dynamics that are central 

to KCCM and optimal wound closure. 
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CHAPTER 2. EXPERIMENTAL PROCEDURES 

2.1 Cell culture 

 Experiments were either performed using NTERT, an immortalized human 

keratinocyte cell line that has been shown to have normal keratinocyte 

differentiation properties [119] or normal human keratinocytes (NHK) that were 

isolated from foreskin tissue as previously described [120] and with methods 

approved by the Indiana University School of Medicine Institutional Review Board. 

Both NTERT and NHK cell were maintained and passaged in low calcium EpiLife 

Complete media (ThermoFisher Scientific) supplemented with human keratinocyte 

growth supplement (HKGS; ThermoFisher Scientific) and 1000U Penicillin-

Streptomycin (PS) (Gibco Laboratories). Human keratinocytes are maintained in a 

basal undifferentiated state by controlling the amount of calcium and in a serum-

free media. If calcium and fetal bovine serum (FBS) concentrations are increased 

to 2 mM and 2% respectively, the NTERT cells respond by inducing an appropriate 

program of differentiation [121]. It has been previously reported that loss of GCN2 

can inhibit keratinocyte differentiation [116].   

 Keratinocytes were treated with different stress agents, as indicated, in 

complete EpiLife HKGS supplemented media either during differentiation into a 

monolayer and/or during the wounding process. Media supplements are listed in 

Table 1 and include 1 µM guanabenz acetate (R and D Systems), 5 µM GCN2iB 

(MedChemExpress), 1 µM cystine (Sigma), 50 mM NSC23766 (Tocris), 5 µM 

VAS2870 (Tocris), 300 nM DPI (Tocris) and 1 µM puromycin (Calbiochem). 
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Chemicals, Peptides, and Recombinant Proteins 
Reagent or Resource  Source  Identifier  
Guanabenz acetate  R and D Systems 0885 
GCN2iB MedChemExpress 2183470-12-2 
L-cystine  Sigma C7602 
VAS 2870 Tocris 6654 
NSC23766 Tocris 2161 
Diphenyleneiodonium chloride Tocris 0504 
puromycin Calbiochem 58-58-2 
Alt-R® S.p. HiFi Cas9 
Nuclease V3 

IDT 1081060 

Alt-R Cas9 Electroporation 
Enhancer 

IDT 1081058 

CellRox Green  Thermo Fisher C10444 
Phalloidin Sigma-Aldrich  P5282 
DAPI  Sigma-Aldrich P5282 

 

Table 1. Resources for chemicals, peptides and recombinant proteins. A 

table summarizing the sources and catalog numbers for various chemicals, 

peptides and recombinant proteins used in keratinocyte experiments.  
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2.2 CRISPR gene editing 

 To create a heterogeneous population or “pool” of keratinocytes lacking 

GCN2, CRISPR-Cas9 was used to edit the GCN2 locus in both NTERT and normal 

human keratinocytes. Alt-R CRISPR-Cas9 crRNAs were designed with the 

Integrated DNA Technologies Custom Alt-R® CRISPR-Cas9 guide RNA design 

tool to target the kinase domain of GCN2 either in exon 2 

AltR1/UUGUACCCUCAAGGCCUAACGUUUUAGAGCUAUGCU/AltR2 or in exon 

12 AltR1/UUGUACCCUCAAGGCCUAACGUUUUAGAGCUAUGCU/AltR2. To 

knock out ATF4, two guides were designed by Parth Amin and used in combination 

to target and flank an 808 base pair sequence in exon four.  The ATF4 guide 

sequences were 

AltR1/GGAUUUGAAGGAGUUCGACUGUUUUAGAGCUAUGCU/AltR2 and 

AltR1/GCUCCUGACUAUCCUCAACUGUUUUAGAGCUAUGCU/AltR2. The 

crRNA and Alt-R CRISPR-Cas9 tracrRNA were prepared in equimolar 

concentrations to a final sgRNA duplex concentration of 100 µM and annealed by 

heating at 95C for 5 min and allowing to cool to RT. RNP complexes were formed 

by incubating the above sgRNA duplex with Alt-R S.p and HiFi Cas9 Nuclease at 

RT for 20 minutes. Complexes with exon 2 or exon 12 targeted guide RNAs were 

transfected by nucleofection using into 1 million keratinocytes using the AMAXA 

Nucleofector II device (Lonza) with the Amaxa Human Keratinocyte Nucleofector 

kit (VPD-1002, program T-018) and Alt-R Cas9 Electroporation Enhancer.  

Successful gene editing was assessed first by using the Surveyor Mutation 

Detection kit (Integrated DNA Technologies 706020) and then protein knockdown 
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was confirmed by immunoblot analysis of GCN2 and ATF4.  Immunoblot 

procedures and antibodies for GCN2 and ATF4 are described below. Resources 

and for the cell lines, oligonucleotides, and equipment used to create these knock 

out cell lines are listed in Table 2 and Table 4.  
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Cell Line, Devices, 
Reagents 

Source  Reference or Identifier 

NTERT   Dickson, M.A. Mol Cell 
Biol 20, 1436-1447 

Normal human epidermal 
keratinocyte  

 Int J Cancer 80, 431-
438 

IncuCyte Cell Migration Kit 
and plates  

Essen Bioscience Catalog: 4493; 4379 

Human Keratinocyte 
Nucleofector Kit 

Amaxa Catalog: VPD-1002 

 

Table 2. Resources for experimental cell models and devices. A table 

summarizing the sources, catalog numbers and references for the cell lines and 

instruments used for the development of the in vitro wound healing model. 
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2.3 IncuCyte kinetic wound assay 

 Two methods were developed to evaluate KCCM during the re-

epithelialization process of wounding healing. First, a kinetic and automated 96-

well cell wound assay from IncuCyte (model number) was utilized. This system 

was comprised of a 96-well WoundMaker Tool (4563), a software module (9600-

0012), and ImageLock Plates (4679). The 96 pinheads of the WoundMaker were 

used to create a single, uniform, 700-800 micron wounds in a differentiated 

keratinocyte monolayer grown on ImageLock 96-well microplates. On day one, 

40,000 keratinocytes per well were plated in ImageLock 96-well plates in normal 

EpiLife media supplemented with HKGS and allowed to recover overnight and 

reach confluence. The next day, the keratinocytes were treated with media 

supplemented with 2% FBS and 2 mM calcium chloride to induce differentiation 

[121]. Keratinocytes begin an early differentiation process (36h) that transforms 

the individual cells into a monolayer expressing involucrin and creates cell-cell 

attachments. At 36 h post treatment with FBS and calcium, the media was 

removed the cells and replaced with HBSS. The ImageLock plate was then 

transferred to the WoundMaker Tool and subjected to a uniform wound. Any debris 

and loose cells were washed away with HBSS containing Ca2+ and Mg2+. The 

growth media was then restored and imaged for CCM at select time intervals using 

the IncuCyte Zoom imager. 
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2.4 High density wound assay 

 The second method that was developed to evaluate KCCM and wound 

healing maximized the proportion of wounded leading-edge keratinocytes to 

enhance measurements of the biochemical and molecular changes that drive 

collective cell migration. On the first day, one million keratinocytes were plated in 

a 6 well plate and allowed to recover overnight and reach confluence. The next 

day, the keratinocytes were differentiated by culturing in EpiLife media 

supplemented with 2% FBS and 2 mM calcium chloride. At 36 h post treatment, 

multiple uniform wounds were created in the plate wells with 7 multichannel pipet 

tips that were 1 mM wide and spaced 5 mM apart. The pipet tips were drawn across 

the width of the 6 well plate and then turned 90 degrees and wounded again the 

same way to create a high-density wounded (HDW) monolayer (Figure 10). After 

a designated period of CCM, the media was removed from the plate and the cells 

were washed in cold PBS and lysed for mRNA or protein analyses. 
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Figure 10. High density wounding model. To prepare cell lysates enriched for 

wound signaling mRNA and proteins, multiple uniform wounds were created in the 

plate wells with 7 multichannel pipet tips that were 1 mM wide and spaced 5 mM 

apart. The pipet tips were drawn across the width of the 6 well plate and then 

turned 90 degrees and wounded again the same way to create a high-density 

wounded (HDW) monolayer. The white scale bar is 200 µm. 

  



37 

2.5 Immunoblot analyses 

 Cell lysates were prepared by removing the growth media and washing the 

cells in culture in cold PBS and aspirating. Cells were either lysed directly in a 

breaking solution containing 1% SDS and 1X HALT protease and phosphatase 

inhibitor (Pierce 78429) or in a lysis solution provided in Active RHO and RAC 

detection kits (Active RAC detection kit, CST8815; Active RHO detection kit, 

CST8820). Lysates were sonicated for 5 s and heated at 95 C for 5 min, followed 

by a brief clearance by centrifugation at 10,000 x g. Protein concentrations were 

determined by the BCA assay (Pierce). Equal amounts of the protein preparations 

(ranging from 5 to 20 µg of lysate depending on targeted protein and applied 

antibody) were prepared with 6X Tris-HCL loading dye (Boston Bioproducts) and 

10X denaturing solution (Invitrogen) for a total of 30 µl. Samples were heated at 

95 C for 5 min and separated electrophoresis in BioRad 4-20% Tris-HCL gels with 

1x Tris-Glycine/SDS running buffer (BioRad 161-0732). Protein MW ladders used 

in the gel electrophoresis were prepared by mixing equal volumes of SeeBlue 

Plus2 prestained protein ladder (Invitrogen LC5925) and Magic Mark XP 

(Invitrogen LC5602).  Electrophoresis was carried out at 50 V for 15 minutes, then 

at 125V until the bromophenol blue dye front reached the bottom of the gel. Gels 

were first rinsed in 25% ethanol for 2-5 minutes before being transfer to 

nitrocellulose (BioRad 170-4159) with the BioRad turbo blotting unit (BioRad 170-

4155). Protein bound blots were then blocked in an immunoblot solution containing 

TBS, 5% milk, and 0.1% tween-20 for 60 min at room temperature with gentle 

rocking. Blots were probed with the indicated primary antibodies diluted at 1:1000 
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overnight with rocking in immunoblot solution. The primary antibodies used 

include: ATF4 Cell Signaling Technology (CST), 11815, clone D4B8; GAPDH CST 

2118, clone 14C10; Actin, CST 4970, clone13E5; IVL, Abcam Ab181980, 

EPR13054; eIF2α, CST 5324; eIF2α-P, CST3398; puromycin EMDMillipore, 

MABE343; CD98, Abcam Ab108300, EPR3548(2); xCT (SLC7A11), Abcam 

Ab175186, EPR8290(2); GCN2, Abcam Ab134053, EPR5970(2); P-GCN2, 

Abcam Ab75836, EPR2320Y; GADD34, Proteintech 10449-1-AP; CReP, 

Proteintech 14634-1-AP; ARHGEF2, CST 4076, clone 55B6; and RAC1, CST 

2465. To remove unbound antibodies, blots were washed 4 times for 10-15 min 

each at room temperature in TBS solution containing 0.1% tween-20, followed by 

incubation with the respective HRP-conjugated secondary antibodies for 1 hour at 

room temperature. Blots were further washed 4 times for 10-15 min each at room 

temperature in a TBS solution supplement 0.1% tween 20 and the targeted 

proteins were visualized with Pierce SuperSignal West Femto (34095) and imaged 

on a LAS4010 Luminescent Analyzer. At least 3 biological replicates were carried 

out for each immunoblot measurement. A summary of all the antibodies used in 

immunoblot or pull-down experiments are listed in Table 3.  
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Antibodies 
Reagent or Resource  Source  Identifier  
ATF4 Cell Signaling 

Technology (CST) 
11815; clone D4B8 

GAPDH CST 2118; clone 14C10 
Actin CST 4970; clone13E5  
IVL Abcam Ab181980; EPR13054 
eIF2α CST 5324 
eIF2α-P CST 3398 
puromycin EMDMillipore MABE343 
CD98 Abcam Ab108300; EPR3548(2) 
xCT Abcam Ab175186: EPR8290(2) 
GCN2 Abcam Ab134053; EPR5970(2) 
GCN2-P Abcam Ab 75836; EPR2320Y 
GADD34 Proteintech  10449-1-AP 
CReP Proteintech  14634-1-AP 
ARHGEF2 CST 4076; clone 55B6 
RAC1 CST 2465 
Active RAC detection kit  CST 8815 
Active RHO detection kit  CST 8820 

 

Table 3. Reagent resources for experimental procedures using antibodies. A 

table summarizing the sources, catalog numbers for the antibodies used for protein 

detection by immunoblot analysis.  
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2.6 Measurements of protein synthesis 

 Protein synthesis was measured by the amount of puromycin incorporated 

into total cellular protein as described [122].  Culture plates with early differentiated 

(36h) keratinocyte monolayers were wounded and then incubated at 37 C for 4h.  

Cells were treated with 1 µM puromycin (Calbiochem) for the last 30 min.  Media 

was removed and cells were washed with cold PBS solution before lysing for 

immunoblot analysis as described above. An anti-puromycin antibody (EMD 

Millipore clone 12D10) was used to detect incorporated puromycin into 10 µg of 

cellular lysate that was separated by SDS-PAGE and subsequently transferred to 

filters for western analysis.  

 

2.7 RNA isolation and measurement by real-time PCR 

 Total RNA was isolated using RNeasy Plus kit according to the 

manufacturer’s instructions (Qiagen). Keratinocytes were washed with PBS and 

lysed directly in the plate with RLT buffer. RNA was measured with a Nanodrop, 

and 260/280 ratios determined. FAST Advanced RT and TaqMan Fast Advanced 

Master Mix (ThermoFisher) were used to prepare cDNA using 1 µg of total RNA in 

a 20 µL reaction. Gene targets were amplified with FAM-labeled gene expression 

assays from ThermoFisher (ATF4 Hs00909569_g1 ThermoFisher 4331182; 

GCN2 Hs01010957_m1, ThermoFisher 4331182; GAPDH Hs02786624_g, 

ThermoFisher 4331182. Real-time PCR reactions were performed on a 

QuantStudio™ 7 Flex Real-Time PCR System (ThermoFisher Scientific) using 

FAST Advanced QPCR defined incubation temperatures and times for 40 cycles. 
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The delta-delta CT method was used to calculate relative changes in expression 

values between a reference housekeeping gene (GAPDH) and genes of interest. 

 

2.8 Total RNA sequencing 

 Human keratinocyte WT and GCN2KO NTERT cells were plated and left 

unwounded or subjected to HDW in replicates of five. Post 6 hours wounding, total 

RNA was extracted from unwounded and HDW WT and GCN2 KO NTERTs cells 

using RNA easy plus kit (Qiagen) according to the manufacturer’s instructions. 

Total RNA was submitted to GENEWIZ (South Plainfield, NJ) where they 

performed library preparation and sequencing. Total of 20 samples were submitted 

to GENEWIZ which included 5 replicates each for WT NTERTs unwounded and 

HDW and GCN2 KO NTERTs unwounded and HDW. Illumina HiSeq platform was 

used for sequencing with 150 bp paired-end reads. GENEWIZ performed 

differential expression (DE) analysis from raw RNA sequencing data with their 

standard pipeline and provided us with differentially expressed genes (DEG) list 

among different groups. The analysis pipeline is detailed below.  After the quality 

check, the raw sequencing reads were trimmed for possible adapter sequences 

and nucleotides with poor quality using Trimmomatic v.0.36 [123].  The trimmed 

sequencing reads were aligned to human reference genome GRCh38 available on 

ENSEMBL using a STAR aligner v.2.5.2b [124]. Out of total 686,088,882 read 

pairs, 610,544,244 mapped uniquely to the human genome (89%).  The number 

of uniquely mapped reads to the exons of different genes were counted using a 

program called featureCounts from the Subread package v.1.5.2 [125]. Lastly, the 
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package DESeq2 was used to determine differentially expressed genes among 

different groups [126]. First, I compared WT unwounded samples and GCN2 KO 

unwounded samples for DE analysis. The second group comparison for DE 

analysis was between WT HDW samples and GCN2 KO HDW samples. For the 

third and fourth group DE analysis, WT unwounded and GCN2 KO unwounded 

were compared to WT wounded and GCN2 KO wounded, respectively. The genes 

with log2fold change of ≥ ±1 and p-adjusted value of ≤ 0.05 were considered 

significant for further analyses. These genes were used for performing pathway 

enrichment analysis using IPA (Qiagen). RNA-seq datasets from this study are 

available in the NCBI GEO database (accession # GSE171666).  
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Oligonucleotides for PCR and CRISPR Experimental Procedures 
GCN2 exon 2 AltR1/UUGUACCCUCAAGG 
CCUAACGUUUUAGAGCUAUGCU/AltR2 

IDT Custom  

GCN2 exon 12 AltR1/GAAGCGCA UCCCCA 
UCAACCGUUUUAGAGCUAUGCU/AltR2 

IDT Custom  

ATF4 exon 4 
AltR1/GGAUUUGAAGGAGUUCGACUGUUU
UAGAGCUAUGCU/AltR2 

IDT Custom  

ATF4 exon 4 
AltR1/GCUCCUGACUAUCCUCAACUGUUU
UAGAGCUAUGCU/AltR2 

IDT Custom  

ATF4 Hs00909569_g1 ThermoFisher 4331182 
GCN2 Hs01010957_m1 ThermoFisher 4331182 
GAPDH Hs02786624_g1 ThermoFisher 4331182 
Alt-R® CRISPR-Cas9 tracrRNA-ATT0550
  

IDT 1075927 

Alt-R® CRISPR-Cas9 Negative Control 
crRNA #1 

IDT  1072544 

 

Table 4. Resources for PCR and CRISPR experimental procedures. A table 

summarizing the nucleotide sequences, sources, and catalog numbers for the 

oligonucleotides used either for CRISPR gene editing or real time PCR.  

https://www.thermofisher.com/taqman-gene-expression/product/Hs00909569_g1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs01010957_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs02786624_g1?CID=&ICID=&subtype=
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2.9 Bioinformatic Analysis 

 To determine which biological pathways were significantly regulated in 

HDW datasets of differentially regulated transcripts, DE gene datasets were 

submitted for IPA core analysis (Ingenuity Pathway Analysis version 60467501, 

Qiagen). For each biological function assigned by IPA, a statistical quantity called 

the activation z-score is calculated. The score is used to predict the probability of 

a biological function being in an active state. To identify differences in regulated 

biological pathways between treatment groups, the core analysis was followed by 

a comparison analysis in IPA. Finally, the Upstream Regulator tool was used to 

determine the biological impact of upstream molecules according to the genes they 

regulate. The Upstream Regulator tool assigned an activation z-score for that gene 

network [127].  Bioinformatic analyses were performed in collaboration with Parth 

Amin. 

 

2.10 ZipChip capillary electrophoresis mass spectrometry 

 The ZipChip CE ion source from 908 Devices (Boston, MA) was interfaced 

with a Thermo Fisher LTQ velos Orbitrap MS (Thermo, San Jose, CA). Microfluidic 

chips with a 10 cm separation channel (HS, 908 Devices Inc.) and the Metabolite 

Assay Kit (908 Devices Inc.) were used for measurement of intracellular free amino 

acids. The amino acid measurements were carried out in collaboration with 

Michael Knierman. An injection volume of 4 nL was used and the separation was 

run at a field strength of 1000 V/cm. A calibration curve was prepared using a 

sample containing all 20 amino acids (Promega L4461). The amino acid standard 
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was diluted 1:100 to make 10 µM standard in BGE metabolite diluent provided in 

the 908 device kit.  A 4-point calibration curve was made by diluting the 10 µM 

standard 1:2. The mass spectrometer was run in positive, profile mode scanning 

from 70-500 m/z in the LTQ orbitrap.  The runtime for the experiment was 4 

minutes. The exact M+H was calculated for each amino acid to construct a 

configuration file.  MZMine2 software [128] was then used to calculate the area 

under the curve for each amino acid peak.  Each area was normalized to another 

amino acid within the same sample lysate/run.  Cell lysates for CE/MS were 

prepared from 2 million keratinocytes.  Monolayers were trypsinized and harvested 

by centrifugation, washed in 1X cold PBS, carefully aspirated to remove residual 

liquid.  Cells were lysed in 50 µl water containing 20% HPLC grade methanol and 

0.1 % methylmercaptoethanol as an antioxidant.  The lysate was clarified by 

centrifugation at 12,000g, 4oC for 15 min, and the supernatant was transferred to 

a new tube. Lysates were prepared and analyzed immediately to avoid changes in 

cysteine or tryptophan due to oxidation or light exposure. Next, 10 µl of lysate was 

diluted 1:10 in 908 devices provided metabolite diluent and 10 µl of diluted lysate 

was loaded onto the ZipChip for separation via capillary electrophoresis. The 

sample separates based on size and charge through the ZipChip, and the sample 

was electrosprayed from the ZipChip into the MS. If the peaks were of out of scale, 

the sample was diluted 1:10 again to get into the linear range of the amino acid 

standards.    
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2.11 tRNA charging assay 

 Cellular charged tRNA levels were measured in collaboration with 

Jagannath Misra as previously described [129]. Briefly, RNA was extracted from 

cells using TRIzol (Life Technologies, 15596018). RNA was then treated with 

either 12.5 mM NaIO4 (oxidized) or 12.5 mM NaCl (nonoxidized control) in sodium 

acetate buffer (pH=4.5) in dark at room temperature for 20 min, followed by 

quenching with 0.3 M glucose.  Samples were spiked with 7.3 ng yeast tRNAPhe 

(R4018, Sigma) and then subjected to desalination using a MicroSpin G-50 column 

(27533001, GE Healthcare).  Next, RNA was deacetylated (tRNA discharging) in 

50 mM Tris-HCl (pH=9.0) solution at 37°C for 45 min. Following deacylation, 5’-

adenylated adaptor (5′-/5rApp/TGGAATTCTCGGGTGCCAAGG/3ddC/-3′) DNA 

oligomer was ligated to the tRNA using T4 RNA ligase2 truncated KQ (M0351L, 

New England BioLabs). An oligomer (5’-GCCTTGGCACCCGAGAATTCCA-3’), 

complementary to the adaptor sequence, was used for cDNA synthesis using 

SuperScript IV RT kit (Invitrogen, 18090050). cDNA was used for qPCR-based 

detection of tRNA with the following primers: yeast phenylalanine fw-5’- 

GCGGAYTTAGCTCAGTTGGGAGAG-3’, rev-5’-

GAGAATTCCATGGTGCGAAYTCTGT GG-3’; human cysteine fw-5’-

GGGGGTATAGCTCA-3’, rev-5’-GAGAATTCCATGGAGGG GGCACC-3’; human 

tryptophan, fw-5’-GACCTCGTGGCGCA-3’, rev-5’-GAGAATTCCATG 

GTGACCCCGACGTGA-3’.  Results were first normalized to yeast phenylalanine; 

uncharged tRNA fractions were calculated by subtracting the charged fraction 

(NaIO4 treated) from total (NaCl treated). 
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2.12 Phase contrast, fluorescent and confocal microscopy 

 A Leica microscope with Intensilight epifluorescence and QImaging camera 

were used for phase and fluorescent imaging purposes. Images were taken using 

a 20X objective lens at 25 C. QImaging and Nikon Elements software were used 

for data acquisition. CellROX® Green Reagent is a fluorescent dye 

(ThermoFisher) for detecting oxidative stress in living cells. The dye is cell 

permeable and does not fluoresce in a reducing environment. When ROS is 

present, the oxidized dye emits bright green fluorescence and binds DNA, with 

absorption/emission at 485/520 nm. Wounded monolayers were prepared as 

described above and allowed to begin preparing for collective migration for 6 h. 

The CellROX® reagent was added to the culture media at a final concentration of 

5 μM and incubated with the cells for 30 minutes at 37°C. Media was removed and 

cells were washed 3 times with PBS solution before imaging at 488 nM wavelength 

with 20X water objective using the PerkinElmer Opera Phenix High Content 

Screening System. Images were analyzed using the Harmony analysis software. 

To visualize actin architecture, confluent monolayers of WT or GCN2KO NTERT 

cells were wounded and then fixed in 4 percent paraformaldehyde and 

permeabilized with 0.1% Triton™ X-100 (Sigma T8532). Cells were then stained 

with 1 µg/mL DAPI (4’,6-diamido-2-phenylindole dihydrochloride, Sigma-Aldrich 

D9542) and fluorescein isothiocyanate labeled Phalloidin (Sigma-Aldrich P5282). 
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2.13 In vivo wound healing model 

 WT C57BL/6J and Gcn2-/- C57BL/6J (Eif2ak4tm1.2Dron) mice were reported 

[130] and were used for assessment of wound healing using the splinted excisional 

wound model to deter contraction of the wound edge and mimic the human mode 

of wound healing that involves re-epithelization and formation of granulation tissue 

instead of wound margin contracture used by rodents [131]. The in vivo wound 

healing experiment was performed in collaboration with Amitava Das, Nandini 

Ghosh, Tanner Guith, and Sashwati Roy; located at the Department of Surgery 

and the Indiana Center for Regenerative Medicine and Engineering, Indiana 

University School of Medicine. Mice were anesthetized, and fur removed to use 

punch biopsy tools that create regular 8 mM wounds, and the opening was held in 

place with a silicone splint. This prevented the rodent from contracting the muscle 

around the skin and closing the wound in a manner not connected to re-

epithelialization.  Wound closure was documented by imaging beginning on day 0, 

day 5, and day 10. Microscopic wound re-epithelialization was calculated using 

ZenBlue (Zeiss, Germany) software by measuring the original width of the wound 

(W) and then measuring the portions of the wound that had re-epithelialized (E). 

Percent-re-epithelialized was calculated as: (E/W) × 100 as previously described 

[132]. All animal experiments were approved by the Indiana University Institutional 

Animal Care and Use Committee, which ensures compliance with the guide for the 

care and use of laboratory animals published by the NIH.  [133]  
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2.14 Statistical analyses 

 GraphPad Prism v9.0.1 was used to generate all graphs and perform 

relevant statistical tests. Statistical comparisons were performed as appropriate for 

the experimental design using two-tailed t-tests, one-way or two-way ANOVA, as 

indicated. When significance was measured in the ANOVA, multiple comparisons 

between groups were made using Dunnett’s or Tukey’s post hoc analysis. A 

significance level (α) was defined as α = 0.05. Individual values were shown in all 

bar graphs while data variability as the standard deviation (SD) from the mean or 

standard error of measure (SEM) were shown in error bars for bar graphs or scatter 

plot line graphs, as indicated. Significance was drawn on graphs and bar charts 

and defined with asterisks using the following format: *p<0.05. **p<0.01, 

***p<0.001, ****p<0.0001. Numbers of biological replicates are designated as (n) 

in each figure legend.  

 

2.15 Illustrations  

 Illustrations for the figures were prepared using BioRender.com software. 

The model presented in Figure 20 was rendered in collaboration with Miguel 

Barriera Diaz.   
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CHAPTER 3. RESULTS 

3.1 Role for GCN2 in keratinocyte collective cell migration in wounding 

 NTERT human keratinocytes are a well-established model to study skin 

biology and KCCM [50, 73, 116, 134, 135]. KCCM during wound healing was 

measured using an IncuCyte Zoom instrument.  Upon uniform scratch wounding 

of the NTERT cells with a WoundMaker tool, sequential time-lapse images were 

taken at regular intervals to show that the differentiated keratinocytes move 

forward into the wounded space as a sheet of cells (Figure 1A-B).  These results 

confirm that our model recapitulates KCCM [136]. Given that complete closure of 

the wound can occur within 9 hours, this result indicates that KCCM was a primary 

result of migration and not proliferation since NTERT keratinocytes have a 

doubling time of 24-30 hours in vitro [137]. 

I addressed the role of GCN2 in KCCM by using CRISPR/CAS9 and 

sgRNAs for targeted deletion of exon 2, which encodes the N-terminal RWD 

domain, or exon 12, a region encoding the critical lysine reside in the kinase 

domain (Figure 11C). The resulting sgRNAs edited the GCN2 (EIF2AK4) loci, 

creating a pool of knockout (KO) keratinocytes effectively lacking GCN2 protein 

expression (GCN2KO) (Figure 11D).  Early passage GCN2KO cells were used in 

all experiments. Using wound healing assays, a marked reduction in wound 

closure was observed in the GCN2KO cells compared to the WT NTERT controls 

(Figure 11F).  These results were confirmed using two different primary normal 

human epidermal keratinocytes (NHK) that were isolated from foreskin tissue from 

separate donors [120]. The sgRNA targeting exon 12 was used to delete GCN2 in 
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NHKs derived from two separate individuals (Figure 11E) and analysis of wound 

closure in both donor GCN2KO cells showed delayed closure (Figure 1G). These 

results indicate that GCN2 facilitates KCCM in during wounding.    
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Figure 11. GCN2 facilitates collective cell migration in cultured human  

keratinocytes during wounding. (A) NTERT human keratinocytes were 

subjected to wounding and wound closure was monitored by an IncuCyte ZOOM 
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Live-Cell Analysis System. Images show closure of the wound for up to 12 h post 

wounding. (B) Percent wound closure of NTERT cells over time. (C) 

CRISPR/CAS9 guide design for targeting GCN2 exon 2, which corresponds to the 

N-terminal RWD region, or exon 12 that encodes the ATP binding site in the kinase 

domain of GCN2. Efficiency of CRISPR/CAS9 GCN2KO was assessed by 

immunoblot measurements of GCN2 protein in (D) pooled NTERT cells edited with 

exon 2 or exon 12 sgRNA and (E) two independent pools of normal human 

keratinocytes (NHK) cells edited with the RNA guide targeting exon 12. Wild-type 

(WT) NTERT and NHK indicates cells with control sgRNA. Representative of three 

independent immunoblots. (F-G) Wound closure over time in control sgRNA WT 

and GCN2KO NTERT (n=4) and normal human keratinocytes NHEK cells (n=6). 

WT vs KO One-way ANOVA Tukey's multiple comparisons test.  Error bars are SD 

and ** represents p<0.01 and *** p<0.001 represents.  
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3.2 Wounding activates GCN2 and the eIF2α kinase is required to sustain  

the integrated stress response 

 To determine the molecular consequences of depleting GCN2 in the 

initiation of KCCM following wounding, I developed a technique called high-density 

wounding (HDW) (Figure 10). This method enhances the numbers of keratinocytes 

in proximity to the scratch wound using tips attached to a multichannel pipettor to 

make parallel scratch wounds on tissue culture plates.  Using constant pressure, 

the tips were drawn across the well once in both horizontal and vertical directions. 

The HDW method created a regularly spaced wound grid, enriching the number of 

leader cells to organize the initiation of KCCM. Given that measurable progression 

of the leading front can be detected between 2-4 h post wounding, I collected cell 

lysates at intervals from 5 minutes to 4 hours post wounding to capture the 

initiation, amplitude, and duration of the ISR. Control WT and GCN2KO NTERT 

cells were differentiated into epithelial sheets for 48 h before being subjected to 

HDW. Immunoblot analyses of WT NTERT lysates revealed that wounding leads 

to activation of GCN2, as measured by GCN2 phosphorylation, within 30 min to 1 

h post injury (Figure 12A). Of importance, the WT NTERT cells showed enhanced 

eIF2α-P in the unwounded cells compared to GCN2KO and these levels were 

sustained in the WT cells throughout the wounding time course (Figure 12B). By 

comparison, eIF2α-P was reduced in the unwounded GCN2KO cells and was 

sharply depleted after 1 h of wounding. These results indicate that activated GCN2 

during wounding is necessary to sustain eIF2α-P levels and is critical for KCCM.   



55 

ATF4 has a prominent role in the implementation of the ISR during many 

environmental insults. ATF4 expression was increased following wounding; 

however, elevated ATF4 protein levels occurred independent of the functional 

status of GCN2 (Figure 12B). While eIF2α-P is typically important for translation 

induction of ATF4, there are other reported mechanisms involving changes in 

ATF4 mRNA synthesis and turnover and ATF4 protein stability, which significantly 

contribute to enhanced ATF4 protein levels, and some of these processes involve 

ancillary pathways [138-144]. The role of ATF4 in the wound closure will be further 

addressed below. ISR-directed translation is controlled in part by negative 

feedback through induced expression of GADD34 and CReP. The increase in 

GADD34 and CReP expression following wounding was similar in both WT and 

GCN2KO keratinocytes. These results suggest that loss of GCN2 combined with 

increased GADD34 and CReP levels, contributes to reduced eIF2α-P in wounded 

GCN2KO cells. 

 Translational control in WT and GCN2KO NTERT cells subjected to HDW 

was measured using puromycin labeling. There was about a 2-fold increase in 

protein synthesis in unwounded GCN2KO cells compared to control WT (Figure 

12C-D).  Upon wounding, there was a 3-fold average increase in global translation 

in GCN2KO keratinocytes compared to control WT. These results support the 

model that GCN2 and associated eIF2α-P contribute to lowered global protein 

synthesis following wounding.  

 Small molecule inhibitors are frequently used as modulators of the ISR. For 

example, GCN2iB is a potent inhibitor of GCN2 [145] and guanabenz interferes 
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with GADD34-directed dephosphorylation of eIF2α-P resulting in ISR activation 

[146]. WT and GCN2KO NTERT cells were measured in the wound healing assay 

and treated with vehicle, GCN2iB, or guanabenz prior to and during the wounding 

assay. GCN2iB impaired wound closure of WT NTERT cells whereas guanabenz 

compensated for the loss of GCN2 and restored KCCM in GCN2KO cells. 

Treatment of WT NTERT cells with guanabenz did not alter wound closure kinetics. 

Similarly, treatment of GCN2KO cells with GCN2iB did not change KCCM following 

wounding (Figure 12E). These results further support the model that eIF2α-P by 

GCN2 is critical for wound closure.  
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Figure 12. High-density wounding induces GCN2-P and sustains eIF2α-P  

during keratinocyte collective cell migration. (A-B) WT and GCN2KO cells 

were subjected to HDW, and lysates were collected at specified times after 

wounding for immunoblot analyses. Immunoblot analyses using antibodies specific 

to the indicated proteins. Immunoblot panels for WT and GCNKO cells for each 
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protein were carried out in one experiment to allow for direct comparisons. (A) Fold 

change for phospho-GCN2 is indicated at the bottom of the immunoblot panels. 

"ND" indicates that total and phosphorylated GCN2 was no detectable in the 

GCN2KO in the immunoblot analyses. (B) Fold change for phospho-eIF2α is 

indicated at the bottom of the figure panels. (C) WT and GCN2KO NTERT cells 

were collected at 6 h following wounding. Thirty minutes prior to harvest, 1 µM 

puromycin was added to the cultures to label nascent polypeptides. Lysates were 

prepared, subjected to SDS-PAGE, and puromycin-labeled nascent polypeptides 

were identified on immunoblots using antibodies specific to puromycin. As a 

control, the WT or GCN2KO cells were treated with 1 µM thapsigargin (THPS) for 

4 h in the absence of HDW. The bottom panel shows an immunoblot measurement 

of GAPDH to illustrate that equal amount of protein were analyzed for each lysate 

preparation. D) The average fold change in puromycin tagged proteins in three 

experiments are shown relative to WT cells not subjected to HDW. One-way 

ANOVA Dunnett’s multiple comparisons test (n=3); Error bars are SD and * 

represents p<0.05. (E) WT NTERT and GCN2KO cells were treated with 5 µM 

GCN2iB or 1 µM guanabenz at the time of wounding and percent wound closure 

was measured at 16 h. One-way ANOVA Tukey's multiple comparisons test (n=4); 

Error bars are SD and **** represents p<0.0001.  
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3.3 Loss of ATF4 does not disrupt keratinocyte collective cell migration 

 It is curious that wounding induced ATF4 expression in both WT and 

GCN2KO NTERT cells as previously it was demonstrated that UVB-induced 

activation of GCN2 in NTERT keratinocytes does not lead to increased ATF4 

expression [50, 73]. I used CRISPR/CAS9 to delete an 800 bp region of ATF4 exon 

4.  As expected, ATF4 protein as measured by immunoblot was induced in WT 

NTERT cells upon exposure to thapsigargin, a potent ER stress agent, whereas 

there was minimal ATF4 in the knockout cells (Figure 13A).  Given this functional 

validation of the ATF4KO cell line, WT and ATF4KO NTERT cells were then tested 

in the wound healing assay. There was no difference in wound closure between 

WT and ATF4KO cells (Figure 13B). However, treatment of the ATF4KO cells with 

GCN2iB delayed wound closure (Figure 13C), showing that the knockout cells still 

required the GCN2-directed ISR for KCCM. These results are consistent with the 

results that induced ATF4 expression in NTERT cells is independent of GCN2 and 

suggests other target(s) for GCN2-directed wound closure in keratinocytes. 
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Figure 13. Depletion of ATF4 in NTERT keratinocytes does not impair KCCM. 

(A) WT and ATF4KO cells were treated with 1 µM thapsigargin (THPS) for 6 h and 

the levels of ATF4 protein were measured by immunoblot analyses. (B) WT and 

ATF4KO cells were analyzed for closure during wound healing. n.s. p>0.05 two-

tailed paired T-test (n=8) (C) ATF4KO cells were treated at the time of wounding 

with 5 µM GCN2iB or vehicle and wound closure was measured with IncuCyte 

ZOOM Live-Cell Analysis System. Two-tailed paired T-test (n=11), ** p<0.01, error 

bars are SD.   
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3.4 Transcriptome analyses during keratinocyte collective cell  

migration in WT and GCN2KO cells 

 To delineate GCN2-dependent gene expression pathways in KCCM, I 

pursued an unbiased transcriptome analysis. WT and GCN2KO NTERT cells were 

unwounded or subjected to HDW, and RNA was isolated and analyzed by RNA-

seq. DESeq2 was used to determine differentially expressed (DE) genes among 

different groups [126]. Genes with log2fold change of ≥ ±1 and p-adjusted value of 

≤ 0.05 were considered significant for further analyses. Expression of 1263 genes 

were significantly enhanced, and 1222 genes were significantly lowered upon 

deletion of GCN2 in NTERTs compared to unwounded WT NTERTs cells (Figure 

14A). With HDW, 1070 gene transcripts showed a significant increase, while 1209 

were reduced in GCN2KO compared to WT (Figure 14B).  In WT NTERT cells, 

400 gene transcripts showed a significant increase upon HDW, while 230 were 

lowered (Figure 14C). By comparison, in GCN2KO subjected to HDW cells only 

73 gene transcripts showed a significant increase while 23 were significantly 

decreased, indicating that loss of GCN2 sharply diminishes the plasticity of mRNA 

expression upon wounding (Figure 14D). These results show that wounding 

triggers significant changes in the transcriptome in WT keratinocytes and that loss 

of GCN2 significantly altered mRNA expression in both unwounded and wounded 

cells.  

To distinguish which biological networks were affected by GCN2, I 

conducted pathway enrichment analysis using Ingenuity Pathway Analysis (IPA) 

software from Qiagen. HDW in the WT keratinocytes induced gene expression in 
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wounding, cellular migration, cytoskeletal reorganization, and inflammation (Figure 

15A). By comparison, there were negative activation scores for these biological 

functions in wounded GCN2KO cells. Of importance, HDW in the GCN2KO cells 

enhanced genes involved in generation of ROS.  Next, I used the IPA Upstream 

Regulator Analysis tool to predict which transcriptional regulators were disrupted 

with deletion of GCN2 (Figure 15B). This tool uses a statistical approach by 

defining a quantity (z‐score) that determines whether an upstream transcription 

regulator has significantly more “activated” predictions than “inhibited” predictions 

of changes in target gene expression. The positive or negative sign of the 

calculated z‐score will reflect the predicted activation state of the regulator; for 

example, if the score is less than zero, it is predicted to be inhibited, whereas a 

score greater than zero is predicted to be activated.  There were positive activation 

scores for genes regulated by the ATF transcription factor family (ATF2, ATF3, and 

ATF4) and negative activation scores for genes regulated by the CEBP 

transcription factor family (CEBPA, CEBPB, and CEBPD). Genes associated with 

wound-associated cytokine signaling (PDGFBB, TGFB1, and IL1B) and 

inflammatory pathways (RELA, NFKB complex, IL6, and STAT3) also had negative 

activation scores in the GCN2KO cells. It is also noteworthy that genes associated 

with RAC1 and hydrogen peroxide formation had significant negative activation in 

GCN2KO cells (Figure 15D). These results suggest that GCN2 is critical for 

appropriate programming of multiple transcription networks affecting diverse cell 

functions, including stress responses, inflammation, and ROS generation.  
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I next addressed the differences in gene expression in unwounded WT and 

GCN2KO keratinocytes that could alter the capacity for wound healing prior to any 

wound induced stress.  In the unwounded GCN2KO cells, there was significant 

increased expression of genes involved the unfolded protein response (UPR) 

compared to unwounded WT cells (Figure 15C). This result may reflect the 

demand placed upon the ER in GCN2KO cells to synthesize and correctly fold 

proteins in a cellular state with reduced eIF2α-P and translational control. Analysis 

of amino acid transporters in the unwounded state revealed upregulation of cystine 

co-transporter genes, SLC7A11 (xCT) and SLC3A2, in the GCN2KO cells versus 

WT (Figure 14I). CHAC1, an enzyme that converts cytosolic glutathione into free 

cysteine, was also sharply enhanced in the GCN2-deficient keratinocytes. Import 

of cystine and maintenance of free cellular cysteine is critical for glutathione 

production and ROS management [147].  

 I also assessed changes in HDW upon loss of GCN2 for gene transcripts 

involved in KCCM, including ECM, cytoskeletal dynamics, and ROS (Figure 15D). 

In a comparison between HDW GCN2KO vs WT keratinocytes, there were 

significant reductions in the levels of gene transcripts encoding key basement 

membrane proteins, COL4A1, COL18A1, laminin alpha chains, as well as many 

matrix metalloproteinases (MMPs). Expression of key integrins ITGA4, ITGB5, and 

interacting transmembrane genes SEMA4A and PLXND1 were also sharply 

lowered with deletion of GCN2, as were expression of genes involved in RAC1 

signaling. RAC1 coordinates ROS production, which is required for actin 

cytoskeletal rearrangements necessary for formation of leading edge lamellipodia.  
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Among genes involved in ROS management in the GCN2KO cells, expression of 

NRF2 target genes, HMOX1, ATF3, and NQO1 were significantly increased, 

suggesting an adaptive response against active oxidative stress is occurring.  

However, other genes known to contribute to ROS generation, such ALOX5 and 

CEBPD, were down regulated in GCN2KO cells. These results underscore that 

GCN2 is critical for appropriate management of multiple critical transcriptome 

networks involved in KCCM. These networks are suggested to be implemented by 

GCN2, ensuring the ability of these cells to implement key phases in wound 

healing. 
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Figure 14. Transcriptome profiling of wounded keratinocytes.  (A-D) Volcano 

plots illustrating log2 fold change with p-adjusted value (-log base 10) between 

unwounded GCN2 KO versus WT (A), wounded GCN2 KO versus WT (B), WT 

wounded vs unwounded (C) and GCN2 KO wounded vs unwounded (D). Venn 

diagrams showing the number of genes upregulated (E) or downregulated (F) with 

wounding in WT and GCN2KO keratinocytes.  The number of genes commonly 

regulated with wounding are shown in the intersection. 
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Figure 15. Pathway analysis of global transcriptome changes in wounded 

keratinocytes indicates altered expression of genes involved in cellular 

migration and the unfolded protein response. (A) Heat map of activated 

molecular functions comparison between WT HDW-unwounded and GCN2 KO 

HDW-unwounded made using comparison tool of IPA. Heat map shows activation 

Z-scores with the scale showing highest z scores in red and lowest in blue. (B) 

Table of upstream regulators of DEG in HDW GCN2 KO versus HDW WT group 

predicted using Upstream Regulator Effects Analysis tool of IPA. (C) Heat map of 

differentially expressed UPR genes and genes regulating cystine uptake identified 

in unwounded GCN2 KO NTERT cells. Data is depicted as log2fold change of 

genes in GCN2 KO unwounded versus WT unwounded group. The scale shows 
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the highest log2fold change is denoted as red and the lowest is denoted as blue. 

(D) Heat maps illustrating a group of differentially expressed genes in wounded 

GCN2 KO NTERT cells. The genes are categorized based on distinct roles in 

different stages of cell migration. Data is represented as log2fold change of genes 

in GCN2 KO HDW versus WT HDW group. The scale to the right of the panels 

shows the highest log2fold change as denoted as red and the lowest represented 

as blue. 
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3.5 GCN2 and cysteine maintenance during keratinocyte collective cell 

migration and wound closure 

 Given the canonical role for GCN2 as a monitor of amino acid availability 

via uncharged tRNAs [27], it was important to explore whether amino acid 

deprivation coincided with activation of GCN2 following wounding. Using capillary 

electrophoresis mass spectrometry to profile amino acid levels during HDW, free 

cysteine levels in cells were determined to be decreased with wounding and were 

further reduced in GCN2KO cells when translation is not appropriately regulated 

(Figure 16 and 17A).  
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Figure 16. Measurements of free amino acids in unwounded and wounded 

WT and GCN2KO cells. Measurements of free amino acids in unwounded WT 

and GCN2KO cells and 4 h after wounding. The bar graph shows the area under 

the curve (AUC) values for the indicated amino acids in unwounded and wounded 

WT and GCN2KO cells relative to WT cells not subject to wounding. One-way 

ANOVA Dunnett’s multiple comparisons to WT. Each measurement is derived from 

3 biological replicates. The error bars represent the standard error (SEM) from the 

mean.  
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Reduced cysteine upon wounding was also corroborated by the analysis of 

aminoacylated tRNACys in WT and GCN2KO cells following wounding. There were 

increased levels of uncharged tRNACys in WT cells subjected to wounding, with 

elevated levels in both unwounded and wounded GCN2KO cells (Figure 17B-C). 

These results suggest that wounding can enhance levels of uncharged tRNAs that 

can activate GCN2. 

I next addressed the roles that GCN2 plays in ensuring appropriate cysteine 

levels in wounded keratinocytes.  First as noted above, there was elevated protein 

synthesis in GCN2KO that was exacerbated upon wounding, suggesting that loss 

of appropriate translation dampening upon eIF2α-P can lead to increased demand 

for free amino acids (Figure 12C). Furthermore, as noted in the transcriptome 

analyses (Figure 15C), expression of SLC3A2 and SLC7A11 mRNAs, encoding 

subunits of a cystine/glutamate antiporter system, were increased in WT NTERT 

cells upon wounding and in GCN2KO cells independent of wounding (Figure 17D).  

However, levels of SLC3A2 protein were lowered in GCN2KO cells independent 

of wounding and SLC7A11 was partly reduced in wounded in the knockout cells 

(Figure 17E). These results suggest that GCN2 serves to enhance synthesis of 

SLC3A2 and SLC7A11 proteins, which would ensure appropriate uptake of 

cystine. Deletion of GCN2 would reduce the levels of these transporter protein 

despite elevated gene transcript levels. 

Given that free cysteine is severely limiting in GCN2KO cells, it was 

important to determine whether the addition of additional amounts of cystine, the 

oxidized dimer form of cysteine, to the medium prior to and during wounding would 
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rescue the KCCM defect that was observed in the GCN2-deficient keratinocytes.  

Analysis of wound closure with cystine supplementation showed that additional 

cystine in the culture medium significantly improved wound closure in the GCN2KO 

cells (Figure 17F). Finally, eIF2α−P levels of WT keratinocytes supplemented with 

cystine during HDW showed reduced levels of eIF2α-P (Figure 17G), indicating 

relief of the amino acid stress and consequently lowered activation of GCN2. 
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Figure 17. GCN2 is required for maintenance of free cysteine levels in 

keratinocytes. (A) Quantitative CE-MS measurement of free cysteine and 
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arginine levels in WT and GCN2KO cells harvested at 4 h post-wounding. Area 

under the curve (AUC) values are shown relative to WT cells not subject to 

wounding. One-way ANOVA Tukey’s multiple comparisons. * p <0.05, n.s. p>0.05. 

(B) Levels of uncharged tRNACys and (C) total tRNACys were measured in WT and 

GCN2KO NTERT cells subjected to wounding. Two-tailed t-test, * p< 0.05, ** 

p<0.01, *** p<0.001, ****p<0.0001 (n=3). Error bars are SD. (D) SLC3A2 and 

SLC7A11 gene transcripts were measured in unwounded WT and GCN2KO 

keratinocytes or 6 h post-wounding. Values are shown as normalized read counts. 

One-way ANOVA Tukey’s multiple comparisons **** p<0.0001 (n=5). (E) 

Immunoblot measurement of CD98 transporter protein levels (SLC3A2 and 

SLC7A11) in 6h HDW WT and GCN2KO cell lysates. Fold change in the 

expression of each protein for this blot is shown, following normalization to GAPDH 

expression. Representative of 3 biological replicates. (F)  WT and GCN2KO cells 

were subjected to wounding and the percent wound closure determined after 16 

hours. Wounded GCN2KO cells were cultured in media supplemented 6 h prior to 

wounding with 1 µM cystine or vehicle, as indicated. Tukey’s multiple comparisons 

** p<0.01, *** p<0.001 (n=6).  (G) Levels of phosphorylated and total eIF2α, along 

with GAPDH, were measured by immunoblot analyses in WT NTERT cells that 

were subjected to HDW. Media of the wounded cells were supplemented with 1 

µM cystine (+) or no additional amino acids (-). Relative levels of eIF2α-P/ total 

eIF2α for this blot are shown at the bottom of panel G. Representative of three 

independent blots. 

  



74 

3.6 GCN2, generation of ROS and cytoskeletal dynamics 

 Keratinocytes proximal to the wound undergo a transformation of the actin 

cytoskeleton that expands into the leading edge membrane, creating a directional 

force to propel the keratinocytes forward. Lamellipodia and filopodia are 

specialized F-actin-containing structures visible on the leading edge keratinocytes 

in a scratch wound. Lamellipodia have been described as a ruffled border [148], 

which is clearly visible extending from KCCM of the WT cells (Figure 18A, black 

arrows). By comparison, no ruffled border was visible at the front of KCCM in 

GCN2KO cells. When the keratinocytes were stained with phalloidin-FITC to 

visualize F-actin bundles, WT keratinocytes displayed numerous fine F-actin-

containing filopodia (yellow arrows) and lamellipodia (white arrows) in the leading 

edge keratinocytes of WT (Figure 18A). Once again, these F-actin structures were 

largely absent in GCN2KO cells. 

Given that balanced production of ROS at the leading edge is a key event 

in the cytoskeletal reorganization in KCCM [113, 149, 150] and GCN2KO altered 

expression of genes involved in ROS production (Figure 15A and D), I next stained 

WT and GCN2KO keratinocytes with CellROX green which emits fluorescence in 

the presence of oxidative conditions [151].  CellROX green staining revealed 

organized ROS accumulation predominantly localized to cells within the leading 

edge of WT wounded cells (Figure 18B). However, ROS staining in the GCN2KO 

cells was not appropriately situated in cells at the leading edge of the wound but 

instead there was disorganized fluorescence in cells scattered throughout the 

keratinocyte monolayer. Furthermore, pharmacological inhibition of GCN2 using 
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GCN2iB in WT cells subject to wounding showed a KCCM with impaired localized 

ROS production (Figure 18B). 

RAC activation of NOX at the leading edge of wounded cells has been 

shown to be critical for localized ROS production (Ushio-Fukai, 2006) and our 

RNA-seq analysis suggested that RAC signaling was disrupted in GCN2KO 

keratinocytes (Figure 17E and H). To directly determine whether inhibition of RAC 

activation or direct inhibition of NOX disrupts ROS production at the leading edge 

and the potential contribution of GCN2 in this signaling process, wounded 

keratinocyte monolayers were treated with small molecule inhibitors targeting RAC 

activation (NSC23766) or NOX (VAS2870, DPI) and stained with CellROX green.  

Application of each of these inhibitors impaired the coordinated production of ROS 

at the leading edge (Figure 18B), similar to what was seen in GCN2KO cells.  

Furthermore, the pharmacological inhibition of RAC and NOX reduced the wound 

closure rate of WT NTERT cells to levels observed with loss of GCN2 (Figure 18C). 

Cellular activators of RAC-GTP include the GTP exchange factors (GEFs) 

ARHGEF2, ARHGEF6, ARHGEF18, TIAM1 and TIAM2. Expression of ARHGEF2 

mRNA as judged by RPM reads in our RNA-seq analysis was highest among these 

GEFs and was further enhanced upon knockout of GCN2 (Figure 18D). By 

comparison, TIAM1 and TIAM2 transcripts levels were modestly, but significantly 

decreased in GCN2KO cells. No change in ARHGEF6 or ARHGEF18 expression 

was detected between WT and GCN2KO keratinocytes. While the ARHGEF2 

mRNA levels were enhanced in GCN2KO cells, the levels of ARHGEF2 protein 

were lower with loss of GCN2, suggesting that GCN2 functions to enhance the 
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synthesis of ARHGEF2 (Figure 18E). ARHGEF2 is known to activate both RAC 

and RHO for lamellipodia expansion into the leading edge [152-154]. To more 

directly determine whether loss of GCN2 disrupts activation of RAC and RHO, I 

used an affinity purification system that bound active GTP forms of both proteins. 

Immunoblot analyses of active RHO or active RAC from equal input lysates from 

WT or GCN2KO cells showed that GCN2 is required to maintain their fully active 

forms in an unwounded monolayer of keratinocytes and during wounding (Figure 

18F). RAC-GTP was reduced in unwounded GCN2KO, with further diminishment 

upon wounding. RHO-GTP levels were lowered about 2-fold in GCN2KO 

independent of wounding. Taken together, these results suggest an important role 

for GCN2 in induction of ROS at the leading edge via RAC activation of NOX or 

RHO activation to drive the subsequent expansion of the leading edge actin 

structures to facilitate KCCM.   
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Figure 18. Loss of reactive oxygen species at the leading edge of wounded  

GCN2KO keratinocytes is coincident with reduced RAC-GTP and branching  

F-actin. (A) Leading edge of migrating keratinocytes at 6 hours post-wounding in 

both WT and GCN2KO cells. Top two panels demonstrate ruffled edge (black 
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arrows) of WT keratinocytes that are absent in GCN2KO keratinocytes (phase 

contrast, black bar = 20µm). Bottom four panels stained with phalloidin-FITC (F-

actin, green) and DAPI (nuclei, blue). Filopodia (yellow arrows) and lamellipodia 

(white arrows) are seen on the leading edge keratinocytes of WT but not GCN2KO 

cells (white bar = 10µm). In the lower four panels, WT NTERT were treated with 

vehicle (DMSO), 5 µM GCN2iB, 5 µM NOX inhibitor VAS2870, or 50 µM RAC-GTP 

inhibitor NSC23766, as indicated, and cells and were stained for ROS with CellRox 

Green 6h after wounding. Cells were imaged with an Opera Phenix confocal 

microscope (100 µm scale bar). (C) WT NTERT cells were treated with NOX 

inhibitors 5 µM VAS2870 or 300 nM DPI, or RAC-GTP inhibitor 50 µM NSC23766 

as indicated, at the time of wounding. As a control, GCN2KO cells were wounded 

without treatment. Percent wound closure was measured at 16 h post wounding. 

One-way ANOVA Dunnett’s multiple comparisons, (n=3). (D) Levels of RAC-GTP 

exchange factors ARHGEF2, ARHGEF6, ARHGEF18, TIAM1 and TIAM2 mRNAs 

in WT vs GCN2KO cells. Values are presented as normalized read counts from 

our RNA-seq analyses. Multiple unpaired t-tests, (n=5). (E) WT and GCNKO 

NTERT cells were subjected to wounding for up to 6 h and ARHGEF2, GCN2, and 

GAPDH levels were measured by immunoblot analyses. (F) Measurements of 

RHO-GTP and RAC-GTP by affinity purification assays. GST-Rhotekin or GST-

PAK1-PBD fusion protein was used to bind the activated form of GTP-bound RHO 

or RAC1, respectively, in equivalent amounts of lysates prepared from WT and 

GCN2KO NTERT cells subjected to HDW (+) or no wounding (-).  Levels of bound 

activated RHOA and RAC1 were collected using glutathione beads then measured 
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by immunoblot using an antibody specific to total RAC1 or RHOA proteins. GAPDH 

levels were measured in the starting lysates to show that equal amounts of proteins 

were used in the binding assays. The measurements for each of the protein 

measurements (RAC-GTP, RHOA-GTP, and GAPDH) in the WT and GCN2KO 

cells were carried out in the same in same immunoblot experiment and therefore 

a directly comparable. Error bars are SD. * p<0.05, ** p<0.01, *** p<0.001, and **** 

represents p<0.0001. 
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3.7 Role for GCN2 in an in vivo model of wound healing 

 While a wealth of information can be obtained from studies using two-

dimensional cell culture, it is important to validate the key results using three-

dimensional skin in vivo. Therefore, it was important to compare the wound healing 

capabilities of murine skin using C57BL/6J mice and C57BL/6J mice containing a 

homogeneous deletion of GCN2 (GCN2KO; Eif2ak4tm1.2Dron/J).  A splinted 

excisional wound model was used to deter muscle contraction of the wound edge.  

This approach is necessary to mimic the human mode of wound healing that 

involves re-epithelization and formation of granulation tissue instead of the wound 

margin contracture used by rodents [131].  Quantification of the wound size at both 

day 5 and 10 post wounding showed that wound closure was significantly impaired 

in GCN2KO animals compared to the WT (Figure 19A-B).  Furthermore, at day 10 

the wounded skin was removed, and the gap was determined in the cryosections 

spanning the wound bed that were stained with an antibody to KRT14 and with 

DAPI to identify cellular nuclei and visualized by microscopy (Figure 19C-D).  

These experiments also showed that there was significant reduction in wound 

closure in the GCN2KO skin compared to WT. These results support an essential 

role for GCN2 to facilitate wound closure in the context of full thickness skin.   
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Figure 19. In vivo wound healing is impaired in the absence of GCN2. Circular 

excisional wounds (8 mm) were created on each flank of WT (blue dots) and 

GCN2KO (red dots) C57BL/6J mice. Silicone splint donuts were placed over the 

opening of each wound to ensure wound closure occurred due to epithelial sheet 

migration. (A) The size of the wound opening was determined from standardized 

photographs taken on Day 0, Day 5, and Day 10 post-wounding. Representative 

images for the experiment are provided (B) The percent wound closure at Day 5 

and Day 10 was determined following comparison to the wound opening at Day 0. 

Each dot on the graph represents an individual measurement; the solid bars 

indicate the mean, and the dotted boxes represent the SD for each set. Indicated 

p-values were determined by two-tailed student t-test. (C) At Day 10, the splints 

were removed, the wounded skin harvested, and cryosections spanning the wound 
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bed were created. To identify the location of migrating sheets of epidermis, the 

cryosections were stained with an antibody to KRT14 (green) and with DAPI (blue) 

to identify cellular nuclei as visualized by microscopy. The remaining wound gap 

(red) was determined by measuring the total wound distance and subtracting the 

distance the epithelial sheets had migrated. (D) Graphical representation of 

percent wound closure by measuring the remaining wound gap at Day 10, as 

described in (C). Each dot on the graph represents an individual measurement; 

the solid bars indicate the mean, and the dotted boxes represent the SD for each 

set. Indicated p-values were determined by two-tailed student t-test.  
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CHAPTER 4. DISCUSSION 

4.1 GCN2 is critical for keratinocyte collective cell migration and wound 

closure 

Herein I present the discovery that GCN2 eIF2α kinase is critical for KCCM 

and wound closure. There is elevated eIF2α-P in differentiated keratinocytes and 

activation of GCN2 is essential for maintaining P-eIF2α upon wounding. Deletion 

of GCN2 led to sharply lowered levels of eIF2α-P and enhanced bulk protein 

synthesis by 4 hours post wounding (Fig. 12B and C). As highlighted in the model 

illustrated in Figure 19, GCN2 and attendant gene expression direct key processes 

that are critical for KCCM. For example, GCN2 provides for maintenance of 

cysteine levels, which are important for appropriate protein synthesis and control 

of ROS, both processes critical for KCCM. Maintenance of cysteine levels is also 

suggested to be critical for activation of GCN2 via tRNACys charging that are 

diminished upon wounding (Figure 17B). Furthermore, GCN2 is important for F-

actin remodeling, along with the generation and localization of ROS, in the leading 

edge on wounded keratinocytes. While the ruffled border was readily detected in 

wounded WT keratinocytes, these leading edge structures were absent in 

GCN2KO cells (Figure 18A). The F-actin bundles extending in the migrating sheet 

of keratinocytes were largely absent in the GCN2-deficient cells. Appropriate ROS 

production is critical for cytoskeletal reorganization in the KCCM, and while WT 

cells showed ROS situated at the leading edge the genetic or pharmacological 

disruption of GCN2 led to diminished and disorganized ROS (Figure 18B). Finally, 

the importance of GCN2 in wounding healing was confirmed using splinted 
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excisional wound model in mice. Mice deleted for GCN2 showed a significant 

impaired in the closure of wound (Figure 19) Together, these results indicate that 

GCN2 contributes to KCCM by multiple processes and the loss of GCN2 in 

keratinocytes impairs many key processes that are critical for implementing wound 

healing (Figure 20).    
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Figure 20. Model of the activation and function of GCN2 in KCCM and wound 

healing. The wound bed is illustrated, along with the leading edge of keratinocytes.  

GCN2 is activated in response to wounding, which is indicated by its 

phosphorylation.  Free cysteine levels are depleted in the wounded keratinocytes, 

which is suggested to be a direct activator of GCN2.  Induced GCN2 facilitates 

KCCM during wounding by multiple mechanisms. (1) Enhanced synthesis of 

cysteine transporters, including SLC7A11 and SLC3A2, serves to maintain 

availability of intracellular cysteine which is important for glutathione production 

and management of ROS. (2) RAC-dependent NOX1 activation and coordinated 

ROS generation and localization at the leading edge; and (3) Appropriate 

remodeling of the cytoskeleton and formation of leading edge structures necessary 

for collective cell migration.  
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4.2 GCN2 directs an ISR that dispenses ATF4 function for keratinocyte 

collective cell migration and wound closure 

It was surprising that while there was induced expression of ATF4 protein 

in response to wound healing, this process occurred independent of GCN2 (Figure 

12B). Furthermore, ATF4 is dispensable for the GCN2-directed KCCM and wound 

healing (Figure 13). These results suggest that the ISR in wound healing involves 

other ISR target genes that contribute to critical structural and metabolic processes 

in the KCCM.  Previously it was reported that the ISR functioned independent of 

ATF4 through other target genes in response to UV irradiation and differentiation 

in keratinocytes [50, 73, 116].  For wound healing, the RNA-seq and biochemical 

analyses suggested that GCN2 contributes to activation of RAC and RHO through 

a process that involved regulation of ARHGEF2 expression (Figure 18D-F). While 

ARHGEF2 mRNA was significantly enhanced in GCN2KO cells, ARHGEF2 protein 

was diminished (Figure 18E). These results suggest that GCN2 is required for the 

proper translation of ARHGEF2.  Increased ARHGEF2 protein would enhance the 

GDP to GTP exchange for RAC and RHO and ensure that these critical Rho-

GTPases are available at sufficient levels for the actin remodeling required for 

KCCM (Figure 18A).  Furthermore, GCN2 enhanced the expression of cystine 

transporters, SLC3A2 and SLC7A11, supporting the idea that the eIF2α kinase 

has a critical function in maintaining cysteine levels in keratinocytes. It is 

noteworthy that despite the reductions in protein levels, that ARHGEF2, SLC3A2, 

and SLC7A11 transcript levels are each elevated in GCN2KO cells (Figures 15A 

and 18D). These results suggest that eIF2α-P by GCN2 likely plays a critical role 
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in their enhanced mRNA translation. Other mechanisms independent of the ISR 

are suggested to contribute to increased transcript levels for these genes, but 

without GCN2 these transcriptome changes are insufficient to transmit to 

enhanced ARHGEF2, SLC3A2, and SLC7A11 protein levels. 

 

4.3 Role of nutrition, aging and diabetes in KCCM  

Chronic wounds are associated with diabetes, aging, and poor nutrition [3, 

4, 155], necessitating complex and long-term care. Given the central role for GCN2 

in amino acid sensing and maintaining intracellular availability, it is important to 

note that nutrition is also a central component in managing wound care [156]. 

Arginine is a well-studied amino acid in wound healing that can be conditionally 

essential during increased demand [157]. Arginine has a variety of roles in the 

multiple cell types involved in wound healing. For example, arginine is a precursor 

to nitric oxide, which is utilized by immune cells during the inflammation stage of 

wound healing and by fibroblasts to stimulate collagen production during the 

maturation phase. During re-epithelialization, keratinocytes at the wound edge 

demonstrate a dependency on nitric oxide to trigger proliferation during wound 

repair [158-162]. Glutamine is another amino acid that can become conditionally 

essential during times of metabolic stress and can play important roles in wound 

healing [163-165]. For example, immune cells involved in tissue repair have high 

demand for glutamine, and supplementation following injury, surgery, infection, or 

severe burns can be beneficial. Glutamine may enhance wound healing, in part, 

because it is a precursor to arginine and citrulline, thereby enhancing nitric oxide 
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synthesis. In addition, the cyclization of glutamate produces proline, an amino acid 

important for synthesis of collagen and connective tissue during wound healing. 

Lastly, glutamine is a component of the antioxidant glutathione and is important for 

the appropriate mediation of oxidative stress. [164, 166-168].  

Amino acid profiling in GCN2KO NTERT cells did not reveal a dependency 

on GCN2 to maintain intracellular levels of arginine or glutamine (Figure 16).  

However, GCN2 is critical for maintenance of cysteine levels in keratinocytes and 

further investigation of the impact of cysteine limitation or supplementation on 

wound closure rates in the in vivo wounding model is warranted. The amino acids 

used for endogenous production of cysteine are the sulfur containing amino acids 

methionine and serine. Recent studies have shown that dietary sulfur amino acid 

restriction (SAAR) improves some aspects of metabolic homeostasis by activating 

the integrated stress response (ISR); however, this can occur in a GCN2 

independent manner. In Gcn2 -/- mice subjected to SAAR, PERK activation 

corresponded with induction of the ISR and the nuclear respiratory factor 2 (NRF2) 

antioxidant program but not ER stress. Cysteine supplementation reversed the 

activation of PERK and eIF2α-P, suggesting a novel glutathione-sensing 

mechanism in the liver that functions independently of GCN2 [169, 170]. Given the 

gene expression data (Figure 15C) indicating an induction of the UPR in GCN2KO 

keratinocytes and that cysteine supplementation reduced eIF2α-P (Figure 17G), 

the role of PERK activation to compensate for cysteine depletion GCN2KO 

keratinocytes should be investigated.  Similar to our results in KCCM, ATF4 is 

dispensable in SAAR while being important for endogenous hydrogen sulfide 
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production. This result may indicate a role for GCN2 in cysteine synthesis and 

hydrogen sulfide production and could be investigated in this model of KCCM [171, 

172]. 

The role of GCN2 in aging skin and wound repair is interesting given our 

findings.  Although GCN2 has been shown to extend the life span of C. elegans, 

its contribution to aging process in mammals has yet to be fully elucidated. 

However, it is known that amino acid restriction via caloric restriction extends 

lifespan and may be related to beneficial metabolic control offered by GCN2 as it 

regulates autophagy, inflammation, and redox balance. These same processes 

affect aging as well as wound healing. Therefore GCN2 may affect the ability of 

aged skin to heal appropriately [173]. This hypothesis could be tested in aged WT 

and GCN2KO mice.   

Glucose is a major source of energy for cells, and they rely on glucose 

transporters (GLUT) to fuel the conversion of glucose to energy.  Amino acids also 

provide fuel to the tricarboxylic acid (TCA) cycle after being converted to acetyl-

CoA or α-keto acid intermediates like pyruvate, oxaloacetate, and succinyl-CoA. 

Because of this important intersection of glucose and amino acid transport and 

catabolism to maintain energy demands for keratinocytes, cross talk between the 

mTOR pathway and GCN2 is another area deserving of attention in wound healing.  

[174].  
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4.4 Therapeutic implications of the ISR in keratinocyte collective cell 

migration and wound healing  

The ISR is typically associated resolution with acute stresses. However, 

with chronic environmental and physiological stresses, the ISR can be altered from 

its adaptive functions to one that signals significant tissue damage [59, 175, 176].  

Given the important functions of GCN2 in KCCM and wound healing, it is inviting 

to suggest that aberrant regulation of the ISR are contributors to the transitions to 

chronic wounds. Many of the underlying contributors to chronic wounds potently 

modify the ISR. For example, hyperglycemia and poor nutrition invoke eIF2α-P 

and translational control.  In these conditions, the multiple stresses may shift the 

ISR from its functioning adaptive window to one that is hyperactivated and 

maladaptive. Furthermore, deficiencies in GCN2 functions due to genetic 

alterations and aging may impair appropriate ISR and deter the KCCM.  Therefore, 

the ISR and translational control may be a critical therapeutic target to improve 

wound healing outcomes. There are several small molecules reported that 

contribute to enhancement or inhibition of the eIF2α-P and translational control 

(Figure 21) [145, 175, 177, 178], and future studies should investigate the utility of 

these and related drugs for treatment of chronic wounds.   
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Figure 21. Modulators of the Integrated Stress Response.  (A)  A schematic 

diagram depicting the various ISR proteins and the small molecules that can alter 

their activity. Guanabenz (GADD34) and salubrinal (PP1) target and inhibit the 

eIF2α phosphatases that relieve the ISR and restore translation initiation. The 

kinase activity of GCN2 can be inhibited with either GCN2iB or GCN2-IN-6 thus 

reducing the eIF2α-P and blocking the induction of the ISR. Activators of eIF2B 

have been shown to induce a more active holocomplex of eIF2B that serves to 

enhance protein translation independent of the presence of moderate levels of 

eIF2α-P. (B) A tabular summarization of the activities and interactions of these 

modulators on the target ISR protein, the subsequent changes in eIF2α-P levels 

and the resulting impact on the ISR.   
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 Both guanabenz and salubrinal, which serve to enhance eIF2α-P, have the 

potential to restore the ISR in the context of wound healing.  Because guanabenz 

has been approved by the FDA for high blood pressure and it appears to enhance 

KCCM in the in vitro wound closure model, prioritizing this molecule for testing in 

either the GCN2KO mice or in other diabetic wound healing models may help to 

determine if there is the potential to accelerate healing of full thickness wounds 

upon restoration of the ISR. Additionally, the eIF2B activating molecules, ISRIB 

and 2BAct, would also be of interest given their ability to provide relief from chronic 

or maladaptive ISR induction. Diabetic and aged patient populations at highest risk 

for chronic non-healing wounds may suffer from such chronic or maladaptive ISR 

induction and benefit greatly from treatment with these molecules. 
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