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ABSTRACT 

Souvik Dey 

TRANSCRIPTIONAL REGULATION OF ATF4 IS CRITICAL FOR 

CONTROLLING THE INTEGRATED STRESS RESPONSE DURING eIF2 

PHOSPHORYLATION 

 

In response to different environmental stresses, phosphorylation of eIF2 (eIF2~P) 

represses global translation coincident with preferential translation of ATF4.  ATF4 is a 

transcriptional activator of the integrated stress response, a program of gene expression 

involved in metabolism, nutrient uptake, anti-oxidation, and the activation of additional 

transcription factors, such as CHOP/GADD153, that can induce apoptosis.  Although 

eIF2~P elicits translational control in response to many different stress arrangements, 

there are selected stresses, such as exposure to UV irradiation, that do not increase ATF4 

expression despite robust eIF2~P.  In this study we addressed the underlying mechanism 

for variable expression of ATF4 in response to eIF2~P during different stress conditions 

and the biological significance of omission of enhanced ATF4 function.  We show that in 

addition to translational control, ATF4 expression is subject to transcriptional regulation.  

Stress conditions such as endoplasmic reticulum stress induce both transcription and 

translation of ATF4, which together enhance expression of ATF4 and its target genes in 

response to eIF2~P.  By contrast, UV irradiation represses ATF4 transcription, which 

diminishes ATF4 mRNA available for translation during eIF2∼P.  eIF2~P enhances cell 

survival in response to UV irradiation. However, forced expression of ATF4 and its target 

gene CHOP leads to increased sensitivity to UV irradiation.  In this study, we also show 
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that C/EBPβ is a transcriptional repressor of ATF4 during UV stress.  C/EBPβ binds to 

critical elements in the ATF4 promoter resulting in its transcriptional repression.  The LIP 

isoform of C/EBPβ, but not the LAP version is regulated following UV exposure and 

directly represses ATF4 transcription.  Loss of the LIP isoform results in increased ATF4 

mRNA levels in response to UV irradiation, and subsequent recovery of ATF4 

translation, leading to enhanced expression of its target genes.  Together these results 

illustrate how eIF2~P and translational control, combined with transcription factors 

regulated by alternative signaling pathways, can direct programs of gene expression that 

are specifically tailored to each environmental stress. 

 

 

 
Ronald C. Wek, Ph.D., Chair 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

vii 

TABLE OF CONTENTS 

 

LIST OF FIGURES ...........................................................................................................x  

ABBREVIATIONS  ........................................................................................................ xii  

INTRODUCTION .............................................................................................................1       

1. Phosphorylation of eIF2α – a critical event in cellular stress responses ....................1 

2. Role of eIF2α~P in disease .........................................................................................2 

3. eIF2α~P is critical for regulating cellular translation .................................................4 

4. Exchange of eIF2-GDP to eIF2-GTP is regulated during cellular stress ....................4 

5. Dephosphorylation of eIF2α~P ..................................................................................6 

6. GCN2 facilitates translational control in response to nutrient starvation ...................7 

7. GCN2 functions in conjunction with additional stress pathways to 

         mitigate cell damage ...................................................................................................8 

8. PERK functions in the unfolded protein response during endoplasmic  

         reticulum stress .........................................................................................................10 

9. HRI directs translational control in erythroid tissues ...............................................11 

10. PKR facilitates an anti-viral defense pathway ..........................................................11 

11. Activation of ATF4 occurs in response to cellular stresses ......................................13 

12. Phosphorylation of eIF2α increases ATF4 expression .............................................15 

13. eIF2α~P regulates several downstream ISR genes ...................................................18 

14. ATF4 activates several downstream transcription factors in the ISR .......................23 

15. Differential regulation of the ISR .............................................................................24 

16. The role of the ISR in determining cellular fate following stress .............................27 

17. Dysregulation of the ISR can lead to diseases ......................................................... 29 



	
  
	
  

viii 

METHODS AND MATERIALS ....................................................................................32      

1. Cell Culture and Stress Conditions ...........................................................................32 

2. Plasmid constructions ...............................................................................................33	
  

3. Immunoblot Analysis ................................................................................................35	
  

4. Polysome Analyses ...................................................................................................36	
  

5. Isolation of RNA and Real Time PCR ......................................................................37	
  

6. Luciferase Assays .....................................................................................................38	
  

7. Cell Survival Assays .................................................................................................38	
  

8. Chromatin Immunoprecipitation ...............................................................................39	
  

RESULTS .........................................................................................................................41 

1. Both transcriptional regulation and translational control of ATF4  

         are central to the Integrated Stress Response ............................................................41 

1.1 UV irradiation induces eIF2α~P without activation of  

ATF4 and CHOP ....................................................................................................41	
  
	
  

1.2 eIF2α~P by UV irradiation reduces global protein synthesis ..........................42 

1.3 ATF4 mRNA is lowered in response to UV irradiation ...................................46 

1.4 ATF4 mRNA is short-lived independent of stress ...........................................47 

1.5 ATF4 transcription is repressed in response to UV irradiation ........................47 

1.6 eIF2α~P Is important for cell survival in response to UV-C ..........................54 

2. Transcriptional repression of ATF4 by C/EBPβ .......................................................61 

2.1 ATF4 expression is significantly reduced in response to UV irradiation  

despite robust eIF2α~P ....................................................................................61          

2.2 The ATF4 promoter contains elements responsible for transcriptional 



	
  
	
  

ix 

repression ........................................................................................................ 62  

2.3 C/EBPβ represses the ATF4 promoter .............................................................67  

2.4 Expression of the C/EBPβ isoforms is differentially regulated in response  

to UV and ER stress .........................................................................................69 

2.5 LIP is a potent repressor of ATF4 transcription ...............................................74 

2.6 Loss of the C/EBPβ isoform LIP increases expression of  

ATF4-target genes ...........................................................................................80 

DISCUSSION ...................................................................................................................85 

1. ATF4 is transcriptionally repressed following UV irradiation .................................85 

2. C/EBPβ represses ATF4 transcription ......................................................................87 

3. The combination of transcriptional and translational control allows for      

differential expression of ISR target genes ...............................................................89 

4. Regulation of ATF4 transcription in response to various stress conditions ..............93 

REFERENCES .................................................................................................................96 

CURRICULUM VITAE 

 

 

 

 

 

 

 

 



	
  
	
  

x 

LIST OF FIGURES 

 

1. eIF2α kinases regulate translation in response to various cellular stress 

conditions ....................................................................................................................3 

2. Regulation of eukaryotic translation initiation ...........................................................5 

3. The eIF2α kinase family ...........................................................................................12 

4. Preferential translation of ATF4 is induced by eIF2α~P ..........................................16 

5. Phosphorylation of eIF2α regulates translation of several ISR genes ......................21 

6. Translation control of C/EBPβ regulates synthesis of three isoforms ......................22 

7. Differential regulation of Integrated Stress Response ..............................................26 

8. UV irradiation elicits eIF2~Pα in the absence of induced ATF4 and CHOP ...........43 

9. UV-C and UV-B irradiation induces eIF2α~P in different cell types ......................44 

10. Phosphorylation of eIF2α reduces translation initiation in 

         response to UV irradiation or ER stress ....................................................................45 

11. Levels of ATF4 mRNA are reduced in response to UV irradiation ..........................50 

12. ATF4 transcription is regulated during stress ...........................................................52 

13. Phosphorylation of eIF2α provides for resistance to UV irradiation .......................57 

14. Expression of ATF4 and CHOP elicited by pretreatment with 

        salubrinal reduces viability of cells during UV stress ..............................................59 

15. Expression of ATF4 is blocked during UV irradiation despite  

       increased eIF2α~P .....................................................................................................64 

16. The ATF4 promoter contains critical elements for repression in 

response to UV irradiation ........................................................................................66 



	
  
	
  

xi 

17. C/EBPβ is required for reduced ATF4 mRNA in response to  

UV irradiation ...........................................................................................................70 

18. C/EBPβ binds to the specific elements in the ATF4 promoter .................................72 

19. C/EBPβ mRNA is stabilized following UV treatment .............................................75 

20. The LIP and LAP isoforms of C/EBPβ are differentially expressed  

during UV and ER stress ..........................................................................................76 

21. LIP is a potent repressor of ATF4 transcription ........................................................77 

22. Loss of LIP in C/EBPβ-ΔuORF cells alleviates repression of  

ATF4 transcription ....................................................................................................82 

23. Alleviation of ATF4 repression in C/EBPβ-ΔuORF cells causes increased 

expression of ATF4-target genes in response to UV irradiation ..............................84 

24. Model depicting proposed transcriptional and translation control of  

ATF4 expression and the ISR ...................................................................................92 

25. A combination of transcriptional and translational control of ATF4  

directs the gene expression program of the ISR .......................................................95 

 

 

 

 

 

 

 

 



	
  
	
  

xii 

ABBREVIATIONS 

4E-BP eIF4E-Binding Protein    
      
ATF3   Activating Transcription Factor-3 
 
ATF4   Activating Transcription Factor-4 
 
ATF5   Activating Transcription Factor -5   
      
bZIP  Basic Leucine Zipper    
      
BCL B-Cell Lymphoma     
      
BIM Bcl-2 Interacting Mediator of cell death     
      
CARE CCAAT-enhancer binding protein Activating transcription factor 
                        (C/EBP-ATF) Response Element 
      
CACH Childhood Ataxia with Central nervous system Hypermyelination 
      
CHOP C/EBP Homologous Protein    
          
DMEM Dulbecco's Modified Eagle's Media   
      
DNA-PKc   DNA – Protein Kinase C 
 
DTT                Dithiothreitol     
      
DR5 Death Receptor 5    
      
dsRNA double-stranded RNA    
      
dsRBMD double-stranded RNA Binding Motif   
      
EBER Epstein-Barr Virus Small RNA    
      
eIF2 Eukaryotic Initiation Factor 2    
        
eIF2Β Eukaryotic Initiation Factor-2Β   
      
eIF2~P  Eukaryotic Initiation Factor-2 Phosphorylation   
      
ER Endoplasmic Reticulum    
      
ERO1 ER Oxidoreductase 1    



	
  
	
  

xiii 

      
GAP GTPase-Activating Protein    
      
GDP  Guanosine Diphosphate    
      
GTP  Guanosine-5'-Triphosphate    
      
GCN2 General Control Nonderepressible -2   
      
GDI GDP-Dissociation Inhibitor    
      
GADD34 Growth Arrest and DNA Damage-inducible protein-34  
      
GRP78   Glucose-Related Protein 78    
      
HisRS Histidyl-tRNA Synthetase    
      
HRI Heme Regulated Inhibitor    
      
ISR Integrated Stress Response    
      
IRE1 Inositol Requiring Enzyme -1     
      
IkΒα Inhibitor of NF-κB alpha    
      
LAP Liver-Enriched Activating Protein   
      
LIP Liver-Enriched Inhibitory Protein   
      
Met-tRNAi Methionyl-Initiator tRNA   
      
MEF Mouse Embryonic Fibroblast    
      
MMS Methyl Methane Sulfonate    
      
NASH Non-Alcoholic Steatohepatitis   
      
NER Nucleotide Excision Repair    
      
NF-κB   Nuclear Factor -κB    
      
NRF2 Nuclear Factor-like 2     
      
PCR  Polymerase Chain Reaction    
      
PKR double-stranded RNA-activated Protein Kinase  



	
  
	
  

xiv 

      
PEK Pancreatic eIF2 kinase    
      
PERK PKR-Like ER kinase    
      
QRT-PCR Quantitative real time PCR    
      
ROS Reactive Oxygen Species    
      
RSK2 Ribosomal S6 kinase 2    
      
Runx2 Runt-Related Transcription Factor -2   
      
S6K S6 Protein Kinase    
      
SNAT2 System A neutral Amino acid Transporter 2   
      
TC Ternary Complex    
      
TOR Target-of-Rapamycin    
      
TRB3 Tribbles-Related Protein -3    
      
UPR Unfolded Protein Response    
      
UTR Untranslated Region    
      
uORF upstream Open Reading Frame    
      
WRS Wolcott-Rallison Syndrome  



	
  
	
  

1 

INTRODUCTION 

1.  Phosphorylation of eIF2α  – a critical event in cellular stress responses 

          In response to various environmental stress conditions, eukaryotic cells regulate 

protein synthesis by dampening global translation.  This allows the cells to conserve their 

cellular energy and begin to alleviate the stress damage.  Central to this response is a 

family of protein kinases that phosphorylate the α subunit of eukaryotic initiation factor 2 

(eIF2) at serine-51 residue (1).  Four different eIF2α kinases have been identified in 

mammals, including the General control nonderepressible kinase-2 (GCN2), Heme 

regulated inhibitor (HRI), Double-stranded RNA-activated protein kinase (PKR) and 

Pancreatic eIF2 kinase (PEK) or PKR-like ER kinase (PERK) (Figure 1) (2).  While 

higher eukaryotes express all four of the eIF2α kinases, yeast Saccharomyces cerevisiae 

contains only a single version, GCN2.  The family of eIF2α kinases exhibit sequence 

homology in their kinase catalytic domains, but diverge significantly in their regulatory 

regions, thus enabling each to act as a unique sensor during different types of cellular 

stresses (Figure 3). 

Phosphorylation of eIF2α during diverse stress conditions leads to a program of 

translational and transcriptional regulation known as the Integrated Stress Response 

(ISR).  The ISR is activated by sequential expression of a set of factors that function to 

alleviate the cellular stress, or alternatively induce apoptosis (2, 3).  The ISR can be 

divided into three major steps.  The initial step is the recognition of stress conditions by 

the stress kinases, leading to phosphorylation of eIF2α (Figure 1).  The second step of the 

ISR involves a decrease in global protein synthesis, coincident with preferential 

translation of select mRNAs encoding transcription factors, such as ATF4 (4, 5).  The 
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final step of the ISR involves transcriptional expression of the ATF4-target genes, which 

resolve the stress for cellular survival, or alternatively trigger apoptosis if the stress is 

chronic and/or the cellular damage is beyond repair.  The ISR is activated in response to a 

myriad of different stress conditions, although there can be unique modulation of the 

pathway depending on the particulars of the stress arrangement.  Each of the three steps 

of ISR and their key regulatory features will be reviewed in detail in the following 

chapters. 

 

2.  Role of eIF2α~P in disease 

Mutations in the ISR signaling can cause disease.  Loss of PERK is the basis of 

patients with Wolcott-Rallison Syndrome (WRS), which features neonatal diabetes, 

osteoporosis, hepatic and kidney dysfunction, exocrine pancreatic disorders, neutropenia 

and early death (6-9).  Previous study has shown that GCN2-/- mice fed on a leucine-

deprived diet showed a marked loss of skeletal muscle mass compared to their wild-type 

littermates, with about 40% of the GCN2-/- mice expiring within three days of the nutrient 

stress (10).  PERK and GCN2 have also been shown to play a role in adaptation of solid 

tumor to hypoxia and nutrient-deprived conditions, respectively, in mouse and human 

xenograft caner models (11, 12).  Loss of PKR in mice has also been shown to lead to 

increased susceptibility to viral infection (13, 14), while HRI-/- mice deprived of iron 

show enhanced anemia with significant reductions of red blood cells counts, along with 

compensatory erythroid hyperplasia and increased apoptosis in bone marrow and spleen 

(15). 
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Figure 1.  eIF2α  kinases regulate translation in response to various cellular stress 
conditions.  In response to diverse environmental stresses, a family of protein kinases, 
PKR, HRI, PERK and GCN2 phosphorylates eIF2α at the serine-51 residue in response 
to distinct stress conditions.  Phosphorylation of eIF2α reduces the eIF2-GDP to eIF2-
GTP exchange by inhibiting the guanine nucleotide exchange factor, eIF2B.  Reduced 
eIF2-GTP levels subsequently lower translation initiation, resulting repression of global 
protein synthesis.   
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3.  eIF2α~P is critical for regulating cellular translation 

The eIF2 consists of three different subunits - α, β and γ, and plays a central role 

in translation initiation.  During translation, eIF2 binds with initiator methionyl-tRNA 

and GTP to form a ternary complex (eIF2-TC), which then combines with the 40S 

ribosomal subunit in a pre-initiation complex that associates with the 5'-cap and 

associated proteins of the target mRNA (16).  The small ribosomal complex then scans 5' 

to 3' along the leader of the mRNA.  Once an appropriate initiation codon is found in the 

mRNA and initiator tRNA bound to this codon is placed into the P site of the ribosome, 

the 60S ribosomal subunit is recruited to form a translation-competent 80S ribosomal 

complex.  Formation of the 80S subunit is preceded by release of eIF2 combined with 

GDP, which was hydrolyzed during the initiation process (17, 18).  The eIF2-GDP is 

subsequently recycled to its active GTP form by a guanine nucleotide exchange factor 

known as eIF2B (Figure 2).   

 

4.  Exchange of eIF2-GDP to eIF2-GTP is regulated during cellular stress 

 The eIF2B consists of α, β, γ, δ and ε subunits.  While γ and ε are the catalytic 

core of eIF2B, the subunits α, β, and δ form its regulatory subunits (19-21).  There is 

sequence similarity between the mammalian subunits α, β, and δ of eIF2B and their yeast 

counterpart GCN3, GCD7, and GCD3 respectively.  Studies in vitro and in vivo in 

mammalian and yeast model systems have shown that phosphorylation of eIF2α at serine 

51 converts eIF2 from a substrate to a competitive inhibitor of eIF2B (2, 22).  As a 

consequence, eIF2α phosphorylation reduces the levels of the eIF2-TC and subsequent 

rounds of translation initiation.  The reduced global protein synthesis provides cells time  
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Figure 2.  Regulation of eukaryotic translation initiation.  The translation initiation 
factor eIF2 binds with GTP and initiator Met-tRNAi

Met along with the small 40S 
ribosome, as well as additional translation initiation factors, resulting in a 43S 
preinitiation complex.  The 43S preinitiation ribosomal complex then binds to the 5’-cap 
structure of mRNAs consisting of the 7’methyl guanosine cap and associated cap binding 
protein eIF4F.  The 43S ribosomal complex along with the associated eIF2 then scans 
processively 5’ to 3’ direction along the mRNA until the starting AUG initiation codon is 
recognized.  With the placement of the initiator tRNA bound to the intiator codon in the P 
site of the ribosome, the 60S ribosome joins to form the competent 80S ribosome, 
allowing for the elongation phase of protein synthesis.  Before the joining of the 60S 
ribosomal subunit, eIF2-GTP is hydrolyzed to eIF2-GDP and Pi is released, completing 
the step of translation initiation.  The hydrolysis of eIF2-GTP is accelerated by the 
GTPase activating protein (GAP) eIF5.  Inactive eIF2-GDP is converted to its active GTP 
bound form by the guanine nucleotide exchange factor eIF2B, facilitating subsequent 
rounds of translation initiation.  Phosphorylation of eIF2α converts it from a substrate to 
an inhibitor of eIF2B.  The resulting reduction in eIF2-GTP levels lowers general protein 
synthesis.  This allows the cells to conserve energy and recalibrate the genome by 
expressing genes responsible for alleviation of the stress, or alternative for triggering cell 
apoptosis.	
  
	
  
	
  
	
  
	
  



	
  
	
  

6 

to recalibrate gene expression designed to block or remediate cellular damage during 

stress.   

The initiation factor eIF5 is another critical regulator for the nucleotide exchange 

of eIF2.  The eIF5 function as a GTPase-activating protein (GAP) for eIF2, contributing 

to selection of the start site during the initiation phase of protein synthesis (Figure 2) (23).  

However recent studies have revealed a new role of eIF5.  In yeast, eIF5 was shown to 

function as a GDP-dissociation inhibitor (GDI), which can stabilize the eIF2-GDP state.  

A C-terminal domain of eIF5 can bind to eIF2-GDP and inhibit eIF2B function, thus 

preventing the eIF2-GDP to eIF2-GTP exchange (24).  Therefore, eIF5 can contribute to 

decreased eIF2-GTP levels, aiding the ISR block of global protein synthesis.   

   

5.  Dephosphorylation of eIF2α~P 

Phosphorylation of eIF2α represses of protein synthesis, which if sustained can 

contribute to cellular apoptosis.  To restore translation, cells have feedback mechanisms 

in the ISR which includes proteins that can contribute to dephosphorylation of eIF2.  

These include GADD34 (Ppp1r15a) and CReP (Ppp1r15b), which act as regulatory 

subunits for the catalytic subunit of protein phosphatase type 1 (PP1c) that facilitates 

dephosphorylation of eIF2α~P (25).  Unlike CReP which is constitutively expressed (26), 

GADD34 levels are low in unstressed conditions.  During stress, GADD34 is 

transcriptionally induced by ATF4 (27, 28).  Additionally, expression of GADD34 

mRNA is subject to preferential translation in response to eIF2α~P (29).  The resulting 

elevated levels of GADD34 can facilitate PP1c dephosphorylation of eIF2α~P and 

resumption of protein synthesis (27).  Thus dephosphorylation of eIF2α~P provides cells 
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a mechanism to attenuate translation repression, thus enhancing the synthesis of stress-

related mRNAs induced by the ISR.   

 

6.  GCN2 facilitates translational control in response to nutrient starvation   

As noted above, diverse environmental stress conditions induce eIF2α~P through 

a family of different protein kinases.  Such a wide-range of different stress conditions can 

lead to enhanced expression of ATF4 and its target genes, thus activating the Integrated 

Stress Response (ISR).  One of the eIF2α kinases is GCN2 (EIF2AK4) that is present 

from yeast to mammals and represses translation initiation in response to nutrient 

starvation (2).  GCN2 consists of multiple domains, which contribute to the mechanisms 

regulating activation of the eIF2α kinase in response to starvation for nutrients.  The 

GCN2 domains include a RWD domain, pseudokinase domain, protein kinase domain, 

histidyl-tRNA synthetase (HisRS)-related domain, and C-terminal domain that facilitates 

GCN2 dimerization and its association with ribosomes (Figure 3) (30).  The major 

regulatory region that is important for GCN2 activation is the HisRS-regulated domain.  

Amino acid starvation leads to accumulation of uncharged tRNAs, which can bind to the 

HisRS-related domain and alter GCN2 to an activated conformation (31).  Activated 

GCN2 then leads to enhanced GCN2 auto-phosphorylation at the activation loop of the 

catalytic domain, increasing eIF2α∼P and translation of ATF4 mRNA.   

Ribosome association of GCN2 has been suggested to facilitate access of the 

eIF2α kinase to uncharged tRNA (32).  Additionally, the C-terminal domain is suggested 

to act as an autoinhibitory region by binding to its kinase domain.  Upon binding of 

uncharged tRNA, this inhibitory C terminal domain has been suggested to be released 
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from the protein kinase domain (33, 34).  The pseudo kinase domain is required for 

eIF2α~P by GCN2.  Currently, the mechanistic importance of the pseudo kinase domain 

is not well understood, but it has been suggested to contribute to the dynamics of the 

conformation change that occurs during activation of GCN2.  Finally, the N-terminal 

RWD domain is important for direct interaction with a positive acting-regulator GCN1, 

which is thought to facilitate the delivery of uncharged tRNA to GCN2 (30).   

GCN2 is also activated in response to other cytoplasmic stresses such as UV 

irradiation and proteosome inhibition (35-37).  However, the mechanisms for activation 

of GCN2 in response to these stress conditions are not well defined.  One proposed model 

for GCN2 activation in response to UV is that induced iNOS levels leads to rapid 

catalysis of L-Arginine to release reactive NO*.  This causes depletion of L-Arginine in 

the cells, which in turn activates GCN2 (38).  Alternatively, UV irradiation may reduce 

the levels of charged tRNA by directly interfering with aminoacyl-tRNA synthetase 

charging of tRNA or by impeding nuclear export of tRNAs.  Reduced proteasome 

activity has also been suggested to reduce the reclamation of free amino acids from 

degraded proteins, which may lower the charging of tRNAs.   

 

7.  GCN2 functions in conjunction with additional stress pathways to mitigate cell 

damage 

GCN2 interacts with other cellular stress pathways.  The serine/threonine kinase 

TOR acts as a sensor for nutrient condition.  TOR is repressed by the drug rapamycin, 

and in yeast, rapamycin leads to increased GCN2 phosphorylation of eIF2α (39).  

Furthermore, leucine starvation in livers of GCN2-/- mice shows a dramatic reduction in  
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phosphorylation of TOR target protein, 4E-BP and S6K (40).  Along with TOR, GCN2 

also has regulatory links with the DNA-damage response kinase, DNA-PK.  The activity 

of DNA-PK was reported to be required for full GCN2 phosphorylation of eIF2α in 

response to UV irradiation (41).  It is suggested that DNA-PK may directly phosphorylate 

GCN2, contributing to its activation during select stress conditions. 

GCN2 can act as a pro-survival factor, or trigger apoptosis, depending on the 

precise stress arrangement.  GCN2 phosphorylation of eIF2α in response to UV 

irradiation activates cellular survival pathways, such as that directed by NF-κB (36).  NF-

κB is a key transcriptional factor controlling immune responses, cell proliferation, and 

apoptosis (42-44).  The global translation repression accompanying eIF2α~P 

significantly reduces the synthesis of IκBα in response to UV irradiation (36).  IκBα is 

an inhibitory protein of NF-κB, binding with the transcription factor and keeping it in an 

inactive state in the cytosol.  IκBα is a labile protein and the lowered synthesis of IκBα 

following UV irradiation lowers the levels of this inhibitory protein, allowing for 

enhanced NF-κB entry into the nucleus and increased transcription of its target genes.  

Loss of either GCN2 or NF-κB (RelA/p65 subunit) can lead to apoptosis following UV 

exposure (36).  However unlike the events occurring during UV stress, it was reported 

that increased GCN2 phosphorylation of eIF2α upon exposure to drugs that block 

proteasome function, such as MG132, leads to activation of a pro-apoptotic pathway 

through ATF4 and its target CHOP (37).  Therefore, GCN2 can function in combination 

with various stress pathways to differentially activate genes that dictate cellular survival 

or apoptosis.  As mentioned above, GCN2-/- mice are sensitive to leucine starvation, with 

loss of skeletal muscle to compensate for liver metabolism (10).  Recent studies have also 
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suggested that GCN2 contributes to brain function, specifically the motor functions of the 

hippocampus and the anterior piriform cortex (45).  GCN2-/- mice exhibit reduced long-

term potentiation (LTP) directed by the hippocampus, as well as reduced learning ability 

in behavioral tasks, such as conditioned taste aversion (45-49). 

 

8.  PERK functions in the unfolded protein response during endoplasmic reticulum 

stress 

PERK (EIF2AK3) is a type 1 ER resident transmembrane protein and 

eIF2α kinase that is activated in response to accumulation of unfolded proteins in the 

endoplasmic reticulum.  The cytosolic portion of PERK contains the protein kinase 

domain, while the ER luminal region contains the signal sequence and the regulatory 

region that senses ER stress and facilitates dimerization between PERK polypeptides 

(Figure 3).  An important regulatory protein that controls the function of PERK is the 

Glucose related protein 78 (GRP78/BiP), an ER resident chaperone that binds to the N-

terminal regulatory region of PERK, maintaining PERK in an inactive state during non-

stressed conditions (50).  Accumulating misfolded proteins in the stressed ER can titrate 

off the GRP78 from PERK, allowing PERK to dimerize and trans-autophophorylate (51).  

As a consequence PERK is activated, leading to enhanced eIF2α~P and repressed global 

translation, which would reduce further influx of newly synthesized proteins into the 

stressed ER (52).  An alternative model for related ER stress sensor IRE1 (Inositol 

requiring enzyme 1), is that unfolded proteins can directly bind to the regulatory region 

of PERK, facilitating enhanced eIF2α~P (52, 53).  PERK functions in conjunction with 

other ER resident factors IRE1 and ATF6 (Activating transcription factor 6), which 
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contribute to increased transcription of genes involved in the folding, processing, and 

trafficking of secretory proteins (52).  This pathway is collectively referred to as the 

Unfolded Protein Response (UPR), a stress response pathway that serves to expand the 

processing capacity of the secretory pathway.   

 

9.  HRI directs translational control in erythroid tissues 

HRI (EIF2AK1) is an eIF2α kinase that is regulated by the availability of heme in 

erythroid tissues (54, 55).  HRI binds heme at two regions, one at the N terminus of HRI 

and the other in the insert region within the kinase domain (Figure 3) (56).  During non-

stressed conditions in erythroid tissues, heme associates with these two sites, rendering 

HRI inactive.  However during heme deprivation, heme is released from HRI, leading to 

enhanced HRI phosphorylation of eIF2α and reduced translation, which in reticulocytes 

is predominantly globin synthesis.  As heme contains iron, HRI also acts a sensor for 

cellular iron levels.  Absence of HRI in mice leads to cellular sensitivity and apoptosis 

during heme and iron deprivation, contributing to anemia, with decreased red blood cell 

counts and compensatory erythroid hyperplasia accompanied by increased apoptosis in 

the bone marrow and spleen (15). 

 

10.  PKR facilitates an anti-viral defense pathway 

PKR (EIF2AK2) is expressed ubiquitously in all cells, but is induced upon 

interferon treatment (14, 57, 58).  Activation of PKR occurs in response to binding of  

double-stranded RNA (dsRNA), which is generated during viral infections.  PKR has two 

dsRNA-binding motifs (dsRBMs) in its N terminus, with a C terminal protein kinase  
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Figure 3.  The eIF2α  kinase family.  There are four kinases in mammalian cells, GCN2, 
HRI, PKR and PERK (PEK).  Each protein kinase is characterized by a conserved protein 
kinase domain depicted in black, along with divergent regulatory domains that are 
responsible for recognizing diverse stress condition.  As discussed in detail in the text, 
GCN2 contains a HisRS-related domain that monitors cellular amino acid availability via 
binding to uncharged tRNA that accumulates during nutrient deprivation.  GCN2 also 
contains a C- terminal region that provides for GCN2 ribosome association and 
dimerization.  HRI has two heme binding domain that serve to regulate HRI in erythroid 
cells.  Viral double-stranded RNA (dsRNA) activates PKR by binding to the two double-
stranded RNA binding motifs (dsRBM), blocking cellular translation required for viral 
replication and proliferation.  Endoplasmic reticulum stress activates the eIF2α kinase 
PEK/PERK.  PEK/PERK has a signal sequence (SS) that is important for its entry into 
the ER lumen, an ER lumenal region that regulates PEK dimerization and association 
with ER chaperones, such as GRP78, and an ER transmembrane (TM) region.  The 
cytosolic portion of PEK/PERK catalyzes eIF2α~P.	
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domain (Figure 3) (58).  PKR binding to dsRNA causes it to homodimerize, possibly via 

an RNA bridge, leading to conformational changes and autophosphorylation at the 

activation loop of PKR (13).  Induced PKR then phosphorylates eIF2α, leading to 

inhibition of protein synthesis, which reduces viral replication and viral infection in 

neighboring cells (2).  Many viruses have developed mechanisms to counteract the effect 

of translational control directed by PKR.  For example, Epstein-Barr virus expresses 

noncoding RNAs known as Epstein-Barr virus small RNA (EBER) which can bind and 

block activation of PKR (59).  Herpes simplex virus expresses the γ134.5 which is similar 

in sequence with GADD34 (60).  The γ134.5 protein recruits PP1c to dephosphorylate 

eIF2α~P, thus blocking the host translational control scheme induced during this viral 

infection (60).  Finally, human immunodeficiency virus 1 encodes TAT, a regulatory 

protein that has high affinity for eIF2, thus diminishing substrate availability for PKR 

(61).   

Apart from being activated by interferon and dsRNA, PKR has been also reported 

to be induced by ultraviolet A (UVA) irradiation in certain cell types.  UVA was 

suggested to activate PKR by direct ERK2 and RSK2 phosphorylation of Thr-451 in the 

kinase domain of PKR (62).  Furthermore, PKR is suggested to have anti-proliferative 

and tumor suppressive activities.  For example, PKR was reported to be involved in p53-

mediated tumor suppression (63).   

 

11.  Activation of ATF4 occurs in response to cellular stresses                                       

ATF4 is a member of the ATF/CREB family of basic leucine zipper (bZIP) 

transcription factor that regulates genes involved in alleviation of oxidative stress, 
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differentiation, amino acid synthesis, angiogenesis and intermediary metabolism.  The 

ATF4 gene is located on chromosome 22 at the locus 22q13.  The ATF4 protein is 351 

amino acid residues in length, consisting of three functional regions (Figure 4A).  The N-

terminal region is a p300 binding site, which modulates ATF4 protein stability and 

transcriptional activation (64).  This portion of ATF4 has also been shown to interact 

with the growth factor regulated kinase RSK2 (65), osteoblast differentiation factor 

Runx2 (66), CHOP (67) and anti-oxidant factor NRF2 (68).  Together these binding 

partners can modulate ATF4 transcriptional activity.  In the middle portion of ATF4 is a 

βTrCP recognition motif.  Phosphorylation of the serine residue in the βTrCP recognition 

motif DSGXXXS results in the interaction of ATF4 with βTrCP (β transducing repeat 

containing protein), an F-box containing protein which is part of the receptor for SCF E3 

ubiquitin ligase that can facilitates ATF4 degradation by the 26S proteasome (69).  

Finally, the C-terminal portion of ATF4 contains the DNA binding region with the basic 

domain and the leucine zipper.   

ATF4 can form homo- and heterodimers with members of C/EBP family proteins 

(70, 71), as well as with AP-1 transcription factors, such as c-Jun and c-Fos (72).  This 

large array of binding partners enables ATF4 to have its diverse array of functions in 

transcription.  Not only does deletion of ATF4 in MEF cells block effective expression of 

known downstream ISR targets CHOP and GADD34, microarray profiling in ATF4-/- 

MEF cells have revealed that ATF4 is responsible for expression of genes involved in 

amino acid transport, protein synthesis, glutathione synthesis, and anti-oxidation (3).  

Genes involved in amino acid transport and translation include asparagine synthetase 

(ASNS), cationic amino acid transporter (Slc7a5), asparaginyl-tRNA synthetase (NARS), 
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and tryptophan-tRNA synthetase (WRS) (3).  ATF4 also regulates several detoxifying and 

redox genes such as ER oxidoreductase 1(ERO1α) and heme oxygenase (HO1), as well 

as genes for glutathione synthesis, such as cystathionine γ-lyase (Cth), 

methylenetetrahydrofolate dehydrogenase (Mthfd), and the glycine transporter (Glyt1) 

(3).  As a result ATF4-/- cells are extremely sensitive to amino acid deficiency and 

oxidative stress (3). 

Disruption of ATF4 results in major developmental and physiological effects in 

mouse models.  ATF4-/- mice have smaller body size and are also characterized by 

delayed hair growth as compared to their wild-type littermates (73).  ATF4-/- mice 

develop severe micropthalmia with no lens, anterior chamber, and vitreous body, in the 

eye (73).  Targeted deletion of ATF4 in mice also causes severe anemia in the fetus due to 

improper development and function of haematopoietic progenitors (73).  Absence of 

ATF4 results in reduced osteoblast formation and bone deformation as ATF4 interacts 

with osteoblast differentiation factor Runx2 (66).  However the role of ATF4 in diabetes 

and obesity is not fully understood.  ATF4-/- mice are lean and are resistant to age-related 

and diet-induced obesity, with improved glucose tolerance possibly due to absence of 

CHOP (74). 

 

12.  Phosphorylation of eIF2α  increases ATF4 expression  

Though eIF2α~P dampens cellular translation, it can trigger preferential 

translation of ATF4 mRNA.  The mechanism of preferential translation of ATF4 in 

mammals is strikingly similar to that of GCN4, a transcription factor in the yeast 

Saccharomyces cerevisiae.  Like GCN4, ATF4 mRNA consists of multiple upstream  
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Figure 4.  Preferential translation of ATF4 is induced by eIF2α~P.   (A) Schematic 
representation of the three domains of the bZIP transcription factor ATF4.  The N-
terminal domain is required for transcriptional activation, while the β-TrCP recognition 
motif modulates ATF4 protein stability.  The DNA binding and dimerization domain are 
located in the C-terminus of ATF4.  (B) The 5-leader of the ATF4 mRNA has two uORFs 
that contributes differentially to the preferential translation of ATF4 during eIF2α~P.  
The uORF1and uORF2 act as positive and negative regulatory elements, respectively.  
Regulation of ATF4 expression begins with translation of the 5’-proximal uORF1.  
Following transltion of uORF1, the 40S ribosome is suggested to retain association with 
the ATF4 mRNA and resume scanning 5’- to 3’direction along the leader of the ATF4 
transcript.  During non-stressed conditions when there is low eIF2α~P, the scanning 
ribosome rapidly reacquires the eIF2-TC and reinitiates translation at uORF.  The uORF2 
overlaps out-of-frame with the ATF4 coding region, and following translation of the 
uORF2, ribosomes dissociate from the ATF4 mRNA and there is low ATF4 expression.  
However during stress conditions, there is induced eIF2α~P.  The resulting low levels of 
eIF2-GTP cause a delay in the reinitiation of the scanning ribosome.  This delay in 
reinitiation allows the 40S ribosome to bypass the uORF2 initiation codon.  During the 
interval between the initiation codons of uORF2 and the ATF4 ORF, the ribosomes 
reacquires the eIF2-TC, and translates the ATF4 coding region.   
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open reading frames (uORFs) located in the 5’-leader of the mRNA (Figure 4B).  The 

ATF4 mRNA has two uORFs which contribute differentially to its enhanced translation 

in response to eIF2α phosphorylation (75).  The 5’-proximal uORF1 encodes a 

polypeptide three amino acids in length, which acts as a ‘positive element’ by facilitating 

ribosome scanning and reinitiation at downstream start codons.  By contrast, uORF2 

overlaps the coding region of ATF4 and acts as a ‘negative element’ by blocking 

translation of the ATF4 coding region.  In non-stressed cells, following translation of 

uORF1, high levels of eIF2-GTP that occur with low eIF2α~P leads to rapid ribosome 

reinitiation at the inhibitory uORF2; thus translation of the ATF4 coding region is 

blocked and there is low expression of this key ISR transcriptional activator.  However 

under stress conditions, the low availability of eIF2-GTP during eIF2α~P causes a delay 

in ribosomal reinitiation.  Following translation of uORF1, scanning ribosomes bypass 

the inhibitory uORF2, and instead reinitiate at the ATF4 coding region causing its 

increased expression during stress condition (75).  Enhanced ATF4 protein then increases 

the transcription of its target genes in the ISR. 

 

13.  eIF2α~P regulates several downstream ISR genes 

Though the downstream targets of ISR, including ATF5, CHOP and GADD34 are 

thought to be primarily under ATF4-directed transcriptional regulation, several recent 

reports have shown that these genes are subject to preferential translation control during 

eIF2α~P.  The 5’-leader of the ATF5 mRNA has similar uORF architecture as the ATF4 

transcription (76).  Specifically, the ATF5 mRNA has two uORFs, and recent studies 

indicate that eIF2α~P induces ATF5 expression by a mechanism of delayed translation 
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reinitiation that is similar to that described for ATF4 (Figure 5A) (76).  However the 

mechanism of CHOP mRNA translation regulation is different from ATF4 and ATF5 and 

involves ribosomal bypass of an inhibitory uORF (77).  Unlike the abovementioned two 

mRNAs, CHOP mRNA has a single uORF in its 5’-leader, which acts as negative 

element that blocks scanning ribosomes (Figure 5B).  In non-stressed cells with low 

eIF2α~P and high eIF2-GTP levels, scanning ribosomes initiate at and translate the 

uORF, which blocks translation of the downstream CHOP coding region.  The repressing 

function of the uORF for downstream translation is suggested to be the consequence of 

the encoded polypeptide sequence, which stalls the ribosome during translation 

elongation or termination.  Therefore, the ribosome is impaired for downstream 

translation, and the stalled ribosomes can serve as a barrier for subsequent scanning 

ribosomes in the CHOP mRNA.  During stress, high eIF2α~P results in a leaky scanning 

mechanism enabling the ribosome to bypass the inhibitory uORF and instead the 

scanning ribosome initiates at the CHOP start codon (77).    

The translation control mechanism for GADD34 expression is not yet clearly 

understood.  GADD34 mRNA has two uORFs, with the first uORF1 being poorly 

translated and the second uORF2 being a repressing element.  One complication for the 

GADD34 is that the uORF arrangement in the 5’-leader can vary with species.  For 

example, in humans there are two uORFs which are separated by 30 nucleotides, while in 

mice the two uORFs overlap out-of-frame.  A study by E. Jan and colleagues is most 

consistent with a CHOP bypass model in which low eIF2-GTP levels causes bypass of 

the uORF2 resulting in high GADD34 expression (29). 
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 Another stress induced bZIP transcription factor that is suggested to be under  

translation control is the C/EBPβ, a factor regulating diverse physiological and metabolic 

processes, including adipogenesis, immune response, bone and liver function and 

development (78-80).  C/EBPβ is a critical member of the ISR, functioning by hetero-

dimerizing with ATF4 and CHOP to regulate the expression of their downstream target 

genes (81-87).  Translation of the C/EBPβ mRNA can give rise to three different 

isoforms, namely LAP (liver enriched activating protein), LAP* (liver enriched activating 

protein*) and LIP (liver enriched inhibitory protein) (78, 88).  The C-terminal bZIP 

domain is conserved in each of the isoforms, but the LAP/ LAP* contain an N-terminal 

trans-activation domain, which is missing in the short LIP isoform (Figure 6A).  The 

expression of these three isoforms is a consequence of different sites of translation 

initiation at four different start codons in the mRNA, designated A, B1, B2 and C (Figure 

6A).  Translation initiation at the intiation codon designated A expresses LAP*, while the 

B1 or B2 start codons encodes LAP (88).   

Expression of LIP involves another short uORF, which is embedded out-of-frame 

in the C/EBPβ coding region (Figure 6B).  If the scanning ribosome bypasses the 5’-

proximal start codon A, there is an option to initiate at this short out-of-frame uORF 

(designated D start codon).  Following translation of ORF-D, ribosomes can resume 

scanning and reinitiate at the downstream start codon C, yielding the LIP product (88, 

89).  Thus, translation of the short uORF-D prevents the expression of LAP*.  It is not yet 

well understood whether eIF2α~P plays a role in this mechanism of C/EBPβ translation 

control. 
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Figure 5.  Phosphorylation of eIF2α  regulates translation of several ISR genes.  (A) 
ATF5 is regulated at the translational level through eIF2α~P by a mechanism of delayed 
translation reinitiation that was described for ATF4.  The 5’-leader of the ATF5 mRNA 
has two conserved upstream ORFs with differential effect towards its expression.  Like 
ATF4, the uORF1 acts as a positive-element and uORF2 is an inhibitor of ATF5 
translation.  During non-stressed condition high eIF2-GTP levels allows the ribosome to 
reinitiate at the uORF2 thus blocking ATF5 expression.  However, low eIF2-GTP levels 
during stress condition delays the reinitiation of the ribosomes at uORF2.  This delay in 
reinitiation gives the ribosome enough time to initiate at the ATF5 start codon, enhancing 
its translation.  (B) Regulation of CHOP mRNA by eIF2α~P involves a mechanism in 
which ribosome bypass an inhibitory uORF.  In the absence of stress and high eIF2-GTP 
levels, the scanning ribosome initiates at the uORF, which leads to a ribosome stall, 
indicated by the “T” symbol, and therefore low CHOP translation.  During stress, 
eIF2α~P is thought to allow for the bypass of the unORF due to the weak initiation 
context.  The bypass of the uORF allows for to instead initiate at the CHOP start codon, 
with strong context leading to its increased expression. 
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Figure 6.  Translation control of C/EBPβ  regulate synthesis of three isoforms.  (A) 
C/EBPβ isoforms LAP, LAP* and LIP are synthesized from start codons A, B1/B2 and C 
on the same intron-less mRNA.  A regulatory short uORF with start codon D regulates 
LAP and LIP expression.  LAP and LAP* possess transactivation domains in the N-
terminus (red box), as well as a DNA binding domain in its C-terminal.  LIP only has the 
C-terminal DNA binding domain, and is considered a repressor of transcription.  (B) 
Translation regulation of C/EBPβ is regulated by the short ORF.  When ribosomes 
initiate at start codon D, there is low translation at the start codons B1 and B2, and 
instead ribosomes can reinitiate at the initiation codon C, leading to high LIP levels.  
Alternatively, ribosomes can initiate translation directly at A, B, or B1 start codons, 
leading to the synthesis of LAP or LAP*. 
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14.  ATF4 activates several downstream transcription factors in the ISR 

Elevated levels of ATF4 in response to cellular stress leads to increased 

expression of several downstream bZIP transcription factors, including ATF3, ATF5 and  

CHOP (2, 76).  ATF4 activates these genes by binding to cis-acting elements containing 

the CCAAT- enhancer binding protein activating transcription factor (C/EBP-ATF) 

response element- often abbreviated as CARE elements, located in the promoters of the 

targeted genes.  The consensus sequence to which ATF4 binds is TGATGxAAx (x 

indicates any base), half of which is a binding site for the members of the C/EBP family 

of transcription factors, and the other portion for ATF family members.  The composite 

binding site enables ATF4 to heterodimerize with other bZIP transcription factors and 

therefore variably induce specific sets of gene promoters in response to different stress 

conditions (90).   

A well-characterized example of ATF4-directed expression is the regulation of 

asparagine synthetase (ASNS), which catalyzes the synthesis of asparagine from aspartate 

and is induced during both ER stress and amino acid starvation.  Following either amino 

acid deprivation or ER stress condition, ATF4 initially binds to the CARE elements 

(designated NSRE I and NSRE II) of the ASNS promoter through dimerization with 

C/EBPβ (91, 92).  However sustained ATF4 activity following 6 hours of stress leads to 

increased expression of C/EBPβ and ATF3 proteins which in turn heterodimerize and 

bind to these CARE elements, thus displacing ATF4 and reducing activation of the ASNS 

promoter.  This type of feedback regulation is referred to as the self-limiting regulation 

model of ATF4 (92).   
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Self-limiting regulation also occurs with ATF4 transcriptional activation of TRB3 

(93, 94), the human homolog of Drosophila tribbles and an important regulator of 

cellular growth (95).  ATF4 dimerizes with CHOP to activate TRB3 transcription by 

binding to the three tandem CARE sites in its promoter (93).  Increased TRB3 

antagonizes ATF4 activity by physically interacting with ATF4, serving as a negative 

feedback of the ISR (96, 97).   

ATF4 can induce unique patterns of gene expression in response to different 

stresses.  An example of such regulation is of System A neutral amino acid transporter 2   

(SNAT2), whose transcription is activated by ATF4 in response to nutrient deprivation, 

but not during ER stress (90).  ATF4 dimerizes with ATF3 or C/EBPβ and binds to the 

C/EBP-ATF composite site in SNAT2 promoter following both ER stress and amino acid 

limitation.  In response to amino acid starvation, the ATF4 complex binding to SNAT2 

promoter recruits the transcription machinery along with increased H3 acetylation 

resulting in high transcriptional activity (98).  However in response to ER stress, the same 

ATF4 complex fails to recruit transcription machinery along with histone acetylases 

resulting in no transcriptional activation from the SNAT2 promoter (98).  The mechanism 

by which such ATF4 causes such a differential effect on target genes is still not well 

understood. 

 

15.  Differential regulation of the ISR 

Though the eIF2α~P/ATF4/CHOP pathway is induced in response to diverse 

cellular stresses such as ER stress, proteasome inhibition, nutrient starvation, and 

oxidative damage, there are certain stress conditions where there is a differential 
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regulation of the ISR pathway.  Following UV irradiation, cells respond by blocking 

protein synthesis through rapid eIF2α~P.  However unlike other stresses, UV stress does 

not induce ATF4 and its downstream target CHOP (Figure 7) (36, 99).  Such differential 

regulation of the ISR can also be observed during several other pathological conditions.  

Patients with brain ischemia, as well as mouse ischemic models, were reported to trigger 

eIF2α~P in cortex in the brain stem and hippocampus, but not trigger ATF4 or CHOP 

expression (100).  This discordant induction of the ISR, which is a reminiscent of UV 

stress - high eIF2α~P with no ATF4 expression, has also been reported in livers of 

patients with Non-Alcoholic Steatohepatitis (NASH) (101).  A different kind of 

differential regulation of ISR is observed during hypertonic conditions inducing osmotic 

stress in cells.  Osmotic stress conditions leads to an increase in eIF2α~P and elevated 

levels of ATF4 protein (102).  However, the expression of downstream targets of ATF4, 

such as ATF3 and CHOP, are absent (102).  

Such variation in the patterns of the induced ISR in response to the diverse stress 

conditions is further complicated by the variable roles of the eIF2α~P in cell survival.  

For example as noted above, UV-induced eIF2α~P enhances survival of cells by 

activating the transcription factor NF-κB by blocking the synthesis of IκBα (36).  

Additionally, increased eIF2α~P following UV irradiation was reported to lead to 

preferential translation of genes involved in nucleotide excision repair (NER), including 

ERCC1, ERCC2 (XPD), ERCC3 (XPB), DDB1, and DDB2 (XPE) (41).  By contrast, 

eIF2α~P induced by osmotic stress was reported to cause cellular apoptosis by a 

mechanism involving repressed translation of BCl-XL, a pro- survival member of the 

BCL family (102).  It was suggested that eIF2α~P leads to cytoplasmic sequestration of  
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Figure 7.  Differential regulation of the Integrated Stress Response.  Stress 
conditions, such as ER stress and nutrient starvation induces eIF2α~P through different 
protein kinases.  Increased eIF2α~P triggers preferential translation of ATF4, which in 
turn activates a cascade of bZIP transcription factors, such as ATF3 and CHOP, which 
regulates the expression of genes involved in metabolism, signaling, and of the cell redox 
status (left panel).  However, in response to UV irradiation, brain ischemia, and non-
alcoholic steatohepatitis (NASH) increased eIF2α~P does not activate the downstream 
ATF4/CHOP pathway (Right panel).  Such differential regulation of ISR was shown to 
have an important role in determining whether the cell lives or dies in response to the 
specific stress.   
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heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) required for IRES-mediated 

loading of ribosomes during the translation of the BCL-XL mRNA (102).  Therefore, the 

stress context for induction of the ISR can not only change the induction of key 

regulatory factors in the ISR, but also the mechanistic roles by which eIF2α~P can alter 

cellular survival in response to different environmental stresses. 

 

16.  The role of the ISR in determining cellular fate following stress        

Activation of ISR is an important determining factor in directing the survival of 

cells in response to stress.  A central hypothesis in the field states that the nature and the 

duration of stress conditions determine whether the cell remediates the stress, or 

alternatively undergoes apoptosis.  While ATF4 target genes, such as ATF5, have been 

linked to cellular survival and have been shown to be over-expressed in different types of 

cancer cells (103-105), other targets, including CHOP (106) and GADD34 (107), are 

considered to have pro-apoptotic functions.  CHOP contributes to cellular apoptosis by 

repressing the expression of pro-survival factor BCL2 (108), which can interact with and 

repress several different pro-apoptotic factors such as BIM, PUMA, and NOXA (109).  

CHOP also transcriptionally represses the transcription of the BCL2 by interacting with 

the C/EBPβ isoform LIP and binding to BCL2 promoter (87).  During ER stress, CHOP 

heterodimerizes with C/EBPα, which then binds to the BIM promoter leading to 

increased BIM expression (110).  Decreased levels of BCL2 and increased levels of BIM 

promote apoptosis by activating cellular caspases.   

Another important factor that is controlled by CHOP to induce cell death during 

ER stress is ER oxidoreductase 1 (ERO1α).  ERO1α facilitates disulfide bond formation 
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in newly synthesized proteins as they enter the ER secretory system.  During ER stress, 

CHOP transcriptionally upregulates ERO1α, resulting in a hyperoxidative condition in 

the ER, which can lead to cell death (107).  The mechanism by which ERO1α induces 

cell death is attributed to the activation of the ER calcium release channel IP3R1 (111).  

Hyperoxidized ER dissociates the inhibitory interaction between IP3R1 and ERp44 

(disulphide isomerase) (111).  Following chronic ER stress, ERO1α activated IP3R1 

releases calcium from the ER to the cytoplasm.  Released calcium activates calcium 

kinase CaMKII, which in turn activates the expression of the NADPH oxidase subunit 

NOX2 (109).  This results in the generation of ROS and cell death.  CHOP is also shown 

to generate ROS production by directly repressing antioxidant genes.  CHOP activation 

of death receptor (DR5) (109, 112) and TRB3 (93) also contributes to cell death following 

ER stress. 

  GADD34 and the C/EBPβ isoform LIP have also been shown to induce cell 

death during ER stress.  Over-expression of GADD34 resumes protein synthesis, which 

during extended stress conditions is suggested to prematurely restore protein synthesis 

and overload a stressed ER (107).  On the other hand, LIP was shown to induce cell death 

by stabilizing and facilitating the nuclear localization of CHOP (87).  By contrast, over-

expression of the LAP isoform of C/EBPβ prevents cell death and promotes tumor cell 

survival in vitro and in vivo (113).  This suggests that there is a balance between the 

levels of the LAP and LIP, which is critical for fine-tuning the CHOP activity in 

apoptosis. 
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18. Dysregulation of the ISR can lead to disease 

As noted earlier, mutations in the eIF2α kinases can lead to disease, such as for 

PERK mutations that lead to Wolcott-Rallison syndrome (6).  Mutations in other 

components of the ISR that cause aberrant eIF2α~P have also been linked to human 

pathologies.  For example, missense mutations in any of the 5 subunits of the guanidine 

nucleotide exchange factor, eIF2B lead to an autosomal recessive neuropathy known as 

Childhood ataxia with central nervous system hypomyelination (CACH), also known as 

the vanishing white matter leukoencephalopathy (114).  The eIF2B mutations lead to a 

partial loss of eIF2B function thus blocking eIF2-GDP to GTP exchange.  Reduced eIF2-

GTP levels in this physiological condition is suggested to induce the ISR independent of 

eIF2α~P (115).  In a sense, the basal activity of the ISR is constitutively induced.  Upon a 

stress, such as head trauma or infectious disease, CACH patients develop an early rapid 

impairment of motor and cognitive functions due to loss of white matter in the brain, 

leading to death.  It was suggested that the trauma can induce eIF2α~P, which in 

combination with the underlying impairment of eIF2B function would hyperactivate the 

ISR.  Hyperactivaion of ISR is suggested to trigger apoptosis in key neural tissues by 

increasing cellular CHOP levels (114).   

Another example of mutations in the ISR that can contribute to human disease 

involves mutations of WFS1 (P724L and G695V in exon 8), which cause Wolfram 

syndrome (116).  Wolfram syndrome is a rare juvenile form of diabetes characterized by 

loss of pancreatic β cells (117).  Expression of WFS1 is induced by ATF4 during ER 

stress, and loss of WFS1 function is suggested to induce ER stress that causes 

hyperactivation of CHOP and ERO1α, which facilitate the death of critical secretory 
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tissues.  The mechanism by which WFS1 acts as a suppressor of ER stress involves its 

negative regulation of ATF6, an inducer of CHOP.  WFS1 stabilizes the E3 ubiquitin 

ligase HRD1, which in turn degrades ATF6 through the 26S proteasome pathway (118).  

Thus, WFS1 can modulate the ER stress response by blocking ATF6 activation of target 

genes.                                                                                                                        

Loss of downstream effectors of eIF2α~P also can result in disease processes 

 in mice.  As discussed earlier, part of this complexity arises because of the fact that 

conditions such as UV irradiation, brain ischemia and NASH do not increase ATF4 

expression despite of high eIF2α~P.  Absence of ATF4 or CHOP in these conditions has 

been shown to facilitate cellular survival.  However in the case of cancer cells, a recent 

study suggests that the GCN2/ATF4/CHOP pathway is important for tumor growth and 

survival in vivo and in vitro (12).  As mentioned before, ATF4-/- mice develops severe 

anemia in the fetus along with severe developmental defects like bone deformation and 

lens formation (73). 

Deletion of CHOP in mice has shown to increase adiposity with high fatty acid 

and triglyceride content in serum, but surprisingly does not affect glucose tolerance or 

insulin insensitivity (119).  This CHOP phenotype can be explained by the findings that 

deletion of CHOP function improves function of beta cells in several genetic or high fed 

diet-induced diabetic mice (119, 120).  Improvement of beta cell function is due to 

increased expression of pro-survival UPR genes such as the ER chaperones (GRP94, 

BIP) (120) and those involved in the ERAD-mode of protein degradation (EDEM1), as 

well as increase in expression of antioxidant genes (SOD1 and SOD2) (120).  Deletion of 

CHOP also decreases the expression of ERO1, lowering cellular oxidative damage (107).           
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Similarly, deletion of GADD34 (PPP1r15a) in mice did not result in any discernible 

phenotype.  However deletion of the constitutively expressed CReP (PPP1r15b) resulted 

in stunted growth and perinatal lethality in mice (121).  CReP-/- mice display impaired 

erythropoiesis with a reduced hematocrit and red blood cell count.  Deletion of both 

GADD34 and CReP results in embryonic lethal phenotype; emphasizing the importance 

of the regulation of eIF2α~P levels for developmental processes (121). 

As discussed previously, a range of different environmental stresses has been 

shown to elicit the ISR.  That is not to say that activation of the eIF2α~P/ATF4 pathway 

and its target is indistinguishable between various stress arrangements.  Clearly there can 

be important differences in gene expression that are required for optimal alleviation of 

each stress condition.  The underlying reasons for the differences in gene expression 

elicited by eIF2α~P during various stress arrangements can involve the combined action 

between the ISR and other stress response pathways.   

In this thesis we have investigated three important questions.  First, what are the 

underlying mechanisms for variable expression of ATF4 in response to eIF2α~P during 

different stress conditions?  Second, what is the biological significance of the omission of 

ATF4 function in the ISR?  Third, what are the regulators responsible for discordant 

induction of eIF2α~P and ATF4?  Understanding these modes of regulation provides 

insight into the molecular mechanisms by which cells selectively repress or activate key 

genes subject to preferential translation, providing the ISR versatility to direct the 

transcriptome and cell survival during different environmental stress. 
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METHODS AND MATERIALS 

1.  Cell Culture and Stress Conditions 

ATF4 −/−, CHOP −/−, C/EBPβ -/- and A/A (eIF2α-S51A) mouse embryonic 

fibroblast (MEF) cells, along with their wild-type counterparts, were described previously 

(122-128).  MEF cells were cultured in Dulbecco's modified Eagle's media (DMEM, 

GIBCO, VA), which was supplemented with 1 mM nonessential amino acids (Hyclone, 

UT), 10% (v/v) fetal bovine serum (Atlanta Biological, GA), 100 units/ml penicillin 

(Thermo Scientific), and 100 µg/ml streptomycin (Thermo Scientific) at 37°C.  ATF4−/− 

cells require additional essential amino acids, along with 55 µM β-mercaptoethanol, to 

reduce the oxidative stress associated with loss of this transcription factor.  Thus, all cell 

lines were cultured with the same enriched media when compared with ATF4−/− cells in 

the described experiments.  C/EBPβ-ΔuORF (Delta upstream open reading frame) cells 

and their wild-type were cultured in DMEM Glutamax (GIBCO) supplemented with 

4.5g/L D-glucose, 10% fetal calf serum (Atlanta Biological, GA), 1% HEPES and 100 

units/ml penicillin, and 100 µg/ml streptomycin (89).   

Human glioblastoma M059K cells were cultured in medium containing a 1:1 

mixture of DMEM and Ham's F-12 medium supplemented with 0.05 mM nonessential 

amino acids and 10% fetal bovine serum (41).  Primary normal human keratinocyte cells 

were isolated from foreskin tissue and cultured in EpiLife medium (Cascade Biologics) 

supplemented with human keratinocyte growth supplement, (Cascade Biologics) and 

1000 units/ml penicillin and 1000 µg/ml streptomycin (Roche Applied Science) (129).  

Cells were cultured to 70% confluence and irradiated with the indicated dose of UV-C 

(UV Stratalinker 2400) or UV-B (Xenon Corporation 1000W) followed by further 
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incubation for the indicated number of hours (36, 129).  Alternatively, cells were treated 

with up to 200 µM methyl methane sulfonate (MMS, Sigma Aldrich) or 1 µM 

thapsigargin (MP Biomedicals) for up to 6 hours, as indicated.  In case of combinatorial 

treatment, wild-type and C/EBPβ-/- cells were pretreated with 40J/m2 of UV followed by 

1µM thapsigargin after 1 hour and incubated for indicated time points until 6 hrs.  In 

some cases MEF cells were pretreated with 10 µM salubrinal-003 (Enzo Life Sciences) 

for the indicated number of hours.   

To measure the ATF4 and C/EBPβ mRNA half-life, wild-type MEF cells were 

treated with 1 µM thapsigargin, 40 J/m2 UV-C irradiation, or no stress.  One hour later 

the cells were treated with 20 µm actinomycin D (Sigma Aldrich A1410).  The cells were 

then cultured for 1, 2, or 4 hours, and ATF4 and C/EBPβ mRNA levels were measured by 

qRT-PCR, as described below.  To determine whether protein synthesis is required for 

transcriptional regulation of ATF4 in response to ER stress or UV irradiation, wild-type 

MEF cells were treated with 50 µg/ml cycloheximide (Sigma Aldrich C1988) for 30 

minutes.  Cells were then treated with 1 µg/ml thapsigargin, 40 J/m2 UV-C irradiation, or 

no stress, and then cultured for an additional 3 or 6 hours.  ATF4 mRNA levels were 

measured by qRT-PCR following the experimental details highlighted below.   

 

2.  Plasmid constructions 

Transcriptional regulation of ATF4 was measured by fusing a 2.5-kb segment 

with the mouse ATF4 promoter (chr15:80084614-80085613) to the pGL3 firefly 

luciferase gene (99).  This was accomplished by inserting the ATF4 promoter region 

between the NcoI and XhoI restriction sites in the pGL3.1 (Promega, Madison, WI) 
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expression plasmid, resulting in plasmid PATF4-Luc.  ATF4 translation control was 

measured by using a previously reported PTK-ATF4-Luc plasmid containing a cDNA 

encoding the 5’-leader of mouse ATF4 mRNA and ATF4 start codon downstream of a 

constitutive TK promoter (75).  A deletion analysis of the PATF4-Luc plasmid was created 

by sequential 5'-deletions of 500-base pair segments of the ATF4 promoter using 

divergent phosphor-primers to PCR amplify the required construct and subsequent 

ligation by T4 DNA ligase at room temperature.  Additionally, internal deletions of 500 

base pair segments removing sequences from -2 to -1.5-kb, -1.5 to -1-kb, -1 to -0.5-kb, 

and -0.5-kb -1-bp were similarly created in the ATF4 promoter of the PATF4-Luc plasmid.  

Deletions of predicted C/EBPβ-binding sites involving the indicated sequences in the 

ATF4 promoter were also constructed in the PATF4-Luc plasmid.  Plasmids expressing 

LAP and LIP isoforms of C/EBPβ were described previously (126).   

For the transfection analyses, MEF cells were plated at a density of 105 cells per 

well of 35 mm plates (BD Falcon) and grown overnight to 50% cellular confluency.  The 

PATF4-Luc or PTK-ATF4-Luc plasmids were cotransfected with control Renilla luciferase 

plasmid (Promega, Madison, WI) at a dilution ratio of 10:1 using FuGENE 6 reagent 

(Roche Applied Science, Mannheim, Germany).  Following 24 hours after transfection, 

the MEF cells were exposed to vehicle alone, 1 µM thapsigargin, or 40 J/m2 UVC 

irradiation, and then cultured for 12 hours.  Dual luciferase assays were carried out in 

triplicates as described by the Promega instruction manual.  Luciferase values and their 

standard deviation were derived as mean of three experiments and statistical significance 

was calculated with a Student’s t test. 
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3.  Immunoblot Analysis 

Cultured cells treated with or without stress agents were washed twice with ice-

cold phosphate buffer- (pH 7.4) saline solution and lysed in a solution containing 50 mM 

Tris-HCl (pH 7.9), 150 mM NaCl, 0.1% SDS, 100 mM NaF, 17.5 mM glycerol 

phosphate, and 10% glycerol supplemented with protease inhibitors (100 µM 

phenylmethylsulfonyl fluoride, 0.15 µM aprotinin, 1 µM leupeptin and 1 µM pepstatin).  

Lysates were subjected to sonication for 30 seconds and precleared by centrifugation at 

12000 rpm at 4°C.  Protein concentrations was measured by the Bio-Rad protein 

quantification kit (Bio-Rad # 500-0114) for detergent lysis, and equal amounts of protein 

were loaded and subjected to SDS/PAGE, along with low or high molecular weight 

markers (Bio-Rad# 161-0317).  Proteins were transferred to nitrocellulose filters 

(Whatmann, Germany) and subsequently incubated with TBS-T solution containing 20 

mM Tris/HCl (pH 7.9), 150 mM NaCl, and 0.2% Tween 20 supplemented with 4% (w/v) 

nonfat dried milk for 1hoursfollowed by an overnight incubation with antibodies specific 

for phosphorylated eIF2α at serine 51, cleaved PARP, or cleaved caspase-3 (Cell 

Signaling Technologies# 972, 9542 and 9662).  ATF4 antibody was prepared against 

recombinant protein (76).  CHOP and β-actin antibodies were obtained from Santa Cruz 

Biotechnology (sc-7351) and Sigma (A5441), respectively.  Antibody which recognizes 

all isoforms of C/EBPβ (LAP, LAP* and LIP) was obtained from Biolegend (clone 1H7).  

Monoclonal antibody that recognizes either phosphorylated or nonphosphorylated forms 

of eIF2α was kindly provided by Dr. Scot Kimball (Pennsylvania State University 

College of Medicine, Hershey, PA).  Filters were washed in the TBS-T solution 3 times, 

and subsequently incubated with secondary antibody tagged with horseradish peroxidase 
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and chemiluminescent solution.  Proteins bound to antibody in the immunoblots were 

visualized by exposure to x-ray film (Kodak#178) and by imaging using the LI-COR 

Odyssey system.  Each of the experiments featuring immunoblot analyses were repeated 

three independent times for validation. 

 

4.  Polysome Analyses 

Cultured wild-type and A/A MEF cells were treated with 1 µM thapsigargin for 6 

hours, or subjected to 40 J/m2 UV-C irradiation and cultured for 6 h.  Polysome analysis 

was carried out as described previously (76).  Before lysis, cells were treated with 50 

µg/ml cycloheximide for 10 minutes to inhibit translation elongation and preserve large 

polysomes.  Cells were washed twice with an ice-chilled phosphate saline solution 

containing 50 µg/ml cycloheximide, and cellular lysates were prepared in a solution of 20 

mM Tris-HCl (pH 7.5), 5 mM MgCl2, 100 mM NaCl, and 0.4% Nonidet P-40 

supplemented with 50 µg/ml cycloheximide.  Lysates were gently passed through a 23-

gauge needle followed by a 10-minute incubation on ice to ensure proper lysis.  The 

preparation was then cleared by microcentrifugation (10,000 × g for 10 min) at 4°C and 

quantified for RNA concentration using a UV spectrophotometer (Nanodrop, Thermo 

Scientific).  Lysates were loaded onto 10-50% sucrose gradients (20 mM Tris-HCl [pH 

7.5], 10 mM MgCl2, 100 mM NaCl, and 50 µg/ml cycloheximide) and subjected to 

centrifugation in a Beckman SW-41Ti rotor for 2 hours at 40,000 rpm.  Gradients were 

fractionated using a Biocomp Gradient Station.  Absorbance of RNA at 254 nm was 

recorded by an in-line UV monitor, and polysome to monosome ratios were quantitated 

by comparing the areas under the recorded peaks. 
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5.  Isolation of RNA and Real Time PCR 

MEF cells were treated with the indicated stress conditions and harvested, and 

total cellular RNA was prepared using TRIzol® reagent (Invitrogen).  To remove any 

DNA contamination, total mRNA from each condition were treated with DNaseI 

(Promega, Madison, WI) for 30 minutes at 37°C.  Single-stranded cDNAs were 

synthesized using the Taqman reverse transcriptase kit (Applied Biosystems) according 

to the manufacturer's protocol.  Quantitative PCR reactions were carried out with 400 ng 

of cDNA sample from each reaction using Taqman probes (Applied Biosystems) specific 

for detection of ATF4, p21, CHOP, GADD45a, and β-actin genes in a Roche LightCycler 

real-time PCR system.  Quantitation of the target genes was normalized using the 

reference 18S rRNA to compensate for inter-PCR variations.  Alternatively, quantitations 

of relative mRNA levels were carried by using SYBR Green PCR mix (Applied 

biosystems).  The primers for detecting ATF4, C/EBPβ and β-actin through SYBR Green 

detection methods are as follows: ATF4 forward primer 5’-

GCCGGTTTAAGTTGTGTGCT-3’, reverse primer 5’-

CTGGATTCGAGGAATGTGCT-3’; C/EBPβ forward primer 5’-

CGGGTTTCGGGACTTGAT-3’, reverse primer 5’-GCCCGGCTGACAGTTACAC-3’; 

β Actin 5’-TGTTACCAACTGGGACGACA-3’, reverse primer 5’-

GGGGTGTTGAAGGTCTCAAA-3’.  The ATF4 target genes namely ASNS, Cat-1, and 

CHOP were determined by the following primer sets: ASNS forward primer 5’-

TTGACCCGCTGTTTGGAATG-3’, ASNS reverse primer 5’-

CGCCTTGTGGTTGTAGATTTCAC-3’; CAT-1 forward primer 5’-

CTTTGGATTCTCTGGTGTCCTGTC-3’ and CAT-1 reverse primer 5’-
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GTTCTTGACTTCTTCCCCTGTGG-3’; CHOP forward primer 5’- 

CGGAACCTGAGGAGAGAGTG -3’ and CHOP reverse primer 5’- 

CGTTTCCTGGGGATGAGATA -3’.  Quantification was carried out using the Light 

Cycler 480 software (Version 1.2.9.11) to generate Cp values.  Values are a 

representation of three independent experiments, with standard deviations as indicated.  

Statistical significance was calculated by using the two-tailed Student's t test. 

 

6.  Luciferase assays 

MEF cells were plated at a density of 105 cells per well of 35 mm plates (BD 

Falcon) and grown overnight to establish the desired density of 50% cellular confluency.  

The PATF4-Luc or PTK-ATF4-Luc plasmids were cotransfected with control Renilla 

luciferase at a dilution ratio of 10:1 using FuGENE 6 reagent (Roche Applied Science).  

Following 24 hours after transfection, the MEF cells were exposed to vehicle alone, 1 µM 

thapsigargin, or 40 J/m2 UV-C irradiation, and then cultured for 12 hours.  Dual 

luciferase assays (Promega, Madison, WI) were carried out in triplicates as described by 

the Promega instruction manual.  Luciferase values and their standard deviation were 

derived as mean of three experiments and statistical significance was calculated with a 

Student’s t test. 

 

7.  Cell Survival Assays 

Cells were plated in 96-well plates and treated with 40 J/m2 UV-C irradiation, 

followed by culture incubation for the indicated times.  Selected cultures were pretreated 

with 10 µM salubrinal-003(Sal-003) for 6 hours, followed by UV irradiation and then 
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incubated for the indicated times.  The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay was performed by using the CellTitre 96 

nonradioactive cell proliferation assay kit (Promega, Madison, WI) to measure the 

number of viable cells, as described in the manufacturer's protocol.  Clonogenic assays 

involved plating cells at a density of 500 cells/ well in a 60-mm plate.  48 hours after 

seeding, cells were then treated with UV-C irradiation and Sal-003, as indicated, and the 

cells were cultured for a period of 7 to 10 days.  Cells were fixed with a solution 

containing 10% methanol and 10% acetic acid and stained with 0.4% crystal violet.  

Colonies were counted by using the AlphaImager system from Innotech and plotted from 

three independent experiments.  Statistical significance was calculated using the Student's 

t test. 

 

8.  Chromatin immunoprecipitation 

C/EBPβ-/- MEF cells, and a wild-type counterpart, were plated in 15 cm plates 

(BD Falcon) and grown overnight to about 60% confluency.  Cells were treated with 40 

J/m2 of UV-C, followed by 6 hours incubation, 1 µM thapsigargin for 6 hours, or to no 

stress.  Chromatin immunoprecipitations were performed with the SimpleChIP® 

Enzymatic Chromatin IP kit (Cell Signaling Technology #9003) following the 

manufacturer’s protocol.  Immunoprecipitation reactions were carried by using antibodies 

against C/EBPβ (Biolegend clone 1H7), Histone 3 (D2B12) (Cell Signaling Technology 

#4620), and rabbit IgG (Cell Signaling Technology #4620).  Immunoprecipitated DNA 

samples were then analyzed by qRT-PCR.  The primers for the segment of DNA 

analyzed for C/EBPβ binding designated P1, P2, and P3 were as follows: P1 forward 
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primer 5’-GGGACTGGAGAGTTAGGTTCG-3’ and reverse primer 5’-

TGTTTAAGTGACTCACAC-3’, P2 forward primer 5’- 

AAGGCTTGAGAGCCAACTGA-3’ and reverse primer 5’-

TTCCTCCAGTTCAGCGATTT-3’, and P3 forward primer 5’-

TCGGTTCTGGAAACAACAAA-3’ and reverse primer 5’-

GTCACACCTGCCATCTCTTG-3’.  Values are represented as the mean from three 

independent experiments, with standard deviations as indicated.  Statistical significance 

was calculated by using the two-tailed Student’s t test. 
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RESULTS 

1.  Both transcriptional regulation and translational control of ATF4 are central to 

the Integrated Stress Response 

1.1 UV irradiation induces eIF2α~P without activation of ATF4 and CHOP 

UV irradiation has been reported to induce translation control by eIF2α~P   

without activating its target genes, ATF4 and CHOP (36).  To test this model, we 

measured the levels of eIF2α~P in MEF cells in response to increasing doses of UV-C 

irradiation (Figure 8A).  The levels of eIF2α~P were determined by immunoblot analysis 

using a polyclonal antibody that specifically recognizes the translation initiation factor 

that is phosphorylated at serine 51.  eIF2α~P was detected with a dose range between 20 

and 80 J/m2 of UV-C, with a maximum at 40 J/m2.  Levels of eIF2α~P at 40 J/m2 UV-C 

irradiation were comparable with that measured in cells treated with 1 µM thapsigargin, a 

well-established inducer of ER stress (Figure 8A).  Phosphorylated eIF2α was detected 

by 1 hour after exposure to 40 J/m2 UV-C and was sustained for 6 hours (Figure 8B).  

Importantly, neither ISR regulators, ATF4 or CHOP were appreciably induced in 

response to UV irradiation, whereas both were highly expressed during ER stress (Figure 

8, A and B).  By comparison, expression of the p53 target gene p21 was enhanced in 

response to UV irradiation, but not during ER stress.  We also carried out a dose- and 

time-dependent analysis of the ISR during treatment of the MEF cells with MMS, an 

alkylating agent that can damage DNA, and found induction of both ATF4 and CHOP 

proteins (Figure 8, C and D). 

We also observed increased eIF2α~P without induced expression of the ISR 

genes in two different cultured human cell types (glioblastoma cell line M059K and 
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primary human keratinocytes) treated with UV-C irradiation (Figure 9, A and B).  By 

contrast, in response to thapsigargin treatment, both of the human cells showed increased 

ATF4 and CHOP levels accompanied by eIF2α~P.  Finally, we addressed whether UV-B 

irradiation elicits a similar discordant induction of the ISR.  MEF and normal human 

keratinocyte cells were treated with increasing doses of UV-B irradiation, and although 

there were significant levels of eIF2α~P, there was no induction of ATF4 and CHOP 

(Figure 9, C and D).  These results indicate that both UV-C and UV-B irradiation 

significantly increase eIF2α~P without activation of the central ISR regulators, ATF4 and 

CHOP. 

 

1.2 eIF2α~P by UV irradiation reduces global protein synthesis 

eIF2α~P is a potent repressor of translation initiation.  We examined the effects of 

UV-induced eIF2α~P on global protein synthesis by sucrose gradient analyses of 

polysomes.  UV-C irradiation of MEF cells significantly reduced polysomes, coincident 

with increased free ribosomes and monosomes, indicating repressed translation initiation   

(Figure 10).  By comparison, there was a substantial restoration of polysomes in UV-C 

irradiated A/A MEF cells expressing a mutant form of eIF2α with alanine substituted for 

the phosphorylated serine 51.  This result supports the model that eIF2α~P is the primary 

mediator of global translation repression in response to UV irradiation.  This central idea 

is also true for ER stress, with eIF2α~P being required for a robust reduction in 

translation initiation (Figure 10). 
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Figure 8.  UV irradiation elicits eIF2α~P in the absence of induced ATF4 and 
CHOP.  (A) Wild-type MEF cells were treated with the indicated dosage of UV-C 
irradiation and then incubated in the culture medium for 6 hours.  (B) Alternatively, the 
MEF cells were treated with 40 J/m2 UV-C irradiation and then cultured for up to 6 
hours, as indicated.  Lysates were prepared from the UV-C irradiated cells, and the levels 
of ATF4, phosphorylated eIF2α, total eIF2α, p21, and β-actin were measured by 
immunoblot analysis using antibody specific to each protein.  As a control, cells were 
subjected to ER stress elicited by 1 µM thapsigargin (TG) for 6 hours, and immunoblot 
analyses were carried out on the cell lysates.  (C) MEF cells were treated with up to 200 
µM MMS for 6 hours, as indicated.  (D) Alternatively, the cells were exposed to 100 µM 
MMS for up to 6 hours.  Lysates were prepared from the treated cells and the levels of 
the indicated proteins were measured by immunoblot analysis.  Results shown in each 
panel are representative of three independent experiments. 
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Figure 9.  UV-C and UV-B irradiation induces eIF2α~P in different cell types.  
Human glioblastoma cells M059K (A) and primary human keratinocytes NHK cells (B) 
were treated with 40 J/m2 UV-C irradiation and then cultured for up to 6 hours.  As a 
control, cells were also exposed to 1µM thapsigargin (TG) for 6 hours.  Lysates were 
prepared from the stressed human cells and the levels of indicated proteins were 
measured by immunoblot analysis.  Wild-type MEF cells (C) and human NHK 
keratinocytes (D) were treated with increasing dosages of UV-B irradiation, cultured for 
up to 6 hours, and the indicated proteins were measured by immunoblot analyses.  Each 
panel is representative of three independent experiments. 
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Figure 10.  Phosphorylation of eIF2α  reduces translation initiation in response to 
UV irradiation or ER stress.  Wild-type MEF cells (WT) and a mutant version 
expressing the non-phosphorylated eIF2α-S51A (A/A) were treated with 40 J/m2 UV-C 
irradiation (UV), followed by culture incubation for 6 hours, or to no stress treatment 
(NT).  Alternatively, the MEF cells were subjected to ER stress by treatment with 1 µM 
thapsigargin (TG) for 6 hours.  Lysates were prepared and were subjected to 
centrifugation in a 10%-50% sucrose gradient.  Polysome profiles were generated with 
absorbance values as measured at 254 nm.  Arrows indicate peaks corresponding to 40S 
and 60S ribosomal subunits or 80S monosomes, and the line highlights polysomal 
fractions.  Polysomes to monosome (P/M) ratios were determined by calculating the area 
under the indicated peaks. 
 
 
 
 
 
 
 



	
  
	
  

46 

1.3 ATF4 mRNA is lowered in response to UV irradiation 

Both UV and ER stresses elicited eIF2α~P and repressed translation initiation, yet 

there is differential regulation of ATF4, with ER stress triggering enhanced ATF4 protein 

levels, whereas in response to UV irradiation, ATF4 is absent.  The loss of ATF4 protein 

in response to UV irradiation may be due to altered regulation of the synthesis and/or 

turnover of ATF4 mRNA or protein.  ATF4 mRNA levels were measured in MEF cells 

during the ER and UV stress conditions.  Treatment with thapsigargin led to almost a 3-

fold increase in ATF4 mRNA levels, whereas UV-C irradiation led to a lowering of ATF4 

mRNA in a dose-dependent fashion, with significant reductions in the transcript levels in 

response to exposure to 40 J/m2 UV-C irradiation (Figure 11A).  Treatment with MMS, a 

condition that led to elevated ATF4 protein levels along with eIF2α~P, elicited a modest 

increase in ATF4 mRNA levels.  UV irradiation did not lead to a general reduction in 

mRNA levels, as the amount of actin mRNA remained unchanged for up to 6hoursafter 

exposure to 40 J/m2 UV-C irradiation (Figure 11, A and B).  The amount of p21 and 

GADD45a transcripts, both known to be induced by genotoxic stress, were increased 3-

fold or greater (Figure 11B).  The kinetics of the ATF4 mRNA changes are gradual, with 

lowered ATF4 transcript levels 2hoursafter UV irradiation and a further reduction 

4hoursafter the UV stress (Figure 11, B and C).  By contrast, in MEF cells exposed to 

thapsigargin there was a continuous enhancement in ATF4 mRNA levels, with a 3-fold 

increase after 4hoursof ER stress (Figure 11C).  These results indicate that changes in 

ATF4 transcript levels are an important reason for differential expression of ATF4 in 

response to UV and ER stress.  UV-C irradiation leads to selective reduction in ATF4 

mRNA levels, coincident with low ATF4 protein levels despite a robust eIF2α~P. 
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1.4 ATF4 mRNA is short-lived independent of stress 

Reduced ATF4 mRNA in response to UV irradiation can be due to an increase in 

mRNA decay or repressed transcription.  To address whether the half-life of ATF4 

mRNA is decreased in response to UV irradiation, we utilized the transcription blocking 

capabilities of actinomycin D.  MEF cells were treated with UV-C irradiation, 

thapsigargin, or no stress, and 1hourslater 20 µM actinomycin D was added to the cells, 

which were then incubated for an additional period of 1, 2, or 4 h.  Total RNA was 

isolated, and subsequently ATF4 mRNA was measured by qRT-PCR (Figure 11, C and 

D).  We anticipated that if the ATF4 mRNA half-life is a significant factor in the lowered 

levels of ATF4 transcript in response to UV irradiation that the turnover of ATF4 mRNA 

would be considerably greater than that measured in cells treated with thapsigargin or no 

stress.  Although ATF4 mRNA was short-lived, with a half-life of ~ 3 hours, there was 

not a significant difference in ATF4 transcript turnover in the MEF cells treated with UV 

irradiation, thapsigargin, or no stress (Figure 11D).  These results indicate that the decay 

of ATF4 mRNA does not change between different stress arrangements and is not the 

regulatory switch for reduced mRNA levels in response to UV irradiation. 

 

1.5 ATF4 transcription is repressed in response to UV irradiation 

We propose that ATF4 transcription is repressed in response to UV irradiation, 

leading to low levels of ATF4 mRNA available for preferential translation in response to 

eIF2α~P.  To test this model, a 2.5-kb insert encompassing the ATF4 promoter was fused 

to a firefly luciferase reporter gene.  The resulting PATF4-Luc reporter, which did not 

encode the 5′-leader region of ATF4 mRNA required for translational control in response 
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to eIF2α~P, was introduced into MEF cells and subjected to ER or UV stress.  After 

thapsigargin treatment there was about a 4-fold increase of luciferase activity, consistent 

with the idea that enhanced ATF4 mRNA in response to ER stress was due to increased 

transcription (Figure 12A).  Exposure to 40 J/m2 UV-C resulted in a 3-fold reduction of 

luciferase activity, indicating that UV irradiation leads to transcriptional repression of 

ATF4. 

We next addressed whether ATF4 translational control can occur during UV-C  

irradiation and eIF2α~P if the ATF4 transcript is available.  We analyzed an ATF4-Luc 

fusion reporter, which contained the 5′-leader of the ATF4 mRNA expressed from a 

constitutive thymidine kinase (TK) promoter (75).  MEF cells transfected with the PTK-

ATF4-Luc plasmid were treated with thapsigargin or UV irradiation.  In response to either 

stress conditions, there was a significant increase in luciferase activity compared with 

non-treated cells (Figure 12B).  By comparison a similar reporter with mutations in the 

uORF1 that block preferential translation of ATF4 led to low levels of luciferase 

expression independent of stress.  Finally, mutations in both uORF1 and uORF2 in the 5′-

leader of the ATF4 mRNA remove the underlying translation control in response to 

eIF2α~P (75).  In this case, there were high levels of luciferase activity in response to the 

stress and non-stressed conditions, consistent with the idea that the luciferase was subject 

to the constitutive transcription from the thymidine kinase promoter.  These results 

indicate that if ATF4 mRNA is present in response to UV-C irradiation that the transcript 

is subject to preferential translation. 

Our results indicate that ATF4 is transcriptionally regulated in response to UV-C 

and ER stress, suggesting that there is a transcriptional repressor(s) and activator(s) that 
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contribute to ATF4 expression.  To address the nature of these transcriptional regulators, 

we stressed the MEF cells with thapsigargin or UV-C irradiation in the presence or 

absence of cycloheximide.  We reasoned that if the transcriptional regulators were 

present before stress and were subject to allosteric regulation or signaling that 

cycloheximide would not affect the changes in ATF4 mRNA levels in response to ER or 

UV stress.  Alternatively, if the activities of the proposed transcriptional repressor(s) and 

activator(s) relied directly or indirectly on synthesis for their regulation in response to the 

stress conditions, cycloheximide would block the changes in ATF4 mRNA in response to 

these stress conditions.  In both stress conditions, treatment with cycloheximide 

significantly blocked the changes in ATF4 mRNA levels (Figure 12C).  There was a 3-

fold increase in the levels of the ATF4 transcripts after 6 hours of the thapsigargin 

exposure, whereas there were minimal changes in cells with the combined thapsigargin 

and cycloheximide treatment.  Similarly, 6 hours after the UV insult there was a 3-fold 

decrease in the levels of ATF4 mRNA.  By contrast, this reduction was blocked in cells 

when cycloheximide was combined with UV-C irradiation (Figure 12C).  As a control we 

measured p21 mRNA levels 6 hours after UV-C irradiation, and similar to the qRT-PCR 

measurements in Figure 11B, there was a 5-fold increase in p21 mRNA levels compared 

with no treatment.  This increase in p21 transcript levels after UV-C exposure was not 

significantly changed when cycloheximide was combined with UV irradiation, which is 

consistent with the idea that induction of p21 transcription by genotoxic stress involves 

signaling events activating the p53 transcription factor (130).  These results suggest that 

there are transcription factors that are synthesized after stress or are controlled by co- 

regulators expressed during stress, which are central to ATF4 transcriptional control.  
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Figure 11 A-C.  
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Figure 11.  Levels of ATF4 mRNA are reduced in response to UV irradiation.  (A) 
MEF cells were treated with the indicated doses of UV-C irradiation, and subsequenly 
incubated in the culture medium for 6 hrs.  Alternatively cells were treated with either 
100 µM MMS or 1 µM thapsigargin (TG) for 6 hours.  Total RNA was isolated from the 
samples and the levels of ATF4, p21 and β-Actin mRNAs were measured by qRT-PCR.  
Values were plotted as fold change compared to the no treatment control (0).  (B) MEF 
cells were treated with 40 J/m2 UV-C, and then incubated in the culture medium for up to 
6 hrs, as indicated.  NT (0) indicates cells not treated with UV-C stress, and NT (6) 
indicated a mock treated cell preparation.  Transcript levels were measured by qRT-PCR 
for ATF4, p21, GADD45a, and β-Actin, as indicated.  (C) Levels of ATF4 mRNA were 
measured in MEF cells were treated with 40 J/m2 UV-C irradiation, and then incubated 
for in culture medium for 1, 2, or 4 hours, as indicated.  Cells not subjected to stress are 
indicated as 0.  Additionally, ATF4 transcript levels were measured in cells that were 
exposed to 1 µM thapsigargin (TG) for up to 4 hours.  (D) Measurement of the half-life 
of ATF4 mRNA was carried out by first subjecting MEF cells to 1 µM thapsigargin (TG) 
for 1 hour or to 40 J/m2 UV-C (UV), followed by 1 hour of incubation.  To halt 
transcription, cells were treated with 20 µM of actinomycin D (UV+AD or TG+AD), and 
then cultured for up to 4 hours.  Alternatively, cells were treated with actinomycin D 
alone (AD).  Control experiments with MEFs treated with only 1 µM thapsigargin or 
40J/m2 UV-C (C) were also performed.  ATF4 mRNA levels were measured by qRT-
PCR at the indicated times, and the panels are presented as averages ± S.D. of three 
independent experiments, with each measurement performed in triplicate (* p<0.05). 
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Figure 12. 
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Figure 12.  ATF4 transcription is regulated during stress.  (A) A 2.5-kb segment of 
the ATF4 promoter was fused to a firefly luciferase reporter and assayed for expression in 
MEF cells treated with 1 µM thapsigargin (TG) for 6 hours, 40 J/m2 UV-C, followed by 
culture incubation for 6 hours, or to no stress treatment (NT).  The firefly luciferase 
activity was assayed as described in the “Materials and methods,” and the relative light 
units (RLU) are presented relative to the non-stressed cells.  (B) Wild-type and mutant 
versions of the 5’-leader sequences of the ATF4 mRNA that mediates translational 
control was inserted between the constitutive thymidine kinase promoter and the firefly 
luciferase reporter gene.  MEF cells were co-transfected with the PTK-ATF4-Luc plasmid 
and a control Renilla luciferase plasmid.  The transfected cells were treated with 1 µM 
thapsigargin, 40 J/m2 UV-C or no stress agent, as indicated in the figure legend.  The 
mutant versions of the 5’-leader of the ATF4 transcript include a mutation in the initiation 
codon of uORF1 (ΔuORF1), abolishing the positive-acting element for translational 
control.  Alternatively the mutations were present in the initiation codons for both uORFs 
(ΔuORF1, 2).  For clarity, the histograms are represented in two different scales.  (C) 
Protein synthesis in wild-type MEF cells were blocked by pretreatment with 50 µg of 
cycloheximide (CHX) for 30 minutes followed by treatment with UV (UV+CHX) or 
thapsigargin (TG+CHX) stress for the indicated periods of time.  Control experiments 
were carried out by treating cells only with 40 J/m2 UV-C (UV), thapsigargin (TG), 
cycloheximide (CHX), or no stress (NT).  Levels of ATF4 mRNA were measured by 
qRT-PCR.  Panels A, B, and C illustrate experimental averages ± S.D. from three 
independent experiments (* p<0.05). 
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1.6 eIF2α~P is important for cell survival in response to UV-C 

We next addressed the role of eIF2α~P in the resistance to UV-C irradiation and 

the functional consequences of the absence of induced ATF4 expression.  The A/A MEF 

cells expressing the non-phosphorylated version of eIF2α (S51A) showed lowered cell 

survival in response to UV irradiation.  There was a decrease in the number of surviving 

A/A cells as judged by the MTT assay, with a 2.5-fold reduction 24 hours after exposure 

to 40 J/m2 UV-C (Figure 13A).  By comparison, wild-type MEF cells showed only a 

modest 20% reduction in cell count after the UV insult.  Long term clonogenic survival 

assays also showed over a 3-fold decrease in surviving A/A cells after UV irradiation, 

whereas the wild-type did not show significant reductions (Figure 13B).  Finally, A/A 

cells showed measureable cleavage of PARP and caspase-3, markers of apoptosis, after 

8hoursof exposure to UV-C (Figure 13C).  These studies indicate that eIF2α~P 

significantly contributes to cell survival after UV irradiation. 

We wished to determine whether expression of ATF4, and its downstream target 

CHOP, have negative consequences on cell survival following UV stress.  To address 

this question, we used a derivative of the drug salubrinal, a selective inhibitor of eIF2α~P 

dephosphorylation (131), to induce ATF4 and CHOP along with eIF2α~P without adding 

any cellular stress.  This drug has been used to precondition cells in response to oxidizing 

stress, providing for a heightened ISR gene expression that provides for increased 

resistance to stress conditions (132).  Wild-type MEF cells were pretreated with 

salubrinal-003, a derivative of salubrinal that is more potent and soluble, for 6 hours, 

which is sufficient for inducing fivefold levels of eIF2α~P and its downstream targets 

ATF4 and CHOP.  After this pretreatment, salubrinal was removed from the media, and 
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the cells were then exposed to 40 J/m2 UV- C.  We found that the combined salubrinal 

and UV-irradiation significantly reduced survival of the wild-type cells as judged by the 

clonogenic assay (Figure 14A).  Salubrinal alone did not have any negative consequence 

on wild-type cells, although A/A cells showed a partial decrease in cell survival, 

suggesting that this drug may have consequences beyond eIF2α~P.  Importantly, deletion 

of either ATF4 or CHOP restored cell survival in response to the combined salubrinal and 

UV treatment (Figure 14A).  These results indicate that although eIF2α~P contributes to 

resistance to UV-C irradiation, activation of ATF4 and the downstream CHOP is 

detrimental to survival. 

We also carried out immunoblot analyses of the wild-type, ATF4-/-, and CHOP-/- 

cells 3 hours and 24 hours after the UV irradiation.  Early in the UV stress response, there 

were measurable increases in ATF4 and CHOP protein in the wild-type cells following 

the combined salubrinal and UV treatments, as compared to UV-C irradiation alone, 

which yielded induced eIF2α~P but no detectable ATF4 and CHOP (Figure 14B).  As 

expected, ATF4-/- cells displayed no expression of ATF4, or its target CHOP, early in the 

salubrinal and UV treatment regimen.  CHOP-deficient cells displayed elevated ATF4 

protein, but no CHOP.  After an extended 24 hr period following the salubrinal and UV 

treatment, there was measureable cleavage of PARP and caspase 3 in the wild-type cells, 

supporting a role for apoptosis in the reduced cell death (Figure 14C).  These apoptotic 

markers were not detectable in the ATF4-/- and CHOP-/- cells subjected to salubrinal and 

UV irradiation.  It is noted that CHOP expression is robust in the wild-type cells 24 hours 

after the treatment with salubrinal and UV, or with salubrinal alone.  This suggests that 

CHOP expression alone is not sufficient to trigger cell death, but rather the timing and 
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duration of CHOP expression may be critical for the sensitivity of cells to UV irradiation.  

Furthermore, ATF4-/- cells expressed measureable CHOP levels 24 hours after treatment 

with salubrinal alone or the combined salubrinal and UV irradiation.  This indicates that 

during extended stress conditions, CHOP can be expressed independent of ATF4. 
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Figure 13.  Phosphorylation of eIF2α  provides for resistance to UV irradiation.  (A) 
Wild-type (WT) and A/A (eIF2α-S51A) MEF cells treated with 40 J/m2 UV-C irradiation, 
and cultured for 12 or 24 hours.  The number of viable cells were then determined by the 
MTT assay.  (B) The percentage of surviving cells following exposure to 40 J/m2 UV-C 
was determined by the clonogenic survival assay.  NT indicates cell not treated with UV 
stress.  The results in panels A and B corresponds to the mean ± S.D. derived from three 
independent experiments and is normalized to the no treatment control.  (C) Cells were 
subjected to the UV-C stress, cultured for up to 12 hours, as indicated, and 
phosphorylated eIF2α, β-actin, and apoptotic markers- cleaved caspase 3 and PARP were 
measured by immunoblot.  “0” represents lysates not subjected to the UV stress. 
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Figure 14.  Expression of ATF4 and CHOP elicited by pretreatment with salubrinal 
reduces viability of cells during UV stress.  (A) Wild-type (WT), A/A (eIF2α-S51A), 
ATF4-/-, and CHOP-/- MEF cells were treated with 10 µM of salubrinal-003 (Sal) for 6 
hrs.  After pretreatment with salubrinal, the cells were washed , and then treated with 40 
J/m2 UV-C (UV) irradiation.  Alternatively, cells were subjected to only the salubrinal 
pretreatment, UV-C irradiation, or no stress treatment (NT).  Survival of the stressed 
wild-type and mutant MEF were measured by clonogenic assays, which are represented 
as the mean ± S.D. derived from three experiments.  Values for each are normalized to 
the no treatment controls.  (B) Induction of the ISR in the wild-type, ATF4-/-, and   
CHOP-/- MEF cells after 3 hours of the stress arrangements was validated by immunblot 
analysis by using antibodies specific for phosphorylated eIF2α, total eIF2α, ATF4, CHOP 
and β-Actin.  (C) CHOP, β-actin, and apoptotic markers- cleaved caspase 3 and PARP 
were measured by immunoblot in the wild-type, ATF4-/- and CHOP-/- following 24 hours 
of the stress regimen.   
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2.  Transcriptional repression of ATF4 by C/EBPβ  
 
2.1 ATF4 expression is significantly reduced in response to UV irradiation despite 

robust eIF2α~P 

Low ATF4 expression following UV-C irradiation has been attributed to its 

transcriptional repression, which diminishes the levels of ATF4 mRNA available for 

preferential translation during eIF2α~P (99).  These central ideas are illustrated in wild-

type MEF cells treated with 40 J/m2 of UV-C irradiation, or with 1µM thapsigargin, an 

inducer of ER stress that enhances both the transcriptional and translational expression of 

ATF4 (99).  ATF4 mRNA levels as measured by qRT-PCR  were lowered about 3-fold 6 

hours following UV irradiation, while ER stress enhanced ATF4 transcript levels by over 

2-fold compared to the non-treated cells (Figure 15A).  When UV-C irradiation was 

combined with thapsigargin treatment there was no induction of ATF4 mRNA levels, in 

fact following 6 hours of this combined stress regimen there was a significant reduction 

in ATF4 transcripts.  This expression pattern of ATF4 indicates that the repressing effects 

of UV stress are dominant during the progression of the stress response. 

We also measured expression of ATF4 protein by immunoblot analysis in 

response to UV and ER stress.  While both stress treatments increase eIF2α~P, only 

thapsigargin treatment increased ATF4 protein levels, as well as its downstream target 

gene product CHOP (Figure 15B).  Combined treatment of the MEF cells with UV-C and 

thapsigargin led to induced eIF2α~P, but by 6 hours of the stress regimen there was 

minimal ATF4 protein expression and some reduction in CHOP levels, as compared to 

thapsigargin alone (Figure 15B).  It is noted that at 3 hours of the combined stress 

treatment there was some expression of ATF4 protein.  At this early time point, ATF4 
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mRNA levels were not yet lowered, suggesting some availability of transcript for 

preferential translation.  These protein measurements support the idea that although UV 

irradiation induces eIF2α~P, this stress condition serves to repress ATF4 expression. 

The changes in ATF4 mRNA levels are suggested to be the consequence of 

transcriptional regulation as wild-type MEF cells containing the luciferase reporter PATF4-

Luc, which includes 2.5-kb of the ATF4 promoter, showed over a 2-fold increase in 

activity during ER stress (Figure 15C).  By comparison, UV-C irradiation reduced the 

PATF4-Luc activity to less than 50% of the non-treated cells (Figure 15C).  Taken together, 

these results show that ATF4 mRNA is transcriptionally repressed in response to UV 

irradiation, leading to low levels of ATF4 protein despite enhanced eIF2α~P. 

 

2.2 The ATF4 promoter contains elements responsible for transcriptional repression 

To determine the underlying mechanism for repression of the ATF4 promoter in 

response to UV irradiation, we processively deleted 500-bp segments from the 5’-end of 

the 2.5-kb of ATF4 promoter included in the PATF4-Luc plasmid (Figure 16A).  The 

resulting reporter plasmids were transfected into wild-type MEF cells and were treated 

with 40 J/m2 of UV-C.  A 2-fold repression of luciferase activity was seen in cells 

containing plasmids deleted for the promoter sequences from -2.5 to -1-kb, although there 

were some significant increases in the PATF4-Luc expression in the non-treated cells with 

some of the deletion constructs (Figure 16A).  Importantly, deletion of the segment from 

-1 to -0.5 -kb relieved the repression of PATF4-Luc expression, with no change in 

luciferase activity following UV treatment, suggesting that this portion of the ATF4 

promoter facilitated transcription repression. 
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In parallel to the processive 5’-deletions of the ATF4 promoter, we also carried 

out internal 500-bp deletions in the 2.5-kb promoter of the PATF4-Luc reporter (Figure 

16B).  Whereas deletions from -2 to -1.5 -kb and -1.5 to -1.0 -kb retained repression of 

the luciferase reporter, removal of -1 to -0.5 -kb changed the UV stress from a repressing 

signal to one that activates, with almost a 4-fold increase in luciferase activity upon UV-

C irradiation (Figure 16B).  The internal deletion from -0.5-kb to -1bp removed core 

promoter sequences, leading to minimal PATF4-Luc expression in both UV irradiated and 

non-treated cells. 

The ATF4 promoter sequences from -1.0 to -0.5 -kb are suggested to be central 

for repression of ATF4 in response to UV irradiation.  Interestingly, included within this 

promoter segment are two predicted C/EBPβ-binding elements situated at -950 to -935 

(TAAATAGCAATCAAT) and from -874 to -859 (TTGCAAATAATCACT) that reside 

in this portion of the ATF4 promoter.  We constructed smaller internal deletions that 

removed either predicted C/EBPβ-binding sequence.  A deletion from -1,000 to -875 -bp 

led to over a 2-fold increase in PATF4-Luc expression in response to UV irradiation, which 

recapitulated the key findings from the larger -1.0 to -0.5 -kb internal deletion (Figure 

16B).  Deletion of the -875 to -789 -bp region triggered high basal luciferase expression, 

which was retained even with UV stress.  These results suggest that there are key 

regulatory elements in the ATF4 promoter, from approximately -1,000 to -789 -bp, which 

facilitate repression during in response to UV irradiation.   
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Figure 15. 
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Figure 15.  Expression of ATF4 is blocked during UV irradiation despite increased 
eIF2α~P.  (A) Wild-type MEF cells were treated either with 40 J/m2 of UV-C (UV) or 1 
µM thapsigargin (TG) and were cultured for 3 hours or 6 hours, as indicated.  
Alternatively cells were treated with UV-C irradiation for an hour, followed by 
thapsigargin (UV/TG) for indicated time.  The 0 hours represents no stress treatment.  
Total mRNA was then isolated from the cells and the levels of ATF4 mRNA were 
measured by qRT-PCR.  Values obtained are fold change compared to the no treatment 
control.  Each experiment was performed three independent times, with per error bars 
representing the S.D.  The “*” indicates significance with p<0.05 compared to non-
treated control.  The “#” symbol indicates a significant difference between the UV and 
ER stress treatments after 6 hours.  (B) Protein lysates were prepared from wild-type 
MEF cells treated with the conditions as indicated for (A).  Levels of ATF4, eIF2α~P, 
total eIF2α, CHOP and β-actin were measured by immunoblot analysis using antibodies 
specific to the indicated proteins.  (C) The PATF4-Luc reporter plasmid containing 2.5-kb 
of the ATF4 promoter was transfected into the wild-type MEF cells along with a control 
Renilla luciferase plasmid.  The transfected cells were treated with 1 µM thapsigargin, 40 
J/m2 of UV-C, or no not treated (NT) as indicated.  Firefly luciferase activity was 
measured as described in the “Materials and methods” and the luciferase activity relative 
to the NT preparation is presented in the histogram, along with the S.D. 
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Figure 16.  The ATF4 promoter contains critical elements for repression in response 
to UV irradiation.  (A) The PATF4-Luc reporter plasmid, containing 2.5-kb of the ATF4 
promoter, was transfected into wild-type MEF cells, and following UV irradiation (UV) 
or no treatment (NT), luciferase activity was measured.  In parallel, 0.5-kb segments were 
sequentially deleted from the 5’-end of the ATF4 promoter in the PATF4-Luc reporter and 
analyzed for activity in the wild-type cells treated with UV-C or no treatment.  PATF4-Luc 
activity is presented, along with the S.D.  (B) Internal 0.5-kb deletions were also 
constructed in the PATF4-Luc reporter, and transfected into wild-type MEF cells, followed 
by exposure to UV-C irradiation, or no treatment.  Furthermore, smaller deletion 
constructs within the -1 to -0.5 -kb region of the ATF4 promoter and assayed in wild-type 
cells the presence or absence of UV stress.   
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2.3 C/EBPβ  represses the ATF4 promoter 

Our promoter deletion analyses suggested that C/EBPβ contributes to 

 transcriptional repression of ATF4.  To test this idea, we treated C/EBPβ-/- MEF cells, 

and its wild-type counterpart, with UV-C irradiation or thapsigargin and measured the 

ATF4 transcript and protein levels.  The C/EBPβ-/- MEF cells showed a 4-fold increase in 

ATF4 mRNA levels 6 hours following 40J/m2 of UV treatment compared to non-treated 

cells (Figure 17A).  By comparison, wild-type and CHOP-/- MEF cells showed reduced 

amounts of ATF4 transcript in response to UV irradiation.  Each of these cell lines had 

increased ATF4 mRNA levels in response to ER stress; in fact the C/EBPβ-/- cells showed 

almost a 7-fold enhancement of ATF4 mRNA upon thapsigargin treatment, which was 

modestly, albeit significantly, higher than wild-type cells (Figure 17A).  Previously, we 

noted that the repressing effects of UV irradiation were dominant in combination stress 

treatments in wild-type cells (Figure 15A and B).  However in C/EBPβ-/- cells, the 

combination of UV and thapsigargin treatments increased ATF4 mRNA to levels similar 

to that measured for ER stress alone (Figure 17B). 

Immunoblot analyses of ATF4 protein from lysates prepared from C/EBPβ-/- cells 

treated with UV-C irradiation also showed increased ATF4 levels, whereas ATF4 protein 

was absent in the similarly stressed wild-type cells (Figure 17C).  During ER stress, 

increased ATF4 protein was observed in both wild-type and C/EBPβ-/- cells.  As 

expected, neither LIP nor LAP forms of C/EBPβ were present in the C/EBPβ deleted 

cells.  Levels of CHOP protein were significantly diminished in the C/EBPβ-/- cells 

during ER stress compared to wild-type, and absent in the mutant cells during UV 

irradiation (Figure 17C).  It was reported that C/EBPβ can dimerize with CHOP, 
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allowing for increased stability and nuclear targeting of CHOP (87).  Therefore, C/EBPβ 

can regulate multiple steps in the ISR, including both regulation of ATF4 transcription 

and the function of its downstream effector.  This experiment is consistent with our 

measurements of ATF4 mRNA, indicating that C/EBPβ serves to repress ATF4 

expression.    

To determine if C/EBPβ directly binds in vivo to the regulatory elements in the 

ATF4 promoter, we carried out ChIP analysis using antibody that specifically recognizes 

both LIP and LAP isoforms of C/EBPβ.  We considered three sites in the ATF4 promoter, 

designated P1 that includes the two predicted C/EBPβ binding sites (-978 to -800), along 

with two flanking regions designated P2 (-628 to -470) and P3 (-334 to -194) (Figure 

18A).  There was specific C/EBPβ binding at the P1 segment, which was absent using 

control antibody (Figure 18B).  The C/EBPβ association at the P1 portion of the ATF4 

promoter was enhanced in MEF cells following UV irradiation when ATF4 mRNA levels 

are low, and there was decreased binding of C/EBPβ to the P1 segment during ER stress, 

when ATF4 transcript levels are elevated.  As expected, no significant C/EBPβ binding to 

the P1 segment of the ATF4 promoter was found in the C/EBPβ-/- cells (Figure 18C).  

Additionally, C/EBPβ was not associated with the P2 or P3 portions of the ATF4 

promoter in the ChIP experiments using either C/EBPβ-specific or control antibodies.  As 

an additional control, histone H3 Lys4-specific antibody was observed to bind equally to 

a portion of the RPL30 gene in either wild-type or C/EBPβ-/- cells independent of stress 

arrangements (Figure 18B and C).  These results support the model that C/EBPβ binds to 

a specific segment of the ATF4 promoter following UV stress, resulting in repression of 

transcription.   
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2.4 Expression of the C/EBPβ  isoforms is differentially regulated in response to UV 

and ER stress 

Measurements of C/EBPβ mRNA levels in response to either UV or ER stress 

showed increase in transcript levels 2 hours after the initiation of the stress, with UV 

irradiation eliciting the large enhancement in C/EBPβ expression (Figure 19A).  

Interestingly, measurements of the turnover of C/EBPβ mRNA after treatment of the 

wild-type MEF cells with actinomycin D, a potent inhibitor of RNA polymerase II, prior 

to the stress exposure indicated that UV increased the half-life of the C/EBPβ transcripts 

to greater than 10 hours (Figure 19B and C).  By comparison, the half-life of C/EBPβ 

mRNA was ~2 hours in the cells treated with thapsigargin or no stress agent.  Together, 

these studies suggest that UV and ER stresses differentially affect the expression the 

C/EBPβ.   

We next measured C/EBPβ proteins, which can exist as three isoforms: LAP and 

LAP*, which include an extended amino terminus, and LIP, which is devoid of this 

transcriptional activation region and has been observed to inhibit transcription (78-80, 

133).  To determine whether any significant change occurs in the expression of the 

C/EBPβ isoforms following thapsigargin treatment or UV irradiation, we treated wild-

type and C/EBPβ-/- MEF cells with these stress arrangements for up to 24 hours.  ER 

stress resulted in a sharp decrease in LIP expression following 3 and 6 hours of 

thapsigargin exposure, in an agreement with an earlier report (Figure 20A) (126).  With 

longer ER stress, at 8 hours of the treatment regimen, the LIP levels returned to that 

measured for the non-stressed cells (Figure 20A and C).  By contrast, following UV 

irradiation the amount of LIP remained largely unchanged, with a modest increase	
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Figure 17.  C/EBPβ  is required for reduced ATF4 mRNA in response to UV 
irradiation.  Wild-type, CHOP-/- and C/EBPβ-/- MEF cells were treated with 1 µM 
thapsigargin (TG) or with 40 J/m2 of UV-C (UV) and cultured for 6 hours.  (A) The 
levels of ATF4 mRNA were measured by qRT-PCR, and the fold-change in the transcript 
levels is represented relative to cells not treated with stress, with the S.D. indicated.  (B) 
C/EBPβ-/- MEF cells were either treated with UV or thapsigargin, or incubated in 
combination (UV/TG), and cultured for 3 or 6 hours.  Values are relative to the no-
treatment control (0), and the S.D. is indicated.  (C) Protein lysates were prepared from 
wild-type and C/EBPβ-/- MEF cells subject to UV irradiation, thapsigargin, or no 
treatment (NT), and the indicated protein levels were measured by immunoblot analysis.  
The LAP and LIP isoforms of C/EBPβ are indicated to the right of the panel.  Results are 
representative of three independent experiments.  “*” indicates significance, with p 
<0.05. 
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Figure 18. 
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Figure 18.  C/EBPβ binds to the specific elements in the ATF4 promoter.  (A) 
Schematic representation of the regions of ATF4 promoter analyzed for C/EBPβ binding 
by ChIP.  The region designated P1 includes sequences -978 to -800 bp, and P2 and P3 
represent regions -628 to -470 bp and -334 to -194 bp, respectively.  (B) Six hours after 
exposure to 40 J/m2 UV-C (UV), 1 µM thapsigargin (TG) or no treatment (NT), wild-
type (WT, B) and C/EBPβ-/- (C) cells were analyzed by ChIP analyses for C/EBPβ 
binding to the P1, P2, and P3 regions of the ATF4 promoter.  The immunoprecipitated 
DNA was analyzed by qRT-PCR with primer sets specific for each promoter region.  
C/EBPβ indicates that antibody specific to this transcription factor was used in the ChIP 
assay, while Rabbit IgG antibody was used as a control.  ChIP analyses were also carried 
out with the positive control histone H3 Lys4 (D2B12) antibody and was analyzed by 
primer sets for RPL30 as provided by the manufacturer.  Data is represented as a ratio of 
the input sample (1:25) and is the mean and S.D. of three different experiments.  “*” 
indicates significance, with p <0.05.  “n.d.’ indicates that the C/EBPβ binding to the P2 
and P3 was not detected in the C/EBPβ-/- cells. 
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following 6 hours of the stress (Figure 20B).  The levels of LAP were largely unchanged 

throughout the 24 hour time course of thapsigargin treatment, with some increase after 6 

hours of exposure to UV irradiation (Figure 20A and B).  Together these results indicate 

that expression of LIP, a known transcriptional inhibitor, is differentially regulated during 

UV and ER stress.  UV irradiation can enhance C/EBPβ expression by stabilizing 

C/EBPβ mRNA, and the levels of the LIP isoform is present throughout UV stress, a 

condition where ATF4 transcription is repressed.  By contrast, LIP levels are sharply 

diminished during the early ER stress, a phase where there is induction of ATF4 

transcription.   

           

2.5 LIP is a potent repressor of ATF4 transcription 

Our studies suggested that the LIP isoform of C/EBPβ can function as a repressor 

of ATF4 transcription.  We addressed this idea by two experimental approaches.  First, 

we transfected plasmids specifically expressing either the LIP or LAP isoforms into the 

C/EBPβ-/- MEF cells and measured the activity of the ATF4 promoter using the PATF4-Luc 

reporter.  In cells expressing only LAP (Figure 21A), there was about a 2-fold increase in 

PATF4-Luc activity following UV irradiation (Figures 21B).  This level of induced 

luciferase activity was similar to that measured in the C/EBPβ-/- cells transfected with the 

PATF4-Luc expression vector alone.  Expression of PATF4-Luc was also increased over 2-

fold upon thapsigargin treatment, independent of LAP expression (Figure 21B).  By 

comparison, expression of LIP in the C/EBPβ-/- cells repressed the ATF4 promoter, with a 

50% reduction in luciferase activity with UV irradiation (Figure 21A and C).  

Interestingly, expression of LIP also blocked the activation of the ATF4 promoter. 
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Figure 19.  C/EBPβ  mRNA is stabilized following UV treatment.  (A) Wild-type MEF 
cells were exposed to 1 µM Thapsigargin (TG) or 40 J/m2 of UV-C (UV) and cultured for 
up to 4 hours as indicated.  RNA was prepared from these cells and C/EBPβ mRNA 
levels were measured by qRT-PCR.  The amount of C/EBPβ transcript is presented 
relative to the no-treatment control (0), and the S.D. is indicated.  “*” indicates 
significance, with p<0.05.  (B) Measurements of C/EBPβ mRNA half-life were carried 
out by first treating cells with UV irradiation or thapsigargin.  One hour after the 
initiation of the stress regimen, transcription was blocked by treating the cells with 20 
µM actinomycin D (UV/AD or TG/AD) and cultured up to 4 additional hours.  
Alternatively, cells were treated with actinomycin D (AD) alone.  C/EBPβ mRNA levels 
were measured by qRT-PCR at the indicated time intervals.  Values are representative of 
the mean, along with the S.D.  (C) The half-life of the C/EBPβ mRNA for each of the 
stress arrangements was determined by plotting the transcript levels versus the length of 
time of the actinomycin D treatment in a semi-logarithmic graph. 
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Figure 20.  The LIP and LAP isoforms of C/EBPβ  are differentially expressed 
during UV and ER stress.  CEBPβ-/- MEF cells, and its wild-type counterpart, were 
treated with 1µM thapsigargin (TG) (Panel A) or with 40 J/m2 of UV-C (UV) (Panel B) 
and were cultured for up to 24 hours, as indicated.  Protein lysates were prepared from 
the treated cells, and the levels of ATF4, LIP, LAP, and actin were measured by 
immunoblot analyses.  Each panel is representative of three independent experiments.  
(C) The levels of the LIP isoform of C/EBPβ were quantified by densitometry and 
represented as relative levels of the LIP band as compared to the no treatment control (0).   
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Figure 21.  LIP is a potent repressor of ATF4 transcription.  (A) C/EBPβ-/- MEF cells 
were co-transfected with the PATF4-Luc reporter and plasmids specifically expressing 
either the LIP or LAP isoforms of C/EBPβ, or the parent vector (Vec).  The transfected 
cells were treated with UV-C irradiation (UV) or no treatment (NT), and the levels of 
LAP, LIP, and β-actin were measured by immunoblot analyses.  Levels of PATF4-Luc 
activity were also measured in the cells expressing LAP (PATF4-Luc + LAP) (B) or LIP 
(PATF4-Luc + LIP) (C), as compared to the cells containing PATF4-Luc and the expression 
vector alone (PATF4-Luc).  Luciferase activity is presented in the histograms, with the 
luciferase activity in the non-treated wild-type cells being represented as a value of 1.  
Values were derived from three independent experiments, with the S.D. indicated. 
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in response to ER stress (Figure 21C); suggesting that our observation that absence of 

LIP expression in the early phase of ER stress is critical for induction of ATF4 mRNA 

(Figure 20A).   

Our second experimental approach to address the role of LIP in the repression of 

ATF4 transcription centered on previous reports that a short uORF in the C/EBPβ mRNA 

is essential for expression of the LIP isoform (88, 89).  This uORF can inhibit translation 

initiation of LAP and instead enhance ribosomal scanning and subsequent reinitiation at 

the downstream LIP (Figure 6).  As a consequence MEF cells containing a mutation in 

the initiation codon of the uORF (C/EBPβ-ΔuORF) lose the ability to express LIP, 

resulting in only LAP and LAP* being present in the cells (89).  We transfected the PATF4-

Luc reporter into the C/EBPβ-/- and C/EBPβ-ΔuORF MEF cells, along with the wild-type 

counterpart, and measured the ATF4 promoter activity in response to either treatment 

with UV irradiation or thapsigargin.  In response to the UV stress, luciferase activity was 

increased by over 2-fold in C/EBPβ-/- and C/EBPβ-ΔuORF cells, whereas PATF4-Luc 

expression was sharply decreased in the wild-type cells (Figure 22A).  There was 

significant increase though modestly difference in ATF4 promoter activity in both mutant 

and wild-type MEF cells during ER stress.  As LIP levels were significantly reduced 

following ER stress (Figure 20A), this would suggest that diminished LIP is a contributor 

to increased levels of ATF4 mRNA during stress, such as that afflicting the ER.  The 

levels of ATF4 mRNA in the C/EBPβ-ΔuORF MEF cells were significantly enhanced in 

response to UV irradiation, which was similar to that found in the C/EBPβ-/- cells (Figure 

22B).  By comparison, the wild-type cells showed a sharp reduction in ATF4 transcripts 

following UV stress (Figure 22B).  During ER stress, the C/EBPβ-/-, C/EBPβ-ΔuORF, 
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and wild-type cells each showed over a 4-fold increase in ATF4 mRNA levels.    

We also measured ATF4 protein in C/EBPβ-ΔuORF and their wild-type isogenic 

MEF cells and found that there was an increase in ATF4 protein following 3 and 6 hours 

of the UV irradiation (Figure 22C).  In the matched wild-type MEF cells, we found only 

low levels of ATF4 expression after 3 hours of the UV stress.  As expected, LIP was 

absent in the C/EBPβ-ΔuORF cells.  Furthermore, CHOP protein was significantly 

diminished in C/EBPβ−ΔuORF cells in response to UV irradiation, whereas during ER 

stress there were similar levels of induced CHOP in both the wild-type and 

C/EBPβ−ΔuORF cells.  As noted earlier C/EBPβ can dimerize with CHOP, enhancing its 

stability and transcriptional activity (87).  This finding suggests that LIP, but not LAP, 

facilitates CHOP function.   

Finally, we measured preferential translation of ATF4 in the wild-type, C/EBPβ-/-, 

and C/EBPβ−ΔuORF cells in which eIF2α~P was induced by either UV or ER stress 

(Figure 22D).  The ATF4 translational control was determined by transfecting into these 

cells a previously described plasmid encoding the 5’-leader of the ATF4 mRNA that 

includes the uORFs between the constitutive TK promoter and the firefly luciferase 

reporter (75).  There was a significant increase in the luciferase activity in each cell line 

in response to either UV irradiation or thapsigargin (Figure 22D).  This indicates that 

C/EBPβ is not required for preferential translation of ATF4 in response to eIF2α~P, and 

if the ATF4 mRNA is available following UV irradiation, there will be high levels of 

synthesized ATF4 protein.  Taken together these experiments demonstrate that LIP is 

critical for repression of ATF4 transcription in response to UV irradiation.  Furthermore, 

LAP is not required for activation of the ATF4 promoter in response to ER stress.   
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2.6 Loss of the C/EBPβ  isoform LIP increases expression of ATF4-target genes 

The absence of LIP led to increased ATF4 mRNA and protein levels in both 

C/EBPβ-/- and C/EBPβ-ΔuORF MEF cells in response to UV irradiation.  We next 

wanted to determine if expression of key ATF4-target genes in the ISR also increased 

with the elevated ATF4 expression in the LIP-deficient cells.  We measured three well-

characterized ISR genes: asparagine synthetase (ASNS) that catalyzes the conversion of 

aspartate to asparagine, the cationic amino acid transporter 1 (CAT-1), and CHOP, which 

encodes a bZIP transcription factor that can facilitate apoptosis (Figure 23) (52, 81, 134, 

135).  As illustrated in Figures 23A, B, and C, ATF4 was required for full induction of 

each of these mRNAs in response to ER stress.  Next we measured ASNS, CAT-1, and 

CHOP mRNAs in the wild-type, C/EBPβ-/- and C/EBPβ-ΔuORF MEF cells treated with 

UV irradiation or thapsigargin.  The levels of each of these three transcripts were not 

induced in either wild-type or C/EBPβ-/- cells when treated with UV, whereas ASNS and 

CAT-1 mRNAs increased significantly by 6 hours in the C/EBPβ-ΔuORF cells (Figure 

23D and E).  Transcription of these genes was uniformly increased among these MEF 

cells in response to ER stress.  These results suggest that increased ATF4 protein levels 

lead to increased expression of two of its key target genes.  The fact that these genes were 

induced in C/EBPβ-ΔuORF cells, but not the C/EBPβ-/- version, is consistent with reports 

that LAP heterodimerizes with ATF4 and facilitates transcription of ISR promoters, such 

as ASNS (81, 82).  The levels of CHOP mRNA did not significantly increase in the 

C/EBPβ-ΔuORF cells response to UV-C irradiation (Figure 23F).  Absence of CHOP 

esxpression was only observed following UV-C irradiation and not following ER stress 

suggests that there are multiple mechanisms by which CHOP can be regulated following 
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various stress conditions.  As will be highlighted further in the discussion section, this 

observation is consistent with previous reports that like ATF4, prior treatment with UV 

blocks induced CHOP transcription by other stress treatments that enhance eIF2α~P and 

ATF4 expression.   
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Figure 22A-D 
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Figure 22.  Loss of LIP in C/EBPβ−ΔuORF cells alleviates repression of ATF4 
transcription.  (A) Wild-type, C/EBPβ-/- and C/EBPβ−ΔuORF MEF cells were 
transfected with the PATF4-Luc, and treated with either with 1 µM thapsigargin (TG), 40 
J/m2 of UV-C (UV), or no stress treatment (NT).  PATF4-Luc expression was measured 
and is represented in the histogram, with the non-treated cells being represented as a 
value of 1.  Values were determined from three independent experiments, with the S.D. 
as indicated.  (B) The wild-type (WT), C/EBPβ-/-, and C/EBPβ−ΔuORF cells were treated 
with UV or thapsigargin stress for up to 6 hours, and the levels of ATF4 mRNA were 
determined qRT-PCR.  Mean values are presented in the histograms, along with the S.D. 
indicated.  (C) Alternatively the levels of the indicated proteins in the stressed wild-type 
(WT) and C/EBPβ−ΔuORF (ΔuORF) cells were measured by immunoblot analyses.  The 
0 time indicates no stress treatment.  (D) Levels of ATF4 translational control were 
measured in wild-type, C/EBPβ-/-, and C/EBPβ−ΔuORF cells that were transfected with 
the PTK-ATF4-Luc reporter.  Following UV or thapsigargin treatment, luciferase activity 
was measured and presented in the histograms relative to the no stress treatment (NT) 
with a value of 1.  The luciferase measurements were from three independent 
experiments, with the S.D. indicated.   
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Figure 23.  Alleviation of ATF4 repression in C/EBPβ−ΔuORF cells causes 
increased expression of ATF4-target genes in response to UV irradiation.  Wild-type 
and ATF4-/- MEF cells were treated with 1 µM Thapsigargin for up to 6 hours, and the 
levels of ASNS (A), CAT-1 (B), and CHOP (C) mRNAs were measured by qRT-PCR.  
Wild-type, C/EBPβ-/- and C/EBPβ−ΔuORF cells were treated with 40 J/m2 of UV-C 
(UV) or Thapsigargin (TG), and cultured for up to 6 hours, as indicated.  The levels of 
ASNS (D), CAT-1 (E), and CHOP (F) mRNAs were measured by qRT-PCR.  Values are 
presented relative to the no treatment controls (0), and the S.D. for each is indicated.  “*” 
indicates significance, with p<0.05. 
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DISCUSSION 

1.  ATF4 is transcriptionally repressed following UV irradiation 

This study addressed the regulatory mechanisms governing the variable ATF4 

expression in response to eIF2α~P and different stress conditions.  From our 

experimental results, we draw four central conclusions.  First, eIF2α~P is induced by 

UV-B and UV-C irradiation in several different mammalian cell types (Figures 8 and 9), 

and this phosphorylation event leads to a reduction in global translation initiation (Figure 

10).  This finding is consistent with earlier studies that showed that UV irradiation can 

enhance GCN2 phosphorylation of eIF2α (35, 36).   

The second conclusion is that expression of ATF4 in response to environmental 

stress involves changes in mRNA levels.  For example, ATF4 mRNA levels are lowered  

3-fold in response to UV stress, while ATF4 transcript levels are significantly increased 

during ER stress (Figure 11).  ATF4 transcriptional regulation is the key step for the 

changes in ATF4 mRNA levels in response to UV and ER stress conditions (Figure 12A).  

ATF4 mRNA is also subject to rapid turnover, with a half-life of about 3 hours, but this is 

independent of stress conditions (Figure 11D).  The labile nature of ATF4 mRNA renders 

it more sensitive to changes in transcriptional regulation elicited by stress conditions.  For 

example, transcriptional repression in response to UV irradiation, coupled with the 

constitutive short half-life, facilitates reduced levels of ATF4 mRNA during this stress 

condition.  These central ideas are further supported by earlier reports that observed 

increased ATF4 transcript levels in response to ER stress (5, 138, 139).  Additionally, it 

was reported that ATF4 mRNA levels are elevated in response to amino acid starvation    

(140).  These indicates that ATF4 is regulated by transcriptional and translational control.   
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The third conclusion is that the combined transcriptional and translational control 

of ATF4 provides for versatility in regulating the ISR gene expression.  In response to 

UV irradiation, the lowered availability of the ATF4 transcript significantly reduces 

translation, thus down regulating ATF4 induction in ISR.  Therefore, there does not 

appear to be an inherent inability to elicit preferential ATF4 mRNA translation in 

response to eIF2α~P and UV stress.  This was illustrated by our finding that constitutive 

transcription of the ATF4-luciferase reporter from the thymidine kinase promoter led to 

preferential translation during UV irradiation (Figure 12B).  Consistent with this idea, 

mutation of uORF1 in the 5’-leader of the ATF4 mRNA, which is required for reintiation 

of translating ribosomes and preferential translation, blocked expression of the luciferase 

reporter.  During ER stress, there is elevated transcription of ATF4, which enhances the 

amount of ATF4 transcript available for preferential translation by eIF2α~P, therefore 

amplifying expression of ATF4 and the ISR.  These results indicate that the combination 

of transcription regulation with translation control allows for genes marked for 

preferential translation by eIF2α~P to be selectively induced in response to a range of 

environmental stresses.  The ISR is not constricted to a specific program of gene 

expression, but rather can tailor it for a given stress condition.   

The fourth central conclusion is that the absence of ATF4 expression appears to 

be advantageous for cells during UV stress (Figure 14).  Clearly eIF2α~P and reduction 

in translation initiation facilitates resistance to UV irradiation (Figure 13).  However, the 

versatility of the ISR has provided for selective loss of expression of ATF4 and its ISR 

target genes.  Pretreatment with salubrinal, an inhibitor of eIF2α~P dephosphorylation 

that enhances the eIF2α~P/ATF4 pathway, typically provides for heightened resistance to 
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stress conditions, such as those triggered by oxidizing agents (131, 139, 141-143).  

However, this pretreatment regimen renders cells much more susceptible to UV 

irradiation (Figure14).  Importantly, this UV sensitivity is alleviated by deletion of either 

ATF4 or CHOP (Figure 14).  During the ISR, elevated CHOP levels for an extended 

period are thought to elicit gene expression that triggers apoptosis (107, 108, 120, 144).  

These findings suggest that cells encountering UV stress are hypersensitive to expression 

of CHOP.   

  

2.  C/EBPβ  represses ATF4 transcription 

This study provides mechanistic insight into how ATF4 expression is repressed in 

response to UV irradiation despite there being induced eIF2α~P.  Consistent with the first 

portion of this thesis (99), transcription of ATF4 is repressed following UV irradiation, 

and therefore there are low levels of ATF4 mRNA available for translation (Figure 15).  

This differs from environmental stresses that increase ATF4 synthesis, such as those 

afflicting the ER, where there is activation of ATF4 transcription, thus further enhancing 

the levels of ATF4 mRNA for preferential translation by eIF2α~P (Figure 15).  Central to 

the repression of ATF4 transcription is the LIP isoform of C/EBPβ (Figures 18, 21, and 

22).  The ATF4 promoter contains elements that bind C/EBPβ, and this association is 

enhanced following UV irradiation (Figure 18).  Sequential 5'-truncations, as well as 

internal deletions, of the ATF4 promoter indicate that sequences situated between -1000 

and -789 facilitate repression of ATF4 transcription in response to the UV stress (Figure 

16).  Within this repressing region of the ATF4 promoter are binding sites for C/EBPβ, 

which encodes three isoforms of the bZIP transcriptional regulator, LAP, LAP* and LIP, 
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produced by differential selection of initiation codons during translation (88, 89).  

Deletion of C/EBPβ also negated the inhibition of ATF4 transcription following UV 

irradiation, turning this stress condition instead into an inducer of ATF4 mRNA and 

protein expression (Figure 17).   

The shorter version of C/EBPβ isoform LIP, contains a bZIP domain that is 

important for DNA binding, but is missing the N-terminal activation domain.  Hence, LIP 

is a documented repressor of transcription (78-80, 133).  Two lines of evidence support 

the idea that the LIP version of C/EBPβ represses the transcription of ATF4.  First, 

expression of LIP, but not LAP, restored repression of ATF4 transcription in C/EBPβ-/- 

cells subjected to UV irradiation (Figure 21).  Second, ATF4 transcription was not 

repressed upon UV irradiation in C/EBPβ-ΔuORF cells, which express the LAP and 

LAP* isoforms, but not LIP (Figure 22).  In fact UV stress in the C/EBPβ-ΔuORF cells 

led to a significant increase of ATF4 mRNA and protein levels in response to UV 

irradiation.   

Increased ATF4 expression in the C/EBPβ-ΔuORF cells subjected to UV 

irradiation resulted in enhanced transcription of ISR target genes, ASNS and CAT-1 

(Figure 23 A-C).  However, it is noteworthy that there was no increase in the ATF4-

target gene CHOP in C/EBPβ-ΔuORF cells following the UV stress.  Previously, 

Schmitt-Ney and Habener (136) reported that UV irradiation is a potent repressor of 

CHOP expression, and like ATF4, prior treatment with UV irradiation blocks induced 

CHOP transcription by other stress treatments, such ER stress and nutrient deprivation.  

Central to this repression is the first exon of CHOP, as inclusion of this region of the 

CHOP gene into a reporter containing the CHOP promoter represses transcription in 
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response to UV irradiation (136).  This would explain the absence of induced CHOP 

transcription in the C/EBPβ-ΔuORF cells where ATF4 is activated by UV stress, i.e. the 

ATF4-targeted activation of CHOP transcription is blocked by additional regulatory 

factors that can function through via exon region of CHOP.  Furthermore, this suggests 

that while LIP is a potent repressor of ATF4 in response to UV irradiation, this isoform of 

C/EBPβ does not directly contribute to repression of CHOP.  In fact during ER stress, 

LIP can dimerize with CHOP, facilitating the stabilization and nuclear targeting of CHOP 

(87). 

 

3.  The combination of transcriptional and translational control allows for      

differential expression of ISR target genes 

We propose that a combination of transcriptional regulation and translational 

control of ATF4 underlies the ability of the ISR to differentially express ATF4 depending 

on the precise stress condition, and that this process is central to cell survival (Figure 24).  

Although this model is specifically highlighted for ATF4, it would apply to other genes 

subject to translational control in response to eIF2α~P.  Expression of genes slated for 

preferential translation in the ISR can be enhanced or blocked depending on its 

transcription status.  Enhanced transcript availability would insure a greater level of 

preferential translation, which together would lead to higher levels of ATF4 protein and 

activity, as illustrated by the degree of red color in the gradient depiction in figure 24.  A 

range of ATF4 expression appears to be central for alleviation of different stress 

arrangements.  In most cases, including nutrient and ER stress, ATF4 activity provides 

for resistance to the stress insults, while in others, such as UV irradiation, ATF4 is 
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suggested to be harmful.  The detrimental properties of ATF4 resides at least in part on 

its ability to induce CHOP, which is suggested to elicit apoptosis through repression of 

the pro-survival gene BCL2 and induction of pro-apoptotic genes, such as BIM, DR5, and 

those tied to autophagy (108, 112, 145).  In addition to UV irradiation, lowered ATF4 

expression during heightened eIF2α~P has been reported during brain ischemia and non-

alcoholic steatohepatitis (100, 101), suggesting that the dampened expression of ATF4 in 

the gradient model can be applied to a number of stress arrangements.   

The idea of a combination of transcriptional regulation and translational control of 

ATF4 redefines some features of the ISR.  ATF4 was defined as a common downstream 

target, which integrates signaling from different eIF2α kinases (52).  In this respect the 

mammalian ISR builds on and elaborates upon the earlier concept of the general amino 

acid control in yeast.  This yeast pathway features the ability of different nutritional 

stresses to activate GCN2 phosphorylation of eIF2α and preferential translation of 

GCN4, a “master regulator” of genes involves in amino acid metabolism and the 

salvaging and uptake of nutrients (30, 146).  It is noted that UV irradiation has been 

reported to enhance GCN4 translation in yeast, possibly in a GCN2-independent manner 

(147).  Therefore, regulation of GCN4 by UV irradiation in yeast may differ from the ISR 

in mammalian cells. 

 The model featuring combined transcriptional regulation and translation control 

indicates that eIF2α~P in response to various stress arrangements does not lead to default 

activation of ATF4.  Rather, there are additional target genes activated by eIF2α~P that 

play a major role in alleviating stress damage.  In some cases these additional target 

genes may function in conjunction with ATF4, whereas in others they may function in 
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the absence of the ATF4 transcriptional activator.  These additional target genes could 

include those subject to preferential translation in response to eIF2α~P through 5′-leader 

configurations in their mRNAs.  For example, several DNA repair enzymes were 

reported to be subject to preferential translation by eIF2α~P after UV stress (41).  These 

preferentially translated genes include ERCC1, ERCC5, and DDB1, and the uORFs in the 

5′-leaders of these encoded transcripts were suggested to be important to maintain 

elevated expression after UV irradiation.  However, in these cases eIF2α~P in the 

absence of UV irradiation did not appear to be sufficient for translational control, 

suggesting that additional signaling pathways and proteins may be involved.  It is also 

noted that in this earlier study that UV irradiation did not enhance expression of 

luciferase activity expressed from a transfected vector that included the 5′-leader of ATF4 

mRNA (41).  This result appears to differ from our findings in Figure 12B.  We are 

currently uncertain as to the underlying reason for this difference, but it may reflect the 

different cell type (HeLa cells) or the UV-B irradiation used in the earlier study. 

Repressed translation by UV irradiation also reduces the synthesis of key labile 

regulatory proteins, such as IκBα (36), which can relieve its repression of NF-κB.  

Activation of NF-κB would then enhance the transcription of diverse target genes, such 

as those involved in inflammation and the regulation of apoptosis.  In this respect, the 

ISR can be viewed as a collection of eIF2α kinases that recognize various stress 

arrangements activating different combinations of target gene modules that can provide 

for stress resistance. 
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Figure 24.  Model depicting proposed transcriptional and translation control of 
ATF4 expression and the ISR.  The y-axis represents the log of the levels of mRNA 
translation in stressed cells compared to non-stressed, while the x-axis represents the log 
of the transcription levels of a given gene in stressed cells relative to non-stressed.  The 
diagonal line represents the levels of coupled transcription and translation that are 
proposed to yield no change in ATF4 protein levels.  The red gradient depicts the levels 
of transcriptional and translational control that would enhance ATF4 protein levels and 
induce its target ISR genes.  The solid circles represent the combined transcription and 
translation of ATF4 in response to UV irradiation (UV) or ER stress elicited by 
Thapsigargin treatment (TG). 
 
 
 
 
 
 
 
 
 
 

 



	
  
	
  

93 

4.  Regulation of ATF4 transcription in response to various stress conditions 

C/EBPβ contributes to cell proliferation and differentiation processes, along with 

cellular stress responses (78-80).  During the course of these processes, the activity of 

C/EBPβ can be regulated at multiple levels, including transcription, mRNA stability, 

protein phosphorylation, as well as translation, which can lead to differential selection of 

start codons (78-80, 87-89, 126, 148-155).  Consistent with these ideas, C/EBPβ mRNA 

is stabilized by UV irradiation (Figure 19), and the levels of LIP protein are abundant 

upon UV irradiation, but not during the early phases of ER stress (Figure 20) (87, 154).  

C/EBPβ mRNA was reported to be stabilized by HuR, a protein that binds to AU-rich 

elements in the 3’-untranslational regions of the mRNAs, which provides a mechanism 

for decreased decay of C/EBPβ transcripts in response to selected environmental stresses, 

such as UV irradiation (149).  Changes in C/EBPβ mRNA levels, as well as stress 

signaling is likely to be central for the levels of LIP and LAP expression. 

Regarding transcriptional activation of ATF4, stresses shown to enhance ATF4 

mRNA include ER stress (138, 139, 156), such as that induced by thapsigargin, starvation 

for amino acids (140), oxidative stress (157, 158), and resistance to anticancer agents 

(159, 160).  We are just beginning to understand the underlying mechanisms by which 

these stress conditions can induce ATF4 mRNA.  In the case of oxidative stress, the 

transcription factor NRF2 was reported to bind to the ATF4 promoter and enhance its 

expression in response, which can alleviate stress damage and facilitate angiogenesis 

(157, 158).  The transcription factor CLOCK was also reported to bind to the ATF4 

promoter, resulting in enhanced ATF4 expression that can provide resistance to the anti-

cancer drugs cisplatin and etoposide (161).  Finally, PDX1, a pancreas-specific 
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transcription factor, activate the ATF4 promoter upon ER stress response in islet β-cells 

(162).  Together these findings suggest that many different transcription factors can bind 

to the ATF4 promoter and modulate the levels of ATF4 mRNA.  Some of these 

transcription factors are inhibitors; triggering discordant induction of eIF2α~P and ATF4 

expression upon selected environmental stresses, while others are activators, amplifying 

ATF4 expression in the ISR.  Furthermore, there can be tissue-specific regulation of 

ATF4 during certain stress conditions.  As a consequence, multiple stress pathways can 

control the induction ATF4 by eIF2α~P, insuring that the levels of ATF4 and its ISR-

target genes are tailored for a given stress condition.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
  
	
  

95 

 

 

 
 
 
 
 
 
Figure 25.  A combination of transcriptional and translational control of ATF4 
directs the gene expression program of the ISR.  The eIF2 kinase, GCN2 is activated 
by nutritional deprivation or UV irradiation, while PERK is regulated by ER stress.  The 
resulting induced eIF2α~P can lead to preferential translation of ATF4 by a mechanism 
involving delayed ribosome reinitiation, which allows for ribosomes to bypass an 
inhibitory uORF in the ATF4 mRNA.  Activation of ATF4 transcription by many 
different stresses enhances the amount of ATF4 mRNA available for translation in 
response to eIF2α~P.  Transcription factors that activate the ATF4 promoter include 
PDX1 in islet β-cells of the pancreas upon ER stress, NRF2 in response to oxidative 
stress, and CLOCK, which facilitates resistance to anticancer agents, cisplatin and 
etoposide.  As a consequence, there will be enhanced levels of ATF4 that directly activate 
the transcription of ISR-target genes involved in metabolism, the redox status of cells, 
and the regulation of apoptosis.  Examples of target genes for each ISR category are 
illustrated.  Alternatively, the ATF4 promoter can be repressed by a different set of stress 
conditions.  The LIP isoform of C/EBPβ directly facilitates repression of ATF4 
transcription in response to UV irradiation.  This would result in low levels of ATF4 
mRNA available for preferential translation during UV stress despite high levels of 
eIF2α~P, thus lowering the expression of the ATF4-target genes in the ISR. 
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