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Control of mRNA translation is a critical aspect of cell physiology. Translation is 

primarily controlled at the level of initiation, which has been studied primarily in the 

context of two regulatory proteins. The 4EBP-1 protein inhibits 5’ cap-binding 

proteins known to assist in ribosome recruitment, while the eIF2α protein serves an 

important role in regulating availability of the ternary complex. mTORC1, the kinase 

of 4EBP-1, is well-known as a translational regulator. However hypophosphorylation 

of 4EBP-1 has only marginal effects on translation rates. GCN2, the amino acid 

sensing kinase of eIF2α, was long thought to only sense uncharged tRNAs. However 

recent work has implicated GCN2 in a variety of metabolic pathways. The extent of 

GCN2’s regulatory control had not been thoroughly evaluated within the context of 

translation. While both 4EBP1 and eIF2α are controlled by phosphorylation, the extent 

of their translational repression differs. Increased phosphorylation of eIF2α alone 

seems to have dramatic effects on mRNA translation during starvation, but a 

phosphorylation reduction on 4EBP-1 does not have as drastic an effect. 

To understand why eIF2α had a greater effect on translation than 4EBP-1, I 

used non-phosphorylatable eIF2α MEFs to probe translation inititiation. I observed 
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that these mutant cells have sustained translation despite decreased phosphorylation of 

4EBP-1. I show that this sustained translation is cap-independent, fulfilled by m6A 

modifications on mRNA, and is carried out by interacting METTL3 and ABCF1 

proteins. This work helps to explain why the 4EBP-1 protein has marginal effects in 

regulating translation initiation, and sheds light on why TOP mRNAs have a special 

sensitivity to mTORC1 status.

To more fully understand what roles GCN2 has in translation, I conducted 

phosphoproteomics with GCN2 WT and KO MEFs to isolate GCN2-dependent 

phosphoproteins. I show that many proteins rely on GCN2 for phosphorylation 

changes, and several translation-related phosphoproteins undergo phosphorylation 

changes in response to amino acid starvation. This experiment provides researchers 

with a useful dataset to evaluate GCN2-dependent phosphoproteins and demonstrates 

that GCN2 has broader cellular effects than have been previously identified. 

Collectively, this thesis pushes forward our understanding of mRNA translation 

initiation.
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PREFACE

My passion for translation initiation really grew from a simple observation 

back in 2013. Xiangwei Gao, one of the talented post-docs in the lab at the time, had 

done a polysome profiling experiment and found that cells unable to recognize amino 

acid starvation did not have an expected monosome peak despite a reduction in 

mTORC1 signaling. I was both surprised and intrigued at these results, as the dogma 

in the field of translation initiation is that mTORC1 inhibition means reduced 

translation, which is typically reflected in an elevated monosome peak on polysome 

profiles. The data appeared to be an exciting anomaly.

It didn’t take long for me to divert all of my energy towards solving this 

anomaly. What did it mean for the field of translation initiation if mTORC1 was not as 

potent an initiation regulator as we thought? Is there an undiscovered mechanism that 

permits translation initiation without cap-binding proteins? These and similar 

questions motivated me to investigate the roles of eIF2α, GCN2, and mTORC1 during 

different stress conditions. My work lead me to the field of RNA methylation and N6-

methyladenosine modifications, which appear to have an important and under-

appreciated role in mRNA translation.

Chapter one is a literature review of translation initiation. It discusses the steps 

required to complete a functioning 80S ribosome, regulatory pathways that control the 

process of translation initiation, and points out some of the knowledge gaps in this 
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field. This section also touches upon alternative translation initiation mechanisms.

Chapter two is the bulk of my original research. The work shows that cells 

unable to detect amino acid starvation (eIF2α A/A and GCN2 KO) are able to sustain 

translation despite 5’ cap-binding protein inhibition. I show that this sustained 

translation is likely due to prevalent m6A modifications on mRNA that permit 

translation to occur without the 5’ cap-binding proteins. I worked with Dr. Shu-Bing 

Qian to design most of the experiments and conducted nearly all of them. The 

sequencing work was conducted by Drs. Yuanhui Mao and Jun Zhou. The mass 

spectrometry samples were prepared by Dr. Xingqian Zhang, and the samples were 

processed by Cornell’s Proteomics & Mass Spectrometry Facility. This work was 

sponsored by US National Institutes of Health T32 mechanism training grant numbers 

2T32DK007158-37A1, 5T32DK007158-38, and 5T32DK007158-39. 

Chapter three describes a phosphoproteomics experiment I conducted to 

explore the downstream targets of GCN2 during amino acid starvation. The results of 

this experiment identify many important proteins that have differential 

phosphorylation levels dependent on GCN2. These results are unpublished, but may 

serve as a resource for further study. Dr. Shu-Bing Qian designed the experiment and I 

conducted the amino acid starvation. Cornell’s Proteomics & Mass Spectrometry 

Facility carried out the phosphoprotein enrichment and mass spectrometry, while I 

conducted the subsequent data analyses.

Chapter four is a short chapter that highlights the remaining questions and 

xxii



future directions that stem from chapters two and three. I discuss some alternative 

interpretations for the data and suggest further areas of work. I also show some 

additional unpublished data that indicates the new questions I was attempting to 

answer.

Chapter five is a version of a previously published paper of which I assisted in. 

Translational control of the cytosolic stress response by mitochondrial ribosomal 

protein L18 was published in Nature Structural & Molecular Biology in 2015. My role 

in this project was to carry out polysome profiling experiments and perform 

subsequent PCR to evaluate the relative abundance of particular mRNA transcripts 

across the polysome profile. This work was supported by the same training grants 

listed above, in addition to grants awarded to S-B Qian from the US National Institutes 

of Health (DP2 OD006449 and R01AG042400), the US Department of Defense 

(W81XWH-14-1-0068), and the Ellison Medical Foundation (AG-NS-0605-09). 
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CHAPTER 1

TRANSLATION INITIATION MECHANISMS

DURING CELLULAR STRESS IN EUKARYOTIC CELLS

This chapter is a literature review of mRNA translation initiation. The primary focus 

of this chapter is on the mechanisms that permit ribosome loading onto the mRNA and 

how these mechanisms are altered through regulatory processes during stress. This 

review also covers alternative translation initiation methods.

Abstract

Stress is a part of cellular life that requires great coordination across multiple 

biological processes to overcome. As one of the most energy intensive processes, 

mRNA translation must be tightly controlled during stress to ensure energy is used 

wisely. The cell primarily controls mRNA translation at the stage of initiation. This is 

mainly accomplished through two regulatory proteins, eIF2α and 4EBP1. During 

amino acid starvation, eIF2α is phosphorylated which prevents the formation of 

competent ternary complexes and 4EBP1 is dephosphorylated to prevent binding of 

appropriate initiation factors to the 5’ end of mRNA. Despite these strong inhibitors of 

mRNA translation initiation, protein synthesis persists during stress in ways that are 

not fully understood. This review will cover our current knowledge of translation 

initiation regulation and discuss areas that have yet to be fully understood.
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Introduction

Eukaryotic cells carry out mRNA translation to make proteins for a wide range of 

cellular processes. The continous production of proteins is so vital to life that extended 

inhibition of protein production results in apoptosis (Tang et al., 1999). Slowing 

mRNA translation through nutrient deprivation or chemical inhibition has been long 

thought to be a hallmark of longevity in organisms, while excessive mRNA translation 

is characteristic of cancer and some neurodegenerative diseases (Kassai et al., 2014; 

Liu et al., 2009). Retaining strict control of mRNA translation is an important aspect 

of cellular and organismal surivival, especially during adverse conditions. 

Translation is best understood in three phases; loading of the ribosome onto an 

mRNA transcript, processive elongation, and termination. Many of the initiation 

factors and proteins associated with mRNA translation are then recycled for additional 

rounds of translation on the same or other mRNA transcripts. Each of these phases of 

translation serve important roles in ensuring the accurate and timely production of a 

protein, however the process of translation initiation holds regulatory primacy as the 

first step in the protein production process. Studies examining translation initiation 

have gone on for decades, with many translation initiation factors identified using 

rabbit reticulolysate (RRL) systems, viruses, and Saccharomyces cerevisiae (Altmann 

et al., 1985; Pelham and Jackson, 1976; Sonenberg et al., 1978, 1979). Regulation of 

elongation is a more recent development. Though outside the scope of this review, 
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readers interested in translation elongation should turn their attention to recent reviews 

on the topic (Heise et al., 2014; Kaul et al., 2011; Kenney et al., 2014)

Translation initiation is an important area of research because of its many 

applications to human disease. Since regulation of translation initiation is well-studied, 

it has become a popular target for therapeutic design. Several drugs on the market or 

in development seek to inhibit translation initiation, or upstream kinases, to influence 

diseases outcomes. Cancer has been associated with increased rates of protein 

synthesis, and therapeutics designed against mRNA translation initiation through 

inhibition of mammalian target of rapamycin complex 1 (mTORC1) have helped slow 

the progression of the disease (Faivre et al., 2006; Johnson et al., 1976). Translation 

initiation inhibitors have also proved useful in assisting organ transplant recipients, 

where inhibitors help to keep the host immune system from attacking the transplanted 

organ (Kogure et al., 2013; Saunders et al., 2001). Furthering our knowledege of 

mRNA translation initiation mechanisms and identifying key proteins will create new 

opportunities to generate novel therapeutics against today’s pressing diseases.

Nutrient starvation inhibits translation through two main regulatory kinases, 

general control non-derepressible 2 (GCN2) and phosphoinositide 3-kinase (PI3K). 

These kinases sense the cell’s nutrient environment, and upon detection of stress, these 

kinases phosphorylate proteins as part of a cascade to inhibit translation inititiation 

(Castilho et al., 2014; Dibble and Cantley, 2015). Efficient re-programming of 

translation during stress often occurs before the transcription of stress-inducible genes, 

which showcases both the responsivity of the cell to stress and the necessity of 
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redirecting the translational machinery to key genes responsible for recovery. Control 

of translation is so critical that perturbation of translational control may delay 

translation of stress-responsive genes and promote cell death (Holcik and Sonenberg, 

2005).

Though these pathways are well-studied as stand-alone regulators of 

translation initiation, mounting evidence suggests that translation initiation regulation 

has additional complexity than was previously realized. Crosstalk mechanisms 

between different regulatory pathways, methylation of mRNA, and systematic 

evaluation of cellular IRES sites have revealed that translation initiation has new 

frontiers to be explored. This review will focus on translation initiation mechanisms 

during normal and adverse conditions, as well as review emerging ideas in the field.

Cap Assembly and Initiation

The first step towards making a protein from an mRNA template is to create two sets 

of protein complexes. The first, called the 43S pre-initiation complex (PIC), is 

assembled from the 40S ribosomal subunit, eukaryotic initiation factors, tRNA, and 

the initiator amino acid (Asano et al., 2000). The second protein complex, usually 

referred to as eukaryotic initiation factor 4F (eIF4F), is assembled at the 5' end of the 

mRNA to be translated. Both of these complexes come together to form the 48S 

initiation complex, which is required for cap-dependent translation initiation. 

Typically, the PIC is loaded onto the 5' end of the mRNA, scans along the 

mRNA transcript until it reaches a suitable start codon, and pauses. The 60S ribosomal 
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subunit binds to form the complete 80S ribosome, which marks the completion of 

ribosome loading onto the mRNA. Both the formation of the PIC and the assembly of 

eIF4F are multi-step processes of which regulatory proteins play an important role.

Ternary Complex and the PIC

The eukaryotic initiation factor 2 (eIF2) heterotrimer bound with GTP binds to 

methionyl-tRNAMet to form the ternary complex (TC), which then binds the 40S 

ribosomal subunit. This process is facilitated by eukaryotic initiation factors 1 and 1A 

(eIF1 and eIF1A respectively), which are also bound to the 40S subunit. Both of these 

proteins also have roles in start codon selection during scanning and creating an open 

conformation for the 40S ribosome, enabling it to bind the mRNA (Passmore et al., 

2007). Eukaryotic initiation factor 5 (eIF5) also binds to the 40S subunit, and acts as 

the GTPase activating protein (GAP), along with its binding partner eIF5B, to 

hydrolyze the GTP bound to eIF2 during 60S docking (Paulin et al., 2001). In addition 

to its GAP activity, eIF5 also acts to control GTP turnover on eIF2 by acting as a 

guanosine nucleotide dissociation inhibitor (GDI) through interactions with eIF2B, the 

guanosine nucleotide exchange factor (GEF) for eIF2 (Jennings and Pavitt, 2010). 

Finally, the very large and multi-subunit eIF3 protein binds the 40S. Though its 

functions are not well elucidated, it is known to have roles in mRNA loading and 

preventing premature 60S loading in addition to making key contacts with several 

initiation factors (Hinnebusch, 2006; Kolupaeva et al., 2005; Methot et al., 1996; Phan 

et al., 2001; Sha et al., 2009; Valasek et al., 2002). When all of these proteins have 
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formed together on the 40S ribosome, the complex is then ready to load and scan 

along an mRNA transcript.

5' Cap-Binding Proteins

Newly-made mRNA transcripts undergo processing in the nucleus at both the 5' and 3' 

ends. The capping enzyme mRNA guanine-N7 methyltransferase (RNMT), in 

conjunction with RNMT-Activating Mini protein (Gonatopoulos-Pournatzis et al., 

2011), acts at the 5' end of mRNAs to add a methylated guanosine nucleotide 

(Mitchell et al., 2010). Polyadenylate polymerase adds a string of adenosine molecules 

to the 3' end (Colgan and Manley, 1997). 

These modifications are recognized by several proteins in the translation 

initiation process. Both the nuclear cap-binding complex (CBC) and eukaryotic 

initiation factor 4E (eIF4E) recognize the 5' m7G motif, and serve to promote 

translation initiation. The CBC's role is special in that it acts to facilitate the first round 

of translation, ensuring the mRNA possesses no premature stop codons through a 

process called nonsense-mediated decay (NMD) (Gonatopoulos-Pournatzis and 

Cowling, 2014). The more prominent eIF4E, which has also been shown to be used for 

NMD (Rufener and Mühlemann, 2013), is typically reserved for general cap-

dependent translation. The polyadenylate tail serves two main purposes, to protect the 

mRNA from cellular exonucleases and to act as a binding platform for the poly-A 

binding protein (PABP) (Munroe and Jacobson, 1990).

Many details surrounding the interactions between eIF4E, CBC, and mRNA 
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remain to be elucidated. Though the eIF4E protein replaces CBC after mRNA export 

from the nucleus, immunostaining experiments have revealed eIF4E maintains a 

strong presence in the nucleus. Some reports suggest that eIF4E association with the 

m7G cap occurs in the nucleus to shuttle specific mRNAs out (Culjkovic-Kraljacic et 

al., 2014), while other evidence suggests that eIF4E works to enhance mRNA decay 

through its binding partner 4E-T (Nishimura et al., 2015; Strudwick and Borden, 

2002). Nuclear accumulation of eIF4E has been linked to acute myeloid leukemia, 

where oncogenic mRNA export appears to be elevated (Volpon et al., 2016). 

After eIF4E associates with the 5' cap, eukaryotic initiation factor 4G (eIF4G) 

binds to eIF4E and acts as a scaffolding protein for subsequent initiation factors to 

bind (Hinton et al., 2007). The eIF4G protein has been shown to have a range of 

impacts on cellular physiology, including deliberate cleavage by caspase-3 during 

apoptosis (Marissen and Lloyd, 1998), control over mRNA translational efficiencies 

(Park et al., 2011), and even playing a role in NMD (Lejeune et al., 2004). Much like 

the association of eIF4E with m7G, binding of eIF4G to eIF4E is a key step because 

other translation initiation factors rely on eIF4G as a scaffolding protein.  

The non-processive RNA helicase eukaryotic initiation factor 4A (eIF4A) 

binds to eIF4G (Schutz et al., 2008) and serves to unwind complex secondary 

structures in the mRNA (Rogers et al., 2002). Reduction of eIF4A protein levels slows 

translation for mRNAs with complex secondary structures (Svitkin et al., 2001), and 

inhibition of this protein through chemicals such as silvestrol particularly affects 

oncogenic transcript translation (Wolfe et al., 2014). Recent work has even shown that 
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eIF4A may regulate mTORC1 during nutrient deprivation (Tsokanos et al., 2016). 

Though eIF4A is perhaps the best known RNA helicase involved in mRNA 

translation, additional RNA helicases have been identified to have similar functions. In 

particular, the structure of DEAH-box protein 29 (DHX29) in complex with the 43S 

PIC was recently resolved through electron microscopy (Hashem et al., 2013), 

revealing that eIF4A is not the only protein responsible for unwinding RNA secondary 

structures to promote translation initiation. The Ded1/Ddx3 RNA helicase has also 

been implicated in localizing with eIF4E, suggesting a role in translation initiation 

(Soto-Rifo et al., 2012). Determining how these different RNA helicases behave and 

what their specific functions to translation are will be a boon to our understanding of 

the scanning and translation initiation process. 

In complex together, eIF4E, eIF4G, and eIF4A are referred to as eIF4F. This 

three-protein complex is considered to be vital for cap-dependent mRNA translation 

initiation success. Of special note is the circularization of mRNA and the important 

role it plays in translation. Reports indicate that removal of PABP reduces translation 

initiation by inhibiting 60S binding to the 43S PIC (Kahvejian et al., 2005). PABP 

exerts its effects by enhancing the rate of translation, ribosome complex formation, 

and eIF4E-cap interactions. Since the circularization of mRNA increases translation 

initiation, PABP should be considered a definitive initiation factor (Michel et al., 2000; 

Park et al., 2010).
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Final Initiation Steps

The PIC binds the 5' end of the mRNA and begins scanning once eIF4F assembly is 

complete. PIC loading is mainly facilitated through contacts that eIF3 makes with the 

eIF4E and eIF4G proteins. The open-conformation PIC then scans along the mRNA in 

an ATP-dependent manner until a start codon, most often an AUG, is reached. The 

correct start codon is selected through the use of the Kozak sequence, which is an 

evolutionarily-conserved nucleotide sequence in eukaryotes that surrounds the AUG 

start codon (Kozak, 1989). The optimal Kozak sequence is GCCRCCAUGG. The 

purine base at the -3 position, as well as the guanosine base at the +4 position indicate 

strength of the Kozak sequence. Substitution of other bases weaken the Kozak 

sequence, and overall initiation efficiency. Some mRNA transcripts, such as those 

found in eukaryotes (Zach et al., 2014) and viruses (Chenik et al., 1995), contain 

weaker upstream Kozak sequences such that some scanning PICs will miss the first 

AUG start codon and initiate at a later one, a process termed leaky scanning (Figure 1-

1). Complex secondary structure downstream of non-optimal start codons may 

increase pausing and the likelihood of initiation at these codons .

Selection of the start codon is supported by eIF1 and 1A, which assist in 

discriminating non-AUG codons to promote translational fidelity. Once a suitable 

AUG start codon is recognized, the PIC changes from an open to a closed 

conformation, stalling the PIC at the start codon. When the 60S begins to dock, eIF5 

and eIF5B proteins hydrolyze the GTP of eIF2 (Lee et al., 2002; Pestova et al., 2000; 

Unbehaun et al., 2007). EIF1, 1A, 3, and 5 are released from the PIC to facilitate the 
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formation of the 80S ribosome. Release of the hydrolyzed phosphoryl group signals 

the completion of ribosome initiation and the start of translation elongation. 

Figure 1-1. Alternate Translation Initiation Mechanisms. During normal conditions, the 
scanning 43S complex recognizes a suitable AUG start codon, where the 60S will bind and 
translation elongation will commence. In the leaky scanning model, a scanning 43S complex 
may initiate on an AUG or pass over it, proceeding to scan until another AUG is found further 
downstream. In the reinitiation model the 43S complex remains on the mRNA transcript after 
translation termination, and proceeds to scan until another AUG is found, where translation 
initiation commences again.
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In addition to the canonical cap-dependent translation initiation method described 

above, other methods of translation initiation have been discovered, namely leaky 

scanning, reinitiation, and N6-methyladenosine-mediated translation initiation. Leaky 

scanning occurs when the scanning PIC misses an appropriate start codon, typically an 

AUG in a poor Kozak sequence, and translation initiation commences at a downstream 

codon (Kozak, 1999). A similar phenotype has been observed in the absence of a 

strong Kozak sequence, where a delay of the GTP hydrolysis on eIF2 has permitted 

the ribosome to slide from the start codon and begin initiation at a downstream one 

(Terenin et al., 2016). DHX29, the RNA helicase, has been shown to prevent leaky 

scanning and assist the ribosome in translation initiation through important contacts 

with eIF1A (Pisareva and Pisarev, 2016).

This process contrasts to the reinitiation model, where ribosomes complete 

translation and continue to scan for and initiate at a downstream codon (Figure 1-1) 

(Vattem and Wek, 2004). Reinitiation relies on upstream ORFs (uORFs), where a short 

peptide is often translated in addition to the proper protein-coding region. Activating 

transcription factor 4 (ATF4), a stress-responsive transcript with upregulated 

translation during amino acid starvation, has been shown to follow the reinitiation 

model of translation initiation.

Emerging work has been done to investigate the role of mRNA modifications 

to nucleoside bases and their effects on translation. The mRNA transcript is subject to 

several post-transcriptional modifications of the nucleoside bases, including N6-

methyladenosine (m6A), 5-methylcytosine (m5C), inosine, and pseudouridylation 
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(Jaffrey, 2014). The m6A modification has been known for some time (Perry and 

Kelley, 1974), and the observation of m6A enrichment in UTR regions suggested a 

translational regulatory role (Meyer et al., 2012). Subsequent work came quickly, 

where m6A was shown to be associated with enhanced translation (Wang et al., 2015b) 

and to have roles in heat shock protein synthesis (Meyer et al., 2015; Zhou et al., 

2015). The mechanisms for how m6A is able to promote translation will make for an 

exciting discovery.

Dynamic pseudouridylation of mRNA has been linked to nutrient deprivation 

and has been shown to facilitate non-canonical base pairing within the ribosome 

(Carlile et al., 2014; Karijolich and Yu, 2011). One in vitro study suggests that 

pseudouridine enhances mRNA translation through decreased PKR activation 

(Anderson et al., 2010). The m5C modification has been linked to several diseases and 

disorders (Hussain et al., 2013), and next-gen sequencing methods have revealed that 

m5C is prevalent in the untranslated regions of mRNAs (Squires et al., 2012), though 

the prevalence of m5C was not observed using mass spectrometry (Machnicka et al., 

2013). Further study into mRNA modifications of nucleoside bases and their effects on 

mRNA translation will determine the prevalence and regulatory capabilities of these 

modifications.

During stress, several of the cap-binding proteins and components of the TC 

are sequestered or inhibited, largely preventing their participation in translation 

initiation. This is accomplished through a myriad of regulatory changes that occur on 

key proteins to control translation.
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Regulatory Mechanisms

Post-translational modifications can change both how translation initiation factors 

function as well as how they interact with one another. Phosphorylation is perhaps the 

best understood post-translational modification for regulating translation initiation, 

however there are other modifications that have been shown to be involved as well 

(Xu et al., 2010). 

Protein localization is another control mechanism used to regulate translation 

initiation. Both tuberous sclerosis factor 2 (TSC2) and mammalian target of rapamycin 

complex 1 (mTORC1), components of the PI3K pathway, are regulated through 

localization to control access to effector proteins (Cai et al., 2006; Sancak et al., 2014). 

In the context of translation initiation, regulatory elements reside in both the TC 

formation and the 5' cap binding proteins. These processes are often coordinated to 

jointly regulate translation. 

TC & PIC Regulatory Elements

The primary regulatory protein that controls TC availability is eIF2α. This subunit of 

eIF2 contains a critical serine residue (S51) that is subject to phosphorylation by four 

upstream kinases. Each of these kinases, when activated, can phosphorylate eIF2α to 

inhibit translation initiation by preventing TC formation. This inhibition is 

accomplished by enhancing the binding properties of eIF2 to eIF2B.

The eIF2α kinases GCN2, HRI, PERK, and PKR respond to amino acid 
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starvation, heme levels, ER stress, and double-stranded RNA infection respectively. 

Each of these kinases phosphorylate the same S51 residue on eIF2α, creating a unified 

response to different stressors. This respense is often called the integrated stress 

response (ISR) (Baird and Wek, 2012). A detailed review of the upstream kinases and 

their mechanisms is reviewed elsewhere (Donnelly et al., 2013). 

Under normal conditions, eIF2 provides the initiator methionine and provides a 

crucial GTP that enables the 60S to dock with the 40S. The process of regenerating 

GTP on eIF2 is carried out by eIF2B (Asano et al., 1999) and is catalyzed by the eIF2β 

subunit (Nika et al., 2001). Regeneration of this GTP ensures availability of the TC, 

and is critical for translation initiation. However, when eIF2α is phosphorylated, 

eIF2B's affinity for eIF2 increases several-fold, preventing effective release of eIF2-

GTP (Krishnamoorthy et al., 2001). Sequestration of eIF2-GTP reduces the total 

amount available for use in the formation of the TC, and ultimately reduces translation 

initiation.

Repression of translation during eIF2α phosphorylation is not transcriptome-

wide. ATF4, an important transcription factor that is both transcriptionally and 

translationally upregulated during eIF2α phosphorylation, is one of many transcripts 

that experiences enhanced translation despite the reduction in TC availability (Siu et 

al., 2002). Translation initiation mechanisms that utilize unique mRNA features will 

be discussed later in this review.

In addition to alternate translation initiation mechanisms during limited TC 

availability, several reports have alluded to the idea that alternate proteins may replace 
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eIF2α in the TC during stress. EIF2A, a poorly studied initiation factor, has been 

implicated in translation initiation of hepatitis C viral mRNAs during PKR activation 

and other IRES-containing transcripts (Kim et al., 2011). Similarly, the eIF2D 

(formerly Ligatin) protein was shown to deliver tRNAs to the P-site of initiating 

ribosomes (Dmitriev et al., 2010). Both eIF2A and eIF2D are separate proteins, and do 

not belong to the eIF2 heterotrimer. How these largely unstudied factors function, and 

if they have any specific roles in translation during stress, will enhance our 

understanding of translational control.

5' Cap-Binding Protein Regulation   

The eIF4E protein is controlled through its regulatory binding protein 4EBP1, a 

downstream target of mammalian target of rapamycin complex 1 (mTORC1).  In the 

normal growth condition, mTORC1 keeps 4EBP1 in a hyperphosphorylated state, 

which prevents its binding to eIF4E. However, when mTORC1's activity is repressed, 

4BEP1 is dephosphorylated and binds to eIF4E (Gingras et al., 1998). During stress, 

hypophosphorylated 4EBP-1 is able to outcompete eIF4G for eIF4E, ultimately 

repressing cap-dependent translation initiation. (Mader et al., 1995).

Another target of mTORC1's kinase domain is ribosomal protein S6 kinase 

(S6K), a protein which directly phosphorylates ribosomal protein S6 (RPS6). How 

RPS6 phosphorylation affects mRNA translation initiation has been continually 

investigated. S6K activation via mTORC1 has been shown to be a mediator of cell 

size, growth, and life span, but the mechanism for these effects has been debated. A 
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former hypothesis stipulated that RPS6 phosphorylation mediated TOP mRNA 

translation to control cellular growth (Berven and Crouch, 2000), however data 

contrary to this idea has since emerged (Stolovich et al., 2002). 

A detailed study to evaluate how mTORC1 differentially regulates both S6K 

and 4EBP-1 revealed that 4EBP-1 is a more suitable substrate for mTORC1 compared 

to S6K. This permits 4EBP-1 to respond more readily to signaling changes from 

mTORC1 (Kang et al., 2013). This difference likely speaks to the cell's ability to 

modulate translation quickly during the initial stress, followed by greater changes to 

cell physiology as the stress is sustained and mTORC1 is further repressed.

Other initiation factors at the 5' end of the mRNA are also subject to regulation 

through mechanisms that are still being investigated. Several papers have examined 

how eIF4E acts as an oncogene, and have demonstrated that eIF4E knockdown slows 

cell proliferation in cancer (Wendel et al., 2007). Knockdown of eIF4E in other cell 

lines appears to reduce 4EBP1 expression while having little effect on global 

translation. This observation implies that the ratio of eIF4E to 4EBP-1 is what controls 

growth, not either one of these proteins independently (Yanagiya et al., 2012). Other 

studies allude to the idea of eIF4E sensitivity, a hypothesis that suggests a subset of 

mRNAs are especially sensitive to the availability of eIF4E (Topisirovic et al., 2009). 

This idea relies on the observation that some mRNAs contain complex 5' UTR 

secondary structures, and these mRNAs require RNA helicases for efficient translation 

initiation. Further still is the hypothesis that additional eIF4E isoforms are used for 

different transcripts. Some eIF4E isoforms show limited binding potential for 
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canonical substrates 4EBP1 or eIF4G (Lindstrom, 2009), which alters their ability to 

be regulated or utilize additional initiation factors. 

The eIF4E protein can also be phosphorylated through the MAPK-like kinase 

MNK1 (Shveygert et al., 2010), however the function of this phosphorylation is 

debated. After eIF4G binds eIF4E, MNK1/2 binds to eIF4G and phosphorylates 

eIF4E, which suggests that eIF4E can only be phosphorylated during normal growth 

conditions. Phosphorylation of eIF4E has been shown to mitigate virus infection and 

promote tumorigenesis, as well as increase resistance to other cell stressors (Martínez 

et al., 2015; Walsh and Mohr, 2004). A recent report suggests that alternate isoforms of 

eIF4E have increased expression in response to MNK inhibition (Landon et al., 2014). 

At least one study showed that the removal of MNK1/2 was able to diminish tumor 

formation in mice but noted that aside from an absence in eIF4E phosphorylation, 

there appeared to be no perturbation to translation (Ueda et al., 2010). The detailed 

effects that eIF4E phosphorylation has on translation and cellular biology remains to 

be elucidated. 

Micro RNAs (miRNAs) represent another mechanism to regulate translation. 

These RNA species function by binding the 3'UTRs of specific mRNAs that contain a 

partially complementary nucleotide sequence to the miRNA's seed sequence. Binding 

of the miRNA to the mRNA prompts the cell’s degradation machinery to cleave the 

mRNA, ultimately reducing gene expression (Ling et al., 2013). Depsite this well-

characterized process of gene expression, miRNAs are also able to repress mRNA 

translation initiation through interactions with the cap-binding proteins before mRNA 
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degradation (Djuranovic et al., 2012). 

MiRNA-mediated inhibition of translation initiation occurs in several ways. 

Some miRNAs are able to disrupt interactions between eIF4E and the 5' cap, as well 

as subsequent interactions with PABP (Humphreys et al., 2005; Walters et al., 2010). 

Other miRNAs have been shown to release eIF4A1 and prevent eIF4F assembly on 

target mRNAs (Fukao et al., 2014; Fukaya et al., 2014). Preventing the 5’ cap-binding 

proteins from facilitating translation initiation is the first step in repressing gene 

expression. After the miRNA associates with the mRNA, various decapping and 

deadenylation enzymes are recruited, followed by association with the RNA-induced 

silencing complex (RISC). Together, these proteins prevent ribosome attachment and 

facilitate degradation of the mRNA. 

Enhanced expression of miRNAs have been linked to a variety of stressors 

ranging from hyperthermia to fasting (Leung and Sharp, 2010; Ouyang et al., 2015; 

Roufayel et al., 2014), where the enhanced miRNA expression served to promote cell 

survival. Oppositely, stress has been shown to derepress mRNA translation of 

particular transcripts through the use of miRNAs (Bhattacharyya et al., 2006). The 

regulatory capacity of a particular miRNA is often dependent on its half-life, which 

generally ranges from one to six hours (Rüegger and Großhans, 2012). The intricate 

network of miRNAs and how they globally regulate translation, both in the normal 

condition and during stress, is an important contributor to translational control.
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Signaling Pathways

Proteins that bind the 5' end of the mRNA transcript are mainly controlled via 

mTORC1, however mTORC1 does not directly sense cell status. Rather, mTORC1 is 

regulated through sub-cellular localization and upstream kinases. The PI3K signaling 

pathway is a well-studied series of kinases that communicates growth factor and 

insulin status to the cell (Vanhaesebroeck et al., 2012). Upon insulin deprivation, PI3K 

reduces signaling to phosphoinositide-dependent kinase-1 (PDK1), which in turn 

reduces signaling to protein kinase B (AKT). The AKT protein is a critical kinase that 

normally acts on both TSC2 and proline-rich AKT substrate 1 (PRAS40), but when 

nutrients are scarce and AKT is deactivated, its activity toward these proteins is 

reduced (Figure 1-2). Reduction in AKT activity ultimately reduces mTORC1 activity 

through its downstream targets.

When AKT is active, the protein 14-3-3 is able to bind the phosphoryl groups 

on TSC2 and pull it away from its target, Ras homolog enriched in brain (Rheb). But 

when nutrients are scarce, TSC2 loses those phosphoryl groups and localizes to Rheb, 

where it converts Rheb-GTP to Rheb-GDP (Cai et al., 2006). Abundance of Rheb-

GDP inhibits translation initiation by reducing mTORC1 activity (Figure 2) (Inoki et 

al., 2003). AKT's activity towards PRAS40 is also reduced during nutrient deprivation, 

which enables PRAS40 to bind near mTORC1's kinase domain and inhibit its activity, 

ultimately reducing translation initiation (Wiza et al., 2012).

In addition to the upstream signals that AKT receives from PI3K, AKT also 

receives signaling from energy-sensing proteins. Accumulation of cellular AMP 

19



activates adenosine monophosphate kinase (AMPK), which simultaneously activates 

TSC2 GAP activity, inhibits mTORC1, and downregulates AKT (Gwinn et al., 2008; 

Hahn-Windgassen et al., 2005). AKT is an influential kinase that senses input from a 

variety of upstream kinases, and exerts control over mTORC1 through both PRAS40 

and TSC2.

Figure 1-2. Signaling Pathways that Control mRNA Translation. Different signaling pathways 
are able to control mRNA translation at different levels. GCN2 senses amino acid levels 
through uncharged tRNA levels, which in turn controls the availability of the ternary complex 
through eIF2 phosphorylation. PI3K senses insulin and growth factor levels, which regulates 
mTORC1 activity through AKT and Rheb. The connection between the GCN2 pathway and 
mTORC1 remains to be elucidated. 
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Amino acid deprivation and its roles in translational control are of special interest due 

to several recent discoveries. During amino acid deprivation, mTORC1 moves away 

from the lysosome via the Ras-related GTPase (Rag) and Ragulator proteins, which 

results in mTORC1 inactivation (Sancak et al., 2014; Tsun et al., 2013). Recent studies 

have unveiled new sets of protein complexes that regulate these Rag complexes, and 

thus mTORC1's localization with the lysosome. Termed the GATOR complexes (Bar-

Peled et al., 2013), these GTPase proteins act on the Rag complexes to reduce their 

activity. GATOR2 is controlled by upstream sestrins (Chantranupong et al., 2014), 

which were previously identified to be a stress-responsive regulator of mTORC1 (Lee 

et al., 2010). New studies have revealed that additional regulatory pathways control 

mTORC1 localization to the lysosome independent of the Rag proteins through the 

ADP ribosylation factor Arf1 (Jewell et al., 2015). Similarly, Wang et al. showed that 

overexpression of SLC38A9, a lysosomal membrane protein that transports arginine, 

renders mTORC1 insensitive to amino acid starvation (Wang et al., 2015a). Our 

understanding of how these new proteins and signaling pathways fit into the larger 

biological narrative of cell stress and translational control remains incomplete.

mTORC1 crosstalk to GCN2 pathway

Although these two pathways independently respond to amino acid starvation and 

control different portions of the translation initiation process, the ISR and PI3K 

pathways are often coordinated, suggesting that there is some crosstalk between these 

pathways (Gallinetti et al., 2013). Studies done in yeast have shown that inhibition of 
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mTORC1 with rapamycin reduces phosphorylation of serine 577 on GCN2 resulting 

in increased sensitivity to uncharged tRNAs, followed by eIF2α phosphorylation 

(Cherkasova and Hinnebusch, 2003). This observation showcases how changes in 

mTORC1 status are signaled to regulate TC availability. A follow-up study done in a 

mammalian melanoma cell line expanded on this observation to show that rapamycin-

mediated activation of GCN2 required the catalytic domain of PP6, a phosphatase 

(Wengrod et al., 2015). 

Interestingly, the signaling from mTORC1 to GCN2 does not appear to be 

universal across mTORC1 inhibitors. Torin-1, a potent and specific inhibitor of 

mTORC1, does not affect eIF2α phosphorylation (Thoreen et al., 2009). This 

observation may point to drug-specific or time-dependent effects of these inhibitors, as 

they have different mechanisms to inhibit mTORC1 (Thoreen and Sabatini, 2009) and 

are often used for different lengths of time. Identification of the phosphorylation site 

on GCN2 that responds to mTORC1 inhibition, coupled with a change in GCN2 

autophosphorylation dynamics, provides strong evidence of crosstalk. However, the 

precise mechanism describing how mTORC1 inhibition is coordinated with 

phosphorylation changes on GCN2 remains unknown.

GCN2 crosstalk to mTORC1 pathway

Several reports have indicated that a signaling pathway between GCN2 and mTORC1 

may exist. At least one paper reported that mTORC1 became insensitive to amino acid 

starvation in a knockout GCN2 mouse model, where unregulated expression of 
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lipogenic genes resulted in steatosis (Guo and Cavener, 2007). In another study, 

treatment of asparaginase, which is known to simultaneously activate GCN2 and 

repress mTORC1 by cleaving asparagine, showed blunted inhibition of mTORC1 in 

GCN2 KO mice (Iiboshi et al., 1999a). Amino acid alcohols such as histidinol have 

been shown to cleave tRNAs and invoke GCN2 activation. Researchers observed a 

reduction in S6K phosphorylation with treatment of histidinol, suggesting that GCN2 

activation or eIF2α phosphorylation may affect mTORC1 activity (Iiboshi et al., 

1999b). 

A separate study expanded on this observation and attributed the eIF2α 

phosphorylation and mTORC1 downregulation to cell survival during oxidative stress 

(Rajesh et al., 2015). The authors imply that phosphorylated eIF2α is the key mediator 

for inhibiting mTORC1 activity during stress, and not GCN2. The cumulative study 

results suggest that either GCN2 or eIF2α are capable of inhibiting mTORC1 during 

stress, which promotes better translational regulation and cell survival. Most recently, 

a study showed that the mTORC1 inhibitory effects of leucine and arginine 

deprivation are dependent on GCN2 (Averous et al., 2016). Interestingly, this work 

supports the study completed by Rajesh et al. and shows that the role of GCN2 in 

repressing mTORC1 activity requires eIF2α phosphorylation, however it does not 

depend on ATF4. Understanding how the GCN2-eIF2α signaling pathways is able to 

regulate mTORC1 activity is an important step towards elucidating how the cell 

coordinates regulation of translation initiation proteins.
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Translation Initiation During Stress

When cell stress inhibits translation initiation through signaling pathways and 

regulatory proteins, a comparatively small pool of mRNAs are upregulated and 

translated. These transcripts are often responsible for recovery from the stressor. The 

cell utilizes several methods to ensure that important mRNA transcripts continue to be 

translated despite repressed initiation machinery.

Internal Ribosome Entry Sites

Some mRNAs contain specialized sequences which are used to facilitate ribosome 

loading away from the 5' end. Internal ribosome entry sites (IRESs) typically have 

sequences that generate a complex secondary structure in the mRNA, which facilitate 

contact with the ribosome or initiation factors to promote translation initiation. The 

mechanism of IRES-mediated translation initiation has been intensively studied, and 

best understood, in viral transcripts (Balvay et al., 2009). Since viral infection 

typically induces phosphorylation on PKR and subsequent eIF2α phosphorylation to 

stymie viral mRNA translation (Dauber and Wolff, 2009), viruses have evolved to 

circumvent this cellular defense and ensure viral proteins are made. 

Though all IRESs share the phenotype of ribosome loading away from the 5’ 

end, they differ in how they accomplish this feat. Some IRES require several 

translation initiation factors in order to function, while other require none at all. The 

necessity for certain translation initiation factors is the basis for how the different 

IRES mechanisms are defined. Readers interested in a detailed exposition of various 
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IRES mechanisms are directed to recent reviews on the topic (Balvay et al., 2009; 

Komar and Hatzoglou, 2010).

The phenomenon of IRES occurring naturally within the cell has been an area 

of much debate. Since cap-dependent translation is very efficient, any cellular IRES 

would be challenging to both detect and characterize.  The recent proliferation of 

individual mRNA studies has revealed that cellular mRNAs containing IRESs are 

indeed authentic (Jackson, 2013). 

Recently, a reverse-genetics approach was performed to identify cap-

independent sequences in both viral and human genomes (Weingarten-Gabbay et al., 

2016). The authors identified thousands of new sequences with cap-independent 

translation activity, and demonstrated that 18S rRNA interactions with the 5’ UTR can 

promote translation. Comprehensive IRES identification and utilization is an ongoing 

process and our understanding of cellular IRES function on cellular metabolism 

continues to grow.

Regulatory ORFs 

Many mRNAs contain short upstream ORFs (uORFs) that regulate translation of the 

functional protein-coding ORF (pORF) (Calvo et al., 2009). Under normal conditions 

on an mRNA without uORFs, the PIC scans along the mRNA until it finds the start 

codon, where translation will provide the encoded protein. However if an mRNA has 

one or more uORFs, the PIC will often begin translation at one of the upstream start 

codons. This results in translation of the uORF, which provides a short peptide instead 
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of the protein. 

A well-studied protein that is regulated through uORFs in ATF4. This protein 

contains two upstream uORFs, which have active translation under normal conditions. 

However when eIF2α is phosphorylated and the TC is limited, there are fewer 

complete PICs available for translation. It has been suggested that uORFs are 

bypassed during stress due to their poor translation start site context in conjunction 

with eIF2α phosphorylation. (Baird and Wek, 2012; Palam et al., 2011).

The short peptides resulting from translation of uORFs were originally thought 

to be a byproduct of translational regulation, however new studies have sought to link  

these short peptides to biological functions (Andrews and Rothnagel, 2014). Analysis 

of uORF prevalence in humans has revealed over 4,400 translation initiation sites that 

are uORFs, with ~60% conserved in mice (Fritsch et al., 2012; Lee et al., 2012). 

The regulatory capacity for the resulting peptides of uORF translation is an 

area of active research. One study showed that removal of a particular uORF abolished 

translation of a gene, despite the presence of three other uORFs. Follow-up studies 

showed that the peptide encoded by the uORF bound to other factors in the cell, 

suggesting a regulatory role for the peptide (Diba et al., 2001).

Stress Granules 

During prolonged stress, the cell assembles temporary organelles called stress 

granules. These structures act as depots to house mRNAs, translation initiation factors, 

and ribosome subunits during stress (Hofmann et al., 2012). The process of moving 
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translation factors to stress granules is carefully orchestrated by the T-cell restricted 

intracellular antigen 1 protein (TIA-1) and the TIA-1 related protein (TIAR). 

Stress increases phosphorylation of eIF2α, which causes a release of both TIA-

1 and TIAR from the nucleus (Kedersha et al., 1999). These proteins accumulate in the 

cytosol to bind eIF2/eIF5-deficient PICs, disassemble polyribosome transcripts, and 

begin the shuttling process of translation factors to stress granules. These translation 

components are shuttled between the cytosol, stress granules, and processing bodies in 

an intricate network to control protein synthesis (Buchan and Parker, 2009). Detailed 

analyses of various initiation factors have revealed that reduction in eIF2, eIF4B, 

eIF4H, or PABP all induce stress granule formation (Shin et al., 2002). While stress 

granules house many repressed translation components, it should be noted that the 

stress granule is not the cause of this repression, as prevention of stress granule 

formation does not prevent translation inhibition during stress (Bley et al., 2014).

Several reports have shown that stress granules are discriminatory in the 

mRNAs they possess. The inducible heat shock protein 72 (HSP70) mRNA is highly 

expressed during stress, but is excluded from stress granules (Kedersha and Anderson, 

2002). Since TIA-1 and TIAR re-localize from the nucleus to the cytosol during stress, 

it’s possible that the newly-transcribed genes escape TIA-1/TIAR marking in the 

nucleus, which prevents stress granule localization after export (Anderson and 

Kedersha, 2002). 5’ TOP mRNAs, which have been shown to have particular 

significance in cell growth, have been identified as specific targets to TIA-1 and TIAR 

(Damgaard and Lykke-Andersen, 2011). Stress granules act as important organelles 
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for the regulation of translation machinery, and this regulation directly improves cell 

survival during stress (Hofmann et al., 2012).

Conclusions and Future Endeavors

Translational control is a key aspect to cell survival, and evolution has ensured 

translation is tightly coordinated with environmental conditions. The two main 

regulatory proteins, mTORC1 and eIF2α, regulate translation initiation in response to 

different stressors. Though much of translation is repressed during stress, the cell is 

able to maintain or increase translation of mRNAs that are of vital importance to 

survival. Regulatory mechanisms such as eIF2α phosphorylation and translation 

initiation factor binding partner dynamics are comparatively well-understood 

compared to other mechanisms such as cellular IRES usage or mRNA nucleoside 

modifications, of which our understanding is limited but continuing to develop.

While researchers in this field have made several important contributions to the 

field, a key question regarding the nature of eIF4E and cap-dependent translation has 

emerged. Though the roles of the eIF4E and 4EBP1 proteins have long been 

established in the translation field, several reports have noted knockdown or 

overexpression of these proteins has had limited effects on translation in normal cells. 

It's been observed that 4EBP1 protein levels are reduced in cells expressing shRNA 

against eIF4E, however the total growth rate of these cells appears different only in the 

presence of a proteasome inhibitor over several days (Yanagiya et al., 2012). These 

findings suggest that the ratio of 4EBP1 to eIF4E is an important determinant for 
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translation rate, however it appears that translation is sustained despite lowered overall 

eIF4E protein levels. 

Overexpression of non-phosphorylatable 4EBP1 only marginally decreases the 

rate of translation, which may suggest that cap-dependent translation is not critical to 

cell surivival or that the cell has other mechanisms for translation initiation (Lynch et 

al., 2004). A previous study evaluated the interactions between eIF4G, eIF4E, and 

4EBP1 during single amino acid starvation. The results showed that the availability of 

eIF4E, but not its binding to 4EBP1, was responsible for changes in protein synthesis 

(Kimball et al., 1998). 

Some have suggested that the “dose” of eIF4E controls the prevalence of 

cancer and aberrant growth programs through subsets of eIF4E-sensitive transcripts 

(Truitt et al., 2015). This model fits with the previous work that shows how cancer 

growth can be slowed through direct repression of eIF4E protein levels (De Benedetti 

et al., 1991), however the impacts that eIF4E and 4EBP1 have on cancer progression 

are well-documented (Carroll and Borden, 2013), and these observed phenotypes may 

be particular only to cancer. 

Others have proposed alternative eIF4F complexes, where different isoforms of 

eIF4E, eIF4G, and 4EBP1 interact to form novel eIF4F complexes that regulate 

translation initiation (Ho and Lee, 2016). Emerging research has begun to highlight 

the importance of translation initiation factor isoforms, linking them to conditions 

such as autism and hypoxia (Gkogkas et al., 2013; Uniacke et al., 2012). The 

importance and necessity of the eIF4E protein, as well as its binding partners, for 
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mRNA translation initiation during normal growth conditions remains to be 

elucidated.

In addition to protein isoforms of known translation initiation factors, there 

remain several novel translation initiation factors that remain poorly understood. The 

eIF2A protein has been shown to have a role in hepatitis C virus IRES translation, and 

is thought to direct tRNA binding to the 40S subunit (Kim et al., 2011; Komar et al., 

2012). Even less is known about the eIF2D protein, which was shown to assist in the 

delivery of tRNAs to the 40S subunit in a GTP-independent manner (Dmitriev et al., 

2010), and may also assist in the disassembly after termination (Skabkin et al., 2010).

The many subunits of eIF3 and their functions in translation is another area 

that has potential for substantial progress, particularly in mammalian systems, where 

there are many additional subunits (Hinnebusch, 2006). While many of the eIF3 

subunits have been associated with various cancers, the particular biological functions 

remain unknown (Hershey, 2015).

The field of translation is rapidly evolving thanks to recent technological 

advances in deep sequencing technology. Coupling this technology with the polysome 

profiling technique has created opportunities to study the ribosome’s location along 

each mRNA transcript, providing a wealth of data on translational regulation (Ingolia 

et al., 2009, 2011). Implementation of this technique in novel ways, paired with 

advanced data analysis methods, has generated many new discoveries and avenues of 

inquiry.

Lactimidomycin, a drug that specifically stalls initiating ribosomes in 
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eukaryotes, has been used to identify translation initiation start sites transcriptome-

wide (Lee et al., 2012). The authors show that cells use non-AUG codons for 

translation initiation, an observation that has been previously made in immunological 

studies for MHC class I peptide presentation (Schwab et al., 2004; Starck et al., 2012). 

Though rare and inefficient, the use of non-AUG codons may serve a vital purpose 

during stress when translation machinery is limiting (Hashimoto et al., 2002). Some 

evidence suggests that the mRNA sequence flanking these non-AUG start codons has 

important roles for initiation on these non-canonical sites (Ivanov et al., 2011). 

Determining the prevalence of non-AUG codon usage, and their biological 

significance, will make a significant contribution to the translation field.

Finally, the mechanisms that determine which mRNA transcripts are translated 

during stress is a vital outstanding question. Modification of ribosomal proteins with 

N-acetylglucosamine (OGN) by N-acetylglucosamine transferase (OGT) was shown 

to shuttle ribosomes to stress granules, and over 100 additional proteins have been 

identified to have a role in this process (Ohn et al., 2008). A comprehensive 

understanding of how stress impacts post-translational modifications to influence the 

activity of translational machinery will elucidate how the cell combines regulatory 

pathways with subcellular localization to better control translation. Understanding this 

biological phenomena will make way for novel therapeutics and improve our overall 

understanding of other biological phenomena such as aging, cancer, and 

neurodegenerative disorders. The field of translation, while not new, still contains 

many areas that need exploring.
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CHAPTER 2

PREVALENT M6A-MEDIATED CAP-INDEPENDENT 

TRANSLATION REQUIRES ABCF1 

Abstract

It has long been assumed that translation initiation in eukaryotes occurs via two 

mechanisms, namely, m7G cap-dependent ribosome scanning and internal ribosome 

entry (IRES). Recent studies suggest that 5’UTR N6-methyladenosine (m6A) enables a 

new mode of translation initiation that is neither cap- nor IRES-dependent. However, 

mechanistic details of m6A-promoted translation initiation and the contributions of 

such translation to cellular protein synthesis remain elusive. Here, we report that m6A-

mediated cap-independent translation prevails on capped mRNAs and is resistant to 

mTORC1 inhibition. Unlike IRES, m6A-facilitated translation co-exists with cap-

dependent initiation for a large proportion of mRNAs with diverse range of translation 

efficiencies. Reducing m6A levels by METTL3 depletion selectively inhibits 

translation of m6A-sensitive targets, but not TOP mRNAs. Additionally, we find that 

m6A-dependent translation requires ABCF1, thereby facilitating pre-initiation complex 

assembly on methylated mRNAs. Our results establish a new paradigm of translation 

initiation that complements cap-dependent and IRES-driven mechanisms of 

translation. 
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Introduction

Eukaryotic cells primarily employ a cap-dependent mechanism to initiate translation 

for the majority of mRNAs (Gebauer and Hentze, 2004; Jackson et al., 2010). The 5’ 

end of eukaryotic mRNAs is modified with a m7G cap structure, which is recognized 

by an eukaryotic initiation factor 4E (eIF4E). eIF4E forms the eIF4F complex by 

binding to eIF4G (a scaffold protein) and eIF4A (a helicase) (Gross et al., 2003; 

Marintchev et al., 2009; Schutz et al., 2008). The cap recognition determines which 

mRNAs are to be translated and is regulated by eIF4E-binding proteins (4E-BPs). 

When hypo-phosphorylated, 4EBPs compete with eIF4G for a binding site on eIF4E 

and prevent eIF4F complex assembly at the 5’ end of transcripts (Pause et al., 1994). 

One major signaling pathway that phosphorylates 4EBPs is the mammalian target of 

rapamycin complex 1 (mTORC1) (Ma and Blenis, 2009; Zoncu et al., 2011). By 

sensing extracellular signals as well as the intracellular energy status, activated 

mTORC1 phosphorylates 4E-BPs that dissociate from eIF4E, thereby promoting 

eIF4F complex assembly (Sonenberg and Hinnebusch, 2009). Despite this well-

established regulatory mechanism, in many cell lines, the mTORC1 inhibitor 

rapamycin has only modest effects on the rate of protein synthesis (Beretta et al., 

1996; Choo et al., 2008).

Another key regulatory step during initiation is the formation of a ternary 

complex (TC), which is composed of eIF2, GTP and methionine-loaded initiator tRNA 

(Pisarev et al., 2007). TC associates with the 40S small ribosome subunit and several 

other initiation factors to form the 43S pre-initiation complex (PIC). PIC is then 
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recruited to mRNA via the scaffold eIF4G within the cap-associated eIF4F complex 

(Hinnebusch, 2014). TC formation is tightly controlled by phosphorylation of eIF2 on 

Ser51 of its α subunit, converting eIF2-GDP into a competitive inhibitor of eIF2B, 

thereby suppressing TC recycling and limiting TC levels. Many stress conditions 

trigger eIF2α phosphorylation via distinct kinases, such as general control non-

derepressible-2 (GCN2) for amino acid starvation (Wek et al., 2006). Consequently, 

both TC and eIF4F complex formation are suppressed in response to nutrient 

starvation. However, it is unclear whether these seemingly distinct pathways have 

similar contributions to translational outcomes. The logical and mechanistic 

relationships between GCN2/eIF2α and mTORC1/4E-BP signaling pathways are 

poorly understood, if indeed such relationships exist (Gallinetti et al., 2013). 

Further complicating the regulatory mode of translational response is the 

existence of cap-independent mechanisms. Without 5’ end cap recognition, cap-

independent translation occurs during normal cellular processes (e.g., mitosis and 

apoptosis) or when the cap-dependent translation machinery is compromised by either 

stress or disease (Sonenberg and Hinnebusch, 2007).  The best characterized cap-

independent initiation involves internal ribosome entry sites (IRES) (Hellen and 

Sarnow, 2001). Discovered in picornavirus mRNAs, the IRES element in the 5’ 

untranslated region (5’UTR) forms a complex secondary structure capably of 

recruiting the translation machinery in the absence of some or even all initiation 

factors.  However, whether cellular mRNAs contain typical IRES elements remains to 

be a frequent topic of debate. Beyond a few examples, many cellular mRNAs capable 

47



of cap-independent translation do not seem to contain any IRES elements (Gilbert, 

2010)

We recently discovered that mRNA methylation in the form of N6-

methyladenosine (m6A) enables cap-independent translation (Meyer et al., 2015; Zhou 

et al., 2015). As exemplified by selective translation of heat shock-induced Hsp70 

mRNA, this finding suggests the existence of a new mode of translation initiation that 

is neither cap- nor IRES-dependent. Structurally similar to the normal m7G cap, m6A 

in the 5’ untranslated region (5’UTR) is capable of recruiting initiation complexes 

independent of eIF4E. This new mode of translation initiation offers an attractive 

solution to the central puzzle that many cap-independent translation events do not 

follow the IRES mechanism. However, mechanistic details underlying m6A- 

dependent translation initiation are poorly understood. Several fundamental questions 

remain unanswered. First, since many transcripts bear 5’UTR methylation, how much 

does m6A-mediated translation contribute to the cellular protein synthesis? Second, for 

capped mRNAs, are the canonical cap-dependent and the m6A-enabled cap-

independent translation mutually exclusive? Third, what is the biological logic behind 

selection of different modes of translation initiation?

We set out to interrogate the relationship between cap-dependent and m6A-

mediated translation initiation mechanisms in cells with or without stress. In 

contradiction of the current model in the field, we found that m6A-enabled cap-

independent translation predominates even under the normal growth condition. 

Remarkably, it co-exists with cap-dependent translation for a large proportion of 
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cellular transcripts with diverse ranges of efficiencies. Additionally, we uncovered a 

formerly undocumented role of ABCF1 in coupling mRNA m6A modification and pre-

initiation complex assembly. Thus, m6A-mediated cap-independent translation 

emerges as a new paradigm of translation initiation that complements cap-dependent 

and IRES-driven mechanisms of translation. 

Results

Differential Contribution to Translation between eIF4F and TC Complex Formation 

Amino acid deprivation suppresses global protein synthesis by inhibiting the 

mTORC1 signaling pathway and activating GCN2 kinases (Hinnebusch, 2005). While 

the former regulates the cap-recognition apparatus, the latter controls TC availability. 

To dissect the contribution of these two rate-limiting steps to the overall translation 

upon nutrient starvation, we took advantage of a mouse embryonic fibroblast (MEF) 

cell line harboring a non-phosphorylatable eIF2α in which the serine 51 (S/S) was 

mutated to an alanine (A/A) (Scheuner, 2001). As expected, wild type eIF2α (S/S) 

cells readily responded to amino acid deprivation by showing disassembled polysome 

and concomitant increase of monosome, a typical sign of global translation inhibition 

(Figure 2-1A). To our surprise, eIF2α (A/A) cells showed little changes in the 

polysome pattern after amino acid starvation. We attempted to measure the global 

translation in eIF2α (A/A) cells under nutrient starvation. Since radiolabeled 

methionine labeling methods generate unwanted incorporation artifacts during amino 

acid starvation, we used puromycin labeling to measure the status of active translation. 
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Consistent with the polysome profiling result, eIF2α (A/A) cells not only exhibited 

higher basal levels of translation than wild type, but also showed sustained translation 

during amino acid starvation (Figure 2-1B). 
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Figure 2-1. eIF2α (A/A) MEFs are resistant to translational repression under amino acid 
starvation conditions. (A) Polysome profiling charts of eIF2α (S/S) and (A/A) MEFs for 
control or starved cells. (B) Left, Western blot showing puromycin-labeled proteins under 
amino acid starvation conditions for the indicated time. Right, quantification of lanes. n=2.



The striking resistance to nutrient starvation is not limited to eIF2α (A/A) cells. 

We observed the similar phenotype in cells lacking GCN2 kinase (Figure 2-S1A). In 

addition, this phenomenon is highly reproducible under different types of stress, such 

as unfolded protein response in endoplasmic reticulum. Upon exposure to thapsigargin 

(TG), eIF2α (A/A) cells maintained active translation (Figure 2-S1B). By contrast, 

wild type cells rapidly shut down protein synthesis with slow recovery. These results 

strongly suggest that the cellular TC levels predominantly determine the overall 

translation status. 

Inactive Cap Recognition Minimally Contributes to Translation Inhibition

It has long been presumed that assembly of the canonical initiation apparatus at the 5’ 

end cap tightly controls protein synthesis. It is thus surprising to find the sustained 

translation in eIF2α (A/A) cells even under amino acid deprivation that potentially 

inhibits eIF4F complex formation. One possibility is that the non-phosphorylatable 

eIF2α regulates the mTORC1/4E-BP signaling pathway, rendering it insensitive to 

nutrient starvation. However, this is not the case. Similar to wild type cells, eIF2α 

(A/A) cells exhibited rapid dephosphorylation of mTORC1 downstream targets 

RPS6K1 and 4E-BP1 upon amino acid deprivation (Figure 2-2A). Therefore, the 

mTORC1 signaling pathway in eIF2α (A/A) cells is equally, if not more, sensitive to 

nutrient starvation as wild type cells. 
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Figure 2-S1. Resistance to translational repression is not limited to eIF2α (A/A) MEFs or 
amino acid starvation. (A) GCN2 KO MEFs demonstrate resistance to translational repressive 
effects of amino acid starvation. (B) eIF2α (A/A) MEFs are demonstrate resistance to 
translational repressive effects of thapsigargin treatment for the indicated time. Right, 
quantification of lanes. n=2. p < 0.05 at 1.5 hours.
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Figure 2-2. Sustained translation phenotype is not dependent on cap-binding proteins, but 
does require scanning. (A) Western blot of mTORC1 markers show repressed mTORC1 
activity in both eIF2α (S/S) and (A/A) MEFs. (B) m7-GTP cap analog pulldown under normal 
and amino acid starvation conditions shows that 4EBP1 outcompetes eIF4G in both the eIF2α 
(S/S) and (A/A) MEFs under stress. (C) Dual luciferase polio IRES reporter plasmid was 
transfected into eIF2α (S/S) or (A/A) MEFs before deprivation of amino acids for the 
indicated time. n=3.  (D) Left, western blot of puromycylated peptides labeled during 
hippuristanol treatemnt under amino acid deprivation for the indicated time. Right, 
quantification of lanes in SDS-PAGE. n=2.



To directly measure the cap functionality in these cells, we conducted a m7G cap pull-

down assay before and after nutrient starvation. It is clear that, upon amino acid 

deprivation, the m7G-associated scaffold protein eIF4G1 was largely replaced by 4E-

BP1 in both wild type and eIF2α (A/A) cells (Figure 2-2B). This result is consistent 

with the inactive mTORC1 in starved cells irrespective of eIF2α phosphorylation. 

To independently assess the contribution of cap recognition to global protein 

synthesis, we took advantage of a chemical compound 4EGI-1 that inhibits eIF4F 

complex formation by destabilizing eIF4E-eIF4G interaction (Moerke et al., 2007). 

However, [35S] metabolic labeling revealed a maximum of 20% reduction in protein 

synthesis in both eIF2α (S/S) and (A/A) cells (Figure 2-S2A). Notably, the majority of 

cellular translation was not affected even in the presence of exceptionally high dose 

(100 µM) or prolonged treatment (5 h). We next examined the translational effect of 

Torin1, a potent active-site mTOR inhibitor (Thoreen et al., 2009). As expected, 

Torin1 treatment caused a rapid depletion of phosphorylation for mTORC1 

downstream targets such as RPS6 and 4E-BP1 (Figure 2-S2C). However, pre-exposure 

of cells to an impractically high dose of Torin1 (1 µM) for a few hours only resulted in 

approximately 25% reduction in protein synthesis (Figure 2-S2B).  Once again, there 

is no discernible difference between eIF2α (S/S) and (A/A) cells in terms of Torin1 

sensitivity. These results collectively demonstrate a previously unappreciated 

phenomenon: the well-established cap-dependent mechanism does not seem to be 

responsible for the majority of mRNA translation, even in the absence of stress.
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Figure 2-S2. Direct and indirect cap inhibition has meager 
effects on translation. (A) 4EGI-1 was treated in vivo for the 
indicated time before pulse, lysis, SDS PAGE, and 
visualization. (B) Torin1 was treated in vivo for the indicated 
time before pulse, lysis, SDS PAGE, and visualization. (C) 
Western blot of proteins in the eIF2α (S/S) and (A/A) MEFs 
under Torin1 treatment for the indicated time showed similar 
downregulation of mTORC1 signaling.



Physiological Cap-Independent Translation Differs from IRES 

The substantial amount of translation remaining in starved eIF2α (A/A) cells or after 

mTOR inhibition likely follows a cap-independent mechanism. Since the well-

documented cap-independent translation mechanism is IRES, we asked whether the 

translation in the absence of cap recognition uses the same mode as IRES. Several 

lines of evidence argue against this possibility. First, both puromycin and [35S] labeling 

revealed similar patterns of translational products before and after cap inactivation, 

suggesting that the same transcripts are capable of undergoing cap-independent 

translation. Second, we examined the translation potential of IRES in eIF2α (S/S) and 

(A/A) cells by using a dual luciferase reporter containing the polio virus IRES 

element. Nutrient starvation bolstered the IRES-driven translation only in wild type 

cells but not eIF2α (A/A) cells (Figure 2-2C). Third, we assessed the translational 

sensitivity of starved cells to an eIF4A inhibitor hippuristanol that blocks ribosome 

loading and scanning. IRES-mediated translation is expected to be resistant to eIF4A 

inhibition (Bordeleau et al., 2006). However, both eIF2α (S/S) and (A/A) cells 

exhibited nearly complete inhibition of translation shortly after the hippuristanol 

treatment (Figure 2-2D). These results collectively suggest that, when the cap-

dependent translation is inhibited, cells readily employ a new mode of translation that 

is neither cap- nor IRES-dependent but depends on eIF4A.
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Physiological Cap-Independent Translation is m  6  A-Dependent

We recently discovered that mRNA methylation in the form of m6A enables cap-

independent translation of stress-induced transcripts like Hsp70 (Zhou et al., 2015) 

Although m6A is capable of promoting ribosome loading independent of the 5’ end 

cap, it still requires the scanning process for efficient translation (Meyer et al., 2015). 

Given these unique features, we hypothesize that the substantial amount of translation 

maintained under mTORC1 inhibition relies on the m6A-dependent mechanism. To 

test this possibility, we knocked down METTL3, a core subunit of methyltransferase 

complex, from MEF cells using shRNA. With more than 90% depletion of METTL3, 

we observed approximately 50% reduction of mRNA m6A levels (Figure 2-S3A and 2-

S3B). Importantly, [35S] metabolic labeling revealed nearly 40% decrease of global 

protein synthesis in cells lacking METTL3 (Figure 2-S3C). This result is consistent 

with the recent study using human cells after METTL3 knockdown (Lin et al.). 

However, the study by Lin et al suggested that METTL3 mediates cap-dependent 

translation for subsets of mRNAs via interaction with m7G cap-binding complexes 

(Lin et al.). If so, it is expected to see no further decrease of protein synthesis in 

METTL3-depleted cells after mTORC1 inhibition that only affects cap-dependent 

translation. In stark contrast, MEFs lacking METTL3 exhibited much higher 

sensitivity to Torin1 than the scramble control (Figure 2-3A), with more than 60% 

reduction of protein synthesis after 2 h treatment. It is clear that METTL3-responsible 

translation differs from mTORC1-controlled translation. We conclude that m6A 

modification contributes to the majority of cap-independent translation, which co-
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exists with mTORC1-sensitive cap-dependent translation.
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Figure 2-3. sh-METTL3 MEFs have increased sensitivity to Torin1. [35S] radiolabeling for ten 
minutes plus the indicated time of Torin1 treatement shows reduced labeling in the sh-
METTL3 MEFs. Right, quantification of lanes. n=3. p < 0.05 at 1, 1.5, 2, and 2.5 hours.
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Figure 2-S3. METTL3 promotes mRNA methylation and mRNA translation. (A) 
shRNA targeting METTL3 was introduced using the lentivirus, followed by puromycin 
selection. (B) mRNA was extracted from cell lysates, crosslinked to a membrane, and 
blotted with anti-m6A antibody to show a reduction in m6A modifications in sh-
METTL3 MEFs. Right, methylene blue staining acts as the loading control. (C) Left, 
[35S] radiolabeled methionine was incubated with cells for the indicated time before 
lysis and SDS-PAGE. Right, quantification of lanes from SDS-PAGE. n=1.



mRNA Specificity in m  6  A-Mediated Translation 

It is widely believed that cap-independent translation increases only after the 

suppression of cap-dependent translation. Our results suggest that a sizable proportion 

of cellular mRNAs undergo m6A-mediated cap-independent translation, perhaps 

together with mTORC1-controlled cap-dependent translation. However, it is unclear 

whether these two different initiation mechanisms have equal contribution to the 

translation of individual mRNAs. Previous genome-wide studies revealed that the 

mRNA subsets selectively regulated by mTORC1 consist almost entirely of transcripts 

with 5’ terminal oligopyrimidine (TOP) motifs (Hsieh et al., 2012; Thoreen et al., 

2012). Despite much effort, the mechanism of preferential translation of TOP mRNAs 

by mTORC1 signaling has been a persistent mystery (Tcherkezian et al., 2014). Given 

the mutually exclusive nature between the TOP motif and the m6A sequence context, it 

is likely that TOP mRNAs in general have less m6A modification in the 5’UTR and 

thus heavily rely on the cap-dependent mechanism for translation. We first surveyed 

the frequency of m6A consensus sequence RRAC between TOP and non-TOP mRNAs 

in human transcriptome by computing the frequency of “RRAC” sequence motif over 

the normalized size of the 5’UTR, coding region (CDS), and 3’UTR. Not surprisingly, 

TOP mRNAs possess much less amount of “RRAC” sequence motif in the 5’UTR 

than the non-TOP messages (Figure 2-4A). Notably, both CDS and 3’UTR show 

comparable distribution of the “RRAC” sequence motif between TOP and non-TOP 

mRNAs.  
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Figure 2-4. TOP-like mRNAs contain fewer m6A modifications, and are resistant to reduced 
m6A levels. (A) Transcript segments (5'UTR, CDS, or 3'UTR) were divided into 20 bins of 
equal length. The 'RRAC' motif frequency was then calculated across the transcript bins. (B) 
Transcript segments (5'UTR, CDS, or 3'UTR) were divided into 20 bins and m6A-seq read 
densities were mapped to the bins in non-TOP and TOP mRNAs. (C) Reads at the annotated 
start codon were normalized to the total reads across the transcript, followed by alignment to 
the annotated start codon. (D) Gene expression in the sh-METTL3 MEFs was compared to the 
sh-Scramble and stratified by gene type (non-TOP or TOP) to show more non-TOP genes 
effected in sh-METTL3 MEFs.  



Since not all the “RRAC” sequence motif will be methylated, we next compared the 

methylation landscape between TOP and non-TOP mRNAs using m6A-seq data 

derived from HEK293 cells. Although both groups exhibited similar m6A levels in the 

CDS and the 3’UTR, aggregated TOP mRNAs exhibited much less methylation in the 

5’UTR (Figure 2-4B). Virtually no m6A modification occurs at the first half of TOP 

5’UTR, as exemplified by RPS11, which typically consists of an uninterrupted 

sequence of 6-12 pyrimidines at the 5’ end (Hamilton et al., 2006; Meyuhas, 2000). 

Therefore, it is the 5’UTR sequence divergence that primarily determines differential 

translational modes between TOP and non-TOP mRNAs. 

Translation of TOP mRNAs is Resistant to METTL3 Knockdown

Translation of TOP mRNAs is highly sensitive to mTORC1 inhibitors (Hsieh et al., 

2012; Thoreen et al., 2012). Given the relatively low methylation levels in the 5’UTR, 

we predict that translation of TOP messages is less likely to be influenced by altered 

mRNA methylation. We took advantage of MEF cells with METTL3 knockdown and 

conducted ribosome profiling (Ribo-seq) in order to measure global translational 

changes. In agreement with reduced protein synthesis, cells lacking METTL3 yielded 

fewer ribosome footprints than the scramble control. As a result, metagene analysis 

revealed noisier read distribution across the coding region in cells with METTL3 

knockdown (Figure 2-4C). Nearly all the TOP messages maintained their translation in 

cells lacking METTL3 (Figure 2-4D). One typical example is RPS11, which showed 

relative increase of ribosome occupancy across the coding region in the absence of 
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METTL3. Notably, non-TOP mRNAs displayed a clear bimodal distribution in fold 

changes of translation efficiency, suggesting that a portion of non-TOP messages are 

also insensitive to METTL3 depletion (Figure 2-4D). This data demonstrates that 

mRNA transcripts containing a TOP sequence are less likely to be influenced by 

changes in mRNA methylation, while those mRNAs without TOP sequences are more 

likely to be influenced by changes in mRNA methylation.

ABCF1 Is Essential in m  6  A-Mediated Hsp70 mRNA Translation

Having characterized the new mode of translation initiation mediated by m6A, we next 

wondered how m6A promotes preinitiation complex assembly without using the 

canonical eIF4F complex. We recently reported that the Hsp70 mRNA undergoes heat 

shock stress-induced 5’UTR methylation and subsequent translational switch (Zhou et 

al., 2015). It is thus possible to use the same message to identify protein components 

responsible for different modes of translation initiation. We adopted a method based 

on endogenous mRNA pull down using biotinylated probes without chemical 

crosslinking. To identify and quantify the associated protein components, we 

employed an unbiased quantitative approach where digested peptides were labeled 

with 4-plex isobaric mass tags (iTRAQ) and subjected to liquid chromatography-

tandem mass spectrometry analysis (LS-MS/MS) (Figure 2-5A). In addition to Hsp70 

mRNA, we included β-actin mRNA as a control. HeLa cells were used because of the 

relatively high basal level of Hsp70 mRNA prior to heat shock stress, therefore 

permitting direct comparison of components associated with the same transcript before 
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and after stress. 

As expected, nearly all the ribosomal proteins showed reduced enrichment 

after heat shock stress, forming a distinct cluster with high peptide scores. 

Interestingly, several translation initiation factors were selectively enriched on the 

Hsp70 transcript, but not the β-actin mRNA, upon heat shock stress (Figure 2-5A). 

Among the most prominent factors are α, β, and  subunits of eIF2 (> 9 fold). Since 

eIF2 controls the ternary complex formation, it is clear that the stress-induced Hsp70 

mRNA can efficiently recruit the initiator tRNA even when the cap recognition 

machinery is inactive under heat shock stress. A close inspection of the quantitative 

proteomic data revealed that ABCF1, an ATP-binding cassette protein, was also 

predominant in binding to stress-induced Hsp70 mRNA. In particular, ABCF1 showed 

a similar stoichiometry as eIF2 as judged by their comparable peptide scores and fold 

changes. 
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Figure 2-5. m6A interacts with ABCF1 to promote translation of HSP70 mRNAs. 
(A) Left, schematic of experimental approach. Right, results of proteomics. Peptide 
score from the control condition was used to plot proteins along the x-axis, and the 
change in peptide score after heat shock was used to plot proteins along the y-axis. 
(B) Left, schematic of experimental approach. Right, western of 
immunoprecipitation experiment. Probes were synthesized with or without m6A 
before incubation with cell lysates and SDS PAGE. (C) sh-Scramble or sh-ABCF1 
cells were treated with heat shock at 42oC for one hour and recovered for the 
indicated time before cell lysis and SDS PAGE.



ABCF1 has been reported to play a role in mRNA translation initiation by interacting 

with eIF2 and the ribosome (Paytubi et al., 2009; Tyzack et al., 2000). However, its 

functional significance in translational control of stress response is unclear. To validate 

that the ABCF1 enrichment on Hsp70 mRNA is m6A-dependent, we synthesized a 

short Hsp70 mRNA probe with a normal A or m6A at position 103. Compared to the 

control A probe, the m6A probe was able to pull down a greater amount of ABCF1 

from heat stressed cell lysates (Figure 2-5B). Importantly, more eIF2β was co-

precipitated from the same sample, highlighting the functional connection between 

ABCF1 and translation initiation. To resolve the physiological role of ABCF1 in 

stress-induced Hsp70 synthesis, we knocked down ABCF1 in MEF cells using 

shRNA-expressing lentiviruses. Remarkably, after heat shock stress, the Hsp70 

synthesis was completely abolished in cells lacking ABCF1 (Figure 2-5C). Notably, 

the cellular Hsp70 mRNA levels were even higher in the absence of ABCF1 (Figure 2-

S5), further supporting the translational deficiency of Hsp70 synthesis. Thus, ABCF1 

functionally links m6A modification with cap-independent translation of Hsp70 

mRNA.
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Figure 2-S5. Hsp70 mRNA levels are increased in sh-ABCF1 
MEFs. Hsp70 mRNA levels were assessed via qPCR at several time 
points after heat shock in sh-Scramble and sh-ABCF1 (labeled sh-
ABC50 here) MEFs.



ABCF1 Mediates Physiological Cap-Independent Translation

Since a large fraction of cellular translation follows the m6A-dependent mechanism, 

we next investigated whether ABCF1 is essential in physiological cap-independent 

translation. Consistent with the previous report (Paytubi et al., 2009), ABCF1 

knockdown in non-stressed MEFs resulted in about 20% reduction of global protein 

synthesis (Figure 2-S6). 

To confirm that ABCF1-responsive translation indeed follows cap-independent 

initiation mode, we suppressed cap-dependent translation in these cells by Torin1 

treatment. Similar to cells lacking METTL3, ABCF1 knockdown rendered MEF cells 

highly responsive to Torin1 treatment by showing >80% reduction of protein synthesis 

(Figure 2-6). The high sensitivity to mTOR1 inhibition suggests that ABCF1 mediates 

physiological cap-independent translation. Given the mechanistic connection between 

ABCF1 and m6A modification in physiological cap-independent translation, we 

predicted that METTL3 and ABCF1 may interact to promote cap-independent 

translation. To evaluate this, we compared gene expression changes in the sh-

METTL3 and sh-ABCF1 MEFs. Gene expression changes between the two cell lines 

showed a good correlation (r = 0.57), suggesting that many of the same genes respond 

to an absence of either ABCF1 or METTL3 (Figure 2-7A). 
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We further probed the sh-ABCF1 cells to determine if downregulated genes had 

altered m6A coverage as observed in the sh-METTL3 cells. Indeed, the ABCF1-

sensitive transcripts had increased m6A coverage in the 5'UTR relative to other gene 

regions (Figure 2-7B). These observations suggest an interaction between the ABCF1 

and METTL3 proteins, where both promote cap-independent translation through m6A 

modifications.

Figure 2-6. sh-ABCF1 MEFs have increased sensitivity to Torin1. Sh-Scramble and sh-
ABCF1 MEFs were incubated with Torin1 for the indicated time in addition to a ten minute 
pulse. n=3. p < 0.05 at 0.5, 1, 1.5, and 2 hour time points.
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Figure 2-S6. Sh-ABCF1 MEFs have reduced translation. [35S] 
radiolabeled methionine pulse labeling was carried out for the indicated 
time before lysis and scintillation counting. n=3. p < 0.05 for ten and 
fifteen minute time points.



A B

Figure 2-7. sh-ABCF1 cells have a similar phenotype to sh-METTL3 cells. (A) Fold changes 
were generated by comparing translational efficiency in either sh-ABCF1 or sh-METTL3 to 
the sh-Scramble. (B) Fold changes were generated by comparing translational efficiency in the 
sh-ABCF1 cells to the sh-Scramble cells. The top 10% most affected genes are defined as 
ABCF1 sensitive, and the bottom 10% are ABCF1 non-sensitive.
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Finally, we examined whether ABCF1 depletion would restore the sensitivity of eIF2α 

(A/A) and GCN2 KO cells to amino acid starvation. We used the CRISPR/Cas9 

system to introduce sgRNA against ABCF1 which generated a moderate loss of 

ABCF1 (Figure 2-8A and 2-8C). Polysome profiling revealed an elevated monosome 

peak and slightly reduced polysome peaks, which suggests partial restoration of 

sensitivity to amino acid starvation (Figure 2-8B and 2-8D). 

A B

C D

Figure 2-8. Knockout of ABCF1 partially sensitizes eIF2α (A/A) MEFs to amino acid 
starvation (A) sgRNA against ABCF1 was delivered using the lentivirus before puromycin 
selection. ABCF1 protein levels were assessed on different regions of the same gel. (B) eIF2α 
(A/A) MEFs (labeled here as eIF2α MUT) were starved of amino acids for one hour (labeled 
AAS) before lysis and subsequent polysome profiling. (C) sgRNA against ABCF1 was 
introduced to GCN2 KO MEFs using the lentivirus. After puromycin selection, MEFs were 
lysed and protein content was assessed using SDS PAGE. Protein levels were assessed on 
different regions of the same gel. (D) MEFs were starved of amino acids for one hour before 
lysis and polysome profiling.
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These results suggest that the ABCF1 protein is used for cap-independent translation 

when the ternary complex is intact and proteins that facilitate cap-dependent 

translation are unavailable.  

Discussion

For years, researchers have been fixated on the idea that eukaryotic mRNA translation 

relies on either cap-dependent ribosome scanning or cap-independent internal 

ribosome entry. In contrast to the prevailing view, we found that m6A-mediated 

translation initiation follows a cap- and IRES-independent mechanism and accounts 

for the majority of protein synthesis under the normal growth condition. These 

provocative results suggest that different translational modes are not mutually 

exclusive and that their relative contribution to protein synthesis needs to be 

reconsidered by incorporating physiological implications, such as cell growth, cell 

maintenance, and cell survival (Figure 2-9).
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Differential Effects of eIF4F and TC formation on Protein Synthesis 

Protein synthesis is the most energy consuming cellular process and lies at the heart of 

metabolism. Translational control primarily occurs at the initiation stage. Ternary 

complex (TC) and eIF4F complex assembly are the two major rate-limiting steps in 

translation initiation regulated by eIF2α phosphorylation and the mTORC1/4E-BP 

pathway, respectively. It has long been appreciated that these two pathways control 

global protein synthesis in a coordinated manner. However, little is known about 

whether they have overlapping effects or unique contributions to individual mRNA 

translation. This question is particularly relevant in response to amino acid 

deprivation. While GCN2-based sensing of individual amino acid deficiencies has 
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Figure 2-9. Model showing the various mechanisms of translation 
initiation. Cap-dependent translation, mediated through eIF4F, is used 
largely for cell growth. M6A-mediated translation has a more generalized 
role by serving in all of these conditions, while IRES-mediated translation 
serves a more marginal role.



been well established, mechanistic details of amino acid sensing by mTORC1 are 

beginning to be unfurled. 

Our interest in this area was originally sparked by a simple question: did eukaryotic 

cells evolve these seemingly redundant sensing systems for different reasons? And if 

so, does each pathway lead to distinct translational consequences in response to amino 

acid deprivation?

Efforts to address these questions have been hampered by the fact that 

mTORC1 inhibition is often accompanied by GCN2 activation upon amino acid 

depletion. In addition, potential crosstalk between mTORC1 signaling and the 

GCN2/eIF2α pathway presents another challenge in distinguishing their functional 

outcomes. Nevertheless, several lines of evidence suggest that mTORC1-regulated cap 

recognition differs from eIF2α phosphorylation-controlled TC recycling in subsequent 

translational responses. First, chemical inhibition or genetic ablation of mTORC1 only 

marginally reduces global protein synthesis. Indeed, upon exposure to Torin1, we 

found a clear discordance between the mTORC1 signaling events and the impact on 

translation. Second, mTORC1 inhibition only affects the translation of a subset of 

mRNAs, whereas inducers of eIF2α kinases such as thapsigargin have a much broader 

effect on global protein synthesis. Perhaps the most surprising finding from our data is 

that cells with non-phoshporylatable eIF2α become highly resistant to amino acid 

deprivation despite the evident mTORC1 inhibition. These results argue against the 

prevailing model that the nutrient signaling pathway mTORC1 is responsible for the 

majority of eukaryotic translation. 
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However, caution must be taken in drawing conclusions without considering 

the proper cellular context. For example, mTORC1 signaling in differentiated cells is 

probably distinct from that in poorly differentiated cancer cells. As a result, the 

contribution of mTORC1 to protein synthesis could vary in a cell-type-specific 

manner. It is conceivable that mTORC1 plays a central role in maintaining proper cell 

growth by sensing the presence of adequate nutrients, whereas the GCN2/eIF2α 

pathway is essential in cell survival by monitoring amino acid limitation. In line with 

its role in promoting cell growth, mTORC1 signaling has much broader effects on cell 

anabolism including nucleotide synthesis. Under the nutrient-rich condition, however, 

maintaining translation of “eIF2α-sensitive” mRNAs could be beneficial for cells to 

prepare for constant nutrient fluctuation. Cellular adaptive response to starvation 

requires new protein synthesis, which must rely on the mTORC1-independent 

mechanism to support cell growth. Therefore, cells may have evolved these two 

distinct amino acid sensing system to balance different cellular needs between growth 

and survival. Our work delineates the unexpected dynamic nature of translational 

regulation and highlights the role of mTORC1 signaling in adjusting rather than 

determining the scale of global protein synthesis. 

Cap-Dependent vs. Cap-Independent 

The mTORC1/4E-BP pathway primarily controls cap-dependent translation by 

facilitating eIF4F complex formation at the 5’ end cap. When this pathway is 

inhibited, cells must rely on the cap-independent initiation mechanism for mRNA 
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translation. The best characterized cap-independent translational mechanism is IRES 

(Pelletier and Sonenberg, 1988). Ever since its initial discovery in picornaviruses, a 

growing body of evidence suggests that certain cellular mRNAs may use a similar 

IRES mechanism for cap-independent translation initiation. Systematic approaches 

have been elaborated to identify putative IRES elements in human and viral genomes. 

Despite their capability of internal initiation, it is unclear whether these events occur 

within the original sequence context as well as under physiological conditions. 

Cellular IRESs show little structural relationship to each other. In fact, a 

growing body of evidence suggests that many cellular mRNAs capable of cap-

independent translation do not seem to contain any IRES elements. Our results 

strongly support the existence of a new mode of translation initiation that is neither 

cap- nor IRES-dependent. First, the preserved translation under mTORC1 inhibition 

still requires eIF4A, a helicase that is dispensable for IRES-mediated translation 

initiation. Second, unlike IRES elements that often confer transcript specificity, this 

new initiation mode co-exists with cap-dependent translation initiation for many 

mRNA transcripts. 

What is the molecular mechanism underlying this non-IRES cap-independent 

translation? We found that mRNA methylation in the form of m6A is responsible for 

the majority of this new mode of translation initiation. We previously discovered that 

heat shock stress-induced 5’UTR methylation of Hsp70 mRNA promotes its 

translation in a cap- and IRES-independent manner. One logical question is the 

physiological scope of m6A-mediated cap-independent translation in the absence of 
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stress. Partial depletion of the methyltransferase METTL3 resulted in significant 

reduction of protein synthesis that is largely resistant to mTORC1 inhibition. Not 

surprisingly, in the presence of mTORC1 inhibitor Torin1, METTL3 knockdown 

nearly inhibited all the cytoplasmic translation. This result raises the possibility that 

the majority of physiological translation follows the m6A-mediated cap-independent 

mechanism, despite the presence of 5’ end cap for these messages. The degree to 

which mRNA methylation is involved in translational regulation is substantial, 

although we cannot exclude the possibility that METTL3 is essential in many other 

cellular processes. Nonetheless, it is clear that cells employ at least three different 

modes for translation initiation with distinct contributions to cell growth, cell 

maintenance, and cell survival (Figure 2-9). 

TOP vs. 5’UTR m6A

What advantage might m6A-mediated cap-independent translation confer when cap 

recognition is fully functional inside cells? The answer to this question has two 

distinct but interwoven parts. The first lies in the preference of mRNA translation and 

the second lies in the redistribution of cellular resources. Although mTORC1 primarily 

controls cap-dependent mRNA translation, it preferentially regulates the translation of 

TOP mRNAs via poorly understood mechanisms. Many TOP genes encode ribosomal 

proteins (RPs), whose levels primarily determine the protein synthetic capacity of the 

cell. Despite significant efforts, it remains unclear why translation of this particular 

type of messages is highly sensitive to mTORC1 inhibitors. 
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We propose that, based on the multi-mode translation initiation model, the high 

cap-dependency of TOP mRNA translation is simply because their 5’UTR bears 

minimal methylation levels and cannot undergo m6A-mediated cap-independent 

translation initiation. This feature is apparently due to the mutually exclusive sequence 

contexts between TOP (5’-terminal oligopyrimidine) and m6A consensus sequence 

(purine-enriched GGAC). Notably, the TOP mRNAs are among the most abundant 

messages in the cell, comprising up to 30% of cellular mRNA during rapid growth in 

rich media and requiring significant investment of energy for their synthesis (Pichon et 

al., 2012). It is not surprising that TOP mRNA translation has to be quickly attenuated 

in response to limited supply of amino acids. 

ABCF1

Although we have a detailed structural and mechanistic understanding of each step in 

the cap-dependent process, very little is known about the molecular basis of cap-

independent initiation of translation. What proteins are required for cap-independent 

translation? What permits cap-independent translation to occur? 

The results of this work demonstrate that the ABCF1 protein facilitates m6A-

mediated cap-independent translation. Reduction in ABCF1 protein levels has a 

modest effect on mRNA translation under normal conditions, similar to the effects of 

cap-dependent translation inhibition. However when the 5’ cap-binding proteins were 

repressed and ABCF1 levels were reduced, translation was greatly repressed. This 

observation suggests that ABCF1 exerts most of its effects outside of cap-dependent 
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translation. To link ABCF1 to m6A, we showed that ABCF1 has improved binding to 

m6A probes under stress conditions, which suggests a greater role in cap-independent 

translation under stress conditions. The similarities in phenotypes between ABCF1 

knockdown and METTL3 knockdown led us to investigate possible overlap in 

downregulated genes. We showed good correlation between genes affected in the 

ABCF1 knockdown and METTL3 knockdown, linking these two proteins in their 

roles for cap-independent translation. Collectively, this data suggests widespread and 

physiological m6A-mediated cap-independent translation.
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Materials and Methods

Cells and Reagents

HeLa cells and MEF cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 10% fetal bovine serum (FBS). Starvation media was based on Hank’s 

Balanced Salt Solution (HBSS) supplemented with 10% dialyzed FBS. Cycloheximide 

(#C7698-5G) and puromycin (#P7255-250MG) were purchased from Sigma Aldrich. 

Torin1 (#4247) was purchased from Tocris Bioscience and dissolved in DMSO. [35S]-

methionine was purchased from PerkinElmer (#NEG772007MC). Antibodies used 

were as follows: T-4EBP1 (#9452L), P-4EBP1(#9459S), eIF4G-1 (#8701S), T-RPS6 

(#2217S), P-RPS6 (#2215S), T-S6K (#9202S), and P-S6K (#9205S) from Cell 

Signaling. eIF4E (#sc-9976) and ABCF1 (sc-98376) from Santa Cruz Biotechnology, 

METTL3 (15073-1-AP) from Proteintech Group, β-actin (#A5441) from Sigma 

Aldrich, Puromycin antibody (#PMY-2A4) was purchased from the Developmental 

Studies Hybridoma Bank. m7GTP beads for cap pulldown experiments were 

purchased from Jena Biosciences (AC-155).

Lentiviral shRNAs

All shRNA targeting sequences were cloned into DECIPHER™ pRSI9-U6-(sh)-UbiC-

TagRFP-2A-Puro (Cellecta, CA). shRNA targeting sequences listed below were based 

on RNAi consortium at Broad Institute (http://www.broad.mit.edu/rnai/trc). Primers 

used to generate the shRNA sequences to knockdown the ABCF1 and METTL3 

proteins are as follows:
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Abcf1_F:

ACCGGCGCGGACAAAGTAGTGAAGAACTCGAGTTCTTCACTACTTT

GTCCGCGTTTTTTG

Abcf1_R:

CGAACAAAAAACGCGGACAAAGTAGTGAAGAACTCGAGTTCTTCA

CTACTTTGTCCGCGC

Mettl3_F:

ACCGGGCTACAGGATGACGGCTTTCTCTCGAGAGAAAGCCGTCATCC 

TGTAGCTTTTTTG

Mettl3_R:

CGAACAAAAAAGCTACAGGATGACGGCTTTCTCTCGAGAGAAAGCC

GTCATCCTGTAGCC

Lentiviral particles were packaged using Lenti-X 293T cells (Clontech). Virus-

containing supernatants were collected at 48-h after transfection and filtered to 

eliminate cells. MEF cells were infected by the lentivirus for 48 hr before selection by 

2 μg ml-1 puromycin.

Puromycin Labeling

Cells were treated with HBSS + dFBS for 50 minutes before media was changed to 

HBSS + dFBS supplemented with 10 μM puromycin for an additional ten minutes. 

Cells were washed twice with ice-cold PBS and lysed with 1× SDS before proteins 
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were separated using SDS-PAGE. 

[  35  S] Radiolabeling

MEF cells were briefly incubated in methionine- and cysteine-free media before 

addition of 50 µCi of [35S]-methionine. Labeling was stopped by ice-cold DMEM 

containing 100 µM of cycloheximide. Cells were washed with PBS containing 100 

µM of cycloheximide, and lysed with polysome lysis buffer. For the quantitation of 

[35S]-Met-labeled proteins, cell lysates were resolved on a 10% Tris-Glycine SDS-

PAGE and radiography captured by Typhoon 9400. Quantification of [35S] methionine 

incorporation was done using ImageJ software. For scintillation counting, samples 

were precipitated by 10% trichloroacetic acid (TCA). The mixture was heated for 10 

min at 90°C and then chilled on ice for 10 min. The precipitates were collected on 

GF/C filter membrane (Whatman) and the [35S] incorporation was measured by 

scintillation counting (Beckman).

Cap pulldown

One 10 cm dish of cells was seeded at 70% confluency and incubated overnight at 

37ºC. Cells were then washed with ice-cold PBS and lysed with 500 μL polysome 

buffer supplemented with 1% NP-40 (v/v) and protease inhibitors. Dishes were 

scraped and cell lysates were clarified at 4ºC for 10 minutes at 10,000g. 750 μL of 

lysate supernatant was added to m7GTP beads that had been washed three times with 1 

mL polysome buffer supplemented with 0.1% NP-40 (v/v) followed by incubation at 
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4ºC for 1 hour. Beads were then washed three times with polysome buffer at 4ºC. 4× 

SDS buffer was added directly to beads after the final wash followed by 

immunoblotting. 

Immunoblotting

Cells were lysed on ice in TBS buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM 

EDTA) containing protease inhibitor cocktail tablet, 1% Triton X-100, and 2 U ml-1 

DNase. After incubating on ice for 30 min, the lysates were heated for 10 min in 

SDS/PAGE sample buffer [50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 

0.1% bromophenol blue, 10% glycerol). Proteins were separated on SDS-PAGE and 

transferred to Immobilon-P membranes (Millipore).  Membranes were blocked for 1-h 

in TBS containing 5% non-fat milk and 0.1 % Tween-20, followed by incubation with 

primary antibodies overnight at 4°C.  After incubation with horseradish peroxidase-

coupled secondary antibodies at room temperature for 1 h, immunoblots were 

visualized using enhanced chemiluminescence (ECLPlus, GE Healthcare).

mRNA pulldown using DNA probes

To isolate β-actin and Hsp70 mRNAs, we adapted a previously published method 

(Starck et al., 2012). In brief, DNA oligos were designed to complement to the 3' ends 

of β-actin or Hsp70 mRNAs and synthesized by conjugating with biotin at the 5’ end. 

Cells were lysed using lysis buffer (20 mM Tris-Cl (pH 8.0), 5 mM MgCl2, 100 mM 

NaCl, 2 mM DTT, 8% sucrose, and 1% NP-40 (v/v)) followed by incubation with 
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DNA oligos at 4ºC for 1 hour. Streptavidin beads were added to capture endogenous 

mRNAs and the associated proteins. Sequences of the DNA probes are listed below:

Hsp70: 5'-biotin-TEG-TAAAAAGAAGAAATAGTCGTAAGATG-3'

β-actin: 5'-biotin-TEG-AAAAACAAATAAAGCCATGCCAATCTCA-3'

Mass spectrometry

Samples were processed for mass spectrometry by Cornell's Proteomics & Mass 

Spectrometry Facility. Briefly, samples were desalted and normalized for protein 

content using a gel-based method. Proteins were digested using trypsin and the 

generated peptides were analyzed using an Orbitrap nanoLC-MS/MS 90-120 minute 

gradient. Mascot software was used to map identified peptides to proteins can 

calculate relative peptide scores. 

Real-time PCR

Total RNA was isolated by TRIzol reagent (Invitrogen) and reverse transcription was 

performed using High Capacity cDNA Reverse Transcription Kit (Invitrogen). Real-

time PCR analysis was conducted using Power SYBR Green PCR Master Mix 

(Applied Biosystems) and carried on a LightCycler 480 Real-Time PCR System 

(Roche Applied Science). Primers for amplifying each target are listed below:

Hsp70

Fwd: 5’-TGGTGCAGTCCGACATGAAG-3’; Rev: 5’-

GCTGAGAGTCGTTGAAGTAGGC-3’.

β-actin

Fwd: 5’-TTGCTGACAGGATGCAGAAG-3’; Rev: 5’-
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ACTCCTGCTTGCTGATCCACAT-3’. 

In vitro     transcription

Plasmids containing the corresponding 5’-untranslated region sequences of mouse 

HSPA1A and full length firefly luciferase were used as templates. Transcripts with 

normal m7G cap were generated using the mMessage mMachine T7 Ultra kit 

(Ambion) and transcripts with non-functional cap analog GpppA were synthesized 

using MEGAscript® T7 Transcription Kit (Ambion). To obtain mRNAs with the 

adenosine replaced with m6A, in vitro transcription was conducted in a reaction in 

which 5% of the adenosine was replaced with N6-methyladenosine. All mRNA 

products were purified using the MEGAclear kit (Ambion) according to the 

manufacturer’s instruction.

Real-time luciferase assay

Cells grown in 35 mm dishes were transfected with in vitro synthesized mRNA 

containing the luciferase gene. Luciferase substrate D-luciferin (1 mM, Regis Tech) 

was added into the culture medium immediately after transfection. Luciferase activity 

was monitored and recorded using Kronos Dio Luminometer (Atto).

m  6  A dot blot

mRNA was purified from total RNA using Dynabeads® Oligo(dT)25 (Thermo 

Fisher). Equal amounts of mRNA were spotted to a nylon membrane (Fisher), 

followed by UV crosslinking at UV 254 nm, 0.12 J/cm2. After blocking in PBST 
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containing 5% non-fat milk and 0.1 % Tween-20 for 1 hr, the membrane was 

incubated with 1:1000 diluted anti-m6A antibody overnight at 4 °C. The membrane 

was incubated with HRP-conjugated anti-rabbit IgG (1:5000 dilution) for 1 hr and 

visualized by using enhanced chemiluminescence (ECLPlus, GE Healthcare).

Polysome profiling analysis

Sucrose solutions were prepared in polysome buffer (10 mM HEPES, pH 7.4, 100 mM 

KCl, 5 mM MgCl2, 100 µg ml-1 cycloheximide and 2% Triton X-100). A 15%- 45% 

(w/v) Sucrose density gradients were freshly prepared in SW41 ultracentrifuge tubes 

(Backman) using a Gradient Master (BioComp Instruments).  Cells were pre-treated 

with 100 µg ml-1 cycloheximide for 3 min at 37°C followed by washing using ice-cold 

PBS containing 100 µg ml-1 cycloheximide. Cells were then lysed in polysome lysis 

buffer. Cell debris were removed by centrifugation at14,000 rpm for 10 min at 4°C. 

500 µl of supernatant was loaded onto sucrose gradients followed by centrifugation for 

2 h 28 min at 38,000 rpm 4°C in a SW41 rotor. Separated samples were fractionated at 

0.75 ml/min through an automated fractionation system (Isco) that continually 

monitores OD254 values. An aliquot of ribosome fraction were used to extract total 

RNA using Trizol LS reagent (Invitrogen) for real-time PCR analysis. 

RNA-seq and m  6  A–seq

For m6A immunoprecipitation, total RNA was first isolated using Trizol reagent 

followed by fragmentation using freshly prepared RNA fragmentation buffer (10 mM 
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Tris-HCl, pH 7.0, 10 mM ZnCl2). 5 µg fragmented RNA was saved as input control 

for RNA-seq. 1 mg fragmented RNA was incubated with 15 μg anti-m6A antibody 

(Millipore ABE572) in 1× IP buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 

0.1% Igepal CA-630) for 2 hr at 4°C. The m6A-IP mixture was then incubated with 

Protein A beads for additional 2 hr at 4°C on a rotating wheel. After washing 3 times 

with IP buffer, bound RNA was eluted using 100 μl elution buffer (6.7 mM N6-

Methyladenosine 5’-monophosphate sodium salt in 1× IP buffer), followed by ethanol 

precipitation. Precipitated RNA was used for cDNA library construction and high-

throughput sequencing described below. 

Ribo-seq

Ribosome fractions separated by sucrose gradient sedimentation were pooled and 

digested with E. coli RNase I (Ambion, 750 U per 100 A260 units) by incubation at 4 

°C for 1 h. SUPERase inhibitor (50 U per 100 U RNase I) was then added into the 

reaction mixture to stop digestion. Total RNA was extracted using TRIzol reagent. 

Purified RNA was used for cDNA library construction and high-throughput 

sequencing described below.

cDNA library construction 

Fragmented RNA input and m6A-IP elutes were dephosphorylated for 1 hr at 37°C in 

15 µl reaction (1× T4 polynucleotide kinase buffer, 10 U SUPERase_In and 20 U T4 

polynucleotide kinase). The products were separated on a 15 % polyacrylamide TBE-

urea gel (Invitrogen) and visualized using SYBR Gold (Invitrogen). Selected regions 
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of the gel corresponding to 40-60 nt (for RNA-seq and m6A-seq) or 25-35 nt (for 

Ribo-seq) were excised. The gel slices were disrupted by using centrifugation through 

the holes at the bottom of the tube. RNA fragments were dissolved by soaking 

overnight in 400 μl gel elution buffer (300 mM NaOAc, pH 5.5, 1 mM EDTA, 0.1 

U/ml SUPERase_In). The gel debris was removed using a Spin-X column (Corning), 

followed by ethanol precipitation. Purified RNA fragments were re-suspended in 

nuclease-free water. Poly-(A) tailing reaction was carried out for 45 min at 37°C (1 × 

poly-(A) polymerase buffer, 1 mM ATP, 0.75 U/μl SUPERase_ In and 3 U E. coli 

poly-(A) polymerase). 

For reverse transcription, the following oligos containing barcodes were used: 

MCA02: 5’-

pCAGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATTT 

TTTTTTTTTTTTTTTTTVN-3’; 

LGT03: 5’-

pGTGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 

TTTTTTTTTTTTTTTTTTVN-3’; 

YAG04: 5’-

pAGGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 

TTTTTTTTTTTTTTTTTTVN-3’; 

HTC05: 5’-

pTCGATCGTCGGACTGTAGAACTCTCAAGCAGAAGACGGCATACGATT 

TTTTTTTTTTTTTTTTTTVN-3’. 

In brief, the tailed-RNA sample was mixed with 0.5 mM dNTP and 2.5 mM 

synthesized primer and incubated at 65°C for 5 min, followed by incubation on ice for 

5 min. The reaction mix was then added with 20 mM Tris (pH 8.4), 50 mM KCl, 5 
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mM MgCl2, 10 mM DTT, 40 U RNaseOUT and 200 U SuperScript III. Reverse 

transcription reaction was performed according to the manufacturer’s instruction. 

Reverse transcription products were separated on a 10% polyacrylamide TBE-urea gel 

as described earlier. The extended first-strand product band was expected to be 

approximately 100 nt, and the corresponding region was excised. The cDNA was 

recovered by using DNA gel elution buffer (300 mM NaCl, 1 mM EDTA). First-strand 

cDNA was circularized in 20 μl of reaction containing 1× CircLigase buffer, 2.5 mM 

MnCl2, 1M Betaine, and 100 U CircLigase II (Epicentre). Circularization was 

performed at 60 °C for 1 h, and the reaction was heat inactivated at 80 °C for 10 min. 

Circular single-strand DNA was re-linearized with 20 mM Tris-acetate, 50 mM 

potassium acetate, 10 mM magnesium acetate, 1 mM DTT, and 7.5 U APE 1 (NEB). 

The reaction was carried out at 37 °C for 1 h. The linearized single-strand DNA was 

separated on a Novex 10% polyacrylamide TBE-urea gel (Invitrogen) as described 

earlier. The expected 100-nt product bands were excised and recovered as described 

earlier. 

Deep sequencing

Single-stranded template was amplified by PCR by using the Phusion High-Fidelity 

enzyme (NEB) according to the manufacturer’s instructions. The oligonucleotide 

primers qNTI200 (5’-CAAGCAGAAGACGGCATA- 3’) and qNTI201 (5’-

AATGATACGGCGACCACCG ACAGGTTCAGAGTTCTACAGTCCGACG- 3’) 

were used to create DNA suitable for sequencing, i.e., DNA with Illumina cluster 
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generation sequences on each end and a sequencing primer binding site. The PCR 

contains 1× HF buffer, 0.2 mM dNTP, 0.5 μM oligonucleotide primers, and 0.5 U 

Phusion polymerase. PCR was carried out with an initial 30 s denaturation at 98 °C, 

followed by 12 cycles of 10 s denaturation at 98 °C, 20 s annealing at 60 °C, and 10 s 

extension at 72 °C. PCR products were separated on a nondenaturing 8% 

polyacrylamide TBE gel as described earlier. Expected DNA at 120 bp (for Ribo-seq), 

or 140 bp (for RNA-seq and m6A-seq) was excised and recovered as described earlier. 

After quantification by Agilent BioAnalyzer DNA 1000 assay, equal amount of 

barcoded samples were pooled into one sample. Approximately 3–5 pM mixed DNA 

samples were used for cluster generation 

followed by deep sequencing by using sequencing primer 5’-

CGACAGGTTCAGAGTTCTAC AGTCCGACGATC-3’ (Illumina HiSeq). 

Preprocessing of sequencing reads

For Ribo-seq, the sequencing reads were first trimmed by 8 nt from the 3’ end and 

trimmed reads were further processed by removing adenosine (A) stretch from the 3’ 

end (one mismatch is allowed). The processed reads between 25nt and 35nt were first 

mapped by Tophat using parameters (--bowtie1 –p 10 –no-novel-juncs) to mouse 

transcriptome (UCSC Genes) (Trapnell et al., 2009). The unmapped reads were then 

mapped to corresponding mouse genome (mm10). Non-uniquely mapped reads were 

disregarded for further analysis due to ambiguity. The same mapping procedure was 

applied to RNA-seq and m6A-seq. For Ribo-seq, the 13th position (12nt offset from 
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the 5’ end) of the uniquely mapped read was defined as the ribosome “P-site” position. 

The RPF density was computed after mapping uniquely mapped reads to each 

individual mRNA transcript according to the NCBI Refseq gene annotation. Uniquely 

mapped reads of RNA-seq and Ribo-seq in the mRNA coding region were used to 

calculate the RPKM values for estimating mRNA expression and translation levels 

respectively. For m6A-seq, uniquely mapped reads in the 5’UTR were used to 

calculate the RPKM values for estimating the m6A levels.

Identification of m  6  A sites

We used a similar scanning strategy reported previously to identify m6A peaks in the 

immunoprecipitation sample as compared to the input sample (Dominissini et al., 

2012). In brief, for NCBI RefSeq genes whose maximal read coverage are greater than 

15 in the input (RNA-seq), a sliding window of 80 nucleotides with step size of 40 

nucleotides was employed to scanning the longest isoform (based on CDS length; in 

the case of equal CDS, the isoform with longer 5’ UTR was selected). For each 

window, a Peak-Over-Median score (POM) was derived by calculating the ratio of 

mean read coverage in the window to the median read coverage of the whole gene 

body. Windows scoring higher than 3 in the IP sample were obtained and all the 

resultant overlapping m6A peak windows in the IP sample were iteratively clustered to 

infer the boundary of m6A enriched region as well as peak position with maximal read 

coverage. Finally, a Peak-Over-Input (POI) score was assigned to each m6A enriched 
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region by calculating the ratio of POM in the IP sample to that in the input sample. A 

putative m6A site was defined if the POI score was higher than 3. The peak position of 

each m6A site was classified into five mutually exclusive mRNA structural regions 

including TSS (the first 200 nucleotides of mRNA), 5’ UTR, CDS, stop codon (a 400 

nt window flanking mRNA stop codon) and 3’ UTR.

Motif analysis

The m6A peaks with POI score higher than 10 were selected for consensus motif 

finding. We used MEME Suite for motif analysis (Bailey et al., 2009). In brief, the 

flanking sequences of m6A peaks (±40 nt) with POI scores were retrieved from mouse 

transcritpome and were used as MEME input.
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CHAPTER 3

MASS SPECTROMETRY REVEALS WIDESPREAD 

PHOSPHORYLATION CHANGES DEPENDENT ON GCN2

The following chapter is a phosphoproteomics experiment that aimed to identify 
GCN2-dependent phosphoproteins related to translation that underwent change in 
response to amino acid starvation. I conducted the amino acid starvation experiment 
and data analysis while Cornell’s Proteomics & Mass Spectrometry Facility carried 
out the phosphoprotein enrichment and subsequent mass spectrometry. The following 
results are unpublished. 

Abstract

Phosphorylation is a widely used post-translational modification used to regulate 

protein function. In the context of translation initiation, phosphorylation is used to 

regulate both the availability of the ternary complex and the mRNA 5’ cap. The 

upstream kinase that senses amino acid deprivation, GCN2, has been implicated in 

modulating translation outside of its well-defined eIF2α target. However, the extent of 

GCN2's translational regulation has not yet been explored on a global scale. Here I 

explore the phosphoproteomes of GCN2 WT and KO MEFs under amino acid 

starvation conditions to identify potential novel downstream targets of GCN2. The 

results indicate that GCN2 has roles in regulating phosphorylation on many translation 

initiation factors, ribosomal proteins, and tRNA synthetases. These findings suggest 

that GCN2 and its downstream targets have larger roles in regulating translation than 

previously thought.
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Introduction

General Control Non-repressible 2 (GCN2) is an important kinase that detects 

uncharged tRNAs, a hallmark of amino acid starvation (Dong et al., 2000). 

Autophosphorylation of GCN2 under the amino acid starvation condition promotes 

phosphorylation of eIF2α at serine 51, which reduces ternary complex availability and 

represses translation initiation for the majority of mRNA transcripts. Phosphorylation 

of eIF2α also promotes selective translation of key transcripts that assist the cell in 

recovering from stress (B’chir et al., 2013). Amino acid starvation also causes 

hypophosphorylation of 4EBP1 through mTORC1 repression, a phenomenon that 

prevents cap-dependent translation initiation. Though these two pathways have been 

studied largely in isolation, several studies have hinted at an interaction between them.

Despite its well-studied role in the integrated stress response (ISR), new 

research has shed light on how GCN2 has broader roles within the greater physiology 

of the cell. GCN2 has been linked to inflammosome activition within the gut, NF-κB 

expression during UV irradiation, and feedback regulation to link ribosome stalling 

with translation initiation (Ishimura et al., 2016; Jiang and Wek, 2005; Ravindran et 

al., 2016). GCN2 has been shown to be implicated in mTORC1 repression (Guo and 

Cavener, 2007; Iiboshi et al., 1999). These observations suggest that GCN2 and its 

downstream targets have greater control over cell physiology than was previously 

realized. Given its well-established role as a translational regulator through eIF2α, I 

hypothesized that GCN2 may regulate translation through additional effectors.
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Here I performed phosphoproteomics of GCN2 WT and KO MEFs to identify 

which proteins had altered phosphorylation status during amino acid starvation. I 

compared the list of phosphoproteins between the GCN2 WT and KO MEFs to 

identify which phosphoproteins were dependent on GCN2 for their phosphorylation. I 

focused my analysis on translation-related proteins to understand how GCN2 may 

affect this specific cellular process. The results revealed that many translation-related 

proteins, not just eIF2α, rely on GCN2 for phosphorylation changes during stress. 

These phosphoproteins include various ribosomal proteins, tRNA synthetases, 

translation initiation factors, and translation elongation factors.

Results

Characterization of Phosphoproteomic Data

To induce the amino acid starvation stress reponse, GCN2 WT and KO MEFs were 

starved for seventy minutes using HBSS and 10% dFBS before phosphoprotein 

enrichment and subsequent peptide analysis. For the control condition, media was 

changed to DMEM + 10% FBS for seventy minutes before lysis. Mass spectrometry 

of the phosphopeptides identified 937 phosphoproteins in the GCN2 WT MEFs, 481 

of which were shared between the control and amino acid starvation conditions. The 

control sample identified 183 unique proteins and the amino acid starvation sample 

contained 274 unique proteins (Figure 3-1). 

The GCN2 KO MEFs had slightly different results, with 732 of the proteins 
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identified in both the control and amino acid starvation samples. 91 unique proteins 

were found in the control sample and 224 proteins were found in the amino acid 

starvation sample. Mass spectrometry identified an additional 110 phosphoproteins in 

the GCN2 KO samples compared to the GCN2 WT samples. The greater number of 

shared proteins in the GCN2 KO MEFs may be attributed to less overall change in the 

phosphoproteome compared to the GCN2 WT MEFs.

To identify the phosphoproteins that had more than a two-fold change in 

phosphorylation status in response to amino acid starvation, I compared 

phosphoproteins that were shared between the control and starvation conditions in 

both cell lines. This was done by dividing the molar percentage of a phosphoprotein in 

the sample under starvation conditions by its molar percentage in the samples under 

control conditions. This was performed for both the GCN2 WT MEFs and the GCN2 

KO MEFs.

Trends in GCN2 WT MEFs

Comparison of the phosphoproteins in the GCN2 WT MEFs shows many of the 

proteins have a molar percentage below 0.01 in both the control and starvation 

conditions (Figure 3-2). Since the molar percentage of many proteins were shadowed 

by the outliers, I removed the outliers to get a better picture of how the identified 

phosphoproteins differed in the control and starvation conditions (Figure 3-3). The list 

of outliers are found in Tables 3-1 and 3-2 for the control and starvation conditions, 

respectively. Of the 30 phosphoproteins in the control condition and 28 
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phosphoproteins in the starvation condition, 21 phosphoproteins are shared between 

these two nutrient conditions. It’s likely that many of these phosphoproteins are highly 

abundant in the cell lysates, which accounts for their high representation after 

phosphoproteomics.

A B

Figure 3-1. Phosphoproteome changes during amino acid starvation in the absence of GCN2. 
(A) Comparison of enriched phosphoproteins between control and amino acid starvation 
conditions in the GCN2 WT MEFs reveals more phosphoproteins are uniquely detected after 
starvation than in the control condition. (B) Comparison of enriched phosphoproteins between 
the control and amino acid starvation conditions in the GCN2 KO MEFs shows a greater 
number of shared phosphoproteins and fewer phosphoproteins identified in the control and 
starvation conditions. 
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To help refine the list of phosphoproteins to only those that underwent 

significant phosphorylation changes, I restricted my analysis to only those proteins 

that had at least a two-fold change between the control and starvation condition. 

Including outliers, the data revealed that 78 proteins (16.25% of total identified in both 

control and starvation condition) had enhanced phosphorylation after starvation and 81 

proteins (16.88%) had decreased phosphorylation after starvation. The full list of 

phosphoproteins with upregulated and downregulated phosphorylation after amino 

acid starvation are available in the appendix (Table AI-1 and AI-2, respectively). Some 

phosphoproteins identified here have previously been reported. Among the top 

proteins phosphorylated during starvation were the annexins, which have a wide range 

of roles in cellular physiology (D’Acunto et al., 2014). A previous proteomics study 

showed that the annexins have increased functionality during starvation to improve 

autophagic degradation of proteins (Kang et al., 2011). 
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Figure 3-2. Comparison of molar percentages between control and starvation condition in the 
GCN2 WT MEFs. Lines represent two-fold difference between the treatment condition. 
Proteins at or above line y = 2x have at least two-fold higher molar percentage in the 
starvation condition compared to the control condition, and vice-versa for proteins at or below 
the y = ½x line.



Table 3-1. Phosphoprotein outliers identified in the GCN2 WT MEFs under control 
conditions. Highlighted cells are translation-related phosphoproteins.

Protein Name Con Molar % AA Molar %
3-monooxgenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide [Mus musculus] 0.005261862 0.005930282
actin, alpha 2, smooth muscle, aorta [Mus musculus] 0.008800542 0.011511724
actin, beta, cytoplasmic [Mus musculus] 0.02901717 0.078314604
ATP synthase, H+ transporting mitochondrial F1 
complex, beta subunit [Mus musculus] 0.005015693 0.008421997
brain abundant, membrane attached signal protein 1 
[Mus musculus] 0.00409256 0.000822266
eukaryotic translation elongation factor 1 alpha 1 [Mus 
musculus] 0.011016063 0.005805696
eukaryotic translation initiation factor 5A [Mus 
musculus] 0.004523355 0.002641218
fatty acid binding protein 5, epidermal [Mus musculus] 0.01203151 0.004235916
glyceraldehyde-3-phosphate dehydrogenase [Mus 
musculus] 0.069727368 0.03899534
heat shock protein 1, alpha [Mus musculus] 0.006123454 0.006503376
heat shock protein 1, beta [Mus musculus] 0.013631608 0.013305758
heat shock protein 8 [Mus musculus] 0.004861838 0.014900456
lectin, galactose binding, soluble 1 [Mus musculus] 0.112930026 0.025515162
myosin light chain, regulatory B-like [Mus musculus] 0.004738753 0.002142875
peroxiredoxin 1 [Mus musculus] 0.029786448 0.012757581
PREDICTED: similar to Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) [Mus musculus] 0.032432765 0.019634715
prostaglandin E synthase 3 (cytosolic) [Mus musculus] 0.006585021 0.000971769
pyruvate kinase, muscle [Mus musculus] 0.008400517 0.038322577
ribosomal protein, large P2 [Mus musculus] 0.049849221 0.023048364
ribosomal protein, large, P1 [Mus musculus] 0.005661887 0.002965141
transgelin [Mus musculus] 0.005015693 0.001843869
transgelin 2 [Mus musculus] 0.006246538 0.002491715
tubulin, alpha 1 [Mus musculus] 0.026463167 0.030249421
tubulin, alpha 1B [Mus musculus] 0.028370977 0.034634839
tubulin, alpha 1C [Mus musculus] 0.023201428 0.026686268
tubulin, beta 2c [Mus musculus] 0.016339467 0.025340742
tubulin, beta 5 [Mus musculus] 0.02215521 0.033787656
tubulin, beta 6 [Mus musculus] 0.005384947 0.00961802
tumor protein, translationally-controlled 1 [Mus 
musculus] 0.012000739 0.014302444
ubiquitin A-52 residue ribosomal protein fusion 
product 1 [Mus musculus] 0.009785218 0.003164478
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Table 3-2. Phosphoprotein outliers identified in the GCN2 WT MEFs under starvation 
conditions. Highlighted cells are translation-related phosphoproteins.

Protein Name Con Molar % AA Molar %
3-monooxgenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide [Mus musculus] 0.005261862 0.005930282
actin, alpha 2, smooth muscle, aorta [Mus musculus] 0.008800542 0.011511724
actin, beta, cytoplasmic [Mus musculus] 0.02901717 0.078314604
annexin A1 [Mus musculus] 0.00055388 0.010240949
annexin A2 [Mus musculus] 0.003877162 0.004709341
ATP synthase, H+ transporting mitochondrial F1 
complex, beta subunit [Mus musculus] 0.005015693 0.008421997
eukaryotic translation elongation factor 1 alpha 1 [Mus 
musculus] 0.011016063 0.005805696
eukaryotic translation elongation factor 2 [Mus 
musculus] 0.002923257 0.006104702
glyceraldehyde-3-phosphate dehydrogenase [Mus 
musculus] 0.069727368 0.03899534
heat shock protein 1, alpha [Mus musculus] 0.006123454 0.006503376
heat shock protein 1, beta [Mus musculus] 0.013631608 0.013305758
heat shock protein 8 [Mus musculus] 0.004861838 0.014900456
hypothetical protein LOC433182 [Mus musculus] 0.003815619 0.012782498
lectin, galactose binding, soluble 1 [Mus musculus] 0.112930026 0.025515162
peroxiredoxin 1 [Mus musculus] 0.029786448 0.012757581
PREDICTED: similar to Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) [Mus musculus] 0.032432765 0.019634715
profilin 1 [Mus musculus] 0.003846391 0.005930282
pyruvate kinase, muscle [Mus musculus] 0.008400517 0.038322577
ribosomal protein, large P2 [Mus musculus] 0.049849221 0.023048364
thioredoxin 1 [Mus musculus] 0.003477137 0.006279122
tubulin, alpha 1 [Mus musculus] 0.026463167 0.030249421
tubulin, alpha 1B [Mus musculus] 0.028370977 0.034634839
tubulin, alpha 1C [Mus musculus] 0.023201428 0.026686268
tubulin, beta 2c [Mus musculus] 0.016339467 0.025340742
tubulin, beta 5 [Mus musculus] 0.02215521 0.033787656
tubulin, beta 6 [Mus musculus] 0.005384947 0.00961802
tumor protein, translationally-controlled 1 [Mus 
musculus] 0.012000739 0.014302444
WD repeat domain 1 [Mus musculus] 0.003538679 0.00463459
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Figure 3-3. Outliers were removed from Figure 3-2. Lines represent two-fold difference 
between the treatment condition. Proteins at or above line y = 2x have at least two-fold higher 
molar percentage in the starvation condition compared to the control condition, and vice-versa 
for proteins at or below the y = ½x line.



Narrowing the list of phosphoprotein ratios to those related to translation 

identifies phosphoproteins with known and unknown functions. The eIF2α subunit of 

eIF2, a well-known GCN2 target that has regulatory roles in the integrated stress 

response and translation initiation (B’chir et al., 2013), was found to be upregulated 

nearly 5-fold after starvation when compared to the control (Figure 3-4). Other 

translation-related proteins that had two-fold increases or greater in phosphorylation 

after amino acid starvation included eukaryotic initiation factor 3 subunit 2 (eIF3s2, 

also known as eIF3I), eukaryotic initiation factor 4A1 (eIF4A1), eukaryotic elongation 

factor 2 (eEF2), ribosomal protein SA (RPSA), ribosomal protein S3 (RPS3), alanyl-

tRNA synthetase (AARS), and valyl-tRNA synthetase (VARS). 

Several translation-related proteins were identified to have at least a two-fold 

lower molar percentage after amino acid starvation as well. This list included ATP 

binding cassette subfamily F member 1 (ABCF1), eukaryotic initiation factor 3 

subunit 9 (eIF3s9, also known as eIF3B), eukaryotic initiation factor 4G (eIF4G), 

ribosome binding protein 1 isoform a (RBP1a), ribosomal protein lateral stalk subunit 

P2 (RPLP2), ribosomal protein S15a (RPS15a), and ribosomal protein L3 (RPL3) 

(Figure 3-5).
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Figure 3-4. Translation-related phosphoproteins in GCN2 WT MEFs with at least two-fold 
higher molar percentage under amino acid starvation conditions compared to the control 
condition.
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Figure 3-5. Translation-related phosphoproteins in GCN2 WT MEFs with at least two-fold 
reduction in molar percentage after amino acid starvation.



To determine whether these translation-related phosphoproteins were 

dependent on GCN2 for their phosphorylation changes, I compared these translation-

related phosphoprotein changes to those in the GCN2 KO MEFs.

Trends in GCN2 KO MEFs

The same overall analysis was conducted for the GCN2 KO MEFs. Molar percentage 

values in both the control and amino acid starvation conditions reveals a similar 

overall pattern to the GCN2 WT MEFs (Figure 3-6). The data shows that many of the 

outliers here had concomitant molar percentage increases in both the control and 

starvation conditions, unlike what was observed for the GCN2 WT MEFs. Outliers 

were removed to obtain a clearer picture, which revealed that many phosphoproteins 

that had at least a two-fold change in molar percentages between the different nutrient 

conditions (Figure 3-7). The outliers are listed in Tables 3-3 and 3-4 for the control 

and starvation conditions, respectively. Of the 55 phosphoproteins identified in the 

control condition and 54 proteins identified in the starvation condition, 47 of these 

phosphoproteins are shared between both nutrient conditions. Similar to the outliers 

identified in the GCN2 WT MEFs, it is likely that these phosphoproteins are highly 

abundant in the cell lysates, which accounts for their extraordinary molar percentage 

values.
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Figure 3-6. Comparison of molar percentages between control and starvation condition in the 
GCN2 KO MEFs. Lines represent two-fold difference between the treatment condition. 
Proteins at or above line y = 2x have at least two-fold higher molar percentage in the 
starvation condition compared to the control condition, and vice-versa for proteins at or below 
the y = ½x line.



Table 3-3. Phosphoprotein outlier molar percentages identified in the GCN2 KO MEFs under 
control conditions. Highlighted cells are translation-related phosphoproteins.
Protein Name Con Molar % AA Molar %
3-monooxgenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide [Mus musculus] 0.003195592 0.003412089
acidic ribosomal phosphoprotein P0 [Mus musculus] 0.002754821 0.002508889
actin, alpha, cardiac [Mus musculus] 0.028036206 0.015741484
actin, beta, cytoplasmic [Mus musculus] 0.115718221 0.097602936
annexin A1 [Mus musculus] 0.007886659 0.00718259
annexin A2 [Mus musculus] 0.005257773 0.00718259
annexin A5 [Mus musculus] 0.006186541 0.007010552
annexin A6 [Mus musculus] 0.003337269 0.00385652
ATP synthase, H+ transporting mitochondrial F1 
complex, beta subunit [Mus musculus] 0.006155057 0.004501663
chaperonin subunit 3 (gamma) [Mus musculus] 0.002912239 0.002867301
chaperonin subunit 4 (delta) [Mus musculus] 0.002424242 0.002207822
chaperonin subunit 6a (zeta) [Mus musculus] 0.002424242 0.002007111
eukaryotic translation elongation factor 1 alpha 1 [Mus 
musculus] 0.005635577 0.006494437
eukaryotic translation elongation factor 2 [Mus 
musculus] 0.00231405 0.002752609
eukaryotic translation initiation factor 4A1 [Mus 
musculus] 0.002550177 0.002580571
glyceraldehyde-3-phosphate dehydrogenase [Mus 
musculus] 0.051365604 0.056041404
guanine nucleotide binding protein (G protein), beta 
polypeptide 2 like 1 [Mus musculus] 0.003022432 0.002394197
guanosine diphosphate (GDP) dissociation inhibitor 2 
[Mus musculus] 0.002455726 0.002723936
heat shock protein 1, alpha [Mus musculus] 0.006721763 0.006709485
heat shock protein 1, beta [Mus musculus] 0.0125305 0.010006882
heat shock protein 8 [Mus musculus] 0.007587564 0.008128799
hypothetical protein LOC433182 [Mus musculus] 0.007445887 0.007956761
lectin, galactose binding, soluble 1 [Mus musculus] 0.038079496 0.034680009
moesin [Mus musculus] 0.00248721 0.002437206
PDGFA associated protein 1 [Mus musculus] 0.005541126 0.002107466
peroxiredoxin 1 [Mus musculus] 0.017741047 0.01879516
peroxiredoxin 2 [Mus musculus] 0.002676112 0.003713155
PREDICTED: similar to Acidic ribosomal 
phosphoprotein P0 [Mus musculus] 0.00317985 0.002895974
PREDICTED: similar to Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) [Mus musculus] 0.018260527 0.018279046
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Protein Name Con Molar % AA Molar %
PREDICTED: similar to S-adenosylhomocysteine 
hydrolase [Mus musculus] 0.00360488 0.003956876
profilin 1 [Mus musculus] 0.003746556 0.004501663
proliferating cell nuclear antigen [Mus musculus] 0.004864227 0.005103796
prolyl 4-hydroxylase, beta polypeptide [Mus musculus] 0.006816214 0.006207707
prostaglandin E synthase 3 (cytosolic) [Mus musculus] 0.002628886 0.003068012
pyruvate kinase, muscle [Mus musculus] 0.053963007 0.046450281
ribosomal protein, large P2 [Mus musculus] 0.008044077 0.009920862
ribosomal protein, large, P1 [Mus musculus] 0.005966155 0.00385652
t-complex protein 1 [Mus musculus] 0.002707595 0.002895974
thioredoxin 1 [Mus musculus] 0.002739079 0.0036128
transgelin [Mus musculus] 0.004675325 0.004257942
transketolase [Mus musculus] 0.003762298 0.00299633
tubulin, alpha 1 [Mus musculus] 0.048248721 0.026020759
tubulin, alpha 1B [Mus musculus] 0.042377017 0.022780709
tubulin, alpha 1C [Mus musculus] 0.028964974 0.01760523
tubulin, beta [Mus musculus] 0.015914994 0.01908189
tubulin, beta 2c [Mus musculus] 0.018386462 0.023526207
tubulin, beta 5 [Mus musculus] 0.028004723 0.035626219
tubulin, beta 6 [Mus musculus] 0.006564345 0.008114463
tumor protein, translationally-controlled 1 [Mus 
musculus] 0.010861865 0.014121459
tumor rejection antigen gp96 [Mus musculus] 0.003919717 0.005648584
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, beta polypeptide 
[Mus musculus] 0.002723337 0.002064457
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, epsilon polypeptide 
[Mus musculus] 0.003573396 0.002766946
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide 
[Mus musculus] 0.003274301 0.002981993
ubiquitin A-52 residue ribosomal protein fusion product 
1 [Mus musculus] 0.002802046 0.003455098
WD repeat domain 1 [Mus musculus] 0.002723337 0.00266659
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Table 3-4. Phosphoprotein outlier molar percentages identified in the GCN2 KO MEFs under 
starvation conditions. 

Protein Name Con Molar % AA Molar %
3-monooxgenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide [Mus musculus] 0.003195592 0.003412089
actin, alpha, cardiac [Mus musculus] 0.028036206 0.015741484
actin, beta, cytoplasmic [Mus musculus] 0.115718221 0.097602936
annexin A1 [Mus musculus] 0.007886659 0.00718259
annexin A2 [Mus musculus] 0.005257773 0.00718259
annexin A5 [Mus musculus] 0.006186541 0.007010552
annexin A6 [Mus musculus] 0.003337269 0.00385652
ATP synthase, H+ transporting mitochondrial F1 
complex, beta subunit [Mus musculus] 0.006155057 0.004501663
calmodulin 2 [Mus musculus] 0.001700118 0.003713155
chaperonin subunit 3 (gamma) [Mus musculus] 0.002912239 0.002867301
chaperonin subunit 5 (epsilon) [Mus musculus] 0.002125148 0.002738273
cofilin 1, non-muscle [Mus musculus] 0.001479732 0.004903085
eukaryotic translation elongation factor 1 alpha 1 [Mus 
musculus] 0.005635577 0.006494437
eukaryotic translation elongation factor 2 [Mus 
musculus] 0.00231405 0.002752609
glyceraldehyde-3-phosphate dehydrogenase [Mus 
musculus] 0.051365604 0.056041404
guanosine diphosphate (GDP) dissociation inhibitor 2 
[Mus musculus] 0.002455726 0.002723936
heat shock protein 1, alpha [Mus musculus] 0.006721763 0.006709485
heat shock protein 1, beta [Mus musculus] 0.0125305 0.010006882
heat shock protein 8 [Mus musculus] 0.007587564 0.008128799
hypothetical protein LOC433182 [Mus musculus] 0.007445887 0.007956761
lactate dehydrogenase A [Mus musculus] 0.002140889 0.00295332
lectin, galactose binding, soluble 1 [Mus musculus] 0.038079496 0.034680009
myosin, light polypeptide 6, alkali, smooth muscle and 
non-muscle [Mus musculus] 0.001668634 0.002795619
peroxiredoxin 1 [Mus musculus] 0.017741047 0.01879516
peroxiredoxin 2 [Mus musculus] 0.002676112 0.003713155
PREDICTED: similar to Acidic ribosomal 
phosphoprotein P0 [Mus musculus] 0.00317985 0.002895974
PREDICTED: similar to Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) [Mus musculus] 0.018260527 0.018279046
PREDICTED: similar to S-adenosylhomocysteine 
hydrolase [Mus musculus] 0.00360488 0.003956876
profilin 1 [Mus musculus] 0.003746556 0.004501663
proliferating cell nuclear antigen [Mus musculus] 0.004864227 0.005103796
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Protein Name Con Molar % AA Molar %
prolyl 4-hydroxylase, beta polypeptide [Mus musculus] 0.006816214 0.006207707
prostaglandin E synthase 3 (cytosolic) [Mus musculus] 0.002628886 0.003068012
proteasome (prosome, macropain) subunit, beta type 5 
[Mus musculus] 0.001149154 0.002867301
pyruvate kinase, muscle [Mus musculus] 0.053963007 0.046450281
ribosomal protein, large P2 [Mus musculus] 0.008044077 0.009920862
ribosomal protein, large, P1 [Mus musculus] 0.005966155 0.00385652
t-complex protein 1 [Mus musculus] 0.002707595 0.002895974
thioredoxin 1 [Mus musculus] 0.002739079 0.0036128
transcription elongation factor B (SIII), polypeptide 1 
[Mus musculus] 0.001652893 0.003311733
transgelin [Mus musculus] 0.004675325 0.004257942
transketolase [Mus musculus] 0.003762298 0.00299633
tubulin, alpha 1 [Mus musculus] 0.048248721 0.026020759
tubulin, alpha 1B [Mus musculus] 0.042377017 0.022780709
tubulin, alpha 1C [Mus musculus] 0.028964974 0.01760523
tubulin, beta [Mus musculus] 0.015914994 0.01908189
tubulin, beta 2c [Mus musculus] 0.018386462 0.023526207
tubulin, beta 5 [Mus musculus] 0.028004723 0.035626219
tubulin, beta 6 [Mus musculus] 0.006564345 0.008114463
tumor protein, translationally-controlled 1 [Mus 
musculus] 0.010861865 0.014121459
tumor rejection antigen gp96 [Mus musculus] 0.003919717 0.005648584
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, epsilon polypeptide 
[Mus musculus] 0.003573396 0.002766946
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide 
[Mus musculus] 0.003274301 0.002981993
ubiquitin A-52 residue ribosomal protein fusion product 
1 [Mus musculus] 0.002802046 0.003455098
WD repeat domain 1 [Mus musculus] 0.002723337 0.00266659
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Figure 3-7. Outliers were removed from Figure 3-4. Lines represent two-fold difference 
between the treatment condition. Proteins at or above line y = 2x have at least two-fold higher 
molar percentage in the starvation condition compared to the control condition, and vice-versa 
for proteinsat or below the y = ½x line.



Narrowing the list of phosphoproteins to those only with a two-fold change, 

the analysis revealed that 74 proteins (10.11% of total shared between control and 

starvation) had enriched phosphorylation after starvation, but only 28 proteins (3.8%) 

had reduced phosphorylation. As a percentage of total shared proteins between the 

control and starvation conditions, fewer phosphoproteins underwent significant change 

in the GCN2 KO MEFs when compared to the GCN2 WT MEFs. 

Several translation-related proteins were found to have upregulated 

phosphorylation after starvation in the GCN2 KO MEFs. ABCF1, eukaryotic initiation 

factor 3 subunit 8 (eIF3s8), RPS15a, ribosomal protein S2 (RPS2), isoleucyl-tRNA 

synthetase (IARS), and glutamyl-prolyl-tRNA synthetase (EPRS) were all found to 

have at least two-fold higher representation in the starvation sample (Figure 3-8). 

Among the relatively smaller pool of phosphoproteins that lost 

phosphorylation after amino acid starvation, only eukaryotic initiation factor 4E 

binding protein 1 (4EBP1) and eukaryotic initiation factor 3 subunit 4 (eIF3s4) were 

identified (Table AI-4). Interestingly, the 4EBP1 protein was not identified as a 

phosphoprotein that underwent significant change in the GCN2 WT MEFS. Further 

evaluation of the datasets reveals that 4EBP1 was identified in the GCN2 WT control 

condition, but not under amino acid starvation conditions. Evaluation of 

phosphorylation changes of 4EBP1 in GCN2 WT and KO was performed in Chapter 2 

of this thesis, which reveals that phosphorylation changes are comparable in these two 

cell lines. The presence or absence of a phosphoprotein in a particular nutrient 

condition may be attributed to technical limitations, where highly phosphorylated 
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proteins are more easily isolated than phosphoproteins that are poorly phosphorylated. 
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Figure 3-8. Translation-related phosphoproteins in GCN2 KO MEFs with at least two-fold 
increase in molar percentage after amino acid starvation.



To fully take advantage of the datasets and understand which phosphoproteins 

may have undergone changes in response to amino acid starvation, I examined the 

phosphoproteins identified in only one nutrient condition. I reasoned that 

phosphoproteins identified in one nutrient condition, but not the other, may provide 

additional useful information.

Phosphoproteins Identified in Only One Nutrient Condition

Examination of the 183 proteins found only in the GCN2 WT control condition 

revealed many translation-related phosphoproteins (Table 3-5A). Ribosomal protein 

L15 (RPL15), L7a (RPL7a), L8 (RPL8), S10 (RPS10), S12 (RPS12), S3a (RPS3a), 

and X-linked ribosomal protein S4 (RPS4X). Only a few translation initiation factors 

were identified, including Y-linked eukaryotic initiation factor 1A (eIF1AY), eIF3s8, 

4EBP1, and eukaryotic initiation factor 5 (eIF5). The complete list of phosphoproteins 

are listed in the appendix (Table AI-5).

Of the proteins identified only under amino acid starvation conditions in the 

GCN2 WT MEFs, many tRNA synthetases were identified as well as initiation factors 

and ribosomal proteins (Table 3-5B). Ribosomal proteins L10A (RPL10A), L4 

(RPL4), L7 (RPL7), S16 (RPS16), S5 (RPS5), and S8 (RPS8) were all found during 

starvation. Several initiation factors were also identified, including eukaryotic 

initiation factor 2A (eIF2A), eukaryotic initiation factor 2B subunit 5 (eIF2Bs5), 

eukaryotic initiation factor 3 subunit 6 (eIF3s6) interacting protein, eukaryotic 
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initiation factor 3 subunit 5 (eIF3s5), eIF3s6, and eukaryotic initiation factor 3 subunit 

7 (eIF3s7). Interestingly, several tRNA synthetases were identified. Arginyl-tRNA, 

aspartyl-tRNA, glutaminyl-tRNA, histidyl-tRNA, leucyl-tRNA, lysl-tRNA, and seryl-

aminoacyl-tRNA synthetases were all identified after amino acid starvation, but not in 

the control condition. The complete list of phosphoproteins can be found in the 

appendix (Table AI-6).

In the GCN2 KO MEF control condition, relatively few translation-related 

proteins were identified (Table 3-6A). Eukaryotic initiation factor 2B subunit 1 

(eIF2Bs1), ribosomal protein L9 (RPL9), ribosomal protein S16 (RPS16), and 

ribosomal protein S6 kinase (RPS6K) polypeptide 3 were the only translation-related 

proteins. No tRNA synthetase enzymes were identified in this condition. However, the 

GCN2 KO MEF starvation condition looked quite different (Table 3-6B). Among the 

initiation factors, eIF1AY, eIF2A, eukaryotic initiation factor 3 subunit 10 (eIF3s10), 

and eukaryotic initiation factor 4H (eIF4H) were all identified. Ribosomal proteins 

L13 (RPL13), L4 (RPL4), L7 (RPL7), L7a (RPL7a), S23 (RPS23), and RPS27-like 

(RPS27-like) were also identified under amino acid starvation conditions. Though 

several tRNA synthetases were found under starvation conditions in the GCN2 WT 

MEFs, only lysyl-tRNA synthetase was found in the GCN2 KO MEFs. This may be 

due to an enrichment issue, as many of the tRNA synthetases identified in the GCN2 

WT MEFs have relatively low molar percentage values. The full list of identified 

phosphoproteins for the GCN2 KO MEFs can be found in the appendix (Table AI-7 

and AI-8). 
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Table 3-5. Translation-related phosphoprotein molar percentage values found only under one 
nutrient condition in the GCN2 WT MEFs. (A) Phosphoproteins found under control 
conditionn, but not under amino acid starvation. (B) Phosphoproteins found under amino acid 
starvation conditions, but not control.

A B

Protein Name WT Con

eIF1AY 0.000615

eIF3s8 0.000185

4EBP1 0.001939

eIF5 0.000215

RPL15 0.000923

RPL7a 0.000338

RPL8 0.000369

RPS10 0.000554

RPS12 0.003939

RPS3a 0.000338

RPS4X 0.000338

Protein Name WT AA

eIF2A 0.000125

eIF2Bs5 9.97E-05

eIF3s6 interacting protein 0.000125

eIF3s5 0.000449

eIF3s6 0.00015

eIF3s7 0.000339

RPL10A 0.000324

RPL4 0.000174

RPL7 0.000274

RPS16 0.001121

RPS5 0.001246

RPS8 0.000349

Arginyl-tRNA synthetase 0.000224

Asparaginyl-tRNA 
synthetase

0.000274

Aspartyl-tRNA synthetase 0.00015

Glutaminyl-tRNA synthetase 9.97E-05

Histidyl-tRNA synthetase 0.000623

Leucyl-tRNA synthetase 4.98E-05

Lysyl-tRNA synthetase 0.000125

Seryl-aminoacyl-tRNA 
synthetase

0.000274
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Some proteins had peculiar presentation patterns across the different nutrient 

conditions and cell lines. Both eIF1AY and RPL7a were identified in the GCN2 WT 

control condition and the GCN2 KO starvation condition. Similarly, RPS16 was found 

after amino acid starvation in the GCN2 WT MEFs, but under control conditions in 

the GCN2 KO MEFs. These observations may be explained by compensatory 

mechanisms due to the absence of GCN2, or they may be explained by technical 

issues regarding sampling depth. 

Though the proteins identified here are in either the control or starvation 

condition, many of them are found in both the GCN2 WT or KO MEFs. The 

observation that the same proteins can be identified in the control condition of both the 

GCN2 WT and KO MEFs, but not after starvation, may suggest that their 

phosphorylation is lost irrespective of GCN2 after treatment. Similarly, proteins that 

are only identified after amino acid starvation in both the GCN2 WT and KO MEFs 

may suggest that these proteins gain phosphorylation after stress irrespective of 

GCN2. While no translation-related phosphoproteins were found to be conserved in 

the control condition, four translation-related phosphoproteins were found under the 

starvation condition (Table 3-7). These proteins included eIF2A, lysyl-tRNA 

synthetase, RPL4, and RPL7. The full list of phosphoproteins conserved across 

nutrient conditions are found in the appendix (Table AI-9 and AI-10). 
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Table 3-6. Translation-related phosphoprotein molar percentage values found only under one 
nutrient condition in the GCN2 KO MEFs. (A) Phosphoproteins identified under control 
conditions, but not amino acid starvation. (B) Phosphoproteins identified under amino acid 
starvation conditions, but not control. 

A B

Protein Name KO Con

eIF2Bs1 0.000157

RPL9 0.000236

RPS16 0.000331

RPS6K polypeptide 3 6.30E-05

Protein Name KO AA

eIF1AY 0.000287

eIF2A 0.000143

eIF3s10 2.85E-05

eIF4H 0.000172

RPL13 0.000201

RPL4 0.0001

RPL7 0.000158

RPL7a 0.000158

RPS23 0.000301

RPS27-like 0.000516

Lysyl-tRNA synthetase 0.000215
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While the phosphoproteins identified here may provide insight for further 

investigation, it is difficult to determine the extent of the phosphorylation changes 

without a molar percentage value in both the control and starvation conditions. I next 

focused on the phosphoproteins identified in both the GCN2 WT and KO MEFs that 

had molar percentage values in both nutrient conditions.

Comparison of Phosphoprotein Changes Between GCN2 WT and GCN2 KO MEFs

Though evaluation of phosphoprotein molar percentage changes between the control 

and starvation samples identifies starvation-responsive proteins, it does not discern 

which are GCN2 responsive and which are not. To accomplish this, I narrowed the 

results of the phosphoproteomics data to only those phosphoproteins found in both cell 

lines and both treatment conditions. I then generated ratios of the starvation molar 

percentage to the control molar percentage across all samples, and refined the list of 

phosphoprotein ratios that differed by more than two-fold between the two cell lines.

Only 401 phosphoproteins were identified across all conditions and cell lines. 

Comparison of the phosphoprotein ratios revealed that many phosphoproteins had 

modified phosphoprotein ratios in the presence or absence of GCN2. The data shows 

how the GCN2 WT MEFs have a greater range of phosphorylation capacity (up to 

thirty-fold change in sample molar percentage), while the GCN2 KO MEFs have a 

much smaller range (Figure 3-9). Outlier removal shows that many phosphoproteins 

have differential phosphorylation patterns dependent on GCN2 (Figure 3-10). 
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Table 3-7. Translation-related phosphoproteins and their molar percentages identified under 
amino acid starvation conditions in both the GCN2 WT and KO MEFs, but not under control 
conditions.

Protein Name WT AA KO AA

eIF2A 0.000125 0.000143

Lysyl-tRNA synthetase 0.000125 0.000215

RPL4 0.000174 0.0001

RPL7 0.000274 0.000158
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The GCN2 WT MEFs contained 70 proteins (17.5% of total phosphoproteins 

identified across all cells and conditions) with increased phosphorylation after stress 

relative to the GCN2 KO MEFs, and the GCN2 KO MEFs contained 106 proteins 

(26.5%) with increased phosphorylation after stress relative to the GCN2 WT MEFs. 

The phosphoproteins that had increased ratios in one cell line relative to the other were 

examined for translation-related proteins. The full list of phosphoproteins shared 

across all cell lines and samples is available in the appendix (Table AI-11). 

Phosphoproteomics identified several translation-related proteins that had 

enhanced phosphorylation after amino acid starvation in the GCN2 WT MEFs, but 

little change (or even reduced phosphorylation after starvation) in the GCN2 KO 

MEFs (Figure 3-11). These proteins included AARS, VARS, eIF2α, eukaryotic 

initiation factor 3 subunit 2 (eIF3s2), eukaryotic initiation factor 3 subunit 4 (eIF3s4), 

eIF4A1, RPS3, and RPSA. Only one protein, eIF3s4, had a greater than two-fold 

reduction in sample molar percentage after amino acid starvation in the GCN2 KO 

MEFs compared to the GCN2 WT MEFs. The AARS protein also had a peculiar 

phenotype, where the sample molar percentage increased in both the GCN2 WT and 

KO MEFs, but the extent of the increase was much greater in the GCN2 WT MEFs. 

All other phosphoprotein ratios in the GCN2 KO MEFs were between 0.5 and 1. 

eIF3s4 stands out here because it does not have a two-fold molar percentage increase 

after amino acid starvation, however the phosphoprotein ratio is two-fold greater in the 

GCN2 WT MEFs than in the GCN2 KO MEFs, where the phosphoprotein appears to 

lose phosphorylation after starvation.
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Figure 3-9. Starvation-to-control molar percentage ratios for proteins found in all samples 
were plotted for the GCN2 WT (y-axis) and GCN2 KO (x-axis) MEFs. Proteins at or above 
line y = 2x have at least two-fold higher molar percentage in the starvation condition 
compared to the control condition, and vice-versa for proteins at or below the y = ½x line.
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Figure 3-10. Outliers were removed from Figure 3-6. Lines represent two-fold difference 
between the treatment condition. Proteins at or above line y = 2x have at least two-fold higher 
ratio change in the GCN2 WT MEFs compared to the GCN2 KO MEFs, and vice-versa for 
protein ratios at or below the y = ½x line.



Phosphoproteomics also identified several translation-related phosphoproteins 

that had higher molar percentages after amino acid starvation in the GCN2 KO MEFs, 

but not the GCN2 WT MEFs. These phosphoproteins included ABCF1, eEF1α1, 

eukaryotic initiation factor 3 subunit 9 (eIF3s9), eIF4G1a, eIF5A, MARS, WARS, 

RPLP2, RPL3, RPS15a, and RBP1a. (Figure 3-12).This observation was largely the 

result of phosphoproteins having reduced molar percentage ratios after amino acid 

starvation in the GCN2 WT MEFs, while those same phosphoproteins had sustained or 

elevated molar percentage ratios in the GCN2 KO MEFs. 

Discussion

Retaining control of the translational machinery is a critical life function. Though a 

few key proteins have been identified to control the process of translation initiation, 

the broader mechanism for how the cell accomplishes translational control is not yet 

understood. The role of GCN2 as a potent regulator of translation initiation is well 

documented, however emerging studies have shown that GCN2 may have broader 

roles in regulating the cell’s reponse to stress. To determine if GCN2 has additional 

impacts on translation-related proteins, I assessed the phosphoproteome of GCN2 WT 

and KO MEFs during amino acid starvation. The data revealed that many translation 

initiation factors, elongation factors, ribosomal proteins, and even tRNA synthetases 

have modified phosphorylation patterns after stress. While some protein 

phosphorylation changes have already been described in the literature, many remain to 

be understood.
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Figure 3-11. Translation-related proteins with at least two-fold higher phosphorylation 
compared to the GCN2 KO MEFs. 
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Figure 3-12. Translation-related proteins with two-fold higher phosphorylation in the GCN2 
KO MEFs compared to the GCN2 WT MEFs. 



Several translation-related phosphoproteins were identified only under the 

amino acid starvation condition, but not the control condition of the GCN2 WT MEFs. 

Three such proteins were subunits five, six, and seven of eIF3 (eIF3F, eIF3E, and 

eIF3D, respectively). The eIF3F protein has been previously documented to undergo 

phosphorylation by cyclin-dependent kinases during apoptosis, where the 

phosphorylated eIF3F binds the eIF3 core complex more tightly (Shi et al., 2006, 

2009). The eIF3E protein has been shown to be involved in translation initiation 

through its facilitation of ribosome loading, and its phosphorylation has been shown to 

enhance HSV-1 translation (Walsh and Mohr, 2004, 2014). Little has been reported on 

the phosphorylation status of eIF3D, though it is known that the protein has important 

roles in translation and cell growth (Binder and Whitmarsh, 2015; Yu et al., 2014). 

Ribosomal proteins S5 and S16 were also striking, as they have been previously 

shown to interact and promote translational efficiency (Ghosh et al., 2014). The 

observation that both of these were identified only after amino acid starvation in the 

GCN2 WT MEFs, may suggest co-regulation to promote translation. Phosphorylation 

has been observed to control RPS5 localization within the cell (Matragkou et al., 

2009). eIF2Bs5, the epsilon subunit of eIF2B, has been previously shown to be 

phosphorylated by glycogen synthase kinase-3 (GSK3) during PI3K inhibition (Welsh 

et al., 1998). Identification of eIF2Bs5 under amino acid starvation conditions 

supports this previous study, though it is interesting that a separate subunit, eIF2Bs1, 

was identified in the GCN2 KO MEFs. No literature has reported phosphorylation of 

this subunit, which may contain separate regulatory features than subunit 5. 
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Another interesting observation is the abundance of tRNA synthetases that 

were identified after amino acid starvation, but not in the control condition. It has been 

previously suggested that phosphorylation of the aminoacyl-tRNA synthetases may 

control translational machinery, however a systematic analysis of phosphorylation 

sites on aminoacyl-tRNA synthetases has not been completed as of this writing 

(Clemens, 1990). 

Comparatively, fewer proteins were identified in only one nutrient condition 

for the GCN2 KO MEFs. This may be attributed to the lack of GCN2, where the cell’s 

capacity to alter phosphorylation profiles is limited. The four proteins identified after 

amino acid starvation in both the GCN2 WT and KO MEFs (eIF2A, lysyl-tRNA 

synthetase, RPL4, and RPL7) may indeed undergo phosphorylation changes, however 

these changes are likely to be independent of GCN2.

Comparison of phosphoprotein changes across both cell lines and both nutrient 

conditions provides for some important insights. The eIF3 subunits with enhanced 

phosphorylation after amino acid starvation in the GCN2 WT MEFs (eIF3s2 and 

eIF3s4) are of particular importance due to their location on the 40S ribosome. A 

recent structural study revealed that the eIF3 subunits are spread apart on the 40S 

ribosome, with some on the solvent side and others near the mRNA entrance tunnel 

(des Georges et al., 2015; Hashem et al., 2013). The two subunits that have enhanced 

phosphorylation during stress, eIF3I and eIF3G (subunit 2 and 4 respectively), are 

both located near the mRNA entrance tunnel on the ribosome. The last subunit that 
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shares this localization, eIF3s9 (eIF3B) was identified to have reduced 

phosphorylation after amino acid starvation in the GCN2 WT MEFs (Figure 3-12). 

These subunits contrast the rest of the eIF3 complex, which are located on the solvent 

side of the ribosome, away from the mRNA entrance tunnel. This observation may 

implicate that GCN2 indirectly regulates mRNA translation through regulation of eIF3 

subunits, possibly through interactions with the mRNA entrance tunnel. Previous 

studies of eIF3I have shown that its phosphorylation status has been tied to various 

cancers (Ahlemann et al., 2006; Yuan et al., 2014). Elucidation of the phosphorylation 

dynamics of mRNA entrance tunnel eIF3 subunits may provide another mechanism of 

translational control.

Very little is known regarding the role of phosphorylation on eIF4A1. One 

report suggested that phosphorylation of eIF4A promotes seed germination and 

development, and another suggested that it may be stress-responsive in maize (Le et 

al., 1998; Webster et al., 1991). Phosphorylation of RPS3 has been previously shown 

in the context of ionizing radiation, a potent activator of protein kinase C (PKC) (Yang 

et al., 2013). RPSA, a protein important for 40S ribosome assembly, has been 

implicated in colorectal cancer but has little reported on its phosphorylation (Zhang et 

al., 2013).

Only two tRNA synthetases had increased phosphorylation in the GCN2 WT 

MEFs compared to the GCN2 KO MEFs, VARS and AARS. The valyl-tRNA 

synthetase has been shown to complex with elongation factor 1, and phosphorylation 

134



of these proteins resulted in enhanced translation rates (Venema et al., 1991). Although 

alanyl-tRNA synthetase has been implicated in diseases, the role that phosphorylation 

plays in regulating this protein has yet to be discovered (Zhao et al., 2012).

Several phosphoproteins appeared to be dependent on GCN2 for 

dephosphorylation as well. Phosphorylation of eIF4G1 has been previously shown to 

be carried out by PKC, which serves to improve subsequent phosphorylation by other 

kinases (Dobrikov et al., 2011; Raught et al., 2000). Dephosphorylation of eIF5A has 

been previously shown to be required for translational arrest in stationary cells, and 

has been shown to be a downstream target of CK2 (Chung et al., 2013; Łebska et al., 

2010). The eIF3s9 phosphoprotein, also known an eIF3B, has been previously shown 

to undergo phosphorylation changes in response to insulin signaling (Morley and 

Traugh, 1990). More recent work showed that eIF3B had differential association with 

eIF4G depending on insulin availability (Harris et al., 2006). 

The single elongation factor was eEF1α1 has been previously shown to bind 

the 3’ UTRs of mRNAs and help stabilize them, especially during the heat shock 

response (Vera et al., 2014). Other work has shown that eEF1α may be phosphorylated 

by Rho-associated coiled kinase 2 (ROCK2) to weaken interactions with the 

cytoskeleton, enhance interactions with aminoacyl-tRNA synthetases, and ultimately 

promote translation (Couzens et al., 2014; Izawa et al., 2000; Liu et al., 1996). 

RPL3 has been shown to have extraribosomal functions, but the role of its 

phosphorylation has not been reported (Russo et al., 2013). The ribosomal P complex, 
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comprised of ribosomal protein lateral stalk subunits P0, P1, and P2 all contribute to 

facilitating translation (Bailey-Serres et al., 1997). A previous study utilized in vitro 

methods to show that phosphorylation of RPLP2 interacted with eIF2 to promote 

translation (Vard et al., 1997). The ribosome binding protein 1 isoform a (RBP1a) is a 

poorly studied protein that has been implicated in cancer (Tsai et al., 2013). As of this 

writing, there are no reports on the phosphorylation of this protein or its regulation 

during stress.

The methionyl-tRNA synthetase (MARS) has been shown to be an important 

protein for mRNA translation, and is even a therapeutic target for some parasitic 

infections (Hussain et al., 2015). Phosphorylation of MARS can occur during stress to 

promote methionylation of non-cognate tRNAs and improve cell survival (Lee et al., 

2014). GCN2 has been previously shown to directly phosphorylate methionyl-tRNA 

synthetase under UV irradiation conditions to promote DNA repair (Kwon et al., 

2011). At least one study has tied tryptophanyl-tRNA synthetase (WARS) to 

phosphorylation in vitro, though little is known about its biological significance 

(Elizarov and Kovaleva, 1990).

Two proteins, ABCF1 and RPS15a, were found to have remarkably different 

phosphorylation patterns between the GCN2 WT and KO MEFs. The ABCF1 protein, 

also known as ABC50, is a translation-related phosphoprotein that had a four-fold 

phosphoprotein ratio increase in the GCN2 KO MEFs, while it appears to have a 

reduced ratio in the GCN2 WT MEFs. It has been previously shown to interact with 
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eIF2 in vitro, and has been shown to play a role in start codon selection (Paytubi et al., 

2009; Stewart et al., 2015). Other work shows that it can interact with subunits of 

casein kinase 2, which may be its kinase (Paytubi et al., 2008). The RPS15a protein 

had a similar, albeit milder phenotype as ABCF1. Though RPS15a has been implicated 

in tumor development, little is known about the function of its phosphorylation (Yao et 

al., 2015; Zhao et al., 2015).

To be sure, there are limitations to the conclusions that can be drawn from this 

experiment. The above results are derived from only one replicate, and additional 

phosphoproteomics trials must be performed to ensure that the results are 

reproducible. Findings here should be confirmed using phospho-specific antibodies 

and western blots. An important limitation is the lack of normalization to total protein 

levels. Mass spectrometry was not performed for total protein content, which would 

provide a value to normalize enriched phosphoprotein content against, much in the 

same way that phosphorylation antibody blots are compared to total protein antibody 

blots. This is important because proteins are known to have altered expression levels 

during stress (Flick and Kaiser, 2012), and without this information, it is difficult to 

make definitive claims regarding changes in phosphoprotein status of a given protein. 

Another issue to note is the presence or absence of phosphoproteins in a given 

cell line or condition. As noted above, the 4EBP1 phosphoprotein was found to have 

undergone significant changes in the GCN2 KO MEFs but not the GCN2 WT MEFs 

because it was not identified by phosphoproteomics after starvation. Caution should be 

taken when interpreting these results, as technical limitations for phosphoprotein 
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identification may lead to false conclusions regarding changes in phosphorylation 

status. Nonetheless, the phosphoproteins expected to have changes with amino acid 

starvation did have markedly different phosphoprotein ratios after stress, which 

suggests that the data have a measure of reliability. Overall, this work demonstrates 

that GCN2 has a wider control over the phosphoproteome of translation-related 

proteins than was previously realized. Future work should be aimed towards validating 

these results and understanding the roles of these putative phosphorylation 

modifications on a protein-by-protein basis.
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Materials and Methods

Cell Lines

GCN2 WT and KO MEFs were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS). 

Sample Preparation and Mass Spectrometry Workflow

Two 10 cm dishes of either GCN2 WT or GCN2 KO MEFs were plated for 70% 

confluency and incubated overnight at 37oC in 5% CO2. The next day, cells were 

washed once with PBS and the medium was changed to either starvation medium 

(HBSS + dFBS) or normal growth medium for seventy minutes. Cells were then lysed 

in polysome buffer (10 mM HEPES pH 7.4, 100 mM KCl, 5 mM MgCl2) 

supplemented with 1% Triton X-100 and EDTA-free protease inhibitors. Lysates were 

clarified and supernatants stored at -80oC before processing by Cornell’s Proteomics & 

Mass Spectrometry Facility.

Protein content in each sample was quantified through a gel-based technique. 

Remaining sample was desalted using a Zeba cartridge before in-solution sample 

tryptic digestion. Samples then underwent an additional desalting step using solid 

phase extraction, followed by enrichment of phosphopeptides using TiO2 beads. 

Enriched phosphopeptides were then eluted in each sample and measured using an 

Orbitrap nanoLC-MS/MS 90-120 minute gradient. Phosphoproteins were identified 

from phosphopeptides using Mascot software. Any protein with a protein score less 

than 25 was disregarded as noise. 
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Data Analysis

Phosphoproteomics data sets were compiled using a custom Python script. Figures 

were made using the R software with the ggplot2 package. Ratios between the 

different nutrient conditions was completed by dividing the molar percentage of a 

given protein under the starvation condition by the molar percentage of that same 

protein under the control condition.  Outliers were determined for each sample 

individually. This was accomplished by multiplying the inter-quartile range by 3, 

followed by addition of the upper quantile (75%) value.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

The process of translational control is critically important for life. Failure to 

adequately control mRNA translation has been linked to a variety of different disease 

conditions, making the proteins that regulate translation an attractive target for 

therapeutics. Despite the long history of mRNA translation research, several basic 

questions remain largely unanswered. How does the cell ensure some mRNA 

transcripts have elevated translation, while others have reduced translation? Why are 

there additional translation-related proteins is mammals, and what functions do they 

serve? The answers to these and similar questions will simultaneously improve our 

understanding of protein synthesis and improve human health.

The research completed in this thesis focused on translational regulation during 

amino acid starvation and heat shock conditions. Experiments performed in chapter 

two focused on the role that mRNA methylation serves in translation, and the 

phosphoproteomics experiment conducted in chapter three aimed at elucidating 

additional translation-related targets of GCN2 under amino acid starvation conditions. 

The findings in this thesis demonstrate that mRNA methylation facilitates eukaryotic 

translation in a cap-independent manner, and that many translation-related proteins 

rely on GCN2 for their phosphorylation modifications during amino acid starvation.

Measurement of translation under amino acid starvation conditions has not 
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been widely discussed in the literature due to technical limitations. Traditionally, [35S] 

methionine radiolabeling is used to measure translation, however under amino acid 

starvation conditions cells rapidly uptake the radiolabeled methionine, creating 

measurement artifacts. By taking advantage of a novel puromycin labeling technique, 

this artifact is avoided and a more accurate measurement of translation is obtained. 

Observing repressed mTORC1 and sustained translation was surprising because much 

of the existing translation literature explicitly links mTORC1 status with mRNA 

translation rate. This observation also touched on a key question in the translation 

field: how does translation persist without the appropriate 5’ cap-binding proteins? I 

suggest that the m6A modification is what permits mRNA translation despite 5’ cap-

binding protein absence, and that this modification utilizes the two proteins ATP-

binding cassette subfamily F (ABCF1) and methyltransferase-like protein 3 

(METTL3).

An important limitation to mention here is the use of total amino acid 

starvation in my experiments. It may be that the absence of only a few amino acids are 

required to reproduce the phenotype observed instead of total amino acid starvation. 

Since methionine is a provider of S-adenosylmethionine, a methyl group donor, it’s 

reasonable that extended deprivation of methionine alone may lead to reduced m6A 

levels across the transcriptome. Evaluation of which amino acids are responsible for 

the phenotype observed, and the special role that this amino acid serves, is worthy of 

additional investigation. 
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Given the similarities in phenotype between the shABCF1 and shMETTL3 cell 

lines, I hypothesized that these two proteins may bind one another to affect translation 

initiation at m6A sites on mRNA. Examination of the knockdown efficiency via 

quantitative PCR showed good knockdown of the mRNA transcript. I also evaluated 

the mRNA transcript level of the corresponding protein (i.e. ABCF1 mRNA level in 

shMETTL3 cell line) to determine if it was effected. Interestingly, I observed a 

reduction of ABCF1 in the shMETTL3 cell lines as well as a reduction of METTL3 in 

the shABCF1 cell line (Figure 4-1A). I confirmed this experiment with a western blot, 

which revealed a similar phenotype as the qPCR results (Figure 4-1B).

I hypothesized that the reduction of these two transcript and protein levels may 

have been coordinated, much like how 4EBP1 and eIF4E protein levels are 

coordinated. However, co-immunoprecipitation experiments did not show that these 

two proteins bound together (Figure 4-2). This may be attributed to a transient 

interaction between the two proteins, making it difficult to demonstrate through co-

immunoprecipitation. Follow-up work should be directed towards understanding how 

the ABCF1 and METTL3 proteins share a similar phenotype when knocked down, and 

also have interacting expression profiles.
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A B

Figure 4-1. ABCF1 and METTL3 expression levels are not responsive to Torin-1 treatment, 
but do have coordinated expression. (A) mRNA levels for ABCF1 and METTL3 were 
assessed in the sh-ABCF1 and sh-METTL3 MEF cell lines using qPCR. Analysis was done 
using the ddCt method, with ß-actin as the housekeeping gene. Error bars represent ± one 
standard deviation of four technical replicates. (B) Western blot shows that the ABCF1 protein 
(labeled ABC50 here) is reduced in the shMETTL3 cells, and METTL3 is reduced in the 
shABCF1 cells. 
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A B

Figure 4-2. ABCF1 does not co-immunoprecipitate with METTL3. (A) ABCF1-myc (labeled 
here as ABC50) was transfected into TSC2 MEFs followed by lysis and METTL3 
immunoprecipitation. (B) ABCF1-myc (labeled here as ABC50-myc) was transfected into 
TSC2 MEFs followed by lysis and myc bead immunoprecipitation. A=ABCF1, G=GFP. The 
control protein used was GFP-myc in both experiments.
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Results from chapter two also showed that the ABCF1 protein was important 

for the translation of the Hsp70 mRNA during recovery from heat shock. I wondered if 

ABCF1 was important only in the heat shock condition, or if it had a more generalized 

role in stress recovery genes. To evaluate this possibility, I conducted amino acid 

starvation in the sh-Scramble and sh-ABCF1 MEF cells to determine if ATF4 

induction would be affected. Indeed, translation of ATF4 seems heavily dependent on 

the presence of ABCF1 in the cell (Figure 4-3A). I validated this experiment using an 

ATF4-luciferase reporter plasmid, which confirmed the western results (Figure 4-3B). 

This observation, in conjunction with ABCF1’s role in Hsp70 translation, suggests that 

ABCF1 is a critical protein for translation of stress-responsive mRNAs. Though 

previous work links ABCF1 to eIF2α, it remains unclear how ABCF1 influences 

mRNA translation under stress. Future work should aim to understand the exact 

mechanisms for ABCF1 under stress conditions.

Phosphorylation is a transient modification that is widely used throughout the 

cell to control protein function. In the context of translation, phosphorylation is 

conducted by both the GCN2 and mTORC1 kinases under stress, where GCN2 

phosphorylates eIF2α and mTORC1 phosphorylates 4EBP1. Studies completed over 

the past couple of decades have suggested that GCN2 is required for the mTORC1-

mediated translational repression that is observed during stress, however mechanisms 

to explain this phenomenon have been lacking. In chapter three, I detail the results of a 

phosphoproteomics experiment to identify which translation-related phosphoproteins 

are dependent on GCN2 for their phosphorylation changes during stress. 

151



A B

Figure 4-3. ABCF1 is required for ATF4 protein synthesis. (A) TSC2 MEFs stably expressing 
the indicated shRNA (ABCF1 is labeled ABC50 here) were starved of amino acids for two 
hours before lysis. The indicated proteins were then evaluated using SDS-PAGE. (B) The 
ATF4 5’ UTR was cloned into a firefly luciferase reporter. MEFs stably expressing the 
indicated shRNA were transiently transfected with the ATF4-Luc plasmid, followed by real-
time assessment of luciferase activity under amino acid starvation conditions. Maximal 
expression of ATF4 in shScramble cells was selected and normalized against a control 
luciferase plasmid. Error bars are ± one standard deviation. n=6.
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Most unexpectedly was the breadth and extent of changes found on the eIF3 

subunits. The eIF3 protein seems to have immense importance in the process of 

translation, however with 13 subunits of varying necessity, it has proven very difficult 

to hash out the function of each. Demonstration of differential phosphorylation 

patterns on subunits eIF3B, eIF3I, and eIF3G under stress conditions may help 

illuminate future studies into their particular functions. Given their location near the 

mRNA entrance tunnel, it may be that the coordinated phosphorylation changes on 

these three proteins influence how the mRNA enters the mRNA entrance tunnel.

I also found the ABCF1 protein in the phosphoproteomics experiment. This 

protein had a peculiar phosphorylation pattern, as it appeared to lose phosphorylation 

after amino acid starvation in the GCN2 WT MEFs, but had elevated phosphorylation 

after amino acid starvation in the GCN2 KO MEFs. This same phosphorylation pattern 

was also observed for RPS15a. Though it is difficult to explain this phenotype with 

any certainty, it may be that these proteins are part of a feedback loop of which GCN2 

plays an important role. It may be that GCN2 assists in dephosphorylation of these 

proteins during stress, however without GCN2, the feedback loop is broken and 

phosphorylation accumulates on ABCF1 and RPS15a. I attempted to demonstrate that 

phosphorylation changes occurred on ABCF1 using Phos-tag acrylamide gels, 

however these experiments failed. Experimental validation of phosphorylation 

changes on ABCF1 and RPS15a in the GCN2 WT and KO MEFs will determine if the 

phosphoproteomic observations are authentic.
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There are issues with the phosphoproteomics experiment that may limit the 

conclusions that can be made. The GCN2 WT and GCN2 KO MEFs are derived from  

different mice. Genetic or epigenetic differences may influence the phosphoproteomes 

of these two mice, ultimately affecting the data collected and conclusions drawn. A 

way to circumvent this limitation would be to remove GCN2 from a cell line using 

CRISPR/Cas9, followed by phosphoproteomics. This would allow for a more direct 

comparison between the GCN2 WT and GCN2 KO cells. 

Another limitation to consider is the position of GCN2 as part of a signaling 

pathway. If GCN2 is missing during amino acid starvation, eIF2α does not undergo 

phosphorylation. This observation is important because phosphorylation of eIF2α 

promotes translation of mRNA transcripts with uORFs. One example is GADD34, 

which undergoes translational upregulation when eIF2α is phosphorylated. GADD34 

has been shown to interact with phosphatase enzymes to dephosphorylate eIF2α. 

Given the promiscuous nature of phosphatase enzymes, it may be that GADD34 

upregulation has impacts around the phosphoproteome. Discerning which 

phosphoproteins undergo change as a result of GCN2 KO and which change as a 

result of eIF2α phosphorylation may shed some additional light on which of these 

proteins have a greater impact on translational regulation. 

In chapter five, I assisted Dr. Xingqian (Ben) Zhang with polysome profiling 

experiments to determine how the polysome profiles of cells expressing shRNA 

targeting a random scramble sequence (shScramble) or the mitochondrial ribosomal 
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protein L18 (shMRPL18) changed during heat shock and recovery. The data suggests 

that the cells have difficulty translating the HSP70 mRNA without mRPL18 after heat 

shock, highlighting the role that mRPL18 plays in translation of stress-responsive 

genes. Further work in this area should seek to improve our understanding of how 

mitochondrial and cytosolic ribosomal components interact to influence translation, 

both in the control and stressed state. 

Translational control serves an important role in protection from stress.  This 

dissertation serves to expand our understanding of translation initiation by 

demonstrating the function of N6-methyladenosine modifications during the stress 

response. This work also furthers the field through identification of novel translation-

related phosphoproteins that respond to GCN2, which provides novel protein targets 

for further investigation. By enhancing our knowledge of translational regulation, we 

will be better able to develop novel therapeutics and treat diseases that arise from 

misregulated translation. 
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CHAPTER 5

TRANSLATIONAL CONTROL OF THE CYTOSOLIC STRESS RESPONSE BY 

MITOCHONDRIAL RIBOSOMAL PROTEIN L18.

The following chapter was published in Nature Structural & Molecular Biology 
(doi:10.1038/nsmb.3010). I am listed as the third author, and contributed to this 
publication by assisting in the generation of polysome profiles and carrying out 
quantitative PCR experiments on collected fractions.

Abstract

In response to stress, cells attenuate global protein synthesis but permit efficient 

translation of mRNAs encoding heat-shock proteins (HSPs). Although decades have 

passed since the first description of the heat-shock response, how cells achieve 

translational control of HSP synthesis remains enigmatic. Here we report an 

unexpected role for mitochondrial ribosomal protein L18 (MRPL18) in the 

mammalian cytosolic stress response. MRPL18 bears a downstream CUG start codon 

and generates a cytosolic isoform in a stress-dependent manner. Cytosolic MRPL18 

incorporates into the 80S ribosome and facilitates ribosome engagement on mRNAs 

selected for translation during stress. MRPL18 knockdown has minimal effects on 

mitochondrial function but substantially dampens cytosolic HSP expression at the 

level of translation. Our results uncover a hitherto-uncharacterized stress-adaptation 

mechanism in mammalian cells, which involves formation of a 'hybrid' ribosome 

responsible for translational regulation during the cytosolic stress response.
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Introduction

Cell survival in a changing environment requires swift regulation of gene expression, 

including translational control of existing mRNAs (Holcik and Sonenberg, 2005). 

Global translation is generally suppressed in response to most, if not all, types of 

cellular stress (Jackson et al., 2010; Spriggs et al., 2010). However, subsets of 

transcripts undergo selective translation to produce proteins that are vital for cell 

survival and stress recovery. One of the best-known examples is the heat shock protein 

70 (Hsp70), whose synthesis is up-regulated in cells upon elevated temperatures or 

exposure to proteotoxic stress (Panniers, 1994; Richter et al., 2010). Despite the well-

characterized transcriptional regulation (Anckar and Sistonen, 2011; Morimoto, 1998), 

it remains elusive how efficient synthesis of HSPs persists when the translation 

machinery is generally compromised. It is commonly believed that the 5’ untranslated 

region (5’UTR) of Hsp70 mRNA recruits the translational apparatus via a cap-

independent manner (Klemenz et al., 1985; McGarry and Lindquist, 1985; Rubtsova, 

2003; Sun et al., 2011). However, neither the specific translation-promoting features of 

Hsp70 mRNAs nor the regulatory mechanism of the translation machinery have been 

clearly defined. In particular, it is unknown whether specialized ribosomes are 

required for efficient Hsp70 synthesis under stress conditions.

The ribosome is a large ribonucleoprotein complex composed of two subunits 

that associate upon the initiation of translation (Moore, 2012). The small subunit 

decodes mRNA and the large subunit catalyzes peptide bond formation. In mammalian 

cells, there are two sets of ribosome particles residing in the cytoplasm and 
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mitochondria respectively. Although ribosomal proteins (RPs) are all synthesized in 

the cytoplasm, they assemble into functional subunits in different subcellular 

compartments (Kressler et al., 2010). The mitochondrial RPs (MRPs) are encoded by 

nuclear genes, synthesized in the cytosol, imported into mitochondria for assembly, 

and responsible for translation of 13 mitochondrial mRNAs (Christian and Spremulli, 

2012). On the contrary, the cytosolic ribosomes are assembled within the nucleolus 

before export into the cytoplasm for mRNA translation. Because of their distinct 

composition and cellular localization, it is believed that there is little functional 

connection between mitochondrial and cytosolic ribosomes.

Here we set out to investigate whether specialized ribosomes are required in 

cytosolic stress response. We reported that the mitochondrial ribosomal protein L18 

(MRPL18) bears a hidden CUG start codon downstream of the main initiation site. 

Stress conditions like heat shock trigger the CUG-initiated alternative translation, 

generating a cytosolic isoform of MRPL18. We found that the cytosolic MRPL18 

integrates into the 80S ribosome complex in a stress-dependent manner and facilitates 

synthesis of stress proteins such as Hsp70. Our results uncover a hitherto 

uncharacterized stress adaptation mechanism in mammalian cells, which involves 

formation of a “hybrid” ribosome that promotes synthesis of stress proteins.

Results

MRPL18 alternative translation produces a cytosolic form

We previously developed an approach called global translation initiation sequencing 

(GTI-seq) that allows precise mapping of alternative translation initiation sites (TIS) 
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across the entire transcriptome (Lee et al., 2012). The transcript encoding 

mitochondrial ribosomal protein L18 (MRPL18) bears several interesting features. 

First, MRPL18 shows three TIS sites with the annotated start codon (aTIS) flanked by 

an upstream TIS (uTIS) and a downstream TIS (dTIS) (Fig. 5-1a). While the uTIS 

codon is an AUG, the dTIS uses CUG as the initiator. Intriguingly, the CUG initiator is 

located immediately after the predicted mitochondrial targeting signal (MTS) of 

MRPL18 and within the same reading frame. It is likely that CUG-initiated translation 

produces a cytosolic isoform of MRPL18. However, the identical size of 

MRPL18(cyto) and the MTS-cleaved MRPL18(mito) renders them indistinguishable 

by standard immunoblotting.

To experimentally confirm the alternative translation of MRPL18, we 

constructed a series of MRPL18 mutants bearing myc-tags and examined their 

subcellular localization in HeLa cells. The wild type MRPL18 was mostly localized in 

mitochondria as revealed by immuno-fluorescence staining (Fig. 5-1b). The vague 

cytoplasmic staining suggests that the CUG-initiated MRPL18(cyto) was not a major 

product under the normal growth condition. To show exclusively the CUG-initiated 

translation, we created a stop codon between the aTIS and the dTIS to prevent the 

synthesis of full length MRPL18. This mutant, MRPL18(C14A), exhibited a clear 

localization in the cytosol and the nucleus (Fig. 5-1b). The similar pattern was seen for 

MRPL18(ATG), a truncated version of MRPL18 lacking both the 5’UTR and the 

MTS. 
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Figure 5-1. (a) Top, schematic of GTI-seq with translation inhibitors lactimidomycin (LTM) 
and cycloheximide (CHX). Raw read counts per nucleotide position of MRPL18 are plotted as 
a bar graph. Middle, processed LTM read density (R), color-coded by the corresponding 
reading frame, with the identified TIS positions marked by asterisks. Bottom, predicted 
isoforms of MRPL18. (b) Immunostaining of HeLa cells transfected with MRPL18 wild type 
and mutants illustrated at left. Anti-myc is shown in the green channel and MitoTracker in the 
red channel. 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear counterstaining. 
Scale bars, 10 μm.



In contrast, MRPL18(G72A), a mutant with the dTIS mutated to CTA, showed a 

predominant mitochondrial localization. Together, these results indicate that MRPL18 

bears a hidden downstream CUG start codon, whose initiation gives rise to a cytosolic 

isoform of MRPL18.

MRPL18 undergoes stress-induced alternative translation

Notably, the CUG-only MRPL18(C14A) had much lower expression levels than other 

transgenes (Fig. 5-1b and Fig. 5-S1a), suggesting that the downstream CUG initiator is 

less efficient than the authentic AUG start codon. Interestingly, MRPL18 is a heat 

shock-responsive gene (Trinklein et al., 2004), and a recent study indicated that 

MRPL18 is one of the direct targets of the heat shock transcription factor 1 (HSF1) 

(Mendillo, 2012). Using a mouse fibroblast cell line lacking HSF1 (Qian et al., 2006), 

we confirmed the transcriptional up-regulation of MRPL18 upon heat shock (Fig. 5-

S1b). To investigate whether MRPL18 undergoes translational regulation in response 

to stress, we compared the abundance of transfected MRPL18 mutants in HeLa cells 

before and after heat shock. These transgenes maintained the similar mRNA levels in 

response to heat shock (Fig. 5-S1c), allowing direct evaluation of translational control. 

Immunoblotting showed two bands of transfected MRPL18, corresponding to the 

MRPL18 precursor and the MRPL18 species lacking the MTS (Fig. 5-2a, lane 3). The 

transfected MRPL18 undergoes less efficient processing than the endogenous 

counterpart presumably due to reduced mitochondrial import because the transgene 

lacks the 3’UTR of MRPL18 (Margeot, 2002). 
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Figure 5-S1. MRPL18 undergoes stress-induced alternative translation. (a) Representative 
immunoblot results of HeLa cells transfected with plasmids as indicated. β-actin is used as 
loading control. (b) Quantitative RT-PCR of MRPL18 (left) and HSPA1A (right) in HSF1 WT 
and KO cells before heat shock or 3 h after heat shock (42°C, 1 h). Error bars, s.e.m. (n = 4 
cell cultures). (c) Semi-quantitative RT-PCR of transgene MRPL18 in HeLa cells transfected 
with GFP or MRPL18 mutants as indicated. β-actin was used as an internal loading control. 
The bottom panel showed the relative levels of MRPL18 transgene normalized to β-actin 
mRNA.



As expected, the imported exogenous MRPL18 incorporates into mitochondrial 

ribosomes as evidenced by its co-sedimentation with other mito-ribosomal proteins 

(Fig. 5-S1d). Upon heat shock stress, the full length MRPL18(WT) showed a modest 

increase, whereas much less change was observed for MRPL18(ATG) that lacks both 

the 5’UTR and the MTS region (Fig. 5-2a, lanes 9 and 10). Remarkably, the CUG-

only MRPL18(C14A) exhibited the strongest responsiveness despite its low basal 

levels in cells without stress (Fig. 5-2a, lanes 7 and 8). To substantiate this finding 

further, we constructed reporters by replacing the main coding region of MRPL18 

with firefly luciferase (Fluc). Consistent with the immunoblotting results of MRPL18 

mutants, the chimeric C14A-Fluc exhibited the highest increase of Fluc expression in 

response to heat shock stress (Fig. 5-2b).

Having confirmed the stress-induced alternative translation of MRPL18 using 

mutants, we next sought to determine whether the wild type MRPL18 undergoes 

translational switch from the authentic AUG to the downstream CUG in response to 

heat shock stress. It is challenging to unequivocally monitor the newly synthesized 

MRPL18(cyto) within high basal levels of MRPL18(mito) pre-existed in cells before 

stress. 
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Figure 5-2. (a) Representative immunoblot results of HeLa cells transfected with the indicated 
plasmids and collected before heat shock (HS) or 2.5 h after heat shock (43 °C, 1 h). Top 
bands are uncleaved MRPL18 precursors. β-actin is a loading control. The bottom graph 
shows the relative levels of transgenes (small isoform) normalized to β-actin. Error bars, 
s.e.m. (n = 3 cell cultures, *P < 0.01 by two-tailed Student's t test). MW, molecular weight; 
exp, exposure. (b) Fluc reporter assays in HeLa cells transfected with MRPL18-Fluc 
constructs shown at left. Fluc activities after heat shock are normalized to those in nonstressed 
cells. Error bars, s.e.m. (n = 3 cell cultures). (c) Immunostaining of HeLa cells transfected 
with MRPL18-DD with or without heat shock in the presence of Shield-1. Anti-Hsp60 
antibody is shown in the red channel and anti-myc in the green channel. Scale bars, 10 μm. A 
schematic of MRPL18-DD fusion protein in the absence or presence of Shield-1 is shown at 
top. (d) Fluc reporter assays in eIF2α (S/S) and eIF2α (A/A) MEFs transfected with MRPL18-
Fluc constructs shown in b. Fluc activities after heat shock are normalized to those of 
nonstressed cells. Error bars, s.e.m. (n = 3 cell cultures).



To circumvent this limitation, we employed a reversible destabilization domain 

(DD) by fusing it to the COOH terminus of MRPL18(WT) (Fig. 5-2c). This system 

permits temporal examination of newly synthesized MRPL18-DD after addition of 

Shield-1, a cell permeable drug (Banaszynski et al., 2006). HeLa cells transfected with 

plasmids expressing MRPL18-DD exhibited minimal anti-myc signals in the absence 

of Shield-1 (Fig. 5-S2a). Treatment with Shield-1 stabilized MRPL18-DD with a clear 

mitochondrial localization (Fig. 5-2c and Fig. 5-S2b). Remarkably, heat shock stress 

prior to Shield-1 addition resulted in substantial anti-myc signals in the cytosol as well 

as the nucleus (Fig. 5-2c and Fig. 5-S2c). This was not due to mitochondrion leakage, 

because the stress-induced Hsp60 remained exclusively in mitochondria after heat 

shock. This result confirms that heat shock stress triggers CUG-mediated alternative 

translation within the wild type sequence context of MRPL18.

MRPL18(cyto) is dependent on eIF2α phosphorylation

What is the mechanism underlying stress-induced alternative translation of MRPL18? 

We looked into eukaryotic initiation factor 2α (eIF2α), whose phosphorylation 

regulates ATF4, a classical example of alternative translation triggered by many stress 

conditions (Harding et al., 2002; Sonenberg and Hinnebusch, 2007; Vattem and Wek, 

2004; Wek et al., 2006). 
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Figure 5-S2. (a) Schematic of MRPL18-DD fusion protein in the absence or presence of 
shield 1 (top panel). HeLa cells transfected with plasmids encoding MRPL18-DD were 
immunostained with anti-myc (green channel) and anti-Hsp60 antibody (red channel). Anti-
myc signal was barely visible in the absence of 1 μM shield 1. (b) HeLa cells transfected with 
plasmids encoding MRPL18-DD were immunostained before heat shock in the presence of 1 
μM shield 1. Multiple fields were shown with local highlights of merged images. The right 
panel shows the linear scanning of pixels for all three channels (c) Same cells as in (B) with 
immunostained immediately after heat shock for 2.5 h.



Consistent with the previous report (Duncan and Hershey, 1989), heat shock stress 

also triggered eIF2α phosphorylation (Fig. 5-S3a). To address the role of eIF2α 

phosphorylation in the alternative translation of MRPL18, we transfected MRPL18-

Fluc reporters into a mouse embryonic fibroblast (MEF) cell line bearing a non-

phosphorylatable eIF2α in which the serine 51 (S/S) was mutated to an alanine (A/A) 

(Scheuner, 2001). As expected, wild type MEF (S/S) cells showed the similar pattern 

of Fluc expression as HeLa cells (Fig. 5-2d). In particular, the CUG-only MRPL18 

(C14A) exhibited the highest increase of Fluc (> 4 fold) in response to heat shock 

stress, whereas the expression level of the AUG-only MRPL18(G72A) remained 

unchanged. Remarkably, the stress responsiveness of MRPL18 (C14A) was 

completely abolished in MEF(A/A) cells (Fig. 5-2d and Fig. 5-S3b), indicating that 

the alternative translation of MRPL18 is dependent on eIF2α phosphorylation.

MRPL18(cyto) integrates into cytosolic 80S ribosomes

Considering the authentic role of MRPL18 is to constitute the ribosome complex 

within mitochondria, it is tempting to speculate that MRPL18(cyto) integrates into the 

cytosolic 80S ribosome complex under stress conditions. To test this hypothesis, we 

assessed the behavior of endogenous MRPL18 as well as transfected mutants in HeLa 

cells. We first purified cytosolic ribosome complexes using affinity 

immunoprecipitation (IP) in order to eliminate mitochondrial ribosome contamination. 

We also converted the polysome into monosome by RNase I digestion prior to IP to 

exclude indirect pull down of RNA binding proteins (Fig. 5-3a). 
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Figure 5-3. (a) Detection of MRPL18 in endogenous ribosomes purified from HeLa cells with 
or without heat shock. Immunoblotting of RNase I–digested cell lysates immunoprecipitated 
with anti-RPL4 (left) or anti-RPS6 (right) antibodies. Input and immunoprecipitates (IP) are 
indicated. Cyto, cytoplasmic; mito, mitochondrial. (b) Immunoblot detection of myc-tagged 
MRPL18(ATG) from endogenous ribosomes isolated by sucrose cushion from HeLa cells with 
or without heat shock. HeLa cells transfected with GFP are a control. Total lysate and 
ribosome (ribo) pellet are indicated. (c) Immunoblot detection of cytosolic ribosomal proteins 
from anti-myc immunoprecipitates. Samples are HeLa cells transfected with myc-tagged 
MRPL18(ATG), with or without heat shock, and HeLa cells transfected with GFP and 
MRPL18(G72A) as controls. Cell lysates were treated with RNase I before anti-myc IP. 
Throughout figure, β-actin is a loading control. Experiment schematics are shown at top.
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Figure 5-S3. (a) eIF2α(S/S) and eIF2α(A/A) MEF cells were subject to heat shock stress 
(43°C, 1 h). Cells before heat shock and 3 h after heat shock were collected followed by 
immunoblotting using antibodies indicated. (b) MRPL18-Fluc constructs were transfected into 
eIF2α(S/S) (left panel) and eIF2α(A/A) (right panel) MEF cells with or without heat shock. 
Fluc activities were either normalized to WT-Fluc or before heat shock. Error bars, s.e.m. (n = 
3 cell cultures).



Endogenous MRPL18, but not other mitochondrial proteins, was readily precipitated 

from stressed cells by either anti-RPL4 or anti-RPS6 antibodies (Fig. 5-3a, lane 2 and 

6). In addition, endogenous MRPL18 was recovered from the polysome fraction after 

heat shock stress, and this re-distribution was sensitive to translation inhibitor CHX 

(Fig. 5-S4). Therefore, the cytosolic ribosome-associated MRPL18 is newly 

synthesized after stress. The incorporation of MRPL18(cyto) into the 80S ribosome 

complex was further corroborated by the similar feature of transfected 

MRPL18(ATG). Both co-sedimentation binding analysis and anti-myc IP revealed a 

robust association of MRPL18(ATG) with cytosolic ribosomes in a stress-dependent 

manner (Fig. 5-3b, lane 8 and 3c, lane 6). In contrast, the AUG-only MRPL18(G72A) 

did not co-precipitate with any cytosolic RPs before or after heat shock stress (Fig. 5-

3C).
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Figure 5-4. (a) Detection of phosphorylated MRPL18 in HeLa cells with 
or without heat-shock stress. Immunoblotting of whole cell lysates with 
or without λ-phosphatase (λ-PP) treatment, separated with Phos-tag 
acrylamide gel (MRPL18 only) or standard PAGE. CHX treatment during 
heat shock was included to demonstrate phosphorylation of newly 
synthesized MRPL18. (b) Detection of phosphorylated (P) MRPL18 in 
HeLa cell fractions with or without heat-shock stress. Immunoblotting of 
HeLa lysates with or without heat shock, fractionated with a mitochondria 
fractionation kit and separated with Phos-tag acrylamide gel (MRPL18 
only) or standard PAGE. (c) Detection of phosphorylated MRPL18 in 
ribosome fractions of HeLa cells with or without heat-shock stress. 
Immunoblotting of total lysate and ribosome fractions prepared by 
sucrose cushion, separated with Phos-tag acrylamide gel (MRPL18 only) 
or standard PAGE. (d) Detection of phosphorylated MRPL18 in 
ribosomes purified from HeLa cells with or without heat-shock stress. 
Immunoblotting of RNase I–digested total lysates and anti-RPL4 
immunoprecipitates, separated with Phos-tag acrylamide gel (MRPL18 
only) or standard PAGE. Throughout figure, β-actin is a loading control.
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Figure 5-S4. (a) Polysome profiles of HeLa cells before heat shock (blue line), 2.5-h after 
heat shock in the absence (red line) or presence of 10 ug ml -1 cycloheximide (CHX) (green 
line). The bottom panel shows the endogenous MRPL18 in each fraction. (b) Polysome 
fractions as in (a) were pooled and concentrated by ultracentrifugation followed by 
immunoblotting using antibodies as indicated (left panel). Relative ratio of RPs in the pooled 
polysome fraction after heat shock is quantitated and plotted in the right panel.



Phosphorylated MRPL18(cyto) integrates into 80S ribosomes

Interestingly, very few transfected MRPL18(ATG) was associated with the 80S 

ribosome in unstressed cells in spite of comparable expression levels. To investigate 

the mechanism of stress-induced incorporation, we examined the phosphorylation 

status of MRPL18 using a Phos-tag acryl-amide gel. A MRPL18 band with slower 

migration was clearly discernable upon heat shock stress and sensitive to phosphatase 

treatment (Fig. 5-4a). Adding translation inhibitor CHX completely abolished this 

species, suggesting that phosphorylation occurs to the newly synthesized MRPL18 

during stress. Importantly, the phosphorylated MRPL18 was exclusively found in the 

cytosolic fraction (Fig. 5-4b), and only the phosphorylated species was recovered from 

the cytosolic 80S ribosome (Fig. 5-4c and 5-4d). We next searched for the kinase 

responsible for MRPL18 phosphorylation. Interestingly, MRPL18 was predicted to be 

a substrate of the tyrosine-protein kinase Lyn (Yamanashi, 1987). Indeed, both the 

Lyn-specific chemical inhibitor Bafetinib (Fig. 5-5a) and shRNA knockdown (Fig. 5-

5b) reduced the phosphorylation level of MRPL18. Notably, Lyn is a member of the 

Src family, whose kinases activity is increased upon heat shock stress (Lin et al., 

1997). These results collectively indicate that both the production and function of 

MRPL18(cyto) is under tight control in response to stress.
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Figure 5-5. (a) Detection of phosphorylated MRPL18 in HeLa cells in 
the presence of increasing doses of bafetinib immediately after heat-shock 
stress. Immunoblotting of whole cell lysates separated with Phos-tag 
acrylamide gel (MRPL18 only) or standard PAGE. (b) Detection of 
phosphorylated MRPL18 in HeLa cells transfected with SMARTpool 
siRNAs targeting Lyn or control shRNA targeting scrambled sequences. 
Immunoblotting of whole cell lysates separated with Phos-tag acrylamide 
gel (MRPL18 only) or standard PAGE. Throughout figure, β-actin is a 
loading control.



MRPL18(cyto) promotes stress protein synthesis during stress

The stress-inducible feature of MRPL18(cyto) is suggestive of its regulatory role in 

cytosolic stress response. To elucidate its physiological function, we knocked down 

MRPL18 in HeLa cells using small interference RNA (siRNA) SMARTpool. 

Reducing MRPL18 expression had minimal effects on cell growth and did not alter the 

rate of global protein synthesis (Fig. 5-S5a). In addition, we observed minimal effects 

of MRPL18 depletion on mitochondria translation after short term siRNA knockdown 

or long term lentivirus-based small hairpin RNA (shRNA) knockdown (Fig. 5-S5b and 

5-5c). However, upon heat shock treatment, the induction of Hsp70 expression in the 

cytosol was largely dampened in cells with MRPL18 knockdown when compared to 

cells transfected with control siRNA (Fig. 5-6a). To substantiate this finding further, 

we applied shRNA to HeLa cells and a mouse embryonic fibroblast (MEF) cell line 

(Fig. 5-6b and Fig. 5-S6). shRNA-mediated MRPL18 knockdown resulted in impaired 

Hsp70 induction in both cells after heat shock stress. This was not due to 

transcriptional deficiency of Hsp70 gene expression. In fact, MEFs with MRPL18 

knockdown demonstrated even higher Hsp70 transcript levels than the control cells in 

response to heat shock stress (Fig. 5-S6d).
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Figure 5-S5. (a) HeLa cells were transfected with siRNA SMARTpool 
targeting MRPL18, RPL5, or control for 72 h. Cells were radiolabeled with 
[35S]Met/Cys for times as indicated and [35S] radioactivity of trichloroacetic 
acid (TCA)-insoluble material was measured. Error bars, s.e.m. (n = 3 cell 
cultures). (b) HeLa cells were transfected with siRNA SMARTpool targeting 
MRPL18, MRPS18B, or control for 72 h. Cells were treated with 100 μg ml-1 
cycloheximide (CHX) to inhibit cytoplasmic protein synthesis followed by 
[35S] metabolic labeling for 1 h. Mitochondrial translation was inhibited by 
adding 100 μg ml-1 chloramphenicol (CAP). (c) MEF cells (left panel) and 
HeLa cells (right panel) were infected with lentiviruses expressing shRNA 
targeting Scramble or MRPL18 followed by stable selection. Cells were 
treated with 100 μg ml-1 cycloheximide (CHX) to inhibit cytoplasmic protein 
synthesis followed by [35S] metabolic labeling for 1 h. Mitochondrial 
translation was inhibited by adding 100 μg ml-1 chloramphenicol (CAP).
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Figure 5-6. (a) Examination of heat shock–induced Hsp70 synthesis in HeLa cells transfected 
with SMARTpool siRNAs targeting MRPL18 or control shRNA targeting scrambled 
sequences. Immunoblotting of cell lysates collected at indicated times after heat shock. N, no 
heat shock. (b) Examination of heat shock–induced Hsp70 synthesis in MEFs infected with 
lentiviruses expressing shRNAs targeting MRPL18 or control shRNA. Immunoblotting of cell 
lysates collected at the indicated times after heat shock. (c) Examination of heat shock–
induced Hsp70 synthesis in eIF2α (S/S) and eIF2α (A/A) MEFs after heat-shock stress. (d) 
Examination of polysome-enriched Hsp70 mRNA in MEFs infected with lentiviruses 
expressing shRNA targeting MRPL18 or control shRNA. Quantitative PCR measuring Hsp70 
and β-actin mRNA levels in total RNA extracted from polysome fractions. Relative levels are 
normalized to the total. OD254, optical density at 254 nm. Error bars, s.e.m. (n = 3 cell 

cultures, *P < 0.05 by two-tailed Student's t test). Throughout figure, β-actin is a loading 
control.



Given the de novo synthesis of MRPL18(cyto) relies on alternative translation, 

we reasoned that suppressing CUG initiation would have the similar effect as 

MRPL18 knockdown. Indeed, the stress-induced Hsp70 synthesis was substantially 

reduced in eIF2α (A/A) cells whose eIF2α is not phosphorylatable (Fig. 5-6c). Since 

the incorporation of MRPL18(cyto) into the 80S ribosome is phosphorylation-

dependent, we examined the effects of reduced Lyn kinase activities in stress response. 

It is clear that treatment with either Lyn inhibitor Bafetinib or Lyn knockdown 

dramatically suppressed the Hsp70 induction after heat shock stress (Fig. 5-5a and 5-

5b). The deficient Hsp70 synthesis is specific to MRPL18 because knocking down 

other mitochondrial ribosomal proteins did not influence the cytosolic stress response 

at all (Fig. 5-S7a and 7b). These data collectively highlight MRPL18(cyto) as a critical 

mediator of cytosolic stress response.

MRPL18(cyto) promotes ribosome engagement on stress mRNAs

The participation of MRPL18(cyto) in the Hsp70 synthesis suggests that a specialized 

ribosome might be required for mRNA translation under stress conditions. MRPL18 is 

a homolog of cytoplasmic RPL5 based on sequence alignment. Much like RPL5, 

MRPL18 also binds to 5S rRNA and is believed to import the 5S rRNA into 

mitochondria (Smirnov et al., 2011). An in vitro RNA binding assay confirmed that 5S 

rRNA strongly associates with recombinant MRPL18(ATG) but not GFP (Fig. 5-S7d 

and 7e). 
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Figure 5-S6. (a) HeLa cells were transfected with siRNA SMARTpool targeting MRPL18 or 
control for 72 h before heat shock treatment (43°C, 1 h). Cells before heat shock and 3 h after 
heat shock were collected followed by immunoblotting using antibodies indicated. The bottom 
panel showed the relative levels of Hsp70 and Hsp40 normalized to β-actin. Error bars, s.e.m. 
(n = 3 cell cultures, * p < 0.05 by two-tailed Student’s test). (b) HeLa cells were infected with 
lentiviruses expressing shRNA targeting Scramble or MRPL18 followed by stable selection. 
Cells before heat shock and 3 h after heat shock were collected followed by immunoblotting 
using antibodies indicated. The bottom panel showed the relative levels of Hsp70 and Hsp40 
normalized to β-actin. Error bars, s.e.m. (n = 3 cell cultures, * p < 0.01 by two-tailed Student’s 
test). (c) MEF cells were infected with lentiviruses expressing shRNA targeting Scramble or 
MRPL18 followed by stable selection. Cells before heat shock and 3 h after heat shock (42°C, 
1 h) were collected followed by immunoblotting using antibodies indicated. The bottom panel 
showed the relative levels of Hsp70 and Hsp40 normalized to β-actin. Error bars, s.e.m. (n = 3 
cell cultures, * p < 0.01 by two-tailed Student’s test). (d) MEF cells were infected with 
lentiviruses expressing shRNA targeting Scramble or MRPL18 followed by stable selection. 
Cells before heat shock and 3-h after heat shock (42°C, 1 h) were collected followed by 
quantitative RT-PCR for MRPL18 (left panel) and Hsp70 (right panel). . Error bars, s.e.m. (n = 
4 cell cultures).



However, we found little evidence indicating that MRPL18 replaces RPL5 in binding 

to the 80S ribosome (Fig. 5-3). In fact, RPL5 knockdown also reduced Hsp70 

synthesis after heat shock stress (Fig. 5-7c). Notably, MRPL18 does not seem to 

interact with separated 40S or 60S subunits (Fig. 5-S7f). It is thus likely that 

MRPL18(cyto) serves as an extra RP in binding to the 80S ribosome. 5S rRNA forms 

the central protuberance of the large ribosomal subunit (Szymański et al., 2003). This 

region is of particular importance because it nears the place where the ribosomal large 

and small subunits, the decoded mRNA, as well as the peptidyl tRNA all come 

together. We postulate that the presence of an extra RP promotes 80S ribosome 

engagement on mRNAs under stress conditions. To test this hypothesis, we examined 

the distribution of Hsp70 mRNA in the polysome fractions of stressed MEF cells with 

or without MRPL18 knockdown (Fig. 5-6d). With comparable total mRNA levels, the 

Hsp70 transcript showed much less enrichment in the polysomes of MEF cells lacking 

MRPL18. In contrast, β-actin mRNA only exhibited minor reduction in the polysome 

of these cells presumably due to the delayed stress recovery as a result of impaired 

Hsp70 synthesis. Indeed, MEF cells lacking MRPL18 showed less polysome 

formation during stress recovery (Fig. 5-6d).

MRPL18 is essential for induced thermotolerance

Because of the essential role of chaperone molecules in cell survival, we predict that 

cells lacking MRPL18 should have attenuated thermotolerance. Induced 
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thermotolerance allows cells to survive a normally lethal temperature if they are first 

conditioned at a milder temperature. Without preconditioning, MEF cells with or 

without MRPL18 knockdown were equally susceptible to severe heat stress at 45°C 

for 1 h (Fig. 5-7a). Pre-exposure at 43°C for 30 min resulted in a nearly complete 

protection of control MEF cells from severe heat stress. However, the induced 

thermotolerance was no longer observed in MEFs with MRPL18 knockdown. As 

expected, the reduced cell viability in the absence of MRPL18 was largely due to 

increased apoptosis (Fig. 5-7b). In agreement with the suppressed chaperone 

biosynthesis in cells lacking MRPL18, re-introduction of Hsp70 by recombinant 

adenoviruses completely restored the thermotolerance (Fig. 5-7c). Given the broad 

range of chaperone function in cell physiology, it would be of much interest to 

investigate possible protective roles of MRPL18 against cellular stressors beyond heat 

shock.
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Figure 5-7. (a) Thermal tolerance analysis of MEFs lacking MRPL18. MEFs transfected with 
shRNA targeting MRPL18 or control shRNA targeting scrambled sequences were primed with 
mild heat shock (43 °C for 30 min) and allowed to recover at 37 °C for 5 h (pre). Severe heat 
shock (45 °C for 1 h; lethal) was then applied before the cell viability assay. Error bars, s.e.m. 
(n = 4 cell cultures, *P < 0.01 by two-tailed Student's t test). Control, no heat shock. (b) 
Examination of apoptotic markers in MEF cells as in a by immunoblotting with the indicated 
antibodies. (c) Thermal tolerance assays of MEFs after reintroduction of Hsp70. MEFs as 
in awere infected with recombinant adenoviruses (AdV) encoding GFP or Hsp70 before 
thermal tolerance analysis. Error bars, s.e.m. (n = 3 cell cultures, *P < 0.01 by two-tailed 
Student's t test). Control, uninfected cells. (d) A model for MRPL18 in translational control 
during stress conditions. Stress conditions such as heat shock trigger trimerization and 
activation of HSF1 (1), which turns on genes including Mrpl18 andHspa1a. In nonstressed 
cells, MRPL18 translation is initiated from the annotated AUG, generating MRPL18 
containing a mitochondria localization signal (blue). In stressed cells, MRPL18 undergoes 
alternative translation from the downstream CUG start codon, which results in a cytoplasmic 
isoform of MRPL18 (red) (2). MRPL18(cyto) incorporates into the 80S ribosome complex, 
facilitating the engagement of mRNAs highly expressed under stress, such as Hspa1a (green) 
(3). The efficient synthesis of heat-shock proteins contributes to stress recovery.
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Figure 5-S7. (a-b) HeLa cells were transfected with siRNA targeting MRPS18B, MRPL38, or 
control. Knockdown efficiency (a) and heat shock-induced Hsp70 synthesis (b) were 
examined by immunoblotting. (c) HeLa cells were transfected with siRNA targeting RPL5 or 
control. Whole cell lysates were collected before and after heat shock followed by 
immunoblotting. * non-specific band. (d) In vitro synthesized 5S rRNA was biotinylated 
followed by incubation with recombinant GFP or MRPL18(ATG) proteins with varied 
amounts (0, 0.1, 0.3, and 0.9 μg). After washing, the proteins bound to 5S rRNA was eluted 
and resolved in SDS-PAGE followed by immunoblotting using antibodies indicated. (e) In 
vitro synthesized 5S rRNA was incubated with increasing amount of BSA or MRPL18(ATG) 
(0.1, 0.3, and 0.9 μg) followed by electrophoretic mobility shifting assay. 5.8S rRNA was 
included as a negative control.



Discussion

Cells in nearly all living organisms respond to heat shock stress by marked 

transcriptional alterations and rapid translational re-programming (Richter et al., 

2010). Despite severe inhibition of the translation machinery under stress conditions, 

efficient synthesis of stress proteins persists in a mechanism that was not completely 

understood. Here, we uncovered a molecular mechanism underlying the active 

translation of mRNAs highly expressed during stress. We show that heat shock stress 

triggers a previously unrecognized alternative translation of MRPL18, generating a 

cytoplasmic isoform of the mitochondrial ribosomal protein. Remarkably, the 

cytoplasmic version of MRPL18 incorporates into the 80S ribosome complex in a 

stress-dependent manner. The stress-induced formation of specialized ribosomes, 

together with the cap-independent translation initiation mechanism, ensures efficient 

translation of mRNAs under non-favorable conditions (Fig. 5-7d). Our results thus 

provide a new paradigm for translational regulation under stress conditions, which 

involves ribosome specialization after an initial alternative translation event.

A growing body of evidence suggests that ribosome heterogeneity prevails 

across species, under different developmental stages, and in varied tissues (Gilbert, 

2011; Xue and Barna, 2012). Variation in ribosome composition, in both rRNA and 

RPs, provides a regulatory mechanism to the translation machinery. A clear example is 

illustrated in E. coli, in which a stress-induced endonuclease MazF cleaves the 16S 

rRNA and removes the anti-Shine-Dalgarno sequence (Vesper, 2011). The resultant 

“stress ribosome” selectively translates the leaderless mRNAs, a group of transcripts 
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also generated by MazF. In eukaryotes, certain RPs have been found to control 

transcript selectivity during translation. For example, RPL38 is required for translation 

of homeobox mRNAs (Kondrashov et al., 2011), whereas RPL40 appears to control 

translation of vesicular stomatitis virus mRNAs (Lee et al., 2013). In this report, we 

discovered in mammalian cells an unusual mechanism that bestows the escape of HSP 

mRNA translation from the shutoff of global protein synthesis. Instead of altering the 

rRNA structure, the mammalian “stress ribosome” employs an extra RP that originally 

functions in mitochondria. MRPL18(cyto) incorporation may alter the ribosome 

conformation and/or stabilize the ribosome engagement on mRNAs that are highly 

expressed under stress conditions. Alternatively, the presence of MRPL18(cyto) may 

recruit additional factors facilitating initiation and elongation. In any means, stress-

induced ribosome heterogeneity permits translational re-programming without re-

building the entire translational machinery.

Another interesting phenomenon revealed by our data is the functional 

connection between mitochondrial and cytoplasmic ribosomes. The 55S mitochondrial 

ribosome differs substantially from the 80S ribosome in eukaryotic cytoplasm and the 

70S ribosome in prokaryotes. In mammalian cells, the mitochondrial ribosome 

complex contains higher protein content than rRNA components (Christian and 

Spremulli, 2012; O’Brien, 2003). Although many MRPs are distinctive and evolving 

rapidly, MRPL18 has a close homolog in E. coli. Unlike many other RPs, MRPL18 

has apparently evolved to become a stress-inducible gene in mammals. The possession 

of an alternative translation feature further renders MRPL18 a critical regulator of 
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stress response. We conclude that MRPL18 actively participates in stress adaptation by 

potentiating the cellular translation machinery to achieve a robust cytosolic stress 

response.

Materials & Methods

Cell lines and reagents

HeLa cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 

10% fetal bovine serum (FBS). HSF1+/+ and HSF1−/− MEFs were kindly provided by I. 

J. Benjamin (University of Utah). Cycloheximide (CHX), poly-U and puromycin were 

purchased from Sigma. MitoTracker, Mitochondria-GFP Alexa Fluor 488 or 546 

labeled secondary antibodies [donkey anti-mouse IgG (H+L)] and Hoechst were 

purchased from Invitrogen. Anti-MRPL18 (HPA028774), anti-MRPL38 

(HPA023054), anti-RPS20 (HPA003570), anti-RPL5 (HPA043717), anti-myc (C3956) 

and β-actin (A5441) monoclonal antibody was purchased from Sigma; anti-MRPS18B 

(16139-1-AP) and anti-RPL4 (11302-1-AP) was from Proteintech; anti-Hsp70 

(SPA810) was from Enzo Life Sciences; anti-RPS6 (#2217), anti-HSP60 (#4870), 

anti-Caspase 3 (#9662)and cleaved Caspase 3 (#9661) antibody were from Cell 

Signaling. Dual luciferase kit was purchased from Promega. siRNA SMARTpools 

targeting human MRPL18 and control were purchased from Dharmacon. siRNA 

targeting human Lyn, MRPL38 and MRPS18B were purchase from Santa Cruz 

Biotechnology. Plasmids and siRNA transfections were performed using 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s instruction.
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Plasmids

MRPL18 cDNA was cloned from total RNAs extracted from HeLa cells by RT-PCR. 

The amplified MRPL18 cDNA contains both the 5’UTR and the coding sequence and 

was inserted into pcDNA3.1/myc-his (Invitrogen). For MRPL18 mutants, mutagenesis 

was performed using the QuikChange II site-directed mutagenesis kit following the 

manufacturer’s instruction (Stratagene). For MRPL18-Fluc constructs, an EcoRI site 

downstream of the CTG codon was used to replace the MRPL18 with firefly luciferase 

(Fluc) derived from pGL3 (Promega). For MRPL18-DD constructs, the FKBP 

destabilized domain (DD) was amplified from pBMN and subcloned into pcDNA3.1/ 

MRPL18. All plasmids were confirmed by DNA sequencing.

Lentiviral shRNAs

All shRNA targeting sequences were cloned into DECIPHER™ pRSI9-U6-(sh)-UbiC-

TagRFP-2A-Puro (CELLECTA). shRNA targeting sequences were based on RNAi 

consortium at Broad Institute (http://www.broad.mit.edu/rnai/trc). MRPL18(human): 

5′ CTCAGAGAATCTATGAATAAA 3′; MRPL18(mouse): 5′ 

CCAAAGGAAAGCATC TGCATT 3′; control sequence: 5′ 

AACAGTCGCGTTTGCGACTGG 3′. Lentiviral particles were packaged using Lenti-

X 293T cells (Clontech). Virus-containing supernatants were collected at 48-h after 

transfection and filtered to eliminate cells, and target cells were infected in the 

presence of 8 µg ml−1 polybrene. 24-h later, cells were selected with 5 μg ml−1 

puromycin.
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Immunoprecipitation

Cells were washed twice with PBS and lysed in ice-cold lysis buffer [20 mM HEPES 

(pH 7.4), 150 mM NaCl, 5 mM MgCl2, 0.5 mM DTT, 1X EDTA-free complete 

protease inhibitor (Roche), 100 µg ml−1 CHX, 20 µg ml−1 Poly-U] supplemented with 

1% NP-40. Cell lysates were incubated on ice for 1-h and then treated with 2 ul RNase 

I (Ambion) for another 1-h at 4°C. Lysates were spun at 20,000 × g for 10 min at 4°C 

and supernatants were collected followed by incubation with anti-myc agarose beads 

(Sigma) at 4 ºC for overnight. Immunoprecipitates were washed 4 times with gradient 

buffer [10 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM MgCl2) containing 1% NP-40. 

The washed beads were resuspended in 1x SDS sample buffer [100 mM Tris (pH 6.8), 

2% SDS, 15% glycerol, 5% β-mercaptoethanol, 0.1% bromophenol blue), boiled for 

10 min, and analyzed by immunoblotting.

Immunoblotting

Cells were lysed on ice in TBS buffer [50 mM Tris (pH7.5), 150 mM NaCl, 1 mM 

EDTA) containing protease inhibitor cocktail tablet, 1% Triton X-100, and 2 U ml−1 

DNase. After incubating on ice for 30 min, the lysates were heated for 10 min in 

SDS/PAGE sample buffer [50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 

0.1% bromophenol blue, 10% glycerol). Proteins were resolved on SDS-PAGE and 

transferred to Immobilon-P membranes (Millipore). For Phos-tag SDS-PAGE, 50 μM 

Phos-tag Acrylamide (WAKO) and 50 μM MnCl2 (Sigma) were added to 12% 

acrylamide gel, and performed electrophoresis in a manner identical to standard SDS-

PAGE. After electrophoresis, Mn2+ was removed from phos-tag gel by incubation with 

1x Transfer buffer containing 1 mM EDTA for 10 min. EDTA was then removed by 
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incubation with 1x Transfer buffer for another 10 min before the transfer. Membranes 

were blocked for 1-h in TBS containing 5% BSA, followed by incubation with 

primary antibodies. After incubation with horseradish peroxidase-coupled secondary 

antibodies, immunoblots were developed using enhanced chemiluminescence (ECLPlus, 

GE Healthcare).

In vitro RNA synthesis and binding assay

Full-length human 5S and 5.8S rRNA were amplified by using a forward primer 

carrying a T7 polymerase target sequence (underlined) and a reverse primer:

5S rRNA forward: 5′- TAATACGACTCACTATAGGGGTCTACGGCCATACCACC 

CTG -3′; 5S rRNA reverse: 5′- AAAGCCTACAGCACCCGGTAT -3′; 5.8S rRNA 

forward: 5′- TAATACGACTCACTATAGGG GACTCTTAGCGGTGGATC -3′; 5.8S 

rRNA reverse: 5′- AAGCGACGCTCAGACAGGC -3′.

Purified PCR product was used as template for in vitro transcription. In vitro 

transcription was carried out using MEGAshortscript kit (Ambion) according to the 

manufacturer’s instruction. The coding sequence of MRPL18 without mitochondrial 

target sequence (MRPL18 (ATG)) was subcloned into pET-30a vector. E. coli strain 

BL21(DE3) was used as the host for protein expression and proteins were purified by 

Ni-NTA agarose (Qiagen). Binding of MRPL18 (ATG) to 5 S rRNAs was measured 

by a shift in the mobility of the RNA in 1.8% Agarose gels run at room temperature at 

100 V. Binding reactions were performed in buffer containing 20 mM HEPES, pH 8.0; 

30 mM NH4Cl; 100 mM KCl; 0.5 mM MgCl2; 1 mM DTT; 4% glycerol; 0.1% 
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Nonidet P-40; acetylated bovine serum albumin (0.05 mg/ml); ribonuclease inhibitor 

(0.2 unit/ml of RNase OUT). Protein and RNA at the indicated concentrations were 

mixed gently and incubated at room temperature for 30min. After addition of Hi-

Density TBE Sample Buffer (Invitrogen), the reactions were loaded onto a 1.8% 

Agarose gel and electrophoresed in TAE buffer (40mM Tris acetate, 1mM EDTA) at 

100 V for 30min. Following electrophoresis, the RNA was visualized by ethidium 

bromide staining.

Polysome profiling analysis

Polysome buffer [10 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl2, 100 µg ml−1 

cycloheximide and 2% Triton X-100] was used to prepare sucrose solutions. Sucrose 

density gradients (15%- 45% w/v) were freshly made in SW41 ultracentrifuge tubes 

(Beckman) using a Gradient Master (BioComp Instruments) according to 

manufacturer’s instructions. Cells were pre-treated with 100 µg ml−1 cycloheximide 

for 3 min at 37°C to stabilize ribosomes on mRNAs followed by washing using ice-

cold PBS containing 100 µg ml−1 cycloheximide. Cells were then lysed by scraping 

extensively in polysome lysis buffer. Cell debris were removed by centrifugation 

at14,000 rpm for 10 min at 4°C. 600 µl of supernatant was loaded onto sucrose 

gradients followed by centrifugation for 100 min at 38,000 rpm 4°C in a SW41 rotor. 

Separated samples were fractionated at 0.750 ml/min through an automated 

fractionation system (Isco) that continually monitors OD254 values. Fractions were 

collected with 0.5 min interval. An aliquot of ribosome fraction were used to extract 

total RNA using Trizol LS reagent (Invitrogen) for real-time PCR analysis or were 

heated at 98 °C for 10 min in SDS sample buffer [50 mM Tris-HCl (pH6.8), 100 mM 
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dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) for western blot 

analysis.

For polysome concentration, fractions corresponding to more than 2 ribosomes 

were pooled and diluted 1:1 with gradient buffer. Polysomes were pelleted by 

centrifugation for 2 hours 4°C at 300,000 × g in polycarbonate centrifuge tubes 

(Beckman 349622) in a TLA110 rotor (Beckman) using a tabletop ultracentrifuge 

(Optima MAX, Beckman). Polysome pellet was re-suspended in 1x SDS sample 

buffer for western blot analysis.

Ribosome sucrose cushion

Ribosome sucrose cushion were conducted using a previously described protocol with 

minor modifications (Mazumder, 2003). In brief, Hela cells were collected in lysis 

buffer [20 mM Tris (pH 7.4), 10 mM MgCl2, 300 mM KCl, 10 mM dithiothreitol, 100 

units/ ml RNase OUT, 20 µg ml−1 Poly-U and 100 µg ml−1 cycloheximide]. Cell 

lysates were incubated on ice for 1-h and then centrifuged at 12,500 × g for 10 min to 

remove mitochondria and debris. The supernatant was layered over 1 ml of 1M 

sucrose cushion followed by centrifugation at 60,000 rpm for 2-h in a Beckman TLA-

110 rotor. The ribosome-containing pellet was rinsed twice with 200 µl ice cold water 

and re-suspended in 1x SDS sample buffer for western blot analysis.

RNA isolation and PCR

Total cellular RNA was extracted using the TRIzol reagent (Invitrogen) according to 

the manufacturer’s instruction. Contaminating DNA was digested by pre-treatment 
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with RNase-free DNase (Ambion). Single strand cDNA synthesis was carried out 

using the high-capacity cDNA reverse transcription kit (Applied Biosystems) followed 

by standard PCR reactions. Real-time PCR reactions were performed using Power 

SYBR Green Mater Mix (Applied Biosystems) using a LightCycler® 480 Real-time 

PCR System (Roche). Gene expression was normalized to β-actin cDNA levels and 

calculated as a relative gene expression using 2−ΔΔCt method.

Oligonucleotide primers are as follows: Human MRPL18: forward 5’-CATCAG 

AATGGCAAGGTTGTG-3’ and reverse 5’-AAGTTGATTCCCGCCTCTAAG-3’; 

Mouse MRPL18: forward 5’-AGCAAAGGAAGATAGGGCAC-3’ and reverse 5’-

ACA GACATTTCCAGAACCGC-3’; Human HSPA1A: forward 5’-

TGTGTAACCCCATCA TCAGC-3’ and reverse 5’-TCTTGGAAAGGCCCCTAATC-

3’; Mouse HSPA1A: forward 5’-TGGTGCAGTCCGACATGAAG-3’ and reverse 5’-

GCTGAGAGTCGTTG AAGTAGGC-3’; Human β-actin: forward 5’-

AGCCTCGCCTTTGCCGA-3’ and reverse 5’-GCGCGGCGATATCATCATC-3’; 

Mouse β-actin: forward 5’-TTGCTGACAGGA TGCAGAAG-3’ and reverse 5’-

ACTCCTGCTTGCTGATCCACAT-3’. Quantitation of target genes of each fraction 

was normalized using the reference Firefly luciferase. Primers used are forward 5’-

ATCCGGAAGCGACCAACGCC-3’ and reverse 5’-GTCG 

GGAAGACCTGCCACGC-3’.

[  35  S] metabolic labeling

Cells were washed with DPBS (pH 7.0, Invitrogen) prior to incubation in methionine-

free DMEM (Invitrogen) for 15 min at 37°C. After quick centrifugation, cells were re-
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suspended in labeling media [methionine-free DMEM supplemented with 10% FBS 

and 10 µCi ml−1 [35S] mix (Perkin Elmer)]. At the indicated time points, aliquots were 

transferred to ice-cold stop buffer (DMEM supplemented with 1 mg ml−1 L-

methionine, 1 mg ml−1 L-cystine and 100 µg ml−1 cycloheximide). Cells were 

centrifuged at 12,500 rpm for 5 min and the cell pellets were washed with ice-cold 

DPBS supplemented with 1 mg ml−1 of L-methionine and L-cystine with 100 µg ml−1 

cycloheximide. The washed cell pellets were lysed in ice-cold lysis buffer [10 mM 

HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl2, 100 µg ml−1 cycloheximide and 2% 

Triton X-100] for 30 min followed by centrifugation at 12,500 rpm 4°C for 10 min. 

The supernatant was collected and precipitated with 10% Trichloroacetic acid (Sigma). 

The mixture was heated for 10 min at 90°C followed by 10 min incubation on ice. The 

precipitates were collected on GF/C filter membranes (Whatman) followed by 

washing with 10% TCA and 100% ethanol, respectively. The dried membrane was 

measured for [35S] incorporation using scintillation counting (Beckman Coulter).

For mitochondria translation, cells were pretreated with 100 µg ml−1 cycloheximide for 

5 min prior to a 1-h metabolic labeling in labeling media supplemented with 100 µg 

ml−1 cycloheximide in the absence or presence of 100 µg ml−1 chloramphenicol. Whole 

cell lysates were separated on a 12% SDS-PAGE gel followed by autoradiography.

Luciferase assay

Real time measurements of Fluc activity were recorded at 37°C with 5% CO2 using 

KronosDio Luminometer (Atto) as previously described11. In brief, cells were plated 

on 35-mm dishes and transfected with plasmids encoding Fluc. 12 hours after 

transfection, cells were subjected to heat shock (43°C, 1-h), 1 mM luciferase substrate 
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D-luciferin (Regis Tech) was added into the culture medium. For Hsp70-Fluc 

experiments, cells were subjected to heat shock 1-h after transfection, followed by the 

addition of 1 mM luciferase substrate D-luciferin.

Immunofluorescence staining

Cells grown on glass coverslips were fixed in 4% paraformaldehyde and 

permeabilized by 0.2% Triton X-100. After blocking in 2% BSA in PBS, fixed cells 

were incubated with the primary antibody at 4°C overnight followed by 1-h incubation 

at room temperature with Alexa Fluor-labeled secondary antibodies. Cells were then 

washed with PBS and incubated for 5 min in PBS supplemented with Hoechst to 

counter-stain the nuclei. After final wash with PBS, cover slips were mounted onto 

slides and viewed using a confocal microscope (Zeiss LSM710).

Cell viability assay

MEF cells infected with lentiviruses expressing shRNA targeting MRPL18 or 

Scramble control were selected for stable cell lines. To induce heat shock response, 

cells were incubated at 43°C water bath for 30 minutes and allowed to recover at 37°C 

for 5 hours (Pre-HS). Lethal heat stress (45 °C for 1 hour) was subsequently applied 

followed by incubation at 37 °C for 24 hours. Cells were then used for viability assay 

using Cell Counting Kit-8 (Dojindo Molecular Technologies) or collected for Western 

Blot analysis. For rescue assay, 24 hours before lethal heat stress, cells were infected 

with recombinant adenoviruses encoding GFP or Hsp70 at ~ 10 MOI followed by 

viability assay.
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APPENDIX I

The tables provided herein are referenced in Chapter 3 of this dissertation. All values 
expressed are in molar percentage.

Table AI-1. Phosphoproteins with at least two-fold greater molar percentage after amino acid 
starvation in the GCN2 WT MEFs. Highlighted cells are translation-related phosphoproteins.

Protein Name Con AA Ratio
3-phosphoglycerate dehydrogenase [Mus musculus] 0.000369 0.00162 4.386193
5-aminoimidazole-4-carboxamide ribonucleotide 
formyltransferase/IMP cyclohydrolase [Mus musculus]

0.000492 0.001595 3.239031

alanyl-tRNA synthetase [Mus musculus] 9.23E-05 0.000399 4.319328
annexin A6 [Mus musculus] 0.000123 0.001645 13.36105
ATPase, H+ transporting, lysosomal V1 subunit A [Mus 
musculus]

0.000154 0.000523 3.400972

calpain 2 [Mus musculus] 0.000123 0.000673 5.465885
capping protein (actin filament) muscle Z-line, alpha 1 [Mus 
musculus]

0.000308 0.000822 2.672202

chaperonin subunit 2 (beta) [Mus musculus] 0.000985 0.002093 2.125614
chaperonin subunit 3 (gamma) [Mus musculus] 0.000523 0.002691 5.144343
chaperonin subunit 5 (epsilon) [Mus musculus] 0.000954 0.002766 2.899454
chaperonin subunit 7 (eta) [Mus musculus] 0.000523 0.001321 2.524539
chaperonin subunit 8 (theta) [Mus musculus] 0.000523 0.002492 4.763281
clathrin, heavy polypeptide (Hc) [Mus musculus] 0.000431 0.000872 2.024392
cold shock domain containing E1, RNA binding [Mus 
musculus]

0.000215 0.000723 3.354706

cytidine 5~-triphosphate synthase [Mus musculus] 0.000308 0.000997 3.239033
cytosolic phospholipase A2, group IVA [Mus musculus] 0.000123 0.000299 2.429284
DEAD (Asp-Glu-Ala-Asp) box polypeptide 39 [Mus 
musculus]

0.000215 0.000523 2.42927

dihydropyrimidinase-like 2 [Mus musculus] 0.000338 0.002118 6.257225
dihydropyrimidinase-like 3 [Mus musculus] 0.000338 0.000723 2.134817
dynein, cytoplasmic, heavy chain 1 [Mus musculus] 3.08E-05 9.97E-05 3.237013
epsilon subunit of coatomer protein complex [Mus musculus] 0.000615 0.001819 2.955617
eukaryotic translation initiation factor 2, subunit 1 alpha [Mus 
musculus]

0.000277 0.00137 4.94852

eukaryotic translation initiation factor 3, subunit 2 (beta) [Mus 
musculus]

0.000585 0.001694 2.898081

FK506 binding protein 4 [Mus musculus] 0.0004 0.000897 2.242402
glutamate dehydrogenase 1 [Mus musculus] 0.000154 0.000573 3.724873
guanine nucleotide-binding protein, beta-1 subunit [Mus 
musculus]

0.000277 0.00162 5.848252
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Protein Name Con AA Ratio
guanine nucleotide-binding protein, beta-2 subunit [Mus 
musculus]

0.000554 0.001296 2.339301

guanosine diphosphate (GDP) dissociation inhibitor 2 [Mus 
musculus]

0.001139 0.002467 2.166648

heat shock protein 9 [Mus musculus] 0.000739 0.001894 2.564232
hexokinase 1 [Mus musculus] 9.23E-05 0.000224 2.429621
histone deacetylase 2 [Mus musculus] 0.000185 0.000473 2.56423
huntingtin interacting protein 2 [Mus musculus] 0.000462 0.001296 2.807159
inosine 5~-phosphate dehydrogenase 2 [Mus musculus] 0.000185 0.000648 3.508945
inter-alpha trypsin inhibitor, heavy chain 2 [Mus musculus] 9.23E-05 0.000249 2.699588
IQ motif containing GTPase activating protein 1 [Mus 
musculus]

6.15E-05 0.000274 4.456732

lactate dehydrogenase A [Mus musculus] 0.000892 0.002467 2.764344
malate dehydrogenase 1, NAD (soluble) [Mus musculus] 0.000277 0.000748 2.699195
nuclear autoantigenic sperm protein isoform 2 [Mus musculus] 0.000369 0.001022 2.766675
p21-activated kinase 2 [Mus musculus] 0.000185 0.000449 2.429271
peroxiredoxin 4 [Mus musculus] 0.000677 0.001645 2.429272
phosphoglycerate kinase 1 [Mus musculus] 0.000739 0.002218 3.00285
PREDICTED: hypothetical protein [Mus musculus] 6.15E-05 0.001993 32.41255
PREDICTED: SEC31-like 1 [Mus musculus] 6.15E-05 0.000125 2.025789
protein disulfide isomerase-associated 6 [Mus musculus] 0.000215 0.000548 2.544949
protein kinase, cAMP dependent regulatory, type II alpha [Mus 
musculus]

0.000215 0.000573 2.660628

RCC1-like [Mus musculus] 0.000185 0.000449 2.429271
retinoblastoma binding protein 7 [Mus musculus] 0.000431 0.001221 2.834149
ribophorin I [Mus musculus] 0.000308 0.000648 2.105372
ribosomal protein S3 [Mus musculus] 0.000369 0.001495 4.048793
ribosomal protein SA [Mus musculus] 0.000646 0.002392 3.701746
RuvB-like protein 2 [Mus musculus] 0.0004 0.002442 6.104321
S-adenosylhomocysteine hydrolase [Mus musculus] 0.000215 0.000972 4.511504
signal sequence receptor, delta [Mus musculus] 0.000554 0.002267 4.093777
solute carrier family 25 (mitochondrial carrier, phosphate 
carrier), member 3 [Mus musculus]

0.000246 0.000673 2.732931

succinate dehydrogenase Fp subunit [Mus musculus] 0.000123 0.000349 2.834162
thrombospondin 1 [Mus musculus] 6.15E-05 0.000199 3.241252
ubiquitin-activating enzyme E1, Chr X [Mus musculus] 0.000862 0.001794 2.082235
UDP-glucose dehydrogenase [Mus musculus] 0.000185 0.000648 3.508945
valosin containing protein [Mus musculus] 0.000338 0.000947 2.797348
valyl-tRNA synthetase [Mus musculus] 6.15E-05 0.000174 2.836098
voltage-dependent anion channel 1 [Mus musculus] 0.000338 0.001271 3.754336
voltage-dependent anion channel 2 [Mus musculus] 0.000677 0.002442 3.607101
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Table AI-2. Phosphoproteins with at least a two-fold reduction in molar percentage after 
amino acid starvation in the GCN2 WT MEFs. 

Protein Name Con AA Ratio
82-kD FMRP Interacting Protein [Mus musculus] 0.000431 9.97E-05 0.231432
acidic (leucine-rich) nuclear phosphoprotein 32 family, 
member A [Mus musculus]

0.0012 0.000299 0.249156

acidic nuclear phosphoprotein 32 family, member B [Mus 
musculus]

0.000677 0.000274 0.404879

adenylate kinase 2 isoform b [Mus musculus] 0.000831 0.000324 0.389883
AHNAK nucleoprotein isoform 1 [Mus musculus] 0.000215 9.97E-05 0.462864
aldolase 1, A isoform [Mus musculus] 0.001169 0.000424 0.36226
ataxin 2-like [Mus musculus] 0.000277 7.48E-05 0.270095
ATP-binding cassette, sub-family F (GCN20), member 1 [Mus 
musculus]

0.000215 7.48E-05 0.347264

barrier to autointegration factor 1 [Mus musculus] 0.0024 0.000847 0.352971
calcyclin binding protein [Mus musculus] 0.001292 0.000324 0.250639
calpastatin [Mus musculus] 0.0004 9.97E-05 0.249234
cathepsin B preproprotein [Mus musculus] 0.0016 0.000449 0.280301
cDNA sequence BC022641 [Mus musculus] 0.000123 4.98E-05 0.404602
cytoskeleton-associated protein 4 [Mus musculus] 0.000892 0.000399 0.446762
epididymal secretory protein E1 [Mus musculus] 0.002277 0.001096 0.481478
eukaryotic translation initiation factor 4, gamma 1 isoform a 
[Mus musculus]

0.000123 4.98E-05 0.404602

fibronectin 1 [Mus musculus] 0.000123 4.98E-05 0.404602
filamin C, gamma [Mus musculus] 0.001539 0.000523 0.340098
fuse-binding protein-interacting repressor isoform a [Mus 
musculus]

0.000739 0.000274 0.371139

gelsolin [Mus musculus] 0.001077 0.000399 0.370175
glucose-6-phosphate dehydrogenase X-linked [Mus musculus] 0.000338 0.00015 0.441687
glutathione S-transferase, pi 1 [Mus musculus] 0.000923 0.000349 0.377887
heterogeneous nuclear ribonucleoprotein A/B isoform 2 [Mus 
musculus]

0.001539 0.000274 0.178147

heterogeneous nuclear ribonucleoprotein A1 isoform a [Mus 
musculus]

0.001385 0.000249 0.179946

heterogeneous nuclear ribonucleoprotein A2/B1 isoform 2 
[Mus musculus]

0.001046 0.000249 0.238165

hypoxia up-regulated 1 [Mus musculus] 0.000369 7.48E-05 0.202571
interferon-induced protein with tetratricopeptide repeats 1 
[Mus musculus]

0.0004 0.00015 0.373734

keratin complex 1, acidic, gene 10 [Mus musculus] 0.001477 0.000299 0.20244
keratin complex 2, basic, gene 1 [Mus musculus] 0.000646 0.000249 0.385599
keratin Kb40 [Mus musculus] 0.000185 7.48E-05 0.405141
leprecan 1 isoform 2 [Mus musculus] 0.000246 9.97E-05 0.405006
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Protein Name Con AA Ratio
ligase I, DNA, ATP-dependent [Mus musculus] 0.000523 0.000249 0.476329
macrophage migration inhibitory factor [Mus musculus] 0.001877 0.000673 0.358417
MARCKS-like 1 [Mus musculus] 0.001815 0.000897 0.494089
mesoderm induction early response 1 isoform b [Mus 
musculus]

0.000369 0.00015 0.40488

microtubule-associated protein 2 isoform 2 [Mus musculus] 0.000431 0.000174 0.404878
microtubule-associated protein 4 [Mus musculus] 0.001692 0.000772 0.456409
myristoylated alanine rich protein kinase C substrate [Mus 
musculus]

0.002154 0.000922 0.428015

neural precursor cell expressed, developmentally down-
regulated gene 4 [Mus musculus]

0.000308 7.48E-05 0.243085

paxillin isoform alpha [Mus musculus] 0.000338 0.000125 0.368073
phosphatidylinositol 4-kinase, catalytic, beta polypeptide 
[Mus musculus]

0.000215 9.97E-05 0.462864

phosphatidylinositol transfer protein, alpha [Mus musculus] 0.000677 0.000249 0.368072
prosaposin [Mus musculus] 0.000338 0.000125 0.368073
protein disulfide isomerase associated 3 [Mus musculus] 0.000769 0.00015 0.194342
protein phosphatase 1, regulatory (inhibitor) subunit 2 [Mus 
musculus]

0.001539 0.000374 0.242927

protein tyrosine phosphatase, non-receptor type 12 [Mus 
musculus]

0.000492 9.97E-05 0.202503

pyrophosphatase [Mus musculus] 0.001446 0.000523 0.361806
pyruvate dehydrogenase E1 alpha 1 [Mus musculus] 0.000739 0.000199 0.269919
ribosomal protein L3 [Mus musculus] 0.000462 0.000174 0.377887
ribosomal protein S15a [Mus musculus] 0.001569 0.000573 0.365185
ribosome binding protein 1 isoform a [Mus musculus] 0.000123 4.98E-05 0.404602
S100 calcium binding protein A6 (calcyclin) [Mus musculus] 0.002462 0.000847 0.344147
SAM domain- and HD domain-containing protein 1 [Mus 
musculus]

0.000277 9.97E-05 0.360006

SET translocation [Mus musculus] 0.001015 0.000249 0.245382
signal recognition particle 72 [Mus musculus] 0.000277 9.97E-05 0.360006
small acidic protein [Mus musculus] 0.001815 0.000897 0.494089
stathmin 1 [Mus musculus] 0.001323 0.000498 0.376632
suppression of tumorigenicity 13 [Mus musculus] 0.001415 0.000648 0.457689
thymopoietin isoform alpha [Mus musculus] 0.000277 9.97E-05 0.360006
transferrin [Mus musculus] 0.0004 9.97E-05 0.249234
transformation related protein 53 [Mus musculus] 0.001354 0.000399 0.294457
twinfilin 1 [Mus musculus] 0.000523 0.000199 0.381062
U2 small nuclear ribonucleoprotein auxiliary factor (U2AF) 2 
[Mus musculus]

0.000615 0.000249 0.40488

v-crk sarcoma virus CT10 oncogene homolog [Mus musculus] 0.000646 0.000249 0.385599
vinculin [Mus musculus] 0.000862 0.000224 0.260279
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Protein Name Con AA Ratio
zinc finger protein 289 [Mus musculus] 0.000369 0.00015 0.40488
zyxin [Mus musculus] 0.000708 0.000125 0.176035
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Table AI-3. Phosphoproteins with at least two-fold greater molar percentage after amino acid 
starvation in the GCN2 KO MEFs. 

Protein Name Con AA Ratio
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 [Mus 
musculus]

9.45E-05 0.000258 2.730762

acid alpha-glucosidase [Mus musculus] 4.72E-05 0.000129 2.733665
actin related protein 2/3 complex, subunit 1B [Mus 
musculus]

0.000126 0.000502 3.984421

adenine phosphoribosyl transferase [Mus musculus] 0.000268 0.001247 4.66078
ADP-ribosylation factor 1 [Mus musculus] 0.000252 0.001606 6.375096
ADP-ribosylation factor 4 [Mus musculus] 0.000252 0.000832 3.301387
aldehyde dehydrogenase 2, mitochondrial [Mus musculus] 0.000189 0.000573 3.035754
aminopeptidase puromycin sensitive [Mus musculus] 4.72E-05 0.000143 3.037394
archain 1 [Mus musculus] 0.000189 0.000573 3.035754
ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 
[Mus musculus]

0.000189 0.000487 2.580391

ATP-binding cassette, sub-family F (GCN20), member 1 
[Mus musculus]

4.72E-05 0.000201 4.252352

B-cell receptor-associated protein 37 [Mus musculus] 0.000157 0.000659 4.189349
bleomycin hydrolase [Mus musculus] 9.45E-05 0.000287 3.03418
budding uninhibited by benzimidazoles 3 homolog [Mus 
musculus]

0.000299 0.00076 2.540447

calcyclin binding protein [Mus musculus] 0.000205 0.000602 2.942344
calpastatin [Mus musculus] 6.30E-05 0.000186 2.958333
COP9 signalosome subunit 5 [Mus musculus] 0.000283 0.000573 2.023836
cortactin [Mus musculus] 7.87E-05 0.000158 2.003837
dihydrolipoamide dehydrogenase [Mus musculus] 0.000189 0.000487 2.580391
dipeptidyl peptidase III [Mus musculus] 6.30E-05 0.000172 2.730762
ErbB3-binding protein 1 [Mus musculus] 0.00011 0.000229 2.081657
eukaryotic translation initiation factor 3, subunit 8 [Mus 
musculus]

4.72E-05 0.000229 4.859831

FK506 binding protein 9 [Mus musculus] 7.87E-05 0.000229 2.914663
G1 to S phase transition 1 [Mus musculus] 7.87E-05 0.000229 2.914663
glutamyl-prolyl-tRNA synthetase [Mus musculus] 0.000126 0.000258 2.049129
heterogeneous nuclear ribonucleoprotein A2/B1 isoform 2 
[Mus musculus]

0.000157 0.000688 4.371495

heterogeneous nuclear ribonucleoprotein F [Mus musculus] 0.000236 0.000889 3.764327
heterogeneous nuclear ribonucleoprotein K [Mus musculus] 0.000582 0.001405 2.412195
histone deacetylase 1 [Mus musculus] 9.45E-05 0.000272 2.882476
huntingtin interacting protein 2 [Mus musculus] 0.000504 0.001061 2.106053
insulin-like growth factor 2 receptor [Mus musculus] 3.15E-05 7.17E-05 2.27619
IQ motif containing GTPase activating protein 1 [Mus 
musculus]

0.000236 0.000487 2.064308
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Protein Name Con AA Ratio
isoleucyl-tRNA synthetase [Mus musculus] 3.15E-05 7.17E-05 2.27619
kinesin family member 4 [Mus musculus] 3.15E-05 0.0001 3.185905
lectin, mannose-binding, 1 [Mus musculus] 9.45E-05 0.000258 2.730762
lysosomal membrane glycoprotein 2 isoform 2 [Mus 
musculus]

0.00011 0.000588 5.33425

minichromosome maintenance complex component 6 [Mus 
musculus]

0.000173 0.000387 2.235424

mitogen activated protein kinase 1 [Mus musculus] 0.000409 0.000832 2.031618
myosin IC isoform b [Mus musculus] 4.72E-05 0.000115 2.429915
myosin, heavy polypeptide 9, non-muscle isoform 1 [Mus 
musculus]

0.000378 0.000961 2.542445

NADH dehydrogenase (ubiquinone) Fe-S protein 1 [Mus 
musculus]

6.30E-05 0.000186 2.958333

nestin [Mus musculus] 3.15E-05 7.17E-05 2.27619
nodal modulator 1 [Mus musculus] 3.15E-05 7.17E-05 2.27619
peptidylprolyl isomerase C [Mus musculus] 0.000236 0.001047 4.432194
peroxiredoxin 3 [Mus musculus] 0.000189 0.000573 3.035754
phosphatidylinositol transfer protein, alpha [Mus musculus] 0.000157 0.000487 3.096476
phosphatidylinositol transfer protein, beta [Mus musculus] 0.000157 0.000315 2.003602
phosphoribosyl pyrophosphate synthetase 1 [Mus musculus] 0.000315 0.000817 2.595569
PREDICTED: la related protein [Mus musculus] 3.15E-05 0.0001 3.185905
PREDICTED: myoferlin isoform 1 [Mus musculus] 1.57E-05 0.000129 8.218408
proteasome (prosome, macropain) 26S subunit, ATPase 2 
[Mus musculus]

9.45E-05 0.000287 3.03418

proteasome (prosome, macropain) subunit, beta type 2 [Mus 
musculus]

0.000488 0.001032 2.115234

protein disulfide isomerase associated 3 [Mus musculus] 0.000283 0.000688 2.428603
prothymosin alpha [Mus musculus] 0.000441 0.001577 3.577858
PTK7 protein tyrosine kinase 7 [Mus musculus] 4.72E-05 0.000158 3.341144
purine-nucleoside phosphorylase [Mus musculus] 0.000157 0.000487 3.096476
RAB5C, member RAS oncogene family [Mus musculus] 0.00022 0.000702 3.187539
related RAS viral (r-ras) oncogene homolog 2 [Mus 
musculus]

0.000472 0.001004 2.125028

ribosomal protein S15a [Mus musculus] 0.000362 0.000731 2.019439
ribosomal protein S2 [Mus musculus] 0.000173 0.000502 2.897771
Rous sarcoma oncogene isoform 2 [Mus musculus] 7.87E-05 0.000158 2.003837
SUMO1 activating enzyme subunit 1 [Mus musculus] 0.000126 0.000258 2.049129
taxilin alpha [Mus musculus] 7.87E-05 0.000244 3.096836
thymoma viral proto-oncogene 1 [Mus musculus] 0.000189 0.000473 2.5045
transformation related protein 53 [Mus musculus] 0.000378 0.000946 2.504497
transmembrane 9 superfamily protein member 4 [Mus 
musculus]

6.30E-05 0.000129 2.048079

204



Protein Name Con AA Ratio
tripeptidyl peptidase II [Mus musculus] 7.87E-05 0.000172 2.185997
viral oncogene yes homolog [Mus musculus] 7.87E-05 0.000158 2.003837
v-ral simian leukemia viral oncogene homolog B (ras related) 
[Mus musculus]

0.00022 0.000444 2.016607
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Table AI-4. Phosphoproteins with at least a two-fold reduction in molar percentage after 
amino acid starvation in the GCN2 KO MEFs. 

Protein Name Con AA Ratio
acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-
oxoacyl-Coenzyme A thiolase) [Mus musculus]

0.000252 0.000115 0.455364

albumin [Mus musculus] 0.000157 7.17E-05 0.455364
calpain, small subunit 1 [Mus musculus] 0.000394 0.000172 0.437148
cDNA sequence BC022641 [Mus musculus] 6.30E-05 2.87E-05 0.455363
coronin, actin binding protein 1B [Mus musculus] 0.000189 8.60E-05 0.455363
erythrocyte protein band 4.1-like 2 [Mus musculus] 9.45E-05 4.30E-05 0.455363
eukaryotic translation initiation factor 3, subunit 4 (delta) [Mus 
musculus]

0.000299 0.000129 0.431398

eukaryotic translation initiation factor 4E binding protein 1 
[Mus musculus]

0.000992 0.000401 0.404767

filamin binding LIM protein 1 [Mus musculus] 0.000252 0.000115 0.455364
FK506 binding protein 1a [Mus musculus] 0.001039 0.000416 0.400168
hepatoma-derived growth factor [Mus musculus] 0.000425 0.000186 0.438498
HLA-B-associated transcript 1A [Mus musculus] 0.000331 0.0001 0.303576
hypothetical protein LOC70470 [Mus musculus] 0.000299 0.000129 0.431398
leucine-rich PPR motif-containing protein [Mus musculus] 6.30E-05 2.87E-05 0.455363
mannosidase 2, alpha 1 [Mus musculus] 0.000157 7.17E-05 0.455364
MARCKS-like 1 [Mus musculus] 0.001826 0.000516 0.282639
myeloid-associated differentiation marker [Mus musculus] 0.000299 0.000129 0.431398
nascent polypeptide-associated complex alpha polypeptide 
[Mus musculus]

0.001495 0.000702 0.469743

N-ethylmaleimide sensitive fusion protein attachment protein 
alpha [Mus musculus]

0.000519 0.000143 0.275977

nuclease sensitive element binding protein 1 [Mus musculus] 0.000677 0.000272 0.402415
nucleophosmin 1 [Mus musculus] 0.00074 0.000301 0.406921
PDGFA associated protein 1 [Mus musculus] 0.005541 0.002107 0.380332
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3 [Mus 
musculus]

0.000126 5.73E-05 0.455362

protein arginine N-methyltransferase 3 [Mus musculus] 0.000173 7.17E-05 0.413967
protein kinase, cAMP dependent regulatory, type I, alpha [Mus 
musculus]

0.000866 0.000229 0.264938

RAB23, member RAS oncogene family [Mus musculus] 0.000409 0.000172 0.420335
signal sequence receptor, delta [Mus musculus] 0.001952 0.000545 0.279094
small acidic protein [Mus musculus] 0.001354 0.000516 0.381234
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Table AI-5. Phosphoprotein molar percentages identified in the GCN2 WT MEFs under 
control conditions. Highlighted cells are translation-related phosphoproteins. 

Protein Name WT Con
A kinase (PRKA) anchor protein (gravin) 12 [Mus musculus] 6.15E-05
acetyl-Coenzyme A carboxylase alpha [Mus musculus] 3.08E-05
actin related protein 2/3 complex, subunit 1B [Mus musculus] 0.000246
adaptor-related protein complex 3, delta 1 subunit [Mus musculus] 6.15E-05
adenosine kinase [Mus musculus] 0.000246
AHNAK nucleoprotein 2 [Mus musculus] 0.000123
alpha thalassemia/mental retardation syndrome X-linked homolog [Mus musculus] 3.08E-05
alpha-2-HS-glycoprotein [Mus musculus] 0.000277
androgen-induced proliferation inhibitor [Mus musculus] 0.000123
ankyrin repeat domain protein 17 isoform b [Mus musculus] 3.08E-05

apoptotic chromatin condensation inducer 1 isoform 2 [Mus musculus] 6.15E-05
apurinic/apyrimidinic endonuclease 1 [Mus musculus] 0.000277
basic transcription factor 3-like 4 [Mus musculus] 0.000615
basigin isoform 1 [Mus musculus] 0.000246
BAT2 domain containing 1 [Mus musculus] 6.15E-05
Braf transforming [Mus musculus] 0.000123
branched chain aminotransferase 1, cytosolic isoform 1 [Mus musculus] 0.000215
bridging integrator 1 isoform 1 [Mus musculus] 0.000308
bromodomain containing 1 [Mus musculus] 9.23E-05
calcium-regulated heat-stable protein (24kD) [Mus musculus] 0.002339
calnexin [Mus musculus] 0.000831
cancer susceptibility candidate 3 [Mus musculus] 0.000123
carboxypeptidase N, polypeptide 2 homolog [Mus musculus] 0.000154
caspase 11 [Mus musculus] 0.000246
cathepsin Z preproprotein [Mus musculus] 0.000308
Cdc42 binding protein kinase beta [Mus musculus] 6.15E-05
cell cycle associated protein 1 [Mus musculus] 0.000123
chloride intracellular channel 4 (mitochondrial) [Mus musculus] 0.000338
chromobox homolog 5 [Mus musculus] 0.000462
chromodomain helicase DNA binding protein 4 [Mus musculus] 3.08E-05
CLASP1 [Mus musculus] 6.15E-05
coagulation factor II [Mus musculus] 0.000154
cold shock domain protein A short isoform [Mus musculus] 0.000708
creatine kinase, muscle [Mus musculus] 0.000246
cysteine and glycine-rich protein 1 [Mus musculus] 0.000492
DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 [Mus musculus] 9.23E-05
DEAD (Asp-Glu-Ala-Asp) box polypeptide 42 [Mus musculus] 0.000123
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Protein Name WT Con
DEAH (Asp-Glu-Ala-His) box polypeptide 15 isoform 2 [Mus musculus] 0.000215
dedicator of cytokinesis 7 [Mus musculus] 3.08E-05
destrin [Mus musculus] 0.001969
discs, large homolog-associated protein 4 isoform a [Mus musculus] 9.23E-05
dishevelled 3 [Mus musculus] 0.000123
doublecortin-like kinase 1 [Mus musculus] 0.000123
D-tyrosyl-tRNA deacylase 1 [Mus musculus] 0.000431
dymeclin [Mus musculus] 0.000123
enhancer of mRNA decapping 3 [Mus musculus] 0.000185
erythrocyte protein band 4.1-like 2 [Mus musculus] 9.23E-05
eukaryotic translation initiation factor 1A, Y-linked [Mus musculus] 0.000615
eukaryotic translation initiation factor 3, subunit 8 [Mus musculus] 0.000185
eukaryotic translation initiation factor 4E binding protein 1 [Mus musculus] 0.001939
eukaryotic translation initiation factor 5 [Mus musculus] 0.000215
Ewing sarcoma breakpoint region 1 [Mus musculus] 0.000154
formin binding protein 1 isoform b [Mus musculus] 0.000246
formin binding protein 1-like [Mus musculus] 0.000246
formin, inverted [Mus musculus] 6.15E-05
golgi-specific brefeldin A-resistance factor 1 [Mus musculus] 6.15E-05
granulin [Mus musculus] 0.000154
growth factor receptor bound protein 2 [Mus musculus] 0.0004
guanine nucleotide binding protein, alpha transducing 1 [Mus musculus] 0.000246
hepatoma-derived growth factor [Mus musculus] 0.001323
high mobility group nucleosomal binding domain 1 [Mus musculus] 0.00437
histidine triad nucleotide binding protein 1 [Mus musculus] 0.000769
hypothetical protein 4732456N10 [Mus musculus] 0.000739
hypothetical protein LOC242406 [Mus musculus] 0.000246
hypothetical protein LOC242474 [Mus musculus] 9.23E-05
hypothetical protein LOC28006 [Mus musculus] 0.000215
hypothetical protein LOC70661 [Mus musculus] 6.15E-05
importin 9 [Mus musculus] 9.23E-05
insulin-like growth factor 2 mRNA binding protein 1 [Mus musculus] 0.000154
integrin alpha 3 [Mus musculus] 9.23E-05
integrin alpha 5 [Mus musculus] 9.23E-05
inter-alpha trypsin inhibitor, heavy chain 3 [Mus musculus] 9.23E-05
interferon regulatory factor 2 binding protein 1 [Mus musculus] 0.000154
interferon-related developmental regulator 1 [Mus musculus] 0.000215
intergral membrane protein 1 [Mus musculus] 0.000123
isocitrate dehydrogenase 1 (NADP+), soluble [Mus musculus] 0.000215
karyopherin alpha 4 [Mus musculus] 0.000185
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Protein Name WT Con
keratin 13 [Mus musculus] 0.0012
keratin 6L [Mus musculus] 0.000185
keratin 73 [Mus musculus] 0.000739
keratin 77 [Mus musculus] 0.000338
keratin complex 2, basic, gene 17 [Mus musculus] 0.000615
lamin A isoform A [Mus musculus] 0.000277
lens epithelium-derived growth factor [Mus musculus] 0.000154
leucine rich repeat containing 47 [Mus musculus] 0.000154
LIM and senescent cell antigen-like domains 1 [Mus musculus] 0.000246
lysosomal membrane glycoprotein 1 [Mus musculus] 0.000462
microtubule-associated protein 1 B [Mus musculus] 6.15E-05
microtubule-associated protein 1S [Mus musculus] 0.000185
microtubule-associated protein 7 domain containing 1 [Mus musculus] 0.000123
milk fat globule-EGF factor 8 protein isoform 2 [Mus musculus] 0.000431
mucin-like protocadherin [Mus musculus] 0.000154
myosin IXb [Mus musculus] 3.08E-05
Na+/K+ -ATPase beta 3 subunit [Mus musculus] 0.000308
nestin [Mus musculus] 6.15E-05
neural cell adhesion molecule 1 isoform 2 [Mus musculus] 0.000123
N-mcy (and STAT) interactor [Mus musculus] 0.000277
NOL1/NOP2/Sun domain family 2 [Mus musculus] 0.000123
nuclear cap binding protein subunit 1, 80kDa [Mus musculus] 0.000123
nuclear casein kinase and cyclin-dependent kinase substrate 1 [Mus musculus] 0.0004
nuclease sensitive element binding protein 1 [Mus musculus] 0.000585
oxysterol binding protein-like 11 [Mus musculus] 0.000123
p21-activated protein kinase 4 [Mus musculus] 0.000154
pericentriolar material 1 [Mus musculus] 3.08E-05
phosducin-like 3 [Mus musculus] 0.000369
phosphatidylinositol-4-phosphate 5-kinase, type 1 gamma [Mus musculus] 0.000154
phospholipase A2, activating protein [Mus musculus] 0.000123
plasminogen [Mus musculus] 0.000123
pleckstrin homology-like domain, family B, member 2 [Mus musculus] 6.15E-05
plectin 1 isoform 1 [Mus musculus] 3.08E-05
poliovirus receptor [Mus musculus] 0.000215
poly (ADP-ribose) glycohydrolase [Mus musculus] 9.23E-05
PREDICTED: centrosome-associated protein 350 isoform 1 [Mus musculus] 3.08E-05
PREDICTED: coiled-coil domain containing 6 isoform 1 [Mus musculus] 0.000185
PREDICTED: hypothetical protein isoform 6 [Mus musculus] 0.000338
PREDICTED: myeloid/lymphoid or mixed lineage-leukemia translocation to 4 
homolog isoform 1 [Mus musculus]

9.23E-05

PREDICTED: similar to DnaJ homology subfamily A member 5 [Mus musculus] 0.000154
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Protein Name WT Con
PREDICTED: similar to KIAA2019 protein [Mus musculus] 3.08E-05
PREDICTED: similar to mutated in bladder cancer 1 [Mus musculus] 0.000154
PREDICTED: UBX domain containing 7 [Mus musculus] 0.000154
procollagen, type V, alpha 1 [Mus musculus] 0.000123
procollagen, type XII, alpha 1 [Mus musculus] 3.08E-05
programmed cell death 5 [Mus musculus] 0.000739
promyelocytic leukemia isoform 1 [Mus musculus] 0.000123
proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 [Mus musculus] 0.000277
proteasome (prosome, macropain) subunit, alpha type 1 [Mus musculus] 0.000338
proteasome 26S non-ATPase subunit 1 [Mus musculus] 9.23E-05
protein phosphatase 1, catalytic subunit, alpha [Mus musculus] 0.000862
protein phosphatase 1G (formerly 2C), magnesium-dependent, gamma isoform 
[Mus musculus]

0.000185

protein tyrosine phosphatase, non-receptor type 23 [Mus musculus] 6.15E-05
prothymosin alpha [Mus musculus] 0.003385
pumilio 2 [Mus musculus] 9.23E-05
purine rich element binding protein B [Mus musculus] 0.000308
RAB10, member RAS oncogene family [Mus musculus] 0.001569
Ras-GTPase-activating protein (GAP120) SH3-domain binding protein 2 isoform a 
[Mus musculus]

0.000585

recombining binding protein suppressor of hairless isoform 1 [Mus musculus] 0.000185
restin [Mus musculus] 6.15E-05
reticulon 4 isoform B1 [Mus musculus] 0.000277
retinoblastoma binding protein 9 [Mus musculus] 0.000492
Rho GTPase activating protein 12 isoform 2 [Mus musculus] 0.000123
ribosomal protein L15 [Mus musculus] 0.000923
ribosomal protein L7a [Mus musculus] 0.000338
ribosomal protein L8 [Mus musculus] 0.000369
ribosomal protein S10 [Mus musculus] 0.000554
ribosomal protein S12 [Mus musculus] 0.003939
ribosomal protein S3a [Mus musculus] 0.000338
ribosomal protein S4, X-linked [Mus musculus] 0.000338
RIKEN cDNA 1110007M04 [Mus musculus] 0.000523
RNA (guanine-9-) methyltransferase domain containing 2 [Mus musculus] 0.000277
RNA binding motif protein 17 [Mus musculus] 0.000215
RNA binding motif protein 25 [Mus musculus] 0.000123
RRN3 RNA polymerase I transcription factor homolog [Mus musculus] 0.000123
SEC23A [Mus musculus] 0.000123
Sec61 beta subunit [Mus musculus] 0.004462
serine (or cysteine) proteinase inhibitor, clade C (antithrombin), member 1 [Mus 
musculus]

0.0004
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Protein Name WT Con
serine/threonine kinase 3 (Ste20, yeast homolog) STK3 [Mus musculus] 0.000185
serum response factor [Mus musculus] 0.000185
SH3-domain GRB2-like B1 [Mus musculus] 0.000246
small inducible cytokine subfamily E, member 1 [Mus musculus] 0.000277
solute carrier family 9 (sodium/hydrogen exchanger), isoform 3 regulator 1 [Mus 
musculus]

0.000277

sorting nexin 1 [Mus musculus] 0.000185
stress-induced phosphoprotein 1 [Mus musculus] 0.000338
stromal interaction molecule 2 [Mus musculus] 0.000123
suppressor of S. cerevisiae gcr2 [Mus musculus] 0.000154
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily a, member 4 [Mus musculus]

6.15E-05

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin c2 
[Mus musculus]

9.23E-05

syntaxin 4A (placental) [Mus musculus] 0.000308
thyroid hormone receptor interactor 10 [Mus musculus] 0.000154
tight junction associated protein 1 [Mus musculus] 0.000154
transformation related protein 53 binding protein 1 [Mus musculus] 6.15E-05
trans-golgi network protein [Mus musculus] 0.000277
triple functional domain (PTPRF interacting) [Mus musculus] 3.08E-05
trypsin 10 [Mus musculus] 0.000369
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta 
polypeptide [Mus musculus]

0.002954

ubiquitin carboxyl-terminal esterase L5 [Mus musculus] 0.000277
ubiquitin fusion degradation 1 like [Mus musculus] 0.000308
ubiquitin specific peptidase 10 [Mus musculus] 0.000246
ubiquitination factor E4B [Mus musculus] 6.15E-05
vacuolar protein sorting 29 [Mus musculus] 0.000492
vascular cell adhesion molecule 1 [Mus musculus] 0.000123
WD repeat domain, phosphoinositide interacting 2 [Mus musculus] 0.000215
WW domain binding protein 2 [Mus musculus] 0.000369
zinc finger protein 334 [Mus musculus] 0.000123
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Table AI-6. Phosphoprotein molar percentages identified in the GCN2 WT MEFs under 
amino acid starvation conditions. Highlighted cells are translation-related phosphoproteins.

Protein WT AA
acetoacetyl-CoA synthetase [Mus musculus] 9.97E-05
acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-oxoacyl-Coenzyme A 
thiolase) [Mus musculus]

0.000199

actin related protein 2/3 complex, subunit 4 [Mus musculus] 0.000424
actin-related protein 2 [Mus musculus] 0.000598
acylpeptide hydrolase [Mus musculus] 9.97E-05
adaptor protein complex AP-2, mu1 [Mus musculus] 0.000174
adducin 1 (alpha) isoform 2 [Mus musculus] 0.000125
alcohol dehydrogenase 5 (class III), chi polypeptide [Mus musculus] 0.000673
aldo-keto reductase family 1, member B8 [Mus musculus] 0.000224
alpha isoform of regulatory subunit A, protein phosphatase 2 [Mus musculus] 0.000523
aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase [Mus 
musculus]

0.000224

aminopeptidase puromycin sensitive [Mus musculus] 7.48E-05
annexin A4 [Mus musculus] 0.000748
annexin A7 [Mus musculus] 0.000174
argininosuccinate synthetase [Mus musculus] 0.000573
arginyl-tRNA synthetase [Mus musculus] 0.000224
ARP1 actin-related protein 1 homolog A [Mus musculus] 0.000199
asparaginyl-tRNA synthetase [Mus musculus] 0.000274
aspartyl-tRNA synthetase [Mus musculus] 0.00015
ATP synthase, H+ transporting, mitochondrial F0 complex, subunit b, isoform 1 
[Mus musculus]

0.000274

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit f, isoform 2 
[Mus musculus]

0.000822

ATP synthase, H+ transporting, mitochondrial F1 complex, gamma subunit [Mus 
musculus]

0.000523

ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit [Mus 
musculus]

0.000349

ATR interacting protein [Mus musculus] 9.97E-05
B aggressive lymphoma [Mus musculus] 9.97E-05
bleomycin hydrolase [Mus musculus] 0.00015
budding uninhibited by benzimidazoles 3 homolog [Mus musculus] 0.000473
calponin 2 [Mus musculus] 0.000249
carbonic anhydrase 13 [Mus musculus] 0.000274
carnitine deficiency-associated gene expressed in ventricle 3 isoform CDV3A [Mus 
musculus]

0.000349

casein kinase 2, beta polypeptide [Mus musculus] 0.000698
caspase 3 [Mus musculus] 0.000249
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Protein WT AA
catenin alpha 1 [Mus musculus] 0.000174
CD2-associated protein [Mus musculus] 0.000125
CDC28 protein kinase regulatory subunit 2 [Mus musculus] 0.000872
CDKN2A interacting protein [Mus musculus] 0.000125
cell division cycle 10 homolog [Mus musculus] 0.000523
cell division cycle 42 homolog [Mus musculus] 0.000399
chromosome segregation 1-like [Mus musculus] 7.48E-05
clathrin, light polypeptide (Lcb) [Mus musculus] 0.000349
CNDP dipeptidase 2 (metallopeptidase M20 family) [Mus musculus] 0.00015
coactosin-like 1 [Mus musculus] 0.000523
coatomer protein complex, subunit gamma isoform 1 [Mus musculus] 0.000249
coiled-coil domain containing 12 [Mus musculus] 0.000449
coiled-coil domain containing 25 [Mus musculus] 0.000349
COP9 signalosome subunit 4 [Mus musculus] 0.000174
COP9 signalosome subunit 5 [Mus musculus] 0.000449
COP9 signalosome subunit 6 [Mus musculus] 0.000224
copine I [Mus musculus] 0.00015
coproporphyrinogen oxidase [Mus musculus] 0.000199
core binding factor beta [Mus musculus] 0.000797
cullin 4B [Mus musculus] 7.48E-05
cytochrome c oxidase subunit II [Mus musculus] 0.000673
cytochrome c-1 [Mus musculus] 0.000224
cytoplasmic FMR1 interacting protein 1 [Mus musculus] 4.98E-05
D123 gene product [Mus musculus] 0.000199
Ddx19-like protein [Mus musculus] 0.00015
DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked [Mus musculus] 0.000224
DEAD/H box polypeptide RIG-I [Mus musculus] 0.000224
density-regulated protein [Mus musculus] 0.000374
deoxyuridine triphosphatase [Mus musculus] 0.000473
diaphorase 1 [Mus musculus] 0.000249
DiGeorge syndrome critical region gene 8 [Mus musculus] 9.97E-05
DNA methyltransferase (cytosine-5) 1 [Mus musculus] 9.97E-05
DnaJ (Hsp40) homolog, subfamily A, member 1 [Mus musculus] 0.000174
dynactin 2 [Mus musculus] 0.000399
dynactin 3 [Mus musculus] 0.000399
ecto ADP-ribosylhydrolase [Mus musculus] 0.000199
EF hand domain containing 2 [Mus musculus] 0.000299
electron transferring flavoprotein, beta polypeptide [Mus musculus] 0.000299
endoplasmic reticulum protein ERp29 precursor [Mus musculus] 0.000299
ER lipid raft associated 2 [Mus musculus] 0.000224
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Protein WT AA
ErbB3-binding protein 1 [Mus musculus] 0.000399
eukaryotic translation initiation factor 2A [Mus musculus] 0.000125
eukaryotic translation initiation factor 2B, subunit 5 epsilon [Mus musculus] 9.97E-05
eukaryotic translation initiation factor 3 subunit 6 interacting protein [Mus 
musculus]

0.000125

eukaryotic translation initiation factor 3, subunit 5 (epsilon) [Mus musculus] 0.000449
eukaryotic translation initiation factor 3, subunit 6 [Mus musculus] 0.00015
eukaryotic translation initiation factor 3, subunit 7 (zeta) [Mus musculus] 0.000399
exportin 1, CRM1 homolog [Mus musculus] 7.48E-05
fatty acid binding protein 4, adipocyte [Mus musculus] 0.000573
F-box protein 6 [Mus musculus] 0.000224
filamin binding LIM protein 1 [Mus musculus] 0.000399
fumarate hydratase 1 [Mus musculus] 0.00015
G protein pathway suppressor 1 [Mus musculus] 0.00015
GA repeat binding protein, alpha [Mus musculus] 0.00015
glucocorticoid receptor DNA binding factor 1 [Mus musculus] 4.98E-05
glucose phosphate isomerase 1 [Mus musculus] 0.000424
glutamate oxaloacetate transaminase 1, soluble [Mus musculus] 0.000374
glutamate-cysteine ligase , modifier subunit [Mus musculus] 0.000274
glutaminyl-tRNA synthetase [Mus musculus] 9.97E-05
glycerol phosphate dehydrogenase 2, mitochondrial [Mus musculus] 0.000548
golgi associated, gamma adaptin ear containing, ARF binding protein 1 [Mus 
musculus]

0.000125

GTP binding protein 1 [Mus musculus] 0.000125
guanine nucleotide binding protein, alpha inhibiting 2 [Mus musculus] 0.00147
guanine nucleotide binding protein, related sequence 1 [Mus musculus] 0.000249
guanosine diphosphate (GDP) dissociation inhibitor 1 [Mus musculus] 0.001146
Harvey rat sarcoma oncogene, subgroup R [Mus musculus] 0.000748
heat shock 70kDa protein 1B [Mus musculus] 0.000772
heat shock protein 105 [Mus musculus] 0.000349
heat shock protein 4 like [Mus musculus] 0.000174
heme oxygenase (decycling) 1 [Mus musculus] 0.000249
hemoglobin, beta adult minor chain [Mus musculus] 0.000523
heterogeneous nuclear ribonucleoprotein A3 isoform b [Mus musculus] 0.000199
hexokinase 2 [Mus musculus] 0.000249
histidyl-tRNA synthetase [Mus musculus] 0.000623
HLA-B-associated transcript 1A [Mus musculus] 0.000523
hnRNP-associated with lethal yellow [Mus musculus] 0.000274
holocytochrome c synthetase [Mus musculus] 0.000274
hypothetical protein LOC227737 [Mus musculus] 0.000299
hypothetical protein LOC66617 [Mus musculus] 0.000324
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Protein WT AA
hypothetical protein LOC73385 [Mus musculus] 0.000349
imprinted and ancient [Mus musculus] 0.000224
inosine triphosphatase [Mus musculus] 0.000374
inositol (myo)-1(or 4)-monophosphatase 1 [Mus musculus] 0.001271
integrin beta 5 [Mus musculus] 9.97E-05
integrin linked kinase [Mus musculus] 0.000324
interferon induced transmembrane protein 2 [Mus musculus] 0.000523
isocitrate dehydrogenase 3, beta subunit [Mus musculus] 0.000199
keratin 5 [Mus musculus] 0.000125
kinesin family member 21A [Mus musculus] 4.98E-05
kinesin family member 4 [Mus musculus] 4.98E-05
lamin A isoform C2 [Mus musculus] 0.00015
lectin, galactoside-binding, soluble, 3 binding protein [Mus musculus] 0.000125
lectin, mannose-binding, 1 [Mus musculus] 0.00015
leucyl-tRNA synthetase [Mus musculus] 4.98E-05
lysyl-tRNA synthetase [Mus musculus] 0.000125
Mak3p homolog [Mus musculus] 0.000424
methionine adenosyltransferase II, alpha [Mus musculus] 0.000399
methionyl aminopeptidase 1 [Mus musculus] 0.000174
methylenetetrahydrofolate dehydrogenase 1 [Mus musculus] 0.000174
methyltransferase 10 domain containing [Mus musculus] 0.000125
minichromosome maintenance complex component 4 [Mus musculus] 7.48E-05
minichromosome maintenance complex component 6 [Mus musculus] 0.000473
minichromosome maintenance deficient 3 [Mus musculus] 0.000174
mitogen activated protein kinase 1 [Mus musculus] 0.000424
mitogen activated protein kinase 3 [Mus musculus] 0.000199
mutS homolog 2 [Mus musculus] 7.48E-05
myosin IC isoform b [Mus musculus] 0.00015
N-6 adenine-specific DNA methyltransferase 2 (putative) [Mus musculus] 0.000324
nadrin [Mus musculus] 9.97E-05
N-ethylmaleimide sensitive fusion protein attachment protein alpha [Mus musculus] 0.000249
neurolysin (metallopeptidase M3 family) [Mus musculus] 0.000199
nicotinamide nucleotide transhydrogenase [Mus musculus] 0.00015
NMDA receptor-regulated gene 1 [Mus musculus] 7.48E-05
nodal modulator 1 [Mus musculus] 4.98E-05
nuclear receptor binding protein [Mus musculus] 0.000125
nucleosome assembly protein 1-like 1 [Mus musculus] 0.000374
nudix (nucleotide diphosphate linked moiety X)-type motif 3 [Mus musculus] 0.000449
OCIA domain containing 1 [Mus musculus] 0.000299
oxoglutarate dehydrogenase (lipoamide) [Mus musculus] 7.48E-05
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Protein WT AA
oxysterol-binding protein-like protein 3 [Mus musculus] 7.48E-05
partitioning-defective protein 3 homolog isoform 3 [Mus musculus] 4.98E-05
PDZ and LIM domain 7 [Mus musculus] 0.000399
peptidase (mitochondrial processing) alpha [Mus musculus] 0.00015
phosphate cytidylyltransferase 1, choline, alpha isoform [Mus musculus] 0.000199
phosphatidylinositol 4-kinase type 2 alpha [Mus musculus] 0.00015
phosphatidylinositol glycan anchor biosynthesis, class K isoform 1 [Mus musculus] 0.000174
phosphatidylinositol transfer protein, beta [Mus musculus] 0.000249
phosphofructokinase, liver, B-type [Mus musculus] 0.000299
phosphogluconate dehydrogenase [Mus musculus] 0.000498
phosphoglycerate mutase 1 [Mus musculus] 0.000598
phosphoribosylaminoimidazole carboxylase, phosphoribosylaminoimidazole 
succinocarboxamide synthetase [Mus musculus]

0.000772

phosphoserine phosphatase [Mus musculus] 0.000324
pleckstrin homology domain containing, family C (with FERM domain) member 1 
[Mus musculus]

9.97E-05

poly(rC) binding protein 2 [Mus musculus] 0.000224
polyribonucleotide nucleotidyltransferase 1 [Mus musculus] 9.97E-05
positive cofactor 2, glutamine/Q-rich-associated protein isoform a [Mus musculus] 9.97E-05
PREDICTED: myoferlin isoform 1 [Mus musculus] 2.49E-05
PREDICTED: phosphoribosylformylglycinamidine synthase (FGAR 
amidotransferase) [Mus musculus]

0.000174

PREDICTED: retinoblastoma-associated factor 600 isoform 1 [Mus musculus] 2.49E-05
PREDICTED: similar to Acidic ribosomal phosphoprotein P0 [Mus musculus] 0.004361
PREDICTED: similar to Phosphoribosyl pyrophosphate amidotransferase isoform 6 
[Mus musculus]

0.00015

PREDICTED: similar to spectrin, beta, non-erythrocytic 5 [Mus musculus] 2.49E-05
PREDICTED: similar to Ywhaq protein [Mus musculus] 0.000847
PREDICTED: TBP-interacting protein isoform 1 [Mus musculus] 9.97E-05
procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 [Mus musculus] 9.97E-05
procollagen, type I, alpha 1 [Mus musculus] 4.98E-05
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3 [Mus musculus] 9.97E-05
proline-rich coiled-coil 1 [Mus musculus] 0.000174
protease, serine, 15 [Mus musculus] 7.48E-05
proteasome (prosome, macropain) subunit, beta type 1 [Mus musculus] 0.001071
proteasome 26S non-ATPase subunit 12 [Mus musculus] 0.000673
proteasome 26S non-ATPase subunit 2 [Mus musculus] 0.000249
proteasome 26S non-ATPase subunit 3 [Mus musculus] 0.000125
protein kinase C substrate 80K-H [Mus musculus] 0.00015
protein kinase, cAMP dependent regulatory, type I, alpha [Mus musculus] 0.000623
protein phosphatase 6, catalytic subunit [Mus musculus] 0.000224
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Protein WT AA
protein-L-isoaspartate (D-aspartate) O-methyltransferase 1 [Mus musculus] 0.000349
pyrroline-5-carboxylate synthetase isoform 1 [Mus musculus] 9.97E-05
RAB14, member RAS oncogene family [Mus musculus] 0.001196
RAB35, member RAS oncogene family [Mus musculus] 0.001246
RAB5C, member RAS oncogene family [Mus musculus] 0.000349
RAN binding protein 5 [Mus musculus] 0.000125
RAN GTPase activating protein 1 [Mus musculus] 0.000698
Ran-binding protein 10 [Mus musculus] 0.000125
RAS-related C3 botulinum substrate 3 [Mus musculus] 0.000822
replication protein A1 [Mus musculus] 0.000125
reticulocalbin 3 [Mus musculus] 0.000723
reticulon 4 isoform A [Mus musculus] 0.000125
Rho GTPase activating protein 1 [Mus musculus] 0.000174
ribonucleotide reductase M1 [Mus musculus] 9.97E-05
ribophorin II [Mus musculus] 0.000249
ribosomal protein L10A [Mus musculus] 0.000324
ribosomal protein L4 [Mus musculus] 0.000174
ribosomal protein L7 [Mus musculus] 0.000274
ribosomal protein S16 [Mus musculus] 0.001121
ribosomal protein S5 [Mus musculus] 0.001246
ribosomal protein S8 [Mus musculus] 0.000349
RIKEN cDNA 2810028N01 [Mus musculus] 0.00015
Rous sarcoma oncogene isoform 2 [Mus musculus] 0.000125
RuvB-like protein 1 [Mus musculus] 0.000174
S-adenosylhomocysteine hydrolase-like 1 [Mus musculus] 0.000274
SEC22 vesicle trafficking protein-like 1 [Mus musculus] 0.000324
Sec23 interacting protein [Mus musculus] 7.48E-05
Sec61 alpha subunit homolog [Mus musculus] 0.00015
sepiapterin reductase [Mus musculus] 0.000299
serine (or cysteine) proteinase inhibitor, clade F, member 1 [Mus musculus] 0.000174
serine carboxypeptidase 1 [Mus musculus] 0.00015
serine/arginine-rich protein specific kinase 1 [Mus musculus] 9.97E-05
seryl-aminoacyl-tRNA synthetase [Mus musculus] 0.000274
SH3 domain binding glutamic acid-rich protein-like 3 [Mus musculus] 0.000822
SH3-binding domain glutamic acid-rich protein like [Mus musculus] 0.000673
Shwachman-Bodian-Diamond syndrome homolog [Mus musculus] 0.000274
solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator), 
member 4 [Mus musculus]

0.000822

solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 [Mus 
musculus]

0.00015

sorcin isoform 1 [Mus musculus] 0.000374
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Protein WT AA
sorting nexin 3 [Mus musculus] 0.000449
S-phase kinase-associated protein 1A [Mus musculus] 0.000972
sphingosine phosphate lyase 1 [Mus musculus] 0.000125
splicing factor 1 [Mus musculus] 0.000125
splicing factor 3b, subunit 3 [Mus musculus] 0.000125
structural maintenance of chromosomes 2-like 1 [Mus musculus] 4.98E-05
succinate-Coenzyme A ligase, ADP-forming, beta subunit [Mus musculus] 0.000174
suppressor of Ty 16 homolog [Mus musculus] 7.48E-05
TAR DNA binding protein isoform 1 [Mus musculus] 0.000174
TBC1 domain family, member 10a [Mus musculus] 0.00015
tetratricopeptide repeat domain 35 [Mus musculus] 0.000224
thimet oligopeptidase 1 [Mus musculus] 0.000573
thioredoxin domain containing 10 [Mus musculus] 0.00015
thioredoxin domain containing 5 [Mus musculus] 0.000174
thioredoxin reductase 1 isoform 2 [Mus musculus] 0.000299
thymidylate synthase [Mus musculus] 0.000224
torsin A interacting protein 1 [Mus musculus] 0.00015
transaldolase 1 [Mus musculus] 0.000449
tubulin tyrosine ligase-like family, member 12 [Mus musculus] 0.000224
tubulin, beta [Mus musculus] 0.013156
ubiquilin 4 [Mus musculus] 0.000125
ubiquinol cytochrome c reductase core protein 2 [Mus musculus] 0.000349
ubiquitin carboxyl-terminal esterase L4 [Mus musculus] 0.000324
ubiquitin carboxyl-terminal hydrolase CYLD [Mus musculus] 7.48E-05
ubiquitin specific peptidase 15 [Mus musculus] 0.00015
ubiquitin specific protease 47 [Mus musculus] 4.98E-05
ubiquitin specific protease 5 (isopeptidase T) [Mus musculus] 0.000274
ubiquitin-activating enzyme E1-domain containing 1 [Mus musculus] 0.000174
ubiquitin-associated protein 2 [Mus musculus] 7.48E-05
ubiquitin-conjugating enzyme E2 variant 1 [Mus musculus] 0.000523
ubiquitin-conjugating enzyme E2O [Mus musculus] 4.98E-05
UDP-glucose ceramide glucosyltransferase-like 1 [Mus musculus] 9.97E-05
UDP-glucose pyrophosphorylase 2 [Mus musculus] 0.000299
UDP-N-acteylglucosamine pyrophosphorylase 1-like 1 [Mus musculus] 0.000449
uridine monophosphate synthetase [Mus musculus] 0.000673
vacuolar protein sorting 35 [Mus musculus] 9.97E-05
v-crk sarcoma virus CT10 oncogene homolog (avian)-like [Mus musculus] 0.000249
vesicle amine transport protein 1 homolog (T californica) [Mus musculus] 0.000199
voltage-dependent anion channel 3 [Mus musculus] 0.000274
WD repeat domain 77 [Mus musculus] 0.000449
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Protein WT AA
WD40 protein Ciao1 [Mus musculus] 0.000224
XPA binding protein 1 [Mus musculus] 0.000199
X-prolyl aminopeptidase (aminopeptidase P) 1, soluble [Mus musculus] 0.000249
zinc finger protein 207 [Mus musculus] 0.000174
zinc finger, A20 domain containing 1 [Mus musculus] 9.97E-05
zinc finger, AN1-type domain 5 [Mus musculus] 0.000349
zinc metalloproteinase, STE24 homolog [Mus musculus] 0.00015
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Table AI-7. Phosphoprotein molar percentages identified under normal growth conditions in 
the GCN2 KO MEFs. Highlighted cells are translation-related phosphoproteins. 

Protein Name KO Con
acetyl-Coenzyme A carboxylase alpha [Mus musculus] 3.15E-05
acid phosphatase 1, soluble [Mus musculus] 0.000283
acyl-CoA thioesterase 10 [Mus musculus] 9.45E-05
adaptor-related protein complex 3, delta 1 subunit [Mus musculus] 3.15E-05
adenylosuccinate lyase [Mus musculus] 9.45E-05
AE binding protein 1 [Mus musculus] 4.72E-05
aldehyde dehydrogenase 16 family, member A1 [Mus musculus] 6.30E-05
BCL2-associated transcription factor 1 isoform 2 [Mus musculus] 4.72E-05
caldesmon 1 [Mus musculus] 7.87E-05
carboxypeptidase N, polypeptide 2 homolog [Mus musculus] 7.87E-05
casein kinase 2, beta polypeptide [Mus musculus] 0.000205
CCR4-NOT transcription complex, subunit 2 isoform b [Mus musculus] 0.00011
CDC28 protein kinase regulatory subunit 2 [Mus musculus] 0.000551
chromobox homolog 1 [Mus musculus] 0.000535
coagulation factor II [Mus musculus] 7.87E-05
coiled-coil domain containing 25 [Mus musculus] 0.00022
cold shock domain protein A short isoform [Mus musculus] 0.000173
creatine kinase, muscle [Mus musculus] 0.000126
diaphanous homolog 3 [Mus musculus] 3.15E-05
dynactin 2 [Mus musculus] 0.00011
E-1 enzyme [Mus musculus] 0.000189
E3 ubiquitin-protein ligase DZIP3 [Mus musculus] 9.45E-05
eukaryotic translation initiation factor 2B, subunit 1 [Mus musculus] 0.000157
fragile X mental retardation gene 1, autosomal homolog [Mus musculus] 7.87E-05
glutaminase [Mus musculus] 0.000142
golgi-specific brefeldin A-resistance factor 1 [Mus musculus] 3.15E-05
GTP binding protein 1 [Mus musculus] 7.87E-05
heterogeneous nuclear ribonucleoprotein H2 [Mus musculus] 0.000457
hexokinase 1 [Mus musculus] 4.72E-05
high mobility group box 1 [Mus musculus] 0.000205
hydroxysteroid (17-beta) dehydrogenase 4 [Mus musculus] 6.30E-05
hypothetical protein LOC28088 [Mus musculus] 9.45E-05
hypothetical protein LOC66421 [Mus musculus] 0.000268
hypothetical protein LOC73385 [Mus musculus] 0.000472
insulin-like growth factor 2 mRNA binding protein 1 [Mus musculus] 7.87E-05
insulin-like growth factor 2 mRNA binding protein 3 [Mus musculus] 7.87E-05
kinectin 1 [Mus musculus] 3.15E-05
lamin A isoform A [Mus musculus] 0.000142
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Protein Name KO Con
mannose-6-phosphate receptor binding protein 1 [Mus musculus] 0.00011
methyltransferase 10 domain containing [Mus musculus] 0.000173
milk fat globule-EGF factor 8 protein isoform 2 [Mus musculus] 0.000346
mitogen-activated protein kinase kinase kinase kinase 4 [Mus musculus] 7.87E-05
mutS homolog 2 [Mus musculus] 4.72E-05
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 [Mus musculus] 0.000126
Nedd8 ultimate buster-1 [Mus musculus] 7.87E-05
N-ethylmaleimide sensitive fusion protein attachment protein gamma [Mus 
musculus]

0.000142

neurolysin (metallopeptidase M3 family) [Mus musculus] 6.30E-05
nuclear matrix protein SNEV [Mus musculus] 9.45E-05
nuclear receptor subfamily 3, group C, member 1 [Mus musculus] 6.30E-05
nucleoporin 93 [Mus musculus] 4.72E-05
NudC domain containing 1 [Mus musculus] 7.87E-05
oxidative-stress responsive 1 [Mus musculus] 9.45E-05
oxysterol binding protein-like 11 [Mus musculus] 6.30E-05
phosphoserine phosphatase [Mus musculus] 0.000205
plastin 3 precursor [Mus musculus] 0.000142
PREDICTED: FK506 binding protein 15 [Mus musculus] 3.15E-05
PREDICTED: RNA binding motif 31, Y-linked [Mus musculus] 7.87E-05
PREDICTED: similar to heterogeneous nuclear ribonucleoprotein K [Mus 
musculus]

0.000819

PREDICTED: similar to mutated in bladder cancer 1 [Mus musculus] 7.87E-05
PREDICTED: similar to Ywhaq protein [Mus musculus] 0.001527
procollagen, type V, alpha 2 [Mus musculus] 3.15E-05
protease, serine, 15 [Mus musculus] 4.72E-05
proteasome 26S non-ATPase subunit 5 [Mus musculus] 9.45E-05
protein kinase N2 [Mus musculus] 4.72E-05
protein phosphatase methylesterase 1 [Mus musculus] 0.000126
pumilio 2 [Mus musculus] 4.72E-05
ras homolog gene family, member G [Mus musculus] 0.000519
RAS-related C3 botulinum substrate 3 [Mus musculus] 0.00085
receptor-interacting factor 1 isoform 1 [Mus musculus] 6.30E-05
reticulocalbin 2 [Mus musculus] 0.000142
ribosomal protein L9 [Mus musculus] 0.000236
ribosomal protein S16 [Mus musculus] 0.000331
ribosomal protein S6 kinase polypeptide 3 [Mus musculus] 6.30E-05
ring finger protein 180 [Mus musculus] 7.87E-05
RNA (guanine-9-) methyltransferase domain containing 2 [Mus musculus] 0.000142
sequestosome 1 [Mus musculus] 0.00011
serine/threonine kinase 3 (Ste20, yeast homolog) STK3 [Mus musculus] 9.45E-05
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Protein Name KO Con
stearoyl-Coenzyme A desaturase 2 [Mus musculus] 0.000126
tetratricopeptide repeat domain 35 [Mus musculus] 0.000142
thioredoxin reductase 1 isoform 2 [Mus musculus] 9.45E-05
thrombospondin 3 [Mus musculus] 9.45E-05
thymidine kinase 2, mitochondrial [Mus musculus] 0.000173
trafficking protein particle complex 3 [Mus musculus] 0.000252
transportin 1 isoform 2 [Mus musculus] 4.72E-05
trinucleotide repeat containing 15 [Mus musculus] 3.15E-05
trypsin 10 [Mus musculus] 0.000409
tumor suppressor candidate 3 [Mus musculus] 0.000126
twinfilin 1 [Mus musculus] 0.000268
ubiquilin 1 isoform 1 [Mus musculus] 0.000299
ubiquitin specific peptidase 10 [Mus musculus] 6.30E-05
vesicle docking protein [Mus musculus] 4.72E-05
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Table AI-8. Phosphoprotein molar percentages identified under amino acid starvation 
conditions in the GCN2 KO MEFs. Highlighted cells are translation-related phosphoproteins. 

Protein Name KO AA
6-phosphogluconolactonase [Mus musculus] 0.000172
A kinase (PRKA) anchor protein (gravin) 12 [Mus musculus] 2.87E-05
acetyl-Coenzyme A carboxylase beta [Mus musculus] 1.43E-05
adaptor protein complex AP-2, mu1 [Mus musculus] 0.0001
adenosine kinase [Mus musculus] 0.000115
ADP-ribosylation factor-like 10C [Mus musculus] 0.000473
AHA1, activator of heat shock 90kDa protein ATPase homolog 1 [Mus musculus] 0.000129
aldehyde dehydrogenase 1 family, member L2 [Mus musculus] 4.30E-05
aldo-keto reductase family 1, member B8 [Mus musculus] 0.000272
alveolar soft part sarcoma chromosome region, candidate 1 long isoform [Mus 
musculus]

7.17E-05

antioxidant protein 1 [Mus musculus] 0.000674
apurinic/apyrimidinic endonuclease 1 [Mus musculus] 0.000129
ariadne ubiquitin-conjugating enzyme E2 binding protein homolog 1 [Mus 
musculus]

8.60E-05

arsA (bacterial) arsenite transporter, ATP-binding, homolog 1 [Mus musculus] 0.000115
aspartyl aminopeptidase [Mus musculus] 8.60E-05
ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d [Mus 
musculus]

0.000258

ATPase, H+ transporting, V0 subunit D isoform 1 [Mus musculus] 0.000115
baculoviral IAP repeat-containing 6 [Mus musculus] 1.43E-05
Bcl2-associated X protein [Mus musculus] 0.000229
BRCA2 and CDKN1A interacting protein [Mus musculus] 0.000129
bridging integrator 1 isoform 1 [Mus musculus] 7.17E-05
C21orf19-like protein [Mus musculus] 0.000143
calcium/calmodulin-dependent protein kinase II, delta isoform 3 [Mus musculus] 8.60E-05
calcium-binding transporter [Mus musculus] 8.60E-05
carbonic anhydrase 13 [Mus musculus] 0.000158
CD151 antigen [Mus musculus] 0.000158
CD47 antigen [Mus musculus] 0.000129
Cd63 antigen [Mus musculus] 0.000186
cell division cycle 2 homolog A [Mus musculus] 0.000287
chr2 synaptotagmin [Mus musculus] 0.0001
chromatin assembly factor 1, subunit A (p150) [Mus musculus] 4.30E-05
chromodomain helicase DNA binding protein 4 [Mus musculus] 1.43E-05
citrate synthase [Mus musculus] 8.60E-05
coactivator-associated arginine methyltransferase 1 [Mus musculus] 7.17E-05
coiled-coil and C2 domain containing 1B [Mus musculus] 5.73E-05
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Protein Name KO AA
copine III [Mus musculus] 0.000244
cytoplasmic FMR1 interacting protein 1 [Mus musculus] 2.87E-05
DAZ associated protein 1 [Mus musculus] 0.000115
deoxyuridine triphosphatase [Mus musculus] 0.000272
diaphorase 1 [Mus musculus] 0.000143
dihydrofolate reductase [Mus musculus] 0.000229
dimethylarginine dimethylaminohydrolase 1 [Mus musculus] 0.000143
dipeptidylpeptidase 9 [Mus musculus] 4.30E-05
DnaJ (Hsp40) homolog, subfamily A, member 1 [Mus musculus] 0.000215
dodecenoyl-Coenzyme A delta isomerase (3,2 trans-enoyl-Coenyme A isomerase) 
[Mus musculus]

0.000301

dynein cytoplasmic 1 light intermediate chain 1 [Mus musculus] 0.000172
ecto ADP-ribosylhydrolase [Mus musculus] 0.000115
EH-domain containing 1 [Mus musculus] 7.17E-05
endoplasmic reticulum-golgi intermediate compartment (ERGIC) 1 [Mus musculus] 0.000143
ETHE1 protein [Mus musculus] 0.000172
eukaryotic translation initiation factor 1A, Y-linked [Mus musculus] 0.000287
eukaryotic translation initiation factor 2A [Mus musculus] 0.000143
eukaryotic translation initiation factor 3, subunit 10 (theta) [Mus musculus] 2.87E-05
eukaryotic translation initiation factor 4H [Mus musculus] 0.000172
Ewing sarcoma breakpoint region 1 [Mus musculus] 7.17E-05
exportin 1, CRM1 homolog [Mus musculus] 4.30E-05
far upstream element (FUSE) binding protein 1 [Mus musculus] 7.17E-05
fatty acid binding protein 3, muscle and heart [Mus musculus] 0.00033
flightless I homolog [Mus musculus] 2.87E-05
four and a half LIM domains 1 isoform 3 [Mus musculus] 0.000143
fragile X mental retardation-related protein 2 [Mus musculus] 5.73E-05
fumarate hydratase 1 [Mus musculus] 0.000172
GDP-mannose pyrophosphorylase B [Mus musculus] 0.000115
glucosamine (N-acetyl)-6-sulfatase [Mus musculus] 7.17E-05
glucuronidase, beta [Mus musculus] 5.73E-05
glutathione S-transferase, mu 1 [Mus musculus] 0.000387
glycosyltransferase 25 domain containing 1 [Mus musculus] 7.17E-05
golgi apparatus protein 1 [Mus musculus] 2.87E-05
golgi phosphoprotein 4 [Mus musculus] 5.73E-05
golgi reassembly stacking protein 2 [Mus musculus] 0.000201
guanine nucleotide binding protein, alpha inhibiting 3 [Mus musculus] 0.000516
Harvey rat sarcoma virus oncogene 1 [Mus musculus] 0.000229
heat shock protein 1 (chaperonin 10) [Mus musculus] 0.001047
heat shock protein 105 [Mus musculus] 4.30E-05
hematological and neurological expressed sequence 1 [Mus musculus] 0.000301
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Protein Name KO AA
heterogeneous nuclear ribonucleoprotein A3 isoform b [Mus musculus] 0.000244
heterogeneous nuclear ribonucleoprotein D isoform a [Mus musculus] 0.000258
heterogeneous nuclear ribonucleoprotein H1 [Mus musculus] 0.000545
hexokinase 2 [Mus musculus] 4.30E-05
high mobility group nucleosomal binding domain 1 [Mus musculus] 0.000487
histone aminotransferase 1 [Mus musculus] 0.0001
HIV-1 Rev binding protein [Mus musculus] 8.60E-05
hypothetical protein LOC242474 [Mus musculus] 4.30E-05
hypothetical protein LOC28106 [Mus musculus] 0.000588
hypothetical protein LOC68303 [Mus musculus] 7.17E-05
hypoxanthine guanine phosphoribosyl transferase 1 [Mus musculus] 0.000201
imprinted and ancient [Mus musculus] 0.000129
isocitrate dehydrogenase 3, beta subunit [Mus musculus] 0.000115
karyopherin (importin) alpha 6 [Mus musculus] 0.000158
karyopherin (importin) beta 2b [Mus musculus] 4.30E-05
keratin 42 [Mus musculus] 0.000301
kinesin family member 11 [Mus musculus] 4.30E-05
L-3-hydroxyacyl-Coenzyme A dehydrogenase [Mus musculus] 0.000143
lamin A isoform C2 [Mus musculus] 8.60E-05
legumain [Mus musculus] 0.0001
lens epithelium-derived growth factor [Mus musculus] 7.17E-05
leucine zipper- and sterile alpha motif-containing kinase isoform 1 [Mus musculus] 0.0001
lysyl-tRNA synthetase [Mus musculus] 0.000215
macrophage migration inhibitory factor [Mus musculus] 0.000387
MAD homolog 5 [Mus musculus] 8.60E-05
MAD2 (mitotic arrest deficient, homolog)-like 1 [Mus musculus] 0.000201
malic enzyme, supernatant [Mus musculus] 0.000143
methionine adenosyltransferase II, alpha [Mus musculus] 0.000115
methylthioadenosine phosphorylase [Mus musculus] 0.000158
mitogen activated protein kinase 14 [Mus musculus] 0.000115
mitogen activated protein kinase 3 [Mus musculus] 0.000487
mitogen-activated protein kinase kinase kinase 7 interacting protein 2 [Mus 
musculus]

5.73E-05

N-6 adenine-specific DNA methyltransferase 2 (putative) [Mus musculus] 0.000186
Na+/K+ -ATPase beta 3 subunit [Mus musculus] 0.000143
N-acetylneuraminic acid synthase (sialic acid synthase) [Mus musculus] 0.000115
N-acetyltransferase ARD1 [Mus musculus] 0.000186
NAD(P) dependent steroid dehydrogenase-like [Mus musculus] 0.000115
neural cell adhesion molecule 1 isoform 2 [Mus musculus] 0.000186
NHL repeat containing 2 [Mus musculus] 5.73E-05
non-POU-domain-containing, octamer binding protein [Mus musculus] 8.60E-05
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Protein Name KO AA
nuclear receptor binding protein [Mus musculus] 0.000158
nuclear receptor co-repressor 2 [Mus musculus] 1.43E-05
nucleoporin 155 [Mus musculus] 2.87E-05
nucleoredoxin [Mus musculus] 0.0001
nucleosome assembly protein 1-like 1 [Mus musculus] 0.000215
oxidation resistance 1 [Mus musculus] 5.73E-05
oxoglutarate dehydrogenase (lipoamide) [Mus musculus] 4.30E-05
peptidase D [Mus musculus] 8.60E-05
pericentriolar material 1 [Mus musculus] 1.43E-05
phosphate cytidylyltransferase 1, choline, alpha isoform [Mus musculus] 0.000115
phospholipase C, beta 3 [Mus musculus] 7.17E-05
pigpen [Mus musculus] 0.000186
platelet-activating factor acetylhydrolase, isoform 1b, alpha2 subunit [Mus 
musculus]

0.000186

PREDICTED: hypothetical protein LOC219189 [Mus musculus] 2.87E-05
PREDICTED: protein tyrosine phosphatase, receptor type, f polypeptide (PTPRF), 
interacting protein, alpha 1 isoform 1 [Mus musculus]

2.87E-05

PREDICTED: similar to mKIAA1116 protein isoform 8 [Mus musculus] 2.87E-05
PREDICTED: TBP-interacting protein isoform 1 [Mus musculus] 8.60E-05
PREDICTED: WD repeat domain 64 [Mus musculus] 4.30E-05
procollagen, type XII, alpha 1 [Mus musculus] 1.43E-05
programmed cell death 6 [Mus musculus] 0.000215
programmed cell death 6 interacting protein [Mus musculus] 4.30E-05
prosaposin [Mus musculus] 7.17E-05
protease (prosome, macropain) 26S subunit, ATPase 1 [Mus musculus] 0.000301
proteasome (prosome, macropain) 26S subunit, ATPase 3 [Mus musculus] 0.0001
proteasome (prosome, macropain) 26S subunit, non-ATPase, 14 [Mus musculus] 0.000287
proteasome (prosome, macropain) subunit, alpha type 1 [Mus musculus] 0.000158
proteasome (prosome, macropain) subunit, alpha type 2 [Mus musculus] 0.000186
proteasome 26S  ATPase subunit 4 [Mus musculus] 0.0001
proteasome 26S non-ATPase subunit 11 [Mus musculus] 0.000201
proteasome 26S non-ATPase subunit 4 [Mus musculus] 0.000115
proteasome activator subunit 3 [Mus musculus] 0.000344
proteasome beta 3 subunit [Mus musculus] 0.000444
proteasome, 26S, non-ATPase regulatory subunit 6 [Mus musculus] 0.000215
protein phosphatase 1B, magnesium dependent, beta isoform [Mus musculus] 0.000115
protein phosphatase 4, catalytic subunit [Mus musculus] 0.000272
protein phosphatase 6, catalytic subunit [Mus musculus] 0.000129
protein phosphatase-1 regulatory subunit 7 [Mus musculus] 0.000115
protein tyrosine phosphatase, non-receptor type 12 [Mus musculus] 5.73E-05
purine rich element binding protein B [Mus musculus] 0.000143
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Protein Name KO AA
pyridoxal-dependent decarboxylase domain containing 1 isoform 1 [Mus musculus] 5.73E-05
RAB1B, member RAS oncogene family [Mus musculus] 0.001892
RAB2, member RAS oncogene family [Mus musculus] 0.000989
RAB5A, member RAS oncogene family [Mus musculus] 0.00043
RAB6A, member RAS oncogene family [Mus musculus] 0.00043
RAP1, GTP-GDP dissociation stimulator 1 isoform a [Mus musculus] 7.17E-05
Ras-GTPase-activating protein (GAP120) SH3-domain binding protein 2 isoform a 
[Mus musculus]

0.000186

RAS-related C3 botulinum substrate 1 [Mus musculus] 0.001104
recombining binding protein suppressor of hairless isoform 1 [Mus musculus] 8.60E-05
replication protein A3 [Mus musculus] 0.000358
rho/rac guanine nucleotide exchange factor (GEF) 2 [Mus musculus] 4.30E-05
ribosomal protein L13 [Mus musculus] 0.000201
ribosomal protein L4 [Mus musculus] 0.0001
ribosomal protein L7 [Mus musculus] 0.000158
ribosomal protein L7a [Mus musculus] 0.000158
ribosomal protein S23 [Mus musculus] 0.000301
ribosomal protein S27-like [Mus musculus] 0.000516
RIKEN cDNA 2810028N01 [Mus musculus] 4.30E-05
RuvB-like protein 1 [Mus musculus] 0.000301
RWD domain containing 1 [Mus musculus] 0.000172
S100 calcium binding protein A6 (calcyclin) [Mus musculus] 0.001147
SAC1 (supressor of actin mutations 1, homolog)-like [Mus musculus] 7.17E-05
sec13-like protein isoform b [Mus musculus] 0.000115
Sec23 interacting protein [Mus musculus] 4.30E-05
SEC23A [Mus musculus] 0.000172
selenophosphate synthetase 1 [Mus musculus] 0.000115
sepiapterin reductase [Mus musculus] 0.000172
serine/threonine kinase 4 [Mus musculus] 8.60E-05
serine/threonine protein kinase MST4 [Mus musculus] 0.0001
SERPINE1 mRNA binding protein 1 [Mus musculus] 0.0001
signal peptidase complex subunit 2 homolog [Mus musculus] 0.000186
signal recognition particle 54a [Mus musculus] 8.60E-05
signal sequence receptor, gamma [Mus musculus] 0.000229
small glutamine-rich tetratricopeptide repeat (TPR) containing protein [Mus 
musculus]

0.000143

small inducible cytokine subfamily E, member 1 [Mus musculus] 0.000129
solute carrier family 2 (facilitated glucose transporter), member 1 [Mus musculus] 8.60E-05
solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 [Mus 
musculus]

8.60E-05

sorting nexin 7 [Mus musculus] 0.0001
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Protein Name KO AA
spectrin alpha 2 [Mus musculus] 1.43E-05
splicing factor 3b, subunit 2 [Mus musculus] 4.30E-05
splicing factor proline/glutamine rich (polypyrimidine tract binding protein 
associated) [Mus musculus]

5.73E-05

src family associated phosphoprotein 2 [Mus musculus] 0.000115
stress-induced phosphoprotein 1 [Mus musculus] 7.17E-05
structural maintenance of chromosomes 4 [Mus musculus] 5.73E-05
superkiller viralicidic activity 2-like [Mus musculus] 2.87E-05
SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily a, member 4 [Mus musculus]

2.87E-05

TAF15 RNA polymerase II, TATA box binding protein (TBP)-associated factor [Mus 
musculus]

8.60E-05

Tax1 (human T-cell leukemia virus type I) binding protein 3 [Mus musculus] 0.000358
thioredoxin domain containing 9 [Mus musculus] 0.000186
THUMP domain containing 1 [Mus musculus] 0.000115
trans-acting transcription factor 1 [Mus musculus] 5.73E-05
translocase of inner mitochondrial membrane 44 [Mus musculus] 8.60E-05
transmembrane emp24 domain trafficking protein 2 [Mus musculus] 0.000215
treacle [Mus musculus] 2.87E-05
tropomyosin 1, alpha [Mus musculus] 0.000301
trypsinogen 7 [Mus musculus] 0.000172
Tu translation elongation factor, mitochondrial [Mus musculus] 0.000201
tubulin-specific chaperone d [Mus musculus] 2.87E-05
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta 
polypeptide [Mus musculus]

0.001706

ubiquinol cytochrome c reductase core protein 2 [Mus musculus] 0.0001
ubiquitin fusion degradation 1 like [Mus musculus] 0.000287
ubiquitin specific protease 4 (proto-oncogene) [Mus musculus] 8.60E-05
ubiquitin-associated protein 2 [Mus musculus] 4.30E-05
ubiquitination factor E4B [Mus musculus] 2.87E-05
ubiquitin-conjugating enzyme E2L 3 [Mus musculus] 0.000272
v-crk sarcoma virus CT10 oncogene homolog [Mus musculus] 0.000143
WD repeat domain 12 [Mus musculus] 0.0001
WD repeat domain 61 isoform a [Mus musculus] 0.000143
WNK lysine deficient protein kinase 1 [Mus musculus] 1.43E-05
WW domain binding protein 2 [Mus musculus] 0.000172
yes-associated protein 1 [Mus musculus] 8.60E-05
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Table AI-9. Phosphoprotein molar percentages identified only under normal growth 
conditions in the GCN2 WT and GCN2 KO MEFs.

Proteins WT Con KO Con
acetyl-Coenzyme A carboxylase alpha [Mus musculus] 3.08E-05 3.15E-05
adaptor-related protein complex 3, delta 1 subunit [Mus musculus] 6.15E-05 3.15E-05
carboxypeptidase N, polypeptide 2 homolog [Mus musculus] 0.000154 7.87E-05
coagulation factor II [Mus musculus] 0.000154 7.87E-05
cold shock domain protein A short isoform [Mus musculus] 0.000708 0.000173
creatine kinase, muscle [Mus musculus] 0.000246 0.000126
golgi-specific brefeldin A-resistance factor 1 [Mus musculus] 6.15E-05 3.15E-05
insulin-like growth factor 2 mRNA binding protein 1 [Mus musculus] 0.000154 7.87E-05
lamin A isoform A [Mus musculus] 0.000277 0.000142
milk fat globule-EGF factor 8 protein isoform 2 [Mus musculus] 0.000431 0.000346
oxysterol binding protein-like 11 [Mus musculus] 0.000123 6.30E-05
PREDICTED: similar to mutated in bladder cancer 1 [Mus musculus] 0.000154 7.87E-05
pumilio 2 [Mus musculus] 9.23E-05 4.72E-05
RNA (guanine-9-) methyltransferase domain containing 2 [Mus 
musculus]

0.000277 0.000142

serine/threonine kinase 3 (Ste20, yeast homolog) STK3 [Mus 
musculus]

0.000185 9.45E-05

trypsin 10 [Mus musculus] 0.000369 0.000409
ubiquitin specific peptidase 10 [Mus musculus] 0.000246 6.30E-05
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Table AI-10. Phosphoprotein molar percentages identified only during amino acid starvation 
in both the GCN2 WT and GCN2 KO MEFs. Highlighted cells are translation-related 
phosphoproteins.

Protein Name WT AA KO AA
adaptor protein complex AP-2, mu1 [Mus musculus] 0.000174 0.0001
aldo-keto reductase family 1, member B8 [Mus musculus] 0.000224 0.000272
carbonic anhydrase 13 [Mus musculus] 0.000274 0.000158
cytoplasmic FMR1 interacting protein 1 [Mus musculus] 4.98E-05 2.87E-05
deoxyuridine triphosphatase [Mus musculus] 0.000473 0.000272
diaphorase 1 [Mus musculus] 0.000249 0.000143
DnaJ (Hsp40) homolog, subfamily A, member 1 [Mus musculus] 0.000174 0.000215
ecto ADP-ribosylhydrolase [Mus musculus] 0.000199 0.000115
eukaryotic translation initiation factor 2A [Mus musculus] 0.000125 0.000143
exportin 1, CRM1 homolog [Mus musculus] 7.48E-05 4.30E-05
fumarate hydratase 1 [Mus musculus] 0.00015 0.000172
heat shock protein 105 [Mus musculus] 0.000349 4.30E-05
heterogeneous nuclear ribonucleoprotein A3 isoform b [Mus musculus] 0.000199 0.000244
hexokinase 2 [Mus musculus] 0.000249 4.30E-05
imprinted and ancient [Mus musculus] 0.000224 0.000129
isocitrate dehydrogenase 3, beta subunit [Mus musculus] 0.000199 0.000115
lamin A isoform C2 [Mus musculus] 0.00015 8.60E-05
lysyl-tRNA synthetase [Mus musculus] 0.000125 0.000215
methionine adenosyltransferase II, alpha [Mus musculus] 0.000399 0.000115
mitogen activated protein kinase 3 [Mus musculus] 0.000199 0.000487
N-6 adenine-specific DNA methyltransferase 2 (putative) [Mus 
musculus]

0.000324 0.000186

nuclear receptor binding protein [Mus musculus] 0.000125 0.000158
nucleosome assembly protein 1-like 1 [Mus musculus] 0.000374 0.000215
oxoglutarate dehydrogenase (lipoamide) [Mus musculus] 7.48E-05 4.30E-05
phosphate cytidylyltransferase 1, choline, alpha isoform [Mus musculus] 0.000199 0.000115
PREDICTED: TBP-interacting protein isoform 1 [Mus musculus] 9.97E-05 8.60E-05
protein phosphatase 6, catalytic subunit [Mus musculus] 0.000224 0.000129
ribosomal protein L4 [Mus musculus] 0.000174 0.0001
ribosomal protein L7 [Mus musculus] 0.000274 0.000158
RIKEN cDNA 2810028N01 [Mus musculus] 0.00015 4.30E-05
RuvB-like protein 1 [Mus musculus] 0.000174 0.000301
Sec23 interacting protein [Mus musculus] 7.48E-05 4.30E-05
sepiapterin reductase [Mus musculus] 0.000299 0.000172
solute carrier family 7 (cationic amino acid transporter, y+ system), 
member 5 [Mus musculus]

0.00015 8.60E-05

ubiquinol cytochrome c reductase core protein 2 [Mus musculus] 0.000349 0.0001

230



Protein Name WT AA KO AA
ubiquitin-associated protein 2 [Mus musculus] 7.48E-05 4.30E-05
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Table AI-11. Phosphoprotein molar percentages found under amino acid starvation and 
normal growth conditions in both GCN2 WT and GCN2 KO MEFs.

Protein Name WT Con WT AA KO Con KO AA
3-monooxgenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide [Mus 
musculus]

0.005262 0.00593 0.003196 0.003412

3-phosphoglycerate dehydrogenase [Mus musculus] 0.000369 0.00162 0.000882 0.001219
5-aminoimidazole-4-carboxamide ribonucleotide 
formyltransferase/IMP cyclohydrolase [Mus 
musculus]

0.000492 0.001595 0.000551 0.000702

acidic (leucine-rich) nuclear phosphoprotein 32 
family, member A [Mus musculus]

0.0012 0.000299 0.000394 0.000358

acidic (leucine-rich) nuclear phosphoprotein 32 
family, member E [Mus musculus]

0.000739 0.000598 0.000834 0.00076

acidic nuclear phosphoprotein 32 family, member B 
[Mus musculus]

0.000677 0.000274 0.000346 0.000315

acidic ribosomal phosphoprotein P0 [Mus 
musculus]

0.002769 0.003762 0.002755 0.002509

aconitase 2, mitochondrial [Mus musculus] 0.000246 0.000399 0.000126 0.000172
actin related protein 2/3 complex, subunit 2 [Mus 
musculus]

0.000985 0.000498 0.000708 0.000832

actin related protein 2/3 complex, subunit 3 [Mus 
musculus]

0.000492 0.000399 0.000897 0.000817

actin, beta, cytoplasmic [Mus musculus] 0.029017 0.078315 0.115718 0.097603
actinin alpha 4 [Mus musculus] 0.000862 0.001096 0.000992 0.001047
actinin, alpha 1 [Mus musculus] 0.001385 0.001595 0.001858 0.002093
adaptor-related protein complex 2, beta 1 subunit 
isoform b [Mus musculus]

9.23E-05 0.00015 4.72E-05 4.30E-05

adenylate kinase 2 isoform b [Mus musculus] 0.000831 0.000324 0.000205 0.000186
AHNAK nucleoprotein isoform 1 [Mus musculus] 0.000215 9.97E-05 4.72E-05 5.73E-05
alanyl-2 synthetase [Mus musculus] 9.23E-05 0.000399 0.000205 0.000387
albumin [Mus musculus] 0.000462 0.000249 0.000157 7.17E-05
aldehyde dehydrogenase 2, mitochondrial [Mus 
musculus]

0.000554 0.000797 0.000189 0.000573

aldo-keto reductase family 1, member B3 (aldose 
reductase) [Mus musculus]

0.001692 0.002118 0.001606 0.002337

aldolase 1, A isoform [Mus musculus] 0.001169 0.000424 0.000425 0.000702
alpha glucosidase 2 alpha neutral subunit [Mus 
musculus]

9.23E-05 7.48E-05 0.000189 0.000172

alpha isoform of regulatory subunit B55, protein 
phosphatase 2 [Mus musculus]

0.0004 0.000498 0.000315 0.000287

alpha-2-macroglobulin precursor [Mus musculus] 0.000123 9.97E-05 3.15E-05 5.73E-05
annexin A1 [Mus musculus] 0.000554 0.010241 0.007887 0.007183
annexin A2 [Mus musculus] 0.003877 0.004709 0.005258 0.007183
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annexin A3 [Mus musculus] 0.000585 0.001047 0.000299 0.000272
annexin A5 [Mus musculus] 0.001323 0.004111 0.006187 0.007011
annexin A6 [Mus musculus] 0.000123 0.001645 0.003337 0.003857
archain 1 [Mus musculus] 0.000369 0.000623 0.000189 0.000573
ARP3 actin-related protein 3 homolog [Mus 
musculus]

0.000215 0.000349 0.000488 0.000702

asparagine synthetase [Mus musculus] 0.000154 0.000125 0.000157 0.000229
ataxin 2-like [Mus musculus] 0.000277 7.48E-05 9.45E-05 8.60E-05
ATP citrate lyase [Mus musculus] 0.000154 0.000274 0.000268 0.000301
ATP synthase, H+ transporting mitochondrial F1 
complex, beta subunit [Mus musculus]

0.005016 0.008422 0.006155 0.004502

ATP synthase, H+ transporting, mitochondrial F1 
complex, alpha subunit, isoform 1 [Mus musculus]

0.000954 0.001121 0.000834 0.001448

ATPase, Ca++ transporting, cardiac muscle, slow 
twitch 2 [Mus musculus]

0.000369 0.000224 0.000189 0.000487

ATPase, H+ transporting, lysosomal V1 subunit A 
[Mus musculus]

0.000154 0.000523 0.000331 0.000373

ATP-binding cassette, subfamily E, member 1 [Mus 
musculus]

0.000154 0.000125 7.87E-05 7.17E-05

ATP-binding cassette, sub-family F (GCN20), 
member 1 [Mus musculus]

0.000215 7.48E-05 4.72E-05 0.000201

barrier to autointegration factor 1 [Mus musculus] 0.0024 0.000847 0.000535 0.000487
basic transcription factor 3 [Mus musculus] 0.001631 0.001894 0.000834 0.00076
B-cell receptor-associated protein 37 [Mus 
musculus]

0.000308 0.000523 0.000157 0.000659

Bcl2-associated athanogene 3 [Mus musculus] 0.000338 0.000274 7.87E-05 7.17E-05
brain abundant, membrane attached signal protein 1 
[Mus musculus]

0.004093 0.000822 0.000519 0.000473

calcyclin binding protein [Mus musculus] 0.001292 0.000324 0.000205 0.000602
calmodulin 2 [Mus musculus] 0.003323 0.000498 0.0017 0.003713
calpain 2 [Mus musculus] 0.000123 0.000673 0.000346 0.000315
calpastatin [Mus musculus] 0.0004 9.97E-05 6.30E-05 0.000186
calreticulin [Mus musculus] 0.000923 0.000548 0.000771 0.001004
calumenin isoform 1 [Mus musculus] 0.000277 0.000224 0.000142 0.000272
CAP, adenylate cyclase-associated protein 1 [Mus 
musculus]

0.0004 0.000498 0.00085 0.000774

capping protein (actin filament) muscle Z-line, 
alpha 1 [Mus musculus]

0.000308 0.000822 0.00074 0.000674

capping protein (actin filament) muscle Z-line, 
alpha 2 [Mus musculus]

0.001015 0.00152 0.00096 0.000875

capping protein (actin filament) muscle Z-line, beta 
isoform b [Mus musculus]

0.000708 0.000897 0.000567 0.000516

catechol-O-methyltransferase [Mus musculus] 0.000338 0.000598 0.000173 0.000344
cathepsin B preproprotein [Mus musculus] 0.0016 0.000449 0.001023 0.000932
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Protein Name WT Con WT AA KO Con KO AA
cathepsin D [Mus musculus] 0.000215 0.000174 0.000236 0.000459
CD 81 antigen [Mus musculus] 0.0004 0.000324 0.000205 0.000186
cDNA sequence BC022641 [Mus musculus] 0.000123 4.98E-05 6.30E-05 2.87E-05
chaperonin subunit 2 (beta) [Mus musculus] 0.000985 0.002093 0.001023 0.001677
chaperonin subunit 3 (gamma) [Mus musculus] 0.000523 0.002691 0.002912 0.002867
chaperonin subunit 4 (delta) [Mus musculus] 0.0012 0.002068 0.002424 0.002208
chaperonin subunit 5 (epsilon) [Mus musculus] 0.000954 0.002766 0.002125 0.002738
chaperonin subunit 6a (zeta) [Mus musculus] 0.001446 0.002591 0.002424 0.002007
chaperonin subunit 7 (eta) [Mus musculus] 0.000523 0.001321 0.001747 0.001749
chaperonin subunit 8 (theta) [Mus musculus] 0.000523 0.002492 0.001417 0.001591
chloride channel, nucleotide-sensitive, 1A [Mus 
musculus]

0.0004 0.000324 0.000205 0.000186

chloride intracellular channel 1 [Mus musculus] 0.0008 0.001022 0.000929 0.000846
clathrin, heavy polypeptide (Hc) [Mus musculus] 0.000431 0.000872 0.001212 0.001276
coatomer protein complex subunit alpha [Mus 
musculus]

0.000154 0.000174 0.000157 0.000287

coatomer protein complex, subunit beta 2 (beta 
prime) [Mus musculus]

0.000646 0.000922 0.000945 0.001075

cofilin 1, non-muscle [Mus musculus] 0.002892 0.003189 0.00148 0.004903
coiled-coil domain containing 55 [Mus musculus] 0.000154 0.000125 7.87E-05 7.17E-05
cold shock domain containing E1, RNA binding 
[Mus musculus]

0.000215 0.000723 0.000677 0.000688

complement component 1, q subcomponent binding 
protein [Mus musculus]

0.003169 0.000872 0.001039 0.00119

coronin, actin binding protein 1B [Mus musculus] 0.000185 0.00015 0.000189 8.60E-05
coronin, actin binding protein 1C [Mus musculus] 0.000185 0.000324 0.000205 0.000186
cortactin [Mus musculus] 0.000154 0.000125 7.87E-05 0.000158
cysteine-rich with EGF-like domains 2 [Mus 
musculus]

0.000246 0.000199 0.000268 0.000244

cytidine 5~-triphosphate synthase [Mus musculus] 0.000308 0.000997 0.000157 0.000301
cytochrome b5 type B precursor [Mus musculus] 0.001415 0.001146 0.000331 0.000301
cytochrome c, somatic [Mus musculus] 0.000892 0.000723 0.000457 0.000416
cytochrome P450 reductase [Mus musculus] 0.000554 0.000324 0.000205 0.000129
cytoskeleton-associated protein 4 [Mus musculus] 0.000892 0.000399 0.000661 0.000932
cytosolic phospholipase A2, group IVA [Mus 
musculus]

0.000123 0.000299 0.000472 0.000358

damage specific DNA binding protein 1 [Mus 
musculus]

0.000492 0.000797 0.000457 0.000559

DEAD (Asp-Glu-Ala-Asp) box polypeptide 39 
[Mus musculus]

0.000215 0.000523 0.000331 0.000201

death-associated protein [Mus musculus] 0.002216 0.001794 0.001133 0.001032
dihydrolipoamide dehydrogenase [Mus musculus] 0.000585 0.000473 0.000189 0.000487
dihydrolipoamide S-succinyltransferase (E2 0.000215 0.000174 0.00011 0.0001
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component of 2-oxo-glutarate complex) [Mus 
musculus]
dihydropyrimidinase-like 2 [Mus musculus] 0.000338 0.002118 0.00181 0.001505
dihydropyrimidinase-like 3 [Mus musculus] 0.000338 0.000723 0.001669 0.002007
dolichyl-di-phosphooligosaccharide-protein 
glycotransferase [Mus musculus]

0.001169 0.001196 0.001244 0.000975

drebrin 1 [Mus musculus] 0.000154 0.000125 0.000142 0.000201
dynein cytoplasmic 1 intermediate chain 2 [Mus 
musculus]

0.000646 0.000523 0.000236 0.000301

dynein, cytoplasmic, heavy chain 1 [Mus musculus] 3.08E-05 9.97E-05 0.000142 0.000158
epididymal secretory protein E1 [Mus musculus] 0.002277 0.001096 0.000315 0.000287
epsilon subunit of coatomer protein complex [Mus 
musculus]

0.000615 0.001819 0.001149 0.000631

erythrocyte protein band 4.1-like 3 [Mus musculus] 0.000185 0.00015 0.000157 0.000143
esterase D/formylglutathione hydrolase [Mus 
musculus]

0.001969 0.002018 0.000551 0.000702

eukaryotic translation elongation factor 1 alpha 1 
[Mus musculus]

0.011016 0.005806 0.005636 0.006494

eukaryotic translation elongation factor 1 beta 2 
[Mus musculus]

0.001415 0.001146 0.000457 0.000416

eukaryotic translation elongation factor 1 delta 
isoform b [Mus musculus]

0.000677 0.001246 0.000173 0.000315

eukaryotic translation elongation factor 1 gamma 
[Mus musculus]

0.002369 0.002517 0.001039 0.001448

eukaryotic translation elongation factor 2 [Mus 
musculus]

0.002923 0.006105 0.002314 0.002753

eukaryotic translation initiation factor 2, subunit 1 
alpha [Mus musculus]

0.000277 0.00137 0.000866 0.000989

eukaryotic translation initiation factor 3, subunit 2 
(beta) [Mus musculus]

0.000585 0.001694 0.000645 0.000416

eukaryotic translation initiation factor 3, subunit 3 
(gamma) [Mus musculus]

0.000523 0.000922 0.000582 0.000702

eukaryotic translation initiation factor 3, subunit 4 
(delta) [Mus musculus]

0.000277 0.000473 0.000299 0.000129

eukaryotic translation initiation factor 3, subunit 9 
[Mus musculus]

0.002708 0.001296 0.001181 0.001362

eukaryotic translation initiation factor 4, gamma 1 
isoform a [Mus musculus]

0.000123 4.98E-05 9.45E-05 8.60E-05

eukaryotic translation initiation factor 4A1 [Mus 
musculus]

0.001908 0.004037 0.00255 0.002581

eukaryotic translation initiation factor 4B [Mus 
musculus]

0.001139 0.000922 0.000409 0.000244

eukaryotic translation initiation factor 5A [Mus 
musculus]

0.004523 0.002641 0.001133 0.00152

eukaryotic translation initiation factor 5B [Mus 0.000369 0.000374 0.000157 0.000172
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musculus]
eukaryotic translation termination factor 1 [Mus 
musculus]

0.000431 0.000523 0.000472 0.00043

fascin homolog 1, actin bundling protein [Mus 
musculus]

0.001815 0.003812 0.001574 0.001606

fatty acid binding protein 5, epidermal [Mus 
musculus]

0.012032 0.004236 0.001921 0.001749

fatty acid synthase [Mus musculus] 0.000185 0.000274 0.000346 0.000659
fibronectin 1 [Mus musculus] 0.000123 4.98E-05 3.15E-05 2.87E-05
filamin B, beta [Mus musculus] 0.001046 0.000548 0.000488 0.000487
filamin C, gamma [Mus musculus] 0.001539 0.000523 0.000504 0.000702
filamin, alpha [Mus musculus] 0.003108 0.001595 0.0017 0.001993
FK506 binding protein 10 [Mus musculus] 0.000154 0.000125 0.000157 0.000229
FK506 binding protein 4 [Mus musculus] 0.0004 0.000897 0.000708 0.000918
fuse-binding protein-interacting repressor isoform a 
[Mus musculus]

0.000739 0.000274 0.000173 0.000158

G protein-coupled receptor kinase-interactor 1 [Mus 
musculus]

0.000123 0.000199 6.30E-05 5.73E-05

G1 to S phase transition 1 [Mus musculus] 0.000154 0.000249 7.87E-05 0.000229
gelsolin [Mus musculus] 0.001077 0.000399 0.000331 0.00043
general transcription factor IIF, polypeptide 1 [Mus 
musculus]

0.000369 0.000299 9.45E-05 0.000172

glucose-6-phosphate dehydrogenase X-linked [Mus 
musculus]

0.000338 0.00015 9.45E-05 8.60E-05

glutamate dehydrogenase 1 [Mus musculus] 0.000154 0.000573 0.000362 0.00043
glutamate oxaloacetate transaminase 2, 
mitochondrial [Mus musculus]

0.001846 0.000997 0.00063 0.00086

glutamine fructose-6-phosphate transaminase 1 
[Mus musculus]

0.000123 9.97E-05 0.000142 0.000186

glutamyl-prolyl-tRNA synthetase [Mus musculus] 6.15E-05 9.97E-05 0.000126 0.000258
glutathione S-transferase, pi 1 [Mus musculus] 0.000923 0.000349 0.000756 0.000989
glyceraldehyde-3-phosphate dehydrogenase [Mus 
musculus]

0.069727 0.038995 0.051366 0.056041

glycogen synthase kinase 3 beta [Mus musculus] 0.000677 0.000548 0.00011 0.0001
glycyl-tRNA synthetase [Mus musculus] 0.000369 0.000648 0.000834 0.00076
guanine nucleotide binding protein (G protein), beta 
polypeptide 2 like 1 [Mus musculus]

0.003785 0.003065 0.003022 0.002394

guanine nucleotide-binding protein, beta-1 subunit 
[Mus musculus]

0.000277 0.00162 0.001023 0.001348

guanine nucleotide-binding protein, beta-2 subunit 
[Mus musculus]

0.000554 0.001296 0.000819 0.001133

guanosine diphosphate (GDP) dissociation inhibitor 
2 [Mus musculus]

0.001139 0.002467 0.002456 0.002724

heat shock 70kD protein 5 (glucose-regulated 0.002154 0.002791 0.00148 0.001606
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protein) [Mus musculus]
heat shock protein 1 (chaperonin) [Mus musculus] 0.001846 0.001719 0.001086 0.00172
heat shock protein 1, alpha [Mus musculus] 0.006123 0.006503 0.006722 0.006709
heat shock protein 1, beta [Mus musculus] 0.013632 0.013306 0.012531 0.010007
heat shock protein 4 [Mus musculus] 0.000338 0.000449 0.000236 0.00033
heat shock protein 8 [Mus musculus] 0.004862 0.0149 0.007588 0.008129
heat shock protein 9 [Mus musculus] 0.000739 0.001894 0.000472 0.000602
HECT, UBA and WWE domain containing 1 [Mus 
musculus]

3.08E-05 2.49E-05 1.57E-05 1.43E-05

hemoglobin alpha, adult chain 2 [Mus musculus] 0.000677 0.000548 0.000346 0.000315
heterogeneous nuclear ribonucleoprotein A/B 
isoform 2 [Mus musculus]

0.001539 0.000274 0.000362 0.00033

heterogeneous nuclear ribonucleoprotein A1 
isoform a [Mus musculus]

0.001385 0.000249 0.000504 0.000846

heterogeneous nuclear ribonucleoprotein A2/B1 
isoform 2 [Mus musculus]

0.001046 0.000249 0.000157 0.000688

heterogeneous nuclear ribonucleoprotein F [Mus 
musculus]

0.000985 0.000573 0.000236 0.000889

heterogeneous nuclear ribonucleoprotein K [Mus 
musculus]

0.002 0.00137 0.000582 0.001405

heterogeneous nuclear ribonucleoprotein U [Mus 
musculus]

0.000492 0.000274 0.000535 0.000287

heterogeneous nuclear ribonucleoprotein U-like 2 
[Mus musculus]

0.000123 9.97E-05 6.30E-05 5.73E-05

high density lipoprotein binding protein [Mus 
musculus]

0.000154 0.000125 7.87E-05 7.17E-05

high glucose-regulated protein 8 [Mus musculus] 0.000154 0.000125 7.87E-05 7.17E-05
histone deacetylase 1 [Mus musculus] 0.000185 0.000299 9.45E-05 0.000272
histone deacetylase 2 [Mus musculus] 0.000185 0.000473 0.000299 0.000373
HLA-B-associated transcript 3 [Mus musculus] 9.23E-05 7.48E-05 4.72E-05 4.30E-05
huntingtin interacting protein 2 [Mus musculus] 0.000462 0.001296 0.000504 0.001061
hydroxyacyl-Coenzyme A dehydrogenase type II 
[Mus musculus]

0.000369 0.000299 0.000189 0.000373

hypothetical protein LOC109154 [Mus musculus] 0.000677 0.000548 0.000535 0.000688
hypothetical protein LOC192173 [Mus musculus] 0.000954 0.000772 0.000488 0.000444
hypothetical protein LOC212163 [Mus musculus] 0.000246 0.000199 0.000126 0.000115
hypothetical protein LOC433182 [Mus musculus] 0.003816 0.012782 0.007446 0.007957
hypothetical protein LOC67683 [Mus musculus] 0.000462 0.000374 0.000819 0.000745
hypothetical protein LOC70470 [Mus musculus] 0.000277 0.000473 0.000299 0.000129
hypoxia up-regulated 1 [Mus musculus] 0.000369 7.48E-05 0.000189 0.000172
inosine 5~-phosphate dehydrogenase 2 [Mus 
musculus]

0.000185 0.000648 0.000189 0.000172

insulin-like growth factor 2 receptor [Mus 3.08E-05 4.98E-05 3.15E-05 7.17E-05
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musculus]
integrin beta 1 (fibronectin receptor beta) [Mus 
musculus]

0.000462 0.000374 0.000519 0.00053

integrin beta 4 binding protein [Mus musculus] 0.001292 0.003837 0.001244 0.001806
inter-alpha trypsin inhibitor, heavy chain 2 [Mus 
musculus]

9.23E-05 0.000249 4.72E-05 4.30E-05

IQ motif containing GTPase activating protein 1 
[Mus musculus]

6.15E-05 0.000274 0.000236 0.000487

IQ motif containing GTPase activating protein 3 
[Mus musculus]

6.15E-05 4.98E-05 3.15E-05 2.87E-05

isocitrate dehydrogenase 2 (NADP+), mitochondrial 
[Mus musculus]

0.000615 0.000324 0.000441 0.000645

isocitrate dehydrogenase 3 (NAD+) alpha [Mus 
musculus]

0.000246 0.000199 0.000582 0.00053

karyopherin (importin) beta 1 [Mus musculus] 9.23E-05 0.000174 0.00022 0.000143
keratin complex 1, acidic, gene 10 [Mus musculus] 0.001477 0.000299 0.000504 0.000459
keratin complex 2, basic, gene 1 [Mus musculus] 0.000646 0.000249 0.000331 0.000301
keratin Kb40 [Mus musculus] 0.000185 7.48E-05 0.000142 0.000129
kidney predominant protein NCU-G1 [Mus 
musculus]

0.000215 0.000174 0.00011 0.0001

lactate dehydrogenase A [Mus musculus] 0.000892 0.002467 0.002141 0.002953
latexin [Mus musculus] 0.000862 0.000698 0.000441 0.000401
lectin, galactose binding, soluble 1 [Mus musculus] 0.11293 0.025515 0.038079 0.03468
lectin, mannose-binding 2 [Mus musculus] 0.000246 0.000199 0.000126 0.000244
leprecan 1 isoform 2 [Mus musculus] 0.000246 9.97E-05 0.000189 0.000229
leucine aminopeptidase 3 [Mus musculus] 0.000185 0.000299 0.000299 0.000172
ligase I, DNA, ATP-dependent [Mus musculus] 0.000523 0.000249 0.000268 0.000186
low density lipoprotein receptor-related protein 1 
[Mus musculus]

0.000123 7.48E-05 0.000189 0.000201

lysosomal membrane glycoprotein 2 isoform 2 
[Mus musculus]

0.000215 0.000174 0.00011 0.000588

malate dehydrogenase 1, NAD (soluble) [Mus 
musculus]

0.000277 0.000748 0.000472 0.00043

malate dehydrogenase 2, NAD (mitochondrial) 
[Mus musculus]

0.001692 0.003015 0.00222 0.001735

MARCKS-like 1 [Mus musculus] 0.001815 0.000897 0.001826 0.000516
matrix-remodelling associated 7 [Mus musculus] 0.001139 0.000922 0.000582 0.00053
methionine-tRNA synthetase [Mus musculus] 0.000185 0.00015 4.72E-05 8.60E-05
microtubule-associated protein 4 [Mus musculus] 0.001692 0.000772 0.000488 0.000502
minichromosome maintenance complex component 
7 [Mus musculus]

0.000123 0.000199 0.000126 0.000244

minichromosome maintenance deficient 2 mitotin 
[Mus musculus]

0.0004 0.000523 0.000157 0.000143

minichromosome maintenance deficient 5, cell 0.000123 0.000199 0.000189 0.000172
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division cycle 46 [Mus musculus]
moesin [Mus musculus] 0.003785 0.002566 0.002487 0.002437
myeloid-associated differentiation marker [Mus 
musculus]

0.000277 0.000224 0.000299 0.000129

myosin heavy chain 10, non-muscle [Mus 
musculus]

0.000185 9.97E-05 9.45E-05 0.000143

myosin light chain, regulatory B-like [Mus 
musculus]

0.004739 0.002143 0.001354 0.001233

myosin, heavy polypeptide 9, non-muscle isoform 1 
[Mus musculus]

0.000615 0.001121 0.000378 0.000961

myosin, light polypeptide 6, alkali, smooth muscle 
and non-muscle [Mus musculus]

0.001323 0.003663 0.001669 0.002796

myristoylated alanine rich protein kinase C 
substrate [Mus musculus]

0.002154 0.000922 0.001732 0.001577

Na+/K+ -ATPase alpha 1 subunit [Mus musculus] 0.000369 0.000449 0.000189 0.000172
nascent polypeptide-associated complex alpha 
polypeptide [Mus musculus]

0.003785 0.003065 0.001495 0.000702

neural precursor cell expressed, developmentally 
down-regulated gene 4 [Mus musculus]

0.000308 7.48E-05 4.72E-05 8.60E-05

neuroplastin [Mus musculus] 0.000338 0.000274 0.000173 0.000158
Nice-4 protein homolog isoform 2 [Mus musculus] 0.000185 0.00015 4.72E-05 8.60E-05
nuclear autoantigenic sperm protein isoform 2 [Mus 
musculus]

0.000369 0.001022 0.000409 0.000745

nuclear distribution gene C homolog [Mus 
musculus]

0.0012 0.000972 0.000614 0.000559

nucleolin [Mus musculus] 0.000554 0.000324 0.000457 0.000416
nucleophosmin 1 [Mus musculus] 0.002431 0.001545 0.00074 0.000301
nucleoside-diphosphate kinase 2 [Mus musculus] 0.000585 0.001071 0.001621 0.001477
ornithine aminotransferase [Mus musculus] 0.000677 0.000972 0.001669 0.001921
otubain 1 [Mus musculus] 0.001077 0.00162 0.001936 0.002466
p21-activated kinase 2 [Mus musculus] 0.000185 0.000449 9.45E-05 0.000172
palladin [Mus musculus] 0.000154 0.000274 0.000126 0.000115
paxillin isoform alpha [Mus musculus] 0.000338 0.000125 7.87E-05 7.17E-05
PDGFA associated protein 1 [Mus musculus] 0.001754 0.002068 0.005541 0.002107
peptidylprolyl isomerase A [Mus musculus] 0.002062 0.002442 0.002125 0.002566
peroxiredoxin 1 [Mus musculus] 0.029786 0.012758 0.017741 0.018795
peroxiredoxin 2 [Mus musculus] 0.003169 0.002566 0.002676 0.003713
peroxiredoxin 3 [Mus musculus] 0.000369 0.000299 0.000189 0.000573
peroxiredoxin 4 [Mus musculus] 0.000677 0.001645 0.001307 0.001778
peroxiredoxin 6 [Mus musculus] 0.0004 0.000324 0.000205 0.000186
phenylalanyl-tRNA synthetase, beta subunit [Mus 
musculus]

0.000154 0.000125 0.000157 0.000143

phosphatidylethanolamine binding protein 1 [Mus 0.000492 0.000399 0.000252 0.000229
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Protein Name WT Con WT AA KO Con KO AA
musculus]
phosphatidylinositol transfer protein, alpha [Mus 
musculus]

0.000677 0.000249 0.000157 0.000487

phosphoglycerate kinase 1 [Mus musculus] 0.000739 0.002218 0.001401 0.00109
phosphoribosyl pyrophosphate synthetase 1 [Mus 
musculus]

0.000277 0.000224 0.000315 0.000817

phosphoribosylglycinamide formyltransferase [Mus 
musculus]

0.000185 0.000224 0.000142 0.000129

phosphoserine aminotransferase 1 [Mus musculus] 0.000523 0.000922 0.000268 0.000244
plasma membrane calcium ATPase 1 [Mus 
musculus]

6.15E-05 4.98E-05 3.15E-05 2.87E-05

poly A binding protein, cytoplasmic 1 [Mus 
musculus]

0.000154 0.000125 7.87E-05 7.17E-05

poly(rC) binding protein 1 [Mus musculus] 0.000554 0.000449 0.00063 0.000573
polymerase I and transcript release factor [Mus 
musculus]

0.000492 0.000399 0.000126 0.000229

PREDICTED: hypothetical protein [Mus musculus] 6.15E-05 0.001993 0.000756 0.000688
PREDICTED: la related protein [Mus musculus] 0.000338 0.000174 3.15E-05 0.0001
PREDICTED: SEC31-like 1 [Mus musculus] 6.15E-05 0.000125 0.000142 0.000172
PREDICTED: similar to 3110003A17Rik protein 
[Mus musculus]

0.000739 0.000598 0.000378 0.000344

PREDICTED: similar to Chromobox homolog 3 
(HP1 gamma homolog, Drosophila) isoform 2 [Mus 
musculus]

0.001723 0.001395 0.000882 0.001161

PREDICTED: similar to Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [Mus 
musculus]

0.032433 0.019635 0.018261 0.018279

PREDICTED: similar to S-adenosylhomocysteine 
hydrolase [Mus musculus]

0.000431 0.003015 0.003605 0.003957

profilin 1 [Mus musculus] 0.003846 0.00593 0.003747 0.004502
progesterone receptor membrane component [Mus 
musculus]

0.001015 0.000822 0.000236 0.000215

prohibitin [Mus musculus] 0.001139 0.001321 0.000378 0.00053
proliferating cell nuclear antigen [Mus musculus] 0.001169 0.001794 0.004864 0.005104
prolyl 4-hydroxylase, beta polypeptide [Mus 
musculus]

0.000985 0.003264 0.006816 0.006208

prolyl endopeptidase [Mus musculus] 0.001139 0.001047 0.001055 0.001362
prostaglandin E synthase 3 (cytosolic) [Mus 
musculus]

0.006585 0.000972 0.002629 0.003068

protease (prosome, macropain) 26S subunit, ATPase 
5 [Mus musculus]

0.000215 0.000174 0.00011 0.0001

protease, serine, 1 [Mus musculus] 0.001292 0.000648 0.000189 0.000373
proteasome (prosome, macropain) subunit, alpha 
type 3 [Mus musculus]

0.001692 0.001819 0.001464 0.001333
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Protein Name WT Con WT AA KO Con KO AA
proteasome (prosome, macropain) subunit, alpha 
type 4 [Mus musculus]

0.000338 0.000598 0.000582 0.00053

proteasome (prosome, macropain) subunit, alpha 
type 5 [Mus musculus]

0.000831 0.00152 0.002031 0.001491

proteasome (prosome, macropain) subunit, alpha 
type 6 [Mus musculus]

0.001231 0.000997 0.001527 0.001735

proteasome (prosome, macropain) subunit, alpha 
type 7 [Mus musculus]

0.001754 0.00142 0.000897 0.00109

proteasome (prosome, macropain) subunit, beta 
type 2 [Mus musculus]

0.001539 0.001246 0.000488 0.001032

proteasome (prosome, macropain) subunit, beta 
type 5 [Mus musculus]

0.000769 0.000623 0.001149 0.002867

proteasome (prosome, macropain) subunit, beta 
type 6 [Mus musculus]

0.001631 0.001894 0.001621 0.00109

proteasome beta 4 subunit [Mus musculus] 0.001169 0.000947 0.001133 0.00162
protective protein for beta-galactosidase isoform b 
[Mus musculus]

0.000369 0.000299 0.000425 0.000487

protein arginine N-methyltransferase 1 [Mus 
musculus]

0.000769 0.000847 0.00148 0.001792

protein arginine N-methyltransferase 3 [Mus 
musculus]

0.000154 0.000125 0.000173 7.17E-05

protein disulfide isomerase associated 3 [Mus 
musculus]

0.000769 0.00015 0.000283 0.000688

protein disulfide isomerase associated 4 [Mus 
musculus]

0.000154 0.000224 0.000142 0.000272

protein disulfide isomerase-associated 6 [Mus 
musculus]

0.000215 0.000548 0.00107 0.000975

protein kinase, cAMP dependent regulatory, type II 
alpha [Mus musculus]

0.000215 0.000573 0.000236 0.00033

protein phosphatase 1, catalytic subunit, beta 
isoform [Mus musculus]

0.000277 0.000224 0.000283 0.000258

protein phosphatase 1, regulatory (inhibitor) subunit 
2 [Mus musculus]

0.001539 0.000374 0.000236 0.000444

protein phosphatase 2a, catalytic subunit, beta 
isoform [Mus musculus]

0.000923 0.000748 0.001606 0.001735

purine-nucleoside phosphorylase [Mus musculus] 0.002431 0.00157 0.000157 0.000487
pyrophosphatase [Mus musculus] 0.001446 0.000523 0.000331 0.000473
pyruvate dehydrogenase E1 alpha 1 [Mus musculus] 0.000739 0.000199 0.000126 0.000115
pyruvate kinase, muscle [Mus musculus] 0.008401 0.038323 0.053963 0.04645
RAB1, member RAS oncogene family [Mus 
musculus]

0.001569 0.003164 0.001543 0.002294

RAB18, member RAS oncogene family [Mus 
musculus]

0.000431 0.000772 0.000488 0.000444

RAB7, member RAS oncogene family [Mus 
musculus]

0.000431 0.000349 0.000472 0.000688
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Protein Name WT Con WT AA KO Con KO AA
RAD23b homolog [Mus musculus] 0.000246 0.000199 0.000126 0.000229
RAN binding protein 3 [Mus musculus] 0.0004 0.000498 0.000425 0.000502
RAN, member RAS oncogene family [Mus 
musculus]

0.000892 0.001669 0.00074 0.000961

ras homolog gene family, member C [Mus 
musculus]

0.000985 0.001296 0.000819 0.000745

ras-GTPase-activating protein SH3-domain  binding 
protein [Mus musculus]

0.000615 0.000498 0.000205 0.000186

RAS-related protein-1a [Mus musculus] 0.000492 0.000399 0.000252 0.000487
RCC1-like [Mus musculus] 0.000185 0.000449 0.00063 0.000688
retinoblastoma binding protein 4 [Mus musculus] 0.000923 0.000748 0.000771 0.000559
retinoblastoma binding protein 7 [Mus musculus] 0.000431 0.001221 0.000614 0.00043
Rho GDP dissociation inhibitor (GDI) alpha [Mus 
musculus]

0.000431 0.000772 0.000488 0.001763

ribonuclease/angiogenin inhibitor 1 [Mus musculus] 0.0004 0.000698 0.000567 0.000918
ribonucleotide reductase M2 [Mus musculus] 0.000215 0.000374 0.000236 0.000215
ribophorin I [Mus musculus] 0.000308 0.000648 0.000331 0.000459
ribosomal protein 10 [Mus musculus] 0.000862 0.000698 0.000205 0.000186
ribosomal protein L21 [Mus musculus] 0.000554 0.000449 0.000283 0.000258
ribosomal protein L3 [Mus musculus] 0.000462 0.000174 0.00011 0.0001
ribosomal protein L5 [Mus musculus] 0.000615 0.000797 0.000693 0.000631
ribosomal protein S15a [Mus musculus] 0.001569 0.000573 0.000362 0.000731
ribosomal protein S2 [Mus musculus] 0.000338 0.000548 0.000173 0.000502
ribosomal protein S3 [Mus musculus] 0.000369 0.001495 0.000661 0.000373
ribosomal protein S6 [Mus musculus] 0.000369 0.000299 0.000378 0.000344
ribosomal protein SA [Mus musculus] 0.000646 0.002392 0.001511 0.001376
ribosomal protein, large P2 [Mus musculus] 0.049849 0.023048 0.008044 0.009921
ribosomal protein, large, P1 [Mus musculus] 0.005662 0.002965 0.005966 0.003857
ribosome binding protein 1 isoform a [Mus 
musculus]

0.000123 4.98E-05 6.30E-05 8.60E-05

RuvB-like protein 2 [Mus musculus] 0.0004 0.002442 0.001023 0.000932
S100 calcium binding protein A10 [Mus musculus] 0.000923 0.000748 0.001102 0.001749
S100 calcium binding protein A11 (calizzarin) [Mus 
musculus]

0.000954 0.00309 0.001118 0.001018

S-adenosylhomocysteine hydrolase [Mus musculus] 0.000215 0.000972 0.00148 0.001534
SAM domain- and HD domain-containing protein 1 
[Mus musculus]

0.000277 9.97E-05 0.000299 0.000201

SEC13-like 1 [Mus musculus] 0.000585 0.001047 0.000661 0.000602
septin 11 [Mus musculus] 0.000431 0.000349 0.000457 0.000545
septin 2 [Mus musculus] 0.002154 0.001744 0.001558 0.001419
serine (or cysteine) proteinase inhibitor, clade B, 
member 6a [Mus musculus]

0.001385 0.001694 0.001275 0.002323
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Protein Name WT Con WT AA KO Con KO AA
serine (or cysteine) proteinase inhibitor, clade H, 
member 1 [Mus musculus]

0.000215 0.000374 0.000236 0.000215

serine hydroxymethyltransferase 2 (mitochondrial) 
[Mus musculus]

0.000369 0.000473 0.000299 0.000172

serine/threonine kinase receptor associated protein 
[Mus musculus]

0.000277 0.000449 0.000283 0.000559

SET translocation [Mus musculus] 0.001015 0.000249 0.000157 0.000301
signal recognition particle 72 [Mus musculus] 0.000277 9.97E-05 6.30E-05 5.73E-05
signal recognition particle receptor (~docking 
protein~) [Mus musculus]

0.000154 0.000249 7.87E-05 7.17E-05

signal sequence receptor, alpha [Mus musculus] 0.001046 0.000847 0.000346 0.000315
signal sequence receptor, delta [Mus musculus] 0.000554 0.002267 0.001952 0.000545
small acidic protein [Mus musculus] 0.001815 0.000897 0.001354 0.000516
SMT3 (supressor of mif two, 3) homolog 1 [Mus 
musculus]

0.000831 0.000673 0.000425 0.000387

solute carrier family 25 (mitochondrial carrier, 
phosphate carrier), member 3 [Mus musculus]

0.000246 0.000673 0.00096 0.001061

solute carrier family 25, member 5 [Mus musculus] 0.001015 0.000523 0.000724 0.001104
solute carrier family 9 (sodium/hydrogen 
exchanger), member 1 [Mus musculus]

0.000123 9.97E-05 6.30E-05 5.73E-05

spermidine synthase [Mus musculus] 0.003323 0.001819 0.001417 0.001548
staphylococcal nuclease domain containing 1 [Mus 
musculus]

0.000308 0.000424 0.000268 0.000301

STIP1 homology and U-box containing protein 1 
[Mus musculus]

0.000277 0.000224 0.000142 0.000129

structure specific recognition protein 1 [Mus 
musculus]

0.0004 0.000424 0.000268 0.000244

succinate dehydrogenase Fp subunit [Mus 
musculus]

0.000123 0.000349 0.00022 0.00043

SUMO1 activating enzyme subunit 1 [Mus 
musculus]

0.000246 0.000199 0.000126 0.000258

SUMO1 activating enzyme subunit 2 [Mus 
musculus]

0.000431 0.000498 0.00022 0.000129

suppression of tumorigenicity 13 [Mus musculus] 0.001415 0.000648 0.000567 0.000516
synaptosomal-associated protein 23 [Mus musculus] 0.001508 0.001744 0.000472 0.000702
talin 1 [Mus musculus] 0.000277 0.000174 0.000142 0.000201
tankyrase 1 binding protein 1 [Mus musculus] 0.000123 9.97E-05 3.15E-05 5.73E-05
taxilin alpha [Mus musculus] 0.000154 0.000274 7.87E-05 0.000244
t-complex protein 1 [Mus musculus] 0.001385 0.003289 0.002708 0.002896
thioredoxin 1 [Mus musculus] 0.003477 0.006279 0.002739 0.003613
thioredoxin domain containing 1 [Mus musculus] 0.000677 0.000872 0.000551 0.000502
thioredoxin-like 1 [Mus musculus] 0.000646 0.000523 0.000331 0.000301
thioredoxin-like 2 [Mus musculus] 0.000277 0.000224 0.00063 0.000573
threonyl-tRNA synthetase [Mus musculus] 0.000369 0.000648 0.000409 0.000659
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Protein Name WT Con WT AA KO Con KO AA
thrombospondin 1 [Mus musculus] 6.15E-05 0.000199 0.000126 0.000115
thymoma viral proto-oncogene 1 [Mus musculus] 0.000185 0.000299 0.000189 0.000473
thymopoietin isoform alpha [Mus musculus] 0.000277 9.97E-05 6.30E-05 5.73E-05
TNF receptor-associated protein 1 [Mus musculus] 0.000246 0.000424 0.000268 0.000315
transcription elongation factor B (SIII), polypeptide 
1 [Mus musculus]

0.000831 0.00152 0.001653 0.003312

transferrin [Mus musculus] 0.0004 9.97E-05 0.000126 0.000115
transformation related protein 53 [Mus musculus] 0.001354 0.000399 0.000378 0.000946
transforming growth factor beta 1 induced transcript 
1 [Mus musculus]

0.001169 0.000723 0.000331 0.000201

transgelin [Mus musculus] 0.005016 0.001844 0.004675 0.004258
transgelin 2 [Mus musculus] 0.006247 0.002492 0.001574 0.001864
transketolase [Mus musculus] 0.002339 0.002542 0.003762 0.002996
translocase of outer mitochondrial membrane 70 
homolog A [Mus musculus]

0.000154 0.000125 7.87E-05 7.17E-05

transmembrane emp24 domain-containing protein 
10 [Mus musculus]

0.001415 0.002168 0.001023 0.001606

transmembrane emp24 protein transport domain 
containing 9 [Mus musculus]

0.000369 0.000648 0.000409 0.000373

triosephosphate isomerase 1 [Mus musculus] 0.002431 0.00147 0.000929 0.001133
tripartite motif protein 28 [Mus musculus] 0.000462 0.000274 0.000173 0.000158
tripeptidyl peptidase II [Mus musculus] 6.15E-05 4.98E-05 7.87E-05 0.000172
tryptophanyl-tRNA synthetase [Mus musculus] 0.000185 0.00015 9.45E-05 0.000172
tubulin, alpha 1 [Mus musculus] 0.026463 0.030249 0.048249 0.026021
tubulin, alpha 1B [Mus musculus] 0.028371 0.034635 0.042377 0.022781
tubulin, alpha 1C [Mus musculus] 0.023201 0.026686 0.028965 0.017605
tubulin, beta 2c [Mus musculus] 0.016339 0.025341 0.018386 0.023526
tubulin, beta 5 [Mus musculus] 0.022155 0.033788 0.028005 0.035626
tubulin, beta 6 [Mus musculus] 0.005385 0.009618 0.006564 0.008114
tumor protein D52-like 2 [Mus musculus] 0.001477 0.001694 0.00022 0.000201
tumor protein, translationally-controlled 1 [Mus 
musculus]

0.012001 0.014302 0.010862 0.014121

tumor rejection antigen gp96 [Mus musculus] 0.001939 0.002865 0.00392 0.005649
tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, beta polypeptide 
[Mus musculus]

0.003662 0.000623 0.002723 0.002064

tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, epsilon 
polypeptide [Mus musculus]

0.003446 0.003389 0.003573 0.002767

tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta polypeptide 
[Mus musculus]

0.003693 0.003638 0.003274 0.002982

U2 small nuclear ribonucleoprotein auxiliary factor 0.000615 0.000249 0.000157 0.000143
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Protein Name WT Con WT AA KO Con KO AA
(U2AF) 2 [Mus musculus]
ubiquinol-cytochrome c reductase core protein 1 
[Mus musculus]

0.000185 0.000324 0.000425 0.000502

ubiquitin A-52 residue ribosomal protein fusion 
product 1 [Mus musculus]

0.009785 0.003164 0.002802 0.003455

ubiquitin specific protease 14 isoform 1 [Mus 
musculus]

0.000369 0.000623 0.000771 0.000702

ubiquitin-activating enzyme E1, Chr X [Mus 
musculus]

0.000862 0.001794 0.001291 0.001104

UDP-glucose dehydrogenase [Mus musculus] 0.000185 0.000648 0.000299 0.000588
unc-84 homolog B [Mus musculus] 0.000123 9.97E-05 0.000142 0.000129
vacuolar protein sorting 4b [Mus musculus] 0.000215 0.000174 0.00011 0.0001
valosin containing protein [Mus musculus] 0.000338 0.000947 0.000378 0.000688
valyl-tRNA synthetase [Mus musculus] 6.15E-05 0.000174 0.000189 0.0001
vanin 3 [Mus musculus] 0.000185 0.00015 9.45E-05 8.60E-05
vinculin [Mus musculus] 0.000862 0.000224 0.000236 0.000401
voltage-dependent anion channel 1 [Mus musculus] 0.000338 0.001271 0.000803 0.000961
voltage-dependent anion channel 2 [Mus musculus] 0.000677 0.002442 0.001259 0.000903
v-ral simian leukemia viral oncogene homolog B 
(ras related) [Mus musculus]

0.000431 0.000349 0.00022 0.000444

WD repeat domain 1 [Mus musculus] 0.003539 0.004635 0.002723 0.002667
zinc finger protein 289 [Mus musculus] 0.000369 0.00015 9.45E-05 0.000172
zyxin [Mus musculus] 0.000708 0.000125 7.87E-05 7.17E-05
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