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ABSTRACT OF THE DISSERTATION 

 

 

Metabolite Signaling Mediates Cellular Homeostasis and Proliferation 

 

by  

 

Abigail Sarah Krall 

Doctor of Philosophy in Molecular and Medical Pharmacology  

University of California, Los Angeles, 2018  

Professor Heather R. Christofk, Chair 

 

 

Nutrients and metabolites can both positively and negatively regulate cell signaling and anabolic 

metabolism.  These signaling properties suggest that metabolites can influence both 

proliferation and cellular homeostasis.  Here we describe a role for asparagine as an amino acid 

exchange factor: intracellular asparagine exchanges with extracellular amino acids.  We show 

that intracellular asparagine levels regulate uptake of amino acids, especially serine, arginine, 

and histidine.  Through its exchange factor role, asparagine promotes mTORC1 activity and 

downstream anabolic metabolism.  In addition, we show that asparagine depletion may be 

sensed through intracellular lactate accumulation.  Asparagine depletion impairs trafficking of 

lactate transporters MCT1 and MCT4 to decrease lactate export.  We also provide evidence that 

lactate binds to and stabilizes ATF4, the transcription factor responsible for asparagine 

synthetase expression, suggesting that lactate, as a signal of asparagine depletion, is sensed 

by ATF4 to restore intracellular asparagine.  In addition to stimulating ATF4 activity and ASNS 

expression, we find that lactate inhibits mTORC1 activity in an ATF4-dependent manner.  Given 
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the role of asparagine in amino acid uptake, our data suggest that lactate may be a novel signal 

to communicate amino acid deficiency to mTORC1.  We propose that the cell coordinates 

anabolism with nutrient availability by linking ATF4 transcriptional activity to mTORC1 inhibition, 

such that lactate-induced mTORC1 inhibition upon asparagine depletion coincides with ATF4-

mediated asparagine regeneration and is relieved upon asparagine restoration.  Finally, we 

hypothesize that lactate signaling may explain why lactate export is a cancer hallmark: cancer 

cell lactate export both relieves cell-autonomous restrictions on mTORC1-mediated anabolism 

and enables exploitation of the tumor microenvironment through tumor-generated paracrine 

lactate signaling. 
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Introduction: Cell signaling, Metabolism, and Cancer 
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The work in this dissertation will examine the intersection between cell signaling and 

metabolism – particularly how cellular metabolic status contributes to cell behaviors, including 

quiescence and proliferation.  Below is a brief introduction to signaling-metabolism 

interconnection and metabolic requirements for cell proliferation.  The chapter concludes by 

highlighting gaps in knowledge that will be addressed in the dissertation. 

 

Most cancer cells exhibit increased glucose consumption and lactate secretion.  

Glycolysis is the central pathway of glucose metabolism.  Through a series of reactions, glucose 

is converted to pyruvate.  In most differentiated tissues, this pyruvate is oxidized in the 

mitochondria.  Cancer cells, however, tend to increase glucose consumption and convert the 

majority of consumed glucose to lactate - despite the presence of oxygen and the option for 

more efficient ATP generation through pyruvate oxidation.  Increased glucose consumption and 

lactate secretion is now considered a cancer hallmark and is known as the Warburg effect.  

Because glycolytic intermediates may be used as substrates for numerous biosynthetic 

pathways, such as the pentose phosphate and serine synthesis pathways(1), enhanced glucose 

uptake and flux through glycolysis supports the anabolism required for cell growth and division. 

 

Glutamine and aspartate are limiting for cancer cell proliferation.  In addition to increasing 

glucose metabolism, cancer cells also often exhibit high rates of glutamine consumption to 

support macromolecular biosynthesis(2).  Glutamine fuels the TCA cycle through anaplerosis 

and contributes to the synthesis of lipids, nucleotides and non-essential amino acids.  Although 

glutamine has been shown to be a prominent carbon source for the TCA cycle in cell culture 

experiments(2, 3), several lines of evidence suggest that glutamine anaplerosis is not essential 

for cell proliferation both in vitro and in vivo, as alternative carbon sources, such as pyruvate 

and acetate, can also serve as TCA cycle fuels(4-6).  Rather, anaplerosis-independent 

glutamine functions may be limiting for proliferation(6).  In addition, aspartate synthesis, which is 
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critical for nucleotide production, has recently been shown to be limiting for cancer cell growth 

and may underlie the dependence of proliferating cells on respiration(7, 8).   

 

Cell signaling-metabolism interconnection 

Metabolism and cell signaling are intricately interconnected.  Cell signaling governs cell 

behavior by coordinating numerous cellular processes.  Cell behavior - such as quiescence, 

proliferation, differentiation, or migration - depends on the cellular metabolic state.  Regulation 

of metabolism by signaling pathways, therefore, is a way to achieve the appropriate metabolic 

state to support the intended cell behavior.  For example, constitutively-active oncogenic 

kinases activate both nutrient uptake and metabolism that fuel cell growth(2, 9-12), including 

aerobic glycolysis and glutamine metabolism, as described above.  

 

Conversely, regulation of signaling pathways by metabolites enables the cell to sense the 

current metabolic state and adjust cell behavior accordingly.  For instance, it enables cells to 

coordinate anabolism and proliferation with nutrient availability, ensuring that the cell initiates 

anabolic processes only when resources are abundant.  Metabolite sensing by signaling 

pathways is also critical for cellular homeostasis, both to ensure that the cell limits anabolism to 

what is needed to sustain basic cellular function and to replenish depleted nutrients.  

 

Cellular metabolic status is sensed by mTOR complex 1 (mTORC1) and activating 

transcription factor 4 (ATF4).  mTORC1 and ATF4, both of which sense intracellular amino 

acid levels, are the most well-characterized cellular nutrient sensors.  mTORC1 is a master 

metabolic regulator: its activation promotes numerous anabolic processes, including mRNA 

translation, nucleotide synthesis, and lipid synthesis(13).  The complex is activated at the 

lysosomal membrane by Rheb, downstream of growth factor signaling(14).  Amino acids are 

sensed through direct interactions with signaling components that recruit mTORC1 to the 
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lysosomal surface(15-19), such that mTORC1 is unable to co-localize with Rheb when amino 

acids are limiting.  The inability of mTORC1 to be activated in the absence of amino acids – 

despite active growth factor signaling – ensures that anabolism and growth are initiated only 

when nutrients are abundant.  

 

Conversely, ATF4 transcriptional activity is activated in response to intracellular amino acid 

depletion.  ATF4 is upregulated at the translational level in response to uncharged tRNA 

molecules.  Activation leads to elevated transcription of amino acid transporters and amino acid 

synthesis enzymes, including asparagine synthetase (ASNS) and serine synthesis pathway 

enzymes.  Amino acid sensing through the ATF4 pathway, therefore, enables amino acid 

replenishment during conditions of depletion. 

 

Gaps in knowledge addressed by this dissertation 

1. Cancer cell lactate export. The Warburg effect is characterized by increased glucose 

uptake and lactate export.  It is now clear how increased glucose uptake supports elevated 

anabolic metabolism – by providing substrates for biosynthetic pathways.  However, it remains 

unclear how increased lactate secretion impacts anabolic metabolism or cancer progression.  

Cancer cells export lactate despite the fact that lactate can be catabolized and provide carbons 

for anabolic metabolism(20, 21). Does intracellular lactate negatively impact cell growth?  Does 

extracellular lactate support cancer cells exploitation of the tumor microenvironment? 

 

2. Asparagine contribution to cancer cell growth.  Numerous publications have 

demonstrated that glutamine and aspartate are limiting for cancer cell growth.  Notably, both 

glutamine and aspartate are obligate substrates for ASNS reaction, raising the possibility that 

asparagine synthesis contributes to cancer cell glutamine and aspartate dependence.  The 

importance of asparagine for tumor growth has been demonstrated by the effectiveness of 
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extracellular asparaginase in treating low-ASNS-expressing leukemia.  However, the reasons 

behind cancer cell asparagine dependence are unclear – the only currently known function for 

asparagine is as a substrate for protein synthesis.  Although ATF4 regulates expression of 

genes involved in multiple amino acid synthesis and transport pathways, asparagine alone 

rescues the impaired proliferation and autophagy resulting from ATF4 knockdown(22), 

suggesting that asparagine may globally impact intracellular amino acid levels.   

   

3. Metabolite regulation of cell signaling.  Research over the past two decades has focused 

on the regulation of cell metabolism by signaling pathways(2, 9-12).  The reciprocal of this bi-

directional relationship has received less attention.  As demonstrated by amino acid regulation 

of mTORC1, metabolites can directly interact with components of cell signaling pathways to 

impact cellular activities(15-19).  However, unlike protein-protein interactions, protein-metabolite 

interactions are often low-affinity and transient, making their detection difficult and their impact 

on cell behavior underappreciated.   

 

The work presented in this dissertation identifies novel signaling functions for asparagine and 

lactate.  We demonstrate a role for asparagine in cellular amino acid uptake, which influences 

anabolic metabolism downstream of mTORC1.  We also provide evidence that lactate is a 

metabolic negative feedback signal that is sensed through direct binding to ATF4. 
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Chapter 2 

Asparagine Promotes Cancer Cell Proliferation through Use  

as an Amino Acid Exchange Factor 
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INTRODUCTION 

Many tumor cells exhibit high rates of glutamine consumption to support macromolecular 

biosynthesis and cell proliferation(1).  Glutamine fuels the TCA cycle through anaplerosis and 

contributes to the synthesis of lipids, nucleotides and non-essential amino acids.  However, the 

full spectrum of glutamine contribution to cancer cell growth remains an area of active 

investigation.  Although glutamine can contribute to synthesis of several amino acids through its 

catabolism to glutamate, only asparagine requires glutamine for de novo synthesis; glutamine is 

a substrate for asparagine synthetase (ASNS).  ASNS activity is unidirectional and ATP-

dependent, suggesting that cells synthesize asparagine at the expense of macromolecule 

synthesis and cellular energy.    

 

The importance of asparagine for tumor growth has been demonstrated by the effectiveness of 

extracellular asparaginase in treating low-ASNS-expressing leukemia.  Notably, the off-target 

glutaminase (GLS) activity of asparaginase is not required for its anti-tumor effects(2).  Although 

asparaginase is effective as a therapeutic for cancers that obtain the majority of their 

asparagine from the environment, cancers that are capable of synthesizing asparagine de novo 

via ASNS are less responsive to asparaginase therapy(3).  Moreover, leukemic asparaginase 

resistance is associated with elevated ASNS expression(4), and ASNS expression in solid 

tumors correlates with tumor grade and poor prognosis(5).  Recently, genetic silencing of ASNS 

in sarcoma cells combined with depletion of plasma asparagine levels via asparaginase   was 

shown to blunt tumor growth in vivo(6).  Thus, cancer cells appear to have high demand for 

asparagine, and this demand has the potential to be exploited therapeutically. 

 

The nature of ASNS regulation suggests that asparagine may play a role in cellular amino acid 

homeostasis.  ASNS expression is upregulated in response to individual or combined limitation 

of numerous amino acids, including most essential amino acids(7, 8).  Amino acid-starvation-
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induced upregulation of ASNS is mediated by activating transcription factor 4 (ATF4), the 

transcriptional activity of which is activated in response to uncharged tRNAs.  Although ATF4 

regulates expression of genes involved in multiple amino acid synthesis and transport 

pathways, asparagine alone rescues the impaired proliferation and autophagy resulting from 

induced ATF4 knockdown(9), supporting the idea that asparagine globally impacts intracellular 

amino acid levels.  However, the only currently known function for asparagine is as a substrate 

for protein synthesis.  Here we identify a novel role for asparagine as an amino acid exchange 

factor.  We show that asparagine exchanges with extracellular amino acids to regulate mTOR 

complex 1 (mTORC1) activation, nucleotide synthesis, and proliferation.  Our results indicate 

that glutamine contribution to cancer cell survival and proliferation is, in part, mediated by 

glutamine-dependent asparagine synthesis. 

 

RESULTS 

Glutamine independence confers asparagine dependence   

The broad contribution of glutamine carbon and nitrogen to cancer metabolism has led to the 

development of drugs targeting glutamine metabolism such as CB-839, an orally bioavailable 

glutaminase (GLS) inhibitor currently undergoing Phase I evaluation for cancer treatment(10-

12).  We hypothesized that glutamine-dependent cancers may generate resistance to drugs 

targeting glutamine metabolism by increasing reliance on metabolites downstream of glutamine.  

To test this hypothesis, we generated both LPS2 liposarcoma cells that grow in the absence of 

glutamine and SUM159PT breast cancer cells that are resistant to CB-839(10) (Figure 2-1A-B).   

 

Since glutamine is required for de novo asparagine synthesis, we examined whether resistance 

to glutamine withdrawal confers growth dependence on exogenous asparagine.  Also, since CB-

839-resistant cells down-regulate cellular glutamine consumption (Figure 2-1C), thereby limiting 

glutamine availability for the ASNS reaction, we examined whether resistance to GLS inhibition 



	 12	

confers growth dependence of exogenous asparagine as well.  LPS2 glutamine-independent 

and SUM159PT CB-839-resistant cells, but not their parental cells, require asparagine in the 

cell culture medium for proliferation (Figure 2-2).  LPS2 glutamine-independent cells increase 

expression of glutamine synthetase (GS) (Figure 2-1B), likely to fulfill cellular glutamine 

requirements for nucleotide synthesis and protein synthesis by synthesizing glutamine from 

glutamate(13).  However, the dependence of glutamine-independent cells on exogenous 

asparagine indicates that GS-derived glutamine is insufficient to fulfill the cellular demand for 

asparagine and suggests that maintaining intracellular asparagine levels is critical for 

proliferation.  Dependence of glutamine-independent cells on exogenous asparagine for 

proliferation is consistent with a recent report that exogenous asparagine protects cells from 

apoptosis upon glutamine deprivation(5).   

 

Given the structural similarity of asparagine and glutamine, we examined whether asparagine 

could be metabolized like glutamine as a potential resistance mechanism to glutamine 

deprivation and GLS inhibition.  To determine if blocking glutamine metabolism causes cells to 

catabolize asparagine, we labeled the cell culture medium with either asparagine uniformly 

labeled on carbon (U-13C-asparagine) or uniformly labeled on nitrogen (U-15N-asparagine).  The 

only detected metabolites labeled with asparagine carbon in the resistant cells are small 

percentages of aspartate and malate (Figure 2-3A).  Asparagine nitrogen is detected in 

approximately ten percent of purines (Figure 2-3B). However, both the U-13C-asparagine and U-

15N-asparagine utilized in these experiments are contaminated with small percentages of 

labeled aspartate, and the observed label on aspartate, malate, and purines is likely due to this 

contamination and the increased consumption of aspartate by the resistant cells (Figure 2-3C).  

These data suggest that asparagine is not widely catabolized in LPS2 glutamine-independent 

cells, SUM159PT CB-839 resistant cells, or their parental counterparts. 
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Since cells resistant to glutamine withdrawal and glutaminase inhibition require exogenous 

asparagine for proliferation but do not seem to catabolize it, we considered that the resistant 

cells may require exogenous asparagine simply for protein synthesis.  To examine this 

possibility, we tested whether the LPS2 cells resistant to glutamine withdrawal and/or the 

SUM159PT cells resistant to GLS inhibition consume more 13C-asparagine from the medium 

than their parental counterparts.  All four cell lines (both resistant cells and both parental cells) 

obtain a majority of their intracellular asparagine from the culture medium, as indicated by the 

high percentage of 13C-labeled intracellular asparagine when the medium is labeled with U-13C-

asparagine (Figure 2-4A).  However, asparagine is not depleted from the medium in either the 

parental or resistant cell lines, and CB-839-resistant cells actually exhibit a net efflux of 

asparagine rather than influx when grown in the presence of glutamine (Figure 2-4B).  These 

results suggest that dependence of glutamine-independent cells on exogenous asparagine is 

not solely for the purpose of protein synthesis and suggest that asparagine export may be 

important for growing cells. 

 

Asparagine levels impact cancer cell proliferation in glutamine-abundant conditions  

Since exogenous asparagine is required for proliferation of glutamine-independent cells, we 

next asked whether intracellular asparagine levels affect cell proliferation in glutamine-abundant 

conditions.  To address this question, we knocked down ASNS using stable expression of short 

hairpin RNA (shRNA) in a panel of cancer cell lines.  All of the cell lines analyzed, when grown 

in DMEM (which has 4 mM glutamine but lacks asparagine), exhibit reduced proliferation 

following partial ASNS knockdown when compared to cells expressing a scrambled shRNA 

(Figure 2-5A-B).  However, supplementation of DMEM medium with 0.1 mM asparagine 

completely rescues proliferation of HeLa cells in which ASNS expression is suppressed by 

ASNS knockdown (Figure 2-5C).  These results indicate that the growth benefit provided by 

ASNS expression is due to asparagine synthesis, rather than to another aspect of the ASNS 
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reaction, such as cytoplasmic glutamate production (Figure 2-5D), and suggest that intracellular 

asparagine levels impact cancer cell proliferation in glutamine-abundant conditions. 

 

Asparagine is an amino acid exchange factor   

Intracellular glutamine has the capacity to exchange with extracellular essential amino acids(14) 

and regulate mTOR activity(14-16).  Given that net asparagine influx is not detected, even for 

cells that require exogenous asparagine for proliferation, we hypothesized that asparagine is 

imported into the cell only to be exported in exchange for other amino acids.   To test whether 

intracellular asparagine is capable of exchanging with extracellular amino acids, a high 

intracellular glutamine/asparagine concentration was generated in serum- and amino acid-

starved LPS2 cells by a 60 minute pre-load with either 2 mM L-glutamine, 2 mM L-asparagine, 

or a combination of the two.  After washing away the exogenous glutamine and/or asparagine, a 

glutamine/asparagine-free amino acid mixture (AA medium) was added to the cells for 30 

minutes.  Glutamine and asparagine export from the cells was evaluated both by examining 

extracellular glutamine/asparagine levels following the 30 minute AA medium treatment and by 

measuring intracellular glutamine/asparagine levels before and after AA medium treatment.  

Confirming previous results(14), glutamine is detected in the medium only upon stimulation with 

amino acids (Figure 2-6A). Consistent with exchange factor capacity, asparagine is also 

detected in the medium upon stimulation with amino acids (Figure 2-6B).  Moreover, intracellular 

levels of both glutamine and asparagine are depleted following asparagine/glutamine-free 

amino acid treatment (Figure 2-6C-D), and absolute quantification of intracellular and exported 

glutamine/asparagine verified that intracellular depletion is due to export (Figure 2-6E-F).  While 

asparagine and glutamine are exported following amino acid stimulation of pre-loaded LPS2 

cells, efflux of glycine, another neutral amino acid, is not detected (Figure 2-7A).  Notably, when 

pre-loaded with a combination of glutamine and asparagine, asparagine but not glutamine 

export is detected (Figure 2-6A-B).  In addition, while a glutamine pre-load is required to 
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observe glutamine export upon amino acid treatment, intracellular asparagine depletion occurs 

in response to amino acid treatment even with an asparagine-starved, no pre-load state (Figure 

2-7B).  These results suggest that LPS2 cells can use asparagine as an amino acid exchange 

factor and may in fact prefer use of asparagine over glutamine for amino acid exchange. 

 

Knowing that asparagine is capable of exchanging with extracellular amino acids, we next 

examined whether intracellular asparagine levels regulate amino acid import under normal 

growth (non-starvation) conditions.  Amino acid import is considerably impaired upon ASNS 

knockdown in non-starved HeLa cells grown in DMEM (Figure 2-8).  Import of serine and basic 

amino acids arginine and histidine is particularly sensitive to ASNS knockdown in DMEM, and 

supplementing DMEM with 0.1 mM asparagine completely rescues uptake of these amino acids 

(Figure 2-9).  Uptake of other amino acids (leucine, methionine, phenylalanine, tryptophan, and 

lysine), although impaired by ASNS knockdown, is also impaired by exogenous asparagine 

supplementation.  This may indicate competition with asparagine for a common transporter for 

import.  These results indicate that intracellular asparagine depletion through ASNS knockdown 

impairs amino acid uptake in cells cultured in complete medium, including 4 mM glutamine, 

suggesting that amino acid exchange with asparagine occurs under normal growth conditions 

and is not simply a substitute for glutamine exchange in glutamine-depleted conditions.    

 

Asparagine regulates serine uptake and metabolism   

Given the capacity of asparagine for amino acid exchange, we asked whether asparagine has 

increased capacity to exchange with certain amino acids.  Notably, ASNS expression in human 

tumors strongly correlates with expression of genes involved in serine/glycine synthesis and 

one-carbon metabolism (Figure 2-10), suggesting that cellular demand for serine and 

asparagine may be specifically connected.  To examine whether asparagine preferentially 

exchanges with certain amino acids, asparagine-pre-loaded LPS2 parental cells were treated 
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with non-polar, basic, or serine/threonine (which share a transporter) amino acid sub-categories.  

Although asparagine export is observed with all three groups, asparagine preferentially 

exchanges with serine/threonine and non-polar amino acids over basic amino acids following 

amino acid starvation (Figure 2-11A).  In addition, following a five minute amino acid stimulation, 

intracellular non-polar and basic amino acid levels are approximately 50% higher in asparagine-

pre-loaded glutamine-independent LPS2 cells compared with cells that lack a pre-load, while 

intracellular serine and threonine levels are approximately three-fold higher in asparagine-pre-

loaded cells (Figure 2-11B-C).   

 

Because asparagine regulates serine uptake, we asked whether asparagine levels alter serine 

synthesis or metabolism.  To examine this possibility, we determined the impact of ASNS 

knockdown on serine synthesis pathway gene expression in the absence and presence of 

exogenous asparagine.  ASNS knockdown results in elevated mRNA and protein expression of 

serine synthesis pathway enzymes, which is prevented by the addition of exogenous 

asparagine to the medium (Figure 2-12A-B). Consistently, ASNS knockdown results in 

increased incorporation of glucose carbon into serine and glycine (Figure 2-12C).  ASNS 

knockdown also results increased localization of ATF4 to the promoters of serine synthesis 

enzyme genes, as indicated by chromatin immunoprecipitation (Figure 2-13A).  Moreover, ATF4 

knockdown abolishes the increased expression of serine synthesis pathway enzymes upon 

ASNS knockdown (Figure 2-13B).  These data suggest that cells may compensate for 

decreased intracellular asparagine levels and consequent decreased ability to exchange 

intracellular asparagine for extracellular serine by transcriptionally upregulating the serine 

synthesis pathway through ATF4 activation.   
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Asparagine regulates mTORC1 activation   

Amino acids are essential for mTORC1 activation(17, 18), and mTORC1 activity is particularly 

sensitive to arginine levels(19).  Because asparagine functions as an amino acid exchange 

factor and regulates arginine import, we hypothesized that asparagine levels may influence 

mTORC1 activity.  Pre-loading serum- and amino acid-starved LPS2, HeLa, or A431 cells with 

asparagine prior to stimulation with amino acids increases mTORC1 activation upon amino acid 

stimulation, and asparagine and glutamine pre-loading activate mTORC1 with similar kinetics 

(Figure 2-14).  Importantly, asparagine/glutamine pre-load only results in mTOR activation 

following amino acid stimulation, indicating that it is their exchange factor roles that elicit 

mTORC1 activation.   

 

Given that cells may obtain asparagine either from the environment or by de novo synthesis via 

ASNS activity, we speculated that ASNS expression levels would determine mTORC1 

sensitivity to extracellular asparagine levels.  Consistent with this hypothesis, mTORC1 activity 

in LPS2 cells, which have relatively low ASNS levels and obtain asparagine from the medium 

(Figure 2-15A), is sensitive to 6 hours of asparagine withdrawal when cultured in medium with 

serum and 2 mM glutamine (Figure 2-15B).  Moreover, the kinetics of mTORC1 activation of 

serum- and amino acid-starved LPS2 cells are reduced upon stimulation with medium lacking 

asparagine (Figure 2-15C).  While mTORC1 activity recovers after 24 hours of asparagine 

depletion (Figure 2-15B), simultaneous withdrawal of both asparagine and glutamine prevents 

recovery after 24 hours of withdrawal (Figure 2-15D), suggesting either that asparagine and 

glutamine can compensate for each other in the exchange factor role or that ASNS activity 

increases with prolonged asparagine withdrawal.  Not surprisingly, the effect of asparagine 

withdrawal on mTORC1 activity is more pronounced in glutamine-independent (asparagine-

dependent) LPS2 cells than in the parental cell line (Figure 2-15E versus Figure 2-15B).  
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Together these data suggest that mTORC1 activity in cells with low ASNS expression is 

sensitive to exogenous asparagine levels.  

 

We next evaluated mTORC1 sensitivity to extracellular glutamine and asparagine levels in cells 

with high ASNS expression and the capacity to synthesize asparagine de novo.  HeLa and 

A431 cells, which have relatively high ASNS levels (Figure 2-15A), are unaffected by 

asparagine withdrawal when grown in DMEM supplemented with 0.1 mM asparagine prior to 

withdrawal (Figure 2-16A-C).  Unlike LPS2 mTORC1 activity (Figure 2-15B), HeLa and A431 

mTORC1 activities are remarkably sensitive to glutamine withdrawal (Figure 2-16A-C).  2 mM 

asparagine supplementation, however, rescues HeLa and A431 mTORC1 activity upon 

glutamine withdrawal (Figure 2-16B-C).  Asparagine rescue of mTORC1 activity in HeLa and 

A431 cells suggests either that the added asparagine compensates for the exchange factor role 

of glutamine or that mTORC1 responsiveness to glutamine is mediated, at least partially, by 

glutamine-dependent asparagine synthesis, which is not required when exogenous asparagine 

is provided.   

 

To determine if mTORC1 insensitivity to asparagine withdrawal in HeLa cells is due the ability of 

the cells to synthesize asparagine de novo, we reduced ASNS expression and examined 

mTORC1 sensitivity to exogenous glutamine and exogenous asparagine.  Stable ASNS 

knockdown in high ASNS-expressing HeLa and A431 cells generates mTORC1 sensitivity to 

exogenous asparagine and decreases sensitivity to exogenous glutamine (Figure 2-17A-B).  In 

addition, although HeLa mTORC1 activity recovers after 24 hours of glutamine withdrawal 

(Figure 2-16A), simultaneous withdrawal of glutamine and asparagine prevents or delays 

complete recovery (Figure 2-17C), suggesting that mTORC1 recovery is due to increased 

asparagine consumption in the absence of glutamine.  Collectively these results suggest that 

intracellular asparagine levels can influence mTORC1 activity in cultured cancer cell lines, and 
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the degree to which cellular mTORC1 activity is sensitive to exogenous asparagine depends on 

the ASNS expression level.   

 

To assess how acute loss of ASNS expression in high-ASNS-expressing HeLa cells affects 

mTORC1 activation, we examined mTORC1 signaling in HeLa cells with a doxycycline-inducible 

ASNS shRNA or a doxycycline-inducible scrambled shRNA at early time points post induction of 

ASNS knockdown.  At 48 hours post-induction of ASNS knockdown in asparagine-free DMEM, 

ASNS knockdown cells exhibit increased autophagy (as indicated by increased LC3-II levels) 

and reduced mTOR activity (Figure 2-18), consistent with a starved cellular state in the absence 

of asparagine.   

 

Asparagine levels also influence activation of AMPK, as indicated by increased phosphorylation 

of AMPKα on Thr172 upon induction of ASNS knockdown (Figure 2-19A-B).  Although AMPK 

activation negatively regulates mTORC1 activity, the timing of AMPK activation is delayed 

relative to impaired mTORC1 activation upon ASNS knockdown (Figure 2-19A).  Moreover, 

reduced mTORC1 activation is seen to the same extent in ASNS single knockdown and 

ASNS/AMPKα double knockdown HeLa cells (Figure 2-19B), suggesting that AMPK activation 

is not primarily responsible for altered mTORC1 activation with varying intracellular asparagine.   

 

Asparagine coordinates protein and nucleotide synthesis   

To better understand the physiological importance of intracellular asparagine, we examined the 

influence of asparagine on protein synthesis, a process that is regulated by mTORC1(20).  

Since mTORC1 promotes mRNA translation through phosphorylation of eukaryotic initiation 

factor 4E (eIF4E)-binding protein (4E–BP1), with phosphorylation preventing 4E-BP1 from 

binding to eIF4E at the 5’ cap of mRNAs and permitting assembly of the translation initiation 

complex(21), we examined whether ASNS knockdown impacts 4E-BP1 phosphorylation.  



	 20	

Although absolute levels of 4E-BP1 phosphorylated on Ser65 are unaltered, ASNS knockdown 

leads to elevated levels of unphosphorylated 4E-BP1, resulting in a decreased ratio of 

phosphorylated-to-unphosphorylated 4E-BP1 (Figure 2-20A) and increased 4E-BP1-eIF4E 

binding, as indicated by co-immunoprecipitation (Figure 2-20B).  The gene encoding 4E-BP1 is 

an ATF4 target(22, 23), and elevated levels of unphosphorylated 4E-BP1 may be a result of 

ATF4 activation induced by asparagine depletion (Figure 2-13).  Consistent with an increased 

percentage of the inhibitory form of 4E-BP1, ASNS knockdown reduces the rate of 35S-

methionine incorporation into newly synthesized proteins, in a manner that is completely 

rescued by supplementing the medium with 0.1 mM asparagine (Figure 2-20C). Together, these 

results are consistent with a model whereby intracellular asparagine levels regulate protein 

synthesis through modulation of mTORC1 phosphorylation of 4E-BP1. 

 

Because asparagine influences both serine uptake and mTORC1 activity, we examined whether 

asparagine also affects nucleotide synthesis. Serine is crucial for both purine and thymidine 

synthesis through its conversion to glycine and donation to the one-carbon unit pool(24).  

mTORC1 activation promotes nucleotide synthesis by increasing phosphorylation of CAD 

(carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase)(25), which 

catalyzes the first three steps of de novo pyrimidine synthesis, and by increasing translation of 

phosphoribosyl pyrophosphate (PRPP) synthetase 2 (PRPS2)(26), which synthesizes PRPP, a 

substrate for the rate limiting enzymes of purine and pyrimidine synthesis as well as for 

nucleotide salvage pathway enzymes.  Reducing intracellular asparagine through ASNS 

knockdown results in reduced phosphorylation of CAD on serine 1859 and reduced PRPS2 

protein levels (Figure 2-21A-B).  PRPS1 protein levels (Figure 2-21B) and PRPS1 and PRPS2 

mRNA levels (Figure 2-21C), however, are also reduced upon ASNS knockdown, suggesting 

that mTORC1 translational regulation is not entirely responsible for decreased PRPS levels. 

Consistent with the observed reduction in CAD phosphorylation, PRPS1/2 levels, and serine 
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uptake in ASNS knockdown cells, ASNS knockdown results in reduced PRPP levels (Figure 2-

22A), decreased serine incorporation into purines (Figure 2-22B), reduced purine levels, and 

reduced pyrimidine levels (Figure 2-22C).  Although both the reduction in serine import and 

reduced PRPS levels may contribute to reduced nucleotide levels upon ASNS knockdown, 

rescuing PRPS2 levels through ectopic PRPS2 overexpression is insufficient to rescue 

nucleotide levels (Figure 2-23A-B).  Rescuing serine uptake with cell-permeable serine methyl-

ester, on the other hand, rescues some of the nucleoside monophosphate and nucleoside 

diphosphate levels, but does not rescue levels of nucleoside triphosphates (Figure 2-23C).  

Through its involvement in both mTORC1 activation and serine uptake, our results collectively 

suggest that asparagine plays a role in coordinating protein and nucleotide synthesis (Figure 2-

24). 

 

DISCUSSION 

We present here a previously unrecognized role for asparagine as an amino acid exchange 

factor.  Our results suggest that intracellular asparagine exchanges with extracellular amino 

acids, especially serine, arginine, and histidine, to promote mTORC1 activation, protein and 

nucleotide synthesis, and cell proliferation under normal growth non-starvation conditions.  

During conditions of asparagine depletion, the cells increases ATF4 activity to restore both 

intracellular asparagine and serine, uptake of which is compromised in the absence of 

asparagine (Figure 2-25). 

 

Cancer cell asparagine demand contributes to glutamine dependence 

Our results suggest that asparagine is an important glutamine-derived metabolite for 

proliferating cells, and demand for asparagine likely contributes to cancer cell glutamine 

dependence, especially under cell culture conditions (which sometimes lack asparagine).  

Cancer cells that have adapted to glutamine independence require exogenous asparagine for 
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proliferation.  Importantly, resistance to glutamine depletion does not occur when cells are 

cultured in media that lack asparagine, such as DMEM.  Although glutamine-independent cells 

presumably synthesize enough glutamine for protein and purine synthesis via glutamine 

synthetase, the cells are not able to grow in the absence of exogenous asparagine, indicating 

that the demand for asparagine in proliferating cells exceeds the amount of asparagine that can 

be synthesized through the glutamine synthetase/ASNS pathway.  

 

Asparagine versus glutamine in amino acid exchange 

Although both asparagine and glutamine are capable of exchanging with amino acids, the 

extent to which each amino acid acts as an exchange factor under physiological conditions is 

unclear.  Glutamine is the most abundant free amino acid in the blood at a concentration of 0.5 - 

0.8 mM (27), and most cell culture media contain 2-4 mM glutamine.  Blood asparagine 

concentration is much lower at 0.05 – 0.1 mM(27), and media asparagine concentration ranges 

from 0 mM in DMEM to 0.38 mM in RPMI.  Moreover, we found that intracellular glutamine 

levels are 10-100-fold higher than asparagine levels, depending on the cell line and the 

asparagine concentration in the media.  However, although glutamine is more abundant than 

asparagine, glutamine is extensively metabolized – primarily in the mitochondria by GLS.  On 

the other hand, asparagine is a metabolic dead-end and may therefore be more available for 

exchange with extracellular amino acids.  We show that asparagine is preferentially exported 

upon amino acid stimulation following pre-loading of cells with an equimolar 

asparagine/glutamine combination, and that asparagine, unlike glutamine, is exported even 

without a pre-load.  We also show that reducing intracellular asparagine levels via ASNS 

knockdown decreases amino acid uptake, even in the presence of abundant glutamine.  The 

impact of ASNS expression levels on mTORC1 activation suggests that the influence of 

glutamine on mTORC1 activity may be in part mediated by glutamine-dependent asparagine 

synthesis via ASNS.   
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Asparagine transporters 

Although our data suggests asparagine exchanges with extracellular amino acids, it is unclear 

which transporters are involved in asparagine import and exchange.  Glutamine is thought to be 

imported into the cell through SLC1A5 (or ASCT2) and exchange with extracellular amino acids 

through the neutral amino acid antiporter SLC7A5 (or LAT1)(14).  The structural similarity 

between glutamine and asparagine suggests that the two amino acids may have similar 

affinities for transporters.  In addition, preloading cells with glutamine or asparagine results in 

similar intracellular levels of glutamine or asparagine prior to AA medium stimulation (Figure 2-

6); however, preloading with both glutamine and asparagine decreases the total intracellular 

amount of each by about half (Figure 2-6), suggesting potential use of a common transporter for 

import into the cell.  Asparagine exchange with serine and arginine raises the possibility that 

asparagine uses SLC1A4 and SLC7A1 for its exchange function.  Future studies assessing 

asparagine export upon inhibition of individual amino acid antiporters will further clarify the 

mechanistic details of asparagine exchange. 

 

Asparagine coordinates anabolic processes 

Our data suggest that asparagine plays a role in coordinating protein and nucleotide synthesis 

(Figure 2-24). The exchange factor role of asparagine influences protein synthesis through 

amino acid-induced mTORC1 activation and downstream activation of translation initiation 

factors, such as eIF4E.  Asparagine regulation of nucleotide synthesis is likely due to 

asparagine exchange with extracellular serine.  However, our data suggest that asparagine may 

also influence nucleotide synthesis through modulation of PRPS1/2 levels and/or mTORC1-

regulated CAD activity. 
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Metabolic resistance mechanisms: therapeutic implications 

Our results support asparagine as an important contributor to cancer cell growth and suggest 

strategies for improving efficacy of asparaginase and glutaminase inhibitors as cancer 

treatments.  Our findings that asparagine is an amino acid exchange factor that modulates 

protein and nucleotide biosynthesis can explain the clinical efficacy of asparaginase in low 

ASNS-expressing cancers(3).  Since cancers evade asparaginase sensitivity by upregulating 

ASNS expression(4), presumably to recover intracellular asparagine pools via ASNS-catalyzed 

synthesis from glutamine, coupling asparaginase treatment with a glutamine-low diet may 

improve efficacy of asparaginase treatment.  Additionally, our findings that cancer cells acquire 

resistance to CB-839-inhibition by becoming auxotrophic for asparagine suggest that coupling 

glutaminase inhibition with an asparagine-low diet may improve efficacy of glutaminase 

inhibitors.  Collectively, our results suggest that future studies combining drugs targeting 

asparagine or glutamine metabolism with specialized diets to prevent or delay drug resistance 

may improve treatment outcomes.    

 

EXPERIMENTAL PROCEDURES 

Cell lines and culture conditions.  HeLa cells (ATCC) and A431 (provided by Dr. Thomas 

Graeber, UCLA) were cultured in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin, unless otherwise stated.  The LPS2 cell line was derived from a 

liposarcoma tumor sample(28, 29).  SUM159PT (provided by Dr. Frank McCormick, UCSF) and 

LPS2 cells were cultured as described below.  Mycoplasma contamination testing was not 

conducted on cell lines used in this study. 

 

Generation of glutamine-independence and CB-839 resistance.  To generate glutamine-

independence, LPS2 liposarcoma cells were cultured in a modified DMEM (m-DMEM) 

containing or lacking glutamine, with media replacement every 48 hours.  m-DMEM is 
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glucose/glutamine/pyruvate-free DMEM (Invitrogen A14430-01) supplemented with 10 mM 

glucose, 1 mM pyruvate, 0.1 mM alanine, 0.1. mM aspartic acid, 0.1 mM asparagine, 0.1 mM 

glutamic acid, 2 mM glutamine, 0.3 mM proline, 0.00289 mM thymidine, and 10% dialyzed FBS 

(Invitrogen).  Renewed proliferation in the absence of glutamine was observed approximately 6 

weeks post-glutamine withdrawal.   To generate resistance to glutaminase inhibitor CB-839 

(Calithera Biosciences), SUM159PT breast cancer cells were cultured in pyruvate-free m-

DMEM in the presence of 1 uM CB-839 or an equal volume of DMSO, with media replacement 

every 48 hours.  A 10 mM stock solution of CB-839 was prepared in DMSO, and a fresh aliquot 

was thawed for each media change.  Renewed proliferation in the presence of CB-839 was 

observed approximately 6 weeks after treatment was initiated.   

 

Proliferation assays.  Cells were seeded in triplicate in 6-well plates at 5 x 104 cells/well.  Cells 

were counted every 24 hours for 72 or 96 hours using a particle counter (Beckman Coulter).  

For asparagine withdrawal experiments, cells were seeded in complete medium, allowed to 

adhere to the plate for ~6  hours, followed by replacement with medium containing or lacking 

asparagine.   

 

Intracellular metabolite extraction and analysis.  Cells were seeded in 6-well plates, and 

metabolites were extracted at 70-80% confluence.  When heavy isotope labeling was 

performed, medium was replaced 24 hours prior to extraction with medium containing the 

labeled metabolite.  Cells were washed with ice-cold 150 mM ammonium acetate, and scraped 

off the plate in 800 µl ice-cold 50% methanol.  10 nmol norvaline was added as an internal 

standard, followed by 400 µl chloroform.  After vigorous vortexing, the samples were centrifuged 

at maximum speed, the aqueous layer was transferred to a glass vial, and the metabolites were 

dried under vacuum. Metabolites were resuspended in 50 µL 70% acetonitrile (ACN) and 5 µL 

of this solution used for the mass spectrometer-based analysis. The analysis was performed on 
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a Q Exactive (Thermo Scientific) in polarity-switching mode with positive voltage 4.0 kV and 

negative voltage 4.0 kV. The mass spectrometer was coupled to an UltiMate 3000RSLC 

(Thermo Scientific) UHPLC system. Mobile phase A was 5 mM NH4AcO, pH 9.9, B) was ACN, 

and the separation achieved on a Luna 3mm NH2 100A (150 x 2.0 mm) (Phenomenex) column. 

The flow was 200 µL / min, and the gradient ran from 15% A to 95% A in 18 min, followed by an 

isocratic step for 9 min and re-equilibration for 7 min. Metabolites were detected and quantified 

as area under the curve (AUC) based on retention time and accurate mass (≤ 3 ppm) using the 

TraceFinder 3.1 (Thermo Scientific) software. Relative amounts of metabolites between various 

conditions, as well as percentage of labeling, were calculated and corrected for naturally 

occurring 13C abundance.  

 

Medium metabolite measurements.  For medium metabolite measurements, 5 µL medium 

was mixed with 800 µl ice-cold 50% methanol. 10 nmol norvaline was added as an internal 

standard, followed by 400 µl chloroform.  After vigorous vortexing, the samples were 

centrifiuged at maximum speed, the aqueous layer was transferred to a glass vial, and the 

metabolites were dried under vacuum. Metabolites were resuspended in 100 µL 70% 

acetonitrile (ACN) and 5 µL of this solution used for the mass spectrometer-based analysis, as 

described above for intracellular metabolites.  To look at changes in extracellular amino acid 

levels over time, the experiment was initiated by the addition of fresh medium to the cells, and 

blank medium from a cell-free plate was included in the analysis.  Data was plotted as percent 

change from blank medium and normalized by area under the growth curve during the 

incubation period.  To highlight differences in amino acid uptake, experiments in Fig. 3g and 

Supplementary Fig. 2c were performed with 1/3x Amino Acid DMEM (DMEM diluted 3-fold with 

1.8 mM calcium chloride, 0.81 mM magnesium sulfate, 5.33 mM potassium chloride, 110 mM 

sodium chloride, 0.906 mM sodium phosphate monobasic, 44 mM sodium bicarbonate, 25 mM 

glucose, 4 mM glutamine, and 1 mM pyruvate).  For asparagine and glutamine absolute 
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quantification, serial dilutions of U-13C-asparagine or U-13C-glutamine at known concentrations 

were added to sample triplicates prior to chloroform addition.  Sample asparagine and glutamine 

amounts were calculated according to standard curves generated from the 13C standards.  

Glutamine consumption and glutamate production rates were determined using a Nova 

Biomedical BioProfile Basic Analyzer and normalized to area under the growth curve. 

 

Amino acid starvation and stimulation.  Amino acid starvation was performed as previously 

described (14).  Cells were starved of serum for 16 hours followed by a 3 hour amino acid 

starvation in D-PBS containing 0.9 mM calcium chloride, 0.5 mM magnesium chloride, 1 g/l 

glucose, and 20 mM HEPES pH 7.4 (starve medium).  For experiments involving glutamine and 

asparagine pre-loading, serum- and amino acid-starved cells were incubated with 2 mM 

glutamine, 2 mM asparagine, or 2 mM asparagine and 2 mM glutamine in starve medium for 1 

hour at 37°C.  Pre-loaded cells were washed twice with PBS to remove residual extracellular 

glutamine and asparagine prior to amino acid treatment.  Amino acid stimulation was performed 

with AA medium (20 mM HEPES pH 7.4, 1.8 mM calcium chloride, 0.814 mM magnesium 

sulfate, 5.33 mM KCl, 110.3 mM NaCl, 0.906 mM sodium phosphate monobasic, 44.05 mM 

sodium bicarbonate, 1 g/l glucose, 0.8 mM leucine, 0.8 mM isoleucine, 0.2 mM methionine, 0.8 

mM valine, 0.4 mM phenylalanine, 0.08 mM tryptophan, 02 mM histidine, and 0.8 mM lysine, 0.4 

mM arginine, 0.4 mM serine, 0.8 mM threonine,) or glucose/glutamine/pyruvate-free DMEM 

supplemented with 1 g/l glucose. 

 

Cell lysis and immunoblotting.  Cells were lysed in buffer containing 50 mM Tris pH 7.4, 1% 

Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 1 

mM sodium orthovanadate, 20 mM sodium fluoride, 2 μg/ml aprotinin, 2μg/ml leupeptin and 

0.7 μg/ml pepstatin.  Western blot analysis was performed using standard protocols, and the 

following commercial antibodies were used as probes: ASNS (Proteintech 14681-1-AP, 1:1000), 
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phospho-T389 S6 kinase (Cell Signaling 9234, 1:500), S6 kinase (Cell Signaling 2708, 1:1000), 

phospho-S235/235 S6 ribosomal protein (Cell Signaling 4858, 1:3000), S6 ribosomal protein 

(Cell Signaling 2217, 1:1000), LC3A/B (Cell Signaling 4108, 1:1000), PHGDH (Cell Signaling 

13428, 1:1000), PSAT1 (Abnova H00029968-A01, 1:500), PSPH (Sigma HPA020376, 1:500), 

SHMT1 (Abcam ab55736, 1:1000), SHMT2 (Cell Signaling 12762, 1:1000), PRPS2 (Abnova 

H00005634-A01, 1:1000), 4E-BP1 (Cell Signaling 9452, 1:1000) and ɑ-tubulin (Sigma T6074, 

1:10000). 

 

Quantitative Real-Time PCR.  RNA was purified with Qiagen RNeasy Kit.  1 µg of total RNA 

was used to synthesize cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) as per 

manufacturer's instructions. Quantitative PCR (qPCR) was conducted on the Roche LightCycler 

480 using SYBR Green I Master Mix (Roche) and 0.5 µM primers. Relative expression values 

are normalized to control gene (60S acidic ribosomal protein P0).  qPCR was performed with 

the following primers: 

ASNS Fwd: CAGAAGATGGATTTTTGGCTG 
ASNS Rev: TGTCCAGGAAGAAAAGGCTC 
PHGDH Fwd: GCAAAGAGGAGCTGATAGCG 
PHGDH Rev: TTCTCAGCTGCGTTGATGAC 
PSAT1 Fwd: TGCCGCACTCAGTGTTGTTAG 
PSAT1 Rev: GCAATTCCCGCACAAGATTCT 
PSPH Fwd: GAGGACGCGGTGTCAGAAAT 
PSPH Rev:  GGTTGCTCTGCTATGAGTCTCT 
SHMT1 Fwd: CTGGCACAACCCCTCAAAGA 
SHMT1 Rev: AGGCAATCAGCTCCAATCCAA 
SHMT2 Fwd: CCCTTCTGCAACCTCACGAC 
SHMT2 Rev: TGAGCTTATAGGGCATAGACTCG 
MTHFD2 Fwd: CTGCGACTTCTCTAATGTCTGC 
MTHFD2 Rev: CTCGCCAACCAGGATCACA 
ATF4 Fwd: GTCCCTCCAACAACAGCAAG 
ATF4 Rev: CTATACCCAACAGGGCATCC 
PRPS1 Fwd: CCTGCTATTTCTCGCATCAA 
PRPS1 Rev: GTGAGTTCTCCTGATGGCTT 
PRPS2 Fwd: CTGGGGCGGATCACATCATC 
PRPS2 Rev: CCGCATACAAATTATCCACAGGA 
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Translation rate.  Labeling medium was prepared by adding 20 uCi/ml 35S-methionine 

(PerkinElmer) to methionine-free DMEM containing 10% dialyzed FBS.  Following two PBS 

washes, cells were labeled for 10 minutes and immediately lysed.  10 ug of lysate was spotted 

onto Whatman filters (pre-blocked with 0.1% methionine).  Filters were added to ice-cold 10% 

TCA for 20 minutes, boiled in 5% TCA for 15 minutes, and washed in ice-cold 5% TCA and 95% 

ethanol for 20 minutes each.  Scintillation fluid was added to dried filters, and radioactivity was 

measured.  Counts per minute readings were normalized to protein content (Bradford assay). 

 

Chromatin immunoprecipitation and Quantitative Real-Time PCR.  2x107 cells were 

crosslinked by the addition of 1% formaldehyde-containing medium for 10 minutes, followed by 

the addition of 140 mM glycine for 5 minutes.  Crosslinked cells were lysed in 1% SDS; 50mM 

Tris-HCl, pH 8; 20mM EDTA and sonicated to produce DNA fragments between 200-600 bp in 

length.  Lysate corresponding to 5x106 cells was immunoprecipitated with anti-ATF4 antibody 

(Proteintech 10835-1-AP) or normal rabbit IgG (Santa Cruz) as a negative control.  Complexes 

were washed with Wash Buffer A (50mM HEPES, pH 7.9; 0.1% SDS; 1% Triton X-100; 0.1% 

Sodium Deoxycholate; 1mM EDTA; 140mM NaCl), Wash Buffer B (50mM HEPES, pH 7.9; 

0.1% SDS; 1% Triton X-100; 0.1% Sodium Deoxycholate; 1mM EDTA; 500mM NaCl), LiCl 

Buffer (20mM Tris-HCl, pH 8; 0.5% NP-40; 0.5% Sodium Deoxycholate; 1mM EDTA; 250mM 

LiCl), and TE Buffer (10mM Tris-HCl, pH 8; 1mM EDTA), and eluted in Elution Buffer (50mM 

Tris-HCl, pH 8; 1mM EDTA; 1% SDS) followed by TE containing 0.67% SDS for 10 minutes 

each at 65°C.  Crosslinking was reversed overnight at 65°C and samples were treated with 

RNase A for 60 minutes and Proteinase K for 90 minutes.  DNA was purified using the QIAGEN 

PCR Purification Kit.  2ul of eluted immunoprecipitated DNA and 2ul of eluted 1% input were 

used for Quantitative Real-Time PCR with the following primers sequences: 

ASNS Fwd: TGGTTGGTCCTCGCAGGCAT 
ASNS Rev: CGCTTATACCGACCTGGCTCCT 
PHGDH Fwd: CGTAAGGCAGCAAACACGTA 
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PHGDH Rev: CCAGCGATAAACCAAAGGTG 
PSAT1 Fwd: GTTTGCATCCCTGCGTGT 
PSAT1 Rev: CCGAGCTTCCTCACCAACT 
 

shRNA-mediated knockdown.  For stable ASNS knockdown, ASNS shRNA (5’-

CCGGGCTGTATGTTCAGAAGCTAAACTCGAGTTTAGCTTCTGAACATACAGCTTTTTG-3’) or 

a non-specific “scrambled” shRNA sequence 

(CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT ) in 

the pLKO.1-puro vector (Sigma) were cotransfected in HEK293T cells with expression vectors 

containing the gag/pol, rev and vsvg genes.  Lentivirus was harvested 48 hours after 

transfection and added to subconfluent HeLa, A431, Hs578T, MDAMB231, and HCC70 cells 

with 4 ug/ml polybrene for 12-16 hours.  Cells were selected in 2 ug/ml puromycin for 1 week.  

For stable ATF4 or AMPKα knockdown, ATF4 shRNA 

(CCGGGCCAAGCACTTCAAACCTCATCTCGAGATGAGGTTTGAAGTGCTTGGCTTTT), 

AMPKα shRNA 

(CCGGTGATTGATGATGAAGCCTTAACTCGAGTTAAGGCTTCATCATCAATCATTTTT) or a 

non-specific shRNA sequence 

(CCGGGCGCGATAGCGCTAATAATTTCTCGAGAAATTATTAGCGCTATCGCGCTTTTT) in 

the pLKO.1-hygro were transfected into HEK293T as above for lentivirus production.  Infected 

HeLa shASNS cells were selected in 150 ug/ml Hygromycin B for 2 weeks. 

For inducible ASNS knockdown, shRNA oligonucleotides (shASNS 5'-

CACCGCTGTATGTTCAGAAGCTAAATTCAAGAGATTTAGCTTCTGAACATACAGC-3' and 5'-

AAAAGCTGTATGTTCAGAAGCTAAATCTCTTGAATTTAGCTTCTGAACATACAGC-3'; 

and shScramble 5'-

CACCGTAGCGACTAAACACATCAATTCAAGAGATTGATGTGTTTAGTCGCTA-3' and 5'-

AAAATAGCGACTAAACACATCAATCTCTTGAATTGATGTGTTTAGTCGCTAC-3') were 

annealed and ligated into pENTR™/H1/TO vector (Invitrogen #K4920-00) following the BLOCK-
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iT™ Inducible H1 RNAi Entry Vector Kit manual. Resulting shRNA constructs were recombined 

into pLentipuro/BLOCK-iT-DEST using Gateway® LR ClonaseII® (Invitrogen #11791-020). 

pLentipuro/BLOCK-iT-DEST is a modification of pLenti4/BLOCK-iT-DEST (Invitrogen #K4925-

00) wherein the SV40 promoter/zeocin resistance cassette was replaced with the human PGK 

promoter/puromycin resistance gene and  the cPPT/WPRE elements were added, and was 

kindly provided by Dr. Andrew Aplin (Thomas Jefferson University, Kimmel Cancer Center)(30, 

31). Recombinant lentiviruses were packaged in 293T cells by co-transfecting 4 μg each of 

lentivirus plasmid with expression vectors containing the gag/pol, rev and vsvg genes.  

Lentivirus was harvested 48 hours after transfection and added to subconfluent HeLa cells with 

4 ug/ml polybrene for 16 hours.  Cells were selected in 2 ug/ml puromycin for 1 week. 

Doxycycline induction of knockdown is control by the Tet repressor (TetR) protein expressed 

from the pLenti0.3/EF/GW/IVS-Kozak-TetR-P2A-Bsd vector, which was constructed by Dr. 

Ethan Abel and was kindly provided by Dr. Diane M. Simeone (University of Michigan, 

Translational Oncology Program).  Knockdown was induced with 25 ng/ml doxycycline.   

 
ASNS correlation data.  ASNS correlations data (Supplementary Fig. 3a) were based on 

TCGA mRNA expression data via cBioPortal (http://www.cbioportal.org/). 
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Figure 2-1.  Generation of glutamine-independent and CB-839-resistant cell lines.  (A) 

Relative growth rates of LPS2 parental, LPS2 glutamine (Q)-independent, SUM159PT parental, 

and SUM159PT CB-839-resistant cells, normalized to the respective parental cell line. (B) 

Immunoblot showing levels of glutamine synthetase (GS) and tubulin in parental and glutamine-

independent LPS2 cells.  (C) Relative glutamine consumption and glutamate production rates 

for LPS2 parental, LPS2 glutamine (Q)-independent, SUM159PT parental, and SUM159PT CB-

839-resistant cells, normalized to the respective parental cell line.  *p < 0.05; **p < 0.01; ***p < 

0.001. 
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Figure 2-2.  Resistance to glutamine withdrawal or glutaminase inhibition causes cellular 

asparagine dependence. (a-d) Proliferation curves of LPS2 parental, LPS2 glutamine (Q)-

independent, SUM159PT parental, and SUM159PT CB-839-resistant cells in the presence or 

absence of 0.1 mM asparagine (N) in the medium.  *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-3.  Glutamine-independent and CB-839-resistant cells exhibit minimal asparagine 

metabolism.  (A) Percentages of intracellular 13C-labeled aspartate and malate  in LPS2 

parental and glutamine-independent as well as SUM159PT parental and CB-839-resistant cells 

labeled with U-13C-asparagine in the medium for 24 hours as determined by LC-MS.  (B) 

Percentages of intracellular 15N-labeled ADP and ATP in LPS2 parental and glutamine-

independent cells labeled with U-15N-asparagine in the medium for 24 hours as determined by 

LC-MS.  (C) Changes in extracellular aspartate levels during a 24 hour incubation with the 

indicated cell line. Values are shown as percent change from aspartate measurements from 

identical medium incubated on plates lacking cells, with negative bars indicating cellular 

consumption and positive bars indicating production.  Error bars denote standard deviation of 

the mean. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. 
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Figure 2-4.  Asparagine is not depleted from the medium of asparagine-dependent cells.  

(A) Percentages of intracellular 13C-labeled asparagine in LPS2 parental and glutamine-

independent as well as SUM159PT parental and CB-839-resistant cells labeled with U-13C-

asparagine in the medium for 24 hours, as determined by LC-MS. (B) The percent change in 

medium asparagine levels as determined by LC-MS after 24 hours incubation time for the 

indicated cells or for medium in an empty tissue culture plate (blank). Error bars denote 

standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. 
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Figure 2-5.  Asparagine levels regulate cell proliferation.  (A) Relative growth rates of cancer 

cell lines stably expressing scrambled shRNA (Scr) or ASNS shRNA. Growth rates are 

normalized to the scrambled shRNA control for each cell line. (B) Immunoblot showing ASNS 

protein levels upon stable expression of scrambled (Scr) or ASNS shRNA in cell lines shown in 

(A). (C) Relative growth rates of HeLa cells stably expressing scrambled shRNA (Scr) or ASNS 

shRNA in the presence or absence of 0.1 mM asparagine.  (D) Reaction catalyzed by ASNS.  

Aspartate (Asp) and glutamine (Gln) are converted to asparagine (Asn) and glutamate (Glu).  

Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not 

significant. 
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Figure 2-6.  Asparagine is an amino acid exchange factor. Relative glutamine (A) and 

asparagine (B) levels in the medium from LPS2 cells, as measured by LC-MS, before and after 

amino acid (AA) stimulation following preloading of the cells with glutamine (Q) and/or 

asparagine (N). Serum- and amino acid-starved LPS2 cells were pre-loaded with 2 mM 

glutamine, 2 mM asparagine, or 2 mM glutamine and 2 mM asparagine for 60 minutes prior to 

stimulation for 30 minutes with an amino acid mixture (AA medium) lacking glutamine and 

asparagine. “Blank” indicates measurements from plates lacking cells. “No Pre” indicates 

measurements from plates of LPS2 cells not preloaded with glutamine or asparagine. Relative 

intracellular glutamine (C) and asparagine (D) levels as measured by LC-MS in glutamine 

and/or asparagine pre-loaded cells before and after amino acid stimulation. (E) Absolute 

quantification of intracellular glutamine and asparagine in pre-loaded cells prior to amino acid 

stimulation. (F) Absolute quantification of extracellular glutamine and asparagine following 

amino acid stimulation.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; 

***p < 0.001. 
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Figure 2-7.  Preferential use of asparagine for amino acid exchange.  (A) Peak area for 

exported asparagine, glutamine, and glycine following amino acid stimulation of pre-loaded 

LPS2 cells.  Glycine export was not detected.  Cells were pre-loaded with 2 mM asparagine, 

glutamine, or glycine, respectively. (B) Relative intracellular glutamine and asparagine levels as 

measured by LC-MS in serum- and amino acid-starved LPS2 cells before (- AA) and after (+ 

AA) amino acid stimulation for 30 minutes.  “No Pre” indicates lack of glutamine or asparagine 

pre-load.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-8.  Asparagine promotes amino acid uptake.  Changes in extracellular amino acid 

levels during a 24 hour incubation with HeLa cells. The 24 hour incubation began 48 hours post-

doxycycline-induced expression of a scrambled shRNA (Scr) or ASNS shRNA. Values are 

shown as percent change from amino acid measurements from identical medium incubated on 

plates lacking cells, with negative bars indicating cellular consumption and positive bars 

indicating production. Reduced import of certain amino acids upon asparagine supplementation 

may indicate competition with asparagine for a common transporter for import.  Error bars 

denote standard error of the mean (n = 6).  *p < 0.05; **p < 0.01; ***p < 0.001; ns, not 

significant. 
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Figure 2-9.  Asparagine regulates serine, arginine, and histidine uptake.  Changes in 

extracellular amino acid levels during a 24 hour incubation with HeLa cells. The 24 hour 

incubation began either 24 hours (left panels) or 48 hours (right panels) post-doxycycline-

induced expression of a scrambled shRNA (Scr) or ASNS shRNA. Values are shown as percent 

change from amino acid measurements from identical medium incubated on plates lacking cells, 

with negative bars indicating cellular consumption and positive bars indicating production. For 

(a)-(f), error bars denote standard deviation of the mean. For (g), error bars denote standard 

error of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-10.  ASNS expression correlates with expression of genes involved in 

serine/glycine metabolism in human tumors.  Listed values are Pearson’s correlation 

coefficients between ASNS mRNA levels and mRNA levels for the listed gene and for the 

indicated tumor.  Blank cells indicate that expression is not substantially correlated with ASNS 

expression with a Pearson’s correlation coefficient greater than 0.3 or less than -0.3.  PHGDH, 

phosphoglycerate dehydrogenase; PSAT1, phosphoserine aminotransferase 1; SHMT1 and 

SHMT2, serine hydroxymethyltransferase 1 and 2; MTHFD1L, Methylenetetrahydrofolate 

dehydrogenase 1-like; MTHFD2L, Methylenetetrahydrofolate dehydrogenase 2-like; MTHFD1 

and MTFHD2, methylenetetrathydrofolate dehydrogenase 1 and 2; MTHFR, 

methylenetetrahydrofolate reductase. 
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Figure 2-11.  Intracellular asparagine exchanges with extracellular serine.  (A) Asparagine 

levels in the media, measured by LC-MS, from serum- and amino acid-starved LPS2 cells pre-

loaded with asparagine (PreN) and unstimulated (No AA) or stimulated with different amino acid 

sub-categories: nonpolar, basic, or Ser/Thr. Non-polar amino acids include leucine, isoleucine, 

methionine, tryptophan, and phenylalanine; basic amino acids include lysine, arginine, and 

histidine; Ser/Thr includes serine and threonine.  (B) Relative intracellular amino acid levels in 

amino acid-starved glutamine-independent LPS2 cells as measured by LC-MS following 5 

minute stimulation with complete glutamine-free medium. Prior to stimulation, cells were either 

pre-loaded with asparagine (Pre N) or starve medium (No Pre).  Error bars denote standard 

deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. 
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Figure 2-12.  Asparagine levels alter serine metabolism.  (A) Relative mRNA levels of genes 

involved in serine/glycine metabolism from HeLa cells 48 hours post-doxycycline induction of 

scrambled shRNA or ASNS shRNA.  Quantitative real-time PCR was performed with primers 

specific to ASNS, PHGDH, PSAT1, PSPH, SHMT1, SHMT2, methylenetetrahydrofolate 

dehydrogenase 2 (MTHFD2), and activating transcription factor 4 (ATF4).  (B) Immunoblot 

showing serine synthesis pathway protein levels in HeLa cells 48 hours post-doxycycline 

induction of scrambled shRNA or ASNS shRNA expression in the presence or absence of 0.1 

mM exogenous asparagine. Percentages of intracellular 13C-labeled serine and glycine in HeLa 

cells labeled with U-13C-glucose for 24 hours at 24 hours post-induction of scrambled shRNA 

(Scr) or ASNS shRNA expression, as determined by LC-MS.  Error bars denote standard 

deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. 
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Figure 2-13.  Asparagine depletion results in ATF4-mediated transcriptional upregulation 

of the serine synthesis pathway.  (A) Levels of ATF4 binding to the indicated gene by ChIP-

qPCR in HeLa cells 48 hours post-doxycycline induction of scrambled shRNA or ASNS shRNA 

expression in the presence or absence of 0.1 mM exogenous asparagine.  Chromatin was 

immunoprecipitated using anti-ATF4 antibody or IgG as a negative control.  Values indicate 

amount of immunoprecipitated DNA as a percentage of input chromatin.  (B) Immunoblot 

showing ASNS, ATF4, PSAT1, and PSPH protein levels with or without a 48 hour doxycycline 

induction of ASNS shRNA in HeLa cells stably expressing scrambled or ATF4 shRNA.  (C) 

Schematic illustrating ATF4 activation of serine synthesis pathway gene expression and serine 

synthesis pathway flux in response to low intracellular asparagine levels. Error bars denote 

standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-14.  Intracellular asparagine enhances mTORC1 activation upon amino acid 

stimulation of starved cells.  (A) Immunoblotting of lysates from serum- and amino acid-

starved LPS2 parental cells pre-loaded with starve medium (No Pre), glutamine (Pre Q), or 

asparagine (Pre N), followed by amino acid stimulation for 0, 5, or 15 minutes. Lysates were 

probed with a phospho-specific antibody towards the mTOR target S6K at T389.  (B-C) 

Immunoblotting of lysates from starved HeLa and A431 cells pre-loaded with starve medium (No 

Pre) or asparagine (Pre N) following amino acid stimulation for the indicated times.  Lysates 

were probed for phosphorylation of S6K at T389 and total S6K. 
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Figure 2-15.  mTORC1 activity in low ASNS-expressing cells is sensitive to asparagine 

withdrawal.  (A) Immunoblot comparing ASNS levels in lysates from LPS2, HeLa, and A431 

cells under non-starved conditions.  (B) Immunoblot showing phosphorylation of downstream 

mTOR effector S6 ribosomal protein (S235/236) following starvation of LPS2 parental cells of 

glutamine (-Q) or asparagine (-N) for the indicated times. + indicates no starvation.  (C) 

Immunoblot showing phosphorylation of S6K (T389) and S6 ribosomal protein (S235/236) 

following stimulation of starved LPS2 parental cells with amino acids for the indicated times.   

Starved cells were stimulated with serum-free m-DMEM (Complete), serum-free m-DMEM 

lacking glutamine (-Q), serum-free m-DMEM lacking asparagine (-N), or left unstimulated 

(Starve).  (D) Immunoblot showing S6 ribosomal protein phosphorylation (S235/236 ) following 

glutamine and asparagine starvation of LPS2 parental cells for the indicated times. (E) 

Immunoblot showing S6 ribosomal protein phosphorylation (S235/236) following asparagine 

starvation of LPS2 glutamine-independent cells for the indicated times. 
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Figure 2-16.  Asparagine rescues mTORC1 activity upon glutamine withdrawal from high 

ASNS-expressing cells.  (A) Immunoblot showing S6 ribosomal protein phosphorylation 

(S235/236) following starvation of HeLa cells of glutamine (-Q) or asparagine (-N) for the 

indicated times. Prior to withdrawal, the medium contained 2 mM glutamine and 0.1 mM 

asparagine.  (B-C) Immunoblots showing S6K phosphorylation (T389) following starvation of 

HeLa (B) or A431 (C) cells of glutamine (-Q) or asparagine (-N) for 3 hours. Prior to starvation, 

cells were cultured for 7 days in DMEM supplemented with the indicated asparagine 

concentration. 
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Figure 2-17.  ASNS knockdown in high ASNS-expressing HeLa and A431 cells generates 

mTORC1 sensitivity to exogenous asparagine and decreases sensitivity to exogenous 

glutamine.  (A-B) Immunoblot showing phosphorylation of S6K (T389) in HeLa (A) or A431 (B) 

cells stably expressing scrambled shRNA or ASNS shRNA with and without (Ctl) starvation of 

glutamine (-Q) or asparagine (-N) for the indicated times.  (C) Immunoblot showing S6 

ribosomal protein phosphorylation (S235/236) following glutamine and asparagine starvation of 

HeLa cells for the indicated times. 
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Figure 2-18.  Acute loss of ASNS expression results in reduced mTORC1 activity and 

increased autophagy.  Immunoblot of HeLa lysates 48 hours post doxycycline- induced 

expression of scrambled shRNA or ASNS shRNA in asparagine-free DMEM (-N) or DMEM 

supplemented with 0.1 mM asparagine (+N).  Lysates were immunoblotted for autophagy 

marker LC3 II (bottom band), mTOR activity markers pS6K and pS6, and tubulin. 
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Figure 2-19.  AMPK activation is not responsible for altered mTORC1 activation with 

varying intracellular asparagine.  (A) Immunoblot showing ASNS, S6K phosphorylation 

(T389), S6 phosphorylation (S235/236), AMPKα phosphorylation (T172), and total S6K, S6, and 

AMPKα in HeLa cells at the indicated times post-doxycycline induction of scrambled shRNA 

(Scr) or ASNS shRNA expression. (B) Immunoblot showing ASNS, S6K phosphorylation 

(T389), S6 phosphorylation (S235/236), AMPKα phosphorylation (T172), and total AMPKα 

protein levels with or without a 48 hour doxycycline induction of ASNS shRNA in HeLa cells 

stably expressing scrambled or AMPKα shRNA. 
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Figure 2-20.  Asparagine levels regulate mRNA translation.  (A) Immunoblot of HeLa lysates 

with (shASNS + Dox) and without (shASNS -Dox) a 48 hour induction of ASNS shRNA 

expression and HeLa lysates 48 hours after doxycycline induction of scrambled shRNA (Scr) or 

ASNS shRNA (shASNS).  Lysates were immunoblotted for ASNS, phospho-4E-BP1 (S65), total 

4E-BP1, phospho-S6K (T389), total S6K, phospho-S6 (S235/236), total S6, and tubulin. Arrow 

indicates phosphorylated form of 4E-BP1.  (B) Immunoblot showing levels of eIF4E and 4E-BP1 

immunoprecipitated with anti-4E-BP1 antibody (left panels) and in the input lysate (right panels) 

from HeLa cells 48 hours after doxycycline induction of scrambled shRNA (Scr) or ASNS 

shRNA (shASNS).  (C) Relative rates of 35S-methionine incorporation into newly synthesized 

protein in HeLa cells 72 hours after doxycycline induction of scrambled shRNA (Scr) or ASNS 

shRNA (shASNS).  . Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; 

***p < 0.001. 
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Figure 2-21.  Asparagine influences CAD phosphorylation and PRPS1/2 levels.  (A) 

Immunoblot of HeLa lysates 48 hours post doxycycline-induced expression of scrambled 

shRNA or ASNS shRNA in asparagine-free DMEM (-Asn) or DMEM supplemented with 0.1 mM 

asparagine (+Asn).  Lysates were immunoblotted for mTOR activity marker pS6K, phospho-

CAD (S1859), total CAD, and tubulin.  (B) Immunoblot of HeLa lysates with (shASNS + Dox) 

and without (shASNS -Dox) a 48 hour induction of ASNS shRNA expression and HeLa lysates 

48 hours after doxycycline induction of scrambled shRNA (Scr) or ASNS shRNA (shASNS).  

Lysates were immunoblotted for ASNS, PRPS1, PRPS2, and tubulin.  (C) Relative PRPS1 and 

PRPS2 mRNA levels from HeLa cells 48 hours post-doxycycline induction of scrambled shRNA 

or ASNS shRNA.  Quantitative real-time PCR was performed with primers specific to PRPS1 

and PRPS2. 
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Figure 2-22.  (A) Relative levels of asparagine and PRPP extracted from HeLa cells 48 and 72 

hours after doxycycline induction of scrambled shRNA (Scr) or ASNS shRNA expression as 

measured by LC-MS.  (B) Percentages of the indicated metabolites labeled with 15N extracted 

from HeLa cells labeled with exogenous 15N-serine (50:50 15N:14N) for 24 hours at 24 hours 

post-induction of scrambled shRNA (Scr) or ASNS shRNA expression.  (C) Heatmap showing 

relative levels of the indicated intracellular metabolites extracted from HeLa cells 72 hours after 

doxycycline induction of scrambled shRNA (Scr) or ASNS shRNA expression as measured by 

LC-MS.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-23.  (A) Relative levels of the indicated intracellular metabolites extracted from HeLa 

cells stably expressing PRPS2 or possessing empty pLHCX vector (EV) 72 hours after 

doxycycline induction of scrambled shRNA (Scr) or ASNS shRNA expression as measured by 

LC-MS.  (B) Immunoblot confirming PRPS2 expression in HeLa cells indicated in (A).  (C) 

Relative levels of the indicated intracellular metabolites extracted from HeLa cells 48 hours after 

doxycycline induction of scrambled shRNA (Scr) or ASNS shRNA expression as measured by 

LC-MS.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 2-24.  Model illustrating asparagine contribution to protein synthesis and 

nucleotide synthesis.  Intracellular asparagine exchanges with amino acids (AA) and serine 

(Ser) to coordinate protein and nucleotide synthesis. 
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Figure 2-25.  Model illustrating ATF4 activation of serine synthesis pathway gene 

expression and serine synthesis pathway flux in response to low intracellular asparagine 

levels.  
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Chapter 3 

Asparagine is a Fundamental Product of Respiration 
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INTRODUCTION 

We have shown that asparagine is critical for cancer cell proliferation through a role in amino 

acid import (Chapter 2). This asparagine function may explain the clinical efficacy of 

extracellular-acting asparaginase in the treatment of leukemia.  Although asparaginase is 

effective as a therapeutic for cancers that obtain the majority of their asparagine from the 

environment, such as leukemia, cancers that are capable of synthesizing asparagine de novo 

via ASNS are less responsive to asparaginase therapy(1).  Moreover, elevated ASNS 

expression, and presumably increased de novo asparagine synthesis, is associated with 

leukemic asparaginase resistance(2). Because cells can obtain asparagine from the 

environment or synthesize asparagine de novo, targeting both sources is critical for effectively 

exploiting tumor asparagine dependence. In support of this approach, genetic silencing of ASNS 

in sarcoma cells combined with depletion of plasma asparagine levels via asparaginase was 

recently shown to blunt tumor growth in vivo(3).   

 

Cellular respiration couples nutrient oxidation to ATP production through oxidative 

phosphorylation.  Nutrients are oxidized to CO2 through the tricarboxylic acid (TCA) cycle.  This 

process is dependent on NAD+ and FAD, which extract electrons from nutrients and transfer 

them to the electron transport chain (ETC) using oxygen as the final electron acceptor.  The 

proton gradient across the inner mitochondrial membrane generated by the flow of electrons 

through the chain drives ATP synthesis.  Complete oxidation of glucose to CO2 through 

oxidative phosphorylation generates ~36 molecules of ATP from one molecule of glucose, 

whereas glycolytic metabolism of glucose to lactate yields only 2 molecules of ATP.  Although 

most cancer cells convert the majority of consumed glucose to lactate, concurrent respiration is 

essential: suppressing respiration through ETC inhibition blocks proliferation(4-8).  
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Recent literature has shown that ATP synthesis via the ETC is dispensable for cancer cell 

proliferation.  Rather, aspartate synthesis requirements explain the reliance of proliferating cells 

on respiration(4, 5).  TCA cycle intermediates, in addition to yielding reducing power for ATP 

synthesis, are biosynthetic precursors for amino acids, fatty acids, and nucleotides, all of which 

are required for cell proliferation.  Upon ETC inhibition, electron acceptors are limiting, resulting 

in compromised NAD+ recycling (Figure 3-1) and impaired flux through the TCA cycle.  

Aspartate, which is synthesized from TCA cycle-generated oxaloacetate (Figure 3-1B), is 

depleted upon ETC inhibition, as are aspartate-derived nucleotides. Notably, supplementing cell 

culture medium with supraphysiological levels of aspartate rescues the proliferation impairment 

caused by treatment with various ETC inhibitors without rescuing the redox state(4, 5).  These 

studies indicate that aspartate is the limiting factor for proliferation with ETC inhibition and 

suggest proliferating cells require respiration primarily for aspartate synthesis and aspartate-

dependent nucleotide synthesis. 

 

However, in addition to contributing carbon and nitrogen to nucleotide synthesis, another 

cellular use of aspartate is as a substrate for ASNS, which converts aspartate and glutamine to 

asparagine and glutamate (Figure 2-5D). This raises the possibility that aspartate synthesis in 

proliferating cells may also have another benefit: maintenance of cellular asparagine levels.  

Here we show that in addition to reducing aspartate levels, ETC inhibition also reduces 

intracellular asparagine levels.  Moreover, comparable to supraphysiologic aspartate 

supplementation, physiologic levels of exogenous asparagine rescue proliferation upon 

treatment with various ETC inhibitors in the absence of exogenous aspartate and without 

rescuing intracellular aspartate levels.  Our data suggest that aspartate rescue of proliferation 

upon ETC inhibition may be due to conversion of aspartate to asparagine via ASNS.  The data 

further suggest that, by limiting synthesis of ASNS substrate aspartate, ETC inhibition may be 

an effective means of impairing de novo asparagine synthesis therapeutically. 
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RESULTS 

ETC inhibition depletes intracellular asparagine 

Aspartate is a precursor for protein, nucleotide, and asparagine synthesis.  It is unclear which of 

these biosynthetic contributions are limiting for proliferation upon cellular aspartate depletion 

with ETC inhibition.  To ascertain cellular aspartate demand for de novo asparagine synthesis, 

we measured cell aspartate production rates in the presence or absence of exogenous 

asparagine and with or without ASNS knockdown.  Providing exogenous asparagine, and 

thereby obviating the need for aspartate to serve as a substrate for ASNS, causes aspartate 

production to decrease by approximately 60 percent (Figure 3-2).  Conversely, depletion of 

intracellular asparagine levels through ASNS knockdown in the absence of exogenous 

asparagine increases aspartate production by approximately 50 percent, indicating that cellular 

demand for asparagine biosynthesis influences aspartate production rates.  Given that 

exogenous asparagine supplementation does not reduce proliferation (Figure 2-5C), these 

results suggest that aspartate levels sufficient for nucleotide synthesis may be insufficient to 

satisfy cellular asparagine requirements.   

 

ETC inhibition has been shown to reduce intracellular aspartate and nucleotide levels(4, 5).  

Because asparagine is derived from aspartate, we examined the effect of ETC inhibition on 

asparagine.  In addition to reducing aspartate levels, inhibition of the ETC with complex I 

inhibitor rotenone depletes intracellular asparagine in HeLa cells to levels that impair 

proliferation with ASNS shRNA expression (Figure 3-3A).  Expression of ATF4 target genes is 

also elevated with rotenone treatment, consistent with asparagine depletion (Figure 3-3B).  

These data raise the possibility that proliferation impairment upon ETC inhibition may be a 

function of asparagine, rather than aspartate, limitation (Figure 3-1A).   
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Exogenous asparagine rescues cell proliferation upon ETC inhibition 

To determine whether intracellular asparagine depletion contributes to the decreased 

proliferation observed with ETC inhibition, we inhibited the ETC in HeLa cells in the presence or 

absence of exogenous aspartate or asparagine.  Comparable to supraphysiologic aspartate 

supplementation (20 mM), physiologic levels of exogenous asparagine (0.1 mM) rescue 

proliferation upon treatment with various ETC inhibitors, including rotenone, oligomycin, 

antimycin A, and metformin, in the absence of exogenous aspartate (Figures 3-4 and 3-5). 

Medium supplementation with either aspartate or asparagine rescues intracellular asparagine 

(Figure 3-6) and ATF4 activity (Figure 3-3B) upon rotenone treatment.  Importantly, exogenous 

asparagine rescues ETC inhibition proliferation defects without rescuing aspartate levels (Figure 

3-6).  These data suggest that 1) asparagine, not aspartate, may be limiting for proliferation 

upon ETC inhibition; 2) aspartate rescue of proliferation upon ETC inhibition may be due to 

conversion of aspartate to asparagine via ASNS; and 3) asparagine synthesis may be a 

fundamental purpose of respiration in proliferating cells. 

 

Exogenous asparagine and aspartate rescue mTORC1 activity and nucleotide levels 

upon ETC inhibition 

Because intracellular asparagine exchanges with extracellular amino acids, reduced asparagine 

synthesis with ETC inhibition likely causes reduced amino acid uptake. We therefore examined 

mTORC1 activity with ETC inhibition.  HeLa cell rotenone treatment decreases mTORC1 

activation in a manner that is rescued by both exogenous asparagine and exogenous aspartate 

(Figure 3-7A), raising the possibility that mTORC1 inhibition due to asparagine depletion is 

responsible for the growth defects observed with ETC inhibition. 

 

Although aspartate is a substrate for both purine and pyridine synthesis, asparagine also 

contributes to nucleotide synthesis through exchange with serine, a nucleotide precursor, 
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through regulation of CAD activity downstream of mTORC1 activation, and through regulation of 

PRPS1 and PRPS2 levels (Chapter 2).  Confirming recent literature(4, 5), we observed rescue 

of nucleotide levels by exogenous aspartate with rotenone treatment (Figure 3-7B).   However, 

exogenous asparagine, in the absence of exogenous aspartate and without rescuing 

intracellular aspartate levels, similarly rescues nucleotides with ETC inhibition (Figure 3-7B).   

 

PRPS1/2 catalyze the conversion of ribose-5-phosphate to PRPP.  Rotenone treatment results 

in ribose-5-phoshate accumulation and reduced PRPP (Figure 3-8), suggesting that PRPS 

activity may be rate limiting with ETC inhibition.  Both asparagine and aspartate rescue this 

apparent PRPS block.  Notably, PRPS activity precedes incorporation of aspartate atoms into 

nucleotides.  This raises the possibility that aspartate is limiting for asparagine-induced PRPS 

activity rather than as a direct substrate for nucleotide biosynthesis.  Collectively, our data 

suggest that the nucleotide deficiency observed with ETC inhibition may be, at least in large 

part, a consequence of asparagine depletion rather than aspartate depletion.  Moreover, the 

data suggest that aspartate conversion to asparagine via ASNS contributes to aspartate rescue 

of nucleotide deficiency with ETC inhibition. 

 

DISCUSSION 

Here we provide evidence that asparagine synthesis is a fundamental purpose of respiration.  

We show that ETC inhibition results in intracellular asparagine depletion, and that exogenous 

asparagine supplementation rescues proliferation defects caused by various ETC inhibitors.   

 

Aspartate is limiting for asparagine synthesis 

We provide evidence that aspartate is limiting for the ASNS reaction upon ETC inhibition and 

that aspartate rescue of ETC inhibition is primarily due to aspartate-dependent asparagine 

synthesis.  Without rescuing intracellular aspartate levels, exogenous asparagine rescues 
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nucleotide deficiency associated with ETC inhibition similarly to exogenous aspartate.  

Exogenous aspartate supplementation rescues intracellular asparagine levels, ATF4 activity, 

and mTORC1 similarly to exogenous asparagine supplementation.  Our results suggest 

reduced mTORC1 activity and nucleotide synthesis downstream of asparagine deficiency may 

cause the proliferation impairment with ETC inhibition.  Although the data are consistent with 

ASNS-dependent asparagine synthesis being a primary purpose of aspartate, future 

experiments will assess aspartate rescue of ETC inhibition-associated defects in ASNS 

knockout cells that cannot synthesize asparagine.  

 

Targeting asparagine synthesis with ETC inhibitors 

Targeting cancer cell asparagine dependence with asparaginase, which hydrolyzes extracellular 

asparagine, has had limited success.  Tumors that express ASNS and are capable of de novo 

asparagine synthesis are insensitive to the therapy, and low-ASNS-expressing cancers often 

develop resistance to asparaginase through ASNS upregulation.  Combination targeting of 

asparagine uptake and synthesis would be expected to have pan-tumor effectiveness and lacks 

foreseeable resistance mechanisms.  Our results suggest that ETC inhibition is an effective 

means of inhibiting de novo asparagine synthesis.  Metformin, which is currently used in the 

clinic to treat patients with type 2 diabetes, inhibits complex I of the ETC.  We hypothesize that 

the inability of the cell to synthesize or consume asparagine due the combinatorial 

effects of metformin and asparaginase will prevent tumor growth.  In addition, metformin 

may be effective in combination with a low-asparagine diet, which has recently been 

shown to lower blood asparagine levels(9).  In support of this hypothesis, removal of 

asparagine from the cell culture medium sensitizes HeLa cells to metformin treatment in 

vitro (Figure 3-5).   
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Possible resistance mechanisms 

Tumor xenograft experiments in mice are currently being performed to examine whether 

these combinations effectively deplete tumor asparagine to reduce tumor growth.  

Although our in vitro experiments showed that ETC inhibition decreases proliferation of 

cultured cancer cells in medium containing supraphysiologic levels of pyruvate, it is 

worth noting that tumors may become resistant to the combination of metformin and 

exogenous asparagine depletion by increasing pyruvate uptake.  Supraphysiologic 

levels of pyruvate can restore redox homeostasis by acting as an electron acceptor to 

rescue proliferation upon ETC inhibition(4, 5, 10).  Therefore, increased pyruvate uptake 

could potentially restore intracellular aspartate levels.  Moreover, tumors characterized 

by loss-of-function mutations in TCA cycle enzymes succinate dehydrogenase (SDH) 

and fumarate hydratase (FH) increase reliance on pyruvate uptake and pyruvate 

carboxylase activity to generate aspartate(11).  An additional potential resistance 

mechanism is consumption of extracellular aspartate generated from asparaginase 

hydrolysis of asparagine. However, particularly high concentrations of exogenous 

aspartate (10-20 mM) are required to rescue intracellular aspartate and growth upon 

ETC inhibition(4, 5).  Because blood asparagine levels range from 0.05-0.1 mM, it is 

unlikely that asparaginase treatment will rescue intracellular aspartate levels upon 

metformin treatment. 

 

EXPERIMENTAL PROCEDURES 

Cell lines and culture conditions.  HeLa cells (ATCC) were cultured in DMEM containing 1 

mM pyruvate and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, 

unless otherwise stated.  
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Proliferation assays.  Cells were seeded in triplicate in 6-well plates at 5 x 104 cells/well.  24 

hours after seeding, the culture medium was replaced with 3 mL of DMEM containing the 

indicated concentrations of rotenone, oligomycin, antimycin A, metformin, or DMSO (vehicle 

control), with or without 20 mM aspartate or 0.1 mM asparagine.  Cells were counted at 0 hours 

and 72 hours post-medium change (for rotenone, oligomycin, and antimycin A) or every 24 

hours for 96 hours (metformin) using a Beckman Coulter particle counter. 

 

Intracellular metabolite extraction and analysis.  Cells were seeded in 6-well plates, and 

metabolites were extracted at 70-80% confluence.  When heavy isotope labeling was 

performed, medium was replaced 24 hours prior to extraction with medium containing the 

labeled metabolite.  Cells were washed with ice-cold 150 mM ammonium acetate, and scraped 

off the plate in 800 µl ice-cold 50% methanol.  10 nmol norvaline was added as an internal 

standard, followed by 400 µl chloroform.  After vigorous vortexing, the samples were centrifuged 

at maximum speed, the aqueous layer was transferred to a glass vial, and the metabolites were 

dried under vacuum. Metabolites were resuspended in 50 µL 70% acetonitrile (ACN) and 5 µL 

of this solution used for the mass spectrometer-based analysis. The analysis was performed on 

a Q Exactive (Thermo Scientific) in polarity-switching mode with positive voltage 4.0 kV and 

negative voltage 4.0 kV. The mass spectrometer was coupled to an UltiMate 3000RSLC 

(Thermo Scientific) UHPLC system. Mobile phase A was 5 mM NH4AcO, pH 9.9, B) was ACN, 

and the separation achieved on a Luna 3mm NH2 100A (150 x 2.0 mm) (Phenomenex) column. 

The flow was 200 µL / min, and the gradient ran from 15% A to 95% A in 18 min, followed by an 

isocratic step for 9 min and re-equilibration for 7 min. Metabolites were detected and quantified 

as area under the curve (AUC) based on retention time and accurate mass (≤ 3 ppm) using the 

TraceFinder 3.1 (Thermo Scientific) software.  
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Aspartate production measurements.  For aspartate export measurements, 5 µL medium 

was mixed with 800 µl ice-cold 50% methanol. 10 nmol norvaline was added as an internal 

standard, followed by 400 µl chloroform.  After vigorous vortexing, the samples were 

centrifiuged at maximum speed, the aqueous layer was transferred to a glass vial, and the 

metabolites were dried under vacuum. Metabolites were resuspended in 100 µL 70% 

acetonitrile (ACN) and 5 µL of this solution used for the mass spectrometer-based analysis, as 

described above for intracellular metabolites.  The experiment was initiated by the addition of 

fresh medium to the cells, and blank medium from a cell-free plate was included in the analysis.   

 

Cell lysis and immunoblotting.  Cells were lysed in buffer containing 50 mM Tris pH 7.4, 1% 

Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 1 

mM sodium orthovanadate, 20 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM 

beta-glycerophosphate, 2 μg/ml aprotinin, 2μg/ml leupeptin and 0.7 μg/ml pepstatin.  Western 

blot analysis was performed using standard protocols, and the following commercial antibodies 

were used as probes: ASNS (Proteintech 14681-1-AP, 1:1000), phospho-T389 S6 kinase (Cell 

Signaling 9234, 1:500), phospho-S235/235 S6 ribosomal protein (Cell Signaling 4858, 1:3000), 

PHGDH (Cell Signaling 13428, 1:1000), PSAT1 (Abnova H00029968-A01, 1:500), and ɑ-tubulin 

(Sigma T6074, 1:10000). 

 

Inducible shRNA-mediated ASNS knockdown.  shRNA oligonucleotides (shASNS 5'-

CACCGCTGTATGTTCAGAAGCTAAATTCAAGAGATTTAGCTTCTGAACATACAGC-3' and 5'-

AAAAGCTGTATGTTCAGAAGCTAAATCTCTTGAATTTAGCTTCTGAACATACAGC-3'; 

and shScramble 5'-

CACCGTAGCGACTAAACACATCAATTCAAGAGATTGATGTGTTTAGTCGCTA-3' and 5'-

AAAATAGCGACTAAACACATCAATCTCTTGAATTGATGTGTTTAGTCGCTAC-3') were 

annealed and ligated into pENTR™/H1/TO vector (Invitrogen #K4920-00) following the BLOCK-
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iT™ Inducible H1 RNAi Entry Vector Kit manual. Resulting shRNA constructs were recombined 

into pLentipuro/BLOCK-iT-DEST using Gateway® LR Clonase II® (Invitrogen #11791-020). 

pLentipuro/BLOCK-iT-DEST is a modification of pLenti4/BLOCK-iT-DEST (Invitrogen #K4925-

00) wherein the SV40 promoter/zeocin resistance cassette was replaced with the human PGK 

promoter/puromycin resistance gene and  the cPPT/WPRE elements were added, and was 

kindly provided by Dr. Andrew Aplin (Thomas Jefferson University, Kimmel Cancer Center)(12, 

13). Recombinant lentiviruses were packaged in 293T cells by co-transfecting 4 μg each of 

lentivirus plasmid with expression vectors containing the gag/pol, rev and vsvg genes.  

Lentivirus was harvested 48 hours after transfection and added to subconfluent HeLa cells with 

4 ug/ml polybrene for 16 hours.  Cells were selected in 2 ug/ml puromycin for 1 week. 

Doxycycline induction of knockdown is control by the Tet repressor (TetR) protein expressed 

from the pLenti0.3/EF/GW/IVS-Kozak-TetR-P2A-Bsd vector, which was constructed by Dr. 

Ethan Abel and was kindly provided by Dr. Diane M. Simeone (University of Michigan, 

Translational Oncology Program).  Knockdown was induced with 25 ng/ml doxycycline.   
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Figure 3-1.  Reduced recycling of NAD+ with electron transport chain inhibition impairs 

TCA cycle flux and aspartate synthesis.  (A) Diagram of the electron transport chain (ETC).  

Electrons are transferred to the chain via NADH and FADH2, with oxygen as the final electron 

acceptor.  Electron transfer recycles NAD+ and FAD (not shown), which are required for 

reactions of the TCA cycle.  (B) Diagram of the TCA cycle.  NAD+- and FAD-dependent 

reactions are indicated in red.  Synthesis of aspartate has been shown to be a fundamental 

purpose of cellular respiration.  Aspartate and asparagine (shown in green) each rescue 

proliferation with ETC inhibition, suggesting that reduced aspartate conversion to asparagine via 

ASNS may be responsible for ETC inhibition-mediated proliferation impairment.   
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Figure 3-2.  Cellular asparagine requirements dictate aspartate production rates.  Changes 

in extracellular aspartate levels during a 24 hour incubation with HeLa cells. The 24 hour 

incubation began 24 hours post-doxycycline-induced expression of a scrambled shRNA (Scr) or 

ASNS shRNA in the presence or absence of 0.1 mM exogenous asparagine (N).  Error bars 

denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 3-3.  ETC inhibition with rotenone causes intracellular depletion of aspartate and 

asparagine and increases expression of ATF4 target genes.  (A) Intracellular asparagine 

and aspartate levels after treatment with 50 nM rotenone for 72 hours.  (B)  Immunoblot 

showing expression of ATF4 target genes ASNS, PHGDH, and PSAT1 after treatment with 50 

nM rotenone for 24 hours. 
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Figure 3-4.  Aspartate and asparagine each rescue proliferation with ETC inhibition.  Fold 

change in HeLa cell number over 72 hours in the presence or absence of 20 mM aspartate 

(Asp) or 0.1 mM asparagine (Asn) upon treatment with DMSO or (A) rotenone, (B) oligomycin, 

and (C) antimycin A.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; 

***p < 0.001; ns, not significant. 
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Figure 3-5.  Asparagine withdrawal sensitizes cancer cells to metformin treatment.  

Proliferation curves of HeLa cells grown in the presence or absence of 5 mM metformin and 0.1 

mM asparagine (N).  Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; 

***p < 0.001; ns, not significant. 
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Figure 3-6.  Exogenous aspartate rescues intracellular asparagine levels, but exogenous 

asparagine does not rescue intracellular aspartate levels, upon ETC inhibition.  

Intracellular aspartate and asparagine levels after treatment with 50 nM rotenone for 72 hours in 

the presence or absence of 20 mM aspartate (Asp) or 0.1 mM asparagine (Asn).  *p < 0.05; **p 

< 0.01; ***p < 0.001; ns, not significant. 
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Figure 3-7.  Aspartate and asparagine each rescue mTORC1 activity and nucleotide levels 

with ETC inhibition.  (A) Immunoblot showing phosphorylation of mTORC1 substrate S6K 

(T389) after treatment with 50 nM rotenone for 6 hours in the presence or absence of 20 mM 

aspartate (Asp) or 0.1 mM asparagine (Asn).  (B) Intracellular nucleotide levels after treatment 

with 50 nM rotenone for 72 hours in the presence or absence of 20 mM aspartate (Asp) or 0.1 

mM asparagine (Asn). 
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Figure 3-8.  Intracellular ribose-5-phosphate (R5P) and phosphoribosyl pyrophosphate (PRPP) 

levels after treatment with 50 nM rotenone for 72 hours in the presence or absence of 20 mM 

aspartate (Asp) or 0.1 mM asparagine (Asn). 
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Figure 3-9.  Model depicting strategy for targeting cancer cell asparagine dependence.  

Hypothesis: Targeting extracellular asparagine with asparaginase (ASNase) and de novo 

asparagine synthesis with metformin will deplete intracellular asparagine and inhibit tumor 

growth.   
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Chapter 4 

Lactate is a Homeostatic Signal that Regulates ATF4 Activity 
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INTRODUCTION 

Cells in multicellular organisms are generally exposed to a constant supply of nutrients through 

the bloodstream.  Multicellular organisms, therefore, must have systems in place to prevent 

unrestricted anabolism and proliferation of individual cells.  The regulation of nutrient uptake by 

growth factor signaling is one mechanism to prevent unrestricted proliferation, such that cellular 

nutrient consumption is restricted in the absence of growth cues.  Metabolite sensing may be an 

alternative, and underexplored, method.  Metabolites are indicators of both nutrient abundance 

and anabolic pathway activity.  They would therefore be fitting negative feedback signals to 

restrict growth when the basal anabolic requirements of the cell have been met. 

 

Lactate is generated from pyruvate through the lactate dehydrogenase (LDH) reaction and is 

the end product of glycolysis.  However, this metabolite does not have a known function and 

has long been thought to be a cellular waste product.  It has been suggested that lactate 

generation benefits proliferating cells.  For instance, lactate can be imported into the cell and 

catabolized to fuel the TCA cycle by being converted to pyruvate via LDH in the reverse 

direction(1-4).  In addition, the conversion of pyruvate to lactate is thought to promote cell 

growth by recycling the NAD+ consumed during glycolysis and allowing for additional flux 

through the pathway.  However, the purpose of lactate generation remains unclear for several 

reasons.  First, given that pyruvate can also be transported into and out of cells, shuttling of 

pyruvate from cell to cell as a nutrient would be more efficient since pyruvate is one step closer 

to mitochondrial oxidation than is lactate.  Second, lactate conversion to pyruvate consumes 

NAD+ that would benefit TCA cycle flux and anabolism.  Third, pyruvate can be converted to 

alanine as an alternative to lactate to yield a useful substrate for protein synthesis(5, 6).  

Moreover, like lactate, alanine is reduced relative to pyruvate and its conversion can also 

regenerate NAD+.  Although the transaminase reaction that converts pyruvate to alanine is not 
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explicitly a redox reaction, ɑ-ketoglutarate is also generated by the reaction, sparing NAD+ 

consumption by glutamate dehydrogenase-mediated ɑ-ketoglutarate synthesis(7). 

 

Many cancer cells increase glucose consumption and lactate secretion.  This cancer hallmark is 

known as the Warburg effect and is thought to promote the anabolism required for cell growth 

and division.  It is clear how increased glucose uptake supports elevated anabolic metabolism – 

by providing substrates for biosynthetic	pathways.(8)  However, cancer cell lactate secretion 

suggests that lactate may negatively impact anabolic metabolism.  Despite the fact that lactate 

can be catabolized, impaired lactate export through monocarboxylate transporter (MCT) 

inhibition blocks tumor growth and T cell activation(9-11).  

 

ATF4 is a transcription factor that is activated to restore cellular homeostasis after exposure to 

stress, including amino acid starvation.  Unicellular and multicellular organisms have nearly 

identical homeostatic responses to amino acid deprivation (Figure 4-1).  For instance, in both 

yeast and animals, the kinase GCN2 is activated by uncharged tRNA molecules upon amino 

acid starvation, leading to the phosphorylation and inhibition of its substrate eiF2ɑ, a translation 

initiation factor.  This results in a global halt in translation but specifically increases translation of 

a transcription factor that promotes de novo amino acid synthesis(12, 13).  However, the 

transcription factor that carries out this response differs in unicellular and multicellular 

organisms: yeast utilize GCN4, whereas multicellular organisms utilize ATF4 (or ATF4 

homologs).  Although functional orthologs with respect to the amino acid deprivation response, 

GCN4 and ATF4 have minimal sequence homology.  The evolutionary replacement of GCN4 

with ATF4 upon multicellularity raises the possibility that ATF4 may have additional functions 

that specifically benefit multicellular organisms. 
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We propose that lactate is a homeostatic signal that mediates its normalizing effects through 

direct binding to ATF4.  We show that ATF4 is activated in response to elevated intracellular 

lactate and provide evidence that lactate directly binds to ATF4 to promote its stability.  We 

propose that asparagine depletion is sensed through accumulation of intracellular lactate which 

promotes ATF4-mediated ASNS expression to restore intracellular asparagine.  We further find 

that lactate inhibits mTORC1 activity in an ATF4-dependent manner.  We hypothesize that 

lactate, as the end product of a pathway that supports the use of glucose carbons in anabolic 

processes, serves as a negative feedback signal to limit anabolic metabolism in conditions 

when growth is not beneficial.  

 

RESULTS 

Asparagine depletion activates ATF4 through non-canonical pathway 

Intracellular asparagine depletion results in increased ATF4 localization to the promoters of 

canonical ATF4 target genes, including ASNS and genes involved in de novo serine synthesis 

(Figure 2-13A).  Canonical ATF4 activation downstream of amino acid deprivation occurs 

through increased translation of ATF4 mRNA through the GCN2- eiF2ɑ axis(12, 13).  To 

address whether asparagine depletion activates ATF4 through the canonical activation pathway, 

we examined eiF2ɑ phosphorylation and ATF4 protein levels upon ASNS knockdown.  ATF4 

protein levels are elevated with ASNS knockdown, and supplementing the cell culture medium 

with 0.1 mM asparagine completely rescues this increase (Figure 4-2).  eiF2ɑ phosphorylation, 

however, is not similarly responsive to intracellular asparagine levels: phosphorylation of eiF2ɑ 

is not elevated by ASNS knockdown, and exogenous asparagine supplementation, which 

rescues ATF4 protein levels, does not reduce eiF2ɑ phosphorylation in the context of ASNS 

knockdown (Figure 4-2).  These results suggest that the canonical activation mechanism is not 

be responsible for increased ATF4 activity upon asparagine depletion. 
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Instead, our data suggest that the ATF4 activation observed upon asparagine depletion may 

result from changes in intracellular lactate levels.  ASNS knockdown reduces plasma membrane 

localization of the lactate transporters MCT1 and MCT4 (Figure 4-3A).  Moreover, asparagine 

depletion decreases lactate export rate (Figure 4-3B), without affecting glucose uptake rate 

(Figure 4-3C).  The reduction in lactate export does not appear to be due to decreased glucose 

to lactate flux in favor of pyruvate entry into the TCA cycle for asparagine synthesis: kinetics of 

lactate labeling with glucose-derived carbons are unchanged (Figure 4-3D), and glucose 

labeling of TCA cycle intermediates is, in fact, slower with ASNS knockdown (Figure 4-4).  

Collectively, these data raise the possibility that intracellular lactate accumulation is involved in 

the cellular response to asparagine depletion. 

  

Lactate increases ATF4 protein levels and activity 

Because reduced lactate export is associated with asparagine depletion, we investigated 

whether changes in lactate levels influence ATF4 activation.  HeLa cell treatment with 

exogenous lactate results in increased expression of ASNS and other canonical ATF4 target 

genes, with 10 mM lactate being sufficient to induce expression (Figure 4-5A,B).  ATF4 target 

genes are also elevated in mouse epidermis topically treated with 20 mM lactate (Figure 4-5C).  

Conversely, reducing intracellular lactate through LDHA knockdown reduces expression of 

ATF4 target genes (Figure 4-5D).  Together, these results indicate that elevated intracellular 

lactate activates ATF4.   

 

To determine how lactate induces ATF4 activity, we assessed ATF4 protein and mRNA levels at 

various time points post-treatment.  Lactate treatment of HeLa cells increases ATF4 protein 

levels, with changes apparent by one hour post-treatment (Figure 4-6A).  Elevated ATF4 protein 

with lactate does not appear to be due to changes in ATF4 mRNA levels (Figure 4-6B) or to 

changes in ATF4 translation, as lactate treatment does not alter eiF2ɑ phosphorylation (Figure 
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4-6C).  The data imply that lactate regulates ATF4 levels at the post-translational level.  

Consistently, inhibition of proteasomal degradation with MG-132 prevents lactate induction of 

ATF4 protein levels (Figure 4-6D), suggesting that lactate promotes ATF4 protein stability. 

 

Evidence that lactate binds ATF4 to inhibit its proteasomal degradation 

Because lactate increases ATF4 protein levels without affecting mRNA levels or eiF2ɑ 

phosphorylation, we considered that lactate may promote intracellular ATF4 stability through 

direct binding.  To address this possibility, we used the biochemical approach DARTS(14, 15), 

which identifies metabolite-protein interactions by exploiting the protection of proteins from 

protease degradation by bound metabolites.  DARTS is particularly useful for detecting low 

affinity or transient interactions because, as opposed to alternative binding assays, the 

technique does not require washing steps which might dissociate the interaction.  We found that 

lactate protects ATF4 in cell lysate from protease digestion (Figure 4-7A), suggesting a potential 

interaction between ATF4 and lactate.  Furthermore, 10 mM lactate protects in vitro translated 

(IVT) ATF4 from protease digestion (Figure 4-7B), while chemically similar compounds D-lactate 

and pyruvate have no effect (Figure 4-7C).  These results indicate a specific and direct 

interaction between L-lactate and ATF4.  We measured intracellular lactate levels in 

asynchronous, rapidly dividing HeLa cells to be in the 4-8 mM range (Figure 4-8).  Therefore, 

our finding that 10 mM lactate interacts with ATF4 (Figure 4-7B) suggests ATF4 binds to lactate 

within the physiologic range. 

 

To locate the binding site for lactate on ATF4, we performed DARTS on truncated IVT versions 

of ATF4 that include or exclude known degradation domains (Figure 4-9A).  Lactate protects a 

truncation containing ATF4 residues 1-300 but does not protect a truncation containing residues 

1-200, narrowing down the putative lactate binding site to within resides 200-300 (Figure 4-9B).  

This region of ATF4 contains a recognition motif for ubiquitin ligase subunit βTrCP (Figure 4-
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9C).  Phosphorylation of serine 219 on ATF4 leads to βTrCP recruitment and proteasomal 

degradation(16).  To determine if the βTrCP recognition motif on ATF4 is required for lactate 

binding, we performed DARTS on IVT ATF4 containing mutations within the motif.  Mutation of 

serine 219 to alanine (S219A) prevents lactate protection of ATF4 with protease treatment 

(Figure 4-9D), whereas lactate protection is maintained with a serine 224 mutant (S224A) 

(Figure 4-9E).  The data are consistent with lactate binding ATF4 at serine 219 and suggest that 

lactate binding may inhibit ATF4 proteasomal degradation either by preventing phosphorylation 

of serine 219 or by interfering with βTrCP binding.   

 

Lactate inhibits mTORC1 activity in an ATF4-dependent manner 

In addition to increasing ATF4 activity, we find that lactate inhibits mTORC1 activity.  The 

presence of lactate inhibits mTORC1 in vitro kinase activity in cell lysate, as assessed by S6 

kinase (S6K) S239 phosphorylation after the addition of ATP for 5 minutes (Figure 4-10A), and 

10 mM extracellular lactate treatment reduces mTORC1 activity in HeLa cells (Figure 4-10B). 

Conversely, LDHA knockdown in HeLa cells increases mTORC1 activity (Figure 4-10C).   

 

In addition, similar to its protection of ATF4, lactate protects mTOR in cell lysate from protease 

digestion (Figure 4-7A).  The protection of both ATF4 and mTOR from protease digestion in cell 

lysate suggests either that lactate individually binds to both ATF4 and mTOR or that lactate 

binds specifically to ATF4 and protects an ATF4-mTOR complex.  To distinguish between these 

possibilities, we examined potential binding between ATF4 and mTOR.  ATF4 

immunoprecipitated from HeLa cells co-purifies mTOR and mTOR binding partners, Raptor and 

Rictor (Figure 4-11A).  In addition, endogenous ATF4 from HeLa cell lysate binds to immobilized 

IVT mTOR; vice versa, endogenous mTOR and Rictor bind to immobilized IVT ATF4 (Figure 4-

11B).   These results are consistent with the existence of an ATF4-mTOR complex.  We next 

assessed the effect of lactate on mTORC1 activity in the context of ATF4 knockdown.  
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Knockdown of ATF4 eliminates lactate inhibition of mTORC1 (Figure 4-12).  Moreover, ATF4 

knockdown results in notably elevated baseline mTORC1 activation. These results indicate: 1) 

ATF4 inhibits mTORC1 activity; and 2) lactate inhibition of mTORC1 activity is mediated by 

ATF4.    

 

Evidence that lactate influences mTOR complex formation 

We next wanted to determine how mTORC1 inhibition is achieved downstream of ATF4 

induction by lactate.  Cellular mTORC1 activation requires activation of two sets of lysosomal 

membrane-tethered GTPases: Rheb and Rag proteins.  Rheb directly interacts with and 

activates mTORC1 downstream of growth factor signaling; Rag proteins bind mTORC1 complex 

member Raptor upon amino acid stimulation, recruiting mTORC1 to the lysosome where it can 

be activated by Rheb(17).  We find that lactate influences mTORC1 lysosomal localization.  

Consistent with lactate inhibition of mTORC1, exogenous lactate reduces colocalization 

between mTOR and lysosomal marker LAMP2, whereas LDHA knockdown increases 

colocalization (Figure 4-13).  

 

Although lactate appears to inhibit mTORC1 lysosomal localization, we also observe lactate 

inhibition of mTORC1 activity in cell extract (Figure 4-10A), which lacks intact lysosomes and 

lysosome-mediated signaling.  This suggests that lactate inhibition of mTORC1 is independent 

of Rag GTPases.  Raptor is a multifaceted mTORC1 adaptor protein: it mediates the 

recruitment of mTORC1 to the lysosomal surface by Rag proteins as well as mTORC1 

recruitment of its substrates(18).  Altered mTOR-Raptor complex formation could therefore 

explain both altered lysosomal localization in HeLa cells and altered in vitro kinase activity in cell 

extract.  Consistent with altered mTOR complex formation, mTORC2 activity is elevated upon 

HeLa cell lactate treatment, as assessed by phosphorylation of mTORC2 target AKT (Figure 4-

14A).  Moreover, mTOR-Raptor binding is increased upon LDHA knockdown (Figure 4-14B) and 
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decreased by exogenous lactate, as indicated by co-immunoprecipitation in the presence of 

crosslinking agent DSP (Figure 4-14C).  Taken together, our data are consistent with lactate 

inhibiting mTORC1 by interfering with mTOR-Raptor binding.  This interference is likely 

mediated by increased mTOR-ATF4 binding upon lactate-induced ATF4 stability. 

 

Evidence that lactate binds additional βTrCP substrates 

The βTrCP recognition motif found in ATF4 is common to numerous proteins (Figure 4-15), 

including β-catenin, IkBɑ, and PFKFB3.  We therefore considered that lactate may have 

additional protein binding partners.  Exogenous lactate results in increased IkBɑ and PFKFB3 

protein levels in HeLa cells (Figure 4-16A,B).  In addition, topical treatment of mouse epidermis 

with 20 mM lactate increases epidermal levels of these proteins (Figure 4-16C).  Lactate 

treatment also increased increases β-catenin levels in MCF10A, a non-transformed breast 

epithelial cell line (Figure 4-16D).  Although total levels of β-catenin protein appear unaltered in 

HeLa cells, lactate results in increased expression of well-characterized β-catenin target genes 

as early as one hour post-treatment (Figure 4-17), suggesting that lactate may increase the 

active β-catenin pool. 

 

To examine the possibility of β-catenin-lactate binding, we performed DARTS on IVT β-catenin. 

25 mM lactate protect β-catenin from protease digestion (Figure 4-18A), consistent with β-

catenin-lactate binding.  To determine if the βTrCP recognition motif in β-catenin is responsible 

for its protection by lactate, DARTS was performed on β-catenin mutated at both serines within 

the motif.  As opposed to wildtype β-catenin, a S33A,S37A double mutant version of β-catenin 

is not protected by lactate upon protease treatment (Figure 4-18B) - evidence that, similar to 

lactate- ATF4 binding, lactate binds within the βTrCP recognition motif of β-catenin.   
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How lactate binding at serines within the motif prevents their recognition by βTrCP remains 

unclear.  One possibility is that lactate binding obstructs an interaction with βTrCP.  A second 

possibility is that lactate prevents the phosphorylation events required for βTrCP recognition.  

To investigate the latter, we performed an in vitro kinase assay in the presence or absence of 

lactate.  Endogenous β-catenin in cell lysate is phosphorylated at S33/37 upon the addition of 

ATP for 5 minutes.  Lactate, however, prevents this phosphorylation (Figure 4-18C).  These 

preliminary results suggest lactate may promote the stability of βTrCP substrates by inhibiting 

phosphorylation of serines required for βTrCP recognition and proteasomal degradation.  

 

DISCUSSION 

Here we provide evidence that lactate is a signaling molecule that directly binds to ATF4 to 

promote its stability.  We show that ATF4 levels affect mTORC1 activity, suggesting that ATF4 

broadly influences anabolic metabolism.  We propose that 1) lactate is an indicator of the 

cellular metabolic status, and 2) ATF4 is a nutrient sensor that communicates metabolite 

information to anabolic pathways.  Lactate-ATF4 networking enables cellular metabolism and 

behavior to be modified according to the existing metabolic state.  Based on our findings, we 

hypothesize the following: 

 

Lactate is a signal of amino acid availability 

Our data suggest that lactate-ATF4 binding causes inhibition of mTORC1, a master regulator of 

anabolic metabolism, activity of which is particularly sensitive to intracellular amino acid levels.  

We found that asparagine is critical for cellular amino acid uptake: intracellular asparagine is 

exported in exchange for import of extracellular amino acids (Chapter 2).  Intracellular 

asparagine depletion, in addition to reducing amino acid uptake, reduces lactate export (Figure 

4-3).  Lactate signaling, therefore, may be a novel mechanism to communicate intracellular 
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amino acid levels to mTORC1 (Figure 4-19) as a means of coordinating anabolic metabolism 

with nutrient availability.  

 

Lactate is a signal of anabolic saturation 

Lactate is the end product of glycolysis, a pathway that supports and coordinates anabolic 

metabolism by providing substrates for numerous biosynthetic pathways.  Our data suggest that 

lactate inhibits mTORC1 downstream of lactate-ATF4 binding.  mTORC1 is a master-anabolic 

regulator.  It promotes glycolytic flux by translationally upregulating c-Myc and HIF-1(19, 20).  In 

addition, mTORC1 activity promotes the use of glucose carbons in anabolic pathways through 

direct activation of enzymes involved in nucleotide, lipid, and protein synthesis(21).  mTORC1 is 

therefore a fitting target of a negative feedback signal.  Based on our results, we propose that 

lactate, as the end product of an anabolism-coordinating pathway, serves as a negative 

feedback signal to limit anabolism when the biosynthetic needs of the cell have been met or 

when growth is not beneficial (Figure 4-20).   

 

Just as mTORC1 is a fitting target of a negative feedback signal, lactate is a fitting signal.  

Pyruvate derived from glycolysis has three possible fates: 1) entry into mitochondria for 

oxidation; 2) transamination to produce alanine; or 3) reduction to produce lactate.  

Mitochondrial oxidation and alanine synthesis are growth promoting options, as they generate 

substrates for nucleotide, lipid, and protein synthesis.  However, lactate cannot be further 

metabolized or incorporated into biomass.  Pyruvate entry into mitochondria is a highly-

regulated process(22, 23) which could generate a bottleneck for pyruvate oxidation.  Although 

yet to be thoroughly examined, the possibility exists that lactate represents the overflow 

pyruvate that cannot be metabolized when the oxidation and transamination pathways are 

saturated.  Lactate, as an unusable form of pyruvate, would be an appropriate signal of this 

saturation to down-regulate further anabolism through mTORC1 inhibition. 
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Lactate-ATF4 binding mediates cellular homeostasis 

Because asparagine promotes lactate export (Figure 4-3) and lactate binds the transcription 

factor responsible for asparagine synthesis, intracellular asparagine and lactate levels are tightly 

linked in a homeostatic loop.  Our results suggest that asparagine depletion is sensed through 

accumulation of intracellular lactate which promotes ATF4-mediated ASNS expression and 

restoration of intracellular asparagine.  Newly synthesized asparagine, in turn, leads to 

increased lactate export to turn down ATF4 activity and asparagine synthesis (Figure 4-21).  

 

The fact that ATF4, a transcription factor, mediates lactate inhibition of mTORC1 raises the 

possibility that the lactate-ATF4-mTORC1 axis mediates metabolic and cellular homeostasis. 

The coupling of mTORC1 inhibition to ATF4 transcriptional activity suggests that anabolic 

inhibition via lactate is tied to asparagine synthesis.  In the context of amino acid availability, this 

signaling axis ensures that mTORC1-mediated anabolic inhibition upon nutrient deprivation 

coincides with nutrient restoration via ATF4/asparagine-mediated amino acid uptake.  In the 

context of cell quiescence, we hypothesize that lactate promotes cellular homeostasis by 

downregulating anabolism through ATF4-mediated mTORC1 inhibition while simultaneously 

preventing its own accumulation through ATF4-mediated asparagine synthesis and downstream 

asparagine-mediated lactate transporter trafficking (Figure 4-22A).  This homeostatic network 

would, in theory, stabilize intracellular lactate levels as well as metabolic rates, preventing cell 

growth beyond what is needed to maintain basic cellular functions.  

 

Our preliminary results suggest that lactate may also bind to a nearly identical sequence in β-

catenin, which is also a βTrCP substrate, to increase its activity.  β-Catenin activation by lactate 

may be an additional contributor to homeostatic lactate export.  β-Catenin is known to 

upregulate MCT1 through several mechanisms.  For instance, MCT1 is a direct transcriptional 

target of both Wnt/β-catenin(24) and Myc, which is a β-catenin target gene(9).  In addition, β-



	 97	

catenin activation can increase MCT1 plasma membrane localization by reducing its 

endocytosis and degradation(25).  Therefore, similar to activation of ATF4-mediated asparagine 

synthesis, lactate activation of β-catenin may support lactate expulsion to prevent lactate 

accumulation.     

 

Multicellular organisms must have cellular homeostatic systems to restrict the growth and 

proliferation of individual cells that are exposed to a constant supply of nutrients in the 

bloodstream.  We propose that the lactate-ATF4-mTORC1 network is one such system.   

Notably, the βTrCP recognition motif in ATF4 is conserved in multicellular organisms, such as 

C. elegans ATF4 homolog ATFS-1, but is not present in yeast GCN4 (Figure 4-23), consistent 

with the idea that lactate sensing by ATF4 provides a function that is specifically beneficial for 

multicellularity.  

 

Despite the fact that lactate can be catabolized, malignant transformation is generally 

accompanied by a dramatic increase in lactate export, which is thought to be mediated by Myc- 

and HIF1ɑ-driven MCT1 and MCT4 upregulation.  Cancer cell MCT1 and MCT4 upregulation 

may be a means to break the homeostatic loop established by the lactate-ATF4-mTORC1 axis. 

We hypothesize that by increasing lactate export, cancer cells relieve mTORC1 inhibition to 

allow for unrestricted anabolism and growth (Figure 4-22B). 

 

Lactate is a paracrine signal 

A question ensuing from our data is why cancer cells would increase lactate synthesis by 

upregulating lactate dehydrogenase(26).  Exporting excess pyruvate or alanine would make 

sense from a biosynthetic standpoint because minimizing lactate would maximize mTORC1 

activity.  One reason for tumor lactate dehydrogenase upregulation is presumably to recycle 
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NAD+ for biosynthetic purposes.  However, NAD+ can be generated through alternative means 

that do not yield an anti-growth signaling molecule as a byproduct.   

 

The use of lactate as a paracrine signaling molecule may be a primary purpose for cancer cell 

lactate synthesis.  For instance, cancer cells may use lactate export as a weapon against 

infiltrating immune cells, which have biosynthetic requirements comparable to those of cancer 

cells.  Lactate has been shown to inhibit T cell proliferation and cytokine production(27), and 

myeloid-specific deletion of LDHA was recently shown to promote macrophage accumulation 

and suppress lung tumor growth(28).  Moreover, blocking lactate export through MCT1 inhibition 

causes immunosuppression(10, 11).  Rapamycin, an inhibitor of mTORC1, is a well-established 

immunosuppressant.  It will be interesting to see whether lactate exerts its immunosuppressive 

effects through mTORC1 inhibition. 

 

Lactate export into the tumor microenvironment may also promote tumor growth by stimulating 

non-cell autonomous autophagy in stromal cells.  We observe increased autophagy with 

exogenous lactate treatment (Figure 4-10B).   Lactate-induced autophagy may be downstream 

of mTORC1 inhibition or ATF4 activation(29, 30).  There is accumulating evidence that tumors 

exploit stromal cells to obtain nutrients, especially in poorly vascularized regions(31, 32).  For 

instance, it was demonstrated that pancreatic cancer cells stimulate autophagy in surrounding 

stromal cells leading to tumor consumption of alanine secreted by stromal cells(31).  These 

findings raise the possibility that tumor-secreted lactate is a signal to stimulate stromal cell 

autophagy and the release of amino acids for tumor consumption. 

 

Finally, lactate export into the tumor microenvironment may benefit the tumor by promoting 

angiogenesis.  As a tumor expands, it grows beyond the limits of the local blood supply, creating 

regions of nutrient deprivation and hypoxia.  Tumor expansion, therefore, depends on the 
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formation of new blood vessels. Vascular endothelial growth factor (VEGF) is a known 

transcriptional target of HIF(33), ATF4(34, 35) and β-catenin(36).  Hypoxia-mediated HIF 

stability results in cell-autonomous VEGF expression.  Tumor lactate export into the 

microenvironment may stimulate non-cell-autonomous ATF4- and β-catenin-mediated VEGF 

expression to augment the angiogenic program.  

 

Altered cellular metabolism is now accepted as a hallmark of cancer(37).  Cancer cells increase 

glucose uptake to support biosynthetic processes.  This increased glucose uptake inevitably 

results in increased synthesis of pyruvate, of which cancer cells commonly convert a large 

fraction to lactate.  However, cancer cells, unlike most differentiated cells in the body, have 

developed the ability to dispose of the synthesized lactate through increased expression of 

lactate transporters.  Our data provide possible explanations as to why cancer cells export large 

quantities of lactate.  Lactate export by cancer cells may be a means to evade lactate-mediated 

downregulation of anabolism to support unrestricted tumor proliferation.  It may also enable 

tumor exploitation of the cellular environment and evasion the immune system.   

 

EXPERIMENTAL PROCEDURES 

Cell lines and culture conditions.  HeLa cells (ATCC) were cultured in DMEM containing 1 

mM pyruvate and supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, 

unless otherwise stated.  

 

Lactate treatments.  Medium was replaced for the indicated times with pyruvate-free DMEM 

containing 10% dialyzed FBS and 1% penicillin-streptomycin, with or without the indicated 

amounts of sodium L-lactate.  Media were adjusted to pH 7.4 immediately prior to treatment.   
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Cell lysis and immunoblotting.  Cells were lysed in buffer containing 50 mM Tris pH 7.4, 1% 

Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 1 

mM sodium orthovanadate, 20 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM 

beta-glycerophosphate, 2 μg/ml aprotinin, 2 μg/ml leupeptin and 0.7 μg/ml pepstatin.  Western 

blot analysis was performed using standard protocols, and the following commercial antibodies 

were used as probes: ASNS (Proteintech 14681-1-AP, 1:1000), phospho-T389 S6 kinase (Cell 

Signaling 9234, 1:500), S6 kinase (Cell Signaling 2708, 1:1000), phospho-S235/235 S6 

ribosomal protein (Cell Signaling 4858, 1:3000), S6 ribosomal protein (Cell Signaling 2217, 

1:1000), LC3A/B (Cell Signaling 4108, 1:1000), PHGDH (Cell Signaling 13428, 1:1000), PSAT1 

(Abnova H00029968-A01, 1:500), PSPH (Sigma HPA020376, 1:500), SHMT2 (Cell Signaling 

12762, 1:1000), phospho-S52 eIF2ɑ (Cell Signaling 3398, 1:500), eIF2ɑ (Cell Signaling 5324, 

1:1000), ATF4 (Cell Signaling 11815, 1:500), MCT1 (Abcam ), MCT4 (Proteintech 22787-1-AP, 

1:1000), Na/K ATPase (Cell Signaling 3010, 1:1000), mTOR (Cell Signaling 2972, 1:1000), Flag 

(Abcam ab49763), Raptor (Millipore 09-217, 1:1000), Rictor (Cell Signaling 2114, 1:1000), β-

catenin (Cell Signaling 8480, 1:1000), PFKFB3 (Cell Signaling 13123, 1:1000), IkBɑ (Cell 

Signaling 4814, 1:2000), actin (Abcam ab3280 1:1000), and ɑ-tubulin (Sigma T6074, 1:10000). 

 

Drug Affinity Responsive Target Stability (DARTS).  DARTS experiments were performed as 

previously described(14, 15).  DARTS performed in cell lysate: Briefly, HeLa cells were lysed in 

m-PER buffer (Thermo Scientific 78501) supplemented with 1 mM sodium orthovanadate, 20 

mM sodium fluoride, 2 μg/ml aprotinin, 2 μg/ml leupeptin and 0.7 μg/ml pepstatin.  Lysate was 

incubated with vehicle control (H2O) or the specified concentration of asparagine for 90 minutes 

at room temperature.  Lysate was digested with pronase (Roche 10165921001) for 30 minutes 

at room temperature, and the reaction was terminated by the addition of SDS loading buffer and 

immediate boiling of the samples for 10 minutes.  DARTS performed on in vitro translated (IVT) 

protein: In vitro translation was performed according to the manufacturer’s instructions (nT® T7 
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Quick Coupled Transcription/Translation System.  For each sample, 5 uL of IVT reaction was 

incubated at 30°C (10 minutes for ATF4-pcDNA3; 60 minutes for β-catenin-pcDNA3), followed 

by incubation on ice for 30 minutes in TNC buffer (50 mM Tris pH 7.5, 50 mM NaCl, 10 mM 

CaCl2) with or without the indicated concentrations of sodium L-lactate, sodium D-lactate, or 

sodium pyruvate.  Samples were digested for pronase for 30 minutes at room temperature, and 

the reaction was terminated by the addition of SDS loading buffer and immediate boiling of the 

samples for 10 minutes.   

 

Relative and Absolute quantification of intracellular lactate.  Cells were seeded in 6-well 

plates, and metabolites were extracted at 70-80% confluence.  Cells were washed with ice-cold 

150 mM ammonium acetate, and scraped off the plate in 800 µl ice-cold 50% methanol.  Serial 

dilutions of 1-13C-L-lactate at known concentrations were added to sample triplicates, followed 

by 10 nmol norvaline and 400 µl chloroform.  After vigorous vortexing, the samples were 

centrifuged at maximum speed, the aqueous layer was transferred to a glass vial, and the 

metabolites were dried under vacuum. Metabolites were resuspended in 50 µL 70% acetonitrile 

(ACN) and 5 µL of this solution used for the mass spectrometer-based analysis. The analysis 

was performed on a Q Exactive (Thermo Scientific) in polarity-switching mode with positive 

voltage 4.0 kV and negative voltage 4.0 kV. The mass spectrometer was coupled to an UltiMate 

3000RSLC (Thermo Scientific) UHPLC system. Mobile phase A was 5 mM NH4AcO, pH 9.9, B) 

was ACN, and the separation achieved on a Luna 3mm NH2 100A (150 x 2.0 mm) 

(Phenomenex) column. The flow was 200 µL / min, and the gradient ran from 15% A to 95% A 

in 18 min, followed by an isocratic step for 9 min and re-equilibration for 7 min. Metabolites were 

detected and quantified as area under the curve (AUC) based on retention time and accurate 

mass (≤ 3 ppm) using the TraceFinder 3.1 (Thermo Scientific) software. Sample lactate 

amounts were calculated according to standard curves generated from the 13C standards.  To 

calculate molar concentrations, cell volume was approximated based on cell diameter.  



	 102	

 

Kinase assays.  Cells were lysed in m-PER buffer supplemented wih 1 mM sodium 

orthovanadate, 20 mM sodium fluoride, 2 μg/ml aprotinin, 2 μg/ml leupeptin and 

0.7 μg/ml pepstatin.  20 mM lactate or pyruvate, prepared as a 20X stock in TBS, was added to 

100 ug of cell lysate.  The reaction was initiated by the addition of 5X ATP/MgCl2 (1 mM ATP/50 

mM MgCl2 in TBS) and terminated after 5 minutes by the addition of SDS loading buffer 

followed by immediate boiling for 10 minutes. 

 

Quantitative Real-Time PCR.  RNA was purified with Qiagen RNeasy Kit.  1 µg of total RNA 

was used to synthesize cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) as per 

manufacturer's instructions. Quantitative PCR (qPCR) was conducted on the Roche LightCycler 

480 using SYBR Green I Master Mix (Roche) and 0.5 µM primers. Relative expression values 

are normalized to control gene (60S acidic ribosomal protein P0).  qPCR was performed with 

the following primers: 

ATF4 Fwd: GTCCCTCCAACAACAGCAAG 
ATF4 Rev: CTATACCCAACAGGGCATCC 
ASNS Fwd: CAGAAGATGGATTTTTGGCTG 
ASNS Rev: TGTCCAGGAAGAAAAGGCTC 
PSAT1 Rev: GCAATTCCCGCACAAGATTCT 
PSPH Fwd: GAGGACGCGGTGTCAGAAAT 
β-catenin-1 Fwd: TTTTAAGCCTCTCGGTCTGTG 
β-catenin-1 Rev: CACGCTGGATTTTCAAAACA 
β-catenin-2 Fwd: AGGTCTGAGGAGCAGCTTCA 
β-catenin-2 Rev: CCATCAAATCAGCTTGAGTAGC 
c-Myc-1 Fwd: CTTACAACACCCGAGCAAGG 
c-Myc-1 Rev: CACCGAGTCGTAGTCGAGGT 
c-Myc-2 Fwd: TCCACGAAACTTTGCCCATA 
c-Myc-2 Rev: AGCTAACGTTGAGGGGCATC 
Axin2-1 Fwd: TAAGGTCCTGGCAACTCAGTAAC 
Axin2-1 Rev: CTTCCAGTTCCTCTCAGCAATC 
Axin2-2 Fwd: GAGAGCCGGGAAATAAAAATAACC 
Axin2-2 Rev: GGGAGGCAAGTCACCAACATA 
Cyclin D1-1 Fwd: AAACAGATCATCCGCAAACAC 
Cyclin D1-1 Rev: CCGGGTCACACTTGATCACT 
Cyclin D1-2 Fwd: GCTGCGAAGTGGAAACCATC 
Cyclin D1-2 Rev: CCTCCTTCTGCACACATTTGAA 
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Inducible shRNA-mediated ASNS knockdown.  shRNA oligonucleotides (shASNS 5'-

CACCGCTGTATGTTCAGAAGCTAAATTCAAGAGATTTAGCTTCTGAACATACAGC-3' and 5'-

AAAAGCTGTATGTTCAGAAGCTAAATCTCTTGAATTTAGCTTCTGAACATACAGC-3'; 

and shScramble 5'-

CACCGTAGCGACTAAACACATCAATTCAAGAGATTGATGTGTTTAGTCGCTA-3' and 5'-

AAAATAGCGACTAAACACATCAATCTCTTGAATTGATGTGTTTAGTCGCTAC-3') were 

annealed and ligated into pENTR™/H1/TO vector (Invitrogen #K4920-00) following the BLOCK-

iT™ Inducible H1 RNAi Entry Vector Kit manual. Resulting shRNA constructs were recombined 

into pLentipuro/BLOCK-iT-DEST using Gateway® LR Clonase II® (Invitrogen #11791-020). 

pLentipuro/BLOCK-iT-DEST is a modification of pLenti4/BLOCK-iT-DEST (Invitrogen #K4925-

00) wherein the SV40 promoter/zeocin resistance cassette was replaced with the human PGK 

promoter/puromycin resistance gene and  the cPPT/WPRE elements were added, and was 

kindly provided by Dr. Andrew Aplin (Thomas Jefferson University, Kimmel Cancer Center)(38, 

39) . Recombinant lentiviruses were packaged in 293T cells by co-transfecting 4 μg each of 

lentivirus plasmid with expression vectors containing the gag/pol, rev and vsvg genes.  

Lentivirus was harvested 48 hours after transfection and added to subconfluent HeLa cells with 

4 ug/ml polybrene for 16 hours.  Cells were selected in 2 ug/ml puromycin for 1 week. 

Doxycycline induction of knockdown is control by the Tet repressor (TetR) protein expressed 

from the pLenti0.3/EF/GW/IVS-Kozak-TetR-P2A-Bsd vector, which was constructed by Dr. 

Ethan Abel and was kindly provided by Dr. Diane M. Simeone (University of Michigan, 

Translational Oncology Program).  Knockdown was induced with 25 ng/ml doxycycline.   

 

Immunofluorescence.  Cells were fixed for 20 minutes in 4% paraformaldehyde, permeabilized 

for 5 minutes in 0.1% tritonX-100 in PBS, and blocked for 30 minutes in 10% donkey serum in 

PBS.  Coverslips were incubated overnight at 4°C in primary antibody diluted in blocking 
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solution (mTOR: 1:300 Cell Signaling 2983, LAMP2: 1:300 Santa Cruz sc-18822), and in 

secondary antibody (1:300 in blocking solution) for 1 hour at room temperature. 
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Figure 4-1.  Comparison of amino acid deprivation response in unicellular and 

multicellular organisms.  In both yeast (unicellular) and animals (multicellular), uncharged 

tRNA molecules are sensed by the kinase GCN2, leading to phosphorylation of eIF2ɑ.  This 

phosphorylation event globally inhibits translation, but specifically increases translation of GCN4 

in yeast and ATF4 in animals due to the presence of upstream open reading frames on the 

mRNA of these genes that outcompete the coding open reading frames for translation initiation 

when eIF2ɑ is active. GCN4 and ATF4 both promote transcription of genes involved in de novo 

amino acid synthesis and amino acid transport as a response to low intracellular amino acid 

levels. 
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Figure 4-2.  Asparagine depletion may activate ATF4 through a non-canonical 

mechanism.  Immunoblot showing levels of phosphorylated eIF2ɑ (S52), total eIF2ɑ, ATF4, 

and ATF4 target genes PSAT1 and PSPH 48 hours post-doxycycline induction of scrambled 

shRNA or ASNS shRNA expression in the presence or absence of 0.1 mM exogenous 

asparagine.  

 

 

 

 

 



	 107	

 

Figure 4-3.  Asparagine depletion leads to reduced lactate export.  (A) Immunoblot showing 

cytoplasmic (Cyto) and plasma membrane levels of MCT1 and MCT4 24 hours post-doxycycline 

induction of scrambled shRNA or ASNS shRNA expression.  Tubulin and Na/K ATPase are 

markers of cytoplasm and plasma membrane, respectively.  Changes in extracellular lactate (B) 

and glucose (C) levels during a 24 hour incubation with HeLa cells. The incubation began 24 

hours post-doxycycline-induced expression of a scrambled shRNA (Scr) or ASNS shRNA in the 

presence or absence of 0.1 mM exogenous asparagine (N).  (D) Percentage of lactate labeled 

with carbons derived from U-13C-glucose at timepoints preceding steady state labeling of 

lactate.  Experiment was performed 48 hours post-doxycycline shRNA induction.  Relative 

lactate levels were unchanged. Error bars denote standard deviation of the mean. *p < 0.05; **p 

< 0.01; ***p < 0.001; ns, not significant 
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Figure 4-4.  ASNS knockdown reduces the rate of glucose entry into the TCA cycle.  The 

percentage of each metabolite labeled by U-13C-glucose at 5, 20 and 180 minutes post-glucose 

addition (pre-steady state).  The experiment was initiated 24 hours post-doxycycline induction of 

scrambled shRNA or ASNS shRNA expression. Pyruvate dehydrogenase-mediated entry of 

glucose into the TCA is indicated by labeling with two glucose-derived carbons (M2), whereas 

pyruvate carboxylase-mediated anaplerosis is indicated by labeling with three glucose-derived 

carbons (M3).  Relative levels of the indicated metabolites were unchanged (data not shown). 

Error bars denote standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 4-5.  Exogenous lactate treatment increases expression of ATF4 target genes.  (A) 

Immunoblot showing expression of ATF4 target genes ASNS, PHGDH, PSAT1, and PSPH 24 

hours after treatment with 25 mM lactate.  (B) Immunoblot showing expression of ATF4 target 

genes ASNS and PHGDH with increasing amounts of lactate.  (C) Immunoblot showing 

expression of ATF4 target genes SHMT2 and PSPH in total mouse epidermis after topical 

treatment of mouse epidermis with 20 mM lactate.  (D) Immunoblot showing expression of ATF4 

target genes ASNS, MTHFD2, and PSPH after expression of scrambled (Scr) or LDHA shRNA 

in HeLa cells. 
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Figure 4-6.  Lactate post-translationally regulates ATF4.  (A) Immunoblot showing ATF4 

protein levels at 1, 3, and 6 hours post-treatment of HeLa cells with 25 mM lactate.  (B) ATF4 

mRNA levels in HeLa cells 1 hour and 3 hours post-treatment with 25 mM lactate.   

(C) Immunoblot showing levels of phosphorylated eIF2ɑ (S52) and total eIF2ɑ in HeLa cells 6 

hours post-treatment with 25 mM lactate.  (D) Immunoblot showing ATF4 protein levels after 

one hour HeLa cell treatment with 25 mM lactate in the presence or absence of proteasome 

inhibitor MG132.  Error bars denote standard deviation of the mean; ns, not significant. 
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Figure 4-7.  Evidence of L-lactate-ATF4 binding: L-Lactate protects ATF4 from protease 

digestion.  (A)  DARTS: Immunoblot showing levels of ATF4 and mTOR from HeLa cell lysate 

treated with or without pronase (1:1000 ug pronase:cell extract), and in the presence or 

absence of 20 mM pyruvate or 20 mM L-lactate.  LDHA, which binds both pyruvate and lactate, 

and S6K, which is not known to bind either pyruvate or lactate, are shown as positive and 

negative controls, respectively.  (B) DARTS: Immunoblot showing ATF4 levels after pronase 

treatment of in vitro translated (IVT) Flag-ATF4 in the presence of increasing concentrations of 

L-lactate.  (C) DARTS: Immunoblot showing ATF4 levels after pronase treatment of IVT Flag-

ATF4 in the presence or absence of pyruvate, L-lactate, or D-lactate.  Lower ATF4 bands are 

ATF4 fragments generated by pronase digestion. 
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Figure 4-8.  Intracellular lactate concentrations. (A) Absolute intracellular lactate 

concentrations in HeLa cells after medium replacement for the indicated time.  (B) Relative 

intracellular lactate levels 30 minutes after HeLa cell replacement with control medium or 

medium containing 25 mM lactate.  The absolute lactate concentration of approximately 4 mM in 

untreated cells (A) and the five-fold increase in relative lactate levels with a 30-minute treatment 

(B) indicates treatment with 25 mM lactate for 30 minutes increases intracellular lactate levels to 

20-25 mM in HeLa cells.  Error bars denote standard deviation of the mean. *p < 0.05; **p < 

0.01; ***p < 0.001. 
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Figure 4-9.  Lactate binds ATF4 at βTrCP recognition motif.  (A) ATF4 domain structure 

used for truncation design.  Colored bars indicate amino acid residues retained in truncated 

forms of ATF4 used in (B).  (B) DARTS: Immunoblot showing IVT ATF4 levels after pronase 

treatment of full-length (1-351) and truncated forms of ATF4 in the presence or absence of 20 

mM lactate.  (C) βTrCP recognition motif within ATF4.  Serine 219 phosphorylation promotes 

βTrCP/ubiquitin ligase recruitment and proteasomal degradation.   (D-E) DARTS: Immunoblot 

showing IVT ATF4 levels after pronase treatment of wildtype (WT) and ATF4 containing a 

mutation at serine 219 (S219A) in the presence or absence of 20 mM lactate. 
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Figure 4-10.  Lactate inhibits mTORC1 activity.  (A) In vitro kinase assay: Immunoblot 

showing phosphorylated levels of mTORC1 substrate S6K (T389) and S6K substrate S6 

(S235/236) 5 minutes after the addition of 500 uM ATP to HeLa cell lysate in the presence or 

absence of 20 mM pyruvate or lactate. (B) Immunoblot showing S6K phosphorylation (T389) 

and cleaved LC3, a marker of autophagy, with increasing amounts of exogenous lactate.  (C) 

Immunoblot showing levels of phosphorylated S6 (S235/236) after expression of scrambled 

(Scr) or LDHA shRNA in HeLa cells. 
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Figure 4-11.  Evidence of an ATF4-mTOR complex.  (A) Immunoblot showing co-

immunoprecipitation of mTOR and mTOR binding partners, Raptor and Rictor with ATF4 in 

HeLa cells.  (B) Immunoblot showing ATF4 from HeLa cell lysate binding to in vitro translated 

Flag-mTOR; mTOR and Rictor from cell lysate binding to in vitro translated Flag-ATF4. 

 

 

 



	 116	

 

 

Figure 4-12.  ATF4 mediates Lactate inhibition of mTORC1.  (A) Immunoblot showing 

phosphorylated levels of mTORC1 substrate S6K (T389) after treatment with 25 mM lactate for 

one hour in HeLa cells expressing scrambled (Scr) or ATF4 shRNA (B) mRNA levels of ATF4 

and ATF4 target genes as verification of ATF4 knockdown.  Error bars denote standard 

deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 4-13.  Lactate decreases mTOR lysosomal localization.  mTOR (green) and LAMP2 

(red) immunofluorescence in HeLa cells after expression of LDHA shRNA or treatment with 100 

mM lactate for one hour. (A) mTOR staining merged with DAPI (nuclear stain); (B) mTOR 

staining merged with LAMP2 (lysosome marker) staining. 
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Figure 4-14.  Lactate decreases mTOR-Raptor binding.  (A) Immunoblot showing 

phosphorylation of mTORC1 substrate S6K (T389), S6K substrate S6 (S235/236), AMPK 

substrate Raptor (S792), and mTORC2 substrate AKT (S473) in HeLa cells after treatment with 

25 mM lactate for one hour.  (B) Immunoblot showing mTOR co-immunoprecipitation with 

Raptor in HeLa cells expressing scrambled (Scr) or LDHA shRNA (top).  Input levels of pS6K 

(T389), pS6 (S 235/236), mTOR and LDHA are shown below (lysate).  (C) Immunoblot showing 

Raptor co-immunoprecipitation with mTOR from HeLa cells treated with 25 mM lactate for one 

hour.  Co-immunoprecipitation was performed in the presence or absence of crosslinking agent 

Dithiobissuccinimidyl propionate (DSP). 

 

 



	 119	

 

 

Figure 4-15.  Proteins that contain the consensus βTrCP recognition motif.  Several 

proteins involved in cell signaling and metabolism are known βTrCP substrates and possess a 

βTrCP recognition motif.   
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Figure 4-16.  Lactate increases levels of additional βTrCP substrates.  Immunoblots 

showing IkBa, PFKFB3, and β-catenin levels in HeLa cells after 25 mM lactate treatment for one 

hour (A) or 24 hours (B).  (C) Immunoblot showing levels of βTrCP substrates in mouse 

epidermis after topical treatment with 20 mM lactate.  (D) Immunoblot showing β-catenin levels 

in MCF10A cells after treatment with 25 mM lactate for 6 hours. 
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Figure 4-17.  Lactate increases expression of β-catenin target genes.  mRNA levels of 

known β-catenin target genes in HeLa cells after 25 mM lactate treatment for (A) 1 hour (B) 3 

hours.  Numbers following gene labels represent unique primer pairs.  Error bars denote 

standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 4-18.  Evidence of lactate-β-catenin binding.  (A) DARTS: Immunoblot showing in vitro 

translated (IVT) β-catenin after pronase digestion in the presence of increasing concentrations 

of lactate.  (B) DARTS: Immunoblot showing levels of IVT β-catenin (WT or S33A,S37A) after 

pronase digestion in the presence of increasing concentrations of lactate.  (C) In vitro kinase 

assay: Immunoblot showing levels of phosphorylated β-catenin (S33/37) in HEK293T cell lysate 

after the addition of 500 uM ATP for 5 minutes in the presence or absence of 20 mM lactate.  
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Figure 4-19.  Lactate signals amino acid levels to mTORC1.  Schematic indicating lactate 

regulation of mTORC1 in the context of asparagine abundance (A) or depletion (B). 
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Figure 4-20.  Lactate is a negative feedback signal.  Schematic depicting lactate, the end 

product of glycolysis, acting as a negative feedback signal through ATF4-mediated mTORC1 

inhibition.  
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Figure 4-21.  Model depicting asparagine-lactate homeostasis.  Asparagine depletion is 

sensed through accumulation of intracellular lactate, which promotes ATF4-mediated ASNS 

expression and restoration of intracellular asparagine.  Newly synthesized asparagine, in turn, 

leads to increased lactate export to turn down ATF4 activity and asparagine synthesis.  The 

lactate-ATF4-mTORC1 axis results in inhibited anabolism upon asparagine depletion and 

requires asparagine restoration to be reactivated (via asparagine-mediated lactate expulsion). 
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Figure 4-22.  Model depicting lactate regulation of cellular homeostasis and homeostatic 

break down during malignant transformation.  (A) Hypothesis: Lactate promotes metabolic 

and cellular homeostasis by downregulating anabolism through ATF4-mediated mTORC1 

inhibition while simultaneously preventing its own accumulation through ATF4-mediated 

asparagine synthesis and downstream lactate transporter trafficking. (B) Hypothesis: Cancer 

cells break this homeostatic loop though Myc- and HIF1ɑ-driven MCT1 and MCT4 upregulation 

and lactate export.  Increased lactate export relieves ATF4-mediated mTORC1 inhibition and 

permits unrestricted anabolism and proliferation. 
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Figure 4-23.  βTrCP recognition motif is conserved in C. elegans ATFS-1 but is not 

present in yeast GCN4.  Amino acid sequence alignment of the human ATF4 βTrCP motif w 

with C. elegans ATFS-1 (left) and Saccharomyces cerevisiae GCN4 (right).  The motif is 

conserved in C. elegans (highlighted in blue), but does not align with any portion of the 

Saccharomyces cerevisiae GCN4 amino acid sequence (the closest match is highlighted in 

grey).   
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The work described in this dissertation identifies novel signaling roles for two metabolites: 

asparagine and lactate.  We demonstrate that asparagine is used as an amino acid exchange 

factor for uptake of amino acids from the microenvironment.  This exchange function of 

asparagine enables mTORC1 activation and downstream promotion of anabolic metabolism.  In 

addition, we provide evidence that lactate, the end product of glycolysis, binds to and stabilizes 

ATF4.  We further show that mTORC1 may be subject to feedback inhibition by lactate, 

downstream of lactate-ATF4 binding.  Notably, asparagine and lactate levels are linked: 

asparagine depletion results in reduced lactate export.  Lactate accumulation upon asparagine 

depletion allows the cell to both restore intracellular asparagine levels through ATF4 

transcriptional activity and coordinate anabolism with amino acid availability through mTORC1 

inhibition.  Our findings have raised numerous additional questions.  Here we discuss continuing 

work on the lactate-ATF4-mTORC1 axis. 

 

Structural analysis of ATF4 in complex with L-lactate 

Exogenous lactate treatment and lactate dehydrogenase knockdown indicate that lactate 

positively regulates ATF4 activity by increasing ATF4 protein levels (Figures 4-5 and 4-6).  In 

addition, cell-free binding assays strongly suggest that L-lactate directly binds to ATF4 (Figures 

4-7 and 4-9).  Neither pyruvate nor D-lactate appear to share this ATF4 binding capability, 

suggesting a remarkably specific protein-metabolite interaction.  Binding is dependent on ATF4 

serine 219 (Figure 4-9), phosphorylation of which is required for βTrCP-mediated ATF4 

proteasomal degradation(1).  A crystal structure of full-length ATF4 has yet to be determined.  A 

structure of ATF4 in complex with lactate would confirm ATF4-lactate binding.  Moreover, a 

structure would reveal the mechanism of lactate sensing by ATF4 in atomic detail and resolve 

the specificity of the interaction. 

 

 



	 136	

MCT4 as a candidate ATF4 target gene 

Lactate transport in proliferating cells is thought to be primarily mediated by MCT1 and MCT4 

(2, 3).  Our homeostatic model dictates that an increase in intracellular lactate triggers a cellular 

response designed to restore homeostatic levels of lactate (Figure 4-24).  This response 

includes elevated ASNS expression downstream of lactate mediated ATF4 induction.  Increased 

asparagine levels promote MCT1 and MCT4 plasma membrane localization (Figure 4-3).  In 

addition to altered MCT1/4 localization, both ASNS depletion and exogenous lactate increase 

MCT1 and MCT4 protein levels (Figure 5-1).  MCT1 is known to be regulated downstream of β-

catenin(4-6).  Therefore, our results indicating that lactate activates β-catenin, perhaps through 

direct binding, may explain increased MCT1 protein levels with elevated intracellular lactate.  

How MCT4 levels are regulated by increased intracellular lactate, however, is unclear.   ATF4 

binds to the DNA of many of its target genes through C/EBP-ATF4 response elements 

(CAREs).  Analysis of the MCT4 gene reveals a canonical CARE element within the first intron 

(Figure 5-2A), raising the possibility that MCT4 is an ATF4 target gene.  Consistent with this 

possibility, knockdown of ATF4 in HeLa cells results in reduced MCT4 mRNA levels (Figure 5-

2B).  Chromatin immunoprecipitation upon lactate treatment and ASNS knockdown will reveal 

whether MCT4 is in fact an ATF4 transcriptional target.  It will also be interesting to see whether 

additional lactate transporters such as MCT2 and MCT3, which may be more highly expressed 

in non-proliferative tissues, are transcriptionally regulated by ATF4. 

 

Cellular asparagine sensing 

Intracellular asparagine levels modulate plasma membrane localization of MCT1 and MCT4, 

resulting in ATF4 activation through a non-eIF2ɑ-dependent mechanism (Figures 4-2 and 4-3). 

Asparagine is therefore sensed indirectly through changes in intracellular lactate levels.  

However, the fact that asparagine regulates MCT1/4 localization upstream of altered lactate 

levels implies the existence of a direct asparagine sensing mechanism.  An unbiased mass-
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spectrometry-based DARTS approach to globally examine proteins protected by asparagine 

upon protease treatment revealed several β-catenin-related proteins as asparagine-binding 

candidates, including ɑ-catenin, ɑ-importin, and ɣ-catenin, which shares approximately 80% 

sequence homology with β-catenin.  In addition, preliminary data indicate that asparagine and 

aspartate modestly protect in vitro translated β-catenin from protease digestion (Figure 5-3A).  

Consistent with positive regulation of β-catenin by asparagine, asparagine increases expression 

of canonical β-catenin target genes (Figure 5-3B-C).  Given that β-catenin regulates MCT1 

levels, it would be a fitting asparagine sensor.  Further work is needed to determine whether β-

catenin mediates asparagine regulation of lactate transporter trafficking. 

 

Cell cycle regulator p53 may also be involved in asparagine sensing and signaling.  Elevating 

intracellular asparagine with exogenous asparagine supplementation leads to increased p53 

protein levels (Figure 5-3D).  It has been shown that p53 binds to ATF4 target genes to 

negatively impact expression(7).  Therefore, asparagine upregulation of p53 may be a negative 

feedback mechanism to limit ATF4 activity when asparagine is abundant.  Notably, β-catenin 

promotes p53 protein stability(8).  It remains to be determined whether asparagine regulation of 

p53 is downstream of β-catenin activation. 

 

Regulation of cell cycle progression through cycling metabolite levels 

Our homeostatic model proposes that non-proliferating cells restrict growth by stabilizing 

intracellular lactate at concentrations that limit anabolic metabolism to what is required for basic 

cellular processes.  However, the signaling functions of asparagine and lactate suggest that the 

cell may manipulate asparagine synthesis or lactate export to acutely alter metabolism in certain 

contexts. 
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One context being explored is the cell cycle.  The cell cycle has temporal metabolic needs, with 

certain phases benefiting from limited cellular metabolism and other phases requiring increased 

anabolism to duplicate nucleotides, lipids, and protein.  For instance, it makes intuitive sense for 

G1 to be a phase of elevated anabolic metabolism in order to synthesize nucleotides prior to 

DNA replication in S phase.  On the other hand, it has been argued that reduced oxidative 

metabolism would benefit the cell during S phase and mitosis(9).  For instance, DNA replication 

in yeast in temporally restricted to the reductive phase of the metabolic cycle – when oxygen 

consumption is minimal(10, 11).  This is thought to protect genome integrity by shielding 

replicating DNA from oxidative damage(12).  Additionally, reducing biomass synthesis might 

conserve ATP for DNA replication and mitosis.   

 

Asparagine and lactate both influence cell signaling and downstream anabolic metabolism: 

asparagine promotes amino acid acquisition and anabolism downstream of mTORC1 through 

its amino acid exchange function; lactate reduces anabolic metabolism downstream of 

mTORC1 through ATF4 stabilization.  It will be interesting to see whether the cell takes 

advantage of these opposing signaling functions by temporally modulating asparagine and 

lactate levels in accordance with the metabolic demands of each cell cycle phase.   

 

In addition, we have shown that intracellular asparagine and lactate levels are reciprocally 

regulated in a metabolite/signaling loop:  1) Lactate stabilizes ATF4, leading to asparagine 

synthesis downstream of ATF4 target ASNS.  2) Asparagine accumulation leads to lactate 

expulsion, reducing ATF4 activity and asparagine levels.  3) Reduced asparagine allows for 

lactate accumulation to renew the cycle.  This natural lactate-asparagine cycling may also 

support temporal regulation of cell metabolism in accordance with the cell cycle.   
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Figure 5-4 proposes a hypothetical model whereby lactate-asparagine cycling promotes cycling 

of cellular processes.  We are examining the following hypotheses for each cell cycle phase: 

G1/S: Intracellular asparagine depletion supports the G1/S transition due to asparagine 

upregulation of p53.  S Phase: Intracellular asparagine reduction leads to intracellular lactate 

accumulation. G2/M: Lactate accumulation results in ATF4 stabilization, increased ATF4 

transcriptional activity, and restored intracellular asparagine; intracellular asparagine exchanges 

with extracellular amino acids and promotes lactate export.  G1: Reduced intracellular lactate 

relieves mTORC1 inhibition to promote anabolic metabolism; the amino acids acquired during 

G2/M amino acid exchange and ATF4-mediated de novo amino acid synthesis are used for 

protein synthesis; reduced intracellular lactate levels destabilize ATF4, reducing intracellular 

asparagine levels, and allowing for another G1/S transition. 

 

Regulation of metabolic enzymes by cell cycle mediators is beginning to be explored(13).  

However, whether metabolites levels are sensed by cell cycle mediators to regulate cell cycle 

progression has not been addressed.  For instance, are elevated intracellular asparagine levels 

sufficient to prevent the G1-S transition?  Although cell cycle analysis of mammalian cellular 

respiration has not yet been performed, extrapolation from respiration cycling in yeast would 

suggest that the cell reduces respiration during S phase to promote genome stability.   Given 

our data that asparagine is a primary purpose and product of cellular respiration (Chapter 3), 

asparagine itself may be a signal of active respiration that must be minimized to initiate S 

phase.  It will also be interesting to determine whether elevated intracellular lactate prevents 

entry into G1.  Lactate acutely decreases G1-specific cyclin D1 and c-Myc (which peaks in G1) 

protein levels (Figure 5-5), consistent with this possibility.  These reductions are not observed at 

the mRNA level (Figure 4-17), suggesting that decreased cyclin D1 and c-Myc translation 

downstream of lactate-mediated mTORC1 inhibition may be responsible(14, 15).  Elevated 

lactate may signal to the cell that intracellular asparagine has not been restored and that the cell 
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has not accumulated building blocks required for G1 biosynthetic processes.  Mutual regulation 

between the cell cycle and metabolites would create a coordinated and efficient system 

whereby metabolite synthesis is directed during a particular cell cycle phase, with accumulation 

of that metabolite being required for transition into the metabolite-consuming phase of the cell 

cycle. 

 

Lactate regulation of hair follicle activation 

The hair follicle undergoes cycles of rest (telogen), regeneration (anagen), and degeneration 

(catagen).  Entry into anagen requires activation of the hair follicle stem cells.  In collaboration, 

we recently discovered that lactate dehydrogenase activity promotes hair follicle stem cell 

(HFSC) activation (Figure 5-6)(16).  This work showed that genetic deletion of Ldha specifically 

in the HFSCs prevents hair follicle activation, whereas blocking pyruvate entry into the 

mitochondria with small molecule inhibitors of the mitochondrial pyruvate carrier (MPC) 

promotes HFSC activation and hair growth.  These results suggest that pyruvate conversion to 

lactate is critical for HFSC activation.   

 

Although LDHA activity is essential for HFSC activation, it is not yet clear whether lactate itself 

drives activation or whether pyruvate conversion to lactate creates a metabolic environment that 

benefits HFSC proliferation.  For instance, blocking pyruvate mitochondrial entry has been 

shown to increase glycolytic flux(17, 18), which could promote HFSC proliferation because of 

increased flow of glucose carbons into biosynthetic pathways.  Topical treatment of mouse 

epidermis with lactate is being performed to help distinguish between these possibilities.  

Increased HFSC activation and hair growth with topical lactate, independent of LDH activity, 

would suggest that lactate itself promotes HFSC activation.  Although further experiments are 

needed for confirmation, our preliminary results are consistent with this possibility (data not 

shown).  The work in this dissertation indicates that lactate is a signaling metabolite that 
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regulates ATF4, β-catenin, PFKFB3, and IkB levels in mouse epidermis (Figure 4-19).  The 

importance of β-catenin activity in HFSC activation is well documented(19-21).  It will be 

interesting to determine whether lactate regulation of these proteins is involved in LDHA-

mediated HFSC activation.   

 

HFSCs reside in a complex niche with many different types of cells, and signals from 

surrounding cells are critical for hair follicle cycling(22).  An additional remaining question is 

whether HFSC-specific lactate production promotes hair follicle activation through cell-

autonomous or non-cell-autonomous mechanisms.  Examination of HFSC lactate transporter 

expression levels during telogen, anagen, and the telogen-anagen transition may help clarify 

whether lactate is signaling in a cell-autonomous manner.  For instance, decreased HFSC 

lactate transporter expression with the initiation of anagen would suggest intracellular lactate 

accumulation promotes activation in a cell-autonomous manner.  Conversely, increased HFSC 

lactate transporter expression upon anagen would suggest non-cell-autonomous lactate 

signaling, with HFSC export of lactate into the stem cell niche stimulating activation.  

 

Immune cells in the skin influence hair follicle function.  Anagen is a phase of 

immunosuppression relative to telogen, and it has been proposed that immune privilege at the 

hair follicle is required for hair follicle cycling(23).  It was recently shown that regulatory T cells in 

the skin, which suppress inflammation, preferentially localize to the hair follicle(24), consistent 

with immune suppression benefiting HFSC activation.  Given lactate suppression of immune cell 

function(25-28), these findings raise the possibility that immune cells are effectors of HFSC 

activation through non-cell-autonomous signaling: lactate exported by HFSCs at the telogen-

anagen transition may promote entry into anagen by suppressing immunity in the hair follicle 

microenvironment.  To examine this possibility, hair growth experiments are being performed on 
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immunocompetent versus immunodeficient mice.  If immune cells are mechanistically involved, 

MPC inhibition and lactate treatment will not enhance hair growth on immunodeficient mice.  

 

Lactate regulation of lifespan 

Metabolism, inflammation, and aging are intimately linked.  The influence of metabolism on 

aging is apparent from studies showing that dietary restriction increases longevity and 

decreases the occurrence of age-related diseases(29, 30).  Moreover, several metabolites have 

recently been shown to influence lifespan(31-34).  Metabolic regulation of longevity is frequently 

found to depend on changes in TORC1 signaling(31, 32, 35, 36), inhibition of which extends 

lifespan in several organisms(36).  Chronic inflammation is also associated with aging and 

underlies many age-related-illnesses(37, 38).  Aging-related inflammation is thought to be 

mediated in large part by NFkB, activity of which increases with age(39).  Our results suggest 

that lactate may regulate both TORC1 signaling and inflammation.  We show that lactates 

inhibits mTORC1 in a manner that is likely mediated by lactate-ATF4 binding.  IkB, which 

inhibits NFkB activity through cytoplasmic sequestration, is an additional βTrCP substrate that is 

elevated upon lactate treatment (Figure 4-19).  We hypothesize that lactate may promote 

lifespan extension through these signaling properties.  This hypothesis is currently being 

examined by assessing C. elegans lifespan in the presence or absence of exogenous lactate.  

 

Pyruvate/lactate streamlining by proliferating cells 

Despite lactate inhibition of mTORC1 activity, cancer cell and other proliferating cells synthesize 

lactate, perhaps for use as a paracrine signal.  Proliferating cells may therefore have 

mechanisms to streamline pyruvate metabolism and lactate export to avoid accumulation of 

cytoplasmic lactate.   
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We proposed that lactate may represent overflow pyruvate that cannot be metabolized when the 

oxidation/transamination pathways are saturated (Chapter 4). Most adult tissues express PKM1, 

a pyruvate kinase isoform with relatively high enzymatic activity.  Cancer cells, however, have 

been shown to exclusively express the less active PKM2 isoform(40).  Moreover, forced PKM1 

expression in cancer cells reduces tumorigenicity(41).  Modulating the kinetics of pyruvate 

synthesis may be a mechanism to prevent metabolic saturation by synthesizing pyruvate at a 

rate at which it can be immediately oxidized.  In support of this hypothesis, we find that 

activating PKM2 in cancer cells with the small molecule TEPP-46 leads to increased levels of 

ATF4, ATF4 target genes, MCT1, and MCT4 (Figure 5-7), consistent with pyruvate synthesis 

kinetics influencing intracellular lactate levels. 

 

In addition to streamlining pyruvate metabolism, proliferating cells may streamline lactate export 

through lactate channeling.  Glycolytic enzymes have been shown to exist in complexes at the 

plasma membrane(42, 43).  It has been proposed that glycolytic complexes support metabolite 

channeling to increase pathway efficiency.  Future studies will examine whether proliferating 

cells form plasma membrane complexes consisting of lactate dehydrogenase and lactate 

transporters as a means of channeling lactate export and reducing cytoplasmic lactate. 

 

Subcellular lactate pools 

Subcellular locations often serve as platforms for molecular interactions for the purpose of 

coordinating cellular processes.  An example is the lysosome, which colocalizes Rheb activation 

via growth factor signaling and amino acid sensing via lysosomal proteolysis/amino acid 

transport to coordinate mTORC1 activation(44).  We are considering the possibility that lactate 

inhibition of mTORC1 may be similarly facilitated by lysosomal localized lactate generation.  

CRISPR/Cas9-mediated LDHA knockout abolishes ATF4 activation upon asparagine withdrawal 

in HeLa cells (Figure 5-8A), indicating that LDHA-mediated lactate generation, specifically, may 
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be responsible for ATF4 activation.  Moreover, LDHA knockdown does not reduce the kinetics 

of glucose conversion to lactate (Figure 5-8B) or lactate export rates (Figure 5-8C), suggesting 

that LDHA knockdown affects ATF4 and mTORC1 activities without globally affecting lactate 

synthesis.  These results raise the possibility that a subcellular lactate pool generated by LDHA 

is responsible for lactate regulatory functions. 

 

We therefore examined LDHA localization by immunofluorescence. LDHA displays diffuse 

cytoplasmic staining.  However, distinct LDHA puncta colocalize with lysosomal marker LAMP2 

(Figure 5-9).  Near complete LDHA depletion is required to affect ATF4 and mTORC1 activities: 

~95% reduction in LDHA levels (shLDHA-1) has only minimal effects in comparison to near 

100% knockdown (shLDHA-2) (Figure 5-9A-B).  Staining of the residual LDHA in shLDHA-1 

cells displays near complete overlap with LAMP2 staining (Figure 5-10).  Our preliminary data 

are consistent with lactate channeling to an ATF4-mTORC1 complex through lysosomal 

surface-localized LDHA (Figure 5-11).  Forster Resonance Energy Transfer (FRET)-based 

lactate sensors have been used to detect intracellular lactate(45).  We expect that this FRET 

probe will enable the assessment of intracellular lactate distribution and, specifically, whether a 

subcellular lactate pool colocalizes with fluorophore-tagged LAMP2.  The lysosomal surface 

may be a platform for efficient lactate-ATF4-mTORC1 signaling, similar to amino acid-mTORC1-

Rheb signaling.  

 

Additional lactate binding proteins 

Because numerous proteins possess βTrCP recognition motifs (Figure 4-18), lactate may have 

several protein binding partners.  DARTS binding assays indicate that lactate directly binds to 

ATF4 and β-catenin (Figures 4-9 and 4-21).  Although cell lactate treatment increases PFKFB3 

and IkBa protein levels, we have not yet confirmed lactate binding.  Moreover, a complete list of 

candidate lactate binders has yet to be assembled.  A more comprehensive candidates list will 
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be generated by globally analyzing lactate-sensitive BTrCP interactions through BTrCP 

immunoprecipitation followed by mass spectrometry. 
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Figure 5-1.  Intracellular asparagine and lactate levels regulate MCT1 and MCT4 

expression.  (A) Expression of ASNS shRNA results in increased MCT1 and MCT4 protein 

levels; increased MCT1 and MCT4 expression is rescued by exogenous asparagine 

supplementation.  (B) Exogenous lactate treatment results in increased MCT1 and MCT4 

protein levels. 
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Figure 5-2.  Evidence that MCT4 may be an ATF4 transcriptional target gene.  (A)  Intron 1 

of human MCT4 contains a putative C/EBP-ATF4 response (CARE) element.  Known ATF4 

binding sites on ASNS and VEGF and the consensus CARE sequence are shown for 

comparison.  (B)  mRNA levels of MCT1, MCT4, and known ATF4 target genes ASNS and 

PSAT1 in HeLa cells expressing scrambled (Scr) or ATF4 shRNA.  mRNA data generated with 

two separate primer pairs (-1 and -2) are shown for MCT1 and MCT4.  Error bars denote 

standard deviation of the mean. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. 

 

 

 

 

 



	 148	

 

 

Figure 5-3.  Asparagine regulates β-catenin activity and p53 levels.  (A) DARTS: Protection 

of IVT β-catenin pronase digestion by 1 mM asparagine (N) and aspartate (D).  (B) Immunoblot 

showing decreased expression of β-catenin target genes c-Myc, YAP, and Snail after 

asparagine withdrawal from HeLa ASNS knockout cells (sgASNS) for 3 hours and 8 hours.  (C) 

Immunoblot showing increased expression of β-catenin target genes c-Myc, cyclin D1, and Snail 

in HeLa cells with 0.1 mM exogenous asparagine treatment for 48 hours; cyclin D1 and Snail 

expression are decreased with expression of ASNS shRNA. (D)  Immunoblot showing increased 

p53 levels in HeLa and A549 cells with 0.1 mM exogenous asparagine treatment. 
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Figure 5-4.  Model depicting hypothetical regulation of cell cycle progression by 

metabolite cycling.  Color gradients represent relative levels of asparagine (red), lactate 

(green), and ATF4 (blue). 
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Figure 5-5.  Lactate acutely decreases c-Myc and cyclin D1 protein levels.  Immunoblots 

showing c-Myc and cyclin D1 levels after cell treatment with 25 mM lactate.  Left, MCF10A cells, 

4 hour treatment; right, HeLa cells, 1 hour treatment. 
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Figure 5-6.  Lactate dehydrogenase activity drives hair follicle stem cell activation.  

Stimulation of lactate dehydrogenase activity with UK-5099, a small molecule that inhibit 

pyruvate entry into mitochondria, promotes hair follicle stem cell activation and hair growth. 

Figure from Flores et al. 2017. 
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Figure 5-7.  PKM2 activation results in increased ATF4 activity.  Immunoblot showing levels 

of ATF4, ATF4 target genes (ASNS, PSAT1, and PSPH), and lactate transporters (MCT1 and 

MCT4) after HeLa cell treatment with PKM2 activator TEPP-46 (10 uM) for 1, 6, or 24 hours. 
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Figure 5-8.  Global LDHA reduction does not impact lactate production.  (A) LDHA 

knockout HeLa cells (sgLDHA) were rescued with flag-LDHA or empty vector (EV).  In contrast 

to cells expressing flag-LDHA, asparagine depletion does not result in ATF4 activation in LDHA-

null cells, as indicated by expression of ASNS, PSAT1, and PSPH.  (B) The kinetics of glucose 

conversion to lactate, as indicated by lactate labeling by U-13C-glucose prior to steady state 

labeling, is unaltered with expression of LDHA shRNA in HeLa cells.  Relative lactate levels 

were also unchanged (data not shown).  (C) HeLa cell expression of LDHA shRNA does not 

alter glucose consumption or lactate export rates.   
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Figure 5-9.  Subcellular LDHA puncta colocalize with lysosome marker.  

Immunofluorescence showing overlap between LDHA (green) and DAPI staining (left) or 

overlap between LDHA and lysosomal marker LAMP2 (red) (right) at long and short exposure 

times.   
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Figure 5-10.  Residual LDHA upon LDHA knockdown colocalizes with lysosome marker.  

(A-B) Expression of shLDHA-2 and shLDHA-5 shRNA in HeLa cells results in partial or nearly 

complete depletion of LDHA, respectively.  (B) Expression of shLDHA-5, but not expression of 

shLDHA-2, results in increased mTORC1 activity, as indicated by phosphorylation of S6 

(S235/236).  (C)  Immunofluorescence of residual LDHA with expression of shLDHA-2 in HeLa 

cells at high and low exposure (left and middle panels); lysosome marker LAMP2 (right panel); 

all staining in overlayed with DAPI stain. 
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Figure 5-11.  Model depicting lysosome-localized lactate synthesis.  Lysosomal LDHA 

puncta (Figure 4-7 and 4-8) raise the possibility that a subcellular lactate pool generated at the 

lysosome is responsible for mTORC1 inhibition. 
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