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Abstract 
 

 The liver is a highly biosynthetic organ that mediates systemic metabolic flexibility by 

altering key metabolic pathways to match the dynamic fluctuations in nutrients that occur with 

fasting and feeding cycles. Despite the long-standing observation that the key nutrient sensing 

pathway mechanistic target of rapamycin complex 1, mTORC1, is stimulated with feeding in the 

liver, the metabolic response orchestrated downstream of its activation remains poorly defined. 

Activating Transcription Factor 4 (ATF4) is a well-characterized effector of the integrated stress 

response that promotes adaptation through control of amino acid metabolism. Beyond this role, 

ATF4 moonlights downstream of mTORC1 to control anabolic metabolism through the 

regulation of de novo purine nucleotide synthesis in proliferative cellular systems. However, the 

role of ATF4 in physiological settings remains largely understudied. In this dissertation, I 

implicate ATF4 as a novel downstream effector of hepatic mTORC1 signaling with feeding. 

Using RNA-sequencing in liver-specific Atf4 knockout mice, I define the transcriptional program 

mediated by ATF4 with feeding, which demonstrates little overlap with its stress-regulated 

functions in the liver. Specifically, ATF4 regulates genes involved in amino acid synthesis and 

one carbon metabolism with feeding in the liver and with insulin in a hepatocyte-intrinsic 

manner. I further demonstrate that mTORC1 controls amino acid synthesis and de novo purine 

and pyrimidine nucleotide synthesis in a cell-autonomous manner in the liver through 

downstream regulation of ATF4. Overall, these findings define a role for the mTORC1-ATF4 

axis in liver metabolic flexibility through the calibration of metabolic pathways to organismal 

nutrient status. 

 In addition, using a candidate-based approach, I describe transcriptional regulation of 

the cholesterol esterification enzyme, Soat2, by ATF4 in hepatocyte cell lines downstream of 

stress signals and anabolic signals through mTORC1. I hypothesized that regulation of Soat2 

downstream of stress and anabolic signals would protect hepatocytes against lipotoxicity in the 
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endoplasmic reticulum (ER) as this is the main site of de novo cholesterol synthesis and a 

central hub in cellular cholesterol trafficking. Despite robust transcriptional regulation of Soat2 in 

an ATF4-dependent manner, I was unable to observe a functional consequence of such 

regulation or translate the findings in vivo. The utility of ATF4 regulation of Soat2 mRNA and the 

context in which such regulation is important remains largely elusive. 

 Collectively, these studies reveal ATF4 as a novel regulator of metabolism in 

physiological, non-proliferative settings downstream of both anabolic and stress signals that can 

ultimately contribute to hepatic metabolic flexibility.  
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Metabolic flexibility 
 

Ancestral humans often experienced periods of feast and famine that necessitated the 

ability to adapt their metabolism to food availability. The term “metabolic flexibility” was first 

coined in 1985 by Peter Kohler to describe the metabolic adaptations of helminth worms to their 

environment1, but it is now defined more generally as the capacity of an organism, tissue, or cell 

to adapt metabolic networks to conditional changes in nutrient supply and demand1,2. Metabolic 

flexibility is exemplified in the transitions from fasting to feeding, and vice versa, that require 

dynamic shifts in substrate utilization and the coordination of multiple organs, including the liver, 

pancreas, adipose tissue, and skeletal muscle2. This multi-organ coordination is accomplished 

by nutrient and hormonal cues engaging signaling networks that enable acute, allosteric 

modulation of key metabolic enzymes, together with long-term adaptation achieved via induced 

transcriptional changes that further impact metabolism2. The net result is not an “on/off” switch, 

but rather a tightly regulated calibration of metabolic pathways to match fuel substrate 

availability2. A loss of metabolic flexibility can occur with inborn errors of metabolism, but also 

with acquired inflexibility, as observed in a number of pathological contexts including metabolic 

disease, heart failure, aging, cancer, and sepsis2,3. In order to understand the derangements 

that occur in a given disease context, we must first understand the physiological circuitry 

governing metabolic flexibility in individual tissues and cells.  

 

The liver is a key effector of systemic metabolic flexibility 

The liver is a critically important organ governing systemic metabolic flexibility, with key 

functions in the coordination of glucose, lipid, protein, and nucleotide metabolism with fasting 

and feeding cycles2. Fluctuations in nutrient and hormonal signals dynamically shift hepatic 

metabolism to match metabolic pathways with the organismal nutritional state (summarized in 

Figure 1.1). This can be observed at the macroscopic level as the liver mass expands with 

feeding and contracts with fasting due to cycles of biomass accumulation and utilization, 
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respectively4,5. In the fasted state, glucagon produced by pancreatic alpha cells results in 

hydrolysis of hepatic glycogen stores, and gluconeogenesis acts to maintain homeostatic levels 

of plasma glucose6. Reductions in circulating insulin levels lead to the lipolysis and release of 

free fatty acids from the adipose tissue, that can be taken up by the liver to fuel fatty acid 

oxidation6. This provides energy locally and generates ketone bodies that can be used by 

extrahepatic tissues, thus sparing glucose6. Fasting also promotes protein degradation in 

skeletal muscle and liver, freeing amino acids for use as substrates for gluconeogenesis, for 

oxidation, or to maintain basal levels of protein synthesis6. In the liver, glucagon promotes the 

activity of the urea cycle, which detoxifies excess ammonia arising from amino acid 

catabolism6,7.  

 

With feeding, a rise in systemic glucose stimulates insulin secretion by pancreatic beta 

cells, thereby shifting the metabolic balance towards anabolism in the liver. Insulin promotes 

direct and indirect glucose utilization by metabolic tissues and suppresses both hepatic glucose 

production and adipose tissue lipolysis6. Glucose uptake in the liver replenishes glycogen stores 

and supports energy production through glycolysis and mitochondrial oxidative metabolism6. 

Feeding suppresses hepatic fatty acid utilization and promotes de novo lipid and cholesterol 

synthesis for packaging and export to extrahepatic tissues in VLDL particles6. The combined 

effects of increased amino acid availability and insulin secretion with feeding acutely stimulates 

hepatic protein synthesis8 and de novo nucleotide synthesis9. The ability of the liver to alter 

metabolic states to match the organismal nutritional state depends critically on nutrient sensing 

networks that dynamically control these critical metabolic processes.  
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Figure 1.1. Alterations to hepatic metabolism that occur with fasting and feeding. Fasting 

promotes catabolic processes to produce ATP, such as oxidation of fatty acids released from 

adipose tissue lipolysis and glycogenolysis. The TCA cycle intermediate oxaloacetate is 

shunted out of the mitochondria for gluconeogenesis, that contributes to maintenance of 

systemic glucose homeostasis. Amino acids released by the liver and skeletal muscle are 

detoxified by the urea cycle. Feeding promotes a shift toward anabolic process, such as protein, 

lipid and nucleotide synthesis. Glucose is shunted towards the TCA cycle and oxidative 

phosphorylation for ATP production as well for glycogen synthesis. Figure made with 

BioRender. 

 

mTORC1 signaling in cellular and organismal metabolic flexibility 

At the cellular level, nutrient sensing networks are critical effectors of metabolic flexibility. 

Among such networks, the Mechanistic Target of Rapamycin (mTOR) has emerged as a central 
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node to toggle cellular metabolic states. mTOR is an evolutionarily conserved and ubiquitously 

expressed serine/threonine kinase that participates in two functionally distinct multi-protein 

complexes: mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2)10. mTORC1 is 

comprised of the core essential proteins mTOR, Raptor, and mLST8, while mTORC2 is 

comprised of mTOR, Rictor, mLST8, Sin1, and Protor1/210. Both complexes are sensitive to 

growth factor and hormonal stimuli, such as insulin; however, mTORC1 and mTORC2 have 

divergent mechanisms of regulation and functional outputs10. 

mTORC1 is able to play a central role in maintaining cellular metabolic flexibility due to 

its sensitivity to a diverse array of signals. Growth and proliferation must be tightly regulated and 

executed only when adequate levels of nutrients, energy, and oxygen are present to support 

macromolecular synthesis. In unicellular organisms, such as budding yeast, cell growth and 

proliferation are largely controlled by extracellular nutrient availability11. In multicellular 

organisms, cells, tissues, and organisms must monitor the levels of local nutrients and systemic 

growth signals, and it is the mTORC1 signaling network that balances energy consuming 

anabolic processes and energy producing catabolic processes12. At the molecular level, nutrient 

and growth factor signals are integrated through two parallel G-protein switches, the RAS-

related GTP binding proteins (Rag GTPases) and RAS homolog enriched in brain (Rheb 

GTPase), respectively. This organization forms a molecular “AND” gate12, which ensures that 

mTORC1 signaling remains calibrated to fluctuations in nutrients and growth signals such that 

the metabolic state of cells, tissues, and the organism may be altered appropriately.  

Metabolic control by mTORC1 is exerted through the phosphorylation of downstream 

effectors for acute impacts on anabolic processes and transcriptional mechanisms for longer-

term alterations10 (Figure 1.2). mTORC1 activation most notably stimulates cap-dependent 

translation of a unique subset of mRNAs containing a 5’ terminal OligoPyrimidine (TOP) and 

TOP-like motifs13. Translation regulation downstream of mTORC1 involves phosphorylation of 

downstream targets including eukaryotic initiation factor 4E- binding protein1 (4E-BP1) and  
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Figure 1.2. mTORC1 in the coordination of anabolic metabolism. mTORC1 promotes 

anabolic metabolism through phosphorylation of downstream targets S6K1, 4E-BP1, and CAD  

and long-term changes by engaging a transcriptional network including ATF4, c-MYC, SREBPs,  

and HIF-1, while concomitantly suppressing autophagy inhibition of ULK-1 and TFEB. The 

anabolic processes regulated downstream of mTORC1 are interdependent and therefore, 

require a high degree of coordination. (Red lines= Inhibition, Green arrows =Activation). Figure 

made with BioRender. 

 

ribosomal protein S6 kinase, (S6K1)14, to promote translation initiation and elongation, as well 

as ribosomal biogenesis15. Concomitantly, mTORC1 suppresses the catabolic process of 

autophagy, whereby cells deliver cytosolic organelles and macromolecules to the lysosome for 

degradation into their nutrient components, through the phosphorylation of ULK1 and TFEB12. 

mTORC1 also stimulates de novo pyrimidine nucleotide synthesis through S6K1-mediated 

phosphorylation of the trifunctional carbamoyl-phosphate synthetase 2, aspartate  
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transcarbamoylase, dihydroorotase (CAD)16,17. Additionally, a number of mTORC1 regulated 

metabolic processes are controlled by various nutrient responsive transcription factors, such as: 

hypoxia inducible factor-1 (HIF-1) for control of glycolysis18; sterol regulatory element binding 

proteins (SREBPs) that promote de novo fatty acid and cholesterol synthesis18,19; nuclear factor, 

erythroid 2-like 1 (NFE2L1/NRF1) for proteasome synthesis20; activating transcription factor-4 

(ATF4) for de novo purine nucleotide synthesis21; and c-MYC for control of amino acid 

metabolism and nucleotide synthesis22 (Figure 1.2).  

 

Like mTORC1, mTORC2 is also activated by growth factors, but in this guise, mTOR 

phosphorylates distinct downstream targets, including the protein kinase AKT23, serum 

glucocorticoid kinase-1 (SGK1)24, and protein kinase C (PKC)25 to control distinct cellular 

processes.  

 

Another distinguishing feature of mTORC1 and mTORC2 is differential sensitivity to the 

chemical compound rapamycin and its analogs. Mechanistically, rapamycin must form a 

complex with a ubiquitous cellular protein, FKBP12, to bind to mTOR at a conserved region N--

terminal to the kinase domain10. Although mTOR exists in both complexes, rapamycin only has 

access to mTOR in mTORC1 due to steric hindrance generated by Rictor and Sin1 in 

mTORC226. This mTORC1 selective interaction results in allosteric and incomplete inhibition. 

However, prolonged rapamycin treatment can inhibit mTORC2 by engaging uncomplexed 

mTOR and blocking its assembly into new protein complexes27. Although rapamycin fully 

inhibits the mTORC1 dependent phosphorylation of some substrates (e.g., S6K), it acts as a 

partial inhibitor of others (e.g., 4E-BP)28. Second-generation mTOR inhibitors target the ATP-

binding pocket of the kinase domain and block mTORC1 and mTORC2 activity towards their 

substrates completely28. 
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Upstream Regulation of mTORC1 

Nutrient sensing by mTORC1 

As a major downstream function of mTORC1 is to promote protein synthesis, its ability to 

sense amino acids is of central importance. Amino acids are sensed through the Rag GTPases, 

which consist of heterodimeric G-protein switches that are tethered to the lysosomal surface 

and regulated by upstream nutrient responsive guanine nucleotide exchange factors (GEFs) 

and GTPase activating proteins (GAPs)10. Importantly, the Rag-GTPases monitor the levels of 

both intralysosomal29-31 and cytosolic amino acids32-34 through dedicated sensors that prime 

mTORC1 for activation via recruitment to the lysosomal surface10. In addition to amino acids, 

recent studies suggest that mTORC1 also responds to cellular cholesterol35 and glucose36 

levels via Rag GTPase dependent lysosomal recruitment (Figure 1.3). Together, these complex 

yet elegant sensing mechanisms ensure that mTORC1 is able to couple nutrient availability to 

anabolic metabolism.  

 

Growth factor and hormonal signal integration by TSC-Rheb  

A subpopulation of Rheb-GTPase is localized to the lysosome in a manner dependent 

on a C-terminal farnesylation12. Growth factor signals impinge on mTORC1 by influencing the 

GTP-binding status of Rheb. This regulation occurs through the modulation of the GTPase 

activating protein (GAP) activity of the TSC protein complex, which is comprised of the subunits 

TSC1, TSC2, and TBC1D712. The protein kinase AKT, which is activated by insulin and other 

growth factors, is a major upstream signaling component that regulates mTORC1 via spatial 

regulation of the TSC protein complex37. In the absence of insulin, the TSC complex localizes to 

the lysosomal surface and maintains Rheb in the GDP-bound, inactive state12. Upon insulin 

stimulation, AKT phosphorylates TSC2, triggering dissociation of the TSC complex from the 

lysosome, thereby allowing Rheb-GTP accumulation and mTORC1 activation37. Mechanistically, 

this occurs through a direct, but poorly characterized interaction between Rheb-GTP and 
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mTOR, which results in a conformational change that activates mTORC138. Additional upstream 

signaling pathways, including Ras-ERK-RSK39,40 and Wnt-GSK341, activate mTORC1 through 

distinct phosphorylation sites on TSC2. Whether or not these phosphorylation events exert  

 

Figure 1.3. Upstream regulation of mTORC1. Upstream regulation of mTORC1 involves two 

G-protein switches, the Rag and Rheb GTPases, that act in parallel to integrate nutrient and 

growth factor signals, respectively,  forming a molecular “AND” gate. Such wiring likely evolved 

to allow for complex organisms to monitor both local and systemic nutrient levels through growth 

factor signaling for metabolic coordination across tissues at the organismal level. In addition to 

pro-growth and nutrient signals, mTORC1 also senses cellular stresses that inhibit its activity 

largely through impinging on the TSC protein complex (TSC2-TSC-TBC1D7). Figure made with 

BioRender. 
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spatial control over the TSC complex is an open and active area of research. As a master 

regulator of growth and proliferation, mTORC1 must also be responsive to stress signals 

(Figure 1.3). In contrast to growth factor signals, cellular stress promotes TSC protein complex 

activity, leading to mTORC1 suppression12. One such stress that is incompatible with anabolic 

metabolism is energy depletion. The energy stress sensor, AMP-activated protein kinase 

(AMPK), is activated by a rise in cellular AMP levels and suppresses mTORC1, directly, through 

phosphorylation of Raptor and indirectly, via phosphorylation and activation of TSC2 within the 

TSC complex. This regulation ensures that ATP-demanding anabolic processes, such as 

protein, lipid, and nucleotide synthesis are attenuated12. The TSC complex is also necessary for 

mTORC1 inhibition in response to hypoxia, DNA damage, and ER stress. These stresses are 

thought to mediate a transcriptional program culminating in the production of a protein called 

DNA damage inducible transcript-4 (DDIT4) or REDD142. Recent work has also found that 

depletion of purine nucleotides results in a TSC-complex dependent inhibition of mTORC1 

signaling, albeit through an unknown mechanism43,44. Taken together, the TSC complex serves 

as a critical break on mTORC1 activity that ensures mTORC1-driven growth and metabolism 

are set appropriately according to the abundance and quality of growth-promoting and stress 

signals. 

 

Dysregulation of mTORC1 in pathological contexts 

Tuberous Sclerosis Complex (TSC) 

Inherited or sporadic germline mutations in TSC1 or TSC2 results in Tuberous Sclerosis 

Complex (TSC), a rare autosomal dominant genetic disorder marked by mTORC1 

hyperactivation and overgrowth in somatic tissues45. A hallmark of TSC is the presence of 

benign cortical tubers in the brain, as well other clinical manifestations including epilepsy, 

neuropsychiatric disorders, and the widespread growth of benign tumors in the kidney, lungs, 

brain, skin, and liver45. Importantly, mutations in TSC1 and TSC2 render the observed tumors 
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sensitive to rapamycin and its analogs (rapalogs)46. Treatment of patients with rapalogs 

effectively shrinks the benign tumors resulting in cytostatic effects; however, cessation of 

therapy causes rapid tumor regrowth45. Thus, lifelong rapamycin treatment is necessary to keep 

the tumors at bay45.  

 

Cancer 

mTORC1 lies downstream of an extensive network of oncogenes and tumor 

suppressors that either stimulate or inhibit its activation to control cell growth46. The most 

common mutations across all cancer types result in aberrant activation of the PI3K-AKT or Ras-

ERK signaling pathways, as well as p53, which converge on mTORC1 regulation through the 

TSC protein complex47. Additionally, somatic TSC1 or TSC2 mutations occur in a subset of 

cancers, including bladder cancer47, renal cell carcinoma48 and hepatocellular carcinoma49. It is 

therefore not surprising that mTORC1 is aberrantly activated in approximately 50-90% of the ten 

most commonly occurring cancers50. In the cancer setting, hyperactive mTORC1 promotes 

metabolic rewiring leading to enhanced biosynthesis of proteins, lipids, and nucleotides in 

addition to altering glycolytic flux to support uncontrolled growth and proliferation10. Of the 

processes regulated by mTORC1, its role in translational regulation through phosphorylation of 

4E-BP is arguably one of the most critical processes for tumorigenesis51,52,  leading to increased 

cellular protein content for biomass production, but also increasing the translation of key 

downstream transcriptional effectors of mTORC1, including ATF4, HIF-1α, and c-MYC10. As a 

result, mTORC1 has become an attractive target in cancer therapies, with rapalogs being 

approved for clinical use, often in combination with other drugs, while the second-generation 

kinase domain inhibitors are now at various stages of clinical development46. 

 

Insulin resistance and metabolic disease 
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mTORC1 signaling is acutely stimulated by feeding in key metabolic tissues10; however 

its chronic activation with nutrient excess and obesity is thought to contribute to insulin 

resistance and resulting derangements in glucose, lipid, and amino acid metabolism53. While the 

exact signals leading to chronic mTORC1 activation in obesity are unknown, there is evidence 

to suggest that elevated branched chain amino acids, hyperglycemia, hyperinsulinemia, and 

inflammation may all contribute54,55. A feature of many signaling pathways is the presence of 

self-limiting negative feedback mechanisms that ensure transient pathway activation and 

effective termination of the signal. The mTORC1 pathway is no exception and has a number of 

hard-wired negative feedback mechanisms that limit upstream insulin signaling, including S6K1-

mediated serine phosphorylation and destabilization of IRS-156, mTORC1 phosphorylation and 

stabilization of GRB10, which binds to the insulin receptor and blocks PI3K signaling57,58, and 

S6K1 phosphorylation of Rictor that inhibits mTORC2-mediated AKT activation59. Furthermore, 

ER stress caused by chronic activation of mTORC1 can activate c-Jun N-terminal kinse (JNK) 

signaling60, which can also lead to IRS-1 serine phosphorylation and destabilization61. While 

these homeostatic mechanisms are beneficial in the healthy state, chronic activation of 

mTORC1 and negative feedback signaling can result in cell- and tissue-intrinsic insulin 

resistance, as observed in settings with genetic loss of TSC1 or TSC2, including the liver62. 

Further evidence in support of mTORC1 as a driver of insulin resistance comes from the 

observation that whole body S6K1-/- mice are protected from diet-induced obesity and insulin 

resistance while 4EBP1/2 double knockout mice are more susceptible to metabolic disease63,64. 

In addition, the widely used anti-diabetes drug metformin is a potent inhibitor of mTORC1 in the 

liver65. While rapamycin was once explored as a treatment option in metabolic diseases, studies 

show that long-term treatment results in systemic insulin resistance, hyperglycemia, and 

hyperlipidemia that are believed to be due to inhibition of mTORC2 and AKT signaling66. Taken 

together, mTORC1 activity must be restricted to an optimal range and duration as perturbations 

in its control can have deleterious effects on systemic metabolism53. 
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Aging 

mTORC1 has a well-established, but poorly understood, role in the aging process that is 

conserved from yeast to mammals10. Inhibition of mTORC1 signaling was first shown to extend 

lifespan in C. elegans and subsequent studies observed similar effects in yeast and flies10. 

Importantly, the pro-longevity effects of mTORC1 inhibition are also observed in mammalian 

systems, as whole body knockout of S6k167 or heterozygous loss of both mtor and mlst866 

extends median and maximal lifespan in female mice, while hypomorphic mTOR expression 

does so in both males and females68. Caloric restriction (CR) is one of the most robust 

interventions resulting in lifespan extension69. While CR may have numerous benefits to slow 

the aging process, it does not further extend lifespan in organisms with reduced mTORC1 

signaling70-72. This observation indicates that mTORC1 inhibition is likely a key component of 

CR-mediated lifespan extension. Lastly, inhibition of mTORC1 with rapamycin can delay the 

onset of age-associated diseases and extend lifespan even when fed to older mice73; however, 

the use of rapamycin in the long-term may present significant drawbacks, as discussed above. 

 

Hepatic mTORC1 promotes metabolic flexibility 

Hepatic mTORC1 balances energy-producing catabolic processes with energy-

consuming anabolic processes by dynamically responding to nutrients and hormonal signals 

during fasting and feeding74. Feeding induces hepatic mTORC1 signaling leading to SREBP1c 

activation for de novo lipogenesis62, NRF1-mediated expression of proteasomal subunits20, and 

suppression of autophagy75. Fasting suppresses mTORC1 resulting in de-repression of fatty 

acid synthesis and ketogenesis as well as increased autophagy4. Most of what we know about 

mTORC1 in the liver comes from loss- and gain-of-function studies in mice that use genetic 

manipulation of Raptor or Tsc1, both of which result in the inability to transition between fasting 

and feeding appropriately4,62. Liver-specific Raptor deletion (LRaptorKO) results in mTORC1 

ablation, smaller liver size, impaired ability to promote SREBP1 activity and VLDL secretion, 
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and protection from high fat diet-induced steatosis4,76,77. Liver Tsc1 deletion (LTsc1KO) results 

in chronic hyperactive mTORC1, larger liver size, and hepatocyte-intrinsic insulin resistance due 

to feedback inhibition of upstream IRS-PI3K-AKT signaling, with this complete hepatic insulin 

resistance resulting in protection from high fat diet-induced steatosis4,62,78. Like the LRaptorKO 

livers, induction of SREBP1 is impaired in the LTsc1KO livers, as parallel inputs from AKT and 

mTORC1 are both required for SREBP1 activation in the liver19,62. Interestingly, both Raptor and 

Tsc1 loss in the liver results in liver damage and increased susceptibility to hepatocellular 

carcinoma (HCC). The LTsc1KO mice develop HCC spontaneously following chronic ER stress 

and inhibition of autophagy, with subsequent liver damage and inflammation, whereas the 

LRaptorKO display enhanced HCC in response to a chemical carcinogen79,80. Overall, these 

studies demonstrate that loss of TSC1 or Raptor impairs hepatic metabolic flexibility and, 

therefore, liver mTORC1 signaling must be tightly controlled for organismal health.  

 

mTORC1 co-opts nutrient and stress-responsive transcription factors to promote 

anabolic metabolism 

Over the last decade, a number of studies collectively demonstrated that mTORC1 

engages a transcriptional network, including ATF4, SREBPs, NRF1, and HIF-1α to exert 

metabolic control and preserve metabolic flexibility22. A common feature of these transcription 

factors engaged downstream of mTORC1 is their dual role in anabolic metabolism and adaptive 

responses to cellular stress. In all cases, the very stress that activates these factors leads to 

mTORC1 suppression. mTORC1 regulation of stress related transcription factors may seem 

counterintuitive, but in fact, many of these factors regulate genes in key metabolic pathways that 

can support anabolic metabolism.  

 

HIF1α is dually regulated by hypoxia and mTORC1 to control glucose metabolism 
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Molecular oxygen is essential for a number of cellular reactions including mitochondrial 

oxidative phosphorylation for ATP production, lipid desaturation, ER protein folding, and redox 

regulation81. Therefore, the ability to sense oxygen is paramount to organismal survival. Oxygen 

sensing pathways are highly conserved, though they have increased in complexity across 

evolution as the oxygen tension increased in Earth’s atmosphere82. In metazoans, adaptation to 

low oxygen is executed by the Hypoxia Inducible Factor transcription factors, which act as 

heterodimers of HIF-1α or HIF-2α with HIF-1β/ARNT. Underscoring the importance of HIFs in 

oxygen sensing is the embryonic lethality with loss of any one of the aforementioned isoforms83-

85. Mechanistically, HIFs are continuously translated in normoxia, and the EGLN family of prolyl 

domain-containing hydroxylases (PHD1-3) promote oxygen-dependent hydroxylation of HIF-1α 

and HIF-2α that induces Von Hippel-Lindau (VHL)-dependent ubiquitination and subsequent 

proteasomal degradation86. When oxygen falls below a certain threshold, PHD enzymes are 

unable to catalyze hydroxylation of the HIFα subunits, resulting in its stabilization and 

transcriptional activity86. The oxygen-labile HIF-1α and HIF-2α proteins form functional 

heterodimers with the constitutively expressed HIF-1β to bind hypoxia response elements 

(HREs) in genes that promote metabolic rewiring and angiogenesis to adapt to tissue hypoxia, 

most often resulting from ischemia86,87. While HIF-1α and HIF-2α both control angiogenesis and 

vascularization86,87, only HIF-1α is thought to promote extensive metabolic rewiring with 

hypoxia. HIF-1α promotes the expression of glucose transporters and nearly every glycolytic 

enzyme to shift energy metabolism away from dependence on mitochondrial respiration when 

oxygen is limiting81. Specifically, HIF-1α regulates glucose transporters, glycolytic enzymes, and 

lactate dehydrogenase (LDH) and pyruvate dehydrogenase kinase-1 (PDK1), the latter of which 

serves to channel glycolysis-derived pyruvate toward the production of lactate rather than into 

the mitochondria for metabolism in the TCA cycle81. HIF-1α also upregulates the expression by 

moncarboxylate transporter 4 (MCT4), which exports lactate out of the cell81. HIF-1α can also 
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rewire glutamine metabolism to support lipid metabolism under hypoxia81. In addition to 

metabolic rewiring, there a number of dedicated mechanisms to block mTORC1 activity under 

hypoxia. Such mechanisms include HIF-1α-dependent upregulation of REDD1 that activates the 

TSC-complex as well as HIF-independent mechanisms, such as AMPK activation88. 

Collectively, these mechanisms might serve to attenuate mTORC1-regulated anabolic 

processes when oxygen is limiting.  

Interestingly, HIF-1α also undergoes normoxic upregulation by mTORC1 signaling. 

Activation of mTORC1 by growth factors, cytokines or upstream genetic events results in 

enhanced HIF-1α mRNA translation in a manner dependent on its 5’ untranslated region (UTR) 

and phosphorylation of 4E-BP118,89. While HIF-1α protein levels and induction of gene targets 

increase under normoxic conditions with mTORC1 activation, the degree of increase is 

substantially less than that under hypoxia, as the protein is still rapidly degraded in a VHL-

dependent manner89. Normoxic upregulation of HIF-1α downstream of mTORC1 engages the 

same transcriptional program as hypoxia, and thus promotes robust glycolysis, referred to as 

aerobic glycolysis or the “Warburg effect”. Boosting glycolysis and lactate production not only 

serves to sustain ATP production when oxidative phosphorylation is decreased, but also 

redirects carbon flow into key branch points of glycolysis including serine biosynthesis and the 

pentose phosphate pathway that are crucial for anabolism and cellular redox regulation81. 

Indeed, TSC2-/- MEFs with chronic mTORC1 signaling display enhanced glucose uptake and 

glycolysis, as well as flux into key branch points including serine synthesis and the pentose 

phosphate pathway in a HIF-1α dependent manner18,90. In the cancer setting. both hypoxia and 

oncogenic signaling to mTORC1 can chronically activate HIF-1α to adapt growth and 

proliferation under lower or variable oxygen tension within the tumor microenvironment, serving 

to rewire metabolism and promote angiogenesis to facilitate the acquisition of nutrients81,91. How 

is mTORC1 activation balanced with hypoxia in the tumor setting? Oncogenic mutations 



 17 

influencing the regulation and function of the TSC complex could render cells resistant to 

hypoxia-mediated suppression of mTORC1, as observed in the TSC2-/- MEFs92,93. Moreover, 

oxygen levels may oscillate, leading to cycles of mTORC1 inhibition and reactivation91. In 

addition, there may be functional zonation of tumors, such that mTORC1 is only active in non-

hypoxic regions. Thus, mTORC1 activation of HIF-1α in the tumor setting may promote 

metabolic flexibility at the expense of organismal survival. It is also likely that the mTORC1-

mediated activation of HIF-1α and aerobic glycolysis contributes to the overall anabolic growth 

program downstream of mTORC1, as seen in both innate and adaptive immune cells during 

infection94-97. 

 

mTORC1 co-opts SREBPs to promote lipid biomass accumulation 

Sterol Regulatory Element Binding Proteins (SREBPs) are a family of endoplasmic 

reticulum (ER)-bound transcription factors that critically regulate cellular cholesterol and lipid 

metabolism. The three SREBP isoforms originate from two genes with SREBF1 giving rise to 

SREBP-1a and SREBP-1c and SREBF2 producing SREBP-298. The partial and full embryonic 

lethality of Srebf199 and Srebf298,100 whole-body deletion, respectively, underscores the critical 

role of SREBPs in organismal lipid and cholesterol homeostasis. While cholesterol is a 

necessary component of cellular and organellar membranes, high levels cause ER stress and 

cell death and therefore, synthesis and uptake must be tightly regulated101. SREBPs are 

regulated by cholesterol in an end-product feedback inhibition mechanism to calibrate synthesis 

and uptake to balance lipid metabolism and prevent lipotoxicity102. The presence of sterols at or 

above the threshold of 5-10% in the ER membrane maintains SREBPs in the ER-bound, 

inactive form through the concerted action of SCAP, which contains a sterol-sensing domain, 

and the oxysterol binding proteins INSIG-1 and INSIG-2103,104. In sterol depleted conditions, 

SREBPs are trafficked to the Golgi via a COPII-dependent mechanism where they undergo 
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proteolytic cleavage by Site-1 and Site-2 proteases releasing the N-terminal, active transcription 

factor105. In the nucleus, active SREBPs bind to sterol regulatory elements (SREs)105 in the 

promoters of genes involved in de novo fatty acid synthesis, lipogenesis, and cholesterol 

biosynthesis 106. The SREBP-1 isoforms are largely involved in promoting de novo fatty acid 

synthesis and lipogenesis, whereas SREBP-2 is primarily involved in cholesterol biosynthesis 

and uptake106. Interestingly, SREBPs also have additional targets, including genes involved in 

immunity and autophagy, which may be regulated in a context-dependent manner107. In cell 

culture models and select tissues, both SREBP-2 and SREBP-1a are sterol regulated and have 

redundant functions in regulating fatty acid and cholesterol synthesis genes102. In the liver, 

however, the transcriptional programs of SREBP-2 and the predominant, nutrient sensitive 

isoform SREBP-1c, have little overlap when both genes are intact108. One study suggests that 

SREBP-1c could be activated by phosphatidylcholine depletion in C. elegans and mouse liver, 

though additional studies are required to further validate these findings109. Notably, recent work 

suggests that mTORC1 senses cholesterol via the Rag GTPases35. In particular, cholesterol 

depletion was shown to suppress mTORC135, which likely blocks cell growth and proliferation 

when cholesterol is limiting for membrane synthesis. In this context, SREBPs likely act to 

restore homeostatic levels of cholesterol to maintain basal membrane synthesis.  

 

In addition to their response to lipid depletion, SREBPs have been co-opted to promote 

lipid synthesis downstream of mTORC1 signaling. Chronic mTORC1 as a result of TSC2 loss or 

by oncogenic signaling leads to constitutive activation of SREBPs to provide lipids and 

cholesterol needed for growth and proliferation18,110. Furthermore, given its regulation of 

glucose-6-phosphate dehydrogenase, the rate-determining enzyme in the pentose phosphate 

pathway, yielding NADPH reducing equivalents and ribose, SREBP can also support and 

coordinate other anabolic processes including de novo nucleotide synthesis and cellular redox 

status18. While the mechanism of SREBP regulation by mTORC1 remains incompletely 
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understood, multiple mechanisms have been put forth including: 1) S6K1-dependent processing 

through an unknown mechanism18,111, 2) mTORC1-mediated phosphorylation of the 

phosphatidic acid phosphatase Lipin-1 that alters SREBP-1 nuclear entry76, and 3) mTORC1 

phosphorylation and inactivation of CRTC2 that was proposed to compete with proteins in the 

COPII complex promoting SREBP-1 Golgi transport112. Importantly, SREBPs are also regulated 

by mTORC1 downstream of physiological signals, such as feeding and insulin signaling in the 

liver62,111,113. Unlike in MEFs, however, mTORC1 activation through the genetic loss of Tsc1 in 

the liver is not sufficient to promote SREBP-1c activation and requires parallel inputs 

downstream of Akt signaling62. The mechanism of SREBP-2 regulation by mTORC1 is also 

unclear. Intriguingly, one in vitro study suggests that mTORC1 activity alters cholesterol 

trafficking to the ER resulting in a perceived state of sterol depletion and activation of SREBP-

2114. Further studies are required to elaborate on this mechanism and determine whether or not 

this can be applied in vivo. Overall, it appears that mTORC1 has co-opted SREBPs for the 

coupling of nutrient availability to lipid synthesis and pentose phosphate pathway flux thereby 

promoting anabolic balance and metabolic flexibility.  

 

mTORC1 co-opts organellar stress responses to support anabolism 

Mitochondrial adaptive responses and mTORC1 

Mitochondria are key effectors of metabolic flexibility, performing oxidative 

phosphorylation fueled by alternating substrates based on nutrient availability, resulting in high 

yields of ATP2. Mitochondrial health and function must, therefore, be maintained to support 

efficient cellular energy production. The transcriptional coactivator peroxisome proliferator-

activated receptorγ coactivator 1 alpha (PGC1-α) is regulated by nutrient status and is a master 

regulator of genes involved in mitochondrial biogenesis, fatty acid oxidation, and glucose 

utilization that becomes active in response to a variety of stresses, including fasting/starvation, 

cold exposure, exercise, energy depletion, and alterations in redox state115. In the liver, PGC1-α 
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transcriptional activity is engaged by prolonged fasting to upregulate genes involved in β-

oxidation and ketogenesis as well as in gluconeogenesis to meet the increased demand for 

mitochondrial oxidative capacity to maintain cellular ATP levels116,117. Notably, fasting results in 

a decline in systemic nutrients and insulin leading to mTORC1 suppression in the liver that 

allows for a switch from glucose to fatty acid utilization through the de-repression of PPARα- 

PGC-1α-dependent induction of hepatic fatty acid oxidation and ketogenesis4,118. A previous 

study demonstrated that mTORC1 controls transcription of genes involved in mitochondrial 

biogenesis and oxidative metabolism through the ying-yang 1 (YY1)-PGC-1α axis119 In this 

study, authors propose a mechanism whereby nuclear mTORC1 promotes the physical 

interaction and transcriptional co-activation of YY1 and PGC-1α in a rapamycin sensitive 

manner119. Furthermore, mice with liver-specific Tsc1 deletion also have elevated expression 

levels of PGC-1α, which controls the production of fibroblast growth factor 21, FGF21, to 

regulate lipid metabolism, locomotor activity, and body temperature120. Taken together, these 

results indicate that chronic mTORC1 activation exploits mitochondrial adaptive responses likely 

to promote stress tolerance.   

 

Crosstalk between mTORC1 and the UPR 

The ER is a critical nutrient sensing organelle that functions in protein folding and export, 

calcium homeostasis, and lipid synthesis121. Any perturbations that disrupt ER function, such as 

reduced ER calcium due to SERCA inhibition, inflammation, ROS/RNS, lipotoxicity, glucose 

starvation, and hypoxia result in ER stress61,122,123. ER stress engages the unfolded protein 

response (UPR) that acts to enhance protein folding capacity, degrade misfolded proteins 

through ER associated degradation (ERAD) and autophagy, and to suppress mTORC1-

dependent protein synthesis124,125.  
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The UPR involves the coordinated action of three ER-resident proteins, inositol requiring 

enzyme-1 (IRE-1), protein kinase R-like ER kinase (PERK), and activating transcription factor 6 

(ATF6α/β), that sense and respond to ER perturbations123. IRE-1 is a serine/threonine kinase 

possessing endonuclease activity that is essential for life126. The presence of misfolded proteins 

in the ER leads to IRE-1 dimerization, autophosphorylation, and subsequent increases in 

RNAse activity and downstream JNK signaling61,123. IRE-1 splices x-box binding protein 1 

(Xbp1) mRNA, producing an active transcription factor that regulates genes involved in protein 

folding, ER expansion, and lipogenesis by binding to ER Stress (ERSE) and UPR Elements 

(UPRE) in the promoter regions124. Notably, IRE-1 is the only sensor that is conserved across 

metazoans, fungi, and plants127. PERK is also a serine/threonine kinase that undergoes 

dimerization and autophosphorylation in the presence of misfolded proteins, resulting in eIF2α 

phosphorylation and activation of the Integrated Stress Response (ISR)128. This attenuates 

protein synthesis and promotes ATF4-dependent adaptation of amino acid metabolism129,130,123. 

PERK also phosphorylates NRF2 leading to its nuclear translocation and upregulation of the 

antioxidant defense system131,132. Lastly, ATF6α/β are transcription factors essential for life133. 

Accumulation of misfolded proteins triggers ATF6 translocation to the Golgi where it undergoes 

proteolytic processing by site 1 and site 2 proteases to generate an active transcription factor in 

a manner similar to the SREBPs123. ATF6, like sXBP1, regulates genes involved in protein 

folding including expression of the chaperone BIP, as well as genes involved in ERAD and 

redox through binding to ERSEs AND UPREs in the promoter regions 124. Additionally, ATF6 

can transcriptionally regulate Rheb, the essential activator of mTORC1, which may promote 

restoration of protein synthesis when ER stress is resolved125. Chronic or severe cellular insults, 

however, can lead to unresolved ER stress that ultimately tips the UPR from a pro-survival 

response towards cell death134,135. Such balance of pro-survival and apoptotic programs occurs 
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to prevent excessive cell death due to stress while ensuring that cells lacking adaptive capacity 

to stress are eliminated.  

 

The UPR and mTORC1 signaling pathways exhibit extensive crosstalk likely because 

protein synthesis must be coupled to proper protein folding in the ER, especially in secretory cell 

types. In the setting of constitutive mTORC1 activation due to TSC1 or TSC2 loss of function, 

the UPR is chronically engaged, resulting in enhanced PERK phosphorylation and increased 

spliced XBP1 levels60., Blocking protein synthesis with cycloheximide treatment abrogates the 

enhanced PERK phosphorylation observed in the TSC2-/- MEFs, suggesting that the enhanced 

rate of protein synthesis engages the UPR in this setting60. Chronic engagement of the UPR in 

the TSC-deficient setting, however, can also lead to deleterious outcomes. Mice with liver-

specific Tsc1 deletion and hyperactive mTORC1 activity display chronic ER stress and 

suppressed autophagy resulting in hepatocyte damage, inflammation, and ultimately develop 

hepatocellular carcinoma79. In addition, the UPR is chronically engaged in metabolic diseases, 

including obesity, where chronic ER stress occurs downstream of nutrient excess and 

inflammation135. Chronic mTORC1 resulting in ER stress observed in obese models74 can also 

drive UPR activation, which is associated with insulin resistance and metabolic 

derangements79,136. Importantly, a few studies suggest the presence of a physiological UPR 

regulated by mTORC1. For example, refeeding after an overnight fast in rats activates mTORC1 

in the liver and upregulates sXBP1 in a rapamycin sensitive manner through an unknown 

mechanism137. Furthermore, a recent study suggested that food perception leads to activation of 

mTORC1 and sXBP1 in the liver to pre-emptively promote ER expansion for support of anabolic 

metabolism during feeding138. Further investigation is required to expand this observation and to 

elucidate the mechanism of such regulation. In summary, mTORC1 is negatively regulated by 

ER stress to ensure that the ER can effectively support the accumulation of biomass and in turn, 

can also engage the UPR likely to support anabolic metabolism. 
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mTORC1 controls NRF1 (Nfe2l1) to support protein and amino acid homeostasis 

NFE2L1 (NRF1) is an ER-bound transcription factor that is part of the Cap ‘N’ Collar 

(CNC) family of stress activated transcription factors along with nuclear factor, erythroid 2-like 2 

and 3 (NRF2 and NRF3) in mammals and the ortholog SKN-1 in C. elegans139. NRF1 is a 

master regulator of the proteasome, a protein degradation complex that is highly conserved 

across domains140. NRF1 acts as a sensor of proteasomal function as it undergoes a continuous 

cycle of translation and proteasomal degradation141. When proteasome activity is impaired, 

NRF1 is stabilized and mediates proteasomal recovery through a “bounceback” 

phenomenon142,143. Reduced proteasome activity with inhibitors, including bortezomib and 

MG132, leads to a reduction in ERAD, which promotes NRF1 stabilization and processing to 

release the active transcription factor from the ER membrane141,144.  NRF1 then translocates to 

the nucleus where it binds to antioxidant response elements (AREs) in the promoters of 

proteasomal subunits and ER-associated degradation (ERAD) components, ultimately leading 

to a restoration of proteostasis and protection of the ER from accumulating misfolded 

proteins142. Like NRF2, NRF1 also promotes the transcription of genes involved in oxidative 

stress defense, such as glutathione synthesis genes and metallothionein-1 and -2145. In addition 

to proteasome inhibitors, NRF1 also promotes adaptation to physiological stressors. In the liver, 

chronically elevated ER cholesterol inhibits NRF1-dependent transcriptional repression of 

CD36, a scavenger receptor that promotes fatty acid uptake and inflammation contributing to 

the pathogenesis of hepatic steatosis146. In brown adipose tissue, NRF1 activity is stimulated by 

cold stress to promote proteasomal activity and protein quality control necessary for ER health 

and thermogenic capacity147. Conditional knockout of NRF1 in the liver results in oxidative 

stress, inflammation, and derangements in lipid metabolism leading to steatosis and 

hepatocellular carcinoma148-150. Notably, whole-body knockout of NRF1 results in embryonic 

lethality, further emphasizing the critical role of this factor in stress adaptation145. 
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In addition to its role in stress adaptation, mTORC1 signaling has co-opted NRF1 

function to support anabolic metabolism. In TSC2-/- MEFs with chronic mTORC1 activation, 

SREBP-1c stimulates transcription of NRF1, which leads to the induction of proteasomal subunit 

genes and proteasome activity in a rapamycin-sensitive manner20. Furthermore, physiological 

activation of mTORC1 with growth factors also leads to the induction of NRF1 protein and 

proteasomal subunit genes both in vitro and in the liver with refeeding after an overnight fast20. 

Why would mTORC1 simultaneously promote protein synthesis and protein degradation? While 

this observation is seemingly counterintuitive, consideration of the timing and the end result of 

engaging NRF1-dependent adaptive mechanisms may help clarify the utility of this mechanism. 

First, NRF1 is engaged by chronic mTORC1 signaling in the TSC2-/- setting, but also by long-

term mTORC1 activation with growth factors and feeding20. Thus, the enhanced proteasomal 

activity mediated by NRF1 downstream of mTORC1 may not coincide with the peak of protein 

synthesis to prevent futile cycling. Second, the proteasome degrades proteins into their 

constituent amino acids that can be utilized to meet the demands of mTORC1-driven protein 

synthesis. Treatment of cells with the proteasome inhibitor bortezomib, or with siRNA targeting 

NRF1, results in a decrease in cellular amino acid levels, whereas inhibiting protein synthesis 

with cycloheximide increases the pool size20. Moreover, amino acids are a requisite signal for 

mTORC1 activity. The increased amino acid pool generated by the proteasome not only could 

contribute to sustained mTORC1 activity in the TSC2-/- cells, but also to the priming of mTORC1 

for future growth factor signals. mTORC1 may also engage NRF1 and the proteasome as a 

quality control and ER protective mechanism to transiently promote tolerance to ER stress 

during anabolism as mTORC1 increases both protein and lipid load on the ER. Furthermore, 

ER-associated degradation (ERAD) requires proteasomal activity and is a critical regulatory 

mechanism for the enzymes of cholesterol and lipid synthesis. Therefore mTORC1-NRF1 may 

exert feedback control on these processes to prevent lipotoxicity and ER stress151.  Collectively, 
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mTORC1 co-opts NRF1 function to supply amino acids, but also to promote tolerance to ER 

stress that would otherwise impinge on mTORC1 activity and anabolic cellular metabolism.  

 

ATF4 is controlled by the Integrated Stress Response and mTORC1 signaling  

Translational control by the Integrated Stress Response  

The Integrated Stress Response (ISR) is present in all eukaryotic cells and mediates 

adaptation to both cell-extrinsic and -intrinsic stresses, including hypoxia, nutrient deprivation, 

ER stress, mitochondrial stress, and infection152. In mammals, stress stimuli that engage the 

ISR converge on eukaryotic initiation factor 2 alpha, eIF2α, phosphorylation at residue serine 51 

through the coordinate action of four kinases, PERK, protein kinase R (PKR), general control 

nonderepressible 2 (GCN2), and heme regulated inhibitor (HRI) that respond to ER stress, viral 

infection, amino acid starvation and heme deprivation, respectively152. Of note, all four kinases 

are engaged in response to oxidative stress152. Phosphorylation of eIF2α, results in a transient 

attenuation in translation through inhibiting the GEF activity of eukaryotic initiation factor 2B, 

eIF2B, thereby preventing the accumulation of GTP-bound eIF2α that is required for the 43S 

pre-initiation complex formation and binding to the cap complex for translation initiation152. Such 

translational attenuation is required to reduce protein load on the ER and to promote long-term 

adaptation by selective translation of transcription factors, including ATF4 and C/EBP 

homologous protein (CHOP) that reconfigure transcriptional responses to induce genes involved 

in amino acid synthesis and uptake, autophagy, and pro-survival152,153. Kaufman’s group was 

the first to describe the essential role of eIF2α-dependent translational control by generating 

mice harboring homozygous knock-in mutations of eIF2α serine 51 to alanine, denoted 

eIF2αA/A. The eIF2αA/A mice die within 18 hours of birth as a result of severe hypoglycemia due 

to defective gluconeogenesis, implicating eIF2α-mediated translational control in metabolic 

adaptation to post-natal nutrient deprivation stress154. MEFs isolated from eIF2α A/A mice 
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exhibited enhanced cell death with ER stress and glucose deprivation due to defects in the pro-

survival functions of the ISR154. Furthermore, eIF2α A/A rescued with a excision of the floxed WT 

eIF2α transgene in the liver, displayed enhanced hepatocyte death and fibrosis when fed a high 

fructose diet as a result of decreased the nicotinamide adenine dinucleotide phosphate, 

NADPH, and glutathione resulting in oxidative stress155. 

 

Like other stress responses, the ISR must be engaged acutely and terminated efficiently 

to restore basal protein synthesis. Translation recovery is hard-wired into the ISR through the 

selective regulation of the eIF2α phosphatase growth arrest and DNA damage inducible-34, 

GADD34, during translational repression153. Premature dephosphorylation of eIF2α by GADD34 

or prolonged and/or severe stress can result in apoptosis due to the restoration of protein 

synthesis prior to adaptation. Such a mechanism ensures that adaptive, pro-survival programs 

are only engaged in cells with the ability to adapt, while cells that fail to adapt are eliminated.  

 

Mechanisms of ATF4 regulation downstream of the ISR 

Activating Transcription Factor 4 (ATF4) is the best-characterized effector of the ISR to 

date. ATF4 belongs to the ATF/CREB family of bZIP transcription factors and is the functional 

homolog of GCN4p in yeast that is activated by amino acid deprivation downstream of GCN2-

eIF2α152,156,157. ATF4 was first linked to ISR activation in 2000 by Ron and colleagues in a study 

searching for regulators CHOP downstream of ER stress and amino acid starvation158. ATF4 

became an attractive target due to the presence of conserved upstream open reading frames 

(uORFs) in the 5’ UTR, like CHOP158. Furthermore, protein levels were observed to be low 

despite ubiquitous ATF4 mRNA expression, but inducible under certain conditions158. Indeed, 

stress regulation of ATF4 involves two uORFs in mice and three in humans152. In non-stressed 

conditions, ATF4 translation is initiated at uORF1 producing a short peptide that leads to re-
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initiation at uORF2 (uORF3 in human)159. The uORF2 overlaps with ATF4 coding sequence but 

is out of frame, resulting in rapid ribosomal dissociation and inhibition of translation152. In stress 

conditions, eIF2α-dependent translational attenuation increases the time for reacquisition of 

Met-tRNA by eIF2α-GTP, allowing the 40S ribosome to scan past the uORF2 before acquiring 

ternary complex resulting in effective ATF4 translation159.  ATF4 uORFs may also be subject to 

an additional layer of regulation as a recent study suggests a role for mRNA methylation in the 

form of N6-methyladenosine (m6A)160. Specifically, the uORF2 of ATF4 is  methylated as a 

mechanism to block translation under non-stressed conditions, but demethylated under amino 

acid starvation allowing for its selective translation downstream of eIF2α phosphorylation160.  

ATF4 is also regulated through transcriptional mechanisms and post-translational 

modifications that influence protein stability152. NRF2, a transcription factor activated by 

oxidative stress, regulates ATF4 mRNA levels in response to oxidative stress in non-small cell 

lung cancer (NSCLC)161. Transcription factor EB and 3, TFEB and TFE3, can also enhance 

ATF4 mRNA through binding to a coordinated lysosomal expression and regulation (CLEAR) 

motif in its promoter region162. Lastly, c-MYC can also control ATF4 transcription in the 

oncogenic setting163.  

At the protein level, ATF4 stability is primarily regulated by ubiquitination and 

proteasomal degradation, though other post-translational modifications have been reported152. 

ATF4 can be phosphorylated at a number of serine residues that can either act as 

phosphodegrons or increase the activity and protein stability152. In addition, ATF4 is reportedly 

hydroxylated by PHD3 in a manner similar to HIF-1α, resulting in proteasomal degradation and 

decreased transcriptional activity152. Acetylation of ATF4 has also been reported, but further 

studies are necessary to define the functional consequences of this modification164. Overall, 

ATF4 is acutely induced with cellular stress, and its relative instability ensures that the ISR is 

transiently engaged to preserve inducibility of the response165. 
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Figure 1.4. ATF4 regulation by the integrated stress response. Left panel. The four kinases 

PERK, GCN2, HRI, and PKR respond to distinct cellular stresses, all of which converge on 

eIF2α phosphorylation at serine 51. Phosphorylation of eIF2α results in attenuated cap-

dependent translation that allows for specific translation of factors, like ATF4, that contain 

uORFs in their 5’UTR. In the nucleus ATF4 in combination with a dimerization partner binds to 

CARE/AAREs in the promoters of target genes, including those involved in amino acid 

metabolism to promote translational recovery and GADD34, that dephosphorylates eIF2α to 

reinitiate translation. Right panel. A comprehensive list of ATF4 target genes from the literature 

across multiple cellular settings downstream of the integrated stress response. Figure made 

with BioRender. 
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ATF4-dependent transcriptional programs downstream of stress signals 

Upon activation, ATF4 binds CCAAT-enhancer binding protein-activating transcription 

factor response element/amino acid response element, CARE/AARE, motifs in target genes152. 

A critical mode of ATF4 regulation is the obligatory heterodimerization with other basic leucine 

zipper (bZIP) transcription factors through the C-terminal leucine zipper domain that can 

influence context-dependent transcriptional regulation152,164. Well-known binding partners 

include CHOP, activating transcription factor 3, ATF3, activating transcription factor 5, ATF5, 

and tribbles pseudokinse 3, TRIB3, that are all transcriptionally regulated by ATF4152. Other 

binding partners include the C/EBP transcription factors C/EBP-β and C/EBP-γ. Depending on 

the cellular context, ATF4 heterodimers can act as either transcriptional activators or 

repressors166,167. ATF4 is best known for the regulation of genes involved in amino acid import 

and synthesis (serine, glycine, asparagine, proline, and trans-sulfuration pathway for cysteine), 

tRNA charging (tRNA synthetases), autophagy, glutathione synthesis and oxidative stress 

resistance, all of which promote survival under stress conditions130,152.  Evidence in support of 

this largely arises from studies with Atf4-/- MEFs that display proliferation defects as well as 

enhanced oxidative stress and cell death that can be rescued by the addition of the antioxidant 

N-acetylcysteine and non-essential amino acids130. Regulation of these genes aims to restore 

amino acid homeostasis and protein translation to promote stress adaptation. ATF4 is also 

important in promoting systemic adaptation to amino acid and nutrient deprivation stress 

through the regulation of FGF21, a hepatokine and myokine, that controls energy expenditure 

and fuel partitioning168. In addition to the aforementioned processes, ATF4 regulates genes 

involved in negative feedback regulation of Akt-mTORC1 signaling in certain contexts through 

the regulation of Trib3, and growth factor bound protein 10, Grb10, that impinge on PI3K-AKT 

signaling57,58,169 and the regulation of Redd1 and Sestrin2, that repress mTORC1 under hypoxia 

and amino acid starvation, respectively88,170. ATF4 also exerts control over global translation 

during ISR engagement through transcriptional regulation of 4E-BP1, a direct mTORC1 target 
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that binds to eIF4E and inhibits cap-dependent translation171. Furthermore, more recent studies 

have linked ATF4 to the regulation of the mitochondrial ISR and the formation of super-

complexes and enhanced mitochondrial bioenergetics under ER stress conditions172,173.  

 

Importantly, ATF4 and CHOP have a critical role in cell fate decisions. Indeed, forced 

overexpression of ATF4 and CHOP during ER stress induces protein synthesis through the 

regulation of amino acid metabolism resulting in oxidative stress and enhanced cell death174. 

CHOP, in particular, is implicated in promoting cell death through several mechanisms 

downstream of chronic ER Stress and ISR activation, including upregulation of Ero1α leading to 

ER oxidative stress and by inducing GADD34-dependent dephosphorylation of eIF2α to restore 

protein synthesis175. In addition, ATF4-ATF3-CHOP regulation of ChAC glutathione specific 

gamma glutamylcyclotransferase 1 (CHAC1), which degrades glutathione, may also tip the 

balance towards cell death176. Lastly, ATF4 can also regulate the mRNA levels of key apoptotic 

proteins, including Bcl2, PUMA/NOXA, and Bim152. Given that ATF4 and CHOP are not 

intrinsically pro-apoptotic factors, the induction of apoptosis by prolonged or severe stress likely 

involves other inputs. Further studies are required to fully elucidate how ATF4 and its binding 

partners regulate target genes and cell fate decisions in a context-dependent manner.  

 

Insights into ATF4 function in vivo 

Studies with Atf4-/- mice have contributed greatly to our understanding of ATF4 

physiological function. Whole-body Atf4-/- mice have defects in lens formation177, bone 

formation178, and fetal liver hematopoiesis179. Atf4-/- mice also have lower body weight and fat 

mass than WT counterparts, implicating ATF4 in growth control179. Lastly, Atf4-/- mice are 

protected from obesity and development of hepatic steatosis, supporting a role ATF4 in whole-

body lipid metabolism180-182. Atf4 loss of function in CD4+ T-cells results in impaired metabolic 
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reprogramming that blunts Th1 pro-inflammatory functions, but enhanced Th17 functions that 

leading to autoimmunity183. Additionally, RNA-seq analysis of livers from Atf4-/- mice treated 

with the anti-leukemic drug asparaginase display enhanced ER stress due to the inability to 

dampen the amino acid response (AAR)184. More recent studies in vivo have focused on tissue 

specific Atf4 loss of function to define transcriptional programs in organs under a variety of 

stress conditions. In the skeletal muscle, prolonged fasting induces ATF4 to regulate genes 

involved in growth suppression that can promote myofiber atrophy in this setting185. Deletion of 

ATF4 in a subset of hypothalamic neurons results in increased energy expenditure and 

protection against diet induced obesity186, whereas overexpression in the hypothalamus results 

in hepatic insulin resistance in a manner dependent on the vagus nerve and S6K-1187.  Liver-

specific Atf4 knockout (LAtf4KO) mice treated with the ER stressor tunicamycin revealed that 

ATF4 regulates basal and stress-inducible transcriptional programs consisting of genes involved 

in amino acid metabolism, ER stress/UPR, and genes involved in suppression of mTORC1 

signaling188. Beyond these genes, ATF4 was proposed to regulated genes involved in 

cholesterol metabolism and bile acid synthesis188; however, further studies are necessary to 

expand these observations. Additionally, LAtf4KO mice are protected from alcoholic steatosis as 

a result of enhanced hepatic AMPK activation189. Of note, high fat diet (HFD) feeding in LAtf4KO 

mice in one study did not result in an observable phenotype in oral glucose tolerance 

assessments in either male or female mice190. Importantly, ATF4 regulation by physiological 

signals in the liver has not been investigated.  

 

mTORC1 co-opts ATF4 for control of anabolic metabolism 

Akin to the aforementioned transcription factors, ATF4 is dually regulated by stress 

signals and mTORC1 signaling. Adams 2007 was the first study to report that ATF4 is regulated 

downstream of insulin signaling in an mTORC1-dependent manner to control genes encoding 

amino acid transporters, tRNA synthetases, amino acid synthetic enzymes, and the methylene 
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tetrahydrofolate dehydrogenase 2 gene, MTHFD2, involved mitochondrial one carbon 

metabolism 191.  A follow-up study ruled out the involvement of the eIF2α kinase GCN2 in 

insulin-mediated expression192, but failed to address the potential regulation by the other three 

kinases involved in initiating the ISR. Beyond these studies, a microarray analysis of TSC2-/- 

MEFs revealed that the ATF4 binding motif was overrepresented in the genes induced by 

mTORC1 and repressed with rapamycin18. A more recent study defined the mTORC1-ATF4 

axis as a critical regulator of MTHFD2 as well as genes involved in serine/glycine biosynthesis, 

that collectively support mitochondrial folate production and de novo purine nucleotide 

synthesis21. Most notably, this was the first study to dissect the contributions of mTORC1 and 

stress signals in the regulation of ATF421. Stimulation of the eIF2αS/S and eIF2α A/A MEFs 

revealed that ATF4 protein is induced with insulin in both cell types in a rapamycin-sensitive 

manner, indicating that mTORC1 regulation is independent of the ISR21. Of note, this study did 

not address the relative contributions of mTORC1 and eIF2α to regulation of ATF4 in the TSC2-

/- MEFs.  A subsequent study elaborated on these findings and demonstrated that mTORC1 

increases ATF4 mRNA stability as well as protein translation in a manner dependent on uORFs 

in the 5’UTR and inhibition of 4E-BP1 and 4E-BP2193. Activation of ATF4 in the anabolic context 

leads to enhanced expression of genes involved in amino acid metabolism, likely allowing for 

the coupling of nutrient availability to  meet the demands of mTORC1-stimulated protein 

synthesis193. 
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Figure 1.5. Anabolic action of ATF4 in the control of serine synthesis and one-carbon 

metabolism to support de novo purine nucleotide synthesis. Growth factors and oncogenic 

signaling both promote upregulation of ATF4 in an anabolic context to promote serine/glycine 

synthesis  (via PSAT1, PSPH and SHMT2) and de novo purine nucleotide synthesis via the 

regulation of mitochondrial one carbon metabolism (MTHFD2). Serine/glycine metabolism 

provides one carbon units through the generation of formyl units that are incorporated in the 

growing purine ring. Additionally, glycine synthesized from serine is directly incorporated in the 

purine ring. In addition to serine and glycine, de novo purine nucleotide synthesis requires 

glutamine, aspartate and bicarbonate (HCO3
-). Lastly, IMP is converted to AMP and GMP by 

enzymes that are also controlled by anabolic signals. Figure made with BioRender. 
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 Additionally, the mTORC1-ATF4 axis promotes serine/glycine synthesis to support 

collagen production for extracellular matrix deposition by myofibroblasts194. Whether or not there 

are additional mechanisms by which mTORC1 can engage ATF4 is currently unknown. 

Interestingly, ATF4 can also be engaged by mTORC1 downstream of oncogenic signaling, 

though this setting is more complex. Cancer cells harboring PIK3CA and Ras activating 

mutations result in chronic activation of the mTORC1-ATF4 axis that promotes de novo purine 

nucleotide synthesis in a rapamycin-sensitive manner21. A recent study corroborated these 

observations in neuroendocrine prostate cancer (NEPC) by demonstrating that the mTORC1-

ATF4 axis regulates serine biosynthesis and one carbon metabolism195. Thus, mTORC1 likely 

exploits ATF4 regulation of amino acid biosynthesis to promote purine nucleotide synthesis as a 

mechanism to sustain high levels of growth and proliferation in cancer. A caveat of tumor 

models, however, is that both mTORC1 and the ISR are elevated, thus making it challenging to 

discriminate individual pathway contributions.  

Overall, with the exception of studies that used in vivo tumor models, investigations of 

mTORC1 regulation of ATF4 have primarily been performed in vitro with highly proliferative cells 

such as MEFs and cancer cell lines. Importantly, whether or not the mTORC1-ATF4 axis is 

engaged to support anabolic processes in non-proliferative settings, such as in metabolic 

tissues under physiological conditions, has yet to be explored. 

 

Thesis Summary 

The liver is central to the coordination of systemic metabolism and must, therefore, 

possess the ability to sense nutrients, hormonal signals, and stress signals. While physiological 

mTORC1 regulation by fasting and feeding is well-documented in the liver to control protein and 

lipid synthesis, the metabolic response orchestrated downstream of its activation remains poorly 

characterized. In cellular models, the transcription factor ATF4 is regulated by both the 
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integrated stress response and mTORC1 signaling pathways; however, whether or not 

physiological mTORC1 activation can also activate ATF4 has not been investigated. In Chapter 

2 of this thesis, I identify ATF4 as a novel effector of feeding-induced mTORC1 activation in the 

liver. Using RNA-sequencing, I define the ATF4-dependent transcriptional program induced with 

feeding and characterize ATF4 transcriptional regulation of the serine biosynthesis genes 

PSAT1 and PSPH as well as the mitochondrial gene MTHFD2 that controls one-carbon 

metabolism. While the liver is thought to be the primary site of de novo purine nucleotide 

synthesis, the mechanisms of such regulation have not been described. Through stable isotope 

tracing experiments in hepatocytes, I identify the mTORC1-ATF4 axis as a critical regulator of 

de novo nucleotide synthesis, a process that could potentially contribute to ribosome biogenesis 

and support the high protein synthetic demand in the liver.   

In Chapter 3, I describe cholesterol overload as a cellular stress that activates ATF4 in 

hepatocyte cell lines. Using a hypothesis-based approach and mining of publicly available 

datasets, I identify transcriptional regulation of the cholesterol esterification enzyme Soat2 

downstream of PERK-ATF4 upon ER stress and activation of the integrated stress response. 

Despite robust transcriptional regulation of Soat2 in liver cell lines with cholesterol loading and 

tunicamycin-induced ATF4, these findings did not hold true in vivo with high cholesterol diet 

feeding. Furthermore, I fail to observe any alterations in cholesterol esterification or other 

functional consequences of Soat2 regulation by ATF4. Overall, the context in which ATF4 

regulation of Soat2 is functionally relevant remains elusive.  

My thesis work places ATF4 and its transcriptional program that supports amino acid 

and nucleotide biosynthesis downstream of mTORC1 in the liver. While cell-based studies in 

proliferative settings have characterized regulation of ATF4 downstream of mTORC1, I am the 

first to show that ATF4 can be stimulated by physiological anabolic signals in the liver. Future 

studies can expand on my findings by elucidating other physiological inputs into ATF4 regulation 

and the use of RNA-seq coupled with ChIP-seq approaches to fully define the transcriptional 
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programs in each context. In Chapter 4, I further discuss the implications of my findings and 

address the teleology of the dual regulation of ATF4 by stress and anabolic signaling 

downstream of mTORC1.  
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Abstract 
 

The mechanistic target of rapamycin complex 1, mTORC1, integrates nutrient and 

hormonal signals to coordinate anabolic cellular metabolism. In the liver, mTORC1 is 

dynamically regulated by fasting and feeding cycles to promote protein and lipid synthesis while 

suppressing autophagy, however, beyond these functions, the feeding response orchestrated 

by mTORC1 remains poorly understood. In this study, we demonstrate that ATF4, a previously 

characterized stress-inducible transcription factor, is stimulated by mTORC1 in primary 

hepatocytes and with feeding in the liver. Using RNA-sequencing, we find that the mTORC1-

ATF4 axis controls the expression of amino acid synthesis and one-carbon metabolism genes 

that can support de novo purine and pyrimidine nucleotide synthesis. Furthermore, through 

comparison of ATF4 regulated genes with feeding and tunicamycin in the liver, we find that 

ATF4 directly or indirectly controls a largely unique transcriptional program in each context, 

which has not been explored previously. Lastly, we demonstrate that the mTORC1-ATF4 axis 

stimulates non-essential amino acid synthesis and de novo purine and pyrimidine nucleotide 

synthesis in a hepatocyte-intrinsic manner, that could potentially serve to support ribosome 

biogenesis. Together, our results implicate ATF4 as a novel effector of mTORC1 in the liver with 

feeding and, importantly, extend and expand on key observations from cell-based studies and 

provide physiological relevance of the mTORC1-ATF4 axis in a non-proliferative setting.  

 

Introduction 

The liver is a central effector of metabolic flexibility with a critical role in coupling shifts in 

glucose, lipid and amino acid metabolism to nutrient fluctuations that occur with fasting and 

feeding1. At the molecular level, the Mechanistic Target of Rapamycin Complex 1 (mTORC1) is 

at the heart of a nutrient sensing network that integrates nutrient availability and hormonal signals 

to calibrate cellular metabolism2. Such signal integration by mTORC1 occurs through two parallel 

G-protein switches, the amino acid sensing Rag GTPases and hormonal regulation of the TSC 
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protein complex and Rheb GTPase3. Upon activation, mTORC1 exerts acute metabolic control 

through phosphorylation events on a growing list of substrates, including the canonical targets 

S6K1 and 4EBP1 that regulate protein synthesis4, CAD that stimulates de novo pyrimidine 

synthesis5,6, and ULK1 and TFEB that both contribute to autophagy suppression7. Additionally, 

mTORC1 promotes long-term metabolic alterations by engaging a downstream transcriptional 

network3. In the liver, mTORC1 activity is suppressed with fasting and activated with feeding to 

balance energy producing catabolic processes with energy consuming anabolic processes8,9. 

Upon feeding, activation of hepatic mTORC1 stimulates protein and lipid synthesis while 

suppressing autophagy8,10-12. Conversely, fasting diminishes mTORC1 activity, thereby promoting 

catabolic processes, including fatty acid oxidation, ketogenesis, and autophagy9,11. Dysregulation 

of hepatic mTORC1 signaling results in a failure to adapt metabolic networks during transitions 

between fasting and feeding, as observed in the LTsc1KO and LRaptorKO mice with high and low 

mTORC1 signaling, respectively8,9.  

 

Over the last decade, cell-based studies demonstrated that mTORC1 controls a network 

of nutrient responsive transcription factors, including HIF-1α to promote glycolytic flux13, SREBP-

1 to stimulate lipogenesis13, NRF1 to support proteasome synthesis14, and c-MYC and ATF4 for 

coordination de novo nucleotide synthesis15,16. Importantly, these biosynthetic processes 

controlled by mTORC1 are interconnected and require coordinated regulation17.  For instance, 

amino acids can support both protein and nucleotide synthesis17. Additionally, protein synthesis 

requires enhanced ribosome biogenesis, a process requiring nucleotides for the synthesis of 

ribosomal RNA7. Importantly, the regulation of these transcription factors downstream of 

mTORC1 has largely been described in cells with a high proliferative capacity, including mouse 

embryonic fibroblasts and cancer cell lines, in response to growth factors or oncogenic signaling. 

Aside from regulation of SREBP-1 and NRF1 in the liver, the role of the  remaining aforementioned 

transcription factors downstream of mTORC1 has not been investigated despite alterations to 
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metabolism that could potentially be coordinated by these factors with feeding8,10,14,18. The 

metabolic response orchestrated by hepatic mTORC1 in response to feeding, therefore, remains 

incompletely understood.  

 

Activating Transcription Factor 4 (ATF4) is the best-characterized effector of the integrated 

stress response (ISR)19. The ISR is executed by four kinases, GCN2, PERK, HRI, and PKR that 

converge on eIF2α phosphorylation at residue serine 5119. Phosphorylation of eIF2α results in 

attenuated cap-dependent translation allowing for selective translation of ATF4, due to the 

presence of upstream open reading frames (uORFs) in the 5’ untranslated region (UTR)19. ATF4 

then stimulates the expression of genes involved in amino acid metabolism to restore the 

attenuated protein synthesis downstream of eIF2α phosphorylation20. Beyond its role in the ISR, 

ATF4 is also regulated by anabolic signals, including insulin, downstream of mTORC1 in cell-

based studies. Adams 2007 was the first to report that insulin could stimulate ATF4-mediated 

transcription of genes controlling amino acid synthesis and uptake and tRNA charging in a 

rapamycin-sensitive manner21. A follow-up study demonstrated that insulin regulation of ATF4 

was GCN2-independent22, but did not rule out regulation by the remaining three eIF2α kinases 

and eIF2α phosphorylation. A more recent study demonstrated that mTORC1 stimulates ATF4 

translation independently of the ISR regulation to control de novo purine nucleotide synthesis16. 

Mechanistically, ATF4 promotes purine nucleotide synthesis through direct regulation of 

methylene tetrahydrofolate dehydrogenase 2, MTHFD2, an enzyme in the mitochondrial 

tetrahydrofolate cycle critical for generating formyl units that are incorporated into the growing 

purine ring16. A subsequent study implicated 4E-BPs in the translational control of ATF4 by 

mTORC1 and also demonstrated that the mTORC1-ATF4 axis induces a battery of genes 

involved in amino synthesis and uptake as well as tRNA charging akin to the transcriptional 

program during the ISR24. Additional studies to date have further implicated the mTORC1-ATF4 

axis in the regulation of serine/glycine and purine nucleotide synthesis primarily in cells with high 
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rates of growth and proliferation, including fibroblasts and cancer cells16,23-25. The role of ATF4 in 

the liver, however, has been limited to a small number of contexts, including tunicamycin 

treatment27, and models of ethanol and diet-induced steatosis28-31. Whether or not physiological 

activation of mTORC1 in the liver also promotes ATF4 to control hepatic metabolism is unknown.  

 

In the current study, we report, for the first time, that physiological activation of mTORC1 

by insulin in primary hepatocytes and feeding in the liver stimulates ATF4 activation. Using 

RNA-sequencing, we find that feeding induced ATF4 regulates genes involved in amino acid 

synthesis, which has a number of metabolic fates, including incorporation into newly 

synthesized proteins, purine nucleotides and glutathione. We find that the mTORC1-ATF4 axis 

controls synthesis of aspartate, proline and alanine, while ATF4 controls glycine uptake, both of 

which can indirectly and directly support de novo nucleotide synthesis. Lastly, through RNA 

sequencing and metabolic tracing experiments, we demonstrate that the mTORC1-ATF4 axis 

controls genes involved in one carbon metabolism and stimulates de novo purine nucleotide 

synthesis in a hepatocyte-intrinsic manner. Overall, our study implicates ATF4 as a novel 

downstream effector of physiological mTORC1 activation in the liver to coordinate and support 

anabolic cellular metabolism. 

 

Results 
 
Physiological activation of mTORC1 in the liver induces ATF4  
 

The mTORC1-ATF4 axis was first established in cell based studies, including TSC2-/- 

MEFs and cancer cells, where it plays a role in anabolic metabolism to support high levels of 

growth and proliferation21,32. Outside of the proliferative setting, mTORC1 is a critical nutrient 

sensing pathway that is dynamically regulated by fasting and feeding in the liver for control of 

systemic metabolic homeostasis8,9. To determine if the mTORC1-ATF4 axis could be induced 

with physiological signals in liver cells, Hepa-16 and AML-12 murine hepatocyte cell lines were 
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stimulated with insulin in the presence or absence of the allosteric mTORC1 inhibitor rapamycin 

or the mTOR kinase domain inhibitor Torin1. Insulin induced ATF4 protein in both cell lines from  

 

Figure 2.1. The mTORC1-ATF4 Axis is intact in hepatocytes and the liver 

(A-C). Murine Hepa1-6, AML-12 cells and primary mouse hepatocytes were serum starved 

overnight and treated with 100nM insulin following a 30-minute pretreatment with vehicle 

(DMSO), 20nM rapamycin, or 250nM Torin1 for the indicated time points. D). Immunoblot 

analysis of liver lysates from mice injected with 1mg/kg tunicamycin for 6h was performed to 

assess commercially available ATF4 antibodies. E). Eight-week old male mice were fasted for 

12h during the light cycle and then refed a high carbohydrate diet for 6h in the dark cycle 

following pretreatment with vehicle or 10mg/kg rapamycin. Liver lysates were immunoblotted to 

assess mTORC1 signaling and ATF4.  
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2h, 4h, and 8h post-stimulation in an mTORC1-dependent manner, indicating the mTORC1-

ATF4 axis is intact (Figure 2.1A-B). Of note, the AML-12 and Hepa1-6 cells display differential 

kinetics of ATF4 protein induction. ATF4 is maximal at 2h in the AML-12 cells and gradually 

decreases at 4h and 8h, whereas the Hepa1-6 cells show a time-dependent induction reaching 

maximal levels at 8h. Given that hepatocytes are the functional units of the liver, we sought to 

determine if the mTORC1-ATF4 axis is also intact in primary mouse hepatocytes. Indeed, 

insulin stimulation of primary mouse hepatocytes from wild-type (WT) mice robustly increased 

ATF4 protein in an mTORC1-depedent manner reaching maximal levels at 2h and remained 

elevated above baseline at 4h, 6h, and 8h, akin to the AML-12 cells (Figure 2.1C) In both liver 

cell lines and primary hepatocytes, protein levels of ATF4 were generally more sensitive to 

Torin1 than rapamycin. These findings are in line with the observation that Torin1 more potently 

inhibits 4E-BP phosphorylation, an event that is mechanistically linked to ATF4 translation 

downstream of mTORC133,34. We next sought to determine if the mTORC1-ATF4 axis is intact in 

vivo. Review of the literature, however, revealed that many of the commercially available ATF4 

antibodies are not specific in vivo, which has significantly limited advancements in the field. We 

generated liver specific Atf4 knockout mice, herein referred to as LAtf4KO and as previously 

described27, and systematically tested a number of available antibodies in Atf4fl/fl and LAtf4KO 

mice treated with the ER stress inducer tunicamycin. We found that a monoclonal antibody from 

BioLegend produced a specific signal in the liver, while the commonly used Cell Signaling 

Technologies and Santa Cruz Biotechnology antibodies continued to show a band at the 

predicted molecular weight of ATF4 (~50kd) in LAtf4KO samples (Figure 2.1D). After optimizing 

conditions, mice were subjected to fasting and refeeding with a high carbohydrate diet to 

determine if the mTORC1-ATF4 axis is preserved in intact livers. Refeeding after a fast potently 

activated mTORC1 signaling in the liver as assessed by phosphorylation of downstream targets 

S6K1, S6, and an upward electrophoretic mobility shift of 4EBP-1 (Figure 2.1E). Additionally, 

we observed enhanced phosphorylation of the S6K1 target CAD with feeding in an mTORC1-
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dependent manner, which has not been reported previously (Figure 2.1E). Importantly, feeding-

induced mTORC1 stimulated the expression of ATF4, which could be blunted by administration 

of the mTORC1 allosteric inhibitor rapamycin prior to feeding (Figure 2.1E). Given that ATF4 is 

canonically regulated by eIF2α phosphorylation and is a key effector of the integrated stress 

response (ISR)19, we sought to determine if this regulation could contribute to ATF4 induction in 

the primary hepatocytes with insulin and in the livers with feeding and hepatocytes with insulin. 

We found that eIF2α phosphorylation could be detected with fasting and serum starvation, but 

exhibited little to no change was observed with feeding, insulin stimulation, or rapamycin 

treatment in the livers and primary hepatocytes, providing circumstantial evidence that mTORC1 

activation largely contributes to ATF4 protein induction in these contexts (Figures 2.1C and E). 

Torin1, on the other hand, completely abrogated eIF2α phosphorylation in the primary 

hepatocytes, which may be a result of its potent inhibitory effect on protein synthesis or potential 

off-target effects34,35.  

 

LAtf4KO mice have intact mTORC1 signaling with feeding and normal systemic 

metabolism  

Studies of ATF4 in vivo have primarily utilized whole body knockouts where tissue 

intrinsic functions are challenging to delineate. More recently, the use of conditional Atf4 

knockout mice has and will continue to advance our understanding of the tissue-specific 

transcriptional programs in a variety of settings. To this end, we employed liver-specific Atf4 

knockout mice that were validated in Figure 2.1D. Fasting and feeding in Atf4fl/fl and LAtf4KO 

confirmed that mTORC1 signaling was activated to a similar degree in both genotypes (Figure 

2.2A). This was correlated with comparable induction of full length and processed forms 

SREBP-1, a known effector of hepatic mTORC18, in both the Atf4fl/fl and LAtf4KO livers (Figure 

2.2A). Interestingly, this result is counter to what was observed previously in livers from whole 

body Atf4-/- mice, which display decreases in SREBP-1 activation measured by expression of its 
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transcriptional targets31. In addition, the LAtf4KO livers displayed enhanced electrophoretic 

mobility shifting in PERK relative to the Atf4fl/fl livers, which correlated with a modest increase in 

eIF2α phosphorylation, whereas fasting and feeding in the Atf4fl/fl livers minimally affected eIF2α 

phosphorylation (Figure 2.2A). Given that whole body Atf4-/- mice display growth defects and 

lower body weights36, we sought to assess if this occurs with liver-specific Atf4 knockout. We 

found that body weights of the Atf4fl/fl and LAtf4KO mice were comparable at 8w and 26w of age. 

(Figure 2.2B). Liver weights were also similar between Atf4fl/fl and LAtf4KO mice, which indicates 

the absence of any gross abnormalities (Figure 2.2C). Furthermore, there were no significant 

differences observed in systemic glucose and insulin tolerance between Atf4fl/fl and LAtf4KO mice 

at 26 weeks of age (Figure 2.2D). 

 

Figure 2.2. Characterization of LAtf4KO Mice. (A). Eight-week old male Atf4fl/fl and LAtf4KO 

mice were fasted for 12h during the light cycle and refed with a high carbohydrate diet for  

6h in the dark cycle. Liver lysates were immunoblotted to assess mTORC1 signaling, ATF4, 

LAtf4KO mice at 8 weeks and 26 weeks of age (n=6-7 mice/group, males). Data are plotted as 
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Figure 2.2. (Continued). 

mean ± SD. *p<0.05 (Student’s t-test). (C). Liver weights of Atf4fl/fl (n=6) and LAtf4KO(n=7) male 

mice at 26 weeks. (D). Glucose and insulin tolerance tests. For the GTT, mice were injected 

with glucose at 1mg/kg after 16h fast, and for the ITT, mice were injected with 0.75U/kg insulin 

after a 6h fast. Data are plotted as mean± SEM for each time point. 

 

Defining the ATF4-dependent transcriptional program with feeding 

To define the transcriptional output of ATF4 downstream of feeding-induced mTORC1 

activation, we performed RNA-sequencing of Atf4fl/fl and LAtf4KO livers subjected to fasting and 

refeeding as illustrated in Figure 2.3A. Principal component analysis of the normalized, 

differentially expressed transcripts revealed that fasting and feeding changes resulted in the 

most robust separation of the different groups, accounting for approximately 39% of the overall 

variance, whereas genotype accounted for approximately 10% of the variance (Figure 2.2B). 

Clustering of the differentially expressed transcripts (padj<0.05) revealed a subset of genes that 

were downregulated in the LAtf4KO fed relative to the Atf4fl/fl fed livers (Figure 2.3C). Gene set 

enrichment analysis (GSEA) of transcripts altered in the fed Atf4fl/fl and LAtf4KO livers revealed 

that the “Activation of Genes by ATF4", “PPAR signaling”, and “Unfolded Protein Response” 

gene sets were enriched among the downregulated genes in the LAtf4KO versus the Atf4fl/fl livers 

(Figure 2.3D). Additionally, “amino acid biosynthesis” (71 genes) and “glycine serine and 

threonine metabolism” (37 genes) sets were also enriched among the downregulated genes in 

the LAtf4KO livers (Figure 2.3D), in line with previous findings that ATF4 regulates genes for 

maintenance of amino acid homeostasis19,20. Further analysis identified a subset of 141 genes 

that was significantly (padj<0.05) induced with feeding in the Atf4fl/fl livers, but not in the LAtf4KO 

(Figure 2.3E). 
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Figure 2.3. RNA-Seq Analysis of Atf4fl/fl and LAtf4KO livers with fasting and feeding. 

(A). Overview of experimental design for transcriptional profiling by RNA-sequencing. Eight 

week male Atf4fl/fl and LAtf4KO male mice (n=5/group) were fasted for 12h during the light cycle 

and refed with a high carbohydrate diet for 6h in the dark cycle. (B). Principal component 

analysis of normalized transcripts to assess clustering of groups based on fasting/feeding 

and genotype. (C). Heat map of gene of differentially expressed transcripts in in the fed Atf4fl/fl 

versus fed LAtf4KO livers. (D). Gene set enrichment analysis of the differentially expressed 

transcripts in fed Atf4fl/fl and LAtf4KO livers. (E). Heat map highlighting genes significantly 

(padj<0.05) induced with feeding in the Atf4fl/fl livers but not in the LAtf4KO livers. (F). Expression 

of SREBP-1 and target genes from the RNA-seq dataset. (G). Venn diagram of the of the ATF4-

dependent genes with fasting and feeding (log2FC>1, padj<0.05). (H). Venn diagram of ATF4-

dependent genes induced by feeding with ATF4-dependent genes induced with tunicamycin 

treatment from Fusakio et al. 201627 (log2FC>1, padj<0.05). 
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Included in this subset of genes was Fgf21, Psat1, Psph, and Pycr1 (log2FC>1) as well as Atf5 

(log2FC=0.9), all previously implicated ATF4 targets in other contexts. Interestingly, SREBP-1-

dependent transcripts were among the top differentially expressed transcripts with fasting and 

feeding in both Atf4fl/fl and LAtf4KO livers (Figure 2.3F), lending further support to the notion that 

ATF4 operates in parallel to SREBP-1. Interestingly, the transcripts induced with feeding in the 

Atf4fl/fl livers (141 genes, log2FC>1, padj<0.05) did not overlap with transcripts significantly 

downregulated in the LAtf4KO fasted livers (20 genes, padj<0.05, log2FC<-1) (Figure 2.3G). To 

determine the extent of overlap between the ATF4-dependent anabolic and stress regulated 

genes, we compared the list of ATF4-dependent feeding induced genes (141 genes, log2FC>1, 

padj<0.05) to ATF4-dependent genes with tunicamycin induced genes identified in Fusakio et al. 

201627. Of the 55 genes significantly downregulated (padj<0.05, log2FC<-1) in the LAtf4KO livers 

with tunicamycin, only 9 genes overlapped with the 141 ATF4-dependent genes induced with 

feeding (Figure 2.3H), indicating that hepatic ATF4 may engage largely distinct transcriptional 

programs in a context-dependent manner.   

 

The mTORC1-ATF4 axis controls genes involved in amino acid metabolism and one-

carbon metabolism with feeding 

To validate the RNA-sequencing findings, qPCR analysis was performed on the fasted 

and fed Atf4fl/fl and LAtf4KO livers. Feeding induced Fgf21, Psat1, Psph, Pycr1, and Atf5 in an 

ATF4-dependent manner, consistent with the findings in the RNA-seq dataset (Figure 2.4A). 

Notably, Mthfd2, the previously established anabolic target of ATF416, was not identified as an 

ATF4-dependent gene induced with feeding in the RNA-seq analysis. Consequently, we then 

took a candidate approach and analyzed expression of Mthdf2 and Aldh1l2, two genes involved 

in the mitochondrial tetrahydrofolate cycle, in Atf4fl/fl and LAtf4KO livers and found that feeding 

induced both of these genes in an ATF4-dependent manner (Figure 2.4A). Next, to establish 

that this gene set is controlled by the mTORC1-ATF4 axis in the liver, we measured the 
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Figure 2.4. Validation of ATF4-Dependent Feeding-Induced Genes from the RNA-seq 

Dataset. (A). Eight-week old male Atf4fl/fl and LAtf4KO mice (n=5/group) were fasted for 12h  
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Figure 2.4. (Continued). 

during the light cycle and refed with a high carbohydrate diet for 6h in the dark cycle. 

Validation of established ATF4 target genes RNA-seq list (Psat1, Psph, Pycr1, Fgf21, 

Atf5, Slc6a9) and candidate targets (Mthfd2 and Aldh1l2) by qPCR analysis. Pepck is 

shown as a control for fasting and feeding. Data are plotted as mean ± SEM and normalized 

to the fasted Atf4fl/fl, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA). (B). Eight-

week old male mice were fasted for 12h during the light cycle and then refed a high 

carbohydrate diet for 6h in the dark cycle following pretreatment with vehicle or 10mg/kg 

rapamycin. Gene expression analysis was performed by qPCR for Psat1, Psph, Fgf21, Atf5, 

Mthfd2, and Aldh1l2. Pepck is shown as a control for fasting and feeding. Data are plotted as 

mean ± SEM and normalized to the fasted group, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

(one-way ANOVA).  

 

expression of the aforementioned genes in WT mice subjected fasting and feeding with or 

without rapamycin as in Figure 2.1C. We observed an mTORC1-dependent regulation of Fgf21, 

Psat1, Psph, Mthdf2 and Aldh1l2, but not for Atf5 (Figure 2.4B and not shown). Through 

subsequent analysis, we found that Fgf21 and Atf5 likely display circadian rhythm-dependent 

regulation (data not shown), and thus, we focused on Psat1, Psph, and Mthfd2 as these genes 

support the interconnected pathways of serine and purine nucleotide synthesis. 

 

P53 is upregulated in LAtf4KO livers 

Notably, gene set enrichment analysis revealed that p53 target genes are enriched in 

the list of upregulated genes in LAtf4KO fed livers relative to the Atf4fl/fl  fed livers. (Figure 2.5A). 

In line with this observation, the fasted and fed LAtf4KO livers also displayed enhanced p53 

protein levels relative to the Atf4fl/fl livers (Figure 2.5B). Moreover, Cdkn1a (p21), a canonical 
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p53 target, was upregulated ~8-10 fold in the LAtf4KO livers relative to the Atf4fl/fl livers 

confirming the findings from the RNA-seq (Figure 2.5B). To determine if the p53 alterations 

were intrinsic to a specific hepatic cell subtype, we isolated primary hepatocytes from the livers 

of Atf4fl/fl and LAtf4KO mice. Consistent with observations from the whole liver, primary 

hepatocytes from LAtf4KO mice also displayed upregulation of p53 target genes, including Psrc, 

Ddias, Eda2r, and Phlda3 (Figure 2C). Next, we sought to determine if p53 upregulation occurs 

with acute loss of ATF4 function as such upregulation in LAtf4KO hepatocytes could occur as a 

secondary adaptation to stress.  
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Figure 2.5. P53 is upregulated in the LAtf4KO Livers. (A). Gene set enrichment analysis of 

the differentially expressed transcripts in fed Atf4fl/fl versus fed LAtf4KO livers showing p53 is 

enriched among the most upregulated genes in the LAtf4KO. (B). Eight-week old male Atf4fl/fl 

and LAtf4KO mice (n=5/group) were fasted for 12h during the light cycle and refed with a  



 69 
 

 

Figure 2.5. (Continued). 

high carbohydrate diet for 6h in the dark cycle. Immunoblot analysis of p53 protein levels in 

the liver lysates from the Atf4fl/fl and LAtf4KO mice. Gene expression analysis of the canonical 

p53 target Cdkna1 (p21) was analyzed by qPCR and is plotted as mean ± SEM. (C). P53 target 

gene expression analysis by qPCR in primary hepatocytes from Atf4fl/fl and LAtf4KO mice. Data 

are plotted as mean ± SD. (D). Primary hepatocytes from Atf4fl/fl mice were infected with AdGFP 

or AdCre at a MOI of 10. At 48h post-infection, gene expression analysis for p53 targets was 

performed by qPCR. Data are plotted mean ± SD and normalized to the Atf4fl/fl  AdGFP sample. 

(E). Primary hepatocytes from Atf4fl/fl and LAtf4KO mice were infected with either AdGFP or 

AdATF4 at a MOI of 10. At 24h post-infection, gene expression analysis for p53 targets was 

performed by qPCR. Data are plotted as mean ± SD and normalized to the Atf4fl/fl  AdGFP 

sample. Immunoblot analysis was performed in parallel to measure p53 and ATF4 protein 

levels. (F). Primary hepatocytes from LAtf4KO mice were treated with 5mM N-acetylcysteine for 

8h followed by qPCR analysis of p53 target genes. Data are plotted as mean ± SD and 

normalized to the Atf4fl/fl  AdGFP sample. Immunoblot was performed to assess ATF4 and p53 

protein levels.  

 

Acute recombination of Atf4 did not result in upregulation of Cdkna1, Psrc, Ddias, Eda2r, or 

Phlda3, likely indicating that chronic alterations in the LAtf4KO livers induces p53 and its target 

genes (Figure 2.5D). To rescue the chronic loss of Atf4, we infected LAtf4KO primary 

hepatocytes with ATF4 adenovirus driven a by a cytomegalovirus (CMV) promoter. Add back of 

ATF4 failed to rescue p53 protein levels and p53 target genes, indicating that the p53 response 

is likely independent of ATF4 loss of function (Figure 2.5E). We next sought to determine the 

potential source of the upregulated p53 gene signature observed in the LAtf4KO livers. 

Previously described Atf4 knockout models display enhanced oxidative stress20, which can lead 
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to p53 activation in certain settings37. Treatment of the LAtf4KO primary hepatocytes with N-

acetylcysteine, a glutathione precursor that mitigates oxidative stress, modestly reduced p53 

protein levels, but had no effect on target gene expression, indicating that oxidative stress is 

unlikely to be the driver of the observed p53 transcriptional signature (Figure 2.5F). 

 

Cre-mediated recombination of Atf4 leads to disruptions in chromosome 15 

Examination of the top 10 most downregulated genes in the fed LAtf4KO livers relative to 

the Atf4fl/fl fed livers revealed Rps19bp1 (log2FC= -2.8), a ribosomal binding protein linked to the 

regulation of protein synthesis38 as most downregulated gene second only to Atf4 (log2FC= -3.4) 

(Figure 2.5A). The top 10 most upregulated genes in the fed LAtf4KO livers were primarily genes 

(5/10) previously shown to be targets of p53, consistent with GSEA analysis, while the most 

upregulated gene was the calcium transporter Cacna1i (Cav3.3), primarily expressed in the 

brain and linked to schizophrenia39. The mouse Atf4 gene is located in close proximity to 

Rps19bp1, but the Cacna1i is approximately 24kb upstream of Rps19bp1 on chromosome 15 

(Figure 2.6B). The stop codon of Atf4 is approximately 3.5kb upstream from the stop codon of 

Rps19bp1, with roughly 3kb in between the 3’UTR regions of the genes (Figure 2.6B). Indeed, 

validation experiments demonstrate that Rps19bp1 expression is not induced with feeding, but 

its expression is completely abrogated in the LAtf4KO livers similar to Atf4 expression, while 

Cacna1i is upregulated ~400-500 fold (Figure 2.6C). Of interest, Rps19bp1 knockdown was 

shown to cause defective ribosome formation leading to upregulation of p5338. Given that p53 

also responds to ribosomal stress37, we sought to determine if Rps19bp1 loss of function can 

lead to p53 upregulation in hepatocytes. Acute loss of either Atf4 or Rps19bp1 alone or in 

combination failed to induce p53 protein and its target genes (Figure 2.6F). Collectively these 

data indicate that likely chronic alterations to one or more of the three affected genes (Atf4, 

Rps19bp1, and Cacna1i) leads to upregulation of p53 and its target genes in the LAtf4KO livers.  
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Figure 2.6. Atf4 recombination results in disruptions in chromosome 15. (A). Tables listing 

the top 10 most up-and down-regulated genes in the in fed Atf4fl/fl versus fed LAtf4KO livers. (B). 

Schematic representation of chromosome 15 and location of the loxP sites flanking the Atf4 

gene. (C). Eight-week old male Atf4fl/fl and LAtf4KO mice (n=5/group) were fasted for 12h 

during the light cycle and refed with a high carbohydrate diet for 6h in the dark cycle. Gene  
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Figure 2.6. (Continued). 

expression analysis for Rps19bp1 and Cacna1i was performed by qPCR. Data are plotted 

as mean ± SEM. (D). Primary hepatocytes from Atf4fl/fl mice were infected with AdGFP or AdCre  

at a MOI of 10. At 48h post-infection, gene expression analysis for Rps19bp1 and Cacna1i 

was performed by qPCR. Data are plotted mean ± SD and normalized to the Atf4fl/fl  AdGFP 

sample. (E). Primary hepatocytes from Atf4fl/fl and LAtf4KO mice were infected with either AdGFP 

or AdATF4 at a MOI of 10. At 24h post-infection, gene expression analysis for Rps19bp1 and 

Cacna1i was performed by qPCR. Data are plotted as mean ± SD and normalized to the 

Atf4fl/fl  AdGFP sample. Next, we sought to validate Rps19bp1 and Cacna1i expression in a cell-

intrinsic manner. Acute recombination of Atf4 in primary hepatocytes resulted in complete 

deletion of Rps19bp1 and a concomitant 3,000-fold increase in Cacna1i (Figure 2.6D). 

Importantly, add back of ATF4 to LAtf4KO primary hepatocytes failed to rescue the alterations in 

Rps19bp1 and Cacna1i expression (Figure 2.6E). Of note, expression of genes in loci upstream 

of Cre-mediated excision, such as Mgat3, were not perturbed (data not shown). Taken together, 

these results indicate that the alterations to Rps19bp1 and Cacna1i expression are likely a 

result of Cre-mediated disruptions to the chromosome 15 architecture.  

 

mTORC1 regulates serine synthesis and one carbon metabolism genes in a  cell-

autonomous manner  

To validate mTORC1 regulation of hepatic ATF4 targets identified through RNA-

sequencing and hypothesis-based approaches in a cell-intrinsic manner, we performed 

experiments in murine hepatocyte cell lines and primary hepatocytes in vitro. Indeed, mRNA 

expression levels of Mthfd2, Psat1, and Psph were all induced by insulin stimulation of AML-12 

and Hepa1-6 hepatocyte cell lines in an mTORC1-dependent manner. (Figure 2.7A-B). 

Similarly, insulin robustly stimulated both the mRNA expression of Mthfd2, Psat1, and Psph in  
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Figure 2.7. Cell-autonomous regulation of MTFD2, PSAT1, and PSPH by mTORC1. 

(A-B). Murine AML-12 cells and Hepa1-6 were serum starved overnight and treated with 100nM 

insulin following a 30-minute pretreatment with vehicle (DMSO), 20nM rapamycin, or 250nM 

Torin1 for the indicated time points followed by qPCR analysis of Psat1, Psph, and Mthfd2 

expression. Data are plotted as mean ± SEM from three independent experiments performed in 

duplicate and normalized to the serum starved sample. (C). Primary hepatocytes from WT mice 

were starved overnight in DMEM+0.5% dialyzed FBS and treated with 100nM insulin following a 

30-minute pretreatment with vehicle (DMSO), 20nM rapamycin, or 750nM Torin1 for the 

indicated time points followed by qPCR analysis of Psat1, Psph, and Mthfd2 expression. Data 

are plotted as mean ± SEM from three independent experiments and normalized to the serum 

starved sample (D). Primary mouse hepatocytes were treated in (C). The left panel shows 

immunoblot analysis of mTORC1 and the ATF4 targets MTHFD2, PSAT1, and PSPH. The right 

panel is protein quantification performed by LICOR imaging. Data are plotted as ± SEM from 

three independent experiments and normalized to the serum starved sample. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 for comparison of serum starved versus insulin at each time point and 

#p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 for comparison of insulin versus rapamycin and 

Torin1 at each time point (one-way ANOVA). 
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primary mouse hepatocytes in an mTORC1-dependent manner as early as 2h post-stimulation, 

that was sustained at later time points (Figure 2.7C). Importantly, protein levels of MTHFD2, 

PSAT1, and PSPH were all induced in an mTORC1 dependent manner, with PSAT1 and PSPH 

displaying delayed kinetics relative to MTHFD2 (Figure 2.7D). 

 

mTORC1 control of MTHFD2, PSAT1 and PSPH expression requires ATF4  

Next, we sought to establish the ATF4-dependency of Mthfd2, Psat1, and Psph 

expression in primary hepatocytes. The mRNA expression and protein levels of MTHFD2, 

PSAT1, and PSPH were all induced with insulin in the Atf4fl/fl hepatocytes in an mTORC1-

dependent manner, whereas the LAtf4KO hepatocytes displayed diminished basal and insulin-

inducible levels (Figure 2.8A). Likewise, acute recombination of Atf4 also resulted in abrogation 

of basal and insulin-inducible MTHFD2, PSAT1, and PSPH mRNA and protein expression 

levels (Figure 2.8B). Furthermore, add back of ATF4 to LAtf4KO primary hepatocytes fully 

rescued the reduced mRNA and protein levels of Mthfd2, Psat1, and Psph in a manner largely 

resistant to the mTORC1 inhibitor rapamycin (Figure 2.8D). Lastly, overexpression of ATF4 in 

WT primary hepatocytes robustly induced the transcript levels of Mthfd2, Psat1, and Psph that 

translated to a boost in protein levels, both of which were largely resistant to rapamycin (Figure 

2.8E). Collectively, these data suggest that the mTORC1 stimulates ATF4-dependent 

upregulation MTHFD2, PSAT1, and PSPH at the mRNA and protein levels in a cell-autonomous 

manner in the liver.  
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Figure 2.8.  Insulin induction of MTHFD2, PSAT1, and PSPH is dependent on the 

mTORC1-ATF4 axis. (A) Primary hepatocytes from Atf4fl/fl and LAtf4KO mice were  
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Figure 2.8. (Continued). 

starved overnight inDMEM+0.5% dialyzed FBS and treated with 100nM insulin for 6h following a 

30-minute pretreatment with vehicle (DMSO), 20nM rapamycin, or 750nM Torin1. Gene 

expression analysis of Mthfd2, Psat1, and Psph was performed by qPCR. Data are from one 

representative experiment performed in triplicate and plotted as mean± SD. Samples were 

normalized to the Atf4fl/fl starved sample. Lysates were immunoblotted for mTORC1 signaling, 

ATF4, MTHFD2, PSAT1, and PSPH. (B). Primary hepatocytes from WT mice were transfected 

with 100nM control or ATF4 siRNA 4h after plating followed by overnight starvation in 

DMEM+0.5% dialyzed FBS and treatment with 100nM insulin and vehicle (DMSO) or with a 30-

minute pretreatment of 20nM rapamycin for 6h. Gene expression analysis of Mthfd2, Psat1, and 

Psph was performed by qPCR. Data are plotted as mean ± SD and normalized to the serum 

starved sample. Lysates were immunoblotted for ATF4 to confirm knockdown as well as 

MTFHD2, PSAT1, and PSPH. (C). Primary hepatocytes from Atf4fl/fl mice were infected with 

AdGFP or AdCre at an MOI of 10. At 24h post-infection, cells were starved in DMEM+0.5% 

dialyzed FBS and followed by treatment with 100nM insulin or 2µg/ml tunicamycin for 8h. Gene 

expression analysis of Mthfd2, Psat1, and Psph was performed by qPCR. Data are plotted as 

mean ± SD and normalized to the serum starved sample. Lysates were immunoblotted for ATF4 

to confirm recombination as well as MTFHD2, PSAT1, and PSPH. (D). Primary hepatocytes 

from Atf4fl/fl and LAtf4KO mice were infected with either AdGFP or AdATF4 at an MOI of 10. At 

16h post-infection, cells were treated with vehicle (DMSO) or 20nM rapamycin for 8h followed 

by gene expression analysis of Mthfd2, Psat1, and Psph by qPCR. Data are plotted as mean ± 

SD and normalized to the Atf4fl/fl  AdGFP sample. Lysates were immunoblotted for ATF4, 

MTHFD2, PSAT1, and PSPH. (E). Primary hepatocytes from WT mice were infected with either 

AdGFP or AdATF4 at an MOI of 10. At 16h post-infection, cells were treated with vehicle 

(DMSO) or 20nM rapamycin for 8h followed by gene expression analysis of Mthfd2, Psat1, and 
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Psph by qPCR. Data are plotted as mean ± SD and normalized to the AdGFP sample. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA for A-C, one-way ANOVA for D).  

 

The mTORC1-ATF4 axis controls non-essential amino acid synthesis 

The GSEA analysis of the differentially expressed transcripts with feeding revealed enrichment 

of gene sets with descriptors “biosynthesis of amino acids” and “serine, glycine and threonine 

metabolism” in the most downregulated genes in the LAtf4KO livers (Figure 2.3D). Beyond 

PSAT1 and PSPH, genes that are involved in de novo serine synthesis, the glycine transporter 

Slc6a9 (GlyT1) exhibited ATF4-dependent regulation consistent with other Atf4-/- models40; 

however, its expression was not induced with feeding (Figure 2.4A). Glycine is not only 

important for protein synthesis, but is also critical for de novo purine and glutathione synthesis41. 

Additionally, glycine can also be interconverted with serine through the serine 

hydroxymethyltransferases 1 and 2 (SHMT1/2)26. In primary hepatocytes, we find that acute 

recombination of Atf4 resulted in a ~60% decrease in basal Slc6a9 expression (Figure 2.9A). 

Consistent with feeding in the liver, insulin failed to stimulate Slc6a9 expression (Figure 2.9A).  

Similarly, wild-type primary hepatocytes transfected with siRNA targeting Atf4 resulted in an 

~80% reduction in Slc6a9 mRNA (Figure 2.9B). In line with the mRNA regulation, 14C-glycine 

uptake was not regulated by mTORC1 in response to insulin, whereas knockdown of ATF4 

reduced 14C-glycine uptake by approximately 40% (Figure 2.9C-D). Next, we sought to 

determine if mTORC1 can control amino acid synthesis in hepatocytes using stable isotope 

tracing with 15N-glutamine (amine). Glutamine is converted to glutamate through the action of 

glutaminase. The amine nitrogen of glutamate can subsequently be transferred to metabolites, 

including pyruvate and oxaloacetate by aminotransferases to generate other non-essential 

amino acids, which results in a mass increase of one unit (m+1). Stable isotope tracing of 15N-

glutamine (amine) demonstrated that insulin stimulates the synthesis of proline, aspartate, and  
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Figure 2.9. mTORC1 and ATF4 in the regulation of amino acid metabolism.  

(A). Primary hepatocytes from Atf4fl/fl mice were infected with AdGFP or AdCre at an MOI of 10. 

At 24h post-infection, cells were starved in DMEM+0.5% dialyzed FBS followed by treatment 
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Figure 2.9. (Continued). 

with 100nM insulin for 8h. Gene expression analysis of Slc6a9 was performed by qPCR. Data 

are plotted as mean ± SD and normalized to the starved sample, ***p<0.001 (two-way ANOVA). 

(B). Primary hepatocytes from WT mice were transfected with 100nM control or ATF4 siRNA 4h 

after plating for 20h followed by gene expression analysis of Slc6a9 by qPCR. Data are plotted 

as mean ± SEM from two independent experiments. (C). Primary hepatocytes from WT mice 

were starved overnight in DMEM+0.5% dialyzed FBS and 100nM insulin 6h following a 30-

minute pretreatment with vehicle (DMSO), 20nM rapamycin, or 750nM Torin1. Cells were fed 

1µCi of U-14C-glycine in HBSS for 5 minutes followed by washout with ice-cold HBSS with 

excess unlabeled glycine. Data are presented as a rate of pmol/mg of protein/minute and 

plotted as mean ± SEM from one representative experiment performed in triplicate. (D). Primary 

hepatocytes from WT mice were transfected with ATF4 siRNA as in (B), and glycine uptake was 

performed as in (C). (E). Primary hepatocytes from WT mice were starved overnight in 

DMEM+0.5% dialyzed FBS and 100nM insulin for 8h following a 30-minute pretreatment with 

vehicle (DMSO), 20nM rapamycin, or 750nM Torin1. In the last 1h of stimulation, the media was 

changed to DMEM+2mM 15N-glutamine (amine) followed by metabolite extraction and liquid 

chromatography/mass spectrometry. Cycloheximide (CHX) (50µM) was added to one set of 

insulin-stimulated cells at the same time as the glutamine tracer. The [15N1] (m+1) isotopologues 

for serine, proline, aspartate, and alanine are plotted as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 for comparison of serum starved versus insulin and #p<0.05, ##p<0.01,  

###p<0.001, ####p<0.0001 for comparison of insulin versus rapamycin and Torin1 (one-way 

ANOVA). 

 

alanine in an mTORC1-dependent manner (Figure 2.9E). Surprisingly, we failed to observe any 

changes in [15N1] (m+1) serine (Figure 2.9E) or its precursor 3-phosphoserine (data not 
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shown),despite robust regulation observed in PSAT1 and PSPH. Given that amino acids are 

largely consumed for protein synthesis, we hypothesized that perhaps serine was being 

consumed rapidly and the accumulation was not detected. To this end, we treated primary 

hepatocytes with cycloheximide in the presence of insulin to block protein synthesis. 

Cycloheximide did not significantly increase m+1 serine, proline, or alanine, whereas m+1 

aspartate increased approximately 2-fold (Figure 2.9E). Lastly, to determine the ATF4 

dependency, primary hepatocytes were treated with either control or ATF4 siRNA followed by 

insulin treatment and labeling with 15N-glutamine (amine) as in Figure 2.9E. Synthesis of 

aspartate, proline, and alanine was dependent on ATF4, whereas other non-essential amino 

acids were unaffected (Figure 2.10E and data not shown). Taken together, these results 

demonstrate that the mTORC1-ATF4 axis controls amino acid synthesis, whereas ATF4 

independently regulates amino acid uptake. 

 

The mTORC1-ATF4 axis stimulates hepatic de novo purine nucleotide synthesis  

The liver is thought to be the main site of de novo nucleotide synthesis, though the 

mechanism(s) of regulation and whether or not this occurs cell-autonomously in hepatocytes 

remains unclear. To assess de novo purine nucleotide synthesis in primary mouse hepatocytes, 

we employed U-14C-glycine tracer and measured its incorporation into RNA. Glycine contributes 

to the production of one-carbon units by MTHFD2 in the mitochondrial tetrahydrofolate cycle as 

well as by direct incorporation into the growing purine ring by the enzyme GART42. In wild-type 

primary mouse hepatocytes, insulin stimulated the incorporation of 14C-glycine into RNA in a 

rapamycin and Torin1-sensitive manner (Figure 2.10A). This was accompanied by a modest 

increase in total RNA synthesis with insulin assessed by 2,8-3H-Adenine incorporation into RNA 

that was also rapamycin and Torin1 sensitive (Figure 2.10A). We next employed 15N-glutamine  
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Figure 2.10. The mTORC1-ATF4 axis stimulates de novo nucleotide synthesis in 

hepatocytes. (A). Primary hepatocytes from WT mice were starved overnight in DMEM+0.5%  

dialyzed FBS and 100nM insulin 8h following a 30-minute pretreatment with vehicle (DMSO), 

20nM rapamycin, or 750nM Torin1. U-14C-glycine or 2,8-3H-Adenine was added at 1µCi/ml in 

the last 6h hours of stimulation followed by RNA isolation and scintillation. Scintillation counts  
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Figure 2.10. (Continued). 

were normalized to total RNA content. Data are plotted as mean ± SEM and normalized to the 

starved sample, *p<0.05 for comparison of serum starved versus insulin and ##p<0.01 for 

comparison of insulin versus Torin1 (one-way ANOVA). Lysates from parallel plates were 

immunoblotted for mTORC1 targets, ATF4, MTHFD2, PSAT1, and PSPH. (B). Primary 

hepatocytes from WT mice were treated as in (A). The media was changed to DMEM+2mM 15N-

glutamine-amide in the last 30 minutes of stimulation, followed by metabolite isolation and liquid 

chromatography/mass spectrometry. The [15N2] (m+2) IMP, AMP and GMP isotopologues and 

[15N1] (m+1) UMP isotopologue are plotted as mean ± SEM performed in quadruplicate, *p<0.05 

(one-way ANOVA). (C). Primary hepatocytes from Atf4fl/fl and LAtf4KO were incubated with 

DMEM+2mM 15N-glutamine-amide for 30 minutes, followed by metabolite isolation and liquid 

chromatography/mass spectrometry. Basal levels of [15N2] (m+2) IMP, AMP and GMP 

isotopologues and [15N1] (m+1) UMP isotopologue in. Data are plotted as mean± SEM 

performed in quadruplicate, ***p<0.001, ****p<0.0001 (Student’s t-test). (D). Primary 

hepatocytes from WT mice were transfected with 100nM control or ATF4 siRNA 4h after plating 

followed by overnight starvation in DMEM+0.5% dialyzed FBS and treated with 100nM insulin 

for 8h. In the last 30 minutes of stimulation, the media was changed to DMEM+2mM 15N-

glutamine-amide followed by metabolite isolation and liquid chromatography/mass 

spectrometry. The [15N2] (m+2) IMP, AMP and GMP isotopologues and [15N1] (m+1) UMP 

isotopologue are plotted as mean ± SEM performed in quadruplicate, *p<0.05, **p<0.01 (two-

way ANOVA).  

 

(amide) tracing and targeted mass spectrometry to assess the mTORC1-ATF4 axis regulation 

of de novo nucleotide synthesis as this method can capture the individual nucleotides. The   
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amide nitrogen from glutamine is directly added to the growing purine ring by PPAT and PFAS 

resulting in IMP and AMP isotopologues with a mass increase of one or two units (m+1 or m+2), 

while an additional amide nitrogen is added to GMP by GMPS resulting in an m+3 isotopologue. 

Glutamine tracing experiments in WT primary hepatocytes revealed that insulin stimulates an  

increase in m+2 IMP and AMP in an mTORC1-dependent manner, while m+2 and m+3 GMP 

were largely unaffected (Figure 2.10B). Interestingly, mTORC1 activation also modestly  

increased 15N-glutamine (amide) incorporation into pyrimidine nucleotide synthesis assessed by 

m+2 CMP and m+1 UMP (Figure 2.10B), which correlated with the enhanced CAD 

phosphorylation observed in Figure 2.7D. To determine if de novo purine nucleotide synthesis 

was dependent on ATF4, we first performed a 15N-glutamine (amide) tracing experiment in 

Atf4fl/fl and LAtf4KO primary hepatocytes. The LAtf4KO hepatocytes displayed significantly 

reduced levels of m+2 IMP and AMP, with a downward trend in m+2 GMP (Figure 2.10C). De 

novo synthesis of pyrimidines, m+2 CMP and m+1 UMP, were not affected by ATF4 loss 

(Figure 2.10C). To assess the effect of acute ATF4 loss of function on de novo purine and 

pyrimidine nucleotide synthesis, we transfected wild-type primary hepatocytes with either control 

or ATF4 siRNA. Insulin stimulation of hepatocytes treated control siRNA significantly increased 

m+2 IMP and displayed an upward trend for m+2 AMP, which was blunted with knockdown of 

Atf4 (Figure 2.10D). GMP was unaffected by insulin and ATF4 knockdown (Figure 2.10D). 

Together, these results suggest that the mTORC1-ATF4 axis regulates de novo purine 

nucleotide synthesis in a cell autonomous manner in the liver.  

 

Discussion 

 mTORC1 activation by nutrients and growth factors is essential for the coordination of 

macromolecular synthesis7. While studies demonstrate that mTORC1 is stimulated by feeding in 

the liver to promote protein and lipid synthesis, little is known about the metabolic response 

orchestrated by mTORC1 beyond these functions. Here, we define ATF4 as a novel regulator of 
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anabolic cellular metabolism in the liver downstream of physiological mTORC1 activation, which 

extends the findings from Ben-Sahra and Hoxhaj et al. 201616. Using RNA-sequencing and 

candidate-based approaches, we find that feeding- induced activation of the mTORC1-ATF4 

axis upregulates genes involved in de novo serine biosynthesis and one-carbon metabolism that 

can support de novo purine nucleotide synthesis. Employing the use of stable isotope tracing 

methods in primary mouse hepatocytes, we find that the mTORC1-ATF4 axis regulates both 

non-essential amino acids synthesis and de novo purine nucleotide synthesis. 

 

ATF4 is canonically regulated downstream of the ISR, however, recent studies have 

revealed an increasing interest in the anabolic nature of ATF4, particularly in cancer models, 

given its regulation of amino acid metabolism. Indeed, a number of recent studies have 

implicated ATF4 as a critical regulator of serine biosynthesis and nucleotide synthesis 

downstream of oncogenic alterations to support growth and proliferation23,43-45. Importantly, little 

is known about the anabolic functions of ATF4 beyond the proliferative setting. Given the dearth 

of information regarding the transcriptional program mediated by hepatic ATF4 downstream of 

mTORC1, we performed RNA sequencing in the Atf4fl/fl and LAtf4KO livers with fasting and 

feeding to identify ATF4-dependent genes in each context. We identified a number of known 

ATF4 targets including Psat1, Psph, and Pycr1 that we were able to validate in livers with 

fasting and feeding. Interestingly, there was very little overlap with ATF4-dependent genes with 

feeding and with tunicamycin treatment (9 genes) (Figure 2.3). Interestingly, the genes that 

showed overlapping regulation by both feeding and tunicamycin largely function in amino acid 

metabolism, which can support both anabolic metabolism and stress recovery. Such differences 

are likely due to combinatorial signals converging on ATF4 in each context, but the mechanism 

of how this occurs remains poorly understood. Future studies utilizing ChIP-seq could be useful 

to determine if the presence of different binding partners of ATF4 could potentially direct 

context-dependent gene expression in the liver. Additionally, our analysis showed that there 
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was no overlap between the genes regulated by ATF4 in fasting and feeding, indicating that 

basal ATF4 has a role distinct from that with feeding/mTORC1-induced ATF4. Of note, 

MTHFD2, a direct target of ATF416, did not appear in our RNA-seq dataset, but was validated by 

qPCR in livers with fasting and feeding and in primary hepatocytes. This observation could be 

attributed to differential sensitivity of RNA-sequencing and qPCR methods. RNA-sequencing 

sensitivity is dictated by the read depth, and there is the possibility that lower abundance 

transcripts can be missed if the number of reads collected or the coverage of the sequencing 

reads is insufficient46. It is reassuring that MTHFD2 did appear to be regulated in an ATF4-

dependent manner in the Fusakio et al. 201627 dataset from Atf4fl/fl and LAtf4KO treated with 

tunicamycin.  

The liver is purported to be the primary site of de novo purine nucleotide synthesis 

based on studies dating as far back to the 1940s. One of the first ever studies compared 15N-

ammonia incorporation into purine nucleotides in pigeons and found a higher degree of 

incorporation into the liver relative to the heart, lungs, blood, pancreas, kidney, and gonads47. 

These observations, combined with additional studies in the 1950s-1970s, led to the dogma that 

nucleotide synthesis occurs in the liver to supply extrahepatic tissues that rely more heavily on 

salvage pathways. Despite these long-standing observations in the field, the mechanisms 

controlling de novo hepatic purine nucleotide synthesis have not been elucidated. Through the 

use of stable isotope tracing coupled to mass spectrometry, I identified the mTORC1-ATF4 axis 

as a critical cell-autonomous regulator of de novo purine nucleotide synthesis in primary mouse 

hepatocytes. Interestingly, I also observed feeding-induced and insulin-induced CAD 

phosphorylation in an mTORC1-dependent manner in the liver and primary hepatocytes, 

respectively, which has not been reported previously. The concomitant regulation of purine and 

pyrimidine nucleotide synthesis is important for nucleotide balance to meet the demands for 

DNA and RNA synthesis7. In particular, various estimates suggest that approximately 80% of 

cellular RNA is ribosomal, constituting roughly 50% of the ribosomal mass48. mTORC1 controls 
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the synthesis of both rRNA and ribosomal proteins in a concerted fashion to promote ribosome 

biogenesis that can support enhanced protein synthesis7. In the liver, mTORC1 acutely 

stimulates protein synthesis with feeding, which likely increases the demand for nucleotides. 

Compared to many other tissues, the liver possesses a massive synthetic capacity as 

approximately 85-90% of the circulating protein volume comes from the liver, including albumin 

which alone accounts for approximately 55% of the total plasma protein18. mTORC1 may, 

therefore, upregulate de novo nucleotide synthesis through acute regulation of CAD and long-

term regulation of ATF4 to support ribosome biogenesis.  

Interestingly, while we could observe regulation of IMP and AMP synthesis by the 

mTORC1-ATF4 axis, we were unable to observe any changes in GMP. This result is somewhat 

puzzling given the importance of nucleotide balance7. It is possible that the mass spectrometry 

is unable to detect changes in guanylates as the sensitivity may not be as high for the smaller 

pool size relative to IMP and AMP. Alternatively, it remains possible that insulin may suppress 

the branch points from IMP conversion to GMP, such as IMPDH and GMPS, which would allow 

for the accumulation of AMP and ultimately the generation of ATP to support anabolic 

processes. It would be interesting to assess IMPDH and GMPS enzyme expression with insulin 

in hepatocytes and with feeding in the liver. Lastly, while we demonstrate that mTORC1 controls 

de novo purine and pyrimidine nucleotide synthesis in a cell-autonomous manner in primary 

hepatocytes, in vivo evidence is lacking. Future studies employing the use of stable isotope 

tracing methods, such as 15N-glutamine incorporation, are necessary to determine if the 

mTORC1-ATF4 axis controls de novo nucleotide synthesis in the intact liver. 

 In addition to identifying genes involved in amino acid metabolism, the RNA-sequencing 

data exposed a critical flaw in the Atf4fl/fl mouse model. Cre-mediated recombination of Atf4 

results in major disruptions to chromosome 15 in loci downstream of the excision event, 

including deletion of the ribosomal binding protein Rps19bp1 and upregulation of Cacna1i. 

While we were able to identify and validate previously reported ATF4 target genes from the 
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dataset using other methods, we are unable to use the LAtf4KO model to discover new targets 

as we cannot dissect the contributions of chronic loss of Rp19bp1 and upregulation of Cacna1i 

expression in the liver. A prime example of this is the p53 transcriptional signature that is 

upregulated in the LAtf4KO livers. Add back of ATF4 does not rescue the transcriptional 

upregulation of the p53 target genes suggesting that either loss of Rps19bp1 or gain of Cacna1i 

expression, or some combination thereof, contributes to this signature. As of yet, we have not 

addressed the contribution of Cacna1i to the upregulation of p53, but we plan to do so in the 

immediate future.  

 An additional caveat to this study is the inability to dissect the individual contributions of 

mTORC1 and the ISR to ATF4 regulation with feeding in the livers and insulin in the primary 

hepatocytes. While eIF2α phosphorylation is largely unaltered acutely in both settings, this does 

not rule out pulsatile changes that have been observed in previous studies49. Interestingly, we 

do observe eIF2α phosphorylation basally that is eliminated with Torin1 treatment. Perhaps 

eIF2α phosphorylation is maintained at low levels to promote stress tolerance and/or to prime 

cells for insulin stimulation to allow for ATF4 translation. Of further note, there is a modest 

increase in eIF2α phosphorylation at later time points with insulin treatment that lags several 

hours behind the peaks of mTORC1 activation and ATF4 protein expression (Figures 2.1 and 

2.7). It remains possible that eIF2α may control negative feedback on mTORC1 in response to 

physiological signals as observed with ER stress and amino acid deprivation50. While we were 

unable to rule out eIF2α phosphorylation as a contributor, we do present circumstantial 

evidence, at least at earlier time points, that argue for mTORC1 regulation of ATF4 protein 

induction with insulin with its levels being partially sensitive to the mTORC1 inhibitor rapamycin, 

but fully sensitive to Torin1 (Figures 2.1 and 2.7). Torin1 more potently blocks mTORC1 

mediated 4E-BP phosphorylation, which was previously shown to regulate the translation of 

ATF433 and could potentially explain these differences. 
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 Lastly, while we observed robust regulation of PSAT1 and PSPH by the mTORC1-ATF4 

axis, we were unable to observe serine synthesis in primary hepatocytes in 15N-glutamine 

(amine) tracing experiments. One possible explanation for this is that the first enzyme in the 

serine synthesis pathway, PHGDH, displayed very low counts with RNA-sequencing in both the 

Atf4fl/fl and LAtf4KO livers, which could reflect low expression levels in the liver. Previous studies 

of hepatic serine synthesis suggest that the sulfur containing amino acids cysteine and 

methionine inhibit PHGDH activity, which could explain the increased serine synthesis with 

protein restriction51. It is also possible that glucose flux through glycolysis is only shunted into 

the pentose phosphate pathway and into pyruvate to fuel lipid synthesis and the TCA cycle, 

respectively. Additionally, given that serine would be present in a protein containing meal, it is 

possible that dietary sources are sufficient to meet the liver demands. While serine is not 

produced under the conditions of this study, there is compelling evidence that the mTORC1-

ATF4 axis promotes synthesis of proline, aspartate, and alanine. Of particular interest was 

mTORC1-ATF4 regulation of aspartate and proline synthesis with regard to nucleotide 

metabolism. One puzzling observation is the greater sensitivity of aspartate and proline 

synthesis to Torin1 than rapamycin, despite the dependence on ATF4. While the aspartate 

synthesis enzymes do not appear to be regulated by mTORC1 or ATF4 in hepatocytes, Pycr1 

mRNA expression is increased with insulin and displays sensitivity to Torin1, but not rapamycin 

(data not shown). More experiments are necessary to explore these observations further. 

Importantly, aspartate can directly contribute to de novo purine and pyrimidine nucleotide 

synthesis, whereas proline synthesis may indirectly contribute through the generation of 

mitochondrial NAD(P)+ that could be consumed by MTHFD2 to generate formate52,53. The 

potential coordination of amino acid synthesis with nucleotide synthesis in the liver could 

represent another example of how mTORC1 maintains anabolic balance. 
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 In summary, hepatic mTORC1 regulation of ATF4 endows metabolic flexibility to the 

amino acid and nucleotide synthesis pathways such that these may be calibrated to organismal 

nutritional status. While there are likely other components of the mTORC1-dependent feeding 

response yet to be defined, this study significantly advances our understanding of how 

mTORC1 exerts metabolic control in a physiological setting. Further studies are required to 

understand exactly how ATF4 is regulated downstream of mTORC1 in the liver and to assess 

the functional consequence mTORC1-ATF4 axis activation in intact livers. 

 

Materials and Methods 

 
Cell Lines  

Hepa1-6 cells were obtained from the ATCC and cultured in DMEM, 4.5g/L glucose 

without sodium pyruvate (Thermo Scientific) and supplemented with Pen/Strep and Glutagro 

(Corning). AML-12 cells were also obtained from the ATCC and cultured in DMEM-F12 (1:1, 

Thermo Scientific) supplemented with Pen/Strep, Glutagro (Corning), insulin-transferrin-

selenium (Thermo Scientific) and dexamethasone (100nM, Sigma Aldrich).  

 

Primary Hepatocyte Isolation and Culture 

Primary hepatocytes were isolated from WT C57/BL6J male and female mice at 7-10 

weeks of age (Jackson Labs). Portal vein perfusion of buffer A (10mM HEPES, 150mM NaCl, 

5mM KCl, 5mM glucose, and 2.5mM sodium bicarbonate, 0.5mM EDTA) for 5-7 minutes at a 

rate of 3-5ml/minute followed by buffer B (buffer A minus EDTA, with 35mM CaCl2 plus Liberase 

TM, Sigma Aldrich) for 5-7 minutes at a rate of 3-5ml/minute. Livers were placed in DMEM 

(4.5g/L glucose, w/o sodium pyruvate) plus 2.5% FBS, Pen/Strep, and Glutagro and the liver 

capsule was disrupted to release hepatocytes. Hepatocytes were spun down and then 

resuspended in 10ml DMEM, 9ml Percoll (Sigma Aldrich), and 1ml of 10x PBS. Hepatocytes 
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from 2-4 mice were pooled and viable hepatocytes determined by Trypan blue exclusion were 

plated at 1.5x106 cells/well in 6-well collagen coated dishes (BioCoat, Corning). 4h plating, 

media was changed to serum starvation media (DMEM + 0.5% dialyzed FBS) overnight 

followed by insulin stimulation (100nM human insulin, Sigma Aldrich). For rapamycin and Torin1 

treatment, cells were pretreated for 30 minutes with the indicated dose. For siRNA transfection, 

4h after plating, hepatocytes were transfected with 100nM siRNA plus 5-7.5μl of Lipofectamine 

RNAiMax. After 4h, the media was changed to starvation media overnight for insulin stimulation 

the next day. For adenoviral infections, 4h after plating hepatocytes were infected with AdGFP 

(U. Iowa), AdCre (U. Iowa) or AdATF4 (Vector Biolabs) at an MOI of 10. After overnight 

incubation, the media changed to fresh hepatocyte plate media.  

 

Mice and Diets 

All mice were maintained at Harvard Medical School and procedures were performed in 

accordance with the guidelines set forth by the Institutional Animal Care and Use Committee. 

Wild-type C57/BL6J mice (males age 6-8w) were purchased from Jackson Laboratories. Atf4fl/fl 

were a kind gift from Dr. Christopher Adams (University of Iowa) and were generated as 

previously described by the insertion of loxP sites flanking exons 2 and 3 and backcrossed to a 

C57/BL6J background for 9 generations54. Atf4lf/fl mice were crossed with Albumin-Cre mice 

(Jackson Labs) to generate liver-specific ATF4 knockout mice (LAtf4KO) as previously 

described27. High carbohydrate diet was purchased from Harlan Teklad (Basal Mix adjusted for 

fat, TD.88122). Rapamycin was purchased from LC laboratories and dissolved in DMSO to 

50mg/ml. For fasting/feeding studies, mice were fasted for 12h during the light cycle and either 

euthanized or fed a high carbohydrate diet for 6-12h in the dark cycle as previously described55. 

Vehicle (5% Tween-80, 5% PEG-400 in 1x PBS) or 10mg/kg rapamycin was injected I.P. 30 

minutes prior to feeding. For all studies, mice were anesthetized by isoflurane and blood was 

collected retro-orbitally in EDTA-coated microtubes for plasma isolation. Animals were 
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humanely euthanized, and organs were snap-frozen in liquid nitrogen for subsequent analysis. 

The left lobe of the liver was used for all liver assays. For tunicamycin injection, mice were 

either injected with vehicle (150mM dextrose in 1x PBS) or tunicamycin at 1mg/kg for 6h. Mice 

were humanely euthanized, and the left lobe of the liver was used for protein and gene 

expression analysis.  

 

For glucose tolerance tests, Atf4fl/fl and LAtf4KO mice were fasted for 16h overnight 

(7p.m.-11a.m) and injected with glucose at 1mg/kg. For insulin tolerance tests, mice were fasted 

for 6h during the day (8a.m.-2p.m.) and then injected with insulin 0.75U/kg (Eli Lily HumulinR) 

dissolved in PBS plus protease free BSA. Blood glucose was monitored using the OneTouch® 

Ultra glucometer.  

 

Reagents 

Tunicamycin purchased from Sigma Aldrich was dissolved in DMSO and used at 2μg/ml 

final concentration. Rapamycin was purchased from CalBiochem, dissolved in DMSO and used 

at 20nM. Torin1 was purchased from Tocris, dissolved in DMSO and used at 750nM. Dialyzed 

FBS was purchased from Thermo Fisher Scientific (Cat# 26400-044). Trans-ISRIB was 

purchased from Tocris. Control non-targeting and ONTarget Plus SMARTpool siRNA against 

Atf4 and Rps19bp1 were purchased from Dharmacon. Lipofectamine RNAiMAX was purchased 

from Thermo Scientific. RNA isolation was performed using RNeasy Mini Kit (Qiagen), and 

cDNA synthesis was performed with the 0.5-1µg of RNA using the Advanced cDNA Synthesis 

Kit (Bio-Rad). Skirted plates and iTaq SYBR green for qPCR analysis were purchased from Bio-

Rad. 15N-Glutamine-amide and 15N-glutamine-amine were purchased from Sigma Aldrich. U-

14C-Glycine and 2,8-3H-adenine were purchased from Perkin Elmer. 

 

Immunoblotting and Antibodies 
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Protein lysates were prepared from cells using RIPA buffer. Protein lysates from liver tissue 

were prepared by homogenizing liver pieces (~25-50mg) in commercial RIPA buffer (Thermo 

Scientific) with protease and phosphatase inhibitors. For IP/Westerns of ATF4 from livers, liver 

pieces (~100mg) were homogenized in TritonX-100 lysis buffer, and 0.5-1mg of protein lysate 

was used for IP with ATF4 antibody from CST or a control GST antibody from CST. Protein 

concentrations were determined using a BCA assay kit (Thermo Scientific). Equal amounts of 

protein were loaded onto either 18-well or 26-well 4-15% TGX Criterion gels (Bio-Rad) and 

transferred to nitrocellulose membranes for immunoblotting. For ATF4 measurement in livers, 

40ug of protein was separated on 4-15% TGX Criterion gels and transferred to nitrocellulose 

membranes. After transfer, membranes were rinsed with 1x TBS (without Tween-20) and 

blocked with 5% milk in 1x TBS (without Tween-20) for 1h at room temperature. Membranes 

were then incubated at 4°C O/N with ATF4 antibody (BioLegend) at 1:1000. After washing with 

1x TBST, anti-rat HRP secondary antibody (Cell Signaling) was used at 1:2500. West Pico and 

Femto ECL Reagents from Thermo Scientific were used for developing western blots. MTHFD2, 

PSAT1, and PSPH antibodies were from ProteinTech. ATF4 antibody from Cell Signaling 

Technologies was used in cell lines, and the ATF4 antibody from BioLegend was used in liver 

tissues. P-S6K1 (T389), T-S6K1, PERK, P-eIF2α, T-eIF2α, P-AKT (S473, Pan-AKT, P-S6 

(S240/44), T-S6, P-CAD (S1859), T-CAD, P53, NRF2, and mouse CHOP were purchased from 

Cell Signaling Technologies. SREBP-1 (2A4) antibody was purchased from Santa Cruz 

Biotechnology, and sXBP1 was purchased from BioLegend. α-Tubulin and β-actin antibodies 

were purchased from Sigma Aldrich.  

 

Gene Expression Analysis 

Total RNA isolation was performed using the Qiagen RNeasy Mini Kit according to the 

manufacturer’s instructions. For total RNA isolation from livers, liver pieces (~10-15mg) were 

homogenized in RLT buffer and suspended in an equal volume of 50% ethanol prior to 
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application to RNeasy columns. RNA (0.5-1µg) was reverse transcribed using the Advanced 

cDNA Synthesis Kit (Bio-Rad). Skirted plates and iTaq SYBR green for qPCR were purchased 

from Bio-Rad. QPCR analysis was performed on the Bio-Rad Samples were performed in 

duplicate or triplicate within the experiment and in duplicate technical replicates for qPCR. 

Analysis was performed using the CFX96 Real Time PCR Detection System. Samples were 

normalized to Rplp0 (36b4) for ΔΔCt analysis using the Bio-Rad CFX96 software. 

 

U-14C-Glycine and 2,8-3H-Adenine Incorporation into RNA 

 Primary mouse hepatocytes were plated at 1.5x106 cell/well in 6-well dishes and serum 

starved overnight in high glucose DMEM +Glutagro+0.5% dialyzed FBS. The following day 

hepatocytes were stimulated with 100nM of insulin for 8h. The U-14C-glycine and 2,8-3H-adenine 

tracers were added at 2μCi/well in the last 6h of stimulation after which RNA was isolated using 

the Qiagen RNeasy Plus kit (with gDNA eliminator columns). RNA was eluted in 55μl of RNase-

free water and quantified using a spectrophotometer. A sample volume of 30μl was added to 

3ml of Emulsifier Safe scintillation fluid, and each sample was counted for 3 minutes. 

Scintillation counts were normalized to total RNA concentration.  
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Glycine Uptake Experiments 

 Primary hepatocytes from 2-3 mice were pooled and plated either in 6-well (1.5x106) or 

12-well (0.75x106) dishes in triplicate. After overnight incubation in starvation, hepatocytes were 

stimulated with 100nM insulin in the presence or absence of inhibitors for 6h. For siRNA, 

hepatocytes were treated as described above. Hepatocytes were incubated in HBSS (amino 

acid free) for 5 minutes followed by labeling with 1μCi of U-14C-glycine in HBSS for 5 minutes. 

After 5 minutes, cells were washed three times with ice-cold HBSS containing 200μM glycine 

followed by lysis in NaOH.  

 

Targeted Metabolic Flux Analysis in Hepatocytes  

Primary mouse hepatocytes from 3-4 mice were pooled were plated at ~3x106 cells/6cm 

collagen coated dishes (Corning, BioCoat). After overnight incubation in starvation media, 

hepatocytes were stimulated with insulin in the presence or absence of inhibitors for 8h. For 15N-

glutamine tracing experiments, cells were washed once with glutamine free media and 

incubated with tracer at 2mM the last 30 minutes for 15N-glutamine-amide and the last 1h for 

15N-glutamine-amine. Metabolites were extracted on dry ice with 2.5ml of 80% methanol (HPLC 

grade) and placed into 15ml conical tubes. After spinning tubes at max speed for 10 minutes, 

the supernatant was transferred to 50ml conical tubes. A second extraction was performed with 

500μl of 80% methanol, spun down, and pooled with the first extraction in 50ml conical tubes. 

After extraction, the insoluble pellets were resuspended in 500μl of 8M urea in 10mM Tris-Cl pH 

8.0 and shaken at 60°C. Metabolite extractions were dried under nitrogen gas using an N-EVAP 

(Organomotion Associates, Inc.). LC/MS was performed by the Beth Israel Deaconess Medical 

Center Proteomics/Metabolomics Core. Briefly, dried pellets were re-suspended in 20μL HPLC-

grade water and 5μL of sample was injected for liquid chromatography/mass spectrometry using 

a 6500 QTRAP hybrid triple quadrupole mass spectrometer (AB/SCIEX) coupled to a 
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Prominence UFLC HPLC system (Shimadzu) with Amide XBridge HILIC chromatography 

(Waters) via selected reaction monitoring and polarity switching between positive and negative 

modes56. Parameters for software analysis were as previously described5. Peak areas from the 

total ion current for each metabolite SRM transition were integrated using MultiQuant v2.0 

software (AB/SCIEX). 

 

RNA-Sequencing  

For RNA sequencing, RNA was isolated from Atf4fl/fl and LAtf4KO livers under fasting and 

fed conditions (n=5/group) with the Qiagen RNeasy Mini kit. RNA-sequencing was performed at 

the Dana-Farber Cancer Institute Sequencing Core. Strand-specific libraries were generated 

with 500ng of RNA using TruSeq library preparation kit (Illumina, San Diego, CA). The cDNA 

libraries were multiplexed and sequenced using Illumina NextSeq 500 with single-end 75bp 

read length parameters. Adapter sequences were trimmed off sequencing adaptors and low- 

quality regions by using cutadapt57. Trimmed reads were aligned to UCSC build mm10 of the 

mus musculus genome (mouse), using STAR58. After the counts were collected, differential 

gene expression analysis was performed using DE-Seq2, which calculated fold change and 

adjusted p-values59. Lists of differentially expressed genes were examined for gene ontology 

(GO) and KEGG term enrichment with clusterProfiler60. Venn diagram analysis of gene sets was 

performed in Excel.  

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 8.0 using either Student’s 

t-tests, One-way ANOVAs or Two-way ANOVAs (with post-hoc correction for multiple 

comparisons) as indicated in the figures. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Abstract 
 

The transcription factor ATF4 is critically regulated by both the integrated stress response 

(ISR) and anabolic signals downstream of mTORC11-3. Studies to date have primarily focused on 

ATF4 in the regulation of amino acid4 and nucleotide metabolism5, but the role beyond these 

functions remains poorly understood. Through the mining of publicly available ChIP-seq 

datasets9,10, we found that the cholesterol esterification enzyme, SOAT2, could be a potential 

direct target of ATF4. SOAT2 (ACAT2) is the principal esterification enzyme in the liver, where it 

plays a major role in providing cholesteryl esters for secretion into VLDL particles; however, little 

is known about its regulation7,8. Thus, we sought to determine if ATF4 could regulate SOAT2 

(ACAT2) downstream of stress and anabolic signals to alter hepatic cholesterol metabolism, 

which could not only provide cholesteryl esters for packaging into VLDL particles, but also act as 

an adaptive mechanism to protect the ER from cholesterol-induced lipotoxicity. Ultimately, our 

study has implications for expanding basic understanding of hepatic cholesterol metabolism and 

may further elucidate mechanisms at play in the pathogenesis of non-alcoholic fatty liver disease 

(NAFLD), which presents an enormous public health burden.  

 

Introduction 

The liver is central in the regulation of systemic cholesterol homeostasis with critical roles 

in the synthesis, excretion, and uptake from the diet, as well as in the delivery of cholesterol to 

extrahepatic tissues6. Given such roles, the liver experiences a high flux of cholesterol such that 

108% of the hepatic pool turns over daily11. Despite such high flux, the liver maintains a relatively 

low steady state level of cholesterol due to its cytotoxicity at the cellular level11. The low 

cholesterol levels are maintained by several mechanisms, including bile acid synthesis that aids 

in fecal excretion, esterification to cholesteryl esters that are packaged into very low density 

lipoprotetins (VLDL) particles, and cholesterol efflux to HDL particles6,11. When these mechanisms 

are overwhelmed, such as with chronic cholesterol overload from endogenous or exogenous 
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sources, derangements in hepatic cholesterol metabolism can result. A prime example of this 

phenomenon occurs in metabolic disease where the accumulation of cholesterol and other neutral 

lipids is both a cause and a consequence of insulin resistance and steatosis, the primary 

hallmarks of non-alcoholic fatty liver disease (NAFLD)6,12. Thus, a deeper mechanistic 

understanding of the regulation of hepatic cholesterol metabolism in normal physiology and in 

stress conditions is necessary for the development of novel therapeutics that can effectively treat 

NAFLD, one of the leading causes of liver disease worldwide6. It is estimated that approximately 

10-30% of patients with NAFLD progress to non-alcoholic steatohepatitis (NASH), a condition that 

can result in cirrhosis and liver failure, both of which necessitate liver transplantation in addition 

to high costs associated with treated chronic diseases6,12. Thus, the development of improved 

treatment strategies is necessary to help alleviate this enormous public health burden.  

 

Hepatic cholesterol metabolism is regulated during both the fed and fasting states. In the 

fed state, the anabolic growth factor insulin is a major driver of sterol regulatory element binding 

protein-2 (SREBP-2)13, a transcription factor that controls the transcriptional program for de novo 

cholesterol synthesis, including HMG coA reductase (Hmgcr) and low-density lipoprotein receptor 

(Ldlr)14. The mechanism by which insulin regulates SREBP-2 in the liver remains largely unknown, 

but does require an intact insulin receptor15. De novo cholesterol synthesis primarily takes place 

in the endoplasmic reticulum (ER) where the rate-determining enzyme HMG-CoA reductase 

resides16. Newly synthesized cholesterol is immediately esterified into cholesteryl esters, an inert 

form that is either stored in cytosolic lipid droplets or packaged into VLDL particles for delivery to 

extrahepatic tissues16. Importantly, mTORC1 promotes VLDL secretion during the fed state 

through the regulation of phosphatidylcholine synthesis, a core lipid component of these 

apolipoproteins17.  
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At the cellular level, the ER is critical in sensing and integrating stress, including misfolded 

proteins, free cholesterol, lipotoxic saturated fatty acids, inflammation, and ROS/RNS resulting in 

the unfolded protein response (UPR)18. The UPR consists of three branches, PERK, IRE-1, and 

ATF6, all of which sense the accumulation of misfolded proteins in the ER and engage adaptive 

mechanisms to increase the ER folding capacity19. Additionally, PERK activation can initiate the 

integrated stress response (ISR) through phosphorylation of eIF2α at residue serine 51 that 

ultimately leads to attenuated cap-dependent translation and specific translation of ATF420. ATF4 

is a primary effector of the integrated response that acts coordinately with other transcriptional 

regulators to either alleviate stress or promote cell death when stress is left unresolved4. While 

cholesterol is an absolute requirement for cell membrane formation and integrity, excess 

unesterified (free) cholesterol is cytotoxic. To date, this is best exemplified in macrophages in 

which the endoplasmic reticulum (ER) is the site of cholesterol-induced cytotoxicity21. Free 

cholesterol loading in the ER of macrophages promotes an alteration in membrane fluidity that 

interferes with sarcoplasmic/endoplasmic reticulum calcium ATP-ase (SERCA) and thus results 

in calcium depletion and disruptions in protein folding21-23. Under optimal conditions, the ER 

membrane consists of approximately 2-10% cholesterol, depending on the cell type, which, is low 

relative to other organelle membranes24. This low cholesterol:phospholipid ratio is tightly 

regulated to maintain the exquisite sensitivity of SREBP-2 to cholesterol, which is necessary to 

control de novo synthesis14. Free cholesterol loading of the ER membrane induces ER stress and 

the ISR, resulting in the activation of ATF4 and CHOP (DDIT3) and engagement of adaptive 

mechanisms to protect the ER23. While free cholesterol loading is well known to suppress de novo 

cholesterol synthesis14, adaptive changes to cholesterol metabolism as a result of ER stress have 

not been extensively investigated. Furthermore, the alterations to hepatic cholesterol metabolism 

induced by activation of ATF4 and CHOP downstream of ER stress remain largely unknown25.  
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Aside from its role as a central effector of the ISR4, ATF4 can also be regulated by anabolic 

signals1,2. A previous study from our lab demonstrated that ATF4 is increased downstream of 

mTORC1 under anabolic conditions, such as with growth factor signaling and in a genetic model 

of TSC2 inactivation and constitutive mTORC1 activation5. Importantly, this study and work by a 

second group demonstrates that insulin driven activation of mTORC1 induces ATF4 protein in a 

manner independent of the ISR through a post-transcriptional mechanism dependent on 4E-

BP1/25,26. The functional consequence of such anabolic activation of ATF4 by mTORC1 is an 

increase in de novo purine synthesis through regulation of the ATF4 target MTHFD25. Apart from 

this study, the anabolic nature of ATF4 remains poorly defined. Furthermore, the role of ATF4 in 

the regulation of hepatic cholesterol metabolism in the context of anabolism is poorly understood.  

 

The esterification of ER cholesterol to inert cholesteryl esters and storage in cytoplasmic 

lipid droplets are critical adaptions to elevations in ER cholesterol. Two ER membrane bound 

acyl-CoA:cholesterol acyltransferases, SOAT1 (ACAT1) and SOAT2 (ACAT2), are responsible 

for the generation of cholesteryl esters. SOAT1 (ACAT1) is ubiquitously expressed and is 

allosterically activated by cholesterol and oxysterols27. SOAT1 (ACAT1) was initially an attractive 

target for the treatment of atherosclerosis after the esterification of cholesterol and oxysterols in 

macrophages was shown to promote foam cell formation and atherosclerotic plaques28,29. 

Surprisingly, ACAT1-/- mice were not protected from atherosclerosis as expected, but instead 

exhibited exacerbated atherosclerosis due to an accumulation of free cholesterol in plaques and 

accelerated macrophage necrosis30. Interestingly, ACAT activity and the capacity to esterify 

cholesterol was preserved in ACAT1-/- livers, indicating the presence of another ACAT enzyme31. 

Indeed, three groups cloned and identified the elusive SOAT2 (ACAT2) in 199832-34. Unlike 

SOAT1 (ACAT1), SOAT2 (ACAT2) expression is restricted to the liver and the intestine and 

displays transcriptional as well as allosteric regulation35. Subsequent studies using tissue-specific 

SOAT2 (ACAT2) knockout mice demonstrated that hepatic SOAT2 (ACAT2) plays a role in 
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cholesterol esterification to support VLDL packaging and secretion, while intestinal SOAT2 

(ACAT2) is critical for cholesterol absorption and chylomicron production8. Furthermore, studies 

of mice with liver-specific deletion and  anti-sense oligonucleotide (ASO)-mediated knockdown of 

SOAT2 (ACAT2) show a near-complete reduction in hepatic cholesterol esters, consistent with 

SOAT2 (ACAT2) being the major SOAT (ACAT) in the liver7,8,36. Interestingly, in mice fed a high 

cholesterol diet, SOAT2 (ACAT2) deficiency protects against steatosis36. While much is known 

about the physiological functions of SOAT2 (ACAT2), little is known about SOAT2 (ACAT2) 

transcriptional regulation. For example, although SOAT2 mRNA appears to be regulated by 

cholesterol in HepG2 and Huh-7 human hepatoma cells lines37, the factor responsible for this  

regulation remains elusive. Two separate studies demonstrate that SOAT2 mRNA expression is 

positively regulated by HNF1α and HNF4α, part of the hepatocyte nuclear factor (HNF) family of 

transcription factors linked to Mature-Onset Diabetes of the Young (MODY)38,39, and a recent 

study describes TG-Interacting Factor 1 (TGIF1) as a transcriptional repressor of SOAT240. Two 

additional studies have suggested a role for ATF4 in the transcriptional regulation of Soat2. Han 

et al. 2013 performed ChIP-Seq on mouse embryonic fibroblasts (MEFs) co-expressing the 

stress-inducible transcription factors ATF4 and CHOP and reported co-occupation in the promoter 

region of SOAT2 (ACAT2)9. A second study performed RNA-sequencing in mice with liver-specific 

knockout of Atf4 and found that Soat2 was significantly regulated in control versus the LAtf4KO 

mice in the presence or absence of tunicamycin, a chemical inducer of ER stress25. Specifically, 

Soat2 mRNA was induced in the livers of tunicamycin-injected mice, but this response was 

blunted in the LAtf4KO mice, which correlated with increase in hepatic free cholesterol levels25. Of 

note, Atf4-/- mice are protected from diet-induced steatosis, implicating ATF4 in the regulation of 

hepatic lipid metabolism and steatosis pathogenesis41-43. However, the liver intrinsic role of ATF4 

in the regulation of hepatic cholesterol metabolism and steatosis pathogenesis has not been 

investigated further.  
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In the current study, we aim to understand how ATF4 integrates both anabolic and stress 

signals in the liver to impinge on hepatic cholesterol metabolism. SOAT2 (ACAT2) is an attractive 

target given its role in balancing the free cholesterol and cholesteryl ester pools to maintain 

cholesterol homeostasis. We hypothesize that ATF4 regulation of SOAT2 (ACAT2) in response 

to both anabolic and stress signals could plausibly represent an adaptive ER-protective 

mechanism that when chronically engaged can lead to excessive accumulation of cholesterol in 

lipid droplets, a hallmark of steatosis. While SOAT2 (ACAT2) selective inhibitors are sought after 

for the treatment of atherosclerosis44, such inhibitors may also prove very promising for the 

treatment of NAFLD.  

 

 
Results 
 
Anabolic signals induce the mTORC1-ATF4 axis and Soat2 expression 
 

In Chapter 2, we establish that ATF4 is regulated downstream of insulin- mTORC1 in 

the murine hepatocyte cell lines Hepa1-6 and AML-12 as well as in primary mouse hepatocytes. 

Additional representative images are shown of insulin stimulated Hepa1-6, AML-12, and primary 

mouse hepatocytes, confirming that mTORC1-dependent regulation of ATF4 is indeed intact 

(Figure 3.1A-C). Insulin stimulation at both 8h and 16h resulted in approximately a 5-10-fold 

induction of Soat2 mRNA levels in Hepa1-6 cells and approximately a 20-30-fold induction in 

AML-12 cells (Figure 3.1A-B). Importantly, induction of Soat2 mRNA with insulin was sensitive 

to the allosteric mTORC1 inhibitor rapamycin and the mTOR catalytic domain inhibitor Torin1 

that inhibits both mTORC1 and mTORC2 (Figure 3.1A-B). Induction of Mthfd2, a gene involved 

in the mitochondrial tetrahydrofolate cycle and purine nucleotide synthesis, was assessed in the 

Hepa1-6 and AML-12 cells as a control for induction of the mTORC1-ATF4 axis that was 

previously established by our lab3 (Figure 3.1A-B). Unfortunately, we were unable to assess 
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SOAT2 protein levels due to the lack of commercially available, specific antibodies for the 

mouse protein. 

 

 

Figure 3.1. The mTORC1-ATF4 Axis stimulates Soat2 expression in hepatocyte cell lines.  

Hepa1-6 and AML-12 cells were serum starved overnight and treated with 100nM insulin 

following a 30-minute pretreatment with vehicle (DMSO), 20nM rapamycin or 250nM Torin1 for 

the indicated time points followed by immunoblot analysis. (A). For gene expression analysis, 

data are plotted as mean ± SD and normalized to the serum starved sample. (B). *p<0.05,  
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Figure 3.1. (Continued). 

**p<0.01, ***p<0.001, ****p<0.001 for comparison of serum starved versus insulin at each time 

point. #p<0.05, ##p<0.01, ##p<0.001, ##p<0.001 for comparison of insulin versus rapamycin 

and Torin1 groups at each time point (one-way ANOVA). Data are from one representative 

experiment performed in triplicate. (C). Immunoblot analysis of wild-type mouse primary 

hepatocytes serum starved overnight and treated with 100nM insulin and vehicle (DMSO) or 

insulin with 30-minute pretreatment of 20nM rapamycin for 6h.  

 

The mTORC1-ATF4 axis regulates Soat2 expression independently of the ISR 

To determine if insulin induced Soat2 mRNA is regulated by ATF4, Hepa1-6 cells were 

transfected with either control siRNA or siRNA against ATF4. Knockdown of ATF4 led to an 

approximately 70% decrease in basal Soat2 mRNA levels as well as a 60% decrease in Mthfd2, 

a known ATF4 target. Importantly, ATF4 siRNA abrogated insulin induction of Soat2 mRNA 

(Figure 3.2A). The induction of Mthfd2 induction with insulin was also blocked by knockdown of 

ATF4, confirming ATF4 regulation of this gene in a hepatocyte cell line (Figure 3.2A). A 

previous study from our lab demonstrated that mTORC1 regulates ATF4 independently of the 

integrated stress response (ISR) by measuring insulin induced ATF4 in WT MEFs (eIF2αS/S) 

and mouse embryonic fibroblasts (MEFs) harboring a homozygous knock-in mutation of eIF2α 

serine 51 to alanine (eIF2αA/A)45. Given the lack of hepatocyte cell lines available with this 

mutation, we used MEFs to determine if the integrated stress response contributes to Soat2 

mRNA regulation by mTORC1. Given that Soat2 mRNA is generally expressed at lower levels 

in MEFs relative to hepatocyte cell lines (data not shown), we first sought to confirm that Soat2 

mRNA induction by insulin in WT MEFs occurred in an mTORC1-dependent manner (Figure 

3.2B). Subsequently, eIF2αS/S and eIF2αA/A MEFs were stimulated with insulin in the presence 

or absence of rapamycin. Insulin induced Soat2 expression in an mTORC1-dependent manner 

in both the eIF2αS/S and eIF2αA/A MEFs indicating that the regulation of Soat2 by mTORC1 does 
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not require eIF2α phosphorylation and the ISR (Figure 3.2B). The regulation of Mthfd2 mirrored 

that of Soat2 as expected based on previous findings5 (Figure 3.2C).  

 

Figure 3.2. ATF4 regulates Soat2 independent of the integrated stress response (ISR). 

(A). Immunoblot and gene expression analysis of Hepa1-6 cells treated with 20nM control or 

ATF4 siRNA followed by serum starvation and stimulation with 100nM insulin for 8h. For qPCR, 

data are plotted as mean± SD and normalized to the serum starved (SS) sample. (B). Gene 

expression analysis of WT MEFs serum starved overnight and treated with 100nM insulin 

following a 30-minute pretreatment vehicle (DMSO), 20nM rapamycin or 250nM Torin1 for 16h. 

Data are plotted as mean± SD and normalized to the serum starved group (C). Gene 

expression analysis eIF2αS/S and eIF2αA/A MEFs serum starved overnight and stimulated with 

100nM insulin following a 30-minute pretreatment of vehicle (DMSO) or 20nM rapamycin for 

16h. Data are plotted as mean± SD and normalized to the serum starved (SS) sample.  
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Soat2 expression is not regulated by fasting and feeding in the liver 

To determine if the regulation of Soat2 mRNA by the mTORC1-ATF4 axis occurs in an 

in vivo setting, we utilized a fasting feeding paradigm that best exemplifies physiological insulin 

action in the liver. Chapter 2 shows that feeding wild-type mice a high carbohydrate diet after a 

daytime fast induces ATF4 protein in an mTORC1-dependent manner. Importantly, while 

feeding induced the expression of Mthfd2 mRNA, Soat2 mRNA levels were unaltered by fasting, 

feeding, or rapamycin treatment (Figure 3.3A). A previous study reported basal and stress-

induced regulation of hepatic Soat2 mRNA in an ATF4-dependent manner25. Using the same 

liver-specific ATF4 knockout mice from this study and from Chapter 2, we were unable to 

observe regulation of Soat2 by fasting and feeding in the RNA-seq dataset (Chapter 2 and data 

not shown) or basal regulation in LAtf4KO versus control mice (Figure 3.3B). Given the apparent 

lack of Soat2 regulation by physiological anabolic signals in the liver in vivo, we did not pursue 

this line of investigation further. 

 

Figure 3.3. The mTORC1-ATF4 axis does not regulate Soat2 expression in the liver with 

feeding. (A). Eight-week old male mice were fasted for 12h during the light cycle and then refed  
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Figure 3.3. (Continued). 

a high carbohydrate diet for 12h in the dark cycle following pretreatment with vehicle or 10mg/kg 

rapamycin. Liver lysates were immunoblotted to assess mTORC1 signaling and ATF4. (B). 

Gene expression analysis of mouse livers plotted as mean± SEM and normalized to the fasted 

group. *p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA). (C). Gene expression analysis of 

ATF4 targets and Soat2 in the livers of Atf4fl/fl and LAtf4KO (n=3 mice/group) male mice fed ad 

libitum. Data are plotted as mean±SEM and normalized to the Atf4fl/fl group.  

 

ER stress induces Soat2 mRNA in an ATF4-dependent manner 

Previous studies in macrophages demonstrate that free cholesterol loading in the ER 

induces ATF4 and the unfolded protein response (UPR)23. However, whether or not this 

phenomenon occurs in hepatocytes is unknown. Cholesterol loading in Hepa1-6 cells over a 

time course from 2-16h led to an accumulation of ATF4 and its downstream target CHOP that 

correlates with an increase in phosphorylated eIF2α and an upward electrophoretic mobility shift 

of PERK indicative of activating phosphorylation (Figure 3.4A). Tunicamycin, which blocks N-

linked glycosylation in the ER to promote ER stress and the ISR, is shown as a control (Figure 

3.4A). Cholesterol loading in Hepa1-6 cells resulted in an approximately 5-10 fold induction of 

Soat2 mRNA across a time course of 4-16h without appreciably affecting Soat1 mRNA levels, 

except for a minor induction at the 4h time point (Figure 3.4B). Tunicamycin produced similar 

results, while methyl-β-cyclodextrin, the vehicle control for cholesterol loading, had no effect on 

Soat2 or Soat1 mRNA levels (Figure 3.4B).  
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Figure 3.4. ATF4 regulates Soat2 expression in response to ER stress. Hepa1-6 cells were 

stimulated at the indicated time points with 100μM cholesterol complexed with methyl-β-

cyclodextrin, cyclodextrin alone (42mg/ml) or 2μg/ml tunicamycin followed by immunoblot 

analysis (A) and qPCR analysis of Soat1 and Soat2 gene expression (B). Data are from one 

representative experiment performed in triplicate and plotted as mean±SD and normalized to 

the FBS sample. (C). Immunoblot and gene expression analysis of Hepa1-6 cells treated with  
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Figure 3.4. (Continued). 

20nM control or Atf4 siRNA followed by treatment with 100μM cholesterol complexed with 

methyl-β-cyclodextrin or 2μg/ml tunicamycin for 8h. Data are from one representative 

experiment performed in triplicate and plotted as mean±SD. 

 

To determine if cholesterol and tunicamycin-induced Soat2 was dependent on ATF4, 

Hepa1-6 cells were transfected with either control siRNA or siRNA against ATF4. Knockdown of 

ATF4 not only led to a reduction in basal Soat2 mRNA (as observed in Figure 3.2A), but also 

completely blocked its induction by cholesterol and tunicamycin (Figure 3.4C).  Importantly, 

Soat1 mRNA was unaltered by knockdown of ATF4. CHOP protein induction with cholesterol 

and tunicamycin was blunted with ATF4 knockdown, shown as a control (Figure 3.4C). The 

partial dependency on ATF4 is consistent with previous reports identifying regulation by other 

UPR factors, including sXBP1 and ATF625.  

 

Cholesterol regulation of Soat2 mRNA is dependent on PERK-ISR signaling 

Given that free cholesterol loading in Hepa1-6 cells results in PERK and eIF2α 

phosphorylation, we sought to confirm that Soat2 mRNA regulation indeed occurs through the 

integrated stress response. The eIF2αS/S and eIF2αA/A MEFs were stimulated with free 

cholesterol, as well as tunicamycin and amino acid deprivation, two established ISR inducers, 

across a time course of 2-8h. Free cholesterol, tunicamycin, and amino acid deprivation robustly 

induced ATF4 protein that correlated with an increase in eIF2α phosphorylation in the eIF2αS/S 

MEFs (Figure 3.5A). As expected, such regulation was absent in the eIF2αA/A MEFs with the 

mutated serine 51 residue (Figure 3.5A). Tunicamycin and free cholesterol induced an upward 

electrophoretic mobility shift of PERK, indicative of phosphorylation, whereas amino acid 

deprivation, which engages GCN24, did not (Figure 3.5A). Both tunicamycin and free 
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cholesterol robustly induced Soat2 mRNA levels in eIF2αS/S MEFs, but not in eIF2αA/A MEFs 

(Figure 3.5A). Interestingly, amino acid deprivation failed to induce Soat2 mRNA in both 

eIF2αS/S and eIF2αA/A MEFs, despite the robust accumulation of ATF4 (Figure 3.5A). 

Expression of Chop (Ddit3)  was upregulated by tunicamycin and free cholesterol in the eIF2αS/S 

MEFs, whereas amino acid deprivation failed to do so (Figure 3.5A).  

 

Figure 3.5. ATF4 regulation of Soat2 expression is dependent on PERK-ISR Signaling.  

(A). eIF2αS/S and eIF2αA/A MEFs were treated with 100μM cholesterol complexed with methyl-β-

cyclodextrin, amino acid free DMEM or 2 μg/ml tunicamycin all in the presence of 10% dialyzed 

FBS followed by immunoblot analysis and qPCR analysis.  Data are from one representative 

experiment performed in triplicate and plotted as mean±SD and normalized to the FBS sample.  
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Figure 3.5. (Continued). 

(B). Hepa1-6 cells were treated with 40nM siRNA targeting PERK or GCN2 followed by 

treatment with 100μM cholesterol complexed with methyl-β-cyclodextrin. For qPCR analysis, 

data are from one representative experiment performed in triplicate and plotted as mean±SD 

and normalized to the FBS sample. 

 

A previous study in macrophages demonstrated that the oxysterol 25-hydroxycholesterol 

induces the ISR in a manner dependent on GCN246. Free cholesterol may be esterified in the 

ER or may be converted to 25-hydroxycholesterol by the ER-resident enzyme CH25H47. To 

confirm that cholesterol loading was acting on the ISR through ER stress and PERK, and not 

indirectly through GCN2, Hepa1-6 cells were transfected with control siRNA or siRNA against 

PERK and GCN2. PERK knockdown, but not GCN2 knockdown abolished free cholesterol 

induced ATF4 and CHOP protein levels (Fig. 3.5B). PERK knockdown was confirmed by 

western blot, whereas GCN2 knockdown was confirmed by qPCR due to the lack of a specific 

commercially available antibody (Fig. 3.5B). Importantly, PERK knockdown, but not GCN2 

knockdown blocked cholesterol induced Soat2 mRNA levels. Together these results indicate 

that Soat2 mRNA regulation by ATF4 requires PERK-dependent activation of the ISR.  

 

High cholesterol diet feeding fails to induce ATF4 and Soat2 mRNA in mouse livers 

We next sought to investigate whether or not the ISR-ATF4-dependent regulation of 

Soat2 mRNA could represent an adaptive mechanism to acute cholesterol overload in the liver 

in vivo. To this end, wild-type mice (WT) were fed a 2% cholesterol, 0.5% cholic acid diet 

(purified Paigen diet) that promotes acute and chronic hepatic cholesterol accumulation48. To 

avoid secondary effects of inflammation and stress that have previously been linked to NASH49, 

we performed a time course of cholesterol diet feeding from 1-4 days (Figure 3.6A). Cholesterol  
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Figure 3.6. ATF4 and Soat2 expression are not induced by acute cholesterol feeding in 

the liver. (A). Schematic of experimental design. Eight-week old male mice were fed a 2% 

cholesterol, 0.5% cholate diet (purified Paigen diet) for 1-4 days. (B). Body weight 

measurements at the start and end of the feeding period and liver weights at time of sacrifice 

with or without normalization to body weight. Data are plotted as mean±SEM (n=5 mice/group). 

C). Immunoblot analysis of ISR signaling and IP/western blot for ATF4 in mouse livers at 1d and 

2d after high cholesterol diet. D). Gene expression analysis of mouse livers after cholesterol 

feeding for the indicated time points. Data are plotted as mean±SEM as summary data or with 

individual mice represented in with black circles.  
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feeding did not result in body weight or liver weight changes across the time course of feeding, 

likely due to the acute feeding of the diet (Figure 3.6B). Analysis of liver samples by western 

blot failed to show consistent induction of eIF2α phosphorylation and PERK electrophoretic 

mobility shifting with high cholesterol feeding relative to the normal chow group (Figure 3.6C). 

Importantly, Atf4 mRNA and protein levels measured by qPCR and IP/Western blot, 

respectively, were not induced by high cholesterol feeding in the livers of WT mice. (Figure 

3.6C-D). Lastly, gene expression analysis of Soat2 mRNA failed to show any regulation by high 

cholesterol feeding at any time point (Figure 3.6D). There were also no significant changes in 

the ATF4 target gene Asns and in the splicing of Xbp1, a readout of the unfolded protein 

response/ER stress (Figure 3.6D). Together, these results indicated that acute ISR-ATF4 

regulation of Soat2 mRNA does not appear to occur in intact livers of mice fed a purified Paigen 

diet. 

 

Cholesterol loading in human HCC Cell lines does not induce SOAT2 

Given the paucity of in vivo evidence regarding the regulation of the ISR-ATF4 and 

Soat2 mRNA in the liver by cholesterol feeding, we considered that regulation might occur in an 

alternate context. A study from 2007 reported that cholesterol loading induces, whereas 

cholesterol starvation with lipoprotein deficient serum represses SOAT2 mRNA and protein 

activity in the human hepatocellular carcinoma cell lines HepG2 and Huh7 through an unknown 

mechanism37. We, therefore, postulated that perhaps ATF4 regulation of SOAT2 could be 

engaged as an adaptive mechanism in liver cancer cells. Cancer cells require cholesterol for the 

production of new membranes to support cell growth and division; however, in high amounts, 

cholesterol is cytotoxic and can lead to cell death50. Tumors experience high degrees of cellular 

stress that converge on ATF4, such as hypoxia and nutrient deprivation, which must be 

counteracted in order for cells to survive51. Thus, it may be beneficial to upregulate ATF4-

dependent adaptive mechanisms that could protect against cytotoxic effects of cholesterol and 



 120 

other stress stimuli. In support of this notion, analysis of TCGA RNA-sequencing data across 

numerous cancer types revealed that SOAT2 mRNA is upregulated specifically in liver cancer 

relative to normal tissue (Figure 3.7A).  In line with this observation, a previous study reported 

that SOAT2 mRNA and protein are overexpressed in hepatocellular cancer cell lines and human 

patient samples, and that knockdown of SOAT2 in Huh7 cells significantly reduced xenograft 

tumor formation52. To confirm the previously published results, HepG2, Huh7, and Hep3B cells 

were treated with either free cholesterol at doses ranging from 25-750μm or tunicamycin at 8h 

and 24h. While tunicamycin induced ATF4 protein at both 8h and 24h, only a high dose 

(500μm) of cholesterol modestly induced ATF4 protein in HepG2 cells at the 24h time point 

(Figure 3.7B). Neither SOAT2 mRNA nor protein levels, assessed by a validated human 

SOAT2 antibody, were altered by free cholesterol loading or tunicamycin treatment at the 8h 

and 24h time points (Figure 3.7B). Additionally, CHOP (DDIT3) mRNA was only induced by 

tunicamycin treatment in the HepG2 cells. Analysis of another HCC line, Huh7, revealed a 

modest regulation of ATF4 by free cholesterol relative to tunicamycin treatment (Figure 3.7C). 

While SOAT2 mRNA was induced by 400μm cholesterol at 8h and by all doses at 24h, this did 

not translate to a change in SOAT2 protein levels at either the 8h or 24h time points (Figure 

3.7C). CHOP (DDIT3) mRNA induction was only observed with tunicamycin at 24h (Figure 

3.7C). Free cholesterol loading of Hep3B cells led to induction of ATF4 protein at 8h and 24h, 

the latter of which was induced to a similar degree as tunicamycin (Figure 3.7D). Gene 

expression analysis revealed that SOAT2 mRNA was induced approximately 2-fold at 8h at the 

100μm and 400μm doses and at 24h with all doses (Figure 3.7D). Tunicamycin did not induce 

SOAT2 mRNA but did induce CHOP (DDIT3)) mRNA at 24h. Free cholesterol loading did not 

lead to an appreciable induction of CHOP (DDIT3) mRNA at any dose at both the 8h and 24h 

time points (Figure 3.7D). The induction of SOAT2 mRNA by cholesterol loading did not 

translate to changes in SOAT2 protein levels at any dose or time point (Figure 3.7D).  
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Figure 3.7. SOAT2 is not regulated by cholesterol in hepatocellular carcinoma lines. (A). 

TCGA RNA-sequencing analysis of SOAT2 expression across cancer types relative to normal 

tissue. SOAT2 mRNA is enriched in liver and testicular cancer. (B-D). HepG2, Hep3B and Huh7 

cells were treated with free cholesterol complexed to methyl-β-cyclodextrin at the indicated  
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Figure 3.7. (Continued). 

doses, 2μg/ml tunicamycin, or 500μM thapsigargin all in the presence of 10% FBS for 8 or 24h 

followed by immunoblot analysis and qPCR analysis. Data are plotted as mean±SD.  

 

Expression of low-density lipoprotein receptor (LDLR), an SREBP-2 target was measured as a 

control for ER cholesterol loading, which was suppressed in the HepG2 and Hep3B cells, but  

not in the Huh7 cells (Figure 3.7 B-D). Importantly, any observable changes in SOAT2 mRNA 

across the HCC cell lines did not result in alterations to SOAT2 protein, indicating a potential 

disconnect between transcript and protein levels. Together, these data indicate that SOAT2 

mRNA induction with cholesterol loading and tunicamycin is variable across HCC lines, does 

not correlate with ATF4 protein levels, and does not alter the SOAT2 protein levels. 

 

SOAT2 mRNA is regulated independent of ATF4 in HCC cell lines 

A previous study compared SOAT2 mRNA expression across HCC lines relative to a 

normal human fetal hepatocyte line (L02) and found that HepG2 cells show the highest 

expression, followed by Huh7 and Hep3B cells52. Based on the observation that SOAT2 mRNA  

levels were elevated in HCC cell lines, we sought to determine if ATF4 could contribute to the 

basal level in HepG2, Huh7, and Hep3B cells. Consistent with Lu et al. 201352, the expression 

of SOAT2 mRNA was highest in HepG2 cells, followed by Huh7 and Hep3B cells (Figure 3.8A). 

ATF4 loss of function, however, did not alter the basal expression of SOAT2 mRNA or the 

protein levels in any of the HCC cell lines tested (Figure 3.8A). These results demonstrate that 

ATF4 does not contribute to the maintenance of SOAT2 mRNA and protein levels in HCC cell 

lines.  
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Figure 3.8. ATF4 does not regulate SOAT2 in hepatocellular carcinoma lines. (A). HepG2, 

Huh7 and Hep3B were treated with either 20nM of control or ATF4 siRNA followed by 

immunoblot and qPCR analysis of SOAT2 levels.  

 

Discussion 

In this study, we sought to elucidate the role of the transcription factor ATF4 in the 

regulation of hepatic cholesterol metabolism downstream of anabolic mTORC1 signaling and ER 

stress/ISR signaling. Specifically, we focused on the putative ATF4 target SOAT2 (ACAT2), an 

acyl-CoA:cholesterol acyltransferase that esterifies hepatic free cholesterol into cholesteryl esters 

primarily in the liver7.  

 

Anabolic regulation of ATF4-SOAT2 

In this study, we observed robust mTORC1-ATF4 axis-dependent regulation of Soat2 

mRNA in the Hepa1-6 hepatocyte cell line. While transcriptional regulation of basal Soat2 mRNA 

has been reported38,39,53, no studies to date have demonstrated induction with insulin or growth 
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factor signals. We confirmed that such regulation is also intact in MEFs, and thus were able to 

employ eIF2αA/A MEFs harboring a serine to alanine mutation at residue serine 51 to demonstrate 

that intact ISR signaling is not required for mTORC1-ATF4 dependent regulation of Soat2 mRNA. 

This mirrors another target, MTHFD25, whose regulation is also rapamycin-sensitive and induced 

by insulin via mTORC1-ATF4 signaling. Despite the established dependency on ATF4 and the 

robustness of our in vitro data, we were unable to detect regulation of Soat2 mRNA expression 

by anabolic signals in vivo with feeding (Figure 3.3A). The apparent absence of this regulatory 

connection in vivo is puzzling. However, a major caveat of our experimental approach is that 

Hepa1-6 and AML-12 cells do not fully recapitulate the features of primary hepatocytes. Hepa1-6 

and AML-12 cells have an increased capacity to proliferate relative to primary hepatocytes and 

lipid metabolism in these cell lines does not replicate that of primary hepatocytes54. Our 

experiments do not exclude the possibility that anabolic regulation of ATF4-SOAT2 exists in a 

cellular setting outside of the hepatocyte; however, the literature currently does not provide 

guidance as to possible alternative contexts. Notably, we were unable to reproduce the findings 

from Fusakio et al. 201625, showing that Soat2 mRNA expression is downregulated in the LAtf4KO 

mice. We are not certain of the underlying cause of these discrepant findings, but it is conceivable 

that environmental differences in the housing of the mice or differing time points used may 

contribute. 

 

Regulation of Soat2 by ER stress-ISR 

In parallel to anabolic regulation, we found that ER stress can also promote Soat2 

expression. Specifically, tunicamycin and the loading of free cholesterol into ER membranes 

markedly induced Soat2 mRNA levels in an ATF4-dependent manner. Using the eIF2αA/A MEFs, 

we found that free cholesterol and tunicamycin induced ER stress and that, as expected, 

activation of the ISR is required for Soat2 induction in this context (Figure 3.5). Interestingly, 

amino acid deprivation, which also potently induces the ISR and ATF4 through GCN2 and 
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eIF2α phosphorylation, failed to induce Soat2 mRNA. Contrary to the literature, amino acid 

deprivation also failed to induce Ddit3 (Chop) mRNA or protein in our studies55. However, 

previous studies primarily deprived experimental systems of leucine only, whereas we deprived 

all amino acids. It is conceivable, therefore, that the absence of other amino acids in our 

experiments triggers parallel inhibitory signals to block CHOP and Soat2 expression. Taken at 

face value, the data from our experiments indicate that ATF4 protein alone is insufficient to 

regulate Soat2 expression. 

 

ATF4 is known to directly regulate and heterodimerize with multiple transcription factor 

binding partners. Depending on the cellular context and the timing of the response, these 

binding partners can cause ATF4 to act either as a transcriptional activator or repressor at the 

promoters of its target genes10,56,57. For example, the transcription factor ATF3, which is a 

known transcriptional repressor in the context of inflammatory signaling58, cooperatively 

regulates ATF4 target genes in other settings. ATF4 acutely induces ATF3 in response to 

stress, and in this context is involved in the regulation of genes related to cell death. In contrast, 

during the late phase of the amino acid starvation response, ATF3 serves as a negative 

regulator of ATF4 transcriptional activity to prevent a protracted stress response59 and is cell 

sparing. Similarly, CHOP forms a heterodimer with ATF4 that has been shown to negatively 

regulate transcriptional activation of the target gene Asns, controlling asparagine synthesis56, 

whereas ATF4 and CHOP cooperatively induce many target genes involved in protein 

synthesis, such as tRNA synthetases9. CHOP is well-known to receive inputs from the ER via 

spliced XBP1 and ATF6 transcription factors, which exert regulation through binding to 

ERSE/UPRE elements located in the promoter region60. While CHOP (DDIT3) expression is 

entirely dependent on ATF4 in MEFs, there may be other significant ATF4-independent inputs 

regulating in hepatocytes and the liver25. We currently have a limited understanding of how 

ATF4 binding partners can act as both transcriptional activators and repressors, but this likely 
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involves context-dependent combinatorial signaling and perhaps the involvement of additional 

transcriptional regulators that could act through direct or indirect mechanisms. 

 

Despite the robust in vitro findings that demonstrate an ATF4-dependent regulation of 

Soat2 mRNA in response to cholesterol and tunicamycin induced ER stress, these findings 

were not recapitulated in vivo following feeding with a high cholesterol diet (Figure 3.3) or with 

tunicamycin injection (data not shown). Surprisingly, we were unable to detect activation of ER 

stress or the ISR with high cholesterol feeding at either acute (1-4d) or at longer duration 

timepoints up to 20d (data not shown) and ultimately did not observe transcriptional regulation 

of Soat2. It is possible that ATF4 is engaged after more chronic cholesterol feeding, however 

this study was focused on understanding the direct effects of acute cholesterol overload rather 

than secondary effects due to inflammation or other stresses. Another possible explanation for 

the lack of translation of our in vitro findings to the in vivo setting is the presence of multiple 

adaptive mechanisms in the liver that compensate for cholesterol overload. In the case of the 

Paigen diet, the presence of cholic acid will increase bile flow to aid in absorption; however, 

cholesterol can also be directly excreted into bile and can be exported to other tissues through 

circulating lipoproteins61. Additionally, the Paigen diet has been used extensively in earlier 

atherosclerosis studies62, but whether or not this diet promotes steatosis in a manner that is 

similar to human disease is not entirely clear63. One report observed steatosis after two days of 

Paigen diet feeding, which represents an accelerated timeline relative to other mouse models 

and diets64. Another factor we have limited information about is the contribution of SOAT1 in this 

context, which is not necessarily transcriptionally regulated. Previous literature suggests that 

SOAT1 plays a limited role in the liver since liver SOAT2 knockout all but eliminates hepatic 

cholesteryl esters65. Given that cholesterol and oxysterols can allosterically activate SOAT1, it is 

possible that its activity is low under normal conditions, but can be mobilized under conditions of 

a high cholesterol load. Interestingly, a study from 2017 reported that cholesterol and fatty acids 
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stabilize hepatic SOAT2 protein levels by interfering with cysteine ubiquitylation and 

degradation66, which suggests that other mechanisms of SOAT2 regulation that protect from 

lipotoxicity in the liver may be at play.  

 

Given the robust in vitro mechanism in Hepa1-6 cells, but the lack of ATF4-SOAT2 

regulation in the liver with high cholesterol feeding, we sought to examine other contexts in 

which this mechanism could be important. The finding that SOAT2 is regulated by cholesterol in 

HepG2 and Huh7 cells, and the observation that SOAT2 is upregulated in HCC lines and 

human patient samples relative to normal tissue37,52, led us to focus on liver cancer as a 

potential pathophysiological context where ATF4 dependent SOAT2 regulation may hold true. 

Cancer cells are exposed to an array of stressful stimuli, many of which converge on the ISR 

and ATF467,68. Most relevant, however, is the increased demand in cancer cells for cholesterol, 

which is required for new membrane formation to support continued growth and proliferation69. 

With cholesterol toxicity posing a threat to the survival of cancer cells, we reasoned that ATF4-

SOAT2 might be engaged in liver cancer cells as an adaptive mechanism to minimize free 

cholesterol levels. Cholesterol loading in HCC cell lines largely failed to induce ATF4 and 

SOAT2 regardless of whether or not lipoproteins were present in the serum. We could not 

reproduce the results observed previously with cholesterol treatment of HepG2 and Huh7 cells, 

which could be due to methodology or due to a divergence in cell lines through multiple 

passages in different lab settings. Lastly, ATF4 loss of function did not contribute to the basal 

level of SOAT2 in the HCC cell lines, indicating that SOAT2 is maintained through other 

mechanisms. For instance, a previous report suggests that epigenetic factors lead to enhanced 

SOAT2 expression in HCC cell lines and human tumor samples52. We also cannot rule out the 

possibility that the mechanism we observed in Hepa1-6 cells only occurs in mouse cells, as we 

did not perform cholesterol loading experiments in a normal human hepatocyte cell line.  
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In summary, despite observing robust regulation of Soat2 by anabolic and stress signals 

in an ATF4-dependent manner in hepatocyte cells lines, we were unable to observe a functional 

consequence of such regulation. Furthermore, we were unable to translate any of our findings to 

the in vivo setting. It remains plausible that we have yet to find the context where ATF4 

regulation of Soat2 has functional significance. Why would evolution maintain such a robust 

regulation when this will consume valuable energy? The answer to this question remains 

unknown, but perhaps future investigation could screen SOAT2 function in various cellular 

contexts where ATF4 is shown to be induced.  

 

Materials and Methods 

 
Cell Lines  

Hepa1-6, AML-12, HepG2, and Hep3B cells were obtained from the ATCC. Huh7 cells 

were a generous gift from the Farese-Walther Lab (Harvard T.H. Chan School of Public Health, 

Dept of Genetics and Complex Diseases, Boson, MA). The eIF2S/S and eIF2aA/A MEFs were 

generated as previously described45 and were a generous gift from Randal Kaufman (Sanford-

Burnham Prebys, La Jolla, CA). AML-12 cells were cultured in DMEM-F12 (1:1, Thermo 

Scientific) supplements with Pen/Strep, Glutagro (Corning), insulin-transferrin-selenium (Thermo 

Scientific) and dexamethasone (100nM, Sigma Aldrich). All other cells were cultured in DMEM 

(4.5g/L glucose) without sodium pyruvate and L-glutamine (Thermo Scientific) and 

supplemented with Pen/Strep and Glutagro (Corning).  

 

Mice and Diets 

Wild-type C57/BL6J mice (males age 6-8w) were purchased from Jackson Laboratories. 

Atf4fl/fl mice were a kind gift from Christopher Adams (University of Iowa). Briefly, Atf4fl/fl mice 

were generated by the insertion of loxP sites flanking exons 2 and 3 and backcrossed to a 
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C57/BL6J background for 9 generations, as previously described70. Atf4fl/fl mice were crossed 

with Albumin-Cre mice (Jackson Labs) to generate liver-specific ATF4 knockout mice (LAtf4KO). 

The high carbohydrate diet was purchased from Harlan Teklad (Basal Mix adjusted for fat, 

TD.88122) and the 2% cholesterol, 0.5% cholic acid diet (Purified Paigen diet) was purchased 

from Research Diets (D12336). Rapamycin was purchased from LC laboratories and dissolved 

in DMSO to 50mg/ml. For fasting/feeding studies, WT B6 mice were fasted for 12h during the 

light cycle and either euthanized or fed a high carbohydrate diet for 12h in the dark cycle. 

Vehicle (5% Tween-80, 5% PEG-400 in 1x PBS) or 10mg/kg rapamycin was injected I.P. 30 

minutes prior to feeding. For high cholesterol feeding, mice were fed ad libitum for the indicated 

times with food withdrawal performed 4h before sacrifice. Control mice were maintained on a 

normal chow diet and given ad libitum food access (5058, PicoLab). For all studies, mice were 

anesthetized with isoflurane, and blood was collected for plasma isolation by retro-orbital 

bleeding into EDTA-coated microtubes. Animals were humanely euthanized, and organs were 

snap-frozen in liquid nitrogen for subsequent analysis. The left lobe of the liver was used for all 

liver assays. For tunicamycin injection, mice were either injected with vehicle (150mM dextrose 

in 1x PBS) or tunicamycin at 1mg/kg for 6h. Mice were humanely euthanized, and the left lobe 

of the liver was used for protein and gene expression analysis. Mice were maintained at 

Harvard Medical School, and all procedures were performed in accordance with the guidelines 

set forth by the Institutional Animal Care and Use Committee. 

 

Primary Hepatocyte Isolation and Culture 

Primary hepatocytes were isolated from WT C57/BL6J male and female mice at 7-10 

weeks of age (Jackson Labs). Portal vein perfusion with buffer A (10mM Hepes, 150mM NaCl, 

5mM KCl, 5mM glucose, and 2.5mM sodium bicarbonate, 0.5mM EDTA) for 5-7 minutes at a 

rate of 3-5ml/minute and was followed by buffer B (buffer A minus EDTA, with 35mM CaCl2 plus 

Liberase TM, Sigma Aldrich) for 5-7 minutes at a rate of 3-5ml/minute. Livers were placed in 
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DMEM (high glucose) plus 2.5% FBS and the liver capsule was disrupted. Livers were whipped 

in media to release hepatocytes, which were spun down and then resuspended in 10ml DMEM, 

9ml Percoll (Sigma Aldrich), and 1ml of 10x PBS. Viable hepatocytes were counted and plated 

at 1-1.5x106 cells/well in 6-well collagen-coated dishes (BioCoat, Corning). After 4h, media was 

changed to serum starvation media overnight followed by insulin stimulation (100nM human 

insulin, Sigma Aldrich). 

 

Reagents 

Tunicamycin purchased from Sigma Aldrich was dissolved in DMSO and used at 2μg/ml 

final concentration. Cholesterol complexed to methyl-β-cyclodextrin purchased from Sigma 

Aldrich and was dissolved in water. Human insulin was purchased from Sigma and used at 

100nM final concentration. Rapamycin was purchased from CalBiochem, dissolved in DMSO 

and used at 20nM. Torin1 was purchased from Tocris, dissolved in DMSO and used at 250nM. 

Dialyzed FBS was purchased from Thermo Fisher Scientific (Cat# 26400-044). ISRIB was 

purchased from Tocris. Control non-targeting and pooled ONTarget Plus siRNAs against human 

and mouse ATF4, mouse PERK, and mouse GCN2 were purchased from Dharmacon. 

Lipofectamine RNAiMAX was purchased from Thermo Scientific. Cells were transfected with 

20nM or 40nM siRNA made up in Opti-Mem (Thermo Scientific) and either 5μl or 7.5μl of 

Lipofectamine RNAiMax, respectively. RNA isolation was performed using RNeasy mini Kit 

(Qiagen) and cDNA synthesis was performed with the 0.5-1μg of RNA using the Advanced 

cDNA Synthesis Kit (Bio-Rad). Skirted plates and iTaq SYBR green for qPCR analysis were 

purchased from Bio-Rad. 

 

Immunoblotting and Antibodies 

Protein lysates were prepared in RIPA buffer. Protein lysates from liver tissue were 

prepared by homogenizing liver pieces (~25-50mg) in commercial RIPA buffer (Thermo 
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Scientific) with protease and phosphatase inhibitors. For IP/Westerns of ATF4 from livers, liver 

pieces (~100mg) were homogenized in TritonX-100 lysis buffer, and 0.5-1mg of protein lysate 

was used for IP with ATF4 antibody from CST or a control GST antibody from CST. Equal 

amounts of protein were loaded onto either 18-well or 26-well 4-15% TGX Criterion gels (Bio-

Rad) and transferred to nitrocellulose membranes for immunoblotting. For ATF4 measurement 

in livers, 40μg of protein was separated on Criterion gels and transferred to nitrocellulose 

membranes. After transfer, membranes were rinsed with 1x TBS (without Tween-20) and 

blocked with 5% milk in 1x TBS (without Tween-20) for 1h at room temperature. Membranes 

were then incubated at 4°C overnight with ATF4 antibody at 1:1000. After washing with 1x 

TBST, anti-rat HRP secondary antibody (Cell Signaling) was used at 1:2500. West Pico and 

Femto ECL Reagents from Thermo Scientific were used for developing western blots. Human 

SOAT2 and CHOP antibodies were purchased from ProteinTech. ATF4 antibody from Cell 

Signaling Technologies was used for cell line derived samples while the ATF4 antibody from 

BioLegend was used for samples derived from liver tissues. P-S6K1 (T389), T-S6K1, sXBP1, 

PERK, P-eIF2α, T-eIF2α, and Chop were purchased from Cell Signaling Technologies. α-

Tubulin and β-actin antibodies were purchased from Sigma Aldrich.  

 

Gene Expression Analysis 

Total RNA isolation was performed using the Qiagen RNeasy Mini Kit according to the 

manufacturer’s instructions. For total RNA isolation from livers, liver pieces (~10-15mg) were 

homogenized in RLT buffer and suspended in an equal volume of 50% ethanol prior to 

application to RNeasy columns. RNA (0.5-1μg) was reverse transcribed using the Advanced 

cDNA Synthesis Kit (Bio-Rad). Skirted plates and iTaq SYBR green for qPCR were purchased 

from Bio-Rad. qPCR analyses were performed in duplicate or triplicate within each experiment 
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with technical replicates run in duplicate. Analysis was performed using the CFX96 Real Time 

PCR Detection System. Samples were normalized to Rplp0 (36b4) for ΔΔCt analysis.  

 

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 8.0 using either Student’s 

t-tests, One-way ANOVAs or Two-way ANOVAs (with post-hoc correction for multiple 

comparisons) as indicated in the figures. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Summary and Conclusions 

As defined in Chapter 1, metabolic flexibility is the capacity of an organism, tissue, or 

cell to adapt metabolic networks to nutrient and energy availability, which is essential for overall 

fitness and survival1. Fasting and feeding cycles are marked by dynamic changes in nutrient 

availability and hormonal signals that must be sensed by dedicated pathways to allow for 

metabolic adaption. The liver is central to the coordination of systemic glucose, lipid, and amino 

acid metabolism, with the mTORC1 signaling network acting as a key effector at the cellular 

level. Despite the multitude of cell-based studies elucidating mechanisms of metabolic control 

by the mTORC1 pathway, our understanding of the metabolic responses orchestrated by 

hepatic mTORC1 with feeding remains insufficient.  

In Chapter 2 of this dissertation, I identified the transcription factor ATF4 as a key 

effector in anabolic cellular metabolism downstream of physiological mTORC1 activation in 

primary hepatocytes and the liver. I then defined the transcriptional programs controlled by 

ATF4 during fasting and feeding using RNA-sequencing in the liver-specific Atf4 knockout mice. 

Interestingly, I found little overlap in the genes regulated by ATF4 with feeding and with the ER 

stressor tunicamycin and found no overlap in the genes regulated by ATF4 in fasting with those 

regulated in feeding. Notably, I identified a critical design flaw in the Atf4fl/fl mouse model. In this 

model, Cre-mediated Atf4 deletion also disrupts downstream loci on chromosome 15 resulting in 

the deletion of Rps19bp1 and upregulation of a repressed gene Cacna1i, thereby limiting the 

use of our RNA-seq dataset for the discovery of new ATF4 targets. I found that the mTORC1-

ATF4 axis regulates genes involved in serine biosynthesis (PSAT1 and PSPH) and in 

mitochondrial one-carbon metabolism (MTHFD2), both of which can contribute to de novo 

purine nucleotide synthesis. Indeed, through the use of stable isotope tracing, I demonstrated 

that the mTORC1-ATF4 axis drives de novo purine nucleotide synthesis in primary hepatocytes, 

revealing a previously elusive mechanism of regulation in the liver. 
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Figure 4.1. Graphical summary of Chapter 2. We identify hepatic ATF4 as a novel effector of 

mTORC1 in the control of anabolic metabolism. Feeding induces the mTORC1-ATF4 axis, and 

using RNA-sequencing, we define the anabolic targets of ATF4, which include the serine 

synthesis genes Psat1 and Psph as well as Mthfd2, an enzyme in the mitochondrial 

tetrahydrofolate cycle. We confirm regulation of these anabolic targets in a cell-autonomous 

manner in primary hepatocytes and demonstrate that mTORC1 and ATF4 drive amino acid 

synthesis and uptake, respectively, that together could contribute to de novo purine nucleotide 

synthesis. Figure made with BioRender. 

 

In Chapter 3, I found that ATF4 regulates the cholesterol esterification enzyme Soat2 in 

liver cell lines in contexts of mTORC1 and integrated stress response activation. Despite a 

previous study showing downregulation of Soat2 in the LAtf4KO livers, I was unable to 

demonstrate in vivo regulation of Soat2 mRNA or protein during fasting and feeding cycles or 
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with a high cholesterol diet. Additionally, I was unable to observe ATF4-dependent regulation in 

human hepatocellular carcinoma lines where SOAT2 is overexpressed relative to normal tissue. 

While Soat2 regulation by ATF4 could, in theory, represent a novel ER protective mechanism to 

defend against cholesterol induced lipotoxicity during stress and with anabolic metabolism, I 

was unable to identify a context in which such regulation is meaningful.  

 

The growing transcriptional network downstream of hepatic mTORC1 with feeding 

mTORC1 is a master regulator of anabolic metabolism through acute post-translational 

modifications of downstream effectors and through long-term transcriptional changes2. 

mTORC1 is not involved in the basal control of metabolic pathways per se, but instead 

integrates upstream nutrients and growth factor signals for controlled increases and decreases 

in metabolic pathways2. Studies over the last decade demonstrate that mTORC1 engages a 

downstream transcriptional network to coordinate anabolic metabolism3. This network includes 

SREBPs to increase lipid synthesis and pentose phosphate pathway flux for generation of 

reducing power; HIF-1 for the regulation of glycolytic metabolism; NRF1 to upregulate 

proteasomal function; c-MYC for protein and nucleotide synthesis; and ATF4 to control de novo 

purine nucleotide synthesis2,4. mTORC1 also results in a concomitant suppression of the 

transcription factor TFEB and autophagy in most settings. Collectively, these transcription 

factors allow optimization of metabolic resources to support growth, proliferation, and metabolic 

homeostasis2.  

We are just beginning to scratch the surface in our understanding of mTORC1 

coordinated metabolic responses in physiological settings. Despite knowing that fasting and 

feeding cycles regulate mTORC1 signaling5,6, we know very little about the metabolic response 

orchestrated in the liver or other tissues involved in metabolic homeostasis. Of these 

aforementioned transcription factors, only SREBP-1 and NRF-1 have been suggested to have a 

role in the liver upon feeding-induced mTORC1 activation6,7. There are currently no published 
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studies on the physiological regulation of HIF-1, c-MYC, and ATF4. Much like growth factor 

stimulation of cells, upon feeding, insulin and nutrients induce a shift away from energy 

producing catabolic processes towards energy consuming anabolic processes. This dynamic 

shift couples nutrient availability to the process of macromolecular synthesis required for 

maintenance of organismal homeostasis. The identification of ATF4 as a metabolic effector of 

mTORC1 in Chapter 2 advances our understanding of the anabolic response induced with 

feeding. First, alterations in hepatic amino acid and nucleotide metabolism are well-known to 

occur with fasting and feeding cycles. For instance, mTORC1 stimulates protein synthesis, 

which requires amino acids, but also nucleotides for ribosome biogenesis2. Nucleotide 

synthesis, in particular, has been well-documented in the liver8-12; however, the mechanisms of 

regulation remain largely elusive. This study implicates mTORC1 in the regulation of amino acid 

and de novo nucleotide synthesis in hepatocytes, which likely depends on ATF4 transcriptional 

regulation of MTHFD2, involved in mitochondrial one-carbon metabolism. Such anabolic 

processes must be coordinated and balanced to ensure appropriate metabolic responses. For 

instance, de novo nucleotide synthesis must be coupled to enhanced pentose phosphate 

pathway flux for the generation of NADPH reducing equivalents and ribose, which is regulated 

by SREBP-113. Furthermore, quality control mechanisms and amino acid supply by NRF1-

mediated control of proteasomal function7 can also support both protein and nucleotide 

synthesis in addition to promoting stress tolerance. Importantly, prior to the study described in 

Chapter 2, there was a paucity of information regarding mTORC1 regulation of ATF4 in non-

proliferating, primary cells. Overall, this study extends the core observations made in TSC2-/- 

MEFS and cancer cell lines14 and implicates ATF4 as a fundamentally important effector of 

mTORC1 in metabolic control.  

 

Mechanisms governing ATF4 regulation downstream of mTORC1: Do we know all the 

players? 
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While ATF4 regulation downstream of mTORC1 signaling has largely been attributed to 

a 4E-BP1/2-dependent translational mechanism, there is evidence to suggest this may not be 

the only modality. For instance, in Chapter 2, I observed induction of Atf4 mRNA levels with 

feeding in the liver in an mTORC1-dependent manner. Park et al. 201715 also demonstrated that 

mTORC1 influences the stability of Atf4 mRNA levels, which would allow for increased 

translation; however, the mechanism of such regulation was not addressed. The authors did not 

perform an actinomycin D chase experiment that would allow for proper half-life determination of 

Atf4 mRNA and could provide hints about de novo transcription. For instance, c-MYC, NRF2, 

TFEB/TFE3 have been linked to transcriptional regulation of ATF4 in a variety of cellular 

settings16-20, and may play context-dependent roles downstream of mTORC1. Additionally, the 

recent observation that Aff4 mRNA can be methylated21 opens up the intriguing possibility that 

another layer of regulation exists, adding yet more complexity to its translation. Methylation of 

mRNA was first identified in the 1970s, but recent work has identified writers, readers, and 

erasers of such modifications that control the efficiency of mRNA translation22. Methylation of 

uORF2 of Atf4 was shown to inhibit its translation during non-stressed conditions21; however, 

there may be other methylation sites that are yet to be identified. Furthermore, as an example, 

the methylation readers YTHDF1 and YTHDF2 have differential effects on translation of 

methylated transcripts, as YTHDF2 promotes decay of methylated transcripts23, while YTHDF1 

increases translation efficiency24. Perhaps mTORC1 and the ISR may differentially regulate  h 

YTHDF1 and YTHDF2 to promote ATF4 translation in each context or perhaps Atf4 mRNA is 

differentially methylated under each condition. Further studies are needed to address these 

interesting possibilities.  

Another potential point of regulation of ATF4 is the extensive array of post-translation 

modifications that have been identified, including phosphorylation, ubiquitination, hydroxylation, 

and acetylation25. For example, ATF4 is phosphorylated by RSK2, a principal effector of the 

RAS-ERK pathway, at Ser251 in the C-terminal region. This influences ATF4's transactivation 
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and transcriptional activity and promotes collagen synthesis in osteoblasts26. Additionally, ATF4 

can be hydroxylated by the oxygen sensing enzyme PHD3 similarly to HIF proteins27,28. Few 

studies have investigated other phosphorylation and acetylation modifications, and no published 

studies have investigated whether mTORC1 regulates ATF4 post-translational modifications. 

Importantly, we have yet to fully understand how additional modifications influence ATF4 

stability, nuclear translocation, the interaction of ATF4 with its binding partners and ultimately 

the transcriptional output. 

One major caveat of the study in Chapter 2 is the inability to distinguish between 

mTORC1 and eIF2α contributions to hepatic ATF4 regulation in response to insulin or with 

feeding. According to data from MEFs, mTORC1 and the ISR independently regulate ATF4 

protein levels and transcriptional activity14. Of note, while insulin induced ATF4 in the eIF2αA/A 

MEFs that do not respond to stress, the levels were submaximal compared to the eIF2αS/S 

MEFs14. One interpretation of this result is that basal eIF2 phosphorylation makes a small 

contribution to insulin stimulated ATF4, as levels are detectable in the serum starved MEFs and 

primary hepatocytes and remain unaltered with insulin treatment. Another interpretation is that 

these cells are non-isogenic and, therefore, may display subtle differences in the induction of 

ATF4 due to genetic factors. These observations suggest that experiments in isogeneic settings 

are necessary. One such approach would be to express a construct of eIF2α wherein the serine 

51 residue is mutated to alanine, which some claim acts as a dominant negative. The caveat of 

this approach is that this construct is not a true dominant negative in some circumstances as 

one study showed that expression of eIF2α S51A constructs in BHK cells still resulted in PKR-

mediated phosphorylation endogenous WT eIF2α with viral infection29. The effectiveness of the 

eIF2α S51A construct likely relies on achieving sufficient overexpression to out-compete the 

phosphorylation of endogenous eIF2α that will sequester eIF2B and inhibit translation. Another 

approach is to use the eIF2B agonist ISRIB; however, this drug displayed off-target effects and 

did not perform as expected in the cells lines and conditions tested consistent with a recent 
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publication30. The possibility remains that mTORC1 signaling could potentially influence eIF2α 

directly or indirectly to control ATF4 translation, which would be an interesting avenue to pursue 

in future studies.   

 

mTORC1 in the coordination of amino acid and nucleotide synthesis 

 The liver is a highly biosynthetic organ producing approximately 85-90% of the 

circulating protein volume31. Albumin alone accounts for approximately 55% of the total plasma 

protein concentration and plays a vital role in maintaining osmotic pressure of the plasma and in 

the transport of hormones and fatty acids31. In nutrient replete conditions, ribosomes can 

account for a significant proportion of total biomass. Indeed, diurnal fluctuations in liver mass 

linked to fasting and feeding cycles correlate with alterations in ribosome and protein content32. 

Protein synthesis is acutely stimulated by mTORC1 in response to feeding, which increases the 

rate of albumin synthesis33. mTORC1 also stimulates the synthesis of ribosomal RNA and 

proteins for assembly of functional ribosomes to support protein translation2. Additionally, 

mTORC1 has been linked to amino acid metabolism and de novo purine and pyrimidine 

nucleotide synthesis, which may contribute to ribosome biomass accumulation2. Amino acids 

themselves are also essential for de novo pyrimidine and purine synthesis. For instance, 

pyrimidine synthesis relies on glutamine and aspartate, while purine synthesis requires serine, 

glycine, glutamine, and aspartate34. Synthesis of other amino acids, such as proline, may also 

indirectly support nucleotide synthesis through generation NAD(P)+ that can be utilized by 

MTHFD2 or other reactions to support mitochondrial folate production 35. While diet can supply 

exogenous amino acids and nucleotides, their levels may not be sufficient to meet the increased 

hepatic demand for ribosome biogenesis with feeding. Further, these resources may be spared 

for utilization by other tissues that have a lower capacity to produce these essential building 

blocks. Therefore, mTORC1 may couple amino acid and nucleotide synthesis, particularly in the 

liver, to adequately meet hepatic demands of ribosome biogenesis during feeding. In turn, 
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ribosomes may be catabolized during fasting to sustain intracellular amino acid and nucleotide 

pools36. Further studies are required to investigate these hypotheses more thoroughly. 

 

ATF4 regulation of Soat2: where do we stand? 

Despite demonstrating robust transcriptional regulation of the cholesterol esterification 

enzyme Soat2 by ATF4 in Chapter 3, I was unable to observe a functional consequence and in 

vivo significance of such regulation. These results are puzzling as previous studies described in 

the literature provided a strong rationale for pursuing this line of investigation. From a 

teleological perspective, dual regulation of ATF4-SOAT2 by anabolic and stress signals is 

compelling, especially when considering regulation of VLDL packaging and secretion. In an 

anabolic setting, such as with feeding, cholesterol synthesis is enhanced in the liver37. 

Cholesterol can be converted to cholesteryl esters and packaged into VLDL particles for 

systemic distribution31. Given that regulation of VLDL secretion is coupled to fasting and feeding 

states31, it is plausible that tight transcriptional regulation of the genes involved in this process 

with the nutritional state could be beneficial. Additionally, augmenting cholesterol esterification 

during feeding when de novo cholesterol synthesis occurs could protect the ER from lipotoxicity 

and prevent feedback inhibition of SREBP-2. In the context of ER stress, such as with free 

cholesterol overload in the ER, ATF4 regulation of SOAT2 could serve as an adaptive 

mechanism by converting cholesterol into inert cholesteryl esters for storage in cytoplasmic lipid 

droplets. Engaging ATF4-SOAT2 as part of a broad stress response program would be 

beneficial and promote stress tolerance to cholesterol overload that can occur secondary to 

other stresses, thus allowing the cell to devote resources to resolving the primary insult.  

One potential explanation for the lack of observed Soat2 regulation by ATF4 in the liver 

is the potential contribution from other cell types. The liver is populated by hepatocytes 

(approximately 70%) and non-parenchymal cell types, including hepatic stellate cells (HSCs) 

and resident macrophage Kupffer cells( approximately 30%), which have a high lipid storing and 
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buffering capacity31,38,39.  Kupffer cells, in particular, take on a foamy appearance with high-

fat/cholesterol feeding, similar to macrophages in atherosclerotic plaques, and this may 

contribute to NASH pathogenesis40. Interestingly, one study suggests that Soat2 is expressed in 

Kupffer cells, but not hepatic stellate cells41. Experiments done in collaboration with a 

postdoctoral fellow in the lab revealed that Soat2 mRNA could be induced in murine bone 

marrow derived macrophages (BMDMs) and the macrophage cell line J774 by cholesterol 

loading and tunicamycin in an ATF4-dependent manner (data not shown). While this result is 

intriguing, we have yet to observe a functional consequence of such regulation. This begs the 

question of why evolution would retain such a robust transcriptional regulation. Perhaps we 

have yet to find the appropriate setting, or perhaps ATF4 regulation of Soat2 is simply an in vitro 

artifact that does not hold true in vivo. Future studies to systematically assess contexts in which 

ATF4 regulation of Soat2 is observed may be warranted to determine if there is a functional 

consequence of such regulation.  

 

Regulation of ATF4 transcriptional outputs downstream of stress and anabolic signals 

A major open question in the field is how ATF4 is regulated by the vast array of cellular 

stresses and anabolic signals. Such regulation likely involves combinatorial signaling by 

pathways that converge on ATF4 as well as those that act in parallel to direct context-

dependent regulation of ATF4 target genes. ATF4 is well-known to form heterodimers42, but 

regulation of their formation and whether or not this can influence the transcriptional output in a 

context-dependent manner remains poorly understood. With regard to cell fate decisions, there 

is some evidence to support the differential regulation of pro-survival and cell death genes 

based on the binding partner. For example, heterodimerization with C/EBP is implicated in 

adaptation and survival43, whereas heterodimerization with CHOP may tip the balance towards 

cell death25,44. ATF4 heterodimers can also have divergent functions depending on cell types. 

ATF5, a close relative and binding partner of ATF4, was shown to be regulated by CHOP to 
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promote cell death in response to disruptions in proteostasis in MEFs, including with ER stress 

and proteasome inhibitor treatment45. Conversely, in pancreatic beta cells, ATF5 is essential to 

promote survival in response to ER stress and amino acid deprivation through the regulation of 

4E-BP1 and protein translation46. Even less is known about ATF4 heterodimerization in the 

anabolic setting downstream of mTORC1. There is evidence in the setting of cancer that ATF4 

cooperates with c-MYC to control the expression of amino acid transporters and tRNA 

synthetases17,47. Whether mTORC1 controls this is unknown. Interestingly, feeding and insulin 

induce CHOP mRNA and protein levels in a rapamycin sensitive manner (data not shown), 

albeit less than with ER stress, which opens up the possibility that ATF4 and CHOP cooperate 

to orchestrate the metabolic response downstream of mTORC1. Further studies are required to 

systematically analyze ATF4 binding partner interactions across cell types and cellular contexts.  

 

A teleological perspective on mTORC1 regulation of stress-inducible transcription 

factors  

Cell growth and proliferation are fundamental processes essential for organismal 

development and maintenance. The decision to grow and proliferate poses a risk to cells as 

these processes come at a high metabolic cost in the form of nutrients, energy, and reducing 

equivalents48. Growth and proliferation must, therefore, be tightly regulated and executed only 

when adequate levels of nutrients, energy, and oxygen are present to support biosynthetic 

processes. In unicellular organisms, such as budding yeast, cell growth and proliferation are 

primarily controlled by extracellular nutrient availability49. Like unicellular organisms, cells that 

make up tissues in multicellular organisms must also possess the ability to sense extracellular 

and intracellular nutrients, such as amino acids; however, tissues must also be able to monitor 

systemic nutrient levels to coordinate metabolic responses50. The presence of secreted growth 

factors in multicellular organisms serve as “instructive signals” that indicate the systemic 

environment is permissive for cell growth and proliferation51. Multicellular organisms must, 
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therefore, have dedicated pathways to sense local and systemic nutrient levels, such as 

mTORC1, to appropriately calibrate metabolic responses.  

Cellular stress is diametrically opposed to cell growth and can be defined as a reaction 

to macromolecular damage that exceeds a set threshold intrinsic to a particular cell type52. Both 

unicellular and multicellular organisms have evolved surveillance mechanisms that sense and 

respond to environmental perturbations by engaging stress adaptive pathways52. Stress 

responses typically operate in two phases. The first phase represents an acute, direct response 

to the stressful stimuli that often involves activation of stress signaling pathways and post-

translational modifications that can exert effects on a rapid timescale49. The second phase 

involves the engagement of effectors that induce transcriptional programs for long-term 

adaptation to restore cellular homeostatic setpoints49. Stress responses are critical for cell 

survival; however, stress induced transcription factors are also capable of regulating cell death 

to ensure the elimination of cells lacking the capacity to adapt49. Thus, stress responses must 

be balanced to maintain organismal health and survival. 

In both unicellular and multicellular organisms, growth regulation and cellular stress 

responses operate relative to established setpoints based on the end goals of each response. In 

the context of cell growth, the goal of the cell is to accumulate biomass, whereas, with stress, 

perturbations in cellular processes necessitate responses that can restore homeostatic set 

points. An important feature of both pro-growth and stress responses is a requisite for transient 

alterations to set points; otherwise, these responses would be engaged continuously53. Chronic 

engagement of stress responses can accumulate wear and tear on systems that will eventually 

result in decompensation. On the other hand, chronic activation of growth promoting signaling 

pathways results in growth that is uncoupled from nutrient availability, a hallmark of cancer. 

Therefore, negative feedback mechanisms are hard-wired into stress responses and growth 

signaling networks at multiple levels to ensure an acute duration. Lastly, stress signals are 

dominant over growth signals, which is exemplified in the fact that early unicellular organisms 
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were small and primarily used stress responses to survive Earth’s extreme environments54. In 

multicellular organisms, cellular signals are organized in a hierarchical fashion such that stress 

signals remain dominant over anabolic signals to ensure that growth and proliferation only occur 

in the presence of resources to support these costly processes.  

The evolution of larger, multicellular organisms with differentiated cell types necessitated 

the addition of complexity in cellular systems to balance cellular growth and stress and to 

maintain organ integrity and metabolic flexibility55. In lower, unicellular organisms, such as 

budding yeast, stress and growth are reciprocally regulated with little overlap between the 

transcriptional programs49. In mammalian systems, cells have repurposed a variety of stress 

adaptive responses to accommodate the increased complexity of metabolic systems55. A prime 

example of this is the repurposing of a subset of stress-inducible transcription factors, including, 

ATF4, HIF-1α, SREBPs, and NRF1 for metabolic control downstream of mTORC1. While this 

observation appears counterintuitive, this is not the first time that evolution has recruited stress-

responsive factors to other processes. A number of stress-responsive proteins, including the 

most well-conserved heat shock proteins (HSPs), have been recruited to perform integral 

functions of the immune response to accommodate its increased complexity in mammalian 

systems55,56. Given that stress-inducible proteins can have a role in growth, and that growth is 

not inherently considered a stress, this begs the question of whether stress responses are 

defined by the regulatory effectors or by the cellular context. I would argue that the strongest 

argument can be made for the cellular context defining the stress response. Based on the 

evidence to date, the transcription factors engaged by mTORC1 generally promote the same 

transcriptional programs under stress and anabolic conditions. While these transcriptional 

programs induced have the same utility in both contexts, the net result differs due to the distinct 

starting points of each response relative to the homeostatic set point. For example, HIF-1α is 

induced with hypoxia leading to enhanced glucose uptake to drive glycolytic metabolism, which 

ultimately diverts glucose away from mitochondria when oxygen is limiting. Similarly, mTORC1 
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induces HIF-1α to promote glycolytic metabolism, but in this context, the purpose is increase 

flux through branch points of glycolysis, such as serine synthesis and the pentose phosphate 

pathway, to generate key metabolites. As a second example, under conditions of amino acid 

deprivation, ISR-dependent induction of ATF4 and genes involved in amino acid uptake, 

synthesis, tRNA charging, and redox regulation serves to restore attenuated protein synthesis 

rates25 (Figure 4.2).  

 

Figure 4.2. Dual regulation of ATF4 by the ISR and mTORC1: context and goals matter. 

With activation of the ISR, such as with amino acid deprivation, ATF4 is engaged to upregulate 

genes involved in amino acid metabolism with the goals of restoring the attenuated protein 

synthesis downstream of eIF2 phosphorylation and promoting cell survival. Insulin/growth 

factor stimulated mTORC1 also engages ATF4 to promote the transcription of genes involved in 

amino acid synthesis to support anabolic processes with the goal of accumulating biomass.  
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Figure 4.2. (Continued). 

ATF4 in the context of stress acts to restore a baseline, whereas downstream of mTORC1, 

ATF4 acts to accumulate biomass above baseline. Based on findings in Chapter 2, there appear 

to be distinct, non-overlapping transcriptional programs regulated by ATF4 with stress and 

feeding, which is likely due to parallel inputs in each context. Figure made with BioRender. 

 

Similarly, under amino acid replete conditions and downstream of mTORC1 signaling, ATF4 

induces the same battery of genes; however, now the goal is to accumulate biomass in order to 

support growth and proliferation15,57 (Figure 4.2). This is perplexing as mTORC1 is suppressed 

by the very stresses that promote activation of these transcription factors. It appears, therefore, 

that the context and end goals dictate how these responses operate relative to homeostatic 

setpoints.  

 

As alluded to above, with both growth and stress conditions, parallel inputs are 

integrated at multiple levels to act as reinforcing signals driving the adaptation of a cell to its 

environment. Hypoxia, for example, activates ER stress and ATF4 in addition to activating the 

primary effector HIF-1. Likewise, in the anabolic setting, growth factors act as permissive 

signals for growth and proliferation by communicating information about the organismal nutrient 

status. While both stress and mTORC1-dependent activation of HIF-1α, SREBPs, TFEB, PGC-

1α, NRF1, and ATF4 result in the regulation of overlapping genes, additional mechanisms may 

fine-tune the amplitude of responses to the cellular context and dictate the outcome. For 

example, induction of these factors with stress is generally more potent than that by growth 

factors downstream of mTORC1. Further studies are required to understand the factors that 

contribute to the coordination of parallel inputs and differential amplitudes.  

 

Future Directions 
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Prior to my studies, a major factor limiting studies of ATF4 physiological function was the 

lack of specific, reliable commercially available antibodies. In Chapter 2, I systematically tested 

a number of commercially available ATF4 antibodies and identified an antibody that works 

robustly in liver lysates. This finding will allow for future studies in the liver and perhaps other 

tissues, so we can start to gain deeper mechanistic insight into physiological functions of ATF4.  

The development of tissue-specific knockouts of ATF4 mice will significantly aid in our 

understanding of its context-dependent function; however, the design flaw of the current Atf4fl/fl 

mouse model precludes the discovery of new targets and functions in this system. As presented 

in Chapter 2, Cre-mediated deletion of Atf4 in the current mouse model results in the ablation of 

Rps19bp1, a neighboring gene, and massive upregulation of Cacna1i that resides at an 

upstream locus on chromosome 15. Importantly, some as yet undefined combination of the Atf4, 

Rps19bp1, and Cacna1i alterations results in the upregulation of p53 and its target genes, 

which can influence cellular senescence and metabolism58. In the current Atf4fl/fl mouse model, 

the loxP sites were inserted to flank exons 2 and 3, which was rational given that whole-body 

knockout mice were generated by replacing these exons with a neomycin cassette59. The 

problem with the Atf4fl/fl mouse model likely arises as a result of the placement of the 3’ loxP site 

outside of the 3’UTR of the Atf4 gene. The Atf4 gene is somewhat challenging to target as there 

are only three exons, the first of which is entirely 5’UTR. Inserting loxP sites around exon 2 

would be preferable, but the dimerization and DNA binding domains are located in the third 

exon60. Thus, targeting exon 2 could potentially result in a truncated ATF4 protein that may 

display some activity, though this would need to be verified. A better strategy might be to insert 

the 3’ loxP site immediately upstream of the 3’UTR since disrupting exons 2 and 3 alone in 

whole body Atf4-/-  does not result in the same chromosomal alterations61 that we observed in 

Chapter 2. Moreover, there are now more sophisticated methods to minimize the risk of Cre-

mediated disruption of chromosomal architecture. One example is the conditionals by inversion 

(COIN) method wherein an inverted cassette is integrated into the anti-sense strand of a gene. 
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This remains inert until Cre-recombinase inserts the sequence into the sense strand resulting in 

termination of the gene transcription62. Another method utilizes gene editing to introduce a small 

intron cassette into the coding region of an exon that is removed by splicing in the absence of 

Cre, but results in intron crippling and insertion of stop codons into the coding sequence in the 

presence of Cre 63. In addition to re-designing the conditional Atf4 knockout mouse model, the 

use of an inducible Albumin Cre-recombinase would be ideal for measuring acute and direct 

changes that result from Atf4 loss as opposed to compensatory changes that occur with long-

term deletion64. Such methodologies would circumvent the use of adenoviral Cre delivery to 

mice, which can have significant effects on systemic metabolism65. Overall, there is much yet to 

discover about the physiological functions of ATF4.  

 

For the fasting/feeding studies in Chapters 2 and 3, a high carbohydrate, low-fat diet 

was used in order to maximize insulin secretion from the pancreas during feeding. Feeding 

results in a rise in both systemic nutrients and insulin levels, which are required for mTORC1 

activation in the liver66.  While insulin is a major driver of mTORC1 signaling in the liver, 

evidence suggests that nutrients may independently regulate its activation as feeding induced 

mTORC1 is largely intact in mice with liver-specific insulin receptor knockout (LIRKO)67. It would 

be interesting to dissect the relative contribution of nutrients and insulin to the regulation of 

ATF4 in the liver through manipulation of the diets and with the use of the LIRKO mouse. Such 

studies may provide insight into mechanisms of physiological ATF4 activation downstream of 

mTORC1. Fasting and feeding with high protein and high-fat diets would be of particular interest 

as mTORC1 is implicated in amino acid and lipid sensing4,68. Furthermore, repeating the RNA-

sequencing experiments in a revised liver-specific Atf4 knockout mouse model would be 

informative and may reveal novel mTORC1 regulated genes downstream of feeding-induced 

signaling. Coupling such analysis to chromatin immunoprecipitation sequencing (ChIP-seq) to 

identify transcription factor binding sites at regulated genes would further illuminate parallel 
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inputs that can cooperate with ATF4 in the regulation of the feeding-induced transcriptional 

program. Having RNA-seq and ChIP-seq datasets from stress-induced ATF4 activation in the 

liver, such as with tunicamycin or protein and/or amino acid restriction, would also inform the 

degree of overlap in the stress and anabolic transcriptional programs. In addition, future 

experiments employing the eIF2 serine 51 to alanine knock-in mice (eIF2A/A) rescued with a 

floxed transgenic WT eIF269 would allow for liver-specific deletion of the WT eIF2 transgene 

when crossed with Albumin-Cre mice resulting in liver-eIF2A/Ahep mice, as recently described70. 

This model would be ideal to dissect the mTORC1 and eIF2 contributions to ATF4 in 

hepatocytes with insulin and in the liver with feeding.  

 

One of the first observations made about ATF4 was the identification of its role in growth 

and proliferation59. Atf4-/- mice display growth defects, while MEFs derived from Atf4-/- mice have 

proliferation defects59. Much attention has been given to the role of ATF4 in the cancer setting 

given its involvement in the regulation of amino acid and nucleotide metabolism, which 

underpins growth and proliferation. However, little is known about the role of ATF4 in non-

pathological settings, i.e., in physiological tissue growth and proliferation. Hepatocytes are 

terminally differentiated, non-proliferating cells that can re-enter the cell cycle to promote liver 

regeneration. This feature endows the liver with an impressive ability to recover from significant 

injury, such as partial hepatectomy, wherein two-thirds of the liver is removed71. mTORC1 has 

been implicated in hepatocyte proliferation following partial hepatectomy72,73; however, whether 

or not the mTORC1-ATF4 axis plays a role in this context has not been investigated. Beyond 

the liver, it would be interesting to assess the role of the mTORC1-ATF4 axis in the 

physiological proliferation that occurs among innate and adaptive immune cell populations in 

response to microbial infections and cytokines that can influence both systemic and tissue-

resident populations. Studies over the last decade demonstrate that mTORC1 is a critical 
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regulator of the metabolic reprogramming required for effector function in macrophages and T-

cell subsets74-76. It would be fascinating to determine if the mTORC1-ATF4 axis is regulated in 

immune cells, and if so, to define the transcriptional outputs of ATF4 in this context.  

In conclusion, the mTORC1 pathway governs complex metabolic systems that must be 

coordinately regulated for optimal cell growth and proliferation, but also to maintain metabolic 

homeostasis. The increase in complexity in mammalian systems likely selected for the 

recruitment of stress-responsive transcription factors, such as ATF4, as downstream effectors to 

promote long-term control of metabolic processes. While this represents a significant paradigm 

shift away from the dichotomous way of thinking about stress and growth responses, in 

reviewing the function of ATF4, it becomes clear that ATF4 control of amino acid and one-

carbon metabolism renders regulatory plasticity to these pathways. Overall, the dual regulation 

of ATF4 by mTORC1 and cellular stress confers metabolic flexibility allowing large, multicellular 

organisms to dynamically calibrate cellular metabolism with their environment. 
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