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ABSTRACT 
  

BNIP3 is a mitophagy receptor that targets mitochondria for degradation at the 

autophagolysosome. By mediating mitophagy, BNIP3 functions to decrease mitochondrial mass 

as an adaptive response to stress, namely hypoxia and nutrient starvation. This catabolic 

mechanism prevents the accumulation of damaging reactive oxygen species that are normally 

generated during mitochondrial respiration, thus functioning to maintain a healthy pool of 

mitochondria under nutrient stress. Evidence in the field has indicated a prognostic role for 

BNIP3 in hematological malignancies and cancers of the pancreas, breast, liver, colon, and 

stomach, with epigenetic silencing or deletion of BNIP3 observed in progression to invasive 

carcinoma. Importantly, loss of BNIP3 is associated with higher tumor grade, poor prognosis, 

and resistance to chemotherapy. Findings from our laboratory also support a tumor suppressor 

function for BNIP3 in mouse models of breast cancer, pancreatic ductal adenocarcinoma, and 

hepatocellular carcinoma. Work from our laboratory has also established a critical housekeeping 

function for BNIP3 in normal liver physiology and during fasting, with implications for systemic 

metabolism under nutrient deprivation. In addition to maintaining the integrity of the 

mitochondria in hepatocytes, BNIP3 also mediates downstream effects on oxygen consumption, 

gluconeogenesis, and lipid metabolism. The critical functions of BNIP3 in stress responses of 

the liver have implications for metabolic diseases, such as obesity, diabetes, steatohepatitis, 

and cancer. 

The work in this thesis expands our understanding of how BNIP3 impacts cellular 

metabolism during nutrient stress to maintain mitochondrial integrity and energetic homeostasis, 

with implications for normal physiology and cancer. We describe a previously unknown function 

for BNIP3 in suppressing the nuclear transcription factor ATF4, the master regulator of the 

amino acid biosynthesis response, in response to nutrient starvation in the murine liver and 

human hepatocellular carcinoma cells.  We demonstrate that this requires the mitochondrial 
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localization of ATF4 that is dependent on BNIP3, which functions to limit ATF4 nuclear 

localization and downstream transcriptional activities. Furthermore, this mechanism involves the 

tri-molecular interaction of ATF4, BNIP3, and LC3 at mitophagosomes and the turnover of ATF4 

by mitophagy. Our studies reveal that this novel interaction bears functional consequences for 

mitophagy, mitochondrial stress responses, cellular metabolism, and cell growth. Together, 

these results establish an integral role for BNIP3 in regulating the amino acid stress response 

through a novel mitochondrial function for ATF4.   
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CHAPTER 1 

INTRODUCTION 

Autophagy and mitophagy: mediators of cellular homeostasis and stress 
responses 
 

Macroautophagy, hereafter referred to as autophagy, is an evolutionarily conserved 

catabolic mechanism by which damaged or dysfunctional organelles, protein aggregates, and 

other cytoplasmic components are sequestered, degraded in the lysosome, and recycled.1 In 

addition to maintaining basal cellular integrity, autophagy is upregulated during conditions of 

cellular stress, such as nutrient deprivation, hypoxia, oxidative stress, pathogenic infection, and 

cancer. 1 Over the past three decades, research in the field of autophagy has revealed a tightly 

regulated mechanism involving a relationship between nutrient-sensing proteins and many 

additional components that comprise the autophagic machinery (Figure 1.1). A group of over 30 

highly conserved autophagy-related genes (Atgs) are essential for proper autophagic function.2 

Knocking out essential Atgs, such as Atg7 or Atg5, abrogates starvation-induced autophagy and 

results in the death of mouse neonates within one day of birth.3,4 The nutrient- and stress-

sensing kinases AMP-activated kinase (AMPK) and mammalian target of rapamycin complex 1 

(mTORC1) can exert positive or negative regulation of the autophagy pathway.1 Conditions of 

amino acid and growth factor starvation can inactivate mTORC1, which normally represses the 

autophagy pre-initiation ULK1/2 complex.5 Similarly, low ATP/glucose deprivation drives 

activation of AMPK, which induces autophagy through stimulatory phosphorylation of the 

preinitiation complex.5 The ULK1/2 complex goes on to activate the Class III phosphoinositol-3-

kinase (PI3K) initiation complex composed of Beclin1, Vps34, and Atg14L.6 This is followed by 

the formation of an isolation membrane, termed the phagophore.  

Cargo that is to be degraded, such as aggregated proteins or dysfunctional organelles, 

are recruited to the phagophore, which elongates to form a double-membrane vesicle termed 

the autophagosome.1 Two ubiquitin-like conjugation systems are essential for the recruitment 
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and lipid-conjugation of the adaptor protein, microtubule-associated proteins 1A/1B light chain 

3B (LC3), to the autophagosome membrane, as well as overall autophagosome formation.1 The 

first conjugation reaction involves activation of Atg12 by Atg7, which is transferred to Atg10, and 

finally conjugated to Atg5. Eventually, a tri-molecular complex is formed with Atg16L, forming 

the Atg5-Atg12-Atg16L complex.1,7 This complex is required for the second conjugation reaction 

involving LC3, which undergoes covalent attachment to phosphatidylethanolamine (PE); this 

conjugated form is termed LC3-II.7 LC3-II integrates into the inner and outer membrane surface 

of the developing autophagosome in addition to recruiting cargo.8,9 Eventually, the mature 

autophagosome fuses with the lysosome, where the sequestered cargo is degraded by acidic 

lysosomal hydrolases. The degraded byproducts include amino acids, sugars, nucleotides, and 

fatty acids, which are released into the cytoplasm for future biosynthetic reactions and/or 

catabolized for energy production (Figure 1.1).10 Autophagy can be experimentally inhibited by 

addition of BafilomycinA1 (BafA1), which prevents lysosomal acidification and blocks fusion of 

autophagosomes with lysosomes, and also allows for experimental assessment of autophagic 

flux.11 
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Figure 1.1 Autophagy: a tightly regulated catabolic mechanism. When nutrients are 
abundant, mTORC inhibits autophagy. Autophagy is induced under nutrient stress, such as 
depletion of amino acids or growth factors, or by hypoxia or low glucose, which stimulates 
AMPK and inhibits mTORC activity. Stimulation of AMPK results in activation of the ULK1 
complex, which activates the Class III PI3K/Beclin1 complex, which generates PI3P and results 
in the formation of the phagophore isolation membrane. Elongation of the phagophore is 
mediated by two conjugation reactions. The first reaction results in formation of the Atg5-Atg12-
Atg16 complex, which goes on to complete the second reaction involving conjugation of LC3-I to 
PE, forming LC3-II. LC3-II decorates the phagophore membrane and aids in closure of the 
autophagosome around cargo that is to be degraded. The autophagosome fuses with the 
lysosome, forming the autophagolysosome, which goes on to degrade the sequestered cargo 
through the catalytic activity of lysosomal hydrolases. The degraded byproducts include amino 
acids, sugars, nucleotides, and fatty acids, which are released into the cytoplasm for future 
biosynthetic reactions and/or catabolized for energy production. 
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Autophagy has emerged as a crucial factor in cancer development. Autophagy functions 

in coping with cellular stressors common to oncogenic transformation and tumor progression, 

such as oxidative stress, metabolic stress/nutrient deprivation, and hypoxia.12 Given the 

dynamic process of tumorigenesis, autophagy plays a context-dependent role in cancer, 

switching from tumor-suppressor in early stages to tumor- and metastasis-promoter as cancers 

progress.12,13 For example, autophagy increases in response to oxidative stress, limiting 

genomic instability and suppressing transformation.14 Beclin1, which is frequently 

monoallelically deleted in human breast and ovarian cancers, functions as a haploinsufficient 

tumor suppressor by inducing autophagy to limit metabolic and genotoxic stress and Beclin1+/- 

mice have a high incidence of spontaneous tumors.15–17 Similarly, mice with liver-specific 

deletion of essential autophagy genes Atg5 or Atg7 develop benign hepatomas.18 In early 

tumors, autophagy limits pro-inflammatory (and therefore pro-tumorigenic) necrosis in 

metabolically-stressed tumor cells that are otherwise deficient in apoptotic function.13  

While autophagy serves a tumor-suppressive function during transformation and tumor 

initiation, it is tumor-promoting at later stages of cancer. During tumor invasion, autophagy 

enables cells to survive detachment from the extracellular matrix (ECM), thereby evading 

anoikis and likely fueling metastatic dissemination.19 In a study from our laboratory, autophagy 

was not required for primary tumor growth in the 4T1 orthotopic model of murine breast cancer, 

but was required for promoting metastasis through focal adhesion disassembly by targeted 

degradation of paxillin.20 As a tumor progresses and encounters increasing intrinsic and 

microenvironmental stressors, such as hypoxia, autophagy upregulation enables tumor cells to 

cope by recycling nutrients, such as amino acids, and maintaining energy balance.21  

Observations in several genetically engineered mouse models (GEMMS) of cancer 

support a role for autophagy in promoting tumorigenesis.21 In KRASG12D-driven lung tumors, 

deletion of Atg7 prevented progression to carcinoma, and mice instead developed benign 

oncocytomas characterized by an accumulation of abnormal mitochondria.22 Similar results 
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were observed in Atg7-/--BRAFV600E-driven lung-tumors, with tumor-derived cell lines exhibiting 

impaired mitochondrial respiration and an inability to cope with nutrient starvation compared to 

those derived from autophagy-competent tumors.23 Other studies in pancreatic ductal 

adenocarcinoma (PDAC) have supported this tumor-promoting function of autophagy through 

maintenance of mitochondrial function and metabolism.24–26  

It is difficult to determine what aspect of autophagy is required for driving tumor growth, 

as the majority of studies have examined general autophagy inhibition through targeting of 

essential Atgs. In recent years, autophagy has become an attractive therapeutic target in 

cancer.27 In addition to drugs that directly inhibit autophagy, such as the lysosomal inhibitor 

hydroxychloroquine, many commonly used chemotherapeutic agents also induce autophagy 

downstream of their primary mechanism of action. In order to achieve better clinical outcomes, 

further mechanistic and in vivo studies are required to fully elucidate the role of autophagy in 

tumorigenesis. Given the wealth of evidence that proper mitochondrial functioning is critical to 

sustaining tumor growth in the context of autophagy, and the observations indicating that 

dysfunctional mitochondria accumulate in many of these models, increasing studies in cancer 

are examining the role of mitophagy, a more selective form of autophagy.28,29  

Mitochondria are highly active and multifaceted organelles, contributing to the generation 

of intracellular ATP through oxidative phosphorylation, fatty acid oxidation, and the tricarboxylic 

acid (TCA) cycle, and additional functioning in calcium homeostasis, apoptosis, and 

biosynthesis of macromolecules.30 As such, mitochondrial activities can lead to the excessive 

production of reactive oxygen species (ROS) and oxidative damage to mitochondrial proteins 

and mtDNA. Such mitochondrial dysfunction can eventually lead to mitochondrial depolarization, 

which if unchecked, may result in dwindling ATP stores, accumulation of ROS, loss of 

mitochondrial membrane polarization, and cell death.31 Mitophagy is a selective form of 

autophagy by which mitochondria are targeted for degradation at the autophagolysosome. This 

process plays a critical role in cellular homeostasis through the elimination of dysfunctional 
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mitochondria, and the reduction of mitochondrial mass as an adaptive response to oxidative and 

nutrient stress.8 While this mechanism utilizes the general autophagy machinery, mitophagy 

also requires the interaction of specific mitochondrial adaptor molecules, or receptors, with LC3-

II on the phagophore membrane. There are multiple mechanisms by which mitochondria are 

targeted for degradation at the autophagosome but the most well-studied pathways are 

PINK1/Parkin-induced mitophagy and the BNIP3/ NIX- and FUNDC1-dependent pathways.32,33  

The PINK1/Parkin pathway specifically functions to eliminate depolarized mitochondria 

and maintain mitochondrial and cellular integrity.33 Following loss of mitochondrial membrane 

potential, PINK1 (PTEN-induced putative kinase-1), a serine/threonine kinase, accumulates at 

the outer mitochondrial membrane (OMM), where it phosphorylates ubiquitin on mitochondrial 

proteins to recruit autophagy cargo adaptors that bind directly to LC3 at the autophagosome.33 

PINK1 also recruits and phosphorylates the cytosolic E3 ubiquitin ligase Parkin, which 

conjugates ubiquitin chains to specific substrates at the OMM, including VDAC, Miro, and 

mitofusin-2, which are further phosphorylated by PINK1 to amplify the signal to induce 

mitphagy.33,34 Both PINK1 and Parkin are necessary for the recruitment of cargo adaptors such 

as OPTN, NDP52, and p62/Sqstm1, which have LC3-interacting region (LIR) motifs that interact 

with processed LC3 (LC3-II) at nascent phagophores, thereby specifically targeting depolarized 

mitochondria for degradation at the lysosome.33  

BNIP3: a stress-induced mitophagy receptor 
 

BCL2/Adenovirus E1B 19kDa Interacting Protein 3 (BNIP3) is a stress-induced 

mitophagy receptor that, unlike PINK1/Parkin, does not require membrane depolarization to 

target mitochondria to the autophagosome for degradation. NIX (also known as BNIP3L) is a 

structurally related mitophagy receptor that is also upregulated in response to stress and 

developmental signals, namely red blood cell maturation.35 BNIP3 (and NIX) was originally 

reported to be a member of the BH3-only family of pro-apoptotic proteins, involved in 
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programmed cell death.36,37 However, the BH3 domain is poorly conserved and redundant for 

function, and BNIP3 is expressed at high levels in normal tissues such as the heart, muscle, 

and liver, in the absence of cell death.38–40 As part of its discovery in a yeast-two hybrid study, 

BNIP3 was found to heterodimerize with Bcl2- and later, Bcl-XL, which occurs through an 

interaction with the first 49 amino acids at the N-terminus.41–43Additionally, BNIP3 interacts with 

Opa1, a regulator of mitochondrial fusion and cristae structure, to promote mitochondrial 

fragmentation that precedes apoptosis.44 Through its C-terminal transmembrane domain (TMD), 

BNIP3 forms a detergent-resistant homodimer that integrates into the outer mitochondrial 

membrane (OMM), with only ten amino acids extending into the intermembrane space (Figure 

1.2A).39,45 In addition to dimerization, the TMD is required for mitochondrial localization of 

BNIP3.42 The cytosolic amino terminus of BNIP3 possesses a highly conserved LIR motif that is 

required for binding to LC3-II at nascent phagophores (Figure 1.2B). Mutation of a critical 

tryptophan residue in the LIR motif (W18A) specifically abrogates the interaction of BNIP3 and 

LC3, preventing mitophagy.46 Phosphorylation of key serine/threonine residues near the LIR 

motif can modulate the interaction with LC3 through an as-yet unknown mechanism.47 
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Figure 1.2: BNIP3 mediates mitophagy through binding of LC3. A) Schematic of the 
functional domains in BNIP3 B) BNIP3 integrates as a dimer into the outer mitochondrial 
membrane (OMM) through its C-terminal transmembrane domain. It interacts with LC3 on 
nascent phagophores via an LC3-interacting region (LIR) motif at its cytosolic N-terminus. 
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Unlike Parkin/PINK1-mediated mitophagy, which specifically targets depolarized 

mitochondria, BNIP3-mediated mitophagy functions primarily during conditions of hypoxia and 

nutrient stress, thereby reducing mitochondrial mass as an adaptive response. Hypoxia is a key 

energy stressor that induces BNIP3 transcriptional upregulation, as BNIP3 is a direct target of 

hypoxia-inducible factor-1 alpha (HIF1α.)48 BNIP3 is also transcriptionally regulated by other 

stress-related proteins that are frequently deregulated in cancer, including Rb/E2F, NF-κB, 

FoxO3, PPARα, oncogenic Ras, GR, and p53.49–55 Early work from our laboratory identified 

BNIP3 as a target of pRb/E2F-mediated transcriptional repression that functions to inhibit 

hypoxia-induced autophagic cell death in mouse embryonic fibroblasts, mouse fetal liver, and 

tumor cell lines.49 A subsequent study from our laboratory also indicated that BNIP3 is 

superinduced by starvation in the murine liver; this finding and its functional significance will be 

expanded upon later in this chapter.38 Hypoxia and nutrient deprivation are microenvironmental 

cues prominently featured in metabolic tissues as well as tumors. Therefore, altered BNIP3 

levels and subsequent mitophagy are crucial factors in the normal physiology of metabolic 

tissues and in numerous human cancers.28,34,38,49, 56 

Autophagy, mitophagy, and mitochondrial function in the liver 
 
 The liver is the central metabolic organ regulating systemic metabolism and energy 

homeostasis, controlling levels of glucose, lipid, and amino acids via tightly regulated signaling 

pathways.57 As such, metabolic disorders including fatty liver disease and steatohepatitis, 

diabetes, and obesity exhibit dysfunction of autophagy in the liver.58 Given the liver’s nutrient-

sensitive status and high metabolic demands, both autophagy and mitophagy play critical roles 

in its response to starvation and maintenance of mitochondrial function. Indeed, the liver is the 

principal site of starvation-induced autophagy in adult organisms.59 During the first 4-6 hours of 

starvation, mTOR is inactivated and autophagy is induced, whereby hepatic protein is degraded 

to generate amino acids that may then feed into the TCA cycle to generate ATP and maintain 
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energetic homeostasis.31 In mice, it was shown that during starvation, the autophagic 

degradation of liver proteins to amino acids contributes to blood glucose regulation through 

conversion of amino acids to glucose via gluconeogenesis.59 In addition to protein catabolism, 

other forms of autophagic degradation are activated in response to nutrient deprivation. The 

liver is able to generate glucose from intracellular glycogen stores through glycophagy, another 

selective form of autophagy.31 Through an additional selective form of autophagy, termed 

lipophagy, triglycerides stored in lipid droplets are degraded to generate free fatty acids, (FFA), 

which may then go on to generate energy via fatty acid oxidation in the mitochondria.60,61  

 The liver is a mitochondria-rich organ responsible for maintaining organismal energy 

homeostasis, and as such, the maintenance of mitochondrial quality and number is paramount 

to sustained metabolic capacity. Mitophagy plays a particularly important housekeeping function 

in the liver, as well as in the response to starvation. Defects in hepatic mitophagy may play a 

role in the development of mitochondrial dysfunction and metabolic disorders such as obesity, 

hepatic steatosis, and diabetes.31,58,61 However, it is unclear to what extent these defects are a 

result of or are causal factors participating in the etiology of these disorders.  

Much of the work from our laboratory has focused on the role of BNIP3-mediated 

mitophagy in the mouse liver and its implications for metabolic diseases and cancer.38 Our initial 

work showed that BNip3 is constitutively expressed at markedly higher levels in the murine liver 

than other tissues, owing in large part to the mitochondria-dense nature of this metabolic organ 

and indicative of its important housekeeping functions.38 BNip3 was transcriptionally 

superinduced in the liver upon fasting in wild-type mice and functioned to maintain mitochondrial 

integrity and efficient metabolism under nutrient stress.38 In contrast, constitutive whole-body 

knock-out of BNip3 in mice resulted in defective mitophagy, resulting in the accumulation of 

dysfunctional mitochondria in hepatocytes.38 In response to fasting, these mice also exhibited 

defective gluconeogenesis, and reduced oxygen consumption.38 Furthermore, BNip3 null livers 

exhibited lipid accumulation due to increased lipid synthesis and decreased mitochondrial β-
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oxidation. This lipid accumulation was observed under normal fed conditions and was drastically 

elevated upon fasting, indicating that BNip3 plays a broad role in regulating lipid metabolism 

that is attuned to nutrient supply. Owing to defects in mitophagy and the accumulation of lipid, 

BNip3 null livers also exhibited increased generation of ROS and inflammation, and developed 

steatohepatitis.38 This function of BNip3 in the liver has clinical ramifications for metabolic 

diseases, namely nonalcoholic steatohepatitis (NASH), the prevalence of which has increased 

due to the rise in obesity and type 2 diabetes.62 Furthermore, NASH is a major risk factor for the 

development of hepatocellular carcinoma (HCC), indicating a role for mitophagy and BNIP3 in 

the etiology of cancer.62 

The role of mitophagy and BNIP3 in cancer  
 

Given the plethora of studies linking autophagy to tumor initiation and progression, it is 

perhaps unsurprising that the more selective process of mitophagy is of relevance to cancer. 

Maintenance of mitochondrial fitness and homeostasis is critical to efficient energy metabolism 

and macromolecule biosynthesis in the context of rapidly dividing cancer cells.30 This is assured 

through mechanisms acting in concert including mitochondrial proteostasis, fusion and fission, 

biogenesis, and mitophagy.63 Key players in mitophagy, including PARK2 (Parkin), BNIP3, and 

NIX, are deleted or epigenetically silenced in various human tumors, largely indicating a tumor 

suppressor function for mitophagy.32 PARK2, the gene encoding Parkin, maps to a site 

commonly deleted in breast, lung, ovarian, and bladder cancers.56 Similarly, PARK6 (PINK1), 

expression is downregulated in ovarian cancer and glioblastoma, with loss-of-function mutations 

also observed in neuroblastoma.64  

Studies in mice are consistent with a tumor suppressor function for the Parkin/PINK1 

pathway. Parkin-null mice were shown to develop spontaneous HCC, and were sensitized to 

ionizing-radiation-induced tumorigenesis through promotion of the Warburg effect.65,66 Loss of 

PINK1 or Parkin was shown to promote mutant-Kras-driven PDAC in mice, and low PARK2 
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expression was associated with poor prognosis in pancreatic cancer patients.67 NIX has also 

been implicated in tumor suppression through induction by p53 under hypoxia.68 However, a 

more recent study indicated an oncogenic function for NIX-mediated mitophagy in promoting 

murine PDAC through driving glycolysis and enhanced redox capacity, with increased NIX 

expression found to be associated with significantly worse survival in pancreatic cancer 

patients.29  

Studies of BNIP3 in cancer indicate that it may function as a tumor suppressor, although 

some evidence implies a context-dependent tumor-promoting role. Early work examined BNIP3 

expression in breast cancer cell lines and in patient tumors.69–72 In murine breast cancer cell 

lines, knockdown of BNIP3 expression resulted in increased primary tumor growth and 

metastasis to the liver, lung, and bone following orthotopic transplantation in mice.69 One study 

of patient breast tumors found that cytoplasmic BNIP3 expression was elevated in ductal 

carcinoma in situ (DCIS) and invasive carcinoma relative to normal breast.70 Nuclear BNIP3 

expression was also observed in these tumors; expression in DCIS was associated with 

increased risk of recurrence and shorter disease-free survival (DFS), while nuclear BNIP3 in 

invasive tumors was associated with longer DFS and better prognosis. 70 Published work from 

our laboratory supports a tumor suppressor function for BNip3 in the PyMT murine model of 

breast cancer, whereby BNip3-mediated mitophagy prevented the accumulation of dysfunctional 

mitochondria and damaging ROS.28 In contrast, BNip3 null primary tumors progressed rapidly 

with metastases to the lung, exhibiting increased mitochondrial mass and excess ROS, which 

stimulated HIF1α expression and transcription of tumor-promoting genes involved in the 

Warburg effect and angiogenesis.28 Furthermore, these findings bore clinical significance, with 

analysis of patient samples indicating that BNIP3 deletion is predictive of progression to 

metastasis in triple-negative breast cancer (TNBC) patients.28  

In other studies, BNIP3 was shown to be epigenetically silenced via hypermethylation of 

a CpG island in its promoter in hematopoietic cancers as well as several solid tumor types, 
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including HCC, PDAC, gastric cancer, and colorectal cancer (CRC). 73–78 Treatment of cancer 

cell lines with the methyltransferase inhibitor 5-aza-2'-deoxycytidine restored expression of 

BNIP3 and sensitized cells to hypoxia-induced cell death.74,75,77,79In PDAC, loss of BNIP3 

expression is a late event that occurs upon progression to invasive cancer, and is correlated 

with poor prognosis and chemoresistance to gemcitabine.77 An unpublished study from our 

laboratory supports a tumor suppressor function for BNip3 in the Pdx1-Cre;LSL-KRASG12D 

mouse model of PDAC. Loss of BNip3 resulted in significantly reduced overall survival 

compared to wild-type mice. BNip3 null- Pdx1-Cre;LSL-KRASG12D mice exhibited markedly 

accelerated pancreatic intraepithelial neoplasia (PanIN) formation and progression to invasive 

PDAC, in addition to increased metastasis compared to age-matched BNip3-wild-type mice. In 

other unpublished work from our laboratory, we have shown that BNip3 suppresses tumor 

growth in a carcinogen-induced mouse model of HCC, through a mechanism involving 

suppression of lipogenesis that can be therapeutically targeted by treatment with a fatty acid 

synthase inhibitor.  

A non-mitophagy pro-survival function has also been proposed for BNIP3 in glioma and 

glioblastoma. One study has shown that overexpression of NLS-tagged BNIP3 in glioblastoma 

cells results in nuclear translocation and transcriptional repression of TRAIL-induced apoptosis 

by preventing transcription of death receptor-5 (DR5).80 Patient glioblastoma tumors also 

exhibited increased nuclear BNIP3 staining associated with decreased DR5 expression. 

Another study indicated that BNIP3 may negatively regulate expression of apoptosis-inducing 

factor (AIF) in gliomas, although the significance of this is unclear as the role of AIF in apoptosis 

remains controversial.81,82 Challenging this role as a transcriptional repressor, another group 

has shown that BNIP3 may impact global transcriptional upregulation by binding to and 

activating the histone acetyltransferase p300 in cardiomyocytes, but these effects were not 

assessed in a tumor model or cancer cell lines.83 It is possible that BNIP3 plays a tumor 

suppressor role only in certain contexts, tissue types, or tumor stages or may promote growth 



 14 

through non-mitophagy pathways that remain to be elucidated. BNIP3 is tightly transcriptionally 

upregulated in response to numerous types of stress and data from our own laboratory also 

indicates that it is rapidly turned over at the protein level (at the proteasome and through 

autophagy), a characteristic that is typical of many stress responsive proteins.84 Understanding 

other cellular stress response pathways may further reveal novel functions for BNIP3 in 

physiology and disease.  

ATF4: transcriptional master regulator of cellular stress responses  
 

Activating transcription factor-4 (ATF4, also known as CREB2) is a member of the 

ATF/cAMP responsive element binding protein (CREB) family of basic leucine zipper (bZIP) 

transcription factors characterized by a common consensus binding site at cAMP responsive 

elements (CRE).85 ATF4 functions as a heterodimer with other transcription factors in the 

ATF/CREB, FOS/JUN, and bZIP protein families.85,86 ATF4 activity is potently induced in 

response to intrinsic and extrinsic stressors, including ER stress, oxidative stress, hypoxia, and 

amino acid deprivation.85–87 This stress-induced signaling pathway is termed the integrated 

stress response (ISR) and consists of multiple arms of induction that impinge on activation of 

eurkaryotic initiation factor 2α (eIF2α), the master regulator of protein translation (Figure 1.3). In 

response to dietary amino acid depletion, the amino acid response (AAR) pathway is rapidly 

activated, beginning with the detection of uncharged tRNAs by the general control non-

derepressible 2 (GCN2) kinase, which goes on to phosphorylate eIF2α on Ser51.87 In response 

to ER stress, oxidative stress, or hypoxia, the activation of eIF2α is mediated by activated 

protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK).86 While there are other 

kinases that may activate eIF2α, the focus of this chapter will be on the PERK and GCN2 arms 

of the ISR. The phosphorylation of eIF2α goes on to repress global protein translation in order 

to conserve resources while upregulating the translation of select mRNAs, including ATF4.88,89  
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 To cope with acute stress, ATF4 is rapidly upregulated at the translational level and 

activates expression of adaptive genes to promote cell survival or, under the context of 

prolonged stress, cell death.86 As part of the unfolded protein response (UPR) during ER stress, 

ATF4 induces expression of ER chaperones such as BiP, and with the ATF4 binding partner 

(and transcriptional target) CHOP (also know as DDIT3), also coordinates ER-stress-induced 

death.90,91 In response to fasting or ER stress in the liver, ATF4 was shown to upregulate 

expression of the metabolic regulator and hormone FGF21.92–94 Other ATF4 targets that are 

induced by the ISR include proteins involved in antioxidant defense and redox balance, such as 

cystathionine γ-yase (CTH) and heme oxygenase-1 (HO1).95–98 In response to prolonged stress, 

ATF4 was shown to directly induce the expression of genes involved in autophagy, including 

ULK1 and LC3 and indirectly upregulate ATG5 via the ATF4-target CHOP.99–103 Given the 

growth-promoting and growth-suppressive effects of autophagy, ATF4 thus plays a context-

dependent function in directing cell survival or cell death in response to acute and prolonged 

stress, respectively. As autophagy itself plays a critical role in the recycling of amino acids, 

ATF4 effectively coordinates amino acid homeostasis in response to amino acid depletion 

through direct anabolic and indirect catabolic mechanisms.102,104  
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Figure 1.3. The integrated stress response. Schematic depicting the two arms of the 
integrated stress response (ISR). In response to amino acid deprivation, the accumulation of 
uncharged tRNAs activates GCN2 kinase. ER stress, hypoxia, and oxidative stress activate 
PERK. GCN2 or PERK may then phosphorylate eIF2α, which inhibits general protein synthesis 
while upregulating translation of ATF4, the major effector of the ISR. 
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The role of ATF4 as a mediator of the AAR is perhaps one of its best-characterized 

functions. In concert with a number of heterodimerization partners, ATF4 transcriptionally 

activates an acute, adaptive response via a CCAAT-enhancer binding-protein (C/EBP)-

activating transcription factor response element (CARE) that is composed of half sites for 

C/EBP and ATF family members. 87,105 ATF4 gene targets that are activated as part of the AAR 

include amino acid transporters and metabolic enzymes involved in the biosynthesis of non-

essential amino acids (NEAAs), as well as other transcription factors that may act as 

heterodimerization partners and/or as counter-regulatory signals for ATF4, including ATF3, 

CHOP, and C/EBPβ.87,98,106–108 Genes encoding key amino acid transporters that are activated 

by ATF4 include cationic amino acid transporter 1 (CAT1), system A neutral amino acid 

transporter 2 (SNAT2), and cysteine/glutamate transporter (xCT, also known as SLC7A11).87 

ATF4 also activates expression of metabolic enzymes involved in the generation of most 

NEAAs including phosphoserine aminotransferase 1 (PSAT1) and asparagine synthetase 

(ASNS), which are involved in the biosynthesis of serine and asparagine, respectively. 

ASNS is a canonical target of ATF4, and catalyzes the generation of asparagine from 

aspartate through the amino group donor, glutamine (generating glutamate in the process, and 

thus also feeding back into the TCA cycle).109 ASNS is induced by the GCN2- eIF2α-ATF4 

pathway in response to amino acid deprivation, and by the PERK- eIF2α-ATF4 pathway 

following hypoxia or ER stress as part of the UPR.110 The rapid induction of ASNS by ATF4 has 

been extensively examined, illustrating the importance of ATF4 in mediating a swift response to 

stress. Binding to the ASNS promoter occurs within 30-45 minutes of amino acid depletion, and 

remains elevated for 4-6 hours, followed by a decline in ATF4 protein levels. 111 ASNS plays a 

critical role in tumor progression, and this will be expanded upon later in this chapter.  

As part of the stress response to amino acid deprivation, ATF4 upregulates other 

metabolic enzymes involved in the biosynthesis of serine and glycine.109,112 The de novo serine 

synthesis pathway begins with the glycolytic intermediate 3-phosphoglycerate (3-PG), which is 
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converted to serine through a series of enzymatic reactions with phosphoglycerate 

dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), and phosphoserine 

phosphatase (PSPH).113 Serine is an allosteric activator of pyruvate kinase isoenzyme type-M2 

(PKM2), and in the absence of exogenous serine, PKM2 activity is significantly reduced to allow 

for accumulation of glycolytic intermediates (3-PG and NAD+) that then feed into the serine 

synthesis pathway downstream of GCN2-ATF4.113 In addition to its role in protein synthesis, 

serine is also used in the generation of phospholipids and ceramides, the major components of 

cell membranes.114,115 Serine is converted to glycine by hydroxymethyltransferase 2 (SHMT2) in 

the mitochondria.113 Glycine is a source of carbon units for one-carbon metabolism, a pathway 

occurring in the mitochondria that generates numerous intermediates, such as nucleotides and 

glutathione, and is required for the biosynthesis of the major macromolecules that sustain cell 

growth and proliferation and maintain redox balance.113 The genes encoding these four 

enzymes have been shown to be ATF4 targets in a variety of systems.112,113,116 Thus, through 

the action of ATF4 in response to exogenous depletion of amino acids such as serine, the ISR 

is critical for generating the biosynthetic intermediates required to maintain homeostatic 

functions (Figure 1.4). ATF4 was also shown to be induced independent of any stress by 

mTORC1 to drive expression of methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 

2 (MTHFD2) downstream of serine/glycine synthesis, and was required for de novo purine 

synthesis in normal and cancer cell lines.117 Recent work has highlighted the importance of 

ATF4 activity and serine/glycine metabolism in cancer, and will be addressed later in this 

chapter.  
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Figure 1.4: The de novo serine/glycine synthesis pathway. In response to activation of the 
ISR, ATF4 is translationally upregulated and activates transcription of PHGDH, PSAT1, PSPH, 
SHMT2, CBS, CTH, xCT, and MTHFD2. The glycolytic intermediate 3PG is converted to serine 
through a series of enzymatic reactions with PHGDH, PSAT1, and PSPH. In addition to its role 
in protein synthesis, serine is also used in the generation of phospholipids and ceramides.. 
Serine is converted to glycine by SHMT2 in the mitochondria. Through the action of CBS, CTH, 
and xCT, serine and glycine are also both involved in the synthesis of glutathione. Glycine is a 
source of carbon units for one-carbon/folate metabolism, a pathway involving MTHFD2 that 
generates numerous substrates required for the biosynthesis of the major macromolecules 
(lipids, proteins, and nucleotides) that sustain cell growth and proliferation and maintain redox 
balance.  
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Emerging functions for ATF4 in the mitochondrial stress response 
 

As the key organelles responsible for generating energy and metabolic intermediates to 

sustain organismal homeostasis, proper mitochondrial functioning is important for preventing 

many diseases. The downstream consequences of mitochondrial stress include loss of 

mitochondrial membrane integrity and membrane potential, dysfunctional mitophagy, defects in 

metabolic function, loss of mitochondrial proteostasis and compromised mitochondrial protein 

translation.118,119 The collective cytoprotective mechanism that is initiated in response to these 

mitochondrial insults is characterized by the production of mitochondrial chaperones and 

proteases and is termed the mitochondrial unfolded protein response (UPRmt), and may also be 

activated by some of the same stressors that induce the more general ISR, including 

mitochondrial toxins that inhibit respiratory chain function.119–121 While first described in 

mammalian cells as part of the response to mtDNA depletion by exposure to ethidium bromide, 

the mechanism of the UPRmt has been extensively studied in C. elegans.122,123 As the 

mitochondrial genome consists of only 13 genes, mitochondria must communicate with the 

nucleus, which encodes the majority of mitochondrial proteins, to induce signals aimed at 

coping with mitochondrial stress and restoring proper function.119 This coupling of mitochondrial 

dysfunction to nuclear transcription that bears functional consequences for mitochondrial 

function is called mitonuclear communication, and it is critical for regulating the UPRmt.119  

Recently, ATF4 has been suggested to function as the mammalian homolog of the bZIP 

activating transcription factor associated with stress-1 (ATFS-1), which is the principal mediator 

of the UPRmt in worms.124,125 ATFS-1 participates in the mitonuclear response to mitochondrial 

proteotoxic stress by virtue of its nuclear localization sequence and mitochondrial targeting 

sequence (MTS). Under basal conditions in the absence of stress, ATFS-1 is imported into the 

mitochondrial matrix, where the MTS is cleaved and the protein is degraded.126 In response to 

mitochondrial dysfunction, ATFS-1 instead accumulates in the cytosol and traffics to the 

nucleus, where it activates a cytoprotective transcriptional response, thus initiating the 
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UPRmt.121,126 The mitochondrial import efficiency of ATFS-1 was shown to regulate the extent of 

its nuclear activity in response to mitochondrial stress.126 The genes activated by ATFS-1 

include mitochondrial chaperones and proteases, ROS-detoxifying enzymes, and mitochondrial 

import machinery.121 The proteostatic effects of ATFS-1 also function to limit mitochondrial 

metabolism by transcriptionally repressing OXPHOS and TCA cycle genes at both nuclear and 

mitochondrial promoters, while activating glycolysis.116 Mitochondrial function, the UPRmt, and 

mitophagy have been shown to be disrupted in aging and neurodegenerative diseases, such as 

Alzheimer’s disease.127–129 Mitophagy and mitochondrial biogenesis were also recently shown to 

be coordinately induced during aging in C. elegans, and the worm homolog of BNIP3, dct-1, 

was a major mediator promoting lifespan as part of the mitochondrial stress response.129  

Sorrentino et al. recently investigated mitochondrial proteostasis in a worm model of 

amyloid-β proteotoxicity.127 In response to amyloid plaque aggregation, atfs-1 was required for 

mediating the mitochondrial stress response, including induction of the UPRmt and of mitophagy 

genes such as dct-1.127 Upon silencing of atfs-1, basal and maximal respiration was also 

reduced, despite compensatory elevation in OXPHOS protein expressions. Genetic or 

pharmacological induction of the UPRmt also induced mitophagy and respiration genes, reduced 

plaque aggregation, and resulted in a marked increase in worm health and lifespan.127 Of note, 

these positive effects of UPRmt induction were attenuated by silencing of dct-1, indicating the 

importance of mitophagy in the mitochondrial stress response in Alzheimer’s disease. NAD+-

boosting compounds, such as nicotinamide riboside (NR), have been shown to beneficially 

induce mitophagy and the UPRmt in a manner involving atfs-1 and dct-1 in this system and in 

other models of neurodegenerative diseases.127,130  

Recent work indicates that other bZIP proteins, such as ATF4, ATF5, and CHOP, 

function as mammalian orthologs of ATFS-1 under certain contexts.119,121,124,125,131,132 ATF4 in 

particular has several target genes in common with ATFS-1, including ATF5, CHOP, FGF21, 

and ASNS, as part of the ISR.124,133–135 A recent study has implicated ATF4 in mediating a 
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mitochondrial stress response in mammalian cells. Using a multi-omics approach in HeLa 

cervical cancer cells, Quiros and colleagues found that treatment with different mitochondrial 

stressors promoted mitochondrial proteostasis through the decrease of mitochondrial ribosomal 

proteins, as well as the activation of the ISR transcriptionally mediated by ATF4.124 ATF4 

upregulated the expression of genes to rewire cellular metabolism, chiefly those involved in 

amino acid biosynthesis.124 Of note, key enzymes involved in the serine biosynthesis (PSAT1, 

PSPH, and PHGDH), cysteine biosynthesis (CTH), and ASNS were upregulated at the 

transcript and protein levels in response to mitochondrial stress.124 Consistent with these 

findings, one of the most upregulated metabolites in these cells was serine, while levels of 

aspartic acid was significantly decreased, consistent with increased conversion to asparagine 

through ASNS.124 This study provided a critical link between mitochondrial dysfunction and 

amino acid biosynthesis, mediated by ATF4 in cancer cells.  

Another recent study in mammalian cells revealed that mitochondrial dysfunction 

induced by respiratory chain inhibitors resulted in depletion of mtDNA and induced an ATF4-

mediated increase in serine synthesis and transsulfuration.132 In certain cell types tested, 

treatment with respiratory chain inhibitors rendered them serine-dependent and inhibited their 

growth, a phenotype that was reversible with supplementation of 1C metabolites.132 However, 

precisely how ATF4 is induced by mitochondrial stress in mammalian cells remains to be 

elucidated. It is unknown whether BNIP3-mediated mitophagy might interplay with the UPRmt in 

mammalian cells under nutrient stress, although ATF4 has been shown to induce expression of 

Parkin in response to ER stress and mitochondrial stress.136 Elucidating such a mechanism 

could prove relevant for treating diseases characterized by mitochondrial dysfunction, including 

metabolic diseases, neurodegenerative disorders, aging, and cancer.  
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The role of ATF4 in cancer 
 

Much of the recent work examining ATF4 has been performed in cancer cell lines and 

mouse models. The majority of these studies have established a tumor-promoting role for the 

transcription factor, although some evidence indicates that ATF4 has a tumor-suppressive 

function in certain contexts.137,138 ATF4 is upregulated or overexpressed in mouse and human 

tumors and cell lines.139–141 In a study from Ye et al., induction of ATF4 was shown to be 

required for proliferation and survival of tumor cells in the context of nutrient deprivation. 141 

Knockdown of ATF4 expression in tumor cell lines induced a cytoprotective autophagic 

response and apoptosis under NEAA deprivation, a phenotype that could be reversed by 

addition of asparagine or ASNS expression. Of note, GCN2 activation was required for induction 

of a pro-survival autophagy response under amino acid depletion, independent of ATF4 (which 

can also induce autophagy). This pro-survival AAR via the GCN2- eIF2α-ATF4 pathway was 

also activated in response to glucose deprivation, through indirect depletion of amino acid pools 

as they are used as an alternative fuel source.141 These findings were confirmed in vivo, with 

abrogation of ATF4 or GCN2 expression significantly blunting growth of human fibrosarcoma 

xenografts.141 In a recent study, Zhang et al. showed that the ATF4-mediated AAR was 

upregulated in response to autophagy deficiency, thereby promoting increased amino acid 

uptake from the extracellular microenvironment to compensate for loss of amino acids that 

would otherwise be generated through catabolism via autophagy.142 This mechanism rendered 

autophagy-deficient tumor cells reliant on the activation of the AAR in response to deprivation of 

glutamine.142 This finding bears clinical significance, as it indicates that concomitant inhibition of 

ATF4-mediated AAR may be required when therapeutically targeting autophagy. 

Numerous studies have specifically focused on ASNS as the major downstream effector 

of ATF4. A recent study from Gwinn et al. highlighted the significance of amino acid 

homeostasis and ASNS in KRAS-driven non-small-cell lung cancer (NSCLC). In NSCLC cell 

lines, oncogenic KRAS induced transcriptional upregulation of ATF4 by NRF2 downstream of 
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PI3K-AKT.143 Under glutamine withdrawal, this increased pool of ATF4 mRNAs was upregulated 

at the translational level via the canonical GCN2-eIF2α pathway, going on to activate pro-

survival amino acid biosynthesis genes and sustaining tumor growth.143 ASNS was shown to be 

the rate-limiting factor for the anti-apoptotic and growth-promoting effects of this mechanism. 

Consequently, dual treatment with an AKT inhibitor and L-asparaginase effectively halted tumor 

progression in NSCLC xenograft mouse models.143 Other studies have confirmed the 

significance of increased asparagine levels and ASNS in solid tumor progression as a potential 

therapeutic vulnerability, with implications for targeting ASNS activity with L-asparaginase 

therapy and/or dietary restriction of asparagine.144–148Indeed, L-asparaginase has been 

successfully used as a chemotherapeutic agent to treat childhood acute lymphoblastic leukemia 

for several decades, although the significance of its mechanism of action had not been fully 

appreciated until recently.110,149  

Other work has established a pro-survival function for ATF4 via the de novo synthesis of 

serine and glycine to fuel tumor growth. Through the coupling of enhanced glycolysis observed 

in rapidly proliferating tumor cells with serine/glycine synthesis, substrates for the TCA cycle 

and 1C metabolism are generated, facilitating the production of macromolecules essential for 

increasing cellular biomass.113,114 As such, certain genes encoding enzymes involved this 

pathway have been found to be amplified in cancer and correlate with poor prognosis, such as 

PHGDH in breast cancer and melanoma.150,151 Another study showed that via NRF2, which is 

frequently deregulated in NSCLC, ATF4 promoted serine synthesis to supply nucleotides and 

glutathione to fuel tumor growth, with PHGDH, PSAT1, and SHMT2 overexpression linked to 

higher tumor grade and poor outcome in patients.116,150,151 Serine synthesis gene transcription 

was also shown to be upregulated by ATF4 via an epigenetic mechanism involving the histone 

lysine demethylase KDM4C, which regulated expression of ATF4 and directly interacted with it 

to transcriptionally upregulate global AAR genes.152 Studies continue to reveal additional 

functions for serine in metabolism and mitochondrial function, particularly in cancer cells. Serine 
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levels and reduced serine-derived ceramides have also been linked to defects in mitochondrial 

dynamics and lipid metabolism, with serine deprivation leading to reduction of fatty acid 

oxidation, increased mitochondrial fragmentation and depolarization, and reduced cell 

proliferation in cancer cell lines.115  

Cancer cells encounter a variety of stressors over the course of tumor development and 

metastasis. A critical step in the metastatic cascade is the avoidance of anoikis, a specialized 

form of apoptotic cell death that occurs following detachment from the ECM. In a study from Dey 

et al., the UPR arm of the ISR was induced following matrix detachment and found to be 

required for preventing anoikis in fibrosarcoma and CRC cell lines.96 ATF4, in conjunction with 

its binding partner NRF2, activated a cytoprotective transcriptional program characterized by 

upregulation of autophagy and antioxidant genes, in particular HO1, which proved essential for 

coping with the oxidative stress that is normally induced by matrix detachment.96 ATF4-

mediated anoikis resistance was sufficient to promote lung colonization in experimental 

metastasis assays in vivo.96 Accordingly, analysis of human lung cancer specimens and patient 

data revealed that high HO-1 expression was associated with metastasis and reduced overall 

survival.96  

ATF4 is turned over at the proteasome by phosphorylation of its β-TrCP domain by the 

Skp-Cullin-F box (SCF) ubiquitin ligase complex containing the beta-transducin repeat 

containing E3 ubiquitin protein ligase (β-TrCP).153 Therefore, in addition to its activation by the 

ISR, increased ATF4 activity in tumors may occur as a therapeutic consequence, as in the case 

of Bortezomib, a proteosomal inhibitor. In response to treatment with Bortezomib, MCF7 breast 

cancer cells exhibited stabilized ATF4 protein levels due to inhibition of its proteosomal 

degradation, while PERK- eIF2α was not activated despite induction of ER stress.103 ATF4 went 

on to promote a pro-survival autophagic response via induction of LC3 expression, thereby 

fueling Bortezomib resistance.103 ATF4 was later shown to bind to CRE sites in the LC3 
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promoter, upregulating its expression in response to ER stress and severe hypoxia, and 

promoting survival of breast cancer cells.154  

In another study, the regulation of ATF4 stability by p62-mediated polyubiquitination 

(independent of its autophagy function) was found to play a non-cell autonomous role in the 

progression of prostate cancer.155 Tumor stromal cells that were deficient in p62 promoted 

resistance to glutamine deprivation through a mechanism involving the stabilization of ATF4 

protein via an interaction with β-TrCP.155 Subsequent generation of asparagine via ASNS 

promoted increased glucose flux to the TCA cycle in the absence of glutamine, and asparagine 

was secreted to fuel proliferation in the neighboring tumor cells.155 β-TrCP-mediated 

destabilization of ATF4 was also shown to be promoted by mTORC1, which went on to repress 

SIRT4 (an ATF4 target).138 In this context, the activity of ATF4 was tumor-suppressive, as ATF4 

regulates SIRT4 expression, which goes on to inhibit glutamate dehydrogenase activity and 

subsequent conversion of glutamate to α-ketoglutarate, thus inhibiting glutamine anaplerosis to 

the TCA cycle and limiting cell proliferation.138  

Another study implicated ATF4 in tumor suppression in a model of MYCN-amplified 

neuroblastoma, whereby glutamine deprivation downstream of MYC induced ATF4 induction of 

the pro-apoptotic genes PUMA, NOXA, and TRB3, in a manner that could be targeted with 

ATF4 agonists or glutaminolysis inhibitors.137 Paradoxically, oncogenic MYC has also been 

shown to induce tumor cell survival via ATF4 by activating PERK and GCN2.156,157 ATF4 and 

MYC were found to share common promoter binding sites of genes involved in protein 

synthesis, and the authors postulated that ATF4 negatively regulated these genes to limit the 

accumulation of proteotoxic stress as a survival mechanism for rapidly proliferating tumors.157 

There are likely additional modes of induction for ATF4 and other factors that interplay, such as 

tumor type, tumor stage, type of stress and duration, that dictate the various downstream 

consequences for cell proliferation and survival. 
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Summary 
 

 Numerous mechanisms are employed in normal physiology and in malignant cells to 

cope with external stressors. Autophagy and the more selective mitophagy are highly conserved 

catabolic processes that turnover cytoplasmic components at the lysosome in response to 

stressors such as starvation and hypoxia. BNIP3 is the principal mediator of stress-induced 

mitophagy, playing an adaptive role in preserving mitochondrial function and metabolic 

homeostasis in the liver. BNIP3 is a putative tumor suppressor in human cancers and is 

silenced or deleted in progression to invasive carcinoma. Rapidly proliferating tumor cells may 

elicit and eventually co-opt other stress response pathways, such as the ISR, to fuel their 

continued growth despite accumulating extrinsic stressors. ATF4 is the master transcriptional 

regulator of cellular stress responses and a mediator of the ISR in response to ER stress, 

hypoxia, oxidative stress, and amino acid depletion. ATF4 has been recently implicated in 

coordinating a cytoprotective mechanism in response to mitochondrial stress that results in 

metabolic rewiring and induction of amino acid biosynthesis.  

The work in this thesis explores the convergence of two pathways involved in modulating 

the cellular stress response to starvation. Specifically, I describe the finding that BNIP3 

suppresses the amino acid stress response under fasting in the murine liver via a mechanism 

involving ATF4 transcriptional activation of amino acid biosynthesis genes (Chapter 3). 

Furthermore, I demonstrate that this involves an interaction between BNIP3 and ATF4 at 

mitochondria that functions to suppress ATF4 nuclear localization and subsequent target gene 

expression in murine hepatocytes and in human liver cancer cells (Chapter 4) and that this 

involves an interaction with LC3 at mitophagosomes with functional consequences for cellular 

stress responses, cellular metabolism and cell growth (Chapter 5). Together, these findings 

demonstrate an integral role for BNIP3 in regulating the amino acid stress response through a 

novel mitochondrial function for ATF4 in mitophagy.   
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CHAPTER 2 

MATERIALS AND METHODS 

Chemicals 
 
 BafilomycinA1 (BafA1) was purchased from Sigma Aldrich and used at a final 

concentration of 100 nM. Glucagon was purchased from Sigma Aldrich and used at a final 

concentration of 1 µM.  

Mice 
 For these studies, two strains of mice were used: wild-type (WT) and whole body BNip3 

null, maintained on a C57Bl/6J background. Mice were housed in an environmentally controlled, 

specific pathogen-free animal barrier facility and provided water and standard chow ad libitum. 

All work presented here was approved by the University of Chicago Institutional Animal Care 

and Use Committee under protocol 71155.  

Genotyping 
 

Mice were weaned and had their tail tips snipped for genotyping at 3 weeks of age by 

technicians at the University of Chicago Animal Resource Center. Tail tips were digested 

overnight at 55 °C in tail lysis buffer (100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 0.2% SDS, 200 

mM NaCl,100 nM proteinase K). Genomic DNA was isolated by isopropanol precipitation, 

resuspended in nuclease-free deionized water, and used in subsequent genotyping analysis. 

The following primers were used to detect the WT and BNip3 null alleles, respectively: WT 

intron 2, 5’-TGTGGCTGAGAGTCAGTGGTC-3’; GT2, 5’- TTGCAAGTCTAGGAGTCAGTT-3’; 

NTKV, 5’- GTGGATGTGGAATGTGTGCG 3’. These primers generate a 435 bp product for the 

WT allele and a 220 bp product for the BNip3 null allele.  

 

Immunohistochemistry 
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 Mouse tissues were harvested at experimental endpoints, rinsed in PBS, and fixed in 

10% neutral buffered formalin (NBF) for 24 hours and then transferred to 70% ethanol until 

further processing. For mouse tissues and for banked human tumors, all paraffin-embedding, 

sectioning, hemotoxylin and eosin staining, and immunohistochemistry was performed by the 

Human Tissue Resource Center at the University of Chicago. Briefly, the paraffin-embedded 

sections were incubated in two washes of xylenes and rehydrated in successive dilutions of 

ethanol. Endogenous peroxidase activity was quenched by incubation in a methanol/hydrogen 

peroxide solution. Epitope retrieval was carried out by boiling slides in citrate buffer. Sections 

were then incubated in appropriate primary antibody followed by biotinylated secondary 

antibody with avidin-biotin signal amplification. Proteins were visualized by DAB HRP substrate 

(Vector Laboratories). Tumor section staining was scored by a pathologist.  

Primary mouse hepatocyte isolation and culture 
 
 Primary hepatocytes were isolated from anesthetized mice using a modified two-step 

non-recirculating perfusion method. While mice were anesthetized with isoflurane, the portal 

vein (PV) was cannulated using a 23-gauge needle and pre-warmed Hank’s Balanced Salt 

Solution (HBSS, 5 mM glucose, 0.5 mM EGTA, 25 mM HEPES pH 7.4) was perfused at a flow 

rate of 2 mL/min. Successful cannulation was confirmed upon immediate blanching of the liver, 

followed by cutting of the inferior vena cava (IVC) and increasing of the flow rate to 8 mL/min. 

Approximately 50 mL of HBSS was perfused through the liver, for approximately 6 minutes. 

During this time, the IVC was periodically clamped for 5-second intervals, ensuring proper flow 

of the solution through the liver. Pre-warmed digestion medium (low-glucose DMEM, Gibco), 

supplemented with 15 mM HEPES, 100 U/mL penicillin and 0.1 mg/mL streptomycin 

(Pen/Strep), and 100 U/mL type IV collagenase (Worthington) was then perfused at 8 mL/min 

for approximately 8 minutes or until the liver appeared fully digested, with periodic clamping of 

the IVC to aid in digestion and maximize cell yield. Digestion was considered complete upon 
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loss of liver elasticity and little to no change in liver size upon IVC clamping. The digested liver 

was excised and transferred to a culture dish containing 20 mL of the digestion medium, and 

gently ripped and shaken using forceps to release the cells. The remainder of the procedure 

was performed in a tissue culture hood. Cells were gently triturated 3 times using a 25 mL pipet 

and filtered through a 74 µM fine mesh stainless steel strainer (Dual Manufacturing). Cells were 

centrifuged at 50 g for 2 minutes at 4 °C followed by three washes with 25 mL of cold isolation 

medium (high glucose DMEM supplemented with 1 mM sodium lactate, 2 mM L-glutamine, 15 

mM HEPES, 0.1 µM dexamethasone, 1X Pen/Strep, and 10% fetal bovine serum). Following 

the final wash, the pellet was resuspended in 25 mL of isolation medium and the viability and 

total yield were assessed by 0.4% trypan blue exclusion and counting using a hemocytometer. 

Hepatocytes were diluted to 3 x 105 cells/mL and approximately 4.5 x 105 cells were added per 

well of 6 well tissue culture plates. Tissue culture plates (overlayed with glass coverslips if being 

used for immunofluorescence) were previously coated with 5 µg/cm2 rat tail collagen (type I, 

BD) in 0.02N acetic acid, dried, and sterilized in a hood under UV light for at least 4 hours, and 

washed with sterile PBS prior to plating hepatocytes. Cells were evenly distributed by shaking of 

the plates gently in a linear fashion. Following a 1 hour incubation in a tissue culture incubator 

(37 °C, 5% CO2 ), media were aspirated and replaced with fresh, pre-warmed isolation medium, 

followed by an additional 4 hours of incubation. After this recovery period, the medium was 

replaced with serum-free culture medium (low-glucose DMEM supplemented with 10 mM 

sodium lactate, 2 mM L-glutamine, 5 mM HEPES, 10 nM dexamethasone, and 1X Pen/Strep). 

For starvation experiments used for qPCR, cells were incubated overnight in HEPES-buffered 

Kreb’s Ringer solution (KRH, 115 mM NaCL, 0.5 mM KCl, 0.1 mM CaCl2 , 0.1 mM KH2PO4 , 1.2 

mM MgSO4, 2.5 mM Na-HEPES) and 1 µM glucagon (KRHg). For experiments requiring 

exogenous overexpression, adenoviruses encoding empty vector (EV), WT-BNIP3, or W18A-

BNIP3 were added a dose of 2.9 x 1010 viral particles in 1 mL of media. For experiments 
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involving immunofluorescence or western blots, viral media was aspirated the next morning, and 

wells were washed 2X with PBS followed by incubation in experimental media conditions. 

Whole cell protein extraction 
 
 For harvesting of cells, plates were washed in ice-cold DPBS followed by scraping in 

1mL of DPBS containing protease inhibitors (0.5  mM  PMSF,  1  µg/mL aprotinin,  1  µg/mL  

leupeptin,  1  mM  Na3VO4). Cells were pelleted at 3000xg for 3 minutes at 4°C and 

resuspended in RIPA lysis buffer (10  mM  Tris-HCl  pH  8.0,  150  mM  NaCl,  1%  sodium  

deoxycholate,  0.1%  SDS,  1%  Trition  X-100)  containing  protease  and  phosphatase  

inhibitors (Roche PhosSTOP inhibitor cocktail tablet). Samples were incubated on ice for 15 

minutes with vortexing every 5 minutes, and centrifuged at full speed for 15 minutes at 4 °C. 

The supernatant was transferred to fresh, pre-chilled Eppendorf tubes and protein concentration 

was measured on a NanoDrop spectrophotometer and stored frozen at -80 °C.  

Mitochondrial and nuclear protein fractionation 
 
 Plates were washed and scraped as described above for whole cell extraction. 

Biochemical fractionation was carried out using the Cell Fractionation Kit (Abcam, cat # 

ab109719). Cells were pelleted at 300g for 5 min at 4 °C and resuspended in 2mL of 1X Buffer 

A (with protease and phosphatase inhibitors) and counted using a Countess. Cells were 

pelleted and resuspended in Buffer A at a concentration of 6.6x106 cells/mL based on the cell 

counts. These volumes were used for the remainder of the extraction protocol.To extract 

cystolic proteins, an equal volume of Buffer B was added and samples were incubated at room 

temperature for 7 minutes on a shaker. Samples were pelleted at 5000g for 1 min at 4 °C and 

the supernatants containing the cytosolic fractions were removed. Pellets were resuspended in 

equal volumes of Buffer A and Buffer C to extract mitochondrial proteins, and incubated for 10 

minutes at room temperature on a shaker. Samples were pelleted at 5000g for 1 minute and the 

supernatants containing the mitochondrial fraction were transferred to new tubes, leaving 
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behind the nuclear fraction in the pellet. The supernatants were centrifuged again at 10000g for 

1 minute to pellet any remaining nuclear proteins, and transferred to fresh tubes. The nuclear 

pellets were resuspended in 100uL of Buffer A and sonicated briefly for 5 sec at 10% amplitude 

using a Branson probe sonicator to shear DNA and allow for accurate pipetting. Mitochondrial 

and nuclear fraction protein concentration was measured using a NanoDrop. Samples were 

prepared for western blot analysis using the provided 5X sample buffer and boiled for 10 

minutes. To determine fraction enrichment, Tom20 was used as a mitochondrial marker and 

Parp1 was used as a nuclear marker. 

Immunoprecipitation 
 
 Cells were transiently transfected and/or treated prior to protein extraction as described 

above. Following scraping and centrifugation, cell pellets were resuspended in 150µL NP-40 IP 

lysis buffer (50 mM Tris-HCL pH 7.5, 150 mM NaCL, 1 mM EDTA, 1% Igepal, 0.01% β-

mercaptoethanol),  and sonicated at 10% power for 5 sec using a Fisher Sonic Dismembrator 

Model 500 while keeping samples cold in an ethanol-ice bath. Samples were incubated on ice 

for 5 minutes and centrifuged at full speed for 15 minutes at 4 °C. The supernatant was 

transferred to fresh, pre-chilled Eppendorf tubes and protein concentration measured as above. 

For immunoprecipitation of exogenously-expressed GFP-tagged proteins, 25 µL GFP-Trap or 

agarose control-Trap magnetic beads (Chromotek) were washed twice in 500 µL IP lysis buffer 

using a magnetic bead rack, followed by resuspension in 1 mL IP lysis buffer and addition of 1.5 

mg protein lysate. Lysates were incubated on beads for 1 hr at 4 °C on a rotator followed by 

three 1 mL washes with IP lysis buffer using a magnetic bead rack. Beads were transferred to a 

fresh Eppendorf tube for the final wash and resuspended in 50 µL 2x sample loading buffer 

(1:2:2 10x SDS:5xBPB:ddH2O) and boiled for 10 minutes. Supernatant containing denatured IP 

lysate was transferred to a fresh tube and frozen at -80 °C.  
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Western blot 
 
 Protein samples were denatured by boiling for 5 min with SDS reducing sample buffer 

(400 mM Tris pH 6.8, 10% SDS, 500 mM β-mercaptoethanol) and sample loading dye (60% 

glycerol and bromophenol blue). The amount of protein loaded per sample varied depending on 

the proteins being probed, but typically 75 µg was loaded onto SDS-PAGE gels, followed by 

transfer to nitrocellulose (0.2 µm pore, GE Healthcare) or PVDF (0.45 µm pore, GE Healthcare) 

membranes. Membranes were blocked in 5% nonfat milk in TBS/0.05% Tween (TBST) for 30 

minutes at room temperature with shaking and incubated with primary antibodies overnight at 4 

°C on a rocker, in 5% BSA/TBST for antibodies from Cell Signaling Technology and in 5% 

nonfat milk/TBST for all others. The next day, membranes were washed 3 times with TBST and 

incubated with HRP-conjugated secondary antibody (Dako) in 5% nonfat milk/TBST for 2 hours 

at room temperature on a shaker. Membranes were washed 3 times in TBST and proteins were 

visualized by chemiluminescence and exposure on X-ray film. 

Chromatin immunoprecipitation (chIP) and qPCR 
 
 All chIP assays were performed using whole mouse liver harvested from BNip3 null or 

wild-type mice fasted for 24 hours and intraperitoneally injected with glucagon at a dose of 200 

mg/kg. Following mouse euthanasia and liver harvesting, livers were processed and chromatin 

extracted according to the protocol for the SimpleChIP Plus Enzymatic Chomatin IP Magnetic 

Bead Kit from Cell Signaling Technology (cat#9005). Briefly, fresh liver was finely minced and 

cross-linked at RT in 1% formadehyde in PBS and protease inhibitor cocktail (PIC) for 20 min 

and quenched in glycine for 5 min. Tissue was disaggregated using a dounce homogenizer and 

nuclei were extracted using the proprietary buffers provided in the kit. Micrococcal nuclease was 

used for digestion of chromatin for 20 min at 37 °C with frequent mixing and the reaction was 

stopped by addition of 0.5M EDTA and placing samples on ice. Nuclei were pelleted and 

sonicated for a total of three 15-20 sec intervals using a Fisher Scientific Sonic Dismembrator 
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Model 500 at the lowest amplitude setting. Lysates were clarified by sonication and the resultant 

supernatant was aliquoted in microcentrifuge tubes and stored at -80 °C. A small aliquot was 

used for analysis of chromatin digestion and determination of concentration according to the 

manufacturer’s protocol. Using this concentration, 10 µg chromatin from each sample were 

immunoprecipitated with 2.5 µL (0.17 µg) ATF4 antibody (CST) or control rabbit IgG according 

to the kit protocol. IP samples as well as an aliquot of total input chromatin were eluted and 

DNA was purified using the provided spin columns. qPCR was performed on purified DNA using 

Perfecta Sybr Green Fastmix (Quantabio) using the following primers directed to the promoters 

of ATF4 target mouse genes of interest:  

Atf3: 5’-TGAGTGAGACTGTGGCTGGGA-3’; 3’-ATTGGTAACCTGGAGTTAAGCGGG-5’ 

Fgf21: 5’-TTCAGACCCCTGTTGGAAAG-3’;  3’-CACACTTGGCAGGAACCTGAAT-5’ 

For Asns, we used a commercial EpiTect chIP qPCR Assay (Qiagen), catalog#  

GPM1051843(-)18A, RefSeq Accession no: NM_012055.2 (-)18Kb. 

For Ppargc1a, we used a commercial EpiTect chIP qPCR Assay (Qiagen), catalog# 

GPM1051240(-)01A, RefSeq Accession no: NM_008904.1 (-)01Kb. 

A StepOne Plus thermocycler (Applied Biosystems) was used for qPCR and the signal relative 

to the total input chromatin was calculated using the following equation: percent input = 2% x 

2(C[T]2%Input Sample – C[T] IP Sample)  , where C[T] = CT = Threshold cycle of PCR reaction.  

Immunofluorescence 
 
 Hepatocytes were seeded onto collagen-coated glass-coverslips in 6-well tissue culture 

plates as previously described. Wells were treated with full media or KRH supplemented with 1 

µM glucagon (KRHg) for 6 hours, with the addition of 100 nM bafilomycin A1 or DMSO vehicle 

for the final 4 hours of incubation. At experimental endpoint, media were aspirated and wells 

washed in DPBS followed by fixation in 4% paraformaldehyde (PFA) for 20 minutes at RT. 

Wells were washed 3 times in DPBS followed by permeabilization in ice-cold 100% methanol for 
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5 minutes at -20 °C. Coverslips were washed with TBST 3 times and blocked in 10% goat 

serum in PBS for 30 minutes. Coverslips were incubated with primary antibodies in 10% goat 

serum in PBS overnight at 4 °C. The next day, wells were washed in TBST for 3x5 minutes, 

followed by incubation in appropriate fluorescent secondary antibodies in 10% goat serum/PBS 

for 1 hour at RT, protected from light. Wells were washed in PBS, rinsed in ddH2O, and 

mounted onto slides with 18 µL ProlongGold containing DAPI. Slides were allowed to cure for 

24 hours in the dark at room temperature, with subsequent storage at 4 °C. 

Confocal microscopy 
 
 Fixed slides were imaged on an Olympus DSU Spinning Disk Confocal microscope in 

the Integrated Microscopy Core Facility at the University of Chicago. All images were collected 

using a 100X oil-immersion objective. Ten representative images per sample were obtained and 

images were background subtracted and thresholded using ImageJ software. 

ImageJ quantification of colocalization 
 
 For quantification of colocalization (overlap) between two channels, a macro was 

generated in ImageJ to automatically subtract background, threshold each channel, and select 

the cell of interest in each image. The JACoP plugin was then used to calculate the M1 and M2 

coefficients, representing the overlap between two channels. Averages and SEM were then 

calculated for each set of images.  

Table 2.1 Antibodies and usage information  
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Cell culture 
 
 Human cell lines (293T and HepG2) were cultured in Dulbecco’s Modified Essential 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. Cultures were maintained in a humidified CO2 incubator at 5% CO2 and 

37 °C. For lentivirally-transduced HepG2ΔBNIP3 cells over-expressing EV, WT, or W18A-

BNIP3, media were supplemented with 500 µg/mL hygromycin.  

Generation of CRISPR/Cas9 BNIP3-KO cell lines 
 
 We genetically deleted the BNIP3 locus in HepG2 and HEK-293T cells. BNIP3-

CRISPR/Cas9 and HDR plasmids were purchased from Santa Cruz Biotechnology (sc-400985 

and sc-400985-HDR). HepG2 and 293T cells were transfected with 2 µg of each plasmid using 

Lipofectamine 3000 at a ratio of 2:1 Lipofectamine to DNA. After 24 hrs of transfection, media 

was changed and dual fluorescence of GFP and RFP was confirmed using the Incucyte S3 

imaging system. Cells were selected 48-72 hours post-transfection with 0.5-2.0 µg/mL 

puromycin and seeded sparsely onto 15cm plates for clonal outgrowth. Single clones were 

isolated using cloning cylinders, expanded in 6-well plates, and further expanded onto 10cm 

plates. At confluence, plates were placed in a hypoxia chamber (1% O2) for 16-24 hrs and 

protein was extracted as described previously. Lysates were run on western blots and probed 

for BNIP3 to confirm 100% deletion of the BNIP3 gene and absence of BNIP3 protein, 

compared to control untransfected parental cells. The HepG2 clones with successful deletion of 

BNIP3 were further transfected with Cre recombinase to remove the puromycin resistance 

genes and RFP, both of which were flanked by loxP sites introduced by the CRISPR plasmids. 

RFP-negative clones were selected once more using cloning cylinders and confirmed by 

western blot.  

 We genetically deleted the LC3 locus in HEK-293T cells using plasmids from Santa Cruz 

Biotechnology (sc-417828 and sc-417828-HDR). Transfection and selection of clones was 
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performed as described above. At confluence, clones were treated with 100 nM BafA1 for 4 

hours, followed by protein extraction. Lysates were run on western blots and probed for LC3 to 

confirm 100% deletion of the LC3 gene and absence of the protein, compared to control 

untransfected parental cells. 

Cloning 
 
 Site-directed mutagenesis was used for the generation of pLVX-IRES-hygro-HA-BNIP3 

plasmids expressing different mutant forms of BNIP3. Primers were designed using the 

NEBaseChanger website and the primers were manufactured by Lifetechnologies. The 

recommended annealing temperatures were used in conjunction with the Q5 Site-Directed 

Mutagenesis Kit (New England BioLabs).  

Growth curves 
 
 Human cell lines were seeded at a density of 4x104 cells per well in 6 well plates. Each 

genotype was seeded in duplicate for each day of counting. The next day (D1), culture medium 

was changed. On D2 through D7, each well was rinsed in PBS, trypsinized, and resuspended in 

media for counting by hemacytometer. 

Transient transfections 
 
 For the transient transfection of human cell lines, including HEK-293T cells, cells were 

seeded onto 10 cm plates at a density of 0.8 x 106 cells. The next day, 5 µg of pLVX-IRES-

hygro-HA-BNIP3 plasmid (for other plasmids, 10 µg was added) and Lipofectamine 2000 

reagent were added in a 1:1 ratio in 3 mL of Opti-MEM media and allowed to incubate for 5 

minutes at room temperature.  

Stable transfections 
 
 For the generation of HEK-293T-BNIP3-KO cells stably overexpressing ATF4-GFP, cells 

were transfected with 10 µg of pCMV3-ATF4-GFPSpark plasmid (Sino Biologicals) with 
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Lipofectamine 2000 in a 1:1 ratio and selected in 250 µg/mL hygromycin. Clones were 

expanded and screened for expression of ATF4-GFP by western blot. A positive clone was 

used for subsequent immunoprecipitation experiments.  

Lentivirus production and transduction 
 
 The pLVX-IRES-hygro lentiviral vector expressing either empty vector (EV), WT-BNIP3, 

or W18A-BNIP3 was transfected into HEK-293T cells overnight using the fourth-generation 

Lenti-X Packaging Single Shot (Clontech). Lentivirus particles were collected 24 hours post-

transfection and media containing the particles was centrifuged to pellet any contaminating cells 

and passed through a 0.45 µm pore filter. Lentiviral-containing media was frozen at -80 °C 

and/or immediately used in transduction of HepG2 target cells (a clone previously deleted for 

BNIP3 by CRISPR, followed by removal of the puro and RFP cassette by Cre recombinase). 

For infection, 500 µL of lentivirus was added to target cells in media containing 8 µg/mL 

polybrene. Cells were transduced for 24 hours, followed by removal of viral media and washing 

with PBS and replacement with normal growth media. After 24 hours of growth post-

transduction, cells were selected in 500 µg/mL hygromycin to generate stable lines. Clones 

were picked from stable lines as previously described to ensure equal expression of WT-BNIP3 

and W18A-BNIP3. 

RNA extraction 
 
 Cells in a 6-well plate were washed twice with 2mL of DPBS followed by addition of 1mL 

Trizol. Wells were incubated for 5 minutes at RT and collected in eppendorf tubes.  At this step, 

samples could be frozen at -80 °C or immediately extracted for RNA. For extraction, 200uL of 

chloroform was added to each sample, followed by vigorous shaking for 15 seconds and 

incubation for 3 minutes at RT. Tubes were centrifuged at 12,000xg, 15 min, at 4 °C. The 

aqueous upper phase (~400 µL) was transferred into a fresh tube, followed by addition of 1 

volume of 70% EtOH (~400uL) and vigorous shaking. Samples were incubated for 5 minutes 
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and then applied to RNasy columns.  The remainder of the extraction was performed according 

to the RNeasy Mini kit protocol (Qiagen), and included on-column DNaseI digestion. RNA was 

eluted in 50 µL of RNase-free water, concentrations were measured using the NanoDrop 

Spectrophotometer, and samples were stored at -80 °C.  

RT-PCR 
 
 To make cDNA, 1-2 µg of RNA was reverse transcribed using the High Capacity RNA-

to-cDNA kit (Applied Biosystems). The concentration of cDNA was measured by NanoDrop and 

samples were stored at -20 °C.  

Quantitative PCR 
 
 For gene expression analysis, we performed quantitative real-time PCR on 250 ng of 

cDNA per sample using Taqman gene-specific fluorogenic probes (Applied Biosystems). qPCR 

was performed on a StepOne Plus thermocycler (Applied Biosystems). Samples were assayed 

in triplicate and normalized to their respective endogenous control (ACTB). Gene expression 

levels were quantified using the ΔΔCT method and relative expression of each sample was 

normalized to a control and/or untreated sample. 

Analysis of Oxygen Consumption Rates 
 
 For HepG2s and primary hepatocytes, cells were seeded in Seahorse XF96 microplates 

at a density of 2x104 and 0.75x104 cells/well, respectively. For primary hepatocytes, the plates 

were pre-coated with collagen as previously described. The next day, the cellular mito stress 

test was performed according to the manufacturer’s protocol using the Seahorse XF96 analyzer 

in the Biophysics Core at the University of Chicago. Briefly, 2X DMEM base media was used to 

make 1X DMEM supplemented with 4.5 g/L glucose, 2mM glutamine, and 1mM sodium 

pyruvate, with a pH adjusted to 7.35. Cells were rinsed with PBS prior to addition of 175uL of 1X 

DMEM and the plate was incubated in the absence of CO2 for approximately 1 hour. Data were 
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normalized by cell number using Hoechst 33342 nuclear counterstain and fluorescence 

quantification using a microplate reader. Normalized OCR data was then analyzed using Agilent 

Seahorse Wave software.  

13Carbon-flux metabolomics 
 
 HepG2 cells were plated such that they were at 70-90% confluent on the day of 

extraction. Two tracing experiments were conducted, both in triplicate, for each cell line (EV, 

WT-BNIP3, W18A-BNIP3). Prior to labeling, cells were cultured in sodium-pyruvate-free media 

for 24 hours. The DMEM used for both experiments was glucose-, glutamine-, and sodium 

pyruvate-free and was supplemented with 5% dialyzed FBS. For glucose labeling, media were 

supplemented with 4.5 g/L [U-13C] D-glucose (Sigma) and 4 mM unlabeled L-glutamine and 

cells were labeled for 24 hours. For glutamine labeling, media were supplemented with 4 mM 

[U-13C] L-glutamine (Sigma) and 4.5 g/L unlabeled D-glucose and cells were labeled for 6 hours. 

At the time of harvest, plates were placed on ice, media were aspirated quickly and cells were 

scraped in 0.5 mL ice-cold 80% methanol and placed in Eppendorf tubes on dry ice. The tubes 

were subjected to 3 rounds of alternating freeze/thaw cycles between liquid nitrogen and a 37 

°C waterbath. Samples were the centrifuged at 14000 rpm for 10 minutes at 4 °C. Supernatants 

were transferred to new tubes and pellets were stored at -80 °C. The supernatants were then 

shipped on dry ice to the UT Southwestern Medical Center Metabolomics Facility for analysis of 

metabolic flux by mass spectrometry.  

Statistics 
 
 Data were plotted and analyzed using Graphpad Prism software and presented as the 

mean ± SEM. Statistical significance was determined using unpaired, two-tailed Student’s t-test 

for comparisons of two groups, while 1-way ANOVA was used to comparisons of > two groups. 

*p<0.05, **p<0.01, ***p<0.001, ***p<0.0001. 
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CHAPTER 3 

BNIP3 SUPPRESSES THE AMINO ACID STRESS RESPONSE UNDER FASTED  

CONDITIONS IN THE MURINE LIVER VIA ATF4 
 

Introduction 
 
 Mitophagy plays an important role in reducing mitochondrial mass in response to nutrient 

deprivation, thereby preventing the accumulation of harmful reactive oxygen species (ROS) 

normally generated during mitochondrial metabolism and maintaining a healthy pool of 

mitochondria. This mechanism also functions to reduce the inefficient consumption of otherwise 

scarce nutrients during starvation. BNIP3 is a mitophagy adaptor that localizes to the outer 

mitochondrial membrane, where it engages with LC3 on nascent phagophores, targeting 

mitochondria for degradation at the autophagolysosome.39 BNIP3 is constitutively expressed in 

certain tissues, including the heart, skeletal muscle, and liver.40 Our laboratory has previously 

used the murine liver as a model system to study the function of BNIP3 in mitophagy and 

metabolism. We have shown that upon fasting in wild-type mice, BNip3 is transcriptionally 

superinduced and functions to maintain mitochondrial integrity and efficient metabolism.38 In 

contrast, BNip3 null mice exhibit defects in mitophagy in hepatocytes, resulting in the 

accumulation of dysfunctional mitochondria, defective glucose output, and reduced oxygen 

consumption.38 Furthermore, BNip3 null livers have increased lipid accumulation due to 

increased lipid synthesis and decreased fatty acid oxidation, and these mice go on to develop 

steatohepatitis.38 This study indicated a broader role for BNIP3 in regulating liver metabolism, 

potentially extending beyond its known function in mitophagy. 

 In this chapter, we sought to understand the consequences of BNip3 loss on hepatic 

metabolism from previous unbiased transcriptomic profiling of livers from wild-type and BNip3 

null mice in the fed and fasted states. Our findings led us to investigate a novel function for 
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BNip3 in suppressing the transcriptional regulation of amino acid biosynthesis in response to 

nutrient stress, mediated by the nuclear transcription factor ATF4.  

Unbiased transcriptomic profiling revealed upregulation of pathways involved in  

amino acid biosynthesis in livers of BNip3 null fasted mice 
 
 Previously, our laboratory investigated the effects of loss of BNip3 on the liver 

transcriptome in whole body BNip3 null mice compared to wild-type mice in the fed and fasted 

states. This was accomplished using an Illumina Mouse Ref8 v2 microarray, followed by 

Ingenuity Pathway Analysis to identify gene ontology (GO) terms representing the most 

significantly deregulated pathways between wild-type and BNip3 null mice. This study 

concluded that loss of BNip3 significantly impacted gene expression patterns in the liver 

specifically in the fasted state. The most differentially regulated genes were those involved in 

amino acid biosynthetic and other metabolic pathways (Figure 3.1). While it is unsurprising that 

the hepatic fasted state induces gene pathways involved in amino acid metabolism, BNIP3 and 

its role in mitophagy have not been previously linked to the regulation of amino acid 

homeostasis. While the vast majority of work in the field suggests that the primary function of 

BNIP3 is to regulate stress-induced mitophagy, we cannot exclude the possibility that other 

unknown functions of BNIP3 explain the differences observed between livers from fasted BNip3 

null and wild-type mice.  

 The microarray results indicated a role for BNip3 in the suppression of genes involved in 

amino acid biosynthesis in the liver of fasted mice. We next sought to examine the specific 

genes that were upregulated in the livers of BNip3 null fasted mice. As BNip3 is predominantly a 

mitochondrial protein and lacks a DNA-binding domain, we hypothesized that it may be altering 

the activity of a transcription factor involved in amino acid homeostasis. The major 

transcriptional mediator of amino acid biosynthesis under conditions of cellular and 

microenvironmental stress is ATF4.87 Of note, the most significantly upregulated gene in the 
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BNip3 null fasted liver was Asns (fold-change: 6.4), the enzyme mediating the conversion of 

aspartate to asparagine, and a well-characterized canonical gene target of ATF4 (Table 

3.1).110,111 Other significantly upregulated gene targets included Ddit4, Slc7a2, Cth, Aass, and 

Ppargc1α, which have each also been identified as transcriptional targets of ATF4 and/or are 

involved in amino acid metabolism.87,108,133,158,159  

 

Figure 3.1 Summary of significantly upregulated gene pathways in BNip3 null mouse 
livers in the fasted state. Ingenuity pathway analysis was used to identify the gene ontology 
(GO) terms representing the most significantly upregulated gene pathways in the livers of BNip3 
null 24-hr fasted and glucagon-injected mice. Data in this figure were generated by Michelle 
Boland. 
   

 

Table 3.1 Top upregulated genes in livers from BNip3 null fasted mice identified by 
Illumina Mouse Ref8 v2 microarray are ATF4 target genes. List of several of the most 
significantly upregulated genes in BNip3 null fasted mice identified by transcriptomic analysis. 
These genes shared a common transcriptional regulator, ATF4.  
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BNip3 is necessary and sufficient to suppress expression of ATF4 target genes in 

the murine liver following fasting 

  
 To confirm that the top differentially expressed genes identified in the microarray were 

indeed altered, we performed qPCR analysis on RNA harvested from the livers of fed and 

fasted wild-type and BNip3 null mice. We confirmed that the expression of these genes was 

significantly upregulated in the livers of fasted BNip3 null mice compared to wild-type mice 

(Figure 3.2), indicating that BNip3 is required for suppression of these known ATF4 target 

genes.  

 In complementary studies, we utilized a technique to isolate primary hepatocytes from 

BNip3 mouse liver, allowing us to conduct in vitro genetic and microenvironmental manipulation 

of hepatocytes, which comprise approximately 80% of the liver.57 These hepatocytes were 

infected with adenoviruses delivering empty vector (EV) or HA-tagged human BNIP3-WT, and 

incubated in either full culture media or KRH starvation buffer supplemented with glucagon 

(KRHg) to mimic the fasted state (see Chapter 2: Materials and Methods). Exogenous 

overexpression of BNIP3-WT resulted in significantly decreased expression of ATF4 target 

genes, including additional known targets ATF3 and FGF21, in response to starvation compared 

to BNip3 null hepatocytes expressing EV (Figure 3.3).87,93,107 Together, these experiments 

indicate that BNip3 is both necessary and sufficient for the suppression of ATF4 target gene 

expression in response to nutrient stress in the liver both in vivo and in vitro.  
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Figure 3.2 Loss of BNip3 results in increased expression of ATF4 target genes in the 
murine liver following fasting. Quantitative PCR of ATF4 target genes on cDNA from livers of 
fed and 24h fasted/glucagon-injected wild-type or BNip3 null mice. Normalized to levels of β-
actin. Gene expression was relative to WT Fed. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
Data in this figure were generated in cooperation with Lauren Drake. 

 
 
 

 
 

 
 

Figure 3.3 Overexpression of BNIP3 rescues suppression of ATF4 target genes in 
primary murine hepatocytes. Quantitative PCR of ATF4 target genes on cDNA from primary 
BNip3 null hepatocytes infected with control or overexpressing BNIP3-WT, and incubated in ± 
KRHg for 16 hrs. Normalized to levels of mouse β-actin. Gene expression was relative to WT 
Fed. (*p<0.05, **p<0.01, ***p<0.001) 
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Loss of BNip3 results in increased promoter occupancy of ATF4 on target loci  
 

 To investigate the hypothesis that BNip3 is involved in suppressing the transcriptional 

activity of ATF4 during fasting, we performed chromatin immunoprecipitation (chIP) using an 

antibody against ATF4 on livers harvested from wild-type and BNip3 null mice in the fasted 

state. Following chIP, qPCR was performed using primers directed to the promoters of Asns 

and Ppargc1α, two of the differentially expressed genes identified in the microarray and known 

to be regulated by ATF4, and to Atf3 and Fgf21, two additional known targets of ATF4 that we 

previously observed to be upregulated in BNip3 null livers by qPCR (data not shown). For all 

four promoter loci, we observed significantly increased binding of ATF4 to the chromatin 

harvested from BNip3 null livers, indicating that loss of BNip3 plays a role in modulating the 

promoter occupancy of known ATF4 target genes (Figure 3.4). Given the established role of 

ATF4 as the master transcriptional regulator of amino acid biosynthesis pathways and our 

transcriptomic results implicating BNip3 in the regulation of these and other metabolic pathways 

in response to fasting, we concluded that BNip3 acts to suppress the expression of genes 

involved in amino acid biosynthesis through a mechanism involving ATF4.  

 

 

  



 47 

 

  

                          
Figure 3.4 BNip3 null livers from fasted mice exhibit increased promoter occupancy by 
ATF4 on target loci. Chromatin immunoprecipitation-qPCR of ATF4 on target genes from the 
livers of BNip3 null and wild-type mice following glucagon injection and 24 hr fasting. A) ASNS 
B) PPARGC1A C) ATF3, and D) FGF21 chIP-qPCR. Data represents an n of 3 mice per 
group. (p<0.05, **p<0.01) 

 
 
 
 
 
 
 
 
 

A B 
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Conclusions 
 

In this chapter, we identified a novel role for BNip3 in amino acid biosynthesis during the 

fasted state in the murine liver. We examined previously acquired data from a gene microarray 

comparing the liver transcriptome from fasted BNip3 null and wild-type mice and found that the 

most significantly altered genes were enriched in amino acid biosynthesis pathways. Further 

examination of the differentially expressed genes revealed several transcriptional targets 

involved in the amino acid biosynthesis response mediated by the transcription factor ATF4. 

These included the most significantly altered gene, Asns, a well-established transcriptional 

target of ATF4, and Ddit4, Slc7a2, Cth, Aass, and Ppargc1α. In qPCR validation experiments, 

we confirmed that these genes were significantly upregulated in whole liver from fed and fasted 

BNip3 null mice compared to wild-type mice. Additionally, we showed that exogenous 

overexpression of BNIP3 in cultured primary hepatocytes from BNip3 null mice suppressed 

ATF4 target gene expression in response to starvation, compared to EV controls. The degree of 

induction of certain genes, namely Asns, was lower in hepatocytes than in the whole fasted 

liver, which could be a reflection of the differences between in vitro and in vivo systems we 

employed. 

Finally, we observed significantly increased promoter occupancy by ATF4 on target loci 

from the liver chromatin of fasted BNip3 null mice compared to WT mice. Together, these data 

indicate that BNip3 expression is associated with suppression of the amino acid biosynthesis 

response to nutrient starvation in a manner involving ATF4-mediated transcription. While 

numerous studies have established a role for ATF4 in mediating the response to amino acid 

deprivation, no such studies have examined a function for BNIP3 in this process.  Prior to our 

observations, limited studies have implicated BNIP3 in transcriptional regulation and ATF4 had 

not been previously linked to mitophagy.80,82,83 However, mitochondrial dysfunction was shown 

to induce the cytoprotective UPRmt and mitophagy in worms, involving homologs of ATF4 and 

BNIP3, and induction of amino acid biosynthesis has been observed in response to 
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mitochondrial dysfunction in worms and mammalian cells. Our findings suggest a broader role 

for BNIP3 in modulating a key homeostatic mechanism in the response to fasting in the liver, 

possibly involving stress-induced mitochondrial-to-nuclear communication with ATF4. 

Mitochondria are major biosynthetic hubs for macromolecule biosynthesis and BNIP3 plays a 

crucial function in maintaining mitochondrial integrity in the fasted liver. Evidence from our 

laboratory also indicates that BNIP3 may also positively regulate general autophagy, and thus 

loss of BNIP3 may result in decreased amino acid generation through catabolism. Indeed, a 

study has linked defective autophagy to induction of and reliance on the ATF4-mediated AAR in 

response to amino acid deprivation.142 Thus, it is possible that enhancing amino acid 

biosynthnesis could be an adaptive response to the inhibiton of BNIP3-mediated mitophagy. In 

the next chapter, we investigated the mechanism of BNIP3-mediated suppression of amino acid 

biosynthesis in the murine liver and a human liver cancer cell line and identified a novel function 

for ATF4.  
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CHAPTER 4 

BNIP3 INTERACTS WITH ATF4 AT MITOCHONDRIA IN THE MURINE LIVER AND 

HUMAN HEPATOCELLULAR CARCINOMA CELL LINES UNDER FASTED 

CONDITIONS 

Introduction 
 
 In the previous chapter, I described my findings indicating a role for BNip3 in altering the 

transcriptional activity of ATF4 in the liver during the fasted state. There are several 

mechanisms by which BNip3 could be suppressing ATF4, but several lines of evidence directed 

our attention to the altered subcellular localization of ATF4. First, previous work from our 

laboratory and others has shown BNIP3 to be localized primarily to the mitochondria. One 

laboratory has reported to observe nuclear BNIP3 in vitro, but this was accomplished using 

exogenous overexpression of NLS-tagged BNIP3.80,82 Our group has been unable to detect 

endogenous BNip3 in the nucleus of hepatocytes and other cell types under a variety of 

conditions in vitro (data not shown). In addition, BNIP3 lacks a nuclear localization signal and 

DNA-binding domain nor does it possess kinase or other enzymatic activity. Therefore, we 

hypothesized that ATF4 transcriptional activity was not likely being suppressed directly in the 

nucleus by BNip3, nor by BNip3-mediated post-translational modification. Instead, we 

postulated that BNip3 was suppressing the action of ATF4 through an interaction outside of the 

nucleus at the mitochondria. This interaction could be direct or indirect, involving other proteins 

in a complex. ATF4 has not previously been observed to localize at the mitochondria, with the 

majority of studies having examined its function as a nuclear transcription factor. 86,87 However, 

mitochondrial localization for other related proteins, including ATF2, ATF5, and CREB, have 

been recently described.131,160,161  

 While ATF4 lacks a mitochondrial targeting sequence, its homolog ATFS-1 in C. elegans 

has a well-described role in the response to mitochondrial stress and can localize to the 
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mitochondria as well the nucleus to regulate the mitochondrial unfolded protein response 

(UPRmt).18 In addition, this process involves the coordinate activation of ATFS-1 and DCT-1, the 

worm homolog of BNIP3127 More recently, omics studies have indicated an analogous role for 

ATF4 in mediating a mamalian UPRmt.124 However, this study did not examine a role for ATF4 at 

the mitochondria and instead focused on its function in nuclear transcription.   

 With these lines of evidence in mind, we hypothesized that the suppression of ATF4 

target genes could be mediated by altered localization of ATF4 from the nucleus to the 

mitochondria in a BNIP3-dependent matter. We investigated a novel mitochondrial interaction 

between BNIP3 with ATF4 in primary hepatocytes, identified an interaction domain on BNIP3, 

and determined the downstream consequences of this interaction on transcription of ATF4 

target genes under basal and starvation conditions. To extended our studies to the cancer 

setting, we validated the functional effects of the BNIP3-ATF4 interaction in HepG2s, a human 

liver cancer cell line.  

Loss of BNip3 alters the subcellular localization of ATF4 in hepatocytes in the fed 

and fasted states 

 To investigate the effects of BNip3 loss on ATF4 localization in a physiological setting, 

we performed immunofluorescence staining for endogenous ATF4 on isolated primary murine 

hepatocytes from wild-type and BNip3 null mice. Strinkingly, wild-type fed hepatocytes exhibited 

predominantly nuclear ATF4 with some ATF4 in the mitochondria, while fasted wild-type 

hepatocytes exhibited almost exclusively mitochondrial ATF4. In contrast, ATF4 was largely 

nuclear in BNip3 null fed and fasted hepatocytes, indicating a defect in both basal and stress-

induced localization of ATF4 due to loss of BNip3.  
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Figure 4.1 ATF4 localizes to the mitochondria in WT fed and fasted 
hepatocytes, but remains predominantly nuclear in KO hepatocytes. 
Immunofluorescence for endogenous ATF4 in wild-type and BNip3 null  
hepatocytes following incubation in full or starvation (KRHg) media. 

 
 
 
  



 53 

HA-BNIP3 coimmunoprecipitates with ATF4-GFP in 293T cells 
 
 The preceding experiments established that in primary mouse hepatocytes, BNip3 is 

required for mitochondrial localization of ATF4 in response to fasting, such that BNip3 null 

hepatocytes exhibit predominantly nuclear ATF4 regardless of nutrient status. In order to 

determine whether BNIP3 directly interacts with ATF4, we utilized HEK-293T cells in which 

BNIP3 was genetically deleted by CRISPR gene editing approaches (293T-ΔBNIP3)and then 

engineered to over-express exogenous ATF4-GFP with either HA-BNIP3 or FLAG-NIX (a 

BNIP3-related protein). HA-BNIP3 coimmunoprecipitated efficiently with ATF4-GFP whereas 

FLAG-NIX did not (Figure 4.2) indicating a specificity to the interaction of BNIP3 with ATF4.  Of 

note, the HA-BNIP3 monomer interacted more efficiently with ATF4 than did the HA-BNIP3 

dimer (Figure 4.2). 
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Figure 4.2 BNIP3 monomer coimmunoprecipitates with ATF4 in 293T cells. 
Coimmunoprecipitation in cells transiently co-expressing ATF4-GFP and HA-BNIP3 or ATF4-
GFP and FLAG-NIX. The monomer of BNIP3 interacts with ATF4 while NIX does not. 
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The amino terminus of BNIP3 is required for coimmunoprecipitation with ATF4 
  

 To map the region of BNIP3 required for interaction with ATF4, we generated a panel of 

HA-BNIP3 mutants using site-directed mutagenesis targeting defined regions of the protein 

(Figure 4.3A). ATF4-GFP was stably overexpressed by transfection in 293T-ΔBNIP3 cells, as 

described above and then transiently transfected with exogenous HA-tagged BNIP3-WT, 

BNIP3-W18A, BNIP3-ΔN1-49, BNIP3-ΔBH3, BNIP3-ΔTM, or BNIP3-C8-NIX, in which the final 8 

amino acids of the C-terminus of BNIP3 were substituted with those of NIX. These particular 

mutants were generated because they target known interactions and/or functional domains of 

BNIP3 (Chapter 1).  We then performed pulldown experiments of ATF4-GFP using GFP-trap 

beads followed by western blot analysis for HA to assess how the different mutations/deletions 

in BNIP3 affected interaction with ATF4. While BNIP3-WT monomer came down strongly with 

ATF4-GFP, BNIP3-W18A and ΔN1-49-BNIP3 exhibited the least amount of pull-down (Figure 

4.3B), indicating that a region in the amino-terminus of BNIP3 is required for mediating the 

interaction with ATF4. A single point mutation, BNIP3-W18A, was sufficient to significantly 

reduce pull-down with ATF4-GFP. Of note, BNIP3-W18A is also unable to bind to LC3 and is 

deficient at promoting mitophagy, as will be discussed in the next chapter. In conclusion, these 

experiments indicate that the region of BNIP3 required for interaction with ATF4 maps around 

amino acid W18 and thus overlaps with the region of BNIP3 required for interaction with LC3. 

Given these results, the following studies utilized overexpression of EV, BNIP3-WT, and BNIP3-

W18A to dissect the functional significance of the BNIP3-ATF4 interaction.  
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Figure 4.3 The amino terminus of BNIP3 is required for coimmunoprecipitation with 
ATF4. A) Schematic of BNIP3 structure and mutations/deletions generated by site-directed 
mutagenesis. B) Coimmunoprecipitation in cells stably over-expressing ATF4-GFP and 
transiently over-expressing a panel of HA-BNIP3 mutants.  
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Overexpression of BNIP3-WT in BNip3 null hepatocytes promotes mitochondrial 

localization of ATF4 

 Having established that BNIP3 interacts with ATF4 in vitro, we next investigated how this 

interaction affected the subcellular localization of endogenous ATF4 in BNip3 null primary 

mouse hepatocytes overexpressing EV, BNIP3-WT, or BNIP3-W18A. Using 

immunofluorescence and confocal microscopy, we observed that in cells overexpressing 

BNIP3-WT, ATF4 was predominantly non-nuclear, with the majority of signal overlapping with 

the mitochondrial marker Tom20 (Figure 4.4). Consistent with our previous finding that BNIP3 

requires a functional LIR motif to bind ATF4 (Figure 4.3), hepatocytes expressing BNIP3-W18A 

did not exhibit altered localization of ATF4. In these cells, as in BNip3 null hepatocytes 

expressing EV, ATF4 was almost exclusively nuclear, indicating that the ability of BNIP3 to 

interact with ATF4 and/or LC3 is required for ATF4 to localize to mitochondria. These effects 

were enhanced by treatment of cells with the autophagy inhibitor BafilomycinA1 (BafA1) and 

KRHg starvation buffer, with increased levels of ATF4 accumulating at mitochondria under 

these conditions, indicating that ATF4 may be turned over at mitochondria by mitophagy in a 

BNIP3-dependent manner. We also observed that BNIP3-WT expression promoted the 

localization of ATF4 to specific mitochondria near the perinuclear region, and that ATF4 was not 

detected at all mitochondria in the cell. Of note, while some non-nuclear signal was observed 

under starvation conditions in EV and BNIP3-W18A expressing cells, this signal did not appear 

to overlap with mitochondria, based on statistical colocalization analysis (Figure 4.4C).  
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Figure 4.4 BNIP3 promotes the mitochondrial localization of ATF4 in a manner 
dependent on its ability to bind LC3 and/or ATF4. (continued on next page) 
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Figure 4.4 BNIP3 promotes the mitochondrial localization of ATF4 in a manner 
dependent on its ability to bind LC3 and/or ATF4. (continued on next page) 
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Figure 4.4 BNIP3 promotes the mitochondrial localization of ATF4 in a manner 
dependent on its ability to bind LC3 and/or ATF4. A) Representative immunofluorescence 
images of endogenous ATF4 (green) and mitochondrial TOM20 (red) in BNip3 null 
hepatocytes infected with EV, BNIP3-WT, or BNIP3-W18A adenoviruses, and following 
incubation in ± KRHg for 6 hours, and B) following treatment with 100 nM BafA1 for 4 hrs. C) 
Quantification of mitochondrial overlap between ATF4 and TOM20 signals and nuclear 
overlap between ATF4 and DAPI. Each condition represents the mean ± SEM of 8-10 
images. 
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BNIP3 suppresses ATF4 target gene expression in a manner dependent on its 

ability to bind LC3 and/or ATF4 

 We next sought to investigate the downstream functional consequences of the BNIP3-

ATF4 interaction for ATF4-dependent gene expression. In primary BNip3 null hepatocytes, 

overexpression of BNIP3-WT significantly suppressed expression of the ATF4 targets Asns, 

Atf3, Fgf21, and Ppargc1α in response to starvation compared to the same cells infected with 

EV as a control (Figure 4.5) By contrast, over-expression of BNIP3-W18A that cannot bind 

ATF4 or LC3, failed to show any significant decrease in ATF4 target gene expression compared 

to EV control infected cells (Figure 4.5). Together, these data indicate that BNip3 suppresses 

the expression of ATF4 target genes during starvation by sequestering ATF4 at mitochondria, 

and that this mechanism is dependent on a functional LIR motif in BNIP3. 

  



 62 

 

 
 
Figure 4.5 BNIP3 promotes suppression of ATF4 target gene expression in fasted 
hepatocytes in a manner dependent on its ability to bind LC3 and/or ATF4.  
Quantitative PCR of ATF4 target genes on cDNA from primary BNip3 null hepatocytes infected 
with EV or overexpressing BNIP3-WT or BNIP3-W18A, ± KRHg for 16 hrs. Normalized to levels 
of mouse β-actin. Gene expression was relative to WT-Full. (*p<0.05, **p<0.01, ***p<0.001) 
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 To determine whether these findings obtained in primary hepatocytes might be relevant 

in transformed cells, we repeated key experiments in the human HepG2 hepatocellular 

carcinoma cell line. This cell line was selected due to its liver origin, its Hepatitis B- and C-

negative status, and because it expresses high levels of endogenous BNIP3 under basal 

conditions. HepG2-ΔBNIP3 cells over-expressing BNIP3-WT or BNIP3-W18A were generated 

and analyzed compared to control transfected cells expressing empty vector only (EV). As 

observed in primary hepatocytes, HepG2-ΔBNIP3 cells overexpressing BNIP3-WT exhibited 

significantly decreased gene expression of ATF4 gene targets (ASNS, PPARGC1A, FGF21) 

under nutrient stress compared to control EV cells, while overexpression of BNIP3-W18A failed 

to suppress these genes (Figure 4.6A-B).  

 Interestingly, PPARGC1A encodes PGC1α, the transcriptional co-activator that regulates 

mitochondrial biogenesis and metabolism, was suppressed by BNIP3-WT nearly 5-fold in the 

absence of nutrient starvation (Figure 4.6A). This finding was not observed in the primary 

hepatocytes under full media, and could indicate a potential role for BNIP3 in the coupling of 

mitophagy to mitochondrial biogenesis and mitochondrial function under basal growth conditions 

specifically in cancer cells. Indeed, increased PGC1α activity is linked to tumor cell proliferation 

and metastasis, including liver cancer.162–164 For the metabolic regulator and stress hormone 

FGF21, KRHg-treated control EV cells and cells overexpressing BNIP3-W18A exhibited a 

striking 100-fold increase in expression relative to BNIP3-WT expressing cells, which only 

exhibited a 10-fold increase in expression under KRHg starvation (Figure 4.6B). FGF21 is highly 

expressed in the liver especially under starvation and as a hormone, is a regulator of systemic 

metabolism; the significance of its expression in cancer cells is unclear. The level of induction 

observed in HepG2s may be due to the fact that these cells are of hepatocellular origin, and 

reflective of the starvation response.  
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Figure 4.6 BNIP3 suppresses ATF4 target gene expression in human HepG2 cancer cells. 
A) Quantitative PCR of ASNS and PPARGC1A and B) FGF21, on cDNA from HepG2-ΔBNIP3 
cells stably overexpressing EV, BNIP3-WT, or BNIP3-W18A and incubated in ± KRH buffer for 
16 hrs. Normalized to levels of human β-actin. Gene expression was relative to WT-Full. 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
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Conclusions 
 
 In this chapter, I have identified a novel mitochondrial interaction between BNIP3 and 

ATF4 with functional consequences for gene expression changes in response to nutrient stress. 

To investigate our prior findings that loss of BNIP3 resulted in significantly increased expression 

of amino acid biosynthesis genes in response to fasting in the mouse liver, we explored a 

possible interaction between BNIP3 and the ATF4 nuclear transcription factor, a key 

transcriptional regulator of the amino acid stress response. In wild-type and BNip3 null murine 

hepatocytes, ATF4 exhibits altered nuclear and mitochondrial localization patterns under fed 

and fasted conditions, with BNip3 expression appearing to drive mitochondrial localization of 

ATF4 under fasting. To our knowledge, this is the first description of mitochondrial ATF4 in 

mammalian cells. The literature describes ATF4 as a nuclear protein only that is rapidly 

upregulated at the translational level in response to acute nutrient stress.86,87 However, our data 

suggests that high levels of ATF4 are present at basal conditions in hepatocytes and that ATF4 

localization at mitochondria may be a specific response to nutrient stress mediated by the 

mitophagy receptor BNIP3. Given the exceptional metabolic demands of the liver and the 

greater biomass of mitochondria in hepatocytes, it is possible that this observation may be 

unique to the liver.  

We also confirmed that exogenous HA-BNIP3 coimmunoprecipitates with ATF4-GFP 

and mapped the region of interaction to the amino terminus of BNIP3. Specifically, mutation of a 

critical tryptophan residue at position 18 to alanine (W18A) was sufficient to significantly reduce 

pull-down of BNIP3 with ATF4. Notably, this is the same mutation that ablates the interaction of 

BNIP3 and LC3, thereby inhibiting BNIP3-mediated mitophagy. In addition to our novel 

observation of ATF4 mitochondrial localization, this finding indicates a possible role for BNIP3 in 

the turnover of ATF4 by mitophagy. ATF4 is known to regulate autophagy as an adaptive 

response to prolonged stress, such as by transcriptional upregulation of ULK1 and LC3 in 
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cancer cells.86,100,101,154 A direct role for ATF4 in mediating mitophagy or being turned over at 

mitophagosomes has not been described and will be addressed in the next chapter.  

We observed that while ATF4 was nearly exclusively nuclear in BNip3 null hepatocytes, 

overexpression of BNIP3-WT was sufficient to prevent nuclear localization of ATF4, and ATF4 

was predominantly observed at perinuclear mitochondria in both fed and fasted conditions. 

Colocalization of ATF4 and TOM20 at mitochondria was also significantly increased following 

treatment with the lysosomal inhibitor, BafA1. BNIP3-W18A expressing cells exhibited a similar 

phenotype to control cells, consistent with the abrogation of the interaction between ATF4 and 

BNIP3 limiting the perinuclear mitochondrial localization of ATF4. The functional consequences 

of altered sub-cellular localization of ATF4 for ATF4 target gene expression were addressed in 

both primary mouse hepatocytes and in human HepG2 liver cancer cells, with ATF4 target gene 

expression suppressed by expression of BNIP3-WT but not by BNIP3-W18A in both systems. 

 Together, these data demonstrate the functional significance of ATF4 sequestration away from 

the nucleus to the mitochondria, specifically in response to nutrient starvation, for both dividing 

and non-dividing cells. In the next chapter, we will further investigate the consequences of this 

BNIP3-ATF4 interaction for cellular stress responses, cellular metabolism and cell growth. 
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CHAPTER 5 

THE INTERACTION OF BNIP3, ATF4, AND LC3 IN MITOPHAGY, MITOCHONDRIAL 

STRESS RESPONSES, AND METABOLISM 

Introduction 
 
 In the previous chapter, we described our novel finding that ATF4 localizes to the 

mitochondria in a BNIP3-dependent manner. We also showed that BNIP3 interacts with ATF4 at 

mitochondria in a manner dependent on a functional LIR motif in BNIP3, and that this interaction 

is crucial for promoting mitochondrial localization of ATF4, and suppression of ATF4 target gene 

transcription in the nucleus, in response to nutrient starvation. These findings indicated a 

possible function for ATF4 and BNIP3 in autophagy, and more specifically, mitophagy, in 

response to nutrient deprivation.  

 Given its emerging role in mitochondrial stress, it is possible that ATF4 is linked to the 

role of BNIP3 in mitophagy and maintaining mitochondrial fitness in response to stress, 

including nutrient deprivation. In addition to their role in respiration and production of ATP, 

mitochondria also serve as biosynthetic factories, producing macromolecules such as 

nucleotides and amino acids that are crucial for maintaing cellular homeostasis, and thus cell 

survival and proliferation.165,166 A recent study has implicated ATF4 in mediating the 

mitochondrial stress response in mammalian cells, involving a mechanism that activates amino 

acid biosynththesis genes.124 Our investigation of the BNIP3-ATF4 interaction could shed light 

on whether BNIP3-dependent mitophagy controls ATF4-mediated cellular stress responses to 

nutrient deprivation and explain how cells switch from deriving amino acids by de novo 

synthesis to via autophagy.  

In this chapter, we examined the significance of the BNIP3-ATF4 interaction for cellular 

adaptation and survival under nutrient replete and starvation conditions, both in non-dividing 

primary mouse hepatocytes and in human HepG2 liver cancer cells. We examined the 
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consequences of disrupting the BNIP3-ATF4 interaction for rates of mitophagy, mitochondrial 

metabolism, cancer cell proliferation, amino acid biosynthesis, and mitochondrial stress. Finally, 

we identified two different molecular weight forms of ATF4 that localize to either the nucleus or 

the mitochondria, and examined their expression in primary human tumor sections.  

The interaction of HA-BNIP3 with ATF4-GFP is enhanced upon inhibition of 

autophagy  

 Our prior coimmunoprecipitation studies elucidated a novel interaction between BNIP3 

and ATF4 that is significantly decreased upon mutation of tryptophan 18 to alanine, which also 

disrupts the interaction between BNIP3 and LC3, thereby inhibiting BNIP3-dependent 

mitophagy. In order to determine the relevance of the BNIP3-ATF4 interaction for rates of 

autophagy, we performed coimmunoprecipitation experiments in the presence or absence of 

BafA1. Given that BNIP3 is turned over by mitophagy, we expected to see increased levels of 

HA BNIP3-WT when autophagy is inhibited. Indeed, increased levels of input HA- BNIP3-WT 

were detected in the presence of BafA1, resulting in increased pulldown of BNIP3-WT with 

ATF4-GFP (Figure 5.1, lane 1 vs. 2, lane 5 vs. 6). BafA1 treatment had no effect on BNIP3-

W18A, which did not coimmunoprecipitate with ATF4-GFP despite increased input levels 

relative to HA-BNIP3-WT, consistent with our previous pulldown experiments (Figure 5.1, lane 3 

vs. 4, lane 7 vs. 8). This result indicates that the BNIP3-ATF4 complex is turned over by 

autophagy.   
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Figure 5.1 The interaction of HA-BNIP3 with ATF4-GFP is enhanced by autophagy 
inhibition. Coimmunoprecipitation in 293T-ΔBNIP3 cells stably over-expressing ATF4-GFP, 
transiently over-expressing HA-BNIP3-WT or HA-BNIP3-W18A, ± 100 nM BafA1 for 4 hrs. 
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BNIP3, ATF4, and LC3 interact in a tri-molecular complex that is turned over by 

autophagy  

Having established that ATF4 localizes to the mitochondria and binds to BNIP3 in a 

manner dependent on the LC3-interacting region of BNIP3, we next sought to establish a link 

between ATF4 and other components of the autophagy machinery. In order to investigate 

whether ATF4 interacts with LC3 as well as BNIP3, we performed coimmunoprecipitation and 

western blot analysis in 293T-ΔBNIP3 cells overexpressing ATF4-GFP, DsRed-LC3, and HA- 

BNIP3-WT or HA- BNIP3-W18A, in the presence or absence of BafA1. We also included a 

condition with EV in lieu of HA-BNIP3, to test whether BNIP3 is required for the interaction 

between ATF4 and LC3. We observed increased input levels of ATF4 in the EV condition 

relative to the WT and W18A conditions, indicating that expression of BNIP3 may act to 

decrease ATF4 protein, potentially via mitophagy (Figure 5.2). We also found that DsRed-LC3 

coimmmunoprecipitated with ATF4-GFP regardless of whether BNIP3 was co-expressed and in 

a manner that increased with autophagy inhibition. We observed the greatest pull-down of 

DsRed-LC3 with co-expression of HA- BNIP3-WT, while expression of HA- BNIP3-W18A 

resulted in an intermediate pulldown that was unaffected by BafA1 treatment (Figure 5.2). 

These findings demonstrated that while BNIP3 is not required for the interaction between LC3 

and ATF4, expression of BNIP3-WT promotes this interaction significantly and that this in turn 

promotes ATF4 turnover by autophagy since levels of the LC3-ATF4 complex are markedly 

increased in the presence of BNIP3-WT when autophagy is inhibited. Taken together, these 

data indicate that BNIP3, ATF4, and LC3 interact in a tri-molecular complex that is turned over 

by autophagy. Given that BNIP3 is exclusively mitochondrial and that ATF4 localized to 

mitochondria in a BNIP3-dependent manner, this further indicates that ATF4 is being turned 

over specifically by mitophagy and that ATF4 localizes specifically to mitophagosomes 

(autophagosomes engaged predominantly in mitophagy). 
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Figure 5.2 BNIP3 is not required for but is sufficient to promote the interaction of LC3 
with ATF4. Coimmunoprecipitation in 293T-ΔBNIP3 cells stably over-expressing ATF4-GFP 
and transiently over-expressing DsRed-LC3 and either HA-BNIP3-WT, HA-BNIP3-W18A, or EV, 
± 100 nM BafA1 for 4 hrs. 
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ATF4 localizes to mitophagosomes in a BNIP3-dependent manner 
 

Using immunofluorescence and confocal microscopy, we next investigated how BNIP3 

expression affected the interaction of endogenous LC3 and ATF4 in BNip3 null primary mouse 

hepatocytes overexpressing BNIP3-WT, or BNIP3-W18A and following treatment in full media 

or KRHg starvation buffer, in the presence of absence of BafA1 (Figure 5.3 A-D). Unexpectedly, 

we observed striking differences in LC3 localization and protein expression. Under full media 

conditions, LC3 was detected primarily in the nucleus in control EV cells or in cells expressing 

BNIP3-W18A, while overexpression of BNIP3-WT markedly induced cytosolic localization of 

LC3 (Figure 5.3A). This result indicates that BNIP3-WT is sufficient to promote trafficking of LC3 

to puncta outside of the nucleus under fed conditions. LC3 has been previously observed in the 

nucleus in an acetylated form that redistributes to the cytoplasm in response to nutrient 

deprivation as a result of its de-acetylation.167 Our results indicate that overexpression of BNIP3-

WT phenocopies the effects of nutrient deprivation on LC3 localization, independent of nutrient 

conditions.  

 Following BafA1 treatment, the localization of LC3 to the cytoplasm was further 

enhanced (Figure 5.3B). Specifically, treatment of cells with BafA1 (Figure 5.3B, lower panel) 

increased the amount of cytosolic LC3 detected when BNIP3-WT was over-expressed, 

suggesting that LC3 was being effectively turned over by autophagy in response to BNIP3-WT 

over-expression. This effect was not seen in control EV cells or when BNIP3-W18A was over-

expressed indicating that the ability of BNIP3 to interact with LC3 was required for its effect on 

the cytoplasmic localization of LC3. Interestingly, the overall levels of LC3 were less when 

BNIP3-W18A was expressed for reasons that will be discussed below. 
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Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. (Continued below) 

A 
 

B 
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  Nutrient deprivation (KRHg conditions in Figure 5.3 C-D) induced cytosolic localization of 

LC3 independent of BNIP3, with fasted control EV cells showing a significant increase in 

cytosolic LC3 compared to EV cells under fed conditions (Figure 5.3 A). Expression of BNIP3-

WT increased the amount of LC3 detected in the cytosol in response to nutrient deprivation that 

was further increased by treatment with BafA1 (Figure 5.3 D). This result indicated that while 

BNIP3 was not required for LC3 trafficking to the cytosol in response to nutrient deprivation, it 

did promote LC3 turnover and mitophagy in response to nutrient deprivation (Figure 5.3 C-D). 

The effect of BafA1 was less striking when BNIP3-W18A was expressed consistent with 

mitophagy requiring the interaction between LC3 and BNIP3.  

 When we examined how BNIP3-WT or BNIP3-W18A affected ATF4 and LC3 sub-

cellular localization, we observed increased overlap between ATF4 and LC3 in the cytoplasm 

when BNIP3-WT was expressed compared to EV control cells, with almost no nuclear ATF4 

detected when BNIP3-WT was expressed, as described previously in Chapter 4. Also as 

described in Chapter 4, ATF4 remained predominantly nuclear when BNIP3-W18A was over-

expressed and unlike BNIP3-WT, BNIP3-W18A failed to induce mitochondrial localization of 

ATF4  (Figure 5.3 A). Most significantly here, statistical colocalization analysis showed an 

almost perfect overlap of all cytosolic ATF4 with LC3 staining in the cytosol when BNIP3-WT 

was expressed but not with BNIP3-W18A over-expression, which was further enhanced by 

treatment with BafA1 (Figure 5.3 E). This indicates that ATF4 is localizing with LC3 specifically 

to mitochondria that are undergoing mitophagy and that this is dependent on BNIP3-WT and the 

ability of BNIP3-WT to interact with ATF4 and/or LC3 via its conserved LIR motif.  
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Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. (Continued below) 
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Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. (Continued below) 
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Next, we performed a complementary analyses in which ATF4 and Lamp1, a lysosomal 

marker, were assessed by immunofluorescence under the same treatment conditions (Figure 

5.3 F-I). Colocalization analysis revealed a statistically significant overlap between ATF4 and 

Lamp1 (Figure 5.3J). We observed approximately 60% of the total ATF4 is signal in BNIP3-WT-

expressing cells was colocalized to LAMP1 (Figure 5.3 F-I), in contrast to control EV and 

BNIP3-W18A-expressing cells, which only exhibited increased signal overlap (20-60%) upon 

starvation ± BafA1 treatment (Figure 5.3 H-I). This increase in overlap under these conditions 

indicates that ATF4 was being turned over by autophagy at the lysosome in a manner that did 

not require BNIP3-WT but was significantly enhanced by it (Figure 5.3 J).  

Taken together with the LC3 interaction studies and our studies showing overlap of 

ATF4 with TOM20 at mitochondria in Chapter 4, our findings indicate that ATF4 localizes to 

mitophagosomes in a BNIP3-dependent manner. While BNIP3 is not essential for ATF4 

localization at mitophagosomes, as ATF4 can co-localize with LC3 and LAMP1 in response to 

nutrient deprivation ± in control EV cells that lack BNIP3, it does markedly increase their co-

localization and the number of mitophagosomes detected. 
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Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. (Continued below)   

F 

 

G 



 79 

                               

  
Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. (Continued below) 
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Figure 5.3 ATF4 localizes to mitophagosomes in a BNIP3-dependent manner in primary 
mouse hepatocytes. Representative immunofluorescence images of endogenous ATF4 
(green) and LC3 (red) in BNip3 null hepatocytes infected with EV, BNIP3-WT, or BNIP3-W18A 
adenoviruses, and following incubation in A) full media, B) full media + 100nM BafA1 for 4 hrs, 
C) KRHg starvation media for 6 hours, and D) KRHg + 100 nM BafA1. E) Quantification of 
mitochondrial overlap between ATF4 and LC3 signals. F-I) Representative images of ATF4 
(green) and LAMP1 (red) in above conditions, and J) Quantification of lysosomal overlap 
(Lamp1) and ATF4. Each condition represents the mean ± SEM of 8-10 images. (**p<0.01, 
****p<0.0001) 
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LC3 is not required for the interaction of BNIP3 and ATF4 
 
 BNIP3 is a small 21.4 kDa protein with defined functional domains at its amino and 

carboxy termini. Given that the function of its LIR motif has been well-established in the field 

and in our own studies, we considered the possibility that BNIP3 cannot bind both ATF4 and 

LC3 at the same time and that BNIP3 may not be directly binding to ATF4. Instead, we 

speculated that their interaction may be indirectly mediated by separate interactions with LC3 

(ATF4 with LC3, and BNIP3 with LC3) with LC3 being the central protein mediating complex 

formation, which would also explain the abrogated pulldown of BNIP3-W18A with ATF4. To 

assess the requirement for LC3 in the interaction between BNIP3 and ATF4, we performed a 

coimmunoprecipitation in parental 293T cells or 293T cells genetically deleted for LC3 via 

CRISPR-mediated gene editing (293T-ΔLC3). We found that in cells lacking LC3, HA-BNIP3 

was still able to effectively co-immunoprecipitate with ATF4-GFP (Figure 5.4, lanes 7&8). 

However, overall levels of HA-BNIP3 and ATF4-GFP were increased in 293T-ΔLC3 cells, 

indicating that these proteins are accumulating in LC3-deficient cells due to a blockage in 

autophagy (Figure 5.4, lanes 1&2 vs. lanes 3&4). Overall, these results indicate that while we 

have observed a novel interaction between LC3 and ATF4, LC3 is not required for the BNIP3-

ATF4 interaction, although LC3 is required for turning these proteins over through mitophagy.  

In summary, BNIP3 can interact with ATF4 independent of LC3, and LC3 can interact with ATF4 

independent of BNIP3, but BNIP3 strongly promotes the ATF4-LC3 interaction, BNIP3 promotes 

cytoplasmic localization of ATF4 and LC3, and both BNIP3 and LC3 are required for the 

turnover of ATF4 by mitophagy.  
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Figure 5.4 LC3 is not required for the interaction of BNIP3 and ATF4. 
Coimmunoprecipitation in parental 293T cells or 293TΔLC3 cells stably over-expressing 
ATF4-GFP and transiently over-expressing HA-BNIP3-WT, ± 100 nM BafA1 for 4 hrs. 
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Overexpression of BNIP3 suppresses oxygen consumption and extracellular 

acidification rates in HepG2 cancer cells 

 Given the function of BNip3 in reducing mitochondrial mass via mitophagy, we next 

examined the downstream effects on mitochondrial function by measuring oxygen consumption 

rates (OCR) in human HepG2-ΔBNIP3 cancer cells overexpressing BNIP3-WT or BNIP3-W18A 

in comparison to control EV cells. Over-expressing BNIP3-WT suppressed basal OCR by 

approximately 2-fold in HepG2-ΔBNIP3 cells compared to control EV HepG2-ΔBNIP3 (Figure 

5.5 A-B). Cells expressing BNIP3-WT also exhibited a 2-fold reduction in the maximal OCR 

compared to control EV cells (Figure 5.5 A, C). The reduced maximal OCR observed in BNIP3-

WT expressing cells is consistent with a reduction in mitochondrial mass due to BNIP3-

dependent mitophagy in line with our previous work examining OCR in primary hepatocytes 

from wild-type and BNip3 null mice.38  

Expression of exogenous BNIP3-W18A did not suppress either basal or maximal OCR 

to the same extent as exogenous BNIP3-WT but did have a statistically significant (<2-fold) 

effect on basal OCR in particular, compared to control EV HepG2-ΔBNIP3 (Figure 5.5A-C). This 

suggests that BNIP3-W18A, while defective for LC3 and ATF4 binding, maintains residual 

functional activity unrelated to the role of BNIP3 in LC3 binding and mitophagy, or indeed 

control of ATF4 binding and turnover. This could involve interactions of BNIP3 with other 

mitochondrial proteins, including NIX, Bcl-xL, Bcl-2, Rheb, VDAC, and OPA1.41,44,168,169 

To complement our measurement of mitochondrial respiration rates, we also examined 

the extracellular acidification rates (ECAR) due to proton release. This is an indirect measure of 

lactate production and rates of glycolysis, which we previously found altered in primary BNip3 

null mammary tumor cells.28 We found that over-expressing BNIP3-WT in HepG2-ΔBNIP3 cells 

significantly reduced lactate production compared to control EV HepG2-ΔBNIP3 cells, 

consistent with our previous findings that BNIP3 limits lactate production by promoting 
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mitochondrial oxidation of glucose-derived carbon substrates. Surprisingly, over-expressing 

BNIP3-W18A in HepG2-ΔBNIP3 cells also reduced lactate production compared to control EV 

HepG2-ΔBNIP3 cells, with no statistical difference between the effect of BNIP3-WT and BNIP3-

W18A on ECAR observed (Figure 5.5D). These results suggest that BNIP3 can reduce lactate 

production in a manner independent of its role in LC3-mediated mitophagy. 

These data contrast with previously published work from our laboratory in primary 

mammary tumor lines, in which BNIP3-WT expression significantly increased oxygen 

consumption compared to BNip3 null cells.28 In that study, BNIP3 reduced mitochondrial mass 

and limited the accumulation of damaging ROS and the Warburg effect, thereby increasing 

overall mitochondrial fitness and efficiency of oxidative metabolism compared to BNip3 null 

cells.28 Our findings could be due to the unique dependence of the liver on aspects of 

mitochondrial metabolism and/or a phenotype that may be due to using a specific cell line, in 

this case HepG2 cells, which may have accumulated significant changes while in culture. 
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Figure 5.5 BNIP3-WT decreases oxygen consumption and extracellular 
acidification rates in HepG2 cancer cells. A) Oxygen consumption rate in EV-, HA-
BNIP3-WT-, and HA-BNIP3-W18A-expressing HepG2-ΔBNIP3 cells, measured with 
the cell mito stress test on the XF-96 Seahorse Analyzer. B) Mean of the 3 basal 
reading and C) mean of the 3 maximal OCR readings. D)mean of 3 ECAR readings. 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Data in Panel A were generated in 
cooperation with Logan Poole. 
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                                              Figure 5.5 (continued)  
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BNIP3 suppresses growth of HepG2 tumor cells in manner partially dependent on 

its ability to bind LC3 and/or ATF4 

 Both published and unpublished work from our laboratory has established a growth 

suppressive function for BNIP3 in cell lines in vitro and mouse tumor models in vivo.28 However, 

it is unclear to what extent the role of BNIP3 in mitophagy plays in its growth suppressive 

activity. Cancer cells exhibit unique metabolic demands as a result of the scarce resources 

encountered in the tumor microenvironment, which may be insufficient to support their rapid 

proliferation. ATF4 has emerged as a driver of tumor-promoting processes, specifically 

mediating the adaptive responses to amino acid limitation, oxidative stress, and ER 

stress.143,152,155,157,170–174 Having established that BNIP3 suppresses ATF4 target genes in 

HepG2 cancer cells in response to starvation, we next investigated whether this interaction was 

necessary to suppress proliferation in HepG2-ΔBNIP3 tumor cells under basal growth 

conditions. We overexpressed BNIP3-WT or HA-BNIP3-W18A in HepG2-ΔBNIP3 tumor cells 

and examined log-phase growth over 7 days in comparison to control HepG2-ΔBNIP3 tumor 

cells stably transfected with EV.  

Consistent with our previous observations in other systems, we observed a significant 7-

fold decrease in growth in cells overexpressing BNIP3-WT compared to control EV cells (Figure 

5.6). Interestingly, exogenous BNIP3-W18A also suppressed cell growth by approximately 2-

fold compared to EV control cells, which while not as marked as the effect of BNIP3-WT, was 

statistically significant (Figure 5.6). These results indicate that BNIP3 plays a growth 

suppressive effect on tumor cell growth in a manner dependent on its ability to bind LC3 and/or 

ATF4 but also in a way that is independent of either of these activities. These data demonstrate 

that BNIP3 is sufficient to suppress growth of HepG2 tumor cells, in a manner partially 

dependent on its interaction with ATF4 and/or intact mitophagy. In line with the effects of WT 

and W18A on OCR and ECAR described above, we postulate that the intermediate growth 
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suppressive phenotype of BNIP3-W18A-expressing cells may be explained by interactions of 

BNIP3 with other binding partners that are involved in the regulation of cell death, such as Bcl-

XL or Bcl-2. Due to the involvement of W18 in the interaction of BNIP3 with both ATF4 and LC3, 

we cannot currently separate their roles in modulating cell growth properties.  
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Figure 5.6 Overexpression of BNIP3-WT suppresses growth of HepG2, while BNIP3-W18A 
exhibits an intermediate growth suppressive effect. Growth curves of HepG2-ΔBNIP3 cells 
overexpressing EV, HA-BNIP3-WT, or HA-BNIP3-W18A. Cells were seeded at a density of 
4x104 cells and counted in duplicate for 6 days (****p<0.0001).  
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BNIP3 suppresses de novo serine and glycine biosynthesis 
 
 Our studies thus far have indicated a role for BNIP3 in suppressing ATF4-mediated 

transcriptional responses to metabolic stress by sequestering ATF4 at the mitochondria and 

promoting its turnover by mitophagy. However, BNIP3 over-expression is able to suppress 

growth of HepG2 tumor cells (and other cell types) in nutrient replete conditions suggesting that 

the functional consequences of the BNIP3-ATF4 interaction on cell growth are not dependent on 

nutrient deprivation.  Since ATF4 is known to promote cell survival and tumor growth by 

promoting de novo amino acid biosynthesis and BNIP3 suppresses both cell growth and ATF4 

target gene expression, we hypothesized that BNIP3 was in part suppressing tumor cell growth 

by limiting de novo amino acid biosynthesis. To test this hypothesis, we performed unbiased 

metabolomic glucose and glutamine carbon flux analysis on HepG2-ΔBNIP3 cells 

overexpressing BNIP3-WT or BNIP3-W18A under steady state conditions and compared 

incorporation of labeled carbon into different amino acids and other metabolites compared to 

control EV HepG2-ΔBNIP3 cells. Cells were grown in uniformly 3C-labeled carbon sources, [U-

13C] D-glucose and [U-13C] L-glutamine. Relative incorporation of 13C derived from either 13C-

glucose or 13C-glutamine was assessed by mass spectrometry in a collaboration with the UT 

Southwestern Medical Center Metabolomics Facility.  

BNIP3-WT-expressing cells exhibited reduced flux of glucose-derived carbon to the TCA 

cycle, consistent with the reduction in mitochondrial respiration that we previously observed in 

these cells. However, the most significant differences were observed in the flux of labeled 

carbon from glucose to the amino acids serine and glycine, which was suppressed in cells 

expressing BNIP3-WT cells compared to control EV cells or to cells expressing BNIP3-W18A, 

which exhibited comparable levels of 13C enrichment into serine and glycine to control EV cells 

(Figure 5.7). Serine and glycine are non-essential amino acids which are generated in cells by 

de novo biosynthesis from glycolytic intermediates.113 In addition, de novo serine and glycine 

biosynthesis generates essential precursors for the synthesis of other cellular components, such 
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as nucleotides, lipids, and proteins, the production of which are crucial for sustaining the 

proliferation of cancer cells.113,175,176 Of interest to our work, de novo serine biosynthesis is an 

ATF4-regulated process that involves transcription of several key metabolic enzymes, several of 

which have been shown to be upregulated or amplified in cancer (see Chapter 1).116,150,151,177 

Our findings indicate that BNIP3 may act to suppress tumor cell growth under basal conditions 

by suppressing the biosynthesis of serine and glycine. Furthermore, such a mechanism could 

underlie the observed epigenetic silencing or gene deletion of BNIP3 in advanced stages of 

various cancers.   
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Figure 5.7 Overexpression of BNIP3-WT suppresses glucose-derived carbon flux to 
serine and glycine. Fractional enrichment of [U-13C] D-glucose flux to A) serine and B) glycine 
in HepG2-ΔBNIP3 cells stably overexpressing EV, BNIP3-WT, or BNIP3-W18A. Each cell line 
was plated in triplicate. (*p<0.05, ***p<0.001, ****p<0.0001) 
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To determine whether the observed reduction in glucose-derived carbon flux to serine 

and glycine was linked to altered ATF4 target gene expression patterns, we performed qPCR on 

cDNA derived from RNA extracted from HepG2 cells grown under full media or under starvation 

conditions. We measured expression levels of ATF4 target genes encoding metabolic enzymes 

functioning in serine synthesis (PSAT1, PHGDH, and PSPH), conversion of serine to glycine 

(SHMT2), as well as those involved in the related pathways of mitochondrial folate/1C 

metabolism, cysteine biosynthesis, and redox homeostasis (MTHFD2, CTH, and xCT). For all of 

these targets, BNIP3-WT-expressing cells significantly suppressed expression compared to 

control EV HepG2-ΔBNIP3 cells to those cells expressing exogenous BNIP3-W18A (Figure 

5.8). In contrast to our previous findings for other ATF4 target genes, this suppressive effect of 

BNIP3 on ATF4 target gene expression was independent of nutrient stress, with BNIP3-WT 

suppressing these biosynthetic genes under both basal full media and under nutrient deprivation 

with KRH (Figure 5.8). In cells lacking BNIP3 or expressing BNIP3-W18A, PHGDH, which 

encodes the rate-limiting enzyme for serine synthesis and is amplified in human cancers, 

exhibited a 3-fold and 5-fold induction under full media and starvation compared to BNIP3-WT-

expressing cells, respectively (Figure 5.8).  In addition to corroborating the findings from the 

carbon tracing studies, these findings suggests that in HepG2 liver cancer cells, BNIP3 

functions to suppress the expression of metabolic enzymes that would otherwise ensure 

biosynthesis of amino acids and other macromolecules, such as nucleotides, and antioxidants. 

This effect was even more pronounced under nutrient starvation conditions, particularly in the 

expression of MTHFD2, CTH, and xCT, which were suppressed by approximately 3-, 5-, and 4-

fold in BNIP3-WT cells, respectively (Figure 5.8). These genes are involved in the generation of 

nucleotides, cysteine, and glutathione and play particularly important functions for cell 

survival.117,165,174,175,178 These are mitochondrial pathways that may also induce mitochondrial 

stress and impact cell function under prolonged nutrient stress. It is possible that this process is 
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negatively regulated by BNIP3 and mitophagy to limit mitochondrial proteostasis and/or as part 

of a mitochondrial stress response. 

Complementary qPCR analysis on primary hepatocytes showed similar results, with 

BNIP3-WT suppressing expression some ATF4 target genes involved in serine and glycine 

biosynthesis and transport, under fasted conditions only (Figure 5.9). Specifically, statistically 

significant differences were observed for PSPH, PHGDH, MTHFD2, and CTH, with BNIP3-WT-

expressing cells showing a 1.5-2-fold decrease in expression compared to control EV-cells and 

BNIP3-W18A-expressing cells (Figure 5.9). These differences were less substantial than those 

observed in HepG2s. Also in contrast to the HepG2s, BNIP3-WT did not appear to suppress 

serine biosynthesis genes under fed conditions. This is most likely explained by the fact that 

primary hepatocytes are non-transformed and non-dividing cells that are less dependent on de 

novo synthesis of amino acids, while tumor cells require metabolic reprogramming, including 

upregulation of de novo amino acid synthesis to meet their proliferative demands, regardless of 

extracellular nutrient status.176,177 
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Figure 5.8 BNIP3-WT suppresses expression of genes involved in de novo serine and 
glycine synthesis in HepG2 cancer cells independent of nutrient status. Quantitative PCR 
of serine/glycine synthesis pathway genes on cDNA from HepG2-ΔBNIP3 cells stably 
overexpressing EV, BNIP3-WT, or BNIP3-W18A in full or KRH starvation buffers for 16hrs. 
Normalized to levels of human β-actin. Gene exprerelative to WT-Full. (*p<0.05, **p<0.01, 
***p<0.001) 
 
 
 
 

 
 
 
 
Figure 5.9 BNIP3-WT suppresses expression of genes involved in de novo serine and 
glycine synthesis in fasted primary murine hepatocytes. Quantitative PCR of ATF4 target 
genes on cDNA from primary BNip3 null hepatocytes infected with EV or overexpressing 
BNIP3-WT or BNIP3-W18A, ± KRHg for 16 hrs. Normalized to levels of mouse β-actin. Gene 
expression was relative to WT-Full. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 
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BNIP3 plays a role in suppressing the mitochondrial stress response in the fasted 

mouse liver and in human HepG2 cancer cells 

 Thus far, our studies have largely focused on the role of BNIP3 in suppressing the amino 

acid stress response mediated by ATF4 at a transcriptional level in the nucleus. Given the role 

of both BNIP3 and ATF4 in responding to cellular and microenvironmental stresses, and the 

emerging role of ATF4 in mediating the mitochondrial unfolded protein response (UPRmt), we 

postulated that BNIP3 may also regulate the ATF4-mediated transcriptional response to 

mitochondrial stress. Our findings above suggest a particularly important function for BNIP3 in 

suppressing expression of genes involved biosynthetic pathways taking place in the 

mitochondria. In response to mitochondrial stress, ATF4 was shown to upregulate expression 

of genes involved in amino acid biosynthesis, the mitochondrial 1C pathway, and redox 

balance.124,125,132 Furthermore, numerous studies have linked UPRmt to amino acid 

deprivation.120,124,166,179 As bona fide mitochondrial stress target genes have yet to be described 

as regulated by ATF4, we chose to examine the expression of the mammalian homologs of 

genes previously shown to be upregulated by atfs-1 (the worm homolog of ATF4) during the 

UPRmt in C. elegans: Cox1/mtCO1, CytB, Hsp60, Uqcrc1, Atp5a1, Cox4i1, Hmox1, Sdha, 

Lonp1, Hspa9, Ndufs3, Slc25a15180. We measured expression of these genes in livers from fed 

and fasted wild-type and BNip3 null mice. In response to starvation, we observed significantly 

increased expression (2-fold) of nearly all of these genes in BNip3 null livers compared to wild-

type controls (Figure 5.10). No difference was observed under fed conditions, implying that loss 

of BNip3 does not induce a mitochondrial stress gene signature in the absence of nutrient 

deprivation.  

 In complementary studies, we examined the expression of mitochondrial stress 

response genes (COX4I1, SDHA, HSPD1, TFAM, HMOX1, SLC25A15, HSPA9, MT-ND5, MT-

CO1, MT-CYB, and ATP5A1) in HepG2s overexpressing BNIP3-WT or BNIP3-W18A 
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compared to control EV cells, under basal conditions (Figure 5.11). We found significantly 

decreased levels of all mitochondrial stress genes tested in BNIP3-WT-expressing cells 

compared to control EV cells or to those expressing exogenous BNIP3-W18A (Figure 5.11). 

This result indicates that in the absence of an extrinsic stressor such as nutrient deprivation, 

these cells exhibit evidence of a mitochondrial stress response in the absence of BNIP3 and 

BNIP3-mediated interaction with LC3 and/or ATF4. Mitochondrial stress and dysfunction 

induced by mitochondrial toxins have been shown to activate mitophagy in a manner involving 

the UPRmt and ATFS-1 in worms and ATF4 in mammalian cells.125,127 Ablation of dct-1, a 

homolog of BNIP3, has been shown to abrogate this mitochondrial stress response in worms, 

indicating an essential role for mitophagy coordinating proper mitochondrial function.127,129  

 Although these mitochondrial stress response genes have not been defined as ATF4 

targets in mammalian cells as yet, the suppression of their transcript levels by BNIP3 suggests 

a future set of experiments to determine whether ATF4 can be detected at these promoters 

and if ATF4 promoter occupancy is reduced by BNIP3 over-expression. Furthermore, three of 

the genes (MT-ND5, MT-CO1, MT-CYB) suppressed by BNIP3-WT in HepG2s are encoded in 

the mitochondrial genome. While this result could be due to reduced mitochondrial content as a 

function of BNIP3-mediated mitophagy, we cannot rule out that BNIP3 also suppresses the 

ability of ATF4 to bind mitochondrial gene promoters. As ATFS-1 has been shown to regulate 

mitochondrial gene transcription in worms, ATF4 may have a similar function in mammalian 

cells.180 Given these data, we hypothesize that induction of ATF4 may be a response to 

mitochondrial stress caused by nutrient deprivation, and BNIP3-WT functions to dampen this 

mechanism via turnover of mitochondria and ATF4 through mitophagy. Alternatively, loss of 

BNIP3-WT may itself induce a mitochondrial stress signature that promotes nuclear localization 

and activation of ATF4, contributing to tumor cell proliferation. 
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Figure 5.10 Mitochondrial stress genes are upregulated in the BNip3 null mouse liver 
following fasting. Quantitative PCR of mitochondrial stress genes on cDNA from livers of fed 
and 24h fasted/glucagon-injected wild-type or BNip3 null mice. Normalized to levels of β-actin. 
Gene expression was relative to WT Fed. (*p<0.05, **p<0.01, ***p<0.001) 
 
 

 
 

Figure 5.11 BNIP3 suppresses mitochondrial stress response genes in HepG2 cells 
under basal conditions. Quantitative PCR of mitochondrial stress genes on cDNA from 
HepG2-ΔBNIP3 cells stably overexpressing EV, BNIP3-WT, or BNIP3-W18A and incubated in ± 
KRH for 16 hrs. Normalized to levels of human β-actin. Gene exprerelative to WT-Full. (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001) 
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Subcellular localization of ATF4 in primary human tumors 
 
 Our data reveal a novel interaction between ATF4, BNIP3, and LC3 occurring at 

perinuclear mitochondria undergoing turnover by mitophagy (Chapter 4 and 5). While it is 

possible that our findings are tissue-specific and reflect the unique architecture of the 

mitochondria-rich liver, we sought to determine what the underlying basis of the altered 

localization of ATF4 to the nucleus or mitochondria. We compared the Cell Signaling 

Technology (CST) ATF4 antibody (cat# 11815S) primarily used for our studies to another 

commercially available antibody from Abcam (cat# ab184909). According to the manufacturers, 

the CST antibody recognizes a region at the C-terminus of ATF4, centered near the isoleucine 

residue at position 338, while the Abcam antibody recognizes an epitope within the first 85 

amino acids at the N-terminus (Figure 5.12 A).  

We exogenously overexpressed WT-ATF4-GFP in 293T cells transiently overexpressing 

EV, Full length WT-ATF4-GFP, ATF4 Δ10-85, or ATF4ΔN334-351 and performed western blot 

analyses, probing for GFP and with both the CST and Abcam ATF4 antibodies. Consistent with 

information provided by the manufacturers, the Abcam antibody failed to recognize the form of 

ATF4 carrying an amino-terminal truncation, and conversely, the CST antibody did not 

recognize the C-terminus truncation mutant (Figure 5.12 B). As expected, the GFP antibody 

recognized the WT and truncated versions of ATF4. Furthermore, only the GFP and CST 

antibodies recognized two different molecular weight bands of ATF4 while the Abcam antibody 

recognized the higher molecular weight band (Figure 5.12 B). From these data, we concluded 

that the Abcam antibody preferentially recognizes the full-length form of ATF4 while the CST 

antibody is able to recognize both the full-length form of ATF4 and a form of ATF4 not seen by 

the Abcam antibody that is likely missing its amino terminus. As the WT-ATF4-GFP plasmid 

encodes one ATF4 cDNA and displays two bands by western blot, the modification is likely the 

result of either proteolytic cleavage of ATF4 located between amino acids 10 and 85 or due to 

an alternative translational initiation of ATF4 downstream of amino acid 85. 
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Given that the Abcam antibody exclusively recognizes the nuclear form of ATF4 while 

the CST antibody recognizes the mitochondrial form of ATF4, we realized the opportunity to 

exploit these antibodies to assess the significance of nuclear versus mitochondrial ATF4 in vivo 

for human tumor progression. Initially, we tested this hypothesis using a test Tumor Microarray 

(TMA) that included representative cases of breast, prostate, lung, bladder and colorectal 

cancers. Consistent with our prior observations in hepatocytes, the CST ATF4 antibody 

exhibited a predominantly mitochondrial staining pattern in representative sections of breast 

cancer and CRC (Figure 5.12 C). In contrast, the Abcam ATF4 antibody almost exclusively 

stained the nuclei in these samples (Figure 5.12 C). Of note, some mitochondrial staining was 

detectable in the CRC tumor section probed with the Abcam ATF4 antibody, and likewise some 

nuclear staining was observed with the CST antibody (Figure 5.12 C).. However, the subcellular 

localization of ATF4 appeared more dichotomous in the breast cancer sample, with little to no 

staining of the mitochondria by the Abcam antibody or of the nucleus by the CST antibody 

(Figure 5.12 C). This observation may be due to tissue specific differences and/or clinical 

characteristics such as tumor stage/grade. Additionally, there may be molecular characteristics 

impacting the ATF4 staining patterns observed, such as loss of BNIP3.  

These observations indicate that these two different forms of ATF4 are indeed 

detectable in human tumors and may be indicative of a functional role for each form in disease 

characteristics.  Of particular importance, this finding bears clinical relevance in human tumors, 

in which the predominant localization of ATF4 could inform prognosis and treatment strategies. 
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Figure 5.12 Subcellular localization of ATF4 in human tumors: comparison of two 
commercially available antibodies. A) Schematic of ATF4 structure with known domains and 
epitopes recognized by ATF4 antibodies from Abcam and Cell Signaling Technology (CST). B) 
Western blot analysis of 293T cells transiently overexpressing EV, Full length ATF4-GFP, ATF4 
Δ10-85, or ATF4ΔN334-351 and probed with antibodies against GFP and ATF4. C) 
Immunohistochemistry comparing Abcam ATF4 and CST ATF4 antibodies in patient samples of 
breast and colorectal cancer. 



 102 

C

 
 
Figure 5.12 (continued). 
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Conclusions 
 
 In this chapter, we interrogated the BNIP3-ATF4 interaction and its consequences for 

mitochondrial function, metabolism, and tumor cell growth. Our initial experiments focused on 

further characterizing the interaction of BNIP3 and ATF4 through pulldown assays in 293T cells. 

Treatment with BafA1 resulted in an increased pulldown of BNIP3 with ATF4, potentially due to 

accumulation of input BNIP3. This result could also indicate that BNIP3-ATF4 complexes are 

turned over by autophagy. To investigate a potential function in autophagy, we examined 

whether LC3 mediated the interaction of ATF4 with BNIP3, given that the W18A mitophagy 

mutant ablates the interaction of BNIP3 with both proteins. LC3 did indeed coimmunoprecipitate 

with ATF4 in a manner that increased upon autophagy inhibition. LC3 pulldown was greatest 

with co-expression of BNIP3-WT and BafA1 treatment. Furthermore, we found that 

overexpression of BNIP3-WT was sufficient to decrease input levels of ATF4 relative to cells 

expressing no BNIP3 (EV). Thus, while BNIP3 is not required for the interaction of ATF4 and 

LC3, it is sufficient to promote their interaction and may also be involved in mediating the 

turnover of ATF4 at mitophagosomes.  

 In complementary immunofluorescence studies, primary mouse hepatocytes exhibited 

colocalization of endogenous LC3 with ATF4, and of ATF4 with Lamp1, which is significantly 

enhanced when BNIP3-WT is overexpressed and under conditions of starvation and/or 

autophagy inhibition. Furthermore, while BNIP3-WT was not required for LC3 trafficking to the 

cytosol in response to nutrient deprivation, it did promote LC3 turnover and mitophagy in 

response to nutrient deprivation. In conjunction with our previous findings of BNIP3-mediated 

mitochondrial localization of ATF4, these data indicate that BNIP3-WT, but not EV or BNIP3-

W18A, is sufficient to significantly promote the localization of ATF4 at mitophagosomes. 

Specifically, these mitophagosomes reside in the perinuclear region of the cell, which may bear 

functional relevance. For example, ROS produced at perinuclear mitochondria have been linked 

to hypoxia-induced nuclear gene transcription.181 As BNIP3 is a hypoxia-inducible gene target, 
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this could function as a feed-forward mechanism to promote the continued expression of BNIP3 

under conditions of nutrient stress. Additionally, the specific turnover of perinuclear mitochondria 

could be a mechanism to counteract the unrestrained accumulation of damaging ROS at these 

mitochondria. We assessed levels of ATF4 autophagy gene targets (ATG5, ULK1, and LC3) 

and found no differences in control EV, BNIP3-WT-, or BNIP3-W18A-expressing cells under 

starvation, indicating that the BNIP3-mediated increase in mitophagy is occurring at the post-

translational level (data not shown). 

 While we found that ATF4, BNIP3, and LC3 may interact together in a tri-molecular 

complex, pulldown assays in 293TΔLC3 cells revealed that LC3 is dispensable for the 

interaction between ATF4 and BNIP3. We cannot exclude the possibility that another LC3-family 

protein, such as GABARAP or GATE-16, can compensate for loss of LC3 and form a complex 

with ATF4 and BNIP3.  Absence of LC3 did result in increased levels of total ATF4 and BNIP3 

input protein, confirming that these proteins are indeed turned over by autophagy. 

 Our remaining functional studies focused primarily on the significance of the BNIP3-

ATF4 interaction to cancer cell growth properties. In HepG2s, we found that BNIP3-WT 

suppressed oxygen consumption rates (OCR) relative to cells expressing EV or BNIP3-W18A, 

with BNIP3-W18A-expressing cells exhibiting an intermediate OCR. EV-expressing cells 

exhibited significantly increased extracellular acidification rates relative to both WT- and BNIP3-

W18A. BNIP3-WT dramatically suppressed cell growth, consistent with prior work in our 

laboratory supporting a tumor suppressor function for BNIP3. Again, BNIP3-W18A had an 

intermediate growth phenotype. These findings are most likely explained by intact interactions of 

BNIP3 with other proteins, which could be enhanced or diminished in the absence of 

interactions with LC3 and ATF4.  

Other factors contributing to the cell growth phenotype may be related to the effects of 

ATF4 on amino acid biosynthesis. Indeed, in HepG2s, glucose-derived carbon flux to serine and 

glycine was suppressed in BNIP3-WT-expressing cells compared to EV or BNIP3-W18A. ATF4 
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gene targets encoding metabolic enzymes involved in de novo serine and glycine synthesis and 

other mitochondrial biosynthetic pathways were suppressed in BNIP3-WT-expressing cells, 

independent of nutrient status. In contrast, starvation was required to observe the same 

phenotype in primary hepatocytes, which may be due to the fact that cancer cells are 

transformed and rapidly proliferating. Similarly, BNIP3-dependent mitochondrial stress gene 

signatures were observed only under fasted conditions in mouse livers, while this phenotype 

was present in HepG2 cancer cells under basal growth conditions. 

Our studies have defined a novel function for ATF4 at the mitochondria, in contrast to 

the literature indicating that ATF4 localizes primarily to the nucleus. Our comparison of ATF4 

truncation mutants with probing by two different antibodies indicate that there may be two forms 

of ATF4 resulting from proteolysis or some other post-translational modification. This finding 

bore clinical significance in primary human tumors, in which immunohistochemical staining 

showed predominantly nuclear staining by one antibody and mitochondrial staining by the other. 

We postulate that a specific, modified form of ATF4 is sequestered at mitochondria by BNIP3, 

where it also interacts with LC3 at mitophagosomes. Given that our studies have consistently 

shown in the absence of BNIP3-WT, ATF4 is almost exclusively nuclear, BNIP3 is likely 

involved in the modification of ATF4. We predict that this interaction dampens the adaptive 

functions of ATF4 as a nuclear transcription factor in response to nutrient deprivation and 

mitochondrial stress, thereby suppressing tumor growth.  
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CHAPTER 6 

DISCUSSION 
 

Summary and significance 
 
  

The work presented in this thesis demonstrates a previously unknown function for ATF4 

at mitochondria and reveal that it interacts with LC3 and BNIP3 in a tri-molecular complex that is 

turned over by autophagy. In addition to the novel functions we have identified for ATF4, we 

provide new mechanistic insight into the tumor suppressive functions of BNIP3. We identify a 

role for BNIP3 and mitophagy in modulating amino acid homeostasis, suppressing critical 

biosynthetic pathways that would otherwise fuel cell growth and survival. Our findings also 

suggest a link between BNIP3-mediated mitophagy and the suppression of mitochondrial stress 

responses, likely mediated by ATF4.  

BNIP3 is highly expressed in metabolic tissues such as the liver, where our laboratory 

has previously established a crucial function for BNIP3 in regulating mitophagy and lipid 

metabolism.  In Chapter 3, we investigated a broader role for BNIP3 in modulating metabolism 

with unbiased transcriptome profiling of livers from fed and fasted BNip3 null and wild-type mice. 

We identified a role for BNip3 in the suppression of genes involved in amino acid biosynthesis in 

the fasted state, finding that several of the most significantly upregulated genes in livers from 

BNip3 null fasted mice were targets of the nuclear transcription factor ATF4. Using both ex vivo 

and in vitro systems, we demonstrated that BNIP3 was both necessary and sufficient to 

suppress ATF4 target gene expression specifically in response to starvation. Furthermore, we 

observed that loss of BNip3 plays a role in modulating the promoter occupancy of known ATF4 

target genes in the liver.  

 In Chapter 4, we sought to identify the mechanism by which BNip3 modulated ATF4 

transcriptional activity. In primary mouse wild-type hepatocytes, we observed mitochondrial 

localization of endogenous ATF4, a novel finding. By contrast, BNip3 null hepatocytes exhibited 
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predominantly nuclear ATF4, indicating that BNip3 suppresses the localization of ATF4 at the 

nucleus through sequestration at mitochondria. This was supported by further studies indicating 

that BNIP3 coimmunoprecipitates with ATF4 in a manner dependent on a functional LIR motif, 

with mutation of W18 to alanine abrogating this interaction. Overexpression of WT-BNIP3 in 

BNip3 null hepatocytes suppressed nuclear localization and promoted mitochondrial localization 

of ATF4, while control EV cells and BNIP3-W18A-expressing cells exhibited nearly exclusive 

nuclear ATF4. Consistent with the inhibition of ATF4 nuclear localization, qPCR analysis 

revealed that only WT-BNIP3 promoted the suppression of ATF4 target genes in fasted 

hepatocytes. Given the significance of ATF4 in the promotion of growth and BNIP3 in the 

suppression of growth, we sought to extend these findings to cancer cells. Indeed, HepG2 liver 

cancer cells also exhibited significantly decreased expression of ATF4 target genes in a manner 

that depended on BNIP3-WT, under starvation conditions. Together, these data demonstrated 

the functional significance of ATF4 sequestration away from the nucleus to the mitochondria, in 

response to nutrient starvation.  

 In Chapter 5, we interrogated the functional consequences of this BNIP3-ATF4 

interaction for mitophagy, cellular metabolism, and cell growth. Coimmunoprecipitation 

experiments revealed that ATF4 also interacted with LC3 in a manner that did not require 

BNIP3, but was enhanced by BNIP3-WT and not BNIP3-W18A. Thus, BNIP3, ATF4, and LC3 

interact in a tri-molecular complex that is turned over by autophagy. Consistent with this finding, 

we confirmed that ATF4 colocalizes to LC3 and LAMP1, and thus mitophagosomes, in a BNIP3-

dependent manner and that BNIP3 promotes the cytosolic trafficking of ATF4 and LC3 

independent of nutrient stress. Further analysis of mitochondrial function in HepG2 cancer cells 

indicated that BNIP3 suppressed oxygen consumption and extracellular acidification rates. 

BNIP3 significantly attenuated the growth of HepG2 tumor cells in manner partially dependent 

on its ability to bind LC3 and/or ATF4. Supporting this growth suppressive function for BNIP3, 

carbon-tracing analysis revealed that HepG2ΔBNIP3 cells overexpressing BNIP3-WT exhibited 
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significantly reduced glucose-derived carbon flux to the amino acids serine and glycine. Gene 

expression analysis further corroborated this finding, indicating that BNIP3 suppresses 

expression of metabolic enzymes (established ATF4 target genes) involved in de novo 

serine/glycine biosynthesis, 1C metabolism, and redox homeostasis in a manner dependent on 

its ability to bind LC3 and/or ATF4. Furthermore, BNIP3 plays a role in suppressing the 

mitochondrial stress response in human HepG2 cancer cells under basal conditions, thus linking 

mitophagy, and possibly its interaction with ATF4, to the mitochondrial stress response in tumor 

cell proliferation. Finally, we challenge the prevailing notion that ATF4 is solely a nuclear protein 

and provide evidence that there are two forms of ATF4 that localize predominantly to either the 

nucleus or mitochondria, and show that each form is detected in a human TMA. 

 Together, the above-described work provides evidence of a novel function for BNIP3 in 

the sequestration of ATF4 at mitochondria to limit de novo amino acid biosynthesis in response 

to nutrient stress. This work expands our understanding of the mechanistic basis for the 

functions of BNIP3 and mitophagy in metabolism and cell proliferation. Furthermore, we 

describe a novel role for ATF4 at the mitochondria and the existence of a tri-molecular complex 

comprised of ATF4, BNIP3, and LC3 at mitophagosomes that has functional consequences for 

rates of mitophagy, mitochondrial function, cellular metabolism, and cell growth. This work has 

led to the generation of a model depicting the relationship between BNIP3 and ATF4 during 

nutrient stress (Figure 6.1).  This model involves the coordinated induction of ATF4 as a rapid 

response to nutrient stress followed by a delayed suppression of ATF4 via BNIP3. As part of the 

AAR, ATF4 is quickly upregulated at the translational level and induces the expression of 

metabolic enzymes involved in amino acid biosynthesis, and potentially proteins involved in the 

mitochondrial stress response. These genes promote metabolic adaptation through the de novo 

synthesis of amino acids and subsequent generation of macromolecules that fuel cell growth 

and survival. BNIP3 expression is delayed due to its transcriptional upregulation in response to 

stress and sequesters ATF4 at mitochondria through an as-yet unknown mechanism, where it 
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binds BNIP3 and LC3 in a tri-molecular complex. This limits the AAR response during prolonged 

nutrient stress, instead promoting growth arrest and eventually, cell death. Of note, ATF4 

activity is often increased in human tumors and associated with growth promotion, while BNIP3 

has putative tumor suppressor functions and is silenced in progression to invasive cancer. Thus, 

loss of BNIP3 in cancer would confer a greater capacity for metabolic adaption and a growth 

advantage through the uncontrolled ATF4-mediated stress response.  
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Figure 6.1 Proposed model for role of BNIP3 in modulating ATF4 localization and activity 
in response to nutrient stress. ATF4 is rapidly translationally upregulated in response to 
nutrient deprivation and induces the transcription of genes involved in the amino acid response 
and mitochondrial stress response. These genes promote metabolic adaptation through the de 
novo synthesis of amino acids and generation of macromolecules that fuel cell growth and 
survival. BNIP3 expression is delayed due to its transcriptional upregulation in response to 
stress and sequesters ATF4 at mitochondria through an as-yet unknown mechanism, where it 
binds BNIP3 and LC3 in a trimolecular complex and is targeted for degradation via mitophagy. 
This limits the AAR response during prolonged nutrient stress, instead promoting growth arrest 
and eventually, cell death. Thus, loss of BNIP3 in cancer would confer a greater capacity for 
metabolic adaption and a growth advantage through the uncontrolled ATF4 stress response.  
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How does BNIP3-mediated turnover of ATF4 at mitophagosomes contribute to 

overall energetic homeostasis?  

In addition to implications for tumor biology, our model suggests a critical homeostatic 

function for BNIP3 in normal physiology. We postulate that during prolonged nutrient deprivation 

in non-dividing cells such as hepatocytes in the liver, BNIP3 dampens the de novo synthesis of 

macromolecules in favor of the more energetically favorable mechanism of autophagy. In 

Chapter 5, we described the unexpected finding that BNIP3 promotes increased protein levels 

and cytosolic trafficking of LC3. In conjunction with other preliminary work from our laboratory, 

this indicates that in addition to its function as a mitophagy receptor, BNIP3 may play a broader 

role in promoting general autophagy. In this way, the functions of BNIP3 are three-fold: 1) to 

reduce mitochondrial mass, 2) to sequester ATF4 at mitochondria and turn off the nuclear 

response to stress, and 3) to rapidly generate amino acids and maintain energy homeostasis 

through the catabolic processes of mitophagy/autophagy. To test this hypothesis, a future 

experiment could utilize pulse-chase metabolite tracing experiments using isotype-labeled 

nutrients (glucose and amino acids) in HepG2ΔBNIP3 cells overexpressing BNIP3-WT or 

BNIP3-W18A, compared to control EV cells. These studies would involve labeling cells in media 

containing 13C and 15N- uniformly labeled amino acids and 13C-labeled glucose, followed by 

chasing in cold media and starvation in KRH buffer or full nutrient media in the presence or 

absence of the autophagy inhibitor BafA1. We would then analyze incorporation of labeled 

nutrients into amino acids using mass spectrometry to determine if BNIP3 is affecting the 

replenishment of amino acids via autophagy vs. de novo synthesis through ATF4. 

What is the function of ATF4 at mitochondria? 
 
 The findings we present here support a growing body of literature proposing that ATF4 is 

a mammalian homolog of ATFS-1, mediating a cytoprotective transcriptional program in 

response to mitochondrial stress.124,125,132 In C. elegans, this mechanism involves mitochondrial-
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to-nuclear communication to coordinate the metabolic rewiring required to cope with 

mitochondrial proteotoxic stress (Chapter 1). In addition to its function as a nuclear transcription 

factor, ATFS-1 localizes to the mitochondria via a mitochondrial target sequencing that when 

cleaved in the mitochondria, initiates its proteolytic degradation; the efficiency of mitochondrial 

targeting of ATFS-1 dictates the extent of its nuclear functions.126,180 However, ATFS-1 was also 

shown to exert transcriptional regulation of mtDNA to repress the expression of OXPHOS 

genes.180 We observed that ATF4 localizes to both the nucleus and the mitochondria, and that 

there may exist two different molecular weight forms of ATF4 that are detectable in cells and in 

human tumors. It is possible that ATF4 also maintains a conserved function in the transcriptional 

regulation of mtDNA that involves a modified form of the protein, but this has yet to be 

demonstrated in the literature.  

Other nuclear proteins and transcription factors have been recently shown to regulate 

mitochondrial DNA synthesis, replication, and transcription, such as p53 and MDM2.182,183 Of 

interest to our work, in response to oxidative stress and serine deprivation, MDM2 is recruited to 

chromatin independently of p53 where it interacts with ATF4 to promote transcription of genes 

involved in amino acid and redox homeostasis.184 More recently, MDM2 was also shown to 

localize to the mitochondrial matrix where it represses transcription of the complex I subunit MT-

ND6, inhibiting mitochondrial respiration.182 Furthermore, enhancing the levels of mitochondrial 

MDM2 in tumor cells increased their motility and invasiveness.182  

Given the increasingly broad array of functions for nuclear proteins in mediating cellular 

stress responses at mitochondria, it is possible that ATF4 also possesses a similar function. 

This would be a further example of mitochondrial-to-nuclear signaling in mammalian cells. This 

hypothesis could be tested in primary mouse hepatocytes as well as HepG2 cells with 

chromatin immunoprecipitation of ATF4-bound mtDNA using the CST ATF4 antibody under 

conditions of nutrient deprivation, followed by sequencing of the mtDNA fragments that are 

pulled down. The regulation of the OXPHOS genes MT-ND5, MT-CO1, and MT-CYB is of 
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particular interest, as we observed that they were significantly suppressed by BNIP3-WT in 

HepG2s (Chapter 5). While this result could be due to reduced mitochondrial content as a 

function of BNIP3-mediated mitophagy, we cannot rule out that BNIP3 also suppresses the 

ability of ATF4 to bind to these specific mitochondrial gene promoters. This could indicate that 

similar to ATFS-1 in worms, ATF4 may act as a transcriptional repressor of OXPHOS genes in 

response to stress, and that BNIP3-WT sequesters ATF4 at mitochondria to promote this 

second function. This would be consistent with the significant decrease in oxygen consumption 

rates that we observed in BNIP3-WT-expressing cells (Chapter 5). If ATF4 does not act as part 

of the mitochondrial transcription machinery, it is possible that it plays a role in mtDNA quality 

control and repair, synthesis, replication, or apoptosis, as has been shown for p53.183 

What is the function of ATF4 in autophagy?  

In Chapter 5, we described our finding that ATF4 is turned over by autophagy in a 

manner that is dependent on BNIP3. While the proteasomal degradation of ATF4 is well-

established in the literature, it has not been shown to be turned over by autophagy until now.  

Furthermore, we did not observe differences in gene expression of autophagy target genes 

(ULK1, ATG5, LC3) previously shown to be transcriptionally regulated by ATF4, although this 

could be an artifact of the timepoint used for starvation. Our surprising finding that ATF4 

interacts with LC3 may be indicative of an additional function for ATF4 in regulating autophagy 

that also serves as a negative feedback mechanism to turn off the ISR. In addition, it is possible 

that like BNIP3, ATF4 acts as a cargo adaptor and may itself be facilitating the interaction 

between BNIP3 and LC3, and their subsequent turnover through autophagy. Furthermore, 

because it lacks a mitochondrial targeting sequence, the localization of ATF4 may be a 

consequence of its interaction with a mitochondrial protein (BNIP3) and LC3.  

A search of the iLIR Database, a web resource which uses an in silico algorithm to 

predict LIR motifs based on protein sequence, indicates that ATF4 possesses two predicted LIR 
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motifs within its amino terminus at residues 35-40 (amino acid sequence DDYLEV) and 

residues 59-64 (SEWLAV).185 The presence of these predicted motifs at the amino terminus is 

significant, as this is the portion of ATF4 that we hypothesize is modified in order to localize to 

mitochondria (where it is recognized by the CST ATF4 antibody, as described in Chapter 5). 

Mutation of the tyrosine or tryptophan residues in these motifs and subsequent pulldown assays 

with LC3 would allow us to determine whether one or both are a bona fide LIR motif and 

address whether ATF4 may be an autophagy cargo adaptor. It would then be necessary to 

address whether the ability of ATF4 to bind LC3 is required for the interaction of BNIP3 with 

LC3, and BNIP3 with ATF4.   

How does BNIP3 regulate the mitochondrial-nuclear shuttling of ATF4? 
 
 The colocalization studies described in Chapter 5 revealed striking differences in LC3 

and ATF4 trafficking that was dependent on overexpression of BNIP3-WT. BNIP3-WT was 

sufficient to promote trafficking of LC3 and ATF4 to puncta outside of the nucleus under fed 

conditions. Our results indicated that overexpression of BNIP3-WT under basal conditions 

phenocopies the effects of nutrient deprivation on LC3 localization, in a manner that promotes 

the colocalization with ATF4. In addition to implications for functions of ATF4 and BNIP3 in 

general autophagy, this finding is suggestive of a possible mechanism for the nucleocytoplasmic 

shuttling of ATF4 via LC3. LC3 has been previously observed in the nucleus in an acetylated 

form that redistributes to the cytoplasm in response to nutrient deprivation as a result of its de-

acetylation by the nuclear deacetylase Sirt1.167 This shuttling of LC3 depends on its interaction 

with the nuclear protein DOR (also known as TP53INP2).167 Intriguingly, BNIP3 expression and 

subsequent mitophagy have also been shown to be promoted through the deacetylation of 

FOXO3, albeit by Sirt3, in response to oxidative stress.186   

Further studies examining the acetylation of LC3 in the presence or absence of BNIP3 

would determine whether BNIP3 is required to promote the de-acetylation of LC3, thereby 
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promoting its cytoplasmic shuttling. Sirtuins are NAD+-dependent, and as NAD+ pools are 

increased during energy stress such as starvation, the deacetylase activity of sirtuins is tightly 

attuned to the energy status of the cell.187,188 Mitophagy is also induced by replenishment of 

NAD+, including expression of the BNIP3 homolog dct-1 in worms.130,189 It is possible that 

BNIP3 is itself induced by increased NAD+ pools and acts in a positive feedback mechanism to 

maintain high NAD+ under nutrient starvation through modulation of metabolic pathways, such 

as the TCA cycle. In this manner, BNIP3 could impact the deacetylation of LC3, regulate its 

transport to the cytoplasm, and promote autophagy. If BNIP3 does in fact regulate this shuttling, 

it may explain how ATF4 traffics to mitophagosomes, particularly if the interaction of ATF4 and 

LC3 is mediated by a functional LIR motif, as discussed above. 

One of the limitations from this work is in our use of exogenous overexpression of BNIP3 

to study effects on endogenous ATF4. As BNIP3 is constitutively expressed in this setting, the 

effects we observed on ATF4 localization and suppression of target gene expression likely do 

not reflect the kinetics of this mechanism under actual physiological conditions. A timecourse 

study examining the induction of ATF4 target gene expression and mitophagosomal localization 

in wild-type primary hepatocytes (expressing endogenous BNip3) compared to BNip3 null 

hepatocytes would shed light on how BNIP3 mediates its effects on ATF4. Such an experiment 

would involve KRH starvation for shorter timepoints (i.e. 30 minutes-1 hr) and extended 

timepoints (i.e. 12 hrs-24 hrs). We would expect to see nuclear localization of ATF4 at early 

timepoints of starvation, with a gradual shift towards mitochondrial localization during prolonged 

starvation due to the delayed transcriptional upregulation of BNip3.  

Are the growth suppressive functions of BNIP3 dependent on ATF4?  
 

As discussed in Chapter 1, the majority of studies in the field have indicated a tumor-

promoting function for ATF4. This is largely due to its function in de novo amino acid 

biosynthesis of amino acids such as asparagine, serine, and glycine, which also aid in the 
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generation of the macromolecules required to sustain rapidly proliferating tumors under 

microenvironmental stress.87,143 Conversely, we and others have observed growth suppressive 

properties BNIP3, previously thought to be due to a function in promoting cell death, but more 

recently established to involve its role as a mitophagy receptor.28 Our finding that BNIP3 

interacts with ATF4 at mitochondria to dampen de novo amino acid biosynthesis suggests 

another mechanism by which BNIP3 limits cell proliferation. In addition, we have also identified 

two putative forms of ATF4 that predominantly localize to either the nucleus or mitochondria in a 

manner depending on BNIP3. We propose that BNIP3 dampens the pro-growth functions of 

ATF4 by sequestering a specific form of ATF4 at mitochondria and turning it over by mitophagy. 

As discussed earlier, we also do not exclude the possibility that ATF4 may possess tumor-

suppressive functions at the mitochondria, such as in the transcriptional repression of OXPHOS 

genes in mtDNA. Evidence for such a function exists in the literature, with opposing oncogenic 

nuclear and apoptotic mitochondrial functions described for the related protein ATF2.161,190  

In order to test the hypothesis that BNIP3 regulates tumor growth in a manner 

dependent on its interaction with mitochondrial ATF4, we propose the generation of ATF4 

mutants specifically targeted to the mitochondria or nucleus through deletion of the amino 

terminus or the carboxy terminus as described in Chapter 5. These constructs would then be 

overexpressed in HepG2ΔBNIP3ΔATF4 cells lacking both endogenous BNIP3 and ATF4. If the 

putative ATF4 LIR motifs described earlier prove to be functional and promote mitochondrial 

localization, this construct could be used in place of a larger amino terminus deletion. 

Subsequent overexpression of BNIP3-WT or BNIP3-W18A would then allow us to determine 

whether the growth-suppressive effects of BNIP3 are due to its interaction with ATF4 at the 

mitochondria, and whether this is dependent on the function of BNIP3 as a mitophagy receptor. 

We would expect overexpression of a nuclear-specific form of ATF4 to prevent the growth-

suppressive functions of BNIP3. In addition, separating the nuclear and mitochondrial forms of 
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ATF4 could allow us to tease apart the function of BNIP3 in mitophagy from its interaction with 

ATF4, which remains a limitation of the work presented here.  

Does BNIP3 regulate an ATF4-mediated mitochondrial stress response? 

In Chapter 5, we identified a putative function for endogenous BNIP3 in suppressing the 

expression of mitochondrial stress response genes in the liver in response to fasting, and for 

exogenous BNIP3 in HepG2 liver cancer cells under basal conditions. This was an unexpected 

finding, as mitophagy has been shown to be induced alongside the UPRmt, although the majority 

of this work was performed in worms.129,130,180 However, this could be explained by induction of 

a negative feedback loop to turn off the UPRmt and/or could be a reflection of disrupted kinetics 

due to our use of exogenous overexpression (in the case of the HepG2s). In non-pathological 

settings, such as in the liver, activating cytoprotective mechanisms such as the UPRmt would be 

beneficial for preserving proper homeostatic function and health. However, evidence suggests 

that prolonged basal activation of the UPRmt and mitophagy is tumor-promoting, enabling cancer 

cells to continuously cope with oxidative stress and metastasize.191–193 In contrast, we and 

others have shown that mitophagy can function to promote turnover of mitochondria in response 

to stress, thereby limiting the excess accumulation of otherwise damaging ROS, and slowing 

tumor progression.28,51 These two opposing functions for mitophagy in the regulation of 

mitochondrial stress in cancer may be explained by tissue specific differences, the specific 

oncogenes involved, and other genetic differences. Given the delayed transcriptional induction 

of BNIP3, we expect that while BNIP3-mediated mitophagy might initially be upregulated in 

response to stress, its interaction with ATF4 may also function as a negative feedback 

mechanism to restrain the continued activation of the UPRmt. If ATF4 does indeed function 

similarly to ATFS-1, with nuclear and mitochondrial roles in transcriptional regulation, BNIP3 

would disrupt the mitonuclear communication needed to maintain a sustained UPRmt.  
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Similar to our hypothesis that BNIP3 functions in a delayed manner to dampen the 

nuclear functions of ATF4, we propose that BNIP3 acts in a similar manner to dampen the 

mitochondrial stress response in cancer cells. To test this hypothesis, we must first establish 

whether ATF4 transcriptionally regulates the putative UPRmt genes examined in Chapter 5. 

These include both nuclear- and mitochondrial-encoded transcripts and could be accomplished 

using chIP-seq. Leveraging the mitochondrial- and nuclear-targeted ATF4 constructs described 

above would enable us to determine whether the mitochondrial interaction of ATF4 with BNIP3 

is able to suppress the expression of UPRmt genes in response to a variety of mitochondrial 

toxins, such as uncoupling agents and mitochondrial translation inhibitors. Elucidating such a 

mechanism would provide further evidence that ATF4 is a mammalian homolog for ATFS- that 

elicits unrestrained cytoprotective tumor-promoting stress responses in the context of BNIP3 

loss. 
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